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ABSTRACT

There are few explorations that have integrated multiple properties into photonic microobjects in a facile and
controlled manner. In this work, we present a straightforward method to integrate different functions into in-
dividual photonic microobject. Droplet-based microfluidics was used to produce uniform droplets of an aqueous
dispersion of monodispersed SiO, nanoparticles (NPs). The droplets evolved into opal-structured photonic
microballs upon complete evaporation of water. After infiltration of an aqueous solution of acrylamide (AAm)
and acrylic acid (AAc) monomers into the interstices among SiO NPs, opal-structured SiO2 NPs/pAAm-co-AAc
hydrogel composite photonic microballs were obtained upon UV irradiation. Afterwards, a wet etching process
was introduced to etch the microballs in a controlled manner, yielding individual photonic microball composed
of an SiO2 NPs/pAAm-co-AAc composite opal core and a neat pAAm-co-AAc shell. The pendant carboxylic acid
groups in the skeleton of the hydrogel matrix were further utilized to react with positively charged compounds,
such as Ruthenium compound containing fluorescent polymers. The resulting photonic microobjects eventually
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featured with localized stimulus-responsive properties and multiple colors under different modes. The multi-
functional photonic microobjects were discovered to have fivefold of anticounterfeiting properties when used as
building blocks for anticounterfeiting structures and may have other potential applications.

1. Introduction

Structural colors have been widely found in our natural world, from
tiny insects such as Lamprocyphus augustus to animals with relatively
large body sizes, such as Peacoks and Chameleons [1,2].Many of those
species could change their appearances over different time frames to
adapt variations of ambient environment to camouflage [3].By
leveraging this kind of fashion, the species could survive in the severe
competition of our natural world. When their microstructures are filmed
using modern instruments, such as electron microscopes, we are amazed
by the exquisite and marvelous details, named as photonic structures
that are based on the tiny ordered hierarchy structures and originated
from numerous years of evolution and natural selection [4]. Human
beings have been constantly acquiring knowledge from our nature to
develop new materials that could advance our civilization [5]. Due to
their wide applications, for decades, photonic structures have been
among a category of materials having attracted a large amount of
attention [6-14]. In particular, hydrogel photonic materials, such as
hydrogel photonic microobjects, have been intensively investigated due
to that they could interface materials science with a variety of other
fields [15-18]. While the development of a single platform that could
exceptionally integrate multiple functions, hydrogel photonic micro-
objects with a variety of forms have been designed and studied [19-22].
Microfluidics is a powerful platform that allows us to manipulate tiny
amount of liquid for materials’ designs and construction [23-28]. Self-
assembly of colloids combined with microfluidics has been intensively
used to generate different photonic microobjects, despite more expen-
sive and sophisticated micro/nanofabrication technologies can also be
used to produce photonic structures [29-33]. Depending on the internal
structures of the photonic microobjects, opal and inverse-opal structures
are the two common forms [18,34-39]. Normally, the resulting micro-
objects feature with a single stopband [31]. Although photonic micro-
objects with distinct stopbands can be obtained by physically merging or
stacking of different photonic components, the resulting photonic
microobjects either possess a Janus or multicompartmental configura-
tion, leading their photonic properties to depend on orientations
[19,40-45]. In light of this, photonic microobjects possess dual stop-
bands and beyond but with concentric configurations have been
conceived and constructed by various strategies [24,46-49]. Neverthe-
less, majority of the resulting microobjects are lack of responsive
property in a controlled manner, which is unfavorable to form complex
structural colors in a hierarchy fashion. In addition, fluorescences are
usually introduced into photonic microobjects by incorporating small
molecular-based dyes or quantum dots (QDs) to integrate more func-
tionalities [50,51]. However, those fluorescent components are either
fail to preserve long-term fluorescent property with time increase or
requiring complicated synthesis processes under strict conditions [52].
We herein prepared photonic microobjects composed of SiO; NPs and
hydrogel skeleton, which could integrate both opal and inverse-opal
structures into individual microobjects in a concentric configuration.
The individual photonic microobject consists of a pAAm-co-AAc skel-
eton shell and a composite SiO3 NPs/pAAm-co-AAc core. Subsequently,
the negatively charged hydrogel skeleton pAAm-co-AAc can react with a
positively charged Ruthenium-based compound, either a Ruthenium-
based small molecule or Ruthenium-functionalized polymers simply
by the electrostatic interaction. Eventually, the obtained microobjects
possess multiple features, including dual stopbands, visible character-
istic color from the Ruthenium moieties, localized stimulus-responsive
property to ethanol and fluorescence property. The multiple features
allow us to utilize the photonic microobjects for more further
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applications, such as building blocks of anticounterfeiting materials.
2. Experimental section/methods
2.1. Materials

