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« Energy transfer occurred between
Fluorescein and Rhodamine 6G.

« Incorporation of nanoclay laponite
enhances the energy transfer
efficiency.

« Energy transfer was pH sensitive.

« Energy transfer between these dyes
can be used to design pH sensor.

Separation between the FRET pair (Flu + R6G) at different solvent pH and variation of FRET efficiency (E%).
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Fluorescence Resonance Energy Transfer between two organic dyes Fluorescein and Rhodamine 6G
was investigated in aqueous solution in presence and absence of synthetic clay laponite. Spectroscopic
studies suggest that both the dyes were present mainly as monomer in solution. Fluorescence
Resonance Energy Transfer occurred from Fluorescein to Rhodamine 6G in solutions. Energy transfer
efficiency increases in presence of laponite and the maximum efficiency was 72.00% in aqueous laponite
dispersion. Energy transfer efficiency was found to be pH sensitive. It has been demonstrated that with
proper calibration it is possible to use the present system under investigation to sense pH over a wide
range from 1.5 to 8.0.

© 2015 Elsevier B.V. All rights reserved.

Introduction

FRET is a non-radiative electro dynamical phenomenon having

medical science. These sensors are useful to study the structure,
conformation, hybridization and auto sequencing of nucleic acids
[3]. FRET is used to diagnose some common diseases like cancer,

wide range of applications [1,2]. Biosensors based on FRET open Alzheimer’s etc based on change in pH values inside the cell

up a new window to low cost and user friendly treatment in
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[4,5]. FRET is also spreading its wings in sensing applications other
than biosensors, like hard water sensor [6], ion sensor [7], several
environmental sensors [8] etc.

FRET is the fundamental phenomenon between two dye
molecules in which excited state energy is transferred from one

sahussain@tripurauniv.in . .
molecule (donor) to another molecule (acceptor) without emission


http://crossmark.crossref.org/dialog/?doi=10.1016/j.saa.2015.04.027&domain=pdf
http://dx.doi.org/10.1016/j.saa.2015.04.027
mailto:sa_h153@hotmail.com
mailto:sahussain@tripurauniv.in
http://dx.doi.org/10.1016/j.saa.2015.04.027
http://www.sciencedirect.com/science/journal/13861425
http://www.elsevier.com/locate/saa

144

of a photon. The transfer of energy leads to a reduction in the
donor’s fluorescence intensity and excited state lifetime accompa-
nied with an increase in the acceptor’s emission intensity. The rate
of energy transfer depends on a number of factors including
fluorescence quantum yield of donor in absence of acceptor,
refractive index of the solution, dipole angular orientation of each
molecule and spectral overlap integral of the donor emission and
acceptor absorption [9]. If any of these factors changes due to
the presence of any external agency, energy transfer efficiency
also changes. This makes FRET process a useful tool in sensor
technology [6,7].

Fluorescent sensing is one of the important methods for
sensing of various chemical as well as biological materials. Of late
fluorescence spectroscopy has become a powerful tool for the
detection of transition and heavy metal ions [10,11]. However,
these sensors use only one signal (fluorescence intensity) for detec-
tion, which could be easily perturbed by the environmental and
instrumental conditions [12]. FRET based ratiometric sensors can
overcome or minimize these external factors as it measures the
ratio between two fluorescence intensities [13,14]. In this regard
FRET can be an interesting tool to design ratiometric sensors with
high selectivity [13]. Another significant advantage of FRET based
sensors is that it simplifies the design of the fluorophore.
Therefore, it is extremely important to identify new FRET pairs,
study and quantify FRET process between them.

In the present paper the results of our investigations on FRET
between two dyes Fluorescein (Flu) and Rhodamine 6G (R6G) have
been reported. To the best of our knowledge, FRET between Flu and
R6G has never been reported earlier. Among the molecules under
investigation absorption and fluorescence spectra of Flu are highly
pH sensitive [15]. This may in turn affect the FRET process between
Flu and other dye molecules. Therefore, it is extremely important
to study the FRET between Flu and other dyes under different
conditions. It has been demonstrated that our results can be used
to design pH sensor.
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Material and methods
Material

Both the dyes Flu and R6G were purchased from Sigma
Chemical Co., USA and were used as received. Ultrapure Milli-Q
water (resistivity 18.2 MQ-cm) was used as solvent. The dyes used
in our study were cationic (R6G) and anionic (Flu) in nature in
ambient condition. The clay mineral used in the present work
was synthetic Laponite, obtained from Laponite Inorganic, UK
and used as received. The laponite dispersion was prepared by
using Millipore water and stirred for 24 h with a magnetic stirrer
followed by 30 min ultrasonication before use. To check the effect
of laponite on the spectral characteristics, the dye solutions (Flu
and R6G) were prepared in the laponite suspensions.

