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a b s t r a c t

Crystalline cellulose nanocrystals (CNCs) have emerged as novel materials for a wide variety of important
applications such as nanofillers, nanocomposites, surface coatings, regenerative medicine and potential drug
delivery. CNCs have a needle-like structure with sizes in the range of 100–200 nm long and 5–20 nm wide
and a mean aspect ratio 10–100. Despite the great potential applicability of CNCs, very little is known about
their potential immunogenicity. Needle-like materials have been known to evoke an immune response in
particular to activate the (NOD-like receptor, pyrin domain-containing 3)-inflammasome/IL-1β (Interleukin
1β) pathway. In this study we evaluated the capacity of unmodified CNC and its cationic derivatives CNC-
AEM (aminoethylmethacrylate)1, CNC-AEM2, CNC-AEMA(aminoethylmethacrylamide)1 and CNC-AEMA2 to
stimulate NLRP3-inflammasome/IL-1β pathway and enhance the production of mitochondrial reactive
oxygen species (ROS). Mouse macrophage cell line (J774A.1) was stimulated for 24 h with 50 mg/mL with
unmodified CNC and its cationic derivatives. Alternatively, J774A1 or PBMCs (peripheral blood mononuclear
cells) were stimulated with CNC-AEMA2 in presence or absence of LPS (lipopolysaccharide). IL-1β secretion
was analyzed by ELISA, mitochondrial function by JC-1 staining and ATP content. Intracellular and mi-
tochondrial reactive oxygen species (ROS) were assessed by DCF-DA (2′,7′-dichlorodihydrofluorescein dia-
cetate) and MitoSOX, respectively. Mitochondrial ROS and extracellular ATP were significantly increased in
cells treated with CNC-AEMA2, which correlates with the strongest effects on IL-1β secretion in non-primed
cells. CNC-AEMA2 also induced IL-1βsecretion in LPS-primed and non-primed PBMCs. Our data suggest that
the increases in mitochondrial ROS and ATP release induced by CNC-AEMA2 may be associated with its
capability to evoke immune response. We demonstrate the first evidence that newly synthesized cationic
cellulose nanocrystal derivative, CNC-AEMA2, has immunogenic properties, which may lead to the devel-
opment of a potential non-toxic and safe nanomaterial to be used as a novel adjuvant for vaccines.
& 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Cellulose has a long history of use in the pharmaceutical in-
dustry because it has excellent compaction properties when
blended with other pharmaceutical excipients, making this ma-
terial suitable as a filler in tablets for oral administration of drugs
[1,2]. In addition, its abundance, the relatively low cost and suit-
ability for surface chemical modifications appeal to the pharma-
ceutical industry. In fact, modified cellulose has also been used
extensively in pharmaceutical preparations, including ethyl cellu-
lose, methyl cellulose, and carboxymethyl cellulose, in oral, topical,
and injectable formulations [2]. Cellulose nanocrystals (CNCs)
are a new renewable class of nanomaterials of great interest in
industrial sectors. These elongated, rigid needle-like cellulose
crystals (length, typically between 100 and 200 nm) obtained from
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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the acidic hydrolysis of native cellulose, display remarkable
strength and physicochemical properties with several potential
applications [3–6]. The ability to chemically modify CNCs through
surface reactive hydroxyl groups opens up various potential ap-
plications otherwise unachievable with unmodified CNCs. Re-
cently, CNCs have emerged as an interesting class of nanomaterials
with potential biomedical applications mainly because some of
their very desirable characteristics, such as nanoscale dimensions,
biocompatibility, biodegradability and large surface area [7–10].
Although initial studies look promising, a great deal of work is still
required to understand the integration of CNCs in the biological
systems, in particular to evaluate the cytotoxicity and immuno-
genicity of these unmodified and modified CNCs. A recent in vivo
study of the pulmonary toxicity of CNCs indicated that these na-
nomaterials can elicit dose-dependent oxidative stress, tissue da-
mage, and inflammatory responses in the lungs [11]. However, the
extent of the responses is highly dependent on the type of CNCs
material. In fact, the needle-like morphology of CNCs could cause
toxicity or immunogenicity, similar to carbonaceous fibers [12]. In
addition, organic and inorganic particles (pollutants) have also
been described as immunogenic because they activate the innate
immune system in vivo. For instance, asbestos and silica induce
NOD-like receptor, pyrin domain-containing 3 (NLRP3) inflamm-
asome, leading to subsequent increases in the secretion of the pro-
inflammatory cytokine Interleukin 1β (IL-1β) [13]. Another com-
monly used nanoparticle, nano-TiO(2) in biomedicine and elec-
tronic, activates the NLRP3 inflammasome, which ultimately leads
to the release of IL-1β [14].

