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A B S T R A C T   

There is now increasing demand to improve the sensitivity of various immunoassays for fluo-
roquinolones (FQs) and other food hazards. In this study, different coating antigens were pre-
pared by adjusting the content of 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride 
(EDC) to explore its influence on the immunoassay sensitivity of FQs. The results indicated that, 
unlike traditional assumptions, a reasonable EDC dosage should be addressed to reach the best 
analytical efficiency, and excessive EDC could enhance the hapten-carrier conjugation but 
significantly reduce the detection sensitivity. For the FQs investigated, the hapten:EDC:BSA 
proportion of 20:2.5:50 (Mole ratio:74:34:1) seemed the best for preparation of coating antigens, 
and the sensitivity could be improved more than 1000 times both for indirect competitive enzyme 
linked immunosorbent assay ELISA (ic-ELISA) and gold immunochromatography assay (GICA) 
due to two key factors including coupling-ratios and amide bond groups. Such an improved ef-
ficiency was also validated well with different food samples, which indicated the reasonable 
optimization of EDC in coating antigen synthesis may be widely used as a new, simple and more 
effective strategy to improve the immunoassay for low molecular targets in medical, environment 
and food detection filed.   

1. Introduction 

Fluoroquinolones (FQs) are synthetic antibiotics widely used in livestock and aquaculture throughout the world. Considering their 
significant risk to human health, most countries/areas have established strict maximum residue limits [1–3]. Various immunoassays, 
such as enzyme-linked immunosorbent assay (ELISA) [4], colloidal gold immunochromatographic assay (CGIA) [5] and chem-
iluminescence immunoassays (CLIA) [6], are now widely used in fast screening of drug residues and other food hazards [7], with the 
advantages of sensitivity, simplicity, low-cost, high throughput, and ease of automation [8]. To fulfill the increasing requirements to 
detect trace residue at extremely low concentrations, improvement in the sensitivity of traditional immunoassays still faces huge 
challenges and has become a research hotspot in this field [9]. 

Many studies have been carried out for this purpose, with most of them focused on generating high-quality antibodies [10] or 
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developing new signal application tools such as nanoparticles; gas biosensors; or using oligonucleotides to achieve an exponential 
amplification effect [11–15]. In recent years, the influence of coating antigen on immunoassay sensitivity for small molecules has 
attracted increasing attention [16–18]. Some studies have reported that employment of heterologous haptens or carrier proteins in the 
preparation of coating antigens could improve sensitivity significantly [19,20]. A new derivative of enrofloxacin (ENR) was once used 
to prepare coating antigens with adjusted linker length between hapten-carrier proteins, and the IC50 value for ENR was decreased 
from 1.3 μg/L to 0.07 μg/L [21]. When moxifloxacin-BSA (with the cross-reactivity of 0.8% with norfloxacin) was utilized as the 
heterologous coating antigen, the sensitivity for norfloxacin was improved by 26-fold [19]. Meanwhile, regulating the dose ratio of 
haptens to carrier proteins during coating antigen preparation also could yield different sensitivities [22], and coating antigen with 
cationized proteins was demonstrated lower sensitivity than that with native proteins, which might be caused by the difference in 
spatial structures [23]. Unfortunately, till now there still lacks of comprehensive understanding on coating antigen synthesis, as well as 
its influence on the subsequent immunoassays [24–27]. Overall, simple and effective strategies for the design and preparation of 
coating antigens are still very limited. 

For synthesis of complete antigens, EDC or/and N-hydroxysuccinimide (NHS) induced-polycondensation is the most common 
method to facilitate amino-carboxyl group covalent bonding between haptens and carrier proteins. In our previous study, numerous 
amide groups were found to be formed during the process and demonstrated significant immunogenicity to generate corresponding 
antibodies, therefore greatly interfere to the production of hapten-specific antibodies as well as their affinity with target FQs (data 
unpublished). These results allowed us assume that the EDC mediated amino-carboxyl group conjugation may significantly affect the 
chemical structure of the coating antigens and the efficiency of corresponding immunoassays. Hence in this study, different amount of 
EDC was used to prepare FQs coating antigens, and its influence on ELISA and CGIA was investigated. Based on the results, a new and 
simple strategy to improve sensitivity was proposed and validated with food samples. 

