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ABSTRACT Insect wings have many unique and complex nano/microstructures

that are presently beyond the capabilities of any current technology to reproduce
them artificially. In particular, Morpho butterflies are an attractive type of insect
because their multifunctional wings are composed of nano/microstructures. In this
paper, we show that carbon nanotube-containing composite adopts honeycomb-
shaped networks when simply self-assembled on Morpho butterfly wings used as a

template. The unique nano/microstructure of the composites exhibits multi-

functionalities such as laser-triggered remote-heating, high electrical conductivity,

and repetitive DNA amplification. Our present study highlights the important
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progress that has been made toward the development of smart nanobiomaterials for various applications such as digital diagnosis, soft wearable electronic

devices, photosensors, and photovoltaic cells.
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uring evolutionary history, human
Dbeings have made efficient use of

natural products by establishing
symbiotic relationships with Nature. In par-
ticular, various biomaterials sourced from
insects (for example, Bombyx mori,' Apis
mellifera,® Drosophila melanogaster,®> and
Photinus pyrali*) have offered many benefits
not only for the advancements in modern
molecular biology but also for enhancing
human health and improving the quality of
life. In the last few decades, information
about the structure and mechanical proper-
ties of the different parts of insects resulted
of particular interest for various industrial
applications. Insect wings, for example,
have many unique and complex nano/mi-
crostructures that any current technology
is not presently capable of reproducing
artificially.> Among them, Morpho butter-
flies are an attractive type of insects owing
to their multifunctional wings that are
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endowed with characteristic properties,
including structural color,>® superhydro-
phobicity,>® self-cleaning properties,>® di-
rectional adhesive functions,” and chemical-
sensing capabilities® Understanding the
structure and features of light, thin, and
flexible Morpho butterfly wings can inspire
the design of novel artificial materials.”'®
However, conducting additional bioengi-
neering research is absolutely imperative
to develop an ultimate nanobiomaterial
that is based on structures found in insects.
In contrast, nanomaterials are potentially
highly promising for numerous scientific
and technological applications in various
fields."" In particular, carbon nanotubes
(CNTs) offer a unique combination of elec-
trical, mechanical, thermal, and optical
properties that make them highly promising
materials for numerous applications.'>~ ' We
have been investigating the use of laser-
induced CNTs as a powerful photothermal

AT AN TS

* Address correspondence to
e-miyako@aist.go.jp.

Received for review June 18, 2013
and accepted August 18, 2013.

Published online August 18, 2013
10.1021/nn403083v

©2013 American Chemical Society

WWwWW.acsnano.org

8736



P3HT-SWCNT complex
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Figure 1. Structural characterization of the CNT—butterfly wing composite. (a) Image of the M. sulkowskyi butterfly. (b) Image
of the CNT—butterfly wing composite. (c) and (d) SEM images of the CNT—butterfly wing composite and its close-up view.
Inset: a schematic illustration of the honeycomb-shaped microstructure based on P3HT—SWCNT complexes. (e) SEM images
of the cross-sectional CNT—butterfly wing composite. Scotch tape was used for reinforcement of the composite during the

observation of the structures by SEM.

nanomaterial in various heat-based applications.'” 2’

Creation of new type of photothermal materials will
open doors for diverse thermal applications. In addi-
tion, there is currently a growing interest in the im-
provement of physical properties of CNTs by the use of
patterning processes to design functional CNT compo-
sites with relevant configurations and sizes.***> How-
ever, clear results showing an effective patterning of
CNTs for the enhancement of their chemico-physical
properties are not available yet. The final goal of our
research is to develop innovative multifunctional
nano/microstructures of CNT composites underlying
natural functions of biomaterials sourced from a vari-
ety of insects. For that purpose, we combined the CNTs
with a Morpho butterfly wing as the first step to create a
novel biomaterial. Strategic approaches for the func-
tionalization of CNTs with Morpho butterfly wing are
very important in the fields of CNT composites, biomi-
metic and bioinspired materials.

