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ARTICLE INFO ABSTRACT

Keywords: Colloidal photonic crystals have drawn wide attention in a number of realms due to their manyapplications.
Photonic microobjects Photonic microobjects can be processed by a combination of droplet-based microfluidics and the subsequent
Microfluidics

different post-processing approaches in a precisely controlled manner in terms of compositions, geometries, and
functionalities, offering a wide range of properties for the resulting products. In this review, we provide a
summary of colloidal-based photonic microobjects that have evolved from droplets produced by microfluidic
devices with different configurations and designs. The colloidal building blocks can be either inert or responsive
to external stimuli, which impart the colloidal photonic microobjects with tunable properties. By leveraging a
number of post-processing strategies, including evaporation of solvents from the droplet templates, external
field-guided assembly, selective sputter coating, controlled etching, osmosis regulating, etc., the obtained pho-
tonic microobjects eventually possessed diverse microstructures with different fashions, featuring the photonic
microobjects with demanded photonic performances in sub-microscale or can be further organized for bulk
applications. Finally, we analyze the challenges and present outlooks on future development trends regarding the
construction of colloid-based photonic microobjects, including current issues, critical needs, and promising
emerging photonic applications. Also, we propose some emerging scientific questions and engineering limitations
may be worthy of exploration based on the combination of microfluidics processing, colloidal assembly, and
post-treatments.

Colloidal building blocks
Post-processing strategies
Diverse microstructures
Photonic performances

1. Introduction properties [3,4]. In 1979, Clark and Hurd et al. reported the crystals’

formation and destruction of single colloidal crystal structures under

Photonic crystals are periodic nanostructures that can affect and
manipulate photons’ behaviors in a similar fashion to how semi-
conductors could precisely tune the behaviors of electrons [1]. Photonic
phenomena can be traced back to a long story. In 1887, Lord Rayleigh
studied a type of one -dimensional photonic crystal and predicted the
existence of high reflectivity of light of a specific wavelength range,
which later became known as a stopband [2]. In the 1960s, Luck and
Hiltner et al. respectively reported ordered structures from uniform-
sized latex showing refraction phenomena and studied their refraction

external fields (such as shearing force, etc.) [5]. A few years later, the
concept of photonic crystal was formally brought up by Yablonovitch
and John et al. when they extended the study to solid ordered three-
dimensional photonic structure [1,6]. Since then, research articles
about the construction of photonic structures with diverse applications
have exponentially increased [7-14].

Due to their wide applications in a number of realms, such as pho-
tonic computers, sensing, biomimetics, diagnosis, novel pigments, and
optical/electron devices, etc., photonic structures have attracted a large
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amount of research attention [7,9,10,15-25]. In general, the construc-
tion of photonic crystal structures was mainly realized through two
routes: one is the so-called top-down method, which can create periodic
nanostructures on substrates coated with photoresists using precise
processing tools and techniques, such as e-beam, nano imprint lithog-
raphy, electrochemical etching, and film deposition [15,26,27]. This
approach normally has some drawbacks, such as requiring expensive
instruments and skillful instrument operators, or it can only construct
limited duplicated layers [28]; another is the bottom-up approach,
namely, the periodic ordered structures of photonic crystals were ob-
tained through the self-assembly of amphiphilic block copolymers, col-
loids, and cholesteric liquid crystals (CLCs) [28-39]. Compared to the
top-down approach, photonic structures formed from the bottom-up
assembly are much more facile to achieve and considerably less
expensive, making it much more affordable for an ordinary laboratory
[40]. In terms of the building blocks for self-assembly, photonic crystal
from self-assembly of block copolymers requires the formation of
microdomains of block copolymers with enough repeating units to form
microdomains with thickness up to 100 nm. Despite the fact that the self-
assembly of ultrahigh-molecular-weight block copolymers can be
beneficial for generating sophisticated engineering of crystal lattices and
resulting in better control for photonic waves, e.g., topologically pro-
tected photon propagation including Weyl photonic crystals, it requires
block copolymers with precision architectures and high molecular
weight, which in turn makes it difficult to be self-assembled into ordered
structures due to the increased viscosity of the polymer melts or polymer
solution. As a result, this would significantly extend the annealing cycle
[12,41-43]. Moreover, the synthesis of such amphiphilic block co-
polymers with precise structures is much more complicated than that of
the synthesis of colloidal particles (CPs) [29,35,36,44]. Despite
homopolymer-based microobjects also displaying structural colors even
though they don’t have any periodic nanostructures, it requires the
microobjects with curved interfaces to leverage the synergistic effect of
total internal reflection and optical interference [45-48]. Although
photonic microobjects formed from the assembly of cholesteric liquid
crystals (CLCs) have also been reported, the color saturations of these
photonic microobjects remain to be improved [49,50]. Therefore, owing
to their facile designable merits and convenient synthesis process,
different colloids have been the most widely and intensively investi-
gated building blocks for the construction of photonic structures via the
self-assembly approach [9,10,28,34,51-62]. Since the end of last
decade, there has been an enormous amount of research papers focusing
on the fundamental theories and experimental characterizations of
photonic structures formed from colloidal self-assembly [10,16,63-69].
In terms of the ‘hardness’ of colloidal building blocks for the construc-
tion of photonic structures, there are generally two categories of CPs
employed: one is the nondeformable ‘rigid’ CPs under normal condi-
tions, such as monodispersed SiO, metallic oxide colloids (i.e., TiOa,
y-FepO3, Fe3Oy4 or the relevant compound colloids), metallic colloids
(such as Au) with high refractive index, polymer colloids (i.e., poly-
styrene (PS), poly(methyl acrylate) (PMMA), ligin colloids, or polymer-
based high refractive index colloids, such as fluorinated poly-
methacrylate poly(1H,1H-heptafluorobutyl methacrylate) (PFBMA))
[9,16,69-81]. For example, Pusey and Megen reported the phase be-
haviors of ‘hard’ or ‘near hard’ colloidal suspensions and studied the
phase behaviors of the relationship between the states of fluid, crystal,
and glassy and the concentrations of CPs [82,83]; the other is the
deformable ‘soft’ colloids, such as thermoresponsive poly(N-isopropyl
acrylamide) (pNIPAAm)-based or poly(ethylene glycol) (PEG) and the
derivatives-based gel particles, or colloids with partial deformability
under ordinary conditions (i.e., room temperature), such as PS-
PNIPAAm or Au-pNIPAAm core-shell CPs with a rigid core [84-88]. In
particular, photonic structures based on soft colloids have gained wide
attention [10,89-94]. Despite numerous articles about the construction
of bulk photonic structures through diverse conventional methods that
have been reported, colloid-based photonic microobjects are also
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significantly impacting this field [95-99]. Various methods have been
used to manufacture photonic microobjects, among which producing
colloid-based photonic microobjects through microfluidics in a precise
manner is crucially important in many fields [72,95,97,98,100-108].
However, a systematicreview regarding the construction and tuning of
the properties and shapes of photonic microobjects is still missing. In
light of this, this review is particularly focused on the construction,
shaping, and tuning of colloid-based photonic microobjects through
droplet-based microfluidics, given that this technique allows researchers
to control the resultant photonic microobjects in a precise and on-
demand fashion [109-112]. In this review, we summarize the devel-
opment of colloidal photonic microobjects that are shaped and regulated
by a combination of droplet-based microfluidics and a variety of other
approaches, specifically elaborating on the advances in the aspects of
photonic microspheres with isotropic properties, spherical photonic
microobjects with anisotropic photonic properties, structurally aniso-
tropic photonic microobjects, microcapsules, and fully inverse opal
microparticles. In addition, future research directions about
microfluidics-assisted preparation of colloid-based photonic micro-
objects and the relevant scientific questions regarding the structural and
property regulation of these microobjects are also discussed.

As a powerful tool, microfluidics has been comprehensively devel-
oped in the past two decades and can be used to precisely handle very
tiny amounts of liquid (107°-107'8 L) to construct microobjects with
different kinds of structures and functionalities [113-117]. Droplet
microfluidics and the corresponding microobjects can lead to the
resulting microobjects with very narrow size distributions (coefficient of
variation (C.V.) < 5 %), facile tunable size, and precisely controllable
droplet structure [115,116,118-121]. This technique typically allows
researchers to produce photonic microobjects with sizes ranging from a
few (> 2) microns to hundreds of microns depending on several factors,
including the types of building blocks used, the formation mechanisms,
and also the flow rates of different phases used [122-124]. This tech-
nique could also impart the microobjects with unique advantages in
terms of conducting research from a statistical point of view [125]. In
the past two decades, the preparation of photonic microobjects by
combining microfluidic techniques and colloidal assembly has attracted
intensive research attention [126-129]. Since the preparation of
colloidal photonic structures using a co-flow microfluidic chip was
firstly reported by Yang’s group, droplet microfluidics has been widely
used for the construction, shaping, and assisted regulating of colloidal
photonic microstructures and their relevant properties [125,130]. A
number of research groups, including Yang and Kim, Weitz, Kanai, Gu,
Zhao, Chen, Zhu et al., all have respectively made considerable contri-
butions in the realms of design and generation of photonic microstruc-
tures based on microfluidic platforms [109,110,131-133]. Regarding
the packing densities of the CPs, there are two types of photonic struc-
tures: close-packed and non-close-packed colloidal photonic structures.
The close-packed opal structure from monodispersed spherical CPs has
been the most intensively studied architecture due to the fact that it is
the simplest form of colloidal crystal [134,135]. So, we start our dis-
cussion with the opal-structured photonic microspheres in this review
and roll out the summary of photonic microobjects in diverse forms.
However, one common point of these photonic microobjects is that all of
them involve the utilization of a microfluidics platform in the con-
struction steps. We then elaborate on our discussions from the point of
view of the colloid-based microobjects with different structures and how
the structures and the corresponding photonic properties of the micro-
objects were regulated by different means.

2. Colloid-based photonic microspheres with isotropic
properties

2.1. Opal photonic microspheres with close-packed structure

Following Yang’s work, Gu’s group and Luo’s group respectively
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reported the fabrication of uniform-sized colloidal photonic microbeads
with diameters ranging from tens of micrometers to several millimeters
through different droplet-generating apparatus [131,136]. For the
typical flow-focusing droplet-producing device in Gu’s report, as illus-
trated in Fig. 1a, they utilized a polydimethylsiloxane (KF-96, 10 cSt) oil
containing surfactant and an aqueous suspension of monodispersed
(polydisperse index below 5 %) PMMA CPs (diameters ranging from
195 nm to 268 nm, 1.77 wt%) as the outer phase (OP) and inner phase
(IP) to produce uniform-sized water-in-oil (W/O) droplet templates. The
diameters of the droplets were controlled by the flow rate ratios of the
two phases since their compositions were fixed. For a given flow rate of
the IP, the larger flow rate of the OP can lead to larger shear force and
result in smaller diameters of the droplets. The sizes of the resultant
colloidal crystal microspheres obtained from the evaporation of
colloidal-containing droplets are normally smaller than that of the initial
droplet templates; this was due to solvent evaporation-induced
shrinkage of the droplets. In those cases, the sizes of the microobjects
were mainly determined by two factors: the initial concentrations of the
CPs and the initial diameters of the droplets. For a fixed concentration of
initial CPs’ suspension, the larger size of the initial droplets resulted in a
relatively larger size of the final photonic microobjects. Alternatively,
for a fixed size of the initial droplet templates, the higher the concen-
tration of the initial CPs’ suspension, the larger the size of the resultant
photonic microobjects, and vice versa. This is because the densest
packing of colloids within a sphere occupies a maximum volume fraction
of ~74 % and with an FFC structure [137,138]. In an alternative
experiment in Luo’s report, a mixture of n-butyl alcohol/n-octyl alcohol
with surfactant Span 85 and an aqueous suspension of monodispersed PS
CPs (diameters of 200 nm and 260 nm, 1 wt%) were used as the OP and
IP, respectively. The addition of surfactant Span 85 not only decreased
the interfacial tension between the two phases but also favored the
formation of monodisperse droplets and prevented the droplets from
experiencing coalescence, eventually yielding monodisperse photonic
microobjects. The generated monodispersed droplets with average di-
ameters from 55 pm to 500 pm [136]. For a typical two-phase micro-
fluidic experiment in a T-junction microfluidic device, the diameter of

orifice 2
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the resultant droplet is expressed asd = (1.5 + 0.1)Ca®**%w, Caand w
are the capillary number and width of the microfluidic channel. This is
based on the prerequisites of d<w [139]. The capillary number Ca can

be expressed as Ca = ’%’, where y, U and vy are the viscosity of the OP, the

droplet’s velocity at the T-junction, and the interfacial tension between
the two phases, respectively. Once those produced droplets were
collected in a Teflon dish, solvent evaporation (or extraction) started to
take place. Eventually, PMMA (or PS) CPs within the individual droplets
stacked into close-packed opal structures both on the surface and inte-
rior of the resultant microspheres (Fig. 1b-c). The reflection spectra of
the microspheres can be controlled by the diameters of the CPs. For an
FCC structure and (111) plane parallel to the substrate, the diffraction
peak of the (111) plane is determined by Bragg’s law: Ni =

2d1114/ (nfff — sin2€>, where N represents the diffraction order, d;;; is

the layer lattice spacing for the (111) plane, n. is the effective refractive
index, and 6 is the incident angle [140]. The ngy can be expressed as:

Ny = (n%go +n2(1-¢) ), where n, and nj, are the refractive indices

of the CP and the filling medium (can be air or any other liquids) among
the CPs, ¢ is the total volume fraction of the colloid particles. Though the
drying of the droplets can result in close-packed photonic crystal
structures, the interaction among the CPs is dominantly contributed by
the van der Waals forces among CPs. This interaction is weak and can be
readily destructed upon external vibration when the photonic micro-
spheres are subject to analyses or even purification procedures [141]. In
light of this, Gu et al. produced photonic crystal beads with relatively
more stable mechanical properties than those of the above-mentioned
PMMA-based colloidal crystal microbeads. A T-junction microfluidic
device was used in their synthesis steps [141]. Instead of using the
polymer-based (PMMA/PS) CPs as building blocks, monodispersed SiOy
colloids were used as building blocks in the study. Once the close-packed
opal structure photonic beads formed upon complete evaporation of
solvent, calcination was introduced to treat the beads at 700 °C and
110°C, respectively, to generate ‘necks’ between neighboring silica CPs,
which could consequently improve the mechanical stability of the
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Fig. 1. (a) Schematic figure of a microfluidic device used to opal structure colloidal crystal microbeads using PMMA CPs as building blocks. (b)-(c) Scanning
Electronic Microscopy (SEM) images of the surface and inner part of the photonic microsphere [131]. Reprinted from ref. 131 with permission from Wiley, copyright
2006. (d) SEM image of a colloidal crystal microbead using monodispersed SiO, Cs as the building blocks [141]. (e)-(g). SEM image of the surface of the microsphere
before (d) and after (e) calcination at 700 °C and the surface of the microsphere was calcinated at 1100 °C (g). (h). Reflection spectra and their corresponding
appearances of colloidal crystal microspheres using different diameters of SiO, CPs [141]. Reprinted from ref. 141 with permission from the American Chemistry
Society, copyright 2008 (i)-(j). Optical microscopy (OM) images of colloidal crystal microspheres formed from the assembly of SiO, CPs (i) and MV-modified SiO, CPs
(j), respectively. (k)-(n) OM images of MV-modified SiO, CP-based colloidal crystal microspheres in different media: air (k); hexane (1); silicone oil (m); ETMPTA (n).
(o) Reflection spectra of the MV-modified SiO, CPs-based photonic crystal microspheres in different media [143]. Reprinted from ref. 143 with permission from the

American Chemistry Society, copyright 2019.
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resulting photonic crystal beads despite the anti-cracking capability of
the photonic microspheres being much higher than that of the colloidal
photonic film (as shown in Fig. 1d-g) [141]. This calcination strategy
was further used to develop inverse-opal structures using a mixture of
binary CPs, such as monodispersed PS colloids building blocks with
relatively larger diameters and ultrafine SiOy nanoparticles (NPs; 5 nm,
nanoparticles refer to the particles with sizes <100 nm) as the matrix
materials [142]. The structural colors and reflection spectra of the
resulting photonic microspheres can be tuned by using SiO, CPs with
different diameters from 200 nm to 295 nm (as shown in Fig. 1h). The
high temperature in the calcination process decomposed the PS colloidal
building blocks, leaving behind the silica matrix and yielding fully in-
verse opal photonic microspheres that will be discussed in section 5 of
this paper. Furthermore, to improve the color saturation of the opal-
structured photonic crystal microspheres based on the assembly of
CPs, Yu and Chen et al. reported the fabrication of photonic micro-
spheres via microfluidics. In their study, methyl viologen (MV)-func-
tionalized SiO; colloids were used as the building blocks of the photonic
structures [143]. The methyl viologen (MV) moieties were functional-
ized on the surface of the CPs via silane chemistry and acted as the light-
absorbing groups. The resulting microspheres based on MV-
functionalized SiO» colloids displayed a much darker appearance
when compared with that of the microspheres based on bare SiO, col-
loids (as shown in Fig. 1i-j). This was because of the light-absorbing
properties of the MV moieties. Moreover, the microspheres based on
MV-functionalized SiOy colloids display distinctive colors when the
voids of the microspheres are filled with different media. Specifically,
the microspheres exhibited bright red, dark red, bright green, and bright
pink when exposed to air, hexane, silicone oil, and trimethylolpropane
ethoxylate triacrylate resin (ETMPTA or ETPTA) solution, respectively
(as shown in Fig. 1k-n). And the microspheres in the liquid media all
showed higher saturation than in air. Correspondingly, the peak values
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of the reflection spectra are located at different positions due to the
different refractive indexes of the ambient media (as shown in Fig. 10).
In particular, the reflection spectra of the microsphere in hexane and
ETPTA both exhibited a redshift when compared with that of the
microsphere in air, while that of the microsphere in the silicone oil
uniquely showed a blueshift. These phenomena were due to the close
refractive index between the silicone oil (n = 1.405) and the MV-
functionalized SiOs colloids, which resulted in the microsphere being
more transparent and enabled the light to travel deep inside the
microsphere rather than a few outer layers of the microsphere in other
cases. As a result, the reflection peak at 550 nm originated from other
scattering planes instead of the (111) plane. It was noteworthy to
mention that the emergence of two reflection peaks when the micro-
sphere was immersed in hexane. This was due to the close refractive
indices between hexane (1.37) and the MV-functionalized SiO colloids
(1.39). This strategy can also be used to fabricate photonic microparti-
cles using hollow silica CPs as the building blocks [59]. The micropar-
ticles can be subsequently used for barcodes.

In addition to the construction of opal-structured photonic micro-
objects using simple composition-based CPs, such as SiOy or PMMA CPs,
Chen et al. reported the construction of photonic microobjects via
microfluidics by using hybrid CPs as the building blocks. Specifically,
core-shell CPs with CdTe nanocrystals (NCs, ~ 4.3 nm) entrapped,
where the core-shell colloids were composed of a polystyrene-co-acrylic
acid (PS-co-PAAc) core part and a polyhydroxy ethyl methacrylate-co-
polyacrylic acid (PHEMA-co-PAAc) shell part (as shown in Fig. 2) [144].
Once droplets of an aqueous suspension of the hybrid latexes were
produced from a T-junction microfluidic device and collected into a
container, water evaporation from the droplets started to occur. The
droplets eventually evolved into photonic supraballs containing close-
packed CPs upon complete evaporation of the solvent (as shown in
Fig. 2a-b). By selecting the hybrid CPs with different diameters from
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Fig. 2. (a) The illustration figure shows the roadmap for the construction of hybrid CPs based photonic supraballs. Top: synthetic route of the preparation of NCs
entrapped hybrid CPs. Bottom: Microfluidics fabrication of hybrid CPs-based photonic supraballs. (b) SEM image of the surface of a supra formed from assembly of
the hybrid CPs with a diameter of 260 nm. (c) Cross-section SEM image of a supraball formed from the hybrid CPs with a diameter of 190 nm. (d)-(f) OM images of
photonic suprapballs formed from CPs with different diameters. (g) Fluorescence microscopy (FM) image shows the supraballs displaying a red color when being
illuminated with blue light at a wavelength of 450 nm [144]. Reprinted from ref. 144 with permission from the Royal Society of Chemistry, copyright 2010. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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260 nm to 230 nm to 190 nm, the resulting supraballs displayed red,
green, and blue hues, respectively (as shown in Fig. 2d-f). Meanwhile,
due to the entrapment of NCs in the hybrid CPs, the supraballs also
displayed fluorescence properties (as shown in Fig. 2g). The supraballs
also exhibited pH value-dependent fluorescence intensity change due to
the responsivity of the PHEMA-co-PAAc shell, which allowed the fluo-
rescence NCs to freely pass through the shell part of the CPs under
alkaline conditions [145].

The use of pH-responsive colloidal building blocks to regulate the
fluorescence characteristics of photonic supraparticles is a well-
established concept. However, there has been a pressing need to
explore how ambient environmental factors can be harnessed to govern
the assembly of these CPs, with their inherent stimulus-responsive
properties, and in turn, influence their resulting photonic properties.
In light of this, José Paulo S. Farinha et al. studied the assembled mi-
crostructures and the corresponding photonic properties of pH-
responsive colloids within a confined space [146]. pH value and tem-
perature of the ambient environment were leveraged to tune the mi-
crostructures and photonic properties of the resulting supraparticles. To
statistically study the populational behaviors of the supraparticles,
droplets of aqueous dispersion of PS@PMMA-co-AAc core-shell CPs
were firstly produced from a PDMS-based microfluidic device with a T-
junction configuration (as shown in Fig. 3a) and were subsequently
evaporated at 50 °C in a hexadecane oil solution containing 5 wt% of
span 80. Due to their pH-responsive property, the CPs within a droplet
eventually assembled into a spherical supraparticle with a close-packed
FCC structure and a supraparticle with amorphous structures when the
initial pH values of the colloidal dispersions were above and below the
pKa of the pAAc block, respectively (Fig. 3b-c). In addition to the uti-
lization of pH values to regulate the assembled microstructures, the
temperature field was also leveraged to regulate the assembled struc-
tures of the supraparticles. The colloidal supraparticles gradually tran-
sitioned from a close-packed FCC state to an amorphous state when the
incubation temperature varied from 50 °C (Fig. 3d) to 60 °C (Fig. 3e) to
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65 °C (Fig. 3f), while the initial pH value of the colloidal dispersions was
set to 6.2 (close to the pKa value of pAAc). These transition trends also
apply to the supraparticles formed from the assembly of CPs with
different diameters.

