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Abstract

High-throughput fluorescence polarization immunoassays (FPIAs) for mycotoxin were done using a portable FP 

analyzer with a microdevice.  Simultaneous FPIA measurements for 8 different deoxynivalenol (DON) 

concentrations in 12 chambers (total of 96 samples) and high-throughput FPIA measurements for single DON 

concentrations in more than 500 chambers were conducted.  The results indicated that simultaneous FPIAs for 96 

independent samples and for 500 samples were possible by FP imaging.  The FP analyzer has a size of 65 cm (W 

35 cm × D 15 cm × H 15 cm) and costs less than $5000.  The sample volume was 1 nL.  Furthermore, it is 

expected that sample reaction and FP detection can be automatically conducted with the analyzer by changing the 

microdevice and the software.  Its features such as the low cost and portability will contribute to on-site 

measurement and point-of-care testing.  Additionally, the high-throughput feature will contribute to the study of 

molecular interactions based on FP measurements.
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Introduction

Fluorescence polarization immunoassay (FPIA) is one of the well-established homogeneous competitive 

immunoassays for quantification of target analyte.  Since FPIA has a short measurement time and it is easy to 

implement, it is widely used in food analysis, clinical and biomedical applications.1-15  In FPIA measurements, P, 

namely the degree of polarization, is determined using the following equation:

P = (I‖ - I) / (I‖ + I) (1)

where I‖ and I are fluorescence intensities with parallel and perpendicular polarizations to the excitation 

polarization, respectively.  FPIA is based on the competitive binding reaction between target analyte and 

fluorescent labeled target analyte (tracer) to an antibody.1  In FPIA, the amount of tracer molecules and antibody 

molecules are fixed as constant.  When the analyte molecule concentration is low, most of the tracer molecules 

bind to the antibody so that P becomes high.  On the other hand, when the analyte concentration is high, most of 

the analyte molecules bind to the antibody so that free tracer molecules are still present and P becomes low.  The 

required process for the measurements is mixing of analyte, tracer and antibody solutions.  Therefore, FPIA does 

not require antibody immobilizations and washing steps that lead to handling complexity and a long measurement 

time as in heterogeneous immunoassays.  Because of its convenience, FPIA is applied to quantitative analysis of 

residual drugs2,3 and mycotoxins4,5 in food, therapeutic drugs in body fluids,6,7 and so on.  

In FPIA measurements, to measure P, fluorescence has to be separately measured as parallel polarization (I‖) 

and perpendicular polarization (I).  In the conventional FP measurement systems, a pair of polarizers,8,9 a rotating 

polarizer,10,11 or a polarizing beam splitter12,13 is usually used for the polarization separation.  These measurement 

mechanisms are limited to a single analysis so that the measurement throughput is low.  Although commercial 

fluorescence microplate readers provide high-throughput FP measurements, these readers adopt an optical scanning 

method, which requires additional complex optical components that make the measurement system large and 

expensive.14,15  In addition, the sample volume for the measurements is large so that whole measurement cost 

becomes high.

Previously, we proposed a FP measurement principle using a liquid crystal (LC) layer and an image sensor, 

which enables simultaneous multi-sample FPIA by FP imaging.16,17  The FP measurement principle was based on 
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the synchronized detection between the modulation frequency of FP that was transmitted through the LC layer and 

the image sampling frequency of the image sensor.  Implementation of this principle realized imaging of P for 

multiple samples in a single measurement.  Based on this principle, we developed a FP measurement system with 

an inexpensive LED and suitable high-transmittance LC layer.18  The developed system could conduct 

simultaneous FPIA measurements of multiple samples, and the measurement precision of the system was 

comparable with that of the conventional FP apparatus designed for single sample analysis.  In addition, we 

anticipated that the system had potential for further downsizing, cost reduction, and throughput increase.

