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ABSTRACT: Rapid and precise profiling of acetylcholine (ACh) has become important
for diagnosing diseases and safeguarding health care because of its pivotal role in the
central nervous system. Herein, we developed a new colorimetric sensor based on protein—
inorganic hybrid nanoflowers as artificial peroxidase, comprising a test kit and a
smartphone reader, which sensitively quantifies ACh in human serum. In this sensor, ACh
indirectly triggered the substrate reaction with the help of a multienzyme system including
acetylcholinesterase, choline oxidase, and mimic peroxidase (nanoflowers), accompanying
the enhancement of absorbance intensity at 652 nm. Therefore, the multienzyme platform
can be used to detect ACh via monitoring the change of the absorbance in a range from
0.0005 to 6.0 mmol L™". It is worth mentioning that the platform was used to prepare a
portable agarose gel-based kit for rapid qualitative monitoring of ACh. Coupling with
Image] program, the image information of test kits can be transduced into the hue
parameter, which provides a directly quantitative tool to identify ACh. Based on the
advantages of simple operation, good selectivity, and low cost, the availability of a portable

kit for point-of-care testing will achieve the needs of frequent screening and diagnostic tracking.
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1. INTRODUCTION

Acetylcholine (ACh), which plays a vital role in Iearning,1
memory,” exercise, mood,* and other biological ﬁelds,s’6 is
always a participant involved in the central nervous system and
other peripheral nervous systems” as neurotransmitters to
deliver signals. If the amount of ACh in the body is no longer
within the normal range, it can affect the termination of
synaptic transmission of neurotransmitters that are highly
related to Alzheimer’s disease,” Parkinson’s disease,'’ pro-
gressive dementia,'" schizophrenia,'” and motor dysfunction."
Driven by the above facts, many researchers focus on the
detection of ACh to identify diseases in its early stage.
Simultaneously, the research of ACh in biological samples is of
great significance in the research of functional and physio-
logical aspects of neural disorders.'”'> Thus, various sensing
assays have been reported for ACh detection including high-
performance liquid chromatography,'®'” optical detection,' ™"’
and electrochemistry.”””" Although these test approaches are
promising, they are always expensive and time-consuming,
especially the requirement of skilled workers to perform these
experiments in well-equipped laboratories, which could not
satisfy the needs of on-site detection and simplified
experimental steps to reach a wider range of applications.
Therefore, it is the priority to fabricate a portable and rapid
visual detection strategy for ACh. Now, colorimetry displays a
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great potential in biological analysis, thanks to its high stability
and great convenience. Through previous reports, colorimetry
was found to be used in the detection of other materials such
as DNA,* glucose™-converting enzyme,”* and dopamine.”
The availability of on-site colorimetric biosensors will make
frequent screening and diagnosis possible.””*”

Recently, imitative enzyme nanomaterials (defined as
nanozyme) as one of the promising nanomaterials have been
widely used in colorimetry with extraordinary catalytic
efﬁciency.zg’29 Because of their affordable, high stability, simple
preparation, and tunable catalytic activity, nanozymes have
been employed as an ideal substitute of natural enzyme for on-
site detection. For example, some inorganic nanomaterials have
been found to take on intrinsic enzymatic activities,”’ such as
gold nanoparticles,31 Fe304,32 Ce0,,> and graphene oxide.>*
At present, the research on many organic nanomaterials has
further expanded the variety of imitation of the enzyme
catalysts, which have broad prospects in environmental
detection and biomedicine as the imitation of enzyme
technology.35 As a kind of advanced nanometer materials,
protein—inorganic hybrid nanoflowers with flowerlike hier-
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archical structures possessed unique peroxidase catalytic
activity.”® Nanoflowers can integrate different components
including metal ions (Ca**, Co*", Cu**, Mn*', etc.), antibodies,
enzymes, and other biomolecules, spontaneously through the
self-assembly to achieve the required hybrid materials.’”
Previous studies showed that copper-based nanoflowers
could serve as a reagent similar to Fenton’s reagent in an
acidic environment, catalyzing the substrate to produce colored
products.*®

