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ABSTRACT

Herein, three kinds of molecules were used to modify the surface of platinum nanoparticles
(Pt NPs) to tune their surface charge. Zwitterionic thiol-functionalized sulfobetaine (SH-SB)
stabilized Pt NPs (SH-SB/Pt NPs) had the highest oxidase activity and peroxidase activity in
prepared platinum nanozyme due to the generation of reactive oxygen species. In addition, a
colorimetric dopamine detection method was established based on the peroxidase activity of SH-
SB/Pt NPs. This method had wide range (0-120 uM), low detection limit (0.244 pM), and high
specificity. More importantly, SH-SB/Pt NPs displayed little hemolysis and good stability in the
presence of proteins. SH-SB/Pt NPs demonstrated high cytotoxicity in vitro and good anti-tumor
ability in vivo, which was attributed to the photothermal conversion ability of SH-SB/Pt NPs and
generation of reactive oxygen species in acidic environment. The surface modification of
nanozymes using zwitterionic molecules opens a new method to improve the catalytic activity and
anti-tumor ability of nanozyme.
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1. INTRODUCTION

Dopamine (DA) exists in various organs and fluids in humans and animals.! It is an
important catecholamine neurotransmitter and plays an important role in the nervous system.
The imbalance of DA content can lead to a variety of diseases, such as Alzheimer's disease,
Parkinson's disease, schizophrenia, and involuntary shaking of hands and feet.?3 Therefore, it
is urgent to find a simple and accurate method with high sensitivity to detect the content of

DA in the human body. The colorimetric method is a simple, fast and sensitive analytical



detection method.*> In addition, it is urgent to develop new drugs to treat the cancer which
has resulted in serious health problems. Natural enzymes which have high substrate specificity
and efficiency in biological solution, such as horseradish peroxidase (HRP), glucose oxidase
(GOD) and oxidase have been used as biocatalysts in colorimetric analysis and anti-tumor
therapy.®” However, the sensitivity to environmental changes and difficulty in extraction and
separation limit their storage and use.® Therefore, it is necessary to develop nanozymes to

maintain the catalytic activity of natural enzymes and overcome their shortcomings.

Since the discovery of the inorganic FesOs nanoparticles which mimic the function of
peroxidase in 2007,° many nanozymes such as metal nanoparticles,!*!! pyrite,!? carbon,' single-
atom catalysts,'* and MoS:2"® have been developed to mimic the function of natural enzymes in
recent years. Nanozymes have the advantage of easy preparation and storage, high specific
surface area, and djustable activity.!®!” The natural enzymes play important function in bio-
related medium, nanozymes should function in the same environment. The catalytic ability
and stability in biological solution are closely related with their surface properties.'®!°
Therefore, it is necessary to study the effect of surface properties on the catalytic activity of
nanozymes. Though many nanozymes have been successfully prepared, there was few research

on the effect of surface charge on the catalytic activity of nanozymes.

In recent years, noble metal nanoparticles have attracted great attentions due to their
applications in biological sensors and as anti-tumor agents.?’??> The detection performance of

noble metal nanoparticles depends on their catalytic activity in bio-related medium. To



enhance their catalytic activity, doping with metals is a commonly used method to prepare
highly active nanoalloys. However, high-quality and stable nanoalloys are difficult to
synthesize. Ligand modification is another useful strategy for improving the catalytic activity
by changing the surface chemistry.?*?* Jiang et al found that amine-rich ligand improves the
catalytic activity of gold nanoparticles compared with other ligands and unmodified AuNPs.”
Gao et al reported the peroxidase and catalase-like activities of gold, silver, platinum and
palladium are pH-switchable.” In addition, chemodynamic therapy (CDT) has been explored
to obtain anti-tumor efficacy of nanozymes. The nanozymes can kill cancer cells by interacting
with endogenous O2 or H20: to produce reactive oxygen species (ROS) that promotes cell
apoptosis.”®?” The noble metal nanozymes also have been widely used in photothermal therapy
(PTT) under near-infrared (NIR) light, which has the advantages of non-invasive, low toxicity,
and simple operation.”® The performance of photothermal reagents depends on their
photothermal conversion properties and stability in fibrinogen solution. But the poor stability
reduced their photothermal conversion efficacy. The surface modification with organic
molecules will improve their stability and photothermal conversion efficacy. Thus, adjusting
surface charge should be a useful method to tune the catalytic activity and stability. And
zwitterionic molecules may be good for addressing both problems due to their biocompatibility

and electric conduction ability.

Platinum nanoparticles have good catalytic activity and photothermal conversion ability

among noble metal nanoparticles. In this work, three kinds of organic ligands thiol-



functionalized sulfobetaine (SH-SB), p-cysteamine ($-MEA), and mercaptopropionic acid (3-
MPA) were used to modify Pt nanoparticles to prepare SH-SB/Pt NPs, B-MEA/Pt NPs and 3-
MPA/Pt NPs, and the zeta potentials of the modified nanoparticles were neutral, positive and
negative, respectively. The zeta potential greatly affected the hydrodynamic size, stability and
catalytic activity of modified Pt NPs. SH-SB/Pt NPs with the zwitterionic surface and cubic Pt
NPs had the highest catalytic activity. SH-SB/Pt NPs were also water-soluble and stable in
protein solution. Based on the good peroxidase activity of SH-SB/Pt NPs, SH-SB/Pt NPs were
used to establish a colorimetric method to detect the DA content and recovery rate in actual
samples. The detection of DA was sensitive, selective and convenient. In addition, SH-SB/Pt
NPs were used for CDT/PTT co-therapy of tumors based on their high enzyme activity and
photothermal properties. MTT assay was used to study the toxicity of SH-SB/Pt NPs on HelLa
and A549 cells in vitro, the viability of HeLa and A549 cells was 10% when they were treated
with SH-SB/Pt NPs+NIR at 200 pg/mL. The final tumor inhibition rate of SH-SB/Pt NPs+NIR
group was 96.48% in vivo. These results indicated that SH-SB/Pt NPs were promising

nanomaterials for DA diagnosis and anti-tumor applications.

