7 ROYAL SOCIETY
PP OF CHEMISTRY

Biomaterials
Science

View Article Online

View Journal | View Issue

Moderating cellular inflammation using
2-dimensional titanium carbide MXene
and graphene variants¥

’ '.) Check for updates ‘

Cite this: Biomater. Sci., 2021, 9,
1805

Tochukwu Ozulumba, €2 2® Ganesh Ingavle, 22 Yury Gogotsi 29 and
Susan Sandeman

The effective control of microbial and metabolically derived biological toxins which negatively impact
physical health remains a key challenge for the 21° century. 2-Dimensional graphene and MXene nano-
materials are relatively new additions to the field of biomedical materials with superior external surface
areas suited to adsorptive remediation of biological toxins. However, relatively little is known about their
physiological interactions with biological systems and, to date, no comparative biological studies have
been done. This study compares titanium carbide MXene (TizC,T,) in multilayered and delaminated forms
with graphene variants to assess the impact of variable physical properties on cellular inflammatory
response to endotoxin stimulus. No significant impact on cell metabolism or induction of inflammatory
pathways leading to cell death was observed. No significant increase in markers of blood cell activation
and haemolysis occurred. Whilst graphene nanoplatelets (GNP), graphene oxide (GO) and TizC,T, showed
insignificant antibacterial activity towards Escherichia coli, silver nanoparticle-modified GO (GO-Ag)
induced bacterial cell death and at a lower dose than silver nanoparticles. All nanomaterials significantly
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reduced bacterial endotoxin induced THP-1 monocyte IL-8, IL-6 and TNF-a cytokine production by
>99%, >99% and >80% respectively, compared to control groups. This study suggests the utility of these
nanomaterials as adsorbents in blood contacting medical device applications for removal of inflammatory
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1 Introduction

Inflammation is described as the body’s defensive response to
infection and tissue injury.”> Normally, inflammation is
tightly regulated by counteracting processes which ensure
quick resolution following elimination of the causative patho-
gen or insult."”> However, dysregulation can occur leading to
chronic inflammation, build-up of inflammatory mediators
and potentially, tissue damage." Cytokines are the main
drivers of the innate immune response. They include pro-
inflammatory cytokines such as interleukin-6 (IL-6), tumour
necrosis factor-o (TNF-a), interleukin-8 (IL-8) and interleukin-
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cytokines linked to poor outcome in patients with life-threatening infection.

1f (IL-1p), and anti-inflammatory cytokines such as interleu-
kin-10 (IL-10).> The accumulation and/or excessive activity of
cytokines (cytokine storm) have been linked to the progression
of diseases such as liver failure,” chronic kidney disease,’
sepsis,” and non-healing wounds.® The cytokine storm has
also been associated with the mortality of patients suffering
from SARS-CoV-2 infection (COVID-19), where elevated plasma
levels of inflammatory cytokines such as IL-6 have been
detected and linked to disease severity.”

Modulating cytokine concentrations in blood has been
investigated as a potential therapeutic approach for managing
the cytokine overload that occurs in some chronic diseases.®
One of the broad-spectrum strategies used to address cytokine
build-up is extracorporeal blood purification (EBP). EBP
involves the passage of blood (or plasma) via an external purifi-
cation device, for removal of toxins, and subsequent re-intro-
duction of blood to the body, all via a circuit.” In haemoperfu-
sion, a common EBP approach, blood is passed through an
extracorporeal system where it comes into contact with adsor-
bents that remove toxins through van der Waals forces, hydro-
phobic interactions, ionic, covalent or hydrogen bonds.*’
Synthetic activated carbons,® carbide derived carbons'® and
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polymer-based adsorbents'! with large surface areas and high
internal nanoporosities have been developed for extracorporeal
removal of endotoxins, cytokines and other toxins from blood.
Extracorporeal systems based on magnetic separation'>"* and
particle-based fluidised beds'*'* have also been developed.
Reliance of adsorbents on internal porosity may limit available
adsorptive surface area due to narrow pore necks and pore
blockage by protein molecules which can slow kinetics and
prolong sorption time.'”'® Nanomaterials, such as the
2-dimensional graphenes and MXenes, where adsorptive
surface area is external, may overcome these particular
limitations.

