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Abstract 

In this study, we proposed a new amplification scheme to 

improve the sensitivity of immunochromatographic analysis 

(ICA) and maintain high-intensity coloration. It was based on 

the indirect introduction of a label into immune complexes 

formed via a biotin–streptavidin module. The registered signal 

(test zone coloration) was amplified by multiplying the label 

binding. During the assay, biotinylated antibodies interacted 

with colored conjugates of streptavidin and gold nanoparticles 

(GNPs), and the addition of a biotinylated protein promoted 

aggregation of the label. In the developed assay, the detection 

limit of streptomycin (STR) was 30 ng/mL; the achieved 

characteristics exceeded those of standard competitive ICA 

using antibodies linked directly to a label. Because of the 

universal nature of the proposed amplification scheme, it 

could be applied to other compounds, including antibiotics 

from different chemical classes. Such a sensitive ICA 

amplification scheme could also be considered an efficient 

screening tool for antibiotics in medical monitoring and food 

safety. 

Keywords: immunochromatography, amplification, biotin–

streptavidin module, antibiotics, nanoparticles aggregation 

 

INTRODUCTION 

Antibiotics are not only considered efficient therapeutic 

preparations but also important risk factors in human health. 

Resistance to antibiotics is one of the most serious health 

concerns related to the uncontrolled consumption of 

antibiotics. In addition, changes in intestinal microflora cause 

disbacteriosis, leading to the emergence of allergic diseases, 

the inhibition of vitamin synthesis, and the propagation of 

pathogenic microbes in organs and tissues [1]. Thus, efficient 

analytical tools to screen for antibiotic levels are in high 

demand, both for making therapeutic decisions and ensuring 

food safety. 

Various physicochemical and biochemical approaches are 

used for antibiotic detection [2-4]. Among the latter, 

immunochemical methods are often used, due to their 

simplicity and sensitivity, and that they can be utilized 

without complex, high-cost equipment [5-7]. 

Immunochromatographic analysis most closely meets the 

demands of rapid and accurate monitoring [8]. This assay 

(also known as lateral flow immunoassay) uses the contact 

between a multi-membrane test-strip with immobilized 

reactants and a test sample. After this contact, the reagents 

move along the test strip, resulting in specific interactions and 

the formation of colored zones. Furthermore, ICA can be 

applied without the use of additional equipment and reagents. 

However, ICA is typically less sensitive than other 

immunochemical methods [9]. Thus, new assay formats are 

necessary for the ICA of compounds (including antibiotics) 

that should be controlled in samples containing extremely low 

antibiotics’ concentration. 

The immunochromatographic assays used for low molecular 

weight compounds traditionally include analyte-specific 

antibodies directly linked to a colored marker, gold 

nanoparticles [8]. Reducing the concentration of antibody–

GNP conjugate for the purpose of lowering the detection limit 

decreases the concentration of colored markers and the 

magnitude of the detected signal, thus reducing sensitivity. An 

indirect introduction of the marker into detectable specific 

immune complexes (so-called indirect labeling) may solve 

this problem [10-12]. 

In this study, we proposed a new type of competitive ICA that 

indirectly introduces a label via the streptavidin–biotin 

module and the subsequent aggregation of GNPs. The biotin–

streptavidin system is characterized by its unique high affinity 

(Kd = 10-15 М) and specificity of interaction [13]. The binding 

of streptavidin–biotin modules with any label (fluorophore, 

enzyme, or nanoparticle) is often used to introduce markers in 

immunoassays [14, 15]. The detected signal was amplified 

after multiple interactions (each streptavidin molecule binds 

four molecules of biotin). Thus, applying this ICA 

amplification scheme may ensure high specificity, rapid 

interaction, and resistance to changes in temperature, pH, and 

denaturizing agents. 

In the proposed assay, conjugates of GNPs with streptavidin, 

and biotinylated monoclonal antibodies and bovine serum 

albumin (BSA) were used instead of the traditional conjugates 

of specific antibodies with GNPs. These structures formed 

large complexes in the analytic zone of the test strip: 
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biotinylated antibodies bound to streptavidin–GNPs 

conjugates and BSA–biotin aggregated several markers. Such 

multiple interactions led to the appearance of a test line with 

high color intensity; thereby allowing for a lower detection 

limit. 

This study investigated streptomycin (STR) which belongs to 

the group of aminoglycosides used to treat a number of 

bacterial infections in cattle, such as tuberculosis, 

endocarditis, brucellosis, plague, tularemia, and fever [16-18]. 

