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1. Introduction

Ruptured organosilica nanocapsules immobilized
acetylcholinesterase coupled with MnO, nano-
zyme for screening inhibitors from Inula
macrophylla+t

Jia Liu,>¢ Wei Ha,® Eshbakova Komila Alibekovna,® Rui Ma® and Yan-Ping Shi (2 *2

Abnormal expression of acetylcholinesterase (AChE) causes Alzheimer's disease (AD). Inhibiting AChE is a
common strategy for reducing the degradation of neurotransmitter acetylcholine, in order to treat early-
stage AD. Therefore, it is crucial to screen and explore AChE inhibitors which are safer and cause fewer
side effects. Our research is focused on establishing a platform of ruptured organosilica nanocapsules
(RONs) immobilized AChE coupled with an MnO,-OPD colorimetric assay, which could monitor AChE
activity and screen AChE inhibitors. The fabricated RONs immobilized AChE possessed excellent pH and
thermal stability. Huperzine A was introduced into the established platform to evaluate the inhibition kine-
tics of the immobilized AChE, which promoted its application in the screening of AChE inhibitors. The sat-
isfactory results of enzyme inhibition kinetics proved the feasibility and applicability of the established
method. Thus, the proposed platform was applied to screen AChE inhibitors from 14 compounds isolated
from Inula macrophylla, and B-cyclocostunolide (compound 4) demonstrated the best AChE inhibitory
activity among these compounds. This work confirms the existence of chemical components that inhibit
AChE activity in Inula macrophylla, and provides a new idea for the application of immobilized enzyme—
nanozyme in the field of enzyme inhibitor screening.

Numerous strategies have been developed for detecting
AChE activity, including a fluorescent method,” an electro-

Acetylcholinesterase (AChE), a cholinesterase present in the
nervous system, plays the role of regulating nerve signal
transmission."”” Abnormal concentration of neurotransmitter
acetylcholine is associated with AChE, which catalyzes the
hydrolysis reaction of acetylcholine to choline.® Accordingly, a
low level of acetylcholine could cause neurodegenerative dis-
eases, such as Alzheimer’s disease.”” Inhibiting AChE activity,
which is regarded as an effective strategy for treating
Alzheimer’s disease, could promote the accumulation of
acetylcholine.®® Consequently, monitoring AChE activity and
exploring AChE inhibitors is significant for early disease diag-
nosis and drug discovery.
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chemical assay’® and a chemiluminescent method."
Conventional strategies still suffer several drawbacks such as
false-positive effects, being time-consuming and requiring
sophisticated equipment, which limit the application of these
strategies. Moreover, a colorimetric assay is highlighted for its
on-site visual inspection, due to its simplicity, economy,
speed, and direct quantification.’®'® An O-phenylenediamine
(OPD)-based colorimetric assay is employed as an effective
approach to quantify analytes in the absence of expensive
reagents or complicated operation. Accordingly, colorless OPD
used as a chromogenic substrate, could be oxidated into its
yellow-colored oxidized product 2.3-diaminophenazine (ox
OPD) by nanozymes.'* Nanozymes are nanomaterials with
enzyme-mimicking activity, possessing the unique properties
of low cost, excellent stability, high activity, easy storage,
simple recyclability and mass production. Considering the
above advantages, nanozymes have been applied to enzyme
inhibitor screening. For example, Su et al. employed MIL-101
(Cr)@PB prepared by an in situ growth synthetic strategy as a
novel peroxidase mimicking material, and a colorimetric plat-
form for screening xanthine oxidase inhibitors was con-
structed.’® This also elucidated the promising application of

This journal is © The Royal Society of Chemistry 2023


http://rsc.li/nanoscale
http://orcid.org/0000-0001-6517-9556
https://doi.org/10.1039/d3nr04025a
https://doi.org/10.1039/d3nr04025a
https://doi.org/10.1039/d3nr04025a
http://crossmark.crossref.org/dialog/?doi=10.1039/d3nr04025a&domain=pdf&date_stamp=2023-11-08
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3nr04025a
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR015043

