ﬁ polymers

Article

Microfluidics-Assisted Fabrication of Dual Stopband Photonic
Microcapsules and Their Applications for Anticounterfeiting

Can Zhou !, Shoubin Zhang !, Taoran Hui ?, Qiuhong Cui * and Yuandu Hu 3*

check for
updates

Citation: Zhou, C.; Zhang, S.; Hui, T.;
Cui, Q.; Hu, Y. Microfluidics-Assisted
Fabrication of Dual Stopband
Photonic Microcapsules and Their
Applications for Anticounterfeiting.
Polymers 2022, 14, 3954. https://
doi.org/10.3390/polym14193954

Academic Editor: Alexander Malkin

Received: 31 August 2022
Accepted: 19 September 2022
Published: 22 September 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Materials Science and Engineering, School of Physical Sciences and Engineering,
Beijing Jiaotong University, Beijing 100044, China

2 TDK Headway Technologies, Inc., Milpitas, CA 95035, USA

Department of Physics, School of Physical Sciences and Engineering, Beijing Jiaotong University,
Beijing 100044, China

*  Correspondence: ghcui@bjtu.edu.cn (Q.C.); huyd@bjtu.edu.cn (Y.H.)

Abstract: The assembly of two different kinds of colloidal particle-based photonic structures into
an individual micro-object can achieve multifunctionality. In this study, core—shell photonic micro-
capsules with dual structural colors and photonic stop bands were prepared through a standard
microfluidic technique. Photocurable resin suspension of silica nanoparticles and an aqueous sus-
pension of nanogels were used as shell and core parts of microcapsules, respectively. The structural
colors of shells and cores can be tuned by adjusting the concentrations of silica nanoparticles and soft
nanogels in their corresponding suspensions. The individual microcapsules possess two distinct stop
bands when the two suspensions are combined appropriately. Remarkably, the color information
of the core part cannot be directly viewed at a macroscopic level (such as visual inspection) but can
be detected at a microscopic scale (such as optical microscopy observation). The color information
hidden enables the capability for information encryption and has potentially critical applications in
anti-counterfeiting, display, and other fields.

Keywords: photonic microcapsules; core-shell structure; microfluidics; structural color combination;
double photonic stopbands

1. Introduction

A photonic structure is a kind of periodic dielectric structure with periodic sizes
on the wavelength scale of visible light [1,2]. The most obvious feature of a photonic
structure is the photonic stopband, which prevents the propagation of photons with specific
frequencies. In this case, photonic structures exhibit specific and bright colors, generally
called ‘structural color’ [3]. The structural color of a photonic structure has received
extensive research attention due to its high brightness, high saturation, and color fading
resistance [4-6]. Generally, there are two approaches to producing photonic structures with
structural colors: top-down and bottom-up [7,8]. The top-down route normally requires
the use of expensive and sophisticated instruments (i.e., e-Beam or photolithography
machine) to generate tiny features on specific substrates, leading to high costs and limited
accessibility for most ordinary laboratories. In terms of the bottom-up or self-assembly
approach, the photonic structure can be constructed by assembling colloidal particles or
amphiphilic block copolymers. This approach is much more affordable and accessible
for ordinary laboratories. Comparably, it is a requisite for the block copolymers to have
highly precise architectures when used as building blocks for photonic structures [9,10].
This may pose challenges in the perspective of cost-effectiveness and convenience for
the preparation process. In light of this, the construction of photonic structures based
on colloidal particle-building blocks has been heavily investigated owing to their facile
synthetic requirements for colloidal particles. Colloid-based photonic micro-objects with
well-defined structures have been intensively studied in recent decades due to their wide
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applications in pigments, coding-decoding, multiplexing, encryption, and displays [11-15].
Microfluidics is a powerful platform that could produce microdroplets and micro-objects
in a highly controllable fashion. The construction of photonic micro-objects by combining
microfluidic techniques and assembling colloidal particles has been reported over the past
decade [16-18]. Colloid-based photonic micro-objects with diverse structures, including
microspheres, Janus spheres, microcapsules, and anisotropic microparticles, have since
been envisaged and prepared to meet the needs of different applications [19-28].

In addition to structural regulation (imparting the resulting photonic micro-objects
with multi-functionalities), the responsiveness to external stimuli is an essential feature for
micro-objects [29,30]. Either the colloidal particle building blocks or the matrix materials
used for immobilizing the colloids need to be rendered with stimulus-responsive prop-
erties [31-35]. Generally, nondeformable nanoparticles, such as PS, S5iO,, and magnetic
NPs, have been used as building blocks for photonic structures. Those nondeformable NPs
either have limited stimuli-responsive properties or complicated synthesis procedures. So,
the functionalization of photonic micro-objects heavily relies on the properties of the matrix
materials [36—42]. On the contrary, soft deformable colloidal (such as the classic poly-N-
isopropylacrylamide (pNIPA Am)-based nanogels) particle-based photonic suspensions
show excellent potential in a variety of fields due to their stimuli-responsive properties,
facile multi-functionalities, crystal defect healing properties, etc. [43—-48]. Both deformable
and nondeformable colloidal particle-based photonic micro-objects have been realized
through microfluidics. However, most of the resulting photonic micro-objects usually have
single optical characteristics, such as single stopbands, limiting further applications [49-52].

In recent years, photonic micro-objects with dual stopbands and beyond have been envis-
aged and constructed to realize multiple functionalities of photonic micro-objects [35,53,54].
Among those reports, most dual-stopband photonic micro-objects are achieved through
the use of a Janus configuration, constraining their applications in diverse fields. Despite
the (few) reports on the construction of dual stopbands and photonic micro-objects with
(quasi)-core-shell structures, the colloidal building blocks of these photonic micro-objects all
have hard or rigid properties, limiting their multi-functionalities [54]. Construction of those
core-shell (or quasi-core/shell)-structured photonic micro-objects with dual stopbands
is achieved by methods such as partial etching of SiO, colloidal particles [53], chemical
swelling of PS-based colloidal particles [35], or direct encapsulating of photonic dispersion
of one hard colloidal particle into another [54]. To the best of our knowledge, the construc-
tion of dual-stopband photonic micro-objects by combining photonic dispersion of rigid (or
nondeformable) and soft colloidal particles has never been achieved despite considerable
merits of the photonic dispersion of soft gel particles.

