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 A fiber-optic fluoroimmunoassay system for Dermatophagoides farinae allergen 
(Der f1) is developed and applied to a flow analysis system.  The immunoassay system 
consists of an optical fiber probe with a collective lens, a reaction cell with inlet/outlet 
ports for reagents, a laser diode for excitation light source, and a photodiode for 
detecting fluorescence.  The measurement principle is based on sandwich immunoassay.  
By flowing reagents into the reaction cell, the optical fiber probe becomes coated with 
immunological complexes formed by capture antibodies, Der f1 derived from house dust 
mite D. farinae as target analytes, and fluorescent dye (cyanine 5)-labeled antibodies.  
An excitation light is transmitted into the optical fiber probe, and then the fluorescent 
molecules of fluorophore-labeled antibodies are excited by the evanescent light of the 
laser diode.  The fluorescence recoupled into the probe is quantified by the photodiode as 
current values.  The calibration range for Der f1 is from 0.98 to 250 ng/ml, and the assays 
are completed within 16 min.  To achieve faster immunoassay, changes in fluorescence 
signal are monitored using the probe exposed to the fluorescent-labeled antibodies for 
the detection of Der f1, and calculated to obtain the rate of fluorescence increase for 
each Der f1 concentration.  The calibration range is equal to that of the above-mentioned 
assay, and the assay time is shortened to 6 min.  In the future, the flow immunoassay 
system allows determining allergens with high precision in a residential environment on 
site.
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1.	 Introduction

 Allergic diseases such as bronchial asthma or rhinitis have been serious global 
health problems in recent years.(1–5)  Indoor allergens, which include house dust mites, 
fungi, cockroaches, pets and others, are known as important risk factors for allergy.(6–12)  In 
particular, dust mite is a major source of inhaled allergens, and they can be found in 
most homes, usually in beds, pillows, carpets, upholstered furniture, or any other cloth 
materials.(13)  Dermatophagoides farinae is one of the common species of house dust mite 
in the residential environment and produces an allergen protein, D. farinae allergen (Der 
f1).(14,15)  As a treatment measure for patients who have allergic diseases, there are several 
approaches such as aeroallergen avoidance, medication usage to control symptoms, and 
immunotherapy in allergy.  In developed countries, people spend a lot of time indoors 
than outdoors; therefore, the avoidance of exposure to indoor allergens is the first step 
in the treatment of allergies.  In addition, by implementing effective environmental 
management to reduce allergen exposure, quantitative and high-throughput assessment 
techniques for allergens are needed to understand the correct state of pollution of 
airborne allergens in the indoor environment.
 Several techniques for the detection of Der f1 in the residential environment are 
already in place, for example, counting mites, which is not a quantitative method of 
determining the amount of allergen, a semiquantitative colorimetric assay (Acarex Test) 
to measure guanine,(16) an enzyme-linked immunosorbent assay (ELISA),(17) an electron 
spin resonance (ESR) radical immune assay,(18) and other immunological assay methods.  
However, nonquantitative or semiquantitative methods are rapid but lack accuracy, and 
quantitative immunoassay methods have high sensitivity but are labor-intensive and 
time consuming for usage in the actual residential environment.  Therefore, both high-
throughput and high-sensitivity analysis for Der f1 is requred for the treatment and 
prevention of allergic diseases.
 In recent years, fiber-optic biosensors have been widely investigated.  These 
biosensors use some combination of biological receptors and physical or chemical 
transducers, which represent a new and unique technology, and they show high 
sensitivity, low sample volume, and fast detection to measure absorbance fluorescence 
or scattering characteristic.(19–23)  A fiber sensing platform based on an evanescent 
field is of particular interest for chemical and biological sensing.(24–27)  The fiber-optic 
immunosensor in this study uses the fluorescent immunoassay principle.  The sensor is 
used for the  measurement of fluorescent light excited by an evanescent wave generated 
by a laser diode to quantitatively detect biomolecules immobilized on the optical fiber 
surface.
 This study describes a new fiber optic fluorescent immunosensor with a sample flow 
system for Der f1 detection.  Der f1 is derived from D. farinae as mentioned earlier, 
and it is one of the most important indoor allergens.  The objective of this study is to 
implement an immunological assay for allergens, which is faster, more sensitive, and 
easier than existing methods.
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2.	 Materials	and	Methods

