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Abstract: A photonic crystal material based on β-cyclodextrin (β-CD) with adsorption capacity
is reported. The materials ((A-β-CD)-AM PC) consist of 3D poly (methyl methacrylate) (PMMA)
colloidal microsphere arrays and hydrogels supplemented with β-cyclodextrin modified by acryloyl
chloride. The prepared materials are then utilized for VOCs gas sensing. The 3D O-(A-β-CD)-AM
PC was used to detect toluene, xylene, and acetone and the response was seen as the red-shift of the
reflection peak. The 3D I-(A-β-CD)-AM PC was used to detect toluene, xylene, and acetone which
occurred redshifted, while methanol, ethanol, and propanol and the peaks’ red-shifting was observed.
However, among these, methanol gave the largest red-shift response The sensor has broad prospects
in the detection of alcohol and the detection of alcohol-loaded drug releases in the future.

Keywords: photonic crystals; β-cyclodextrin; alcohol sensors; volatile organic compounds detection

1. Introduction

Harmful gases and volatile organic compounds (VOCs) reduce air quality and damage
human health, which increases the demand for the research of high-performance gas sen-
sors [1–4]. VOCs are ubiquitous in modern building materials, furniture, house decoration,
and spoiled food. Prolonged exposure to VOCs can irritate the skin, eyes, and respiratory
tract, and cause cancer and leukemia [5–8]. In modern society, most people spend 70–90%
of their time indoors. According to the World Health Organization, millions of people die
from indoor air pollution every year. Therefore, real-time detection of air quality is some-
thing to be taken seriously. Currently, many types of gas sensors have been developed such
as chemiresistive gas sensors [9,10], gasistors [11], solid electrolyte-type gas sensors [2,12],
surface acoustic wave sensors [13], mid-infrared sensors [14], optical fiber sensors [15], and
photonic crystal sensors [16,17]. Among them, photonic crystals (PCs) obtain incomparable
advantages as artificial materials. PCs are periodic structures composed of materials with
different dielectric constants [18,19]. Compared to other sensors, PC sensors have attracted
widespread attention because of immediate stimulus responses [16,17,20–25], naked-eye
detection, and without power. Their unique structural colors change correspondingly with
the lattice spacing and effective refractive index (ERI) of the PCs when physical or chemical
stimuli occur.

To magnify the effect of stimulus-response, PCs based on 3D Poly (methyl methacry-
late) (PMMA) colloidal microspheres require auxiliary materials such as hydrogels and
elastomers [26–28]. Hydrogels are three-dimensional networks composed of cross-linked
hydrophilic macromolecules. The functions of hydrogels can be designed according to
the type of detected gas. Hydrogel photonic crystals respond very well to VOCs. One is
because VOCs easily enter the hydrogel interior to change its ERI, and the other is because
VOCs change the volume and shape of the hydrogel, causing a large change in the lattice
spacing of the hydrogel photonic crystal and producing the change of bright, naked-eye
visible structural color.
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β-cyclodextrin (β-CD) is a semi-natural product of starch fermentation, which has
good biocompatibility and chemical stability. As shown in Figure 1a, it is a cyclic oligosac-
charide composed of seven D-glucopyranoside units through the action of α-1,4 glycosidic
bonds [29]. It can form host–guest complexes through cavities with guests, such as inor-
ganic ions or organic molecules with simple structures and small sizes, because of external
hydrophilicity and internal hydrophobicity [30]. This peculiar structure can be used in
drug delivery [31], pharmaceutical contaminants sensors [32], adsorptions of organic com-
pounds [33] and herbicides [34], assisted extraction of compounds from plants [35,36], and
capture of gas [37,38]. A single Debye-type relaxational absorption by ultrasonic relaxation
method was found only when both β-CD and the alcohols coexisted, which proved there
was a chemical dynamic equilibrium [39]. The same phenomena were also found in the
aqueous solution of amides, esters, benzene, and aromatic compounds [40–42]. β-CD has a
strong adsorption capacity. Chen used β-CD modified silver nanoparticles for naked-eye
detection of aromatic isomers, and the present detection limit for different isomers of
aromatic compounds is 5 × 10−5 M [43].
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d6) δ:6.40–6.18 (m, 1H), 4.84 (s, 3H), 3.64 (s, 3H), 3.55 (s, 1H), 2.09 (s, 0H) ppm. The carbon 
nuclear magnetic resonance spectrum is shown in Figure 2b. 13C NMR (101 MHz, DMSO-
d6), δ:167.39, 131.23, 129.95, 102.38, 81.98, 73.53, 72.88, 72.49, 63.25, 60.38 ppm. The FTIR 
of A-β-CD measured by potassium bromide tablet is shown in Figure 2c. FTIR (KBr), 
v/cm−1: 3457.5, 2921.6, 1725.9, 1624.3. Among them, 1725.9 cm−1 is the -C=O- stretching vi-
bration absorption peak, and 1624.3 cm−1 is the -C=C- stretching vibration absorption peak. 

The structure and functional groups of the synthesized A-β-CD characterized by 
NMR spectrum and FTIR were confirmed. Compared with the literature [45], it was con-
firmed that the synthesized product was indeed the target product. 

Figure 1. (a) The synthetic route of A-β-CD; (b) the chemical structure of the hydrogel formed by
free radical polymerization; (c) schematic illustration of the (A-β-CD)-AM PC preparation.

Herein, a rapid photonic crystal sensor based on β-CD was developed. The sensor
((A-β-CD)-AM PC) is composed of β-CD modified by acryloyl chloride and 3D poly (methyl
methacrylate) colloidal microspheres (Figure 1). (A-β-CD)-AM PC is used for naked eye
detection of VOCs due to their bright structural color. 3D O-(A-β-CD)-AM PC was used to
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detect toluene, xylene, and acetone, and 3D I-(A-β-CD)-AM PC was used to detect toluene,
xylene, acetone, methanol, ethanol, and propyl alcohol. The 3D I-(A-β-CD)-AM PC had the
best detection performance for alcohols, especially on methanol. (A-β-CD)-AM PC has the
prospect of application in the detection of VOCs and drugs dissolved in alcohol.

