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Abstract Quantum dots are not widely used in clinical
diagnosis. However, the homogeneous time-resolved fluo-
rescence assay possesses many advantages over current
methods for the detection of carcinoembryonic antigen
(CEA), a primary marker for many cancers and diseases.
Therefore, a novel luminescent terbium chelates- (LTCs)
and quantum dots-based homogeneous time-resolved fluo-
rescence assay was developed to detect CEA. Glutathione-
capped quantum dots (QDs) were prepared from oil-soluble
QDs with a 565 nm emission peak. Conjugates (QDs-6 F11)
were prepared with QDs and anti-CEA monoclonal anti-
body. LTCs were prepared and conjugates (LTCs-S001)
were prepared with another anti-CEA monoclonal antibody.
The fluorescence lifetime of QDs was optimized for sequen-
tial analysis. The Forster distance (R,) was calculated as
61.9 A based on the overlap of the spectra of QDs-6 F11 and
LTCs-S001. Using a double-antibody sandwich approach,
the above antibody conjugates were used as energy acceptor
and donor, respectively. The signals from QDs were collected
in time-resolved mode and analyzed for the detection of CEA.
The results show that the QDs were suitable for time-resolved
fluoroassays. The spatial distance of the donor-acceptor pair
was calculated to be 61.9 A. The signals from QDs were
proportional to CEA concentration. The standard curve was
LogY=2.75566+0.94457 LogX (R=0.998) using the fluores-
cence counts (Y) of QDs and the concentrations of CEA (X).
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The calculated sensitivity was 0.4 ng/mL. The results indicate
that water-soluble QDs are suitable for the homogenous im-
munoassay. This work has expanded future applications of
QDs in homogeneous clinical bioassays. Furthermore, a
QDs-based homogeneous multiplex immunoassay will
be investigated as a biomarker for infectious diseases
in future research.
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List of Abbreviations

6 F11 Anti-CEA monoclonal antibody

AFP Alpha-fetoprotein

BS3 Bis(sulfosuccinimidyl) suberate sodium salt

CEA Carcinoembryonic antigen

csl24 7-amino-4-methyl-2(1H)-quinolinone

DMSO Anhydrous dimethyl sulfoxide

DTPA Diethylene triamine pentacetic acid

DTPAa Diethylenetriaminepentaacetic acid
dianhydride

EDA Ethylenediamine

EDAC (N-(3-dimethyllaminopropyl) carbodiimide
hydrochloride

EDTA Ethylenediaminetetraacetic acid

FRET Forster resonance energy transfer

FWHM Full-width at half maximum

GSH Glutathione reduced

HTRFAs  Homogeneous time-resolved fluoroassays

LTCs Luminescent terbium chelates

McAb Monoclonal antibody

MES 2-[N-morpholino]ethanesulfonic acid
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0QDs Oil-soluble quantum dots

PBS Phosphate buffered saline

QDs Quantum dots

QY Quantum yield

S001 Anti-CEA monoclonal antibody

SD Standard deviation

sulfo-NHS  N-hydroxysulfosuccinimide sodium salt

TOPO Tri-n-octylphosphine oxide
Time-resolved Forster resonance transfer

TR-FRET
Tris Tris(hydroxymethyl)aminomethane
wQDs Water-soluble quantum dots

Introduction

Carcinoembryonic antigen (CEA) is a non-organ-
specific, tumor-associated antigen, which is a glycopro-
tein of molecular mass approximately 200 kDa. It was
first described as a specific indicator of colorectal car-
cinoma by Gold and Freedman in 1965 [1, 2]. CEA has
become one of the most common tumor markers and is
reliable for clinical diagnosis of colorectal [3], pancre-
atic [4], gastric [5], and cervical carcinomas [6]. In
healthy individuals, the serum CEA level is at an upper
limit of 2.5 ngmL™" [7, 8]. Patients with gastrointestinal
cancer have a higher concentration of CEA in serum
compared with healthy individuals [9]. In addition, a
high level of CEA in serum is related to breast cancer
[10], lung cancer [11, 12], cystadenocarcinoma [13] and
other malignancies [14, 15]. Similarly, raised CEA con-
centrations have been detected in cigarette smokers [16,
17]. Therefore, the determination of the serum CEA
level is very important in the diagnosis of malignant
tumors, treatment evaluation and disease surveillance
during therapy.

