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Functionalization of Carbon Nanoparticles Modulates

Inflammatory Cell Recruitment and NLRP3
Inflammasome Activation

Marie Yang, Kevin Flavin, llona Kopf, Gabor Radics, Claire H. A. Hearnden,
Gavin J. McManus, Barry Moran, Adrian Villalta-Cerdas, Luis A. Echegoyen,
Silvia Giordani,* and Ed C. Lavelle*

The inflammatory effects of carbon nanoparticles (NPs) are highly disputed. Here it is
demonstrated that endotoxin-free preparations of raw carbon nanotubes (CNTs) are very
limited in their capacity to promote inflammatory responses in vitro, as well as in vivo.
Upon purification and selective oxidation of raw CNTSs, a higher dispersibility is achieved
in physiological solutions, but this process also enhances their inflammatory activity. In
synergy with toll-like receptor (TLR) ligands, CNTs promote NLRP3 inflammasome
activation and it is shown for the first time that this property extends to spherical carbon
nano-onions (CNOs) of 6 nm in size. In contrast, the benzoic acid functionalization
of purified CNTs and CNOs leads to significantly attenuated inflammatory properties.
This is evidenced by a reduced secretion of the inflammatory cytokine IL-1B, and
a pronounced decrease in the recruitment of neutrophils and monocytes following
injection into mice. Collectively, these results reveal that the inflammatory properties of
carbon NPs are highly dependent on their physicochemical characteristics and crucially,
that chemical surface functionalization allows significant moderation of these properties.

1. Introduction

The discovery of carbon nanotubes (CNTs)[! is regarded as a
cornerstone in the advent of nanotechnology. CNTs are nano-
sized rolls made of sheets of graphene and are classically

coined as single-walled carbon nanotubes (SWCNTSs)
when they comprise one layer of atoms, while those made
of multiple layers are known as multi-walled carbon nano-
tubes (MWCNTs). The present study focuses on SWCNTs
as they were reported to show improved biocompatibility
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and lower cytotoxicity compared to MWCNTs.2l In addi-
tion, SWCNTSs represent more homogeneous preparations.!
While their unique properties have generated tremendous
interest in material-based applications, CNTs have also
been investigated for biomedical applications including the
thermal ablation of tumor cells and drug delivery.l* The anti-
microbial activity and capacity of CNT composites to act as
growth scaffolds for bone formation or repair, and neuronal
growth have also been reported. Despite encouraging find-
ings, concerns over the toxic and inflammatory properties
of CNTs have been raised,”” particularly in the context of
occupational hazards and biomedical applications. Their high
aspect ratio (length-to-width) led to concerns that CNTs may
cause lung pathologies similar to those caused by asbestos
fibres. Authors have attributed a variety of deleterious effects
to CNTs: granulomatous inflammation, release of cyto-
solic enzymes, pulmonary fibrosis, reactive oxygen-induced
damage, DNA fragmentation and mitotic spindle disruption
(reviewed in [5]). In contrast, other biocompatibility studies
have reported no or limited cytotoxicity to macrophages,
fibroblasts and osteoblasts,*] and the absence of any tissue
damage or inflammation in vivo in mice.['*1]

These conflicting observations prompted us to revisit the
inflammatory potential of carbon nanoparticles, with a par-
ticular focus on CNTs and carbon nano-onions (CNOs), a
group of carbon allotropes!!>13] that remains underexplored
and whose immunomodulatory properties are unknown.

Most studies concerned with the inflammatory proper-
ties of CNTs were carried out using “as-prepared” or raw
non-functionalized CNTs (r-CNTs). However, r-CNTs are
generally impure as they contain ill-defined amounts of car-
bonaceous impurities,'#1°] metal catalyst residues!'>'®! and
microbial contaminants.l'’] Tt is highly probable that such
impurities may have contributed to the toxic and immu-
nomodulatory properties previously attributed to CNTs.['8] In
the present study, we ruled out the involvement of such impu-
rities by subjecting -CNTs to a rigorous process of purifica-
tion!"”! and ensured that all experiments were carried out in
endotoxin-free conditions using medical grade water and ultra
pure grade reagents during both synthetic, in vitro and in vivo
work.2) CNTs possess the inherent tendency to form aggre-
gates in both aqueous and organic solvents and this can be
addressed by means of surface functionalization. We recently
reported the purification and selective oxidation of CNTs
(p-CNT) while minimizing the effects of the chemical treat-
ment on their integrity or shape,['”] however the consequence
of this on their inflammatory properties was not investigated.

Insoluble aluminium salts—generically referred to as
alum[?'l—have served as particulate immunopotentiators in
vaccines for over 80 years and millions of doses of alum-con-
taining vaccines have been administered to healthy patients.
A large body of evidence showed that alum exerts cytotoxic
and inflammatory effects both in vitro and in vivo,[??! how-
ever, these effects are clearly acceptable given the excel-
lent record of alum as a clinically applied vaccine adjuvant.
Here, the immunomodulatory properties of CNTs and CNOs
were compared to those of alum. In recent years, the NLRP3
inflammasome has been implicated in the inflammatory
properties of particulate materials, including those of alum.
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Along with the adaptor protein ASC (apoptotic speck protein
containing a caspase recruitment domain) and procaspase-1,
NLRP3 forms a molecular platform responsible for the cata-
lytic activation of caspase-1, and the cleavage and release
of the inflammatory cytokines IL-1B and IL-18.1%] Previous
studies have described NLRP3 inflammasome activation by
raw non-functionalized multi-walled CNTs.2*%] Here, in the
context of their potential biomedical applications, we present
a comprehensive analysis of the inflammatory and NLRP3
inflammasome activation properties of raw, purified and func-
tionalized single-walled CNTs and small CNOs. We show that
these properties are dependent on the physicochemical char-
acteristics of the carbon allotrope and importantly that sur-
face functionalization represents a convenient and controlled
means to temper these inflammatory attributes.

