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Abstract We report here a simple quantum dot-FRET (QD-
FRET) bioprobe based on fluorescence resonance energy
transfer (FRET) for the sensitive and specific detection of
hepatitis B virus DNA (HBV DNA). The proposed one-pot
HBV DNA detection method is very simple, rapid and
convenient due to the elimination of the washing and sepa-
ration steps. In this study, the water-soluble CdSe/ZnS QDs
were prepared by replacing the trioctylphosphine oxide on
the surface of QDs with mercaptoacetic acid (MAA).
Subsequently, DNA was attached to QDs surface to form
the functional QD-DNA bioconjugates by simple surface
ligand exchange. After adding 6-carboxy-X-rhodamine
(ROX)-modified HBV DNA (ROX-DNA) into the QD-
DNA bioconjugates solution, DNA hybridization between
QD-DNA bioconjugates and ROX-DNA was formed. The
resulting hybridization brought the ROX fluorophore, the
acceptor, and the QDs, the donor, into proximity, leading to
energy transfer from QDs to ROX. When ROX-DNA was
displaced by the unlabeled HBV DNA, the efficiency of
FRET was dramatically decreased. Based on the changes of
both fluorescence intensities of QDs and ROX, HBV DNA
could be detected with high sensitivity and specificity.
Under the optimized conditions, the linear range of HBV
DNA determination was 2.5 — 30 nmol L', with a correla-
tion coefficient (R) of 0.9929 and a limit of detection (30
black) of 1.5 nmol L™'. The relative standard deviation
(R.S.D.) for 12 nmol L' HBV DNA was 0.9 % (n=5).
There was no interference to non-complementary DNA.
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Time-resolved fluorescence spectra and fluorescence images
were performed to verify the validity of this method and the
results were satisfying.
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Introduction

During the past two decades, luminescent semiconductor
quantum dots (QDs) have attracted widespread attention as
novel fluorescence indicator in numerous bio-sensing, bio-
analysis and bio-detection [1-3]. Compared to traditional
organic dyes and fluorescent proteins, QDs have some su-
perior and unique photophysical properties such as tunable
emission wavelength, broad absorption spectra, narrow and
symmetric emission spectra, high emission quantum yield
and so on. These properties make QDs excellent energy
donors in various fluorescence resonance energy transfer
(FRET) processes [4, 5]. So far, the luminescent QD-
FRET bioprobes have been widely utilized to detect a great
variety of bio-related analytes including potassium ion [6],
maltose [7], glucose [8], NADH [9], pH changing [10, 11],
proteins [12, 13] and enzymes [14—17].

In addition, the QD-FRET bioprobes have also been
widely used for the determination of DNA via DNA
hybridization. The reported strategies for the construc-
tion of QD-DNA bioconjugates contain the streptavidin-
biotin interaction [18, 19], electrostatic interaction [20,
21], amide bonding [22, 23] and metal-thiol bonding
[24, 25]. Most of the reported streptavidin-biotin inter-
action and electrostatic interaction strategies required
conjugation of streptavidin or some specific positive
macromolecules to the surface of QDs, which increase
the size of the complex at the detection system un-
doubtedly. Moreover, the reported amide bonding strat-
egy required covalent conjugation of DNA to QD
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surface by EDC/NHS coupling reaction that often de-
creases the stability and fluorescence intensity of QDs.
These shortcomings can be overcome through metal-
thiol bonding approach that represents a very simple
method to efficiently bind DNA with QDs. These QD-
DNA bioconjugates have better fluorescent properties
and higher colloidal stability.

