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from Single Photonic Dispersion and Their Application for
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Bullet-like dual stopbands Janus photonic
microobjects with varied structures

ABSTRACT: Janus photonic microobjects have shown great potential
in various fields due to their anisotropic shapes and tunable optical
properties. Microfluidics is useful for constructing such photonic
microobjects. The traditional method of injecting different colloidal
photonic streams toward anisotropic multiple stopband photonic
microobjects involves complicated and time-consuming procedures.
Herein, an easy yet effective approach to fabricate Janus photonic
microobjects with dual stopbands from a single stream of photonic
components is proposed. A microfluidic device is used to prepare bullet-
like, single-stopband photonic microobjects by virtue of the micro-
channel’s confinement effect. Both the size and shape are readily
regulated by adjusting the flow rate of the continuous phase. Under the
protection of the desired region of the photonic microobjects with
polystyrene (PS) film or silicone tube, the other region is selectively etched to generate a new photonic part. The Janus photonic
microobjects with dual stopbands are achieved thereby. Precision control of the protection position of the single-stopband photonic
microobjects provides the flexibility to achieve photonic microobjects with various segmental combinations. The porous structure at
the etched region is conducive to further functionalization, for example, fluorescence performance, by filling polymers. The resultant
photonic microobjects with strong information-encoding characteristics are promising in display and anticounterfeiting.

Bullet-like
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1. INTRODUCTION

The emerging Janus photonic microobjects with anisotropic
structures have received considerable attention in the past two

2 .

The elongated geometry present in some

microorganisms, such as paramecium, enables the microobjects
. 23

new performance of propulsion and swimming.” Swager et al.

more attention.
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decades.'* The anisotropic structures render the microobjects
additional functionalities, making the photonic microobjects
attractive in various applications.” It is important to develop
effective methods to construct microobjects with tunable
composition and microstructure for the mounting demands of
developing micro/nano devices. The anisotropic Janus
photonic microobjects have been achieved by various methods,
including lithography, etching, and controlled assembly.
Among these methods, microfluidics is welcomed owing to
the precision control of size, shape, and composition.'’™"> The
photonic microobjects are capable of effectively manipulating
light at microscale, demonstrating great potential applications
in photonics, sensing, and imaging.13 Zhao et al. prepared
Janus structural color particles for ion detection using
microfluidics and template methods.'* Despite photonic
microobjects with different functionalities being constructed
by microfluidics in combination with other approaches,"*~" it
is highly required to integrate multiple stopbands within
individual microobjects in a facile fashion. Anisotropic Janus
photonic microobjects with an elongated shape have gained
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have reported the ellipsoidal Janus photonic microobjects by
the self-assembly of dendronized brush block copolymers
inside a droplet. The photonic microobjects display
orientation-dependent structural colors and anisotropic
photonic properties.”’ Zhao and Gu et al. have utilized droplet
microfluidics to fabricate photonic microobjects with a rod-like
structure. The rod-like photonic microobjects with multiple
stopbands are generated by the incorporation of multiple
photonic components within the microobject.”” Kim et al.
prepared cylindrical and discoidal multicolor photonic micro-
objects using photolithography and flow lithography techni-

ques, respectively.””*> These approaches either require the
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Figure 1. (a) Schematic fabrication of the bullet-like photonic microobjects by microfluidics. (b) Characteristic dimensions of the photonic
microobjects depending on flow rate of the continuous phase. (c) Optical microscopy images of the bullet-like photonic microobjects prepared at
different flow velocities of the continuous phase. Optical microscopy images of the red bullet-like photonic microobjects under reflection mode (d)
and transmission mode (e). (f) Reflection spectra of the red bullet-like photonic microobjects. (g—i) SEM images of the red bullet-like photonic

microobjects, surface, and the cross section.

preparation of photonic dispersions with different composi-
tions or lack control over the size of the photonic microobjects.
Among them, the discontinuous multistep process results in a
low production efficiency for traditional photolithography.
Although the flow lithography is a continuous process, it
requires a low Reynolds number, a complex setup, and delicate
control to integrate multiple stopbands into a single micro-
object. Therefore, there is an urgent need for an easy, yet
effective method to fabricate Janus photonic microobjects. In
the previous work, dual-stopband spherical photonic micro-
objects from a single photonic dispersion were prepared using
droplet microfluidics combined with a partial etching process.
However, the structural combination obtained was unitary.*®
Anisotropic photonic microobjects have the potential to obtain
various structures, thus broadening the application range.
Notably, this method does not involve the use of different
colloidal photonic dispersions, thereby avoiding the prepara-
tion of colloidal particles with various sizes. This lowers the
expenses while simultaneously increasing the experimental
efficiency. Additionally, it is a very repeatable technique that
enables fine-grained control over photonic microobject
formation.

