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In the last decade graphene-based nanomaterials and carbon dots have joined the family of
carbon materials mainly composed of graphite, diamond, fullerene, and carbon nanotubes.
Carbon nanomaterials have been widely exploited in various fields from electronics and
materials science to nanomedicine. The studies on their effect on the immune system have
revealed that they possess intrinsic anti-inflammatory properties reducing the production of pro-
inflammatory cytokines and modulating immune cell maturation. In addition, their large
specific surface area associated with high biocompatibility allows their use as carriers for the
delivery of anti-inflammatory agents. They can also contribute to the diagnosis of inflammatory
diseases as biosensors for low-limit detection and quantification of inflammation-related
biomarkers in body fluids and tissues allowing to monitor the concentration of drugs in urine
and guide personalized drug usage. Finally, they have been used as adsorbents for blood plasma
purification in the clinical treatment of sepsis through efficient removal of certain cytokines.
This review focuses on the intrinsic anti-inflammatory properties of carbon nanomaterials. An
overview is provided on their use as carriers of anti-inflammatory drugs, as biosensors, and for

blood purification in the context of inflammatory diseases. The potential of carbon

nanomaterials for clinical translation is also critically discussed.



1. Introduction

Nanotechnology, a multidisciplinary scientific field combining chemistry, physics and biology,
deals with a variety of materials at the nanometer scale, which possess novel properties not
observed in their bulk forms. Carbon nanomaterials have attracted great attention since many
years (Figure 1).12l Nanodiamonds (NDs) were first synthesized accidentally in 1963 during
nuclear explosions using carbon-based trigger explosives.! The size, shape, and structure of
NDs can vary depending on the production method, mainly detonation and the high
pressure/high temperature (HPHT) process.[4 NDs synthesized by detonation are constituted of
a sp® carbon core and a surface shell partially composed of sp? carbon atoms with some
impurities and defects. Their size is usually ~ 5 nm and they have a round or oval shape. NDs
produced by the HPHT process have a broader size distribution, an irregular shape, and a higher
purity. They possess a lower quantity of sp? carbon atoms compared to the detonation-NDs.
Fullerene (named also buckyball) was discovered in 1985 and consists of carbon atoms
connected by single and double bonds forming a hollow sphere.[®! The most well-known
fullerene is composed of 60 carbon atoms (Ceo) with 20 hexagonal and 12 pentagonal faces.
The elongated form of buckyballs, namely carbon nanotubes (CNTSs), were identified in 1991
by S. lijima.[®* A CNT consists of a sheet of carbon atoms arranged in hexagonal rings forming
a cylindrical structure. According to the number of layers, CNTs are classified as single-walled
CNTs (SWCNTSs) or multi-walled CNTs (MWCNTS) with a length of several micrometers and
a diameter between ~ 1 nm and tens of nanometers. Few years after, graphene, which is
composed of a single atomic layer of sp?-hybridized carbon atoms in the form of a two-
dimensional hexagonal lattice, was discovered.l®® The oxidized form of graphene, graphene
oxide (GO), has been extensively used for biomedical applications due to its high water
dispersibility and ease of preparation. Other types of carbon nanomaterials have also been
isolated such as carbon nanohorns (CNHs) made of SWCNTSs with long cone-shaped tips of 2

nm diameter and a length of 40-50 nm,[%! as well as carbon dots (CDs)*! and graphene
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quantum dots (GQDs).[*>1% CDs, identified accidentally in 2004 by Scrivens et al. during the
purification of SWCNTs,' are quasi-spherical amorphous or nanocrystalline nanoparticles
with a diameter generally below 10 nm. GQDs, initially reported by Wu and coworkers,*5
resemble the crystalline structure of single- or few-layer graphene with an elliptical or circular
shape and a lateral size dimension of typically a few nanometers. ¢!

Owing to their unique physicochemical, electrical, optical, mechanical, and structural
properties, carbon nanomaterials are attractive for numerous industrial applications especially
in electronics,*”) materials science,*® solar energy conversion,!*®! optical sensing,’?” and
nanomedicine.?%221 In particular, they have been exploited for cancer therapy as drug delivery
systems and photothermal agents,!?*2?4 as well as for biosensing!?® and tissue regeneration
(Figure 2).[281 In addition, the intrinsic optical and electronic properties of carbon nanomaterials
make them useful for a variety of imaging modalities such as magnetic resonance imaging,
near-infrared fluorescence, photoacoustic tomography, as well as photothermal and Raman
imaging.l?”3Y The impact of carbon nanomaterials on immune cells is critical in terms of
clinical translation.®?l Functionalized CNTs have shown intrinsic immunostimulatory
properties.?3% They are able to stimulate immune cells offering future perspectives for their
application as immunotherapeutic agents and/or as adjuvants in vaccine therapy for cancer and
infectious diseases. Other studies have demonstrated that CNTs functionalized with an
antigenic epitope from the foot-and-mouth disease virus was immunogenic in vivo eliciting
antibody responses of the right specificity, showing their potential as a delivery system of
vaccine antigens.®>%! The impact of GO with different lateral sizes and functional groups on
immune cells has been investigated.”! For instance, exposure of immune cells to GO led to the
upregulation of critical genes involved in immune responses and to the release of cytokines. [l
These effects could be exploited for immune modulation, for example in cancer
immunotherapy® and also in the emerging field of osteoimmunology for bone-related

disorders. The intrinsic immune properties of GO have recently been combined with the
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osteoinductive capacity of calcium phosphate resulting in the activation of monocytes to
improve bone regeneration.

Carbon nanomaterials have been extensively exploited in cancer therapy. Nevertheless,
only few publications have described their use to tackle inflammatory-related diseases. In this
context, this review covers the use of different types of carbon nanomaterials toward the
treatment of inflammation-associated pathologies. In the first section, the intrinsic properties of
different types of carbon nanomaterials are discussed in terms of their ability to reduce
inflammation. The second section highlights the studies being conducted on carbon
nanomaterials used as carriers for the delivery of anti-inflammatory agents. The following
sections evaluate their use as platforms for biosensing applications and for blood purification.
Finally, in the last section we give an overview on the nanomedicines that are clinically
approved or currently in clinical trials for the treatment of inflammatory diseases. We also
provide a critical opinion on the potential of carbon nanomaterials for clinical translation and

the issues to overcome in order to meet this challenge.

2. Intrinsic anti-inflammatory properties of carbon nanomaterials

Although the biocompatibility of nanomaterials is still a major concern, especially on their
impact on the innate immune system, recent studies have shown that some carbon nanomaterials
did not activate the inflammasome, a multiprotein cluster of the innate immune system
responsible for the activation of inflammatory responses.*! Furthermore, some carbon
nanomaterials inhibited the inflammation process under optimized conditions. These intrinsic
anti-inflammatory properties could be indeed exploited for the treatment of anti-inflammatory
diseases. Table 1 summarizes the studies exploiting the anti-inflammatory properties of

different types of carbon nanomaterials.



2.1. Fullerenes

Thanks to its -conjugated C=C bonds between hexa- and pentagonal structures, Cso fullerene
has the capacity to trap free radicals.[*? It has been widely investigated for its inherent powerful
anti-oxidant properties, for the treatment of cancer and also inflammatory diseases.! 3! As there
are many studies reporting the intrinsic anti-inflammatory properties of fullerenes, this section

emphasizes on the most important articles since 2015.

Interleukin (1L)-33 contributes to the pathogenesis of chronic autoimmune diseases and
inflammatory diseases. It is a cytokine expressed by fibroblasts, macrophages, and mast cells
(MC). It is a potent inducer of pro-inflammatory cytokines including IL-6 and it is involved in
chronic autoimmune and allergic inflammatory diseases. For these reasons, IL-33 was recently
studied as a new target for the treatment of chronic autoimmune diseases such as RA, systemic
lupus erythematosus, systemic sclerosis, and inflammatory bowel disease.[* A water-soluble
bis-malonic acid fullerene derivative was prepared and studied for its ability to suppress 1L-33-
induced expression of pro-inflammatory cytokines (e.g. IL-6) in bone marrow-derived mast
cells. Water-soluble tetrazolinium-1 assay revealed that the fullerene derivative did not affect
the cell viability with or without IL-33 stimulation. It reduced the IL-33-induced expression of
IL-6 in a dose-dependent manner, while it did not suppress the 1L-33-induced expression of IL-
13. The expression of IL-6 mRNA and IL-13 mRNA was analyzed by real-time polymerase
chain reaction, confirming that the fullerene derivative inhibited only IL-33-induced IL-6
MRNA expression. It was observed that 1L-33 induced expression of IL-13 mRNA through
activation of mitogen-activated protein kinases such as p38 and c-Jun N-terminal kinase (JNK).
But, the fullerene derivative did not affect this activation and the expression of IL-13. The
influence of the fullerene derivative on IL-33-induced nuclear factor-kB (NF-kB) activation
was also studied. NF-«B is a protein complex that controls cytokine production. It was clearly

observed that the fullerene compound inhibited phosphorylation and effectively reduced
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nuclear localization of NF-kB by inhibiting IkB kinase activation. As tumor necrosis factor
(TNF)-a and IL-1 can also activate NF-kB, the inhibitory effect of the bis-malonic acid
fullerene was tested on the production of TNF-a and IL-1. The fullerene derivative failed in
suppressing NF-«B activation induced by TNF-a and IL-1, whereas it specifically reduced only
the 1L-33 signaling pathway. According to these results, it was suggested that the bis-malonic
acid fullerene could be a suitable anti-inflammatory drug, for instance for the treatment of IL-
33-induced inflammatory diseases. Future experiments would be necessary to identify the
detailed components of IkB kinase complexes in order to clarify the mechanism of the specific

inhibition of 1L-33-induced NF-kB activation by the bis-malonic acid fullerene derivative.

Graft-versus-host disease (GVHD) is a medical complication following allogeneic
hematopoietic cell transplantation from a genetically different person. This disease is associated
with substantial morbidity and mortality that limit the transplantation. Indeed, the current
therapies involve high doses of steroids, monoclonal antibodies and immunosuppressive agents,
resulting in serious adverse effects related to immunosuppression and infection. Since
fullerenes and their water-soluble forms (Ceo(OH)1s.20 named fullerol) present anti-
inflammatory and anti-oxidant effects, researchers have investigated their intrinsic properties
in mice with GVHD.! Fullerol demonstrated some potential for the treatment of
neurodegenerative disorders, cancer, and arthritis.[*”l It was able to control inflammatory
responses by reducing the levels of inflammatory cytokines and oxidative stress. 8 In this study,
two methods were used to induce GVHD in mice, corresponding to a low and a high body
irradiation (radioactive source: 8°Co). In the first protocol GVHD mice treated with fullerol
showed 80% survival compared to 100% mortality in non-treated mice after 26 days of disease
induction. The clinical symptoms such as fecal occult blood, diarrhea, apathy, and skin lesions
decreased in the fullerol-treated GVHD mice, and the mice did not lose weight. To confirm the

positive effect of fullerol on GVHD mice, a high dose of irradiation, which induces a more
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severe disease and requires bone marrow transplantation, was tested. Higher clinical signs were
observed in the non-treated GVHD mice with a mortality of 100%, while fullerol-treated mice
exhibited less clinical scores and a survival of 67%. At day 20 the non-treated GVHD mice had
liver injuries and inflammatory infiltration, associated with vasodilatation and hepatocyte
necrosis, whereas the fullerol-treated GVHD mice showed fewer hepatic damages with
decreased liver accumulation of leukocytes. The fullerol was investigated for its anti-
inflammatory properties by enzyme-linked immunosorbent assay (ELISA). After 20 days of
transplantation, the fullerol significantly inhibited the pro-inflammatory cytokines such as
TNF-o and interferon y (IFN-y) and the chemokines (CCL2, CCL3, CCL5) (Figure 3).
Moreover, the treatment with fullerol also diminished reactive oxygen species (ROS) levels in
the liver. It is well known that bacteria translocation can complicate GVHD and lead to sepsis
followed by death. This study revealed that treatment with fullerol inhibited bacterial
translocation to the peritoneal cavity, blood and liver, and thus reduced intestinal injuries. It
was also shown that fullerol did not interfere with a graft-versus-leukemia response in mice
while alleviating GVHD. Together, the use of fullerol in the treatment of murine GVHD
effectively reduced clinical symptoms of the disease, decreased pro-inflammatory mediators
and ROS level in the liver (Figure 3), showed less hepatic injury, reduced leukocyte
accumulation and bacterial translocation. It also did not impair the beneficial effects of the graft
against a leukemia cell line, thus suggesting that fullerol could be a promising approach to treat

GVHD.

