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Abstract Carbon nanohorns, also called single-wall carbon nanohorns (SWNHs),
are single-graphene tubules with horn-shaped tips, and were first reported by Iijima
and colleagues in 1999 [1]. The tubule lengths and diameters range from 30 to
50 nm and 2 to 5 nm, respectively, and therefore, SWNHs are not uniform in size.
Thousands of SWNHs assemble to form an aggregate, which in turn has an average
diameter of *80–100 nm. SWNHs are produced in large quantities (1 kg/day) by
laser ablation of graphite. This process does not require a metal catalyst, and thus it
is possible to prepare SWNHs with high purity (>95 %). Owing to their large
surface area, molecular sieving effects and photo-thermal conversion characteris-
tics, SWNHs show promise for applications in gas adsorption and storage,
biosensor and nanomedicine such as drug delivery and photo-hyperthermia cancer
therapy. In this chapter, we briefly introduce nanohorn production methods, bio-
material properties, and functionalization, and then highlight the potential use of
SWNHs in various biological research fields. Issues concerning toxicity and
biodegradation are also discussed.
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1 Introduction

Single-wall carbon nanohorns (SWNHs) were first reported in 1999 [1]. SWNHs
have a single-graphene tubule structure, conferring unique characteristics to the
biomaterial. The nanohorns are produced in large quantities at high purity without
using metal catalysts. The superior pore structure of SWNHs (i.e., large surface area
and an ample interior nanospace) suggests their prospective use in gas storage,
catalyst support, and drug delivery applications. Moreover, like other carbon
nanomaterials (e.g., single-walled carbon nanotubes (SWNTs) [2] and multiwall
carbon nanotubes (MWNTs)) [3], SWNHs absorb light in a wide spectrum of
wavelengths, ranging from infrared to ultraviolet. They also generate heat, which
could be beneficial for their utilization as photo-hyperthermia agents in cancer
therapy and as photo-thermal energy conversion devices for the regeneration of lost
heat. In this chapter, we briefly introduce the production, biomaterial properties,
and functionalization of SWNHs, and then focus on current and proposed appli-
cations of SWNHs in biological research fields.

1.1 SWNH Production

Two representative methods are currently employed for the production of SWNHs
with high purity: carbon dioxide (CO2) laser ablation and arc discharge. The size
distribution and purity of the SWNHs can be changed by varying production
parameters, such as temperature, pressure, and laser or arc power.

Laser ablation The earliest report [1] of SWNH fabrication by Iijima and col-
leagues [1] utilized a CO2 laser ablation technique for the generation of carbon
nanohorns at room temperature without a metal catalyst (Fig. 1). The SWNH
generator employed in this study consisted of two parts: a high-power CO2 laser
source (wavelength = *0.6 μm; maximum power = 5 kW) and a reaction cham-
ber. Argon (Ar) gas was introduced into and flowed throughout the inner chamber

3-5 kW, φ3mm

CNHs
(purity 95%)

Room temperature

Graphite target
(No metal)Ar gas flow

(760 Torr)

CO2 laser

Fig. 1 Schematic diagram of SWNH production by laser ablation
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to carry the nanohorn products to the collection chamber under a pressure of
760 Torr at room temperature. The graphite target was placed in the middle of the
reaction chamber and exposed to the laser beam [1, 4]. For large-scale production of
SWNHs, the graphite target was replaced by a graphite rod, which was continu-
ously rotated and moved along its axis so that a new surface was constantly exposed
to the laser beam [5]. This setup resulted in a production rate of *1 kg/day and a
purity of the resultant as-grown SWNHs of *95 % [5].

Arc discharge SWNHs are also prepared by direct current (DC) arc discharge [6–
9]. DC arc discharge is carried out in a water-cooled stainless steel chamber [6]
(Fig. 2). Two electrodes corresponding to pure carbon rods are separated from each
other by a constant distance of *1 mm. The arc discharge between the carbon rods
is conducted under an atmospheric pressure of air [6, 7], nitrogen (N2) [8, 9], water
[10], CO2, or carbon monoxide (CO) [7]. In the arc discharge system described in
[6], the electric power density on the carbon rod surface was 9 kW/cm2, and the
SWNHs were deposited on the surface of the chamber. The mean size of the
prepared SWNH particles was approximately 50 nm, which is smaller than that of
the as-grown SWNHs prepared by CO2 laser ablation. Pre-heating of the carbon rod
to a temperature of up to 1000 °C before ignition of the arc improved the quality of
manufactured SWNHs [6].

