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Multiwalled carbon nanotubes (MWCNTs) have tremendous potential in many areas of research and applications. Modification
of MWCNTs with carboxyl group is one of the widely used strategies to increase their water dispersibility. However, the effect
of carboxylation of MWCNTs on their interaction with macrophages remains unclear. The current study compared the impact of
pristineMWCNTs (p-MWCNTs) and carboxylic acid functionalizedMWCNTs (MWCNTs-COOH) on RAW264.7 cells by looking
at the cell viability, phagocytic activity, production of cytokines (IL-1𝛽, IL-10, IL-12, and TNF-𝛼), and intracellular reactive oxygen
species (ROS). It was revealed that exposure to either p-MWCNTs or MWCNTs-COOH induced decreased viability of murine
macrophage RAW 264.7 cells and moderately elevated phagocytic activity of murine peritoneal macrophages, but no statistical
significance was found between the two groups. Increased production of ROS in macrophages was induced after exposure to either
p-MWCNTs or MWCNTs-COOH. However, no significantly elevated production of cytokines (IL-1𝛽, IL-10, IL-12, and TNF-𝛼)
was observed from RAW 264.7 cells after exposure to the CNTs. Those data suggested that modification with carboxyl group did
not exert obvious impact on the interaction of MWCNTs with macrophages.

1. Introduction

Carbon nanotubes (CNTs), which are usually classified into
single-walled carbon nanotubes (SWCNTs) and multiwalled
carbon nanotubes (MWCNTs) [1], have won enormous pop-
ularity in nanotechnology for their unique properties and
applications. The rapid development of nanotechnology has
renewed potential applications within commercial, environ-
mental, and medical sectors, including electronic devices,
polymer composites, enzymatic films, scaffolds for tis-
sue engineering, and nanoscale constructs for intracellular
drug/gene delivery or tracking and detecting diseases [2–
6]. The broad range of increasing applications for CNTs
will almost certainly result in increased potential for both
human and environmental exposures to these nanomaterials.
Therefore, it is essential to ascertain the potential hazards of
CNTs to humans and other biological systems. A number of
in vivo and in vitro studies have been conducted to evaluate
the biological impacts of CNTs. In vivo studies demonstrated

that intratracheally introduced CNTs induced granulomas in
rat and mice lungs [7, 8]. Studies on the cytotoxicity of CNTs
against a variety of cell lines revealed that CNTs induced
elevated release of IL-8 in human epidermal keratinocytes [9],
DNA damage in mouse embryonic stem cells [10], apoptosis
of T lymphocyte [11], and reduced proliferation of rat aortic
smooth muscle cells [12].

Generally, metal dissolution, size effect, and surface
chemistry have been cited as major factors indicating cyto-
toxicity of CNTs. Several investigations were conducted
on SWCNTs with varying metal content to evaluate their
cytotoxicity [13, 14].The size, shape, and length of CNTs were
also found to significantly impact on the cytotoxicity [15].
Modification of CNTs with different chemical groups was
used to enhance their solubility and biocompatibility; each
was likely to result in different cytotoxicity [16, 17]. Covalent
functionalization by oxidization with strong oxidants to
generate carboxylic acid groups or carboxylated fractions on
the surface of the CNT is one of the widely used strategies
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to increase their water miscibility. Various molecules can be
further coupled to the surface of carboxylated CNTs (CNTs-
COOH) for the desired applications. However, the impact of
carboxylation of CNTs on their cytotoxicity is far from being
completely understood.

Macrophages are the key cells in mediating the inflam-
matory responses to foreign substances, especially partic-
ulate substances such as nanoparticles, through phagocy-
tosis and secretion of proinflammatory cytokines [18, 19].
Therefore, the interaction of CNTs with macrophages may
affect the cytotoxicity of CNTs and could thus be employed
to evaluate their biocompatibility. Previous study conducted
by Shvedova et al. demonstrated that SWCNTs induced
recruitment and activation of macrophages in the lung of
exposed animals [20]. Results from other study showed that
SWCNTs or MWCNTs were cytotoxic and genotoxic on
murine macrophages [21–24] and could cause incomplete
phagocytosis or mechanically pierce through the plasma
membrane and result in oxidative stress and cell death in
human macrophage cells [22].

