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a b s t r a c t

Fluorescence Resonance Energy Transfer (FRET) between two organic dyes Fluorescein and Rhodamine
6G were successfully investigated in aqueous solution in presence and absence of 1,2-Dipalmitoyl-sn-
glycero-3-phosphorylcholine (DPPC) at different pH. Spectroscopic studies suggest that both the dyes
were present mainly as monomer in solution. FRET occurred from Fluorescein to Rhodamine 6G in so-
lutions. Energy transfer efficiency increases in presence of DPPC and the maximum efficiency was 59.3%
when the concentration of DPPC was 1.4�10�4 M at ambient condition. pH plays a crucial role in this
investigation as the energy transfer efficiency was found to change in presence of DPPC at different pH. It
has been demonstrated that with proper calibration it is possible to use the present system under in-
vestigation to realize various ionic states of DPPC by observing the change in FRET efficiency between
these two dyes.

& 2017 Elsevier B.V. All rights reserved.
1. Introduction

DPPC is a phospholipid consisting of two palmitic acids [1,2]. It
is the major constituent of pulmonary surfactant, most responsible
for the surface tension lowering properties of surfactant [3]. It is
also the only surface active component of lung surfactant capable
of lowering surface tension to near zero levels which is utmost
important for proper functioning of the heart. There exists con-
siderable potential for the lung to affect the heart. Because they
share the thoracic cavity, changes in intrathoracic pressure ac-
companying lung inflation are transmitted directly to the heart. In
addition, all of the blood leaving the right ventricle must traverse
the pulmonary vascular bed, so changes in pulmonary vascular
resistance may greatly affect right ventricular function [4]. DPPC is
used for research purposes in studying liposomes, lipid bilayers,
model biological membrane, in the formation of reconstituted HDL
particles and cell signaling [5–8]. For this reason the bulk of the
research concerning various states of phospholipids are related to
understanding the bio membrane processes.

One of the main factors which influence molecular process like
cell cycle progression, cell proliferation as well as differentiation is
the environmental acidity or pH of living cells and tissues. Con-
sequently, malignant transformation, oncogenesis, metastasis and
angiogenesis are largely affected by environmental acidity [9]. The
environmental acidity also greatly influences the response of
cancer cells to various treatments [9]. The microenvironment in
tumor on both animal and human is acidic as compared with that
in normal tissues because of elevated in anaerobic as well as
aerobic glycolysis in tumors [9–11]. Wike-Hooley et al. reported
that electrode-evaluated human tumor pH is on average, lower
than the pH of normal tissues [10], whereas, Song et al. reported
the rigorous investigation on the intra and extracellular pH in solid
tumor cells [9]. The pH gradient difference between tumor and
normal tissues provides a strong rationale for the design and
evaluation of the efficacy of drugs [10]. A number of studies have
been reported drug partitioning into artificial lipid vesicles and
cells as a function of pH. DPPC is a zwitterionic phospholipid
which is a representative lipid of the biological cell membrane [12]
i.e., in physiological pH range of human body; DPPC mainly re-
mains in zwitterionic form. But pH in the microenvironment is
different in biological and pathological situations such as cancer,
as well as different organelles (the liposomes are acidic). As ionic
states of DPPC is a function of pH [13–15], so there may be a
possibility that DPPC changes its ionic states in abnormal biolo-
gical condition of our body. Further research may be helpful to
realize this fact more precisely. Surfactant abnormalities often
result in very severe consequences, even death [16]. Ionic nature of
DPPC plays a crucial role in drug-membrane biophysical interac-
tion studies [12]. Thus change of ionic states of DPPC can be
treated as an alarming indicator of growing abnormalities in cell
membranes. It is worthwhile to mention in this context that the
ionic states of DPPC play a crucial role with various drug interac-
tions in drug delivery system [17,18]. Consequently, by observing
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Fig. 1. Fluorescence spectra of pure Flu (b), pure R6G (e), Flu-R6G mixture (1:1
volume ratio) at ambient pH (c), Flu in presence of DPPC (1.4�10�4 M) at ambient
pH (a), Flu-R6G mixture (1:1 volume ratio) in presence of DPPC at ambient pH
(d) and R6G in presence of DPPC (1.4�10�4 M) at ambient pH (f). Fluorescence
spectra were recorded with monitoring wavelength 430 nm (close to the monomer
absorption of Flu). Concentration of Flu and R6G were fixed at 10�6 M and
0.5�10�5 M respectively. Concentration of DPPC was fixed at 1.4�10�4 M. Inset
shows the variation of FRET efficiency (%) with concentration of DPPC (mole) at
ambient pH.
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the ionic states of DPPC it is possible to have an idea about the
cellular environment.

