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A B S T R A C T

In the last decade, photonic structures based on responsive poly(ethylene glycol) (PEG)-analogues have drawn 
considerable attention. Nevertheless, the majority of reports concentrate on building 2D-like film-based photonic 
structures and lack multifunctionality. In this work, we report the construction of multifunctionalized PEG- 
analogues hydrogel-based photonic microspheres with an inverse opal structure. Opal-structured photonic mi
crospheres (OSPMs) were firstly created using microfluidics-produced droplets of an aqueous dispersion of SiO2 
colloidal particles (CPs) as templates. The OSPMs were sequentially subjected to monomer infiltration, UV- 
induced polymerization and crosslinking, and wet etching of the SiO2 CP building blocks, ultimately produc
ing inverse opal photonic microspheres (IOPMs) with pH- and thermoresponsiveness. The IOPMs have a broad 
thermal operating window and can detect temperatures as high as 75 ◦C. The carboxylic acid groups in the 
skeleton of the IOPMs were further utilized to bind with positively charged compounds, such as ruthenium- 
functionalized polymers with fluorescence. The photonic microspheres are expected to show promising pros
pects in advanced sensing, visual temperature detection, anti-counterfeiting, and other related fields.

1. Introduction

Sensor is a device that can detect the information of objects and 
convert the information into electrical signals or other forms of outputs 
according to analytical rules [1,2]. Temperature, as an important 
physiological signal, can be used to evaluate the health status of our 
human body. Not only that, thermosensors also play an indispensable 
role in meteorological observation, agricultural planting, food safety, 
and other fields [3]. Hydrogels have excellent flexibility, biocompati
bility and structural designability, and play an important role in the field 
of temperature sensing [4]. For example, Pang et al. developed a double 
network hydrogel composed of polyvinylpyrrolidone (PVP)/tannic acid 

(TA)/Fe3 + and a thermoresponsive poly (N-iso
propylacrylamide-co-acrylamide) (P(NIPAAm-co-AM)) network. Tem
perature changes altered ion mobility, modulating the hydrogel’s 
resistance [5]. Thermoresponsive hydrogels primarily monitor temper
ature changes by responding to mechanical variations and converting 
them into resistance changes, capacitance changes, or charge genera
tion. However, there are issues with these conventional thermosensors, 
such as low detection efficiencies and the need for specialized and 
complex analytical equipments [6]. Inspired by the structural color 
changes of response photonic structures in our natural world, 
hydrogel-based photonic sensors have attracted extensive attention 
[7–11]. Though different building blocks, such as colloids, and linear 
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polymers, can be employed to create various photonic structures, 
colloidal photonic structures have received the most attention because 
of their simple synthesis, easy for upscale production, and customized 
properties for a wide range of applications [12–16]. Research on pho
tonic structures with multiple functions has increased due to the urgency 
of developing high-tech devices for multipurposes [17]. Polymer 
hydrogel-based inverse opal photonic structures have been the most 
extensively studied, despite photonic structures based on different 
colloidal building blocks and polymer matrix materials have been 
created [18,19]. This is because the copolymerization of monomers with 
different functionalities can easily yield diverse functionalized 
hydrogel-based photonic structures with distinct stimulus-responsive 
characteristics. Among them, one of the most studied photonic mate
rials is hydrogel-based photonic structures with thermoresponsive 
properties [20–22]. NIPAAm has been frequently employed to create 
thermoresponsive photonic structures. However, the lower critical so
lution temperature (LCST) of PNIPAAm-based polymers at ~ 32 ◦C may 
limit their temperature operating window to a very narrow range, 
restricting their uses that require a wider temperature operating window 
[23–25]. Although other hydrophilic monomers can be copolymerized 
with NIPAAm and extend the resultant photonic structures’ thermor
esponsive temperature up to ~ 50 ◦C, the constraints in the thermal 
response range still exist [26–28]. Alternatively, researchers have found 
that another analogues of poly(ethylene glycol) (PEG) derivative-based 
thermoresponsive polymer hydrogels have a remarkable wider LCST 
range between 26 ◦C and 90 ◦C by changing the combination of the 
monomers [18,20,29,30]. Even though a few researchers have built 
PEG-based thermoresponsive photonic structures, they have mostly 
focused on bulk photonic structures or two-dimensional (2D) films [18, 
31], which generally exhibit angle-dependent structural colors that are 
undesired in many scenarios [32–34]. Comparably, spherical photonic 
structures have angle-independent properties because of their spherical 
symmetry, which expands their range of possible uses [35]. To date, 
multifunctional PEG-analogue hydrogel-based 3D photonic micro
spheres have yet to be realized. Therefore, it is anticipated to develop 
hydrogel-based thermoresponsive photonic microparticles with a broad 
thermoresponsive window and possess the capacity to integrate multiple 
functions [36].

