
Contents lists available at ScienceDirect

Journal of Immunological Methods

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

Highly sensitive chemiluminescence enzyme immunoassay for the
quantification of carcinoembryonic antigen in the presence of an enhancer
and a stabilizer

Seung Sun Kima,b, Yujung Leea, Hyung Shik Shinb,⁎, Ji Hoon Leea,⁎

a Luminescent MD, LLC, Hagerstown, MD 20877, United States
b School of Chemical Engineering, Chonbuk University, Jeonju, Jeonbuk 54896, Republic of Korea

A R T I C L E I N F O

Keywords:
Chemiluminescence enzyme immunoassay
(CLEIA)
Enhancer
1,1′-oxalyldiimidazole chemiluminescence
(ODI-CL)
Phenol red derivatives
Carcinoembryonic antigen (CEA)
Horseradish peroxidase (HRP)

A B S T R A C T

Using the advantages of phenol red, a signal enhancer, and bovine serum albumin (BSA), a stabilizer of
horseradish peroxidase (HRP), added in HRP enzyme reaction of Amplex Red and H2O2, highly sensitive 1,1′-
oxalyldiimidazole chemiluminescence enzyme immunoassay (ODI-CLEIA) was developed to rapidly quantify
trace levels of carcinoembryonic antigen (CEA) in human serum. Phenol red acts as an enhancer in ODI-CLEIA
while BSA supported rapid and stable activation of HRP. The CL emission of resorufin formed from the HRP
enzyme reaction in the presence of BSA and phenol red was about 70-fold brighter than that in the absence of
both materials. ODI-CLEIA in the presence of BSA (1.5 mg/ml).and phenol red (1mM) was able to rapidly
analyze CEA in human serum with the wide linear calibration curve (2.5–100 ng/ml). The limit of detection
(LOD=3σ/slope) of ODI-CLEIA was as low as 0.19 ng/ml. Additionally, it was confirmed that the accuracy,
precision, and reproducibility of ODI-CLEIA in the presence of BSA and phenol red were good with the statis-
tically acceptable error range.

1. Introduction

Enzyme linked immunosorbent assay (ELISA) using a rabbit anti-
body conjugated with alkaline phosphatase (ALP) was reported for the
first time in 1971 (Engvall and Perlmann, 1971) to solve the major
concerns (e.g., the health issue of laboratory personnel, the treatment of
radioactive wastes) of radioimmunoassay (RIA) operated with an an-
tibody conjugated with iodine-125. Unfortunately, the sensitivity of
ELISA wasn't as good as that of RIA (Engvall and Perlmann, 1971). In
order to solve the disadvantages of the conventional ELISA, more ad-
vanced enzyme immunoassays (EIAs) have been developed (Rongen
et al., 1994; Pei et al., 2013; Chen et al., 2017; Sakamoto et al., 2018).
For example, relatively cost-effective horseradish peroxidase (HRP),
instead of ALP, has been applied as a powerful enzyme in EIAs with
various optical sensors such as chemiluminescence (Vdovenko et al.,
2010; Bodulev et al., 2018), colorimetric (Liu et al., 2010; Vashist et al.,
2015), and fluorescence (Ahn et al., 2015; Wu et al., 2018). EIAs with a
luminol (Yang et al., 2010; Feng et al., 2014) or 1,1′-oxalyldiimidazole
(ODI) (Chong et al., 2013; Choi et al., 2017) chemiluminescence de-
tection were more sensitive than EIAs with the rest optical detections.
The sensitivity of chemiluminescence EIAs (CLEIAs) operated with HRP

has been improved with the addition of an enhancer such as 3(10′-
phenothiazinyl)propionic acid/N-morpholinopyridine pair (Yu et al.,
2011; Vdovenko et al., 2012), 4-(1,2,4-triazol-1-yl) phenol (Liu et al.,
2015), 4-(1-imidazolyl) phenol (Dotsikas and Loukas, 2004; Yusakul
et al., 2015), bromophenl red (Yu et al., 2016), and p-iodophenol (Kim
et al., 2014; Liu et al., 2016).