In this contribution we try to focus on realization of different
ionic states of DPPC using two laser dyes Fluorescein (Flu) and
Rhodamine 6G (R6G) which will also helpful to have an idea about
the pH environment in cell membranes with the help of FRET
process. FRET is a non-radiative electrodynamical phenomenon
occurs through the transfer of excited state energy from donor to
acceptor [19]. This potentially enriched promising tool is flour-
ishing with blazing speed and ever growing appreciation in
modern technology, mainly in biological field of research [19–22].
One of the major advantages of FRET over the conventional
fluorescence techniques is that it minimizes external perturbation
by taking the ratio of two fluorescence signals [19].

DPPC, a major phosphatidycholine lipid can present in aqueous
solution with cationic net charge, as zwitterions, with anionic net
charge depending on the pH [13–15]. We have investigated FRET
between two dyes Flu and R6G in presence of DPPC at different pH.
It has been observed that pH of DPPC as well as acceptor con-
centration affects FRET process to a great extent. Based on the
results of our investigation, we have demonstrated that it's pos-
sible to have idea about the ionic nature of DPPC in changed en-
vironment. This will provide a window to have an insight about
the pH environment of cell membranes which can serve as ben-
eficial role from basic science as well as application point of view.
Similar approach can be taken to study the ionic nature of other
lipid as well as other bio macromolecules using suitable FRET pair.
2. Materials and methods

2.1. Materials

Both the dyes Flu and R6G, methanol as well as DPPC were
purchased from Sigma Chemical Co., USA. All materials were used
without further purification.

Ultrapure water, used as the solvent of the dyes, was obtained
from a Milli-Ro, Milli-Q reverse osmosis system (Millipore Corp.)
containing two carbon- and two ion-exchange columns. Finally,
the water was purified through a 0.22 μm zetapore filter. The re-
sistivity of the purified water was 18.2 MΩ-cm. To prepare DPPC
solution, methanol was used.

2.2. 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,
donor in the present FRET investigation).
3. Results and discussions

3.1. The FRET pair

The molecules used in this study (Flu and R6G) are, in principle,
suitable for energy transfer. Both the dyes are highly fluorescent.
There exists sufficient overlapping between the absorption spec-
trum of Flu and the fluorescent spectrum of R6G (Fig. 1 of sup-
porting information). FRET using these two dyes have already been
studied by our group in detail [23]. Based on the FRET between
these two dyes a pH sensor has been proposed [23]. The absorp-
tion and emission maxima of Flu were centered at 475 and 510 nm
respectively, which were assigned to be due to the Flu monomers
[24,25]. 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 transi-
tion [26]. The R6G fluorescence spectrum shows prominent
monomer band at 552 nm [27]. The corresponding absorption and
emission spectra of the above results are shown in Fig. S1 of
Supporting information. Here Flu molecules act as the donor,
whereas, R6G molecules as the acceptor during FRET studies.

