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1.   Introduction
Thyroxine (T4) is among the hormones secreted by the thy-

roid. Its blood concentration is controlled by interaction between 
the hypothalamus, hypophysis and thyroid as follows. Influenced 
by thyroid-stimulating hormone (TSH) secreted from the adeno-
hypophysis, the thyroid increases T4 secretion.1), 2) The adenohy-
pophysis secretes TSH, stimulated by thyrotropin-releasing hor-
mone (TRH) secreted from the hypothalamus. At the same time, 
the secretion of those hormones is inhibited via negative feedback 
that occurs upon an increase of the concentration of triiodothy-
ronine (T3) and T4 in the blood. In that way, the secretion of the 
thyroid hormones is regulated (Fig. 1).

The diagnosis of hypothyroidism in dogs is based mainly on 
the measurement of dog serum T4. When the thyroid function is 
impaired, the T4 secretion that occurs upon stimulation by TSH 
is reduced. Therefore, it is known that many dogs suffering from 
hypothyroidism indicate a low serum T4 concentration, while 
showing a high TSH value3).

In general, veterinary clinics entrust the T4 test to external in-
spection organizations. That prevents veterinarians from prompt-
ly identifying the cause of the symptom because it takes time to 
get the results. In addition, pet owners must come back to the 
clinic for the confirmation of the results and for the treatment of 
their pets. Under such circumstances, there has been a demand 
for compact, rapid inspection systems that can be introduced into 
veterinary clinics.

We therefore developed a compact quantitative immunoassay 
system that enables the measurement of dog serum T4 at veteri-
nary clinics and launched it onto the market in November, 2013. 
The system consists of a T4 assay reagent cartridge, FUJI DRI-
CHEM IMMUNO AU Cartridge v-T4 (hereinafter, the “FDC 
v-T4”), and the dedicated assay analyzer FUJI DRI-CHEM IM-
MUNO AU10V (Fig. 2).
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This is an immunoassay system utilizing an antigen-antibody 
reaction in which surface plasmon-enhanced fluorescence (SPF) 
was commercialized as its detection principle for the first time in 
the world. With this system, it has become possible to measure 
in vivo concentrations of small quantities of hormones without 
the intensive light or washing to reduce noise during measure-
ment that are necessary with conventional methods. That realized 
the miniaturization of the system. In addition, because the time 
required for measurement is as short as approx. ten minutes, the 
results can be confirmed and explained to pet owners during their 
visits. The system is thus useful for precise diagnosis and treat-
ment in the early stage.

This paper describes a detection technology established based 
on the fluorescent nanoparticle SPF method that is the fundamen-
tal of the system with the above features, together with the design 
of the FDC v-T4 immunoreaction cartridge utilizing the advan-
tages of the SPF method and its clinical performance.

2.   Development of the detection system
2.1 Surface plasmon-enhanced fluorescence method

When light is irradiated onto the thin metallic film formed on 
a transparent dielectric material, adjusting the incident angle to an 
optimal value (resonance angle) not smaller than the total reflec-
tion angle makes evanescent waves localized on the film resonate 
with compressional waves of free electrons (surface plasmons) 
there. Then, an enhanced photoelectric field is generated near the 
metal surface (near-field light). That phenomenon is called sur-
face plasmon resonance (SPR). Surface plasmon-enhanced fluo-
rescence (SPF) is a technology that detects fluorescence and mea-
sures the quantity of substances by intensely exciting, with the 
near-field light generated in SPR, fluorescent substances that exist 
near the metal surface. Among the characteristics of that technol-
ogy are (i) signal amplification by the excitation light enhancing 
effect of SPR and (ii) noise reduction by local excitation near 
the metal surface using the near-field light. The synergy of those 
two features enables acquisition of very high S/N and improves 
sensitivity, compared with conventional detection methods using 
epifluorescence (Fig. 3).

In the academic domain, many studies on SPF technology 
have already been reported.4), 5) However, no industrial applica-
tion cases had existed, because the SPF method has the problem 
of metal quenching that, if fluorescent substances get too close 
to the thin metallic film, excitation energy is retrieved by the 
film, which prevents its conversion to fluorescence. As a solu-
tion, a method has widely been taken in which metal quenching 
is inhibited by forming a preventive layer (dielectric layer) on 
the thin metallic film to ensure an appropriate space between the 
fluorescent substances and the surface of the film. However, that 
approach is not suitable for commercialization because it is not 
cost-competitive and the optimal layer thickness is difficult to de-
sign.6), 7) We therefore designed and developed original fluorescent 
nanoparticles including fluorescent substances in the quenching 
preventive layer and thus succeeded in solving the metal quench-
ing problem (Fig. 4).
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Fig. 2   Quantitative immunoassay system for measurement of dog 
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Considering endurance against oxidization, we employed gold 
as the metal material. The results of comparison using fluorescent 
nanoparticles fixed onto the thin gold film confirmed that detec-
tion sensitivity with the SPF method is over ten times that with 
the epifluorescence method (Fig. 5).

