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ABSTRACT

The accurate detection of the superoxide anion (O,") has vital academic and medical
diagnostic significance due to its important dual roles in biological functioning. In this
work, hollow porous PtAg nanospheres (PtAg HPNSs) were fabricated by a facile
hydrothermal method followed by a dealloying procedure. The as-made PtAg
nanospheres possessed hollow interiors and porous shells composed of interconnected
ligaments and pores with the typical size around 4 nm. Benefitting from the unique

hollow nanoporous architecture and the specific alloying effect, the PtAg HPNSs showed
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high electrocatalytic activity towards superoxide anions. The constructed biosensor based
on PtAg HPNSs presented a fast and ultrasensitive response in a wide range of 0.8 to
1080 nM with much higher sensitivity of 4.5x107> pA cm™ nM™' and low detection limit
of 0.2 nM (S/N=3). Morecover, the novel biosensors can achieve electrochemical
detection for O,  released from living cells, exhibiting outstanding real time detection
capability in cell environment. The facile controllable fabrication and unique sensing
performance for PtAg HPNSs offers potential practical applications in developing highly
sensitive and stable biosensor towards superoxide anion.

Keywords: platinum; hollow; porous; electrochemical biosensor; superoxide anion

1. Introduction

Reactive oxygen species, including hydroxyl radicals, superoxide radicals, and
hydrogen peroxide, are involved in various physiological and pathological processes
(Tang et al., 2015; Madhurantakam et al., 2014). Superoxide anion (O, ), a product of
the metabolic reactions, holds a special place in the organism functioning (Hayyan et al.,
2016), which mainly generate from the mitochondrial respiratory chain and phagocytic
nicotinamide adenine dinucleotide phosphate oxidase. O,  not only serves as a regulatory

mediator in signaling and immune processes under normal physiological conditions, but



also plays an important role in the occurrence of certain diseases by causing oxidative
damage to DNA, protein, and biological membranes when excessive O, accumulates
(Wang et al., 2017a). Therefore, the quantification of O, can act as a risk indicator for
many oxidative stress-induced diseases including Parkinson’s disease, cancer,
Alzheimer’s disease, autoimmune diseases as well as aging et al. (Madhurantakam et al.,
2014; Hayyan et al., 2016). Thus, the sensitive, selective, reliable, and quick detection of
O, is urgently required for the clinical pathological diagnosis and health screening.

Up to date, many methods have been developed to detect O, , such as fluorescence
(Jang et al., 2014; Song et al., 2017; Xiao et al., 2017), electron spin resonance (Wang et
al., 2013; Béziere et al., 2010), chromatography (Wang et al., 2015), and electrochemical
technique (Wang et al., 2016; Liu et al., 2017a; Liu et al., 2017b). Among these assays,
the electrochemical method has received extensive attentions due to the advantages of
excellent sensitivity, high accuracy, superior portability, easy operation, as well as
effective detection of the target species (Liu et al., 2017c; Braik et al., 2016). Although
the electrochemical sensors based on the immobilization of enzymes onto functionalized
electrodes, such as superoxide dismutase (SOD), present good selectivity and sensitivity
(Zhu et al., 2015; Thandavan et al., 2013), the high dependence on the external conditions
(pH, temperature, and humidity et al.), the short lifetime, poor structural stability, and
relatively high cost of enzyme-based biosensor restrict its practical applications (Liu et
al., 2017a). Considerable efforts have been dedicated to explore the enzyme-free
electrochemical O, sensors in view of the high catalytic activity over various
nanomaterials (Wei et al., 2018; Kim et al., 2012). Platinum has been found to possess

superior SOD enzyme-like activity with the intrinsic advantages of fast electron transport,



