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Abstract

Platinum nanoparticles were loaded on CoSn(OH)6 nanocubes via a co-precipitation method. The material (NCs) is shown to be
a viable peroxidase mimic that catalyzes the oxidation of 3,3',5,5'-tetramethylbenzidine (TMB) by hydrogen peroxide (H,O,) to
generate oxidized TMB (oxTMB) with absorption at 652 nm. The formation of the blue color can be observed in <30 s. Thus, a
visual and colorimetric assay was worked out for H,O,. It has a detection limit as low as 4.4 uM and works in the 5 to 200 uM
concentration range. The method was also used to detect dopamine (DA) which is found to inhibit the enzyme mimicking activity
of the NCs. Hence, less blue color is formed in its presence. The respective DA assay has a linear response in the 5.0 to 60 uM

concentration range and a 0.76 uM detection limit.

Keywords Synergistic effect - Co-precipitation - Antioxidants

Introduction

Dopamine (DA) as a catecholamine neurotransmitter plays a
crucial part in cardiovascular and renal systems of humans and
mammals [1]. The abnormal levels of the DA may cause peo-
ple to suffer from Parkinson disease and cardiovascular
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diseases [2, 3]. Thus, developing a method to detect DA is
significance. As we know, the detection of DA is usually
performed using electrochemical methods owing to the excel-
lent electrochemical properties of DA [3]. However, the elec-
trochemical detection of DA at the solid electrode is easy
interfered by the co-existence of UA (uric acid) and ascorbic
acid (AA). Because they also may be oxidized more or less at
the same potential, and which would cause the overlapping
voltammetric response [4, 5]. Besides the electrochemical
method, the detection of DA is usually performed using
high-resolution chromatography [6], fluorescent [7] and
chemiluminescence [8] methods. Compared above these
methods, colorimetry has been widely aroused attention be-
cause of its more cost effectiveness, convenience of visual
observation and simplicity [9, 10]. However, DA detection
remain has some restrictions, including the low selectivity
and sensitivity, high detection limits and complex operating
process. Thus, in order to solve these problems, establishing a
sensitive and rapid DA detection platform is quite important
for clinical diagnosis and physiology research.

Up to now, a variety of nanozymes [11, 12] have been
widely reported. Among these nanozymes, Platinum nanopar-
ticles (Pt NPs) and their hybrids have received extensive at-
tention due to their effective catalytic activity [13, 14]. By
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calculating adsorption energies and activation energies, Li et.al
found that Au, Ag and Pt catalyze H,O, decomposition reaction
rate followed the order Au (111)<Ag (111)<Pt (111) in equal
acidic conditions [13]. In addition, compared with Rhodium and
Iridium nanoparticles, platinum nanoparticles exhibit more advan-
tages, such as available raw materials, more environmental friend-
liness, large surface and hypotoxicity, etc. Nevertheless, Pt NPs
tend to aggregate in the solution, resulting in the reduction of the
catalytic activity. Anchoring of metal particles on a special carrier
is thought as an effective way to both prevent the aggregation and
keep the catalytic activity of the metal NPs [14]. Thus,
CoSn(OH), as one of perovskite materials, is selected as a support
to control Pt NPs without using capping agents due to its large
specific surface areas, high catalytic activities and potential for high
loading capacity [15, 16]. In addition, CoSn(OH)g provides more
adsorption sites and active sites, benefiting the affinity between
NCs and substrate as well as the catalytic activity of NCs.
Herein, we provided a two-step co-precipitation strategy to
prepare NCs with the high peroxidase-like activity. The NCs can
catalyze the oxidation of TMB to yield blue oxTMB by H,0, in
less than 30 s. Thus, a superior and high sensitivity colorimetric
platform based on NCs was established and firstly used to detect
H,0,. The catalytic mechanism is attributed to hydroxyl radical
produced in the catalytic process, which verified by a fluores-
cence probe. In addition, the colorimetric method displays the
superior sensitivity and selectivity for detection of DA.

