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A B S T R A C T   

Developing efficient and sensitive cytosensing method has great significance for the detection of low abundant 
circulating tumor cells (CTCs). Electrochemiluminescence (ECL) biosensor, as an attractive analytical tool, has 
shown a great potential in sensitive cell counting. Its detection efficiency is strongly dependent on the electro
chemiluminescent materials, whose property is related to its morphology and surface vacancies. Herein, the 
ultrathin Lu2O3–S nanosheets contain abundant oxygen vacancies were newly synthesized. Its special two- 
dimensional (2D) structure morphology and surface vacancy endowed it intensified and stable ECL emission. 
The possible mechanism was deduced from experiments and discussed. Then, through integrating with a DNA 
device cycle-amplification system plus signal conversion pretreatment, we constructed a crossed enhanced ECL 
cytosensing platform. In this system, the target cells were transformed into programmable sequences, which 
could be next coupled with DNA device cycle-amplification on the modified electrode surface. Using Ag2S 
quantum dots as the energy acceptor toward Lu2O3–S donor, and CCRF-CEM cells (CEM) as the model CTCs, an 
enhanced ECL cytosensing platform was proposed, displaying good analytical performance for acute lympho
blastic leukemia cancer cell detection. The ECL signal responded proportionately on the CEM cells concentration 
in a wide range of 5 × 10 to 1 × 106 cells/mL, and a low detection limit of 10 cells/mL was obtained. This work 
provided an alternative way to design high-performance ECL luminophores, and also would be an effective 
solution for CTCs counting.   

1. Introduction 

Cancer is a malignant disease with high fatality rate. The detection of 
cancer biomarker is of great significance for achieving precise medicine 
and reducing mortality [1,2]. Circulating tumor cells (CTCs) as one of 
important cancer markers, whose expression level is closely related to 
tumor stage diagnosis and therapy [3–6]. While, the number of CTCs is 
extremely rare in the peripheral blood of patients, which is a great 
challenge for sensitive analysis and specific diagnosis [7]. Hence, the 
development of sensitive cytosensing method of CTCs is essential to
wards timely diagnosis and treatment of cancer patients. Compared with 
the other reported efficient methods for CTCs counting, like photo
luminescence (PL) [8], electrochemical impedance spectroscopy (EIS) 

[9], and linear sweep voltammetry [10], electrochemiluminescence 
(ECL) assay exhibits remarkable characteristics including high sensi
tivity, low cost and low background noise [11]. 

For the construction of ECL cytosensing platform, developing highly 
efficient and robust emitters plays a key role in the improvement of ECL 
analytical performance. Studies have shown that the ECL emission is 
manifested as direct annihilation of the electrogenerated radical-ion 
(anion and cation) [12]. For the mostly used ECL 
emitters-semiconducting materials, the annihilation process is closely 
related to electron-hole recombination and high-energy electron trans
fer reaction of the surface states. Therefore, the ECL properties can be 
modulated by tuning the recombination dynamics of excited charge 
carriers like morphology and surface vacancies [13–15]. 
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Over the past few decades, various morphologies of advanced elec
trochemiluminophores with efficient ECL property applied in biosensing 
have been subjected to extensive studies, including nanotubes [16], 
nanoclusters [17], core@shell nanoparticles (NPs) [18], etc. Among all 
these choices, two-dimensional (2D) nanomaterials have been consid
ered as some of the most attractive candidates due to their unique 
physicochemical properties that emerge upon low dimensionalities, 
which possess the characteristic of high carrier mobility and large-area 
uniformity [19]. And the ultrathin planar structure of nanosheets pro
vides abundant responsive points for the immobilization of active mol
ecules [20]. The intensive efforts for graphene-like layered materials 
have been contributed, like transition-metal materials [21,22], which 
exhibit good performance in ECL biosensing detection. Lately, rare earth 
nanomaterials have drawn our attention due to their intrinsic lumines
cence properties and super biological compatibility [23]. Some attempts 
have been tried to develop diverse morphologies with rare earth ele
ments composition. For example, Shi’s group harnessed upconversion 
nanoparticles@g− C3N4 to accomplish multifunctional luminescent 
materials [24]. Chen’s group aimed at the issue of designing novel ECL 
emitter one dimensional europium hydroxide nanorods and proposed a 
bioanalysis for detection of thrombin [25]. Also, we have previously 
studied the effect of different morphologies of S-doped Y2O3 on ECL 
properties [26]. It was found that the structure of nanosheet exhibited 
better ECL performance and stability than nanowires. All the mentioned 
above inspired us that 2D rare earth nanomaterial might serve as a good 
ECL luminophore candidate. 