UV-Vis absorption and fluorescence spectra measurement

UV-Vis absorption and fluorescence spectra of various solutions
were recorded by a Perkin Elmer Lambda-25 Spectrophotometer
and Perkin Elmer LS-55 Fluorescence Spectrophotometer, respec-
tively. For fluorescence measurement the excitation wavelength
was monitored at 430 nm (close to the absorption maximum of
Flu).

Theoretical consideration for FRET measurements

The donor-acceptor distance at which energy transfer is 50%
efficient is referred to as the Forster radius (Rp). The magnitude
of the Ry is dependent on the overlap integral of the emission spec-
trum of donor with the absorption spectrum of acceptor and their
mutual molecular orientation as expressed by the following equa-
tion [16,17].
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Fig. 1. (a) Normalized absorption (curve 1 and 3) and emission (curve 2 and 4) spectra of Flu and R6G in aqueous solution. Inset shows molecular structure of Flu and R6G (b)
fluorescence spectra of pure Flu (curve 1), pure R6G (curve 2) and Flu-R6G (1:1 volume ratio) mixture in aqueous solution (curve 3). Excitation wavelength was 430 nm. The
dye concentration was 1075 M and 0.5 x 10~ M for Flu and R6G, respectively. Inset shows the excitation spectra for Flu-R6G mixture with monitoring emission wavelengths

at (a) 510 nm (Flu emission maximum) and (b) 552 nm (R6G emission maximum).
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Table 1

Values of spectral overlap integral (J(4)), Forster radius (Ry), donor-acceptor distance
(r) and energy transfer efficiency (E%) for FRET between Flu and R6G with different
acceptor (R6G) concentration in aqueous solution. The donor (Flu) concentration was
fixed at 1075 M (these are calculated from the spectral characteristics of Fig. S1 of
Supporting information).

Acceptor (R6G)  J(4)x 10 m™! em™'nm* R, r FRET
concentration (nm)  (nm) efficiency
(in M) (%)

0.5 x 107> 4.852 6.58 7.13 44.15
0.539 x 107> 4.971 6.61 674 4730
0.63 x10°° 5.062 662 64 55.39
0.67 x 107> 5.081 6.63 6.28 58.41
0.75 x 107> 5.117 6.64 6.07 63.00

where Fp is the normalized emission spectrum of donor and &, is the
molar extinction coefficient (in M~! cm™') of acceptor; 4, the wave-
length (in nm); &p, the fluorescence quantum yield of the donor in
absence of acceptor; n is the refractive index of the intervening
medium; K2 orientation factor of transition dipole moment
between donor (D) and acceptor (A); N, Avogadro number per mole.

The integral part of Eq. (1) is known as the spectral overlap inte-
gral J(4) and is given by

JO) = /0 MFD (A)ea(2) 24 da )

Therefore the above definition of Ry in Eq. (1) can be rewritten
in units of A with the scaling constant 0.02108 as follows

R = 02108 (K2 @) () ° 3)

-1 4

where the unit of J(1) is M~! cm™! nm*.
The efficiency of FRET can be determined by steady state mea-
surements and is expressed as [6]

Fpa
E=1--—"- 4
X @
where Fp, and Fp are the donor fluorescence intensities with and
without an acceptor, respectively.
The actual distance r between donor and acceptor is given by
[6]

r=Ro[(1/E) - 1]'° (5)

In the present case the values of J(1), Ro, E and r were calculated
using Egs. (2)-(5) respectively.

The fluorescence quantum yield of the donor in the absence of
acceptor (®p) has been calculated by using the standard theory
[6,18] and the calculated value of @, was 0.91 [19] for pure Flu
in aqueous solution. The reported value of @y for Flu is very close
to this calculated value [19].

The orientation factor (K?) of transition dipole moment between
D and A mainly depends on the angle between the transition dipole
moments of D and A molecules and the angles between each of
these two dipole moments with the vector connecting their centers
[6]. Theoretically K? has values from O to 4.

