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ABSTRACT The development of carbon based hollow-structured nanospheres (HNSs) materials

has stimulated growing interest due to their controllable structure, high specific surface area,

large void space, enhanced mass transport, and good biocompatibility. The incorporation of
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functional nanomaterials into their core and/or shell opens new horizons in designing
functionalized HNSs for a wider spectrum of promising applications. In this work, we report a
new type of functionalized HNSs based on Pd nanoparticles (NPs) decorated double shell
structured N-doped graphene quantum dots (NGQDs)@N-doped carbon (NC) HNSs, with
ultrafine Pd NPs and “nanozyme” NGQDs as dual signal-amplifying nanoprobes, and explore
their promising application as a highly efficient electrocatalyst in electrochemical sensing of a
newly emerging biomarker, i.e., hydrogen peroxidase (H,O,), for cancer detection. Due to the
synergistic effect of the robust and conductive HNS supports and catalytically active Pd NPs and
NGQD in facilitating electron transfer, the NGQD@NC@Pd HNS hybrid material exhibits high
electrocatalytic activity towards the direct reduction of H;O, and can promote the
electrochemical reduction reaction of H,O; at a favorable potential of 0 V, which effectively
restrains the redox of most electroactive species in physiological samples and eliminates
interference signals. The resultant electrochemical H,O, biosensor based hybrid HNSs materials
demonstrates attractive performances, including low detection limit down to nanomole level,
short response time within 2 s, as well as high sensitivity, reproducibility, selectivity, and
stability, and have been used in real-time tracking a trace amount of H,O, secreted from different

living cancer cells in a normal state and treated with chemotherapy and radiotherapy.

1. INTRODUCTION

Cancer diagnosis and therapeutic treatment are of vital importance because of cancer’s
widespread occurrence, as well as its high death rate and recurrence. Cancer biomarkers are
specific molecular probes secreted by tumors or responses of the body to the presence of

carcinomas in oncology.2 Accordingly, the sensitive and reliable detection of cancer biomarkers
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provides an effective way for cancer screening and diagnosis, as well as evaluating the
pathogenic processes, pharmacological responses to a therapeutic intervention, and prognosis of
different cancers.’ Hydrogen peroxidase (H,O;) is the byproduct of many reactions by most
oxidases in mitochondria and can generate reactive oxygen species (ROS). The appropriate level
of H,0, and ROS plays a critical role in the function and signal transduction of living cells.*’
Recently, emerging evidence has demonstrated that several types of tumor cells have generated
more H,O; than their normal counterparts due to their :1) higher ROS production; or 2) lower
ROS scavenging capacities originated from the abnormal growth of the tumor.®’ As a result, the
level of H,0, generated from living cancer cells can be utilized as a valuable biomarker of many
types of cancer for early stage recognition.

For the clinical detection of H,O,, biosensor systems based on electrochemical transducers
have attracted tremendous interest due to their prominent advantages, such as high sensitivity
and selectivity, rapid response, low cost, user-friendliness, simple instrumentation and the
capacity for miniaturization, which make them suitable for in situ, real-time and even in vivo

8-11

clinically relevant analytes. The electrochemical detection of H,O, is usually based on

catalytic reduction of H,O, by a natural enzyme, e.g., horseradish peroxidase (HRP), in an

. 12-13
enzymatic electrode system.

Currently, in parallel with remarkable progress in
nanotechnology and electrochemical methods, nanostructured materials have offered exciting
opportunities for developing high-performance electrochemical sensors. Nanomaterial-based
non-enzymatic artificial sensoring can circumvent the common problems inherent in enzymatic
biosensoring attributable to the nature of enzymes. By avoiding such problems, such as high

cost, insufficient long-term stability, unsatisfactory reproducibility, and complicated

immobilization procedures involved in preparing enzyme electrodes, improved overall sensing
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performance can be achieved.'*'> A diversity of nanomaterials, such as noble metals and metal
oxide/sulfide, carbon nanomaterials and their composites with tailorable structures and variable
components have been employed in electrochemical non-enzymatic H,O, sensing systems due to
their attractive electronic properties, high catalytic activity, low toxicity, and good stalbility.l‘s'18
The carbon based hollow structure can enhance the mass diffusion of the substrates and provided
electron tunneling to facilitate the electron transfer between the active site and the electrode and
led to good electrochemical performance.' Furthermore, recent findings have demonstrated that
nitrogen-doped carbonaceous materials possess a variety of excellent properties, such as large
functional surface area, high ratio of surface active groups to volume, good electrical
conductivity and biocompatible C—N microenvironment.”*** As a result, the N-doped carbon
hollow spheres are anticipated to serve as a good scaffold for loading nanomaterials and
improving their catalytic activity. Nevertheless, the efficient reduction or oxidation of H,O, at
the surface of nanomaterial-modified electrodes usually requires relatively high over-potential,
which leads to the fouling of the electrode and direct faradaic interferences by endogenous
electroactive species in biological samples. On the other hand, nanomaterial-based non-
enzymatic sensors exhibit intrinsically lower sensitivity than those of enzymatic sensors, and
their detection limits towards H,O; usually reach the micromole level. These properties hinder
their practical application in highly sensitive and selective detection of H»O; clinical sample
analysis.