Apart from the tailoring of morphology, the surface vacancy is also a 
key point to intensify the performance of ECL luminophores. Some 
considerable synthesized approaches have been studied, including 
doping [27], hybridization [28], and encapsulation [29], which have 
shown great potential for modulating defects and exhibited the 
improvement in device fabrication, photocatalysis and biological ap
plications. Among them, heteroatom doping is widely used because it 
can effectively tune the charge distribution, create more surface va
cancies and increase carrier mobility [30]. However, the correlational 
research in ECL field is just getting started [31–33]. 

Accordingly, we expect to prepare a novel rare earth 2D structure 
emitter through adopting the method of heteroatom doping to modulate 
its surface defects for obtaining enhanced ECL performance and better 
cytosesing system. In this work, ultrathin Lu2O3–S nanosheets with 
abundant oxygen vacancies and strictly defined 2D confinement were 
newly synthesized and adopted as the desired electro
chemiluminophores. On this basis, a sensitive ECL cytosensing was 
established. CCRF-CEM (CEM) cells as one kind of CTCs were chosen as 

model analyte in the following research, which also is an essential 
biomarker of life-threatening acute lymphoblastic leukemia (ALL) [34, 
35]. For achieving higher sensitivity towards the low abundance CEM 
cells, we designed a cross-platform sensing system, which integrated 
DNA device cycle-amplification technology to convert few CEM cells 
into plenty of copyDNAs. 

Based on a Lu2O3–S/Ag2S ECL resonance energy transfer (ECL-RET) 
pair and signal conversion pretreatment of CEM cells, an enhanced ECL 
cytosensing was developed (Scheme 1). Firstly, through DNA 
hybridization-competition strategy, aptamers (sgc8c) modified Au NPs 
were attached to the surface of CEM cells where the membrane protein 
tyrosine kinase-7 (PTK7) specifically bound to sgc8 aptamers is over
expressing [36]. Meanwhile, most complementary sequences (interme
diate DNA) were released, CEM cells were converted to intermediate 
DNAs (Scheme 1A). Compared with target cells, the alternative DNA 
sequences can retain bioactivity for a longer time. Besides, they are more 
stable and maneuverable for signal amplification and can serve as a new 
targeting element in the following ECL detection system. Then, as shown 
in Scheme 1B, ultrathin Lu2O3–S nanosheets modified electrode 
exhibited a very strong ECL signal. S(sequence)12 and S34–Ag2S were 
attached to the electrode surface, which were consist of S1 and S2, 
S3–Ag2S and S4 by normal complementary base pairing, respectively. S2 
was used to restrict the hybridization between S1 and S34–Ag2S. When 
Ag2S quantum dots (QDs) located in the vicinity of the electrode surface, 
a decreased ECL response was caused due to the ECL-RET effect [37,38]. 
Then the intermediate DNA and T7 exonuclease (T7 exo) were incubated 
in the reaction solution. The former hybridized with S2 and released S1. 
The latter digested the blunt of hybrids and sheared S3–Ag2S into pieces. 
Concurrently, S1 was released and recycled. The ECL signal would 
recover and the quantitative detection of CEM cell was achieved. As a 
result, based on ultrathin Lu2O3–S nanosheets with abundant oxygen 
vacancies, an enhanced ECL cytosensing platform was constructed and 
exhibited a good analysis performance. The ECL property is influenced 
by the rate of electron-hole recombination and high-energy electron 
transfer of the surface states, which can be modulated by morphology 
and surface vacancies. We expected that synergistically tailoring of 
morphology and surface vacancies of emitter would lead to an 
enhancement of ECL property. A proof-of-concept was conducted by 
successfully synthesize 2D Lu2O3–S ultrathin nanosheets with abundant 
oxygen vacancies, which showed an intense and stable ECL intensity, 
making it a good ECL emitter. Then, combined with DNA device 
cycle-amplification, a sensitive and specific CTCs counting method was 
proposed. Compared with other functional based optical 
materials-dependent sensor, for example, the ligand based innovative 

Scheme 1. Illustration of (A) the signal conversion pretreatment process, (B) the ECL cytosensing based on abundant oxygen vacancies contained ultrathin Lu2O3–S 
nanosheets coupled with DNA device cycle-amplification for the detection of CEM cell, and (C) the ECL emission mechanism of the ultrathin Lu2O3–S nanosheets. 
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composite material-dependent sensors, which attracted our attention for 
their functionality [39,40], high surface area [41,42], mechanical sta
bility [43,44], the proposed sensor has a higher sensitivity. While, the 
reversibility and reusability of materials need to be improved [45,46]. 
Besides, this work may provide a new thought in the design of ECL 
luminophores and the detection of clinical tumor cells. 

