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ABSTRACT: Herein, a redox-cycling was proposed to amplify
the signal of enzyme-linked immunosorbent assay (ELISA), which
was performed in a polystyrene microplate based on a classic
sandwich-type. After the sandwich immunoreactions were finished,
the alkaline phosphatase captured on a microplate triggered the
hydrolyzation of L-ascorbic acid 2-phosphate to generate ascorbic
a c i d (AA) , wh i ch t h en r educ ed co l o r l e s s t r i s -
(bathophenanthroline) iron(III) (Fe(BPT)3

3+) encapsulated in
the micelle of TX-100 to pink red tris(bathophenanthroline)
iron(II) (Fe(BPT)3

2+). In the presence of tris(2-carboxyethyl)-
phosphine, the oxidation product, dehydroascorbic acid, was
transformed to AA quickly which then reduced Fe(BPT)3

3+ again
and again, resulting in the generation of abundant Fe(BPT)3

2+ that
could be read out conveniently by a commercial microplate reader
or the naked eye. Because the negative charged TCEP with large size could hardly pass through the micelle, the reduction of
Fe(BPT)3

3+ by TCEP directly was negligible. Experiment results for assay of alpha-fetoprotein (a model antigen) showed the
cycling greatly improved the detection limit to 5 pg/mL, 2 orders of magnitude lower than that of conventional ELISA. The
cycling also exhibited the advantages of simplicity and high reproducibility, implying its great potential for practical applications
in biological and clinical diagnosis.

Owing to its simplicity, low-cost, easy operation, and
control, enzyme-linked immunosorbent assay (ELISA)

based on UV−vis spectroscopic detection has become a
powerful biochemical testing tool and has been widely applied
to food quality control,1 environmental monitoring,2 and
clinical diagnosis.3,4 Nevertheless, suffering from the low
sensitivity of UV−vis spectroscopic detection for colored
molecules generated by enzyme catalysis, conventional ELISA
using a microplate reader as the signal detector has a relatively
low sensitivity, normally ranging from μg/mL to ng/mL,5,6

which cannot meet the ever-growing demand of early disease
diagnosis based on low-abundance biomarkers. To solve this
problem, various signal amplification techniques (biotin−
avidin system,7 tyramide signal amplification,8 cascade signal
amplification,9 DNA hybridization chain reaction,10 etc.),
enzyme-loaded particles labeling techniques (liposomes,11,12

gold nanoparticles,13 polystyrene microparticles,14 micrometer-
sized magnetic particles,15 silica nanoparticles,16,17 nano-
spherical brushes,18 etc.), and methods based on sensitive
detection of enzyme-catalyzed products (plasmonic

ELISA,19,20 enzyme-assisted cofactor-recycling amplification,21

etc.) have been proposed to improve the sensitivity of ELISA.
Although most of these methods are effective and some of
them even have drastically pushed the detection limit almost 2
orders of magnitude lower than that of conventional ELISA,
the cumbersome analysis process or labeling procedure has
hindered their further popularization.
Catalytic spectrophotometry, also named target cycling

amplification, has proved to be sensitive for determination of
target analyte.22 In this method, the target analyte acts as a
catalyst to accelerate the color development reaction, leading
to the generation of abundant colored molecules in a short
period and therefore the signal is amplified. To date, this
method has been widely applied to the determination of metal
ions and a few organic molecules. Theoretically, the sensitivity
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of ELISA can be improved by developing cycling amplification
for sensing of enzyme-catalyzed product. To achieve this aim,
enzyme-assisted cofactor-recycling amplification has been
proposed for ELISA, promoting the sensitivity about 2 orders
of magnitude.21 The method seems time-consuming, and the
additional introduction of enzyme increased the cost of ELISA.
Recent reports show that some enzyme-catalyzed products,

such as ascorbic acid (AA), p-aminophenol, and hydroquinone,
can be detected sensitively via an electrochemical assay based
on redox-cycling amplification in the presence of tris(2-
carboxyethyl)phosphine (TCEP), nicotinamide adenine dinu-
cleotide (NADH), and so on. In this strategy, the enzyme-
catalyzed product on the surface of the electrode was first
oxidized electrochemically to its corresponding oxidation state,
which was then reduced to its initial state by reductants. The
electrochemical signal was therefore enhanced.23−26