Inspired by the above development, we herein set up a
colorimetric system for the visual detection of ACh based on
organic—inorganic hybrid nanoflowers that take protein as a
template (Scheme 1). In our work, bovine serum albumin

Scheme 1. Illustration of Self-Assembled Nanoflowers and
the Corresponding Scheme for the Detection of ACh
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(BSA)—Cu4(PO,),-3H,0 nanoenzyme with a mimic perox-
idase activity could catalytically convert 3,3',5,5'-tetramethyl-
benzidine (TMB) which is oxidized to oxTMB in the presence
of H,0,.””* The concentration about H,0, was controlled by
ACh-triggered enzymatic reaction of acetylcholinesterase
(AChE) and choline oxidase (CHO). Thus, the changing of
absorbance produced the corresponding signal to accurately
detect ACh. Because of cheap and readily available compared
to ferrocene—zphenylalanine hydrogels and guanosine—borate
hydrogels,‘“’4 agarose hydrogels as a proficient on-site
operational solid sensing platform were further used to design
a portable tool for ACh visual inspection, and successfully
applied to the determination of for profiling ACh level in
human serum.

2. EXPERIMENTAL SECTION

2.1. Reagents and Instruments. All chemicals were used as
received without further purification. H,0,, NaOH, cupric sulfate

(CuS0,), sodium phosphate monobasic anhydrous (NaH,PO,), and
sodium phosphate dibasic anhydrous (Na,HPO,) were bought from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Horse
radish peroxidase (HRP), trypsin (TRY), glutathione (GSH), BSA,
threonine (THR), aspartic acid (ASN), L-phenylalanine (L-PHE),
histidine (HIS), arginine (ARG), glycine (GLY), glucose oxidase
(GOX), and TMB were bought from Aladdin Reagent Co., Ltd.
(Shanghai, China). ACh, AChE (0.2 U mg™'), and CHO (8.0 U
mg™') were bought from Ryon Biological Technology Co., Ltd.
(Shanghai, China). Acetate buffer solution and Tris-HCl buffer
solution were acquired from Sigma-Aldrich reagent Co. Ltd. (St.
Louis, MO, USA).

The UV—vis absorbance was measured by a UV-2550 spectrometer
(Shimadzu). The morphological structures were observed by JEM-
7500 TEM (JEOL, Japan) and JEM-2100 field emission scanning
electron microscopy (SEM) (JEOL, Japan).

2.2. Synthesis of Organic—Inorganic Hybrid Nanoflowers.
Nanoflowers were prepared according to the previous literature.*”
Nanoflowers were synthesized perfectly when 200 mmol L™' CuSO,
were added to phosphate-buffered saline (PBS) at pH 6.8 containing
0.1 mg mL™" BSA and 845 uL of deionized water. After standing for
12 h at room temperature, the obtained nanoflowers were purified by
washing two times with deionized water. The precipitation was
diluted to 100 uL with PBS and stored in 4 °C for further use.

2.3. Steady-State Kinetics. A 100 xL of different concentrations
of H,O, and 50 uL of nanoflowers were added into the substrate
solution containing 150 yL of NaAc buffer solution, 50 yL of TMB,
and 1650 uL of deionized water at room temperature. After being
reacted with for 30 min, UV—vis absorptions were measured at 652
nm. The apparent steady-state kinetic parameters for the catalytic
oxidation of substrates by nanoflowers were detected through using
the Beer—Lambert law at the kinetics mode of UV—vis spectropho-
tometer (UV-2550). Kinetic experiments carried out by using
nanoflowers in an NaAc buffer (pH = 4.0) contain 100 mmol L™"
H,0, as a substrate and different concentrations of TMB (0.01—1.2
mmol L™!). In addition, the kinetics were investigated in variable
H,0, concentrations (0.2—80 mmol L™') with a constant TMB
concentration (1.0 mg mL™).