During the past few decades, a number of analytical methods
for human CEA have been described, including the enzyme-
linked immunosorbent assay [18], radioimmunoassay[19, 20],
time-resolved fluoroimmunoassay[21-23], chemiluminescence
immunoassay [24, 25] and chemiluminescent enzyme immu-
noassay [26, 27].

All of the above methods are heterogencous assays,
where CEA is coated onto a plate and unlabeled species
must be washed away. Most are time-consuming, isotope-
radioactive or have low sensitivity. They also suffer low
signal-noise ratios when traditional fluorescent labels are
used because of autofluorescence from the light source.
Time-resolved fluorometry of lanthanide chelates has
been shown to be one of the most successful non-
isotopic detection techniques and it is therefore employed
in numerous applications in the biomedical sciences
[28-30]. However, the antigen or antibody is usually
immobilized on the surface of a 96-well microplate by
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physical absorption, so it is unstable and can easily be
washed away.

Furthermore, the prognosis for advanced cancers remains
poor and new treatments and more advanced diagnosis strat-
egies are urgently needed. A recent trend has been to develop
homogeneous time-resolved fluoroassays (HTRFAs) to save
time and enhance signal-noise, based on Forster resonance
energy transfer (FRET). This approach is taken because in
time-resolved mode, the ratio of positive signal to noise is
magnified many times without interference from noise
caused mainly by the excitation light resource and auto-
fluorescence of the background. This approach could offer
a significant advantage over the traditional homogeneous
fluoroassay (without time-resolved fluorescence), namely
that excess labeling need not be washed away during the
investigation of molecular events [31-34]. Potentially, the
protocols involved would be valid, novel, and much more
convenient and easily automated than the traditional ho-
mogenous fluoroassay once suitable commercial reagents
are available.

Fluorescent nanomaterials may constitute the basis of
new strategies in the development of methods for the
detection of CEA. QDs, such as core/shell CdSe/ZnS, also
referred to as semiconductor nanocrystals, show high
fluorescence efficiency, robustness, and flexibility of
functionalization towards conjugating ligands for selective
nano-sensing of analytes [35—40]. Thus, expanding the
applications of QDs to develop sensitive and simple sensors
for the detection of various analytes is a topic of current
interest [41-43].

Although QDs encapsulated in microparticles possess
qualified fluorescence [39, 44], the encapsulation is time-
consuming and aggregation would be a significant problem
during short-term storage. Therefore, investigations into
water-soluble QDs have been widely reported. However,
these are normally applied in bio-imaging rather than ho-
mogeneous fluoroassays, so there have been no commercial
products developed to date for research or clinical diagnosis.
Consequently, there are few reports regarding the use of the
pairs of combined QDs and luminescent lanthanide com-
plexes for homogenous immunoassays [42, 45, 46].

In the current research, luminescent terbium chelates
(LTCs) and QDs were synthesized and used as an energy
donor and acceptor, respectively, with the fluorescence of
QDs time-resolved and named after time-resolved Forster
resonance transfer (TR-FRET). The energy donor and the
acceptor were each conjugated with a different anti-CEA
monoclonal antibody (McAb). Using the double-antibodies
sandwich mode, the TR-FRET was thereby sensitized and
used to detect standard samples of CEA in 96-wells plates.
Our results are expected to extend the applications of QD
nanoparticles in homogeneous clinical bioassays in the
future.
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Materials and Methods