As shown in Scheme 1, ODI-CL enzyme assay in the presence of HRP
needs a non-luminescent substrate, Amplex Red, 4, capable of trans-
ferring to luminescent probe, resorufin, 5, from the enzyme reaction
between Amplex read and H2O2 in the presence of HRP (Choi et al.,
2010; Lee et al., 2010; Park et al., 2011; Lee et al., 2019). This is be-
cause the high-energy intermediate, X, formed from the reaction of ODI
and H2O2 acts as a donor like a light source (e.g., Xenon lamp, laser)
used to generate fluorescence (Lee et al., 2002; Park et al., 2011; Park
et al., 2013). In order to emit bright light in ODI-CL enzyme reaction,
first, resorufin formed from HRP enzyme reaction is activated by the
high-energy intermediate based on the principle of chemically induced
electron exchange luminescence (CIEEL) process (Lee et al., 2002).
Then, resorufin under the excited state emit bright red light. Thus, an
enhancer used to improve the sensitivity of ODI CLEIA should be added
in the enzyme reaction of Amplex Red and H2O2 in the presence of HRP
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to rapidly produce the high concentration of resorufin before the ODI-
CL reaction.

Scheme 1 indicates that the procedure of ODI CLEIA is completely
different from that of luminol CLEIA. This is because ODI has been used
as a reagent to produce the high-energy intermediate capable of
transferring energy to resorufin, whereas luminol (Barni et al., 2007)
acts directly as a substrate like Amplex Red in ODI CLEIA. Due to the
apparent differences of the both CLEIAs, for example, the efficiency of
p-iodophenol applied as an enhancer in ODI-CLEIAs (Kim et al., 2014)
was different from that in luminol CLEIA (Liu et al., 2016).

Recently, Yu and his/her collaborators reported that bromophenol
red, widely applied as a chemical indicator, can be used a strong en-
hancer in luminol enzyme assay for the quantification of a specific DNA
(Yu et al., 2016). The report indicates that various chemical indicators,
such as phenol red, chlorophenol red, bromophenol red, and bromo-
phenol blue, can be a candidate capable of improving the sensitivity of
ODI CLEIA. Based on the hypothesis, we studied the roles of phenol
derivatives in ODI CLEIA for the quantification of carcinoembryonic
antigen (CEA), known as one of the tumor markers. Details are de-
scribed as shown below.

2. Experimental

2.1. Chemicals and materials

Carcinoembryonic antigen (CEA), alpha-fetoprotein (AFP), and
prostate specific antigen (PSA) were purchased from Lee Biosolutions.
Vascular Endothelial Growth Factor (VEGF), Cancer Antigen 19–9 (CA
19–9), and Glypican 1 (GPC-1) were purchased from Thermo Scientific.
CEA ELISA kit and a diluent (0 calibrator matrix) were purchased from
Monobind. Horseradish peroxidase, phenol red, bromophenol red,

bromophenol blue, chlorophenol red, bovine serum albumin (BSA), and
resorufin were purchased from MilliporeSigma. Amplex Red was pur-
chased from Cayman Chemical. Isopropyl alcohol (HPLC grade), ethyl
acetate (HPLC grade), ultrapure deionized water, and H2O2 (30%) were
purchased from VWR. Human serum samples collected from patients
were provided by Meritus Medical Center located in Hagerstown, MD,
Untied States.

2.2. Effect of phenol derivatives in HRP enzyme assay with ODI-CL
detection

In order to study the roles of phenol derivatives, 1 μM Amplex Red
(60 μl) was added in a 1.5-ml microcentrifuge tube containing the
mixture (60 μl) of HRP (2mU/ml) and 1.5mM H2O2 in the absence and
presence of phenol red, bromophenol red, bromophenol blue, or
chlorophenol red (1mM). Resorufin was formed in the centrifuge tube
while the final mixture was incubated at room temperature
(21 ± 3 °C). Resorufin (20 μl) formed in each microcentrifuge tube
after the incubation for a certain time was transferred into a bor-
osilicated test tube. The test tube was inserted immediately to the de-
tection cell of a luminometer with two syringe pumps (Lumat 9507,
Berthold). Then, relative CL intensity of light emitted in the test tube
was measured for 2 s after injecting H2O2 (25 μl) and ODI (25 μl) into
the test tube using the two syringe pumps. Using the experimental data
measured under different conditions, the effect of phenol derivatives in
HRP enzyme assay was studied.

