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Abstract Cadmium-telluride quantum dots (QDs) were con-
jugated to an antibody (Ab) against Citrus tristeza virus (CTV),
while the coat protein (CP) of the CTV was immobilized on the
surface of carbon nanoparticles (CNPs). Following
immunobinding of the QD-Ab and the CP-loaded CNPs, the
fluorescence of the CdTe QDs was quenched by the CNPs.
This effect was exploited to design a detection assay for the
CTV which was found more sensitive and specific than the
existing enzyme linked immunosorbent assay (ELISA). The
limit of detection was measured at about 220 ng: mL™ ' of
CTV. The Stern-Volmer plot of the CNPs-QD quencher pair
showed a positive deviation from linearity which was ascribed
to the presence of both static and dynamic quenching.
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Introduction

Citrus tristeza virus (CTV), a member of the genus Closterovirus
under the family Closteroviridae, is the causative agent of one of
the most economically destructive crop diseases called tristeza
[1]. Over the last decades, CTV has been disseminated to ap-
proximately all citrus-growing areas leading to significant losses
in fruit yield and quality worldwide [2]. Early detection is signif-
icantly critical for effective control of the CTV, however, the
conventional detection methods suffer from serious drawbacks
[2—4]. Therefore, there is an urgent need for a simple, rapid,
sensitive, and specific screening technique to detect CTV at very
early stages of infection. In line with that, many attempts have
been dedicated to find a more accurate detection method [2, 4, 5].

The accessibility of protein detection systems has highlighted
them as revolutionary process to detect different analytes in a vast
kind of samples [6, 7]. However, it should be noted that in these
systems, proteins are generally immobilized on a solid surface
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which can negatively affect the physicochemical properties and
binding tendency of the proteins [8]. Therefore, the effectiveness
of these detection systems may be jeopardized when very accu-
rate detection is targeted [8]. In order to overcome this challenge,
protein detection systems in a homogeneous suspension were
suggested in order to benefit the advantages such as easy han-
dling, easy modification, and controlled synthesis [9].

On the other hand, to design high-throughput and simple
proteins detection systems, fluorescent semiconductor
nanocrystals, also known as quantum dots (QDs), were used
to circumvent some of the practical limitations encountered by
conventional proteins detection systems thanks to their pre-
dominant optical properties [10]. In fact, QDs have attracted
an intensive attention in the detection of different kinds of
biological molecules [11, 12] because of their unique
chemical and physical features including photo-stability,
expansive excitation spectra, narrow emission spectrum,
and photobleaching resistance [10]. The introduction of
carbon nanoparticles (CNPs) and their appealing nano-
sized properties has also marked them as interesting candi-
dates to be applied in diverse fields including biosensing,
bioimaging probes, light emitting diode materials, and drug
delivery [13].

Different chemical materials and nanoparticles have been
used as acceptor in the fluorometric-based sensors including
rhodamine [14], tamra [15], gold nanoparticles [16] graphene
oxide [17], and carbon nanotubes [18].

Both dynamic and static quenching mechanisms may be
involved in the quenching process and the quenching mecha-
nism strongly varies with the fluorophore—quencher pair [19].
Until now, except for a few reports which have tried to explain
the quenching kinetics mechanism of QDs, the quenching
mechanism of the other fluorescent molecules in the vicinity
of organic or inorganic nanoparticles has not entirely investi-
gated. For example, the quenching kinetics mechanism of
QDs and tetracycline was studied by Stern-Volmer relation-
ship [20]. In another effort, Mohd Yazid and co workers
(2013) investigated the quenching mechanism of CNPs and
Sn(1I) ions by using Stern-Volmer relationship. They conclud-
ed that the quenching mechanism of CNPs by Sn(II) ions was
predominantly of the static type [21].

It is worth mentioning that studying the quenching kinetic
mechanism of acceptor/donor pairs is imperative not only in
physical sciences, but also in biological, chemical, and medi-
cal sciences [22]. More especially, due to the fact that
fluorometric-based platforms are limited to a distance and
subsequently the accuracy of the nanosensors is affected by
the distance between the donor and acceptor; therefore, calcu-
lation of the effective quenching radius for thorough interpre-
tation of the behavior of nanoparticles is vital.

