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A B S T R A C T   

We demonstrate that dopamine can be used as a reagent for colorimetric enzyme-linked immu-
nosorbent assay (ELISA) using horseradish peroxidase (HRP). Dopamine was able to be poly-
merized in the presence of HRP and H2O2, and black polydopamine was obtained after the 
enzymatic reaction. Because of the black color, the absorbance was significantly changed in the 
whole range of the visible light region. Here, an indirect competitive ELISA based on the poly-
merization of dopamine was performed to detect a fluoroquinolone antibiotic, enrofloxacin. The 
antibiotic is commonly used in livestock farming. The anti-antibiotics antibody was produced 
from egg yolk from chicken hens. In the visible range, sufficient absorbance changes of ~0.4~0.5 
and a low background level for the ELISA response were obtained, and the 50 % inhibitory 
concentration value at 450 nm was determined to be 26 ppb. The performance of the indirect 
competitive ELISA based on the polymerization of dopamine was compared to that based on the 
oxidation of catechol because dopamine has a catechol skeleton. By the complex of HRP and 
H2O2, catechol can be oxidized to o-benzoquinone having a maximum absorption wavelength of 
420 nm. It was shown that the absorbance change in the case of polydopamine was about 2.5 
times higher than that of catechol, where the background levels were similar. This confirms that 
the polymerization of dopamine significantly enhanced the photosignal.   

1. Introduction 

Enzyme-linked immunosorbent assays (ELISAs), which involve antigen-antibody interaction and enzymatic reaction [1], enable 
highly sensitive and selective detection for analytes. The enzymes chemically attached to antigens or antibodies induce an enzymatic 
reaction of a substrate, and the products of the reaction, which can normally be detected by the photometric or electrochemical 
response, are generated. Horseradish peroxidase (HRP) is one of the popular enzymes for ELISAs. HRP can be activated by the 
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substrate, H2O2, and the complex of HRP and H2O2 has a relatively high oxidation potential (~1 V) [2,3], which is attributable to the 
formation of Fe(VI)––O and cation of its amino acid residues. Therefore, chemicals having an oxidation potential lower than ~1 V can 
be oxidized in the presence of HRP and H2O2, and could be employed for ELISA. Color-developing reagents such as o-phenylenedi-
amine (OPD) and 3,3′,5,5′-tetramethylbenzidine (TMB), and Amplex Red, which is a parent molecule of fluorescent resorufin, are 
frequently used for ELISAs with HRP. It has recently been reported nanozyme immunoassays [4–22], where metal nanoparticles, 
metal-organic frameworks, and their nanocomposites attached to antibodies or antigens work like HRP, i.e., the nanozymes can 
oxidize some chemicals, such as TMB, OPD, and H2O2. Understanding the nanozymatic reactions based on the oxidation potential of 
the reactants could be important in designing the detection systems. By focusing on the oxidation potential of the HRP-H2O2 complex, 
we recently developed a new ELISA system based on the polymerization reaction of aniline [23]. The oxidation potential of aniline is 
~0.2 V [24], and in the ELISA system, aniline was able to be polymerized by the presence of HRP and H2O2. As a result, aniline 
oligomers showing broad absorption spectra in the visible range were produced. 

A great effort has been recently dedicated to portable detection systems to enable on-site analysis and diagnosis. Combining such a 
portable detection system with ELISA methods realizes highly sensitive and selective on-site detections [23,25–40]. So far, we 
developed several portable ELISA systems based on flow injection analysis, in which a lightweight light source such as LEDs [23,36,37] 
and organic light-emitting diodes(OLEDs) [38] with a suitable emission wavelength to detect the enzymatic product was incorporated. 
Being employed as a light source, OLEDs having narrow emission spectra derived from the f-f transition by Tb [38] and Eu complexes 
[41] were suitable. Alternatively, a band-pass filter should be employed for photometric detection. It is necessary to focus on the 
stability of the color-developing reagents; for on-site analysis, stable reagents are desired. Widely used color-developing reagents such 
as OPD and TMB, and Amplex Red, which must be stored in a refrigerator or freezer, react automatically under ambient conditions. 
Therefore, more convenient chemicals should be explored. 

