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Biodegradation of Carbon Nanotubes
by Macrophages

Mei Yang and Minfang Zhang*

CNT Application Research Center, National Institute of Advanced Industrial Science and Technology (AIST), Tsukuba, Japan

Carbon nanotubes (CNTs) are considered to be among the most promising materials of
the twenty first century due to their electronic, optical, mechanical, and thermodynamic
properties. As the projected use of CNTs has increased in a variety of fields, including
nanoelectronics, energy, materials science, and biology, their long-term toxicity has
attracted increasing concern. This issue is especially important because CNTs are
extremely physically and chemically stable, and therefore may not be biodegradable.
However, novel approaches for degrading CNTs have been developed. These methods,
which use peroxidases, neutrophils, and macrophages in vitro and in vivo, have yielded
some encouraging results. In this mini review, we summarize current research on the
biodegradation of CNTs, in particular by macrophages. We also discuss the factors that
influence the biodegradation of CNTs according to their individual characteristics, with
the aim of facilitating their applications.
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INTRODUCTION

Carbon nanotubes (CNTs) (Iijima, 1991) have interesting electronic, optical, mechanical, and
thermodynamic properties (Popov, 2004), and are therefore considered to be among the most
promising materials of the twenty first century. CNTs have been applied in various fields of
electronics (Baughman et al., 2002; Sgobba and Guldi, 2009), composite materials (De Volder
et al., 2013), and energy (Tan et al.,, 2012; Antiohos et al., 2013), as well as in biological fields
such as therapeutics and imaging applications (Liu et al., 2009; Martincic and Tobias, 2015; Wu
etal., 2019), biosensors (Feigel et al., 2011), diagnosis (Galassi et al., 2018), nano-neuroengineering
(Malarkey and Parpura, 2007), and drug delivery (Wong et al., 2013; Karimi et al., 2015). However,
as the number of nanocarbon products entering the market has expanded, public concern regarding
possible environmental and toxicological impacts has grown. For example, some types of CN'Ts can
increase the risk of cancer (Guo et al., 2012; Luanpitpong et al., 2016). In addition, when CNTs enter
living bodies, they become trapped by the reticuloendothelial system (RES) (liver, spleen, lung, etc.)
and are difficult to excrete (Jacobsen et al., 2017). Although many studies have shown that CNTs
are non-toxic in vivo in mice and rats (Schipper et al., 2008; Yang et al., 2008; Sato et al., 2013),
the long-term toxicity of CNTs is still an important issue that must be resolved before CNTs can be
practically applied in a widespread manner.

The greatest concern about the risk of CNTs is related to their unique physicochemical nature:
specifically, these materials are extremely stable and difficult to degrade. Historically, it was widely
accepted that CNTs could only be chemically degraded by strong oxidants or heat treatment in
oxygen (combustion) (Ros et al., 2002; Rosca et al., 2005; Zhang et al., 2007). In 2008, however, a
pioneering study showed for the first time that CNTs could be biodegraded through enzymatic
oxidation by horseradish peroxidase (HRP) (Allen et al, 2008). Subsequently, many studies
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on the biodegradation of CNTs have been performed, many
of which examined enzymatic oxidation and neutrophils or
macrophages in vitro (Kagan et al., 2010; Kotchey et al,, 2012,
2013; Hou et al,, 2016; Yang et al,, 2019) and in vivo (Nunes
et al., 2012; Shvedova et al., 2012a; Kagan et al., 2014). These
encouraging results are conducive to extending the applications
of CNTs. In vivo biodistribution studies have shown that CNTs
in living bodies are mainly distributed in macrophages in liver,
lung, and spleen (Jacobsen et al., 2017). Therefore, elucidation of
macrophage-mediated CNT biodegradation in vitro and in vivo
is essential for overcoming biosafety concerns pertaining to these
materials. In this mini review, we will summarize current in vitro
and in vivo research in this field, focusing on biodegradation of
CNTs by macrophages, and also discuss factors that affect the
biodegradations of CN'Ts.

