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The development of optical methods to control cellular functions is
important for various biological applications. In particular, heat
shock promoter-mediated gene expression systems by laser light
are attractive targets for controlling cellular functions. However,
previous approaches have considerable technical limitations re-
lated to their use of UV, short-wavelength visible (vis), and
infrared (IR) laser light, which have poor penetration into bi-
ological tissue. Biological tissue is relatively transparent to light
inside the diagnostic window at wavelengths of 650–1,100 nm.
Here we present a unique optical biotechnological method using
carbon nanohorn (CNH) that transforms energy from diagnostic
window laser light to heat to control the expression of various
genes. We report that with this method, laser irradiation within
the diagnostic window resulted in effective heat generation and
thus caused heat shock promoter-mediated gene expression. This
study provides an important step forward in the development of
light-manipulated gene expression technologies.
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The development of noninvasive remote control technologies to
manipulate cellular functions (1–13) is important for various

biological applications, including cancer research, immunology,
tissue engineering, and brain science. In particular, optical regula-
tion of gene expression (1–8) and optogenetic control of receptor
and channel proteins on the cell surface (9–13) have received much
research attention. Heat shock proteins (HSPs) are critical com-
ponents of a cell’s defensemechanism against injury associated with
adverse stresses (14–18). Promoters that contain heat shock ele-
ments (HSEs) upstream of the HSP coding region, known as heat
shock promoters, can be turned on by various stresses besides heat
shock, including heavy ions, radicals, alcohol, and viral infection,
suggesting that they are driven by almost all kinds of stresses (1–8,
14–18). Given the simple and highly controllable nature of heat
shock treatment, the heat shock response is ubiquitous in all
organisms from bacteria to higher vertebrates. Numerous re-
searchers have pursued regulated gene expression by heat shock in
mammals, fish, and other organisms (1–8). Thus, heat shock re-
sponse-affected gene expression systems are attractive targets for
controlling cellular functions.
Light-driven gene expression techniques have been developed

using UV (1–3), short-wavelength visible (vis) (4, 5), and IR (6–8)
laser light heat to induce a heat shock response, which acts as a
trigger to drive expression of genes inserted downstream of heat
shock promoters. UV, short-wavelength vis, and IR light have poor
penetration into biological tissue, whereas near-infrared (NIR) la-
ser light (wavelength 0.7–2.5 μm) can penetrate at least 10 cm
through deep tissue (19, 20). Biological systems are transparent to
light within the diagnostic window, that is, within 650–1,100 nm
(19). Nanocarbons, such as carbon nanotubes (CNTs) and carbon
nanohorn (CNH), are considered useful in science and technology
because of their remarkable physical and chemical properties, some

of which might help overcome the limitations of traditional laser
light technologies. In particular, nanocarbons have extraordinary
photothermal energy conversion efficiency and high absorption
cross-sections in a wavelength range capable of transmission within
the diagnostic window (21–38). Although gold nanoparticles also
have such photothermal properties, nanocarbons can be more ef-
fectively heated at various wavelengths because of their strong ab-
sorbance over a wide range of the optical region (38). Potential
problems exist with CNT biocompatibility, however, including im-
purities in the metal catalysts used in CNT synthesis (39, 40).
Conversely, CNHs are produced without metal catalysts and have
relatively low toxicity, as shown in both in vitro and in vivo experi-
ments (41–45). Thus, CNHs appear to be more amenable than
CNTs for use in various biomedical and biotechnological applica-
tions. Here we show that CNH complexes with BSA (BSA–CNH)
are well dispersed in aqueous solutions and can effectively convert
light energy to thermal energy. These complexes introduced into
various cells and transgenic medaka (Oryzias latipes) can supply the
thermal energy necessary for heat shock promoter-mediated gene
expression. Low-power laser irradiation of CNH remotely controls
the supply of this energy, and this energy effectively drives gene
expression in living mice. Thus, nanocarbons dramatically extend
the concept of optical regulation of cellular functions.

