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Abstract
The neomycin residues in milk could pose potential hazard for human health, and now, immunoassays are widely used for 
on-site screening of neomycin and other food contaminate residues. In this paper, the neomycin B was conjugated with carrier 
protein as immunogens, and a highly specific antibody was produced. Based on the produced antibody, an enzyme-linked 
immunosorbent assay (ELISA) and a new flow-through immunoaffinity chromatography test (FTIACT) were developed 
for rapid analysis of neomycin B residues in milk. The developed ELISA has a detection limit of 162.5 pg/mL in milk, 
which is suitable for detecting neomycin B residues at picogram levels, while the optimized FTIACT exhibited satisfactory 
compatibility with the ELISA, with limits of detection of 326.8 fg/mL in milk, which is more suitable for on-site detecting 
neomycin B residues at femtogram levels. For the quantitative FTIACT, the recoveries from spiked milk ranged from 69 to 
131%, with a relative standard deviation of less than 15%. Compared to traditional ELISA formats, the developed FTIACT 
provided lower detection limits for neomycin B residue analysis.
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Introduction

Milk is one of the most important foods for human beings; 
however, the dairy products are often contaminated by some 
antibiotics or mycotoxins (Han et al. 2017). These antibiotics 
and mycotoxins residues in milk could pose potential hazard 
for human health (Barreto et al. 2019). Of all these con-
taminates, neomycin is a common antibiotic residue found 
in milk (Siljanoski et al. 2018). Neomycin is a complex of 
water-soluble aminoglycoside antibiotics purified from the 
fermentation of the actinomycete Streptomyces fradiae, 

and it contains two or more amino sugars connected by 
glycosidic bonds. The widely used neomycin in veterinary 
medicine is composed of a number of related compounds, 
including neomycin A (also known as neamine, inactive 
degradation product of neomycin B and C), neomycin B 
(main component with the highest antibiotic activity) and 
neomycin C (neomycin B’s isomer) (Fig. 1), and the quanti-
ties of these components vary from lot-to-lot depending on 
the manufacturer and manufacturing process (Burkin and 
Galvidis 2011). The United States Pharmacopeia and Euro-
pean Pharmacopoeia measure neomycin B as the primary 
antibiotics for neomycin sulfate, with neomycin A and B as 
impurities (accounting for 5–15%) (EU Pharmacopia 2005; 
US Pharmacopeia 2006).

Similar to other aminoglycosides, neomycin B posed 
excellent activity against Gram-Negative bacteria, and also, 
it is partially effective against some Gram-Positive bacteria, 
which makes it has a variety of pharmaceutical applications 
in animal husbandry (Chen et al. 2008; Jin et al. 2006). How-
ever, the neomycin residues in foods of animal origin could 
cause some toxic effects on human health, such as potential 
ototoxicity and nephrotoxicity, which could cause the dam-
age to the inner ear (Tian et al. 2015). Besides, the neomycin 
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residues in the environment could cause adverse effects on 
the ecological environment. Furthermore, the unsuitable use 
of neomycin also has a relationship with the emergence of 
drug-resistant bacteria. Thus, the Ministry of Agriculture of 
China promulgated “maximum residue limits for veterinary 
drugs in foods” (GB 31,650–2019), and set the maximum 
residue limits (MRLs) for neomycin B to be 500 μg/kg in 
milk and goat milk (Chen et al. 2007).

Microbiological assays could qualitatively or semi-
quantitatively determine the antibiotic residues based on the 
inhibitory effect of antibiotics on specific microorganisms 
(Wu et al. 2019). However, these methods could only deter-
mine the bioactive residues, and also it was time-consum-
ing and could not distinguish neomycin from other related 
antibiotics (Gaudin et al. 2017). Due to the high polarity 
of aminoglycosides, hydrophilic interaction liquid chroma-
tography had been adopted for neomycin residue analysis 
(Asakawa et al. 2018). The aminoglycoside antibiotics have 
weak ultraviolet absorption characteristics; thus, liquid chro-
matography with tandem mass spectrometry (LC–MS/MS) 
methods are widely used to quantify several aminoglyco-
side antibiotics without derivatization (Tölgyesi et al. 2018; 
Wang et al. 2018; Zhu et al. 2016). However, these applica-
tions are usable only on a laboratory scale, because the chro-
matographic methods require extensive sample preparation 
procedures and expensive equipment (Delatour et al. 2018). 
In contrast, immunological methods were widely used in 
the field of antibiotics residue analysis due to their simplic-
ity, sensitivity, and high sample throughput (He et al. 2016; 
Xu et al. 2011). Recently, some researchers have reported 
the development of ELISA, lateral flow assays, and other 
immunoassay formats for the detection of the neomycin resi-
dues (Loomans et al. 2003; Shi et al. 2018; Wan et al. 2018; 
Wang et al. 2009; Zhu et al. 2010). In our previous research, 