Tri-n-octylphosphine oxide (TOPO), tri-n-octylphosphine,
bis(trimethylsilyl)sulfide ((TMS),S), 2-[N-morpholino]
ethanesulfonic acid (MES), diethylenetriaminepentaacetic
acid (DTPA), diethylenetriaminepentaacetic acid dianhydride
(DTPAa), 7-amino-4-methyl-2(/H)-quinolinone (cs124),
ethylenediamine (EDA), TbCl;*6H,0, and anhydrous dimethyl
sulfoxide (DMSO) were purchased from Sigma—Aldrich Fine
Chemicals (St. Louis, MO). Cadmium acetate (Cd(Ac),), zinc
acetate (Zn(Ac),), selenium, tetramethylammonium hydroxide,
hexadecylamine, were purchased from Acros Organics(Geel,
Belgium). All economical synthetic routes for CdSe/ZnS
core/shell QDs were carried out under argon using the Schlenk
technique in a glovebox. Samples involved were centrifuged at
14,000 g for 10 mins.

Monoclonal anti-CEA McAbs produced in mice (clone codes
6 F11 and S001) and CEA standards were purchased from
Medix (Grankulla, Finland). Bis(sulfosuccinimidyl) suberate
sodium salt (BS3), glutathione reduced (GSH), ethylene-
diaminetetraacetic acid (EDTA), (N-(3-dimethyllaminopropyl)
carbodiimide hydrochloride (EDAC), Tris(hydroxymethyl)
aminomethane (Tris), and N-hydroxysulfosuccinimide sodium
salt (Sulfo-NHS) were purchased from Thermo Fisher Scientific
Inc. All other chemicals used were of analytical grade.

Preparation of Water-Soluble QDs

TOPO-capped shell/core ZnS/CdSe QDs in chloroform at
8 uM were prepared in our previous reports [44, 47, 48].
GSH-capped QDs were prepared by replacing the TOPO
using previously described methods [35, 48, 49] with a
range of modifications from TOPO-capped QDs, described
briefly as follows: 50 pl of QDs was added to 15 mg GSH
by vigorous shaking. After 4 h, solutions of NaOH (1 M,
10 wl), chloroform (10 ul) and acetone (1 ml) were added
successively and mixed thoroughly. The mixture was
centrifuged and the precipitate was collected and dissolved
in deionized water (50 pl). The QDs solution was washed
by adding 1 ml of acetone and centrifuging, after which the
precipitate was collected. The washing step was repeated at
least four times. Finally, the QDs were dissolved in MES
buffer (0.5 M, 0.5 ml).

Conjugation of QDs with Anti-CEA Monoclonal
Antibodies

To avoid bridging of the particles by covalently coupled
protein and cross-linking of the protein, a two-step procedure
is often preferred. 1 ml of a mixture of QDs (8 uM), MES
buffer (0.5 M, 0.1 mL), sulfo-NHS (250 mM, 0.23 mL) and
EDAC (100 mM, 0.23 mL) was incubated for 30 min at room
temperature with stirring. Then the mixture was centrifuged

with a Microcon YM-50 Centrifugal Filter Unit (Millipore)
and washed three times with MES buffer. The QDs were
resuspended at a final concentration of 1 mg/mL in phosphate
buffered saline (PBS, 50 mM, pH7.4). 100 uL of McAbs
6 F11 (1 mg/mL) in PBS was added with stirring. The final
concentrations of proteins in the conjugates mixture were
1 mg/mL. The mixture was incubated with gentle mixing for
2.5 h and then 2.5 pL of ethanolamine was added and incu-
bated for another 30 min with gentle stirring. The unbound
protein and ethanolamine were then removed with a Microcon
YM-50 Centrifugal Filter Unit and washed with buffer
containing 25 mM Tris—HCI, 0.15 M NaCl, 0.05 % Tween
20, pH7.2. The resultant product (QDs-6 F11) was stored with
a McAbs concentration of 0.1 mg/mL at 4 °C in PBS with
0.01 % sodium azide for the subsequent detection.