2.1 Reagents
 Der f1 derived from D. farinae (Der f1 standard, Lot 2761, 2500 ng/ml) was 
purchased from INDOOR Biotechnologies, Inc. (Charlottesville, Virginia).  Anti-Der 
f1 monoclonal antibodies as capture antibodies (Anti-Der f1 mAb 6A8, Lot 2828, 2 
mg/ml) and anti-Der f1 monoclonal antibodies as detection antibodies (Anti-Der f1 
mAb 4Cl, Lot 2469, 2 mg/ml) were purchased from INDOOR Biotechnologies, Inc.  
Fluorescent molecules (cyanine 5; Cy5) were used to label to the detection antibodies 
using a commercial labeling kit (Cy5-Ab labeling kit, PA35000, GE Healthcare UK 
Ltd. Buckinghamshire, England).  Bovine serum albumin (BSA, Lot 401-041, 10 g) 
was purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan).  All other 
chemicals were reagent grade.  The wash buffer used for the optical fiber probe was 10 
mM phosphate buffer pH 7.4 (PB) + 0.05% Tween 20 (PBT).  The dilution buffer used 
for the capture antibodies was 80 mM carbonate-bicarbonate buffer, that for BSA was 
PB, that for Der f1 was PBT, and that for Cy5-labeled antibodies was PBT + 0.1% BSA.

2.2	 Optical	fiber	probe	preparations
 The optical fiber probes were contributed by Canon Chemicals Inc.  The probe 
is 4 cm in length and 0.78 mm in diameter, and made from polystyrene.  Prior to the 
preparation of reagents for the immobilization of capture antibodies, distal ends of 20 
μl pipette tips were sealed with thermal bond to produce 100 μl containers.  The capture 
antibodies were diluted with carbonate-bicarbonate buffer to a concentration of 10 μg/ml, 
and 100 μl antibody solutions were transferred to each container mentioned above.  The 
optical fiber probes were incubated overnight at 4 °C in antibody solutions.  The anti-
Der f1 antibody-coated probes were then rinsed in PBT and incubated for 1 h at room 
temperature in 1% BSA-PB (100 μl) to block the unoccupied parts on the surface of the 
probe to reduce the amount of nonspecific binding of proteins.

2.3	 Preparation	of	Cy5-labeled	antibody
 The cyanine reagent is known to be useful as a fluorescent label for biological 
compounds.(28,29)  The detection antibodies were labeled with Cy5-bifunctional dye.  
Antibodies that contained 0.6 mg of proteins were diluted with 1 ml of PB.  The 
antibody solution was added to a coupling buffer (1 M sodium carbonate buffer, pH 
9.3) and gently mixed.  The entire volume of the solution was transferred to a vial of 
Cy5 bisfunctional dye and incubated for 30 min with mixing approximately every 10 
min at room temperature in the dark.  Then, the labeled protein was separated from the 
unconjugated dye using a gel filtration column.  The final dye-to-protein ratio (Cy5 
molecules per IgG) was calculated on the basis of absorbances of 280 nm for the protein 
and 650 nm for the Cy5 dye.  The labeled antibodies were diluted with PBT + 1% BSA 
and stored at 4 °C until used.
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2.4	 Principle	of	fluorimmunoassay
 The construction and principle of the fluoroimmunoassay system are shown in Fig. 
1.  Prior to the measurement step, a sandwich format immune complex should form on 
the probe surface.  The probe coated with capture antibodies is first incubated with the 
antigen Der f1 solutions for 5 min.  After the washing step, the probe is incubated with 
Cy5-labeled antibodies for 5 min to form a sandwich format immune complex.  When an 
excitation light of 650 nm wavelength from a laser diode is injected into the probe, a so-
called evanescent wave field is created near the probe.  An evanescent wave is formed at 
the probe surface if light propagates in an optical fiber probe with an angle greater than 
the critical angle to create the condition of total internal reflection.  Immune complexes 
with fluorophores bound on the surface of the probe are excited by an evanescent wave.  
The fluorophore’s emission light of 670 nm wavelength recouples into the probe and 
is detected by the photodiode as current values.  Figure 2 shows the composition of 
the flow cell system.  Der f1 and Cy5-labeled antibody solutions are put in the syringe, 
and the optical fiber probe coated with capture antibodies is set in the flow cell.  To 
implement the immunoassay procedures such as antigen-antibody reaction, the syringes 
are controlled to inject and collect the solution.