15970

In this paper, we show the fabrication of bullet-like Janus
photonic microobjects with dual stopbands from a single
photonic composition, extending the method to manufacture
photonic microobjects with anisotropic structure in terms of
both their geometry and optical properties. Spherical droplets
of photonic photocurable resin dispersion of monodispersed
S$i0O, colloidal particles (CPs) were generated using a T-type
microfluidic device. The droplets were subsequently delivered
to a smaller tubing and transformed into a bullet-like shape for
the UV-irradiated cross-linking, yielding bullet-like photonic
microobject with a single stopband. Against this mother
microobject, the bullet-like Janus microobject was created by
integrating opal and inverse opal structures on an individual
microobject. This was achieved by controllable etching of the
desired region along the long axis while protecting the other
region, for instance, etching the tail of the parent microobject
while protecting the head. The resulting photonic microobjects
can have both two and three segmental structures, increasing
the structural combinations due to their nonspherical geo-
metric structure. Preferential incorporation of functional
materials within the inverse opal region endowed the
microobject with new performances, such as fluorescence
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property. The Janus microobjects are promising in information
encoding. Information encryption and anticounterfeiting were
demonstrated by using the digital array of the Janus photonic
microobjects as the substitution of the bank card numbers.
This simple yet robust strategy to derive multiple functional
Janus photonic microobjects paves the way in rational design
and effective construction of miniaturized devices.

2. EXPERIMENTAL SECTION

2.1. Materials. Poly(vinyl alcohol) (PVA, M,, = 13k—23k,
87—89% hydrolyzed), ethoxylated trimethylolpropane triacry-
late (ETPTA, >99%), N-isopropylacrylamide (NIPAAm,
97%), 2,2'-azobis(2-methylpropionitrile) (AIBN, 98%), deu-
terated DMSO (d’-DMSO), N,N-dimethylformamide (DMF,
anhydrous, 99.8%), lithium bromide (LiBr, >99%), and
dichloromethane (CH,Cl,, >99.5%) were purchased from
Sigma-Aldrich Co. Ltd. Ethanol (>99.7%), aqueous ammonia
(>28%), tetraethyl orthosilicate (TEOS, electronic grade),
polystyrene (PS, M, ~ 350k), and hydrofluoric acid (HF)
were purchased from Aladdin Co. Ltd. 4-Vinyl-4'-methyl-2,2'-
bipyridine (99%) was purchased from Ark Pharm, Inc. 2-
Hydroxy-2-methyl propiophenone (photoinitiator 1173,
>96.0%) was ordered from TiXi Ai HuaCheng Industry
Development Co. Ltd. Ruthenium(4-vinyl-4’-methyl-2,2'-
bipyridine)bis(2,2’-bipyridine) bis(hexafluorophosphate) [de-
noted as Ru(bpy),] was synthesized accordingly.”” Dialysis
membrane tubing (MWCO: 8k—14k Da) was provided by
Fisher Scientific, Inc. All of the reagents were used as received.

2.2. Synthesis of SiO, CP. The SiO, CP of 170 nm was
synthesized by the Stober method.”® Initially, 3 mL of
deionized water, 8 mL of aqueous ammonia (NH;H,0),
and 83 mL of ethanol were added to a conical flask. Then, 6
mL of TEOS was added and stirred at 60 °C at 500 rpm for
the sol—gel process for 2 h. The product was centrifuged at
8000 rpm for 8 min and washed with ethanol. The purified
SiO, CP was dispersed in ethanol for further use.

2.3. Preparation of ETPTA Suspension of SiO, CP. The
dispersion of SiO, in ethanol was mixed with ETPTA resin
(Figure Sla) containing 1% w/w photoinitiator 1173 at a
certain volume fraction. Ethanol evaporated from the mixture
at 70 °C to achieve the viscous suspension with a specific
structural color. By changing the volume fraction of SiO,, the
color of the suspension was varied, as shown in Figure S1b.

