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ABSTRACT: We have prepared sulfonated graphene (SG) by diazonium
coupling technique and it has been characterized by UV—vis absorption
spectroscopy, Raman spectroscopy, electron microscopy, energy-dispersive
spectroscopy (EDS), EDS elemental mapping, X-ray photoelectron spec-
troscopy (XPS), and FTIR spectroscopy. The photoluminescence (PL)
property of SG at different pH (pH 4, 7, and 9.2) has been investigated and
SG shows highest PL-intensity and quantum yield at pH 4 compared to those

Emission

Q&&‘OH
OH MOH
N N §\
°Y
:@ /jin/""
N
o

at higher pH and that of GO at pH 4. Due to the strong overlap between the

emission spectrum of SG and absorption spectrum of riboflavin (RF, vitamin

B,) at pH 4, it has been tactfully used as donor for the fluorescence resonance energy transfer (FRET) process. However,
graphene oxide (GO) does not exhibit any FRET with RF at an identical condition due to its much lower quantum yield. We
have demonstrated a selective detection of vitamin B, in presence of nucleic acid (DNA, RNA), protein (BSA), amino acid
(Lysine) and other water-soluble vitamins (Becosules, Zevit capsules) based on the spontaneous FRET from PL-active SG
(donor) to RF (acceptor). The calibration curve indicates excellent affirmation to detect vitamin B, using FRET and it is superior
to the ordinary fluorescence method of detecting RF in presence of different biomolecules.
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B INTRODUCTION

Resonance energy transfer (RET) is a nonradiative photo-
physical process that occurs between a donor and an acceptor,
the donor at an excited state transfer energy to the acceptor
present at the ground state through long-range dipole—dipole
interactions.' It is broadly classified as fluorescence resonance
energy transfer (FRET),” bioluminescence resonance energy
transfer (BRET),® and chemiluminescence resonance energy
transfer (CRET).* FRET occurs by an intermolecular energy
transfer mechanism where the energy absorbed by a fluorescent
molecule (donor) is transferred nonradiatively to the acceptor
molecule. This is experimentally manifested by a simultaneous
quenching of the donor fluorescence and an electronic
excitation of the acceptor molecule suggesting the transfer of
energy without the appearance of a photon due to the long-
range dipole—dipole interactions between the donor and
acceptor.” The FRET efficiency is highly sensitive to many
factors, such as quantum yield of donor, the spectral overlap
between emission bands of fluorescent donor and absorption
bands of the acceptor and the relative dipole orientation of the
two, thus the spatial distance between the two emerges as an
influential factor.”> These characteristic features of FRET
principles promote its versatile application in diverse fields, e.g,,
to study the conformational distribution and dynamics of
biological molecules such as DNA,*” protein,®’ etc., polymer
molecules and in analytical science to construct variety of
sensing and diagnostic platforms.w_12 Recently, Chen et al.
have reported FRET detection of label free target DNA in a
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PDMS microfluidic channel using two fluorescently labeled
nucleic acid probes.'?

Riboflavin (RF), commonly called vitamin B,, is an
important biological molecule because it is one of the most
widely distributed water-soluble vitamins and is easily absorbed
micronutrient that becomes actively absorbed into eukaryotic
cells."* The majority of riboflavin is converted to its cofactor
forms, flavin mononucleotide (FMN) and flavin adenine
dinucleotide (FAD); therefore, it is required by all
flavoproteins.'>'® Vitamin B, is also required for a wide variety
of cellular processes, such as metabolism of fats, ketone bodies,
carbohydrates, and proteins, thus plays a key role in the human
diet. Earlier methods used for the determination of RF such as
high performance liquid chromatography (HPLC),"”"* capil-
lary electrophoresis'®*® suffer a multiple shortcomings,
including the delayed response, lack of selectivity, and the
above processes also require large amount of costly solvents.
Comparing with the above techniques, the fluorescent method
is a versatile analytical tool since it has many advantages,
including greater simplicity, broader applicability, and higher
sensitivity. In contrast to the high sensitivity of fluorescence,
but being quenched because of the presence of different
components in the biological systems, FRET has been
recognized as an exceptionally sensitive method that promises
an extensive opportunity for bioanalytical applications.
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Graphene, along with its counterpart, graphene oxide (GO),
is a two-dimensional (2D) monatomic carbon material that has
recently attracted persistent interest to the scientific community
because of its remarkable opto-electronic, mechanical and
thermal properties.”"”* Because of its unique characteristics
such as high water dis;z)ersibility,23 large surface area, facile
surface modification,** ?° and strong photoluminescence,27
GO has been used to design a variety of fluorescent biosensor
with enhanced performance.”* > The photoluminescence
(PL) property of GO may originate from the recombination
of electron—hole pairs generated within the localized graphitic
sp” states arising from the various defect structure produced
from the harsh oxidation of graphite to GO, although different
propositions are also forwarded in the recent reports.**™*
Further, the pH-dependent PL property of GO has been
recently revealed,*™* producing a new pathway to develop
different sensors.**~* The color quenching capacity of GO has
also been used to detect heparin on the basis of label-free
colorimetric strategy.47

