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	 Detection of antibiotics in the blood is necessary for characterizing their common or 
individual pharmacokinetics. This has increased the need in rapid detection techniques, such as 
lateral flow immunoassay, for the on-site control of antibiotics. The present study characterized 
factors influencing the analytical parameters of lateral flow immunoassay to increase its 
sensitivity for detecting tetracycline in human serum samples. Assay sensitivity was increased 
by altering the concentrations of immunoreagents and surfactant and the number of interaction 
stages in the assay with indirect labeling a specific antibody. The optimal assay conditions 
reduced the limit of visual detection of tetracycline from 100 to 10 ng/mL. The developed assay 
allowed us to detect tetracycline in both two-fold diluted and undiluted human serum samples 
within 15 min. Our results suggest that the developed assay can be used to screen patients under 
antibiotic treatment.
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	 Tetracyclines are a group of broad-
spectrum antibiotics that exert a bacteriostatic 
effect on bacterial cells. Tetracycline (Tet) and 
its related compounds bind to the 30S subunit 
of bacterial ribosomes to block protein synthesis 
in bacterial cells1. Tetracyclines are widely used 
in human and veterinary medicine. Despite the 
synthesis, and clinical investigation of various 
novel broad-spectrum antibiotics, Tet progenitors 
are widely used for treating infections caused 
by sensitive bacteria2. Tet and doxycycline are 
the drugs of choice for treating bone and joint 
infections and for use in suppressive antibiotic 
therapy of patients at home (under out-of-hospital 

conditions)3, 4. However, an increase in bacterial 
resistance in previous years has highlighted the 
need to regulate antibiotic treatment carefully. 
Different approaches have been used in modern 
medicine to prevent the development of antibiotic 
resistance and to increase the effectiveness 
of antibiotic therapy. An understanding of the 
specificity of an infectious agent does not guarantee 
the sensitivity of this agent to the antibiotic 
chosen for treatment5. Investigations performed 
worldwide indicate that many factors influence the 
effectiveness of antibiotic therapy6. Microbiological 
methods used worldwide help in understanding 
reasons underlying inflammation and in selecting 
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appropriate antibiotics for medication7. Adequate 
dosage of antibiotics is important because it 
decreases the intensity of side effects and affects 
the ability of bacteria to develop antibiotic 
resistance8, 9. High doses of antibiotics reduce 
bacterial survival more effectively than increased 
duration of antibiotic exposure10. Problems 
concerning the personalization of medicine are 
actual, and development of personalized medicine 
is important11, 12. 
	 These factors highlight the need to 
control Tet level in the serum of humans under 
treatment. This can be achieved using different 
methods. Traditional chromatographic methods are 
expensive because of the high cost of equipment 
and complications associated with sample 
pretreatment13, 14. In contrast, immunochemical 
methods are highly specific because they involve 
antibody–antigen interaction and do not require 
sample pretreatment or preparation15. Among 
the various immunochemical methods available, 
immunochromatography is a simple and rapid 
technique that can be used under out-of-laboratory 
conditions. Quantitative analysis to estimate 
analyte concentration can be performed using 
portable readers16, 17. Thus far, many developments 
have been described for the rapid analysis of 
different analytes in serum samples18-20. However, 
specific features of the serum influence antibiotic 
detection.
	 Antibody labeling in lateral flow 
immunoassay (LFIA) can be performed using two 
methods. The first method is a traditional method 
involving the direct adsorption of an antibody on the 
surface of gold nanoparticles. The second method 
involves the use of a native specific antibody 
in combination with a conjugate of antispecies 
antibody and gold nanoparticles. Previous studies 
have shown that the direct immobilization 
of a specific antibody  on the surface of gold 
nanoparticles results in the inefficient binding of the 
target analyte to the conjugate without decreasing 
an analytical signal 21. A comparison of competitive 
immunoassays involving both direct and indirect 
labeling has shown that the prevention of inefficient 
binding by the indirect labeling significantly 
improves assay sensitivity22-25. Thus, the present 
study investigated the most efficient method for 
performing the immunochromatographic detection 
of Tet with indirect labeling.