2.4. Determination of ACh. 1.0 U mL™! of AChE (50 L) and
2.0 U mL™' of CHO (50 uL) were added to 100 uL of different
concentrations of ACh in Tris-HCI buffer solution (pH = 8.0). After
30 min of incubation, 150 yL of nanoflowers, 1.0 mg mL™! of TMB
(50 uL), and 100 mmol L™ of NaAc buffer (150 uL, pH 4.0) were
reacted for 30 min at room temperature. The UV—vis absorptions
were measured at 652 nm.

2.5. Real Sample Detection. The colorimetry was used to detect
ACh in human serum and evaluate its applicability. The affiliated
hospital of Jilin University (Changchun, China) provided us with the
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Figure 1. SEM (A,B), TEM (C,D), EDX (E), XRD (F), and thermogravimetric analysis (G) of nanoflowers.
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healthy human blood. The experiment was conducted in accordance
with the professional ethics relevant to legal and institutional
guidelines. Because of the high content of protein in plasma, some
pretreatment methods were used to eliminate the interference of
coexisting substances. The treatment steps were as follows: the human
blood was immobilized for 2 h to obtain the upper serum. The serum
samples were diluted 60 times with deionized distilled water. In the
recovery study, a certain amount of ACh standard was added to the
sample before pretreatment with the described method.

2.6. Fabrication of Portable Kit. Portable ACh detection Kits
were prepared: 20 mg of agarose was added into 100 °C boiling water.
When the solution fell to 40 °C, 200 uL of nanoflower solution, 75 uL
of TMB (1.0 mg mL™"), and 250 uL of NaAc buffer (100 mmol L™")
were added into the solution. After blending, 200 yL of the mixed
solution was dropped to the top tube. The test kits were stored in 4
°C for further use. For ACh detection, 50 yL of AChE (1.0 U mL™")
and 50 uL of CHO (2.0 U mL™") were mixed with Tris-HCI buffer
solution with a pH of 8.0. Then, 100 uL of ACh was added to the test
system. The cap was closed and the test kit was kept upside down for
the sample solution penetration into water gel in 37 °C for 30 min.
Depending on the concentration of ACh in the sample solution, the
color range of the hydrogel varies from colorless to blue. Then, ACh
was dissolved into the serum and the above operation was performed
again. Furthermore, the stability of the kit was investigated for 15
consecutive days.

3. RESULTS AND DISCUSSION

3.1. Characterization of Nanoflowers. Inspired by the
biomineralization process, BSA was simply placed into the
Cu®*/PO,* solution at room temperature for the preparation
of BSA—Cu;(PO,),-3H,0 hybrid nanoflowers. After 12 h
reaction, it is notable to observe that the blue precipitate was
obtained. This method is simple and easy to operate, without
toxic elements and complex purification process. To investigate
the morphology, SEM images of the hybrid materials are
demonstrated in Figure 1A. It was found that the hybrid
products had hierarchical structures with a flowerlike
nanostructure, which seem similar to those composed of a
large number of interlaced nanopetals. The three-dimensional
layered structure of the nanoflowers effectively increases the
specific surface area of the nanoflowers, improves the
recognition of the substrates, and thus improves the
biocatalytic activity of the nanoflowers. As can be seen from
Figure SI1A, the structure of the nanosheet with a diameter
about 500 nm (Figure S1B) was formed at the secondary hour
when the biomineralization process happened, indicating that
the nanoflowers were not fully formed. After 12 h reaction,
these nanosheets are stacked to form flower structures with
relative uniformity, which looks similar to hydrangeas with an
average size of 5.0 ym (Figure 1B). Transmission electron
microscopy (TEM) image further revealed the flower
morphology (Figure 1C) with a branchlike structure, which
were composed of nanosheet structures (Figure 1D). The
image of energy-dispersive X-ray (EDX) detector showed that
five typical elements including C, N, O, P, and Cu were
observed in the nanoflowers and attributed to Cu;(PO,), and
BSA components. Thus, the nanoflowers using BSA as the
template and Cus(PO,),-3H,0 as the skeleton, proved that
nanoflowers have successfully carried the protein (Figure 1E).
The X-ray diffraction (XRD) pattern of the nanoflowers were
also basically consistent with the previous literature®” (Figure
1F). Biocompatible Cus(PO,), plays a vital role in the
immobilization of BSA. The load-carrying capacity of hybrid
nanoflowers was measured by thermogravimetric analysis
(Figure 1G). Remarkably, the nanoflower levels began to