The current treatments of acute colitis are based on 5-aminosalicylic acid, corticosteroids
and immunosuppressors associated to severe side effects such as hemorrhages and hepatitis. As
alternative, the anti-oxidant effects of fullerene on acute ulcerative colitis were investigated in
a rat model.[*? For this purpose, a Ceo fullerene aqueous solution (FAS) was prepared using a

saturated solution of pure Ceo in toluene. The aqueous and organic phases were treated by
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ultrasonication until total evaporation of toluene. No changes in red blood cell parameters or
colon damage were observed when healthy rats received FAS either intraperitoneally or
intrarectally. However, when FAS was intraperitoneally administered to acute colitis rats, mild
diarrhea, less hemorrhage and colon damage were observed in some animals. Microscopic
observation revealed reduced signs of colon damage and increased colon mucosa thickness
compared to non-treated acute colitis rats. ROS indicators such as malonic dialdehyde (MDA)
and protein carbonyl groups (PCG) decreased, suggesting a reduced oxidative stress. A lower
permeability of the colon wall was also seen and contributed to epithelial barrier restoration.
FAS also attenuated the consequences of hemorrhages such as signs of anemia and increased
platelet count. When FAS was intrarectally administered, both macroscopic and microscopic
colon damage signs were ameliorated (Figure 4). The integrity of the epithelial barrier was
restored and hematological parameters were improved. This meant an increased monocyte
count and a decreased content of neutrophil granulocytes. Glutathione/glutathione-S-
transferase activities values were close to the control ones, which was indicative of the
suppression of lipid peroxidation and of an enhanced liver redox status. The use of FAS
decreased the content of neutrophil granulocytes and raised the monocyte content, thus reducing
inflammation and contributing to the process of colon tissue restoring. The monocyte count was
higher in rats treated intrarectally compared to the rats treated intraperitoneally because of the
direct contact of Ceo with the colon mucosa. Therefore, the use of a Ceo fullerene aqueous
solution through intrarectal administration could represent an efficient strategy for the treatment

of ulcerative colitis.

Allergic and inflammatory skin diseases such as atopic dermatitis (AD) are mediated by
oxidative stress. As Ceo shows promise in reducing ROS-dependent inflammation, the anti-
inflammatory properties of an aqueous solution of Ceo Was assessed in a mouse model of AD

through two different routes of administration, either by subcutaneous (SC) or epicutaneous
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(EC) application.’% To prepare an aqueous fullerene solution, Ceo was dissolved in
N-methylpyrrolidone, mixed with an aqueous solution of L-alanine used as a stabilizing agent
followed by extensive dialysis against deionized water. Mice were sensitized epicutaneously
with ovalbumin to induce skin inflammation. For both administration routes a significant
suppression in the production of immunoglobuline E (IgE) and T helper 2 (Th2) cytokines such
as IL-4 and IL-5, was observed, with a concomitant increase of T helper 1 (Th1) cytokine (IL-
12 in the EC application only and IFN-y). The expression of forkhead box P3 (FOXP3), a
regulatory T-cell marker, rose significantly in ovalbumin-stimulated mouse splenocytes after
treatment with Ceo, in particular after EC application. In addition, the expression of filaggrin
(filament aggregating protein), an important epidermal structural protein, was significantly
higher with EC application. Therefore, simultaneous increase of filaggrin and FOXP3
expression led to AD susceptibility reduction. Histological analysis on removed skin stained
with hematoxylin and eosin revealed that the non-treated AD mice presented the main
characteristics of skin lesions such as epidermal thickening and necrosis, as well as cell
infiltration of dermis and epidermis with eosinophils, neutrophils, and lymphocytes. With EC
application, both leukocyte and eosinophil infiltration decreased, and the other skin lesion
symptoms were nearly absent. With SC application, only the leukocyte infiltration and
epidermal necrosis decreased. Taken together, these results show that both EC and SC
administration of Ceo had efficient therapeutic effect in the treatment of AD, although EC
application of Ceo was more effective, with approximately 42% amelioration in allergic
inflammation. This difference could be explained by a higher availability of Ceo in the immune
system because of the presence of a high number of immune cells in the skin in situation of

allergic inflammation such as AD.

NF-kB is one of the most important regulators of pro-inflammatory gene expression. FCy

receptors (FCyR) is a protein found at the surface of mast cells that contributes to the protective
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functions of the immune system. In this context, a series of forty Cro fullerene derivatives was
tested for their capacity to inhibit inflammatory mediators that are released in rheumatoid
arthritis (RA) and human osteoclast formation.'® For this purpose, two mouse models of RA
were prepared, a K/BxN serum transfer arthritis mouse model and a collagen-induced arthritis
(CIA) mouse model. Among the forty derivatives tested for their potential pro-inflammatory
mediator inhibition, 15% were efficient at inhibiting cytokine production and reducing
degranulation in FCy-stimulated bone marrow-derived mast cells and immune complexes-
stimulated human connective tissue MCrc, depending on the functional moieties present on Co.
Besides, the fullerene derivatives induced 25% inhibition of the cytokines released from TNF-
a-challenged synovial fibroblasts. Two of them, an amphiphilic liposomal malonylfullerene
(ALM) and a water-soluble C7o functionalized with tetra-glycolic acid (TGA), also inhibited
osteoclast formation. Both compounds were selected for the rest of the study since they had the
highest water solubility. ALM and TGA effectively inhibited the mitochondrial membrane
potential in MC in a dose- and time-dependent manner. Moreover, they prevented ROS
production by inhibiting immune complex-induced increase of intracellular ROS levels. These
compounds also blocked the FCyR-mediated activation of NF-kB in MC stimulated with
immune complexes. ALM and TGA were injected intravenously to study their organ
biodistribution. Due to the functionalization with IRDye 800CW, the fullerene derivatives were
localized specifically in the inflamed joints 6 h after the injection, whereas healthy control mice
did not show any fluorescence in the joints (Figure 5). Only a very low amount accumulated
in the spleen, kidney, heart, lungs, brain, and liver. Toxicity studies were also performed by
measuring the serum activity of liver enzymes such as alanine aminotransferase (ALT) and
aspartate transaminase (AST). Elevated serum levels of both enzymes are a sign of liver damage.
In this study no liver toxicity was found as there was no difference in ALT/AST levels between
the fullerene-treated and non-treated mice. These results were consistent with the serum

creatinine activity, a kidney toxicity indicator. The control K/BxN serum transfer arthritis mice
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showed inflammatory signs such as hyperplasia and inflammatory infiltrates, while the TGA-
treated mice presented less joint inflammatory symptoms. On the contrary, ALM and TGA
were not effective in attenuating RA in CIA mice since joint inflammation still persisted. To
predict in vivo efficiency, cytokine inhibition and osteoclast development were used as key
parameters. After 14 days, ALM and TGA inhibited serum TNF-a levels only in the K/BxN
serum transfer arthritis model, thus preventing inflammation. Finally, the fullerene derivatives
not only decreased MC activation in vitro, but they were also relatively effective in MC-
deficient Cre-Master mice, suggesting that they had intrinsic anti-inflammatory properties on

other lineages of arthritis, in synovial fibroblasts and osteoclasts.

Although these studies showed that fullerenes displayed intrinsic anti-inflammatory
properties in vivo in different rodent models such as GVHD, acute colitis, atopic dermatitis, and
RA models, further investigations are required to understand the structure-activity relationship
of the fullerene derivatives, which is dependent on the functional groups present on the

fullerenes, and the inhibitory mechanism of the inflammatory diseases.

2.2. Carbon nanotubes

Mast cells play a key role in the inflammatory process by releasing pro-inflammatory mediators
following immunological stimuli such as biochemical stimuli (e.g., cytokines). As Ceo was
proved to be effective in suppressing MC-driven inflammatory responses through the inhibition
of cellular ROS levels,® the inhibitory effect of SWCNTSs on MC signaling pathways and pro-
inflammatory mediators was investigated.l>3 For this purpose, rat basophilic leukemia (RBL)
cells were incubated with pristine SWCNTSs. Even after 5 days, the SWCNTSs did not alter
cellular proliferation. They caused remarkable membrane remodeling in the MC and were
surrounded by the MC plasma membrane. The exposure of the RBL cells to SWCNTSs caused

a decrease in the total cellular clathrin levels in a time-dependent manner. Together with
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clathrin clustering at or near the contact point of the plasma membrane and SWCNTSs, this
behavior suggested that SWCNTSs were internalized via a clathrin-mediated pathway. SWCNT
exposure resulted in a significant decrease of degranulation responses in MC, which reduced
hypersensitivity and inflammation. Since pro-inflammatory mediators are released in a
calcium-dependent manner, both antigen-induced calcium responses in RBL cells and
pharmacologically-induced calcium response were inhibited upon incubation with the

SWCNTSs. Overall, the nanotubes could be potential regulators of mast cell responses.

Atherosclerosis is the narrowing of arteries caused by plaque build-up around the artery
wall, which disrupts blood flow in the body and can cause heart attacks and stroke. This is an
inflammatory process in which macrophages play an important role and thus represent a
promising target for the development of anti-atherosclerotic therapies. Macrophage ablation in
atherosclerosis was explored by photodynamic therapy using motexafin lutetium.® There are
only limited studies using photothermal therapy (PTT) to induce ablation of macrophages in
atherosclerosis. SWCNTSs display NIR fluorescence and have shown to be effective in the
destruction of cancer cells using photothermal therapy.®® In this context, SWCNTs were
investigated for imaging and PTT of vascular inflammation in a murine model.®! An aqueous
suspension of SWCNTs was labeled with cyanine5.5 (Cy5.5) and mixed with phospholipid
polyethylene glycol (PL-PEG). RAW 264.7 macrophages were incubated with the SWCNT
conjugate and used to study the in vitro macrophage uptake and photothermal ablation. Flow
cytometry and confocal microscopy revealed that the SWCNT-Cy5.5 conjugate was taken up
by 94% of macrophages in a dose-dependent manner. Laser light exposure of macrophages
incubated with the SWCNT conjugate at 808 nm led to 93% of cell death. In vivo uptake and
ablation of macrophages were studied in left carotid-ligated friend leukemia
virus B (FVB) mice after induction of diabetes and hyperlipidemia (Figure 6). The mice were

imaged by fluorescence molecular tomography before and after the injection of the SWCNT
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conjugate into the tail vain. Images at 48 h showed an increased fluorescence signal intensity
in the left ligated carotids and in the liver compared to the control group of non-ligated mice.
Similarly, NIR imaging of the intrinsic SWCNT fluorescence revealed high fluorescence in ex
vivo left ligated carotids. Immunohistochemical staining of the ligated mice revealed
localization of macrophages in the neointima and adventitia layers, while very little was noticed
in the adventitia of the control group. Neointima is a thickened layer of arterial intima formed
in atherosclerosis by migration and proliferation of smooth muscle cells. Adventitia is a loose
and irregular collagenous connective tissue composed of blood vessels, fibroblasts, nerves, and
other components, that participates actively in the development of atherosclerosis. The
photothermal treatment performed by exposing the left carotid ligated artery to an 808 nm laser
irradiation for 5 min led to an increase in the local temperature and the induction of apoptosis
of macrophages (Figure 6). These results were not observed in the case of ligated carotids not
exposed to SWCNTs or those not exposed to laser irradiation. This study demonstrated that
functionalized SWCNTSs can act as both imaging and photothermal ablation agents of vascular

macrophages.