2.3. Effect of BSA in HRP enzyme assay in the presence of phenol red in
sodium phosphate buffer (pH 8)

6 different concentrations of BSA from 0 to 4mg/ml in 20mM

Scheme 1. Enzyme (HRP) assay with ODI-CL detection. 1. TCPO, 2. 4-methylimidazole, 3. ODI, 4. Amplex Red, 5. resorufin under the ground state, 6. Resorufin
under the excited state, X. high-energy intermediate.
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sodium phosphate buffer (pH 8). Each BSA solution (20 μl) was mixed
with 20mM sodium phosphate buffer (40 μl) contacting HRP (2mU/
ml), H2O2 (1.5 mM) and phenol red (1mM). Then, 1 μM Amplex Red
(60 μl) in 20mM sodium phosphate buffer was added in the mixture.
The final mixture was incubated for 4min at room temperature. After
the incubation, 20 μ in the final mixture was transferred into a bor-
osilicated test tube. Then, relative CL intensity for each sample was
measured with the luminometer based on the procedure described
above.

2.4. Effect of phenol derivatives in ODI-CL reaction

In order to study the effect of phenol derivatives in ODI-CL reaction,
10 μM resorufin (60 μl) in sodium phosphate buffer (pH 8, 20mM) was
mixed with additional sodium phosphate buffer (60 μl) not containing
or containing one of phenol derivatives (1 mM). Relative CL intensity of
light emitted in the mixture (20 μl) transferred into a test tube was
measured for 2 or 3 s using the luminometer with two syringe pumps.
The effect of phenol derivatives in ODI-CL reaction was investigated
using the experimental data.

2.5. ODI-CLEIA in the presence of phenol red and BSA

Based on the preliminary experimental results using HRP enzyme
assay with ODI-CL detection, highly sensitive ODI-CLEIA in the pre-
sence of phenol red and BSA was designed for the quantification of CEA
in human serum. 6 different CEA standards (0, 2.5, 10, 25, 50, 100 ng/
ml) in diluent solution, purchased from Monobind, and patient human
serum samples were prepared. Each standard or a patient sample (25 μl)
and CEA detection antibody-conjugated HRP (100 μl) were mixed with
CEA capture antibody coated on the surface of strip-well. The mixture
was stirred for 30 s and incubated for 30min at room temperature.

After the incubation, each strip-well was washed 5 times with phos-
phate buffered saline containing 0.5% Tween 20 (PBST). After the
washing procedure, 20mM sodium phosphate buffer (pH 8, 100 μl)
containing 1 μM Amplex Red, 1mM phenol red, 1.5mM H2O2 and BSA
(1.5mg/ml) was added in the strip-well. The mixture in the strip-well
was incubated for 8min at room temperature. After the incubation,
20 μl in the strip-well was transferred into a borosilicated test tube.
Relative CL intensity of light in a test tube was measured with the lu-
minometer through the same procedure described above. A calibration
curve was obtained using relative CL intensities measured from the six
standards. Then, the concentration of CEA in unknown sample was
determined with the calibration curve.

3. Results and discussion

3.1. Effect of phenol derivatives in ODI-CL enzyme assay in Tris–HCl

Tris–HCl (pH 8) is widely applied as a buffer solution for the enzyme
reaction between Amplex Red and H2O2 in the presence of HRP. Based
on the previous reports (Choi et al., 2010; Chong et al., 2013; Choi
et al., 2017), we first studied the effect of 4 different phenol derivatives
(PD) in the enzyme assay with ODI-CL detection.

As shown in Fig. 1(A), the relative CL0 intensity was enhanced with
the extension of incubation time for the enzyme reaction in the absence
of PD.

Fig. 1(B) shows that the relative CLPR intensity measured after the
10-min enzyme reaction in the presence of phenol red (PR) was the
highest. Additionally, the light emitted from the enzyme reaction in the
presence of PD was brighter than that emitted from the enzyme im-
munoassay in the absence of PD. This result indicates that PR acts as an
enhancer in the enzyme reaction.

Fig. 1(C) shows that the relative CLCPR was dependent on the

Fig. 1. (A) ODI-CL enzyme reaction in the absence of phenol derivatives (PD), (B) ODI-CL enzyme reaction in the presence of PR, (C) ODI-CL enzyme reaction in the
presence of CPR, (D) ODI-CL enzyme reaction in the presence of BPB, (E) ODI-CL enzyme reaction in the presence of BPR, (F) Quenching effect of PD in ODI-CL
reaction in the presence of resorufin. Reaction condition: (A~E) [HRP]= 1mU/ml, [Amplex Red]= 1 μM, [H2O2]=1.0mM, and [PD]=1mM in 10mM Tris–HCl
(pH 8). (F) [Resorufin]=10 μM and [PD]= 1mM in 10mM Tris–HCl (pH 8). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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enzyme reaction time in the presence of chlorophenol red (CPR). The
relative CLCPR intensity was also higher than the relative CL0 intensity
because CPR is an enhancer in the enzyme reaction. However, the
brightness of light measured after the 10-min enzyme reaction was
slightly higher than that the 7-min enzyme reaction. This result in-
dicates that the enzyme reaction in the presence of CPR is faster than
that in the absence of PD.