Products of enzymatic reactions having broad absorption spectra are advantageous for colorimetric detection systems because 
when ELISA samples contain colored contaminants, it is possible to select various wavelengths that are out of range of the light ab-
sorption by them. Although aniline is stable under ambient conditions and the oligomer showed broad absorption spectra, in the 
previous research, the competitive flow ELISA with aniline resulted in a slight change in absorbance (<0.05 absorbance change) due to 
the formation of small amounts of the oligomers. Large absorbance changes are more favorable for colorimetric ELISAs. 

Here we report the polymerization ELISA using dopamine. Dopamine can be polymerized in the presence of HRP and H2O2 [42]. 
The absorbance change caused by the formation of black polydopamine was utilized to determine the antigen. So far, polydopamine 
has been used as a scaffold of polystyrene nanoparticles [43], nanocomposites of Au nanoparticles and carbon nanotube [44] or 
graphene [45], and PbS quantum dots [46] and as a nanocomposite with metal-organic frameworks [47], Prussian blue [48], and 
magnetic nanoparticles [49] for immunoassays. However, as far as we know, the colorimetric response of polydopamine generated by 
HRP has not been incorporated into ELISA so far. 

Regarding the antigen-antibody interaction, we employed some fluoroquinolones (ciprofloxacin [50] and enrofloxacin [51], the 
molecular structures are shown in Fig. 1) as antigens and anti-antibiotics immunoglobulin Y (IgY), which was produced from egg yolk 
from chicken hens. The antigen-antibody interaction between some fluoroquinolones and anti-antibiotics IgY was recently reported by 
our group [52]. The anti-fluoroquinolone antibody can recognize ciprofloxacin, enrofloxacin, and norfloxacin [53] selectively and 
sensitively. The antibody was developed to determine the antibiotics in meat products, and it was shown that ELISA with the 
anti-antibiotics IgY was successfully applied for meat products. In Thailand, antibiotics are commonly used in livestock farming. Also 
in Japan, fluoroquinolones are used in livestock farming, and in 2021, the amount of pure active substance of enrofloxacin and 
norfloxacin was 3457 and 2268 kg, respectively, where enrofloxacin and norfloxacin are mainly used for broilers, beef cattle, dairy 
cows, and pigs, and broilers and pigs, respectively [54]. Ciprofloxacin, which is an antibiotic being prescribed to humans for the 
treatment of bacterial infections, is a metabolite of enrofloxacin and is not used in livestock farming. The use of antibiotics in large 
quantities for the treatment of bacterial diseases may be resulted in contamination of the meat products, and may cause a serious food 
safety problem. Therefore, monitoring the level of antibiotics in meat products contributes to food safety. Although it is possible to 
detect fluoroquinolones in samples by chromatographic techniques [55–57], the analytical methods normally require an expensive 
apparatus, and cannot treat many samples simultaneously. By employing ELISA methods, one can screen many samples at the same 
time with relatively low costs. 

Fig. 1. Molecular structures of catechol, dopamine, and antibiotics used in this study.  
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2. Experimental 

2.1. Chemicals and apparatus 

Dopamine hydrochloric acid and catechol were purchased from Tokyo Chemical Industry Co., LTD (Tokyo, Japan). HRP, OPD, and 
Tween20 were received from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Ciprofloxacin and norfloxacin were obtained from 
Sigma-Aldrich Co. LLC (St. Louis, MO, U.S.A.). Enrofloxacin was supplied from General Drugs House Co., Ltd. (Lam Luk KA, Thailand). 
The horseradish peroxidase-labeled goat anti-chicken immunoglobulin (HRP-labeled anti-IgY antibody) was purchased from Invi-
trogen (Rockford, IL, U.S.A.). 