Hepatitis B virus (HBV) infection, which may cause
some hepatic diseases including acute and chronic hep-
atitis, hepatocirrhosis, and liver cancer, is one of the
major causes of death in the world and already becomes
a huge health problem worldwide [26, 27]. Until now,
some effective anti-HBV drugs have been developed to
treat hepatic diseases by inhibiting viral replication [28,
29]. So, the determination of HBV DNA becomes much
more important for the anti-HBV drugs exploitation and
hepatic diseases therapy. Up to date, some approaches
including real-time polymerase chain reaction (PCR)
[30, 31], electrochemical detection [32, 33] and mass
spectrometric analysis [34], have been reported to detect
HBV DNA. However, some of these methods are ex-
pensive, complicated and time consuming for clinical
diagnosis. Thus, there is an intense demand for simple
and rapid sensor for HBV DNA determination with high
sensitivity and specificity. In recent years, fluorescence
analysis has been widely utilized for HBV DNA deter-
mination because of their unique advantages of simplic-
ity, rapidity, high sensitivity and low cost of instrumen-
tation and maintenance. Guan et al. have developed the
fluorescent detection method for HBV DNA based on
the fluorescent cationic polythiophene [35]. Nevertheless,
some organic compounds have low quantum yield and low
photostability, which could reduce the specificity and sensi-
tivity of these methods.

Here, we established a simple and convenient assay of
HBV DNA based on the luminescent QD-FRET bioprobe
that composed of QD-DNA bioconjugates and ROX-DNA.
The QD-DNA bioconjugates, the donors, were constructed
through metal-thiol bonding. After adding 6-carboxy-X-rho-
damine (ROX)-modified HBY DNA (ROX-DNA) into the
QD-DNA bioconjugates solution, the DNA hybridization was
formed and the FRET between QDs and ROX occurred.
When unlabeled HBV DNA was added to occupy some
hybridization sites firstly, the DNA hybridization between
QD-DNA bioconjugates and ROX-DNA was inhibited par-
tially and the FRET efficiency decreased (Fig. 1). The non-
complementary DNA did not produce any variation of FRET
signal because they could not inhibit the DNA hybridization
between QD-DNA bioconjugates and ROX-DNA, which
showed the convenient of the QD-FRET bioprobe. Based on
these, the sensitive and specific determination of HBYV DNA
was achieved, which makes the procedure quite simple and
rapid.
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Experimental
Reagents

Selenium powder (Se, 99.99 %), stearic acid (98.5 %),
hexadecylamine (HDA, 90 %), octadecene (ODE, 90 %),
dioctylamine (DOA, 98 %), tributylphosphine (TBP, 97 %)
and tri-n-octylphosphine oxide (TOPO, 90 %) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA) and used
as received. Sulfur (S), zinc acetate (Zn(Ac),), cadmium
oxide (CdO) and mercaptoacetic acid (MAA) were pur-
chased from Shanghai Reagent Factory (Shanghai, China).
ROX was also purchased from Sigma-Aldrich
(Milwaukee, WI, USA). All DNAs were purchased from
Shanghai Sangon Biological Engineering Technology &
Service Co., Ltd (Shanghai, China) and purified by
HPLC. The sequences of these DNAs are listed in
Table 1. All other reagents were of analytical-reagent
grade and used as received from Sigma-Aldrich (St.
Louis, MO, USA). Ultrapure water with a resistivity of
18.2 M€ cm was produced by passing through a RiOs
8 unit followed by a Millipore-Q Academic purification
set (Millipore, Bedford, MA, USA) and used throughout
the whole experiments.

Apparatus

The absorption spectra were measured on a TU-1900 UV—
vis spectrophotometer (Beijing Purkinje General Instrument
Co., Ltd., Beijing, China). All fluorescence measurements
were recorded with a Perkin-Elmer Model LS-55 lumines-
cence spectrometer (PerkinElmer, Waltham, MA, USA)
equipped with a 20 kW xenon discharge lamp as a light
source. Quartz cells (1 cm path-length) were used for all
measurements. The time-resolved fluorescence decay traces
were recorded with a Fluorolog-3 system (Horiba Jobin Yvon,
France) by using an excitation wavelength of 374 nm. The
fluorescence images were recorded by the Nikon TE2000-U
inverted  fluorescence  microscope with a  Nikon
INTENSILIGHT C-HGFI lamp, Q-IMAGING RETIGA
200R CCD and an oil-immersion objective (100 x). The filter
cube containing a 470+£20 nm band-pass excitation filter, a
505 nm dichroic mirror, and a 520 nm barrier filter was used to
ensure spectral purity. The agarose gel electrophoresis images
were obtained by the ChemiDoc XRS (Bio-Rad, California,
USA). All pH measurements were made with a basic pH
meter PB-10 (Sartorius Scientific Instruments Co., Ltd.,
Beijing, China).