The IL-1 family of cytokines is critical to the host response to
infection, playing a variety of roles not only in the acute phase
response from the liver, but also in alterations of metabolism, in-
duction of fever, and lymphocyte activation [15]. The two-step
secretion of IL-1β requires the synthesis of several intracellular
proteins, including pro-IL-1β and NLRP3, induced through a pro-
cess known as “signal 1” or priming. The priming step can be ac-
complished by several stimuli from particles or “fibrin-like” mo-
lecules, microbial products called pathogen-associated molecular
pattern molecules (PAMPs), to intracellular molecules released
during death of neighboring cells, such as ATP and DNA, called
danger-associated molecular pattern molecules (DAMPs) [16].
“Signal 2” is characterized by recruitment of the adapter protein
apoptosis-associated speck-like protein containing a CARD (ASC)
and pro-caspase-1, the latter of which becomes activated leading
to the processing and secretion of IL-1β. Moreover, the cleavage
and secretion of IL-1β can be enhanced by release of endogenous
ATP that stimulates the purinergic receptor P2X7 [17]. It has been a
consensus in the scientific literature that several identified NLRP3
activators also increase reactive oxygen species (ROS). It is well
documented that activation of P2X7 is accompanied by production
of intracellular ROS [13–18]. Initial studies using inhibitors sup-
ported a model in which ROS are generated by NADPH oxidases
during NLRP3-inflammasome activation [19]. However, the idea
that NADPH oxidases are the primary and solely source of ROS
production during inflammasome activation is becoming less ac-
cepted. More recent studies indicated that increases in mi-
tochondrial ROS and mitochondrial dysfunction also contribute to
NLRP3 activation. In a previous study, we reported that serum
amyloid A (SAA), a needle-like protein induces mitochondrial
ROS and that uncoupling mitochondrial oxidative phosphorylation
enhances NLRP3 activation by preventing the disassembly of
NLRP3 complex [20]. Furthermore, other authors reported that
oxidized mitochondrial DNA (mtDNA) when it is released into
the cytosol can bind to and further activate the NLRP3 in-
flammasome [21].

In this study we evaluated the capacity of unmodified CNC and
the cationic derivatives CNC-AEM1, CNC-AEM2, CNC-AEMA1 and
CNC-AEMA2 to stimulate NLRP3-inflammasome/IL-1β axis and
enhance the production of mitochondrial reactive oxygen species
(ROS). Our main finding in this work is that only CNC-AEMA2 in-
creases IL-1β secretion, and this effect correlates with the ability to
increase both mitochondrial ROS and extracellular ATP in murine
macrophage cell line. The other three cationic nanomaterials tes-
ted did not show any effect on the NLRP3 inflammasome IL-1β
inflammatory pathway, and therefore they could be suitable for
potential drug and gene delivery carriers.
2. Materials and methods

2.1. Chemicals and reagents

Sodium deoxycholate, 3,3′,5,5′ tetramethylbezidine (TMB),
protease inhibitor cocktail, and anti β-actin antibody were pur-
chased from Sigma. MitoTEMPO, the ROS detection reagent 2′,7′-
dichlorodihydrofluorescein diacetate (H2DCF-DA) and the mi-
tochondrial ROS indicator (MitoSOX red), were purchased from
Invitrogen. The mitochondrial membrane potential indicator,
5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazol-carbocyanine
iodide (JC-1) was purchased from Cayman. The ATP biolumines-
cence assay kit (StayBrite) was purchased from Biovision. NLRP3
antibody was purchased from Enzo, and antibodies for caspase-1
and IL-1β detection were purchased from Santa Cruz and Biovi-
sion, respectively. Secondary antibodies (anti-mouse horseradish
peroxidase-conjugated (HRP) and anti-rabbit horseradish perox-
idase-conjugated (HRP)) were obtained from GE Healthcare. IL-1β
ELISA kits were purchased from BD Biosciences. E. coli 0111:B4
Lipopolysaccharide (LPS) was purchased from InvivoGen. Specific
caspase 1 inhibitor yVAD was obtained from Calbiochem. lym-
phocyte separation medium (LSM) was obtained from MP Bio-
medicals. Freeze-dried unmodified CNC was obtained from Alberta
Innovates Technology Futures (AITF), which was produced by a
sulfuric acid mediated hydrolysis of cellulose [22]. The CNC ca-
tionic derivatives (CNC-AEM1, CNC-AEM2, CNC-AEMA1 and CNC-
AEMA2) were synthesized using a radical cationic polymerization
technique to produce brushes of methacrylate (AEM) or metha-
crylamide (AEMA) monomers on the CNCs surface. (Fig. 1). The
difference between 1 and 2 is the molar ratio of monomers (AEM
or AEMA) to anhydroglucose units, resulting in more or less ca-
tionic polymer brushes. Therefore both CNC-AEM1 and CNC-
AEMA1 contain more brushes than CNC-AEM2 and CNC-AEMA2.
The CNC-derivatives were extensively purified by centrifugation
and dialysis to ensure efficient removal of unreacted reagents,
monomers and homopolymers prior to all analyses. These CNC
cationic derivatives were extensively characterized for their che-
mical and morphological features using a combination of analy-
tical, spectroscopic, and microscopic techniques. Zeta potential
measurements indicated a positive surface charge, and dynamic
light scattering (DLS) was used to measure the size of the colloidal
particles, which were found to be in the nanometer range (Ta-
ble 1). Scanning transmission electron microscopy images revealed
the size of the rod-like particles to be around 100–200 nm in
length and 10–20 nm in diameter [23].

