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tification program.

Due to the low titer or uneven distribution of Citrus tristeza virus (CTV) in field samples, detection of CTV by using
conventional detection techniques may be difficult. Therefore, in the present work, the cadmium-telluride quan-
tum dots (QDs) was conjugated with a specific antibody against coat protein (CP) of CTV, and the CP were
immobilized on the surface of gold nanoparticles (AuNPs) to develop a specific and sensitive fluorescence reso-
nance energy transfer (FRET)-based nanobiosensor for detecting CTV. The maximum FRET efficiency for the de-
veloped nano-biosensor was observed at 60% in AuNPs-CP/QDs-Ab ratio of 1:8.5. The designed system showed
higher sensitivity and specificity over enzyme linked immunosorbent assay (ELISA) with a limit of detection of
0.13 g mL™ ! and 93% and 94% sensitivity and specificity, respectively. As designed sensor is rapid, sensitive, spe-
cific and efficient in detecting CTV, this could be envisioned for diagnostic applications, surveillance and plant cer-

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Citrus tristeza virus (CTV) as a phloem-limited Closterovirus is distrib-
uted all over the world and acts as a causal agent of one the most de-
structive disease named tristeza disease [1]. CTV infects almost all
citrus species leading to a significant economic losses in the citrus in-
dustry [1]. Efficient seed and plantlet certification programs are the
most important way to control spreads of CTV infection. Therefore, de-
veloping accurate and reliable detection techniques capable of detecting
viruses in early stages of infection is of crucial importance. To date, dif-
ferent techniques have been used to detect CTV including biological
indexing [2], serological and immunoassay techniques [3] as well as po-
lymerase chain reaction (PCR)-based techniques [4]. These convention-
al detection techniques generally suffer from different drawbacks and
therefore, there is a growing demand for developing simpler and more
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rapid, detection method which offers higher sensitivity and specificity
as well [5].

By the introduction of nanosciences in the last decade, broad kinds of
nanoscale materials with exclusive features have attracted a great deal
of attention for disease diagnosis. From those nanoscale materials,
quantum dots (QDs) owing to their unique characteristics such as
easy synthesis and handling, long shelf life, high fluorescence yields,
high resistance to photo-bleaching, and narrow symmetric emission
spectrum have been widely used in fluorescence resonance energy
transfer (FRET)-based sensors as an ideal donors for sensitive and
rapid detection of different types of diseases [6-10]. It is worth quoting
that QDs are generally composed of different semiconductor elements
which have smaller sizes than the exciton Bohr radius [11].

On the other hand, different kinds of chemical materials and nano-
particles have been used as acceptor in the FRET-based sensors includ-
ing rhodamine [6,8], TAMRA [7], gold nanoparticles [12,13], graphene
oxide [14] and carbon nanotubes [15]. Among the above-mentioned
materials, gold nanoparticles (AuNPs) offers unique optical properties
and as a result, they have been used widely for detecting different
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analysts [12,16]. In fact, AuNPs have been considered as excellent FRET-
based quencher because of their plasmon resonances in the visible
range [17].

By considering the significance of the FRET phenomenon in clinical
applications, great deals of theoretical and experimental researches
have been performed to investigate the influence of metal surface on
the emission spectra of fluorophore molecules [18,19]. In fact, a
fluorophore molecule in the vicinity of a metal nanoparticle shows a
wide-range of fluorescence dependency on the distance between
fluorophore and nanoparticle [20].

Having elaborated that, the present study was set to take advan-
tage of AuNPs as an acceptor placed in the vicinity of QDs to develop
a sensitive, simple, and rapid FRET-based nanobiosensor for CTV de-
tection. More specifically, a detection strategy was designed by la-
beling specific antibody against CTV's coat protein (CP) with QDs
(QDs-Ab) while the target proteins (CP) were labeled with AuNPs
(AuNPs-CP). The AuNPs-labeled CP and QDs-labeled antibody
formed an immuno-complex. Therefore, the proximity of the QDs
and AuNPs led to an energy transfer between the donor and the ac-
ceptor which consequently resulted in decreased fluorescence inten-
sity of the QDs. At the detection stage and in the presence of target
proteins in a given sample, the AuNPs-CP was competitively replaced
by free CPs resulting in a recovery of the fluorescence intensity of the

QDs.
2. Material and methods
2.1. Plant materials

Field samples were collected in January 2014 from different citrus
trees growing in different orchards in Selangor and Pahang states
of Malaysia. The young leaves from four different locations around the
canopy pointing east, west, south, and north were collected in plastic
bags, marked, and stored in a dry ice box and were then stored at
—20 °C until use.