Results and Discussion
Characterization of BSA–CNH. To construct the regulatory system of
heat shock promoter-mediated gene expression inducible by the
photothermal properties of nanocarbons, we first prepared water-
dispersible CNH complexes (Fig. 1). Given the hydrophobic nature
of CNHs (26–28), we complexed them with commercially available
low-bioactive BSA molecules through low-power (80 W) facile
ultrasonic treatment (Fig. 1A). The resulting BSA–CNH com-
plexes were well dispersed in several aqueous solutions (Fig. 1B,
Inset). The UV–vis–NIR optical absorption spectrum of PBS dis-
persions of BSA–CNH peaked at 260 nm (Fig. 1B), characteristic
of the absorption of tubular graphite and BSA molecules (27, 28,
44). The BSA–CNH complexes were ∼100–200 nm in diameter as
estimated by atomic force microscopy and dynamic light scattering
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analyses (SI Appendix, Fig. S1 A and B). An aqueous CNH com-
plex dispersion (CNH concentration, 100 μg/mL) exhibited a sig-
nificant increase in temperature over time (26–28) under 670-nm
laser irradiation and with an increase in laser power, whereas
control dispersions without CNH complexes showed no increase in
temperature at all laser powers (Fig. 1C). Moreover, there was no
sedimentation of the functionalized CNH complexes, even at a
relatively high laser power of 300 mW (laser power density,
∼15 mW/mm2) (SI Appendix, Fig. S1C). Temperature differences
(ΔT) of BSA–CNH complexes were higher than those of other
BSA-functionalized CNT (BSA–CNT) complexes with single-wal-
led CNTs or multiwalled CNTs under 785-nm laser irradiation,
likely because of the greater water dispersibility of BSA–CNH (Fig.
1D and SI Appendix, Fig. S2). In the present study, we used two
laser wavelengths, because CNH complexes have high optical ab-
sorbance over a wide range of wavelengths (Fig. 1B).
We next investigated the influence of various BSA-functional-

ized nanocarbon complexes on mitochondrial enzyme activity
in cells, using a 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disul-
fophenyl)-2H-tetrazolium monosodium salt (WST-1) assay (SI
Appendix, Fig. S1D–F). BSA–CNH demonstrated low cytotoxicity
in various cultured cells, including mouse fibroblasts (NIH 3T3),
mouse colon cancer (Colon-26), and rat C6 glioma (C6) cells,
although it was absorbed by cells by endocytosis (SI Appendix, Fig.
S3) (44, 45). The low CNH toxicity was also confirmed in both
in vitro (41, 44, 45) and in vivo studies (41–43). We found that
BSA–CNH has lower cytotoxicity than BSA–CNTs (Fig. 1E).
BSA-modified single-walled CNTs have relatively high toxicity
compared with other nanocarbons because of metal impurities
and/or long, rigid morphology (39, 40). The deleterious effects of
multiwalled CNTs on cells are associated with the CNTs’ diameter

and length (46, 47). Despite these studies, the detailed mecha-
nisms of toxicity of nanocarbons remain unclear. In any case, these
results clearly demonstrate that BSA–CNH has many properties
important for the control of cellular functions, including powerful
photothermal performance, high photostability, low cytotoxicity,
and high water dispersibility.

Gene Expression Triggered by Laser-Induced CNH Complexes. The
aim of this study was to remotely control heat shock promoter-
mediated gene expression using heat converted by BSA–CNH
from laser light with a wavelength within the diagnostic window.
In our first system, we analyzed laser-triggered remote gene ex-
pression in various cells and transgenic medaka (Fig. 2). The ul-
timate goal of our research is to detect the expression of various
exogenous genes inserted downstream of heat shock promoters.
In the present study, we selected GFP, red fluorescent protein
(DsRed), and luciferase as model targeted genes for expression
via heat shock promoter. These proteins are beneficial in that they
are directly visualized by the fluorescent microscopy and bio-
imaging analyzers. In contrast, we chose the HSP70 promoter as
a model promoter for gene expression, because its functions are
relatively well understood in various HSP family members (14–
18). In addition, many previous researchers have examined reg-
ulation of gene expression by the HSP70 promoter (1–8).
We measured fluorescent protein expression in three stably

transfected cell lines to determine whether the heat shock process
was triggered by heat transferred from laser light by BSA–CNH
present in the cell culture medium (Fig. 2A). We chose NIH 3T3,
Colon-26, and C6 cells as gene expression models based on their
ease of transfection and handling. GFP from Aequorea victoria
(48) and DsRed from Anthozoa species were the two reporter