In this work, we present the design and fabrication of a new type of electrocatalyst based on
Pd nanoparticles (NPs) decorated double shell structured N-doped graphene quantum dots@N-
doped carbon (NC) hollow nanospheres (HNSs), and explore their clinical application in

electrochemical non-enzymatic H>O, sensing system for ultra-sensitive and highly specific
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detection of extracellular H,O, molecules released from living cancer cells. Pd NPs have been
well-developed as highly efficient noble metal nanocatalysts in non-enzymatic electrochemical
H,0,; sensoring due to their high electrocatalytical activity towards reduction and/or oxidation of
H202.23 » 2 Meanwhile, graphene quantum dots (GQD), the nanometer-sized fragments of
graphene, have exhibited unique optical and electronic properties due to their quantum
confinement and edge effects.”” Most recently, GQD has been found to possess intrinsic
peroxidase mimetic activity, and could function as a biomimetic HRP in the nanomaterial-based

26, 27 Herein, ultrafine Pd NPs with

artificial enzymes, i.e., a “nanozymes” biosensing system.
average size of 2.9 nm and nitrogen-doped GQD (NGQD) are incorporated into NC-HCSs
architecture to form an NGQD@NC@Pd HNS hybrid material and act as dual signal-amplifying
nanoprobes in a HO, sensing system. NC-HNS materials possess superior physical and
chemical properties, including high surface-area-to-volume ratio, large void space, enhanced

28, 2 .
829 which can serve as a

masstransport, controllable structure and robust chemical inertness,
robust and electronically conductive catalyst support to reduce ohmic resistance, facilitate the
high loading and well dispersion of Pd NPs and NGQD on its surface, and enhance their catalytic
activity and stability. Owing to the synergistic effect from the structural and compositional
merits of catalytically active species and the HNS supports, the NGQD@NC@Pd HNS hybrid
material exhibited a large surface area, fast electron transfer rate, and high electrocatalytic
activity towards the direct redox of H,O,. When implemented in the electrochemical detection of
H,0,, the resultant nanomaterial-based non-enzymatic sensor showed good performance,
including a wide linear detection range up to 1.4 mM, low detection limit of 20 nM, high

sensitivity of 0.59 mA mM cm™, favorable operating potential of 0 V, as well as good

reproducibility, stability, and anti-interference ability. Moreover, it could be used in ultra-
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sensitive and specific detection of a trace amount of H,0, released from different living tumor

cells in a normal state or under chemotherapy and radiotherapy.

2. MATERIALS AND METHODS

2.1. Materials. All solutions were prepared using deionized water (resistivity > 18 Q cm™).
N-formyl-methionyl-leucyl-phenylalanine (fMLP), 3-aminopropyltrimethoxysilane (97%) and
Si0O; spheres with sizes ranging from 350 to 400 nm, and were purchased from Sigma-Aldrich.
Dopamine hydrochloride (98%) and tris (hydroxymethyl) aminomethane (Tris, 99.8%) were
purchased from Aladdin Chemistry Co., Ltd., China. K,PdCly (99%) was purchased from
Sinopharm Chemical Reagent Co. (China). Dulbecco’s modified eagle’s medium (DMEM), fetal
bovine serum (FBS), trypsine-EDTA (0.25%), and penicillinstreptomycin were purchased from
HyCl one (Waltham, MA, USA). The human living cells MDA-MB-231, HBL-100, and U87
were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA). The
cells were cultured at 37°C, 5% CO, in DMEM supplemented with 10% FBS, 100 IU mL!
penicillin and 100 mg mL" streptomycin. The chemotherapeutic agent cisplatin (DDP) was
purchased from Sigma (USA).

2.2.  Synthesis of af-Si0,@GQDs spheres. GQDs were prepared according to a bottom-up
method.”> For the synthesis of af-SiO, nanospheres, 200 mg of SiO, spheres were firstly
dispersed in 100 mL ethanol by sonication for 30 min. Then 1 mL of 3-
aminopropyltrimethoxysilane was added and the mixture was stirred for 5 h. The products were
then centrifugated and rinsed with ethanol. For the synthesis of af-Si0,@GQDs nanospheres,

250 mL of 1 mg mL' GQDs aqueous solution was added into the af-SiO, nanospheres
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suspension and the mixture was stirred for 1 h. Finally, the products were collected by
centrifugation, washed with water for several times, and then dried at 60°C overnight.