1.2 SWNH Properties

Structure The SWNH [1] is a single-graphene tubule of an irregular shape with
non-uniform diameters of 2–5 nm, a length of 30–50 nm, and a horn-shaped tip
(Fig. 3a). The tips often have cone angles of *19° indicating the existence of five
pentagonal rings. Thousands of SWNHs assemble to form a nanohorn aggregate,

- 

+
 

Carbon rod

1 mm

Fig. 2 Arc discharge device
for SWNH production [6]
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which itself has an average diameter of *80–100 nm (Fig. 3b, c). The distance
between neighboring walls of the SWNH aggregate is approximately 0.4 nm [11],
or larger than the basal plane distance of graphite (0.335 nm). Three different types
of SWNH aggregates have been identified so far: the “dahlia-like” aggregate, the

Fig. 3 a TEM image of
SWNHs generated by CO2

laser ablation. The SWNH
product consists of spherical
particles that are nearly
uniform in size, with a
diameter of 80 nm.
b Magnified TEM image of
SWNHs showing
aggregations of individual
tubule-like structures with
protruding tips. c Highly
magnified TEM image of the
edge regions of the graphitic
aggregate showing conical
horn-like protrusions of
≤20 nm in length along the
aggregate surface, with some
modified shapes [1]
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“bud-like” aggregate, and the “seed-like” aggregate [1]. In the first type of aggregate,
SWNH tips protrude from the aggregate surface (Fig. 3b), while in the second and
third types, the SWNHs appear to develop inside the aggregate itself. Different
aggregate types are selectively produced by laser ablation with different gases. For
example, “dahlia-like” SWNH aggregates are produced with a yield of 95 % when
the buffer gas is Ar (760 Torr), while “bud-like” SWNH aggregates are formed with
a yield of 70–80 % when either helium (He) or N2 gas is employed at 760 Torr [12].

Porosity and hole-opening The pore structure of SWNHs has been extensively
studied through simulation and adsorption experiments [13]. Isotherm measure-
ments of N2 adsorption at 77 K and high-pressure He buoyancy at 303 K reveal
that as-grown SWNHs with closed tubules have a specific surface area of
*300 m2/g [14] and a total pore volume of *0.40 ml/g [15].

Nanoscale holes or windows can be generated on the tubule walls or tips by oxi-
dation of SWNHs with oxygen (O2) [16–19], CO2 [20], or oxidative acids [15, 21,
22]. The number and size of the nanowindows so-generated are controlled by oxi-
dation conditions [17]. Oxidation with a slow temperature increase of 1 °C/min in a
low O2 concentration (21 % in air) yields hole openings with little generation of
carbonaceous dust [18]. After such oxidation-induced holes are created on the
SWNH wall, the resultant nanohorn surface areas, total pore volume, and particle
density are reportedly 1450–1460 m2/g [15, 16], 1.05 ml/g [15], and 2.05 g/ml [17],
respectively.

The SWNH possesses three adsorption sites: the inter-SWNH micropore, the
interior wall surface, and the interior space; the volume ratio of the three is about
1:2:2 [17]. Approximately 11 and 36 % of the intraparticle pore spaces are opened
by oxidation at 573 and 623 K, respectively. Treatment of SWNHs with nitric acid
(HNO3) induces the intercalation of HNO3 into narrow interstitial spaces, further
increasing pore volume through the development of microporosity [15]. The
obtained ultra-microporous SWNH aggregates show a high storage capacity
(100 mg/g) for methane [15].

Holes opened on the SWNH tubule walls are visible by high resolution trans-
mission electron microscopy (TEM). Figure 4a shows holes generated by oxidation
in O2, and Fig. 4b shows the size distributions of the holes (0.5–1.0 nm at the tip,
and 0.5–1.5 nm on the sidewalls) measured on the TEM images [19]. Therefore,
materials of a size smaller than 1.5 nm, such as fullerenes, can be readily incor-
porated inside the SWNHs.

Holes or nanowindows introduced in the SWNH wall are differentially closed by
high temperatures. Constant-temperature tight-binding molecular dynamic (TBMD)
simulations indicate that holes in the sidewalls are not easily closed by thermal
annealing, unlike those at the tips [23]. This finding provides an explanation for
why some SWNH holes remain open following exposure to high temperatures [24].
A proposed hole-closing mechanism suggests that the holes at the tips undergo a
closed-open-closed evolution when the initial hole size is >0.7–0.9 nm, while the
same holes close rapidly and remain in that state when the initial hole sizes are
≤0.7–0.9 nm [24].
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1.3 Isolation of SWNHs from Aggregates

As described above, as-grown SWNH aggregates are assembled from thousands of
individual SWNHs. The individual nanoparticles in these aggregates are held
together by strong forces, and cannot be separated without difficulty. However, the
individual SWNHs or small-sized carbon nanohorns can be readily isolated by
ultrasonication, followed by density gradient centrifugation [25, 26]. To separate
individual SWNHs, oxidized SWNH aggregates are dispersed in a surfactant of

Fig. 4 a TEM images of SWNHs after heat treatment in O2. The pathway holes are clearly visible
at the nanohorn tips and sidewalls. b Size distributions of the holes in the SWNH sidewalls (red)
and tips (blue) [19]

82 M. Zhang and M. Yudasaka



sodium dodecylbenzenesulfonate by ultrasonication, and then subjected to sucrose
density gradient centrifugation (Fig. 5a) [26]. This treatment yields three popula-
tions of SWNHs: individual SWNHs and SWNH aggregates with a diameter of
*30–40 nm at the top of the centrifuge tube (layers I Fig. 5b), SWNH aggregates
with a diameter of *70 nm in the middle of the centrifuge tube (layers II and III),
and SWNH aggregates with a diameter of *100 nm at the bottom of the centrifuge
tube (layer IV). The shapes of the individual SWNHs correspond to straight and
two- and three-way branched forms. The lengths of the straight SWNHs and each
arm of the branched forms are about 10–70 nm, and their diameters are about
2–10 nm (Fig. 6).