Graphene refers to a single layer of sp> hybridized carbon
atoms (the elementary subunit of graphite) which are com-
pactly organised to form a honeycomb pattern.'” Graphene is
hydrophobic and has a large surface area (theoretical limit of
2630 m> ¢~ ').'® Similar to activated carbon, graphene can
mediate adsorption of biological toxins via hydrophobic inter-
actions with hydrophobic domains in proteins.' In addition,
functionalisation of graphene with heteroatoms and metals
enables selective adsorption of biological toxins*® and anti-
microbial activity*' respectively. MXenes are a newer group of
two-dimensional transition metal carbides and/or nitrides, dis-
covered in 2011, which are derived from the selective etching
of their corresponding MAX phases.>” They are represented by
the formula, M,,,;X,,T,, where M denotes the transition metal,
X is carbon and/or nitrogen, T, indicates the surface termin-
ations (O, OH, F, etc.), n = 1, 2, 3 or 4 and x is the number of
terminating groups.>® Apart from being the first synthesised
MXene, TizC,T, is also the most commonly studied one.*?
TizC,T, is characterised by a layered morphology,** large
surface area,” tunable surface chemistry,?* hydrophilicity and
a large negative charge on the surface.”

Like graphene, Ti;C,T, has a significant and externally
accessible surface area.”” This suggests faster adsorption kine-
tics for these materials over other adsorbents which may be
limited by dependence on internal porosity. However, MXenes
differ from graphene and its derivatives in terms of their
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surface chemistry and hydrophilicity which suggests that
mechanisms other than hydrophobic interactions would drive
their adsorption of biological toxins. We have previously
reported that hydrophobic GNP demonstrated rapid and
efficient adsorption of the pro-inflammatory cytokines, IL-8,
TNF-a and IL-6, from spiked human plasma.'® We have also
shown that hydrophilic multilayer Ti;C,T, significantly
adsorbed the small, water soluble uraemic toxin urea from
spent dialysate.>® However, the impact of graphene and MXene
surface chemistry on the biological properties of these
materials has yet to be comparatively investigated. Although
infinite lateral surface area for adsorption may confer faster
kinetics, restacking of 2D layers may hinder it. There are also
potential concerns about cytotoxicity since nanomaterials have
dimensions similar to those of the cellular machinery and
therefore may interact to the detriment of the cell. In this
paper, the properties of graphene variants (GNP, GO and
GO-Ag) were compared to TizC,T, variants {multilayer TizC,T,
(ML-MXene) and delaminated Ti;C,T, (DL-MXene)} for the
first time to examine the impact of variable surface chemistry
and sheet structure on cell viability, adsorption of bacterial
and cellular biotoxins and modulation of cellular inflamma-
tory response to bacterial endotoxin stimulation (Fig. 1).

2 Results and discussion
2.1 Physical characterisation

Scanning electron micrographs showed variations in the
microscopic properties of the materials. GNP*® were arranged
as particulate agglomerates and ML-MXene*® as stacked
sheets. In contrast, GO,>** GO-Ag*' and DL-MXene** formed
flat sheets indicative of exfoliation from the corresponding
graphite/ML-MXene precursors (Fig. 2a-e). TEM (f) and EDS
(Table 1) indicated successful functionalisation of GO-Ag
sheets with silver nanoparticles in line with previous studies.
XPS was used to further confirm synthesis of each nano-
material through detection of C-O, C=0 and O-C=0 bonds
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Fig. 1 Could graphene and TizC,T, be used to moderate cellular inflammation? Schematic of graphene reproduced with permission from Liu
et al.?” Copyright 2008 John Wiley and Sons. Schematic of TisC,T, adapted under a Creative Commons Attribution 3.0 Unported License. Published

by the PCCP Owner Societies.
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Fig. 2 SEM images showing the morphology of GNP (a), GO (b), GO-Ag (c), ML-MXene (d) and DL-MXene (e). TEM image of GO-Ag (f).