The current study was aimed at evaluating the impact
of carboxylation on the cytotoxicity of CNTs by comparing
the interactions of pristine MWCNTs (p-MWCNTs) and
carboxylated MWCNTs (MWCNTs-COOH) with murine
macrophage cell line RAW264.7 cells. It was revealed
that exposure to either p-MWCNTs or MWCNTs-COOH
induced decreased viability of murine macrophage RAW
264.7 cells and elevated phagocytic activity of murine peri-
toneal macrophages, but no statistical significance was found
between the two groups. Increased production of ROS
in macrophages was induced after exposure to either p-
MWCNTs or MWCNTs-COOH. However, no significantly
elevated production of cytokines (IL-1𝛽, IL-10, IL-12, and
TNF-𝛼) was observed from RAW 264.7 cells after exposure
to the CNTs.

2. Materials and Methods

2.1.Materials. p-MWCNTs andMWCNTs-COOHwere pur-
chased from Chengdu Organic Chemicals Co. Ltd. (Sichuan,
China), The MWCNTs were characterized with transmis-
sion electron microscope (TEM) (JEM-1010, JEOL, Japan),
scanning electron microscope (SEM) (X-650, HITACHI,
Japan), and X-ray photoelectron spectroscope (XPS) (PHI-
1600 ESCA, Perkin-Elmer, USA) in our previous study [25].
It was demonstrated that the two MWCNTs had a similar
surface topography and size (average outside diameters of
10 to 20 nm and average length of 10 to 30 𝜇m). It also
revealed the presence of carboxyl groups on the MWCNTs-
COOH and the absence of any metal elements on the two
kinds of MWCNTs. Murine macrophage cell line RAW264.7
was obtained from ATCC (Manassas, VA, USA). FBS was
obtained from Hyclone (Logan, UT, USA). Lipopolysaccha-
ride (LPS) and 2,7-dichlorofluorescein (DCF) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). CellTiter-
Glo Luminescent Cell Viability Assay Kits were purchased
from Promega (Madison, WI, USA). Immunoassay Kits for
murine cytokines (IL-1𝛽, IL-10, IL-12, and TNF-𝛼) were

purchased from BioSource International, Inc. (Camarillo,
California, USA).

2.2. Preparation of CNT Suspensions. The MWCNTs were
dispersed in PBS to prepare stock suspensions (2mg/mL)
and sonicated (Ultra sonic processor KQ22000DE) at 25∘C,
80W for 20min. The stock suspensions were then heat-
sterilized. To prepare test concentrations, the solution was
sonicated again and then serially diluted with serum-free
DMEMmedium.

2.3. Cell Viability Assay. RAW264.7 cells were grown in
DMEM supplemented with 1% L-glutamine, 1% peni-
cillin/streptomycin, and 10% heat inactivated FBS. The cells
wereseeded into a 96-well plate at a density of 5 × 104
cells/mL (100𝜇L per well) and incubated for 24 hours at
37∘C in a humidified 5% CO

2
incubator. The cells were

then divided into 3 groups (6 wells/group) and treated with
different concentrations (1, 10, 100, and 200𝜇g/mL, resp.)
of p-MWCNTs, MWCNTs-COOH, and fresh medium alone
(negative control), respectively, leaving 8wellswithout cells as
blank control. After 12, 24, 48, and 72 hours of coincubation,
100 𝜇L of CellTiter-Glo Reagent was added to each well and
incubated at room temperature for 10 minutes to stabilize the
luminescent signal. The luminescent intensity was measured
in a microtiter plate reader (VARIOSKAN FLASH, Thermo,
MA, USA). The viability of cell was calculated with the
following formula: cell viability ratio (%) = (𝐴 test − 𝐴blank)/
(𝐴negtive − 𝐴blank) × 100.

2.4. ELISA for Cytokines. RAW264.7 cells were seeded in a
24-well plate at a density of 5 × 104 cells/mL (2mL per well)
and coincubated with p-MWCNTs or MWCNTs-COOH at
the concentrations of 1, 10, 100, and 200𝜇g/mL, respectively.
The cells treated with 1 𝜇g/mL LPS were used as the pos-
itive control, whereas the untreated cells were employed
as the negative control. After 12, 24, 48, and 72 hours of
coincubation, aliquots of the cell supernatant were collected,
centrifuged, and stored at −80∘C for cytokine determination.
The concentration of cytokines (IL-1𝛽, IL-10, IL-12, and
TNF-𝛼) in the cell supernatant was determined by enzyme-
linked immunosorbent assay according to themanufacturer’s
instructions. Optical density was measured at 450 nm using a
microtiter plate reader (VARIOSKAN FLASH,Thermo, MA,
USA). Each ELISA test was performed in duplicate and the
experiment was repeated three times. The amount of the
cytokines in the cell supernatants was calculated by reference
to the standard curve constructed with fixed concentrations
of the human recombinant cytokines provided in the kits.