2. MATERIALS AND METHODS

2.1 Materials and apparatus

Potassium tetrachloroplatinate (K2PtCls), H2O2 (30%), 3,3',5,5'-tetramethylbenzidine (TMB),
dopamine (DA), o-phenylenediamine (OPD), and thiazole blue (MTT) were purchased from
Aladdin. B-cysteamine (B-MEA), 3-mercaptopropionic acid (3-MPA) and sodium borohydride

(NaBHs4) were purchased from Saen Chemical Technology Co., Ltd. 2, 2'-azino-bis (3-



ethylbenzothiazoline-6-sulfonic acid) (ABTS) was purchased from BOMEI Dialysis bags
(MWCO=8000-14,000) were purchased from Spectrum Laboratories Inc. The thiol-functionalized
sulfobetaine (SH-SB) was synthesized by our laboratory according to previous report.”” HeLa cells

and A549 cells were purchased from Center for Typical Culture Collection.

UV-Vis spectra were obtained using a TU1810 spectrophotometer. The particle size and
morphology of the nanoparticles were characterized by TEM (HT 7700). A 10 pL pipette was

used to drop SH-SB/Pt NPs solution onto a copper net covered with carbon film, and the sample

morphology was observed by HT 7700 after air drying. The infrared peak was measured by an
infrared spectrometer (E55-FRA106). The X-ray diffraction peaks were obtained by an X-ray
diffractometer (Kratos AXIS Ultra). The hydrodynamic size and zeta potential were
determined by Zetasizer Nano-Z2590. To explore the stability of SH-SB/Pt NPs in protein
solution, the hydrodynamic size of mixed solution of fibrinogen and SH-SB/Pt NPs after

incubation for 24 h was tested at pH 7.4.

2.2 Synthesis of nanozyme

2 mL K2PtCls solution (0.83 mg/mL) was added into a 5 mL round bottom flask, and 300
uL NaBHs solution (1.51 mg/mL) was added to reduce the K2PtCls solution. Then 19.37 pL SH-
SB solution (5.00 mg/mL), B-MEA solution (43.43 mg/mlL) and 3-MPA solution (261.23
mg/mL) were added to the mixture, respectively, as shown in Scheme 1. The above mixtures
were bubbled with N2 at 30°C for 30 min, and incubated for 3 h. The solutions were dialyzed
against water to obtain SH-SB modified Pt NPs (SH-SB/Pt NPs), B-MEA modified Pt NPs (8-

MEA/Pt NPs) and 3-MPA modified Pt NPs (3-MPA/Pt NPs), respectively.
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Scheme 1. Synthesis of 3-MPA/Pt NPs, SH-SB/Pt NPs and f-MEA/Pt NPs for enhanced dopamine detection

and anti-tumor ability

2.3 Enzyme activity

The oxidase activities of SH-SB/Pt NPs, -MEA/Pt NPs and 3-MPA/Pt NPs were measured
and compared by catalysis of TMB. 900 uL. TMB solution (0.6 mM, pH 4) and 370 pL HAc-
NaAc solution were incubated at 30°C for 5 min, and then 50 uL. SH-SB/Pt NPs, 3-MEA/Pt NPs
and 3-MPA/Pt NPs solution (Cr=1.725 mM) were added separately and continued to incubate
for 2 min. Finally, the UV-Vis spectra of mixed solution were measured to determine the

oxidase activity of the three kinds of nanoparticles.

The peroxidase activities of the three kinds of nanoparticles were also compared. 900 pL

TMB solution (0.6 mM, pH 4) and 370 uL. HAc-NaAc solution (pH 4) were incubated at 30°C



for 5 min, and 50 L. SH-SB/Pt NPs, B-MEA/Pt NPs and 3-MPA/Pt NPs solution (Ce=1.725
mM) were added separately and continued to incubate for 5 min. Then 50 uL H20:2 solution
(0.1 M) was added and incubated for 2 min. Finally, it was judged whether the three kinds of

nanoparticles had peroxidase activity by observing the UV-Vis spectra of mixed solution.

2.4 Determination of catalytic mechanism

The catalytic mechanism of oxidase activity of SH-SB /Pt NPs was tested. P-benzoquinone
(BQ),*® NaNs,*' IPA3?* and EDTA? was used as scavengers to superoxide anions (O2"), singlet
oxygen ('O2), hydroxyl radicals (-OH), and hole (h*), respectively. As for [TMB+ SH-SB /Pt
NPs] group, 900 uL. TMB (0.6 mM) solution, 50 uL. SH-SB/Pt NPs (Cr: =1.725 mM) and HAc-
NaAc solution were mixed. BQ (100 pL, 10 mM), NaNs (100 pL, 30 mM), IPA (100 pL, 4 M),
and EDTA (100 pL, 50 mM) were added, respectively. The absorbance was measured by UV-

Vis spectrophotometer.

The catalytic mechanism of peroxidase activity of SH-SB/Pt NPs was also tested. As for
[TMB+H:0:+SH-SB/Pt NPs] group, 900 uL. TMB (0.6 mM) solution, 30 uL. SH-SB/Pt NPs (Ce:
=1.725 mM), 30 uL H202 (50 mM) and HAc-NaAc solution were mixed. The absorbance was
measured by UV-Vis spectrophotometer. Then, (i) 200 pL IPA (5 M), (ii) 200 uL BQ (2 mM),
200 pL NaNs (1 mM), (iii) 200 pL IPA (5 M), 200 pL BQ (10 mM), 200 pL NaNsz (10 mM) and
[TMB+H:0:+SH-SB/Pt NPs] group were incubated for 5 min, 15 min, 10 min, respectively.