Synthesis of LTCs

The chelators of LTCs were cs124-DTPA-EDA in anhy-
drous DMSO with DTPAa, cs124 and EDA, purified by
high performance liquid chromatography as previously
reported [32, 33, 50]. The cs124-DTPA-EDA was added at
a 1:1.1 molar ratio to a solution of TbCl;*6H,0 in
triethylammonium acetate, pH5. The solution was then in-
cubated at room temperature for 1 h, after which the solution
was monitored by the fluorescence spectrometer and EDTA
solution (5 uM) added slowly until the intensity of the time-
resolved fluorescence began to decrease. The product of
LTCs was diluted to 42 pg/mL in PBS buffer and kept at
4 °C for the subsequent conjugation.

Determination of Quantum Yields of QDs and LTCs

The fluorescence and absorption spectra of QDs with
565 nm emission and LTCs were collected on a LS-55
Fluorescence Spectrometer (PerkinElmer Inc., Waltham,
MA) and UV-vis spectrophotometer (UV-2550, Shimadzu,
Japan), respectively.

The quantum yield of QDs was actually obtained
referencing Rhodamine 6 G, for which the QY is known to
be 95 %, according to the literature [35, 36, 48, 51]. The
quantum yield of LTCs was determined [52—-54] by using a
standard solution of 0.1 uM Eu®" in Wallac Delfia enhance-
ment solution. Note that the optical density was below 0.1 at
the first absorption peak of the QDs, and that the fluores-
cence of LTCs was corrected for the photomultiplier
quantum-yield difference (1.39-fold at 545 nm compared
with the value at 613 nm).

Conjugation of LTCs with Anti-CEA McAbs

100 uL of the prepared LTCs (8 uM) was added to 100 pnL.
of McAbs S001 (1 mg/mL) and stirred thoroughly. The
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mixture was added to BS3 with excess LTCs, and incubated
at room temperature for 1 h with gentle shaking. After
incubation, the mixture was centrifuged with a Microcon
YM-50 Centrifugal Filter Unit (Millipore) and washed five
times with PBS. The LTC-S001 product was collected and
diluted to a McAbs concentration of 0.1 mg/mL with 0.01 %
sodium azide.

Preparation of Antigen Standards

The CEA antigen was diluted into six standard samples
0, 1, 5, 10, 100, 200 ng/mL) using 50 mM Tris—HCl
buffer containing 1.5 % BSA and 0.15 % NaNj;, with the
help of Daan Gene Co., Ltd. of Sun Yat-sen University.
All concentrations of samples were verified using a
NanoDrop 2000 (Thermo Fisher Scientific Inc.) and stored
at4 °C.

Detection of CEA Using LTCs and QDs

HTRFA for CEA was carried out using the double-
antibodies sandwich-type immunoassay in a one-step assay
procedure. In brief, the standards (25 puL) were added to 96-
well plates and then 50 pL of the assay buffer containing
LTC-S001 and 50 puL of QDs-6 F11 in assay buffer was
added. The plates were covered and incubated at 37 °C for
45 min. Under the time-resolved fluorescence mode, the
samples were measured with a 565 nm emission filter
(bandwidth 10 nm) on a Victor® V 1420 Multilabel Plate
Reader (PerkinElmer Wallac, Turku, Finland). The TR-
FRET signals were collected from the transparent bottom
of the plate with 340 nm excitation and 565 nm emission
(Delay time 100 ps; window time 100 ps; circle 3000).

