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ABSTRACT: Although there is considerable interest in self-
assembly of ordered, porous “inverse opal” structures for optical,
electronic, and chemical applications, uncontrolled defect for-
mation limits the usefulness of such materials. Herein, we develop a
highly ordered and plasmonic enhanced sensing inverse opal
photonic crystal (IOPC) material. The co-assembly of the colloidal
template with the matrix material avoids the need for liquid
penetration into the preassembled colloidal crystals and minimizes
the associated rupture and inhomogeneity of the resulting IOPC.
Au nanoparticles (Au NPs) not only act as a “bridge” between
recognition elements (aptamers) and IOPCs, but also can amplify
optical signals. Furthermore, the enhancement mechanism of Au ) !
NPs is simulated by COMSOL. During the detection process, the o
optical signal of the sensing Au—Apt IOPC responds to the Staphylococcal enterotoxin B with a concentration ranging from 107> to
10° pg mL™!, and the limit of detection is 2.820 fg mL™". Spiked real sample detection indicates that the as-proposed method
possessed good accuracy. The sensing Au—Apt IOPC provides an extensive biosensor platform to detect a variety of toxic and
harmful substances through replacing the aptamer by other recognition elements, such as antibodies or receptors.

KEYWORDS: inverse opal photonic crystal, Au nanoparticle, localized surface plasmon resonance, signal enhancement,
ultrasensitive detection

B INTRODUCTION entities to direct the deposition of inorganic materials.'’
Inspired by this strategy, we adopted Hatton’s co-assembly
method'" to prepare highly ordered, crack-free inverse opal
films. Multilayer composite colloidal crystal films are formed
by evaporation deposition of polymer microspheres suspended
in hydrolyzed silicate sol gel precursor solution. The co-
assembly of the colloidal template and matrix material avoids
the process of liquid penetration into the preassembled opal
crystals and minimizes the associated cracks and inhomoge-
neity of the resulting IOPC films.

Nature creates complex microstructures with advanced
functionality by controlling the chemistry and morphology of
the nanoscale building blocks. However, their formation in
artificial self-assembly systems is challenging as it involves a
complex interplay of competing forces during and after
assembly. For example, in the preparation of the inverse opal
photonic crystal (IOPC), colloidal assembly requires fine-
tuning of factors such as the size and surface charge of the

particles and electrolyte strength of the solvent to enable . .
successful self-assembly and minimize crack formation.! The Sensing materials, based on IOPC films, have the advantage

of low cost, efficiency, and accuracy and have been favored b
IOPC is a three-dimensional (3D) PC with regular porous . V) ey . U
. . 2—4 researchers in recent years. However, how to improve the
array structures using a colloidal crystal as the template. o .
) . . attachment of the recognition elements efficiently and enhance
These 3D porous structures have received 51gn1ﬁcant attention . . . 14,15 .
Jue to their unique physicochemical. optical. and mechanical the detection signal are still challenges. Au nanoparticles
356 q P Y R p ’ - (Au NPs) have attracted extensive interest due to their
properties,”™ especially merits in structural regularity and
interconnectivity.”~” Current research studies indicated that a
high degree of control over their composition and quality is
important for many of their applications, including medicine,”
photoelectric science,® and energy science.” Structural defects,
such as cracks, will be detrimental to IOPC’s performance, as
they lead to optical scattering and escape paths. In order to
avoid such defects, nature often utilizes soft, typically organic
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Figure 2. (A) Top view of the PMMA/SiO, PC (90 uL of silica gel and 0.9% of PMMA microsphere suspension were co-assembled at 60 °C for 48
h); (B) reflection spectra of the PMMA/SiO, PC (1 = 680 nm; inset: optical image of the red PMMA/SiO, PC); (C) top views of the SiO, IOPC
obtained by removing PMMA at 500 °C for 4 h; and (D) reflection spectra of the SiO, IOPC (4 = 510 nm; inset: optical image of the green
IOPC). The scale bar is 200 nm.

advanced g)roperties and have been widely used in the fields of professional equipment. Furthermore, the modification of Au
catalysis,1 sensing,l7_20 and solar cells.”"** Furthermore, their on the abovementioned surface of the IOPC resulted in limited
unique properties could strongly enhance the optical process, binding sites. Therefore, the Au—IOPC material needs more
leading to the signal amplification. This phenomenon is due to improvement.

