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A B S T R A C T   

Periodontitis, as one of the most universal chronic inflammatory diseases worldwide, has raised numerous at
tentions since its tremendous destructive force against alveolar bone and soft tissue, ultimately leading to the 
tooth loss. Hydrogen peroxide (H2O2) is a major byproduct during the pathogenesis of periodontitis, which hints 
that direct and in-situ detection of H2O2 provides an effective way for early diagnosis of periodontitis. Herein, a 
non-enzymatic and highly electrocatalytic H2O2 biosensor was proposed by using a novel electrode composed of 
copper oxide nanoparticles (CuO NPs), black phosphorus nanosheets (BP NSs) and chitosan. Owing to the 
remarkable electrochemical redox capability of CuO NPs and marvelous conductivity of BP NSs, such hetero
structure attained enhanced surface adsorption and efficient electron transfer, contributing to ultrasensitive 
determination of H2O2 in a real-time manner. The synergistic effects of CuO and BP demonstrated supreme 
electrocatalytic ability with a low practical detection limit (30 nM), excellent sensitivity (138.00 μA mM− 1 

cm− 2), extraordinary selectivity, splendid reusability and long-term stability. In terms of biofluid level, this 
biosensor achieved feasible detection of H2O2 in saliva and gingival crevicular fluid samples and effectively 
differentiated patients of periodontitis from healthy people, which lay solid foundation for diagnosis of peri
odontitis. Referring to cellular scale, such device was successfully implemented to detect H2O2 released from 
macrophages and gingival fibroblasts, presenting favorable biosensing capability in living cells. Looking forward, 
this design of CuO/BP sensor could be extended to broader applications in monitoring physiological and dynamic 
in-clinic pathological processes in other inflammatory diseases.   

1. Introduction 

Periodontitis, as the sixth prevalent chronic inflammatory disease, is 
regarded as one of the most important global oral health burdens since it 
was found in approximate 50% of the population and also closely related 
with numerous systematic diseases including diabetes, cardiovascular 
disease, Alzheimer’s disease, etc [1]. Once periodontitis initiates, the 
damage of periodontal tissue is almost inevitable and irreversible. If left 
untreated, periodontitis would ultimately lead to the tooth loss. 
Currently, periodontitis is diagnosed almost entirely on the basis of its 
clinical manifestations such as indexes of gingival inflammation, prob
ing depth for periodontal attachment or radiographic examinations for 

alveolar bone loss. However, the early stages of periodontitis are still 
difficult to identify and quantify due to the lack of an effectively linear 
diagnostic tool and inconspicuous clinical indications. 

For last decades, ongoing efforts have been made on exploring novel 
biomarkers in saliva for diagnosis of periodontitis [2]. The alteration of 
cytokine levels like interleukin-1β (IL-1β) and tumor necrosis factor-α 
(TNF-α) in saliva are verified to be associated with the inflammatory 
response of periodontal tissue [3]. Whereas, the detection of such cy
tokines is accompanied with the utilization of antibody which is 
high-cost, easily inactive, and complicated in immobilized procedure. 
Inspiringly, extensive evidences confirmed that reactive oxygen species 
(ROS) such as hydrogen peroxide (H2O2) acted a significant role in the 

* Corresponding authors. 
E-mail addresses: wanglin1982@jlu.edu.cn (L. Wang), linxu@jlu.edu.cn (L. Xu).  

Contents lists available at ScienceDirect 

Sensors and Actuators: B. Chemical 

journal homepage: www.elsevier.com/locate/snb 

https://doi.org/10.1016/j.snb.2021.131298 
Received 6 September 2021; Received in revised form 14 December 2021; Accepted 18 December 2021   

mailto:wanglin1982@jlu.edu.cn
mailto:linxu@jlu.edu.cn
www.sciencedirect.com/science/journal/09254005
https://www.elsevier.com/locate/snb
https://doi.org/10.1016/j.snb.2021.131298
https://doi.org/10.1016/j.snb.2021.131298
https://doi.org/10.1016/j.snb.2021.131298
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2021.131298&domain=pdf
mkhan
Highlight

mkhan
Highlight



Sensors and Actuators: B. Chemical 355 (2022) 131298

2

pathogenesis of periodontitis [4]. Furthermore, a rising level of H2O2 
was spotted in gingival crevicular fluid (GCF) and saliva for individuals 
with periodontitis, exactly indicating underlying inflammation response 
[5]. Therefore, it is urgently desirable to develop a sensing system for 
determining H2O2 level in GCF and saliva for early diagnosis of peri
odontitis, and meanwhile achieving rapid, accurate, and non-invasive 
sensing platform to be beneficial to the timely intervention and guid
ance for therapeutics. 