The absorbance was measured by UV-Vis spectrophotometer.



2.5 Optimization of catalytic conditions

To find the optimal pH, we prepared HAc-NaAc buffer solution of different pH, and then

used HAc-NaAc buffer solution of different pH to dissolve TMB powder to obtain TMB solution

of different pH. 900 uL. TMB solution and 370 pL HAc-NaAc solution of different pH were
added and incubated at 30°C for 5 min, then 50 uL. SH-SB/Pt NPs solution (Cr=1.725 mM) was
added and incubated for 5 min, and 50 pL H20: solution (0.1 M) was added and incubated for
5 min. Finally, the absorbance at 652 nm of the mixed solution (pH 1-12) was obtained, and
the optimal pH of the peroxidase activity of SH-SB/Pt NPs was obtained by analyzing the

obtained absorbance.

In addition, the optimum temperature of SH-SB/Pt NPs was also explored. 900 uL. TMB
solution (0.6 mM, pH 4) and 370 pL HAc-NaAc solution (pH 4) were added, and the mixture
was incubated at different temperatures (20-80°C) for 5 min. Then 50 uL. SH-SB/Pt NPs
solution (Cr=1.725 mM) was added and incubated for 5 min, and 50 L. H20: solution (0.1 M)
was added and incubated for 5 min. Finally, the absorbance at 652 nm of the mixed solution
at 20-80°C were obtained, and the optimal temperature of the peroxidase activity of SH-SB/Pt

NPs was obtained by analyzing the obtained absorbance.

2.6 Determination of Kinetic parameters

Firstly, the effect of different concentrations of TMB on catalytic kinetics was examined.
30 uL SH-SB/Pt NPs (Ce: =1.725 mM), 50 pL H202 (50 mM) and HAc-NaAc solution (0.2 M,

pH 4) were mixed and incubated at 30°C for 5 min. Different concentrations of TMB solutions



(0.05-0.51 mM) were mixed with the above solutions, The absorbance at 652 nm of solution
was measured. Then the influence of different concentrations of H202 on catalytic kinetics was
tested. 900 uL. TMB (0.6 mM) and 370 uL. HAc-NaAc solution (0.2 M, pH 4) were mixed and
incubated at 30°C for 5 min. Then, 30 uL SH-SB/Pt NPs (Ce: =1.725 mM) and different
concentrations of H202 (0.19-7.69 mM) were mixed with the above solutions, respectively.

Finally, the absorbance at 652 nm of solution was measured.

2.7 Establishment of DA detection platform

550 pL different concentrations of DA solution (0-220 uM), 30 uL. SH-SB/Pt NPs (Ce:
=1.725 mM), 30 pL H202 (150 mM) and 100 uL. HAc-NaAc solution (0.2 M, pH 4) were mixed
and incubated at 30°C for 5 min. Then, 900 pL. TMB solution (0.6 mM) was added for further
incubation for 5 min. Finally, the absorbance at 652 nm was measured. Finally, the selectivity

of this method was measured.

2.8 Experiment in vitro

In order to explore the photothermal properties of SH-SB/Pt NPs to treat tumor cells,
HelLa cells and A549 cells were treated by 200 puL of SH-SB/Pt NPs solution (12.5- 100 ug/mL),
SH-SB solution (100 pg/mL), Pt NPs solution (100 pg/mL) and DMEM, respectively. After 4 h,
each well was irradiated for 10 min. Cell viability of cells with samples after photothermal
irradiation was obtained according to previous report.** In addition, 200 uL of SH-SB/Pt NPs
solution (12.5- 100 pg/mL) at pH 7.4 and pH 5.5 was added to treat HeLa and A549 cells to

study the effect of CDT of SH-SB/Pt NPs.
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2.9 Anti-tumor experiment in vivo

All experiments involving animals were performed in accordance with the statute of
Experimental Animal Ethics Committee of Yanshan University. The groups of female KM mice
were set: [ : Saline; II: Saline + NIR; III: Pt NPs; [V: SH-SB/Pt NPs; V: SH-SB/Pt NPs+NIR
(n=6). U14 cells were injected to create tumor-bearing mouse models. When the tumor grew
to about 100 mm?3, the mice were given the drug (3 mg/kg). During this period, 50 uL sample
was injected every two days and irradiated for 10 min. After 14 days, the main organs and body
indexes of mice were obtained. The concentration of alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) in the blood was also tested. The tumor volume and tumor

inhibition rate were calculated using formulal and 2.

axbh’
V= 1
2
C e e Vcontrol - Vex eriment
Tumor inhibition rate (TIR, %)= L x100 2

control

V'means the tumor volume, ais the long diameter of tumor, bis the short diameter of tumor.

3. RESULTS AND DISCUSSION

3.1 Structure of SH-SB/Pt NPs, B-MEA/Pt NPs, 3-MPA/Pt NPs

SH-SB/Pt NPs, B-MEA/Pt NPs and 3-MPA/Pt NPs were successfully synthesized, and SH-
SB/Pt NPs had the best stability as shown in Figure S1. The EDX, XPS, SEM mapping and FTIR
of SH-SB/Pt NPs also proved that SH-SB/Pt NPs were synthesized successfully in Figure S2

and Figure S3. The cube-shaped of Pt NPs, SH-SB/Pt NPs, 3-MEA/Pt NPs and 3-MPA/Pt NPs