Preparation of MAA-QDs

The hydrophobic CdSe core QDs and CdSe/ZnS core/shell
QDs were prepared according to the method described
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Fig. 1 The principle of HBV
DNA detection using the QD-
FRET bioprobe. a When QDs
were excited at 388 nm,
fluorescence emission from
ROX was induced through
FRET between QDs donor and
ROX acceptor in QD-FRET
bioprobe. b and ¢ No FRET was
observed due to the
displacement of ROX-DNA in
the present of HBV DNA

previously with little modification [36-38]. The water-
soluble MAA-QDs were synthesized following the scheme
described previously by surface ligand exchange [39, 40].
Briefly, the hydrophobic CdSe/ZnS QDs dispersed in hex-
ane was first precipitated with acetone and then redispersed
in chloroform. After that, MAA was added to chloroform/QDs
solution and the mixture was stored at room temperature
for 1 h. Finally, the mixture became opaque, which
indicated the successful formation of MAA-QDs. The
MAA-QDs were then centrifuged out at 10,000 rpm for
5 min. Afterward, ultrapure water was added to the
pellet and pH was adjusted to 10—11 by dropwise addi-
tion of NaOH solution (1.0 mol L™"). Next, acetone and
water (50:50, v/v) was added to the aqueous solution to
precipitate the MAA-QDs. The freshly prepared precip-
itate was dried in air and then redispersed in ultrapure
water. The final MAA-QDs solution concentrations were
estimated from the absorption spectra using the molar
absorptivity at the first absorption maximum for QDs of
this size [41]. The water-soluble MAA-QDs were quite
stable under that storage conditions, with no changes in
fluorescent property for 3 months.

Table 1 DNA sequences used in this report

DNAs Sequences (5°-3”)
Capture DNA AAT ACC ACATCATCC ATA TA-
(CH,)s-SH
ROX-DNA ROX-TAT ATG GAT GAT GTG GTATT
HBV DNA TAT ATG GAT GAT GTG GTATT
Non-complementary AAT ACC ACATCATCC ATATA
DNA

™N %%é »

Lxcitnllon (A)

(338nm)
wn o -
I RO\ DNA HBV DNA |

\ FRET i l

QD-DNA bioconjugate

Exciiatinn\ (C)
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]

Emission
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No FRET

Emission
(551 nm)

Preparation and Characterization of QD-DNA
Bioconjugates

The water-soluble MAA-QDs were dispersed in pH 7.2,
0.1 mol L™ phosphate buffer with the final concentration
of 1 umol L™". Subsequently, the same solution containing
10 umol L' capture DNA was added to the MAA-QDs
solution and the mixed solution was then shaken gently at
room temperature for 24 h. The mixture was further purified
by using an ultra-filtration membrane (Microcon YM30,
Millipore Corp., Bedford, MA, USA) according to the in-
structions from the manufacturer. The filtrate was collected
and analyzed by UV-vis absorption. The amount of
unconjugated capture DNA was calculated from the filtrate.
Finally, the purified QD-DNA bioconjugates were dissolved
in the ultrapure water and stored at 4 °C for further use.
These QD-DNA bioconjugates were quite stable for at least
1 month with no noticeable precipitation or change in their
fluorescence properties.