Until now, tremendous progresses have been made to monitor H2O2 
concentration by various approaches such as chemiluminescence, flu
orometry, colorimetry, etc [6]. However, these methods still suffer from 
expensive charge, complex instrumentations, long operating time as 
well as inaccessibility for the general public without systematic exper
tise. Recently, electrochemical detection of H2O2 has raised much in
terest for its unparalleled sensitivity and low detection limit. 
Particularly, non-enzymatic sensors take prevalence owing to the simple 
fabrication procedure, favorable repeatability, excellent electrocatalytic 
activity, and superior adaptation for monitoring H2O2 [7]. In 
enzyme-free electrochemical systems, transition metal oxides (TMOs) 
have been widely employed in biosensors on account of supreme elec
trochemical stability and environmental compatibility [8]. Thereinto, 
copper oxide (CuO) nanostructures as a p-type semiconductor with a 
narrow band gap of 1.2 eV, have been deeply exploited and perform 
prominent efficiency due to its remarkable electrochemical redox 
capability as well as large catalytic active areas. Nevertheless, its weak 
combination, inferior cyclic stability and poor electron conductivity 
(≈10− 3 S m− 1) have strongly limited the physiological application for 
electrochemical detection of H2O2 [9], The effective strategy to enhance 
the electrochemical performance of CuO sensors can be summarized as 
the following approaches: morphology modulation in size and specific 
surface area, defect engineering in electronic structure and inherent 
capability, and heterostructure construction in building hierarchical 
materials pairs, etc [10,11]. Among these methods, heterostructure 
construction is an effective and simple method for enhancing the cata
lytic capabilities of the electrocatalyst by constructing novel hierarchi
cal components [12]. Compared with bare CuO, heterostructure design 
attains marvelous electrochemical sensing competence, such as 
enhanced recognizing and differentiating capacity for higher sensitivity 
and better selectivity [13], which is attributed to multiplication of 
electron absorption capability and interfacial charge transport from 
each component. 

Recently, two-dimensional (2D) materials attract more and more 
interest since the successful isolation of graphene from graphite in 2004 
on account of completely unexpected and extraordinary properties [14]. 
Specifically, with almost single atomic thickness layer-dependent 
bandgap, moderate carrier mobility, large surface-area-to-volume, 2D 
materials are definitely ideal candidate for use in biosensing, bio
imaging, photothermal therapy, photodynamic therapy, and drug de
livery [15]. Black phosphorus (BP), a particularly appealing 2D 
nanomaterial in the post-graphene era, is the most stable allotrope of 
phosphorus elements [16]. As 2D material, BP is advantageous for large 
specific surface area, high electron mobility (104 cm2 V− 1 s − 1), short ion 
diffusion channels, and robust mechanical flexibility. Compared to other 
2D materials like graphene and transition-metal dichalcogenides, BP 
shows outstanding biocompatibility and favorable biodegradability in 
the body, which makes it an optimum choice for various biological ar
rays and extensively applied in electrochemical sensors. Until now, Yan 
et al. have demonstrated a non-enzymatic H2O2 sensor based on 
few-layer BP for the first time to utilize BP degradation under ambient 
conditions [17]. Zhao et al. have proposed a simple, noncovalent 
modification strategy to synthesize poly-L-lysine-black phosphorus 
(pLL-BP) hybrid, which displays excellent catalytic activity toward the 
reduction of oxygen and hydrogen peroxide [18]. Zhao et al. have 
fabricated a copper–chitosan–black phosphorus nanocomposite 
(CuNPs-Chit-BP) for monitoring H2O2, which proposed a new strategy to 
explore novel BP-based non-enzymatic biosensing platforms [19]. All 

biosensors mentioned above obtain supreme electrochemical detecting 
performance with addition of BP owing to the inherent electronic and 
biological character especially the high carrier mobility and fabulous 
biocompatibility. However, the sensing performance of the combination 
of BP and TMOs (such as CuO, ZnO, etc) are not yet investigated espe
cially as a biosensor to detect H2O2 in cellular level or in biofluids for 
early diagnosis of periodontitis. 

Herein, we designed and fabricated an electrochemical biosensor 
with copper oxide nanoparticles (CuO NPs) anchoring onto black 
phosphorus nanosheets (BP NSs) for sensitive and selective detection of 
H2O2 with high affinity and recognition capabilities. Combining 
extraordinary surface absorption capability of CuO and excellent inter
facial electron mobility of BP, such biosensor demonstrated brilliant 
sensitivity, reusability and stability. Furthermore, with superior selec
tivity, it allowed for precise recognition and diagnosis of early peri
odontitis using human gingival crevicular fluid (GCF) and saliva 
samples. Moreover, great potential has been explored for rapid and 
direct detection of secretion of H2O2 in a cellular level upon external 
stimulation. This work paves the way of accurate detection of H2O2 for 
early diagnosis and treatment in terms of diseases more than 
periodontitis. 