11



were synthesized as shown in Figure 1a, b, ¢ and d. The size of Pt NPs was 7.71+0.72 nm, and
the dispersion was very poor. On the contrary, the SH-SB/Pt NPs with regular cubes had good
dispersibility, and the size was 6.97+1.44 nm. The sizes of B-MEA/Pt NPs and 3-MPA/Pt NPs
were 7.04+0.47 nm and 14.64+0.99 nm, respectively. And there were almost no monodisperse
nanoparticles of -MEA/Pt NPs and 3-MPA/Pt NPs. Thus, the dispersion of the SH-SB/Pt NPs

was better than that of Pt NPs, B-MEA/Pt NPs and 3-MPA/ Pt NPs.
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Figure 1. TEM images of (a) Pt NPs, (b) SH-SB/Pt NPs, (c) f-MEA/Pt NPs and (d) 3-MPA/ Pt NPs; (e)
Hydrodynamic size and (f) zeta potential of Pt NPs, SH-SB/Pt NPs, B-MEA/Pt NPs and 3-MPA/Pt NPs; (g)
hydrodynamic size on 7% day of SH-SB/Pt NPs and (h) XRD of SH-SB/Pt NPs, -MEA/Pt NPs, 3-MPA/Pt

NPs and Pt NPs

The hydrodynamic size and zeta potential of Pt NPs, SH-SB/Pt NPs, 3-MEA/Pt NPs and
3-MPA/Pt NP were measured at pH 3-8. As shown in Figure le and f, the hydrodynamic size
of the Pt NPs decreased from 900 nm to 500 nm, and the zeta potential increased from 0 to -
20 mV at pH 3-8. The hydrodynamic size of B-MEA/Pt NPs increased from 100 nm to 600 nm,

and the zeta potential decreased from 35 mV to 25 mV. The hydrodynamic size of 3-MPA/Pt
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NPs was about 900 nm, and the zeta potential was negative. Pt NPs, -MEA/Pt NPs and 3-
MPA/Pt NPs were obviously precipitated after several hours. -MEA and 3-MPA did not
effectively stabilize Pt nanoparticles. In contrast, the hydrodynamic size of SH-SB/Pt NPs was
between 10 and 20 nm when SH-SB/Pt NPs were under the same conditions, which proved

that SH-SB/Pt NPs were stable under different pH. It should be noted that the hydrodynamic

size of Pt nanoparticles measured by DLS was larger than that of Pt nanoparticles measured by

TEM. In addition, the zeta potential of SH-SB/Pt NPs was about 0 mV, which was consistent
with the characteristics of zwitterionic group. Therefore, we synthesized three kinds of Pt-

based nanoparticles with different surface charges using SH-SB, B-MEA and 3-MPA.

Compared with the unstable B-MEA/Pt NPs and 3-MPA/Pt NPs, the hydrodynamic size
of SH-SB/Pt NPs varied between 10.76 and 19.96 nm after 7 d in Figure 1g, which proved that
the Pt NPs modified with zwitterionic SH-SB were stable. The XRD patterns of Pt NPs, SH-
SB/Pt NPs, B-MEA/Pt NPs and 3-MEA/Pt NPs were obtained to further explore their structure
in Figure 1h. The results strongly proved the successful synthesis of the several cubic Pt-based
nanoparticles without changing the face-centered cubic structure of Pt NPs. Thus, the addition
of various ligands did not affect their crystal form, which laid a solid foundation for the

subsequent research on the effect of zeta potential on catalytic activity.

3.2. Enzyme activity

The oxidase-like activity of Pt NPs, SH-SB/Pt NPs, 3-MEA/Pt NPs and 3-MPA/Pt NPs was

tested. As shown in Figure 2a, compared with Pt NPs, B-MEA/Pt NPs and 3-MPA/Pt NPs, the
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absorbance of [SH-SB/Pt NPs+TMB] at 652 nm was the highest (0.416), which was more than
9 times that of Pt NPs (0.045), -MEA/Pt NPs (0.026) and 3-MPA/Pt NPs (0.024), indicating
that SH-SB/Pt NPs oxidized the most of TMB to oxTMB. In addition, the similar results were
obtained in the catalyzed reaction of OPD and ABTS. Therefore, the oxidase activity of SH-
SB/Pt NPs far exceeded that of Pt NPs, -MEA/Pt NPs and 3-MPA/Pt NPs. In addition, the
peroxidase-like activity of Pt NPs, SH-SB/Pt NPs, f-MEA/Pt NPs and 3-MPA/Pt NPs was
tested. After adding H202, the absorbance of SH-SB/Pt NPs at 652 nm was 1.336, which was
2.32 times than that of Pt NPs. What’s more, the absorbance of SH-SB/Pt NPs (1.336) was more
10 times than that of B-MEA/Pt NPs and 3-MPA/Pt NPs in Figure 2b. And similar results were
obtained in the catalyzed reaction of OPD and ABTS as shown in Figure 2c, d, e and f.
Therefore, SH-SB/Pt NPs had the strongest enzyme activity among the four types of

nanoparticles.
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Figure 2. Oxidase activity of different substrates: (a) TMB; (c) OPD; (e) ABTS; Peroxidase activity of different

substrates: (b) TMB; (d) OPD; (f) ABTS

16



The significant difference of enzyme activity should be due to the different
physicochemical properties of Pt NPs, SH-SB/Pt NPs, B-MEA/Pt NPs and 3-MPA/Pt NPs. The
morphology difference of these samples was not obvious enough in TEM images. But they had
different hydrodynamic size and zeta potential in HAc-NaAc solution. Among them, SH-SB/Pt
NPs had the smallest hydrodynamic size and excellent stability because of zwitterionic SH-SB.
When the experiment was carried out at pH 4, the zeta potential of SH-SB/Pt NPs, B-MEA/Pt
NPs, 3-MPA/Pt NPs was -0.44+1.20, 33.40+0.65, -19.70+0.49 mV, and the hydrodynamic size
of SH-SB/Pt NPs, B-MEA/Pt NPs, 3-MPA/Pt NPs was 10.44+2.50, 195.30+2.43, 979.05+1.27
nm, respectively. Zwitterionic ligand SH-SB was beneficial to the enhancement of the catalytic
activity of the Pt-based nanoparticles compared with positively charged ligand f-MEA and

negatively charged ligand 3-MPA.

