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A novel and portable fluorescent sensor that integrates
an immunochromatographic test strip assay (ITSA) with
a quantum dot (QD) label and a test strip reader was
described in this study for simple, rapid, and sensitive
biomonitoring of an organophosphorus pesticide metabo-
lite. The principle of this sensor is based on a competitive
immunoreaction that was performed on an immunochro-
matographic test strip, where analytes compete with
competitors (QD-conjugated analogs) to bind to antibodies
on a test zone. Captured QDs serve as signal vehicles for
fluorescent readout. In this work, 3,5,6-trichloropyridinol
(TCP) is used as a model analyte to demonstrate the
performance of the immunosensor. QD-TCP conjugates
were synthesized and characterized with X-ray photoelec-
tron spectroscopy (XPS) and fluorescence spectroscopy.
Some parameters (e.g., the amount of QD-modified TCP
and immunoreaction time) that govern sensitivity and
reproducibility of ITSA were optimized. Under optimal
conditions, the sensor has a wide dynamic range and is
capable of detecting a minimum 1.0 ng/mL TCP standard
analyte in 15 min. The sensor has been successfully
applied for detection of TCP spiked in rat plasma with
average recovery of 102.0%. Results demonstrate that this
sensor provides a rapid, clinically accurate, and quantita-
tive tool for TCP detection and shows great promise for
in-field and point-of-care (POC) quantitative testing and
screening for metabolite biomarkers, e.g., TCP, for hu-
mans exposed to pesticides.

Recent years have witnessed considerable efforts to develop
point-of-care (POC) or field-deployable biosensors because of their
widespread potential applications in clinical diagnosis,1,2 environ-
mental monitoring,3,4 food analysis,5,6 forensic diagnosis,7 and
national security screening.8,9 In comparison to laboratory-oriented

large analytical instruments, the biggest advantage of biosensors
is that they are portable and rapidly responsive; therefore, they
can be used on site including at a patient’s bedside, physician’s
office, and home providing real-time results and avoiding costly
sample transportation and lengthy waiting time for results. Since
biosensors are sensitive and selective, they only need a small
sample volume, which is directly analyzed, thus, avoiding tedious
sample preparation associated with more standard analytical
methods. Additionally, biosensors generally are simple, user-
friendly, and inexpensive and do not need well-trained personnel,
which are mostly associated with those large analytical instru-
ments in lab.

Currently, most biosensors are based on optical10-12 or
electrochemical13-15 readout systems. Some of these are
commercially available such as glucose meters16,17 and cho-
lesterol meters,18 among others. Despite their success, there
are still pressing needs for novel portable biosensors, especially
for quantitation of trace amount of analytes in biological
samples. A major challenge ahead for such biosensors is to
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identify signatures from low-concentration analytes in the
presence of highly abundant nonspecific biological matrixes.
Additional challenges stem from the fact that some of the
biosensors may suffer from biofouling on transducers that
seriously hamper potential applications.19 To address these
challenges, an immunochromatographic test strip assay (ITSA)
has been developed that has shown promise for quantifying
low analyte concentrations in biological samples.20-22 The
significant advantage of the ITSA is that it can automatically
separate analytes of interest from nonspecific biological ma-
trixes, therefore, minimizing biological matrixes effects. Ad-
ditionally, it is a one-step, straightforward assay making it
simple, rapid, inexpensive, user-friendly, and adaptable to
various environments. As a result, ITSA has found broad
applications such as environmental monitoring,23,24 food
analysis,25-27 and disease diagnostics.28-31

Importantly, the sensitivity of the ITSA could be greatly
improved with signal enhancement using nanomaterials. In the
early development of ITSA, colorimetric or eye detection was
usually employed, wherein gold nanoparticle and some organic
dyes were often used as signal reporters.32-37 These ITSA assays
generally were either qualitative or semiquantitative and were
often employed for analyzing analytes of relatively high concentra-
tion in samples. However, biologically significant analytes (e.g.,
metabolites and protein biomarkers, among others) are often
present in very low concentrations in biological fluids, and more
sensitive quantitation of these analytes is highly desirable. As a
result, more quantitative ITSA assays have been recently
developed.36,38-41 For example, electrochemically quantitative