anti-neomycin antibody was produced, and a chemilumi-
nescent enzyme immunoassay was developed for rapid 
screening neomycin residues in milk (Luo et al. 2016). All 
these reports contribute greatly for the on-site screening pur-
pose; however, it is more important to make some efforts on 
improving assay sensitivity of these immunoassays (Wang 
et al. 2016a).

In this study, the neomycin B was coupled with carrier 
protein to synthesize immunogens for monoclonal antibody 
production. Based on an established enzyme-linked immu-
nosorbent assay (ELISA), a sensitive and reliable flow-
through immunoaffinity chromatography test (FTIACT) 
was developed for detecting neomycin B residues in milk. 
In addition, a simple sample pre-treatment procedure was 
applied to eliminate the complicated food matrix effects, 
allowing the entire extraction procedure to be completed 
within 10 min. In contrast to ELISA, the developed FTIACT 
has a much lower detection limit, and it could be a feasible 
tool for detecting neomycin B residues in milk at femtogram 
levels.

Material and Methods

Chemicals and Apparatus

Neomycin B (96%), neomycin A (95%), and neomycin C 
(95%) were obtained from China Food and Drug Administra-
tion (Beijing, China). Bovine serum albumin (BSA), 1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide hydrochloride, 
N-hydroxy succinimide, and ProClin™ 300 were obtained 
from Sigma-Aldrich (St. Louis, MO, USA). Goat anti-mouse 
IgG and peroxidase-conjugated goat-anti-mouse IgG (IgG-
HRP) were purchased from Jackson Immuno-Research 
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Fig. 1   The chemical structures of neomycin A, neomycin B, and neomycin C 
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Laboratories Inc. (West Grove, PA, USA). CNBr-activated 
sepharose 4B was purchased from GE Healthcare (Pitts-
burgh, PA, USA). The 96-well polystyrene plates were 
obtained from Costar Co. (Milpitas, CA, USA). Bond Elut 
SPE cartridges (1 mL) and polyethylene frits were purchased 
from Agilent Technologies (Santa Clara, CA, USA). The 
biotech multi-mode microplate reader (Winooski, VT, USA) 
was used for absorbance measurement.

Artificial Antigen Preparation

The immunogens and HRP tracers were prepared by conju-
gating neomycin B with BSA and HRP through the carbodi-
imide method according to our previous reports (Jiang et al. 
2017; Luo et al. 2016). Briefly, neomycin B (18 mg) was 
dissolved in 800 μL of N,N-dimethylformamide, and then, 
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochlo-
ride (13 mg) and N-hydroxysuccinimide (8 mg) were added 
to the mixture. Afterwards, the reaction mixture was added 
to a BSA or HRP solution (10 mg dissolved in 4 mL of 
borate buffer) and reacted at room temperature for another 
12 h. The synthesized immunogens or HRP tracers were 
dialyzed against 0.01 M phosphate-buffered saline (PBS) for 
3 days, and then, the supernatant was dispensed and stored 
at − 20 °C after centrifugation.

Antibody Production

In this paper, female BALB/c mice were immunized using 
the synthesized immunogens for monoclonal antibody 
production. The first immunization was carried out by the 
immunogens emulsified with same volume of freund’s 
complete adjuvant at a dosage of 0.1 mg/mouse. The boost 
immunizations were administered with the same dosage of 
immunogens emulsified in freund’s incomplete adjuvant 
every 2 weeks. After the third immunization, the blood was 
collected, and the antibody titer was monitored by indirect 
ELISA. The mouse with the highest antibody titer was used 
for monoclonal antibody production according to our previ-
ous research (Jiang et al. 2016).

