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ABSTRACT: Assays for acetylcholinesterase (AChE) with high
sensitivity and high selectivity as well as facile manipulation have been
urgently required in various fields. In this work, a reaction-based
photonic strategy was developed for the efficient assay of AChE activity
and inhibition based on the synergetic combination of the specific thiol-
maleimide addition reaction with photonic porous structure. It was
found that various applications including detection of AChE activity,
measurement of the related enzymatic kinetics, and screening of

inhibitors could be efficiently implemented using such strategy.

Remarkably, the unique photonic nanostructure endows the constructed sensing platform with high sensitivity with a limit of
detection (LOD) of S mU/mL for AChE activity, high selectivity, and self-reporting signaling. Moreover, the label-free solid film-
based sensing approach described here has advantages of facile manipulation and bare-eye readout, compared with conventional
liquid-phase methods, exhibiting promising potential in practical application for the AChE assay.
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1. INTRODUCTION

As a ubiquitous enzyme in the nervous system, acetylcholines-
terase (AChE) plays a crucial role in biological signal
transmission," which mainly functions to terminate the synaptic
transmission of neurotransmitter acetylcholine (ACh) by
means of hydrolyzing ACh to choline and acetate.” Inhibition
of AChE activity would cause accumulation of ACh in a
synaptic cleft, resulting in hindered neurotransmission.**
Regulating the activity of AChE would have great impact on
physiological function. Reversible inhibitors of AChE are widely
used in therapies for Alzheimer’s disease (AD),° while
irreversible inhibitors, such as nerve gas, would cause
asphyxiation or even death.”® Therefore, the development of
efficient approaches for AChE activity measurement with high
sensitivity, fast response, and facile manipulation is of high
importance on both theoretical and practical aspects and has
been urgently needed for fields including clinic diagnosis and
AD drug screening as well as organophosphorus pesticide
detection.”

The most widely used assays for AChE activity include the
colorimetric assay using Ellman’s reagent and chemolumiscence
detection by cascade hydrolysis-oxidation of ACh.'”'" Such
methods would suffer from relative low sensitivity, long time
consumption, and false positive results.'> Recently, a number of
approaches has been implemented to obtain better perform-
ance of AChE activity measurement, including single-molecule
fluorescent probes,"> gold nanoparticle (Au-NP) plas-
monics,' "3 aggregation-induced emission (AIE),'® colorimet-
ric and fluorescent change of conjugate polymers,'”'® and
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modified electrochemical methods.'”*° Notable performances

have also been achieved in several cases. Nevertheless, non-
neglectable obstacles or drawbacks still exist during practical
application. The electrostatic interaction involved in a vast
majority of these methods would be influenced by aqueous
electrolytes. Self-quenching and bleaching phenomena have
long been known for fluorescent probes or conjugate polymers,
potentially causing false results. Although Au-NP owns
relatively high sensitivity, its performance might be limited by
competitive binding of biomolecules and fast nondirective
aggregation in a complex sample.*' ~>* Moreover, most of the
existing approaches are implemented in liquid phase, lacking
the feature of convenient manipulation, which is more favorable
for practical application.”® Therefore, developing a novel
strategy for the high-performance AChE assay overcoming
these limitations is of significant current interest.

In this work, a reaction-based photonic strategy is developed
for efficient assay of AChE activity and inhibition based on the
synergetic combination of the specific thiol-maleimide addition
reaction with photonic porous structure. Various applications
including detection of AChE activity, measurement of the
related enzymatic kinetics, and screening of inhibitors could be
efficiently implemented using such strategy. Remarkably, the
unique photonic nanostructure endows the constructed sensing
platform with high sensitivity with a limit of detection (LOD)
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of S mU/mL for AChE activity, high selectivity, and self-
reporting signaling. Furthermore, the label-free solid film-based
sensing approach described here has advantages of facile
manipulation and bare-eye readout, compared with conven-
tional liquid-phase methods, exhibiting promising potential in
practical application for the AChE assay. A schematic diagram
for the fabrication and mechanism of the photonic sensing
platform is proposed in Scheme 1.

