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ABSTRACT: The design and development of Janus suprabeads (JSs) with multiple
responses are highly desirable in the fabrication of functional nanomaterials. In this work, we
report a triphase microfluidic strategy for the construction of JSs with temperature-
magnetism-optics triple responses. Initially, macromonomer poly(methacrylic acid) (PMAA)
obtained via catalytic chain transfer polymerization (CCTP) was grafted onto the polystyrene
(PS) colloidal photonic crystals (CPCs) surface. Because abundant carboxylic acid groups in
PMAA could coordinate cadmium ions for in situ production of fluorescent CdS quantum
dots (QDs) after introducing sulfur ions, the as-prepared JSs were endowed with favorable
optical properties. Meanwhile, the as-prepared Cd**/PS CPCs were employed as a template
to build JSs with temperature-magnetism sensitivity via the introduction of magnetic Fe;O,
and hydrogels. Finally, the fluorescence pattern was easily performed by using chalcogenides
as “ink” to write on the pad, in which in situ reaction mechanism was involved in the
response. The multiple responsive JSs show promising applications in sensor, display, and

anticounterfeit fields.
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B INTRODUCTION

The construction of Janus suprabeads (JSs) based on colloidal
photonic crystals (CPCs) has received increasing attention
because of their versatile applications in remote manipula-
tion,"™* smart nanomaterials (e.g., biological sensors,”® nano-
motors’), complex structures, and switchable display devi-
ces.”!* To date, a great many routes have been developed to
fabricate JSs, including self-assembly, microfluidics, biphasic
electrified jetting, protonation—deprotonation cycling, emul-
sion polymerization, etc.'*”>* Among them, microfluidic
technology as a powerful platform to fabricate JSs with diverse
architectures/geometry and versatile functions is vital and
efficient because of its simplicity, good repeatability, and high
stability.>>~>” Especially, the construction of CPCs-derived JSs
is particular interest due to their unique optical performance. In
this respect, Nisisako et al. devised bicolored Janus particles
having asymmetric charge distribution and electrical actuation
by 2D microfluidic technology for display panel.*® Elaissari
group employed miniemulsion polymerization to prepare
diverse anisotropic Janus particles with magnetism or
fluorescence response. >~'” Yang et al. reported the synthesis
of Janus balls with electro-responsive photonic performance via
optofluidic method, which could be also applied in the display
field”” Previously, our group employed multiple phase
microfluidic technology to construct a series of Janus
microbeads with dual responses by integrating versatile
ionomer-based units, monodisperse CPCs, and functional
nanoparticles.>*~*> However, it is still crucial to simultaneously
realize controllable photonic band gaps (PBGs) and multiple
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responses (e.g., magnetic, optical, and thermal) in a single unit
for environmental monitor or sensor.

Herein, we first time demonstrate an easy-to-perform
microfluidic method enabling the assembly of temperature-
magnetism-optics triple sensitivity into a single JS. In order to
accomplish this triple response JS, we used Cd**-loaded
polystyrene (PS) CPCs, N-isopropylacrylamide (NIPAm) and
Fe;0, nanoparticles as building blocks in the assembly process.
Initially, core—shell structured CPCs polystyrene-co-poly-
(methacrylic acid) (PS—PMAA) were obtained from mono-
dispersed PS core and PMAA macromolecules by introducing
styrene monomers in the free radical polymerization process.
And then, a triphase microfluidic technology was set up to build
responsive JSs via coupling magnet and quantum dots (QDs).
The successful construction of JSs structures mainly relied on
the government of interfacial free energies, which could be
realized by optimizing the concentration of surfactants in
aqueous solution. Through the magnetic characteristic of JSs,
the magnetoresponsive switch could be achieved by free-writing
on the well-defined panel substrate with a magnetic pen.
Besides the magnet response, an on-demand fluorescent
pattern was quickly and responsively displayed by a reaction-
induced response process. The process was accomplished by
the introduction of chalcogenides into ]Ss, suggesting an
alternative way to selectively and effectively assemble QDs-
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Figure 1. (a) Schematic illustration of the in situ generation of CdS-loaded CPC latex. (b, c) Design of the flow-focusing microfluidic devices to
assembly fluorescence suprabeads and temperature-magnetism functional CPC JSs, respectively. (d) The applications of JSs as switches and sensor

displays.

integrated CPCs. More importantly, these JSs could be applied
to construct multiple functional displays with temperature-
magnetism-optics triple sensitivity. The fundamental principle
and technological design derived from this study will facilitate
the progress in the field of optoelectronic devices and sensors.