In addition to endowing conventional colloidal photonic particles
with fluorescence properties via functionalizing colloidal building
blocks with semiconductor NPs, such as CdS and others, there has been
growing interest in harnessing the photoluminescence quantum yields
(PLQY) and cost-effectiveness of perovskite nanocrystals (NCs) for the
fabrication of novel photonic microstructures. These microstructures
were envisioned and employed for innovative applications in areas like
anticounterfeiting and information security. Zhao et al. reported the
preparation of photonic microspheres integrated with CsPbBral NCs.
Instead of using a conventional two-step approach, such as preparing
CPs with NCs first and then assembling the CPs into a photonic structure,
they adopted a different strategy, where SiO2 colloid-based photonic
microspheres were firstly constructed by a conventional route and fol-
lowed with post-deposition of CsPbBryI NCs into the voids among the
SiOy colloids in an organic solution (as shown in Fig. 4a-b) [147].
Through this operation, the perovskite NCs were successfully loaded in
the voids among the SiO; colloids, as can be verified by SEM charac-
terizations and energy dispersive spectrum (as shown in Fig. 4b-c). Not
only can the structural colors of the resulting microspheresbe tuned by
using different diameters of SiO; colloidal building blocks, but also the
fluorescence properties of the microspheres can be regulated by the
composition of the perovskite solutions (as shown in Fig. 4d-e). More
importantly, the perovskite NCs can undergo a conformational change
when exposed to water-rich conditions, leading to the quenching of their
fluorescence signal (as shown in Fig. 4f), where the photonic micro-
sphere displayed a strong fluorescence signal under dry conditions. In
contrast, the signal vanished after wetting. This special property can be
further utilized to construct information-hidden materials. For example,
a typical Yin-yang pattern can be constructed by using two different
fluorescence colors of photonic microsphere arrays (as illustrated in

-PNP28

Fig. 3. (a) Microscopy image of droplets of colloidal particle dispersion inside a T-junction microfluidic device. (b)-(c) SEM images of FCC packing of PNPs inside the
supraparticle (b) and an amorphous supraparticle (¢) with random close-packing of the PNPs. The inset figures in the left bottom panel of b-c show the corresponding
photonic properties under OM. (d)-(f)SEM images of the surface and interior part of the colloidal photonic microparticles formed from the assembly of CPs with
different diameters from 194 nm (left column), 232 nm (middle column), and 287 nm (right column) under different temperatures: 50 °C (d), 60 °C (e), and 65 °C (f)

[146]. Reprinted from ref. 146 with permission from Elsevier, copyright 2022.
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Fig. 4. (a) SEM image of silica colloids on a photonic microsphere; (b) SEM image of silica colloids deposited with CsPbBryl NCs on a photonic microsphere. (c).
Element analysis of the nanocrystal-deposited silica colloids. (d) Reflection spectra of different colors of photonic microspheres formed from the assembly of bare
silica colloids and their corresponding OM images. (e) Reflection spectra of different colors of photonic microspheres formed from the assembly of CsPbBr,I NCs
loaded silica colloids and their corresponding OM images. (f) Reflection spectra of the CsPbBr,I NCs-loaded photonic microsphere before and after wetting. (g) The
schematic figure shows the preparation process and hydrochromic phenomenon of PNs-integrated photonic microsphere arrays. (h) Encryption of a QR code by using
the PNs-integrated photonic crystal microsphere arrays. (i)-(ii) OM (i) and fluorescence microscopy (ii) images of the array. (iii)-(iv) FM images of the array after
wetting (iii) and redrying (iv) [147]. Reprinted from ref. 147 with permission from Wiley, copyright 2022.
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Fig. 4g). The pattern displayed different information under wet and dry
conditions (as illustrated in Fig. 4h).

While the colloidal photonic microballs from a single type of CP have
been demonstrated and their optical properties have been studied, the
question regarding how the intrinsic structures of the microballs and the
confining effects affect the optical properties of the microballs remains
perplexing to scientists. Despite Dijkstra et al. studying the impact of the
spherical confining effect on NPs with diameters at around 12 nm, the
NPs at this size range are below the threshold that could modulate the
light in the visible light spectrum range [148]. In light of this, Vogel and
Aizenberg et al. systematically investigated a seriess of factors, including
sizes of the colloidal building blocks, confining effects, and curvatures of
the microballs on the optical properties of the opal-structured photonic
microballs. The photonic microballs were prepared by using negatively
charged monodispersed PS CPs as the building blocks via a PDMS-based
microfluidic device (as shown in Fig. 5a-c) [149]. The resultant CP-
based microballs have diverse diameters, ranging from 15 pm to 100
pm, but with monodispersed size distributions. The diameters of the
monodispersed PS CPs were 180 nm, 225 nm, and 250 nm, respectively,
leading to the resulting microballs with structural colors varing from
blue to green to pink (as shown in Fig. 5d). It was discovered that the
intensity of the Bragg reflection peak from the microball reached a
saturated value when the diameter of the microball was 50 pm and
beyond (as shown in Fig. 5e-f). Moreover, linear PEG (polyethylene
glycol)-modified Au NPs (~ 12 nm in diameter) were utilized as the
scattering light absorbers in the microballs and can successfully suppress
the scattering effects (as shown in Fig. 5g-h). Grating diffraction patterns
were also observed when CPs with diameters at 400 nm or beyond were
used as the building blocks and likely originated from the secondary
diffraction as well. Further studies revealed that the grating diffraction
patterns arose from the periodic arrangement of colloids at the surfaces
of the microballs (as shown in Fig. 5i-n).

In most scenarios, the resulting colloidal photonic supraparticles,
termed as photonic balls, that were formed from the assembly of CPs
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normally possessed isotropic photonic properties due to their layer-like
interior structure [150]. However, the formation of colloidal clusters
upon evaporation from the droplet templates was governed by several
factors, particularly at low temperature conditions and the extremely
low evaporation rate [101,151]. The synergistic effect from the evapo-
ration of emulsion droplet templates could result in the colloidal
supraparticles with anisotropic photonic properties. Despite emulsion
droplets normally evolving into colloidal clusters with spherical shapes,
how a variety of factors, including solvent evaporation rate and the
numbers of CPs within individual droplet templates, particularly
discrete numbers of colloids confined within the droplet template, affect
the localized structures on the surface of the colloidal clusters has never
been systematically exploited from an experimental perspective [152].
Vogel et al. leveraged the microfluidics-fabricated droplets containing
monodispersed PS CPs and investigated their assembled structures of the
colloidal clusters [153]. By controlling the evaporation rates and tem-
peratures, statistically tuning the surface structures of the colloidal
clusters formed from the evaporation of colloid-containing droplets
could be achieved. Four major colloid clusters with increased orders
were obtained in the experimental studies (as shown in Fig. 6a-d). It was
discovered that a slow evaporation rate favored the formation of
icosahedral clusters to a fraction of up to 75 % in total (as shown in
Fig. 6e-f). Although the surface geometries can be clearly characterized
by SEM, characterization of the detailed inner structure of the photonic
microballs without destructing the integrity of the colloidal clusters was
still difficult to achieve, particularly for clusters with larger diameters,
for instance, colloidal clusters with diameters above a few micrometers.
In specific, it was remaining a big hurdle to unlock the information of the
inner structures using conventional instruments, such as small-angle X-
ray scattering, SEM, TEM, and FIBs (focused ion beams). Although
cutting-edge tools, i.e., 3D X-ray microscopy, may reveal the secrets
beneath the layers of close-packed colloids, it is time-consuming and
sophisticated. In order to overcome the shortcomings, Vogel et al.
developed a straightforward method to uncover the underlying details
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Fig. 5. (a) OM images of microfluidic fabrication of SiO; CPs-based photonic crystal microballs. (b)-(c) SEM images of two microballs with diameters of 8 ym and 30
pm, respectively. Both microballs were formed from the assembly of SiO, CPs with a diameter of 250 nm. (d) Solid line: reflection spectra of the microballs with
different structural colors; dotted line: 1D simulations (dotted lines) of light reflection at stacked (111) planes within the microballs. (e) Reflection spectrum intensity
of the photonic microballs with different diameters. (f) Plot of the reflection intensities of the balls as a function of ball diameters. (g)-(h) Comparison of reflection
spectra of photonic microballs without (g) and with (h) the addition of Au NP absorbers. (i)-(j) SEM image of photonic microball formed from the packing of 610 nm
SiO;, colloids and the corresponding OM image (diffraction pattern). (k)-(1) SEM image of photonic microball formed from the packing of 1060 nm SiO colloids and
the corresponding OM image (diffraction pattern). (m). SEM image of a monolayer of close-packed 610 nm colloids deposited on the surface of a 50 pm photonic
microball to mimic the periodic arrangement of the colloids at the surface of a photonic microball. (n) OM image of grating patterns from 3D photonic microballs
[149]. Reprinted from ref. 149 with permission from the National Academy of Sciences of the USA, copyright 2015.
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Fig. 6. (a)-(d) SEM images of four colloidal clusters with different morphologies formed from the evaporation of droplets of PS CPs under different evaporation
conditions. (e)-(f) Statistical plots of percentage of colloidal superstructures with different geometries as a fraction of evaporation rate (e) and percentage of colloidal
superstructures with different evaporation periods (f) [153]. Reprinted from ref. 153 with permission from Springer Nature, copyright 2018. (g) Left: View of the
simulated cluster along one incident light direction. Middle: Experimental characterization of colloidal clusters oriented in the incident light direction corresponding
to the simulated model. Right: OM images of the colloidal clusters formed from different diameters of PS CPs. (h). Appearance of structural color under one illu-
mination scenario from side (left) and top (middle) views and the corresponding structural color from top view (right). (i) Appearance of structural color under one
illumination scenario from side (left) and top (middle) views and the corresponding structural color (right) from top view under OM observation [154]. Reprinted

from ref. 154 with permission from Wiley, copyright 2020.

beneath layers of CPs of the assembled colloidal crystal particles [154].
They presented a method to infer the internal cluster structures from
structural colors of the clusters in a low-cost and versatile fashion. Three
kinds of clusters have been used as examples to test the versatility of this
method. All of the three kinds of clusters’ structural colors were in good
agreement with their corresponding structure models. For example, the
FCC clusters (Fig. 6g), decahedral colloidal clusters (Fig. 6h), and
icosahedral colloidal clusters (Fig. 6i) respectively show different
structural color patterns when the incident light was illuminated from
the different orientations. The similar phenomena were also observed in
studies by Ohnuki et al., in which cases the colloidal photonic microballs
were constructed by conventional methods [155,156].

The construction of opal photonic microspheres was normally ach-
ieved by evaporation-induced crystallization of CPs confined in emul-
sion droplets [157]. To obtain photonic microspheres with high color
saturation, single-crystalline structure within the photonic microspheres
was highly demanded. However, it had been a challenge to produce such
a kind of single-crystalline structure in a short timeframe due to the
evaporation rate, which can be vary among different droplet templates
[158]. To address this challenge, Kim et al. introduced an approach to
achieve the production of single-crystalline photonic microsphere arrays
by mixing two different types of droplets together: colloid-containing
droplets and salt solution-containing droplets (as illustrated in
Fig. 7a). Each colloids-containing droplet was surrounded by approxi-
mately the same numbers of salt droplets, and consequently the colloid-
containing droplets and salt-containing droplets respectively experi-
enced size decrease and expansion (as shown in Fig. 7b-c). Through this
design, the rate of CPs’ enrichment under evaporation can be kept at a
relatively low variation level. As a result, the majority of the resulting
photonic supraballs with single crystalline structure were achieved (as
shown in Fig. 7d). Meanwhile, photonic supraballs with polycrystal,
partial single crystal, and single crystal structures were obtained in the
same batch (as shown in Fig. 7e-g). Moreover, the colloids’ enrichment
rate can be controlled by the concentrations of salt or the mixing ratio of

the two different droplets. Therefore, the droplet templates incubated
under different conditions resulted in superball mixtures with different
compositions. Specifically, the percentage of the photonic superballs can
be regulated by the incubation conditions (as shown in Fig. 7h-k). In
other words, this approach may not be able to achieve superballs with
completely pure photonic structure. Furthermore, the authors also
investigated how the thermodynamics and kinetics affected the assem-
bled superstructure from finite numbers of hard PS CPs confined within
the droplet templates. They concluded that thermodynamics predicts
both stable icosahedral clusters and stable decahedral cluster, while
kinetic generally favor icosahedral clusters [159].

An extensive amount of research attention has been paid to con-
structing photonic microobjects through the assembly of spherical CPs
[91,160]. This is because spherical CPs are easy to develop, have high
availability, and have a tendency to form close-packed ordered struc-
tures [20]. Research attempts on the construction of photonic structures
using nonspherical CPs have also achieved [161]. Nevertheless, pho-
tonic microobjects using polyhedral particles as the building blocks have
been stagnated for quite a while [162]. Two obstacles were attributed to
the lack of development of such kinds of photonic structures: on the one
hand, the CPs are too small to produce the Bragg diffraction in the visible
wavelength range [163]; on the other hand, the CPs, particularly for
metallic CPs, are too heavy, leading to the sedimentation effect domi-
nating the process and possibly failing to form stable photonic struc-
tures. In light of this, Vogel et al. reported the fabrication of
supraparticles using colloidal polyhedral metal-organic framework
(MOF) particles as building blocks, as MOF particles have attracted wide
application attention in diverse fields [164]. The photonic supra-
particles were formed from confining assembly of MOF CPs within
droplets that were produced from microfluidics [20]. Due to their ideal
size range (~200 nm to 400 nm), low density, and capabilities for facile
surface functionalization, the MOF CPs can be self-assembled into three-
dimensional ordered supraparticles with photonic properties, displaying
different structural colors. Four different geometries of MOF particles,



Y. Hu et al.

Advances in Colloid and Interface Science 344 (2025) 103601

gBingle crysia
Amorphous Polycrystal
Partial single-crystal [l Single crystal
100 4 - 2000
-
- 1500
£
50 4 ~1000 £
e
- 500

o
.

100 pm

EVAP 3IM mm
Consolidation condition

04M 0.1M 004M

Fig. 7. (a) The illustration figure shows the production of photonic supraballs using the droplet-to-droplet extraction method. (b) OM images of two different kinds of
droplet mixtures just after production and 5 h of incubation. (c) OM image (reflection mode) of the photonic superballs. (e-f) SEM images of the photonic superballs
with different crystal structures. (g)-(j) OM images of green-colored photonic superballs incubated under different conditions. (k) The plot shows the relationship
among the percentage of the photonic superballs with different crystal structures, observation time, and the consolidation conditions [158]. Reprinted from ref. 158
with permission from the American Chemistry Society, copyright 2023. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

including cubic zeolitic imidazolate framework-8 (C-ZIF-8), truncated
rhombic dodecahedral TRD-ZIF-8, perfect rhombic dodecahedral RD-
ZIF-8, and octahedral Universiteteti Oslo-66 (0O-UiO-66) particles,
were used to construct the photonic supraparticles (as shown in Fig. 8a).
The resultant supraparticles displayed a flawless spherical shape (as
shown in Fig. 8b) and corresponding structural colors (bottom left inset
figures in Fig. 8b). The reflection spectra were well coordinated with the
corresponding structural colors (as shown in Fig. 8c). In addition, cross-
section images indicate that the polyhedral CPs in all four types of
supraparticles assembled into onion-like structures from the surface
toward the center of the supraparticles (as shown in Fig. 8d). More
importantly, the supraparticles formed from the evaporation of droplets
displayed angle-dependent structural colors. The droplets were prepared
by the hand-shaking method using different shapes of primary particles
with similar sizes. This was due to the interference of light reflected at
the onion-like layers dominating the coloration mechanism (as shown in
Fig. 8e). This angle-dependent phenomenon was further verified by the
corresponding reflection spectra in Fig. 8f; specifically, the reflection
spectra peaks exhibited different values when viewing from different
angles. This angle-dependent feature was contrary to that of photonic
microcapsules using spherical CPs as the colloidal building blocks in the
report by Kim et al. [165] This difference was likely because different
geometries of colloidal building blocks were used in the two cases.

However, the supraparticles still lacked strong mechanical stability due
to there being no strong interactions (i.e., covalent bonds) among CPs,
which may need to be addressed in further applications.

Despite a number of studies having reported the production of
photonic microballs with high color saturations by adding color satu-
ration additives, such as Au NPs or others [149,166]. However, the
plasmonic properties from Au NPs can alter the hue and saturation of the
resulting photonic structures. Therefore, it was highly demanded to
develop additives for saturation enhancement in aqueous dispersions of
CPs for co-assembly with minimum impact on color brightness and hue
value of the resulting photonic structures. Eumelanin NPs possess very
low toxicity and can act as efficient light absorbers in biological systems
[167]. Therefore, it caught the attention of researchers for color satu-
ration enhancement in colloidal photonic systems [168]. Kim et al.
emulsified an aqueous suspension of the mixture of 250 nm PS CPs and
~ 4.1 nm eumelanin NPs through a microfluidic approach [169]. The
droplets were subjected to a series of microstructural evolutions from
single-crystalline array towards polycrystalline array formation in the
enrichment processes (as illustrated and shown in Fig. 9a-e). In addition
to the eumelanin NPs, much larger NPs, such as ~92 nm polydopamine
(PD) NPs, were also used as additives for colloidal photonic supra-
particle systems. For example, José Farinha et al. investigated how the
addition of PD NPs affects polymer CP-based colloidal photonic systems
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Fig. 8. (a) SEM images of four different types of polyhedral CPs. (b) SEM images of supraparticles formed from the assembly of four different types of CPs within
droplet templates that were produced from microfluidics. Inset figures at the bottom left of each figure show the OM images of the corresponding supraparticles. (c)
Reflection spectra of the supraparticles in (b). (d) Focused ion beam (FIB) cross-section images of the supraparticles in (b). (e-f) Angle-dependent phenomenon (e) of
three different types of supraparticles with the same size but consisting of different CPs and their corresponding reflection spectra (f) at different angles. Supra-
particles in (e) were formed from the assembly of octahedron (top panel), truncated rhombic dodecahedron (middle panel), and rhombic dodecahedron (bottom
panel) CPs, respectively [20]. Reprinted from ref. 20 with permission from Wiley, copyright 2022.

[170]. Droplets of aqueous suspensions of PS@PMMA-co-AAc CPs with
or without PD NPs (TEM images and chemical structures of PS@PMMA-
co-AAc CPs and PD NPs were shown in Fig. 9f-g) were firstly fabricated
through a microfluidic device and subsequently subjected to solvent
evaporation. It turned out that the supraparticles evolved from the
droplets containing PD NPs, showing only short-range order, non-
iridescent and vivid colors with high color saturation (as shown in
Fig. 9h). This was due to the fact that the addition of PD NPs disrupted
the long-range order of the structure and absorbed the diffuse scattering
resulting from the structural disorder. Further study indicated that the
increase in disorder became more notable when the PS@PMMA-co-AAc
CPs had diameters beyond a certain value, for example, 223 nm. The
distribution of PD NPs in a random fashion contributed to the resulting
photonic supraparticles with a more homogeneous coloration and more
saturated hues (as shown in Fig. 9i).

2.2. Opal photonic microspheres with nonclose-packed structure

2.2.1. Nonresponsive photonic microobjects with nonclose-packed structure

Instead of simply packing CPs together to form colloid-based pho-
tonic structures, photocurable polymer precursor (matrix) suspensions
of monodispersed CPs with photonic properties were also developed for
further construction of photonic microobjects. Precisely controlling the
volume fraction of CPs in the suspensions could enable the suspension
with photonic properties. Preparation of bulk photonic structures based
on these suspensions has been extensively studied [10,16,69]. The CPs
particles in the resultant photonic structures have been proved to be
non-close-packed structures [166]. Those photonic suspensions can be
further emulsified using microfluidics to generate monodispersed pho-
tonic droplets, which can be subsequently cured via UV light irradiation
either in situ or at the post-collecting step to immobilize the photonic
structure in a thermal treatment-free manner. Yang et al. have reported
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the optofluidic fabrication of monodispersed photonic microballs by
using SiOy CPs (diameter of 145 nm, 152 nm, and 190 nm) as the
building blocks and photocurable ETPTA resin as the matrix material,
respectively (as shown in Fig. 10a-b) [109]. Given the nonvolatile nature
of the resin suspension, the diameters of the resultant microballs were
slightly smaller than or almost the same as that of the droplet templates,
given that the curing process could lead to the shrinking of droplet
templates. The microballs displayed vivid colors when dispersed in
aqueous solutions (as shown in Fig. 10c). SEM images also revealed that
the microballs formed from different volume fractions of SiO5 CPs,
showing different lattice spacings between the CPs.

2.2.2. Stimulus-responsive photonic microspheres with nonclose-packed
structure

2.2.2.1. Photonic microspheres using stimulus-responsive colloids as the
building blocks. Despite photonic microobjects being able to be featured
with different structural colors, each color composition normally re-
quires one batch synthesis, leading to the complexity of the fabrication
process. To overcome this drawback, Kwon and Yin et al. leveraged a
real-time optofluidic synthesis strategy to prepare magnetochromatic
hydrogel photonic microspheres. Poly(ethylene glycol) diacrylate (PEG-
DA) suspension of magnetic CPs (~160 nm in diameter) and mineral oil
were used as the disperse and continuous phases, respectively. After
producing droplets (~72 pm in diameter) of photonic suspension from
the microfluidic channel of a T-junction microfluidic device (as shown in
Fig. 11a), a magnetic field was applied over the droplets in situ, and UV
light irradiation was exerted on the droplets simultaneously. This
magnetic field could align the arrangement of the magnetic CPs inside
the droplets to modulate the structural colors of the droplets (as shown
in Fig. 11b-c). Subsequently, the droplets were cured by UV light
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Fig. 9. (a) The illustration figure shows the evolution of droplets containing binary particles: PS CPs and eumelanin NPs. The binary particles inside the droplets
gradually evolved into a single-crystalline array upon the enrichment process and continue to evolve into a polycrystalline array upon further enrichment in mineral
oil. (b) OM images showing the evolution of the microspheres at different stages. (c) OM image of red-colored photonic supraballs [169]. Reprinted from ref. 169
with permission from Wiley, copyright 2022. (d) SEM image of the surface of photonic balls. (e) Enlarged SEM image of the photonic supraball showing hexagonal
arrays on concentric step edges. (f)-(g) TEM images of PS@PMMA-co-PAAc CPs and PD NPs (top row) and their corresponding chemical structures (bottom row). (h)
Reflection mode OM images of green-colored photonic balls without (left) and with (right) the addition of PD NPs. (i) Reflection mode OM images of different color
photonic balls formed from the assembly of the PS@PMMA-co-AAc (PhP-PNP) CPs with different diameters varied from 173 nm to 331 nm. The top and bottom rows
respectively show the different-colored balls without and with the addition of PD NPs [170]. Reprinted from ref. 170 with permission from the American Chemistry
Society, copyright 2021. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

exposure after proper alignment of CPs under the magnetic field.
Through this operation, photonic microspheres with different modu-
lated structural colors could be synthesized in one batch (as shown in
Fig. 11d) [171]. Fig. 11e-f show the OM images of the resulting micro-
spheres under transmission (e) and reflection (f) modes, respectively.
The structural colors of the resulting microspheres can be modulated by
the magnetic field during the synthesis process. Specifically, the mi-
crospheres displayed randomly orientations and random colors while no
magnetic field was applied to the microspheres (as shown in Fig. 11g).
The microspheres all exhibited a green hue when the same magnetic
field (120 G) was imposed on the direction parallel to the view axis (as
shown in Fig. 11h). Moreover, when a dynamical magnetic field, for
example, the magnetic field was flipped between 170 G and 430 G with
equal time duration within a single synthesis process, was imposed on
the droplets, the individual microsphere showed either a green or blue
hue depending on the magnetic field magnitude at the moment of its
photopolymerization.