2. Results

2.1. Preparation and Characterization of Carbon Nanotubes
and Nano-Onions

r-CNTs were purified following a novel and recently described
procedure,'] (Figure 1A), which allows for the preparation
of high purity p-CNT, where both carbonaceous impurities
and iron catalyst are removed with high efficiency. This pro-
cedure takes advantage of a short nitric acid oxidation treat-
ment to reduce structural/electronic degradation of the CNTs
and sodium hydroxide treatments to remove carboxylated
carbonaceous impurities. Essential to the purification, how-
ever, is the second oxidation step with hydrogen peroxide,
which facilitates decomposition of the remaining carbona-
ceous impurities and full conversion of oxygenated groups to
carboxylic acid functionalities (Figure 1A). AFM analysis of
r-CNTs vs p-CNT was carried out to confirm the purity of the
samples used in the study (Supporting Information Figure S1).
Size distribution analysis of p-CNT revealed an average
length ranging from 128 to 445 nm and an average diameter
of 0.7 to 1 nm (Supporting Information Figure S2). The CNOs
used in the study were synthesized according to a previously
described procedure by annealing of nanodiamonds[?%! which
leads to highly pure materials with homogeneous diameters
of 5-7 nm (Figure 1 and Supporting Information Figure S2).
Both p-CNT and p-CNO were subsequently functional-
ized to produce f-CNT (Figure 1A) and f-CNO (Figure 1B),
using a previously described? 2% one-pot Tour reaction
comprising aminobenzoic acid and isoamylnitrite. This reac-
tion was chosen because of its simplicity, versatility and the
fact that its chemistry occurs at the sidewall of the carbon
NPs. Evidence of the covalent modification is provided in
Supporting Information Figure S3, with spectra showing a
substantial enhancement of the D-band (activated by the
presence of defects on the carbon NPs following the chemical
treatment). FTIR analysis of the samples following the chem-
ical treatment shows the appearance of aromatic C-H defor-
mation vibrations (1290-990 cm™), aromatic C = C (1600
and 1475 cm™) and C-O (=1625 and =1725 cm™) stretching
vibrations, and O-H vibrations (1300 cm™). While the Zeta
potential of -33.8mV for p-CNT indicates an increase in
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Figure 1. Schematic of carbon nanoparticle purification and functionalization. A) CNT purification and functionalization protocol. a) 7.9 M HNO;,
100 °C, 4.5 h; 2 M NaOH, 100 °C, 12h (2x); 10% H,0,, 100 °C, 1 h; 2% H,0,, 20 °C, 12 h; 2 M NaOH, 100 °C, 12 h. b) 4-aminobenzoic acid,
isoamyl nitrite, NMP, 70 °C, 14 h, N,. ¢) DMAP, N-hydroxysuccinimide, DMF, 10 min; EDCL, 3 h, N,; Fluoresceinamine, 60 °C, 6 days, N,. B) CNO
functionalization protocol. a) aminobenzoic acid, isoamyl nitrite, DMF, N2, 60 °C, 16 h; b) DMAP, N-hydroxysuccinimide, DMF, 10 min; EDCL, 3 h,
N,; Fluoresceinamine, 60 °C, 6 days, N,. C) Visualization of carbon nanoparticles. High resolution TEM images of p-CNOs and p-CNTs nanoparticles
(left panels). AFM topographs of p-CNO and p-CNT deposited on mica (middle panels). Confocal microscopy of C57BL/6 BMDCs incubated in the
presence of fluorescein (green) labelled -CNT and -CNO for 18 h, then washed in PBS, fixed, and stained with wheat germ agglutinin-Alexa Fluor594

(red) and nuclei stain Hoescht (blue) (right panels).

polarity relative to r-CNT (-23.7 mV) (Supporting Informa-
tion Figure S5, B), the further lowering in the Zeta potential
to =38.7 mV for f~CNT and to -16.8 mV for f~CNO at pH 7.3
is in agreement with the successful surface functionalization.

To allow for in vitro visualization of the functionalized
particles, a standard amide coupling reaction was used to
covalently attach fluoresceinamine, thus producing fluo-
CNTs and fluo-CNOs (Figure 1). The absorption and emis-
sion spectra of fluorescein-functionalized materials are
represented in Supporting Information Figure S4. To mini-
mize contamination of all purified and functionalized mate-
rials by microbial contaminants, such as endotoxins, samples
were dispersed in NMP by water bath sonication (80 kHz),
dialyzed against medical grade sterile water for 5 days and
lyophilized until dry in sterile glass containers.

During functionalization, the size of individual CNPs does
not change significantly as evidenced by AFM measurements.
The agglomeration tendency changes are shown by DLS
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measurements performed in saline buffer, which was used as
the particle suspension vehicle for the immunological studies.
The initial particle sizes for f-CNOs and fluo-CNOs were
170 £ 11 nm and 136 + 9 nm, respectively, after sonication and
the agglomeration curve as a function of time is represented
in Figure S5. Unlike the round CNO particles, CNTs are rod
like structures with high aspect ratios and angle dependent
light scattering, and are characterized by their effective hydro-
dynamic diameter in single angle light scattering.[*] Following
the same sample preparation and measurement conditions as
above, CNTs showed multimodal distribution of particle sizes
in all cases (Supporting Information Figure S5C).

2.2. Dendritic Cells and Macrophages Take up Carbon NPs

We sought to evaluate the ability of macrophages (Macs)
and dendritic cells (DCs) to internalize single-walled CNTs
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Figure 2. CNTs and CNOs are efficiently taken up by antigen-presenting cells, but do not induce maturation of dendritic cells nor production of
inflammatory cytokines. A) Confocal microscopy of wild-type iBMM incubated in the presence of fluorescein (green) labelled-CNT and -CNO for 2, 6,
and 18 h, then washed in PBS, fixed, and stained with wheat germ agglutinin-Alexa Fluor594 (red). Original magnification, x60. B) The expression
of the maturation markers CD40, CD80, CD86 and MHCII (I-A/I-E) was measured by flow cytometric analysis in BMDC cultures treated with either
alum, p-CNT or p-CNO at 50 pg cm=2 for 24 h. C,E) Quantification of IL-6 (C,E) and TNF-o (D) in supernatants of BMDC cultures incubated for 24 h
with p-CNT £ 1 ng mL™! of LPS or p-CNO + 1 ng mL! of LPS at concentrations ranging from 0.4-50 ug cm=.

and small CNOs, using confocal microscopy. Immortalized
bone-marrow derived mouse macrophages (iBMM) were
incubated in the presence of fluorescein-labeled CNTs (fluo-
CNTs) and small CNOs (fluo-CNOs) over a time course of
18 h (Figure 2A). Results indicate that the internalization of
fluo-CNOs by iBMM occurs to a higher degree compared to
fluo-CNTs, as indicated by a greater number of green patches
(yellow arrowheads), particularly at 6 and 18 h. Similarly,

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

confocal imaging of mouse bone-marrow-derived dendritic
cells (BMDCs) revealed the uptake of carbon NPs (Sup-
porting Information Figure S6), although to a lesser extent
than in Macs. This is not surprising as Macs are known to
exhibit higher phagocytic activity than DCs.l?!]