B EXPERIMENTAL SECTION

Chemicals and Materials. Styrene (St) and methacrylic acid
(MAA) were purified with distillation under reduced vacuum to
remove impurities. Initiators 2, 2’-azobis [2-(2-imidazolin-2-yl)-
propane]dihydrochloride (VA-044) was recrystallized in ethanol.
Potassium persulfate (KPS), cadmium perchlorate hexahydrate
(CdCl,-6H,0), sodium sulfide (Na,S-9H,0), n-hexane, polyvinylpyr-
rolidone (PVP), N-isopropylacrylamide (NIPAm), methylsilicone oil,
N,N’-methylenebis(acrylamide) (MBA), ethoxylated trimethylolpro-
pane triacrylate (TMPTA, average M, = 428), surfactant (OP-10),
Fe;0, (20 nm), and photoinitiator were supplied by Aldrich and used
as received. Ultrapure water (18 MQ cm) from a Milli-Q water system
was used throughout the experiments. Bis(aqua)bis((difuoroboryl)-
dimethylglyoximato)cobalt (CoBF) was employed in the synthesis of
PMAA macromonomer according to our prev10us work.*

Preparation of PMAA Macromonomer via Catalytic Chain
Transfer Polymerization. The PMAA macromonomer was synthe-
sized via catalytic chain transfer polymerization (CCTP) as described
previously.* Briefly, deionized water (150 g), azo-initiator VA-044
(0.3 g), and CoBF (13 mg) dissolved in acetone (2 mL) were added
into a 500 mL flask equipped with a magnetic stirrer. For the thorough
elimination of oxygen, the flask was consecutively evacuated and
purged with high purity nitrogen six freeze—pump—thaw cycles,
followed by heating the solution to about 55 °C under continuous
stirring. One hour later, an amount of MAA mixed with CoBF (7.5
mg) was added by a syringe. The reaction continued at 5§ °C for 1 h
and was stopped immediately by ice water. After that, the PMAA
macromonomer was isolated by diethyl ether, followed by centrifuging
and drying under vacuum.

Synthesis of Monodisperse Functionalized PS—PMAA
Microspheres. The synthesis of PS—PMAA microspheres was
achieved in this work by emulsion polymerization. First, 5.0 g of St,
0.24 g of PVP, and 100 g of H,0O were added in a 250 mL four-necked
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flask equipped with a condenser and continuous stirring. Then, 0.03 g
KPS dissolved in 15 g of DI water was slowly added and the reaction
was initiated by increasing the temperature to 98 °C. Two hours later,
0.03 g of as-prepared PMAA macromonomers, 0.5 g of St and S g of
DI water were added dropwise. Finally, the solution of KPS (0.01 g)
dissolved in 4.0 g of DI water was added slowly. And, the reaction was
terminated after about 1 h. The resulting emulsion was purified with a
200 mesh nylon net to remove minor traces of aggregation.

In Situ Synthesis of CdS QD-Loaded Fluorescent Micro-
spheres. The typical procedure to synthesis of CdS QD-loaded PS—
PMAA hybrid latex was carried out as follows. Initially, the as-prepared
PS—PMAA was deprotonated in 1 M KOH aqueous solution and the
pH of the solution was adjusted to neutral. The excess OH™ was
removed by centrifugal washing with DI water several times. Next, the
latex was treated with 0.1 M CdCl,-H,O to conduct ion-exchange
between Cd?* and K*, followed by the rinse with water to remove
excess Cd?*. Finally, an amount of 0.1 M Na,S-9H,0 aqueous solution
was added in the purified Cd**-loaded hybrid latex for the reaction
(~1 h). The as-obtained fluorescent latex was further purified by
centrifugation to remove weakly attached CdS QDs.