2. Experimental section 

2.1. Regents 

1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS) were purchased from 
Sigma-Aldrich (St. Louis, MO, USA). Enrofloxacin (ENR), ofloxacin (OFL), lomefloxacin (LOM), N,N-dimethylformamide (DMF), 
bovine serum albumin (BSA), HAuCl4⋅4H2O, citrate sodium, and ovalbumin (OVA) were obtained from Aladdin Reagent Co., Ltd. 
(Shanghai, China). Goat anti-rabbit IgG-HRP, goat anti-rabbit IgG, goat anti-mouse IgG-HRP, goat anti-mouse IgG, 3,3′,5,5′-tetra-
methylbenzidine solution (TMB), protein-A affinity column, and Tween- 20 were obtained from Beijing Solarbio Science & Technology 
Co., Ltd. (Beijing, China). Rabbit anti-ENR polyclonal antibody, mouse anti-OFL polyclonal antibody, mouse anti-LOM polyclonal 
antibody, and mouse anti-amide group polyclonal antibody were prepared by our laboratory in the previous studies (The immunogens 
of these antibodies were respectively ENR-cOVA, OFL-cOVA, LOM-cOVA, and cOVA, the titers of antisera were all over than 200,000). 
Monoclonal antibody specific to ENR was purchased from Wuhan Huamei Tech. Co., Ltd. (Wuhan, China). All other reagents were 
analytical or higher grade. 

Detailed formulas of all solutions are given in Supporting Information. 

2.2. Materials 

96-well polystyrene microtiter plates were obtained from Thermo Fisher Scientific Inc. (No. 442404, Pittsburgh, PA, USA), and 
nitrocellulose membranes, sample pads, absorbent pads, and glass cellulose membrane were supplied by Shanghai Jieyi Biological 
Tech. Co., Ltd. (Shanghai, China). The milk, honey, and pork sausage were purchased from Qingdao LiQun supermarket (Qingdao, 
China). Turbot and Micropterus Salmoides were supplied by Chinese Academy of fishery Sciences Yellow Sea Fishery Research 
Institute (Qingdao, China). The samples were fluoroquinolone negative detected by LC-MS. 

2.3. Preparation and characterization of coating antigens with different amount of EDC 

The coating antigen (ENR-BSA) was prepared by a carbodiimide method, according to previously reported procedures [28]. Briefly, 
20 mg of ENR (0.0556 mM), 1 mg of EDC (0.0101 mM), and 20 mg of NHS (0.174 mM) were dissolved in 2 mL of DMF with stirring 110 
rpm at 20 ◦C for 12 h. Then, the solution was slowly added to 10 mL of PBS (0.1 M, pH 7.4) containing 50 mg of BSA (0.75 μM) and 
incubated at room temperature for another 6 h. The mixture was finally dialyzed in PBS (0.1 M, pH 7.4) for 3 d. Different amounts of 
EDC (2.5, 5, 10, 20, and 40 mg) (0.025 mM, 0.05 mM, 0.1 mM, 0.2 mM and 0.4 mM) and another two haptens (OFL and LOM) were 
used to prepare different coating antigens with the same procedure. 

The protein concentration in coating antigens was measured by the BCA protein assay kits according to the instructions (Beijing 
Solarbio Science & Technology Co., Ltd.). The amount of FQs in prepared coating antigens was determined by UV–Vis spectroscopy 
(UV-2550, Shimadzu Corp., Kyoto, Japan). Different FQs standards were dissolved in 0.03% NaOH and then serially diluted with PBS 
to reach different concentrations (20, 15, 10, 7.5, 5, 3.75, 2.5, and 1.25 μg/mL). A standard curve was established between the 
absorbance at the characteristic wavelength and FQs concentration. The hapten-carrier protein coupling ratio was calculated as 
following: 

X. Han et al.                                                                                                                                                                                                            



Heliyon 9 (2023) e16821

3

Coupling ratios (n)=
CHapten on BSA ∗ MwBSA

CHapten − BSA ∗ Mw Hapten
(1)  

where n represents the coupling ratios of hapten to BSA, CHapten on BSA represents the concentration of hapten-BSA, MwBSA is the 
average molecular weight of BSA (~68,000), CHapten-BSA is the concentration of hapten-BSA, and Mw Hapten represents the MW of 
hapten. 

