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ABSTRACT: Sulfur mustard (SM) is a notorious blistering chemical warfare agent. Rapid
field screening for trace SM is of vital significance for the detection of antiterrorism and
timely treatment. Here, a visual assay for SM was constructed on the basis of its inhibition
for the G-quadruplexes/hemin DNAzyme. Specifically, multiple guanine (G)-rich single
stranded oligonucleotides (ssODN) named S1 (80% of G in the total bases), i.e., the
precursor for G-quadruplex, which could oxide tetramethylbenzidine (TMB) to its green
product, were conjugated on the nonfouling polymer brush grafted magnetic beads (MB@
P(C−H)). SM could specifically alkylate the N7 and O6 sites of G in the S1; thus, it failed
to form the DNAzyme based signal reporter. It was demonstrated that the nonfouling P(C−
H) interface on the magnetic bead (MB) could protect the conjugated ssODN from
nuclease degradation, thus ensuring its well sensing performance in complex samples. Under
the optimized conditions, this method achieved good sensitivity and selectivity with a limit
of detection (LOD) as low as 0.26 μmol L−1, and the recoveries ranging from 86% to 117%
were obtained for different SM spiked real samples. Above all, this method combining low
cost and ready operation could be suited for rapid field SM screening in a wide range of environmental matrices.

■ INTRODUCTION

Bis(2-chloroethyl)sulfide, commonly known as sulfur mustard
(SM) or mustard gas, is a notorious blistering chemical warfare
agent (CWA).1,2 It has been used on a large scale against
military and civilian targets in the major wars of the last
century, causing millions of casualties.3 Worse still, legacy
stockpiles and munitions of SM as abandoned chemical
ammunition in the natural environment around the world
remain active and threaten the safety of the environment and
citizens.4,5 Although strict verification procedures are being
employed, SM used in eastern European countries6 as well as
the Syrian Arab Republic conflict in 20157−9 has greatly
increased anxiety. To meet the actual requirement to rapidly
diagnose SM poisoning and assess potentially hazardous SM in
suspicious samples as well as map the contaminated zone, the
development of portable and reliable tools to detect trace
amounts of SM in very noisy backgrounds is of vital
significance.10

Until now, instrument based analysis for SM was well
developed on the basis of ion mobility spectrometry (IMS)11

and gas chromatography mass spectrometry (GC-MS)12,13 as
well as liquid chromatography mass spectrometry (LC-
MS).14,15 However, these strategies suffer from complicated
operations and poor portability. Colorimetric assays featured
with easy operation, quick feedback, and cost effectiveness
make them quite applicable for defense field and point of use
tests. Up to now, organic molecule probes for SM have been

developed for optical assays.16−20 Moreover, biosensors for SM
adopted choline oxidase or haloalkane dehalogenase have also
been developed.21,22 Although these methods demonstrate
good applicability for contaminated liquids or mist, the
construction of a visual assay that is highly sensitive, simple,
and economic remains a worthwhile pursuit.
As a powerful alkylating agent, SM can rapidly react with

DNA preferentially at the N7 or O6 positions of guanine (G),
which comprises 77% of all DNA adducts (Scheme 1A).23,24

Specifically, the most abundant SM-G adduct (N7-HETEG,
61%) has been used as the biomarker for the internal SM
exposure.25,26 Moreover, an immune chromatographic strip for
N7-HETEG was developed as a commercial product for in
vitro diagnostics.27 Inspired by this specific SM-G adduct
reaction, researchers proposed a rapid field assay for SM.28,29

The core sensing principle of this method lies in SM alkylating
the G-quadruplex (G4) precursor at the N7 and O6 sites of
guanine, thus not allowing it to form the DNAzyme/hemin
reporter (Scheme 1C). As we know, signal-off sensors often
suffer from false positive signals in real applications. To address
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this issue, we used the nonfouling magnetic bead (MB) as a
scaffold to conjugate the recognition/sensing G4 precursor,
and this new design allowed the achieved MB@P(C−H)-G4
probe to be easily separated from the SM spiked sample
solutions. After the alkylating reaction was washed, it was
dispersed in DNAzyme working buffer, which ensured the
output was free from SM as well as matrix interferences.
Moreover, the nonfouling P(C−H) interface on the MB could
protect the conjugated multiple guanine (G)-rich single
stranded oligonucleotides (ssODN) from nuclease degrada-
tion. All of these features ensures this assay has a high sensing
performance without the use of additional sample preparation.

