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Abstract

A sensitive and rapid colorimetric biosensor has been developed for determination of amyloid-f3 peptide (Af3) and study
of amyloidogenesis based on the high peroxidase-like activity of porous bimetallic ZnO-Co3;0,4 nanocages (NCs). Due to the
high binding ability of A} monomer to ZnO-Co30,4 NCs, the catalytic activity of ZnO-Co3;04 NCs can be significantly
suppressed by A3 monomer. This finding forms the basis for a colorimetric assay for A3 monomer detection. The detection
limit for A monomer is 3.5 nM with a linear range of 5 to 150 nM (R*=0.997). The system was successfully applied to the
determination of A3 monomer in rat cerebrospinal fluid. Critically, the different inhibition effects of monomeric and aggregated
A3 species on the catalytic activity of ZnO-Co;04 NCs enabled the sensor to be used for tracking the dynamic progress of A3
aggregation and screening Af3 inhibitors. Compared with the commonly used thioflavin T fluorescence assay, this method
provided higher sensitivity to the formation of A oligomer at the very early assembly stage. Our assay shows potential
application in early diagnosis and therapy of Alzheimer's disease (AD).

Keywords Porous ZnO-Co3;0,4 nanocages - Peroxidase-like activity - Amyloid-{3 peptide - Amyloidogenesis study - Inhibitor

screening - Alzheimer’s disease

Introduction

Aggregation of amyloid-f3 peptide (A[3) into oligomers, fibrils
and plaques is one of the main hallmarks in the early onset of
Alzheimer’s disease (AD) [1-3]. Sensitive monitoring the ag-
gregation process of A3 and screening inhibitors of A3 ag-
gregation have been reported to be significantly important for
the diagnosis and therapy of AD [4,5]. Until now, inhibitors
against A3 aggregation as potential AD therapeutics have
been widely developed [2]. However, the methods for moni-
toring the aggregation process of A3 and screening A3 inhib-
itors are less reported, which can hinder the discovery of Af3
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inhibitors. The mainly used analysis methods include surface-
enhanced Raman spectroscopy [6], mass spectrometry [7],
enzyme-linked immunosorbent assay [8], and fluorescent
probes [5]. Although promising, most of these methods are
low-throughput, time-consuming, and always dependent on
an extensive and expensive instrumentation, leading them
not practically suitable for high-throughput screening of A3
inhibitors. Among these methods, utilizing fluorescent probes
is superior in terms of simplicity, rapidity, and low cost.
Thioflavin T (ThT), the commonly used amyloid dye, is the
most standardized way to monitor amyloid [9]. However, ThT
fluorescence assay shows some fatal drawbacks, such as a
small stokes shift, low sensitivity, and false-positive response
[10]. Most importantly, owing to its specific binding to [3-
sheet rich structure, ThT fluorescence is only responsive to
the fibrils of AP and insensitive to the monomers and inter-
mediates especially the most toxic A3 oligomers, leading to
the unsuitability for quantitative and kinetic study [10].

In addition to the fluorescence assay, colorimetric assay in
which the readout can be visualized using the naked eye has
also become an effective route in clinical diagnosis [11,12].
However, up to date, the colorimetric method for monitoring
the entire aggregation process of A3 from monomer to fibril
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and screening Af} inhibitors has been rarely reported.
Therefore, there is an increasing demand to develop novel
colorimetric assays for sensitively monitoring A3 aggregation
and screening A3 inhibitors especially the inhibitors against
the formation of soluble A3 oligomers.