2.2. Cell culture and experimental conditions

Mouse monocyte (macrophage) cell line J774A.1 (obtained from
ATCC) were seeded at 5�105 cells/mL using RPMI 1640 medium
supplemented with 10% FBS, penicillin, streptomycin and L-glu-
tamine, and incubated at 37 °C in a 5% CO2-supplemented atmo-
sphere for at least 24 h before the appropriate treatments. The
blood cells were drawn from healthy donors and peripheral
mononuclear cells (PBMCs) were isolated by centrifugation using



Fig. 1. Chemical structures of an unmodified CNC and CNC cationic derivatives used
in this study.

Table 1
DLS and zeta potentials of cationic CNCs.

Sample Size (nm) Zeta potential (mV)

CNC-AEM1 161.675.0 þ56.470.9
CNC-AEM2 154.673.6 þ45.271.3
CNC-AEMA1 193.174.6 þ47.474.6
CNC-AEMA2 183.474.0 þ43.970.1
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lymphocyte separation medium (LSM). The PBMCs were cultured
for 24 h prior to stimulation. Unmodified CNC and CNC cationic
derivatives (50 μg/mL) were utilized to stimulate J774A.1 cells at
the indicated times. In this study we chose 50 μg/mL to perform
all experiments, since in our previous work we demonstrated that
J774A1 cells treated with CNC-AEMA2 (50 μg/mL) for 24 h,
showed 93.5% of viable cells, indicating no significant cytotoxicity
[23]. Alternatively, the cells were primed with 100 ng/mL of LPS
and 6 h later different concentrations of CNC-AEMA2 were added,
for a total of 24 h of treatment. The specific caspase 1 inhibitor,
yVAD (10 μM) was added simultaneously to priming with LPS and
6 h later CNC-AEMA2 was added for another 18 h, completing the
total of 24 h treatment. The antioxidant MitoTEMPO (50 μM) were
added to stimulated cells at the indicated times.

2.3. Western blot analysis

After respective treatments, tissue culture plates were placed on ice
and the attached cells were rinsed once with cold phosphate buffered
saline (PBS) and lysed using lysis buffer (50 mM Tris, pH 7.4, 150mM
NaCl, 2 mM EDTA 0.2% Triton™ X-100, 0.3% IGEPALs and protease
inhibitor cocktail). The lysates were removed from the plate, trans-
ferred to microcentrifuge tubes and immediately frozen in liquid ni-
trogen to prevent protein degradation and enhance cell lysis. Cell ly-
sates were equally loaded and proteins were separated on 10% sodium
dodecyl sulfate polyacrylamide gels (SDS-PAGE) and transferred from
the gel to a nitrocellulose membrane. The membrane was blocked for
1 h at RT with 3% milk in PBS containing 0.05% Tweens20 (PBST) and
then incubated with respective antibodies overnight at 4 °C on a ro-
tating platform. The membranes were washed 3 times PBST for 5 min
each and incubated with respective HRP secondary antibodies.
Western blots were developed utilizing 3,3′,5,5′ tetramethylbezidine
(TMB) liquid substrate system for membranes according manufac-
turer's instructions.

2.4. Detection of IL-1β in cell supernatants and lysates

IL-1β secreted into the cell supernatants was quantified by En-
zyme-linked immunoabsorbent assay (ELISA) according to the
manufacturer's instruction [24]. For intracellular quantification of
IL-β, cell lysates were prepared as described for Western blot ana-
lysis and ELISA performed following the manufacturer's protocol.

2.5. Detection of intracellular ROS

The H2DCF-DA fluorescent assay was used to measure the
presence of intracellular reactive oxygen species (ROS) [25].
Briefly, equal amount of cells (5�105 cells/mL) were seeded onto
8-well CultureSlides (BD Falcon™) and at 30 min prior to the end
of treatments, 10 mM H2DCF-DA in phenol red free DMEM media
was added to the cells. The medium containing the fluorescent
probes was removed, and the cells were rinsed with PBS, and
observed in an Olympus BX53 fluorescence microscope coupled
with Olympus DP73 digital camera. H2O2 (500 μM, 1 h) was added
to the cells in medium containing 10% FBS. This oxidant is widely
used as positive control for H2DCF-DA fluorescent assay.