In this article, we report the pH dependent PL property of
sulfonated graphene (SG), to the best of our knowledge for the
first time. Recently, SG has been used for various
applications** ™" and herein, we have developed a simple
platform to detect vitamin-B, using the spontaneous FRET
from SG to vitamin B, in presence of the other water-soluble
vitamins, nucleic acids (DNA, RNA), protein (bovine serum
albumin, BSA), blood serum, and amino acid (Lysine) at pH 4.
SG has been used because the as prepared aqueous dispersions
of SG nanosheets are electrostatically stabilized in water due to
the presence of sulfonic acid moieties favoring H-bond
formation with water molecules and it also cause mutual
repulsion from the other SG sheets.’' These sulfonic acid
groups accounts to the excellent solubility of SG over GO, with
their presence alone being sufficient to produce a stable
aqueous solution after chemical reduction of epoxy and
hydroxyl groups from the basal plane.”* In our earlier reports,
we have used SG both as an ion-exchange platform and as a
fluorescence quencher to sense DNA among the other
biomolecules using the fluorescence property of ethidium
bromide, a fluorescent dye.’® But here the sensing property has
been studied using only the fluorescence property of SG itself
at a lower pH (pH 4) where its quantum yield is significantly
higher than that of GO facilitating the FRET process to the
vitamin B,.

B EXPERIMENTAL SECTION

Sample. Graphite powder, sodium nitrite, sodium borohydride,
sulfanilic acid, riboflavin, Calf thymus DNA (Type 1; sodium salt),
RNA (diethyl amino ethanol salt, type IX from Torula Yeast), Bovine
serum albumin (BSA), Flavin mononucleotide (FMN) were purchased
from Sigma Aldrich (USA). Sodium nitrate, potassium permanganate,
35% hydrochloric acid (G.R. grade), hydrazine hydrate solution (99%,
synthetic grade) were purchased from E- Merck (Mumbai), where as
Becosules (Pfizer Limited, Mumbai, India); and Zevit (Glaxo Smith
Kline, Mumbai, India) were purchased from Frank Ross pharmacy
(Kolkata). All the reagents were used as received.

Synthesis of Sulfonated Graphene from Graphene Oxide. At
first graphene oxide (GO) was prepared from the graphite powder by
oxidizing with KMnO,/NaNO; mixture in concentrated H,SO,
medium using Hummers method.> Sulfonated graphene (SG) was
prepared from GO through aryl diazonium reaction of sulfanilic acid.>*
As prepared GO (1.0 mg mL™") was sonicated for 1 h in an ultrasonic
bath (60W, frequency 28 kHz, Model AVIOC, Eyela) until a clear
brownish dispersion of GO had appeared. The syntheses of SG from
GO comprises of three steps: (1) prereduction of GO with sodium
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borohydride; (2) sulfonation with the aryl diazonium salt of sulfanilic
acid; and (3) postreduction with hydrazine to remove oxygen
functionality. At first 600 mg sodium borohydride solution in 15 mL
of water was added into 75 mL of the exfoliated GO dispersion and its
pH was adjusted at 9—10 by the addition of 5 wt % sodium carbonate
solution. The mixture was then kept at 80 °C for 1 h under constant
stirring followed by centrifuging and washing with double distilled
water several times until the solution became neutral and it was
redispersed in 75 mL of water for diazonium coupling. For this
purpose, 52 mg of sulfanilic acid and 26 mg of sodium nitrite were
dissolved in 10 mL of water with the addition of 0.5 mL of 1 M HCl at
ice cooled condition and was kept for 2 h with stirring. It was
centrifuged and washed repeatedly with water until it became neutral.
The product was then redispersed in 100 mL of water and it was
reduced with 2 mL of hydrazine hydrate solution under refluxed
condition for 24 h at 100 °C. Finally, it was washed with water
thoroughly and dried in vacuum at 60 °C.