Metal organic frameworks (MOFs), as a kind of porous
crystalline materials, are built by the self-assembly of metal
node and organic linker [13]. With the advantage of facile
synthesis, high surface area, ordered porosity, and
multifunctionalities, MOFs have attracted considerable inter-
est and been widely applied in the fields of photocatalysis,
separation, biomedicine, energy conversion, and storage
[13,14]. Recently, MOFs with catalytically active metal nodes
have been reported to exhibit enzyme-like catalytic activity,
which extends their applications in environmental detection
and biomedical field [15,16]. However, due to the nature of
noncovalent bond in the formation of MOFs, MOFs can be
gradually decomposed via ligand exchange reactions with
monodentate ligands in biological systems [17], making them
unsuitable to establish biosensors for disease diagnosis. Using
MOFs as templates or sacrificial precursors to prepare new
porous materials with high stability can be a promising strat-
egy to overcome these limitations of MOFs [18,19]. The
resulting MOF derivatives which maintain the tailorable po-
rous structures, large surface areas, and numerous active sites
of the parent MOFs [18,19] can expose all the active sites as
far as possible to the substrates [20]. Therefore, the MOF
derivatives can be promising candidates to construct
nanozyme-based biosensors. Most recently, nanozyme, a type
of nanomaterial with intrinsic enzyme-like activity, has been
reported to exhibit great application potentials in developing
biosensors for A3 detection due to the high stability and ad-
justable catalytic activity [11,21].

Herein, porous bimetallic transition metal oxide nanocage
(Zn0O-Co504 NC) via the facile oxidation of ZnCo-zeolitic-
imidazolate-framework (ZnCo-ZIF) [19] was prepared as a
novel probe for AR detection and amyloidogenesis study.
Similar with the reported bimetallic MOFs [20], the obtained
Zn0-Co304 NCs possess intrinsic peroxidase-like activity.
Compared with the single metal-based nanomaterials, the po-
rous bimetal nanomaterials have strong catalytic activity due
to the synergistic effect of bimetals [22]. It is well-known that
the metal ions including Zn** and Co®* exhibit a high binding
affinity with A3 monomers [23,24]. The interaction between
AP monomers and these metal ions can enthalpically drive
initial adsorption of Af3 onto the surface of the nanocages
[25]. Binding of A3 onto the surface of nanocages can signif-
icantly block or shield the active sites of ZnO-Co3;04 NCs,
thereby suppressing the peroxidase-like activity of ZnO-
Co304 NCs. After A3 assembled, the obtained A3 aggregates
show a lower binding ability to ZnO-Co;04 NCs than Af3
monomer, leading to a decreased inhibition effect on the cat-
alytic activity of ZnO-Co304 NCs (Scheme 1). On the basis of
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the different inhibition effects of these A3 species (including
AR monomers, Af3 oligomers, and A3 fibrils) on the
peroxidase-mimicking activity of ZnO-Co3;04 NCs, our col-
orimetric assay can sensitively monitor the entire aggregation
process of A3 and screen A3 inhibitors.

Experimental section
Reagents and materials

Hydrochloric acid (HCl, 36-38%) was purchased from
Sinopharm Chemical Reagent Co., Ltd. (China, http://www.
reagent.com.cn). 3,3',5,5'-Tetramethylbenzidine (TMB, >
98%) was obtained from Adamas-beta (Shanghai, China,
http://www.adamas-beta.com). Sodium hydroxide (NaOH, >
96%) was purchased from Tianjin Fengchuan Chemical
Reagent Technologies Co., Ltd. (Tianjin, China, http:/www.
tjihxsj.cn). Arginine (Arg, >99%), cysteine (Cys, >99%),
glycine (Gly, >99%), histidine (His, >99%), serine (Ser, >
99%), threonine (Thr, >99%), tyrosine (Tyr, >99%), bovine
serum albumin (BSA, >98%), dimethy] sulfoxide (DMSO, >
99.9%), thioflavin T (ThT, >98%), curcumin (> 98%),
Co(NO3)»'6H,0 (>99%), Zn(NO3),:6H,O (>99.9%), and
2-methylimidazole (>98%) were supplied by Aladdin Ltd.
(Shanghai, China, http://www.aladdin-e.com). Hydrogen
peroxide (H,O,, >30%) was obtained from Beijing
Chemicals (Beijing, China, http://www.crc-bj.com). 3-
Cyclodextrin (3-CD, >99%) was purchased from Tianjin
Yongda Chemical Reagent Co., Ltd. (Tianjin, China, http://
www.tjydhxsj.com). Amyloid-3 (1-40) (=97%) was bought
from Enzo (New York, USA, https://www.enzo.com).
Glucose (>99.5%) was bought from Sigma-Aldrich (St.
Louis, MO, USA, https://www.sigmaaldrich.com).
1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP, >99%) was
purchased from J&K Chemical Ltd. (Beijing, China, http://
www.jkchemical.com). All the reagents in our study were
not further purified and used as-received.