Firstly, FRET between Flu and R6G were carried out by taking
the fluorescence spectra of pure Flu, R6G and their mixture (1:1
volume ratio) in aqueous solution. All the spectra were recorded
with excitation wavelength 430 nm (close to the absorption
monomer of Flu) under ambient condition. The reason for select-
ing this excitation wavelength was to avoid the direct excitation of
R6G molecules. The concentration of the individual dyes were
10�6 M (Flu) and 0.5�10�5 M (R6G). Corresponding fluorescence
spectra are shown in Fig. 1. Observed prominent fluorescence from
Flu and almost negligible fluorescence from R6G indicates that at
this excitation (430 nm), Flu absorbs sufficient energy, whereas,
almost negligible absorption by R6G occurred. However, from the
fluorescence spectrum of FluþR6G mixed aqueous solution, it was
observed that the R6G fluorescence intensity increases (Curve-c of
Fig. 1) even with this excitation wavelength (430 nm) and Flu
fluorescence decreases compared to their pure counterpart.
Transfer of energy from Flu to R6G is the reason of the above
mentioned phenomenon. This transferred energy excites more
R6G molecules followed by light emission from R6G, which is
added to the original R6G fluorescence. As a result the R6G
fluorescence intensity gets sensitized. Excitation spectra measured
with excitation wavelength fixed at Flu (510 nm) and R6G
(552 nm) fluorescence maximum, in case of FluþR6G mixed
aqueous solution (Fig. 2 of Supporting information) revealed that
both the excitation spectra are almost similar to the absorption
spectra of Flu having characteristic bands of Flu monomers. This
confirms that R6G fluorescence is mainly due to the light ab-
sorption by Flu and corresponding transfer to R6G monomer. Thus
FRET between Flu to R6G has been confirmed [23].



Fig. 2. Fluorescence spectra of Flu, R6G and their mixture (FluþR6G (1:1 volume
ratio)) in aqueous solution in presence and absence of DPPC with different con-
centrations of R6G. The concentration of Flu and DPPC were fixed at 10�6 M and
1.4�10�4 M respectively. Excitation wavelength was monitored at 430 nm (close
to absorption monomer of Flu). Inset shows the linear variation of FRET efficiency
(%) with concentration of R6G (�10�5 M).
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3.2. Effect of DPPC on FRET

In order to check the effect of DPPC on energy transfer, study of
FRET were performed between Flu and R6G in presence of DPPC of
different concentration at ambient pH. It is fascinating to observe
that the R6G fluorescence increased further in presence of DPPC
and Flu fluorescence decreased in case of Flu–R6G mixture fluor-
escence spectrum (curve d of Fig. 1). This indicates the increase in
the extent of energy transfer in presence of DPPC under ambient
condition. The FRET efficiencies were calculated from Fig. 1 using
the equation given below [28]

= −E
F
F

1 DA

D

where FDA is the relative fluorescence intensity of donor in pre-
sence of acceptor and FD is the fluorescence intensity of donor in
absence of the acceptor. Also different FRET parameters viz.
spectral overlap integral (J(λ)), Forster radius (R0) and the distance
between donor and acceptor (r) under FRET environment have
been calculated using Forster theory [29]. Detail calculations pro-
cedure has been reported elsewhere [29,30]. The values of FRET
efficiency as well as different FRET parameters have been listed in
Table 1. The plot of FRET efficiency as a function of DPPC con-
centration is shown in inset of Fig. 1 using bar diagram (corre-
sponding fluorescence spectra are shown in Fig. S3 of Supporting
information). It has been observed that FRET efficiency increases in
presence of DPPC and varies within 55.2% to 59.3% depending on
DPPC concentration. The maximum efficiency was found to be
59.3% for a DPPC concentration of 1.4�10�4 M. It is worthwhile to
mention in this context that FRET strongly depends on the dis-
tance between donor–acceptor pair, spectral overlap between ab-
sorption spectrum of acceptor and fluorescence spectrum of the
donor as well as the dipole orientation vector of the FRET pair [31].
The dyes used in the present study are anionic (Flu) and cationic
(R6G) in nature. DPPC remains in zwitterionic form at ambient pH
[13–15]. In presence of DPPC, the dyes are come closer to each
other through electrostatic interaction. Both the dyes were at-
tached electrostatically through the opposite ions of the DPPC.
This reflects an increase in close proximity of the dyes Flu and R6G
in presence of DPPC compared to that in absence of DPPC. Con-
sequently, the energy transfer efficiency increases in presence of
DPPC at ambient pH. This situation has been shown schematically
in Fig. 4. Also the orientation of dye molecules changes when these
are attached to DPPC through electrostatic interaction. This results
a change in the spectral overlap integral, J(λ). This change in J(λ)
also contribute to the change in FRET efficiency. Moreover, the
concentration of DPPC for maximum FRET at ambient condition
was found to be 1.4�10�4 M which is greater than the Critical
Table 1
Variation of FRET efficiency with change in concentration of DPPC (in mole). Con-
centration of Flu and R6G were fixed at 10�6 M and 0.5�10�5 M respectively.