However, STR is known to promote the growth of 

microorganisms resistant to antibiotics [18, 19], which means 

there is an urgent need to control STR. Several studies have 

focused on STR detection by immunoassay techniques, 

including immunochromatography [20-22]. However, they 

were based on traditional ICA formats and did not 

demonstrate the high sensitivity required for medical 

monitoring. In contrast, the universal character of the 

proposed amplification scheme allows for ICA to be applied 

to other antibiotics, as well as other low molecular weight 

analytes. 

 

EXPERIMENTAL 

Materials, reagents, and equipment 

The BSA, 3,3’,5,5’-tetramethylbenzidine, chloroauric acid, 

Triton X-100, dimethyl sulfoxide (DMSO), cyanuric chloride, 

and triethylamine were from Sigma-Aldrich (USA); the 

biotin-N-hydroxysuccinimide ester was from ICN 

Biomedicals (USA); the STR sulfate was from AppliChem 

(Germany); and the recombinant STR was from IMTEK 

(Russia). The monoclonal antibodies against STR were 

obtained from the All-Russian Center of Molecular 

Diagnostics and Therapy (Moscow, Russia), the goat anti-

mouse (GAM) polyclonal antibodies and peroxidase-labeled 

anti-mouse immunoglobulins were obtained from the 

Gamaleya Institute of Microbiology and Epidemiology 

(Moscow, Russia). The purity of all other reagents (salts, 

acids, alkalis, and organic solvents) was of analytical grade or 

higher. Milli-Q deionized water (Millipore, USA) was used to 

prepare the solutions. Costar 9018 transparent microplates 

(Corning, USA) were used for the enzyme-linked 

immunosorbent assay (ELISA). Optical density was measured 

using a microplate photometer Zenyth 3100 (Anthos Labtec 

Instruments, Austria). 

 

The preparation of the GNPs 

GNPs with an average diameter of 30 nm were synthesized 

according to [23]. Briefly, 0.5 mL of a 1% water solution of 

HAuCl4 was added to 48.75 mL of water. The mixture was 

brought to the boil, and then 0.75 mL of a 1% sodium citrate 

solution was added. After boiling for 30 min, the preparation 

was cooled. The obtained GNPs were stored at 4∘C. 

 

The characterization of GNPs by transmission electron 

microscopy (TEM) 

The aliquot of the GNP preparation was dropped onto a 

formvar film-coated grid and studied by transmission electron 

microscopy (TEM) on a JEM-100C microscope (Jeol, Japan) 

at an accelerating voltage of 80 kV. The obtained images were 

analyzed using the ImageTool program (UTHSCSA, USA). 

 

The selection of protein concentration for conjugation with 

GNPs 

For conjugation with GNPs, 100 µL of aqueous solutions of 

anti-STR antibodies or streptavidin (at concentrations from 5 

to 200 µg/mL) were mixed with 1 mL of the GNPs (OD520 = 

1) and incubated for 10 min at room temperature while 

stirring. Then, 0.1 mL of a 10% NaCl solution was added and 

incubated for 10 min at room temperature while stirring. 

Finally, the optical density at 580 nm was measured. 

 

The immobilization of the anti-STR antibodies and 

streptavidin on GNPs 

The pH of the GNPs solution was adjusted to 8.5–9.0 with 

potassium carbonate. Then, anti-STR antibodies or 

straptavidin (5 and 20 μg per mL of the GNPs solution, 

respectively) were diluted in 10 mM Tris buffer, pH 8.5, were 

added. The resulting mixture was incubated for 45 min at 

room temperature, followed by the addition of a 10% aqueous 

solution of BSA (VGNPs:Vprotein = 40:1) and 15 min of vigorous 

stirring. The GNPs were pelleted by centrifugation at 15 000 g 

for 15 min at 4°C. The supernatant was removed, and the 

residue was dissolved in 10 mM Tris buffer, pH 8.5, with 1% 

BSA and 1% sucrose (TBSA) and subjected to centrifugation 

in the same environment. The resulting sediment was 

dissolved in TBSA containing 0.05% sodium azide and stored 

at 4°C. 

