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Human serum albumin templated MnO,
nanosheets as an efficient biomimetic oxidase
for biomolecule sensingf
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Herein, we have proposed a colorimetric biosensor for detection of acid phosphatase based on human
serum albumin (HSA) templated MnO, nanosheets (HSA-MnO, NSs). HSA-MnO, NSs as an efficient
biomimetic oxidase could catalyze the oxidization of 3,3’,5,5'-tetramethylbenzidine (TMB) to the coloured
oxidation product (oxTMB). Acid phosphatase (ACP) could hydrolyze l-ascorbic acid-2-phosphate (AAP) to
produce ascorbic acid, and ascorbic acid could lead to the decomposition of MnO, NSs to Mn?* ions,
inhibiting the production of oxTMB. On the basis of this, we have demonstrated a novel colorimetric
approach for the detection of acid phosphatase with the linear range from 50 pU mL™* to 1500 pU mL™?
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and a detection limit of 40 pU mL™%. The MnO, NS-based colorimetric method has been successfully used
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Introduction

Acid phosphatase (ACP), as a ubiquitous hydrolase enzyme, is
widely distributed in many mammalian fluids and tissues."”
ACP could catalyze the hydrolysis of phosphate esters under an
acidic environment. The imbalance level of ACP is related to the
pathophysiological processes of some common diseases,
including hepatitis, prostate cancer, acute and multiple myeloma
and Gaucher’s disease.>® What’s more, ACP has been determined
by several methods including electrochemical, fluorescence,
chromatographic, and immunoassay sensing.®™'" However, there
are certain limitations of the above mentioned methods for acid
phosphatase detection, such as high costs, and time consuming
and complex operations. Thus, it is of great importance to develop
simple, sensitive and specific methods for acid phosphatase
activity detection.

Nanomaterial-based enzyme mimics are the subject of current
research interest as detection media.’**> Natural enzymes are
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to determine the content of acid phosphatase in real samples with satisfactory results.

often susceptible to environmental conditions and tend to be
digested by protease. Enzyme mimetics having low cost, high
stability, and facile synthesis are thus highly desirable.'®"”
Many inorganic nanomaterials, including noble metal nano-
materials, metal oxides, carbon nanomaterials, and cobalt
oxyhydroxide possess peroxidase or oxidase-like activity.'®>
Most of them possess mimic peroxidase activity, but the addition
of hydrogen peroxide as the oxidizing agent is required. Very
few of them possess oxidase-like catalytic activity and molecular
oxygen is often included as the oxidizing agent.

MnO, nanosheets (MnO, NSs) as a novel 2D nanostructure
have attracted considerable attention in bioanalysis owing to
their superior large molar extinction coefficient and biological
compatibility. MnO, NSs have been widely employed in various
applications such as supercapacitors, catalysts, and sensors,
and in drug delivery.>®>' Recently, MnO, NSs have been
reported to possess intrinsic oxidase-like activity, which could
directly oxidize 3,3',5,5'-tetramethylbenzidine (TMB) into a
blue oxTMB product, without further addition of hydrogen
peroxide.*> However, TMB-MnO, NSs have still received less
attention as a convenient detection system.

Herein, we have demonstrated a colorimetric strategy for
sensitive and rapid sensing of ACP activity with HSA-MnO, NS
as a biomimetic oxidase. Compared with MnO, NS synthesized
from other methods, HSA stabilized MnO, NS features good
dispersion and stability. As shown in Scheme 1, HSA templated
MnO, nanosheets could directly oxidize TMB into oxXTMB with
absorbance at 652 nm. ACP could catalyze the hydrolysis of the
ascorbic acid 2-phosphate (AAP) substrate to produce ascorbic
acid (AA). MnO, NS could be effectively reduced to produce
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Scheme 1 Schematic representation of the sensing procedure for sensi-
tive ACP detection based on HSA templated MnO, nanosheets as a
biomimetic oxidase.

Mn>" ions by AA. The absorbance intensity of oxXTMB was
decreased remarkably as the ACP concentration increased.
Therefore, a sensitive and specific colorimetric sensor for the
detection of ACP activity can be fabricated based on HSA-MnO,
NSs. Moreover, this novel platform was also applied for mon-
itoring ACP activity in human serum samples.