2.3. Synthesis of af-Si0,@GQDs@PDA nanosphere. 150 mg of as-prepared af-
Si0,@GQDs spheres were dispersed in 50 mL of 3 mgmL'1 dopamine Tris solution (pH 8.5, 10
mM Tris buffer) and allowed to proceed for 36 h under stirring at room temperature. The
resultant af-Si0,@GQDs@PDA was separated and collected, and subsequently washed for 5
cycles and dried by freeze drying.

2.4. Synthesis of NGQDs@NC@Pd HNS. 200 mg of af-Si0,@GQDs @PDA were dispersed
in 50 mL of DI water. Then 50 mg of K,PdCl; was added, and the mixture was kept in a vial
under vigorous stirring for 30 min in an ice bath. After the reaction, the Pd NPs decorated af-
Si0,@GQDs@PDA (af-Si0,@GQDs@PDA @Pd) nanospheres was obtained, which was
separated from the suspension and subsequently washed with ultrapure water for 5 times and
dried by freeze drying. The S10, @NGQDs@NC @Pd nanospheres were prepared by carbonizing
af-S10,@GQD @PDA @Pd nanospheres at 500 °C for 3 h under inert atmosphere. Finally, the
af-Si0, cores were etched by HF solution (~2%), and the NGQDs@NC@Pd HNSs were
obtained. For comparison, NC@Pd and NGQDs@NC HNSs were also fabricated under the same
conditions and used as control samples.

2.5. Preparation of different modified electrodes. The as-obtained NGQDs@NC@Pd
HNSs powdery sample was dispersed in deionized water, with ultrasonic agitation to give 1.0 mg
mL" suspension. 10 pL of the suspension was dropped on a cleaned glass carbon electrode
(GCE) and the solvent was evaporated in air. A uniform film coated electrode
(NGQDs@NC@Pd/GCE) was obtained. The NC@Pd/GCE and NGQDs@NC/GCE were

fabricated wunder the same procedure. Before the electrochemical measurement,
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NGQD@NC@Pd/GCE had been activated by CV scanning for 20 cycles in the potential range

of -0.6 to +0.6 V (versus Ag/AgCl electrode).

3. RESULTS AND DISCUSSION

The preparation process of the proposed NGQD@NC@Pd HNS has been schematically
illustrated in Figure 1. SiO; nanospheres were firstly modified by 3-aminopropyltrimethoxysilane
to introduce amine groups on their surface (step 1 in Figure 1). GQD nanosheets prepared by a
bottom-up method  were utilized to wrap the amino-functionalized SiO; (af-SiO;) nanospheres
through electrostatic interaction and hydrogen bonds between the amino group on af-SiO, and
the oxygen-containing groups on GQD (step 2 in Figure 1).° The af-Si0,@GQD nanospheres
were further coated by a layer of polydopamine (PDA) via self-polymerization of dopamine
(DA) hydrochloride on their surface (step 3 in Figure 1).>! Pd NPs were then in situ grown on the
surface of af-S10,@GQD @PDA nanospheres using K,PdCl, as the precursor, in which the PDA
layer served as both the reducing and capping agent (step 4 in Figure 1). As demonstrated in
step 5 of Figure 1, the as-prepared Pd NPs decorated af-Si0,@GQD@PDA (af-
Si0,@GQD@PDA@Pd) nanospheres were converted to af-Si0,@NGQD@NC@Pd
nanospheres by carbonizing at 500 °C for 3 h under inert atmosphere. After etching the SiO,

cores with HF solution, the NGQD@NC @Pd HNSs have been obtained.
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Figure 1 Schematics illustrating the preparation process of NGQDs@NC@Pd HNSs. (1)
Amino-functionalization of SiO, nanospheres; (2) Wrapping SiO, nanospheres with GQD
nanosheets; (3) Coating of PDA on surface of SiO,@GQD; (4) Loading of Pd NPs on the surface
of Si0,@GQD@PDA; (5) Further carbonization and HF etching to form NGQD@NC@Pd

HNSs.