2.5. Detection of Phagocytic Activity of the Macrophages. A
total of 24 mice (25 g, male) were randomly divided into
4 groups (six/group). Groups 1, 2, and 3 were peritoneally
injected with 1mL of p-MWCNTs (200 𝜇g/mL), MWCNTs-
COOH (200𝜇g/mL), and LPS (1 𝜇g/mL) solution, respec-
tively, leaving group 4 untreated. 24 hours after inocula-
tion, the murine peritoneal macrophages were harvested
by centrifugation and suspended in 0.9% NaCl solution.
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After that, 50𝜇L of the cell suspension containing 2 ×
106 cells/mL was incubated with equal volume of freshly
prepared suspension of 5% chicken red blood cells (CRBCs)
at 37∘C for 30 minutes. The phagocytosis of the CRBCs
by macrophages was observed under a microscope (Leica,
Germany) with a magnification of 1000 after staining with
Wright-Giemsa. The phagocytic rate (PR) and phagocytic
index (PI) were calculated with the following formulas: PR =
(the number ofmacrophages containing CRBC/total number
of the macrophages) × 100%; PI = (total number of the
phagocytosed CRBC/total number of macrophages).

2.6. ROS Detection. The formation of intracellular ROS was
measured by monitoring the increase in the intensity of
fluorescence generated by 2,7-dichlorofluorescein (DCF).
RAW264.7 cells were seeded in a 24-well plate at a density
of 5 × 104 cells/mL (2mL per well) and coincubated with p-
MWCNTs orMWCNTs-COOHat the concentrations of 1, 10,
100, and 200 𝜇g/mL, respectively, with the cells treated with
100 𝜇M H

2
O
2
as positive control and the untreated cells as

negative control. After 12, 24, 48, and 72 hours of coincuba-
tion, the cells were washed with PBS twice and subsequently
incubated with 500𝜇L DCFH-DA diluted with serum-free
medium (1 : 1000) for 30 minutes at 37∘C in a humidified
5% CO

2
incubator. After that, the liquid was removed and

the plate was washed with PBS three times to remove the
unaffiliated fluorescent probes. 500 𝜇L of serum-freemedium
was added and incubated for 30 minutes at 37∘C, followed
by measuring the fluorescent intensity in a microtiter plate
reader (VARIOSKAN FLASH, Thermo, USA) with exciting
wavelength of 485 nm and emitting wavelength of 535 nm.

2.7. Statistical Analysis. Data were presented as the mean
of six individual observations with standard deviation. The
statistical analysis was performed using the ANOVA (a one-
way analysis of variance), followed by Bonferroni 𝑡-test for
comparison with the control group. Statistical significance
was determined at 𝑃 < 0.05.

3. Results and Discussion

Knowledge about the biological impact of functionalized
CNTs and the underlyingmechanisms is crucial for designing
CNTs with improved biocompatibility. Increasing efforts
have been focused on studying the interaction between
functionalized CNTs and cells, but the results remained
conflicting.Therewere several reports showing that oxidation
of CNTs was associated with decreased cytotoxicity and
improved biocompatibility, while other studies reported that
functionalized CNTs were more cytotoxic. Bellucci et al.
compared the toxicity of pristine and oxidized MWCNTs
on human T cells and observed that oxidized CNTs were
more toxic than pristine CNTs [26]. Jos et al. showed that
toxic effects in Caco cells were induced from 100 𝜇g/mL
SWCNTs-COOH, but the cytotoxic effect of pristine CNTs
at the same concentration was not observed in their study
[27]. Liu et al. recently demonstrated that CNTs-COOH
induced autophagic cell death in A549 cells through the

AKT-TSC2-mTOR pathway and caused acute lung injury in
vivo, whereas polyaminobenzene sulfonic acid-CNT (PABS-
CNT) and polyethylene Glycol-CNT (PEG-CNT) did not
[28]. The effects of carboxylic acid functionalized CNTs
on macrophages are of great interest due to the pivotal
role macrophages play in the interaction between the body
and foreign particulate substances including CNTs. Albeit
there have been several studies reporting the interaction
between pristine CNTs and macrophages, little information
has been accumulated regarding the impact of carboxylic acid
functionalized CNT on macrophages. The primary goal of
the present study was to investigate the interaction between
MWCNTs-COOH and macrophages.