3.3 Catalytic mechanism

In order to study the oxidase catalysis mechanism of SH-SB/Pt NPs, TMB was used as the
chromogenic substrate. The catalytic oxidation of TMB may be related to ROS, including 'O,
O27, oxygen vacancy and -OH. Therefore, the catalytic mechanism of SH-SB/Pt NPs was
further studied. NaNs was added as a scavenger of 'O2. As shown in Figure 3a, the group [TMB
+SH-SB/Pt NPs] produced an obvious absorption peak at 652 nm with an absorbance value of
about 0.7 after mixed incubation for 10 min. The absorbance at 652 nm of group [TMB+ SH-
SB/Pt NPs +NaNs] was 0.2. In addition, p-benzoquinone (BQ) was used as Oz~ scavenging agent.

As shown in Figure 3b, the group [TMB+ SH-SB/Pt NPs +BQ] also produced much lower
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absorbance at 652 nm than group [TMB +SH-SB/Pt NPs]. Thus, NaNs and BQ inhibited the
oxidase activity of SH-SB/Pt NPs, and 'O2 and O2- were ROS in the system, which were
influencing factors of group [TMB+ SH-SB/Pt NPs]. Meanwhile, EDTA and isopropanol (IPA)
are scavengers of oxygen vacancy and -OH, respectively. As shown in Figure 3c and d, the
absorbance of [TMB+SH-SB/Pt NPs+EDTA] and [TMB+SH-SB/Pt NPs+IPA] was not obviously
different from [TMB+SH-SB/Pt NPs]. These results indicated that the oxidase activity of SH-
SB/Pt NPs was not affected by oxygen vacancy and -OH. In short, SH-SB/Pt NPs oxidized TMB

by producing 'Oz and O>".

As shown in Figure 3e, BQ and NaNs were added in group [TMB+H:02+ SH-SB/Pt NPs]
for co-incubation for 15 min. Compared with group [TMB+H:0:+SH-SB/Pt NPs] at 652 nm
(0.620), the absorbance of group [TMB+H:0:+SH-SB/Pt NPs+BQ+NaNs] was 0.327, which
indicated that BQ+NaNs inhibited the peroxidase activity of SH-SB/Pt NPs. Oz~ and 'Oz were
generated in the catalytic process. As shown in Figure 3f, IPA was added and incubated for 5
min, group [TMB+H202+SH-SB/Pt NPs+IPA] and group [TMB+SH-SB/Pt NPs] had relatively
close absorbance at 652 nm. The results showed that IPA inhibited the peroxidase activity of
SH-SB/Pt NPs. At the same time, when BQ, NaNs and IPA were added to group
[TMB+H:0:+SH-SB/Pt NPs] in Figure 3g, the absorbance at 652 nm of group [TMB+H20:+SH-
SB/Pt NPs+BQ+NaNs+IPA] disappeared. Through the combined action of BQ, NaNs and IPA,
the peroxidase activity of SH-SB/Pt NPs was completely inhibited. As shown in Figure 3h, the

catalytic kinetic formula v=AA/AbAt was used to calculate the initial reaction rate at the same
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time (At=24 s), v:=2.40x108 Ms, v>=1.38x10® Ms!. The results proved that the catalytic

activity of SH-SB/Pt NPs was enhanced after addition of H2O:z, which should be due to more

ROS was produced. To sum up, the peroxidase activity of SH-SB/Pt NPs was affected by Oz,

102and -OH.
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Figure 3. Study on the mechanism of oxidation activity: (a) NaN3 (30 mM); (b) BQ (10 mM); (c) EDTA (50
mM); (d) IPA (4 M) and study on the mechanism of peroxidase activity: (e) BQ (2 mM)+NaN3 (1 mM); (f)

IPA (5 M); (g) IPA+BQ+NaN3; (h) Time scan of [TMB+H202+SH-SB/Pt NPs] and [TMB+SH-SB/Pt NPs]

3.4 Optimization of peroxidase activity and stability

The influence of temperature and pH on the peroxidase activity of SH-SB/Pt NPs was
explored. The absorbance of the mixed solution of [TMB+SH-SB/Pt NPs+ H20:] at 652 nm was

measured under different temperature and pH. As shown in Figure 4a, SH-SB/Pt NPs lost most

of catalytic activity in strong acidic and alkaline environments. When the pH of solution increased
from 1 to 4, the catalytic activity of SH-SB/Pt NPs gradually increased, and when pH=4, the
relative activity of SH-SB/Pt NPs was the highest. When pH > 4, the catalytic activity of SH-SB/Pt

NPs decreased sharply. The relative activity of SH-SB/Pt NPs was less than 10% when the pH=
5. Therefore, SH-SB/Pt NPs showed the highest catalytic activity at pH 4. In addition, the SH-
SB/Pt NPs had good catalytic activity between 20°C and 60°C as shown in Figure 4b. The
catalytic activity of SH-SB/Pt NPs was the highest at 30°C. The catalytic activity of SH-SB/Pt

NPs decreased gradually when the temperature was greater than 60°C, which should be
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attributed to the rapid acceleration of the decomposition rate of H20: at this temperature. In

short, the optimum reaction conditions for SH-SB/Pt NPs were pH 4 and 30°C.