Experimental section
Chemicals and materials

All reagents are of analytical grade. Co(NO3),°6H,0, sucrose,
NaBHy,, terephthalic acid (TA), Trisodium citrate dihydrate
and SnCl4*5H,0 were ordered from Guangcheng Reagent
Co., Ltd. (Tianjin, China, http://sp2677674.zjbiz.net/).
TMB<2HCI, K,PtCl,, D-Histidine, Dopamine, L-Arginine,
D-serine, DL-Isoleucine, Uric acid, L-cysteine, Glutathione,
Ascorbic acid and DL-Tryptophan were ordered from Sigma-
Aldrich (St. Louis, MO, www.sigmaaldrich.com/). The
human serum samples were gained from two healthy
volunteers at the affiliated Hospital of Qingdao University
(Qingdao, China, http://www.qduh.cn/), and informed
consents were gained from two healthy volunteers. All
assays were tested in accordance with the relevant
institutional guidelines, and approved by the Ethics
Committee of Qingdao University.

Characterization of CoSn(OH)s and Pt/CoSn(OH)¢
nanocubes (NCs)

CoSn(OH)e was synthesized via a modified precipitation strat-
egy [16]. The details of the preparation of CoSn(OH)s and
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Pt/CoSn(OH)¢ NCs are shown in the Supporting
Information (SI). CoSn(OH)s and Pt/CoSn(OH)s NCs were
characterized by X-ray diffraction (XRD) pattern (Japan,
https://www.rigaku.com/en), transmission electron
microscopy (TEM, JEOL, Japan https://www.jeol.co.jp/),
bright field scanning transmission electron microscopy (BF-
STEM), high angle annular dark field scanning transition
electron microscopy (HAADF-STEM), EDS mapping
(JEOL, Japan, https://www.jeol.co.jp/), X-ray photoelectron
spectra (XPS) (USA, https://www.thermofisher.com), and
inductively coupled plasma atomic emission spectroscopy
(ICP-AES, USA, https://www.perkinelmer.com.cn).
The fluorescence spectra and UV-visible absorbance
of reaction system were tested by Hitachi F-4600
FLSPECTROPHOTOMET spectrophotometer (Tokyo,
Japan, http://www.hitachi.com/) and UV-1810 PC spectro-
photometer (Beijing General Analysis Instrument Co., Ltd.
http://www.pgeneral.com), respectively. The specific details
are present in the Supporting Information.

Peroxidase-like activity of NCs

The peroxidase mimetic activity of the NCs was tested by
selecting TMB as a chromogenic substrate in the presence of
H,0, to generate oxidized TMB (oxTMB) with absorption at
652 nm [17-19]. The measurement procedure was described
as follows: 200 pL 0.06 mg'mL ' NCs, 1400 pL of acetate
buffer (pH=4.0), 200 uL of I mM TMB and 200 uL of
0.25 M H,0, were added into each well, and the system ab-
sorbance was monitored by a UV-1810 PC spectrophotometer
at 652 nm after reacting for 3 min. The effects of different
reaction conditions such as pH (2.0~9.0) and temperature
(20~70 °C) on the peroxidase mimetic activity of NCs were
verified by the same procedures mentioned above.
Furthermore, the peroxidase mimetic of the different Pt/
CoSn(OH)g systems was also tested under the same assay
conditions. Steady-state kinetic assay detail of NCs is shown
in the Supporting Information (SI).

H,0, assay

The colorimetric detection of H,O, was performed by
adding 200 pL 0.06 mg-mL™' Pt/CoSn(OH)s and
200 uL of 1 mM TMB to 1400 pL of acetate buffer
(pH=4.0). After adding different concentrations H,O,
solution (5-1000 uM) to the above mixture for 3 min,
the absorbance was recorded at 652 nm by UV-1810 PC
spectrophotometer. The limit of detection (LOD) was
calculated by formula LOD =3 s/k, where s, k are the
relative standard deviation of eight parallel controlled
measurements and the slope of the linear calibration
plots, respectively.
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Scheme 1 The schematic

diagram of detection of H,O, and

dopamine based on the inhibition
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of the peroxidase-like activity of
Pt/CoSn(OH)g
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Dopamine assay