Fig. 1(D) shows that the relative CLBPB intensity was enhanced with
the extension of the enzyme reaction time. Also, Fig. 1(D) indicates that
the enzyme reaction with CPR was faster than that with no PD because
the relative CLBPB after the 10-min enzyme reaction was slightly higher
than that after the 7-min enzyme reaction. However, the results of
Fig. 1(D) indicate that BRB is not acting as an enhancer in the enzyme
reaction because the relative CLBRB intensity is lower than the relative
CL0 intensity. In general, various types of chlorophenol, such as 2,4,6-
trichlorophenol, pentachlorophenol, act as a quencher in ODI-CL re-
action. Based on the previous reports, it is possible that BRB also acts as
a quencher in ODI-CL reaction.

Fig. 1(E) shows that the relative CLBPR intensity was dependent on
the enzyme reaction time. The trend of enzyme reaction in the presence
of bromophenol red (BPR) is similar to that in the presence of PR. Thus,
BPR can be applied as an enhancer in the enzyme reaction. However,
the relative CLBPR intensity was lower than the relative CLPR.

Based on the results of Fig. 1(A~E), we confirmed that resorufin is
formed from the enzyme reaction between Amplex Red and H2O2 in the
presence of HRP with or without an enhancer. As shown in Scheme 1,
resorufin emits red light with the addition of ODI-CL reagents. Fig. 1(F)
shows that PR, CPR, BPB, and BPR are quenchers in ODI-CL reaction. In
particular, BPR is the strongest quencher capable of reducing the

brightness of resorufin emitted in ODI-CL reaction. Based on the result,
we were able to confirm the reason why the relative CLBPB intensity was
lower than relative CL0 intensity, as shown in Fig. 1(A–D), even though
the concentration of resorufin formed from the enzyme reaction in the
presence of BPB was higher than that in the absence of PD.

The results shown in Fig. 1 indicate that ODI-CLEIA in the presence
of PD, except for BPB, is more sensitive than that in the absence of PD.

3.2. Possible mechanism of enzyme reaction of Amplex red and H2O2 in the
presence of HRP and PD with ODI-CL detection

As shown in Fig. 2, the possible mechanism of HRP enzyme reaction
in the presence of PD is similar to that in the presence of p-iodophenol
(Kim et al., 2014). The reaction (1) in Fig. 2 shows that HRP converts to
compound I in the presence of H2O2. Compound II and PD* are formed
from the oxidation reaction between compound I and PD as shown in
the reaction (2). Also, the reaction (3) indicates that PD* and HRP are
formed from the reaction of compound II and the rest of PD. Then,
resorufin is formed from the interaction between Amplex Red and PD*
as shown in the reaction (4). Finally, resorufin emits light with the
addition of ODI-CL reagents such as H2O2 and ODI (Lee et al., 2010).
Relative CLPD intensity was determined by PD used in HRP enzyme
reaction. CLPD is the relative CL intensity in the presence of PD. As
shown in Fig. 1, the relative CLPR intensity was the highest. Thus, the
ratio of CLPR to CLo (CLPR/CL0) is the largest. CLPR is the relative CL
intensity in the presence of PR. CL0 is the relative CL intensity in the
absence of PD such as PR, BPB, BPR, and CPR. Fig. 2 indicates that the
appropriate incubation time for the HRP enzyme reaction in the pre-
sence of PR was 7min.

Fig. 2. Possible mechanism of enzyme and ODI-CL reactions in the presence of PD.
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3.3. Determination of buffer for the HRP enzyme reaction in the presence of
PR

Fig. 3(A) shows that the CLPR/CL0 in HRP enzyme reactions in so-
dium phosphate buffer (pH 8) is the same as that in Tris–HCl (pH 8)
which is the conventional buffer for HRP enzyme assay using Amplex
Red and H2O2. Also, CLPR/CLBG in sodium phosphate buffer was about
two-fold larger than that in Tris–HCl buffer as shown in Fig. 3(B). CLBG
is the background measured in the absence of HRP. The results indicate
that sodium phosphate buffer is better than Tris–HCl buffer for the HRP
enzyme reaction in the presence of PR. Based on the results shown in
Fig. 3(C and D), we confirmed that the HRP enzyme reaction in the
presence of PR is 20mM sodium phosphate buffer (pH 8).

