Talanta 233 (2021) 122594

Contents lists available at ScienceDirect

Talanta

Talanta

journal homepage: www.elsevier.com/locate/talanta

ELSEVIER

Check for

Copper sulfide nanoclusters with multi-enzyme-like activities and its ol
application in acid phosphatase sensing based on enzymatic
cascade reaction

Yujiao Zhang ®', Shuging Yang &1 Jin Wang b Yuanyuan Cai®, Lingxi Niu®, Xuan Liu®,
Chongyang Liu®, Huan Qi® ", Aihua Liu®%"

& Institute for Chemical Biology & Biosensing, College of Life Sciences, Qingdao University, 308 Ningxia Road, Qingdao, 266071, China

b Qingdao Institute for Food and Drug Control, 7 Longde Road, Qingdao, 266073, China

¢ School of Pharmacy, Medical College, Qingdao University, 308 Ningxia Road, Qingdao, 266071, China

9 Shanghai Center for Systems Biomedicine, Key Laboratory of Systems Biomedicine (Ministry of Education), Shanghai Jiao Tong University, Shanghai, 200240, China

ARTICLE INFO ABSTRACT
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Nanozymes are artificial enzymes, which can substitute natural enzymes for wide range of catalysis-based ap-
plications. However, it is challenging to explore novel mimic enzymes or multi-enzyme mimics. Herein we report
the facile preparation of uniform CuS nanoclusters (NCs), which possessed outstanding tetra-enzyme mimetic
catalytic activities, including peroxidase (POD)-mimics, catalase (CAT)-mimics, ascorbic acid oxidase (AAO)-
mimics and superoxide dismutase (SOD)-mimics. The catalytic mechanism of POD-like was coming from the
oxygen vacancies of CuS. Furthermore, the steady-state kinetics of POD-, CAT- and AAO mimics of CuS NCs were
systematically explored. On basis of the enzymatic cascade reaction that acid phosphatase (ACP) involved in a
weak acidic environment, in the presence of O-phenylenediamine, quinoxaline fluorescent substance will be
generated. Thus, a fluorescent biosensor platform was proposed for detection of ACP with the linear range of
0.05-25 U L™} and limit of detection of 0.01 U L™}, The as-proposed method was applicable to real serum sample
detection accurately and reproducibly. Considering the simple preparation, good stability, excellent multi-
enzyme activities and controllable experimental operation, CuS NCs would provide a basis for expanding to
other biocatalytic and biomedical applications.

Catalase-like

SOD-like

AAO-like

Acid phosphatase sensor

advent of nanotechnology, artificial mimic enzymes [17] have been
extensively studied, but most of them are single functional mimic en-

1. Introduction

Natural enzymes have good catalytic activity but experience stability
issue and high cost due to their complicated processing [1-4]. As a
result, more and more nanostructures based enzyme mimics have been
developed to overcome shortcomings [5]. Compared with natural en-
zymes, nanostructured mimic enzymes have a series of advantages [6]
such as controllable synthesis and resistance to harsh environments [7],
which have been found a wide range of catalysis-based applications in
biosensing [8-10], tumor therapy [11,12], biomimetic synthesis [13]
and antibacterial [14]. At present, various enzymes-like such as
oxidase-like, peroxidase (POD)-like [15], catalase (CAT)-like and su-
peroxide dismutase (SOD)-like have been simulated [16]. With the