Ammonia solution (>28 % NH3-Hy0), Tetraethyl orthosilicate
(TEOS, > 98 %), anhydrous ethanol, 2, 2-diethoxy acetophenone (DEAP,
>95 %), silicone oil (100 cSt.), acrylic acid, acrylamide (AAc, >99 %),
N, N’-methylenebisacrylamide (99 %), poly(ethylene glycol)methyl
ether methacrylate (OEGMA, Mn ~ 500), ethylene diacrylate (PEGDA,
Mn ~ 600), Sodium alginate (SA, Mw = 20 000-50 000, viscosity =
15-60 mPa-s at 1 wt%), Calcium chloride-dihydrate (CaCly-2H»0, pu-
rity >99 %, Innochem Science and Technology Co., Beijing, China), poly
(ethylene glycol) phenyl ether acrylate (PEGPEA, Mn ~ 324), methyl-
fluorosilicone oil (p = 1.266 g/cm?, viscosity 1000 cst at 25 °C, Xin’ an
Chemical Production), 4-vinyl-4-methyl-2,2"-bipyridine, tris (2,2-
Bipyridyl) Ruthenium (II) chloride hexahydrate, ammonium hexa-
fluorophosphate (NH4PFg, >98.0 %), n-octadecyltrimethoxyl silane
were purchased from Gelest, Inc. N-isopropyl acrylamide (NIPAAm, >
95 %) and deuterated DMSO (d®-DMSO) were purchased from Sigma-
Aldrich, China. Potassium persulfate (KPS, >99 %) was purchased
from Aladdin. DC-749 silicone resin was ordered from Dow Corning, Inc.
Ruthenium(4-vinyl-4'-methyl-2,2"-bipyridine)bis(2, 2-bipyridine) bis
(hexafluoro phosphate) was synthesized based on previous reports
[53,54]. All other chemicals were purchased from Sigma-Aldrich and
used as received.

2.2. Synthesis and purification of SiO2 NPs

SiO2 NPs were synthesized based on the hydrolysis reaction of tet-
raethyl orthosilicate (TEOS) according to the reported method [55].
Briefly, four different solutions were first prepared as follows: Solution
A, a mixture of 5 mL ammonia solution and 22 mL ethanol. Solution B, a
mixture of 0.8 mL TEOS and 22 mL ethanol. Solution C, 4 mL ammonia
water. Solution D, a mixture of 1 mL TEOS and 44 mL ethanol. Four
solutions were then mixed and reacted at the constant temperature
(40 °C) for 6 h. After cooling down to the room temperature(~23 °C),
the mixture solution was transferred to several 15 mL centrifuge tubes
with equal amounts of solution, and centrifuged at 8000 rpm for 10 min.
The precipitate was collected and re-dispersed with water. The
centrifugation-redispersion process was repeated at least three times.
Eventually, purified SiO, NPs were obtained.

2.3. Construction of microfluidic device for the preparation of single
emulsion droplets

To obtain emulsion droplets with uniform size, a popularly-used
microfluidic device was constructed and details for the construction of
the device can be found in our previous reports [23,56]. The device
consists of two round glass capillaries (inner diameter 580 um, outer
diameter 1 mm, from World Precision Instruments) and one square glass
capillary (inner diameter 1 mm, from Vitrocom. Basically, a round glass
capillary was pulled into two halves by a micro puller. The two halves
were subsequently processed by a microforge instrument with orifices of
80 um and ~300 pm, respectively. The capillary with a relatively larger
orifice was used as the outlet collecting tube. To eliminate the wetting
effect during the droplet production process, the round glass capillary
with a 300 pm orifice was treated to hydrophobic with n-octadecyl-
trimethoxyl silane. The two tapered round capillaries were then
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coaxially inserted into the square glass capillary. The coaxially assem-
bled capillaries together with blunt syringe needles were then sealed by
Devon 5-minute epoxy.

2.4. Preparation of spherical photonic crystal microobjects with opal
structure using SiO, NPs as building blocks

The spherical photonic microobjects with opal structure were pre-
pared by combining microfluidic emulsification with a subsequent
solvent-evaporation process. In the microfluidic emulsification step, a
silicone oil solution and an aqueous dispersion of SiO2 NPs were used as
continuous and dispersed phases, respectively. At optimal and stable
flow rates, such as 200 uL/h (dispersed phase) and 3000 uL/h (contin-
uous phase), single emulsions with a uniform size can be obtained. The
droplet generation process was monitored and recorded using an upright
optical microscope (LWD300-38LT, Beijing Cewei Photoelectricity
Technology Co. Ltd) equipped with a high-speed camera (20 MP, USB
3.0). The generated emulsion droplets from the microfluidic device were
carefully collected into a PTFE petri dish, which was subsequently
placed into an oven to evaporate the solvent (water) at a setting tem-
perature of 70 °C. This solvent evaporation process lasted for 12 h and
SiOy NPs-based superballs were obtained. The superballs were washed
with n-hexane at least three times to remove any silicone oil residue.
Afterwards, the superstructures were calcinated at 800 °C in a muffle
furnace for 3 h and the SiO, photonic crystal microobjects with
enhanced mechanical property were obtained. The microobjects after
calcination were then immersed in aqua regia for 6 h to remove any
impurities on the surface of the microobjects. Finally, the product
treated with aqua regia was washed with deionized water three times.
After the cleaning steps, the product was stored in deionized water for
further use.