Table 1 Elemental composition of GNP GO, GO-Ag, ML-MXene and
DL-MXene measured from EDS

Weight (%)

Nanomaterial C (¢} Ag Ti F

GNP 96.8 3.2 — — —
GO 62.1 34.8 — — —
GO-Ag 55.6 31.4 7.6 — —
ML-MXene 7.7 9.5 — 75.5 6.1
DL-MXene 9.8 7.6 — 70 8.7

in GO and GO-Ag, Ag metal in GO-Ag as well as Ti-C and Ti-O
bonds in ML-MXene (Fig. S27).

Nanomaterial surface area, surface charge and size varied
depending on surface functional group and delamination in
the case of MXene. GNP had a surface area of 498 m> g™*
which was close to the manufacturer’s quoted value of 500 m?*
g~" and comparatively larger than GO (125 m”* g~') and GO-Ag
(132 m? g™") (Table 2). The measured surface areas for GO and
GO-Ag were similar to previous studies.**** It is important to
note that unlike the ML-MXene and DL-MXene used in this
study, GNP and GO were not derived from the starting precur-
sor nor was GNP exfoliated to produce GO. Megawati et al.*’
showed that GO surface area is influenced by the synthesis
method used. As the GNP synthesis method is proprietary

Surface charge (mV)
R Y
o o o

L
-

information,® it is difficult to pinpoint exact differences in the
synthesis protocol that may have contributed to its larger
surface area relative to GO. MXene surface area increased from
142 m* g7' to 282 m> g~ on exfoliation of ML-MXene to
DL-MXene, as a result of sheet separation during delamina-
tion.>® Another explanation for the observed increase in
surface area following delamination of ML-MXene could be
because DL-MXene had smaller sheet diameters (386 nm)
compared to ML-MXene (1033 nm) (Fig. 3). Reduction in nano-
material size has been associated with an increase in surface
area.’”’”® It is important to mention that this is the surface
accessible to nitrogen adsorption and the surface available for
molecular adsorption from solution may be larger or smaller
than the BET surface.

Similarly, to DL-MXene
increased the negative surface charge from -13.7 mV to
—-30.8 mV (Fig. 3a), in agreement with previous studies.?*"*’

delamination of ML-MXene

Table 2 Surface area of GNP, GO, GO-Ag, ML-MXene and DL-MXene

Nanomaterial Surface area (m* g™")
GNP 498

GO 125

GO-Ag 132

ML-MXene 142

DL-MXene 282

b

Z-Average size (nm)

Fig. 3 Nanomaterial surface charge (a) and sheet size (b) were measured using DLS, data represent mean + SD (n = 3).
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Reduction of GO to GO-Ag decreased its negative surface
charge from —29.6 mV to —20.4 mV. Binding of silver ions to
oxygenated groups on GO sheets decreased the number of free
anionic moieties and consequently, negative surface charge.*’
GNP had a negative surface charge of —25.9 mV which has
been attributed to oxygenated groups present at defect sites.*!

Although DLS measurements typically assume that particles
being measured have a spherical shape, the technique is
widely used in literature for size measurements of 2D
nanomaterials.”>™*> Since graphenes and MXenes have aniso-
tropic structures, the exact size of the two-dimensional sheets
may not be accurately calculated using this technique.
Nonetheless, comparisons can still be made regarding hydro-
dynamic size differences between materials. DL-MXene had a
smaller lateral flake size of 386 + 5 nm compared to
ML-MXene with a mean lateral flake size of 1033 + 252 nm
(Fig. 3b) as a result of the sonication step employed during
delamination. GNP had a mean particle size of 956 + 109 nm
which was within the range quoted by the manufacturer
(<2 pm) and was half that of GO with a lateral particle size of
1919 + 286 nm. GO-Ag particle size (4606 + 717 nm) was about
two times larger than that of GO (1919 nm) which could be
attributed to increased aggregation brought about by reduction
of GO and subsequent loss of oxygen functionalities during
GO-Ag synthesis.*>*® Similar increases in size after reduction
of GO have been reported in literature.*?