In this work, we report the creation of multifunctional PEG-analogue 
hydrogel-based photonic microspheres with an inverse opal structure by 
combining the droplet microfluidics and templating method. To fabri
cate the microspheres, uniform droplets of an aqueous suspension of 
monodispersed SiO2 CPs were fabricated by a glass capillary-based 
microfluidic device and collected and evaporated in a silicone oil. 
After solvent evaporation, the obtained opal-structured microspheres 
were submerged in a pregel solution containing PEG analogues (Oligo 
(ethylene glycol) methacrylate, OEGMA360,), acrylic acid (AAc), and 
crosslinkers, followed by UV light irradiation, stripping, and wet etching 
of the SiO2 CPs. The resultant inverse opal photonic microspheres 
(IOPMs) showed reversible responsive behaviors to temperature and pH 
stimuli. In particular, the microspheres have a wide temperature- 
responsive window between 20 and 75 ◦C, which is a significant boost 
when compared with conventional thermoresponsive photonic micro
spheres, and can be used as temperature sensors, especially in relatively 
high-temperature environments. Moreover, the negatively charged 
hydrogel skeleton P(OEGMA-co-AAc) can combine with a positively 
charged ruthenium polymer (pNIPAAm-co-Ru(bpy)3) to give the mi
crospheres new functions, such as fluorescence. As a proof-of-concept 
demonstration, these multifunctional IOPMs were further used as 
building blocks for various complex macrostructures, and showed great 
potential in the fields of advanced optical sensors and anticounterfeiting 
materials.

2. Experimental section

2.1. Materials

Ethanol (≥ 99.7 %), aqueous ammonia (≥ 28 %), tetraethyl ortho
silicate (TEOS, electronic grade), hydrofluoric acid (HF), N-iso
propylacrylamide (NIPAAm, 97 %), 2,2’-azobis(2-methyl propionitrile) 
(AIBN, 98 %), triethoxy-1H, 1 H, 2 H, 2H-tridecafluoro-n-octylsilane 
(TPFS, ≥ 99 %), acrylic acid (AAc), Oligo(ethylene glycol) methacry
late (OEGMA, Mn ~ 360), Di(ethylene glycol)methyl ether methacrylate 
(MEO2MA), Ethylene glycol dimethacrylate (EGDMA), and pH buffer 
solutions (pH values of 2.00 ± 0.02, 4.60 ± 0.02, 7.00 ± 0.02, 
9.6 ± 0.02, 12 ± 0.05) were purchased from Aladdin Co., Ltd (Shanghai, 
China). 2,2-diethoxy acetophenone (DEAP, > 95 %) was ordered from 
Sigma-Aldrich Co., Ltd (Shanghai, China). n-hexane was purchased from 
Shanghai Macklin Biochemical Co., Ltd (China). 4-Vinyl-4’-methyl-2,2’- 
bipyridine (99 %) was purchased from Ark Pharm, Inc (Libertyville, 
USA). Methyl-terminated fluorosilicone oil (ρ = 1.266 g/cm3, 1000 cSt) 
was purchased from Xinan Chemical Co., Ltd (Zhejiang, China). Silicone 
oil (100 cSt) was purchased from Dow Corning (Shanghai, China). 
Ruthenium (4-vinyl-4’-methyl-2,2’-bipyridine)bis(2,2’-bipyridine) bis 
(hexafluoro phosphate) [denoted as Ru(bpy)3] was synthesized 
accordingly [37]. Dialysis membrane tubing (MWCO: 8k− 14k Da) was 
provided by Fisher Scientific, Inc (Shanghai, China). All the reagents 
were used as received.