The divergent findings about the biological effects of
functionalized CNTs may attribute to a variety of factors
including the sizes and shapes of CNTs, metal impurities, and
adsorption of the FBS onto the surface of the CNTs, which
can seriously influence the toxicological evaluation of CNT.
Therefore, it is pivotally important to characterize the CNTs
before toxicity assessment. Both p-MWCNT and MWCNT-
COOH employed in the current study were characterized
with TEM, SEM, and XPS in our previous investigation
[25], which demonstrated the existence of carboxyl group on
the surface of MWCNT-COOH, the similarity of MWCNT-
COOH with p-MWCNT in morphology and size, and
absence of any detectable metal residues on both CNTs.
Since CNT might adsorb the FBS proteins in the culture
medium and thus lead to decreased cell viability [29], the
stock suspension of both CNTs used in the present study was
prepared with PBS in an attempt to avoid the adsorption of
the FBS proteins in the culture medium onto the surface of
the CNTs before coincubation with cells.

While MTT assay has been widely used in the assessment
of cell viability, it may result in unreliable results when
employed for toxicological evaluation of CNT due to the fact
that CNT can interact with formed MTT-formazan crystals
and thus interfere with the evaluation of the toxicity of
CNTs, leading to quite different results as compared with
that utilizing water soluble tetrazolium salts (WST-1) [30].
It was also reported that CNT can interact with a number
of other dyes, including WST-1, Neutral Red, and Alamar
BlueTM [31], most likely through physical sorption. This
can lead to false reading of the toxicity and make these
assays inappropriate for quantitative evaluation of the toxicity
of CNT. Therefore, we chose to evaluate the cytotoxicity
of the CNTs by CellTiter-Glo Luminescent Cell Viability
Assay, which determines the number of active cells based
on the luciferase reaction generating a stable “glow-type”
luminescent signal, which is not influenced by CNT. As
shown in Figure 1, both p-MWCNT and MWCNT-COOH
induced decreased viability of RAW264 cells in a dose-
dependentmanner; however, there is no significant difference
between the two groups. The CNT at 1𝜇g/mL was not found
to cause any obvious cytotoxicity within 72 hours of exposure.
24 hours of exposure to 10 𝜇g/mL CNTs led to significantly
decreased cell viability (61.46 ± 3.65% for MWCNT-COOH
and 60.37±4.41% for p-MWCNT), and even sharper decrease
in cell viability was observed after exposure to 100 and
200𝜇g/mL of p-MWCNTorMWCNT-COOH.However, the
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Figure 1: The effect of p-MWCNTs and MWCNTs-COOH on the cell viability.

cell viability bounced back after 48 hours of exposure (86.35±
7.01% in MWCNT-COOH group and 84.01 ± 6.82% in p-
MWCNT group). This observation was different from our
previous report that MWCNT-COOH was less toxic against
normal liver cell line LO2 cells, providing further evidence
of the cell type dependence of CNT cytotoxicity [25]. It is
also worth noting that the cytotoxicity reached to the highest
level after 24 hours of incubation, and after that, cell viability
gradually recovered, which indicated that RAW264.7 cells
had a self-adaptation and self-renewal process after 24 hours
of exposure to p-MWCNT or MWCNT-COOH.

Since macrophages are important cells for mediating
the inflammatory responses to foreign particulate sub-
stances through phagocytosis and secretion of proinflam-
matory cytokines, it is also vitally important to learn the

impact of MWCNTs-COOH on the cytokine production by
macrophages and their phagocytic activity. Four different
cytokines were selected in the current study, which included
IL-1𝛽, IL-10, IL-12, and TNF-𝛼. Three of them, including IL-
1𝛽, IL-12, and TNF-𝛼, are proinflammatory cytokines which
upregulate the inflammatory response [32], whereas IL-10
is an anti-inflammatory cytokine which downregulates the
release of cytokines [33, 34]. It was shown from Figure 2
that neither p-MWCNTs norMWCNTs-COOH induced any
significant changes in the production of the 4 cytokines
by RAW264.7 cells at the concentrations ranging from 1 to
200𝜇g/mL for up to 72 hours of coincubation. However,
LPS, a strong inflammation-stimulating agent that is able to
induce release of inflammatory cytokines by macrophages,
induced significantly elevated release of the four cytokines,
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Figure 2:The impact of p-MWCNTs andMWCNTs-COOH on the production of cytokines in RAW264.7 cells. (a) IL-1𝛽, (b) IL-12, (c) IL-10,
and (d) TNF-𝛼.