Experimental procedures
Synthesis of HSA-MnO, NS

In a typical synthesis, 1.0 mL of MnCl, (0.05 M) was added to
10 mL HSA (1 mg mL™") solution under continuous stirring,
followed by the addition of 0.01 M NaOH solution to adjust the
mixture pH value to pH 9.0. Then, the dark brown solution
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Fig.1 (a) Typical TEM image of the prepared MnO, nanosheets; (b) AFM
image; (c) XRD pattern; (d) high-resolution XPS spectra for Mn 2p; (e) high-
resolution XPS spectra for O 1s; and (f) UV-vis absorption spectra and
photograph of MnO, nanosheets.
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obtained was stirred vigorously for 2 h. The MnO, NSs obtained
were collected by centrifugation at 12 000 rpm for 30 min and
the supernatant was stored at 4 °C for further use.

Detection of ACP activity

To detect ACP activity, 10 pL of different concentrations of ACP,
10 pL of MnO, NSs (10 pg mL™ "), 10 pL of AAP (100 uM), and
60 pL sodium acetate buffer (0.02 M, pH 4.0) were mixed and
kept at 37 °C for 40 min. Then, 10 uL. TMB (2 mM) was added.
The mixture was incubated at 37 °C for 10 min. Finally, the
absorption spectra of different samples were measured at room
temperature.

For the selectivity study, several types of biological interfer-
ences, including glucose, glucose oxidase (GOXx), trypsin, lysozyme,
tyrosinase (TRY), and acetyl cholinesterase (AchE), were selected
to evaluate the selectivity of the ACP assay. 10 uL of MnO, NS
(10 pg mL™"), 10 uL of AAP (100 uM), and 10 uL of interfering
substances were added into 60 pL sodium acetate buffer
(0.02 M, pH 4.0) and kept at 37 °C for 40 min. Then, 10 pL of
TMB (2 mM) was added. The mixture was incubated at 37 °C for
10 min. Finally, the absorption spectra of different samples
were measured at room temperature.

Results and discussion
Characterization of MnO, NS

Herein, HSA was selected as the template for MnO, NS synthesis
in aqueous solution. As shown in Fig. 1a, the as-synthesized
products showed the typical two-dimensional sheets with an
average dimension of 100 nm. The structure and thickness of
these nanosheets were characterized by atomic force microscopy
(AFM). The thickness of one typical nanosheet was measured to
be 4.2 nm (Fig. 1b). All the peaks of the X-ray diffraction (XRD)
pattern can be identified with the crystal phases of MnO,
(JCPDS: 44-0992) in Fig. 1c. X-ray photoelectron spectroscopy
(XPS) was used to analyze the MnO, NSs. The XPS analysis of
the resultant MnO, NSs showed two peaks centered at 641.2 eV
and 653.1 eV that were attributed to Mn 2p3,, and Mn 2p,,, of
MnO,, respectively (Fig. 1d); the binding energy peaks of O 1s
were at 536.1 eV and 531.6 eV, respectively (Fig. 1e). In addition,
the as-synthesized MnO, NSs were stable in an aqueous
solution (inset of Fig. 1f). As shown in Fig. 1f, the absorbance
spectrum of the synthesized MnO, NSs exhibited a wide band
in the range of 250-800 nm with a peak located at 370 nm.
These results indicated the successful formation of HSA
stabilized MnO, NSs.

Monitoring of the ACP

To assess the catalytic properties of the prepared MnO, NSs,
a classic colorimetric reaction was conducted by a classical
oxidase substrate of TMB. As shown in Fig. 2, there was no clear
absorption peak at 652 nm with only TMB alone in the solution
(curve a in Fig. 2). With the addition of MnO, NSs, the color
of the solution quickly changed to deep blue and exhibited
a strong absorbance at 652 nm (curve e), indicative of
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Fig. 2 The absorbance of oxidized TMB at 652 nm. (a) TMB; (b) MnO,
nanosheets + TMB + ACP + AAP; (c) MnO, nanosheets + TMB + AAP;
(d) MNO, nanosheets + TMB + ACP; (e) MnO, nanosheets + TMB.

the formation of the oxTMB and the oxidase-like activity of
MnO, NSs (Fig. 2). Furthermore, with the addition of AAP
and ACP, MnO, NSs could be effectively reduced to produce
Mn>" ions as ACP could hydrolyze AAP to form ascorbic
acid, and the solution became transparent again (curve b in
Fig. 2). In contrast, the MnO, NSs could catalyze the oxidation
of TMB in the solution only containing AAP (curve c in Fig. 2)
or ACP (curve d in Fig. 2). These results suggest that the
prepared MnO, NSs have a peroxidase-like catalysis capability.