(i) K? = 0 (when dipoles are perpendicular to each other),

(ii) K? = 4 (when dipoles are collinear),

(iii) K? = 2/3 (when both dyes are freely rotating and can be con-
sidered to be isotropically oriented during the excited state
lifetime),

(iv) K? = 0.47 (in case of solid films where the dipole moments of
the individual molecules are orientational but they do not
rotate by themselves).

In the present case, K2 = 2/3 has been considered [6].

The value of refractive index (n) of the medium has also been
used based on the references. For water solution it is 4/3 [20], for
laponite dispersion it is 1.39, for NaOH solution it is 1.36 [6].

Results and discussions
Study of FRET in aqueous solution

Fig. 1a shows the normalized absorption and fluorescence
spectra of Flu and R6G in aqueous solution. The absorption and
emission maxima of Flu were centered at 475 and 510 nm respec-
tively, which were assigned to be due to the Flu monomers [20,21].
On the other hand R6G absorption spectrum possess prominent
intense 0-0 band at 525 nm along with a weak hump at 500 nm
which was assigned to be due to the 0-1 vibronic transition [22].
The R6G fluorescence spectrum shows prominent monomer band
at 552 nm [23].

A close look at Fig. 1a reveals sufficient overlapping of the fluo-
rescence spectrum of Flu and absorption spectrum of R6G. Also
both the dyes are highly fluorescent, fulfilling the requirement
for FRET to occur [24]. This justifies the selection of these two dyes
in order to study the energy transfer from Flu to R6G. Here Flu acts
as a donor and R6G acts as an acceptor.

To study the energy transfer between Flu and R6G, the fluores-
cence spectra of Flu and R6G mixture (1:1 volume ratio) were mea-
sured with excitation wavelength fixed at 430 nm (close to the
absorption monomer of Flu). Fig. 1b shows the fluorescence spectra
of Flu, R6G and their mixture in aqueous solution. From figure it
was observed that the fluorescence intensity of pure Flu (curve 1,
of Fig. 1b) was much higher whereas that of pure R6G (curve 2,
of Fig. 1b) is almost negligible. This is because the excitation wave-
length (430 nm) was chosen in order to excite the Flu molecules
directly and to avoid the direct excitation of the R6G molecules.
However, the fluorescence spectrum of Flu-R6G mixture is very
interesting. Here the Flu emission decreases with respect to pure
Flu and on the other side R6G emission increases with respect to
pure R6G (curve 3, of Fig. 1b). This may be due to the transfer of
excited state energy from Flu molecules to R6G molecules via
FRET. In order to confirm this, excitation spectra were recorded
with monitoring emission wavelength at 510 nm (Flu emission
maximum) and 552 nm (R6G emission maximum) for the aqueous
solution of Flu-R6G mixture. It was observed that both the excita-
tion spectra were very similar to the absorption spectrum of Flu
monomer (shown in inset of Fig. 1b). This confirms that the sensi-
tized R6G fluorescence is mainly due to the light absorption by Flu
and corresponding transfer to R6G monomer. Thus FRET between
Flu to R6G has been confirmed. In this case, FRET efficiency is
44.14% calculated by using Eq. (4) of the theoretical section.

It is well known that FRET efficiency largely depends on the
molecular proximity of donor-acceptor in the mixture [6].
Therefore it is interesting to check the extent of FRET by varying
acceptor concentration in the mixture. Accordingly we have mea-
sured the fluorescence spectra of Flu-R6G mixture with varying
concentration of R6G.

Variation of FRET efficiency in case of Flu-R6G mixed aqueous
solution at different concentration of R6G has also been studied
(shown in Fig. S1(a) and (b) of the Supporting information). It
has been observed that the FRET efficiency almost increases lin-
early with increase in acceptor (R6G) concentration in the mixture.
This may be due to closer proximity of the Flu and R6G with
increase in R6G concentration in the mixed solution. The values
of spectral overlap integral J(1), energy transfer efficiency (E),
Forster radius (Ry) and the donor acceptor distance (r) have been
calculated from the fluorescence spectra of Flu-R6G mixture and
listed in Table 1. It has been observed that the distance between
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Fig. 2. (a) Fluorescence spectra of pure Flu (curve 1), pure R6G (curve 2) and Flu + R6G (1:1 volume ratio) in clay dispersion (curve 3). Inset showing the comparison of FRET
efficiency between Flu and R6G without (i) and with (ii) clay. (b) Variation of FRET efficiency between Flu and R6G for different acceptor (R6G) concentration in aqueous - clay
dispersion concentration of Flu was fixed at 10~% M. Clay concentrations were 0.5 (curve 3), 1 (curve 1) and 2 ppm (curve 2).