■ EXPERIMENTAL SECTION

Chemicals and Instruments. G4 precursor S1 (5′-GGGT
GGGT GGGT GGG-3′) was selected as the sensing element
in this method. NH2−S1 with a poly(dT3) spacer and amino
group (5′-NH2-TTT GGGT GGGT GGGT GGG-3′) as well
as NH2−S1 labeled with a fluorescent dye (NH2−S1*, 5′-
NH2-TTT GGGT GGGT GGGT GGG-FAM-3′) were
conjugated on the MB@P(C−H), respectively. A negative
control ssODN (S2, 5′-CCCACCCACCCACCCA-3′) was
also used. Sybr Gold was purchased from Invitrogen
Biotechnology Co. Ltd. (Beijing, China). S1 nuclease (100 U
μL−1) is a product from Thermo Scientific. SM with a purity
exceeding 95% was provided by the Institute of Chemical
Defense of Chinese People’s Liberation Army. H2O2,
tetramethylbenzidine (TMB), and hemin are products from
Sigma-Aldrich (St. Louis, MO). Ultrapure water (18.3 MΩ·
cm) produced with a Milli-Q gradient system (Millipore,
Billerica, MA) was used throughout the experiments. Diethyl
chlorophosphate (DCP), acetyl chloride (AC), iodoethane
(IE), diethyl chlorophosphate (DCNP), phosphoryl trichloride
(POCl3), diethyl cyanophosphate (DCNP), 1-chloro-2-ethyl-
sulfonyl (CESF), 1,2-dibromoethane (DBE), thioacetic acid
(TAA), bis(2-chloroethyl)ether (BCEE), and 1-

(bromomethyl)benzene (BMB) of analytical grade were
purchased from Beijing Chemicals (Beijing, China).
The absorption spectrum was measured on a Shimadzu UV

3600 UV−vis−NIR spectrophotometer. Differently modified
MBs were observed on a JEM-2100F transmission electron
microscope (JEOL Ltd., Japan). Hydrodynamic diameters and
ζ-potentials of these MBs were determined on a Zetasizer
Nano ZS (Malvern Instruments). The magnetic properties of
the MBs were characterized on a physical property measure-
ment device (Cryogenic, 12 T Magnet). Thermogravimetric
analysis (TGA) was conducted on a Model TGA Q500 from
room temperature to 800 °C at a heating rate of 10 °C min−1

under nitrogen gas (40 mL min−1). An attenuated total
reflection-Fourier transform infrared spectroscopy equipped
with an ATR unit (ATR-FTIR, Bruker Invenio) was used to
characterize the MBs. ICP-OES (IRIS Advantage, Thermo
Scientific) was used to quantity the MBs. Circular dichroism
(CD) measurements were conducted on a CD spectrometer
(Chirascan, UK). Isothermal titration calorimetry (NANO
ITC, TA Instruments-Waters LLC) was employed to evaluate
the nonfouling properties of the MBs. An AB Sciex QTRAP
6500 was used to monitor the reaction between SM and the
ssODN.

Preparation of the MB@P(C−H)-G4. The water dis-
persible SiO2 capped Fe3O4 nanoparticles (MBs) were
prepared according to a published method.30 The nonfouling
polymer brush grafted MBs (the MB@P(C−H)-G4) were
synthesized via a typical RAFT process.31 Subsequently,
different amounts of NH2−S1 were covalently conjugated on
the MB@P(C−H) with low (the MB@P(C−H)-G4L), middle
(the MB@P(C−H)-G4M), and high (the MB@P(C−H)-G4H)
densities using different NH2−S1 to MB feeding ratios. As a
control, the epoxy derived MBs without grafted P(C−H) were
also prepared to conjugate NH2−S1 (the MB@G4). To test
the nuclease resistant capacities, the NH2−S1* was conjugated
on the MB@P(C−H) and the epoxy-MBs (i.e., the MB@
P(C−H)-G4* and the MB@G4*), respectively, using the
same conjugation method as that for the NH2−S1, and then,