2. Results and discussion 

2.1. Characterization of CuO NPs/BP NSs samples 

Fig. 1A depicted the schematic preparation process of CuO/BP 
nanocomposites and subsequent modification of the electrode. The 
morphology and surface characteristics of as-prepared samples were 
first illuminated by TEM images. Fig. 1B showed the uniform and 
spherical CuO NPs with the diameter in range of 10-50 nm, even after 
surface modified with CTAB. While, Fig. 1C confirmed the successful 
inheritance of the typical lamellar morphology of BP NSs. After mixing, 
the CuO NPs could uniformly disperse onto the few-layer BP NSs 
(Fig. 1D) due to the mutual electrostatic adsorption. The heterostructure 
of CuO/BP was also proved by SEM images (Fig. S1), in which CuO NPs 
were well and clearly anchoring on wrinkled BP NSs. In detail, the 
HRTEM images exhibited apparent lattice fringes with an interplanar 
spacing of 0.232 nm (Fig. 1E and G), which agreed well with the (111) 
plane of cubic CuO. In Fig. 1F and G, the lattice fringes of 0.26 nm were 
attributed to the (040) plane of BP, further confirmed the well combi
nation of CuO NPs and BP NSs. In addition, the EDS mapping were 
employed to determine the element distribution and purity of the pre
pared CuO/BP hybrid. As shown in Fig. S1, the hybrid consisted of O, Cu 
and P elements, and all the elements were uniformly distributed 
throughout the whole sample. All above results indicated that the CuO 
NPs were homogeneously coated on the BP layers in the CuO/BP hybrid 
structure due to electrostatic adsorption. Moreover, such unique heter
ostructure contributed to enlargement of surface area and enhancement 
of electron-transfer processes, which accounted a lot for electrochemical 
detection of trace amount of H2O2. 

Besides HRTEM, the crystal structure of the CuO/BP composite was 
elucidated by XRD spectra. As shown in Fig. 2A, two strong peaks 
centered at 35.5◦ and 38.6◦ were corresponding to the (002) and (111) 
planes of CuO (JCPDS#80-1917), respectively. Two typical diffraction 
peaks at 17.0◦ and 34.3◦ were well indexed to the (020) and (040) planes 
of BP (JCPDS#73-1358). Notably, the distinct peaks of BP were weaker 
in the XRD pattern of nanohybrid, which could be attributed to the re
action process accompanied with the oxidation of few-layer BP and 
formation of PxOy during the individual reaction [20]. These results 
confirmed the successful formation of composite structure of CuO/BP. 
The variation in the Raman spectra for CuO, BP, and final CuO/BP hy
brids was plotted in Fig. 2B. Three typical Raman peaks in spectra of 
CuO were situated at 283, 328 and 628 cm− 1. While, the symbolization 
of bare BP was represented by three characteristic peaks centered at 
363.7, 441.0, and 469.5 cm− 1, corresponding to A1

g, B2
g, and A2

g 
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vibrational modes, respectively. For the CuO/BP nanocomposites, the 
shift for distinct peaks compared with those of pure CuO and bare BP 
indicated an intimate interfacial interaction between different contents 
of the hybrid [21]. 

In addition, the vibrational modes of pure nanomaterials and nano
hybrid were also explored by the FTIR spectra to serve as evidence of 
heterostructure formation. Fig. 2C depicted the FTIR spectra of CuO, BP 
and CuO/BP nanocomposites. For CuO NPs, the band lined at 643 cm− 1 

Fig. 1. (A) Formation of the CuO/BP nano
composites: the annealed CuO NPs were modi
fied by CTAB, and then anchored onto the 
exfoliated BP NSs by mixing in solution. The 
stepwise process for the modified electrode: the 
CuO/BP nanocomposites and CS were dropped 
onto the GCE sequentially. The electrooxidation 
mechanism on the prepared electrode: conver
sion from H2O2 to H2O and O2 is in accordance 
with valence change of Cu. Characterization of 
CuO/BP nanocomposites: (B-D) Typical TEM 
images and (E-G) corresponding HRTEM im
ages of (B, E) CuO NPs, (C, F) BP NSs, and (D, 
G) CuO/BP nanocomposites.   

Fig. 2. Surface morphology analysis of CuO/BP nanocomposites: (A) XRD patterns, (B) Raman spectra, and (C) FTIR patterns of CuO, BP and CuO/BP; high- 
resolution XPS spectra of (D) Cu 2p, (E) O 1s and (F) P 2p. 
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can be attributed to the Cu(II)–O elastic vibration [22]. Furthermore, the 
O–H stretching band was situated at 1625 and 3400 cm− 1, which sug
gested the existence of hydroxyl ions due to the metal-OH layer [23]. In 
terms of CTAB, the tiny bands in the region of 1426 cm− 1 were attrib
uted to the deformation of -CH2- and -CH3 groups in the incorporated 
surfactants. Subsequently, the weak bands detected at 2984 and 
2873 cm− 1 were ascribed to C-CH2 asymmetric stretching and N-CH3 
symmetric stretching vibrations of the solid and the surfactant, respec
tively [24]. As for BP NSs, the P-O absorption band was observed at 
1083 cm− 1. All bands mentioned above were spotted in the spectra for 
CuO/BP nanocomposites, confirming the successful formation of such 
unique heterostructures. Furthermore, the Cu(II)–O elastic vibration 
was relatively weaker in the hybrid sample compared with bare CuO 
NPs, demonstrating interfacial interaction of the nanocomposites. 