Fig. 3(E) shows the CL emission spectrum of resorufin without PD in
sodium phosphate buffer (pH 8). The time (τmax) necessary for attaining
the maximum CL intensity (Imax) was as fast as 0.3 s. Also, the time (τ1/
e) necessary for dropping down CL1/e from Imax was 1.6 s. Fig. 3(F)
shows that PR, CPR, BPR, and BPB in sodium phosphate buffer are
acting as quenchers in ODI-CL reaction. However, τmax and τ1/e in the
presence of PD were the same as those in the absence of PD within
statistically acceptable error range (5%).

3.4. Effects of reagents for HRP enzyme reaction

Fig. 4(A) shows that τ1/e (1.2 s) in sodium phosphate is shorter than
that (2 s) in Tris–HCl even though τmax (0.3 s) in sodium phosphate is
the same as that in Tris–HCl. The results indicate that the life-time of CL
emission is dependent on the components existing in a buffer.

Fig. 4(B) shows that the best concentration of PR for the HRP en-
zyme reaction is 1mM. The relative CLPR in the presence of 1mM PR
was higher than those in the presence of the rest of the PR

concentrations. Based on the results, we selected 1mM PR for the de-
velopment of ODI-CLEIA for the quantification of CEA in human serum.

As shown in Fig. 4(C), the relative CLPR intensity in the presence of
1.5 mM H2O2 was slightly higher than those in the presence of the rest
H2O2 concentrations. Based on the results, we selected 1.5 mM H2O2 for
further research.

Fig. 4(D) shows that the relative CLPR intensity was enhanced with
the increase of Amplex Red. We obtained the non-linear curve in this
condition because the relative CLPR intensities of resorufin in the pre-
sence of 4 and 8mM Amplex Red were slightly self-quenched. Thus,
2 μM Amplex Red was selected in this research.

Fig. 4(E) shows that the best incubation time range for the HRP
enzyme reaction in the presence of BSA and PR is from 8 to 9min.
Based on the research results, we selected the 8-min incubation to de-
velop a highly sensitive ODI-CLEIA capable of rapidly quantifying CEA
in human serum.

As shown in Fig. 4(F), the relative CLPR intensity in the HRP enzyme
reaction with ODI-CL detection was dependent on the concentration of
BSA. The relative CLPR intensity in the presence of 1.5 mg/ml BSA was
12-fold higher than that in the absence of BSA. This is because BSA, as a
stabilizer of HRP, can support the activation of HRP in the HRP enzyme
reaction shown in Fig. 2 (Dotsikas and Loukas, 2004). In conclusion, the
relative CLBSA-PR intensity was about 70-fold higher than the relative
CL0 measured from the HRP enzyme reaction in the absence of BSA and
PR.

In order to study in detail the effect of BSA in ODI-CL enzyme assay,
we conducted experiments under the three different reaction conditions
shown in Fig. 4(G~I). Fig. 4(G) shows that the relative CL intensity of
resorufin was constant in the presence of different concentrations of
BSA. The results indicate that BSA is not working as an enhancer in
ODI-CL reaction. However, Fig. 4(H) shows that BSA acts as a quencher

Fig. 3. (A) CLPR/CL0 of resorufin formed from enzyme reaction operated in 3 different buffers. CL0 and CLPR were measured in the absence and presence of phenol
red (1mM), (B) CLPR/CLBG of resorufin formed from enzyme reaction operated in 3 different buffers. CLBG was measured in the absence of HRP (0.5mU/ml), (C)
CLPR/CLBG of resorufin formed from enzyme reaction operated in different pH of sodium phosphate buffer (10mM), (D) CLPR/CLBG of resorufin formed from enzyme
reaction operated in different concentration of sodium phosphate buffer (pH 8), (E) CL spectrum of resorufin in the absence of PD, (F) CLPD/CL0 of resorufin (10 μM)
emitted in ODI-CL reaction. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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in ODI-CL enzyme assay because the relative CL intensity of resorufin,
formed from the enzyme reaction in the absence of PR, was pro-
portionally decreased with the increase of BSA. Additionally, Fig. 4(I)
shows that BSA in ODI-CL enzyme assay in the presence of PR acts as a
quencher in Tris–HCl (pH 8). However, BSA in ODI-CL enzyme assay in
the presence of PR acts as an enhancer in sodium phosphate buffer
(pH 8) as shown in Fig. 4(F). These results indicate that the role of BSA
is determined by the property of the buffer used in in ODI-CL enzyme
assay in the presence of PR.

