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ABSTRACT 

The related two-dimensional nanomaterials graphene and MXene have unique and distinctive 

properties which suggest a potential use in the remediation of contaminants that accumulate in 

body tissues during infection and chronic disease. However, the comparative biological impact of 

these nanomaterials and the mechanisms by which they interact with the cellular environment have 

not been fully characterised. The properties of pristine graphene and graphene nanocomposites 

were investigated in comparison to titanium carbide (Ti3C2) MXene variants to compare their 

biological interactions, antibacterial activity and adsorptive performance, and maintenance of 

functional activity following incorporation into electrospun scaffold composites. 

Graphene nanoplatelets (GNP), graphene oxide (GO), graphene oxide silver (GO-Ag), multilayer Ti3C2 

MXene (ML-MXene) and delaminated Ti3C2 MXene (DL-MXene) were synthesised and their 

physicochemical properties characterised using electron microscopy, dynamic light scattering, 

spectroscopy, porosimetry and conductivity measurements. In vitro cell culture and blood based 

assays were conducted to investigate variations in material propensity to induce necrosis, apoptosis, 

oxidative stress, haemolysis, blood cell activation and coagulation. Antibacterial activity was 

assessed using representative Gram-negative and Gram-positive bacteria Escherichia coli and 

Staphylococcus aureus. Capacity to impact dysregulated inflammatory pathways following bacterial 

endotoxin exposure was investigated by analysis of inflammatory cytokine and endotoxin 

adsorption followed by a study to measure cytokine clearance from endotoxin stimulated human 

monocytic THP-1 cells. Loading efficiency for bioactive molecules was evaluated through ML-MXene 

intercalation with tetracycline followed by the development of methods to incorporate materials 

into electrospun polymer scaffolds to assess maintenance of antibacterial and adsorptive properties.  

The predominantly hydrophobic graphitic domains of the graphene variants contrasted with the 

transition metal based hydrophilic MXenes. Whilst GNP had the largest available surface area for 

adsorption, delamination of ML-MXene doubled its surface area and negative surface charge. No 

significant impact on cell viability, induction of oxidative stress, apoptosis, necrosis or blood platelet 

activation was observed for GNP, GO, ML-MXene and DL-MXene. GO-Ag significantly reduced cell 

viability, induced apoptosis and significantly reduced bacterial viability at a lower concentration than 

the conventional silver nanoparticles in contrast to GNP, GO, ML-MXene and DL-MXene. This study 

showed for the first time that ML-MXene intercalation of an antibiotic (tetracycline) significantly 

preserved bacteriostatic activity. No direct removal of bacterial endotoxin by GNP, GO, ML-MXene 

and DL-MXene was observed and these materials adsorbed cytokines to varying extents. However, 

all significantly repressed cytokine production by endotoxin stimulated THP-1 monocytes indicating 

potential interference with endotoxin binding to cell receptors alongside cytokine adsorption. This 

was the first study to show effective pro-inflammatory cytokine adsorption by graphenes and 

MXenes, and repression of cellular cytokine production by MXenes. Nanomaterial cytokine 

adsorptive activity was not retained upon incorporation into electrospun cellulose acetate and 

polycaprolactone (PCL) scaffolds. However, GO-Ag antibacterial activity was preserved upon surface 

attachment to plasma treated PCL scaffolds, indicating potential use in antibacterial applications. 

This thesis deepens understanding of the impact of the physicochemical properties of graphenes 

and Ti3C2 MXenes on their biological interactions and adsorptive performance. It also extends 

current knowledge on the biomedical utility of these materials to include blood contacting 

applications for removal of tissue contaminants. Further investigation is required to further 

characterise cellular interactions and optimise nanomaterial incorporation into composite systems 

for significant retention of biotoxin adsorption. 
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1 Introduction  

1.1 Overview 

The last decade has witnessed a rapid expansion in research investigating use of the 

two-dimensional graphene and MXene families of nanomaterials for wide-ranging 

biomedical applications including drug delivery, biosensing, bioelectronic devices, 

bioimaging and theranostics. However, little direct comparison has been made linking 

distinctive physical and chemical properties to the resulting biological interactions of 

these structurally related families. Although both nanomaterial families have similar 

physicochemical properties such as planar morphology, large reactive surface area and 

electrical conductivity, they also possess key distinctive properties in terms of surface 

chemistry and surface wettability which suggest divergent biological applications. For 

example, both can function as transparent conductive electrodes due to metal like 

electron mobility. However, whilst graphenes are hydrophobic MXenes are hydrophilic 

with less tendency to aggregate in biological media, better dispersive capabilities and 

the ability to intercalate small, polar ionic species. Owing to their large lateral 

dimensions, both nanomaterials have a significant adsorptive surface area which 

suggest a potential use in impacting pathways relevant to the suppression of 

inflammation and infection through remediation of biological toxins. However, this area 

of interest has been under-investigated in the scientific literature.  

A review of existing literature identified key gaps in current knowledge on the biological 

impact of graphenes and MXenes and the development of these nanomaterials for 

biotoxin remediation applications. Investigations into the biocompatibility and 

haemocompatibility of graphenes have produced contradictory results while studies 

assessing the impact of MXenes on biological systems are limited. Furthermore, the 

relationship between the physicochemical properties of graphene and MXenes and their 

functional performance for antibacterial and biotoxin removal applications is 

underexplored in the scientific literature. In addition, composite systems incorporating 

these nanomaterials and showing effective removal of biotoxins have not been 

developed. 

In light of these gaps, this thesis comparatively assessed the potential of graphene and 

MXene variants to target biotoxins, and explored their incorporation into a composite 
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system for medical device applications related to the treatment of life-threatening 

infection and adsorbent augmentation of dialysis for organ failure. Our group is the first 

to investigate the potential of graphenes, MXenes and their composites in the 

remediation of biotoxins. This application would be particularly useful in the 

management of disease conditions such as sepsis, kidney failure, liver failure and non-

healing wounds which are characterised by the accumulation of microbial toxins, 

biological metabolites and the excessive dysregulated activity of inflammatory 

mediators. Such research is timely since current treatments for infection rely on the 

efficacy of a rapidly diminishing pool of effective antibiotics. In addition, adsorbents 

capable of targeting biotoxins which cannot be dialysed out or removed by current 

adsorbents will improve the clinical efficacy of current, predominantly dialysis based 

medical devices and the potential for wearable organ technologies to treat organ failure.  

 

1.2 Nanomaterials 

Derived from the Greek word “νᾶνος (nanos)” meaning dwarf, the term “nano” is used 

to describe measurement units which are on the order of one-billionth (10-9) of a unit 

(1, 2). Nanotechnology is the understanding and manipulation of matter at the atomic 

and/or molecular scale, within the dimensions of 1 – 100 nm, to create new materials 

for specific applications (3). The seminal idea of nanotechnology was first proposed by 

the physicist and Nobel Laureate, Richard Feynman, in 1959 during his famous lecture 

to the American Physical Society - “There’s Plenty of Room at the Bottom,” where he 

discussed the theoretical possibility of manipulating materials at the atomic and 

molecular levels (4, 5). Nanomaterials are characterised by having internal structures 

and/or a minimum of one external dimension in the nanoscale region (Figure 1.1 ) (6). 

The European Commission defines nanomaterials as materials of natural, manufactured 

or incidental origin which contain particles whether existing freely, aggregated or 

agglomerated, 50% or more of which have at least one external dimension in the 

nanoscale (1 – 100 nm) (7). This size range of nanomaterials lies in the interface between 

single atoms/molecules and the respective bulk materials (8).  

Reduction of material size to nanoscale dimensions increases the surface area to volume 

ratio and surface roughness (9). Reducing material size also increases the number of 
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surface atoms, which are prone to having more unpaired electrons in addition to higher 

surface energy. In order to attain stability, these surface atoms have a high tendency to 

react with and/or adsorb onto other molecules (10). Hence, nanomaterials are 

characterised by large surface areas, high density of surface-active sites and increased 

surface reactivities (11). These attributes are responsible for the emergence of 

outstanding mechanical, electronic, optical, magnetic, thermal and catalytic properties 

at the nanoscale which are significantly distinctive from that of the bulk material (12, 

13). The remarkable physical and chemical properties of nanomaterials are controlled 

by their small size, shape, morphology, chemical composition, surface area, surface 

reactivity, crystallinity, agglomeration and solubility (8, 12). 

 

 
 
Figure 1.1 Nanomaterial size range relative to other materials. Reproduced from (14) 

under a free to use license (http://echa.europa.eu/). 

 

Nanomaterials may be classified based on chemical composition. Carbon-based 

nanomaterials include graphene, carbon black, fullerenes and carbon nanotubes. 

Inorganic nanomaterials include metal nanoparticles (e.g. silver, gold and titanium), 

metal oxides (e.g. zinc oxide, iron (III) oxide and manganese (IV) oxide) and 

semiconductors (e.g. MXene, ceramics and silicon). Organic nanomaterials comprise 

nanomaterials mainly derived from organic matter apart from carbon-based and 

inorganic nanomaterials. These include polymeric nanoparticles, dendrimers, liposomes 

and micelles. Composite nanomaterials are multiphase materials, having at least one 

dimension in the nanoscale, which are combinations of two or more nanomaterials or 

http://echa.europa.eu/
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nanomaterials with bulk materials (15, 16). They also include more complex structures 

such as metal-organic frameworks (16). 

 

Nanomaterials may also be classified with respect to dimensionality. Zero-dimensional 

nanomaterials such as quantum dots, gold and silver nanoparticles have all three 

dimensions within the nanoscale. One-dimensional nanomaterials such as nanowires, 

nanofibres and nanotubes have one of their dimensions lying in the nanoscale. Two-

dimensional nanomaterials such as nanowalls, nanofilms and nanosheets (e.g. graphene 

and MXene) have two of their dimensions in the nanoscale. All axes of three-

dimensional nanomaterials fall outside the limit of the nanometre range although their 

individual subunits may lie in the nanoscale (17-19). One-dimensional nanomaterials 

typically have a high ratio of length to diameter (above 50 – 100) whereas two-

dimensional nanomaterials usually have a high ratio of diameter to thickness (above 50 

– 100) (19). Also, the thickness of two-dimensional nanomaterials always lies between 

1 – 100 nm (18).  

Two-dimensional nanomaterials such as graphenes, MXenes, silicate clays and transition 

metal chalcogenides, are among the most widely studied classes of nanomaterials owing 

to their remarkable properties, including layered morphologies, high surface area to 

volume ratios and anisotropic physicochemical properties, which emerged from the 

restriction of material dimensions to a single plane (20, 21). 

 

1.2.1 Graphenes  

An allotrope of carbon, graphene refers to an individual layer of sp2 hybridised carbon 

atoms which are compactly arranged in a repeating hexagonal pattern to form a 

honeycomb matrix (Figure 1.2) (21-23). Although graphene has a two-dimensional 

structure, it is the elementary subunit of all graphitic materials irrespective of their 

dimensions such as fullerenes (zero-dimensional), carbon nanotubes (one-dimensional) 

and graphite (three-dimensional) (23). Graphite consists of stacked layers of graphene 

sheets bound by van der Waals interactions to form a three-dimensional structure (24). 

When the number of graphene layers falls between 3 to 9, the structure is referred to 

as few-layer graphene while graphite denotes structures with 10 or more graphene 
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layers (23, 25). Graphene variants differ in terms of the number of layers, sheet size, 

chemical composition, surface chemistry, purity and degree of defects (25, 26). 

Examples include graphene nanosheets, graphene nanoplatelets (GNP), graphene oxide 

(GO), ultrathin graphite, reduced GO and composites of graphenes with metals such as 

silver, gold and titanium (25). 

 

 

Figure 1.2 Idealised chemical structure of graphene. Reproduced using ChemDraw 

software (Perkin Elmer Informatics, UK). 

 

The properties of graphene were first investigated as far back as 1947 by Wallace (27) 

although then it was referred to as a single crystal of graphite. The hexagonal spacing 

between two neighbouring carbon atoms in a graphene monolayer was calculated as 

0.142 nm while the interlayer spacing between two adjacent graphene sheets was 0.337 

nm (27). Experimental investigations aimed at producing single graphene sheets first 

began in the 1970s using chemical vapour deposition (28). However, isolating graphene 

monolayers from graphite proved difficult due to the often-permanent aggregation of 

the graphene sheets. Owing to the hydrophobic character of graphene, the van der 

Waals interactions between individual layers are very strong and hence, the sheets have 

a high tendency to aggregate (29-31). Furthermore, the consensus at that time was that 

two-dimensional nanomaterials such as graphenes were thermodynamically unstable 

and could not inherently exist as free-standing structures (23, 32). This assumption 

prevailed until 2004 when Geim and Novoselov inadvertently isolated stable graphene 

monolayers, with exceptional electronic and mechanical properties, from graphite using 

the Scotch tape technique (33). This landmark discovery led to the Nobel Prize in Physics 

award in 2010. Production of graphene from graphite is relatively low-cost as graphite 
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is naturally occurring and easily available (23, 29, 34). Apart from manual ‘peeling’ of 

graphite, other routes have been explored for the synthesis or isolation of graphene 

sheets (Figure 1.3). These include chemical vapour deposition of graphene films on 

metallic supports, epitaxial growth e.g. selective sublimation of silicon from silicon 

carbide at high temperatures (>1000 °C) (23, 35), arc discharge (35), unzipping of carbon 

nanotubes (35), mechanical exfoliation of graphite (36), chemical exfoliation of graphite 

(36), gas phase synthesis and reduction of GO (chemical, electrochemical or thermal) 

(28, 37).  

 

Presently, graphene is the thinnest material ever discovered (32). The properties of 

graphene are affected by the number of layers and presence of defects (24). Based on 

theoretical calculations by Peigney et al (38), the specific surface area of a graphene 

monolayer was predicted as 2630 m2/g, one of the highest reported for any material. 

Graphene is also reported to have the highest tensile strength and elastic moduli after 

carbon nanotubes (31, 36). Other properties of graphene include exceptional electronic 

conductivity due to the rapid mobility of its electrons (23, 36), high thermal conductivity 

(22, 31) and remarkable optical transmittance (which can be as high as 97.7%) (24, 31). 

Hence, graphenes have been investigated for several applications including 

supercapacitors, fuel cells (24), liquid crystal devices (28), energy storage, sensors, 

hydrogen storage, transistors, catalysis and polymer reinforcement (23, 36, 37). 

 

1.2.1.1 Graphene nanoplatelets (GNP) 

Exfoliation of intercalated graphite into single-layer graphene sheets exploits the 

favourable interlayer spacing of graphene (0.337 nm) to produce GNP. The process 

involves the formation of expanded graphite by acid treatment and thermal shock 

followed by addition of intercalants to increase the interlayer distance (39, 40). While 

the surface of the platelets is comprised of largely defect-free graphene, oxygen 

moieties such as hydroxyl and carboxyl groups occupy the sheet edges (41). GNP 

combines the advantages of single-layer graphene (large surface area, mechanical 

strength and electrical conductivity) with that of well-ordered graphitic carbon (low cost 

and natural abundance). GNP does not have the characteristic low stability of monolayer 
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graphene, which arises from its thin sheet morphology (39, 40). The graphitic structure 

is preserved in GNP, and with it, stability to harsh chemical conditions (39). 

 

 

Figure 1.3 Schematic showing synthesis routes for graphene variants and nanoparticle 

(NP) composites. Reproduced from (42) under the free to use Creative Commons license 

(https://creativecommons.org/licenses/by/4.0/). 

 

1.2.1.2 Graphene oxide (GO) 

GO is produced by oxidising graphite in acidic media (43). GO was first discovered by 

Brodie (44) in 1858 while he was investigating the structure of graphite. Over the years, 

various modifications have been made to the process such as the Staudenmaier, 

Hummers and Offeman, and Tour methods (28, 37). The above methods involve the use 

of strong acids, such as nitric acid and sulphuric acid, and oxidising agents, such as 

potassium chlorate and potassium permanganate, to oxidise graphite (28, 30). Oxidising 

graphite to GO disintegrates the graphite layers into smaller sheets (45). As a result, GO 

consists of single- and few-layer graphene sheets decorated with oxygen functional 

groups including hydroxyls and epoxides on the hexagonal lattice, and carboxyls at the 

edges (32, 45). These oxygenated functional groups make GO hydrophilic (37). The 

https://creativecommons.org/licenses/by/4.0/
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carboxylic acid groups in GO can be subsequently modified with other functional groups 

such as hydroxyls or amines (45). GO is easily dispersed in aqueous media – this is 

attributed to its large negative surface charge which causes electrostatic repulsion and 

reduces the interlayer interactions between graphene sheets in solution (28, 45). 

Compared to pristine graphene, GO has lower electrical conductivity, due to the 

disruption of the graphitic π-bond network during synthesis (32, 40, 45), and reduced 

mechanical strength (21).  

 

GO is classed as non-stoichiometric because the density of oxygen functional groups 

cannot be accurately measured. Also, the location of the oxygenated groups in GO is 

arbitrarily assigned (40). The exact structure of GO is heavily contested in the scientific 

literature (37). There is no singular structural model for GO mainly due to its complicated 

and non-stoichiometric structure, inter-sample variability owing to diverse surface 

functionalities and the inability of current analytical techniques to comprehensively 

describe its physicochemical properties (28, 37). Different GO structural models have 

been proposed such as Hofmann and Holst in 1939 (46), Ruess in 1946 (47), Scholz and 

Boehm in 1969 (48), Nakajima in 1988 (49) and Lerf and Klinowski in 1998 (50), which is 

the most widely adopted model. 

 

The Lerf and Klinowski model (Figure 1.4) proposed that the structure of GO consisted 

of two domains – an aliphatic domain with six-membered rings and an aromatic domain 

with unoxidised benzene rings (50). Hydroxyl and epoxy groups are located on the basal 

planes of GO while carboxyls and carbonyls occupy the sheet edges (28, 45). The 

presence of double bonds, aromatic moieties and epoxy groups produces an almost 

level carbon lattice. Only the carbon atoms attached to hydroxyl groups assume a 

marginally slanted tetrahedral conformation - this leads to creasing of the sheets and 

produces a plane of oxygen atoms below and above the carbon lattice (50). GO sheets 

are thicker than pristine graphene sheets because of the functional groups on the sheet 

surface, and the protrusion of sp3 carbon atoms above and below the graphene 

monolayer (31). 

 

GO has a rich surface chemistry and can interact with molecules through hydrogen 

bonding, electrostatic and van der Waals interactions. Furthermore, the basal planes of 
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GO contain pristine graphitic domains which can partake in cation-π, π-π stacking and 

hydrophobic interactions (25, 31, 45). Owing to its layered structure, large surface area 

and abundance of oxygenated groups which offer good aqueous dispersibility, GO has 

been explored as a support for dispersing and stabilising antimicrobial metal 

nanoparticles such as silver (51-53). Apart from antimicrobial applications, GO has also 

been investigated for polymer reinforcement (45), sensing (31), gene delivery (21), drug 

delivery and bioimaging (54, 55). 

 

 

Figure 1.4 The Lerf-Klinowski structural model of GO. Reproduced with permission from 

(50). Copyright 1998 American Chemical Society. 

 

Most of the studies on two-dimensional nanomaterials have largely focused on the 

graphene family. However, in recent years, studies have increasingly explored other 

classes of two-dimensional nanomaterials, comprising elements other than the 

traditional carbon, hydrogen and oxygen, which have remarkable physical and chemical 

properties. One such nanomaterial is MXene. 

 

1.2.2 MXenes 

MXenes are a recently discovered group of two-dimensional early transition metal 

carbides and/or nitrides derived from the selective etching of their corresponding MAX 

phases in aqueous hydrofluoric acid (56, 57). MAX phases refer to a large family (over 

60) of ternary early transition metal carbides and nitrides defined by the formula, 



11 
 

Mn+1AXn, where M represents an early transition metal, A is a p-block element (mainly 

groups 13 and 14 e.g. aluminium, silicon and gallium), X indicates carbon and/or 

nitrogen whereas n = 1, 2, or 3 (56, 58). MAX phases have layered and hexagonal 

structures wherein layers of A-group elements are alternately inserted between densely 

packed layers of M elements while X atoms occupy the octahedral sites between 

individual M layers (58). MAX phases have a high chemical stability due to the mixture 

of strong ionic, covalent and metallic bonds (59). In addition, MAX phases are flexible, 

resistant to mechanical damage and high temperatures, and have high oxidation 

stability possibly due to the presence of a protective oxide/hydroxide layer on their 

surfaces (59). 

 

MAX phases are structured such that two M-X layers are attached to one layer of A-

group atoms (Figure 1.5a) (57, 58). The M-X layers are highly stable whereas the A-group 

atoms are weakly bound and as a consequence, very reactive (58). Due to the resultant 

loss of metallic bonding, selective extraction of A-group elements from MAX phases 

weakens the interactions between individual M-X layers thus enabling facile exfoliation 

(57, 58). In the presence of aqueous hydrofluoric acid at ambient or mildly raised 

temperatures, the A-group element is replaced with oxygen (O), and hydroxyl (OH) 

functional groups as well as fluorine (F) atoms (Figure 1.5b). This gives rise to a unique 

multilayered material with nanometre-thin sheets referred to as MXene (56-58, 60). 

MXenes are so named owing to the loss of A-group elements from the parent MAX 

phases and their two-dimensional morphology which is structurally similar to graphene 

(58, 61). MXenes are represented by the formula, Mn+1XnTx, where M denotes the 

transition metal, X is carbon and/or nitrogen, Tx indicates the surface terminations (O, 

OH or F) and n is the number of terminating groups (57, 60). MXenes generally exist as 

M2X, M3X2 and M4X3 (62). The atomic arrangement of MAX phases is preserved in their 

corresponding MXenes which provides evidence of successful transformation from a 

three-dimensional to a two-dimensional state (59).  

 

Following the first reported exfoliation of a MAX phase (Ti3AlC2) to MXene (Ti3C2) by 

Naguib et al (58) in 2011, other MXenes have been produced including Ti2C, Ti3CNx, 

TiNbC and Ta4C3 (59), Nb4C3 (63), V2C and Nb2C (64). MAX phase etching conditions such 

as particle size, hydrofluoric acid concentration, temperature and reaction time, have to 
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be tailored to attain maximum exfoliation to MXene and high product yields whilst 

minimising formation of defects. Also, successful preservation of the two-dimensional 

MXene structure following selective etching of A-group elements from MAX phases is 

dependent on a fine balance between reaction temperature and the activity of the 

etchant (57). Apart from being the first synthesised MXene, Ti3C2 MXene is also the most 

widely studied MXene (58). The chemical formula of Ti3C2 MXene was expressed by 

Mashtalir et al (65) as Ti3C2(OH)xOyFz where x, y and z represented the number of 

functional groups. The surfaces of Ti3C2 MXene sheets are negatively charged (66).  

  

 

Figure 1.5 Schematic of Ti3AlC2 MAX phase showing arrangement of Ti, Al and C atoms 

(a). Reproduced with permission from (67). Copyright 2015 Springer Nature. Schematic 

of Ti3C2 MXene showing its layered structure and a side view showing the atomic 

arrangement in an individual sheet (b). Reproduced with permission from (68). 

Copyright 2014 Royal Society of Chemistry. 

 

Replacement of the strong metallic bonds between the M-A layers in MAX phases with 

weaker van der Waals and/or hydrogen bonds after etching enables easy delamination 

of the as-produced MXenes which have a multilayered structure (Figure 1.6). (57, 59, 

64). Mashtalir et al (65) were the first to demonstrate, using Ti3C2, Ti3CN and TiNbC, 

that multilayer MXenes could be delaminated into individual MXene sheets. 

Delamination was initially carried out using sonication and afterwards, through 

intercalation with ionic, organic or inorganic species (57). Ti3C2 MXene sheets have been 

intercalated with cations (e.g. Li+, Mg2+ and NH4
+) (56) and organic molecules (e.g. urea, 
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dimethyl sulfoxide (DMSO) and hydrazine) (65) to facilitate delamination. Like their 

multilayer precursors, delaminated MXene sheets are hydrophilic and flexible. Due to 

their hydrophilicity, delaminated MXene sheets have high aqueous stability (57, 66). 

Also, delaminated MXenes are conductive and typically have larger surface areas 

compared to their multilayer counterparts (69). 

 

 

Figure 1.6 Schematic showing etching of Ti3AlC2 MAX phase to multilayer Ti3C2 MXene 

and subsequent exfoliation to delaminated Ti3C2 MXene. Adapted with permission 

from (70). Copyright 2017 John Wiley and Sons. 

 

Similar to graphenes, MXenes have high aspect ratios as their sheet diameters can be as 

large as tens of microns whereas the thicknesses of single sheets are typically less than 

10 nm (57). In contrast to MXene, the performance of pristine graphene is restricted to 

the properties of carbon as its sole constituent. In addition, functionalisation of 

graphene with oxygen groups has been associated with a reduction in electrical 

conductivity (71). MXenes are inherently more hydrophilic than pristine graphene due 

to the abundance of oxygen and hydroxyl functional groups (59). Delaminated MXenes 

offer greater resistance to electron beams compared to graphene (57). Naguib et al (59) 

reported that the electronic conductivity of Ti3C2 MXene was comparable to that of 

pristine graphene. The electronic structure of MXenes is determined by the nature and 

relative orientation of terminating functional groups (57). It has been shown that the 

electronic (e.g. conductivity) (58), surface (e.g. wettability) and electrochemical (e.g. 

pseudocapacitance) (59) properties of MXenes could be tuned by modifying their 

surface functional groups. 
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Overall, MXenes are characterised by a layered morphology, large surface area, tunable 

surface chemistry, hydrophilicity, electrical and thermal conductivity, remarkable 

mechanical strength and flexibility (57-59, 61, 67). The rather rare combination of 

hydrophilicity with electrical conductivity makes MXenes unique (56, 57). The 

remarkable properties of MXenes make them potentially useful for various applications 

in energy and the environment such as energy storage (lithium batteries and 

supercapacitors), catalysis, sensing, gas storage, wastewater remediation, desalination 

and polymer reinforcement (Figure 1.7) (57, 60, 66, 72). More recently, investigations 

into the potential of MXenes for use in biomedical applications have been on the rise. 

These include antimicrobials (72, 73), drug delivery (74), biosensing (75, 76), 

photothermal therapy (77, 78), bioimaging (79, 80) and theranostics (80, 81). 

 

 

 

Figure 1.7 Schematic showing the properties and applications of MXenes since their 

discovery in 2011 to the present day. The innermost pie chart depicts the ratio of 

publications for a specific property/application as a fraction of the total number of 

publications on MXenes. The middle pie chart indicates the first year of research into 

that property/application. The outermost pie chart shows the ratio of publications 

focused on Ti3C2Tx MXene compared to all other MXene variants. Reproduced with 

permission from (82). Copyright 2019 American Chemical Society. 
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1.2.3 Potential biomedical applications for graphenes and MXenes 

The small sizes, large surface areas, rapid mobilities, presence of surface active sites, 

high reactivities and tunable physicochemical properties of nanomaterials could 

potentially offer improved efficacy, sensitivity, selectivity, resolution, personalisation, 

safety and cost-efficiency for healthcare applications compared to conventional 

methods (83, 84). Thus, there has been increased research into the use of nanomaterials 

for biomedical applications including antimicrobials, biosensing, drug delivery, 

diagnostic imaging, theranostics, tissue engineering and mechanical reinforcement in 

biomedical devices (21, 83, 84). In particular, owing to the two-dimensional morphology 

of graphenes and MXenes, both sides of their nanosheets are available for molecular 

interactions which further enhances their potential for use in biomedicine (25). Some of 

the biomedical applications of graphenes and MXenes which have been explored in the 

scientific literature are presented in Table 1.1 and Table 1.2 respectively. 

The following subsections will review investigations into the use of graphenes and 

MXenes for antimicrobials, drug delivery and extracorporeal blood purification (EBP), all 

of which are biomedical applications relating to the removal and/or suppression of 

biotoxins which accumulate in body tissues during injury, infection and disease.  

 

1.2.3.1 Antimicrobials 

Antimicrobial agents such as antibiotics are able to selectively inhibit key metabolic 

processes in bacteria e.g. synthesis of nucleic acids, proteins and the cell wall, and 

disrupt bacterial membrane structures which result in inhibition of bacterial growth 

(bacteriostatic) or bacterial death (bactericidal) (85, 86). The initial euphoria that 

greeted the discovery of antibiotics in the 20th century soon dissipated as pathogens 

began to develop resistance to many of the newly discovered antimicrobial agents which 

limited their clinical usefulness in combatting infections (87, 88). Antimicrobial 

resistance (AMR) refers to when a specific antimicrobial agent is not effective in treating 

an infection either because the causative pathogen demonstrates an innate resistance 

or has no access to the antimicrobial agent (89).  
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Table 1.1 Biomedical applications of graphenes 

 

Application Properties exploited Graphene variant  References 

Antimicrobials Large surface area, oxygen functional groups, negative surface charge, 

adsorption onto bacterial membranes, sharp sheet edges, oxidative 

activity, electrical conductivity, charge transfer 

GNP (90) 

GO (91-96) 

Reduced GO (91-94, 97) 

Biosensing  Large surface area, efficient fluorescence quenching, rapid electron 

mobility, electrical conductivity, potential for surface functionalisation, 

high thermal conductivity  

Pristine graphene (98-102) 

GO (103-106) 

Reduced GO (107-109) 

Drug and gene delivery Planar surface, large surface area, oxygen functional groups, good 

aqueous dispersibility, potential for surface modification to enable 

selective targeting and/or stimuli-responsive release 

GO (110-113) 

Reduced GO (114-116) 

Photothermal, 

photodynamic therapy 

Absorption of near infrared radiation (NIR), efficient photothermal 

conversion, large surface area and potential for surface modification (for 

efficient coupling and delivery of photosensitisers)  

Pristine graphene (117, 118) 

GO (119-121) 

Reduced GO (114) 

Bioimaging Planar surface, large surface area, oxygen functional groups, potential for 

surface modification, tunable fluorescence emission 

GO (54, 122, 123) 

Theranostics 

Tissue engineering  Large surface area (for preconcentration of active agents), negative 

surface charge, presence of functional groups which mediate molecular 

interactions with cells, mechanical stability, electrical conductivity 

Pristine graphene (124-126) 

GO (127, 128) 

Reduced GO (129, 130) 
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Table 1.2 Biomedical applications of MXenes 

 

Application Properties exploited MXene variant  References 

Antimicrobials Sharp sheet edges, negative surface charge, adsorption onto 

bacterial membranes 

Titanium carbide (Ti3C2) (72, 131) 

Biosensing  Multilayer structure, large surface area, electrical conductivity, 

potential for surface functionalisation, good aqueous dispersibility, 

stability against fouling and passivation 

Titanium carbide (Ti3C2) (75, 132, 133) 

Drug delivery Planar surface, large surface area, potential for surface 

functionalisation to enable stimuli-responsive release 

Titanium carbide (Ti3C2) (74, 134) 

Photothermal therapy NIR absorption (due to localised surface plasmon resonance), 

efficient photothermal conversion 

Titanium carbide (Ti3C2) (78, 134, 135) 

Niobium carbide (Nb2C) (136, 137) 

Tantalum carbide (Ta4C3) (138) 

Bioimaging 

 

NIR absorption, efficient photothermal conversion, luminescence 

emission, absorption of x-rays (which enhances contrast during 

imaging) 

Tantalum carbide (Ta4C3) (80, 81, 138) 

Titanium carbide (Ti3C2) (79, 139) 

Theranostics NIR absorption, efficient photothermal conversion, photothermal 

stability, absorption of x-rays  

Tantalum carbide (Ta4C3) (80, 81, 138) 

Titanium carbide (Ti3C2) (74, 79, 139) 

Neuroelectronics Electrical conductivity, high volumetric capacitance, aqueous 

dispersibility, abundance of surface functional groups 

Titanium carbide (Ti3C2) (140) 

Radioprotection Large redox capacity, catalytic efficiency, free radical scavenging 

activity, superoxide dismutase-like antioxidant activity 

Niobium carbide (Nb2C) (141) 
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The principal driver of antibacterial resistance has been identified as the 

disproportionate and indiscriminate use of antibiotics which induces selective 

evolutionary pressure and consequently, excessive growth of antibiotic-resistant 

microorganisms (86, 87, 142). The earliest reported case of bacterial resistance, 

which was in the 1930s, was the emergence of sulphonamide-resistant Streptococcus 

pyogenes particularly among military personnel who had been administered with the 

antibacterial drug, Prontosil, as a prophylactic measure (143). Other contributory 

factors to the rise of antibacterial resistance include repeated switching between 

multiple antibiotics and unsuitable selection of alternative antibiotics (144). 

Bacterial resistance may occur either intrinsically, due to structural or functional 

properties conferred by nature, or via acquired means such as direct mutation and 

transfer of genetic material from other resistant bacteria (89, 142). Acquired 

resistance, which arises from spontaneous gene mutations, is transferred between 

bacterial cells by genetic elements such as plasmids, integrons and transposons 

through conjugation, transduction or transformation (87, 142, 145). As bacteria have 

short doubling times, resistance can quickly propagate through an entire bacterial 

population even on the order of days (89, 145).  

The mechanisms by which bacteria may exert resistance include secretion of 

enzymes which degrade or modify antibiotics such as β-lactamases which selectively 

hydrolyse the β-lactam ring of penicillins and cephalosporins, structural and/or 

chemical modification of target sites to prevent antibiotic recognition and binding, 

mutation of target sites, replacement of metabolic pathways with alternatives which 

are not susceptible to antibiotics, alteration of membrane permeability to antibiotics 

and the use of efflux pumps which remove antibiotics from bacterial cells (Figure 1.8) 

(86, 89, 142, 145). Although bacterial resistance has traditionally been countered by 

chemically modifying current drugs in addition to developing new classes of drugs, 

the gap between onset of bacterial resistance and the production of new antibiotics 

has considerably widened in recent years (87, 142). This is largely attributed to the 

huge capital, technical and labour requirements for antimicrobial drug discovery (87).  
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Figure 1.8 Some mechanisms of bacterial resistance to antibiotics. Reproduced with 

permission from (89). Copyright 2009 Elsevier.  

 

As it stands, bacterial resistance has been reported for all classes of antibiotics (87). 

Furthermore, the incidence of multi-drug resistant infections, caused by bacteria 

which are not susceptible to various classes of antibiotics (superbugs), is on the rise 

globally (142). In Europe, it has been estimated that multi-drug resistant infections 

are responsible for the deaths of 25,000 people annually in addition to an economic 

cost of €1.5 billion to the European Union every year (142). It has also been estimated 

that by 2050, 10 million people and $100 trillion worth of economic output will be at 

risk due to multi-drug resistant infections (146). Hence, AMR remains a key 

healthcare challenge in the 21st century. This has driven investigations into 

therapeutic alternatives which are low cost, effective and less susceptible to bacterial 

resistance (147). 

Nanomaterials have small sizes (less than that of bacterial cells) and high surface area 

to volume ratios which enable enhanced interactions with and impact on bacteria 

(144, 148). The use of nanomaterials as antibacterial agents also affords the potential 

benefits of longer retention times in the body, decreased toxicity, higher thermal and 

chemical stability and lower costs over traditional antibiotics (148). Nanomaterials 

can exert antibacterial activity through several mechanisms (e.g. membrane damage, 
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oxidative stress, inhibition of DNA and protein synthesis, impairment of gene 

expression, disruption of electron transport and enzyme inhibition) simultaneously 

(Figure 1.9). This considerably reduces the possibility of bacteria developing 

resistance to nanomaterials as multiple gene mutations in the same bacterial cell 

would be required (144, 148). Furthermore, nanomaterials can prevent and/or 

surmount formation of bacterial biofilms (144). This is important as biofilms enable 

the development of antibiotic resistance - antibiotic access to bacterial cells 

embedded within biofilm matrices is considerably limited compared to their 

planktonic counterparts. In addition, biofilms are associated with a high incidence of 

genetic mutations which induce antibiotic resistance and transfer of such resistance 

elements among various bacterial cells contained within the biofilm matrix (144). 

 

 

Figure 1.9 Proposed mechanisms of the antibacterial activity of nanomaterials 

(148-150). 

 

In addition to directly impacting bacterial viability whether alone or in combination 

therapy with antibiotics, nanomaterials can also serve as delivery vehicles for 

antibiotics. Compared to traditional delivery vehicles, the use of nanomaterials could 

potentially offer several advantages including tunable properties, localised delivery 

to the site of infection, homogenous and sustained release, enhanced cellular 
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uptake, lowered risk of toxicity and stability against unwanted side reactions in the 

body such as enzymatic cleavage and bacterial resistance mechanisms (144, 148). 

Apart from their use as antibiotic carriers, the antimicrobial properties of 

nanomaterials has been explored in other biomedical applications such as bone 

cement (used in fixing joint prostheses), dental fillers, wound dressings and coatings 

for implantable devices e.g. catheters and heart valves (144). Notwithstanding the 

large volume of research on the subject, the use of antimicrobial nanomaterials in 

clinical settings is still limited. 

The antibacterial activity of graphene nanomaterials has been ascribed to membrane 

damage, induced by penetration of the sharp-edged graphene sheets (92, 94, 151), 

destructive extraction of phospholipids from bacterial membranes (151), cell 

wrapping (92, 95) and oxidative stress (91, 93, 96). Hu et al (94) reported that GO 

induced significant damage to Escherichia coli membranes with leakage of 

cytoplasmic contents. Also, Akhavan and Ghaderi (92) showed that incubation of 

Staphylococcus aureus and E. coli with GO and reduced GO nanowalls induced 

membrane damage and leakage of RNA. Liu et al (91) comparatively evaluated the 

antibacterial performance of four different graphene-based materials, GO, reduced 

GO, graphite oxide and graphite using E. coli as the model bacterium. GO and reduced 

GO both reduced E. coli viability albeit to varying extents whereas graphite and 

graphite oxide had no significant impact on E. coli viability. The authors proposed 

that the antibacterial activity of the graphene variants occurred via a three-step 

process of physical deposition on bacterial surfaces, contact-induced membrane 

damage and oxidative stress. Studies have indicated that the antibacterial 

performance of graphene variants is influenced by physicochemical properties such 

as sheet size, density of oxygen functional groups, surface charge and degree of 

aggregation (91, 96, 152). 

Apart from their direct impact on bacterial viability, graphene nanomaterials have 

also been explored as platforms to anchor metal-based nanoparticles with 

antimicrobial properties. Studies have shown that reducing silver ions in the 

presence of GO resulted in the immobilisation of silver nanoparticles on the 

graphene sheets (153-155). Furthermore, the antibacterial activity of the free silver 
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nanoparticles was shown to be preserved in the resulting graphene-silver 

composites. Wang et al (156) demonstrated that attaching zinc oxide nanoparticles 

onto GO sheets increased its antibacterial performance. This was attributed to 

improved nanoparticle dispersion, reduced rate of dissolution and enhanced contact 

with bacteria. Likewise, deposition of cuprous oxide nanoparticles on reduced GO 

sheets was shown to enhance their antibacterial activity and long-term stability 

compared to the free nanoparticles (157). This was attributed to the synergistic 

combination between reduced GO and cuprous oxide which improved dispersion of 

the composites, enabled continued release of copper ions and increased production 

of reactive oxygen species (ROS). 

The above reports notwithstanding, other studies have reported that graphene 

nanomaterials did not possess antibacterial properties. Ruiz et al (158) reported that 

GO, whether in suspension or as a surface coating, did not inhibit E. coli growth but 

instead enhanced E. coli growth and proliferation. Wang et al (159) demonstrated 

that GO enhanced the functional activity of anaerobic ammonium oxidising bacteria 

in a dose-dependent manner. Incubation of GO with E. coli and S. aureus had no 

significant impact on the viability of either bacteria (160). Dellieu et al (161) showed 

that graphene films did not exert antibacterial effect against E. coli and S. aureus. 

Similarly, graphene quantum dots did not significantly impact the viability of E. coli 

or S. aureus (162). These inconsistencies in the scientific literature have prevented a 

consensus on the antibacterial activity of graphene-based nanomaterials. Hence, 

further studies are required.  

Since their discovery in 2011, few studies have investigated the antibacterial 

properties of MXenes. The first of such studies was conducted by Rasool et al (72) 

who assessed the impact of Ti3C2 MXene sheets on bacterial viability. Both multilayer 

and delaminated Ti3C2 MXenes inhibited the viability of E. coli and Bacillus subtilis. 

The authors proposed that the antibacterial effect of Ti3C2 MXene was mediated by 

adsorption to and wrapping of the sheets around the bacteria, their high reduction 

potential and disruption of the bacterial membrane structure which resulted in 

membrane damage. Jastrzębska et al (163) suggested that the antibacterial activity 

of titanium carbide MXenes was influenced by atomic structure. A direct comparison 
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between expanded Ti2C and Ti3C2 MXenes revealed that the latter inhibited the 

growth of E. coli lawns whereas the former had no impact. Like the graphenes, 

composites of MXenes with antibacterial metal nanoparticles have also been 

developed. Pandey et al (164) synthesised layered silver nanoparticle-Ti3C2 MXene 

membranes which showed a 40% increase in bactericidal activity against E. coli when 

compared to the native Ti3C2 MXene membrane. Further studies are still required to 

confirm the antibacterial activity of MXenes published in the scientific literature. It 

would be particularly beneficial to understand the impact of morphology and surface 

chemistry on MXene antibacterial performance as this has not been extensively 

investigated. Furthermore, no study has comparatively assessed the antibacterial 

activities of the similarly structured but chemically distinct graphenes and MXene 

nanomaterials. 

 

1.2.3.2 Drug delivery 

Existing drug delivery vehicles are limited by low loading capacity, inefficient tissue 

targeting, inadequate cellular uptake, minimal control over drug release and side 

effects arising from nonspecific accumulation in healthy tissues (165, 166). Other 

challenges include short circulation half-lives due to early clearance by the 

reticuloendothelial system and elimination by the kidneys (167). Owing to their small 

size, morphology and remarkable physiochemical properties, nanomaterials could 

potentially offer increased oral bioavailability of drugs, selective tissue targeting, 

improved cell permeability, enhanced penetration of difficult-to-reach sites such as 

the blood-brain barrier, efficient drug localisation, prolonged circulation times, 

controlled drug release and combination with diagnostic agents for theranostic 

applications (168, 169). 

Graphenes are characterised by a layered morphology, aromatic structure, large 

surface area and tunable physicochemical properties in addition to oxygen 

functionalities in variants such as GO. These properties enable binding of drugs, 

genes and other bioactive agents e.g. peptides and antibodies onto graphenes, and 

confer potential for their use in drug delivery (21, 165, 170). Two anticancer drugs, 
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camptothecin and doxorubicin, were loaded onto GO sheets for targeted delivery to 

MCF-7 human breast cancer cells. The GO-drug conjugate was taken up by the cells 

via receptor-mediated endocytosis and induced significant reduction in cell viability 

(113). Reduced GO sheets grafted with polyethylene glycol chains (to enhance 

stability in biological media) and RGD peptide (for cell recognition) showed selective 

uptake by human glioblastoma cells and significant photo-induced cell death (116). 

Zhang et al (171) functionalised GO sheets with the cationic polymer, 

polyethyleneimine (PEI), to enable consecutive delivery of short interfering 

ribonucleic acid and doxorubicin to HeLa cells. The GO/PEI/drug complexes 

demonstrated a high transfection efficacy and significantly decreased protein 

expression. Intracellular release of doxorubicin from the complex was stable and 

resulted in improved synergistic anticancer activity. Porous three-dimensional 

reduced GO scaffolds loaded with vancomycin (an antibiotic) and 

nanohydroxyapatite (an osteoconductive agent) were applied to an in vivo rabbit 

model of infected bone defects. After 5 weeks of treatment, the composite induced 

significantly quicker resolution of infection, better healing and higher bone 

regeneration when compared to other treatment groups. This was attributed to 

sustained release of vancomycin at the defect site (172). The above studies are 

indicative of the potential of graphenes for drug delivery applications. 

Whereas the potential of graphenes as drug delivery vehicles is well investigated in 

the scientific literature, few studies have assessed the use of MXenes as carriers for 

drugs. Like graphenes, MXenes have planar morphologies, large surface areas and 

multiple surface active sites which allow loading with drugs and other bioactive 

compounds (62, 134). Also, the NIR absorption property of MXenes could be 

exploited for stimuli-responsive drug release (134). Doxorubicin was loaded into the 

surface of soybean phospholipid modified Ti3C2 MXene sheets for cancer 

chemotherapy. The drug loaded MXenes were taken up by murine breast cancer 4T1 

cells via endocytosis and exhibited sustained intracellular drug release leading to 

significant cell death. In vivo studies in 4T1 breast tumour-bearing mice revealed that 

the MXene-drug complex was selectively located in the tumour sites and upon 

irradiation with an NIR laser, the MXene sheets induced photothermal ablation of 
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the tumours. This, in conjunction with continuous doxorubicin release, resulted in 

total tumour elimination with no reoccurrence (134). In another study, Ti3C2 MXene 

sheets were loaded with doxorubicin and subsequently modified with hyaluronic acid 

to facilitate active targeting to CD44+ which is overexpressed in cancer cells. The 

MXene-drug system was significantly localised at tumour sites in athymic nude mice 

with colon cancer and demonstrated pH-, laser radiation- and hyaluronidase-

sensitive drug release. This led to complete tumour removal with no reoccurrence at 

low doses of doxorubicin (74). Li et al (135) coated Ti3C2 MXene sheet surfaces with 

a layer of silica (to provide mesopores for drug release), RGD peptide (for selective 

targeting) and doxorubicin (anticancer drug). The resulting composite selectively 

accumulated in hepatocellular carcinoma cells and significantly inhibited cell viability 

in vitro. In an in vivo SMCC-7721 tumour xenograft model in nude mice, the 

composite eradicated the tumour with no detectable reoccurrence unlike other 

treatment groups. This was attributed to the synergistic combination of active 

tumour targeting, the photothermal conversion properties of Ti3C2 MXene and 

sustained release of doxorubicin at the tumour sites. Presently, investigations into 

the use of MXenes as drug delivery vehicles have mainly focused on cancer 

chemotherapy and using the model drug, doxorubicin. No study has explored the use 

of MXenes as carriers for antibiotics. This would be especially beneficial considering 

the increasing incidence of antibiotic resistance. 

  

1.2.3.3 Biotoxin removal 

Inflammation is described as the body’s defensive response to infection and tissue 

injury (173, 174). The inflammatory response is mediated by various factors including 

molecular patterns from pathogens (e.g. lipopolysaccharide (LPS) and bacterial DNA) 

and damaged cells, coagulation factors, complement proteins and cytokines (173, 

175-178). Inflammation is normally tightly regulated by counteracting processes 

which ensure quick resolution following elimination of the causative pathogen or 

insult (173, 174). However, dysregulation of the inflammatory pathway can occur 

triggering a cascade of reactions, comprising the circulatory and immune systems, 

which results in chronic inflammation demonstrated by persistent inflammatory 



 

26 
 

events, build-up of inflammatory mediators e.g. cytokines in tissues and potentially, 

tissue damage (173). 

 

1.2.3.3.1 Cytokines 

Cytokines are the main drivers of the innate immune response. They are soluble, low 

molecular weight glycoproteins secreted by a variety of cell types which meditate cell 

to cell communication and in response to stress and injury, modulate host immune 

responses through hormone signalling and via activation, proliferation and migration 

of effector cells (176, 179, 180). They include pro-inflammatory cytokines e.g. tumour 

necrosis factor-α (TNF-α; 17kDa and 51 kDa for monomer and trimer forms 

respectively), interleukin-6 (IL-6; 23 kDa), interleukin-8 (IL-8; 8 kDa) and interleukin-

1β (IL-1β; 17.5 kDa), and anti-inflammatory cytokines e.g. interleukin-10 (IL-10; 18 

kDa) (181, 182). At low levels, cytokines typically exert paracrine or autocrine 

properties but upon excessive production such as in chronic diseases, cytokine 

effects become endocrine and have systemic impact (179). A range of clinical 

conditions are associated with the accumulation and/or excessive activity of 

cytokines. These include sepsis, chronic kidney disease (CKD), liver failure and non-

healing wounds. 

 

1.2.3.3.2 Cytokines in the progression of sepsis 

Sepsis is a life-threatening organ dysfunction arising from a dysregulated host 

response to infection (183). Sepsis affects 19 million patients globally with 5 million 

cases resulting in death, and causes a significant burden to healthcare systems 

worldwide (184, 185). In the United Kingdom, over 250, 000 people suffer from sepsis 

every year with 44, 000 deaths occurring as a result - this figure is expected to further 

increase due to the rising ageing population (186). A 2017 report by the York Health 

Economics Consortium estimated that sepsis-related costs to the National Health 

Service (NHS) exceeded £7 billion annually (187). At the heart of the characteristic 

systemic inflammatory response syndrome (SIRS) and multiple organ failure which 

define sepsis is an immune dysfunction demonstrated by disproportionate pro- and 
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anti-inflammatory responses (176). The innate immune response directs the 

inflammatory response to pathogens in the initial stages of sepsis (188). Activation 

of the inflammatory cascade, which is the first stage of sepsis, is primarily driven by 

increased production of cytokines and other inflammatory mediators (177, 188). 

Disproportionate secretion of cytokines into the systemic circulation stimulates the 

complement system and causes severe inflammation in the whole body (SIRS). This 

may further provoke extensive tissue damage and lead to organ failure (175, 182). 

Studies have indicated that the pro-inflammatory cytokines, TNF-α, IL-1β, IL-8 and IL-

6, are most commonly linked with sepsis progression (182). 

 

1.2.3.3.3 Cytokines in the progression of chronic kidney disease 

Chronic kidney disease (CKD) is characterised by irregularities in kidney structure or 

function which last for over 3 months (189, 190). It is estimated that over 5 million 

people die from kidney disease every year (191). Kidney disease also increases the 

risk for patients with diabetes, malaria, human immunodeficiency virus, 

cardiovascular disease and hypertension (191). Management of kidney disease poses 

a significant economic burden on healthcare systems worldwide (ca. $100 billion for 

the USA) (191). Chronic inflammation has been implicated as a key factor in the 

progression, morbidity and mortality of CKD and end-stage renal disease (ESRD) (173, 

189, 192). The dysfunctional balance between innate and adaptive immune 

responses that occurs in chronic inflammation leads to an increase in circulating 

concentrations of cytokines which in turn escalate deterioration of CKD patients 

(173, 192-194). Increased local and systemic secretion of cytokines in CKD can also 

be caused by reduced excretion of inflammatory mediators and endotoxin exposure 

due to poor kidney filtration function (195, 196). Cytokines can activate other 

inflammatory mediators such as albumin, C-reactive protein and fibrinogen which 

amplify the inflammatory cascade and trigger further damage of kidney tissues (173, 

197). Also, cytokines stimulate over secretion and function of adhesion molecules 

which then bind to activated T cell receptors and induce fibrosis (173, 197, 198). It 

was reported that serum levels of pro-inflammatory cytokines such as IL-1β, IL-6, IL-

8 and TNF-α are elevated in CKD and ESRD whereas the level of IL-10, an anti-
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inflammatory cytokine, is decreased (173). IL-1β and TNF-α have been linked to 

anaemia as they can cause haemolysis as well as inhibit the growth of erythrocytic 

precursors (which depletes erythropoietin stores) (199). Other adverse events in CKD 

attributed to cytokine-mediated inflammation include oxidative stress (173, 197), 

diminished kidney function (173, 200), increased extracellular matrix formation, cell 

loss (due to epithelial mesenchymal switching), protein energy wasting, 

cardiovascular disease and depression (due to abnormal cardiac function and 

atherosclerosis) (173, 196, 201-203). 

 

1.2.3.3.4 Cytokines in the progression of liver disease 

Another chronic disease exacerbated by excessive cytokine production is liver 

disease. Liver disease is responsible for approximately 2 million deaths every year 

with risk factors such as alcohol consumption, viral hepatitis and obesity accounting 

for nearly 90% of all cases (204, 205). In the UK, liver disease is the third main cause 

of premature death and annual costs to the NHS are estimated at £2.1 billion (205, 

206). A major factor in the pathophysiology of liver failure is dysregulation of the 

immune system manifested by excessive systemic inflammation due to up-regulation 

of pro-inflammatory cytokine levels (207, 208). Systemic inflammation causes organ 

failure in liver disease by inducing cell death and impairing tissue and microvascular 

function (209). Pro-inflammatory cytokines such as IL-1β, IL-6 and TNF-α trigger ROS 

production and lipid peroxidation in mitochondrial and plasma membranes which 

lead to apoptosis- or necrosis-induced cell death (208, 210, 211). This causes 

endothelial cell activation, fibrosis and prolonged inflammation (210-212) which 

ultimately result in tissue injury, multiple organ failure and death (208).  

 

1.2.3.3.5 Cytokines in the progression of chronic wounds 

Chronic wounds do not progress through the classical stages of wound healing in a 

prompt and methodical fashion, and show poor restoration of full form and function 

after 3 months (213, 214). Such wounds are typically halted at the inflammatory 

stage of healing, take long to heal and are particularly complicated by other disease 
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states such as diabetes, infection, vascular disorders, immunosuppression and 

obesity (213, 215). Examples include pressure ulcers, diabetic foot ulcers and venous 

leg ulcers (213, 214). Management of chronic wounds is estimated to cost the NHS 

over £34 billion annually (216). Excessive concentrations of pro-inflammatory 

cytokines have been implicated in the pathogenesis of chronic non-healing wounds 

(213, 217, 218). Studies have reported significantly elevated levels of pro-

inflammatory cytokines such as IL-6, IL-1 and TNF-α in such wounds (219). Pro-

inflammatory cytokines induce cells to produce ROS which cause tissue damage and 

further prolong inflammation (220, 221). Also, pro-inflammatory cytokines stimulate 

expression of matrix metalloproteinases which are responsible for degradation of the 

extracellular matrix (221). In addition, pro-inflammatory cytokines inhibit apoptosis 

of leukocytes and cause increased secretion of adhesion molecules which further 

advance the inflammatory state (220). Conversely, decreased expression of pro-

inflammatory cytokines such as TNF-α has been associated with faster healing of 

diabetic ulcers (222, 223).  