Similar structures of small-sized SWNHs in larger quantities (yield >20 %) can
be successfully separated by a surfactant-free oxidation protocol [27], which is
similar to Hummer’s oxidative exfoliation technique for graphene oxide separation
from graphite [28]. The particle sizes of the obtained small-sized SWNH aggregates
(S-SWNHs) are *20–50 nm, as estimated by dynamic light scattering (Fig. 7a)
[27]. The typical morphologies of the S-SWNHs and accompanying large-sized
SWNH aggregates (L-SWNHs, *80–120 nm) are shown in the TEM images in
Fig. 7b. S-SWNHs obtained by this oxidation method are hydrophilic, and show
stable dispersion in aqueous solutions (Fig. 7a, inset).

Fig. 5 a Centrifuge tube containing a sodium cholate dispersion of an oxidized SWNH aggregate
(ox-SWNH) placed on top of a sucrose gradient made up of three layers with varying sucrose
concentrations (5, 10, and 30 %). b The same tube after centrifugation for 4 h at 4600 × g. Four
zones are illustrated (I–IV). c Size distributions of the particles in layers I–IV. Particle diameters
were measured by dynamic light scattering [26]. Ox-SWNH/SC, oxidized SWNH aggregate/
sucrose

Carbon Nanohorns and Their High Potential … 83



1.4 Surface Functionalization

Covalent modification SWNHs have a hydrophobic graphite surface, which limits
their applications in biological research fields. Many efforts have been made to
change the nanohorn surface from hydrophobic to hydrophilic by functionalization
with hydrophilic groups. The treatment of SWNHs with strong acids (e.g., HNO3 or
sulfuric acid (H2SO4), either singly or in combination) [15, 21, 22, 29] induces the
formation of defects or holes, and also generates numerous carboxyl, carbonyl, and
other oxygenated groups at the site of the defects and the edges of the holes.
Hydrogen peroxide (H2O2)-mediated oxidation assisted by light irradiation also
effectively generates carboxylic groups on the SWNH surface [21]. The carboxylic
groups are then reacted via amidation with amino-containing compounds, including
proteins (e.g., bovine serum albumin (BSA)), organic amines, alcohols, and thiols
[22, 30, 31]. The obtained BSA-SWNHs exhibit high biocompatibility, stable
dispersion in aqueous solutions, and good cell entry by endocytosis without
cytotoxicity [22].

Another kind of chemical functionalization is initiated through the modification of
as-grown SWNH sidewalls by direct attack of an amine (nucleophilic addition) [31,
32] or by 1,3-dipolar cycloaddition [33, 34]. The reacted SWNH derivatives show
high solubility in common organic solvents, such as chloroform, dimethylfor-
mamide [33], and toluene [34].

Fig. 6 a Typical TEM image of an oxidized SWNH aggregate. b, c TEM images of the particles
in layer I (Fig. 5b). d, e TEM images of straight particles. f, g TEM images of branched forms. h,
i TEM images of small aggregates. Scale bars, 50 nm (a, b), 100 nm (c), and 10 nm (d–i) [26]
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Noncovalent coating. Noncovalent coating of SWNHs with polyethylene glycol
(PEG)-based amphiphilic molecules can disperse nanohorn aggregates in aqueous
solutions due to the hydrophilic properties of the PEG moieties. Physical modifi-
cation of SWNHs with PEG successfully reduces non-specific adsorption of pro-
teins onto SWNHs [35–38]. Different types of PEG-based macromolecules show
different dispersion capabilities toward SWNH aggregates [37, 38].

1.5 Photo-Thermal Conversion Efficiency of SWNHs

SWNHs exhibit high photo-thermal energy conversion efficiency and high
absorption cross-sections in a 650–1100-nm wavelength region of the so-called
diagnostic window [39–46]. Oxidized SWNH particles complexed with BSA
(SWNHox-BSA) and dispersed in aqueous solutions can effectively convert light
energy into thermal energy [39, 40]. The temperature changes accompanying
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b TEM images of S-SWNHs
[27]
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SWNHox-BSA dispersion (SWNH concentration = 8 μg/mL in phosphate buffered
saline (PBS)) exhibit a temperature increase of *10 °C upon irradiation with a
670-nm laser irradiation for *10 min [39], whereas a control PBS solution without
the SWNHox-BSA complex shows no such increase in temperature (Fig. 8).

