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Riboflavin based conjugated biomolecule for
ultrasensitive detection of nitrophenolsy

*

Real time detection of explosive compounds in today's time is of utmost necessity due to security and

severe environmental safety issues. Herein, we have synthesized a biobased conjugated molecular
system from riboflavin and L-cystine utilized it for detecting picric acid in trace amount using optical
sensing technique. The bioconjugate probe showed high quenching efficiency towards picric acid, which
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is 92.2%. In depth mechanistic study showed that ground state electrostatic interaction and inner filter

effect are the factors leading to the diminishing of the probe’s fluorescence intensity on addition of trace
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Introduction

Rapid and selective detection of explosive compounds has
gathered much interest due to its usefulness in homeland
security, remediation of explosive sites, forensic and criminal
investigations.” Common techniques of detection involve
sniffer dogs and metal detectors. But trace amount of organic
explosive compounds are difficult to detect via such tech-
niques.* Picric Acid (PA), whose IUPAC name is 2,4,6-trini-
trophenol, a polynitrated chemical highly explosive in nature.
The explosive nature of PA is apparently found to be higher than
that of the common powerful explosive, TNT. PA is also exten-
sively used in manufacturing units of dyes, fireworks as well as
rocket fuels.>® The nitroaromatic chemicals (NACs) possess
electron-withdrawing capacity and thus produce harmful gas
vapors. PA dissolves in water and hence possesses a substantial
threat by getting released into the environment. It is potentially
hazardous for infected waterbody dependent wildlife and
human beings. Also, it is very toxic in case of contact with eyes
and skin, ingestion, or inhalation and can result in lung
damage, difficulty in breathing, loss of consciousness, or even
death.” According to the precautionary measures releases for
handling of picric acid, overexposure to this acid can cause
anemia, liver function disorder, and cataracts.*® Therefore,
development of newer materials and advanced methods for the
detection of this compound from the environment has garnered
a lot of attention in recent times. The detection of picric acid
mostly happens in outdoor places like blast sites, minefield,
etc.''" Here, along with PA, various other pollutants remain
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amount of the nitrophenol, picric acid. The detection limit of the conjugate is 0.37 nM which is
extremely low and highly desirable for clinical applications of this system.

present, thereby making the detection of PA a very difficult as
well as a necessary task. For this purpose, the fluorescence
technique is widely used. It has advantage over other tech-
niques because of its rapid response, easy sample preparation
and sensitivity."” Different techniques were used for the detec-
tion of PA, like colorimetry,” but fluorescence’"” has been
predominantly used for its quick response, easy sample prep-
aration, etc. Other methods involve gas chromatography,'® vol-
tammetry," cyclic voltammetry technique,* surface-enhanced
Raman spectroscopy,”** fiber-optics detection method,*
energy-dispersive XRD,** nuclear quadrupole resonance,*
amperometry,”® and gas chromatography mass spectrometer
(GCMS),”” electroluminescence, electrochemical.> Keeping in
mind all of these circumstances, we have synthesized a bio-
based conjugate riboflavin—cystine (RC) via Fischer esterifica-
tion reaction for a fluorescent quenching detection of picric
acid. This RC acts as a novel, less expensive, selective and highly
sensitive sensor with riboflavin being used as the fluorescent
tag molecule. Riboflavin is a yellowish-green fluorescent
compound isolated from an enzyme,** found in green, leafy
vegetables bounded to proteins. It is also present in different
amounts in natural unprocessed foods as well as dairy products,
meat and fruits.*** Riboflavin transfers single electron,
hydrogen atom and hydride ions to the substrate, contributing
in a redox reaction in biological systems. Riboflavin shows
strong absorption peaks at 223 nm, 267 nm, 372 nm and
444 nm in the UV-vis regions when dissolved in water and
simultaneously gets degraded to different’ photoproducts on
exposure to light.*® Riboflavin forms molecular complexes with
complex molecules® and this slows down its rate of degradation
reactions.*»*® Riboflavin upon absorption of light undergoes
a change in its molecular state and gets excited. These states
then emits fluorescence to come back to their original ground
state.’”*® Our developed fluorescent conjugate RC showed
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significant photoluminescence quenching towards PA. The
quenching phenomenon is proposed to be a ground state
electrostatic interaction of the synthesized conjugate and PA.
Furthermore, the remarkably low detection limit makes it an
extremely suitable system for effective sensing of picric acid.