2.6. Detection of mitochondria-derived ROS

Mitochondria-derived ROS, was detected using the mitochondrial
ROS indicator, MitoSOX red, a cationic dihydroethidium modified to
target the mitochondria. MitoSOX red is a cell-permeable dye that
reacts with superoxide to form ethidium, which upon binding to nu-
cleic acids gives a bright red fluorescence. Briefly, equal amount of cells
(5�105 cells/mL) were seeded onto 8-well CultureSlides (BD Fal-
con™) and at the end of the respective treatments rinsed with PBS
and loaded with MitoSOX red (2.5 μM) for 10 min. The medium
containing the fluorescent probes was removed, and the cells were
rinsed with PBS, and observed in an Olympus BX53 fluorescence mi-
croscope coupled with Olympus DP73 digital camera.

2.7. Detection of mitochondrial membrane potential (Δψm)

Equal amount of cells (5�105 cells/mL) were seeded onto 8-well
CultureSlides (BD Falcon™) and 24 h hours later treated as indicated.
After washing with PBS, cells were incubated in fresh medium con-
taining 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazol-carbocya-
nine iodide (JC-1) for 15 min. The dye was then removed; and cells
were washed with PBS and fresh medium was added. Then live cells
were immediately observed in an Olympus BX53 fluorescence mi-
croscope coupled with Olympus DP73 digital camera. Healthy cells,
mainly JC-1 aggregates were observed at 540/570 nm excitation/
emission and the apoptotic or unhealthy cells with mainly JC-1
monomers at 485/535 nm excitation/emission.

2.8. Measurement of ATP content

Assessment of ATP intracellular content was performed using
the ATP bioluminescence assay kit following the manufacturer's
instructions. In brief, after the respective treatment cells were ly-
sated in 100 μL of lysis buffer (1% Triton™ X-100 in PBS) and 10 μL
of the lysates were added to 90 μL of reaction buffer, which con-
tains the enzyme mix. Alternatively, the extracellular ATP content
was measured in cell culture supernatants by adding 10 μL of cell
culture medium to 90 μL of reaction buffer. The luminescence was
measured using a Synergy H1 Hybrid Multi-Mode Microplate Reader
(BioTek). Values were expressed as relative fluorescence units (RLU).
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2.9. Statistical analysis

The data were statistically analyzed by using the one-way
analysis of variance test, followed by Bonferroni's multiple com-
parison test, using GraphPad Prizm 6 software.
3. Results

3.1. CNC cationic derivative induced IL-1β secretion and increased
ROS production in mouse macrophages

We recently demonstrated that SAA, a needle-like protein
considered a biomarker of inflammation, stimulated NLRP3
Fig. 2. Effect of unmodified CNC and its derivatives on NLRP3 inflammasome/IL-1β in
unmodified CNC and its derivatives (50 mg/mL) for 24 h (A). Alternatively the cells were
was added, for a total of 24 h of treatment (B). Human peripheral blood mononuclear cell
J774A1 (C). Secreted IL-1β was quantified in the cell supernatants by ELISA (A, B, C). Dat
macrophage cells were stimulated with unmodified CNC and its derivatives (50 mg/mL)
(E) and the intracellular NLRP3 inflammasome components were analyzed in the cells ly
IL-1β in cell lysates from cells treated with 50 mg/mL of CNC-AEMA2 for the indicated tim
in presence of the caspase 1 inhibitor yVAD (10 μM), (G). *po0.05 compared to contro
inflammasome-dependent IL-1β secretion in mouse peritoneal
macrophages. Therefore, we sought to investigate whether or not
unmodified CNC and its cationic derivatives would also induce
NLRP3 inflammasome activation and IL-1β secretion in mouse
macrophage cell line (J774A.1). Cells were stimulated with
50 mg/mL of unmodified CNC or CNC cationic derivatives for 24 h
and cellular levels of inflammasome components were analyzed
by Western blotting and IL-1β secretion was quantified by ELISA.
Among the compounds tested, only CNC-AEMA2 induced sig-
nificant IL-1β secretion, (Fig. 2A) and the AEMA polymer alone did
not elicit IL-1β secretion in these cells, at the same experimental
conditions (data not shown). In cells primed with lipopoly-
saccharide (LPS), this effect is enhanced and dose-dependent
(Fig. 2B). Similar synergistic effects were also observed in human
flammatory pathway. J774A.1 mouse macrophage cell line were stimulated with
primed with 100 ng/mL of LPS and 6h later different concentrations of CNC-AEMA2
s (hPBMCs) were treated with CNC-AEMA2 alone or presence of LPS as described for
a were means 7S.D. from triplicate. *po0.05 compared to control. J774A.1 mouse
for 24 h (D) or stimulated with CNC-AEMA1 or CNC-AEMA2 for the indicated times
sates by Western blotting. β-actin was used as loading control. Analysis of processed
es, was performed by ELISA (F). IL-1β secretion in primed cells was also investigated
l. #po0.05 compared to LPS/CNC-AEMA2.
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PMBCs (Fig. 2C). Surprisingly, upon 24 h of stimulation with un-
modified CNC or CNC cationic derivatives no significant changes
on the intracellular levels of NLRP3-inflammasome components,
NLRP3, pro-IL1β (34 kDa) and pro- (50 kDa) or active caspase 1
(20 kDa) in comparison to non-stimulated cells (control) were
observed (Fig. 2D). In addition, in control conditions J774A.1 cell
line showed detectable levels of NLRP3, pro-caspase-1 (50 kDa)
and no detectable pro-IL-1β (34 kDa). However, when the cells
were stimulated with CNC-AEMA2 for a shorter period of time
slight increase in the intracellular levels NLRP3 (Fig. 2E, top panel)
and significant increase in pro-IL-1β (Fig. 2E, middle panel), were
observed as early as 3 h and peaking at 7 h of incubation with
CNC-AEMA2, but no detection of IL-1β release at these time points
(data not shown). Since the Western blot analysis detects only pro-
IL1β, we also investigated the intracellular levels of processed IL-
1-β, using ELISA. Surprisingly, non-treated cells showed high level
of intracellular IL-1β. The levels of IL-1β is reduced gradually as
the time of incubation increases, and at 24 h of treatment we
observed that the lowest intracellular level (Fig. 2F), coincides with
the highest extracellular level of IL-1β (Fig. 2A). To confirm that
caspase 1 is involved in the processing of pro-IL-1β into active and
secreted form IL-1β in primed macrophages, the specific caspase
1 inhibitor (yVAD) was added to the cells concomitantly to LPS
priming CNC-AEMA2. We observed that yVAD significantly de-
creases IL-1β secretion is CNC-AEMA2 treated cells upon LPS
priming (Fig. 2G).

