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Abstract An ultrasensitive fluorimetric biosensor for the detection of chemical warfare agent
sulfur mustard (SM) was developed using its monofunctional analogue. SM is a vesicant and a
potent chemical threat owing to its direct toxic effects on eyes, lungs, skin and DNA. This work
investigates the quenching action of the analyte on chlorophyll fluorescence as elucidated by
nuclear magnetic resonance, Fourier transform infrared spectroscopy and mass spectrometry
studies suggesting the electrophilic attack of carbonium ion on nitrogens of the porphyrin
moiety of chlorophyll. The properties of immobilisation matrix were optimised and scanning
electron microscope observations confirmed improvement in pore size of sol–gels by addition
of 32 % (v/v) glycerol, a feature enabling enhanced sensitivity towards the analyte. Chlorophyll
embedded sol–gel was treated with increasing concentrations of monofunctional SM and the
corresponding drop inmaximum fluorescence intensity as measured by emission at 673 nmwas
observed, which varied linearly and had a detection limit of 7.68×10−16 M. The biosensor was
found to be 6 orders of magnitude more sensitive than the glass microfibre-based disc biosensor
previously reported by us.
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Introduction

Among the nuclear, biological and chemical weapons of mass destruction, chemical warfare
agents (CWAs), which are broadly classified into choking agents, blood agents, blistering agents
and nerve agents are most accessible, thereby posing a serious threat particularly to developing
nations [1]. Severely antisocial activities such as the release of bioterror agents like Bacillus
anthracis and ricin have threatened world communities. More recently, confirmed reports of
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mustard gas stockpiles in war afflicted nations, as reported by Organisation for the Prohibition of
Chemical Weapons, has raised concern [2, 3]. Following these, it has been feared that antisocial
groups might be attracted towards using chemical weapons of mass destruction like sulfur
mustard and sarin. It is, therefore, incumbent for nations to monitor the presence of CWAs,
which would require detection of these toxic agents at subnanomolar concentrations.

Sulfur mustard [SM, bis(2-chloroethyl)sulfide, C4H8Cl2S] is a blistering and alkylating agent
used in warfare that has severe physiological implications rendering it a potent chemical weapon
[4]. There is extensive ongoing research on its mechanism of action, decontamination and
development of antidotes for treatment of SM-induced injuries [5–7]. Conventional techniques
for SM detection include matrix-assisted laser desorption/ionization time-of-flight mass spec-
trometry (MS), gas chromatography and liquid chromatography [8–10]. These techniques are
laboratory bound and require extensive sample pre-treatment besides lower sensitivity, which
authenticates the demand for alternate methods of detection. Sensors such as quartz crystal
microbalance sensors, polymer-based surface acoustic wave sensor arrays and electrochemical
sensors have been developed for SM which offer sensitive detection down to nanomolar
concentrations [11–16]. Biosensors have emerged as promising analytical tools in the past
decade which have the ability to offer ultrasensitive subnanomolar detection of analytes, besides
ease of use and negligible sample treatments. To the best of our knowledge, there are three
reports on biosensors for SM till date. One utilises the suppression of induced fluorescence as a
fluorimetric detecting phenomenon, altering the photosystem II (PS II) efficiency of living
photosynthetic microorganisms Nostoc commune and Chlorella vulgaris and exhibits a detec-
tion limit of 2.87 μM for SM analogue, dibutyl sulfide [17]. The other work reported piezo-
electric detection using antigen-antibody specific interaction using polyclonal and monoclonal
anti-SM antibodies produced with carrier proteins. However, authors reported this to be a
preliminary study as the concentration of SM used was very high [18]. The most recent report
is our work which utilises the fluorescing ability of chlorophyll as the biorecognition element
which was immobilised on glass microfibre discs coupled to an optical transducer. Drop in
fluorescence was observed upon exposure to 2-chloroethyl ethyl sulfide (2-CEES), SM ana-
logue, which varied linearly with increasing 2-CEES concentrations and exhibited a detection
limit of 7.68×10−10 M. This drop in maximum fluorescence intensity (Fmax) was attributed to
conversion of chlorophyll into its breakdown products as suggested by high-performance liquid
chromatography profiles [19]. However, the complete elucidation of mechanism remained to be
studied. Therefore, in an endeavour to develop an ultrasensitive optical biosensor owing to the
toxic nature of the analyte, the present investigation has been undertaken with an aim to
elucidate the fluorescence quenching mechanism of monofunctional SM and its nature of
interaction with chlorophyll.