2.4. Fabrication of Bullet-Like Photonic Microobjects.
A T-type microfluidic device, as shown in Figure 1a, was used
to prepare the bullet-like Janus photonic microobjects. An
aqueous solution of 10% PVA and an ETPTA resin suspension
of SiO, CP were used as the continuous and dispersed phases,
with a tunable flow rate controlled by the corresponding
injection pump (NE-1000, SyringePump). Two microfluidic
channels were used with the corresponding diameters of inner/
outer channels of 1.0 mm/1.5 mm and 0.58 mm/1.0 mm. At a
certain flow rate of the dispersed phase through a narrow
channel, the shape of the droplet changed from spherical to
bullet-like due to the confinement effect. The bullet-like
droplet was irradiated with a UV lamp (Gabon ZF-S, 16 W,
Shanghai, China) to achieve the cured photonic microobject.
By changing the flow rate of the continuous phase or the
diameter of the channel, the size and shape of the bullet-like
photonic microobject were greatly controlled.

2.5. Derivation of Dual-Stopband Janus Photonic
Microobjects by Etching. The photonic microobject was
placed vertically in a container (10 mm X 10 mm X 1.5 mm)

covered with a polyimide double-sided tape. A desired amount
of water was fed to partially immerse the photonic microobject
arrays from the bottom and frozen at —20 °C. PS solution in
CH,Cl, (40 mg/mL) was fed to fill the container for the
complete embedding from the top side of the arrays after
evaporation of CH,Cl,. After the protected photonic micro-
object arrays were removed from liquid water, a 10% HF
aqueous solution was carefully fed for etching the SiO, CP
(Figure S2). The Janus photonic microobjects were separated
and washed with water. After dissolution of the PS, the
“green—red” (G-R) and “red—green” (R-G) dual-stopband
Janus photonic microobjects were derived. In the case of an
appropriate amount of PS solution, the middle part of the
photonic microobject arrays was protected to derive a “green—
red—green” (G-R-G) Janus photonic microobject after etching,
The etching reaction was carried out at room temperature and
normal laboratory conditions (24 °C, 40% RH). Typically,
etching can be performed over a relatively large range (20—30
°C, 30—70% RH).

2.6. Synthesis of Ruthenium Polymer (pNIPAAm-co-
Ru(bpy);). PNIPAAm-co-Ru(bpy); copolymers were synthe-
sized by free radical polymerization as shown in Figure S3. A
50 mL of ethanol/acetone solution (9:1 v/v) of NIPAAm (5.0
g) and ruthenium monomer (0.5 g) was dissolved in a 100-mL
Schlenk flask with a magnetic stir bar. Then, 10 mL of ethanol
solution containing 0.03 g of AIBN was added. After the
solution was bubbled with N, for 30 min, polymerization was
performed at 70 °C under N, for 6 h. The product was
dialyzed against distilled water. "H NMR spectra and GPC
traces of pNIPAAm-co-Ru(bpy); are shown in Figure S4.

2.7. Preparation of Photonic Microobject Arrays. The
dual-stopband Janus photonic microobjects were carefully
aligned in the mold (Lianyungang Zhongre Optoelectronics
Technology Co) (10 mm X S mm X 2 mm with grooves of 1.5
mm X 0.5 mm X 0.5 mm as shown in Figure SS) with tweezers
according to the mathematical information represented. The
card number on the front side was covered with the mold.

2.8. Characterizations. Transmission electron microscopy
(TEM) images of SiO, CP were recorded on a TEM (JEOL,
JEM-1400, Japan). The zeta potential of SiO, dispersions in
water was measured by a Malvern Zetasizer Nano ZS90. An
inverted optical microscope (LWD 300—38 LT, Beijing Cewei
Optoelectronics, Beijing, China) was used to record the
formation of droplets in the microfluidic device. An optical
microscope (Olympus Corporation, Olympus BX53M, China)
was used to record the bullet-like Janus photonic microobjects
under different modes of reflection, transmission, and
fluorescence. Reflection spectra of the photonic microobjects
were recorded under an Olympus microscope (reflection
mode) equipped with a fiber optic spectrometer (USB Flame-
S, Ocean Insight, Inc., China). The fluorescence spectra of
ruthenium-functionalized photonic microobjects were meas-
ured by a spectrofluorometer (Fluorat-02-Panorama, Celiss
Inc,, China) at an excitation wavelength of 420 nm.
Morphologies of the bullet-like Janus photonic microobjects
were characterized by a scanning electron microscope (SEM,
Hitachi S-4800 and SU8600, Japan). Molecular weights of
polymers were determined by gel permeation chromatography
(GPC, Wyatt GPC/SEC-MALS system, Wyatt Technology
Corporation, Santa Barbara, CA, USA) with 0.05 M LiBr DMF
(HPLC grade) as the eluent. "H NMR spectra were recorded
on the Bruker Avance III HD spectrometer using d>-DMSO as
the solvent.
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Figure 2. (a) Schematic fabrication of the bullet-like dual-stopband Janus photonic microobjects via protection-assisted etching. Optical
microscopy images (b, reflection mode and ¢, transmission mode) of the photonic microobjects. (d—e) Reflection spectra of the photonic
microobjects. SEM images of the surface (f) and cross-section (g) of the photonic microobjects. (h) Schematic structure of the bullet-like photonic