Since only CNC-AEMA2 was able to induce IL-1β secretion in
our experimental conditions, we chose to utilize this CNC cationic
derivative and its counterpart, CNC-AEMA1 to investigate further
the mechanism by which this nanomaterial evokes immunogenic
responses in mouse macrophage cell line. Augmented levels of
ROS have been found as a common signal in NLRP3 inflammasome
activation trigged by several activators [19–26]. Next we in-
vestigated the changes in the overall intracellular ROS levels in
murine macrophages caused by stimulation with CNC cationic
derivatives. H2DCF-DA is a cell permeable fluorescence probe that
is converted to the highly fluorescent 2′,7′-dichlorofluorescein
(DCF). Although H2DCF-DA can be oxidized to DCF by wide variety
of reactive species [25–27], including by-products of its own oxi-
dation [28], it is still a useful tool to investigate the overall oxi-
dative status in biological system. We will utilize the term “in-
tracellular ROS” as indicative of H2DCF-DA oxidation caused
by CNC cationic derivatives. As expected the basal level of in-
tracellular ROS in non-stimulated cells (control) was found to be
low and there was a subtle increase when cells were stimulated
with CNC-AEMA2 (Fig. 3). The comparable control CNC-AEMA1 did
not evoke significant increases in the intracellular ROS, under the
Fig. 3. Effect of CNC cationic derivatives on intracellular ROS. J774A.1 mouse macrophage
(500 μM, 1 h positive control). After treatment, dihydrofluorescein diacetate (DCF-DA) w
were analyzed utilizing a fluorescence microscope at 400� magnification. The pixel inte
corrected by number of cell (graph on the right of the figure).
experimental conditions tested. DCF fluorescence detects overall
intracellular ROS, but not the source. Therefore, next we utilized a
more specific fluorescent probe to detect mitochondrial ROS. Mi-
toSOX red is designed to target mitochondria, where it undergoes
oxidation by mitochondrial ROS and binds to nucleic acids, be-
coming highly fluorescent. Control cells showed low amount of
mitochondrial ROS and surprisingly, both CNC-AEMA1 and CNC-
AEMA2 elevated mitochondrial ROS in some extent. However,
CNC-AEMA2 appears to be the most potent inducer of mitochon-
drial ROS (Fig. 4). Taken together, these data suggest that the
NLRP3 inflammasome activation caused by CNC-AEMA2 stimula-
tion is associated with increased and sustained intracellular and
mitochondrial ROS production (detected at 24 h). Since we ob-
served the increases in the intracellular NLRP3 inflammasome
components occur at early time points of treatment (Fig. 2B) we
decided to investigate whether this kinetic could also be observed
in the intracellular and mitochondrial ROS production. Indeed
CNC-AEMA2 induced temporal changes in both intracellular and
mitochondrial ROS (Fig. 5A and B, respectively), and these changes,
at 7 h of treatment with CNC-AEMA2 appears to correlate with
induction of intracellular NLRP3 inflammasome components, such
as pro-IL-1β.