2.2. Construction of microfluidic device

The microfluidic device consists of two circular glass capillaries 
(580 µm inner diameter (I.D.) and 1 mm outer diameter (O.D.), from 
World Precision Instruments, inc. (Shanghai)) and one square glass 
capillary with an inner dimension of 1.05 mm (wall thickness of 
0.45 mm, from World Precision Instruments, inc. (Shanghai)). Briefly, a 
circular glass capillary tube was heated to form two blunt glass capil
laries, and the blunt fracture was polished to obtain two circular capil
laries with orifices of ~ 100 µm and ~ 350 µm, respectively. Then insert 
two circular capillaries into a square glass capillary tube, and the 
capillary with a larger orifice was used as an outlet collection tube. To 
ensure the stable generation of monodisperse emulsion droplets, the 
collection tube was treated by using the TPFS which can render the inner 
wall of the collection tube hydrophobic. Finally, we assembled them 
together using syringe needles and sealed them with epoxy resin adhe
sive to obtain microfluidic devices.

2.3. Synthesis and purification of SiO2 CPs

The SiO2 CP of various sizes was synthesized by the Stöber method 
[38]. Initially, 8 mL of aqueous ammonia (NH3⋅H2O), 3 mL of deionized 
water, and a certain amount 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 particle size can be adjusted by changing the 
amount of ethanol. The product was centrifuged at 6000 rpm for 10 min 
and washed with water. The purified SiO2 CP was dispersed in water for 
further use.

2.4. Fabrication of SiO2 CP-based opal-structured microspheres and 
hydrogel-based inverse opal photonic microspheres

The SiO2 CPs-based opal-structured microspheres were prepared by 
combining microfluidics with the solvent evaporation process. An 
aqueous suspension of SiO2 CP (15 wt%) and silicone oil/methyl- 
terminated fluorosilicone oil (MFO) (5.5:1 v/v) was used as the 
dispersed and continuous phases. The flow rates of the inner aqueous 
phase and external oil phase were 100 and 3000 μL/h, respectively. The 
resultant emulsion droplets were collected into a hydrophobic poly
tetrafluoroethylene (PTFE) petri dish containing silicone oil (100 cSt) 
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(Fig. S1) and placed into an oven at 70 ◦C. After complete evaporation of 
water, the formed SiO2 CP-based opal-structured photonic microspheres 
(OSPMs) were then washed with n-hexane to remove the silicone oil and 
calcined at 750 ◦C for 3 h to enhance their mechanical strength. Then, 
the calcined SiO2 CP-based OSPMs were immersed in aqua regia for 6 h 
to remove any impurities and washed with deionized water, which was 
used as the template for fabrication of hydrogel-based inverse opal 
photonic microspheres (IOPMs). For the preparation of the IOPM, a 
series of steps were involved in the operation. First, 4.0 g of OEGMA, 
0.2 g of AAc, 0.067 g of EGDMA, and 0.032 g of DEAP photoinitiator 
were dissolved in 16 mL of deionized water to prepare the pregel solu
tion. Second, the OSPMs were immersed into the pregel solution for 
24 h. After complete infiltration, they were placed between two glass 
slides with a certain thickness of spacer and irradiated with UV light 
(Gabon ZF-5, 16 W, Shanghai, China) for 30 min. After complete pho
topolymerization, the hydrogel film containing the microspheres was 
transferred to water, and the microspheres were separated by mechan
ical stripping; thus, individual composite photonic microspheres were 
obtained. The hydrogel-based photonic microspheres with inverse opal 
structure were obtained by immersing the composite microspheres in 
10 % HF solution to remove the template of SiO2 CP. After the etching 
process, the resultant microspheres were washed with deionized water 
three times. Therefore, IOPMs were obtained and stored in deionized 
water before use.

