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With CCRF-CEM as model cell, highly sensitive and selective 

cytosensor was developed by taking advantage of polydopamine 

nanopheres for the first time. Strategies of aptamer/membrane 

protein recognition and Exonuclease III assited cycle amplification 

were used for improving selectivity and sensitivity. The detection 

of limit reaches as low as 15 cells/mL.  

   According to the report presented by the International Agency for 

Research on Cancer in 2014, about one–eighth death is attributed 

to cancer or cancer-triggered diseases. Cancer is growing at a 

striking rate and has been the main pathogenic factor in 21
st

 

century. Cancer diagnosis and therapy at an early age is critical for 

improving cure rate, which has aroused great interests of scientists. 

Among many kinds of cancers, human acute leukemia posed great 

threats on people’s health and life as a result of its high pathogenic 

rate. It has been reported that it accounts for 10%−15% of pediatric 

ALL (T-cell acute lymphoblastic leukemia) cases and 25% of adult 

ALL cases.
1
 Hence, it is critical to develop efficient methods for 

highly sensitive and selective detection of CCRF-CEM cancer cells (T-

cell, human acute lymphoblastic leukemia cell line).
2
   

Aptamers (Ap) which have great advantages (such as high binding 

affinity and specificity, controllable structures) over antibody, have 

been widely used for variable targets detection (cancer cells, 

protein, ATP and so on) in recent years. By taking advantage of the 

overexpressed membrane protein (PTK7) on CCRF-CEM cancer cells 

and its aptamer (sgc8) selected by Tan’s group,
3
 
4
  many works have 

been done for cell imaging, cell detection and other applications. 

Among those, several fluorescent cytosensors have been developed 

for the detection of CCRF-CEM cells as for the low background and 

remote reading ability.
5-8

 Except those fluorescent detection 

platforms, other methods also have been applied to the detection 

of CCRF-CEM cells, such as electrochemical or colorimetric 

strategy.
1, 9-16

 The developed platforms usually require multiple 

modification steps, dual-labelled aptamers, and modified with 

aptamer conjugated noble metal nanoparticles for conductivity 

enhancement, signal amplification or taking advantage of noble 

metal nanaoparticles’ plasmonic property. It is worthy to note that 

the used Ag nanoclusters and noble metal nanaoparticles could not 

degrade in organism, which restricts the further application in the 

early diagnosis of cancer. Therefore, further investigation on 

constructing novel strategy for highly sensitive and selective cell 

detection is still required.  

It has been reported that polydopamine presents excellent 

biocompatibility and could biodegrade in organism though 

metabolism
17

 and is usually used as capping or phototherapeutic 

agent.
18-20

 Facile-synthesized and low cost polydopamine 

nanospheres (PDs) has been widely applied in biomolecules 

detection such as ATP
21

, miRNA
22

 and DNA
23

 due to its efficient 

fluorescence quenching ability. To the best of our knowledge, PDs 

Scheme 1. Principle of proposed polydopamine nanospheres 

based cytosensor for CEM cancer cell fluorescent detection 

platform. 
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has not been used for the detection of cancer cells. Herein, for the 

first time, we constructed a fluorescence cytosensor for highly 

sensitive and selective detection of CCRF-CEM cancer cells. 

Strategies of aptamer/membrane protein recognition and Exo III 

assisted cycle amplification were used to enhance the selectivity 

and sensitivity. 

In our investigation, PDs are synthesized according to a previous 

report.
24

 Learned from SEM image, Figure 1A, after self-

polymerization of dopamine, monodisperse PDs are obtained with a 

diameter of about 260 nm. As shown in the IR spectra (Figure 

1B),characteristic peaks of dopamine between 1700cm
-1

 to 400 cm
-1

 

has disappeared after polymerization, which are consistent with 

previous report.
24

 To validate the fluorescence quenching ability of 

the synthesized PDs, PDs with different concentrations are added 

into solution containing 100nM FAM-labelled DNA strand (FAM-

DNA), (See Figure S1 in SI). A quenching efficiency of 99.15% is 

reached on the addition of 0.30mg/mL PDs into the FAM-DNA 

solution. To perform the experiment at optimized conditions, 

optimization experiments were conducted (See Figure S2, S4 and S5 

in supporting information (SI))). 