In continuation of the above-mentioned efforts, a
fluorometric-based detection system for CTV using CNPs as
acceptor was developed in the present study to investigate their

@ Springer

capability in quenching QDs (as donor). More specifically, spe-
cific antibodies against CTV’s coat protein (CP) were labeled
with QDs and the target proteins (CP) were labeled with CNPs.
The vicinity of the QDs and CNPs led to the formation of an
immuno-complex resulting in quenching interaction between the
donor and the acceptor which subsequently decreased the fluo-
rescence intensity of the QDs. While in the presence of the target
proteins in the samples, the CNP-labeled CP was competitively
displaced by free CPs causing the fluorescence intensity of the
QDs to be recovered. This strategy enabled sensitive, rapid, and
easy detection of the CTV. This fluorometric-based assay also
possessed the attractive features of making use of nontoxic, and
economic CNP nanoparticles.

Moreover, the quenching kinetics mechanism of the CNP-
QDs pair was explored by using Stern-Volmer relationship
and the effective quenching radius of the CNPs was also cal-
culated. To the best of our knowledge, the capability of CNPs
in quenching of QDs and the related quenching kinetic mech-
anism has not been reported.

Materials and method
Materials and apparatus

Tris-HCL buffer, 96-well microtiter plate and N-
hydroxysuccinimide (NHS) were purchased from Thermo
Fisher Scientific Inc. (USA, www.fishersci.com). Alkaline
phosphatase-conjugated goat anti-rabbit [gG was purchased from
Abcam (UK, http://www.abcam.com). The ELISA Kit was
purchased from Bioreba Agro-Diagnostics company
(Switzerland, http://www.bioreba.ch). Thiolglycolic acid
(TGA), 1-ethyl-3-(3 dimethylaminopropyl)-carbodimide
(EDC), Te powder and all other chemicals were bought from
Sigma-Aldrich chemical company (St. Louis, Mo, http://
www.sigmaaldrich.com).

All fluorometry studies were performed by using a
Shimadzu, RF-5301PC Spectrofluorophotometer (Japan,
http://www.shimadzu.com). All spectrophotometer analysis
was performed using a Perkin-Elmer Lambda 35 UV-vis spec-
trometer (USA, http://www.perkinelmer.com). The
synthesized nanoparticles were characterized by using a
Hitachi H-7100 transmission electron microscope (TEM)
(http://www.hitachi.com) and Thermo Nicolet, Smart Orbit
Fourier transform infrared spectroscopy (FTIR) Nexus
(Thermo Fisher Scientific Inc., http://www.thermoscientific.
com) and the particle diameter size was determined using
the Image] software (Version 1.46r, National Institute of
Health, USA). The sonication was performed by using a
Hwashin power sonic 420 (Hwashin Technology Co., Seoul,
http://hwashintech.en.ec21.com) and filtration was carried out
by a Filtres Fioroni filter paper (France, http://www.filtres-
fioroni.com).
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Field samples

The infected and healthy samples were collected from citrus
fields located in Selangor and Pahang states, Malaysia. Young
leaves from four different locations around the canopy were
collected and stored at —20 °C until use.

CTYV infection confirmation

The presence and confirmation of CTV infection was per-
formed at the plant protection department of Sina seed and
plant research institute by using RT-PCR technique.

Sap extraction from plant materials

Plant sap was extracted from healthy and infected citrus trees
by crushing 1 g leaves in liquid nitrogen followed by suspen-
sion in 500 pl Tris-HCL buffer (pH 7.5). The sap samples
were then stored at —20 °C until use.