excellent electrocatalytic activity, impressive electrochemical stability, and broad
environmental suitability (Hu et al., 2013; Kajita et al., 2007; Hamasaki et al., 2008; Kim
et al., 2012). Nevertheless, the monometallic Pt is susceptible to the poisoning from
absorbed intermediates, while the catalytic performance is easily affected by some natural
antioxidants, such as ascorbic acid, dopamine, and uric acid (Park et al., 2003; Bo et al.,
2010). It is noted that the alloying strategy by introducing the other transition metals to Pt
can effectively alleviate these problems due to the preferable synergistic effects compared
with the single counterparts (Liu et al., 2015; Chen et al., 2012). For example, Hu et al.
reported that the SOD enzyme-like activity of Au@Pt nanorods can be tailored via
alloying with Ag due to the large modification of the electronic structure (Hu et al.,
2013). Ren et al. constructed a nonenzymatic electrochemical sensor based on PtRuCu
ternary alloy with a linear range of 7.5-330 uM and detection limit of 0.7 uM, which is
considered to result from the fast electron transfer rate and enhanced electrocatalytic
performance over the Pt-based alloy (Ren et al., 2017).

The sensing performances can be optimized by engineering the structure and
morphology of the nanomaterials related to the enhancement of electrochemical active
sites as well as the fluent mass transfer (Sadeghian et al., 2017). Among a variety of
nanoscaled materials, hollow structures are preferable with the advantages of high
specific surface area and saving of material. With the concerns above, hollow PtAg
nanospheres with nanoporous shell were designed and prepared via a facile hydrothermal
method followed by a dealloying strategy in this work. The as-made PtAg alloy HPNSs is
particularly desirable for electrochemical sensing with open pores, inner and outer porous

surface, and interconnected small grains on the shell. Moreover, the hollow porous



structure is beneficial for the reaction medium contact with more active sites through
nanoporous internal and external surface. In addition, the integrated interconnected
network backbone and abundant pores can promote the unlimited electron and mass
transport during electrochemical catalysis (Zhu et al., 2016; Qiu et al., 2014). The as-
constructed biosensors based on PtAg HPNSs exhibited outstanding sensing performance
towards O," with a wide linear range, low detection limit, and excellent sensing stability.
Importantly, the developed PtAg biosensors present excellent real time detection of O,
released from HelLa and Raw 264.7 cells, offering a great feasibility for widespread

applications in clinic diagnostics.
2. Experimental

2.1. Reagents and apparatus

18-crown-6, potassium dioxide (KO,), and chloroplatinic acid hexahydrate (H,PtCl)
were purchased from Aladdin Industrial Inc. Dimethyl sulphoxide (DMSO), silver nitrate
(AgNOs), Polyvinylpyrrolidone (PVP), ammonia solution (NH;.H,O), glucose, and
ethanol were purchased from Sinopharm Chemical Reagent Co. Ltd. The commercial
John-Matthey Pt/C catalyst (20 wt.%) was purchased from Alfa Aesar. Ascorbic acid
(AA), dopamine (DA), and uric acid (UA) were purchased from Sigma-Aldrich.
Zymosan was purchased from Macklin. The phosphate buffered saline (0.1 M PBS, pH
7.4) solution was prepared using Na,HPO, and KH,POj4. All chemicals were of analytical
grade and used without further purification. Ultra-pure water (18.2 MQ cm) was used
throughout the whole operation process.

The X-ray diffraction (XRD) analysis was performed on a Bruker D8 advanced X-ray
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diffractometer using Cu Ko radiation at a step rate of 0.04" s*'. The microstructure and



composition of the samples were characterized using a transmission electron microscope
(TEM, JEM-2100) and a field-emission scanning electron microscope (FE-SEM, JSM-
6700). High-resolution TEM (HRTEM) and elemental mapping images were acquired by
scanning transmission electron microscopy-energy dispersive X-ray spectroscopy using a
JEM 2100F TEM equipped with a STEM unit. All electrochemical measurements were
conducted on a CHI 760D electrochemical workstation (Shanghai CH Instruments Co.,
China). A conventional three-electrode system was used with a 4 mm diameter glassy
carbon electrode as the working electrode, Pt foil as the counter electrode, and mercury
sulfate electrode as the reference electrode.
2.2. Preparation of PtAg HPNSs