3.2. Early mitochondrial ROS generation in NLRP3 inflammasome
activation is involved in IL-1β secretion

It has been demonstrated that ROS scavengers or inhibitors
added prior to or concomitant with NLRP3 stimulation diminish or
abolish IL-1β secretion, implying a direct involvement of ROS in
the NLRP3 inflammassome-IL-1β secretion axis [18,20,29]. There-
fore, we utilized MitoTEMPO, a mitochondrial ROS scavenger, at
different incubation times to investigate the impact of early and
late mitochondrial ROS generation on NLRP3 inflammasome/IL-1β
secretion in mouse macrophages. To investigate the early partici-
pation of mitochondrial ROS in this inflammatory pathway, we
added MitoTEMPO concomitantly with CNC-AEMA2, and to ana-
lyze the late involvement of mitochondrial ROS in this pathway,
we added it after 7 h of stimulation, when pro-IL-1β and NLRP3
are at their intracellular peak (Fig. 1C). We observed that when the
cells were treated with CNC-AEMA2 concomitantly with Mito-
TEMPO, IL-1β secretion was significantly diminished when com-
pared with CNC-AEMA2 alone. However, when MitoTEMPO was
added 7 h after CNC-AEMA2 stimulation, its inhibitory effect was
no longer observed (Fig. 6). As expected MitoTEMPO was capable
to decrease mitochondrial ROS induced by CNC-AEMA2, regardless
of time of incubation (Fig. 7), suggesting that early enhancing in
mitochondrial ROS is associated with the increases in pro-IL-β
cells were stimulated with CNC-AEMA1 or CNC AEMA2 (50 mg/mL) for 24 h or H2O2

as added to the live cells for 30 min and intracellular ROS levels from intact cells
nsity of each panel was analyzed using ImageJ and expressed as integrated intensity



Fig. 4. Effect of CNC cationic derivatives on mitochondrial ROS. J774A.1 mouse macrophage cells were stimulated with CNC-AEMA1 or CNC-AEMA2 (50 mg/mL) for 24 h or
Antimycin A (40 μg/mL, 3 h, mitochondrial ROS inducer, positive control). After treatment, MitoSOX red was added to the live cells for 10 min and mitochondrial ROS levels
from intact cells were promptly analyzed utilizing a fluorescence microscope at 400� magnification. The pixel intensity of each panel was analyzed using ImageJ and
expressed as integrated intensity corrected by number of cell (graph on the right of the figure).

Fig. 5. Temporal changes in overall and mitochondrial ROS caused by CNC-AEMA2. J774A.1 mouse macrophage cells were stimulated with CNC-AEMA2 (50 mg/mL) at
indicated times. After treatment, dihydrofluorescein diacetate (DCF-DA) or MitoSOX red was added to the live cells for 30 or 10 min, respectively and (A) intracellular ROS
levels or (B) mitochondrial ROS levels both from intact cells were promptly analyzed utilizing a fluorescence microscope at 200� magnification. The pixel intensity of each
panel was analyzed using ImageJ and expressed as integrated intensity corrected by number of cell (graph on the right of the figure).
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production, but not with the secretion in CNC-AEMA2-stimulated
cells.

3.3. CNC cationic derivatives cause mitochondrial dysfunction

Several publications have implicated that dysfunctional mi-
tochondria generates ROS, which ultimately sustain inflammasome
activation and IL-1β secretion [20,30–32]. Since both CNC-AEMA1 and
CNC-AEMAE2 demonstrated to increase mitochondrial ROS, we fur-
ther investigated in more details the potential impact of these nano-
materials on the mitochondrial function. Mitochondrial dysfunction
can be characterized by mitochondrial depolarization, mitochondrial
permeabilization and energy depletion, therefore we assessed the
impact of these drugs on mitochondrial membrane potential (ΔΨ),
and ATP content. Mitochondrial depolarization was assessed by the
widely used fluorescent probe JC-1, where green fluorescence in-
dicates depolarized (monomer form of JC-1, unhealthy mitochondria)
and red indicates hyperpolarized (J aggregate, healthy mitochondria).
CNC-AEMA2 caused the most loss in mitochondrial membrane po-
tential, indicated decreased in the red/green ratio, in comparison to
untreated cells (Fig. 8). Depolarization of the mitochondrial membrane
can have a direct impact on ATP production by the mitochondria.