Concentration of Flu
(mole): R6G (mole):
DPPC (mole)

Value of J(λ)
(M�1cm�1nm4)

R0 (nm) r (nm) FRET effi-
ciency, E (%)

10�6: 0.5�10�5: 0 4.852�1015 6.581 7.130 44.15
10�6: 0.5�10�5:
0.68�10�4

5.061�1015 6.629 6.402 55.20

10�6: 0.5�10�5:
1.4�10�4

5.085�1015 6.635 6.230 59.30

10�6: 0.5�10�5:
2.04�10�4

5.079�1015 6.633 6.289 57.90

10�6: 0.5�10�5:
2.72�10�4

5.077�1015 6.632 6.314 57.30

10�6: 0.5�10�5:
3.41�10�4

5.075�1015 6.631 6.322 57.10
Micelle Concentration (CMC) which is 0.46 nM. So there may be
possibility that in this case micelle has been formed. Even if ve-
sicles are formed the ionic nature of DPPC will still be effective for
electrostatic interaction with the dyes since the ionic charge may
remain at the outer surface of the vesicles. In the present case, the
FRET efficiency varies depending on the extent of this electrostatic
interaction. As a result the proposed method is also valid even if
vesicles are formed. Moreover, we repeated the experiment
5 times and reproducibility of the results was obtained.

3.3. Effect of variation of acceptor (R6G) concentration on FRET

In order to check the effect of donor/acceptor concentration on
FRET, fluorescence spectra of Flu–R6G mixture in presence of DPPC
(1.4�10�4 M) were measured with fixed amount of Flu (donor)
and varying amount of R6G (acceptor). DPPC concentration of
1.4�10�4 M was chosen as the FRET efficiency was maximum at
this concentration (Table 1). Fig. 2 shows the fluorescence spectra
of Flu–R6G mixed dye system with fixed amount of Flu (10�6 M)
and varying amount of R6G in presence of fixed concentration of
DPPC (1.4�10�4 M). It was observed that for a fixed amount of
donor (Flu) the FRET efficiency increases linearly with the increase
in acceptor (R6G) concentration in the Flu–R6G mixture (inset of
Fig. 2). Corresponding FRET parameters are listed in Table 2.
Maximum energy transfer efficiency was 65.9% (Table 2) for ac-
ceptor concentration of 0.75�10�5 M.

It is worthwhile to mention in this context that 1:1 (donor:
acceptor) concentration ratio is ideally suitable for maximum FRET
to occur [32]. However, in the present it has been observed that
FRET increases even when acceptor concentration is higher than
donor concentration. Accordingly, there may be possibility of di-
rect excitation of acceptor (R6G) at the excitation wavelength λex
¼430 nm used in the FRET experiment. In order to clarify this, we
have checked the fluorescence spectra of R6G (acceptor) with
excitation wavelength λex¼430 nm. It has been observed at this
excitation wavelength (430 nm) R6G shows almost negligible/
minute fluorescence (Fig. S4 Supporting information). This suggest
that at this wavelength direct excitation of R6G is minimal i.e,
almost no direct excitation occurred. Moreover, to confirm the
source of fluorescence of R6G in the mixture, we have recorded
the excitation spectra with monitoring wavelength fixed at 510 nm



Table 2
Variation of FRET efficiency with change in concentration of R6G (in mole). Con-
centration of Flu and DPPC were fixed at 10�6 M and 1.4�10�4 M respectively.