Results and Discussion
Synthesis and Characterization of QDs and LTCs

To obtain the QDs at a high quantum yield, the most popular
methods are to prepare them in an organic phase [36, 38, 48,
55] or to incorporate them into microparticles [37, 39].
Although microparticles containing QDs have many advan-
tages, aggregation during storage and application is prob-
lematic. Meanwhile, GSH-capped QDs also offer many
advantages. Their preparation is relatively simple and can
retain most of the photo-properties of oil-soluble QDs,
except at a lower quantum yield (QY), as shown in Fig. 1
and Table 1. The quantum yield (®) can be expressed by Eq.
(1) as:

Lins A, n?
= m
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Fig. 1 Absorption and fluorescence spectra of TOPO-capped QDs in
chloroform and GSH-capped QDs in water. The blue curves (1 and 3)
are the absorption and fluorescence spectra of TOPO-capped QDs and
the red curves (2 and 4) are those of GSH-capped QDs

where @ or @, is the quantum yield of water or oil-soluble
QDs, I or I, is the area under the emission peak of water
or oil-soluble QDs over 350-650 nm with 350 nm excita-
tion; A or A, is the absorbance at the excitation wavelength
(350 nm), and n or n, are the refractive index of the water
(1.333) and n-hexane (1.375), respectively.

According to Eq. (1) and Fig. 1, one can see that @ of
water-soluble QDs (wQDs) was 90.3 % that of @, for oil-
soluble QDs (0QDs). The full-width at half maximum
(FWHM) of oQDs remained at 28.5 nm. Such a narrow
FWHM is very important for multiple bioanalyses. On the
contrary, the FWHM of QDs encapsulated in microparticles
or prepared indirectly from a water-phase is always much
broader than that for oQDs [37, 39]. Because different pro-
tocols were used, the FWHM of GSH-QDs was narrower
than for those prepared directly from the water-phase.

However, the total shell of GSH-capped QDs is so thin
that it is more suitable for FRET applications than those
encapsulated within microparticles [56]. Furthermore, the
bifunctional groups (—NH,, -COOH) of GSH were very
important during storage to keep QDs in the hydrogel state.
In our case, GSH-capped QDs could be kept for more than
6 months without aggregation. Therefore, similar to many
other researchers [36, 38], we used these as fluorophores to
label antibodies for the double-antibody sandwich immuno-
assay in this study. However, QDs doped in polystyrene
microparticles (QPs) caused aggregation in practice [39,
44]. It is difficult to obtain stable and efficient QPs, whereas
the QDs retained a high quality. Considering the distance-
dependence of FRET, water-soluble QDs are an ideal type
of fluorophore for biomolecular analysis. The versatility of
GSH-capped QDs has been verified by many researchers
[55]. In such work, QDs were capped by GSH with reduced
amino and carboxyl groups, which could be conjugated to
proteins at high quantum yield [57]. In our case, the
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Table 1 Comparison of the physical properties of TOPO-capped QDs in chloroform and GSH-capped QDs in water

Items Ligand Solution Size, nm® FWHM, nm Absorption Peak, nm Emission Peak, nm Conc., mol/L? QY, %
0QDs TOPO n-hexane 3.1 28.5 553.0 565.0 45x107 o
wQDs GSH water 3.1 28.5 552.5 565.0 33x107 0.903®

# Calculated according to Ref. 46

quantum yield of GSH-capped QDs was around 40 %. The
amino groups of GSH on the surface of QDs were coupled
with the amino groups on the antibodies forming QDs-6 F11
conjugates. In the absence of the outer shell of doping
materials, GSH-QDs were used as the energy acceptor in
the TR-FRET immunoassay (Fig. 2).

LTCs were prepared as previously [50] and their structure
is shown in Fig. 2. The terbium ions chelated with cs124-
DTPA. Cs124 worked as an antenna, which made terbium
ions luminescent because of inner-FRET. The cs124 antenna
transferred energy to terbium ions in the LTC molecule. The
fluorescence of LTCs possessed an extended lifetime and
was time-solved with about 65 % quantum yield, suitable
for FRET analysis [32, 33]. The primary amino group on
EDA of the LTC was conjugated with the carboxyl group of
the monoclonal antibody to form stable covalently bonded
conjugates (LTCs-S001).