Methods

Powder X-ray diffraction patterns were monitored on a Bruker
AXS D8 Advance diffractometer (Cu-Ko radiation, A =
1.5406 A, https://www.bruker.com/). The UV-vis absorption
spectra were recorded with the TU-1950 spectrophotometer
(Beijing Purkinje General Instrument Co., Ltd., http:/www.
pgeneral.com/). Transmission electron microscopy (TEM) im-
ages were taken using a Hitachi H-7650B microscope operating
at 200 kV (Japan, https://www.hitachi-hightech.com/global/).
Fourier transform infrared spectroscopy (FTIR) analysis was per-
formed on a BRUKER Vertex 70 FTIR spectrometer (Germany,
https://www.bruker.com/). Scanning electronic microscopy
(SEM) images were captured using a Hitachi S-4800 (Japan,
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Scheme 1 Schematic illustration
of utilizing ZnO-Co304 NCs as
nanozymes for colorimetric
detection of A3 and
amyloidogenesis study
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https://www.hitachi.com/). A FEI Tecnai G2 F30 microscope
equipped with an energy-dispersive X-ray spectrometer (EDS)
was used to obtain high-resolution TEM (HRTEM) images and
the elemental mapping results (USA, https://www.fei.com/).

Sample preparation

A340 stock solution was prepared according to the previous
reports [10]. Briefly, the powered A3 peptide was first dissolved
in HFIP. The solution was shaking at 4 °C for 2 h in a sealed vial
for further dissolution and then stored at —20 °C as a stock
solution. Before use, HFIP was removed by evaporation under
a gentle stream of nitrogen, and the peptide was dissolved in
water. The concentration of monomeric A3 was determined by
UV absorbance with a calculated extinction coefficient of
1450 cm ' M " at 276 nm. The A B340 oligomer or fibril solution
concentration was calculated as the equivalent concentration to
A40 monomer.

Characterization of interaction of Zn0-Co;0, NCs with

AB

To demonstrate the different binding ability of A3 monomers,
AP oligomers, and A3 fibrils with ZnO-Co3;04 NCs, Af3

N\
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NS
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T™MB

Oxidized TMB
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species (200 uM) in PBS (50 uL, pH 5.0) were mixed with
Zn0-Co3;04 NCs (30 pg), and then incubated for 10 min at
37 °C. The mixture was centrifuged and washed with PBS.
The supernatant was collected and used for UV-vis absor-
bance detection.

AB fibril

Detection of AR

For the detection of A monomer, 4 uL. ZnO-Coz04 NCs
2 mg-mLﬁl) and 4 pL different concentrations of A3 mono-
mer (0, 0.001, 0.005, 0.01, 0.025, 0.05, 0.075, 0.1, 0.15, 0.25,
0.4,0.5,0.74, 1.0, 1.25, 1.5, 2.0 uM) were incubated in PBS
buffer (pH 5.0, 384 uL) for 10 min. After that, 4 uL. TMB
(42 mM), and 4 uL. H,O, (1 M) were successively added into
the solution. The mixture was further incubated at room tem-
perature for 5 min, and then the UV-vis absorption spectra of
the solution were monitored. To monitor the aggregation of
A, A} monomers were incubated in the aggregation buffer
(10 mM Tris in 150 mM NaCl, pH 7.3) at 37 °C for different
days (0—7 days). And then, the same experiments were carried
out. The final concentration of A3 was 1 uM. The data of ThT
fluorescence and the absorption of the system of ZnO-Co30,4
NCs/H,0,/TMB were normalized to their maximum, respec-
tively. Each experiment was replicated in triplicate. The
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selectivity of this assay for A3 monomer detection was exam-
ined by comparing the responses of A3 monomer with differ-
ent biomolecules including Arg, His, Tyr, Gly, Cys, Ser, Thr,
glucose, and BSA. The concentration of glucose and BSA was
10 uM and 5 uM for other amino acids. To detect A3 mono-
mer in the presence of cerebrospinal fluid (CSF), the rat CSF
was diluted 1:50 in PBS (pH 5.0) and used in 1 day after
dilution. Then the same experiments were carried out using
the diluted CSF instead of PBS.