Materials and Methods

Materials
	 Mouse anti-Tet monoclonal antibody 
(mAb) and hapten-protein conjugate (Tet 
conjugated with bovine serum albumin [BSA]; 
Tet-BSA), as described previously26, were provided 
by Prof. C. Xu of Jiangnan University (Wuxi, 
China). Goat anti-mouse polyclonal (antispecies) 
antibodies were purchased from Arista Biologicals 
(Allentown, PA, USA). Compounds for preparing 
and storing gold nanoparticles (sodium azide, 
Tween-20, and chloroauric acid) were obtained 
from Sigma-Aldrich (St. Louis, MO, USA). 
Triton X-100 was obtained from PanreacQuímica 
(Barcelona, Spain), a Tet base was obtained from 
Applichem (Darmstadt, Germany), and BSA was 
obtained from BovalBiosolutions (Cleburne, TX, 
USA). All other reagents were of analytical-grade 
purity or higher.
	 All solutions were prepared using 
deionized water obtained using Milli-Q system (18 
MÙ·cm at 25°C; Simplicity Millipore, Billerica, 
MA, USA). Working nitrocellulose membrane 
CNPC15 was obtained from MDI Membrane 
Technologies (AmbalaCantt, India). CFSP223000 
adsorptionpads and fiberglassmacroporous 
CFCP203000 conjugate pads were obtained from 
Millipore (Bedford, MA, USA). IsoFlow dispenser 
(Imagene Technology, Hanover, NH, USA) was 
used to apply the reagents onto the membranes, and 
Index Cutter-1 (A-Point Technologies, Gibbstown, 
NJ, USA) was used to cut multimembrane 
composites onto individual test strips.
Methods
Synthesis of gold nanoparticles and their 
conjugation with antibody
	 Gold nanoparticles were synthesized 
using a standard protocol for synthesizing 30-nm 
nanoparticles, as described previously27. First, 0.2 
mL 5% HAuCl4 was added to 97.5 mL water, and 
the solution was boiled. Next, 1.5 mL 1% sodium 
citrate was added to this solution, and the resulting 
mixture was boiled for 22 min, cooled, and stored 
at 4°C–6°C. Additional details of this method are 
given in a previous study28. 
	 The anti-mouse IgG antibody (aMAb) 
dialyzed against 10 mM Tris-HCl buffer (pH 8.6) 
was diluted using 0.2 M K2CO3 solution and was 
added to the gold nanoparticle solution whose 
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pH was preadjusted to 8.6. For this, 8 mL gold 
nanoparticle solution was added to 150 µLaMAb 
solution (concentration, 1 mg/mL) in a glass flask, 
and the mixture was incubated with stirring at 
room temperature for 45 min. Next, 200 µL 10% 
aqueous BSA solution was added to the mixture, 
followed by incubation with stirring at room 
temperature for 15 min. The obtained conjugate 
was separated from unbound antibodies through 
centrifugation at 10,000 × g and 4°C for 15 min, 
and supernatant obtained was decanted. Next, 1 
mL 50 mM potassium phosphate buffer (pH 7.4) 
supplemented with 0.1 M NaCl (PBS) containing 
0.25% BSA, 0.25% Tween-20, 1% saccharose, and 
0.05% NaN3 was added to the precipitate obtained 
after centrifugation and was used for subsequent 
analysis. Optical density of the obtained conjugate 
was determined using Libra S60 spectrophotometer 
(Biochrom, Cambridge, UK).
Assembly of the multimembrane composite and 
preparation of the test strips
	 The Tet-BSA conjugate and antispecies 
(RAMI) antibodies at concentrations of 2 and 
0.5 mg/mL, respectively, were applied to a 
nitrocellulose working membrane at a rate of 0.1 
µL per 1 mm of the membrane. Next, the membrane 
was dried for 20 h at 37°C and was then glued to 
an absorbing fiberglass pad such that the fiberglass 
pad in the multimembrane composite was first in 
contact with the sample and then in contact with the 
absorbent. The resulting sheet was cut into 3.3-mm 
wide test strips by using an automatic guillotine 
cutter. The test strips were placed in a plastic foil 
pack together with a desiccant (0.6 g silica gel 
in bags) and were sealed. Cutting and packaging 
were performed at 20°C–22°C in a special room 
maintained at a relative humidity of not more than 
30%.
Lateral flow immuno assay
	 The spiked serum samples, working 
buffer PBS containing 0.05% Triton X-200 (PBST) 