Herein, we leveraged the merits of both hard and soft colloidal particles and prepared
core-shell photonic micro-objects through microfluidics by using an aqueous dispersion
of deformable gel particles and photocurable dispersion of hard silica particles as the
core-shell parts, respectively. Remarkably, the micro-objects displayed the color from the
shell part when observed under visual inspection, while they displayed distinct colors
(or two different reflection spectra peaks) from the core-shell parts when observed at a
microscopic level. Therefore, when the core-shell photonic microcapsules are used as the
building blocks for the preparation of photonic hydrogel films, the visible structural colors
of the entire film are only from the colors of the shell of the microcapsules while colors from
the shell and core parts can be revealed using microscopic techniques. The micro-objects
may have potential applications in the fields of anti-counterfeiting and confidentiality.

2. Experimental Section
2.1. Material

N-Isopropylacrylamide (NIPAAm, purity > 99%, Sigma-Aldrich, Shanghai, China),
N,N’-Methylene bisacrylamide (BIS, purity > 98%, Sigma-Aldrich), sodium dodecyl sul-
fate (SDS, purity > 99%, Aldrich, Shanghai, China), Acrylic acid (AAc, purity > 98%,
Aladdin, Shanghai, China), Potassium Persulfate (KPS, purity > 99%, Aladdin), ethoxy-
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lated trimethylolpropane triacrylate (ETPTA, purity > 99%, Aldrich), poly(vinyl alco-
hol) (PVA, Mw = 13,000-23,000, 87-89% hydrolyzed, Aldrich), glycerol (purity > 99%,
Sinopharm Chemical Reagent Co., Beijing, China), Acrylamide Monomer (AAm, 50% in water,
Sinopharm Chemical Reagent Co.), 2-[methoxy(polyethyleneoxy) propyl]trimethoxylsilane
(Gelest Inc., Shanghai, China), 2-hydroxy-2-methylpropiophenone (commercial name 1173,
purity > 99%, Aldrich), ethanol (AR, purity > 99.7%, Sigma-Aldrich), tetraethyl orthosili-
cate (purity > 98%, Aladdin), ammonia solution (purity > 28%, NHs in H,O, Aladdin),
and sodium chloride (AR, purity > 99.5%, Sigma-Aldrich). Pure water was produced from
a Mini-Q (Milli-Q Direct, Merck, Shanghai, China) ultrapure water production system.

2.2. Synthesis of Nanogel and Preparation of Photonic Nanogel Dispersions with Different Colors

Briefly, 1.06 g of NIPAAm, 0.06 g of BIS, 0.018 g of SDS, and 0.09 g of AAc were
dissolved in 70 mL of deionized water in a 250 mL three-necked flask. A three-necked flask
fits with a condenser tube, nitrogen was introduced, and then heated to 70 °C in an oil bath.
KPS (0.03 g) dissolved in 10 mL of water was added dropwise to the mixture solution to
initiate polymerization. Under continuous stirring and nitrogen bubbling, the reaction was
carried out for four hours. The synthesized nanogel dispersion product was cooled to room
temperature after the reaction.

The concentrated nanogel suspensions with different colors were obtained by evapo-
rating about 10 g of nanogel suspension at 70 °C. The colors of the suspensions depended
on the concentrations of nanogels in the dispersion. Three typical structural colors, blue,
green, and red, originated, containing 4.2%, 3.2%, and 2.2% of nanogels, respectively. By
controlling the evaporation time, the concentrations of nanogel in suspension could be
adjusted, yielding different colors of nanogel suspensions [43].

2.3. Preparation of Resin Suspension of Silica Nanoparticles

A total of 85 mL of ethanol, 4 mL of ammonia water, and 8 mL of deionized water were
put into a 250 mL conical flask, magnetically stirring at a constant temperature of 30 °C.
A total of 3 mL of TEOS was added after the temperature was stabilized. The mixture
solution was stirred at 700 rpm., and 15 min later, the stirring speed was adjusted to
500 rpm when the solution became milky white. The hydrolysis reaction was maintained at
a constant temperature of 30 °C for six hours. After the reaction was complete, the product
solution was centrifuged at 8000 rpm for 6 min. The supernatant solution was removed,
leaving behind the centrifuged nanoparticles. Ethanol was added to the centrifuge tubes to
redisperse the centrifuged nanoparticles with sonication. This centrifugation-redispersion
process was repeated three times to purify the silica nanoparticles. Eventually, silica
nanoparticles with relatively narrow size distributions could be obtained. We reduced
the reaction time and adjusted the amount of ammonia water to synthesize the silica
nanoparticles with different diameters.

The purified silica nanoparticle in ethanol was mixed with different amounts of ETPTA
and a tiny amount of 2-hydroxy-2-methyl propiophenone (0.5% to the total weight of the
silica NPs and ETPTA resin) to obtain a mixture solution [41]. The mixture solution was
heated in an oven at 70 °C for 12 h to completely evaporate the ethanol, yielding a resin
suspension of silica nanoparticles with different colors. The blue, green, and red silica
suspensions were composed of silica particles at particle concentrations of ¢ =0.33, ¢ = 0.25,
and ¢ = 0.17, respectively. The chemical structure of ETPTA is shown in Figure S1.

2.4. Construction of Microfluidic Device

The microfluidic device was constructed by assembling silane-treated glass capillaries
of different geometries and orifices. Epoxy resin was used to seal the glass capillaries and
injection needles. As shown in Figure 1, the round glass capillary (outer diameter (OD):
1 mm, world precision instruments) was heated to obtain two blunt capillaries, and then
their blunt mouth sizes were processed to prepare two round capillaries with a small orifice
of about 100 um and a relatively larger orifice of about 300 um, respectively. The capillary
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with the larger orifice was treated hydrophilically using 2-[methoxy(polyethyleneoxy)
propyl]trimethoxylsilane. Finally, the two processed round capillaries were coaxially
inserted into the square glass tube (inner dimension: 1.05 mm X 1.05 mm, AIT glass), and
the blunt mouths of the two capillaries were kept at a certain separation of ~60 um. They
were assembled with the syringe needle and sealed with epoxy resin.