 

1.2.3.3.6 Extracorporeal blood purification 

Modulation of cytokine concentrations in blood has been investigated as a potential 

therapeutic approach for managing the cytokine overload that occurs in chronic 

diseases (179). Broad-spectrum approaches such as concurrent clearance of 

inflammatory molecules and toxins from the blood stream could potentially re-

establish equilibrium in the levels of pro-inflammatory and anti-inflammatory 

mediators and restore immune homeostasis (177, 179, 224). In addition, cytokine 

clearance from blood may impede early steps of the characteristic dysregulated 

inflammatory pathway. This could present a complementary approach alongside 

conventional drug-based therapies (181). 

One of the broad-spectrum strategies used to address the build-up of biotoxins such 

as cytokines in the body is extracorporeal blood purification (EBP) (Figure 1.10). EBP 

involves the passage of blood (or plasma) through an external purification device, 

where toxins are removed, and subsequent re-introduction of blood to the body, all 
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via a circuit (225-227). The three key EBP techniques are diffusion, filtration and 

adsorption (179, 227). These techniques may be driven by physical (diffusion, 

filtration) or physicochemical (adsorption) mechanisms (227). Common EBP 

approaches include haemodialysis (HD), haemofiltration (HF), haemodiafiltration 

(combination of HD and HF), plasma exchange and haemoperfusion (176, 227). 

 

 

Figure 1.10 Schematic of extracorporeal blood purification. Adapted with 

permission from (228). Copyright 2010 Elsevier. 

 

1.2.3.3.6.1 Haemoperfusion 

In haemoperfusion, blood is passed through an extracorporeal system where it 

comes into contact with adsorbents that remove toxins through van der Waals 

forces, hydrophobic interactions, ionic, covalent or hydrogen bonds (179, 226, 229). 

The first recorded use of haemoperfusion in EBP was by Yatzidis in 1964 using carbon 

granules (230). The large surface area of adsorbents enable effective removal of large 

molecular weight molecules (226). Also, adsorbent properties can be tailored to 

allow adsorption of middle molecules (4 – 40 kDa) such as cytokines which are poorly 

removed by conventional dialysis membranes due to size limits (179). In addition, 

adsorbents can be modified with active agents such as alkyl chains, antibodies and 



 

31 
 

ion exchangers to facilitate selective binding of specific toxins (175, 179, 229). The 

above properties confer the potential of superior biotoxin clearance rates to 

haemoperfusion over HD and HF (229). Currently, the clinical use of HD, HF and 

haemodiafiltration is limited by inadequate clearance of cytokines and other 

biotoxins (177, 230). Other advantages of haemoperfusion include the relatively 

lower costs and versatility of application (179, 230). In addition, haemoperfusion 

removes toxins without introducing foreign materials into the body, and offers the 

greatest potential for improved patient well-being and quality of life in comparison 

to HD and HF (230). Hence, there has been increased interest in the use of 

haemoperfusion for EBP in recent years. 

Haemoperfusion sorbents are predominantly derived from carbon (e.g. activated 

carbon), polymers (e.g. cellulose and polystyrene) and inorganic materials (e.g. silica 

and zirconium oxide) (175, 179, 229, 230). Examples of currently available 

haemoadsorbents include the Toraymyxin® filter cartridge, invented by Toray 

Industries Incorporated (Japan), which comprises polymyxin B-bound polystyrene-

based fibres (226, 231). Toraymyxin® is clinically approved in Japan, Canada and 

Europe for endotoxin removal from blood during septic shock and endotoxaemia 

(178, 231, 232). The CytoSorb® haemoperfusion unit, developed by CytoSorbents 

Corporation (USA), is a cylindrical filter cartridge composed of polystyrene divinyl 

benzene copolymer beads coated with polyvinylpyrrolidone to enhance 

biocompatibility (176, 233, 234). CytoSorb® beads have been shown to possess 

significant adsorptive capacity for middle molecules (5-60 kDa) such as inflammatory 

mediators (e.g. IL-6 and TNF-α) and uraemic toxins (e.g. leptin and angiogenin) (176, 

177, 179). In Europe, CytoSorb® has been clinically approved for extracorporeal 

adsorption in all disease conditions characterised by elevation of cytokine 

concentrations (176, 235). oXiris® is a layered acrylonitrile-based hydrogel 

membrane developed by Baxter International (USA) for enhanced adsorption of 

inflammatory mediators (e.g. cytokines), endotoxins and uraemic toxins (175). In 

2009, oXiris® was approved for clinical use in Europe for patients requiring EBP due 

to tissue accumulation of endotoxins and inflammatory mediators (235). Despite the 

promising success of these haemoperfusion devices, challenges such as ineffective 
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clearance of middle molecular weight toxins and protein-bound toxins, high costs, 

the large quantities of adsorbents required as well as the need to reduce the 

frequency and duration of EBP treatments still persist thus prompting continued 

search for improvements to existing therapies (236, 237).  

Due to their small sizes, planar morphologies, large surface areas, enhanced 

reactivities and rapid mobilities, the use of graphene and MXene nanomaterials in 

EBP therapies could potentially offer enhanced access and binding to target toxins, 

faster clearance and shorter treatment times (237). Also, the broad and double-sided 

nature of graphene and MXene sheets allow maximal interaction with molecules. 

Owing to their tunable chemical properties, both nanomaterials have a high potential 

for surface functionalisation which could be exploited to achieve selective removal 

of biotoxins (40). Furthermore, graphenes are derived from a naturally abundant and 

low-cost precursor, graphite (24). Currently, studies on the use of graphenes for 

biotoxin removal in EBP are limited while the potential of MXenes for biotoxin 

removal has not been investigated in the scientific literature. Furthermore, no study 

has conducted a comparative assessment of graphene and MXene variants to 

evaluate their biotoxin removal performance. Understanding how nanomaterial 

surface chemistry impacts its adsorptive capacity for biotoxins will be useful in 

selecting the right adsorbents for EBP applications and tailoring nanomaterial 

properties to achieve optimal performance. 

 

1.2.4 Current challenges in the use of nanomaterials 

1.2.4.1 Aggregation 

Owing to their large surface areas, high surface energies and enhanced reactivities, 

nanomaterials have a high tendency to aggregate due to the resultant colloidal 

instability. Aggregation, which arises from van der Waals forces and other 

interactions, may influence the physicochemical properties, reactivity, transport, 

fate and biological behaviour of nanomaterials (238, 239). In addition, it can decrease 

the available surface area and mobility which may negatively impact functional 

activity (240, 241). Achieving stable suspensions of pristine graphene is particularly 
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challenging due to the strong interlayer hydrophobic and π-π stacking interactions 

(242). Since homogenous dispersion in the liquid phase is a key requirement for many 

biomedical applications, preventing nanomaterial aggregation is essential for 

attaining optimal performance (243).  

 

1.2.4.2 Safety 

With rapid advances and discovery of new applications, large scale production of 

nanomaterials may cause release into the environment. Human exposure to 

nanomaterials can occur via skin contact, inhalation, ingestion and absorption 

through the gastrointestinal tract (244, 245). The characteristic properties of 

nanomaterials can enable them to penetrate various biological barriers and travel 

within the circulatory systems of the body (240, 246). Identifying the effects of 

nanomaterials’ exposure is challenging as there are no definitive guidelines or 

protocols for evaluating toxicity (247-249).  

 

Studies have indicated that the physicochemical properties of nanomaterials may 

amplify their cytotoxic potential compared to their bulk counterparts (240, 244, 246). 

Investigations into the biocompatibility of graphene nanomaterials, although several, 

have produced contrasting results. In addition, the mechanisms by which graphenes 

interact with biological systems particularly with respect to cellular uptake, impact 

on metabolic pathways and toxicity have not been fully characterised (250-252). 

Presently, few studies have directly assessed the biocompatibility of the existing 

library of MXene nanomaterials. More studies are required to validate the findings 

published in the scientific literature. Also, it is not yet known how the properties of 

MXenes impact their biological interactions and use in biomedical applications as 

previous studies mainly focused on the energy and environmental applications of 

MXenes (253). Hence, additional studies on the biocompatibility and 

haemocompatibility of graphenes and MXenes, especially using different variants, 

are needed. This would help elucidate how differences in nanomaterial 

physicochemical properties affect their interactions with cells and blood components 

(165, 254).  
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1.2.4.3 Technical hurdles   

MXenes are relatively new nanomaterials having only been discovered in 2011 in 

contrast to the well-known graphenes which were first isolated in 2004. However, 

the structure-activity relationships of graphene-based nanomaterials are still being 

deciphered (255). Because of the range of compositional elements and multiple 

synthesis routes involved, the surface chemistry of MXenes can be complex and 

difficult to characterise. As a result, the surface chemistry of MXenes is not fully 

known (57). Understanding how the physicochemical properties of graphenes and 

MXenes impact their biological interactions and functional activity would enable 

rational design and tailoring for specific applications (252, 256).  

 

Direct use of nanomaterials in some applications has been associated with excessive 

pressure drops, loss of activity, reduced retention efficiency, particle leaching and 

difficulty in recovery and reuse (239, 257). Key technical challenges in the use of 

nanomaterials for biomedicine remain in the lack of standardised synthesis and 

characterisation protocols (242, 251), poor control over nanomaterial properties (21) 

and the development of composites which can effectively present the nanomaterials 

for optimal functional performance whilst reducing any associated risks (248, 258).  

 

In recent years, the fabrication of polymeric nanocomposites, which combine the 

functionalities of the nanomaterials with the stability of a polymer scaffold, has been 

explored in the scientific literature. Incorporation of nanomaterials into polymer 

scaffolds could potentially minimise nanomaterial aggregation, prevent particle 

release and reduce the risk of toxicity (257, 259, 260). 

 

1.2.5 Polymeric composite systems of nanomaterials 

The use of polymers in nanocomposites offers the advantages of simplicity, cost 

efficiency, long-term stability, potential for multifunctionality and environmental 

safety (261). The physicochemical properties of polymer nanocomposites are 

influenced by the individual properties of the nanomaterials and the polymer as well 

as polymer-nanomaterial interactions. The nanomaterials introduce novel physical, 
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chemical, electrical and thermal properties not seen in the base polymer while the 

polymer scaffold acts as a stabiliser (262, 263). Nanofibrous polymer scaffolds, which 

have large surface areas and high porosities, are particularly desirable for producing 

nanocomposites intended for biotoxin removal applications where accessibility of 

the nanomaterials for interaction with biotoxins is essential (264, 265). Such scaffolds 

are also useful for antimicrobial and drug delivery applications to enable maximum 

loading of antibiotics and other bioactive molecules for release at target sites. 

Compared to other techniques such as phase separation, self-assembly, drawing, 

template synthesis and lithography, electrospinning is the most preferred for 

producing polymer nanofibres due to its simplicity, flexibility, versatility, cost-

efficiency, scale up and multifunctionality potential, ease of modification and the 

ability to control fibre microstructure (266-269). 

 

1.2.5.1 Electrospinning 

Electrospinning (or electrostatic spinning) uses electrostatic forces to transform 

polymer solutions into ultrathin one-dimensional fibres with diameters in the nano- 

and submicron scale (269, 270). One of the earliest recorded uses of electrospinning 

dates back to 1934 when Formhals (271) demonstrated that electrostatic forces 

could be used to generate filaments from cellulose acetate (CA). The basic 

electrospinning setup (Figure 1.11) consists of a high voltage power source, syringe 

pump, spinneret and a grounded collector (270). An electrode is connected to the 

spinneret while a second electrode is attached to the grounded collector. When an 

electric field of high voltage (typically between 1 and 30 kV) is applied to a polymer 

solution or melt supplied through the spinneret, it causes the formation of a charged 

jet. The surface of the pendant droplet at the spinneret tip experiences a charge, 

induced by the electric field, which causes it to form a conical shape (Taylor cone). 

The droplet encounters two principal electrostatic forces – repulsion between like 

surface charges and the Coulombic force generated by the surrounding electric field. 

Above a critical value, the surface tension of the droplet is overcome by the repulsive 

forces in the electric field which causes the charged polymer solution to be ejected 

from the tip of the Taylor cone (270, 272-274). During travel, the jet moves in a 
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straight path but electrostatic repulsion between like charges in the polymer solution 

introduces a bending instability and whipping which causes the jet to split into 

smaller fibres, some with diameters on the order of nanometres. Also, the jet 

becomes elongated which causes very long and thin continuous fibres to form. As the 

solvent evaporates, a nonwoven mesh of charged fibres, with individual diameters 

between 0.02 µm and 20 µm, are attracted to and deposited onto a grounded metal 

collector (274-278). 

 
 

 

Figure 1.11 Electrospinning setup. Reproduced with permission from (274). 

Copyright 2004 John Wiley and Sons. 

 

The electrospinning process and consequently, nanofibre properties such as 

morphology and diameter, are influenced by several parameters including inherent 

solution properties (e.g. polymer type, structure, molecular weight, conformation, 

crystallinity, concentration, electrical conductivity/charge density and solubility, and 

solvent pH, polarity, vapour pressure and surface tension), process parameters (e.g. 

flow rate, collection distance, collector type, applied voltage) and ambient conditions 

(e.g. relative humidity, atmospheric pressure and temperature) (274, 279, 280). In 

particular, nanofibre diameter is primarily influenced by polymer concentration, 

solution conductivity, flow rate and strength of the external electric field (274). 
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Electrospun polymer scaffolds are typically characterised by very long fibres, high 

specific surface areas, high internal porosities, remarkable mechanical properties 

and a structural resemblance to the extracellular matrix (277, 281). These remarkable 

properties make electrospun nanofibres excellent candidates for wide-ranging 

applications such as catalysis, sensing, energy, electronic devices, polymer 

reinforcement, templating, filtration, protective textiles and biomedicine (e.g. drug 

delivery, wound healing, antibacterial activity, tissue engineering and biosensing) 

(266, 270, 274).  

 

Although studies on electrospinning were published as far back as the 1930s, 

widespread use of this technique in scaffold fabrication only gained ground 60 years 

later in the 1990s. This development was largely driven by the groundbreaking work 

of Reneker (282-285) who developed novel electrospun scaffolds from a wide range 

of polymeric materials including polystyrene, polyethylene oxide and DNA. Since that 

time, however, there has been a major increase in electrospinning research with 

thousands of articles published every year since 2010 (Figure 1.12). Apart from 

solution spinning, electrospun nanofibres have been successfully produced from 

polymer melts (286, 287) and also under vacuum conditions (287, 288). Materials 

derived from other sources such as glasses, ceramics and metals have also been used 

as starting agents for electrospinning (279). Recently, various modifications have 

been adapted to the electrospinning process to tune nanofibre properties (e.g. 

orientation and porosity) and also to produce composite systems from different 

polymers and/or active agents. These include coaxial electrospinning (289, 290), 

emulsion electrospinning (291), air blow-assisted electrospinning (292), multi-jet 

electrospinning (293, 294), needleless electrospinning (294, 295), mixing 

electrospinning (296), two-phase electrospinning (297) and layer-by-layer 

electrospinning (melt electrowriting) (298, 299). Studies have also combined 

electrospinning with other fabrication techniques such as electrospraying (300) and 

3D printing (301) in order to enhance scaffold functionality. 

 

Nanomaterial incorporation into electrospun scaffolds, whether directly during the 

spinning process or via surface modification after fabrication, introduces new 
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functionalities to the resulting scaffold composites (280, 300). Various techniques 

have been explored in the scientific literature for nanomaterial integration into 

electrospun polymer scaffolds. These include direct blending, electrospraying, layer-

by-layer self-assembly, electrostatic attachment, dip coating, spin coating and 

covalent modification (280, 300). Retention of nanomaterial functional activity for 

antibacterial and drug delivery applications after incorporation of graphenes and 

MXenes into electrospun scaffolds has been reported in the scientific literature. 

Mayerberger et al (302) reported that the antibacterial performance of electrospun 

chitosan nanofibre scaffolds which had been blended with Ti3C2 MXene sheets was 

significantly higher compared to the pristine chitosan nanofibres. Addition of GO 

sheets to electrospun core-sheath polyvinylpyrrolidone/polycaprolactone 

nanofibres loaded with the antibiotic, vancomycin, extended drug release from the 

composite evidenced by sustained inhibition of bacterial growth (303). Upon laser 

irradiation, composites of reduced GO and electrospun polyacrylic acid scaffolds 

loaded with the antibiotics, cefepime and ampicillin, demonstrated continuous drug 

release with significant bactericidal activity against both Gram-negative and Gram-

positive bacteria. Drug release from the composite remained stable even after 

multiple reuse cycles. Topical application of the cefepime-loaded reduced 

GO/polyacrylic acid scaffold composite to an in vivo mouse model of infected skin 

resulted in decreased bacterial colonisation in contrast to application of the 

cefepime-loaded polyacrylic acid scaffold alone (304). The above studies suggested 

that nanomaterial integration into electrospun scaffold composites could effectively 

preserve their functional performance for biomedical applications.  

Of the 11 studies which developed composites of electrospun nanofibres and MXene 

nanomaterials, only one study focused on biomedical applications (antibacterial 

activity) (302). Fabrication of electrospun scaffold composites of Ti3C2 MXenes for 

drug delivery or biotoxin removal has not been reported in the scientific literature. 

Studies have demonstrated graphene incorporation into electrospun nanofibres for 

antibacterial and drug delivery applications. However, no study has developed 

composites of graphenes with electrospun nanofibres or any other polymer scaffold 

for biotoxin removal. Generally, the development of polymer scaffold-nanomaterial 
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composites for biotoxin removal has been underexplored in the scientific literature. 

Addition of carbon nanotubes to polyethersulfone membranes, which are widely 

used in dialysis, increased adsorptive capacity for the uraemic toxin, creatinine, from 

143 µg/g to 1268 µg/g (305). Based on the above, it was hypothesised in this study 

that the properties of graphene and Ti3C2 MXenes relevant to antibacterial 

performance and biotoxin removal would be retained upon incorporation into 

electrospun polymer scaffolds.  
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Figure 1.12 Yearly number of publications focused on electrospinning. The search 

was compiled using the Web of Science search engine and limited to only journal 

articles published from the year 2000 to 2019. 

 

1.3 Aim 

The two-dimensional graphene and MXene nanomaterials are characterised by 

layered morphologies, large surface areas and remarkable chemical reactivities 

which suggest potential for use in control of bacterial pathogens and remediation of 

biological toxins. Such applications are relevant because current dialysis-based 

strategies are ineffective at removing high molecular weight and protein bound 

biological toxins such as cytokines which are known to contribute to high morbidity 

and mortality rates in disease conditions such as liver and kidney failure. In addition, 

the increasing resistance of bacteria to currently available antibiotics is further 
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complicated by a decline in the development of new antibiotics, which has prompted 

efforts into the search for alternative antimicrobial agents. 

A review of current literature revealed conflicting reports about the biocompatibility 

and antibacterial activity of graphenes while studies on MXene cytotoxicity and 

antibacterial activity were limited. Key gaps in knowledge were also identified. No 

group had directly compared the properties of graphenes and MXenes to understand 

how their overlapping but distinctive physicochemical properties could impact their 

biological interactions and consequently, biomedical use. Also, no study had assessed 

the blood compatibility of MXenes or cytotoxicity of multilayer MXene variants. In 

addition, no study had considered the challenges associated with in vitro 

biocompatibility testing of MXenes (few studies in the case of graphenes) as they 

could potentially interfere with cellular reactions and assay components. No study 

had explored the potential of MXenes to intercalate antibiotics for drug delivery 

applications. The ability of graphenes and MXenes to target biological toxins had not 

been previously investigated. Also, no study had considered potential mechanisms 

by which these nanomaterials could impact cell upregulation of inflammatory 

pathways. Furthermore, no group had considered incorporating these nanomaterials 

into composite systems which would maintain their adsorptive activity for removal 

of biological toxins whilst avoiding release of free nanoparticles.  

It is hypothesised that graphenes and MXenes are biocompatible and could be used 

in blood-contacting applications for inhibition of bacterial viability and removal of 

biological toxins. In order to test this hypothesis and address identified gaps in 

knowledge, the aim of this thesis was to compare the properties of graphenes and 

MXenes and evaluate their impact on cell lines, blood, bacteria and inflammatory 

molecules. Ti3C2 MXene was selected to represent the MXenes as it is the most widely 

studied. Nanomaterial incorporation into electrospun meshes was also explored to 

develop composites which could be used in applications such as dialysis 

augmentation and wound dressings for repression of inflammation and/or infection. 

These aims were achieved through the following: 
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1. Synthesis and physicochemical characterisation of GNP, GO, GO-Ag, 

multilayer and delaminated Ti3C2 MXene.  

2. In vitro assessment of the biocompatibility and haemocompatibility of the 

graphene and Ti3C2 MXene variants in order to understand their interaction 

with cells and blood components. 

3. Investigation of the antibacterial activity of the graphene and Ti3C2 MXene 

variants against E. coli and S. aureus.  

4. Assessment of the efficacy of multilayer Ti3C2 MXene as a delivery vehicle for 

the antibiotic, tetracycline, was assessed using E. coli and S. aureus.  

5. Evaluation of biotoxin adsorption by the graphene and Ti3C2 MXene variants 

using the pro-inflammatory cytokines, IL-8, IL-6 and TNF-α, as size markers. 

6. Assessment of the impact of the graphene and Ti3C2 MXene variants on 

cellular cytokine production using an in vitro cell culture model of THP-1 

monocytes which had been stimulated with bacterial LPS. 

7. Synthesis of electrospun polymer scaffolds and development of synthesis 

protocols to incorporate the graphene and Ti3C2 MXene variants into the 

scaffolds, and assessment of antibacterial activity and cytokine adsorption by 

the nanomaterial-electrospun scaffold composites. 

 

Although some properties of the graphene and Ti3C2 MXene variants had previously 

been characterised in the scientific literature, a comprehensive characterisation of 

the nanomaterials’ physicochemical and biological properties was conducted in this 

study. This was necessary in light of differences in synthesis protocols and 

characterisation parameters employed by studies in the scientific literature which 

could have negatively impacted nanomaterial biocompatibility, impact on bacterial 

viability and functional performance. It was anticipated that pursuing this approach 

would enable direct correlation between specific nanomaterial physicochemical 

properties and biological impact/functional performance without having to rely on 

data from published studies. It was also anticipated that conducting assays under 

similar conditions would minimise likelihood of errors arising from experimental 

variations and help address some conflicting results observed in the literature.  
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CHAPTER 2  
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2 Synthesis and physicochemical characterisation of graphene and 

Ti3C2 MXene variants 

2.1 Introduction 

Two-dimensional graphene and Ti3C2 MXene nanomaterials are characterised by 

planar morphologies, large surface areas, tunable chemical properties, high tensile 

strength and enhanced reactivities (21, 306) which lend themselves to a range of 

biomedical applications from antimicrobial activity to extracorporeal blood 

purification. However, no comparative studies on the physicochemical and biological 

properties of these two classes of nanomaterials have been carried out. In this 

chapter, variants of graphene (GNP, GO and GO-Ag) and Ti3C2 MXene (ML-MXene 

and DL-MXene) were synthesised and characterised in order to understand how their 

physicochemical properties impact their interactions with biological systems and 

biotoxin removal in subsequent chapters. 

 

2.1.1 Synthesis of graphene nanoplatelets (GNP) 

In 2004, Geim and Novoselov discovered the Nobel Prize-winning Scotch tape 

method (33) which produced the best quality of single-layer graphene flakes from 

graphite. In spite of its ground-breaking significance, this method was difficult and 

generated low yields (29, 307). This challenge led investigations into alternative 

synthesis routes such as liquid-phase exfoliation, mechanical exfoliation, chemical 

vapour deposition and oxidation of graphite. Of the above, exfoliation of graphite 

and reduction of GO are commonly explored for large scale production of graphene 

(Figure 2.1) (39, 40, 308). Despite generating substantial yields, thermal and chemical 

reduction of GO produced significantly defective graphene sheets which had 

irregular shapes and reduced electrical conductivity (40, 308, 309). The presence of 

physical and chemical defects in graphene reduces its stability in harsh environments 

and increases susceptibility to oxidation (39, 40). Oxidation of carbon nanomaterials 

typically originates from defect sites (39).  
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Figure 2.1 Synthesis of single/few-layer graphene from exfoliation of graphite and 

reduction of graphene oxide (310-312). 

 

Liquid phase exfoliation of intercalated graphite takes advantage of the extensive 

spacing between individual graphene layers to produce GNPs with highly preserved 

graphitic structures (39, 40). First, graphite flakes are treated with an intercalating 

agent which is usually sulphuric acid or a mixture thereof, containing phosphoric acid 

and an oxidising agent e.g. perchloric acid. This facilitates intercalation of atoms, 

molecules and ions in interlayer spaces resulting in the formation of graphite 

intercalated compounds (GICs). The GICs are then subjected to high temperatures 

(600 °C – 1200 °C), microwave or radiofrequency wave heating under a gaseous 

atmosphere (312-314). Heating the intercalating agent above its boiling point and 

subsequent vaporisation causes a rapid and substantial increase in the volume of the 

graphite structure which produces expanded graphite (EG). EG can be surface 

modified to introduce functional groups e.g. amines and acrylamides on the platelet 

edges (312). Mechanical (e.g. air milling, ball milling, grinding) or ultrasonic 

pulverisation of EG produces exceptionally high aspect ratio GNPs, with average 

diameters and thicknesses of <1 µm and <100 nm respectively (312). Sonicating EG 

in solvents which contain surfactants or stabilisers produces stable suspensions of 

single-layer graphenes (40, 315). While the surface of GNPs largely comprises pristine 
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graphene sheets devoid of defects, oxygen moieties such as carboxyls and hydroxyls 

occupy the edges of the sheets (41). 

 

2.1.2 Synthesis of graphene oxide (GO) 

Oxidation of graphite in acidic conditions yields GO, the most common derivative of 

graphene (43). The earliest report on GO synthesis is traced to 1859 when Brodie 

(316) heated a fine mixture of graphite and potassium chlorate (KClO3; oxidising 

agent) in fuming nitric acid (HNO3; intercalating agent) at 60 °C for 3 – 4 days. The 

resulting product was washed, dried and subjected to further oxidation. After the 4th 

oxidise-wash-dry cycle, the hitherto pristine graphite was transformed to a GO 

product with a carbon-to-oxygen ratio of 1.64:1 (316, 317). However, the Brodie 

method was plagued with several drawbacks including a minimum requirement of 4 

reaction cycles for extensive oxidation, long reaction times as well as the release of 

acid vapour, toxic gases e.g. nitrogen dioxide (NO2) and dinitrogen tetroxide (N2O4), 

and the explosive chlorine dioxide (ClO2) gas (317, 318). In 1898, Staudenmaier 

published an improvement to Brodie’s method which used a lower volume of fuming 

HNO3 (319). Sulphuric acid (H2SO4) was added at two times the volume of HNO3, to 

further raise the acidity of the reaction mixture. In addition, multiple fractions of solid 

KClO3 were introduced to the vessel as the reaction progressed. With these 

modifications, a single oxidation step was sufficient to generate a highly oxidised GO 

product (30, 317, 318). Like the Brodie method, the Staudenmaier method was 

laborious and evolved the highly explosive ClO2 gas which limited its scale-up 

potential (317, 318).  

In 1958, Hummers and Offeman developed an alternative route to GO synthesis (320) 

which is the most frequently used today. Graphite was reacted with concentrated 

H2SO4 (intercalant) and two oxidants - potassium permanganate (KMnO4) and 

sodium nitrate (NaNO3) – to produce GO within hours. The addition of water and 

hydrogen peroxide (H2O2) at latter stages of the reaction caused intense 

effervescence and reduced leftover manganese dioxide ions and permanganate to 

manganese sulphate (which is soluble). The resulting suspension was then subjected 
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to filtration, washing with copious quantities of water, ion-exchange purification, 

centrifugation and vacuum drying over phosphorous pentoxide to generate dry GO 

(320).  

 

The advantages of the Hummers and Offeman method over previous methods 

included the introduction of KMnO4, a strong oxidising agent, which reduced reaction 

completion times to the order of hours. The substitution of NaNO3 for fuming HNO3 

prevented the formation of acid vapour. In addition, eliminating KClO3 removed the 

risk of releasing explosive ClO2 gas (317). Nonetheless, the Hummers and Offeman 

method had its shortcomings. Incomplete oxidation resulted in a low yield of GO 

which was contaminated with unoxidised graphite. The use of NaNO3 produced the 

reaction by-products, Na+ and NO3
-, which were difficult to remove from wastewater. 

NaNO3 also yielded toxic NO2 and N2O4 gases (317, 321). Furthermore, the post-

synthesis processing of the suspensions to obtain dry GO was time-intensive (318). 

Since 1958, several variations of the Hummers and Offeman method have been 

developed to maximise yields, save time and costs as well as improve scalability and 

safety.   

 

Using a modified Hummers and Offeman method, Dimiev and Tour (322) showed 

that the oxidation of graphite to GO proceeded via 3 separate steps. First, graphite is 

reacted with H2SO4 which resulted in the insertion of densely packed HSO4
- ions and 

H2SO4 molecules between individual graphene layers leading to the formation of 

GICs. Next, the GICs become oxidised to pristine graphite oxide. The oxidising agent 

is dispersed into the interlayer spaces where it rapidly reacts with surrounding 

carbon atoms and becomes substituted for the intercalating species. Currently, the 

active oxidising agent in KMnO4 is not known. While Dreyer et al (45) have proposed 

manganese heptoxide (Mn2O7), Dimiev and Tour (322) suggested planar 

permanganyl (MnO3
+) ion was the active oxidant. Because the oxidation of GICs is 

dependent on the diffusion of the oxidant into interlayer spaces, this is the rate-

limiting step. Graphite flake size has also been shown to affect the reaction rate 

(322). In the final step, graphite oxide is exfoliated in water to give single-layer sheets 

of GO. This is accompanied by surface modification of GO sheets with oxygen 



 

47 
 

functionalities and the hydrolysis of covalent bonds previously formed by the 

crosslinking of adjacent GO sheets in graphite oxide with sulphate groups (322).  

 

2.1.3 Synthesis of graphene oxide-silver (GO-Ag) 

GO-Ag composites are often synthesised via a single-step reaction in solution – silver 

ions are reduced in situ, by a reducing agent, to silver nanoparticles which are then 

immobilised on the large surface area GO sheets (155). Previous studies (153, 323, 

324) have proposed that the silver ions are first adsorbed onto the carboxyl, 

carbonyl, epoxy and hydroxyl groups of GO through charge-transfer, electrostatic 

bonds and physisorption (Figure 2.2). The silver ions can also interact with GO via 

Ag+-π orbital interactions (325). Ion adsorption is followed by reduction to silver 

nanoparticles. These remain attached to the sheet surface, reducing the risk of 

particle leaching (52, 153). Thus, GO acts as a platform to support nanoparticle 

growth and minimise aggregation. This prevents significant changes to the physical, 

chemical and biological properties of the immobilised silver nanoparticles (326, 327). 

Since the reaction is conducted in a single vessel, purification of the suspension using 

methods such as dialysis is necessary to remove unbound silver nanoparticles and 

residual ions.   

 

 

Figure 2.2 Mechanism of GO-Ag synthesis. Adapted with permission from (328). 

Copyright 2011 Elsevier. 
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2.1.4 Synthesis of titanium carbide (Ti3C2) MXene 

The synthesis of the first MXene, Ti3C2, was carried out in 2011 by etching the ternary 

carbide, Ti3AlC2, in aqueous hydrofluoric acid (HF) (50%) at room temperature for 2 

hours (58). The selective removal of aluminium and resulting loss of metallic bonding 

significantly weakened the interlayer interactions which increased the ease of 

separation. As the aluminium layer is replaced with -O, -OH and -F groups, hydrogen 

gas is released (Figure 2.3). This produced hydrophilic ML-MXene sheets which are 

structurally similar to exfoliated graphite (57, 58). The surface functional groups are 

randomly distributed within the ML-MXene layers (329). 

 

Naguib et al (58) proposed that the formation of Ti3C2 MXene from Ti3AlC2 occurred 

following the reaction sequence below: 

 
 𝑇𝑖3𝐴𝑙𝐶2 + 3𝐻𝐹 = 𝐴𝑙𝐹3 + 𝑇𝑖3𝐶2 + 1.5𝐻2 2.1 

 𝑇𝑖3𝐶2 + 2𝐻2𝑂 = 𝑇𝑖3𝐶2(𝑂𝐻)2 + 𝐻2 2.2 and/or 

 𝑇𝑖3𝐶2 + 2𝐻𝐹 = 𝑇𝑖3𝐶2𝐹2 + 𝐻2 2.3 

 

Since HF etching of Ti3AlC2 substituted weak van der Waals and hydrogen bonds for 

the stronger metallic Ti-Al bonds, this facilitated the intercalation of various ionic, 

inorganic and organic compounds such as water, Mg2+, urea and DMSO between the 

ML-MXene layers (57, 65, 329). Sonication of aqueous suspensions of intercalated 

ML-MXene breaks the interlayer bonds and separates the multilayers to produce 

single- and few-layer DL-MXene sheets (57, 58). Large flakes can be isolated using 

centrifugation, leaving behind a homogenous and stable colloidal solution of smaller 

DL-MXene flakes (65, 330).   

Despite its efficient exfoliation of Ti3AlC2 into remarkable accordion-like ML-MXene 

structures, concentrated HF is a hazardous etchant (57). Ghidiu et al (71) developed 

an alternative route to Ti3AlC2 etching using HF formed in situ from the reaction 

between lithium fluoride (LiF) and hydrochloric acid (HCl). ML-MXenes etched with 

LiF-HCl were closely packed, formed flexible films and required shorter sonication 

times for delamination in contrast to their HF-etched counterparts. In addition, the 
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corresponding DL-MXene flakes were larger and had fewer defects (71). Ti3AlC2 was 

also successfully etched to Ti3C2 MXene using a mixture of lithium chloride and 10% 

HF (331). This finding suggested that the prerequisites for Ti3AlC2 etching to Ti3C2 

MXene were fluoride ions and protons (332). Studies have demonstrated that the 

surface chemistry of MXene sheets is influenced by HF concentration and the type of 

etching media (329, 333). MXenes etched with concentrated HF (⁓50%) were 

dominated by -F and -OH groups. In contrast, MXenes etched with 10% HF or LiF-HCl 

were mostly terminated with -O groups and had few -OH and -F groups. 

 

 

Figure 2.3 Ti3C2 MXene synthesis. Structure of Ti3AlC2 (a). HF treatment substitutes 

OH groups with Al atoms (b). Sonication disrupts the interlayer hydrogen bonds 

causing the sheets to separate (c). Reproduced with permission from (58). Copyright 

2011 John Wiley and Sons. 

 

2.2 Aim 

Since biological mechanisms occur at the nanoscale, nanomaterials can interact with 

and influence biological systems for example cells and microbes. Studies in the 

scientific literature have identified relationships between the physicochemical 

properties of nanomaterials and their biological impact. Owing to their remarkable 

properties, graphenes (Table 1.1) and MXenes (Table 1.2) show significant potential 
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for biomedicine. However, comparative studies of both families of nanomaterials 

linking their distinctive physicochemical properties to varying biological effects have 

not been conducted. The aim of the research reported in this chapter was therefore 

to identify differences in the physicochemical properties of graphene and Ti3C2 

MXene variants. This would help understand how variations in graphene and Ti3C2 

MXene properties influenced their compatibility with cells and blood, antibacterial 

activity and biotoxin adsorption efficiency (investigated in subsequent chapters). This 

aim was achieved through the following: 

 

1. Synthesis of a range of graphene (GO and GO-Ag) and Ti3C2 MXene (ML-

MXene and DL-MXene) variants. 

2. Characterisation of the synthesised nanomaterials alongside the as-received 

GNP using a range of microscopic, spectroscopic and analytical techniques. 

Characterisation of silver nanoparticles (AgNP) was also carried out where 

necessary to highlight distinctions between the bare particles and their 

immobilised counterparts in GO-Ag. 

 

2.3 Materials and Methods 

2.3.1 Materials 

 GNP (surface area of 500 m2/g) (XG Sciences C-500, USA) 

 Graphite (Acros Organics 385030010, UK) 

 MAX phase powder (<40 µm size) (Drexel Nanomaterials Institute, USA) 

 Silver nanopowder (AgNP) (<150 nm size) (Sigma Aldrich 484059, UK) 

 Hydrochloric acid (Sigma Aldrich 30721, UK) 

 Hydrogen peroxide (Sigma Aldrich H1009, UK) 

 Lithium fluoride (Sigma Aldrich 237965, UK) 

 Nitric acid (Fisher Scientific N/2250/PB17, UK) 

 Potassium permanganate (BDH Chemicals Limited 29644, England) 

 Phosphate buffered saline (PBS) (Oxoid BR0014, UK) 
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 Silver nitrate (Acros Organics 419365000, UK) 

 Sodium borohydride (Fisher Scientific S/2560/48, UK) 

 Sulphuric acid (Fisher Scientific S/9240/PB17, UK) 

 Dialysis membrane (3.5 kDa molecular weight cut-off) (Fisher Scientific 

88244, UK) 

 Formvar/carbon coated 400-mesh copper electron microscopy grid (Agar 

Scientific AGS162-4H, UK) 

 Filter membrane (Merck Millipore Ltd Durapore GVWP04700, UK) 

 

2.3.2 GO synthesis 

GO was synthesised using a modified Hummers and Offeman method adapted from 

Das et al (154). 1 g of graphite was slowly added to 23 mL of concentrated sulphuric 

acid in an ice bath. The mixture was stirred for 5 minutes whilst keeping the 

temperature below 20 °C. 3 g of potassium permanganate was added, the 

temperature was raised to 35 °C and the mixture was stirred for 30 minutes. 46 mL 

of deionised water was added after which the temperature was increased to 98  °C 

and kept at this temperature for 15 minutes. 140 mL of deionised water and 10 mL 

of 30% (v/v) hydrogen peroxide were added slowly to stop the reaction. The 

suspension was centrifuged at 3500 rpm for 10 minutes. The resulting pellet was 

washed three times with 5% (v/v) hydrochloric acid in deionised water followed by 

three washes with deionised water. The GO pellet was resuspended in deionised 

water in 50 mL Falcon tubes, frozen at -80 °C, freeze dried and stored at room 

temperature. 

 

2.3.3 GO-Ag synthesis 

 
GO-Ag was synthesised following an adapted protocol from Faria et al (334). 12.5 mg 

of GO was dispersed in 43.75 mL of deionised water and sonicated for 30 minutes. 5 

mL of a 5 mM silver nitrate solution was added to the GO suspension. The suspension 

was sonicated for 30 minutes and then kept on ice for 30 minutes. 2.25 mL of a 1 mM 

sodium borohydride solution was slowly added to the suspension whilst stirring and 
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the reaction was kept at room temperature overnight (16 hours). The suspension was 

dialysed for 24 hours in deionised water with a dialysis membrane. The purified 

suspension was stored in 50 mL Falcon tubes, frozen at -80 °C, freeze dried and stored 

at room temperature away from light.  

 

2.3.4 Ti3C2 MXene synthesis 

 
ML-MXene was synthesised using a modification of the protocol developed by Ghidiu 

et al (71). 2.5 mL of deionised water and 7.5 mL of hydrochloric acid were combined 

and added to 1 g of lithium fluoride in a plastic vial. The suspension was stirred at 60 

°C for 1 hour to dissolve lithium fluoride. 1 g of MAX phase powder was slowly added 

(in 1 minute) and the dispersion was stirred at 35 °C for 24 hours. A hole was bored 

in the vial lid to allow hydrogen release during etching. The suspension was 

centrifuged at 3500 rpm for 5 minutes and the pellet was washed repeatedly with 

deionised water until the pH was 7. The supernatant became dark at this point. The 

ML-MXene pellet was vacuum dried in a desiccator for 3 days. 

 

To synthesise DL-MXene, the ML-MXene pellet was resuspended in deionised water 

and bath sonicated under helium bubbling for 1 hour. The suspension was 

centrifuged at 3500 rpm for 1 hour and the supernatant was freeze dried.  

 

2.3.5 Scanning electron microscopy (SEM) 

SEM was used to characterise the morphology and surface topography of the 

nanomaterials. GNP, GO, GO-Ag, ML-MXene, DL-MXene and AgNP were mounted on 

aluminium stubs and coated with a 4 nm layer of platinum using a sputter coater 

(Quorum Technologies QT150ES, UK) to prevent sample charging during imaging. 

Nanomaterial morphology was acquired with a field emission gun scanning electron 

microscope (Carl Zeiss SIGMA, UK) at an accelerating voltage of 5 kV (10 kV for ML-

MXene). Elemental composition of the nanomaterials was measured with energy-

dispersive x-ray spectroscopy (EDS) using an 80 mm2 X-Max detector (Oxford 

Instruments, UK) at the same accelerating voltage used for SEM. Graphite (precursor 
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to GNP, GO and GO-Ag) and MAX phase (precursor to ML-MXene and DL-MXene) 

were also included in EDS analysis.  

 

2.3.6 Transmission electron microscopy (TEM) 

TEM was used to investigate nanomaterial morphology and surface topography at 

higher resolutions. Aqueous nanomaterial suspensions (1 mg/mL) were sonicated for 

30 minutes. 5 µL of each suspension was dropped onto the matte side of a 

formvar/carbon coated 400 mesh copper TEM grid and left to soak for 5 minutes. 

Excess suspension was blotted off with filter paper. Nanomaterial morphology was 

acquired using a transmission electron microscope (JEOL JEM1400-Plus, Germany) at 

an accelerating voltage of 120 kV. The mean diameter of silver nanoparticles on GO-

Ag sheets was calculated with ImageJ software (National Institutes of Health, version 

1.49) following the ImageJ particle analysis method (335).  

 

2.3.7 UV/visible spectroscopy 

UV/visible spectroscopy was used to detect electronic transitions in the 

nanomaterials. The absorption spectra of 1 mL aqueous nanomaterial suspensions 

were measured in quartz cuvettes from 200 to 800 nm using a spectrophotometer 

(Perkin Elmer Lambda 25, UK), at a scan speed of 480 nm/minute. Nanomaterial 

concentrations were GNP (75 µg/mL), GO and GO-Ag (70 µg/mL), ML-MXene (62.5 

µg/mL), DL-MXene (31.25 µg/mL) and AgNP (1000 µg/mL). Baseline correction was 

carried out using deionised water as the reference.  

 

2.3.8 Fourier-transform infrared (FTIR) spectroscopy 

FTIR spectroscopy was conducted to identify functional groups present in the 

nanomaterials. 5 mg of each nanomaterial was placed on the stage of the 

spectrometer (Perkin Elmer Spectrum 65, UK). Infrared spectra were acquired in 

transmittance mode over 4000 to 650 cm-1 at a resolution of 4 cm-1. Each spectrum 
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was obtained from an average of 8 scans. Peaks were interpreted from a database of 

infrared absorption wavenumbers (336). 

 

2.3.9 X-ray photoelectron spectroscopy (XPS) 

XPS was carried out to detect chemical states present in the nanomaterials. Each 

nanomaterial was mounted on a metal slide and placed in the sample holder of the 

spectrometer (Thermo Fisher Scientific ESCALAB 250 Xi, UK). Photoelectron spectra 

were acquired with a microprobe working with a monochromatic aluminium Kα x-ray 

source (hυ = 1436 eV). Narrow scans were obtained from three distinct areas per 

sample. Data were corrected for transmission function and then analysed with the 

Thermo Avantage software (Thermo Fisher Scientific, version 5.952). A combination 

of Gaussian and Lorentzian functions (70:30) was used for curve fitting of the spectra. 

 

2.3.10 Dynamic light scattering (DLS)  

DLS was used to measure the particle size and surface charge of the nanomaterials. 

Aqueous nanomaterial suspensions (10 µg/mL) were sonicated for 30 minutes. The 

hydrodynamic diameter and zeta potential of 1 mL suspensions were measured with 

a zetasizer (Malvern Nano ZS90, UK) at a scattering angle of 90°, refractive index of 

1.59 and temperature of 25 °C.  

 

2.3.11 Nitrogen porosimetry 

Nitrogen porosimetry was carried out to measure the surface area of the 

nanomaterials. 20 mg of GNP, ML-MXene and DL-MXene were degassed for 3 hours 

at 150 °C. A higher mass of AgNP (47 mg) was degassed at the above conditions due 

to its comparatively higher density. 20 mg of GO and GO-Ag were degassed for 3 

hours at a lower temperature of 100 °C to minimize risk of sheet destruction (337). 

Gas sorption was run using a porosimeter (Quantochrome Autosorb-1, UK) with the 

adsorbate as liquid nitrogen at 77.3 K. Adsorption isotherms were classified based on 

the International Union of Pure and Applied Chemistry (IUPAC) guidelines (338, 339). 
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Adsorption and desorption data were analysed with the Quantochrome ASiQwin 

software (version 3.0). Based on the volume of gas adsorbed, the Brunauer-Emmett-

Teller (BET) equation was used to calculate the specific surface area of the 

nanomaterials.  

 

2.3.12 Inductively coupled plasma-optical emission spectrometry (ICP-OES) 

ICP-OES was carried out using a method adapted from Barbolina et al (340) to 

measure metal ion concentrations and leaching from the nanomaterials. To quantify 

metal ion content, 2.5 mg/mL nanomaterial suspensions (1 mg/mL for GO-Ag due to 

the low reaction yield) in concentrated nitric acid were incubated at 80 °C for 15 

hours. 1 mL of 30% (v/v) hydrogen peroxide was added to each suspension and the 

suspensions were further incubated at 80 °C for 4 hours. 5 mL of 2% (v/v) nitric acid 

in deionised water was then added and each suspension was passed through a 0.2 

µm membrane filter. Each filtrate was analysed for silver (Ag+) and titanium (Ti2+) ions 

with a spectrometer (Perkin Elmer Optima 2100 DV, UK).  

To investigate metal ion leaching from the nanomaterials, 0.5 mg/mL nanomaterial 

suspensions (0.2 mg/mL for GO-Ag) in PBS were incubated at 37 °C for 24 hours with 

shaking at 150 rpm. The time points were 4 (T4), 12 (T12) and 24 hours (T24). At each 

time point, each suspension was passed through a 0.2 µm membrane filter. 1 mL of 

each filtrate was diluted with 4 mL of 2% (v/v) nitric acid after which Ag+ and Ti2+ 

concentrations were measured with the spectrometer. For both experiments, metal 

ion concentrations were normalised with respect to nanomaterial weight. 

 

2.3.13 Electrical conductivity  

The 4-point probe technique was used to measure the electrical conductivity of 

nanomaterial films. 2.5 mL of aqueous nanomaterial suspensions (GNP, GO, ML-

MXene and DL-MXene; 10 mg/mL) were vacuum filtered through a 0.22 µm 

membrane for 3 hours. GO-Ag films could not be prepared due to low reaction yields. 

After filtration, the films were dried at 40 °C for 3 hours. Sheet resistance was 

measured with a source meter (Keithley Instruments SMU 2450, UK) at a test current 
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of 1 A using a 4-point probe. 3 different points on 3 replicate films were tested. Film 

thickness was measured with a micrometre screw gauge (Sealey, UK), at different 

points. Electrical conductivity was calculated using Equation 2.4. 

 

 
𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝑆/𝑐𝑚) =

1

𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑟𝑒𝑠𝑖𝑠𝑡𝑖𝑣𝑖𝑡𝑦 ×  𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠
 2.4 

 

2.4 Results 

SEM, TEM, UV/visible spectroscopy, FTIR spectroscopy, XPS, DLS, nitrogen 

porosimetry, ICP-OES and electrical conductivity were used to characterise GNP, GO, 

GO-Ag, ML-MXene and DL-MXene to confirm synthesis and compare physical and 

chemical properties.  

 

2.4.1 Scanning electron microscopy 

 
Scanning electron micrographs of the nanomaterials are presented in Figure 2.4. GNP 

was composed of agglomerated graphene sheets (Figure 2.4a). In contrast, GO 

(Figure 2.4b) and GO-Ag (Figure 2.4c) sheets were more disperse, larger and 

wrinkled. The surface of GO-Ag sheets was covered with particles which were 

identified as silver from EDS analysis in Table 2.1. Whereas the silver nanoparticles 

on GO-Ag appeared disperse, the bare AgNP was aggregated (Figure 2.4d). The 

densely packed layers of ML-MXene were observed in Figure 2.4e with few 

delaminations. In contrast, DL-MXene sheets were loose and crumpled (Figure 2.4f). 
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Figure 2.4 SEM images showing the morphology of GNP (25 kX) (a), GO (25 kX) (b), 

GO-Ag (25 kX) (c), AgNP (100 kX) (d), ML-MXene (21 kX) (e) and DL-MXene (10 kX) 

(f). Nanomaterial morphology was acquired at an accelerating voltage of 5 kV (10 kV 

for ML-MXene).  

 

Results from EDS analysis (Table 2.1) showed that GNP was primarily composed of 

carbon (97%). Oxygen content increased in the order: graphite < GO-Ag < GO. The 

composition of silver in GO-Ag was 8%. Etching of MAX phase removed aluminium 

and increased the oxygen and fluorine contents of ML-MXene and DL-MXene.  
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Table 2.1 Elemental composition of GNP, graphite, GO, GO-Ag, MAX phase, ML-

MXene and DL-MXene measured using EDS 

 

Nanomaterial 

Weight (%)  

C O Ag Ti F Al 

GNP 96.8 3.2 - - - - 

Graphite 99.5 0.5 - - - - 

GO 62.1 34.8 - - - - 

GO-Ag 55.6 31.4 7.6 - - - 

MAX phase 15.4 2.1 - 74.6 - 7.9 

ML-MXene 7.7 9.5 - 75.5 6.1 1.2 

DL-MXene 9.8 7.6 - 70 8.7 - 

 

2.4.2 Transmission electron microscopy 

 

Transmission electron micrographs of the nanomaterials are shown in Figure 2.5. The 

graphene sheets in GNP were aggregated (Figure 2.5a). However, GO (Figure 2.5b) 

and GO-Ag (Figure 2.5c) had broader, thin and creased sheets. Silver nanoparticles 

were clearly visible on the surface of the GO-Ag sheets and had a mean diameter of 

4 ± 0.8 nm. In contrast, AgNP was aggregated into large clusters, which prevented 

accurate analysis of particle diameter (Figure 2.5d). The distinct layers of the titanium 

carbide sheets were visible in the ML-MXene, as indicated by the black arrow (Figure 

2.5e). 
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Figure 2.5 TEM images showing the morphology of GNP (a), GO (b), GO-Ag (c), AgNP 

(d) and ML-MXene (e), acquired at an accelerating voltage of 120 kV. The 

magnification for all micrographs was 50 kX. 
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2.4.3 UV/visible spectroscopy 

UV/visible absorption spectra indicated peaks for GO and GO-Ag at 237 and 305 nm 

arising from π−π* transitions of sp2 C-C bonds and n−π* transitions of C=O bonds 

respectively (Figure 2.6). GO-Ag had a lower absorption intensity compared to GO. 

The spectrum for GNP indicated an absorption peak at 273 nm corresponding to 

π−π* transitions of sp2 C-C bonds (Figure 2.6). The spectrum for AgNP indicated an 

absorption peak at 407 nm which is characteristic of surface plasmon resonance 

(Figure 2.6).  

 

 

Figure 2.6 UV/visible absorption spectra for GNP, GO, GO-Ag and AgNP. Spectra 

were collected using a wavelength range setting of 200 to 800 nm.  

 

The spectrum for DL-MXene indicated a broad UV absorption peak between 200 to 

370 nm and a broad band from 725 to 800 nm (Figure 2.7). In contrast, the spectrum 

for ML-MXene did not indicate any peaks (Figure 2.7). 
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Figure 2.7 UV/visible absorption spectra for ML-MXene and DL-MXene. Spectra 

were collected using a wavelength range setting of 200 to 800 nm. 

 

2.4.4 FTIR spectroscopy 

The FTIR spectra of the nanomaterials are shown in Figure 2.8. GO and GO-Ag had 

characteristic bands at 3371 cm-1 and peaks at 1726, 1619, 1403 and 1051 cm-1, 

arising from O-H stretching, C=O stretching, C=C stretching, -C-H bending and C-O 

stretching respectively. GNP, ML-MXene and DL-MXene had no bands or peaks.  
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Figure 2.8 FTIR spectra of GNP, GO, GO-Ag, ML-MXene and DL-MXene. Spectra were 

recorded from 4000 to 650 cm-1. 

 

2.4.5 X-ray photoelectron spectroscopy  

The C1s spectra of GNP indicated peaks at 284.4, 285 and 286.3 eV which 

corresponded to sp2 C-C, sp3 C-C and C-O bonds respectively (Figure 2.9).  

 

 

Figure 2.9 C1s XPS spectra of GNP. Spectra were acquired with a monochromatic 

aluminium Kα x-ray source (hυ = 1436 eV) and fitted with a combination of Gaussian 

and Lorentzian functions (70:30).  
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The C1s spectra of GO indicated peaks at 284.2, 285, 286.4, 287.6 and 288.7 eV. 

