
Breast cancer diagnosis system using the combination of carcinoembryonic antigen 
aptamer, horseradish peroxidase-mimic hemin, and graphene sheet 

Stephanie Chong*, Kelly Cho*, Harriet J. Khang*, Seul-Yi Lee**,Young Teck Kim**, Ji Hoon Lee* 
 

*Luminescent MD, LLC, Hagerstown, MD 21742, jhlee@luminescentmd.com 
**Department of Sustainable Biomaterials, Virginia Tech, Blacksburg, VA 24060 

 
 

ABSTRACT 
 

In order to early diagnose breast cancer with the rapid 
quantification of carcinoembryonic antigen (CEA) in 
human serum, highly sensitive DNA aptasensor with 1,1-
oxalyldiimidazole chemiluminescence (ODI-CL) detection 
was developed using the combination of CEA aptamer, 
horseradish peroxidase (HRP)-mimic hemin, and graphene 
sheet in a polystyrene well. CEA and CEA aptamer mixed 
in the polystyrene well were incubated for 15 minutes at 37 
ºC. After the incubation, HRP-mimic hemin was added in 
the well and incubation for 10 minutes at ambient 
condition. After the incubation, the substrate (e.g., mixture 
of Amplex Red, H2O2) of HRP-mimic hemin was injected 
in the well. Then, the mixture was incubated for 10 minutes 
to produce resorufin which is a chemiluminophore. After 
the incubation, the solution (10 µl) in the well was 
transferred into a borosilicate test tube. 20 mM H2O2 (25 
µl) in isopropyl alcohol and ODI (25 µl) were 
consecutively injected into the test tube to generate bright 
CL emission in the presence of CEA in human serum. With 
the increase of CEA concentration, relative CL intensity 
was exponentially decreased because hemin aptamer linked 
to CEA aptamer cannot bind with hemin when CEA 
aptamer linked to hemin aptamer bind with CEA (shielding 
effect of CEA). The accuracy, precision, and recovery of 
DNA aptasensor, capable of sensing CEA as low as 0.1 
ng/ml, were good. Based on the research result, we 
confirmed that the novel DNA aptasensor can be applied as 
a new enzyme free analytical method for the early diagnosis 
of breast cancer.   
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Introduction 
 
     Due to the rapid advancements of medical science with 
interdisciplinary collaborations between science and 
engineering, critical human diseases can be successfully 
treated if they are early diagnosed. For example, National 
Cancer Institute (NCI) noticed that 5-year survival rate of 
breast cancer patients from 2004 to 2010 in USA was 89.2 
% (http://seer.cancer.gov/ statfacts/html/breast.html). In 
addition, American Cancer Society reported recently that 5-
year survival rate of breast cancer patients in stages 0 and 1 

was 100 %. Also, 93 % of breast cancer patients in stages 2 
survive for 5 years (http://www.cancer.org/ cancer/ 
breastcancer/overviewguide/breast-cancer-overview-
survival-rates).   
   Carcinoembryonic antigen (CEA) is well-known as a 
breast cancer marker. In order to quantification of CEA in a 
sample such as human serum, enzyme immunoassay (EIA) 
with absorbance, fluorescence, electrochemical, or 
chemiluminescence detection  is widely applied because the 
accuracy, precision, and sensitivity of EIA are better than 
other competitive methods (1, 2).  
   Hemin bound with hemin aptamer , composed of single 
strand DNA, can be applied as a HRP-mimicking 
DNAzyme in EIAs (3-5). Recently, two different types of 
CEA aptamers, capable of rapidly capturing CEA in a 
sample, were developed.  
   Using chemical and physical properties of HRP-
mimicking DNAzyme and CEA aptamer, we developed a 
novel biosensor, capable of rapidly quantifying CEA 
without any time consuming procedures such as washing, in 
this research.  
 
Experimental 
 
Chemical and materials 
 
Three different types of CEA aptamer linked to hemin 

aptamer (CA) and hemin aptamer, as shown below, were 
purchased from Alpha DNA. CEA aptamer was linked to 
hemin aptamer using a linker composed of 5 adenines 
(AAAAA). 
 