2. Experimental section 

2.1. Materials and chemicals 

Lutetium chloride hexahydrate (LuCl3⋅6H2O, ≥99.9%), oleic acid 
(OA) and dodecylamine (DDA, 98%) were purchased from Aladdin 
(Shanghai, China). AgNO3, thiourea (H2NCSNH2, >99%), KH2PO4, 
Na2HPO4, KCl, NaCl, K2S2O8, K4Fe(CN)6, K3Fe(CN)6, acetic acid, 
ethanol, n-heptane were gained from Sinopharm Chemical Reagent Co., 
Ltd. (China). Chitosan, ethylene glycol, N-(3-dimethylaminopropyl)-N′- 
ethylcarbodiimide (EDC), N-hydroxysuccinimide (NHS, 98%), mono
ethanolamine (MEA) and 1-octadecene (ODE, 90%) were purchased 
from Sigma-Aldrich Inc. (USA). Tris(hydroxymethyl)aminomethane 
(Tris), 3-mercaptopropionic acid (MPA) and glutaraldehyde (GA, 25%, 
v/v) were supplied by Alfa Aesar Ltd. (China). Phosphate buffer saline 
(PBS, 10 mM, pH = 7.4) was used to resuspend cells. Tris-HCl buffer (10 
mM, pH = 7.4) was employed as washing solution and dissolving S1 and 
S2. PBS buffer (0.1 M, pH = 7.4) containing 50 mM K2S2O8 was used as 
testing electrolyte solution. All high-performance liquid chromatog
raphy (HPLC)-purified sequences (Table S1) in our experiments were 
synthesized and purchased from Sangon Biotech Co., Ltd. (Shanghai, 
China). CEM cells (T cell line, human ALL) and Ramos cells (B cell line, 
human Burkitt’s lymphoma) were obtained from Keygen Biotech Co., 
Ltd. (JiangSu, China). T7 exo and NE Buffer 4 were provided by New 
England BioLabs Ltd. (Beijing, China). 

2.2. Apparatus 

The ECL tests and cyclic voltammetry (CV) responses were per
formed and obtained synchronously by a classical three electrodes sys
tem with MPI-A system (Remex Analytical Instrument Co., Ltd., Xi’an, 
China) at room temperature. The three electrodes system containing a 
modified glassy carbon electrode (GCE, 4 mm diameters) as working 
electrode, a Ag/AgCl electrode (3 M KCl) as reference electrode and a Pt- 
rod as counter electrode. EIS spectra were acquired on Autolab poten
tiostat/galvanostat PGSTAT302 N (Metrohm, Netherlands) with 10 mV 
signal amplitude and frequency scan range from 0.1 Hz to 100 KHz. The 
electrolyte solution was 100 mM KCl containing K3Fe(CN)6:K4Fe(CN)6 
(1:1, 5 mM) mixture. The Powder X-ray diffraction (PXRD) pattern was 
performed by means of a D/max 2500VL/PC diffractometer (Japan) 
with graphite monochromatized Cu Kα radiation (2θ, from 20 to 90◦). 
The high-resolution transmission electron microscope (HRTEM, JEOL- 
2100F, Japan) was taken to characterize morphology and elemental 
mapping with an accelerating voltage of 200 kV. The PL spectrum was 
acquired on Fluoromax-4 spectrofluorometer (Horiba, USA). The UV–vis 
absorption spectra were carried out with Cary 60 spectrophotometer 
(Agilent, USA). The X-ray photoelectron spectroscopy (XPS) data were 
recorded on a scanning X-ray microprobe (PHI 5000 Verasa, ULACPHI, 
Inc.) with Al Kα radiation. Inductively coupled plasma (ICP) data were 
acquired on an Inductively Coupled Plasma Atomic Emission Spec
trometer (Jarrell-Ash 1100 + 2000). Atomic force microscopy (AFM) 
image was obtained on a Bruker Dimension Icon instrument. 