In our study, we demonstrate that (1) a honeycomb-
shaped network containing CNTs can be readily
formed on a Morpho butterfly wing using a simple
self-assembly technology; (2) the CNT functionalized
Morpho butterfly wing (CNT—butterfly wing) compo-
site successfully expresses multiple functions such as
laser-induced remote heating and high electrical con-
ductivity, because of the photothermal property of
CNTs and highly rooted, conductive CNT honey-
comb networks; and (3) the light-driven CNT—butterfly
wing composite effectively illustrates the repetitive
DNA amplification with the use of photothermal,
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water-shedding, and self-cleaning features of the com-
posite. This type of smart nanobiomaterial systems is
tremendously useful for enabling new biotechno-
logical tools,***> such as soft, wearable devices,*®
high-sensitivity photosensors,® and sustainable light
batteries.'® We believe that our work proposes an
important progress for application of CNT biocompo-
site because applications and physical properties of
CNT-based nanohybrids have not been satisfactorily
investigated. We would like to highlight that CNT
biocomposite is one of the most attractive materials.
Furthermore, this study reports for the first time an
improvement of photothermal properties of CNTs
by a patterning process on a natural substrate. Our
CNT patterning method will also shed light on
creation of new types of biomimetic and bioinspired
materials.?” 32

RESULTS AND DISCUSSION

Structural Characterization of (NT—Butterfly Wing Compo-
site. The Morpho sulkowskyi butterfly® (Figure 1a) was
used in this study as a model of natural material to
create a multifunctional nanobiohybrid. This butterfly
is commercially available, and the high transparency of
its wings is useful for the characterization of the optical
performances of CNTs such as the photothermal prop-
erties and the absorbance spectra. The nanobiohybrid
was based on the self-assembly of CNTs on the butter-
fly wings. Single-walled CNT (SWCNTs) were produced
by arc plasma jet (APJ). Since pristine CNTs have a
strong tendency to aggregate, thus hampering their
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dispersibility in different solvents,** we used poly(3-
hexylthiophene) (P3HT)-modified-SWCNT complex
[abbreviated as P3HT—SWCNT (APJ)], obtained by
noncovalent self-assembly.3* P3HT was adsorbed onto
the graphitic surfaces of carbon nanotubes via van der
Waals and hydrophobic interactions.>* The preparation
of the CNT—butterfly wing composite was very simple.
A dispersion of P3HT—SWCNT (APJ) complex was
added onto the butterfly wing and dried at room
temperature for several minutes (see Methods for
details). The color of the prepared CNT—butterfly wing
composite did not change from the original one
(Figure 1b). We discovered that CNT honeycomb net-
works were readily formed on the butterfly wing.
Figure 1c—e presents the scanning electron micro-
scopy (SEM) images of the CNT—butterfly wing com-
posite, which have bridging structures with different
sized honeycomb-like networks. The honeycomb
structures of the CNT complex spread over the scales
of the butterfly wing film. It is interesting to note that
P3HT—SWCNT (APJ) complex showed a better-defined
network structure among a variety of nanocarbons
that were used in the present study (Figures S1—S3).
Photothermal Property and Electrical Conductivity of (NT—
Butterfly Wing Composite. Discoveries about butterfly
wings show that multilayer structures on the wing
surfaces are effective solar energy collectors.> The
scales on butterfly wings are biologically tuned to
absorb solar energy efficiently and to warm them up,
enabling the insect to survive in colder or higher-
altitude environments.3® More excitingly, scientists