Screening A inhibitors

To screen A3 inhibitors, 100 uM Af3 solutions in the presence
of 100 uM ligands were incubated at 37 °C for different days
(0-7 days) in aggregation buffer (10 mM Tris in 150 mM
NaCl, pH 7.3). Then the same experiments as that for detec-
tion of AP were carried out. As controls, the effects of the
ligands on the peroxidase-like activity of ZnO-Co;04 NCs
were also detected. The data of the absorption of the system
of ZnO-Co5304 NCs/H,0O,/TMB was normalized to the max-
imum absorbance intensity of the sample without A3 inhibi-
tors. Each experiment was replicated in triplicate.

Results and discussion
Characterizations of Zn0O-Co;0, NCs

To develop this strategy, ZnO-Co3;04 NCs were synthesized
via the facile oxidation of ZnCo-ZIF [19]. As shown in Fig.
S1A and Fig. SIB, the parent ZnCo-ZIF nanocrystals are
monodispersed with an average size of ~230 nm. After calci-
nation, the hollow rhombic polyhedral morphology is main-
tained, whereas the surface becomes wrinkled, according to
the SEM and TEM images (Fig. S1C and Fig. S1D). The
formations of ZnO-Co304 NCs were also validated by XRD
analysis (Fig. S1E) and FTIR spectra (Fig. S1F) [26]. The
HRTEM images and TEM elemental-mapping images for
Zn0-Co;04 reveal that Zn and Co are homogeneously distrib-
uted (Fig. S2). Thermogravimetric analysis indicates the high
thermal stability of the obtained ZnO-Co;04 NCs (Fig. S3A).
N, adsorption-desorption isotherms of ZnO-Co3;04 NCs show
a typical type IV curve with an average pore diameter of
9.7 nm (Fig. S3B). The porous structure would increase the
diffusion of reaction substrate in and out of the nanocages,
which can significantly enhance the catalytic activity of
Zn0-Co304 NCs. All these results demonstrate that the
Zn0-Co304 NCs have been synthesized successfully.

Peroxidase-like activity of Zn0-Co30, NCs

With the confirmation of the successful fabrication of ZnO-
Co304 NCs, the peroxidase-like activity of ZnO-Co304 NCs
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was then evaluated via the oxidation of TMB by H,0,. As
shown in Fig. 1a, in the presence of H,0,, the oxidation of
TMB can be catalyzed by ZnO-Co3;04 NCs, which is accom-
panied by a color change of the solution from colorless to
blue. The produced oxidized TMB shows a characteristic ab-
sorption peak at 652 nm. In contrast, the reaction solution does
not exhibit any color change without ZnO-Co;04 NCs (Fig.
la), revealing the intrinsic peroxidase-like activity of ZnO-
Co304 NCs. Interestingly, under the experimental condition,
7Zn0-Cos04 NCs themselves can also induce the oxidation of
TMB, which indicates that the obtained ZnO-Co3;04 NCs pos-
sess dual enzyme-like activities, peroxidase-like activity, and
oxidase-like activity. However, the oxidase-like activity of
Zn0-Co304 NCs is quite lower than their peroxidase-like ac-
tivity (Fig. 1a). Therefore, the colorimetric assay for monitor-
ing A3 aggregation and inhibitor screening is established on
the basis of the peroxidase-like activity of ZnO-Co5;04 NCs.
The catalytic activity of ZnO-Co3;04 NCs is strongly depen-
dent on pH value but not affected obviously by temperature
(Fig. 1b and Fig. S4). Besides, an increased absorbance inten-
sity at 652 nm was observed with the steady increase of the
concentration of ZnO-Co304 NCs (Fig. S5). Considering the
further physiological application as well as the appropriate
catalytic performance, the optimal pH and temperature were
chosen as pH 5.0 and 25 °C. The concentration of ZnO-Co504
NCs was chosen as 20 pgmL ™.