zymes and double functional mimic enzymes, for example, noble metal
nanoparticles (NPs) including gold NPs and silver NPs demonstrating
POD-like activity [18], while platinum NPs having both uric acid
enzyme and POD-like activities [19], however, the synthesis is
cost-expensive. To solve this issue, a large number of transition metal
containing nanomaterials having enzyme activity are reported, such as
Fe;03 NPs [20], CeO5 NPs [21], MnO, nanosheets [22,23], CuO NPs
[24], NiFe204 nanorods (NRs) [25], CoO NPs [26], Co304 nanospheres
[8,27] and MoO3 NRs/C [10]. Obviously, to construct artificial enzymes
with simple chemical synthesis by simulating the active center of natural
enzymes becomes a powerful means to solve the inherent defects of
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natural enzymes. On the other hand, although many metal compound
nanomaterials have been proved to have nano-enzyme properties [28,
29], but the dispersion of these nanostructures in aqueous media has
been challenged when applied in practice [30]. Therefore, it is very
important to find a method to ensure the good dispersion and stability of
nanoparticles in water [31]. More importantly, it is challenging to
explore multi-enzyme mimics for real applications.

Copper-based nanomaterials have attracted much interests in many
fields including biosensing [32,33], photothermal therapy and killing
bacteria [34-38] due to their superb photothermal conversion proper-
ties and low toxicity. Actually, copper nanostructures can be used as
fluorescent probes for sensing and biological imaging [24,39,40].
Additionally, Cu-based nanomaterials have potential to be promising
alternative enzyme mimetics [41,42]. Among them, copper sulfide
(CuS) and copper oxide (CuO) have attracted a lot of interest due to their
simple synthesis process [43], excellent catalytic performance and low
toxicity [44-46]. Due to their biocompatibility and high chemical sta-
bility, CuS has been developed rapidly, and can be used in biosensors
[47,48] and biomedical fields [49-52] based on its single nanozyme or
dual enzyme activity or photocatalysis. Although CuS nanoparticles
were reported to exhibit single POD-like activity, however, they were
prepared under harsh conditions such as high temperature or
non-aqueous phase, especially, their sizes are usually large and not
uniform [53-58]. Therefore, it is a challenge to prepare CuS nano-
particles based multiple enzyme mimics with small and uniform size
under mild conditions.

Herein, we report that CuS nanoclusters (NCs) possess excellent
multi-enzyme-like catalytic activities: POD-like, SOD-like, ascorbic acid
oxidase (AAO)-like and CAT-like activity. Further, the steady-state cat-
alytic kinetics of CuS NCs were extensively investigated. Finally, a novel
fluorescent biosensor was constructed for acid phosphatase (ACP), based
on the enzymatic cascade reaction that in a weak acidic environment,
ACP can catalyze sodium ascorbate phosphate (AAP) to produce ascor-
bic acid (AA), which is subsequently oxidized catalytically by AAO-like
of CuS to dehydroascorbic acid, reacting with O-phenylenediamine to
produce fluorescent agent quinoxaline. The as-proposed method was
applicable to real human serum sample detection accurately and
reproducibly.

2. Experimental section
2.1. Chemicals and materials

Bovine serum albumin (BSA), O-phenylenediamine (OPDA), copper
chloride (CuCly), trisodium citrate dihydrate and sodium sulfide non-
ahydrate (NayS-9H;0) was bought from J&K Scientific Ltd. Methionine,
hydrogen peroxide (Hy02, 30 wt%), nitro blue tetrazolium (NBT),
riboflavin, p-benzoquinone (BQ), ethylenediaminetetraacetic acid salt
(EDTA), methyl orange (MO), sodium azide (NaN3), ammonium oxalate
((NH4)2C204), isopropanol (IPA), ACP, AAP and AA were obtained from
Sino pharm Chemical Co,. Ltd. (Shanghai, China). Alkaline phosphatase
(ALP), alcohol dehydrogenase (ADH), gluathione reductase (GR) was
purchased from Solarbio Science & Technology Co., Ltd (Bejing, China).
3,3',5,5'-tetramethylbenzidine (TMB) was purchased from TCI Devel-
opment Co., Ltd (Shanghai, China).