decrease after 250 °C, and the proteins began to burn to ash,
eventually leaving about 82% of the original solids. In other
words, the proportion of protein in the nanoflowers is 18%,
indicating that the protein had successful loading in our
nanoflowers. Therefore, all of these consequences indicated
that the protein—inorganic hybrid nanoflowers were success-
fully prepared.

3.2. Catalytic Ability of Nanoflowers. After the
successful preparation of hybrid nanomaterials, the mimic
peroxidase activity was further investigated. To verify the
catalytic performance, nanoflowers acted on the substrate
(TMB and H,0,) to produce a redox reaction. As depicted in
Figure 2A, control experiments revealed that no obvious
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Figure 2. (A) UV—vis absorption curves of reaction solutions: blank
control (a), nanoflowers (b), H,0, (c), and nanoflowers + H,0, (d).
The illustration shows the corresponding color change in response.
(B) Kinetic analysis of system toward H,0,. (C) UV—vis absorption
of different concentration of H,0O, (from 0.01 to 5.0 mmol L™!). (D)
Different concentrations of H,0, changes lead to changes in
absorbance intensity. The illustration shows excellent linearity
between different concentrations of H,0, (0.01, 0.05, 0.1, 0.5, 1.0,
2.0, 3.0, 40, and 5.0 mmol L") and absorbance intensity. The
concentrations of nanoflowers and TMB were 4.0 and 1.0 mg L™/,
separately.

absorption peaks appeared between 500 and 800 nm with the
single TMB solution (curve a) and TMB solution containing
nanoflowers (curve b) or H,0, (curve c), separately. After
mixing H,0,, nanoflowers, and TMB, the solution showed a
significant UV—vis characteristic peak at 652 nm (curve d),
guaranteeing that nanoflowers possessed peroxidase-like
activity. Simultaneously, the corresponding solution colors
changed from colorless to blue (Figure 2 inset). As is known to
all, the incubation time plays a vital part in the enzymatic
activity reaction. As shown in Figure 2B, the absorbance
intensity increased in accordance with the incubation time in a
certain range, and the reaction was almost completed with
1800 s. To further verify the catalytic ability of nanoflowers,
different amounts of H,0O, were catalyzed by fixed concen-
tration of nanoflowers, and then UV—vis absorption of the
reaction was measured. Along with the H,0O, concentrations
increasing from 0.01 to 10 mmol L', the absorbance intensity
gradually enhanced (Figure 2C). Meanwhile, Figure 2D
illustrates a wonderful linear relationship (R*> = 0.9915)
between the concentration of H,0, and the absorbance
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intensities. These results demonstrated the high peroxidase-like
catalytic activity of protein—inorganic hybrid nanoflowers.
Furthermore, the catalytic mechanism and the catalytic
activities of nanoflowers were investigated by steady-state
kinetic analysis. As shown in Figure S2AB, it showed
characteristic Michaelis—Menten behavior toward both H,0,
and TMB substrates with the Beer—Lambert law. The values of
Vs (Maximum reaction rate) and K,, (Michaelis constant)
were acquired by linear-fitting analysis method (Figure
S2C,D), which was based on the Michaelis—Menten eq 1

1/v = (Ky,/Vye) X (1/[S]) + 1/V,, (1)

where v represents the initial velocity, K, is the symbol of
Michaelis—Menten constant, V. represents the maximal
reaction velocity, and the [S] is the concentration of the
substrate. The results indicated that the K, of the nanoflowers
for H,0, was lower than that of HRP. K, usually utilized to
estimate the binding affinity: a lower K value reveals a
stronger affinity between the enzyme and substrates. The data
showed that the nanoflowers had a relatively higher affinity to

H,0, and TMB than natural enzyme (HRP) did (Table 1).

