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To provide a basis for a homogeneous fluorescence resonance energy transfer (FRET) immunoassay for celiac disease, 
we carried out a FRET experiment using guinea pig tissue transglutaminase (tTG) and antibodies to tTG (anti-tTG) purified 
from rat serum. Fluorescein was utilized as the probe, and a nonfluorescent dye, QSY 7 served as the quencher. We 
labeled anti-tTG and tTG with fluorescein isothiocyanate and QSY 7 succinimidyl ester, respectively. Fluorescein-
labeled anti-tTG was the donor, and QSY 7-labeled tTG was the acceptor of the FRET experiment. When we titrated 
fluorescein-labeled anti-tTG with QSY 7-labeled tTG, we observed a large decrease in the steady-state fluorescence intensity, 
which was due to strong FRET from fluorescein-labeled anti-tTG to QSY 7-labeled tTG. Using time-resolved fluorescence 
spectroscopy, we could also observe a decrease in the fluorescence lifetime, which confirms the steady-state data. We 
expect that these results might be useful in the development of a novel fluorescence immunoassay for an easy screening 
and follow-up of celiac patients. 
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INTRODUCTION 

 
Celiac disease (CD) is a chronic autoimmune disease of 

the small intestine triggered by the ingestion of wheat gluten 
and related protein complexes found in barley and rye. This 
represents the most frequent food intolerance with some 
reports estimating a prevalence of up to 1% worldwide 
(Catassi and Fasano, 2008). The pathology is characterized 
by villous atrophy, crypt hyperplasia, and inflammation of 
the small intestinal mucosa. CD patients show a broad spec- 
trum of clinical manifestations, such as chronic diarrhea, 
fatigue, weight loss, abdominal distention, malabsorption 
syndromes including anemia and osteoporosis, infertility, as 
well as a substantially enhanced risk for the development 

of a fatal small intestinal lymphoma (Green and Jabri, 2003). 
Early diagnosis and follow-up of CD are crucial because a 
lifelong gluten-free diet is the only effective current treatment 
of CD. 

A T cell-mediated immune response against gluten frac- 
tions (gliadins and glutenins) that occurs in individuals 
bearing the human leucocyte antigen alleles DQ2/8 is con- 
sidered as the pivotal event in the pathogenesis of CD 
(Sollid, 2000; Sollid and Jabri, 2013). In addition to the 
cellular response, CD patients show autoantibodies produced 
against reticulin, gliadin, endomysium and tissue transglu- 
taminase (tTG), which is the basis for the serological 
screening of CD (Dieterich et al., 1997; Basso et al., 2009; 
Chorzelski et al., 1984). Antireticulin antibodies are specific 
but not sensitive; antigliadin immunoglobulin (Ig) G or IgA 
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antibodies have limitations both in sensitivity and specificity 
(Hill, 2005). Due to the high specificity, antiendomysial 
antibodies (EMAs) of the IgA class are still regarded as the 
reference standard for CD-specific antibody detection (Husby 
et al., 2012). As this diagnostic approach is based on indirect 
immunofluorescence, using the esophagus of monkeys or 
umbilical cord as substrate, it is labor-intensive and operator-
dependent. After Deitrich et al. (1997) discovered that the 
antigen recognized by EMA is tTG, several enzyme-linked 
immunosorbent assays (ELISAs) have been developed to 
determine the anti-tTG antibodies. The first-generation ELISA 
kits used guinea pig liver as the tTG source and are based 
on spectrophotometry. The second-generation ELISAs use 
human recombinant or human purified tTG and are based 
on indirect chemiluminescence (Basso et al., 2006). At pre- 
sent measurement of IgA antibodies to recombinant tTG is 
considered the most efficient single serologic test for CD 
diagnosis (AGA Institute, 2006). In addition, to demonstrate 
a decrease in IgA anti-tTG titer is regarded as an indirect 
indicator of dietary adherence and recovery (Hill et al., 2005). 

However, definite diagnosis of CD still relies on the in- 
testinal biopsy findings. There is no available serological test 
that can definitively diagnose or exclude CD. Additionally, 
no serological test is powerful enough to assess compliance 
to a gluten-free diet and/or the occurrence of dietary trans- 
gressions (Leffler et al., 2007). Besides, 2 to 3% of CD 
patients have selective IgA deficiency (Collin et al., 1992). 
These patients often have false negative IgA anti-tTG assay, 
so IgG is a diagnostic alternative (Rittmeyer and Rhoads, 
1996, Lenhardt et al., 2004). Moreover, the sensitivities for 
the tTG assays ranged from 72.5% to 98.6% and specificities 
from 60.3% to 99.2% depending on the kit (Suh-Lailam et 
al., 2016), suggesting the need for not only standardization 
but also improvement of the sensitivities and specificities 
of anti-tTG immunoassay. 