Inspired by the electrochemical redox-cycling amplification
mentioned above, herein we reported an ultrasensitive
colorimetric immunoassay system based on sensitive determi-
nation of AA, an enzyme-catalyzed product of alkaline
phosphatase (ALP), by using a simple chemical redox-cycling
amplification. The system greatly improved the sensitivity of
ELISA by over 2 orders of magnitude.
Scheme 1 outlines principle of the redox-cycling-based

colorimetric ELISA. The ELISA for alpha-fetoprotein (AFP)

detection was performed in a polystyrene microplate by using a
classic sandwich type. ALP tagged antibody was captured on
the microplate, and then it triggered the hydrolyzation of L-
ascorbic acid 2-phosphate to generate AA. The reaction
between AA and colorless tris(bathophenanthroline) iron(III)
(Fe(BPT)3

3+) resulted in the generation of pink red tris-
(bathophenanthroline) iron(II) (Fe(BPT)3

2+) and dehydroas-
corbic acid. The latter was then reduced to AA again
simultaneously by TCEP. The cycling reaction produced
abundant Fe(BPT)3

2+ and therefore the colorimetric signal was
amplified significantly. It should be noted here that the direct
reduction of Fe(BPT)3

3+ by TCEP could hardly be perceived.
The generated pink red Fe(BPT)3

2+ was then monitored by
the naked eye or a commercial microplate reader, and the
concentration of the model antigen, AFP, was quantified
indirectly.

■ EXPERIMENTAL SECTION
Chemicals and Apparatus. Ascorbic acid (AA), Triton X-

100 (TX-100), FeCl3·6H2O, Na2HPO4·12H2O, NaH2PO4·

2H2O, Na2CO3, NaHCO3, Na2SO3, and 1,10-phenanthroline
(Phen) were obtained from Sinopharm Chemical Reagent Co.,
Ltd. (China). Hydroxylamine hydrochloride (NH2OH·HCl),
reduced glutathione (GSH), NaBH4 were bought from
Aladdin Chemical Reagent Co., Ltd. (China). L-Ascorbic acid
2-phosphate (AA-p) and bovine serum albumin (BSA) were
purchased from Sigma-Aldrich Corporation (America). 4,7-
Dipheny-1,10-phenanthroline (also named bathophenanthro-
line, BPT) and tris (2-carboxyethyl)phosphine hydrochloride
(TCEP) were bought from Shanghai Macklin Biochemical Co.,
Ltd. (China). Alkaline phosphatase (ALP) was obtained from
Dalian Meilun Biotechnology Company (Dalian, China).
Dithiothreitol (DTT) and nicotinamide adenine dinucleotide
(NADH) were bought from Beijing Solarbio Science &
Technology Co., Ltd. (China). L-Cysteine was obtained from
Xiya Chemical Industry Co., Ltd. (China). Carcinoembryonic
antigen (CEA), immunoglobulin G (IgG), and prostate
specific antigen (PSA) were purchased from Beijing Dingguo
Changsheng Biotechnology Co., Ltd. Human alpha-fetoprotein
(AFP) antigen purified was obtained from Shanghai Linc-Bio
Science Co., Ltd. (China). Mouse anti-AFP (A2) monoclonal
antibody, mouse anti-AFP (A4)/AP were purchased from
Beijing Biosynthesis Biotechnology Company (China). The
96-well polystyrene microplates were bought from Corning-
Costar (America). AFP ELISA kit was purchased from Biocell
Biotechnol. Co., Ltd. (China). All of the chemicals were
analytical reagent grade or better. Solutions were all prepared
with deionized water (18.2 MΩ, Pall Corporation Cascada
LS). UV−visible absorption spectra were measured on a
spectrophotometer (Thermo Scientific NanoDrop 2000/
2000C) and a microplate reader (TECAN Infinite 200 M
PRO NanoQuant).

Procedure for AA Detection. The measurements were
performed in a centrifuge tube. To 1000 μL of 50 mM
Na2HPO4 solution containing different concentrations of AA,
15 μL of 100 mM TCEP, 60 μL of the prepared mixture
solution of FeCl3 (10 μL, 10 mM), BPT (20 μL, 10 mM,
dissolved in ethanol), and TX-100 (30 μL, 10%) were added in
sequence. The mixed solutions were incubated at 50 °C for 10
min and then were measured by the UV−visible spectropho-
tometer at the wavelength of 534 nm (baseline 750 nm).