ITSAs have been developed using electroactive-species loaded
liposome,42 metal ion chelates,43 inorganic nanoparticles,44,45 and
others as reporters. Quantitative fluorescent ITSA has also been
developed based on fluorescent dye labels.46-49 More recently,
magnetic beads have been reported as quantitative signaling tags
for developing magnetic ITSA.50 Fluorescent ITSA, in tandem with
a portable fluorescent reader, should be one of the most sensitive
and promising approaches for quantifying low concentration
analytes in biological samples. However, the current organic dye-
based fluorescent ITSA may suffer from low emission intensity,
interference, and photobleaching in the test strip membrane,
which seriously compromises the sensitivity and stability of the
assay and limits its application.

Quantum dots (QDs) are inorganic nanocrystals emerging as
a new class of fluorescent labels for bioassays, biosensing, and
bioimaging.51-56 In comparison to organic dyes and fluorescent
proteins, QDs have unique optical and electronic properties such
as size-tunable light emission, superior signal brightness, resis-
tance to photobleaching, and simultaneous excitation of multiple
fluorescence colors. These properties make QDs promising for
improving sensitivity and multiplexing capabilities of bioassays
and biosensors.57 In addition, quantum dot-based fluorescence
technologies offer the possibility for detection in a single-molecule
level because of their high sensitivity, which in turn provides an
opportunity for miniaturization and high throughput screening.58

Therefore, combining the advantage of the ITSA and the superior
signal brightness and stability (e.g., resistance to photobleaching)
of quantum dots will result in great improvement in sensitivity
and reproducibility for these assays. As a result, the use of QD
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probes for fluorescent ITSA is highly innovative and important
for environmental and clinical relevant applications. The advan-
tages of such a quantum dot-based ITSA includes high sensitivity
and stability because of the superior signal brightness and
residence to photobleaching of quantum dots. Moreover, the
quantum dot-based ITSA is, for the first time, integrated with a
portable fluorescence reader, which might provide a simple,
portable, rapid, and sensitive field biomonitoring tool.

In this article, we report on a portable quantum dot-based
fluorescent ITSA for simple, sensitive, and selective biomoitoring
of trichloropyridinol (TCP, Figure 1A) in rat plasma. We use TCP
as a model analyte because it is a metabolite of chlorpyrifos (CPF),
one of the most widely used organophosphorus pesticides in
agriculture across the world.59-61 TCP is used as a biomarker of
CPF exposure. Therefore, it is important to develop a portable
biosensor for simple, sensitive, selective, and quantitative analysis

of TCP.61,62 We have extensively studied biological matrixes such
as rat plasma and saliva for CPF biomonitoring utility,63,64 and
rat plasma was utilized as a model biomonitoring matrix in this
study. The approach developed in this work combines the
advantage of the ITSA and the high sensitivity and the stability
of quantum dot resulting in a novel, portable, and rapid competitive
immunoassay tool for sensitive and selective detection of TCP.
Thus, this sensor platform may open up a new avenue for rapid
point-of-care (POC) screening, environmental biomonitoring, and
clinical diagnosis.