The morphologies of the nanomaterials obtained by different steps have been shown in
Figure 2. GQDs were prepared according to a bottom-up method.? The atomic force microscopy
(AFM) result indicates that the GQDs (Figure 2A) are mostly nanosheets of ~ 15 nm in size,
whose height is mostly distributed in the range of 0.5~3.0 nm. In addition, the GQDs suspension
gives a blue light emission under the excitation by 365 nm UV light (Inset of Figure 2A). The
amino-functionalized SiO; (af-Si0,) nanospheres SiO, nanospheres (350~400 nm in diameter,
Figure 2B) were wrapped by GQDs to form af-Si0O,@GQD nanospheres (Figure 2C). During

this procedure, the color of the SiO, nanospheres changes from their original white to yellow
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brown (inset of Figure 2B and 2C). The af-SiO,@GQD nanospheres were further coated by a
layer of PDA (Figure 2D), upon which the color changes from yellow brown to dark brown
(inset of Figure 2D). Pd NPs were then in situ grown on the surface of af-Si0,@GQD@PDA
nanospheres using K,PdCly as the precursor to form af-Si0,@GQDs@PDA @Pd nanospheres
(Figure 2E). After carbonizing and etching the SiO, cores with HF solution, the
NGQD@NC@Pd HNSs have been obtained (Figure 2F), which exhibit a highly integrated
structure in their high-magnification scanning electron microscope (SEM) image (Figure 2G)
and a very uniform size in their low-magnification SEM image (Supporting Information, Figure

S1).

A

Figure 2 (A) AFM image of GQDs, the inset shows photographs of the GQDs suspension taken
under visible light (left) and under 365 nm UV light (right). SEM images of (B) af-SiO,
nanospheres; (C) af-Si0,@GQDs nanospheres; (D) af-Si0,@GQDs@PDA nanospheres; (E) af-
Si0,@GQDs@PDA@Pd nanospheres; (F) and (G) NGQDs@NC@Pd HNS with different

magnification. Insets are their corresponding photographs.

ACS Paragon Plus Environment 10
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Figure 3A-3C displays the typical transmission electron microscope (TEM) image of the
NGQD@NC@Pd HNS, in which highly dense Pd NPs are anchored on the surface of
NGQD@NC@Pd HNSs. Furthermore, the interplanar spacings for the lattice fringes of Pd NPs
on the NC layer are 0.223 nm and 0.195 nm, which correspond to the (111) and (200) lattice
planes of the face-centered cubic (fcc) Pd structure, respectively (Figure 3D).”> The
corresponding dark-field scanning transmission electron microscope (DF-STEM) images of
NGQD@NC@Pd HNSs are shown in Figures 3E and 3F, which visualize the high loading and
thorough dispersion of Pd NPs throughout the entire NGQD@NC HNSs. From the high-
resolution DF-STEM image shown in the Figure 3G, it can be discriminated by contrast ratio that
the NGQD layer and NC layer exhibit thicknesses of ~10 nm and ~ 30 nm, respectively. The
majority of Pd NPs are ultrafine with a mean size of 2.9 nm (Figure 3H), and only few sintered
NPs show larger particle size even after the annealing treatment. These results demonstrate an
excellent thermal stability of NGQD@NC@Pd catalyst. The element distribution shown in
energy dispersion spectroscopy (EDS) elemental mappings from the high-magnification TEM
image (Figure 31), further verifies the homogeneous distribution of different elements, including

C, O and N, as well as the uniform dispersion of Pd NPs on NGQD@NC HNSs.

11
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Figure 3 (A)-(D) TEM images and (E)-(G) DF-STEM images of NGQDs@NC @Pd HNSs with
different magnifications. (H) Statistic histogram of Pd particles size distribution on
NGQDs@NC@Pd HNS. For the particle-size distribution determination, ca. 100 NPs were
counted at several identical locations. (I) HRTEM image of NGQDs@NC@Pd HNS and its

corresponding EDS elemental mappings.

The surface composition of NGQD @NC@Pd HNSs has been further characterized by X-ray
photoelectron spectroscopy (XPS) and microwave plasma-atom emission spectrometer (MP-
AES). The XPS survey spectrum reveals the presence of C, N, O and Pd signals in the sample
(Figure S3), which is consistent with the element composition of NGQD @NC@Pd HNSs shown