In this paper, we developed a portable FP analyzer with a microdevice which realized high-throughput FPIA 

measurements.  The portable FP measurement analyzer was developed by changing its optical form and 

components in order to downsize and reduce the cost.  An inexpensive complementary metal-oxide semiconductor 

(CMOS) sensor was used as a detector instead of a CCD camera, and the optical arrangement was designed for 

downsizing.  A personal computer (PC) and digital analog converter (DAC), which controls the FP imaging with 

our homebuilt software, were packaged with all the optics.  First, to confirm the measurement performance, we 

conducted simultaneous FPIAs of 96 mycotoxin samples using a suitably designed microdevice with the FP analyzer.  

Additionally, to prove the potential for high-throughput analysis, we conducted FPIAs for more than 500 samples.  

The results indicated that high-throughput FPIA measurements for mycotoxin were achieved.  The FP analyzer 

cost less than $5000 and had a size of 65 cm (W 35 cm × D 15 cm × H 15 cm) and the measurement sample volume 

was three million times lower (1 nL) than that of the conventional method (3 mL).  

Experimental

Fluorescence polarization measurement principle

The measurement principle was based on the synchronized detection between the LC orientation frequency 

and the CMOS image sampling frequency.  The LC layer modulates the FP, which is emitted from the sample and 

transmitted through the LC layer, at a certain frequency (f Hz) by applied voltage of the LC layer.  When such a 

modulated FP is detected by the CMOS sensor at four times larger frequency (4f Hz) than the modulated frequency, 
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four images with FP are sampled.  By image processing using these four images, an amplitude component (AC) 

image and a direct component (DC) image are acquired as:

(2)AC =
2𝑇

2𝜋 (𝐼 ∥ ― 𝐼 ⊥ )

(3)DC =
𝑇
8(𝐼 ∥ + 𝐼 ⊥ )

where T is the period.  Luminance of the AC image includes different components of FP and luminance of DC 

image includes summed components of FP.  Thus, P value is obtained as a single two-dimensional image, namely 

the P image, by modifying these equations as:

. (4)P =
𝐼 ∥ ― 𝐼 ⊥

𝐼 ∥ + 𝐼 ⊥
=

𝜋
4 2

AC
DC

Thus, if multiple samples in the visual field of the CMOS sensor are captured as a single P image, it is possible to 

simultaneously obtain the P values of all the samples by reading out the luminance value of each sample part in the 

P image.

Portable FP analyzer

A conceptual illustration of the optical setup for the portable FP analyzer with a CMOS sensor is shown in Fig. 1.  

In order to collimate the excitation beam which was emitted from a 470 nm wavelength LED an aspheric condenser 

lens was used (L1 in the figure).  The excitation beam was focused on the blades of an iris diaphragm by using 

plano-convex lens (L2).  In order to make the beam profile uniform, the iris diaphragm removed the unnecessary 

part of the beam.  The excitation beam was collimated again by a condenser lens (L3).  In order to make the 

overall size of the analyzer compact, the collimated beam was reflected by a prism mirror.  After passing through 

a linear glass polarizing filter, the polarized excitation beam entered a dichroic block with an excitation filter and a 

dichroic mirror.  The dichroic mirror reflected the excitation beam, and then the beam was also reflected by a prism 

mirror to reduce the overall size of the analyzer.  The excitation beam was focused onto a microdevice, which held 

the sample to be imaged, by a objective lens (L4).  The sample had an emission wavelength of approximately 520 

nm.  The fluorescence was collected by the aspheric lens and passed through the dichroic mirror and the emission 

filter.  A high-transmittance LC layer (MS-β14A, Tianma Japan, Kawasaki, Japan) with a polarizing filter 
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modulated the polarization of the fluorescence which passed through the LC layer.  By passing through another 

imaging lens (L5), the fluorescence focused on a CMOS image sensor, and then the polarization of the fluorescence 

was captured as AC or DC images.  In order to produce P images, the captured images were processed using 

homebuilt software implemented by a board personal computer (PC).  The homebuilt software was designed using 

Microsoft Visual Studio to adjust the CMOS sensor control.  The frequency of the high-transmittance LC layer 

orientation and that of image sampling for the CMOS sensor were synchronized using a digital analog converter 

(DAC) with a ratio of 1:4.  The voltage applied to the high-transmittance LC layer was manually designed to fit 

the measurement conditions (60 Hz; < 8 V).  The analyzer included the optical setup, PC, and DAC in its housing, 

and schematic illustration and a photo of it with a smartphone (iPhone 7, Apple Inc., CA, USA) are shown in Figs. 