EXPERIMENTAL SECTION
Reagents and Materials. Mouse monoclonal TCP antibody

was obtained from Strategic Diagnostics Inc. (Newark, Delaware).
TCP, phosphate buffer saline (PBS, 0.01 M), bovin serum albumin
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Figure 1. (A) Molecular structure of TCP. (B) Schematic illustration of strategy of derivation of TCP with a carboxyl group. (C) 1H NMR (DMSO)
spectrum of HTCP.
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(BSA), N-hydroxy-succinimide (NHS), Tween-20, and N,N′-
dimethylformamide (DMF, 99.8%) were purchased from Sigma-
Aldrich (St. Louis, MO). 1-Ethyl-3-(3- dimethylaminopropyl)car-
bodiimide (EDC) was purchased from Fluka (St. Louis, MO).
Casein was purchased from Bio-Rad (Hercules, CA). Nitrocellulose
membrane, absorbent pad, sample pad, and conjugation pads as
well as backing cards were purchased from Millipore (Temecula,
CA). NAP-5 columns were purchased from GE Healthcare UK
Limited. QD 655 (CdS@ZnS) was purchased from Invitrogen
(Eugene, OR). All chemicals used in this study were analytical
reagent grade. All stock solutions were prepared using deionized
water purified with the Nanopure System (Barnstead, Kirkland,
WA).

Derivatization of TCP with Carboxyl Functional Group.
The TCP derivatized with carboxyl functional group (HTCP) was
synthesized according to previous literature with a slight
modification.65,66 Briefly, HTCP was prepared from chlorpyrifos
by substitution of the chlorine in position 6 by a 3-mercaptopro-
pionic acid spacer arm (product so-called HClo), followed by
hydrolysis of the thiophosphate ester (Figure 1B). To a solution
of 3-mercaptopropionic acid (36.3 g, 340 mmol) in EtOHabs (100
mL), solid KOH (38.1 g, 680 mmol) was added and heated until
dissolved. Then, chlorpyrifos (250 mL of a 48% soln., 120.0 g,
340 mmol) dissolved in EtOHabs (100 mL) was added. After
the reaction mixture was heated to reflux (1 h), the solvent
was removed under reduced pressure to give 224.1 g of yellow
oily residue (HClo) which was used for the next step without
further purification.

To a stirred solution of HClo (224.12 g) in THF (300 mL), an
aqueous solution of 1 M NaOH (2000 mL) was added and the
mixture was refluxed (1 h). After the reaction mixture was
extracted with methyl tertiary butyl ether (MTBE, 2 × 200 mL),
the aqueous layer was acidified to pH 4 and the mixture was kept
overnight. The precipitate was filtered out and dried in an oven
(50 °C, 1.5 h) to give crude HTCP as a light-yellow solid. After
recrystallization from n-BuOH three times, 5.9 g (6.5% yield over
two steps) of pure HTCP as pale yellow leaves was obtained. 1H
NMR (DMSO) data in Figure 1C confirms that the carboxyl
functional group has successfully linked to a TCP molecule: δ
7.94 (s, 1H, ArH), 3.27 (t, 2H, SCH2), 2.66 (t, 2H, CH2COO),
12.25 (s, 2H, OH).

Synthesis of TCP-Quantum Dot Conjugates. The TCP-QD
conjugate was prepared by EDC-facilitated conjugation (Figure
4A). First, TCP was preactivated by adding 500 µL of 0.2 M NHS
and 500 µL of 0.2 M EDC to 1 mL of 0.1 M TCP in dry DMF, and
the resulting solution was incubated at room temperature under
gentle shaking for 1 h. Then, to 50 µL of the above preactivated
TCP solution was added 60 µL of 8 .µM amino-modified QD and
390 µL of 0.1 M sodium bicarbonate buffer (pH 8.1), and the
resulting solution was incubated under the same conditions
for 2 h. The resulting solution was subjected to NAP-5 column
separation to remove excess unconjugated TCP and other small
molecules. Finally, the collected TCP-QD solution was con-
centrated by a 30K centrifugal tube (7000 rpm) for 15 min and
reconstituted to a final volume of 500 µL with 0.01 M PBS buffer
containing 3% BSA and 0.02% Tween-20 and stored at 4 °C.

Here, BSA and Tween-20 were added into the solution of
TCP-quantum dot conjugates to reduce the nonspecific
adsorption of quantum dots in the membrane. The number of
TCP per QD was calculated by comparing the concentration
of TCP and the concentration of QD in the conjugate solution.
The concentration of TCP in the TCP-QD conjugate solution
was calculated by comparing the UV-vis absorption at 330 nm
of TCP-QD conjugate solution to that of a series of standard
TCP solution. The concentration of QD was calculated by
comparing the fluorescence signal at 655 nm of the TCP-QD
solution to that of a series of standard QD solution. On average,
30 TCP molecules were linked to a single QD.