2.2. Instruments

Transmission electron microscopic (TEM) images were observed on
an F20 S-TWIN instrument (FEI, USA). The absorption spectra and
absorbance were measured by a U-2910 spectrophotometer (Hitachi,
Japan) and a SPARK 10M microplate reader (Tecan, Switzerland).
Fluorescent spectra were monitored with an F-7000 fluorescence spec-
trophotometer (Hitachi, Japan).
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2.3. Preparation of CuS NCs

To prepare CuS NCs, sodium citrate solution (5.0 mL, 8 mM) was
added to CuCl; solution (5.0 mL, 8.0 mM), which was stirred for 5 min.
Then, NayS solution (5.0 mL, 16.0 mM) was dropwise syringed into
above solution under vigorous stirring for 15 min at 37 °C. Afterwards,
BSA solution (5.0 mL, 50 mg mL 1) was added to the above mixture
solution and incubated at 37 °C for 8 h. Finally, the solution was dia-
lyzed against water for 24 h. The thus-yielded CuS was stored in dark-
ness at 4 °C.

2.4. CuS with multiple enzyme activities

2.4.1. Discovery of CuS POD-like activity

To research the POD-like activity of CuS NCs, CuS (0.4 mM), H,0,
(10 mM) and TMB (1.0 mM) were added separately to 0.1 M acetate
buffer (pH 3) for 30 min at room temperature. The experimental group
and the system without CuS or HyO, were used as the control group. The
absorbance of the solution at 652 nm was monitored by a microplate
reader.

2.4.1.1. Study on the mechanism of POD-like. To study the catalytic
mechanism of POD mimetics of CuS NCs, EDTA (3.0 mM), IPA (10 mM)
and NaNs3 (50 mM) were added respectively to a 0.1 M acetate buffer
(pH4.5) containing HyO5 (10 mM) and CuS NCs (0.67 mM). Finally,
TMB was added to the system and incubated for 30 min in a water bath
at 40 °C. A microplate reader was used to detect the absorbance of the
solution at 652 nm. BQ (1.0 mM) was syringed into a 0.1M acetate buffer
(pH 4.5) mixed with MO (2.0 pM), CuS (0.67 mM) and H203 (10 mM).
The mixture solution was illuminated 70 min under a fluorescent lamp.
Finally, a microplate reader was used to detect the absorbance of the
solution at 463 nm.

2.4.2. Discovery of CuS mimic CAT activity

To investigate whether CuS has CAT-like activity, CuS (0.4 mM) and
H202 (20 mM) were syringed to 0.1 M Tris-HCl buffer (pH 9.0) and
incubated at 25 °C for 30 min. The spectra of the mixed solution was
monitored by spectrophotometer.

2.4.3. Discovery of CuS mimic SOD activity

To investigate whether CuS has SOD-like activity was detected by
NBT reduction method. Riboflavin and methionine can produce super-
oxide anions, the latter can reduce NBT to generate blue armor hydra-
zine with a characteristic peak at 560 nm. The SOD-like activity could
remove superoxide anions and inhibit the reduction process, thus the
decrease of absorption peak at 560 nm was observed. In detail, CuS
(0.67 mM), riboflavin (2 pM), methionine (13 mM), NBT (75 pM) and
EDTA (10 pM) were added to a 100 mM phosphate buffer (PBS, pH7.4)
and incubated for 15 min in light and darkness respectively, and the
absorbance of the solution at 560 nm was detected.

2.4.4. Discovery of CuS AAO activity

In order to investigate whether CuS has AAO-like activity, CuS (0.2
mM) and AA (1.0 mM) were added to 100 mM PBS (pH 6) and reacted
for 2 min at 25 °C. The absorbance of the mixed solution at the wave-
length of 265 nm was detected by spectrophotometer.

2.5. Analysis of catalytic kinetic parameters

Kinetic parameters of POD activity of CuS were studied. The whole
reaction system was performed in 100 mM acetic acid buffer (pH 4.5).
Under other optimization conditions, the absorbance of the reaction
system at wavelength of 652 nm was determined by fixing the concen-
tration of HoO5 (20 pM) while changing the concentration of TMB, or
fixing the concentration of TMB (2.0 mM) while changing the
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Fig. 1. (A) TEM images and (B) size distribution of the as-prepared CuS NPs.

concentration of HyO».