2.5. Preparation of hydrogel photonic microspheres with fully Inverse-
Opal and partial Inverse-Opal structures

Hydrogel photonic crystal microspheres with full inverse-opal
structure were prepared using the abovementioned SiO; NPs-based
microobjects as templates. Firstly, 2.0 g acrylamide, 0.2 g acrylic acid,
0.1 g Bis-acrylamide and 2.0 pL. DEAP photoinitiator were dissolved in
10 mL of deionized water. Secondly, the SiO, NP-based microspheres
were immersed in this solution for 1 h to infiltrate the monomer solution
into the voids among the SiO2 NPs of the microballs. The monomer-filled
SiO5 microballs were subsequently placed in a home-made container,
which was constructed by two glass glides with a spacing of 500 um.
Subsequently, the microspheres were irradiated with UV light for 40 min
to polymerize the monomers, and consequently a hydrogel thin film
embedded with SiO, NPs were obtained. The hydrogel film was subse-
quently transferred to deionized water to expand the hydrogel skeleton,
and the SiO NPs and hydrogel based composite photonic microspheres
were separated from the hydrogel film by mechanical stripping. The
composite microspheres were placed in 10 % HF solution for 2 h to
completely etch the SiO, NPs. After the etching process, the resulting
microobjects were washed with deionized water three times. Therefore,
hydrogel photonic microobjects with fully inverse-opal structures were
obtained. The fully inverse-opal photonic microobjects were stored in
deionized water for property tests and structural characterizations. To
obtain photonic microobjects with partial inverse-opal structure, the
SiO5 NPs/hydrogel hybrid microballs were immersed in a 10 % HF so-
lution to initiate the etching of SiO, NPs. Unlike just simply waiting for
the complete etching of the SiO, NPs, the microballs were picked out at
any given moment, such as after 1 min of etching etc., and placed into a
container with a large amount of distilled water to quench the etching
reaction, leaving a portion of unreacted SiO; NPs remaining in the
microballs. This action allows the etching process to be quenched at any
given moment. Therefore, photonic microobjects with a partially etched
inverse-opal structure can be obtained.
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2.6. Characterization of SiO2 NPs and photonic microobjects

Diluted drops of each batch of synthesized SiO, NPs were cast on
silicon wafers (0.5 cm x 0.5 cm) and air-dried at room temperature. The
dried samples were characterized under a Scanning Electron Microscope
(FEI) with an accelerating voltage of 10 kV. To characterize the photonic
properties of the photonic microobjects, the corresponding samples
were placed under an inverted optical microscope (Olympus BX53M)
that was equipped with a fiber spectrometer (Ocean Insight, Flame-T-
UV-VIS Spectrometer). The etching process was also monitored using
the same microscope equipped with a high-speed camera (Olympus
DP74).

2.7. Synthesis and characterization of Ruthenium-Functionalized
positively charged polymer PNIPAAm-co-Ru(bpy)s

The synthesis of positively charged linear polymer PNIPAAm-co-Ru
(bpy)s was achieved through a standard radical polymerization process
similar to previous reports [56,57]. Briefly, 5.00 g monomer N-isopropyl
acrylamide (NIPAAm), 0.5 g monomer Ru(bpy)s were placed in a 100
mL three-neck flask and dissolved in a mixture solution (50 mL) of
acetone and water (volume ratio 1:9). The flask was equipped with a
thermometer and a condenser. The solution was degassed with Ny
purging for at least 30 min. Subsequently, the solution was heated to 70
°C under Ny protection. This condition was maintained for another half
an hour and subsequently, 0.03 g KPS in 2 mL distilled water was
dropwise added to the reaction flask to initiate the polymerization re-
action, which was maintained for another 6 h at 70 °C under N; pro-
tection. Afterwards, the product solution was cooled down and
transferred to a dialysis tube for dialysis. The dialysis process lasted for
at least two weeks with frequent water changes. Finally, the purified
product was freeze-dried and stored under cool and dry conditions for
further use. A solution of the product at a concentration of 8 mg/mL was
prepared for 'H NMR characterization and the solvent was d®-DMSO.

2.8. Modification of the photonic microcapsules with Ruthenium complex
compound and Ruthenium-Functionalized linear polymer pNIPAAm-co-Ru

(bpy)3

The functionalization of the photonic microobject is achieved by a
straightforward method. Given that the skeleton of the photonic
microobject is PAAm-co-AAc polymer, where multiple pendant AAc
groups are covalently attached to the skeleton of the microobject. The
negatively charged polymer skeleton can further react with positively
charged Ruthenium related compounds, such as Tris(bipyridine)ruthe-
nium (II) chloride or Ruthenium-functionalized polymer PNIPAAm-co-
Ru(bpy)s. For the functionalization with small molecular-based Ruthe-
nium compounds, the photonic microobjects were transferred from pure
water to the small molecular-based Ruthenium compound solution (0.5
wt%) and kept in the solution for 24 h. This allows the small molecules
to react with the polymer skeleton of the photonic microobjects suffi-
ciently. Afterwards, the photonic microobjects were taken out and
washed with pure water for several times. For the polymer functional-
ization experiments, the photonic microobjects were reacted with the
Ruthenium-functionalized polymer solution for at least 24 h and sub-
sequently transferred to a dialysis tube. The products were dialysis
against pure water for at least 24 h with excess amount of water and
frequent water change to remove the residues.

2.9. Preparation of the photonic microobjects embedded hydrogel film for
anticounterfeiting performance test

Sodium alginate (2.5 wt%) solution was used to obtain a sodium
alginate hydrogel film by shaping it in calcium chloride solution (1 wt
%); Different matrix solutions were used as the matrix materials for
embedding the ruthenium-functionalized photonic microobjects. These
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solutions include an aqueous solution of the mixture of OEGMA and
PEGDA (OEGMA and PEGDA mole ratio 100:7, water 20 wt% of
monomer), PEGPEA, aqueous solution of OEGMA (20 wt%), aqueous
solution of PEGDAggy (20 wt%), a mixed solution of acrylamide and
acrylic acid (2.0 g acrylamide, 0.2 g acrylic acid, 0.1 g crosslinker Bis-
acrylamide). The polymer hydrogel film made of PEGDA600 and
OEGMA, polymerized PEGPEA film, polymerized PEGDA600 film, and
polyacrylamide hydrogel film were respectively obtained by photo-
polymerizing the pregel solutions. Within each polymer film, at least one
photonic microcapsule was embedded to test their appearance and
screen materials for the construction of the polymer film. After the
screening process, an optimal material’s recipe was selected for further
construction of the polymer film.