Enzyme linked immunosorbent assay (ELISA)

In order to investigate the sensitivity and specificity of the nano-
biosensor, the ELISA was performed as a standard test using a
Bioreba ELISA Kit following the manufacture protocol with
some modifications. Briefly, each well in a 96-well microtiter
plate was coated with anti-CP antibody using carbonate coating
buffer and incubated for 2 h at 37 °C. The plate was then washed
with PBS three times. Then, the samples were added to the plate
in three replicates and left overnight at 4 °C and washed with
PBS as described earlier. Afterwards, diluted alkaline
phosphatase-conjugated goat anti-rabbit IgG was added to the
wells and the plate was incubated for 2 h at 37 °C. Lastly, the
pNPP was added to each well as substrate and the plate was
incubated for 30 min and the absorbance was read for each well.

Nanobiosensor fabrication
Synthesis of TGA capped CdTe QDs

In order to synthesize water soluble CdTe QDs, a freshly-
prepared oxygen-free NaHTe aqueous solution was added into
a solution containing 0.4 g CdCl,.2.5 H,O and 100 mL
nitrogen-saturated double-distilled water (pH = 10) in the
presence of 250 uL TGA as a stabilizing agent. The mixture
solution was heated at 92 °C and stirred in a reflux system
under nitrogen gas.

Labeling of antibody with QDs
To label the CTV specific antibodies with QDs, 200 pL of a

freshly-prepared solution containing EDC (6.4 mgmL_l) and
NHS (4.5 mgmL ") was added to 400 uL QDs and incubated

in a dark water bath at 37 °C for 1 h. Then, 60 uL antibodies
(0.25 mgmL ") were added drop-wise to the solution and the
reaction was stopped by adding 540 pL tris buffer (6 mgmL ™
pH = 7.2). To separate the QD-labelled antibodies (QD-Ab),
the mixture was centrifuged at 18,900xg for 10 min and the
upper phase was diluted by 500 uL tris buffer and stored at
4 °C until use.

Synthesis of CNPs

Used facial tissues were washed and dried in an oven at 37 °C
for 2 h. The dried facial tissues were then burned completely
under air atmosphere. The obtained ash was dispersed in
50 ml double distilled water. Subsequently, 3.34 mL of
HNO; was added to the suspension and stirred for 30 min.
The suspension was sonicated for 60 min, and filtered through
a filter paper. Afterwards, the filtrate was centrifuged at
7000xg for 15 min and was then dialyzed against double
distilled water to remove all excess impurities till a transparent
solution was obtained.

Labeling of antigen with CNPs

In order to label the antigen (coat protein (CP)) with CNPs, the
EDC/NHS chemistry was used. Briefly, 200 uL of a freshly-
prepared solution containing EDC and NHS was added to
200 uL CNPs solution. Then, 45 uL of CP (0.375 mgmL )
was added drop-wise to the solution and stirred gently at 4 °C
for 2 h. Afterwards, the reaction was stopped by adding tris
buffer to the solution. To separate the CNP-labeled antigen
(CNP-CP) from the excess precursors, the solution was dia-
lyzed against tris buffer for 16 h.

Nanobiosensor evaluation

Firstly, in order to investigate the capability of the nanobio-
sensor in detection of CTV, artificially-contaminated samples
(0.1 to 1 pg mL™" CP) and a known negative sample (as
negative control) were tested in triplicate using a spectrofluo-
rimeter. In addition, the specificity of the nanobiosensor was
also tested by using four WBDL-infected samples.
Afterwards, to determine the capability of the nanobiosensor
in detection of field samples, 15 CT V-infected samples and 17
healthy samples were investigated. The detection procedure
was conducted by adding 9 L QD-Ab to 490 uL tris buffer (6
mgmL ™' pH = 7.2). Afterwards, 0.3 uL of CNP-CP was
added to the solution and incubated for 3 min to ensure the
formation of the QD-Ab/CNP-CP immuno-complex.
Subsequently, the baseline curve was monitored to obtain
the quenched baseline emission of the QD-Ab. Then, samples
were added to the reaction mixture containing QD-Ab and
CNP-CP and incubated for 5 min and the baseline curve was
recorded again. The excitation wavelength of the QDs was set
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at 370 nm and the emission spectra were monitored between
450 to 750 nm to obtain the fluorescence intensity spectra.