In general, natural enzymes easily lose activity under high temperatures and harsh
conditions such as excessive acid and alkali. The catalytic activity of SH-SB/Pt NPs was
checked at different temperatures (20-70°C), pH (2-8), NaCl concentrations (0.2-5 mg/mL),
storage time to evaluate the stability of SH-SB/Pt NPs. As shown in Figure 4c, the relative
catalytic activity of SH-SB/Pt NPs remained higher than 86.61+2.56% after incubation with
HAc-NaAc solution (pH 2-8) for 120 min. As shown in Figure 4d, the relative catalytic activity
of SH-SB/Pt NPs remained higher than 81.65+1.70% after incubated at 20-70°C for 240 min.
As shown in Figure 4e, SH-SB/Pt NPs maintained high relative activity (=81+0.76%) in low
concentration NaCl solution (0.2-5 mg/mL). As shown in Figure 4f, SH-SB/Pt NPs remained
good catalytic activity (>84.86+1.10%) in 1-30 d. In short, SH-SB/Pt NPs had good stability in
different conditions, which should be due to the zwitterionic SH-SB layer that played a good

stabilizing role on SH-SB/Pt NPs.
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Figure 4. Optimum conditions for peroxidase activity of SH-SB/Pt NPs: (a) different pH (1-8); (b) different
temperatures (20-80°C) and stability of SH-SB/Pt NPs under different conditions: (c) pH (2-8); (d)

temperature (20-70°C); (e) NaCl concentration (0.2-5 mg/mL) and (f) storage time

3.5 Catalytic kinetics

The catalytic kinetics of SH-SB/Pt NPs was further studied by oxidation of TMB with
H20:. Figure 5a and b are Michaelis-Menten equations of TMB and H:0:, respectively. Figure
5c and d show a linear relationship between the reciprocal of the initial velocity (1/ v) and the
reciprocal of the substrate concentration (1//S/} 1/ctme or 1/cx202). According to Michaelis-
Menten equation, the K= values of TMB and H20: were 0.366 mM and 6.66 mM, respectively.

The Vnvalues of TMB and H20: were 75.4 x 10® Ms™ and 119.8 x 10® Ms!, respectively. The
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Km and Vn values of SH-SB/Pt NPs, HRP and other reported materials were summarized in

Table 1. The Kw value is defined as the binding ability of the enzyme to substrate. Compared

with HRP, the K value of substrate TMB (0.366 mM) of this work was lower than that of HRP

(0.434 mM), indicating that the binding ability of SH-SB/Pt NPs to TMB was higher than that

of HRP. The surface charge and chemical group of SH-SB/Pt NPs may facilitate the binding of

substrate TMB. The Va value of TMB of SH-SB/Pt NPs (75.40x10® Ms') was 7.5 times than

that of HRP (10.0x10® Ms™), indicating that SH-SB/Pt NPs had good catalytic capacity.

Table 1 Comparison of different catalytic kinetic parameters

Catalysts Kn (mM) Vin (108 Ms™) References
TMB H202 TMB H202
SH-SB/Pt NPs 0.377 6.660 75.40 119.8 this work
HRP 0.434 3.700 10.00 8.710 35
Au/Cu20 0.210 10.56 6.080 6.680 36
Pt/CoFe204 0.160 0.990 16.23 1.190 37
Cu-MOF 4110 6.410 55.56 10.20 38
ZIF-67 13.69 19.90 31.96 1.920 39
MoS2-Pt74Ag2e 25.71 0.386 7.290 3.220 40

3.6 Detection of DA

SH-SB/Pt NPs can be used as a sensitive biosensor to detect DA due to the good peroxidase

activity. In group [TMB+H202+SH-SB/Pt NPs], DA as a reducing agent easily undergoes redox

reaction, leading to the inhibited oxidation of TMB. As the concentration of DA (0-220 uM)
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gradually increased, the absorbance of the mixed solution at 652 nm gradually decreased in
Figure 5e, the blue solution gradually faded in Figure 5f. Moreover, when the concentration
of DA was in the range of 0-120 pM, AA (AA=Avun-Apa) had a linear relationship with Cpa.
The standard curve equation of DA was established (y=0.00682Cpa-0.0587, R?=0.993), the limit
of detection (LOD) was 0.244 pM. Compared with the reported biosensors in Table 2,
colorimetric DA detection method established by SH-SB/Pt NPs had higher accuracy and

wider detection range.
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Figure 5. Catalytic kinetics of SH-SB/Pt NPs: (a) the TMB concentration: 0.046-0.415 mM (Cu202=50 mM);

(b) the H202 concentration: 0.38-7.69 mM (Crme= 0.6 mM); (c) and (d) double reciprocal fitting diagram of

initial reaction rate and substrate concentration; (e) and (f) establishment of DA test standard curve (0-220

HM)
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Table 2 Comparison of detection range and LOD between SH-SB/Pt NPs and other nanomaterials

Nanomaterials Detection method  Detection range (uM) LOD (uM) References
SH-SB/Pt NPs Colorimetry 10-120 0.244 this work
Pt/CoFe204 Colorimetry 20-80 0.42 37
Pt/hBNNSs-5 Colorimetry 2-55 0.76 41
CuS-rGO Colorimetry 2-100 0.47 42
h-CuS NCs Colorimetry 2-150 1.67 43
rGO-Co0304 Electrochemistry 0-30 0.389 44
HNP-PtTi Electrochemistry 4-500 3.2 45
N-doped GQDs Fluorometry 3-7 0.611 46
WS2 QDs Fluorometry 3-50 3.3 47

Table 3 Recovery rates of dopamine detected by SH-SB/Pt NPs in real samples

Sample Real samples Added DA Final concentration =~ Recovery RSD
(mM) (mM) (mM) (%) (%)

DA solution 1 22.76+0.31 5 25.1+0.31 110.57 1.24
DA solution 2 11.83+0.83 20 29.28+1.04 108.71 2.83

The interfering substances exist in serum may affect the accuracy of detecting DA. we
tested the selectivity of SH-SB/Pt NPs for DA detection. L-phenylalanine, L-tyrosine, L-lysine,
L-histidine, Na*, K*, glucose, fructose and maltose were used to replace DA, and the
concentration was 1200 uM. The AA of interfering substances was much smaller than that of
DA (0.784+0.058), which proved that the biosensor based on SH-SB/Pt NPs had good
selectivity. Based on the accuracy and selectivity of SH-SB/Pt NPs, the recovery rate of DA in

real samples was studied. According to the DA standard curve equation, the recovery rate of
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DA was 108.71-110.57% (Table 3). In summary, the new colorimetric sensor based on SH-

SB/Pt NPs had high reliability and accuracy.