Specifically, a group of the photonic microobjects were placed in a
glass slide mold with a round cavity (5 x 5 x 0.8 mm, Lianyungang
Xiaoye Optoelectronics Technology Co.) A certain amount of the as-
prepared matrix solution (these solutions include an aqueous solution
of the mixture of OEGMA and PEGDA, PEGPEA, aqueous solution of
OEGMA, aqueous solution of PEGDAgg, a mixture solution of acryl-
amide and acrylic acid) was carefully added to fill the mold. Then, a UV
lamp (Jiapeng ZF-5, Shanghai, China, 365 nm, 16 W) was placed over
the mold to initiate curing of the matrix material. Afterwards, a hydrogel
film with the photonic microobjects embedded can be formed after at
least 1 min of UV light irradiation. The resulting hydrogel film was
carefully peeled off for further characterizations.

3. Results and discussion
3.1. Preparation of the photonic microobjects

The fabrication of colloidal photonic microobjects is achieved by a
multiple-step procedure. Scheme 1 illustrates the fabrication of the
photonic microobjects. An aqueous dispersion of monodispersed SiOy
NPs was emulsified by a silicone oil solution in a microfluidic device.
The carefully collected droplets were steadily standing on the surface of
the PTFE petri dish. Due to the superhydrophobic property of the petri
dish, the droplets were able to maintain a spherical shape [35] Although
covered with the silicone oil solution, the droplets started to experience
water evaporation. Simultaneously, due to the monodispersed size
feature, the SiOy NPs within the droplets underwent a self-assembly
process and organized into a close-packed ordered opal structure [58].
The formation mechanism of the opal structure was the same as that of a
previous report [59]. The voids among SiO2 NPs within the micropar-
ticles were filled with monomer solution after immersion of the SiO5
NPs-based supraparticles in the aqueous solution of monomers for at
least 4 h. This allowed the monomer solution to sufficiently fill the voids

I Silicone oil

. Silica nanoparticles (NPs)
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among SiO, NPs. Once the monomer solution-filled microobjects
together with the monomer solution were placed in a home-made glass
slide spacer container, the solution was immediately irradiated with UV
light to initiate the monomer’s polymerization. Therefore, the micro-
balls were embedded in the pAAm-co-AAc hydrogel film and trans-
formed into SiO; NPs-hydrogel composite microobjects. To ensure
sufficient polymerization of monomers inside the microballs, a relatively
long period of UV irradiation, such as 30 min in our case, was applied in
our experiment. Afterwards, the microballs were separated from the
hydrogel matrix by carefully mechanical stripping. The obtained hybrid
photonic microballs were subsequently transferred to an HF solution for
wet etching. The photonic microobjects that are partially etched by the
HF solution can be further functionalized with positively charged linear
polymers, such as pNIPAAm-co-Ru(bpy)s. The entire process for the
construction of the photonic microobjects is illustrated in Scheme 1.

3.2. Preparation of Opal-Structured and fully inverse Opal-Structured
photonic microballs

Fig. 1 shows the generation of droplets and the formation of opal-
structured photonic microballs. Fig. 1a shows the optical microscopy
(OM) image of droplets inside the microfluidic channel. Fig. 1b and ¢
show the OM image of the droplets with uniform diameter ~ 500 um
after collecting and photograph of the droplets sitting on the surface of a
PTFE petri dish. Fig. 1d represents a green color composite photonic
microsphere. SEM images in Fig. 1e—f clearly reveal that the microball is
constructed with periodic organized monodispersed SiO, NPs. The
microball was cut into two halves and the cross-section was character-
ized under SEM. Fig. 1g shows the SEM image of the cross-section of the
microball. The image clearly reveals that inside part of the microball was
also filled with periodically organized SiO, NPs. The green hexagons in
Fig. 1f-g indicate that the SiOy NPs self-organized into perfect hexagonal
structures both on the surface and inside of the microball. To obtain
hydrogel inverse-opal photonic microball, the opal structure microball
was immersed into a HF solution (10 wt%) and wet etching of SiO2 NPs
started to take place. The etching reaction lasted at least 2 h. After the
etching and subsequent washing steps, the product was characterized
under optical microscope again. The initially green opal microsphere
was transformed into a pink color with fully inverse-opal structure
(Fig. 1h). The corresponding reflection spectra in Fig. 1i further verifies
the photonic property change before and after the wet etching process.
Specifically, the microball before etching shows a maximum reflection
wavelength at ~ 530 nm, while this value dramatically red shifts to 623
nm after the etching process. This phenomenon can be explained from
two aspects: on the one hand, the polymer skeleton was constrained
within the close-packed SiO2 NPs of the microball prior to wet etching,
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Scheme 1. Illustration shows the fabrication of photonic microobjects with full inverse opal and partial inverse opal structures via complete etching and controlled