2.2.2.2. Photonic microobjects using stimulus-responsive matrix materials.

Stimulus-responsive properties could impart photonic materials with
unique characteristics, therefore broadening their applications. It is
highly demanded that photonic microobjects can be endowed with
stimulus-responsive properties. Despite the utilization of magnetic CPs
as building blocks of photonic suspension or the addition of carbon black
(CB) NPs (~23 nm) into photonic suspensions that could endow the
resultant photonic microobjects with electro- or magnetic-
responsiveness, the stimulus-responsive properties were monotonous
[171,172]. An alternative approach was introduced to construct

stimulus-responsive photonic microobjects by using stimulus-responsive
matrix materials to immobilize CPs with or without stimulus-responsive
properties. Those stimulus-responsive matrix materials can be either
polymer hydrogels or mechano-responsive polymers, such as elasto-
mers. Kanai and Weitz et al. reported the fabrication of thermores-
ponsive photonic hydrogel microspheres assisted by droplet
microfluidics [132]. An aqueous suspension of mixtures, including
highly charged PS CPs, NIPAAm monomers, crosslinker BIS, and pho-
toinitiator, was injected into a glass capillary-based microfluidic device
to generate monodispersed droplets (as illustrated in Fig. 12a). The
aqueous suspension was preassembled and featured with photonic
properties, leading to the resultant droplets with photonic characteris-
tics. The PS CPs inside the droplets were immediately immobilized upon
the UV light irradiation due to the polymerization and crosslinking of
NIPAAm monomers, and consequently colloidal photonic hydrogel mi-
crospheres with thermoresponsive properties were obtained (as shown
in Fig. 12b-d) [132]. In addition to the thermoresponsive photonic mi-
crospheres, Chen et al. reported the fabrication of humidity-responsive
hydrogel photonic supraballs via microfluidics combined with post-UV
irradiation-induced polymerization [173]. An aqueous suspension con-
taining monodispersed PS CPs, acrylamide, BIS, and photoinitiator and a
silicone oil solution with surfactant were used as the dispersed phase
and continuous phase, respectively (as shown in Fig. 12e). Mono-
dispersed droplets were produced from a PDMS-based microfluidic de-
vice and collected in a container to incubate the aqueous suspension at
20 °C for 10 h to partially evaporate water. After a certain amount of
solvent evaporation, the droplets gradually exhibited structural colors
due to the self-organization of PS CPs (as shown in Fig. 12f). The
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Fig. 10. (a) Illustration figure showing microfluidics generation of photonic microballs. Monodispersed photonic droplets containing photocurable resin ETPTA
suspension of SiO, CPs were first produced at the tip of the microfluidic device and subsequently photocured to form the photonic microballs. (b). Microfluidics-
fabricated photonic crystal microballs with different structural colors from blue and orange to red and their corresponding reflection spectra. The microballs use
different volume fractions (0.33, 0.25, and 0.17) of photocurable resin ETPTA suspension of SiO, CPs. (c) Different colors of the photonic microballs’ suspensions
show vivid structural colors. (d) SEM images of the surfaces of the microballs indicated the microballs formed from different volume fractions of SiO, CPs showing
different lattice spacings. [109]Reprinted from ref. 109 with permission from Wiley, copyright 2008. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

droplets were subsequently transformed into pAAm-based hydrogel
photonic supraballs when subjected to UV light irradiation. The resul-
tant supraballs showed reversible color change with humidity variations
due to the pAAm-based hydrogel skeleton’s humidity responsive prop-
erty (as shown in Fig. 12g) [173,174]. Chu et al. adapted the similar
approach and prepared thermochromic photonic microspheres using
Fe304@PVP CPs and a mixture of NIPAAm and AM as the colloidal
building blocks and matrix material, respectively [122].

Despite environment-responsive photonic microbeads having been
constructed, sometimes it is also demanded to build photonic micro-
objects with some other properties, such as mechanochromic properties.
In this context, Kim et al. prepared photonic suspension using SiOy CPs
as building blocks and photopolymerizable poly(ethylene glycol) phenyl
ether acrylate (PEGPEA) resin precursor as the matrix material (as
illustrated in Fig. 13a). To enhance the color saturations, polydopamine
(PDA, ~ 100 nm) CPs were also added to the photonic suspension (as
illustrated in Fig. 13b), which was subsequently emulsified by a silicone
oil solution in a glass-capillary-based microfluidic device. Therefore,
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uniform photonic droplets were generated (as illustrated in Fig. 13c-d)
and were subsequently transformed into photonic microbeads upon UV
light irradiation. Therefore, microbeads with RGB structural colors can
be obtained by varying the initial concentrations of SiO, CPs (as shown
in Fig. 13f-h). The microbeads featured with a mechanochromic prop-
erty due to the elastic nature of the polymerized PEGPEA resin [175].
These elastic photonic microspheres from the O/W emulsion droplets
with high color saturation require pre-addition of light - absorbing ad-
ditives, such as PDA NPs. In light of this, an alternative way with free
addition of light absorbing materials was also developed to prepare
photonic microspheres with high color saturation. In this manner, 0/O
emulsion droplets were used as the templates rather than the O/W
emulsion droplet templates [176]. The PEGPEA suspension of SiOy CPs
(volume fraction of 33 %) was used as the dispersed phase, while
PEGPEA-saturated silicone oil solution was used as the continuous phase
for microfluidics experiments to match the refractive index between the
microbeads and the medium (as shown in Fig. 13i). This refractive index
match between the microbeads and the medium eventually led to the
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Fig. 11. (a) The schematic figure shows the on-chip microfluidics fabrication of hydrogel-based photonic microparticles with magneto-responsive properties. (b) OM
image of the droplets inside the channel of the microfluidic device. (c) OM image of the magnetic tuning of the structural colors of the droplets and UV irradiation
area (the dot-square region). (d) The illustration figure shows the step-wise view of the synthesis process. (d) OM image (transmission mode) of the resulting photonic
hydrogel microspheres. (e)-(f) OM image (g, transmission mode) and OM image (h, reflection mode) of the resulting photonic hydrogel microspheres. (g)-(i)
Ilustration figures of the different orientations of the microspheres under different types of magnetic field effects and the OM images of the resulting microspheres
[171]. Reprinted from ref. 171 with permission from Wiley, copyright 2011.
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Fig. 12. (a) The illustration figure shows the microfluidics fabrication of pNIPAAm hydrogel-based photonic crystal microspheres using charged PS NPs and
photocurable NIPAAm monomers as building blocks and matrix materials, respectively. (b)-(c) OM image of the microfluidics process and the resulting photonic
hydrogel beads (c). (d) OM images show the thermoresponsive behavior of the photonic hydrogel beads [132]. Reprinted from ref. 132 with permission from Wiley,
copyright 2010. (e). Illustration figure shows the fabrication of monodispersed droplets of aqueous suspension of PS CPs, precursor reagents for hydrogel matrix,
through a PDMS-based microfluidic. (f) Cartoon figure shows the evolution of colloid-containing droplets, the evolution into colloidal crystal arrays, and the sub-
sequent formation of colloidal crystal hydrogel microspheres by a UV-mediated crosslinking process. (g) OM images show the reversible color change of the colloidal
crystal hydrogel microsphere upon the stimulus of humidity [173]. Reprinted from ref. 173 with permission from the Royal Society of Chemistry, copyright 2013.
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Fig. 13. (a) The illustration figure shows the hydrogen bond interaction between the acrylate group of the PEGPEA and the silanol group in the silica surface. (b) The
illustration figure shows the chemical structure of the polymerized PEGPEA resin. (c) The illustration figure shows the microfluidics fabrication of elastic photonic
microbeads. (d) The illustration figure shows the compositions of the droplet precursor. (¢) OM image of the microfluidics fabrication process. (f) OM images of the
elastic photonic microspheres with different colors from blue (left), orange (middle) to red(right). (g) Photographs of aqueous suspensions of the different colors of
the photonic microspheres. (h) Reflection spectra of different colors of the photonic microspheres [175]. Reprinted from ref. 175 with permission from the American
Chemistry Society, copyright 2020. (i) The illustration figure shows the fabrication of elastic photonic microbeads formed from O/0O emulsion templates. (j)-(1) OM
images of photonic microbeads with different colors. (m)-(p) SEM images of the surface and cross-section and their corresponding enlarged SEM images of the
photonic microbeads formed from O/0O emulsion templates. (q) Z-direction confocal microscope images of a cross section of microbeads formed from O/O emulsion
droplet templates. (r). OM image of red photonic microbeads templated by O/W emulsion droplets. (s) Reflection spectra comparison of red photonic microbeads
using O/0 and O/W emulsion templates, respectively. (t)-(u) SEM images of the surface (t) and cross-section (u) of the O/W templated red microbead. (v) Z-direction
confocal microscope images of a cross section of microbeads formed from O/W emulsion droplet templates. (w) The illustration figure shows a microsphere’s
mechanochromic property. (x) OM images of a microsphere’s reversible color change property [176]. Reprinted from ref. 176 with permission from Wiley, copyright
2022. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

color saturation of the resulting microbeads templated from O/O droplets (as shown in Fig. 13r-v). Consequently, the microbeads from O/
emulsion droplets with better performances than that of the microbeads O emulsion templates display a more intense reflection spectrum than
templated from the O/W emulsion system. The structural colors of the that of the microbeads from the adversary case (as shown in Fig. 13s).
microbeads were tuned by using different diameters of SiO5 CPs as the SEM images further verified that interior parts of the two different
building blocks. For example, SiO, CPs with diameters of 200 nm, 160 microbeads showed different orderliness, where microbeads from the O/
nm, and 145 nm were used as the building blocks for producing O emulsion droplets had better orderliness (as shown in Fig. 130-p) than
microbeads with red, green, and blue colors, respectively (as shown in that of the microbeads from the O/W emulsion droplets (as shown in
Fig. 13j-1). It is worth mentioning that OM images showing the entire Fig. 13u). Due to the deformable property of the polymerized PEGPEA
individual microbead were full of tiny crystallites due to the homoge- matrix, the microbeads were subsequently endowed with reversible
neous crystallization within the microbeads. SEM and confocal micro- mechanoresponsive property when compressed between two glass slides
scopy images unveiled that both the interior and interface parts of (as illustrated in Fig. 13w). As a result, the vertical and horizontal di-
microbeads produced from O/0 emulsion droplets are full of crystallites rections of the microsphere were respectively subjected to a blue-shift
(as shown in Fig. 13m-q). While the ordered crystallites only exist at the and red-shift when compressed. (as shown in Fig. 13x). These phe-
interface of the microbeads that were produced from the O/W emulsion nomena were due to the decreased and increased lattice spacing in the
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vertical and horizontal directions caused by the compression process.
This property can be further utilized for the construction of mechanor-
esponsive pattern structures. The same strategy was also used to fabri-
cate photonic microcapsules using ETPTA suspension as the photonic
core and PEGDA hydrogel as the shell. The photonic microcapsules
feature =enhanced color saturation when compared with that of the
photonic microspheres possessing the same photonic suspension but
without the hydrogel shell [177].

3. Photonic microspheres with anisotropic photonic properties
3.1. Photonic microspheres with janus or multicompartment structures

Despite the above-mentioned reports having successfully achieved
the manufacturing of colloidal-based photonic microobjects, they still
lacked multifunctionality. To endow the microobjects with multi-
functionalities, one strategy is to integrate different components into
individual microobjects, such as the generation of colloidal photonic
microobjects with Janus or multicompartment structures. Gu and Zhao
et al. reported the construction of photonic microobjects with Janus
structure via microfluidics in a facile manner (as shown in Fig. 14)
[178]. The microfluidics strategy in the study was, in its simplest form,
to use single emulsions as the templates, where the continuous phase
and dispersed phase were silicone oil and an aqueous suspension of a
mixture containing SiOy CPs and ultrafine magnetic Fe3O4 NPs (12 nm),
respectively (as shown in Fig. 14a). The droplet templates were collected
in a container and subjected to a magnetic field stimulus from the
bottom-up direction. The synergistic effect of droplet evaporation and
magnetic field induced the aggregation of magnetic NPs at the bottom
part of the resulting supraparticles, yielding photonic supraparticles
with a Janus configuration (as shown in Fig. 14b). The resulting Janus
supraparticles displayed different structural colors and reflection
spectra (as shown in Fig. 14c-f). Meanwhile, due to the aggregation of
magnetic NPs at one pole, the resulting Janus supraparticles displayed
magnetic field-controlled rotation (as shown in Fig. 14 g). As a conse-
quence, the suspension of the photonic supraparticles displayed
different macroscopic phenomena (as shown in Fig. 14 h-j). This concept
was also applied to construct Janus photonic supraparticles by using two
different shapes of CPs, such as SiO2 spheres and Fe304@SiO2 (core/
shell) ellipsoids, as building blocks through droplet microfluidics. Le
et al. adopted such a kind of strategy and prepared droplets of an
aqueous suspension of a mixture of spherical CPs and nanoellipsoids
[179]. The droplets were evaporated under a magnetic field at room
temperature. The magnetic field induced the phase separation of the two
different shapes of colloids and consequently resulted in the formation
of Janus photonic supraparticles after evaporation of water (as illus-
trated in Fig. 14k). As a result, the two sides of the resulting supra-
particles displayed two different colors (as shown in Fig. 141). SEM
images further verified the phase-separated two parts, and a clear
boundary formed at the interface (as shown in Fig. 14m-o). The ratio of
the two parts of the individual microsphere can be regulated by varying
the initial volume fraction of Fe304@SiO, and SiO, CPs (as shown in
Fig. 14p-r). Additionally, the motion behaviors of the photonic micro-
spheres can be tuned by an external magnetic field (as illustrated and
shown in Fig. 14s-v).

Besides the external magnetic field-guided formation of photonic
Janus supraparticles from the droplets containing homogeneously
distributed CPs, Shui and Eijkel et al. introduced another approach to
generate photonic microballs with a flower-like cap made of nanowires,
which enabled individual photonic microballs with a smooth part and a
relatively rough part (as shown in Fig. 15) [180]. To produce such
microobjects, microfluidics was firstly used to generate uniform-sized
droplets of aqueous suspension of SiOy CPs. The droplets were subse-
quently evaporated to form close-packed and solidified SiO, CP-based
photonic crystal supraparticles, which were further coated with an Au
film on the top part of the supraparticles through a deposition process.
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Followed by a high-temperature annealing process, which could trigger
Si-based nanowire (NW) growth on the surface of the supraparticles,
therefore, transforming the supraparticles with different surface mor-
phologies (as shown in Fig. 15a). Specifically, photonic crystal micro-
objects with a ‘flower-like’ NWs cap and SiO5 CPs lattice bottom part (as
shown in Fig. 15b). The resulting photonic microobjects formed from
different diameters of SiO, CPs then displayed different photonic
properties, such as blue shift of the Bragg diffraction peaks after the
annealing process. This was due to the synergistic effect of the narrow
nanogaps of adjacent SiO, CPs and the refractive index change of the
variation of Si and air (as shown in Fig. 15¢). Furthermore, after being
subjected to treatment with hydrophobic silanes, such as per-
fluorodecyltrichlorosilane, the flower-like NWs-capped microobjects
displayed a remarkable superwettability to oil compared to that of the
non-annealing treated photonic microobjects (as shown in Fig. 15d-e).
Simply by redesigning the microfluidic device and introducting two
parallel streams into the microfluidic channels, photonic microballs
with anisotropic photonic properties can be obtained (as shown in
Fig. 16a-c) [109]. However, these microballs lack stimulus-responsive
properties due to the fact that both the SiO, building blocks and the
resin are non-stimulus-responsive materials, limiting their application
scopes. In this regard, Yang et al. introduced smaller carbon black (CB)
NPs (~ 23 nm) into the ETPTA suspension of SiO2 CPs and manufactured
Janus photonic microballs through a multi-bore capillary-based micro-
fluidic device. Therefore, the Janus microballs can be consequently
rendered with electroresponsive properties due to the incorporation of
the electroconductive CB NPs (as shown in Fig. 16d-e) [172]. The matrix
composition of the two faces’ of the Janus structure is both ETPTA resin,
which makes the CB NPs cover the majority of the Janus ball’s surface
due to viscosity mismatch, where the CB NPs’ higher diffusivity than
that of the SiO, NPs (as shown in Fig. 16f). The Janus microballs were
further used as building blocks for secondary assembly within a PDMS
matrix to generate a Gyricon display, which enabled the microballs to
show electrical actuation (as shown in Fig. 16g-h) [172]. To integrate
multiple photonic properties on an individual photonic microball, Gu
et al. utilized a quad-channel microfluidic device to produce microballs
with compartmental structural colors, including Janus, three-
compartment, and even quad-compartment particles (as shown in
Fig. 16i-j) [181]. These multicompartmental colors were achieved
through injecting different colors of ETPTA suspension of SiO2 CPs into
the quad-channel microfluidic device and subsequently generating the
multicompartmental microobjects upon UV light irradiation (as shown
in Fig. 16k-p). The similar concept was also applied in Kim and Yang’s
report in a separate study to generate patterning structures [182]. To
endow the microobjects with magnetic responsiveness, an ETPTA sus-
pension of a-Fe,O3 magnetic NPs (< 50 nm) was used as one compart-
ment composition for the microfluidic experiments. Due to the matrix
materials of these Janus or multicompartmental structures, photonic
microballs are all the same, which is the ETPTA resin; the resulting
Janus or multicompartmental structures can be simply controlled by the
flow rates of each photonic stream. However, both examples require the
synthesis and purification of SiO, CPs with different diameters or the
preparation of different concentrations of SiO, CPs to produce photonic
suspensions with different structural colors, complicating the micro-
objects’ fabrication process. Moreover, instead of using different pho-
tonic suspensions to construct Janus or multicompartmental photonic
microobjects, Hu et al. brought out an approach to construct Janus
photonic microobjects formed from single photonic suspension [183].
To fabricate the Janus photonic microobject, spherical photonic mi-
crospheres composed of photonic suspension of single-sized SiO, CPs
were fabricated from microfluidics. The microspheres were embedded
into a PS film by a solvent evaporation method, through which one part
of each microsphere was embedded in the PS film while the other part
was exposed to the air. The uncovered part of the microsphere can be
subsequently etched by HF solution with a controlled period (illustrated
in Fig. 16q). Therefore, each photonic microsphere integrating both the
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Fig. 14. (a) The illustration figure shows the fabrication of single emulsion droplets using a co-flow microfluidic device. (b) The illustration figure shows how the
droplets of aqueous suspension of two different CPs with homogeneous distributions evolve into a Janus structure. (c)-(f) OM images of Janus microparticles with
different structural colors (c-e) and their corresponding reflection spectra (f). (g). Magnetic field-controlled rotation of the Janus microparticles. (h)-(j) Photographs
of the Janus microobjects under different directions of magnetic field stimulus [178]. Reprinted from ref. 178 with permission from the Royal Society of Chemistry,
copyright 2013. (k) The illustration figure shows microfluidics-assisted fabrication of Janus photonic supraparticles based on two different shapes of CPs. (1) OM
image of the resulting Janus supraparticles with their two sides showing blue and red colors. (m)-(o) SEM images of different regions of the photonic supraparticles in
. (p)-(r) OM images show the different ratios of the two sides of the supraparticles. (s)-(v) Illustration figure(s) shows the magnetoresponsive behaviors of the
supraparticles and their corresponding OM images under the effect of magnetic field(t-v) [179]. Reprinted from ref. 179 with permission from the Royal Society of
Chemistry, copyright 2021.
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Fig. 15. (a) The illustration figure shows the fabrication of close-packed SiO, NPs-based photonic supraparticles and the subsequent generation of photonic
microobjects with different surface morphologies. (b) SEM image of a photonic microobject with a ‘flower-like’ Nanowires (NWs) cap and a SiO, CPs lattice bottom
part. (c) Reflection spectra of the microobjects formed from different diameters of SiO, CPs and with different surface morphologies. (d)-(e) Comparison of the super-
wettability of two different kinds of photonic microparticles on a fused Si substrate: microparticles of self-assembled SiO, CPs and the microparticles that were further
coated with Si-NWs. Clearly, the microparticles coated with Si-NWs displayed remarkable oil wettability [180]. Reprinted from ref. 180 with permission from Wiley,

copyright 2020.

inverse opal and opal structures can be generated. The initial isotropic
microsphere was subsequently transformed into a microsphere with
anisotropic properties; for example, the microsphere with an initial
single reflection peak was turned into a microsphere possessing two
reflection spectra peaks (Fig. 16r-u). Similarly, this strategy was also
used to prepare bullet-like photonic microobjects with dual stopbands
and tunable structural configurations [184]. This approach refrained
from the synthesis of CPs with different diameters or different compo-
sitions as compared with that of other methods.

The above-mentioned compositions inside the different photonic
microparticles were relatively facile to control given that the matrix
materials of the photonic streams are almost identical (both matrix
materials were ETPTA resin) regardless of the dispersed CPs. While in
some more complicated cases, the nature of photonic compositions may
be completely distinct; for example, one phase of the photonic compo-
sition is hydrophilic and the other phase is hydrophobic. When the two
distinct photonic compositions were emulsified by another immiscible
phase (such as silicone oil with surfactant), it involved more compli-
cated parameters for the generation of microobjects with isotropic
properties. In this regard, Chen et al. utilized a PDMS-based triphasic co-
flow microfluidic device to manufacture Janus photonic microobjects.
The two sides of the microobjects were a hydrophobic photocurable
resin and a hydrophilic aqueous suspension of PS CPs (208-256 nm),
respectively, while silicone oil was used as the continuous phase (as
illustrated and shown in Fig. 17a-e) [110]. Unlike other previous
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reports, where the configurations of the Janus microobjects were
controlled by flow rates, the configurations of the photonic microobjects
in this study were manipulated by the spreading parameter S among the
three phases. That being said, the configurations were controlled by the
interfacial tensions between any given two different phases involved in
the experiments (as illustrated in Fig. 17a). Except for the configuration
control, the microobjects were also functionalized with magnetic
properties by premixing magnetic Fe;O3 NPs (< 50 nm) with the pho-
tocurable resin phase in the suspension preparation step. The resulting
colloidal photonic crystal (CPC) supraparticles with Janus structure
were further used as building blocks for the construction of magnetic
field-manipulatable pattering structures (Fig. 17f-h). The structures
varied from crescent, meniscus, and ellipsoid to spherical through pre-
cise control of the interfacial tensions. Except for the configuration
control, the similar microobjects using poly (tert-butyl acrylate) (P(t-
BA) colloids as the building blocks were also functionalized with mag-
netic properties by premixing Fe3s04@C CPs (199 nm) with the pho-
tocurable resin phase. The resulting Janus colloidal photonic crystal
(CPC) supraparticles were further used as building blocks for the con-
struction of magnetic field-manipulatable pattering structures and
energy-saving displays (as illustrated in Fig. 17i) [185,186]. Despite
this, the resulting CPCs lacked dual structural colors on an individual
CPC microball. To further leverage this strategy, individual CPC supra-
particles integrating two distinct structural colors were constructed (as
shown in Fig. 17j). In this case, monodispersed PS CPs (240 nm) and
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Fig. 16. (a) The illustration figure shows the fabrication of Janus photonic microballs using a microfluidic device with parallel channels. Different concentrations of
ETPTA dispersions of silica CPs were used as the parallel streams of the photonic compositions. (b)-(c) OM images of Janus photonic microspheres with low (b) and
high (c) magnifications [109]. Reprinted from ref. 109 with permission from Wiley, copyright 2008. (d)-(f). OM images of the resulting electroresponsive Janus
photonic crystal microballs in a PDMS matrix (d) and their corresponding microscopy images at low (e) and relatively high (f) magnifications (e)-(f). (g) The
illustration figure shows the angle-independent structural colors of the Janus photonic microballs. (h) The microballs are embedded in a PDMS matrix and viewed at
different angles of observation [172]. Reprinted from ref. 172 with permission from Wiley, copyright 2008. (i)-(j) The illustration figure and OM image show the
fabrication of multicompartmental photonic microballs through a glass capillary-based microfluidics device with quad-channels. (k)-(p) OM images of the multi-
compartmental photonic microballs with different combinations of resin suspensions [181]. Reprinted from ref. 181 with permission from the American Chemistry
Society, copyright 2013. (q) The illustration figure shows the generation of a Janus photonic microsphere using a partial etching method. (r-s) OM image of red
photonic microspheres and the corresponding reflection spectrum. (t-u) OM image of a Janus microsphere integrating both opal and inverse opal structures using the
partial etching method and the corresponding reflection spectrum [183]. Reprinted from ref. 183 with permission from Elsevier, copyright 2024. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fe304 CPs (150 nm) were used as the building blocks of the two hemi-
spherical parts, respectively. A magnetic field was also introduced to
tune the alignment of the Fe3O04 NPs in the resin phase. The arrangement
of the Fe304 CPs can be either parallel to the J-1 type Janus microball or
vertical to the J-2 type microball (as shown in Fig. 17k-1). The two parts
displayed distinct surface morphologies, given one part was covered
with resin and the other part was full of bare PS CPs (as shown in
Fig. 17m-n). Furthermore, the photonic properties of the J-1 type
supraballs can also be regulated by adjusting the intensity of the visible

light. For example, a supraball is initially composed of a dim green
hemisphere and a bright red hemisphere. The dim green part gradually
turned to bright green, while the bright red part transitioned to white
due to overexposure when the intensity of the incident light was
increased (as shown in Fig. 170). However, in terms of the reflective
intensities, the intensity of the red (94 %) part is almost four times that
of the green (23 %) part (as shown in Fig. 17p). This distint intensity
difference was especially important for designing day/night dual-
viewed bead-based panel displays. Due to the incorporation of
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Fig. 17. (a) The illustration figure shows the fabrication of Janus photonic microobjects using photonic suspensions of two different properties: one suspension is
hydrophilic and the other is hydrophobic; (b-d) Janus photonic microobjects using different diameters of PS CPs as building blocks; (e) SEM image of a colloid-based
Janus supraparticle (left) and an enlarged figure of the equator region of the supraparticle. (f) The illustration figure shows the face-switch of the Janus photonic
microobject. (g)-(h) Two different patterns formed from the assembling of the Janus photonic microobjects [110]. Reprinted from ref. 110 with permission from
Wiley, copyright 2012. (i) The schematic figure show the Janus photonic microobjects were used as building blocks for secondary assembly to generate energy-saving
displays [185]. Reprinted from ref. 185 with permission from Wiley, copyright 2019. (j) The illustration figure shows the fabrication of Janus photonic supraparticles
using a parallel two-channel microfluidic device, where the parallel two streams were TMPTA resin suspension of magnetic Fe304 CPs and aqueous suspension of PS
CPs, respectively. (k)-(1) SEM image of a Janus supraparticles (k) and magnified SEM image of the equator region (1). (m)-(n) OM images of the magnetic CPs with
different alignments. (0) OM images of the Janus supraparticles show different structural colors under different intensities of illumination light. (p) Reflection spectra
of the Janus supraparticles. (q) The illustration figure shows the magnetic field induces the rotation of the Janus supraparticles. (r) Microscopy images show the
Janus supraparticles under the impact of a magnetic field. (s) OM images of the pattern ‘Janus’ formed by the assembly of Janus supraparticles, and the pattern was
adjusted by an external magnetic field [187]. Reprinted from ref. 187 with permission from the Royal Society of Chemistry, copyright 2014.