Fig. 1. Characterization of BSA–CNH complexes. (A) Schematic illustration of the BSA–CNH complex. (B) UV–vis–NIR spectrum of BSA–CNH in PBS buffer.
(Inset) Photograph of BSA–CNH complex dispersions in (1) DMEM, (2) PBS, and (3) artificial seawater. (C) Temperature changes in BSA–CNH complex dis-
persions under continuous 670-nm laser irradiation at various power levels: 50 mW (∼3 mW/mm2), 100 mW (∼5 mW/mm2), 150 mW (∼8 mW/mm2), 200 mW
(∼10 mW/mm2), 250 mW (∼13 mW/mm2), and 300 mW (∼15 mW/mm2). (D) Temperature changes in various nanocarbon complexes under continuous 785-nm
laser irradiation at 300 mW (∼24 mW/mm2) for 5 min. Hipco, high-pressure carbon monoxide; CoMoCAT, cobalt–molybdenum catalyst. (E) Cytotoxicity tests of
various BSA–functionalized nanocarbon complexes in NIH 3T3, Colon-26, and C6 cells. The standardized percentage of mitochondrial enzyme activity com-
pared with control. Statistical analyses were performed using ANOVA (Tukey’s test). aP < 0.0005; bP < 0.0001; cP < 0.025.
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genes used (49). When irradiated with optimized laser power,
which raised the temperature to ∼42 °C, NIH 3T3 and Colon-26
cells expressed GFP and C6 cells expressed DsRed (Fig. 2A and SI
Appendix, Fig. S4). The optimal temperature of 42 °C for effective

gene expression in these cells was determined by their incubation
in thermostatic chambers, in which cell viability was not affected at
temperatures up to 42 °C (SI Appendix, Fig. S5). Transfected NIH
3T3 cells also expressed Pyrearinus termitilluminans luciferase (50),

Fig. 2. Photothermic regulation of gene expression in cells and transgenic medaka. (A) Expression of fluorescent proteins in (1) NIH 3T3, (2) Colon-26, and (3) C6
cells driven by laser-induced CNH complexes. Cells were irradiated at various laser powers, and expression of fluorescent proteins was observed by fluorescence
microscopy. Laser power: (1) 150mW (∼12mW/mm2; laser wavelength, 670 nm; (2) 210mW (∼11mW/mm2; laser wavelength, 785 nm); (3) 140mW (∼7mW/mm2;
laser wavelength, 785 nm). (B) Real-timemonitoring of luciferase expression in NIH 3T3 cells after 670-nm laser irradiation for 30min at various laser power levels:
50mW (∼3mW/mm2), 100mW (∼5mW/mm2), and 300mW (∼15mW/mm2). (C) Venus expression behavior in embryo and young transgenic medaka before laser
irradiation (1) and after laser irradiation (5). Laser power: (2) 50 mW (∼3 mW/mm2), (3) 100 mW (∼5 mW/mm2), (4 and 6) 150 mW (∼8 mW/mm2).

Fig. 3. In vivo gene expression by laser-induced CNH complexes. (A) Location and geometry of suspensions consisting of NIH 3T3 cells and CNH complexes
inside the tissue. (B) Photographs of suspensions consisting of NIH 3T3 cells and CNH complexes injected in a nude mouse. (C) Photograph of a 785-nm laser
spot on the body of a mouse. (D) Thermographic measurement on the mouse’s body surface with 785-nm laser-induced CNH complexes [laser power, 150 mW
(∼12 mW/mm2); irradiation time, 5 min]. (E) Bioimaging of in vivo gene expression driven by photothermal properties of CNH complexes. The right side of the
body surfaces of mice were irradiated with a 785-nm laser at three preset temperatures: (1) 42 °C, (2) 39 °C, and (3) 45 °C.
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which emits green light (λmax,, 538 nm) with D-luciferin as a sub-
strate. Photothermal properties of CNH complexes drive lucifer-
ase expression only after application of laser irradiation at
100 mW (5mW/mm2) (Fig. 2B and SI Appendix, Figs. S5F and S6).
To quantify luciferase expression for each laser power, we moni-
tored luminescence intensity [measured in relative light units
(RLU)/min] in real time using a luminometer. In control experi-
ments performed without laser irradiation or BSA–CNH, we
observed no significant gene expression. Moreover, the cells irra-
diated without CNH complexes did not express proteins.
We investigated the laser-induced gene expression behavior of