The amide groups formed during the preparation of coating antigens were determined by indirect ELISA. The 96-well microtiter 
plates were coated with the prepared coating antigen (30 μL/well) and incubated at 4 ◦C overnight. The plates were washed three times 
with PBS containing Tween-20 (PBST), and then blocked with skim milk blocking buffer (300 μL/well) at 37 ◦C for 2 h. Antibodies 
against amide groups were added to the wells and incubated at 37 ◦C for 1.5 h. After washing three times with PBST, 100 μL of goat 
anti-mouse IgG-HRP (1/5000) were added and incubated at 37 ◦C for 1 h and then washed again three times. The TMB solution (100 
μL/well) was added and incubated at 37 ◦C for 5 min before quenching by adding 2 M H2SO4 (50 μL/well). The absorbances at 450 nm 
(A450) were measured with a microplate reader (Synergy HT, BioTek Instruments, Inc., Winooski, VT, USA). 

2.4. Immunoassay of FQs with prepared coating antigens 

For the indirect competitive ELISA (ic-ELISA), stock solutions of ENR, OFL, or LOM dissolved in 0.03% NaOH at the concentration 
of 1 mg/mL were serially diluted with PBS to 10 μg/mL, 2 μg/mL, 1 μg/mL, 500 ng/mL, 200 ng/mL, 100 ng/mL, 50 ng/mL, and 10 ng/ 
mL. A 96-well microtiter plate was coated with the prepared coating antigen, incubated at 4 ◦C overnight, and then blocked with 5% 
skimmed milk solution in PBST at 37 ◦C for 2 h. The series dilutions of ENR, OFL, or LOM were premixed with an equal volume of 
corresponding antibody diluted with PBS to the working concentration [29] and incubated for 30 min at 37 ◦C. Then, 100 μL of the 
mixture was added to the plate wells and incubated at 37 ◦C for another 1.5 h. After washing three times with PBST, 100 μL of goat 
anti-rabbit IgG-HRP (1/5000) for ENR and goat anti-mouse IgG-HRP (1/5000) for OFL and LOM in PBS was added to each well and 
incubated at 37 ◦C for 1 h. TMB solution (100 μL/well) was added and incubated at 37 ◦C for 5 min before quenching by adding 2 M 
H2SO4 (50 μL/well). The OD A450 nm of each well was measured with the microplate reader. The inhibition ratio was calculated using 
the following forum: 

Inhibition ratio= 1 − B/B0 (2)  

where B0 is the absorbance of the blank group without FQs and B is the absorbances of groups with different FQs concentrations. The 
competitive curve was generated by 1-B/B0 versus drug level. The IC50 was calculated using four-parameter logistic curve fitting 
calculated by Graphpad Prism 9. 

For CGIA of different FQs, gold-nanoparticle (GNP) and antibody-GNP were prepared according to a previous report, with some 
modifications [30]. The colloid gold test strips were assembled by a traditional procedure. Briefly, coating antigen (0.5 mg/mL) and 
corresponding secondary antibodies (0.5 mg/mL, anti-rabbit for ENR polyclonal antibody and anti-mouse for ENR monoclonal 
antibody) were coated on test and control zones, respectively. The test strips were dried at 37 ◦C for 30 min and then blocked by 
immersion in PBS containing 1% BSA at 37 ◦C for 30 min. The test strips were finally washed, dried and stored at 4 ◦C for further 
detection. 