Open Access Article. Published on 11 October 2023. Downloaded on 4/2/2026 8:59:57 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale

nanozymes in drug screening. Additionally, numerous nano-
materials, including Au,'® Pt,"” Fe,0;'® and MnO,,*° have
been found to exhibit oxidase-like activity, which could serve
as emerging alternatives to natural enzymes.”’”*! MnO,
nanosheets, as a type of two-dimensional nanomaterial, have
attracted considerable attention due to their simple prepa-
ration and excellent water solubility.>*>* Thus, MnO,
nanosheets with low toxicity could serve as an oxidizer in an
OPD-based colorimetric assay.

Immobilization of an enzyme is an effective tool to satisfy
the demands of reuse, easy separation from the reaction
medium and better tolerance to even harsh reaction
conditions.>®?® The targeted benefits facilitate the application
of an immobilized enzyme. Capillary electrophoresis is an
effective tool to quantitatively detect the enzymatic reaction
product, due to its high efficiency of separation and analysis,
and low consumption of sample and solvent.>”*®

Inspired by the above, we combined the easy separation of
an AChE strategy immobilization with the convenience of an
MnO,-OPD colorimetric assay, a strategy that has rarely been
reported. Moreover, the integration of these two method-
ologies not only realizes the detection of AChE activity, but
also achieves the screening of AChE inhibitors. The reaction
principle of screening AChE inhibitors is as follows (Fig. 1).
Thiocholine (TCh), an AChE-catalyzed hydrolysate for
acetylthiocholine, could trigger the decomposition of MnO,
nanosheets to generate Mn®*. The remaining MnO,
nanosheets could oxidize colorless OPD into the yellow-
colored product ox OPD with a characteristic absorption at
420 nm. By quantitative determination of absorption peaks
with capillary electrophoresis, AChE activity could be evalu-
ated. When an AChE inhibitor is introduced, a reduction in
TCh and an increase in absorption of ox OPD could occur.
Thus, this platform could open up a promising avenue for ana-
lysis of AChE activity based on the immobilization of enzyme
and nanozyme.

Herein, ruptured organosilica nanocapsules (RONs) were
prepared by the hard-templating method for AChE
immobilization.>*' Cracks and openings on the surface of
RONs could promote the immobilization of AChE on the
interior and exterior of RONs via electrostatic interactions.
Additionally, the nanocapsule wall acted as a barrier, protect-
ing the interior from interference by the external environment
and leaching.’” Combining the established RONs immobilized
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AChE with an MnO,-OPD colorimetric assay, a platform was
fabricated to monitor AChE activity and screen AChE
inhibitors.

2. Experimental

2.1. Chemicals

Manganese chloride tetrahydrate (MnCl,-4H,0), sodium dihy-
drogen phosphate (NaH,PO,), disodium hydrogen phosphate
(Na,HPO,), sodium tetraborate decahydrate (Na,B,0,-10H,0),
acetic acid (HAc), hydrochloric acid (HCI) and sodium hydrox-
ide (NaOH) were obtained from Tianjin Kermel Chemical
Reagent Co., Ltd (Tianjin, China). 2-Methylimidazole
(2-MeIM), ethylene diamine tetraacetic acid (EDTA) and tetra-
methylammonium hydroxide were purchased from Beijing J&K
Chemical Technology Co., Ltd (Beijing, China). Methanol was
purchased from Li’anlong Bohua Pharmaceutical Chemical
Co., Ltd (Tianjin, China). Tetraethyl orthosilicate (TEOS) and
huperzine A were acquired from Macklin Biochemical Co., Ltd
(Shanghai, China). (3-Aminopropyl)triethoxysilane (APTES)
and zinc nitrate hexahydrate (Zn(NO3),-6H,0) were purchased
from Aladdin Bio-Chem Technology Co., Ltd (Shanghali,
China). Hydrogen peroxide (H,0,, 30 wt%) and sodium acetate
(NaAc) were obtained from Xilong Scientific Co., Ltd
(Guangdong, China). Acetylcholinesterase (AChE) from
Electrophorus electricus (electric eel) and acetylthiocholine
chloride (AThCh) were purchased from Sigma Chemical Co.,
Ltd (St Louis, MO, USA). AChE (0.8 mg mL™"), AThCh (5 mM)
and huperzine A (1 mM) stock solutions were prepared in
phosphate buffer (30 mM, pH 5.0) and stored at 4 °C before
use.