ELISA Development

The anti-neomycin antibody was diluted with an appro-
priate amount of the coating buffer. Then, 100 μL of the 
diluted antibody was added to each well of the microtiter 
plate, and the plates were incubated overnight at 4 °C. 
After discarding the remaining liquid in the well, the 
plates were blocked using 1% skim milk solutions for 1 h 
at room temperature. After another washing, 50 μL of neo-
mycin standard solutions and 50 μL of diluted neomycin-
HRP tracer solutions were pipetting into each well, and 
the microplate was incubated at 37 °C for 30 min. After 

washing, 100 μL of TMB substrates were pipetting into 
each well and the plates were incubated in the dark at 
37 °C for 10 min. The absorbance of each well was meas-
ured at 450 nm after adding 50 μL of 2 M H2SO4 to each 
well to stop the enzymatic reaction.

ELISA Characterization and Real Sample Analysis

The calibration standard solutions were run in duplicate 
wells, and the average absorbance values of these stand-
ards were plotted against the analyte concentrations on a 
logarithmic scale. The calibration curves were fitted by 
a four-parameter logistic equation, from which IC50 val-
ues were calculated for sensitivity evaluation. In order to 
determine the specificity, a cross-reactivity study was car-
ried out under optimum conditions. The cross-reactivity of 
the antibody against neomycin B and other cross-reactants 
was calculated using the following equation: cross-reac-
tivity (%) = (IC50 of neomycin B)/(IC50 of analogs) × 100%

The milk samples were purchased from local supermar-
kets and stored at 4 °C until use. All samples were verified 
as free of neomycin B residues using a well-established 
LC–MS/MS method before the final validation (Arsand 
et al. 2016; Wang et al. 2016b). Then, 2.0 mL of milk 
sample was extracted using 0.04 mL of 0.36 M sodium 
nitroprusside and 0.04 mL of 1 M zinc sulfate. After cen-
trifugation, the supernatant was diluted 10 times, and then 
tested by the developed ELISA.

FTIACT Development

The sepharose 4B gels were coupled with anti-neomycin 
and anti-HRP antibodies according to the instruction of 
the manufacturers and our previous research (Wang et al. 
2016a). The anti-neomycin antibody was coupled onto the 
sepharose 4B gels to prepare the neomycin B detection 
gels, while the anti-HRP IgG was coupled with sepharose 
4B gels to generate the control gels. The prepared gels 
were suspended in PBS containing 0.03% ProClin™ 300 
as preservatives, and stored at 4 °C before use.

The FTIACT columns were setup by placing prepared 
gels on the solid phage extraction columns. Briefly, the 
first frit was placed on the bottom at the 1 mL Bond Elut 
reservoir, and 200 μL of anti-HRP gels were added to the 
column. The second frit was used to cover the control lay-
ers, and the third frit was added to the column to produce 
an air gap layer (about 0.3 cm). Then, 200 μL of anti-
neomycin gels were added to the column above the third 
frit, and the fourth frit was used to cover the neomycin 
B detection layers. The prepared columns were stored at 
4 °C until use.
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FTIACT Characterization and Real Sample Analysis

The milk sample was diluted with assay buffer, and then 
directly loaded onto the FTIACT columns for neomycin 
B residue analysis. In this study, 10 mL of the diluted 
milk samples were added to the FTIACT columns from 
the inlet at the speed of 1 drop/second. Then, 200 μL of 
diluted HRP tracers were loaded onto the FTIACT col-
umns at the same speed. After that, the columns were 
washed by 6 mL of PBST solution in order to remove 
the unbound tracers. Finally, 200 μL of the chromogenic 
substrate were added, and the visual color was observed 
after incubation for 4 min. The result illustrations of the 
FTIACT were shown in Fig. 2 for the visual inspection 
of neomycin B residue. Furthermore, the images of the 
FTIACT were record, and the blue-color saturation values 
of test layers were evaluated with Adobe Photoshop CS6. 
Each detection layer was evaluated three times at different 
spots, and the saturation ratio (blue-color saturation of the 
detection layer with spiked samples/blue-color saturation 
of detection layer with blank samples, T/T0) was calcu-
lated for quantitative analysis.

