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Abstract

Recently, organ-on-chips have become a fast-growing research field with the widespread development of microfluidic chips
and synthetic materials in tissue engineering. Due to the existing cardiotoxicity of many cardiovascular drugs, heart-on-
chips which are promising to replace traditional animal models have been extensively researched and developed to mimic
human organ functions in vitro. The heart-on-chips mainly focus on cardiac mechanics, which is regarded as the central
indicator of in vitro heart models and drug testing. Traditional methods for the detection of myocardial mechanics have been
demonstrated complex and inefficient in heart-on-chips. Therefore, photonic crystal materials with unique optical properties
have attracted interests and have been introduced into the heart-on-chips, developing a visualized self-reporting system for
cardiomyocytes activity monitoring. In this review, photonic crystal-based heart-on-chips for biosensing are introduced, as
well as the fabrication methods and design criteria of them. The characterizations of the photonic crystal materials are classified
into optical properties and structural properties, and their applications in cell culture and biosensing are further discussed.
Then, several representative examples and developments of the integration of photonic crystal materials into microfluidic
chips are described in detail. Finally, potentials and limitations are put forward to promote the development of the photonic
crystal-based intelligent heart-on-chips.
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Introduction various methods have been presented to measure myocar-

dial contractility, which is regarded as the key functional

Organs-on-a-chip, a type of microengineered biomimetic
system, is fabricated based on microfluidic chips to imi-
tate the critical functional units of living human organs
in vitro [1-5]. Heart-on-a-chip is one of the examples and
has received extensive attention as a potential solution to
cardiotoxic side effects. The cardiac toxicities even exist in
some FDA-approved cardiovascular disease drugs, so that
the heart-on-chips are expected to achieve the drug toxicity
screening partly replacing the in vivo experiment [6-8]. In
the researches of cardiac disease modeling and drug testing,
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assessment parameters of the heart-on-chips [9-13]. These
methods include microelectrode arrays, micropillars, micro-
cantilevers hydrogel thin films embedded with fluorescent
beads and so on [14-18], which have made progress in
myocardial contraction detection. However, most existing
strategies are unintuitive and highly time-consuming, so that
there is still a demand for the development of operable sys-
tems with efficient biosensors and visual feedback.

Photonic crystals (PhCs) have been extensively studied
for decades due to their miraculous optical properties. The
PhC is a kind of periodic dielectric structure with photonic
bandgaps (PBGs). According to the effect of Bragg diffrac-
tion, PhCs possess adjustable lattice and angle-dependence
properties, which could respond to deformation such as
bending or stretching by PBG shifts [19-21]. These char-
acteristics impart PhCs with great technological significance
in self-reporting biosensors [22-26]. Therefore, many PhC
materials have been utilized as substrates and embedded in
the heart-on-chips for self-reporting force sensing.
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Fig. 1 PhCs in the biological world. a Base of H. trionum petal; b the
fern-like tropical understory plants of the genus Selaginella; ¢ the
diamond weevil beetle, Entimus imperialis; d the male peacock’s
tail feathers; e the blue butterfly Morpho rhetenor; f the Clostero-

In this review, we introduce the general processing meth-
ods of PhC materials in the biomedical field, including the
modification of natural PhCs and synthesis of artificial PhCs.
Then, we focus on the characterization of the PhC mate-
rials, including optical properties, specific cell inductivity
and applied potentials in tissue engineering and biosensors.
Examples of representative PhC materials integrated into
microfluidic chips are presented in detail, such as their micro-
fabrication, cardiomyocytes culture, visual detecting and the
specific analysis of myocardial contraction. Finally, we pro-
pose a general summary and put forward a prospect for the
future development of the PhC-based intelligent heart-on-
chips.

Generations of PhC materials
Typical examples of natural PhCs

Scientific studies of PhCs initiated in the late 1980s,

and the concepts were almost simultaneously proposed by
Yablonovitch [27] and John [28]. The PhC is a kind of
optical materials, in which more than two dielectric media

cerus coffeellae (Hymenoptera insect); g the nacre of Haliotis glabra;
h Aphrodita aculeata (a species of sea mouse); i siamese fighting fish
[29]

with different refractive indexes and dielectric constants are
arranged periodically. Due to these microstructures, the PhCs
can manipulate the propagation of light (or photons) in their
PBGs, thereby exhibiting bright structural colors. Gem opals
are natural PhC materials, which are the formation of ordered
sedimentation of silica nanoparticles after a long-lasting
siliceous deposition and concentration under fluid forces and
gravity. In the biological world, various natural creatures are
possessing PhCs, such as insects, birds, mollusks, sea mice,
fish and some plants [29]. With bright structural colors, these
natural creatures present coloration variations through PhC
structural changes for camouflage, predation, signal commu-
nication and sex choice (Fig. 1).