Compared to fullerenes, less is known about the intrinsic anti-inflammatory properties of
CNTs. Nevertheless, their photothermal capacity opens opportunities for the thermal ablation

of macrophages in inflammatory disorders such as atherosclerosis.

2.3. Graphene oxide

Some studies have demonstrated the ability of GO to induce pro-inflammatory responses,7-5%]
whereas a few have reported anti-inflammatory activity. For instance, GO with a lateral
dimension between 30 nm and 3 um showed no toxicity and displayed no pro-inflammatory
effect at concentrations up to 25 pg-mL2.154 GO was able to significantly inhibit the release of

pro-inflammatory cytokines such as IL-1B and IL-6 in murine immortalized bone-marrow-
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derived macrophages (iBMDMs) (Figure 7). To better understand the mechanism of action of
GO, RNA-sequence analyses were performed on iBMDMs treated with GO prior to LPS
priming. GO caused a clear effect on the immunometabolism of iBMDMSs. The alteration in
glycolysis-tricarboxylic acid cycle led to the accumulation of itaconate. This metabolite, which
was recently discovered to have an anti-inflammatory effect, caused the activation of a
transcription factor nuclear factor erythroid 2-related factor 2 (NRF2), which is known to inhibit
the expression of pro-inflammatory cytokines IL-1p and IL-6. The anti-inflammatory properties
and biocompatibility of GO was found to depend on its size and concentration. Overall, this
study brings insights on the interactions of GO with the innate immune system and proposed a
mechanism of action on metabolism and gene regulation. Although further research is still
required to fully elucidate the effects of GO on the innate immune system, GO showed an
immense potential as anti-inflammatory material for clinical applications and could also be used

as a tool to elucidate the inflammatory mechanisms.

In another study, the intrinsic anti-inflammatory properties of GO were exploited for the
treatment of sepsis.[®® Invariant natural killer T (iNKT) cells are a group of innate-like T
lymphocytes that can produce pro-inflammatory or anti-inflammatory cytokines under antigen
stimulation. After injection of GO into mice treated with a-galactosylceramide, an iNKT cell
agonist, the cytokines produced by the INKT cells were inhibited. GO regulated a phenotype
shift on the iNKT cells by converting them from an IFNy-producing inflammatory phenotype
to a transforming growth factor p (TGFp)-producing regulatory phenotype, leading to an
expansion of regulatory T cells. The survival rate of mice in severe septic shock significantly
increased after the treatment with GO. This study demonstrated that GO significantly protected
mice from a-galactosylceramide-induced lethality and it reinforced the possibility of using GO

for sepsis therapy and as an adjuvant in immunotherapy by modulating iNKT cell responses.
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Both studies pointed out the great potential of pristine GO as anti-inflammatory agent with
applications for sepsis therapy and perspectives in immunotherapy by using GO as adjuvant.
Nonetheless, more investigations are necessary to fully assess the impact of GO on the innate

immune system.

2.4. Graphene quantum dots and carbon dots

Graphene quantum dots produced through electrochemical exfoliation of graphite and with an
average lateral size of 24 nm were shown to suppress pro-inflammatory T cell responses in
vitro.[®! Their biocompatibility was satisfactory at concentrations up to 300 pg-mL™* and
significantly inhibited the proliferation and cytokine production by peripheral blood
mononuclear cells (PBMCs) stimulated with phytohemagglutinin. The maturation of
monocyte-derived dendritic cells (DCs) was modulated by the GQDs. DCs are the most potent
antigen-presenting cells able to activate or tolerize antigen-specific T cells. The GQDs mediated
the downregulation of DC marker CD1a resulting in a lower production of anti-inflammatory
IL-12 after DC maturation, lowering the stimulation of T cell proliferation and affecting the
polarization of naive T cells into the Th2 phenotype but not into anti-inflammatory Th1 cells.
In addition, the GQDs increased the tolerogenic capacity of DCs, reduced the production of
ROS, decreased the nuclear translocation of the transcription factor NF-xB in DCs and the
activity of the mammalian target of rapamycin (mTOR), thus inducing autophagy. This study
showed that the immunoregulatory properties of GQDs could be exploited for the treatment of
inflammatory T cell-mediated diseases such as RA, multiple sclerosis, psoriasis, and
experimental autoimmune encephalitis, by developing tolerogenic DC vaccines for instance.
These GQDs exhibited the anti-inflammatory properties not only in vitro, but also in vivo in
experimental autoimmune encephalomyelitis (EAE), an animal model of immune-mediated
central nervous system (CNS) damage.[®”l The GQDs significantly reduced the daily mean

clinical score, attenuate inflammatory CNS damage, and reduce the incidence of disease
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relapses. As the integrity of the blood-brain barrier (BBB) is disrupted in EAE, the GQDs
entered the CNS through damaged BBB and were found to be localized in the lymphocytes of
the draining lymph nodes, in the glial cells and the axons of EAE rats. However, no
accumulation was found in non-immunized animals where the BBB was intact. The immune
infiltration, demyelination, axonal damage, and apoptotic death in the CNS of EAE rats treated
with the GQDs were diminished. The GQDs also decreased the number of IFN-y-expressing
Th1 cells and inhibited the production of pro-inflammatory cytokines. The mitogen-activated
protein kinases (MAPK)/Akt signaling was modulated leading to the protection of
oligodendrocytes and neurons from T cell-mediated inflammatory damage. Overall, these

results demonstrated that the GQDs could be beneficial for neuroinflammation therapy.

Aspirin is a commonly used non-steroidal anti-inflammatory drug to alleviate pains and
aches. To overcome its low solubility in physiological medium and the side effect of gastric
damage, fluorescent carbon dots were synthesized from aspirin and hydrazine through a
microwave process and the diameter of the resulting nanoparticles were 2.2-5 nm (Figure 8).[6]
In vitro experiments showed that the aspirin-based carbon dots (FACDSs) inhibited the
production of inflammatory cytokines TNF-a and IL-1f in LPS-activated macrophages, while
aspirin alone had no effect on IL-1p. The anti-inflammatory effect occurred through irreversible
acetylation of a serine residue of cyclooxygenase (COX) by blocking the oxygenation of the
fatty acid, a COX substrate. This led to the decrease of prostaglandin E2 (PGE>) level, a potent
inflammatory mediator generated by COX, in a rat acute inflammation model. This model was
generated by subcutaneous implantation of a polyester sponge soaked with 1% carrageenan (a
polysaccharide causing inflammation) 30 min after the administration of FACDs. The
inflammatory cell layer in the implant site was significantly decreased after the treatment with
the FACDs, clearly demonstrating its excellent anti-inflammatory function. Overall, the FACDs

showed higher anti-inflammatory effects compared to aspirin, good biocompatibility, while
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allowing cellular imaging and bioimaging. In addition, they improved the solubility of the drug
and minimized the gastric damage side effect, making them promising nanomaterials with anti-

inflammatory properties.

The emergence of GQDs and CDs has prompted researchers to explore their anti-
inflammatory properties opening the door to further studies in particular to exploit their

potential for neuroinflammation therapy.

3. Carbon nanomaterials as carriers of anti-inflammatory agents

In addition to their intrinsic anti-inflammatory properties, carbon nanomaterials can also serve
as carriers for therapeutic purposes due to their biocompatibility and high surface area leading
to good loading efficiency. Using a carrier overcomes the major issues faced by many drugs or
substances including low water solubility and limited biodistribution. Therefore, delivery
systems allow the enhancement of their pharmacokinetics and bioavailability. The intrinsic
anti-inflammatory properties of carbon nanomaterials combined with drug delivery could lead
to a better therapeutic effect and potentially to a synergistic effect in the treatment of
inflammatory diseases. Table 2 summarizes the studies exploiting the structural properties of

different types of carbon nanomaterials as carriers for the delivery of anti-inflammatory agents.

3.1. In vitro studies
Fullerenes have been extensively exploited as carriers for the treatment of inflammatory

diseases. We have decided in this section to focus on the most relevant studies since 2008.

Joint damage in RA can be slowed or prevented by treatments using pain Kkillers, anti-

inflammatory drugs, corticosteroids (e.g., glucocorticoids), synthetic and biologic disease
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modifying anti-rheumatic drugs. However, most treatments require frequent and long-term
administration, leading to local and/or systemic side effects. In particular, glucocorticoids such
as dexamethasone (DEX) not only suppress the production of pro-inflammatory cytokines, but
induce the production of anti-inflammatory IL-10 and promote pro-regenerative activities of
macrophages. Nevertheless, glucocorticoid receptors (GRs) are present in the cytoplasm of
almost all cells in the body leading to adverse effects. As one of the main producers of pro-
inflammatory cytokines, activated macrophages perpetuate both the innate and adaptive
immune response. Hence, targeting glucocorticoids to macrophages would enable to alleviate
the side effects associated to off-target delivery resulting in broad immunosuppression. To this
aim, macrophages can be targeted using nanoparticles as they are able to recognize and
internalize them by phagocytosis. For instance, microparticles and nanoparticles such as
liposomes and micelles, have been exploited as carriers of glucocorticoids. But, polymeric
nanoparticles can induce complement activation and stimulate a pro-inflammatory
response.l®®7 Therefore, the development of nanoparticle platforms with inherent anti-
inflammatory properties is strongly needed and carbon nanomaterials can provide opportunities
as demonstrated in the previous section.

In this context, the ROS scavenging properties of Cgol™! were exploited for the
development of an anti-inflammatory nanomedicine conjugated to DEX showing reduced
cellular apoptosis.[’2 DEX can generate ROS and can bind to the apoptosis-related receptor
(glucocorticoid receptor) leading to cell apoptosis. To confirm whether the combination of DEX
and Ceo could reduce the side effects induced by ROS, DEX was conjugated onto
methanofullerene carboxylic acid through an esterification reaction. The anti-inflammatory
properties of the drug were not affected after conjugation onto Ceo and the cytotoxicity of DEX-
Ceo was lower compared to the free drug on mouse thymocytes. ELISA showed that Ceo
inhibited the binding between DEX and GR because of steric hindrance, thus resulting in the

downregulation of several apoptosis-related genes including IL-6 and NF-kB and inducing a
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lower cytotoxicity (Figure 9). Immunostaining experiments confirmed the absence of GR in
the nucleus. This study showed that conjugating DEX to Ceo allowed the preservation of the
anti-inflammatory properties of the drug with much lower side effects with potential
applications for the treatment of inflammatory and autoimmune diseases such as RA, acute

infection, and the inflammatory responses to cardiopulmonary bypass.

In addition, conjugating drugs to Ceo can improve their anti-inflammatory effects.
Pentoxifylline (PTX), commonly used for cerebrovascular and peripheral vascular disease
treatment, is also characterized by anti-inflammatory properties, which are related to its
capacity to suppress the synthesis of TNF-o by macrophages via inhibition of the activity of the
cyclic adenosine monophosphate-phosphodiesterase (CAMP-PDE). Nitric oxide (NO) and
TNF-a are two pro-inflammatory cytokines that are key components in acute and chronic
inflammatory processes. The suppression of the production of NO and/or TNF-a. are therapeutic
approaches to treat inflammatory diseases. The overexpression of these cytokines can induce
diseases like RA, psoriasis, multiple sclerosis, and asthma. In this context, it was hypothesized
that Ceo could reduce NO released by macrophages via ROS scavenging or direct NO quenching.
For this purpose, PTX was covalently conjugated to Ceo and was shown to preserve the viability
of murine reticulum sarcoma cells stimulated with LPS. Cso-PTX also inhibited the release of
the pro-inflammatory cytokine TNF-a and the production of NO.[® Similarly, the covalent
conjugation between thalidomide, another anti-inflammatory drug, and Ceo also led to a
synergistic anti-inflammatory effect via the suppression of NO and TNF-a production by LPS-
activated macrophages.l’*! Although thalidomide, a sedative drug, was retracted from the
market in the 60’s because of high teratogenicity, research on thalidomide was pursued to
exploit its immunomodulatory properties as it has effects on cytokine stimulation and cell-
mediated immunity.[’® The inhibition of NO production was attributed to the ability of Ceo-

thalidomide to scavenge intracellular ROS and suppress inducible nitric oxide synthase (iNOS)
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expression, an enzyme catalyzing NO production. Moreover, the conjugate inhibited
extracellular signal-regulated kinase (ERK) phosphorylation, thus reducing TNF-a secretion.
Therefore, Ceo functionalized with PTX or thalidomide could result in a series of potent anti-

inflammatory agents.