solution, and test strips were maintained at room 
temperature (20°C–25°C). Next, the test strips were 
vertically immersed into a serum sample containing 
different concentrations of Tet, specific antibody, 
and 5ìL 20% Tween-20 (solution 1) for 7 min. Next, 
the strips were transferred to the PBST solution for 
3 min and were dipped in the conjugate suspension 
(PBST supplemented with the aMAb conjugate 
with an optical density of 0.5 at 520 nm [A520] for 
3 min. Next, the test strips were dried by placing 
them horizontally and after 2 min were scanned 
using CanoScan 9000F MarkII (Canon, Tokyo, 
Japan).
Data processing
	 Color intensity was assessed by processing 
scanned digital images of the test strips by 
using TotalLab software (Nonlinear Dynamics, 
Newcastle upon Tyne, UK) with 1D regimen. 
Calibration curveswere obtained byplotting the 
relationship between color intensity inthe test zone 
and Tet concentration in a standardsolution byusing 
Origin 9.0 software (OriginLab, Northampton, 
MA, USA). Sigmoid function was used for fitting 
based on the following four-parametric equation: 
y = (A – D)/(1 + [x/C]B) + D.

Results and Discussion

Development of LFIA involving the indirect 
labeling of antibody
	 Our study focused on factors that 
influenced the analytical parameters of LFIA 
(importantly, the limit of detection [LOD]) for 
determining the target analyte. First, concentrations 
of the anti-Tet antibody and Tet-BSA conjugate 
were considered. Previous characterization of these 
immunoreactants suggested that the mAb interacted 
with the target analyte and its structurally related 
compounds in food matrixes (e.g., milk)26. The 
present study was performed to characterize Tet 
detection in human serum samples by performing 

Table 1. Parameters of LFIA for detecting Tet in serum 
samples containing different Tween-20 concentrations

Parameter		  Concentration of Tween-20
	 0.25%	 0.5%	 1.0%

Arbitrary units	 30.4	 35.6	 41.2
Conjugate elution time	 Low (>25 min)	 Low (20 min)	 Normal (7 min)
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LFIA and to determine conditions influencing LFIA 
results.
	 The initial concentration of the hapten-
protein conjugate (Tet-BSA) was chosen based 
on our previous experience29 concerning Tet 
determination. The slightly high concentration of 
the unlabeled specific antibody was chosen based 
on the results obtained for a buffer solution22 
because of the high viscosity of the serum sample. 
Optical density of the gold conjugate was chosen 
as its commonly applied dilution in competitive 
immunoassays30. Thus, the initial parameters were 
as follows: 1 mg/mL of Tet-BSA loaded onto the 
CNPC15 membrane, 300 ng/mL of the specific 
antibody adsorbed onto the fiberglass pad, and 
the gold conjugate with A520 of 1.0. Human serum 
samples containing different Tet concentrations and 
diluted two times with the working buffer solution 
were used as the sample solution. However, 
comparison of the buffer solution and serum 
samples indicated that the serum samples delayed 
the interaction and resulted in background staining 
(Figure 1). The LOD of Tet was set to >30 ng/mL.
Methods for decreasing background staining
	 Several approaches are available 
for decreasing unspecific staining in the test 
zone, including varying the concentration of 
immunoreagents31, use of additives that influence 
antigen–antibody interaction30, and pretreatment of 
membrane or sample32, 33. Factors affecting assay 
results were determined using undiluted and diluted 
serum samples.
Optimization of  the concentration of 
immunoreagents
	 The first approach method to optimize 
LFIA condition was to optimize Tet-BSA and mAb/
Tet concentrations. We used three concentrations 