2.5. Synthesis of ruthenium-functionalized polymers (pNIPAAm-co-Ru 
(bpy)3)

PNIPAAm-co-Ru(bpy)3 copolymers were synthesized via free radical 
polymerization, as illustrated in Fig. S2. A 50 mL acetone/ethanol so
lution (1:9 v/v) of NIPAAm (5.1 g) and ruthenium monomer (0.52 g) 
was dissolved in a 100 mL Schlenk flask with a magnetic stir bar. Sub
sequently, 10 mL of ethanol solution containing 0.034 g of AIBN was 
added. After the solution was bubbled with N2 for 30 min to remove 
dissolved oxygen, the polymerization was performed at 70 ◦C under N2 
for 6 h. The solution was bubbled with N2 for 30 min to remove dissolved 
oxygen, followed by polymerization at 70 ◦C under an N2 atmosphere for 
6 h. The product was dialyzed against distilled water. 1H NMR spectra 
and GPC traces of pNIPAAm-co-Ru(bpy)3 were shown in Fig. S3.

2.6. Characterizations

Transmission electron microscopy (TEM) and scanning electron mi
croscopy (SEM) images of SiO2 CP were recorded on a TEM (JEOL, JEM- 
1400, Japan) and SEM (Hitachi S-4800), respectively. Morphologies of 
the SiO2 CPs-based opal-structured microspheres were characterized by 
a scanning electron microscope (SEM, Hitachi S-4800 and SU8600, 
Japan). An optical microscope (Olympus Corporation, Olympus BX53M, 
China) was used to record the photonic microspheres under different 
modes of reflection, transmission, and fluorescence. Reflection spectra 
of the photonic microspheres were recorded under an Olympus micro
scope (reflection mode) equipped with a fiber optic spectrometer (USB 
Flame-S, Ocean Insight, Inc., China). The pH response was performed by 
immersing the inverse opal hydrogel photonic microspheres into the 
buffer solutions with different pH values. For the thermo-response test, 
an aqueous solution containing inverse opal hydrogel microspheres was 
heated with a customized hot table, and the reflection spectra and op
tical microscope images of the microspheres were recorded after stabi
lization. The zeta potential of pH buffer solution was measured by a 
Malvern Zetasizer Nano ZS90. 1H NMR spectra were recorded by the 
Bruker Avance III HD spectrometer. For the sample preparation, d6- 
DMSO was used as the solvent. 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.

3. Results and discussion

3.1. Preparation of PEG-analogue hydrogel-based IOPMs

Hydrogel-based IOPMs are prepared by combining the droplet 
microfluidics and templating techniques, as shown in Scheme 1. First, 
monodisperse SiO2 CP-based opal-structured photonic microspheres 
(OSPMs) were obtained through the microfluidic technique and a sub
sequent solvent-evaporation process. An aqueous suspension of SiO2 CP 
and silicone oil/MFO were used as the dispersed and continuous phases 
in a microfluidic device. The silicone oil phase sheared the aqueous 
suspension of SiO2 CP into monodisperse emulsion droplets at an 
appropriate flow rate. At a given flow velocity of the dispersed phase at 
300 μL/h but varied velocity of the continuous phase, the sizes of the 
droplets were greatly tunable (Fig. S4). The resulting emulsion droplets 
were then meticulously gathered in a PTFE petri dish that is hydro
phobic, allowing the droplets to maintain their flawless spherical shape. 
The SiO2 CP assembled to form a close-packed ordered structure with 
evaporation of the aqueous solution, yielding OSPMs. Then the calci
nation was introduced to improve the microspheres’ mechanical 
strength (Fig. S5). P(OEGMA-co-AAc) hydrogel-based IOPMs were pre
pared by filling the voids within the OSPMs with a pregel solution, UV- 
irradiated for in-situ polymerization, and followed by HF etching of the 
SiO2 CP templates. Since the hydrogel skeleton was negatively charged, 
the hydrogel-based IOPMs were further functionalized with positively 
charged linear polymers, such as pNIPAAm-co-Ru(bpy)3, through the 
electrostatic interaction.