found that the honeycomb-like pattern of the scales
of the same butterfly wings takes advantage of refrac-
tion to trap light, much like a fiber-optic cable.3” Herein,
we investigated the photothermal effect of our differ-
ent nanocarbon—butterfly wing composites using
785 nm near-infrared (NIR) laser irradiation (Figure 2).
Under laser irradiation, the temperature of the
P3HT—SWCNT (APJ) functionalized-butterfly wings in-
creased more significantly with the irradiation power
than in the case of the other carbon materials [ie.,
P3HT—SWCNT (HiPco), P3HT—CNH, and P3HT—SWCNT
(CoMoCAT)]. On the other hand, P3HT—MWCNT,
P3HT, and the control butterfly wing without carbon
nanomaterials showed lower temperature increases
(Figure 2a,b). The effect of surface density of P3HT—
SWCNT (APJ) on the capacity to form honeycomb-
network structures and the photothermal conversion
behavior were investigated (Figure S4). The tempera-
ture difference (AT) increased with the surface density
of SWCNTs on the butterfly wing after laser irradiation
(Figure S4b). Indeed, the absorbance of light increases
with the amount of SWCNTSs (Figure S4a). The surface
density of SWCNTSs also influenced the formation of the
honeycomb networks (Figure S4c—e). We also investi-
gated the photothermal conversion behaviors of
two matrices without honeycomb networks, namely,
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P3HT—SWCNT (APJ) complexes on a glass substrate
and octadecylamine (ODA) modified-SWCNT (ODA—
SWCNT)/butterfly wing composite. The temperature of
these matrices did not increase after laser irradiation
compared with honeycomb structured P3HT—SWCNT
(APJ)/butterfly wing composite (Figures S5 and S6). The
high photothermal conversion of P3HT—SWCNT (APJ)/
butterfly wing composite derived from the high photo-
thermal conversion efficiency of the honeycomb-like
networks of SWCNTSs formed on the butterfly wing and
the good dispersibility in organic solvent necessary for
the SWCNT honeycomb formation.?®?' Furthermore,
defined honeycomb-shaped P3HT—SWCNTSs (APJ) net-
works on the butterfly wing have a large light receiv-
ing area that probably absorbs laser light very effi-
ciently.?>?" The photothermal conversion behavior of
the laser-induced CNT—butterfly wing composite can
be applied both in air and under vacuum (Figure 2c).
This result shows that heat is originally generated from
CNTs themselves, and oxygen is not necessary to heat
the composite with laser light. Indeed, the photother-
mal property of nanocarbons can be attributed to their
physical properties, such as the release of substantial
vibrational energy after exposure to laser radiation.>**°
The liberation of this energy within a composite pro-
duces localized heating. The generation of excessive
heat by the laser-induced CNT—butterfly wing compo-
site with honeycomb structure allowed it to ignite a
match or a nitrocellulose membrane (Figure 2d and
Supporting Information Movie 1). In the control experi-
ments (without nanocarbons, and in the presence of
P3HT and P3HT—MWCNT), ignition did not occur at all
even after 5 min of laser irradiation. In the cases of the
P3HT—SWCNT (HiPco), P3HT—SWCNT (CoMoCAT), and
P3HT—CNH, much time was also necessary to catch
fire (i.e, over 1 min for a match and over 30 s for a
nitrocellulose membrane). These results definitely con-
firm that only honeycomb networks derived from CNT
complexes were efficient on the butterfly wing as
powerful photothermal converters. We believe that
these readily formed CNT honeycomb networks also
create synergy between the photothemal nanotube
property’’ "' and the heat collecting function by
multilayer structures of the butterfly scales.?” Another
interesting feature of the CNT—butterfly wing compo-
site was its superior electrical conductivity (Figure S7
and Table S1).