Live imaging of iBMMs incubated in the presence of
p-CNT and p-CNO (50 pug cm™) shows that dendrites are
being formed within 30 min of incubation indicating that

small 2013,
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carbon NPs are being actively sensed by professional antigen-
presenting cells (Supporting Information Movies 1-3).
Previous studies have documented the ability of CNTs to
induce activation and maturation of DCs,’233] while others
reported contradictory findings.?*3% These conflicting results
prompted us to assess the expression of surface markers
CD40, CD80, CD86 and MHC class II (I-A/I-E) in BMDC
cultures treated with either alum or highly purified p-CNT
or p-CNO at a range of concentrations (Figure 2B). There
was no distinguishable effect on expression of any of these
cell surface markers when compared to their respective
controls (Figure 2B). Studies have also described that com-
mercial preparations of carbon nanotubes could induce the
production of the cytokines IL-6, TNF-o. and IL-1B by RAW
264.7 macrophages®®l as well as systemically (plasma) in
vivo,l¥l however, most of these studies fail to report endotoxin
content. Our study indicates in contrast that neither p-CNTs
nor p-CNOs induce secretion of the inflammatory cytokines
IL-6 or TNF-o. and did not significantly alter LPS-induced
secretion of these two inflammatory cytokines (Figure 2
C-E). Using the LAL Chromogenic Endotoxin quantifica-
tion kit (Pierce), we found that in correlation with the TL-6
readout from BMDCs cultures, the absorbance values for all
the CNT and CNO preparations used in these studies were
not greater than those of the negative control, endotoxin-free
water (Supporting Information Figure S7). Likewise, we also
demonstrated that CNTs and CNOs induced negligible death
in BMDC cultures (Supporting Information Figure S8).

2.3. Purified Carbon NPs Promote Secretion of IL-1f3 in a
NLRP3- and Dose-Dependent Manner

The particulate nature of CNTs and CNOs prompted us to
investigate their ability to promote the secretion of IL-1B
and the involvement of the NLRP3 inflammasome. BMDCs
stimulated with LPS (1 ng mL™") alone or p-CNT alone
secreted low or undetectable amounts of IL-1p, while stimu-
lation of LPS-primed cells from C57BL/6 mice with p-CNT
alone resulted in significantly enhanced secretion of IL-1
(*xp = 0.0014, Figure 3A) in a dose-dependent manner.
Most interestingly, we show for the first time that, similarly
to p-CNT, small p-CNOs can induce the release of IL-1§3 by
DC upon TLR-ligand priming (* p = 0.022, Figure 3B), albeit
to a lesser extent than p-CNTs. Indeed, at concentrations
ranging from 0.35-50 ug.mL"!, small p-CNOs were 2-5 times
less potent than p-CNTs at inducing the secretion of IL-1B
(*xp = 0.0012). Importantly, these effects were not restricted
to priming with LPS (a TLR4 agonist), as a synergistic IL-1
production was also obtained upon priming with the TLR2
agonist Pam3CSK4 and the TLRY agonist CpG (Supporting
Information Figure S9).

Previously, Yazdi et al.*¥] reported that CNTs failed to
induce activation of the NLRP3 inflammasome in bone-
marrow derived macrophages in contrast to two other studies
which found that raw non-functionalized multi-walled CNTs
could induce its activation. These latter investigations were
carried out on human primary macrophages or monocytes
using siRNA-based approaches.?*?’] Here, we show that the
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secretion of IL-1fB in response to LPS plus alum, p-CNT or
p-CNO was abolished in BMDCs generated from NLRP3~
mice (Figure 3C,D). To confirm that this effect on IL-13
secretion was not reflective of a generalized hyporesponsive-
ness of NLRP3™~ cells, we assayed the same supernatants for
IL-6, whose production occurs independently of caspase-1
activation.’¥] IL-6 was secreted at comparable level in cells
stimulated with LPS alone or LPS plus p-CNT/p-CNO in
both wild type and NLRP3™~ cells (Supporting Informa-
tion Figure S10). In order to provide more direct evidence
that both CNTs and CNOs induce activation of the NLRP3
inflammasome, we tested their ability to induce oligomeri-
zation of ASC which is essential for full activation of the
NLRP3 inflammasome.[*] We thus performed confocal
imaging of THP-1 cells stably transfected with ASC-GFP
(ASC-GFP-THP-1 cells) and visualized the cells by confocal
microscopy (Figure 3E). No or very few ASC-GFP specks
were observed when ASC-GFP-THP-1 cells were treated
with PBS, LPS alone or p-CNT alone. On the other hand,
when cells were pulsed with LPS and incubated in the pres-
ence of p-CNT, multiple and larger green specks were visible
(Figure 3E, yellow arrows). Addition of the cathepsin B inhib-
itor Ca-074-Me to BMDC cultures primed with LPS resulted
in an impaired production of IL-1B (Figure 3F), suggesting
that lysosomal damage and release of cathepsin B is essen-
tial for carbon particle-induced NLRP3 inflammasome acti-
vation.[*'*2] The involvement of caspase-1 was determined by
the use of the caspase-1 inhibitory peptide Y VAD-fmk, which
led to a significant decrease of IL-1P secretion (Figure 3F).
Finally, we also showed that lysosomal acidification and
potassium efflux were required for inflammasome activation
by carbon NPs (Supporting Information Figure S11).