2 Application of SWNHs in Biological Research Fields

2.1 Drug Delivery

SWNHs are regarded as promising carriers in drug delivery systems [47–54] due to
the following characteristics. First, the nanohorns have large surface areas and total
pore volumes, enabling abundant adsorption or storage of guest molecules. Second,
SWNHs are spherical aggregates with diameters of *100 nm, making them ideal
for passive tumor-targeting conditions. Third, SWNHs can be produced in large
quantities with high purity in the absence of metal catalysts, and in this way differ
from carbon nanotubes. Drug incorporation inside an oxidized SWNHs (SWNHox)
were initially demonstrated for dexamethasone (DEX) [47], an anti-inflammatory
drug. Numerous DEX molecules were adsorbed onto the interior surface of the
SWNHox, and the resultant DEX-SWNHox particle showed slow drug release
kinetics, both in buffer solution and in cell culture medium.

The well-known anticancer agent, cisplatin (CDDP), can also be incorporated
with up to 50 wt% of SWNHs efficiency inside the SWNHox particle to yield a
CDDP@SWNHox delivery system (Fig. 9) [50]. The high anticancer efficacy of the
derivatized particle has been tested in vitro and in vivo [49, 50], and stems from
slow CDDP release from the SWNHox particle and a tendency of
CDDP@SWNHox to attach to the cell surface. When CDDP@SWNH was locally
injected into tumors, its anticancer actions were more pronounced than those of
parental CDDP (Fig. 10), both due to slow drug release kinetics and the long
particle retention time at the tumor site. These characteristics were attributed to the
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size of the CDDP@SWNHox particle, which precluded its ready drainage through
the lymphatic system [50].

2.2 Use of SWNHs as Photo-Hyperthermia Agents

Besides their use as drug carriers, SWNHs are expected to be advantageous as
photo-hyperthermia (PHT) agents for cancer therapy [39, 41, 46, and 55] and the

Fig. 9 TEM (a, b), scanning TEM (c), and Z-contrast (d) images of CDDP@SWNHox particles.
C (carbon) and Cl (chloride) mapping was clarified by electron energy loss spectrum
measurements (e). Observations or measurements of the images (c, e) were fixed at the same
area. Black particles (a, c) indicate CDDP clusters. Two CDDP clusters within one CNHox sheath
are indicated by arrows in (b). Bright spots in (d) correspond to platinum (Pt) atoms in the CDDP
clusters. Yellow and magenta areas in (e) indicate the presence of C and Cl, respectively [50]
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elimination of microbes [42] and viruses [43]. This is because the nanohorns absorb
light in the phototherapy window (650–1100 nm), potentially transforming light
energy into thermal energy and triggering cell death by a localized photo-thermal or
PHT effect.

To evaluate the utility of SWNHs as PHT agents, a zinc phthalocyanine (ZnPc)-
SWNHox-BSA conjugate was fabricated for the realization of such functions
(Fig. 11). Here, ZnPc, a forthcoming agent for photodynamic therapy (PDT), was
loaded inside and on the outer surface of a SWNHox with BSA attached to increase
its biocompatibility [39]. Double PHT/PDT phototherapy with ZnPc-SWNHox-
BSA particles and single-wavelength laser irradiation previously revealed the
highly therapeutic impact of the derivatized biomaterial [39]. In in vivo tests,
ZnPc-SWNHox-BSA was locally injected into tumors subcutaneously transplanted
into mice. The nanohorn-loaded tumors were then subjected to laser irradiation
(15 min/day for 10 days), prompting tumor disappearance (Fig. 12). These findings

Fig. 10 Relative tumor volumes normalized at unity on day 11. Saline (a), SWNHox (b), CDDP
(c), and CDDP@SWNHox (d) were intratumorally injected on day 11. The dosages of CDDP
were 0.5 mg/kg. In each graph, the results of five mice are shown [50]
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were not replicated by ZnPc or SWNHox-BSA alone, suggesting that the enhanced
antitumor efficiency was due to double phototherapy.

The photodynamic mechanism of ZnPc-SWNHox-BSA was investigated in
detail via photophysical studies [39, 55]. Excitation of ZnPc by light-stimulated
electron transfer to the SWNHox particle engenders a charge-separation state in the
ZnPc-SWNHox-BSA system. In the presence of oxygen, electrons from the
charge-separated ZnPc-SWNHox-BSA particle are transferred to O2 to generate O2

•−

with the subsequent production of additional reactive species, such as hydroxyl
radicals. The presence of these reactive species can then instigate the death of
nearby cancer cells [39]. The photochemical processes involving ZnPc-SWNHox-
BSA under aerobic conditions are illustrated in Fig. 13 [39, 55].

2.3 Photo-Thermal Conversion Engineering

The characteristics of photo-thermal energy conversion might also be useful in gene
expression engineering [40], or the production of photoinduced nanomodulators for
selective eradication of microbes [42]. In this regard, BSA-SWNHs can supply the
thermal energy necessary for heat shock promoter-mediated gene expression when
introduced into various cells and transgenic medaka (Oryzias latipes) [40].