Scheme 1. (A) SM Inhibited the DNAzyme Activity of the S1 by Reacting with Guanine; (B) Chemical Structure of the
Grafted P(C−H) Brush; (C) Fabrication of the MB@P(C−H)-G4 Nanoprobe Using the RAFT and Post-chemical
Conjugation; (D) Alkylating Reaction of SM to the N7 Position of Guanine; (E) Colorimetric Assay for SM Using the MB@
P(C−H)-G4 Nanoprobe
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these products were dispersed on the S1 nuclease working
buffers. The average loading amount of the NH2−S1* on
different MBs as well as the fluorescent signal in the
supernatant after treating the S1 nuclease were determined
according to the standard NH2−S1* constructed linear fitting
equation. The concentrations of the different S1 conjugated
MB probes were determined by ICP-OES according to their
Fe contents. For details of the experimental procedures, refer
to the Supporting Information.
Sensing SM by the MB@P(C−H)-G4. Standard SM

solutions ranging from 10 to 100 μmol L−1 were added to the
S1 (100 μL, 10.0 μmol L−1, 0.1 mol L−1 KCl) and incubated
for 1 h before analysis. The conformations of the S1 before and
after treating different amounts of SM were examined using
CD spectra and the colorimetric assay. CD spectra were
recorded using a quartz cell with a 1 mm optical path length in
a reaction volume of 200 μL. Native polyacrylamide gel
electrophoresis (PAGE) was performed in a standard temper-
ature-controlled vertical electrophoretic apparatus at a gel
concentration of 15%. Approximately 2 μg of ssODN was
loaded onto each well of the gel. Electrophoresis was
performed at 4 °C for 2 h at 110 V.
For the determination of SM, standard SM solutions (0−5.0

μmol L−1) were added to the MB@P(C−H)-G4M aqueous
solutions (50 μg mL−1) and heated for 15 min at 70 °C. After
incubating for 2 h, MB@P(C−H)-G4M were washed and
collected by an external magnetic field and finally redispersed
in the buffer solutions (10 mmol L−1 Tris, 50 mmol L−1 KCl,
0.05% Triton X-100). Hemin (25 mmol L−1 in 0.01 mol L−1

NaOH) was then added to the above solutions. After heating
at 90 °C for 10 min, these solutions were then gradually cooled
to room temperature to generate the G-quadruplex/hemin
DNAzyme. After the product was washed with buffer, H2O2
(1.0 mmol L−1) and TMB (0.5 mmol L−1) were added to the
solutions, and the mixture was left to stand at ambient
temperature for 30 min. The absorption intensity at 372 nm
was chosen for quantitative analysis.
Real Sensing Applications. Finally, different environ-

mental samples were used to evaluate the applicability of the
proposed strategy. All of these samples were spiked with SM
from 0.5 to 5.0 μmol L−1 and then analyzed using the

optimized method. To investigate the selectivity of this
method, different ions and typical organic interferences were
used.

■ RESULTS AND DISCUSSION

Characterization of the MB@P(C−H)-G4. TEM images
showed that the colloid MB@P(C−H) is nearly spherical with
an Fe3O4 core of ∼110 nm diameter. Both the middle SiO2
and the outer P(C−H) layer had an ∼10 nm and 15−20 nm
thickness (Figure 1A−C), respectively. The grafted P(C−H)
as well as the ssODN were monitored by FT-IR spectroscopy
(Figure 1H). For the MB@P(C−H), the peaks around 1728,
1650, 1440, and 1390 cm−1 were assigned to the stretching
vibration from CO; −NH2 as well as the aliphatic C−H
bond belonged to P(C−H). After modification of the S1, some
new peaks appeared at 1620, 1548, 1418, and 1387 cm−1,
which were attributed to the PO stretching, the N−H
bending, the aromatic ring, and the C−N/O stretching bond,
respectively, indicating the presence of ssODN. According to
the TGA results, compared with the NH2-MBs with ∼2%
weight loss, the grafted P(C−H) was ∼13% of the total weight.
After the conjugation of S1, the weight loss further increased to
∼17% for the MB@P(C−H)-G4M (Figure 1G). All of these
results suggested the successful grafting of P(C−H) and S1
from the MBs. Moreover, the saturation magnetization of the
MB@P(C−H)-G4M was measured as 35.8 emu g−1. The
magnetization curve showed symmetry and passed through the
origin, which demonstrated their facile separation from the
sample matrices (Figure 1D).
The adoption of ssODN as recognition elements faces the