2.2. CTV presence confirmation

The presence and confirmation of CTV was performed at the plant
protection department of the agricultural research institute by using re-
verse transcription polymerase chain reaction (RT-PCR).

2.3. Sap extraction from plant materials

The extraction of plants sap from healthy and infected citrus trees
was carried out by crushing 1 g leaves in liquid nitrogen followed by
suspension in 500 pL Tris-HCI buffer (70%, pH 7.5) (Thermo Fisher Sci-
entific Inc.). The sap was then stored at — 20 °C for future experiments.

2.4. ELISA procedure

The ELISA was performed as a standard test using a Bioreba ELISA
Kit (Bioreba) following the manufacture protocol with some modifi-
cation in order to compare with the sensitivity and specificity of the
FRET-based nanosensor developed in the present study. Briefly, the
96-wells microtiter plate (Thermo Fisher Scientific Inc.) was coated
with 100 pL of anti-CP antibody diluted to 1:500 in phosphate buff-
ered saline (PBS) using carbonate coating buffer, and the plate was
then incubated at 37 °C for 2 h. The plate was washed with PBST
(PBS containing 0.05% (v/v) Tween-20) three times. The extracted
sap samples obtained from the infected and healthy plant materials,
as well as a known negative sample (as negative control), i.e., a sam-
ple infected with witches' broom disease of lime (WBDL), and puri-
fied CP protein (as positive control) were added to the plate in
three replicates and the plate was left overnight at 4 °C. Then, it
was washed with PBST as described above. Afterwards, diluted

alkaline phosphatase-conjugated goat anti-rabbit IgG (Abcam, UK)
was added to each well and the plate was incubated at 37 °C for
2 h. Subsequently, the para-Nitrophenylphosphate (pNPP) (Sigma-
Aldrich) as substrate was added to the plate followed by incubation
for 30 min and finally, absorbance reading was performed.

2.5. Limit of detection (LOD) of ELISA

The LOD was estimated by analyzing ten samples with known CP
concentrations (1 to 10 ug mL~! CP) and a blank sample in six replica-
tions based on the procedure described above. Then, the standard devi-
ation was calculated from the replications of the blank sample and the
slope of the calibration curve was measured from the standard samples
with the known concentrations. Afterwards, the LOD was estimated by
using the following equation (Eq. (1)):

LOD = 3Sy/K (1)

where Sy is the standard deviation of blank measurements (n = 6) and
K is the slope of calibration curve.

2.6. Synthesis of thiolglycolic acid capped CdTe QDs

The water-soluble CdTe QDs were synthesized by using the proce-
dure reported in our previous study [21]. In brief, 0.1 g Te powder was
reduced by 0.3 g NaBH4 in 10 mL double-distilled water under stirring
at 80 °C for 3 h. Then, a freshly prepared NaHTe solution was added
gradually to N,-saturated CdCl,-2.5H,0 (Sigma-Aldrich) solution
(0.4 g CdCl, in 100 mL double-distilled water) at pH 10 in the presence
of 250 pL thiolglycolic acid (TGA) (Sigma-Aldrich). The mixture solution
was heated at 92 °C and stirred in a reflux system under nitrogen gas.
The crude solution was then precipitated and washed three times
with ethanol and centrifuged for 15 min at 4000 x g. The precipitate
was re-dispersed in 250 mL double distilled water and stored at 4 °C
in the dark.