These QD-DNA bioconjugates were further characterized
by mobility shift assay of the bioconjugates in agarose gel
electrophoresis. Briefly, 10 puL of QD-DNA bioconjugates
solution was loaded in 1.0 % agarose gel in Tris-acetate-
ethylenediamine tetraacetic acid (TAE, 0.5 x) buffer. As a
control, 10 uL. of MAA-QDs solution was loaded in another
lane. After electrophoresis at 80 V for 30 min at 4 °C, the gel
was illuminated and the digital images were captured by
ChemiDoc XRS.

HBV DNA and Non-Complementary DNA Detection
As depicted in Scheme 1, firstly, 50 uL 10xDNA hybridi-

zation buffer (0.2 mol L ! Tris—HCI, 5 mmol L' NaCl, pH
8.0), 7.5 uL 2.5 umol L' QD-DNA bioconjugates solution
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and the appropriate aliquot of the ROX-DNA solution were
transferred into a 500 pL test tube. The mixture was stirred
thoroughly and finally diluted to 500 pL with ultrapure
water. After 30 min reaction at room temperature, the fluo-
rescence spectra were measured to choose the appropriate
ROX-DNA concentration.

For the HBV DNA detection, 50 pL 10xDNA hybridi-
zation buffer (0.2 mol L' Tris—-HCI, 5 mmol L' NaCl, pH
8.0), 7.5 uL 2.5 umol L' QD-DNA bioconjugates solution
and the appropriate aliquot of the HBV DNA solution were
transferred into a 500 pL test tube. The mixture was stirred
thoroughly and finally diluted to 485 puL with ultrapure
water. After 30 min reaction at room temperature, 15 pL
1.0 pmol L' ROX-DNA solution was added into the above
mixture and the reaction lasted 30 min. After that, the
fluorescence spectra were recorded to detect the HBV
DNA. When the non-complementary DNA was determined,
the HBV DNA solution was substituted by the non-
complementary DNA solution.

The fluorescence spectra were recorded at excitation
wavelength of 388 nm and the band-slits of both exci-
tation and emission were set as 10.0 nm and 15.0 nm,
respectively. The fluorescence spectra were recorded
from 420 nm to 680 nm, the fluorescence intensity of
QDs at 551 nm (/3) and the fluorescence intensity of
ROX at 603 nm (/) were used for quantitative analysis
of the HBV DNA.

Results and Discussion
Characterization of QD-DNA Bioconjugates

The UV-vis absorption and fluorescence spectra of MAA-
QDs and QD-DNA bioconjugates were all investigated
(Fig. 2). It could be seen from the UV-vis absorption
spectra that the first absorption maximums of MAA-QDs
and QD-DNA bioconjugates were all at 522 nm, which
indicated that the physical properties of QDs did not change
after conjugating with the capture DNA. Meanwhile, the
absorption value at 260 nm of QD-DNA bioconjugates did
not change obviously (AA=0.003), which was due to the
small amount of capture DNA on the surface of QDs.
According to the amount of the unconjugated capture
DNA calculated from the filtrate, we could speculate that
the ratio of QDs to capture DNA was about 1 : 1.

With an excitation wavelength of 388 nm, QD-DNA
bioconjugates exhibited an obvious, symmetrical fluores-
cence spectrum with an emission maximum at 551 nm
without a tail on the right-hand side (Fig. 2). The fluores-
cence spectrum of QD-DNA bioconjugates was very narrow
and the full width at half-maximum (FWHM) was about
30 nm. These results indicated that the as-prepared QD-
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Fig. 2 The UV-vis absorption spectra and the fluorescence spectra of
MAA-QDs (@) and QD-DNA bioconjugates (b). The insert were the
UV-vis absorption spectra of MAA-QDs (a) and QD-DNA
bioconjugates (b) from 400 nm to 600 nm, and the normalized fluo-
rescence spectra of MAA-QDs (a) and QD-DNA bioconjugates (b)
from 480 nm to 620 nm, respectively

DNA bioconjugates were nearly monodisperse and homo-
geneous as MAA-QDs alone. The optical properties of QDs
were not influenced by capture DNA.