the effect of localized surface plasmon resonance (LSPR) Staphylococcus aureus causes various human diseases by
caused by the collective vibration of surface electrons excited secreting virulence factors called Staphylococcal superanti-
by incident light. In particular, Au NPs combined with the gens.” Staphylococcal enterotoxin B (SEB) is one of the
IOPC had been used for catalysis,” or assay,”* and the Au— staphylococcal super antigens responsible for food poisoning in
IOPC material had good performance. However, the humans, which can cause acute gastroenteritis and sepsis.
preparation process was more cumbersome and required Because of its extremely low lethal dose (LDs, = 20 ng kg™")
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Figure 3. TEM of Au NPs and elemental mapping images of the IOPC. (A) TEM image of Au NPs (5—8 nm) obtained by Duff's method. (B)
Magnified area of the Au—IOPC; The scale bar is 10 nm. (C) TEM of the Au—IOPC (inset: optical image of the Au—IOPC with emerald metallic
luster). The scale bar is 200 nm. (D) Elemental mapping images of the Au—IOPC, including C, Si, O, N, and Au. The scale bar is 80 nm.

and great harm that it inflicts, it is listed in the International
Convention on the Prohibition of Chemical Weapons.*®
Therefore, it is necessary to develop a label-free, simple, and
ultrasensitive detection method.

Herein, a sensing material was designed, which was prepared
by the SiO, IOPC modified with Au NPs. The seamless IOPC
thin films were prepared by co-assembly of PMMA
(polymethyl methacrylate) and SiO,, followed by removing
the template (PMMA microspheres) through calcination. Au
NPs were introduced into the IOPC to form the Au—IOPC,
and SEB aptamers (containing S'-terminated sulfhydryl
groups), used as the recognition element, were immobilized
on Au NPs by the Au—S bond to obtain the sensing material
(Au—Apt IOPC). During the detection process, the intensity
of the Au—Apt IOPC reflection peak decreased when the
aptamer combined with SEB, thereby realizing the ultra-
sensitive detection. The combination of Au NPs with the
IOPC is prospective not only to simplify the complicated
preparation steps, but also to amplify the optical response
signals. The preparation and detection procedure of the
sensing Au—Apt IOPC is shown in Figure 1.

B RESULTS AND DISCUSSION

Characterizations of PMMA Microspheres and IOPCs.
PMMA/SiO, colloidal crystals and IOPCs were characterized
by scanning electron microscopy (SEM) using Zeiss Metlin
Compact. The SEM results are shown in Figure 2. The PMMA
microspheres prepared by soap-free polymerization were stable
and uniformly dispersed (Figure S1). This was because MMA
was hydrophobic and would form small droplets after being
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stirred, and then the surface tension of the hydrophobic
droplets would make it spherical. The uniform particle size of
the PMMA microsphere laid a good foundation for the co-
assembly of PMMA and SiO, colloidal crystals. Figure 2A
shows SEM images of the overhead plane of the PMMA/SiO,
colloidal crystal, indicating that the desired product was
achieved through the effectively co-assembly method.

The IOPC films was obtained by removing the PMMA
template from the PMMA/SiO, colloidal crystal at high
temperature (Figure 2C). The top view of the IOPC showed
that it had 3D ordered periodic structures with interconnected
macroporous. This periodic macroporous structures provided
sufficient space for the diffusion of macromolecules.

This highly ordered macroporous structure significantly
expanded the specific surface area without cracks. The feature
of the crack-free structure was important because cracks might
induce Au NP aggregation, leading to a change in the coupling
of the plasma resonance between adjacent particles and
ultimately a wavelength shift at the formant.”” The photonic
band gaps (PBGs) of the PMMA/SiO, PC and IOPC
recorded by the Ocean Optical Maya 2000 Pro fiber optic
spectrometer (Ocean Optics, Dunedin, FL, USA) were located
at 680 nm and S10 nm, respectively (Figure 2B,D). In
addition, compared with the PMMA/SiO, PC, the IOPC
showed a significant blue shift of the PBG, turning from red to
green. The change of the PC structural color was attributed to
the replacement of the PMMA spheres by air with a lower
refractive index, thus reducing the refractive index of the PC.
The maximum diffraction wavelength (4 of the PMMA/
SiO, PC and IOPC followed Bragg’s law

max)
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Figure 4. AFM images of (A) PMMA/SiO, PC, (B) Au—Apt IOPC, and (C) Au—Apt-SEB IOPC. The scale bar is 600 nm.