Neural prostheses constituted of implantable microelectrodes have been extensively
investigated for the restoration, modification or bypass of a diseased and/or damaged part of
the nervous system. Nevertheless, there are some limitations associated to possible neuronal
loss and scar formation via inflammatory tissue reaction. The delivery of anti-inflammatory
drugs or neurotrophic factors to the implant area can overcome these issues. Systems based on
conducting polymers that can release drugs upon electrical stimulation, have been developed.
However, they are currently limited by a low drug loading capacity and unsatisfactory release
profile (non-steady and non-sustainable). CNTs can bring solutions for such implantable
microelectrodes as one of their advantages is their ability to encapsulate drugs in their cavity.
For instance, DEX was loaded inside oxidized MWCNTSs.I’®! The open ends of the nanotubes
were sealed by a conductive film consisting of polypropyrrole (PPy) through
electropolymerization on a glassy carbon electrode (GCE). Upon electrical stimulation, the PPy
films containing DEX@CNTS released more drug in comparison to the PPy films devoid of
CNTs. The bioactivity of released DEX was preserved when incubated with highly aggressively
proliferating immortalized (HAPI) cells (activated by LPS). The drug also significantly
inhibited cell activation and NO release. The loading of CNTs in the PPy films enabled to
increase the amount of DEX and to release the drug in a more linear and sustainable manner.
Furthermore, the CNTs decreased the impedance of the PPy films, which is useful for
applications where the electrode has multiple functions including electrophysiological
recording and/or stimulation. Overall, this approach validated the possibility of electrically-

controlled drug release using CNTs.
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Intra-articular injections of corticosteroids are prescribed to treat synovial inflammation in
advanced arthritis. But, long-term administration at high doses is associated with serious side
effects such as osteoporosis, Charcot arthropathy, and skeletal fractures to name a few. To
overcome this issue, MWCNTSs were used as carriers of triamcinolone (TA), a corticosteroid
used in RA therapy, in order to slow the drug release and induce a longer therapeutic activity
resulting in better joint protection. For this purpose, TA was adsorbed onto the surface of
polyethylene glycol (PEG)-coated MWCNTs.'"l The amount of drug released from the
PEGylated CNTs was evaluated at pH 7 and also at pH 5 in the presence or absence of lysozyme.
Noteworthy, slightly acidic pH (6) is found in the synovial fluid of rheumatoid joints.[”®! The
entire amount of TA was released in the presence of lysozyme over a period of 50 h, whereas
30% of the drug was liberated at acidic pH and only 10% was released at neutral pH. Lysozyme
allowed the enhancement of TA delivery in TNF-a-stimulated fibroblast-like synoviocytes
(FLSs), cells involved in the pathogenesis of RA, without drug release in the extracellular
environment. The combination of CNTs and TA reduced the drug dose 10-fold while
maintaining similar suppressive effect on the expression of pro-inflammatory cytokines such
as TNF-a, IL-6, and IL-1p, and of matrix metalloproteinases (MMPs), enzymes inducing bone
erosion and cartilage destruction. Similarly, the conjugation of DEX onto PEGylated MWCNTSs
improved the intracellular delivery of the drug in TNF-a-stimulated FLS and highly suppressed
pro-inflammatory cytokines and MMPs compared to DEX alone.l’® The drug was
preferentially released at pH 5 in the presence of lysozyme. The conjugate was able to inhibit
ROS production and avoid mitochondrial membrane damage. Overall, these studies
demonstrated that the immobilization of anti-inflammatory drugs onto CNTs enhanced the
intracellular delivery of the drugs and reduced inflammation in FLS, thus allowing to overcome
the side effects caused by repetitive and long-term administrations of conventional drugs at

high doses.
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CNTs have also the ability to deliver drugs in macrophages. These cells have a crucial anti-
inflammatory role as they can release pro-inflammatory cytokines. Budesonide (BUD) is a
glucocorticoid used in the treatment of chronic inflammatory diseases including Crohn's disease,
ulcerative colitis or asthma. Nevertheless, it is a highly hydrophobic drug and it has low
bioavailability because of extensive first-pass hepatic metabolism, and high dosage is necessary
leading to side effects. In this context, a BUD-based amphiphile was adsorbed onto
MWCNTs.B The CNT-BUD conjugate was internalized in murine macrophages and it
strongly inhibited the release of pro-inflammatory cytokine IL-6 by macrophages, thus showing
high anti-inflammatory properties. Therefore, the use of MWCNTs could allow the
administration of lower drug doses with higher local bioavailability and much less adverse

effects.

The combination of GO with nanoparticles can offer novel properties, especially for drug
delivery.l® For instance, a hybrid system composed of GO and gold nanoparticles (Au@GO)
were incorporated with zwitterionic chitosan (ZC) under visible light exposure.[®? Zwitterionic
polymers are able to suppress inflammation, making them appropriate as drug delivery systems
in the treatment of inflammatory diseases. Nystatin, an antibiotic agent, was incorporated in
Au@GO-ZC. The intrinsic anti-inflammatory properties of ZC were preserved after
combination with Au@GO, while its side effects were reduced. Nystatin may stimulate the
production of macrophage inflammatory proteins (MIP). However, when incorporated with
Au@GO-ZC, the MIP expression significantly decreased. It was hypothesized that ZC could
bind to receptors on cell surface and regulate the expression of MIP by affecting cell signaling
pathways. This study suggested a potential for using ZC-modified GO as carrier of antibiotics

with anti-inflammatory characteristics.
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In vitro studies on the use of carbon nanomaterials as carriers of anti-inflammatory drugs
involved a few covalent fullerene conjugates or non-covalent CNT or GO conjugates. In the
latter case, the high specific surface area of CNTs and GO was exploited for adsorption of a

large amount of drugs.

3.2. In vivo studies

Folic acid is used as a ligand to target cancer cells because it has the ability to bind the folate
receptors overexpressed on activated macrophages in the case of RA with high affinity.
Consequently, MWCNTs were functionalized non-covalently with FA and methotrexate
(MTX), an anti-inflammatory drug.! A significant sustained release (65.8%) of the drug from
the surface of CNT-FA at pH 7.4 was observed. A carrageenan-induced arthritis rat model was
used to study the anti-inflammatory effect of CNT-FA-MTX in vivo through intravenous
injection. A higher percentage of arthritis inhibition was observed after the administration of
the conjugate compared to the treatment using pristine CNTs or the free drug. This result was
explained by a sustained release of the drug that increased its biological half-life. The
functionalized CNTs accumulated at a lower amount in the liver, kidney, lung, and spleen in
comparison with the pristine CNTs and the free drug. In addition, more drug was found in the
arthritic joints of the rats after treatment with CNT-FA-MTX. Hence, CNT-FA could be

exploited for the targeted sustained delivery of anti-inflammatory drugs.

Colitis is a digestive disease characterized by the inflammation of the colon. Its symptoms
include abdominal pain, diarrhea, and blood in the stool. The cannabinoid 2-
arachidonoylglycerol (2-AG) is a drug showing great effects on colitis. Nevertheless, it has a
poor solubility and it is rapidly hydrolyzed, thus limiting its effectiveness. To overcome this
problem, 2-AG was adsorbed onto amino-functionalized MWCNTSs and the conjugate was

studied for its capacity to enhance the stability and the delivery of the drug through protection
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against rapid hydrolysis and sustained release.® A significant reduction of the drug toxicity
was shown with 2-AG-CNTs compared to free 2-AG. Intrarectal administration of the CNT
conjugates in a rat model 2 days before and 8 days after the induction of colitis revealed a
decrease in inflammatory mediators such as cytokines (TNF-a, IL-1pB), myeloperoxidase
activity, and malondialdehyde content, a marker of lipid peroxidation and oxidative damage.
The treatment with CNT-2-AG also ameliorated the colon mucosa injuries and led to a longer-

lasting therapeutic effect, which provided promising protective effects against colitis.

Atherosclerosis is characterized by the accumulation of apoptotic cells in the necrotic core
forming atherosclerotic plaques. Therapies involving prophagocytic antibodies stimulate the
phagocytic clearance of apoptotic cells. Nevertheless, they are hampered by toxicity (e.g.,
anaemia) due to off-target clearance of healthy tissues. Recently, a chemical inhibitor of the
antiphagocytic CD47-signal regulatory protein-o (SIRPa) signaling axis was immobilized on
the surface of SWCNTs coated with Cy5.5-labeled PEG.[® CD47 is upregulated in the
atherosclerotic plaques and it drives defective efferocytosis (i.e. clearance of dead cells by
macrophages). The functionalized CNTs accumulated in the lesional phagocytes within the
atherosclerotic plaque, reactivated efferocytosis locally, and reduced the plaque burden in
atherosclerosis mouse models without inducing any significant off-target toxicity. Their
preferential internalization in macrophages resulted in increased efferocytosis and consequently
in reduced expression of pro-inflammatory chemokines and cytokines and eventually in the
clearance of atherosclerotic plaques. The expression of inflammatory genes related to
chemokine and cytokine pathways in lesional macrophages was found to be decreased. The
enhanced efferocytosis induced by the functionalized CNTSs resulting in reduced necrosis in
plaques could offer a promising therapeutic strategy for limiting the progression of

atherosclerosis.
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Prednisolone (PSL) is a glucocorticoid commonly used to treat inflammatory diseases like
RA, lupus, or ulcerative colitis; but it displays many side effects. Single-walled nanohorns
(SWCNHs) are characterized by unique physical and chemical properties, especially a large
surface area that allows them to be used as carriers for drug delivery.® In this study, the in
vitro release of PSL previously immobilized on oxidized SWCNHs (0-SWCNHSs) was
studied.’®”! Collagen-induced arthritis rats were used as a model to investigate the anti-
inflammatory effect of the PSL-0-SWCNH conjugate. First, the SWCNHSs were oxidized using
a slow combustion method (at 500 and 570°C), which opened the holes on the walls of the
SWCNHSs.8 Then, PSL was non-covalently conjugated to 0-SWCNHs both outside and inside
through a nano-extraction method. Drug loading was 3.2 times higher on 0-SWCNHs than on
pristine SWCNHs. The release was fast in cell culture media and slow in phosphate buffer
saline (PBS), reaching about 40% and 9%, respectively. A burst release was also observed in
the first hours as a result of PSL adsorbed on the surface of 0-SWCNHSs, followed by a slow
release of the drug encapsulated inside. The functionalized nanohorns were locally injected into
tarsal joints of CIA rats. Compared to rats receiving PSL alone or the control group (PBS),
arthritis progression was retarded for rats treated with PSL-0-SWCNHs. The number of
leukocytes and C-reactive protein level (CRP), which are inflammatory indicators, decreased
in rats treated with PSL-0-SWCNHs. Histological analysis of ankle joints showed lower
arthritis scores (synovitis, bone destruction, and inflammatory cell infiltration) in the PSL-o-
SWCNH-treated rats compared to both control groups. Immunohistological analysis using anti-
CD68 antibody, a marker of osteoclasts, revealed a decreased number of osteoclasts in the ankle
joints of the PSL-0-SWCNH-treated rats, while accumulation of osteoclasts was observed in
the bone area of the ankle joints in the control group. Overall, these results promote the anti-
inflammatory effect of PSL-0-SWCNHSs and confirm that carbon nanohorns could be used as

potential drug delivery candidates.