Preparation of Sample. The SG was dispersed in acidic medium
at pH 4 using buffer capsule and it was sonicated for half an hour,
using an ultrasonic bath (60W, frequency 28 kHz, Model AVIOC,
Eyela) to make a constant composition (0.004% w/v). DNA, RNA,
BSA, Lysine solutions (0.02% w/v) were prepared by dissolving the
required amount in acidic medium (pH 4). The concentration of
DNA, RNA, BSA and Lysine were 0.04 mg/mL. In the case of blood
serum, 50 uL of serum was diluted to 500 pL with water and it was
then added to the SG solution. The volume of SG was kept constant
while RF was varied during the fluorescence spectroscopic measure-
ments. For determination of RF from the vitamin capsules, the
capsules were first dissolved in 50 mL of buffer solution of pH 4 and it
was then added to the SG solution gradually from 0 to 500 uL to
investigate the FRET phenomenon.

Characterization. Microscopy. The GO and SG dispersions were
characterized by transmission electron microscopy (TEM JEOL,
2010EX) fitted with a CCD camera at an acceleration voltage of 200
kV. The samples were prepared by spreading a small drop of diluted
GO and SG solution on carbon-coated copper grid, allowed to dry in
air and finally in vacuum at 30 °C for about 3 days. The energy-
dispersive spectroscopy (EDS), EDS elemental mapping experiments
were performed from the TEM micrograph in the same instrument.

Elemental Analysis. Elemental analysis of SG was conducted using
2400 Series II CHNS Analyzer (Perkin-Elmer, USA).

Spectroscopy. The UV—vis absorption spectra of aqueous solutions
of the samples (GO, SG, RF) at pH 4, were recorded with a UV—vis
spectrophotometer (Hewlett-Packard, model 8453) using a cuvette of
1 cm path length.

Photoluminescence (PL) study was performed in a sealed cuvette
and the emission was studied in a Horiba Jobin Yvon Fluoromax 3
instrument. Each sample in a quartz cell of 1 cm path length was
excited at 320 nm wavelength and the emission scans were recorded
from 350 to 610 nm using a slit width of 2 nm for both the excitation
and emission with an increment of 1 nm wavelength having an
integration time of 0.1 s.

FT-IR spectrum of SG was obtained from its thin film cast from the
solutions on a silicon wafer using a Perkin-Elmer FT-IR instrument
(spectrum100).

Raman spectra of reduced graphene oxide (RGO), SG at different
pH were recorded using a micro-Raman spectrometer (Agitron). The
sample solutions were taken in a quartz cell of 1 cm path length and
were excited using 785 nm laser.

The X-ray photoelectron spectroscopic (XPS) study of SG and SG
nanocomposite system was performed using a focused monochrom-
atized Mg Ka X-ray source (1253.6 eV) in the XPS instrument
(Omicron NanoTechnology 0571).

Photoluminescence Quantum Yield Measurements. The relative
PL quantum yields (QY) of GO and SG were measured using quinine
sulfate in 0.1 M H,SO, (quantum yield 0.55 at 320 nm) as a standard
for the fluorescence quantum yield measurement. The values were
calculated using the standard reference sample that has a fixed and
known fluorescence quantum yield value according to the following
equation5
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QYsample = Q—Ystd.[ (I/A)samplex(A/I)std.] (ﬂzsample/l’]zstd.) ( 1)

where A is absorbance at the excitation wavelength, # is the refractive
index and I is the integrated emission intensity calculated from the area
under the emission peak on the same wavelength scale.