@ Nanogel Particles

PVA/HO 5% Si0/ETPTA

Figure 1. (a) Schematic illustration of the microfluidic fabrication process of the core-shell photonic
microcapsules. (b) Optical microscopy image of the core-shell photonic microdroplet fabrication
process inside a glass capillary-based microfluidic device.

2.5. Preparation of Thin Films Containing Photonic Microcapsules

Briefly, 1 mL of AAm solution (weight percentage of 50%), BIS (2 wt% compared to
the pure weight of AAm), and photoinitiator 2-hydroxy-2-methylpropiophenone (0.5 wt%
compared to the pure weight of AAm) were slowly added to 2 mL of deionized water.
The aqueous solution was added to a glass petri dish. Subsequently, the desired amounts
of photonic microcapsules were dispersed in the aqueous solution to obtain a monolayer
assembled structure by gentle handshaking. The solution mixture was then polymerized
under UV light irradiation (Jiapeng ZF-5, 16 W, Shanghai, China) for 5 min.

2.6. Optical Microscopy

An inverted optical microscope (LWD300-38LT, Beijing CeWei Optoelectronics, Beijing,
China) was used to monitor the formation of emulsion droplets in the microfluidic device
under a bright field mode (note: the light should not be too strong given that strong
light could trigger pre-curing of the resin at the tip of the injection tube, resulting in the
blocking of the microfluidic device). The images were captured by a high-speed CCD
(20 MP, USB 3.0) that was attached to the microscope. The structural colors of the core—
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shell photonic microcapsules were observed under the reflection mode using an upright
optical microscope (Olympus BX53M, Olympus Corporation, Beijing, China). Images were
captured by a digital camera attached to the microscope. Finally, we used stream software
for data collection and analysis.

2.7. Scanning Electron Microscope (SEM) and Transmission Electron Microscope (TEM)

The silica nanoparticles were placed on a silicon wafer for sample preparation, and
their surface morphologies were imaged by SEM (Sirion 200, FEI). The prepared core-shell
photonic microcapsules were cut in half with a blade to observe the multi-directional
internal morphology. The non-concentrated nanogel suspension was purified by dialysis
for 14 days and diluted 3-fold. A drop of diluted nanogel suspension was spread on the
TEM grid and freeze-dried. The sample was stained with 1 wt% of phosphotungstic acid
aqueous solution and then imaged by TEM (Tecnai G2 20, FEI).

2.8. Fiber Optical Spectra

The reflection spectrum of the core-shell photonic microcapsules was measured by
a fiber optic spectrometer (USB Flame-S, Ocean Insight, Inc., Shanghai, China) equipped
with an optical microscope (Olympus BX53M).

3. Results and Discussion
3.1. Preparation of Core-Shell Photonic Microcapsules Using Soft and Hard Colloidal
Nanoparticles as Building Blocks

Monodispersed pNIPAm-co-AAc nanogels and silica particles with different particle
sizes were first synthesized using the conventional precipitation polymerization method
and sol-gel method, respectively. SEM and TEM characterizations of silica and nanogel
particles are shown in Figure S2. It can be seen that the two partial colloidal particles (as
structural units) have a uniform size and regular distribution. The synthesized and purified
silica particles in ethanol solution were further dispersed in a photocurable ethoxylated
trimethyl propane triacrylate (ETPTA) resin. Evaporation-induced colloidal self-assembly
can result in the formation of resin dispersion of silica nanoparticles with different structural
colors. The suspension was used as the middle phase in microfluidic experiments. The
synthesized gel particle suspension was also subjected to solution evaporation, and the
evaporation time was controlled to induce the formation of photonic suspension, which was
subsequently used as the inner phase. A standard microfluidic experiment was illustrated
in Figure 1a, where 10 wt.% of PVA aqueous solution was used as the outer phase. The
three liquids were injected into a glass capillary-based microfluidic device.

Core-shell emulsion droplets were formed by the shear action of oil in another aqueous
phase, specifically the outer aqueous phase [16,43,45]. The hydrogel suspension was
delivered through the left inner capillary. The silica-in-ETPTA suspension was fed as an
intermediate phase through the annulus region between the inner and outer capillaries
on the left, and the aqueous phase flowed through the annulus region between the inner
and outer capillaries on the right. When the aqueous phase flowed to the tip of the
capillary, it broke the stream of the silica suspension and hydrogel suspension. The shearing
effect induced emulsification to form oil-in-water emulsified droplets so that the silica-in-
ETPTA suspension encapsulated the soft gel nanoparticle suspension to form photonic
microcapsules with a core—shell structure. By adjusting the flow rates of the three phases,
the core-shell drops with uniform sizes could be produced. The droplets were collected in
a Petri dish, and the shell part was cured under an ultraviolet lamp to form stable photonic
micro-objects. It can be seen from Figure 1b that the shear force generated by the flow of
the water phase on the right could cause the silica suspension to wrap the hydrogel particle
suspension and form core-shell droplet microcapsules.

Core-shell photonic microcapsules with different sizes and shell thicknesses can be
produced from the microfluidic device by adjusting simple parameters, such as the injection
flow rate of the inner, middle, and outer phases (Figure S3). Typical core-shell photonic
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microcapsules with high monodispersity (as shown in Figure 2a,b) were prepared. Figure 2b
illustrates the structures of the resulting microcapsules.

_nanogel

g

Figure 2. (a) Optical microscope image of the core-shell microcapsules. (b) Schematic illustration
of the structure of the photonic microcapsule. (c) SEM image of several photonic microcapsules.
(d—f) SEM images of the internal structure and cross-section of a microcapsule. (f) Magnified image
of the inner surface and cross-section of the microcapsule in (e).

As shown in Figure 2c, it can see that the photonic microcapsules under SEM scan
maintained good integrity due to the photocuring-induced formation of the solid shell. The
silica particles on the surface of the microcapsules were regularly embedded in the ETPTA
resin matrix (Figure S4). The cross-section SEM images of the microsphere (after cutting the
photonic microcapsules) are shown in Figure 2d—f. Clearly, the core-shell structure of the
microcapsules can be seen from the images, where the inner surface of the microcapsule is
also relatively smooth. However, due to the drying process during the standard sample
preparation process, the inner soft hydrogel particles were precipitated onto the inner
surface and may have become lost during the sample transferring process or vacuuming
process prior to SEM characterization. As a result, the nanogels were not observed in
our characterizations.