These are attributed to sp2 C-C, sp3 C-C, C-O, C=O and O-C=O bonds respectively 

(Figure 2.10). The ratio of carbon to oxygen in GO was 1.9:1. 

 

 

Figure 2.10 C1s XPS spectra of GO. Spectra were acquired with a monochromatic 

aluminium Kα x-ray source (hυ = 1436 eV) and fitted with a combination of Gaussian 

and Lorentzian functions (70:30). 

 

The C1s spectra of GO-Ag indicated peaks at 284.4, 286.3, 287.1 and 288.4 eV which 

corresponded to sp2 C-C, C-O, C=O and O-C=O bonds respectively (Figure 2.11). The 

ratio of carbon to oxygen in GO-Ag was 2.2:1.  
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Figure 2.11 C1s XPS spectra of GO-Ag. Spectra were acquired with a monochromatic 

aluminium Kα x-ray source (hυ = 1436 eV) and fitted with a combination of Gaussian 

and Lorentzian functions (70:30). 

 

Following x-ray bombardment during XPS analysis, electrons from the inner Ag3d 

subshell produce doublet photoemission peaks (instead of single peaks) where the 

two possible electronic states have distinct binding energies. This phenomenon is 

known as spin-orbit splitting and the Ag3d electrons occupy either parallel (3d5/2) or 

anti-parallel configurations (3d3/2). The GO-Ag Ag3d spectra indicated peaks at 368.1 

and 374.2 eV due to metallic silver in the 3d5/2 and 3d3/2 orbitals respectively (Figure 

2.12). Peaks at 367.6 and 373.6 eV are attributed to silver oxide in the 3d5/2 and 3d3/2 

orbitals respectively. 
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Figure 2.12 Ag3d XPS spectra of GO-Ag. Spectra were acquired with a 

monochromatic aluminium Kα x-ray source (hυ = 1436 eV) and fitted with a 

combination of Gaussian and Lorentzian functions (70:30).   

 

Due to spin-orbit splitting, electrons from the inner Ti2p subshell produce doublet 

photoemission peaks where the two possible electronic states have distinct binding 

energies. Therefore, Ti2p electrons occupy either parallel (2p3/2) or anti-parallel 

configurations (2p1/2). The Ti2p spectra of ML-MXene indicated several peaks, 

including peaks at 459.2 and 465 eV which are attributed to TiO2 bonds in the 2p3/2 

and 2p1/2 orbitals respectively (Figure 2.13). Peaks at 455.0 (2p3/2) and 461.1 eV 

(2p1/2) are due to Ti-Tx bonds. Peaks at 460.4 (2p3/2) and 466.4 eV (2p1/2) are ascribed 

to C-Ti-F bonds (341). 
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Figure 2.13 Ti2p XPS spectra of ML-MXene. Spectra were acquired with a 

monochromatic aluminium Kα x-ray source (hυ = 1436 eV) and fitted with a 

combination of Gaussian and Lorentzian functions (70:30). 

 

The C1s spectra of ML-MXene indicated peaks at 281.9, 284.9, 285.1, 286 and 288.5 

eV. These are attributed to C-Ti-Tx, C-C, CHx, C-O and O-C=O bonds respectively 

(Figure 2.14). 

 

Figure 2.14 C1s XPS spectra of ML-MXene. Spectra were acquired with a 

monochromatic aluminium Kα x-ray source (hυ = 1436 eV) and fitted with a 

combination of Gaussian and Lorentzian functions (70:30). 
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The O1s spectra of ML-MXene indicated peaks at 529.7, 530.4, 530.7 and 531.8 eV 

which corresponded to TiO2, TiO2-Fx, C-Ti-Ox and C-Ti-OHx bonds respectively (Figure 

2.15). Also, adsorbed water was detected at 532.9 eV. 

 

 

Figure 2.15 O1s XPS spectra of ML-MXene. Spectra were acquired with a 

monochromatic aluminium Kα x-ray source (hυ = 1436 eV) and fitted with a 

combination of Gaussian and Lorentzian functions (70:30). 

 

The F1s spectra of ML-MXene indicated peaks at 685.2, 685.9, 686.9 and 688.8 eV 

which corresponded to C-Ti-Fx, TiO2-F2, AlFx and Al(OF)x bonds respectively (342, 343) 

(Figure 2.16). 
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Figure 2.16 F1s XPS spectra of ML-MXene. Spectra were acquired with a 

monochromatic aluminium Kα x-ray source (hυ = 1436 eV) and fitted with a 

combination of Gaussian and Lorentzian functions (70:30). 

 

2.4.6 Dynamic light scattering 

The hydrodynamic diameters and polydispersity index (PDI) values of the 

nanomaterials are shown in Table 2.2. Among the graphenes, sheet size increased in 

the order: GNP < GO < GO-Ag. Compared to ML-MXene, DL-MXene had a smaller 

sheet size. The mean size of AgNP was 507 nm. With the exception of DL-MXene, the 

PDI values of the nanomaterials were greater than 0.7 which indicated broad size 

distributions (344, 345). 

 

Table 2.2 Particle size of GNP, GO, GO-Ag, ML-MXene, DL-MXene and AgNP 

Nanomaterial Size ± SD (nm) PDI 

GNP 956 ± 109 0.960 

GO 1919 ± 286 1.000 

GO-Ag 4606 ± 717 0.881 

ML-MXene 1033 ± 252 0.993 

DL-MXene 386 ± 5 0.339 

AgNP 507 ± 41 0.749 
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The zeta potentials of the nanomaterials are shown in Figure 2.17. Reduction of GO 

to GO-Ag lowered the negative surface charge from -29.6 to -20.4 mV. GNP had a 

surface charge of -25.9 mV. Exfoliation of ML-MXene to DL-MXene increased the 

negative surface charge from -13.7 to -30.8 mV. AgNP had the lowest surface charge 

of -1 mV.  
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Figure 2.17 Zeta potential of GNP, GO, GO-Ag, ML-MXene, DL-MXene and AgNP (n 

= 3, mean ± SD). 

 

2.4.7 Nitrogen porosimetry 

The BET adsorption isotherms of the nanomaterials are shown in Figure 2.18. GNP 

had a Type II isotherm which was characteristic of nonporous adsorbents with 

unhindered monolayer-multilayer adsorption (339, 346). On the other hand, GO, GO-

Ag, ML-MXene, DL-MXene and AgNP had Type III isotherms which were typical of 

nonporous adsorbents with negligible monolayer formation (339, 346). 
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Figure 2.18 BET adsorption isotherms of GNP, GO, GO-Ag, ML-MXene, DL-MXene 

and AgNP from nitrogen porosimetry.  

 

GNP had the largest surface area of 498 m2/g while GO and GO-Ag had similar surface 

areas (Table 2.3). The surface area of DL-MXene was two times that of ML-MXene. 

AgNP had the least surface area. 
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Table 2.3 Surface area of GNP, GO, GO-Ag, ML-MXene, DL-MXene and AgNP 

Nanomaterial Surface area (m2/g) 

GNP 498 

GO 125 

GO-Ag 132 

ML-MXene 142 

DL-MXene 282 

AgNP 84 

 

2.4.8 Inductively coupled plasma optical emission spectroscopy  

Ag+ and Ti2+ concentrations in the nanomaterials are shown in Table 2.4. Ag+ was 

detected in GO-Ag at 13.8 ppm/mg. ML-MXene had a higher Ti2+ concentration than 

DL-MXene.  

 

Table 2.4 Ag+ and Ti2+ concentrations in GNP, GO, GO-Ag, ML-MXene, DL-MXene 

and AgNP 

 

Metal ion 

 Concentration (ppm/mg) 

GNP GO GO-Ag ML-MXene DL-

MXene 

AgNP 

Ag+ 0 0.3 13.8 0 0 979.1 

Ti2+ 0 0 0 740.2 650.7 0 

 

Leaching studies showed that over 24-hour incubation, Ag+ was released from only 

AgNP (Table 2.5). Ti2+ neither leached from ML-MXene nor DL-MXene. 
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Table 2.5 Metal ion leaching from GO-Ag, AgNP, ML-MXene and DL-MXene 

 

Time point 

Concentration (ppm/mg)  

GO-Ag (Ag+) AgNP (Ag+) ML-MXene 

(Ti2+) 

DL-MXene 

(Ti2+) 

T4 0 0.4 0 0 

T12 0 0.5 0 0 

T24 0 0.4 0 0 

 

2.4.9 Electrical conductivity 

Film fabrication was only successful for GO and DL-MXene as GNP and ML-MXene did 

not form films. While DL-MXene films were electrically conductive (9008 S/cm), GO 

films had a negligible conductivity of 0.12 S/cm (Figure 2.19).  
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Figure 2.19 Electrical conductivity of GO and DL-MXene films. Conductivity was 

measured using the 4-point probe technique (n = 3, mean ± SEM). 

 

2.5 Discussion 

In this chapter, graphene and Ti3C2 MXene variants were synthesised and their 

physicochemical properties were characterised using SEM, TEM, UV/visible 

spectroscopy, FTIR spectroscopy, XPS, DLS, nitrogen porosimetry, ICP-OES and 

electrical conductivity. The physicochemical characterisation studies were carried 
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out in order to identify the distinctive physical properties of these materials and 

better understand the impact of these properties on cellular behaviour, antimicrobial 

activity and biotoxin adsorption.  

The synthesis of GNP from graphite is usually carried out following a sequence of 

sulphuric acid intercalation, high temperature expansion and ultrasonication (40, 

314, 347). The resulting platelets, which are stacks of graphene sheets, have defect 

free surfaces while oxygen moieties such as hydroxyl and carboxyl groups occupy the 

peripheries of the sheets (41). Both SEM (Figure 2.4a) and TEM images (Figure 2.5a) 

of GNP showed that the graphene sheets were aggregated which was in agreement 

with Zhang et al (348). Aggregation of graphene sheets has been attributed to strong 

hydrophobic and van der Waals interactions between monolayers (349, 350). Unlike 

in GO and GO-Ag, the characteristic UV/visible absorption peak of sp2 C-C bonds at 

237 nm was red-shifted to 273 nm in GNP (Figure 2.6). Increased electronic 

conjugation, as with GNP, results in reduced energy differences between the lowest 

unoccupied and highest occupied molecular orbitals in unsaturated compounds. 

Consequently, this enabled π−π* transitions at lower energies and longer 

wavelengths (351, 352). No bands were detected in the GNP FTIR spectra similar to 

Kazi et al (353). 

 

XPS analysis revealed the predominance of sp2 carbon atoms in GNP (Figure 2.9), 

which was in line with UV/visible spectroscopy results. The detection of oxygen is 

attributed to moieties left over in defect sites at sheet edges after expansion of the 

graphite precursor (354, 355). The negative surface charge of GNP (Figure 2.17), 

which has been reported in previous studies (356, 357), is also attributed to 

oxygenated groups at defect sites. DLS measured the size of GNP sheets as 956 nm 

(Table 2.2) which was within the range quoted by the manufacturer (<2 µm). It is 

important to note that DLS measurements assume that the particles have a spherical 

shape. Since graphenes and MXenes have anisotropic structures, the exact size of the 

two-dimensional sheets may not be accurately calculated using this technique (29, 

358, 359). Nonetheless, comparisons can be made regarding hydrodynamic size 

differences between materials. The experimental surface area of GNP (498.13 m2/g) 
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(Table 2.3) was close to the manufacturer’s quoted value (500 m2/g) which indicated 

conformity to expected values. The shape of the BET isotherm indicated that GNP 

was nonporous which agreed with the findings of Bunch et al (360).  

 

Acidic oxidation of graphite and subsequent exfoliation to GO introduced a variety of 

oxygenated functional groups onto individual graphene sheets. SEM (Figure 2.4b) 

and TEM images (Figure 2.5b) showed that GO sheets were characteristically thin and 

wrinkled similar to earlier studies (51, 323). The sp2 C-C bonds and C=O bonds in the 

UV/visible absorption spectrum of GO (Figure 2.6) evidenced its graphenic network 

and presence of oxygen groups on the sheets respectively (326, 334). FTIR 

spectroscopy detected hydroxyl, carboxyl, carbonyl and epoxy groups in GO (Figure 

2.8) which confirmed successful oxidation of graphite (323, 361). XPS detected sp2 

and sp3 carbon atoms as well as C-O bonds in carboxyl, carbonyl and epoxy groups 

(Figure 2.10) which confirmed FTIR results. This was also consistent with earlier 

studies (22, 326, 355, 362). The abundance of oxygenated moieties on GO sheets 

accounted for its negative surface charge (Figure 2.17). 

 

GO had a higher surface area (Table 2.3) than the values reported by Song et al (363) 

and Li et al (364). However, this was lower than the value reported by Jiao et al (365). 

It has been shown that GO surface area can be influenced by the synthesis method 

used (Staudenmaier vs Hummers vs Hofmann vs Brodie) (366). Different oxidising 

agents introduce varying degrees of oxidation and exfoliation of the GO sheets which 

in turn can impact surface area (366). Outgassing parameters can also affect the 

accuracy of porosimetry analysis. Degassing at low temperatures may result in partial 

cleaning of the material surface leading to underestimation of the surface area. High 

temperatures, on the other hand, may cause permanent changes to material 

structure and chemical composition such as decomposition of surface groups thus 

leading to erroneous results (367, 368). Unlike DL-MXene, GO was not electrically 

conductive (Figure 2.19). Studies have shown that acid oxidation of graphite disrupts 

the networks between sp2 carbon domains. This in turn limits electron transport 

which is required for conductivity (369, 370).  
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Reduction of GO in the presence of silver ions resulted in the immobilisation of silver 

nanoparticles on the sheet surface. As with GO, electron micrographs of GO-Ag 

(Figure 2.4c and Figure 2.5c) revealed thin and crumpled sheets. SEM also showed 

that tiny particles, which were identified from EDS mapping in Table 2.1 as silver, 

covered the surface of the GO-Ag sheets. This gave evidence for the decoration of 

GO sheets with silver nanoparticles. Similarly, dark particles were clearly visible on 

the surface of GO-Ag sheets in TEM images unlike the bare GO sheets. Since the TEM 

was not coupled to an EDS analyser, the chemical identity of these particles could not 

be directly confirmed. However, it was inferred from SEM-EDS analysis and previous 

studies (51, 160, 326, 334) that these were silver nanoparticles bound to the GO 

sheets. Both SEM and TEM images showed that the silver nanoparticles in GO-Ag 

were distributed throughout the sheet surface whereas AgNP was aggregated. Like 

GO, the UV/visible absorption spectrum for GO-Ag detected sp2 C-C bonds and C=O 

bonds (Figure 2.6). In contrast to AgNP, a surface plasmon resonance band was not 

detected for the immobilised silver nanoparticles in GO-Ag. Cui et al (371) also 

reported a similar finding. Nonetheless, XPS (Figure 2.12) and ICP-OES analyses (Table 

2.4) further confirmed that silver nanoparticles were present on GO-Ag which was in 

line with results from electron microscopy and EDS.  

Compared to GO, FTIR absorption intensities for oxygenated groups were reduced in 

the GO-Ag spectrum (Figure 2.8). The decrease in O-H band stretching could be 

attributed to interactions between the silver ions and hydroxyl groups. Reduction in 

C=O band stretching could be ascribed to interactions between silver ions and 

carboxyl groups on sheet edges through electrostatic attraction or formation of 

coordination bonds. It is thought that these oxygenated groups enhanced silver ion 

adsorption onto GO sheets and subsequent in situ reduction to AgNP. Direct 

reduction of the GO sheets by NaBH4 may have also contributed to decreased 

absorption intensities (324, 328, 372). XPS showed that GO-Ag had sp2 carbon atoms, 

epoxy, carbonyl and carboxyl groups (Figure 2.11), which confirmed FTIR results. 

Detection of the Ag3d doublet peaks at 368.1 and 374.2 eV coupled with the ~6.0 eV 

slitting between both peaks (Figure 2.12), evidenced the formation of metallic silver 

nanoparticles on GO sheets (326, 373). XPS also showed that GO-Ag had a higher 
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carbon: oxygen ratio than GO. In addition, peak intensities at 286.5 eV (C-O) and 

287.9 eV (C=O) decreased whereas the peak intensity at 284.4 eV (sp2 C-C) increased. 

This suggested partial reduction of GO to graphene and a corresponding decrease in 

oxygen content (323, 326, 374). 

Modification of GO with silver nanoparticles in GO-Ag reduced the negative surface 

charge (Figure 2.17) which agreed with the findings of Ma et al (51). The authors 

proposed that the binding of silver ions to oxygenated groups on GO sheets 

decreased the number of free anionic moieties and consequently, negative surface 

charge. DLS indicated that the sheet diameter of GO-Ag was about two times larger 

than that of GO (Table 2.2). This could be attributed to increased sheet aggregation 

brought about by reduction of GO and subsequent loss of oxygen functionalities 

during GO-Ag synthesis. Similar increases in sheet size after reduction of GO have 

been reported in literature (91, 93, 358). This was also supported by zeta potential 

measurements which showed a decrease in the negative surface charge of GO-Ag 

relative to GO. Higher negative surface charges, as seen with GO, are associated with 

increased electrostatic repulsion between sheets and consequently, less aggregation 

(375). Immobilisation of AgNPs onto GO sheets had no impact on surface area which 

suggested preservation of the GO structure (Table 2.3). ICP-OES analysis detected 

only silver ions in GO-Ag (Table 2.4) which indicated that dialysis effectively removed 

any ions left over from synthesis. As silver concentrations in GO-Ag composites are 

often not reported and reaction parameters such as the ratio of GO to AgNO3 vary, it 

is challenging to compare the results obtained in this study to the scientific literature. 

The World Health Organization in its drinking water quality guidelines set the 

maximum safe exposure limit to silver at 0.1 ppm (376). Leaching studies showed no 

Ag+ release from GO-Ag (Table 2.5). In contrast, Ag+ release from AgNP was 0.4 ppm 

which was above the safe limit. Thus, it could be inferred that immobilisation of AgNP 

onto GO sheets offered greater stability than the pristine AgNP.  

Selective removal of aluminium from Ti3AlC2 MAX phase powder by etching in HF 

produced layered ML-MXene sheets with surfaces which were terminated with OH, 

O- and F- groups. SEM (Figure 2.4d) and TEM images (Figure 2.5d) confirmed that ML-

MXene sheets were arranged in multiple layers. Unlike the traditional aqueous HF 
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etching method which produced ML-MXenes with an accordion-like morphology (58, 

65), the sheets in this study, which were synthesised following the LiF-HCl etching 

method, had a more compact structure. Previous studies have shown that etching 

Ti3AlC2 with aqueous HF produced ML-MXenes with accordion-like structures 

whereas etching with LiF-HCl mixtures, where HF is synthesised in situ, generated 

ML-MXenes with more compact structures and minor delaminations (71, 329). This 

is because the LiF-HCl etching method is milder and allows for the intercalation of 

lithium ions and water between ML-MXene sheets (71, 332). EDS analysis of ML-

MXene revealed a predominance of titanium atoms which was indicative of its 

metallic nature (Table 2.1). On the other hand, the detection of fluorine and oxygen 

atoms gave evidence for its hydrophilicity (58, 329, 377). EDS also detected 

aluminium which could be attributed to residual impurities from Ti3AlC2 etching.  

In line with earlier studies (58, 65), XPS detected ether, carboxyl and hydroxyl groups 

(Figure 2.14) along with Ti-C, Ti-O and Ti-F bonds (Figure 2.13) which showed surface 

functionalisation of the MXene sheets. The presence of these anionic moieties 

further confirmed the hydrophilic character of ML-MXene (378-380). The presence 

of adsorbed water (Figure 2.15) is ascribed to surface hydrophilic groups and weak 

attractive bonds, such as van der Waals and hydrogen bonds, between the ML-

MXene layers. These enable significant retention of water between MXene sheets 

when cations e.g. lithium are present (71, 333, 381). The presence of AL-F bonds is 

attributed to aluminium fluoride, a by-product of the etching reaction (58). This was 

supported by EDS results which detected trace quantities of aluminium. The negative 

surface charge of ML-MXene (Figure 2.17) could be ascribed to the O, OH and F 

surface terminations introduced during Ti3AlC2 etching and was in agreement with 

the findings of Jastrzębska et al (382). The surface area of ML-MXene obtained in this 

study (Table 2.3) was higher than the values reported in other studies (383-385). Like 

GO, these differences may have resulted from variations in synthesis methods and 

outgassing parameters. ICP-OES did not detect leaching of Ti2+ ions from ML-MXene 

(Table 2.5) which indicated that the ions were stable within the sheets.  

Sonication of aqueous ML-MXene suspensions disrupts the strong inter-stack 

interactions and produces DL-MXene, which comprises single and few layers of 
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MXene nanosheets (332). Helium (or argon) bubbling is necessary during 

delamination to prevent oxidation of the sheets (332). SEM showed single DL-MXene 

sheets (Figure 2.4e) which confirmed delamination of ML-MXene. Similar to ML-

MXene, EDS detected titanium, carbon, oxygen and fluorine atoms in DL-MXene 

(Table 2.1). UV/visible spectroscopy showed absorption of ultraviolet light (Figure 

2.7), which indicated surface functionalisation of DL-MXene sheets, and absorption 

of near infrared light, in agreement with other studies (74, 140, 386, 387). Nitrogen 

porosimetry showed a two-fold increase in surface area after exfoliation of ML-

MXene to DL-MXene (Table 2.3). Delamination separates ML-MXene sheets which 

causes a significant increase in available surface area (66). Another explanation could 

be because DL-MXene had smaller sheet diameters (386 nm) compared to ML-

MXene (1033 nm) (Table 2.2). Reduction in nanomaterial size has been associated 

with an increase in surface area (388, 389).  

DLS analysis (Table 2.2) showed that DL-MXene had a PDI value of 0.339 which was 

indicative of a monodisperse suspension with minimal particle aggregation (344, 

390). Also, DL-MXene sheets were smaller in size (<400 nm) compared to ML-MXene 

(>1 µm). Delaminating ML-MXene via sonication typically produces smaller sheets 

with diameters less than 1 µm (391, 392). The surface charge of DL-MXene was within 

the range of values reported elsewhere (Figure 2.17) (66, 74, 393). DL-MXene had a 

higher negative surface charge compared to ML-MXene. It is thought that the 

separation of MXene sheets during delamination enhanced ionic interactions thus 

increasing its negative surface charge. DL-MXene films had an electrical conductivity 

of 9008 S/cm (Figure 2.19) which was higher than the values obtained by Ling et al 

(66) and Sarycheva et al (394) but lower than Zhang et al (395). These differences 

could have arisen from variations in etching methods, delamination techniques and 

test parameters. In contrast to graphene, surface functionalisation of MXene sheets 

with oxygen-based groups does not hinder electron transport (384).  

SEM (Figure 2.4f) and TEM images (Figure 2.5e) of AgNP revealed the formation of 

aggregates. Surface plasmon resonance was detected in the UV/visible spectrum for 

AgNP (Figure 2.6) which was consistent with findings from other studies (396, 397). 

DLS analysis in Table 2.2 showed that the experimental hydrodynamic diameter of 
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AgNP (507 nm) was larger than the manufacturer’s quoted size (<150 nm). In 

addition, AgNP had a high PDI value of 0.7 which indicated a broad range of particle 

sizes. The disparity between the experimental and expected values for AgNP size 

could be attributed to particle aggregation which was previously observed in both 

SEM and TEM images. It has been shown that nanoparticle aggregation can decrease 

available surface area and reactivity (398, 399). Hence, it is hypothesised that 

aggregation of AgNP would negatively impact its functional performance compared 

to GO-Ag, which had evenly dispersed silver nanoparticles on the sheet surface. The 

surface charge of AgNP was slightly negative (-1 mV) (Figure 2.17). Similarly, Kim et 

al (147) reported that silver nanoparticles had a zeta potential of -0.33 mV. 

Differences in synthesis methods and analysis parameters preclude direct 

comparison of the surface area of AgNP with values reported in literature. ICP-OES 

indicated leaching of silver ions (Table 2.5) which suggested AgNP had a lower 

stability compared to GO-Ag.  

 

2.6 Conclusion 

This chapter detailed the successful synthesis of graphene and Ti3C2 MXene variants 

which was confirmed using SEM, TEM, UV/visible spectroscopy, FTIR spectroscopy, 

XPS, DLS, nitrogen porosimetry, ICP-OES and electrical conductivity measurements. 

This is the first study to compare the physical and chemical properties of graphene 

and Ti3C2 MXene, and also the first to directly compare multilayer and delaminated 

variants of Ti3C2 MXene. Whereas the graphenes predominantly comprised carbon 

and contained hydrophobic domains to varying extents, the MXenes were mainly 

titanium-based and inherently hydrophilic. 

It is hypothesised that the large surface area of GNP, particularly in comparison to 

the other nanomaterials, would confer a greater capacity for molecular interactions 

and therefore, adsorption of tissue contaminants. The hydrophobicity of GNP, 

evidenced by the predominance of sp2 carbon atoms, may also play a key role in 

interactions with tissue contaminants, microorganisms and cells. The introduction of 

oxygenated groups in GO and GO-Ag and consequent impartation of hydrophilic 
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character suggested the possibility of electrostatic attraction as a mechanism of their 

interactions with contaminants and living systems, in addition to the characteristic 

π-π stacking of graphenes. It is expected that incorporation of silver nanoparticles in 

GO-Ag would translate to a higher antimicrobial activity compared to GO. Due to 

surface modification with oxygen functional groups and absence of the graphenic sp2 

carbon network, it is hypothesised that the molecular interactions of Ti3C2 MXene 

and its impact on microbial and cellular processes would be dominated by 

electrostatic attractions. It is also anticipated that the two-fold increase in surface 

area and negative surface charge brought about by delamination of ML-MXene will 

increase the adsorptive capacity of DL-MXene for tissue contaminants. The absence 

of pores on both graphene and MXene sheets, as shown in BET adsorption isotherms, 

is expected to enhance adsorptive efficiency by reducing the time taken to reach 

equilibrium. Pore diffusion during adsorption is a key rate-limiting factor for most 

conventional adsorbents (400, 401). DL-MXene’s remarkable conductivity, despite 

the abundance of oxygen-rich groups, in conjunction with its ability to form stable 

homogenous suspensions point to exceptional material stability and versatility of 

application.  

Having characterised the graphene and Ti3C2 MXene variants, the next step was to 

investigate their biocompatibility and haemocompatibility (Chapter 3). The 

characterisation data obtained in this chapter were useful in understanding how the 

physical and chemical properties of the nanomaterials impacted their interactions 

with cells and blood. 
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3 Investigating the biological interactions of graphene and Ti3C2 

MXene variants 

3.1 Introduction 

3.1.1 Biocompatibility assessment  

Increasing integration of nanotechnology in medical applications such as drug 

delivery, diagnostic imaging and photothermal therapy has led to a corresponding 

rise in human exposure to nanomaterials (402). However, current knowledge of the 

toxicity of nanomaterials and how they affect health in the long run is poor (402-

404). Nanomaterial exposure mainly occurs through four routes: dermal (skin), oral 

(gastrointestinal tract), inhalation (lungs) and injection (intravenous, intraperitoneal 

and subcutaneous) (8, 403, 405). When nanomaterials enter the body, they interact 

with biomolecules (e.g. proteins and lipids) and blood cell components and are 

transported to different sites. Owing to their small size, nanomaterials are highly 

reactive and can penetrate biological barriers which enhances uptake into organs, 

tissues, cells and organelles (8, 402, 405, 406). Upon cellular uptake, nanomaterials 

may be metabolised, excreted or deposited in the cells for indefinite durations before 

transfer to other organs via the reticuloendothelial system (402, 405, 406). 

Nanomaterials are also highly mobile and can travel through the blood circulation 

from the initial entry site e.g. skin to faraway organs e.g. kidneys (8, 402, 405, 406).  

Introduction of nanomaterials into biological systems could trigger adverse 

biochemical and cellular events such as deoxyribonucleic acid (DNA) damage, 

alterations to protein structure, lipid peroxidation, impaired mitochondrial function, 

disrupted electron transport and adenosine triphosphate (ATP) synthesis, apoptosis, 

oxidative stress, membrane damage, platelet aggregation, blood clotting, 

complement activation, thrombosis, inflammation and attenuation of the immune 

system (8, 402, 404, 406). Cellular uptake of nanomaterials can occur through active 

(requiring energy expenditure) or passive processes. Active transport (endocytosis) 

includes pinocytosis (endocytosis of fluids and small particles which occurs in most 

cells), phagocytosis (endocytosis of larger particles (>700 nm)) and receptor-
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mediated endocytosis (Figure 3.1). Both processes (active and passive) are 

spearheaded by specialised cells such as macrophages, dendritic cells, monocytes 

and neutrophils (407-409). In addition to active transport, nanomaterial uptake 

through the cell membrane can occur passively e.g. in red blood cells which lack the 

endocytic apparatus (407, 408). 

 

 

Figure 3.1 Mechanisms of intracellular uptake of nanomaterials. Reproduced with 

permission from (409). Copyright 2011 John Wiley and Sons.  

 

It has been reported in the scientific literature that the physicochemical properties 

of nanomaterials such as size, chemical constitution, morphology, surface charge, 

functional groups, surface area, porosity, purity, solubility and degree of aggregation 

as well as other factors such as exposure route and bio-persistence affect the 

biological response to them (Figure 3.2) (8, 402, 403, 410, 411). The biological 

response is also influenced by how nanomaterials react with biomolecules e.g. 

proteins may adsorb to the nanomaterial surface to form a ‘protein corona’ which 

can significantly impact biocompatibility (8, 402). Currently, the specific interactions 

between proteins and nanomaterials within the corona and how this influences 

biocompatibility is poorly understood (405). Apart from the effects which arise from 
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direct contact of nanomaterials with cells and other components of the biological 

milieu, nanotoxicity can also be influenced by exposure duration and dose (402, 405). 

 

 

Figure 3.2 Physicochemical properties and other parameters affecting the 

biological interactions of nanomaterials. Adapted from (412) under the free to use 

Creative Commons license (http://creativecommons.org/licenses/by/4.0/). 

 

As a criterion for safety assessment, nanomaterial biocompatibility is evaluated 

either in vitro using cell lines or in vivo using animals or human participants (403, 

413). In vitro cytotoxicity assays detect cellular features such as metabolic activity, 

DNA damage, apoptosis, membrane integrity, ROS production and inflammation 

(403, 414, 415). To do so, the assays utilise optical phenomena such as absorbance, 

luminescence and fluorescence to measure endpoints of chemical reactions (414, 

415). Compared to in vivo studies, in vitro assays are cheaper, have quicker 

turnaround times, enable testing under controlled conditions and avoid the ethical 

issues associated with using humans or animals for research purposes (403, 414). 

However, owing to their reactivity, high surface energy and large adsorptive capacity, 

nanomaterials can interfere with in vitro assays which negatively impacts accuracy 

and reproducibility (403, 410, 415). Nanomaterial interference can occur via reaction 

with assay components such as dyes, enhancement/quenching of absorbance, 

https://creativecommons.org/licenses/by/4.0/
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luminescence or fluorescence signals and protein inactivation and/or adsorption 

which leads to false negative or false positive results (403, 410, 415, 416). Kroll et al 

(410) suggested that nanomaterial interference should be evaluated for each assay 

to judge its suitability. Also, studies have recommended that inferences about 

nanomaterial cytotoxicity should be validated using multiple independent assays and 

carefully interpreted due to the risk of interference (416-418). 

The biocompatibility of graphene nanomaterials has been investigated in the 

scientific literature. Pristine graphene supported the viability of monkey renal Cos-7 

fibroblasts with minimal impact on mitochondrial membrane potential or 

morphology (419). In addition, graphene promoted growth and neurite formation in 

rat hippocampal neurons, and did not cause cellular stress (419). After treatment of 

A549 lung epithelial cells with GO for 24 hours, TEM images indicated that the sheets 

were not internalised by the cells. In addition, GO had no significant impact on 

membrane integrity, ROS levels or cell viability (420). GO films also supported cell 

growth (420). Ruiz et al (158) showed that GO enhanced adhesion, growth and 

proliferation of HT-29 colorectal adenocarcinoma cells. Single-layer graphene films 

supported the growth of human osteoblasts resulting in shorter doubling times when 

compared to a control silicon oxide substrate. The graphene films also enhanced 

proliferation of human mesenchymal stem cells and their potential for osteogenic 

differentiation (421). 

 

However, other studies have reported toxicity for graphenes (Figure 3.3). Li et al 

(422) reported that incubation of pristine graphene with RAW 264.7 mouse 

macrophages induced a significant reduction in cell viability which was dependent on 

both nanomaterial dose and duration of exposure. This finding was ascribed to 

depolarisation of the mitochondrial membrane, elevation of ROS levels and 

activation of apoptosis. The graphene sheets were internalised by the macrophages 

which was evidenced by the formation of large phagocytic vesicles. Incubation of 

few-layer graphene with PC-12 neuronal cells induced a reduction in cell viability 

which was dependent on nanomaterial dose (423). This effect was attributed to 

membrane damage and increased ROS production. GO induced significant dose- and 
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time-dependent toxicity in human dermal fibroblasts demonstrated by cell 

detachment from culture wells and apoptosis (424). GO was taken up by the cells and 

internalised in organelles such as the nucleus, mitochondria and lysosomes. In vivo 

administration of GO to mice led to accumulation of GO in the liver, lungs and spleen 

and caused severe inflammation and granuloma formation in the lungs. In addition, 

the GO sheets persisted in the lungs as they were still detected in TEM images of 

tissue sections one month after exposure. Graphene impact on cell viability was 

shown to be influenced by oxygen group density in a study by Sasidharan et al (425). 

Following 24-hour incubation with monkey kidney Vero cells, GO sheets were taken 

up by the cells whereas reduced GO sheets adhered onto the cell membrane surface 

and induced restructuring of the cytoskeleton. Furthermore, GO did not impact the 

metabolic activity of the cells in contrast to reduced GO which significantly decreased 

cell viability as concentration increased. The authors proposed that reduced GO 

caused cytotoxicity via oxidative stress and induction of apoptosis. These disparities 

in the scientific literature highlight the need for additional studies on the 

biocompatibility of graphene nanomaterials as well as graphene-metal composites 

which in recent times have been explored in antimicrobial applications. 

 

 

 

Figure 3.3 Potential mechanisms by which graphenes (and MXenes) may interact 

with cells. Reproduced from (426) under the free to use Creative Commons license.  
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Due to conflicting results, earlier studies have failed to establish a consensus on the 

biocompatibility of graphene-based nanomaterials. Variations in synthesis methods, 

chemical composition, physicochemical properties e.g. size, morphology and surface 

charge, purity, cell lines, assay conditions such as dosage, exposure times and end 

points, in addition to the lack of standardised testing protocols hinder comparisons 

between different studies (25, 404, 427, 428). Although previous studies have 

investigated the impact of surface chemistry on the biocompatibility of graphene-

based nanomaterials, comparisons with graphene-metal composites are limited 

whilst comparisons with the similarly structured two-dimensional nanomaterial, 

Ti3C2 MXene have not been considered.  

 

MXenes are unique because they combine metallic conductivity with hydrophilic 

character. In addition, they have a rich surface chemistry as their surfaces are 

terminated with hydroxyl groups, oxygen and fluorine atoms which offer potential 

for functionalisation (66). Although more than 19 different MXenes have been 

synthesised to date (332), very little is presently known about their biological 

interactions and potential biomedical applications. Currently, studies on the 

biocompatibility of Ti3C2 MXenes are limited. Liu et al (74) showed that DL-MXene 

sheets did not induce apoptosis in HCT 116 colorectal carcinoma cells. Similarly, DL-

MXene sheets did not impact the viability of 4T1 murine breast cancer cells (78, 429) 

or hepatocellular carcinoma cells (135). Driscoll et al (140) demonstrated that DL-

MXene films supported rat cortical neuron viability over 7 days with neurite 

outgrowth and extensive network formation similar to the control polystyrene 

culture substrate. Most studies investigating Ti3C2 MXene impact on cell metabolism 

have focused on DL-MXene and none were conducted in comparison to graphene. 

The impact of ML-MXene on cell metabolism is yet to be investigated.  

Despite having similar two-dimensional sheet morphologies, graphenes and MXenes 

possess distinct physicochemical properties as described in Chapter 2. Identifying 

how these differences impact their biological interactions would benefit research 

efforts focused on the development of these nanomaterials for use in biomedicine. 
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3.1.2 Haemocompatibility assessment  

Despite extensive use of biomaterials in diverse medical applications ranging from 

haemodialysis (430) to vascular tissue engineering (431), the introduction of foreign 

materials into the body may stimulate harmful reactions such as infection, 

inflammation, thrombosis and fibrosis (432). Since the use of biomaterials in the body 

will inevitably lead to contact with blood, haemocompatibility is a key criterion for 

biomaterials intended for use in medical devices in order to avoid platelet activation, 

stimulation of the immune system, membrane damage and cell lysis (433). The 

International Organization for Standardization (ISO) guidelines recommend 5 

categories for evaluating material haemocompatibility: haematology, coagulation, 

platelet function, thrombosis and immune response. Testing can be conducted using 

static, agitated or shear flow in vitro models where blood is incubated with the 

material of interest (433). 

Studies have shown that the biocompatibility, and consequently long-term success, 

of medical devices is predominantly influenced by surface-level interactions which 

occur at the interface between biomaterials, proteins and cells (432). These 

biological interactions are, in turn, dependent on biomaterial surface properties such 

as chemistry, topography, charge, wettability and free energy (432, 434). ‘Foreign 

body reactions’ which arise from poor haemocompatibility of biomaterials can 

impede the optimal performance of medical devices and sometimes cause complete 

failure (435). The most common harmful reaction arising from blood contact with 

biomaterials is thrombosis where blood clots, comprising aggregated platelets 

(thrombi) and fibrin networks, form on the surface of biomaterials leading to 

blockage of blood vessels and potentially, embolisms. Thrombosis may also render 

treatments ineffective and cause implant rejection (435). Thrombus formation on 

biomaterial surfaces in response to blood contact is induced by both platelet-

instigated responses (adhesion, activation and aggregation) and activation of plasma 

coagulation (432, 434) .     

When blood ‘touches’ biomaterials, this initiates a multifaceted cascade of events 

beginning with rapid surface adsorption of proteins such as albumin, fibrinogen and 
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immunoglobulins which are abundant in plasma (432, 433, 436). These proteins are 

eventually displaced by other proteins such as plasminogen and Factor XII (Vroman 

effect) - although the latter group are less abundant in plasma, they have a greater 

affinity for the biomaterial surface (433). The adsorbed proteins form a film on the 

material surface which reduces direct interaction of the biomaterial with cellular 

components. It is this ‘protein film’ that chiefly drives the subsequent steps of the 

biological response to implanted biomaterials (432, 433). After adsorption, the 

proteins become activated and either accelerate or regulate the host response. This 

may lead to haemolysis, initiation of plasma coagulation and activation of platelets, 

endothelial cells and leucocytes eventually resulting in thrombosis (432, 435, 437).  

 

3.1.2.1 Haemolysis 

Contact of blood with foreign materials can induce haemolysis which is associated 

with increased plasma levels of free haemoglobin. Lysis of erythrocytes and the 

resultant decrease in cell count negatively impact oxygen transport leading to 

significant reduction of organ viability and function (433). Biomaterials which induce 

haemolysis below 2% are categorised as non-haemolytic, biomaterials which induce 

between 2% and 5% haemolysis are classed as slightly haemolytic whereas 

biomaterials which induce over 5% haemolysis are haemolytic (438).  

While the impact of MXenes on erythrocyte lysis has not been explored in the 

scientific literature, investigations into haemolysis induction by graphenes have 

produced conflicting results. Guo et al (439) showed that pristine graphene did not 

cause haemolysis while Pinto et al (440) demonstrated that oxidised GNPs did not 

cause significant haemolysis. Sasidharan et al (441) also reported that both pristine 

and oxygen-functionalised graphene sheets did not induce haemolysis. Similarly, Liu 

et al (442) showed that pristine and carboxyl-modified graphene did not induce 

haemolysis. In contrast, Liao et al (358) reported that GO induced dose-dependent 

haemolysis which was attributed to electrostatic interactions between anionic 

oxygenated groups in GO and cationic membrane lipids e.g. phosphatidylcholine. 

Apart from electrostatic interactions, hydrogen bonding or hydrophobic interactions 
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between aromatic domains in GO and the lipid bilayer in erythrocyte membranes 

could lead to lipid extraction and consequently induce haemolysis (443, 444). Studies 

by Singh et al (445), Li et al (446), Feng et al (443), Cui et al (371), Cheng et al (447), 

Monasterio et al (448) and Wang et al (444) all reported haemolysis induction by GO. 

It has been demonstrated that the haemolytic potential of graphene-based 

nanomaterials is influenced by physicochemical properties such as sheet size, degree 

of aggregation, oxygen group density and surface charge (358, 444-446, 449) which 

may explain the disparities observed in the above cited studies.  

 

3.1.2.2 Plasma coagulation 

Adsorption of plasma proteins onto biomaterial surfaces may initiate a sequence of 

blood coagulation reactions which culminates in the formation of thrombi that 

become embedded within the fibrin network (432). Plasma coagulation is mediated 

via the extrinsic and intrinsic pathways. While the extrinsic pathway regulates 

haemostasis and coordinates how the body reacts when the blood vessels are 

injured, the intrinsic (contact activation) pathway is instigated when blood 

encounters foreign materials (432, 450). Both pathways converge at generation of 

factor Xa following proteolytic activation of factor X. Factor Xa then enzymatically 

cleaves prothrombin to the clotting enzyme, thrombin (451). Thrombin converts 

fibrinogen to fibrin and fibrin monomers aggregate into a branched network of 

polymer fibres which induces clotting of plasma (432-434, 451). Also, thrombin 

cleaves Factor XIII to yield the activated Factor XIIIa which crosslinks the fibrin fibres 

into a mesh and further improves the stability of the blood clots (433, 435).  

No study has explored the impact of MXene nanomaterials on proteins involved in 

plasma coagulation. Investigations into the impact of graphenes on plasma 

coagulation are limited and have produced contrasting results. Studies have shown 

that GO (443, 452, 453) and reduced GO (452) significantly impacted the intrinsic 

pathway but had little effect on the extrinsic pathway. However, Sasidharan et al 

(441) reported that pristine and oxygen-functionalised graphene sheets had no 

significant impact on plasma coagulation, whether via intrinsic or extrinsic pathways. 
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Interactions of graphene nanomaterials with plasma coagulation pathways can occur 

through various mechanisms. Kenry et al (454) demonstrated that GNP and porous 

GO induced surface adsorption of the plasma proteins, albumin, globulin and 

fibrinogen, to varying extents. In addition, porous GO disrupted the secondary 

structure and conformation of fibrinogen. GO sheets can wrap around single 

molecules and aggregates of albumin and globulin (455). Kenry et al (454) proposed 

that the interactions of graphenes with plasma proteins are largely influenced by 

nanomaterial morphology, surface area, surface topography and density of oxygen 

functional groups (454). 

 

3.1.2.3 Platelet activation 

Platelet activation occurs very rapidly, typically on the order of 0.1 seconds (456). 

Induction of platelet activation by biomaterial surfaces is mostly determined by the 

composition of the adsorbed protein film (434). When plasma proteins such as 

fibrinogen, vitronectin and fibronectin are adsorbed to the material surface, they can 

bind to membrane receptors of platelets (e.g. glycoprotein Ib and glycoprotein 

IIb/IIIa) leading to adhesion and subsequently, activation (432, 433, 435). Once 

activated, platelets release factors such as β-thromboglobulin, adenosine 

diphosphate, histamine, and polyphosphates from their alpha and dense granules. 

These factors further stimulate adhesion, activation and aggregation of platelets, 

mobilisation of white blood cells, activation of neutrophils and induction of the 

intrinsic coagulation cascade (433, 435). Apart from inducing platelet activation, 

fibrinogen connects platelet aggregates and stabilises thrombi which is critical to 

blood clot formation (432). Based on the ISO recommendations, platelet activation 

can be measured by flow cytometric detection of activated glycoprotein IIb/IIIa 

receptors with PAC-1 or P-selectin (CD62P) antibodies as well as quantifying the 

release of factors such as β-thromboglobulin (433).  

Few studies have explored the potential of graphene nanomaterials to activate 

platelets. Singh et al (457) reported that GO had minimal impact on platelet 

activation although aggregation of platelets was observed. Pan et al (458) also 
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showed that GO did not induce platelet activation. Pristine and oxygen-

functionalised graphenes did not cause platelet activation (441). The impact of 

MXenes on platelet activation has not been investigated in the scientific literature.  

In summary, a survey of existing literature revealed contrasting reports on the 

biocompatibility and haemocompatibility of graphene nanomaterials, attributed to 

differences in synthesis routes, physicochemical properties and testing conditions 

(412). These conflicting reports have prevented a universal position on the biological 

impact of graphene which warranted investigation by this study. MXene 

biocompatibility is relatively underexplored in the scientific literature and the cellular 

impact of ML-MXene has not been studied. Also, compatibility of Ti3C2 MXene, or any 

other MXene, with human blood is yet to be investigated. 

 

3.2 Aim 

Graphenes and Ti3C2 MXenes have remarkable properties such as large surface areas 

and high chemical reactivities which make them suitable for use in medical devices 

for antibacterial activity and biotoxin removal. Since the use of these nanomaterials 

in such applications would inevitably involve contact with blood, biocompatibility is 

an essential requirement. Although previous studies had assessed the 

biocompatibility of graphenes and Ti3C2 MXenes (only DL-MXene), conflicting reports 

on graphene toxicity and lack of data on MXene biocompatibility necessitated 

investigation by this study. In addition, no study had assessed MXene compatibility 

with blood. This study hypothesised that graphenes and Ti3C2 MXenes were 

compatible with cells and blood. Hence, the aim of the research reported in this 

chapter was to demonstrate that the properties of the graphene and Ti3C2 MXene 

variants are consistent with the requirements of a biocompatible material. This aim 

was achieved through the following: 

 
1. Investigation of the biocompatibility of GNP, GO, GO-Ag, ML-MXene and DL-

MXene in vitro using cytotoxicity, apoptosis and oxidative stress assays in 3T3 

fibroblast, Jurkat T lymphocyte and THP-1 monocyte cell lines respectively. 
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2. Assessment of the compatibility of GNP, GO, ML-MXene and DL-MXene with 

human blood in vitro using haemolysis, plasma coagulation and platelet 

activation assays. 

 

The use of multiple assays which assessed different endpoints, inclusion of 

nanomaterial only controls and rational experimental design to limit direct 

interaction between nanomaterials and assay reagents were necessary to minimise 

risk of nanomaterial interference with assays and generation of false negative/false 

positive data. 

 

3.3 Materials and Methods 

3.3.1 Materials 

 Mouse embryo fibroblast (NIH-3T3) cell line (LGC Standards ATCC CRL-1658, 

UK) 

 Human peripheral blood monocyte (THP-1) cell line (LGC Standards ATCC TIB-

202, UK) 

 Human peripheral blood T lymphocyte (Jurkat E6-1) cell line (LGC Standards 

ATCC TIB-152, UK) 

 Dulbecco's Modified Eagle Medium (DMEM) (Gibco 41960-029, UK) 

 RPMI 1640 Medium (Gibco 11875-093, UK) 

 Fetal bovine serum (FBS) (Sigma Aldrich F0804, UK) 

 Phosphate buffered saline (Oxoid BR0014, UK) 

 Trypsin-EDTA (0.25%) (Gibco 25200-056, UK) 

 Trypan Blue stain (0.4%) (Gibco 15250-061, UK)  

 Silver nanopowder (<150 nm size) (Sigma Aldrich 484059, UK) 

 Dibutyltin maleate (Hydro Polymers Ltd, UK) 

 Thiazolyl Blue tetrazolium bromide (Sigma Aldrich M2125, UK) 

 Dimethyl sulfoxide (Fisher Scientific D/1421/PB08, UK) 

 Triton X-100 (Sigma Aldrich T8787, UK) 
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 Opaque walled 96-well plate (Corning CLS3610, UK) 

 CytoTox 96 Non-Radioactive Cell Proliferation Assay kit (Promega Corporation 

G3580, UK) 

 CellTiter 96 Aqueous One Solution Cell Proliferation Assay kit (Promega 

Corporation G5421, UK)  

 CellTiter-Glo Luminescent Cell Viability Assay kit (Promega Corporation 

G7571, UK)  

 Live/Dead Viability/Cytotoxicity kit for mammalian cells (Thermo Fisher 

Scientific L3224, UK) 

 Fluorescein isothiocyanate (FITC) Annexin V Apoptosis Detection Kit I (BD 

Biosciences 556547, UK) 

 Camptothecin (Sigma Aldrich C9911, UK) 

 2’, 7’-Dichlorofluorescein diacetate (DCFH-DA) (Sigma Aldrich D6883, UK) 

 Black walled 96-well plate (Thermo Fisher Scientific M33089, UK) 

 Methanol (Fisher Scientific M/4056/17, UK) 

 Sodium hydroxide (Fisher Scientific S/4880/60, UK) 

 Sodium phosphate monobasic dihydrate (NaH2PO4.2H2O) (Sigma Aldrich 

71505, UK) 

 Sodium citrate (3.2%) tubes (Greiner Bio-One 454332, Germany) 

 Ethylenediaminetetraacetic acid tubes (Greiner Bio-One 456244, Germany) 

 Haemolysis assay kit (Sigma Aldrich MAK115, UK) 

 Normal and abnormal human plasma for coagulometry (Diagnostica Stago 

00621, France) 

 PTT automate reagent (Diagnostica Stago 00480, France) 

 Calcium chloride (Diagnostica Stago 052772, France) 

 Owren Koller buffer (Diagnostica Stago 00360, France) 

 Calcium thrombin solution for fibrinogen assay (Diagnostica Stago 00673, 

France) 

 Calcium thromboplastin solution (Diagnostica Stago 00375, France) 

 Calcium thrombin solution for Thrombin Time assay (Diagnostica Stago 

00611, France) 
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 Phorbol 12-myristate 13-acetate (Sigma Aldrich P1585, UK) 

 Glycoprotein IIIa (CD-61; BD Pharmingen 555754, UK) 

 P-selectin (CD-62P; BD Pharmingen 550888, UK) 

 Anti-activated glycoprotein IIb/IIIa fibrinogen binding site marker (PAC-1; BD 

Pharmingen 340507, UK) 

 Paraformaldehyde (Sigma Aldrich P6148, UK) 

 Tissue culture treated plates (Fisher Scientific Nunc, UK)  

 

3.3.2 Cell studies  

3.3.2.1 Mammalian cell culture conditions 

Cell culture was carried out within a Class II biological hazard cabinet under aseptic 

conditions. The cell lines used were mouse embryo fibroblast (NIH-3T3), human 

peripheral blood monocyte (THP-1) and human T lymphocyte (Jurkat). Frozen cells 

(3T3, THP-1 and Jurkat) were rapidly thawed by gentle agitation in a water bath at 37 

°C for 2 minutes. The cell suspension was transferred to a centrifuge tube having 9 

mL of warm medium and centrifuged for 5 minutes. The centrifugation speeds were 

500 g, 300 g and 125 g for 3T3, Jurkat and THP-1 cells respectively. The cell pellet was 

resuspended in 5 mL of medium and seeded in a 25 cm2 culture flask. All cells were 

incubated at 37 °C under 5% CO2 and grown to confluence with replacement/ 

addition of fresh medium at regular intervals.  

3T3 cells were seeded in 80 cm2 flasks and grown in DMEM containing 10% (v/v) FBS. 

Cells were grown to 80% confluence prior to passage. Spent medium was aspirated 

and the cell monolayer was rinsed with 5 mL of PBS two times. 4 mL of trypsin-EDTA 

was added and the flask was incubated at 37 °C for 5 minutes. Cell detachment was 

confirmed using a phase contrast microscope (Carl Zeiss Primovert, UK). 8 mL of 

medium was added to the flask to inhibit trypsinisation. Cells were centrifuged at 500 

g for 5 minutes followed by resuspension of the pellet in 1 mL of medium. Cells were 

reseeded into new flasks at a ratio of 1:10 and incubated horizontally. To calculate 

cell number, 10 µL of the cell suspension was diluted with 90 µL of PBS, and 15 µL 
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was transferred to the chamber of a haemocytometer. The 5 square grids were 

counted and cell concentration was calculated using Equation 3.1.  

 

 𝐶𝑒𝑙𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑐𝑒𝑙𝑙𝑠/𝑚𝐿)  

= 𝑀𝑒𝑎𝑛 𝑐𝑒𝑙𝑙 𝑐𝑜𝑢𝑛𝑡 × 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 ×  104 

3.1 

 

THP-1 cells were grown in RPMI 1640 medium containing 10% (v/v) FBS and 10 mL of 

medium was added every 3 - 4 days. Cells were passaged at a concentration of 8 x 

105 cells mL-1. The cell suspension was centrifuged at 125 g for 5 minutes followed 

by resuspension of the pellet in 1 mL of medium. The suspension was diluted 1:10 

with trypan blue stain, counted and cell concentration was calculated using Equation 

3.1. Cells were reseeded at 2 – 4 x 105 viable cells mL-1 and incubated vertically.  

 

Jurkat cells were grown in RPMI 1640 medium containing 10% (v/v) FBS and 10 mL 

of medium was added every 2 - 3 days. Cells were passaged at a concentration of 1 x 

106 cells mL-1. The cell suspension was centrifuged at 300 g for 5 minutes followed 

by resuspension of the pellet in 1 mL of medium. The suspension was diluted 1:10 

with trypan blue, counted and cell concentration was calculated using Equation 3.1. 