Concentration of Flu
(mole): R6G (mole):
DPPC (mole)

Value of J(λ)
(M�1cm�1nm4)

R0 (nm) r (nm) FRET effi-
ciency, E (%)

10�6: 0.5�10�5: 0 4.852�1015 6.581 7.130 44.15
10�6: 0.5�10�5:
1.4�10�4

5.085�1015 6.635 6.230 59.30

10�6: 0.539�10�5:
1.4�10�4

5.088�1015 6.636 6.172 60.70

10�6: 0.63�10�5:
1.4�10�4

5.091�1015 6.637 6.090 62.60

10�6: 0.67�10�5:
1.4�10�4

5.097�1015 6.638 6.022 64.20

10�6: 0.75�10�5:
1.4�10�4

5.105�1015 6.639 5.948 65.90

Table 3
Variation of FRET efficiency with change in pH of DPPC. Concentration of Flu, R6G
and DPPC were fixed at 10�6 M, 0.5�10�5 M and 1.4�10�4 M respectively. In this
case, pH of only DPPC was changed before mixing it to the mixture of FluþR6G. The
pH of individual dyes was not changed.

pH of
DPPC

Value of J(λ)
(M�1 cm�1 nm4)

R0 (nm) r (nm) FRET effi-
ciency E (%)

Standard Er-
ror (%)

2.5 4.242�1015 6.430 7.370 30.6 70.06
3.0 4.561�1015 6.515 7.109 37.2 70.17
3.5 4.799�1015 6.571 6.887 43.0 70.10
4.0 4.850�1015 6.582 6.953 47.8 70.20
4.5 4.890�1015 6.591 6.521 51.6 70.12
5.0 4.930�1015 6.600 6.400 54.6 70.10
5.5 4.950�1015 6.605 6.310 56.8 70.12
6.0 4.970�1015 6.609 6.262 58.0 70.14
6.5 5.085�1015 6.635 6.230 59.3 70.11
7.0 5.077�1015 6.633 6.302 57.6 70.12
7.5 5.063�1015 6.599 6.369 55.3 70.08
8.0 4.878�1015 6.566 6.544 50.5 70.16
8.5 4.810�1015 6.573 6.879 43.2 70.14

Fig. 3. Variation of FRET efficiency with change in pH of DPPC. Concentration of Flu,
R6G and DPPC were fixed at 10�6 M, 0.5�10�5 M and 1.4�10�4 M respectively.
Here pH of only DPPC was changed before mixing it to the mixture of FluþR6G. The
pH of individual dyes was not changed.
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(λmax of Flu) and 552 nm (λmax of R6G) in case of Flu-R6G mixed
system. It has been observed that the spectra are identical to the
absorption spectra of Flu (Fig. S5 of Supporting information). These
results suggest that in Flu-R6G mixture, Flu absorbs the energy
and consequently transfer the same to R6G. Also in the mixed
system, the systematic decrease in fluorescence of Flu and increase
in R6G fluorescence occurred suggesting energy transfer from Flu
to R6G.

It is relevant to mention in this context that the spectral
overlap integral J(λ) for different acceptor concentration were
calculated using the absorption spectra of acceptor (R6G) and
fluorescence spectra of donor (Flu). In the present case, the ac-
ceptor concentration was varied keeping donor concentration
fixed. With increasing acceptor concentration, the absorption
spectra of R6G changed. So, the spectral overlap between the ab-
sorption spectra of R6G and fluorescence spectra of Flu changed
consequently. As a result the calculated values of J(λ) changed.
However, the variation of J(λ) was very small. Again the Forster
radius R0 was calculated based on the values of J(λ), which was
related to the inverse sixth power of J(λ). Therefore, due to small
change in J(λ), the change in R0 values were also very small.