The purpose of this study is to provide a basis for a homo- 
geneous fluorescence resonance energy transfer (FRET) 
immunoassay for easy screening and follow-up of celiac 
patients. tTG and IgG anti-tTG antibodies were labeled with 
a quencher and an extrinsic fluorophore, respectively. The 
donor was fluorescein-labeled anti-tTG, and the acceptor 
was nonfluorescent QSY 7-labelled tTG. We characterized 

the FRET from fluorescein-labeled anti-tTG to QSY 7-
labelled tTG. 

 
MATERIALS AND METHODS 

Materials 

tTG and protein A antibody purification kit were obtained 
from Sigma (St. Louis, MO, USA), and Sephadex-G25M 
columns were from GE Healthcare (Piscataway, NJ, USA). 
IgG anti-tTG (whole anti-serum, developed in rats) was 
kindly provided by Dr. Mauro Rossi (Institute of Food 
Science, CNR, Avellino, Italy). Fluorescein isothiocyanate 
and QSY 7 succinimidyl ester were purchased from In- 
vitrogen (Carlsbad, CA, USA), and centricon YM-3 con- 
centrators were supplied by Amicon (Beverly, MA, USA). 
All other chemicals were reagent grade, and water was 
deionized with a Milli-Q system. 

Absorption and steady-state fluorescence measurement 

Centricon YM-3 concentrators were used to concentrate 
the aqueous solution of tTG and to change the buffer into 
0.1 M sodium bicarbonate buffer (pH 8.3) because tTG was 
suppled as a powder lyophilized from a Tris buffer. The 
anti-tTG was purified using protein A antibody purification 
kit. The purified anti-tTG was also concentrated using Cen- 
tricon YM-3 concentrators, and the buffer was changed into 
0.1 M sodium bicarbonate buffer (pH 9.0). About 2~5 mM 
of stock solutions of fluorescein isothiocyanate and QSY 7 
succinimidyl ester were prepared in dimethylformamide. 
The tTG and anti-tTG were labeled with QSY 7 succinimidyl 
ester and fluorescein isothiocyanate, respectively, by adding 
10-fold molar excess of the dyes to 1 ml of slowly stirred 
protein solution in 0.1 M sodium bicarbonate buffer followed 
by one hour incubation at room temperature. The resulting 
labeled proteins were separated from the free dye by passing 
the solution through a Sephadex G-25M column, using 50 
mM Tris, 150 mM NaCl, 10 mM ethylenediaminetetraacetic 
acid, pH 7.4. The dye to protein molar ratios of the con- 
jugates were determined by measuring the absorbance of 
the protein-dye conjugates at 280 nm and at the λmax for the 
dye. For fluorescein-labeled α-tTG, the λmax was 494 nm 
(ε494 nm = 77,000 M-1cm-1), and the correction factor for 
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measuring the protein was 0.30. The λmax value for QSY-
labeled tTG was 560 nm (ε560 nm = 90,000 M-1cm-1), and the 
correction factor was assumed to be 0.22. Ultraviolet-visible 
absorption spectra were measured with a Cary 50 Bio spec- 
trophotometer (Varian, Palo Alto, CA, USA). Steady-state 
fluorescence measurements were carried out using a K2 
spectrofluorometer (ISS, Inc., Urbana, IL, USA). The exci- 
tation wavelength was 490 nm. 

The Förster distance R0, which is the distance at which 
FRET is 50% efficient, is given by 
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where J(λ) is the spectral overlap integral of donor emission 
and acceptor absorption, k2 is the orientation factor for 
dipole-dipole interaction, QD is quantum yield of the donor 
in the absence of acceptor, and n is the refractive index of 
the medium. The overlap integral J(λ) expresses the degree 
of spectral overlap between the donor emission and the 
acceptor absorption: 
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where FD(λ) is the corrected fluorescence intensity of the 
donor in the wavelength range λ to λ + λ, with the total 
intensity (area under the curve) normalized to unity, and 
εA(λ) is the extinction coefficient of the acceptor at λ, which 
is typically in the unit of M-1cm-1. 

The efficiency of FRET (E) is the fraction of photons 
absorbed by the donor that are transferred to the acceptor 
and calculated by 
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where FD and FDA are the fluorescence intensities in the 
absence and presence of the acceptor, respectively. 