3.2. Photonic Microcapsules with Different Structural Color Combinations from the Core and
Shell Parts

Hard silica nanoparticles can be dispersed in the ETPTA resin to form dispersions with
different photonic properties, the frequencies of which reflect light, depending on the sizes
and concentrations of the nanoparticles [41]. Likewise, soft gel suspension structural colors
are determined by the volume fractions of nanogels in the suspension and can be easily
tuned by changing the concentration of nanogels [43]. This can be explained by the Bragg
law: nA = 2d sin6, where n is the effective refractive index, A is the wavelength, d is the
distance between adjacent crystal planes, and 6 is the viewing angle. Clearly, d decreases
as the concentration of soft gel nanoparticles in the suspension increases, resulting in a
blue shift of the reflection peak, and vice versa. This is also the principle of the structural
color situation of silica nanoparticles dispersed in the resin suspension. On those bases, gel
particle suspensions with three structural colors (red, green, and blue) can be prepared by
controlling the evaporation time (Figure S5a). Similarly, when different volume fractions of
silica particles are dispersed in a certain amount of ETPTA resin, the photonic suspension
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of silica NPs with red, green, and blue colors can be obtained. Their structural colors and
reflection spectra images are self-explanatory (Figure S5b—e).

Based on the above conditions, to realize photonic microcapsules with double stop-
bands, ETPTA resin suspensions of silica nanoparticles and aqueous suspensions of soft
nanogel particles were used as the outer shell and inner core, respectively. The presence
of SDS molecules in the core part could minimize the interfacial tension between the
nanogel dispersion and resin suspension. As a result, stable core-shell emulsion droplets
can be produced from the microfluidic emulsification step, eventually yielding core-shell
microcapsules upon UV irradiation. The corresponding core-shell photonic microcapsules
were prepared by various combinations with different structural colors of two different
suspensions, as shown in the optical microscope image in Figure 3. Three different typical
color combinations were demonstrated in our study: (a) the red shell and green core,
(b) the green shell and blue core, and (c) the blue shell and green core. The combinations
of the resulting microcapsules are shown in Figure 3a—c, respectively. The distinct shell
structure can be seen in the reflection mode of the optical microscope. The structural colors
of the shell and inner core are very bright and different (as shown in Figure S6, where the
microcapsules were dispersed in aqueous solutions of NaCl). It can be seen from the reflec-
tion spectra of the three structural color combinations in Figure 3d—f that there were two
characteristic peaks in these spectra, with maximum reflection peaks at 540 and 632 nm for
microcapsule a, 474 and 572 nm for microcapsule b, and 444 and 525 nm for microcapsule
c. The wavelength peak values well corresponded to the structural colors of the shell and
inner core of the photonic microcapsules. This phenomenon is more favorable to proving
that the optical properties of the double stopbands of core-shell photonic microcapsules
can be realized through the combination of soft and hard nanoparticles. Its responsiveness
and functionalization will be more comprehensive.

d 50
(‘?) I [—shellredicore-green| /71 (ej core-blue —— shellgreen/core-blue| (n
I 70
shell-red | | - hell-green
—_ | —~200 ]
S 1 3 1 =
Gl s —, | .8 p Je0
z core-green |, : g ! -
s : : s ! 2
= | I 0 I 2.
7| ! | | 1
‘ ) 474'nm 572'nm
i 1 1 ]
1 1 e T 1

500 600
Reflection Wavelength (nm)

500 600
Reflection Wavelength (nm)

Figure 3. (a—c) Optical microscope images of photonic microcapsules under reflection mode with
three structural color combinations. (a): shell-red/core-green, (b): shell-green/core-blue, (c): shell-
blue/core-green. (d-f) Reflectance spectra of the corresponding photonic microcapsules with different
structural color combinations.

In addition, it is also possible to produce core-shell structures using the two different
suspensions with similar structural colors (as shown in Figure S7). However, the two peaks
in the reflection spectrum of this specific microcapsule are relatively close, resulting in a
broad reflection spectrum peak (as shown in Figure S7d,e). The silica shell structures of
photonic microcapsules after photopolymerization are hard and stable. In addition, the
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structural colors of the photonic microcapsules dispersed in water for nine months are
still evident under an optical microscope. Moreover, their shapes and monodispersity
do not change (as shown in Figure S8). The purpose of our research is that when the
hard silica shell adopts one structural color, the soft gel core part can have a different (or
the same) structural color to realize the combination of soft and hard nanoparticles with
double-stopband core-shell photonic microcapsules. The core-shell photonic microspheres
prepared in this fashion not only possess the nondeformable and optical properties of hard
silica particles but also have the merits of soft hydrogel particles, which will be in our
upcoming detailed study. These structural colors can also be further verified by fiber optic
spectrometer testing.

3.3. Performances of Hydrogel Films Containing Photonic Microcapsules

The microfluidic technique allows us to produce such core-shell photonic microcap-
sules in large quantities in a controlled manner, facilitating us to utilize the microcapsules
for secondary assembly. Specifically, the as-prepared photonic microcapsules can be immo-
bilized in a hydrogel film for practical applications. In particular, hydrogel film embedded
with a green shell and blue core microcapsules was used for a demonstration, as shown in
Figure 4. It can be seen that the color of the hydrogel film is clearly visible to the naked eye,
which is the structural color of the green shell microcapsules. The photonic microspheres
were tightly arranged and in a stable state. Our naked eye cannot directly visualize the
color from the inner core part. However, the color from the inner core part became ap-
parent when the hydrogel film was placed under an optical microscope or characterized
by a fiber spectrometer. Two distinct colors or distinct reflection spectrum peaks from the
microcapsules can be detected. This phenomenon suggests that the microcapsules may
have great potential application in anti-counterfeiting and other photonic crystals.