etching processes.
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Fig. 1. Droplets generation process and the characterizations of the subsequent photonic microobjects evolved from the droplet templates. (a-b) OM images of
droplets of SiO, dispersion generation in a glass capillary microfluidic device (a). and the collected droplets (b). (c) Photograpgh the droplets collected in a PTFE petri
dish. (d) OM image of a green color SiO, NPs-hydrogel composite microball. (¢) SEM image of an opal photonic microball constructed by SiO, NPs. (f) Enlarged SEM
image of the surface of the microball, the green hexagon shows the hexagonal structure from SiO, NPs. (g) Cross-sectional SEM image of the microball. (h) OM image
(Reflection mode) of a hydrogel photonic microball with inverse opal structure. (i) Reflection spectra of the photonic microball before (green curve) and after(red) HF
etching. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

so the photonic property of the opal structure microball was utterly (Fig. 1d) to ~ 530.06 pm (Fig. 1h) after the purification and re-
depending the close-packed SiOy NPs; on the other hand, after the wet dispersion of the inverse-opal microball into water. The synergistic ef-
etching, the constraint was removed due to the dissolution of the SiO, fect resulted in the red-shift of the photonic microobject.

NPs. Moreover, the polymer hydrogel skeleton can absorb a large

amount of water and induce a size expansion from ~ 440.50 um
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Fig. 2. (a) OM images of the SiO, NPs-polymer hydrogel composite microball evolves in 10 wt% HF solution. (b) Diameters of the entire object and the SiO»-
polymers composite part change as a function of time. (¢) Schematic illustration of the evolution of the microball in the HF solution.
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3.3. Monitoring the etching process under optical microscopy

To track the wet-etching process, a SiOy NPs/pAAm-co-AAc com-
posite photonic microball was put into a 5 % HF solution and the sample
was placed under an OM for real-time monitoring. Fig. 2 shows the
evolution of the microball with an initial diameter of ~ 240 ym in the HF
solution. OM images of the microball in Fig. 2a clearly demonstrate the
change of the microball with time. The optically homogeneous microball
shows no obvious change in the first two minutes in the HF solution,
either from the point view of size or in terms of morphology. While after
3 min, morphology change of the microball starts to emerge, the initially
homogeneous structure gradually transformed into a core-shell struc-
ture with the core and shell parts respectively having different optical
contrasts: the darker SiO, NPs-hydrogel composite core and the brighter
hydrogel shell part. This can be ascribed to the higher refractive index of
SiO2 NPs (~1.475) over that of the hydrogel polymer network (~1.33)
[60]. The shell portion increases with time increase, while the core part
simultaneously declines. Meanwhile, the size of the entire object
increased due to the increased portion of the initially constrained
hydrogel network was free from the dissolution of close-packed SiOy
NPs. The darker core part completely disappeared after 10 min of
dissolution in HF solution and then the morphology kept unchanged,
indicating that the wet etching of SiO, NPs completed in a matter of 10
min. Meanwhile, the diameter of the entire object gradually increased
with the etching reaction proceeds and kept at a constant value of ~ 280
um after 10 min (the black dash curve in the Fig. 2b), revealing that the
remaining neat hydrogel skeleton reached the maximum swelling
capability after 10 min of etching. Conversely, the diameter of the SiO,
NPs-polymer composite part decreased with time increase, particularly
this portion was completely disappeared after 10 min, yielding neat
polymer hydrogel network. Fig. 2¢ depicts the evolution of the micro-
object in the HF solution.

3.4. Preparation of Partial-Etched colloidal photonic microobjects

To take advantage of the etching reaction and generate photonic
structure with more complex structure, we took actions to intervene in
the middle of the reaction rather than waiting for the completion of the
etching reaction. Specifically, the microball was taken out from the HF
solution at any moment before the completion of the etching and
immediately transferred into an excess amount of pure water to quench

(@) Y (b)

(e) 250
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the etching reaction. Subsequently, a partial etched photonic micro-
object showing complex photonic property can be obtained. In specific,
the photonic microobject with dual stopbands and distinct colors in a
quasi-core-shell fashion were achieved. Taking a SiOy NPs-hydrogel
composite microobject with initial green color for example, Fig. 3
shows a comparison of the photonic microobject before and after 5 min
of etching (The OM images of the etching process are shown in
Figure S3). Fig. 3(a) and (c) illustrate the structure of an initial green
photonic microball before and after 5 min of HF etching. Fig. 3(b) and
(d) show the OM images (Reflection mode) of the initial green photonic
microball before and after 5 min of HF etching. The refractive index (RI)
changes (refractive index before the wet etching is the combinational RI
of SiO5 NPs and the hydrogel network while the refractive index after
the wet etching is the RI of the hydrogel network, and the refractive
index is calculated by Eq. (1) in Figure S1.) before and after the etching
of the SiOy NPs facilitated us for the monitoring of the etching process
simply under optical microscopy. Clearly, the initially homogeneous
microball evolved into a microobject with a core/shell-like structure and
distinct optical contrast between core and shell parts, as labeled by
different colors of text in Fig. 3d. In particular, there was a region in
between the core and shell parts, as circled by the two pink dashed
circles in Fig. 3d, showing a different contrast from both the core and
shell parts. Correspondingly, the microobject before and after 5 min of
etching showed different photonic phenomenon under reflection mode
of the optical microscope: the center part of the microobject showed a
green color before etching while the shell part of the microobject turned
pink after 5 min of etching. A blurred region that lied in between the
core and shell parts was also observed, as labelled by the pink dashed
circles in Fig. 3d. Interestingly, the reflection spectrum of the micro-
object diverged from an initial single peak at a value of 513 nm to three
different peaks: two sharp peaks at 509 nm and 602 nm and a shoulder
peak at 613 nm, respectively. The peak value at 509 nm was identified as
the reflection originated from the inner most core part, while the peak
values at 613 nm and 602 nm were likely due to the reflection spectra
from the shell part and the transition region between core and shell part,
respectively (The similar phenomenon was also observed in a different
microobject, as shown in Figure S5). There was a slight blue shift (4 nm)
for the peak in the center region of the microobject. This was probably
due to the experimental error.