microobject before and after etching.

3. RESULTS AND DISCUSSION

3.1. Preparation of Bullet-Like Photonic Micro-
objects. The bullet-like photonic microobjects were prepared
using the T-type microfluidic device, as shown in Figure la.
The ETPTA dispersion of SiO, CP and an aqueous solution of
PVA were used as the dispersed and continuous phases. At a
critical volume fraction of the SiO, CP, the interparticle
repulsion is sufficient to form an ordered, non-close-packed
face-centered cubic (FCC) lattice structure.'® The system
exhibits a bright structural color with characteristic reflection
peaks under a photospectrometer. The bullet-like microobjects
were solidified by the fast UV irradiation cross-linking.
Currently, anisotropic colloidal microobjects with larger aspect
ratios have been prepared through microfluidics. Zhao et al.
prepared rod-like photonic microobjects based on the
confinement of the collection capillary and relatively slow
shearing.” In a similar microfluidic system, Zhao et al. found
that when the flow rate of the dispersed phase remains
constant, and as the flow rate of the continuous phase
increases, the droplets take on a bullet-like.’® In the
aforementioned reports, droplets were collected directly in a
confined channel. Differently, in our work, the dispersed phase

was first sheared into monodisperse spherical droplets and
then transported to a confined channel, which allows us to
tune the droplet size in a facile fashion. The interplay between
flow shearing and the confinement effect within the channel
drives the morphological evolution of the droplets from
spherical to bullet-like.”’ At a given flow velocity of a red
photonic dispersed phase at 300 xL/h but varied velocity of
the continuous phase, the size and shape of the bullet-like
photonic microobjects were greatly tunable. The characteristic
dimensions of length, width, and aspect ratio of the bullet-like
photonic microobjects are shown in Figure 1b. The optical
microscopy images of the bullet-like photonic microobjects
prepared at different flow velocities of the continuous phase
are shown in Figure lc. The increment of the flow rate of the
continuous phase gives rise to a more remarkable alteration in
length than in width. The aspect ratio is decreased
progressively. When the continuous phase flow rate was low
(<0.8 mL/h), the dispersed phase formed a jet in the channel,
resulting in uneven spherical droplets (Video S1). As the flow
rate of the continuous phase increased, the dispersed phase was
sheared at the intersection of the two phases, and the spherical
droplets obtained had good monodispersity (Video S2 and
Figure S6a—h). K is defined as the ratio of the spherical
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Figure 3. (a) Optical microscopy images (reflection mode and transmission mode) of the bullet-like dual-stopband Janus photonic microobjects of
varied etching degrees. (b) Top: schematic preparation of the bullet-like dual-stopband Janus photonic microobject with a “green—red—green”
structure. Middle: optical microscopy images (reflection mode and transmission mode) of the bullet-like Janus photonic microobject with a
“green—red—green” structure. Bottom: schematic structure of the bullet-like photonic microobject before and after etching. (c) Top: schematic
preparation of the bullet-like dual-stopband Janus photonic microobject with a “red—green—red” structure. Middle: optical microscopy images
(reflection mode and transmission mode) of the bullet-like Janus photonic microobject with a “red—green—red” structure. Bottom: schematic

structure of the bullet-like photonic microobject before and after etching.