Scheme 1. Schematic Illustration of the Fabrication and
Mechanism of the Reaction-Based Photonic Platform for
Sensing AChE Activity and Inhibition
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2. EXPERIMENTAL SECTION

Chemicals. All of the chemicals and solvents used in the
experiments were of reagent quality, without further
purification unless mentioned. Anhydrous ethanol, ammonia,
acrylic acid, tetraethoxysilane (TEOS), and dichloromethane
were all purchase from SinoChem co. Ltd. Methyl meth-
acrylate, tetraethylene glycol dimethacrylate (TEGDMA), and
photoinitiator 2-hydroxy-2-methyl-1-phenyl-1-propanone
(HMPP) were purchased from Acros Organics. Exo-3,6-
epoxy-1,2,3,6-tetrahydrophthalic anhydride and 3-amino-1-

propanol were obtained from Alfa Aesar. Acetylthiocholine
iodide, acetylcholinesterase, butylcholinesterase, lysozyme,
propidium iodide, tacrine, and donepezil were bought from
Sigma-Aldrich. PBS buffer solution, methacryloyl chloride, and
other affiliated chemicals were supplied by local suppliers. The
flasks for Stober silica sphere synthesis were treated by
dichromate lotion before use. All glass slides were sheared
out to be 50 mm X 20 mm, following piranha treatment, and
rinsed with deionized water and anhydrous ethanol.

Characterization Methods. The 'H NMR spectra of
substances were characterized by a JEOL ECA 300 NMR
spectrometer. Reflectance spectra of photonic samples were
measured by a USB200 fiber spectrometer (Ocean Optics).
The SEM images were taken by a LEO-1503 field emission
scanning electron microscope.

Synthesis of Functional Monomer. The synthesis of the
maleimide-functional monomer followed the route as shown in
Scheme 2.

Synthesis of Compound 1. Exo-3,6-epoxy-1,2,3,6-tetrahy-
drophthalic anhydride (3.32 g, 20 mmol, 1 eqiv) and 3-amino-
1-propanol (7.50 g, 100 mmol, S eqiv) were heated without
solvent at 80 °C coupled by vigorous stirring for 4 h. The
mixture was dissolved in CH,Cl, and then washed with dilute
HCI and saturated brine, respectively. The organic layer was
dried by anhydrous MgSO, and concentrated by vacuum
evaporation. A white solid was obtained (1.59 g 35.7%).
Compound 1: 2-(3-hydroxypropyl)-3a,4,7,7a-tetrahydro-1H-
4,7-epoxyisoindole-1,3(2H)-dione. '"H NMR (300 MHz,
CDCLy): § 6.53 (s, 2H, —CH=), 5.28 (s, 2H, —CH-0-),
3.65 (t, -N—CH,—, 2H), 3.53 (t, —CH,—O—, 2H), 2.88 (m,
2H, —CHCO-), 2.50 (s, 1H, —OH), 1.77 (m, 2H,
—CH,CH,CH,-).

Synthesis of Compound 2. Compound 1 (0.90 g, 4.04
mmol, 1 eqiv) was dissolved in CH,Cl, and placed in an ice
bath. A solution of methacryloyl chloride (0.50 g, 4.84 mmol,
1.2 eqiv) in CH,Cl, was added dropwise within S min. The
mixture was kept at room temperature overnight for complete
reaction. The mixture was washed with water and saturated
brine twice, dried, and purified by a flash chromatographic
column (2:1 v/v hexane/ethyl ester). The product obtained
was a white waxy solid (1.03 g, 87.5%). Compound 2: 3-(1,3-
dioxo-3a,4,7,7a-tetrahydro-1H-4,7-epoxyisoindol-2(3H)-yl)-
propyl methacrylate. '"H NMR (300 MHz, CDCLy): § 6.51 (s,
2H, -CH=CH-), 6.13 (s, 1H, =CH,), 5.57 (s, 1H, =CH,),
5.26 (s,2H, —CHO-), 4.12 (t, 3H, —-CONCH,-), 3.61 (t, 3H,

Scheme 2. Synthesis Scheme of Furan-Protected Maleimide Functional Monomer

o] o]
o +H2N/\/\OHM [E’ N""oH

o o

1

0 o] o

N/\/\OH + )\(C' m N/\/\OJY
o
o o
1 2

dx.doi.org/10.1021/am504065v | ACS Appl. Mater. Interfaces 2014, 6, 15456—15465



ACS Applied Materials & Interfaces

Research Article

—COOCH,-), 2.84 (m, 2H, —CHCO-), 1.97 (m, SH,
—CH,;—CH,—-).