The fluorescence quantum yield (QY) of QD-DNA
bioconjugates was also measured according to the method
described by Crosby and his co-workers [42]. Fluorescein
was chosen as the reference standard (QY 97 % in 0.1 mol
L' NaOH solution). Then the fluorescence QY of QD-DNA
bioconjugates could be calculated by comparing with the
integrated areas of emission between fluorescein and QD-
DNA bioconjugates. The experimental results supported
that the fluorescence QY of QD-DNA bioconjugates was
about 13 %, which was a little lower than that of MAA-QDs
alone (15 %).

Furthermore, the mobility shift assay [24] was carried out
to verify the successful conjugation between MAA-QDs and
capture DNA by analyzing the change of the velocity of
QDs after conjugation with capture DNA (Fig. 3). The more
negatively charged QD-DNA bioconjugates migrated
quicker than the negatively charged MAA-QDs, which fur-
ther confirmed that the attachment of DNA to nanoparticles
resulted in a change in the gel electrophoresis velocity of the
nanoparticles [43]. When the running buffer, the strength of
the electric field and the other conditions were the same, the
charge-to-mass ratio of the material in the gel would deter-
mine the velocity. Due to the increase in the charge-to-mass
ratio after the attachment of capture DNA to QDs, the QD-
DNA bioconjugates ran quicker than MAA-QDs.

Spectral Properties of MAA-QDs and ROX

The FRET pair used in our work was composed of MAA-
QDs as the donor and ROX as the acceptor. Figure 4 showed
the normalized absorption spectra and the normalized fluo-
rescence spectra of MAA-QDs and of ROX, respectively.
As shown in Fig. 4, MAA-QDs showed a quite broad
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Fig. 3 Gel electrophoresis images of MAA-QDs (Lane a) and QD-
DNA bioconjugates (Lane b)

absorption spectrum that allowed MAA-QDs to be ex-
cited using a near-UV wavelength (388 nm), which was
far from the minimum of the absorption spectra of
ROX. So, the direct excitation of ROX was efficiently
minimized. Furthermore, MAA-QDs exhibited a narrow
and symmetrical fluorescence spectrum with a maximum
wavelength at 551 nm, which permitted minimal
crosstalk between the donor and the acceptor emission
spectra.

According to the Forster theory of FRET [44, 45],
we could calculate the efficiency (E) of energy transfer
between MAA-QDs (the donor) and ROX (the acceptor)

by Eq. (1):

F R§

F=1-—=——"—
Fy R8~|—r6

(1)

Where r is the distance between the donor and the accep-
tor, and R, is the critical distance when the efficiency of

energy transfer is 50 %.
RS =8.79 x 10 ®K2N *¢J (2)

In Eq. (2), K? is the orientation factor related to the
geometry of the donor and the acceptor of dipoles and
K*=2/3 for random orientation as in fluid solution; N is
the refractive index of medium; ¢ is the quantum yield of
the donor in the absence of the acceptor; J expresses the
degree of spectral overlap between the donor emission spec-
trum and the acceptor absorption spectrum, which could be
calculated by Eq. (3):

/ wF(/l)e(/l)/l“d/l
J=20 _ (3)

/0 F(A)dA

Where, F(A) is the corrected fluorescence intensity of the
donor in the wavelength range A to A+AA; €(A) is the
extinction coefficient of the acceptor at A.

The overlap of the absorption spectra of ROX with
the fluorescence spectra of MAA-QDs was also indicat-
ed in Fig. 4. In the present case, N=1.33, ¢=0.151,
according to Egs. (1) (3), we could calculate the Forster
distance Ry=2.77 nm, and r=2.37 nm. The estimated R,
in our FRET system was well in the range of typical
Forster distance between 2 nm and 8 nm for the
QDs(donor)-dye(acceptor) FRET systems [46, 47].
Since the absolute value of the average distance r was
in the range of 2-8 nm [48] and the relationship be-
tween Ry and » was 0.5Ry<r<1.5R,, the FRET between
MAA-QDs to ROX would occur probably.