Apae = 1.633(d/m)(D/D,)(n% — sin® 6)"/ W

ng = [nif + ny(1 = HI'? )

d is the planar spacing, m is the order of Bragg diffraction (here
m = 1), n. is the effective refractive index (ERI) of the PC
under given conditions, D/Dj = 1 is the swelling ratio of the
PC, 0 is the angle of the incident light and the normal of the
crystal surface (here, 6 = 0).*

A close-packed array was assumed, and the volume fraction f
was 0.74. For the PMMA/SiO, PC, n 4 was the ERI of PMMA
particles (n;, 1.48) and SiO, (n,, 1.65), while for the SiO,
IOPC, n. s was the ERI of SiO, (n;, 1.65) and air (n,, 1.00).
The theoretical values of 4,,,, of the PMMA/SiO, PC and SiO,
IOPC were calculated by egs 1 and 2, and the results were 673
and 517 nm, respectively. 4., of the PMMA/SiO, PC was
observed by in the visible spectral region. After removing the
PMMA array, the A, of the SiO, IOPC was 510 nm. The
theoretical calculations are consistent with the experimental
results.

Under high-resolution transmission electron microscopy
(TEM) images (Titan cubic Themis G2 300), the periodic 3D
Au—IOPC matrix was dotted with numerous tiny black spots,
which was the Au NPs modified in the IOPC (Figure 3B—D).
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The particle size of Au NPs was uniform and was about 5—8
nm. The LSPR absorption spectra of Au NPs were determined
by an UV—vis spectrophotometer (TU-1901, Persee Co., Ltd.,
Beijing, China). As shown in Figure S4, the maximum
absorption wavelength was about 520 nm, which was basically
close to the PBG of the IOPC. Figure 3B shows the edge of the
prepared Au—IOPC hole, and the uniform AuNPs on the
surface could be clearly observed, indicating that Au NPs were
modified on the IOPC.

The TEM image of the Au—IOPC is shown in Figure 3C,
and it showed that regular arrangement of this microporous
structure of the Au—IOPC provided a sufficient space for the
diffusion of the targets and, meanwhile, supplied an abundant
surface for the extensive modification of Au NPs.*” The
illustration was the optical picture of the Au—IOPC. The color
of the Au—IOPC presented an emerald metallic luster, which
indicated that Au NPs had been successfully modified on the
IOPC. Meanwhile, the reflection peak intensity of the Au—
IOPC was enhanced by Au NPs (Figure S3). Furthermore, the
C, N, O, Ay, and Si elements were clearly visible in the
elemental mapping image (Figure 3D). The distribution of N
and Au elements was completely along with the IOPC
skeleton, indicating that these elements were attached on the

https://doi.org/10.1021/acsami.1c18386
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Figure S. Simulated comparison between the IOPC and Au—IOPC. (A) IOPC (d = 165 nm, 4 = 435 nm), (B). Au—IOPC (d = 165 nm, 4 = 43S
nm), (C) IOPC (d = 200 nm, A = 515 nm), (D) Au—IOPC (d = 200 nm, A = 435 nm), (E) IOPC (d = 255 nm, A = 590 nm), and (F) Au—IOPC

(d = 255 nm, A = 590 nm), r: the radius of the air sphere, YZ plane.

IOPC skeleton. The results showed the successful modification
of the amino group and the Au element.

The X-ray photoelectron spectroscopy (XPS, ESCALAB
250Xi) results further proved the successful modification of
—NH,, Au NP, and aptamer (Figure S5). Compared with the
IOPC, NH,—IOPC had an obvious N peak at 400 eV, which
indicated the successful introduction of amination. Moreover,
the Au—IOPC had a Au peak (BE = 87 eV), which indicated
that the Au NPs were successfully attached on the IOPC. After
the aptamer was added on the surface of the Au—IOPC, the
appearance of the P 2p (BE = 133.08 eV) peak represented the
existence of the aptamer phosphate group, and the S 2p (BE =
168.14 V) peak indicated the existence of the mercapto group
modified at the 5’ end of the aptamer, which fully
demonstrated the successful modification of the aptamer.