2.2 Cell interaction studies

2.2.1 Cytotoxicity and oxidative stress. GNP, GO,
ML-MXene and DL-MXene at the concentration range studied
were not cytotoxic to cells and did not upregulate oxidative
stress pathways. Materials did not significantly alter 3T3 fibro-
blast viability, induce apoptosis in Jurkat T lymphocytes or
stimulate ROS production in THP-1 monocytes. MTS and LDH
assay results indicated that ML-MXene and DL-MXene had no
impact on cell viability compared to the respective positive
controls, tin maleate (Fig. 4a) and Triton X (Fig. 4b). Some
reduction in MTS signal was observed for GNP, GO and GO-Ag.
However, this was found to be a result of assay interference as
LDH assay results showed that GNP and GO had minimal
impact on cell membrane integrity when compared to the posi-
tive control, which induced total cell lysis. Carbon nano-
materials have been reported to interfere with tetrazolium-
based assays through adsorption of formazan products which
prevented dye solubilisation and detection leading to a false
negative result.”” The above may explain the observed disparity
between MTS and LDH assay results for GNP and GO. It could
also explain why assay interference was not observed for the
MXenes since they lack a graphitic backbone which would
have facilitated formazan adsorption.

Although the LDH assay showed that GO-Ag induced sig-
nificant cell lysis at 25 and 50 ug mL™", this effect appeared to
decrease at higher concentrations in contrast to the membrane
damage and reduced cell coverage observed in the Live/Dead
assay (Fig. 4e). A probable explanation is that the immobilised
silver nanoparticles on the GO-Ag sheet caused assay inter-
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ference. Silver nanoparticles have been reported to interfere
with the LDH assay through enzyme adsorption and
inactivation.”®° Unlike GO-Ag, AgNP alone did not demon-
strate a similar trend of decreasing necrosis levels at higher
concentrations (Fig. S2ct). This could be due to differences in
particle size as the sizes of the immobilised silver nano-
particles 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 (Fig. S17)
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.’®>"
The authors showed that larger silver nanoparticles adsorbed
and/or inactivated less LDH compared to smaller silver
nanoparticles.

The Live/Dead assay results provided direct confirmation of
the LDH assay indicating that GNP (Fig. 4c), GO (Fig. 4d),
ML-MXene (Fig. 4f) and DL-MXene (Fig. 4g) had no impact on
3T3 fibroblast viability as the majority of cells stained positive
for the viable cell stain calcein AM. Previous studies have also
shown that GO®* and DL-MXene®® did not negatively impact
cell viability. In contrast, GO-Ag induced membrane damage
indicated by the red, ethidium homodimer-1 positive cells in
Fig. 4e which were comparable to the dead, ethidium homo-
dimer-positive cells in the positive control (Fig. 4i). Since GO
did not impact cell viability, the poor biocompatibility of
GO-Ag is ascribed to the immobilised silver nanoparticles.
Pristine AgNP did not impact cell viability (Fig. S21) in contrast
to GO-Ag. This could be attributed to variation in nanoparticle
size — 507 nm (AgNP) vs. 4 nm (GOAg) as the size-dependent
cytotoxicity of silver nanoparticles has been reported in
literature.”>>?

The LDH assay was a measure of nanomaterial induction of
necrotic cell death where lactate dehydrogenases are released
from the cells on cell lysis. Induction of apoptotic pro-
grammed cell death pathways was measured using the FITC
Annexin V/propidium iodide assay (Fig. 5a). The assay indi-
cated that GNP, GO, ML-MXene and DL-MXene did not induce
apoptosis in Jurkat T lymphocytes at a concentration of 200 pg
mL™". In contrast, GO-Ag and the positive control camptothe-
cin induced a significant apoptotic response after incubation
for 1 and 4 hours respectively (p < 0.0001). Apoptosis induc-
tion by GO-Ag could be ascribed to the immobilised silver
nanoparticles as GO alone did not induce apoptosis. Previous
studies have reported stimulation of cellular apoptosis by
silver nanoparticles® as well as silver-modified GO,> evi-
denced by characteristic cellular events such as DNA fragmen-
tation, caspase-3 activation, decrease in membrane mitochon-
drial potential, elevated expression of proapoptotic genes and
reduced expression of antiapoptotic genes.