Repetitive DNA Amplification by C(NT—Butterfly Wing Com-
posite. Morpho butterfly wings are covered by hierarch-
ical scales creating a superhydrophobic and self-
cleaning surface that repels water and contaminants
away from the body.®3® These superhydrophobic and
self-cleaning properties are the most attractive fea-
tures of this type of butterfly wings. This property can
be exploited in the context of a chemico-physical
manipulation technology of droplets deposited on a
solid surface.?® To expand the inherent functions of the
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Figure 2. Photothermal conversion of the CNT—butterfly wing composite. (a) Thermographic images on the surface of the
CNT—butterfly wing composite using a 785 nm NIR laser at 1000 mW (ca. 80 mW/mm?). (b) Photoinduced temperature
elevation on the composites at various laser powers (ca. 4, 8, 20, 40, and 80 mW/mm?). (c) Photoinduced temperature changes
on the composites using a 785 nm NIR laser at 1000 mW (ca. 80 mW/mm?) in air or under vacuum. (d) Fire tests of the

photoinduced CNT—butterfly wing composite. Laser wavelength = 785 nm. Laser power = 1000 mW (ca. 80 mW/mm?).

natural Morpho butterfly wings and their possible
applications in advanced functional tools (Figure 3),
we decided to investigate repetitive DNA amplification
using a photothermal property of CNT—butterfly wing
composite. Photoinduced loop-mediated isothermal
amplification (LAMP) of DNA was applied in this sys-
tem. The LAMP reaction is a convenient nucleic acid
amplification method, and it is performed under iso-
thermal conditions (ca. 60—65 °C).*' The repetitive
DNA amplification mechanism is illustrated in Figure 3a,
and comprised the following phases: (1) The enzymatic
solution was deposited onto the CNT—butterfly wing
composite because of water repellence (Figure 3b).
The contact angle (CA) of the solution droplet was
about 138°. This CA value is almost identical to that of
the native butterfly wing.3® (2) The enzymatic solution
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was irradiated with a 785 nm NIR laser for 10 min. The
optimal temperature of this reaction is about 60 °C, as
mentioned above. Therefore, laser power levels were
adjusted to bring the temperature to 60 °C, according
to a thermographic measurement. (3) An overall
bright-green-colored fluorescent droplet, derived from
the DNA amplification, was observed at 485 nm. This
real-time LAMP reaction was monitored using calcein,
which in complex with Mn?* is not fluorescent (Figure
S8). As the DNA amplification proceeded, the gener-
ated pyrophosphate ions (PPi) deprived the solution
of manganese ions, restoring the fluorescence of
calcein.*? In addition, the fluorescence emission was
enhanced by binding free calcein to magnesium ions
present in the reaction mixture. According to these
biochemical principles, we could observe the shiny,
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Figure 3. Repetitive DNA amplification by photoinduced CNT—butterfly wing composite. (a) A schematic illustration of
repetitive DNA amplification: (1) dropping enzymatic solution onto the CNT—butterfly wing composit; (2) NIR laser irradiation
(785 nm); (3) direct observation of DNA amplification using 485 nm UV light; (4) discarding of the enzymatic solution. (b)
Image of a water droplet on the CNT—butterfly wing composite. (c) The visual green fluorescence of DNA amplification using
485 nm UV light. (d) The effect of the number of laser irradiations on the CA and fluorescent intensity. (e) An optical
microscopic and SEM images of the CNT—butterfly wing composite after 10-times laser irradiation (total irradiation time:

100 min).

green fluorescence of an enzymatic droplet with the
naked eye (Figure 3c). This result clearly proves that
DNA amplification was successfully achieved. Finally,
(4) the enzymatic solution was easily discarded by
water repellence of the CNT—butterfly wing compo-
site. Therefore, we could continuously reiterate this
process (Supporting Information Movie 2). We also
investigated how the number of times that laser
irradiation was applied affected the CA and fluorescent
intensity of the droplet (Figure 3d). The fluorescent
intensity of the enzymatic droplet increased in the
presence of positive control DNA, while background
fluorescence of the droplet was not affected in the
DNA-free positive control, regardless of the number of
applied laser irradiations. In addition, the changes to
the contact angle and the fluorescence intensity by the
subsequent laser irradiations were insignificant. Finally,
the morphology of the CNT—butterfly wing composite
was not modified by the long laser irradiation time
(total irradiation time = 100 min), probably because the
water droplets very quickly dissipated the produced
heat and the boiling point of water is relatively low
(100 °C) (Figure 3e). We also confirmed by fluorescence
microscopy that DNA molecules were not absorbed
into the CNT—butterfly wing composite (Figure S9).
These results clearly indicate that the laser-induced
CNT—butterfly wing composite can be used repeatedly
for DNA amplification exploiting the photothermal,
water shedding and self-cleaning properties of the
composite. Our developed laser-triggered remote
heating system, which is based on the photothermal
property of CNT honeycomb networks, can easily heat
only a targeted area in a noncontact manner using an
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external highly focused laser beam. One of the most
important advantages of our CNT-based photody-
namic heating system in comparison to other light-
driven systems*® is the possibility to heat at various
wavelengths of light because CNTs have strong
absorbance over a wide range in the optical region.
In addition, water droplets on the composite can
be manipulated easily and rapidly without contam-
ination by water shedding and self-cleaning proper-
ties of the composite. According to these advan-
tages, we believe that the CNT—butterfly wing
composites might be applied to the next generation
of full automatic DNA manipulation devices** by
the use of digital microfluidics,®® in which pico-/
microliter-sized droplets are manipulated on arrays
of electrodes.