25



Bone morphogenetic protein 2 (BMP-2), an important protein component for articular
cartilage maintaining, is crucial for cartilage repairing. However, a high dose of BMP-2 may
cause severe side effects such as immune responses, ectopic bone formation, and osteolysis. As
a consequence, an appropriate administration of BMP-2 would avoid these issues. When the
protein was adsorbed on the surface of GO, the release of BMP-2 was prolonged to 40 days,
which decreased the immune response caused by BMP-2.18% Indeed, the sustained continuous
BMP-2 release from the GO surface influenced the progression of cytokines via alleviation of
the NF-xB pathway. The osteoarthritic rats with GO/BMP-2 showed lower Osteoarthritis
Research Society International scores compared to the control rats treated with BMP-2 alone.
In particular, thicker articular cartilage was observed in the rats treated with GO/BMP-2.
Overall, GO/BMP-2 complex efficiently helped cartilage cells to avoid apoptosis in
osteoarthritic rats, while preventing the activation of inflammatory factors. Alternative carriers
were investigated in other studies for the release of tissue regeneration factors (e.g., BMP-2),
including poly(lactic-co-glycolic acid) (PLGA)!® and silk.[°®l In this case, the release of the
regeneration factors was fast and it was insufficient in alleviating the inflammation associated
with osteoarthritis. GO presents many advantages as it displays good dispersibility in water,
high biocompatibility, and good mechanical strength associated with a large surface area that
allows reaching high loadings, making it an ideal platform for drug delivery. This novel strategy
for the treatment of osteoarthritis could help avoiding complications leading to more advanced

stages of the disease that may involve artificial joint replacement.

Macrophages play an important role in the progression of myocardial infarction (MI) and
cardiac repair. Two main phenotypes are involved in cardiac repair, the pro-inflammatory M1
macrophages, which can remove necrotic cells and debris, further initiating inflammatory
reactions, and anti-inflammatory M2 macrophages that can produce anti-inflammatory

cytokines. Some studies reported the use of stem or dendritic cells to treat MI owing to their
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anti-inflammatory and cardioprotective effects, modulating inflammation and the progression
of M2 macrophages to induce cardiac repair. Nevertheless, current cell-based therapies for Ml
are limited because of multiple shortcomings such as invasive autologous cell isolation, time-
demanding and costly ex vivo manipulation of cells, low cell-grafting efficiency,
electrophysiological issues after implantation as well as a potential modulation of the whole
systemic immune system.®?l As a consequence, immunotherapeutic strategies involving the
timely polarization of M1 macrophages toward regenerative M2 phenotype in the Ml area are
highly necessary. Recombinant proteins were extensively used to induce macrophage
polarization.®® But, the issues associated to local protein delivery and preservation of their
biological activity in vivo limited their applications.l®* To overcome these difficulties, different
types of carriers were exploited for the targeted delivery of nucleic acids (e.g., DNA, siRNA)
for macrophage polarization including exosomes,®! chitosan,! alginate®®! or hyaluronic acid
nanoparticles.[®® Besides, the use of nanomaterials with intrinsic anti-inflammatory properties
presents additional advantages. In this context, GO was explored as carrier of a plasmid DNA.
GO was first conjugated with polyethylene imine (PEI) and folic acid-PEG (FA-PEG) showing
a high affinity for activated macrophages and reducing intracellular ROS in immune-stimulated
macrophages.®® An interleukin-4 plasmid DNA, which propagates M2 macrophages, was then
adsorbed onto the GO conjugate via electrostatic interactions. The complex induced an early
phenotype shift of macrophages from inflammatory M1 phase to reparative M2 phase both in
vitro and in vivo in mouse MI models, and thus enhanced secretion of cardiac repair-favorable
cytokines (Figure 10). The combination of the anti-inflammatory properties of GO and IL-4

plasmid DNA led to an improvement in fibrosis and heart function.

Chronic inflammation can occur during remodeling in mesenchymal stem cell (MSC)-
based therapy of cartilage defects, thus hindering cartilage regeneration. TNF-a can suppress

the synthesis of cartilage matrix by influencing chondrogenic differentiation and chondrocyte
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apoptosis. Therefore, it is crucial to suppress inflammation, especially the expression of TNF-
a, during MSC-based therapy. CDs are widely used as fluorescent carriers for gene
delivery.lt%101 In this context, positively charged CDs were explored as carriers of a
remodeling status small interfering RNA (siRNA), namely siTNF-a, for the treatment of
cartilage defects.['%? The transfection efficiency of the CD-siTNF-o. complex in MSCs was
higher than using the conventional commercial transfecting agent PEI as carrier, resulting in a
higher gene silencing efficiency. The higher transfection efficiency of the CD-siRNA could
stem from the small size of the CDs (4-10 nm) and the aggregation effects upon complexation
with the siRNA that could prevent enzymolysis. The CD-siTNF-a upregulated the expression
of cartilage-specific genes and thus promoted the chondrogenesis of MSCs. The enhanced
therapeutic effect of CD-siTNF-a was also confirmed in vivo in a cartilage defect rat model as
it accelerated cartilage regeneration and the boundary between the original cartilage tissue and

the neo-tissue was no more distinguishable.

Efficient treatments for fibrosis are highly needed as there are no direct antifibrotic
therapeutic interventions so far. Indeed, traditional treatments, for instance corticosteroids and
immunosuppressants, are ineffective. Different strategies, including the use of cerium oxide
nanoparticles, were developed to act on hepatic cells in order to reduce liver fibrosis.[%®! But,
they were limited by the issue of specific removal of hepatic collagen while not affecting the
inflammatory and healing processes. In this context, an anti-inflammatory plasmid expressing
the collagenase matrix metalloproteinase 9 (pMMP-9) was loaded on graphene nanostars
(GNSs) functionalized with the fifth-generation poly(amidoamine) (PAMAM-G5) dendrimer
through electrostatic interactions with carboxyl groups on their surface (Figure 11).[1% The
aim was to induce overexpression of MMP-9 and assess if the pMMP-9-dendrimer-GNSs could
be preferentially internalized by inflammatory macrophages in liver fibrotic tracts for boosting

the mechanisms of fibrosis regression. GNSs are composed of clusters of conical rolls of
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graphene sheets with cone-shaped tips named nanohorns and they have a diameter of ~ 100
nm.%1 The complex was selectively internalized by pro-inflammatory macrophages present in
hepatic fibrosis tracts both in vitro and in vivo in cirrhotic mice. The pMMP-9-dendrimer-GNSs
significantly stimulated the expression of MMP-9, thus downregulating M1 macrophage-
related gene and inducing the polarization of M1 macrophages to the M2 phenotype. The
treatment with pMMP-9-dendrimer-GNS conjugate selectively promoted fibrosis regression
and tissue regeneration without causing side effects such as hepatic damage that is usually
observed after the treatment with standard anti-inflammatory and antifibrotic drugs, showing

the potential of GNSs as carriers for gene therapy.

NDs were also used as carriers for the delivery of DEX. One advantage of NDs is the
formation of micron-sized aggregates in physiological conditions, which is the ideal size for
internalization by macrophages without induction of pro-inflammatory response.[%!
Octadecylamine-functionalized detonation nanodiamonds (ND-ODA) and DEX-adsorbed onto
ND-ODA (ND-ODA-DEX) were demonstrated to have significant anti-inflammatory and
proregenerative effects in human macrophages in vitro.*% In addition, ND-ODA (with or
without DEX) increased the expression of CD163, which is a phenotype marker of macrophages
associated to tissue regeneration. ND-ODA and ND-ODA-DEX were injected in the arthritic
limbs of CIA mice at two different doses.l*%! At low doses ND-ODA and ND-ODA-DEX
induced anti-inflammatory effects despite some variability within groups, thus requiring further
investigation to confirm the anti-inflammatory activity of both conjugates in vivo. The bone
loss experienced in the non-treated arthritic control mice was not observed in that case.
Infiltration of macrophages and expression of pro-inflammatory mediators (iNOS, TNF-a)
were reduced in comparison with the control mice, whereas at higher doses the treatment with
ND-ODA increased the expression of these pro-inflammatory markers. Therefore, the dosage

should be controlled to avoid inducing a pro-inflammatory response. Nonetheless, ND-ODA
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could be used as carrier with anti-inflammatory intrinsic properties together with drugs such as
pro-regenerative molecules to treat chronic inflammatory diseases and induce tissue damage
repair. The inherent anti-inflammatory intrinsic properties of NDs were also demonstrated in
an in vitro study revealing their potential towards anti-inflammatory implant coatings and

devices.[1%9]

All these in vivo studies highlighted the diversity and versatility of carbon nanomaterials
as different forms (SWCNTs, MWCNTs, SWCNHs, GO, CDs, graphene nanostars, and NDs)
were exploited for the treatment of inflammatory diseases through the non-covalent
immobilization of a variety of biologically active molecules (anti-inflammatory drugs, plasmid
DNA, small interfering RNA, proteins, chemical inhibitors) on their surface. The combination
of these bioactive entities with the intrinsic anti-inflammatory properties of some carbon
nanomaterials (depending on their structural and chemical features) provides attractive
opportunities to potentially enable novel treatments of inflammatory diseases, as demonstrated
in particular by NDs. Of note, fullerenes were not investigated as drug delivery systems in vivo
probably due to their lower potential as carriers compared to CNTs and graphene family

nanomaterials.

4. Biosensing

Electroanalytical methods can find applications for the development of point-of-care devices
thanks to their simplicity, low cost, portability, and the possibility of miniaturization. In this
context, biosensors based on carbon nanomaterials have been extensively explored for point-
of-care early diagnosis of diseases.'™ While they have been widely exploited as
immunobiosensors for the detection of cancer biomarkers,!*'!1 they have been investigated to a

lower extent in the diagnosis of inflammatory and auto-immune disorders.[**?l Early detection
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of inflammatory diseases is important for controlling the progression of the disease and it is
crucial for the success of the treatment and for organism repair afterwards. The accurate
quantification of lysozyme, cytokines, and other inflammation-related proteins secreted by
immune cells is valuable for detecting inflammation. Nevertheless, protein monitoring is
challenged by the dynamic secretion process and the low concentration in body fluids or tissues.
As carbon nanomaterials display a large surface area allowing to reach high loading efficiency,
they can act as signal amplifiers and increase the sensitivity of a biosensor. In addition, as the
excess use of non-steroidal anti-inflammatory drugs causes acute side effects, their rapid and
sensitive determination is highly important. Table 3 summarizes the studies using carbon
nanomaterials for the development of biosensors to detect anti-inflammatory drugs and

inflammation-related biomarkers.

4.1. Carbon nanotubes

Mefenamic acid (MFA) is a non-steroidal anti-inflammatory agent with analgesic, anti-
inflammatory, and antipyretic properties. It is an inhibitor of cyclooxygenase, an enzyme that
synthesizes prostaglandins that are important in pain and inflammatory pathways. MFA has
been widely used for the treatment of RA and in Japan for producing a pharmacological closure
of symptomatic patent ductus arteriosus in premature infants. A simple, sensitive, and selective
electrochemical method using a CNT-modified glassy carbon electrode was developed as
sensor for the determination of MFA in urine samples and pharmaceutical formulations using
square wave voltammetry.[**3l SWCNT-coated GCE had a better electrochemical behavior
compared to MWCNT/GCE at fixed concentration of nanotubes, indicating that SWCNTSs are
better surface modifiers than MWCNTs. The modified GCE displayed a good linear
relationship between the peak current and MFA concentration reaching a very low detection
limit of 13.4 nM (Figure 12). The developed sensor was exploited for the determination of

MFA in both pharmaceutical formulations and human urine samples using only a small amount
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of urine. No interference between the excipients of three tested MFA formulations and the
SWCNT/GCE was observed, thus indicating that this type of biosensor is promising to detect
the drug in pharmaceutical formulations. Therefore, the SWCNT/GCE could be exploited for
therapeutic drug monitoring in patients undergoing a conventional MFA therapy and also in
premature neonates with symptomatic patent ductus arteriosus, as well as for pharmacokinetic

studies of MFA.

