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Cardiomyocytes-Actuated Morpho Butterfly Wings

Zhuoyue Chen, Fanfan Fu, Yunru Yu, Huan Wang, Yixuan Shang, and Yuanjin Zhao*

Morpho butterflies are famous for their wings’ brilliant structural colors
arising from periodic nanostructures, which show great potential value

for fundamental research and practical applications. Here, a novel cellular
mechanical visualizable biosensor formed by assembling engineered cardiac
tissues on the Morpho butterfly wings is presented. The assembled cardio-
myocytes benefit from the periodic parallel nanoridges of the wings and can
recover their autonomic beating ability with guided cellular orientation and
good contraction performance. As the beating processes are accompanied
by the cardiomyocytes’ elongation and contraction, the elastic butterfly wing
substrate undergoes the same cycle of deformations, which causes corre-
sponding synchronous shifts in their structural colors and photonic bandgaps
for self-reporting of the cell mechanics. It is demonstrated that this self-
reporting performance can be further improved by adding oriented carbon
nanotubes in the nanoridges of the wings for the culture. In addition, taking

with the feature of cellular mechanical
visuals can be constructed, as indicated
in Figure 1. We found that the parallel
periodic nanoridges of the butterfly wings
could effectively promote the assembled
cardiomyocytes to recover their autonomic
beating ability with guided cellular orien-
tation and improved contraction perfor-
mance on their surfaces. As the beating
processes are accompanied by the cardio-
myocytes elongation and contraction, 2834
the elastic butterfly wing substrate will
undergo the same cycle of deformations,
causing corresponding synchronous shifts
in their structural colors and PBGs to
offer self-reporting of the cell mechanics.
In addition, with the oriented filling of

advantage of the similar size of the cardiomyocyte and a single Morpho
wing scale, the investigation of single-cell-level mechanics can be realized by
detecting the optical performance of a single scale. These remarkable proper-
ties make these butterfly wings ideal platforms for biomedical research.

Morpho butterflies have parallel, periodic nanoridges on the sur-
faces of their wing scales, which can control the propagation of
photons in their photonic bandgap (PBG).™! This gives these
wings brilliant structural colors and makes them important in
bionics. Marveling at this elaborate architecture, researchers
have carefully studied the bionic manufacture and applications
of butterfly scales.’'8] Many functional objects with surface
morphologies similar to the butterfly scales have been devel-
oped using nanotechnologies in photonic devices, sensors,
self-cleaning surfaces, liquid condensers, and so on.l!*?7]
Although these bionic attempts have new functionalities and
visual effects, the exact combination of the cuticle complex
refractive index and subtle 3D structures of the butterfly scales
are still beyond current nanofabrication capacities. In addition,
because of the limited commonality between biological and
engineering solutions, some important biomedical values of
these butterflies remain unexplored.

Here, we show that by assembling engineered cardiomyocyte
tissues on the Morpho butterfly wings, a novel biological sensor
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carbon nanotubes in the gaps between
these nanoridges, the self-reporting per-
formance of the cardiomyocytes on the
butterfly wings could be further improved
because of the enhanced beating consist-
ency of cardiomyocytes on the conductive
substrates and the increased contrast of
the structural colors on the black background. More attractively,
because of the similar dimensions of the cardiomyocyte and a
butterfly scale, the investigation of single-cell-level mechanics
could be realized by detecting the optical performance of a
single scale. Thus, natural creatures, such as the Morpho but-
terfly, are valuable for biomedical applications.

In a typical experiment, the wings of Morpho Menelaus
(M. Menelaus) were used for cell culture and sensor construc-
tion. M. Menelaus is one of the tropical Morpho butterflies. On
the wing of mature M. Menelaus, the shape and the size of these
two scales are relatively uniform, which are rectangular with
the length-width ratio of 2.1 to the ground scale and 2.99 to the
cover scale (Table S1, Supporting Information). Its wing surface
is made up of two kinds of scale, “ground” and “glass” scales,
which are highly ordered and arranged like tiles. The ground
scales are the basis of the structural color, while the transparent
glass scales situated above the ground scales exhibit relatively
low structural color (Figure S1, Supporting Information). The
scales are composed of periodic parallel cuticle ridges, and a
single ridge consists of a stack of alternating chitin and air mul-
tilayered lamellae, which is called a “Christmas-tree” structure.
This elaborate structure is the foundation of the bright struc-
tural color of M. Menelaus’ wings. Because of the multilayer
interference caused by the ridge lamellae hierarchical structure,
the M. Menelaus wing possesses the unique PBG property of
wavelength selective capability. When certain light wavelengths
illuminate the PBG, they are prevented from propagating
through the wing and are reflected back. Considering the
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Figure 1. Scheme of the construction of the visualized detection platform by assembling engineered cardiomyocytes on the modified Morpho wings.