DCH-DA assay results in Fig. 5b showed that GO, GO-Ag,
ML-MXene and DL-MXene did not stimulate ROS production
in THP-1 monocytes in contrast to the H,O, stimulated posi-
tive control. This finding disagreed with other studies which
reported that GO®® and DL-MXene® significantly increased

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 3T3 cell viability from the MTS (a) and LDH (b) assays measured after 24-hour incubation with the nanomaterials (6.25-200 pg 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). Confocal microscopy images showing 3T3 cell viability after 24-hour incubation with GNP (c), GO (d), GO-Ag (e),
ML-MXene (f) and DL-MXene (g) at 200 pug mL™%, untreated cells (h) and Triton X (i). Cells were stained with calcein AM and ethidium homodimer-1
— the green and red spots represent live and dead cells respectively.
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Fig. 5 Assessment of nanomaterial biocompatibility with Jurkat T lymphocytes and THP-1 monocytes using the apoptosis (a) and DCFH-DA oxi-
dative stress (b) assays (n = 3, mean + SEM). The nanomaterial concentration used for the apoptosis assay was 200 pg mL™. 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).
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Fig. 6 Assessment of nhanomaterial haemocompatibility following 1-hour incubation with healthy donor blood at a mass loading of 50 mg using the
haemolysis (a), APTT (b), prothrombin time (c) and platelet activation (d) assays. Data represent n = 3, mean + SEM. Data were analysed using one-
way ANOVA and a Dunnett post hoc test by comparing treated samples to untreated blood (a and d) or normal plasma (b and c) (*p < 0.5, **p < 0.01,

**¥p < 0.001, ****p < 0.0001).
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Fig. 7 Antibacterial activity of the nanomaterials following 4-hour incubation with E. coli measured using colony count at concentrations of 200 pg
mL™? (a) and 12.5-200 pug mL™* (b) (n = 3, mean + SEM). Data were analysed using one-way ANOVA and a Dunnett post hoc test by comparing
treated bacteria to untreated bacteria (*p < 0.05, ****p < 0.0001). Confocal microscopy images showing E. coli viability after 4-hour incubation with
GO (c), GO-Ag (d), AgNP (e) at 200 ug mL™ and untreated E. coli (f). Bacteria were stained with SYTO 9 and propidium iodide — the green spots rep-

resent live bacteria, red spots represent dead bacteria and yellow spots, a combination of both dyes.
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ROS production in THP-1 cells and induced oxidative stress.
Differences between the findings in the study and prior studies
could be attributed to variations in GO synthesis methods,
physicochemical properties such as sheet size, surface area and
oxygen content, and experimental conditions which are known
to affect the outcome of cytotoxicity assays.>®>°

Using variations in experimental conditions as an example,
studies in the literature which reported induction of oxidative
stress by GO**®°% assessed GO impact on reactive oxygen
species (ROS) levels by adding the probe directly to cells after
nanomaterial incubation. In contrast, this study took a
different approach. To investigate nanomaterial impact on
ROS levels, the THP-1 cells were first labelled with the
DCFH-DA probe - the probe passively diffused into cells and
underwent deacetylation to the non-fluorescent DCFH by cellu-
lar esterases. Next, the nanomaterial suspensions were intro-
duced 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. Assay interference experiments in
Fig. S41 where nanomaterials were in direct contact with the
DCFH-DA probe showed that the graphenes (GNP, GO and
GO-Ag) induced oxidation of DCFH to DCF to varying extents.
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The finding that DL-MXene did not induce ROS production
in THP-1 cells (Fig. 5b) disagreed with Jastrzebska et al.>” who
reported that DL-MXene induced oxidative stress. A likely
explanation for this difference would be 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 con-
firmed to be ~7 after washing before conducting subsequent
experiments. In Jastrzebska et al,”” the MXene product was
first washed with deionised water and then ethanol followed
by delamination with DMSO. The last wash was done in iso-
propyl alcohol. Hence, the induction of oxidative stress may
have been caused by chemical residues in the final DL-MXene
product. Product purity can affect the biological impact of
nanomaterials.®*®