Data analysis

The sensitivity and specificity of the nanobiosensor were cal-
culated using the following formula (Egs. 1 and 2).

i TruePositive
Sensitivity = ! . 0
TruePositive + FalseNegative
TrueNegati
Specificity = rueNegative o)

X
FalsePositive + TrueNegative

Kinetic study of quenching mechanism

One of the most frequently used models for explaining
quenching kinetic mechanism between donors and acceptors
is the Stern—Volmer relationship [19, 20]. Therefore, herein,
the kinetic quenching mechanism of the CNPs-QDs pair was
explored by using this model. The Stern—Volmer equation
regularly applied to describe the quenching kinetics mecha-
nism is as follows [20]

N1+ Ke(Q ()
where Ij is fluorescence intensity of QDs in the absence of
quencher, I is fluorescence intensity of QDs in the presence of
quencher, while Kgyand [Q] are the Stern—Volmer quenching
constant and concentration of quencher, respectively.

The Stern—Volmer equation can be extended as follows to
investigate whether the ground-state complex plays a partial or
pure role in the quenching mechanism of a donor/acceptor pair
[19].

Iy _1+Ks[Q] @)
1 w

where Kgy and K, are dynamic/(S—V) and ground-state
quenching constants of the complex, respectively.

Up to know, a number of quenching models based on the
modified Stern—Volmer equation have been expanded to dis-
tinguish the static or instantaneous quenching route of donor/
acceptor pairs [23] as follows:

1 w

Where W is computed as follows:
w = ¢Vl (6)

where V is the static quenching constant and exemplifies an
active number element surrounding the fluorophore in its ex-
cited state.
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The sphere of action quantity is given by the following
equation (Eq. 7)
Vo4
ﬁ = gﬂ"" 3 (7)
where N' and r are Avogadro’s number and the radius of
sphere of action called kinetic distance, respectively.

Since the quantity of W depends on the [Q], the Stern—
Volmer plot for a strong quencher usually deviates from line-
arity. Therefore, the Eq. 5 can be rewritten as follows:

Results and discussion

Up to now, different chemicals have been used as acceptor in the
fluorometric-based sensors. The conventional fluorophores such
as tamra and rhodamine shows some drawbacks include
photobleaching, which is a reduction in fluorophore emission
after repeated excitation. Emergence of nanoparticles such as
gold nanoparticles have revolutionized fluorometric-based diag-
nostic techniques. However, the cost, toxicity, and strong back-
ground light scattering of these nanoparticles have restricted such
nanoparticles to research applications only. Therefore, it is con-
tinuously desired to look for new energy donor-acceptor pairs, so
as to circumvent the above-mentioned shortcomings and to ac-
quire improved efficiency and analytical performances. CNPs
owing to their tunable emissions as well as their unique electron-
ic, mechanical, and thermal properties are considered as the next
generation non-toxic green nanoparticles and have attracted a
substantial deal of attention in bioassays [24, 25]. Therefore,
the CNPs were used as acceptor to develop a fluorometric-
based nanobiosensor for detecting CTV. To the best of our
knowledge, the QD/CNP fluorometric-based nanobiosensor re-
ported herein has not been employed in the detection of any
pathogens.

Since ELISA has been used for the detection of CTV more
than any other plant viruses [1]. Therefore, it was considered
as a gold standard technique for detecting CTV and was com-
pared with the developed nanosensor. The cut-off value of the
ELISA was estimated considering six replications of the neg-
ative control at 0.577 + 0.125 by using the following formula

(Eq. 9):
X +3SD (9)

where X is the average OD value of the negative samples and
SD is the standard deviations.