In conclusion, based on the results shown in Fig. 4(F~I), BSA acts as
an enhancer with the combination of BSA and PR in ODI-CL enzyme
assay in sodium phosphate buffer (pH 8). However, it acts as a quencher
in ODI-CL enzyme assay in the absence of PR or in Tris–HCl (pH 8)
containing PR.

3.5. ODI-CLEIA in the presence of PR and BSA

Fig. 5 shows the procedure of ODI-CLEIAs operated under the three
different HRP enzyme reaction pathways. CEA and CEA detection an-
tibody-conjugated HRP were added into a strip-well containing CEA
capture antibody. The mixture was incubated for 30min at room
temperature. After the incubation, CEA detection antibodies remaining
in the strip-well were removed with the washing process. Then, one of
mixtures (see components of 1,2,3 shown in Fig. 5) was put in the strip-
well for the HRP enzyme reaction for 8min at room temperature. Fi-
nally, each strip-well emitted red light when H2O2 and ODI were added.

Fig. 6(A) shows the ODI-CLEIA in the presence of PR and BSA is
more sensitive than that in the presence of PR only. The dynamic range
of the both ODI-CLEIAs capable of sensing CEA in human serum was
from 2.5 to 100 ng/ml. The limits of detection (LOD=3σ/slope) de-
termined in ODI-CLEIAs in the absence and presence of BSA were as low
as 0 46 and 0.19 ng/ml. σ is the standard deviation of background

Fig. 4. (A) CL spectra of resorufin in sodium phosphate (pH 8) and Tris–HCl (pH 8), (B) CLPR/CL0 of resorufin formed from enzyme reaction operated in the presence
of different concentrations of phenol red. CL0 and CLPR were measured in the absence and presence of phenol red, (C) Effect of H2O2 in ODI-CL enzyme assay in the
presence of Amplex Red (2 μM), HRP (2mU/ml) and phenol red (1mM), (D) Effect of Amplex Red in ODI-CL enzyme assay in the presence of H2O2 (1.5mM), HRP
(2mU/ml), and phenol red (1mM), (E) Determination of incubation time for the analysis of HRP using ODI-CL enzyme assay in the presence of Amplex Red (2 μM),
BSA (1.5mg/ml), H2O2 (1.5 mM), HRP (2mU/ml), and phenol red (1mM) in sodium phosphate buffer (pH 8), (F) Effect of BSA in ODI-CL enzyme assay in the
presence of Amplex Red (2 μM), H2O2 (1.5 mM), HRP (2mU/ml), and phenol red (1mM) in sodium phosphate buffer (pH 8), (G) Effect of BSA in ODI-CL reaction in
the presence of resorufin (1 μM) in sodium phosphate buffer (pH 8), (H) Effect of BSA in ODI-CL enzyme assay in the absence of phenol Red in sodium phosphate
buffer (pH 8), reagents: Amplex Red (2 μM), H2O2 (1.5mM), HRP (2mU/ml), (I) Effect of BSA in ODI-CL enzyme assay in Tris–HCl (pH 8), reagents: Amplex Red
(2 μM), H2O2 (1.5 mM), HRP (2mU/ml), and phenol red (1mM). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 5. Procedure of ODI-CLEIAs in the absence and presence of phenol red and BSA. Amplex Red and H2O2 are substrates of ODI CLEIA. Phenol Red is an enhancer
and BSA is a stabilizer in ODI CLEIA. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. (A) Calibration curves generated from ODI-CL enzyme immunoassay for the quantification of CEA in human serum. 1. ODI-CL enzyme immunoassay in the
presence of BSA (1.5 mg/ml) and phenol red (1mM), 2. ODI-CL enzyme immunoassay in the presence of phenol red only. (B) Correlation of ODI-CL enzyme
immunoassay operated under two different conditions. 1. ODI-CL enzyme immunoassay in the presence of BSA (1.5 mg/ml) and PR (1mM), 2. ODI-CL enzyme
immunoassay in the presence of PR only. (C) Selectivity of ODI-CL enzyme immunoassay in the presence of BSA and phenol red. Concentration of tumor markers:
[CEA]=10 ng/ml, [AFP]= 1 μg/ml, [PSA]= 1 μg/ml, [CA 19–9]= 1 KU/ml, [VEGF]= 100 ng/ml, [GPC-1]= 100 ng/ml. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Comparison of methods capable of sensing CEA.