Experimental
Materials and methods

Riboflavin (Merck), BOC-L-cystine (Sigma), ethyl methyl ketone
(Merck), ethanol (Merck), p-toluene sulfonic acid (Merck) were
used. The analyte picric acid (PA) was provided by Sigma. 3,5-
Dinitrosalicylic acid (DNSA), dinitro benzene (DNB), 2-nitro-
phenol (2NP), nitrobenzene (NB), 4-nitrophenol (4NP), nitro-
methane (NM), nitroethane (NE), benzoic acid (BA) and
chloroform were obtained from Merck.

CAUTION! The nitroaromatic compounds need to be handled
very carefully. Picric acid must be kept in purified water. For
humans, the safety limit of exposure to PA is 0.1 mg m >,

FTIR, TGA and XRD. The samples were analysed using
Fourier transform infrared (FTIR) spectra within the range 600-
4000 cm™ " and were with 64 scans in a KBr matrix. PerkinElmer
Spectrum Two FT-IR Spectrophotometer was used for this
purpose. The thermogravimetric analysis of the conjugate was
checked in the PerkinElmer TGA 4000. It was set at a constant
N, flow with a flow rate of 20 mL min " with a heating rate of
10 °C min™" in a temperature range of 35-800 °C. The X-ray
diffraction (XRD) study was done using a Bruker D8 Advance
diffractometer with Cu Koo (A = 1.54 A) as the incident ray
operating at 40 kv and 40 mA in the angular range 26 = 5-80°.

Sample preparation for dynamic light scattering (DLS) and
spectroscopic studies. The conjugate sample was dissolved in
ethanol and was diluted in purified water. This was then used
for the DLS study and other spectroscopic studies. PA was dis-
solved in distilled water and was used for the PL experiments.
For real-time analysis, picric acid solutions were prepared in
running water from the water dispersal system at IASST and UV-
RO filtered drinking water. Zeta potential was checked at 25 °C
in Malvern Nano ZS90.

Spectroscopic experiments and TRPL. The UV studies were
done in the 1800 SHIMADZU UV-vis spectrophotometer at
25 °C. The PL spectra were recorded using a halogen lamp fitted
Cary Eclipse spectrophotometer. The slit widths for excitation
and emission were kept at 5 nm. Quartz cells were taken for
spectral measurements. A fluorescent turn-on, which refers to
the increase in the intensity of the PL spectra, or a fluorescent
turn-off, which refers to the decrease in the intensity of the PL
spectra of the probe on addition of the analytes is checked.
Time-resolved photoluminescence (TRPL) study is done using
the Edinburg Instruments FSP920, Picosecond Time-resolved
cum Steady State Luminescence Spectrometer with an excita-
tion LED source of wavelength 290 nm.

Synthesis of conjugate riboflavin-cystine (RC)

Riboflavin (0.01 mol, 3.76 g) and BOC-L-cystine (0.01 mol, 2.21 g)
were dissolved in 250 mL of ethyl methyl ketone (EMK) along
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Scheme 1 Reaction scheme of the synthesis of bio conjugate RC.

with 0.05 g of para-toluene sulfonic acid (p-TSOH). This mixture
was allowed to cool to room temperature, and was then
extracted by precipitating it in a large volume of ice-cooled
water. This reaction is called the Fischer esterification®” and it
led to the formation of the ester which was further mixed with p-
TSOH in a beaker and was irradiated under microwave for half
a minute.* This mixture was let to cool down, filtered and
washed with water and stored after vacuum drying. This
product was termed as riboflavin-cystine (RC) and the synthesis
is shown as Scheme 1.