The surface element information (such as valance state and compo
sition) of the CuO/BP composite were obtained through XPS analysis. 
The XPS survey spectrum in Fig. S2 demonstrated the presence of Cu, O, 
C, Br and P elements. The high-resolution Cu 2p spectrum of CuO and 
CuO/BP composite (Fig. 2D) showed two main peaks centered at 933.6 
and 953.3 eV, along with two corresponding satellite peaks located at 
941.7 and 961.4 eV. The two main peak were assigned to Cu 2p3/2 and 
Cu 2p1/2, respectively. Compared with pure CuO, there was a slight shift 
for Cu 2p peak towards higher binding energy in CuO/BP composite, 
indicating a modification of the electron density on CuO due to the 
interactive coupling between CuO and BP. The broad Cu 2p3/2 peak had 
been decomposed into two peaks related to Cu(I) and Cu(II) respectively 
[25]. The Cu(I) peak for CuO and CuO/BP were situated at 932.1 and 
932.6 eV，the binding energy of Cu(II) peak was 934.3 eV for CuO and 
934.7 eV for CuO/BP [26]. Moreover, the [Cu(I)/Cu(I)+Cu(II)] area 
ratios in the Cu 2p3/2 peak were calculated to be 36.0% and 40.5% for 
CuO and CuO/BP samples respectively. All mentioned above indicated 
the existence of Cu(I) and its increase in CuO/BP samples compared with 
bare CuO samples. This phenomenon may be assigned to the reason that 
excellent interfacial electron mobility of BP facilitates the whole redox 
process [27]. According to binding energy of O 1 s (Fig. 2E), the XPS 
spectra of CuO can be deconvoluted into three peaks: lattice oxygen 
(OCu), deficient oxygen (Ov), and adsorbed oxygen (Oads) species, with 
corresponding peak intensities of 529.9 eV, 531.3 eV and 532.8 eV, 
respectively [28]. In CuO/BP composite, each characteristic peak had 
some shift owing to the varied and complicated chemical environment 
of O. The corresponding deficient oxygen ratios were calculated to be 
37.3% and 41.1% respectively for CuO and CuO/BP samples, suggesting 
that more surface oxygen vacancies were formed on the surface of CuO 
samples [29]. The concentration of oxygen vacancies is directly core
lated with the reduction process from Cu(II) to Cu(I), and when the 
concentration of Cu(II) decreases, the concentration of oxygen vacancies 
may increase [30]. Moreover, the reduction process from Cu(II) to Cu(I) 
is lubricated by the rapid diffusing channel provided by BP [31], 
demonstrating that introduction of BP enhanced the amount of deficient 
oxygen. Finally, Fig. 2F shows the P 2p spectra of CuO/BP nano
composite as well as pure BP sample. The P 2p spectrum of pure BP 
sample exhibited the P 2p3/2 and P 2p1/2 doublets at 128.9 and 
130.1 eV, respectively, which were the characteristics of the P-P bond 
within BP. Interestingly, the typical peaks of P 2p exhibited a obvious 
shift to higher binding energies in the CuO/BP heterostructure. In XPS 
analysis, the increasing binding energy indicates a lessened screening 
effect owing to the decrease of electron density [32]. The reduction of 
electron density surrounding BP was approximately assigned to the 
electron transfer from BP to CuO through the contact interface. Besides, 
the peak at 133.6 eV came from the P-O bonding and its intensity 
increased a lot in the CuO/BP composite, which enabled the few-layer 
BP matrix to bind strongly with CuO and enhanced the electro
chemical performance, especially the sensitivity and stability [33]. 

2.2. Electrochemical behavior investigation 

CuO has been deeply exploited in electrochemical sensing field and 
performs prominent efficiency in non-enzymatic biosensor [34]. Hence, 
CuO was deemed as dominant sensing part in the CuO/BP hybrid and 
the optimal amount of CuO NPs was first investigated using cyclic vol
tammetry (CV) tests in CS/CuO/GCE for better compounding. As shown 
in Fig. 3A, among four serial concentrations (1.25–5 mg mL− 1), CuO 
NPs at a concentration of 2.5 mg mL− 1 showed superior detection per
formance. In accordance, the CuO/BP composites were prepared using 
2.5 mg mL− 1 of CuO NPs solution with different amount of BP. Then, 
CS/CuO/GCE, CS/BP/GCE and CS/CuO/BP/GCE were used as working 
electrodes for CV tests to assess the electrocatalytic activity of the het
erostructure. As shown in Fig. S4A-D, the obvious oxidative and 
reductive peaks were observed in CuO-based electrodes in contrast with 
those of CS/BP/GCE. In addition, the corresponding anodic current of 
CS/CuO/BP/GCE was much higher than that of CS/CuO/GCE even 
without H2O2. As revealed by the XPS spectra of Cu 2p3/2 (Fig. S3), the 
fabricated CuO-based electrodes were both consist of Cu(I) and Cu(II) 
species. The area ratio of [Cu(I)/Cu(I)+Cu(II)] in Cu 2p3/2 spectrum of 
CuO/BP sample was as high as 40.5%, which was remarkably higher 
than pure CuO sample. According to the previous study, the anodic 
current of CuO-based electrodes whose surface were enriched in Cu(I) 
can be elaborated as [35,36]:  

Cu2O + 2OH− - 2e− →2CuO + H2O                                                 (1) 

After introduction of H2O2, the Cu(II) was chemically reduced to Cu 
(I) as demonstrated through the following the equation:  

2CuO+H2O2→Cu2O+H2O+O2                                                         (2) 

In such process, the oxidation of Cu(I) occurred as quickly as the 
reduction of Cu(II) promoted by H2O2. As illustrated in Fig. 3B, the CS/ 
CuO/BP/GCE had a considerable increase of redox current compared to 
the other electrodes in 0.1 M NaOH containing 2 mM H2O2. In Fig. S4E, 
with concentration of H2O2 increasing, the oxidative current enhanced 
as well. Since the above reaction between CuO and H2O2 was rapid, the 
CuO/BP hybrid may act as a good intermediate to assist the electron 
delivery between H2O2 and the electrode, facilitating the enhancement 
of the anodic peak current. 