2.3. Synthesis of ultrathin Lu2O3–S nanosheets 

The Lu2O3–S nanosheets were synthesized via the one-pot-method. 
Specifically, 1 mmol of LuCl3⋅6H2O (0.3894 g) and 4 mmol of 
H2NCSNH2 (0.3045 g) were mixed with OA (4 mL), OLA (5 mL) and ODE 
(5 mL) in a 250 mL three-necked flask. The reaction system was heated 

to 280 ◦C at 7 ◦C⋅min− 1 and maintained at this temperature for 1 h. After 
the reactor cooling down to room temperature, the product was washed 
four times using n-heptane and ethanol (1:1, v/v), and dried at 40 ◦C for 
6 h. 

2.4. Synthesis of Ag2S QDs 

Ag2S–COOH QDs were synthesized based on previous reports [47]. 
The as-obtained Ag2S QDs were dispersed in water and stored at 4 ◦C. 

2.5. Synthesis of water-soluble Au NPs 

Au NPs were synthesized based on previous report [48]. The pre
pared Au NPs solution was stored at 4 ◦C for further use. 

2.6. Signal conversion pretreatment 

This strategy can realize the signal conversion from target cells to 
copyDNAs. 4 μM of aptamer (100 μL) and Au NPs (50 μL) were mixed 
evenly in eppendorf tube and kept at 4 ◦C overnight. Then the suspen
sion was discarded by centrifuged at 10,000 rpm for 4 min. Followed by 
adding 4 μM of intermediate DNA (200 μL) into the mixture and main
tained at 37 ◦C for 1 h. The unbonded sequences were removed at 
10,000 rpm for 4 min. Subsequently, 150 μL of PBS containing different 
concentrations of cells was added and incubated at 37 ◦C for 1 h. After 
the above process, the mixture was centrifuged at 2000 rpm for 3 min to 
separate CEM cells and obtained the intermediate DNA. Before being 
added into the ECL detection system, the supernatant needed to be 
centrifugated again for separating the unconnected Au NPs. 

2.7. Preparation of S3–Ag2S 

Under the activation of EDC and NHS, S3 was immobilized onto the 
surface of Ag2S QDs via classical coupling reaction between amino 
groups of S3 and carbonyl groups of Ag2S QDs at 37 ◦C for 1 h (the 
concentration of S3 is 10 μM in final volume). 

2.8. Preparation of S12 and S34 

1 μM of S1 and 2.5 μM of S2 were mixed (1:1, v/v) and heated at 
95 ◦C for 5 min, then the mixture was naturally cooled down to room 
temperature for obtaining S12. Following the same steps, 10 μM of 
S3–Ag2S and 20 μM of S4 were mixed (1:1, v/v) and reacted to get S34. 

2.9. Fabrication of the ECL cytosensing 

The GCE was polished by 0.05 μm alumina powders and washed four 
times with ethanol and water. Then dried by N2 before 1 mg mL− 1 

Lu2O3–S nanosheets (15 μL) were spread onto the surface. After being 
dried under room temperature, 0.1 wt % chitosan-acetic acid solution (5 
μL) was affixed to the electrode surface and dried overnight. Therewith 
the electrode was immersed into GA solution (600 μL, 2.5%, v/v) at 
25 ◦C for 1 h and rinsed with washing solution. Subsequently, the 
mixture of S12 and S34–Ag2S (15 μL, 1:1, v/v) was incubated and 
immobilized on the electrode surface at 37 ◦C for 1 h. The modified 
electrode was washed to remove the unbound sequences. The nonspe
cific adsorption sites of the electrode surface were blocked by MEA so
lution (15 μL, 500 μM) at 25 ◦C for 1 h. After that, the electrode was 
further incubated with T7 exo, (100 U/mL), NE Buffer 4 (1 × ) and the 
supernatant (10 μL) from signal conversion pretreatment containing the 
intermediate DNA at 25 ◦C for 2 h. Finally, the electrode was rinsed with 
NE Buffer 4 (1 × ) and carried out the ECL measurement at the voltage of 
the photomultiplier tube of 800 V (potential range: − 2.0 - 0 V, scan rate: 
100 mV s− 1). 
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2.10. Cell culture and treatment 

CEM cells and Ramos cells were cultured in cell culture flask and 
placed in a humidified incubator (5% CO2, 37 ◦C). The culture medium 
is RPMI 1640 containing penicillin (80 U mL− 1) and streptomycin (0.08 
mg mL− 1) supplemented with 10% fetal bovine serum. When cells grew 
to the logarithmic growth phase, they were separated from the culture 
medium by centrifugation at 1000 rpm for 5 min. Then the cell sediment 
was resuspended gently in the sterile PBS buffer (10 mM) to obtain a 
homogeneous suspension. The number of cells in suspension was 
counted with a hemocytometer. 