Cells were reseeded at 4 – 5 x 105 viable cells mL-1 and incubated vertically.  

 

3.3.2.2 MTT assay 

Nanomaterial biocompatibility was investigated following the ISO 10993-5 method 

(459). Nanomaterial impact on 3T3 cell viability was determined using the 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay which measures 

metabolic activity of cells. This assay is principled on the ability of viable cells to 

reduce tetrazolium salts to formazan crystals. There is a direct relationship between 

the population of viable cells and concentration of formazan product (460). First, a 

standard curve of absorbance signal versus cell number was set up to enable 

calculation of unknown cell number during subsequent experiments. 3T3 cells were 

seeded at 0.08 - 5.00 x 104 cells/well in 100 µL medium and incubated for 24 hours. 

The MTT assay was then used to measure cell viability.  
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For nanomaterial biocompatibility assessment, 3T3 cells were seeded in a 96-well 

plate at the optimal concentration of 1 x 104 cells/well in 100 µL medium and 

incubated for 24 hours to allow adherence and recovery of the fibroblasts. 1 mg/mL 

nanomaterial suspensions (GNP, GO, GO-Ag, ML-MXene and AgNP) in medium were 

sonicated for 1 hour and diluted in medium to 0.4 mg/mL. Spent medium was 

removed and 100 µL of fresh medium was added to each well. Each nanomaterial 

suspension was added to triplicate wells at increasing concentrations (6.25 - 200 

µg/mL) and the plate was incubated for 24 hours. The negative control was untreated 

cells. Small square chips of dibutyltin maleate of comparable mass were added to 

cells as a positive control. Dibutyltin maleate has been used in the scientific literature 

as a positive control for cell viability assays such as the MTT, MTS and ATP assays 

because it produces reproducible cytotoxic responses (461-463). After 24-hour 

incubation, medium was removed and the wells were rinsed with 100 µL of PBS two 

times to remove nanomaterial residues. 100 µL of MTT reagent (diluted 1:10 in 

serum-free medium) was added to each well following removal of final PBS wash and 

the plate was incubated at 37 °C for 2 hours. The MTT solution was aspirated and 120 

µL of DMSO was added to each well to dissolve the insoluble formazan crystals. 100 

µL of the formazan solution was transferred to a new 96-well plate to avoid 

interference from residual particles. Absorbance was read at 570 nm using a 

microplate reader (Biotek Synergy HT, UK). Cell number was extrapolated from the 

standard curve. Cell viability was calculated using Equation 3.2 - A is the number of 

treated cells and B is the number of untreated cells.  

 

 
𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) =

𝐴

𝐵
 × 100% 3.2 

 

Nanomaterial-induced reduction of MTT to formazan was also investigated using 

nanomaterial no cell controls, and following the methods of Vrcek et al (464) and Teo 

et al (465). 10 µL of MTT reagent was added to 100 µL of nanomaterial suspensions 

in medium (6.25 – 200 µg/mL). The control group had MTT reagent and medium only. 

The plate was incubated at 37 °C for 2 hours after which the plate was centrifuged at 

1000 g for 10 minutes to pellet the nanomaterials. 50 µL of the supernatant was 
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discarded and 100 µL of DMSO was added to each well. The plate was incubated at 

37 °C for 10 minutes and then centrifuged at 1000 g for 10 minutes. 100 µL of the 

solution was transferred to a new 96-well plate and absorbance was measured.  

 

3.3.2.3 ATP assay 

Loss of cellular membrane integrity is linked to impaired ATP synthesis and 

endogenous ATPases quickly expend cytoplasmic ATP stores (466). The ATP assay 

quantifies intracellular ATP levels as a marker for cellular metabolic activity. The 

intensity of the generated luminescence signal is directly related to the amount of 

ATP which in turn is directly proportional to the number of viable cells (414, 467). A 

standard curve of luminescence signal versus 3T3 cell number was first set up to 

allow calculation of unknown cell number during subsequent experiments. 3T3 cells 

were seeded at 0.08 - 5.00 x 104 cells/well in 100 µL medium and incubated for 24 

hours after which cell viability was measured with the ATP assay.  

For nanomaterial biocompatibility assessment, 3T3 cells were seeded in a white 

opaque 96-well plate at the optimal concentration of 1 x 104 cells/well in 100 µL 

medium and incubated for 24 hours to enable recovery and attachment of the 

fibroblasts. 1 mg/mL nanomaterial suspensions (GNP, GO, GO-Ag, ML-MXene and 

AgNP) in medium were sonicated for 1 hour and diluted in medium to 0.4 mg/mL. 

Spent medium was removed and 100 µL of fresh medium was added to each well. 

Each nanomaterial suspension was added to triplicate wells at increasing 

concentrations (6.25 - 200 µg/mL) and the plate was incubated for 24 hours. 

Untreated cells served as a negative control. Small square chips of dibutyltin maleate 

of comparable mass were added to cells as a positive control. Dibutyltin maleate has 

been used in the scientific literature as a positive control for cell viability assays (461-

463). After 24-hour incubation, the plate was kept at room temperature for 30 

minutes to avoid temperature gradient effects. 100 µL of reconstituted CellTiter-Glo 

reagent was added to each well. The plate was shaken at 130 rpm for 5 minutes and 

incubated at room temperature for 10 minutes to stabilise the signal. Luminescence 

was measured using a luminometer (BMG Labtech LUMIstar Optima, UK) with the 
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emission set to a gain of 3000. Cell number was extrapolated from the standard curve 

and cell viability was calculated using Equation 3.2.  

Nanomaterial-induced luminescence production was also investigated using 

nanomaterial no cell controls. 100 µL of nanomaterial suspensions in medium (50 – 

500 µg/mL) were incubated at 37 °C for 24 hours. Afterwards, 100 µL of the reagent 

was added and luminescence was measured. Control wells had medium and 

CellTiter-Glo reagent only.  

 

3.3.2.4 MTS assay 

The MTS assay, which also measures metabolic activity, was used to investigate 

nanomaterial impact on 3T3 cell viability in order to validate results obtained from 

the MTT assay. A standard curve of absorbance signal versus cell number was initially 

set up to enable calculation of unknown cell number during subsequent experiments. 

3T3 cells were seeded at 0.08 - 5.00 x 104 cells/well in 100 µL medium and incubated 

for 24 hours and cell viability was measured with the MTS assay. 

  

To investigate nanomaterial impact on cell viability, 3T3 cells were seeded in a 96-

well plate at the optimal concentration of 1 x 104 cells/well in 100 µL medium and 

incubated for 24 hours to allow adherence and recovery of the fibroblasts. 1 mg/mL 

nanomaterial suspensions (GNP, GO, GO-Ag, ML-MXene, DL-MXene and AgNP) in 

medium were sonicated for 1 hour and diluted in medium to 0.4 mg/mL. Spent 

medium was removed and 100 µL of fresh medium was added to each well. Each 

nanomaterial suspension was added to triplicate wells at increasing concentrations 

(6.25 - 200 µg/mL) and the plate was incubated for 24 hours. AgNP impact on 3T3 

cell viability was also investigated over a higher range of concentrations (62.5 – 4000 

µg/mL). Untreated cells served as a negative control while small square chips of 

dibutyltin maleate of comparable mass were added to cells as a positive control. 

Dibutyltin maleate has been used in the scientific literature as a positive control for 

cell viability assays (461-463). After incubation, medium was removed and the wells 

were rinsed with 100 µL of PBS two times to remove nanomaterial residues. The MTS 
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reagent was diluted 1:6 with serum-free medium and 120 µL of the reagent was 

added to each well following removal of final PBS wash. The plate was incubated at 

37 °C for 2 hours. 100 µL of the formazan solution was transferred to a new 96-well 

plate and absorbance was measured at 490 nm using a microplate reader (Biotek 

Synergy HT, UK). Cell number was extrapolated from the standard curve and cell 

viability was calculated using Equation 3.2. 

 

To investigate nanomaterial interference, 20 µL of MTS reagent was added to 100 µL 

of nanomaterial suspensions in medium (6.25 – 200 µg/mL) (465). Wells with MTS 

reagent and medium only served as the control. The plate was incubated at 37 °C for 

2 hours and then centrifuged at 1000 g for 10 minutes. 80 µL of the solution was 

transferred to a new plate and absorbance was read.  

 

3.3.2.5 LDH assay 

The lactate dehydrogenase (LDH) assay measures necrosis by quantifying the activity 

of LDH, an ubiquitous enzyme which is discharged from the cell cytoplasm into 

culture medium upon plasma membrane damage (468). A standard curve of LDH 

absorbance signal versus 3T3 cell number was first set up to enable calculation of 

unknown cell number during subsequent experiments. 3T3 cells were seeded at 0.08 

- 5.00 x 104 cells/well in 100 µL medium and incubated for 24 hours after which cell 

viability was measured with the LDH assay.  

 

To investigate nanomaterial cytotoxicity, 3T3 cells were seeded in a 96-well plate at 

the optimal concentration of 1 x 104 cells/well in 100 µL medium and incubated for 

24 hours to allow adherence and recovery of the fibroblasts. 1 mg/mL nanomaterial 

suspensions (GNP, GO, GO-Ag, ML-MXene, DL-MXene and AgNP) in medium were 

sonicated for 1 hour and diluted in medium to 0.4 mg/mL. Spent medium was 

removed and 100 µL of fresh medium was added to each well. Each nanomaterial 

suspension was added to triplicate wells at increasing concentrations (6.25 - 200 

µg/mL) and the plate was incubated for 24 hours. Untreated cells served as a 

negative control while the positive control was cells incubated with 10 µL of the LDH 
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assay lysis solution (8% (v/v) Triton X-100 solution in water) 30 minutes before 

running the LDH assay. Triton X, a non-ionic surfactant, is widely used in the scientific 

literature as a positive control for the LDH assay because it induces membrane 

damage (469, 470). After incubation, 50 µL of the medium supernatant was 

transferred to a new 96-well plate and 50 µL of LDH reagent was added to each well. 

Then, the plate was incubated in the dark for 30 minutes at room temperature. 50 

µL of stop solution was added and absorbance was read at 492 nm using a microplate 

reader (Biotek Synergy HT, UK). Cytotoxicity was calculated using Equation 3.3 where 

A is the LDH absorbance signal of treated cells and B is the LDH absorbance signal of 

cells treated with the positive control, Triton X. 

 

 
𝐶𝑦𝑡𝑜𝑡𝑜𝑥𝑖𝑐𝑖𝑡𝑦 (%) =

𝐴

𝐵
 × 100% 3.3 

 

3.3.2.6 Live/Dead assay 

The Live/Dead assay detects both live and dead cells concurrently using a 

combination of calcein AM, a dye which stains live cells to emit green fluorescence 

(based on the activity of intracellular esterases), and ethidium homodimer-1, a dye 

taken up by dead cells which then produce red fluorescence (based on membrane 

integrity) (471). 3T3 cells were seeded in a 96-well plate at the optimal concentration 

of 1 x 104 cells/well in 100 µL medium and incubated for 24 hours to allow adherence 

and recovery of the fibroblasts. 1 mg/mL nanomaterial suspensions (GNP, GO, GO-

Ag, ML-MXene, DL-MXene and AgNP) in medium were sonicated for 1 hour and 

diluted in medium to 0.4 mg/mL. Spent medium was removed and 100 µL of fresh 

medium was added to each well. Each nanomaterial suspension was added to 

triplicate wells at a final concentration of 200 µg/mL with the exception of GO-Ag 

where cytotoxicity potential was investigated over a concentration range of 6.25 - 

200 µg/mL. The plate was incubated for 24 hours. Untreated cells served as a 

negative control while the positive control was cells which had been incubated with 

10 µL of an aqueous Triton X-100 solution (8% v/v) 30 minutes before running the 

Live/Dead assay. Triton X has been used as a positive control for the Live/Dead assay 

due to its destructive effects on cell membranes (472-474).  
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Following 24-hour incubation, medium was removed and the wells were rinsed with 

100 µL of PBS two times to remove nanomaterial residues. The Live/Dead reagent 

was reconstituted by diluting calcein-AM (1:1000) and ethidium homodimer-1 

(1:500) with PBS. 100 µL of the reagent was added to each well following removal of 

final PBS wash and the plate was incubated for 30 minutes in the dark at room 

temperature. Fluorescence images were acquired with a confocal laser scanning 

microscope (Leica SP5, UK). The excitation/emission wavelengths for calcein-AM and 

ethidium homodimer-1 were 488/515 nm and 543/635 nm respectively.  

 

3.3.2.7 Apoptosis in Jurkat T lymphocytes 

The apoptotic potential of the nanomaterials was investigated using the FITC Annexin 

V Apoptosis Detection Kit I (containing binding buffer, FITC Annexin V 

and propidium iodide). Nanomaterial suspensions in medium (GNP, GO, GO-Ag, ML-

MXene, DL-MXene and AgNP) were added at a final concentration of 200 µg/mL to 

Jurkat T cells (1 x 106 cells) in a total volume of 1 mL. The cell-nanomaterial 

suspensions were incubated at 37 °C for 1, 4 and 24 hours. Untreated cells were the 

negative control. The anticancer drug, camptothecin, was included as a positive 

control at a concentration of 4 µM. Studies have reported induction of apoptosis 

following cell stimulation with camptothecin (475, 476). Particle controls, 

nanomaterial suspensions stained with both reagents, were also included to correct 

for interference with fluorescence signal.  

 

Cells were washed two times with PBS and resuspended in 1 mL of reconstituted 

binding buffer. FITC Annexin V and propidium iodide (5 µL each) was added to 0.1 mL 

of the cell suspension and incubated for 15 minutes at room temperature in the 

dark. 0.4 mL of binding buffer was added to each suspension and cells were analysed 

with a flow cytometer (BD Accuri C6, UK) at a flow rate of 35 µL/minute. Unstained 

cells and single stained cells were included as compensation controls. The forward 

scatter threshold was set to 200,000 and >10,000 events were collected for each 

sample within a predefined gate (P1). Live (Annexin V-, propidium iodide-), early 

apoptotic (Annexin V+, propidium iodide-) and late apoptotic (Annexin V+, propidium 
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iodide+) cells were expressed as fractions of the total cell number. Any fluorescence 

signals produced by the nanomaterial only controls after incubation with the dye 

mixture were gated out during data analysis.  

 

3.3.2.8 Oxidative stress in THP-1 monocytes 

The potential of the nanomaterials to induce oxidative stress in THP-1 cells was 

investigated using the DCFH-DA assay. All experiments were carried out in a dark 

hood to minimise interference of light with assay reagents. Response of THP-1 cells 

to oxidative stress was validated using H2O2 as the stimulus following a method 

adapted from Boonrungsiman et al (477). H2O2 is commonly used as a positive 

control for the DCFH-DA assay because it induces ROS production in cells (478, 479). 

THP-1 cells were incubated with 2 mL of a 50 µM DCFH-DA solution in serum-free 

medium at 37 °C for 40 minutes. Cells were washed two times with 3 mL of warm 

PBS and seeded in a black 96-well plate at 3 x 104 cells/well in 100 µL medium. H2O2 

was added at increasing concentrations (12.5 – 400 µM) to respective wells and the 

plate was incubated at 37 °C for 1 hour. Fluorescence was measured using a 

microplate reader (Biotek Synergy HT, UK) at excitation/emission wavelengths of 

485/528 nm respectively.  

 

For cell treatment, a 1 mg/mL nanomaterial suspension (GNP, GO, GO-Ag, ML-

MXene, DL-MXene and AgNP) in medium was sonicated for 1 hour and diluted 1:2.5 

with medium to 400 µg/mL. THP-1 cells were incubated with DCFH-DA (50 µM) at 37 

°C for 40 minutes. Cells were washed two times with warm PBS and seeded at 3 x 104 

cells/well in 50 µL of medium. 50 µL of each nanomaterial suspension was added at 

double the final concentration (i.e. 12.5 - 400 µg/mL) to account for the 1:2 dilution 

with cells. Thus, the final nanomaterial concentrations were 6.25 – 200 µg/mL. 400 

µM H2O2 was added to cells as a positive control and untreated cells were the 

negative control. The plate was incubated at 37 °C for 24 hours. Fluorescence was 

measured using a microplate reader (Biotek Synergy HT, UK) at excitation/emission 

wavelengths of 485/528 nm respectively. Fold increase in ROS levels was expressed 

as the ratio of the fluorescence intensity of treated cells to that of untreated cells.  
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Nanomaterial interference with fluorescence intensity was investigated using a 

method adapted from literature (480, 481). Experiments were carried out in PBS 

because previous studies in culture medium alone revealed non-specific oxidation of 

DCFH by medium components (Appendix 4). DCFH-DA was first deacetylated to 

dichlorodihydrofluorescein (DCFH). 0.5 mL of a 5 mM DCFH-DA solution in DMSO was 

added to 2.5 mL of methanol and 10 mL of a 0.01 M sodium hydroxide solution in an 

amber bottle. The mixture was stirred for at room temperature 30 minutes in the 

dark. 37.5 mL of a 33 mM sodium phosphate solution was added to stop the reaction 

and the mixture was stored at 4 °C in the dark. 50 µL of a 2.5 µM DCFH solution in 

PBS was incubated with 50 µL of each nanomaterial suspension in PBS at increasing 

concentrations (6.25 – 200 µg/mL). 400 µM H2O2 was included as a control. After 24-

hour incubation at 37 °C, fluorescence emission was measured using a microplate 

reader (Biotek Synergy HT, UK) at excitation/emission wavelengths of 485/528 nm 

respectively. 

 
For clarity, the negative and positive controls used in the biocompatibility assays are 

outlined in Table 3.2 below. 

 

Table 3.1 Negative and positive controls for biocompatibility assays 

Assay Negative control Positive control 

MTT Untreated cells Tin maleate 

ATP Untreated cells Tin maleate 

MTS Untreated cells Tin maleate 

LDH Untreated cells Triton X 

Live/Dead Untreated cells Triton X 

Apoptosis Untreated cells Camptothecin 

DCFH-DA Untreated cells H2O2 
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3.3.3 Haemocompatibility studies 

Human blood samples were obtained from healthy donors using appropriate 

informed consent procedures and following ethical approval of experimental 

protocols by the University of Brighton Research Ethics Committee (Appendix 5). All 

experiments were performed in accordance with relevant guidelines and regulations. 

Blood samples for platelet activation and coagulometry assays were collected with 

3.5 mL sodium citrate tubes while blood samples for the haemolysis assay were 

collected with 6 mL ethylenediaminetetraacetic acid tubes. 50 mg of GNP, GO, ML-

MXene and DL-MXene were pre-wetted in 1 mL of PBS overnight at room 

temperature with shaking at 120 rpm. The suspension was centrifuged at 14000 rpm 

for 10 minutes, PBS was removed and the nanomaterial pellet was resuspended in 1 

mL of healthy donor blood. Time 0 samples were taken and the suspensions were 

then incubated for 1 hour at room temperature while shaking at 120 rpm. Untreated 

blood served as the negative control for all assays. Blood samples lysed with Triton 

X-100 (1% v/v) were included as a positive control for the haemolysis assay. Triton X 

has been used as a positive control for haemolysis assays because it can permeabilise 

red blood cell membranes (482-484). Phorbol 12-myristate 13-acetate (PMA) (100 

nM) was included as a positive control for the platelet activation assay. Previous 

studies have reported aggregation and activation of platelets following stimulation 

with PMA (485-487). For the coagulometry assays, commercially supplied normal and 

abnormal human plasma were included as negative and positive controls 

respectively. The normal and abnormal plasma controls were included in the 

coagulometry assays for reference purposes (except for the thrombin time assay 

where only normal plasma was included based on the technical data sheet). Normal 

plasma controls produce assay results which fall within the acceptable ranges of 

normal function whereas with abnormal plasma controls, assay results fall outside 

the acceptable range. 

 

3.3.3.1 Haemolysis  

After 1-hour incubation with the nanomaterials in 3.3.3 above, blood samples were 

centrifuged at 2500 rpm for 15 minutes and plasma was collected for analysis. 50 µL 
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of plasma and 200 µL of haemolysis reagent were added to duplicate wells of a 96-

well plate and incubated at room temperature for 5 minutes. Absorbance was 

measured at 400 nm using a microplate reader (Biotek Synergy HT, UK) and 

haemoglobin (Hb) concentrations were extrapolated from a standard curve 

(Appendix 6). Haemolysis was calculated using Equation 3.4. 

 

 
𝐻𝑎𝑒𝑚𝑜𝑙𝑦𝑠𝑖𝑠 (%) =

𝐻𝑏 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡)

𝐻𝑏 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑇𝑟𝑖𝑡𝑜𝑛 𝑋)
× 100% 3.4 

 

3.3.3.2 Coagulometry 

Nanomaterial impact on plasma coagulation pathways was also investigated. After 

1-hour incubation with the nanomaterials in 3.3.3 above, blood samples were 

centrifuged at 2500 rpm for 15 minutes and plasma was collected for coagulometry. 

Samples were analysed in duplicate using a coagulometer (Diagnostica Stago STart, 

France).  

Activated Partial Thromboplastin Time (APTT) - 50 µL of plasma was incubated with 

50 µL of reconstituted PTT automate reagent in cuvette strips at 37 °C for 3 minutes 

in the coagulometer. 50 µL of pre-warmed calcium chloride was added to each 

cuvette and clotting time was measured.  

Prothrombin Time - 50 µL of plasma was incubated at 37 °C for 1 minute. 100 µL of 

pre-warmed reconstituted calcium thromboplastin solution was added and clotting 

time was measured. 

Fibrinogen - 100 µL of plasma was diluted 1:20 with Owren Koller buffer and 

incubated at 37 °C for 1 minute. 50 µL of pre-warmed reconstituted calcium thrombin 

solution was added and fibrinogen concentration was measured.  

Thrombin Time - 100 µL of plasma was incubated at 37 °C for 1 minute. 100 µL of 

pre-warmed reconstituted calcium thrombin solution was added and clotting time 

was measured. 
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3.3.3.3 Platelet activation 

The platelet activation potential of the nanomaterials was investigated using flow 

cytometric detection of the platelet surface marker, glycoprotein IIIa (CD-61) and the 

platelet activation markers, P-selectin (CD-62P) and anti-activated glycoprotein 

IIb/IIIa fibrinogen binding site marker (PAC-1). After incubation with the 

nanomaterials in 3.3.3 above, 5 µL of blood samples was incubated with 30 µL of an 

antibody cocktail of CD-61, CD-62P and PAC-1 (1:1:1) and incubated at room 

temperature for 30 minutes in the dark. 1 mL of chilled fixing buffer (1% 

paraformaldehyde in PBS) was added to each sample which was then incubated at 4 

°C for 30 minutes. Samples were analysed at a flow rate of 14 µL/minute, the forward 

scatter threshold was set to 200,000 and 10,000 events were collected in a pre-

defined platelet gate.  

For clarity, the negative and positive controls used in the haemocompatibility assays 

are outlined in Table 3.2 below. 

 

Table 3.2 Negative and positive controls for haemocompatibility assays 

Assay Negative control Positive control 

Haemolysis Untreated blood Triton X 

APTT Normal plasma Abnormal plasma 

Prothrombin time Normal plasma Abnormal plasma 

Fibrinogen Normal plasma Abnormal plasma 

Thrombin time Normal plasma -  

Platelet activation Untreated blood PMA 

 

3.3.4 Statistical analysis 

Experimental data were processed using GraphPad Prism version 7.0e software 

(GraphPad Software Inc., USA). Data were expressed as mean ± SEM of 3 

independent experiments. The Live/Dead assay was also repeated three times. 

Confocal images were acquired from 3 replicate wells in each experiment and are 

representative of the experimental group. Statistical analysis was carried out using 
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GraphPad Prism 7. Differences between means were evaluated using one- or two-

way ANOVA, where applicable, and Dunnett or Tukey post hoc tests. P values below 

0.05 were considered statistically significant. 

 

3.4 Results 

3.4.1 Cell studies 

Standard curves of absorbance/luminescence signal against cell number were first 

set up for the MTT, ATP, MTS and LDH assays to enable calculation of unknown cell 

number during subsequent experiments (Appendix 2). After 24-hour incubation, the 

relationship between absorbance/luminescence of the final product and seeding 

density was linear (R2 > 0.99) up to 1.25 x 104 cells/well for all the assays.  

 

3.4.1.1 MTT assay 

MTT assay results following 24-hour incubation of nanomaterials with 3T3 cells are 

shown in Figure 3.4. GNP induced a significant decrease in cell viability at all 

concentrations (p<0.0001). GO significantly reduced cell viability at concentrations of 

50 µg/mL and above (p<0.01). GO-Ag induced a significant reduction in cell viability 

at concentrations of 12.5 µg/mL and above (p<0.01). ML-MXene significantly 

decreased cell viability at concentrations of 50 µg/mL and above. AgNP caused a 

significant decrease in cell viability only at 200 µg/mL (p<0.001). Dibutyltin maleate, 

the positive control, significantly reduced cell viability (p<0.0001). 
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Figure 3.4 3T3 cell viability from the MTT assay after 24-hour incubation with GNP, 

GO, GO-Ag, ML-MXene and AgNP (6.25 – 200 µg/mL) (n = 3, mean ± SEM). Data were 

analysed using two-way ANOVA and a Dunnett post hoc test by comparing treated 

cells to untreated cells (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). 

 

Absorbance signals after incubating the nanomaterials with MTT reagent alone were 

negligible (<0.2 units) (Figure 3.5). This ruled out assay interference via formazan 

production. 

 

Figure 3.5 Nanomaterial interference with the MTT assay (n = 3, mean ± SEM). 

Absorbance was measured after 2-hour incubation. 
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3.4.1.2 ATP assay 

ATP assay results after 24-hour incubation of nanomaterials with 3T3 cells are shown 

in Figure 3.6. GNP significantly reduced cell viability at concentrations of 12.5 µg/mL 

and above (p<0.001). GO induced a significant decrease in cell viability at 

concentrations of 25 µg/mL and above (p<0.01). GO-Ag significantly decreased cell 

viability at concentrations of 12.5 µg/mL and above (p<0.05). ML-MXene induced a 

significant reduction in cell viability at concentrations of 25 µg/mL and above. AgNP 

caused a significant decrease in cell viability at 12.5 µg/mL and at concentrations 

above 50 µg/mL (p<0.05). Dibutyltin maleate significantly reduced cell viability with 

a 100% reduction compared to untreated cells (p<0.0001). 

 

Figure 3.6 3T3 cell viability from the ATP assay after 24-hour incubation with GNP, 

GO, GO-Ag, ML-MXene and AgNP (6.25 – 200 µg/mL) (n = 3, mean ± SEM). Data were 

analysed using two-way ANOVA and a Dunnett post hoc test by comparing treated 

cells to untreated cells (p<0.5, **p<0.01, ***p<0.001, ****p<0.0001).  

 

Incubation of nanomaterials with CellTiter-Glo reagent alone produced very low 

signals as RLU was less than 40 units in all cases (Figure 3.7). This excluded 

luminescence production by the nanomaterials in the absence of cells. 
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Figure 3.7 Nanomaterial interference with the ATP assay (n = 3, mean ± SEM). 

Luminescence was measured after 24-hour incubation. 

 

3.4.1.3 MTS assay 

MTS assay results following 24-hour incubation of nanomaterials with 3T3 cells are 

shown in Figure 3.8. DL-MXene and AgNP did not significantly impact cell viability 

(p>0.05). ML-MXene significantly increased cell viability at 6.25 µg/mL (p<0.05). GNP 

significantly decreased cell viability at concentrations of 100 and 200 µg/mL (p<0.01). 

GO induced a significant reduction in cell viability at concentrations of 100 and 200 

µg/mL (p<0.001). GO-Ag significantly reduced cell viability at concentrations of 50 

µg/mL and above (p<0.0001). Dibutyltin maleate significantly decreased cell viability 

(p<0.0001). 
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Figure 3.8 3T3 cell viability from the MTS assay after 24-hour incubation with GNP, 

GO, GO-Ag, ML-MXene, DL-MXene and AgNP (6.25 – 200 µg/mL) (n = 3, mean ± 

SEM). Data were analysed using two-way ANOVA and a Dunnett post hoc test by 

comparing treated cells to untreated cells (*p<0.5, **p<0.01, ***p<0.001, 

****p<0.0001). 

 

MTS assay results after 24-hour incubation of 3T3 cells with increasing 

concentrations of AgNP are shown in Figure 3.9. AgNP did not significantly impact 

cell viability between 62.5 to 250 µg/mL (p>0.05). However, at concentrations of 500 

µg/mL and above, AgNP significantly reduced cell viability (p<0.001). 
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Figure 3.9 3T3 cell viability from the MTS assay after 24-hour incubation with AgNP 

(62.5 – 4000 µg/mL). Data were analysed using one-way ANOVA and a Dunnett post 

hoc test by comparing treated cells to untreated cells (***p<0.001, ****p<0.0001). 

 

Incubating the nanomaterials with MTS reagent alone produced negligible formazan 

which excluded assay interference via formazan production (Figure 3.10). 

 

 

Figure 3.10 Nanomaterial interference with the MTS assay (n = 3, mean ± SEM). 

Absorbance was measured after 2-hour incubation. 
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3.4.1.4 LDH assay 

LDH assay results after 24-hour incubation of nanomaterials with 3T3 cells are shown 

in Figure 3.11. GO, ML-MXene and AgNP did not significantly impact cell lysis 

(p>0.05). GNP significantly increased cell lysis at 200 µg/mL (p<0.05). DL-MXene 

caused a significant increase in lysed cell fraction at 100 and 200 µg/mL (p<0.05). In 

cells treated with GO-Ag, cell lysis was significantly increased at 25 (p<0.05) and 50 

µg/mL (p<0.0001). However, at higher concentrations, cell lysis decreased and was 

significant at 200 µg/mL (p<0.0001). Triton X significantly induced total cell lysis 

(p<0.0001).  

 

 

Figure 3.11 Percentage cell lysis after 24-hour incubation of 3T3 cells with GNP, GO, 

GO-Ag, ML-MXene, DL-MXene and AgNP (6.25 – 200 µg/mL) (n = 3, mean ± SEM). 

Data were analysed using two-way ANOVA and a Dunnett post hoc test by comparing 

treated cells to untreated cells (*p<0.5, ****p<0.0001). 

 

3.4.1.5 Live/Dead assay 

Representative images from the Live/Dead assay after 24-hour incubation of 

nanomaterials with 3T3 cells are shown in Figure 3.12. Following exposure of cells to 
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GNP (Figure 3.12a), GO (Figure 3.12b), ML-MXene (Figure 3.12d), DL-MXene (Figure 

3.12e) and AgNP (Figure 3.12f) at 200 µg/mL no cell toxicity was observed. The 

majority of cells stained positive for calcein AM and fluoresced green. In contrast, 

following exposure to GO-Ag cells stained positive for ethidium homodimer-1 and 

fluoresced red which indicated membrane damage (Figure 3.12c). Triton X also 

induced membrane damage as all the cells stained positive for ethidium homodimer-

1 (Figure 3.12h). The majority of untreated cells fluoresced green indicative of intact 

plasma membranes (Figure 3.12g). 

 

 

Figure 3.12 Confocal microscopy images showing 3T3 cell viability after 24-hour 

incubation with GNP (a), GO (b), GO-Ag (c), ML-MXene (d), DL-MXene (e) and AgNP 

(f) at 200 µg/mL, untreated cells (g) and Triton X (h). Cells were stained with calcein 

AM and ethidium homodimer-1 - the green and red spots represent live and dead 

cells respectively. Scale bar = 100 µm. 
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At lower GO-Ag concentrations (6.25 and 50 µg/mL), the majority of cells emitted 

green fluorescence which was indicative of minimal membrane damage (Figure 

3.13). 

 

 

Figure 3.13 Confocal microscopy images showing 3T3 cell viability after 24-hour 

incubation with GO-Ag – 200 µg/mL (a), 50 µg/mL (b), 6.25 µg/mL (c) and untreated 

cells (d). Cells were stained with calcein AM and ethidium homodimer-1 - the green 

and red spots represent live and dead cells respectively. Scale bar = 100 µm. 

 

3.4.1.6 Apoptosis in Jurkat T lymphocytes 

Live, early apoptotic and late apoptotic cell fractions after nanomaterial incubation 

with Jurkat cells are shown in Figure 3.14. GO and ML-MXene did not induce 

apoptosis at any time point (Figure 3.14b). Camptothecin, the positive control, 
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induced a significant decrease in live cell fraction at the 4-hour time point (p<0.0001) 

(Figure 3.14a) which was matched with a significant increase in early apoptotic cell 

fraction (p<0.0001) (Figure 3.14b). At 24 hours, live cell fraction was still significantly 

reduced (p<0.0001) (Figure 3.14a). However, a switch in apoptotic index was 

observed as majority of cells were in the late apoptotic phase (p<0.0001) (Figure 

3.14c). GO-Ag significantly reduced live cell fraction in the first hour (p<0.0001) and 

this effect was sustained at the 4-hour time point (p<0.0001) (Figure 3.14a). Similarly, 

early apoptotic cell fractions at both 1 and 4-hour time points were significantly 

increased (p<0.0001) (Figure 3.14b). In addition, GO-Ag significantly increased late 

apoptotic cell fractions after 1 (p<0.01) and 4 hours (p<0.0001) (Figure 3.14c). After 

24 hours, however, live cell fraction was increased alongside corresponding 

decreases in both early and late apoptotic cell fractions. AgNP induced a significant 

reduction in live cell fraction after 1 (p<0.01) and 4 hours (p<0.0001) (Figure 3.14a). 

This was matched with a significant increase in early apoptotic cell fractions at both 

time points (p<0.01) (Figure 3.14b). At 24 hours, live cell fraction was significantly 

decreased (p<0.01) (Figure 3.14a) while late apoptotic cell fraction was significantly 

increased (p<0.01) (Figure 3.14c). GNP significantly increased late apoptotic cell 

fraction after 1 hour (p<0.05) but this effect was not sustained at later time points 

(Figure 3.14c). Likewise, DL-MXene impact on Jurkat apoptosis was only observed at 

the 1-hour time point demonstrated by significant increases in live (p<0.05) (Figure 

3.14a) and late apoptotic cell fractions (Figure 3.14c) (p<0.05).    
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Figure 3.14 Live (a), early apoptotic (b) and late apoptotic (c) cell fractions from 

flow cytometric detection of FITC Annexin V and propidium iodide after incubation 
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of Jurkat cells with GNP, GO, GO-Ag, ML-MXene, DL-MXene, AgNP (200 µg/mL) and 

camptothecin (4 µM) for 1, 4 and 24 hours (n = 3, mean ± SEM). Data were analysed 

using two-way ANOVA and a Dunnett post hoc test by comparing treated cells to 

untreated cells (*p<0.5, **p<0.01, ***p<0.001, ****p<0.0001). 

 

3.4.1.7 Oxidative stress in THP-1 monocytes 

THP-1 cells produced ROS in response to H2O2 stimulation (Figure 3.15). The 

relationship between H2O2 concentration and DCF fluorescence intensity was 

sigmoidal (R2 = 0.9933). 

 

 

Figure 3.15 DCFH-DA assay validation showing increase in DCF fluorescence 

intensity with increasing H2O2 concentrations. Fluorescence emission was measured 

after 1-hour incubation. Data represent mean ± SEM of 6 replicate wells. 

 

Fold increase in THP-1 cell ROS production after 24-hour incubation with 

nanomaterials is shown in Figure 3.16. H2O2 (400 µM) induced a significant increase 

in ROS production (p<0.0001). GO, GO-Ag, ML-MXene and AgNP did not impact ROS 

production (p>0.05). GNP induced a significant dose-dependent increase in ROS 

levels at all concentrations (p<0.01) although this effect reduced at the top 

concentration, 200 µg/mL. DL-MXene significantly decreased ROS production at 200 

µg/mL (p<0.05).  
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Figure 3.16 ROS production in THP-1 cells from the DCFH-DA assay after 24-hour 

incubation with GNP, GO, GO-Ag, ML-MXene, DL-MXene, AgNP (6.25 – 200 µg/mL) 

and 400 µM H2O2 (n = 4, mean ± SEM). Data were analysed using two-way ANOVA 

and a Dunnett post hoc test by comparing treated cells to untreated cells (*p<0.5, 

**p<0.01, ****p<0.0001). 

 

Cell response to 1-hour stimulation with 200 µM H2O2 after 24-hour incubation with 

the nanomaterials is shown in Figure 3.17. In cells incubated with GNP and DL-

MXene, fluorescence intensity increased after stimulation but this effect was less 

pronounced at higher concentrations. H2O2 stimulation also increased fluorescence 

intensity in cells incubated with GO and ML-MXene although these differences were 

comparable across all concentrations. Cells incubated with AgNP also had similar 

intensity increases across all concentrations except for a decrease at the top 

concentration, 200 µg/mL. Stimulated GO-Ag treated cells experienced similar 

increases in fluorescence intensity at 6.25 – 25 µg/mL. However, intensity differences 

decreased at 50 µg/mL and then increased at higher concentrations. Stimulation of 

untreated cells increased fluorescence intensity which contrasted with the negligible 

increase observed in cells previously incubated with 400 µM H2O2.  
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Figure 3.17 ROS production in THP-1 cells from the DCFH-DA assay after 1-hour 

stimulation with 200 µM H2O2 following 24-hour incubation with GNP, GO, GO-Ag, 

ML-MXene, DL-MXene, AgNP (6.25 – 200 µg/mL) and 400 µM H2O2 (n = 3, mean ± 

SEM). 

 

Nanomaterial interference with the DCFH-DA assay is presented in Figure 3.18. ML-

MXene and AgNP produced relatively low fluorescence intensities (<3000 units) at all 

concentrations when compared to the values produced by the other nanomaterials. 

DCF fluorescence intensity reduced as GNP concentration increased. DCF 

fluorescence intensity also reduced at higher DL-MXene concentrations although the 

fluorescence signals were lower compared to GNP. GO and GO-Ag induced dose-

dependent increases in fluorescence intensity up to 25 µg/mL followed by a 

reduction at higher concentrations.   
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Figure 3.18 DCF fluorescence intensity after 24-hour incubation of DCFH (2.5 µM) 

with nanomaterial suspensions in PBS (6.25 – 200 µg/mL) (n = 3, mean ± SEM). 

 

3.4.2 Haemocompatibility studies 

3.4.2.1 Haemolysis 

Percentage haemolysis following 1-hour incubation of nanomaterials with blood is 

shown in Figure 3.19. Triton X significantly induced total cell lysis (p<0.0001). GNP, 

ML-MXene and DL-MXene did not cause haemolysis (p>0.05). GO induced significant 

haemolysis (p<0.001) although this was minimal at 4.68% total cell lysis. 
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Figure 3.19 Percentage haemolysis after 1-hour incubation of healthy donor blood 

with GNP, GO, ML-MXene and DL-MXene (50 mg/mL) (n = 3, mean ± SEM). Data 

were analysed using one-way ANOVA and a Dunnett post hoc test by comparing 

treated groups to untreated blood (***p<0.001, ****p<0.0001). 

 

3.4.2.2 Coagulometry 

Results from coagulometry assays after 1-hour nanomaterial incubation with blood 

are shown in Figure 3.20. The APTT of untreated blood (38.5 seconds) was within the 

range of normal plasma (34.4 seconds) (p>0.05) (Figure 3.20a). GNP and ML-MXene 

did not impact APTT (p>0.05). However, GO significantly extended APTT from 38.5 

seconds to 78.4 seconds (p<0.01). DL-MXene also induced a significant increase in 

APTT from 38.5 seconds to 66.9 seconds (p<0.05). Prothrombin time assay results 

showed that GNP, GO, ML-MXene and DL-MXene did not significantly impact 

prothrombin clotting time as all values were within the normal range of 15.3 seconds 

(Figure 3.20b). The fibrinogen concentration of untreated blood (4.2 g/L) was similar 

to that of normal plasma (3.7 g/L) (p<0.05) (Figure 3.20c). GNP, ML-MXene and DL-

MXene did not significantly impact fibrinogen levels (p>0.05). In contrast, GO 

significantly reduced fibrinogen concentration (p<0.0001). Likewise, GO induced a 

significant increase in thrombin clotting time whereas GNP, ML-MXene and DL-
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MXene had no significant impact on clotting time (p>0.05) (Figure 3.20d). Untreated 

blood had similar clotting times to normal plasma (p>0.05). 

 

 

Figure 3.20 APTT (a), prothrombin time (b), fibrinogen concentration (c) and 

thrombin time (d) from coagulometry after 1-hour incubation of healthy donor 

blood with GNP, GO, ML-MXene and DL-MXene (50 mg/mL) (n = 3, mean SEM). 

Data were analysed using one-way ANOVA and a Dunnett post hoc test by comparing 

treated samples to normal plasma (*p<0.05, **p<0.01, ****p<0.0001). 

 

3.4.2.3 Platelet activation 

Platelet activation assay results following 1-hour incubation of nanomaterials with 

blood is shown in Figure 3.21. GNP, GO, ML-MXene and DL-MXene did not induce 

platelet activation as there was no significant difference in the percentage of 

platelets positive for PAC-1 (Figure 3.21a) and CD-62P (Figure 3.21b) activation 
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markers, when compared to untreated blood. PMA, the positive control, induced 

significant platelet activation (p<0.0001). 

 

 

Figure 3.21 PAC-1 positive (a) and CD-62P positive (b) platelets from flow cytometry 

after 1-hour incubation of healthy donor blood with GNP, GO, ML-MXene and DL-

MXene (50 mg/mL) and PMA (100 nM) (n = 3, mean ± SEM). Data were analysed 

using one-way ANOVA and a Dunnett post hoc test by comparing treated samples to 

untreated blood (****p<0.0001).  

 

3.5 Discussion 

Biocompatibility is a key criterion required for materials intended for use in 

biomedical applications. Despite recent advancements in the field of nanomedicine, 

conflicting reports have prevented a general interpretation of the biocompatibility of 

graphene-based materials. In addition, the biocompatibility of Ti3C2 MXene has not 

been extensively characterised in literature. Hence, this chapter set out to evaluate 

the in vitro biocompatibility and haemocompatibility of GNP, GO, GO-Ag, ML-MXene 

and DL-MXene, using mammalian cell lines and human blood respectively, in order 

to investigate the potential for their use in medical device applications.  

 

The in vitro cell interaction studies measuring the impact of the different 

nanomaterials on cell viability and the activation of oxidative stress and apoptotic 
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pathways indicated a disparity in results. Following 24-hour incubation of 3T3 cells 

with the nanomaterials at a concentration range of 6.25 – 200 µg/mL, MTT assay 

results appear to show a significant reduction of up to 45% cell viability at all 

concentrations for GNP and a significant reduction at higher concentrations for GO 

(>25 µg/mL), GO-Ag (>6.25 µg/mL), ML-MXene (>25 µg/mL) and AgNP (>100 µg/mL) 

(Figure 3.4). However, this was in poor agreement with results from the MTS (Figure 

3.8), LDH (Figure 3.11) and Live/Dead assays (Figure 3.12). Nanomaterial interference 

with the MTT assay has been reported in the scientific literature. Teo et al (465) 

showed that two-dimensional transition metal dichalcogenides reduced MTT reagent 

to formazan which gave a false positive result. Carbon nanomaterials also reduced 

MTT to formazan causing an overestimation of cell viability (488). Although none of 

the nanomaterials in this study produced formazan (Figure 3.5), it has been reported 

that nanomaterial interference with the MTT assay could occur through other 

mechanisms. Previous studies have shown that carbon black and single walled 

carbon nanotubes attached to insoluble MTT-formazan crystals and enhanced their 

chemical stability. This prevented dye solubilisation and detection leading to a false 

negative result (417, 488). It was suspected that one of the mechanisms of 

nanomaterial interference with the MTT assay in this study was adsorption of the 

insoluble formazan because confocal microscopy images after Live/Dead staining 

showed that cells remained viable after treatment with GNP, GO, ML-MXene and 

AgNP at the top concentration (200 µg/mL) (Figure 3.12). The reverse was the case 

for GO-Ag – the MTT assay in Figure 3.4 indicated that cells treated with 200 µg/mL 

(the top concentration) had 67% viability which contrasted with the corresponding 

confocal microscopy image in Figure 3.12c that showed membrane damage.  

 

Like the MTT assay, the ATP assay in Figure 3.6 also indicated that GNP, GO, GO-Ag, 

ML-MXene and AgNP induced significant dose-dependent decreases in 3T3 cell 

viability which disagreed with results from the MTS (Figure 3.8), LDH (Figure 3.11) 

and Live/Dead assays (Figure 3.12). ATP assay interference experiments in Figure 3.7 

showed that all the nanomaterials produced a negligible luminescence signal. 

However, this did not exclude other modes of interference such as signal 

attenuation. It was hypothesised that the nanomaterials may have interfered with 
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the ATP assay by decreasing luminescence signal. Li et al (489) showed that GO 

significantly quenched the luminescence of an antithrombin aptamer-terbium ion 

(Tb3+) sensor. 

 

MTS assay results in Figure 3.8 indicated that GNP and GO induced significant dose-

dependent decreases in 3T3 cell viability. However, the LDH assay in Figure 3.11 

showed that GO did not significantly cause necrosis. Although GNP significantly 

induced necrosis at the top concentration (200 µg/mL), this was only 4.5% higher 

than LDH levels in untreated cells. Carbon nanomaterials have been widely reported 

to interfere with tetrazolium-based assays which may explain the disparity between 

the MTS and LDH assays (358, 490, 491). In agreement with the LDH assay, confocal 

microscopy images in Figure 3.12a and Figure 3.12b showed that cells were viable 

after treatment with GNP and GO at 200 µg/mL respectively. These results indicated 

that GNP and GO were biocompatible. This agreed with earlier studies by Shin et al 

(492) and Ryoo et al (493) which showed that GO did not negatively impact cell 

viability. However, Pinto et al (440) reported that GNP significantly reduced the 

metabolic activity of human foreskin fibroblast cells after 24 hours of incubation. It 

is imperative to point out that the authors measured cell viability using the 

fluorescence-based resazurin assay. This study demonstrated in Figure 3.17 and 

Figure 3.18 that GNP can attenuate fluorescence signals at higher concentrations 

which suggested that GNP-induced interference could have resulted in a false 

negative assumption of cytotoxicity by the authors. Despite extensive washing of the 

wells to remove nanomaterials before running assays in this study, dark clusters of 

GNP and GO could still be seen around the 3T3 cells in bright field images from the 

Live/Dead assay (Appendix 3). Although it is unclear from the bright field images if 

the nanomaterials were internalised by the cells or just adhered to their surfaces, the 

presence of these particles may have caused MTS assay interference via formazan 

adsorption leading to an underestimation of cell viability at higher concentrations. 

The LDH assay, in contrast, was carried out using medium supernatants which limited 

direct interaction between the LDH reagent and the nanomaterials (which had 

settled at the bottom of the well after 24-hour incubation) thus lowering the risk of 

assay interference.  
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The MTS assay in Figure 3.8 showed that GO-Ag induced a significant dose-

dependent reduction in 3T3 cell viability. As GO did not impact cell viability, the poor 

biocompatibility of GO-Ag is ascribed to the immobilised silver nanoparticles. MTS 

assay results were supported by confocal microscopy images in Figure 3.13 which 

revealed membrane damage in cells treated with the top concentration of GO-Ag 

(200 µg/mL) and increased cell viability at lower concentrations (6.25 and 50 µg/mL). 

As seen with GO, it is suspected that nanomaterial interference with the MTS assay 

may have underestimated cell viability. The LDH assay (Figure 3.11) showed that GO-

Ag induced a significant increase in necrosis at 25 and 50 µg/mL which sharply 

declined at higher concentrations. This decrease in necrosis levels above 50 µg/mL 

could be attributed to assay interference by the immobilised silver nanoparticles on 

the GO-Ag sheets. Menon and Wright (494) were the first to report that silver ions 

competitively inhibited LDH activity by binding to the histidine-195 residue in each 

of its 4 subunits. More recent studies have shown that silver nanoparticles can also 

interfere with the LDH assay through enzyme adsorption and inactivation (415, 416, 

418). Unlike GO-Ag, the pristine AgNP did not demonstrate a similar trend of 

decreasing necrosis levels at higher concentrations. This could be due to differences 

in particle size as the sizes of the immobilised silver nanoparticles on GO-Ag (4 nm) 

and the silver nanoparticles tested in the cited studies (25 – 92 nm) were all less than 

100 nm. In contrast, the AgNP used in this study was aggregated and had a 

hydrodynamic size of 507 nm. This likely decreased available surface area for 

interaction with LDH molecules. The size-dependent interference of silver 

nanoparticles with the LDH assay has been reported in the scientific literature (418, 

495). The authors showed that larger silver nanoparticles adsorbed and/or 

inactivated less LDH compared to smaller silver nanoparticles.  

 

The MTS (Figure 3.8), LDH (Figure 3.11) and Live/Dead assays (Figure 3.12) indicated 

that both ML-MXene and DL-MXene were biocompatible. This was supported by 

previous studies which demonstrated that DL-MXene was not toxic to hippocampal 

neurons (75), colon cancer cells (74) and cortical neurons (140). However, 

Jastrzębska et al (382) reported that DL-MXene significantly reduced cell viability. In 

their study, the authors used the MTT assay to assess DL-MXene biocompatibility – 
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this study earlier showed that the MTT assay (Figure 3.4) did not accurately describe 

ML-MXene’s impact on cell viability. Hence, this may explain why the findings of 

Jastrzębska et al (382) differed from results obtained in this study and other 

publications. In addition, the differences between this study and that of Jastrzębska 

et al (382) was likely due to variations in synthesis methods and test parameters. The 

degree of post-synthesis purification may also have affected the purity of the DL-

MXene product. In this study, washing and delamination of the MXene product was 

carried out in deionised water only. Also, the pH of the ML-MXene and DL-MXene 

suspensions was confirmed to be ⁓7 after washing before conducting subsequent 

experiments. In Jastrzębska et al (382), the MXene product was first washed with 

deionised water and then ethanol followed by delamination with DMSO. The last 

wash was done in isopropyl alcohol. Hence, the reduction in cell viability may 

potentially have been caused by chemical residues in the final DL-MXene product. 

Product purity can affect the biological impact of nanomaterials (158, 340).  

 

Results from the MTS (Figure 3.8) and LDH (Figure 3.11) assays showed that AgNP at 

concentrations up to 200 µg/mL did not impact 3T3 cell viability. This finding was 

supported by confocal microscopy images from the Live/Dead assay (Figure 3.12f). 

MTS assay results in Figure 3.9 indicated that higher concentrations of AgNP above 

250 µg/mL are required for any impact on cell viability compared to GO-Ag where a 

lower concentration of 50 µg/mL was effective in reducing cell viability. Differences 

may also be related to variation in nanoparticle size – 507 nm (AgNP) vs 4 nm (GO-

Ag). The size-dependent cytotoxicity of silver nanoparticles has been reported in the 

scientific literature (495, 496).   

 

The FITC/Annexin V assay (Figure 3.14) indicated that at a concentration of 200 

µg/mL, GNP and GO did not induce apoptosis in Jurkat cells. Although studies have 

reported that pristine graphene stimulated apoptosis in cells (422, 425, 497), the 

synthesis route and consequently, physicochemical properties of the graphene 

nanomaterials used in the cited papers were different from this study. It has been 

shown that the biological response to graphene-based nanomaterials is dependent 
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on their physicochemical properties (358, 498-500). Lim et al (501) published that GO 

induced apoptosis in endothelial cells which disagreed with the results obtained in 

this study. Comparing the GO synthesis methods in this study and their paper 

revealed that the final GO products in Lim et al (501) were washed three times only 

with 3% HCl despite using double the mass of the starting materials than was used 

by this study. The synthesis method employed in this study required extensive 

washing (>3 times) of the GO product first in 5% HCl (to remove residual sulphate 

ions) and subsequently in deionised water (to remove acidic residues) (502, 503). 

Also, the pH of the final GO suspension was confirmed to be 7 before proceeding 

with characterisation and biocompatibility assessment. This suggested that the 

observed cytotoxicity in Lim et al (501) may not have been directly caused by GO but 

possibly residual acidic contaminants arising from inadequate washing. This finding 

further emphasised the need for standardised nanomaterial synthesis protocols in 

order to improve reproducibility and enable inter-laboratory comparisons of 

nanotoxicity data. 

 

FITC/Annexin V assay results in Figure 3.14 showed that at a concentration of 200 

µg/mL, GO-Ag and AgNP significantly induced apoptosis in Jurkat cells within 1 hour 

of incubation. Camptothecin, the positive control, induced a distinct and significant 

progression of cells from live to early apoptotic and to late apoptotic phases after 1, 

4 and 24 hours of incubation respectively. In contrast, GO-Ag had a more immediate 

effect as apoptosis was significantly induced within 1 hour and lasted up to the 4-

hour time point. By 24 hours, however, live cell fraction was increased. It was 

hypothesised that some of the cells may have survived apoptotic induction and 

contributed to the survival of GO-Ag exposed cells at 24 hours. 