The dopamine detection system was performed by adding
200 uL 0.06 mg~mL7' Pt/CoSn(OH)g, 200 uL of 1 mM
TMB and 200 puL different concentrations DA solution (0—
100 uM) to 1200 pL of acetate buffer (pH = 4.0). After adding
200 puL H;O, (0.25 M) to the above mixture for 3 min, the
absorbance was recorded at 652 nm by UV-1810 PC spectro-
photometer. The selectivity assays for DA detection was car-
ried out by adding 200 uL 0.06 mg'mL ™' Pt/CoSn(OH)s,
200 pL of 1 mM TMB and 200 pL different interferences
such as 200 uM D-Histidine, Sucrose, L-Arginine, D-serine,
DL-Isoleucine and DL-Tryptophan as well as 20 uM Uric
acid, L-cysteine, Glutathione and Ascorbic acid in lieu of
20 uM DA to 1200 uL of acetate buffer (pH =4.0). After

Visual Detection

HO Dopamine, -~ -
Pt/CoSn(OH),
oxTMB

adding 200 uL H,0, (0.25 M) to the above mixture for
3 min, the absorbance was recorded at 652 nm by UV-1810
PC spectrophotometer.

Results and discussion
Choice of materials

CoSn(OH)g, as a well-defined three dimensional (3D)
perovskite-type material, has excellent electromagnetic prop-
erties, large specific surface areas, high catalytic activities and
potential for high loading capacity. Thus, large specific sur-
face areas of Pt/CoSn(OH)s NCs not only can provide abun-
dant loading sites with Pt NPs to prevent the aggregation of Pt

Fig. 1 The TEM images of CoSn(OH)s and Pt/CoSn(OH)s (a—b), BF-STEM and HAADF-STEM image of Pt/CoSn(OH)s (c—d), EDX-HAADF-

Mapping images of Pt, Cu, O and Sn elements (e)
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Fig. 2 UV-vis spectra of TMB (200 pL, 1 mM) and with and without
H,0, (200 pL, 0.25 M) with different catalysts (200 uL 0.06 mg~mL71
NCs or200 uL 0.06 mg~mL_1 CoSn(OH)g NCs): (a-e) H,O, + TMB + Pt/

NPs, but also NCs can provide more adsorption sites and
active sites, benefiting to decompose absorbed H,O, into
*OH. Highly dispersed Pt NPs loaded on CoSn(OH)4 means
that more catalytic sites of Pt NPs are exposed to enhance the
catalytic activity of Pt NPs. Excellent semiconductor perfor-
mance of CoSn(OH)g also accelerates electron transfer be-
tween OHe radicals and TMB to accelerate reaction rates.
Even if a large amount of enzyme-mimicking nanomaterials
were reported with great catalytic activity [20]. To further
illuminate the catalytic mechanism of enzyme-mimicking
nanomaterials and improve selectivity and convenience for
detection DA and H,0,, developing a novel mimetic enzyme
with excellent catalytic activity is of great significance. Thus,
the colormetric platform based on the peroxidase-like activity
of NCs has been designed to detect DA and H,0,, and the
schematic diagram of DA and H,O, detection is shown in
Scheme 1.
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Fig. 3 The Fluorescence spectra of reaction system due to decomposition
of H,O, by Pt/CoSn(OH); catalyzing with different concentration: 1, 5,
15, 20 and 30 pgmL ™, respectively. The reaction system including of
200 pL different concentrations NCs (1, 5, 15, 20 and 30 ug'mLfl), H>0,
(200 pL, 0.25 M), TA (200 uL, 5 mM) and 1400 pL of acetate buffer
(pH =4.0) was incubated at 45 °C for 20 min

@ Springer

750

CoSn(OH)s, H>05 + TMB + CoSn(OH)g, Pt/CoSn(OH)¢ + TMB,
H,0, + TMB, alone TMB, and the corresponding photos of color
changes (3 min, a-e)

Characterization of materials

The crystalline structures of samples tested by XRD are shown
in Fig. S1. The all diffraction are attributed to CoSn(OH)g
(JCPDS card No. 13-0356), corresponding to (111), (200),
(220), (310), (311), (222), (400), (420), (422), (511), (440),
(442) and (620) planes, respectively. However, the diffraction
peak of Pt (JCPDS card No. 04-0802) is not found, due to the
low loading content or the high dispersion of Pt in CoSn(OH)g.
The Pt content is determined to be 0.05 wt.% by ICP, listed in
Table S1. Notably, the crystalline form of CoSn(OH)g is not
changed and no other diffraction peaks generate after loading Pt.