3. Results and discussion 

3.1. Characterization of materials 

TEM is an analytical technique that directly visualize the 
morphology of materials [49,50]. The 2D structure and nearly trans
parent image of Lu2O3–S nanosheets were characterized by TEM and 
AFM (Fig. 1A and B), which clearly showed the planar morphology and 
ultrathin thickness of Lu2O3–S nanosheets. The thickness diagram of the 
Lu2O3–S nanosheets is approximately 5.02 nm (Fig. 1C). The diffraction 
peaks in XRD pattern of Lu2O3–S nanosheets corresponding to Lu2O3 
(JCPDS 43–1021) (Figure S1), which confirmed the crystalline phase of 
this material. As shown in Fig. 1D, three elements of Lu, S and O in 
elemental mapping were expressed by three different colors, which 
illustrated that each component was distributed uniformly. Besides, the 
newly prepared Lu2O3–S nanosheets showed a greatly enhanced ECL 
intensity in Fig. 2A, and the initial potential is − 1.5 V. Also, it presented 
the relatively stable ECL signal over eleven cycles (Fig. 2B), and the 
relative standard deviation (RSD) was 1.5%, demonstrating that it has 
persistent emission. The excellent ECL performance may be attributed to 
chemical doping, which can effectively modulate surface state and 
create more oxygen vacancies [51]. To verify this hypothesis, XPS and 
ICP were employed to determine the surface electronic structures and 
components of elements. Fig. 2C revealed O 1s XPS spectra of Lu2O3–S 
nanosheets. The three deconvoluted peaks of O 1s each represented 
different oxygen states: surface oxygen vacancies (c, 531.6 eV), surface 
absorbed oxygen (b, 530.7 eV), and lattice oxygen (a, 529.0 eV) 

[52–54]. The obtained surface oxygen vacancies ratio of Lu2O3–S 
nanosheets is calculated to be 40.31%, this data confirmed our inference 
that more oxygen vacancies may result in good ECL performance. Then, 
the molar ratio obtained from ICP tests were shown in Table S2. The 
molar ratio of sulfur from Lu2O3–S nanosheets is approximately 12.36%. 
As the higher ratio content of heteroatom in materials surface may 
introduce more surface oxygen vacancies [55,56], higher heteroatom 
doping in our Lu2O3–S nanosheets introduced more surface oxygen va
cancies, which led to the enhanced ECL performance. Besides, the 
morphologies of hydrophilic Ag2S QDs and Au NPs were characterized 
using TEM, approximately 6 nm and 13 nm in width, respectively 
(Figure S2). 

3.2. The possible ECL emission mechanism of Lu2O3–S nanosheets 

To investigate the possible ECL mechanism of Lu2O3–S nanosheets, 
ECL and CV characteristics of GCE and Lu2O3–S nanosheets modified 
GCE were carried out. The cyclic potential scanning is conducted from 
− 2.0 to 0.0 V. The CV curve in Fig. 3A represents redox response of bare 
GCE in PBS buffer (0.1 M, pH = 7.4) containing 50 mM K2S2O8. An 
obvious cathode peak at − 1.25 V indicated the production and radiative 
deactivation of co-reactant. The corresponding ECL curve below shows a 
peak at 2.0 V with the ECL intensity about 1800 au. Fig. 3B and C shows 
CV and ECL curves of Lu2O3–S nanosheets modified GCE in PBS buffer 
without or with the addition of K2S2O8. The CV profile of the former 
displays a reduction peak at about − 0.5 V and − 1.7 V, in which shows 
little or no ECL signal. Compared with bare GCE, the reduction peak of 
CV curve of Lu2O3–S nanosheets modified GCE is clearly negative shift 
(− 1.67 V), indicating that Lu2O3–S nanosheets also participated in redox 
reaction [57,58]. Furthermore, a strong ECL signal was observed in 
Fig. 3C, which might come from the following redox co-reactant 
pathway (Scheme 1C): during cathodic potential scan, the working 
electrode provided electrons for activating Lu2O3–S nanosheets. Then, 
the electrons were injected into the conduction band (CB) of Lu2O3–S 
nanosheets and produced Lu2O3–Ṡˉ (Eq. (1)). Simultaneously, lots of 
S2O8