2. Results and Discussion
2.1. Characterization of A-β-CD

The -OH of two primary alcohol hydroxyl groups on the smaller diameter face of
the β-CD cavity was fractured and β-CD was combined with acryloyl chloride in the
presence of KOH as shown in Figure 1a. Synthetic cyclodextrins contain -C=C- bonds to
act as cross-linking agents in hydrogel components by free radical polymerization [44] as
shown in Figure 1b. The obtained A-β-CD was dissolved in dimethyl sulfoxide (DMSO) for
NMR analysis. The hydrogen NMR spectrum is shown in Figure 2a. 1H NMR (400 MHz,
DMSO-d6) δ:6.40–6.18 (m, 1H), 4.84 (s, 3H), 3.64 (s, 3H), 3.55 (s, 1H), 2.09 (s, 0H) ppm. The
carbon nuclear magnetic resonance spectrum is shown in Figure 2b. 13C NMR (101 MHz,
DMSO-d6), δ:167.39, 131.23, 129.95, 102.38, 81.98, 73.53, 72.88, 72.49, 63.25, 60.38 ppm. The
FTIR of A-β-CD measured by potassium bromide tablet is shown in Figure 2c. FTIR (KBr),
v/cm−1: 3457.5, 2921.6, 1725.9, 1624.3. Among them, 1725.9 cm−1 is the -C=O- stretching
vibration absorption peak, and 1624.3 cm−1 is the -C=C- stretching vibration absorption peak.
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Figure 2. (a) 1H NMR; (b) 13C NMR; (c) FTIR of A−β−CD.

The structure and functional groups of the synthesized A-β-CD characterized by NMR
spectrum and FTIR were confirmed. Compared with the literature [45], it was confirmed
that the synthesized product was indeed the target product.

2.2. Characterization of 3D O-(A-β-CD)-AM PC and 3D I-(A-β-CD)-AM PC

Poly(methyl methacrylate) (PMMA) colloidal microspheres with different particle
sizes were prepared by adjusting the amount of MMA and KPS and had good sphericity,
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dispersion, and uniformity. The reflection peak (λmax) of the PCs changed from 400 nm
to 625 nm as the PMMA particle size changed from 165 nm to 255 nm. PMMA colloidal
microspheres were arranged into a 3D closely face-centered cubic (FCC) structure by a
vertical deposition self-assembly method as shown in Figure S1a–g.

The most suitable hydrogel formulation shown in Table S1 for combining with 3D
PMMA arrays was 1.20 g A-β-CD, 1.60 g AM, 0.06 g BIS, 8 mL ultrapure water, and
5 µL DEAP. As shown in Figure 3a, PMMA arrays with different particle sizes combined
well with hydrogels and exhibited bright structural colors. In Figure 3b, the structural colors
of the 3D O-(A-β-CD)-AM PCs covered almost the entire visible light region. Optical char-
acteristics of 3D O-(A-β-CD)-AM PCs were characterized by a spectrometer (Figure 3c–h).
The hydrogel precursors penetrated the gap of the PMMA array by capillary force and
replaced the air. The effective refractive index (ERI) of the hydrogel was greater than that
of the air, so λmax changed from 440 nm to 737 nm as the λmax of the arrays changed from
400 nm to 625 nm.
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Figure 3. (a) Optical photos of 3D O-(A-β-CD)-AM PCs of PMMA with different diameters;
(b) CIE of 3D O-(A-β-CD)-AM PCs of PMMA with different diameters; (c–h) the reflection peak of
3D O-(A-β-CD)-AM PCs and PMMA arrays.

The gap between larger colloidal microsphere arrays is larger, which helps to fill more
hydrogels. About 225 nm and 240 nm PMMA arrays were selected for the VOCs sensor. As
shown in Figure 4a, the gaps of the 225 nm PMMA array are filled with hydrogel and still
have the FCC structure. 3D I-(A-β-CD)-AM PCs were obtained by etching 240 nm PMMA
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in toluene (Figure 4c). The diameter of the air hole was slightly smaller than the PMMA
diameter. The pore structure after etching was uniform and had a large specific surface
area. As shown in Figure 4d, the λmax of 3D O-(A-β-CD)-AM PCs was 648 nm, while the
λmax of 3D I-(A-β-CD)-AM PCs was 582 nm. At the same time, the structural color changed
from dark red to orange. The blue shift of the 3D I-(A-β-CD)-AM PC was caused by the
replacement of PMMA with ERI of 1.48 by air with ERI of 1 and the reduction of the pore
size of hydrogels. Optical properties of 3D PMMA arrays and 3D (A-β-CD)-AM PCs were
determined using Bragg’s law, Equation (1):

λmax =
√

8/3(d/m)(D/D0)
(
∑ n2

i vi − sin2 θ)
1/2

(1)

where d is the planar spacing; m is the order of Bragg diffraction, here m = 1; D/D0 = 1
is the swelling ratio of the PCs; θ is the angle of the incident light and the normal of
the crystal surface; i is the component that makes up the photonic crystal; n is the effec-
tive refractive index; v is the volume fraction of the component in the PC. According to
the FCC structure, we assumed the nPMMA = 1.48, n(A-β-CD)-AM = 2.07, vPMMA = 0.74 and
v(A-β-CD)-AM = 0.26 for 3D O-(A-β-CD)-AM PC and the n(A-β-CD)-AM = 2.07, nair = 1,
v(A-β-CD)-AM = 0.26 and vair = 0.74 for 3D I-(A-β-CD)-AM PC. We obtained the refractive
index of PMMA and air from the literatures [16,17]. The refractive index of (A-β-CD)-AM
was measured by an Abbe refractometer. The experimental value is in good agreement
with the theoretically calculated value and the relative errors were less than 1.6%.
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Figure 4. SEM images of 3D O-(A-β-CD)-AM PCs with PMMA of (a) 225 nm; (b) 240 nm; (c) 3D
O-(A-β-CD)-AM PCs; (d) the reflection peak of 3D O-(A-β-CD)-AM PC and 3D I-(A-β-CD)-AM PC.