Assembling of artificial PhCs
Assembling of PhC films

Inspired by the natural examples, a variety of synthetic PhC
materials with glaring structural colors have been designed
in forms of films, particles and fibers via diverse approaches.
Generally, the synthetic PhC films were fabricated by the bot-
tom—up assembly of monodisperse colloidal particles [30,
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31]. When the construction units of colloidal particles and
the derived PBGs couple with the wavelength ranged in vis-
ible light, the synthetic PhC films will display unique visible
optical properties. To fabricate the PhC films, there are two
assembly methods according to the properties of colloidal
particles: the close-packed arrays and the non-close-packed
arrays. Among them, PhC films based on close-packed arrays
and their derivatives have demonstrated their potential in
manufacturing and biosensing.

As the most widespread approach, the vertical deposition
method is widely used for the preparation of close-packed
PhC films [32-34]. In the fabricating process, the substrate
is firstly immersed vertically into a monodispersed col-
loidal particle solution, and then the colloidal solution is
volatilized to lower the meniscus level. At the beginning
of the deposition, the colloidal particles stay at the menisci
region contacting with the substrate and adhere onto the
substrate with liquid-level drawdown, and other colloidal
particles gradually move and stick to the immobile parti-
cles. As the solvent evaporates, the monodispersed colloidal
particles are orderly assembled on the substrate to form a
brilliant PhC films. The assembly of colloidal particles is
usually affected by factors such as the evaporation rate of the
solvent and the concentration of colloidal particles, which
would result in structured defects. To solve this issue and
achieve larger monomorphic regions and tractable thickness,
Jiang and Yang developed an adjustable doctor blade coat-
ing method. Firstly, monodisperse silica microparticles were
dispersed in an involatile monomer ethoxylated trimethylol-
propane triacrylate (ETPTA) with 2 wt% photoinitiator, and
an immobilized beveled razor blade was vertically placed
to gently touch with the substrate. Then, dragged with a
syringe pump, the substrate moved with controllable speed
and was sheared by a razor blade. Finally, the substrate cov-
ered with the ETPTA monomer was exposed in the ultraviolet
radiation and transformed into 3D highly ordered colloidal
crystal-polymer nanocomposites [35]. Besides, Guetal. [36]
proposed a novel pull-up deposition method, in which the
substrate was immersed in a monodisperse colloidal parti-
cle solution and lifted at a certain speed to obtain a uniform
thickness of PhC film with higher productivity. Benefiting
from the exquisite preparation technologies, PhC films with
unique optical properties have been successfully developed
and widely applied in the field of optical biosensing (Fig. 2).

Assembling of PhC beads

PhC beads are essentially spherical colloidal crystal clusters.
Similar to the PhC films, close-packed and non-close-packed
are two assembly methods for PhC beads [37]. During
the preparation of the close-packed beads [38], the col-
loidal particles are firstly dispersed into droplet templates
and dried to evaporate the solvent, thus facilitating the par-
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ticles assembling into colloidal crystal clusters (Fig. 3a).
Recently, microfluidic emulsification technologies have pro-
vided a novel method for assembling PhC beads and special
beads, and the size or structural color of the beads could
be precisely controlled by varying the flow rate of fluid
phases or the size of colloidal particles [39-41]. Zheng
et al. presented a type of barcode particles which could
synchronously capture, detect and release various circu-
lating tumor cells from a composite sample [42]. They
fabricated barcode particles with microfluidic technology,
and the surface of the barcode particles was etched with a
hydroxide solution to achieve tightened and aligned surfaces
with non-closed-parked nanostructures. The unique particles
enabled probe immobilization and cell adhesion, providing
a nanopatterned platform for highly efficient bioreactions
(Fig. 3b). In addition, non-close-packed PhCs could also
be directly produced by microfluidic technology [37, 43].
The difference was the usage of surface-charged particles
in droplet templates. The high-concentration charges would
create repulsion between the particles, and the minimum
energy configuration led the colloidal particles self-assemble
into a non-close-packed face-centered cube (FCC). Further-
more, researchers dispersed charged particles in a medium
with high-purity nonionic hydrogel monomers, locking the
colloidal particles by the cross-linked hydrogel network
structure, and regulated the structural color by changing the
concentration of colloidal particles (Fig. 3c). This break-
through ensured the stability of PhC beads and expanded
the application of PhC beads in intelligent optical sensors
[44].