Vis. absorption spectra were recorded on a spectrometer (V-560, JASCO Co., Tokyo, Japan). Cyclic voltammograms were acquired 
with an electrochemical analyzer (715AN, BSA Inc., Tokyo, Japan). Absorbance change for ELISA was monitored with a microplate 
reader (Infinite 200 PRO, Tecan, Austria). 

2.2. Electrochemical measurements 

A there-electrode system employing a glassy carbon (GC) disk (diameter: 3 mm), Pt wire, and Ag|AgCl wire as a working, counter, 
and reference electrode, respectively, were used to control the applied potential. Before the electrochemical measurements, the GC 
electrode was polished with alumina suspension (diameter: 50 nm). Cyclic voltammograms of catechol and dopamine were acquired in 
a phosphate buffer solution (pH = 7.0). 

2.3. Visible absorption spectra of polydopamine 

A mixture of HRP and dopamine or catechol dissolved in a phosphate buffer solution (pH = 7.0, 3 mL) was transferred into an 
optical cell, and then, a H2O2 solution was added into the cell. The final concentration of dopamine and catechol, and H2O2 were 10 
and 1 mM, respectively. The final concentration of HRP to record the Vis. absorption spectra was set to 1 ppm, and that to monitor the 
time-dependent absorbance was changed from 0 to 100 ppb. 

2.4. Indirect competitive ELISA 

The details for the production of the anti-antibiotics antibody are detailed elsewhere [52]. In brief, a conjugate of bovine serum 
albumin and ciprofloxacin (BSA-Cip) or norfloxacin (BSA-Nor) as a hapten, which were prepared by the amine coupling method, was 
injected into chicken hens for several days. After immunization, the chicken eggs were collected, and the yolk was separated and 
purified with PEG 8000 to yield a chicken IgY anti-antibiotics antibody. 

Indirect competitive ELISA based on the polymerization of dopamine was performed to detect enrofloxacin. The schematic rep-
resentation of the method is shown in Fig. 2. The primary antibody (anti-antibiotics antibody) was mixed with different concentrations 
of antibiotics in a vial, and the solution was shaken for 60 min. A solution of coating antigen (100 μL/well, pH = 9.6) was transferred to 
wells of a 96-well plate and kept at 4 ◦C overnight. Then, the plate was washed with phosphate buffer solution with 0.05 % Tween20 
(pH = 7.2) several times. To block the surface, 1 % gelatin dissolved in a phosphate buffer solution (200 μL/well) was added and 
incubated for 60 min. After washing, the mixture of the primary antibody and antigen (100 μL/well) was poured into the well and kept 
for 60 min to complete the antigen-antibody recognition. After washing with phosphate buffer (pH = 7.2), the secondary antibody 
(HRP-labeled anti-IgY antibody) was introduced to the wells and kept for 60 min. Then, the wells were washed gently, and finally, a 
mixture of H2O2 and dopamine or catechol was added to the wells. The color-developing time was set to 60 min. 

Fig. 2. Illustration of indirect competitive ELISA based on the polymerization of dopamine.  
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3. Results and discussion 

3.1. Electrochemical properties 

Fig. S1 shows cyclic voltammograms of catechol and dopamine. In the forward scan, the peak potential for catechol and dopamine 
appeared at 0.62 and 0.54 V vs Ag|AgCl satd. KCl, respectively. The peak potentials were much lower than the oxidation potential of 
the HRP-H2O2 complex (~1 V) [2,3]. Thus, the two compounds can energetically be oxidized in the presence of HRP and H2O2. By 
oxidation, their benzoquinone forms are produced [58]. For the two chemicals, the peak current in the backward scan was smaller than 
that in the forward scan. This means that the benzoquinone forms are unstable. The oxidative polymerization of dopamine is well 
known (see Ref. [59] and citations therein), and the polydopamine reaction is initiated by the formation of the indole form after the 
oxidation [60] (the most likely polymerization mechanism is shown in Scheme S1). Thus, for dopamine, the peak current in the 
backward scan was small because of the consumption of the benzoquinone form by the polymerization reaction. In the case of catechol, 
the irreversibility was caused by a nucleophilic reaction to o-benzoquinone. We explored the enzymatic generation of o-benzoquinone 
and polydopamine by HRP and H2O2 (refer to section 3.2). 