3.7 In vitro studies

In order to determine the anti-tumor ability of SH-SB/Pt NPs, we tested the photothermal
properties. Figure 6a shows the temperature rise of SH-SB/Pt NPs, SH-SB, and K:PtCls. Under
the same initial temperature condition, the temperature of SH-SB/Pt NPs (Cr=0.336 mg/mL)
rose from 27°C to 61.2°C within 1200 s. SH-SB/Pt NPs displayed the highest temperature in all
samples. SH-SB/Pt NPs were stable after irradiation compared with the precipitated Pt NPs,
which further proved that the modification of Pt NPs by SH-SB improved their temperature
rise ability and stability. The different concentrations of SH-SB/Pt NPs were compared. Figure
6b shows that as the concentration of SH-SB/Pt NPs increased, the change of temperature
increased. The temperature of SH-SB/Pt NPs rose to nearly 48°C even when the concentration
of SH-SB/Pt NPs was 0.084 mg/mL. And we tested the temperature rising cycle curve of SH-
SB/Pt NPs as shown in Figure 6c, which suggested that their excellent photothermal
conversion efficiency was n=30.25%. Figure 6d shows the repeated thermal cycle of SH-SB/Pt
NPs with 5 times. The data of the sixth cycle was not obviously different from the first cycle,
which proved that SH-SB/Pt NPs had excellent stability in photothermal conversion. In
summary, the modification of Pt NPs by SH-SB enhanced photothermal performance and
photothermal stability of Pt NPs. The excellent photothermal conversion performance and

good stability of SH-SB/Pt NPs would have great potential application in PTT of tumors.
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The stability of SH-SB /Pt NPs in proteins was tested by the changes of hydrodynamic
size before and after incubation with fibrinogen. As shown in Figure 6e, fibrinogen and SH-
SB/Pt NPs were separately dissolved in PBS solution at pH7.4 and incubated for 24 h, the
hydrodynamic size of fibrinogen and SH-SB/Pt NPs were 22.28 nm and 17.02 nm, respectively.
Then fibrinogen, SH-SB /Pt NPs were mixed and co-incubated for 24 h, the hydrodynamic size
of the mixed solution was 19.58 nm, which was between fibrinogen and SH-SB/Pt NPs. The
results demonstrated that SH-SB/Pt NPs did not cause the aggregation of fibrinogen, which
proved that SH-SB/Pt NPs had good stability. This may be due to the strong hydrophilicity of
SH-SB with zwitterionic groups, which resulted from low protein adsorption of SH-SB.
Furthermore, the blood of mice was taken for a hemolysis test to investigate whether SH-SB/Pt
NPs could cause hemolysis. As shown in Figure 6f, with the increase of SH-SB/Pt NPs
concentration from 12.5 to 1600 pg/mL, the hemolysis rate remained below 5%, which proved
that SH-SB/Pt NPs did not cause obvious hemolysis in mice, indicating that SH-SB/Pt NPs had

excellent biocompatibility towards RBCs.

a —— SB-SH/Pt NPs b ——0.336 mg-mL" -

601 ——PtNPs e 60{ ——0.168 mg mL" e
—~ K,PtCl, o L 0.084 mgmL"'
%) ——SH-SB ././"r.J U —— 0 mo-mL™"! ,)A" “,...4-'*' -
' 9.; s Vs g
250 ~ ® 504

St

8 s =
[~ N
5 / 5
.40 1 7 2-40 1
£ / £
i <P}
E= =

R O ovevropobenae 309 fperrrrT

0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Time (s) Time (s)

28



¢ —=— SB-SH/Pt NPs d 60
60 1 | ! ;ﬁ n | /[
3 - \\. 06 ﬂ /\ * i ﬂ =i
s 7 \ = o ‘li”
© 504 7 '\.& = fi”“?lftfi
B / L n=3025% = 111&1%{&}}}%
e ] Y E L : ¢
5.l / \ 2o L
2 J 'H._L £ } i1
7 . E | =f % | xf
2 ; =30 | f
301 ] :
0 500 1000 1500 2000 2500 D N0 D000 00 fond
Time (s) Time (s)
50
e f I SH-SB/Pt NPs
/\ ;\?40-
" . A
a-Fibrinogen % 30- 12.5 pg/mL —> 1600 pg/mL
.; H:0 R
=
EIO-
¢-SH-SB/Pt NPs . i * ‘ i
0.
5 T 5 T 00 125 25 50 75 100 200 400 800 1600

Hydrodynamic size (nm) Concentration (ng-mL™")

Figure 6. Thermal performance of SH-SB/Pt NPs: (a) photothermal properties of SH-SB/Pt NPs, Pt NPs,
K2PtCls and SH-SB in 1200 s, (b) photothermal properties of SH-SB/Pt NPs at different concentrations in
1200 s, (c) single and (d) multiple temperature rise cycle curves for SH-SB/Pt NPs (Cre=0.336 mg-mL1); (e)
the stability of SH-SB/Pt NPs in protein solution; (f) hemolysis rate of different concentration of SH-SB/Pt