A 0.1 M picric acid solution was prepared by having 2.3 g of
PA in 100 mL of distilled water and then diluted for desired
concentrations.

Results and discussion
Synthesis of the bio-conjugate RC

Fourier transform infrared spectroscopy (FTIR). The chem-
ical composition of the conjugate RC is evaluated by doing the
infrared spectroscopy study. In Fig. 1A, the peak at 1734 cm™*
confirms the formation of the ester group. This is because of the
symmetric stretching of the C=O ester group. The peak at
1188 cm ™' is from the stretching vibration of the functional
group C-O of the ester along with the peaks at 1645 cm™ " and
1244 em™ " which denotes the primary amine group's bending
vibration and that of the C-N of the amino acid moiety.

Thermal analysis and crystalline properties. Fig. 1B depicts
the TGA curves of the conjugate RC and the parent compound
riboflavin. It was found that the conjugate is stable for more
than 240 °C, which is a desirable property for usage in high
temperature environment. Moreover, the comparatively lower
thermal stability of the conjugate as that of the parent
compound confirms the formation of ester linkage.** Complete
degradation of the compounds occur at around 700 °C. Also,
from the X-ray diffraction (XRD) plot, it was seen that the
conjugate is crystalline in nature as evident from the sharp peak
at 20 = 18° in Fig. S1 in ESL{

Photophysical properties. RC exhibited a strong absorption
peak with absorption maxima (Ana) at 445 nm as well as

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) Comparative FTIR of L-cystine, riboflavin and RC (B) TGA of
riboflavin and RC.
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Fig. 2 (A) Emission of RC and (B) photostability of RC.

a strong emission peak at A, 525 nm on excitation at 420 nm.
The absorption of the conjugate is shown in Fig. S2 in the ESL{
The emission spectra of the conjugate RC is depicted in Fig. 2A.
The photostability study of 7th conjugate RC in ethanol-water
mixture at room temperature, 25 °C is depicted in Fig. 2B.

Sensitivity studies. The conjugate RC was tested for its
sensitivity in the presence of picric acid and other nitroaromatic
chemicals. Fluorescence titration for solution of RC (0.01 mM)
with solution of PA revealed that it is comparatively much more
sensitive towards PA than to other chemicals. The PL intensity
of the conjugate gradually decreases upon the addition of picric
acid. The quenching efficiency is found to be 92.2%. The
interference study was done with the compounds 2-nitrophenol
(2NP), 4-nitrophenol (4NP), 3,5-dinitrosalicylic acid (DNSA), 1,4-
dinitrobenzene (DNB), nitrobenzene (NB), benzoic acid (BA),
chloroform, nitromethane (NM), and nitroethane (NE). It was
found that the PL intensity of the conjugate does differ in the
presence of these analytes but it was prominent that the
sensitivity of RC towards picric acid is much more compared to
the above-mentioned analytes. Fig. 3(A-F) shows the PL
quenching of RC with various nitroaromatic compounds.

For a good chemosensor, the sensor has to be selective
towards a specific type of analyte. The selectivity of the conju-
gate RC was tested along with various metal ions like Li*, Na*,
Ba®*, Ag”*, Ca®*, Co*", cu®', Pb*>", Zn>", and Zn>" ions. The
fluorescence intensity of the bioconjugate RC hardly changes in
the presence of metal ions. Fig. 4(A and B) depicts the conju-
gates selectivity towards PA and other interferents. It was found
that these chemicals effect very less in the PL quenching effi-
ciency of the conjugate. This study showed the impact of all
these chemicals, or interferents in the quenching phenomenon
of PA, as shown in Fig. 4(C and D). As seen in Fig. 4(C and D), the
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Fig. 3 PL quenching of RC with different nitroaromatics (A) picric acid
(B) dinitrosalicylic acid (C) dinitrobenzene (D) 2-nitrophenol (E) nitro-
benzene and (F) 4-nitrophenol.

picric acid is quenched to the highest degree. Hence, even in the
presence of the other nitroaromatics, as well as the metal ions,
the efficiency of PA outweighs that of the interferents. Also, the
lack of proper binding sites in the metal ions adds to the less
interference of the metal ions in the PL quenching of RC. This is
a desirable property, allowing us to detect PA even in the pres-
ence of other nitroaromatics, or interfering metal ions.*
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Fig. 4 Selectivity study of RC in the presence of (A) nitroaromatic
compounds (B) metal ions, interference of (C) chemicals (D) 10 uM
solution of metal ions in PA sensing.
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Fig. 5 Stern—Volmer plot for RC with PA.