A sensitive, selective, and accurate immunosensor based on SWCNTSs coated with an
antigenic peptide was developed for the detection of specific autoantibodies in serum from RA
patients.4l For this purpose, SWCNTs were deposited on a quartz crystal microbalance
sensing crystal followed by coating with carboxy-terminated Tween20 containing PEG chains
to reduce non-specific binding and avoid any denaturing effect of the antigen due to the
hydrophobic nature of the SWCNTS, thus preserving the antigenicity of the peptide. The COOH
groups of the CNTs were used to covalently anchor by amidation a RA-specific citrulline-
modified version of a 14-mer cyclic filaggrin peptide used as the antigen. Autoantibodies to
citrulline-containing peptides, in particular citrullinated regions of pro-filaggrin, are relevant in
RA.[151181 A comparison of the performance of the SWCNT-based immunosensor with ELISA
and microarray assay systems showed that the immunosensor detected 34.4 and 37.5% more
RA patients with anti-citrullinated peptide antibodies compared to ELISA and microarray,
respectively, reflecting an enhanced level of sensitivity attributed to the presence of the
SWCNTs. In addition, the chance of a negative test was higher compared to ELISA and
microarray (18.4 and 19.6%, respectively). Thus, the peptide-coated SWCNT-based
immunosensor reduced the probability of false negatives. This immunosensor could also be

used as a drug screening tool in pharmaceutical formulations.
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Another study demonstrated the use of a SWCNT-based field effect transistor (FET) for
the detection of C-reactive protein,[**l an inflammatory biomarker associated with
cardiovascular diseases that are the main cause of death worldwide. As a consequence, the
monitoring of CRP levels in blood serum is crucial for predicting the risk of cardiovascular
diseases. The device was fabricated from a network of SWCNTSs bridging FET electrodes. The
CRP-specific antibodies were non-covalently immobilized on the surface of the SWCNTSs, thus
preserving the electronic properties of the nanotubes. The SWCNT-based immunosensor was
able to detect CRP in serum samples of cardiovascular patients (> 5 pg-mL™) and also residual
CRP levels (< 1 pg-mL™Y) in samples of healthy persons not showing any sign of inflammation.
The detection limit (10 pg-mL?) was found to be 2-3 orders of magnitude lower than
conventional immunoassays (limit of detection (LOD): 0.03-0.2 pug-mLt), while the dynamic
linear range was 6-fold higher. The LOD was much lower compared to the clinically relevant
range of concentrations in serum. In addition, it was also lower in comparison with other
systems used for CRP detection such as a magnetic sensor (2.5x102 pg-mL™),[*8 an optical
RNA-based aptasensor (5x10° pg-mL™),% and a chemiluminescence-based microfluidic
system (1.25x102 pg-mL1).[2% Therefore, this immunosensor SWCNT-based FET was a
promising addition to the development of point-of-care testing methodologies for high-risk

patients.

An aptasensor composed of MWCNTSs, PEI, platinum nanoparticles (PtNPs), and an
aptamer was developed for the detection of diclofenac (DIF),!*?!1 a non-steroidal anti-
inflammatory drug that can reduce inflammation and pain (Figure 13). This drug is used as an
analgesic after surgery or injuries in acute and chronic joint inflammation. Nonetheless, some
severe adverse effects can occur including heart attack and stroke, in particular after long term
use. To prepare the modified gold electrode, PEI was adsorbed on the nanotube surface

followed by in situ formation of PtNPs. Metal nanoparticles, in particular PtNPs, can accelerate
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electron transfer. A suspension of PtINP-PEI-CNT hybrid complex mixed with Nafion solution
was dropped on the Au electrode surface and the modified electrode was coated with nickel
hexacyanoferrate used as a signal probe for detection of DIF, through an electrodeposition
method. Finally, a DIF-aptamer was immobilized covalently on the PtNP-PEI-CNT complex
via the formation of phosphoramidate bonds between the primary amines of PEI and the
phosphate groups of the aptamer. DIF was quantitatively detected by impedance spectroscopy.
The binding of the aptamer to DIF induced a conformation change resulting in an inhibition of
nickel hexacyanoferrate electron transfer and thus to an increase of the charge transfer
resistance. The aptasensor exhibited a detection limit of 2.7 nM, which was lower in comparison
with other analytical methods such as electrochemistry using CNT-based systems (differential
pulse voltammetry, square wave voltammetry),[?2-125] capillary electrophoresis involving a
carbon fiber microelectrode,™®1 or potentiometry using an electrode prepared from polypyrrole
filmst*2™] for the detection of DIF (0.02-19 uM). The superiority of the described aptasensor
was explained by the immobilization of PtINP-PEI-CNT complex, which displayed both high
conductivity and surface area, on the Au electrode. In addition, the linear range was wider (200-
10 nM) compared to the above-mentioned techniques. The detection of DIF was performed in
human urine samples and pharmaceutical preparations. Hence, the developed aptasensor could

be used for the detection of DIF in clinical samples.

CNT-based sensors have shown promises for therapeutic drug monitoring and diagnosis
purposes through the detection of anti-inflammatory drugs in urine and inflammatory
biomarkers (autoantibodies, C-reactive protein) in serum of patients, respectively, giving
interesting perspectives for the development of point-of-care testing methodologies for high-

risk patients.
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4.2. Graphene family nanomaterials

Nimesulide (NIM) is a non-steroidal anti-inflammatory drug with analgesic and antipyretic
properties. For instance, it is used for the treatment of RA, osteoarthritis, and inflammation of
the genitourinary system. However, excess use of NIM may cause harm to the gastrointestinal,
central nervous, and genitourinary system. Therefore, the rapid and sensitive detection of trace
level of NIM is highly required. A screen-printed carbon electrode (SPCE) modified with
electrochemically reduced graphene oxide nanoribbons (ER-GONRs) was used for the real-
time detection of NIM in human urine samples.*?81 The electrochemical reduction of NIM was
detected by cyclic voltammetry by observing a reversible redox peak. ER-GONR/SPCE
exhibited higher sensitivity compared to bare SPCE and MWCNT-modified SPCE with a LOD
of 3.5 nM, which exceeded the LOD of previously reported MWCNT-based electrodes for NIM
sensing.[*?>130] The ER-GONR/SPCE allowed quick detection of trace level of NIM in human
urine samples with high sensitivity, wide linear range (1.0x10® to 1.50x10° M), and fast
response (< 5 s). In comparison to electrodes modified with metallic particles (5% barium-
doped ZnO: or Ti0y),[*31132l ER-GONR/SPCE possessed a comparable LOD but with a wider
linear range. Overall, the sensor performance of ER-GONR/SPCE was significantly better than
the previously reported electrodes for the detection of NIM. In addition, this biosensor
overcame the drawbacks of traditional detection approaches using chromatography coupled
with spectrometric read-out, which are laborious, long and require pre-concentrating the

samples.

The level of lysozyme, present in tissues and body fluids, is increased in many diseases,
including inflammatory bowel disease (IBD) and Crohn’s disease. Gold electrodes coated with
thin films of reduced GO (rGO)-PEI were prepared by electrophoretic deposition allowing to
control the thickness and uniformity of rGO deposited on the electrodes.**¥ A lysozyme-

specific aptamer terminated with an azide was covalently grafted on the electrode coated with
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rGO-PEI functionalized with 4-ethynylaniline through click reaction with high efficiency.
Lysozyme, one of the biomarkers of IBD, was recognized by the aptamer with a specific
sequence, resulting in a conformational change of the aptamer. As a consequence, a change of
the electrochemistry readout was detected by the rGO-PEI-aptamer-functionalized electrode
through differential pulse voltammetry. The low detection limit of the functionalized electrode
was 200 fM for lysozyme sensing in serum samples of patients suffering from IBD, with a wide
linear range down to 20 pM, showing better performance than other lysozyme sensors modified
with nitrogen-doped vertically aligned CNTs or rGO.341351 |n addition, the method for the
construction of the electrode is simple as it can be done without any special equipment and with
the possibility for large scale production. The results obtained by the biosensor were analogous
to the classic turbidimetric assay, indicating that it is suitable for the analysis of clinical samples.
The rGO-PEI-aptamer-coated electrode biosensor presented a good potential for human IBD
detection and offered a versatile platform for further investigation of different disease diagnosis

by simply changing the aptamer.

Biosensors able to continuously measure levels of specific analytes in vivo are very useful
to understand the biological functions in the body. Only sensors for the detection of glucose,
lactose, and oxygen were developed so far.['*6-1381 Cytokines are a broad category of proteins
produced by a high number of cells and they are important in cell signaling including
immunomodulation. Continuous cytokine sensing is valuable for disease diagnosis, but it is still
challenging due to the low cytokine level in physiological conditions. To increase the sensitivity
of GO biosensors based on aptamer structural configuration change, an IFN-y-specific aptamer
probe was prepared. The electro-redox probe Ru(NHs)e** was trapped inside the base pairs of
the aptamer exploiting the selective binding between the amine functions of Ru(lll) and the
imine sites in the stem part of the aptamer (Figure 14).1*°1 The aptamer consisted of stem and

loop parts, forming a hairpin-like conformation. In the absence of the target, the loop-stem
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structure was closed and Ru(lll) was trapped in the structure, while in the presence of a
complementary hybridization, a conformational change occurred leading to the release of
Ru(l11) as signal reporters. The aptamer(Ru) was grafted to a GO-coated glassy carbon electrode.
GO served as a signal amplifier since the abundant functional sites on GO surface allows for
more aptamer probes to be loaded onto the GCE. When exposed to IFN-y, the loop part of the
aptamer could specifically bind to IFN-y and open the stem part, thus releasing the redox
Ru(NH3)e>* signal molecules. This resulted in an increase of the square wave voltammetry and
chronoamperometry signals. Due to the presence of GO, the sensitivity of IFN-y was 16 nA
per pg-mL1, which was one order of magnitude higher than the electrode without GO (1.6 nA
per pg-mL1). The GO-aptamer-functionalized GCE was recyclable as the signal stopped upon
removal of the analyte because the aptamer reverted to its original configuration. The sensor
was regenerated at least 7 times without loss of IFN-y sensitivity and it displayed wider linear
range (1.3-210 ng-mL™?) as well as lower detection limit (1.3 pg-mL™ secreted by immune cells
in cell culture medium) compared to other methods.[**%41 Dye to the good biocompatibility of
GO, the prepared device was used for in vivo detection of IFN-y. For this purpose, the biosensor
was implanted subcutaneously into tissue of enteritis mice suffering from inflammation of the

intestine. This work was a major advancement toward ubiquitous in vivo real-time sensing.

Similarly to CNTs, different types of graphene-based nanomaterials (GO, rGO, GO
nanoribbons) have been exploited for the detection of anti-inflammatory drug molecules and
inflammatory biomarkers (lysozyme, cytokine). The feasibility of in vivo sensing of cytokines
secreted in living animals was demonstrated in enteritis mice through the design of a GO-based
device for sustained amperometric monitoring of IFN-y. Overall, carbon nanomaterials have
been extensively used for electroanalytical applications thanks to their large specific surface

area, high electrical conductivity associated to good thermal and mechanical stability.
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5. Blood purification

Many medical conditions such as bacterial and viral infection and sepsis trigger an
overactivation of the inflammatory response resulting in an overexpression of pro-
inflammatory cytokines that can be detected in the blood stream. Since there is no effective
treatment for sepsis, reducing the level of cytokines including IL-6, IL-8 and TNF-o, which are
relevant for the development of sepsis, in the blood can be considered for treatment. Blood
plasma purification (hemoperfusion) using adsorbent materials allows separating cytokines

from the blood.