Detection of CEA Standard Samples Using LTC-S001
and QDs-6 F11

There are a small number of reports describing the combi-
nation of QDs-LTCs pairs used for TR-FRET-based

homogeneous immunoassays [42, 56]. To enhance the
FRET efficiency, the key issue is to enhance the Forster
distance (Rp). Researchers have made efforts on the quali-
fied fluorescence of energy acceptors (QDs) and donors
(LTCs). Therefore, QDs-doping and preparation of LTCs
with high quantum yield are hot topics in TR-FRET study.
It is well known that doping-QDs possess essential disad-
vantages (thicker shells and aggregation). Anthor, the com-
mercial LTC possessing the highest QY, is a tribipyridin
chelator, which is patent-protected and very expensive.
Therefore, the practical approach is to make QDs with high
efficiency and thin shells, and then pair them with available
LTCs for TR-FRET.

In this paper, the synthesized QDs were not made from
polymer or microparticles but from GSH. LTCs with a very
simple molecular structure were used (Fig. 2) and the pro-
tocol involved was facile. These were then used for
detecting the CEA samples by TR-FRET. With LTCs-S001
McAbs serving as energy donors, QDs-6 F11 McAbs were
then applied in the homogeneous immunoassay as energy
acceptors, as shown.

It is important to consider the Forster distance (Ry) in the
FRET-based homogenous assay using LTCs and QDs. The

HTR-FRET

coo- .

-0 > HzN
. .
NH™ HN\/ \/\/\_/‘*H C:< H N n
o < }% ‘\“)\/\6/ {o
Ab1

Ab2
Ag

Fig. 2 Principle of LTCs and QDs-based homogeneous time-resolved fluoroimmunoassay with LTCs conjugates. Abl, Ab2, Ag and GQ refer to
McADb 6 F11, McAbS001, CEA and GSH-capped QDs, respectively

NH: GQ

HOOC
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Forster distance involves components from the spectral
properties and is expressed as follows [58—60]:

oo

RS = 20100 / Fo(A)ea(A)A*da, 2)

0

where Op is the quantum yield of the donor in the absence
of an acceptor; n is the refractive index of the medium; n’ is
a factor describing the relative orientation in space of the
transition dipoles of the donor and acceptor, which is usu-
ally assumed to be equal to 2/3; N, is the Avogadro con-
stant; » is the distance between the donor and acceptor;
Fp(A) is the corrected fluorescence intensity of the donor
in the wavelength range 1 to A+AA with the total intensity
normalized to unity; and e(1) is the extinction coefficient of
the acceptor at A.

J (1) is the overlap integral of the involved spectra of
donors and accepters[60]:

00 }OFD(E)EA (/1)140%
J(A) = / Fp(A)ea(A)Atda = 2— . (3)
0 [ Fp(2)dA

0

This expresses the degree of spectral overlap between
the donor emission and the acceptor absorption. In our
investigation, the donor was LTC (conjugated with S001
McAbs) and the acceptor was QDs (conjugated with
6 F11 McAbs). The absorption spectra of QDs and
time-resolved fluorescence spectra of LTCs are shown
in Fig. 3. Expressing the wavelength in nm, one could
find from Fig. 3

J(A) = 6.77 x 105M L em™ ' nm?,

and the Forster distance[60] in A can be given by:

Ry = 0211 (2n*0ps (1)) "/°, 4)

where Qp is the quantum yield of LTCs-S001, 67 %, and R,

was calculated as 61.9 A, which was shorter than the Forster

distance (10 nm). Therefore, TR-FRET could be sensitized
in theory, between LTCs-S001 and QDs-6 F11.

The efficiency () of TR-FRET can be expressed as[60]:

RO (5 )

n
FRET=— u o
RO+

where, 1 is the donor-acceptor distance. From Eq. (5), one
can see that the surface of QDs plays a very important role
in TR-FRET. If encapsulated within microparticles, the dis-
tance (r) between QDs and LTCs would definitely be greatly
increased. Therefore, it is necessary to synthesize GSH-QDs
from oil-soluble QDs.