NPs

HeLa and A549 cells were used to study the tumor suppressive ability of SH-SB/Pt NPs
by MTT assay in vitro. Figure 7a and b illustrated the viability of cells treated with SH-SB, Pt
NPs and SH-SB/Pt NPs at the same concentration. SH-SB and Pt NPs had little effect on the

proliferation of the two kinds of cells. In contrast, the cell viability of SH-SB /Pt NPs was lower
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than that of SH-SB and Pt NPs, which may be because the stable SH-SB/Pt NPs with small size
had strong catalytic ability. More importantly, the viabilities of SH-SB/Pt NPs+NIR (Cr=100
ug/mL) treated with HeLa cells and A549 cells were low to 40% and 20%, respectively, which
should be attributed to the good photothermal conversion performance and catalytic capacity
of SH-SB/Pt NPs. Furthermore, the effect of NIR laser on the tumor suppressive ability of SH-
SB/Pt NPs was studied. Figure 7c and d show that with the increase of the concentration of
SH-SB/Pt NPs, the tumor suppressive ability gradually increased. With the addition of NIR
laser, the tumor suppressive ability of SH-SB/Pt NPs was further enhanced. When the
concentration of SH-SB/Pt NPs was 200 ug/mL, the viability of tumor cells with laser

irradiation was low to about 10%.
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Figure 7. Cytotoxicity of SH-SB/Pt NPs and NIR co-treatment of HeLa cells and A549 cells. (a) HeLa cells and

(b) A549 cells treated with 100 pg/mL of different samples, the toxicity of different concentrations of SH-SB/Pt
NPs to (c)HeLa cells and (d) A549 cells, the toxicity of SH-SB/Pt NPs to (e) HeLa cells and (f) A549 cells at

different pH.

In addition, we simulated the acidic environment of the tumor to further investigate whether
the tumor suppressive ability of SH-SB/Pt NPs was affected. As shown in Figure 7e and f, the
cell viability with environmental pH 5.5 was lower than pH 7.4 after the addition of SH-SB/Pt
NPs, which was because SH-SB/Pt NPs had catalytic activity at slightly acidic conditions. SH-

SB/Pt NPs were more likely to catalyze endogenous O2and H20: to produce more ROS when
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the pH was closer to the optimal pH 4. SH-SB/Pt NPs and NIR co-treatment had strong
destruction or inhibition effect on acidic tumor cells, and also laid a solid foundation for
subsequent tumor suppression experiments in vivo. Therefore, SH-SB/Pt NPs can be used to

treat cancer in combination with PTT and CDT.

3.8 Anti-tumor effect in vivo

Based on the photothermal properties of SH-SB/Pt NPs and the results of cell viability in
vitro, the tumor inhibition performance of SH-SB/Pt NPs was studied in vivo. The initial body
weight of each group was similar, and the trend of body weight change of experimental groups
was the same as Saline group as shown in Figure 8a. The effect of SH-SB/Pt NPs on the weight
of mice was relatively small. The viscera indexes of treated and blank mice were similar as
shown in Figure 8b. As depicted in Figure S4a, organs of all groups were almost the same size.
Thus, the injection of SH-SB/Pt NPs did not cause obvious organ damage in mice, proving the
biocompatibility of SH-SB/Pt NPs. In order to further reveal whether SH-SB/Pt NPs has
damage to liver function, the serum of mice was detected by AST/ALT to obtain the liver
function indexes. As shown in Figure 8c, AST and ALT indexes of the SH-SB/Pt NPs+NIR
group were 81.76% and 110.24% compared with Saline group, which proved that SH-SB/Pt
NPs-assisted PTT had no effect on the liver function basically, further reflecting the biological

safety of SH-SB/Pt NPs+NIR.
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Figure 8. (a) Body weight, (b) visceral index of treated mice, (c) AST and ALT of mice after 14 days of

treatment and (d) relative tumor volumes, (e) tumor image of groups and (f) tumor inhibition rate
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The long diameter and short diameter of tumor were measured to calculate the relative
tumor volume and tumor inhibition rate of each group. Figure S4b is the image of mice on the
14* day, the mice had a tumor on the right hip. As shown in Figure 8d and (e), SH-SB/Pt
NPs+NIR group had the best anti-tumor effect in vivo after 14 days of treatment. The relative
tumor volume of the Saline group and the Saline +NIR group increased to 15.15+2.27 and
14.79+2.05, and the tumor inhibition rate of the Saline +NIR group was 2.38+3.55%. On the
contrary, the relative tumor volume of SH-SB/Pt NPs was 3.84+0.85, which was significantly
lower than that of Pt NPs (7.89+0.76). The SH-SB/Pt NPs+NIR group (0.53+0.13) was much
lower than other groups. The tumor inhibition rate of SH-SB/Pt NPs+NIR was 96.48+1.32%,
which was the highest in all groups in Figure 8f. This demonstrated that SH-SB/Pt NPs
successfully suppressed the proliferation of tumor cells by photothermal ability and CDT in

vivo, protecting normal organisms from suffering from cancer.

4. CONCLUSION

In summary, we prepared Pt-based nanozymes with different ligands, namely SH-SB/Pt
NPs, B-MEA/Pt NPs and 3-MPA/Pt NPs, and revealed the effect of surface ligand on their zeta
potential and catalytic activity. In addition, the catalytic activities of the three nanoparticles
were compared under the same conditions, and the optimum conditions for TMB catalyzed by
SH-SB/Pt NPs were determined. SH-SB/Pt NPs stabilized by zwitterionic SH-SB had the most
homogeneous dispersion, best stability and highest catalytic activity in solution. The optimal

conditions for SH-SB/Pt NPs to catalyze TMB were pH 4 and 30°C. A colorimetric bioassay
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platform for DA was established with a wide range (0-120 uM), low detection limit (0.244 pM),
and high specificity based on the peroxidase property of SH-SB/Pt NPs. Finally, SH-SB/Pt NPs
displayed high photothermal conversion efficacy and stability. Besides, tumor suppression
experiments in vitroand in vivo were performed based on SH-SB/Pt NPs, which demonstrated
that SH-SB/Pt NPs inhibited cancer cells and tumors through PTT and CDT. Therefore, the
study of SH-SB/Pt NPs nanozymes revealed the catalytic activity of nanozymes can be tuned
by controlling the surface ligands, which will have great application in the field of catalysis

and biomedicine for tumor treatment.
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