Material and Methods

Material

Colloidal silica, Ludox® HS 40 and 2-CEES, purity 98 %, were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Fluorescing biomolecule–chlorophyll: source, green leaves of Hibiscus
rosa-sinensis. Solvents and other analytical grade chemicals were purchased from Merck and
HiMedia, Mumbai, India. Stock solution of 2-CEES in methanol was stored in dark at 4 °C.
Chlorophyll extract was prepared fresh in petroleum ether and redissolved in methanol owing to
its favourable aqueous polarity for subsequent development of biosensor. All bench experi-
ments were performed under dim light conditions.
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Chlorophyll Fluorescence Induction

Excitation (λex) and emission (λem) wavelength of chlorophyll were identified by recording its
fluorimetric spectra on a Varian Cary eclipse fluorescence spectrophotometer for which chlo-
rophyll was extracted from green leaves of H. rosa-sinensis and quantified according to
Ranganna [20]. All further fluorescence studies were done on digital photofluorometer EІ 681
using a 50 W tungsten halogen lamp as a light source via a shutter and a broad band
interference transmitting through primary corning 5113 filter and collecting the emission
through secondary corning 3385 filter detected with a sensitive wide-range photodiode.
Chlorophyll was induced to Fmax by varying flash/dark time cycles.

2-CEES as a Fluorescence Quencher

To study the effect of 2-CEES on fluorescence, which is the underlying sensing phenomenon
for the development of this optical biosensor, the biomolecule was flash induced with 10-s
flash/2 min dark cycle and a subsequent drop in Fmax upon treatment with 2-CEES, if any, was
observed. To explicate the quenching phenomenon proton nuclear magnetic resonance spec-
troscopy (1H NMR) and Fourier transform infrared spectroscopy (FTIR) spectra of 2-CEES
treated chlorophyll were recorded on Bruker Avance II 400 magnetic resonance spectroscopy
(NMR) spectrometer operating at 400 MHz and Perkin Elmer Spectrum 400 FTIR spectropho-
tometer, respectively. Our findings were further corroborated by recording a mass spectrum on
Thermoscientific LTQXL mass spectrometer with electron spray ionisation source in positive
ion mode with a source voltage of 3 kV.

Biosensor Preparation

Due to optical-based transduction, sol–gel matrix was opted for immobilisation of chlorophyll.
For this, colloidal silica, the precursor was initiated towards gelation by addition of H+ and Na+

ions. To attain high sensitivity of detection, varying concentrations of glycerol were added into
thematrix and the gel porosity was characterised by scanning electronmicroscope (SEM) studies.
Scanning electron micrographs were captured on a JEOL-JSM-6610LV scanning electron
microscope at an accelerating voltage of 15 kV after gold coating. One hundred microliter sols
containing 19.2 % silica, 0.1 M NaCl and chlorophyll (0.24–2.4 μg) were cast onto a 96-well
microtitre plate for 8.25 h to allow complete gelation. Thereafter, gels embedded with 2.4 μg
chlorophyll were treated with increasing concentrations of 2-CEES after induction and a subse-
quent drop in Fmax was observed to identify a linear range of detection.

Results and Discussion

Chlorophyll Induction to Maximum Fluorescence Intensity

The total chlorophyll extract exhibited λex and λem at 442 and 673 nm, respectively. To attain a
high sensitivity of response the biomolecule was induced to Fmax by high energy photons,
exciting the electrons in the reaction centre of PS II which upon relaxation emit long wave
radiation as fluorescence (refer to Fig. 4). It was observed that with 10-s flash/5 min dark time
cycle, Fmax was attained after 1 h which may be attributed to prolonged dark time. On the other
hand, 10-s flash/2 min dark time cycle yielded a distinctive Fmax at 2 min, a combination
thereby chosen for chlorophyll fluorescence induction (data not shown).
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2-CEES as a Fluorescence Quencher

The fluorescence quenching action of SM has been under investigation by many workers.
The studies focus around the electrophilic sulfur atom and the alkyl group. The present work
is an endeavour to elucidate the mechanism of SM action on chlorophyll, the fluorescing

Fig. 1 Structure of chlorophyll

Fig. 2 1H NMR spectra of a porphyrin moiety of chlorophyll i before treatment and ii after treatment with 2-
CEES; b phytol region i before treatment and ii after treatment with 2-CEES
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biomolecule. The structure of chlorophyll is shown in Fig. 1. As expected, treatment of
flash-induced chlorophyll with monofunctional SM showed an inhibitory effect on Fmax,
higher concentrations leading to an increased drop in maximum fluorescence intensity (data
for free system not shown).