To demonstrate the excellent catalytic activity of the po-
rous bimetallic transition metal oxide nanocages, we also ex-
amined the activity of ZnO nanocages (ZnO NCs) and Co030,4
nanocages (Co;04 NCs) which were synthesized using the
same method. As shown in Fig. S6, Co;04 NCs exhibit lower
peroxidase-like activity than the same amount of ZnO-Co50,
NCs, while ZnO NCs play a negligible role in the color reac-
tion. The enhanced catalytic ability might result from the good
dispersion of ZnO-Co3;0,4 NCs in aqueous solution (Fig. S7)
and the decreased charge recombination by the formed
heterostructures [27].

The catalytic mechanism of ZnO-Co;04 NCs was also in-
vestigated by the steady state kinetic study [11]. As illustrated
in Fig. 2, typical Michaelis-Menten curves were obtained
within the suitable range of either H,O, concentrations or
TMB concentrations. The apparent Michaelis-Menten con-
stant (K,,,) and maximum initial velocity (V,,.x) were calculat-
ed with Lineweaver-Burk plot (Table 1). As indicated in
Table 1, the K, values of ZnO-Co3;04 NCs for H,O, and
TMB are close to that of HRP [20], indicating that ZnO-
Co504 NCs exhibit an excellent catalytic efficiency, which
is very close to that of natural HRP enzyme. Critically, com-
pared with the monometallic Co;O0,4 NCs, the K, values of
Zn0-Co304 NCs for both H,O, and TMB are lower than
those of Co3;04 NCs, suggesting that the synergistic effects
of'the different active metals enhance the binding affinity with
H,0, and TMB. All these results suggest that ZnO-Co3;04
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Fig. 1 The peroxidase mimetic 1 2 3 4 pH 2 3 4 5 6 7 8
properties of ZnO-Co304 NCs. a a & b
The absorption spectra of oxidized =
TMB in different reaction systems:
(1) ZnO-Co304 NCs + H,0, + 0.454 —_1 0.54
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fluence of pH value on the catalytic < ;J\__ < 0.1+
activities of ZnO-Co;04 NCs 0.00 ~———— =

U0+ 0.04
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Wavelength / nm pH

NCs possess better catalytic activity than that of single-metal
catalyst, making them extremely suitable to construct
nanozyme-based sensors.

Detection of AR monomers via the Zn0-Co;0, NC-
based assay

To investigate whether ZnO-Co3;0,4 NCs can adsorb Af3
monomers, A3 monomers were incubated with ZnO-Co;0,4
NCs in solution. The efficiency of A3 monomer bound to
Zn0O-Co304 NCs was calculated from the different absor-
bance intensities at 276 nm between the A3 monomer solu-
tion before and after incubation with ZnO-Co3;0,4 NCs, which
was determined to be 65.99 ]ytmol'gf1 Zn0-Co304 NCs (Fig.
S8A). Owing to the strong binding affinity with ZnO-Co;04
NCs, A3 monomer can significantly block the active sites in

Zn0O-Co304 NCs, leading to the reduced catalytic activity of
Zn0-Co304 NCs. The ZnO-Co50,4 NC catalytic chromogenic
system can be applied to detect A3 monomer. In the present
study, A {340, the most abundantly produced A3 isoform, was
chosen as the protein model, which has been widely used for
in vitro amyloidogenesis study [10]. As shown in Fig. 3a, pre-
incubation with A340 monomers can obviously suppress the
catalytic activity of ZnO-Co304 NCs. Along with the increase
of the A340 monomer concentration from 0 to 2 uM, the
absorption of oxidized TMB at 652 nm gradually decreased
while the color faded. The absorption intensities and the con-
centration of A340 monomer show a good linear relationship
in the range of 5 to 150 nM (Fig. 3b). The linear regression
equation is y = 0.430—0.390x, and the correlation coefficient is
R?=0.997. Based on the equation limit of detection (LOD) =