CH-1: AAAGGGTAGGGCGGGTTGGGTAAATAAAAA 
AGGGGGTGAAGGGATACCC 
CH-2: ATACCAGCTTATTCAATTAAAAATAAAGGG 
TAGGGCGGGTTGGGTAAAT 
Hemin aptamer: AAAGGGTAGGGCGGGTTGGGTAA 
AT 
 
Hemin and bovine serum albumin were purchased from 
Sigma Aldrich. Bis (2,4,6-trichlorophenyl) oxalate (TCPO) 
and 4-methylimidazole (4MImH) were purchased from TCI 
America. 3 and 30 % H2O2 were purchased from VWR. 
Amplex Red was purchased from Cayman Chemical. 
Deionized H2O, Ethyl acetate, and Iospropyl alcohol were 
purchased from EMD CEA antigen (25 µg) was purchased 
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from Lee Biosolutions. 8-well EIA/RIA strip-well plate was 
purchased from Costar.  
 
Effect of hemin aptamer in the reaction of Amplex Red 
and H2O2 in the presence of hemin  
 
     In order to study whether hemin is acting as mimicking 
enzyme in the reaction of Amplex Red and H2O2, 470 nM 
hemin in PBS buffer (pH 7.4) was prepared. Various 
concentrations of hemin aptamer, capable of rapidly 
capturing hemin, were prepared in PBS buffer. Hemin (50 
µl) and a certain concentration of hemin aptamer (50 µl) 
were mixed in a 1.5-ml microcentrifuge tube and incubated 
for 15 minutes at room temperature (21 ± 2 °C). After the 
incubation, the mixture was inserted into a strip-well. Then, 
50 µl of substrate solution containing 1.2 µM Amplex Red 
and 40 µM H2O2 was dispensed into the strip-well. The 
final mixture in the strip-well was incubated for 10 minutes 
at room temperature. After the incubation, the mixture (10 
l) was injected into a borosilicate test tube (12 mm × 75 
mm). The tube was inserted into the detection area of the 
luminometer (Lumat LB 9507, Berthold, Inc) with two 
syringe pumps. 20 mM H2O2 (25 µl) dissolved in isopropyl 
alcohol was dispensed through the first syringe pump of the 
luminometer. Then, strong light immediately emitted with 
the addition of ODI (25 µl) using the second syringe pump 
was measured for 1 second. The effect of hemin aptamer 
was studied with relative CL intensity measured in the 
absence or presence of hemin aptamer. 
  
 Interaction between hemin and polystyrene strip-well  
 
      In order to study whether hemin can be coated on the 
surface of polystyrene strip-well, a certain concentration of 
hemin (100 µl) in PBS was inserted into a non-coated strip-
well (plain) or BSA pre-coated strip-wells and incubated 
for 15 minutes at room temperature. After the incubation, 
each strip-well was washed four time with washing solution 
(PBS containing tween 20). Then, substrate solution (100 
µl) containing Amplex Red and H2O2 was dispensed into 
the strip-well. The relative CL intensity of each sample was 
measured using the same method described above.  
 
Measurment of ODI CL emitted in a sample in the 
absence and presence of CEA 
 
As shown in Fig. 1, CEA aptamer linked to hemin aptamer 
bind with CEA. Also, the rest of free hemin aptamer linked 
to CEA aptamer rapidly bind with hemin , whereas hemin 
aptamer limked to CEA aptamer-bound CEA cannot 
interact with hemin. Thus, hemin bound with free hemin 
aptamer linked to CEA aptamer is acting as catalyst to 
suppport the reaction of Amplex Red and H2O2 to form 
resorufin which is a strong emitter in 1,1’-
oxalyldiimidazole chemiluminescene (ODI-CL) reaction. 
CL emission emitted in a sample throigh the procedure 

shown in Fig. 1 was measured with the luminometer using 
the same procedure described above.  
 
   

 
 
Fig. 1 Biosensor capable of rapidly sensing CEA in a 
sample. 
 
