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Abstract

This paper is the first report of a non-competitive fluorescence polarization 

immunoassay (NC-FPIA) using a peptide as a tracer.  NC-FPIA can easily and 

quickly quantify the target after simply mixing them together.  This feature is 

desirable for point-of-need applications such as clinical diagnostics, infectious 

disease screening, on-site analysis for food safety, etc.  In this study, NC-FPIA 

was applied to detect CD9, which is one of the exosome markers.  We 

succeeded in detecting not only CD9 but also CD9 expressed exosomes derived 

from HeLa cells.  This method can be applied to various targets if a tracer for 

the target can be prepared, and expectations are high for its future uses.
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Introduction

Immunosensing makes it possible to selectively measure a target of interest from 

biological samples having a complex composition by utilizing the specificity of an 

antibody.1  Therefore, many immunosensing devices have been reported so far.  

In particular, by fusing immunosensing technology with microfluidics, a small 

amount of sample2,3, rapid analysis and diagnostics4,5, high sensitivity6-8, etc. 

have been realized.  However, most of the devices provide heterogeneous 

immunoassays, as represented by ELISA, which require antibody immobilization 

and washing operations that make the analysis operations relatively complicated.  

On the other hand, homogeneous immunoassays, which can be achieved by 

simply mixing a sample and reagents in a solution, are not often combined with 

microfluidics.9-14  The desired specifications of sensing differ depending on the 

measurement target and measurement scene.  In some cases, high sensitivity 

is desired, and in other cases, simple operation is desired.  Therefore, it is 

important to develop sensing technology according to the purpose.

Recently, we have focused on the one of the homogeneous immunoassays, 

fluorescence polarization immunoassay (FPIA),15 which offers ease of operation, 

and we are working on its applications.16,17  FPIA is a competitive immunoassay 

for measuring small molecules using the degree of fluorescence polarization (P) 

as an index.  The P value depends on the rotational movement of a fluorescently 

labeled target molecule called a tracer in a solution.  When the tracer binds to a 

macromolecule such as an antibody, the rotational movement of the complex is 

suppressed and the P value changes.  The magnitude of the change in P value 

(ΔP) depends on the change in molecular weight of the tracer before and after 
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binding to the antibody.  In other words, the smaller the molecular weight of the 

tracer, the larger the ΔP and the higher the sensitivity of assay.  Therefore, it is 

difficult in principle to apply large tracer molecules such as proteins for FPIA.  

Most recently, we have developed a non-competitive FPIA (NC-FPIA) that can 

measure large molecules using a fluorescently labeled protein fragment or a 

fluorescently labeled antibody fragment as a tracer.18-21  This method can also 

be applied to virus detection.22  NC-FPIA is even simpler than conventional FPIA.  

If a tracer that is fluorescently labeled with a substance that has an affinity for the 

target can be produced, this method can be applied to the detection of various 

proteins, antibodies, viruses, and so forth.  The sensitivity of NC-FPIA also 

depends on the change in the molecular weight of the tracer before and after 

binding to the target, as in the conventional FPIA.  The tracers we have prepared 

so far are a H5 hemagglutinin fragment (~30 kDa) for anti-H5 avian influenza 

antibody detection,18 a VHH antibody (~15 kDa) for rabbit IgG detection,19 Fab 

fragments (~50 kDa) for C-reactive protein (CRP) detection20 and avian influenza 

virus (H5N3) detection,22 and a spike protein fragment (~39 kDa) for anti-SARS-

CoV-2 antibody detection.21

On the other hand, peptides have been widely studied as drugs for 

metabolic and tumor related diseases23 and as valuable tools for diagnostic 

applications.24  So far, many peptides with high affinity for targets have been 

developed for various purposes.  Some peptides have a high affinity comparable 

to that of antibodies.  These peptides have a smaller molecular weight than VHH 

antibodies and can be expected to be excellent tracers for NC-FPIA.  However, 

NC-FPIA using peptides as tracers has not been reported so far, and 

Page 5 of 27 Lab on a Chip



6

investigation of its potential, especially to bioapplications, is highly desired.