CONCLUSION

We developed a nanobiomaterial based on nano-
carbons and Morpho butterfly wings. Honeycomb-
shaped CNT networks were assembled on CNT-func-
tionalized Morpho butterfly wing composite using a
simple self-assembly technique and the wings as a
template. This unique nano/microsturucture of the
composite exhibits multifunctional properties, such
as laser-triggered remote heating, high electrical
conductivity, and repetitive DNA amplification, by
combining the powerful photothermal characteris-
tics and high electroconductivity of CNTs with the
inherent functions of the Morpho butterfly wings.
The applications of biomimetic and bioinspired ma-
terials are currently an exciting field of research. This
study also represents an important advance in using
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external laser irradiation to create programmable
and adaptable nanobiosystems. Our technology is
positioned to offer novel possibilities for future

METHODS

C(NT—Butterfly Wing Composite. The P3HT—SWCNT (APJ) was
prepared as follows. APJ SWCNT (1 mg) [Arc plasma jet, purity
>90%, diameter ~ 1.4 nm, length ~ 1-5 um; Meijo Nano
Carbon] and P3HT (1 mg) (regioregular, Mn ~ 87 000; Aldrich)
were suspended in chloroform (3 mL) and sonicated for 10 min
on ice (<8 °C) using an ultrasonication bath (USD-2R; AS ONE) to
obtain a uniform dispersion. The P3HT—SWCNT (APJ) dispersion
was centrifuged (10000 rpm, 10 min, 4 °C) (3500; Kubota) to
remove aggregates. The supernatant was collected after cen-
trifugation. The quantity of SWCNTSs dispersed in the chloroform
by P3HT molecules was determined by UV—vis-NIR spectro-
meter (UV-3100; Shimadzu) and resulted in about 238 ug of
SWCNT/mL of chloroform. Other P3HT—nanocarbon complexes
were prepared in the same way as P3HT—SWCNT (APJ). The
following nanocarbons were used in this study: HiPco SWCNTs
(superpurified SWCNTSs, purity >95%, diameter ~ 0.8—1.2 nm,
length ~ 0.1—1.0 um; Unidym), CoMoCAT SWCNTs (CG-100,
purity >90%, diameter ~ 0.7—1.3 nm, length ~ 0.45-2.3 um;
SouthWest Nano Technologies), CVD MWCNTSs [(purity >95%,
diameter ~ 10—40 nm, length < 3 um; Meijo Nano Carbon) and
carbon nanohorns (CNHs) (purity >95%, average particle di-
ameter ~ 80—100 nm, metal-free; NEC). Small pieces, ~0.5 x
0.5 cm? dried M. sulkowskyi butterfly wings (Nature Shop) were
cut and fixed onto a glass substrate with double-sided tape. The
butterfly wings were modified by applying the different
P3HT—nanocarbon solutions (10 L) onto the photonic dorsal
side of the wing and allowing them to air-dry for several
minutes. Surface density was calculated by dividing weight of
SWCNT by area of butterfly wing. The CNT functionalized-
artificial butterfly wing composites were prepared by the same
method employed for the CNT-based composite by using a
nanofabricated silicon wafer (DTM-2—2; Kyodo International).
To prepare chitin-coated silicon wafer, 0.1 wt % of chitin powder
from crab shells (Sigma) was dissolved in 30% NaOH solution. A
nanofabricated silicon wafer was dipped into the chitin solution
overnight and was then dried for 12 h in air. Finally, the silicon
wafer was washed with distilled water to remove excess chitin.

Structural Characterization of C(NT—Butterfly Wing Composite. The
CNT—butterfly wing composites were characterized using SEM
(JSM-6510; JEOL), a UV—vis-NIR spectrophotometry (UV-3600;
Shimadzu), and optical microscopy (IX70; Olympus). The thick-
ness of the composites from SEM images was measured by
image analyzing software (Mex ver. 5.1; Alicona).