in Figure 3E. The high-resolution spectrum of C Is can be deconvoluted into four single peaks
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(Figure 4A), these peaks correspond to C-C or C=C (284.6 e¢V), C-N (285.3 eV), C=N (286.5
eV) and quinone C=0 (288.3 eV), originating from the NGQD layer and the NC layer in
NGQD@NC@Pd HNS.**** In the Ols spectrum (Figure 4B), the peaks located at the binding
energies of 531.1 eV, 532.1 eV and 533.3 eV are assigned to C=0O, COOH and C-O,
respectively.33 The peak at 532.1 eV can be attributed to COOH originating from the GQD
layer.”> The N 1s spectrum reveals the presence of several nitrogen-containing groups, including
pyridinic N/C=N (398.5 eV), amine (399.5 eV), pyrrolic N/C-NH (400.4 eV),* and graphitic N
4014 eV)3 > (Figure 4C). The N 1s spectrum of the NGQD@NC@Pd HNS sample exhibits an
extra signal from graphitic N in comparison to that of the NC@Pd HNS sample (Figure S4),
further confirming that N heteroatoms have been doped into the GQD framework and NGQD
was obtained. The atomic concentration of nitrogen is 5.89%. The Pd 3d spectrum, shown in
Figure 4D, demonstrates that two spin-orbital doublets accounted for two electronic states of Pd,
i.e., Pd (0) and Pd (ID), respectively.36 The distinct peaks at 335.9 eV and 341.3 eV are assigned
to Pd (0), and the weak peaks at 338.3 eV and 343.2 eV indicate the presence of Pd(Il) due to the
partially oxided Pd in the NGQD@NC@Pd HNS sample. The Pd content in the
NGQD@NC@Pd HNS composite was determined using MP-AES, which was measured to be as

low as 3.45 wt.%.

13
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Figure 4 XPS spectra of (A) C 1s, (B) O 1s, (C) N 1s and (D) Pd 3d in NGQDs@NC@Pd HNSs.

The electrochemical properties of NGQD@NC@Pd, as well as NGQD@NC and NC HNSs,
have been explored by modifying them on a glass carbon electrode (GCE, 3 mm in diameter,
Figure S5). Fe(CN)e>™ was firstly employed as a redox probe to investigated the cyclic
voltammetry (CV) behaviors of different modified GCE (Figure S6). The CV curve of pristine
NC HNSs modified GCE (NC/GCE) exhibits an ideal peak potential separation (AE,) value of
approximately 59 mV, indicating that the highly conductive NC HNSs have facilitated the
heterogeneous electron transfer between the electrode and the [Fe(CN)6]3'/4' redox species.
However, owing to the blocking effect of electron transfer originating from the

3-/4-

electrostatic repulsion between negative NGQD species and the Fe(CN)g™ " probe, the AE, value

increases to 75 mV for NGQD @NC HNSs modified GCE (NGQD @NC/GCE). Furthermore, the
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AE, value for NGQD@NC@Pd HNSs modified GCE (NGQD@NC@Pd/GCE) decreases to 64
mV due to the decoration of numerous ultrafine Pd NPs on NGQD@NC HNSs (Figure S6),
which provide the necessary conduction pathways and improve electron transport properties. The
electroactive surface area (ESA) of different electrodes are estimated according to the Randles—
Sevcik equation37 to be 0.57, 0.36, 0.23 and 0.07 cm? for NGQD@NC@Pd/GCE,
NGQD@NC/GCE, NC/GCE and bare GCE, respectively. Benefitting from the large specific
surface area of NCHNSs, and high-loading and thoroughly dispersed NGQD and Pd NPs on their
inner and outer surfaces, the resultant NGQD@NC@Pd/GCE exhibits the largest ESA value,
which is more than eight times greater than that of bare GCE.

Figure 5A presents the cyclic voltammetry (CV) curves for all of the modified electrodes in a
0.1 M phosphate buffer solution (PBS, pH 7.4) containing 1.0 mM H,0,. The NC/GCE exhibits
negligible electrocatalytic activity towards the redox reactions of H»O,, and there are also no
distinct reduction or oxidation peaks on NC/GCE over a wide voltage range from -0.6 to 0.6 V.
Meanwhile, for both NGQD @NC/GCE and NC@Pd/GCE, an obvious reduction peak of H,O,
was observed at -0.45 V and -0.09 V, respectively, and the peak currents increased linearly with
the higher H,0O, concentration in PBS (Figure S7A and 7B). Evidently, NGQD@NC@Pd
nanohybrid material demonstrates an enhanced electrocatalytic activity towards H,O, reduction.
When the reduction peak of H,O, on NGQDs @NC @Pd/GCE shifts to -0.04 V, the peak current
density increases more than 2 times than that on NGQDs@NC/GCE at -0.45 V, and is also 1.5
times larger than that on NC@Pd/GCE at -0.09 V. The dramatically enhanced electrocatalytic
activity of NGQD @NC @Pd nanocomposite arises from the synergistic contribution of the inner
NGQD and outer Pd NPs on dual functionalized NGQD@NC@Pd HNSs. As demonstrated

previously, the GQD possesses unexpected peroxidase mimetic activity, and can be used as

15
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nanozymes to substitute for natural peroxidase enzymes in biotechnology and bioengineering.**
" Meanwhile, Pd NPs have been recognized as highly efficient noble metal electrocatalysts
towards the reduction and/or oxidation reaction of H,O,, and their electrocatalytical activities
highly dependent on their size and distribution. The NC HNS scaffold enables the high loading
and thorough distribution of NGQD and Pd NPs upon it, which in turn provides more reaction
active sites for the electrocatalytic reduction of H,O,.