Preparation of SiO, Colloid Crystal Templates. The
monodisperse silica particles were synthesized following the
Stober method. Ammonia (10—14 mL) and 120 mL of
anhydrous ethanol were poured into a flask equipped with a
magnetic beater. After being mixed uniformly, 4 mL of TEOS
was slowly added dropwise. The mixture was stirred at room
temperature for ca. S h. Monodisperse SiO, spheres with
diameter ranging from 200 to 300 nm were obtained after
centrifugation and dispersion in anhydrous ethanol for several
times to remove the residues. In most cases, silica particles of
270—290 nm were used. Afterward, the obtained SiO, spheres,
dispersed in anhydrous ethanol with a weight concentration of
about 1—4%, were allotted into 10 mL cleaning vials. A glass
slide treated with H,SO,/H,0, was inserted vertically. The
vials were kept in an oven of constant temperature for weeks.
After the complete evaporation of the solvent, the colloidal
dispersion slowly traced down the surface of the glass slides,
coated by SiO, spheres, which could assemble into a face-cubic-
center (fcc) crystal arrangement driven by capillary force.

Preparation of Inverse Opal Polymer Films Contain-
ing Maleimide Pendants. The inverse opal photonic films
containing maleimide pendants were prepared via template
infiltration, polymerization, and an etching process. An
assortment of precursors prepared by mixing predetermined
proportions of functional monomer (0.289 g, 1 mmol), MMA
(0.100 g, 1 mmol), TEGDMA (0.152 g 0.5 mmol), and
photoinitiator HMPP (1% molecular fraction) were infiltrated
into a clamped mixture of glass slide and silica template, until
the template became totally transparent. The precursors were
then polymerized by UV exposure (500 W lamp at 30 cm
distance) for 10 min. After etching SiO, with 1% HF, the
inverse opal film containing maleimide pendants protected with
furan was obtained. The protected film was refluxed in toluene
under 110 °C for S h and taken out immediately after heating
was stopped, in order to prevent the reversible Diels—Alder
addition. The polymer film was then washed with a mixture of
alcohol and water and was immersed into deionized water
before use. In the case of SEM characterization of the hexagonal
structure, a sample of inverse opal is treated with ionic plasma
to remove polymer overlayer on the surface.

Characterizations of the Photonic Films in Response
to Acetylcholinesterase. In general, the obtained photonic
films were cut into 3 X 3 mm® and transferred onto a black
adhesive tape. The tape was further settled on the bottom of a 1
mL polypropylene tube (for sequential analysis, a 96-well plate
was favored). A solution of AChE, ATCh, or AChE inhibitors
was balanced to 1 mL and injected into the tube. Reflectance
spectra were taken from the top side of the tube. Detailed
conditions for different applications were given as follows: (i)
For measurement of photonic response to varied concentration
of enzyme, the concentration of ATCh was constant at 1 mM,
and concentrations of AChE were varied from 10 mU/mL to
10 U/mL. Reflectance spectra were measured over 30 min after
incubation for high concentrations, while at low concentrations
(1077=107° M), the Bragg diffraction peak was monitored until
no further change was observed. (ii) For the selectivity assay,
the concentration of ATCh was 1 mM, while AChE, BChE, and
lysozyme are employed as 10 U/mL, respectively. Reflectance
spectra were measured over 30 min after incubation as well;
considering the enzyme activity in the experiment, nearly all the
substrates would be hydrolyzed in a time span of 30 min. (iii)

For enzymatic kinetics measurement, 1 U/mL AChE was used.
Time series of spectra under four substrate concentrations (S X
1075, 1 x 1076, 5 X 1077, and 2 X 107 mol/L) were recorded,
and initial velocities were calculated by the slope of the linear
fitting curve of the first three data points.

Screening of Inhibitors via the Fabricated Photonic
Films. The solutions of AChE and the inhibitors (propidium
iodide, tacrine and donepezil) of varying concentration (107°—
10™* mol/L) were incubated at room temperature for 30 min
for binding; then, the substrate acetylthiocholine and the
fabricated photonic film were added, and the mixtures were left
for over 30 min to allow hydrolysis and click reaction to take
place.