3o/m (o is the standard deviation of the intercept and m is the

Fig. 2 Steady-state kinetic assay a b
of ZnO-Co304 NCs or Co30,4 10 1.8
NCs. Lineweaver-Burk plot of the v - 18]
reciprocals of initial rate vs. sub- "E 1.4]
strate concentration for the deter- © 0.84 =
mination of kinetic parameters K, = o 12
and Vipax of ZnO-Co304 NCs (a < 06 < 1.0
and b) and Co;04 NCs (¢ and d) = 5 0.84
with H,O, (left) or TMB (right) as 0.4 0.6
the substrate. Error bars were es- ’ . . . y . L , . , .
timated from three independent 02 04 06 08 10 10 20 30 40 50
measurements 1/ €y, (10° M) 1/ ¢ (10°m™)
c d
. 1.6] 3]
2 w4
= | e
: 1.2 s 3
o ©
- o
=~ 0.84 A 24
2 >
- < 14
0.4+ -
02 04 06 0.8 1.0 0 20 40 60 80 100 120 140
3 ap-t 3 a1
1/ ¢, (10° M) 1/ ¢ (10° M)
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Table 1  Comparison of the apparent Michaelis-Menten constant (K,,,) and
maximum reaction rate (V) between ZnO-Co3;04 NCs and Co304 NCs

Catalyst Substrate K, (mM) Vmax (1078 MS™)
HRPP H,0, 3.7 8.71

Zn0-Co3;04 NCs H,0, 1.70 2.62

Co304 NCs H,0, 8.15 541

HRPP" TMB 0.434 10

Zn0-Co3;04 NCs TMB 0.065 2.63

Co304 NCs T™B 0.11 331

slope of the calibration plot), the LOD was calculated to be
3.53 nM, which can meet the detection requirement of Af3
monomer level (nM) in cerebrospinal fluid (CSF) [28].
Compared with other previously reported nanomaterial-based
methods (Table 2) [12,29-32], the colorimetric assay for detect-
ing A340 monomer presented in this article exhibits not only a
comparable detection limit but also a fast response ability.

To demonstrate the specificity of the colorimetric assay for
A 40 monomer detection, the influence of other amino acids
and proteins especially those abundantly exist in human body
was evaluated. As shown in Fig. 4a and Fig. 4b, no noticeable
absorbance change was observed from the sample containing
Arg, His, Tyr, Gly, Ser, Thr, glucose, and BSA even at a
concentration much greater than that of A340 monomer. For
Cys, although a slight absorbance change was investigated
upon addition of Cys, its concentration in CSF samples is
lower than its present concentration (5 pM) [33]. After reduc-
ing the concentration of Cys, the interference was significantly
reduced (Fig. S9). All these results indicate that the assay
exhibits a high selectivity for Af340 monomer detection.

With the high selectivity toward A 340 monomer, we next
evaluated whether the system can be used for detection of
A 340 monomer in rat CSF, which is critical for AD diagnosis.
As demonstrated in Fig. 4c, the absorption of oxidized TMB
gradually decreased with the increase of the A340 monomer
concentration. The calibration curves present a linear relation-
ship between the absorbance intensities and A 340 monomer

concentration in the range of 5 to 150 nM with a detection
limit of 1.58 nM in CSF (Fig. 4d). The linear regression equa-
tion is y =0.426-0.443x, and the correlation coefficient is
R* =0.998. In addition, the analytical recoveries from the
colorimetric method for A340 monomer in CSF were
92.52%—-107.6% with the relative standard deviations
(RSDs, n =4) between 2.61% and 3.72% (Table S1). The
outcomes exhibit an encouraging conclusion that our system
can be utilized for qualitative detection of A340 monomer in
CSF with good recovery and precision.