Table 1. Comparison of the Kinetic Parameters of
Nanoflowers and HRP“

catalyst substrate K, [mM] Ve [M S71] references
nanoflower TMB 0.1709 9.97 x 1078 this work
H,0, 1.0014 625 % 1078
HRP TMB 0.434 10.00 x 10~% 32
H,0, 3.7 8.71 x 107°

“K,, is the Michaelis constant, and V,,, is the maximal reaction
velocity.

The high enzymatic activity may be ascribed to the specific
surface area of the nanoflowers, which can increase the
probability of collision between substrates and active sites, so
as to improve the catalytic efficiency.

It is well-known that enzyme catalytic activity is related to
reaction conditions. Similar to HRP, the temperature mainly
affects the catalytic bioactivity. The effect of temperature on
enzyme catalytic activity was first studied. In the range of 4—80
°C (Figure 3A), it had been found that the HRP catalytic
activity at 37 °C was the best, but at other temperatures, the
activity was inhibited or even completely deactivated at 70 °C.
By contrast, the as-prepared nanoflowers had a certain ability
of resistance to high temperature, even in 70 °C. These data
showed that the proposed nanoflowers had a good thermal
stability and could achieve catalytic reaction under high-
temperature conditions. This advantage makes the nanoflower
materials in the application part with a greater temperature
threshold range. More importantly, the 30 day control
experiment of nanoflowers and HRP enzyme activity indicated
that the catalytic activity of nanoflowers almost did not
decrease with the time changing within 30 days, whereas the
HRP activity almost completely disappeared on the 3rd day
(Figure 3B). The results demonstrated that nanoflowers could
be preserved at room temperature for a long time, and their
activity remained unchanged. Compared with HRP, the hybrid
nanoflowers had better stability, which was the biggest
advantage of nanozymes, guaranteeing that it could be served
as promising candidates for practice applications.

3.3. Performance for ACh Detection. To achieve a
sensitive colorimetric strategy for detecting ACh, a bioassay-
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Figure 3. (A) Activities of nanoflowers and HRP were compared at
different temperatures. (B) Storage stability of HRP and nanoflowers
at room temperature for 30 days. The maximum value observed
during each test was set as 100%. (C) Enzyme-cascade-amplification
strategy for ACh. (D) UV—vis absorption spectra nanoflower/TMB
system in the presence of ACh (a), CHO (b), AChE (c), AChE +
CHO (d), ACh + CHO (e), ACh + AChE (f), and ACh + AChE +
CHO (g). (E) Corresponding color change of D.

level platform of AChE/CHO was established. AChE
enzymatically hydrolyzed ACh to yield choline and catalytically
oxidized by CHO to yield betaine and H,0, in the presence of
dissolved oxygen (Figure 3C). Subsequently, the formed H,0,
was catalyzed to generate hydroxyl radicals by nanoflowers.
The hydroxyl radical with a strong electron sensitivity and
oxidation ability is easy to oxidize the color substrate. For the
feasibility test for monitoring ACh, the absorbance intensity
under different circumstances was investigated. As depicted in
Figure 3D, these control experiments revealed that no clear
absorption peaks appeared between 500 and 800 nm when the
solution contains ACh (curve a), CHO (curve b), AChE
(curve c), AChE and CHO (curve d), ACh and CHO (curve
e), or ACh and AChE (curve f) separately. Only for the
mixture of ACh, AChE, and CHO (curve g) at 37 °C, the
solution showed a strong characteristic absorption peak at 652
nm. Simultaneously, the corresponding solution color changed
from colorless to blue (Figure 3E). On the basis of the above
results, the established protocol was feasible for the detection
of ACh.