2.6.1. Labeling of antibody with QDs

In order to label the antibody with QDs, 400 pL of QDs and 200 pL
of freshly prepared 1-ethyl-3-(3 dimethylaminopropyl)-
carbodiimide (EDC) (Sigma-Aldrich) (6.4 mg mL™!) and N-
hydroxysuccinimide (NHS) (Thermo Fisher Scientific Inc.)
(4.5 mg mL™!) were mixed and incubated in a dark water bath at
37 °Cfor 1 h. Afterwards, 60 pL of the purified polyclonal antibodies
(0.25 mg mL~ ') was added drop-wise to the solution in the dark and
stirred gently at 4 °C for 2 h. Subsequently, 540 pL tris buffer
(6 mg mL™ !, pH 7.2) was added to the solution and stirred under
the above-mentioned condition for 1 h. The mixture was then centri-
fuged at 18,900 x g at 4 °C for 10 min. The lower phase was removed
and the upper phase containing the QDs-labeled antibodies (QDs-
Ab) were diluted by 1200 mL tris buffer and stored at 4 °C until
use. To confirm successful conjugation of the QDs and the antibody,
spectrophotometeric analysis was performed.

2.7. Synthesis of AuNPs

AuNPs were synthesized by the citrate reduction method by
mixing 1 mL tri-sodium citrate (Sigma-Aldrich) solution (37.5 mg
in 1 mL distilled water) to 5 mg HAuC1,4-3H,0 (Sigma-Aldrich) in
48 mL distilled water under stirring at 70 °C until the solution turned
red.

2.7.1. Labeling of antigen with AuNPs

In order to label the antigen with the AuNPs, 400 pL of AuNPs and
200 pL of freshly prepared EDC (6.4 mg mL~') and NHS
(4.5 mg mL™!) were mixed and incubated in a water bath at 37 °C
for 1 h. Afterwards, 30 pL of CP (0.25 mg mL~ ') were added drop-
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wise to the solution and stirred gently at 4 °C for 2 h. Subsequently,
570 pl tris buffer (6 mg mL™!, pH 7.2) was added to the solution
and stirred under the above-mentioned condition for 1 h. The sepa-
ration of excess substances from the AuNPs-CP conjugate mixture
was performed through overnight dialysis against tris buffer by
using dialysis tubing cellulose membrane (Sigma-Aldrich, 27 mm).
Successful conjugation of AuNPs and antigen was investigated by
Spectrophotometry as well.

2.8. Determination of FRET quenching efficiency

The FRET quenching efficiency (E) was estimated by using the Eq.
((2), where F and F are the fluorescence intensity of the donor in the
presence and absence of the acceptor, respectively. In order to deter-
mine the best FRET efficiency, varying concentrations of AuNPs-CP
(0.2 to 0.9 nM) were added to a constant concentration of QDs-Ab
(6 nM) in sequence. In another word, different AuNPs-CP/QDs-Ab
ratio of 1:6.5, 1:7.5, 1:8.5, 1:10, 1:12, 1:15, 1:20 and 1:30 were tested
by using spectrofluorometer.

E=1-(F/Fo) @)

2.9. The positive cut-off value determination

The positive cut-off value of the developed nanobiosensor was in-
vestigated by analyzing a negative control in six replications by using X
+ 3SD.

Where X is the average fluorescence intensity value of the negative
control and SD is the standard deviation. Samples whose fluorescence
intensity was above this value were considered positive. The positive
cut-off value of the ELISA was investigated by analyzing six replications
of the negative control and the optical density (OD) of the samples was
monitored.

2.10. Nanobiosensor evaluation and determination of LOD

To evaluate the capability of the developed nanobiosensor in detec-
tion of CTV, 9 L QDs-Ab were added to 488 L tris buffer (6 mg mL™ !,
pH 7.2). Then 1.92 pL of AuNPs-CP was added to the solution and incu-
bated for 3 min to ensure that the immuno-complex of the QDs-Ab and
AuNPs-CP was formed. The solution was then excited at 370 nm and
emission spectra (450 to 750 nm) were recorded. Afterwards, artificial-
ly-contaminated samples (0.1 to 1 ug mL~! CP) were sequentially
added to the reaction mixture containing QDs-Ab and AuNPs-CP and in-
cubated for 5 min. In addition, the specificity of the nanobiosensor was
also tested by using four witches' broom disease of lime (WBDL) infect-
ed samples. The solution was excited at 370 nm and the baseline curve
was recorded. Maximum excitation and emission wavelength were re-
corded at 370 and 565 nm, respectively. Both excitation and emission
slits were 5 nm.