 

The synthesis of the STR–BSA conjugate 

STR was coupled with BSA in 10:1 molar ratio according to 

[24] with modifications. Cyanuric chloride (9 mg) was 

dissolved in 1 mL of acetone, cooled to 4oC, and added 

dropwise while stirring to a cold solution of STR (36 mg, 25 

µmol) in 1 mL of 50 mM carbonate buffer, pH 9.6 (CB), 

containing 50 µL of triethylamine. The reaction mixture was 

incubated at 4oC for 1 h. The activated STR was diluted by 

CB:acetone:triethylamine, 30:20:1, to obtain a 0.05 µmol 

concentration of the activated STR. Then, 1 mL of the 

resulting solution was added dropwise with vigorous stirring 

to a solution of BSA (34 mg, 0.5 µmol) in 4 mL of CB and 

incubated for 1 h at room temperature. After that, the reaction 

mixture was dialyzed against 50 mM potassium phosphate 
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buffer, pH 7.4, containing 100 mM NaCl (phosphate-buffered 

saline, PBS). The conjugates were stored at -20oC. 

The biotinylation of the anti-STR antibodies and BSA 

Both monoclonal antibodies to STR and BSA were 

biotinylated according to a previously described method [25]. 

A solution of activated biotin ester in DMSO was added to a 

solution of protein in PBS, to achieve a protein:biotin molar 

ratio of 1:20 or 1:8 for BSA and antibodies, respectively. The 

reaction was carried out for 2 h at room temperature while 

stirring. Then, the reaction mixture was dialyzed against PBS 

for 16 h at 4°C. After dialysis, the conjugates were separated 

by centrifugation for 15 min at 14 000 g in centrifuge tubes 

(Corning, USA) with cellulose acetate filters (0.45 μm pore 

diameter). The biotinylated antibodies and BSA were stored at 

4°C. 

 

The production of the immunochromatographic assays 

MdiEasypack membrane kits (Advanced Microdevices, India) 

were used to manufacture the immunochromatographic test 

kits. They included a plastic support, a working nitrocellulose 

membrane CNPC with a 15 µm pore size, a GFB-R4 

separation membrane, and an AP045 adsorption membrane. 

The reagents were immobilized on the membranes using an 

IsoFlow automated dispenser (Imagene Technology, USA) at 

a rate of 0.1 µL per mm. After dispensing, the membranes 

were dried at room temperature for at least 20 h. 

The working and terminal absorbent pads were fixed on a 

plastic pad. After the assembly of the membrane components, 

the obtained sheets were cut with an Index Cutter-1 (A-Point 

Technologies, USA) into test strips of 3.5 mm in width and 

stored at 20–22°C in a sealed package containing silica gel. 

Both for the standard and amplification ICA schemes, the 

analytical zone of the test strips was formed by the STR–BSA 

conjugate (1 mg/mL in PBS). To form the control zone, GAM 

antibodies were immobilized on the working membrane at a 

concentration of 0.25 µg/mL. 

 

The microplate ELISA 

The STR–BSA conjugate (100 μL, 1 μg/mL) in PBS was 

adsorbed in microplate wells at 4°С overnight. Then, the 

microplate was washed four times with PBS containing 0.05% 

Triton Х-100 (PBST). After that, 50 μL of STR solution in 

PBST was added to the wells (at concentrations from 3 pg/mL 

to 2 µg/mL), followed by the addition of 50 μL of specific 

antibodies (500 ng/mL in PBST) to each well. The mixtures 

were incubated for 1 h at 37°С. After washing the microplate 

with PBST, 100 μL of peroxidase-labeled anti-mouse 

immunoglobulins (1:3 000 dilution in PBST) was added to the 

wells, and the plate was incubated for 1 h at 37°С. The 

microplate was washed (three times with PBST and once with 

distilled water). To measure the activity of the formed 

immune complexes, 100 μL of a 0.4 mM solution of 3,3’,5,5’-

tetramethylbenzidine in 40 mM Na-citrate buffer, рН 4.0, 

containing 3 mM of Н2О2 was added to the wells and 

incubated for 15 min at room temperature. The reaction was 

stopped by the addition of 50 μL of 1 М H2SO4, and the 

optical density was recorded at 450 nm. 

 

The standard ICA scheme 

For the standard ICA scheme, 50 μL of a STR dilution (at 

concentrations from 0.01 ng/mL to 10 µg/mL) and 50 μL of 

specific antibodies at concentrations of 400 ng/mL were 

mixed, and the test strips were immersed in these solutions. 

After 20 min of incubation, the strips were scanned for 

detection. For statistical processing, all the measurements 

were performed in triplicate. 