The PtAg HPNSs was prepared by a modified method as reported in references (Gu et
al., 2009; Fan et al., 2015). In a typical procedure, after 0.35 g PVP and 0.1 g AgNO;
dissolved in 8 ml ethylene glycol, 2 ml H,PtCls.2H,O in ethylene glycol solution (0.03 g
ml™") was added to the mixture under vigorous stirring, followed by the addition of 100
uL NH3.H,O. Then the homogeneous solution was transferred into a Teflon-lined
autoclave of 20 mL capacity and heated for 4 h at 200 'C. After the autoclave was cooled
to room temperature naturally, the precursor was centrifuged and washed 3 times with
deionized water and absolute ethanol sequentially. The final PtAg sample was obtained
by etching the precursor in HNO; (~14 M) solution for 15 min at room temperature and
washed several times with water.
2.3. Generation of superoxide anion

The stock solution of O," was prepared by dissolving KO, in DMSO solution with 18-

crown-6, which was stored together with 4 A molecular sieves to remove traces of H,O.



According to the molar absorptivity of O, in DMSO (2006 M ¢m™ at 271 nm), the
concentration of O," could be estimated by a UV-Vis spectroscope (Liu et al. 2017¢; Zhu
et al. 2016).
2.4. Preparation of the modified electrodes

Catalyst ink was prepared by sonicating the mixture of 1.0 mg PtAg alloy powder, 400
uL isopropanol, 200 puL Nafion solution (0.5 wt.%), and 1.0 mg carbon powder for 30
min to form uniform suspension solution. The working electrode was made by placing
appropriate catalyst ink on a polished glassy carbon electrode (GCE, 4 mm in diameter)
and dried. The Pt/C modified electrodes were prepared in a similar way. All potentials
were provided according to the reversible hydrogen electrode (RHE) scale for clarity. The
electrochemical active surface area of Pt-based catalysts were calculated by integrating
the reduction charges during the stripping of surface monolayer oxide in N,-purged 0.5 M
H,S0y solution in the range of 0 to 1.35 V at the scan rate of 50 mV s™', in which the used

charge density is 210 pC.cm™ Pt (Zhan et al. 2009; Xu et al. 2013).

2.5. Cell culture and real time monitoring of superoxide anion from living cell

The Raw 264.7 cells and HeLa cells were cultured in culture vessels containing
Dulbecco's modified Eagle's medium medium, 10% fetal bovine serum, and 1%
penicillin/streptomycin. These two cell lines were maintained in a humid incubator with
an atmosphere consisted of 95% air and 5% CO, at 37 "C. The number of cells was
counted through a microscopy and was calculated to be 1.0x10". All the cells were
collected through centrifugation (1000 rpm, 5 min) and dispersed in 8 mL PBS for the

real time electrochemical measurements. The experiments were conducted in the water



bath at 37 °C.
3. Results and discussion

3.1. Characterization of the PtAg HPNSs

Fig. 1a presents the SEM image of the as-made PtAg alloy sample, from which one
can distinguish the spherical nanostructure with the diameter mainly distributed around
50 nm. The detailed structure was further characterized by TEM. From Fig. 1b, the
obvious brightness contrast between the dark shell and the relatively light region reveals
the hollow nature of the obtained PtAg nanospheres. The high magnification TEM image
in Fig. 1c indicated that the hollow PtAg spheres are composed of interconnected
ligaments and pores with the shell thickness around 5 nm. Fig. 1d gives the
corresponding HRTEM image, where the pores uniformly penetrated on the shell with the
typical ligament size around 4 nm. The highly ordered lattice fringes with a period of
0.234 nm can be well indexed to the (111) crystal plane of face-centered cubic structure
of PtAg alloy (Yousaf et al. 2016; Lv et al. 2014b). It is clear that the as-made PtAg alloy
possesses high porosity and bicontinuous nanoscaled backbone with the narrow ligament
sizes as small as 4 nm. As depicted in Fig.1e-g, the elemental mappings clearly show the
uniform distribution of Pt and Ag elements throughout the entire nanostructure,
demonstrating the successful formation of uniform PtAg HPNSs.