The improvement of electrochemical performance was most prob
ably attributed to unique heterostructure of CuO/BP. Three factors can 
be assigned for superior electrochemical behavior of CS/CuO/BP/GCE. 
Foremost, as discussed above, Cu(I)/Cu(II) redox pair play a vital role in 
the electrochemical response in H2O2 detecting. Importantly, the Cu(I) 
species on the electrode surface increased after integrating BP with CuO 
as shown in the XPS result. Therefore, plenty amounts of Cu(I)/Cu(II) 
lubricated the electrochemical detection process magnificently. More
over, the significantly increased amount of deficient oxygen on the 
surface of CuO/BP nanocomposite, as proven in the deficient oxygen 
ratio in the XPS spectra of O 1 s, contributed a lot to facilitate the 
electrochemical sensing performance owing to improving redox capa
bility. This can be elucidated by the fact that increased deficient oxygen 
ratio enhances oxygen vacancies, which work as electron mediator in 
transferring electrons [37]. Referring to morphological aspect, the 
wrinkled structure of BP NSs was applied to provide a wide, open, and 
continuous place, which promoted anchoring sites for sensitive mate
rials to fully contact with target analytes. Finally, abundant amounts of 
heterojunctions were formed at the interface of CuO and BP which built 
the rapid diffusing channel for the transfer of electron between CuO NPs 
and H2O2, in this way, extraordinary recognizing capacity and ultralow 
detection limit can be achieved. 

To continue, the concentration ratio of CuO and BP was explored to 
optimize the monitoring performance. In Fig. 3C, CuO4-BP1 electrode 
represented the highest value of reduction peak current. The result 
confirmed that higher proportion of CuO in the modified electrodes 
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enhanced the catalytic activity and the catalytic role of CuO was 
extremely significant in the reaction process of H2O2 oxidation. 
Furthermore, BP played an auxiliary role who provided both effective 
electronic channels and amounts of active sites, facilitating the elec
trochemical sensing for H2O2 determination. While, too many BP NSs 
may consequently block the pathway for sensing material contacting 
with the target molecules. Therefore, the optimized CuO4-BP1 electrode 
was selected for further electrochemical studies toward H2O2 
determination. 

Subsequently, the CVs of the as-prepared CS/CuO/BP/GCE at 
various scan rates (200–1000 mV s− 1) were investigated in 2 mM H2O2 
solution (Fig. 3D). The corresponding density of the redox peak linearly 
increased along with the square root of scan rate (Fig. 3E), and the 
correlation coefficients (R2) were determined to be 0.9970 and 0.9971 
for oxidation and reduction peaks, respectively, illustrating a diffusion- 
controlled electrochemical process [38]. Controlled by such process,the 
transfer of the generated electrons improved a lot. Afterwards,the 
electron transport ability of different electrodes was explored and 
compared via the EIS technique. Fig. 3F displayed the Nyquist plots of 
CS/CuO/BP/GCE compared with CS/CuO/GCE, CS/BP/GCE, CS/GCE 
and bare GCE in the presence of redox probe [Fe(CN)6]3− /4− . The 
capability of electron transfer on the different electrodes can be pre
sented by the semicircle of EIS, which signifies the resistance originating 
from charge transfer limitation (Rct). Here, a simple equivalent circuit 
was applied to model the impedance data in the presence of redox 
couples and also to calculate the exact Rct value of each curve, which 
was shown in the inset of Fig. 3F. In this circuit, Rs, Cdl, and Rct signified 
the solution resistance, the double layer capacitance, and the charge 
transfer resistance, respectively. The results demonstrated that the bare 
GCE attained an electron-transfer resistance of about 44.79 Ω, indi
cating a very low electron-transfer resistance to the redox probe dis
solved in the electrolyte. When modified with CS, the semicircle 
increased to 1161 Ω compared to the bare GCE, implying bad electrical 
conductivity of CS. The resistance of CS/CuO/BP/GCE was 100.7 Ω, 
much lower than the resistance of CS/CuO/GCE and CS/BP/GCE (555.1 
and 238.4 Ω, respectively), which may be attributed to the CuO/BP 
heterostructure with larger electrode contact area and accelerated 
charge transfer. 