2.2. CE conditions

The reaction product was separated and detected with an
Agilent 7100 capillary electrophoresis system equipped with a
diode array detector (DAD). An uncoated fused silica capillary
(Yongnian Ruifeng Chromatographic Device Co., Ltd, Hebei,
China) with a length of 33 cm (24.5 cm from the detection
window) and an inner diameter of 50 pm was used as the sep-
aration medium in CE analysis. A voltage of 28 kV and a
pressure of 25 mbar were applied, and the samples were separ-
ated and analyzed at a wavelength of 420 nm. Before the begin-
ning of the daily experiment, the capillary was rinsed with 0.1

Mn*
Mn*

; OPD

OPD

Y

ox OPD

Fig. 1 Schematic of the assay of RONs immobilized AChE coupled with MnO, nanosheets for its inhibitor screening.
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M NaOH for 15 min, ultrapure water for 20 min and 10 mM
Na,B,0,-10H,0 (pH = 9.0) for 10 min to initialize the capillary.
After the experiment, the capillary was rinsed with 0.1 M
NaOH for 15 min and ultrapure water for 20 min to keep the
inner wall of the capillary clean.

2.3. Characterization

Transmission electron microscopy (TEM) was collected using a
Tecnai-G2-F30 (FEI, USA); scanning electron microscopy (SEM)
was performed using an SU 8020 (JSM-5601LV, JEOL); Fourier
transform infrared (FT-IR) spectra were measured using a
Nexus 870 (Nicolet, USA); X-ray diffraction was analyzed with a
Smartlab-SE (Japan); Brunauer-Emmett-Teller (BET) measure-
ments were made using an ASAP 2020M (Micromeritics, USA);
the zeta potential of the materials was measured by dynamic
light scattering (Malvern, ZEN 3600, Malvern Instruments,
UK); the Raman spectrum was obtained with a LabRAM HR
Evolution (HORIBA Jobin Yvon S.A.S., French); X-ray photo-
electron spectroscopy (XPS) analysis was carried out using an
ESCALAB 250Xi X-ray photoelectron spectrometer (Thermo
Fisher scientific, USA).

2.4. Preparation of ruptured organosilica nanocapsules
(RONSs) immobilized AChE

An aqueous solution of Zn(NOj3),-6H,0 (24 mL, 0.14 mM) was
prepared and quickly poured into an aqueous solution of
2-methylimidazole (40 mL, 3 mM). Subsequently, the obtained
solution was magnetically stirred for 15 min and the resulting
solution was centrifuged for 10 min and washed with de-
ionized water several times. ZIF-8 was eventually acquired.

The synthesized ZIF-8 (60 mg) was completely dispersed in
9 mL of deionized water and sonicated for 5 min.
Immediately, 130 pL of TEOS was added into the above sus-
pension and vigorously shaken for 30 min. Then, 21 pL of
APTES was added to make a final concentration of 9.97 mM.
The mixture was shaken for 4 h, centrifuged for 10 min and
washed three times with deionized water. The obtained
product was named ZIF-8/RONs. Finally, the RONs were
acquired by treating ZIF-8/RONs with EDTA (50 mM) to remove
the template.

The as-synthesized RONs were dispersed in phosphate
buffer (30 mM, pH = 5) to obtain a homogeneous suspension.
Then, an AChE solution (0.5 mg mL™") was added dropwise
into the above suspension and the mixture was shaken for 3 h.
After that, the sample was centrifuged and washed with de-
ionized water and RONs immobilized AChE was acquired. The
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preparation process of RONs immobilized AChE is displayed
in Fig. 2.