2− were electro-reduced into SO4̇ˉ (Eq. (2)). These two radicals, 
Lu2O3–Ṡˉ and SO4̇ˉ, reacted with each other and generated the excited 
state Lu2O3–S* (Eq. (3)), which decayed back to the ground state with 
the ECL emission (Eq. (4)). The equations of ECL emission mechanism 

Fig. 1. (A) TEM image, (B) AFM image of Lu2O3–S nanosheets and (C) the corresponding diameter and thickness diagram; (D) Elemental mapping of 
Lu2O3–S nanosheets. 
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are proposed as follows [59]:  

Lu2O3–S + eˉ → Lu2O3–Ṡˉ                                                               (1)  

S2O8
2− + eˉ → SO4

2ˉ + SO4̇ˉ                                                              (2)  

Lu2O3–Ṡˉ + SO4̇ˉ → Lu2O3–S* + SO4
2ˉ                                              (3)  

Lu2O3–S* →Lu2O3–S + hv                                                               (4)  

3.3. Characterization of the ECL cytosensing 

In addition to the efficiency of electrochemiluminophores, the 

analysis capability of this cytosensing is also influenced by the feasibility 
of the ECL-RET effect between Lu2O3–S nanosheets and Ag2S QDs. 
Apparently, emission spectrum of Lu2O3–S nanosheets and absorption 
spectrum of Ag2S QDs showed a spectral overlap, suggesting that the 
ECL-RET effect may be gained successfully (Fig. 4A). Also, to effectively 
verify that aptamers were successfully connected to the surface of Au 
NPs, UV–vis absorption spectra were investigated (Fig. 4B). Au NPs and 
aptamers showed absorption bands at 520 and 260 nm, respectively. 
After incubation, the absorption spectrum of the mixture (Au NPs and 
aptamers) exhibited an obvious absorption band of aptamers at 260 nm, 
indicating the aptamers were attached to Au NPs. 

ECL responses of the cytosensing platform stepwise assembly were 
recorded (Fig. 5A). A small ECL signal was observed from bare GCE (a). 

Fig. 2. (A) ECL potential curves of GCE (a) and Lu2O3–S nanosheets modified GCE (b) in PBS buffer (0.1 M, pH = 7.4) containing 50 mM K2S2O8; (B) ECL stability 
test of Lu2O3–S nanosheets modified GCE under eleven cyclic potential scans; (C) The XPS spectra of Lu2O3–S nanosheets for O 1s (a, b and c represent lattice oxygen, 
surface absorbed oxygen and surface oxygen vacancies, respectively). 

Fig. 3. ECL intensity-potential plots and the corresponding CV profiles of (A) bare GCE in PBS buffer (0.1 M, pH = 7.4) containing 50 mM K2S2O8, (B) Lu2O3–S 
nanosheets modified GCE in PBS buffer, and (C) Lu2O3–S nanosheets modified GCE in PBS containing 50 mM K2S2O8. 

Fig. 4. (A) PL spectrum of Lu2O3–S nanosheets (solid line), and UV–vis absorption spectrum of Ag2S QDs (dotted line); (B) UV–vis absorption spectra of Au NPs (a), 
aptamers (b), and Au NPs linked with aptamers (c). 
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After Lu2O3–S nanosheets modified on GCE, an enhanced ECL intensity 
appeared (b), this phenomenon can be attributed to the high efficiency 
of electrochemiluminophores. When S12 and S34–Ag2S were linked to 
the electrode surface through amino groups between chitosan and the 
terminal of double-stranded DNA, the ECL intensity decreased, which 
was caused by the ECL-RET effect between Lu2O3–S nanosheets and 
Ag2S QDs (c). The ECL quenching efficiency based on IE = 1 − I/I0 is 
calculated to be 62%, which is acceptable. I and I0 represent the ECL 
signals of with or without Ag2S QDs attached to the Lu2O3–S modified 
electrodes, respectively. Then, with the intermediate DNA added into 
the detection system, the ECL intensity increased (d). The partial 
recovered ECL signal confirmed the sensitivity and practicability of this 
cytosensing platform towards CTCs. EIS curves were exhibited in 
Fig. 5B, which were also utilized to demonstrate the fabrication process 
of this ECL biosensor. The bare GCE showed a small semicircle due to the 
slow electron transfer kinetics of redox probe (Fe(CN)6