Furthermore, control experiments have been done
between QD-DNA bioconjugates and ROX-DNA
(Fig. 5). When the excitation wavelength was chosen
at 388 nm, QDs showed strong fluorescence intensity at
551 nm in the solution with QD-DNA bioconjugates
only and ROX exhibited almost no fluorescence emission at

-
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Fig. 4 The normalized absorption spectra of MAA-QDs (a) and ROX
(c), and the normalized fluorescence spectra of MAA-QDs (b) and
ROX (d)
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Fig. 5 The fluorescence spectrum of pure 37.5 nmol L' QD-DNA
bioconjugates (a) and the fluorescence spectra of 30 nmol L' ROX-
DNA in the presence (b) or absence (c) of 37.5 nmol L' QD-DNA
bioconjugates

603 nm under direct excitation of ROX-DNA alone.
However, when QD-DNA bioconjugates and ROX-DNA
were mixed in the solution, two peaks at both 551 nm and
603 nm were observed due to the energy transfer from QDs to
ROX. Through comparing the differences in the fluorescence
intensities among different fluorescence spectra, the FRET
occurrence between QDs and ROX could be further
confirmed.

Detection of HBV DNA Based on QD-FRET Bioprobe

Since the detection of HBV DNA was performed by QD-
FRET bioprobe, the QD-FRET bioprobe should be devel-
oped firstly. In order to construct QD-FRET bioprobe with
high sensitivity and specificity, the influences of QD-DNA
bioconjugates concentration and ROX-DNA concentration
should be investigated first and foremost.

The preliminary experiment indicated that the hybrid-
ization reaction between QD-DNA bioconjugates and
ROX-DNA was finished within 30 min in the DNA
hybridization buffer, which contained 20 mmol L'
Tris—HCI, pH 8.0 and 5 mmol L' NaCl. The fluores-
cence spectra of 37.5 nmol L' QD-DNA bioconjugates
at different concentrations of ROX-DNA were recorded
and the results were shown in Fig. 6a. After adding
ROX-DNA into the DNA hybridization solution, the
fluorescence intensity of QDs at 551 nm (/4) decreased
dramatically, meanwhile, the fluorescence intensity of
ROX at 603 nm (I,) increased significantly when
excitated at 388 nm. The hybridization of QD-DNA
bioconjugates to ROX-DNA brought the ROX fluorophore
spatially closer to the QDs [49], so the FRET efficiency
between QDs and ROX was significantly improved. When
the ROX-DNA concentration was increased from 0 to 30 nmol
L', the quenching efficiency of 37.5 nmol L' QD-DNA
bioconjugates was raised from 0 to 62 % accordingly.
Higher quenching efficiency did not occur with the increase
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Fig. 6 a The fluorescence spectra of 37.5 nmol L' QD-DNA
bioconjugates at different concentrations of ROX-DNA in the DNA
hybridization buffer. The concentrations of ROX-DNA were: (a) 0, (b)
1,(c) 2,(d) 3, (e) 6, () 8, (g) 12, (1) 16, (i) 20 and (j) 30 nmol L™". b The
fluorescence spectra of QD-FRET bioprobe at different concentrations of
HBYV DNA in the DNA hybridization buffer. The concentrations of HBV
DNA were: (a) 0, (b) 2.5, (¢) 4, (d) 8, (e) 12, (f) 16, (g) 20, (1) 24 and (i)
30 nmol L™'. The insert showed the linear relationship between the
normalized ratio Iy/I, and the HBV DNA concentration. /; and [, were
the emission peaks of QDs at 551 nm and ROX at 603 nm, respectively.
14/I, values were normalized to (I4/1,)o, Which is the ratio /4/I, prior to
adding HBV DNA to the QD-FRET bioprobe solution

of ROX-DNA concentration, which resulted from the saturat-
ed hybridization between QD-DNA bioconjugates and ROX-
DNA [50]. In order to enhance the sensitivity of HBV DNA
determination, 37.5 nmol L' QD-DNA bioconjugates and
30 nmol L' ROX-DNA were chosen to develop the QD-
FRET bioprobe.