2.4. Chemical Functionalization of Carbon NPs Attenuates
Their Inflammatory Properties in Vitro and in Vivo

Having shown that p-CNT and p-CNO could activate the
NLRP3 inflammasome in the presence of TLR ligands,
we investigated whether chemical functionalization could
modulate these inflammatory properties. Incubation of LPS-
primed BMDCs in the presence of p-CNT resulted in signifi-
cantly greater production of IL-1B compared to incubation
with raw-CNT, while in contrast, IL-1p production by cells
incubated with f-CNT was significantly lower than with r-
CNT (Figure 4A, ##:p < 0.001, -CNT vs. p-CNT and f-CNT
at concentrations of 6-50 pg cm™). Similarly, the benzoic
acid-functionalization of p-CNOs led to a significant reduc-
tion in particle-induced secretion of IL-1f (Figure 4B, * p<
0.05, p-CNO vs f-CNO at concentrations of 3-50 pg cm™).
For both CNTs and CNOs, benzoic acid-functionalization led
to an enhanced dispersibility in both organic and aqueous
diluents, a difference that remained visible up to 24 h after
sonication (as shown for CNOs, Figure 4C). Another note-
worthy observation was that CNOs were less inflammatory
than CNTs, regardless of their functionalization status.

To further understand the modulatory properties of
carbon NPs on innate immune responses, we carried out
studies using a mouse peritonitis model. C57BL/6 mice
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Figure 3. CNTs and CNOs induce the synergistic secretion of IL-13 in a NLRP3-dependent manner. A) Carbon nanotubes and B) nano-onions
(dose range: 0.4-50 pg cm~2) were added to C57BL/6 BMDC cultures either alone or in combination with LPS (1 ng mL™). Supernatants were

collected after 24 h incubation and assayed by ELISA (p = CNO vs f-CNO

t-test; r-CNT vs p-CNT or f-CNT (ANOVA and Dunnett’s post hoc test, #p

<0.05, *#% p< 0.001). C) Carbon nanotubes and D) nano-onions (dose range: 0.4-50 ug cm~2) were added to either C57BL/6 or NLRP3~/~ BMDC
cultures either alone or in combination with LPS (1 ng mL™). Supernatants were collected after 24 h incubation and assayed by ELISA. E, ASC-GFP
THP-1 cells were left untreated (PBS), treated with LPS (1 ug mL™) or treated with LPS +/— p-CNT (25 ug cm=) for 6 h and observed by confocal
fluorescence microscopy (Original magnification: 40x). F, ELISA for IL-1B. Resting or LPS-primed BMDCs were stimulated with p-CNO (25 pug cm™2)
in the absence or presence of the cathepsin B inhibitor Ca-074-Me (10 uM) or the caspase-1 inhibitor YVAD-fmk (+##p < 0.001, p-CNO+LPS vs.

p-CNO+LPS+ chemical inhibitor).

were administered with PBS vehicle suspensions con-
taining alum, 7-CNT, p-CNT, f-CNT, p-CNO or f-CNO. The
nature of the infiltrating cells recruited into the peritoneal
cavity was determined using flow cytometry at 3 h post-
injection (Figure 5). CD11b*F4/80* macrophages are one of
the most prominent resident cell populations in the mouse
peritoneum. Here, in line with previous reports,*# we

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

observed a dramatic reduction (from 29.6% to 3.4%) in the
number of CD11b"F4/80* expressing cells when mice were
injected with alum (Figure 5, top panel). We show for the first
time that injection of CNT or CNO also results in a depletion
of resident peritoneal macrophages. Specifically, depletion of
resident macrophages occurred in mice administered with p-
CNT (from 29.6% to 4.13%), f-CNT (from 29.6% to 12.6%),
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Figure 4. Tour-functionalization of p-CNOs and p-CNTs attenuates their inflammatory properties in vitro. A,B) Raw r-CNTs, p-CNT, p-CNO, f-CNT or
f-CNO (dose range: 0.25-50 pg cm~2) were added to C57BL/6 BMDC cultures in combination with LPS (1 ng mL™) or with LPS alone. Supernatants
were collected after 24 h incubation and cytokines were assayed by ELISA (p = CNO vs f-CNO t-test; r-CNT vs. p-CNT or f-CNT ANOVA and Dunnett’s
post hoc test, = p < 0.05, ###p < 0.001). C) Photograph showing increased dispersibility of p-CNOs and f-CNOs in organic (NMP) and aqueous (PBS)

solvents upon Tour-functionalization at 1 and 24 h after sonication.

p-CNO (from 29.6% to 16.8%) and f-CNO (from 29.6% to
20.5%) preparations (#+##p < 0.001, Dunn’s post hoc test) in
comparison to PBS control group). Remarkably, no signifi-
cant changes were observed in mice injected with r-CNT
(from 29.5% to 25.7%) (Figure 5, top panel). In contrast to
the depletion of resident macrophages, a marked recruitment
of Ly6GTSiglecF~ neutrophils and CD11c Ly6CHigh inflam-
matory monocytes—described in the literature as potential
DC precursorsi*—was detected in mice administered with
p-CNT, f-CNT, p-CNO and f-CNO, as well as in the alum
group (Figure 5B,C). Here again, there was no significant
neutrophil or monocyte recruitment in the -CNT group in
comparison to the PBS group. Within each subset of carbon
NPs, the benzoic acid-functionalized particles were consist-
ently 2-5 times less effective than their purified counterparts
at recruiting inflammatory cells (Histograms, *p < 0.05 and
xxp < 0.01, Dunn’s post hoc test, Figure 5B). Most interest-
ingly, and in line with the in vitro results presented earlier,
CNOs were consistently less potent than CNTs at inducing
either resident macrophage depletion or neutrophil and
monocyte recruitment (*p < 0.05, two-tailed t-test).

In view of these results on the regulation of innate
immunity by carbon nanoparticles, we then assessed the
potential of purified and functionalized carbon NPs to mod-
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ulate adaptive immune responses. An adjuvant study was
carried out to assess whether co-administration of carbon
NPs with human serum albumin (HSA) in mice can enhance
antigen specific cellular or humoral immunity. In contrast to
the established vaccine adjuvant alum, none of the carbon
NPs preparations tested induced a significant increase in
specific antibody responses (HSA-specific IgG and IgG1)
(Supporting Information Figure S12A). Instead, we found
that carbon NPs, and CNOs in particular, promoted secre-
tion of the immunosuppressive cytokine IL-10 in medias-
tinal lymph node cultures (Supporting Information Figure
S12B, ###p < 0.001, Dunnett’s test individual group vs HSA

group).