The diameter of SiO2 CP determines the structural hue of OSPMs. The 
OSPMs with different structural colors from blue (Fig. S6a) to light-blue 
(Fig. 1a) to green (Fig. S6b) were obtained by using SiO2 CP of 210 nm, 
256 nm, and 288 nm (Fig. S7). We took the light-blue OSPM for an 
example. On the exterior and inside of the OSPM, the SiO2 CPs are neatly 
arranged in a hexagonal array (Fig. 1b, c and Fig. S8). SiO2 CP-hydrogel 
composite photonic microsphere (CPM) with green color was produced 
(Fig. 1d) following the introduction of the hydrogel skeleton that was 
through the polymerization of the monomers OEGMA360 and AAc. The 
CPM exhibited a reflection peak at 512 nm (Fig. 1g). Subsequently, the 
CPM was placed in an HF solution to remove the template. The initial 
green CPM was transformed into a yellow IOPM in this process (Fig. 1e, 
f). The optical microscopy images of the OSPM at different stages of the 
etching process were shown in Fig. S9. It can be clearly seen that the size 
of the CPM gradually increased from 362 µm to 447 µm as etching 
progressed. In the CPM, the polymer skeleton was constrained by tightly 
packed SiO2 CPs. After the etching process, the constraint was dismissed, 
which also caused a change in refractive index. Additionally, the 
hydrogel skeleton can absorb a large amount of water, leading to the size 
expansion and an increase in lattice spacing. The synergistic effect 
caused a red-shift in the photonic microsphere, and the reflection peak 
shifted from 512 nm to 580 nm (Fig. 1g). The molecular structure of P 
(OEGMA-co-AAc) was shown in Fig. 1h. The hydrogel-based IOPMs 
have a uniform particle size, indicating that the microfluidic technique 
has good stability (Fig. S10). The bright structural colors of IOPMs can 
be visualized (Fig. S11) and have the potential to be used as photonic 
pigments. Fig. 1i illustrates the transformation of the SiO2 CP-hydrogel 
CPM into a hydrogel-based IOPM. Fig. S12 shows the preparation pro
cess of the hydrogel-based IOPM using a blue-colored OSPM as the 
template, demonstrating similar changes.

3.2. Temperature and pH response of PEG-analogues hydrogel-based 
IOPMs

Since Asher et al. reported the polymerized colloidal crystal array as 
a pH sensor, photonic crystals have shown a promising potential for the 
stimuli-responsive chemical sensors [39]. Responsive photonic crystals 
with tunable photonic bandgaps that were generated from an ordered 
microstructure enable dynamic structural color variation in response to 
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external stimuli. Thermochromic materials, which can dynamically and 
reversibly change color with temperature, have great potential in ap
plications such as sensors, displays, and anti-counterfeiting [40]. The 
copolymers of PEG derivatives are ideal candidates because of their 
excellent biocompatibility, tunable LCST, and antifouling properties 
when compared with PNIPAM hydrogel [41]. P(OEGMA-co-AAc) 
hydrogel-based photonic microspheres with an inverse opal structure 
were initially created by combining microfluidic and templating 
methods. Because of the presence of functional groups like OEGMA 
(thermosensitive group) and AAc (pH-sensitive group), the photonic 
microspheres exhibit dual responsiveness to temperature and pH. Fig. 2a 
shows optical microscopy images of an IOPM in water at varying tem
peratures, and the corresponding reflection spectra are shown in Fig. 2b. 
The photonic microsphere’s structural hue shifted from green to yellow 
as the temperature increased from 20 ◦C to 75 ◦C. Meanwhile, the 
photonic microsphere underwent deswelling, with its size shrinking 
from ~ 620 µm to ~ 554 µm. The λmax moved from 580 nm to 513 nm 
due to a blue shift in structural hue brought on by the reduction in lattice 
spacing. The IOPM’s λmax and relative swelling ratio (D/D0) are dis
played as a function of temperature in Fig. 2c, and both exhibit a com
parable change tendency. Notably, when the temperature rose above 70 
◦C, the reflection spectra showed a significant blue shift, suggesting that 
the current temperature is near the LCST of P(OEGMA-co-AAc) 