2(A) and 2(B), respectively.  The FP analyzer cost less than $5000 and had a size of 65 cm (W 35 cm × D 15 cm 

× H 15 cm) which made it portable.

Fig 3 shows schematic illustration of FPIA measurement procedure.  First, target, fluorescein-conjugated 

target and antibody are mixed and the mixture is introduced into a microdevice.  Second, the images of the 

microdevice are captured and processed to produce P images according to the formula16 using home-built image 

processing software.  Then, the FP values of sample are detected by reading out the luminance of the P image.

Chemicals

The commercial fluorescence polarization immunoassay kit (Aokin Mycontrol DON) for deoxynivalenol (DON) 

measurement was purchased from Aokin AG (Berlin, Germany).  The kit contained control DON, fluorescein-

conjugated DON, anti-DON antibodies, and buffer for dilution.  The tracer had an excitation wavelength of 470 

nm and emission wavelength of 520 nm.  The sample preparation was performed according to the instructions of 

the kit manufacturer.  DON standard was diluted as 8 different concentrations (2.4, 4.8, 9.6, 19.2, 38.5, 76.9, 153.8, 

and 615.4 ng/mL) and then mixed with fluorescein-conjugated DON and anti-DON antibodies.  From there, the 

sample filled the microchambers, and excess sample in the microchannel was removed by air injection from the 

inlet. In this paper, we demonstrated simultaneous multi-sample FPIAs for DON using the developed portable 

analyzer to evaluate its performance.  FP measurements on a similar sample were also performed using a 

Page 6 of 27Lab on a Chip



7

commercial conventional FP apparatus (FP-715, JASCO Co., Tokyo, Japan) and a commercial microplate reader 

(Infinite 200 PRO, Tecan Group Ltd., Männedorf, Switzerland) to compare their performance.  The Sylgard 184 

Silicone Elastomer Kit for polydimethylsiloxane (PDMS) microdevice fabrication was purchased from Dow 

Corning Toray Co., Ltd. (Tokyo, Japan).  The PDMS included black silicon rubber to decrease the background.  

Negative photoresist (SU-8 3050) for PDMS microdevice fabrication was purchased from Nippon Kayaku Co., Ltd. 

(Tokyo, Japan).

Fabrication of PDMS-glass microdevice

The PDMS-glass microdevice was fabricated using the standard soft lithography technique.19  Negative photoresist 

SU-8 3050 was spin-coated onto a silicon wafer (Sumco Co., Tokyo, Japan) at 1300 rpm.  The spin-coated wafer 

was baked at 95 °C for 45 min on a hot plate.  After the baking, the wafer was exposed to UV light which was 

passed through a photomask designed by a mask aligner (M-1S, Mikasa Co., Ltd., Tokyo, Japan) to fabricate a 

mold.  The mold was coated with trichloro(1H, 1H, 2H, 2H-perfluorooctyl) silane.  PDMS prepolymer (Sylgard 

184) was mixed with black silicon rubber- to an OD value of 10 using a mixer (ARE-310, Thinky Co., Tokyo, 

Japan).　　PDMS prepolymer with black silicon rubber was then mixed with a crosslinking curing agent at a 

weight ratio of 10:1. The PDMS prepolymer with black silicon rubber and the curing agent was cast on the mold 

and cured at 80 °C for 60 min.  After peeling the cured PDMS off the mold, the PDMS, which the microdevice 

design had been transferred to, was pasted on a glass slide.  Figs. 4(A) and 4(B) show photos of the typical clear 

PDMS microdevice and the black PDMS microdevice which included black silicon rubber, respectively.  