Sensing Feasibility of the Au—Apt IOPC. The Au—
IOPC was immersed in deionized water and placed below the
optical probe until the sensing system stabilized before SEB
detection. Then, different concentrations of SEB were added,
and corresponding reflectance spectra were recorded. Figure
S8A shows that with the increasing SEB concentration, the
reflection spectrum of the Au—IOPC remained almost
constant. Meanwhile, the Au—Apt IOPC was used to detect
SEB as the same method, and the increasing SEB could cause
the decrease of the reflection peak intensity (Figure S8B). This
phenomenon illustrated that Au—IOPC without the recog-
nition element, aptamer, would not respond to the target, SEB.

4641

In other words, SEB could not nonspecifically bind to the Au—
IOPC without the aptamer.

The morphology of PMMA/SiO, PC films, Au—Apt IOPC
and Au—Apt IOPC, after detecting SEB (Au—Apt-SEB IOPC)
was characterized by atomic force microscopy (AFM,
Dimension FastScan, Bruker, the United States). The
PMMA/SiO, PC shown in Figure 4A presented a regular
periodic array structure and was composed of tightly packed
solid spheres. After removing PMMA and modifying the
aptamer, the surface of the IOPC could be observed to have
lots of holes like a honeycomb structure, and the surface
roughness increased compared with the PMMA/SiO, PC.
However, its rough surface was relatively uniform (Figure 4B).
After SEB detection, the array structure of the sensing material
became irregular and the surface roughness turned confusing
(Figure 4C). This indicated that during the SEB detection,
SEB was combined to the sensing Au—Apt IOPC through the
aptamer, leading to the damage of the periodic structure, which
was also the root cause of the decrease in the intensity of the
reflection peak.

COMSOL Simulation of LSPR for Different Sizes. In
order to investigate the electromagnetic field (EM) interaction
of IOPCs and Au NPs, COMSOL Multiphysics, a commercial
software based on finite element methods, was used to
characterize the local electromagnetic distributions in the Au—
IOPC. The EM vector Helmholtz equation was as follows

https://doi.org/10.1021/acsami.1c18386
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Figure 6. (A) Optical responses of the Au—Apt IOPC to different SEB concentrations (from 0.01 fg mL™" to 1000 ng mL™"); (B) standard curve of
SEB detection (inset: linear relationship between the peak intensity changes and logarithm concentration of SEB). The averaged values and
standard deviations were calculated from three replicated measurements.

V x (VX EM) — kge,EM = 0 3)
ky = 27/2, and it is the wavenumber in the vacuum, and 1 is
the wavelength of the incident light. ¢, is the relative dielectric
constant of the materials. A plane light wave with the
amplitude (Ey) of 1 V/m was incident along the direction of
Z-axis and had a polarization in the X-axis direction. The
refractive index of the Au NP material was according to the
value reported by Johnson and Christy.”® The refractive index
of silicon dioxide (SiO,) was according to the value reported
by Gao et al.’’ The wavelength of the incident light was set
according to the PBG of the IOPC.

Figure SA,C,E shows the normalized EM distribution of the
IOPC without Au NPs under different incident lights of
wavelengths at 435, 515, and 590 nm, respectively. These
results showed the distribution of the EM in the IOPC, and
energy hotspots could be observed in the array structure. In
order to investigate the interaction between the ordered IOPC
and Au NPs, the surface of IOPC was modified with 5—8 nm
Au NPs, and the EM was resimulated. The results (Figure
SB,D,F) showed that the EM was redistributed in the Au
NPs—IOPC and exhibited energy hotspots near the IOPC
skeleton and on the Au NPs (bright dots in Figure SB,D,F).
Furthermore, the EM amplitude of the Au NPs—IOPC
exhibited an approximately twofold enhancement compared
with the EM amplitude of the IOPC. Especially in Figure SD,
Au—IOPC maximum EM enhancement (IEI/IE,) was 4.83,
where the intensity (IEI/E,l*) of the diffraction optical signal
could be increased by 4.83* times. This might be because the
wavelength of the incident light (515 nm) was close to the
absorption wavelength of the Au NPs, which caused the LSPR
of the Au NPs. The LSPR effect enhanced the EM around the
IOPC, resulting in the amplification of the optical signal.”" The
wavelength of the incident light at 435 nm (Figure SB) and
590 nm (Figure SF) could not cause the LSPR effect because
they were out of the absorption spectrum of Au NPs. This
simulation was just a preliminary investigation. The amount of
Au NPs in this simulation was far less than that observed in
TEM. As the amount of Au NPs increased, the amount of
calculation was extremely large, because of which the
simulation could not be continued. This required further
research. In addition, 3D models of the simulated unit diagram
of the IOPC and Au—IOPC are shown in Figure S7. Figure §
shows a cross-section result of Figure S7.