Scheme 1 outlines the principle of the CCRF-CEM cancer cell 

detection strategy. A molecular beacon is designed as the initial 

platform, containing three fragments, a sgc8 region that can 

specifically interact with PTK7 (strand-sgc8, blue and black 

segments),  a poly-thymine (poly-T) DNA spacer (green segment) 

and a hybridization region (red segment) to hybridize with FAM-

labelled DNA strand (FAM-DNA) which is anchored on PDs. The 3’ 

terminus of the molecular beacon is extended with four thymine 

bases to prevent the aptamer from cleavaging by Exo III. In the 

absence of CCRF-CEM cell, the aptamer’s structure is stem-looped 

with high stability as a result of the hybridization between the blue 

and red segments. After incubating in CCRF-CEM cells suspension, 

sgc8 segment would bind PTK7 protein tightly and form cell/Ap 

complex, resulting in the conformation change of the molecular 

beacon and liberating the hybridization region (red segment of the 

Ap). For the detection of cancer cell, FAM-DNA is premixed with 

suitable volume of PDs, producing FAM-DNA/PDs complex. A low 

fluorescence background is detected due to the fluorescence 

resonance energy transfer (FRET) between FAM and PDs. When the 

FAM-DNA/PDs is added into the cell/Ap complex, the exposed red 

segment would hybridize with FAM-DNA to form duplex. The 

fluorescence of FAM is then restored due to the stripping of the 

formed duplex from PDs. To improve the sensitivity, Exo III is 

introduced to activate next amplification round. It has been 

reported that the activity of Exo III on ssDNA is limited and prefer to 

blunt or recessed 3’-terminus.
25

 In our design, the recessed 3’-

terminus of FAM-DNA is exposed after forming duplex with re-

structured molecular beacon. The Exo III enzyme then can play 

function to cleave it, releasing the complex of cells/Ap. The released 

complex would bind FAM-DNA on PDs again and start a new cycle 

of releasing signal reporter, which leads to significant signal 

amplification.  

The specificity of the molecular beacon probe to PTK 7 protein is 

testified firstly. The 5’-terminus and 3’-terminus of the molecular 

beacon are labelled with FAM and BHQ1, respectively. To bring the 

quencher BHQ1 and the fluorophore FAM together, 8 bases at 3’ 

terminus of the dual-labelled molecular beacon (Label-ap DNA) 

used here are shorter than that of the aptamer part used for the 

cancer cell detection (Table S1), producing a very low fluorescence 

signal. After incubating with standard PTK7 protein, an obvious 

enhanced fluorescence intensity could be obtained than that 

caused by the same amount of control sample BSA (bovine serum 

albumin), indicating the high specificity of the aptamer towards 

PTK7 protein, Figure 2A. Additionally, a random dual-labeled 

hairpin probe (Random probe strand) is also utilized to testify the 

specificity of PTK 7 protein to the probe, Figure S2B. Secondly, the 

feasibility of the developed strategy for target cells is validated from 

two sides. On the one side, the reaction of molecular beacon with 

CCRF-CEM cancer cells is validated. After incubation with CCRF-CEM 

cells, an obvious fluorescence enhancement is monitored since the 

configuration change of the molecular beacon results in the far 

away of the FAM from the BHQ1, which proves the successful 

binding of aptamer probe with PTK7 protein. On the other side, 

experiments are conducted to validate the reaction of CCRF-CEM 

cells/Ap complex with FAM-DNA/PDs. As shown in Figure 2B, a very 

low fluorescence background is monitored after mixing PDs with 

FAM-DNA (a) and also in the presence of PDs, FAM-DNA and Exo III 

(b). While, after adding CCRF-CEM cells/Ap into the mixture of PDs 

and FAM-DNA, an obvious fluorescence recovery could be obtained 

(c). After adding 25U Exo III into the system, the fluorescence signal 

 

Figure 1. The SEM images (A) of as synthesized PDs and the 

infrared spectrum comparison (B) of dopamine (black) and as 

synthesized PDs (red).  