Experimental conditions, such as time, pH value, and
temperature, were optimized to obtain good performance for
ACh detection. As the pH changed from 7.0 to 8.0, the
absorbance of the system remarkably increased, whereas the
obvious decreasing of the absorbance appeared with the pH
value further increasing to 10.0. Thus, the optimal pH value for
AChE/CHO enzymatic activity was at 8.0 (Figure S3A). The
influence of the reaction temperature on AChE/CHO
enzymatic system is depicted in Figure S3B. With the
increasing temperature, the absorbance intensity of the system
changed and reached a maximum value at 37 °C. Then, the
value slightly decreased with the increasing temperature.
Therefore, the optimal temperature for the ACh sensing
system is 37 °C. The incubation time (the reaction time of
ACh, AChE, and CHO) which had a remarkable influence on

DOI: 10.1021/acsami.8b21571
ACS Appl. Mater. Interfaces 2019, 11, 11857—11864


http://pubs.acs.org/doi/suppl/10.1021/acsami.8b21571/suppl_file/am8b21571_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b21571/suppl_file/am8b21571_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b21571/suppl_file/am8b21571_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b21571/suppl_file/am8b21571_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b21571/suppl_file/am8b21571_si_001.pdf
http://dx.doi.org/10.1021/acsami.8b21571

ACS Applied Materials & Interfaces

Research Article

the system was studied in pH 8.0 Tris-HCI buffer at 37 °C. As
shown in Figure S3C, the absorbance had a significant
increment with the increasing incubation time. Then, the
system reached a balance in 60 min, indicating the hydrolysis
of ACh completed within 60 min.

Further experiment was carried out to detect ACh under
optimal condition. As the concentration of ACh (0.0005—6.0
mmol L") increases (0.0005—6.0 mmol L™"), more and more
oxidation products (oxTMB) were produced. It is not difficult
to see from Figure 4A that with the increase of the
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Figure 4. (A) UV—vis absorption spectra of the system with varying
concentrations of ACh. (B) Trend diagram of absorbance intensity
ratio with ACh concentration. The illustration shows a linear
relationship between the logarithm of the ACh concentration and
the intensity ratio. (C) Corresponding images taken under sunlight of
mixture with different amounts of ACh. (D) Absorption value of the
TMB/nanoflowers system with interfering ions and (E) absorption
intensity of the ACh/nanoflowers/TMB system with the coexisting
substances.

concentration of ACh, the intensity of UV—vis absorbance
intensity at 652 nm increases significantly, and the color
gradually turns blue (Figure 4C). Therefore, changes in
absorbance intensity can be adjusted by the ACh concen-
tration. Meanwhile, Figure 4B showed a quality linear
relationship (R? = 0.9911) between ACh concentration and
absorbance intensity. This regression equation is Ab = 0.6472
log [ACh] + 0.10751. It is worth mentioning that the detection
limit (LOD) was down to 0.35 umol L™ (S/N = 3), which
was more sensitive than many of the previous strategies”
(Table S2); it is proved that the platform is suitable for ACh
detection. The low LOD of this platform arises from the
following distinctive features of the amplification technique: (i)
protein—inorganic hybrid nanoparticles, as analogues of natural
enzymes, have better stability and higher catalytic efliciency
than natural enzymes and can improve the color-rendering
effect and (ii) enzyme-cascade-amplification strategy is able to
significantly amplify the signal of recognition, improving the
detectlon sen51t1v1ty Compared with a previous peroxide-based
assay,* this platform for ACh possessed high stability and is
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easy to use. Furthermore, the response time (60 min) was
quite short or comparable in contrast with the existing enzyme-
based assay methods. Therefore, a low-cost and facile
colorimetric platform for ACh concentration can be observed
with the naked eye.