Because of the short lifetime of QDs, their fluorescence
can be neglected in time-resolved mode. When collecting
data, there are always some interfering factors from the
decay in fluorescence of QDs, the laser source and back-
ground signal (auto-fluorescence). It is very important to
avoid auto-fluorescence. In our case, the decay in auto-
fluorescence was examined with the QDs solution (in the
absence of LTCs), shown in Fig. 4. One can see that when
the delay time was longer than 100 us, the signal from auto-
fluorescence could be neglected. This is to say, once the
fluorescence signals were detected at 565 nm, the TR-FRET
would be triggered and the signals left after subtracting
those from LTCs at 565 nm must be the fluorescence emit-
ted from the QDs. Therefore, the delay time in the time-
resolved mode was optimized using Fig. 4. for the detection
of CEA standard samples using LTC-S001 and QDs-6 F11.

Fig. 3 Spectral overlap of g, (L)
LTCs and QDs-based 4':1 o FD(:'L)
homogeneous time-resolved =

- 1.0

fluoroimmunoassay. The blue
curve (1) on the left is the
absorption spectrum of QDs.
The green curve (2) on the right
is the time-resolved
fluorescence spectrum of LTCs.
The orange curve (3) on the
right is the normalized
fluorescence spectrum of QDs.
The rectangle with a sparse
pattern is the model of the
emission filter with a 10 nm
bandwidth
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Fig. 4 Option of delay time of detection based on the luminescence
decay of energy acceptors (QDs)

In the double-antibodies sandwich mode, the QDs-6 F11
and LTCs-S001 were in excess and an immunocomplex was
formed, which made the energy acceptors (QDs) and donors
(LTCs) approach one another. As a result, the TR-FRET was
sensitized and QDs emitted time-resolved fluorescence [61],
which was magnified many times in time-resolved mode.
Therefore, the fluorescence intensity at the emission peak of
QDs (565 nm) was detected and was positively proportional
to the amount of CEA, as shown in Fig. 5. The standard
curve was obtained using the following fitted equation:
LogY=2.75566+0.94457 LogX (R=0.998, where X and Y
are the concentrations of CEA and the fluorescence intensity
at 565 nm, respectively). The analytical sensitivity (dose of
mean zero plus 2 SD) was calculated by 0.4 ng/mL. This

s
(=]
™

T

—

[=]
-

T

Fluorescence Intensity,a.u.
-
OU
ML

102 PP | . PR | s PRy |
1 10 100

Conc. of CEA, ng/ml

Fig. 5 Standard curve of the LTCs and QDs-based homogeneous time-
resolved fluoroimmunoassay for detection of CEA. The fitting line is
LogY=2.75566+0.94457 LogX (R=0.998). The triangles were plotted
according to the fluorescence intensity of the test samples with the
standard curve

meant the developed method gave a good linear dynamic
range in our investigation. Therefore, the results indicated
that GSH-QDs without encapsulation in microparticles
possessed a thinner shell and this shortened the distance
between energy donors and acceptors. The shorter distance
was necessary for TR-FRET and could be used to detect the
cancer marker.

Conclusions

In conclusion, water-soluble QDs with GSH and lumines-
cent terbium chelates were both prepared. These were then
conjugated with anti-CEA McAbs to prepare QDs-6 F11
and LTCs-S001, respectively. QDs-6 F11 and LTCs-S001
were used as an energy acceptor and donor, respectively in
the detection of CEA. Resonance energy transfer took place
and QDs fluorescence was detected as positive signals in
time-resolved mode. The results indicate that water-soluble
QDs were suitable for the homogeneous immunoassay. This
work will extend the applications of QDs in homogeneous
clinical bioassays for cancer markers in the future. The
photo-properties of prepared GSH-capped QDs were
suitable for homogeneous multiplex immunoassays, which
require high throughput or the consideration of multiple
factors in cancer screening.
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