Kinetic parameters of CAT-like activity of CuS were studied. The
whole reaction system was performed in 100 mM Tris-HCI buffer (pH 9).
Under optimization conditions, the absorbance of the reaction system at
wavelength of 240 nm was determined with varying HO»
concentration.

Kinetic parameters of AAO-like simulated by CuS were studied. The
whole reaction system was carried out in phosphate buffer (100 mM, pH
6). Under the optimized conditions, the absorbance of the reaction
system at 265 nm was determined with varying AA concentration.

Vinax [8)]
Kan+[S]"

where Viax, V, Kn, and [S] is defined as maximum reaction rate,
initial reaction rate, Michaelis-Menten constant and substrate concen-
tration, separately.

According to the Lineweaver Burk equation, v =

2.6. ACP sensing by AAO-like activity of CuS

200 pL reaction solution with AAP (1.0 mM), different ACP con-
centrations and acetate buffer (100 mM, pH 5) was incubated at 37 °C
for 15 min. Then, 100 pL of the above reaction solution was added to the
phosphate buffer (pH 6) containing OPD (1.0 mM) and CuS (0.4 mM)
and reacted for 4 min. The fluorescent spectra were measured.

3. Results and discussion
3.1. Preparation and characterization of CuS NCs

We used BSA as a template to synthesize CuS NCs under mild con-
dition. That is, it is performed in aqueous solution at room temperature.
In a typical synthesis procedure, the CuCly solution became dark blue
with the addition of sodium citrate under stirring. Further, the solution
became dark brownish with the addition of Na5S solution. Finally, BSA
was added to stabilize the nanostructures considering that BSA is a
water-soluble protein. The obtained nanoparticles were water-soluble,
which were uniformly dispersed from TEM images (Fig. 1A) with the
size of 6.0 &+ 0.4 nm (Fig. 1B), typical of nanoclusters.

3.2. Multiple enzyme activities of CuS NCs
3.2.1. POD mimetics

3.2.1.1. Characterization of POD mimetics. The POD-like mimetics of
CuS NCs was studied based on the typical color reaction produced by
TMB with Hy04 and POD. The reaction system without CuS or HyO2 had
tiny absorption peak at 652 nm, while CuS/TMB/H,05 system exhibited
remarkable absorption peak at 652 nm. These results indicate that CuS
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Fig. 2. The visible spectrum of (a) CuS (0.4 mM)/TMB (1.0 mM)/H50, (10
mM), (b) CuS (0.4 mM)/H50, (10 mM), (c) TMB (1.0 mM)/H505 (10 mM). The
above systems in an acetate buffer of (pH 3) at 30 °C reaction for 30 min.

has POD-like catalytic activity (Fig. 2). Further we optimized the
important parameters including solution, pH, temperature, material
dosage, and TMB concentration that affect the catalytic activity of CuS.
As shown in Fig. S1, the maximum POD-like activity of CuS NCs was
obtained at pH 4.5 and 45 °C, respectively.

3.2.1.2. Study on the catalytic mechanism of mimic POD activity of CuS.
We found that when BQ (a scavenger for O,"), IPA (a scavenger for *OH)
and NaNj (a scavenger for 10,) [59,60] were separately added into
CuS/TMB/H,05 system, the absorbance value of above system did not
decrease significantly (Fig. 3A,B,C). These results indicate that O,™, *OH
and 102 are not the major active substances in the reaction solution [61].
However, when EDTA was added, the absorbance at 652 nm of the re-
action system was significantly reduced (Fig. 3D). Therefore, we assume
that the mechanism of POD-like of CuS NCs was owing to oxygen va-
cancies [62].

