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ABSTRACT: Rapid detection of nerve agents from complex
matrices with minimal sample preparation is essential due to their
high toxicity and bioavailability. In this work, quantum dots (QDs)
were functionalized with oligonucleotide aptamers that specifically
targeted a nerve agent metabolite, methylphosphonic acid (MePA).
These QD-DNA bioconjugates were covalently linked to quencher
molecules to form Forster resonance energy transfer (FRET)
donor—acceptor pairs that quantitatively measure the presence of
MePA. Using the FRET biosensor, the MePA limit of detection
was 743 nM in artificial urine. A decrease in the QD lifetime was
measured upon DNA binding and was recovered with MePA. The
biosensor’s flexible design makes it a strong candidate for the rapid
detection of chemical and biological agents for deployable, in-field
detectors.

Bl INTRODUCTION

Methylphosphonic acid (MePA) is a common human
metabolite for phosphate-based chemical nerve agents and
general insecticides and herbicides.'™” Chemical nerve agents
remain a threat due to continued interest and use by military
and terrorist organizations.” They often have low lethal dose
(LD) thresholds, on the order of parts per million,® and the
relative ease and variety of possible delivery methods make
them particularly dangerous.” Additionally, there are many
industrial uses for chemical nerve agents that prevent the
prohibition of their manufacturing,9 such as modern
insecticides and herbicides.'’”" MePA is an effective
detection target for nerve agent exposure in human biological
byproducts. The reported MePA median lethal dose is 2—135
ug/L, or about 20.8—960 nM.”'*'° Traditional analytical
techniques either require complex and time-consuming
processes or have detection limits (DLs) within or above the
median lethal dose, limiting their utility for in-field detection.
Overcoming the challenge of rapid and sensitive detection of
chemical nerve agents and their metabolites in complex media
is important for biological assays, environmental monitoring,
and emergency response.

Currently, mass spectrometry (MS) and gas chromatog-
raphy (GC) techniques are the most common methods for
nerve agent confirmation.””'>™*' MS methods are the most
highly sensitive, with reported detection limits on the order of
10—50 nM (1—4 ng/mL).>"” While MS and GC methods are
powerful and sensitive techniques, they require intricate and
time-consuming sample preparation and analyses. The
presence of interfering molecules has also been shown to be
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detrimental to detection limits. For example, GC detection
limits for MePA in urine were reported to be 625 nM,"* which
is significantly higher than 30—100 nM for MePA detected in
groundwater sources.'” Detection of these metabolites in
biological materials, such as blood or urine, below the median
lethal dose requires additional sample processing.

For successful in-field detection, methods that require less
power and simpler sample preparation techniques for MePA
detection are desired. Raman and IR spectroscopy vibrational
studies have been explored for rapid detection of MePA using
simple sample preparation processing.”’zz’23 For example,
surface-enhanced Raman spectroscopy (SERS) has been used
to characterize the different vibrational modes of MePA and
nerve agents in different environmental conditions.”**?
However, vibrational spectroscopy techniques are often
plagued by long integration times, which are exacerbated in
complex media. For in-field detection, various colorimetric
schemes utilized different binding and detection schemes but
with limits of detection above the median lethal dose
(LD50).>*72¢

In this work, a Forster resonance energy transfer (FRET)-
based biosensor was created to overcome the shortfalls
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exhibited by these techniques. FRET-based detection methods
are highly sensitive with minimal sample preparation and
response times on the order of seconds to minutes. In FRET,
an excited donor molecule transfers energy to an acceptor
molecule through nonradiative dipole—dipole interac-
tions.””~** For successful FRET, the donor and acceptor
molecules need to have the appropriate spectral overlap, where
the emission of the donor overlaps with the absorbance of the
acceptor (overlap integral, J) and the donor (D) and acceptor
(A) molecules should be in close proximity (1—10 nm
separation). This short separation required for spectral overlap
can be accomplished by covalently linking the donor and
acceptor molecules. The transfer efficiency between a donor
and acceptor is very sensitive and is proportional to 1/r° (r =
D—A distance). Upon analyte binding, a decrease in transfer
efficiency occurs due to a change in the distance between the
covalently bound donor and acceptor. This strong distance
dependence leads to lower detection limits for FRET-based
systems. This makes them ideal for in-field detection due to
the lower detection limits, small sample size, and reduced
power recluil'(=.ments.26’35’36

The use of targeting molecules, such as aptamers, can
increase the specificity of these techniques. DNA aptamers
have been developed that target MePA and other nerve agent
derivatives, even in the presence of similar molecules.””~*° The
aptamer binding sites for MePA (TTTAGT) were identified
using a combination of experiments and modeling.””**