2.3. Response of 3D O-(A-β-CD)-AM PCs to VOCs

As shown in Figure 5, 3D O-(A-β-CD)-AM PCs can be used to detect toluene, xylene,
and acetone with the ERI of 1.4961, 1.4970, and 1.3588 respectively. When the gas content
was different, the position and intensity of λmax changed correspondingly. As shown in
Figure 5d–f, with the increase of xylene gas volume ratio, the position of λmax was red-
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shifted and the intensity of λmax decreased. In Figure 5a–c,g–h, the variation trend of the
intensity and position of λmax is similar with the Figure 5d. Clearly, 3D O-(A-β-CD)-AM PC
had the most obvious response to xylene gas with a red shift of 27 nm at the concentration
of 820 ppm. 3D O-(A-β-CD)-AM PCs can detect xylene gas as low as 100 ppm. At the
same time, it can detect toluene gas and acetone gas as low as 120 ppm and 80 ppm. As a
comparison, when Wang from Meng’s group detected SO2 through opal photonic crystal
cellulose membrane, the red shift of the reflection peak was only 7 nm [46]. Wang combined
a 315 nm PMMA array with carboxymethyl cellulose to form a carboxymethyl cellulose
photonic crystal film. The PMMA array was similarly bound to carboxymethyl cellulose as
above but was thermally reinforced at 60 ◦C for 2 h. Therefore, β-CD improved the gas
adsorption capacity of 3D O-(A-β-CD)-AM PC. In addition, the roughness on the surface of
the PMMA colloidal microspheres due to the dissolution of the gas dissipated the energy of
the reflected light resulting in a decrease in the intensity of λmax. The larger the gas volume
ratio, the smaller the intensity of the λmax.
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Figure 5. Responses of the 3D O-(A-β-CD)-AM PC to VOC gas. (a) λmax responses of 3D O-(A-β-CD)-
AM PC to toluene gas; (b) the relationship between the wavelength of λmax and volume ratio; (c) the
relationship between the intensity of λmax and volume ratio of the toluene gas; (d–f) λmax responses of
3D O-(A-β-CD)-AM PC to xylene gas; (g–i) λmax responses of 3D O-(A-β-CD)-AM PC to acetone gas.

2.4. Response of 3D I-(A-β-CD)-AM to VOCs

3D I-(A-β-CD)-AM PC was prepared by etching PMMA colloidal microspheres with
toluene and used to detect methanol, ethanol, and propanol. As shown in Figure 6a,b,
as the concentration of methanol gas increased from 0 ppm to 1560 ppm, the position of
λmax was blue-shifted because the volume of the sensor shrunk and the lattice spacing
got smaller, and the intensity of λmax hardly changed. 3D I-(A-β-CD)-AM PC can detect
methanol gas as low as 160 ppm. As shown in Figure 6c–f, the variation trend of the
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intensity and position of λmax is similar with the Figure 6a,b. 3D I-(A-β-CD)-AM PC can
detect ethanol gas and propanol gas as low as 100 ppm and 190 ppm.
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AM PCs to propanol gas.

With the strong adsorption capacity of β-CD and alcohol-sensitive hydrogel frame-
work, the sensor has excellent selectivity and reproducibility. Figure 7a is a schematic
diagram of methanol entering the interior of the sensor. For convenience, only the hydrogel
was drawn and the inverse opal structure after removing the 3D PMMA colloidal micro-
sphere array was ignored. Methanol diffused from the air into the interior of the hydrogel.
While other hydrophobic gases entered the cavity of β-CD more easily, they cannot pass
through the barrier of an aqueous environment. Most interestingly, even acetone gas could
enter the cavity of β-CD, but could not cause any volume shrinkage of the hydrogel. β-CD
was like an amplifier, adsorbing more VOCs and triggering the hydrogel’s own response to
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gases. Selectivity is one of the important properties of a sensor. Toluene, xylene, acetone,
methanol, ethanol, and propanol were detected to investigate the selective response of
the 3D I-(A-β-CD)-AM PC to methanol vapor. As shown in Figure 7b, the λmax was blue-
shifted in methanol, ethanol, and propanol, and λmax was red-shifted in toluene, xylene,
and acetone. Alcohols easily form hydrogen bonds with the abundant -OH on β-CD in
the hydrogel, so the reflection peak maximum shifts of methanol, ethanol, and propanol
are much larger than those of toluene, xylene, and acetone. As shown in Figure 7c, when
the two sensors were exposed to methanol vapor at the concentration of 1560 ppm, the
λmax of 3D I-(A-β-CD)-AM PC was blue-shifted by around 43 nm, while the λmax of the 3D
O-(A-β-CD)-AM PCs were blue-shifted by only about 26 nm. The inverse opal structure
produced greater volumetric variation. The sensor was placed in HCl solution for elution
for 10 min, and then repeatedly washed with ultrapure water several times. The water on
the sensor surface was absorbed and recorded at this time. The λmax was detected with the
same concentration of gas, and the above experimental steps were repeated. As shown
in Figure 7d, when methanol is added, the reflection peak is 588 nm with a coefficient of
variation of 0.2%, and when methanol is discharged, the reflection peak is 548 nm with
a coefficient of variation of 0.1%. After six cycles of testing, the 3D I-(A-β-CD)-AM PCs
maintained a constant response to methanol.
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2.5. 3D (A-β-CD)-AM Detection Mechanism