3.2.2. CAT mimetics activity of CuS

The CAT-like activity of CuS was explored based on the decrease in
the absorbance of Hy05 at a wavelength of 240 nm. CuS (0.4 mM) was
added into HyO, (20 mM) and reacted at room temperature. After 45
min, a decrease in the absorbance at 240 nm was detected (Fig. 4). The
CAT-like activity of CuS NCs was further optimized, and the results
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Fig. 3. Effect of scavengers. (A) 1.0 mM BQ as O," scavengers (MO as color agent). (B) 10 mM IPA as *OH scavengers. (C) 3.0 mM NaNj3 as 102 scavengers. (D) 50
mM EDTA as oxygen vacancies scavengers. In above cases, CuS (0.67 mM), H,O, (10 mM) and TMB (2.0 mM) were mixed into acetate buffer (pH 4.5) including
various scavengers at 40 °C for 30 min with (a) or without scavengers (b). (For interpretation of the references to color in this figure legend, the reader is referred to

the Web version of this article.)
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Fig. 4. The UV spectra of CuS (0.4 mM)/H0, (20 mM) system (pH 9) at
different time. (a) 0 min, (b) 45 min.

showed CuS exert the best CAT activity when pH was 9 (Fig. S2A). As
mentioned above, the optimal POD activity of CuS NCs was pH 4.5 and
the activity decreased within the pH range of 4.5-10. By contrast, CuS
NCs show excellent CAT activity within the pH range of 4.5-10 and the
best CAT activity at pH 9, indicating that the POD activity of CuS does

not interfere with the CAT activity. Taking into account the temperature
and CuS dosage has an effect on its CAT-like activity, we further opti-
mized the reaction conditions. As the temperature increases, the relative
activity of CAT activit gradually increased and a peak reached at 60 °C
(Fig. S2B). When the CuS NCs concentration increases, the absorbance at
240 nm gradually increases and a plateau reaches after 0.25 mM
(Fig. S2C), which indicates that the CAT-like activity of CuS will increase
with the increase of the concentration of the CuS.

3.2.3. SOD-like activity of CuS NCs

We used the classic NBT colorimetric method to testify whether CuS
NCs has SOD mimcking activity. Compared with the system without
CuS, the absorbance at 560 nm of the system containing CuS decreased
significantly (Fig. 5A), which indicated that CuS had SOD-like activity
and inhibited the reduction of NBT. With the increase of concentration,
the absorption value at 560 nm decreases (Fig. 5B). Then, with the
concentration of CuS as a variable, the inhibition rate curve was drawn
based on the following formula: Inhibition rate =(Aplank-Asample)/
(Aplank) X 100%. Here Apjank, Asample denotes the absorbance at 560 nm
of blank solution and CuS NCs, respectively. It can be concluded that
when the concentration of CuS is 0.67 mM, the inhibition rate of the
reduction process of NBT reaches the maximum (Fig. 5C).

3.2.4. AAO-like e activity of CuS

The AAO-like activity of CuS was detected based on the decrease in
absorbance of AA at the maximum absorption wavelength of 265 nm.
CuS (0.2 mM) was added to 1.0 mM AA and reacted for 3 min at room
temperature. To detect the decrease in the absorbance at 265 nm, we
recorded the spectra every 30 s (Fig. 6). Under the catalysis of CuS, as
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Fig. 6. Evolution of UV spectra for 0.2 mM CuS with 1.0 mM AA in pH 6 buffer
at different reaction time: (a) 0 s, (b) 30 s, (¢) 60s, (d) 90 s, (e) 120 s.

time went on, the characteristic absorption peak of AA at 265 nm
gradually became flat, indicative of CuS having AAO-like activity. We
further explored the conditions that affect CuS catalyzed AA oxidation
(Fig. S3), where the ordinate is (Ap-A)/Ag, Ap and A are the absorbance
values of the reaction system at 265 nm at the beginning of the reaction

and after 3 min of reaction, respectively. Furthermore, by changing the
pH of the buffer in the reaction system, CuS catalyzed AA oxidation
exhibited the best activity at pH 6 (Fig. S3A). With the passage of re-
action time, the reaction of CuS catalyzed AA oxidation was completed
at 3 min (Fig. S3B). Considering that temperature and CuS concentration
will also affect the progress of the entire reaction system, we have
subsequently optimized the temperature to be 35 °C (Fig. S3C) and CuS
concentration (Fig. S3D).