To determine the response efficiency and sensitivity of the as- 
prepared electrode for H2O2 detection, amperometric measurements 
were further evaluated. Owing to the fact that the applied potential in 
chronoamperometry has a significant influence on the sensitivity of an 
electrochemical sensor [39], the current-time (i–t) test was first con
ducted at different applied potentials in CS/CuO/BP/GCE, since the 
current of CV curve reached to a platform at 0.1–0.3 V (green line in 
Fig. 3C), indicating supreme conducting and sensing ability. Fig. 4A&4B 
displayed the amperometric response and corresponding calibration 
curves of CS/CuO/BP/GCE upon successive addition of H2O2 with 
increasing concentrations into 0.1 M NaOH solution at different poten
tials in range of 0.1–0.3 V. As compared, the current-time (i–t) curve 
under 0.3 V showed the highest current response due to more trans
ferring electron provided by higher potential, approximately [40]. 
Accordingly, all the current responses were monitored under 0.3 V for a 
better performance. 

To obtain a clear comparison of the advantage of the CuO/BP com
posite, CS/CuO/GCE, CS/BP/GCE and CS/CuO/BP/GCE were further 
served as working electrodes for chronoamperometry tests in 0.1 M 
NaOH solution. The i–t and corresponding calibration curves were 
plotted in Fig. 4C&4D and Fig. S5 displayed the calibration curves at 
lower concentration in detail, indicating superior detection capacity of 
the heterostructure for CuO/BP, which was consistent with the result in 
CVs. On the basis of the above calibration curves as exhibited in 
Fig. 4B&D, the sensitivity, linear range, correlation coefficients (R2), 
and the theoretical limit of detection (LOD) of the different electrodes in 
this work were summarized in Table 1. 

Referring to potential, the sensitivity increased as the voltage 
elevated from 0.1 V to 0.3 V, meanwhile, the detecting limit became 
lower, which may be attributed to enhanced electron mobility for higher 
potential [40]. At applied voltage of 0.3 V, the CS/CuO/BP/GCE 
exhibited excellent sensitivity of 138.00 (0.2–99.8 μM) and 11.32 
(99.8–9339.8 μM) μA mM− 1 cm− 2, as well as a low theoretical detection 
limit of 0.112 μM. Compared with CS/CuO/GCE and CS/BP/GCE, the 
superiority of CS/CuO/BP/GCE was largely assigned to sufficient syn
ergistic effect between CuO and BP, which contributed to enhanced 
surface adsorption and efficient electron transfer for better sensing 
performance. Moreover, the actual detection limit was estimated to be 

Fig. 3. Electrochemical properties of the modified electrodes: (A) CVs of pure CS/CuO/GCE with different concentrations of CuO NPs; (B) CVs of CS/CuO/GCE, CS/ 
BP/GCE and CS/CuO/BP/GCE, respectively; (C) CVs of CS/CuO/BP/GCE with different CuO/BP ratios; (D) CVs of CS/CuO/BP/GCE at various scan rates; (E) 
oxidation or reduction peak current density vs. the square root of scan rates. All CVs were tested in 0.1 M NaOH with 2 mM H2O2. (F) EIS of bare GCE, CS/GCE, CS/ 
CuO/GCE, CS/BP/GCE and CS/CuO/BP/GCE in 5 mM [Fe(CN)6]− 3/− 4 (1:1) + 0.1 M KCl. 
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30 nM (Fig. 4E), indicating the supreme sensitivity of the 
CS/CuO/BP/GCE (signal-to-noise ratio (S/N) = 3). Meanwhile, the 
sensing performance of the prepared CS/CuO/BP/GCE are also 
compared with some typical non-enzymatic H2O2 biosensors. Compared 
with various electrochemical biosensors in previous literatures 
(Table S1), the ultrawide linear range and extremely low detection limit 
of CS/CuO/BP/GCE indicated the electrocatalytic ability of such het
erostructure with abundant active sites and effective electronic chan
nels. Furthermore, this absolutely confirmed its promising potential for 
application in real-time detection of H2O2, particularly in inflammatory 
diseases with pathological H2O2 elevation. 

In addition, the selectivity of the as-prepared sensor was examined in 
Fig. 4F by adding 20-fold concentration of potentially interfering bio
molecules in the electrolyte such as glucose (Glu), sucrose (Suc), uric 
acid (UA), ascorbic acid (AA), Ca2+, Mg2+, and K+ during the amper
ometry test. The sensor detected a negligible interference compared 
with two injections 0.5 mM of H2O2 in the solution, demonstrating the 
good selectivity of the CS/CuO/BP/GCE. Subsequently, the repeatability 
was evaluated by measuring a single CS/CuO/BP/GCE for five times to 
detect 20 μM of H2O2 in 0.1 M NaOH solution, which exhibited a rela
tive standard deviation (RSD) of 3.3% (Fig. 4G). Besides, reproducibility 
was investigated by examining five electrodes in the same condition. 
The RSD was determined to be 1.1% (Fig. 4H). Ultimately, the long-term 
stability of the supposed electrode was illustrated in Fig. 4I by contin
uously measuring the response to 20 μM H2O2 in 0.1 M NaOH solution 
for 5 weeks. The CS/CuO/BP/GCE at 5th week could maintain as high 
response value as > 98% level compared to that at 1st week. All these 

results suggested that such electrochemical biosensor exhibited a 
favorable sensing performance in detection of H2O2, demonstrating the 
excellent practicability of the proposed H2O2 biosensor. 