“Christmas-tree” structure as multilayer horizontal model
layers, the reflection peak position 4 of M. Menelaus wings can
be estimated as

kZ
W lz = né - sinzi (1)

where d is the equivalent thickness of the multilayer struc-
ture, n, is the effective refractive index, k is an integer, and i
is the incident angle.®®! Normally, d is nearly constant and n,
is relatively constant in a certain medium, and the value of 4
mainly depends on i. Thus, with the incident angle increasing
at the direction parallel to the long axis of the scale multi-
layers, the reflection peak decreases, showing a blueshift.
However, due to the lacking of the ordered nanostructures
among these “Christmas-tree” ridges, there is unobvious
angle-dependency at the direction perpendicular to the long
axis (Figure S2, Supporting Information). Therefore, when
observed at the parallel direction to the long axis of scale,
the color of the M. Menelaus wing changes synchronously
under different viewing angles. This implies that when the
M. Menelaus wing is deformed, the changes of concurrent
structural color could be employed for self-reported mechan-
ical sensing.

It is worth mentioning that although current nanotech-
nologies had made progress to achieve the goal to construct
such elaborate and complex structures,3% it would be fairly
expensive and time consuming. With the highly cost and pho-
toresist materials limitations, the artificial butterfly wing-like
photonic structures could not be manufactured in large and
could not be considered as the cardiac sensing materials. In
addition, the M. Menelaus wing was also used as template to
acquire replications with desired biocompatible materials on
the consideration of further cell culture. It was found that
soft hydrogel could hardly remain the precise photonic struc-
tures; while for hard hydrogel, the wing scale kept inlaid and
the replica was too stiff to generate elastic changes when cul-
tured with cardiomyocytes (Figure S3, Supporting Informa-
tion). Taking all the factors into consideration, the natural
structured M. Menelaus wing would be an optimal choice
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with whose surface properties and biocompatibility could be
improved by chemical processing methods.

To improve the M. Menelaus wings’ capacity for cell culture
and self-reported sensing, their surfaces were modified, as
shown in Figure 2a. The wings were first treated by oxygen
plasma to gain hydrophilic surface wettability from the highly
hydrophobic original. The thickness of chitin lamellae on the
M. Menelaus wing was slightly decreased by the high-energy
plasma beam. In this step, although some neighboring ridges
on the scales showed partial discontinuous conglutination,
the primary nanomorphology of the surface of the scales was
retained, and the overturned cross scale section also showed
parallel nanostructure (Figure 2b,c). As d decreased, the reflec-
tion position shifted slightly toward blue (Figure S4, Supporting
Information). Because of the parallel ridges, carbon nanotubes
could be orientated to fill the gaps between the nanoridges
by slowly pulling the wing up from a carbon nanotube solu-
tion (Figure 2d,e). With the carbon nanotubes’ integration, the
parameter . in Equation (1) increased, causing a redshift of
the M. Menelaus wing’s reflection wavelength. Surprisingly, we
found that the contrast of the structural color increased after
carbon nanotube filling, as the nanotubes provided a black
background (Figure S4, Supporting Information). Finally, to
obtain better biocompatibility and nutritional capacity, bioactive
methacrylated gelatin (GelMA) hydrogel was used for further
filling of the interspace among the carbon nanotubes and
ridges, connecting them with the hydrogel network structure.
The hydrogel also formed a thin layer covering the scales’ sur-
face (Figure 2f,g).