Table 2

Values of spectral overlap integral (J(4)), Forster radius (Ro), donor-acceptor distance (r) and energy transfer efficiency (E%) for FRET between Flu and R6G with different acceptor
(R6G) concentration in aqueous - clay dispersion. Clay concentrations were 0.5, 1 and 2 ppm. The donor (Flu) concentration was fixed at 10~ M for all the cases (these are

calculated from the spectral characteristics of Figs. S2-S4 of Supporting information).

Acceptor For clay = 0.5 ppm For clay =1 ppm For clay =2 ppm

(R6G) 15 -1 -1 4 9 P 15 -1 -1 4 o 15 -1 1 4 9

concentration J(A)x 10 m~'cm™ ' nm®* Rg r E(%) J(A)x10”m "cm 'nm® Ry r E(%) J(A)x10"”m "'cm 'nm* Rg r E (%)
. nm nm nm nm nm nm

(in M)

106 4.125 64 775 24.02 4522 65 7.15 36.00 4.422 6.48 7.52 29.01
0.25 x 107° 4.321 6.45 7.54 28.13 40915 6.59 6.76 46.10 4.753 6.56 6.97 41.00
0.5 x107° 5.021 6.62 666 4921 5.137 6.64 620 60.12 5.025 6.62 6.57 51.17
0.75 x 107> 5.109 6.64 6.07 63.04 5523 6.72 597 7200 523 6.66 6.00 65.23

Flu-R6G decreases with increase in R6G concentration, where as
the value of spectral overlap integral increases, resulting an
increase in FRET efficiency. Maximum energy transfer efficiency
was found to be 63% for acceptor concentration of 0.75 x 107> M
(Table 1). There are several reports where increase in FRET effi-
ciency has been observed with increasing acceptor concentration
[25].

Study of FRET in laponite clay dispersion

Synthetic clay minerals are most abundant natural nano mate-
rials with cation exchange capacity, layer structure, intercalation
and swelling properties [7,26]. Under certain condition Synthetic
clay minerals can also have anion exchange capacity [26].
Accordingly synthetic clay minerals are considered as the ideal
host material to incorporate ionic, as well as neutral molecules
through ion exchange reaction and intercalation [26]. It has been
observed that spectral properties of dye molecules change when
they are incorporated onto clay matrix [6,7]. Also the molecules
come close to each other when they are adsorbed onto clay surface

or intercalated in between the interlayer space of synthetic clay
minerals. Accordingly the FRET efficiency is largely affected when
dye molecules are incorporated onto synthetic clay matrix [6,7].
Therefore, it is very interesting to study the energy transfer
between Flu and R6G in presence of synthetic clay minerals.

In order to investigate the effect of laponite on FRET, we have
measured the fluorescence spectrum of Flu-R6G mixture (1:1) in
laponite clay dispersion. Fig. 2a shows the fluorescence spectra of
pure Flu, R6G and their mixture (1:1 volume ratio) in presence of
laponite dispersion (laponite concentration was 1 ppm). The most
interesting observation in laponite dispersion was that the Flu flu-
orescence intensity decreases further in favor of R6G fluorescence
intensity (Fig. 2a, curve 3), resulting an increase in FRET efficiency.
It has been observed that in certain cases in presence of laponite
the energy transfer efficiency increases to 60.12% which was
44.15% in absence of clay (Tables 1 and 2, the acceptor concentra-
tion was 0.5 x 107> M).

It is worthwhile to mention in this context that laponite parti-
cles are negatively charged and have layered structure with an
ion exchange capacity [6,27]. The dyes Flu and R6G under
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Fig. 3. Variation of FRET efficiency between Flu and R6G at different pH of pure Flu
in aqueous solution and at different pH of Flu-R6G mixture in aqueous solution (1:1
volume ratio). Dye concentration was 107°M (Flu) and 0.5 x 107>M (R6G),
respectively. Curve 1: pH of the pure Flu solution was changed and then mixed
with R6G solution at ambient pH (6.5). Curve 2: pH of the Flu — R6G solution was
changed. Inset shows the variation of fluorescence intensity of pure Flu at different
pH of pure Flu in aqueous solution.