 

Neither ML-MXene nor DL-MXene induced apoptosis in Jurkat cells (Figure 3.14) 

which supported earlier results of MXene biocompatibility with 3T3 cells. Liu et al 

(74) also showed that DL-MXene did not stimulate apoptosis in HCT 116 cells. This is 

the first time that the apoptotic potential of ML- MXene has been investigated.  
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The DCFH-DA assay in Figure 3.16 indicated that GNP significantly increased ROS 

levels in THP-1 cells although this effect was decreased at the top concentration, 200 

µg/mL. However, assay interference studies in Figure 3.18 showed that incubation of 

GNP with DCFH increased DCF fluorescence which suggested that GNP oxidised DCFH 

to DCF. Because THP-1 monocytes are grown in suspension, the culture medium 

could not be replaced and cells could not be washed to remove the nanomaterials 

before measuring fluorescence emission. Assay interference experiments (Figure 

3.18) revealed that only the graphene variants increased DCF fluorescence as the 

MXene variants and AgNP produced considerably lower fluorescence signals. Hence, 

the observed interference of graphene variants with DCF fluorescence signal could 

not simply be ascribed to the physical presence of the nanomaterials in the culture 

medium during fluorescence measurements but instead suggested that chemical 

interactions were at play. Graphene sheets can participate in redox reactions via 

electron transfer (504). Hence, it is possible that the higher ROS levels detected in 

THP-1 cells after incubation with GNP may have resulted from DCFH oxidation rather 

than an actual increase in oxidative stress. Furthermore, both experiments (GNP 

incubation with THP-1 cells in Figure 3.16 and assay interference in Figure 3.18 

showed decreases in DCF fluorescence at higher GNP concentrations. Likewise, 

fluorescence intensities after re-stimulation with 200 µM H2O2 reduced as GNP 

concentration increased. These findings suggested the possibility of other 

mechanisms of GNP-induced assay interference at play. Creighton et al (505) 

reported that few-layer graphene significantly adsorbed DCF molecules within 30 

minutes of incubation. Reduced graphene oxide, which has a lower oxygen group 

density and a higher π-bond conjugation than GO, quenched fluorescence emission 

from FITC (506) and Rhodamine B (507) via fluorescence resonance energy transfer. 

GNP’s multifaceted interference with the DCFH-DA assay made it difficult to obtain a 

clear picture about its impact on the oxidative state of THP-1 cells. 

 

GO and GO-Ag did not significantly impact ROS levels in THP-1 cells (Figure 3.16). This 

finding contrasted with recent studies which indicated that GO-based nanomaterials 

significantly increased ROS production in THP-1 cells (500, 508). These differences 

could be attributed to variations in GO synthesis methods, physicochemical 
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properties such as sheet size, surface area and oxygen content, and experimental 

conditions which are known to affect the outcome of cytotoxicity assays (427, 509). 

H2O2 re-stimulation of GO-treated cells showed that fluorescence intensities were 

similar at all concentrations which further indicated that GO did not inherently 

stimulate oxidative stress (Figure 3.17). It also excluded the possibility of GO 

interference via adsorption of DCF molecules or fluorescence quenching. The greater 

fluorescence quenching efficiency of GNP compared to GO and GO-Ag could be 

attributed to its extensive graphitic π-bond network which conferred a higher 

capacity for absorption of visible light. In GO-based nanomaterials, however, harsh 

oxidation conditions during synthesis disrupt the graphitic network leading to a lower 

light absorption capacity (506, 510). Unlike GO, re-stimulation of cells incubated with 

GO-Ag revealed a unique trend of similar fluorescence intensities below 25 µg/mL, a 

steep decrease at 50 µg/mL followed by stepwise increases at 100 and 200 µg/mL 

(Figure 3.17). The reason for this trend is unclear especially because GO-Ag did not 

have a significant impact on ROS production.   

 

Assay interference experiments in Figure 3.18 indicated that both GO and GO-Ag 

induced DCFH oxidation to DCF. This finding was supported by Zhao et al (511) who 

demonstrated that GO catalysed oxidation of the coenzyme, nicotinamide adenine 

dinucleotide (NADH) to NAD+ by acting as an electron acceptor. Although 

interference experiments showed that GO and GO-Ag increased DCF fluorescence 

intensity, this effect did not translate to elevated ROS levels after incubation with 

THP-1 cells. Differences in the setup for both experiments may account for this 

observation. To investigate nanomaterial impact on ROS levels, the THP-1 cells were 

first labelled with DCFH-DA - the probe passively diffused into cells and underwent 

deacetylation to the non-fluorescent DCFH by cellular esterases (410). Next, the 

nanomaterial suspensions were introduced to the labelled cells for 24-hour 

incubation. This setup was chosen to limit direct interaction of the nanomaterials 

with DCFH, the active substrate, and hence minimise the risk of assay interference. 

Since the interference experiments were conducted in a cell-free medium (PBS), 

DCFH-DA had to be chemically deacetylated to DCFH before the nanomaterial 

suspensions were introduced. This meant that the nanomaterials were in direct 
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contact with DCFH during incubation which potentially enhanced DCFH oxidation to 

DCF as opposed to the earlier ROS stimulation potential experiment where the DCFH 

molecules were located within the cells.  

 

Incubation of ML-MXene with THP-1 cells did not significantly stimulate ROS 

production which provided further evidence for its biocompatibility (Figure 3.16). 

After H2O2 re-stimulation, fluorescence intensities in treated cells incubated with ML-

MXene were similar across all concentrations (Figure 3.17). This was in line with the 

earlier result in Figure 3.16 which showed that ML-MXene did not impact ROS levels. 

Incubating ML-MXene with DCFH alone produced low fluorescence signals which 

excluded the possibility of assay interference (Figure 3.18). Like ML-MXene, DL-

MXene did not induce ROS production in THP-1 cells (Figure 3.16). This disagreed 

with Jastrzebska et al (382) who reported that DL-MXene induced oxidative stress. 

These variations may have arisen from differences in synthesis methods and 

experimental procedures as well as possible contamination by chemicals left over 

from delamination. Incubating DL-MXene with DCFH alone produced DCF 

fluorescence signals although this was substantially lower compared to the 

graphenes (Figure 3.18). DL-MXene sheets are characterised by accessible active sites 

which can participate in fast redox reactions (512, 513), thus suggesting that DL-

MXene could have facilitated DCFH oxidation. After H2O2 re-stimulation, 

fluorescence intensities in DL-MXene-treated cells decreased at higher 

concentrations (Figure 3.17). Similarly, interference experiments showed that DCF 

fluorescence intensity reduced as DL-MXene concentration increased (Figure 3.18). 

These findings could be ascribed to fluorescence quenching - Zhang et al (514) 

showed that DL-MXene quenched fluorescence emission from dye-labelled CD63 

aptamers through fluorescence resonance energy transfer.  

 

AgNP did not significantly impact ROS production in THP-1 cells (Figure 3.16). Studies 

have shown that the oxidative stress potential of silver nanoparticles is influenced by 

several factors including size, surface coating and cell type (515-517), which makes 

direct comparison of this study’s results with the scientific literature difficult. Except 

for the top concentration (200 µg/mL), H2O2 re-stimulation of AgNP-treated cells 
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produced comparable fluorescence intensities at all concentrations (Figure 3.17) 

which supported the earlier finding that AgNP did not induce oxidative stress. 

Incubating AgNP with DCFH produced negligible fluorescence intensities at all 

concentrations which excluded the possibility of interference via DCFH oxidation 

(Figure 3.18). 

 

Following the assessment of nanomaterial biocompatibility with cell lines, 

haemocompatibility was then investigated with human blood. GO caused significant 

but minimal haemolysis (Figure 3.19) which agreed with earlier studies showing GO-

induced lysis of red blood cells (358, 443, 447, 518). The haemolytic activity of GO 

has been ascribed to intense electrostatic attractions between anionic oxygen 

functionalities on GO sheets and cationic lipid bilayer molecules on the outer 

erythrocyte membrane which induced membrane damage (358, 519). In addition, 

Kim et al (520) demonstrated that the amphiphilic character of GO, evidenced by a 

hydrophobic basal plane and hydrophilic edges, conferred surfactant-like properties 

which caused haemolysis. Also, Cheng et al (447) suggested that the ability of GO to 

reduce surface and/or interfacial tension may have enhanced interactions with the 

erythrocyte lipid bilayer and consequently, induced haemolysis. The 4.68% 

haemolytic fraction observed in this study was substantially lower than the values 

reported by other studies which ranged from 60% (358) to 78.5% (447). This may 

have arisen from variations in GO synthesis methods and resulting differences in 

physicochemical properties such as size and chemical composition. Liao et al (358) 

reported a significant increase in GO haemolytic activity as sheet size reduced from 

765 to 342 nm. This suggested that GO-mediated haemolysis was size-dependent. 

The authors also showed that single-layer GO sheets (which had higher degrees of 

exfoliation) induced greater haemolysis compared to their multilayered 

counterparts.  

 

Unlike GO, GNP did not cause haemolysis (Figure 3.19). This agreed with previous 

studies which showed that incubating blood with reduced graphene oxide (447) and 

pristine graphene (441), which typically have lower contents of oxygen functional 

groups than GO, resulted in significantly lower and no haemolysis respectively. Other 
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studies have shown that coating the surface of GO sheets with positively charged 

chitosan (358) and amine groups (445) significantly decreased haemolytic activity. 

Similarly, Papi et al (518) showed that protein corona formation on GO sheets 

significantly reduced its haemolytic activity. In all three studies, surface coating of GO 

sheets was associated with a decrease in negative surface charge. Both ML-MXene 

and DL-MXene did not cause haemolysis (Figure 3.19) which further demonstrated 

their haemocompatibility. This was supported by Liu et al (74) who showed that 

incubation of erythrocytes with DL-MXene did not induce lysis. Although DL-MXene 

had a higher negative surface charge and was more exfoliated than ML-MXene, this 

did not translate to increased haemolytic activity as seen with GO. This suggested 

that the haemolytic activity of GO may have been driven by other factors such as 

surfactant-like properties suggested by Kim et al (520). Since the American Society 

for Testing and Materials International classified materials with percentage 

haemolysis between 2% and 5% as slightly haemolytic (521), this indicated that GO 

could be used for blood-contacting applications.  

Plasma coagulation experiments revealed that both GNP and ML-MXene, which had 

multilayered sheets, did not significantly impact APTT (Figure 3.20). This finding was 

supported by previous studies which also showed that pristine graphene and GNP 

did not interfere with APTT (441, 522). In contrast, GO and DL-MXene, which had 

more exfoliated morphologies, significantly extended APTT beyond the normal 

range. This indicated that GO and DL-MXene inhibited the intrinsic coagulation 

pathway (433). Cheng et al (447), Feng et al (443) and Pan et al (453) also reported 

that GO prolonged APTT. The above finding suggested that nanomaterial morphology 

(single-layer vs multilayered sheets) may have influenced impact on the intrinsic 

plasma coagulation pathway. Mulloy et al (523) identified that anionic groups such 

as carboxylates were essential for the anticoagulant activity of heparin. EDS results 

in Table 2.1 indicated that GO had 10 times the oxygen content of GNP. Although EDS 

results showed that ML-MXene and DL-MXene had similar oxygen contents, SEM 

images revealed that DL-MXene sheets (Figure 2.4e) were more exfoliated than ML-

MXene (Figure 2.4d) which likely translated to a higher accessible surface area 

(nitrogen porosimetry in Table 2.3) and increased negative surface charge arising 



 

136 
 

from anionic groups (DLS in Figure 2.17). Furthermore, Liao et al (524) demonstrated 

that the haemocompatibility of graphene-based nanomaterials was negatively 

impacted by increased degree of sheet exfoliation and higher oxygen content.  

None of the graphene or MXene variants affected prothrombin time (Figure 3.20b) 

which indicated that the extrinsic coagulation pathway was not activated after 

nanomaterial incubation with blood (438). This was supported by earlier studies 

which showed that pristine graphene (441), GNP (522) and GO (443) did not affect 

prothrombin time.  

Of the nanomaterials, only GO significantly reduced blood fibrinogen levels (Figure 

3.20c) and significantly extended thrombin clotting time (Figure 3.20d). Cheng et al 

(447) reported an increase in thrombin clotting time after incubation of blood with 

GO. Studies have also shown that GO significantly adsorbed fibrinogen and disrupted 

its α-helical structure (436, 443, 525). Fibrinogen is a key component of the clotting 

cascade – soluble fibrinogen is hydrolysed by thrombin to insoluble fibrin fibres 

leading to blood clot formation (433, 526). Hence, it was expected that lower levels 

of fibrinogen, possibly caused by GO adsorption, would delay thrombin clotting time. 

Unlike GO, GNP did not cause significant fibrinogen adsorption which may be 

attributed to differences in surface area and chemistry. This was supported by Kenry 

et al (454) who reported significantly higher fibrinogen adsorption by GO compared 

to GNP. The authors attributed this finding to three factors – the large size of GO 

sheets which enabled interaction with the large fibrinogen molecules, aggregation of 

graphene sheets in the multilayered GNP structure which decreased available 

surface area for adsorption of fibrinogen as opposed to the loose GO sheets, and the 

high density of oxygenated groups on the GO sheet surface. 

GNP, GO, ML-MXene and DL-MXene did not significantly induce platelet activation 

(Figure 3.21). This agreed with Sasidharan et al (441) who reported that pristine 

graphene did not activate platelets. Similarly, Wilczek et al (527) demonstrated that 

reduced GO did not induce platelet activation. Pan et al (453) demonstrated that 

coating titanium plates with GO prevented platelet activation. The authors suggested 

that the high negative surface charge of GO enabled repulsion of the platelets, which 

also had negatively charged surfaces, thus hindering activation. Interestingly, 
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fibrinogen adsorption by GO did not result in increased platelet adhesion and 

activation contrary to previous studies linking fibrinogen adsorption to increased 

adhesion and activation of platelets (528-530). It has been shown that protein 

structure and access to platelet binding sites were more significant in driving 

fibrinogen-induced platelet adhesion than the quantity of protein adsorbed on the 

biomaterial surface (531-533). 

 

3.6 Conclusion 

In this chapter, the in vitro biocompatibility and haemocompatibility of graphene and 

Ti3C2 MXene variants were evaluated in mammalian cell lines and human blood 

respectively. Multiple assays were used in assessing 3T3 biocompatibility to minimise 

risk of error arising from nanomaterial-induced assay interference. GNP supported 

3T3 cell viability and did not induce apoptosis in Jurkat cells. Interference with the 

DCFH-DA assay prevented conclusive evaluation of GNP impact on the oxidative state 

of THP-1 cells. GNP was also haemocompatible – it did not induce erythrocyte lysis, 

platelet activation or activate plasma coagulation pathways. GO was biocompatible 

with 3T3 cells and did not stimulate Jurkat cell apoptosis. In addition, it did not 

significantly induce ROS production in THP-1 cells. Haemocompatibility assessment 

revealed that GO did not cause platelet activation. Although GO induced significant 

haemolysis, the haemolytic fraction was less than 5% which was within the 

acceptable range for blood-contacting materials. GO prolonged APTT, adsorbed 

fibrinogen and delayed thrombin time which could negatively impact blood clotting. 

However, this could potentially be mitigated by reducing contact time during 

extracorporeal applications and GO incorporation into scaffolds to minimise blood 

contact. GO-Ag reduced 3T3 cell viability and induced apoptosis in Jurkat cells within 

the early hours of incubation. However, GO-Ag did not significantly impact ROS 

production in THP-1 cells. Both ML-MXene and DL-MXene were biocompatible with 

3T3, Jurkat and THP-1 cells, and haemocompatible at the concentrations used which 

is particularly beneficial in light of increased investigations into the use of MXenes 

for applications in the environment, energy and biomedicine. As with GO, the impact 
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of DL-MXene on the intrinsic coagulation pathway could be mitigated by 

incorporation into scaffolds. This is the first study to report the biocompatibility of 

ML-MXene as well as the haemocompatibility of both ML-MXene and DL-MXene. 

 

Overall, the results indicated that GNP, GO, ML-MXene and DL-MXene were 

biocompatible and haemocompatible using in vitro cell culture and blood-based 

assays at a concentration range of 6.25 – 200 µg/mL and 50 mg/mL respectively. The 

results support their potential for use in direct blood contacting devices such as 

dialysis devices and wound dressings. Despite the disparity in the different assays, 

confocal images from the Live/Dead assay indicated no impact on cell viability. In 

addition, there was no induction of apoptotic pathways. GO-Ag induced apoptosis 

and necrosis, two forms of cell death, in 3T3 fibroblasts and Jurkat lymphocytes 

respectively at a concentration range much lower than that of AgNP possibly as a 

result of greater accessible surface area for nanoparticle interactions. Both GO and 

DL-MXene significantly impacted the intrinsic plasma coagulation pathway which 

suggested that nanomaterial morphology (exfoliated structure) and access to surface 

anionic groups was involved. Only GO demonstrated significant impact on plasma 

fibrinogen levels and thrombin time suggesting that a combination of the 

characteristic graphenic network, exfoliated morphology and oxygenated groups 

may have induced this effect. Findings from this chapter contributed to the 

publication by Meng et al (534). 

 

Having assessed nanomaterial impact on cellular metabolism, the next step was to 

investigate their antibacterial activity, biotoxin adsorption efficiency with respect to 

pro-inflammatory cytokines and impact on cellular cytokine production (Chapter 4). 
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4 Investigating the antibacterial activity of and biotoxin adsorption 

by graphene and Ti3C2 MXene variants 

4.1 Introduction 

4.1.1 Antibacterial activity 

The rising resistance of bacteria to antibiotics is a well-known threat to global public 

health mainly because the development of new antibiotics has declined in recent 

years (535, 536). Antimicrobial resistance (AMR) particularly constitutes a heavy 

burden for the management of disease conditions characterised by suppressed 

immunity. For example, in diabetic ulcers where microbial colonisation of wounds 

instigates tissue injury and induces prolonged inflammation which result in delayed 

healing (537). Proposed AMR management strategies include judicious antibiotic use, 

improving sustained and targeted delivery of antibiotics and discovery of novel 

antimicrobial agents (538, 539).  

The nanoscale effects of nanomaterials give them unique properties including a large 

surface area, high reactivity and tunable surface functionality with the potential to 

impact bacterial metabolism (539, 540). Unlike antibiotics which usually exert 

antibacterial activity via a single mechanism of action, nanomaterials can inhibit 

bacterial viability through multiple mechanisms including membrane damage, ROS 

production, oxidative stress and disruptive interactions with bacterial cell 

components such as DNA and ribosomes (Figure 4.1) (144, 148). Nanomaterial-

antibiotic combination therapies have been proposed as an alternative to traditional 

antibiotics in order to achieve controlled release, prolong drug circulation time and 

efficacy, enhance delivery to target organs, lower risk of toxicity and prevent 

antibacterial resistance (168, 541, 542). In addition, nanomaterials can be used as 

inert carriers to deliver antibiotics to target sites. This could help achieve maximal 

release in bacterial cells thereby overcoming membrane efflux pumps which would 

have otherwise removed the antibiotics from the bacteria (539). 
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Figure 4.1 Potential mechanisms by which nanomaterials exert antibacterial 

activity. Reproduced with permission from (148). Copyright 2011 Elsevier.  

 

Studies have shown that graphene-based nanomaterials can exert antibacterial 

activity through several mechanisms including contact-induced membrane damage, 

trapping bacteria within sheets, phospholipid removal from bacterial membranes, 

electron transfer, ROS production and oxidative stress (92, 93, 96, 151, 543). In 

addition, owing to their large surface area, graphenes have been exploited as 

substrates to enhance dispersion and stability of antibacterial silver nanoparticles. 

This was necessary in order to minimise the risk of aggregation often associated with 

direct use of metal nanoparticles (326, 544). However, earlier studies which indicated 

that graphenes demonstrated antibacterial activity conflict with other studies which 

reported non-toxicity of graphenes against bacteria (340, 545). Hence, it was 

important to investigate the antibacterial activity of the graphene nanomaterials in 

this study. Comparing the antibacterial performance of graphene variants with 

distinctive physicochemical properties would help identify those properties which 

were relevant to antibacterial effect.  
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The antibacterial activity of MXenes has not been extensively explored in the 

scientific literature. Studies have largely focused on their application to energy 

storage and the environment. Rasool et al (72, 73) investigated the antibacterial 

potential of DL-MXene sheets and films for wastewater purification applications. The 

authors reported that both DL-MXene sheets and films inhibited the viability of E. coli 

and B. subtilis via adsorption to bacterial surfaces, wrapping of bacteria and 

membrane damage. Another study by Shamsabadi et al (131) also reported that DL-

MXene sheets decreased E. coli and B. subtilis viability. The authors proposed that 

bacterial death was induced by contact between the sharp edges of the MXene 

sheets and bacterial membranes eventually leading to membrane damage and DNA 

release from the cytosol. Furthermore, Jastrzębska et al (163) reported that 

expanded Ti3C2 MXene sheets inhibited growth of E. coli lawns. However, the above-

mentioned studies employed different synthesis routes and assessed antibacterial 

performance with different assay protocols and in varying media. This highlighted 

the need for further studies to validate the antibacterial activity of Ti3C2 MXenes 

reported in the scientific literature. Furthermore, a direct comparison of the 

antibacterial activities of graphenes and Ti3C2 MXenes has not previously been 

carried out and, since the nanomaterials have very different surface chemistry, this 

will give further insight into the impact of differing two-dimensional morphology and 

physicochemical properties on bacterial viability. 

 

In addition to the potential for direct use in antibacterial applications, the planar 

morphology, large surface area and high reactivity of MXenes as well as their capacity 

for surface functionalisation confer a high loading capacity for drugs (134, 135). 

Studies have shown that a large negative surface charge and absorption of near 

infrared radiation rendered DL-MXene effective for pH- and photo-sensitive drug 

delivery applications respectively (74, 134). Han et al (134) and Liu et al (74) both 

reported remarkable loading (>80%) of doxorubicin, the chemotherapeutic agent, 

onto DL-MXene sheets for successful stimuli-responsive drug release at tumour sites. 

However, the potential of MXenes for use in delivery of antibiotics has not been 

investigated in the scientific literature. Using MXene sheets as antibiotic carriers 

could potentially enable sustained and localised delivery at infection sites. 
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4.1.2 Biotoxin adsorption 

Tissue accumulation of endogenous biological metabolites and exogenous microbial 

toxins presents key challenges for the effective management of diseases particularly 

those complicated by systemic inflammation and/or organ dysfunction such as 

kidney failure, liver failure and sepsis. Extracorporeal blood purification (EBP) has 

been proposed to enable non-specific removal of bacterial toxins and/or 

inflammatory mediators in order to modify the exacerbated host immune response 

and improve clinical outcomes (226). Extracorporeal blood purification (EBP) 

therapies are generally categorised under HD, HF, plasma exchange and 

haemoperfusion (226, 230). In recent times, haemoperfusion has gained attention 

over the other techniques owing to potential benefits of superior biotoxin removal, 

cost efficiency and better patient well-being (230). Due to their large surface area 

and high porosity, activated carbons are often used for adsorption applications. 

However, the majority of activated carbon sorbents are limited by microporosity, 

poorly tunable properties and restricted accessible surface area leading to inefficient 

removal of protein bound and high molecular weight toxins (546, 547). Synthetic 

activated carbons with internal nanoporosity in addition to carbide derived carbon 

adsorbents which have significant capacity for adsorption of high molecular weight 

cytokines have been developed (181, 546-550). However, reliance on internal 

porosity may limit available adsorptive surface area due to pore blockage as well as 

slow kinetics which prolong sorption time (401, 546). Nanomaterials such as the two-

dimensional graphenes and MXenes, where adsorptive surface area is external, may 

overcome these particular limitations although further challenges exist in 

nanoparticle retention within a device whilst still maintaining exposed available 

surface area. 

 

Graphenes and MXenes have distinctive physicochemical properties and no direct 

comparison of the impact of these differences on resultant biochemical properties 

has been undertaken. Both are characterised by large surface areas and fast mobility 

which make them ideal candidates for rapid and cost-effective adsorption of 

biotoxins (40, 551). However, they have variable surface chemistry which is likely to 
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have a distinctive impact on the adsorption of biologically active molecules although 

this is yet to be investigated. Because of their two-dimensional morphology, 

graphene and MXene sheets have broad surfaces which enhance molecular 

interactions, on either side, during adsorption (552). Graphenes have been shown to 

interact with the functional groups of contaminants via π-π stacking, hydrogen 

bonding, electrostatic and hydrophobic interactions (551, 553). In addition, oxidation 

of graphene, as is the case for GO, has been shown to greatly enhance adsorptive 

capacity for polar contaminants via electrostatic attraction (552). However, it is not 

yet known how oxidation of graphene would impact its adsorption properties for 

different biotoxins.  

 

Apart from their large surface area, the hydrophilic character and rich surface 

chemistry of MXenes make them useful for adsorption in a way that is likely to be 

distinctive from the carbons which interact predominantly through hydrophobic 

interactions (554). The layered morphology of ML-MXene suggests potential for 

intercalation of drugs and low molecular weight biotoxins such as urea for drug 

delivery and extracorporeal purification applications respectively. However, stacking 

of ML-MXene sheets may decrease accessible surface area for adsorption of high 

molecular weight biotoxins. It was anticipated that the exfoliation of ML-MXene to 

single DL-MXene sheets and the resultant increase in negative surface charge and 

surface area, as shown in Chapter 2, would translate to greater capacity for molecular 

interactions with biotoxins and higher adsorptive performance. Investigations 

regarding the remediation potential of graphenes (555-558) and MXenes (68, 393, 

554) have mainly focused on environmental contaminants. Studies on the potential 

of graphenes for modulating contamination in biological tissues are limited (559); no 

such comparative studies exist for MXenes. Also, the impact of MXene properties 

(e.g. multilayer vs delaminated) on biotoxin adsorption is yet to be investigated. 

 

4.2 Aim 

Effective biotoxin removal from body tissues is currently limited by several challenges 

including inadequate clearance of high molecular weight and protein bound toxins 
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which contribute to high mortality rates in chronic diseases, and slow kinetics of 

currently available adsorbents. In addition, rising incidence of bacterial resistance to 

antibiotics has complicated infection control strategies. As graphenes and Ti3C2 

MXenes are characterised by planar sheets, large surface areas and high chemical 

reactivities, it is hypothesised that these nanomaterials could be used to remove 

biological toxins and inhibit bacterial viability. It was also hypothesised that ML-

MXene could be used to intercalate antibiotics for drug delivery owing to its layered 

morphology and large surface area. This application has not been investigated 

previously. The aim of the research presented in this chapter was to assess the 

antibacterial performance of the graphene and Ti3C2 MXene variants and removal of 

biotoxins by these nanomaterials. ML-MXene potential to intercalate antibiotics for 

sustained drug release was also evaluated. This was achieved through the following: 

 

1. Identification of changes in bacterial viability in response to treatment with 

GNP, GO, GO-Ag, ML-MXene and DL-MXene. E. coli and S. aureus were 

selected as representative organisms for Gram-negative and Gram-positive 

bacteria respectively. 

2. Investigation of differences in biotoxin adsorption by GNP, GO, GO-Ag, ML-

MXene and DL-MXene using variable low to high molecular weight pro-

inflammatory cytokines (IL-8, IL-6 and TNF-α) as size markers.  

3. Examination of the impact of GNP, GO, ML-MXene and DL-MXene on cellular 

cytokine production using an in vitro cell model of LPS-stimulated THP-1 

monocytes. 

4. Assessment of the bactericidal activity of antibiotic-loaded ML-MXene sheets 

against E. coli and S. aureus. This was done to evaluate the drug delivery 

potential of ML-MXene by measuring retention of antibacterial activity 

following intercalation of antibiotics into its multilayer structure. The broad-

spectrum antibiotic, tetracycline, was used as a representative antibiotic. 
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4.3 Materials and Methods 

4.3.1 Materials 

 Escherichia coli (Public Health England NCTC 8196, UK) 

 Staphylococcus aureus (Public Health England NCTC 10788, UK) 

 Nutrient agar (Oxoid CM0003, UK) 

 Nutrient broth (Oxoid CM0129, UK) 

 Tryptone soya broth (TSB) (Oxoid CM0131, UK) 

 Phosphate buffered saline (PBS) (Oxoid BR0014, UK) 

 Tryptone soya agar (Oxoid CM0001, UK) 

 Silver nanopowder (<150 nm size) (Sigma Aldrich 484059, UK) 

 BacTiter-Glo Microbial Cell Viability Assay kit (Promega Corporation G8231, 

UK) 

 Sodium cacodylate (Agar Scientific R1104, UK) 

 Glutaraldehyde (Agar Scientific R1311, UK) 

 Ethanol (Fisher Scientific E/0650DF/17, UK) 

 Sodium chloride (Fisher Scientific S/3160/63, UK) 

 Live/Dead BacLight Bacterial Viability Assay kit (Fisher Scientific L7007, UK) 

 Methanol (Thermo Fisher Scientific M/4056/17, UK) 

 Tetracycline hydrochloride (Fisher Scientific BP912-100, UK) 

 Mueller-Hinton broth (Oxoid CM0405, UK) 

 Mueller-Hinton agar (Oxoid CM0337, UK) 

 Filter discs (Whatman Grade AA; GE Healthcare 2017-006, UK) 

 Bovine serine albumin (Sigma Aldrich A7906, UK) 

 Fresh frozen human plasma (Plasma Biological Services Incorporated 

C14MTN7P71001, USA) 

 Recombinant IL-6 (BD Pharmingen 550071, UK)  

 Recombinant IL-8 (BD Pharmingen 554609, UK)  

 Recombinant TNF-α (BD Pharmingen 554618, UK) 

 High affinity binding 96-well plate for enzyme-linked immunosorbent assay 

(ELISA) (Fisher Scientific 95029330, UK) 
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 IL-6 ELISA kit (BD OptEIA 555220, UK) 

 IL-8 ELISA kit (BD OptEIA 555244, UK)  

 TNF-α ELISA kit (BD OptEIA 555212, UK)  

 Substrate reagent (BD Opteia 555214, UK) 

 Sulphuric acid (Fisher Scientific S/9240/PB17, UK) 

 RPMI-1640 Medium (Gibco 11875-093, UK) 

 Fetal Bovine Serum (Sigma Aldrich F0804, UK) 

 Lipopolysaccharide from E. coli O55:B5 (Sigma Aldrich L6529, UK) 

 Fluorescein isothiocyanate (FITC) Annexin V Apoptosis Detection Kit I (BD 

Biosciences 556547, UK) 

 Pierce Chromogenic Endotoxin Quant Kit (Fisher Scientific A39552, UK) 

 Pyrogen-free 96-well plate (Sigma Aldrich CLS3595, UK) 

 Pyrogen-free flint glass test tubes (Lonza N201, USA) 

 Tissue culture treated plates (Fisher Scientific Nunc, UK) 

  

4.3.2 Antibacterial activity of the nanomaterials 

4.3.2.1 Bacterial culture conditions 

All experiments were carried out under aseptic conditions. Escherichia coli and 

Staphylococcus aureus strains were prepared from frozen glycerol stocks by streaking 

onto nutrient agar plates to isolate individual colonies. Liquid cultures were prepared 

by inoculating a single colony in 10 mL of tryptone soya broth (TSB) for E. coli or 

nutrient broth for S. aureus. The suspensions were incubated at 37 °C for 13 - 16 

hours with shaking at 120 rpm. Bacterial concentrations were expressed as colony 

forming units (CFU) per mL. 

 

4.3.2.2 Bacterial viability measured using colony counts 

Overnight cultures (~109 CFU/mL) were centrifuged at 4000 g for 10 minutes. The 

pellet was resuspended in PBS and diluted 1:1000 with PBS to 106 CFU/mL. 1 mg/mL 

aqueous nanomaterial suspensions were sonicated for 30 minutes and diluted in PBS 
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to 0.25 mg/mL. 0.25 mL of each nanomaterial suspension was incubated with 0.25 

mL of the bacterial suspension at 37 °C for 4 hours with shaking at 120 rpm. AgNP 

was included as a positive control. After incubation, each suspension was serially 

diluted in PBS. 0.1 mL aliquots of the dilutions were spread on tryptone soya agar 

plates and incubated at 37 °C for 16 hours. Resulting colonies were counted with a 

colony counter and the bacterial concentration was expressed as colony forming 

units per mL (CFU/mL) using Equation 4.1. Bacterial viability was calculated using 

Equation 4.2. 

 

 
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝐶𝐹𝑈/𝑚𝐿) =

𝑀𝑒𝑎𝑛 𝑐𝑜𝑙𝑜𝑛𝑦 𝑐𝑜𝑢𝑛𝑡 × 𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑠𝑢𝑠𝑝𝑒𝑛𝑠𝑖𝑜𝑛
 4.1 

 
𝐵𝑎𝑐𝑡𝑒𝑟𝑖𝑎𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) =

𝑀𝑒𝑎𝑛 𝑐𝑜𝑢𝑛𝑡 𝑜𝑓 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠

𝑀𝑒𝑎𝑛 𝑐𝑜𝑢𝑛𝑡 𝑜𝑓 𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠
 × 100% 4.2 

 

Following on from results on the antibacterial activity of the nanomaterials, the 

impact of GO and GO-Ag on bacterial viability was investigated over a concentration 

range of 12.5 - 200 µg/mL. 0.25 mL of the bacterial suspension (108 CFU/mL) was 

incubated with 0.25 mL of the nanomaterial suspension at 37 °C for 4 hours with 

shaking at 120 rpm. AgNP was also included as a positive control. Serial dilutions of 

each suspension were plated and bacterial viability was calculated using Equation 

4.2. 

 

4.3.2.3 Bacterial viability measured using the ATP assay 

The ATP assay was used to investigate the impact of GO and GO-Ag on the metabolic 

activity of bacteria as a marker for bacterial viability. 0.25 mL of the bacterial 

suspension (108 CFU/mL) was incubated with 0.25 mL of each nanomaterial 

suspension at 37 °C for 4 hours with shaking at 120 rpm. AgNP was also included as 

a positive control. After incubation, 0.1 mL of each suspension was transferred in 

triplicate to a white-walled 96-well plate after which 0.1 mL of BacTiter-Glo reagent 

was added. The plate was shaken at 200 rpm for 5 minutes and incubated at room 

temperature for 5 minutes. Luminescence was measured with a luminometer (BMG 
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Labtech LUMIstar Optima, UK) at an emission gain of 3000. Bacterial viability was 

calculated using Equation 4.3 - A is the luminescence of untreated bacteria, B is the 

luminescence of treated bacteria and C is the luminescence of the assay medium. 

 

 
𝐵𝑎𝑐𝑡𝑒𝑟𝑖𝑎𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) =

𝐴 − 𝐶 

𝐵 − 𝐶
 × 100% 4.3 

 

Particle controls - nanomaterial suspensions diluted 1:2 with PBS and incubated 

under identical conditions as the test samples - were also included to investigate 

nanomaterial interference.  

 

4.3.2.4 Bacterial viability measured using the Live/Dead assay 

The Live/Dead assay was used to investigate the effect of GO and GO-Ag on bacterial 

membrane integrity as an indicator of bacterial viability. 0.25 mL of the bacterial 

suspension (108 CFU/mL) was incubated with 0.25 mL of each nanomaterial 

suspension at 37 °C for 4 hours with shaking at 120 rpm. AgNP was also included as 

a positive control. After incubation, each suspension was centrifuged at 4000 g for 

10 minutes and the pellet was resuspended in 1 mL of a 0.85% sodium chloride 

solution. The Live/Dead BacLight reagent was reconstituted by combining equal 

volumes of both dye components (SYTO 9 and propidium iodide). 3 µL of the dye 

mixture was added to each suspension which was then mixed and incubated at room 

temperature for 15 minutes in the dark. Afterwards, the stained suspensions were 

centrifuged at 4000 g for 10 minutes and 940 µL of the supernatant was discarded to 

obtain a concentrated suspension. The pellet was resuspended in the residual dye 

solution (60 µL) and 5 µL of the suspension was trapped between a glass slide and an 

18 mm coverslip. Fluorescence images were captured using a confocal laser scanning 

microscope (Leica SP5, UK) with excitation/emission wavelengths at 488/500 nm and 

543/635 nm for SYTO 9 and propidium iodide respectively. 
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4.3.2.5 Scanning electron microscopy 

Scanning electron microscopy was used to examine the impact of GO and GO-Ag on 

bacterial morphology. 0.25 mL of the bacterial suspension (108 CFU/mL) was 

incubated with 0.25 mL of each nanomaterial suspension at 37 °C for 4 hours with 

shaking at 120 rpm. AgNP was also included as a positive control. After incubation, 

each suspension was centrifuged at 4000 g for 10 minutes. The pellet was 

resuspended in 1 mL of sodium cacodylate buffer (pH 7.28) for 5 minutes. Afterwards, 

the suspension was centrifuged and the pellet was resuspended in 1 mL of a 2.5% 

solution of glutaraldehyde in sodium cacodylate buffer (fixative) for 1.5 hours. The 

suspension was centrifuged and the pellet was resuspended in 1 mL of fixative for 

another 5 minutes. The suspension was centrifuged and the pellet was sequentially 

dehydrated in 1 mL of 25%, 50%, 75% and 100% ethanol for 10 minutes. Each 

dehydration step was accompanied with centrifugation. The pellet was resuspended 

again in 1 mL of 100% ethanol for 10 minutes and centrifuged. Finally, the pellet was 

resuspended in 50 µL of 100% ethanol to obtain a concentrated suspension. 

Carbon tabs were mounted on aluminium SEM stubs and the top adhesive layers 

were cleaned off using methanol-soaked paper towels. The stubs were dried in the 

hood for complete evaporation of residual methanol. The adhesive-stripped SEM 

stubs were coated with 30 µL of the bacterial suspension (10 µL x 3 stages), allowing 

complete ethanol evaporation from the stubs between coating stages. After the final 

coating, the stubs were dried in the fume hood for 10 minutes. For imaging, the stubs 

were coated with a 4 nm layer of platinum using a sputter coater (Quorum 

Technologies QT150ES, UK). Bacterial morphology was acquired with a field emission 

gun scanning electron microscope (Carl Zeiss SIGMA, UK) operating at an accelerating 

voltage of 5 kV. 
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4.3.3 Antibacterial activity of tetracycline-loaded ML-MXene (MXene-Tet) 

4.3.3.1 Synthesis of MXene-Tet 

50 mg of ML-MXene was incubated with 10 mL of aqueous tetracycline hydrochloride 

solution (1 mg/mL) overnight (⁓21 hours) in the dark at room temperature while 

stirring at 300 rpm. The suspension was centrifuged at 3500 rpm for 5 minutes and 

the resulting MXene-Tet pellet was vacuum dried in a desiccator for 2 days.  

 

4.3.3.2 Minimum inhibitory concentration (MIC) of tetracycline 

This was carried out following a protocol adapted from Andrews (560). 2 mL of E. coli 

and S. aureus overnight cultures (~109 CFU/mL) in TSB were centrifuged at 4000 g for 

10 minutes. Each bacterial pellet was resuspended in 2 mL of TSB and diluted 1:1000 

with TSB to 106 CFU/mL. 75 µL of the bacterial suspensions was incubated with 75 µL 

of tetracycline dilutions in TSB over a concentration range of 0.125 – 128 µg/mL in a 

96-well plate at 37 °C for 24 hours. Absorbance was measured at 600 nm with a 

microplate reader (Synergy Biotek HT, UK). The lowest concentration at which 

tetracycline inhibited bacterial growth, evidenced by a similar absorbance to 

uninoculated media, was noted as the MIC.  

 

4.3.3.3 Impact of MXene-Tet on bacterial growth kinetics 

Overnight cultures were centrifuged at 4000 g for 10 minutes. The pellet was 

resuspended in Mueller-Hinton broth (MHB) and diluted 1:10 with MHB to 108 

CFU/mL. Adsorption isotherms had predicted tetracycline loading on MXene-Tet to 

be 90 µg/mg (i.e. 1 mg tetracycline/11.11 mg MXene-Tet) and a cumulative release 

of ⁓50% over 100 hours (Appendix 8). Hence, the MXene-Tet concentration for 

antibacterial activity experiments was doubled to account for 50% drug release. 0.1 

mL of ML-MXene (22.22 mg/mL), MXene-Tet (22.22 mg/mL) and tetracycline (1 

mg/mL) suspensions in MHB were added to 10 mL of MHB in 50 mL tubes to achieve 

final tetracycline concentrations of 10 µg/mL. 0.1 mL of each bacterial suspension 

was added to the respective tubes at a final concentration of 106 CFU/mL. The tubes 
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were incubated at 37 °C for 48 hours whilst shaking at 120 rpm. At 3, 6, 24 and 48 

hours, the absorbance of the bacterial suspension was measured at 600 nm. 

 

4.3.3.4 Impact of MXene-Tet on bacterial growth measured using disc diffusion 

This was carried out in accordance with the guidelines of the European Committee 

on Antimicrobial Susceptibility Testing (561). Overnight cultures (⁓109 CFU/mL) were 

centrifuged at 4000 g for 10 minutes. The bacterial pellets were resuspended in PBS 

and diluted 1:10 with PBS to 108 CFU/mL. Each bacterial suspension was spread on 

Mueller-Hinton agar (MHA) plates, at 3 different angles, to create a lawn. Filter discs 

were briefly immersed in the test suspensions (ML-MXene and MXene-Tet – 100 

mg/mL; tetracycline – 10 mg/mL) in MHB and gently pressed onto the bacterial lawn. 

Plates were incubated at 37 °C for 20 hours after which inhibition zones were 

measured at 3 different angles. 

 

4.3.4 Cytokine adsorption 

4.3.4.1 Kinetics of adsorption from plasma 

5 mg of GNP, GO, GO-Ag, ML-MXene and DL-MXene were each pre-wetted in 1 mL 

of PBS overnight with shaking at 120 rpm to equilibrate the materials and remove 

surface contaminants. The suspension was centrifuged at 14,000 rpm for 5 minutes 

and the supernatant was discarded. Lyophilised cytokines were reconstituted in a 1 

mg/mL bovine serum albumin (BSA) solution in sterile PBS and stored at -80 °C. Fresh 

frozen human plasma was spiked with IL-8 (8 kDa), IL-6 (23 kDa) and TNF-α (51 kDa), 

at 1000 pg/mL to simulate physiological cytokine levels in sepsis (562-565). Each 

nanomaterial was incubated with 1 mL of cytokine spiked plasma at 37 °C, 120 rpm 

for 5, 15, 30, 60 and 120 minutes. Spiked plasma without adsorbent was included as 

a negative control. At each time point, the suspensions were centrifuged at 14,000 

rpm for 5 minutes and plasma supernatants were stored at -20 °C. 

Residual cytokine concentrations in plasma supernatants were measured using IL-6, 

IL-8 and TNF-α ELISA kits following the manufacturer’s protocols. 96-well ELISA plates 
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were coated with 0.1 mL of capture antibody diluted in coating buffer and incubated 

overnight at 4 °C. The plate wells were washed three times with 0.3 mL of wash buffer 

and blocked with 0.2 mL of assay diluent for 1 hour at room temperature. The plate 

wells were then washed three times with wash buffer. Cytokine standards were 

prepared by serially diluting the top cytokine concentrations (1:1) with assay diluent 

(IL-6 - 300 pg/mL; IL-8 - 200 pg/mL; TNF-α - 500 pg/mL). Plasma supernatants were 

diluted with assay diluent (IL-6 - 1:5; IL-8 - 1:6; TNF-α - 1:4) to keep concentrations 

within the range of the standard curve. 0.1 mL of the standards and samples were 

added to the wells and incubated at room temperature for 2 hours. The plate wells 

were washed five times with wash buffer. 0.1 mL of working detector solution 

(detector antibody + streptavidin horseradish peroxidase) was added and the plate 

was incubated for 1 hour at room temperature. The plate wells were then washed 

seven times with wash buffer with soaking for 1 minute after each wash. 0.1 mL of 

substrate reagent was added to each well and then the plate was incubated for 30 

minutes in the dark. 50 µL of 1M sulphuric acid was added to each well to stop the 

reaction. The plates were sealed throughout incubation except for the final reaction 

with substrate reagent. Also, the plates were blotted dry with absorbent paper after 

each washing stage to remove residual buffer. Absorbance was read at 450 nm with 

a microplate reader (Biotek Synergy HT, UK). Cytokine concentrations were 

extrapolated from the respective standard curve (Appendix 9). 

 

4.3.4.2 Effect of nanomaterial mass on cytokine adsorption from plasma 

The effect of nanomaterial mass and variations in adsorptive capacity was 

investigated at high (5 – 100 mg) and low (0.1 – 5 mg) mass ranges. Pre-wetted GNP, 

GO, ML-MXene and DL-MXene were each incubated with 1 mL of cytokine spiked 

plasma (1000 pg/mL) at 37 °C and 120 rpm. For GO and DL-MXene, the largest mass 

tested was 50 mg. An end point of 4 hours was selected to simulate haemodialysis 

durations (566, 567). Residual cytokine concentrations in plasma supernatants were 

measured with ELISA. 
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4.3.4.3 Effect of nanomaterial mass on cytokine adsorption from cell culture media 

Pre-wetted GNP, GO, ML-MXene and DL-MXene (5 – 100 mg) were each incubated 

with 1 mL of cytokine spiked RPMI 1640 media (containing 10% FBS) at 37 °C and 120 

rpm for 4 hours. The largest mass tested for GO and DL-MXene was 50 mg. Residual 

cytokine concentrations in media supernatants were measured with ELISA. 

 

4.3.5 Modelling cytokine adsorption using an in vitro model of inflammation 

4.3.5.1 LPS stimulation of THP-1 monocytes 

THP-1 cells were seeded at 5 x 105 cells in 1 mL of media and incubated with LPS (10 

– 2000 ng/mL) at 37 °C for 24 hours. Cytokine concentrations in media supernatants 

were measured with ELISA. THP-1 cell viability after LPS stimulation was investigated 

using the FITC Annexin V Apoptosis Detection Kit I. Cells were washed two times with 

PBS and resuspended in 0.5 mL of binding buffer. 0.1 mL of the cell suspensions were 

incubated with FITC Annexin V and propidium iodide (5 µL each) at room 

temperature for 15 minutes in the dark. 0.4 mL of binding buffer was added to each 

tube and the cells were analysed with a flow cytometer at a flow rate of 33 

µL/minute. The forward scatter threshold was set to 200,000 and 20,000 events were 

collected for each sample. Unstained cells and single stained cells were included as 

compensation controls. 

 

LPS stimulation of cytokine production in THP-1 cells was also studied over time. Cells 

were seeded as above and spiked with LPS (2000 ng/mL) for 48 hours. At 2, 4, 8, 24 

and 48 hours, supernatants were collected and cytokine concentrations were 

measured with ELISA. 

 

4.3.5.2 Nanomaterial impact on THP-1 cytokine production   

THP-1 cells were seeded at 5 x 105 cells in 0.5 mL of media and incubated with LPS 

(2000 ng) at 37 °C for 1 hour. 0.5 mL of GNP, GO, ML-MXene and DL-MXene 

suspensions in media were added to the cells at a final concentration of 12.5 mg/mL 
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and incubated at 37 °C. At total incubation times of 2, 4, 8 and 24 hours, supernatants 

were collected and cytokine concentrations were measured with ELISA. 

 

Nanomaterial impact on THP-1 cytokine production was also investigated at lower 

concentrations. 0.5 mL of GO and DL-MXene suspensions in media were added to 

LPS-stimulated THP-1 cells at final concentrations of 0.2 and 1 mg/mL and incubated 

at 37 °C. At total incubation times of 2, 4, 8 and 24 hours, supernatants were collected 

and cytokine concentrations were measured with ELISA. 

 

4.3.5.3 LPS adsorption by the nanomaterials  

Pre-wetted GNP, GO, ML-MXene and DL-MXene (12.5 mg) were each incubated with 

1 mL of LPS spiked cell culture media (2000 ng/mL) at 37 °C and 120 rpm for 24 hours. 

Residual LPS concentrations in media supernatants were measured with the limulus 

amebocyte lysate (LAL) assay using the PierceTM Chromogenic Endotoxin Quant Kit 

following the manufacturer’s protocol. All materials used were pyrogen-free to 

prevent endotoxin contamination.  

The 96-well plate was kept in a heating block at 37 °C throughout the experiment. 

The endotoxin standard was reconstituted to 10 EU/mL with endotoxin-free water 

(EFW) (supplied with the kit) in flint glass test tubes, vortexed for 15 minutes and 

diluted with EFW to a range of 0.1 – 1 EU/mL. The samples were diluted 1:10 with 

EFW to achieve a final serum concentration of 1% in order to minimise assay 

interference. 50 µL of the standards, samples and blank (EFW) were added to the 

wells in duplicate. 50 µL of reconstituted LAL reagent was added per well, the plate 

was gently tapped to mix contents and incubated for 14 minutes. 0.1 mL of pre-

warmed reconstituted chromogenic substrate solution was added to each well, the 

plate was gently tapped to mix contents and incubated for another 6 minutes. 50 µL 

of 25% acetic acid was added to each well to stop the reaction. The plate was gently 

tapped to mix contents and absorbance was read at 405 nm using a microplate 

reader (Biotek Synergy HT, UK).  
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4.3.6 Statistical analysis 

Experimental data were processed using GraphPad Prism version 7.0e software 

(GraphPad Software Inc., USA). Data were expressed as mean ± SEM of 3 

independent experiments. Images were representative of the experimental group. 

Statistical analysis was carried out using GraphPad Prism 7. Differences between 

means were evaluated using one- or two-way ANOVA, where applicable, and 

Dunnett or Tukey post hoc tests unless otherwise stated. P values less than 0.05 were 

considered statistically significant. 

 

4.4 Results 

4.4.1 Antibacterial activity of the nanomaterials 

4.4.1.1 Bacterial viability measured using colony counts 

On exposure to the nanomaterials at a concentration of 125 µg/mL, no significant 

effect on E. coli viability was observed for GNP, GO, ML-MXene and DL-MXene 

(p>0.05) in comparison to GO-Ag and AgNP where bacterial viability was completely 

inhibited (p<0.0001) (Figure 4.2).    

 

 

Figure 4.2 E. coli viability from colony counts after 4-hour incubation with GNP, GO, 

GO-Ag, ML-MXene, DL-MXene and AgNP (125 µg/mL) (n =3, mean ± SEM). Data 
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were analysed using one-way ANOVA and a Dunnett post hoc test by comparing 

treated bacteria to untreated bacteria (****p<0.0001). 

 

Subsequent investigations over a concentration range of 12.5 – 200 µg/mL revealed 

that at concentrations of 50 µg/mL and above, a significant concentration-dependent 

reduction in E. coli viability was observed after exposure to GO-Ag (p<0.0001) and 

AgNP (p<0.05) (Figure 4.3). At 50 µg/mL, GO-Ag induced a 97% reduction in E. coli 

viability which was higher than the 44% reduction induced by AgNP. GO did not 

significantly impact E. coli viability between 12.5 – 200 µg/mL (p>0.05).  

 

 

Figure 4.3 E. coli viability from colony counts after 4-hour incubation with GO, GO-

Ag and AgNP at 12.5 – 200 µg/mL (n = 3, mean ± SEM). Data were analysed using 

two-way ANOVA and a Dunnett post hoc test to compare treated bacteria to 

untreated bacteria (*p<0.05, ****p<0.0001).   

 

GO-Ag and AgNP induced a significant reduction in S. aureus viability at a 

concentration of 125 µg/mL (p<0.05) (Figure 4.4). GNP, GO and ML-MXene did not 

significantly impact S. aureus viability at the same concentration (p>0.05). S. aureus 

viability was significantly increased upon exposure to DL-MXene (p<0.05) which 
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exceeded the viability of untreated and ML-MXene-treated bacteria by 182% and 

189% respectively. 

 

 

Figure 4.4 S. aureus viability from colony counts after 4-hour incubation with GNP, 

GO, GO-Ag, ML-MXene, DL-MXene and AgNP (125 µg/mL) (n = 3, mean ± SEM). Data 

were analysed using one-way ANOVA and a Dunnett post hoc test by comparing 

treated bacteria to untreated bacteria. DL-MXene was directly compared to 

untreated bacteria using a two-tailed t-test (*p<0.05). 

 

The results for S. aureus were less consistent (Figure 4.5). GO did not significantly 

impact S. aureus viability (p>0.05) but results showed greater variability with an 

increase in bacterial viability from 45% to 71% as GO concentration increased from 

12.5 to 200 µg/mL. GO-Ag reduced S. aureus viability to a consistently low level across 

all concentrations investigated (<51%). No significant difference in GO-Ag 

antibacterial activity was observed across the concentration range used (p>0.05) 

when compared to the negative untreated bacteria control. A concentration-

dependent mean reduction in S. aureus viability was observed for AgNP at 

concentrations beyond 12.5 µg/mL. A significant reduction in S. aureus viability was 

observed at a concentration of 200 µg/mL (p<0.05). 
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Figure 4.5 S. aureus viability from colony counts after 4-hour incubation with GO, 

GO-Ag and AgNP at 12.5 – 200 µg/mL (n = 3, mean ± SEM). Data were analysed using 

two-way ANOVA and a Dunnett post hoc test to compare treatment groups 

(*p<0.05). 

 

4.4.1.2 Bacterial viability measured using the ATP assay 

ATP assay results for E. coli reflected those from the colony count (Figure 4.6). GO-

Ag induced a significant concentration-dependent reduction in E. coli viability at 

concentrations of 25 µg/mL and above (p<0.0001). E. coli viability significantly 

increased after exposure to AgNP at 12.5 and 25 µg/mL (p<0.05) but this was 

followed by a significant concentration-dependent reduction at higher 

concentrations (p<0.01). GO significantly decreased E. coli viability at concentrations 

above 50 µg/mL and above (p<0.01).  
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Figure 4.6 E. coli viability from the ATP assay after 4-hour incubation with GO, GO-

Ag and AgNP at 12.5 – 200 µg/mL (n = 3, mean ± SEM). Data were analysed using 

two-way ANOVA and a Dunnett post hoc test by comparing treated bacteria to 

untreated bacteria (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). 