When conventional photonic crystal hydrogel sensors detect gases, the small amount of
gas adsorbed leads to insignificant structural color changes. β-CD is a supramolecular host.
Driven by intermolecular forces, β-CD selectively binds to methanol, ethanol, propanol,
toluene, xylene, and acetone. The introduction of β-CD modified by acryloyl chloride
to photonic crystal hydrogels enhances the adsorption of gases and achieves significant
structural color changes. B-CD is similar with amplifiers and increases the displacement of
λmax. 3D O-(A-β-CD)-AM PCs and 3D I-(A-β-CD)-AM PCs detect gases on slightly different
principles. 3D O-(A-β-CD)-AM PCs are used to detect toluene, xylene, and acetone. These
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gases are adsorbed on the surface of colloidal microspheres. As the gas concentration
increases, the concentration of gas adsorbed on the surface of the colloidal microsphere
increases and the ERI increases. While the internal cavity of β-CD shows hydrophobicity,
the greater the hydrophobicity, the more gases enter the system and can be adsorbed on the
surface of colloidal microspheres. The hydrophobicity is xylene, toluene, and acetone in
descending order. Therefore, the maximum redshift of λmax is xylene, toluene, and acetone
in descending order. 3D I-(A-β-CD)-AM PCs are used to detect methanol, ethanol, and
propanol. Its colloidal microspheres have been removed, and toluene, xylene, and acetone
cannot be adsorbed on the surface of the colloidal microspheres. It follows that the redshift
of λmax is very small, but the maximum redshift of λmax is still xylene, toluene, and acetone
in descending order. Methanol, ethanol, and propanol cause the hydrogel volume to shrink,
the lattice spacing to decrease, and λmax is blue-shifted. Their hydrophobicity is: methanol
< ethanol < propanol. However, before entering the hydrogel system, the gases go through
the hydrogel water environment. Compared to ethanol and propanol, methanol is easier
to enter the system. It is obvious that the largest blue shift of the λmax is observed in
methanol gas.

2.6. Response of 3D O-(A-β-CD)-AM PC to Stretching Ability

In addition to high selectivity, the sensor also requires a certain tensile property [47–49].
The PCs had an outstanding stretching ability and the structural color changed with the
different pulling forces. As the strain increased from 0% to 64%, the structural color of 3D
O-(A-β-CD)-AM PCs with a diameter of 225 nm PMMA gradually changed from red to blue-
green (Figure 8a). As shown in Figure 8b, the λmax was blue-shifted from 659 nm to 553 nm
as the pulling force increased. The increase in the spacing of the colloidal microspheres
in the horizontal direction was smaller than the decrease in the vertical direction, so the
reflection peak was blue-shifted. In addition, as the pulling force increased, the amount
of change in the reflection peak decreased gradually (Figure 8c). With the application of
the pulling force, the reduction of the distance between the colloidal microspheres in the
vertical direction became smaller, so a larger force was applied to achieve the same blue
shift in the large pulling force range. To test the practicality of the material, a stretching cycle
experiment was carried out. The 3D O-(A-β-CD)-AM PC formed by in-situ polymerization
and cross-linking reaction with acrylamide could effectively dissipate energy during ten
cycles and maintained the integrity of the gel polymer segment. In the process of cyclic
stretching, the 3D O-(A-β-CD)-AM PCs exhibited a structural color change of red-blue
green-red, and the corresponding reflectance spectrum is shown in Figure 8d. With the
change of strain, the 3D O-(A-β-CD)-AM PC can respond quickly, and the reflection peak
changed from 659 nm to 553 nm. Due to the good mechanical properties of the 3D O-(A-β-
CD)-AM PC, the reflection peak can be instantly restored to 659 nm after the pulling force
is removed.
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3. Conclusions

In summary, a PC sensor is formed by free radical polymerization of acryloyl chloride-
modified β-CD and 3D PMMA colloidal microsphere arrays. Using the adsorption ability
of β-CD to gas, 3D (A-β-CD)-AM PC is used to detect VOC gases. 3D I-(A-β-CD)-AM PC
was used to detect toluene, xylene, and acetone, which had the most obvious response to
xylene gas with a red shift of 27 nm at the concentration of 820 ppm. 3D O-(A-β-CD)-AM
PC was used to detect methanol, ethanol, and acetone, and was exposed to methanol vapor
at a concentration of 1560 ppm and was blue-shifted by around 43 nm. The sensor has
broad prospects in the detection of alcohols and the release of alcohol-dissolved drugs.

4. Materials and Methods
4.1. Chemical Reagents

β-cyclodextrin (β-CD, AR), methyl methacrylate (MMA, AR), acrylamide (AM, AR),
N,N’-methylenebisacrylamide (BIS, AR),2,2-diethoxyacetophenone (DEAP, AR), potassium
hydroxide (KOH, AR), toluene, xylene, acetone, methanol, ethanol, and propanol were
furnished by J&K Scientific. Potassium persulfate (KPS, AR) and sodium dodecyl sulfate
(SDS, AR) were purchased from Sinopharm Chemical Reagents Co., Ltd. The MMA was
purified by basic alumina. The BIS was purified by recrystallization. Other chemicals were
not purified.

4.2. Synthesis of A-β-CD

KOH (10 g) and ultrapure water (125 mL) were mixed and stirred at 25 ◦C. β-CD was
added to the solution at 0 ◦C. Acryloyl chloride was slowly added to the solution in 30 min
with the reaction temperature at 0 ◦C. The mixture was stirred and heated to 40 ◦C for 6 h.
After the reaction, the filtrate was extracted by using a rotary evaporator and the residue
was recrystallized three times in acetone.

4.3. Preparation of the PMMA Colloidal Particles and Arrays

Poly(methyl methacrylate) (PMMA) colloidal microspheres were synthesized by
an emulsion-free polymerization method. The quantitative MMA and ultrapure water
(280 mL) were added to a 500 mL four-necked flask, respectively. The mixture was stirred
at 300 rpm and heated to 80 ◦C under nitrogen. KPS immersed in ultrapure water (10 mL)
was added to the four-necked flask. The solution was heated and stirred for 45 min at
80 ◦C. The resulting product was centrifuged at 9000 rpm and washed with ultrapure water
three times. The formulation is shown in Table 1.