2.3. Feasibility study of the electrochemical biosensor 

With respect to the practicability and feasibility of the electro
chemical biosensor for early diagnosis for periodontitis, all sensing ac
tivity ought to implement under supposed pathological environment. 
Before all practical tests, the CS/CuO/BP/GCE was examined in 0.01 M 
PBS (pH = 8.5), which simulated the salivary alkaline environments for 
patients with periodontitis [41]. As shown in Fig. S6, the CV curve 
confirmed the outstanding electrochemical catalytic effect of such 
hybrid under alkalescent physiological environment, comparing with 
the bare CS/CuO/GCE. Moreover, the selectivity in alkaline PBS was 
displayed in Fig. S7, further proving its extraordinary performance as an 
electrochemical biosensor. It was worth mentioning that though the 
current reached a platform stage at 0.25 V in the CV curve (Fig. S6), the 
selectivity test attained inferior performance at the same potential. This 
may be assigned to the fact that lower potential lacked distinct recog
nizing capability in PBS solution. As a result, wide range of potentials 
(0.15–0.65 V) were investigated and supreme selective competence was 
obtained under 0.55 V (Fig. S7). Subsequently, Fig. S8 presented the i-t 
and corresponding calibration curves of the supposed electrode 
(CS/CuO/BP/GCE, 0.55 V) with the excellent sensitivity of 1.70 
(40–480 μM) and 0.58 (480–9280 μM) μA mM− 1 cm− 2, as well as a low 
theoretical detection limit of 3.48 μM. which indicated its brilliant 

Fig. 4. Electrocatalytic performance of the supposed electrodes: (A) i–t curves with successive additions of H2O2 at an applied potential of 0.3 V, 0.2 V, 0.1 V for CS/ 
CuO/BP/GCE; (B) Calibration curves for i–t curves of (A); (C) i–t curves with successive additions of H2O2 for CS/CuO/BP/GCE, CS/CuO/GCE, CS/BP/GCE; (D) 
Calibration curves for i–t curves of (C); (E) LOD study with additions of H2O2 for CS/CuO/BP/GCE at an applied potential of 0.3 V; (F) Selectivity study for CS/CuO/ 
BP/GCE in the presence of 0.5 mM H2O2 and 1 mM interfering chemicals; (G) Repeatability for single CS/CuO/BP/GCE; (H) Reproducibility for five CS/CuO/BP/ 
GCEs; and (I) Long-term stability for CS/CuO/BP/GCEs every week, all curves were tested in 0.1 M NaOH. 
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sensing performance in the mimicking environment of periodontitis. 
As presented in Fig. 5A, the clinical practicability for early diagnosis 

of periodontitis was investigated at a biofluid level and cellular level. 
The artificial saliva was first applied as a simulated body fluid for H2O2 
biosensing with CS/CuO/BP/GCE, since it mimics the exact environ
ment of saliva which contains numerous ions such as Na+, K+, Ca2+, 
NH4

+ and Cl-. Consequently, this test evaluated detection performance 
of the supposed biosensor in more complicated surroundings. The re
covery was assessed by mixing artificial saliva with three different 
concentrations of H2O2. The results listed in Table S2 confirmed the 
recoveries of 98.1–99.5% for artificial saliva, suggesting its great po
tential for H2O2 determination for biological application. 

In order to further explore the CS/CuO/BP/GCE for practical appli
cations, the sensor was applied to monitor H2O2 in human saliva and 
GCF of 10 patients (from Department of Periodontology, Hospital of 
Stomatology, Jilin University). Samples from ten healthy people were 
also detected as control. The protocol for sample collection was 
approved by the Institutional Review Board of Jilin University, Hospital 
of Stomatology. Informed consents were provided by all individuals 
involved in this study prior to the sample collection. Each clinical 
sample was measured by three different CS/CuO/BP/GCEs. As shown in 
Fig. 5B, after a 10 μL aliquot of clinic GCF sample was added into 10 mL 
of 0.01 M PBS solution. the response current of healthy people was very 
close and low (at approximately 0.01 nA). In contrast, the corresponding 
current intensity of samples from patients with periodontitis rendered a 
significantly higher (> 1.5 nA) current intensity. The investigation of 
saliva samples demonstrated the similar condition as GCF samples 
except lower current response for pathological samples (Fig. 5C). The 
current intensity difference of patients may attribute to the closer po
sition of gingival crevicular to the teeth, which enables the easier 
collection and enrichment of biofluid. Hence, this sensor could be used 
not only to monitor H2O2 in oral fluid such as GCF and saliva, but also to 
distinguish between healthy people and periodontitis patients with 
optimal threshold for accurate diagnosis of periodontitis. 