4642

Optical Response of the Au—Apt IOPC to Analytes. As
shown in Figure S9A, after the reaction of the aptamer and
Au—IOPC, the UV absorption peak of the aptamers obviously
decreased, indicating that the aptamers were successfully
modified onto the Au—IOPC. Furthermore, the concentration
of the aptamer was one of the most important conditions
affecting the response of the sensing Au—Apt IOPC to SEB.
Thus, four SEB aptamer concentrations, 1, 5, 10, and 20 uM,
were chosen to be modified on the Au—IOPC, and the
corresponding sensing Au—Apt IOPC was used to detect series
SEB. According to the results (Figure S9B), the sensing Au—
Apt IOPC acquired by the 10 yM aptamer showed more
obvious signal change and wider detection range. Then, 10 uM
was chosen as the optimal concentration for further experi-
ments.

The response dynamics of Au—Apt IOPC to SEB was
investigated. After SEB was added to the sensing system, the
reflection peak intensity was recorded every minute. The
results showed that once SEB was added, the peak intensity
would decrease. After 30 min, the peak intensity no longer
decreased and tended to be stable (Figure S6).

After the Au—Apt IOPC was stable in deionized water,
different concentrations of SEB (0.01 fg mL™" to 1000 ng
mL™") were added, and the corresponding reflection spectrum
was obtained by a fiber spectrophotometer.

As shown in Figure 6A, the peak intensity decreased
gradually, as the SEB concentration increased. The Au—Apt
IOPC was obtained by high-temperature calcination, and it
was too rigid to be strained. The combination of the aptamer
and SEB could not cause the even change of the lattice
structure, but caused the periodic array to be irregular.
Therefore, it led to the decrease of reflection intensity rather
than the spectral shift. Meanwhile, it had been reported that
the reflection intensity of sensing photonic crystals could
decrease with the increase of target concentration.”””” A
distinct A about 10 a.u. could be observed directly, when the
concentration of SEB was as low as 0.01 fg mL™', indicating
the high sensitivity of the Au—Apt IOPC.

A relationship had been obtained between the AI of
reflection peak intensity and logarithm of SEB concentration
(log C) (Figure 6A), in which y is AT and x is Lg C (pg mL™").
Simultaneously, AI showed a good linear relationship with the
Lg C in the range from 1072 to 10° Pg mL™! (Figure 6B, inset),
and the regression equation was y = 52.312x + 148.502 (R* =
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Figure 7. Optical response of the sensing Au—Apt IOPC to (A) SEA, (B) ricin toxin, (C) BSA, and (D) OVA.

Table 1. Recovery Assay for SEB in Milk and Water

Au—Apt IOPC
sample spiked (pg mL™") found” (pg mL™") recovery (%)
milk 0 Nd*
0.1 0.093 93.0
10 11.54 1154
100 104.53 104.5
tap water 0 Nd
0.1 0.089 89.0
10 9.57 95.7
100 102.38 102.4

ELISA kit
RSD (%) found” (pg mL™") recovery (%) RSD (%)

Nd

32 Nd

24 11.16

4.3 116.93 116.9 7.9
Nd

2.5 Nd

2.6 10.95

4.6 112.82 112.8 124

“n = 3, each spiked concentration was obtained from three parallel experiments. *Nd: not detected.

0.9958). The limit of detection (LOD) was about 2.820 fg
mL™!, which was far below the detection limits of some other
methods such as high-performance liquid chromatography—
diode array detector,” immunochromatographic method,*
and SPR.*

The CHO—-Apt IOPC was used to detect SEB as a
comparison. After SEB was added in the sensing system, the
peak intensity also decreased gradually with the increasing
concentration of SEB (Figure S10A). It showed a linear
relationship between AI and Lg C in the SEB concentration
range from 107" to 10° pg mL™' (Figure S10B), and the
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regression equation is y = 22.232x + 44.355 with R* = 0.9960.
The LOD of CHO—Apt IOPC was 37.14 fg mL™".