3.4. Effect of pH of DPPC on FRET

DPPC can be present in aqueous solution with variable ionic
states depending on the pH [13–15]. It can appear as cationic net
charge, as zwitterions as well as with anionic net charge as a
function of pH. However, in this present study we incorporate the
FRET system by choosing anionic donor (Flu) and cationic acceptor
(R6G). Thus a fascinating probability exists for the electrostatic
interaction between the dye pair and the DPPC in changed pH
environment. In this case, the pH of DPPC was varied over a wide
range (from pH 2.5 to pH 8.5). Here we have changed the pH of
DPPC solution followed by mixing the same to the dye mixture at
ambient pH. After that the FRET experiment was performed. Cor-
responding FRET parameters are listed in Table 3 and the spectra
are given in Fig. S6 of Supporting information. In order to have
idea about standard error in FRET efficiency measurement, we
have repeated the experiments five times and calculated the
standard error based on the variation of the experimental results.
The standard error values are listed in Table 3. When pH of DPPC
was 2.5, the energy transfer efficiency was found to be 30.6%
(Table 3) which was much lower than the efficiency found in ab-
sence of DPPC (which was 44.15%, Table 1). It may be due to the
fact that when DPPC was at pH 2.5, the cationic nature dominates.
So in this condition when DPPC was introduced to FRET system, it
creates a favorable environment for closer proximity of cationic
DPPC molecules with the anionic Flu electrostatically. Now the
cationic R6G molecules find less interest with Flu as it already bind
with DPPC through electro static interaction resulting in lowering
of FRET efficiency. When the pH of DPPC was increased, the
zwitterionic nature predominates over cationic nature and FRET
efficiency increases (Fig. 3). At ambient pH, due to zwitterionic
nature of DPPC, the FRET efficiency was found maximum (59.3%).
Likewise, as the pH of DPPC was increased further, the anionic
nature dominates over zwitterionic nature. Apparently, cationic
R6G approaches towards DPPC with ease rather than anionic Flu.
The electrostatic interaction plays the same role as mentioned
earlier. At pH 8.5 of DPPC, the FRET efficiency was found 43.2%
(Table 3, Fig. 3). The corresponding spectra of Fig. 3 are shown in
Fig. S6 of Supporting information. The illustrations of the above
results are shown schematically in Fig. 4. It is relevant to mention
that there exist a pH dependency of FRET between Flu and R6G
[23]. In order to check the direct effect of pH on FRET between Flu
and R6G during change in pH of DPPC, we have changed the pH of
solvent (methanol) used for making DPPC solution and added with
the dyes solution under ambient condition. The amount and pH
was maintained exactly that was used in making DPPC solution
and the FRET experiment was performed. However, FRET effi-
ciencies vary over a minute range (41.6–45%) (Fig. S7 and Fig. S8 of
Supporting information shows the corresponding spectra and
variation of FRET efficiency as a function of pH). Corresponding
values of FRET efficiencies are listed in Table S1 of Supporting in-
formation. Therefore, it can be concluded that change of pH of
DPPC hardly affect the dyes used as FRET pair directly in the



Fig. 4. Schematic representations showing (a) electrostatic attraction between anionic Flu and cationic R6G molecules at ambient pH. The inter molecular separation
between the dyes are designated as r1, (b) At lower pH, cationic nature of DPPC molecules became dominants and electrostatic interaction (attraction) occurs with anionic
Flu molecules. So cationic R6G molecules find less interest with Flu. At this stage, r2 is the intermediate distance of separation and r24r1, (c) Anionic nature of DPPC
molecules became dominants at higher pH resulting in electrostatic interaction with cationic R6G molecules. Consequently, Flu molecules find lower interest with R6G. In
this stage, the distance between the dyes is mentioned as r3, and r34r1, (d) At ambient pH, DPPC predominantly remain as zwitterionic. As a result both the dyes (anionic Flu
and cationic R6G) attached within the DPPC molecules through electrostatic attraction. Accordingly, the distance between the dyes (r4) become less than in absence of DPPC
at ambient condition. As a whole r1o(r2 and r3) and r4o(r1, r2 and r3).
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present case. But due to the change of pH, ionic nature of DPPC
was changed which consequently affected the electrostatic inter-
action between the dyes resulting in change in FRET efficiency.