magnetic CPs into the microball, the orientations of the microballs can light irradiation (as illustrated in Fig. 18a). The droplets were further
be regulated by adjusting the 6 values, which represent the angle be- subjected to a series of procedures, including self-alignment of the two
tween the magnetic direction and the initial CNC chain angles as indi- paired compartments due to the density difference, alignment of the
cated in Fig. 17q. Furthermore, by leveraging the combination effect of barium ferrite NPs under an external field, and photopolymerization of
magnetic-field manipulation capability (as illustrated in Fig. 17s) and the droplets (as illustrated in Fig. 18b). Simply by changing the con-
the incident light regulation property, the microballs canserve as pixel centrations of silica CPs in the ETPTA suspensions, the structural colors
units in a bead display whose properties can be tuned by magnetic field of the ETPTA part of Janus balls can be varied from red to green to blue,
and visible light intensity (as shown in Fig. 17t-u). while the silicone resin part remains black (as shown in Fig. 18c). The
Although the above-mentioned Janus photonic microobjects can be orientations of the Janus photonic balls can be regulated by changing
functionalized with magnetic properties, the superparamagnetism from the directions of the magnetic fields: upwards, parallel to the substrate,
the magnetic CPs normally shows a slow response, which results in the and downward (as illustrated in Fig. 18d). As a result, different-colored
lack of simultaneous control over distinct photonic properties of the Janus balls showed different color patterns upon the effect of the
Janus balls. This was due to a weak magnetic moment generated by an external magnetic field, demonstrating a permanent magnetic moment
external field. To overcome the shortcomings, Kim et al. reported the (as shown in Fig. 18e-g).
fabrication of Janus photonic microballs with a controlled magnetic In addition to designing and producing Janus microobjects purely
moment and density asymmetry through a microfluidics-assisted with photonic properties, photonic microobjects with some other
approach [188]. To produce the Janus balls, a theta configuration properties, such as plasmonic properties, were also conceived and
capillary-based microfluidic device was employed in the study. ETPTA manufactured [189]. Plasmonic structural colors as emerging charac-
suspension of silica CPs and silicone precursor suspension of CB (~ 24 teristics have been studied [190,191]. Kim et al. reported the fabrication
nm) and barium ferrite (~ 100 nm) NPs were injected into the theta of Janus microobjects integrated with photonic property and plasmonic
capillary, simultaneously; the two streams were emulsified by an property simultaneously via a Pickering emulsion-templated micro-
external aqueous phase to generate two-compartment Janus droplets, sphere combined with CPs’ etching and metallic coating process [192].
which were subsequently transformed into Janus microspheres upon UV The fabrication process involved three steps: Firstly, fabrication of
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Fig. 18. (a) Top: The illustration figure shows the microfluidics fabrication of Janus photonic microspheres with superparamagnetic properties using a microfluidic
device with a theta channel; Bottom: The OM image shows the microfluidics process. Silicone precursor and ETPTA resin were used as the two components for the
Janus droplets. (b) Illustration figures showself-alignment of the Janus droplets under the effect of gravity (left), alignment of magnetic NPs under a magnetic field
(middle) and photopolymerization of the Janus droplets (right). (c) OM images of Janus balls with the ETPTA resin part having different structural colors: red (left),
green (middle) and blue (right). (d) Illustration figures show the different orientations of the Janus balls under different directions of the external magnetic fields. (e)-
(g) OM images of different-colored Janus balls show different orientations under different directions of the magnetic fields [188]. Reprinted from ref. 188 with
permission from the American Chemistry Society, copyright 2020. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

Pickering emulsion droplet templates using ETPTA resin suspension of
SiO4 CPs (volume fraction was ~33 %) as the compositions for droplets.
When incubated in an aqueous collecting solution for a certain period, a
layer of SiO, CPs gradually migrated towards the surface and anchored
on the surface of the microspheres [66,109]. Secondly, SiO, CPs were
removed by the HF etching, resulting in the formation of porous resin
microspheres. Periodic cavities were left behind after the HF etching of
the surface layer of SiO, CPs. Finally, the upper hemisphere of the mi-
crospheres was subsequently sputtered with noble metals, such as Au,
leading to the formation of periodic metal nanostructures that could
generate plasmonic colors [190]. These procedures are illustrated in
Fig. 19a. The microobjects at different stages (from stage @ to ®) dis-
played different colors: for example, the SiOy CPs-filled microspheres
with an initial red hue (Fig. 19b left panel) were transformed into a
green hue (Fig. 19b middle panel) after the SiO, CPs were etched by the
HF and eventually exhibited a red hue (Fig. 19b right panel) after
deposition with a layer of 50 nm-thick gold. Correspondingly, the
reflection spectrum peak values of the microsphere at stages @ and @
were approximately 597 nm and 536 nm, respectively (as shown in the
left panel of Fig. 19¢). This blue shift was due to the porous microsphere
possessing a smaller refractive index (effective refractive index of
PETPTA resin and air) than that of the microsphere (effective refractive
index of PETPTA resin and SiO, CPs) prior to the etching process.
Moreover, due to the deposition of the 50 nm thick gold layer (at stage
®), the reflection spectrum from the photonic structure was completely
suppressed, as there was no trace of reflection spectrum peak signal from
the photonic structure. The entire surface of the microsphere was
covered with a hexagonal array of dimples due to wet etching (as shown
in Fig. 19d). The top hemisphere of the microspheres was then covered
with a thin layer of gold under the influence of sputter coating. There-
fore, the microspheres either displayed plasmonic color from the gold
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coating or photonic color depending on the orientation of the micro-
spheres (as shown in Fig. 19e). Furthermore, due to the coated Au layer
being conductive, the microsphere arrays exhibited electric tunable
properties and were further used as building blocks for electric manip-
ulable displays (as shown in Fig. 19f).

4. Colloid-based structurally anisotropic photonic microobjects

The fabrication of colloidal photonic microobjects through micro-
fluidics normally requires the generation of droplet templates from the
microfluidic device. The prepared droplet templates were all spherical in
shape under normal conditions due to the minimization of interfacial
energy [193]. Therefore, the resultant microobjects inherited the
spherical shape when no external intervention was involved in the
fabrication process. However, colloidal photonic microobjects with
nonspherical shapes may possess advantages over spherical counter-
parts [194,195]. In this regard, researchers have conceived various ap-
proaches to prepare colloidal photonic microparticles with nonspherical
shapes. Borrowed from an idea of evaporation of droplets of CPs’ sus-
pension at an interface, which could induce the evolving of the droplets
into nonspherical photonic superparticles [54], Xu et al. brought an
approach to generate colloidal photonic microparticles with dimpled
structures by using microfluidics-fabricated gas-containing droplets as
templates (as shown in Fig. 20a) [195,196]. This strategy utilized gas-
containing droplets of aqueous suspension of PS CPs as templates,
together with a solvent extraction method, which consequently enabled
the droplets to evolve into colloidal photonic structures with different
irregular shapes. By controlling the gas portion of the individual gas-
containing droplet templates, the shapes of the resultant photonic
microobjects ranged from plate-like and bowl-like to tomato-like, all of
which featured a dimpled structure (as shown in Fig. 20b). More
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Fig. 19. (a) Ilustration figure showing the fabrication of photonic microobjects with plasmonic properties under a series of different statuses: @ composite
microsphere; @ porous microsphere; @ Janus microobjects via direct deposition of Au coatings. (b) From left to right, the OM images of the microobjects corre-
sponding to the procedures in (a). (c) Reflection spectra of a single microobject measured at different steps in (a). (d) The illustration figure shows the surface and
cross section of the gold-deposited microsphere (left panel) and a scanning electron microscope (SEM) image of the hexagonal arrays of dimples on the surface (right
panel). (e) OM images of the randomly oriented Janus microspheres at low (left) and higher (right) magnifications. (f) OM images show the collective behavior of the
orientation of the Janus microsphere array under an alternative electric field [192]. Reprinted from ref. 192 with permission from Wiley, copyright 2022. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

importantly, the resulting colloidal photonic microparticles with
nonspherical shapes exhibited stronger reflection intensities than that of
the spherical colloidal photonic microparticles (as shown in Fig. 20c-d).
Despite these achievements, the resulting microobjectse still lacked
stable mechanical properties, limiting their further applications. Gu
et al. utilized the on-chip confining effect of microfluidic channels to
generate rod-like and disk-like photonic microobjects [197,198]. This
was achieved by producing spherical droplets in a relatively larger
microchannel and then delivering them to a microchannel with a rela-
tively smaller size, either in a horizontal or vertical direction to the flow
direction of the droplets. The confining effect induced the droplet tem-
plates to deform, which were immediately cured using UV irradiation to
fix the deformed shapes. This conception utilized single emulsions or
multiple core double emulsions as templates. The photonic composition
of the droplet templates was an aqueous suspension of SiO5 CPs and poly
(ethylene glycol) diacrylate (PEG-DA) (as shown in Fig. 20e). Depending
on the type of confining capillary that was used, the droplets were
deformed into rod-like, cuboid-like, or disk-like structures, which were
immediately solidified upon UV irradiation due to the polymerization of
PEG-DA. Therefore, colloidal photonic microobjects with different ge-
ometries were produced (as shown in Fig. 20f-k). Furthermore, this
strategy was also utilized to produce more complex structures by inte-
grating multiple photonic components into individual microobjects
[197]. To achieve the multicomponent integration, a multichannel
microfluidic device was utilized to inject different-colored photonic
suspensions of silica CPs. The single stream of multiple photonic sus-
pensions was subsequently sheared and emulsified by a photocurable
PEGDA hydrogel precursor solution. The sheared multiple core droplets
were further emulsified by an external oil phase, such as a hexadecane
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solution of Abil EM90 (as illustrated in Fig. 201). The multi-core droplets
were subjected to the following confining effect, and rod-like multi-core
droplets can be formed inside the confining glass capillary. The rod-like
multi-core photonic microobjects can be subsequently formed upon the
UV exposure. Due to the incorporation of multiple cores with different
colors, the microobjects can be used for encoding (as shown in
Fig. 20m).

The aforementioned studies regarding the colloidal photonic struc-
tures mostly utilized the colloid’s conventional short interactions, such
as electrostatic interaction, etc. Among traditional colloids, some other
short interactions, for instance, the preprogrammed short interaction
between DNA molecules, were also introduced to study and understand
the crystallization dynamics of these colloids. Despite diverse crystal
structures from DNA-coated PS colloids having been reported, the poor
understanding and control of the crystallization dynamics has limited
their further applications [199-201]. In light of this, Rogers et al.
leveraged the short interactions among DNA-coated colloids and quan-
titatively studied the crystallization dynamic behaviors of DNA-coated
colloids within uniform droplets from droplet microfluidics [57,202].
To adjust the interactions, monodispersed colloids were respectively
coated with two different DNA strands; the strength of the short-range
attraction between the colloids can be tuned by the temperature
(Fig. 21a-b). By controlling the temperature at just below the melting
point, the binary colloids can assemble into an alloy closely resembling
the isostructure of Cu—Au (Fig. 21c-d). The colloids experienced a series
of different statuses inside each individual droplet from nucleation to-
wards crystal growth. As a result, the colloids gradually grow to a single
crystal structure, and the droplets gradually become brighter (Fig. 21e).
Eventually, colloid-based single-crystal superstructures formed within
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Fig. 20. (a) The illustration figure shows the microfluidics fabrication of gas-filling droplets, which were composed of aqueous suspension of monodispersed CPs. (b)
Different configurations (left row) of gas-filling droplets and their resulting OM images (middle row) after the solvent-extraction process and corresponding SEM
images (right row). (c) Reflection spectra comparison of the colloidal crystal microobjects in (b). (d) Reflection spectra comparison of particles with plate-like shape
and spherical shape [195]. Reprinted from ref. 195 with permission from the American Chemistry Society, copyright 2014. (e) The illustration figure shows the
microfluidic fabrication of photonic microobjects with different geometries using the microchannel’s confining effect. (f)-(h) OM images of the photonic microobjects
with different geometries. (i)-(k) SEM images of the photonic microobjects in (f)-(h) [198]. Reprinted from ref. 198 with permission from Elsevier, copyright 2014. (1)
The illustration figure shows the microfluidic fabrication of a multi-core photonic microrod using the microchannel’s confining effect. (m) OM images of the
microrods with different colorful core combinations. Multifunctional photonic crystal barcodes from microfluidics [197]. Reprinted from ref. [197] with permission

from Springer Nature, copyright 2012.

individual droplets (Fig. 21f).

In addition to Xu’s report about the construction of anisotropic
photonic microobjects by a droplet’s evaporation route, this similar
approach was also adapted by Zhao et al., who carried out droplet’s slow
evaporation experiments and obtained photonic microobjects with a
Janus structure [203]. Instead of using a single type of CP as the building
blocks, they utilized a mixture of monodispersed silica CPs and graphene
oxide (GO) sheets as the building blocks for a Janus structural color
particle (SCP). Initially, the microfluidics-fabricated droplets that con-
tained homogeneously distributed graphene oxide (GO) sheets and silica
CPs were subjected to a slow solvent evaporation, which subsequently
induced the redistribution of the two kinds of components. Specifically,
silica CPs and GO sheets aggregated at the bottom and top parts of the
droplet, respectively, under the impact of an evaporation-induced phase
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separation, which was plausible due to the synergistic effect of charge
and density of the two kinds of components. Complete evaporation of
solvent results in the formation of the anisotropic Janus SCP (as illus-
trated in Fig. 22a, and the real droplet evolution process was shown in
Fig. 22b). Eventually, the obtained nonspherical Janus microobjects
contain a GO sheets-based dark part and a silica CPs-based photonic
part. The photonic part of the microobjects displayed different structural
colors by changing the diameters of silica CPs (as shown in Fig. 22c-e).
Further SEM characterizations revealed that the photonic and the dark
parts had different kinds of microstructures: the photonic part was
constructed by orderly assembled silica CPs (as shown in Fig. 22f-g), and
the dark part was constructed by the mixture of silica CPs and GO sheets
(Fig. 21h). More importantly, the spherical SCPs and the anisotropic
Janus SCPs demonstrated different motion behaviors under the impact
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Fig. 21. (a)-(b) The illustration figure shows the short interactions among DNA-coated colloids. (b) Relationship between the status of the DNA-coated colloid
supraparticles and the temperature. (c)-(d) OM images of different crystal plane structures. (e) OM images show the evolution of DNA-coated colloids inside a
population of droplets, where the colloids assembled into different superstructures as a function of time. (f)-(g) OM images of the formed single crystal structures
inside individual droplets [57]. Reprinted from ref. 57 with permission from the National Academy of Sciences of the USA, copyright 2022.

of the same flow stimulus: the spherical SCPs rolled more easily than the
Janus SCPs when subjected to similar fluid shock. The majority of the
spherical SCPs rolled from the left side of the microchannel (as shown in
Fig. 22j-1), while the majority of the Janus SCPs almost stayed still on the
left side of the microchannel (as shown in Fig. 22m-o0). This construction
strategy was further utilized to fabricate micromotors for label-free
multiplex assays [204]. Apart from the abovementioned methods,
such as the evaporation-assisted shape regulation or confining effect
from microchannels, to tune the shapes of colloidal photonic micro-
objects, an alternative approach was brought up to shape the structures
of colloidal photonic microcapsules via an osmotic pressure effect-
induced shape transformation [205]. For example, Lee et al. reported
the fabrication of photonic microcapsules with buckled shapes by an
osmotic pressure regulating process [206]. Specifically, photonic mi-
crocapsules respectively using an aqueous suspension of PS CPs as the
core part and curable silicone rubber as the shell part were fabricated via
a glass capillary-based microfluidic device. The microcapsules were
placed in an aqueous solution of salt with low concentrations, such as 50
mM, to regulate the shapes of the entire microcapsules. The osmotic
pressure from the incubation solution triggered outflow of the water
from the microcapsule, which can enrich the CPs in the core part and
induce the formation of a dimpled and eventually buckled structure of
the microcapsules. This formation of dimpled structure was due to the
osmotic pressure exerted on the weakest point of the microcapsules and
eventually triggered the buckling effect [207]. The osmotic pressure not
only reshaped the elastic shell but also transformed the suspension core
into a quasi-hemisphere structure (as illustrated in Fig. 22p). Simulta-
neously, the curing process gradually fixed the deformed structure. As a
result, the resulting microcapsules exhibited a buckled structure with
multiple concentric rings from a top-down view (as shown in Fig. 22q).
The structural colors of the inner core part of the microcapsules can also
be regulated by using different diameters of PS CPs in the core part (as
shown in Fig. 22r-t), where the core parts display vivid blue, green, and
red colors, respectively.

Except for the abovementioned utilization of the osmotic pressure
effect, other external fields, such as an external magnetic field, were also
introduced to regulate the resulting shapes of the photonic microobjects
that evolved from the aqueous suspension of CPs, specifically
nonspherical CPs. In this aspect, He et al. synthesized Fe3O4@SiO2
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ellipsoids (as shown in Fig. 23a) and prepared spherical droplets (as
shown in Fig. 23b) of aqueous suspension of the nanoellipsoids via a
PDMS-based microfluidic device. The droplets can spontaneously evolve
into photonic microobjects after complete evaporation of water [208].
Interestingly, the resulting microobjects displayed different shapes
under the condition of whether a magnetic field was applied to the
droplets during the solvent evaporation process. For example, the
resultant microobjects displayed a spherical shape under magnetic field-
free conditions during the evaporation process, while the microobjects
were all in a spindle shape when the magnetic field was applied during
the evaporation process (as illustrated in Fig. 23c). Further study indi-
cated that the initial droplets’ size and the intensity of the external
magnetic field can significantly affect the final shapes of the micro-
objects. On the one hand, droplets with smaller initial sizes tended to
form spherical supraparticles, while droplets with larger initial sizes
were prone to result in elongated supraparticles with relatively large
aspect ratios; on the other hand, a stronger external magnetic field
resulted in the final supraparticles with larger aspect ratios (as shown in
Fig. 23d).

Fluorescence property could provide photonic microobjects with
more characteristics. To impart colloid-based photonic microobjects
with fluorescence properties and obtain photonic structures with mul-
tiple functionalities, attempts have also been made to construct photonic
microobjects by using colloids with fluorescence properties as the
building blocks. Typically, semiconductor quantum dots (QDs), such as
CdS QDs, have been used as the fluorescence composition. By leveraging
the fluorescence property of CPs together with microfluidics and
external field-assisted shaping routes, photonic microobjects with mul-
tiple nonspherical configurations can be realized. For example, Chen
et al. synthesized core-shell (poly(styrene-co-2-hydroxyethyl acrylate)
(PS-PHEA) as core and poly(N-vinylimidazole-co-2-hydroxyethyl acry-
late) (PVI-PHEA) as shell) CPs, which were further loaded with CdS
semiconductor dots in the shell part of the CPs, yielding hybrid latexes
with fluorescence properties (as shown in Fig. 24a). The hybrid latex
suspension (termed phase A) and resin suspension of magnetic Fe3O4
NPs (termed phase B) were parallelly injected into a PDMS microfluidic
device and sheared by a silicone oil phase to obtain magnetic particle-
functionalized droplets, where phase A of the droplets can be immobi-
lized by a subsequent UV-curing process (as shown in Fig. 24b). The
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Fig. 22. (a) The illustration figure shows the evolution of droplets containing graphene oxide (GO) and silica CPs evolving from spherical into anisotropic Janus
structural color particles (SCPs). (b) OM images showing the time-lapse evolution of a spherical droplet containing homogeneously distributed graphene oxide (GO)
and silica CPs gradually evolved into Janus SCPs under the effect of slow solvent evaporation. (c)-(e) Janus SCPs with different structural colors formed from the
assembly of silica CPs with different diameters. (f) SEM image of an anisotropic Janus SCP. (g)-(h) SEM images of the surface (g) and inner microstructure (h) of the
photonic section framed by the yellow dashed line in (f). (i) SEM image of dark section framed by red dash line in (f). (j)-() OM images of spherical SCPs in a
microchannel under the impact of the flow direction indicated by the yellow arrow in (j). (m)-(0) OM images of Janus SCPs in a similar microchannel as that of (j) and
under the impact of the same flow conditions as that of (j)-(1) [203]. Reprinted from ref. 203 with permission from the American Association for the Advancement of
Science (AAAS), copyright 2020. (p) The illustration figure shows the generation of buckled photonic microcapsules using an osmotic pressure-mediated approach.
(q) OM image of a population of photonic microcapsules with buckled geometry; (r)-(t) OM images of buckled microcapsules with different structural colors from
blue (r), green (s) to red (t), respectively [206]. Reprinted from ref. 206 with permission from the Royal Society of Chemistry, copyright 2015. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

droplets were initially with an utterly double-faced geometry (termed as research attention has been paid to the construction of photonic
AB1) and can be further manipulated to form multiple different geom- microobjects with fluorescence properties via integrating colloidal
etries (theoretically ranging from AB1 to ABn) by interplaying the building blocks with semiconductor QDs, such as CdSe/ZnS and CdTe/
magnetic field-induced droplet merging and interfacial tensions among ZnS QDs, the toxicity of those QDs is a non-negligible factor. In light of
the resin phase, CPs’ suspension phase, and the external continuous this, environment-friendly carbon dots have been incorporated onto the
phase (as illustrated in Fig. 24c). As a proof-of-concept demonstration, surface of core-shell CPs (i.e., CDs/PS@P(MMA-AA) CPs), which have
the resulting photonic microobjects with configurations from AB1 to been used as the building blocks for photonic microobjects (the synthesis
ABS5 were prepared (as shown in Fig. 24d and the corresponding illus- route of the CPs is illustrated in Fig. 24f) [209-211]. A similar micro-
tration figure shown in Fig. 24e) [111]. While an extensive amount of fluidic approach was utilized to generate magnetic-functionalized
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Fig. 23. (a) TEM image of Fe304@SiO; ellipsoids. (b) Droplets of an aqueous suspension of Fe30,@SiO5 ellipsoids. (c) The illustration figure shows the evolution of
initially spherical droplets of the aqueous suspension of Fe30,4@SiO ellipsoids under a magnetic field and magnetic field-free conditions. (d) Top row: OM images of
the supraparticles with different shapes; bottom row: plot shows the relationships among final aspect ratios of the supraparticles. (e) OM images show the different
structural colors and orientations of the spindle-like supraparticles under different conditions: without and with a magnetic field of different angles exerted on the
supraparticles [208]. Reprinted from ref. 208 with permission from the Royal Society of Chemistry, copyright 2019.

photonic microobjects with different nonspherical configurations (as
shown in Fig. 24g-h). The resulting photonic microobjects can be sub-
sequently used to construct QR code patterns or displays, which display
magnetic field-controlled information storage and reading, or even for
energy-saving applications [71,210].