The CGIA procedures were according to usually exploited performance [30]. A positive result means that the test line (T line) does 
not develop color, and the quality control line (C line) develops color, a negative result means that the T line develops color, and the C 
line develops color, and a weak positive result means that the color development of the T line is weaker than that of the negative result. 
As determined by visualization, the result was negative (− ), weakly positive (±), or positive (+) according to the color in detection 
line. The limit of detection (LOD) was the lowest concentration of ENR showed positive results. 

2.5. Validation with food samples 

The ic-ELISA with different food sample was performed as reported with some modifications [31]. In brief, each milk and honey 
aliquot (5 mL) were diluted with PBS to 10 times for ELISA analysis at the optimized coating antigen to calculate the recovery. The pork 
sausage, turbot, micropterus salmoides samples were homogenized and aliquot of 5 g was weighed for each analysis. Extraction solvent 
(5 mL) consisting of a 1:1 (v/v) mixture of methanol and PBS were mixed with above samples and then vortexed for 30 s, then all the 
samples were shaken for 30 min at 110 r/min. The supernatants were obtained after centrifugation at 4000 r/min for 20 min and then 
diluted 10 times for ic-ELISA as mentioned in 2.4 analysis to calculate recovery. 

3. Results and discussions 

3.1. The influences of EDC on coating antigen preparation and ELISA sensitivity 

EDC is the most popular reagent in the synthesis of complete antigens as zero-valent cross-linker to bind carboxylic groups of the 
hapten to amino groups of carrier proteins [32]. For long term a high coupling ratio was emphasized to ensure the effective preparation 
of coating antigens, so that EDC was usually excessive added during the reaction [33–35]. Though some studies indicated the possible 
influence of the coupling ratio of coating antigens on the immunoassay efficiency, detailed information still remains unclear [22]. Here 
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when the dosage of hapten and carrier protein remained constant, there was demonstrated overall positive correlation between the 
coupling ratio and EDC content, which verified the significant effect of EDC to enhance the hapten-carrier conjugation and consisted 
well with previous studies (Table .1, Figs. S1–S4). However, when the EDC content and coupling ratios were higher than certain values, 
the sensitivity of corresponding ic-ELISA (presented as IC50) was dramatically decreased, even 1000 times or more. Based on these 
results, the significant influence of EDC on coating antigens and therefore the following analytical efficiency could be clearly 
concluded, but unlike traditional performance, its dosage should be carefully controlled within certain range, otherwise would result 
in very poor sensitivity of immunoassays, especially when coating antigens with relatively high coupling ratio were used. 

3.2. The mechanism of key roles of EDC on immunoassays 

Our previous research has demonstrated that numerous amide groups could be produced in the preparation of FQs immunogens, 
with positive correlation with the EDC dosage during amino - carboxyl group conjugation. Similar results were also observed here in 
FQs coating antigens. With increased EDC content, the binding ability of the coating antigens to the mouse anti-amide groups poly-
clonal antibody (generated against cationized OVA) was significantly enhanced (Fig. 1A-C), indicating corresponding increase of 
amide group in the coating antigens (Fig. 1D). Considering that the antiserum used for ic-ELISA of FQs was prepared with EDC- 
mediated immunogens (Fig. 2A) and contained large number of anti-amide group antibodies, their interaction with increased 
amide group of coating antigens will certainly lead to poor competition of target FQs and therefore dramatically reduce the sensitivity 
(Fig. 2B and C). 

Besides the interference of amide groups, the coupling ratio itself may also affect the analytical efficiency of coating antigens. In 
principle a high coupling ratio usually indicates enhanced competition ability of haptens in coating antigens, therefore more free 
targets will be required to achieve certain inhibition (Fig. 2C). Especially for immunoassay exploiting monoclonal antibodies, which 
should exhibit no significant reactivity against amide groups, this may be the main factor to influence the sensitivity of immunoassays. 
Chen et al. once demonstrated significantly improved ic-ELISA sensitivity for ceftiofur with relatively higher carrier protein con-
centration in coating antigens [22], and it from the side supported well the proposal mentioned here. 