The crystal structure of PtAg HPNSs was characterized by XRD with the standard
diffraction patterns of pure Pt and Ag metals provided for comparison. As depicted in Fig.
2a, the diffraction pattern of PtAg alloy exhibits only one set of three diffraction peaks
locating around 38.6, 45.2, and 65.2, which can be indexed to (111), (200), and (220)

crystal planes for a face-centered-cubic (fcc) PtAg alloy (Zheng et al. 2016; Lv et al.



2014a). The three peaks located just between standard diffraction peaks of pure Pt and Ag
with no peaks assigned to pure Pt, Ag, or any oxides appeared, revealing the formation of
a homogeneous single-phase PtAg alloy (Cao et al. 2015). X-ray energy-dispersive
spectroscopy (EDS) (Fig. 2b) reveals that its composition is Pts;Agss (at.%).

3.2. Electrochemical sensing of O, over PtAg HPNSs

The PtAg HPNSs represent one class of advanced nanoarchitecture, which is beneficial
for the unlimited mass transport and high electron conductivity during the electrocatalytic
process. The electrocatalytic behaviors of PtAg HPNSs toward O, were investigated by
cyclic voltammetric method (CV) to evaluate its potential application in O, sensing.
Fig. 3 shows the CV profile of PtAg HPNSs in the absence and presence of O, (Fig. 3a)
with that of commercial Pt/C and bare GCE modified electrodes provided for comparison
(Fig. 3b&ec). It is noted that there are only weak current responses after the addition of
O;" over the bare GCE and Pt/C modified electrode. By comparison, the significantly
improved oxidation signals in a wide potential range starting from 0.6 V was observed for
PtAg HPNSs, suggesting its superior electrocatalytic activity towards O,  oxidation.

The electrocatalytic behaviour of PtAg HPNSs toward O, oxidation was further
explored by changing the scan rate from 10 mV s to 100 mV s™'. Fig. Sla shows the CV
curves of the PtAg HPNSs recorded in the presence of 0.01 mM O, in PBS solution (pH
7.4). It is clear that the current at 0.9 V is linear as a function of the scan rate in a range
from 10 to 100 mV s™ (Fig. S1b), and the corresponding linear equation is j (LA cm?) =
8.68+1.43 v (R’=0.998), which demonstrates that the electrochemical oxidation O, over
the PtAg HPNSs modified electrode is a surface-controlled process (Madhurantakam et

al. 2014; Zhou et al. 2011).



The amperometric detection upon the step-wise addition of O,” was carried out to
further evaluate the possibility of the PtAg HPNSs as enzyme-free biosensors. Fig. 4a
shows the typical current responses of PtAg HPNSs to the successive addition of O,
under the constant potential of 0.9 V in the PBS solution. It is clearly observed that once
the O, was added, the response currents increases rapidly and reaches the maximum
steady-state current within a short period of 2 s. The sensitive and fast response of the
PtAg HPNSs may arise from the specific alloy effect and unique hollow nanoporous
architecture. The high electric conductivity of the PtAg alloy facilitates the fast electron
transfer during the process of electrochemical oxidation of O," . The voids and channels
in the hollow porous architecture provide smooth mass transport pathway to shorten the
response time. Besides, the large surface area of hollow porous structure provides
abundant electrochemical active sites to enhance the sensing sensitivity (Liu et al. 2017a).