 

The ATP assay results for S. aureus reflected those from the colony count in some 

respects (Figure 4.7). AgNP significantly reduced S. aureus viability at concentrations 

above 25 µg/mL (p<0.05). The results for GO-Ag were highly variable and indicated 

no significant impact on S. aureus viability after incubation primarily due to the large 

SEM values. GO did not induce a significant effect on S. aureus viability within the 

concentration range of 12.5 – 200 µg/mL (p>0.05). 
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Figure 4.7 S. aureus viability from the ATP assay after 4-hour incubation with GO, 

GO-Ag and AgNP at 12.5 – 200 µg/mL (n = 3, mean ± SEM). Data were analysed using 

two-way ANOVA and a Dunnett post hoc test by comparing treated bacteria to 

untreated bacteria (*p<0.05). 

 

GO, GO-Ag and AgNP produced a negligible change in luminescence signal (<15 units) 

after incubation with the BacTiter-Glo reagent alone (Figure 4.8). This ruled out 

luminescence production by the nanomaterials in the absence of bacteria. 

 

   

Figure 4.8 Nanomaterial interference with the ATP assay (n = 3, mean ± SEM). The 

control was PBS incubated with BacTiter-Glo reagent. 
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4.4.1.3 Bacterial viability measured using the Live/Dead assay 

Confocal images from the Live/Dead assay after 4-hour incubation of GO, GO-Ag and 

AgNP with E. coli are shown in Figure 4.9. SYTO 9 was taken up by live bacteria which 

then fluoresced green whilst propidium iodide was able to pass across the 

compromised membranes of dead bacteria and produced a red fluorescence. 

Bacteria which stained positive for both dyes produced an orange fluorescence 

indicating initiation of plasma membrane damage. E. coli incubated with GO 

fluoresced green as shown in Figure 4.9a which indicated that the bacteria had intact 

plasma membranes and were viable. Figure 4.9b showed a mixture of green, red and 

orange fluorescence signals was produced by E. coli incubated with GO-Ag which was 

indicative of a mixed population of live and dead bacteria. After exposure of E. coli 

to AgNP, bacterial cells stained red with propidium iodide were observed in Figure 

4.9c which indicated that membrane damage had occurred. Untreated E. coli 

produced green fluorescence which was indicative of bacterial viability (Figure 4.9d). 
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Figure 4.9 Confocal microscopy images showing E. coli viability after 4-hour 

incubation with GO (a), GO-Ag (b) and AgNP (c), untreated E. coli (d). Bacteria were 

stained with SYTO 9 and propidium iodide - the green spots represent live cells, red 

spots represent dead cells and yellow spots, a combination of both dyes. Scale bar = 

25 µm. 

 

Confocal images from the Live/Dead assay after 4-hour incubation of GO, GO-Ag and 

AgNP with S. aureus are shown in Figure 4.10. After incubation with GO, S. aureus 

produced green fluorescence which was indicative of bacterial viability (Figure 

4.10a). Following exposure of S. aureus to GO-Ag, both green and red fluorescence 

signals were detected in Figure 4.10b which indicated that membrane damage was 

induced to some extent. As with E. coli, incubation of S. aureus with AgNP produced 

red fluorescence however the signal quickly faded and could not be captured by the 
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camera (Figure 4.10c). Untreated S. aureus fluoresced green which indicated 

membrane integrity (Figure 4.10d). 

 

 

Figure 4.10 Confocal microscopy images showing S. aureus viability after 4-hour 

incubation with GO (a), GO-Ag (b) and AgNP (c), untreated S. aureus (d). Bacteria 

were stained with SYTO 9 and propidium iodide - the green spots represent live cells 

and red spots represent dead cells. Scale bar = 25 µm. 

 

4.4.1.4 Scanning electron microscopy 

Scanning electron micrographs showing E. coli morphology after 4-hour incubation 

with GO, GO-Ag and AgNP are presented in Figure 4.11. Black arrows were used to 

indicate bacterial cells while AgNP was denoted by red arrows. Figure 4.11a showed 
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that E. coli were tightly enclosed by GO sheets. Similarly, GO-Ag sheets were closely 

wrapped around E. coli (Figure 4.11b). Clusters of AgNP attached to the surface of E. 

coli were observed in Figure 4.11c. The characteristic rod-like morphology of E. coli 

was more noticeable in untreated E. coli (Figure 4.11d). 

 

 

Figure 4.11 SEM images showing E. coli morphology after 4-hour incubation with 

GO (a), GO-Ag (b) and AgNP (c), untreated E. coli (d). Scale bar = 1 µm. All images 

were captured at a magnification of 40 kX. The black and red arrows represent 

bacterial cells and AgNP respectively. 

 

Scanning electron micrographs showing S. aureus morphology after 4-hour 

incubation with GO, GO-Ag and AgNP are presented in Figure 4.12. Bacterial cells 

were denoted by black arrows while red arrows were used to indicate AgNP. Similar 

to E. coli, S. aureus sheets were tightly enclosed by GO (Figure 4.12a) and GO-Ag 

sheets (Figure 4.12b). Tiny particles (denoted by red circles), previously identified 

from EDS as silver in Chapter 2, were clearly visible on the GO-Ag sheets. AgNP was 



 

166 
 

aggregated into clusters on the surface of S. aureus (Figure 4.12c). Untreated S. 

aureus had the typical round shape of cocci bacteria (Figure 4.12d). 

 

 

Figure 4.12 SEM images showing S. aureus morphology after 4-hour incubation 

with GO (a), GO-Ag (b) and AgNP (c), untreated S. aureus (d). Scale bar = 1 µm. All 

images were captured at a magnification of 40 kX. The black and red arrows 

represent bacterial cells and AgNP respectively while the red circles indicate the 

immobilised silver nanoparticles on GO-Ag. 

 

4.4.2 Antibacterial activity of MXene-Tet 

4.4.2.1 MIC of tetracycline 

The MIC is described by Andrews (560) as the lowest concentration of an 

antimicrobial agent that inhibits observable microbial growth following overnight 

incubation. The MIC of tetracycline was calculated for both Gram-negative E. coli and 

Gram-positive S. aureus in order to inform the concentration used for ML-MXene 

loading with antibiotic. The dose response plot for E. coli is shown in Figure 4.13a 
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while that of S. aureus is shown in Figure 4.13b. Both bacteria were sensitive to 

tetracycline with an MIC of 2 µg/mL for E. coli and 0.5 µg/mL for S. aureus. A greater 

sensitivity was shown by S. aureus. 

 

 

  

Figure 4.13 MIC of tetracycline against E. coli (a) and S. aureus (b). Data were 

analysed using one-way ANOVA and a Dunnett post hoc test by comparing treated 

bacteria to untreated bacteria (****p<0.0001).  

 

4.4.2.2 Impact of MXene-Tet on bacterial growth kinetics 

The growth curve data for tetracycline loaded ML-MXene (MXene-Tet) (1 mg 

tetracycline loading/11.11 mg ML-MXene) matched that of tetracycline alone with 
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complete inhibition of E. coli growth over 24 hours (p<0.0001) (Figure 4.14). In 

contrast, ML-MXene alone did not inhibit E. coli growth with growth kinetics 

matching those of the negative control (p>0.05).   

 

 

Figure 4.14 E. coli growth kinetics over 48-hour incubation with ML-MXene, MXene-

Tet and tetracycline (mean ± SEM, n = 3). Data were analysed using one-way ANOVA 

and a Dunnett post hoc test by comparing treated bacteria to untreated bacteria 

(**p<0.01, ****p<0.0001). 

 
MXene-Tet induced a significant impact on S. aureus growth demonstrated by 

complete inhibition of growth over 24 hours (p<0.0001) which was similar to the 

effect of tetracycline alone (p<0.0001) (Figure 4.15). No significant effect on S. aureus 

growth was observed for ML-MXene as growth kinetics were comparable to those of 

the negative control (p>0.05).  
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Figure 4.15 S. aureus growth kinetics over 48-hour incubation with ML-MXene, 

MXene-Tet and tetracycline (mean ± SEM, n = 3). Data were analysed using one-way 

ANOVA and a Dunnett post hoc test by comparing treated bacteria to untreated 

bacteria (****p<0.0001). 

 

4.4.2.3 Impact of MXene-Tet on bacterial growth measured using disc diffusion 

Both MXene-Tet and tetracycline soaked discs induced zones of inhibition which 

limited bacterial growth via drug elution. The perimeter for elution of tetracycline 

from ML-MXene and inhibition of E. coli growth was smaller than that for tetracycline 

alone as shown in Figure 4.16a where the zone of inhibition was 4.8 ± 1.0 mm for 

MXene-Tet and 23.7 ± 0.5 mm for tetracycline. Similarly, Figure 4.16b showed that 

inhibition of S. aureus growth by MXene-Tet was smaller with a diameter of 8.0 ± 0.7 

mm compared to tetracycline alone which induced an inhibition zone of 22.1 ± 0.8 

mm. ML-MXene alone did not inhibit E. coli or S. aureus growth. 
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Figure 4.16 Lawns of E. coli (left) and S. aureus (right) showing inhibition zones after 

overnight incubation with ML-MXene (1), MXene-Tet (2) and tetracycline soaked 

(3) discs. 

 

4.4.3 Cytokine adsorption 

4.4.3.1 Kinetics of adsorption from plasma  

Cytokine adsorption over 2-hour incubation of the nanomaterials (5 mg) with spiked 

human plasma is shown in Figure 4.17. All the nanomaterials significantly adsorbed 

IL-8 at all time points compared to the negative no nanomaterial control (p<0.0001) 

(Figure 4.17a). IL-8 removal by the graphenes was also rapid as equilibrium was 

attained within 5 minutes of direct contact. IL-8 concentration in the spiked plasma 

was reduced by over 97% from 1116 pg/mL to 25 pg/mL, 26 pg/mL and 0 pg/mL for 

GNP, GO and GO-Ag after 5 minutes. In contrast, IL-8 adsorption by the MXenes was 

slower and less cytokine was removed compared to the graphenes. ML-MXene 

reduced plasma IL-8 concentration from 1115 pg/mL to 647 pg/mL (41%). IL-8 

adsorption by DL-MXene was higher with an 89.4% reduction in IL-8 concentration 

from 952 pg/mL to 101 pg/mL.  

 

The graphenes significantly adsorbed IL-6 from spiked plasma (p<0.0001) at all time 

points although at a slower rate when compared to IL-8 (Figure 4.17b). After 120 

minutes of incubation with GNP, GO and GO-Ag, plasma IL-6 levels were reduced by 

over 95% from 453 pg/mL to 21 pg/mL, 17 pg/mL and 7 pg/mL respectively. ML-
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MXene did not significantly impact IL-6 concentrations at any time point (p>0.05). 

DL-MXene significantly reduced IL-6 concentrations in spiked plasma from 461 pg/mL 

to 370 pg/mL after 2 hours of contact (p<0.01). 

 

GNP, GO and GO-Ag significantly adsorbed TNF-α from spiked plasma (p<0.0001) 

although at lower removal efficiencies when compared to IL-8 and IL-6 (Figure 4.17c). 

After 2 hours, TNF-α adsorption by GO-Ag (87%) was higher compared to GNP (41%) 

and GO (55%). Both MXenes did not significantly impact TNF-α concentrations at any 

time point (p>0.05). 
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Figure 4.17 Kinetics of IL-8 (a), IL-6 (b) and TNF-α (c) adsorption by GNP, GO, GO-

Ag, ML-MXene and DL-MXene (5 mg) after 2-hour incubation with spiked plasma 

(1000 pg/mL) (n = 3, mean ± SEM). Data were analysed using two-way ANOVA and a 

Dunnett post hoc test by comparing by comparing treated groups to spiked plasma 

without adsorbent at each time point (*p<0.5, **p<0.01, ****p<0.0001). 
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4.4.3.2 Effect of nanomaterial mass on cytokine adsorption from plasma 

Cytokine adsorption profiles after 4-hour incubation of spiked plasma with the 

nanomaterials, over a mass range of 5 – 100 mg, are shown in Figure 4.18. All the 

nanomaterials significantly adsorbed IL-8 at all the masses tested compared to the 

negative no nanomaterial control (p<0.0001) (Figure 4.18a). Incubation of spiked 

plasma with GNP, GO and DL-MXene at the lowest mass of 5 mg resulted in over 98% 

IL-8 removal. Increasing GNP, GO and DL-MXene masses above 5 mg had little impact 

on IL-8 adsorption. IL-8 removal by ML-MXene increased from 64% at 5 mg to 76% at 

100 mg. GNP and GO significantly adsorbed IL-6 at all the masses tested (p<0.0001) 

(Figure 4.18b). Increasing GNP and GO masses above 5 mg had negligible impact on 

IL-6 adsorption. IL-6 removal by DL-MXene was significant at 10 mg (p<0.001) and at 

masses of 25 mg and above (p<0.0001). ML-MXene did not significantly impact 

plasma IL-6 concentrations at any of the masses tested.  Following GNP incubation, 

plasma TNF-α concentration significantly reduced from 304 pg/mL at 5 mg (p<0.01) 

to 20 pg/mL at 100 mg (p<0.0001) (Figure 4.18c). TNF-α removal by GO was 

significant at all masses tested (p<0.0001) and increased from 290 pg/mL to 457 

pg/mL as mass increased from 5 to 50 mg. TNF-α removal by GO was greater 

compared to GNP at similar masses. TNF-α adsorption by ML-MXene and DL-MXene 

were significant only at 100 mg (p<0.0001) and 50 mg (p<0.001) respectively. 
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Figure 4.18 Adsorption of IL-8 (a), IL-6 (b) and TNF-α (c) by GNP, GO, ML-MXene and 

DL-MXene (5 – 100 mg) after 4-hour incubation with spiked plasma (1000 pg/mL) 

(n = 3, mean ± SEM). Data were analysed using two-way ANOVA and a Dunnett post 

hoc test by comparing treated groups to spiked plasma without adsorbent (**p<0.01, 

***p<0.001, ****p<0.0001). 
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Cytokine adsorption by the nanomaterials was further investigated at a lower mass 

range of 0.1 – 5 mg to assess the effect of mass on cytokine adsorption particularly 

for IL-8. TNF-α was not included as mass effects on nanomaterial adsorption were 

earlier identified at the high mass range (5 – 100 mg) in Figure 4.18c. GO significantly 

adsorbed IL-8 at all the masses tested (p<0.0001) (Figure 4.19a). At 0.1 mg, GO 

reduced plasma IL-8 concentrations by over 97% and further Increases in mass had 

minimal impact on adsorption. GNP significantly adsorbed IL-8 at masses of 0.5 mg 

and above (p<0.0001). IL-8 removal by DL-MXene was significant at masses of 1 mg 

(p<0.001) and above (p<0.0001). ML-MXene did not significantly impact plasma IL-8 

concentrations (p>0.05).  

 

IL-6 adsorption by GNP was significant at masses of 1 mg (p<0.05) and above 

(p<0.0001) whereas IL-6 removal by GO was significant at masses of 0.5 mg and 

above (p<0.0001) (Figure 4.19b). GO had a higher IL-6 removal efficiency than GNP 

at similar masses. At 1 mg, residual IL-6 concentration in plasma incubated with GO 

was 37 pg/mL whereas that of GNP was 376 pg/mL. Both ML-MXene and DL-MXene 

had no significant impact on plasma IL-6 concentrations (p>0.05). 
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Figure 4.19 Adsorption of IL-8 (a) and IL-6 (b) by GNP, GO, ML-MXene and DL-

MXene (0.1 – 5 mg) after 4-hour incubation with spiked plasma (1000 pg/mL) (n = 

3, mean ± SEM). Data were analysed using two-way ANOVA and a Dunnett post hoc 

test by comparing treated groups to spiked plasma without adsorbent (*p<0.05, 

***p<0.001, ****p<0.0001). 

 

4.4.3.3 Effect of nanomaterial mass on cytokine adsorption from cell culture media 

Cytokine adsorption from cell culture media by all the nanomaterials occurred more 

readily than that from human plasma for each comparable cytokine/nanomaterial 

mass range. GNP, GO and DL-MXene significantly adsorbed IL-8 from spiked culture 

media at all masses tested (p<0.0001) with over 99% reduction at the lowest mass of 
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5 mg (Figure 4.20a). Increasing the masses of these nanomaterials had minimal 

impact on IL-8 removal. ML-MXene significantly adsorbed IL-8 (p<0.0001) although 

lower when compared to the other nanomaterials. IL-8 removal by ML-MXene 

increased from 42% at 5 mg to 92% at 100 mg.   

 

Like IL-8, GNP, GO and DL-MXene significantly adsorbed IL-6 at all masses tested 

(p<0.0001) with over 99% removal at 5 mg (Figure 4.20b). Higher masses of these 

nanomaterials had little impact on IL-8 removal. ML-MXene significantly adsorbed IL-

6 at masses of 10 mg and above (p<0.0001). IL-8 concentration in media decreased 

by 76% from 589 pg/mL to 137 pg/mL after incubation with 100 mg of ML-MXene.  

 

GNP and GO significantly reduced TNF-α concentration in spiked media at all masses 

tested with over 99% removal at 5 mg (p<0.0001) (Figure 4.20c). Higher masses had 

negligible impact on adsorption. TNF-α adsorption by DL-MXene was also significant 

at all the masses tested (p<0.0001) although this was lower than the graphenes. TNF-

α removal increased from 68% at 5 mg to 99% removal at 50 mg. In contrast, ML-

MXene significantly adsorbed TNF-α only at masses of 10 mg (p<0.01) and above 

(p<0.0001). TNF-α removal from media was higher for DL-MXene with a 92% 

reduction at 10 mg compared to ML-MXene which caused a 28% reduction at the 

same mass.      

  

 

 

 



 

178 
 

 

 

 

Figure 4.20 Adsorption of IL-8 (a), IL-6 (b) and TNF-α (c) by GNP, GO, ML-MXene and 

DL-MXene (5 – 100 mg) after 4-hour incubation with spiked media (1000 pg/mL) (n 

= 3, mean ± SEM). Data were analysed using two-way ANOVA and a Dunnett post hoc 

test by comparing treated groups to spiked plasma without adsorbent (**p<0.01, 

****p<0.0001). 
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4.4.4 Modelling cytokine adsorption using an in vitro model of inflammation 

4.4.4.1 LPS stimulation of THP-1 monocytes 

The concentration range over which LPS induced cytokine production by THP-1 cells 

was first established in order to select a suitable LPS concentration for later studies. 

LPS stimulated secretion of the pro-inflammatory cytokines, IL-8, IL-6 and TNF-α by 

THP-1 cells in a dose-dependent manner in the concentration range of 10 – 2000 

ng/mL. IL-8 secretion by THP-1 cells was significant at LPS concentrations of 250 

ng/mL and above (p<0.05) (Figure 4.21a). LPS induced significant IL-6 production at 

concentrations of 100 ng/mL and above (p<0.05) (Figure 4.21b). Higher LPS 

concentrations (>500 ng/mL) were required for significant TNF-α secretion 

(p<0.0001) by THP-1 cells (Figure 4.21c). The highest concentration of LPS (2000 

ng/mL) was chosen for subsequent experiments. 
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Figure 4.21 IL-8 (a), IL-6 (b) and TNF-α (c) concentrations in THP-1 cells after 24-hour 

stimulation with LPS (10 - 2000 ng/mL) (n = 3, mean ± SEM). Data were analysed 

using one-way ANOVA and a Dunnett post hoc test by comparing treated cells to 

untreated cells (*p<0.5, **p<0.01, ***p<0.001, ****p<0.0001).   
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LPS did not significantly impact THP-1 cell viability at the concentration range of 10 – 

2000 ng/mL (p>0.05) (Figure 4.22).  
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Figure 4.22 Live cell fraction from flow cytometric detection of FITC Annexin V and 

propidium iodide after 24-hour stimulation of THP-1 cells with LPS (10 - 2000 

ng/mL) (n = 3, mean ± SEM). Data were analysed using one-way ANOVA by comparing 

treated cells to untreated cells. 

 

LPS stimulation of cytokine production by THP-1 cells was time-dependent (Figure 

4.23). IL-8 production by THP-1 cells was significant after 24 and 48 hours of LPS 

stimulation when compared to the negative untreated cell controls (p<0.0001) 

(Figure 4.23a). Similarly, IL-6 secretion significantly increased after 24 and 48 hours 

of stimulation (p<0.0001) (Figure 4.23b). LPS-induced TNF-α production peaked after 

2 hours (p<0.0001) followed by a gradual decline (Figure 4.23c). Nonetheless, TNF-α 

concentrations remained significantly increased compared to untreated cells 

(p<0.0001) until the 48-hour time point.  
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Figure 4.23 IL-8 (a), IL-6 (b) and TNF-α (c) levels in THP-1 cells over 48-hour 

stimulation with LPS (2000 ng/mL) (n = 3, mean ± SEM). Data were analysed using 

two-way ANOVA and a Sidak post hoc test (****p<0.0001). 
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Incubation of GNP, GO, ML-MXene and DL-MXene with LPS-stimulated cells induced 

a significant reduction in IL-8 concentrations, which was below the detection limit, 

after 24 hours (p<0.001) compared to the no nanomaterial LPS-stimulated cell 
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8 hours, ML-MXene impact on residual TNF-α concentrations was significant with 

80% reduction (p<0.0001) although this was lower when compared to the other 

nanomaterials which induced over 99% reduction (p<0.0001) (Figure 4.24c). 

 

 

  

 

Figure 4.24 Residual IL-8 (a), IL-6 (b) and TNF-α (c) levels in LPS-stimulated THP-1 

cells after 24-, 24- and 8-hour incubation with the nanomaterials (12.5 mg/mL) 

respectively (n = 3, mean ± SEM). Data were analysed using one-way ANOVA and a 

Dunnett post hoc test by comparing stimulated cells with nanomaterials to 

stimulated cells without nanomaterial (LPS only) (***p<0.001, ****p<0.0001). 
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Since earlier experiments at 12.5 mg in Figure 4.24 above showed similar profiles for 

all the nanomaterials, impact on THP-1 cytokine production was investigated at 

lower masses of 0.2 and 1 mg to distinguish nanomaterial performance. GO was 

chosen to represent the graphenes while DL-MXene represented the MXenes. After 

24-hour incubation, GO and DL-MXene significantly reduced IL-8 concentrations at 

both masses (Figure 4.25a). However, reduction of IL-8 appeared to be more 

influenced by nanomaterial chemistry rather than mass as removal efficiency 

decreased in the order: GO 1 mg ≡ GO 0.2 mg (>99% reduction) > DL-MXene 1 mg 

(87%) > DL-MXene 0.2 mg (36%). As with IL-8, GO and DL-MXene induced significant 

reduction in IL-6 concentrations at both masses by the 24-hour time point (Figure 

4.25b). At 1 mg, GO and DL-MXene induced similar reduction of over 97% (p<0.0001) 

while at 0.2 mg, IL-6 removal by GO (72%) (p<0.0001) was two times higher than DL-

MXene (35%) (p<0.05).  

After 8-hour incubation, GO significantly decreased TNF-α concentrations in 

stimulated THP-1 cells at both 1 mg (p<0.01) and 0.2 mg (p<0.05) (Figure 4.25c). 

Increasing GO mass from 0.2 to 1 mg resulted in greater reduction in THP-1 TNF-α 

concentration from 68% to 95%. DL-MXene did not significantly impact THP-1 TNF-α 

concentration at either mass (p>0.05). 
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Figure 4.25 Residual IL-8 (a), IL-6 (b) and TNF-α (c) levels in LPS-stimulated THP-1 

cells after 24, 24- and 8-hour incubation with GO and DL-MXene (0.2 and 1 mg/mL) 

respectively (n = 3, mean ± SEM). Data were analysed using one-way ANOVA and a 

Dunnett post hoc test by comparing stimulated cells with nanomaterials to 

stimulated cells without nanomaterial (LPS only) (*p<0.05, **p<0.01, ****p<0.0001). 
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4.4.4.3 LPS adsorption by the nanomaterials  

GNP, GO, ML-MXene and DL-MXene did not significantly impact LPS concentration at 

a mass of 12.5 mg (p>0.05) (Figure 4.26). 

 

 

Figure 4.26 Residual LPS levels in spiked RPMI 1640 media (2000 ng/mL) after 24-

hour incubation with GNP, GO, ML-MXene and DL-MXene (12.5 mg) (n = 3, mean ± 

SEM). Data were analysed using one-way ANOVA by comparing treated groups to 

spiked media without adsorbent (T24 spiked). 

 

4.5 Discussion 

The increased prevalence of antibiotic-resistant bacteria in recent years has 

prompted research into the development of alternative antimicrobial agents. Two-

dimensional graphenes and MXenes are highly reactive and have large surface areas 

which suggest potential for antibacterial effect. Although previous studies have 

examined the antibacterial potential of graphenes, these have produced conflicting 

reports which prevent a consensus on the impact of graphene on bacterial viability. 

Studies on the antibacterial activity of MXenes are limited (72, 73, 131, 163) and their 

potential as carriers for antibiotics is yet to be investigated. Therefore, this study 

assessed the antibacterial activity of graphene (GNP, GO and GO-Ag) and Ti3C2 

MXene (in multi-layered (ML-MXene) and delaminated (DL-MXene) forms) 
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nanomaterials, using E. coli and S. aureus as representative organisms. Furthermore, 

ML-MXene was complexed with the antibiotic, tetracycline, and the antibacterial 

activity of the resulting MXene-Tet composite was investigated to assess MXene as a 

drug carrier by evaluating the impact of ML-MXene on tetracycline’s bactericidal 

efficacy. 

Chronic diseases and infections are commonly associated with compromised 

organ function and dysregulated immune response which can lead to the 

accumulation of cytokines in the systemic circulation. Immediate clearance of 

these biotoxins is required to prevent further damage. Conventional biotoxin 

clearance techniques such as dialysis often suffer from drawbacks of ineffective 

removal of protein bound and high molecular weight molecules, high costs and 

slow kinetics (237). Graphenes and Ti3C2 MXenes are characterised by large surface 

areas and rapid kinetics which enable fast and efficient adsorption of contaminants. 

However, previous studies on the adsorptive potential of graphenes (555, 556, 558, 

568-572) and MXenes (60, 68, 393, 573) have largely focused on environmental 

applications. Investigations into graphene adsorption of biological tissue 

contaminants are limited (559) while no studies have been conducted for MXene. 

Hence, this chapter also compared the biotoxin adsorptive performance of graphene 

(GNP, GO and GO-Ag) and Ti3C2 MXene variants (ML-MXene and DL-MXene) using 

pro-inflammatory cytokines (IL-8, IL-6 and TNF-α) as size markers. IL-8 is a small 

cytokine of 8 kDa, IL-6 has an approximate mean weight of 26 kDa while the 

molecular weight of TNF-α ranges from 17 – 51 kDa (181). In addition, nanomaterial 

impact on cytokine production by LPS-stimulated THP-1 monocytes was investigated. 

 

4.5.1 Antibacterial activity 

Colony count results in Figure 4.2 and Figure 4.4 indicated that at a concentration of 

125 µg/mL, GO-Ag and AgNP induced a significant reduction in the viability of E. coli 

and S. aureus respectively. In contrast, GNP, GO, ML-MXene and DL-MXene did not 

exert a significant effect on the viability of either bacteria. These findings disagreed 

with Rago et al (90) who reported that GNP exhibited antibacterial activity against 
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Streptococcus mutans. A likely explanation for this dissimilarity could be variations in 

synthesis methods. The authors demonstrated that reducing the temperature during 

heat treatment of the GIC precursor and extending the duration of heat treatment 

improved GNP exfoliation. A more exfoliated structure in turn enhanced attachment 

of GNP to the bacterial cell surface which ultimately increased bactericidal activity. 

Colony counts also indicated that GO did not significantly impact the viability of E. 

coli (Figure 4.2) and S. aureus (Figure 4.4) at a concentration of 125 µg/mL. This 

finding was confirmed by subsequent experiments over a range of concentrations 

using colony counts (Figure 4.3 and Figure 4.5), ATP (Figure 4.6 and Figure 4.7) and 

Live/Dead assays (Figure 4.9 and Figure 4.10) which indicated that GO did not inhibit 

bacterial viability. Although previous studies have also shown that GO did not induce 

an antibacterial effect (53, 328, 574), other studies have reported that GO had 

antibacterial properties (91, 92). These contradictions could be attributed to 

differences in synthesis routes, starting precursors, the oxidation/exfoliation process 

and resultant alterations to physicochemical properties such as sheet size and 

thickness, surface area, oxygen content, functional groups, dispersibility and purity 

(326, 545, 575). Liu et al (95) showed that the antibacterial effect of GO sheets was 

dependent on lateral size – larger sheets induced higher bacterial death compared 

to smaller sheets. Also, Barbolina et al (340) demonstrated that residual acidic 

impurities from graphite oxidation imparted a ‘false’ antibacterial activity to GO 

sheets. This antibacterial effect was eliminated upon extensive washing of the GO 

product and neutralisation of the acidic pH. 

In addition to colony count results from an earlier experiment conducted at a 

concentration of 125 µg/mL (Figure 4.2 and Figure 4.4), subsequent experiments at 

a concentration range of 12.5 – 200 µg/mL revealed that GO-Ag demonstrated 

antibacterial activity against both E. coli and S. aureus. This was measured using 

colony count (Figure 4.4 and Figure 4.5) and ATP (Figure 4.6 and Figure 4.7) assays. 

Furthermore, confocal images from the Live/Dead assays showed that GO-Ag 

induced bacterial death in both E. coli (Figure 4.9b) and S. aureus (Figure 4.10b) which 

indicated that one of the mechanisms of GO-Ag antibacterial activity was membrane 

damage. However, GO-Ag only exerted a concentration-dependent effect against E. 
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coli. Although SEM images in Figure 4.11 and Figure 4.12 did not show distinct 

morphological differences between treated and untreated bacteria, they revealed 

that both GO and GO-Ag sheets enveloped E. coli (Figure 4.11a and Figure 4.11b) and 

S. aureus (Figure 4.12a and Figure 4.12b) after incubation. Since only bacteria 

incubated with GO-Ag experienced a decrease in viability, this indicated that the 

antibacterial effect of GO-Ag was solely mediated by the immobilised AgNP on the 

sheet surface. This was further supported by SEM images of pristine AgNP-treated 

bacteria in Figure 4.11c and Figure 4.12c which showed that the nanoparticles were 

attached to the surface of the bacteria. Furthermore, this finding disagreed with 

other studies which proposed that GO exerted antibacterial effect by wrapping 

around bacteria and physically causing membrane damage (92, 94, 576).  

Earlier studies have reported that AgNP can accumulate on bacterial surfaces, 

penetrate the cells and disrupt key functions including permeability and respiration. 

AgNP can also produce ROS and interact with sulphur and phosphorous-containing 

compounds such as proteins and DNA. These events cause membrane damage and 

can lead to death (147, 577, 578). In addition, AgNP can release Ag+ which binds to 

thiol groups and inactivates key proteins and enzymes, denatures DNA molecules and 

inhibits replication through acid-base interactions with phosphate/sulphur groups. 

Ag+ can also disrupt ribosomal function leading to inhibited protein expression and 

reduced ATP production, and can induce a viable but unculturable state (579-582). 

Since ICP-OES analysis in Table 2.5 showed that there was no leaching of Ag+ from 

GO-Ag, this suggested that release of Ag+ did not contribute to the antibacterial 

activity of GO-Ag in this study. 

Ma et al (51) and Xu et al (583) proposed a mechanism of action for the antibacterial 

activity of GO-Ag against E. coli. In aqueous environments such as the incubation 

media, both E. coli and the GO-Ag sheets are negatively charged which causes 

repulsion. Nonetheless, hydrogen bonds can be formed between oxygen-containing 

functional groups on GO-Ag and phosphates, sugars and lipid groups in the LPS 

subunits of the bacterial outer membrane resulting in the adsorption of bacterial cells 

onto the GO-Ag sheets. This close contact of the GO-Ag sheets with bacterial cells 

likely increased interaction with the immobilised AgNP causing damage to the inner 
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and outer cell membranes and leading to death (51, 583). Their findings were 

supported by SEM images in this study (Figure 4.11b and Figure 4.12b) which showed 

that the GO-Ag sheets were closely wrapped around the bacteria. 

 

Compared to pristine AgNP (the positive control), GO-Ag induced a greater reduction 

of E. coli viability, in both the colony count (Figure 4.3) and ATP assays (Figure 4.6), 

as the concentration increased from 12.5 - 200 µg/mL. Similar findings have been 

reported in the scientific literature which were attributed to synergistic interactions 

between GO and the attached AgNP (51, 326, 583). The authors proposed that the 

immobilisation of AgNP on the large surface area GO sheets enhanced their 

dispersion in aqueous media and reduced their tendency to aggregate. This in turn 

enhanced contact between the nanoparticles and bacteria which led to increased 

toxicity. In addition to the synergy between GO and the immobilised AgNP, the higher 

antibacterial activity of GO-Ag relative to pristine AgNP may have also been 

influenced by particle size. DLS analysis in Table 2.2 showed that the pristine AgNP 

had a mean particle diameter of 507 nm; also, the particles were aggregated (PDI 

value > 0.5) which was supported by SEM and TEM images (Figure 2.4f and Figure 

2.5e). In contrast, ImageJ analysis of GO-Ag transmission electron micrographs 

(Figure 2.5c) indicated that the immobilised silver nanoparticles in GO-Ag had a 

smaller mean particle diameter of 4 nm. It has been proposed that reduction of silver 

nanoparticle size increased available surface area for bacterial contact leading to 

improved antibacterial performance (583, 584). 

 

Unlike E. coli, colony count (Figure 4.5) and ATP assay results (Figure 4.7) from 

antibacterial studies over a concentration range of 12.5 - 200 µg/mL revealed that 

GO-Ag did not show a clear trend of antibacterial activity against S. aureus. Rather, 

the results showed variability which was consistent across the different assays. The 

colony count and ATP assay experiments were repeated using a second S. aureus 

strain (NCTC 8511) but variability was still observed (Appendix 11). Nonetheless, 

confocal images from the Live/Dead assay in Figure 4.10b showed that GO-Ag 

induced membrane damage in S. aureus. Lowered GO-Ag antibacterial activity 

against S. aureus compared to E. coli has been reported in the scientific literature 
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(160, 323, 328, 334). This reduction was ascribed to differences in the structural 

integrity and permeability of both bacterial membranes which impacted their 

susceptibility to GO-Ag. Unlike the Gram-negative E. coli with a thin peptidoglycan 

layer (7–8 nm) in its cell wall, the peptidoglycan layer of the Gram-positive S. aureus 

has an average thickness between 20–80 nm. This may have restricted interactions 

between GO-Ag and S. aureus resulting in a lower antibacterial effect (540, 585). 

Colony count results showed that at a concentration of 125 µg/mL, both ML-MXene 

and DL-MXene did not significantly impact the viability of E. coli (Figure 4.2) and S. 

aureus (Figure 4.4). Jastrzębska et al (163) reported that expanded Ti3C2 MXene 

sheets demonstrated a bactericidal effect against E. coli. In their synthesis protocol, 

the authors used concentrated HF (48% v/v) for etching the MAX phase precursor. 

Since studies have shown that the choice of etchant can impact the physicochemical 

properties of the final MXene product (329, 333), it was suspected that this may have 

impacted the antibacterial activity of the MXene sheets in the study of Jastrzębska et 

al. The findings of this study also disagreed with previous studies in PBS (72, 73) and 

broth (131) which reported that DL-MXene demonstrated antibacterial activity 

against E. coli and Bacillus subtilis. In the cited studies, the authors suggested that 

the observed antibacterial effect was mediated by physical interactions between the 

sharp edges of DL-MXene sheets and the surfaces of bacterial membranes which 

resulted in membrane damage. These differences may have resulted from variations 

in the MXene synthesis routes which can alter physiochemical properties (332) 

and/or methods used for antibacterial assay protocols.  

The next section of this chapter investigated the potential of ML-MXene as a delivery 

carrier for tetracycline. The MICs of tetracycline against E. coli and S. aureus shown 

in Figure 4.13 were within the ranges reported by Sabath et al (586). Growth curve 

experiments showed that the bactericidal activity of tetracycline was preserved in 

MXene-Tet with total inhibition of E. coli (Figure 4.14) and S. aureus (Figure 4.15) 

growth up to 24 hours which was similar to the free tetracycline. ML-MXene did not 

significantly impact E. coli or S. aureus growth at any time point. Disc diffusion studies 

showed that both MXene-Tet and tetracycline-soaked discs formed zones of 

inhibition, arising from drug release, where there was no growth of E. coli (Figure 
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4.16a) and S. aureus (Figure 4.16b). Successful drug intercalation into MXene and 

retention of functional activity in the resulting composite was reported by Han et al 

(134) and Liu et al (74) for the anticancer drug, doxorubicin although both studies 

were conducted using DL-MXene. Hence, this is one of the earliest studies to 

investigate the potential of ML-MXene for use as carriers in drug delivery. The 

tetracycline-soaked discs had larger inhibition zones for both bacteria compared to 

MXene-Tet discs. This may have resulted from reduced diffusion of MXene-Tet 

through the filter discs to the bacterial lawns owing to the micron-sized diameter of 

ML-MXene sheets as indicated by DLS results in Table 2.2. In line with earlier 

experiments, ML-MXene alone did not induce an inhibition zone for either bacteria.  

 

4.5.2 Cytokine adsorption and impact on THP-1 cytokine production  

Plasma adsorption studies showed superior cytokine removal by the graphenes when 

compared to the MXenes (Figure 4.17). The high adsorption capacity of graphenes is 

primarily ascribed to π-π bond interactions between the π-electron systems of 

graphenes and target molecules (587, 588). Compared to the MXenes, the graphenes 

demonstrated rapid kinetics of cytokine sorption, particularly for IL-8 (Figure 4.17a). 

This has been attributed to their easily accessible surface area (401). GO-Ag 

demonstrated similar adsorptive efficiencies to GNP and GO which indicated that 

immobilisation of silver nanoparticles did not interfere with cytokine removal. DL-

MXene adsorbed more cytokines than ML-MXene. This could be attributed to the 

two-fold increase in surface area brought about by delamination. Despite having a 

larger surface area than GO and GO-Ag, DL-MXene adsorbed significant amounts of 

only IL-8 from plasma. This suggested that the differences in cytokine adsorption 

between the graphenes and MXenes were mostly influenced by variations in 

chemical composition, such as carbon versus titanium and the absence of a π-

electron system, rather than surface area. This may also explain why GO and GO-Ag 

had similar adsorptive efficiencies to GNP despite having lower surface areas. 

Furthermore, TEM images in Figure 2.5 showed that GO and GO-Ag had large and 

disperse sheets which suggested larger available sheet surface for interaction with 

cytokines. In contrast, GNP sheets were aggregated which may have reduced access 
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to the cytokines. Cytokine adsorption from plasma appeared to be influenced by 

protein molecular weight as nanomaterial removal efficiency decreased in the order: 

TNF-α > IL-6 > IL-8. Similar trends have been reported elsewhere for carbide-derived 

carbons (181, 546). 

Expectedly, increasing nanomaterial masses translated to greater adsorptive 

performance due to increased available surface area for interaction with the 

cytokines (Figure 4.18 and Figure 4.19). GO displayed superior adsorptive efficiency 

over GNP. This could be attributed to the added presence of anionic oxygenated 

groups which can participate in electrostatic interactions with cationic amino acid 

residues on the cytokines. Cytokine adsorption by the nanomaterials was higher in 

cell culture media compared to plasma (Figure 4.20). It is hypothesised that the high 

concentration of proteins, such as albumin and fibrinogen, in plasma samples 

interfered with nanomaterial adsorption of cytokines unlike cell culture media which 

had a serum protein concentration of only 10%. The complete adsorption of TNF-α, 

which has a molecular weight of 51 kDa, by the nanomaterials in media is particularly 

remarkable because membranes and adsorbents currently being used or tested for 

EBP therapies have limited capacity for removing high molecular weight toxins 

(molecular weight >15 kDa) (401, 589). 

LPS stimulation of THP-1 monocytes produced IL-6, IL-8 and TNF-α secretion profiles 

in Figure 4.21 and Figure 4.23 which were comparable to an earlier study (590). LPS 

did not negatively impact THP-1 cell viability (Figure 4.22) which indicated that the 

cell model could be suitably used for the study. All the nanomaterials significantly 

reduced previously elevated IL-8, IL-6 and TNF-α levels in stimulated THP-1 cells 

(Figure 4.24 and Figure 4.25), in line with earlier studies in Section 4.4.3 above. 

Compared to adsorption studies in spiked plasma and cell culture media, cytokine 

removal by the nanomaterials was higher in stimulated cells, up to 100-fold higher 

for IL-8, even at masses as low as 0.2 mg. This finding was supported by Tan et al 

(591) who showed that incubation of graphene films and foams with LPS-stimulated 

corneal stromal fibroblasts induced a greater reduction in cytokine levels compared 

to incubation of the graphenes with spiked media. As this was the first study to 

investigate the impact of MXene nanomaterials on cellular cytokine production, no 
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direct comparisons with previous studies could be made. None of the nanomaterials 

directly adsorbed LPS (Figure 4.26). This finding agreed with results from Song et al 

(592) who reported that graphene films and foams did not adsorb LPS. This suggested 

that the reduction of cytokine levels in stimulated THP-1 cells was driven by 

mechanisms other than LPS removal or inactivation such as direct cytokine 

adsorption. 

 
In addition to cytokine adsorption, it is also possible that the nanomaterials may have 

impacted THP-1 cytokine production by modulating events at the molecular and 

single cell/cellular level (Figure 4.27). Lee et al (593) demonstrated that in vivo 

administration of GO in mouse models prevented septic shock by suppressing the 

inflammatory response. The authors reported that GO altered natural killer T cell 

activity, significantly inhibited immune cell stimulation and release of cytokines, and 

induced switching of cell machinery towards an anti-inflammatory phenotype. 

Similarly, Wibroe et al (594) reported that GO reduced IL-6 production in LPS-

stimulated human whole blood. The authors suggested that GO may have interfered 

by attaching to the LPS-binding protein (LBP) which in turn prevented binding of the 

LBP-LPS complex to CD14 cell surface receptors on monocytes and macrophages, and 

led to attenuation of the inflammatory response (595). Furthermore, Song et al (592) 

showed that three-dimensional graphene foams significantly decreased IL-1β and 

TNF-α release in LPS-stimulated murine microglial cells. The graphene foams also 

significantly downregulated the expression of genes coding for cyclooxygenase-2 and 

inducible nitric oxide synthase, key mediators of inflammation in the microglia, which 

conferred an immunoprotective effect. The authors posited that the morphology of 

graphene foams inhibited LPS-induced increase in microglial cell size and prevented 

LPS attachment to cell surface receptors.  

 



 

195 
 

 

 

Figure 4.27 Potential mechanisms by which the graphene and MXene variants may 

have impacted cytokine production in LPS-stimulated THP-1 monocytes. 

Adsorption of pro-inflammatory cytokines secreted by the stimulated cells (A). 

Inhibiting LPS binding to LBP and/or preventing binding of the LPS-LBP complex to 

the CD14 surface receptor which subsequently prevents stimulation of membrane-

bound Toll-like receptors (B). Adapted from (596) under the free to use Creative 

Commons license (http://creativecommons.org/licenses/by/3.0/). 

 

4.6 Conclusion 

This chapter comparatively investigated the antibacterial activity of graphene and 

Ti3C2 MXene variants and their biotoxin remediation potential with respect to 

cytokine adsorption and effect on LPS induced THP-1 inflammatory cytokine 

secretion. Only GO-Ag inhibited bacterial viability although it had a reduced effect on 

S. aureus compared to E. coli owing to differences in bacterial membrane structure. 

Following loading onto ML-MXene sheets, the bactericidal activity of MXene-Tet 

against E. coli and S. aureus was sustained for up to 48 hours similar to the free 

tetracycline. The graphenes demonstrated higher cytokine adsorption than the 

MXenes due to the contribution of hydrophobic bonds and π-π stacking interactions. 

In addition, GNP, GO, ML-MXene and DL-MXene significantly reduced cytokine levels 

in LPS-stimulated THP-1 monocytes at higher adsorptive efficiencies than detected 

http://creativecommons.org/licenses/by/3.0/
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in plasma or cell culture media. Apart from direct adsorption of cytokines, both 

graphenes and MXenes could have reduced cytokine levels in the stimulated THP-1 

monocytes via other mechanisms – this requires further investigation. Earlier, 

cytotoxicity studies in Chapter 3 showed that GNP, GO, ML-MXene and DL-MXene 

were biocompatible and by inference, haemocompatible at the tested mass (0.2 mg). 

This showed that the nanomaterials were safe for use in blood-contacting medical 

device applications. Since immobilisation of silver nanoparticles in GO-Ag did not 

hinder cytokine adsorption, it could serve a dual role in antimicrobial and anti-

inflammatory applications for example in wound dressings. Concerns over GO-Ag 

biocompatibility can be addressed by using lower masses.  

In this first comparative study of the antibacterial and biotoxin removal properties of 

graphene and Ti3C2 MXene variants, results showed that GO-Ag significantly inhibited 

bacterial viability at lower concentrations compared to the pristine AgNP. Both ML-

MXene and DL-MXene did not significantly impact bacterial viability. Although 

previous studies contradicted this finding, it is an addition to the growing body of 

knowledge on the biomedical applications of this recently discovered class of 

nanomaterials. Furthermore, this study showed for the first time that ML-MXene 

could be used as a drug delivery vehicle for antimicrobials as it effectively sustained 

the bacteriostatic activity of tetracycline against E. coli and S. aureus over 48 hours. 

All the nanomaterials adsorbed significant amounts of cytokines from human plasma 

and/or cell culture media, which had been spiked to simulate physiological cytokine 

levels in sepsis, although to varying extents. This effect was also replicated in LPS 

stimulated THP-1 monocytes where GNP, GO, ML-MXene and DL-MXene significantly 

limited cytokine production. These findings showed that these materials could be 

used in biotoxin removal applications such as EBP. This is the first time that the 

biotoxin removal properties of graphenes with respect to adsorption of pro-

inflammatory cytokines has been assessed. This is also one of the earliest studies to 

investigate the impact of graphenes on cellular cytokine production. Furthermore, 

this study showed for the first time effective adsorption of pro-inflammatory 

cytokines by Ti3C2 MXenes (or any other MXene) and that Ti3C2 MXenes can 

significantly impact cellular cytokine production that occurs in response to LPS 
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stimulation. Findings from this chapter contributed to the publication by Zheng et al 

(401). 

Having investigated the biotoxin removal properties of graphenes and Ti3C2 MXenes, 

nanomaterial incorporation into electrospun polymer scaffolds was explored in the 

next chapter (Chapter 5). This was in order to investigate their potential for use in 

blood contacting devices for suppression of inflammation and infection.  
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5 Development of electrospun polymer scaffold composites of 

graphene and Ti3C2 MXene variants for biotoxin remediation  

5.1 Introduction 

Nanomaterial incorporation into polymer scaffolds has recently been proposed as a 

strategy to address challenges such as difficulty in recovery (546), aggregation and 

leaching (239, 240, 257) which have been associated with direct use of nanomaterials 

(248, 258). Electrospinning is commonly used for fabricating polymer scaffolds owing 

to its simplicity, cost-efficiency, flexibility and tunability (274, 280). Electrospinning 

produces continuous fibres with nanoscale dimensions which is particularly relevant 

as this is the same size range as proteins, bacteria and viruses (279). The large surface 

areas, interconnected pore networks, flexibility in chemical functionalisation and 

opportunities to control the fibre properties of electrospun scaffolds lend themselves 

to wide-ranging applications in the biomedical sphere including tissue engineering, 

gene and drug delivery, wound healing and biosensing (270, 279). 

 

The use of synthetic polymers in electrospinning offers the advantages of better 

mechanical properties and suitability with many solvents compared to their natural 

counterparts (280). Cellulose acetate (CA) is a synthetic polymer derived from 

acetylation of the naturally abundant polymer, cellulose. CA is widely used in 

producing scaffolds such as films, fibres and membranes for diverse applications due 

to its biocompatibility, low cost, potential for functionalisation, remarkable 

mechanical properties, biodegradability and easy processing (597, 598). 

Polycaprolactone (PCL) is a semi-crystalline synthetic polymer which is synthesised 

through the ring-opening polymerisation of either 2-methylene-1, 3-dioxepane or ɛ-

caprolactone (599). PCL is commonly used in developing scaffolds for biomedical 

applications such as tissue engineering, drug delivery, implants and surgical materials 

owing to its biocompatibility, low cost, bioresorbability, versatility, easy processing, 

solubility in a wide range of solvents, good compatibility in blends, remarkable 

mechanical strength, high elastic modulus, good rheological properties, tunable 
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degradation profile and approval by the United States Federal Drug Administration 

(599-601).  

 

One of the methods which has been used to incorporate nanomaterials into 

electrospun scaffolds is direct blending (Figure 5.1). Here, the nanomaterials are 

dispersed in the polymer solution before spinning, and could either be distributed 

throughout the entire volume of the resulting nanofibres or located at the surface 

(280). Ghobadi et al (602) used the blending approach to incorporate antibacterial 

reduced GO into electrospun polyvinyl alcohol (PVA)/polyaniline meshes. The 

electrical conductivity of the nanofibre composite significantly increased after 

addition of reduced GO. The composite also showed significant suppression of 

bacterial growth and adherence – this was attributed to interactions between the 

bacteria and reduced GO, which was suspended in the mesh. Mayerberger et al (302) 

blended Ti3C2 MXene into electrospun chitosan nanofibres and showed that the 

antibacterial performance of the chitosan scaffold increased after incorporation of 

Ti3C2 MXene. As yet, no study has used the blending route to produce electrospun 

scaffold composites of graphenes and Ti3C2 MXene variants for biotoxin removal. 

 

Surface modification of electrospun scaffolds enables tuning of chemical properties 

such as hydrophilicity and functional groups without affecting the morphology of the 

scaffolds (280, 603). Usually, the nanofibres are initially functionalised with reactive 

groups such as polyethyleneimine (PEI), acrylate and (3-Aminopropyl)triethoxysilane 

before modification with the nanomaterials (603). The spin coating technique (Figure 

5.1) exploits physical and/or chemical interactions with surface functional groups on 

substrates to deposit nanomaterial films onto those substrates under an applied 

centrifugal force, thus leading to the introduction of new properties (604). 

Functionalisation of electrospun mesh surfaces with graphene or Ti3C2 MXene 

variants via spin coating has not been reported in the scientific literature. Studies on 

spin coating of graphenes (604) and MXenes (605, 606) have mainly focused on 

producing thin films for electronic applications. In plasma treatment, electrospun 

meshes are subjected to gaseous plasma from oxygen, air, sulphur dioxide, ammonia, 

carbon dioxide, other organic molecules or a combination thereof, under vacuum in 
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order to modify surface hydrophilicity and introduce reactive groups such as 

carboxyls, hydroxyls, amines and sulphates (600, 607). These reactive groups act as 

anchors to facilitate nanomaterial coupling to the meshes (603). Although plasma 

treatment has been used to modify electrospun polymer scaffolds for subsequent 

functionalisation with graphene nanomaterials (334), this approach has not been 

used to develop electrospun scaffold-graphene composites for biotoxin removal. No 

study has explored Ti3C2 MXene incorporation into electrospun meshes using the 

plasma treatment approach.  

 

 

Figure 5.1 Blend electrospinning schematic (left). Reproduced with permission from 

(280). Copyright 2013 Royal Society of Chemistry. Phases of spin coating (right). 

Reproduced with permission from (608). Copyright 2019 Elsevier. 

 

5.2 Aim 

Whilst some investigations have shown methods for incorporation of graphene and 

MXene variants into composite systems, methods by which such systems can retain 

adsorptive capacity for bioactive molecules have never been successfully shown. It is 

hypothesised that nanomaterial addition to electrospun meshes would increase 

surface area whilst minimising risks of aggregation and leaching. The aim of the 

research conducted in this chapter was to assess whether graphene and Ti3C2 MXene 

variants could be incorporated into electrospun meshes while retaining antibacterial 

activity and optimal adsorptive performance for biotoxin removal. This was achieved 

through the following: 
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1. Fabrication of electrospun CA and PCL scaffolds.  

2. Incorporation of graphene and Ti3C2 MXene variants into the electrospun 

scaffolds via direct blending (CA), spin coating (PCL) and plasma treatment 

(PCL) routes.  

3. Assessment of the biocompatibility, antibacterial activity and cytokine 

adsorptive efficiency of the resulting nanomaterial-electrospun scaffold 

composites, where applicable, using in vitro assays developed in earlier 

chapters.  