The 1H NMR spectra of chlorophyll before and after treatment with 2-CEES is shown in
Fig. 2. Figure 2a (i and ii) are the 1H NMR spectra of porphyrin moiety of chlorophyll
whereas, Fig. 2b (i and ii) represent the spectra of the phytol region, the two regions which
are significantly affected by 2-CEES. Resonance values to individual protons were assigned
according to Smith et al. [21]. Proton signals at δ 9.56, 9.21, 8.41 and 8.08 account for β, α,
δ methine and =CH vinyl protons, respectively, which upon treatment with the analyte
showed a significant downfield shift. This downfield shift may be attributed to the interac-
tion of electron withdrawing groups of 2-CEES with porphyrin moiety of chlorophyll
suggesting a possible bond formation discussed subsequently. One of the leading works
by Fujimori [22] on the action of SM on fluorescing molecules suggested that the alkyl
group of the analyte was responsible for fluorescing quenching. On the contrary, Hunt and

Fig. 3 FTIR spectra of chlorophyll a before treatment and b after treatment with 2-CEES
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Alder [23] suggested that the competitive reacting component is sulfide; however, their
NMR studies were inconclusive.

Under mild aqueous conditions, 2-CEES forms a cyclic transient ethylene sulfonium
cation via SN1 intramolecular assistance of neighbouring sulfur atom with the loss of Cl−,
generating HCl, thereby rendering it a blistering agent [24, 25]. Based on our observation,
we suggest that the transient intermediate sulfonium ion undergoes rearrangement to form
more stable carbonium ion which is followed by its electrophilic attack on the nitrogens
within the porphyrin ring of chlorophyll during which intramolecular energy transfer takes
place facilitating the non-radiative transitions to ground state resulting in fluorescence
quenching. This is supported by similar action of SM on nitrogen-7 of guanine and nitrogen-
3 of adenine of the DNA [26]. Subsequent FTIR and MS studies will confirm the observation.
The appearance of two signals at δ 9.91 and 10.06 can be ascribed to the protons of HCl
generated by 2-CEES. The action of HCl on chlorophyll leads to formation of pheophytin (refer
to Fig. 4). Signals of protons attached to two nitrogens after the loss of central magnesium atom
appear at δ 9.79 and 9.98.

In Fig. 2b (i) proton signals at δ 3.9, 4.54, (4.10, 4.38) and 4.7 are assigned to H-7, H-8,
P-1 (CH2) and P-2 (=CH) protons, respectively, where prefix-P stands for phytol chain
protons which showed changes in their peak patterns after 2-CEES treatment, due to its
conversion into pheophorbide and non-fluorescing catabolites causing changes in the proton
environment after separation of phytol chain. Figure 3 shows the FTIR spectra of chloro-
phyll, showing characteristic bands of the biomolecule.

Fig. 4 Fluorescence quenching phenomenon of 2-CEES

Table 1 Position and assignments of bands in FTIR spectra

Chlorophyll (cm−1) 2-CEES treated chlorophyll (cm−1) Assignment

3,367 3,390 N–H stretching (aromatic)

2,955, 2,918, 2,849 2,959, 2,917, 2,849 C–H stretching (alkanes)

1,743 1,741 C=O stretching (ester)

1,638 1,639 C=C stretching (alkene aliphatic)

1,462, 1,402 1,462, 1,402 C–C stretching (aromatic)

1,154, 1,076, 1,050 1,153, 1,076 C–O stretching (ester)

1,022 C–N stretching

719 719 C–H deformation (aromatic)
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Probable assignments of the bands are given in Table 1. The appearance of a new band at
1,022 cm−1 after 2-CEES treatment corresponds to C–N stretching thereby confirming bond
formation between carbonium ion of 2-CEES and nitrogen of chlorophyll molecule. Further to
that, a significant shift of N–H stretching peak from 3,367 to 3,390 cm−1 indicates the harbouring

Fig. 5 Mass spectra of chlorophyll after 2-CEES treatment
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of the analyte within the porphyrin moiety. The proposed action of 2-CEES as a chlorophyll
fluorescence quencher is illustrated in Fig. 4.

Our elucidations were further confirmed withMS studies. Figure 5 shows themass spectrum
of chlorophyll after 2-CEES treatment. Major fragment ion was of ethylene carbonium ion at
m/z=87.47. Fragment at m/z=865.03 corresponds to a pheophytin derivative formed by the
action of HCl. The ion of m/z=953.84 [865.03+88.6 (carbonium ion)] confirms the interaction
of 2-CEES with the chlorophyll molecule responsible for its fluorescence quenching. Fragment
ion atm/z=623.38 [pyropheophorbide (534) +88.6] is due to further degradation of chlorophyll.
Fragment ions at m/z=206.33 and 451.89 correspond to phytol chain and porphyrin moiety
catabolic products, respectively.