BIODEGRADATION OF CNTs IN VITRO

Biodegradation of CNTs by Enzymes
Biodegradation of CNTs by enzymes was first reported by
Allen et al. (2008). They demonstrated that oxidized single-wall
CNTs (SWCNTs) could be degraded by enzymatic oxidation
with HRP, a plant enzyme. Nearly all CNTs were degraded
within 10 days when a trace amount of hydrogen (H,O,) was
added continuously every day (Allen et al., 2008). Degradation
of SWCNTs results in shortening of nanotube length, leading
to production of oxidized polyaromatic hydrocarbons and
ultimately CO, (Allen et al., 2009). Later, multi-wall CNTs
(MWCNTs) were studied using the same method (Russier et al.,
2011; Zhao et al., 2011): the results revealed that HRP could
degrade those CNTs within 90 days. CNT biodegradation studies
were later extended to animal-derived peroxidases, such as
myeloperoxidase (MPO) expressed in neutrophils (Kagan et al.,
2010; Bhattacharya et al., 2014), eosinophil peroxidase (EPO)
(Andon et al.,, 2013), and lactoperoxidase (LPO) (Bhattacharya
et al., 2015) expressed by goblet cells. Other enzymes such as
lignin peroxidase (Chandrasekaran et al., 2014), xanthine oxidase
(Sureshbabu et al.,, 2015), and manganese peroxidase (Zhang,
C. et al, 2014) are also able to break down CNTs. Together,
these results show that diverse peroxidases can efficiently catalyze
CNT degradation.

Biodegradation of CNTs by Macrophages

Because CNTs in living bodies are trapped by the RES system
and ultimately distributed in macrophages (Jacobsen et al,
2017), biodegradation studies have focused on the breakdown
of CNTs in these immune cells. Kagan et al. (2010) were the
first to demonstrate that monocyte-derived macrophages freshly
isolated from healthy adults can degrade oxidized SWCNTs.
In a follow-up study, the same group reported that oxidative
degradation of oxidized SWCNTs in phorbol 12-myristate 13-
acetate (PMA)-activated THP-1 macrophages takes place mainly
via a superoxide-to-peroxynitrite oxidative pathway (Kagan
et al., 2014). Macrophage degradation of carbon nanohorns,
which are thought to be a type of CNTs (lijima et al., 1999),
was quantitatively studied using an optical absorption method
(Zhang et al., 2015). The results revealed that about 30% of
oxidized carbon nanohorns were degraded by both RAW 264.7

and THP-1 cells within 9 days. Using a similar method, Yang
et al. showed that SWCNTs dispersed in a solution of bovine
serum albumin (BSA) could be degraded by RAW 264.7 cells
and primary rat Kupffer cells (Yang et al.,, 2019). Degradation
of oxidized CNTs by macrophages was also confirmed by
observation of the structural changes of CNTs (Bussy et al., 2016;
Hou et al,, 2016). Studies of CNT degradation in macrophages
performed to date are summarized in Table 1.

Biodegradation Mechanism of CNTs in

Macrophages

When bacteria or particles are engulfed by macrophages, oxygen
consumption increases, and nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase assembled at the phagolysosomal
membrane is activated. NADPH oxidase transfers electrons
to oxygen to form reactive oxygen species (ROS) such as
hydrogen peroxide (HO3), superoxide anion (O,-7), and
hydroxyl radical (OH-). ROS degrade internalized particles
or bacteria, a phenomenon termed the respiratory burst or
oxidative burst (Babior et al., 2002). CNTs are thought to be
degraded in macrophages via this oxidative burst (Elgrabli et al.,
2015; Hou et al., 2016). Using liquid-cell transmission electron
microscopy, Elgrabli et al. (2015) performed in situ monitoring
of ROS-mediated MWCNT degradation. They found that two
degradation mechanisms are induced by hydroxyl radicals: a
non-site-specific thinning process of the walls, and a site-
specific transversal drilling process on pre-existing defects in the
nanotubes. On the other hand, when macrophages were pre-
treated with MPO or ROS inhibitors, biodegradation of CNTs
in macrophages was dramatically reduced (Hou et al., 2016;
Ding et al., 2017). When NADPH oxidase-deficient mice were
subjected to in vivo tests, CNT degradation decreased markedly
(Kagan et al., 2014). All results reported to date indicate that
NADPH oxidase-dependent ROS generation plays a crucial role
in CNT biodegradation by macrophages.