 

5.3 Materials and Methods 

5.3.1 Materials 

 Cellulose acetate (Sigma Aldrich 180955, UK) 

 Acetone (Sigma Aldrich 38450, UK) 

 Dimethylacetamide (Sigma Aldrich 38840, UK) 

 4-Chlorophenol (Fisher Scientific AC181001000, UK) 

 Polycaprolactone (Sigma Aldrich 440744, UK)  

 Polyethyleneimine (branched, Mw = 25,000) (Sigma Aldrich 408727, UK) 

 Chloroform (Fisher Scientific C/4966/17, UK)  

 Dimethylformamide (Sigma Aldrich 38840, UK) 

 Ninhydrin (BDH Chemicals 44060, UK) 

 Serine (Sigma Aldrich S-4375, UK) 

 RPMI-1640 Medium (Gibco 11875-093, UK) 

 Dibutyltin maleate (Hydro Polymers Ltd, UK) 

 CellTiter 96 Aqueous One Solution Cell Proliferation Assay kit (Promega 

Corporation G5421, UK) 

 Human peripheral blood monocyte (THP-1) cell line (LGC Standards ATCC TIB-

202, UK) 

 Escherichia coli (Public Health England NCTC 8196, UK) 

 Staphylococcus aureus (Public Health England NCTC 10788, UK) 
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 Mueller-Hinton agar (Oxoid CM0337, UK) 

 Fresh frozen human plasma (Plasma Biological Services Incorporated 

C14MTN7P71001, USA) 

 Recombinant IL-8 (BD Pharmingen 554609, UK)  

 High affinity binding 96-well plate for ELISA (Fisher Scientific 95029330, UK) 

 IL-8 ELISA kit (BD OptEIA 555244, UK) 

 N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) 

(Sigma Aldrich 03450, UK) 

 N-Hydroxysuccinimide (NHS) (Sigma Aldrich 130672, UK)  

 2-(N-Morpholino)ethanesulfonic acid (MES) (Sigma Aldrich M3671, UK) 

 Rhodamine B (Sigma Aldrich 83689, UK) 

 Tissue culture treated 24-well and 96-well plates (Fisher Scientific Nunc, UK) 

 

5.3.2 Electrospinning of polymer meshes 

Initially, the project set out to develop nanomaterial-electrospun scaffold composites 

for remediation of both environmental and biological tissue contaminants. CA was 

the polymer of choice because it had been commonly used in producing membranes 

for filtration applications. However, as the project progressed, it was refined to focus 

on remediation of biological tissue contaminants. This influenced the choice of PCL 

as it has been widely used in developing scaffolds for biomedical applications. This 

explains why only CA-nanomaterial composites were developed using the direct 

blending route (first route to be tested) and why only PCL-nanomaterial composites 

developed in the latter routes (spin coating and plasma treatment). 

 

5.3.2.1 Direct blending  

CA was dissolved at 15% (w/v) in a 6 mL mixture of acetone and dimethylacetamide 

(2:1 v/v) overnight at room temperature. The CA solution was then transferred to a 

10 mL plastic syringe, attached to a metal 21-gauge needle and vertically positioned 

on a KD Scientific syringe pump (KDS 200, USA). The voltage supply was connected at 

either end, with alligator clips, to the syringe needle tip and the collector plate to 
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generate an electric field. After optimisation of process parameters, electrospinning 

was run at a flow rate of 0.5 mL/hour, collection distance of 16.5 cm and an applied 

voltage of 16 kV. The mesh was collected onto a copper plate wrapped with 

aluminium foil and dried in the fume hood for >48 hours to evaporate residual 

solvents. 

 
To fabricate electrospun CA-nanomaterial blend scaffolds, the nanomaterial 

suspensions were prepared following Table 5.1 and then sonicated for 1 hour. 1 mL 

of this suspension was added to 4 mL of CA solution at 18.75% (w/v) to give a final 

CA concentration of 15% (w/v) in the resulting blend. The blend was stirred for >24 

hours and sonicated for 30 minutes before spinning. Electrospinning was run at a 

flow rate of 0.5 mL/hour and collection distance of 16.5 cm while the voltage was 16 

kV. The meshes were air dried in the fume hood for >48 hours.  

 
 
Table 5.1 Composition of CA-nanomaterial blends 

Blend  Concentration of 

nanomaterial suspension 

(mg/mL) 

Final nanomaterial 

concentration in blend 

(mg/mL)  

CA-GNP 12.5 2.5 

CA-GO 5 1.0 

CA-GO-Ag 2.5 0.5 

CA-ML-MXene 7.5 1.5 

 

5.3.2.2 Spin coating  

PCL was dissolved at 12% (w/v) in an 8 mL mixture of chloroform and 

dimethylformamide (3:1 v/v) overnight at room temperature. Blends of PCL and 

polyethyleneimine (PEI) were prepared by incorporating PEI into the PCL solutions at 

final concentrations of 10%, 15% and 20% (w/w) relative to PCL. PEI served as a 

source of amine groups to facilitate nanomaterial attachment to the PCL mesh after 

spin coating. After optimisation of process parameters, electrospinning was run at a 

flow rate of 0.5 mL/hour, 15 cm and 16 kV.  
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GO and ML-MXene were spin coated onto the surface of PCL/PEI (20%) meshes 

following a method adapted from Becerril et al (604). Aqueous GO (5 mg/mL) and 

ML-MXene (10 mg/mL) suspensions were sonicated for 1 hour. The PCL/PEI (20%) 

meshes were punched into 10-mm and 12-mm diameter discs for coating with ML-

MXene and GO respectively. 0.1 mL of each suspension was dropped onto the mesh 

surface and allowed to soak for 1 minute. Using an Ossila spin coater, the meshes 

were spun following a 3-step sequence - 600 rpm for 1 minute, 800 rpm for 1 minute 

and 1600 rpm for 1 minute. The coated meshes were then dried at 40 °C for 3 hours. 

 

5.3.2.3 Plasma treatment and surface modification 

12-mm electrospun PCL mesh discs were surface modified with oxygen plasma using 

a plasma treater (Henniker HPT-200, UK) at 100W and a gas flow rate of 8 sccm for 5 

minutes. The discs were modified with PEI using a method adapted from literature 

(609, 610). The discs were incubated in 1 mL of a 2 mM N-(3-Dimethylaminopropyl)-

N’-ethylcarbodiimide hydrochloride (EDC)/5 mM N-Hydroxysuccinimide (NHS) 

solution in 0.1 M 2-(N-morpholino)ethanesulfonic acid (MES) buffer for 3 hours at 

120 rpm. The discs were rinsed with MES buffer and incubated in 1 mL of a 0.3% (w/v) 

PEI solution in 0.1 M MES buffer overnight with shaking at 120 rpm. The resulting 

PCL/PEI discs were rinsed with MES buffer to remove unbound PEI molecules.  

 

GO/GO-Ag attachment to PCL/PEI discs was conducted using a protocol adapted 

from literature (334, 610). The GO/GO-Ag suspensions (1 mg/mL) were sonicated for 

30 minutes and diluted 1:4 with 0.01 M MES buffer. 2 mM EDC and 5 mM NHS were 

added to the GO/GO-Ag suspension and stirred for 30 minutes in a sample tube 

which was wrapped in foil. The pH of the activated suspensions was adjusted to 7.2 

and 1 mL of each suspension was incubated with the PCL/PEI discs overnight with 

shaking at 120 rpm. The discs were rinsed three times with deionised water and 

vacuum dried overnight. 

 



 

206 
 

5.3.3 Scanning electron microscopy 

Electrospun mesh squares (0.5 cm x 0.5 cm) were attached to aluminium stubs and 

coated with platinum (4 nm thick) using a sputter coater (Quorum Technologies 

QT150ES, UK). Nanofibre morphology was acquired using a field emission gun 

scanning electron microscope (Carl Zeiss SIGMA, UK) at an accelerating voltage of 5 

kV. Nanofibre diameter was calculated from SEM images with DiameterJ, a plugin for 

the ImageJ software (National Institutes of Health, version 1.49), following the 

method developed by Hotaling et al (611). Over 8000 nanofibres were analysed per 

mesh square. 

 

5.3.4 FTIR spectroscopy 

Mesh squares were placed on the stage of the spectrometer (Perkin Elmer Spectrum 

65, UK).  Infrared spectra were acquired in transmittance mode over 4000 to 650 cm-

1 at a resolution of 4 cm-1. 8 scans were recorded per spectrum.  

 

5.3.5 X-ray photoelectron spectroscopy 

Survey scans of PCL and PCL/PEI meshes were acquired using a VersaProbe 5000 

spectrometer (Physical Electronics, USA). Photoelectron spectra were obtained with 

an aluminium Kα x-ray source at a pass energy of 117.4 eV. Peak fitting was 

conducted with CASA XPS software using a Shirley function background. 

 

5.3.6 Tensile testing 

The tensile strength of the electrospun meshes (11 mm x 35 mm) was measured with 

a Texture Analyzer (Stable Micro Systems TA.XTplus, UK) in tension mode, at a speed 

of 0.5 mm/minute. Mesh thickness was measured with an Absolute Digimatic 

micrometer and at least 4 samples were analysed per mesh. 
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5.3.7 Differential scanning calorimetry (DSC) 

Electrospun meshes (1 mg) were sealed in Tzero aluminium pans (TA Instruments 

T181119, Switzerland). The pans were heated in a differential scanning calorimeter 

(TA Instruments DSC Q2000, USA) under nitrogen gas (flow rate of 50 mL/minute) 

from -100 to 300 °C at a rate of 10 °C/minute. An empty pan was used as the 

reference. 

 

5.3.8 Nitrogen porosimetry 

CA and CA-nanomaterial meshes (50 mg) were degassed at 50 °C for 24 hours. PCL, 

PCL/PEI, GO- and ML-MXene-coated meshes (50 mg) were degassed at 40 °C for 3 

hours because DSC analysis revealed that PCL had a low melting point (57 °C). Gas 

sorption was run using a porosimeter (Quantochrome Autosorb-1, UK) with liquid 

nitrogen as the adsorbate at 77.3 K. Adsorption and desorption data were analysed 

using the Quantochrome ASiQwin software (version 3.0) and surface area was 

calculated with the BET equation.  

 

5.3.9 Contact angle analysis 

5 µL of deionised water was deposited with a syringe (Hamilton Company DS500/GT, 

USA) onto the surface of dry mesh squares at a speed of 2 µL/minute. Surface 

wettability was measured with a contact angle analyser (DataPhysics Instruments 

OCA15, Germany) using the sessile drop method. Measurements were taken at 2 

different positions on 3 replicate samples. 

 

5.3.10 Surface wettability  

5 µL of a Rhodamine B dye solution was manually deposited onto the surface of 

pristine and plasma-treated PCL meshes in triplicate. Images were immediately 

captured with a digital camera. 
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5.3.11 Ninhydrin assay  

The ninhydrin assay (612) was used to quantify amine concentrations in order to 

confirm PEI incorporation into the PCL meshes. Mesh discs were immersed in 1 mL 

of PBS in test tubes followed by the addition of 20 µL of a 1 M ninhydrin solution in 

absolute ethanol. The tubes were heated in a water bath at 75 °C for 15 minutes and 

0.1 mL aliquots were transferred in triplicate to a 96-well plate. Absorbance was 

measured at 570 nm with a microplate reader (Biotek Synergy HT, UK).  

 

Amine concentrations were extrapolated from a molar standard curve of serine. The 

standard curve was generated by incubating 20 µL of ninhydrin with 1 mL of serine 

solutions in PBS (0.016 – 1 mg/mL) at 75 °C for 10 minutes. The solutions were cooled 

by incubating the tubes in deionised water for 30 minutes and then 1 mL of absolute 

ethanol was added. 0.1 mL aliquots were transferred in triplicate to a 96-well plate 

and absorbance was measured at 570 nm. 

 

5.3.12 Biocompatibility of the electrospun mesh composites  

5.3.12.1 Spin coating - PCL and PCL/PEI mesh composites 

Mesh biocompatibility was investigated by testing the effects of direct contact and 

material extracts. For the direct contact experiment, THP-1 monocytes were seeded 

at 5 x 105 cells/well in 0.5 mL of RPMI media in a 24-well plate and incubated with 

12-mm PCL and PCL/PEI discs, which had been sterilised with ultraviolet (UV) 

radiation, at 37 °C for 24 hours. 10 µL of Triton X 100 (8% v/v) was added to cells as 

a positive control. 0.1 mL aliquots of the cell suspensions were transferred in 

triplicate to a 96-well plate and cell viability was investigated with the MTS assay 

following 3.3.2.4 above. 

Material extracts were prepared by incubating UV sterilised PCL and PCL/PEI discs in 

0.5 mL of RPMI media at 37 °C for 24 hours. THP-1 cells were seeded at 5 x 104 

cells/well in 50 µL of media in a 96-well plate and 50 µL of the extracts was added at 

neat (100%) and 1:2 dilutions with media (50%). The positive control was dibutyltin 
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maleate chips. Cells were incubated at 37 °C for 24 hours and cell viability was 

measured with the MTS assay. 

The effect of mesh leaching time on cell viability was also investigated. UV sterilised 

PCL/PEI (20%) discs were incubated in 1 mL of RPMI media at 37 °C for 0, 1 and 7 days 

respectively. The leached discs were rinsed three times with PBS to remove leachate 

media and residual PEI. THP-1 cells were seeded at 5 x 105 cells in 0.5 mL of media in 

a 24-well plate and incubated with the leached discs at 37 °C for 24 hours. 10 µL of 

Triton X 100 (8% v/v) was added to cells as a positive control. Cell viability was 

measured with the MTS assay. 

 

5.3.12.2 Plasma treatment - PCL and PCL/PEI mesh composites 

THP-1 cells were seeded at 5 x 105 cells in 0.5 mL of RPMI media and incubated with 

UV sterilised plasma treated PCL and PCL/PEI-GO mesh discs at 37 °C for 24 hours. 

Cells treated with 10 µL of Triton X 100 (8% v/v) 5 minutes before running the assay 

were used as the positive control. Cell viability was measured with the MTS assay 

following 3.3.2.4 above. 

 

5.3.13 Cytokine adsorption by the electrospun mesh composites 

5.3.13.1 Direct blending - CA and CA-nanomaterial mesh composites  

Cytokine adsorption by CA and CA-nanomaterial meshes was investigated using the 

pro-inflammatory cytokine, IL-8 (8 kDa), as a size marker. 20 mg of the meshes were 

pre-wetted in 1 mL of PBS overnight with shaking at 150 rpm. The samples were 

centrifuged at 14,000 rpm for 5 minutes and the supernatant was discarded. Each 

mesh sample was incubated with 1 mL of cytokine spiked plasma (1000 pg/mL) at 37 

°C for 120 minutes with shaking at 120 rpm. The positive control was spiked plasma 

with no adsorbent. At each time point, the supernatants were collected and residual 

IL-8 concentrations were measured with ELISA following the method described in 

Chapter 4. 
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To investigate whether the functional performance of the CA-nanomaterial meshes 

was limited by cytokine molecular weight or reduced nanomaterial access to 

cytokines, adsorptive activity was further studied using a smaller molecule, 4-

Chlorophenol (0.13 kDa) as a function of molecular weight. 20 mg of GNP, GO and 

ML-MXene were each pre-wetted in 2 mL of PBS overnight whilst shaking at 120 rpm. 

The suspension was centrifuged at 14,000 rpm for 10 minutes and the supernatant 

was discarded. Each nanomaterial pellet was resuspended in 2 mL of aqueous 4-

chlorophenol solution (20 – 1000 µg/mL) and incubated for 48 hours with shaking at 

120 rpm. The samples were centrifuged, the supernatant was collected and the 

absorbance of residual 4-chlorophenol in the supernatant was measured at 280 nm 

with a microplate reader (Biotek Synergy HT, UK). Next, pre-wetted CA and CA-GNP 

meshes (20, 50 and 100 mg) were incubated in 2 mL of 4-chlorophenol (500 µg/mL) 

for 48 hours with shaking at 120 rpm. The samples were centrifuged and the 

absorbance of the supernatant was measured with a microplate reader. 

 

5.3.13.2 Spin coating - PCL and PCL/PEI mesh composites  

4 PCL/PEI-GO mesh discs (cumulative GO loading of ⁓2 mg) were pre-wetted in 1 mL 

of PBS overnight with shaking at 150 rpm. The discs were incubated in 1 mL of 

cytokine-spiked plasma (1000 pg/mL) at 37 °C, 120 rpm for 5, 30, 120 and 240 

minutes. Spiked plasma without adsorbent was also included as a control. Residual 

IL-8 concentration was measured with ELISA. 

 

5.3.14 Antibacterial activity of the electrospun mesh composites  

5.3.14.1 Spin coating - PCL and PCL/PEI mesh composites 

Retention of nanomaterial antibacterial activity after spin coating onto PCL/PEI 

meshes was investigated after 4-hour incubation with E. coli and S. aureus using the 

colony count method. E. coli and S. aureus suspensions (108 CFU/mL) were prepared 

from overnight cultures following the method described in Chapter 4. 0.5 mL of each 

bacterial suspension was incubated with UV sterilised PCL, PCL/PEI (20%), GO-, GO-
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Ag- and AgNP-coated PCL/PEI mesh discs at 37 °C for 4 hours while shaking at 120 

rpm. Serial dilutions of each suspension were plated and bacterial viability was 

calculated. 

ML-MXene efficiency as a carrier for tetracycline (MXene-Tet) after coating onto 

PCL/PEI meshes was also investigated. PCL/PEI (20%) mesh discs were spin-coated 

with 1 mg of either ML-MXene or MXene-Tet. PCL/PEI-tetracycline discs were 

produced by pipetting 50 µL of an aqueous tetracycline solution (0.9 mg/mL) onto 

the mesh surface to give an equivalent loading of 45 µg per disc. The meshes 

(PCL/PEI-ML-MXene, PCL/PEI-MXene-Tet and PCL/PEI-tetracycline) were dried, UV 

sterilised for 1 hour on each side and stored at 4 °C (to preserve tetracycline activity). 

E. coli and S. aureus suspensions (108 CFU/mL) were each swabbed on Mueller-

Hinton agar (MHA) plates to form bacterial lawns. The coated meshes as well as the 

control PCL/PEI (20%) mesh were gently pressed onto the bacterial lawn and the 

plates were incubated at 37 °C for 20 hours. Inhibition zones were measured 

afterwards. 

 

5.3.14.2 Plasma treatment - PCL and PCL/PEI mesh composites 

E. coli and S. aureus suspensions (108 CFU/mL) were prepared from overnight 

cultures following the method described in Chapter 4. 0.5 mL of each bacterial 

suspension was incubated with UV sterilised plasma treated PCL, PCL-PEI and 

PCL/PEI-GOAg mesh discs at 37 °C for 4 hours while shaking at 120 rpm. Serial 

dilutions of each suspension were plated and bacterial viability was calculated. 

 

5.3.15 Statistical analysis 

Data obtained was processed using GraphPad Prism version 7.0e software (GraphPad 

Software Inc., USA) and/or Microsoft Excel version 16.27 (Microsoft Corporation, 

USA) where necessary. Data were expressed as the mean ± SEM or SD of 3 

independent experiments. Images were representative of the experimental group. 

Statistical analysis was carried out using GraphPad Prism 7. Differences between 

means were evaluated using one- or two-way ANOVA, where applicable, and 
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Dunnett or Tukey post hoc tests unless otherwise stated. P values below 0.05 were 

considered statistically significant. 

 

5.4 Results 

5.4.1 Direct blending 

5.4.1.1 Scanning electron microscopy of CA and CA-nanomaterial meshes 

SEM images of the CA and CA-nanomaterial meshes are shown in Figure 5.2. CA 

(Figure 5.2a), CA-GNP (Figure 5.2b), CA-GO (Figure 5.2c), CA-GO-Ag (Figure 5.2d) and 

CA-ML-MXene (Figure 5.2e) meshes were arranged as mats of thin ribbon-like 

randomly aligned nanofibres. In all the CA-nanomaterial composites, the nanosheets 

did not protrude from the nanofibres which suggested that the nanomaterials were 

homogenously blended into the CA nanofibre matrix. 

 

 

Figure 5.2 SEM images showing the morphology of CA (a), CA-GNP (b), CA-GO (c), 

CA-GO-AG (d) and CA-ML-MXene (e) meshes. Nanofibre morphology was acquired 

at an accelerating voltage of 5 kV. The magnification of all micrographs was 15 kX. 
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Mean nanofibre diameters of the CA and CA-nanomaterial meshes are presented in 

Figure 5.3. Incorporation of GO and GO-Ag increased the nanofibre diameter of CA 

meshes from 340 nm to 383 nm and 422 nm respectively while the nanofibre 

diameter of CA-ML-MXene slightly decreased to 330 nm. CA-GNP had the largest 

nanofibre diameter at 499 nm (Figure 5.3). Overall, nanofibre variability was large 

(SEM values) suggesting a wide range of diameters present in the meshes.  

 

 

Figure 5.3 Mean nanofibre diameter of CA and CA-nanomaterial meshes (mean ± 

SD). Over 8000 nanofibres were analysed per mesh using the ImageJ Diameter J 

plugin. Data were analysed using one-way ANOVA and a Dunnett post hoc test by 

comparing the nanomaterial composites to the neat CA mesh (****p<0.0001).  

 

5.4.1.2 FTIR spectroscopy of CA and CA-nanomaterial meshes 

CA had a band at 3465 cm-1 arising from O-H stretching and peaks around 1740 cm-1 

(C=O stretching), 1368 cm-1 (-C-H bending), 1229 cm-1 (C-O stretching) and 1038 cm-

1 (C-O stretching) (Figure 5.4). The CA-nanomaterial composites all had similar 

spectra to that of the pristine CA mesh. 
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Figure 5.4 FTIR spectra of CA, CA-GNP, CA-GO, CA-GO-Ag and CA-ML-MXene 

meshes. Spectra were recorded from 4000 to 650 cm-1. 

 

5.4.1.3 Tensile testing of CA and CA-nanomaterial meshes 

CA had a mean tensile strength of 1.73 MPa (Figure 5.5). On inclusion of GNP, the 

tensile strength of CA dropped to 1 MPa. GO incorporation also reduced CA tensile 

strength to 1.18 MPa. In contrast, GO-Ag increased CA tensile strength to 2.28 MPa. 

MXene incorporation in CA-ML-MXene (1.63 MPa) had minimal impact on the tensile 

strength of CA. Nanomaterial incorporation did not significantly impact CA mesh 

tensile strength for any of the composites. 

 

 

Figure 5.5 Tensile strength of CA, CA-GNP, CA-GO, CA-GO-Ag and CA-ML-MXene 

meshes (n = 5, mean ± SEM). Data were analysed using one-way ANOVA by 

comparing the nanomaterial composites to the neat CA mesh.   
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The elastic moduli data followed the same pattern (Figure 5.6). Incorporation of GNP 

and GO reduced the elastic modulus of CA whilst GO-Ag caused an increase. ML-

MXene incorporation made no difference to the elastic modulus of CA. None of these 

differences were significant when compared to the CA mesh. 

 

 

Figure 5.6 Elastic moduli of CA, CA-GNP, CA-GO, CA-GO-Ag and CA-ML-MXene 

meshes (n = 5, mean ± SEM). Data were analysed using one-way ANOVA by 

comparing the nanomaterial composites to the neat CA mesh. 

 

5.4.1.4 Contact angle analysis of CA and CA-nanomaterial meshes 

Nanomaterial incorporation did not significantly impact the contact angle of CA 

meshes as all the mesh surfaces were hydrophobic, with contact angles greater than 

90° (Figure 5.7 and Figure 5.8).  
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Figure 5.7 Contact angles of CA, CA-GNP, CA-GO, CA-GO-Ag and CA-ML-MXene 

meshes (n = 6, mean ± SEM). Data were analysed using one-way ANOVA by 

comparing the nanomaterial composites to the neat CA mesh. 

 

 

Figure 5.8 Water droplets on CA (a), CA-GNP (b), CA-GO (c), CA-GO-Ag (d) and CA-

ML-MXene (e) meshes. Images were captured with the contact angle analyser. 

 

5.4.1.5 Nitrogen porosimetry of CA and CA-nanomaterial meshes 

The neat CA mesh had a surface area of 73 m2/g (Table 5.2). On incorporation of GNP, 

the surface area reduced to 57 m2/g. Addition of GO, GO-Ag and ML-MXene 

increased CA mesh surface area to 109, 85 and 89 m2/g respectively. 
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Table 5.2 Surface areas of CA, CA-GNP, CA-GO, CA-GO-Ag and CA-ML-MXene 

meshes 

Mesh Surface area (m2/g) 

CA 73 

CA-GNP 57 

CA-GO 109 

CA-GO-Ag 85 

CA-ML-MXene 89 

 

5.4.1.6 Differential scanning calorimetry of CA and CA-nanomaterial meshes 

CA and CA-nanomaterial meshes underwent two physical transitions upon heating, 

which were defined by deviations from the baseline (Figure 5.9). CA experienced a 

glass transition at 195.1 °C (indicated by square box) and melting at 229.4 °C. The 

melting points of the composite meshes were similar to that of the neat CA mesh.  

 

 

Figure 5.9 DSC thermograms of CA, CA-GNP, CA-GO, CA-GO-Ag and CA-ML-MXene 

meshes. Meshes were analysed from -100 to 300 °C at a heating rate of 10 °C/ 

minute. Tg represents the glass transition temperature (highlighted by square box) 

while Tm, melting temperature, indicates the start of mesh decomposition.  
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5.4.1.7 Cytokine adsorption  

IL-8 concentration was significantly reduced after 2 hours of incubation with all the 

meshes (Figure 5.10). However, there was no significant difference between the IL-8 

concentrations of plasma samples incubated with CA and any other mesh composite. 

 

 

 
Figure 5.10 IL-8 adsorption by CA-, CA-GNP, CA-GO, CA-GO-Ag and CA-ML-MXene 

meshes after 2-hour incubation with spiked plasma (1000 pg/mL) (n = 3, mean ± 

SEM). Data were analysed using one-way ANOVA and a Tukey post-hoc test by 

comparing between all treatment groups (*p<0.05, **p<0.01). 

 

In order to assess whether the adsorptive performance of the CA-nanomaterial 

meshes was limited by cytokine molecular weight or reduced nanomaterial access to 

cytokines, adsorption of 4-chlorophenol by nanomaterials alone and in combination 

with the CA mesh was analysed. Compared to the pro-inflammatory cytokines, 4-

chlorophenol has a smaller molecular weight (0.13 kDa) and is also predominantly 

hydrophobic. GNP significantly reduced 4-chlorophenol concentration by over 87% 

at all 3 concentrations tested (p<0.0001) whereas both GO and ML-MXene did not 

significantly adsorb 4-chlorophenol from solution (Figure 5.11a). 
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On incorporation of GNP into the CA mesh and comparison with 4-chlorophenol 

adsorption by CA alone, no significant differences in ability to adsorb 4-chlorophenol 

were observed (Figure 5.11b). Both meshes adsorbed 62%, 80% and 89% of 4-

chlorophenol when incubated with spiked solutions at mass loadings of 20, 50 and 

100 mg respectively. 

 

 

 

Figure 5.11 Adsorption of 4-chlorophenol (20 – 1000 µg/mL) by GNP, GO and ML-

MXene (a) and 4-chlorophenol (500 µg/mL) by CA and CA-GNP meshes (20, 50 and 

100 mg) (b) (n = 3, mean ± SEM). Data were analysed using one-way ANOVA and a 

Dunnett (a) or Tukey (b) post hoc test by comparing treated groups to the control 

(spiked solution without adsorbent) at the respective concentration (a) or mass 

loading (b) (****p<0.0001). 
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5.4.2 Spin coating 

5.4.2.1 Ninhydrin measurement of amine content in PCL and PCL/PEI meshes 

In order to improve the exposed nanomaterial surface area for adsorption, spin 

coating of nanomaterials onto the PCL/PEI meshes was carried out. First, PEI was 

added to PCL meshes in order to provide amine functional groups for nanomaterial 

attachment following spin coating. Successful incorporation of PEI in the PCL mesh 

was validated using the ninhydrin assay. The PCL mesh alone contained negligible 

levels of amination. On incorporation of PEI at 10%, 15% and 20% (w/w), amination 

significantly increased by 12-, 18- and 24-fold respectively (p<0.0001); increasing as 

PEI loading increased (Figure 5.12).  
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Figure 5.12 Amine loading in PCL and PCL/PEI meshes from the ninhydrin assay (n 

= 3, mean ± SEM). Data were analysed using one-way ANOVA and a Dunnett post hoc 

test by comparing the PCL/PEI meshes to the PCL mesh (****p<0.0001).  

 

5.4.2.2 Contact angle analysis of PCL and PCL/PEI meshes 

At the top loading of 20% (w/w), PEI significantly decreased the contact angle of PCL 

meshes from 126° to 97° (p<0.01) (Figure 5.13 and Figure 5.14). Loadings of PEI at 

10% and 15% (w/w) did not significantly impact the contact angle of PCL meshes. 
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Figure 5.13 Contact angles of PCL and PCL-PEI meshes (n = 3, mean ± SEM). Data 

were analysed using one-way ANOVA and a Dunnett post hoc test by comparing the 

PCL/PEI meshes to the PCL mesh (**p<0.01). 

 

 

Figure 5.14 Water contact angles on PCL (a), PCL/PEI 10% (b), PCL/PEI 15% (c) and 

PCL/PEI (20%) (d) meshes. Images were captured with the contact angle analyser. 

 

5.4.2.3 Tensile testing of PCL and PCL/PEI meshes 

The tensile strength of the PCL mesh was 1.57 MPa. Incorporation of PEI at 10%, 15% 

and 20% (w/w) induced an increase in tensile strength to 2.73, 2.27 and 2.42 MPa 
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respectively although this increase was not considered statistically significant (Figure 

5.15).  
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Figure 5.15 Tensile strength of PCL and PCL-PEI meshes (n = 4, mean ± SEM). Data 

were analysed using one-way ANOVA and a Dunnett post hoc test by comparing the 

PCL/PEI meshes to the PCL mesh. 

 

Addition of PEI to PCL nanofibres at 10%, 15% and 20% (w/w) increased the elastic 

moduli from 0.20 MPa to 0.29, 0.27 and 0.30 MPa respectively although this increase 

was not considered statistically significant (Figure 5.16). 
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Figure 5.16 Elastic moduli of PCL and PCL-PEI meshes (n = 4, mean ± SEM). Data were 

analysed using one-way ANOVA and a Dunnett post hoc test by comparing the 

PCL/PEI meshes to the PCL mesh.  
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5.4.2.4 Scanning electron microscopy of PCL and PCL/PEI meshes  

SEM images of PCL, PCL/PEI, GO and ML-MXene spin coated meshes are shown in 

Figure 5.17. PCL nanofibres (Figure 5.17a) had a thick weave-like appearance while 

the nanofibres in the PCL/PEI (10%) (Figure 5.17b), PCL/PEI (15%) (Figure 5.17c) and 

PCL/PEI (20%) (Figure 5.17d) mesh nanofibres appeared thinner. GO sheets formed 

a continuous film over the surface of the PCL/PEI (20%) mesh (Figure 5.17e). ML-

MXene sheets were arranged as distinct stacks on the coated mesh (Figure 5.17f). 

ML-MXene also exhibited its characteristic accordion-like layered morphology. 

 

 

Figure 5.17 SEM images showing the morphology of PCL (15 kX) (a), PCL/PEI (10%) 

(15 kX) (b), PCL/PEI (15%) (15 kX) (c), PCL/PEI (20%) (15 kX) (d), PCL/PEI-GO (5 kX) 

(e) and PCL/PEI-ML-MXene (5 kX) (f) meshes. Nanofibre morphology was acquired 

at an accelerating voltage of 5 kV.  
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The incorporation of PEI into PCL meshes in order to provide amine groups to 

facilitate nanomaterial attachment significantly decreased nanofibre diameter 

(p<0.01) (Figure 5.18). 
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Figure 5.18 Mean nanofibre diameter of PCL and PCL/PEI meshes (mean ± SD). Over 

8000 nanofibres were analysed per mesh using the ImageJ Diameter J plugin. Data 

were analysed using one-way ANOVA and a Dunnett post hoc test by comparing the 

PCL/PEI meshes to the neat PCL mesh (**p<0.01). 

 

5.4.2.5 FTIR spectroscopy of PCL and PCL/PEI meshes 

The PCL and PCL-PEI meshes had peaks around 2945 cm-1 (C-H stretching), 1725 cm-

1 (C=O stretching), 1166 cm-1 (C-O stretching) and 732 cm-1 (=C-H bending) (Figure 

5.19). The PCL-PEI meshes also had another peak at 1565 cm-1, not present in the PCL 

meshes alone, arising from N-H bending vibrations. 
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Figure 5.19 FTIR spectra of PCL and PCL/PEI meshes. Spectra were recorded from 

4000 to 650 cm-1. 

 

PCL-PEI (20%), GO- and ML-MXene-coated meshes had peaks around 2947, 1725, 

1166 and 730 cm-1 attributed to C-H stretching, C=O stretching, C-O stretching and 

=C-H bending respectively (Figure 5.20). The N-H bending vibration introduced by PEI 

incorporation into the PCL mesh was maintained on spin coating with GO and ML-

MXene as indicated by the peak at 1566 cm-1. 

 

 

Figure 5.20 FTIR spectra of PCL/PEI (20%), GO- and ML-MXene-coated meshes. 

Spectra were recorded from 4000 to 650 cm-1.  
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5.4.2.6 X-ray photoelectron spectroscopy of PCL and PCL/PEI meshes  

Survey scans in Figure 5.21 detected C1s and O1s peaks in PCL, PCL/PEI, GO- and ML-

MXene-coated PCL/PEI meshes. N1s peaks were also detected in the PCL/PEI, GO- 

and ML-MXene-coated meshes. Additional Ti2p and F1s peaks were detected in the 

ML-MXene-coated mesh. 

 

 

Figure 5.21 XPS survey scans of PCL, PCL/PEI, GO- and ML-MXene-coated meshes. 

Spectra were acquired with a monochromatic aluminium Kα x-ray source (hυ = 117.4 

eV) and fitted using a Shirley function background. 

 

5.4.2.7 Differential scanning calorimetry of PCL and PCL/PEI meshes  

The PCL thermogram showed a glass transition at 42.3 °C and melting at 57.7 °C 

(Figure 5.22). Although the PCL/PEI meshes demonstrated similar melting profiles to 

PCL, glass transition was less pronounced in PCL/PEI (10%) and not detected at higher 

loadings (15% and 20%).  
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Figure 5.22 Representative DSC thermograms of PCL and PCL/PEI meshes. Meshes 

(n = 3) were analysed from -100 to 300 °C at a heating rate of 10 °C/minute. Tg 

denotes the glass transition temperature (black arrow) while Tm, melting 

temperature, indicates the start of mesh decomposition. 

 

Incorporation of GO and ML-MXene into PCL/PEI (20%) meshes induced a slight 

increase in melting temperature from 56.4 °C to 58.5 °C and 59.2 °C respectively 

(Figure 5.23).  

 

 

Figure 5.23 Representative DSC thermograms of PCL/PEI (20%), GO- and ML-

MXene-coated meshes. Meshes (n = 3) were analysed from -100 to 300 °C at a 

heating rate of 10 °C/minute. Tg represents the glass transition temperature while 

Tm, melting temperature, indicates the start of mesh decomposition. 
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5.4.2.8 Nitrogen porosimetry of PCL and PCL/PEI meshes 

PEI incorporation increased the surface area of the PCL mesh from 41.8 m2/g to 73, 

59.5 and 80.9 m2/g at loadings of 10%, 15% and 20% (w/w) respectively (Table 5.3). 

After coating of the PCL/PEI (20%) mesh with GO, the surface area decreased to 61.4 

m2/g while coating with ML-MXene increased mesh surface area to 85.1 m2/g.  

 

Table 5.3 Surface areas of PCL, PCL/PEI, GO- and ML-MXene-coated meshes 

Electrospun mesh Surface area (m2/g) 

PCL 41.8 

PCL/PEI (10%) 73 

PCL/PEI (15%) 59.5 

PCL/PEI (20%) 

PCL/PEI-GO 

PCL/PEI-ML-MXene 

80.9 

61.4 

85.1 

 

5.4.2.9 Cytokine adsorption by PCL/PEI and spin coated mesh composites 

Retention of nanomaterial adsorptive activity following spin coating onto PCL/PEI 

(20%) meshes was investigated after 4-hour incubation with cytokine spiked plasma. 

IL-8 concentration in spiked plasma was significantly reduced after 5 minutes of 

incubation with PCL/PEI (20%) and GO-coated meshes compared to the negative no 

mesh control (p<0.0001) (Figure 5.24). However, there was no significant difference 

between IL-8 concentrations in plasma samples incubated with both meshes at any 

time point (p>0.05). 
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Figure 5.24 Kinetics of IL-8 adsorption by PCL/PEI (20%) and GO-coated meshes (~2 

mg loading) after 4-hour incubation with spiked plasma (1000 pg/mL) (n = 3, mean 

± SEM). Data were analysed using two-way ANOVA and a Tukey post hoc test by 

comparing between treatment groups (****p<0.0001). 

 

5.4.2.10 Antibacterial activity of spin coated PCL mesh composites 

Retention of nanomaterial antibacterial activity after spin coating onto PCL/PEI (20%) 

meshes was studied with E. coli and S. aureus. PCL/PEI (20%), GO-, GO-Ag- and AgNP-

coated PCL/PEI meshes significantly reduced E. coli viability (p<0.0001) to 0%, 4%, 0% 

and 0% respectively compared to the neat PCL mesh (Figure 5.25). 

 

Figure 5.25 E. coli viability from colony counts after 4-hour incubation with PCL, 

PCL/PEI (20%), GO-, GO-Ag- and AgNP-coated PCL/PEI meshes (n = 3, mean ± SEM). 

Data were analysed using one-way ANOVA and a Tukey post hoc test by comparing 

between treatment groups (****p<0.0001). 
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On incubation of S. aureus with PCL/PEI (20%) and all the nanomaterial coated 

meshes, bacterial viability significantly decreased to 0% (p<0.0001) compared to 

incubation with the PCL mesh alone (Figure 5.26). 

 

Figure 5.26 S. aureus viability from colony counts after 4-hour incubation with PCL, 

PCL/PEI (20%), GO-, GO-Ag- and AgNP-coated PCL/PEI meshes (n = 3, mean ± SEM). 

Data were analysed using one-way ANOVA and a Tukey post hoc test by comparing 

between treatment groups (****p<0.0001). 

 

Retention of bactericidal efficacy following deposition of tetracycline loaded ML-

MXene (MXene-Tet) onto PCL/PEI (20%) meshes was also investigated. Compared to 

the PCL/PEI mesh, both MXene-Tet and tetracycline-coated meshes significantly 

induced zones of inhibition (p<0.05) which restricted bacterial growth via drug 

release. Inhibition of E. coli growth by MXene-Tet coated meshes was smaller with a 

diameter of 1.7 ± 0.6 mm compared to the tetracycline coated meshes which induced 

an inhibition zone of 13.7 ± 1.3 mm (Figure 5.27 and Figure 5.28a). Likewise, 

inhibition of S. aureus growth by the MXene-Tet coated meshes was smaller at 3.5 ± 

0.3 mm compared to the tetracycline coated meshes which induced an inhibition 

zone of 16.0 ± 0.3 mm (Figure 5.27 and Figure 5.28b). Unexpectedly, the PCL/PEI 

(20%) and ML-MXene coated meshes also inhibited S. aureus growth, producing 

inhibition zones of 1.8 ± 0.4 mm and 0.5 ± 0.4 mm respectively. 

P
C
L

P
C
L-P

E
I

P
P-G

O

P
P
-G

O
A
g

P
P
-A

gN
P

0

50

100

150

B
a
c
te

ri
a
l 
v
ia

b
il
it

y
 (

%
)

****



 

231 
 

 

Figure 5.27 Inhibition zones on E. coli and S. aureus lawns measured after 20-hour 

incubation with PCL/PEI, -ML-MXene, -MXene-Tet and -Tetracycline discs (n = 3, 

mean ± SD). Data were analysed using one-way ANOVA and a Dunnett post hoc test 

by comparing bacterial lawns incubated with modified meshes to bacterial lawns 

incubated with the neat PCL/PEI mesh (*p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001). 

 

 

Figure 5.28 Lawns of E. coli (a) and S. aureus (b) showing inhibition zones after 20-

hour incubation with PCL/PEI (20%) (1), ML-MXene (2), -MXene-Tet (3) and 

tetracycline (4) coated PCL/PEI meshes.  
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5.4.2.11 Biocompatibility of PCL and PCL/PEI meshes  

THP-1 cell viability significantly decreased after 24-hour incubation with PCL/PEI 

meshes (p<0.0001) (Figure 5.29). Triton X, the positive control, also induced a 

significant reduction in cell viability. 

 

Figure 5.29 THP-1 cell viability from the MTS assay after direct contact with PCL and 

PCL/PEI meshes for 24 hours (n = 3, mean ± SEM). Data were analysed using one-

way ANOVA and a Dunnett post hoc test by comparing cells incubated with PCL/PEI 

meshes to cells incubated with PCL meshes (****p<0.0001). 

 

Both PCL/PEI (20%) mesh extracts (50% and 100%) significantly decreased cell 

viability (Figure 5.30). PCL extracts did not impact cell viability. 
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Figure 5.30 THP-1 cell viability from the MTS assay after 24-hour incubation with 

PCL and PCL/PEI (20%) mesh extracts (50% and 100%) (n = 3, mean ± SEM). Data 

were analysed using one-way ANOVA and a Dunnett post hoc test by comparing cells 
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incubated with PCL/PEI mesh extracts to cells incubated with PCL mesh extracts at 

the respective concentration (50% or 100%) (****p<0.0001). 

Cell viability after incubation with PCL/PEI (20%) meshes significantly increased with 

longer leaching time (Figure 5.31). 
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Figure 5.31 THP-1 cell viability from the MTS assay after 24-hour incubation with 

PCL-PEI (20%) meshes leached for 0, 1 and 7 days (n = 3, mean ± SEM). Data were 

analysed using one-way ANOVA and a Tukey post hoc test by comparing treated 

groups to untreated cells and also between treated groups (****p<0.0001). 

 

5.4.3 Plasma treatment and chemical modification 

5.4.3.1 Ninhydrin measurement of amine content in plasma treated PCL and 

PCL/PEI meshes 

PCL meshes were plasma treated to introduce oxygen functional groups to facilitate 

PEI attachment and subsequent binding of GO and GO-Ag. Surface modification of 

plasma treated PCL meshes with PEI significantly increased amine loading to 2.51 x 

1017 molecules (p<0.05) (Figure 5.32). 
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Figure 5.32 Amine loading in plasma treated PCL and PCL/PEI meshes (n = 3, mean 

± SEM). Data were analysed using an unpaired t test by comparing PCL-PEI meshes 

to the plasma treated PCL mesh (*p<0.05). 

 

5.4.3.2 Scanning electron microscopy of plasma treated PCL and PCL/PEI meshes 

GO sheets were attached to the surface of the PEI-modified PCL nanofibres (Figure 

5.33b) following surface modification of the neat PCL mesh (Figure 5.33a). 

 

 

Figure 5.33 SEM images showing the morphology of PCL (10 kX) (a) and PCL/PEI-GO 

(10 kX) (b) meshes. Nanofibre morphology was acquired at an accelerating voltage 

of 5 kV. Scale bar = 2 µm. 
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5.4.3.3 FTIR spectroscopy of plasma treated PCL and PCL/PEI meshes 

PCL, plasma treated PCL, PCL/PEI, GO- and GO-Ag-coated PCL/PEI meshes all had 

similar FTIR spectra (Figure 5.34). Peaks were detected at 2935 cm-1 (C-H stretching), 

1721 cm-1 (C=O stretching), 1166 cm-1 (C-O stretching) and 732 cm-1 (=C-H bending). 

 

 

 

Figure 5.34 FTIR spectra of PCL, plasma treated PCL, PCL/PEI, PCL/PEI-GO and 

PCL/PEI-GOAg meshes. Spectra were recorded from 4000 to 650 cm-1. 

 

5.4.3.4 Surface wettability of PCL and plasma treated PCL meshes 

Plasma treated PCL meshes were very hydrophilic with a contact angle of 0o following 

complete, immediate absorption of deionised water. The meshes also instantly 

absorbed the Rhodamine B dye solution in contrast to the pristine PCL meshes which 

were hydrophobic (Figure 5.35). 
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Figure 5.35 Wettability of neat (left) and plasma treated PCL meshes. Images were 

captured with a digital camera. 

 

5.4.3.5 Biocompatibility of plasma treated PCL and GO-modified mesh composites 

After 24-hour incubation, the GO-modified PCL/PEI mesh did not impact THP-1 cell 

viability compared to the plasma treated PCL mesh (Figure 5.36). Triton X, the 

positive control, significantly reduced cell viability (p<0.05). 

 

 

Figure 5.36 THP-1 cell viability from the MTS assay after 24-hour incubation with 

plasma treated PCL and PCL/PEI-GO meshes (n = 3, mean ± SEM). Data were 

analysed using one-way ANOVA and a Dunnett post hoc test by comparing treatment 

groups to cells incubated with plasma treated PCL mesh alone (*p<0.05). 

P
C
L-p

la
sm

a

P
C
L/P

E
I-G

O

Tr
ito

n X

0

50

100

150

200

C
e
ll
 v

ia
b

il
it

y
 (

%
)

*



 

237 
 

5.4.3.6 Antibacterial activity of plasma treated PCL and PCL/PEI meshes 

Incubation of PCL/PEI-GOAg with E. coli significantly reduced bacterial viability to 0% 

whereas E. coli viability after incubation with PCL/PEI meshes was 136% (Figure 5.37). 

PCL/PEI-GOAg incubation with S. aureus significantly reduced bacterial viability to 

0%. Some reduction in bacterial viability was also observed after incubation of the 

PCL/PEI mesh with S. aureus. 

 

  

Figure 5.37 Viability of E. coli and S. aureus from colony counts after 4-hour 

incubation with plasma treated PCL, PCL/PEI and PCL/PEI-GOAg meshes (n = 3, 

mean ± SEM). Data were analysed using one-way ANOVA and a Tukey post hoc test 

by comparing treatment groups to bacteria incubated with plasma treated PCL mesh 

alone for E. coli and S. aureus respectively (*p<0.05, **p<0.01). 

 

5.5 Discussion 

The remarkable properties which make them useful for antibacterial applications and 

biotoxin removal in biomedicine notwithstanding, direct use of nanomaterials has 

been associated with risks of aggregation and leaching. Hence, studies have explored 

nanomaterial incorporation into polymer scaffolds to address the above challenges. 

This chapter investigated the integration of graphene and Ti3C2 MXene variants into 

electrospun meshes and assessed the biocompatibility and functional performance 

of the resulting nanomaterial-polymer mesh composites in order to evaluate their 
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utility in medical device applications. Three approaches were used to incorporate 

nanomaterials into the electrospun meshes – direct blending, spin coating and 

surface modification of plasma treated meshes.  

 

5.5.1 Direct blending 

Direct blending of nanomaterials was the first approach used to incorporate the 

nanomaterial variants into electrospun meshes. Each nanomaterial suspension was 

blended with the CA solution and then electrospun. SEM images revealed 

homogenous integration of all the nanomaterials into the CA nanofibres with no 

sheet protrusion observed for any of the composites (Figure 5.2). Nanomaterial 

incorporation into CA meshes significantly increased nanofibre diameter (Figure 5.3). 

Similar observations have been documented in the scientific literature (613-615). 

Addition of nanomaterials to polymer solutions has been shown to increase the 

solution concentration and in turn, viscosity which resulted in thicker nanofibres 

(270, 616). However, some studies reported that introduction of graphenes into 

electrospun meshes reduced nanofibre diameter due to increased electrical 

conductivity (617, 618). Higher solution conductivity is associated with an increase in 

the charge density of polymer jets and enhanced repulsion between like charges. 

Under the applied electric field, the charged jet becomes stretched leading to a 

reduction in nanofibre diameter (619, 620). The disparity between the findings in this 

study and the cited studies above with respect to the impact of GNP loading on the 

fibre diameter of the CA mesh may be attributed to the low GNP concentration in 

the blend which potentially reduced impact on solution conductivity and by 

extension, nanofibre diameter. FTIR spectroscopy analyses did not identify any 

differences between the spectra of the neat CA mesh and any of the nanomaterial 

composites (Figure 5.4). This was possibly due to the low nanomaterial 

concentrations (<3% w/w) in the blend and homogenous integration within the CA 

nanofibre matrix. Tensile testing indicated the absence of significant differences in 

tensile strength (Figure 5.5) and elastic moduli (Figure 5.6) between the neat CA 

mesh and any of the nanomaterial composites. It is likely that higher nanomaterial 

loadings may have produced more distinct differences in the tensile properties of the 
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composites (621, 622). In contrast to previous studies (623, 624), incorporation of 

GO, GO-Ag and ML-MXene, which had hydroxyl and carboxyl groups, into the 

hydrophobic CA mesh did not significantly reduce the contact angles of the resulting 

composites (Figure 5.7).  

Nitrogen porosimetry (Table 5.2) showed that the surface area of the neat CA mesh 

(73 m2/g) was higher than the values obtained in previous studies (625-627) which 

may be ascribed to differences in synthesis and analysis protocols. Apart from low 

nanomaterial concentrations, blending within CA nanofibres may have also reduced 

accessibility to nanomaterial surfaces thus limiting impact on surface area. The 

above-mentioned factors i.e. low nanomaterial concentrations and limited surface 

access may also explain why the CA mesh and nanomaterial composites had similar 

surface areas, contrary to the hypothesis in 5.2 above that nanomaterial addition to 

the nanofibres would increase surface area. The thermal properties of the CA mesh 

(Figure 5.9) were consistent with literature (597, 628). The melting peaks of the 

nanomaterial composites were comparable to that of the pristine CA mesh (Figure 

5.9) which suggested that nanomaterial incorporation did not alter CA thermal 

properties. 

Addition of GNP, GO, GO-Ag or ML-MXene to CA meshes did not cause a significant 

increase in IL-8 adsorption (Figure 5.10). A likely explanation is that the blending 

process caused complete blockage of the nanomaterials by the polymer and thus 

there was no accessible surface area for adsorption of even the smallest 8 kDa 

cytokine. Furthermore, this may particularly explain why CA-GNP and CA-GO 

exhibited similar IL-8 adsorption profiles to pristine CA even though both 

nanomaterials (GNP and GO) had earlier demonstrated significant adsorption of 

cytokines at low masses (0.1 – 5 mg) in Figure 4.19. This finding was supported by Lu 

et al (629) who reported that incorporation of zeolite nanoparticles into electrospun 

polyacrylonitrile membranes significantly reduced creatinine adsorption capacity by 

more than 75%. The authors attributed the poor adsorptive performance of the 

composites relative to the bare zeolites to blockage of nanoparticle surface area by 

the nanofibres. Although Tan et al (630) earlier reported that electrospun PVA/GO 

nanofibres demonstrated rapid adsorption of copper and cadmium ions, the authors 
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did not include pristine PVA mesh as an experimental control in their study. This 

suggested that the reported adsorption may have resulted from electrostatic 

interactions between the cationic metal ions and anionic hydroxyl groups in PVA. 

Further adsorption studies with a smaller molecule, 4-chlorophenol (0.12 kDa), also 

showed that incorporating GNP into CA meshes did not increase adsorptive 

performance (Figure 5.11b). This indicated that the poor adsorptive efficiency of the 

nanomaterial composites relative to pristine CA could not be attributed to IL-8 

molecular weight but more likely, limited access to nanomaterial surfaces.  

Since blending nanomaterials within electrospun meshes did not preserve adsorptive 

activity in the resulting composites, surface coating of meshes with nanomaterials 

was then explored in order to increase exposed nanomaterial surface area and 

consequently, access to biotoxins.   

 

5.5.2 Spin coating 

The polymer, PEI, was added to PCL solutions to supply amine groups which would 

support nanomaterial attachment after spin coating. The presence of amine groups 

in PEI, confirmed by the ninhydrin assay (Figure 5.12), was anticipated to facilitate 

attachment of GO and ML-MXene to PCL/PEI meshes via electrostatic interactions 

with carbonyl and hydroxyl groups. Furthermore, PEI addition significantly decreased 

the contact angle of PCL meshes (Figure 5.13) – this could be attributed to the 

presence of surface functional amines and was in agreement with previous studies 

(631, 632). Studies have shown that increasing the hydrophilicity of biomaterials 

improves cell attachment, proliferation and differentiation (633, 634). In addition, 

hydrophilic surfaces have been shown to inhibit adsorption of proteins e.g. 

fibrinogen (635), adhesion of platelets and blood cells (635, 636), and activation of 

immune cells (637), all of which are implicated in adverse physiological responses to 

biomaterial implantation in the body (638). Since the contact angle of the PCL/PEI 

(20%) meshes (97°) was close to the upper hydrophilicity limit of 90°, this suggested 

that the meshes would support optimal cell growth. Similar to Jing et al (632), 

incorporation of PEI in PCL meshes increased tensile strength (Figure 5.15) and elastic 
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moduli (Figure 5.16). Uzal et al (639) demonstrated that the tensile strength of 

electrospun polysulfone nanofibres increased as the loading of PEI increased. The 

authors attributed this increase to the presence of branched chains in PEI which 

facilitated matrix formation in the polymer blend and ultimately enhanced tensile 

strength.  

SEM revealed successful surface coating of PCL/PEI mesh discs with GO (Figure 5.17e) 

and ML-MXene (Figure 5.17f). Addition of PEI to PCL meshes significantly reduced 

nanofibre diameter (Figure 5.18) in line with earlier studies (631, 632). The decrease 

has been ascribed to the high cationic charge density of PEI. As earlier mentioned in 

5.5.1 above, increased charge density in polymer solutions enhances repulsion within 

the jet during electrospinning which in turn produces thinner nanofibres. Similar to 

previous studies (640, 641), FTIR detected carbonyl and ether groups in both PCL and 

PCL/PEI meshes as well as an additional N-H group in the PCL/PEI meshes (Figure 

5.19). The detection of the N-H peak indicated that the primary amine groups in PEI 

were available to interact with the nanomaterials. XPS survey scans (Figure 5.21) 

detected C1s and O1s signals in all the meshes; N1s signals were also detected in 

PCL/PEI meshes. Detection of Ti2p and F1s signals in ML-MXene-coated meshes 

further evidenced successful coating of PCL/PEI mesh surfaces with ML-MXene.   