Results and Discussion

Artificial Antigen Synthesis and Antibody 
Characterization

Neomycin is a small molecule hapten (molecule weight: 
614.65 Da) without immunogenicity. It will acquire immu-
nogenicity and cause a specific immune response in animals 
when neomycin was coupled to carrier proteins. In veteri-
nary practice, a complex of neomycin A, neomycin B, and 
neomycin C was widely used as veterinary drugs for dis-
ease prevention and treatment. However, neomycin B was 
retained as the marker residue for surveillance purpose. The 
ratio of marker residue to total residues varied from lot-to-lot 
depending on the manufacturer and manufacturing process. 
Thus, most countries focus on detecting neomycin B, the 
most effective antibacterial component, residues in foods 
of animal origin. In this paper, we want to detect ultratrace 
neomycin B residues, and thus, the neomycin B was selected 
as target analyte for the conjugation with carrier proteins in 
order to improve assay performance.

The design of immunogens is one critical procedure on 
the production of highly sensitive antibody. Previous reports 
utilized carbodiimide method, N-hydroxy succinimide active 

Fig. 2   The schematic descrip-
tion of the FTIACT for detect-
ing ultratrace neomycin B 
residues in milk
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ester method, mixed anhydride method and glutaraldehyde 
method to synthesize artificial antigen between the hapten 
and carrier proteins. In this paper, we utilized carbodiim-
ide method to synthesize artificial antigens in this experi-
ment, without introducing a spacer arm between the hapten 
and the carrier protein. The synthesized immunogens were 
determined by matrix-assisted laser desorption/ionization 
time-of-flight mass spectrometry, and the results showed 
qualitative differences between the carrier protein and arti-
ficial antigen, which indicated the successful coupling of the 
haptens with the carrier protein.

Different mice immunized with different immunogens 
could produce antibodies with different characters. In this 
paper, we focus on highly specific anti-neomycin B antibody 
production and ultra-sensitive immunoassay development. 
Thus, pure neomycin B was coupled with carrier proteins to 
synthesize immunogens for highly specific antibody produc-
tion. The results in Table 1 indicated that the antibody pro-
duced in this paper indeed have different recognization rates 
with neomycin B and other neomycin isomers. In previous 
research, Loomans et al. utilized neamin (neomycin A) as 
haptens to synthesize immunogens for antibody production, 
and the produced antibody showed broad specificity with 
many aminoglycoside antibiotics because neamin share a 
common structure with neomycin, gentamicin, and kanamy-
cin (Loomans et al. 2003). In most previous reports, the neo-
mycin mixtures (5–15% neomycin A and C impurities exist 
in the mixtures) were utilized to synthesize immunogens for 

antibody production. Few researches focused on the relation-
ship between the impurity of the neomycin complexes and 
immunoassay specificity. To overcome this disadvantage, we 
utilized pure neomycin B as standard to assess the sensitiv-
ity and specificity of the produced antibody. The results in 
Table 1 indicated that the produced antibody indeed showed 
different recognization rates with neamine, neomycin B, and 
its isomer. The produced antibody from the same coupling 
method has varied sensitivity and specificity due to the puri-
ties of neomycin B in the mixtures.

ELISA Development and Real Sample Analysis

After the third immunization, the serums were collected 
from immunized mice, and then tested by direct competi-
tive ELISA. The mouse with high antibody titer was used for 
monoclonal antibody production and posterior immunoassay 
development. When the dilution of antibody and neomycin-
HRP tracers were 1:2000 and 1:1000, the absorbance of the 
assay buffer was in the range of 1.5–2.0 at 450 nm. Further-
more, the inhibition rate was > 50% when using 1.0 ng/mL 
neomycin B as standard solutions.

The micro-environments of the assay buffer have pre-
dominant effects on the assay sensitivity. Thus, we opti-
mized the pH and ionic strength of the assay buffer, and 
organic solvent tolerance based on our previous research 
(Jiang et al. 2016). Detail optimization information was 
given in the supplementary information. The calibration 
curves were then constructed by plotting absorbance (y 
axis) against neomycin B concentrations (x axis). As 
shown in Fig. 3, the IC50 was calculated to be 56.1 pg/mL, 
which indicated that the ELISA can measure extremely 
small amount of neomycin B residues. Furthermore, its 
working range was calculated to be from 19.4  pg/mL 
(IC20) to 155.5 pg/mL (IC80). In our previous report, we 
established a chemiluminescent immunoassay with the 
working range from 0.52 to 9.8 ng/mL (Luo et al. 2016), 
while Chen et al. and Wang et al. developed ELISAs with 
linear ranges from 2.5 to 20 ng/mL in milk, and from 
25 to 500 ng/g in in food of animal origin, respectively 