Detection of HBV DNA using such QD-FRET bioprobe
was carried out through displacement of ROX-DNA by
HBV DNA in the DNA hybridization buffer. The initial
experiments demonstrated that the hybridization of QD-
DNA bioconjugates with HBV DNA was expeditious and
completed in about 15 min at room temperature. So, after
30 min hybridization between QD-DNA bioconjugates and
HBV DNA, ROX-DNA was added and then the mixture
was further incubated for extra 30 min at the same conditions.

The fluorescence spectra of QD-FRET bioprobe at 0—
30 nmol L' HBV DNA were recorded and the correspond-
ing spectra were shown in Fig. 6b. The experimental results
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showed that the fluorescence intensity of QDs (/) increased
steadily, while, the fluorescence intensity of ROX (Z,) de-
creased gradually with the increasing HBV DNA concentra-
tion. A linear relationship, between the normalized ratio /y/I,
and the HBV DNA concentration, was also shown in the
insert of Fig. 6b. The regression equation was Iy/[,=1+
0.1663xC (nmol L") and the linear correlation coefficient
was about 0.9929. The relative fluorescence intensity ratio
(I4/1,) was normalized to (I4/1,), that was the value of QD-
FRET bioprobe without HBV DNA. The relative stan-
dard deviation (R.S.D.) for 12 nmol L' HBV DNA was
0.9 % (n=5). Based on the 3 times standard deviation of
8 measurements of QD-FRET bioprobe solution containing
20 nmol L™' HBV DNA, the limit of HBV DNA
detection was up to 1.5 nmol L™! which could be comparable
to the most sensitive method reported for HBV DNA
detection [23].

In order to investigate the specificity of HBV DNA detec-
tion with our QD-FRET bioprobe, non-complementary DNA
was chosen as control sequence under the same conditions.
Since the non-complementary DNA could not hybridize with
QD-DNA bioconjugates and could not inhibit the DNA hy-
bridization reaction between QD-DNA bioconjugates and
ROX-DNA, the fluorescence intensities of QDs and ROX
were not affected obviously and the normalized ratio 14/1,

Fig. 8 The digital fluorescence
microscopy images of QD-
DNA bioconjugates (a), QD-
FRET bioprobe (b) and QD-
FRET bioprobe for the
monitoring of HBV DNA (c¢)
and non-complementary DNA
(d) in the DNA hybridization
buffer. The concentrations of
QD-DNA bioconjugates, ROX-
DNA, HBV DNA and non-
complementary DNA were
37.5 nmol L', 30 nmol L™},
20 nmol L! and 20 nmol L7,
respectively

1095
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Fig. 7 The fluorescence decay traces of QD-DNA bioconjugates (a),
QD-FRET bioprobe (b) and QD-FRET bioprobe reacted with 20 nmol
L' HBV DNA (c) in the DNA hybridization buffer. All measurements
were made at A=551 nm. The concentrations of QD-DNA
bioconjugates and ROX-DNA were 37.5 nmol L™ and 30 nmol L™,
respectively

was not changed either. These results validated the high
specificity of QD-FRET bioprobe for HBV DNA testing.
Meanwhile, the non-complementary DNA did not participate
in FRET process, so it was unnecessary to remove such
interferential DNAs. These suggested that such simple QD-
FRET bioprobe was quite suitable for the high specific detec-
tion of HBV DNA.
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Time-Resolved Fluorescence Spectra of QD-FRET
Bioprobe-HBV DNA System