droplet’s diameter to the size of the confined channel (580
um). When K was larger than ~0.7, the spherical droplet
deformed to bullet-like. When the continuous phase flow rate
further increases (>10 mL/h), spherical droplets with a size
much smaller than the diameter of the collection tube
deformed to a heart shape, and K is below 0.7 (Figure S6i).
The photonic stopband could be readily regulated with the
concentration and size of the SiO, CP. The SiO, CP of ~170
nm (Figure S7) was selected to achieve the ETPTA resin
suspension at two volume fractions of 21% and 32%. The
corresponding red and green photonic microobjects were
prepared by droplet microfluidics (Figures 1d, e and S8). The
prepared red, bullet-like, photonic microobject was selected as
the example. The reflection spectra of the red photonic
microobject are shown in Figure 1f. In addition, it exhibits
angle-independent photonic properties, and the spectra
observed in different directions of the minor axis and major
axis remain unchanged (Figure S9). The diameter ratio of two
channels was fixed at 1:0.58, and the flow velocity ratio at the
two regions was fixed at 1:3. The narrower channel leads to an
increased flow velocity of the continuous phase; an abrupt
deformation of the droplets should bring in the spacing change
between the SiO, CPs in the bullet-like photonic microobjects.
The spacing at the head region is slightly larger than that at the
tail part. The reflection peak of the head is red-shifted

15973

compared to that of the tail part. The maximum wavelength
(A) of the reflected color was estimated by the Bragg equation
for a normal-incident beam onto the (111) plane of an fcc
structure:'®

A= Zdneff

z 1/3 3 1/2
- [m] (5) D(#ap + rpgrora(l = $))
(1)

where n. is the effective refractive index of the photonic
microobject. D is the diameter of the SiO, CP. ¢ represents
the volume fraction of the SiO, CP. ngy, and n grpra are the
refractive indices of the SiO, CP (1.45) and pETPTA matrix
material (1.47)."® D = 170 nm, ¢ = 0.23 or 0.32. The A values
were calculated at 602 and 539 nm, which were closely
consistent with the experimental results. The SiO, CPs are
orderly packed into a hexagonal array in the whole region of
the photonic microobjects (Figure 1g—i).

3.2. Preparation of the Bullet-Like Dual-Stopband
Photonic Microobjects. The integration of the dual-
stopband structure by protective etching of the bullet-like
photonic microobject was achieved as shown in Figure 2a. The
as-prepared, bullet-like, photonic microobjects were adhered at
the bottom sides onto a polyimide double-sided tape, ensuring
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and optical (d,e reflection and transmission modes) and microscopy images of the bullet-like dual-stopband Janus photonic microobject immersed
in ruthenium polymer solution for 20 h. (c) Fluorescence spectra of the ruthenium-functionalized bullet-like Janus photonic microobject.

upward orientation. A certain amount of water was fed to
partially immerse the arrayed microobjects, followed by
solidification at —20 °C. A certain amount of PS solution in
CH,Cl, was fed to completely fill the array. After evaporation
of CH,Cl,, the head part of the array was completely
embedded and thus protected with the PS film. After elevating
the temperature to melt the ice, the PS-protected array was
removed and loaded in HF solution for the selective etching
(more careful operation!). After SiO, CPs were etched, the
inverse opal structure was generated on the surface at the tail
part. This protection was not only effective on the surface but
also effectively slowed the diffusion of HF into the interior of
the protected area (Figure S10). Both opal and inverse opal
structures were thus integrated at the bullet-like Janus photonic
microobject (Figure S11a). The etching became slower from
the initial rate of ~1.78 to ~0.23 um/min with the etching
depth (Figure S11b). At an early stage of the etching, the
inverse opal structure coexists with the beneath opal structure
at the tail part. In comparison with the close-packed SiO, CPs,
the non-close-packed structure requires a longer time to
achieve the desired etching degree. It is worth mentioning that
the etching depth does not affect the optical properties of the
photonic microobject (Figure S12). With further prolonging
the etching time to S h, the etching was beyond control to
influence the SiO, CPs at the protected region. As a result, the
boundary between inverse opal and opal structures becomes
less distinct (Figure S13).
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The mother photonic microobject displays red under an
optical microscope, and the derived dual-stopband Janus
photonic microobject demonstrates red and green colors
(reflection mode) at the two parts after 1 h of etching (Figure
2b). The corresponding golden yellow and deep red are shown
in transmission mode (Figure 2c). After the removal of the
SiO, CPs, the reflective peak shifts blue with the stopband
broadening due to the increased refractive index mismatch.
The reflection peak shifts from 620 to 540 nm with the etching
(Figure 2d). The resultant photonic microobjects show two
peaks at 540 and 620 nm (Figure 2e). This method is also
applicable to smaller photonic microobjects (Figure S14). The
structural color of the dual-stopband Janus photonic micro-
object is angle-independent and does not change with the
viewing angle (Figure S15). Similarly, the initial green
photonic microobject was converted into the heterogeneous
microobject with two reflection peaks at 545 and 475 nm
(Figure S16). After etching SiO, CPs at the tail part,
macropores are present under SEM (Figure 2fg). No
macropores are found at the protected part. There exists a
distinct boundary between the two regions. Figure 2h
illustrates the transformation of the initial photonic micro-
object with a single stopband into dual stopbands.