Recently, functionalization of SWNHs with an infrared dye, IRDye800CW,
permitted the fabrication of a light-driven nanomodulator for controlling calcium
ion flux and membrane currents at the single-cell level [56]. IRDye800CW was
chosen for labeling the nanohorns as it can generate reactivate oxygen species
(ROS) through near infrared (NIR) light absorption, and promote successive

H2O2

hυ COOH
COOH ZnPc

COOH
COOH

SWNH
BSA

(a)

2 nm

SWNHox ZnPc-SWNHox ZnPc-SWNHox-BSA

(b) (c) (d)

10 nm

Fig. 11 Preparation of ZnPc-SWNHox-BSA particles. a Multistep production procedure. The
nanohorns were visualized by TEM at each stage of production. b SWNHox, c ZnPc-SWNHox,
and d ZnPc-SWNHox-BSA particles. Insets show magnified images [39]
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electron/energy transfer to the generated ROS [39, 55, 57, 58]. ROS-mediated
regulation of calcium and other ion channel activities plays a central role in many
free radical-driven processes, including stress, hormone signaling, and immuno-
logical responses.

After labeling with IRDye800CW, the obtained dye-labeled SWNHs
(dye-SWNHs) generated both heat and ROS. Mouse neuroblastoma-derived
ND7/23 hybrid cells were used to study the actions of dye-SWNH, because these
cells express temperature-activated transient receptor potential ion channels
(thermo-TRPs) and calcium ion channels (e.g., the inositol triphosphate (IP3)
receptor). Incubation of ND7/23 cells with dye-SWNHs and irradiation with a NIR
laser caused a local temperature increase, generation of high ROS levels, and the
opening of thermo-TRPs and calcium ion channels. Channel opening then caused
an influx and/or release of Ca2+ from intracellular compartments (Fig. 14a) [56].
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Fig. 12 Photodynamic and
hyperthermic destruction of
tumors in vivo. a A mouse
with large tumors on the left
and right flank is shown at
7 days after tumor cell
transplantation (day 7). b A
mouse after 10 days of
treatment (day 17) with
intratumorally-injected
ZnPc-SWNHox-BSA
particles and 670-nm laser
irradiation of the tumor on the
left flank. c Relative volume
of the tumor on the left flank
(volume after
irradiation/volume before
irradiation) following
injection with PBS (black
line) or PBS dispersions of
ZnPc (magenta line),
SWNHox-BSA particles (blue
line), or ZnPc-SWNHox-BSA
particles (red line) and
irradiation with a 670-nm
laser. d Relative volume of
the tumor on the right flank
following injection with PBS
(black line) or PBS
dispersions of ZnPc (magenta
line), SWNHox-BSA particles
(blue line), or
ZnPc-SWNHox-BSA
particles (red line), but not
subjected to laser irradiation
[39]
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Next, the authors confirmed whether the nanomodulator-generated local tem-
perature and ROS content were sufficiently increased to regulate channel activity.
This was done by observing intracellular calcium flux through the use of a fluorescent
calcium probe, Fluo-8. Following internalization of dye-SWNH nanomodulators into
ND7/23 cells and cellular irradiation at 808 nm (laser power = 204 µW, or
*104 µW/µm2), a bright green fluorescence due to calcium influx was observed.
Fluo-8 fluorescence intensity was diminished in low TRP-expressing RAW264.7 and
HeLa cells relative to ND7/23 cells, and fluorescence intensity was also reduced for
dye-only and SWNH-only controls (Fig. 14b) [56].

Laser-triggered remote bioexcitation was further investigated in a model of a
Xenopus laevis paw (Fig. 15) [56]. X. laevis have nerves that express thermo-TRPs
and a variety of other channel proteins [59]. NIR light can penetrate into the tissue
for a distance of ≤10 cm [60], allowing noninvasive excitation of dye-SWNH
nanomodulators within a significant area of the thigh. Dye-SWNHs were injected
under the thigh of a euthanized frog. Immediately after the initiation of irradiation
(wavelength = 800 nm; laser power = 2.1 W, or *292 mW/mm2), paw twitching
was observed. The same movement was absent when underivatized NH2-SWNHs,
IRDyeCW800 alone, or Ringer solution alone without SWNHs was injected. These
results indicate that dye-SWNHs can mediate cell stimulation in X. laevis tissues,
facilitating significant bioexcitation [56].

2.4 Biosensor Applications

SWNHs are useful in electrochemical and biosensor applications [61–66], because
they are metal-free, biocompatible, easily functionalized, and possess very large
surface areas. Xu and colleagues first reported the use of SWNHs for construction of a
glucose biosensor in 2008 [61]. The authors fashioned a biosensor by encapsulating
glucose oxidase in a Nafion-SWNHs composite film. Ferrocene monocar-
boxylic acid was used as a redox mediator to decrease detection potential.
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ZnPc-SWNHox-BSA
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Fig. 13 Photochemical processes involving ZnPc-SWNHox-BSA in the presence of O2. Under
aerobic conditions both in vivo and in vitro, O2 accepts an electron from the charge-separated
ZnPc-SWNHox-BSA particle, generating O2

•− [39, 55]
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The mediated biosensor demonstrated good electro-catalytic activity toward oxida-
tion of glucose, and showed a linear range from 0 to 6.0 mM. The biosensor also
showed high sensitivity (1.06 μA/mM) and stability, and avoided the commonly
coexisting interference. Later, the same group reported development of a H2O2

biosensor based on the direct electrochemistry of SWNHs noncovalently modified
with soybean peroxidase and deposited on a modified electrode surface [62].
This biosensor exhibited high sensitivity (16.625 µAL/mmol) with a detection
limit of 5.0 × 10−7 mmol/L and excellent stability, indicating that noncovalent