Overall, 12 samples out of the 15 positive samples and 15
samples out of the 17 negative samples were successfully
detected by ELISA (Table 1). In addition, two samples that
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Table 1  Detection results using field samples by using the developoed

nanobiosensor and ELISA

Sample category Sample DAS-ELISA! CNP
number  Light absorbance (@) gon 2 (au)

CTV- infected samples 1 0.60 0.49
2 2.01 0.65
3 1.21 0.49
4 0.78 0.45
5 1.03 0.53
6 0.69 0.44
7 0.72 0.50
8 1.05 0.57
9 0.90 0.43
10 0.56 0.41
11 1.43 0.61
12 0.88 0.47
13 227 0.64
14 1.63 0.55
15 0.91 0.61
1 0.14 0.40
2 0.25 0.37
3 0.84 0.35
4 0.12 0.41

CTV- non-infected samples 5 0.30 0.39
6 0.10 0.41
7 0.19 0.37
8 0.57 0.43
9 0.11 0.40
10 0.10 0.36
11 0.64 0.39
12 0.21 0.36
13 0.32 0.30
14 0.71 0.45
15 0.27 0.41
16 0.16 0.38
17 0.47 0.35
1 0.19 0.41

WBDL- infected samples 2 0.46 0.38
3 0.10 0.37
4 0.54 0.41

! Absorbance measured at ODyo5

2 Fluorescence baseline estimated by adding samples to the solution con-
taining QD-Ab and CNP-CP

were detected as positive by the nanobiosensor were identified
as negative by the ELISA method (Table 1). Therefore, the
sensitivity and specificity of the ELISA for detecting CTV
were measured at 80% and 88%, respectively (Table 1).
Regardless of the false negative results observed by using the
ELISA, this technique can effectively differentiate the CTV and
the WBDL. In fact, the false negative and false positive results

obtained by using the ELISA are ascribed to the concentration of
the virus in the samples as well as the uneven distribution of the
virus in different plant parts. The low concentration of viral par-
ticles in leaves and its critical effect on the detection procedures
have been previously reported [26, 27].

CNPs and QDs were synthesized and used in fabricating
the nanobiosensor. The TEM image of the synthesized CNPs
and QDs showed that they were of spherical shape, and ap-
propriate monodispersity (Fig. la, b). Particle size analysis
showed that the synthesized CNPs and QDs had particle sizes
of approximately 25 + 8.1 and 4 + 0.92 nm, respectively.
Overall, the TEM images confirmed that the spherical water-
soluble QDs and the water-soluble carboxyl-functionalized
CNPs were appropriate to be used in the nanobiosensor.

Based on the FTIR analysis, the QDs exhibited character-
istic stretching vibrations of O—H at 3429 cm ™', C-H at 2925
cmfl, 2858 cmfl, N-H stretching vibrations at 1511 cem L C—
N at 1381 cm™' and 1242 cm™', C-O at 1739 cm ™', C-C at
1632 cm ', and C-S stretching vibrations at 1050 cm™'. The
CNPs exhibited characteristic absorption bands of O-H at
3459 cm ™', C-H at 2927 cm ™' and 2904 cm™ ', C—C at 1637
cm ', C-O stretching at 1724 cm ™' 1132 ¢cm ™' and 1078 cm ™!
and, finally C-N stretching vibrations at 1388 cm™' (Fig. 2).
Therefore, the FTIR results confirmed that the QDs and CNPs
were water-soluble with a large number of hydroxyl, carbonyl,
or carboxylic acid groups on their surfaces. More specifically,
this large number of hydroxyl, carbonyl, or carboxylic acid
groups on the surface of the QDs indicated that the QDs were
successfully bound to the carboxylic acid functional groups of
the TGA. In addition, the presence of hydroxyl, carbonyl, or
carboxylic acid groups on the surface of the CNPs was indic-
ative of the oxidizing effect of HNO; on some of the surface
carbon atoms converting them into carboxylic groups during
the HNO; treatment step [28].

It is worth quoting that the ability of carbon nano tubes
(CNTs) [29], graphene [17], GO, carbon nanofibers (CNFs)
and graphite [30] in quenching QDs has been investigated
previously, however, the quenching mechanism of QDs by
CNPs was first taken into account by the present investigation.
Recently, Ma et al. (2015) also employed carbon dots (CDs) as
a fluorophore to detect mucin 1 protein (MUC1). More spe-
cifically, they labeled CDs with specific antibodies and
aptamers against MUCI. In the presence of MUCI, the
immune-reaction between CD-labeled antibody and of the
CD-labeled aptamer to MUCI, led to the formation of a sand-
wich structure that was accompanied by aggregation of CDs
and quenching of fluorescence [31].