confirming the reactivity of the RAW264.7 cells to the
inflammatory stimuli. To learn if the CNTs would affect
the phagocytic activity of the macrophages, p-MWCNTs or
MWCNTs-COOH at a concentration of 200𝜇g/mL were
injected into the peritoneal cavity of mice and the murine
peritoneal macrophages were harvested 24 hours later to
assess the phagocytic activity. As demonstrated in Table 1,
PR was 25.13 ± 6.79%, 26.67 ± 5.46%, 48.38 ± 3.74%,

and 17.17 ± 4.35% for the p-MWCNTs exposure group,
MWCNTs-COOH exposure group, LPS exposure group, and
negative control, respectively, whereas PI was 0.804 ± 0.068,
0.795 ± 0.113, 1.929 ± 0.203, and 0.542 ± 0.069 for the
p-MWCNTs exposure group, MWCNTs-COOH exposure
group, LPS exposure group, and negative control, respec-
tively. These results indicated that both p-MWCNTs and
MWCNTs-COOH induced moderately elevated phagocytic
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Figure 3: Production of ROS induced by exposure to the CNTs. Δ𝑃 < 0.05 as compared with negative control. ∗𝑃 < 0.05 as compared with
p-MWCNT group.

Table 1: Phagocytic activity of the macrophages in contact with the
carbon nanotubes.

Phagocytic rate (%) Phagocytic index
Negative control 17.17 ± 4.35 0.542 ± 0.069
p-MWCNTs 25.13 ± 6.79∗ 0.804 ± 0.068∗

MWCNTs-COOH 26.67 ± 5.46∗ 0.795 ± 0.113∗

LPS 48.38 ± 3.74∗ 1.929 ± 0.203∗
∗
𝑃 < 0.05 as compared with negative control.

activity of themurine peritonealmacrophages, but no statisti-
cal significance was observed between the two CNT exposure
groups.

Several different mechanisms might be involved in the
nanotoxicity, inwhich the induction of oxidative stress by free
radical formation plays a critical role [35]. Reactive oxygen
species (ROS) generated during the response of cells to nano-
materials including CNT [13, 14, 36], when in excess, might
cause damage to cells through oxidation of biological macro-
molecules including lipids, proteins, and DNA [37]. To verify

whether exposure to the MWCNTs might induce production
of ROS in RAW264.7 cells, intracellular ROS accumula-
tionwas determined using 2,7-dichlorofluorescein diacetate
(DCFH-DA), a nonfluorescent compound that accumulates
in cells upon deacetylation and then reacts with ROS to form
fluorescent dichlorofluorescein (DCF). Figure 3 showed that
ROS production increased significantly in the cells treated
with p-MWCNT or MWCNT-COOH as compared with the
untreated cells at each time point and concentration except
1 𝜇g/mL and ROS production was even higher in the cells
treated with 100 or 200𝜇g/mL of p-MWCNT than that
in the cells treated with the same amount of MWCNT-
COOH at each time point. No significant difference was
observed between p-MWCNT and MWCNT-COOH group
at the concentrations of 1 and 10 𝜇g/mL. Our previous study
[25] demonstrated that p-MWCNTs induced higher ROS
production in LO2 cells and higher degree of cytotoxicity as
comparedwithMWCNT-COOH, indicating the positive cor-
relation of ROS production with cytotoxicity. In the present
study, it was revealed that p-MWCNT andMWCNT-COOH
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induced similar degree of cytotoxicity against RAW264.7 cells
even though the intracellular ROS production generated by
p-MWCNT was significantly higher than that by MWCNT-
COOH at higher concentrations. One possible explanation
for this divergent finding might be that macrophages, as a
kind of phagocytes, are more resistant to the ROS induced
cell damage as compared to other types of cells including LO2
cells.

4. Conclusion

The present study compared the impact of p-MWCNT
and MWCNT-COOH on RAW264.7 cells. It revealed
that MWCNTs-COOH demonstrated a similar effect on
RAW264.7 cells as compared with p-MWCNTs in terms
of cytotoxicity, phagocytic activity, and cytokine produc-
tion, although p-MWCNTs at higher concentration induced
higher ROS production in the cells as compared with
MWCNTs-COOH. Those data suggested that modification
with carboxyl group did not exert obvious impact on the
interaction of MWCNTs with macrophages.
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