Besides the colloidal photonic microobjects with abovementioned
nonspherical structures via different approaches, photonic microobjects
with different geometries or shapes have also been achieved through the
confining effect of microfluidic channels. Specifically, a PDMS-based
microfluidic device was utilized to generate cylinder colloidal pho-
tonic microobjects reported by Kim’s group [212,213]. The device
featured a main cylinder channel and different numbers of inlets (as
illustrated in Fig. 25a-b). A photomask was placed in a predesigned
region over the objective lens. When different numbers of streams of
colloidal photonic suspensions (photocurable ETPTA resin of SiOy CPs)
pass through the main channel and are subsequently irradiated with UV
light, cylinder photonic microobjects with single composition or multi-
compartment structures can be obtained (as shown in Fig. 25c). By
changing different diameters of the SiO CPs from 140 nm, to 160 nm to
200 nm, the structural colors and the corresponding spectra can be
modulated from blue, green, and red (as shown in Fig. 25d). Further-
more, the compartment numbers of the resulting cylinder photonic
microobjects can be varied from one to four when the inlet numbers of
the microfluidic device increase from 1 to 4. For example, photonic
microcylinders with dual colors (Fig. 25e-f), triple colors (Fig. 25g), and
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triple colors together with a magnetic composition (Fig. 25h) were
respectively prepared in the study.

5. Photonic microcapsules
5.1. Photonic microcapsules with photonic property only in the core part

Instead of using the colloidal embedding or calcination method to
generate photonic microobjects with stable properties, an alternative
approach to produce stable photonic microobjects was through the
confining of CPs into miniaturized chambers, which were produced from
microfluidics and can protect the entrapped CPs from undergoing
interruption from external media. Yang et al. firstly reported the fabri-
cation of photonic microcapsules through a co-flow optofluidic
approach (as shown in Fig. 26a). Three phases were used in the exper-
iments. An aqueous phase containing 1 wt% surfactant ethylene oxide-
propylene oxide-ethylene oxide (PEO-PPO-PEO) triblock copolymers
was used the outer phase. Photocurable ETPTA resin containing 2 wt%
surfactant sorbitan monooleate (Span 80) and a suspension of highly
charged PS CPs with an average diameter of ~328 nm was used as the
middle and inner phases, respectively [165]. Through proper adjust-
ment of the flow rates of the three phases, water-in-oil-water (W/O/W)
core-shell droplets produced from the microfluidic device were imme-
diately transformed into core-shell microcapsules by UV curing of the
resin shell (as shown in Fig. 26b). The addition of the surfactants in the
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Fig. 24. (a) The illustration figure shows the synthesis of CdS quantum dots-loaded PS-PHEA/PVI-PHEA core-shell CPs. (b) The illustration figure shows the
microfluidics fabrication of rod-like Janus photonic microobjects assisted by microfluidics. (¢) Cartoon figures show the tuning of different geometries of photonic
microobjects via magnetic assembly of microfluidics-fabricated primary Janus droplet templates. (d) SEM images of the photonic microobjects with different ge-
ometries via magnetic field-induced assembly, the configurations of resulting microobjects termed as AB1 through ABS5. (e) Cartoon figures show the corresponding
photonic microobjects in (d) [111]. Reprinted from ref. 111 with permission from the American Chemistry Society, copyright 2016. (f) The illustration figure shows
the CBs-functionalized PS@(PMMA-AAc) CPs. (g) The illustration figure shows the microfluidics fabrication of Janus rod-like photonic microobjects assisted by
microfluidics and the subsequent construction of the Janus QR code. (h) OM images of the photonic microobjects with different configurations from left to right: AB2,
AB3, and ABA4, respectively. (i) Left panel: The illustration figure shows the PC QR code prepared by Janus PC supraballs. Middle and right panels show the pho-
tographs of the code patterns under on (middle) and off (right) modes, respectively [210]. Reprinted from ref. 210 with permission from Elsevier, copyright 2021.

middle and outer phases was used to tune the interfacial tensions among
the three phases, and then the spreading parameter S = y;_, —
(yo_m +70-1), where y;_u, vo_y»> and yo_; are the interfacial tensions
between the inner phase and middle phase, outer phase and middle
phase, and outer phase and inner phase, respectively. The S < 0 could
ensure the core and shell parts to be the PS suspension and UV-curable
ETPTA resin, respectively [214]. The volume fraction of the prepared PS
CPs suspension was ~10 %, above which there was a high possibility of
clogging the microfluidic device, leading to the failure of the experi-
ments [165]. The highly charged properties of the PS colloids allow
them to be assembled into colloidal crystal arrays through the repulsive
force. Due to the protection from the transparent ETPTA resin, this array
can be refrained from the disturbance of ions and other impurities or in
an electric field, which can induce the array to lose stability. However,
the photonic property of these microcapsules mainly originated from the
secondary diffraction of the self-assembled PS CPs, given that the di-
ameters of the PS colloids are far larger than conventionally used col-
loids with diameters in the range between 100and 300 nm, given their
non-close packing configurations (as shown in Fig. 26¢-d). Nevertheless,
the microcapsules displayed the characteristics that photonic stopbands
were independent of the position on the spherical surface due to their
spherical symmetry (as shown in Fig. 26e). This phenomenon was
contrary to that of Vogel’s study, where the photonic supraparticles
constructed by polyhedral CPs showed angle-dependent phenomena
[20]. Borrowed from the same encapsulating strategy, Zhu and Yang
et al. utilized the similar microfluidic device to encapsulate aqueous
suspension of core-shell colloids (PS as core and pNIPAAm as shell,
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PS@pNIPAAm) with smaller diameters (from ~120 nm to ~180 nm)
into ETPTA shell microcapsules [215]. Unlike the case in Kim’s study,
the concentrations of the core-shell colloids were all much higher and at
more than 20 wt% given their small diameters. The photonic properties
in this case originated from the first-order diffraction. Despite the
colloidal building blocks containing a pNIPAAm shell, the photonic
property of the photonic microcapsules was thermoresistant when sub-
jected to temperature stimulus from 5 to 50 °C. This thermoresistant
photonic feature was different from the bulk photonic film using the
PS@pNIPAAm colloids with a larger total diameter (335 + 8 nm) and a
much thicker shell (~ 70 nm) as the building blocks, where the photonic
film showed highly thermoresponsive properties with its reflection peak
value shifted from 640 nm to 450 nm when being heated from 20 °C to
40 °C [216]. The discrepancy was likely because the pNIPAAm shell in
Zhu’s case was too thin (the thickness of the pNIPAAm shell is below 10
nm, less than 10 % of the entire diameter of the CPs) to display any
obvious temperature-induced size change of the CPs and thus the pho-
tonic property change (as shown in Fig. 26f-i). It was also worth
mentioning that large colloidal crystal domains were visible from the
OM images, suggesting heterogeneous nucleation likely took place
within the microcapsules. As a result, the photonic properties can be
inhomogeneous across the individual photonic microcapsule and can be
a disadvantage when high-resolution photonic properties are required
for some practical applications.

Although colloidal crystal-based photonic microobjects could be
obtained by confining organized close-packing or non-close-packing
colloidal crystal arrays within microobjects through the above-
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Fig. 25. (a) The schematic figure shows the structures of a PDMS-based microfluidic device and the structure of the objective lens of an optical microscope. (b) OM
image of the microfluidic device and the four different inlets. (c) OM image of red-colored photonic microcylinders. (d) OM image of microcylinders with red, green,
and blue colors and their corresponding reflection spectra. (e)-(f) OM images of two-compartment microcylinders with half red and half green (e) and half green and
half blue (f). (g) OM image of three-compartment microcylinders. The microcylinders are composed of a red hemisphere, a quarter green, and a quarter blue. (h) OM
image of four-compartment microcylinders. The microcylinders are composed of a quarter green, a quarter blue, a quarter red, and a quarter magnetic composition
[212]. Reprinted from ref. 212 with permission from Elsevier, copyright 2021. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)

mentioned approaches, photonic properties of the resulting micro-
objects strongly relied on the properties of the colloidal suspensions. It is
desired to encapsulate colloidal building blocks with stimulus-
responsive characteristics into microcapsules via microfluidics to
impart the resulting microcapsules with stimulus-responsive properties.
In this regard, Gu et al. encapsulated Fe304/PS-pMAAc (poly(styrene-co-
methyl acrylic acid) composite magnetic colloids with an average
diameter of ~138 nm into microfluidics-fabricated droplet capsules also
using photocurable ETPTA resin as the shell part. The resultant uniform
microcapsules had diameters ranging from 210 to 425 pm. Upon the
subsequent UV light irradiation, all liquid capsules were transformed
into capsules with a solid shell. Although the diameter of the colloidal
building blocks was at least 30 nm smaller than generally used colloids
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(with a diameter of 170-210 nm) to build the non-close packing pho-
tonic structures, the microcapsules can be endowed with photonic
properties by applying an external magnetic field. Through the intro-
duction of the magnetic field, the synergistic effect of the magnetic
attractive force and repulsive force can modulate the lattice spacing,
therefore regulating the photonic characteristics. These microcapsules
can be further used as building blocks for displays, which feature mag-
netochromism [217]. For example, the display assembled by using the
photonic microcapsules can show a magnetic field-induced pattern
appearing and disappearing (as shown in Fig. 26m-o).

In addition to the construction of magnetic-responsive photonic
microcapsules using the microfluidic encapsulating techniques, Zhu
et al. reported the preparation of thermoresponsive microcapsules by
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Fig. 26. (a) The illustration figure shows the co-flow microfluidics fabrication of photonic microcapsules using photocurable ETPTA resin and aqueous suspension of
PS CPs as the shell and core parts, respectively. (b)-(c) OM images of the photonic microcapsules under b. transmission mode and c. reflection mode; (d) an enlarged
OM image of a photonic microcapsule under reflection mode. The arrows denote the diffraction colors from the self-assembled colloidal crystal arrays (SCCAs). (e)
OM images of a photonic microcapsule taken at various angles between observation direction and substrate normal [165]. Reprinted from ref. 165 with permission
from American Chemistry Society, copyright 2008. (f) OM images of a photonic microcapsule under different temperatures at °C, 35°C, and 55°C, respectively. The
microcapsule uses ETPTA as the shell part and an aqueous suspension of PS-pNIPAAm core-shell NPs with photonic properties as the core part. (g) Reflection spectra
of the photonic microcapsule at different temperatures from 5°C to 55°C [215]. Reprinted from ref. 215 with permission from the American Chemistry Society,
copyright 2014. (h) OM images of microfluidics-fabricated photonic microcapsules using photocurable ETPTA resin and aqueous suspension of magnetic CPs as the
shell materials and core part, respectively. (i). Photographs of the letter patterns displayed by the magnetochromatic microcapsule array [217]. Reprinted from ref.

217 with permission from Wiley, copyright 2011.

encapsulating pre-assembled photonic suspension of pNIPAAm-co-AAc
gel particles into ETPTA microcapsules that were fabricated from a
droplet microfluidic device (as shown in Fig. 27a-d). Due to the ther-
moresponsive nature of the gel particle building blocks, the microcap-
sules displayed thermoreversible hue change upon a heating and cooling
cycle due to the individual CPs’ volume change as a function of tem-
perature while interparticle separation remained unchanged [218],
leading to no color change or no spectrum wavelength shift of the mi-
crocapsules (as shown in Fig. 27e-f). When subjected to a certain period
of centrifugation, the gel particles inside the microcapsules gradually
stacked to one pole of the microcapsule, yielding a Janus-like core part
(as shown in Fig. 27g), which displayed a color gradient under reflection
mode of OM (as shown in the inset figure of Fig. 27g). This was likely
because of the centrifugation-induced stacking of gel particles in the
microcapsules in a gradient fashion. The color gradient was further
verified by the different wavelength peak values of reflection spectra (as
shown in Fig. 27h). Therefore, the microcapsules were featured with the
capability of sensing centrifugation force [219].

Except for the case of using stimulus-responsive colloidal building
blocks, there were very limited measures to adjust the photonic prop-
erties of the photonic microobjects once the initial size or initial volume
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fraction of the colloids was fixed [220]. Colloidal photonic microcap-
sules with flexible shells and photonic microcapsules starting from a
colloidal suspension with low concentrations have been adopted to avert
this issue. To achieve this goal, researchers can either use intrinsically
soft, flexible materials as the shell materials or prepare microcapsules
with a thin shell, which consequently renders the shell part with
abnormal properties when compared with that of bulk conditions (for
example, a polymerized ETPTA shell with a thickness below a certain
value (i.e., 25 pm) can display deformable properties, while beyond this
value, it would be much more resistant to deformation) [205,221].
Alternatively, due to high concentrations of SiO; CPs that could poten-
tially clog the microchannels of microfluidic devices, researchers can
prepare photonic microcapsules starting from low concentrations of CPs
(below which value the colloidal suspensions can’t exhibit photonic
properties) and place the droplet microcapsules into hypertonic solu-
tions to induce enrichment of the colloidal suspension core part.
Consequently, the enrichment effect turned the microcapsules with no
photonic property into ones with tunable photonic property [222-224].

In terms of using soft and flexible materials as the shell materials of
photonic microcapsules, Martinez et al. encapsulated an aqueous sus-
pension of diluted SiO, CPs into a two-composition curable PDMS
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Fig. 27. (a) TEM image of pNIPAAm-co-AAc gel particles that were used as the building blocks of photonic suspension. (b)-(d) OM images of photonic microcapsules
with different colors from blue (b), green (c) to red (d). (e)-(f) Reversible thermoresponsive property of microcapsule with green color [133]. Reprinted from ref. 133
with permission from the American Chemistry Society, copyright 2013. (g) OM image of a photonic microcapsule after centrifugation effect, where the microcapsules
with homogeneously distributed gel particles inside gradually transitioned to uneven distribution of gel particles in the two halves of an individual microcapsule. (h)
Reflection spectra of different regions inside the microcapsules in g [219]. Reprinted from ref. 219 with permission from the American Chemistry Society, copyright
2013. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

rubber precursor solution by a glass-capillary-based microfluidic device,
leading to the formation of core-shell droplets, which don’t have pho-
tonic properties at the very beginning due to the low volume fraction of
the SiO5 CPs (as illustrated in Fig. 28a). Then, the droplets were
collected in an aqueous solution with higher osmolarities than that of
the aqueous suspension of diluted SiOy CPs. Through this operation, the
core-shell droplets started to show a decrease in size due to the semi-
permeable nature of the shell part and therefore led to the outflow of the
water molecules from the core part under the osmotic pressure effect,
which induced the enrichment of SiO, CPs and eventually formed
colloidal crystal structures within the core part (as illustrated in

Outer Fluid

Fig. 28b) [222]. The shell part can be gradually cured under an ambi-
dent environment and eventually form a stable shell. The microcapsule
featured a colloidal crystal core (as illustrated in Fig. 28c). Through this
design, one can obtain photonic microcapsules without the need of a
predetermined photonic composition, such as a specific colloidal vol-
ume fraction, etc. However, it took a long period to obtain a fully so-
lidified shell, given that the curing period of the rubber precursor was
half a dozen hours and full cross-linking of the shell part took more than
one day to complete in the solution. This long curing period of the shell
part can be problematic for researchers to obtain desired microcapsules
in a timely fashion.
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Fig. 28. (a) The illustration figure shows the fabrication of core-shell droplet capsules using an aqueous suspension of SiO5 CPs as the core part and thermocurable
PDMS resin as the shell part. (b) The illustration figure shows the evolution of droplet microcapsules in a solution under hypertonic condition, which induced the core
part to decrease in size due to the outflow of the water molecules from the core part. As a result, the SiO, CPs gradually form a crystal structure. (c) OM image of the
microcapsules after the formation of crystalline in the core part. The inset figure shows the photograph of the suspension of microcapsules with a crystalline core
[222]. Reprinted from ref. 222 with permission from the American Chemistry Society, copyright 2013.
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Given that the photonic microcapsules produced from a standard
double-emulsion microfluidic device normally have a relatively thick
shell, such as over a few micrometers or beyond. This thick shell can
have some undesired consequences for the resulting microcapsules. In
this regard, Weitz, Manoharan, and Kim et al. leveraged the similar idea
to fabricate core-shell photonic structures but replaced the SiOy
colloidal building blocks and air-curable PDMS oil shell with charged PS
CPs and photocurable resin shell, respectively [223-225]. The core-shell
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structures were fabricated using a specially designed microfluidic de-
vice, which was first invented by Kim et al. and was capable of gener-
ating core-shell structures in a thin-shell fashion (as shown in Fig. 29a-
b). The shell thickness of the core-shell structure was approximately 1
pm or below, according to previous reports [226,227]. Microcapsules
with shell thickness at this level not only facilitated the transport of
water molecules across the shell but also transformed the normally rigid
ETPTA shell (when the thickness was above tens of micrometers) to a
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Fig. 29. (a)-(b) The illustration figure and OM image show the fabrication of droplet microcapsules with a thin shell, where ETPTA resin and an aqueous suspension
of PS CPs were used as the shell and core parts, respectively. (c)-(d) Illustration figures show the evolution of ultrathin shell droplets under the impact of a relatively
small osmosis difference (c) and a large osmosis difference (d). (e)-(f) OM images of the evolution of the microcapsule upon relatively small osmosis difference (e) and
large osmosis difference (f). (g)-(h) OM images of photonic microcapsules formed using a single-step incubation and a two-step incubation route, respectively. (i)-(j)
cryo-SEM images of the microcapsules formed from the single-step incubation (i) and the two-step incubation (j). (k) Reflection spectra comparison between mi-
crocapsules formed from the single-step incubation route and the two-step incubation routes [225]. Reprinted from ref. 225 with permission from the American
Chemistry Society, copyright 2015. (1)-(m) OM images of photonic pigments (1) using aqueous suspension of different diameters of PS@poly(NIPAAm-AAc) core-shell
CPs as the core part and their corresponding reflection spectra (m) [224]. Reprinted from ref. 224 with permission from Wiley, copyright 2014.
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flexible state when subjected to an unbalanced osmotic pressure
[205,221,226]. The photonic structures in the core part also started with
a diluted suspension of PS CPs, the concentration of which was below
the suspension’s threshold that shows photonic properties. Upon a hy-
pertonic condition, the core part of the droplets gradually shrank due to
the outflow of water molecules across the shell part, leading to the in-
crease in colloidal suspension’s concentration in the core part and the
formation of glass or crystal structures at different stages of evolution. In
addition, the evolution of the droplet microcapsules displayed different
photonic patterns in the core part when placed in external solutions with
different concentrations of salt molecules (as shown in Fig. 29c-d).
Moreover, the buckling phenomenon may emerge when the incubation
solution contains relatively higher concentrations of salt molecules (as
shown in Fig. 29d-e). The core-shell droplet microcapsules were subse-
quently transformed into photonic microcapsules upon UV light irradi-
ation, which induced the formation of a relatively solid pETPTA shell
and a flexible rubber shell when ETPTA and photocurable PDMS pre-
cursor were used as the shell components, respectively. The photocured
microcapsules displayed different properties due to the different nature
of the shell materials under the stimulus of hypotonic osmotic pressure.
Instead of using single-step incubation, a two-step incubation route was
also introduced to tune to the photonic patterns inside individual droplet
capsules [225]. It was found that a single-step incubation led to the
formation of photonic microcapsules with uniform color patterns (as
shown in Fig. 29f and h) in the core part, while a two-step incubation
approach resulted in the formation of microcapsules with sparkling
color patterns in the core part (as shown in Fig. 29 g and i). This was due
to the single-step incubation inducing the formation of a large portion of
amorphous structures (that extend from the center of the capsules to 5
pm from the inner wall, Fig. 29j) in the core part of the microcapsule,
while that of the microcapsules formed from the two-step incubation
resulted in the formation of ordered structures throughout their entire
core part (as shown in Fig. 29k). Correspondingly, the microcapsules
formed from the single-step incubation displayed a weaker and wider
reflection spectrum when compared with that of the microcapsule
formed from the two-step incubation route (as shown in Fig. 291). To
further take advantage of the microcapsules with colloid-based amor-
phous core, Kim et al. encapsulated PS@poly(NIPAAm-AAc) core-shell
CPs into the ultrathin ETPTA shell droplets using a similar microfluidic
device [224]. Through the osmotic pressure-driven enrichment effect
plus post-UV curing of the ETPTA shell, photonic microcapsule pigments
with different structural colors can be obtained by tuning the initial
hydrodynamic diameters of the core-shell CPs (as shown in Fig. 29m-n).
The utilization of PS@poly(NIPAAm-AAc) core-shell CPs and controlled
microcapsules’ diameter at approximately 100 pm could effectively
suppress the multiple light scattering.

Almost all of the above-mentioned photonic microcapsules’ photonic
properties originated from CPs with non-deformability (i.e., SiO3, PS
et al.) or limited deformability (such as PS@pNIPAAm core-shell CPs
with responsive properties from the pNIPAAm shell part). Colloidal
particles, such as hydrogel CPs, with full deformability possess the merit
of tuning their sizes/volumes simply by changing external parameters,
for instance, temperature, pH values, ionic strength, etc. These proper-
ties enabled researchers to change volume fractions of CPs in suspen-
sions by feasibly varying the parameters without the need to of adjust
CP’s concentrations when the deformable gel particles were used as
building blocks for photonic structures [85,91,228-231]. As a result,
these advantages allowed researchers to tune the photonic properties of
the colloidal photonic structures using these fully deformable CPs as
building blocks in a straightforward manner. While a large amount of
research reports have focused on the construction of ‘hard’ colloid-based
photonic microobjects via microfluidic approaches, very few studies
have shed light on the construction of photonic microobjects via
microfluidics using the fully deformable CPs as the building blocks.
Actually, in our natural world, many living species, such as, chameleons,
could change not only in structural colors but also part of the physical
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body when encountered with predators [21]. So it was highly demanded
to develop photonic microstructures that could couple their physical
structure changes with structural color variations [232,233]. Despite the
large amount of research efforts that have been devoted to designing and
constructing photonic microobjects with tunable photonic properties,
microobjects with tunable photonic properties accompanied by isotropic
physical shape changes have also been realized. Very few studies have
focused on the construction of photonic microobjects featuring photonic
property changes simultaneously coupled with anisotropic shape
changes. In this regard, Zhu and Yang et al. leveraged an osmotic
pressure-driven buckling of microcapsules and prepared photonic mi-
crocapsules that can display photonic properties and geometry changes
simultaneously [205,234]. They utilized a standard glass capillary
microfluidic device for double emulsion generation and encapsulated an
aqueous suspension of fully deformable pNIPAAm-co-AAc gel particles
with photonic properties into a thin ETPTA resin shell (as illustrated in
Fig. 30a). Followed by UV curing of the shell part, photonic microcap-
sules covering full visible spectra wavelengths can be subsequently ob-
tained (as shown in Fig. 30b-c). The different structural colors of the
microcapsules originated from the different concentrations of gel par-
ticles inside the microcapsules. The shell thickness of the microcapsules
was controlled in a matter of hundreds of nanometers (~700 nm), which
endowed the shell part with flexibility. Taking a microcapsule with an
initial pink hue, for example, the flexibility of the shell part enabled the
microcapsules’ shell part to experience a dimple emerging towards a
buckling process after being placed in a hypertonic aqueous solution, i.
e., 2 M of NaCl solution. Simultaneously, the inner core suspension of gel
particles gradually enriched and displayed a gradual color shift from
pink to green and eventually blue (as shown in Fig. 30d). As a result of
the outflow, the water molecules from the core part move toward the
ambient medium [223]. It took up to one hour for completion of the
evolution, and the blueshift of the reflection spectra peak value was up
to 150 nm (as shown in Fig. 30e-f). This phenomenon was not only due
to the flexibility of the thin shell but also ascribed to the deformable
property of pNIPAAm-co-AAc gel particles in the core part. Owing to the
synergistic effect both from the shell and core parts, the microcapsules
exhibited synchronized shape deformation and optical property change
upon the hypertonic osmotic pressure impact (as illustrated in Fig. 30g).