3. Discussion

The current lack of consensus on the inflammatory proper-
ties of carbon NPs represents a significant issue regarding
their application in the biomedical field. Here we explored
the ability of carbon nanotubes and nano-onions to promote
inflammation, how this relates to their physicochemical prop-
erties and the use of surface functionalization to modulate
their inflammatory properties.
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Firstly, we established that highly purified preparations
of CNTs and CNOs fail to induce dendritic cell maturation
(Figure 2B) or to stimulate any detectable level of inflamma-
tory cytokine secretion (Figure 2C-E) in vitro. These results
are in line with Brewer et al.,*] who demonstrated that
particulate materials, including commercial vaccine adjuvants
such as alum salts, are unable to act as TLR agonists and do
not induce DC maturation.*?] The results are, however, in
contrast to earlier reports which documented the inflamma-
tory potential of commercial CNTs[ and their ability to
induce DC maturation and secretion of cytokines such as IL-6
and TNF-0.[*7#8] Tt is possible that in these reports, the raw
preparations tested may have contained immunostimulatory
contaminants'7*] although differences in assay systems and
cell types may also contribute to the differences observed.

Secondly, we describe for the first time, as anticipated by
their particulate nature,> that not only single-walled CNTs
but also small CNOs promote secretion of the proinflam-
matory cytokine IL-1f by BMDC in a NLRP3- and dose-
dependent manner, in the presence of TLR ligands (Figure
3). An earlier study reported that large CNOs (30 nm diam-
eter) were 10 times less cytotoxic than multi-walled CNTs
using a human skin fibroblast cell line.”'l Here, we found that
small CNOs exhibit an inflammatory profile that is weaker
than that of single-walled CNTs both in vitro with respect
to the release of IL-1 by BMDCs (Figure 4, ##p < 0.01, not
shown) and in vivo with respect to the recruitment of neutro-
phils and inflammatory monocytes (Figure 5, #p < 0.05). It is
highly probable that the long fiber-like morphology of CNTs
vs. the spherical shape and minute sizel?! of CNOs may
contribute to these differences. We determined that CNOs
were taken up by antigen-presenting cells (Figure 1A,B and
Supporting Information S6) to a greater extent than CNTs.
However, CNOs were less competent at inducing NLRP3
inflammasome activation and secretion of IL-1[, suggesting
that the magnitude of the response is not strictly proportional
to particle uptake. Similarly, we found that in vivo CNOs
were more efficiently targeted to draining lymph nodes (Sup-
porting Information Figure S13A) when compared to single
walled-CNTs. This finding was supported by raman spectral
analysis (Supporting Information Figure S7B). Overall, by
virtue of their weak inflammatory potential and low cytotox-
icity (Supporting Information Figure S9), yet efficient uptake
by antigen-presenting cells and transport to lymph nodes,
CNOs may represent a safer and more efficient alternative to
CNTs for applications such as drug deliveryl®? or in biocom-
posite materials.!>?]

Thirdly, we assessed the impact of surface functionali-
zation on the inflammatory response to carbon nanoparti-
cles.’*! In striking contrast to the relative immunological
inertia of -CNTs, purified p-CNTs and p-CNOs were highly
potent at recruiting innate cells including neutrophils and
monocytes (Figure 5). Remarkably however, the benzoic
acid-functionalization of both purified carbon NPs resulted in
a significantly reduced inflammation in vitro with regard to
the release of IL-1P (Figure 4) as well as in vivo with regard
to the recruitment of innate inflammatory cells (Figure 5). To
our knowledge, this study is the first to describe the potential
for selective oxidation and surface chemical functionaliza-
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tion to exert fine control over the inflammatory properties of
carbon nanoparticles.

We sought to comprehend the basis for the differential
inflammatory abilities of ~-CNTs vs. p-CNT vs. f~CNT as well
as p-CNOs vs. f-CNOs, and therefore carried out detailed
studies on particle agglomeration, size and polarity. The zeta
potential of carbon particles was determined and can be cat-
egorized as follows: -CNTs>p-CNTs>f~CNTs and p-CNOs>f-
CNOs (Supporting Information Figure S5). A decreasing zeta
potential denotes an increased polarity, which correlates well
with the enhanced dispersibility in aqueous solvents!'"”] and is
evidenced in Figure 4 (photograph). The contrasting inflam-
matory effects of CNTs and CNOs may reflect differences in
size but these particles also differ in other physical characteris-
tics including shape. A size-dependent effect has indeed been
described in previous studies investigating the inflammatory
profile of particulate materials,[*>%! which found that larger
particles are generally less inflammatory than their smaller
counterparts. While strong hydrophobic forces are known to
induce spontaneous and rapid agglomeration in r-CNTs, it is
reasonable to suggest that an increased polarity in p-CNTs
may have hampered this agglomeration leading to the forma-
tion of smaller sized-aggregates over the same period of time
and hence the enhanced inflammatory responses induced
by p-CNTs than r-CNTs. However, further lowering of zeta
potential in f~CNTs as a result of benzoic acid functionaliza-
tion resulted in a decreased inflammatory potential compared
with p-CNT (Figures 4 and 5). Therefore, despite the enhanced
dispersibility of f~CNTs (and f~CNOs), their inherent polarity
led to a reduced local inflammatory response.

4. Conclusion

Our study suggests that the inflammatory properties of
carbon NPs, in particular CNTs, may have been overesti-
mated in the current literature and importantly, that simple
and carefully designed functionalization strategies may allow
for tight control of carbon NP-induced inflammation. Specifi-
cally we found that raw CNT induced very limited inflamma-
tion in vitro or in vivo while purified CNT induced marked
inflammasome activation in vitro and inflammatory responses
in vivo which were significantly attenuated by benzoic acid
functionalization. We further show that CNO promote less
inflammation than carbon nanotubes and this can be further
reduced by surface functionalization.

5. Experimental Section

Preparation of Carbon Nanotubes and Nano-Onions for in Vitro
and in Vivo Studies: Raw single walled carbon nanotubes (r-CNTs)
produced by the HiPco technique were purchased from Unidym,
Inc. (Lot no RO513). Reagents and solvents used for the purifica-
tion and chemical functionalization of carbon NPs were purchased
as reagent-grade from Fisher Scientific Ireland Ltd, or Sigma-Aldrich
Ireland and used without further purification.