The results showed that Au—Apt IOPC was more sensitive
than CHO—Apt IOPC due to the LSPR effects of Au NPs
immobilized onto the inner surface of the IOPCs. Meanwhile,
the introduction of Au NPs could provide more binding sites,
which increased the amount of the SEB aptamer fixed on the
IOPC. Furthermore, the preparation process of the Au—Apt
IOPC was simpler than that of the traditional IOPC (CHO—
Apt IOPC) without Au NPs.

Specificity of the Au—Apt IOPC to Analytes. The
specificity of the sensing Au—Apt IOPC for the SEB target was
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investigated under the same conditions. The SEB analogues
(concentration from 1 fg mL™" to 10 ug mL™"), such as SEA,
ricin toxin, bovine serum albumin (BSA), and OVA, were
detected by the as-proposed method. The reflection spectra are
shown in Figure 7. The Au—Apt IOPC scarcely presented
response to SEA, ricin toxin, BSA, and OVA (Figure 7A—D).
This result indicated that the Au—Apt IOPC showed excellent
specificity for SEB.

Real Sample Analysis. Milk and water samples spiked
with SEB (0, 0.1, 10, and 100 pg mL™") were detected by this
as-proposed method, respectively. Meanwhile, these samples
were analyzed using a commercial ELISA kit to evaluate the
accuracy and sensitivity of the IOPC method in real samples.

As listed in Table 1, the recoveries obtained by the sensing
Au—Apt IOPC method were from 92.9 to 115.4%, and the
RSD (n = 3) was below 5%. Meanwhile, the LOD of the SEB
ELISA kit was 0.1 ppb, and it could not determine SEB
concentration in the samples spiked with 0.1 and 10 pg mL ™"
SEB. These results indicated that the as-proposed sensing Au—
Apt IOPC method showed good accuracy and possessed a
wider detection range. Furthermore, it had potential
application in ultrasensitive detection of SEB in real samples
without the label.

B CONCLUSIONS

In conclusion, a sensing Au—Apt IOPC films were prepared by
the co-assembly method, and the aptamer was used as
recognition elements to realize ultrasensitive detection of
SEB. Au NPs modified on the IOPC played a role in signal
enhancement to improve the detecting sensitivity. Further-
more, Au NPs were used as a bridge to connect the aptamer
with the IOPC. The constructed sensing Au—Apt IOPC could
respond to SEB within 30 min and possessed good specificity.
Compared with the conventional method, the detection limit
obtained by this method was several orders of magnitude
lower, and the detection limit was 2.820 fg mL™". In addition,
the preparation of the Au—IOPC based on the LSPR sensor
was simple and environmentally friendly, requiring very little
organic solvent in the preparation and detection process.
Furthermore, if the rigid skeleton structure is replaced by
compliant materials, and it will be expected to achieve visual
detection caused by the structure color change. Thus, it is
possible to obtain the POC testing device for environmental
monitoring, clinical diagnosis, and so forth.

B EXPERIMENTAL SECTION

Reagents and Apparatus. Methyl methacrylate (MMA, 99%),
tetraethoxysilane, 3-aminopropyl triethoxysilane (APTES), chloroau-
ric acid (HAuCl,-4H,0), tetramethylolphosphonium chloride, and
OVA were purchased from Sigma-Aldrich Co (St. Louis, MO, USA).
Potassium persulfate (KPS) (99%) was obtained from J&K Scientific
Ltd., China. BSA was bought from Yuanye Co., Ltd., Shanghai, China.
The milk was purchased from a local market.

All solvents and chemicals were of analytical reagent and were used
without further purification. The slides were immersed in the H,SO,/
H,0, (7:3, v/v) mixture, and then, the slides were rinsed with
deionized water three times. The SEB aptamer sequences were 5'-HS-
GGT ATT GAG GGT CGC ATC CACTGG TCG TTG TTG TCT
GTT GTC TGT TAT GTT GTT TCG TGA TGG CTC TAA CTC
TCC TCT-3'.

Preparation of PMMA Microspheres. PMMA microspheres
were synthesized by emulsion polymerization. A homogeneous
mixture of MMA (25 mL) and ultrapure water (125 mL) was heated
to 80 °C under mechanical stirring at 300 rpm in a nitrogen
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atmosphere. Then, KPS (0.3 g, dissolved in S mL ultrapure water)
was added to the mixture and stirring was continued for 45 min to
form an opalescent suspension. The mixture was centrifuged at
different speeds to screen the particle size, and finally, it was cleaned
and centrifuged at 8000 rpm to collect the white precipitate to obtain
the uniform PMMA microspheres.