3.3. Improvement of immunoassays based on adjustment of EDC during preparation of coating antigens 

The effect of EDC content in the preparation of coating antigens on the immunoassay was further investigated with different FQs. As 
mentioned above, excessive usage of EDC could reach a high hapten-carrier conjugation efficiency but result in very poor sensitivity of 
ic-ELISA. Too low content of EDC was also demonstrated not reasonable: in this case the binding ability of coating antigens with 
antibodies seemed very weak and not enough to give stable results, thus could not reach satisfactory precision of the analysis (Fig. 3A 
and Fig. 3B); moreover, to meet the requirement of usually exploited chessboard titration, large amounts of antibodies and coating 
antigens will be added, which might increase the cost and enhance unspecific interactions among different reagents. Overall a hapten: 
EDC:BSA ratio of 20:2.5:50 (Mole ratio:74:34:1) was observed the best for coating antigen preparation within the range investigated. 
With the optimized coating antigens, the ic-ELISA sensitivity (presented as IC50 value) performed with polyclonal antibodies was 
increased more than 200–1000 times for ENR, OFL and LOM, respectively, in comparison to that using traditional coating antigens 
(EDC was far excess without precise control during preparation of coating antigens) (Fig. 3D-F). When monoclonal antibody was used 
in the analysis, the performance with the optimized coating antigen also demonstrated significantly enhanced sensitivity compared 
with other coating antigens, but the difference seemed not so large as that using polyclonal antibodies (Fig. 3G). As we proposed 
before, under this condition the influence of amide groups would be ignored and the sensitivity is mainly affected by the coupling ratio. 

The idea was also supported by the results of colloidal gold immunochromatography assay (CGIA), another typical immunoassay 
widely used for on-site screening in farms and supermarkets [36,37]. The lowest detection limit (LOD) for ENR using polyclonal 
antibodies was decreased about 1000 times with the optimized coating antigen (from 10 μg/mL to 1 ng/mL), and for that using 
monoclonal antibodies, the LOD decreased about 10 times (from 1 ng/mL to 0.1 ng/mL). (Fig. 3G and Fig. 3H, the naked-eye results 
were showed in Supporting Information Fig. S5 and Fig. S6). 

To validate the feasibility of the method in real samples, the ic-ELISA with the optimized coating antigens was performed with 
different foodstuffs including milk, honey, pork sausage, turbot and micropterus salmoides. At the ENR spiking level of 25 μg/kg, 50 
μg/kg and 250 μg/kg, the average recovery was calculated as 62.04%–130.7%, with the coefficient of variation (CV) below 18.0%, 

Table 1 
The coupling ratios and IC50 value of different coating antigens.  

The system of coating antigen ENR OFL LOM 

CR* IC50 (ng/mL) CR IC50 (ng/mL) CR IC50 (ng/mL) 

Hapten:EDC:BSA 20:1:50 (Mole ratio:74:13.6:1) 3.86 3.64 0.04 7.84 0.04 34.67 
Hapten:EDC:BSA 20:2.5:50 (Mole ratio:74:34:1) 5.84 3.27 0.39 14.65 0.2 15.72 
Hapten:EDC:BSA 20:5:50 (Mole ratio:74:68:1) 6.61 17.4 0.46 ~38 0.96 38.81 
Hapten:EDC:BSA 20:10:50 (Mole ratio:74:136:1) 7.76 ~122 1.85 ＞1000 1.46 125.23 
Hapten:EDC:BSA 20:20:50 (Mole ratio:74:272:1) 7.73 ＞500 5.15 ＞1000 6.97 >1000 
Hapten:EDC:BSA 20:40:50 (Mole ratio:74:544:1) 9.8 ＞1000 8.03 ＞5000 5.4 ＞5000 

CR* Coupling Ratios. 