2.5. Assay of RONs immobilized AChE activity

50 pL of AThCh (5 mM) was mixed with 20 pL of RONs
immobilized AChE and incubated in a 35 °C water bath for
15 min. Then, 50 pL of MnO, nanosheets was added into the
mixture and reacted for 10 min, followed by the addition of
NaAc buffer (200 mM, pH = 4) and OPD (50 pL). After a reac-
tion time of 15 min, the mixture was centrifuged and the pro-
duced yellow-colored ox OPD was collected, and analyzed by
CE at a wavelength of 420 nm. Each experiment was repeated
three times.

The kinetic parameters of RONs immobilized AChE was
determined by incubating with a series of different concen-
trations of AThCh (1 mM to 5 mM) and the enzyme activity
was evaluated by the section of assay of RONs immobilized
AChE activity. Kinetic analysis was performed by monitoring
the absorbance change of the ox OPD at 420 nm. The
Michaelis constant (K;,) was calculated with the Michaelis—
Menten equation:*®

o= () (@) ®

where v and V. represent the initial and maximal reaction
velocity, respectively, and S is the concentration of AThCh.

P, and P are the peak areas of the product (yellow-colored
ox OPD) in the MnO,-OPD system in the absence and presence
of RONs immobilized AChE. Thus, v in the Michaelis-Menten
equation was represented by AP =P, — P.

2.6. Assay of the oxidase-like activity of MnO, nanosheets

The oxidase-like activity of MnO, nanosheets was assayed by
choosing OPD as the substrate. Unlike the RONs immobilized
AChE activity assay, a fixed concentration of AThCh (5 mM)
and various concentrations of OPD (0.8 mM to 4 mM) were
added in the assay of MnO, nanozyme activity. Here v in the
Michaelis-Menten equation was represented by P.

2.7. Evaluation of the inhibitory effect of huperzine A

Huperzine A, a traditional AChE inhibitor, was employed as a
model inhibitor to evaluate the inhibitory activity for the RONs
immobilized AChE-MnO,-OPD system. Different concen-
trations of huperzine A (20 pL) and RONs immobilized AChE
(20 pL) were mixed at 35 °C for 20 min. Then, AThCh (5 mM,
50 pL) was added and incubated at 35 °C for 15 min.
Subsequently, 50 pL of MnO, nanosheets was added into the

TEOS, APTES \ EDTA / j g AChE ™} iw §
MMRONs
ZIF-8 ZIF-8/RONs RONs immobilized AChE

Fig. 2 The preparation process of RONs immobilized AChE.
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mixture and reacted for 10 min, followed by the addition of
NaAc buffer (200 mM, pH = 4) and OPD (50 pL). After a reac-
tion time of 15 min, the mixture was centrifuged and the pro-
duced yellow-colored ox OPD was collected and analyzed by CE
at a wavelength of 420 nm. Each experiment was repeated
three times. The inhibition (IE%) was used as the basis of ana-
lysis of huperzine A for the RONs immobilized AChE-MnO,-
OPD system. IE% was analyzed with the following eqn (2):

IE (%) = (Pinhibitor — Pno inhibitor)/ (Po — Pno inhibitor) X 100%

(2)

where Pinibitor a0d Pho inhibitor T€present the peak areas of the
product (yellow-colored ox OPD) in the RONs immobilized AChE-
MnO,-OPD-huperzine A system and RONs immobilized AChE-
MnO,-OPD system, respectively. P, refers to the peak areas of the
product (yellow-colored ox OPD) in the MnO,-OPD system
without RONs immobilized AChE and huperzine A.

2.8. Procedures for screening inhibitors from Inula
macrophylla

2.8.1. Preparation of Inula macrophylla. Inula macrophylla
from Uzbekistan was provided and authenticated by Professor
K. A. Eshbakova.