3.   Development of the Immunoassay cartridge
3.1 Configuration of the cartridge

The FDC v-T4 immunoassay cartridge consists of a flow re-
action plate and two cups (Fig. 6): Reaction Cup 1 containing 
a reagent (T4 dissociation agent) that dissociates serum T4 from 
T4-binding protein; and Reaction Cup 2 containing anti-T4 mono-
clonal antibodies that have been labeled using fluorescent nano-
particles (hereinafter, the “fluorescent particle-labeled anti-T4 
antibodies”). The reagent and the antibodies are sealed inside the 
cups respectively in dry form. The plate consists of a cover and a 
base having a thin gold film formed on a PMMA prism, and T4-
bound bovine serum albumin (T4-BSA) is fixed on the film. By 
jointing this base with the cover, an immunoreaction channel with 
a height of approx. 50 µm is formed over the thin gold film.

3.2 Reaction principle
T4 is measured as follows (Fig. 7). First, a sample is dispensed 

into Reaction Cup 1 and T4 is dissociated from T4-binding protein 
(Step 1). Next, the reaction solution is dispensed into Reaction 
Cup 2 and fluorescent particle-labeled anti-T4 antibodies react 
to T4 contained in the sample, while dissolving in the solution 
(Step 2). During that time, as the serum T4 concentration becomes 
higher, the quantity of T4 bound to the antibodies on the fluores-
cent particles increases. That decreases the binding sites of the 
antibodies. Subsequently, the reaction solution is dispensed into 
the inlet of the reaction channel of the plate and, being sucked 
from the outlet side, it flows inside the channel. The fluorescent 
particle-labeled anti-T4 antibodies that have not reacted to serum 
T4 there react to T4-BSA on the thin gold film, which causes the 
fluorescent particles to be captured near the film (Step 3). The re-
action speed in Step 3 increases proportionally with the quantity 
of the binding sites of the antibodies on the fluorescent particles 
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Fig. 4   Methods for preventing metal quenching.
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and decreases inversely proportionally with the T4 concentration 
of the sample. In the actual detection system, the time change of 
fluorescent signals (rate value) is obtained by exciting the fluores-
cent nanoparticles with a laser at the same time as the occurrence 
of the reaction in Step 3; the value is converted into the T4 con-
centration based on the calibration curve information pre-record-
ed in the QR code attached onto the bottom of the cartridge; and 
the final measurement results are obtained.

The series of measurement actions described above (i.e., dis-
pensing, mixing, solution infusion, detection and conversion to 
concentration) are performed automatically by the dedicated 
equipment and all measurers have to do for inspection is sim-
ply press the Start button after setting a sample, the cartridge and 
consumables.

3.3 Points of the development of the reaction system
(1) Design of the fluorescent nanoparticles

As previously described, we established a high-sensitivity 
fluorescence measurement method, having solved metal quench-
ing by including fluorescent pigments in the quenching preven-
tive layer. This paragraph describes the design of the fluorescent 
nanoparticles considering their application to immunoassays.

(i) Selection of the particle material
For the quenching preventive layer, it is possible to utilize 

light-transmitting materials, such as SiO2 and polymers, which 
do not interfere with fluorescence. However, because of its ease 
in surface modification by antibodies and decentralized stabiliza-
tion in the water system, we selected polystyrene (“PS”) as the 
material.

For fluorescent substances to be included in PS particles, we 
selected a fluorescent pigment with an excitation wavelength of 
660 nm and a fluorescence wavelength of 680 nm, taking into 
consideration the interference of serum samples with fluores-
cence (absorption and intrinsic fluorescence) and the versatility 
of the laser used in the photometric system.

(ii) Determination of the particle size
Particle sizes contribute to SPF excitation and immunoreac-

tion differently. Therefore, to obtain highly sensitive and stable 
signals, it is important to select an optimal particle size, consider-
ing the contribution to both of them.

As regards SPF excitation, the larger the fluorescent particle 
diameter, the higher the excitation efficiency becomes. Because 
the SPR-enhanced photoelectric field decays exponentially in 
proportion to the distance from the surface, fluorescent pigments 
distant from the surface are difficult to excite. The reason is that 
the quantity of those pigments inside the particles increases pro-
portionally with their volume; therefore, as a result, the fluores-
cence per particle increases (Fig. 8). On the other hand, consider-
ing immunoreaction, if the percentage by weight concentration of 
fluorescent particles is constant, the smaller the size, the higher 
the molar concentration becomes, which increases the reaction 

efficiency. Moreover, the fluorescent particles captured on the 
thin gold film by immunoreaction may decrease the reaction ef-
ficiency, having steric effects on the surrounding fluorescent par-
ticles. In such cases, too, small particle sizes act advantageously 
for the reaction efficiency. That is, because there is a trade-off 
relationship between the SPF excitation efficiency and the immu-
noreaction efficiency, particle size optimization is essential. We 
therefore performed simulation about the relationship between 
fluorescent particle sizes, immunoreaction efficiency and SPF 
excitation efficiency. The results revealed that a particle diameter 
between 150 and 400 nm can achieve efficient signals and the 
estimated optimal particle diameter was 250 nm (Fig. 9).