The CV curves of NGQD@NC@Pd/GCE in PBS containing H,O; at various concentrations
(i.e., 0, 1,2,3,4 and 5 mM) are presented in Figure 5B. The reduction peak potentials of H,O,
shift negatively, and the peak current densities increase linearly with each incremental increase
of the H,O, concentration in PBS. The linear range, detection limit, and sensitivity of
electrochemical H,O, sensor based on NGQD@NC@Pd/GCE have been determined by
amperometric measurement at the optimal potential of 0 V. With successive step increases of
H,O, concentration in PBS, a well-defined, steady-state amperometric current variation was
triggered within 2s (Figure SA and inset a), indicating the stable and efficient electrocatalytic
property of NGQD@NC@Pd nanocomposite on the electrode. The calibration plots of the
amperometric current as a function of H,O, concentration are shown in the Figure 5C inset b,
which exhibits an expanded linear response range up to 1.4 mM (R*=0.999), with a sensitivity of
0.59 mA cm™ mM™ and a low detection limit of 20 nM based on a signal-to-noise ratio of 3:1
(Figure 5C inset c). These findings are superior to other non-enzymatic H,O, sensors reported in
the literature published over the past year (Table S1),” 23 3846 thys demonstrating improved
sensing performance for the highly sensitive detection of H,O, by NGQD @NC @Pd/GCE.

Other performance parameters of GQD@NC@Pd/GCE with respect to reproducibility,

selectivity and stability are crucial for in vivo and in vitro HO, detection, and therefore have
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been explored in detail using amperometric measurement. The current response for eight
replicates of 20 uM H,O; solution on one NGQD@NC@Pd/GCE yielded a relative standard
deviation (RSD) value of 2.7 %, and reproducible current responses with RSD value less than
3.6% were detected for eight different NGQD@NC@Pd/GCE in 20 uM H,0, (Figure S8),
indicative of the good repeatability and reproducibility of GQD@NC @Pd/GCE. The selectivity
of GQD@NC@PJ/GCE has been investigated by injecting the analyte and some possible
electroactive interfering reagents in blank PBS and monitoring their amperometric current
response. The responses were observed in the initial solution and then with the addition of 20
and 50 uM H,0,, respectively. No detectable amperometric responses were observed when
adding certain amounts (i.e., 20 and 50 uM) of several electroactive compounds, i.e., cathodic
interference oxygen (O;) and anodic interferences DA, ascorbic acid (AA) and uric acid (UA), in
PBS containing equal amount of H,0O,. The good selectivity is benefit from the favorable applied
potential of O V for the amperometric detection of H,O,, which effectively restrains the redox of
most electroactive species in physiological samples and eliminates interference signals (Table
S2). Long-term stability and cycling stability have been examined by measuring a glucose
solution intermittently and successively. The NGQD @NC@Pd/GCE maintains over 90% of its
initial current response to 0.1 mM H,0; after being stored in air at room temperature for 30 days
or over 50 successive tests of one NGQD@NC@Pd/GCE. These results indicate the good
stability of NGQD@NC@Pd nanocomposite, originating from its unique HNS structure in

immobilizing electrocatalytically active nanomaterials.
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Figure 5 (A) CV curves of NGQDs@NC@Pd/GCE, NC@Pd/GCE, NGQDs@NC/GCE and

NC/GCE in PBS (pH 7.4) containing 1.0 mM H,0,. Scan rate: 50 mV st (B) CV curves of

NGQDs@NC@Pd/GCE in PBS (pH 7.4) containing O, 1, 2, 3, 4 and 5 mM H,0O, (from top to

bottom). Scan rate: 50 mV s (C) Amperometric response of NGQDs@NC@Pd/GCE with

successive step changes of H,O, concentration. The insets are the enlarged graph of the highlight

region of Figure C (a), the corresponding calibration curves (b), and the amperometric response

of NGQDs@NC@Pd/GCE with successive step changes of 20 nM H,0, (¢). (D) Influence of 20

uM O, (a), DA (b), UA (c), AA (d) and 50 uM O, (e), DA (f), UA (g), AA (h) on the

amperometric response of equal amount of H,O, in 0.1 M PBS (pH 7.4). Applied potential: 0 V.
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The practical application of the as-prepared electrochemical non-enzymatic sensor based on
NGQD@NC@Pd/GCE has been explored for detecting cancer biomarkers and assessing the
therapeutic effect of cancer, as well. Worldwide, breast cancer accounts for 25% of total cancer