the NIH 3T3 cells encapsulating BSA–CNH complexes to reduce
the amount of CNHs administered (SI Appendix, Fig. S7). In this
system, many CNH complexes were located inside the cells (SI
Appendix, Fig. S3). Maximum GFP expression was observed at 300
mW (∼24 mW/mm2). We also investigated the photothermic

regulation of gene expression by laser-induced BSA–CNH dis-
persed in 0.3% artificial water in transgenic medaka (Fig. 2C).
Significant variations in expression of variants of yellow fluorescent
protein (Venus) (51) in embryos and young transgenicmedaka (52)
were observed for each laser power. Maximum Venus expression
was observed at 150 mW (∼8 mW/mm2) and ∼39 °C. A previous
study reported activation of the heat shock promoter at ∼39 °C in
medaka cells (52). In control experiments without BSA–CNH, the
same laser irradiation caused no Venus expression. Thus, these
results definitively indicate that gene expression in cells and me-
daka can be controlled using the photothermal properties of BSA–
CNH.

In Vivo Gene Expression by Laser-Induced CNHs. Finally, we in-
vestigated in vivo gene expression driven by the photothermal
properties of BSA–CNH in a living mouse (Fig. 3). We chose

Fig. 4. Biocompatibility of CNH complexes. (A) A mouse’s back after immediate injection of BSA–CNH complexes (Left) and saline (Right). (B) Weight changes
in mice with or without CNH complex injection. (C) A mouse’s back and anatomic skin tissue at 7 d after BSA–CNH complex dispersion (C-1) and saline (C-2)
injections. (D) A mouse’s back and anatomic skin tissue at 30 d after BSA–CNH complex dispersion (D-1) and saline (D-2) injections. (E and F) Pathological
analysis of skin tissue after CNH complex injection. (E) Optical microscopy images of skin tissue of mice dissected at 30 d after injection of CNH complexes
under the skin. (H&E staining; original magnification: left, 10×; right, 60×.) Blue arrows indicate CNH agglomerates. (F) Immunohistochemical detection of
macrophages in s.c. tissue of mice dissected at 30 d after injection of CNH complexes under the skin. (Original magnification: 60×.) Red arrows indicate CNH
agglomerates with adjacent macrophages.
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luciferase as the reporter gene because it provides bio-
luminescence without background fluorescence and allows highly
sensitive detection. Suspensions of BSA–CNH and stably trans-
fected NIH 3T3 cells were injected at two locations on the back
of a nude mouse (Fig. 3 A and B). Almost all of the BSA–CNH
complexes were located around the cells, near their surface,
because of the slow cellular uptake of the CNH complexes (SI
Appendix, Fig. S3). Body surface temperature was monitored
using a thermographic camera during 785-nm laser irradiation
for 30 min [laser output: ∼80–200 mW (∼6–16 mW/mm2); preset
temperatures: 39, 42, and 45 °C] (Fig. 3 C and D). After 5 h, NIH
3T3 cells under the skin expressed luciferase, as detected on
in vivo bioimaging (Fig. 3E and SI Appendix, Fig. S8).
To quantify the observed light, we demarcated regions of in-

terest over the cell-injected areas and evaluated the mean lu-
minescence intensity (i.e., total number of photons per pixel in
the cell-injected area) in these areas. The maximum lumines-
cence intensity value was obtained at a body surface temperature
of 42 °C. The maximum RLU in the cell-injected area under
laser irradiation (preset temperature, 42 °C) was approximately
sevenfold higher than that in the control experiment without
laser irradiation. Meanwhile, the maximum RLU in the cell-
injected area was approximately threefold higher at 42 °C than at
39 °C. The luminescence intensity value was lowest at a preset
temperature of 45 °C, probably as a result of cell death due to the
excess photothermal effects of CNH complexes. Supporting this
idea, burn injury appeared near the injected areas only at 45 °C
(SI Appendix, Fig. S9). BSA–CNH is nontoxic, as demonstrated
by various biocompatibility analyses, including blood inves-
tigations, weight determinations, and pathological examinations
(Fig. 4 and Table 1). Careful visual observations revealed no
signs of inflammatory reaction against BSA–CNH, but did
identify a large CNH aggregation encapsulated by s.c. tissue (Fig.
4A). Virtually no changes in the weight of mice with and without
injections of CNH complexes were seen (Fig. 4B), and no his-
tological abnormalities, such as granulomas or fibrosis, were
observed (Fig. 4 C and D). H&E staining confirmed a wide
distribution of CNH throughout the s.c. tissue (Fig. 4E). Im-
munohistochemical staining revealed the absence of undesired
inflammatory responses, although CNH uptake by macrophages
(41, 42) stained with rabbit anti-ionized calcium binding adaptor
molecule 1 was observed (53) (Fig. 4F). Furthermore, complete
blood cell count and biochemical examinations of BSA–CNH
were all normal, at least for 30 d (Table 1). In particular, virtually
no changes in levels of inflammatory markers (i.e., WBC and
C-reactive protein) were seen after injection of BSA–CNH.