The LOD was estimated by analyzing ten samples with known CP
concentrations (0.1 to 1 pg mL™! CP) and the blank sample in six repli-
cations following the same procedure used for ELISA.

2.11. Detection of field samples by using nanobiosensor

In the detection step, to determine the ability of the designed nano-
biosensor in detection of field samples, 5 uL plant midrib from 15 CTV
infected samples and 17 healthy samples were tested by
spectrofluorimetry as previously mentioned. The sample was marked
as negative when no or negligible baseline shift was observed but if
the baseline was recovered, the sample was considered as positive.

2.12. Data analysis

The sensitivity and specificity of both diagnostic techniques were
calculated using the following formula (Egs. ((3) and ((4), respective-

ly).

Sensitivity — True Positive »
v= True Positive + False Negative

100 3)

True Negative < 100
True Negative + False Positive

Specificity =

2.13. Characterizations

All spectrophotometeric analysis was carried out using a Perkin-
Elmer Lambda 35 UV-vis spectrometer (USA). In this step, 500 L
from each sample was added to a 5 mm quartz cuvette individually
while 1 mL water was added to the other cuvette as a blank sample.
All fluorometric studies were performed by using a Shimadzu, RF-
5301PC Spectrofluorophotometer (Japan). The synthesized nanoparti-
cles were characterized by using transmission electron microscope
(TEM) (Hitachi H-7100 TEM) and fourier transform infrared (FTIR)
spectroscopy (Thermo Nicolet, Smart Orbit, FTIR Nexus) and the particle
diameter size was determined using the Image] software (Version 1.46r,
National Institute of Health, USA). For TEM analysis, 30 pL from synthe-
sized nanoparticles were dropped on copper TEM grids. Then, the grids
were dried at room temperature and tested by TEM. To carry out FTIR
analysis, 20 pL from each sample was placed individually on the surface
of FTIR sample reader and the reader was pushed down to touch the
sample and the absorption bands were recorded at room temperature.

3. Results

The cut-off value of the ELISA was estimated using the six replica-
tions of the negative control at 0.329 + 0.373 a.u. and the samples
whose absorbance value was above this value were considered as posi-
tive. In the ELISA test, 12 out of 15 samples were found positive (infect-
ed) and 15 out of the 17 negative samples were detected as non-
infected (Table 1). In addition, two infected samples that were detected
as positive by the nanobiosensor assay were reported negative by the
ELISA method (Table 1). Therefore, it could be concluded that the sensi-
tivity and specificity of the ELISA for detecting CTV were at 80% and 88%,
respectively.

As presented in Fig. 1, the TEM images of the QDs and AuNPs showed
that the prepared nanoparticles had a spherical morphology and good
monodispersity with a particle size of about 4 nm and 27 nm,
respectively.

The QDs exhibited the characteristic absorption bands associated
with the O—H stretching vibrations at 3429 cm™ !, C—H stretching vi-
brations at 2925 cm ™', 2858 cm™ ! and 1511 cm ™!, C—N stretching vi-
brations at 1381 cm™ ! and 1242 cm™ !, C=0 stretching vibrations at
1739 cm™' and 1050 cm™' and C—C stretching vibrations at
1632 cm™ ! (Fig. 2). The AuNPs exhibited characteristic absorption
bands associated with the O—H stretching vibrations at 3495 cm™ !,
S—H stretching vibrations at 2433 cm ™!, C=0 stretching vibrations at
1770 cm ™!, C—C stretching vibrations at 1658 cm™ !, S—O stretching
vibrations at 1365 cm~ ! and C—Cl stretching vibrations at 617 cm™"
(Fig. 2).

To probe the potentials of QDs and AuNPs as donor and acceptor
pairs, the absorption and emission spectra of the pure solutions of
AuNPs and QDs were monitored. The maximum emission peak of the
QDs was obtained at 565 nm, while the maximum absorption peak of
the AuNPs was estimated at 527 nm. Therefore, the emission wave-
length of the QDs and absorption wavelength of the AuNPs showed
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Table 1
Detection results of analyzed field samples by using developed nanobiosensor and ELISA
including 15 CTV infected samples, 17 healthy samples and four WBDL infected samples.