Rat Plasma Collection. Adult male Sprague-Dawley rats
(300-400 g) were purchased from Charles River Laboratories Inc.
(Raleigh, NC). Rats were housed in solid bottom cages with
hardwood chips under standard laboratory conditions. Water and
feed (PMI 5002, Certified Rodent Diet) were provided ad libitum.
Rats were humanely euthanized using CO2, and blood was
collected via cardiac puncture. Sodium heparin was used as
an anticoagulant, and blood was centrifuged at 1600g for 10
min to separate plasma from the packed red blood cell fraction.
All procedures involving animals were in accordance with
protocols established in the National Research Council (NRC)
Guide for the Care and Use of Laboratory Animals and were
reviewed by the Institutional Animal Care and Use Committee
of Battelle, Pacific Northwest Division.

Preparation of TCP-Spiked Rat Plasma Samples. TCP-
spiked rat plasma samples were prepared by spiking a series of
different concentrations of standard TCP in 10-fold diluted rat
plasma with PBS. Rat plasma without addition of standard TCP
served as a control.

Test Strip Preparation. A TCP competitive assay test strip
consists of five components: sample application pad, conjugate
pad, nitrocellulose membrane, absorbent pad, and backing card.
The preparation of TCP test strip was described as follows. The
sample application pad (20 mm × 30 cm) and the conjugation pad
(8 mm × 30 cm) were both made of glass fiber. The conjugation
pad was first treated by dispensing a desired volume of buffer
(pH 7.4) containing 0.01 M PBS, 3% BSA, 10% sucrose, and 0.25%
Tween-20 with the dispenser XYZ-3050 AirJet Quanti 3000. The
pad was dried at room temperature for 2 h. Then, a desired volume
of diluted TCP-QD conjugate solution was dispensed on the
conjugation pad with the dispenser XYZ-3050 BioJet Quanti 3000,
dried at 4 °C for 1 h, and stored in the same condition. The test
zone of the strip was prepared by dispensing a desired volume of
1 mg/mL mouse monoclonal TCP antibody solution with the
dispenser XYZ-3050 BioJet Quanti 3000 onto a nitrocellulose
membrane (40 mm × 30 cm). After 1 h of drying at 4 °C, the
membrane was blocked with 1% casein at 4 °C for 1 h, dried at
room temperature under vacuum for 30 min, and then stored at
4 °C. Such a blocking treatment here is to reduce the nonspecific
binding of quantum dots and increase the mobility of the quantum
dots on the membrane. Both the sample pad and the absorbent
pad (20 mm × 30 cm) were stored at room temperature without
any treatments. All of the above four parts were assembled on a
plastic adhesive backing card (60 mm × 30 cm) using the Batch
Laminating System LM5000. Each part overlapped 2 mm to ensure
the solution migrating through the strip during the assay. Finally,

(65) Manclus, J. J.; Montoya, A. J. Agric. Food Chem. 1996, 44, 3710–3716.
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the TCP test strips with a 4 mm width were cut using the
Guillotine Cutting System CM 4000 and assembled in the strip
cassettes (Figure 2A) for the testing and reading.