Different types of cytokine adsorbents have been developed including carbide-derived
carbons,#2 polymer-derived carbons,**3 polymer adsorbents (e.g., polystyrene, cellulose),[44
and silical**! as well as commercially available adsorbents such as Adsorba®300C (cellulose-
coated activated carbon Norit RBX), CytoSorb® (polystyrene-divinylbenzene porous beads

coated with polyvinylpyrrolidone), and CXV® (activated carbon adsorbent).[146]

Alternatively, magnetic separation-based blood purification for rapid and selective removal
of cytokines from whole blood is an attractive treatment modality.[*4714814%1 Cyrrently, a
magnetic haemofiltration system is clinically evaluated.[*> Safety issues due to incomplete
particle separation leading to magnetic particles entering circulation have to be taken into
account. The potential accumulation in some organs could induce acute and long-term toxic
effects such as fibrosis and cancer. In addition, the non-specific adsorption of blood proteins
and the possible activation of coagulation and inflammation reactions should also be evaluated
and excluded before clinical translation. Nevetheless, magnetic nanoparticles can be designed

to enhance their biocompatibility.[*5]

38



For the application of blood purification, graphene nanoplatelets (GnPs) are one of the most
efficient adsorbents up to date due to their large external surface area with mesopores in the
range of 2-12 nm. This pore size is suitable for cytokine adsorption. Recently, GnPs were
granulated with poly(tetrafluoroethylene) (PTFE) binder to increase their specific area
compared to GnPs.[**2 The granulation also improved the flow dynamic quality of GnPs and
prevented the release of small carbon particles. The PTFE granulated-GnPs (GnP-PTFE)
showed satisfactory cytokine adsorption rate in the flow system built for hemoperfusion. The
cytokine removal ability was high, up to 80% for IL-6 and IL-8. However, the adsorption
capacity for TNF-a was lower. The removal efficiency decreased from 80% down to 10% due
to the saturation of surface pores suitable for TNF-o during the adsorption process. In this study,
GnP-PTFE proved to be efficient adsorbents for cytokine removal in hemoperfusion treatment
with a higher efficiency compared to other carbon-based materials including porous activated
carbons and porous polymers. GnP-PTFE adsorbents were more efficient than expanded
graphite and other carbon materials under dynamic conditions in terms of adsorption rate and
capacity for the three cytokines. The removal efficiency of GnP-PTFE was comparable with
commercial materials, but the adsorption was faster. For clinical purpose, 70 g of GnP-PTFE
were enough to treat 3 L of human blood plasma under dynamic conditions for whole body
plasma hemoperfusion. This work demonstrated that GnP-PTFE are promising for fast removal

of pro-inflammatory cytokines from blood plasma under clinically relevant flow conditions.

Very recently, the U.S. Food and Drug Administration (FDA) granted authorization to
Terumo Blood and Cell Technologies Company and Marker Therapeutics for a blood
purification system to treat acute respiratory failure in severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) (better known as coronavirus disease 2019, COVID-19) patients
admitted for intensive care. The system is equipped with Marker Therapeutics’ Depuro D2000

Adsorption Cartridge containing activated carbon from virgin coconut shells and non-ionic
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resins. The application of a blood purification system in the treatment of COVID-19 gives
perspectives for the rapid developement of other systems to reduce pro-inflammatory cytokines

levels for therapy of inflammatory diseases.

6. Clinical translation of carbon nanomaterials

The combination of nanotechnology with medicine provides novel opportunities to treat various
diseases. The number of nanomedicines in clinical trials is constantly rising.[*>31%! Indeed,
more than 50 drug formulations containing nanomaterials have been approved by the FDA for
clinical use, while hundreds of clinical trials are ongoing.[**®! Although the number of FDA-
approved and marketed nanomedicines is significant and growing, it is much lower for the
treatment of inflammatory diseases, ! while carbon nanomaterials remain mainly at the level

of laboratory research.

Some clinical trials have been conducted using carbon nanomaterials for other applications
than the treatment of inflammatory diseases leading to the commercialization of one product.
Activated carbon particles have been clinically tested and approved as lymph node tracers by
the China Food and Drug Administration. The product is known as commercially available
Carbon Nanoparticles Suspension Injection (CNSI®). It is prepared from carbon black and
composed of carbon nanoparticles with a diameter range from 10 to 50 nm in the form of
aggregates (~ 150 nm according to transmission electron microscopy) and an average
hydrodynamic radius of 189 nm.[*%815%1 CNSI® has the capacity to migrate fast in lymphatic
vessel and accumulate in lymph nodes, which has been applied for tumor drainage lymph node
imaging in diverse cancer models.!*6%-1621 |t is currently evaluated in many clinical trials for such
application.[*83 Another type of carbon nanomaterials, NDs, were also investigated in clinical
trials. They possess microbicidal properties and they have been exploited in dentistry to endow

dental materials with better antimicrobial and mechanical properties.***l They were
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incorporated into gutta percha, a thermoplastic material that is commonly used for filling root
canals.!*%! The ND-based biomaterial did not reveal any adverse effects and it was clinically
validated.*%®1671 No signs of re-infection and no visible impairment of tissue healing appeared.
The ND-embedded biomaterial shows real potential for non-surgical root canal therapy to
mediate periapical wound healing and to prevent from the risk of re-infection. A second clinical
study was recently initiated using the ND-based biomaterial loaded with amoxicillin, an
antibiotic used for the treatment of different types of infections caused by bacteria.[*®8] Other
clinical trials that are now ended, were performed using CNTs and fullerenes. For instance,
CNTs were used in devices for prosthetic materials™™®® or for imaging by exploiting the
nanotubes as X-ray source array.!*’" Biosensors based on functionalized gold nanoparticles and
CNTs were also clinically studied for the detection of Parkinson’s disease biomarkers and for
gastric lesions.*"!] In another study, Ceo dissolved in squalane showed antiwrinkle properties in
clinical trials, showing that the anti-oxidant properties of fullerenes could be exploited in

cosmetics.[172

Thanks to their unique properties, carbon nanomaterials present several advantages over
other nanomaterials. Even if they are all composed of carbon, they have different allotropic
forms of carbon and they display distinct properties and biological behaviors. The pros and cons
of carbon nanomaterials for biomedical applications have been already extensively detailed in
some recent reviews.[*22173 |n summary, an intense research effort is being directed to the use
of CNDs and GQDs for imaging and theranostics.**"4 The small size and biodegradability
could fasten the clinical translation of these emerging carbon nanomaterials.l’>! The graphene
family nanomaterials are also widely investigated for the development of biosensors.[t76:177]
Some companies are currently developing graphene-based biosensors, but none has any
commercial product available yet. CNTs are promising carriers for drug delivery and contrast

agents for NIR-II fluorescence imaging.[?%178-181 But, their clinical translation may be
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hampered by their perceived biopersistence and toxicity, although evidence of biodegradation
and alleviation of their toxicological profile by functionalization,*82181 as well as their
potential for photothermal therapy, provide attractive opportunities.) CNTs can be degraded
by peroxidases, as well as by neutrophils and macrophages, although complete biodegradation
in the body was not demonstrated yet.[*8+-18¢1 Both CNTs and the graphene family nanomaterials
have also demonstrated some potential for regenerative medicine and tissue engineering.[*87-18%
The intrinsic fluorescent properties of NDs with high photostability may be exploited further
for biomedical imaging and clinical diagnosis.[****%1 As previously mentioned, NDs are also
being clinically evaluated for root canal therapy. Though fullerenes were among the first types
of carbon nanomaterials investigated for biomedical applications, they are now much less
considered, despite some potential for drug delivery.[** Finally, a small number of studies have

been conducted using CNHs as drug delivery systems. %]

Despite substantial preclinical evidences for the translational potential of carbon
nanomaterials, more studies are still necessary to obtain a complete understanding of their
possible adverse effects and to assess the benefit/risk ratio. This is especially mandatory for
applications involving systemic administration. Exhaustive research is required to gain a
comprehensive picture of their pharmacokinetics profile, in particular their biodegradation and
fate in vivo, which may depend on different physicochemical parameters, and the impact of the

biodegradation products on the immunological responses.

7. Conclusion and perspectives
From zero-dimensional CDs, GQDs, NDs and fullerenes, quasi 1-dimensional CNTs to 2-
dimensional graphene and 3-dimensional graphene nanostars and carbon nanohorns, the

research on carbon-based nanomaterials has attracted great interest and gained impressive
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development in the last decades. Possessing excellent characteristics, they have shown vast
potential in a variety of applications such as nanomedicine, especially cancer therapy, and
micro/nanoelectronics. More and more researchers are focusing on the application of carbon
nanomaterials, mainly carbon nanotubes, graphene and fullerenes, for anti-inflammatory
treatment in preclinical studies. It was revealed that carbon nanomaterials have intrinsic anti-
inflammatory properties. For instance, they significantly inhibited the production of pro-
inflammatory cytokines such as IL-1p, IL-6, and IL-12 expressed by activated DCs or
macrophages and increase tolerogenic capacity of DCs. The presence of carbon nanomaterials
also modulated the maturation of T cells to anti-inflammatory Th2 cells. Although the
mechanisms of the intrinsic anti-inflammatory properties are still not clear, some studies
showed that they could have a distinct effect on the immunometabolism of activated
macrophages and thus regulate genes and inhibit the expression of pro-inflammatory cytokines.
The large surface area of carbon nanomaterials allows covalently conjugating or immobilizing
drugs by adsorption with a high loading rate, and gives also the possibility of
multifunctionalization to impart the nanotubes with multiple properties.[***! In this regard, they
have been widely used as carriers for drug and gene delivery resulting in enhanced drug
pharmacokinetics.[?21731%1 prolonged drug release enables to decrease side effects during the
treatment. Drug delivery combined with the intrinsic anti-inflammatory properties of the carbon
nanomaterials may result in a better therapeutic effect. In addition, CNTs and GO were
exploited as biosensing platforms by acting as signal amplifiers for the detection of
inflammatory biomarkers, such as lysozyme, cytokines, and other inflammation-related
proteins secreted by immune cells. Nanomaterials with a high loading efficiency allow more
probes to be grafted on the electrodes. Moreover, they can act as signal amplifiers and increase
the sensitivity of the biosensors for accurate quantification of biomarkers in body fluids and
tissues. The biosensors are able to monitor the concentration of drugs in urine samples, which

could guide the selection of the most suitable drug dosage for each patient to prevent the side
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effects caused by an excess of drugs. These results open interesting opportunities for
personalized medicine. Finally, carbon nanomaterials have shown promise for the clinical
treatment of sepsis by developing adsorbents for blood plasma purification through efficient
removal of cytokines.