Fabrication of inverse opals

These self-assembled PhC materials possess nearly 26%
voids among the colloid particles, which contributes to the
PhC materials acting as templates for the filling of diverse
materials; hence, self-assembled PhC materials are often
referred as “colloidal crystal templates” [30]. Specifically,
the colloidal crystal templates are infiltrated and covered
with solid-, liquid- or gas-phase prepolymers and are sub-
sequently removed by calcining, dissolving or chemical
etching after polymerization to acquire porous materials with
highly ordered and interconnected spherical voids [45-47]
(Fig. 4). The obtained porous materials, usually called inverse
opals, possess a large specific surface area, interpenetrat-
ing pore channels, high pore volume and high drug loading
capacity, which are conducive to cell adhesion and nutri-
ent transmission, etc. In addition, inverse opals replicate the
template lattice structures reversely and possess PBGs with
corresponding optical features. The optical and structural
properties, as well as the wide selection of multifunctional
polymers, make inverse opals valuable in tissue engineering,
biosensing and other fields [48, 49].
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Fig.2 a Schematic diagram of the vertical deposition method, the adjustable doctor blade coating technique and the cross-sectional SEM images
of the resulting silica colloidal crystal [33, 35]; b outline of the pull-up deposition method and the cross-sectional SEM images of colloidal crystals
[36]
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Fig. 3 a Fabrication and characterization of the close-packed colloidal PhC beads [38]; b SEM images of the surface nanostructure and the captured
CTC of various barcode-particle substrates [42]; ¢, d generation and characterization of non-close-packed colloidal PhC beads [37]
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Fig.4 a Schematic diagram exhibiting the fabrication of inverse opals [48]; b, ¢ SEM images showing the fabrication of inverse opal scaffolds from

uniform microspheres [45-47]

PhCs as normal biomaterials
Natural PhCs

As one of the best-studied PhCs in nature, butterflies with
parallel nanoridges structured wing scales demonstrate the
capabilities to control the photons propagating in the PBGs
and thus display splendid structural colors [29]. The hierar-
chical structure mainly constituted by chitin not only leads
to special optical features but also implies potentials in tissue
engineering. It was confirmed that surface topography pat-
terns with grooves or ridges possess the capability to induce
cell orientation. Gu et al. utilized the ridge-structured Mor-
pho menelaus (M. menelaus) butterfly wings as substrates for
RSCO96 cell growth [50]. After acidic and basic treatments,
the M. menelaus wings became hydrophilic and induced cells
into a regular alignment along with the ridges (Fig. 5a).
Additionally, Elbaz et al. proved the coincident fibroblast
orientation of butterfly wings with anisotropic nanostructures
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[51] (Fig. 5b). With remarkable effects on cell behaviors, the
natural PhCs present a promising prospect in tissue engineer-
ing and motivate artificial fabrication.

Inverse opal films

Cell alignment plays a vital role in proliferation, differ-
entiation, wound healing and even pathological processes,
etc. [52-55]. Recently, various substrates with designed
surface topology have been fabricated to regulate cell align-
ment [56-61]. In particular, inverse opal films have attracted
notable research interest due to their specific periodic macro-
porous structure [62]. Gu et al. fabricated silica colloidal
crystal templates by using a vertical deposition method and
sintered the templates to strengthen the junction structures of
adjacent particles [63]. Then, the polystyrene (PS)/toluene
solution was infiltrated into the voids of the template to
form the composite film after solvent evaporation. The tem-
plate was subsequently etched by hydrofluoric acid to obtain
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Fig.5 a Characterization of the M. menelaus and the cells growing on the butterfly wings [50]; b characterization of the wings and the SEM images

of cells after 48 h cultured on the wing [51]

the PS inverse opal film. Finally, the film with a gradient
stretching ratio was acquired by repetitive uniaxial stretch-
ing via Vernier caliper at a temperature close to the glass
transition temperature. They demonstrated that the ellipti-
cal topology derived from the stretched inverse opals could
regulate different degrees of cell orientation. The cells grow-
ing on the maximum stretch part (12 times) presented an
aligned orientation along the stretching direction, and the
cell microfilaments were also elongated to the maximum to
form tight cell-cell connections. In addition, they achieved
random-to-aligned-oriented morphologies of cells on the gra-
dient increased stretching inverse opal substrates without
any chemical modifications, mimicking the insertion part of
many connecting tissues and providing potential applications
in tissue engineering (Fig. 6).