Sample category Sample number DAS-ELISA? AuNP sensor”
(light absorbance) (a.u.)
CTV-infected samples 1 0.60 0.54
2 2.01 0.65
3 1.21 0.50
4 0.78 0.47
5 1.03 0.63
6 0.69 0.43
7 0.72 0.49
8 1.05 0.51
9 0.90 0.48
10 0.56 0.40
11 143 0.52
12 0.88 0.50
13 227 0.62
14 1.63 0.54
15 0.91 0.46
CTV-non-infected samples 1 0.14 0.35
2 0.25 0.40
3 0.84 0.42
4 0.12 0.31
5 0.30 033
6 0.10 0.40
7 0.19 0.31
8 0.57 0.38
9 0.11 0.30
10 0.10 0.40
11 0.64 0.30
12 0.21 0.40
13 0.32 0.37
14 0.71 0.39
15 0.27 0.30
16 0.16 0.37
17 0.47 0.40
WBDL-infected samples 1 0.19 0.38
2 0.46 0.32
3 0.10 0.37
4 0.54 0.40

2 Absorbance measured at OD4gs. Standard deviation was estimated at 0.538.
b Baseline estimated by adding samples to the solution containing QD-Ab and AuNPs-
CP. Standard deviation was estimated at 0.094.

maximum spectral overlap which is critical to achieve an efficient FRET
phenomenon (Fig. 3).

To verify the attachment of the antibodies and antigens to the sur-
face of the QDs and the AuNPs, respectively, the spectrophotometric

%
.
C:

oo |

analysis was performed. As seen in Fig. 4, the maximum peaks for
bare and conjugated QDs were recorded in 548 nm and 551 nm, respec-
tively. The maximum OD values for un-conjugated and conjugated QDs
were recorded at 0.42 a.u. and 0.32 a.u., respectively. The maximum
peak shifts to longer wavelength (red-shift) and the OD decrease of
the QDs-Ab confirmed successful covalent coupling between the anti-
body and the QDs. Moreover, the OD of the AuNPs-CP was reduced in
comparison with the pure AuNPs revealing the attachment of the anti-
gens to the surface of the AuNPs. In addition, the spectral position of
the AuNPs extinction peak (A\max) Was altered from 527 nm to 540 nm
when bare and conjugated AuNPs were tested, respectively (Fig. 5).

The FRET efficiency (E), directly dependent on the AuNPs-CP/
QDs-Ab ratio, was estimated using the Eq. ((2). The maximum
FRET efficiency for the developed nano-biosensor was observed
at AuNPs-CP/QDs-Ab ratio of 1:8.5, while the FRET efficiency de-
creased by using higher ratios and kept constant by using lower
ratios (Fig. 6).

The cut-off value was set at 0.407 + 0.012 a.u. to differentiate the
healthy and infected samples. The standard deviation was estimated
by testing the blank sample in six replications. Samples whose fluores-
cence intensity was measured above this value were considered
positive.

On account of the cut-off value, the developed nanobiosensor suc-
cessfully detected 14 out of the 15 positive samples as infected while
it identified 16 out of the 17 healthy samples as negative (Table 1). All
four WBDL infected samples were found negative as well. Therefore,
the nanobiosensor detected CTV with 93% and 94% sensitivity and spec-
ificity, respectively without any cross reactivity with WBDL (Table 1).

The two conjugates, QDs-Ab and AuNPs-CP, were further conjugated
based on the antibody-antigen interaction phenomenon. The hybridi-
zation between QDs-Ab and AuNPs-CP led to FRET phenomena. The
emission spectrum of the solution containing both QDs-Ab and
AuNPs-CP showed a significant decrease in the fluorescence intensity.
Herein, when an infected sample was added to the reaction mixture, a
significant increase was observed in the fluorescence intensity of the so-
lution (Fig. 7).

The emission intensity of the QDs-Ab at a \,,ax of 565 nm was in-
creased upon the addition of free CP from 0.1 uygmL™" to 1 pg mL™ .
Therefore, it could be concluded that shifts in the emission of the QDs-
Ab were directly related to the final concentration of the CP. Further in-
creases in CP led to insignificant augmentation in the emission peak of
QDs-Ab (Fig. 8).