Preparation of IOPCs. The silica sol was prepared by the co-
assembly method. Hydrochloric acid (0.1 M), ethyl orthosilicate, and
anhydrous ethanol (mass ratio: 1:1:1.5) were mixed to form a silica
sol and incubated under oscillation at room temperature for 1 h. Next,
the abovementioned silica sol (90 uL) and 0.9% PMMA microsphere
suspension (PMMA: water, 0.9:9.1, v: v) were ultrasonically mixed,
and then, the glass slide was inserted vertically into the mixed
solution. Then, they were put in an oven at 60 °C for 48 h. With the
constant evaporation of deionized water and the hydrolysis of silica
sol, the PMMA and silica dioxide were co-assembled on the slide to
form a PC film. Essentially, the colloidal assembly induced by
evaporation could be thought as a concentration process. In the
process, the nanoparticles were tightly packed under the action of van
der Waals force, so that the colloidal nanoparticles were arranged
neatly.

During a typical calcination process, the temperature increased to
500 °C and maintained for 4 h before falling back to room
temperature. After the calcination of PMMA, the colored IOPC was
obtained.

Preparation of Au—IOPCs. First, IOPCs were modified by
surface amination, as detailed below. IOPCs were immersed in
piranha solution for 24 h and washed with ultrapure water and
anhydrous ethanol 6 times. The slides were inserted vertically into the
glass beakers and dried with nitrogen. Then, 4% of APTES ethanol
solution (15 mL) was added into the glass beakers and heated at 70
°C for 6 h. Then, the slides were washed six times with deionized
water. The NH,—IOPC was obtained.

Au NPs at 5—8 nm were prepared by Duffs method.”” Then, the
abovementioned NH,—IOPC was immersed in the Au NP solution to
prepare the Au—IOPC. Meanwhile, the enhancement effect of Au
NPs on the IOPC assembled by different sizes of PMMA
microspheres was simulated by COMSOL.

Modification of Aptamers on the Au—IOPC. The —SH
modified aptamer was diluted with PBS (0.01 M, pH 7.4) to form
a storage solution of 10 yM. The Au—IOPC was placed in a glass
Petri dish, and the aptamer solution (100 L) was added onto the
Au—IOPC drop by drop. Then, the glass Petri dish was sealed and
was placed at 37 °C for 12 h to obtain the Au—Apt IOPC.

A sensing IOPC without Au NPs (CHO—Apt IOPC) was prepared
using glutaraldehyde to fix the SEB aptamer on the NH,—IOPC. The
preparation process is as follows: NH,—IOPC was immersed in the
2.5% glutaraldehyde water solution (mass ratio) for 4 h and then
incubated with the SEB aptamer, containing a S-terminal amino
group, to acquire the CHO—Apt IOPC.

Response of the Au—Apt IOPC to SEB. Au—Apt IOPCs were
immersed in 10 mL of ultrapure water, and the reflection spectra were
obtained through an optical fiber spectrometer at room temperature.
After the sensing system reached the equilibrium state (about 30
min), different concentrations of SEB (0.01 fg mL™" to 1000 ng
mL™") were added into the sensing system, and the corresponding
reflection spectra were recorded. As a comparison, the CHO—Apt
IOPC was also used to detect SEB under the same condition.

Specificity of the Au—Apt IOPC to SEB. Analogues such as
SEA, ricin, BSA, and OVA were detected by the Au—Apt IOPC to
investigate the specificity of the sensing material. Au—Apt IOPCs
were immersed in ultrapure water until the sensing system reached
stability. After that, different concentrations of the abovementioned
analogues were added, and the corresponding reflection spectra were
recorded.

Sample Preparation and Detection. Tap water and milk were
chosen as the real sample and spiked with SEB. The newly purchased
milk samples were detected by ELISA kit, and the results showed that
it contained no SEB. The milk sample was pretreated as follows: they
were centrifuged at S000 rpm for 10 min. After the precipitation was
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removed, the remnants were transferred to a new tube and
subsequently added with 0.1, 10, and 100 pg mL™' of SEB,
respectively. The water sample, without pretreatment, was added
with 0.1, 10, and 100 pg mL™" of SEB. The spiked samples were
detected using the Au—Apt IOPC method and ELISA kit for
comparison.
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