Preparation of Fluorescent Suprabeads and Multifunctional
JSs by Microfluidic Device. To generate the suprabeads, a
microfluidic device was fabricated with a cylindrical polydimethylsilox-
ane (PDMS) capillary and inner cylindrical 25 G steel needles.
Discontinuous and continuous phases were introduced into the needle
and the PDMS tube, respectively. For the assembly of fluorescent
suprabeads, QDs-loaded CPC latexes were used as the discontinuous
phase, while methylsilicone oil was used as the continuous phase and
collection phase. The continuous phase broke the inner solutions at
the tip of the needle, forming uniform droplets. The fluorescent
suprabeads were obtained after solvent evaporation at room
temperature (RT) overnight. For the assembly of multifunctional
JSs, two discontinuous phases, a solution of Cd**/PS hybrid latex (30
wt %), Am (0.2 wt %), monomers NIPAm (10 wt %), crosss-linker
MBA (0.02 wt %), surfactant, aqueous photoinitiator 2959 (0.2 wt %),
and a mixture of monomers TMPTA, Fe;O, nanoparticles (8 mg/
mL), and oil-soluble photoinitiator were introduced into the two
needles, respectively. Methylsilicone oil was chosen as the continuous
phase. Continuous uniform biphasic droplets formed at the tip of two
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Figure 2. (a) FT-IR spectra of PS microspheres (curve 1), PS=PMAA microspheres (curve 2), and PMAA macromonomers prepared via CCTP
(curve 3). (b) UV—vis absorption and PL spectra of CdS/PS—PMAA hybrid latex. (c) TEM images of CdS/PS—PMAA microspheres (the inset is
the magnification). (d) XRD spectra of pure PS microspheres (red) and CdS/PS—PMAA hybrid microspheres (black).

needles, followed introducing UV light to photopolymerize.® The
temperature- and magnetic-responsive JSs were finally fabricated.

Characterizations. Fourier transform infrared (FT-IR) spectra
were performed on a Nicolet 6700 FT-IR spectrometer to identify the
chemical structures of PS=PMAA microspheres. The crystallographic
information on the prepared fluorescent CPCs was measured through
the power X-ray diffraction (XRD). A Hitachi SEM (scanning electron
microscopy) S-4800 was used in a high vacaum mode. A Varian Cary
Eclipse spectrophotometer was used in Photoluminescence (PL)
measurements. Ultraviolet—visible (UV—vis) absorption spectra were
taken with a Perkin-Elmer Lambda 900 UV—vis spectrometer.
Transmission electron microscopic (TEM) observation was performed
with a JEOL JEM-2010 transmission electron microscope to observe
the crystal structure of nanocrystalline on the surface of latex particles.
The optical and fluorescence images of the beads were taken using
stereoscopic microscope (SMZ800) and confocal microscope,
respectively.

B RESULTS AND DISCUSSION

To construct temperature-magnetism-optics triple sensitivity
CPC JSs, two kinds of building blocks were employed, i.e.,
monodisperse PS microspheres and Fe;O, nanoparticles. First,
uniform PS microspheres were utilized as template for in situ
generation of QD-loaded CdS/PS—PMAA hybrid fluorescent
microspheres. As shown in Figure la, the PMAA macro-
monomer is first grafted onto the surface of microspheres. It
should be noted that the high purity PMAA with terminal
double bond groups and abundant carboxylic acid groups was
synthesized via CCTP technique.*® The feature of PMAA
macromonomer allowed them to graft on the PS surface
through the copolymerization with styrene monomers. More
importantly, abundant carboxylic acid groups could efficiently
capture guest metal ion, achieving a higher concentration of
QDs-loaded PS microspheres than traditional method.*” >’
Indeed, when the PS—PMAA microspheres were immersed
into the aqueous solution containing Cd*, a Cd**/PS—PMAA
microsphere complex was obtained. And then, the as-prepared
Cd**/PS—PMAA further reacted with aqueous chalcogenide
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(Na,S solution) at RT to form a fluorescent CdS/PS—PMAA
microsphere (II), which could serve as an independent
microreactor.>”