 

The ICA amplification scheme 

For the ICA amplification scheme, 100 μL of a STR dilution 

(at concentrations from 0.01 ng/mL to 10 µg/mL in PBST or 

spiked milk samples), 50 μL of biotinylated antibodies at a 

concentration of 100 ng/mL, 25 μL of biotinylated BSA at a 

concentration of 12.5 ng/mL, and 25 μL of streptavidin–GNPs 

conjugate at a dilution corresponding to OD520 = 0.03 were 

mixed. The test strips were immersed in these mixtures and 

incubated for 20 min. Then, detection was performed as 

described above. For statistical processing, all the 

measurements were performed in triplicate. 

In the preliminary experiments, the concentrations of the 

reagents varied from 3–400 ng/mL for biotinylated antibodies 

and 0.1–800 ng/mL for biotinylated BSA. The dilutions of 

streptavidin–GNPs conjugate varied to obtain OD520 = 0.004–

2. 

 

The registration of the ICA data 

The binding in the test zones was recorded with the use of a 

CanoScan LiDE 90 scanner (Canon, Japan), with a resolution 

of 600 dpi without correcting for contrast or color, followed 

by digital processing of the images with TotalLab software 

(Nonlinear Dynamics, UK). This program was used to 

determine the spot boundaries, add the intensities of all pixels 

belonging to a particular unit, and normalize the sums to the 

spot surface area, thereby representing color intensity in 

relative units. 

 

Processing the ELISA and ICA data 

The plots of optical density or color intensity (y) versus the 

analyte concentrations in the samples (x) were fitted to a four-

parameter logistic function using Origin 7.5 software 

(OriginLab, USA): 
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where A1 was the maximum signal value, A2 was the 

minimum signal value, p was the slope of the calibration 

curve, and x0 was the antigen concentration causing 50% 

inhibition of the STR–BSA binding (IC50). 

The antigen concentration resulting in 10% inhibition (IC10) 

was calculated from this fitting and then regarded as the 

instrumental detection limit of the assay [26]. 

The visual limit of detection in the ICA was interpreted as the 

minimal analyte concentration that caused the complete 

absence of coloration in the test zone. 

 

The preparation of the spiked milk samples 

The milk samples were purchased from the local store. A 

standard solution of STR (1 mg/mL) was added to undiluted 

and 5- and 10-fold diluted milk samples to obtain a row of 

STR dilutions in the range of 0.01 ng/mL – 10 µg/mL. The 

obtained spiked samples were thoroughly mixed. 

 

RESULTS AND DISCUSSION 

The immunochromatographic detection of low molecular 

weight compounds is usually based on competitive 

interactions. In the standard scheme, the antigens in the 

sample and that immobilized in the working membrane of the 

test strip competitively interact with specific antibodies 

labeled with colored markers, GNPs. The lower the analyte 

content in the sample, the more labeled antibodies bind with 

antigens that are immobilized in the analytic zone, increasing 

the color intensity of the test line. Reducing the concentration 

of specific antibodies is among the different approaches for 

decreasing the detection limit of ICA. In such cases, even 

small amounts of antigens in the test samples prevent the 

binding of immunoglobulins in the test zones. However, the 

decrease of antibody–marker conjugates’ concentration also 

reduced the color intensity of the test line, which decreased 

the signal intensity and, thus, assay reliability. 

To solve this problem, we proposed a new format of 

competitive ICA based on the indirect introduction of a label 

via the streptavidin–biotin module. Signal amplification was 

achieved via binding multiplication and the aggregation of 

GNPs. 

 

The synthesis and characterization of the immunoreagents 

To develop the amplification scheme, we first obtained and 

characterized its components. GNPs were synthesized 

according to the standard protocol by the reduction of HAuO4 

with sodium citrate [23]. We used TEM to determine the 

dimensional characteristics and aggregation state of 

nanoparticles, which indicated that the obtained sol consisted 

of homogeneous non-aggregated individual particles ca. 30 

nm in diameter and spherical in shape (Fig. 1). 

 

Figure 1: A microphotograph of GNPs obtained by TEM. 
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The obtained GNPs were conjugated with anti-STR 

monoclonal antibodies and streptavidin, as recommended in 

[24]. Preliminary experiments were performed to determine 

the optimal loading of the immobilized proteins on GNP 

surfaces. The colloidal aggregation test allowed us to study 

GNP stabilization according to the concentration of protein 

absorbed upon the addition of salt. As a result of this test, we 

obtained flocculation curves (the plots of the optical density at 

580 nm versus protein concentrations; data not shown). 