3.3. Control of the Stopbands. The structural color
originates from the selective reflection of visible light by
periodically ordered structures with a dielectric contrast.” It
is of great significance to fine-tune the structural colors of
artificial photonic microobjects. In the current case, the
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Figure S. (a,b) Schematic figure, optical (reflection mode), and fluorescence microscopy images of the bullet-like Janus photonic microobjects with
different encoded information. (c,d) Schematic figure and optical (reflection mode) microscopy images of the bullet-like Janus photonic
microobjects array with encoded information. (e) Photograph of the five-digital number at the bank card after being covered and substituted by an
array of the bullet-like Janus photonic microobjects. (f) Optical (reflection mode) and fluorescence microscopy images of the array encoding under

the two modes.

stopband behavior of the bullet-like Janus photonic micro-
objects can be readily tuned by altering the protection and
etching degrees. The degree of protection of the opal structure
can be controlled by the amount of water used to immerse the
tail part (Figure S18). A small amount of water leads to a small
portion of the inverse opal structure in the dual-stopband Janus
photonic microobject. The portion of inverse opal (L,) is
tunable, as shown in Figure 3a, achieving a series of bullet-like
Janus photonic microobjects with a “red—green” (R-G)
structure. Similarly, etching can be conducted at the head
region of the bullet-like photonic microobject to generate the
corresponding “green—red” (G-R) structure (Figure S19).
On the other hand, when the PS solution in CH,Cl, was
insufficient to cover the whole head region of the array,
protection of the middle part of the bullet-like photonic
microobjects was achieved. The opposite parts of the photonic
microobjects were selectively etched, as shown in Figure 3b
(top). The bullet-like Janus photonic microobject of the
“green—red—green” (G-R-G) structure was achieved (Figure
3b [middle]). Figure 3b (bottom) illustrates the process of
generating the G-R-G structure. Alternatively, while protecting
both ends of the initial single stopband photonic microobject
with rubber tubes (Figure 3c [top]), the corresponding “red—
green—red” (R-G-R) structure was achieved by etching (Figure
3c [middle]). This process is illustrated in Figure 3c (bottom).
Reflection spectra of the R-G-R and G-R-G structures are
shown in Figure S20. Therefore, the simple controllable
protection provides a convenient method to achieve a family of
bullet-like Janus photonic microobjects with varied structures
and thus stopband performances (Figure S21). For anisotropic
bullet-like photonic microobjects, the orientation is indeed an
important influencing factor. The microobjects need to be
fixed with double-sided tape in the early stage, and it cannot be
guaranteed that all the microobjects are in the same
orientation. Undoubtedly, this is a simple and effective
approach that paves the way for the design and building of
other miniaturized devices. Therefore, how to better control
the orientation of photonic microobjects and make selective
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etching methods widely applicable is under our consideration
and further investigation.

3.4. Functionalization of the Photonic Microobjects.
Functionalization is achieved by filling the macropores in the
inverse opal region with desired materials. As reported, the
deposition of gold or aluminum in the photonic porous
structure of the etched microsphere imparts plasmonic color
and electrical responsiveness.”* It is interesting to fill
ruthenium-functionalized polymers within the inverse opal
structure owing to their multifunctionalities of thermores-
ponsiveness, catalysis, and fluorescence performance.’® After
immersion of the dual-stopband microobject in an aqueous
solution of the ruthenium-functionalized polymer, the micro-
object could be readily modified with fluorescence perform-
ance, as illustrated in Figure 4a. The inverse opal region is filled
with the ruthenium-functionalized polymer, displaying a
stronger fluorescence signal (Figure 4b). In addition, the
negative charge of SiO, CPs can interact with and absorb the
ruthenium-functionalized polymers via electrostatic interaction
(Figures S22 and S23). The fluorescence spectra of bullet-like
Janus photonic microobjects are shown in Figure 4c. The
corresponding optical microscopy images are shown in Figure
4d,e. The structural color and reflection spectra of the
photonic microobject are less influenced by filling the
ruthenium polymer (Figures S24 and S25), implying that the
two signals are orthogonal. This fact is important for
information anticounterfeiting.