Fig. 6. Effects of mitochondrial ROS inhibitor, MitoTEMPO, on IL-1β secretion in
cells stimulated with CNC-AEMA2. J774A.1 mouse macrophages were left to adhere
for at least 24 h. The mitochondrial ROS scavenger, MitoTEMPO (10 mM) was added
to the cells simultaneously to CNC-AEMA2 (50 mg/mL) stimulation. Alternatively
cells were stimulated with CNC-AEMA2 (50 mg/mL) for 7 h, and then MitoTEMPO
was added for another 16 h. After total 24 h of treatment IL-1β secretion was
quantified by ELISA. The data are representative of at least two independent ex-
periments performed in triplicates. *po0.05 compared to control and #po0.05
compared to CNC-AEMA2.
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Therefore, we also measured intracellular and extracellular levels of
ATP. Both CNC-AEMA1 and CNC-AEMA2 decreased intracellular ATP in
J774A.1-treated cells, however CNC-AEMA2 has a more pronounced
negative effect than CNC-AEMA1 (Fig. 9A), which is reflected on the
significant increases in extracellular ATP content (Fig. 9B).
4. Discussion

In this study we report that a needle-like CNC cationic deri-
vative, CNC-AEMA2, induces the secretion of proinflammatory
cytokine IL-1β in mouse macrophage cell line (J774A.1), in absence
of priming. It is important to mention that early studies demon-
strating immunogenic activity of needle-like nanomaterials, such
as amino-functionalized polystyrene [33] and carbon nanotubes
[12] were performed in primed human macrophages. Our study
Fig. 7. Effect of CNC-AEMA2 on mitochondrial ROS. J774A.1 mouse macrophage cells w
(50 mM) for 24 h. Alternatively, cells were stimulated with CNC-AEMA2 (50 mg/mL) for 7
MitoSOX red was added to the live cells for 10 min and mitochondrial ROS levels from
magnification. The pixel intensity of each panel was analyzed using ImageJ and expres
figure).
provides the first evidence that early generation of mitochondrial-
ROS are involved in the NLRP3 inflammasome activation and IL-1β
secretion induced by this nanomaterial in non-primed J774A.1 cell
line. The NLRP3 inflammasome/IL-1β inflammatory pathway is
known to be activated by a variety of potential needle-like and
particulate danger signals, including crystals of monosodium urate
and cholesterol, silica crystals, aluminum salts, serum amyloid A
(SAA) [20] in addition to bacterial toxins, oxidized mtDNA among
others [26–34]. More recently, needle-like multi-wall carbon na-
notubes (MWCNTs) and high-temperature calcined fullerene
nanowhiskers (HTCFNWs) have been shown to induce NLRP3-
mediated Il-1β secretion, in primed human macrophage cell line
(THP-1) [35]. Although there is a consensus in the field that several
“fiber/needle-like” molecules can elicit the NLRP3/IL-1β proin-
flammatory pathway, the mechanism by which this activation and
consequent IL-1β secretion occurs remains to be elucidated.
Variation in size, morphology and charge surface among these
nanomaterials can enormously affect their biological activity
[8,12,33]. For instance, when two different lengths of HTCFNWs
(short 1.8 μm) and long (7.6 μm) were compared in their ability to
induce NLRP3 inflammasome and IL-1β secretion in THP-1 cells, it
was found that the long nanomaterial caused the greatest effect
[35]. Our findings clearly demonstrated that CNC-AEMA2 was the
only nanomaterial that was capable to induce secretion of IL-1β in
vitro. We speculate that the combination of presence of amide
instead of ester linkage (AEMA versus AEM) and the amount of
brushes on the CNC surface (1, more brushes versus 2, less bru-
shes) could have been the key factors for CNC-AEMA2 to elicit its
pro-inflammatory effect. CNC-AEMA contains amide linkage,
which is less electron dense than ester linkage found in CNC-AEM
derivatives. This structural characteristic could facilitate CNC-
AEMA2 to interact with cell membranes, since it could be less
repulsed by the negatively charged membrane phospholipids. In
addition, CNC-AEMA2 also contains fewer brushes than its count
part nanomaterial CNC-AEMA1, and this feature could confer more
capability to penetrate into the cells or cause disturbance on the
cell membrane, and ultimately to induce IL-1β secretion [12].
However, it is still unclear whether CNC-AEMA2 in fact penetrates
in the cell or stays on the cell surface.

An in vivo study analyzing the pulmonary toxicity of CNCs in-
dicated that these nanomaterials can elicit dose-dependent oxi-
dative stress, tissue damage, and inflammatory responses in the
lungs [11]. We also observed that CNC-AEMA2 caused significant
increases in intracellular and mitochondrial-ROS (Figs. 4 and 5B).
ere stimulated with CNC-AEMA2 (50 mg/mL) in presence or absence of MitoTEMPO
h, and then MitoTEMPO was added for another 16 h. After total 24 h of treatment,
intact cells were promptly analyzed utilizing a fluorescence microscope at 200�
sed as integrated intensity corrected by number of cell (graph on the right of the



Fig. 8. Effect of CNC cationic derivatives on the mitochondrial membrane potential. J774A.1 mouse macrophage cells were stimulated with CNC-AEMA1 and CNC-AEMA2
(50 mg/mL) for 24 h or Antimycin A (40 μg/mL, 3 h, positive control). After treatment, JC-1 dye was added to the live cells for 10 min and mitochondrial membrane potential
(Δψm) was promptly analyzed utilizing a fluorescence microscope at 200� magnification. Green fluorescence indicates depolarized (monomer form of JC-1, unhealthy
mitochondria) and red indicates hyperpolarized (J aggregate, healthy mitochondria). Consequently, dysfunctional mitochondria are indicated by a decrease in the red/green
fluorescence intensity ratio (graph on the right of the figure). The red/green ratio was calculated using integrated intensity of red and green channels measured by ImageJ
software.