Optimization of sensing conditions

In order to obtain the optimal conditions for the colorimetric
sensing, we investigated the dependence of many surrounding
conditions, such as the solution pH, temperature, the reaction
time, and the concentration of TMB. Similarly to natural
enzyme-horseradish peroxidase (HRP), the catalytic activity of
the prepared MnO, NS was directly related to pH value and
temperature. As shown in Fig. S1 (ESIt), the oxidase-like activity
of HSA-MnO, NS was measured with the pH ranging from pH 2
to pH 8. The catalytic activity of HSA-MnO, NS was found to
increase with pH increased from pH 2 to pH 4, and then
decrease with further pH increase from pH 4 to pH 8, which
was similar to the behavior of natural peroxidase HRP. Thus,
the optimal pH 4.0 was chosen for subsequent experiments. As
shown in Fig. S2 (ESIt), the MnO, NSs yielded a maximum
absorbance at 37 °C when varying the temperature from 4 °C to
70 °C. Therefore, the reaction temperature was selected as 37 °C
for subsequent experiments. As shown in Fig. S3 (ESIT), it was
observed that the absorbance increased significantly and then
reached equilibrium within 10 min. Thus, the optimal reaction
time was selected as 10 min. TMB concentration was also
considered. As shown in Fig. S4 (ESIT), the results showed that
the largest MnO, NSs catalytic activity could be obtained by
adding 200 uM TMB. Thus, 200 uM TMB was taken as the
optimal concentration.
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Fig. 3 (a) UV-vis absorption spectra of the assay system in the presence
of increasing concentration of ACP, the arrow indicates the signal changes
as the concentration of ACP increased (0, 50, 100, 250, 500, 1000, and
1500 pU mL™Y). (b) Calibration curve of the assay system for ACP activity
detection.

Stability and kinetic analysis of MnO, NSs

As shown in Fig. S5 (ESIt), the MnO, NSs were dispersed in PBS
and human serum for over 48 h without significant aggrega-
tion, indicating their good stability. As show in Fig. S6 (ESIf),
the steady-state kinetics of MnO, NSs catalyzed oxidation of
TMB were determined and typical Michaelis—-Menten curve
were obtained. The K, and V..« values obtained from Line-
weaver-Burk plots are displayed in Table S1 (ESIt). MnO, NSs
showed a smaller Ky, value than that of HRP, indicating better
affinity between TMB and MnO, NS than HRP.** In addition,
the K, value of the as-prepared MnO, NSs with TMB was lower
than other nanomaterial-based oxidase mimics, implying the
high affinity of the obtained MnO, NSs towards TMB.**~**

Detection of ACP using MnO, NSs

In order to investigate the practical application of HSA-MnO,
NSs, we devised a facial colorimetric platform for the detection
of ACP activity. As shown in Fig. 3a, the absorbance intensity of
oxTMB at 652 nm decreased with the increasing concentration

J. Mater. Chem. B
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Table 1 The comparison of different methods for the detection of ACP

Method Linear range LOD Ref.
Fluorometry 18.2-1300 mU mL™'  55mUmL™" 39
Fluorometry 0-1500 pU mL~* 28 U mL ™" 40
Fluorometry 1-50 pU mL~* 0.45mUmL™' 41
Magnetoelastic ~ 1.5-15 mU mL ™" 1.5mUmL™" 42
Electrochemical ~ 0.11-5.7 mU mL ™" 0.11 mUmL™ 43
Colorimetric 50-1500 pU mL ™" 40 pU mL ™" Our work

of ACP from 0 pU mL ™" to 1500 uU mL™". As shown in Fig. 3b,
the absorbance intensity showed a good linear relationship
with the ACP concentration in the range from 50 pU mL™" to
1500 pU mL~ . The linear regression equation was A652 nm =
—0.0003 Cycp (WU mL ™) + 0.5154, with a correlation coefficient
of 0.9973. The limit of detection, defined as a signal-to-noise
ratio of S/N = 3, was determined to be 40 pU mL™*. The results
show that detection limit of our method is comparable with
previous studies,**** as summarized in Table 1.