3.5. Information Coding and Anticounterfeiting.
Positions of the opal and inverse opal parts and the volume
ratio in the Janus photonic microobjects are tunable, providing
a huge potential in information encoding. The bullet-like Janus
photonic microobjects with varied structures and fluorescence
properties are shown in Figure Sab. A Janus photonic
microobject with a protected-to-etched ratio of 1/2 was
selected as the example. The structure was endowed by writing
the information on “1” (Table S1). The bullet-like Janus
photonic microobjects were arrayed in a mold according to the
designed program. As shown in Figure Sc, the information was
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read as “1243S5” Precision acquisition of the information by
structural color was further enhanced by fluorescence
information. As shown in Figure S5d, the information on
“32105” was read solely by the structural color. The exact
information on “3270P” was read by combinational fluo-
rescence information, as shown in Figure S26. Therefore,
authentication was applied in the information encoding.
Combinational information on “32105” from the reflection
mode and “3270P” from the fluorescence mode determines a
safety password. The hidden password could be exactly
determined by the dual modes, implying a high level of
information confidentiality.

Surfaces of different cards were applied for information
encoding and anticounterfeiting by the Janus photonic
microobjects. After covering a five-digit number on the bank
card with a mold, the card number information was substituted
by an ordered array of bullet-like Janus photonic microobjects,
as shown in Figure Se. Both optical images of the reflection
mode (left) and fluorescence microscopy (right) of the array
are shown in Figure 5f. The digital information could be read
through the encoding, as shown in Table S1. The information
on “02632” was read from the structural color under the
reflection mode, while the hidden message of “08692” was
encoded under the fluorescence mode. The combinational
encoding reveals the exact information on “08692” on the bank
card.

4. CONCLUSIONS

We have proposed a facile method to generate anisotropic
Janus photonic microobjects with a dual stopband through a
controllable etching process under protection. SiO, CPs/
ETPTA composite bullet-like photonic microobjects with a
single stopband were fabricated using a T-type microfluidic
device. A subsequent controllable etching of the SiO, CPs
under protection was conducted to achieve the inverse opal
structure, rendering dual-stopband performance at bisegmental
microobjects (“red—green” [R-G] or “green—red” [G-R]) or
trisegmental microobjects (“green—red—green” [G-R-G] or
“red—green—red” [R-G-R]). Ruthenium polymers were filled
within the inverse opal region to render the dual-stopband
Janus photonic microobjects fluorescence performance. The
combination of the stopband behavior and fluorescence
performance using the bullet-like Janus photonic microobject
arrays makes information storage and encoding easier with
fidelity. The Janus photonic microobjects are highly potential
in digital display and anticounterfeiting. The strategy is
generally to construct more complex photonic microobjects
in huge data encoding and anticounterfeiting. The manufactur-
ing of bullet-like dual-stopband Janus photonic microobjects
has shown considerable benefits with this approach, but it can
still be improved; future optimization efforts should focus on
achieving flexible control of the orientation of anisotropic
photonic microobjects, for example, by adding magnetic
components, which would open the door to large-scale
manufacturing.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.4c20550.

TEM image and zeta potential of the SiO, CP; 'H NMR
spectrum and GPC trace of pNIPAAm-co-Ru(bpy);

optical microscopy images of the bullet-like dual-
stopband Janus photonic microobjects of varied etching
degrees; optical microscopy images of the cross-section
of the bullet-like photonic microobjects after different
etching periods; optical microscopy images and
reflection spectra of green bullet-like photonic micro-
objects before and after etching; reflection spectra of R-
G-R and G-R-G bullet-like dual-stopband Janus
photonic microobjects; fluorescence microscopy image
of an array of the bullet-like Janus photonic micro-
objects; encoding by the bullet-like photonic micro-
objects (PDF)

Depiction of the dispersed phase formed a jet in the
channel, resulting in uneven spherical droplets when the
continuous phase flow rate is low (MP4)
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obtained had good monodispersity, as the flow rate of
the continuous phase increased (MP4)
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