3. RESULTS AND DISCUSSION

Herein, we present a reaction-based photonic strategy for
AChE activity measurement, utilizing maleimide-containing
reactive three-dimensional (3D) inverse opal polymer films as
the sensing platform. 3D inverse opal films are photonic
materials with 3D periodicity in nanoscale structure and
refractive index.”**® Due to the unique photonic band gap
(PBG) structure of 3D photonic crystal, only the light within a
narrow range of wavelength can be reflected. As demonstrated
in eq 1, under normal incidence geometry, the wavelength 4 of
maximum reflection is a function of lattice spacing (d) and
effective refractive index (ng):>’

A = 1.633n,4d (1)

Polymer-based stimuli-responsive photonic crystals have
been employed for chemical and biological sensing in recent
years’®* due to the sensitivity brought by both photonic
periodic structure and responsiveness of polymer material. The
main principle behind such photonic sensing lies in the optical
property change brought by external stimuli. As shown in eq 1,
either the change of material reflective index or the lattice
spacing would result in the shift of the Bragg diffraction
wavelength. The optical signal generation is self-reporting,
videlicet, requiring no fluorescent probing molecules. By
employing the volume-transition feature of stimuli-responsive
polymer, series of photonic crystal sensing assays have been
proposed, responding to various types of external stimuli.**~>°
In this respect, a few examples of photonic methods concerning
AChE have been reported.’**” The Asher group developed a
polymerized crystalline colloidal array (PCCA) with attached
AChE and used it as sensing material for detection of the
organophosphorus compound parathion.*® On the other hand,
the Lowe group described a double-layer structured holo-
graphic sensor as a label-free detection system, and by using
AChE as the model enzyme, holographic inhibition assays for
drug discovery were demonstrated.”” However, both cases yet
require cumbersome immobilization of AChE.

It would be more facile to operate with AChE in the bulk, in
which case the enzyme activity of AChE would not be affected
by chemical modification. In our case, the activity sensing of
AChE was carried out in the form of measuring the hydrolysis
of substrate acetylthiocholine (ATCh). The thiol-containing
product thiocholine (TCh) was the defacto molecule detected
in this system (see Scheme 1). Benefitting from the well-
established thiol-maleimide Michael addition reaction,**™*° the
polymer photonic crystal should be selectively responsive to
thiol compounds by introducing maleimide pedants. As
illustrated in Scheme 1, a responsive polymer inverse opal
was obtained by copolymerization of a furan-protected
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Figure 1. SEM images of colloidal crystal template (a), the resultant maleimide-containing inverse opal film (b), and its cross-section view (c); inset
illustrates the optical picture of an uncut fabricated film. All scale bars except the one in the inset are 1 ym. (d) Reflection spectra of the colloidal
crystal template and the inverse opal film. (e) TGA curves of the furan-protected and deprotected films. (f) IR spectra of furan-protected film (i),

deprotected film (ii), and the film reacted with TCh (ii).

maleimide-containing monomer (Scheme 2) with methyl
methacrylate (MMA) and tetraethylene glycol dimethacrylate
(TEGDMA) as cross-linker in the voids of 3D silica colloidal
crystal template, followed by etching of the silica template using
diluted hydrofluoric acid, and deprotection of maleimide
pedants by heating. The resultant inverse opal polymer film
was reactive to thiol compounds. While in absence of AChE,
ATCh was stable against the polymer; however, upon its
hydrolysis, the product TCh would rapidly react with the
maleimide moieties within. Distinguished from the original
hydrophobic polymer, the TCh-attached polymer possessed
increased charge due to the positive-charged quaternary
ammonium group. An elevated Donan potential was thus
produced, driving water into the polymer and finally leading to
the volume transition of the photonic polymer film. The
expansion of polymer lattice spacing due to swelling would red-
shift the PBG wavelength, generating a signal which could be
detected using a reflection spectrometer or even the bare eye.
Thus, the reaction-based recognition event can be directly

15459

transferred (label-free) into a readable optical signal through a
change in Bragg diffraction of the ordered photonic film (self-
reporting signaling). It should be noted that the peak shift is
affected by the concentration of attached TCh, revealed by the
Flory’s theory of gel swelling.*' Once the correlation between
the optic signal and TCh concentration has been established, it
is feasible to detect the enzymatic activity of AChE using such a
platform as pH paper.