To further confirm the colorimetric mechanical sensing
capability of the M. Menelaus wings, their mechanical
strength, integrity, resistance, and optical consistency and
reproducibility were tested. It was found that the M. Menelaus
wings were with sensitive mechanical responses (Figure S5,
Supporting Information) and showed good integrity and
resistance during several Dbending cycles. In addition,
although with some modification processes, the optical
variability in the M. Menelaus wing scales was negligible, with
the variable coefficients around 0.42% (Figure S6, Supporting
Information).
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Figure 2. Scheme and SEM images of modification. a) Scheme of the modification process on M. Menelaus wing. b) SEM image of the scale after
oxygen plasma treatment. ¢) Magnifying SEM image of the cross section of ridges. d) SEM image of the scale with self-assembled carbon nanotubes.
e) Magnifying image of carbon nanotubes in (d). f) SEM image of the scale covered by GelMA hydrogel. g) Magnifying image of GelMA hydrogel cover.
The scale bars are 2 um in (b,d,f) and 200 nm in (c,e,g).

To investigate their biological value, the modified M. Menelaus ~ most cardiac cells cultured on the modified M. Menelaus
wings were used as a substrate for the culture of neonatal  wing showed marvelous concurrent orientation (Figure 3 and
rat ventricular cardiomyocytes. We found that cardiomyo-  Figure S7, Supporting Information). The main reason is the
cytes were oriented randomly in general plate culture, while  specific stripe nanostructure of the M. Menelaus wing surface.
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Figure 3. Cardiomyocytes cultured on modified M. Menelaus wing scales. a—c) Fluorescence images of the cardiomyocytes cultured on the modified
M. Menelaus wing scales for: a) F-actin, b) nuclei, and c) the merged field, respectively. d) SEM images of cardiomyocytes cultured on the modified
M. Menelaus wing scales. e) Orientation angle frequency distribution of the cardiomyocytes on the M. Menelaus wing and tissue culture plate. f) MTT
cell activity array [by 3-(4, 5,-dimethyl-2-thiazolyl)-2, 5-diphenyl-2-H-tetrazolium bromide (MTT)] between cardiomyocytes cultured on the modified
M. Menelaus wing and cell plate. The bars are 10 um in (a—c) and 100 um in (d).
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Figure 4. The color changing process of M. Menelaus butterfly wings actuated by cardiomyocytes. a) Optical microscopy images of the structural color

variation process of the cardiomyocytes cultured M. Menelaus wing during

half myocardial cycles (from t1 to t6). b) Dynamic reflectance wavelengths

of the M. Menelaus wing during half myocardial cycles at the position of the wing’s outer edge. c) Relationship between the bending angles of the
M. Menelaus wing and the reflection peak values in different positions of the rectangle-shaped wing.

With the parallel nanoridges, the cultured cardiomyocytes
tended to be induced into alignment and elongated along
the ridges. Taking advantage of phalloidin and 4’,6-diamidino-
2-phenylindole (DAPI) staining, the sarcomere formation, the
directions of induced cardiomyocyte cell orientation, and elon-
gated cell nuclei were much more obvious on the modified
M. Menelaus wing. These cardiomyocytes grew along the direc-
tion of the parallel ridges, and the nonrandom sarcomere
alignment, cardiomyocyte nuclei, and ridges of the wing scale
were more apparent in enlarged views (Figure 3a—c). This was
further confirmed by using immunostaining for cardiac tro-
ponin T (cInT), which also showed the induced orientation of
the cardiomyocytes (Figure S8, Supporting Information). These
cultured cardiomyocytes also exhibited induced orientation
with distinct cell bipolarizations along the ridges in scanning
electron microscopy (SEM) images (Figure 3d). These indicated
that the modified M. Menelaus wing could provide 3D growth
space for cardiomyocytes and could mimic a tissue scaffold.

As further confirmation of the major trend, the angles
between the growth direction of the cardiomyocytes and the
parallel ridges were measured and analyzed (Figure 3e). The
results demonstrated that about 76% of the cardiomyocytes on
the M. Menelaus wing showed an orientation within 30° of the
ridges’ direction, while cardiomyocytes cultured on plates dis-
played no particular orientation. A cell activity array was also
employed to compare the cultured cell activity between the
modified M. Menelaus wing and a plate (Figure 3f). We found
that cell activity of living cardiomyocytes assembled on wing
slight better than plate’s, which indicated that the modified
wing possessed strong biocompatibility and great biomedical
value for cell adhesion and alignment.