Results and Discussion 
 
Effect of hemin aptamer to activate HRP-mimicking 
DNAzyme  

 
Fig. 2 Effect of hemin aptamer for the formation of HRP-
mimicking DNAzyme using hemin. 
       
    As shown in Fig. 2, relative CL intensity was enhanced 
with the increase of hemin aptamer concentration because 
the activity of HRP-mimicking DNAzyme is also enhanced 
with the increase of hemin aptamer-bound hemin 
concentration. Also, Fig. 2 shows that free hemin, like HRP 
enzyme, also act as a catalyst to rapidly produce resorufin 
from the reaction of Amplex Red and H2O2. This is because 
relative CL intensity in the presence of free hemin was 4-
fold higher than that in the absence of free hemin.   
      The diagram of Fig. 3 drawn based the results of Fig. 2 
shows that the activity of HRP-mimicking DNAzyme, as a 
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catalyst in the reaction of Amplex Red and H2O2, is much 
stronger than that of free hemin. Thus, it is possible to 
develop an enzyme free hybrid biosensor with ODI-CL 
detection capable of quantifying cancer markers such as 
CEA. 

 
Fig. 3 Comparison between free hemin and HRP-
mimicking DNAzyme as catalyst in the reaction of Amplex 
Red and H2O2 to form resorufin.  

 
Fig. 4 Interaction between free hemin and polystyrene strip-
well. 
 
Interaction between free hemin and polystyrene strip-
well 
 
      I reported in the previous section that free hemin in PBS 
is acting as like HRP enzyme to rapid produce resorufin 
from the reaction of Amplex Red and H2O2. Based on the 
diagram shown in Fig. 1, free hemin in PBS added in a 
strip-well to bind with hemin aptamer linked to CEA 
aptamer-bound CEA should be incubated for a certain time, 
ranging from 5 to 15 minutes. Thus, I studied whether free 
hemin is adsorbed on the surface of strip-well while free 
hemins are incubated with hemin aptamer linked to CEA 
aptamers for 15 minutes at room temperature.     
            In general, BSA is coated on the empty space of 
strip-well after immobilizing primary antibody on the 
surface of strip-well used in enzyme immunoassays. This is 
because BSA coated on the surface of strip-well can protect 
the adsorption impurity in the sample during incubation to 
capture antigen using primary antibody as well as reduce 
background noise.        
     Unfortunately, Fig. 4 shows that free hemin is rapidly 
adsorbed on the surface of BSA (1.0 %) coated strip-well 

after only 15 minutes of incubation. The adsorption rate on 
the surface of BSA coated strip-well was faster than that on 
the surface of plain strip-well. Thus, with the increase of 
free hemin, relative CL intensity is sharply enhanced. The 
results indicate that background noise of hybrid biosensor 
with ODI-CL detection is higher than that of HRP-enzyme 
immunoassay with ODI-CL detection. 
 
Quantification of CEA  
 

 
 
 Fig. 5 Quantification of CEA with the novel biosensor   
 
    As shown in Fig. 5(A), relative CL intensity was 
decreased with the increase of CEA in human serum 
because hemin aptamer linked to CEA aptamer-bound CEA 
cannot bind with hemin. With the experimental data shown 
in Fig. 5(A), we obtained a linear calibraion curve, having 
the wide dynamic reange, capable of rapidly quantifying 
CEA in human serum.  The detection limit of biosensor was 
as low as 0.1 ng/ml. Also, accuarcy, precision, and recovery 
were good within the acceptable error range (± 5.0 %). 
 
Conclusions 
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   We were able to develop the highly sensitive biosensor 
using CEA aptamer linked to hemin aptamer and hemin 
without time consuming procedure (e.g., multiple washing) 
necessary for conventional immunoassays using expensive 
and intractable antibodies. Also, the cost-effective 
biosenosr is simple and easy to use. Thus, we expected that 
the concept and principle appied to develop the biosensor 
will be used in various fields such as biochemistry, clinical 
pathology, medical science, environmental enginnering, 
and toxicology. 
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