The goal of this work is to create a sensor that is highly
sensitive to MePA to achieve a detection limit within or below
the LDSO (20.8—960 nM) even in complex media without the
need for further purification. Figure 1 shows the general sensor
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Figure 1. FRET-based biosensor composed of QD donor (D) and
dye acceptor (A) bound together through a DNA aptamer. Each
DNA aptamer has three binding sites for MePA. When MePA binds
to the aptamer, a conformational change of the DNA between the
donor and acceptor leads to a quantifiable change in the fluorescence
(photoluminescence (PL)) signal.

design for MePA. Donor and acceptor molecules were
functionalized with DNA aptamers that specifically targeted
MePA through three TTTAGT binding sites. In the presence
of MePA, the FRET between the donor and acceptor
decreased due to the increased distance upon MePA binding,
leading to a restoration of the fluorescence signal. Quantum
dots were used as the fluorescence donor due to their high

*U% tailorable optical and

propensity for energy transfer,
electronic properties,” and ability for surface functionaliza-

.44
tion.

23018

B RESULTS AND DISCUSSION

QD-DNA conjugates were hybridized with Black Hole
Quencher-2 functionalized complementary strands (BHQ) to
create the FRET pair. QD-DNA—BHQ samples were then
exposed to MePA to investigate the effect of analyte addition
on the measured fluorescence signal between the QD donor
and BHQ_acceptor (Figure 2). Addition of MePA led to a
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Figure 2. Effect of MePA addition on (a) fluorescence intensity and
(b) DNA melting curves for QD-DNA-BHQ (T,,; = 54.1 °C; Ty, =
77.1 °C) and QD-DNA-BHQ-MePA (T, = S1.5 °C; T,,, = 782
°C). [MePA] = 208 nM. The melting curves are fit with Boltzmann
fits to measure the T,. The melting points were determined by
examination of the second derivative of the DNA melting curves.

restoration of the FRET signal. This is attributed to a
conformational change in the aptamer upon MePA addition
due to an increase in the distance between the donor and
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Figure 3. Spectral overlap between the emission of the QD donor and
absorbance of the BHQ acceptor.
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acceptor. A change in the DNA melting temperature was also
measured after MePA addition, from 77.1 °C for QD-DNA—
BHQ to 782 °C after MePA addition, as determined by the
second derivative of the DNA melting curve. The slight
increase in melting temperature is attributed to an increased
rigidity in the DNA from MePA interaction or integration into
the double-helix structure at the binding sites.*> The spectral
overlap between the QD emission and the BHQ is shown in
Figure 3.

A MePA calibration curve was created for urine-doped
phosphate-buffered saline (PBS) (Figure 4) to test the
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Figure 4. MePA calibration curve in artificial urine. Data collected
from several measurements at each concentration. The detection limit
was calculated from the linear range of the data depicted.

specificity of the FRET conjugates in a complex sample.
Multiple trials were conducted at each MePA concentration
across several days. At MePA concentrations above roughly 80
nM, an increase in fluorescence signal is observed due to an
increase in donor—acceptor distance with the integration of
MePA into the DNA strand, as depicted in Figure 1.

A detection limit of 743 nM was calculated using the
residual sum of squares regression of the positively sloped
linear region in Figure 4. The detection limit for MePA in
artificial urine was comparable to those results using GC
techniques in purified samples, though less than the results
reported with MS. Reported detection limits using MS are
around 10—50 nM (1—4 ng/mL) in buffer.”'” In artificial
urine, the reported detection limit using GC was 625 nM."
Colorimetric techniques lead to detection limits on the order
of hundreds of nanomolar.”**>*° Our reported FRET
biosensor-measured detection limit was below the median
lethal dose (<960 nM) in complex media without the need for
further purification, demonstrating a robust, faster detection
capability.

To verify that FRET signal response was due to nonradiative
energy transfer between the donor and acceptor rather than
the reverse, non-FRET-related quenching mechanisms, the
fluorescence response with MePA in the absence of BHQ was
measured, as shown in Figures 5 and 6.

The QD samples without bound amine DNA were exposed
to MePA in PBS and urine and compared to QD-DNA without
BHQ. For the samples without DNA, a decrease in I/I, after
MePA addition is due to the quenching of the QDs after
thorough binding between the mercaptopropionic ligands of
the QD and the phosphate group of the MePA. In the absence
of BHQ, quenching of the QD-DNA samples was not observed
in the presence of MePA. Non-FRET-related quenching
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Figure 5. Lifetime measurements for different combinations of the
biosensor components and analyte solution. Note that the “biosensor”
solutions are the fully assembled DNA biosensors from conjugated
QDs hybridized with DNA-quencher strands.
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Figure 6. Change in fluorescence (I/I;) for QD-DNA and QD
without BHQ. MePA (208 nM) was added to each mixture. Note the
decrease in fluorescence for those QDs coated with MPA compared
to increased fluorescence of QD-DNA solutions.

mechanisms, such as MePA-induced precipitation or energy
transfer to MePA, were not observed in the QD-DNA
conjugates. This finding also shows the stability of the
biosensor, where a positive identification signal can be
observed even in the presence of potentially degrading matrix
compounds.