Highly Purified Selectively Oxidized CNTs (p-CNTs): Synthesis
was performed as previously described.'] A 300 mg quantity of
raw SWNTs was dispersed in 7.9 M HNO; (1000 mL) by sonication
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(sonic waterbath, at 80 kHz) at maximum power for 5 min and
subsequently at minimum power for 10 min. The mixture was
then stirred under reflux at 100 °C for 4.5 h and quenched with
ice. The dispersion was then filtered through a Millipore system
(0.2 um Isopore filter) and washed with distilled water until the
filtrate ran neutral. The wet solid was transferred to a Teflon tube,
dispersed in 2 m NaOH by sonication for 5 min and subsequently
stirred overnight at 100 °C under a nitrogen atmosphere. The mix-
ture was cooled to room temperature, filtered through an Isopore
filter and washed with a further 500 mL of 2 m NaOH. The solid
was washed with distilled water until the filtrate pH became neu-
tral and the sample was subjected to the NaOH treatment one
additional time. Following filtration, the wet solid was dispersed
in 10% H,0, by sonication for 5 min and subsequently stirred
for 1 h at 100 °C. The dispersion was quenched with ice (800 g,
diluting to 2% H,0,) and allowed to stand for 12 h. The wet solid
was subsequently subjected to two further NaOH treatments (as
above), and filtered. The solid was then washed with 2 M NaOH
(400mL), followed by distilled water until neutral pH, and a further
1 M HCl (400 mL), followed by distilled water until neutral pH. The
wet solid was re-dispersed in distilled water and lyophilized to
afford 51 mg of black solid (yield: 17%). A portion of this material
was dialyzed (10-13 kDa CO) against medical grade (endotoxin
free) sterile water (Baxter) for 5 days. The 5-day dialysis entailed
two daily changes of water preceded by a 60- to 90-min sonication
at 80 kHz. At the end of the dialysis period, all preparations were
placed in sterile glass containers and lyophilized until dry.

Pristine CNOs (p-CNOs): Synthesis was performed by annealing
of nanodiamonds as previously described.2¢l Briefly, high purity
ultradispersed nanodiamonds (Molto Ig, Inc.) were annealed in a
graphite crucible at 1650 °Cin an Astro carbonization furnace under
a partial pressure of helium (approx. 150mm). The temperature was
maintained for 1 hr and the sample was cooled to RT over a period
of 1 h. This procedure was followed by annealing of the sample in
air at 400 °C to remove amorphous carbon and the recovered mate-
rial was composed mainly of pristine CNOs, 95% recovered mass.

Tour-functionalized CNTs (f-CNTs): Synthesis was performed
according to a procedure previously described.2”1 A 45 mg quantity
of p-CNTs was dispersed in N-Methyl-2-pyrrolidone (NMP, 200 mL)
by sonication for 20 min. Following addition of 4-aminobenzoic acid
(1.1g), the reaction mixture was put under a nitrogen atmosphere.
The reaction mixture was stirred overnight at 70 °C, following addi-
tion of isoamyl nitrite (1.6 mL) via syringe. After cooling to room
temperature, the mixture was briefly sonicated to redisperse the
sample and was then filtered through a 0.2 um fluoropore FG filter,
and washed with NMP until the filtrate ran clear. The sample was
redispersed in NMP (50 mL), and the entire procedure was repeated
an additional two times. Finally, the solid was washed with meth-
anol and dried under vacuum to afford 49 mg of black solid. A por-
tion of this material was dialyzed (10-13kDa CO) against medical
grade sterile water (Baxter) for 5 days. The 5-day dialysis entailed
two daily changes of water preceded by a 60- to 90-min sonication
at 80kHz. At the end of the dialysis period, all preparations were
placed in sterile glass containers and lyophilized until dry.

Tour-functionalized CNOs (f-CNOs): Synthesis was performed
using similar reaction conditions as previously described.[28!
A 40 mg quantity was dispersed in DMF (100 mL) by sonica-
tion. To this dispersion was added firstly the 4-aminobenzoic
acid (3.3 g) and subsequently isoamyl nitrite (5.36 mL) under a
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nitrogen atmosphere. The reaction was stirred overnight at 60 °C
and subsequently allowed to cool to room temperature. The CNOs
were separated from the reaction solution by centrifugation. Fresh
DMF was added following removal of the supernatant. This pro-
cedure was repeatedly conducted until the supernatant solution
remained colorless. This was repeated with toluene and methanol
and the black solid was finally dried under reduced pressure to
afford 38 mg of black solid (yield: 95%). A portion of this material
was dialyzed (10-13 kDa CO) against medical grade sterile water
(Baxter) for 5 days. The 5-day dialysis entailed two daily changes
of water preceded by a 60- to 90-min sonication at 80kHz. At the
end of the dialysis period, all preparations were placed in sterile
glass containers and lyophilized until dry.

Fluoroscein-Functionalized CNTs (Fluo-CNTs): A 13 mg quantity
of f-CNTs was dispersed in dry dimethylformamide (DMF) by sonica-
tion for 1 h. Dimethylaminopyridine (DMAP) and N-hydroxysuccin-
imide were added to the mixture and sonicated at minimum power
for 10 min. Subsequently, 1-ethyl-3-(3-dimethylaminopropyl)car-
bodiimide (EDCI) was added and the dispersion was sonicated
for 3 hours at low power under a N, atmosphere. Finally, fluoros-
ceinamine was added and the dispersion was allowed to stir at
60 °C for 6 days under a N, atmosphere. The dispersion was briefly
sonicated to redisperse the sample and was then filtered through
a 0.2 um fluoropore FG filter, washing with DMF until the filtrate
ran clear. The sample was redispersed in DMF, and the entire pro-
cedure was repeated an additional two times. Finally, this material
was dialyzed (10-13 kDa CO) against medical grade sterile water
(Baxter) for 5 days. The 5-day dialysis entailed two daily changes
of water preceded by a 60- to 90-min water bath sonication at 80
kHz. At the end of the dialysis period, all preparations were placed
in sterile glass containers and lyophilized until dry.