On the basis of the above results, we focused on the
construction of suprabeads with dual optical performance of
structure color and fluorescence in an easy-to-perform
microfluidic method (Figure 1b). When these suprabeads
were exposed under the light with different wavelengths, they
would present varied colors. For instance, they showed red
CPC structure color under daylight, whereas they displayed
light-yellow fluorescence under ultraviolet light (365 nm).
Therefore, the suprabeads with the ability of electronic
confinement from the CdS QDs, coupled with photon
confinement that arised from the PBGs of the long-range
ordered arrays, show great promising applications for optical
switching materials.

Moreover, the Cd**/PS—PMAA complexes were able to be
used as building blocks to accomplish temperature-magnetism
dual responsive JSs through a triphase microfluidic method. As
shown in Figure 1c, the red part represents an aqueous solution
containing the Cd**/PS—PMAA, NIPAm thermal monomer,
initiator, and surfactant, while the brown color fluid indicates
trimethylolpropane triacrylate (TMPTA) monomer, Fe;O,
nanoparticle, and initiator. To achieve Janus morphology by
biphasic droplets, the surface tensions of the two parallel phases
should be close. However, it is well-known that the surface
tension of the aqueous phase is generally much greater than the
oil phase. Thus, appropriate amount of surfactant was
introduced in the aqueous phase to regulate surface tension,
and finally accomplishing JSs structures."***** The solvent
evaporation and UV-initiated in situ polymerization afforded
JSs droplets with both structure color of CPCs and super-
paramagnetic properties. Additionally, the filling of the
thermosensitive polymer in the CPC structure offered these
JSs with controllable PBGs and temperature sensitivity. To the
best of our knowledge, this is the first example to assemble
temperature-magnetism dual response CPC JSs.
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Figure 3. (a—c) Optical micrographs of suprabeads fabricated from PS—PMAA microspheres with different diameter. The scale bars are 350, 380,
and 480 pm, respectively. (d) Fluorescent micrograph of CdS hybrid suprabeads (scale bar = 200 ym). (e) Corresponding reflection spectra curves

of the suprabead samples shown in a—d.

Interestingly, these temperature-magnetism dual response JSs
can act as an independent pixel unit in the multipixel array and
easily switch and rotate to realize free-writing on the flat panel
by a magnetic pen. As shown in Figure 1d, the letters “JA” are
successfully and freely written in the plane substrate. The as-
prepared JSs not only show magnetism response when a
magnetic pen writes on the panel, but also display reversible
temperature response toward color change from red to green
when the temperature rises. In addition, after writing with “ink”
of chalcogenide ions, the pattern “JA” demonstrates lumines-
cence with bright yellow color under UV light. Notably,
although we introduced various components into JSs, their
structure color always kept well, facilitating the fabrication of
multiple responses for optical switch display under desired
conditions.

Figure 2a demonstrates the FT-IR spectra of pure PS
microspheres, macromonomer PMAA, and PS—PMAA micro-
spheres. As shown in curve 2, a typical C=O stretching
vibration at 1640 cm™' confirms the graft of the macro-
monomer PMAA onto the surface of PS microspheres,
successfully forming PS—PMAA core—shell microspheres.*®
After the introduction of sulfur ions at RT, the fluorescent CdS
QDs were in situ prepared and encapsulated in PS—PMAA
matrix to form hybrid microspheres.*”*' Figure 2b shows UV—
vis absorption and fluorescent spectra of the resulting CdS/
PS—PMAA hybrid latex. A broad photoluminescent emission
around 540 nm with the excitation wavelength at 360 nm also
indicates the formation of the CdS QDs. Moreover, trans-
mission electron microscopic (TEM) was employed to directly
visualize the morphology of CdS QDs. As shown in Figure 2c,
well-dispersed CdS QDs without any aggregation are clearly
observed due to the advantages of macromonomer PMAA with
abundant carboxylic acid groups to stabilize the nanoparticles.*
The structure of CdS QDs was further characterized by XRD.
Compared with the diffraction feature of the PS microspheres
(Figure 2d), the pattern of CdS hybrid exhibits characteristic
peaks at scattering angles of 26.28, 43.62, and 52.04°, consistent
with scattering from the (111), (220), and (311) planes of a
cubic CdS crystal lattice, respectively. The average crystallite

size of CdS QDs is ~3.1 nm calculated via Scherrer equation,*
in good agreement with the TEM results.