47, 48
»*® Nonetheless,

cases and has become the leading cause of cancer mortality among females.
breast cancer has the best prognosis when diagnosed at early stages, and the development of
effective methods for early detection is of great significance to improve the overall survival rate.
MDA-MB-231, MCF-7 and T47D are three types of human breast cancer cell lines, and account
for over two-thirds of all abstracts reporting studies on the aforementioned breast cancer cell
lines, as concluded by a Medline-based survey.49 Therefore, MDA-MB-231 was chosen here as
the model to investigate the electrochemical sensing performances of NGQD@NC@Pd/GCE
towards living tumor cell lines, using non-tumorigenic human breast cell lines, i.e., HBL-100
human breast epithelial cells as the control. Before electrochemical experiments, the microscopy
technology and standard cell counting Kit-8 (CCK-8) assay were employed to evaluate the
cytotoxicity of the NGQD@NC@Pd/GCE. As shown in the bright-field and dark-field
fluorescent images of Figures 6A and 6B, respectively, MDA-MB-231 and HBL-100
cells remain healthy when incubated with NGQD @NC @Pd/GCE for over 4 h. The results of the
CCK-8 assay demonstrate that both of these two cells maintain over 95% viability after 4 h
incubation with the NGQD@NC @Pd/GCE (Figure 6C), indicative of the good biocompatibility
of the NGQD @NC @Pd/GCE. The electrochemical testing of H,O, released from different living
cells was performed by a three-electrode system in 6-well plates containing living cells with 80%
confluency, using NGQD @NC@Pd/GCE as the working electrodes. N-Formylmethionyl-leucyl-
phenylalanine (fMLP), a potent polymorphonuclear leucocyte chemotactic factor, has been

utilized as an artificial stimulator to irritate living cells to release ROS by disrupting intracellular
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redox homeostasis.”™! As shown in Figure 6D, upon the addition of 0.1 mM fMLP in each
tested well, significantly increased amperometric current densities of 0.54 pA cm™” and 0.44 HA
cm™ were obtained in the presence of MDA-MB-231 and HBL-100, respectively. After adding
500 U/mL catalase, a selective scavenger of H,O,, the amperometric current responses gradually
declined to a background level due to the decomposition of H,O, by catalase. By comparison,
upon the addition of equal amounts of fMLP or catalase, no measurable signals were observed in
control tested wells without living cells. These results constitute proof that the increased
amperometric currents are attributable to the electrochemical reduction of H,O, secreted from
living cells upon the stimulation by fMLP. As demonstrated in previous work, when living cells
are stimulated by external elements, they will excrete more H,O, induced by oxidative stress
reaction, and their intracellular redox homeostasis will be disrupted.” In order to maintain the
redox homeostasis state, the excess H,O, will diffuse out across the lipid bilayer or aquaporins of
membrane to keep the intracellular H,O, concentration at the normal level.”* % The extracellular
H,0O; converts from molecular-recognition events into measurable outputs by electrochemical
transducers based on the proposed electrode. Noticeably, tumor cell line MDA-MB-231 secreted
more H,O, than normal cell line HBL-100 upon being stimulated. As mentioned above, many
types of tumor cells generate more H,O, than their normal counterparts upon being stimulated.
In this work, H,O, has been demonstrated to be an effective biomarker to identify the tumor cell
line and its normal counterparts.

The effect of cancer chemotherapy has also been assessed by the proposed electrochemical
methods based on NGQD@NC@Pd/GCE. In this work, the living cancer cell line MDA-MB-
231 has been treated with cisplatin (DDP), a chemotherapeutic agent that is widely used in clinic

to resist several types of tumors. The results show that, upon the addition of 0.1 mM fMLP in
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tested wells containing MDA-MB-231 cells treated with DDP, the increment of amperometric
current densities was 0.45 pA cm?, representing an 18.2% decrease in the absence of any
treatment (Figure 6F). As manifested by a plethora of experiments that cis-platinum complex is

54, 55

an ultimate cytotoxic agent of administered antitumor drug. It possesses high therapeutic

activity against tumors by strongly interacting with nucleobase N-donors of DNA molecule to
perturb the tumor structure and inhibit DNA replication, which results in cancer cell death. >’
Therefore, undergoing chemotherapy by DDP results in killing living cancer cells and releasing
less H,O, upon being simulated. The cytotoxicity of DDP towards MDA-MB-231 cells has also
been evaluated by CCK-8 assay. The results indicate that, under treatment with DDP, cell
viability decreased by 17%, which is consistent with that obtained by electrochemical
amperometric tests based on NGQD @NC @Pd/GCE.