of Tet-BSA, namely, 0.5, 1.0, and 1.5 mg/mL, and 
three concentrations of mAb/Tet, namely, 100, 
200, and 300 ng/mL. Low Tet-BSA concentration 
decreased test zone coloration and prevented 
background staining. However, the signal in the 
test zone decreased in the absence of a competitor 
at the same time (data not shown). An increase in 
Tet-BSA concentration to 1.0 mg/mL increased 
test zone coloration, which allowed the visual 
distinction of staining in the absence and presence 
of the analyte. A further increase in Tet-BSA 
concentration increased test zone coloration in 
the presence of high Tet concentration (100 ng/
mL). Therefore, Tet-BSA concentration of 1.0 
mg/mL was chosen as the optimal concentration 
in subsequent experiments.
	 The principle of competitive LFIA 
indicates that the concentration of the specific 
antibody is one of the most important parameters. 
We observed that 100 ng/mL specific antibody in 
combination with 1.0 mg/mL Tet-BSA provided 
an adequate analytical signal (approximately 25 
arbitrary units). A further increase in the antibody 
concentration increased unspecific staining by 
more than two fold. Therefore, 100 ng/mL was 

Fig. 1. Test strips prepared under the initial conditions 
after testing the human serum samples containing 
different Tet concentrations (ng/mL)

Fig. 2. Test strips showing different staining patterns 
based on changes in analytical conditions in the absence 
of Tet in serum samples. Tests 1–3: analysis using the 
separation of immunochemical stages. Tests 4 and 5: 
one-stage analysis. Test 1: working buffer solution 
supplemented with 0.25% Tween-20 and 100 ng/
mL mAb/Tet; test 2: undiluted serum sample, 0.25% 
Tween-20, and 100 ng/mL mAb/Tet; test 3: undiluted 
serum sample, 1.0% Tween-20, and 100 ng/mL mAb/
Tet; test 4: working buffer solution supplemented with 
0.25% Tween-20 and 200 ng/mL mAb/Tet; and test 5: 
undiluted serum sample, 1.0% Tween-20, and 200 ng/
mL mAb/Tet. The duration of analysis for the tests 4 
and 5 was 7 min
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Fig. 3. Test strips showing Tet concentration (indicated 
under each test in ng/mL) in (a) human serum samples 
diluted by two fold with the working buffer solution and 
(2) undiluted serum samples

Fig. 4. Calibration curves for Tet determination in human 
serum samples based on the (a) initial conditions and (b) 
optimized conditions. The dash-dot lines indicate the 
level of non-specific staining observed by the naked eye

chosen as the optimal concentration of the specific 
antibody in subsequent experiments.
The order of interaction and the number of 
stages
	 Indirect labeling of the antibody was 
performed in two ways. The first method involved 
the separation of immunological stages. After the 
competitive stage for a sample containing Tet, 
immobilized Tet-BSA, and mAb/Tet, a washing step 
was added to the protocol, followed by incubation 
with the aMAb conjugate. The results are shown 
in Fig. 2, tests 1–3. The second method involved 
the use of a mixture of all the reagents in one stage, 
i.e., mixing the serum sample with the specific 
antibody solution and the aMAb conjugate, and the 
obtained results were compared. We observed that 
the separation of the antigen–antibody interaction 
(competitive stage) and the specific antibody (i.e., 
the antispecies antibody conjugated with gold 
nanoparticles) decreased unspecific staining and 
allowed a clearer visualization of the test zone. At 
the same time, the use of a single-stage interaction 
without the washing step decreased the signal in the 
test zone (Fig. 2, tests 4 and 5). Thus, the washing 
step and separation of immunochemical interaction 
can also influence assay results. Moreover, we 
observed that the separation of the competitive and 
staining stages was preferable when an undiluted 
serum sample was used. Addition of the washing 
step to the protocol removed the excess serum 
proteins from the membrane and stabilized the 
flow of the gold conjugate (Fig. 2, tests 3 and 5 for 
comparison).