Inverse opal beads

Conventional drug delivery methods, such as systemic,
local or oral delivery, may have strong side effects and
uncontrolled drug concentration in the blood. Rejecting the
disadvantages of traditional methods, the drug delivery sys-
tem based on inverse opal beads demonstrated high control
and high drug loading capacity, ensuring drug efficacy dur-
ing drug release [64—67]. Liu et al. proposed a kind of
egg-derived composite beads for synergistic drug delivery

[68]. After reversely replicating the silica colloidal crystal
templates, the egg yolk inverse opal beads were obtained
with high surface areas and interpenetrating nanoholes. Then,
the egg yolk beads were infiltrated into hydrophobic camp-
tothecin solution to implement the first loading and immersed
into the doxorubicin-dissolved egg white solution for the sec-
ond sample loading. The compounded beads could exert the
synergistic effect of the two drugs, obviously reduce cell via-
bility and facilitate the therapeutic effect on hepatoma cells.
The compounded beads were also used for along-term cancer
treatment, which was considered as a promising microcarrier
for clinical drug delivery (Fig. 7a).

As typical synthetic PhCs, responsive inverse opal beads
could be constructed by using stimulus-responsive materials
[31, 69]. Wang et al. proposed hydrogel inverse opal beads
with multi-functions, including maneuverable drug release,
visual thermal/pH-double response and rapid cell viabil-
ity detection [70]. They introduced N-isopropyl acrylamide
(NIPAM) and acrylic acid (AA) into the hydrogel precur-
sors, enabling the inverse opal beads to respond to changes
in temperature and pH through definite volume change. In
particular, inverse opal beads were endowed with PBGs and
corresponding characteristic reflection peaks; thereby, the
volume response could transform into the optical response.
As expected, the results indicated that living H460 cells
could secrete plenty of lactic acid in a doxorubicin-free
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Fig.6 a Optical and SEM images of the gradient stretched inverse opal film; b schematic diagram and fluorescence images of fibroblast cells

cultured on the gradient stretched inverse opal film; ¢ orientation angle frequency distribution of cells cultured on different part of the stretched
inverse opal film [63]
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environment, and the resulting acidic environment regulated
the color of inverse opal beads with a blue-shift turning to
green. After the doxorubicin addition, a large number of
cell apoptosis gave rise to a neutral microenvironment that
accordingly caused the color of inverse opal beads shifting to
red (Fig. 7b). These responsive inverse opal beads provided
a visual detection of cell viability, laying the foundation for
the construction of visualized drug screening systems.

PhC materials for heart-on-chips
Natural PhCs as self-reporting sensors

Heart-on-chips have aroused widespread attention as they
present a new thought to simulate heart functions in vitro.
The developments of cell monitoring and drug testing raise a
great demand for advanced self-reporting technology, which
gains increasing importance in heart-on-chips. PhC mate-
rials are highly promising to be utilized as substrates of
heart-on-chips as their peculiar periodic structure and opti-
cal properties. Specifically, the natural PhC materials were
accessible and their inherent topography and optical prop-
erties could induce cell behavior and report cell viability.
For example, Chen et al. presented a self-reporting biosen-
sor by assembling cardiomyocytes on the wings of the M.
Menelaus [71]. The M. Menelaus wings were firstly modified
by oxygen plasma to gain hydrophilic surface wettabil-
ity, then filled with carbon nanotubes in the wing gaps to
enhance conductivity and finally infiltrated with bioactive
methacrylated gelatin (GelMA) hydrogel to obtain better
biocompatibility and nutritional capacity. After planting car-
diomyocytes on the wings, they presented that the assembled
cardiomyocytes could recover autonomous rhythmic excite-
ment without external stimulation and exhibit an ordered
alignment responsive to the periodic parallel nanoridges of
the wings. Accordingly, the soft butterfly wings could per-
ceive and report cardiomyocyte beating with the same cycle
of deformations and corresponding shifts in their structural
color thus offered a visualized self-reporting for cardiomy-
ocyte mechanics. Particularly, the cultured cardiomyocyte
sources involved primary rat cardiomyocytes and induced
pluripotent stem cells (iPSCs), and both of them gained self-
report property on the M. Menelaus wings (Fig. 8). Therefore,
the natural creatures, such as the M. Menelaus, are valuable
for human physiological simulation and biomedical applica-
tions.