Bl RESULTS AND DISCUSSION

Scheme 1 presents the structures of riboflavin (RF), GO, and
SG. The exfoliated nature of SG (Figure.la) and GO (Figure

Scheme 1. Structure of Riboflavin (RF), Graphene Oxide
(GO), and Sulfonated Graphene (SG)
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S1 in the Supporting Information) sheets in aqueous medium
at pH 4 has been characterized from the respective TEM
images. The presence of different elements in SG (Figure.1b-d)
and GO (see Figure Sla—c in the Supporting Information) are
evaluated by energy dispersive X-ray spectroscopy (EDS)
mapping. The corresponding EDS spectrum of SG has also
been shown in Figure le, which clearly indicates the presence
of sulfur in SG. The elemental analysis also confirms the
presence of sulfur in SG and the amount of sulfur is found to be
4.39 wt %.

The FTIR spectrum of SG (see Figure S2 in the Supporting
Information) shows peaks at 1174, 1126, and 1035 cm™" due to
the two S—O bond vibrations and S-phenyl vibration
respectively, clearly indicating the presence of - SO;H group.
The peaks at 1011 and 831 cm™' characterize the C—H in-
plane bending and out-of-plane hydrogen wagging vibrations of
p-disubstituted phenyl group.”’ Raman spectroscopy is an
useful and nondestructive tool to characterize carbon based
materials.Figure S3 in the Supporting Information shows the
Raman spectra of reduced graphene oxide (RGO) and
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sulfonated graphene (SG). The Raman spectrum of RGO
exhibits two prominent peaks at 1307 and 1590 cm™', which
are assigned to the D band (related to the disorder induced
phonon mode of vibrations of sp* carbon atoms) and G band
(associated with the first-order scattering of E,; mode for sp”
carbon lattice of graphitic domain) respectively.”* SG exhibits
two peaks at 1313 and 1601 cm™' because of the D and G
bands, respectively. The higher energy shift of G band in SG
may be attributed to the anchored aryl sulfonic acid group to
the graphene sheets causing a difficulty in the lattice vibration
of sp? carbon.’>*® Thus the Raman spectrum of SG reveals
successful attachment of —SO;H groups onto the graphene
surface.

Again we have taken the help of XPS spectroscopy to
characterize SG and SGRF nanocomposite system. The survey
scan XPS spectra and S2p spectra of SG, SGRF are presented in
Figure S4a, b in the Supporting Information, which clearly
indicate the presence of anchored —SO;H group on the
graphene surface. The shift to lower binding energy of S2p
electron in the SGRF (156.2 ev) from that of SG (157 ev) is
suggestive of H-bonding interaction between the S=O group
of SG and —O—H group of ribityl chain of riboflavin.

The absorption spectra of GO and SG are shown in
Figure.SS where GO shows absorption peak at 244 and 302 nm
due to the 7—7* and n- #* transition, respectively. SG shows
an absorption peak at 265 nm due to the 7—7z* transition. The
red shift of the 7—z* transition of SG from that of GO may be
attributed to the easier delocalization of 7-electrons of graphene
ring for the reduction of GO that occurred in the course of
sulfonation reaction and the disappearance of n—7* transition
in SG may be as a result of the decreace in concentration of
carboxyl, epoxy and carbonyl groups during reduction in the
sulfonation process. RF has four absorption peaks at 223, 267,
372, and 446 nm, respectively (see Figure S6 in the Supporting
Information); the 223, 267, 446 nm peaks correspond to the
m—m* transition, whereas the 372 nm peak is attributed to the
m—m* transition coupled with the n—z* transition.””>®