(a)

5Smm

1 1

1 1

2 1 1

g 1 1

&2 | |

= 1 1

| |

1 1

1 1

blue | 1

50 pm
=] Reflection Wavelength

Figure 4. (a) Schematic diagram of the film observed with the naked eye and the reflection spectrum
diagram. (b) Photographs of core—shell photonic microcapsules dispersed in a poly(acrylamide)
hydrogel film. The structural color combinations of the photonic microcapsules are shell-green/core-
blue. (c) The optical microscope image of the thin film in reflection mode. (d) Schematic diagram of
the reflection spectrum of the thin film measured by the fiber optic spectrometer.
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4. Conclusions

In this study, we prepared monodispersed core-shell photonic microcapsules with
double stopbands by combining soft gel particles and rigid silica nanoparticles through
a microfluidic technique. The shell of the microcapsules was composed of photocurable
resin dispersion of silica nanoparticles, while the inner core part was made of an aqueous
dispersion of soft gel nanoparticles. Both dispersions have photonic properties. The core-
shell structure could combine the advantages of rigid nanoparticles and soft deformable
gel particles. Then dual-stopband microcapsules, a combination of distinct structural
colors from the shell and core parts, could be achieved. The two combined parts of the
core—shell microcapsules, respectively, exhibited excellent structural colors and optical
properties at the microscale. The research results show that encapsulating soft gel particles
in photocurable resin suspension (of hard nanoparticle) shell microspheres to form a
core-shell structure could realize optical properties, such as double stopbands and multi-
functionalization. In addition, the microcapsules can be further served as building blocks
for secondary assembly and form photonic hydrogel films when being embedded in a
transparent hydrogel matrix. Interestingly, the color information only originating from
the shell parts of the microcapsules could be viewed using our naked eye, while the
color information from the shell and core parts could be detected under the microscopic
characterizations. This may allow us to leverage this feature to construct information
encryption devices. Moreover, microcapsules may have important potential applications in
the fields of anti-counterfeiting technology and confidentiality.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/polym14193954/s1, Figure S1: chemical structural of ETPTA
(ethoxylated trimethylolpropane triacrylate); Figure S2: (a—c) SEM images of silica particles of different
sizes; (d) SEM image of Nanogel particles; (e) TEM images of Nanogel particles. (f) Schematic diagram
of the size distribution of silica nanoparticles; Figure S3: (a) Image of thin-shelled PC microspheres
fabricated by microfluidic device; (b—d) Images of core-shell PC microspheres of different sizes and
shell thicknesses under optical microscopy; Figure S4: SEM image of core-shell PC microspheres.
(a,b) External surface morphology of microspheres; (c—e) Enlarged image of the shell and inner surface
of the microspheres; Figure S5: (a) Soft nanogel suspension—three structure colors: blue, green, red.
They contain 4.2%, 3.2%, and 2.2% of nanogels. (b) Suspension of silica particles dispersed in ETPTA
resin—three structural colors: blue, green and red. These silica suspensions were composed of silica
particles at a particle concentration of ¢ =0.33, ¢ =0.25, and ¢ = 0.17. (c-e) Reflectance spectra of
suspensions of three structural colors; Figure S6: Images of core-shell PC microspheres with different
structural colors dispersed in Sodium chloride aqueous solution; Figure S7: (a—): core-shell PC
microspheres with the same core-shell structure color. (d—e) Corresponding reflectance spectrum
images; Figure S8: (a) Microscopic image of freshly prepared photonic microcapsules in reflection
mode. (b) Microscope image of photonic microcapsules in reflection mode after being placed in an
aqueous solution for nine months. Both are the shell-red / core-green.

Author Contributions: Data curation, C.Z.; formal analysis, C.Z. and Y.H.; methodology, Y.H.;
experimentation, and measurements, C.Z.; supervision, Q.C. and Y.H.; writing—original draft, C.Z.;
writing—review and editing, S.Z., Q.C. and Y.H. and T.H. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (no.
61875009) and Beijing Jiaotong University under grant number KSRC21006532.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

Acknowledgments: Q.C. thanks the support from the National Natural Science Foundation of China
(no. 61875009). Y.H. is grateful for the talent fund support from Beijing Jiaotong University under
grant number KSRC21006532.

Conflicts of Interest: The authors declare no conflict of interest.


https://www.mdpi.com/article/10.3390/polym14193954/s1
https://www.mdpi.com/article/10.3390/polym14193954/s1

Polymers 2022, 14, 3954 10 of 11

References

1. Weissman, ].M.; Sunkara, H.B.; Tse, A.S.; Asher, S.A. Thermally switchable periodicities and diffraction from mesoscopically
ordered materials. Science 1996, 274, 959-960. [CrossRef] [PubMed]

2. Kim, S.H.; Kim, ].W,; Cho, ].C.; Weitz, D.A. Double-emulsion drops with ultra-thin shells for capsule templates. Lab Chip 2011,
11, 3162-3166. [CrossRef] [PubMed]

3. Gu, Z.Z; Uetsuka, H.; Takahashi, K.; Nakajima, R.; Onishi, H.; Fujishima, A.; Sato, O. Structural color and the lotus effect. Angew.
Chem.-Int. Ed. 2003, 42, 894-897. [CrossRef]

4. Wang, H.; Liu, Y.X,; Chen, Z.Y.; Sun, L.Y.; Zhao, Y.J. Anisotropic structural color particles from colloidal phase separation. Sci.
Adv. 2020, 6, 9. [CrossRef] [PubMed]

5. Park, J.G.; Kim, S.H.; Magkiriadou, S.; Choi, TM.; Kim, Y.S.; Manoharan, V.N. Full-spectrum photonic pigments with non-
iridescent structural colors through colloidal assembly. Angew. Chem. Int. Ed. 2014, 53, 2899-2903. [CrossRef] [PubMed]

6. Lee, G.H.; Han, S.H.; Kim, ].B.; Kim, D.J.; Lee, S.; Hamonangan, W.M.; Lee, ].M.; Kim, S.-H. Elastic Photonic Microbeads as
Building Blocks for Mechanochromic Materials. ACS Appl. Polym. Mater. 2019, 2, 706-714. [CrossRef]

7.  Biswas, A,; Bayer, L.S,; Biris, A.S.; Wang, T.; Dervishi, E.; Faupel, F. Advances in top-down and bottom-up surface nanofabrication:
Techniques, applications & future prospects. Adv. Colloid Interface Sci. 2012, 170, 2-27. [CrossRef]