First, simultaneous FPIAs of 96 mycotoxin samples were conducted.  In this experiment, the microdevice 

had eight microchannels, each with an individual inlet and outlet, and could hold eight different samples.  Each 

microchannel had twelve microchambers so that realized 96 samples measurement.  Figs. 5(A) and 5(B) are a 

schematic illustration of the design and a fluorescence image of the 96 samples, respectively.  Each microchannel 

was 100 μm wide and 100 μm deep with 12 microchambers.  Each microchamber was a cube with side lengths of 

100 µm and each sample volume was 1 nL.  Air was removed from the microdevice by applying adequate vacuum; 

then the sample was dropped into the inlet and introduced into the microchannel by suction from the outlet.20  From 
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there, the sample filled the microchambers, and excess sample in the microchannel was removed by air injection 

from the inlet.  The microdevice was able to obtain measurements for 96 samples in the same field of view.  

Second, high-throughput FPIAs for more than 500 samples were conducted to prove the potential for high-

throughput analysis.  In this experiment, the PDMS had 625 microchambers that were cubes with side lengths of 

100 μm.  By interposing the sample between the PDMS and the glass, the sample filled with the microdevice.  Fig. 

6 shows a fluorescence image of 625 independent samples.  The excitation beam of the analyzer was irradiated as 

a circular shape, so the microdevice was able to obtain about 500 samples in the same field of view.  

Results and discussion

Simultaneous FPIA measurements of different mycotoxin concentrations 

Here, we demonstrated simultaneous multi-sample FPIAs for DON using the developed portable analyzer that 

realized FP imaging to evaluate the analyzer performance.  DON is produced by one of the fungal pathogens of 

grains, namely Fusarium graminearum, which causes a disease known as Fusarium head blight21.  DON has been 

found in grains such as wheat, corn, rye, rice, and barley worldwide22.  Because of its toxicity, the Codex 

Alimentarius Commission has determined a maximum reference value of 2 mg/kg in grains for processing.  FPIA 

has been employed as a rapid and simple method to detect DON concentrations; however, FPIA throughput is 

low23,24 and another alternative, microplate readers, require optical scanning.25

First, the simultaneous FPIA measurements of 8 different DON concentrations (2.4, 4.8, 9.6, 19.2, 38.5, 76.9, 

153.8, and 615.4 ng/mL) in 12 chambers (total of 96 samples) were conducted.  The mixture of DON, fluorescein-

conjugated DON, and anti-DON antibodies was incubated and then introduced into the microchambers.  Fig. 7 

shows typical AC, DC, and P images of the DON samples.  The luminance of the P image that reflected the P 

values was gradually changed by the FP values of each sample.  The P value measured by the portable analyzer 

was determined by reading out the luminance of the area of a microchamber on the P image.  Fig. 8 shows sets of 

standard curves of the P values against DON concentrations (from 2.4 ng/mL to 615.4 ng/mL) obtained by the 

portable FP analyzer and the conventional apparatus (FP-715).  The measurements were performed in triplicate, 

so each plotted point of the portable FP analyzer represented the total results from 288 microchambers.  As 
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expected, the relaxation of FP from the 288 microchambers was observed with increasing DON concentration, 

which is typical for FPIA.  Results from both the developed analyzer and the conventional analyzer were correlated, 

thereby indicating that simultaneous FPIAs for 96 independent samples were possible with the analyzer.  A 

conventional microplate reader also realized measurements of the 96 samples; however, the reader requires sample 

scanning which necessitates inclusion of additional complex optical components.  On the other hand, the FP 

analyzer developed here realized FP imaging for all 96 samples as a single two-dimensional image, so scanning was 

not necessary.  

High-throughput FPIA measurements for mycotoxin

Second, we conducted the simultaneous FPIA measurements of single DON concentrations (2.4, 4.8, 9.6, 19.2, 38.5, 

76.9, 153.8, and 615.4 ng/mL) in more than 500 chambers.  The microdevices were filled with the sample by 

interposing the sample between the PDMS and the glass.  Fig.9 shows typical AC, DC, and P images of the DON 

samples.  Fig.10 shows sets of standard curves of P values against DON concentrations (from 2.4 ng/mL to 615.4 

ng/mL) obtained by the portable FP analyzer and the conventional apparatus (FP-715).  The measurements were 

performed in triplicate, so each plotted point of the portable FP analyzer represents the total results from 1500-1539 

microchambers.  Results from both the developed analyzer and the conventional analyzer were correlated, thereby 

indicating that simultaneous FPIA for more than 500 independent samples was possible with the portable FP 

analyzer.  