While the above-mentioned CPs encapsulation and volume fraction
of the CPs in the core part of the microcapsules can be regulated by
external media, which led to the formation of microcapsules with
different photonic properties, and the inside assembled structures of
colloids can be regulated by the osmotic pressure difference between the
inside and outside the microcapsules so as to form colloid-based pho-
tonic crystal or glass structures. However, systematically controlling the
microdomains of colloidal-based superstructures and then the photonic
properties inside the tiny spaces has rarely been reported, despite efforts
to tune the colloid-based microstructures through different interactions,
such as charge screening effects, curvature effects, and depletion
attraction effect, which have been realized in bulk conditions or inside
droplets [216,235-240]. In light of this, Kim et al. moved one step
further in designing photonic microcapsules with new properties.
Instead of simply encapsulating CPs into core/shell droplets, an aqueous
suspension containing PS@pNIPAAm-co-AAc core/shell CPs, salt mol-
ecules, and linear polymers pNIPAAm-co-AAc was encapsulated into
core/shell droplets [241]. The salt molecules and linear polymers served
as electrostatic screening reagents and macromolecular depletion re-
agents, respectively [216]. Due to the curvature effect from the micro-
capsule templates and the depletion-driven phase separation effect, the
CPs assembled into multiple microdomains inside the microcapsules
when incubated in a hypertonic solution and subjected to a hypertonic
osmotic pressure effect (as shown in Fig. 31a-c). Confocal microscopy
images indicated that the microdomains were actually single crystals
formed from the assembly of the core-shell CPs (as shown in Fig. 31d-e).
Unlike the work from Zhu's report, where the photonic microcapsules
using PS@pNIPAAm-co-AAc core-shell CPs as the building blocks



Y. Hu et al.

(a)

Advances in Colloid and Interface Science 344 (2025) 103601

3 8

¥ Middle ETPTA resin phass '.D\u::r aqueous phasg

Dimpie Dimple
M ing — L T —
27 min 30 min

Intensity (a.u.)

—_—
42min

A0 min 45min

—_
50 min

7~ 52min 57 man

0 EBEEEEREINE AR
Time (min)

Buckling
accompanied
with blueshiftof

T

5&0 6(')0 ) 8&0
Wavelength (nm)

Ll
500

Fig. 30. (a) The illustration figure shows the fabrication of photonic microcapsules with a thin shell. An aqueous suspension of pNIPAAm-co-AAc gel particles and
ETPTA resin were used as the core and shell parts, respectively. (b) OM images of the thin-shell microcapsules with different colors, which were tuned by the initial
gel particle concentrations inside the microcapsule. (c) Reflection spectra of the thin-shell microcapsules with different colors from blue to red, covering the entire
visible light spectrum. (d) OM images show how a microcapsule with an initial pink hue evolved after being transferred from pure water to an aqueous solution of
NacCl (2 M). (e) Reflection spectra change of the pink microcapsule in d after being transferred into the aqueous solution of 2 M NacCl. (f) The maximum wavelength
values of reflection spectra change as a function of time. (g) The illustration figure shows how the microcapsule evolves under the impact of the hypertonic osmotic
pressure effect [234]. Reprinted from ref. 234 with permission from Elsevier, copyright 2020. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

displayed no thermoresponsive properties [215], the microcapsules in
this case displayed a rapid temperature-induced color change phenom-
enon due to the thermoresponsive shell (pNIPAAm-co-AAc) of the
PS@pNIPAAm-co-AAc core-shell CPs, the corresponding wavelength of
the refractive spectrum shifted as much as 80 nm (as shown in Fig. 31g-
h). More importantly, the response time was only 6.4 s, which was a
significant improvement when compared with that of the bulk hydrogel
materials that normally required several minutes (as shown in Fig. 31i-j)
[231].

In addition to the thermoresponsive property regulation and micro-
pattern adjustment through this depletion-driven phase separation, it
was further applied to construct a series of photonic microcapsules with
different shell materials. Other factors, such as deformed microcapsules
and osmotic pressure differences between the outer medium and inner
core suspension, were also taken into account to adjust the assembly
behaviors of the CPs inside the microcapsules. Kim et al. continued their
exploration in tuning the assembly behaviors of the charged PS CPs
within microcapsules with a flexible shell, such as a PDMS shell. The
microcapsules were also generated using a standard co-flow microfluidic
device. The PS CPs inside the droplet microcapsules were enriched by
incubation under hypertonic conditions (aqueous solution of NaCl) and
at 4 °C. The PDMS prepolymer shell of the incubated droplet micro-
capsules can be further cured at 25 °C (as shown in Fig. 32a). Different
extents of osmotic pressure could result in the formation of different
sizes of crystallites. Specifically, the incubation solution with a lower
concentration of salt (NaCl) resulted in the formation of a few large
crystallites; vice versa, the incubation solution with a higher concen-
tration of salt (NaCl) led to the fast crystallization and formation of
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multiple small crystallites along the inner surface of the microcapsules.
This was due to the curvature effect from the microcapsules (as shown in
Fig. 32b-d and illustrated in Fig. 32f-g) [235,242]. Correspondingly, the
microcapsules containing fewer and relatively larger crystallites dis-
played narrower but more intense reflection spectra than that of the
microcapsules containing more and smaller crystallites (as shown in
Fig. 32h). Additionally, the soft nature of the shell part can also be
leveraged to tune the properties of the photonic microcapsules. Typi-
cally, when the microcapsules were confined between two glass slides,
the deformation effect could induce the rearrangement and dense
packing of the crystallites due to the area fraction decrease of the
crystallites. This rearrangement boosted the photonic property and
correspondingly enhanced the intensity of the reflection spectrum peak
but without shifting the peak values. This phenomenon indicated that
there was no crystalline lattice change during the deformation process
(as shown in Fig. 32i-k), featuring the resulting microcapsules with
different properties, such as mechanochromism and optical anisotropy
repulsive [243]. Since the polycrystalline grains normally grew from the
inner surface of the microcapsules due to the curvature effect, this
resulted in the low reflectivity of the microcapsules. It was difficult to
control the crystal orientations despite single-crystalline microspheres
being able to be produced [244,245]. To address the shortcoming, Kim
et al. introduced a method to obtain microcapsules with density
anisotropy assisted by a gentle centrifugation effect, which initiated
colloidal nucleation and growth of single-crystalline grains through
depletion attraction. The multiple microdomains on the heavy side of
the individual microcapsule eventually merged into a single large grain
through the ripening effect. As a result, single-crystalline grains
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Fig. 31. (a) The illustration figure shows the osmotic pressure-driven formation of multidomain inside droplet microcapsules assisted by a combination of the
depletion effect from linear polymers and the osmotic pressure-driven enrichment effect. (b) OM images of the evolution of the droplet microcapsules under the drive
of osmotic pressure. (c) The OM image shows each individual photonic microcapsule containing multiple microdomains. (d) Confocal microscopy image of the
multidomain inside an individual microcapsule. (e) Enlarged confocal microscopy image of a microdomain. The hexagonal structure clearly revealed the single
crystal structure assembled from CPs. (f) Thermo-induced color pattern changes of the microcapsules. (g) The reflection spectrum of the microcapsule changes as a
function of temperature. (h) The maximum reflection spectrum peak value of the microcapsule changes as a function of temperature. (i) Temperature (right y-axis)
and peak position (left y-axis) of the microcapsules change as a function of time. (j) Reflection spectra peak position of an initial red-core microcapsules changes as a
function of time [241]. Reprinted from ref. 241 with permission from Wiley, copyright 2018. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

distributed along the heavy side of the microcapsules can be produced
(as illustrated and shown in Fig. 321) [246]. Fig. 32m shows large single
green grains inside individual microcapsules, and most of the grains are
composed of stacking of hexagonal arrayed CPs from the bottom part (as
illustrated in Fig. 32n). To accommodate the single crystallite grain on
the curved surface of the microcapsule, the hexagonal array should
develop along the inward direction, as shown in Fig. 320. Correspond-
ingly, the reflection spectra from the large single crystallite exhibited a
narrow and intense spectra signal (as shown in Fig. 32p). As a result, the
microcapsule displayed different intensities of reflection spectra values
when measured from different orientations (as shown in Fig. 32q). In
other words, this kind of microcapsule possesses orientation-dependent
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photonic properties.

Moreover, the pure interparticle potential among CPs was also uti-
lized to tune the microstructures formed from the assembly of charged
CPs within a confining space, such as microcapsules. By tuning the
repulsive interaction among the charged CPs, Kim et al. reported
controllable formation of PS CPs-based microdomain patterns inside the
microcapsules (as shown in Fig. 33a-b) [244]. The formation of micro-
domain patterns was achieved through the combination of osmotic-
pressure-mediated crystallization of an aqueous suspension of charged
PS CPs and the tuning of the repulsive potentials among PS CPs. The
repulsive potentials were regulated by adding different amounts of NaCl
to the suspension of PS CPs. The PS CPs within microcapsules with
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Fig. 32. (a) The illustration figure shows the composition of the inner core part of double emulsion droplets, osmotic pressure-induced enrichment and assembly of
the colloids inside the droplets, and the subsequent shell solidification for producing elastic photonic microcapsules containing crystallites along the shell. (b)-(e) OM
(reflection-mode) images of the elastic photonic microcapsules containing red-hue crystallites. (f)-(g) Cartoon figures show the resonant reflection on microcapsules
containing large (f) and small crystallites (g) when microcapsules were being illuminated from vertically incident light. (h) Reflection spectra of the microcapsules
incubated in different concentrations of NaCl solutions. (i)-(j) OM images of the green (i) and red (j) microcapsules with D/H values from 1 to 3. (k). Reflection
spectra of the green and red microcapsules with different geometries in (i)-(j) [243]. Reprinted from ref. 243 with permission from the American Chemistry Society,
copyright 2021. (1) The illustration figure shows the formation of a single-crystal microcapsule assisted by the centrifugation effect. (m) OM images (transmission
mode) of microcapsules before and after centrifugation for 80 min under 140 g and incubation for different periods from the very beginning to 165 h. (n) OM image of
microcapsules containing green crystallites. (o) The schematic figure shows the stacking of horizontal crystal planes along the vertical direction from the bottom of
the microcapsule. (p) The OM image shows a uniform green color from the projection of the crystal grain. (q) Reflection spectra and the corresponding OM images of
two microcapsules containing different single crystallites. (r) Reflection spectra and the corresponding OM (reflection mode) images of one crystallite at different
orientations [246]. Reprinted from ref. 246 with permission from the American Chemistry Society, copyright 2023. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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relatively strong repulsive potentials tended to assemble into onion-like fraction of the CPs inside the droplet microcapsules was adjusted to
structures (as shown in Fig. 33c); vice versa, PS CPs within microcap- 0.619 by a hypertonic osmotic pressure effect, and subsequently UV
sules with relatively weak repulsive potentials tended to form single light irradiation was introduced to transform the droplets into stable
crystal structures (as shown in Fig. 33d). Moreover, the microcapsules microcapsules (as illustrated in Fig. 34a). The microcapsules were then
formed under the strong repulsive potentials showing vivid onion-like incubated at 25 °C, and the inner core part was developed into single
color patterns under OM (as shown in Fig. 33e-f). The reflection crystalline arrays. The microcapsules exhibited no color at a wide range
spectra of these microcapsules show a wide and relatively weak reflec- of orientations despite green or red color that may appear at certain
tion spectra peak. Comparatively, the microcapsules with the CPs in the orientations (as shown in Fig. 34b). The reflection spectra of the red and
core part formed under relatively weak repulsive potentials, showing a green hues showed two distinct peaks at 624 and 540 nm, which
uniform color pattern and some stripe patterns (as shown in Fig. 33 h-i), respectively corresponded to the Bragg’s diffraction for the (111) and
where the latter case was due to stacking faults. Correspondingly, the the (200) planes of a face-centered cubic (FCC) lattice (as shown in
reflection spectra show relatively narrow but more intense peak values Fig. 34c). Afterwards, the microcapsules were heated to 60 °C and
(as shown in Fig. 33j). These phenomena indicated that it may be cooled down to 15 °C at different rates. When the microcapsules were
difficult to obtain microcapsules with the same structural colors in one cooled down at a rate of 30 °C/min, small crystal grains gradually
batch unless a proper method is developed to separate the photonic formed along the inner surface of the microcapsules and eventually
microcapsules with different photonic properties. occupied the entire core part (as illustrated and shown in Fig. 34d). The
The temperature field as another useful measure has been widely resulting microcapsules showed consistent color appearance at any
used to produce crystal and amorphous structures. This approach has orientation (as shown in Fig. 34e). Correspondingly, the reflection
been used not only in colloidal assembly but also for other kinds of spectra consistently had a maximum reflection peak value at 624 nm (as
materials processing [63,220,247]. Despite a variety of effects, shown in Fig. 34f). Alternatively, the inner core part gradually devel-
including charge screening effect, depletion effect, and tunable external oped into large crystallites along the inner surface of the microcapsules
field, such as osmotic pressure effect, have been leveraged to regulate when the cooling rate was at a low value, such as 0.1 °C-min~'. The large
the assembly behaviors of CPs, particularly thermoresponsive colloids crystallites eventually stacked the entire core part of the microcapsule
(PS@pNIPAAm-co-AAc) within a confined space, and temperature- (as illustrated and shown in Fig. 34g). Therefore, the microcapsule
dependent transitions between fluidic and crystalline phases of ther- displayed orientation-dependent color appearance (as shown in
moresponsive colloids within a confined space have also been reported. Fig. 34h). The resulting colors were predominantly green and red, and
How the temperature field, specifically the cooling rate, affects the as- the corresponding reflection spectra peaks are well matched with the
sembly structures of CPs and the corresponding photonic properties Bragg diffraction wavelengths for different crystal planes, such as (111)
within a confined space has yet to be explored. In light of this, Kim et al. and (222) planes for FCC (as shown in Fig. 34i).
encapsulated PS@pNIPAAm-co-AAc CPs inside ETPTA microcapsules by The common point of the abovementioned photonic microcapsules
microfluidics to produce droplet microcapsules [245]. The volume was that almost all the building blocks in the core part were a single type
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Fig. 33. (a)-(b) OM images of the microfluidic generation of core-shell photonic microcapsules (a) and the resulting core-shell photonic microcapsules (b). (c) Top
row: The illustration figure shows how the droplet microcapsule gradually evolved from a fluid status to an onion-like structure; bottom row: OM images show the
corresponding evolution process. (d) Top row: The illustration figure shows how the droplet microcapsule gradually evolved from fluid status to single-crystal
structures; bottom row: OM images show the corresponding fluid-to-single-crystal evolution process. (e)-(f) OM image of several onion-like microcapsules (e) and
enlarged OM image of the individual microcapsule (f). (g) Reflection spectra of the microcapsule in (f) and their corresponding crystal plane structure. (h)-(i) OM
image of several single crystal microcapsules (h) and enlarged OM image of an individual microcapsule (i) with single crystal structure. (j) Reflection spectra of the
microcapsule in (i) and their corresponding crystal plane information interpretation [244]. Reprinted from ref. 244 with permission from Wiley, copyright 2019.
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Fig. 34. (a) The illustration figure shows the regulating of photonic properties of the microcapsules by the combination of osmosis-driven enrichment and a sub-
sequent UV curing process. (b) The individual microcapsule shows different optical phenomena at different orientations. (c) Reflection spectra of the photonic
microcapsule at different orientations in (b). (d) Illustration figure (top row) and OM images (bottom row) showing the evolution of a microcapsule containing
PS@pNIPAAm-co-AAc core-shell CPs under the influence of a fast cooling rate. (e)-(f) OM images (reflection mode) of a microcapsule with fully stacked small
crystallites at different orientations (e) and the corresponding reflection spectra (f). (g) Illustration figure (top row) and OM images (bottom row) showing the
evolution of a microcapsule under a slow cooling rate. (h)-(i) OM images (reflection mode) of a microcapsule with fully stacked large crystallites at different ori-
entations (e) and the corresponding reflection spectra (i) [245]. Reprinted from ref. 245 with permission from the American Chemistry Society, copyright 2022.

of CP with monodispersed size distribution. How binary CPs assemble
inside microcapsules under the impact of osmotic pressure regulations
and what kind of photonic features the resulting microcapsules process
having been rarely explored and understood, despite crystal structures
formed from the assembly of binary CPs under 2D bulk condition have
been well studied and some 1D confining conditions having been re-
ported [248-257]. In this regard, Deravi et al. investigated the assembly
of binary CPs inside microcapsules through an osmotic pressure
annealing process (as illustrated in Fig. 35a) [258]. Xanthommatin-
tethered PS CPs with diameters of100 nm (termed PS100-XA) and
pure PS CPs with varying diameters (200-300 nm) were used as the
building blocks for the photonic composition. After collecting ina 1 M
NaCl solution, the inner core part of the microcapsules displayed a sig-
nificant decrease in size due to the osmotic pressure-induced outflow of
water from the inner core part (as shown in Fig. 35b-c). By varying the
combinations of the CPs, i.e., the inner core part of the microcapsules
containing aqueous suspension of pure PS CPs or a mixture of PS CPs and
PS100-XA, photonic properties of the microcapsules can be modulated
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accordingly (as shown in Fig. 35d-f). Apparently, the photonic micro-
capsules using binary CPs as the inner core part possess limited
controllability over the photonic properties of the resulting microcap-
sules. In order to control the assembly behaviors and then photonic
properties of the binary CPs in the inner core part in a controllable
manner, Kim et al. utilized the depletion-induced attraction approach to
regulate the assembly of binary CPs inside confined microcapsules
[259]. The microcapsules produced from a conventional double emul-
sion microfluidic device were composed of a thermocurabale PDMS shell
and an aqueous suspension of mixed components in the core part, such
as binary PS CPs, linear polymers pNIPAAm-co-AAc, and a certain
amount of NaCl. The osmotic-pressure-driven colloidal enrichment and
subsequent depletion-attraction effect were leveraged to tune the
assembled microstructures from CPs and the corresponding photonic
properties (as illustrated in Fig. 35g). The synergistic effects of depletion
attraction, electrostatic repulsion, and van der Waals attraction result in
the formation of different crystalline arrays based on the CPs. Unlike
previously reported crystalline arrays that were formed from the
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Fig. 35. (a) The illustration figure shows the formation of photonic microcapsules using binary CPs as the inner core part through osmotic pressure annealing. (b)-(c)
OM images of microcapsules before (b) and after (c) osmotic pressure annealing. (d) OM images of the microcapsules using different combinations of CPs with
different diameters as the inner core part. (e)-(f) Reflection spectra of the different microcapsules in d [258]. Reprinted from ref. 258 with permission from Wiley,
copyright 2021. (g) Ilustration figures show the formation of multiple grains based on binary CPs inside microcapsules. (h) The OM image shows photonic mi-
crocapsules containing multiple grains with green and red structural colors that were formed from the assembly of binary colloids. (i) OM images of photonic
microcapsules containing different ratios of green and red grains. (j) Reflection spectra of the photonic microcapsules containing different ratios of red and green
grains. (k) OM image shows the microdomain patterns inside microcapsules, where the microdomains formed from the assembly of three different diameters of PS
CPs. (1) Reflection spectra of four different kinds of photonic microcapsules using three different monodispersed PS CPs and a mixture of the three different-sized PS
CPs as the inner core part, respectively. (m) Gallery of photonic microcapsules with single colors and mixed colors [259]. Reprinted from ref. 259 with permission
from Wiley, copyright 2023. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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assembly of single-sized CPs featured with a single stopband, the crys-
talline arrays formed from different-sized CPs in this study showed
different grains, stopbands, and corresponding different structural
colors. Fig. 35h shows an individual microcapsule containing different
grains that feature green and red colors. Furthermore, the final patterns
inside individual microcapsules can be controlled by adjusting the
weight ratio of the green and red compositions (as shown in Fig. 35i).
Therefore, the intensities of the red and green parts can be accordingly
regulated (as shown in Fig. 35j). To move one step further, individual
photonic microcapsules containing three microdomains, such as green,
blue, and red can be achieved when three kinds of PS CPs are simulta-
neously encapsulated into the initial individual microcapsule (as shown
in Fig. 35j). As a result, the individual microcapsule featured three
distinct reflection spectra peaks, whose maximum reflection spectra
positions were consistent with the position of the reflection spectrum
from the microcapsules using the corresponding single-sized PS CPs as
the core part (as shown in Fig. 351). Eventually, single-colored photonic
microcapsules and various mixed-colored photonic microcapsules can
be obtained by combining different colloidal compositions, as shown in
the galleries in Fig. 35m.

5.2. Photonic microcapsules with the photonic property in the shell part

Despite the above-mentioned reports were all related to photonic
microcapsules with their photonic compositions in the core part, pho-
tonic microcapsules with photonic compositions lie in the shell part
were also constructed. Kanai and Weitz et al. utilized a glass-capillary
based microfluidic device to fabricate photonic microcapsules, which

{a) Collosdal crystals i water
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the shell part was composed of a photocurable aqueous suspension of the
mixture of charged PS CPs and NIPAAm-based monomers, the core part
was a PDMS oil phase (as shown in Fig. 36a-c and g). Simply by varying
the concentrations of the PS CPs in the shell part, the resulting micro-
capsules displayed different structural colors and correspondingly
different characteristic reflection spectra peaks (as shown in Fig. 36d-f
and h) [260]. Alternatively, Zhu et al. fabricated photonic microcapsules
using ETPTA suspension of SiO5 CPs as the shell composition (as shown
in Fig. 36i-1). The photonic properties were tuned by the SiO, CPs con-
centrations in the resin suspensions (as shown in Fig. 36m) [261]. In
addition, photocurable PEGPEA suspension of SiO, CPs was used as the
shell material and the corresponding photonic microcapsules were
fabricated using a similar microfluidic device (Fig. 360) [262]. Different
colors of photonic microcapsules were subsequently fabricated by
changing the initial concentrations of SiO5 CPs in the PEGPEA suspen-
sions (Fig. 36p). Due to the elastic nature of the polymerized PEGPEA,
the microcapsule displayed fully reversible compression-relax behaviors
(Fig. 36@-r). The elastic property of the shell part also enabled the mi-
crocapsules with osmosis-dependent photonic properties along different
directions of individual microcapsules. Specifically, in the pole and
equator regions of an individual microcapsule respectively displayed
red-shift and blue-shift due to the increased and decreased spacing
among CPs in the corresponding regions (Fig. 36s-t).