At room temperature, the dried rhizome of Inula macro-
phylla (10 kg) was soaked in ethanol (18 L) 5 times, for 24 h
each time. The ethanol extract was dispersed in water and
extracted with ethyl acetate. The extract was concentrated
under reduced pressure to obtain 307 g of ethyl acetate extract.
The ethyl acetate extract was eluted with a normal-phase silica gel
column (200-300 mesh) and dichloromethane/methanol system
(1:0 to 0:1, v/v) to obtain five main fractions A-E. Fraction B
(25 g) was fractionated by a medium-pressure liquid-phase metha-
nol/water system (from 20/80 to 100/0, v/v) to obtain six subfrac-
tions B;-Be. Fraction B; was eluted on silica gel (200-300 mesh)
and Sephadex LH-20, and purified with HPLC (CH3CN-H,O from
40:60 to 60 :40, v/v) to obtain compounds 1 and 2. Fraction B,
was eluted with Sephadex LH-20 and purified with HPLC
(CH30H-H,0 from 40: 60 to 60 : 40, v/v) to obtain compounds 3,
4 and 5. Fraction C (15 g) was eluted in a medium-pressure
liquid-phase methanol/water system (from 20/80 to 100/0, v/v) to
obtain eight subfractions (C;-Cg). Fraction C, was eluted on
normal-phase silica gel (200-300 mesh) and purified with HPLC
to obtain compounds 6, 7 and 8. Fraction C; was eluted with
Sephadex LH-20 and prepared with multiple HPLC to obtain 9,
10, 11, 12, 13 and 14.

The phytochemistry of the extracts from the rhizomes of
Inula macrophylla was studied, and the structures of 14 com-
pounds were identified as macrophyllilactone A (compound 1),
(+)-costunolide (compound 2), alloalantolactone (compound
3), p-cyclocostunolide (compound 4), isoalantolactone (com-
pound 5), (—)-12-hydroxyl-1,3,11(13)-elemene (compound 6),
3-0x0-4,11-dien-12,8f-eudesmanolides (compound 7),
3-0x0-7,11a,8p-4-ene-12,8-eudesmanolides  (compound  8),
(4R,55,10S5)-5-hydroxy-11,12,13-trinitro-6-en-8-one  (compound
9), 10-isobutyryloxy-8,9-didehydrothymol isobutyrate (com-

This journal is © The Royal Society of Chemistry 2023
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pound 10), 5a,6a-epoxyeudesm-12,8f-lactone (compound 11),
8,10-dihydroxy-9-isobutyryloxythymol (compound 12), reynosin
(compound 13) and macrophyllilactone E (compound 14). The
structures of the compounds in Inula macrophylla are shown in
Fig. S1.t

2.8.2. Screening inhibitors from Inula macrophylla. The
established RONs immobilized AChE-MnO,-OPD system was
applied to screen AChE inhibitors from Inula macrophylla. By
measuring the peak areas of the obtained product ox OPD,
which was obtained by incubating RONs immobilized AChE
with Inula macrophylla extract or compound, substrate AThCh,
MnO, and OPD, thereby evaluating the inhibitory effect of the
Inula macrophylla extract and compound. The screening
process was described in section 2.7.

3. Results and discussion

3.1. Characterization of the materials

FT-IR spectra of ZIF-8, ZIF-8/RONs and RONs are presented in
Fig. 3a. For ZIF-8, the band at 1570 cm™" corresponds to the
C-N stretching vibration.>® The bands at 3182 cm™' and
2927 cm™" were attributed to the characteristic absorption of
imidazole.*® For ZIF-8/RONs, all the above-mentioned bands
were observed, but the band intensities were weakened. In
addition, the band at 1058 cm™ was significantly enhanced,
which could be assigned to the Si-O-Si stretching vibrations.
For RONs, the bands of Si-O-Si stretching vibrations still
existed, and the bands of ZIF-8 were weakly observed, due to
the incomplete removal of ZIF-8.