Furthermore, the time-resolved fluorescence spectra of QD-
FRET bioprobe-HBV DNA system were measured to char-
acterize the photophysical properties of this system. The
fluorescence decay curves of these systems were well fitted
with biexponential equation (see insert in Fig. 7). If the
intensity decays are multiexponential, it is important to use
an average decay time which is proportional to the
steadystate intensity [51, 52] and the amplitude weighted
lifetime are given by the sum of the ¥b;7; products [53,
54]. As shown in Fig. 7, QD-DNA bioconjugates
exhibited two fluorescence decay components, 7; 5.90
+0.24 ns (50.38 %) and 7, 16.64+0.31 ns (49.62 %).
The corresponding average decay time of QD-DNA
bioconjugates was 11.23 ns. When the hybridization
interaction occured between QD-DNA bioconjugates
and ROX-DNA, two fluorescence decay components of
QD-DNA bioconjugates were shortened to 7 2.35+
0.26 ns (29.21 %) and 7 8.62+0.36 ns (70.79 %).
The average decay time of QD-DNA bioconjugates also
decreased to 6.79 ns. These results indicated the fluo-
rescence quenching of QDs by ROX and also confirmed
the occurrence of FRET between QDs and ROX. After
the treatment of the QD-FRET bioprobe with 20 nmol
L' HBV DNA, two fluorescence decay components of
QD-DNA bioconjugates increased to 7; 3.46+0.36 ns
(33.65 %) and 7 11.78+0.48 ns (66.35 %). The QD-DNA
bioconjugates also recovered their original average decay time
partially, 8.98 ns, which was due to the incomplete displace-
ment of ROX-DNA by HBV DNA.

Fluorescence Images of QD-FRET Bioprobe-HBV DNA
System

Fluorescence images that simultaneously records the
QD-FRET bioprobe-HBV DNA system were carried
out by using Nikon inverted fluorescence microscope.
As shown in Fig. 8, the emission color of QD-DNA
bioconjugates was green (Fig. 8a) while that of QD-
FRET bioprobe was orange-red (Fig. 8b) in the DNA
hybridization buffer, which indicated the energy transfer
evidently from QDs donors to ROX acceptors. When
20 nmol L' HBV DNA was present in the QD-FRET
bioprobe solution, the emission color of the QD-DNA
bioprobe-HBV DNA system changed back to green
partially (Fig. 8c), which indicated the successful dis-
placement of ROX-DNA by HBV DNA in solution.
However, when 20 nmol L™' non-complementary DNA
was added in QD-FRET bioprobe solution, the emission
color of this system was still orange-red (Fig. 8d),
which suggested the high specificity of HBV DNA
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detection by our QD-FRET bioprobe. These experimen-
tal phenomena were consistent with the results reported
above. The experimental results showed the feasibility
of our QD-FRET bioprobe for the determination of
HBV DNA and for the distinction of HBV DNA by
fluorescence microscopy.

Conclusions

In summary, a simple and rapid method to detect HBV DNA
with high sensitivity and specificity based on the QD-FRET
bioprobe has been developed. The QD-FRET bioprobe was
composed of QD-DNA bioconjugates (donor) and ROX-
DNA (acceptor), which enabled the quantitative detection
of HBV DNA without the separation of non-complementary
DNA from hybridization system. Under the optimum con-
ditions, the method had a linear range of 2.5 — 30 nmol L™
with a 0.9929 correlation coefficient and the limit of HBV
DNA detection was 1.5 nmol L_l, which demonstrated the
potential application prospects of this method for the high
throughput HBV DNA detection. Time-resolved fluores-
cence spectra and fluorescence images were further investi-
gated to verify the validity of the QD-FRET bioprobe and
observe the FRET phenomenon between QDs and ROX
successfully. This method enables a simple and efficient
detection that could be potentially used for other applica-
tions such as high throughput determinations of other dif-
ferent and specific DNA.
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