Monitoring AB aggregation via the Zn0-Co;0, NC-
based assay

It is well-known that as the disease progresses, A3 monomers
can gradually self-assemble into neurotoxic soluble oligomers
and further the insoluble fiber filaments [1-3]. Based on this,
it is of great importance to evaluate whether the ZnO-Co;04
NCs’ catalytic chromogenic system can discriminate A 3 olig-
omer or fibrils from A3 monomer to monitor the aggregation
process of A3. To verify this hypothesis, A(340 oligomers or
fibrils were obtained via pre-incubation of A{340 stock solu-
tion in aggregation buffer at 37 °C for 2 days or 7 days, re-
spectively. As indicated in Fig. 5a, pre-treatment with A340
fibrils showed only a negligible inhibition effect on ZnO-
Co30,4 NCs-catalyzed oxidation of the TMB-H,0, system,
while, in the existence of A 340 oligomers, the catalytic activ-
ity of ZnO-Co504 NCs was slightly decreased, but not as
obvious as that induced by A{340 monomers (Fig. 5a).
When soft A{340 oligomers and A 340 fibrils are adsorbed
on the surface of ZnO-Co304 NCs, the catalytic activity of
Zn0-Co304 NCs can be inhibited to varying degrees. The
different inhibition effects may arise from the different bind-
ing affinities between these AP40 species and ZnO-Co304
NCs. To verify our assumptions, we first quantitatively deter-
mined the binding efficiency of different A340 species with
Zn0-Co304 NCs. As displayed in Fig. S8, the A3 bound
efficiency was determined to be 65.99 umol-g ™' ZnO-Co;0,
NCs for Ay monomer, 39.63 umol~g71 Zn0O-Co304 NCs for

Fig. 3 Quantitative detection of a b

AP monomer by ZnO-Co30, 0.45 0 00501 05 1.0 1.5 2.0 uM 0.44+

NC-based nanozyme. a The ab- ) 1 Tga “ M ll‘ 5 i

sorbance of the reaction solutions ® 0.40- O“ ” ' o 0.42

at 652 nm versus the concentra- QO Qo

tion of A3 monomer. b The linear g 0.35- g

plots of absorbance measured at .e e 0.40-

652 nm as a function of the con- O 0.304 [}

centration of A3 monomer (mean g _g 0.38-

+ SD, n =3 for each sample) < 0.25- <
0.20 0.36

00 05 1.0

Concentration / uM
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Table 2 An overview on recently

reported nanomaterial-based as- Material-based LOD Detection Analytic References
says for detection of A3 (nM) range (nM) time (min)
AuNP-based colorimetry 10.0 35.0 to 700 3 [29]
Prussian blue nanoparticle—based fluorescence 1 1 to 100 60 [30]
Polydopamine nanosphere—based fluorescence 12.5 20 to 10,000 40 [31]
Zn zeolitic imidazole framework—based colorimetry 500 500 to 25 [12]
100,000
Molybdenum disulfide nanosheet-based fluorescent 3.1 10 to 20,000 50 [32]
Zn0-Co;04 NC-based colorimetry 3.53 5to 150 15 This work

A oligomer, and 19.04 meOl‘gﬂ 7Zn0-Co304 NCs for A
fibril. The order of the adsorption efficiency is A340 mono-
mer > AB340 oligomer > A 340 fibril, leading to the results that
A 340 monomer shows the highest inhibitory effect on the
catalytic activity of ZnO-Co30,4 NCs.

The distinct catalytic behaviors of ZnO-Coz04 NCs with
monomeric and aggregated forms of A{340 prompted us to
explore the possibility to utilize ZnO-Co304 NCs for
amyloidogenesis study. To monitor the aggregation process
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Fig. 4 a The absorbance spectra of TMB in the reaction systems of ZnO-
Co3;04 NCs/H,0, in the presence of potential interferences. b The
absorption intensity at 652 nm of the reaction solution after the
introduction of different biomolecules. ¢ Detection of A3 monomer in

of AP40, the catalytic activity of ZnO-Co3;04 NCs in the
presence of A[340 samples which were pre-incubated for dif-
ferent days was investigated. As depicted in Fig. 5b, with
increasing incubation time of A{340 in aggregation solution,
the absorption of the system at 652 nm was gradually in-
creased. The absorbance changes at 652 nm exhibit a typical
sigmoidal curve toward the incubation time (Fig. 5b), which is
quite similar with the behavior of ThT, the commonly used
amyloid fluorescence dye [9] (Fig. 5b). These results are
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Fig. 5 a The UV-vis absorption spectra of the ZnO-Co3;04 NCs/H,0,/
TMB solutions in the presence of Ay monomer, oligomer, and fibril.
Above were the visual color changes of the corresponding solutions: (1)
control, (2) A monomer, (3) AP oligomer, and (4) Af fibril. b A3
fibrillogenesis process monitored by the ZnO-Co;0,-based method and

consistent with nucleation-dependent polymerization model, in-
dicating that ZnO-Co30,4 NCs possess the potentials in detection
and kinetic study of AP340 aggregation. It is worth noting that
compared with ThT, the ZnO-Co;0, NC-based sensor exhibits
a higher sensitivity to the most toxic A3 oligomer, which is
significantly important for early diagnosis of AD.