Fluoroscein-Functionalized CNOs (Fluo-CNOs): An 8 mg quantity
of CNOs was dispersed in dry DMF by sonication for 1 h. Dimeth-
ylaminopyridine (DMAP) and N-hydroxysuccinimide were added to
the mixture sonicated at minimum power for 10 min. Subsequently,
1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDCI) was added
and the dispersion was sonicated for 3 h at low power under a N,
atmosphere. Finally, fluorosceinamine was added and the disper-
sion was allowed to stir at 60 °C for 6 days under a N, atmosphere.
The dispersion was centrifuged at a rcf of 6870g for 60 min and
the supernatant removed. The wet solid was redispersed in DMF
and again separated from the supernatant by centrifugation (this
was repeated an additional two times). Finally, this material was
dialyzed (10-13 kDa CO) against medical grade endotoxin-free
sterile water (Baxter) for 5 days. The 5-day dialysis entailed two
daily changes of water preceded by a 60- to 90-min sonication at
80 kHz. At the end of the dialysis period, all preparations were
placed in sterile glass containers and lyophilized until dry.

Prior to in vitro or in vivo experiments, all formulations were
prepared by weighing the freeze-dried preparations into sterile
glass tubes and diluting them down to the desired concentrations
in sterile, endotoxin-free, phosphate buffered saline (PBS) solu-
tion. The solutions were then sonicated for 15 min at 30 kHz, 100%
intensity, followed by a sonication at 80 kHz for 90-120 min.

Characterization of Carbon Nanotubes and Nano-Onions:
Dynamic light scattering (DLS) and zeta potential measurements
were conducted on a Malvern Zetasizer Nano ZS system (Malvern
Instruments Ltd.) using a HeNe laser (633 nm). For the measure-
ment of zeta potential the carbon nanoparticles (35 ug) were
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dispersed in low ionic strength 0.01 M phosphate buffer (1.4 mL,
pH 7.3) by sonicating them for 15 min at 30 kHz and then for 90
min at 80 kHz prior to measurement. The measurement was con-
ducted at 25 °C six times and the average was calculated. For the
DLS measurements the samples were prepared the same way as for
the zeta potential measurements but using the sterile phosphate
buffered saline (PBS) solution as solvent to replicate the sample
preparation used for the in vitro and in vivo experiments. The DLS
measurement was carried out repeatedly for a duration of 200 min
to observe the agglomeration tendency as a function of time.

AFM: Topographic images were collected in semi-contact mode
with an NTEGRA Spectra inverted configuration system (NT-MDT).
Silicon tips with reflectance gold coating on the back, tip apex
radius 10 nm, force constant 2 N/m and frequency 170 kHz were
used (NSGO1 (NT-MDT)). The data were collected with NT-MDT Nova
software and analysed with WSxM SPM freeware.5”] Samples were
prepared by dispersing the nanotubes in high purity DMF by soni-
cation, spray coating them onto freshly cleaved mica substrates
and drying them overnight in the oven at 100 °C. For the SWNT size
distribution analysis, samples were dispersed at lower concen-
tration in order to adequately estimate single nanoparticle size.
Statistical analysis was performed on samples of >100 SWNTs.
The contour length of individual SWNTs was measured using the
segmented line profiling tool from WSxM SPM freeware. Statistical
analysis of CNO size was performed using Image).

Micro-Raman Scattering: Measurements were performed at
room temperature in backscattering geometry using a NTEGRA
Spectra Upright configuration system (NT-MDT) coupled with an InVia
spectrometer (Renishaw) equipped with a 1024 x 256 pixels CCD
camera. As excitation sources a HeNe laser (A, 633 nm) and an Ar*
laser (A, 514 nm) in combination with a 1800 or 2400 lines mm™!
grating, respectively, were used. Measurements were taken with 10 s
of exposure time. The laser spot was focused on the sample surface
using a 100x long working distance objective (NA 0.7). Raman
spectra were collected on numerous spots of the sample. Data were
collected and analysed with Renishaw WIRE software.

TEM: Measurements of CNTs and CNOs were performed with
a Hitachi Model 9500 and FEI Titan operated at 300 kV, respec-
tively. CNO samples were prepared from dispersion followed by
deposition on the copper grids. CNT samples were prepared by
drop coating SWNT dispersions in DMF onto a lacey carbon coated
400 mesh copper grid.

FTIR: Spectra were measured in the solid state on a Perki-
nElmer FTIR Spectrometer Spectrum 100 with a universal ATR
sampling accessory (diamond/ZnSe crystal). The spectra for func-
tionalized CNOs and SWNTs were recorded at 256 scans, with a 4
cm~! resolution.

UV-Vis Absorption: Spectra were recorded on a Perkin Elmer
UV/Vis Spectrometer Lambda 35 after 1 cycle, with an interval of
1 nm, slit width of 2 nm and scan speed of 240 nm min~?. Absorp-
tion spectroscopy was carried out on a Perkin Elmer UV-vis/NIR
Lambda 1050 Absorption Photospectrometer. All spectra were
recorded on supernatants after 1 cycle, with an interval of 1 nm,
slit width 2 nm and scan speed of 240 nm min~'. Samples were
either dispersed in NMP or DMF by sonication (3-4 h) and meas-
urements were carried out in a 1 cm quartz cell on the dispersion
supernatant following centrifugation at 8000 RPM (900 x g) for
90 min (to remove aggregates and large bundles). Emission spectra
were taken in a HORIBA Jobin Yvon Fluorolog-3 Spectrofluorometer
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equipped with a 450 xenon CV lamp after 1 cycle, with slit width of
10 nm and integration time 0.1 s.

Raman Spectroscopic Analysis of Lymph Node Tissue: Micro-
Raman scattering measurements were carried out at room temper-
ature in backscattering geometry using a NTEGRA Spectra Upright
configuration (NT-MDT) coupled with an InVia spectrometer (Ren-
ishaw) equipped with a 1024 x 256 pixels CCD camera. As exci-
tation sources an Ar* laser (A, 514 nm) in combination with a
2400 lines mm~! grating was used. In all measurements the laser
power did not exceed 5 mW. Measurements were taken with 10 s
of exposure time and 1 accumulation. The laser spot was focused
on the sample surface using a 100x long working distance objec-
tive (NA 0.7). Spectroscopic data were collected and analysed with
Renishaw WIRE software. Lymph nodes for Raman analyses were
put on a cleaned silicon substrate and covered with a thin layer of
fixation solution (4% paraformaldehyde).