In this study, we applied NC-FPIA, which uses a peptide (~1.5 kDa) as a 

tracer, to detect CD9, an exosome marker protein.25  This is the first report of 

NC-FPIA using a peptide tracer.  Exosomes are extracellular vesicles secreted 

by most cell types and are thought to be responsible for cell-to-cell 

communication.26  Since exosomes contain biological information about 

diseases such as cancer, they are expected to be potential cancer biomarkers.27  

The exosomal membrane is enriched with endosome-specific tetraspanins CD9, 

CD63, and CD81, which are used to detect exosomes.28  Dedicated ELISA kits 

and equipment have been developed for the detection of tetraspanins, but they 

have problems such as complicated operations, time-consuming measurements, 

and high cost.  The detection of CD9 by NC-FPIA that we propose here can 

detect CD9 quickly without the need for antibody immobilization or washing 

operations.  In fact, we have succeeded in detecting CD9 on the membrane 

surface of exosomes derived from cultured cells, demonstrating that this new 

immunosensing method can also contribute to the study of exosomes.

Experimental section

Chemicals

All reagents were used without purification.  Phosphate-buffered saline (PBS; 

pH 7.4) and fluorescein-5-isothiocyanate (FITC ‘Isomer I’) were obtained from 

Thermo Fisher Scientific, Inc. (USA).  Albumin from bovine serum (BSA) was 

purchased from FUJIFILM Wako Pure Chemical Corporation (Japan).  

Recombinant human CD9 was purchased from Proteintech Group, Inc (USA).  
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Dulbecco’s modified Eagle’s medium-high glucose (DMEM) was purchased from 

Sigma-Aldrich Corp. (USA).  Fetal bovine serum (FBS) and 1% 

penicillin/streptomycin were purchased from Gilbco (USA).  

Instruments

For the fluorescence polarization measurement, a previously developed compact 

fluorescence polarization apparatus was used as described in detail 

elsewhere.16,29  The microfluidic device which had nine channels was fabricated 

using the standard soft lithography technique.30  Black PDMS was used to 

reduce background fluorescence.16  The device was manufactured by adhering 

a black PDMS with microchannel structures onto a glass substrate.  Each 

microchannel in the measurement area was 200 μm wide and 900 μm deep (Fig. 

1).  A resin interface was formed with a 3D printer (AGLISTA-3110, Keyence 

(Japan)) and inserted into the device inlet so that the sample could be easily 

introduced into the microchannel.  The sample volume of each microchannel 

was approximately 20 μL.  The concentration and size of extracellular vesicles 

(EVs) was measured using a nanoparticle tracking analysis system (NTA) 

(NanoSight LM10, Malvern Panalytical (Netherlands)), and the expression levels 

of membrane proteins of EVs were measured with an ExoView R100 (NanoView 

Biosciences (USA)).

Preparation of tracers

We recently reported the synthesis and screening for an antimigratory peptide 

with the CD9 binding property.31  Separately, we determined the dissociation 
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constant (Kd) of CD9 binding peptide (CD9 BP)-CD9 complex was 4.6610-7 M.  

The CD 9 BP preferentially bound to CD9 rather than to the other exosome 

membrane proteins.32  In this study, FITC-labeled CD9 binding peptide 

(RSHRLRLH) (F-CD9 BP) was used as a tracer.  To assess tracer performance, 

AAAA peptide was also labeled with FITC (F-AAAA P) (a negative control).  The 

details of CD9 BP synthesis, screening, and labeling were the same as previously 

used.31

Non-competitive fluorescence polarization immunoassay (NC-FPIA) of CD9

A 10 μM F-CD9 BP/PBS solution was prepared with PBS to a concentration of 

1.25, 2.5, 5.0, or 10 nM.  The CD9 stock solution was adjusted to 250 μg/mL by 

dissolving the powder in PBS according to the manufacturer's protocol, and each 

concentration of CD9 solution was prepared by serial dilution.  A 10 μM F-AAAA 

P/PBS solution was prepared with PBS to 2.5 nM.  For CD9 measurements, 

PBS, CD9, F-CD9 BP or F-AAAA P, and 1% BSA-PBS were added to a 0.5 mL 

microtube with the mixing volume ratio of PBS: CD9: F-CD9 BP or F-AAAA P: 

1% BSA-PBS = 60:20:10:10.  Total volume of the final mixed solution was 100 

μL.  Then, after incubating the mixed solution at 25 °C for 30 min, 20 μL of 

solution was introduced into the microdevice, and the P value was measured with 

the compact fluorescence polarization apparatus.