By using the Eq. (1), the LOD of the developed system was obtained
at0.13 ug mL~! (130 ng mL™ ') (the standard curve was linear with a

x >

3'3.0';.-?&. ‘o -

50 nm

Fig. 1. TEM images of synthesized AuNPs (a) and QDs (b).
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Fig. 2. FTIR spectrum of AuNPs and QDs.

correlation coefficient R? = 0.98), while the LOD for ELISA was estimat-
edat2.85ug mL™! (2850 ng mL™') (R = 0.91).

4. Discussion

In the present study, a FRET-based nanobiosensor was developed to
detect CTV using AuNPs and QDs conjugated with CP and antibody, re-
spectively. AuNPs/QDs FRET-based nanobiosensors have been used in
the detection of a number of ions, pathogens, nucleotides, and mole-
cules earlier [12,22-24]. Nevertheless, to the best of our knowledge,
this is the first effort to develop such nano-based system for detecting
CTV using the AuNPs immobilized with target proteins and the antibod-
ies labeled with QDs.

On account of the fact that CP, the protein product of ORF3, has been
widely used in the detection of CTV [3,4,25,26], therefore, in this study,
the CTV detection was also performed based on the CP region of CTV.

ELISA technique has been probably employed with CTV more than
with any other plant virus [1] and has demonstrated an appropriate
limit of detection [26]. Moreover, that official methods including the
mandatory control program now relies on this method [27]. Therefore,
in the present study the newly developed nanosensor was compared
with ELISA as a gold standard technique for detecting CTV.
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Fig. 3. Overlap between QDs emission spectrum and AuNPs absorption spectrum.

Despite the false negative results obtained in the ELISA, this tech-
nique was able to differentiate CTV and WBDL. The false negative and
false positive results obtained in the ELISA were in the context of the
viral concentration in the leaves used as well as the uneven distribution
of the viruses in different plant parts. The critical effect of viral concen-
tration in samples and low quantity of virus in leaves have been proven
in previous studies [4,28,29]. Moreover, the observed sensitivity and
specificity of 80% and 88%, respectively, were in agreement with those
of the previous studies based on which they concluded that ELISA
could be a suitable technique for detecting CTV [25,27,29,30].

Characterization of the spherical prepared water-soluble QDs and
AuNPs by TEM confirmed that the synthesized particles were appropri-
ate to be used in the nanobiosensor. Moreover, the FTIR results revealed
that QDs and AuNPs were probably water soluble materials with a large
number of hydroxyl, carbonyl, or carboxylic acid groups on their sur-
faces. This large number of hydroxyl, carbonyl, or carboxylic acid groups
on the surface of QDs indicated that the QDs were successfully bound to
the carboxylic acid functional group of TGA.

As seen in Fig. 3, the emission wavelength of the QDs and absorption
wavelength of the AuNPs had an appropriate overlap. Therefore, QDs

08

01

Normalized absorbance intensity (a.u.)

400 450 500 550 600 650

Wavelength (nm)

Fig. 4. Absorbance intensity of bare QDs and antibody immobilized-QDs (QDs-Ab).
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Fig. 5. Absorbance intensity of bare AuNPs and coat protein immobilized-AuNPs (AuNPs-
CP).

and AuNPs could be chosen as suitable donor and acceptor, respectively,
in fabricating nanobiosensors. The capability of AuNPs as acceptor in the
QDs FRET mechanism was in agreement with the findings of other re-
searchers who also used AuNPs as acceptor to quench QDs [12,22,31].