Furthermore, the radiotherapy effect of cancer cells has been investigated using U87 cell
lines as the models. In cell biology, U87 is a human primary glioblastoma cell line and exhibits
epithelial morphology,”™ as shown in Figures 6G and 6H. U87 glioma cells have been shown to
contribute to the brain tumor stroma. Patients suffering from it usually have a worsened
prognosis and higher risk of relalpse.59 Radiotherapy has been considered an effective therapeutic
approach against brain tumors.”” Electrochemical experiments were performed to evaluate the
sensing performance of NGQD@NC@Pd/GCE towards H,0O, released from US87 under
radiotherapy. Firstly, the CCK assay showed that U87 cells maintain over 95% viability after 4 h
incubation with NGQD@NC@PJ/GCE (Figure 6I), indicating the low cytotoxicity of
NGQD@NC@Pd/GCE. Electrochemical experiments show that, upon being stimulated by

fMLP, an increased amperometric current density of 0.30 pA cm™” has been observed on

NGQD@NC@Pd/GCE in tested wells containing U87 cells (Figure 6J). After two hours from
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the radiotherapy treatment, the value decreases to 0.26 A cm'z, which 1s 86.7% of that without
treatment. And after four hours from the radiotherapy treatment, the values decrease to 0.17 pA
cm, which is 56.7% of that without treatment (Figure 6K and 6L). As demonstrated, exposing
living cells to radiation treatments will lead to an imbalance between oxidants and antioxidants,
and increase the accumulation of ROS. The excessive production of ROS then increases the ROS

stress to a point that triggers cell death.®" 2

Therefore, many living cancer cells die in the period
following radiation exposure, causing a decreased amount of H,0, to be secreted from living
cells, and the corresponding amperometric current densities decrease accordingly. All of these
results demonstrate that the proposed electrochemical measurement of extracellular H,O, under
varying conditions using GQD@NC@Pd/GCE provides a highly effective and accurate method
to evaluate the living cell oxidative stress capability, as well as distinguish different living cells
and explore their microenvironment. These findings could be potentially useful for the

pathological diagnosis of cancer, as well as evaluating the pharmacokinetics and therapeutic

efficacy in the treatment of cancer.
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Figure 6 (A) and (B) Bright-field and dark-filed microscope images of various living cells after
being incubated with NGQDs@NC@Pd/GCE. (C) Quantitative cell viability results of CCK-8
assay. (D) Amperometric responses of NGQD@NC@Pd/GCE to the addition of 0.1 mM fMLP
and 500 U/mL catalase in tested well with MDA-MB-231 cells (a), HBL-100 cells (b) and
without cells (c). (E) Amperometric responses of NGQDs @NC @Pd/GCE to the addition of 0.1
mM fMLP in tested well containing MDA-MB-231 cells without treatment (d) and treated with
DDP (e). (F) Corresponding histograms of the amperometric responses of (D) and (E), and the

results of CCK-8 assay of the cytotoxicity of DDP towards MDA-MB-231 cells. (G) and (H)
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Bright-field and dark-filed microscope images of US87 cells after being incubated with
NGQDs@NC@Pd/GCE. (I) Quantitative cell viability results of CCK-8 assay. (J) Amperometric
responses of NGQDs@NC @Pd/GCE to the addition of 0.1 mM fMLP and 500 U/mL catalase in
tested well with U87 cells (a) and without cells (b). (K) Amperometric responses of
NGQD@NC@Pd/GCE to the addition of 0.1 mM fMLP in tested well containing U87 cells
without treatment (a), and two (b) and four (c) hours after the radiotherapy treatment. (L)
Corresponding histograms of the amperometric responses of (K), using the U87 cells without

treatment as control.

4. CONCLUSIONS

In summary, we have developed a high-performance electrochemical biosensor based on
NGQD@NC@Pd HNSs by taking advantage of the synergistic effect derived from their unique
structure and extraordinary electrocatalytic properties, and explored their clinical application in
ultra-sensitive and highly specific detection of H,0O, secreted from living cancer cells. When
implemented in an electrochemical sensing system, Pd NPs and NGQD incorporated in NC-
HCSs architecture acted as dual signal-amplifying nanoprobes towards the target molecules, and
NC-HNS materials served as a good support to facilitate the loading Pd NPs and NGQD upon it,
and enhance their electrocatalytic activity and stability. Consequently, the non-enzymatic H,O,
biosensor based on NGQD@NC@Pd HNSs exhibited a collection of highly desirable sensing
performances, including favorable operating potential, ultra-low detection limit, high sensitivity,
reproducibility, stability, and anti-interference ability. For in-vitro detection of cancer, the
proposed biosensing system demonstrated its ability to distinguish a trace amount of H,0,

released from various living cancer cells, as well as estimating the therapeutic effect of
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chemotherapy and radiotherapy towards cancer. Thus, this study and its findings hold great

promise for the pathological diagnosis and management of cancer diseases.
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