3.5. Sensing of ionic nature of DPPC

Based on our investigation, it is possible to propose a sensor
which can sense the ionic nature of DPPC in the changed environ-
ment. DPPC is one of the Phosphatidylcholine lipids. Phosphati-
dylcholine lipids are known to be positive at low pH, zwitterionic at
pHE4, and at high pH values due to interactions between the
headgroup moieties (PO4

� and N(CH3)3þ) with Hþ and OH� [13].
We are already familiar with the fact that pH makes an inevitable
role to control the ionic nature of DPPC. DPPC may remain in ca-
tionic form at pH less than 4, whereas, within pH range 4 to 7, DPPC
may remains in zwitterionic nature. On the other hand, at pH
greater than 7, DPPC predominantly may remains as anionic form in
aqueous environment [13–15]. Fig. 3 shows the variation of FRET
efficiency with pH of DPPC over a wide range from pH 2.5 to pH 8.5.
From the graph it's possible to have idea about the pH and hence
the ionic nature of DPPC by observing the FRET efficiency. From the
curve (Fig. 3) it is seen that the energy transfer efficiency increases
with increasing pH and reaches maximum value (59.3%) at pH 6.5.
After this pH, energy transfer efficiency deceases. At pH 4, FRET
efficiency found to be 47.8% and at pH 7, it is 57.6%. However, there
are certain cases when the efficiency is similar for pH less than
7 and higher than 7. Thus, corresponding to a definite FRET effi-
ciency, two pH values can be obtained one of which is in the lower
pH range and the other in higher pH range. It will lead to some
uncertainty in the determination of pH of DPPC and hence the ionic
nature of the same. But this uncertainty can also be minimized by
performing extra measurement with slightly increasing the pH of
DPPC. If it is found that FRET efficiency increases further (i.e, posi-
tive slope is obtained), the pH of DPPC should be in lower pH range.
Likewise if the FRET efficiency decreases (i.e, negative slope is
observed) upon slight increase in pH, the pH of DPPC should be in
higher pH range. Therefore, it can be concluded that if the observed
FRET efficiency is lower than 47.8% with increasing slope, DPPC will
be in cationic form. On the other hand, if the efficiency remains
within 47.8–57.6% or above, DPPC will be zwitterionic. For FRET
efficiency lower than 57.6% with negative slope, DPPC will be in
anionic form. Therefore, with proper calibration our present system
will eventually be able to sense the ionic nature of DPPC in the
changed pH environment. It will be helpful to realize the ionic
nature of DPPC in the changed pH environment and consequently,
the pH environment of cell membrane can also be investigated. This
approach can be used to study the ionic nature of other lipids as
well as various macromolecules. However, more detail investigation
using different FRET pair may lead to better results. For example, in
this present study, we have chosen a cationic and an anionic dye as
FRET pair. It can be tried with two cationic dyes or two anionic dyes
as well. Also different lipids or other multi branched macro-
molecules under various condition need to study for better under-
standing of cell membranes. Details investigation is going in our
laboratory. Hope in near future we will be able to find some in-
teresting results.
4. Conclusion

Present communication reports the effect of DPPC at different
pH on FRET between two dyes Flu and R6G. Energy transfer effi-
ciency increases in presence of DPPC and the maximum efficiency
was 59.3% when the concentration of DPPC was 1.4�10�4 M. pH
plays an inevitable role in this investigation. Energy transfer effi-
ciency was found to vary upon the change of pH of DPPC. Again
the ionic nature of DPPC is pH dependent. Therefore, with proper
calibration it is possible to use the present system under in-
vestigation to realize various ionic states of DPPC using change in
FRET efficiency between these two laser dyes. Present system can
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also be used to have idea about the pH-environment in cell
membranes.
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