Alteration of surfactant concentration
	 The human serum is a complicated sample 
containing high concentration of proteins and 
having high viscosity. Therefore, one task in the 
present study was to achieve a uniform flow of the 
serum sample along the membrane. Membrane type 
was chosen based on our previous experience34, 

35 and recommendations of manufacturers36. A 
surfactant was added to the sample to achieve 
the necessary flow rate and to decrease sample 
viscosity. Tween-20 was chosen as the surfactant 
based on the results of previous studies involving 
viscous samples34, 35. We examined various 
Tween-20 concentrations (0.25%, 0.5%, and 1.0%). 
We observed that the use of 0.25% Tween-20 did 
not provide the necessary flow rate and produced 
a signal in the test zone within only 30 min (Table 
1). An increase in the surfactant concentration 
increased the lateral flow rate; however, the 
achieved flow rate was still low. However, the use 
of 1% Tween-20 provided sufficient movement 
of the sample and uniform distribution of the 
conjugate. 
	 A fur ther  increase  in  Tween-20 
concentration in the sample (to 2.5% or 5%) 
decreased the flow rate, thus preventing the 
generation of a staining signal in the test zone (Fig. 
2). Furthermore, initially used optical density of 
aMAb conjugate (A520=1.0) has been decreased 
by more than two fold. This factor also allowed in 
the improved distinction of signal-to-noise ratio 
because of a decrease in unspecific staining. 
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	 Based on these findings, the optimal 
concentrations of Tet-BSA, mAb/Tet, and 
Tween-20 were set to 1.0 mg/mL, 100 ng/mL, 
and 1%, respectively. The recommended dilution 
of aMAb conjugate accords to A520 = 0.5.
Calibration curve and analytical characteristics 
of the optimized LFIA
	 Test strips corresponded to different 
concentrations of Tet were obtained for the (a) 
twice-diluted and (b) undiluted spiked serum 
samples under optimal conditions. Fig. 3 shows 
the absence of differences between the the 
obtained assay results. Both the methods can be 
used to determine Tet concentration in human 
serum samples. Fig. 3 also shows the absence 
of unspecific staining, which was a disturbing 
factor at the beginning of this optimization. For 
improved perception, two calibration curves 
have been plotted for Tet determination in the 
undiluted human serum sample (Fig. 4). The 
curve (a) presents the data from Fig. 1. The visual 
LOD of Tet was approximately 100 ng/mL under 
non-optimized conditions (see Fig. 1). The choice 
of reagent concentration helped in decreasing the 
visual LOD of Tet by 10 fold to 10 ng/mL (at the 
disappearance of the test line; Fig. 3). Optimization 
of assay conditions also highlighted a possibility of 
increasing the signal-to-noise ratio through simple 
manipulations.

Conclusion

	 The LFIA conditions for detecting Tet 
in human serum samples by performing indirect 
labeling of the specific antibody were optimized 
by chosing the concentrations of immunoreagents 
and surfactant (Tween-20) and separating the 
immunochemical interaction stage. This analysis 
of factors influencing the parameters of LFIA 
helped in decreasing the visual LOD of Tet by 10 
fold to 10 ng/mL. The versatility of the described 
approach indicates that it can be used to optimize 
the interaction between other antibodies and 
antigens.
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