Procedure for ALP Detection. A volume of 110 μL of
Na2CO3/NaHCO3 buffer solution (10 mM, pH 9.4)
containing 1 mM AA-p and different concentrations of ALP
were added into the 96-well polystyrene microplates and
incubated at 37 °C for 60 min. Then, 118 μL of mix solution
(100 μL of 100 mM Na2HPO4, 6 μL of 50 mM TCEP, 2 μL of
10 mM FeCl3, 4 μL of 10 mM BPT, and 6 μL of 10% TX-100)
was added into the wells. After incubation at 50 °C for 10 min,
the absorbance of the obtained solution was recorded at 534
nm by a microplate reader (reference 750 nm).

Sandwich Enzyme-Based Immunoassay for AFP
Detection. First, 100 μL of 20 μg/mL mouse anti-AFP
monoclonal antibody dissolved in 50 mM NaHCO3/Na2CO3
buffer (pH 9.6) was added to the 96-well polystyrene
microplates and incubated at 4 °C for 12 h. After removing
the solution, 200 μL of 1% BSA solution (dissolved in 0.05 M
PBS, pH 7.4) was injected to block the active nonspecific
binding sites of the wells at 37 °C for 1 h. Then, 100 μL of
varied concentrations of human AFP antigen dissolved in 0.05
M PBS buffer (pH 7.4, 1% BSA) was added into the wells and
incubated at 37 °C for another 1 h. Then, the wells were rinsed
with 0.05 M PBS solution (pH 7.4, 1% BSA) for eight times.

Scheme 1. Principle of the Redox-Cycling-Based
Colorimetric ELISA

Analytical Chemistry Technical Note

DOI: 10.1021/acs.analchem.8b05095
Anal. Chem. 2019, 91, 1254−1259

1255

http://dx.doi.org/10.1021/acs.analchem.8b05095


Following this step, 100 μL of ALP-conjugated antibody
(1:500 dilution) was injected to the microwells and incubated
at 37 °C for an additional hour. After the formation of the
sandwich immunocomplex, the wells were rinsed with 0.05 M
PBS solution (pH 7.4, 1% BSA) for eight times. The captured
ALP in the microwells was then quantified with the same
procedure as the procedure for ALP detection.
For more experimental procedures and details please see

pages S-3−S-5 (Supporting Information).

■ RESULTS AND DISCUSSION

Principle for the Redox-Cycling System. For the redox-
cycling system developed for the first time to detect AA in this
work, the mechanism is also discussed. As shown in the inset in
Figure 1A, the absorbance of the solution consisting of TCEP
(1.5 mM), TX-100, and Fe(BPT)3

3+ at 534 nm increased
slowly in the absence of AA (red dots), while with the presence
of AA (0.5 μM), the absorbance increased sharply as the

incubation time extended (black dot). The phenomena
showed that the reduction of Fe(BPT)3

3+ by TCEP directly
was very slow and the reduction could be accelerated
drastically by the addition of trace amounts of AA. According
to the stoichiometric reaction between AA and Fe(BPT)3

3+

and the molar absorption coefficient of Fe(BPT)3
2+ (22350 L

mol−1 cm−1), the absorbance at 534 nm calculated should
increase to 0.0223 if every AA molecule only could reduce two
Fe(BPT)3

3+ ions. The fact was that the absorbance increased
about 0.11 after incubation of the redox-cycling system at 50
°C for 7 min. Obviously, the increase in the absorbance was
not due to the reduction of Fe(BPT)3

3+ by AA only once. In
consideration of other work mentioned above, we concluded a
redox-cycling system probably was formed by the introduction
of AA to the solution in which the AA could be regenerated
repeatedly based on the following reasons. (1) Fe(BPT)3

3+, a
clathrate with a redox active site at the center, was
encapsulated in the nonionic micelle of TX-100. The
peripheral micelle and BPT hindered negative charged TCEP
with large size to collide with Fe3+ and therefore the reaction
between TCEP and Fe(BPT)3

3+ became very slow. (2)
Compared with TCEP, the neutral AA with small size could
pass through the micelle easily and Fe(BPT)3

3+ was reduced
quickly. (3) The oxidation product, dehydroascorbic acid, is
also a neutral molecule that could escape out of the micelle
easily and could be reduced to AA by TCEP again. The
regenerated AA then passed through the micelle and resulted
in the reduction of more Fe(BPT)3

3+ to red Fe(BPT)3
2+. As

shown in Figure S12 (Supporting Information), it should be
noted here that the micelle of TX-100 not only effectively
hindered the reaction between Fe(BPT)3