investigation were anionic and cationic, respectively at ambient
condition. R6G molecules were adsorbed onto the laponite surface
through cation exchange reaction as well as electrostatic attraction
[7]. On the other hand, anionic Flu may adsorb onto laponite
through anion exchange reaction as well as intercalation [26]. It
is relevant to mention in this context that in certain condition
(pH < 11.5) the structural OH groups at the edges and also on the
basal surface of the laponite are exchanged with anions [26]. It
has also been observed that the dye Flu can be intercalated in
the Layered Double Hydroxide (LDH) matrix which is similar to
anionic synthetic clay [26]. Confinement of the dyes Flu and R6G
on the laponite layer causes a decrease in the distance between
the donor-acceptor pair. This in turn enhances the FRET efficiency.
Therefore, laponite particles play an important role in concentrat-
ing the dyes to make a better favorable condition for close interac-
tion to occur between energy donor and acceptor in contrast to the
aqueous solution.

Analysis of fluorescence spectra (Fig. 2a) reveal that in certain
cases the spectral overlapping integral J(1) between the fluores-
cence spectrum of Flu and absorption spectra of R6G increases
from 4.852 x 10> M~'ecm~!'nm* to 5.137 x 10> M~' cm™' nm*
due to incorporation of laponite sheets. Also the intermolecular
distance between Flu and R6G decreases from 7.13 nm to
6.20 nm. Therefore laponite particles play a vital role in

Table 3

Values of spectral overlap integral (J(1)), Forster radius (Ry), donor-acceptor distance
(r) and energy transfer efficiency (E%) for FRET between Flu and R6G at different pH of
Flu. The dye concentration was 10~ M and 0.5 x 10~ M for Flu and R6G, respectively
(these are calculated from the spectral characteristics of Figs. S5 and S6 of Supporting
information).

pH of the (pure J(A) x 10" m'em 'nm* Ry rnm  FRET
Flu) solution nm efficiency
(%)
15 1.054 5.104 9.110 3.00
3.0 2.136 5.741 8.551 8.39
4.0 3.691 6.289 7.819 21.30
5.0 4.152 6.413 7.144 3435
6.0 4,753 6.552 6.926 41.70
Ambient pH (6.5) 4.850 6.582 6.844 44.15
7.0 5.021 6.620 6.532 52.00
8.0 5.12 6.642 6.133 61.72

concentrating the dyes and thus reducing the intermolecular dis-
tance providing a favorable condition for efficient energy transfer.
Consequently the energy transfer efficiency increases up to a max-
imum value of 72% in presence of laponite platelets (Tables 1 and 2,
the acceptor concentration was 0.75 x 107> M).

There are several reports where synthetic clay minerals play
vital role for the enhancement of FRET efficiency [28-30].
Probably the first record on efficient energy transfer in clay mineral
system was based on the interaction between two different dyes
Cyanine and Rhodamine simultaneously adsorbed onto clay min-
eral surfaces [28]. Czimorova et al. reported prominent energy
transfer among laser dyes in saponite dispersion [29]. Bujdak
et al. studied FRET between two rhodamines Rh123 (donor) and
Rh610 (acceptor) in both solution and in presence of nanoclay
saponite [30]. Our research group has also shown that the energy
transfer efficiency increased to a large extent in presence of nan-
oclay laponite [6,7]. The synthetic clay mineral layers work as tem-
plates for concentrating the dyes, accordingly the intermolecular
separation between them decreases. Also the orientation of dye
molecules changes when they are incorporated onto the restricted
geometry of synthetic clay mineral layers. As a result the energy
transfer efficiency affected to a large extent in presence of syn-
thetic clay mineral.

Fig. 2b represents the variation of FRET efficiencies between Flu
and R6G in presence of laponite for three different concentrations
(0.5 ppm, 1 ppm and 2 ppm) of laponite with varying acceptor con-
centration (corresponding fluorescence spectra are shown in
Figs. S2-S4 of Supporting information). The FRET parameters as
calculated from the fluorescence spectra are listed in Table 2. It
is observed that the FRET efficiency increases with increasing
acceptor concentration for all the laponite concentration.
However, FRET efficiencies are higher in case of 1 ppm of laponite
concentration compared to 0.5 ppm. But the FRET efficiencies for
2 ppm laponite concentration are lower than that in case of
1 ppm laponite concentration. Increasing the concentration of
laponite (from 0.5 ppm to 1 ppm) will increase the number of lapo-
nite layers in the dispersion. As a result maximum number of dyes
will be adsorbed onto the laponite surfaces. This in turn results an
increase in FRET efficiency. But for the laponite concentration of
2 ppm there could be a possibility of aggregation of the dye mole-
cules onto the laponite surface which results in a slight decrease in
FRET efficiency compared to 1 ppm laponite concentration [31].