It is well-known that the structure color of the CPC
suprabeads is determined by the size of assembly units. Thus,
the different diameter of PS—PMAA colloids will induce
variable reflex colors. As shown in Figure 3a—c, the CPC
suprabeads present blue, green, and red colors, assembled from
PS—PMAA colloids with the diameters of (a) 190, (b) 220, and
(c) 280 nm, respectively. It can be clearly found that the
ordered and orbicular suprabeads take on unique iridescent
surface color. Also, as mentioned above, the suprabeads show
yellow fluorescence (Figure 2b) after in situ generation of CdS
QDs in polymer matrix. Figure 3d represents the fluorescent
image of CdS hybrid suprabeads assembled from the PS—
PMAA colloids with particle diameter of 280 nm. Figure 3e
reveals the corresponding reflection spectra of CPC suprabeads
in Figure 3a—d. When the size of assembly units (ie., PS—
PMAA colloids) increases, the reflex peak shifts to red.
However, an abnormal red shift of reflex peak is found in
curve d of Figure 3e because the size of assembly units was the
same between samples ¢ and d, which could be attributed to the
increase in refractive index due to the presence of CdS QDs on
the surface of CPCs.*

Subsequently, magnetic thermosensitive multifunctional
CPC ]Ss were accomplished via a triphase microfluidic device
(Figures lc and 4a). After the introduction of Fe;O,
nanoparticles (20 nm) and photopolymerization of NIPAm,
the as-obtained JSs demonstrate both magnetism and tunable
structure color along with temperature variation (Figure 4b).
The SEM image of the JS shows a distinct boundary without
diffusion around the equator (Figure 4b inset and c). To probe
the effect of gels on the morphology of JSs, we further used
SEM images to observe the assembly morphology before
(Figure 4d) and after (Figure 4e) polymerization of NIPAm. As
shown in Figure 4e, the microspheres are filled in the
framework of gels, which further suggests the successful
polymerization of NIPAm monomers and the complete
replacement of the air space by gels in the CPC structure.*
The controlled PBGs and thermosensitivity of the as-prepared
JSs are attributed to the hydrogel framework filled in the CPC
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Figure 4. (a) Schematic illustration of the in situ preparation of JSs.
(b) Optical micrograph of the bifunctional JSs (scale bar = 400 ym).
Inset: a SEM image of a JS. (c) Magnified SEM image of the equator
part of a JS. (d, e) SEM photographs of a JS in the CPC part before
and after polymerization.

structures. Previously, some thermosensitive suprabeads, such
as monodisperse gel-immobilized CPC spheres and double
emulsions with colloidal crystal shells have been achieved;***
however, this work is the first example to construct JSs with the
properties that combined structure color, temperature
response, and magnetism sensitivity together. Consequently,
the as-prepared multifunctional JSs may find diverse
applications in environmental sensor.

To investigate the temperature response mechanism for the
periodical PBGs change, we observed the suprabeads by optical
microscopy under external circulating temperature stimuli. As
shown in Figure Sa, when the temperature varies from 46 to 35,
32, and 20 °C, the color of the suprabead turns from green to
yellow, orange, and red. Because PNIPAm is thermosensitive
gel with critical transition temperature of 32 °C, when the gels