3+ and TCEP but also
promoted the dissolution of Fe(BPT)3

3+.
Colorimetric Detection of AA by the Redox-Cycling

System. Figure 1B shows the absorbance at 534 nm (curve a
in B) and color (digital photo inset in B) of the redox-cycling
system response to different concentrations of AA. Compared
with the absorbance calculated according to the stoichiometric
reaction between AA and Fe(BPT)3

3+ (curve b), the signal
(curve a), after deducting the background caused by the
spontaneous reaction between Fe(BPT)3

3+ and TCEP, was
amplified about 4.8-fold (slope of curve a/slope of curve b),
indicating every AA molecule can be averagely regenerated 3.8
times by TCEP in the redox-cycling system. Curve a in Figure
1B also manifests the absorbance increases linearly with the
increasing concentration of AA in the range from 0.05 to 1.0
μM under optimum conditions: pH, 9.6; Fe3+, 0.1 mM; BPT,
0.2 mM; TCEP, 1.5 mM; TX-100, 0.3%; incubation time, 10
min; temperature, 50 °C. The selection of these conditions are
shown from Figures S3−S9 (Supporting Information). To the
best of our knowledge, the proposed redox-cycling system for
detecting AA is more sensitive than most of the existing
colorimetric methods.19,27−30

Colorimetric Detection of ALP by the Redox-Cycling
System. In the proposed ELISA, ALP tagged antibody was
used as the labeling reagent. The sensitivity for monitoring
ALP determines the sensitivity of ELISA to a certain extent.
Before the application of the redox-cycling to ELISA, the
redox-cycling response to different concentrations of ALP was
investigated under the optimum conditions. The selection of
these conditions are shown in Figures S10 and S11
(Supporting Information). Figure 2 shows the absorbance
and color change induced by different concentrations of ALP.
The absorbance increased sharply with the increasing ALP

Figure 1. (A) Absorption spectra of the redox-cycling system
response to 0.5 μM of AA after incubation for different times. The
inset in part A shows the absorbance at 534 nm of the redox-cycling
system response to 0.5 (black dot) and 0 μM (red dot) AA,
respectively. (B) Absorbance at 534 nm (curve a in part B) and color
(digital photo inset in part B) of the redox-cycling system response to
different concentrations of AA. Curve b in part B is obtained
according to stoichiometric reaction between AA and Fe(BPT)3

3+ and
the molar absorption coeffcient of Fe(BPT)3

2+, ε = 2.235 × 104 M−1

cm−1.
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concentration and then became flattened at 5.0 U/L. By
plotting the absorbance against the logarithmic value of each
concentration, a linear calibration curve (A = 0.50 + 0.24 lg
CALP) was obtained in the range from 0.01 to 5.0 U/L. The
detection limit calculated to be 0.006 U/L according to the 3σ
rule. The digital photo inset in Figure 2 shows the solution
changed from colorless to light red and even to deep red with
the increase in ALP, which was consistent with the absorbance
change. The concentration of ALP that could be visualized by
the naked eye was as low as 0.01 U/L. Compared with the
recent developed colorimetric methods for ALP detection are
listed in Table S1 (Supporting Information), the proposed
method is more sensitive and simpler.19,20,31−37

Colorimetric Detection of AFP by the Redox-Cycling
System. AFP is an important hepatic tumor biomarker, and
the quantification of AFP plays a vital role in early clinical
diagnosis.38 Here we chose AFP as a model antigen to evaluate
the application of the proposed redox-cycling-based ELISA.
Figure 3A shows the results. With the increase in AFP, the
absorbance rose sharply at first and gradually came to a
standstill at 30 ng/mL. The absorbance was linear with the
concentration of AFP in the range from 0.01 to 5.0 ng/mL
with a regression equation of A = 0.064CAFP + 0.050 (inset in
Figure 3A). The detection limit, 0.005 ng/mL, was obtained
according to the 3σ rule. The digital photo inset in Figure 3A
shows that the solution became deeper and deeper with the
increasing concentration of AFP. The lowest concentration of
AFP that could be readily distinguished with the naked eye was
less than 0.1 ng/mL. Without using the redox-cycling system
(no TCEP was added to the enzymatic solution), a linear range
from 3 to 30 ng/mL for assay AFP with a detection limit of 1.8
ng/mL was obtained (Figure 3B). Compared with the ALP tag
or horseradish peroxidase tag-based conventional ELISA,36 the
redox-cycling promoted the sensitivity about 2 orders of
magnitude. The proposed ELISA is also comparable to the
ELISA based on various signal amplification techniques, many
other sensitive electrochemical immunoassay, fluorescence
immunoassay, and even chemiluminescence immunoassay.
The details are listed in Table S2 (Supporting Informa-
tion).34,36,39−45 Besides, the proposed method can avoid a
cumbersome analysis process, a labeling procedure, or
sophisticated instruments.
Reproducibility, Nonspecific Adsorption, and Specif-