5.3. Photonic microcapsules with photonic properties both in core and
shell parts

Given that the droplet templates from different microfluidic devices
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Fig. 36. (a) The illustration figure shows microfluidics fabrication of pNIPAAm hydrogel-based photonic microcapsules. (b)-(c). The microfluidics process (b) and the
resulting photonic hydrogel microcapsules (c). (d)-(f) Microcapsules with different structural colors. (g) OM image (transmission mode) of the microcapsule. (h) The
corresponding reflection spectra of the microcapsules (d)-(f) [260]. Reprinted from ref. 260 with permission from Wiley, copyright 2010. (i) OM image of photonic
microcapsules using ETPTA suspension of SiO CPs as the shell part. (j)-(1) SEM images of a bunch of photonic microcapsules (j), outer surface (k), and cross section
(1) of the microcapsule. (m) Reflection spectra of the microcapsules with different colors and their corresponding OM images [261]. Reprinted from ref. 261 with
permission from Royal Society Chemistry, copyright 2012. (o) The illustration figure shows the fabrication of PEGPEA resin-based photonic microcapsules. (p).
Photonic microcapsules with red, green, and blue colors. (q) Compression-relax cycle of a green-colored photonic microcapsule. (r) Time-dependent changes of the
displacement and the corresponding force change as a function of different cycles. (s) The illustration figure shows the evolution of photonic microcapsules evolving
under hypotonic solution. (t). Time lapses OM images of green photonic microcapsules evolved in hypotonic solution [262]. Reprinted from ref. 262 with permission
from Wiley, copyright 2023. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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are spherical in shape under normal conditions due to the minimization
of interfacial energy, the structural color of spherically shaped photonic
microobjects is normally anisotropic, singular, and mono-colored
regardless of the viewing angle. Approaches have been brought to
attain photonic microobjects with multiple colors on an individual
microobject, despite bulk photonic structures with dual stopbands and
beyond having been achieved in several studies [263-271]. Such as the
fabrication of Janus-structured photonic microobjects or core-shell
photonic microobjects with both the shell and core parts possessing
photonic properties, namely photonic structures with dual and multiple
stopbands. Specifically, instead of using the co-flow microfluidic device
to encapsulate an aqueous suspension of CPs with photonic properties,
Chen et al. utilized a microfluidic device with two parallel channels and
interplayed spreading parameters between different phases to generate
photonic microcapsules with both the shell and core parts featuring
photonic properties (as shown in Fig. 37) [187]. The two parallel phases
were a photocurable ETPTA suspension of SiO, CPs and an aqueous
suspension of PS CPs with photonic properties (as shown in Fig. 37a).
Through finely tuning the interfacial tensions among the two dispersed
phases and a methylsilicone oil-based continuous phase, the Janus
droplets formed from the paralleled two streams spontaneously evolved
into a core-shell structure, which subsequently solidified to form mi-
crocapsules. The spreading parameter S =y, — (yy + 7qc) among the
three phases was introduced to predict the formation of core-shell
structure. ., ra, and yq represent the interfacial tensions between
the two dispersed phases, between the continuous phase (methylsilicone
oil) and the dispersed phase b (either the photocurable ETPTA suspen-
sion of SiO2 CPs or aqueous suspension of PS CPs), and between the
continuous phase and the dispersed phase c. In the specific case, to
obtain the core-shell microcapsules, it was required the S < 0 [272].
Consequently, the shell and core parts clearly exhibited distinct colors,
which corresponded to two reflection spectrum peaks (as shown in
Fig. 37b-c). In addition, the photonic microcapsules with protection
from the polymerized resin shell were resistant to several ordinary
organic solvents, such as toluene, DMF (dimethyl formamide), and
acetone, leading to the photonic properties of the core-shell photonic
microcapsules being more stable than those of the photonic microobjects
simply assembled from PS CPs (as shown in Fig. 37d-f). However, the
photonic microcapsules were inert to external stimuli and may limit
their further applications for diverse fields. Therefore, this fabrication
strategy was also used to construct dual-stopband photonic microcap-
sules by employing an aqueous suspension of soft gel particles as the
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core part of the photonic composition [273]. The microcapsules may
have special applications in the field of responsive materials.

Moreover, core-shell or quasi-core-shell photonic microobjects with
more than one structural color can be accessed through another route. In
addition to physically merging two or multiple photonic phases together
and generating microobjects with multiple structural colors via micro-
fluidics, microobjects initially with one structural color but subse-
quently treated with a solvent can be transformed into microobjects with
dual or multiple structural colors. Yoo et al. reported the fabrication of
core-shell-like photonic microobjects with dual structural colors via
microfluidics-generated double emulsion droplets plus a core hatching
approach (as shown in Fig. 38) [274]. The microcapsules’ fabrication
step was similar to that of Martinez’s work published in 2013 [222].
Core-shell droplets with ETPTA resin as the shell part and a diluted
aqueous suspension of PS CPs as the core part were prepared using a co-
flow microfluidic device (as shown in Fig. 38a). After being collected in
a container with an aqueous solution of NaCl (50 mM), the droplets were
subjected to a hypertonic osmotic pressure, and the PVP-coated PS CPs
concentration gradually increased due to the osmotic pressure-induced
outflow of water from the inner core to the ambient collecting solu-
tion. Eventually, the PVP-coated PS CPs in the core part stacked into a
close-packed colloidal photonic crystal (CPC) microsphere. The ETPTA
shell can be subsequently hatched, leaving close-packed PS CPs-based
spherical opal structure with a thin ETPTA layer. The opal micro-
spheres were subsequently washed with ethanol to remove the ETPTA
residues and surfactants. The PVP chains on the surface of PS CPs thus
experienced a swelling process, leading to the slight swelling of the
entire CPC microsphere. The PS CPs located close to the surface region of
the CPC spheres underwent a slight contraction when being placed in
pure water again. This was due to the better swelling performance of
PVP molecules in ethanol than in water. While there were almost no
changes for PS CPs that were close to the center of the CPC spheres. This
eventually led the PS CPs close to the center region of individual mi-
crospheres possessing a relatively loose stacking, but the PS CPs close to
the surface area of the microsphere with a compact stacking, yielding
core-shell-like photonic microobjects. This action led to the appearance
of two distinct structural colors (as shown in Fig. 38b-e) on an individual
microobject and two distinct reflection spectrum peaks (as shown in
Fig. 38f-g).

Instead of fabricating photonic microcapsules or microcapsule-like
structures using the above-mentioned colloidal suspension encapsu-
lating strategy or controlled contraction of CP building blocks by solvent

Fig. 37. (a) Schematic figure shows the fabrication of core-shell dual stopband photonic microcapsules using a two-parallel-channel microfluidic device. (b)-(c) OM
image of an individual microcapsule with two distinct colors in the core and shell parts (b) and the corresponding reflective spectra in the core and shell parts. Scale
bar in (b): 200 pm. (d)-(f) Evolution of (i) core-shell microcapsules and (ii) PS CPs-based supraballs immersed in different organic solvents: (d) toluene, (¢) DMF, and
(f) acetone [187]. Reprinted from ref. 187 with permission from the Royal Society of Chemistry, copyright 2014.
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Fig. 38. (a) Top: OM image of the fabrication of core-shell-like photonic microcapsules using a co-flow glass capillary-based microfluidic device. Bottom: The
illustration figure shows how the core-shell droplet microcapsules composed of PS CPs and ETPTA resin gradually evolved into PS CPs-based core-shell-like photonic
microobjects (CPCs). (b)-(e) OM image (transmission mode) and dark-field reflection mode microscopy image (c), dark-field reflection mode microscopy image with
a blue color filter (d), and (e) with a green color filter and of core-shell-like CPC microobjects. Normalized reflectance intensity spectra of core-shell-like CPC particles
(f) without a color filter and (g) with color filters [274]. Reprinted from ref. 274 with permission from the Royal Society of Chemistry, copyright 2019. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

effect, a chemically operated system was conceived and implemented to sized microballs with an opal structure using monodispersed SiO, CPs
generate photonic microcapsules with a core-shell structure, despite the as building blocks through a microfluidic apparatus were fabricated
core part being solid in such kinds of microcapsules. Gu et al. fabricated [275]; subsequently, partial SiO5 CPs (specifically the region close to the
this kind of microcapsule using a two-step approach: Firstly, uniform- surface of the microballs) in each microball were etched in a controlled
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Fig. 39. (a) The illustration figure shows the preparation of photonic microcapsules using a controlled wet etching approach. SiO, CP-based supraparticles were
firstly produced from a microfluidic approach and subsequently filled the voids among the CPs with monomers’ solution. SiO, CPs-hydrogel composite microspheres
can be obtained when the monomer solution-filled supraparticles are subjected to a polymerization process. The composite microsphere was subsequently trans-
formed into a core-shell-like microcapsule when a controlled etching process was carried out. (b)-(d) OM images of colloidal crystal microbeads (b), hydrogel-SiO,
CPs composite photonic crystal microspheres (c), and photonic microcapsules (d). (e)-(g). Reflection spectra of the microobjects corresponding to the microobjects in
(b)-(d) [275]. Reprinted from ref. 275 with permission from Wiley, copyright 2014.

etching manner. Specifically, part of the SiO, CPs in the individual
microball was etched while the remaining part was kept unreacted (as
shown in Fig. 39a). Given the radial structure of the microball, the
interface region that was far from the center of the microball was firstly
etched while the center region was maintained unreacted. The etching
reaction can be quenched by transferring the microballs into a large
amount of water at any given moment, yielding each microball that was
integrated with an opal core and an inverse-opal shell (Fig. 39b-d). Due
to the different refractive indices between the core and shell parts, the
resultant microcapsules were therefore endowed with dual photonic
stopbands. The photonic microobjects can be further used for label-free
multiplex detection, drug screening, and even the building blocks for
anticounterfeiting materials [276,277].

6. Fully inverse opal photonic microobjects

Despite colloidal photonic microobjects with opal structures that
could provide the microobjects with a variety of properties, photonic
microobjects with inverse opal structures have also been prepared by
microfluidics combined with different post-etching approaches. Kim and
Yang et al. demonstrated the fabrication of inverse opal photonic mi-
crospheres using microfluidics combined with a post-etching process.
ETPTA resin and silica CPs were used as the skeleton material and
templates for the inverse opal structure, respectively. The inverse opal
microspheres displayed a blue shift in reflection spectrum when
compared with that of the unetched photonic opal balls (as shown in
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Fig. 40a-b) [109]. This was due to the enhanced refractive index
mismatch after removal of the SiO, CPs; specifically, the removal of SiOy
CPs decreased the effective refractive index of the photonic balls. Gu
et al. reported the fabrication of silicone-based inverse opal photonic
microbeads using a microfluidic-assisted fabrication process combined
with a post-etching step [142]. To construct such kinds of microbeads, a
suspension of monodispersed PS latex and ultrafine SiO NPs (~ 5 nm)
was used as the dispersed phase, while silicone oil was used as the
continuous phase. Uniform-sized microballs composed of PS latex and
SiO2 NPs were produced from microfluidics combined with a post-
solvent evaporation process under 70 °C. The microballs were subse-
quently treated at 500 °C to remove the PS latex; meanwhile, the
remaining silica NPs formed the interconnected necks, leaving behind
the porous silicone skeleton-based inverse opal structure. By using
different diameters of PS latex as the template building blocks,
microbeads with different pore sizes can be obtained, and the resulting
structures featured different diffraction peak positions and the corre-
sponding structural colors (as shown in Fig. 40c-f).

Despite considerable progress being made in the construction of in-
verse opal photonic microobjects, the skeletons of the above-mentioned
inverse opal structures were all made of responsive-free materials,
which limited their scope of applications, particularly the applications in
the fields of sensing. To broaden the applications of photonic crystals
with inverse opal structures, polymers with stimulus-responsive prop-
erties were used as skeleton materials for inverse-opal photonic struc-
tures [278-280]. Hydrogel-based materials have been used as skeleton
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Fig. 40. (a) Reflection spectrum comparison of colloidal photonic ball and inverse photonic ball, where the colloidal photonic ball was constructed by using SiO»
colloids as the building blocks and ETPTA resin as the matrix material, respectively. The inverse photonic ball was based on a pure ETPTA network. (b) SEM image of
the inverse photonic ball [109]. Reprinted from ref. 109 with permission from Wiley, copyright 2008. (c) OM image of photonic beads with inverse opal structure
prepared by using different sizes of PS CPs as sacrificial templates and SiO; as the matrix material. (d) Reflection spectra of seven inverse-opaline photonic beads; (e)
SEM image of the inverse-opaline photonic bead; (f) High-magnification SEM image of the surface of a big bead, showing the hexagonal alignment of pores [142].

Reprinted from ref. 142 with permission from Wiley, copyright 2009.

materials for inverse opal structures [281], among which pNIPAAm and
its analogues-based hydrogels have been the most frequently studied
materials [282]. Zhu et al. reported the fabrication of multiresponsive
inverse opal hydrogel microparticles [283]. To generate the hydrogel-
based inverse opal structures, monodispersed droplets of an aqueous
suspension of silica CPs were firstly produced from a glass capillary-
based microfluidic device. Subsequent solvent evaporation from the
droplets led to the formation of silica supraparticles, which were sub-
sequently treated via calcination at a temperature above 500 °C to yield
a stable opal structure. The calcinated supraparticles were immersed in
an aqueous pregel solution of mixture (NIPAAm, methacrylic acid
(MAAC), and crosslinker BIS) to introduce the pregel solution to fill the
voids among silica CPs. The silica supraparticles together with the pregel
solution were exposed to UV light exposure to generate stable hydrogel-
silica composite photonic structures, where the silica CPs can be
completely removed by a subsequent wet etching process. Eventually,
PNIPAAm-based inverse opal microspheres were obtained. Due to the
incorporation of multiple acrylic acid (AAc) groups, the inverse opal
microspheres can be further functionalized with other reactive func-
tional groups. In this specific study, photosensitive azobenzene groups
were introduced to the skeleton of the polymer network, decorating the
microparticles with photosensitive properties. Therefore, the inverse
opal microspheres displayed responsiveness to multiple stimuli, such as
temperature, pH value, and visible light. Remarkably, the microspheres
exhibited significant color change and a large peak value shift (beyond
150 nm) in the reflection spectrum upon the stimulus of temperature
and pH values (as shown in Fig. 41a-f). Meanwhile, the response time
was less than one minute, which was also an advantage compared to that
of bulk hydrogel photonic materials (normally the response time of bulk
photonic hydrogel materials was a matter of several minutes) [231,284].
The microobjects also displayed reflection spectra shifting when irra-
diated with UV light (Fig. 41g). In addition to the responsive properties
of such a kind of polymer skeleton-based inverse opal structure, the
macroporous feature of the structure was employed as a drug delivery
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vehicle, which possessed self-reporting properties [39]. Gu et al. fabri-
cated pNIPAAm-based inverse opal microspheres assisted by micro-
fluidics [285]. The microspheres were used as loading vehicles for
model molecules, such as fluorescein isothiocyanate (FITC)-dextran and
sodium alginate molecules, at temperatures above the LCST of
pNIPAAm-based polymer. The model molecules can be subsequently
released from the inverse opal structures by the temperature cycle-
induced extrusion effect (as shown in Fig. 41h). More importantly, the
release behaviors can be monitored through the photonic property
change of the microspheres due to their refractive index change. This
subsequently induced the blue shift of the reflection spectra peak change
as a function of the cycles of triggered release (Fig. 41i-j). Such kind of
concept was also demonstrated in Wischerhoff’s report, despite their
work emphasizing the study of inverse opal hydrogel films [286].
Instead of directly using thermo stimulus, Ye et al. developed inverse
opal photonic microspheres with near-infrared-induced thermores-
ponsive properties, which can also be used to control drug release be-
haviors [287]. This concept was achieved by incorporating the photonic
microspheres with graphene oxide (GO) NPs, which were widely used as
sensing components [288,289]. The notable property of the GO NPs is
their photothermos effect. By leveraging this effect, the inverse opal
microspheres underwent a deswelling process when irradiated with NIR
light. Consequently, the composite photonic microspheres that were
composed of NIPAAm, PEGDA, and GO showed a clear blue-shifting
phenomenon (Fig. 41k).

Inverse-opal photonic microobjects with other sensing properties
have also been developed. For example, instead of utilizing the thermo-
induced squeezing effect, Zhao et al. introduced another type of hybrid
hydrogel-based photonic microobjects with an inverse opal structure,
where the polymer hydrogel skeletons were stimulus-responsive-free
under normal conditions [290]. But with a combination of two
different polymer hydrogels, they can impart the resulting photonic
microobjects with certain responsive properties, such as responsiveness
to alkaline phosphatase molecules. This characteristic can be used for
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Fig. 41. (a)-(d) OM images of a pNIPAAm-co-MAA hydrogel-based inverse opal photonic microsphere under different ambient temperatures. (e) Reflection spectra
change of the microsphere at different temperatures from 20°C to 43°C. (f) Reflection spectra change of the microsphere in solutions with different pH values. (g)
Reflection spectra of the photoresponsive hydrogel photonic microsphere before (black dashed curve) and after (red dashed curve) the UV light irradiation [283].
Reprinted from ref. 283 with permission from the American Chemistry Society, copyright 2013. (h) The scheme figure shows the pNIPAM-based hydrogel inverse
opal microspheres featured with self-reporting property during the release process. (i) Blue shift of the reflection spectra peaks of an inverse opal microsphere due to
the triggered release at different cycles. The initial concentration of encapsulated calcium alginate hydrogel was 0.5 % (w/v). (j) The relationship between the
reflection spectra peak change as a function of the cycles of the triggered release at different initial concentrations of calcium alginate hydrogel [285]. Reprinted from
ref. 285 with permission from the Royal Society of Chemistry, copyright 2015. (k) Digital photographs of the color change of inverse opal hydrogel photonic mi-
crospheres when being irradiated with an NIR light [287]. Reprinted from ref. 287 with permission from the Dova Press, copyright 2020.
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the detection of alkaline phosphatase molecules. The construction of the
photonic microobjects through microfluidics was similar to that of the
previous report, which employed SiO, CPs as building blocks and
PEGDA hydrogel as the matrix materials for the construction of photonic
microobjects, respectively [291-295]. After removing the SiO5 CPs
templates, the voids left behind were filled with carbon dots (CDs) and
Cu-alginate hydrogel. The illustration process is shown in Fig. 42a. The
obtained photonic microspheres displayed both structural color features
and fluorescence properties. When exposed to a pyrophosphate ion (PPi)
solution, the hydrogel photonic microspheres were subjected to a certain
degree of gradual disintegration due to the stronger complexation effect
between PPi and Cu?" than the interaction between Cu?' ions and
alginate. Consequently, the hydrogel photonic microspheres displayed a
blue shift in the reflection spectrum and a decrease in the fluorescence
intensity (as illustrated in Fig. 42b). Fig. 42c-d show fluorescence images
of the hydrogel-based photonic microspheres in response to different
concentrations of PPi varying from 0, 1, 2, 4, 6, and 8 mM. It was clear
that the fluorescence signal decreased with the increase in the concen-
tration of PPi. Fig. 42e shows the reflection spectrum peak value change
as a function of the concentration of PPi. The hydrogel-based photonic
microsphere with an initial orange hue displayed an obvious blue shift
when exposed to different concentrations of PPi solutions.

Inverse opal photonic microobjects have been widely used in sensing
different analytes; however, when it involved sensing living organisms,
particularly in eukaryotic cells, multiple enzymes played important roles
simultaneously. Thus, it was necessary to develop microobject-based
platforms for simultaneously sensing different target analytes [296].
Meanwhile, the microobjects had a controllable number, type, and
spatial arrangement of enzymes, which controlled the cascade reaction
and decreased the efficiency of the biological catalysts. In this regard,
photonic microcarriers integrated with multiple inverse opal micro-
objects were constructed by a microfluidic electrospray approach (as
shown in Fig. 43a-c) [297]. The inverse opal microparticles exhibited
periodic porous structures (as shown in Fig. 43d-e). To generate pho-
tonic microobjects with multiple different functions, pAAm-based in-
verse opal microparticles were firstly developed. EDC-NHS was further
utilized to mount the specific enzymes into the skeleton of the pAAm-
based hydrogel microbeads. Subsequently, different numbers of in-
verse opal microbeads were entrapped into the alginate-based hydrogel
microcapsules, which were produced from the microfluidic electrospray
process. Fig. 43f-h show inverse opal microparticles with green, red, and
blue hues. Fig. 43i shows the reflection spectra of five different inverse
opal microparticles. Through appropriate control of the flow rates in
microfluidic experiments, alginate hydrogel microcapsules containing

CDsla Cu/Alg gel
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one, two, and three inverse opal microparticles, respectively, were
generated (as shown in Fig. 43j-1). These spatially arranged inverse opal
microparticles within each microcapsule can be a good platform for the
immobilization of different enzymes into individual microcapsules.

As an important class of compounds, ionic liquids (ILs) have shown a
variety of unique properties due to their structures consisting of organic
cations and anions. To leverage these unique properties, Li et al.
developed inversed opal photonic structures by combing spherical
colloidal photonic structures and polyionic liquid (PILs) together [298].
The construction of the polyionic liquid inverse opal microspheres (PIL-
IOMS) followed the similar approach in the abovementioned literature
but replaced conventional monomers with a category of imidazolium-
based IL monomers. Through microfluidics manufacturing of the
colloidal photonic microspheres, the resulting inverse opal microobjects
displayed uniform size and periodic porous structures both on the sur-
face and interior of the microobjects (as shown in Fig. 44a-c). Fig. 44d
shows the microobjects having a reflection spectra peak value at ~490
nm. The microobjects were endowed with reactivity towards different
kinds of solvents due to the presence of imidazolium moieties. There-
fore, the microobjects displayed different extents of responsive proper-
ties when exposed to different counterions. For example, the
microobjects exhibited different structural colors and reflection spectra
peak values when exposed to a series of counterions from ClO4, NO3,
TfoN™, PFg, BF4 and Br™ (as shown in Fig. 44e). This was due to the
different sizes of the counterions that can be exchanged with the imi-
dazolium moiety. This ion exchange therefore induced a volume change
that eventually displayed on the entire microobject. The concept of
using PILs as the matrix materials for inverse opal microobjects was
further used to develop photonic microobjects that can be used for
sensing a variety of chemicals, including saccharides and explosives
[299,300].

Instead of construction of a fully inverse opal structure in a single-
step etching, a controlled etching approach was also used to construct
inverse opal microobjects with multicompartment structures in a
concentric configuration. This was achieved through a so-called itera-
tive etching—grafting approach, which could allow the resulting
microobjects to integrate different functional groups at different regions
in the individual microobject. For example, Li et al. developed two- and
three-compartment inverse opal structures through the controlled
stepwise etching process of microfluidics-fabricated opal microspheres
(as illustrated in Fig. 45a) [301]. The resulting microobjects were sub-
sequently functionalized with reagents of opposing properties, such as
acid-base or electrophiles-nucleophiles, in different regions of an indi-
vidual photonic microobject. Fig. 45b shows the OM images of a
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Fig. 42. (a) The illustration figure shows the construction of hybrid PEGDA-CDs@Cu/Alg photonic microspheres. (b) The illustration figure shows the dual-signal
response behaviors of the hybrid PEGDA-CDs@Cu/Alg microspheres to PPi: the blueshift phenomenon in the reflection spectra and the decrease in fluorescence
intensity are due to the disintegration of the CDs@Cu/Alg hydrogel [290]. Reprinted from ref. 290 with permission from Springer Nature, copyright 2022.
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Fig. 43. (a)-(c) Schematics of the preparation of the bioinspired microcapsules. (d)-(e). SEM images of the outer surface and inner side of an inverse opal micro-
particle, scale bars: 500 nm (d) and 2 pm (e). (f)-(h). OM images (reflection mode) of inverse opal microparticles with green (f), red (g), and blue (h) colors, scale bars:
100 pm. (i) Reflection spectra of five different kinds of inverse opal microparticles. (j)-(1). OM images of alginate hydrogel microcapsules containing one (j), two (k),
and three (1) different inverse opal microparticles. Scale bars: 400 pym [297]. Reprinted from ref. 297 with permission from the American Association for the

Advancement of Science, copyright 2018.

photonic microsphere that was subjected to a two-round etching—-
grafting process, which resulted in the distribution of different elements
at different regions (as confirmed by the SEM images and element dis-
tribution mapping images in Fig. 45c). Similarly, when a colloidal
crystal microsphere was subjected to a three-round etching-grafting
process, the microsphere displayed a series of optical property changes
(as shown in Fig. 45d). Further SEM image and element distribution
mapping image also confirmed the integration of different functional
groups into individual photonic microobject. The resulting multi-
compartment photonic microobjects can be used for an artificial plat-
form for different kinds of cascade reactions.