In principle, two major factors are responsible for the peak
shift signal: chemical condensation between maleimide and
thiol groups; osmotic pressure change before and after the
condensation. The specific reaction of maleimide with thiol
groups is fast and stoichiometric even for polymer in a mild
condition,** ensuring the specificity of such photonic sensing
platform. The “click-reaction” feature ensures reliable sensing of
thiol compounds in aqueous solution, while getting rid of
influence of nonspecific electrolytes. Distinguishing TCh from
other thiol-compounds can be possible due to the second
factor. Bearing a quaternary ammonium group, TCh shows
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constant charge independent of solution pH, while most of the
other biothiols, e.g,, cysteine and glutathione, exhibit attenuated
charge under certain pH. The influence of other amino-acid-
derived thiols could be ruled out by performing a series of
spectra under varied pH values.*Besides self-reporting signal-
ing feature and high selectivity, the unique photonic structure
also guarantees the high sensitivity of the assay both by the
enrichment effect through the stoichiometry of the reaction and
the high specific area of porous structure, as revealed by related
works using photonic crystal as the sensing platform.***

Additionally, utilizing a solid-film-based sensor owns a series
of advantages including convenient manipulation, long shelf
life, and reduced inhibition of enzyme, compared with liquid-
state, small-molecular probes. Although molecule transporta-
tion is slower inside of the solid material than the aqueous
solution system, the interconnected macroporosity of inverse
opal gives compensation, ensuring a much faster response than
bulk polymer.** Unlike other film sensors coupled with
electrode, the detection platform proposed in this work is
energy-free and the self-reporting optical signaling could be
determined even by the bare eye, which is promising for
practical application. Detailed experimental results and
discussions are presented in the following sections, in order
to explore the performance and application feasibility of such a
sensing system.

The periodicity of photonic crystal was successfully acquired
after the template-assisted fabrication process. As shown in
Figure 1, both the SEM photographs of silica colloidal crystal
template (Figure la) and fabricated inverse opal polymer
(Figure 1b) showed close-packed hexagonal arrangement with
little deviation in lattice spacing. A tilted angle view image in
Figure 1c further proved that the periodicity was uniform in the
polymer slab constructed of ca. 20 layers. As shown in Figure
1d, the photonic crystal template constructed of ca. 300 nm
silica nanospheres had a diffraction peak wavelength of 605 nm,
while for the resultant inverse opal polymer film, the peak
wavelength blue-shifted to ca. 512 nm. Despite minor defects
and polymer overlayers, the inverse opal polymer still exhibited
relatively high optical quality with a half-peak width of 57.7 nm
and a Q factor of 8.82.

Since the double bond in maleimide is unstable during the
radical polymerization process, it is necessary to protect the
maleimide groups before final deployment. A commonly used
strategy is to employ the furan-protected maleimide com-
pounds. By heating the polymer in nonpolar solvent such as
toluene, a reverse Diels—Alder reaction would take place,
yielding unprotected maleimide pedants. Thermogravimetric
analysis (TGA) was utilized to verify the complete depro-
tection. According to the TGA curves in Figure le, the
protected inverse opal polymer exhibited a loss of ca. 10%
weight from 100 to 200 °C, corresponding to the releasing of
furan molecules. However, the treated polymer had no
observable weight loss until a normal decomposition temper-
ature at 400 °C, proving that the deprotection process was
completed. Meanwhile, infrared (IR) spectra in Figure 1f also
provided evidence for the deprotection. The C—O stretching
vibration of ether groups in the protected polymer of ca. 1158
cm™" was decreased in the treated polymer; the C=C bending
vibration of furan at 1783 cm™ in the protected polymer was
also absent after deprotection.** By combination of the IR and
TGA analysis, the deprotection process was proved to be
complete.

To explore the reaction feasibility of the photonic sensing
platform, a piece of deprotected inverse opal film was dipped
into a PBS buffer (pH = 7.4) containing 1 mM ATCh and 10
U/mL AChE for 30 min. IR and contact angle tests were
performed to verify the reaction in the film. It should be noted
that the weak vibration peak of C=C of maleimide is
overlapped by that of C=O, which could not be reliable for
verifying the reaction.*® The emergence of a shoulder peak at
2869 cm™" of the reacted sample should be ascribed to the C—
H vibration of the thiocholine adducts. Contact angle
measurements were also carried out as macroscale verification
for the polymer films before and after ATCh hydrolysis. As
shown in Figure S1, Supporting Information, the original
hydrophobic polymer film turned quite hydrophilic upon
reaction with 10 U/mL AChE, with the contact angle sharply
deceased from 85.9° to 8°. Considering all possible species in
the system, the drastic change in hydrophilicity could only be
the consequence of increased charge of the polymer. The
gradual immersion of a water drop on the surface of the film
shown in Figure Slc, Supporting Information, further
supported the existence of inner macropores, in contrast with
a simple planar surface in Figure Sla, Supporting Information.