Preparation of exosomes derived from cultured cells and NC-FPIA

HeLa cells were cultured with DMEM containing 10% FBS and 1% 

penicillin/streptomycin.  HeLa cells were maintained at 37 ºC in a humidified 
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incubator with 5% CO2.  The cells were washed with PBS, and the culture 

medium was replaced with advanced DMEM, not including FBS and 1% 

penicillin/streptomycin.  After incubation for 48 h, the culture supernatant was 

collected and centrifuged at 300  g for 10 min at 4 ºC.  The centrifuged 

supernatant was centrifuged at 200  g for 10 min at 4 ºC, again.  To thoroughly 

remove cellular debris, the supernatant was filtered through a 0.22 µm filter 

(Merck Millipore Corp.).  The supernatant was ultracentrifuged at 110000  g for 

80 min at 4 ºC.  After discarding the supernatant, the precipitants (EV pellets) 

were washed by 0.22-µm filtered PBS.  The PBS was ultracentrifuged at 110000 

 g for 80 min at 4 ºC, again.  After discarding the supernatant, the EV pellets 

were suspended in 0.22-µm filtered PBS.  For the measurement of CD9 

expressed exosomes, the sample was prepared by diluting the suspension with 

PBS.  The measurement of the P value was the same as described above.

Results and discussion

Optimization conditions and performance evaluation for NC-FPIA of CD9

The biggest advantage of our NC-FPIA is its simplicity.  By simply mixing the 

tracer and the sample, the concentration of the target to be measured in the 

sample can be quantified.  Schematic illustrations of the NC-FPIA of CD9 are 

shown in Figure 2 (a, b).  P value varies depending on the amount of F-CD9 BP-

CD9 complex in the mixture.  If the amount of F-CD9 BP in the mixture is kept 

constant, the P value changes according to the amount of CD9, and the 

concentration of CD9 can be quantified using the P value as an index.  In order 

to optimize the reaction conditions between CD9 and the tracer (F-CD9 BP), the 

Page 9 of 27 Lab on a Chip



10

concentration of CD9 was fixed at 8 μM and the F-CD9 BP concentration was 

changed to measure the degree of fluorescence polarization (P value).  Figure 

3 shows the F-CD9 BP concentration dependence on ΔP.  ΔP is the difference 

of the P value between the maximum value and the blank.  From the results of 

the experiment, we found that the highest ΔP was 2.5 nM.  Therefore, we 

selected 2.5 nM as an optimal tracer concentration for our further experiments on 

NC-FPIA of CD9.

Next, we measured the CD9 concentration dependence on ΔP (Figure 4).  

ΔP increased with increasing CD9 concentration, indicating that the F-CD9 BP 

was quantitatively bound to CD9.  The results of the reaction of 2.5 nM F-AAAA 

P and CD9 are also shown in Figure 3 to evaluate the selectivity of the reaction 

between the F-CD9 BP and CD9.  As clearly seen from the figure, F-AAAA P 

did not bind to CD9 at all, and F-CD9 BP did selectively bind to CD9.  The limit 

of detection (LOD) of CD9 was evaluated to be 300 nM, considering the average 

of the blank signal plus three standard deviations.  This is the first example of 