Frequency-domain intensity decay measurements 

Measurements were performed with a Chronos phase and 

modulation spectrometer (ISS, Urbna, IL, USA). The excita- 
tion source was a green LED provided by ISS. A 490±5 
nm and 532±17.5 nm interference filters were used for 
isolating excitation and emission, respectively. Erythrosin 
B in water ( = 80 ps) was utilized as a lifetime standard. 

The intensity decays were recovered from the frequency-
domain data in terms of a multi-exponential model: 
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where the preexponential factors ai are the amplitude of 
each component, i = 1.0, i are the decay times, and n 
are the numbers of exponential components. These values 
were determined by nonlinear least squares analysis as de- 
scribed previously (Lakowicz et al., 1984). Mean lifetimes 
were calculated by: 
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where fi is the fractional steady-state contribution of each 
component to the total emission, and  fi is normalized to 
unity. fi is given by 
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The best fits were obtained by a minimum value for the 

goodness-of-fit parameters 2
R : 
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where  is the number of degrees of freedom, and  and 
mω are the experimental phase and modulation, respectively. 
The subscript c is used to indicate calculated values for 
assumed values of αi and τi, and δφ and δm are the experi- 
mental uncertainties. Here, the values of δφ and δm were 
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set at 0.2° and 0.005, respectively. 
 

RESULTS 

Steady-state fluorescence spectra 

FRET is transfer of the excited state energy from an 
initially excited donor to an acceptor. The rate of energy 
transfer depends upon the extent of spectral overlap of the 
emission spectrum of the donor with the absorption spec- 
trum of the acceptor, the quantum yield of the donor, the 
relative orientation of the donor and acceptor transition 
dipoles, and the distance between the donor and acceptor 
molecules (Lakowicz, 2006). Because of the simple oper- 
ation under homogeneous conditions, it has been used as a 
power tool for investigating a number of molecular inter- 
actions, especially protein-protein interactions. Fig. 1 shows 
the absorption and emission spectra of the fluorescein-anti-
tTG-QSY 7-tTG donor-acceptor pair. As can be seen, there 
is a significant overlap of the emission spectrum of the 
donor fluorescein-anti-tTG with the absorption spectrum of 
the acceptor QSY 7-tTG. The spectral overlap integral (J(λ)) 
was used to calculate the Förster distance R0 according to 
Eq. (1), and the result is summarized in Table 1. The R0 value 

for the fluorescein-anti-tTG-QSY 7-tTG donor-acceptor pair 
was 64.8 Å. In the calculation of R0, the value of k2  was 
2/3, and that of the refractive index (n) was taken as 1.5 
(Lakowicz, 2006). Fig. 2 shows the emission spectra of 
fluorescein-anti-tTG upon adding the acceptor QSY 7-tTG. 
The steady-state fluorescence intensities of fluorescein-anti-
tTG with a peak at about 520 nm decreased progressively 
with an increase in QSY 7 concentration. Fig. 3 shows the 
efficiency of FRET (E), which was calculated using Eq. (3) 
from the peak intensities of fluorescein-anti-tTG at about 
520 nm in Fig. 2. The FRET efficiency E showed evidence 

Table 1. Donor quantum yield (QD), spectral overlap integral 
(J()) and Förster distance (R0) of fluorescein-anti-tTG-QSY 
7-tTG donor-acceptor pair 

QD
a 

 
J()b 

(×10-13, M-1cm3) 
R0

b 

(Å) 
0.85 4.668 64.8 

a Fluorescein in 0.1 M NaOH (Q=0.95) was used as a quantum 
yield reference. 

b J() and R0 were calculated according to Eqs. (2) and (1), 
respectively. 

Fig. 1. Emission spectrum (―) of fluorescein conjugated to anti-
tTG and absorption spectrum (…) of QSY 7 conjugated to tTG. 

Fig. 2. Emission spectra of the fluorescein-anti-tTG complex in
the absence and presence of different concentrations of the QSY
7-tTG complex. 



- 164 - 

of saturation, with a maximum of about 26% quenching at 
a QSY 7-tTG to fluorescein-anti-tTG molar ratio of 15:1. 

Intensity decays 

To provide further evidence for FRET from fluorescein-
anti-tTG to QSY 7-tTG, we carried out frequency-domain 
intensity decay measurements. The intensity decays were 
analyzed in terms of the multiexponential model according 
to Eqs. (4)-(7), and the results are summarized in Table 2. 
In the absence of the acceptor, the intensity decay of fluo- 
rescein was heterogeneous and showed two exponential 
decays with a mean decay time of 3.48 ns. Upon FRET the 
intensity decays became faster (Fig. 4 and Table 2). As the 
acceptor concentration increased, the frequency responses 
shifted to high modulation frequencies, which indicate a de- 
crease in the mean decay time. However, the decreases in 
the lifetimes were not as significant as those in the steady-
state intensities. We interpret this that not only dynamic but 
also static quenching occurred in the fluorescein-anti-tTG-
QSY 7-tTG donor-acceptor pair. 