The PL-spectra of SG and GO at pH 4 are presented in
Figure 2a, where SG shows 5.5 times higher PL-intensity than
that of GO at pH 4. The PL-spectra of SG at pH 7, pH 9.2 and
in water are presented in Figure .2b. In water (Figure 2b inset),
SG shows a very weak fluorescence property; this may be
attributed to the sulfonic acid moieties of SG, which remains
ionized as sulfonate ion*' (=SO;7) facilitating nonradiative
electron—hole recombination. Also the remaining carboxylate
ion*' in SG plays a similar role, since after the completion of
sulfonation reaction there still exist some carboxylic and
hydroxyl groups in SG.*° This sulfonate and remaining
carboxylate groups cause a nonradiative electron—hole (e—h)
recombination yielding poor PL-property of SG in aqueous
medium and it is also true at higher pH (pH 7 and 9.2). But at
the acidic condition (pH <4) the sulfonate and carboxylate
groups remain protonated decreasing the nonradiative e—h
recombination to a major extent. Also during the course of the
sulfonation reaction, the epoxide and hydroxyl groups of the
basal plane of GO becomes significantly reduced, enhancing the
PL property of SG, as they are responsible for the poor emissive
property of GO.>**” So, the better fluorescence property of SG
than that of GO may arise because of the formation of larger
number of localized sp> domains facilitating more radiative
electron—hole recombination. From Table S1 in the Support-
ing Information, it is also evident that the quantum yield of SG
is the highest over GO at pH 4 and also from those of SG at pH
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Figure 1. TEM image of (a) SG, and corresponding quantitative EDS element mapping of (b) C, (c) O and (d) S and (e) EDS spectrum of SG.

7 and pH 9.2. Also a blue shift of the emission peak at higher
pH values is observed in the PL-spectra of SG. This increase in
the band gap at higher pH may be due to the ionization of
—SO;H, —COOH and —OH groups causing electrostatic
doping,*® which increases the disorderness further. This is
evidenced from the pH dependent Raman spectra (see Figure
S7 in the Supporting Information) where the D/G intensity
ratio of SG increases with increase in pH value (see Table S2 in
the Supporting Information).

There are recent reports where GO acts as an acceptor in
FRET based s.ystem.s%0 Here, we want to investigate wheather
GO at pH 4 can act as a donor in the FRET process or not. For
this purpose, we have gradually added RF to the GO dispersion
and on excitation at 320 nm GO emits at 437 nm (Figure 3).
The fluorescence intensity of GO increases even after the

7395

gradual addition of RF with a red shift of 5 nm. So, from the
spectrum it is quite evident that GO has not served as a
proficient donor, beause, if GO may possibly act as a donor the
fluorescence intensity of GO after addition of RF should
gradually decrease with a blue shift. Though there is a good
overlap between the emission spectrum of GO and absorption
spectrum of RF (Figure 4a) the low quantum yield of GO at
pH 4 (see Table S1 in the Supporting Information) is the
possible reason for not acting as a donor. It is to be noted here
that the emission peak at 521 nm is due to RF, which increases
because of the increased concentration of the chromophore.
The integral overlap spectrum of SG and RF has been
presented in Figure 4b. This spectrum noticeably indicates a
strong overlap between the emission spectrum of SG and
absorption spectrum of RF and we hope an efficient FRET

dx.doi.org/10.1021/am4017208 | ACS Appl. Mater. Interfaces 2013, 5, 7392—7399
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Figure 2. Fluorescence spectra of (a) SG, GO at pH4 and (b) that of
SG at pH 7, pH 9.2, and in water (inset).
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Figure 3. Fluorescence emission spectra of GO upon gradual addition
of RF for excitation at 320 nm.

process from SG (donor) to RF (acceptor) as the quantum
yield of SG is ~6 times higher than that of GO. The emission
spectrum of SG with various concentrations of RF has been
depicted in Figure S and it is evident that the fluorescence
intensity of SG decreases regularly with increasing concen-
tration of RF. A new fluorescence peak at 527 nm is observed
for RF, with a clear isoemissive point at 489 nm. The spectra
also indicate that the addition of RF to SG leads to a significant
blue shift in the emission wavelength of SG from 439 to 426
nm with a considerable quenching of fluorecence emission of
SG indicating the FRET process to occur in the system. This is
in sharp contrast to the GO/RF system discussed above and
here the emission peak of RF also shows a red shift of 6 nm
(Figure 3), indicating better delocalization of z- electrons of RF
in the SG/RF system. Probably because of the strong
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Figure S. Fluorescence spectra of SG (0.004% w/v) with various
concentrations of RF for excitation at 320 nm.

interaction between SG and RF they come closer to each
other which causes better delocalization of z-electrons of RF. A
comparison of fluoresence intensity of RF in RF/GO and in
RF/SG systems indicate that the PL intensity of RF is lower in
the latter case, suggesting some quenching and closer proximity
between SG and RF compared to the other pair is the probable
cause. The efficiency of energy transfer process has been
determined from the steady-state measurement using the
following equation™

E=1-I/I ()

where I is the relative donor fluorescence intensity in the
absence (Ip) and presence (Ip,) of the acceptor (see Table S3
in the Supporting Information). For 4 yM addition of RF only
7% energy transfer takes place, whereas for 88 ;M addition of
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RF to SG it is almost 64%, so with gradual addition of RF the
energy transfer efficiency increases.