3.3. Catalytic kinetic inquiry of POD-like, CAT-like and AAO-like of CuS

The catalytic kinetic parameters of CuS POD-like activity were
detected by fixing the concentration of HoO2 or TMB while changing the
concentration of TMB or H,05, and plotted double reciprocal linear Burk
curve (Fig. S4). For TMB and H20,, the linear regression equations are y
= 5.45x + 13.33 (R* = 0.999) and y = 7.39x + 18.19 (R? = 0.999),
respectively, the K, value with CuS NCs is calculated to be 0.409 mM
(TMB) and 0.406 mM (H05). Compared with the reported mimic en-
zymes with POD-like activity (Table S1), CuS has a stronger affinity for
the substrate for catalysis. The Vy,ay is calculated to be 0.0632 pM st
(TMB) and 0.0549 pM s~ (H,05).

In the same way, the catalytic kinetic process and catalytic activity of
CAT-like mimics for CuS NCs were investigated. Within a certain con-
centration range, the kinetics of the reaction system was studied with
H30, as the substrate, and the double reciprocal line was drawn with the
linear regression equation of y = 1.309x + 0.239 (R? = 0.995) (Fig. S5).
The main kinetic parameters such as K, and Va4 are calculated to be
5.47 mM and 4.18 pM s, respectively. Compared with other catalysts
in Table S2, CuS NCs exhibited good affinity for HyO,.
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Fig. 7. (A) Fluorescence spectra of OPDA/AAP/ACP/CuS NCs (a) OPDA/CuS NCs (b) OPDA/AAP/CuS NCs (c) CuS NCs (d) OPDA (e) and OPDA/AAP (f). (B) The
fluorescence spectra of the system with different concentrations of ACP. (C) Calibration curve for ACP determination. The reaction condition: AAP (1.0 mM) and ACP
in the acetate buffer (pH 5) incubation for 15 min at 37 °C. Then, 100 pL of the above solution was shifted to the phoshpate buffer (pH 6) containing CuS (0.4 mM)
and OPD (1.0 mM) and reacted for 4 min. Excitation wavelength, 350 nm.

In order to explore the catalytic kinetics of CuS AAO-like mimics and

catalytic activity, we used AA as the substrate to study the steady-state

kinetics. On this basis, the double reciprocal Burk curve (Fig. S6) can be

drawn with the linear regression equation of y = 0.0248x + 0.226 (R2 =

0.999). The Ky, and V.« are calculated to be 0.087 mM and 4.41 pM s’l,
respectively. That is, CuS NCs exhibited almost the same Ky, with natural
AAO in Table S3, indicating that CuS NCs had the similar affinity for the

substrate with AAO.

3.4. Fluorimetric ACP sensor based on enzymatic cascade reaction

The detection of ACP can be used as an auxiliary means of diagnosing
prostate cancer. As shown in the enzymatic cascade reaction (Eqs1-2),
ACP can catalyze the hydrolysis of AAP in an acidic environment to
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GSH, 20 pM; H204, 0.2 mM; ion species, 20 mM, GR, 70 U L’l; ADH, 56 U L’l;
ALP, 120 U L™}; other interfering substances, 5 mM. ACP (15 U LY in the
presence of testing interference species were added to the acetate buffer, the
mixed solution was incubated at 37 °C for 15 min. 100 pL of the above solution
was transferred into the phoshpate buffer (pH 6) containing CuS (0.4 mM) and
OPDA (1.0 mM), and detected fluorescence @ 425 nm after 4 min incubation.