NC-FPIA using a peptide tracer.  The CD9 BP used this time has the 

dissociation constant of 4.6610-7 M in the complex with CD9, so its affinity is not 

so high.32  In the future, we expect the sensitivity of this method will be increased 

by synthesizing peptides with higher affinity.33  In this study, the measurement 

of the high concentration region of CD9 was not done in consideration of reagent 

consumption and cost, but we could estimate it.  Assuming that the shape of the 

tracer is spherical, we can express the P value by the following equation:19,20,34

(1)𝑃 =
𝑀𝑊

1
𝑃0

𝑀𝑊 +
(3 ― 𝑃0)(𝑅𝑇𝜏)

3𝜂𝑃0(𝑉 + ℎ)
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where  is the molecular weight,  is the polarization without rotation 𝑀𝑊 𝑃0

diffusion,  is the gas constant,  is temperature  is the fluorescence lifetime 𝑅 𝑇 𝜏

of the fluorophore,  is the medium viscosity,  is the partial specific volume, 𝜂 𝑉

and  is the degree of hydration.  Therefore, ΔP can be obtained using the ℎ

following equation:

ΔP = Pcomplex - PF-CD9 BP (2)

where Pcomplex and PF-CD9 BP are the P values of the F-CD9 BP-CD9 complex and 

F-CD9 BP, respectively.  For the calculation of ΔP, we used the values  𝑀𝑊

(complex) = 16,462 g/mol,  (F-CD9 BP) = 1,462 g/mol,  = 0.531,35  = 𝑀𝑊 𝑃0 𝑇

298.15 K,  =4.0 ns,35  = 0.89 cP,36  = 0.74 mL/g,35 and  = 0.20 mL/g.35,37  𝜏 𝜂 𝑉 ℎ

ΔP obtained by substituting these values was 0.0247 (247 mP).  Considering 

this value and the behavior of ΔP seen in Figure 4, the high concentration region 

of CD9 seemed to be saturated at about 100 μM.  Therefore, we considered the 

developed NC-FPIA method has a dynamic range of 2 orders or more of 

magnitude.

Measurement of CD9 expressed exosomes

Since we succeeded in detecting CD9 by the NC-FPIA method using the 

developed peptide tracer, we then applied this method to the detection of CD9 

expressed exosomes (Figure 2 (c)).  Exosomes measured as shown in the 

experimental section were obtained by ultracentrifugation of the supernatant of 

the HeLa cell culture medium.  The EV particle size distribution of the sample 

obtained by ultracentrifugation was measured by NTA (Figure 5 (a)).  From this 

result, we found that the sample contained 1.34  1012 particles/mL of EVs.  
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These EVs included exosomes that express the tetraspanin membrane proteins 

and small EVs that do not.  The amount of CD9 expressed exosomes in the 

sample was measured using the Exoview and found to be 5.03  109 particles/mL 

(Figure 5 (b)).  Using this sample, we carried out NC-FPIA of CD9 expressed 

exosomes.

Figure 6 shows the results of the detection ability test for CD9 expressed 

exosomes using the dilution samples.  As a negative control, the results of using 

F-AAAA P as a tracer instead of F-CD9 BP are also shown.  The ΔP decreased 

according to the dilution rate of the sample, and we found that CD9 expressed 

exosomes could be detected by this method up to ×1000.  Since the ΔP of 

×10000 was about the same as that of the blank and the CD9 expressed 

exosomes have not been detected, the detection limit of this method was judged 

to be about ×1000.  This result seems reasonable considering the following: 

multiple CD9s are expressed on one exosome and the dissociation constant of 

CD9-CD9 BP on exosomes is lower than that in solution due to the stabilization 

of CD9 by the lipid membrane.  Furthermore, the CD9 BP used this time has 

been reported to bind slightly to other proteins such as EpCAM and integrin β5 

on exosomes.32  On the other hand, ΔP was not as large as expected as 

discussed earlier.  The molecular weight of the exosome is unknown, but the 

molecular weight of the F-CD9 BP-CD9 exosome complex is clearly much larger 

than that of the F-CD9 BP-CD9 complex in solution.  However, ΔP was only 18.7 

mP for ×10, 16.7 mP for ×100, and 11.7 mP for ×1000 sample.  A similar 

tendency for ΔP, which is much smaller than expected, has been observed in 

virus detection using antibody fragments such as Fab22 and scFV38 as tracers.  
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For large targets such as particles and viruses, it seems that the theoretical 

calculation of P values must be modified or reconstructed.  Currently, the 

reasons for this are unknown; however, it is an interesting issue from the 

perspective of quantifying fluorescence polarization of large targets.