Figure 1a, b show the TEM images of CoSn(OH)g and Pt/
CoSn(OH)s NCs, respectively. Compared with that of
CoSn(OH), highly dispersed Pt NPs can be imaged by BF-
STEM and HAADF-STEM (Fig. lc, d). As can be seen from
Fig. le, the Sn, Co and O elements exist homogenously in
NCs. In contrast, the distribution of Pt NPs is discrete, indi-
cating a hierarchical heterostructure with good dispersion on
the surface of CoSn(OH)g nanocubes.

All the surface elements chemical states of NCs are verified
by XPS analysis, shown in Fig. S2a. The Pt 4f signal spectrum
consists of dual doublets by deconvoluting the spectra (Fig.
S2b). The peaks of metallic Pt can be seen at 70.7 and 73.9 eV.
The two main peaks of Co 2p XPS survey spectrum at 780.6
and 796.5 eV are corresponding to Co 2p;,, and Co 2p;
(Fig. 2¢), which are typical XPS diffraction peak of Co*",
accompanied by satellite peaks [21]. The intensity of the sat-
ellite peaks for two samples is very strong, indicating that the
Co element exists in the NCs with the oxidation state of +2
[22]. The two strong XPS peaks of Sn 3d at 486.1 and
494.3 eV (Sn 3ds3,, and Sn 3ds),) are attributed to the electron-
ic state of Sn** (Fig. S2d). The XPS peak of Ols is located at
~530.7 eV, assigned to the hydroxyl groups with metal ion of
CoSn(OH)g [23] (Fig. S2e). The Cls XPS signal is used to
calibrate binding energies, shown in Fig. S2f. The above
XRD, TEM, STEM and XPS results verify the successful
preparation of NCs.
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Fig. 4 a The response curve of 0.36 a
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Peroxidase-like activity assays results of NCs

The peroxide mimetic enzyme activity of NCs was character-
ized by selecting TMB as a colorimetric substrate with or
without H,O,. As can be seen from Fig. 2, the TMB exhibits
negligible absorbance and no color change without or only
with H,O, (curve d and e). The color of TMB (curve c) is
not changed without H,O,, even if NCs are added. After
adding pure CoSn(OH)¢ NCs into the solution of TMB and
H,0,, a negligible absorption (curve b) with a weak color
change can be found. Nevertheless, the NCs display a stronger
absorption at 652 nm with an obvious color change (curve a),
revealing the superior peroxidase-like activity. Compared the
response time with other nanoenzymes, it is clearly seen that
NCs demonstrate the high catalytic efficiency under the lower
concentration of TMB (1 mM), listed in Table S2. In other
words, all the results described above indicate that NCs can
efficiently catalyze the oxidation of TMB to produce charge-
transfer complex (0oxTMB) with H,O, [18, 19].

To investigate how pH and temperature affect the catalytic
activity of NCs, the optimal experiments were conducted in
different pH (2-9) and temperature (2070 oC), respectively.
From Fig. S3a, we can clearly observe that NCs exhibit the
maximum activity at pH=4.0. Whether the value of pH is
lower or higher than 4, the catalytic activity is reduced. The
oxidation of TMB can be suppressed at pH < 3, because H,O,

' 200
H O, concentration (uM)

may be divided into H,O and O, rather than reactive oxygen
species (ROS) in high pH [24]. The influence of experimental
temperature was also studied. The optimal temperature of the
catalytic system is 45 °C (Fig. S3b). Importantly, the peroxide-
like activity of NCs is always >70% in the temperature range
0f 20-70 °C, revealing the superior stability of the NCs, com-
pared with that of reported artificial nanozymes and natural
enzymes.