3.2. Enzymatic reaction of dopamine and catechol by HRP 

Fig. 3 (a) presents Vis. absorption spectra for catechol in the presence of HRP and H2O2 depending on the reaction time (t). The 
absorption spectrum for the solution containing catechol and HRP was given as t = 0 min. The maximum wavelength at 420 nm 
increased rapidly in the first 3 min after H2O2 was added to the solution, which indicates the generation of o-benzoquinone. Then, the 
absorbance decreased over time. The decrease coincides with the fact that o-benzoquinone is unstable, as was seen in the cyclic 
voltammogram. The time-dependent absorbance at 420 nm at different concentrations of HRP is displayed in Fig. 3 (b). For ELISAs, 
because the concentration of HRP reflects that of the analyte, it is important to monitor the enzymatic reaction by changing the 
concentration of HRP. Because the refractive index was slightly changed by mixing solutions, the absorbance decreased by adding a 
H2O2 solution. This effect was pronounced for the curve at 0 ppb HRP. As the concentration of HRP was increased, the absorbance 
increased. When the concentration of HRP was between 10 and 50 ppb, the absorbance increased monotonically for 600 s, whereas in 
the case of 100 ppb HRP, the absorbance showed a maximum of around 250 s, and then it decreased gradually. This behavior is related 
to the stability of o-benzoquinone. 

For dopamine, the time-dependent Vis. absorption spectra and absorbance changes at 480 nm are shown in Fig. 4 (a) and (b), 
respectively. As in the case of catechol, the absorbance at 480 nm, which is attributable to the formation of the benzoquinone form, 
increased dramatically after the addition of H2O2, and then, decreased over time (Fig. 4 (a)). Moreover, at a wavelength longer than 
535 nm, the absorbance was incremented with the reaction time. During the reaction, the color of the solution turned black. This 

Fig. 3. (a) Vis. absorption spectra for the enzymatic reaction of 10 mM catechol by 1 ppm HRP with 1 mM H2O2 at different reaction times, and (b) 
absorbance change at 420 nm for the enzymatic reaction of catechol at different concentrations of HRP recorded in phosphate buffer (pH = 7.0). 
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confirms that the polymerization reaction proceeded to yield polydopamine (Fig. S2 shows photographs and microscopic images of the 
solution during the enzymatic reaction). The solution became slightly suspended as the polymerization proceeded. Thus the obtained 
absorbance change involves light scattering by the polydopamine aggregates somewhat. The absorbance at 420 and 480 nm between 3 
and 30 min was nearly constant, which can be regarded as isosbestic points. The slight deviation may be brought by the light scattering 
by the aggregates. The absorbance change at 480 nm against time (Fig. 4 (b)) monotonically increased at the concentration of HRP 
between 10–100 ppb. Even at such low HRP concentrations, the solution color turned black, which indicates that polydopamine was 
formed. 