problem of nuclease degradation, which limits stable and
precise signal transduction.32 Therefore, the fabrication of a
nuclease-resistant ssODN interface for biosensing has achieved
wide attention.33,34 To verify the protective capacity of the
MB@P(C−H) for the conjugated ssODN from the S1
nuclease degradation, all of the ssODN were labeled with
fluorescence dyes. To accurately evaluate the nuclease-resistant
ability of the MB@P(C−H)-G4, a degradation efficiency (DE
%), which is defined as the molar ratio of the concentration of
degraded S1 (Cthe degraded S1*) to that of conjugated one
(Cthe conjugated S1*) on the MB@P(C−H)-G4, was adopted

Figure 1. TEM images of the MBs before (A) and after (B and C) grafting the P(C−H) brush; (D) magnetization measurements and (G) TGA
analysis as well as (H) FT-IR spectra results for differently modified magnetic materials; (E) the raw data and (F) the fitting results of the ITC
results.
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(the detailed testing method is given in the Supporting
Information). As shown in Figure 2A, for the MB@P(C−H)-
G4*, the DE% improved with the increase of ssODN density,
suggesting the nonfouling P(C−H) interface could effectively
protect ssODN from the S1 degradation under a certain
conjugation density range. However, the S1 nuclease
degradation was observed for the MB@G4*. It was estimated
that more than 40% of the ssODN on the MB was degraded.
All of these results indicated the protecting role of the P(C−
H) layer for the grafted ssODN.
Actually, there are strategies to prevent ssODN degradation

from nucleases, such as fabricating spherical nucleic acid
(SNA) and coating cationic polymers, lipid bilayers, or
oligolysine−PEG polymers on the ssODN nanostructure.35−37

These designs lie in the use of the steric hindrance as well as
the nonfouling function to protect ssODN. To demonstrate
the nonfouling properties of the MB@P(C−H)-G4, ITC was
used to evaluate the unspecific adsorption of proteins on
differently modified MBs. In the ITC based measurement, the
BSA (50 μL, 5 mg mL−1) was dropped in the MB@P(C−H)-
G4 (300 μL, 1 mg mL−1). As shown in Figure 1E,F, the MB@
P(C−H)-G4M showed a weak interaction with the nonspecific
protein (BSA). Besides, other raw ITC data for the MB@
P(C−H)-G4H and the MB@P(C−H)-G4L were listed in
Figure S1, demonstrating their well nonfouling properties. In
this research, the nuclease-resistant ability might be derived
from the protection capacity of the nonfouling polymer brush

layer. On one hand, the P(C−H) zwitterionic polymer
interface contained a high abundance of conjugated sites for
amino modified ssODN; on the other hand, highly hydrated
P(C−H) brush could embed ssODN, thus effectively being
repelled from the biosensor surface by tuning the DNA
density. Benefiting from the hair-like nanostructure of P(C−
H), the amounts of ssODN on the MB@P(C−H)-G4H, the
MB@P(C−H)-G4M, and the MB@P(C−H)-G4L as well as
the MB@G4 were calculated as 0.034, 0.128, 0.247, and 0.012
mg g−1, respectively. The detecting methods are listed in the
Supporting Information. Moreover, the lyophilized MB@
P(C−H)-G4M can be well dispersed in aqueous solutions
and showed consistent sensing capacity even after storage for 6
months. All of these features, i.e., simple sample preparation,
low matrix interference, and long-term stability as well as the
nuclease resistance capacity, ensured the outstanding sensing
performance of this method.