It is relevant to mention that with increase in synthetic mineral
concentration, normally dye molecules form aggregate. Martinez
et al. reported the formation of aggregates of R6G molecules with
increasing clay concentration [32]. With increase in loading, dye
molecules tend to form self aggregate and dimmers. Cyanine dyes
were also found to form aggregate with increase in laponite con-
centration [31].

Effect of pH on FRET in aqueous solution

The dye Flu used in the present study is pH sensitive [15]. Flu is
highly fluorescent under basic or neutral conditions, whereas the
fluorescence intensity decreases under acidic conditions. Under
basic or neutral conditions they exist mainly in ring opened form
whereas, they are in spirocyclic form under acidic conditions. At
pH values < 2 Flu become cationic in aqueous solution. Flu exists
in its neutral species within the range of pH from 2 to 4. As the
pH value increases from 4 to 6.5, the mono-anionic form is gener-
ated. The dianionic form is generated at pH above 6.5. The fluores-
cence intensity of Flu increases with increasing pH. The change in
fluorescence intensity of Flu with varying pH (from pH=1.5 to
pH = 8) is shown in the inset of Fig. 3 (corresponding fluorescence
spectra are shown at Fig. S5 of the Supporting information). This
change in fluorescence intensity of Flu with pH may in turn cause
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a change in spectral overlapping of the donor fluorescence and
acceptor absorbance which results a change in FRET efficiency.
Therefore, it is very interesting to study the FRET phenomenon
between Flu and R6G at varying pH range. Consequently, we have
measured the fluorescence spectra of Flu-R6G mixed solution at
different pH following two processes.

(i) Flu solutions prepared at different pH were mixed with R6G
aqueous solution prepared at normal pH.

(ii) Solution of the Flu-R6G mixture was prepared at different
pH.

The FRET parameters calculated from the spectra measured at
different pH are listed in Tables 3 and 4, respectively. The plot of
FRET efficiency vs pH for both the cases is shown in Fig. 3. The cor-
responding fluorescence spectra have been shown in Figs. S6 and
S7 in the Supporting information.

From Fig. 3, it has been observed that for both the cases the
FRET efficiency increase almost linearly with increase in pH within
pH range from 1.5 to 8.0. pH dependent ionic interaction occurred
between Flu and R6G in aqueous solution. This is because the ionic
nature of Flu is largely dependent on the pH of the solution [15]. At
normal pH, Flu remains in monoanionic form in aqueous solution.
At acidic medium Flu becomes either neutral (pH range from 2 to
4) or cationic (pH < 2) [15]. At higher pH (>6.4) Flu remains in dian-
ionic form in aqueous solution. On the other hand R6G is cationic
in nature. As a result with increasing pH the electrostatic interac-
tion between Flu and R6G increases in aqueous solution and they
come closer to each other. This results in an increase in FRET effi-
ciency. Again pH dependent enhancement in Flu fluorescence
intensity causes an increase in J(1) values (Tables 3 and 4) with
increase in pH values. These also contribute to the FRET enhance-
ment at higher pH.

A close look to the Fig. 3 shows that the extent of increase in
FRET efficiency is higher when the pH of the Flu solution was chan-
ged followed by mixing of R6G at normal pH. In case of first
method, the FRET efficiency changes from 3.00% to 61.72% for a
change in pH from 1.5 to 8.0 in the mixture, whereas, the FRET effi-
ciency changes from 1.91% to 34.65% for a change in pH of Flu-R6G
mixture from 1.5 to 8.0 for the second method.