3− /4− ), indicating 
the GCE has small electron transfer resistance (a). When GCE was 
modified with Lu2O3–S nanosheets, an increased semicircle appeared 
owing to that the materials prevented the way of redox probe access to 
the electrode surface (b). The electron transfer resistance of the modified 
electrode was further increased after S12 and S34–Ag2S were decorated 
on the electrode, which further confirmed that the modification process 
was successful (c). When the electrode was incubated with the inter
mediate DNA and T7 exo, S34–Ag2S was digested by T7 exo and caused a 
decreased electron transfer resistance (d). The variable EIS plots were 
consistent with the above ECL tests and verified the construction of the 
ECL cytosensing. 

3.4. Optimal conditions of the ECL cytosensing 

During the processes of the biosensing fabrication, many facts may 
influence the ECL responses. The effects of the concentration of Lu2O3–S 
nanosheets and cleaving time of T7 exo were investigated. Figure S3A 
showed the varied ECL intensity of GCE modified with different con
centrations of Lu2O3–S nanosheets. When the concentration of Lu2O3–S 
nanosheets solution increased from 0.1 to 1.0 mg mL− 1, the ECL 
response promoted and reached a maximum at 1.0 mg mL− 1, which 
implied that more electrochemiluminophores could provide more 
electron-hole pairs and accelerate the ECL process. And when the con
centration further increased to 2.0 mg mL− 1, the ECL intensity displayed 
negligible change. Thus, 1.0 mg mL− 1 was selected as the optimal con
centration of Lu2O3–S nanosheets. The cleaving time of T7 exo also plays 
an important role in the detection of CEM cells. The ECL intensity 
increased with the cleaving time rising from 0.5 to 2 h, and then it 
slightly decreased at 3 h (Figure S3B). Therefore, 2 h was chosen as the 

optimal cleaving time for further experiment. 

3.5. Analytical performance of the ECL cytosensing 

The designed ECL cytosensing was applied to the quantitative 
determination of CEM cells under the above optimal conditions that the 
concentration of Lu2O3–S nanosheets solution is 1.0 mg mL− 1 and the 
optimal cleaving time cleaving time of T7 exo is 2 h. The ECL signals 
increased with the concentrations of cells suspension varying from 5 ×
10 to 1 × 106 cells/mL (Fig. 6A b to h). And the corresponding rela
tionship between the ECL response and the concentration of CEM cells 
was shown in Fig. 6B. The calibration equation was determined as I =
4584.16 + 1815.16 lg c (c was the concentration of CEM cells, numbers/ 
mL) with a correlation coefficient of 0.9928, the detection limit was 
calculated at approximately 10 cells/mL with 3σ rule (σ is the standard 
deviation of the blank after repeated measurements). Compared with 
other reported assays, the proposed ECL cytosensing platform coupled 
with DNA device cycle-amplification exhibited better analytical per
formance based on ultrathin Lu2O3–S nanosheets with abundant oxygen 
vacancies, indicating its good analytical performance (Table S3). 

Selectivity, stability and reproducibility are also important parame
ters to assess the practicality of biological sensors [60,61]. To identify 
the selectivity of the developed cytosensor, two leukemia cell lines (CEM 
cells and Ramos cells) were used for the comparison of the ECL signal. 
Under the same experimental conditions (Fig. 7A), the cytosensing 
showed little difference in response towards blank and Ramos cells (1 ×
103 cells/mL). When CEM cells (1 × 103 cells/mL) were present, ECL 
intensity values sharply increased, proving high detection selectivity of 
this ECL biosensor. This phenomenon can be attributed to the over 
expression of PTK7 on the surface of CEM cells, which can be specifically 
recognized by sgc8 aptamers. In view of all above experiments, the 
proposed ECL cytosensing platform exhibited practical value for target 
cells detection. And the stability of the ECL cytosensing was examined 
and presented in Fig. 7B. After consecutive cyclic potential scans for 7 
cycles, the ECL intensity of the modified electrode with CEM cells (1 ×
103 cells/mL) showed a steady trend and the RSD was calculated to be 
1.07%. Moreover, the reproducibility of the ECL cytosensing was further 
estimated by multiple assays. As displayed in Fig. 7C, six modified 
electrodes with CEM cells (1 × 103 cells/mL) were tested and the RSD 
was calculated to be 2.2%. These experiments testified that the practi
cality of this cytosensing was acceptable. All obtained data confirmed 
that our proposed cytosensor showed a good selectivity, long-term sta
bility efficiency and good reproducibility towards CTCs detection. 
Furthermore, due to the small amounts of reagents used in the experi
ment, the overall procedure is cost-effective. 