Instrumentation. The test strip fabrication system consists
of a XYZ-3050 Dispenser, LM5000 Laminator, and the Guillotine
Cutting System CM 4000 which were purchased from BioDot LTD
(Irvine, CA). The XYZ-3050 Dispenser includes an AirJet Quanti
3000 dispenser and a BioJet Quanti 3000 dispenser. A portable
test strip reader ESE-Quant FLUO (Figure 2B), which can be
connected to a laptop, was purchased from DCN Inc. (Irvine, CA)
to collect the fluorescence signal of the assay on the test strip.
The entire sensor system can be housed in a small case (Figure
2C). The characterization of TCP-QD conjugate was carried out
by measurements of absorption spectra and fluorescence spectra
on a microplate reader Safire 2 (TECAN, Durham, NC). A
benchtop centrifuge Eppendorf 5804 (Eppendorf, Germany) and
Amincon Ultra 30K centrifuge tubes (Millipore, Billerica, MA)
were purchased for concentration and separation of TCP-QD
conjugate. Proton nuclear magnetic resonance (1H NMR) spectra
were obtained with a Varian VR-400S spectrometer (Sunnyvale,
CA) that was operated at 400 MHz. X-ray photoelectron
spectroscopy (XPS) measurements were performed with a
Physical Electronics Quantum 2000 Scanning Microprobe. This
system uses a focused monochromatic aluminum KR X-ray
(1486.7 eV) source for excitation and a spherical section
analyzer. A 100 W X-ray beam focused to a diameter of 100
µm was rastered over a 1.3 mm × 0.2 mm rectangle on the
sample. High-energy resolution data were collected using pass
energy of 46.95 eV. For the Ag 3d5/2 line, these conditions
produced a full-width half-maximum of 0.98 eV. The binding-
energy scale was calibrated using Cu 2p3/2 at 932.62 ± 0.05
eV and Au 4f at 83.96 ± 0.05 eV.

Fluorescent Immunochromatographic Assay of TCP. The
competitive assay on the test strip was performed as follows: 50
µL of sample solution in PBS buffer containing desired concentra-
tions of TCP were added to the sample application pad. PBS buffer

or plasma without TCP was used as a control. After an adequate
incubation (e.g., 15 min), the competitive immunoreactions
between TCP and TCP-QD binding to TCP antibody on the test
zone were completed. Then, the strip cassette was inserted into
the reader ESE-Quant FLUO, and the fluorescence signal from
the quantum dots on the test zone was recorded accordingly.

RESULTS AND DISCUSSION
Principle of the Method. In this study, the principle of the

competitive ITSA is based on competitive binding between the
various amount of analyte (sample, TCP in this paper) and a fixed
amount of competitor (labeled TCP analog, TCP-QD in this
paper) to the limited amount of capturing antibody (TCP antibody
in this paper) on the test zone. Basically, there are four steps
during this competitive immunoassay (Figure 3). A certain amount
of analyte solution is first applied to the sample application pad
(Figure 3A). Then capillary action causes liquid sample to migrate
toward the other end of the strip. As the liquid sample migrates
into the conjugation pad, the analyte and the competitor mix
together and continue to migrate along the strip by capillary action
(Figure 3B). When these mixtures reach the test zone, analytes
and competitors competitively bind to the capturing antibodies
which are immobilized on the test zone. The fluid fraction
containing excess analytes and competitors continue to flow into
the absorbent medium at the end of the strip. In a control assay
(no analyte), competitors are fully binding to the antibodies in
the test zone (Figure 3C). After a complete assay, the test strip is
subjected to fluorescence detection with the test strip reader
(Figure 3D). The more analytes in the sample, the less QD-labeled
competitors would bind to the capturing antibodies in the test
zone, which leads to fluorescence signal decrease. Therefore, the
fluorescence signal will be inversely proportional to analyte
concentrations in the sample, which can be used for quantitation
of TCP in samples.

Characterization of Quantum Dot-TCP Conjugates. In this
study, TCP was first derivatized with a carboxyl group to prepare

Figure 2. Photograph of (A) the test strip in the cassette, (B) portable test strip reader integrated with test strip in the cassette shown in (A),
and (C) the entire immunosensor system including a connected laptop.
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TCP-QD conjugates for the development of a competitive
immunochromatographic fluorescence sensor. The derivatized
carboxylic group of TCP facilitates the conjugation of TCP to the
amino-functionalized QD surface. The conjugation was preceded
using a standard procedure with the coupling reagent EDC
(Figure 4A). The TCP-QD conjugates were characterized with
XPS. Figure 4B displays XPS spectra of TCP, TCP-QD conjugate,
and QD, respectively. It is obvious that both TCP (curve a) and
TCP-QD conjugate (curve b) show the binding energy of the
core electrons for the C12p at 199-201 eV, which is attributed
to the organic chloride groups (e.g., C6H5Cl).67 On the other
hand, no obvious signal can be detected on QD at such area
of binding energy. These results indicate that TCP has been
successfully conjugated to the QD surface.