 

 
DISCUSSION 

 
In this report, we calculated the Förster distance and the 

efficiency of the FRET from fluorescein-labeled anti-tTG 
to QSY 7-labeled tTG. We expect that our FRET results 
could have applications in the development of a homoge- 
neous FRET immunoassay for early diagnosis and follow-
up of celiac patients. The FRET efficiency presented herein 

Table 2. Multiexponential intensity decay analysis 

[A]/[D] i 
(ns) i fi

a <>a 

(ns) 
2
R b 

0 1.591 0.148 0.068 3.48 1.23 
 3.806 0.852 0.932   
5 1.718 0.303 0.154 3.39 1.53 
 4.113 0.697 0.846   

10 0.847 0.125 0.033 3.24 1.28 
 3.583 0.875 0.967   

a Fractional intensities fi and mean lifetimes <> were calculated 
using Eqs. (6) and (5), respectively. 

b The 2
R  values were calculated by the software provided by

ISS, Inc. 

Fig. 3. FRET efficiency (E). Data are from Fig. 2, and the E values
were calculated using Eq. (3). 

Fig. 4. Frequency-domain intensity decays of the fluorescein-anti-
tTG complex in the absence and presence of different concen-
trations of the QSY 7-tTG complex. 
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may be improved in several ways. First, we can think of 
using human recombinant tTG as the antigenic source. 
Second, monoclonal IgG or IgA anti-tTG will show better 
sensitivity. Third, we can change the donor. If we use long-
wavelength probes as the donor, we can substantially reduce 
the background emission or autofluorescence of the sample, 
which is the main limitation to highly sensitive fluorescence 
detection. Fourth, we can think of changing the acceptor. In 
this report, we used a nonfluorescent quencher QSY7 as 
the acceptor, so we measured the donor fluorescence only. 
When a fluorescent quencher was used, donor emission 
decreased and the acceptor emission increased upon FRET 
(D'Auria et al., 2012). Hence, by taking the ratio of the 
acceptor to the donor emission, a ratiometric sensor can be 
created. Quantum dots may be employed as the donor and/ 
or the acceptor of the FRET immunoassay because quantum 
dots have been estimated to be 20 times brighter and 100 
times more stable than conventional fluorescent dyes. Further 
experimentation is required to test the above ideas. 

Previous findings related to measurement of antibodies 
present in other autoimmune diseases (e.g., autoimmune 
diabetes) clearly showed the superiority both in sensitivity 
and specificity of fluid- with respect to solid-phase assays 
(Greenbaum et al., 1992). In fact, anti-tTG autoantibodies 
measurement by the fluid-phase radioimmunoassay (RIA) 
generally showed higher sensitivity than the solid-phase 
ELISA (Bonamico et al., 2001; Li et al., 2009). At disease 
diagnosis, when the anti-tTG autoantibodies are usually 
found at high titers, the performance of the salivary and of 
the three serum assays (RIA, ELISA and EMA) was quite 
similar, whereas during the gluten-free diet follow-up when 
the autoantibody titers tend to decrease progressively, salivary 
and serum RIA anti-tTG methods detect higher frequencies 
of autoantibody positive patients with respect to ELISA and 
EMA (Bonamico et al., 2008). In many fields of bioscience, 
fluorescence-based detection has successfully replaced radio- 
active isotope labeling. In recent years, there has been an 
increasing trend in using saliva as a diagnostic biofluid 
(Bonamico et al., 2008; Condò et al., 2013). If the sensi- 
tivity of anti-tTG autoantibodies assay can be improved using 
a homogeneous FRET immunoassay, it may be possible to 
use saliva instead of sera, which will enable to by-pass the 

unpleasant blood sample collection. This will be especially 
helpful in children for CD-screening purposes (Condò et 
al., 2013). Additionally, anti-endomysial and anti-tTG auto- 
antibodies were detected in media following culture of oral 
biopsies from patients with untreated CD (Vetrano et al., 
2007; Compilato et al., 2010). If we can develop a highly 
sensitive and specific biosensor for CD based on a homo- 
geneous FRET immunoassay, definite diagnosis may be 
conducted using saliva and/or oral biopsies instead of in- 
testinal biopsies. It is expected that the recent advances in 
microfluidics-based biochip technology will spur the real- 
ization of this. 
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