All these applications illustrate the great potential of carbon nanomaterials for the treatment
of inflammatory diseases at the preclinical stage. Although they are still perceived with some
skepticism regarding their potential toxicity and environmental impact, their biomedical
applications are very promising.[2>1731%1 |n a recent correspondence published in Nature
Nanotechnology entitled "Carbon nanotubes added to the SIN List as a nanomaterial of very
high concern™ the Swedish non-profit organization ChemSec announced the addition of CNTs
to the "Substitute It Now" (SIN) list.['% Researchers working in the field for almost 20 years
have recommended making modifications of the record by precisely defining the specific type
of CNTs showing a clear evidence of toxicity.[*"1%1 CNTs are a diverse class of nanomaterials
with various lengths, diameters, and morphologies. The generalization of research results
obtained from a very narrow subset of data to make broad claims actually brings confusion. It
should be kept in mind that studies showing a lack of toxicity are generally not often published
because they are considered as negative results. Some parameters are essential to control for
increasing the biocompatibility and safety of CNTs, and more generally carbon nanomaterials,
such as their purity, size and type of functionalization.?°*2°1 Anyhow, further studies are still
necessary to get a complete understanding of the pharmacokinetics and toxicological profile of
carbon nanomaterials. Human enzymes (e.g., peroxidases) have the capacity to degrade carbon
nanomaterials, while other pathways in vivo have been elucidated.[2°22%%] This biodegradability
is favorable to pursue research in nanomedicine and for potential clinical translation.l”! Safe-
by-design carbon nanomaterials should be developed for future research in the treatment of
inflammatory-related diseases. Meanwhile, further studies that could reveal the mechanisms of

interactions between the immune system and nanomaterials are greatly required.
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In our opinion, the greatest potential of carbon nanomaterials lies in the development of
biosensors for the detection of specific biomarkers providing novel opportunities for diagnosis
of inflammatory diseases. Still, some improvements are needed before reaching the market, in
particular the stabilization of the nanomaterials within the biosensors in order to limit the risk
of systemic release in the case of in vivo implantation. The carbon nanomaterials have also
shown preclinical evidence for the treatment of inflammatory diseases thanks to their intrinsic
anti-inflammatory properties and/or their capacity to deliver anti-inflammatory drugs. Their
application for biosensing and blood purification may be more promising because it will be
much easier and faster for such applications to reach the market, while their use as anti-
inflammatory agents or drug delivery systems would take much more time for approval to be
legally marketed, taking into account the considerations previously mentioned on the
pharmacokinetics and toxicological profile. We strongly encourage scientists to perform
comparative studies involving different types of carbon nanomaterials to fully assess their
biomedical potential, in particular for the treatment of inflammatory diseases, and launch

clinical trials to eventually interest the healthcare industry and reach the patients.
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Figure 1. Timeline of the discovery of carbon nanomaterials.
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Figure 2. Examples of applications of carbon nanomaterials in the biomedical field.
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Figure 3. Fullerol reduction of the concentration of cytokines, chemokines, and ROS in the
liver of fullerol-treated GVHD mice. Reproduced with permission.[*®! Copyright 2015, PLOS

One.
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Figure 4. Photographs of colon internal sides for control rats (1) non-treated and treated with
FAS via (2) intraperitoneal administration or (3) intrarectal administration; acute colitis rats (4)
non treated and treated with FAS by (5) intraperitoneal administration or (6) intrarectal
administration. Reproduced with permission.[] Copyright 2018, Elsevier.
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Figure 5. (A) Fluorescence imaging of non-arthritic control (left) and arthritic (right) mice 6 h
after intravenous injection of fullerene conjugated to IRDye 800CW. Imaging of (B) whole
mouse and (C) externalized organs 24 h post-injection. (D) Quantification of fullerene dye
concentration in representative organs from the mouse in (B) and (C). Reproduced with
permission.[®3 Copyright 2015, PLOS One.
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Figure 6. (A) White light image (left) and thermal image (right) of ex vivo ligated left carotid
arteries from mice. The white arrows show the temperature increase of a ligated left carotid
artery from a mouse treated with the SWCNT-Cy5.5 conjugate (solid arrow), while no increase
was observed for a ligated left carotid artery from a control mouse (dashed arrow). The dashed
lines show outline of carotid arteries. (B) Immunohistochemistry for caspase-3 (upper) and
macrophages (lower). The PTT treatment induced apoptosis in the ligated left carotid arteries
from the treated mice. Yellow arrows show caspase-3-positive cells corresponding to
macrophages. (C) Immunofluorescence staining for caspase-3 and macrophages confirming the
colocalization (yellow) of caspase-3-positive cells (green) and macrophages (red). (D)
Quantitative analysis of the number of caspase-3-positive cells. An increase was observed only
in the ligated carotids from mice treated with the SWCNT-Cy5.5 conjugate upon laser light
exposure. Reproduced with permission.®®! Copyright 2012, J. Am. Heart Assoc.
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Figure 8. FACDs: preparation, high resolution transmission electron microscopy and dual use
for cellular imaging/bioimaging and anti-inflammation. Reproduced with permission.[8]
Copyright 2016, American Chemical Society.
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Figure 9. Toxicity mechanism of DEX involving the binding to GR, which is inhibited when
the drug is conjugated to Ceo.
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Figure 10. Proposed therapeutic mechanisms of IL-4 plasmid DNA (pDNA) adsorbed on
functionalized GO in cardiac repair.
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Figure 11. Proposed action mechanism of pMMP-9-dendrimer-GNSs for hepatic fibrosis
treatment. Reproduced with permission.[**4l Copyright 2018, American Chemical Society.
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Figure 12. Enhancement in sensitivity of the detection of mefenamic acid using a CNT-based
sensor by cyclic voltammetry. Reproduced with permission.™**l Copyright 2017, Elsevier.
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Figure 13. Fabrication of the aptasensor based on i) the PtNP-PEI-CNTs, ii) nickel
hexacyanoferrate (NiHCF) electrodeposition, and iii) aptamer immobilization.
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Figure 14. In vivo sensing device based on structure-switching aptamer for monitoring of IFN-
y in mice.
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Table 1. Carbon nanomaterials exploited for their intrinsic anti-inflammatory properties.

encephalomyelitis

Carbon' Diseases Cell types In vivo models References
nanomaterials
Inflammation (e.g, RA,
Bis-malonic acid erthﬁgfgljgusu;emic Bone marrow-derived mast / [45]
fullerene atosus, sy cells from C57BL/6 mice
sclerosis, inflammatory
bowel disease)
Fullerol Graft-versus-host disease / GVHD mouse model [46]
Fullerene
(aqueous Ulcerative colitis / Acute colitis rat model [49]
solution)
Fullerene Ovalbumin-stimulated mouse
(aqueous Atopic dermatitis Atopic dermatitis mouse model [50]
i splenocytes
solution)
BMMCs generated from -
Functionalized . - FCyRII-deficient mice & K/BXN serum transfer arthritis
Rheumatoid arthritis ) mouse model and CIA mouse [51]
fullerenes human fibroblasts from the
. . model
synovium of RA patients
SWCNTs Inflammation RBL2H3 (ra_t basophilic / [53]
leukemia cells)
Cy5.5-labeled Left carotid-ligated FVB mice after
SWCNTs coated Atherosclerosis RAW 264.7 macrophages induction of hyperlipidemia and [56]
with PL-PEG diabetes
Inflammation (e.g., RA,
multiple sclerosis, iBMDMs/mixed glial cells
GO o ) ) ) / [64]
psoriasis, experimental (microglial cells)
autoimmune encephalitis)
GO Sepsis iNKT cells/regulatory T a-GaIactosyIce_ram|de-treated [65]
cells/DCs mice
. DCs, phytohemagglutinin-
GQDs Inflammation stimulated PBMCs / [66]
GQDs Experimental autoimmune Thil cells EAE mouse model [67]
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Lipopolysaccharide (LPS)-
activated RAW 264.7
macrophages

CDs Acute inflammation Acute inflammation rat model [68]

Table 2. Carbon nanomaterials exploited as carriers for the delivery of anti-inflammatory agents.

Carbon. Diseases Bioactive 'I_'ype .Of . Cell types In vivo models References
nanomaterials molecules functionalization
Fullerene In{?giml::z;m Dexamethasone Covalent Thymocytes / [72]
Inflammation
(e.g.., R.A’ LPS-activated
Fullerene p:q%ﬁ;?slls’ Pentoxifylline Covalent reticulum sarcoma / [73]
ple cell line J774A.1
sclerosis,
asthma)
Inflammation
(e.g., RA,
Fullerene psoriasis, Thalidomide Covalent LPS-stimulated RAW / [74]
multiple 264.7 macrophages
sclerosis,
asthma)
MWCNTs Inflammation Dexamethasone Non—covalgnt LPS-activated HAPI / [76]
(encapsulation) cells
TNF-a-stimulated
MWCNTSs RA Triamcinolone Non-covalent FLSs from RA / [77]
patients
TNF-a-stimulated
MWCNTSs RA Dexamethasone Non-covalent FLSs from RA / [79]
patients
Inflammation RAW 264.7
(e.g., Crohn's macrophages and
MWCNTSs disease, Budesonide Non-covalent LPS-activated / [80]
ulcerative primary peritoneal
colitis, asthma) murine macrophages
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Zwitterionic

LPS-challenged

GO Inflammation chitosan & Non-covalent / [82]
. macrophages
nystatin
Carrageenan-
MWCNTSs RA Methotrexate Non-covalent / induced arthritis [83]
rats
2- Rat
MWCNTSs Colitis Arachidonoylgly Non-covalent pheochromocytoma Colitic rats [84]
cerol PC12 cells
Chemical
inhibitor of the Murine (RAW264.7) Atheroprone
SWCNTs Atherosclerosis | antiphagocytic Non-covalent and human (THP-1) apolipoprotein- [85]
CD47-SIRPa macrophages E-deficient mice
signaling axis
SWCNHSs RA Prednisolone Non-covalent / ClArats [87]
Bone marrow stem Osteoarthritic
GO Osteoatrthritis BMP-2 Non-covalent cells and [89]
rats
chondrocytes
. . LPS-stimulated
GO Myocar_dlal IL-4 plasmid Non-covalent bone-marrow-derived MI mice [99]
infarction DNA
macrophages
Inflammation Cartilage defect
CDs during cartilage siTNF-a Non-covalent MSCs induced in SD [102]
defect therapy rats
Graphene . _ _ TNF-a-stimulated . o
Liver cirrhosis pMMP-9 Non-covalent RAW 264.7 Cirrhotic mice [104]
nanostars
macrophages
IFN-y & LPS-
activated primary
human
NDs RA Dexamethasone Non-covalent macrophages, IL-4 & CIA mice [107,108]

IL-13-activated
primary human
macrophages
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Table 3. Carbon nanomaterials used for the development of biosensors to detect anti-inflammatory drugs and inflammation-related biomarkers.

Carbon. Diseases Analytes Probes Detection media | Detection methods De'tec.t|on References
nanomaterials limits
Inflammation Mefenamic Human urine & Square wave
SWCNTs . / pharmaceutical 13.4 nM [113]
(e.g., RA) acid . voltammetry
formulations
Autoantibodies . RA speC|f|(_:_
Rheumatoid to citrulline- citrulline-modified Serum from Quartz crystal
SWCNTs o . version of a 14- rheumatoid : / [114]
arthritis containing . " X microbalance
. mer cyclic arthritis patients
peptides ) . .
filaggrin peptide
SWCNTs Cardpvascular C—reacpve Anfu—CRP Human blood Electrical current 1x10 pg-mL-" [117]
diseases protein antibodies serum measurement
Acute and Diclofenac- Human urine & Imoedance
MWCNTs chronic joint Diclofenac pharmaceutical P 2.7nM [121]
: . aptamer . spectroscopy
inflammation formulations
Inflammation
ER-GONRs (e.g., RA, Nimesulide / Human urine Cyclic voltammetry 3.5nM [128]
osteoarthritis)
GO Inflamrr_]atory Lysozyme Ly_s_ozyme- Serum _from IBD Differential pulse 200 fM [133]
bowel disease specific aptamer patients voltammetry
IFN-y-specific In vivo (tissue of Square wave
GO Enteritis IFN-y a tamyer/Ru(III) enteritis mice) voltammetry & 1.3 pg-mL? [139]
P chronoamperometry
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Carbon nanomaterials have been extensively investigated in nanomedicine, mainly for cancer
therapy and to a lower extent for inflammatory diseases. This review presents their intrinsic
anti-inflammatory properties, their use as carriers of anti-inflammatory drugs, as biosensors and
for blood purification, as well as their potential for clinical translation for the diagnosis and
treatment of inflammatory diseases.
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