Catalytic mechanism of nanocubes (NCs)

Previous reports indicate that the catalytic mechanism of
peroxide mimics is mainly classified into two types:
OHe radicals [25] and electron transfer [26]. To verify
the catalytic mechanism of NCs, we chose TA as a
fluorescent probe to catch the produced hydroxyl radi-
cals during the catalytic reaction. Terephthalic acid can
react with hydroxyl radicals to form fluorescent 2-
hydroxyterephthalic acid with the fluorescence emission
wavelength at 435 nm [12, 25]. The fluorescence inten-
sity increased continuously with increasing of added
NCs from 1 to 30 pug mL™', indicating that the produc-
tion of OHe (Fig. 3). As a result, NCs catalyze the
degradation of H,O, to yield OHe, which can rapidly
oxidize TMB into a blue oxTMB.

Table 1 Comparison of detection

limit of H,O, based on different Nanomaterials Method LOD Ref.

nanoenzymes with different

detection method Prussian-blue/graphite-composite Batch injection 10 uM [28]
Pt nanoparticles/carbon nanotubes Flow injection 20 uM [29]
PtCu NWs Colorimetry 0.06 uM [30]
C-dot/V,05 Colorimetry 0.5 uM [31]
PDI-CeO, NC Colorimetry 2.59 uM [32]
Fe/CuSn(OH)g microspheres Colorimetry 9.49 uM [25]
Pt/CoSn(OH)g Colorimetry 4.42 uM This work
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Fig. 5 a UV-vis absorption
spectra of TMB-H,0,-Pt/
CoSn(OH); colorimetric system
composing of 200 pL of

0.06 mgmL™' NCs, | mM TMB,
0.25 M H,0,, different
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Steady-state kinetic assay

To further investigate the peroxidase-like activity of NCs,
steady-state kinetics are studied by selecting either TMB or
H,0, as a substrate. A series of experiment data and
Michaelis-Menten curves were obtained by keeping the con-
centration of one substrate unchanged while varying the other.
The results are corresponded to the Michaelis-Menten model
of enzyme kinetics (Fig. S4). The values of Michaelis-Menten
constant (K,;,) and the maximum initial velocity (V,.x) are
evaluated by double-reciprocal Line weaver-Burk plots. The
affinity between an enzyme and substrates is evaluated by K,
value. A smaller K,,, value means a better affinity between
nanoenzyme and substrates, and vice versa [17, 27]. From
the data listed in Table S3, it can be observed that the K,

20 40 60 80 1000 10 20 30 40 50 6
Dopamine concentration (uM)

value of NCs and other nanomaterials-based enzyme mimics
with HyO, and TMB are smaller than that of HRP. It is sug-
gested that NCs and other nanoenzyme mimics have a much
stronger affinity to H,O, and TMB than that of HRP.

Colorimetric determination of H,0,

Based on the peroxidase activity of NCs, an excellent colori-
metric assay is constructed and used to detect H,O,. The ex-
perimental data are performed by an UV-vis spectrometer at
652 nm. A wider linear response range for H,O, detection is
from 5 to 200 uM with a detection limit of 4.42 uM (S/N =3,
Fig. 4). Table 1 lists the detection limit of HO, based on the
NCs and different nanoenzymes by different methods. From
the data, a smaller limit detection of H,O, was found using

Table 2 Results of H,O,

detection in Lens care solution Lens care solution Detected Add Found Recovery RSD %
samples samples M) (10 M) (10°° M) (%) (n=3)
ND 20 20.16 100.78 1.13
ND 40 3821 95.52 1.23
ND 60 58.22 97.01 1.17
ND No detection
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Table 3 Results of DA detection

in human serum samples Samples® Detected (M) Add(10°M)  Found (10 M) Recovery (%) RSD % (n=3)
Humanserum1 1 ND 15 14.77 98.49 1.72
2 ND 20 20.51 102.54 1.24
3 ND 30 30.19 100.62 0.84
Humanserum?2 1 ND 20 20.12 100.60 1.78
2 ND 30 28.90 96.34 1.24
3 ND 40 36.91 92.27 1.11

#Human serum samples were provided by the affiliated Hospital of Qingdao University (Qingdao, China)

NCs than that using other nanoenzymes (such as Prussian-
blue/graphite-composite [28], Pt nanoparticles/carbon nano-
tubes [29] and Fe/CuSn(OH)g microspheres [25]), and the
detection limit of H,O, using NCs together with another
nanoenzymes in previous publications [30-32] are relatively
low, indicating a good sensitivity of our colorimetric assay.