Fig. 1.  Principle of fiber optic fluoroimmunoassay.  A fluorescence-labeled antigen-antibody 
complex was made on the fiber surface.  The excitation light (650 nm laser light) was transmitted 
into the optical fiber, then the fluorescence dye was excited by an evanescent wave generated on 
the fiber.  The fluorescent light (670 nm) was detected by a photodiode.

Fig. 2.  Design of flow cell system for fluoroimmunoassay.  Antigen and labeled antibody solutions 
are put in syringes, and the solutions are injected or collected depending on each immunological 
reaction for the assay.
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2.5	 Process	of	fluoroimmunoassay
 The fluoroimmunoassay was performed via four steps shown in Fig. 3.  First, the 
wash buffer was flowed in the cell and the signal was read as an initial value (step 
I).  Then, the Cy5-labeled antibodies were flowed in the cell and incubated for 5 min, 
and then the signal was read to confirm the amount of nonspecific binding of detection 
antibody after removing unbound antibody and rinsing the probe with wash buffer 
(step II).  Next, the Der f1 solution (concentrations of 0.24–250 ng/ml) was flowed and 
incubated for 5 min, and the signal was read after excess sample was removed and the 
probe was rinsed with wash buffer (step III).  Finally, the Cy5-labeled antibody was 
flowed again and incubated for 5 min.  If the Der f1 antigen is bound to the surface of the 
probe, the Cy5-labeled antibody will bind to the capture antigen and form a fluorescently 
labeled immune complex on the surface of the probe.  The fluorescence signal was read 
during the incubation with detection antibody to monitor the antibody binding.  After the 
incubation, the excess detection antibody was removed and the probe was rinsed with 
wash buffer, and the fluorescence signal was read as the final fluorescence value (step 
IV).

3.	 Results	and	Discussion

3.1 Der f1	measurement	using	fluoroimmunoassay	system
 The changes in fluorescence intensity at each measurement step (I to IX) were 
detected and shown in Fig. 4.  The concentrations of Der f1 solutions were from 0.24 
to 250 ng/ml and each reading time was 20 s.  The nonspecific reaction was hardly 
confirmed at step II, and stable current values at every four steps were obtained.  The 
Der f1 concentration of 250 ng/ml gave the strongest signal enhancement after the 
antibody/antigen/labeled-antibody sandwich was formed, and the signal strength 
decreased depending on the Der f1 concentration.  The reaction time in each reaction 
step was 5 min and the signal reading time after each reaction was 20 s.  Therefore, 
the measurement using the immunoassay system was completed within 16 min.  The 

Fig. 3 (left).  Process of Der f1 detection by fluoroimmunoassay using flow cell.
Fig. 4 (right).  Changes in fluorescence intensity of response to Der f1 concentrations. The signal 
of nonspecific reaction was negligibly low at step II (capture antibody and Cy5-labeled antibody 
reaction), and stable current values at every four measurement steps were obtained immediately.
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immunoassay system was less time-consuming to measure the allergen than existing 
immunological methods, such as ELISA that needs a long reaction time for each reaction 
reagent (e.g., samples, detection antibody, and substrate solution).
 The calibration curve quantified by the fluoroimmunoassay with a flow measurement 
system is shown in Fig. 5.  Signal differences between steps III and IV were taken as the 
output value.  The figure shows that concentrations of the Der f1 solution were quantified 
using the flow measurement system with the range of 0.98–250 ng/ml.  The coefficient 
of determination was 0.99 deduced by regression analysis as shown by the following 
equation:

 Output current (pA) = 13.7 × [Der f1 (ng/ml)]0.73. (1)

 The difference in the output value caused by the individual difference in the optical 
fiber was evaluated by measuring the fluorescent strength 5 times for each concentration.  
Although the difference was minimal, it was negligibly small for quantifying the Der 
f1.  Thus, Der f1 can be detected with stability using the flow system.  On the other 
hand, the result of colorimetric ELISA for the standard Der f1 solution is also shown in 
Fig. 5, and the calibration curve is the dashed line in this figure.  Details of the ELISA 
procedure are described in ref. 30.  In brief, the detection antibody was labeled with 
biotin, and streptavidin-peroxidase was conjugated with the sandwich immune complex.  
The ABTS (2,2’-azinobis [3-ethylbenzothiazoline-6-sulfonic acid]-diammonium salt) 
substrate was added and then color developed (absorbance at 405 nm).  The coefficient 
of determination using ELISA was 0.99, and the calibration curve was shown by the 
following equation:

 Absorbance = 6.74 × 10−3 × [Der f1 (ng/ml)]0.91. (2)

 The developed immunoassay system had the dynamic range and precision equivalent 
to those of ELISA.  The results suggested that the system was usable as an alternative 

Fig. 5.  Calibration curve for Der f1 measured by fluoroimmunoassay.  The Der f1 concentration of 
250 ng/ml gave the strongest signal enhancement after secondary antigen-antibody reaction, and 
the signal strength decreased as the Der f1 concentration decreased.  The lower detection limit was 
0.98 ng/ml.
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method for the assessment of house dust mite allergen.  In addition, the system took at 
least a tenth of the required time for ELISA.  More high-throughput measurement will be 
available if the fluorescence monitoring of the binding of the detection antibodies and the 
estimation of the Der f1 concentration are successful.

3.2	 High-throughput	measurement	by	flow	system
 After the Cy5-labeled antibody was injected after step III, the change in fluorescent 
strength was monitored for 5 min.  Figure 6 shows the changes in each Der f1 
concentration for 30 s after the labeled antibody was completely injected.  After the Cy5-
labeled antibody was injected, the fluorescence strength was found to increase depending 
on the concentration of Der f1.  In relative terms, the rate of fluorescence increase was 
faster with increasing Der f1 concentration.
 The changes in fluorescence were analyzed by differential processing, and 
concentrations of Der f1 were quantified as shown in Fig. 7.  The detection range of Der 
f1 was 0.98–250 ng/ml, and the coefficient of determination was 0.97 as determined by 
regression analysis as shown by the following equation:

 Current slope (pA/s) = 1.85 × [Der f1 (ng/ml)]0.43. (3)

 The assay was completed within 6 min by monitoring the fluorescence strength in 
fluorescently labeled antibody binding to antigen forming an immune complex.  This is 
the fastest analysis of Der f1 to the best of our knowledge.  The level of house dust mite 
allergen in a residential environment fluctuates as a result of environmental changes, 
such as temperature, humidity, or air flow.  The immunoassay system can provide the 
results every 6 min; therefore, the system has potential use in environmental monitoring.  
For other allergens, in addition, the system will be usable if the appropriate antibody is 
selected.  The study suggests that the self-management for a healthy life and treatment 
support for allergy are possible using the fiber-optic fluoroimmunoassay system.

Fig. 6 (left).  Fluorescence changes during binding reaction of Cy5-labeled antibody to Der f1 on 
probe surface.
Fig. 7 (right).  Calibration curve for Der f1 quantified by differential processing of changes in 
fluorescence during labeled antibody binding reaction.  The measurement range was from 0.98 to 
250 ng/ml.
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4.	 Conclusions

 A fiber-optic fluoroimmunoassay system using a flow cell for Der f1 was constructed.  
D. farinae is one of the major components of house dust.  In particular, it has been 
reported that the protein containing their deposits and shells causes allergy such as 
bronchial asthma and allergic rhinitis.  Therefore, rapid and sensitive methods are 
required to detect these allergenic substances.  In this study, we constructed a fiber-optic 
fluoroimmunoassay system using a flow cell for Der f1 detection.  The preparation for 
the probe and measurement system avoided complicated procedures.  The measurement 
range for Der f1 diluted with PBT was from 0.24 to 250 ng/ml.  The system was 
designed to perform every assay within about 16 min.  The detection limit was equal to 
that of ELISA, which is able to quantify Der f1 with high sensitivity.  Moreover, for the 
implementation of a high-throughput assay, the fluorescence strength was monitored 
during the binding of a fluorescently labeled antibody to the analyte.  The measurement 
range for quantifying the Der f1 concentration by differential processing was from 0.98 
to 250 ng/ml.  This system can potentially be adopted for the detection of other antigens 
causing allergic diseases.  The fiber-optic fluoroimmunoassay system could be one of the 
best methods to meet the need for rapid, sensitive, and simple detection.
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