Table 1   The sensitivity and specificity of the developed ELISA

a Refer to gentamycin, streptomycin, kanamycin, amikacin, and 
tobramycin in this study

Analyte IC50 (pg/mL) IC50 (fM/mL) Cross-reactivity

Neomycin B 56.1 91.3 100%
Neomycin C 58.7 95.5 95.6%
Neomycin A 758.8 2354.9 3.9%
Other 

aminoglycosidesa
 > 10,000  > 10,000  < 1%

Fig. 3   The calibration curves of 
the developed ELISA for detect-
ing neomycin B residues in milk
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(Chen et al. 2007; Wang et al. 2009). Burkin and Gal-
vidis reported an indirect competitive enzyme immunoas-
say with a linear range from 0.1 to 100 ng/mL (Burkin 
and Galvidis 2011). In contrast, the ELISA developed 
in this study was more sensitive than these reports, and 
allowed detection of ultratrace neomycin B residues with 
a dynamic range of 19.4–155.5 pg/mL.

The specificity of the ELISA was assessed by the cross-
reactivity against the analogs compared with neomycin 
under the same experimental conditions. Table 1 gives 
the IC50 values of other structurally related analytes and 
their cross-reactivity values. When the cross-reactivity 
with neomycin B was set as 100%, the cross-reactivity 
values with neomycin C and neomycin A were calcu-
lated to be 95.6% and 3.9%, respectively. The developed 
ELISA showed negligible cross-reactivity (< 0.1%) with 
other aminoglycoside antibiotics, and the results suggested 
that these analogs should not interfere with neomycin 
detection.

In this paper, the analytical performance of the ELISA 
was evaluated by investigating the limit of detection 
(LOD), the repeatability, and the reproducibility according 
to our previous researches (Li et al. 2021; Luo et al. 2016). 
Based on the average values measured from blank samples 
and their standard deviations, the LOD was calculated to 
be 162.5 pg/mL for neomycin B residues in milk samples. 
The Ministry of Agriculture of China set the MRLs to 
be 500 μg/kg, while the European Commission and Food 
and Agriculture Organization of the United Nations also 
set the MRLs to be 1500 μg/kg for cattle milk. The LOD 
obtained in this study was far below the MRLs set by these 
authorities.

A spike-and-recovery experiment was carried out to 
evaluate the accuracy, repeatability, and within-laboratory 
reproducibility. The blank samples were spiked at three 
concentration levels (200, 400, and 800 pg/mL), and the 
milk extracts were tested by the developed ELISA. As 
shown in Table 2, the average recoveries of the ELISA 
were in the range of 81–94%, and the coefficient of vari-
ances (CVs) ranged from 6.8 to 10.2%. These results indi-
cate that ELISA has good effectiveness and applicability 
for neomycin B residue analysis.

FTIACT Development and Real Sample Analysis

The non-specific adsorption effects could greatly affect 
assay sensitivity of the FTIACT. In this study, the working 
concentration of the antibodies and neomycin-HRP trac-
ers was optimized first, and dilutions of immune-reagents 
ranging from 1:1000 to 1:20,000 were tested for optimi-
zation. In consideration of color saturation development 
and non-specific adsorption effects, the anti-neomycin 
antibody’s and neomycin-HRP tracer’s dilution at 1:10,000 
and 1:4000 was chosen, respectively. If the working con-
centrations of the antibodies and HRP tracers are higher 
than the selective level, the non-specific adsorption’s inter-
ference would affect the visual color development results, 
while the lower concentrations of antibodies and HRP 
tracers may lead to weak color development on the detec-
tion layers. In this paper, the sample addition, washing, 
and incubation process were optimized according to our 
previous research (Wang et al. 2016a), and detail informa-
tion could be obtained in the supplementary information. 
After the addition of chromogenic substrate, we especially 
optimized the reaction time, which has great influences 
on the standard calibration curve generation. As shown 
in Fig. 4, the blue color saturation values of the detec-
tion layers and control layers increased when prolonged 
the colorimetric time, while the non-specific adsorption 
would affect the interpretation of the visual inspections 
when the colorimetric time was over 6 min. The colori-
metric reaction at 4 min generated satisfying differences 
between the blank and spiked samples, and was chosen as 
optimal colorimetric time.