The biological pathway of CNT degradation in macrophages
is summarized below and in Figure 1. When CNTs are engulfed
by macrophages, NADPH oxidase is activated, inducing the
formation of Oy-~. Superoxide is then converted by superoxide
dismutase (SOD) into H,O;, or reacts with free radical nitric
oxide (NO-) to generate ONOO™. Enzymes such as MPO
combine H,O, with CI™ to produce hypochlorite; alternatively,
in the presence of Fe3t, H,0, is converted to OH-. ONOO™,
hypochlorite, and OH- can attack CNT defects and unsaturated
carbon bonds on the sidewalls of CNTs creating holes in the
graphitic structure, finally resulting in the degradation of CNTs
to carbon dioxide.

BIODEGRADATION OF CNTs BY
MACROPHAGES IN VIVO

In the Lung

Elgrabli et al. (2008) intratracheally instilled MWCNTs with a
diameter of about 20-30 nm into rat lungs, and found that the
nanotubes persisted for 6 months, concomitant with a significant
increase in the number of alveolar macrophages in the lung.
Since the MWCNTs used in this study were synthesized by
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TABLE 1 | Summary of the outcomes of macrophage-based CNT degradation methods reported in the literature.

Types of CNTs Modifications or Cell type Major results References
pristine
SWCNTs IgG functionalized short Neutrophils and human About 30 and 100% of IgG-SWCNTs were biodegraded in Kagan et al., 2010
SWCNTs monocyte derived neutrophils at 6 and 12 h, respectively, while no degradation
macrophages was observed at 6h and 13 % degradation was observed at
12 h by macrophages.
Pristine, hydroxylated, RAW 264.7 Stimulation of respiratory bursts in macrophages accelerated Hou et al., 2016
acid-oxidized. pre-activated by PMA biodegradation of ox-SWCNTs and OH-SWCNTs, while
pristine SWCNTs were resistant to biodegradation by cells.
The degradation rates were in the order of OH-SWCNTs >
ox-SWCNTs > > pristine-SWCNTs.
Pristine, oxidized RAW 264.7, primary rat Pristine SWCNTs were degraded by about 30% by RAW Yang et al., 2019
kupffer cells 264.7, and acid-oxidized SWCNTs were degraded by about
50% by kupffer cells during 26 days of incubation.
Oxidized THP-1 derived The intensity of Raman D-band/G-band was significantly Kagan et al., 2014
macrophage increased and the size distribution of SWCNTs was markedly
shifted from 1,400-1,800 nm to 400-1,000 nm after
incubating the SWCNTs with activated THP-1 for 72 h.
Oxidized, IgG Zymosan-stimulated SWCNTs were significantly degraded in zymosan-stimulated Ding et al., 2017
functionalized macrophage macrophages. The IgG functionalized SWCNTs stimulated
MPO release and ONOO™ formation in macrophages,
thereby creating conditions favorable for CNT degradation
and contributing to the higher degradation of
IgG-functionalized SWCNTs.
CNHs Oxidized CNHs RAW264.7, THP-1 Approximately 30% of the CNHs were degraded by both Zhang et al., 2015
derived macrophage RAW 264.7 and THP-1 macrophage cells within 9 days.
MWCNTs Oxidized MWCNTSs, Primary rat microglia Chemically functionalized MWCNTs (oxidized, aminated, and Bussy et al., 2016
Oxidized-MWCNT- both oxidized and aminated) were partially but continuously
NH3* degraded in primary microglial cells, and carboxylation
MWOCNT-NHg+ promoted more pronounced structural changes inside
microglia over the first 2 weeks.
Short-CNTs, RAW 264.7 Short pristine CNTs were more prone to biodegradation than Landry et al., 2016

Long-CNTs (pristine/
functionalized by acid
treatment)

Aminated MWCNTs,
Aminated Fe @ MWCNT

Oxidized MWCNTs
Pristine MWCNTs

THP-1 derived
macrophage

Murine macrophage
cells (J774)

long pristine or functionalized CNTs, while short functionalized
CNTs were not.