Screening inhibitors of Ap aggregation

Based on the different catalytic behaviors of ZnO-Co3;04 NCs
in the presence of different forms of A340 species, we also
used the system to screen the inhibitors of A340 aggregation
(Fig. 6a). To verify our speculation, curcumin [34] and f3-
cyclodextrin [35], the well-known inhibitors of A3 aggrega-
tion, were used for this proof-of-concept study. The catalytic
activity of ZnO-Co30,4 NCs in the presence of curcumin or (3-
cyclodextrin pretreated A(340 samples was investigated. As
shown in Fig. 6b, with increasing incubation time of A(40
with curcumin or (3-cyclodextrin, the absorption of the sys-
tems at 652 nm was increased but not as high as that without
inhibitors. A control experiment was also carried out to clarify
the non-influence of the inhibitors on the peroxidase-like ac-
tivity of ZnO-Co304 NCs (Fig. S10). All these results indicate
that the process of A3 fibrilization is inhibited by curcumin
and {3-cyclodextrin, leading to less amount of A{340 fibrils
formed in the solution and then an enhanced suppression ef-
fects on the catalytic activity of ZnO-Co3;04 NCs. Due to the
sensitivity of ZnO-Co3;04 NCs to A3 oligomers, the ZnO-
Co0504 NC—based system may be suitable for screening mol-
ecules that inhibit the formation of A3 oligomers. As demon-
strated in Fig. 6b, although (3-cyclodextrin could effectively
inhibit the formation of A{340 fibrils, they had no effects on
A 340 oligomerization, which was in consistence with the
previous reports [35]. More interestingly, during the first
2 days of incubation, compared with A340 peptide itself,
the curcumin-treated sample exhibited less inhibitory effect
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on the catalytic activity of ZnO-Co3;04 NCs (Fig. 6), which
may arise from the enriched formation of “off-pathway” sol-
uble oligomers by curcumin [34]. The modulation of A{340
aggregation by curcumin and (3-cyclodextrin was further dem-
onstrated by TEM images (Fig. S11). Our system shows great
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potential in screening inhibitors against the formation of A3
oligomers, which is significantly important for AD treatment.

Actually, the strategy presented in this work for A3
amyloidogenesis study and inhibitor screening is simple and
does not require any complicated preparation methods. For the
determination of A3 monomer, due to the slight inhibition
effect of A3 oligomer on the catalytic activity of ZnO-
Co0304 NCs, our assay may not clearly distinguish A3 mono-
mer with a low concentration from oligomer at a very high
concentration in complex samples. For seeking the good ac-
curacy for evaluation of different A3 species in complex sam-
ples in our further work, we assume to construct an aptasensor
based on nanozyme to overcome this limitation.

Conclusions

Utilizing porous ZnO-Co3;04 NCs with peroxidase-like activity,
anovel colorimetric assay for A3 detection and amyloidogenesis
study is developed. This assay, with a low detection limit
(3.53 nM), was successfully used for the determination of Af3
monomer in rat CSF. On the basis of the different inhibition
effects of monomeric and aggregated A3 species on the catalytic
activity of ZnO-Co30,4 NCs, this colorimetric assay has also been
successfully applied for tracking the dynamic progress of A3
aggregation and screening A[3 inhibitors. Significantly, com-
pared with the commonly used thioflavin T fluorescence assay,
this method presents higher sensitivity to A3 oligomer at the
very early assembly stage, which shows potential application in
carly diagnosis and therapy of AD. The study would shed light
on the design of new diagnostic reagents for monitoring the
disease progression and drug treatment efficacy in diseases
linked to misfolded proteins.
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