In addition, the corresponding calibration curve was presented in Fig. 4b. A linear
response for O," was acquired from 0.8 to 1080 nM (linear equation: j (LA cm™) =
0.065+0.045 ¢(0,"), R*=0.999), with the limit of detection (LOD) as 0.2 nM based on a
signal to noise (S/N=3). The sensitivity is determined to be as high as 0.045 pA cm™
nM . Furthermore, the sensing performances of the as-constructed sensor were
compared with the previous reports in Table S1 (Liu et al., 2017a, Zhu et al., 2015;
Thandavan et al., 2013; Ren et al., 2017; Wang et al., 2017b; Tang et al., 2015; Wang et
al., 2018). It illustrates that the PtAg HPNSs based biosensors in this work shows much
better sensitivity and lower detection limit in the certain concentration range.

3.3. The selectivity, reproducibility, and stability for O," detection over PtAg HPNSs

The selectivity, reproducibility, and stability are also the important parameters to
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evaluate the sensing performance for electrochemical biosensors. One of the main
challenges in the electrochemical detection of O, is the interfering electrochemical
signals caused by some compounds, such as AA, UA, DA, glucose, and ethanol, which
are possibly oxidized along with O," on the electrode surface (Park et al. 2003; Bo et al.
2010; Peng et al. 2017). To explore the selectivity of PtAg HPNSs toward the O,
sensing, the amperometric responses were monitored for the modified electrode upon the
addition of these electroactive species into the electrolyte. Fig. 5a shows the current
responses to the successive addition of 0.5 mM AA, 0.5 mM UA, 0.5 mM DA, 5 mM
glucose, 1 mM ethanol, and 1.0 uM O," in a stirred PBS solution at 0.9 V. No noticeable
interference from AA, UA, DA, glucose, and ethanol was observed in related to the
response generated by O, , suggesting that PtAg HPNSs are favorable to construct the
enzyme-free biosensors towards O, with excellent selectivity and high anti-interference
performance.

The reproducibility of the developed sensor was tested using five different electrodes at
the same condition. The relative standard deviations of the current responses were less
than 2.0% (Fig. 5b). Moreover, the long-term catalytic stability of PtAg HPNSs was also
carried out by detecting the steady-state specific activity using the potentiostatic method.
Fig. 5¢ presents the chronoamperometry data of 1.0 uM and 5.0 uM O," in stirring PBS
solutions under 0.9 V. It is noted that 96.6% of the initial current was maintained with 5.0
uM O," after continuously running for 4000 s, while 87.4% was remained in 1.0 pM O,"
solution. The relatively lower sensing stability in 1.0 pM O," solution may result from
the low concentration of O, . The PtAg HPNSs could promote the oxidation of O, into

H,O. As the oxidation proceeds, more and more O,  are exhausted with the oxidation
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current degraded. The relatively stable amperometric response under the high
concentration of O," indicates that PtAg HPNSs have outstanding sensing stability under
the enough supply of O,". These results above demonstrate that the PtAg HPNSs based
sensors possess excellent selectivity, respectable reproducibility, and stability for the
practical O, detection.

The superior electrocatalytic activity of PtAg HPNSs toward O," is considered to stem
from several factors. First, the hollow porous architecture and integral network nanoshell
facilitate the unlimited mass transport and fast electrons transfer during electrocatalysis,
which is beneficial for reducing the reaction and diffusion resistance and favoring the
electrochemical reaction kinetics (Xu et al. 2011). Second, the full access of the
nanoporous internal and external surface can provide the large active surface area to
reaction medium with highly efficient usage of the catalyst material (Wang et al., 2017b).
In addition, the synergistic catalytic effect by alloying Pt with Ag may dramatically
enhance the electrocatalytic activity toward O, oxidation.