Fig. 5 presents the initial velocity of the absorbance change against the concentration of HRP. The values were calculated from the 
absorbance change for 15 s after adding H2O2 in Figs. 3 (b) and 4 (b). The initial velocity was increased linearly against the con-
centration of HRP, and it was shown that dopamine showed a larger initial velocity of the absorbance compared to the case for 
catechol; the slope for dopamine in Fig. 5 is almost twice that for catechol. Because the oxidation potential of catechol and dopamine is 
similar, it is expected that the rate constant could be in the same degree for the oxidation of the two compounds by the HRP-H2O2 
complex. Hence, it is highly likely that the larger absorbance change (initial velocity) in the case of dopamine is related to the for-
mation of polydopamine. It is possible to estimate a rate constant of the enzymatic generation of o-benzoquinone. With the molar 
extinction coefficient of o-benzoquinone (~1400 M− 1 cm− 1 [61]), the slope in the case of catechol in Fig. 5 corresponds to 3.6 nM 

Fig. 4. (a) Vis. absorption spectra for the enzymatic reaction of 10 mM dopamine by 1 ppm HRP with 1 mM H2O2 at different reaction times, and (b) 
absorbance change at 480 nm for the enzymatic reaction of dopamine at different concentrations of HRP recorded in phosphate buffer (pH = 7.0). 

Fig. 5. Initial velocity (absorbance change) against the concentration of HRP.  
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ppb− 1 s− 1. When the concentration of HRP is much lower than that of H2O2, it is reasonably assumed a steady state of the HRP-H2O2 
complex. Then the generation of o-benzoquinone may be written as. 

HRP–H2O2 +Catechool→o–Benzoquinone (1) 

The rate of the formation of o-benzoquinone may be written as a bimolecular reaction as, 

d[o–Benzoquinon]
dt

= kapp[HRP–H2O2][Catechol] (2) 

were kapp is an apparent rate constant of the enzymatic oxidation of catechol (generation of o-benzoquinone) by the HRP-H2O2 
complex. By using the molecular weight of HRP (40 kDa) and by assuming the concentration of the HRP-H2O2 complex as that of HRP, 
kapp for the oxidation of catechol was determined to be 1.5 × 104 M− 1 s− 1. There are several reports about the kapp values; the substrate- 
dependent values were in the range of 102–107 M− 1 s− 1 [62–64]. 

Although the color change for catechol and dopamine caused by the HRP-H2O2 complex can be incorporated into colorimetric 
ELISAs, a larger absorbance change is favorable. Therefore, we hereafter focus on the polymerization ELISA using dopamine. Here we 
performed the indirect competitive ELISA (Fig. 2). 

3.3. Indirect competitive ELISA based on polymerization of dopamine 

To enhance the absorbance change in ELISA, the concentration of dopamine and H2O2, and pH for the enzymatic reaction, and the 
concentration of coating antigen, primary antibody, and secondary antibody for the antigen-antibody interaction were optimized, and 
we finally obtained 200 mM dopamine and 25 mM H2O2 at pH = 7.0 for the enzymatic reaction, 100 ppm of coating antigen, 100 ppm 
primary antibody, and 10 ppm secondary antibody for the antigen-antibody recognitions as the optimal condition. The details for the 
optimization were discussed in Supplementary (Figs. S3–S8). There are several methods for ELISA, such as sandwich, competitive, 
direct, and indirect types. For small molecules, normally competitive indirect or direct ELISA is employed. We chose indirect 
competitive ELISA for the determination of enrofloxacin because the chemical modification of the anti-antibiotics antibody can be 
omitted. In the case of indirect ELISA, we could not detect antibiotics (antigen) because the blocking reagents such as BAS, ovalbumin 
(OVA), and gelatin, which can reduce the non-specific adsorption of the primary and secondary antibodies on the substrate, are 
tremendously large compared to the molecular size of the antibiotics, and the antigen-antibody interaction was sterically hindered. 