Additionally, QD lifetimes were measured for QDs with and
without DNA and MePA, as shown in Figure 5 and Table 1
using the same conditions as those for the calibration curve.
The lifetime measurement fitting for each curve is shown in
Figure S7.

As shown in Table 1, unbound QDs with BHQ did not
change the QD lifetime, showing the binding was required for
FRET to occur. After DNA conjugation, QD-DNA—BHQ had
significantly shorter lifetimes, decreasing from 20.8 to 1.7 ns

Table 1. Lifetime Measurements

sample measured lifetime (ns)
QD 208 + 3.1
QD + DNA-BHQ (unbound) 204 + 1.5
QD-DNA-BHQ (50:1 DNA/QD) 17 + 0.5
QD-DNA—-BHQ + MePA (35.5 nM) 2.8+ 07
QD-DNA—BHQ + MePA (853 nM) 110 + 13
QD-DNA—-BHQ + artificial urine 32+ 07
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due to the energy transfer to the quencher. With the addition
of MePA, the lifetime increased with concentration due to the
increased distance after the MePA bound to the DNA aptamer,
causing the strand to expand. The increase in QD lifetimes
with the addition of MePA is evidence that the detection is
occurring due to energy transfer between the QD donors and
quencher acceptors.

In summary, this initial investigation into using a FRET-
based biosensor was successful in the detection of methyl-
phosphonic acid in complex matrices without the need for
further purification. To increase the viability for in-field
detection, future work will focus on testing the biosensor
with other similar analytes and with random DNA strands to
test the specificity of this design.””*® Subsequent investigations
using this biosensor design will investigate the effect of QD-
gold nanoparticle energy transfer pairs to increase the
sensitivity of this technique through nanometal surface energy
transfer (NSET). The DNA strand length and sequence can
also be tailored for the modular detection of different analytes.
A different QD-DNA conjugation technique can also be
utilized to decrease detection limits, such as by Green et al. for
closer QD-BHQ _distances and thus a greater FRET response
and higher analyte sensitivity."*"”

B CONCLUSIONS

The ability to detect the nerve agent metabolite methyl-
phosphonic acid (MePA) in complex media without the need
for further purification has been demonstrated. QD-DNA
conjugates were coupled to a complementary strand that was
functionalized with a FRET acceptor. DNA strands were
designed to specifically target MePA at three binding sites
between each QD-acceptor pairing. The calculated detection
limit for MePA in artificial urine was 743 nM, showing this
technique is sensitive even in complex matrices. The detection
limit is comparable to other techniques such as MS and GCMS
and is below the MePA median lethal dose (960 nM). The
rapid response of fluorescence compared to MS and GC
methods makes this a practical method for in-field detection of
nerve agents and their metabolites. This work successfully
demonstrates the ability of FRET-based biosensors to be
utilized as on-site detection devices for chemical threats.
Coupled with the ease of sample preparation for the biosensor
solution, the FRET biosensor presented in this work is an
appealing method for nerve agent metabolite detection.

B EXPERIMENTAL SECTION

Chemicals. Organic-coated CdSe/ZnS quantum dots with
a fluorescence peak at 600 nm were purchased from Ocean
NanoTech (San Diego, CA). Modified oligonucleotides were
obtained from Integrated DNA Technologies, Inc. (Coralville,
IA) as lyophilized powders and dissolved in phosphate buffer.
Artificial urine was purchased from Pickering Laboratories
(Mountain View, CA). 2-Methylphosphonic acid (MPA),
tetramethylammonium hydroxide (TMAH), chloroform, N-
ethyl-N’-(3-dimethylaminopropyl)-carbodiimide hydrochlor-
ide (EDC), N-hydroxysulfosuccinimide sodium salt (NHS),
sodium chloride (NaCl), monobasic and dibasic sodium
phosphate, and borate buffer were purchased from Sigma-
Aldrich (St. Louis, MO) and used without further purification.
Phosphate buffer (PB) was created from monobasic and
dibasic sodium phosphate. Phosphate-buffered saline (PBS)
was made by dissolving 0.1 M NaCl in 0.01 M PB.