These results clearly demonstrate that CNH complexes have
low toxicity, at least for 30 d. However, we recently reported that
CNHs are highly accumulated in the organs of the re-
ticuloendothelial system (43). In addition, Lacotte et al. (41)
reported activation of immunocompetent cells by chemically
functionalized CNHs. Thus, further detailed studies on the bio-
compatibility of CNHs (e.g., high doses and long-term use) are
needed to obtain a conclusive answer. In any case, we have
demonstrated that BSA–CNH effectively causes a temperature
increase in mice by channeling the powerful photothermal effect
of CNH, thereby stimulating significant in vivo gene expression.

Conclusions
In the present study, we have successfully developed a unique gene
expression system that uses the photothermal properties of water-
dispersible BSA–CNH complexes and operates through a heat
shock promoter. The complexes enable remote in vitro gene ex-
pression in various cells and transgenic medaka by external laser
irradiation. Moreover, we successfully controlled gene expression
remotely in a mice using a low-power laser that can penetrate
living tissue. We believe that this is a unique demonstration of
remote control of gene expression that relies on the powerful
photothermal properties of nanomaterials. This work is a proof-
of-principle study demonstrating that in vitro and in vivo gene
expression can be mediated by the photothermal properties of
nanocarbons. Further studies are needed to investigate efficient
laser irradiation systems and appropriate stereotactic administra-
tion of cells and nanocarbons within an organism to determine the
effective expression of various target genes in a deep tissue for
advanced optogenetics and therapeutics. Future technological
advances might allow temporospatial in vivo expression and reg-
ulation of various genes inserted downstream of heat shock pro-
moters. On the other hand, it is well known that HSPs are themost
attractive biomolecules as therapeutic targets and therapeutic
agents (14–18). Herein, heat shock promoter-mediated gene ex-
pression system is going to be a powerful activator in health and
diseases. This study has identified a potent tool for application in
various biological fields, including analysis of cell signaling within
organisms, investigation of genetic mechanisms, and development
of unique cell therapies and tissue engineering techniques.

Methods
Detailed information on functional nanocarbon complexes, characterization
of BSA–CNH, temperature assays, plasmid construction, cell cultures and
stable transfections, cellular uptake of CNH complexes, cytotoxicity tests of
nanocarbon complexes, in vitro laser experiments, and animal experiments is
provided in SI Appendix.

Table 1. CBC and biochemical examination of mice after injections of BSA–CNH complexes or
saline

Method Entry Unit

BSA–CNH complex Saline

After 7 d After 30 d After 7 d After 30 d

CBC WBC Cells/μL 3,000 3,167 3,433 2,750
Biochemical examination CRP mg/L 0.1 0.4 0.2 0.1

AST IU/L 53 52 68 47
ALT IU/L 22 32 30 35
LDH IU/L 539 492 592 539

Amylase IU/L 1,775 2,347 1,923 1,865
CK IU/L 217 155 160 162

Total protein mg/L 54 49 54 48
Albumin mg/L 45 36 45 36
BUN mg/L 192 204 173 205

Creatinine mg/L 0.9 1 0.9 1.1

Data are average values from five experiments. ALT, alanine aminotransferase; AST, aspartate aminotrans-
ferase; BUN, Blood urea nitrogen; CK, creatine kinase; CRP, C-reactive protein; LDH, lactate dehydrogenase.
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