Crystalline structures of ZIF-8, ZIF-8/RONs and RONs were
characterized by XRD patterns. As shown in Fig. 3b, the charac-
teristic peaks of ZIF-8 at 7.4°, 12.79° and 18.1° are very consist-
ent with the simulated patterns for the crystal structure of
ZIF-8.%° For ZIF-8/RONs, the above characteristic peaks were
weakened, which demonstrated the successful coating with
organosilica. In the RONs sample, the weak presence of
characteristic peaks for ZIF-8 could still be observed, indicat-
ing the incomplete removal of ZIF-8.

Nitrogen adsorption-desorption analysis of ZIF-8/RONs and
RONs was conducted to determine the surface area (Fig. 3c).
The RONs exhibited a Brunauer-Emmett-Teller (BET) surface
area of 747.9 m* g, about 2.5-fold higher than that of ZIF-8/
RONSs (298.5 m* g™ !). In addition, the pore size distribution of
ZIF-8/RONs and RONs was calculated by the Barrett-Joyner—
Halenda method, as displayed in Fig. 3d. The pore sizes of the
two samples were determined as mesoporous with average dia-
meters of 23.1 nm and 12.0 nm, respectively. Based on these
results, the larger surface of RONs for AChE immobilization
could be verified.

The zeta potentials of various materials are illustrated in
Fig. 4. After coating with organosilica, the zeta potential of the
material changes from positive to negative. After etching ZIF-8,
a negatively charged sample was obtained, suggesting the suc-
cessful preparation of RONs. This further laid the foundation
for AChE immobilization in the following experiment, in

Nanoscale, 2023,15,17464-17472 | 17467
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Fig. 4 Zeta potential of ZIF-8, ZIF-8/RONs, RONs and RONs immobi-
lized AChE.

which positively charged AChE was immobilized on the nega-
tively charged RONs through electrostatic interactions.

The SEM images and TEM images of ZIF-8, ZIF-8/RONs and
RONs are presented in Fig. 5. The TEM image of ZIF-8 (Fig. 5d)
shows a polygonal structure. After co-condensation between TEOS
and APTES, a coating of organosilica was formed on ZIF-8 and
ZIF-8/RONs were formed (Fig. 5b).”” When the synthesized
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sample was treated with EDTA, cracks and openings appeared on
the surface of ZIF-8/RONs, as shown in Fig. 5c and f. This
phenomenon could be ascribed to the removal of the template.

The MnO, nanosheets were systematically characterized by
TEM, Raman spectroscopy and XPS. The MnO, nanosheets
showed a large sheet-like morphology and a typical two-dimen-
sional structure, indicating that the nanostructures provide a
large surface area and sufficient surface-active sites for the
reaction with OPD (Fig. 6a). In the Raman spectrum, MnO,
nanosheets presented a peak located at 549 cm™', corres-
ponding to the Mn-O vibration (Fig. 6b). The XPS of the MnO,
nanosheets displayed two peaks centered at 641.9 eV and
653.3 eV, belonging to Mn,p;, and Mnyp,, respectively
(Fig. 6¢).%® All the characterizations verified the successful syn-
thesis of MnO, nanosheets.

3.2. pH, thermal stability of RONs immobilized AChE and
MnO, nanozyme

Immobilization parameters and reaction parameters of RONs
immobilized AChE, including immobilization pH, immobiliz-
ation time, concentration of immobilized AChE, enzymatic
reaction time and enzymatic reaction temperature, were sys-
tematically optimized (Fig. S21). Optimization of the chromo-
genic reaction of RONs immobilized AChE with OPD is shown
in Fig. S3.t