2.2.2 Haemocompatibility studies. No significant induc-
tion of haemolysis occurred on incubation of blood with GNP,
ML-MXene and DL-MXene (p > 0.05) (Fig. 6a) — a similar
finding was reported for DL-MXene.** GO, however, induced
minimal but significant haemolysis (4.68%) in line with
literature.**°® The haemolytic activity of GO has been ascribed
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Fig. 8 Residual IL-8 (a), IL-6 (b) and TNF-« (c) concentrations after 4-hour incubation of cytokine spiked plasma (~1000 pg mL™) with GNP, GO,
ML-MXene and DL-MXene at different mass loadings (5—-50 mg) compared to the control, spiked plasma without adsorbent (0 mg). Cytokine con-
centrations were measured using ELISA (n = 3, mean + SEM). Data were analysed using two-way ANOVA and a Dunnett post hoc test by comparing

treated groups to the control (**p < 0.01, ***p < 0.001, ****p < 0.0001).
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to membrane damage caused by strong electrostatic attractions
between anionic oxygen functionalities and cationic lipid
bilayer molecules on the outer erythrocyte membrane.”?® Since
the American Society for Testing and Materials International
classified materials with percentage haemolysis between 2%
and 5% as slightly haemolytic,’” this indicated that GO is
appropriate for blood-contacting applications.

GNP and ML-MXene did not significantly impact the intrin-
sic coagulation pathway (p > 0.05) as APTT values were within
the range of the normal plasma control (34.4 seconds)
(Fig. 6b) and in agreement with an earlier study on GNP.®® In
contrast, GO (p < 0.01) and DL-MXene (p < 0.05) significantly
extended APTT values in line with other studies for GO.***°
GNP, GO, ML-MXene and DL-MXene did not significantly
impact the extrinsic coagulation pathway (p > 0.05) as all pro-
thrombin clotting time values remained within the normal
range of 15.3 seconds (Fig. 6¢), in agreement with previous
studies on GNP®® and GO.”° In contrast to PMA, the positive
control, GNP, GO, ML-MXene and DL-MXene did not induce
platelet activation (p > 0.05) as indicated by the percentage of
platelets positive for the PAC-1 activation marker (Fig. 6d) and
in line with other studies for GO.”*
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2.3 Antibacterial studies

GO-Ag and AgNP, the positive control, induced significant
reductions in E. coli viability (p < 0.0001) at a concentration of
200 pg mL™' in contrast to GNP, GO, ML-MXene and
DL-MXene which did not significantly impact bacterial viabi-
lity (p > 0.05) (Fig. 7a). This finding disagreed with another
study which reported that DL-MXene demonstrated antibacter-
ial activity against E. coli through physical interactions
between sharp edges of DL-MXene sheets and bacterial mem-
branes.”” GO-Ag induced a significantly greater reduction in
E. coli viability (p < 0.05) compared to AgNP at a concentration
of 50 pg mL™" (Fig. 7b). Similar results were found using a bac-
terial ATP assay to quantify viable E. coli following incubation
with nanomaterials (Fig. S5f). Live/Dead assay results con-
firmed that GO had no impact on E. coli viability (Fig. 7c) as
the majority of bacteria stained for SYTO 9 and fluoresced
green which indicated membrane integrity. In contrast, GO-Ag
and AgNP induced membrane damage (Fig. 7d and e) evi-
denced by positive staining of bacteria for propidium iodide
and emission of red fluorescence. This indicated that GO-Ag
exerted antibacterial activity via membrane damage. The
greater antibacterial performance of GO-Ag over AgNP could

b
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Fig. 9 Residual IL-8 (a), IL-6 (b) and TNF-«a (c) levels in LPS-stimulated THP-1 cells after incubation with GNP, GO, ML-MXene and DL-MXene
(12.5 mg) for 24, 24 and 8 hours respectively (n = 3, mean + SEM). Cytokine concentrations were measured using ELISA. 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). Residual LPS levels in spiked RPMI 1640 media (2000 ng mL™) after 24 hours-incubation with GNP, GO, ML-MXene
and DL-MXene (12.5 mg) (d) (n = 3, mean + SEM). LPS concentration was measured using the LAL assay. Data were analysed using one-way ANOVA
by comparing treated groups to spiked media without adsorbent (T,4 spiked).