For visual biosensors, the selective recognition is very
important to evaluate the practicality, especially in the point-
of-care testing. Therefore, the selectivity had been studied, and
the absorption peak of the common coexistence substances in
biological samples such as BSA, GOX, L-phenylalanine (L-
PHE), glutathione (GSH), trypsinogen (TRY), threonine
(THR), asparagine (ASN), histidine (HIS), arginine (ARG),
glycine (GLY), K*, Ca**, Na', acetylcholine esterase (AChE),
and HRP was investigated. The results are illustrated in Figure
4D; the absorbance value of the system was significantly
increased after the addition of ACh, whereas the absorbance
intensity did not change after the addition of these common
substances, indicating that the sensing system had a good
selectivity for ACh. Then, the anti-interference ability of the
sensor was further studied. The response of the system to ACh
was investigated in the presence of interferences. The results
showed that the addition of other interfering molecules and
ions had little effect on the absorbance of the ACh reaction
(Figure 4E). Taken together, the established visual sensor
system has good specificity and strong anti-interference ability,
proving that the biological sensor is suitable for ACh detection.

To demonstrate the potential clinical use, the proposed
colorimetric strategy was further applied to quantify ACh from
human plasma samples that had been spiked with ACh at
0.001, 0.01, and 0.1 mmol L. It can be seen from Table S3
with the standard addition method that the average addition
recovery range is 104—119%, and the relative standard
deviation was less than 5.8%, which indicates that the
established sensor system is highly accurate and the ACh test
reagent sample is reproducible; therefore, this sensor system
has a potential applicability.

3.4. Visual Detection of ACh in Serum by a Portable
Test Kit. It is well-documented that the monitoring of
biomarkers (e.g, ACh) is time-consuming and expensive,
especially in the early stage of disease. Thus, instant onsite
visual detection of ACh on the serum sample is very significant
for clinical screening and diagnosis. For this purpose, a
portable visual detection kit was constructed by the use of
nanoflowers/dual enzyme system to revolutionize onsite
diagnosis. Owing to both low cost and easy cross-links under
mild conditions, the agarose hydrogel with three-dimensional
macromolecular networks that can load abundant chemical
substance has been used as powerful analytical platforms in
many biomedical applications.*”*’ ™" In this platform, the
agarose hydrogel as a robust supporter was formed by
intermolecular forces without the need for potentially toxic
cross-linking agents. Figure SA illustrates the fabrication of
agarose hydrogel rooted with nanoflowers as a promising
platform for the detection of ACh. First, hybrid hydrogel of
nanoflowers and TMB rooted into agarose were placed on a
snap cap of microtube in a simple one-step protocol. To
confirm the loading of nanoflower, we characterized the
structure of agarose-nanoflower hybrid materials through SEM.
As shown in Figure S4, the nanoflower was entrapped into the
agarose hydrogel, producing a link between nanoflowers. When
a clinical serum containing ACh was mixed with AChE and
CHO in a microtube, the enzymatic reactions were processed
to produce H,0,. Next, the microtube was turned upside
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Figure S. (A) Program for detecting ACh in serum. (I) Open the
buckle cover of the kit (pale no color in the hydrogel), (II) dilute
serum sample solution containing ACh was added to the kit, (IIT)
close the kit lid and flip the kit, (IV) color of the kit changed, and (V)
reverse the kit again and open the kit lid (blue color in the hydrogel).
(B) Take pictures of ACh kits in different concentrations. (C)
Original color image of the kit was digitally analyzed using Image]
software to realize ACh visual detection. The concentrations of ACh
are from 0.1 to 2.0 mmol L™". (D) Relationship between intensity and
the concentration of ACh.

down to let the product diffuse into hydrogels. To observe the
color change of the hydrogel, the test kit was turned upside
down again and the snap cap was opened. Optical images of
kits obtained by smartphone built-in cameras can be analyzed
for quantitative evaluation of ACh (Figure SS). The detection
of ACh in deionized water is shown in Figure 5B, and the
color-gradient changes were clearly obtained. It can be seen
that the naked eye detection limit was about 0.25 mmol L™ of
ACh. The detection results were recorded with a digital camera
and were subject to quantification using Image] software,
which produced a corresponding intensity connected with the
ACh concentration. Herein, the histogram of intensity showed
in Figure SC can be considered to be another form for the
color-change detection. Through analysis, we used specific data
to prove that the color change had a gradient. Using the image-
processing method, a good linear relation (R* = 0.9888)
between the concentration of ACh and the intensity in the
range of 0.1—2.0 mmol L' was observed for the kits (Figure
SD). These analyses proved that the nanoflower system-based
kit together with the smartphone offers a portable approach for
ACh detection.