The immobilization of the antibodies onto the surface of the
QDs and the conjugation of the antigens with the CNPs were
verified by the spectrophotometric analysis. The observed de-
crease in the optical density (OD) of the QD-Ab compared with
the pure QDs confirmed successful covalent coupling of the
antibody and the QDs. Moreover, the maximum peaks for the

@ Springer



2282

Microchim Acta (2016) 183:2277-2287

Fig. 1 TEM image of the
synthesized CNPs (a) and CdTe-
QDs (b)

bare and conjugated QDs were recorded at 548 nm and 551nm,
respectively (Fig. 3). The antibodies were in fact attached onto
the surface of the QDs through covalent interactions between the
carboxyl groups of the TGA-capped QDs and the amino groups
of the antibody.

As for the CNPs, a reduction in OD was observed for the
CNP-CP in comparison with the pure CNPs and the spectral
position of the CNPs extinction peak (A.x) was also changed
from 295 nm to 314 nm (Fig. 4). In fact, the existence of the free
amine groups (arginine or lysine) in the antigens led to an effi-
cient labeling of the antigen with the CNPs via interactions be-
tween the carboxyl groups of the CNPs and the amine groups of
the CP.

The quenching efficiency (E) was estimated by using
E = 1- (F/Fy) where F and F, are the fluorescence emission
intensity of the donor in the presence and absence of the ac-
ceptor, respectively. The E is directly dependent on the QD-

ADb/CNP-CP ratio, and hence, in order to find the optimum
ratio, varying concentrations of the CNP-CP (0.2 to 0.9 nM)
were added in sequence to a constant concentration of the QD-
Ab (6 nM). The maximum quenching efficiency of the nano-
biosensor was observed at the QD-Ab/CNP-CP ratio of 1:10,
and the quenching efficiency decreased by using lower or
higher ratios (Fig. 5). Moreover, the CNPs led to a significant
quenching of the fluorescence at about 63%. More specifical-
ly, at ratios higher than the optimum, surplus QD-Ab did not
participate in the formation of the immuno-complex and,
therefore, the excess QD-Ab reacted with free CP in the sam-
ples. This would jeopardize the sensing process when low
concentrations of CP exist in a sample and subsequently no
considerable shifts in the fluorescence signals were recorded.
On the other hand, at lower molar ratios, due to the presence of
excess CNP-CP, higher amounts of CP would be required to
win the competition over the binding sites of the antibodies

Fig. 2 FTIR spectra of the QDs ——— CNPs
and the CNPs
— QDs
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Fig. 3 Absorption spectrum of 08

bare QDs and conjugated QDs
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0.5

0.4
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0.1

Normalized absorbance intensity (a.u.)

—QD-Ab

400

immobilized on the QDs’ surfaces. This would result in low
accuracy and sensitivity of the nanobiosensor in detecting low
values of CP in samples.

The cut-off value of the nanobiosensor, i.e., 0.418 + 0.00567
was obtained using the Eq. 9 and was employed to differentiate
the healthy and infected samples. Based on this cut-off value, 14
samples out of the 15 positive (infected) samples and 15 samples
out of the 17 healthy samples were successfully detected by the
nanobiosensor (Table 1). Moreover, all four WBDL infected
samples were found negative. Therefore, the sensitivity and spec-
ificity of the nanobiosensor were calculated at 93% and 88%,
respectively without cross reactivity to WBDL (Table 1).

Fig. 4 Absorbance intensity of 08

bare CNPs and CP immobilized-
CNPs (CNP-CP)

0.7
0.6
0.5
0.4
0.3

0.2

01

Normalized absorbance intensity (a.u.)
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Concerning the mechanism of the nanobiosensor, the QD-
Ab and CNP-CP formed an immuno-complex based on the
antibody—antigen interaction phenomenon. The vicinity of the
moieties then led to the quenching phenomena to occur. As a
result, the emission spectrum of the QD-Ab decreased from
0.96 a.u. to 0.30 a.u. in the presence of the CNP-CP. But when
an infected sample was added to the solution, the fluorescence
intensity of the reaction mixture was recovered into the orig-
inal value (Fig. S1 in the electronic supplementary material).
In better words, since the antibody-antigen attachment is not
of robust kind; thus, when the free CP was added to the solu-
tion containing both the QD-Ab and CNP-CP, the CNP-CP