MWCNTs underwent more rapid structural damage than
Fe@MWCNTs.

Oxidized MWCNTs were more prone to biodegradation than
pristine MWCNTs by macrophages.

Elgrabli et al., 2017

Gonzalez-Lavado et al.,
2018

phagosome

phagolysosome

Macrophage

FIGURE 1 | A scheme of CNTs degradation in macrophage.

CNT degradation in phagolysosome

CO,/H,0
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chemical vapor deposition method with nickel catalysts, and Ni
content in MWCNTs sample was used to estimate the quantity
change of MWCNTs inside of lung. Results show that MWCNT
doesn’t cross the lung barrier and is eliminated from the lung.
MWCNT length was significantly decreased after instillation for
15 days, suggesting that the nanotubes were undergoing cleavage.
In the meantime, alcohol, carbonyl, and nitrogen groups were
introduced on the MWCNTs. Although further investigations are
needed, the authors clearly showed that alveolar macrophages
play major roles in eliminating MWCNTs from the lung. Kagan’s
group instilled oxidized SWCNTs into the lungs of MPO-
knockout (Shvedova et al., 2012a) or NADPH oxidase—deficient
mice (Kagan et al., 2014) via pharyngeal aspiration, and found
that clearance of SWCNTs was markedly less effective in both
mutants than in the wild type.

In the Brain

Nunes et al. stereotactically injected amine-functionalized
MWCNTs into the cortex of mouse brain (Nunes et al., 2012)
and found that the nanotubes were predominantly internalized
within microglia, the resident macrophages of the brain, at early
time points. TEM analysis of nanotubes in the tissue sections
revealed severe structural deformations, reduced length, and loss
of cylindrical structure, suggesting that nanotube degradation
can start within 2 days post-injection. Raman spectral analysis
confirmed that the degree of structural defects in CNTs increased
with time. Although the underlying degradative processes and
mechanisms were not elucidated, this study provided the first
direct evidence for degradation of chemically functionalized
MWCNTs within brain cortex.

In the Liver

Zhang et al. encapsulated Gd,O3 nanoparticle labels within
CNHs. By measuring the concentration of gadolinium by
inductively coupled plasma atomic emission spectroscopy (ICP-
AES), they quantitatively determined the biodistribution and
clearance of CNHs after intravenous injection into mice (Zhang,
M. et al., 2014). About 70% of CNHs accumulated in the liver,
and over 4 months 40% of the injected CNHs were cleared from
the body. However, only 15% were excreted in feces, most likely
via the biliary pathway into the intestine. The remaining 25%
were inferred to be partly or completely degraded in the liver.
No studies to date have examined the degradation of SWCNTs or
MWCNTs by liver.

FACTORS THAT INFLUENCE THE
BIODEGRADABILITY OF CNTs

As shown above, CNTs can be degraded by macrophages in vitro
and in vivo. However, the degree of CNT degradation is not
always consistent across studies, probably due to differences in
the types of CNTs and experimental conditions used. To give a
comprehensive picture of the biodegradability of CNTs, here we
discuss several important factors that influence biodegradability.