are immersed into water above this temperature, deswelling
immediately occurs at the gel surface. On the contrary, they
become hydrophilic below this temperature.**™** Figure Sb
shows the reflection spectra of suprabeads exposed at 46, 35,
32, and 20 °C. When temperature decreases, the PNIPAm-
immobilized CPC suprabead starts to rapidly swell, obviously
causing the red shift of PBGs. Notably, both the structure color
and reflex spectra are reversible when the temperature
decreases again. Figure Sc demonstrates the diameter of the
suprabead under different temperature, indicating the decrease
in diameter along with the increase in temperature. The
PNIPAm gel becomes more hydrophobic and denser under
higher temperature, leading to a decrease in water permeability
and the size reduction of suprabead.‘m’45 In addtion, because
the thermosensitive range is close to the body temperature,
coupled with the low toxicity and biocompatibility of PNIPAm,
the suprabeads show promise for the in vitro medical
applications.

In addition, the shift of reflex peak also can be theoretically
derived from Bragg diffraction equation

A =2nd, (1)
where / is the Bragg wavelength, n_ is the refractive index of the
colloidal crystals, and d; is the interplanar spacing of CPC
lattice planes. The value of dj is estimated by

1/3
g -[2LL)
9\/5 Vp (2)

where v, is the particle volume fraction and d; is the particle

diameter. The value of n_ is given by

n.=ny +n 1+ v, (3)
where n is the refractive index, v is the volume fraction, and p,
pol, and w indicate nanoparticles, thermosensitive gel, and
water, respectively. Because n, (1.59) > n,y (1.45) > n,, (1.33),
the reflex peak shifts to red/blue when the gels absorb/lose
water, in agreement with Figure Sb. Thus, CPC suprabeads
encapsulated in soft hydrogels with tunable PBGs could quickly
distinguish temperature visually compared to traditional
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Finally, we attempted to explore the application of as-
prepared JSs for responsive display. Taking the advantage of the
magnetic response (M-R), the orientation and motion of JSs
could be smoothly switched under variable magnetic fields,
allowing them to be pixel units in suprabeads display. For
instance, when the rotation axis of the magnet is perpendicular
to the substrate, the JSs rotate without any physical translation
(Figure 6a).* During the changing cycles of temperature, the
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Figure 6. (a) Schematic illustration of the rotational motion of JS
under an external magnetic field by a rotating magnet. (b) Reversible
color changes of the JS at varied temperature. (c—f) I-pad prepared
from multifunctional JSs at (c) “off” state and (d—f) “on” state. (d, e)
Optical images of JSs at 46 and 20 °C. (f) Confocal microscopy images
of JSs written with chalcogenides.

display color is reversible (Figure 6b). Therefore, the as-
obtained pad can simply show images via free-writing based on
magenetoresponse, resulting in “off” (Figure 6c) and “on” state
(Figure 6d—f). Besides the magnetic response, the pad
constructed by JSs can also display based on temperature
response (Figure 6d, e), allowing the pad to smartly switch.
Another advantage of these JSs is facile access to gain patterns
via reaction-induced response. When these JSs are written with
chalcogenide, it can be realized the dual optics response (O-R)
JSs with both the electronic confinement and photon
confinement (Figure 6e, f). These JSs panel displays bright
yellow color under UV—vis (Figure 6f), but shows bright CPC
structure color (Figure 6e), thereby being potentially useful for
anticounterfeit and display with multiple responses.

B CONCLUSION

In summary, we have in situ fabricated JSs with temperature-
magnetism-optics triple sensitivity via an easy-to-perform
microfluidic technology. The introduction of thermo-sensitivity
monomer and magnetic nanoparticle endows the JSs with
various responses to external stimuli. And the JSs can be
manipulated to achieve free-writing on the well-defined panel
under an external magnetic field. More importantly, taking the
unique feature of PMAA marcomonomer to coordinate metal
ions, we first realized the in situ fabrication of fluorescent CPC

suprabeads with high uptake QDs. This process provides a
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promising pathway to construct QD-integrated suprabeads and
microreactor. To the best of our knowledge, this is the first
report to generate the thermosensitivity, fluorescence, and
magnetism multiple response Janus sensor displays. We believe
this technique can open up ways to design more complex and
multifunctional units and offer potential applications in smart
display, environmental monitor as well as image codes for
anticounterfeiting.
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