Fig. 6 shows the results of indirect competitive ELISA based on the polymerization of dopamine. The absorbance values at 450 and 
650 nm were plotted against the concentration of the antigen, enrofloxacin. By recording the absorbance at the two wavelengths in the 
blue and red region as a representative, we expected the ELISA response in the visible range to be revealed. Here, as a coating antigen, 
ciprofloxacin-modified OVA (OVA-Cip) was chosen because, in a previous report, the combination of OVA-Cip as a coating antigen and 
enrofloxacin as an antigen showed the best 50 % inhibitory concentration (IC50) value among several combination ways of the coating 
antigen and antigen [52]. A sigmoidal curve, which is a typical response for the competitive indirect ELISA, was obtained for the two 
wavelengths. From the fitting for the curve, the IC50 value was determined to be 26 and 20 ppb at 450 and 650 nm, respectively. 
Importantly, large absorbance changes (~0.4–0.5) with relatively small standard deviations were seen in the sigmoidal curves; the 
absorbance was 0.720 ± 0.050 and 0.173 ± 0.002 at 450 nm for 0 and 20 ppm, respectively, and 0.555 ± 0.046 and 0.107 ± 0.001 at 
650 nm for 0 and 20 ppm, respectively. Although the absorbance at 650 nm was slightly lower than that at 450 nm, their IC50 values 
are comparable but better somewhat compared to the previous result (50 ppb) obtained by using OPD [52]. At high concentrations of 
the antigen, the nonspecifically adsorbed secondary HRP-labeled antibodies cause the polymerization reaction and increase the 
absorbance. By considering the baseline of the absorbance (~0.05, Fig. S3) and the absorbance change by auto-polymerization (~0.03, 
Fig. S3), the nonspecifically adsorbed HRP-labeled antibodies are responsible for the absorbance of ~0.09 in the total absorbance of 
~0.17 at 450 nm when the antigen concentration is 10~20 ppm. A typical absorption spectrum recorded after the indirect competitive 
ELISA is shown in Fig. S9. This confirms that in the whole visible region, the absorbance increased by the enzymatic polymerization. 

We performed indirect competitive ELISA using catechol as a color-developing reagent under the optimal conditions as in the case 
of dopamine. The IC50 value was determined to be 28 ppb, where the absorbance at 450 nm was plotted against the concentration of 
enrofloxacin (Fig. S10). Although the IC50 value is comparable to that for dopamine, the absorbance on the sigmoidal curve was only 
changed from 0.171 ± 0.002 at 20 ppm to 0.263 ± 0.003 at 0 ppb, which is significantly small compared to the absorbance change in 
the case of dopamine. As in the case of dopamine, the absorbance change of ~0.04 by the auto-oxidation reaction of catechol (Fig. S11) 
and the baseline absorbance (~0.05) was included in the total absorbance in the ELISA results. It is natural that because of no light 
absorption at 650 nm for enzymatically generated o-benzoquinone, no appreciable absorbance change was observed at the wave-
length. It should be noted that the absorbance at 10–20 ppm on the sigmoidal curves in the case of using dopamine (and also catechol) 
was much smaller than that using OPD (Fig. S12). The Vis. absorption spectrum obtained after the indirect competitive ELISA using 
OPD is displayed in Fig. S13. Overall, the comparison between the results for dopamine and hydroquinone confirms that the poly-
merization reaction was highly effective in increasing the absorbance and widening the detection wavelength. 

4. Conclusions 

A polymerization ELISA method was proposed based on the enzymatic formation of polydopamine by HRP. Because of the high 
oxidation potential of the HRP-H2O2 complex, the complex can oxidize dopamine, and the oxidation of dopamine can initiate the 
polymerization reaction to produce polydopamine, which shows a broad Vis. absorption spectrum. Anti-antibiotics IgY antibodies 
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produced by a chicken hen were used to detect a fluoroquinolone antibiotic, enrofloxacin, frequently used in livestock farming. The 
detection wavelength of the enzymatically generated polydopamine was set to 450 and 650 nm, and sufficient absorbance changes 
with a reasonably low level of the baseline at the wavelengths were obtained. This indicates that the developed system covers a wide 
range of wavelengths, and it is possible to employ various wavelengths in the visible region. This feature is of importance when ELISA 
samples contain colored contaminants. The stability of dopamine, which was confirmed by a small degree of the auto-polymerization 
reaction, suggests that dopamine as a color-developing reagent is promising for on-site analysis. 
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