The fluorescence characteristics of the TCP-QD conjugate
were also studied. Figure 4C shows the typical fluorescence
spectra of the QD (curve a) and the TCP-QD conjugate (curve
b). One can see that a well-defined peak was observed from the
TCP-QD conjugate, which is very similar to that of the QD except
a slight shift (2 nm) of peak position, indicating that TCP does
not affect the fluorescence characteristic of the QD. It is obvious
that the fluorescence intensity of TCP-quantum dot conjugates

is still strong enough. Therefore, the TCP-QD conjugate can be
used on the test strip for this competitive immunoassay.

The binding affinity of the TCP antibody to the TCP-QD
conjugate was further studied on the test strip. Two control
experiments with BSA (instead of TCP antibody) in the test zone
and the QD (without TCP) were performed under the same
conditions. Figure 5 shows the fluorescence signals of the sensor
obtained under different conditions: TCP-QD + TCP antibody,
TCP-QD + BSA, and QD + TCP antibody. It is obvious that the
maximum signal was obtained by incubating TCP-QD with TCP
antibody. Much smaller signals in control experiments may come
from the nonspecific adsorption of QD or TCP-QD conjugates.
These results demonstrate that the TCP-QD conjugate can be
specifically recognized by TCP antibody, indicating that QDs do
not generate steric hindrance to the binding events, which is
contributed to a thin layer of functionalized polymer on the surface
of the QD, providing spacing between the TCP and the QD,
therefore, greatly increasing the flexibility of TCPs on the surface
of the QDs.

Optimization of Experimental Parameters. Certain param-
eters of the competitive immunoassay would affect the response
of the immunosensor. The amount of TCP-QD conjugate in the
conjugate pad directly influences fluorescent response of the im-
munosensor because the fluorescence signal depends on the

(67) Domazetis, G.; Raoarun, M.; James, B. D.; Liesegang, J.; Pigram, P. J.; Brack,
N.; Glaisher, R. Energy Fuels 2006, 20, 1556–1564.

Figure 3. Schematic illustration of the principle of fluorescent ITSA. (A) Aqueous sample containing analytes was applied to the sample zone.
(B) Analytes migrate together with QD-conjugated competitors toward the other end of test strip by capillary force. (C) Competitive immunoreactions
among analytes, conjugated competitors, and antibodies. Excess conjugated competitors and analytes continue to migrate toward the absorption
pad. In a control assay (no analyte), the QD-conjugated competitors are fully binding to the antibodies in the test zone. (D) Fluorescence
detection on the test strip reader.
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amount of TCP-QD conjugate bound to TCP antibody im-
mobilized on the test zone. Therefore, different dilution times of
stock TCP-QD conjugate in the conjugate pad were studied. To
determine the optimal amount of TCP-QD in the conjugated pad
for the assay, fluorescence signals with different dilutions of stock
TCP-QD were obtained using 10 ng/mL TCP and PBS (a control)
in parallel (Figure 6A). The ratio of the signal from the TCP to
BSA is shown in the inset of Figure 6A. As shown in Figure 6A,
the fluorescent responses to both the samples (TCP) and the
control decrease with greater dilution of the TCP-QD conjugate.
As is shown in the inset of Figure 6A, however, the signal-to-
control ratios reach to the minimum at a 600-fold dilution of the
TCP-QD conjugate, indicating that the competition ability of TCP
against TCP-QD is the strongest at this dilution ratio. Therefore,
a 600-fold dilution of stock TCP-QD conjugate was routinely used
in the conjugate pad throughout this study.