Artificial PhC films as self-reporting sensors
Artificial PhC films with anisotropic surface topography and

potential visualization property have been fabricated and
applied for the heart-on-chips system [72—74]. Comparing

to conventional heart-on-chips, the one based on PhC films
possesses self-reporting functions with visualized feedback
of cellular force. Fu et al. assembled colloidal crystals on sil-
icon wafers with microgroove patterns and used soft GeIMA
hydrogel to reversely replicate the hierarchical structure [72].
The microgrooves of the soft film could effectively induce
cardiomyocytes orientation, and the periodic nanopores were
sensitive to cardiomyocytes beating with the capability of
transforming contraction force into visual signals. In addi-
tion, by integrating the soft films into the microfluidic chip,
they developed a self-reporting heart-on-a-chip and provided
a new tool for visualizable biological research and drug
screening (Fig. 9).

In one of their subsequent studies, a reduced graphene
oxide (rGO) hybrid film was composed of polyethylene gly-
col diacrylate (PEGDA), rGO-doped GelMA and the rGO
film [73]. Because of the differences in biocompatibility,
cardiomyocytes could only adhere to rGO-doped GelMA
region and recover rthythmed beating, whereupon the adja-
cent PEGDA region was stretched with deformation and
resulted in color shifts. The relationship between wavelength
shifts and external strain could be analyzed quantificationally
so that realizing the precise mechanical-to-optical conver-
sion. Therefore, the rGO-doped composite film implemented
the division of the function area for cell culturing and
self-reporting sense, preventing the PBG structures distur-
bance caused by cell adhesion and growth. Particularly, as a
material with remarkable electrical features, the rGO incor-
porated in the GeIMA region would promote the electrical
conductivity in cardiomyocytes and improve the beating
consistency. This hybrid PhC film would provide a novel
strategy for the further development of self-reporting biosen-
sors (Fig. 10).

Despite these achievements, the microgrooves may divide
cardiomyocytes into an isolated state, hindering researches
on intercellular communication, interstitial connections and
coordinated cellular effects. Therefore, Shang et al. [74]
fabricated a flat inverse opal substrate with stretch-derived
periodical elliptical macropores. Under the guidance of
the anisotropic substrate, cardiomyocytes aligned along
the stretching direction. Meanwhile, cell pseudopods could
extend to the longest on the flat substrate and generated
coherent intercellular junction. Similarly, they constructed
visualized heart-on-chips based on this anisotropic sub-
strate and achieved self-reporting cardiac activity sensing
(Fig. 11).

PhC beads as self-reporting sensors
Since droplet microfluidics was extensively investigated for
functional material synthesizing, PhC beads have found opti-

mal avenues, which shed light on visual measuring systems
[75-77]. Wang et al. developed a strategy for construct-
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ing an anisotropic structural color bead by coassembling
graphene oxide (GO) and silica nanoparticles in droplets
[78]. As the water in the droplets evaporated, anisotropic
Janus beads were assembled with hemispherical colloidal
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crystal aggregate and oblate GO layer. Then, these Janus
beads were calcined in the argon protection environment to
enhance mechanical strength, and meanwhile, the GO was
reduced into rGO. They used the anisotropic Janus beads as
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[73]

templates for constructing responsive structural color hydro-
gel beads. In this process, the GelMA pregel was firstly
infiltrated into the voids of the anisotropic Janus beads.
After irradiation with ultraviolet (UV) light, the solution
was polymerized to acquire silica/rGO-GelMA hybrid beads,
and the porous rGO-GelMA hydrogel beads were finally
obtained by hydrofluoric acid etching. The hemispherical
porous structure imparted the hydrogel beads with specific
PhC properties, and the oblate rGO section enhanced the
color contrast and provided a macroscopically fixable fea-
ture. Then, the hydrogel beads were used to culture and
monitor cardiomyocytes (Fig. 12a). According to the results,
about 20 cardiomyocytes, at single-cell level, were planted
on a single hydrogel bead, while their beating could actu-
ate the deformation and structural color shift of the hydrogel
bead (Fig. 12b). Furthermore, the hydrogel beads realized
drug testing of cardiomyocytes through visual feedback even
accessible to the naked eye (Fig. 12c). Therefore, the real-
time detection of the PhC beads is a promising method

for visual single-cell monitoring and mechanical analy-
sis.