Stern-Volmer plots and TRPL study. The Stern-Volmer (SV)
equation was used to understand the quenching mechanism of
the conjugate’s fluorescence intensity by the analyte, where I, is
the fluorescence intensity of the plain conjugate and I is the
fluorescence intensities of the conjugate after addition of NACs
to it. [Q] is the analyte's’s concentration along with Kgy being the
Stern-Volmer constant.

LIT=1+ K[Q]

The SV plot predicts the quenching mechanism in the sensor
system. The Kgy can be determined from the slope of the plot.**
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Fig. 6 TRPL spectra of RC (A) before and (B) after the addition of PA.
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The value of the Ksy depicts the efficiency of the quencher to the
fluorophores.** The (I,/) — 1 versus concentration of the
quencher [Q] in Fig. 5 gives the SV plot which is a non-linear
curve, which is comparatively linear at regions of lower
concentration of analyte. This curve then bends upwards at
higher concentration. The curving away from linearity indicates
that either one or coexistence of both the quenching mecha-
nisms, i.e. static as well as dynamic exists. The Stern-Volmer
constant from the linear fitted Stern-Volmer plot is calculated
from the slope. The SV binding constants (Kgy) of the conjugate
is found to be 2.188 x 10°. To dig deeper into the mechanism of
the quenching phenomenon, the time-resolved photo-
luminescence (TRPL) study was carried out. From the TRPL
studies, details of the interaction of the donor (RC) and donor-
acceptor complex (RC + PA) were found. Fig. 6(A and B) shows
the TRPL spectra of the conjugate RC before and after interac-
tion with PA. For RC, in Fig. 6A, the 7 value is 0.621 ns and x? is
1.027, whereas, for RC + PA, in Fig. 6B, the 7 value is 0.697 ns
and x> is 1.059. The fluorescence lifetime of the conjugate
remained unchanged even after the addition of picric acid,
which suggests that ground state electrostatic interactions took
place for static quenching phenomenon.

From the SV plot and TRPL measurements, the mechanism
of the sensing is proposed to be a ground state electrostatic
interaction between the conjugate and the analyte, PA. The
conjugate RC's high sensitivity towards PA and the Stern-
Volmer plot's nonlinearity suggests the occurrence of either
Forster resonance energy transfer, FRET or Inner Filter Effect
(IFE). The probability of an excited-state energy transfer via
FRET is not considered as we find that the lifetime of the probes
remained unchanged upon addition of picric acid. The reason
for this quenching mechanism hence is a strong inner filter
effect, along with some electrostatic interactions. IFE refers to
reabsorption of the emitted light of the conjugate by the
quencher. Fig. 7 shows an overlap between the normalized
emission band of the conjugate and the normalized absorption
band of picric acid. Due to this overlap, the sensor and the

— absorption of PA
emission of RC
spectral overlap

Normalized absorption
Normalized emission

550 600 650
Wavelength (nm)

500 700

Fig. 7 Spectral overlap of absorption of PA and emission of RC.
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analyte's reacting units get comparatively closer to each other,
which leads to the increase in the interaction between the
conjugate and the analyte.