8. Romano, F; Sciortino, F. Colloidal self-assembly: Patchy from the bottom up. Nat. Mater. 2011, 10, 171-173. [CrossRef]

9. Ji,C; Deng, Y;; Yuan, H.; Yuan, W.; Song, Y.; Li, Z. Hypoxia/Temperature/pH Triple Stimuli-Responsive Block Copolymers:
Synthesis, Self-Assembly, and Controlled Drug Release. Macromol. Mater. Eng. 2021, 306. [CrossRef]

10. Cheng, J.Y.; Ross, C.A.; Smith, H.I,; Thomas, E.L. Templated Self-Assembly of Block Copolymers: Top-Down Helps Bottom-Up.
Adv. Mater. 2006, 18, 2505-2521. [CrossRef]

11. Li, ZW.,; Wang, X.J.; Han, L.L.; Zhu, C.H.; Xin, H.L.; Yin, Y.D. Multicolor Photonic Pigments for Rotation-Asymmetric
Mechanochromic Devices. Adv. Mater. 2022, 34, 8. [CrossRef]

12.  Lee, H.S,; Kim, ].H; Lee, ].S.; Sim, J.Y.; Seo, ].Y; Oh, Y.K,; Yang, S.M.; Kim, S.H. Magnetoresponsive Discoidal Photonic Crystals
Toward Active Color Pigments. Adv. Mater. 2014, 26, 5801-5807. [CrossRef]

13.  Wang, W.T,; Fan, X.Q.; Li, EH.; Qiu, ].J.; Umair, M.M.; Ren, W.C,; Ju, B.Z.; Zhang, S.F; Tang, B.T. Magnetochromic Photonic
Hydrogel for an Alternating Magnetic Field-Responsive Color Display. Adv. Opt. Mater. 2018, 6, 9. [CrossRef]

14. Yang, D.P; Qin, YH,; Ye, S.Y.; Ge, ].P. Polymerization-Induced Colloidal Assembly and Photonic Crystal Multilayer for Coding
and Decoding. Adv. Funct. Mater. 2014, 24, 817-825. [CrossRef]

15. Yang, D.Q.; Wang, C.H.; Yuan, W,; Wang, B.; Yang, Y.J; Ji, Y.E Silicon on-chip side-coupled high-Q micro-cavities for the
multiplexing of high sensitivity photonic crystal integrated sensors array. Opt. Commun. 2016, 374, 1-7. [CrossRef]

16. Yu, Z.Y.; Wang, C.E; Ling, L.T.; Chen, L.; Chen, S. Triphase Microfluidic-Directed Self-Assembly: Anisotropic Colloidal Photonic
Crystal Supraparticles and Multicolor Patterns Made Easy. Angew. Chem.-Int. Ed. 2012, 51, 2375-2378. [CrossRef] [PubMed]

17.  Shirk, K,; Steiner, C.; Kim, ].W.; Marquez, M.; Martinez, C.J. Assembly of colloidal silica crystals inside double emulsion drops.
Langmuir 2013, 29, 11849-11857. [CrossRef]

18. Utada, A.S.; Lorenceau, E.; Link, D.R.; Kaplan, P.D.; Stone, H.A.; Weitz, D.A. Monodisperse double emulsions generated from a
microcapillary device. Science 2005, 308, 537-541. [CrossRef]

19. Nam, SK.; Kim, ].B.; Han, S.H.; Kim, S.H. Photonic Janus Balls with Controlled Magnetic Moment and Density Asymmetry. ACS
Nano. 2020, 14, 15714-15722. [CrossRef]

20. Yeo,SJ].;Tu, F;Kim, S.H. Yi, G.R.; Yoo, PJ.; Lee, D. Angle- and strain-independent coloured free-standing films incorporating
non-spherical colloidal photonic crystals. Soft Matter 2015, 11, 1582-1588. [CrossRef]

21. Kim, S.-H.; Lim, ].-M.; Jeong, W.C.; Choi, D.-G.; Yang, S.-M. Patterned Colloidal Photonic Domes and Balls Derived from Viscous
Photocurable Suspensions. Adv. Mater. 2008, 20, 3211-3217. [CrossRef]

22. Zhang, H.B.; Huang, C.; Li, N.S.; Wei, J. Fabrication of multicolor Janus microbeads based on photonic crystals and upconversion
nanoparticles. J. Colloid Interface Sci. 2021, 592, 249-258. [CrossRef]

23. Zhao, YJ; Gu, H.C,; Xie, Z.Y,; Shum, H.C.; Wang, B.P; Gu, Z.Z. Bioinspired Multifunctional Janus Particles for Droplet
Manipulation. J. Am. Chem. Soc. 2013, 135, 54-57. [CrossRef]

24. Zhang, ].; Meng, Z.].; Liu, J.; Chen, S.; Yu, Z.Y. Spherical Colloidal Photonic Crystals with Selected Lattice Plane Exposure and
Enhanced Color Saturation for Dynamic Optical Displays. ACS Appl. Mater. Interfaces 2019, 11, 42629-42634. [CrossRef]

25. Shang, LR,; Fu, EE; Cheng, Y.; Wang, H.; Liu, Y.X.; Zhao, Y.J.; Gu, Z.Z. Photonic Crystal Microbubbles as Suspension Barcodes. J.
Am. Chem. Soc. 2015, 137, 15533-15539. [CrossRef]

26. Isapour, G.; Lattuada, M. Multiresponsive Photonic Microspheres Formed by Hierarchical Assembly of Colloidal Nanogels for
Colorimetric Sensors. ACS Appl. Nano Mater. 2021, 4, 3389-3396. [CrossRef]

27. Heuser, T.; Merindol, R.; Loescher, S.; Klaus, A.; Walther, A. Photonic Devices Out of Equilibrium: Transient Memory, Signal
Propagation, and Sensing. Adv. Mater. 2017, 29, 7. [CrossRef] [PubMed]

28. Yetisen, A.K,; Butt, H.; Volpatti, L.R.; Pavlichenko, I.; Humar, M.; Kwok, S.].].; Koo, H.; Kim, K.S.; Naydenova, I.; Khademhosseini,
A.; et al. Photonic hydrogel sensors. Biotechnol. Adv. 2016, 34, 250-271. [CrossRef]