Again to get a better insight of the FRET phenomenon, we
have calculated the Forster distance using the following
equationS

9000(In 10)x’¢h,,

R 6
1287°Nn*

0

e .

where ¢p is the quantum yield of the donor in absence of
acceptor, N is Avogadro’s number, 7 is the refractive index of
the medium, J(1) is the spectral overlap integral, which
expresses the degree of spectral overlap between the donor
emission and the acceptor absorption. The spectral overlap
integral is defined as the following

1) = [T Fo@es)' “

where Fy(4) is the normalized emission spectrum of donor and
it is dimensionless, £,(4) is the absorption coefficient of
acceptor, and K is the orientation factor, which describes the
relative orientation of the transition dipoles of the donor and
acceptor in space. The value of k* is usually assumed to be 2/3,
which is appropriate for randomly oriented dipoles of donor
and acceptor. If £, (1) is expressed in units of M~ cm™ and 4 is
in nanometers, then J(4) is in units of M™' cm™' nm*. In our
donor—acceptor-based system the spectral overlap integral is
calculated to be 1.77 X 10" M™' cm™ nm* The estimated
value of Forster distance in our donor—acceptor based pair is
found to be 2.61 nm, which is much below the maximum
distance (~10 nm) between the donor and acceptor required
for the FRET process indicating efficient energy transfer
between donor—acceptor pair.5

Here, we have employed the FRET process to detect vitamin
B, (RF), in presence of nucleic acids (DNA, RNA), amino acid
(lysine), protein (BSA). The FRET process of SG/RF system is
occurring in the presence of these biological samples. With the
addition of DNA, RNA (Figure 6a, b) and BSA, lysine (see
Figure S8a, b in the Supporting Information) fluorescence
intensity of SG increases at first to some extent but upon
gradual addition of RF to the system the energy transfer
process starts showing a gradual decrease of fluorescence
intensity of SG. The small initial increase in fluorescence
intensity in all cases may be due to the certain degree of
passivation of SG surface with the biological molecules
decreasing the nonraditive recombination of electron—hole
pair. Further we have tried to detect RF from the
pharmaceutical samples like Becosules and Zevit (see Figure
S9a,b in the Supporting Information). It is obvious from the
spectra that inspite of the presence of different water-soluble
vitamins and other components in Becosules and Zevit (see
Table S4 in the Supporting Information) the fluorescence
energy transfer process is persistent. So, SG can be very
conveniently used as a simple platform to detect vitamin B, in
presence of biomolecules as well as other water-soluble
vitamins. We have tried to determine vitamin B, in the
presence of blood serum, though we are unable to determine
the amount of vitamin B, in the blood serum directly because
of the very low level (0.11 ug/mL) of vitamin B, in blood
serum.®’ But from the spectrum of Figure S10 in the
Supporting Information, it is evident that energy transfer
process is occurring in presence of blood serum, so we can
determine vitamin B, in the presence of blood serum by the

7397

3.5

(@)

3.0
2.5

2.0

Intensity x 10°

1.5+

1.01

0.0 T T T T —
350 400 450 500 550 600
Wavelength (nm)

3.5

(®)
304

2.54

S

2.0

1.5 88uM

Intensity x 10

1.04

0.5

0.0
350

450 500 550 600

Wavelength (nm)

400

Figure 6. Fluorescence spectra of SG (0.004% w/v) with various
concentrations of RF in the presence of (a) DNA and (b) RNA for
excitation at 320 nm.

FRET method. Basically there is no difference between the
FRET efficiencies in presence of different biomolecules as
evident from the almost same fluorescence intensity values of
SG/RF system in presence of DNA, RNA, BSA, Lysine and
blood serum (cf. Figure 6a, b; Figure S8a, b and S10 in the
Supporting Information). We have aimed to check whether
FRET process is persistent in presence of biomolecules or not,
and there is no change of FRET efliciency of SGRF system
(Figure S) in the presence of biomolecules. That is the reason
for choosing the FRET process to detect RF in the presence of
biomolecules.