CNT Types and Lengths
SWCNTs are more easily degraded than MWCNTs, which
take a longer time to degrade in both in vitro enzymatic

systems (Zhao et al, 2011) and cells (Bussy et al, 2016).
Modugno et al. compared the biodegradability of double-walled
CNTs (DWCNTs) and MWCNTs of various lengths, degrees
of oxidation, and functionalizations. Raman and TEM analysis
revealed that short MWCNTs functionalized by amidation were
most efficiently broken down by HRP, whereas DWCNTs were
more resistant to the degradative action of HRP, even after
functionalization (Modugno et al., 2016). Because hypochlorite
generated by enzymatic reactions is a key oxidizer of CNTs inside
of macrophages or neutrophils (Vlasova etal., 2011, 2012), Zhang
et al. used sodium hypochlorite to investigate the biodegradation
features of 11 types of commercially available CNTs. They
found that degradation of CNTs was generally diameter- or
thickness-dependent, with the degradation rates following the
order SWCNTs > CNHs > thin MWCNTs > thick MWCNTs
(Zhang et al., 2019).

CNT length also seems to influence degradation rate. Landry
et al. (2016) compared four MWCNTs differing in length and/or
surface chemistry, and found that short pristine MWCNTs were
more prone to biodegradation than longer MWCNTs. They
postulated that this is because short CNTs are more accessible to
iron and encapsulated higher-Fe nanoparticles than long CNTs.
Iron could react with nanotubes via the Fenton reaction, leading
to generation of ROS, which have been proposed to be important
mediators of CNT degradation.

Surface Functionalization

Oxidation of CNTs with mixed acids is a common method
used to increase CNT dispersibility or carboxylate CNTs (Rosca
etal., 2005; Datsyuk et al., 2008). Oxidized or carboxylated CNTs
are more easily degraded by both enzymes and macrophages
than pristine ones (Table1). This may be due to structural
damage or introduction of active groups (e.g., -OH and -COOH)
into the rigid structure of CNTs during the oxidation process
(Datsyuk et al., 2008), aiding oxidative metabolism in the cells.
Degradation rates follow the order hydroxylated SWCNTs >
acid-oxidized SWCNTs >> pristine SWCNTs (Hou et al., 2016).
The higher the degree of incorporated defects, the higher the
rate of degradation (Zhao et al,, 2011). Furthermore, peroxidase-
catalyzed degradation of SWCNTs proceeds efficiently with
oxidized SWCNTs, in which the negatively charged carboxylated
nanotubes can orient themselves toward the positively charged
arginine residues in the heme site of the enzyme (Allen
et al, 2009; Kagan et al, 2010). Based on observations of
biodegradation in primary rat microglia cells, Bussy et al. (2016)
reported that oxidized MWCNTs promote more pronounced
structural changes over the first 2 weeks.

In addition to oxidation of CNTs, covalent functionalization
of CNTs with designed substrates is another attractive approach.
Sureshbabu et al. (2015) linked azido coumarins and catechol
derivatives to MWCNTs because these moieties are good at
reducing substrates and catalytic enhancers of HRP, leading
to faster degradation of CNTs relative to oxidation. They also
demonstrated that purine-modified MWCNTSs can be effectively
degraded by xanthine oxidase. A long-term comparative study
of degradation of three chemically functionalized MWCNTs
(carboxylated, aminated, and both carboxylated and aminated)
in primary microglial cells (Bussy et al., 2016) revealed that
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carboxylation enhanced degradation during the first 2 weeks
relative to amination, but at later times, no differences in the rate
or kinetics of degradation were observed between carboxylation
and amination. These data illustrate the crucial importance of
the types of surface functionalities on CNTs as determinants
of enzymatic biodegradability, and point out strategies for the
artificial design of biodegradable CNT materials.

In addition, functionalized CNTs have been considered for
application in nanomedicine (Galassi et al., 2018; Mihajlovic
et al, 2019; Wu et al., 2019). For realization of such applications
with less concerns of safety, designing biodegradable CNTs
by functionalization have also been studied in vivo recently
(Gonzélez-Lavado et al., 2018).