Based on the results of the above considerations, we devel-
oped original fluorescent nanoparticles and employed them in the 
reaction system of this immunoassay system.

(2) Construction of the homogeneous assay system
In general immunoassays, a heterogeneous approach is em-

ployed in which unreacted labeled antibodies are removed after 
the antigen-antibody reaction via washing (B/F separation). How-
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ever, it is not suitable for in-hospital inspection for the following 
reasons: (i) liquid waste is generated; (ii) measurement takes a 
long time because of B/F separation; and (iii) the measurement 
equipment is large. Because the SPF method employed in the 
FDC v-T4 has the advantage that only fluorescent labels near the 
thin gold film are excited, we were able to realize a homogeneous 
assay that does not need B/F separation.

As described in paragraph 3.2, fluorescent nanoparticles are 
captured on the thin gold film by supplying fluorescent particle-
labeled anti-T4 antibodies to the surface of the film with T4-BSA 
fixed. During that time, by supplying the reaction solution inside 
the micro channel at a constant flow rate and thus preventing any 
decrease of the concentration of the sample near the reaction re-
gion (diffusion limitation), linear and more stable signals can be 
obtained in a short period without causing any decrease of the 
reaction speed. Fluorescent signals in SPF are affected to some 
extent by scattering caused by fluorescent nanoparticles on the 
surface of the thin gold layer. However, because the particle con-
centration is kept stable by the constant supply of reaction solu-
tion, the effect of scattering does not change with time and the 
intended antigen-antibody reaction rate is unaffected (Fig. 10). The 
introduction of the rate approach into the measurement method 
has thus enabled the extraction of only the target signals without 
washing via B/F separation. We not only realized short mea-
surement times but also succeeded in the size reduction of the 
equipment.

(3) Inhibition of the agglutination of fluorescent nanoparticles
In performing immunoreaction in serum using fluorescent 

nanoparticles as labels, a problem was observed that reactivity 
was much lower than in buffer solution because particle aggluti-
nation occurred. To solve it, we added, as a pre-treatment reagent, 
high-concentration magnesium chloride to the serum to inhibit 
the agglutination of fluorescent nanoparticles and thus improved 
the reactivity. That enabled measurement without diluting sam-
ples (Photo 1).

4.   Clinical performance of the FDC v-T4
4.1 Confirmation of correlation

To verify the effectiveness of the FDC v-T4, we confirmed 
correlation in dog serum, using as a control method the chemilu-
minescence enzyme immunoassay8) (CLEIA) method employed 
by veterinary inspection centers.

The FDC v-T4, with a correlation coefficient (r) of 0.958, in-
dicated a good correlation with the CLEIA method. Slope (a) and 
intercept (b) of the regression line (y=ax + b; x for the CLEIA 
method, y for the FDC v-T4) were 0.972 and −0.116 respectively, 
which confirmed that the measured T4 values for the FDC v-T4 
were very close to those for the CLEIA method (Fig. 11). That is, 
the FDC v-T4 enables a very quick in-hospital inspection that is 
as precise as those available at external inspections.
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4.2 Confirmation of simultaneous reproducibility
We performed measurement on the same sample repeatedly 

with the FDC v-T4 and checked its simultaneous reproducibility. 
Table 1 shows the results of measurements performed ten times 
each using three test solutions with different T4 concentrations. At 
each concentration level, the coefficient of variation (CV), which 
is a criterion for variation, was 6% or less. The results confirmed 
that the reagent used has sufficiently high reproducibility (quanti-
tativity) for immunoassays.

5.   Conclusion
We developed a quantitative immunoassay system for ani-

mals, FUJI DRI-CHEM IMMUNO AU Cartridge v-T4, and the 
dedicated assay apparatus, FUJI DRI-CHEM IMMUNO AU10V. 
By employing SPF as its detection principle, we realized a com-
pact system design without the washing process that is neces-
sary for general immunoassay systems, enabling quick and easy 
T4 inspection inside veterinary clinics. Although it is a desktop 
inspection apparatus, the system exhibits high correlation with 
the CLEIA method used by external inspection organizations. 
Therefore, it can be said that the system provides high-precision 
inspection results.

We have an extensive product lineup in the veterinary clinic 
market, such as biochemical examination systems, digital X-ray 
image diagnosis systems and ultrasound equipment and they have 
been introduced into many facilities. In the future, based on this 
system as a platform, we are going to promote our research and 
development activities in the field of immunoassay, extending 
measurement subjects beyond T4, and to thereby contribute to 
further improvement of the quality of medical care for animals.
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T4 level Low Middle High

1 1.26 4.24 6.01

2 1.08 4.29 6.13

3 1.24 4.34 6.15

4 1.25 4.41 6.00

5 1.20 4.44 6.40

6 1.20 4.37 6.41

7 1.21 4.16 6.49

8 1.06 4.50 6.31

9 1.15 4.11 6.13

10 1.13 3.95 6.78

Ave. (µg/dL) 1.18 4.28 6.28

SD (µg/dL) 0.07 0.17 0.18

CV (%) 5.9 4.0 2.9

(µg/dL)

Table 1   Reproducibility of measurements with FDC v-T4.