—CNP
—CNP-CP

300 400 500 600
Wavelength (nm)
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Fig. 5 Quenching efficiency of 80% -
the CNPs using different CNP-CP N
to QD-Ab ratios. Maximum o 70%
excitation and emission <
wavelength were recorded at 370 B 60% -
and 565 nm, respectively, to =
monitor fluorescence intensities % 50% 7

i

‘05' 40%

=10

= 30%

I
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= 20% -

e

-

QO 10%

0%

b4 4

1:22

was displaced by the free CP. This caused an upward shift in
the fluorescence intensity in comparison with the fluorescence
intensity recorded formerly for the solution containing both
the QD-Ab and CNP-CP. Hence, in the case of fluorometric-
based nanobiosensors, QDs and CNPs may be considered as
an appropriate donor and acceptor pair.

The limit of detection (LOD) for the designed system and
ELISA were investigated by using the following equation:
LOD = 3S,/K (10)
where S, is the standard deviation of blank measurements
(n = 6) and K is the slope of the calibration curve.

Accordingly, the LOD of the nanobiosensor was estimated
at0.22+0.0012 pugmL ' (the standard curve was linear with a
correlation coefficient, R? of 0.94), while the LOD for the
ELISA was estimated at 2.85 + 0.031 pgmL™’
(R? = 0.91). The detection limit of the designed system
at 220 ngmL ™' was partially in agreement with the re-
sults obtained by Safarpour et al. (2012). According to
the results obtained herein, it was possible to detect even very
low concentrations of CP in field samples by comparing the
obtained fluorescence signals.

The estimated LOD was mostly higher than the LOD
values reported in the previous studies where CNPs were used
as fluorophore molecule (Table 2) [21, 32, 33]. This is attrib-
uted to the fact that in the previous studies, artificial samples
were investigated; where background signal would be de-
creased dramatically. While in the present study, field samples
were used to investigate the sensitivity of the developed sen-
sor. Biological field samples mostly contain different kinds of
proteins, ions, and nucleic acids. Therefore, the background
signal is at the highest value resulting in higher levels of LOD.
On the other hand, the higher LOD values observed can also
be ascribed to the fact that in the former studies the CNPs
were used as donor while, the CNPs herein were used as
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acceptor. So, further research is needed to confirm the capa-
bility of CNPs in quenching QDs in the fluorometric-based
systems.

The dynamic quenching mechanism is typically attributed
to the collision and is demonstrated by the linear Stern—
Volmer equation [19]. In order to obtain the Stern—Volmer
plot, the experimentally-recorded values of I, and I
were used. Literally, the Stern—Volmer quenching curve
explained the I/l values of the QDs as a function of
CNPs concentrations [Q].

As shown in Fig. 6, the Stern—Volmer plots were nonlinear
with a positive deviation from linearity (Fig. 6).

Based on Eq. 3, the dynamic quenching constant, K, de-
termined from the lower portion of the Stern—Volmer plot was
found to be approximately 3.31 M~' (Table S1 in the
electronic supplementary material). The obtained positive de-
viation from linearity in Stern—Volmer curve suggested that
the attributed quenching mechanism was not simply dynamic,
but the mechanism rather involved dynamic and static
quenching simultaneously [22]. Such positive deviation from
linearity was also reported by other studies [34, 35]. While
some studies demonstrated that the quenching mechanism of
CNPs by ions was mostly of the static type [21]. The differ-
ences in the quenching mechanism of CNPs in the present
study and the previous studies can be attributed to the different
quencher molecules used.