Evaluation of detection selectivity

The selectivity of this protocol was evaluated by using potential
interferences including glucose, GOx, trypsin, lysozyme, TRY,
and AchE. As shown in Fig. 4, no significant change was observed
with the addition of the potential interferences. Meanwhile, only
in the presence of ACP, the absorbance intensity obviously
decreased. These results clearly demonstrate the high selectivity
for ACP of the proposed protocol.

Determination of ACP activity human serums

The feasibility of the proposed strategy is also tested by the
detection of ACP in complex biological samples. In order to test
the potential of HSA-MnO, NSs for the determination of ACP
activity in real samples, the ACP activity in 1% diluted human
serum samples were tested using the standard addition
method. As shown in Table 2, it was observed that the recovery
rate ranged from 96.3% to 98.7%. To test the performance of
the proposed strategy in real samples, we applied the sensor to
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Fig. 4 Selectivity of ACP over potential interferences.
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Table 2 Recovery tests for ACP activity analysis in diluted human serum
using the proposed assay (n = 3)

Sample Added ACP (uU mL™') Measured (WU mL~ ") Recovery (%)

1 50 48.75 97.5
2 100 96.30 96.3
3 200 197.40 98.7

Table 3 Determination of ACP activity in PC-3 cell extracts by comparing
the proposed assay and commercial kit

The proposed method Commercial kit

Sample (U mg™* protein)* (U mg™ " protein)”
Sample 1 1.22 £+ 0.03 1.45 £+ 0.04
Sample 2 1.16 £ 0.04 1.34 £ 0.02
Sample 3 1.54 £ 0.02 1.62 £+ 0.02

“ Mean of three separate determinations + standard deviation.

detect ACP activity in PC-3 cell lysates. PC-3 cells, a kind of
human prostate cancer cell line, as the model system, were
used to investigate the cellular levels of ACP in cells. Moreover,
we also used a commercial kit (Acid Phosphatase Colorimetric
Assay Kit, Cayman Chemical Company, Michigan, USA) to
detect ACP activity in the cell extracts. As shown in Table 3,
the results from our assay are in good agreement with those
from the commercial kit, indicative of the accuracy and effi-
ciency of our method. The high recovery rate showed the great
potential of the proposed method for the detection of ACP in
clinical samples.

ACP inhibition assay

The assay was also evaluated for testing ACP activity inhibitors
since ACP activity inhibitors were potential drugs for treating
ACP related diseases. NaF, a well-known ACP inhibitor, was
used as a model for inhibition. After the addition of NaF, the
ACP activity could be inhibited and the absorbance intensity
would increase as expected. The absorbance intensity increased
with the increase of NaF concentration, indicating that the
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Fig. 5 ACP inhibition efficiency of NaF.
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hydrolysis of AAP by ACP was reduced (Fig. 5). The result
indicated that the proposed method could be used for the
screening of ACP inhibitors.

Conclusions

In summary, we have developed a new colorimetric strategy for
facile sensing of ACP activity with HSA-MnO, NSs as an efficient
biomimetic oxidase. The HSA-MnO, NSs displayed good intrinsic
oxidase-like activity with TMB as a peroxidase substrate. Acid
phosphatase could catalyze the hydrolysis of the AAP substrate to
produce AA. The AA further triggers the decomposition of MnO,
NSs, which inhibit the generation of oxTMB. Benefiting from the
high catalytic activity of MnO, NSs, fast-response colorimetric
assay has been fabricated for the practical detection of ACP
activity with low detection limit and high selectivity. We have
also applied this platform for the detection of ACP activity in
human blood serum and achieved high recovery rate. The nano-
sensor proposed in this work shows great potential for the early
diagnosis of ACP-related diseases, and could also be applied in
other related biological and biomedical fields.
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