This journal is © The Royal Society of Chemistry 2023
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The pH and thermal stability of RONs immobilized AChE
and MnO, nanozyme were investigated, respectively. The pH
stability of RONs immobilized AChE and MnO, nanozyme
were investigated by measuring the residual activities, after an
incubation time of 1 h in different pH buffers (3, 4, 5, 6, 7, 8).
For pH stability (Fig. 7a), RONs immobilized AChE and MnO,
nanozyme could maintain high activity in the pH range of 3-8.
The thermal stability of RONs immobilized AChE and MnO,
nanozyme was evaluated by measuring the residual activities,
after incubating for 1 h in a water bath at different tempera-
tures (25, 35, 45, 55, 65 °C). The buffer used was PB buffer (pH
3-8). For thermal stability (Fig. 7b), RONs immobilized AChE
and MnO, nanozyme could maintain relative activity of more
than 90% within 35-45 °C and still maintain more than 60%
of the original activity within 35-65 °C.

3.3. Enzyme kinetics analysis

K., is regarded as a significant parameter for the Michaelis-
Menten equation, which is associated with the affinity of an
enzyme for a substrate. The K, value of RONs immobilized
AChE was determined as 0.49 mM (Fig. 8a). As another crucial
parameter for evaluating the catalytic rate, V;,.x was 63.29 mM

This journal is © The Royal Society of Chemistry 2023
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(a) TEM image, (b) Raman spectrum and (c) XPS of MnO; nanosheets.

min~". The K, and V. values of MnO, nanozymes were
2.93 mM and 140.33 mM min~', respectively (Fig. 8b), which
were superior to those of some natural enzymes and nano-
zymes.>® The results showed that MnO, nanozyme had strong
affinity and excellent catalytic rate for substrates, and may be
an ideal substitute for oxidase.

In the presence of different concentrations of huperzine A
(10, 30, 70 pM), three Lineweaver-Burk plots of RONs immobi-
lized AChE were presented and intersected in the second quad-
rant (Fig. 9). With an increase in huperzine A concentration,
the horizontal axis intercept value (—1/K,,) decreased and the
vertical axis intercept value (1/Vy,,,) increased, indicating that
huperzine A had mixed competitive and non-competitive inhi-
bition behavior.

Taking advantage of the excellent performance of the RONs
immobilized AChE-MnO,-OPD system, the proposed platform
was further developed by investigating its potential application
in detecting the AChE inhibitor, huperzine A. Huperzine A is a
well-known inhibitor that could efficiently inhibit the hydro-
lysis of AChE.*® When huperzine A was added into the RONs
immobilized AChE-MnO,-OPD system, the enzyme hydrolysis
reaction was obviously suppressed and less TCh was generated,

Nanoscale, 2023,15,17464-17472 | 17469


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3nr04025a

Open Access Article. Published on 11 October 2023. Downloaded on 4/2/2026 8:59:57 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Nanoscale
(@) - (d) R
120 4 %% RONs immobilized AChE 120 { #%% RONs immobilized AChE
§8% MnO, nanozyme B8 MnO, nanozyme
= 100 = 100
S S
£ £ 80
2 2
g g
by s 60
& 2
= =
o) < 401
& &
204
0 -
25 35 45 55 65
pH Temperature ("C)
Fig. 7 (a) pH stability and (b) thermal stability of RONs immobilized AChE and MnO, nanozyme.

(a) 0.03 (b) 0.04
3 0.02 > g
£
g E .02
£ £
g 0.01- E
> ~
— Z /
—
1 1 1 1 1 1
2 1 1 0.5 0.5 1.5
1/AThCh (1/mM) 1/OPD (1/mM)

Fig. 8 Lineweaver—Burk plots of (a) RONs immobilized AChE and (b) MnO, nanozyme.

1/v (min/mM)

-0.02-
1/AThCh (1/mM)

Fig. 9 Lineweaver—Burk plots of RONs immobilized AChE in the pres-
ence of huperzine A at different concentrations: (a) 10 uM, (b) 30 pM, (c)
70 pM.

leading to the increased absorbance of the product, ox OPD.
The inhibition (IE%) of AChE was used for the analysis of
huperzine A. With an increase in huperzine A concentration,
the decomposition of MnO, nanosheets induced by TCh

17470 | Nanoscale, 2023,15,17464-17472

decreased, resulting in an increase in product absorbance.
Under optimal conditions, the inhibition curve was obtained
from IE (%) against the logarithm of huperzine A concen-
tration in the range from 0.01 to 100 pM and the ICs, value
(half-maximal inhibitory concentration) was calculated to be
14.03 puM (Fig. 10).