Activated Dye-SWNH
Dye-SWNH

Without SWNH 
IRDye800CW
NH2-SWNH
Dye-SWNH

(a)

(b)
(c)

Fig. 14 Cellular stimulation by nanomodulators. a Illustration of the control of cellular activity by
photoinduced nanomodulators. b Calcium imaging in ND7/23 cells incubated with dye-SWNHs,
as assessed by fluorescence emission of the calcium probe, Fluo-8, after laser irradiation. The
white square shows the site of fluorescence analysis, and the red circle indicates the irradiated site.
c Analysis of fluorescence emission by irradiated cells with internalized dye-SWNHs. *No
significant difference in fluorescence intensity [56]
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functionalization of SWNHs can facilitate their applications in biosensor and elec-
trochemistry research fields.

Recently, sensitive electrochemical immunosensors incorporating SWNHs were
developed for detection of toxins, glycoproteins, and cancer biomarkers [64–66].
For example, SWNHs were functionalized by covalently binding microcystin-LR
(MC-LR) to the carboxylic groups on the nanohorn tips for MC-LR toxin-detection
(Fig. 16) [64]. An antibody against horseradish peroxidase (HRP)-labeled MC-LR
was then prepared and utilized in a competitive immunoassay. Subsequently, the
immunosensor exhibited a wide linear response to MC-LR under optimal condi-
tions, ranging from 0.05 to 20 µg/L with a detection limit of 0.03 µg/L at a
signal-to-noise ratio of 3, which was much lower than the World Health
Organization/WHO provisional guideline limit of 1 μg/L for MC-LR in drinking
water [67]. These results suggest that SWNHs can provide a useful platform for
preparation of immunosensors for small-toxin molecules, which could readily be
extended toward the on-site monitoring of hazardous components in food and
environmental matrices.

Toward the detection of cancer biomarkers, a novel sandwich-type electro-
chemical immunosensor based on functionalized nanomaterial labels and bi-enzyme

Fig. 15 Laser-driven remote stimulation of a frog (X. laevis) before (left) and after (right) laser
irradiation. Red and blue arrows show the location of dye-SWNH (1) and Ringer solution
(2) injection. Sample concentrations of dye-SWNH, NH2CNH, and IRDye800CW were 300, 225,
and 75 mg/mL, respectively [56]
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(horseradish peroxidase and glucose oxidase)-catalyzed precipitation was developed
for the detection of α-fetoprotein (AFP) [66]. The enzymes were linked to func-
tionalized SWNHs and used as biocatalysts to accelerate 4-chloro-1-naphthol oxi-
dation by H2O2 to yield a insoluble precipitate on the electrode surface. Mass
loading of the precipitate led to a significantly enhanced signal relative to conven-
tional loading techniques. Under optimal conditions, the immunosensor showed
high sensitivity with a low detection limit of 0.33 pg/mL, and a wide linear range
from 0.001 to 60 ng m/L. The immunosensor also exhibited good selectivity,
acceptable stability, and good reproducibility. Therefore, the proposed amplification
strategy described in Ref. [66] is promising for SWNH-based clinical screening of
tumor biomarkers.

3 SWNH Toxicity and Biodegradation

3.1 Toxicity

The toxicity of SWNHs, SWNHoxs, and their functionalized forms has been
investigated in vitro and in vivo [22, 32, 46–54]. Importantly, no serious cell death
was found in in vitro cellular viability assessments. Tailored toxicity tests [58]

Fig. 16 Preparation and detection procedures for the MC-LR immunosensor by using function-
alized SWNHs. EDC, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide; NHS, N-hydroxysuccimide
[64]
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likewise showed no abnormal signs in animals (Table 1); and histological studies,
blood tests, and cytokine measurements showed no appreciable abnormalities in
most organs [69, 70], hematological outcomes, or immune responses [70] after
intravenous injection of functionalized SWNHs and SWNHoxs.

The availability of large quantities of SWNHs was exploited by assessing
cytotoxicity and immune responses following the abundant uptake of these struc-
tures by RAW264.7 murine macrophages [71]. High cellular uptake of the nano-
horns was accompanied by localization of SWNHs at lysosomes, destabilization pf
lysosomal membranes, and ROS generation with ensuing apoptotic and necrotic
cell death. Despite these findings, only low levels of cytokines were released by the
SWNH-loaded macrophages [71]. Next, the nanohorn-triggered cell death process
was investigated in more detail to identify an underlying mechanism of
ROS-provoked apoptosis [72]. The results showed that SWNHs accumulated in the
lysosomes of RAW264.7 macrophages, where they induced lysosomal membrane
permeabilization and the subsequent release of cathepsins and other lysosomal
proteases, in turn triggering mitochondrial dysfunction and production of ROS in
the mitochondria. Nicotinamide adenine dinucleotide phosphate oxidase was not
directly involved in SWNH-directed ROS production, and ROS generation was not