Table 1
Detection of ACP in human serum samples.
Sample  Known Spiked  Detected Recovery RSD (n =
conc. conc. (%) 3)
(U/L) (U/L) (U/L)
#1 12.7 0 12.6 +£ 0.3 - 2.4%
3.0 15.8 + 0.4 106.7 2.5%
6.0 18.8 + 0.4 103.4 2.1%
#2 19.3 0 19.5 + 0.5 - 2.6%
2.0 21.6 + 0.4 105.0 1.9%
4.0 23.5+ 0.5 100.0 2.1%

produce phosphate and AA, of which AA can be further oxidized to
dehydroascorbic acid (DHAA) catalyzed by AAO mimics of CuS. Finally,
DHAA can react with OPD to produce quinoxaline fluorescent agent
(Eq.3). OPDA/AAP/ACP/CuS NCs system exhibited typical fluorescent
peak at 425 nm (Fig. 7A). As the concentration of ACP increased, the
fluorescence intensity of the reaction system became stronger and
stronger (Fig. 7B). Fig. 7C reflects the changes in the fluorescence in-
tensity of the system varying with ACP concentrations at 425 nm. To fit
linearly, it can be seen that the fluorescence intensity @ 425 nm linearly
increases with the ACP concentration within 0.05-25 U L~} (Fig. 7C).
The limit of detection (LOD) is calculated as 0.01 UL™! (S/N = 3). As
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summarized in Table S4, for comparison of different methods for the
detection of ACP, our proposed sensor shows good analytical perfor-
mance regarding linear range and LOD, which contributed from CuS
NCs’ excellent AAO mimics activity and the enzymatic cascade reaction.

3.4.1. Selective experiment of CuS detecting ACP

The selectivity of the ACP method was evaluated by comparing the
response of some potential interferences including glucose, various ions,
amino acids and antioxidants as control. Then a histogram was drawn
according to the changes in fluorescence intensity. For other test species,
the fluorescence intensity is significantly weak, indicating that the CuS/
AAP system has good selectivity for ACP (Fig. 8).

3.4.2. ACP detection in actual sample

In order to verify the feasibility of CuS in detecting ACP in actual
samples, we obtained human serum samples containing different con-
centrations of ACP from local hospital. To remove possible matrix ef-
fects, standard addition method was used to detect actual samples. The
ACP content in the serums were calculated. As shown in Table 1, the
results of all samples measured by our method are in good agreement
with clinical data, and the relative standard deviation (RSD) is within
3.0%.

3.5. Stability and repeatability of mimic enzyme

The stability and repeatability of mimic enzymes are very important
in practical catalysis-related applications. The POD-like and AAO-like
activity of CuS was evaluated weekly. After being placed at room tem-
perature for 21 days, the relative activity of the POD mimics and AAO
mimics of CuS NCs from three different batches can be maintained above
80% (Fig. 9), suggesting their good repeatability and stability.

4. Conclusions

In summary, CuS NCs prepared by using BSA as stabilizer had good
dispersity in water media, which exhibited outstanding multiple enzyme
catalytic activities, including POD mimics, CAT mimics, SOD mimics
and AAO mimic. The steady-state catalytic kinetics of the tetra-enzyme
mimics of CuS NCs was further investigated. The catalytic mechanism of
CuS NCs imitated POD-like activity was oxygen vacancy dependent.
Finally, based on enzymatic cascade reaction, a fluorescent biosensor
platform was constructed to detect ACP sensitively and selectively. We
believe that CuS NCs have broad application prospects in biosensors and
biomedicine.
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Fig. 9. Storage stability and repeatability of POD mimics (A) and AAO mimics (B) of different batches of CuS NCs in aqueous solution at room temperature.
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