The food matrix interference is a common challenge for 
food contaminate residue analysis by immunoassays. These 
matrix interferences could affect the specific binding reac-
tion between neomycin and anti-neomycin antibody, and 
thus maybe cause false positives by lowering color devel-
opment. For milk samples, removal of interferences by addi-
tion of heavy metal salts for precipitation of macromolecular 
substances is an effective way to reduce the matrix effects 
(Jiang et al. 2015). In this paper, the raw milk, diluted milk, 
and milk extract were directly loaded onto the FTIACT col-
umns for on-site screening of neomycin B residues in milk 
samples. The results in Fig. 5 indicated that the original milk 
sample could be directly analyzed by the developed FTI-
ACT; however, some milk ingredients could supress the col-
orimetric reaction. The diluted milk and milk extract were 
also tested by the FTIACT, and the results in Fig. 5 indicated 
that they also obtained satisfying results. Considering the 
milk extract need utilizing the sodium nitroprusside and zinc 
sulphate to remove macromolecular substances with pre-
cipitation, we utilized diluted milk samples for neomycin B 
residue analysis, and the results in Fig. 5 also indicated that 
the matrix interference was reduced to an insignificant level.

Table 2   The accuracy, repeatability, and reproducibility of the ELISA 
for detecting neomycin B residues in milk (n = 3)

Spiked (pg/mL) Intra-assay Inter-assay

Recovery (%) CVs (%) Recovery (%) CVs (%)

200 81 8.9 88 10.2
400 92 6.8 94 8.3
800 87 9.6 91 9.8
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Under above optimization, a series of spiked milk sam-
ples were diluted for calibration curves development to esti-
mate the neomycin B residue in milk. As shown in Fig. 6, the 
color saturation of the detection layers fades when increas-
ing analyte concentration in spiked milk samples. When the 
neomycin B concentration in milk samples was higher than 
the cut-off level (defined as qualitative LOD), the neomycin 
B residues could occupy enough binding sites of antibodies 
on the detection layers and lead to the color disappearance. 
From the results of Fig. 6, the qualitative LOD was 800 
fg/mL for neomycin B. Furthermore, the probabilities of 
positive and negative results were calculated to evaluate the 
analytical performance of the FTIACT method. In this paper, 
100 blank samples and 100 spiked samples (spiked with neo-
mycin B at 800 fg/mL) were tested by the developed FTI-
ACT, and the false-positive rate was calculated according 
to previous research (Trullols et al. 2004). As summarized 
in Table 3, the false-positive and false-negative rates were 
2.5% and 1.5%, respectively. All these results fulfilled the 
requirements of a screening method (Community Reference 
Laboratories Residues 2010).
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The above described FTIACT method could only provide 
a rough result through the visual observation with naked 
eyes, which could result in a relative low detection limit. In 
order to improve assay sensitivity, the color saturation levels 
of the test layers were obtained from the images according 
to previous research (Beloglazova et al. 2010). The standard 
curves were constructed using the standard concentrations 
as the abscissae and the T/T0 values as the ordinates, where 
T0 and T were the color intensity obtained from neomycin 
B detection layers with blank and spiked samples. A series 
of tests with spiked milk samples were conducted by the 
developed FTIACT method, and the color saturation level 
values are inversely proportional to the increasing analyte 
concentrations on the calibration curves in milk. A four-
parameter logistic equation was used to fit the immunoassay 
data, and the calibration curves were shown in Fig. 6. In this 
paper, the quantitative LOD was defined as the concentra-
tions that provided 80% T/T0 values, which was calculated 
to be 326.8 fg/mL. The quantitative LOD is far below the 
LOD of the developed ELISA (162.5 pg/mL) and the MRLs 
of the EU, the USA, and China. Comparing with observation 
by naked eyes, the quantitative FTIACT has higher reso-
lution to screen ultratrace neomycin B contaminated sam-
ples. The spiking and recovery tests were used to evaluate 
the accuracy and precision, and the results showed good 
agreements between the spiking levels and the concentra-
tions detected. As shown in Table 4, the average recoveries 
ranged from 69 to 131%, with CV values lower than 14.1%. 
In addition, two naturally contaminated milk samples were 
tested by the FTIACT and LC-MS/MS method for further 