29. Chen, M,; Zhang, Y.P; Jia, S.Y.; Zhou, L.; Guan, Y.; Zhang, Y.J. Photonic Crystals with a Reversibly Inducible and Erasable Defect

State Using External Stimuli. Angew. Chem.-Int. Ed. 2015, 54, 9257-9261. [CrossRef]


http://doi.org/10.1126/science.274.5289.959
http://www.ncbi.nlm.nih.gov/pubmed/8875932
http://doi.org/10.1039/C1LC20434C
http://www.ncbi.nlm.nih.gov/pubmed/21811710
http://doi.org/10.1002/anie.200390235
http://doi.org/10.1126/sciadv.aay1438
http://www.ncbi.nlm.nih.gov/pubmed/31950082
http://doi.org/10.1002/anie.201309306
http://www.ncbi.nlm.nih.gov/pubmed/24519917
http://doi.org/10.1021/acsapm.9b01036
http://doi.org/10.1016/j.cis.2011.11.001
http://doi.org/10.1038/nmat2975
http://doi.org/10.1002/mame.202100073
http://doi.org/10.1002/adma.200502651
http://doi.org/10.1002/adma.202107398
http://doi.org/10.1002/adma.201401155
http://doi.org/10.1002/adom.201701093
http://doi.org/10.1002/adfm.201301590
http://doi.org/10.1016/j.optcom.2016.04.032
http://doi.org/10.1002/anie.201107126
http://www.ncbi.nlm.nih.gov/pubmed/22278808
http://doi.org/10.1021/la4019986
http://doi.org/10.1126/science.1109164
http://doi.org/10.1021/acsnano.0c06672
http://doi.org/10.1039/C4SM02482F
http://doi.org/10.1002/adma.200800782
http://doi.org/10.1016/j.jcis.2021.02.068
http://doi.org/10.1021/ja310389w
http://doi.org/10.1021/acsami.9b15352
http://doi.org/10.1021/jacs.5b10612
http://doi.org/10.1021/acsanm.0c03150
http://doi.org/10.1002/adma.201606842
http://www.ncbi.nlm.nih.gov/pubmed/28221714
http://doi.org/10.1016/j.biotechadv.2015.10.005
http://doi.org/10.1002/anie.201503004

Polymers 2022, 14, 3954 11 of 11

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.
40.

41.

42.

43.

44.

45.

46.

47.
48.

49.

50.

51.

52.

53.

54.

Yang, D.P,; Ouyang, C.; Zhang, Y.Q.; Ma, D.K.; Huang, S.M. Rapid Fabrication of Alcohol Responsive Photonic Prints with
Changeable Color Contrasts for Anti-Counterfeiting Application. Adv. Mater. Interfaces 2021, 8, 9. [CrossRef]

Liao, ].L.; Zhu, C.; Gao, B.B.; Zhao, Z.; Liu, X.J.; Tian, L.; Zeng, Y.; Zhou, X.L.; Xie, Z.Y.; Gu, Z.Z. Multiresponsive Elastic Colloidal
Crystals for Reversible Structural Color Patterns. Adv. Funct. Mater. 2019, 29, 10. [CrossRef]

Ohtsuka, Y.; Sakai, M.; Seki, T.; Ohnuki, R.; Yoshioka, S.; Takeoka, Y. Stimuli-Responsive Structural Colored Gel That Exhibits the
Three Primary Colors of Light by Using Multiple Photonic Band Gaps Acquired from Photonic Balls. ACS Appl. Mater. Interfaces
2020, 12, 54127-54137. [CrossRef]

Chen, M.; Zhou, L.; Guan, Y.; Zhang, Y.J. Polymerized Microgel Colloidal Crystals: Photonic Hydrogels with Tunable Band Gaps
and Fast Response Rates. Angew. Chem.-Int. Ed. 2013, 52, 9961-9965. [CrossRef]

Isapour, G.; Lattuada, M. Bioinspired Stimuli-Responsive Color-Changing Systems. Adv. Mater. 2018, 30, 36. [CrossRef]

Lee, ].H.; Choi, G.H.; Park, K.J.; Kim, D.; Park, J.; Lee, S.; Yi, H.; Yoo, PJ. Dual-colour generation from layered colloidal photonic
crystals harnessing “core hatching” in double emulsions. J. Mater. Chem. C 2019, 7, 6924-6931. [CrossRef]

Ye, B.; Ding, H.; Cheng, Y.; Gu, H.; Zhao, Y.; Xie, Z.; Gu, Z. Photonic crystal microcapsules for label-free multiplex detection. Adv.
Mater. 2014, 26, 3270-3274. [CrossRef]

Hu, Y,; Li, C.; Wang, ] .; Jia, X; Zhu, ].; Wang, Q.; Wang, H.; Yang, Y. Osmosis manipulable morphology and photonic property of
microcapsules with colloidal nano-in-micro structure. J. Colloid Interface Sci. 2020, 574, 337-346. [CrossRef] [PubMed]

Holtz, ].H.; Asher, S.A. Polymerized colloidal crystal hydrogel films as intelligent chemical sensing materials. Nature 1997,
389, 829-832. [CrossRef]

Fu, FE; Shang, L.R.; Chen, Z.Y,; Yu, Y.R.; Zhao, Y.J. Bioinspired living structural color hydrogels. Sci. Robot. 2018, 3, 8. [CrossRef]
Gam-Derouich, S.; Bourdillon, C.; Chaouche, S.L.; Coolen, L.; Maitre, A.; Mangeney, C.; Schwob, C. Imprinted Photonic Hydrogels
for the Size- and Shell-Selective Recognition of Nanoparticles. Angew. Chem.-Int. Ed. 2017, 56, 9710-9714. [CrossRef] [PubMed]
Kim, S.-H.; Jeon, S.-].; Yi, G.-R.; Heo, C.-].; Choi, ].H.; Yang, S.-M. Optofluidic Assembly of Colloidal Photonic Crystals with
Controlled Sizes, Shapes, and Structures. Adv. Mater. 2008, 20, 1649-1655. [CrossRef]