According to these dependencies, we selected the protein 

concentrations that best stabilized the conjugates. Therefore, 

for further conjugations, anti-STR antibodies and streptavidin 

were taken at 5 and 20 µg per mL of GNPs, respectively. The 

functional properties of specific antibodies conjugated to 

GNPs were confirmed by binding with STR–BSA 

immobilized on the membrane of a test strip. 

 

 

 

The competitive ELISA of STR 

The immunoreagents were characterized by ELISA. Under the 

selected ELISA regime, namely, the STR–BSA conjugate 

immobilized at a concentration of 1 μg/mL and specific 

antibodies at a concentration of 500 ng/mL, STR was 

determined with a detection limit of 20 ng/mL (Fig. 2). 

 

The standard ICA scheme 

During the standard ICA, the test strip was immersed in a 

solution containing an analyte and conjugates of anti-STR 

antibodies with GNPs. STR in the sample reacted with the 

active sites of the antibodies, thereby preventing them from 

interacting with the STR–BSA adsorbed in the test zone. The 

excess conjugate bound anti-species antibodies in the control 

zone (Fig. 3A). Therefore, we observed an inverse 

dependence of color intensity in the test zone and STR 

concentration in the sample. 
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Figure 2: The competitive curve for ELISA of STR. 
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Figure 3: The schemes for standard ICA (A) and ICA with amplification (B). 

 

 

The calibration curve for the standard ICA of STR and the 

coloration of their respective test strips is shown in Fig. 4. The 

visual limit of STR detection was 3.3 µg/mL and IC10 was 100 

ng/mL. Although the sensitivity of the assay satisfied the 

maximum permitted levels of STR in food (200 ng/g 

according to Commission Regulation [EC] No. 1881/2016), 

improving its analytical characteristics seems to be quite 

important, taking into account the possible pre-treatment of 

the detected probes. 
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Figure 4: The calibration curve of STR for standard ICA (A) and the appearance of the test strips (B). 

 

The ICA amplification scheme 

In this study, we proposed an ICA amplification scheme to 

solve the problem of the contradiction between high assay 

sensitivity and low signal intensity in the standard ICA 

scheme. We suggested an indirect introduction of the label to 

simultaneously increase the amount of marker and reduce the 

concentration of specific antibodies. A variation of this 

scheme was developed previously using anti-species 

antibodies conjugated with GNPs [10, 11]. In the current 

study, the indirect introduction of the label was performed by 

the streptavidin–biotin module: streptavidin was conjugated 

with GNPs, and biotin was conjugated with antibodies. 

Furthermore, biotinylated BSA was added to the system to 

ensure the binding of the GNPs conjugate with streptavidin, 

thus creating an aggregation processes in the analytic zone 

and changing the antibody:marker ratio. The scheme of this 

format is demonstrated in Fig. 3B. 

The conditions for assembling specific complexes in the ICA 

amplification scheme were optimized at zero antigen 

concentration. The optimization of the streptavidin–GNPs 

concentration was carried out by varying its dilution in the 

range corresponding to OD520 = 0.002–2. In this case, only 

biotinylated antibodies at a concentration of 200 ng/mL were 

used. The obtained concentration dependence (Fig. 5) 
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demonstrated that the maximal signal intensity was observed 

at the conjugate concentration corresponding to OD520 = 0.02. 

Therefore, a dilution of the streptavidin–GNPs conjugate to 

OD520 = 0.03 seemed to be optimal and was used for further 

optimization experiments. 
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Figure 5: The dependence of the test zone coloration on the dilution of streptavidin–GNP conjugate. 

 

The concentration of biotinylated antibodies was also 

optimized. For this purpose, assays were carried out with 

different amounts of antibodies (3–400 ng/mL) and fixed 

concentrations of streptavidin–GNPs and BSA–biotin 

conjugates (corresponding to OD520 = 0.03 and 60 ng/mL, 

respectively). The dependence of the test zone coloration on 

the concentration of biotinylated antibodies is presented in 

Fig. 6. Because the signals were of the highest intensity at a 

concentration of 200 ng/mL, this value was selected. 
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Figure 6: The dependence of the test zone coloration on the concentration of biotinylated antibodies. 
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The optimal concentration of biotinylated BSA in the reaction 

media was found to be ca. 8–30 ng/mL to ensure high 

analytical signals. Adding more biotinylated BSA resulted in a 

sharp decrease in the test zone coloration (Fig. 7). 
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Figure 7: The dependence of the test zone coloration on the concentration of biotinylated BSA. 