We realized high-throughput FPIA for mycotoxin.  The larger error bars of the results obtained with the 

analyzer than those of the results obtained with the conventional FP apparatus were attributed to the heterogeneity 

of polarization in the field of view.  When the high-throughput FPIA was conducted, measured FP values from 

each area of the microchambers disagreed because of the analyzer characteristics.  The heterogeneity of 

polarization was attributed to the optics (mainly the dichroic mirror), LC layer, and CMOS sensor; however, we 

expect that it is possible to correct for this using software in the near future.  Additionally, the detection accuracy 

is still low because the number of pixels for detection was only 100.  Through further optimization of the optics 

(lenses and filters), microdevice design (dimensions), area of the measurement detection (the number of pixels), and 
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detection conditions (CMOS exposure time and the number of sampling images), among others, improvement in 

the detection accuracy is possible.

The results showed the portable FP analyzer feature high-throughput.  The number of samples can be 

adjusted for the applications by changing the microdevice design.  Additionally, the mixer structure is easily 

integrated into the microdevice, so mixing for FPIA reactions can also be conducted on the analyzer.  As a trial 

experiment, the mixing of DON sample solution containing tracer with antibody solution was conducted on the 

microdevice, and then, the mixture was directly measured by the FP analyzer (see the Electronic supplementary 

information for details).  From results of FPIA measurements for 3 different DON concentrations (2.4, 19.2, and 

153.8 ng/mL), the relaxation of FP was observed with increasing DON concentration.  These results showed that 

the FP analyzer had a great potential for further high-throughput FPIA by integrating the mixing steps for the FPIA 

reactions.  Therefore, it will be possible to realize totally automatic high-throughput FPIA in the near future.

Conclusions

We conducted high-throughput FPIAs for mycotoxin using a portable FP analyzer.  First, simultaneous 

FPIA measurements for 8 different DON concentrations in 12 chambers (total of 96 samples) were conducted.  The 

results indicated that simultaneous FPIAs for 96 independent samples were possible by FP imaging without any 

scanning process.  Second, high-throughput FPIA measurements for single DON concentrations in more than 500 

chambers were conducted.  The number of samples could be adjusted according to the application, and a mixing 

process could be conducted on the FP analyzer by changing the microdevice design.  Therefore, we expected that 

totally automatic high-throughput FPIA was possible by integrating the mixing steps for analytes, tracers, and 

antibodies.

Table 1 compares the specifications and capabilities of the FP analyzer, the conventional commercial 

apparatus (FP-715), and the microplate-based apparatus (Infinite 200 PRO).  The present analyzer had many 

advantages compared with the others.  The FP analyzer has a size of 65 cm (W 35 cm × D 15 cm × H 15 cm) and 

costs less than $5000; furthermore, the FP analyzer has the potential for further downsizing and price reduction by 

optimizing the optical components and electronics.  The measurement sample volume was three million times 
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lower (1 nL) than that of the conventional apparatus (3 mL).  As well, sample reaction and FP detection can be 

automatically conducted with the analyzer by changing the microdevice and the software.  In the current system, 

the smaller the chamber size, the worse the measurement accuracy.  This is due to in-plane non-uniformity of the 

degree of polarization, which can be improved by optimizing the optics and improving the measurement software.  