We further studied the detectability of the photonic sensing
platform. As the enzyme reaction is time dependent, a series of
time-dependent experiments under varied concentrations was
performed in order to determine the reaction time required for
a steady state (Figure S4, Supporting Information). Over a time
span of 30 min, the Bragg diffraction peak reached equilibrium
for high and medium concentrations (10~ and 107¢ M), while
for a lower concentration (107 M), the peak shift was also over
90% of its full shift. Thus, the reaction time was chosen to be 30
min for high and medium concentrations, while for lower
concentrations, the peak shift was monitored until its
maximum. The intensities of all the spectra were normalized
for convenience of further comparison. As revealed in Figure
2a, the original inverse opal polymer film exhibited a Bragg
diffraction peak at 505.7 nm. The reflection spectra showed a
drastic change upon AChE enzymatic reaction. Immersion of
the film into a PBS buffer of 2.5 U/mL AChE and 1 mM ATCh
led to a red-shift of the peak wavelength to 569.3 nm, while
under 10 U/mL AChE, the wavelength further increased to
634.4 nm. Indicated by the insets of optical images in Figure 2a,
the color change of the polymer film could be detected by the
bare eye. A systematic survey of detection capacity was carried
out using AChE of diverse concentrations ranging from 10
mU/mL to 10 U/mL, while the concentration of ATCh was
fixed to be 1 mM. It could be observed that the Bragg
diffraction peak shift attenuated following the decrease of
AChE concentration (Figure 2b). The peak shift was plotted
against the AChE concentration (Figure 2c), and the limit of
detection (LOD) of AChE was calculated as § mU/mL,
extending the curve at low concentration to a minimal
detectable peak shift of 6 nm (3 times the signal fluctuation
of the optical spectrometer). The achieved LOD challenged
those of established methods,*” including Au-NP plasmonics14
and AIE fluorescence,'® and even overwhelmed most of the
methods based on conjugate polymer colorimetric assays or
fluorescence.'”'® The high sensitivity could be attributed to
both the properties of inverse opal photonic structure and the
reactive polymer. Since the structural color of photonic crystals
is only governed by the polymer structure and lattice quality,
there would be no undesired influence like the self-quenching
or bleaching of the fluorescence-based sensory systems,
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Figure 2. (a) Reflection spectra of the photonic film under varied
AChE concentrations. (b) The dependency of the Bragg peak shift
with AChE concentration. A LOD of 5 mU/mL was calculated. (c)
Reflection spectra of the photonic film with lysozyme, BChE, and
AChE.

ensuring a relative low background noise. Moreover, the
polymer underwent a steep hydrophilicity change upon the
TCh addition reaction, which yielded a photonic signal even
with a low level of TCh (see Appendix in Supporting
Information). Since the TCh molecules were immobilized
after the addition, the charge within the polymer would also
remain constant against rinsing. Such an encouraging result
implied a strong potential in the detection of AChE activity and
related application areas for the photonic sensing platform.
With the proposed sensing strategy feasible, we further
examined its specificity against other enzymes. Lysozyme (Lyz),
butylcholinesterase (BChE), and AChE were employed for
comparison of sensing specificity. Photonic polymers of
identical size were immersed into PBS buffer solutions
containing ATCh and different enzymes, respectively. The

concentration of ATCh was maintained constant at 1 mM, and
all enzyme concentrations were as great as 10 U/mL. As
demonstrated in Figure 2d, merely no peak shift from the
control experiments could be observed for Lyz. In the case of
BChE, there was also only minor peak shift, compared with the
significant change by using AChE. The high selectivity of the
fabricated photonic sensing platform evidently contributed to
the high selectivity of the substrate ATCh with its
corresponding enzyme AChE. AChE, BChE, and Lyz are all
capable of hydrolysis of ester substances. However, in the case
of ATCh as the substrate, the discrimination of enzyme
specificity is clearly shown. Alternatively, the specificity of
AChE with other thioesters reduces the influence of false
positive results.*® Therefore, the combination of the maleimide
containing photonic film together with acetylthiocholine
constructed an ideal sensing platform, which would only be
due to the existence of AChE.