Quantum Dot Bioconjugation. Hydrophilic QDs with
carboxyl functionalization were prepared via ligand exchange
using 2-methylpropionic acid (MPA).** The bottom organic
layer from a mixture of 500 uL of MPA with 1 g of TMAH in
10 mL of CHCIl; was added to 1 mL of QDs dispersed in
CHCl;. This mixture was maintained at ambient room
temperature until the hydrophilic QDs formed a top layer of
QD-MPA. The top layer was removed, and the QDs were
washed with fresh CHCl; and precipitated in methanol. The
methanol supernatant was removed, and the cleaned QDs were
dispersed in borate buffer. Amine-modified DNA (5'-AAC
CGG CGT_TTA GTG CCT TTA GTC GGT _TTA GTG
CCT ACC G-PEGYspacer (amino)-3') was conjugated to
QDs using EDC/NHS coupling48 to create QD-DNA
conjugates. The three anticipated MePA binding sites are
underlined for the DNA aptamer. To remove excess DNA, the
conjugated QDs were purified using a 50 kDa Amicon spin
filter (Sigma-Aldrich; St. Louis, MO) and resuspended in fresh
borate buffer (1 M borate buffer, 0.1 M NaCl). The final QD-
DNA conjugates had a quantum yield of ~12%.

DNA Quantification. The effective ratio of DNA loading
was measured using UV—vis spectroscopy. First, QD-DNA
conjugates were incubated with complementary strands at
room temperature. After 1 h, the QDs were centrifuged for 1 h
at 10k rpm at 20 °C using a S0 kDa Amicon spin filter (Sigma-
Aldrich; St. Louis, MO) to separate the QDs from the
unbound complementary strand. The filtrate was removed, and
the concentration of the unbound DNA in the filtrate was
compared to control complementary strands without QDs
using UV—vis spectroscopy.

Characterization. UV—vis and fluorescence measurements
were collected on a Horiba Duetta spectrometer (Horiba;
Irvine CA). UV—vis measurements were obtained with S nm
bandpass and 0.0S s integration. UV—vis DNA melting curves
were measured in the UV—vis at T = 20—95 °C in 3 °C step
increments with S5-min equilibrium time between each
measurement. Fluorescence measurements of QDs were
carried out with an excitation wavelength of 300 nm with S
nm emission and excitation slits. An average of 10
accumulations with 0.1 s integration time was measured for
each sample. The relative quantum yield of the quantum dots
was compared to rhodamine 6G (QY = 95%) reference dye.
QD concentration was calculated from the QD extinction
coefficient at the first excitonic absorption peak.*” Measure-
ments were taken with QD concentrations within the linear
range of the fluorescence detector (Figure S1) to ensure a
linear response with changes in the FRET signal.

FRET Measurements. FRET conjugates were prepared by
mixing QD-DNA conjugates to their complementary strand.
The DNA-quencher/QD ratio was held at 50:1 to ensure
maximum QD quenching (Figure S2). Note that only ~20
DNA strands could be bound to each QD’s surface during the
conjugation process.”® An excess of conjugate DNA strands
was added to facilitate full hybridization of the DNA strands.
The unbound DNA-quencher strands were found to have a
negligible effect on the QDs emission, as seen in Figure S.

The complementary strand was modified with Black Hole
Quencher-2 as the FRET donor (BHQ = 5'-CGG TAG GCA
CTA AAC CGA CTA AAG GCA CTA AAC GCC GGT T
(BHQ-2)-3') to create the FRET conjugate, QD-DNA—BHQ.
The FRET conjugates’ absorbances were examined at each
step and can be seen in Section SS.
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To create the MePA calibration curve, different concen-
trations of MePA were mixed with QD-DNA and shaken for 1
h to facilitate the complete binding of MePA to the DNA
aptamer. These measurements were carried out in a PBS/urine
mixture (SO uL of artificial urine in 600 uL of PBS).

Lifetime Measurements. Time-correlated single-photon
counting was conducted on a FluoroMax Plus spectrofluor-
ometer (Horiba; Irvine CA) equipped with a DeltaDiode Laser
(DD-375L; Horiba) at 371 nm center wavelength using
DeltaTime TCSPC. At least 10,000 counts were recorded for
all lifetime measurements measured at the maximum
fluorescence wavelength of roughly 590 nm. The samples
were allowed to incubate for several weeks at 20 °C before they
were measured.

Limit of Detection Calculations. The calibration curve
was constructed for the FRET conjugates with MePA by
plotting FRET response vs [MePA]. The data was brought
into OriginPlot, and a linear fit was applied to all of the data
points, using the regular residual analysis. The standard
regression of the sum of squares method is given by the
formula

residual sum of squares

(o

degrees of freedom (1)

The detection limit (DL) was calculated from & of eq 1, and m
is the slope of the best-fit line

DL =33 X o/m ()

FRET response was measured by comparing the signal of
QD-DNA-BHQ in the absence (I,) and presence (I) of
MePA, normalized to the QD concentration by dividing QD
peak emission by the QD absorbance at 400 nm to avoid
interferences with the absorbance of urine (Figure S3). The
peaks below 300 nm are due to the presence of chemicals
found in artificial urine;** for example, uric acid has a high
absorbance cross section around 295 nm.”'
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