PhCs self-reporting soft robots

Further, different from these mentioned fixed heart-on-chips,
the biomimetic soft robot was utilized to measure myocardial
mechanics via biomimetic motorial capabilities rather than
structural color shifts of the fixed substrate. Sun et al. got
inspiration from natural reptiles and designed a sophisticated
soft robot with a structural color layer topside, an aligned car-
bon nanotube (CNT)-induced cardiomyocytes middle layer
and unsymmetrical claws underneath [79]. With cell orienta-
tion inductivity and excellent conductivity, the aligned CNT
layer facilitated cardiomyocytes to achieve consistent align-
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Fig. 11 a SEM images of the inverse opal substrates with different
stretching degrees; b optical images of the inverse opal substrates with
different stretching degrees; ¢ fluorescence image of the cardiomyocytes

ment and restore autonomic rhythmic beating. Benefiting
from the design, the soft robot could crawl like a worm driven
by cardiomyocytes and exhibited gorgeous structural color
shift consistent with the cardiomyocyte beating. Finally, the
soft robots were integrated into a microfluidic heart-on-chip
system and showed different running speeds in response to
different drug concentrations (Fig. 13). Therefore, this inte-
grated system could intuitively evaluate cellular state by
detecting the structural color shift and the running distance of
soft robots, showing a simple evaluation platform for inves-
tigating drug tests and disease mechanisms.
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cultured on the inverse opal substrate with 6 times stretching degree;
d the applications of the inverse opal substrates in a heart-on-a-chip
system [74]

Perspective and conclusion

The potential of the organ-on-chips is of great promotion
for the development of disease models in vitro and drug test
systems, owing to their conducive effect to the imitation of
human-organ functions and the measurement of therapeu-
tic drug effects. As one of organ-on-chips, heart-on-chips
demonstrate the potential in researches about heart tissue
engineering. The keys to the prosperity lie in the innova-
tion in the methodologies and conditions for cardiomyocytes
mechanical detecting. The major focus of the researchers
is to improve the myocardial mechanical detecting methods
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Fig. 12 a Schematic diagrams of the preparation process and cardiomyocyte detecting of the anisotropic Janus beads; b fluorescence images of the
cardiomyocytes cultured on a hydrogel bead; ¢ the hydrogel beads for self-reporting drug testing [78]

and explore more intuitive and efficient strategies. Taking
inspiration from natural creatures with bright structural color,
natural PhC materials are carefully investigated and thus mul-
tiform synthetic PhC materials occurred. For different PhC
materials, their optical features have been well utilized to
impart them with novel and excellent biosensing capabilities,
which provide a novel approach to realize visual structural

color feedback for cellular environment, such as tempera-
ture, pH, cell activity. Besides optical properties, the porous
structures of PhCs also possess biological value, leading to an
extensive application in tissue engineering and drug release.
These characteristics suggest the potential of PhC materials
in heart-on-chips, so that scientists have devoted themselves
to implement practical applications. We herein analyze the
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Fig. 13 a Schematic diagram of the generation process of the caterpillar-like soft robot; b fluorescent images of the cardiomyocytes cultured
on CNT-coated hydrogel; ¢ the color variation during the movement process of the soft robot; d the integration of soft robots in a microfluidic

heart-on-chip system [79]

inherent properties and the derived applications in mimick-
ing extracellular matrix and fabricating PhC material-based
optical sensors, and then review the construction of visual-
ized heart-on-chips based on PhC materials.

Although the researches of PhC materials in heart-on-
chips have made a significant progress in recent years, there
remain challenges and limitations for further development.
The heart-on-chips integrated with hydrogels possessed self-
reporting feedback. However, these chips constructed with
non-human cells could not adequately represent human biol-
ogy and might show significant differences in drug response
and disease mechanisms. Thus, it is necessary to develop
strategies to establish in vitro systems with better human bio-
logical simulation and drug-induced toxicity analysis. With
the improved functions, the self-reporting heart-on-chips are
expected to execute more complicated functions and appli-
cations in physiological imitation and clinical treatments.
We believe that the abilities of PhCs-based heart-on-chips
to detect myocardial mechanics and give visualized response
would shine brilliantly in the disease treatment and diagnosis
in the future.
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