3D PMMA photonic crystal arrays were prepared by vertical deposition. The as-
prepared PMMA colloidal microsphere solution was diluted to 0.2 wt% and glasses were
cleaned with water, ethanol, and plasma cleaner. The glasses were placed vertically in the
container and immersed in the solution. The container was left to stand at 30 ◦C and 50%
relative humidity. After two or three days, 3D PMMA arrays were acquired.

Table 1. PMMA formulation.

Number MMA (mL) KPS (g) Diameter (nm)

1 9 0.9 165
2 10 0.6 180
3 11 0.5 210
4 12 0.4 225
5 18 0.4 240
6 20 0.4 255

4.4. Fabrication of 3D O-(A-β-CD)-AM PhCs and 3D I-(A-β-CD)-AM PhCs

First, hydrogel precursors were prepared. A-β-CD was added to 8 mL ultrapure water
with vigorous stirring at 25 ◦C. After the solution was clear, AM, BIS, and DEAP were
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added in sequence. Hydrogel formulations are shown in Table S1. The mixture was stirred
for 10 min and left to remove air bubbles. The chemical structure of the hydrogel is formed
by free radical polymerization. Then, 3D I-(A-β-CD)-AM PC was fabricated. About 100 µL
hydrogel precursors were added around the array and immersed in the array by capillary
action. The “sandwich structure” was placed in a UV crosslinker with a wavelength of
365 nm and photopolymerized for 8 min. The 3D O-(A-β-CD)-AM PC was removed from
the glasses, washed with ultrapure water three times, and finally cut into rectangles of
similar sizes. Last, 3D I-(A-β-CD)-AM PC was prepared. The 3D O-(A-β-CD)-AM PC
was soaked in toluene solution until the color no longer changed to fully etch the PMMA
templates and 3D I-(A-β-CD)-AM PC was obtained. The cleaning process was the same as
3D O-(A-β-CD)-AM PC.

4.5. Materials Characterization

The detailed microstructure was recorded on field-emission scanning electron mi-
croscopy (SEM; Hitachi JSM-7500F; JEOL; Tokyo, Japan). Fourier transform infrared (FTIR)
spectra were carried out by a Thermo Fisher Scientific Nicolet IS 10 FT-IR spectrometer
(Thermo Scientific; Waltham, MA, USA) with an average of 64 scans. The hydrogen spec-
trum and carbon spectrum of A-β-CD were detected by Avance III HD 400 MHz (Bruker;
Billerica, MA, USA). Optical photos of the structural color were taken with a Nikon D3500
digital camera. The optical properties of materials were measured by Avantes A-2048TEC
(Avantes; Beijing, China).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/gels9020083/s1. Figure S1: SEM images of PMMA arrays
with diameters of (a) 165 nm, (b) 180 nm, (c) 210 nm, (d) 225 nm, (e) 240 nm, and (f) 255 nm.
Table S1: Hydrogel formulation optimization table.

Author Contributions: X.C.: validation, investigation, writing—original draft. X.Z.: validation,
investigation. J.F.: methodology, conceptualization. W.Z.: conceptualization, resources. T.Z.: vali-
dation, investigation. L.Q.: methodology, conceptualization, writing—review and editing, funding
acquisition. Z.M.: conceptualization, resources. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (No.
U1530141 and 21804009).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

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

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

References
1. Wang, Z.-L.; Deng, Z.-P.; Dong, X.; Bai, L.; Wang, X.-L.; Wang, Y.-Z.; Song, F. A Surface Diffusion Barrier Strategy toward Water-

Resistant Photonic Materials for Accurate Detection of Ethanol. ACS Appl. Mater. Interfaces 2022, 14, 30352–30361. [CrossRef]
[PubMed]

2. Wang, T.; Wang, B.; Huang, L.; Li, W.; Lu, Q.; Wu, H.; Liang, X.; Liu, T.; Liu, F.; Liu, F.; et al. Highly Selective Mixed Potential
Methanol Gas Sensor Based on a Ce0.8Gd0.2O1.95 Solid Electrolyte and Au Sensing Electrode. ACS Sens. 2022, 7, 972–984.
[CrossRef] [PubMed]

3. Lupan, O.; Santos-Carballal, D.; Magariu, N.; Mishra, A.K.; Ababii, N.; Krüger, H.; Wolff, N.; Vahl, A.; Bodduluri, M.T.; Kohlmann,
N.; et al. Al2O3/ZnO Heterostructure-Based Sensors for Volatile Organic Compounds in Safety Applications. ACS Appl. Mater.
Interfaces 2022, 14, 29331–29344. [CrossRef] [PubMed]

4. Kumar, M.; Mohajir, A.E.L.; Berger, F.; Raschetti, M.; Sanchez, J.-B. Dealuminated Zeolite Y/SnO2 Nanoparticle Hybrid Sensors
for Detecting Trace Levels of Propanol as a Lung Cancer Biomarker. ACS Appl. Nano Mater. 2022, 5, 9170–9178. [CrossRef]

5. Chen, K.; Zhou, Y.; Jin, R.; Wang, T.; Liu, F.; Wang, C.; Yan, X.; Sun, P.; Lu, G. Gas sensor based on cobalt-doped 3D inverse opal
SnO2 for air quality monitoring. Sensor. Actuat. B-Chem. 2022, 350, 130807. [CrossRef]

https://www.mdpi.com/article/10.3390/gels9020083/s1
https://www.mdpi.com/article/10.3390/gels9020083/s1
http://doi.org/10.1021/acsami.2c04995
http://www.ncbi.nlm.nih.gov/pubmed/35732072
http://doi.org/10.1021/acssensors.1c02329
http://www.ncbi.nlm.nih.gov/pubmed/35352924
http://doi.org/10.1021/acsami.2c03704
http://www.ncbi.nlm.nih.gov/pubmed/35704838
http://doi.org/10.1021/acsanm.2c01521
http://doi.org/10.1016/j.snb.2021.130807