X. Han et al.                                                                                                                                                                                                            



Heliyon 9 (2023) e16821

5

which indicated satisfactory accuracy, sensitivity and precision of the performance (Table 3). All these results confirmed the cor-
rectness of the proposals, and allowed us to suggest the reasonable controlling of EDC content in synthesis of coating antigen as a 
simple, new, and efficient strategy to improve the sensitivity of immunoassays. Compared to other methods reported before for the 
same purpose, the approach developed in this study seemed much easier, simpler and more efficient, and could be hopefully applied 
for FQs and other low molecular hazards (Table 2). 

Thus, according to all conclusions we got, we could give some general recommendations about synthesis of coating antigens in 
immunoassay. The cross-linking agent must be optimized when synthesizing coating antigens. As a general rule, the hapten should be 
far in excess of the cross-linking agent and, at the same time, the amount of cross-linking agent should be reduced as much as possible 
while maintaining the coupling ratio. 

4. Conclusions 

Evidence has indicated that EDC plays a crucial function in the production of coating antigens, and therefore has a considerable 
impact on the sensitivity of immunoassays. An overabundance of EDC may lead to a significant increase in the hapten-carrier coupling 
ratio, yet this can considerably diminish the sensitivity of the system due to heightened interference from amide groups and the 
increased competition ability of the coating antigens. For FQs investigated, the optimal EDC dosage in the preparation of coating 
antigens was found as Hapten:EDC:BSA 20:2.5:50 (Mole ratio: 74:34:1). In comparison to coating antigens prepared according to 
traditional methods (the mole ratios of EDC towards hapten and BSA are far excessive), the sensitivity of immunoassays (both ELISA 
and CIGA) could be improved more than 1000 times with the new approach, and its real efficiency was validated well with different 
food samples. Based on these findings, we propose that the optimization of the EDC concentration in coating antigen preparation 
represents a novel, streamlined, and efficient approach for enhancing immunoassay sensitivity. 
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Fig. 1. (A) The amide group antibody binding ability with ENR-BSA with different amounts of EDC. (B) The amide group antibody binding ability 
with OFL-BSA with different amounts of EDC. (C) The amide group antibody binding ability with LOM-BSA with different amounts of EDC. (D) The 
effect of EDC on coupling ratios and amide groups of coating antigens. 
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Fig. 2. (A) Scheme of polycondensation in synthesis of immunogen and coating antigens induced by the EDC/NHS method. (B) The mechanism of 
amide group in complete antigens interference immunoassay. (C) The mechanism of different sensitivities for different EDC contents. 

Fig. 3. (A) The binding ability of antibody against OFL with different coating antigens. (B) The binding ability of antibody against LOM with 
different coating antigens. (C) The sensitivity of antibody against ENR on the optimized coating antigen and traditional coating antigen. (D) The 
sensitivity of antibody against OFL on the optimized coating antigen and traditional coating antigen. (E) The sensitivity of antibody against LOM on 
the optimized coating antigen and traditional coating antigen. (F) The ic-ELISA results of monoclonal antibody against ENR on different coating 
antigen systems. (G) Sensitivities of the CGIA strips assembled with different coating antigens and polyclonal antibodies. (H) Sensitivities of the 
CGIA strips assembled with different coating antigens and monoclonal antibodies. 

Table 2 
Comparation of different methods to improve the immunoassay sensitivity by coating antigen.  

Targets Antibodies Methods Sensitivity Efficient References 

Melamine polyclonal heterogeneous coating antigen IC50 1.7 ng/mL 5–10 times [38] 
Melamine monoclonal heterogeneous coated antigen IC50 35.4 ng/mL 5.9–17.8 times [39] 
Norfloxacin polyclonal using hapten cross-reactivity to choose coating antigen IC50 0.2 ng/mL 26 times [19] 
Enrofloxacin polyclonal optimizing the concentration of EDC IC50 3.27 ng/mL >1000 times this study 
Enrofloxacin monoclonal optimizing the concentration of EDC LOD 0.1 ng/mL >10 times this study 
Ofloxacin polyclonal optimizing the concentration of EDC IC50 14.65 ng/mL >1000 times this study 
Lomefloxacin polyclonal optimizing the concentration of EDC IC50 15.72 ng/mL >1000 times this study  
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