As observed in Fig. S2 in the electronic supplementary
material, the plot of [(Io/I) - 1]/[Q] against [Q] showed a pos-
itive deviation with a correlation coefficient of about 87%
with the intercept (Kgyv + K;) and slope (KsvK,)
(Table S1 in the electronic supplementary material).
The observed positive deviation in the plot of [(I0/I) -
11/[Q] against [Q] proved that the quenching mechanism
was not completely dynamic and that dynamic and static
quenching were present simultaneously (Fig. S2 in the
electronic supplementary material).



Microchim Acta (2016) 183:2277-2287 2285
Table 2 The LOD and description of the sensors in which carbon nanoparticles were used
References Target molecules  CNPs role Method Limit of
detection
[21] Sn(1I) ions Fluorophore  The fluorescence intensity of CNPs is quenched by adding Sn(I) ions. 50.73 ngrmL '
[32] Hg(Il) ion Fluorophore  The fluorescence intensity of CNPs is quenched by adding Hg(II) ion. 100.25 ng'mL ™"
[31] Mucin 1 protein ~ Fluorophore  The presence of MUCI leads to the formation of a sandwich structure 450 ngmL™"
MUC1) that is accompanied by aggregation of carbon dots and quenching
of fluorescence.
[33] Thrombin Quencher Interaction between upconverting phosphors (UCP) and CNPs in the absence  10.66 ng'mL '
of target. In the presence of target the aptamer on the surface of UCP is
form a hairpin structure which prohibits the CNPs to place in vicinity of
UCP and thus retains the UCP fluorescence.
Present study CP of CTV Quencher The presence of free CP in the sample leads to the recovery of fluorescence 220 ng'mL™

intensity of QDs.

Cadmium-telluride quantum dots (QDs) were conjugated to an antibody (Ab) against Citrus tristeza virus (CTV), while the coat protein (CP) of the CTV
was immobilized on the surface of carbon nanoparticles (CNPs). Following immunobinding of the QD-Ab and the CP-loaded CNPs, the fluorescence of
the CdTe QDs was quenched by the CNPs. This effect was exploited to design a detection assay for the CTV which was found more sensitive and

specific than the existing enzyme linked immunosorbent assay (ELISA)

According to the data presented in Table S1 in the electron-
ic supplementary material, the K, value was much smaller
than the Kgy value. In addition, the Kgy value estimated using
Eq. 4 was different from the value calculated using Eq. 3.
Hence, in the current case, the positive deviation due to the
ground-state complex formation was rejected [36]. As a result,
the data were investigated by applying the sphere of action
static quenching model to calculate the quantity of effective
quenching radius.

The effective quenching radius involves the capacity and
strength of a quencher in quenching a fluorophore molecule.
As a result, a nanoparticle with a smaller radius will exhibit a
lower quenching capacity but a higher accuracy in
fluorometric-based platforms compared with a nanoparticle
possessing a larger radius. According to the data presented
in Table S1 in the electronic supplementary material, the

calculated large effective quenching radius of 100.23 A was
a suitable theoretical explanation for the observed false results
when detecting CTV.

Conclusion

In summary, by taking advantage of the CNPs, a fluorometric-
based nanobiosensor was designed to detect CTV. To the best
of our knowledge, CNPs have not been employed before as a
QDs quencher in fluorometric-based sensors to detect any
analytes. Therefore, it was demonstrated that CNPs can be
applied as efficient quencher in a protein sensing platform.
The findings of the present study are significantly important
as CNPs application was further extended to protein detection.
Nevertheless, due to the high level of LOD obtained herein,

Fig. 6 Stern-Volmer plot 10/1 3.5
against CNP concentration ([Q]).
Inset: the lower portion of the 3
Stern—Volmer plot. Maximum
2 —
excitation and emission R*=0.919
wavelength were recorded at 370 2.5
and 565 nm, respectively, to
monitor fluorescence intensities 2
[—
~
<>
[—
15
1 1
0.5 o
Q]
0
01 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
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further studies are required to improve the accuracy of the
fluorometric-based systems when CNPs are applied as accep-
tor. Moreover, due to the large effective quenching radius
estimated for the applied CNPs, further investigation is need-
ed to fabricate CNPs with lower quenching radius in order to
advance the efficiency and analytical performance of protein
platforms.
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