The potential application was further investigated for the
detection of ACh in spiked human serum samples. Figure 6A
showed the color photographs of hydrogel in serum samples
after adding ACh in the range from 0.1 to 2.0 mmol L7".
Apparent changes of colors were identified by naked eyes. In
addition, the primary color images could also be obtained and
digitized by the mentioned method, as shown in Figure 6B. A
good linear relationship (R* = 0.9887) between the intensity
and the concentration of ACh in the range of 0.1—2.0 mmol
L™ was obtained by utilizing the image processing algorithm
(Figure 6C). By means of the calibration curve, ACh can be

In=219.0556{ACh|+227.0660
R'=0.9932

Intensity

05 1.0 15 20
ACh (mmol L")

D
I Time 1 1
| (Day) Z 15 1 250

1ntensity

Figure 6. (A) Images of the test kits for visual detection of ACh in the
serum under daylight lamp. (B) Original color image is digitized using
Image] software. The concentrations of ACh are from 0.1 to 2.0 mmol
L™. (C) Relationship between the concentration of ACh and
intensity in blood serum. (D) Images of test kits for ACh within 15
days. (E) Original color image was digitized by using Image] software.

continuously monitored by nanoflower-based measurements
through image recording and analysis. It is worth pointing out
that the detection sensitivity of a kit in serum samples was
similar to that in deionized water, implying that serum matrix
does not influence the performance of kits. Furthermore,
according to previous literature,® the ACh level between 0.20
and 1.31 mmol L™! was present in the blood of normal human
beings; this indicates that the kit could meet the testing
requirements of actual samples. The stability is a key parameter
of point-of-care devices to evaluate the performance of strategy
in practical applications. As depicted in Figure 6D, it was
clearly found that the kit achieved similar color change within
15 days. As shown in Figure S6, for the blank test of the kit for
1S consecutive days, it can be clearly seen that there is no
significant color change in the color of the kit. This indicates
that the kit can maintain a stable state for a certain period of
time, without the phenomenon of oxidation of TMB in air.
Through the same analysis processes, the histogram of hue
values was shown in Figure 6E. It can be easily found that the
hue values had barely changed, further confirming good
stability of the fabricated kit. Therefore, the portable testing kit
can be used to detect ACh in real serum samples without
instrumental vision. In contrast, other methods for detecting
ACh have been reported previously; because the portable kit
can detect ACh without complex instruments and professional
operations, it has a great potential in practical applications to
realize rapid detection and field detection in serum samples
containing ACh.

4. CONCLUSIONS

In summary, a novel sensor for the visual detection of ACh had
been constructed by using protein—inorganic hybrid nano-
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flower-based enzyme-cascade-amplification strategy. The probe
relied on the catalytic ability of the nanoflower toward TMB
and H,0,. In this sensor, protein—inorganic hybrid nano-
flowers could replace natural enzymes and had advantages such
as simple preparation, low cost, and high temperature
resistance, which were suitable for detection in some extreme
environments. This sensor could judge the content of ACh by
the color displayed in the component and could be applied in
practice. More importantly, a transformative idea to achieve
the onsite monitoring is to fabricate portable test kits based on
protein—inorganic hybrid-nanoflower-rooted agarose hydrogel
platform. The integration of kit with mobile platform can
perform the ease-of-use and cost-effectiveness for ACh
detection, and the detection data can be easily analyzed for
monitoring health care, especially in remote areas. Therefore,
we believe that the nanoflower-rooted agarose hydrogel-based
colorimetric assay is expected for the accurate and selective
identification of ACh in real applications. What is more, our
work could make efforts for the development of sensor probe
design for optical sensing and the promotion of the practical
application construct.
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