hydrogel. The P(OEGMA-co-AAc) hydrogel is hydrophilic at tempera
tures below the LCST, which favors the formation of hydrogen bonds 
between the hydrophilic groups and water molecules. These hydrogen 
bonds gradually deteriorate as the temperature rose, and when the 
temperature surpassed the LCST, the hydrogen bonds between the 
polymer chain and water molecules were broken, causing P 
(OEGMA-co-AAc) hydrogel to undergo a conformational transition 
from a hydrophilic state to a hydrophobic state. As a result, the IOPM 
contracted rapidly, and the reflection spectra quickly shifted to blue at 
the temperature close to the LCST [42]. Neat PNIPAM hydrogel-based 
IOPMs typically lose their structural color around 32 ◦C [27], while P 
(OEGMA-co-AAc) microspheres have a broad thermochromic range up 
to 75 ◦C, increasing their potential applications, such as sensors for 
relatively higher temperature environments. The IOPMs’ thermores
ponse mechanism due to temperature change is illustrated in Fig. 2d. As 
shown in Fig. 2e, we filled the ‘BJTU’ (Beijing Jiaotong University) 
groove with green and red IOPMs (Fig. S13) as building blocks, pro
ducing a remarkable structural color pattern. Additionally, the hue of 
the pattern ‘BJTU’ can be adjusted by the variations of ambient tem
perature, for example the hue change from yellow-green to blue-green 
(as shown in Supplementary Material Video S1). IOPMs can be used as 
building blocks for various shapes, allowing macroscopic observation of 
temperature changes. The ‘BJTU’ pattern changed from its initial 

Scheme 1. Schematic of the construction of PEG-analogue hydrogel-based IOPMs and the ruthenium compound functionalization process.
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red/green color to a green/blue color as the temperature rose and then 
returned to its original color when the temperature dropped back to 
room temperature. This change is clear and intuitive, easily recognizable 
by the naked eye. Fig. 2f shows a schematic of the ‘BJTU’ groove filled 
with photonic microspheres at 25 ◦C and 75 ◦C.

In addition to the thermoresponse, the hydrogel-based IOPMs can 
also react to different pH values because of the AAc groups. As shown in 
Fig. 3a and Fig. S14, the hydrogel-based IOPM turned red when the pH 
value rose from 2 to 12, and the stopband position showed a red-shift of 
about 40 nm (Fig. 3b). The microsphere expanded as the pH increased, 
and this pattern was in line with the λmax variation (Fig. 3c). The 
structural color and reflection spectra of the photonic microsphere 
didn’t significantly change when it was built using OEGMA as the sole 
monomer (Fig. S15). Thus, it can be concluded that the polar carboxyl 
groups are responsible for the photonic micrispheres’ pH reactivity. The 
pH range of 4.6–7 was where the hydrogel-based IOPM showed the 
highest reactivity. At 25 ◦C, however, because of electrostatic in
teractions between monomer units, the real pKa of AAc within the 
hydrogel was likely to be somewhat higher [43]. The protonated PAAc 