DSC analysis indicated that PCL experienced a glass transition at 42.3 °C and melted 

at 57.7 °C (Figure 5.22) - both values were within the ranges reported in the scientific 

literature (642-644). PEI loading was marked by reduction/disappearance of the glass 

transition peak in PCL (Figure 5.23). This finding contrasted with Hou et al (645) who 

reported that PEI incorporation into CA meshes increased the glass transition 

temperature. This disparity may have resulted from differences in the structures of 

CA and PCL and the consequent impact on molecular interactions with PEI. The 

melting peaks of the GO- and ML-MXene-coated meshes were comparable to that of 

the PCL/PEI (20%) mesh. The PCL mesh surface area was higher than values reported 

by previous studies (646, 647) which may likely be due to variations in spinning 

conditions, nanofibre properties e.g. diameter, and porosimetry analysis parameters. 

The PEI-incorporated meshes had higher surface areas relative to the pristine PCL 

mesh which could be attributed to differences in nanofibre diameter. Reduction of 
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material dimensions, demonstrated by the thinner nanofibres of PCL/PEI meshes, has 

been associated with increase in surface area (388, 389). In addition, Sirc et al (648) 

showed that the surface area of electrospun nylon scaffolds decreased with larger 

fibre diameters which supported the finding of the present study. 

Cytokine adsorption studies (Figure 5.24) revealed that there were no significant 

differences in IL-8 concentrations between plasma samples incubated with PCL/PEI 

(20%) and GO-coated meshes. SEM had earlier shown in Figure 5.17e that the GO 

sheets were stacked in a film on the surface of the PCL/PEI (20%) mesh. BET 

adsorption isotherms in Figure 2.18 indicated that GO was non-porous. Since most 

of the GO sheets, barring the top and bottom layers, were trapped in a non-porous 

film, this suggested that the relatively poor adsorptive performance of GO-coated 

meshes may have resulted from reduced access to interact with cytokines. This 

proposition was supported by Tan et al (591) who reported that cytokine levels were 

lower after incubation with graphene films compared to freestanding graphene 

foams.  

The MTS assay showed that PCL meshes did not impact THP-1 cell viability (Figure 

5.29 and Figure 5.30) which was in agreement with earlier studies on PCL 

biocompatibility (649-651). However, both direct contact of THP-1 cells with PCL/PEI 

meshes (Figure 5.30) and incubation of the cells with mesh extracts (Figure 5.31) 

resulted in significant decreases in cell viability. Decreased cell viability in response 

to increased PEI loading of electrospun scaffolds has been reported in the scientific 

literature. The cellular toxicity of PEI was attributed to its high cationic density which 

enabled interactions with anionic groups in the outer cell membrane leading to 

penetration and adverse effects on cellular metabolism (652, 653). Although the 

protonated amine groups in PEI improved scaffold hydrophilicity, high 

concentrations could cause adverse effects to cells (631, 632, 654). Cell viability 

increased with longer leaching times (Figure 5.31). Leaching may have reduced PEI 

loading in the meshes resulting in improved cell viability.  

High PEI loading may also explain why all the PCL/PEI meshes significantly inhibited 

the viability of E. coli (Figure 5.25) and S. aureus (Figure 5.26) irrespective of which 

nanomaterial was attached to the mesh surface. Disc diffusion experiments showed 
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that tetracycline-loaded PCL/PEI meshes produced significantly greater inhibition of 

bacterial growth compared to the MXene-Tet-loaded meshes (Figure 5.27 and Figure 

5.28). As earlier discussed in 4.5.1 above, hindered drug diffusion from ML-MXene 

sheets through the mesh may have negatively impacted the bactericidal activity of 

MXene-Tet coated meshes. The unexpected inhibition of S. aureus growth displayed 

by PCL/PEI (20%) and MXene-coated meshes (Figure 5.27) may be attributed to the 

membrane-disrupting properties of PEI which has been reported in the scientific 

literature (653, 655). Furthermore, Gibney et al (654) showed that branched PEI 

molecules demonstrated selective toxicity towards S. aureus over E. coli. This may 

explain why both PCL/PEI (20%) and MXene-coated meshes did not produce 

significant zones of inhibition against E. coli. 

The above findings suggested that reducing PEI loading in PCL meshes was necessary 

in order to strike a balance between mesh hydrophilicity and minimal adverse impact 

on cell or bacterial viability. Hence, an alternative route for nanomaterial 

incorporation in electrospun PCL meshes was developed to address the challenges of 

material toxicity observed with the spin coated PCL/PEI meshes.  

 

5.5.3 Plasma treatment and chemical modification 

Chemical modification of electrospun meshes was explored as an alternative 

approach for nanomaterial incorporation to address the challenge of toxicity 

experienced with the mesh composites that were produced from spin coating. 

Plasma treatment presents an efficient approach to modify the surface features of 

polymer scaffolds without compromising their bulk features (656, 657). PCL 

nanofibres were treated with oxygen plasma and subsequently modified with PEI 

using EDC/NHS coupling chemistry. Considering results from biocompatibility 

assessment in 5.4.2.11 above, lower quantities of PEI were used in the reaction so as 

to minimise the risk of toxicity. Finally, GO and GO-Ag were attached to PEI-modified 

meshes also via EDC/NHS coupling. It was hypothesised that the random nature of 

the coupling reactions may facilitate random alignment of GO/GO-Ag sheets on the 
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mesh surface, as opposed to the film formation observed with spin coating, which 

would in turn increase exposed nanomaterial surface area.  

Detection of amine groups in PCL/PEI by the ninhydrin assay confirmed successful 

coupling of PEI to the plasma treated PCL meshes (Figure 5.32). It was anticipated 

that the amine groups would serve as anchor sites to enable covalent bonding of 

GO/GO-Ag to the nanofibres. In addition, the amine loading of the plasma treated 

PCL/PEI meshes (2.5 x 1017 molecules) was nearly 10 times lower than that of the 

spin coated PCL/PEI meshes in 5.4.2.1 above (23.6 x 1017 molecules). With regards to 

the discussion in 5.5.2 above, a lower amine group density was expected to minimise 

risk of PEI toxicity. 

SEM images confirmed the attachment of GO sheets (Figure 5.17e) and by extension, 

GO-Ag, to the PEI-modified PCL meshes. The sheets were not aggregated into films 

which provided evidence that sheet attachment to the mesh was driven by chemical 

processes rather than physical deposition. However, the sheets did not completely 

cover the mesh surface even though the entire bulk of the mesh discs was submerged 

in the reaction medium during coupling, and reaction reagents such as EDC, NHS and 

PEI were added in excess. Also, residual unbound GO was visually detected after the 

final reaction. Since the precise reaction mechanisms of GO and other graphene 

variants particularly with respect to stoichiometric regulation is still unknown (40), 

this prevented rational design of the coupling experiments to maximise surface 

coverage of PCL/PEI meshes by GO.  

FTIR analysis did not detect distinct differences in the spectra of PCL/PEI, GO- and 

GO-Ag-coated meshes when compared to the pristine PCL mesh (Figure 5.34). It is 

important to note that FTIR spectroscopy typically analyses the entire material 

volume and has limited sensitivity to changes, such as induced by plasma treatment, 

which occur in the uppermost layer of material surfaces (tens of nanometres in 

depth) (658-660). Nonetheless, PEI coupling to plasma treated meshes and surface 

modification of PCL/PEI meshes with GO were validated by the ninhydrin assay and 

SEM respectively. Plasma treatment rendered PCL meshes very hydrophilic (Figure 

5.35). Increased surface wettability of PCL nanofibres following exposure to oxygen 

plasma has been attributed to the introduction of carbonyl and carboxyl groups to 
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the PCL backbone and a resultant increase in surface energy (661, 662). Reaction of 

oxygen plasma with polymers generates different surface functionalities such as 

ethers, carbonyls, carboxyls and carbonates which increase surface hydrophilicity 

(657). 

The MTS assay indicated that both plasma treated PCL and GO-modified PCL/PEI 

meshes did not impact THP-1 cell viability (Figure 5.36). This confirmed the earlier 

hypothesis in 5.5.2 that reducing PEI loading would improve the biocompatibility of 

PCL/PEI meshes. Incubation of E. coli and S. aureus with GO-Ag modified PCL/PEI 

meshes completely inhibited bacterial viability which indicated retention of 

antibacterial activity in the mesh composites (Figure 5.37). As SEM showed 

incomplete coverage of the PCL/PEI mesh surface by the GO sheets in Figure 5.17b, 

the cytokine adsorptive activity of the resulting composites was not investigated. The 

GO loading in the PCL/PEI meshes could not be increased because that would have 

required increasing the loading of PEI which was limited by toxicity as shown in 

5.4.2.11 above.  

 

5.6 Conclusion 

In this chapter, graphene and Ti3C2 MXene variants were incorporated into 

electrospun CA and PCL nanofibres to develop composites which could be used for 

repression of inflammation and/or infection whilst minimising risks of particle 

release and aggregation which have been associated with direct use of 

nanomaterials. This was achieved using three different approaches – blending, spin 

coating and plasma treatment combined with chemical modification. Although direct 

blending of the nanomaterials with polymer solutions produced uniform distribution 

and homogenous nanofibres, this approach did not support high nanomaterial 

loadings. This was reflected in the insignificant impact of nanomaterial integration 

on the physicochemical properties and adsorptive activity of the resulting CA-

nanomaterial mesh composites. Next, spin coating was used to incorporate GO and 

ML-MXene onto the surface of PCL/PEI nanofibres to enhance the exposed 

nanomaterial surface area. PEI incorporation into PCL meshes enabled surface 
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amination which allowed stable bonding of GO to the mesh surface. PEI 

incorporation also enhanced the physicochemical properties of PCL meshes by 

increasing tensile strength, elastic moduli, surface area and surface hydrophilicity. 

However, as with blending, spin coating GO onto PCL/PEI mesh surfaces did not 

translate to increased cytokine adsorption by the resulting composite. It was 

hypothesised that the formation of non-porous GO films on the mesh surface may 

have restricted sheet access to and interaction with the cytokines.  

In the third approach, PCL meshes were first treated with oxygen plasma to introduce 

hydrophilic surface functional groups after which the meshes were modified with PEI. 

The amine groups of PEI served as linkers for subsequent bonding of GO and GO-Ag. 

As the introduction of functional groups during plasma treatment is generally 

restricted to the uppermost layers of the material, this approach ensured that the 

subsequent attachment of PEI molecules was limited to the mesh surface in order to 

prevent high PEI loading and minimise risk of toxicity as was seen in the previous spin 

coating approach where the PEI molecules were blended through the bulk volume of 

the PCL mesh. This rationale was validated by the ninhydrin assay which showed that 

the amine loading in the PCL/PEI meshes produced via this approach (Figure 5.32) 

was 10 times less than the amine loading of PCL/PEI meshes produced with the spin 

coating approach (Figure 5.12). The GO-bound meshes exhibited high 

biocompatibility while the GO-Ag-bound meshes demonstrated complete inhibition 

of E. coli and S. aureus viability indicating that GO-Ag antibacterial activity was 

maintained on loading to PCL meshes via covalent bonding onto PEI-modified plasma 

treated surfaces. 
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6 General Discussion  

6.1 Introduction   

Two-dimensional graphenes and MXenes have unique and remarkable properties 

including planar morphologies and large reactive surface areas which lend 

themselves to a range of biomedical applications. One potential application which 

has been under-explored is the use of these nanomaterials in biotoxin remediation 

strategies to influence pathways related to the suppression of inflammation and 

infection. As the efficacy of existing antibiotics is threatened by the rising incidence 

of antibacterial resistance and current medical devices are ineffective at removing 

high molecular weight and protein bound toxins, this application would be useful in 

the management of diseases such as kidney failure, liver failure, sepsis and non-

healing wounds where there is a build-up of microbial toxins, biological metabolites 

and/or excessive dysregulated activity of inflammatory mediators. However, there is 

limited knowledge (and in some cases conflicting reports) about the biocompatibility, 

antibacterial activity and biotoxin remediation potential of these nanomaterials. This 

thesis addressed these gaps in knowledge through a comparative investigation of the 

properties of graphene and Ti3C2 MXene variants, their compatibility with cells and 

blood, impact on bacterial viability and capacity for biotoxin removal. Composites of 

the nanomaterials with electrospun polymer scaffolds were developed in order to 

evaluate their use in medical device applications. 

Several objectives were employed in order to achieve this aim. First, the 

nanomaterials were synthesised and then characterised using an array of 

microscopic, spectroscopic and analytical techniques. This enabled distinction 

between the physicochemical properties of the different nanomaterial variants 

which informed subsequent studies on their biocompatibility, haemocompatibility, 

antibacterial performance and capacity for biotoxin removal. Following synthesis and 

characterisation, nanomaterial biocompatibility and haemocompatibility were 

assessed in vitro in cell lines and human blood respectively. Then, the antibacterial 

activity of the nanomaterials was investigated using E. coli and S. aureus as 

representative organisms for Gram-negative and Gram-positive bacteria 
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respectively. ML-MXene was also investigated for its potential to serve as a delivery 

vehicle for antibiotics using tetracycline as a representative drug. Next, biotoxin 

adsorption by the nanomaterials was evaluated, using pro-inflammatory cytokines as 

marker molecules, in spiked plasma and cell culture media. Nanomaterial impact on 

cellular cytokine production was assessed in an in vitro cell model of LPS-stimulated 

THP-1 monocytes. Composites of the graphene and MXene variants and electrospun 

polymer scaffolds were produced using blending, spin coating and plasma treatment 

routes. Finally, retention of antibacterial activity and cytokine adsorptive activity 

after nanomaterial incorporation into the electrospun scaffolds was assessed. 

 

6.2 Synthesis and characterisation of graphene and Ti3C2 MXene variants 

The first aspect of this study explored synthesis of the nanomaterial variants. GNP 

was commercially supplied. GO was synthesised from the acidic oxidation of graphite 

following a modification of the widely used Hummers and Offeman method (154). 

GO-Ag was produced by reducing GO in the presence of silver ions using a one-pot 

protocol (334) which afforded facile synthesis and uniform distribution of silver 

nanoparticles on the GO sheets. Selective etching of aluminium from Ti3AlC2 MAX 

phase in hydrofluoric acid produced ML-MXene. Sonicating ML-MXene under helium 

bubbling gave rise to small-diameter DL-MXene sheets (DLS size <400 nm). Helium 

bubbling was necessary during sonication in order to minimise oxidative damage to 

the sheets (332). The MXene synthesis protocols used in this study (71) were 

developed by the research group of Professor Yury Gogotsi, one of the inventors of 

MXenes, in order to ensure reproducibility and comparison with the scientific 

literature. 

The physicochemical properties of the nanomaterials were then characterised using 

SEM, TEM, UV/visible spectroscopy, FTIR spectroscopy, XPS, DLS, nitrogen 

porosimetry, ICP-OES and electrical conductivity testing. The use of different 

techniques enabled extensive characterisation of the nanomaterials. SEM (Figure 

2.4a) and XPS (Figure 2.9) confirmed the multilayered structure and hydrophobicity 

(predominance of sp2 carbon) of GNP respectively, which were in conformity with 
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the manufacturer’s technical data sheet and scientific literature. Successful synthesis 

of GO was confirmed by EDS (Table 2.1), FTIR spectroscopy (Figure 2.8) and XPS 

(Figure 2.10), all of which showed increased oxygen content after oxidation of 

graphite. In addition, SEM (Figure 2.4b) and TEM images (Figure 2.5b) revealed that 

the multilayered graphite was exfoliated to single layer GO sheets. GO films were 

non-conductive (Figure 2.19) which could be ascribed to the disruption of the sp2 

bond network during oxidation of graphite. TEM (Figure 2.5c) and XPS (Figure 2.12) 

verified immobilisation of silver nanoparticles on GO-Ag sheets. The observed 

decrease in the negative surface charge of GO after immobilisation of silver 

nanoparticles provided further evidence for successful synthesis of GO-Ag (Figure 

2.17). Replacement of the Al layer in the Ti3AlC2 MAX phase with O, OH and F groups 

in ML-MXene was confirmed from EDS (Table 2.1). SEM evidenced the multilayer 

morphology of ML-MXene (Figure 2.4e) and also showed successful exfoliation of 

ML-MXene to individual DL-MXene sheets (Figure 2.4f).  

GNP was hydrophobic (Figure 2.9) and had the largest surface area of the 

nanomaterials (Table 2.3) which suggested the potential for greater impact on 

bacteria and cellular processes. It was also anticipated that these properties would 

enable enhanced interactions with and significant adsorption of pro-inflammatory 

cytokines. Furthermore, it was hypothesised that blending GNP within the similarly 

hydrophobic electrospun CA scaffolds (Chapter 5) would enable higher nanomaterial 

loading in the resulting composite. The presence of oxygenated groups in GO (Table 

2.1) indicated the potential for surface functionalisation which was evidenced by 

immobilisation of silver nanoparticles to produce GO-Ag. Increase in oxygen content 

was also expected to facilitate electrostatic interactions between GO/GO-Ag and 

bacteria, cells and cytokines in addition to the characteristic π-π stacking and 

hydrophobic interactions of pristine graphene. The antimicrobial activity of silver 

nanoparticles is well documented in the scientific literature (147, 540, 578). 

Therefore, it was hypothesised that surface modification of GO sheets with silver 

nanoparticles would significantly enhance its impact on bacterial viability compared 

to the other nanomaterials. 
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Unlike the graphene variants which comprised hydrophobic graphitic domains to 

varying degrees, Ti3C2 MXenes were predominantly composed of titanium and had 

fluorine, oxygen and hydroxyl surface functional groups. This suggested that Ti3C2 

MXene impact on bacteria, cells and cytokine adsorption would be predominantly 

mediated by electrostatic interactions. Delamination of ML-MXene to DL-MXene 

doubled the surface area (Table 2.2) which was likely due to the expansion of the ML-

MXene structure and decrease in sheet size. Reduction in nanomaterial size has been 

linked to an increase in surface area (388, 389). Delamination also doubled the 

negative surface charge of DL-MXene (Table 2.2) which was attributed to increased 

access to surface functional groups. Owing to these properties, it was hypothesised 

that DL-MXene would demonstrate a greater impact on cellular metabolism, 

bacterial viability and cytokine adsorption over its multilayered counterpart.  

No other study has comparatively characterised the physicochemical properties of 

graphene and Ti3C2 MXene variants or that of multilayer and delaminated Ti3C2 

MXene variants. Taking key properties such as sheet morphology, surface area and 

surface charge into consideration, the data obtained in this chapter would be 

beneficial to rational design approaches aimed at the selection and development of 

these nanomaterials and associated composite systems for applications within and 

external to biomedicine.  

 

6.3 Biocompatibility and haemocompatibility of graphene and Ti3C2 MXene 

As regulatory approval of biomaterials for clinical use is contingent on compatibility 

with cells and blood, and minimal risk of triggering adverse reactions, the 

biocompatibility and haemocompatibility of the graphene and Ti3C2 MXene variants 

were assessed in vitro in cell lines and human blood respectively. Contradictory 

reports on the biocompatibility of graphene-based nanomaterials in the scientific 

literature remain one of the key challenges limiting their biomedical use. On the 

other hand, few studies have explored the biological impact of MXenes. The use of 

multiple assays for assessing biocompatibility, which measured nanomaterial impact 

on different pathways, was necessary in order to lower the risk of false negative or 
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false positive results as nanomaterial interference with in vitro cytotoxicity assays 

has been reported in the scientific literature (403, 410, 415).  

There were disparities between cell viability results from the MTT, ATP, MTS, LDH 

and Live/Dead assays which highlighted the need for using different assays to assess 

nanomaterial toxicity. Overall, it was inferred that GNP, GO, ML-MXene and DL-

MXene did not negatively impact 3T3 cell viability at concentrations up to 200 µg/mL 

(Figure 3.11 and Figure 3.12). Also, these nanomaterials did not induce apoptosis in 

Jurkat T lymphocytes at a concentration of 200 µg/mL (Figure 3.14b). GO-Ag, 

however, significantly reduced 3T3 cell viability (Figure 3.12c) although this effect 

decreased at lower concentrations (Figure 3.13). This was attributed to the 

immobilised silver nanoparticles. Reports from the scientific literature suggest that 

the cytotoxicity of silver nanoparticles increases with reduction in particle size (495, 

496). This could explain why at similar concentrations, pristine AgNP (diameter of 

507 nm) did not have the same cytotoxic impact on 3T3 fibroblast viability as the 

immobilised silver nanoparticles on GO-Ag (diameter of 4 nm). GO-Ag also induced 

apoptosis in Jurkat lymphocytes although this effect was limited to the first 4 hours 

(Figure 3.14b). GO, GO-Ag, ML-MXene and DL-MXene did not stimulate oxidative 

stress in THP-1 monocytes (Figure 3.16) while assay interference prevented a 

definitive understanding of GNP impact on THP-1 ROS levels (Figure 3.17 and Figure 

3.18). GNP, GO, ML-MXene and DL-MXene showed good haemocompatibility at a 

concentration of 50 mg/mL with minimal impact on erythrocyte membrane integrity 

(Figure 3.19), plasma coagulation (Figure 3.20) or platelet activation (Figure 3.21). 

Although some haemolysis occurred on direct blood contact with GO, this was less 

than 5% and as such, within the safe limit set by the American Society for Testing and 

Materials International (521).  

The findings from this chapter showed that GNP, GO, ML-MXene and DL-MXene were 

biocompatible and haemocompatible at concentration ranges of 12.5 – 200 µg/mL 

and 50 mg/mL respectively. This indicated that these nanomaterials are not cytotoxic 

and can be used in contact with blood. This study showed for the first time that ML-

MXene is compatible with cells and that Ti3C2 MXenes are compatible with blood. 

This was also the first study to directly compare the cellular impact of ML-MXene and 
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DL-MXene. The findings from this study advance current knowledge on the biological 

impact of MXenes which is especially important considering growing interest in the 

use of MXenes for biomedicine.   

Future studies could assess MXene biocompatibility over long-term culture 

conditions (>24 hours), elucidate mechanisms of cellular uptake, examine MXene 

translocation and biodegradation in vivo, and investigate how the above events are 

influenced by variations in physicochemical properties such as morphology, chemical 

composition, interlayer spacing and surface chemistry. 

 

6.4 Antibacterial activity of graphene and Ti3C2 MXene 

Antibiotic resistance remains a major threat to public health globally, a situation 

which is further worsened by the slow pace at which new antibiotics are developed. 

The emergence of nanomaterials as potential therapeutic alternatives to antibiotics 

is based on their remarkable properties such as small size and large surface area 

which enhance interactions with bacteria, and their ability to impair bacterial 

metabolism through multiple mechanisms (144, 148). Thus, the potential of the 

graphene and Ti3C2 MXene variants to inhibit bacterial viability was investigated. The 

results indicated that GNP, GO, ML-MXene and DL-MXene did not have antibacterial 

activity as none of the nanomaterials significantly impacted the viability of Gram-

negative E. coli (Figure 4.2) or Gram-positive S. aureus (Figure 4.4). GO-Ag caused 

higher E. coli death and at lower gram masses compared to pristine AgNP (Figure 

4.3). The superior performance of GO-Ag was likely due to the synergistic 

contribution of GO sheets and its smaller particle size. Reduction in silver 

nanoparticle size has been linked to higher antibacterial effect (583, 584). Based on 

SEM images in Figure 4.11 and Figure 4.12, it was inferred that physical wrapping of 

GO or GO-Ag sheets around bacterial membranes was not sufficient to inhibit 

bacterial viability. GO-Ag demonstrated lower antibacterial activity against S. aureus 

than E. coli, a trend that has been reported by previous studies (160, 323). The thick 

peptidoglycan layer of S. aureus may have potentially limited its interactions with 

GO-Ag leading to reduced antibacterial impact of GO-Ag. Biocompatibility studies in 
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Chapter 3 revealed that GO-Ag decreased 3T3 fibroblast viability at concentrations 

above 25 µg/mL (Figure 3.8) and stimulated apoptosis in Jurkat cells at 200 µg/mL 

(Figure 3.14b). This suggested that GO-Ag would be better suited for applications 

such as water purification, medical device packaging, antibacterial surface coatings 

and hospital textiles where risk of direct cell and blood contact would be minimal. 

Another approach to address the toxicity challenge could be to use lower GO-Ag 

concentrations which showed lesser impact on cell viability (Figure 3.13).  

Although the use of MXenes for drug delivery has been explored in the scientific 

literature, studies have mainly focused on their application in cancer treatment (74, 

134, 135). Efficient delivery to target sites can help maximise antibiotic efficacy 

considering the rising prevalence of antibacterial resistance. Hence, Chapter 4 also 

investigated the potential of Ti3C2 MXene for use in antibiotic delivery. The antibiotic, 

tetracycline, was successfully loaded onto ML-MXene sheets and the MXene-Tet 

composite demonstrated pH-sensitive drug release (Appendix 8). Growth curve 

analyses (Figure 4.14) and disc diffusion tests (Figure 4.16) indicated that the 

bactericidal activity of MXene-Tet against E. coli and S. aureus was preserved for up 

to 48 hours similar to the free drug. These findings suggest that ML-MXene could be 

utilised for delivery of antibiotics. This is the first study to assess the drug delivery 

potential of ML-MXene and also the first to study antibiotic delivery by any MXene. 

This serves as the first step in developing MXenes for antibiotic delivery e.g. in wound 

dressings where compared to traditional vehicles, they could offer potential benefits 

of high loading capacity and tunable release.  

Future studies could investigate how MXene properties can be tailored to achieve 

optimal drug loading and controlled release. Studies could also explore loading 

multiple drugs onto MXene sheets. This would be particularly desirable for 

antimicrobial applications where combination therapies are often required to 

counter bacterial resistance to antibiotics. In addition, studies could exploit the large 

surface area, surface chemistry, electrical and photothermal properties of DL-MXene 

in developing MXene-drug composite systems which are responsive to multiple 

stimuli.  
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One limitation to the ML-MXene antibiotic delivery study was that the growth curve 

experiments were conducted by growing bacterial cultures in conical flasks. The use 

of an orbital shaker ensured sufficient agitation of the culture broth which was 

necessary for bacterial growth and also helped to maintain a homogenous 

suspension of tetracycline/MXene-Tet in the broth. However, over the 48-hour time 

frame, it was observed that the MXene-Tet sheets gradually collected at the bottom 

of the flask likely due to gravity. This possibly reduced their effective concentration 

in the broth and by inference, their bactericidal effect. Subsequent studies could 

evaluate the bactericidal activity of MXene-Tet using a dynamic in vitro infection 

model to simulate the in vivo situation where drugs and other metabolites are 

continuously replenished by blood flow. Also, the use of a dynamic setup could avoid 

MXene-Tet sedimentation and reduce the risk of aggregation. This would in turn 

provide a more realistic comparison of the antibacterial performance of MXene-Tet 

and the free tetracycline.   

 

6.5 Cytokine adsorption by graphene and Ti3C2 MXene 

Challenges such as ineffective clearance of high molecular weight toxins and slow 

kinetics limit the efficacy of current biotoxin removal strategies (237). Owing to their 

broad double-sided surfaces, large surface areas and enhanced chemical reactivities, 

graphenes and MXenes show significant potential for use in remediation of biotoxins. 

Therefore, biotoxin adsorption by the nanomaterials was investigated in vitro using 

the pro-inflammatory cytokines, IL-8 (8 kDa), IL-6 (26 kDa) and TNF-α (51 kDa), as size 

markers. First, cytokine adsorption was investigated after nanomaterial incubation 

with human plasma and cell culture media which had been spiked with the cytokines 

at clinically relevant concentrations (⁓1000 pg/mL). The results indicated that both 

graphene and Ti3C2 MXene variants removed significant concentrations of cytokines 

from both spiked human plasma (Figure 4.18) and cell culture media (Figure 4.20) 

although to varying extents for the larger cytokines, IL-6 and TNF-α. Generally, the 

graphenes (GNP, GO and GO-Ag) demonstrated higher cytokine adsorption 

compared to the MXenes potentially as a result of the unique contribution of 
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hydrophobic bonds and π-π stacking interactions which enhanced binding to 

aromatic amino acid residues in the cytokines (553). The graphene variants also 

exhibited rapid cytokine adsorption particularly for the low molecular weight IL-8 

where equilibrium was achieved in 5 minutes of incubation with spiked plasma 

(Figure 4.17). The superior adsorptive performance of GO over GNP at lower masses 

(0.1 – 5 mg) (Figure 4.19) suggested that electrostatic interactions, mediated by 

oxygenated groups, also contributed to cytokine removal by GO. 

Next, nanomaterial impact on the increased cytokine production that occurs 

following exposure to endotoxin was investigated using an in vitro model of LPS 

stimulated THP-1 monocytes. Both graphene and Ti3C2 MXene variants 

demonstrated significant adsorption of cytokines that were released from the 

stimulated THP-1 cells (Figure 4.24 and Figure 4.25). Since none of the nanomaterials 

removed LPS directly (Figure 4.26), this suggested that the reduction of cytokine 

levels in stimulated THP-1 cells occurred due to adsorption of secreted cytokines 

rather than inactivation or clearance of LPS. Remarkably, GO still showed significant 

adsorption for all 3 cytokines even when nanomaterial mass was reduced to 0.2 mg 

(Figure 4.25).  

The above findings provide evidence for the utility of GNP, GO, ML-MXene and DL-

MXene in biotoxin removal. This is important as effective removal of high molecular 

weight toxins within the size range of IL-6 (26 kDa) and TNF-α (51 kDa) remains 

challenging for EBP therapies currently in clinical use. As GNP, GO, ML-MXene and 

DL-MXene were all biocompatible and haemocompatible (Chapter 3), the results 

presented in this chapter indicated potential for their incorporation in therapeutic 

strategies which address biotoxin build-up in tissues such as EBP devices and wound 

dressings. GO-Ag demonstrated rapid and significant cytokine adsorption from 

spiked plasma (Figure 4.17) which also indicated potential for use in biotoxin 

removal. However, its application would have to be limited to plasma compartments 

of EBP devices where there is no direct contact with blood such as Prometheus® (663) 

and MARS® (664) so as to eliminate risk of toxicity. This is the first study to assess 

cytokine adsorption by GNP, GO, GO-Ag, ML-MXene and DL-MXene. It is also the first 
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to investigate the effect of graphene and Ti3C2 MXene variants on cellular cytokine 

production following endotoxin exposure.  

Future studies could explore whether the impact of the nanomaterial variants on 

cytokine production by the stimulated THP-1 cells was mediated through other 

mechanisms asides cytokine adsorption. A possible mechanism could be inhibition of 

LPS binding to Toll like receptors on cell membrane surfaces. This might help explain 

why at a low mass of 0.2 mg, GO and DL-MXene demonstrated greater cytokine 

removal from stimulated THP-1 cells (up to 80,000 pg/mL of IL-8 with GO) (Figure 

4.25) than was seen in spiked cell culture media (Figure 4.20). Future studies could 

also assess the impact of the graphene and Ti3C2 MXene variants on endotoxin-

induced cytokine production in an in vivo model.  

 

6.6 Incorporation of graphene and Ti3C2 MXene variants into electrospun 

polymer scaffold composites for biotoxin remediation 

Incorporation of the graphene and Ti3C2 MXene variants into polymer scaffolds was 

explored in the final aspect of this study in order to investigate the utility of these 

nanomaterials for medical device applications. Electrospun scaffolds were used as 

the polymer matrix for nanomaterial incorporation due to their large surface area 

and high porosity which was anticipated to maximise nanomaterial access to target 

biotoxins whilst minimising risks of aggregation and leaching.  

The first incorporation approach considered was direct blending where the 

nanomaterial suspensions were mixed with CA solutions before electrospinning. It 

was hypothesised that blending the nanomaterials within the electrospun scaffolds 

would enable uniform distribution and prevent aggregation which would in turn 

enhance functional performance for biotoxin removal. SEM images (Figure 5.2) 

confirmed that the nanomaterials were homogenously incorporated into the CA 

scaffolds as no protrusions of the nanosheets were observed. However, 

nanomaterial incorporation did not significantly increase cytokine adsorption by the 

CA scaffold (Figure 5.10). A likely explanation was that blending of the nanomaterials 

within the scaffolds blocked accessible surface area for cytokine adsorption.  
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Spin coating was then explored to achieve maximal surface exposure of the 

nanomaterials on electrospun PCL/PEI scaffolds. Apart from the introduction of 

amine groups (Figure 5.12) which facilitated attachment of GO and ML-MXene to the 

scaffolds, addition of PEI increased the tensile strength (Figure 5.15), elastic modulus 

(Figure 5.16) and hydrophilicity (Figure 5.13) of the PCL scaffolds. SEM (Figure 5.17) 

and XPS (Figure 5.21) confirmed successful coating of the PCL/PEI scaffolds with GO 

and ML-MXene. However, coating of PCL/PEI mesh surfaces with GO did not 

significantly increase cytokine adsorption (Figure 5.24). A possible explanation could 

be that the cytokines only had access to the top layer of the GO film on the PCL/PEI 

scaffolds as BET adsorption isotherms in Figure 2.18 indicated that GO was non-

porous. MTS assay results indicated that PCL was biocompatible whereas the PCL/PEI 

mesh was cytotoxic (Figure 5.29 and Figure 5.30) which was ascribed to the presence 

of PEI. Previous studies have attributed PEI toxicity to the high density of cationic 

amines which could induce membrane damage (652, 653). THP-1 cell viability after 

incubation with the PCL/PEI scaffolds improved with longer leaching times which 

suggested that PEI-induced toxicity was concentration dependent (Figure 5.31). The 

observed toxic effect may also account for why the neat, GO- and ML-MXene-coated 

PCL/PEI scaffold composites all demonstrated significant reduction of bacterial 

viability (Figure 5.25 and Figure 5.26) even though it was earlier shown in Chapter 4 

that GO and ML-MXene did not have antibacterial properties. Nonetheless, disc 

diffusion tests indicated that the bactericidal activity of tetracycline loaded MXene 

against E. coli and S. aureus was preserved after incorporation into the PCL/PEI 

scaffold (Figure 5.27 and Figure 5.28). 

In light of the above findings, this chapter explored a third approach where PEI 

loading in the PCL scaffolds was reduced so as to minimise risk of toxicity whilst 

maintaining sufficient capacity for nanomaterial attachment. It was hypothesised 

that this chemical coupling approach may enable random orientation of the 

nanomaterials on the scaffold surface which would provide increased sheet access 

to interact with biotoxins unlike the horizonal films produced with the previous spin 

coating approach. Oxygen plasma treatment introduced oxygen-containing groups 

to the surface of the PCL scaffold which was evidenced by an increase in surface 
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hydrophilicity (Figure 5.35). The ninhydrin assay confirmed that amine groups were 

present in the plasma treated PCL/PEI scaffold (Figure 5.32) and at a concentration 

which was 10 times lower than that of the PCL/PEI scaffolds used for spin coating. 

The GO-bound plasma treated PCL/PEI scaffold was compatible with THP-1 cells 

(Figure 5.36) which supported the earlier hypothesis that reducing PEI loading in PCL 

scaffolds would improve cellular impact. GO-Ag antibacterial activity was preserved 

upon incorporation into the plasma treated PCL/PEI scaffolds as the resulting 

composite caused complete reduction of bacterial viability (Figure 5.37). This finding 

indicated that the GO-Ag-PCL/PEI scaffolds could potentially be used in the control 

of infectious agents.  

In summary, the results from this chapter indicated that the antibacterial activity of 

GO-Ag was successfully retained after chemical coupling to plasma treated 

electrospun PCL/PEI scaffolds. However, the significant cytokine adsorptive activities 

of the graphene and Ti3C2 MXene variants were not preserved upon incorporation 

into electrospun CA and PCL/PEI scaffolds via direct blending, spin coating or surface 

modification routes. The key challenge identified in this chapter was maintaining 

optimal access of nanomaterial surfaces to the cytokines after incorporation into the 

composite. Nonetheless, the nanomaterial incorporation routes developed in this 

study could be used in fabricating composites for other applications where surface 

accessibility of the nanomaterials is not critical such as mechanical reinforcement 

and electrical stimulation (DL-MXene).  

Future studies could explore the development of matrices, such as foams and 

aerogels, which predominantly comprise nanomaterials for biotoxin removal. Such 

structures are typically characterised by large surface areas and high internal micro-

, meso- and macroporosities which could potentially offer enhanced access to 

biotoxins (665). Also, polymers could be introduced during the synthesis of these 

structures to increase the mechanical properties of the resulting composites (666) 

and therefore, enhance their potential for use in EBP applications. 
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6.7 Conclusion 

In summary, studies in this thesis collectively demonstrated that GNP, GO, ML-

MXene and DL-MXene showed effective pro-inflammatory cytokine removal from 

spiked plasma and cell culture media, and induced significant suppression of cytokine 

production in LPS-stimulated THP-1 monocytes with minimal impact on cell viability 

and good haemocompatibility. GO-Ag inhibited the viability of E. coli and S. aureus 

and at lower gram masses compared to the standard, silver nanoparticles, in the case 

of E. coli. The bactericidal activity of tetracycline against E. coli and S. aureus was 

sustained for up to 48 hours after loading onto ML-MXene sheets. Composites of GO-

Ag and electrospun PCL/PEI scaffolds were successfully synthesised which 

demonstrated significant inhibition of bacterial viability. The research undertaken in 

this thesis contributed new insights into the properties of the graphene and Ti3C2 

MXene variants which are outlined below: 

Biological characterisation data indicated that the nanomaterials were not cytotoxic 

(except for GO-Ag). This is particularly significant as there are differences of opinion 

in the literature about the cytotoxicity of MXenes. Considering the disparities 

identified between the MTT, ATP, MTS, LDH and Live/Dead assays, which were used 

to assess nanomaterial impact on 3T3 fibroblast viability, the data also highlighted 

the importance of rationally designing biocompatibility experiments to limit direct 

nanomaterial contact with assay reagents, running multiple assays and including 

nanomaterial only controls when conducting nanotoxicity studies. Furthermore, the 

work in this thesis revealed that careful cleaning of materials after synthesis was 

necessary to avoid residual impurities which can negatively impact cell viability or 

interfere with the assays themselves. This new knowledge can be used to explain why 

the work of Jastrzębska et al (382), who reported reduction in viability and induction 

of oxidative stress following cell incubation with DL-MXene, is at odds with other 

studies on MXene biocompatibility. Findings from this chapter contributed to the 

publication by Meng et al (534) (Appendix 1). 

This study showed for the first time that Ti3C2 MXenes were haemocompatible which 

is important when considering their use for blood contacting medical devices. This 
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study was also the first to show that ML-MXene could successfully intercalate 

antibiotics with significant retention of bacteriostatic activity.  

In addition, the work in this thesis showed for the first time that graphene and Ti3C2 

MXene variants removed significant amounts of high molecular weight cytokines, IL-

8, IL-6 and TNF-α, by adsorption. At equivalent mass surface chemistry was more 

critical to cytokine adsorption than surface area as the graphenes removed more 

cytokines than the MXenes. In addition, the graphene and Ti3C2 MXene variants 

significantly repressed production of these cytokines in endotoxin-stimulated THP-1 

monocytes. This is the first study to report repression of cellular cytokine production 

by MXenes. This is important as these cytokines particularly IL-6 and TNF-α fall within 

the size range of biological toxins that are poorly removed by the current 

predominantly dialysis-based medical devices. Asides direct removal of cytokines, 

this study also indicated the potential of these materials for use in 

immunomodulation strategies to control excessive inflammatory responses. Findings 

from this chapter contributed to the publication by Zheng et al (401) (Appendix 1). 

Finally, comparative characterisation of the graphene and Ti3C2 MXene variants 

revealed that nanomaterial impact on the intrinsic plasma coagulation pathway was 

likely influenced by exfoliation and access to surface anionic groups, that 

incorporation of silver nanoparticles was essential for antibacterial effect and that 

generally, surface chemistry, not surface area, was critical to significant cytokine 

adsorption and repression of cytokine production in endotoxin-stimulated tHP-1 

monocytes.  

The work presented in this thesis will advance the development of graphene and 

Ti3C2 MXene variants for use in medical devices for adsorbent augmentation of 

dialysis for organ failure and treatment of life-threatening infection through 

remediation of biological toxins.  
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8 Appendices 

Appendix 1: Publications relating directly to thesis 

Reprinted with permission from (534). Copyright 2018 American Chemical Society. 
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Reprinted with permission from (401) under the free to use Creative Commons CC 

BY 4.0 Attribution license. 
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Appendix 2: Conference Presentations 

2019  30th European Conference on Biomaterials; Dresden, Germany (Oral). 

1st Joint Tissue and Cell Engineering Society (TCES)-United Kingdom 

Society for Biomaterials (UKSB) Conference; Nottingham, UK (Poster). 

2018 29th European Conference on Biomaterials; Maastricht, the 

Netherlands (Poster). 

Royal Academy of Engineering Young Researchers’ Meeting; 

Edinburgh, UK (Oral). 

UKSB 17th Annual Conference; Bath, UK (Oral). 

Postgraduate Research Conference, University of Brighton; Brighton, 

UK (Poster). 

2017 UK Surface Analysis Forum Winter Meeting; Brighton, UK (Poster). 

2016 Institute of Physics Summer School, University of Cambridge; 

Cambridge, UK (Poster). 

 UKSB 15th Annual Conference; London, UK (Poster). 

 Postgraduate Research Conference, University of Brighton; Brighton, 

UK (Oral). 

NOMAD symposium, Drexel University; Philadelphia, USA (Oral). 
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Appendix 3: Optimisation of cell seeding density for biocompatibility 

assessment 

MTT standard curve 
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MTT assay validation showing increase in absorbance signal with increasing cell 

number. Absorbance was measured after 24-hour incubation.  Data represent the 

mean ± SEM of 4 replicate wells. 
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MTS assay validation showing increase in absorbance signal with increasing cell 

number. Absorbance was measured after 24-hour incubation. Data represent the 

mean ± SEM of 4 replicates. 
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ATP standard curve 
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ATP assay validation showing increase in luminescence signal with increasing cell 

number. Luminescence was measured after 24-hour incubation.  Data represent the 

mean ± SEM of 4 replicate wells. 

 

LDH standard curve 
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LDH assay validation showing increase in absorbance signal with increasing cell 

number. Absorbance was measured after 24-hour incubation.  Data represent the 

mean ± SEM of 4 replicate wells. 
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Appendix 4: Brightfield images from the Live/Dead assay 

 

 

 

Representative brightfield images of 3T3 cells after 24-hour incubation with GNP 

(a), GO (b), GO-Ag (c), ML-MXene (d) and AgNP (e) at 200 µg/mL, untreated cells 

(f). Scale bar = 100 µm. 
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Appendix 5: DCFH-DA assay interference  

 

 

DCF fluorescence intensity after 24-hour incubation of DCFH (2.5 µM) with 

nanomaterial suspensions in RPMI 1640 culture medium (6.25 – 200 µg/mL) (n = 3, 

mean ± SEM). The negative control, DCFH + medium only, emitted a fluorescence 

signal of 41,923 units which was indicative of DCFH oxidation. 
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Appendix 6: Ethical approval for haemocompatibility assessment of 

nanomaterials  

 

  

07/08/2019 3 Approve with Conditions 2017-62.doc

https://staffmail.brighton.ac.uk/owa/WebReadyView.aspx?t=att&id=RgAAAAAKGKFAttkISKwiaorADpvdBwASU6O8j5FZSKG9ED%2f6pqsiAAAA%2fZR… 1/2

			

	

		

	

	

	

	

School	of	Pharmacy	&	Biomolecular	Sciences

	Huxley	Building

	Moulsecoomb

	Brighton	BN2	4GJ

	

	

	

	

	

pabs.ethics@brighton.ac.uk

	

05	July	2018
	

	

	

APPLICATION	FOR	ETHICAL	APPROVAL	FOR	PROJECT	PROPOSAL

Assessing	the	haemocompatability	of	Mxene	sorbants	for	use	in	portable	kidney

dialysis

The	School	Ethics	Committee	has	approved	the	above	application.		The

committee	had	the	following	conditions:

1.					It	is	not	stated	how	long	the	blood	is	in	contact	with	the	materials	before

being	centrifuged.		If	longer	than	48	hours	there	could	be	HTA

considerations.

2.					We	will	need	to	see	a	copy	of	the	consent	form	that	will	be	given	to

participants,	prior	to	starting	the	project.	Please	email	this	to	the

committee	at	the	address	above.

	

The	End	date	for	your	project	is	31st	December	2018	If,	towards	the	end	of	your
project,	you	realise	it	will	over-run	you	must	apply	for	an	extension,	allowing
plenty	of	time	for	ethics	approval.
	

	

Yours	sincerely
	

	

Dr	Fergus	Guppy
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Appendix 7: Haemoglobin standard curve 

 

 

Standard curve of absorbance signal against haemoglobin concentration measured 

over 3.125 – 200 mg/dL. Data represent the mean ± SEM of 3 replicate wells. 
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Appendix 8: Raw data for nanomaterial antibacterial activity studies 

Bacterial viability measured using colony counts  

 

 

 

Nanomaterial 

E. coli S. aureus 

1 2 3 1 2 2 

GNP       

GO 113 81 130 194 177 181 

GO-Ag 0 0 0 86 46 23 

ML-MXene 97.3 105 112.3 179.3 54.3 36 

DL-MXene 93.7 101.7 109.7 58.3 45 28.3 

AgNP 0 0 0 0 0 0 

Untreated bacteria 105 71 124 146 122 76 
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Bacterial viability measured using colony counts – GO, GO-Ag and AgNP 

E. coli 

Raw data for the assessment of the impact of GO, GO-Ag and AgNP on E. coli viability over 12.5 – 200 µg/mL 

 

Concentration 

(µg/mL) 

Colony count (x 104 CFU/mL) 

 

 

GO 

 

GO-Ag 

 

AgNP 

 1 2 3 1 2 3 1 2 3 

0 249 138.3 179.3 249 138.3 179.3 249 138.3 179.3 

12.5 200.7 160 202.7 175 183.3 178.7 199.7 162.7 179.7 

25 211.3 203.3 188 68.7 116 95.3 133.7 135 154.7 

50 235 219.3 204 8.3 2.7 3.3 88.7 122.3 79.7 

100 196.3 180.3 197.7 0 0 0 7.7 1.3 4.3 

200 199.3 247.7 166.7 0 0 0 0 0 0 
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S. aureus 

Raw data for the assessment of the impact of GO, GO-Ag and AgNP on S. aureus viability over 12.5 – 200 µg/mL 

 

Concentration 

(µg/mL) 

Colony count (x 104 CFU/mL) 

 

 

GO 

 

GO-Ag 

 

AgNP 

 1 2 3 1 2 3 1 2 3 

0 64.7 470 117.3 64.7 470 117.3 64.7 470 117.3 

12.5 72.7 30.7 22 176.3 46.7 26 114.3 601.3 171.3 

25 85.7 54 33.7 22.3 79 16 82.7 486.3 52 

50 85.7 87.3 42.7 41 81.3 45.7 34.7 527.7 19.7 

100 102.3 88.3 32 51.7 29.3 10.7 25.7 104.3 43.3 

200 99.3 129.3 38.7 87.7 75 0.7 2 162.7 0 

 

 

 



 

331 
 

Bacterial viability measured using the ATP assay 

E. coli 

Raw data for the assessment of the impact of GO, GO-Ag and AgNP on E. coli viability over 12.5 – 200 µg/mL 

 

Concentration 

(µg/mL) 

Relative light units (RLU) 

 

 

GO 

 

GO-Ag 

 

AgNP 

 1 2 3 1 2 3 1 2 3 

0 7088.667 8294.667 7664.333 7088.667 8294.667 7664.333 7088.667 8294.667 7664.333 

12.5 5858 7483.333 7740.667 8207.333 10112 6917 9244.333 10408 9448.667 

25 6670.667 8619 7585.333 4276.667 6016.333 4038 8737.333 11156 7028 

50 6312 8307.333 7654.667 534.6667 456.6667 908.6667 4898.333 6390.667 6169 

100 5835 6767 5678 499 392.3333 455 571 896.6667 738 

200 5362.667 6166.333 4838.667 339 335 391 550 610.3333 519 
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S. aureus 

Raw data for the assessment of the impact of GO, GO-Ag and AgNP on S. aureus viability over 12.5 – 200 µg/mL 

 

Concentration 

(µg/mL) 

Relative light units (RLU) 

 

 

GO 

 

GO-Ag 

 

AgNP 

 1 2 3 1 2 3 1 2 3 

0 5219.667 5932.333 5981 5219.667 5932.333 5981 5219.667 5932.333 5981 

12.5 8326.333 6667 8415.667 4855.667 9194.333 1848 1667.333 3179 2124.333 

25 6049.667 7207 6963 6706.667 10920.667 2618.667 789.333 1683.333 1126 

50 4602 6622.333 6307.333 10609 8710.667 1924 310.667 176.667 420.667 

100 4514.667 5408.667 6087.333 6915 20806 180.667 143.5 83.5 117.833 

200 3834.667 5035.333 5336 8651 23613.333 86.333 161.667 87.667 98.333 
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Appendix 9: Adsorption isotherms for tetracycline loading on ML-MXene 

 

Tetracycline adsorption isotherm experiments were conducted by Prof Yury Gogotsi’s 

group at Drexel University, Philadelphia, USA. 

 

 

 
 

 

Figure 1. Amount of drug adsorbed, in mg per gram of adsorbent, versus equilibrium 

concentration of drug using 2D titanium carbide (Ti3C2Tx) as adsorbent: a) adsorption isotherms 

for tetracycline and b) adsorption isotherms for doxorubicin. The experimental adsorption data 

(filled blue circles) were fitted by Freundlich (solid light-blue line), Langmuir (solid brown line) 

and Langmuir-Freundlich (solid pink line) adsorption isotherm equations. 

 

Table 1. Parameters of Langmuir, Freundlich and Langmuir-Freundlich adsorption isotherm 

models for drug adsorption on Ti3C2Tx. qo is the maximum adsorption of drug per gram of the 

adsorbent, K is the equilibrium constant, n represents the heterogeneity of the site energies and R2 

is regression coefficient. TC is tetracycline and Dox is doxorubicin 

Langmuir model is not suitable for adsorption of Doxorubicin on ML-Ti3C2Tx. 

Adsorbent 

Langmuir Freundlich Langmuir-Freundlich 

qo, 

mg/g 

K, 

mL/mg 
R2 

K, 

(mg/g)(mL/mg)1/n 
n R2 

qo, 

mg/g 
n 

K, 

mL/mg 
R2 

Ti3C2Tx-TC 89.2 14.1 0.9422 101.7 0.33 0.9574 146.4 0.51 2.8 0.9625 

Ti3C2Tx-Dox    27.0 0.10 0.9557 53.4 0.15 0.80 0.9560 
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Figure 2. Tetracycline (a) and doxorubicin (b) controlled release from 2D titanium carbide 

(Ti3C2Tx) MXene with varying pH 4 (filled light-blue circles), pH 7 (filled brown line circles), pH 

8 (filled pink circles).  
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Appendix 10: Cytokine standard curves 

IL-8 standard curve 

 

Representative standard curve of absorbance signal against IL-8 concentration 

measured over 3.125 – 200 pg/mL. Data represent the mean ± SEM of 2 replicate wells. 

 

IL-6 standard curve 

 

Representative standard curve of absorbance signal against IL-6 concentration 

measured over 4.6875 – 300 pg/mL. Data represent the mean ± SEM of 2 replicate wells. 
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TNF-α standard curve 

 

Representative standard curve of absorbance signal against TNF-α concentration 

measured over 7.8125 – 500 pg/mL. Data represent the mean ± SEM of 2 replicate wells. 
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Appendix 11: Raw data for the apoptosis assay (Chapter 3) 

 

 

Treatment 

Cell fraction (1 hour) 4 hours 24 hours 

Live  Early apoptotic Late A Live  Early apoptotic Late A Live  Early apoptotic Late A 

GNP 6,327 545 3,097 7,053 521 2,403 6,450 664 2,860 

GO 6,357 463 2,287 10,761 866 2,811 6,833 864 1,677 

GO-Ag 3,386 1,500 3,309 3,147 1450.66667 3,355 6,156 928 1,901 

ML-MXene 7,109 388 2,460 7,771 518.666667 1,677 7,001 1,324 1,650 

DL-MXene 8,238 507 1,235 8,303 600.666667 1,063 7,104 631 2,251 

AgNP 5,486 1,021 3,459 5,467 1265.66667 3,237 6,031 756 3,166 

Untreated cells 6,980 373 2,585 7,849 486.333333 1,624 7,260 1,158 1,728 

Camptothecin 6,651 453 2,836 2,575 5133.33333 2,261 787 750 7,548 

 

A = apoptotic  
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Appendix 12: Antibacterial activity assessment of GO, GO-Ag and AgNP 

against S. aureus (NCTC 8511) 

 

 

Viability of S. aureus from colony counts after 4-hour incubation with GO, GO-Ag and 

AgNP at 12.5 – 200 µg/mL (n =1). 

 

 

Viability of S. aureus from the ATP assay after 4-hour incubation with GO, GO-Ag and 

AgNP at 12.5 – 200 µg/mL (n =1). 
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