Method Dynamic range (ng/ml) Analytical time
(min)

LOD (ng/ml) References

Impedimetric immunobiosensor 0–200 80 1 Yeh et al. (2016)
Dual-aptasensor with CL detection 0–200 36 1 Khang et al. (2017)
Dual-label time-resolved fluoroimmunoassay 5–500 50 0.85 Lin et al. (2014)
Time-resolved fluorescence immunoassay 1–1000 65 0.5 Hou et al. (2012)
SWCNTs@GQDs composites as nanocarriers for enzyme-free dual-signal amplification

electrochemical immunoassay
0.05–0.65 50 0.005 Luo et al. (2018)

Potential-resolved electrochemiluminescence immunoassay 0.000025–0.02 80 0.00001 Babamiri et al.
(2017)

ODI-CLEIA in the presence of PR and BSA 2.5–100 38 0.19 This research
ODI-CLEIA in the presence of PR only 2.5–100 38 0.46 This research
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consecutively measured 20 times. As shown in Table 1, LOD of the ODI-
CLEIAs was as low as those of other enzyme immunoassays recently
reported (Hou et al., 2012; Lin et al., 2014; Yeh et al., 2016; Khang
et al., 2017). LODs of analytical methods reported by two research
groups (Babamiri et al., 2017; Luo et al., 2018) shown in Table 1 were
much lower than those of ODI-CLEIAs and other methods (Hou et al.,
2012; Lin et al., 2014; Yeh et al., 2016; Khang et al., 2017). This is
because the cut-off value (5 ng/ml) of CEA in human serum is beyond
the dynamic ranges of these two methods. In other words, ODI-CLEIAs
and other methods (Hou et al., 2012; Lin et al., 2014; Yeh et al., 2016;
Khang et al., 2017) are appropriate for the quantification of CEA in
100% human serum because the cut-off value of CEA is in the dynamic
ranges determined using those methods.

Fig. 6(B) shows the good correlation between ODI-CLEIA in the
presence of BSA and PR and ODI-CLEIA in the presence of PR only.
Also, Fig. 6(C) shows ODI-CLEIA developed in this research can quan-
tify CEA in human serum with the excellent selectivity.

As shown Table 2, the range of recovery for the ODI-CLEIA in the
presence of BSA and PR was from 94.8% to 110.5%. Additionally,
Table 2 shows that accuracy and precision of the ODI-CLEIA were good
within the statistically acceptable error range.

We studied the intra- and inter-assay for the ODI-CLEIA in the
presence of BSA and PR as shown in Table 3. The confidence variable
(CV) range of the intra-assay was 5.34–7.23%. Also, the inter-assay was
performed for 7 consecutive days with the same samples used in the
intra-assay. The CV range of the intra-assay was 5.74–7.05%. These
results indicate that the ODI-CLEIA in the presence of BSA and PR can
be applied as a new analytical method to quantify CEA in human serum
with acceptable precision.

4. Conclusions

We confirmed that phenol derivatives (PD) such as PR, BPR, and
CPR can be applied as an enhancer in HRP enzyme assay with ODI-CL
detection. Also, we were able to enhance the sensitivity of HRP enzyme
assay with the addition of BSA capable of supporting the activation of
HRP. Using the advantages of PR and BSA in HRP enzyme assay, the CL
emission formed in HRP enzyme reaction in the presence of PR and BSA
was about 70-fold brighter than that in the absence of PR and BSA.

Based on the preliminary research results, ODI-CLEIA in the pre-
sence of PR and BSA was developed to rapidly quantify trace levels of
CEA in human serum. Based on the statistically good results (e.g., ac-
curacy, precision, recovery, selectivity) for the ODI-CLEIA in the

presence of BSA and PR, in conclusion, we expect that the new analy-
tical method can be applied in various fields such as biochemistry,
clinical chemistry, environmental science, public health, and tox-
icology.
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