 

Figure 2. (A) Comparison of the fluorescence intensity produced by 

same amount of BSA, PTK7 using the aptamer probe, where F and 

F0 are fluorescence intensities of FAM in the presence and absence 

of different samples, respectively. The reaction solution contained 

100nM Label-ap DNA.Error bars were estimated from three 

replicate measurements.(B)Fluorescence spectrum of 100nM FAM-

strand in the presence of PDs (B, a); PDs+25U Exo III (B, b); 

PDs+complex of 1.0×10
5
cells/Ap (B,c); PDs+complex of 

1.0×10
5
cells/Ap+25U Exo III (B,d). 
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is significantly enhanced (d). The results prove the feasibility of the 

proposed strategy. 

For the cancer cell detection, we first studied different 

concentrations of CCRF-CEM cells in the absence of Exo III (Figure 

S6). A LOD of 218 cells/mL  is obtained according to the calculation 

of 3 times the standard deviation of background signal. To improve 

the sensitivity, Exo III is introduced for signal amplification shown in 

Figure 3. The fluorescence exhibits dramatic enhancement in 

contrast with enzyme-free condition (Figure S6). Calibration curve 

of fluorescence intensity at 520 nm as a function of logarithmic 

value of cells’ concentration is shown in the inset of Figure 3B. 

Linear relationship between fluorescence intensity and the 

concentration of cells could be obtained in the range from 50 to 

1.0×10
6
cells/mL (R

2
=0.983), resulting in a LOD of 15 cells/mL 

according to the calculation of 3 times the standard deviation of 

background signal, which is about 15-fold lower than the enzyme-

free assay. 

Differentiating target cancer cell from different cancer cell types 

is of critical for cancer diagnosis and therapy.
26

 Due to the high 

affinity of aptamer to the target membrane protein, the aptamer-

based cytosensors usually present excellent selectivity. In our 

investigation, HeLa (cervix adenocarcinoma), MCF-7 (human breast 

cancer cells ) and A549 cancer cells were used to perform control 

experiment to validate the specificity of the developed cytosensor. 

It has been reported that HeLa cells have low desntity expression 

PTK 7 protein on the membrane’s surface,
27  

which was confirmed in 

our investigation as shown in Figure S7. The fluorescence changes 

indicated the low expression of PTK 7 protein on HeLa, A549, MCF-7 

cells. As shown in Figure 4, after the addition of the same 

concentrations of other kinds of cells, low fluorescence signals are 

monitored in contrast with the high response triggered by the 

target cells, which proves the high selectivity of the developed 

strategy. The possible reason is that the over-expressed PTK7 

protein on CCRF-CEM cell membrane is limited or low-expressed on 

the surface of the non-target cells’ membrane. Thus, the non-target 

cells could not cause configuration change of the designed 

molecular beacon, leading no signal response. The error bars shown 

in Figure 3 and Figure 4 are obtained from three independent 

experiments, respectively, confirming the high repeatability of the 

developed strategy.  

In conclusion, based on the efficient fluorescence 

quenching ability of polydopamine nanopheres and 

aptamer/membrane protein recognition triggered 

conformation alteration and Exonuclease III assisted cycle 

amplification, we for the first time constructed a novel 

fluorescent cytosensor for highly sensitive and selective 

detection of CCRF-CEM cancer cells. The detection of limit 

reaches as low as 15 cells, which is comparable with previous 

reported methods. The developed strategy presents several 

advantages. First, the used polydopamine nanopheres is facile-

synthesized, low cost and has excellent biocompatibility and 

biodegradability, which has potential application on early 

diagnosis of cancer in the future. Second, the developed 

strategy could be realized rapidly, which is very important for 

cell detection. Last but not least, the developed strategy could 

also be used for other cancer cell detection as for its 

generality. 
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