Adv. Mater. 2018, 1805431 1805431

The assembled cardiomyocytes recovered their stable beating
after culturing on modified M. Menelaus wing for 2 d. Because
of the flexibility of the M. Menelaus wing, the beating of the car-
diomyocytes caused the wing to bend during contraction and
to return to its original shape during relaxation. During these
rhythmic beating cycles, the M. Menelaus wing was changed
reversibly from a fixed vertical observation position (Figure 4a).
As the M. Menelaus wing’s actuated bending range increased,
the normal line of the wing slanted gradually, which caused the
angle between the vertical observing direction and the normal
line to increase accordingly. According to Equation (1) and the
definition of the incident angle, i was continuously rising and
the reflection wavelength A decreased accordingly when the
cardiomyocytes’ contractions caused the M. Menelaus wing to
move like a live butterfly’s flapping wings. As the M. Menelaus
wing flapped, the structural color of the wing’s outer edge first
transited from green to blue, then spread gradually inside the
wing with decreased color transition.

The relationship between the shifted structural colors
and the bending angles was investigated. Different posi-
tions from the M. Menelaus wing were chosen to record
the variations in characteristic reflection peak positions
(Figure 4b,c). For each position at different bending angles,
the M. Menelaus wing had the corresponding structural
colors. Thus, the evaluation of cardiomyocyte contraction
could be observed from the changes of M. Menelaus wing's
structural color with the naked eye and could also be esti-
mated by quantitative spectrometric analysis. It should be
mentioned that both the contraction ability and the fre-
quency of cardiomyocytes cultured on the M. Menelaus wing
with carbon nanotubes were higher than wings without the

(4 of 7) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. The application of cardiac cultured M. Menelaus wing as a drug evaluation platform. a) Relationship between the reflection peak shift values
and the beating speed of the M. Menelaus wing at the same outer edge mentioned in Figure 4b. b) The relationships of the average peak shift values
(black) and the beating frequency (red) to the bend up process of the M. Menelaus wing with different isoproterenol concentration.

nanotubes (Movies S1 and S2, Supporting Information). This
is presumably because the carbon nanotubes enhanced the
beating consistency of the cardiomyocytes on the conductive
substrates and increased the contrast between the structural
colors and the black substrate. These results indicated that
the modified M. Menelaus wing had good self-reporting capa-
bility of the cardiomyocytes’ contraction performance and
biosensing functionality. It was worth mentioning that not
only the neonatal rat cardiomyocytes but also cardiomyocyte
cells derived from induced pluripotent stem cell (iPS cell)
could be employed to actuate the sensing substrate. However,
compared to the primary cell, the iPS derived cardiomyocyte
cells only showed the weakened driving force, which needed
further optimization (Figure S9, Supporting Information).

To explore their potential value, the M. Menelaus butterfly
wings driven by neonatal rat cardiomyocytes were employed
as a drug evaluation platform. As a typical test, isoproterenol
at various concentrations was added to the cardiac culture
medium and used to stimulate the cardiomyocytes. In the con-
trol group of normal cultural condition, the structural color
of the outer edge of the M. Menelaus wing was changed from
green to blue (as mentioned above), and the reflection peak
shifted from 558 to 483 nm. However, the structural color at the
same place on the wing changed to dark blue, and the reflection
peak blueshifted to 470 nm with the addition of 1 X 107 M iso-
proterenol in the culture medium (Movie S3, Supporting Infor-
mation). We found that the degree of structural color changes
and the blueshift values of the characteristic reflection peaks of
the M. Menelaus wing increased with the increased isoproter-
enol concentration (Figure 5a). The addition of the isoproter-
enol also affected the beat frequency of the cardiomyocytes. A
positive chronotropic response was observed by increasing the
concentration of the isoproterenol (Figure 5b and Figure S10,
Supporting Information), which indicated that the biological
effect of isoproterenol on the M. Menelaus wing persisted
in vivo, exhibiting increased beat frequency. Hence, the
M. Menelaus wing platform exhibited excellent self-reporting
performance and prospects for application for visual drug
screening, examining, and evaluating.