Li, Y.F; Sun, Z.Q.; Zhang, ].H.; Zhang, K.; Wang, Y.F; Wang, Z.H.; Chen, X.L.; Zhu, S.J.; Yang, B. Polystyrene@TiO, core-shell
microsphere colloidal crystals and nonspherical macro-porous materials. J. Colloid Interface Sci. 2008, 325, 567-572. [CrossRef]
[PubMed]

Hu, Y.; Wang, J.; Wang, H.; Wang, Q.; Zhu, J.; Yang, Y. Microfluidic fabrication and thermoreversible response of core/shell
photonic crystalline microspheres based on deformable nanogels. Langmuir 2012, 28, 17186-17192. [CrossRef] [PubMed]

Liu, S.S.; Yu, Z.Y,; Fang, Y.; Yin, S.N.; Wang, C.F; Chen, L.; Chen, S. A Facile Pathway for the Fast Synthesis of Colloidal
Crystal-Loaded Hydrogels via Frontal Polymerization. J. Polym. Sci. Pol. Chem. 2011, 49, 3121-3128. [CrossRef]

Wang, J.; Hu, Y.; Deng, R.; Xu, W,; Liu, S.; Liang, R.; Nie, Z.; Zhu, ]. Construction of multifunctional photonic crystal microcapsules
with tunable shell structures by combining microfluidic and controlled photopolymerization. Lab Chip. 2012, 12, 2795-2798.
[CrossRef]

Iwata, N.; Koike, T.; Tokuhiro, K.; Sato, R.; Furumi, S. Colloidal Photonic Crystals of Reusable Hydrogel Microparticles for Sensor
and Laser Applications. ACS Appl. Mater. Interfaces 2021, 13, 57893-57907. [CrossRef]

Iyer, A.S.; Lyon, L.A. Self-healing colloidal crystals. Angew. Chem. Int. Ed. 2009, 48, 4562-4566. [CrossRef]

Wang, EX; Li, Q.; Liu, S.S.; Du, X.Y.; Wang, C.F; Chen, S. Rapid preparation of auto-healing gels with actuating behaviour. Soft
Matter 2019, 15, 2517-2525. [CrossRef]

Huang, G.; Hu, Z.B. Phase behavior and stabilization of microgel arrays. Macromolecules 2007, 40, 3749-3756. [CrossRef]

Lyon, L.A.; Fernandez-Nieves, A. The Polymer/Colloid Duality of Microgel Suspensions. In Annual Review of Physical Chemistry;
Johnson, M.A., Martinez, T.]., Eds.; Annual Review of Physical Chemistry; Annual Reviews: Palo Alto, CA, USA, 2012; Volume 63,
pp- 25-43.

Yang, D.P; Hu, YW.T.; Hu, Y,; Huang, S.M. Two Birds with One Stone: Manipulating Colloids Assembled into Amorphous and
Ordered Photonic Crystals and Their Combinations for Coding-Decoding. J. Phys. Chem. C 2020, 124, 6328-6336. [CrossRef]
Pan, M.Y; Li, X.B.; Xiong, C.J.; Chen, X.Y.; Wang, L.B.; Chen, X.; Pan, L.; Xu, H.B.; Zhao, ].P; Li, Y. Robust and Flexible Colloidal
Photonic Crystal Films with Bending Strain-Independent Structural Colors for Anticounterfeiting. Part. Part. Syst. Charact. 2020,
37,7. [CrossRef]

Kim, ]J.B.; Kim, J.W,; Kim, M.; Kim, S.H. Dual-Colored Janus Microspheres with Photonic and Plasmonic Faces. Small 2022,
18, €2201437. [CrossRef]

Liu, S.-S.; Wang, C.-F; Wang, X.-Q.; Zhang, ].; Tian, Y.; Yin, S.-N.; Chen, S. Tunable Janus colloidal photonic crystal supraballs
with dual photonic band gaps. J. Mater. Chem. C 2014, 2, 9431-9438. [CrossRef]


http://doi.org/10.1002/admi.202001905
http://doi.org/10.1002/adfm.201902954
http://doi.org/10.1021/acsami.0c17687
http://doi.org/10.1002/anie.201302466
http://doi.org/10.1002/adma.201707069
http://doi.org/10.1039/C9TC01055F
http://doi.org/10.1002/adma.201305035
http://doi.org/10.1016/j.jcis.2020.04.062
http://www.ncbi.nlm.nih.gov/pubmed/32335483
http://doi.org/10.1038/39834
http://doi.org/10.1126/scirobotics.aar8580
http://doi.org/10.1002/anie.201702540
http://www.ncbi.nlm.nih.gov/pubmed/28628716
http://doi.org/10.1002/adma.200703022
http://doi.org/10.1016/j.jcis.2008.06.019
http://www.ncbi.nlm.nih.gov/pubmed/18586261
http://doi.org/10.1021/la304058j
http://www.ncbi.nlm.nih.gov/pubmed/23153373
http://doi.org/10.1002/pola.24749
http://doi.org/10.1039/c2lc40419b
http://doi.org/10.1021/acsami.1c16500
http://doi.org/10.1002/anie.200901670
http://doi.org/10.1039/C8SM02419G
http://doi.org/10.1021/ma070253d
http://doi.org/10.1021/acs.jpcc.0c00344
http://doi.org/10.1002/ppsc.201900495
http://doi.org/10.1002/smll.202201437
http://doi.org/10.1039/C4TC01631A

	Introduction 
	Experimental Section 
	Material 
	Synthesis of Nanogel and Preparation of Photonic Nanogel Dispersions with Different Colors 
	Preparation of Resin Suspension of Silica Nanoparticles 
	Construction of Microfluidic Device 
	Preparation of Thin Films Containing Photonic Microcapsules 
	Optical Microscopy 
	Scanning Electron Microscope (SEM) and Transmission Electron Microscope (TEM) 
	Fiber Optical Spectra 

	Results and Discussion 
	Preparation of Core-Shell Photonic Microcapsules Using Soft and Hard Colloidal Nanoparticles as Building Blocks 
	Photonic Microcapsules with Different Structural Color Combinations from the Core and Shell Parts 
	Performances of Hydrogel Films Containing Photonic Microcapsules 

	Conclusions 
	References