Mice Source and Husbandry: Female C57BL/6 wild-type mice
aged 8-12 weeks were obtained from Harlan Laboratories (Oxon,
UK). NLRP3~/~ micel58] were age- and gender-matched with C57BL/6
wild-type mice for each set of experiments. Animals were maintained
on a light/dark cycle with at least 12 h of light and water was pro-
vided ad libitum. All animal experiments were conducted according
to the regulations of the European Union and the Irish Department
of Health, and all procedures were approved by the Animal Ethics
Committee (reference number 091210) at Trinity College Dublin.

Measurement of Dendritic Cell Activation: Murine bone-
marrow-derived dendritic cells (BMDC) generated as previously
described®®! were plated out on day 10 and primed with TLR
agonists (LPS, CpG, Pam3CSK4) on day 11 for 1-2 h prior to
stimulation with either alum (Brenntag Biosector, Frederikssund,
Denmark) or carbon nanoparticles (-CNT, p-CNT, f-CNT, p-CNO or
f-CNO) at the concentrations indicated. When specified, cells were
pretreated with the following chemical inhibitors prior to the addi-
tion of particulate materials: 250 nM bafilomycin (an inhibitor of
lysosomal acidification) or 10uM CA-074-Me (a cathepsin B inhib-
itor), 50 mM KCl (for inhibition of potassium efflux). Supernatants
were collected and analysed for IL-13 by ELISA (R&D Systems). IL-6
(BD Biosciences), TNF-o. and IL-10 (ELISA Max set, Biolegend) were
also determined by ELISA according to the manufacturers’ instruc-
tions. In addition to cytokine secretion the effect of particulates on
expression of costimulatory molecule expression was assessed by
flow cytometry as described previously.!% All in vitro experiments
were carried out independently @ minimum of 3 times.

Innate Immune Responses to Carbon Nanoparticles (Peritonitis
Model): Female C57BL/6 mice (n = 3-5) aged 6-8 weeks were
injected intraperitoneally with PBS vehicle, Alum (250 pug/mouse),
r-CNTs (250 pg/mouse), p-CNT (250 pg/mouse), f-CNT (250 pg/
mouse), p-CNO (250 pg/mouse) or f-CNO (250 pg/mouse). After
3 h, peritoneal lavage cells were collected and cell recruitment
was analysed by flow cytometry. In order to determine the nature
of the infiltrating cells, peritoneal exudate cells were stained with
the following fluorescently labeled antibodies (eBiosciences,
Biolegend or BD Pharmingen): CD11b-PE Cy7, Gri-APC Cy7,
F4/80 PerCP Cy5.5, Siglec F-PE, CD3-APC Cy7, CD11c APC, MHC
II-PE, CD19-perCP Cy5.5, Ly6C-FITC. A Canto Il (BD Biosciences)
or CyAN (Dako) flow cytometer was used, and data were analysed
using FlowJo software (Tree Star Inc., Ashland, OR, USA). Results
were expressed as a percentage of single/live cells (Mean + SD,
#p < 0.05, ##p < 0.01).
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Cell Viability of Bone-Marrow Derived Dendritic Cell Cultures:
Murine bone-marrow-derived dendritic cells (BMDC) generated as
previously described® were plated out on day 10 and incubated
for 24 h on day 11 in the presence of (A) carbon nanotubes (p-CNT),
(B) nano-onions (p-CNO) and (C) Alum at a range of concentrations
1-100 pg cm~2. Cell viability was assessed using the LIVE/DEAD
Aqua stain according to the manufacturers’ instructions.

Adjuvant Properties of Carbon Nanopatrticles: Female C57BL/6
mice (n = 5) were immunized intraperitoneally on days 0 and
14 with endotoxin-free Dulbecco’s PBS, human serum albumin
(HSA, Novozyme BioPharma UK Ltd, 50 pug/mouse) alone or HSA
(50 pug/mouse) mixed with Alum (200 pug/mouse), r-CNTs (200 ug/
mouse), p-CNT (200 ug/mouse), f-CNT (200 pg/mouse), p-CNO
(200 pg/mouse) or f-CNO (200 pug/mouse). On day 21, whole
blood, spleens and peritoneal lavage cells were collected. Antigen-
specific serum IgG and 1gG1 titers were determined by ELISA (IgG:
Sigma; IgG1: antibody pairs from BD PharMingen). Mediastinal
lymph node single cell suspensions were prepared and further cul-
tured with HSA (10 pg/mL) or medium only for 72 h. Supernatants
were collected and IL-10, IL-4, IL-17A and IFN-y concentrations
were determined using Max ELISA kits (Biolegend).

Confocal Microscopy Analysis: Immortalized bone marrow-
derived macrophages (iBMM) from wild type C57BL/6 mice were
generated using )2 transforming retroviruses (expressing Raf and
Myc), as described previously.“] iBMM or bone-marrow derived
dendritic cells (5 x 10° cells mL™) were cultured on glass cov-
erslips at 37 °C for 0-18 h with carbon nanoparticles (25 pug
cm™). Cells were fixed with 2% paraformaldehyde for 20 min and
stained with Alexa-Fluor 594-conjugated wheat germ agglutinin
(WGA; 10 pug mL™?) for 30 min. Immediately before mounting,
Hoechst nuclear stain was applied to the sections for 10 min and
excess was washed away. Cells were mounted onto glass slides
with Dakomation mounting medium (Dako) and analysed on a
Zeiss LSM 510 microscope with LSM 5 software (version 4) and
Adobe Photoshop. Stably transfected mouse THP-1 expressing
ASC-GFP were prepared according to a protocol previously
described.l61]

Statistics: Cytokine concentrations measured by ELISA assays
were subjected to ANOVA analyses. Where significant differences
were found, the Dunnett’s multiple comparisons post hoc test was
then performed. Statistical differences in the cell numbers deter-
mined by FACS analyses were assessed using the Kruskall-Wallis
test, followed by Dunn’s post hoc test. Wherever applicable,
omparisons between two groups were carried out using two-tailed
Student’s t-test. Statistical calculations were performed using the
GraphPad Prism 5 package (GraphPad Software Inc., San Diego,
CA, USA) and Excel. In all cases, p-values <0.05 were considered
statistically significant (+p < 0.05, **p < 0.01 and ###p < 0.001).
Results are representative of three independent experiments, but
similarly performed.
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