It is hopeful that various applications could be developed
from the fabricated photonic sensing platform, due to its
benefits of high sensitivity and specificity. Using the time-
resolved assay, one could study the enzyme kinetics of AChE.
The key point was the translation of the peak shift signal into
the concentration of the hydrolysis product TCh. In order to
retrieve the correlation between the concentration of TCh and
the Braggs peak shift, a series of measurements was performed
under varied concentration of TCh ranging from 1 nM to 1
mM (Figure 3a). The Bragg diffraction peak was observed to
expand after increasing ATCh concentration. During the
reaction process, there could be an intermediate phase in
which the polymer is partially ionized. According to eq 1, the
lattice spacing d is not uniform in such a stage, which would
contribute to the broadening of the Bragg diffraction peak. As
concentration increases, the Bragg diffraction peak sharpened as
ionization ratio increased. In the case of high hydrophilic
polymer, the ununiform swelling caused by defects would
further amplify the defects, resulting in a broadening of the
Bragg diffraction peak. In fitting of the working curve, both
quadratic and sigmoidal functions were used. Although the
sigmoidal fitting had better theoretical enzyme models, it was
found that the quadratic fitting had a better performance with
higher R? values (Figure SS, Supporting Information). There-
fore, a quadratic curve was fitted to generate the working curve
of logged hydrolyzed ATCh concentration versus Bragg
diffraction peak shift (Figure 3b). Although a quantitative
model for such a plot failed, a qualitative interpretation could
be given. At low concentration of TCh, the increase of polymer
ionization ratio would yield a great change of polymer
hydrophilicity, turning the polymer from hydrophobic to
hydrophilic; while the concentration of TCh further increased,
the addition in hydrophilicity caused by the concentration of
TCh became less. For the quadratic plot, the slop of tangent
(e.g., the derivative of the quadratic function) decreased as log
C increased, consistent with the real situation. In order to
examine the kinetics of AChE, a Lineweaver—Burk curve with
double reciprocals of initial velocity (1/V,) versus substrate
concentration (1/[S,]) was plotted.*’ The initial velocity was
calculated as the slope of the initial region (which was chosen
as the five data points of the first 300 s) of the time curve of
ATCh hydrolysis, which was converted from the time-resolved
spectra (Figure S2, Supporting Information). The Lineweaver—
Burk plot can be employed to reveal the enzyme kinetics of
AChE. When one calculates the slope and the intercept, the
Michaelis—Menten constant (K,,) and maximum velocity (V,,)
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Figure 3. (a) Reflection spectra of the photonic film against varied
concentration of TCh. (b) Standard working curve derived from (a).
(c) Lineweaver—Burk plot of AChE kinetics.

can be obtained. In our case, the V,, was calculated as 40.0 uM/
s and K, as 0.438 uM from the Lineweaver—Burk plot as
shown in Figure 3c. Notably, the apparent Ky; value was
significantly lower than that of using small-molecular probe
approaches.'”*® A plausible explanation for the apparent
acceleration of enzyme kinetics was the prevention of enzyme
inhibition, since the detection for AChE activity involving
small-molecular probes or even synthesized ACh analogues
would induce inhibition of the enzyme. However, as a polymer
material enriching the hydrolysis product of the substrate, the
fabricated photonic polymer possesses little interference with
the enzyme active sites, significantly reducing the inhibition
effect. Also, the calculated initial velocity used the data spots
from 60 to 300 s, which could be slightly higher than real initial
velocity. Moreover, the interconnected porous structure of the
inverse opal photonic film ensures fast matter diffusion within,

abating the bias caused by the slow response rate related to
solid detectors. Due to the macroporous structure of the
photonic crystal, the mass transfer of hydrolysis product TCh is
accelerated compared with bulk polymer. At relatively low
concentrations, it was inferred that the reaction mainly took
place at the surface of the macroporous polymer. Meanwhile,
since the monitored time here was 5 min for the initial velocity
measurement, the further diffusion of substance into the
polymer interior was minor compared with the reaction at the
polymer surface. Together with the fast reaction property of the
thio-maleimide reaction, the response of lower concentration
could be avoided.