Since the polymer skeleton is the pAAm-co-AAc based hydrogel,
which is a well-known pH responsive polymer and has been widely

—— After etching

e Prior etching

200
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Intensity(a.u.)

50 F

0 1 1
500 600
Reflection Wavelength (nm)

Fig. 3. (a) Schematic illustration of SiO, NPs-hydrogel composite microball. (b) Corresponding OM image (reflection mode). (c) Schematic illustration of partially
etched SiO, NPs-hydrogel composite photonic microball. (d) Corresponding OM image (reflection mode). (e) Reflection spectra of the initial green photonic
microobject (corresponding to b) before and after 5 min of etching (corresponding to d). (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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explored in the field of sensing due to their stimulus responsive prop-
erty.[61].However, our photonic microobject is featured with dual
stopbands, where the outer shell is the neat hydrogel skeleton and the
inner core part is composed of the polymer skeleton and SiO3 NPs. The
polymer close to the core part was constrained in the voids among SiO,
NPs and likely their stimulus-responsive property was deactivated. In
order to verify this hypothesis, a photonic microcapsule was placed into
aqueous solutions of different concentrations of ethanol. The photonic
performance of the microobject is shown in Fig. 4. The initial micro-
object displayed two distinct colors, where the core and shell parts
displaying vivid green and red color, respectively. Correspondingly, the
reflection spectrum peaks of the microcapsule with values were located
at 537 nm and 703 nm, respectively, when the microcapsule was
immersed in pure water (Fig. 4a). With the concentration of ambient
ethanol solution increased from 0 to 60 wt%, the initially green-core/
red-shell microcapsule displayed distinct color change trends in terms
of the core and shell parts: the vivid green color kepte almost unchanged
while the red color from the shell part displayed remarkable color
change from red to purple (Fig. 4b—g). This phenomenon was consistent
with the reflection spectrum measurements. Correspondingly, the
reflection spectra from the two parts displayed completely different
behaviors: the peak value at 537 nm remains unchanged (except in the
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case of 30 wt% of ethanol solution, where there was an overlapping
effect of the two initial separate reflection peaks) in terms of the posi-
tion. However, the peak value at 703 nm from the shell region gradually
shifted to ~ 481 nm, more than 200 nm of reflection spectra peak value
shifting (Fig. 4i—j and another example of a different photonic micro-
object as shown in Figure S6). These phenomena can be ascribed to two
reasons: on the one hand, the pAAm-co-AAc skeleton in the core part was
constrained at the voids among the SiOz NPs and consequently the
polymer chain losses its stimulus responsive property; on the other hand,
the polymer skeleton in the shell region was free to change configura-
tions to adapt the stimuli of ethanol solutions. As a result, the polymer in
the shell region gradually changed from swollen to shrunk status as the
ethanol concentration increased, while the polymer skeleton in the core
region was constrained. As a consequence, the entire microcapsule dis-
plays size decreased from ~ 497 um to 376 um while the diameter of the
core part remains unchanged at ~ 249 pm in the entire process (Fig. 4j).
In addition to the peak position change, the peak intensity change
phenomenon was also accompanied by the entire process. This change
was likely due to two aspects of synergistic effect: the hydrogel portion
was in highly swollen state in neat water while the swollen state grad-
ually switched to shrunk state and induced an increase in the refractive
index. In our case, assuming the porous gel keeps the fine structure of the

Intensity (s.w.)

Core part wavelength peak value |© 0
Shell part wavelength peak value

Entire diameter
Core diameter
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Fig. 4. Responsive behavior of a SiO, NPs-hydrogel composite microobject with a quasi core—shell (green core-red shell) structure to different concentrations of
ethanol solution. (a-h) OM images of the microcapsule in different concentrations (v/v) of ethanol solutions from 0 to 60% (a-g) and back to 0% (h) again. (i)
Reflection spectra change of the microcapsule in different concentrations of ethanol solutions. (j) Peak values of the reflection spectra of the microcapsule change in
different concentrations of ethanol solutions from 0 to 60%. (k) Diameter changes of the core part and entire microcapsule in different concentrations of ethanol
solutions. (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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precursor colloidal crystal and the volume change was isotropic, the
maximum reflection spectrum value from the (11 1) planes of the porous
gel can be expressed by the modified Bragg Equation as below:

Imax = 1.633(d/m)(1/lp)(n2, — sin®0) (1)

where d and m are the diameter of colloidal particles and the order of
the Bragg diffraction, respectively. [ and [, represent the thickness of the
porous shell region of the microcapsules in the equilibrium state of
certain conditions and in the as-prepared state, respectively. ng, is the
average refractive index of the porous gel region by considering both the
volume fraction of the gel portion and the voids under certain condi-
tions. 0 is the angle measured from normal to the gel surface at a specific
point.