7. Conclusion and perspectives

Photonic microobjects shaped and tuned by a combination of droplet
microfluidics processing, colloidal assembly, and the subsequent various
treatment methods have achieved considerable progress. The resulting
microobjects contain different compositions and consequently display
various featured geometries, eventually affecting their diverse
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properties. Despite that great progress has been made, a number of
scientific and technical difficulties remain, requiring further explora-
tions. Firstly, in terms of the building blocks, a vast majority of research
outcomes have focused on the utilization of nondeformable CPs, which
normally possess a fixed volume fraction in a predetermined colloidal
suspension. In order to adjust the volume fraction of CPs in the photonic
suspensions in a straightforward manner, fully stimulus-responsive
(deformable) CPs, such as stimulus-responsive nanogels, can be
considered as good building blocks for the construction of colloidal
photonic microobjects. Unlike photonic crystals based on ‘hard’ colloids,
which require the concentration to change when it is demanded to
regulate the volume fraction, it is not necessary to change their con-
centrations so as to tune their volume fraction when deformable micro/
nanogels are used as building blocks [302,303]. Therefore, this property
could allow us to readily regulate their photonic properties in a facile
manner. In addition, crystallization can still occur in suspension of
nanogels with polydispersity of up to 18.5 %, while this value is limited
to 12 % for hard colloidal systems [303]. Despite some progress having
been made in our previous studies, a lot more fundamental questions
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Fig. 44. (a) OM image of PIL-based inverse opal microspheres. (b)-(c) SEM images of the surface and cross-section of the PIL inverse opal microsphere. (d) Reflection
spectrum of the inverse opal microsphere. (e) Reflection spectra of the PIL-IOMS after exposure to aqueous solutions of six different counterions and their corre-
sponding OM images (inset figures) [298]. Reprinted from ref. 298 with permission from Wiley, copyright 2014.

remain to be explored. The stimulus-responsive properties of fully
deformable gel particles can be a double-blade saw; that being said, the
photonic property variations caused by ambient temperature fluctua-
tions could be either an advantage or a drawback. For example, for pure
thermosensing applications, this can be an advantage, while for some
other applications, this thermoresponsive behavior can negatively
impact the performance of the resulting photonic microobjects. In
addition to many of the abovementioned traditional colloidal building
blocks, it is also anticipated to expand the scope of CPs for the fabrica-
tion of photonic structures with new properties and functions. Fortu-
nately, the emergence of DNA origami has provided new opportunities
for creating novel photonic structures [304]. A recent study has shown
that the use of DNA origami allowed scientists to create diamond lattices
with a periodicity of 170 nm. The reflection spectrum of the photonic
structure after coating with a high-dielectric material (TiO5) exhibited a
photonic band gap in the near ultraviolet [305]. Also, the assembly of
DNA molecules into colloidal crystals has achieved unprecedented
control and programmability [306]. Therefore, it is possible to combine
the assembly of DNA colloids with a microfluidic platform to expand the
design and shaping of visible-range photonic microobjects. Meanwhile,
the rise of new methods for the synthesis of metallic colloids allows
researchers to assemble metallic colloids in an easy-to-craft fashion [79,
307, 308]. The metallic colloidal crystals with close-packed structures
enabled the unnaturally extreme light-matter interaction (meta-
materials and metasurfaces), which was nearly impossible to achieve
with the crystals of dielectric colloids. However, the high densities of
those CPs cannot be ignored in the development of photonic structures
with stopbands in the visible range. This is because the sedimentation of
those metallic CPs can outpace equilibrium and thus fail to assemble to
the desired crystal structures. These aspects of progress can also be
further combined with droplet microfluidics to investigate their as-
sembly behaviors within highly controllable droplet templates and
eventual properties of the assembled structures [80,81,309-311]. Sec-
ondly, microfluidics-fabrication of photonic microobjects formed from
the assembly of binary deformable CPs with different diameters and
their internal structures has yet to be binvestigated, despite some pre-
liminary research regarding the use of nondeformable CPs as building
blocks in a confined space or under bulk conditions having been con-
ducted [258]. Due to gel particles’ tolerance to defects and self-healing
property, binary gel particles’ system could form crystal structures
under bulk conditions; however, how the binary gel particles assemble
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in a confined space and what kind of photonic properties they possess is
yet to be understood [303,312,313]. This can be a promising strategy for
the construction of photonic microobjects with multiple stopbands.
Thirdly, some cutting-edge technologies, such as the emerging of Al,
could be a good tool for the predicting and guiding of the construction of
photonic microobjects with novel properties and structures. Finally,
traditional colloidal photonic microobjects are mainly based on inert or
stimulus-responsive colloids; photonic microobjects based on colloids
with some other properties, i.e., photocatalytic or active properties,
particularly the latter case that could autonomously catalyze chemical
reactions coupled with the chemomechanical reactions, which eventu-
ally induce the autonomous structural color changes of the photonic
microobjects, can be a big merit when being compared with conven-
tional colloid-based photonic microobjects [314-316]. The behaviors of
this kind of photonic microobjectcould be aligned with real biological
species; specifically, they can directly transform out-of-equilibrium
chemical reaction energy into the energy that is used for skin color
change of some animals on our planet, like chameleons [21,317,318].
Eventually, the constructed photonic microobjects need to find some
more practical applications; for example, it would be a big advantage
when the constructed photonic crystal structures find applications in the
fields of energy saving in the context of global coalition for carbon
neutrality [319]. Specifically, the concept of thermal regulations via
colloidal crystals has gained considerable attention [320-322]. Given
their effective capability for radiative supercooling, colloidal crystal
structures of this type could be emerging candidates in our endeavors in
searching for ideal materials to combat global warming. Current studies
on this aspect all focus on bulk structures; it would also be interesting to
conduct some research to compare the efficiency difference between the
bulk and microobject states of those materials. When it refers to real
practical applications, the production scale from microfluidics has been
the main concern, even though there have been mounting reports on the
fabrication of various emulsion templates via parallelized microfluidic
channels [323-329]. Despite those achievements, parallelized micro-
fluidics has never been applied in the production of colloidal photonic
microobjects. It may be worthy of exploring this aspect in future studies.
In conclusion, although the development of colloid-based photonic
microobjects based on droplet microfluidics and a variety of post-
processing methods has been achieved in the past two decades, a lot
more scientific and technological problems remain to be explored in
future research efforts.
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Fig. 45. (a) The illustration figure shows the construction of two- and three-compartment inverse opal microobjects. (b) and (d)OM images show the change of two
SiO,-polymer colloidal photonic composite microspheres when subjected to a two-round (b) and a three-round etching grafting process, respectively. (c) and (e) Left
panels: SEM images of the two-compartment (c) and three-compartment (e) photonic microobjects; right panels: different element distributions in different regions of
the corresponding individual photonic microobjects [301]. Reprinted from ref. 301 with permission from the American Chemical Society, copyright 2020.
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Types of microfluidic Emulsion type Composition of the Shapes of initial Sizes of the ~ Volume of Sizes of the  Shapes of the References number
device droplets droplets droplets initial resultant resultant
droplets  microobjects microobjects
Diameters of
Capillary-based . . Aqueous suspension of . . Not .
131
coflow Single emulsion PMMA CPs Spherical Not specified specified }71:;1 pm, 400  Microspheres [131]
Micropipette
injection; PDMS- . . Aqueous suspension of . Not Diameters of . .
Singl 1 Sphy 1 16.7 M h 125
based T-type ingle emuision PS CPs pherica pm mentioned 6.4 ym, 4 pm icrospheres [125]
device
Capillary-based .
A f Not
coflow Single emulsion .queous suspension o Spherical Not specified N " Not specified Microspheres [143]
. . . SiO2 CPs specified
microfluidic device
Aqueous suspension of
T-junction PDMS . . PS-co-PAAc@PHEMA- . Not o .
1 1 h 1 2to 1 Ni fied M h 1
tube Single emulsion o-PAAC core-shell CPs Spherical 92 to 170 pm mentioned ot specified icrospheres [144]
and CdTe NCs
. . Aqueous suspension of
T-Jul‘lC.thl‘l PDMS Single emulsion PS@PMMA-co-AAc Spherical 120 pm Not . 50 pm, 55 pm Microspheres [170]
device mentioned
core-shell CPs
Glass capillary . . Aqueous suspension of . . Not . .
1
microfluidic device Single emulsion $i0, CPs Spherical Not specified mentioned Not specified Microspheres [147]
PDMS T-type . . Aqueous suspension of . - Not 8,15, 30, and _ .
microfluidic device Single emulsion $i0, CPs and Au NPs Spherical Not specified mentioned 100 ym Microspheres [149]
Spherical
polyhedrons;
PDMS microfluidic . . Aqueous suspension of . . Not Nonspherical; -
device Single emulsion PS-co-pAAc CPs Spherical Not specified mentioned 6 pm Microspheres; [153,154]
Deflated football-
like;
. Single emulsion; .
Glass capillary L ETPTA resin . 15.9, 24.5, Not 15.9, 24.5, .
_ 109
microfluidic device ii?llllssi:)yr?e single suspensions of SiO, CPs Spherical and 53.7 ym mentioned and 53.7 pm Microspheres (1091
Flow focus PDMS . . Aqueous suspension of . Not Spherical
Singl It Sph 1 38 11 158
microfluidic device * 8 ¢ S SN PS CPs pherica wm mentioned — M polyhedrons [158]
PDMS microfluidic . . Aqueous suspension of . - Not Spherical and
1 1 h 1 Ni fi 10- 20
device Single emulsion nonspherical MOF CPs Spherica ot specified mentioned 0-50 pm nonspherical (201
. Aqueous suspension of
Capill jit Not
P l ay cp ‘ow . Single emulsion PS CPs and Eumelanin ~ Spherical 69 pm ° . 33 pm, 26 pm Microspheres [169]
microfluidic device NPs mentioned
. L Aqueous suspension of
T- fluid; Not
typ(? fucrotividic Single emulsion PS@PMMA-co-AAc CPs Spherical 90 pm ° . ~ 50 pm Microspheres [146]
device mentioned
and PDA NPs
. . PEGDA/H,0 suspension
PDMS T-; 1 Not
. _]l.l?‘lC' ton . Single emulsion of Fe304@ SiO5 core-  Spherical 72 pm ° . ~ 72 pm Microspheres [171]
microfluidic device mentioned
shell CPs
Glass capillary NIPAAm-based pregel Not
coflow Single emulsion . pres Spherical Not specified . Not specified Microspheres [132]
. . . suspension of PS CPs mentioned
microfluidic device
T-junction . . AAm-based pregel . i Not .
microfluidic device Single emulsion suspension of PS CPs Spherical Not specified mentioned 247 ym Microspheres [173]
Glass capillar 146 pm, 124 146 pm, 124
y .
. . PEGPEA suspension of . pm, 117 pm, Not pm, 117 pm, .
it 1 1 h 1 M h 175,176
coflow ~ Single emulsion SiO CPs Spherica 114 ym, 108 mentioned 114 ym, 108 < O°PIeres [175,176]
microfluidic device um um
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(continued)
Types of microfluidic Emulsion type Composition of the Shapes of initial Sizes of the ~ Volume of Sizes of the  Shapes of the References number
device droplets droplets droplets initial resultant resultant
droplets  microobjects microobjects
Coflow glass Aqueous suspension of
capillary Si04 CPs and Fe304 NPs; Not Not Not
microfluidic Single emulsion aqueous suspension of  Spherical mentioned; mentioned mentioned Janus Microspheres [178,179]
device; PDMS Fe304@ SiO> ellipsoidal 300 pm
microfluidic device CPs and SiO, CPs
PDMS flow focus . . Aqueous suspension of . - Not Microspheres and
1 It h 1 N i ~2 180
microfluidic device Single emulsion SiO5 CPs Spherica ot specified mentioned 0 km Janus Microspheres (1801
Single emulsion with .
Cocf;lio‘i/\l/lflass Janus or ETPTA resin Not 300 pm; not i:;us Microspheres
.p ry. . multicompartmental suspensions of SiO3 or  Spherical ~ 300 pmy; . mentioned; . [172,181,183]
microfluidic R mentioned Multicompartment
. structures; Single ao-FepO3 CPs or CB NPs 400 pm .
devices . microspheres
emulsion
Aqueous suspension of
. L . . . . . ~ 390 pmy; ~ 390 pm;
PDMS. microfluidic ~ Single emulsion with PS CPs e.md ET?TA resin Spher‘mal near 365 um; 380 Not ) 365 um; 380 Janus Microspheres [110,185,187]
devices Janus structures suspension of SiOz or  spherical m mentioned m
Fe304 CPs W W
Silicone precursor
Theta-channel glass . . ... suspension of BaFe13019
Singl It th Not
capillary 1ngle emuision With \ipe and cB NPs, and  Spherical ~147 pm ° . ~147 pm Janus Microspheres [188]
. L . Janus structures . . mentioned
microfluidic device ETPTA resin suspension
of SiO5 CPs
. s . . . Microspheres,
fl fl 1 It ETPTA f N
Co ox{v microfluidic ~ Single emulsion find . suspension s of Spherical ~ 100 um ot ‘ ~ 100 ym Microcapsules, and [192]
device core-shell emulsion  SiO2 CPs mentioned .
Janus microspheres
Coflow microfluidic = Single emulsion with Aqueous dispersion of Snowman-like Janus ~ Not Not . P.late-hke, bole-
. PS CPs and a stream of . . Not specified like, tomato-like ~ [195]
device Janus structures droplets mentioned mentioned .
gas and microspheres
Aqueous suspension of 700-1600 pm 700-1600 pm Rod-like, cuboid-
Single emulsion with PEGDA and SiO, CPs;  Plug-like single in length, in length, like, and disk-like
Glass capillary different geometries; Core: ETPTA dispersion emulsions; rod-like radius ~ 60 Not radius ~ 60 microobjects; [197,198]
microfluidic device multiple cores of SiO5 CPs, shell: multicore double pm, thickness mentioned pm, thickness multicore double ’
double emulsion aqueous solution of emulsions ~ 200 pm for ~ 200 pm for rod-like
PEGDA disk-like; disk-like microobjects
Buff luti d L
T-junction PDMS Single emulsion with utier soution a‘n an . Not arse . Nonspherical single
. . . aqueous suspension of ~ Spherical ~ 60 pm . nonspherical [57]
microfluidic device Janus structures . mentioned crystals
DNA-coated PS colloids crystals
Shell: 75 wt% two-part
Combining co-flow silicone rubber, 23 wt%
' PDMS oil and 2 wt%
and flow focusing Single core double o! .an wee . ~173-180  Not ~146-152 Dimpled :
. . Dow Corning 749 Spherical . . [206]
glass capillary emulsion pm mentioned pm microcapsules
R . . surfactant; core:
microfluidic device .
aqueous suspension of
PS CPs
Microobject with a
Glass capillary Aqueous suspension of Not ~ 180 hemispherical top
Singl Isi Spherical Not ified -330 pm i 203
microfluidic device ingle emuision SiO5 CPs and GO NPs pherica ot specitie mentioned r :cllius Hmin part and an oblate (2031
bottom part
. . Aqueous suspension of Aspect ratio . .
T-juncti Not Spindle-like
Jm.m 1011' . . Single emulsion Fe304@ SiO, nano Spherical ~ 300 pm ° . from 24 pm to p'm © .l ¢ [208]
microfluidic device L mentioned microobjects
ellipsoids 300 pm
Different shapes
Biphasic single Aqueous suspension of  Different shapes from The same as from double faced,
Triphase emulsion with PS-co-PHEA@PVI-co-  double faced, triangle, Not specified Not the droplet triangle, [111,211]
microfluidic device different PHEA CPs and ETPTA  tetrahedron, triangular P mentioned P tetrahedron, ’
X . . . . templates B
configurations suspension of Fe3O4 CPs dipyramid triangular
dipyramid
Diameters of
370, 368, and Mi lind
Y-junction . . ETPTA suspensions of ’ > an The same as 1 croc.y inaers
. Multiple-phase single . o . . 362 pm; Not with different
multichannel L SiOy CPs with different Microcylinder . the droplet . [212]
X s . emulsion . lengths of 167 mentioned photonic
microfluidic device diameters templates X .
to 318 and configurations
571 pm
ETPTA resin as the shell,
. . aqueous suspension of 170 pmy; 170 pmy; Microcapsules with
Gl 11; Singl doubl Not
as's capt .al"y . e e. core double  pg cps or PS@PNIPAAm Microcapsules 210-320 pm; ° . 210-320 pm; different core [165,215,217]
microfluidic device emulsion o mentioned i o
core-shell CPs or Not specified Not specified compositions
magnetic CPs
Shell: ETPTA resin as the
shell, Cc?re: aqueous ~ 200 ym; ~ 200 pm; ~ ) .
Glass capillar Single core double suspension of ~ 200 pmy; Not 200 pm Microcapsules with
. P A _y X & R PNIPAAm-co-AAc gel ~ Microcapsules Hms . 60-192 ym;  different core [133,219,222,224,234]
microfluidic device emulsion . . 60-192 ym;  mentioned .
particles or SiOz CPs or ~100 um ~100 pm; 90 compositions
PS@pNIPAAm-co-AAC W pm

CPs
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Types of microfluidic Emulsion type Composition of the Shapes of initial Sizes of the ~ Volume of Sizes of the  Shapes of the References number
device droplets droplets droplets initial resultant resultant
droplets  microobjects microobjects
Shell: ETPTA or PDMS . .
. Microcapsules with
precursor suspension of multiple crystal
Fe;03 NPs; core: domali)nS' Y
1 ill: ingl bl i f N ~1 ; ’
G as-s capt AaFy . Sing e‘ core double  aqueous suspension o Microcapsules Not specified ot . 00 HIm Microcapsules with [241,244]
microfluidic device emulsion PS@ pNIPAAm core- mentioned specified L
. onion-like and
shell CPs, linear sinale-crystal
PNIPAAm-co-AAc 8 . v
colloidal arrays
polymers, and NaCl
Shell: PDMS
prepolymer; core:
Glass capillary Single core double  aqueous suspension of . 117 pm, 100 Not 117 pm, 100 .
M 1 M 1 243,246
microfluidic device emulsion PS CPs, pAAm-co-AAc lcrocapsuies pm mentioned pm lcrocapsuies [243,246]
linear polymers, and
NacCl
Shell: ETPTA resin; core:
Glass capillary Single core double  aqueous suspension of . 80 pm in Not 80 pm in .
M 1 M 1 245
microfluidic device emulsion PS@ PNIPAAm-co-AA icrocapsules radius mentioned radius icrocapsules (2451
CPs
Core: an aqueous
suspension of containing
PS CPs mixtures (PS100-
XA: PS ratio = 5 wi%) Microcapsules with
1 ill ingl bl . % SDS Shell: Ni
G as-s capt -afy . Sing e‘ core double  and 0.05 wt% SDS She Microcapsules Not specified ot . Not specified dual stopbands in  [258]
microfluidic device emulsion 75 wt% two-part mentioned the core part
silicone rubber, 23 wt% P
PDMS oil and 2 wt%
Dow Corning 749
surfactant.
Shell: prepolymer of
. PDMS and others Microcapsules with
Glass capillary Single core double  Core: aqueous Not dual/triple
microfluidic & . ) q Sphericalmicrocapsules 142 pm . 142 pm P . [259]
. emulsion suspension of PS CPs, p mentioned stopbands in the
devices .
(AAm-co-AAc) linear core part
polyemrs, and NaCl
Shell: PS CPs in Microcapsules with
Gl ill. Spherical Not
a5§ capl ‘ary . Core-shell emulsion pNIPAAm hydrogel; p erica 140-160 pm © . 140-160 pm  photonic properties [260]
microfluidic device K microcapsules mentioned .
core: PDMS oil in the shell part
Shell: ETPTA resin Microcapsules with
Gla5§ capﬂ?af'y ' Smgle. core double  suspension of SiOy FZPs; Sghencal 200-225 pm Not ' 200-225 ym  photonic properties [261]
microfluidic device emulsion core: aqueous solution microcapsules mentioned .
in the shell part
of dyes
Shell: PEGPEA resin Microcapsules with
Glas.s capﬂ?a%'y _ Core-shell emulsion suspension of SiO2 fZPs; Sgherlcal 79 Hm in Not ' 79 Hm in photonic properties [262]
microfluidic device core: aqueous solution microcapsules radius mentioned radius .
in the shell part
of PVA and sucrose
Aqueous suspension of  Spherical single Microcapsules with
PDM ill; ingl Isi ith Not hotoni ti
.S Capl. a-ry . Single emulsion wi PS CPs and ETPTA emulsion with a Janus 200 pm ° . 200 pm pho gnlc properties [187]
microfluidic device a Janus structure . . mentioned both in the shell
suspension of SiOz CPs  structure
and core parts
Shell: ETPTA resin
Core: aqueous Microcapsules with
Glass capillary . suspension of PVP- Spherical core-shell Not photonic properties
-shell 1 ~2 ~1 2
microfluidic device Core-shell emulsion decorated PS CPs or droplets 00 pm mentioned 30 pm both in the shell (2741
non-PVP-decorated bare and core parts
PS CPs
Microcapsules with
Glass capillary . . Aqueous suspension of  Spherical single . Not . photonic properties
Singl It Not fied Not fied 275
microfluidic device * 8 ¢ i Son SiO CPs emulsion droplets Ot Speciied  entioned 0" “PEMEC both in the shell (2751
and core parts
ETPTA suspension of The same as
Glas's capil.lal"y _Single emulsions SiO, CP.s; aqueous Spheri.cal single ~ 109 pm; not Not . the droplet Inf/erse opal [109,142]
microfluidic device suspension of PS CPs emulsion droplets mentioned mentioned templates; not microspheres
and ultrafine SiOy NPs mentioned
Glass capillary . . . More than
A f Sph 1 1 Not I 1
microfluidic Single emulsions .queous suspension o P erl.ca simg'e Not specified ° . 300 pm; not nf/erse opa [283,287]
. SiO, CPs emulsion droplets mentioned o microspheres
devices specified
1 ill: An i herical singl N N N I 1
G ass capillary Single emulsions aqueous suspension Sp erical single ot . ot - ot . nverse opa [200]
microfluidic device of SiO2 CPs emulsion droplets mentioned mentioned mentioned microspheres
Shell: luti
N aql{eous solution . > 100 pm for > 100 pm for Spherical
of Na-alginate; core: Spherical core-shell X X . .
. . . R inverse opal inverse opal microcapsule with
Glass capillary Core-shell emulsion aqueous suspension of 2 droplet emulsion . Not X X .
. o . . R microspheres; . microspheres; multicores using ~ [297]
microfluidic device droplets wt% sodium droplet contains mentioned .
. < 1.5 mm for < 1.5 mm for inverse opal
carboxymethylcellulose multicores . . X
microcapsules microcapsules microspheres

and hydrogel-based
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(continued)
Types of microfluidic Emulsion type Composition of the Shapes of initial Sizes of the ~ Volume of Sizes of the  Shapes of the References number
device droplets droplets droplets initial resultant resultant
droplets  microobjects microobjects
inverse opal
microspheres
i 300 pm for

1 llary T-
¢ 'ass Cz.ipl ay . . Aqueous suspension of Spherical single opal Not Not Inverse opal

junction Single emulsion ) . . . . . [298]

. o . SiO CPs emulsion droplets microsphere mentioned mentioned microspheres
microfluidic device
templates
f Mi le with

Glass capillary T- . . . 460 pm for ~ 240 pm for 1C:r0capsu e wit

X . . . Aqueous suspension of ~Spherical single opal Not . an inverse opal

junction Single emulsion . R . . inverse opal [301]

. . . SiO, CPs emulsion droplets microsphere mentioned | . shell and an opal-
microfluidic device in HF solution
templates structure core
Data availability [26] Takahashi S, Suzuki K, Okano M, Imada M, Nakamori T, Ota Y, et al. Direct

Data will be made available on request.
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