The calibration curve for the detection of RF has been
presented in Figure S11 in the Supporting Information, where
I, is the fluorescence intensity of donor (SG) in absence of the
acceptor (RF) and I is that in the presence of acceptor RF. The
calibration plot shows excellent promise to detect RF
quantitaively, because if we know the relative fluorescence
intensity (I,/I) of any RF-containing sample, it is very easy to
get the amount of RF present in the sample from the
calibration plot. From the calibration curve, the limit of
detection (LOD) of vitamin B, in our method has been
calculated using the formula LOD = 3 X (SD)gj,/S, where SD
is the standard deviation of background fluorescence, i.e., in the
absence of acceptor (RF) and S is the slope of the calibration
curve. The LOD of vitamin B2 to get a signal in our system is
calculated to be 0.6 yg/mL from calibration curve (see Figure
S11 in the Supporting Information), which is close to the
concentration detected by HPLC method (0.2—0.4 ug/
mL).*7%* 1t indicates that the HPLC method is somewhat
superior to the present FRET method, but complexity in the
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former method may arise in presence of biomolecules. Also
considering the costly solvents used in HPLC, the present
FRET is a cost-effective, less time-consuming and easier
operative method that would make it attractive for efficient
detection of RF in presence of other biomolecules.

To check the selectivity of our system, we have performed
another experiment using structurally similar biomolecule like
RF namely Flavin mononucleotide (FMN). Fluorescence
spectra of SG with various concentrations of FMN are
exhibited in Figure S12 in the Supporting Information, which
clearly specify that similar FRET process is occurring as that of
RF. So, in general, we can infer that SG can be used as a donor
to detect biomolecule containing Flavin moiety.

We have also performed blank fluorescence experiments
using RF, Zevit, and Becosule (see Figure S13a—c in the
Supporting Information) to check the superiority of FRET
method over the direct fluorescence method. The spectra
clearly indicate that direct method of determining RF from
Zevit and Becosule leads to lower fluorescence intensity than
that of the blank experiment using pure RF. This erroneous
result is due to the presence of different components in the
capsule causing quenching of the fluorescence intensity. The
calibration curve for blank experiment is shown in Figure S14
in the Supporting Information. The determination of RF by
FRET and classical fluorescence method has been compared
from the above two callibration curves (see Figures S11 and
S14 in the Supporting Information) for Zevit and Becosule and
is presented in Table SS in the Supporting Information. These
results clearly indicate that the classical fluorescence method
produces a significantly erroneous result in the determination
of RF in Zevit and Becosule, rather our present FRET
experiment produces the results which match to the values
certified by the drug companies. So the present method based
on the FRET process describes a simple approach to detect
RF/flavin moiety in the presence of different biomolecules
involving SG as a donor and it is superior to the ordinary
fluorescence method of detecting RF.

Bl CONCLUSION

The present work demonstrates a facile approach to prepare
fluorescent sulfonated graphene (SG) which has been used to
detect vitamin B,. Upon photoexcitation at 320 nm, we have
observed efficient energy transfer from SG (donor) to RF
(acceptor) and utilized the spontaneous FRET phenomenon to
detect vitamin B, in the presence of biomolecules like DNA,
RNA, lysine, BSA, blood serum, and other water-soluble
commercial vitamin capsules. To the best of our knowledge, we
report here the detection of vitamin B, in aqueous medium
using the FRET property of a graphene derivative for the first
time. The fluorescent sulfonated graphene can be further used
for various purposes like preparation of new fluorescent
graphene composites, which will pave a new way in developing
different efficient chemical and biochemical sensors.

B ASSOCIATED CONTENT
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Tables of quantum vyield values of SG; D/G intensity ratio of
SG at different pH and FRET efficiency of SG-RF pair; TEM
image and EDS elemental mapping of GO; FTIR spectrum of
SG; Raman spectra of RGO and SG; XPS spectra of SG and
SGRF; UV—vis spectrum of GO, SG and RF; PL-spectra of
different systems; table of composition of Zevit and Becosule
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determination of RF, etc. This material is available free of
charge via the Internet at http://pubs.acs.org/.
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