Similar to the measurement of enzyme activity under normal
conditions, it is possible to determine the inhibition of the
enzyme, providing a facile and clear method of AChE inhibitor
screening. Three kinds of commonly used inhibitors, propidium
iodide, tacrine, and donepezil, were selected for demonstration.
In the inhibition assays, solutions of AChE (10 U/mL) and the
inhibitors of diverse concentrations (107*—107" M) were
incubated at room temperature for 30 min to reach the binding
equilibrium. The mixture was added to the kit containing
substrate ATCh (1 mM) and the inverse opal film in PBS buffer
for 30 min before detection of the final peak-shift. The
inhibition ability was described by the IC;, value, referring to
the inhibitor concentration required for 50% inhibition of
enzyme activity. The IC;, value was obtained from the plot of
inhibition efficiency (IE) versus inhibitor concentration.
Expressed by eq 2, the IE value is the ratio of substrate
concentration change under the inhibited condition to that
under the normal condition and is equivalent to the ratio of
hydrolyzed substrate concentration under inhibited and normal
conditions. It is acceptable to assume the hydrolyzed ATCh
concentration under such level of AChE was equal to that of
the initial concentration under a time span of 30 min.

[ . [ .
_ “hydroji ~ hydro,i

Co— Gy Chydro,n o (2)

Spectra of the photonic sensing film with inhibitor of varied
concentration were measured, as illustrated in Figure S3,
Supporting Information. For each inhibitor, the IE (ie., the
ratio of current peak shift with full peak shift without the
inhibitor) of the photonic film was plotted against its
concentration in order to retrieve the ICy, value. The three
kinds of inhibitors, propidium iodide, tacrine, and donepezil,
exhibited inhibition capacities of AChE with ICs, values of 43.4,
9.98, and 2.43 nM, respectively (Figure 4a—c). The screening
application using the fabricated photonic sensing platform
possesses universality for either reversible inhibitors, like drugs
for Alzheimer’s disease, or even hazardous irreversible
inhibitors, providing a promising potential for a wide range of
fields, including pharmaceutical research, clinical diagnostics,
etc.

Thanks to the combination of optical features of photonic
crystal with a specific reaction, the photonic sensing platform
appeared to be promising for AChE activity measurement and
related inhibitor screening with notable sensitivity and
specificity. Additional features drive it toward applications for
a wide-range of samples. Additionally, the stability of the
photonic film against rinsing would reduce the influence of
naturally existing solutes, compared with conventional liquid-
phase assay methods.® As mentioned above, deprived of the
nondirectional electrostatic interaction, the platform described
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Figure 4. Inhibition curve of propidium iodide (a), tacrine (b), and
donepezil (c), respectively.

here specifically responds to thiol-containing and charged
species, largely reducing the possibility of false positive results.
Although the LOD appeared to be slightly poorer than the
most sensitive approaches such as amplified Au-NP plasmonics
and a single molecular fluorescence probe, the sensing platform
performed far beyond the need for practical application” and
still ranks among the top of the related methods. Although the
concept of using a photonic crystal for biomolecule sensing has

51-53
emerged for several years,

our system is capable for more
complex applications concerning enzyme activity and inhibitor
sensing. The inverse opal type photonic crystal ensures better
mechanical strength than the embedded colloidal array.
Employing reaction-based responsive polymer would also be
more dependable than nondirectional molecular imprinting,

taking the specificity into account.

4. CONCLUSION

In summary, an efficient photonic assay strategy for AChE
activity and inhibition has been developed on the basis of the
synergetic combination of photonic nanostructure with the
specific addition reaction of maleimide with enzymatic
hydrolysis product TCh. Arising from the combination of the
specific reaction and unique properties of photonic macro-
porous film, the constructed sensors enable a highly sensitive
and selective detection of AChE under ambient conditions with
a self-reporting feature and no need to use any labels.
Moreover, the developed sensor could efliciently perform the
measurement of the related enzyme kinetics and inhibitor
screening. Benefiting from the reliability against electrolyte,
easy handling, low cost, and bare-eye-readable optical signal,
our sensory system shows great potential in practical
application for the AChE assay. We believe in the promising
outlook that such reaction-based photonic assay strategy could
also be extended to other important fields like pharmaceutical
research, clinical diagnosis, and environment monitoring.

B ASSOCIATED CONTENT

© Supporting Information

A photograph for the contact-angle test, raw spectra data for
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