We have succeeded in detecting exosomes by the NC-FPIA method using 

peptides as tracers, although there are some points that need to be clarified.  

This NC-FPIA measurement is very simple: mix the sample and tracer, incubate 

for 30 min, then introduce the mixture into the device and measure the degree of 

fluorescence polarization.  In addition, the assay time is short and there is no 

need for troublesome procedures such as the washing required for ELISA kit and 

Exoview measurements.  Furthermore, although we detected only CD9 this time, 

we expect that simultaneous detection of CD9, CD63, and CD81 on exosomes 

will be possible if tracers for CD63 and CD81 and labeled fluorescent dyes with 

different fluorescence wavelengths are developed.

Conclusion

In this study, we conducted NC-FPIA using peptides as tracers for the first time 

and demonstrated the sensing ability of this approach.  With the simple 

operation of mixing the tracer and the sample, we succeeded in detecting CD9 

and CD9 expressed exosomes in samples.  In the future, this method can be 

improved in performance and functionality by developing peptides with higher 

affinity and peptides that recognize other proteins.  In fact, peptides with 

affinities for important biological proteins have been synthesized and screened 

by other researchers39 and they can be applied to this method.  Although there 
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is room for improvement in sensitivity and selectivity, NC-FPIA, which can detect 

exosomes easily and quickly, has great potential as a detection technology not 

only for exosomes but also for small EVs expressing specific proteins.
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Figure captions

Figure 1 Photos of (a) the microfluidic device and (b) the microfluidic 

device with a 3D printed interface for sample introduction.  Red 

ink was introduced into the microchannels to make them easier 

to see.  

Figure 2 Schematic illustration of the principle of NC-FPIA.  When there 

are a lot of unbound tracer molecules in a sample, the 

fluorescence is depolarized.  On the contrary, when most tracer 

molecules are bound to the target molecules, fluorescence is 

polarized.  The situation of the sample in the detection of CD9s 

(a) when there are a few CD9 species present and (b) when there 

are many CD9 species present.  The situation of the sample in 

the detection of CD9 expressed exosomes (c) when there are 

many CD9 expressed exosome present.

Figure 3 F-CD9 BP concentration dependence on ΔP.  ΔP is the 

difference of the P value between the maximum value and the 

blank.  mP means 10-3  P.  The concentration of CD9 was 

constant at 8 μM.  Each bar represents the mean of triplicate 

measurements, and the error bar represent standard deviations.

Figure 4 CD9 concentration dependence on ΔP.  The concentration of F-

CD9 BP and F-AAAA P was 2.5 nM.

Figure 5 (a) Size distribution of extracellular vesicles (EVs) measured by 

NTA in an ultracentrifuged sample of cultured cell supernatant.  

The pink bars indicate the EV concentration at each EV size; light 
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pink are error bars.  Error bars show the standard deviation for 

a series of measurements (n = 5).  (b) EV membrane protein 

expression levels measured by Exoview R100.  CD63, CD81, 

and CD9 below the line represent antibodies immobilized on the 

substrate, while CD63, CD81, CD9, and IgG above the line 

represent fluorescently labeled detection antibodies.  For 

example, CD81 above the line for CD63 represents the number 

of particles detected when EVs captured by the CD63 

immobilized antibody are detected by CD81.  Each plot 

represents the data measured, bars represent mean values, and 

error bars show the standard deviation for a series of 

measurements (n = 3).

Figure 6 NC-FPIA results for the detection ability test of CD9 expressed 

exosomes using the dilution samples.  Each bar represents the 

mean of triplicate measurements, and the error bar represent 

standard deviations.
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Figure 4
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Figure 6
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