icity of the Colorimetric ELISA. The reproducibility of this

redox-cycling-based colorimetric ELISA was evaluated by
calculating the intra- and interassay variation coefficients
(CVs). The results of intra-assay and interassay for the
detection of 3 ng/mL AFP, both based on five times repetitive
measurements, were 3.3% and 7.1%, respectively, shown in the
Figures S13 and S14 (Supporting Information). Therefore, the
reproducibility of the colorimetric immunoassay was accept-
able because this method avoids complicated multistep
operations of biomaterials.
The nonspecific adsorption was also investigated by using

the same immunoassay procedure, except that the mouse anti-
AFP (A2) monoclonal antibody coated polystyrene plate was
replaced by the BSA coated polystyrene plate. As shown in
Figure S15 (Supporting Information), when the BSA coated
polystyrene plate was used as the immunoreaction surface, no
obvious absorbance change can be found between 5 ng/mL
AFP and the blank, while if the plate was coated by mouse anti-
AFP (A2) monoclonal antibody, a significant absorbance
change was obtained. These results indicated the use of BSA as
a blocking reagent could eliminate nonspecific adsorption
effectively.
To evaluate the specificity of the developed redox-cycling

system for AFP detection, we challenged this system against
other usual biomarkers and proteins in human serum,
including carcinoembryonic antigen (CEA), immunoglobulin
G (IgG), and prostate-specific antigen (PSA). As shown in
Figure S16 (Supporting Information), the interfering proteins

Figure 2. Absorbance at 534 nm and color of the redox-cycling
response to different concentrations of ALP.

Figure 3. Absorbance at 534 nm and color of the redox-cycling-based
ELISA (A) and ALP tag based conventional ELISA for sensing of
different concentrations of AFP (B).
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caused no significant absorbance signal at 534 nm compared
with the blank value while AFP resulted in a high response
signal. In addition, the coexistence of these interfering proteins
had no obvious effect on the response signal toward AFP
antigen. These results indicated the proposed immunoassay
had high specificity and favorable resistance to the interference.
Detection of AFP in Real Human Serum. To evaluate

the proposed assay toward the target in complex biological
matrix, the redox-cycling-based ELISA was performed to detect
AFP in human serum samples. Before the assay, serum samples
donated by three volunteers were diluted 5 times to ensure the
concentration of AFP was less than 5 ng/mL. Table 1 lists the

quantitative and the reference value of each sample. The
accuracy of the redox-cycling-based ELISA immunoassay was
in accordance with the commercial AFP ELISA kit for the real
sample analysis. Human serum is composed of many kinds of
proteins, fats, carbohydrates, inorganic salts, small organic
molecules (AA and glucose, for example), and so on. The
successful AFP assay with different concentrations in human
serum coming from different individuals showed that the
proposed immunoassay was reliable and could eliminate the
interference from protein, salt, and other small molecules.

■ CONCLUSION
In summary, we have developed an ultrasensitive colorimetric
ELISA based on a chemical redox-cycling reaction. The redox-
cycling promoted the sensitivity about 2 orders of magnitude
without using sophisticated instruments. Compared with other
recent reported ELISA, the redox-cycling-based ELISA
possesses many other advantages: (1) since ALP-labeled
antibodies are commercially available, it is easier to adapt to
conventional ELISA platforms directly; (2) the proposed
ELISA is very simple and easy to operate because it does not
require complex synthesis of nanoparticles or labeling
procedures; (3) the reaction between AA and Fe(BPT)3

3+ is
a classic colorimetric reaction which can take place in the
solution, and this method has a relatively high reproducibility;
(4) the amplified signal can be easily read by the naked eye,
providing a fairly simple but efficient approach for ELISA. In
consideration of the versatility of immunoassay, the proposed
method can potentially be an effective tool for the detection of
other biomarkers.
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