Sensing Capacity of the MB@P(C−H)-G4M to SM.
According to the native PAGE (15%) electrophoresis shown in
Figure 2B, the SM treated S1 showed a lower migration rate
compared to the intact one. CD spectroscopy demonstrated
that the S1 could fold into a typical parallel G-quadruplex,
which exhibits a clear positive band at ∼265 nm and a negative
peak at ∼245 nm, but after the amount of SM was increased,
its G-quadruplex topology was successively lost as reflected by
the disappearing CD absorption (Figure 2C). Moreover, the
sensing mechanism was also verified by monitoring the SM

Figure 2. (A) DE% of differently modified MB toward the S1 DNase. (B) 15% PAGE separation using 0.5× TBE at 4 °C and visualized with
Golden View staining: M: 20 bp DNA ladder; 1: S1 + SM; 2: S1. (C) CD spectra of the S1 ssODN (10.0 μmol L−1) after treatment with an
increasing amount of SM (100 μmol L−1) and the photographed images of the corresponding G4/hemin DNAzyme to SM based on TMB/H2O2
colorimetry (S1: 5 μmol L−1, inset). (D) Absorption spectroscopy of the MB@P(C−H)-G4M with SM concentrations of 0 to 5 μmol L−1; inset:
the linear fitting result using the MB@P(C−H)-G4M. (E) Photographed image of the color response to SM (2.5 μmol L−1) in different spiked
samples. (F) Chemical structures of different interferences. (G) Selectivity: SM, 5 μmol L−1; others 50 μmol L−1 under the same testing conditions.
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inhibited catalytic capacity of the S1 DNAzyme.38,40,41,39 It was
found that the catalytic inhibition of the S1 after SM treatment
was consistent with that observed in the CD spectra (inset of
Figure 2C). In addition, ESI-MS was also used to monitor the
reaction between the S1 and SM (Figure S2). A series of
characteristic deprotonated ions (M−nH)n− was found for the
SM and S1. After the amount of SM was increased, the
characteristic mass peaks of the S1 steadily decreased; some
new mass peaks were also present, indicating the formation of
SM-ssODN adducts.
Subsequently, the sensing capacity of the MB@P(C−H)-

G4M was further examined. The absorbance signal of TMBox
decreased in a SM dose-dependent manner (Figure 2D). When
the peak intensities at 372 nm were fitted with the
concentrations of SM, a linear relationship (A372 = 1.93−
0.33CSM, R2 = 0.983) was obtained (CSM represents the
concentration of SM, μmol L−1) (Figure 2D inner). The linear
range was determined to be from 0.5 to 5 μmol L−1, and the
detection limit was calculated to be 0.26 μmol L−1 by including
the control signal with three times the standard deviation; the
inter- and intraday precisions were monitored to be less than
16.3%. Using ESI-MS to monitor the S1 after the treatment
with SM (Figure S3), the proper detection time was
determined to be 1 h after the reaction between SM and the
MB@P(C−H)-G4M. Non-G4 control ssODN (the S2/5′-
TTTCCCACCCACCCACCCA-3′) were conjugated on the
MB@P(C−H) as the negative control (the MB@P(C−H)-
S2), and their sensing capacity was examined. It was found that
no color changes were observed before and after treating SM
as shown in the Figure S4.
To evaluate the selectivity, some toxic alkylation reagents

were examined as listed in Figure 2F. Some alkylation reagents
are very easily hydrolyzed; thus, they can not exist in the
reaction solution (acetone/water = 1:1, as given in the
Supporting Information), i.e., DCP, POCl3, DCNP, CESF, and
AC. According to our detection conditions, these interferences
reacted with ssODN before hydrolyzation. For other agents,
they would not interfere with this assay due to their relatively
weak alkylating capacity compared to that of SM. Some metal
ions (such as Ag+, Cu2+, Hg2+, Pb2+, etc.) could coordinate
with basic groups in ssODN, thus inhibiting the G-quadruplex
formation. However, in this method, the organic solution
(acetone) was used to extract SM from soil and fabric samples,
which avoids the introduction of metal ions. To examine the
practical applicability of the assay, SM was spiked in all of these
samples. As shown in Table 1, this method was well applicable
for different environmental samples and acceptable results
were obtained.

■ CONCLUSION
In this work, a rapid and sensitive nanoprobe, which was
fabricated by conjugating multiple G-quadruplex precursors
with nonfouling MBs, was developed for colorimetric SM
detection. Using MB@P(C−H) as colloid substrates for
ssODN endowed several benefits to improve the sensing
performance. This method is anticipated to be a user-friendly
disposable biosensor for field SM screening in wide environ-
mental matrices. When one considers the environmental SM
exposure lasts longer than gaseous SM in real SM exposure,
there are potential applications of this method for environ-
mental repair as well as illegal SM hoarding/production
control.
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