was uncharged in the solution with a pH of 2, but as the pH rose beyond 
4.6 (higher than pKa), carboxyl groups deprotonated to produce nega
tive charges (Fig. S16). The strong charge repulsion in the hydrogel 
raised the gel’s internal osmotic pressure, which caused the 
hydrogel-based IOPM to expand and the lattice spacing to widen. This 
caused the reflection spectra to redshift. However, because the change in 
the concentration of the combined charge in the hydrogel can be 
ignored, the photonic microsphere was nearly insensitive when the pH 
was higher than 7 [44]. In addition, the photonic microspheres also 
exhibit temperature responsiveness at different pH values (Fig. S17). 
Experimental results revealed that the photonic microspheres responded 
to changes in temperature and pH by varying their volume. The ordered 
pores endowed the photonic microspheres with a photonic stopband and 
corresponding characteristic reflection peaks. Under normal incidence, 
the peak positions λ of the microspheres can be estimated by Bragg’s 
equation [45]: 

λ = 1.633dnaverage (1) 

Fig. 1. (a) Optical microscopy image of a light-blue OSPM. SEM images of the surface (b) and cross-section (c) of the OSPM. Optical microscopy images of the CPM 
before (d), in the middle of (e), and after (f) etching. (g) Reflection spectra of the photonic microsphere at different stages. (h) Molecular structure of P(OEGMA-co- 
AAc). (i) Schematic structure of the CPM before and after etching.
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where d is the center-to-center distance between two neighboring 
nanopores, and naverage is the average refractive index of the system. 
Obviously, with the change of swelling degree, the diameter of pores 
was changed accordingly. λ can shift in relation to the change in d. 
Therefore, when photonic microspheres are stimulated by different 
temperatures or pH, the structural color can change accordingly.

For the creation of high-performance photonic sensors, batch-to- 
batch consistency and reversibility are crucial. The photonic micro
spheres from different batches exhibited similar sensing performance, as 
shown in Fig. S18. The IOPM’s temperature and pH stability were 
measured within 10 cycles, as shown in Fig. S19. Throughout the cycle 
process, the IOPM showed only minor variations in λmax, demonstrating 
good reversibility and sufficient stability. In addition, we found that the 
size of photonic microspheres don’t affect the sensing performance 
(Fig. S20 and S21).

3.3. Functionalization of PEG-analogue hydrogel-based IOPMs

The IOPMs were made with a negatively charged P(OEGMA-co-AAc) 
hydrogel skeleton. This feature can be used to incorporate different 
functional materials into the particular photonic microsphere. 
Ruthenium-functionalized linear polymers, such as pNIPAAm-co-Ru 
(bpy)3 (Fig. 4a), have been extensively studied due to their multifunc
tional responsive characteristics, including thermoresponsiveness, 
catalysis, and fluorescence performance [46]. When the IOPMs were 
submerged in an aqueous solution containing ruthenium-functionalized 
polymers, the microspheres were functionalized because the polymers 
were firmly adsorbed onto them by electrostatic interactions. The 
metal-to-ligand charge transfer (MLCT) effect causes 

ruthenium-functionalized polymers to appear orange in aqueous solu
tion [47], which in turn causes the modified photonic microspheres to 
be adorned in an orange hue (Fig. 4b, d). The photonic microsphere was 
initially yellow under reflection mode, but after functionalization it 
turned to red (Fig. 4c, e). The maximum reflection peak of the photonic 
microsphere shifted from 570 nm to 605 nm, further confirming the 
change in structural color (Fig. 4g). This was probably caused by the 
addition of the linear polymers, which can increase the osmotic pressure 
within the hydrogel skeleton. As a result, the diameter of the function
alized photonic microsphere was increased by 3.8 %, and the lattice 
spacing changed accordingly. The incorporation of 
ruthenium-functionalized polymers resulted in fluorescence properties 
(Fig. 4f) and great fluorescence stability, which can be maintained in 
water for over one month (Fig. S22). Interestingly, under fluorescence 
mode, it is impossible to discern between ruthenium-functionalized 
IOPMs with different structural hues. This original structural color in
formation was successfully obscured by this (Fig. S23). Applications 
such as encrypting or anti-counterfeiting are anticipated for these pho
tonic microspheres. We filled the functionalized IOPMs into a ‘BJTU’ 
groove with two distinct colored microspheres that are visible. The 
design displayed a consistent brilliant red fluorescence when exposed to 
UV light (Fig. 4h). The schematic diagram of the ‘BJTU’ groove filled 
with the ruthenium-functionalized IOPMs under UV light is shown in 
Fig. 4i.