We believe that electrostatic interactions like the H-bonding
between -NH, of the conjugate and the analyte's -OH group
happens, which leads to ground state electrostatic interac-
tions.*” The presence of the -NO, groups makes the -OH group
of the analyte PA highly acidic and hence reacts easily with the
basic amine group of RC. To further see the possibility of
interaction of the conjugate with acid, we carried out PL tests
with benzoic acid wherein we recorded no fluorescence inten-
sity change. Also, aliphatic nitro compounds were used to check
the selectivity of the conjugate towards nitroaromatic
compounds as given in Fig. S3 in the ESI.t The UV spectroscopic
measurements as given in Fig. 8 gave more insights towards
this. A significant decrease in the absorbance peak was evident
from the UV-vis studies. The peak of RC at 445 nm came down
after the addition of PA. This was followed by the formation of
the absorption peak for PA at 350 nm as shown in Fig. S4 in
ESL.f The Amax value of the conjugate remained unchanged
upon the addition of PA which also proves the point that no
ground-state complex formation took place. The presence of
electrostatic interactions such as H-bonding between the ~-OH
group of picric acid and the -NH group of the basic conjugate

© 2021 The Author(s). Published by the Royal Society of Chemistry
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are the reason for fluorescence quenching.***” The electrostatic
interaction of the conjugate with picric acid is represented in
Scheme 2.

The zeta potential ({) value shows the electrostatic interac-
tion, given in Fig. S5 in the ESI.{ The { value of picric acid is
—13.7 mV. The ¢ value of the conjugate RC is —13.4 mV. This
then reduces to —3.34 mV on adding picric acid. This shows
that an electrostatic interaction takes place between the
conjugate and the analyte.

Sensing experiments in real samples. The quenching effi-
ciency of RC for picric acid was checked by preparing the PA
solutions prepared in running tap water and UV/RO filtered
drinking water. The efficiency of the probe was found to be
almost similar in all of the cases. This is due to the lack of
proper binding sites in the conjugate towards metal ions which
senses the picric acid selectively. This increases the potential of
the conjugate for its application as an efficient sensing material
for picric acid. The comparative data in real samples is given in
Fig. 9.
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Fig. 10 Limit of detection of RC for PA.
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Table 1 Comparative study of limit of detection (LOD) of our developed sensor system over already reported PA sensors

SI no Sensor system LOD for PA Method Ref.

1 Anthracene-bridged AA-type bi-arm poly(N-vinylpyrrolidone) 0.006 mM Fluorescence turn off 48

2 Bluish green fluorescent histidine 2.7 M Fluorescence turn off 49

3 N,N'-di-[2-hydroxy-3-methoxy-benzylidene]-benzene-1,4-diamine (DBA) 72 nM Fluorescence turn off 50

4 Rhodamine dye-containing isonicotinic hydrazide 37.3 nM Fluorescence turn on 51

5 Para-nitrophenyl triazole trindane platform based 421 nM Fluorescence turn off 52

Cs,-symmetric tripodal supramolecular receptor

6 PPA-CSQ 0.65 nM Fluorescence turn off 42

7 CQDs/PANI nanocomposite 0.056 uM Fluorescence turn off 53

8 RC 0.37 nM Fluorescence turn off (Our system)

Limit of detection (LOD). The quenching efficiency of the
conjugate is given by the conjugate's capability of having an
extremely low limit of detection towards picric acid, given in
Fig. 10. The limit of detection was in the nanomolar range being
0.37 nM picric acid. This detection limit is quite low compared
to a few reported sensory systems given in Table 1.

Conclusions

In the summary we can conclude that in this work a bio-based
riboflavin—cystine (RC) is synthesized in a very simple synthesis
and purification method. The result as obtained from fluores-
cence spectroscopy indicates that the compound is highly effi-
cient and sensitive towards selective detection of nitroaromatic
chemicals in general and picric acid in particular in aqueous
medium. The synthesis process involves riboflavin and L-BOC
cystine as the ingredients. The florescent nature of RC dimin-
ishes upon the addition of PA with an immense low concen-
tration of 2 nM. We have compared the quenching efficiency of
our material with that of few reported one and found that it is
remarkably high. The calculated LOD is 0.37 nM only. The
sensing of PA is equally efficient in real samples and so will help
in the detection of PA in practical field.
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