Gels 2023, 9, 83 12 of 13

6. Wang, Z.; Tian, Z.; Han, D.; Gu, F. Au-modified three-dimensionally ordered macroporous ZnO:In for high-performance ethanol
sensors. J. Mater. Chem. C 2020, 8, 2812–2819. [CrossRef]

7. Park, S.H.; Kim, B.-Y.; Jo, Y.K.; Dai, Z.; Lee, J.-H. Chemiresistive trimethylamine sensor using monolayer SnO2 inverse opals
decorated with Cr2O3 nanoclusters. Sens. Actuat. B-Chem. 2020, 309, 127805. [CrossRef]

8. Wang, T.; Jiang, B.; Yu, Q.; Kou, X.; Sun, P.; Liu, F.; Lu, H.; Yan, X.; Lu, G. Realizing the Control of Electronic Energy Level
Structure and Gas-Sensing Selectivity over Heteroatom-Doped In2O3 Spheres with an Inverse Opal Microstructure. ACS Appl.
Mater. Interfaces 2019, 11, 9600–9611. [CrossRef]

9. Chesler, P.; Hornoiu, C.; Anastasescu, M.; Calderon-Moreno, J.M.; Gheorghe, M.; Gartner, M. Cobalt- and Copper-Based
Chemiresistors for Low Concentration Methane Detection, a Comparison Study. Gels 2022, 8, 721. [CrossRef]

10. Guo, X.-X.; Hou, S.-C.; Li, H.-J.; Chen, J.; Haleem, A.; He, W.D. Simultaneous Cryogenic Radical and Oxidative Coupling
Polymerizations to Polyaniline/Polyacrylamide Conductive Cryogels for Gas Sensing. Gels 2022, 8, 556. [CrossRef]

11. Lee, D.; Yun, M.J.; Kim, K.H.; Kim, S.; Kim, H.D. Advanced Recovery and High-Sensitive Properties of Memristor-Based Gas
Sensor Devices Operated at Room Temperature. ACS Sens. 2021, 6, 4217–4224. [CrossRef]

12. Gao, W.; Zhi, Z.; Fan, S.; Hua, Z.; Li, H.; Pan, X.; Sun, W.; Gao, H. Amperometric Hydrogen Sensor Based on Solid Polymer
Electrolyte and Titanium Foam Electrode. ACS Omega 2022, 7, 24895–24902. [CrossRef] [PubMed]

13. Pan, Y.; Qin, M.; Wang, P.; Yang, L.; Zhang, L.; Yan, C.; Zhang, C.; Wang, W. Interface and Sensitive Characteristics of the
Viscoelastic Film Used in a Surface Acoustic Wave Gas Sensor. ACS Sens. 2022, 7, 612–621. [CrossRef]

14. Ng, D.K.T.; Xu, L.; Chen, W.; Wang, H.; Gu, Z.; Chia, X.X.; Fu, Y.H.; Jaafar, N.; Ho, C.P.; Zhang, T.; et al. Miniaturized CO2 Gas
Sensor Using 20% ScAlN-Based Pyroelectric Detector. ACS Sens. 2022, 7, 2345–2357. [CrossRef]

15. Kim, K.J.; Lu, P.; Culp, J.T.; Ohodnicki, P.R. Metal-Organic Framework Thin Film Coated Optical Fiber Sensors: A Novel
Waveguide-Based Chemical Sensing Platform. ACS Sens. 2018, 3, 386–394. [CrossRef]

16. Yan, D.; Qiu, L.; Shea, K.J.; Meng, Z.; Xue, M. Dyeing and Functionalization of Wearable Silk Fibroin/Cellulose Composite by
Nanocolloidal Array. ACS Appl. Mater. Interfaces 2019, 11, 39163–39170. [CrossRef]

17. Zhang, W.; Xue, M.; Fan, J.; Qiu, L.; Zheng, W.; Liu, Y.; Meng, Z. Flory-Huggins VOC Photonics Sensor Made of Cellulose
Derivatives. ACS Appl. Mater. Interfaces 2022, 14, 10701–10711. [CrossRef]

18. John, S. Strong Localization of Photons in Certain Disordered Dielectric Superlattices. Phys. Rev. Lett. 1987, 58, 2486–2489.
[CrossRef]

19. Yablonovitch, E. Inhibited Spontaneous Emission in Solid-State Physics and Electronics. Phys. Rev. Lett. 1987, 58, 2059–2062.
[CrossRef]

20. Liu, H.; Wang, Y.; Shi, Z.; Tan, D.; Yang, X.; Xiong, L.; Li, G.; Lei, Y.; Xue, L. Fast Self-Assembly of Photonic Crystal Hydrogel for
Wearable Strain and Temperature Sensor. Small Methods 2022, 6, 2200461. [CrossRef]

21. Jing, F.A.; Xc, A.; Hao, C.A.; Lei, W.A.; Xiao, D.A.; Wz, A.; Yu, Q.B.; Zm, A.; Lq, A. A Smart Large-Scale Explosive-Responsive
Amorphous Photonic Crystal Sensor Based on Color Analysis Method. Chem. Eng. J. 2022, 446, 136450. [CrossRef]

22. Zheng, W.; Cai, X.; Yan, D.; Murtaza, G.; Meng, Z.; Qiu, L. Dual-Responsive Photonic Crystal Sensors Based on Physical
Crossing-Linking SF-PNIPAM Dual-Crosslinked Hydrogel. Gels 2022, 8, 339. [CrossRef]

23. Wang, C.; Wang, D.; Kozhevnikov, V.; Dai, X.; Turnbull, G.; Chen, X.; Kong, J.; Tang, B.Z.; Li, Y.; Xu, B.B. A flexible topo-optical
sensing technology with ultra-high contrast. Nat. Commun. 2020, 11, 1448. [CrossRef]