Fig. 5. (A) ECL responses of this cytosensing platform during the layer-by-layer construction process: (a) GCE, (b) Lu2O3–S/GCE, (c) S12–S34–Ag2S/Lu2O3–S/GCE, (d) 
intermediate DNA/S12–S34–Ag2S/Lu2O3–S/GCE (the concentration of CEM cells = 1 × 103 cells/mL); (B) Nyquist plots of (a) bare GCE and different modified 
electrodes: (b) Lu2O3–S/GCE, (c) S12–S34–Ag2S/Lu2O3–S/GCE, (d) intermediate DNA/S12–S34–Ag2S/Lu2O3–S/GCE. 
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3.6. The application of the ECL cytosensing in real samples 

To evaluate the applicability of the ECL cytosensing for real samples, 
quantitative detection of CEM cells in diluted human serum (Jiangsu 
Cancer Hospital, China) was carried out. As shown in Tables 1 and 1 ×
103, 1 × 104, and 1 × 105 cells/mL of CEM cells were spiked into 100- 
fold diluted serum samples (by PBS, 10 mM, pH = 7.4) for recovery 
experiments. The recoveries with different concentrations of CEM cells 
were measured by the ECL cytosensing. The results within the scope of 
98.62%–101.49% with RSD less than 7.89% (n = 3), which is acceptable 
for the application in real samples. 

4. Conclusion 

In summary, we have synergistically tailored the morphology and 
surface vacancies of the ECL emitter, and successfully synthesized 2D 
ultrathin Lu2O3–S nanosheets with abundant oxygen vacancies, which 
showed an intense and stable ECL intensity. Taking Lu2O3–S ultrathin 
nanosheets as novel ECL luminophores in cytosensing, further 
combining with DNA device cycle-amplification technology, an effi
cient, sensitive and specific method for CTCs counting method was 
established. With unique planar structure and large active sites, the 
Lu2O3–S ultrathin nanosheets has high carrier mobility and loading 
capacity, which also benefits the immobilization of biological recogni
tion molecules and the construction of bioassay platform. The developed 
ECL cytosensing showed good sensitivity and selectivity, providing an 
alternative and considerable method for clinical tumor cells analysis. 
Compared with other ECL biosensors based on novel nanomaterials, the 

proposed ECL cytosensing platform exhibited better analytical perfor
mance, which can contribute to the promotion of electro
chemiluminophores. The design thought of the newly prepared 
abundant oxygen vacancies contained 2D nanosheets emitter has a 
promising prospect in developing efficient electrochemiluminophores, 
and is beneficial for ECL-based clinical diagnosis. 
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Fig. 6. (A) ECL responses of the cytosensing platform towards CEM cells at different concentrations: (a) 0, (b) 5 × 10, (c) 1 × 102, (d) 1 × 103, (e) 5 × 103, (f) 1 ×
104, (g) 1 × 105 and (h) 1 × 106 cells/mL in PBS (0.1 M, pH = 7.4) containing 50 mM K2S2O8; (B) The calibration plot about the ECL intensity versus the logarithm 
value of different concentrations of CEM cells ranging from 5 × 10 to 1 × 106 cells/mL. 

Fig. 7. (A) The selectivity test of the ECL cytosensing platform for the blank, Ramos cells (1 × 103 cells/mL), CEM cells (1 × 103 cells/mL), and a mixture of CEM 
cells (1 × 103 cells/mL) and Ramos cell (1 × 103 cells/mL), (B) The stability of the ECL cytosensing under continuous cyclic potential scans for 10 cycles (1 × 103 

cells/mL), (C) The reproducibility of the ECL cytosensing (1 × 103 cells/mL). 

Table 1 
Recovery experiments of CEM cells in 100-fold diluted human serum samples.  

Sample 
number 

Added 
(cells⋅mL− 1) 

Found 
(cells⋅mL− 1) 

Recovery 
(%) 

RSD (%, n 
= 3) 

1 1 × 103 1014.90 101.5 7.14 
2 1 × 104 9989.07 99.89 4.34 
3 1 × 105 98619.38 98.62 7.89  
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