The difference in the increase in FRET efficiency may be
explained in terms of the change of ionic nature of Flu in aqueous
solution with pH change. In the first method, the pH of the individ-
ual Flu solution was first changed following the addition of R6G
solution. In the second process the pH of the Flu-R6G mixture
was changed. Eventually, there may be a possibility of change in
ionic form of Flu (cationic, neutral, monoanionic, dianionic) both
in rate as well as in number with increasing pH for the first
method. Therefore the observed linear change in FRET efficiency

Table 4

Values of spectral overlap integral (J(1)), Forster radius (Ry), donor-acceptor distance
(r) and energy transfer efficiency (E%) for FRET between Flu and R6G at different pH of
Flu -R6G mixture. The dye concentration was 10~ M and 0.5 x 10~> M for Flu and
R6G, respectively (these are calculated from the spectral characteristics of Figs. S5 and
S7 of Supporting information).

pH of the mixed J()x 10 m'em ' nm* Ro rnm FRET
(Flu-R6G) solution nm efficiency
(%)
15 1.129 5.163 9.954 1.91
3.0 2.082 5.717 8.780 7.05
4.0 2.781 5.999 8.153 13.38
5.0 3.642 6.275 7.896 20.12
6.0 3.762 6.309 7.660 23.78
Ambient pH (6.5) 3.881 6.342 7.513 26.56
7.0 4.023 6.380 7.301 30.80
8.0 4.190 6.424 7.140 34.65

—) Donor

‘ —) Acceptor

(a) Less FRET Very Low pH (b) LessFRET LowpH

e -

Cationic form of Donor Neutral form of Donor

(d) ter

High pH
FRET

NN
-0

Di-anionic form of Donor

(c) FRET

Mono-anionic form of Donor

Normal pH

Stg big Kig V"

Fig. 4. Schematic representations showing the change in ionic nature of donor (Flu)
with change in pH and FRET between Flu and R6G at different pH.

with increasing pH may be used for the sensing of pH. This situa-
tion has been explained through a schematic diagram given in
Fig. 4.

There are few reports where energy transfer phenomenons
have already been used for pH measurement [33-38]. Chan et al.
used semi conducting polymer dots as a platform and designed
ratiometric pH nanoprobes by using the concept of FRET within
the range of pH from 5 to 8 [33]. By introducing polymer doped
with either Congo red (pH range 3-5) or methyl red (pH range from
5 to 7) Egami et al. has reported a fiber optic pH sensor [34]. Jiangli
Fan et al. observed FRET by using 1,8-naphthalimide as donor and
rhodamine as acceptor [35]. Xianfeng Zhou et al. has designed a
ratiometric chemosensor by using two pH sensitive dyes coumar-
ine (donor) and amino-naphthalimide derivative (acceptor) [36].
Georgiev et al. has reported a pH sensitive and selective ratiometric
PAMAM wavelength-shifting bichromophoric system where the
systems surface is labelled with yellow-green emitting 4-(N-piper-
azinyl)-1,8-naphthalimide as donor and Rhodamine 6G as acceptor
[37]. Dennis et al. described a nanoparticle-based ratiometric pH
sensor by using semiconductor quantum dot (QD) and pH sensitive
fluorescent proteins (FPs). It has been observed that Forster
Resonance Energy Transfer (FRET) between QD and multiple FPs
modulates the FP/QD ratio exhibiting a >12-fold change between
pH 6 and 8 [38]. In the present system pH dependant change in
FRET parameters can be used to design a pH sensor that can
measure pH over a wide range from 1.5 to 8. This is one advantage
of our system with respect to previous systems and has proven the
significance of this work.

Conclusion

A new FRET pair Flu and R6G has been identified. FRET between
these two dyes were successfully investigated in solution both in
presence and absence of synthetic clay particle laponite. UV-Vis
absorption and fluorescence spectroscopy studies reveal that both
the dyes present mainly as monomer in solution and there exist
sufficient overlap between the fluorescence spectrum of Flu and
absorption spectrum of R6G which is a prerequisite condition for
FRET to occur from Flu to R6G. Energy transfer occurred from Flu
to R6G in solution in presence and absence of laponite. FRET
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efficiency increases with increasing acceptor concentration. The
energy transfer efficiency increases in presence of laponite. The
maximum efficiency was found to be 72.00% for the mixed dye sys-
tem (50% RhB + 50% Acf) in laponite dispersion. Flu is pH sensitive
and it was observed that the overlap between Flu fluorescence
and R6G absorption spectrum changes with change in pH.
Consequently energy transfer efficiency was found to be pH sensi-
tive. The energy transfer efficiency varies from 3.00% to 61.72% for
a change in pH of Flu solution from 1.5 to 8.0. However, the energy
transfer efficiency varies from 1.91% to 34.65% when the pH of the
Flu-R6G mixture solution was changed from 1.5 to 8.0. With
proper calibration it is possible to use the present system under
investigation to sense pH over a wide range of pH from 1.5 to 8.0.
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