24. Wei, Q.; Lv, P.; Zhang, Y.; Zhang, J.; Qin, Z.; de Haan, L.T.; Chen, J.; Wang, D.; Xu, B.B.; Broer, D.J.; et al. Facile Stratification-Enabled
Emergent Hyper-Reflectivity in Cholesteric Liquid Crystals. ACS Appl. Mater. Interfaces 2022, 14, 57235–57243. [CrossRef]

25. Wu, J.; Yang, X.; Wang, Z.; Wu, B.; Wu, X. Tunable multichannel terahertz perfect graphene absorber with Fibonacci quasiperiodic
photonic crystal. Adv. Compos. Hybrid Mater. 2022, 5, 2399–2405. [CrossRef]

26. Dan, Y.Q.; Qiu, L.; Meng, Z.H.; Shen, Y.; Xue, Y.; Xue, M.; Xu, M.; Xu, Z.B.; Liu, Z.B.; Liu, W.F.; et al. Full-Color Natural Rubber
Latex with A Photonic Nanostructure Composite. Chem. Commun. 2020, 56, 9604–9607.

27. Zhang, W.; Xue, M.; Shea, K.J.; Qiu, L.; Xu, Z.; Fan, J.; Yan, D.; Meng, Z. A Biomass Based Photonic Crystal Made of “Konjac Tofu”.
Chin. Chem. Lett. 2021, 32, 587–590. [CrossRef]

28. Völlmecke, K.; Afroz, R.; Bierbach, S.; Brenker, L.J.; Frücht, S.; Glass, A.; Giebelhaus, R.; Hoppe, A.; Kanemaru, K.; Lazarek, M.;
et al. Hydrogel-Based Biosensors. Gels 2022, 8, 768. [CrossRef]

29. Frampton, M.J.; Anderson, H.L. Insulated molecular wires. Angew. Chem. Int. Edit. 2007, 46, 1028–1064. [CrossRef]
30. Ji, Q.T.; Mu, X.F.; Hu, D.K.; Fan, L.J.; Xiang, S.Z.; Ye, H.J.; Gao, X.H.; Wang, P.Y. Fabrication of Host-Guest Complexes between

Adamantane-Functionalized 1,3,4-Oxadiazoles and beta-Cyclodextrin with Improved Control Efficiency against Intractable Plant
Bacterial Diseases. ACS Appl. Mater. Interfaces 2022, 14, 2564–2577. [CrossRef]

31. Roy, A.; Guha Ray, P.; Bose, A.; Dhara, S.; Pal, S. pH-Responsive Copolymeric Network Gel Using Methacrylated beta-Cyclodextrin
for Controlled Codelivery of Hydrophilic and Hydrophobic Drugs. ACS Appl. Bio Mater. 2022, 5, 3530–3543. [CrossRef]

32. Alam, A.U.; Qin, Y.; Catalano, M.; Wang, L.; Kim, M.J.; Howlader, M.M.R.; Hu, N.-X.; Deen, M.J. Tailoring MWCNTs and
beta-Cyclodextrin for Sensitive Detection of Acetaminophen and Estrogen. ACS Appl. Mater. Interfaces 2018, 10, 21411–21427.
[CrossRef]

33. Wang, W.; Shao, H.; Zhou, S.; Zhu, D.; Jiang, X.; Yu, G.; Deng, S. Rapid Removal of Perfluoroalkanesulfonates from Water by
beta-Cyclodextrin Covalent Organic Frameworks. ACS Appl. Mater. Interfaces 2021, 13, 48700–48708. [CrossRef]

http://doi.org/10.1039/C9TC06750G
http://doi.org/10.1016/j.snb.2020.127805
http://doi.org/10.1021/acsami.8b21543
http://doi.org/10.3390/gels8110721
http://doi.org/10.3390/gels8090556
http://doi.org/10.1021/acssensors.1c01840
http://doi.org/10.1021/acsomega.2c03610
http://www.ncbi.nlm.nih.gov/pubmed/35874234
http://doi.org/10.1021/acssensors.1c02509
http://doi.org/10.1021/acssensors.2c00980
http://doi.org/10.1021/acssensors.7b00808
http://doi.org/10.1021/acsami.9b11576
http://doi.org/10.1021/acsami.1c22137
http://doi.org/10.1103/PhysRevLett.58.2486
http://doi.org/10.1103/PhysRevLett.58.2059
http://doi.org/10.1002/smtd.202200461
http://doi.org/10.1016/j.cej.2022.136450
http://doi.org/10.3390/gels8060339
http://doi.org/10.1038/s41467-020-15288-8
http://doi.org/10.1021/acsami.2c16938
http://doi.org/10.1007/s42114-022-00447-w
http://doi.org/10.1016/j.cclet.2020.03.012
http://doi.org/10.3390/gels8120768
http://doi.org/10.1002/anie.200601780
http://doi.org/10.1021/acsami.1c19758
http://doi.org/10.1021/acsabm.2c00473
http://doi.org/10.1021/acsami.8b04639
http://doi.org/10.1021/acsami.1c14043


Gels 2023, 9, 83 13 of 13

34. Liu, C.; Wang, P.; Liu, X.; Yi, X.; Zhou, Z.; Liu, D. Multifunctional beta-Cyclodextrin MOF-Derived Porous Carbon as Efficient
Herbicides Adsorbent and Potassium Fertilizer. ACS Sustain. Chem. Eng. 2019, 7, 14479–14489. [CrossRef]

35. Zhu, S.C.; Yu, Y.L.; Shi, M.Z.; Chen, Y.; Cao, J. Ionic Liquid-beta-Cyclodextrin Vesicle-Based Mechanochemical-Assisted Extraction
for the Weak Acid Compounds from Mori Fructus. ACS Sustain. Chem. Eng. 2022, 10, 3735–3748. [CrossRef]