Table 1 SWNH toxicological tests [68]

Test Test
organism/animal

Dosage Findings

Reverse
mutation
(Ames) test

S. typhimurium
and E. coli
strains

78–1250 g/plate No positive increase in revertants;
no growth inhibitory effect

Chromosomal
aberration test

Chinese-hamster
lung fibroblast
cell line

0.010–0.078 or
0.313–
2.5 mg/mL

Negligible positive incidences of
structural chromosomal aberrations
or polyploidy

Skin primary
irritation test

Rabbits 0.015 g/site Primary irritation index (P.I.I.) = 0;
no clinical signs of abnormalities;
normal body weight gain

Eye irritation
test

Rabbits 0.02 g/eye Draize irritation score = 0; no
clinical signs of abnormalities;
normal body weight gain

Skin
sensitization
(adjuvant and
patch) test

Guinea pigs 0.02 g/site
(induction); 0.01
g/site (challenge)

Mean response score 0; no clinical
signs of abnormalities; normal body
weight gain

Peroral
administration
test

Rats 2000 mg/kg No mortality; no clinical signs of
abnormalities; normal body weight
gain

Intratracheal
instillation test

Rats 2.25 mg/animal
(17.3 mg/kg)

No mortality; rale for all animals
including control group; normal
body weight gain; black lung spots
and anthracosis; foamy macrophage
in intra-alveolar spaces
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regulated by the mitochondrial electron transport chain. An ROS feed-back loop
further amplified the mitochondrial dysfunction, leading to the activation of cas-
pases and cell apoptosis [72].

3.2 Biodistribution

Labeling of SWNHs with gadolinium(III) oxide (Gd2O3) Although SWNHs
show high potential for use in drug delivery systems and other biomedical appli-
cations [46–54], several issues must be addressed prior to their practical employ-
ment. These issues include SWNH biodistribution, excretion, and degradation, and
bring into question not only the safety of SWNHs, but also the efficiency of in vivo
nanohorn delivery. SWNHs have no unique characteristics that are useful for
detection, and thus, they cannot be easily quantified in cells or whole-body systems
based on intrinsic properties. To overcome this problem, a Gd2O3 label was
incorporated into SWNHs to yield Gd2O3@SWNHs through holes opened by
oxidation [73–77]. The holes were closed by heat treatment after Gd2O3 incorpo-
ration, permitting stable labeling of the biomaterial without leaching of Gd2O3 into
the surrounding biological environment.

Measurement of Gd content in Gd2O3@SWNHs by inductively coupled plasma
atomic emission spectroscopy (ICP-AES) permitted an estimation of nanohorn
accumulation in every mouse organ and tissue [76]. In addition, the embedded
Gd2O3 in the SWNH aggregates also facilitated ultrastructural localization of
SWNHs by TEM, because Gd is not found naturally within the body. The high
electron-scattering ability of Gd provided high contrast for clear detection by TEM
(Fig. 17), and energy dispersive X-ray spectroscopy (EDX) or electron energy loss
spectroscopy (EELS) further assisted in the identification of the SWNH aggregates.
TEM coupled with elemental analysis by EDX and EELS is a conventional tech-
nique for localizing fine particles derived from various materials in living tissues
[78–81].

Biodistribution of SWNHs with glucose-coating Gd2O3@SWNHs were dis-
persed in glucose and intravenously injected into mice. The Gd2O3@SWNHs were
rapidly entrapped by the liver and the spleen, and these organs retained 70–80 and
10 % of the initially injected dose, respectively, in <30 min. Ultrastructural
localization of Gd2O3@SWNHs in the murine liver revealed their presence in
cellular phagosomes and phagolysosomes [76].

Biodistribution of SWNHs with PEG coating In another experiment, our
research group dispersed Gd2O3@SWNHs into a solution of DSPE-PEG to
enhance the stealth properties of SWNHs. As expected, the PEG-coated
Gd2O3@SWNHs had a relatively long circulatory half-life (5–6 h) (Fig. 18a)
after intravenous injection into mice [77] compared with SWNHs dispersed in
glucose [76].
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To understand the fate of SWNHs within the body, we analyzed SWNH content
in the whole body and every organ of the mouse at seven time points over a period
of 4 months. SWNH contents in various organs as a percentage of the initial dose
are shown in Fig. 18b. SWNH content in the liver increased and reached a maxi-
mum of*70 % at a post-injection time (PIT) of 24 h, before decreasing to*30 %
at a PIT of 30 days. Thereafter, no further appreciable changes in SWNH content
were observed up until the end of the study period (120 days) (Fig. 18b). The
changes in nanohorn content were paralleled by color changes in the liver; namely,
the liver became gradually darker in color from PIT 1–24 h due to the presence of
labeled SWNHs, but gradually returned to baseline color at PIT 30 d, with little
change occurring thereafter. SWNH content in the spleen increased from 6 % at 1 h
to 10 % at 7 days, with little change discerned after the first week of the experi-
ment. SWNH content in the kidney was *3–5 % throughout the study period. No
darkening of the kidney tissue was observed, but histological observations revealed
black particles in the renal corpuscles [77].