With respect to the microcosmic level, H2O2 is a biomarker for in
flammatory cells since it is closely associated with dysfunction of 

cellular metabolism by NADPH oxidase enzymes [42] In periodontitis, 
such enzyme exists in many cell types, especially in immune cells or 
fibroblasts. Therefore, macrophages (murine Raw 264.7 cell line) and 
fibroblasts (human gingival fibroblast cells, HGF cells) were utilized as 
cell models for H2O2 detection by CS/CuO/BP/GCE via the ampero
metric technique. To guarantee the adaptability of this biosensor in the 
cellular level, different stimulants including LPS, AA and PMA were used 
to stimulate two kinds of cells to produce H2O2, as they can disrupt 
intracellular redox homeostasis of cells. Fig. 5D showed the current 
response of CS/CuO/BP/GCE in presence of cells in 0.01 M PBS. With 
the addition of LPS, the current response increased, indicating release of 
H2O2 from the cells (curve a&b). However, with the introduction of both 
stimulants and catalase (a selective scavenger of H2O2), no current in
crease could be spotted (curve c&d), further proving that the current 
increase was owing to H2O2 released from the cells. Moreover, the 
current response of Raw 264.7 was stronger than that of HGF cells, 
owing to lower cells amount (half dish of cells were implemented 
independently with approximately 3.5 ×106 Raw 264.7 cells or 1 ×106 

HGF cells). The same situation was spotted when AA and PMA were 
applied as stimulants (Fig. 5E&F). Interestingly, PMA contributed to 
weaker current response compared with LPS and AA, which was in 
accordance with previous literature [43]. These results demonstrated 
that stimulants can induce living Raw 264.7 or HGF cells to generate 
H2O2, which can be scavenged by catalase. The corresponding process 
for Fig. 5D-F was visualized by H2O2 fluorescence probe DCFH-DA in 
living cells. As shown in Fig. 5G, the Raw 264.7 or HGF cells displayed 
weaker intensity of fluorescence without stimulating agent. However, 
when the cells were stimulated by AA, LPS or PMA, intense green 
fluorescence was observed. Interestingly, groups with integration of 
stimulants and catalase showed similar fluorescence signal as groups 
without any stimulation. The confocal microscopy investigation 
enhanced the reliability for feasibility of biosensor at the in vitro cellular 
level. Overall, the designed biosensor could be applied to monitor H2O2 
and possessed extraordinary potential in inflammatory conditions. 

So far, numerous efforts had been done for periodontitis diagnosis 
based on biomarkers such as proteins [44–46], enzymes [26,47], ions 
[48,49], genes [50,51], endotoxins [52], etc. This work also presented 
smart strategy to detect H2O2 for early recognition of periodontitis, 
which provided favorable convenience, sensitivity and feasibility. 
However, point-of-care testing (POCT) platform would still be the pri
mary trend in the near future [53], which emphasizes flexibility and 
portability of certain biosensors. Therefore, further studies should focus 
on wearable and integrative devices for diagnosis and treatment of 
diseases much more than periodontitis. 

3. Conclusion 

To sum up, this work modifies classical GCE with combination of 
heterostructure of CuO NPs and BP NSs to detect H2O2 for timely 
diagnosis of early periodontitis. Using the 2D BP NSs as supporting 
materials to load CuO NPs, the fabricated CS/CuO/BP/GCE exhibits the 
best electrocatalytic activity toward H2O2 oxidation on account of the 
unique surface configuration presenting synergistic effects that 
enhanced H2O2 adsorption and interfacial electron transfer. This non- 
enzymatic electrochemical sensor holds favorable selectivity, 
extremely wide concentration range and low practical LOD of 30 nM for 
monitoring H2O2. Moreover, this sensor can also be utilized for real-time 
detection of H2O2 secreted from macrophages and gingival fibroblasts 
upon stimulation. More importantly, this work provides an interesting 
and optimal method for recognizing the early periodontitis from oral 
biofluids such as saliva and GCF, which are quite accessible in clinic to 
realize a non-invasive diagnosis. Therefore, this work offers brilliant 
scheme to apply efficient biosensor in diagnosis and treatment of dis
eases. Overall, the CuO/BP modified sensor for H2O2 detection could not 
only be used for the early diagnosis of periodontitis, but also be extended 
for other inflammatory diseases. 

Table 1 
The summary of sensing performance among different electrodes for detecting 
H2O2 in NaOH solution in this work.  

Working 
electrode 

Applied 
potential 

(V) 

Theoretical 
LOD (μM) 

Detection 
range (μM) 

Sensitivity 
(μA mM− 1 

cm− 2) 

R2 

CS/CuO/ 
BP/ 
GCE 

0.10 1.70 2–338 8.56 0.9989 

(in 
NaOH)   

338–5338 5.15 0.9953 

CS/CuO/ 
BP/ 
GCE 

0.20 1.14 2–538 17.41 0.9853 

(in 
NaOH)   

538–5338 8.11 0.9926 

CS/CuO/ 
BP/ 
GCE 

0.30 0.112 0.2–99.8 138.00 0.9908 

(in 
NaOH)   

99.8–9339.8 11.32 0.9830 

CS/CuO/ 
GCE 

0.30 0.152 0.2–19.8 63.98 0.9898 

(in 
NaOH)   

19.8–13339.8 8.88 0.9952 

CS/BP/ 
GCE 

0.30 0. 83 2–18 13.63 0.9797 

(in 
NaOH)   

18–5338 7.54 0.9990 

CS/CuO/ 
BP/ 
GCE 

0.55 3.48 40–480 1.70 0.9964 

(in PBS)   480–9280 0.58 0.9943  
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