36. Rajha, H.N.; Chacar, S.; Afif, C.; Vorobiev, E.; Louka, N.; Maroun, R.G. beta-Cyclodextrin-Assisted Extraction of Polyphenols from
Vine Shoot Cultivars. J. Agric. Food Chem. 2015, 63, 3387–3393. [CrossRef]

37. Xu, L.; Xing, C.Y.; Ke, D.; Chen, L.; Qiu, Z.J.; Zeng, S.L.; Li, B.J.; Zhang, S. Amino-Functionalized beta-Cyclodextrin to Construct
Green Metal-Organic Framework Materials for CO2 Capture. ACS Appl. Mater. Interfaces 2019, 12, 3032–3041. [CrossRef]

38. Pereva, S.; Himitliiska, T.; Spassov, T.; Stoyanov, S.D.; Arnaudov, L.N.; Dudev, T. Cyclodextrin-Based Solid-Gas Clathrates.
J. Agric. Food Chem. 2015, 63, 6603–6613. [CrossRef]

39. Nishikawa, S.; Ugawa, T.; Fukahori, T. Molecular recognition kinetics of beta-cyclodextrin for several alcohols by ultrasonic
relaxation method. J. Phys. Chem. B 2001, 105, 7594–7597. [CrossRef]

40. de Oliveira, D.M.; Ben-Amotz, D. Cavity Hydration and Competitive Binding in Methylated beta-Cyclodextrin. J Phys. Chem.
Lett. 2019, 10, 2802–2805. [CrossRef]

41. Goubet, I.; Dahout, C.; Sémon, E.; Guichard, E.; Le Quéré, J.L.; Voilley, A. Competitive binding of aroma compounds by
beta-cyclodextrin. J. Agric. Food Chem. 2001, 49, 5916–5922. [CrossRef] [PubMed]

42. Nishikawa, S.; Ugawa, T. Dynamic interaction between cyclodextrin and nonelectrolytes in aqueous solutions by ultrasonic
relaxation method. J. Phys. Chem. A 2000, 104, 2914–2918. [CrossRef]

43. Chen, X.; Parker, S.G.; Zou, G.; Su, W.; Zhang, Q. β-Cyclodextrin-Functionalized Silver Nanoparticles for the Naked Eye Detection
of Aromatic Isomers. ACS Nano 2010, 4, 6387–6394. [CrossRef]

44. Shen, Y.; Wang, H.; Liu, Z.; Li, W.; Liu, Y.; Li, J.; Wei, H.; Han, H. Fabrication of a water-retaining, slow-release fertilizer based
on nanocomposite double-network hydrogels via ion-crosslinking and free radical polymerization. J. Ind. Eng. Chem. 2021, 93,
375–382. [CrossRef]

45. Ding, L.; Li, Y.; Jia, D.; Deng, J.; Yang, W. β-Cyclodextrin-based oil-absorbents: Preparation, high oil absorbency and reusability.
Carbohydr. Polym. 2011, 83, 1990–1996. [CrossRef]

46. Wang, Y.F.; Zhou, L.J.; Yang, J. Photonic crystal cellulose membrane detection of sulfur dioxide gas. Chin. J. Anal. Chem. 2018, 46,
7. (In Chinese)

47. Kong, D.; El-Bahy, Z.M.; Algadi, H.; Li, T.; El-Bahy, S.M.; Nassan, M.A.; Li, J.; Faheim, A.A.; Li, A.; Xu, C.; et al. Highly sensitive
strain sensors with wide operation range from strong MXene-composited polyvinyl alcohol/sodium carboxymethylcellulose
double network hydrogel. Adv. Compos. Hybrid Mater. 2022, 5, 1976–1987. [CrossRef]

48. Wei, H.; Wang, Z.; Zhang, H.; Huang, Y.; Wang, Z.; Zhou, Y.; Xu, B.B.; Halila, S.; Chen, J. Ultrastretchable, Highly Transparent,
Self-Adhesive, and 3D-Printable Ionic Hydrogels for Multimode Tactical Sensing. Chem. Mater. 2021, 33, 6731–6742. [CrossRef]

49. Chang, X.; Chen, L.; Chen, J.; Zhu, Y.; Guo, Z. Advances in transparent and stretchable strain sensors. Adv. Compos. Hybrid Mater.
2021, 4, 435–450. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1021/acssuschemeng.9b01911
http://doi.org/10.1021/acssuschemeng.2c00338
http://doi.org/10.1021/acs.jafc.5b00672
http://doi.org/10.1021/acsami.9b20003
http://doi.org/10.1021/acs.jafc.5b01357
http://doi.org/10.1021/jp010535u
http://doi.org/10.1021/acs.jpclett.9b00939
http://doi.org/10.1021/jf0101049
http://www.ncbi.nlm.nih.gov/pubmed/11743785
http://doi.org/10.1021/jp993677l
http://doi.org/10.1021/nn1016605
http://doi.org/10.1016/j.jiec.2020.10.014
http://doi.org/10.1016/j.carbpol.2010.11.005
http://doi.org/10.1007/s42114-022-00531-1
http://doi.org/10.1021/acs.chemmater.1c01246
http://doi.org/10.1007/s42114-021-00292-3

	Introduction 
	Results and Discussion 
	Characterization of A–CD 
	Characterization of 3D O-(A–CD)-AM PC and 3D I-(A–CD)-AM PC 
	Response of 3D O-(A–CD)-AM PCs to VOCs 
	Response of 3D I-(A–CD)-AM to VOCs 
	3D (A–CD)-AM Detection Mechanism 
	Response of 3D O-(A–CD)-AM PC to Stretching Ability 

	Conclusions 
	Materials and Methods 
	Chemical Reagents 
	Synthesis of A–CD 
	Preparation of the PMMA Colloidal Particles and Arrays 
	Fabrication of 3D O-(A–CD)-AM PhCs and 3D I-(A–CD)-AM PhCs 
	Materials Characterization 

	References