Determination of dopamine

According the previous studies [33], Dopamine can inhibit the
peroxidase-like activity and result in fluorescence quenching.
Because dopamine inhibits the catalytic oxidation of TMB,
the colorimetric method was performed to detect dopamine.
It can be clearly observed that the absorbance of the system
reduces gradually with the increase of DA. The color of the
system varies gradually from blue color to colorless, shown in
Fig. 5a, b. The results indicate that DA can restrain the cata-
lytic oxidation of TMB. The activity of OHe radicals is
quenched by the DA, accordingly curbing the oxidation of
TMB [34]. The response curve between DA concentration
and absorbance is shown in Fig. 5c, d. The value of AA is
calculated by the following formula: AA = Agpank - A (A and
Agpnk represent the absorbance values of the reaction system
at 652 nm with and without DA, respectively). The linear
range is from 5 to 60 M and detection limit of DA is calcu-
lated to be 0.76 uM (S/N =3, LOD =3 s/k, where s, k are the
relative standard deviation of eight parallel controlled mea-
surements and the slope of the linear calibration plots, respec-
tively.), which is superior to previous reports listed in
Table S4, indicating the excellent sensitivity of our assay for
detection of DA.

Selectivity test result of dopamine detection

It is pointed out that colorimetric method for detecting DA
should be considered for the interference of other antioxidants
such as L-cysteine, Glutathione and Ascorbic acid when ana-
lyzing real samples coexist in complex systems. Thus, the
selectivity was performed with DA (20 uM) and other inter-
fering substances (200 uM D-Histidine, Sucrose, L-Arginine,
D-serine, DL-Isoleucine and DL-Tryptophan, 20 uM Uric
acid, L-cysteine, Glutathione and Ascorbic acid). The

experimental results are displayed in Fig. S5. Compared with
that of other interfering substances together with antioxidants
(L-cysteine, Glutathione and Ascorbic acid), our colorimetric
platform has the highest relative AA absorbance

(Relative AA absorbance = W X 100%) at

652 nm, indicating the excellent selectivity of the colorimetric
method for DA.

Determinations of H,0, and dopamine in real
samples

To explore the potentiality of practical application, the
established colorimetric platform was used to determinate
H,0, in lens care solution and DA in human serum samples
by the standard addition method, respectively. The detection
results are listed in Tables 2 and 3. The recoveries for H,O, are
ranged between 95.52-100.78% with relative standard devia-
tion (RSD) 0f 1.15-2.29%. No H,0O, was detected in lens care
solution samples.

In addition, the recoveries of DA detection in Human se-
rum 1 and 2 are 98.5-102.5% with the RSDs of 0.8-1.7% as
well as 92.3—100.6% with the RSDs of 1.1-1.8%, respective-
ly. Similarly, no dopamine was detected in two serum sam-
ples. The above results indicate that our method exhibit cred-
ibility and repeatability for detection of HO, and DA in real
samples (Tables 2 and 3).

Conclusions

The highly dispersed Pt-loaded CoSn(OH)s NCs were suc-
cessfully synthesized. The NCs exhibit the superior mimic
peroxidase performance, ascribed to production of *OH under
the synergetic effect between Pt and CoSn(OH). The catalytic
activity of the NCs is higher even at higher temperature. Base
on the peroxidase-like activity of NCs, a colorimetric detec-
tion platform was successfully established and used to detect
H,0, and DA, respectively. The colorimetric platform exhib-
ited favorable selectivity toward DA and successfully used in
the detection of H,O, and DA in real samples. The novel,
visual, rapid, high stability and sensitive nanoprobe has a
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potential application in nanotechnology, medical analysis and
biosensors.
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