validation. The neomycin B concentrations presented in the 
naturally contaminated milk samples were 18.6 and 26.8 
ng/mL, while the developed FTIACT gave positive results 
by visual inspection, and the neomycin B concentrations 
were measured to be 20.5 and 32.6 ng/mL. These results 
indicated that the FTIACT was suitable for on-site screening 
of ultratrace neomycin B residues in milk.

Comparison of ELISA and FTIACT​

Recently, some researches reported the anti-neomycin anti-
body production and ELISA development for neomycin resi-
due analysis (Chen et al. 2007; Xu et al. 2011). Moreover, 
chemiluminescent enzyme immunoassay (Luo et al. 2016), 
lateral flow assay (Shi et al. 2018), and other immunoassay 
formats (Wan et al. 2018) also have been established for 
detecting neomycin residues in milk and other food matri-
ces. In contrast to these reports, the FTIACT utilized sepha-
rose 4B gels as immuno-reaction carriers to concentrate 
ultratrace amount of neomycin B residues in milk samples. 
The sepharose 4B gels were immobilized with anti-neomy-
cin antibody and anti-HRP antibody in order to prepare the 
neomycin detection layer and control layer, respectively. 
Then, the neomycin B residues in milk samples could be 
captured by the highly specific antibody on the detection 
layer, while the neomycin-HRP tracers would be captured 
by the unbounded anti-neomycin antibody, and the excess 
neomycin-HRP tracers would be captured by the anti-HRP 
antibody on the control layer. After chromogenic substrate 
addition, the results can be observed by naked eyes from 
the color development on the detection layers. The negative 
results would present a visible blue color on the detection 
layer, while the positive results presented no or negligible 
color development.

Compared with traditional ELISA, the FTIACT had a 
larger sample-loading volume (10 mL in this study), which 
could greatly improve the assay sensitivity (form pg/mL to 
fg/mL). Although it could detect ultratrace amount of neo-
mycin B residues, the developed FTIACT has a relative nar-
row working range. When the neomycin B concentration was 
higher than 1326.6 fg/mL or lower than 265.3 fg/mL in the 
milk sample, the FTIACT would not give an accurate result. 
In contrast to previous reports, we developed a much more 
sensitive FTIACT, and its analytical performances satisfied 
the requirements and regulations of the European Union, the 
USA, and China.

Conclusions

In this paper, neomycin B was selected as target analyte, 
and a high-sensitive antibody was produced by immu-
nizing BALB/c mice. Based on the produced antibody, 

Table 3   The detection capabilities of the qualitative FTIACT on neo-
mycin B residue analysis by visual inspection

a Nfalse positive number of false positive, Nfalse negative number of false 
negative, Nnegative number of negative, Npositive number of positive, 
N- number of negative and false positive, N+ number of positive and 
false negative

Parameter Calculation equationsa Percentage

False-positive rate (Nfalse positive/N-) × 100% 2.5%
False-negative rate (Nfalse negative/N+) × 100% 1.5%
Specificity rate (Nnegative/N-) × 100% 97.5%
Sensitivity rate (Npositive/N+) × 100% 98.5%

Table 4   The accuracy, repeatability, and reproducibility of the devel-
oped FTIACT for detecting ultratrace neomycin B residues in milk

Spiked (fg/mL) Intra-assay Inter-assay

Recovery (%) CVs (%) Recovery (%) CVs (%)

400 69 11.7 78 12.8
700 107 10.9 114 14.1
1000 122 13.6 131 13.5
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a sensitive ELISA and FTIACT method were developed 
for detecting ultratrace neomycin B residues in milk. The 
FTIACT had a much lower limit detection (326.8 fg/mL) 
than ELISA (162.5 pg/mL). In the real sample analysis, 
the results of the FTIACT were in good agreement with 
the well-established ELISA and LC–MS/MS method. In 
conclusion, the FTIACT method could inspect ultratrace 
neomycin B contamination at femtogram levels in milk, 
and it can be performed in any routine laboratory without 
the needs of special equipment.
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