Impurities in CNTs

Metal catalyst impurities in CNTs can also influence their
biodegradation. Iron is one of the main catalyst residues during
the preparation of CNTs (Prasek et al, 2011). Iron can also
take part in the Fenton reaction, and Fe-CNT complexes are
widely used as synergistic catalysts for degradation of organic
compounds (Liao et al., 2009; Cleveland et al., 2014). Bussy et al.
(2013) found that iron catalyst nanoparticles rapidly detached
from pristine SWCNT backbones in macrophages and attached
to SWCNTs in the cytoplasm and nucleus. Moreover, lysosomal
acidification prevents iron nanoparticle detachment from CNT
bundles and protects cells from downstream toxicity. However,
degradation in macrophages is more rapid for MWCNTs without
iron residues than for the same MWCNTs filled with 6% (w/w) of
iron oxide nanoparticles (Elgrabli et al., 2015, 2017).

Other Factors

In addition to the aforementioned factors, many other
parameters could influence the biodegradability of CNTs in
living systems, such as dispersion states of the CNTs (Zhang
et al.,, 2019), cell types (Kagan et al., 2010; Yang et al., 2019),
uptake of CNT and immune recognition (Turabekova et al,
2014; Mukherjee et al., 2018; Zhang et al., 2018). In addition, the
biodegradability of CNTs is likely to be affected by a combination
of multiple factors rather than by a single factor. For example,
surface functionalization may influence biodegradation of CNTs
not only due to the resultant structure change, but also due to a
change in dispersibility. Furthermore, the non-covalent coating
of dispersant such as lipids or proteins on the CNTs surface may
interfere with the degradation (Bhattacharya et al., 2014; Lu et al.,
2014), and the interaction between CNTs and the physiological
environment, such as the formation of “protein corona” on
the surface of CNTs (Mu et al., 2008; Zhao et al., 2015), makes
evaluation more complicated. Thus, biodegradation is the result
of a combination of multiple factors.

LOWER TOXICITY OF CNT RESIDUES
AFTER BIODEGRADATION

As reported by Kagan et al. (2010), the residues of CNTs
after biodegradation do not generate an inflammatory response
when aspirated into the lungs of mice. In that study, SWCNTs

were firstly degraded by MPO in the presence of a small
amount of hydrogen peroxide, and then the residues of
SWCNTs after degradation were administrated to mice by
pharyngeal aspiration. The results showed that the levels of
neutrophils and cytokines in bronchoalveolar lavage fluid of mice
exposed to the SWCNT residues after MPO degradation were
essentially indistinguishable from control values. By contrast,
the original SWCNTs elicited an acute inflammatory response
and induced the formation of tissue granulomas. These results
indicated the low toxicity of the SWCNT residues and the
byproducts produced in degradation (Kagan et al., 2010). The low
toxicity of CNTs degraded by macrophages was also confirmed
by Yang et al. (2019) in vitro. ROS play crucial roles in
the biodegradation of CNTs in living systems. However, it
is commonly believed that massive ROS generation induces
oxidative stress, and that this is the main reason for CNT-
induced cytotoxicity (Shvedova et al., 2012b). The level of ROS
decreased as CNT degradation occurred, returning to control
levels by day 7, suggesting that cytotoxicity decreased during
degradation (Yang et al., 2019).

SUMMARY

Many studies have shown that CNTs can be biodegraded by
macrophages through enzymatic oxidation. Neither CNTs
undergoing biodegradation nor the byproducts of their
degradation have been reported to be cytotoxic in vitro and
in vivo. In addition, many factors such as CNT type, length,
surface functionalization, and impurities can influence the
biodegradation of CNTs. These findings will help us to use
various types of CNTs according to their characteristics.
Specially, the biodegradation of CNTs in living systems might
be controllable through appropriate surface functionalization,
which would hopefully allow us to develop biocompatible and
biodegradable CNTs for biomedical applications and achieve
safety by design.

However, the biodegradation of CNTs in a living system is
a complicated process. In addition to the diverse characteristics
of CNTs, the bio-environments of living systems, including cell
types, immune recognition, and cellular uptake, also influence the
biodegradation. Although CNTs could be completely degraded
by enzymatic oxidation in vitro, the complete biodegradation
of CNTs in the body seems difficult at present. Thus, the long-
term persistence of CNTs in living systems remains an ongoing
concern regarding potential long-term toxicity.
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