Fig. 9. Effect of CNC cationic derivatives on intracellular and extracellular ATP content. J774A.1 mouse macrophage cells were stimulated with CNC-AEMA1 or CNC-AEMA2
(50 mg/mL) for 24 h and after treatment ATP relative content in (A) cell lysates (intracellular ATP) and (B) supernatants (extracellular ATP) was analyzed with ATP biolu-
minescence assay kit. Data are expressed as relative luminescence units (RLU). Data were means 7S.D. from triplicate experiments. *po0.05 compared to control.
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This data is consistent with other findings in the literature in-
dicating that activation of NLRP3 inflammasome is associated with
increases in ROS production [26]. However, several studies suggest
that the sources of increased ROS and the kinetics of this event is
dependent on the nature of stimulation. We recently demon-
strated that the increase in mitochondria-derived ROS in SAA-
stimulated murine primary macrophages peaks as early as 2 h of
stimulation and intracellular ROS at 24 h [20], which is somehow
similar what was observed when mouse macrophages were sti-
mulated with CNC-AEMA2 (Fig. 5A and B). In addition, in CNC-
AEMA2 stimulated cells, the simultaneous treatment with mi-
tochondrial antioxidant MitoTEMPO abolished the secretion of IL-
1β. However, when MitoTEMPO was added post to 7 h of stimu-
lation with CNC-AEMA2, the inhibitory effect on IL-1β secretion
was no longer observed. This data suggested that the early in-
crease in mitochondrial-derived ROS is directly related to synth-
esis of intracellular pro-IL1β but not to the secretion of IL-1β in
CNC-AEMA2 stimulated cells. Several studies reinforce the idea
that mitochondrial ROS, especially generated as a consequence of
mitochondrial dysfunction, are the main source of ROS partici-
pating in NLRP3 inflammasome activation [20–31]. Although, it
appears that CNC-AEMA2 action is mainly through mitochondrion,
this compound was not the only one to cause mitochondrial
alterations. CNC-AEMA1 was also able to mildly increase mi-
tochondrial ROS. (Fig. 4). Analyzing mitochondria function we
found that both CNC-AEMA1 and CNC-AEMA2 affected
mitochondrial ROS production and intracellular ATP content,
which is not surprisingly because these nanomaterials showed
cationic nature [23] and it has also well known that other cationic
molecules, such as cationic lipids [36] and amino functionalized
polystyrene nanoparticles [33] can also cause mitochondrial dys-
function and activate NLRP3/IL-1β pathway. CNC-AEMA2 also
caused some degree of changes in mitochondrial membrane po-
tential, as seen with JC-1 mitochondrial staining (Fig. 8). However,
the most striking observation is that CNC-AEMA2 significantly
affects the extracellular levels of ATP (Fig. 9B). This dramatic
augmentation on extracellular ATP could explain at least in part its
action in increasing IL-1β secretion in CNC-AEMA2 treated cells.
ATP is a well-known potent NLRP3 inflammasome post priming
activator [26], and the secretion of IL-1β can largely be enhanced
by increased concentration of extracellular ATP, which ultimately
stimulates the purinergic receptor P2X7 [17]. It is important to
mention that neither unmodified CNC or CNC cationic derivatives
decreased cell viability in mouse macrophage cell line (J774A.1),
under the experimental conditions tested [23].
5. Conclusion

In conclusion, our study indicates that the CNC cationic deri-
vative, CNC-AEMA2 induced the secretion of the proinflammatory
cytokine IL-1β in mouse macrophage, probably via a mechanism
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involving increases in mitochondrial-derived ROS necessary for
priming and consequent release of ATP to the extracellular en-
vironment, which causes IL-1β secretion. This data suggests that
this cationic needle-like nanomaterial possesses immunogenic
properties, and perhaps could be used as an adjuvant for vacci-
nation, rather than as nanocarrier, as initially synthesized for [23].
In contrast, the other related CNC cationic derivatives did not show
any immunogenic activity in our experimental conditions, and
therefore they have potential applicability as drug and DNA de-
livery systems. However, because of the eminent biomedical ap-
plicability and potential large scale production of CNCs as well as
CNC cationic derivatives, the biological effects and safety for hu-
man health of these nanomaterials must be thoroughly in-
vestigated in vitro before they can be used in vivo.
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