SWNH content and associated color deposition showed no significant changes in
other parts of the body during the observation period, including the heart, lung, and
stomach (Fig. 18b). Interestingly, SWNH content in the whole body of the mouse
decreased to 60 % at a PIT of 30 days, with no further changes at later times. These

Fig. 17 Microscopic structure of the Gd2O3@SWNH powder. a TEM images and b Z-contrast
images. c Carbon (C) and d Gd maps measured in the same area shown in (a) and (b) [76]
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results signify that *40 % of the injected SWNH dose was lost from the mouse
body within 30 days (Fig. 19a). SWNH content in the feces was also measured, and
was found to be *15 % of the original dose at 60 days post-injection (Fig. 19b).
We presumed that the other 25 % of the original dose lost from the body was
degraded.

Size-dependent biodistribution The biodistribution of SWNHs administered to
mice seems to depend on particle or aggregate size [70]. Two different sizes of
SWNH aggregates (30–50-nm aggregates (S-SWNHs) and 80–120-nm aggregates
(large-sized SWNH aggregates, or L-SWNHs)) were used to investigate nanohorn
biodistribution and toxicity by histological analysis and blood testing for 7 days
after intravenous injection into mice. Consequently, S-SWNHs accumulated more
slowly in the liver and the spleen than L-SWNHs (Fig. 20), suggesting a longer
time spent circulating in the blood.
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3.3 Biodegradation

Historically, carbon nanomaterials have been generally regarded as non-
biodegradable in tissues due to their stable and inert graphitic structures; how-
ever, recent studies indicate that peroxidase-based enzymatic processes facilitate the
oxidation and biodegradation of carbon nanotubes (CNTs) and graphene by cells
and cell-derived catalysts [82–91]. For instance, oxidized SWNTs were enzymat-
ically degraded by stimulated neutrophils without causing obvious pulmonary
inflammation when the products of degradation were instilled in the lungs [84, 91].

Another study investigated SWNH degradation via enzymatic oxidation by
isolated macrophage-derived myeloperoxidase (MPO) [92]. Here, SWNH disper-
sions were treated with a solution of human MPO supplemented with a low con-
centration of H2O2 (800 μM). The dark dispersion of MPO-/H2O2-treated SWNHs
gradually lightened over 24 h, while the dark color of a control H2O2-treated
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Fig. 19 a SWNH content in
the whole body of the mouse
after a single intravenous
injection of
Gd2O3@SWNHs-PEG from
PIT 1 h to 4 months. Data are
given as the means ± the SD
(n = 5). b Average SWNH
content in the feces collected
from PIT 4 days to 2 months
after a single intravenous
injection of
Gd2O3@SWNHs-PEG
(n = 5) [77]
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SWNH dispersion showed no such change during the same time period (Fig. 21a).
Optical absorption measurements [92] revealed that SWNH content decreased by
approximately 40 wt% and 60 wt% after treatment with a combination of MPO and
H2O2 for 5 h and 24 h, respectively (Fig. 21b). Additionally, TEM images showed
that any SWNHs remaining after enzymatic oxidation for *24 h were severely
damaged, with collapse of the horn-shaped tips and spherical forms. The structures
of the incompletely degraded SWNHs resembled amorphous carbon or graphite-like
carbon nanoparticles [90], implying that MPO-mediated biodegradation occurs from
the aggregate periphery to the center.

The cellular degradation of SWNHs by RAW 264.7 macrophages and THP-1
monocyte-derived macrophages was also investigated in vitro. The cells were
incubated for 24 h with SWNHox (10 μg/mL), washed with PBS, and then
re-seeded with SWNH-free fresh culture medium for an additional 1–9 days
(recovery period). Images of the THP-1 cells after the recovery period showed a
reduction in intracellular accumulation of SWNHs (Fig. 22a). Optical absorption
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measurements (shown for THP-1 cells in Fig. 22b) revealed that *30 % of the
internalized SWNHs disappeared within the 1–9-day time period for both macro-
phage cell lines [92].
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4 Perspectives and Challenges

In conclusion, SWNHs show great promise for use in biological research fields and
diagnostic and therapeutic applications owing to their unique structure and asso-
ciated physical properties. The pore geometry, photo-thermal transfer characteris-
tics, and low toxicity of SWNHs offer potential solutions for many of the current
challenges in the treatment of cancer, cardiovascular diseases, and other illnesses.
However, numerous barriers still impede the practical employment of SWNHs.
Although SWNHs show excellent drug-loading capabilities, the disease-targeting
efficiency of the nanohorns is inferior relative to that of SWNTs. Additional efforts
directed toward size control and the construction of multi-functional, SWNH-based
drug delivery systems are required to increase the blood circulation time, accu-
mulation ratio in tumor tissues, and biocompatibility of SWNHs. Furthermore, the
prospective toxicity of SWNHs is not yet clear, especially in the long term, and
SWNH excretion and degradation are difficult to study. Smaller-sized SWNH
aggregates, as distinct from as-grown SWNHs, could possibly be used to circum-
vent at least some of these problems.
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