In our particular case, n is the refractive index of the pure polymer
hydrogel region, d and 6 are the lattice distance and angle of the incident
light. Here 0 is considered as a constant value of 90° given the incident
light is vertical towards the photonic microobject. Meanwhile, n and d
respectively increases and decreases with the shrinkage of the polymer
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skeleton, yielding the decrease of maximum reflection spectrum peak
value, corresponding to the blue shift of the phenomenon. Furthermore,
we carried out the experiments by repeatedly changing the concentra-
tions of ethanol in the incubation solutions to test the reversibility of the
microcapsules. Experimental results indicated that the localized ethanol
responsive behaviors can repeat at least five times in our observations.
The variations of the maximum peak values and minimum peak values
of the reflectance spectra during cycling were only ~ 1 %, and the
variations of the microcapsule at maximum diameter and minimum
diameters were both only ~ 2 %. The maximum and minimum reflection
spectrum wavelength values change and the diameter changes of the
entire photonic microcapsule change during the repeating cycles are
shown in Figure S11.

3.5. Functionalization of the Partial-Etched photonic microobjects

To introduce more functionalities to the resulting photonic
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Fig. 5. (a) Schematic illustration of the formation of Ruthenium-functionalized core-shell photonic microobject through the interaction between positively charged
linear polymers with the negatively charged polymer skeleton on the photonic microobject (left). Chemical structure of the Ruthenium-functionalized linear polymer
(right). (b and ¢) OM images (transmission mode) of a photonic microobject before and after reaction with the Ruthenium-functionalized linear polymer. (d-h) OM
images (reflection mode) of the photonic microobject before and after reacting with the Ruthenium-functionalized linear polymers and incubation in distilled water
for different periods. (i) Reflection spectra of the photonic microobject before and after the ruthenium-functionalized polymer’s labelling. (j-k) Fluorescence mi-
croscopy images of the Ruthenium-functionalized photonic microobject after day 1st and day 25th in distilled water.
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microobjects, it is highly desirable to integrate more compositions into
the individual photonic microobject. Fluorescent compositions,
including QDs are normally selected as components to decorate pho-
tonic microobjects with fluorescent properties. However, this route
normally requires the synthesis of core-shell colloidal particles (i.e.,
QDs as the core and PMMA or PS as the shell part) and subsequently use
those colloidal particles as building blocks for the construction of pho-
tonic structures or through the co-assembly of QDs with ordinary
colloidal particles to form binary photonic structures [62-64]. The two
approaches more or less have their own disadvantages, either compli-
cating the fabrication process or may introduce photonic defects into the
photonic structures. In our case, we could introduce the fluorescent
composition in a straightforward manner simply by leveraging the
electrostatic interaction between a positively charged Ruthenium-
functionalized linear polymer and the negatively charged pAAm-co-
AAc skeleton. The reactions between polymers provided multiple
binding sites and endowed the polymers with the capability to stick to
the photonic microobjects in a stable fashion. Specifically, the multiple
acrylic acid groups in the polymer skeleton of the photonic microobject
can react with the Ruthenium-functionalized linear polymer and deco-
rate the photonic microobject with fluorescent properties (Fig. 5a). The
photonic microobjects modified with the Ruthenium-functionalized
linear polymer (chemical structure as shown in Fig. 5a right panel and
characterizations are shown in Figure $8-9) displayed a certain degree
of swelling. For example, for the partially and fully etched microobjects,
the swelling degrees were 3.1 % and 9.3 % (Figure S10), respectively.
Moreover, the Ruthenium-functionalized linear polymer in water also
exhibited an orange color, which could decorate the resulting photonic
microobject with characteristic orange color under visual inspection or
optical microscopy observation due to the MLCT effect (Fig. 5b—c of the
transmission OM images).[65] And this orange color dominates the
entire photonic microobject under visual inspection. Correspondingly,
the photonic microobject before and after labelling with the Ruthenium-
based polymer showed different phenomena under reflection mode
characterization. Particularly, the photonic microobject initially showed
a light green core and red shell, but it turned to dark green and orange
after labelling (Fig. 5d—e). This phenomenon indicated that there was a
color change of the photonic microobject towards the blue color direc-
tion after the polymer’s complexation with the photonic microobject.
The color change was further confirmed by the blue shift of the
maximum reflection spectra of the photonic microobject (Fig. 5i). Spe-
cifically, the peak values of the reflection spectrum of the core and shell
parts shifted from 547 nm and 660 nm (the black curve in Fig. 5i) to 501
nm and 598 nm (the orange curves in Fig. 5i), respectively. Considering
the photonic microobject after the labelling with Ruthenium-
functionalized polymer showing 3.1 % of diameter increase
(Figure S10), which should induce the increase of the lattice distance
and consequently red shift of the structural color. However, the
observed color change is blue-shifting, suggesting the color shift is due
to some other factors, such as the color mixing effects. In addition, the
photonic microobjects were also featured with fluorescent property due
to the incorporating of the Ruthenium-functionalized polymers
(Fig. 5j-k). The Ruthenium-functionalized polymers were resistant to
detaching from the polymer skeleton of the photonic microobject,
indicating the electrostatic interaction was strong enough to keep the
polymers on the skeleton of the photonic microobjects stable. Compa-
rably, photonic microobjects modified with a low molecular weight
Ruthenium-containing complex compound (Tris (2,2-Bipyridyl) Ruthe-
nium (II) Chloride Hexahydrate) were less stable than the photonic
microobjects modified with Ruthenium-based polymers (Figure S7).
This phenomenon can be verified by the different time frames of the
photonic microobject from Fig. 5e-h, where the photonic microobject
almost kept constant both in terms of the size change trend and the
structural colors of the microobject under optical microscope observa-
tion after 10 days in distilled water (Figure S10).
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3.6. Preparation of a hydrogel film containing Ruthenium-Functionalized
photonic microobjects