Another parameter affecting the fluorescent response of the
immunosensor is the immunoreaction time. Figure 6B displays
the fluorescent responses of the immunosensor to 100 ng/mL
TCP under different immunoreaction times, where the responses
to PBS were determined in parallel as the control. It can be seen
from this figure that the fluorescent response increases sharply
with the increase of immunoreaction time within the first 15 min
and then tends to level off after 15 min, especially for the sample.
Considering the time consumed and signal intensity, 15 min was
routinely used for the following experiments.

It is important to evaluate the activity of the antibodies in the
test zone to guard against the potential of false positive signals.
In order to achieve this evaluation, a control sample (containing
no TCP) is used to evaluate the activity of the antibodies in the
test zone. If the antibodies have the activity, then the fluorescence
should appear in the test line. This test can confirm that the

Figure 4. (A) Schematic illustration of conjugation of TCP to the QD surface. (B) XPS measurements of Cl2p from TCP (a), TCP-QD conjugate
(b), and QD (c). (C) Typical fluorescence spectra of 8 nM QD (a) and 100-fold diluted TCP-QD (b) in 0.01 M PBS.
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antibodies in the test line have activity and work well. Otherwise,
the test strip is out of function and should be discarded. We have
investigated the biologic activity of antibodies on test strips by
periodical testing of ITSAs using control samples and found that
the activity of antibodies in the test zone can be maintained up to
6 months if stored properly (4 °C, sealed).

Analytical Performance of the Sensor. Under the optimal
conditions, the performance of a QD-based fluorescence immu-
nosensor for detecting TCP was further evaluated. Figure 7A
shows the typical fluorescence signals of the sensor with increas-
ing TCP concentrations (from top to bottom: 0, 1, 5, 10, 50, 100,
500, and 1000 ng/mL). It can be seen that the peak intensity
decreases with the increase of TCP concentrations. Normalized
signals expressed as 100 (F/F0) (where F and F0 are the peak
fluorescence intensity obtained with the TCP analyte and the
blank sample, respectively) were plotted versus the logarithm
of TCP concentration. Figure 7B shows a sigmoidal shape of
the calibration curve of TCP at the concentration range from 1 to
1000 ng/mL, with a linear range from 1 to 50 ng/mL (Y ) 90.68
- 50.76 lg(X), R ) 0.9935). A detection limit was estimated about
1.0 ng/mL from the linear equation based on a 90% F/F0

normalized signal of the analyte concentration, which was
comparable to the value indicated by the manufacturer of the
TCP RaPID Assay Kit.68 The reproducibility of such a fluores-
cent immunosensor was also studied by six duplicated mea-
surements of TCP at different concentrations. Under current
conditions, the relative standard deviations for 0 and 10 ng/
mL TCP are 6.3% and 12.9%, respectively. The total analysis
time is about 15 min. This quantum dot-based sensor offers
great promise for a simple, rapid, and sensitive field biomoni-
toring of TCP in biological samples.

In Vitro Evaluation in Rat Plasma. To explore its clinical
application, this fluorescent immunosensor was evaluated with a

rat plasma sample spiked with standard TCP. To reduce the matrix
effect, we diluted the plasma by 10-fold. These experiments were
carried out by spiking a series of different concentrations of
standard TCP in diluted rat plasma (10 times with PBS). Rat
plasma without addition of standard TCP served as a control.
These samples were applied to this fluorescent immunosensor,
and the fluorescence signals were recorded by the test strip
reader. A similar calibration curve was obtained, as showed in
Figure 8. TCP concentrations spiked in rat plasma samples were
calculated based on the fluorescence signals and the calibration
curve. Table 1 displays recovery of different concentrations of TCP
spiked in plasma obtained by the quantum dot-based fluorescent
ITSA. The average recovery for these spiked samples between 1
and 50 ng/mL was 102.0%, indicating that this sensor can be used
for biomonitoring of TCP in biological samples. Results demon-

(68) Strategic Diagnostics Inc. Trichloropyridinol RaPID Assay; http://www.
sdix.com/PDF/Products/ratcp.pdf.