Optical Biosensor Based on Fluorescence Quenching

The optical detection necessitated use of a transparent immobilisation matrix for biosensor
development and silica sol–gels were used in this study. Ludox® HS 40 is a hydroxy stabilised
40 % (w/v) aqueous silica suspension. Hydroxyl ions render a high negative charge on silica
accounting for its electrostatic stability. It is the destabilisation of this colloidal suspension that
leads to aggregation and gelling. The destabilisation is brought about by changing its ionic
environment by lowering the pH to 5.0–6.0 and by addition of salts like NaCl, KCl, LiCl and
CsCl leading to diminution of repulsive forces causing aggregation [27]. In this work, gelation
was done sequentially by: (a) lowering the pH to 7.0, thereby causing partial charge shielding
(chlorophyll retains stability at near neutral conditions, lowering the pH below 7.0 is known to
degrade the biomolecule, refer to Fig. 4); (b) addition of Na+ ions. Na+ ions catalyse gelation by

Table 2 Effect of NaCl concentration on gelation. Concentration of silica used was 10.66 % (w/v)

NaCl concentration (M) Gelation time Observation

0.10 2 days 3 h 20 min ± 45 min Transparent

0.25 8 h 20 min ± 15 min Turbid

0.50 1 h 15 min ± 7.64 min Turbid

0.75 25 min ± 5 min Turbid

1.00 13 min ± 2.52 min Turbid

Fig. 6 SEM micrographs of gels containing a 4 % (v/v) glycerol and b 32 % (v/v) glycerol. Concentration of
silica used was 19.2 % (w/v)
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providing electrostatic shielding of remaining partial negative charge on silica and by ion
exchange between Na+ and hydrogens of silanol groups [28]. Increased Na+ ion concentration
leads to loss of optical transparency which is due to an increase in fractal dimension of sol due to
shielding of Coulombs interaction by Na+ ions [29]. Due to this, both electrostatic potential and
Debye shielding length decrease leading to an increase in van derWaals attraction between silica
particles facilitating their aggregation and gelation. The effect of Na+ (0.1–1.0 M NaCl) on
optical transparency and gelation time was observed (Table 2), based on which 0.1 M NaCl was
chosen for further studies.

Glycerol is known to increase the pore size of gels [30]. The porosity of gels with
increasing concentrations of glycerol was measured (data not shown). SEM micrographs of
gels with 4 and 32 % (v/v) glycerol are shown in Fig. 6, which clearly indicate the increased
pore size with higher concentration of glycerol. The improved pore size facilitates greater
interaction between embedded chlorophyll and 2-CEES both through micropores and
macropores improving the sensitivity characteristics of the biosensor.

The effect of increasing silica concentration on gelation time was observed (Table 3) increas-
ing concentration leading to faster gelation. Based on this, gels with 32 % (v/v) glycerol and
19.2 % (w/v) silica were selected for immobilisation of the biocomponent owing to faster
gelation, larger pore size and adequate transparency.

Table 3 Effect of silica concentration on gelation. Concentration of glycerol and NaCl used was 32 % (v/v)
and 0.1 M, respectively

Silica concentration (%) Gelation time Observation

10.66 1 day 23 h 15 min ± 42.52 min Transparent

13.70 22 h ± 22.91 min Transparent

16.00 18 h ± 17.62 min Transparent

17.85 15 h ± 15.28 min Transparent

19.20 8 h 15 min ± 12.12 min Transparent

Fig. 7 Decrease in the fluorescent signal with increasing 2-CEES concentrations. The curve was fitted to a
quadratic polynomial equation; error bars standard deviation from three independent measurements. The inset
shows the linear variation of drop in Fmax at lower 2-CEES concentrations
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Biosensor Response to 2-CEES

Fmax increases with increasing chlorophyll concentration, with maximum being attained with
2.4 μg/100 μl. To observe the drop in Fmax, 2.4 μg chlorophyll embedded sol–gels were treated
with increasing 2-CEES concentrations as shown in Fig. 7. From the figure, it is clear that the
biosensor exhibits a limit of detection of 7.68×10−16 M and there is a saturation in response from
7.68×10−8 M onwards. The biosensor affords ultrasensitive detection of the said analyte when
compared with previous works.

Conclusions

In conclusion, a fluorimetric biosensor was developed for sulfurmustard using its monofunctional
analogue, 2-CEES. The sensor exhibits a detection limit of 7.68×10−16 M. We describe the
mechanism of action of 2-CEES as a quencher of chlorophyll fluorescence. The ultrasensitive
response is a promising feature of the biosensor. More so, the assay is a simpler alternative to
existing sophisticated methods of detection. Our future work would focus on selective detection
of SM with possible use of specific polymers.
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