1812 | Biomater. Sci, 2021, 9, 1805-1815

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0bm01953d

Open Access Article. Published on 08 January 2021. Downloaded on 4/6/2026 11:54:06 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Biomaterials Science

be attributed to synergistic interactions between GO and the
immobilised silver nanoparticles resulting in enhanced bac-
terial contact.*®

While there are multiple reports on the bactericidal pro-
perties of 2D nanomaterials such as GO in the literature, other
studies have also reported non-toxicity of these materials
towards bacteria.®®>”>”7” These differences may have resulted
from variations in nanomaterial synthesis routes, experimental
conditions and bacterial strains used. For example, Barbolina
et al.®® demonstrated that residual acidic impurities from
graphite oxidation imparted a ‘false’ antibacterial activity to
GO sheets against Escherichia coli and Staphylococcus aureus.
This antibacterial effect was eliminated upon extensive
washing of the GO product and neutralisation of the acidic
pH. It is difficult to directly compare the findings in this study
with other published studies due to differences in synthesis
and experimental protocols which could have impacted bac-
terial viability.

2.4 Suppression of inflammatory stimulus

GNP and GO induced significant removal of IL-8 (Fig. 8a), IL-6
(Fig. 8b) and TNF-a (Fig. 8c) from plasma at all the masses
tested compared to the negative no nanomaterial control (p <
0.01). Compared to the graphenes, removal of the largest cyto-
kine TNF-a was reduced for DL-MXene and in the case of
ML-MXene, adsorption of IL-6 and TNF-a was reduced. This
could be attributed to the contribution of hydrophobic bonds
and m-r stacking interactions which enhanced binding to aro-
matic amino acid residues in the cytokines.”® Ultimately, the
carbon surface and hydrophobic interactions, not surface area,
seem to be most important for cytokine adsorption as GO
exhibited a similar adsorptive performance to GNP despite
having a lower surface area.

GNP, GO, ML-MXene and DL-MXene significantly reduced
IL-8 (Fig. 9a), IL-6 (Fig. 9b) and TNF-u (Fig. 9c) levels in LPS
stimulated THP-1 monocytes at a concentration of 12.5 mg
compared to the no nanomaterial LPS-stimulated cell controls.
However, the nanomaterials did not significantly adsorb LPS
at the concentrations used (p < 0.05) (Fig. 9d) which suggested
that the reduction of cytokine levels in stimulated THP-1 cells
was predominantly driven by direct cytokine adsorption rather
than LPS removal or inactivation. Apart from adsorption of
pro-inflammatory cytokines secreted by the stimulated
THP-1 monocytes, the nanomaterials may have impacted cellu-
lar cytokine levels via other mechanisms such as disrupting
LPS attachment to the LPS-binding protein.””

3 Conclusions

This study is the first to directly compare the biological inter-
actions of graphene and titanium carbide MXene nano-
materials using cell based models. The results indicate no
cytotoxicity and the feasible use of these materials in medical
devices as adsorbents for the suppression of cytokine driven
inflammatory stimulus highlighting the complex interplay of

This journal is © The Royal Society of Chemistry 2021
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numerous factors including material surface chemistry and
external surface area which combine to influence biological
interactions. No significant induction of haemolysis or platelet
activation occurred on incubation of blood with GNP,
ML-MXene and DL-MXene. Whilst the carbon based graphene
adsorbents and delaminated Ti;C,T, removed significantly
more of the high molecular weight cytokines in direct studies
per mass compared to the multilayered Ti;C,T,, all materials
repressed bacterial LPS stimulation of cytokines through a
mechanism that was not direct LPS adsorption at the concen-
trations used. It is hypothesised that the nanomaterials may
have adsorbed the monocyte secreted cytokines. Whilst anti-
bacterial properties were only observed in this study in the Ag
modified GO variants, further work should investigate impact
of flake size on cellular uptake as well as the tendency of these
materials to undergo oxidation and participate in redox reac-
tions which could potentially alter cellular oxidative state.
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