3.4 Detection of O," release from living cells

Encouraged by the exciting electrochemical sensing performance above, the
constructed biosensor based on PtAg HPNSs was further applied to real time detection
for O, in the cellular environment. Raw 264.7 cells and HeLa cells were chosen as the
model cells, while zymosan was employed as the functional agent to stimulate living cells
to release O, (Wang et al., 2017b). The real time monitoring for O, released from
living cells was carried out using chronoamperometry method. The dynamic responses of
the Raw 264.7 cells upon the successive injection of 10 mg ml"' Zymosan were presented

in Fig. 6a. A significant current increase corresponding to O," oxidation occurred once
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Zymosan was injected into the cell suspension. By comparison, the current change was
also recorded upon the injection of Zymosan into PBS solution in the absence of Raw
264.7 cells. No obvious current response was observed at each addition of Zymosan at
the same condition, demonstrating that the current response in the red curve of Fig. 6a
resulted from the Zymosan-induced O, from Raw 264.7 cells.

In addition, the responses of HelLa cells upon the successive injection of Zymosan
were also shown in Fig. 6b. Compared with Raw 264.7 cells, the relative weaker response
current was obtained, suggesting that less O," was released from HeLa cells under the
same Zymosan stimulation. The outstanding capability for real time detection was mainly

attributed to the ultrahigh sensitivity of the PtAg HPNSs based biosensors.
4. Conclusions

In current work, hollow porous PtAg nanospheres with integral network nanoshell
were successfully prepared via a facile hydrothermal method and dealloying strategy. The
constructed biosensors based on PtAg HPNSs show unique sensing performances of high
sensitivity, wide linear range, low detection limit, excellent selectivity, good stability
towards O,  detection. These unique sensing performances mainly originates from the
structural superiority of PtAg HPNSs: (1) the fast electron and mass transport in the
hollow porous structure from interconnected conductive network and smooth channels,
(2) the full access of the large active surface area to reaction medium, (3) robust
integrated architecture and alloying effect of the nanostructured PtAg alloy. Inspiringly,
real time detection of O,  released from two cells lines (HeLa and Raw 264.7 cells) is
achieved with the PtAg HPNSs based biosenors, indicating that the proposed biosensors

hold promising application prospect in fundamental research and clinic diagnostics.
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Figure captions

Fig. 1. SEM (a), TEM (b,c), HRTEM (d), and elemental mapping (e, f, g) images of the
PtAg HPNSs.

Fig. 2. (a) XRD patterns of PtAg HPNSs. The standard patterns of pure Pt (JCPDS 04-
0802) and Ag (JCPDS 04-0783) are attached for comparison. (b) EDS data of PtAg
sample.

Fig. 3. CVs of different electrodes in the PBS solution and PBS+0.01 mM O, solution
at 30 mV/s: (a) PtAg HPNSs, (b) commercial Pt/C, and (c) bare GCE.

Fig.4. (a) Amperometric currents of the PtAg HPNSs modified electrode on successive
addition of O,  into stirring PBS solution at 0.9 V. (b) Linear calibration curve of the
current vs. O, concentrations.

Fig. 5. (a) Amperometric responses to the successive addition of 0.5 mM AA, 0.5 mM
UA, 0.5 mM DA, 5 mM glucose, 1 mM ethanol and 1.0 uM O, in 0.1 M PBS solution
at 0.9 V. (b) Column graph of CV signals of 0.01 mM O, in 0.1 M PBS solution at five
different PtAg HPNSs modified electrodes prepared under the same conditions. (c)
Amperometric currents of PtAg HPNSs in a stirring PBS solution with 1.0 and 5.0 uM
O, for 4000 s at 0.9 V, respectively.

Fig. 6. Current responses of PtAg HPNSs based biosensors in cell suspension under the

stimulation of Zymosan: (a) Raw 264.7 cells and (b) HeLa cells.
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Highlights:

1. PtAg nanospheres with porous surface and hollow interiors are easily fabricated.

2. PtAg HPNSs show high electrocatalytic activity and sensing ability toward O," .



3. PtAg HPNSs constructed sensor shows a wide linear range and low detection limit.

4. The sensor achieves real time detection of O,  released from living cells.
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