Features such as the low cost and portability of the FP analyzer will contribute to on-site measurement and point-

of-care testing.  In particular, the on-site measurements for mycotoxins are valuable for easily checking grain 

growth.  Additionally, the high-throughput feature of the analyzer will contribute to the study of molecular 

interactions.  The measurement throughput of the portable FP analyzer still remains low because the measurement 

time has not been optimized.  The measurement time has the potential to be much better through optimization of 

the exposure time, frequencies, and microdevice design.  Some studies on molecular interactions, such as protein-

protein, protein-DNA, and protein-ligand binding interactions, have employed FP measurements because of their 

simplicity.26-28  The FP analyzer will be able to conduct high-throughput sample reactions and FP detections 

automatically, so only sample injections will need to be done by researchers.  Therefore, the portable FP analyzer 

with high-throughput has the potential to contribute to researchers in various fields and to the safety of foods for 

consumers.
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Table 1 Comparison of the specifications and capabilities of the developed portable FP analyzer, conventional 

commercial apparatus, and microplate-based apparatus.

*The measurement throughput was calculated from the ratio of the number of samples at a time to the measurement 

time.

**The precision was calculated from the ratio of error bars to the dynamic range of DON measurement. For single 

sample detection, the precision (< 11%) was almost the same as that of the conventional apparatus.

***The mixing process can be integrated into the analyzer by changing the microdevice design (see the Electronic 

supplementary information for details).
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Figure Captions

Fig. 1 Concept illustration of the optical setup for the portable FP analyzer with a CMOS sensor (L, lens; PF, 

polarizing filter; ExF, excitation filter; D, dichroic mirror; M, mirror; S, sample; and EmF, emission filter).

Fig. 2 (A) Schematic illustration of the portable FP analyzer which includes the optical setup with a PC and DAC 

in its housing.  (B) Photo of the portable FP analyzer with a smartphone (iPhone 7).  The FP analyzer cost less 

than $5000 and had a size of 65 cm (W 35 cm × D 15 cm × H 15 cm) making it portable.

Fig. 3 Schematic illustration of FPIA measurement procedure.

Fig. 4 Photos of the (A) clear PDMS microdevice and the (B) black PDMS microdevice which included black 

silicon rubber with a five yen coin (5 JPN, 22 mm in diameter).

Fig. 5 Microdevice for measurement of 96 samples.  (A) Schematic illustration of the design and (B) a fluorescence 

image of the 1 mM fluorescein remaining in the 96 microchambers.  Each microchannel was 100 μm wide and 

100 μm deep with 12 microchambers.  Each microchamber was a cube with side lengths of 100 µm so that each 

sample volume was 1 nL.  The microdevice could obtain measurements for 96 samples in the same field of view 

of the FP analyzer. 

Fig. 6 Fluorescence image of 625 independent samples.  The microchambers were filled with 1 mM fluorescein. 

Each microchamber was a cube with side lengths of 100 µm so that each sample volume was 1 nL.  Spacing 

between the microchannels was 50 μm.  The microdevice could obtain measurements for more than 500 samples 

in the same field of view of the FP analyzer. 
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Fig. 7 Typical images obtained by the FP analyzer for the DON FPIA.  (A) AC image, (B) DC image, and (C) P 

image of eight different DON concentration samples.  Each sample filled 12 microchambers.  The scale bars are 

500 μm.

Fig. 8 Standard curves of FP against DON concentrations obtained using the portable FP analyzer and a conventional 

apparatus that was designed for a single sample analysis.  The measurements were performed in triplicate, so each 

plotted value of the portable FP analyzer represents the total results from 288 microchambers.

Fig.9 Typical images obtained by the FP analyzer for the DON FPIA.  (A) AC image, (B) DC image, and (C) P 

image of > 500 microchambers filled with single DON concentration samples.  The scale bars are 500 μm.

Fig.10 Standard curves of FP against DON concentrations obtained by the portable FP analyzer and the conventional 

apparatus that was designed for single sample analysis.  The number of microchambers for each measurement was 

500-520.  The measurements were performed in triplicate, so each plotted value of the portable FP analyzer 

represents the total results from 1500-1539 microchambers.
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Fig.1

Page 17 of 27 Lab on a Chip



18

Fig.2
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Fig. 3
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Fig. 4

Page 20 of 27Lab on a Chip



21

Fig.5
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Fig.6
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Fig.7
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Fig.8
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Fig.9
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Fig.10
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