Figure 5. Fluorescent responses of the sensor applied with PBS
buffer under the following conditions: TCP-QD immobilized in the
conjugation pad and TCP antibody in the test zone (TCP Ab + TCP
QD), TCP-QD in the conjugation pad and BSA in the test zone (BSA
+ TCP-QD), and QD in the conjugation pad and TCP antibody in
the test zone (TCP Ab + QD). Immunoreactions were performed by
applying 50 µL of 0.01 M PBS buffer to the sample application pad.
Fluorescence signals were recorded after 15 min of immunoreaction.

Figure 6. Optimization of parameters of the immunosensor. (A)
Effect of dilution times of the stock TCP-QD conjugate on the
fluorescent responses of ITSA. TCP-QD conjugates with different
dilutions were dispensed onto the conjugation pad. The ITSA was
performed by applying 50 µL of PBS (control) or 10 ng/mL TCP to
the sample application pad. Fluorescence signals were recorded after
15 min of immunoreaction. The inset shows the signal-to-control ratios
under different dilution times of the TCP-QD conjugate. (B) Effect
of immunoreaction time on the fluorescent responses of ITSA. The
ITSA was performed by applying 50 µL of (a) PBS (control) or (b)
100 ng/mL TCP to the sample application pad. Fluorescence signals
were recorded at different immunoreaction times.
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strate that this fluorescent immunosensor has a potential for
sensitive, rapid, and POC biomonitoring for chlorpyrifos exposure.

CONCLUSIONS
We have successfully developed a portable quantum dot-based

fluorescent immunosensor for simple, rapid, and sensitive biomon-
itoring of TCP, a primary metabolite biomarker of the pesticide
chlorpyrifos. The fluorescent ITSA used in this sensor takes
advantage of the speed and low cost of the conventional immu-
nochromatographic strip test and high sensitivity of the nanopar-
ticle-based fluorescent immunoassay. Under optimal conditions,
this sensor is capable of detecting a minimum 1.0 ng/mL TCP
standard analyte in 15 min and is capable of detecting TCP spiked
in rat plasma with an average recovery of 102.0%. Results
demonstrate that this sensor provides a rapid, clinically accurate,
and quantitative tool for TCP detection. In the future, the
immunosensor will be more fully validated in vivo to quantify
chlorpyrifos exposure. In addition, the immunosensor will be
adapted to detect protein biomarkers as indicators of exposure

and biological response. Therefore, this sensor may open up
opportunities for versatile in-field and POC testing and screening
of metabolite/protein biomarkers.
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Figure 7. (A) Typical fluorescent responses of the immunosensor
with increasing TCP concentrations, from top to bottom: 0, 1, 5, 10,
50, 100, 500, and 1000 ng/mL, respectively. Immunoreaction time
was 15 min. The inset is the enlargement of the fluorescent responses
to 100, 500, and 1000 ng/mL TCP, respectively. Other conditions were
the same as in Figure 6B. (B) The resulting calibration curve of TCP.
Normalized signals expressed as 100 (F/F0) (where F and F0 are the
peak fluorescence intensity obtained with the TCP analyte and the
blank sample, respectively) were plotted versus the logarithm of TCP
concentration.

Figure 8. Normalized signals with increasing TCP spiked in plasma.
The plasma was 10-fold diluted, and then different amounts of TCP
standard were spiked into this diluted plasma to final concentrations
of 1, 2, 5, 10, 20, 50, and 100 ng/mL. The immunoassay conditions
were the same as in Figure 7A.

Table 1. Recovery of TCP Spiked in Plasma Samples
Obtained by the Quantum Dot-Based Fluorescent ITSA

TCP spiked in
plasma (ng/mL)

TCP found by
ITSA (ng/mL) recovery (%)

1 1.14 114.0
2 1.54 77.0
5 4.47 89.4
10 13.04 130.4
20 23.61 118.1
50 41.31 82.6
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