Because of the similar size of cardiomyocytes and the
M. Menelaus wing scales, detection at the level of a single cell
could be constructed based on this platform by analyzing the

Adv. Mater. 2018, 1805431 1805431

optical performance of a single scale (Figure 6a). For this pur-
pose, the transparent glass scales with their different structural
color intensities were all removed from the base, and most of
the ground scales were also stripped to build single-scale plat-
forms. Other modification steps for the residual scales were
generally the same as those in the previous M. Menelaus wing
treatment process. After cardiomyocyte culture, we found that
a single scale with a size of around 90 pm x 150 um could
support the growth of just a few cells. The cardiomyocytes cul-
tured on the single scale also exhibited obvious alignment and
elongation (Figure 6b—e). When these cardiomyocytes recov-
ered their beating cycles, they could actuate a single scale so
that it rotated rhythmically along the short edge joining the
wing substrate. As the single scale rotated, the structural color
of the whole scale transited from green to blue, as shown in
Figure 6f~k and Movie S4 in Supporting Information. In con-
trast to existing single-cell-level monitoring with complex
instruments and strategies,37-3% the beating frequency and con-
tractility of the cultured cardiomyocytes could be observed and
evaluated by the naked eye or simple spectrum analysis. Thus,
the M. Menelaus wing could be developed into a single-cell-level
detecting and monitoring platform for biological research and
drug screening.

In summary, we have developed a cellular, visualizable bio-
sensor by assembling cardiomyocytes on Morpho wings. Because
of the periodic nanoridges on the wing scales, the cultured car-
diomyocytes could be assembled in an induced orientation and
could recover their autonomic beating. As the cardiomyocytes
contracted and elongated during their beating cycles, the flexible
wing was driven to deform correspondingly, causing synchro-
nous reflection wavelength shifts that allowed visual sensing of
cell mechanics. We found that this self-reporting performance
could be improved by filling the gaps between the nanoridges
of the wing with carbon nanotubes, which contributed to better
cardiomyocyte cooperativity and consistency because of the
nanotubes’ conductivity and the greater structural color contrast
provided by the dark background. A single-cell-level mechanics
platform could be constructed by culturing the cardiomyocytes
on a single scale and detecting its optical shifts.

The combination of carbon-nanotube-integrated M. Menelaus
wing and assembled cardiomyocyte tissues offered a flexible
and self-reporting substrate and improved cell-induced

(5 of 7) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. A single-cell-level detection platform constructed by single M. Menelaus wing scale. a) Scheme of the single wing scale for single-cell-level
detection. b) SEM images of the single scale with cardiomyocytes. c) Magnifying SEM image of the cardiomyocyte on the single scale. d) Optical image
of culture medium infiltrated M. Menelaus wing scale. e) Fluorescence image of the single cardiomyocyte on the single wing scale for the merged field
of F-actin and nuclei. F-k) Optical microscopy images of the structural color variation process of the single wing scales during half myocardial cycles.

The bars are 50 um in (b,f~k), and 5 um in (c—e).

orientation and cooperation, which provide a novel platform
for cardiac culture. As the M. Menelaus wing is a natural
creation, the substrate materials are easy to obtain without
complex fabrication and preparation. When the cardiomyo-
cytes cultured on the M. Menelaus wing recover their auto-
nomic circulatory contraction and elongation beating process,
their mechanics can be measured and analyzed by simple
optical sensing, avoiding the expenditure and complexity of
large instruments and detecting methods. More importantly,
single-cell-level detection is gaining increasing significance in
current research, but existing measurements mainly depend
on composite living-cell analysis systems including high-
definition imaging devices and staining of living cells. In con-
trast, with our present platform based on M. Menelaus wing
scales, the estimation of a single cardiomyocyte’s mechanical
performance only requires a spectrograph and spectral anal-
ysis, which is a simple, low-cost operation. Thus, we believe
that our method of culturing cardiomyocytes on Morpho wings
possesses huge potential in biological research and drug
development.
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