3.4. AChE inhibitor screening from Inula macrophylla

The established RONs immobilized AChE combined with the
MnO,-OPD colorimetric method (RONs immobilized AChE
MnO,-OPD system) was applied to the screening of AChE
inhibitors from Inula macrophylla. Firstly, the inhibitory effect
of the ethyl acetate fraction on AChE was evaluated, and the
inhibition was 23.2% at a concentration of 1 mg mL™".
Subsequently, the AChE inhibitory activities of fractions A, B,
C, D and E obtained from the gradient elution of ethyl acetate
fractions were evaluated, and exhibited 40.0%, 44.0%, 47.0%,
39.2% and 38.4% inhibitions at a final concentration of 1 mg
mL~". Among the five fractions, fraction B and fraction C had
strong inhibitory activity against AChE. According to the above
method, 14 compounds, isolated from fractions B and C, were
screened as enzyme inhibitors. The inhibitory effects of the 14
compounds were measured and are listed in Table 1.

This journal is © The Royal Society of Chemistry 2023
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AChE.

Table 1 Screening AChE inhibitors from 14 compounds from Inula
macrophylla

Compound Inhibition (%) Compound Inhibition (%)
1 21.1%14.4° 8 61.3% 36.47

2 42.0% 33.7° 9 32.299.20

3 45.7% 44.2° 10 14.1° 8.6°

4 67.97 64.2° 11 73.87 46.8°

5 69.2% 51.37 12 42.5% 38.6"

6 61.3% 36.5° 13 51.19 31.3°

7 46.9" 37.3° 14 66.4% 43.5°

?0.5mgmL™".?0.1 mg mL™".

The results showed that compounds 1, 9 and 10 had weak
inhibitory effects on AChE and could not be used as AChE
inhibitors. Compounds 4, 5, 11 and 14 had strong inhibitory
effects on AChE. At a concentration of 0.5 mg mL™", the inhi-
bitions were 67.9%, 69.2%, 73.8% and 66.4%, respectively. In
a comprehensive evaluation, p-cyclocostunolide (compound 4)
showed the strongest inhibitory effect; even at a concentration
of 0.1 mg mL™", the inhibition was 64.2%. The reduction of
the concentration from 0.5 mg mL™" to 0.1 mg mL™" did not
greatly reduce the AChE inhibition rate, indicating that
B-cyclocostunolide (compound 4) may be a potential AChE
inhibitor. The above screening results showed that the RONs
immobilized AChE-MnO,-OPD system is feasible for the field
of inhibitor screening, and also opens up new ideas for the
application of nanozymes.

4. Conclusion

In this work, ruptured organosilica nanocapsules (RONs) were
employed as a support to immobilize AChE. The cracks and
openings on the surface of RONs can promote the immobiliz-

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

ation of AChE on the inner wall and surface of RONs through
electrostatic interaction. A platform for monitoring AChE
activity was constructed by combining the established RONs
immobilized AChE with the MnO,-OPD colorimetric method
and quantifying the absorption peak of the product ox OPD at
420 nm by using capillary electrophoresis. The inhibition kine-
tics showed that the established strategy of RONsimmobilized
AChE combined with MnO,-OPD colorimetry was feasible in
the field of AChE inhibitor screening. The new technology of
an immobilized enzyme combined with nanozyme was applied
to the rapid screening of AChE inhibitors in Inula macrophylla,
and it was found that p-cyclocostunolide (compound 4) had
strong AChE inhibitory activity. Therefore, this work not only
confirms the existence of chemical components that inhibit
AChE activity in Inula macrophylia, but also lays a foundation
for the discovery of AChE inhibitors in Inula macrophylia in the
future.
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