Owing to the abovementioned features, the Ruthenium-
functionalized photonic microobjects can be further used as building
blocks for the construction of anticounterfeiting structures. To produce
the ruthenium-functionalized microobjects, photonic microobjects with
a uniform green core and red shell were used as the primary building
blocks (Fig. 6a). The microobjects showed a light green core and orange
shell after modification with the ruthenium-functionalized polymers
(Fig. 6b). As a proof-of-concept, hydrogel film embedded with the
ruthenium-functionalized photonic microobjects was fabricated using
the mixture of OEGMA and PEGDA as the matrix material (Despite other
different materials were also tested and used as the matrix materials for
embedding the microcapsules, those materials more or less have their
own shortcomings when compared with the hydrogel formed from the
polymerization of OEGMA and PEGDA. More detailed information can
be seen in Figure S12). The photonic microobjects in the films were
tightly aligned and in a stable state, and the structural color represen-
tation was not affected. When the hydrogel film was inspected under an
OM, different information can be viewed. For example, the individual
photonic microobject under different modes provided different infor-
mation when inspected with an OM. First, the individual photonic
microobject showed a clearly marked core-shell structure under the
transmission mode (Fig. 6¢) but with an overall uniform yellow color.
Secondly, when observed under the reflection mode, the individual
photonic microobject showed a dark green core and orange shell
structure, despite the orange color from the ruthenium moieties domi-
nating the color appearances (Fig. 6b). These phenomena indicated that
the hydrogel film at least possess two aspects of information. In addition,
when the film was observed under the fluorescence mode, the entire
photonic microobject showed a bright red fluorescence color (Fig. 6d),
suggesting the film possessed a third aspect of information. Further-
more, the hydrogel film also showed different information from a visual
point of view. Fig. 6e is the schematic diagram of the composite
hydrogel film under a white light. The hydrogel film showed a clear
orange characteristic color from the ruthenium moiety (Fig. 6f).
Contrarily, the hydrogel film exhibited a clear red fluorescence color
when irradiated with a UV light under dark field (as illustrated in Fig. 6g
and shown in Fig. 6h). These macroscopic phenomena indicated the
hydrogel film possesses another two aspects of information. Put all
together, the hydrogel film at least possessed fivefold of anticounter-
feiting properties. The multiple anticounterfeiting properties of the
photonic microobjects may have potential applications for the design of
anticounterfeiting materials. This method and the relevant procedures
to construct such kind of anticounterfeiting structures can be easily
extended to large scale production when the experimental parameters
are precisely controlled. This method and the relevant procedures to
construct such kind of anticounterfeiting structures can be easily
extended to large scale production when the experimental parameters
are precisely controlled.

4. Conclusions

In summary, we have successfully constructed photonic microobjects
that integrated both opal and inverse opal structures into an individual
microobject. To achieve the fabrication of such kind of photonic
microobjects, uniform opal photonic microspheres using monodispersed
SiOy NPs as the building blocks were first fabricated via droplet
microfluidics. The microspheres were subsequently placed into an
aqueous solution of monomers to fill the voids among SiOy NPs with
photocurable monomers, including AAm and AAc. The monomers-filled
microspheres and the monomers’ solution were irradiated with UV light
to turn the pure SiOy NPs-based photonic microspheres into SiO NPs-
hydrogel composite photonic microobjects. The composite photonic
microobjects were subsequently placed into a HF solution to initiate
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(h)

UV light

Fig. 6. (a) OM image of photonic microobjects before reacting with Ruthenium-functionalized linear polymer (reflection mode). (b and ¢) OM images of hydrogel
film using ruthenium-functionalized photonic microobjects as the building blocks (reflection and transmission mode). (d) Corresponding fluorescence image. (e and
f) Schematic illustration and photograph of the hydrogel film sample with photonic microobjects embedded under a white light. (g-h) Schematic illustration and

photograph of the hydrogel film sample under a UV light irradiation.

etching of the SiO5 NPs in a controlled manner, which can be achieved
by quenching the etching reaction at any given moment. Through this
operation, each individual photonic microobject integrating both opal
and inverse opal structures was achieved. Therefore, the photonic
microobjects featured with dual stopbands after the etching process. In
addition, the photonic microobjects featured with reversible localized
stimulus-responsive properties towards ethanol due to the partial in-
verse opal structure. Moreover, owing to the negatively charged feature
of the polymer skeleton of the photonic microobjects, a positively
charged linear polymer, pNIPAAm-co-Ru(bpy)s, was readily attached to
the skeleton of the photonic microobjects via the electrostatic interac-
tion. The resulting photonic microobjects were featured with multiple
properties, such as multiple photonic stopbands, fluorescence property
and characteristic color from the Ruthenium moiety. The microobjects
were further used as building blocks for the construction of hydrogel
film, and these features endowed the hydrogel film with at least fivefold
anticounterfeiting properties. We believe these photonic microobjects
can be extended to other materials for different potential applications.
This design opens a new route for the design of novel photonic micro-
objects and anticounterfeiting materials.
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