The maximum peak shifts to longer wavelength (red-shift) and the
decreases in the OD of the conjugated QDs and AuNPs compared with
the bare QDs and AuNPs confirmed the successful covalent coupling be-
tween the antibody and antigen to the nanoparticles. Attachment of
bio-molecules to the surface of the nanoparticles has reportedly altered
the local refractive index, leading to changes in the \,.x of nanoparti-
cles [32]. The observed decrease in OD and maximum peak shifts in
the conjugated nanoparticles were in agreement with the results previ-
ously obtained by other researchers [7,32]. The antibodies were
immobilized on the surface of QDs via covalent interactions between
carboxyl groups of the TGA-capped QDs and amino groups of the anti-
body. Besides, the existence of free amine groups (arginine or lysine)
in the antigens led to an effective attachment of the CP antigen to
AuNPs via interactions between carboxyl groups of AuNPs and amine
groups of CP. Above all, the carboxylic group existed on the surface of
QDs and AuNPs was activated by using EDC/NHS chemistry to create a
reactive ester intermediate with the carboxylic group. The reactive
ester roles as a cross-linker and could be attached covalently to the
amine groups of the antibodies and antigens. The remaining activated
domains were then blocked by using tris buffer.

To determine the optimum FRET signal between the QDs and AuNPs,
different ratios of AuNPs-CP/QDs-Ab were tested during the
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Fig. 6. FRET efficiency of AuNPs for different ratios of AuNPs-CP to QDs-Ab.
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Fig. 7. Fluorescence spectrums of solution containing QDs-Ab, QDs-Ab + AuNPs-CP and
solution containing QDs-Ab + AuNPs-CP + free CP achieved by using spectrofluorometer.

nanobioconjugate preparation. The optimum FRET signal was obtained
at AuNPs-CP/QDs-Ab ratio of 1:8.5. At this ratio, the attachment of a
suitable amount of AuNPs-CP on the surface of QDs-Ab was achieved.
At higher ratios, overloaded QDs-Ab did not participate in the formation
of the immunocomplex. As a result the excess QDs-Ab reacted with free
CP in the samples (data not shown). This would principally endanger
the developed system when lower concentrations of CP existed in the
specimen and subsequently no considerable shifts in FRET signals oc-
curred. On the other hand, at lower ratios, thanks to the presence of
the excess AuNPs-CP, higher value of CP were needed to overcome the
competitive replacement in binding sites of the antibodies immobilized
on the surface of QDs. This led to loss of the accuracy and the sensitivity
of the nanobiosensor in the detection of lower concentrations of CP in
specimens.

Due to the fact that the attachment of antibody to the antigen is not a
rugged kind; so, in the current study when the free CP was added to the
reaction mixture containing both QDs-Ab and AuNPs-CP, the AuNPs-CP
was replaced by the free CP. This resulted in an upward change in the
fluorescence intensity compared with the fluorescence intensity for-
merly recorded for the solution containing both QDs-Ab and AuNPs-
CP. The AuNPs-CP optically quenched the QDs-Ab based on the Forster
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Fig. 8. The effect of different concentrations of CP varying from 0 to 1 ug mL™" on the
fluorescent intensity of QDs.
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dipole-dipole interaction form [33]. More especially, the AuNPs-CP as a
fluorescence acceptor attached to the antigen protein (CP) occupied the
antibodies immobilized on the surface of QDs resulting in a FRET signal.
In the presence of the free CP, the free CP displaced the AuNPs-CP do-
main in the reaction mixture and led to the fluorescence recovery of
the conjugated QDs-Ab.

The detection limit of the nanobiosensor was twenty times higher
than that of ELISA. This result was in agreement with those reported
by other researchers [6,8]. Moreover, AuNPs/QDs-based sensor devel-
oped in this study showed lower detection limit over carbon nanoparti-
cles/QDs-based sensor for detecting CTV [26]. Consequently and based
on the results achieved herein, it was possible to monitor even very
low concentrations of CP in the specimens by comparing the obtained
signals with the standard curve.

5. Conclusions

By considering the smaller amount of sample required in the devel-
oped nanobiosensor, it could be an appropriate method where limited
volumes of sample are available. On the other hand, although ELISA
could be used in detection procedures, unlike nanosensors such systems
are time-consuming and not relatively easy to handle as they need var-
ious reagents and washing steps. In addition, the better detection limit
observed for the nanobiosensor developed herein compared with that
of ELISA marked the AuNPs/QDs nanobiosensor as a suitable technique
for seedling screening programs where plants might be at the first stage
of infection. Moreover, the developed nanobiosensor could detect sam-
ples within a few minutes and therefore, it could be of great preference
during large scale screening programs.
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