4. Conclusion

In conclusion, droplet microfluidics and templating method were 
successfully combined to create multifunctional P(OEGMA-co-AAc) 

Fig. 2. Optical microscopy images (a) and corresponding reflection spectra (b) of the P(OEGMA—co-AAc) hydrogel-based IOPM at different temperatures. The scale 
bar is 200 μm. (c) λmax and relative swelling ratio (D/D0, where D0 and D are the initial and varied diameters of the IOPM, respectively) of the IOPM as a function of 
temperature. (d) Schematic diagram of the response mechanism of the IOPM under different temperature conditions. (e-f) Photographs and schematic illustrations of 
the ‘BJTU’ pattern filled with photonic microspheres at 25 ◦C and 75 ◦C.
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Fig. 3. The IOPM under various pH levels is shown in optical microscopy images (a) and matching reflection spectra (b). The scale bar is 200 μm. (c) The P(OEGMA- 
co-AAc) hydrogel-based IOPM’s λmax and relative swelling ratio in relation to pH. (d) Diagrammatic representation of the IOPM’s response mechanism in both acidic 
and basic environments. (e) Diagrammatic representation of the IOPM in both acidic and basic conditions.

Fig. 4. (a) Chemical structure of the ruthenium-functionalized polymer. A P(OEGMA-co-AAc) hydrogel-based IOPM was photographed using optical microscopy 
both before (b, c transmission and reflection modes) and after (d, e transmission and reflection modes) a 24 h immersion in the ruthenium-functionalized polymer 
solution. (f) The IOPM imaged by fluorescence microscopy. The scale bar is 200 μm. (g) Reflection spectra of the IOPM before and after the ruthenium polymers’ 
labeling. (h-i) Images and a schematic representation of the ‘BJTU’ groove filled with the ruthenium-functionalized IOPMs under white and UV light.
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hydrogel-based photonic microspheres with an inverse opal structure. 
To achieve this, uniform OSPMs were firstly created using monodisperse 
SiO2 CPs as the building blocks, and were subsequently submerged in a 
pregel solution containing OEGMA and AAc monomers. UV-induced 
polymerization created SiO2 CPs-hydrogel composite microspheres, 
which were then treated with HF to remove SiO2 CP templates, resulting 
in hydrogel-based IOPMs. These microspheres exhibit a dual response to 
temperature and pH, as well as exceptional stability and reversibility. In 
particular, they outperform conventional pNIPAAm hydrogel-based 
thermochromic microspheres, responding within a broad temperature 
range (20–75 ◦C) while retaining a vibrant structural color, effectively 
broadening their range of applications, such as serving as sensors for 
environments with relatively higher temperatures. The photonic mi
crospheres can also be used as the building blocks of patterns for 
macroscopic temperature monitoring. Additionally, because of the 
negatively charged nature of the IOPMs’ polymer skeleton, positively 
charged ruthenium-functionalized polymers, pNIPAAm-co-Ru(bpy)3 
were easily bonded to photonic microspheres through the electrostatic 
interaction, giving them fluorescence characteristics. These multifunc
tional hydrogel-based IOPMs, in our opinion, have applications in anti- 
counterfeiting, display, and sensing.
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