Temperature Assay. The CNT—butterfly wing composites were
irradiated using a 785 nm NIR laser (spot diameter ~ 4 mm)
(BRM-785-1.0-100-0.22-SMA; B&W Tek) at various power levels
(50, 150, 300, 500, 700, and 1000 mW, and 4, 8, 20, 40, 80 mW/mm3).
The temperatures of the composites were measured by IR
thermography (Ti10; Fluke) and/or a temperature sensor
(AD-5601A; A & D). Before performing these experiments, the
indicators for measuring the temperatures were calibrated to
obtain accurate temperature values. In the case of the experi-
ments under vacuum conditions, the composites were placed in
a polystyrene-type transparent vacuum desiccator (AS ONE).
After lowering the atmospheric pressure (about 1073 Pa), the
temperatures of the composites were measured by a tempera-
ture sensor during laser irradiation.

Fire Test. A small piece of the CNT—butterfly wing composite
(0.5 x 0.5 cm?) was attached to a match (Kanematsu Nissan
Norin) or to a nitrocellulose membrane (Hybond ECL; Amersham
Pharmacia Biotech) using double-sided tape and it was irra-
diated using a 785 nm NIR laser at 1000 mW. Ignition behavior
was videographed with a digital camera (IXY 3; Canon).

Electrical Conductivity Test. The electrical conductivity of the
CNT—butterfly wing composite was investigated by the four-
probe DC current method (Potentio/Galvanostat HA-151 model;

MIYAKO ET AL.

developments in various applications such as digital
diagnosis, soft wearable electronic devices, photo-
sensors, and photovoltaic cells.

Hokuto Denki) using a galvanostat mode connected to a wave
generator (FC220; Yokogawa Electric). A linear sweep of current
was applied with the two outer probe electrodes and the
voltage was detected by the two inner probe electrodes. The
conductivity of the CNT—butterfly wing composite was calcu-
lated by the slope of the current—voltage curve.

Repetitive DNA Amplification. The enzymatic reaction was typi-
cally performed using the DNA ampilification kit (Eiken). Positive
control DNA (10 uL), primer mixture solution [Forward Inner
Primer (FIP) (160 pmol), Backward Inner Primer (BIP) (160 pmol),
F3 (20 pmol), and B3 (20 pmol)] (10 uL), and Bst DNA polymerase
(8 units/mL; 10 uL) were added in the buffer [40 mM Tris-HCI (pH
8.8), KCI (20 mM), MgSQ,4 (16 mM), (NH,),S04 (20 mM), Tween 20
(0.2%), betaine (1.6 M) and dNTPs (2.8 mM each)] (50 uL) on ice.
The positive control DNA was a plasmid DNA that was in-
serted with a Hind Il fragment (6557 bp) of 1 phage DNA. For
fluorescence studies, the calcein [bis[N,N-bis(carboxymethyl)-
aminomethyllfluorescein] in an aqueous solution (50 uM; 2 uL)
(Eiken) was added to the solution on ice. The prepared solution
(50 ul) was put onto the CNT—butterfly wing composite. The
solution was then irradiated with a 785 nm NIR laser for 10 min.
Laser power levels were adjusted to bring the temperature to
60 °C, as this is the optimal temperature for the amplification
reaction. The fluorescent intensity of the DNA amplification was
observed by the naked eye using a 485 nm blue LED (Akizuki
Denshi), and it was analyzed using the imaging software
(ImageJ; NIH). Contact angles were measured on a contact-
angle goniometer (CA-D; Kyowa Interface Science) at room
temperature. The DNA adsorption test was performed using
fluorescence microscopy. The 4 phage DNA (32 mDa, 48 502 bp;
Toyobo) solution (90 uL, 16 ©g/mL) was mixed with 1x GelRed
solution (10 ul) (Wako) as an intercalator. After each laser
irradiation time (10, 50, and 100 min), the prepared DNA
solution (50 ul) was placed onto the CNT—butterfly wing
composite for several minutes and then it was discarded. The
composite was then observed using a fluorescence microscope
(IX70; Olympus) equipped with a color-charge-coupled device
(CCD) camera (VB-7010; Keyence).
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