 

After preliminary determining the reagents’ concentrations, 

we carried out a two-factor optimization of biotinylated BSA 

and antibody concentrations. For a fixed amount of a GNPs 

conjugate (OD520 = 0.03), the BSA–biotin and antibody–biotin 

concentrations were varied in wider ranges (0.1–800 and 25–

400 ng/mL, respectively). Satisfactory color intensity was 

achieved when using BSA–biotin and antibody–biotin at 

concentrations of 12.5 and 100 ng/mL, respectively. Even 

though the latter was lower than what we determined in the 

preliminary optimization experiment (200 ng/mL), thus 

slightly lowering the intensity of the band color, this 

concentration allowed us using half as much reagent. 

During final step of the optimization, the streptavidin–GNPs 

conjugate was applied in different dilutions (corresponding to 

OD520 = 2–0.004) at the aforementioned concentrations of all 

other components. The dependence is shown in Fig. 8. 
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Figure 8: The dependence of the test zone coloration on the dilution of the streptavidin–GNPs conjugate. 
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Fig. 8 shows that the dependence of test zone coloration on 

the concentration has a bell-shaped shape; the earlier selected 

value (OD520 = 0.03) lay in the high-signal range. This low 

concentration significantly reduced the consumption of 

colloidal gold. 

Finally, the optimum combination of test zone coloration and 

the assay sensitivity was achieved using biotinylated 

antibodies and BSA at concentrations of 100 and 12.5 ng/mL, 

respectively, and streptavidin–GNPs conjugate at the dilution 

corresponding to OD520 = 0.03. 

Fig. 9 demonstrates the appearance of the test strips and the 

STR calibration curve. The visual detection limit was 370 

ng/mL, and IC10 was 30 ng/mL. The estimated visual 

detection limit and IC10 values were 10-fold and 3-fold higher, 

respectively, than those obtained as a result of the standard 

ICA scheme. 
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Figure 9: The calibration curve of STR for ICA in the amplification scheme (A) and the appearance of the test strips (B). 

 

Testing the ICA amplification scheme on food samples 

The developed amplification scheme was tested for STR 

detection in milk samples. In the first case, the milk samples 

were tested directly, without sample preparation or dilution. In 

the second case, the milk samples were diluted 5- and 10-fold 

by PBST, spiked with various concentrations of STR, and 

then used in the ICA amplification scheme. The appearance of 
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the test strips after the assays is shown in Fig. 10. For the 

undiluted samples, the liquid did not reach the absorption 

membrane and no bands were formed on the working 

membrane. For the diluted samples, the membranes looked 

similar to those observed for STR detection in the buffer. 
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Figure 10: The appearance of the test strips after the detection of STR in milk samples in the ICA amplification scheme. 

 

Fig. 11 shows the competitive curves of STR in 5- and 10-fold 

diluted milk samples. The detection limits for STR detection 

did not differ reliably from those obtained as a result of the 

assay in PBST (IC10 = 30 ng/mL). The biological matrix of 

the probe did not influence the immune interactions, showing 

no significant shift in the amplitude of the analytical signals. 

Therefore, a pre-treatment of the tested samples, which 

requires no organic solvents or complex manipulations, can 

precede the ICA amplification scheme. Taking into account 

the maximum permitted levels of STR in food (200 ng/g), the 

ICA amplification scheme is recommended as a sensitive and 

rapid method to screen for STR contamination. 
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Figure 11: The calibration curves of STR for the ICA amplification scheme in 5-fold (a) and 10-fold (b) diluted milk. 
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CONCLUSION 

The results confirmed the efficiency of the proposed ICA 

amplification scheme to reach a lower detection limit. It 

showed a 10-fold increase in sensitivity compared to the 

standard ICA scheme. Furthermore, the universal nature of the 

proposed amplification scheme could be applied to the 

immunodetection of antibiotics from other classes (i.e., 

tetracyclines and beta-lactams) with similar effects on signal 

enhancement, shifting the calibration curves for lower analyte 

concentrations and, thus, providing efficient tools for rapid 

screening in food safety and medical monitoring. 
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