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a  b  s  t  r  a  c  t

Förster  resonance  energy  transfer  (FRET)  strategy  is well  adopted  in  fiber-optics  for efficient  sensor  design.
However,  resonance  type  energy  transfer  from  one  molecule  (donor)  to  other  (acceptor)  should  meet
few key  properties  including  donor  to acceptor  energy  migration  in non-radiative  way,  which  is  hard  to
conclude  from  simply  emission  quenching  of the donor,  rather  needs  careful  investigation  of  excited  state
lifetime  of the  donor  molecule.  In the present  study,  we  have  shown  that  the  evanescent  field  of  an  optical
fiber  can  be  coupled  to covalently  attached  donor  (dansyl)  molecules  at the  fiber  tip.  By  using picosecond
resolved  time  correlated  single  photon  counting  (TCSPC)  we have  demonstrated  that  dansyl  at  the  fiber
tip transfers  energy  to  a well  known  DNA-intercalating  dye  ethidium  upon  surface  adsorption  of  DNA  at
the  fiber  tip.  Our ultrafast  detection  scheme  selectively  distinguishes  the  probe  (dansyl)  emission  from
the  intrinsic  emission  of  the  fiber.  The  validation  of  the  energy  transfer  mechanism  to  be  of  resonance
type  (FRET),  allows  us  to estimate  the  distance  between  the probe  dansyl  and  the  surface  adsorbed  DNA.
ovalently sensitized fiber tip We  have  also  used  the  setup  for the  remote  sensing  of the  dielectric  constant  (polarity)  of  an  environment
as  the excited  state  lifetime  of the  probe  dansyl  heavily  depends  on  the  polarity  of  the immediate  host
environment.  FRET  signal  from  a  used  fiber  tip  immediately  after  adsorption  of  DNA  reveals  stepwise
surface  desorption  of the  biomolecule  in  saline  solution.  The  reusability  of  the  fiber  tip  for  sensing has
also  been  demonstrated.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Immediately after development of the quantitative theory for
he resonance energy transfer by Theodor Förster in 1948, the
tate of Förster resonance energy transfer (FRET) became popu-
ar in bio-physical research [1]. However, the use of FRET in fiber
ptics is evident in 1990s [2,3], which is relatively late given the
rst development of the field in the mid-20th century [4]. FRET is a
hotophysical process where the excited state energy from a donor

s transferred ‘non-radiatively’ to an acceptor molecule at close dis-
ance via dipole–dipole coupling. Till date the reports on the FRET

ased fiber sensors rely on the fluorescence quenching of the donor
probe) molecule in sensitized fiber [5–9]. However, fluorescence
uenching of a donor molecule may  result from the radiative energy

∗ Corresponding author. Tel.: +91 3323355708.
E-mail address: skpal@bose.res.in (S.K. Pal).

ttp://dx.doi.org/10.1016/j.snb.2014.12.129
925-4005/© 2015 Elsevier B.V. All rights reserved.
transfer, which is just a re-absorption of the donor radiation by the
acceptor in the medium due to spectral overlap between donor
emission and acceptor absorption spectra. The potential danger of
concluding resonance type energy transfer has been discussed in
a recent literature [10]. The study shows [10] that faster excited
state lifetime in the presence of an acceptor is the only way  to
conclude a resonance type energy transfer in a donor–acceptor sys-
tem. This issue is addressed pictorially in the upper panel of Fig. 1.
Although from the definition of the resonance type energy transfer,
the importance of excited state lifetime of donor molecule is clearly
evident, no report on the use of lifetime in the FRET based fiber optic
sensor is surprisingly evident in contemporary literature.

In a typical development of FRET based fiber optic biosensors for
the biomedical diagnostics, a specific fluorophore (energy donor)

conjugated antibody is immobilized to the distal end of an opti-
cal fiber. Another fluorophore (energy acceptor) in the antibody
specific antigen in the medium under test quenches the emission
of donor fluorophore. The proximal end of the fiber is connected

dx.doi.org/10.1016/j.snb.2014.12.129
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2014.12.129&domain=pdf
mailto:skpal@bose.res.in
dx.doi.org/10.1016/j.snb.2014.12.129
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Fig. 1. (Upper panel) Two mechanisms of fluorescence quenching namely non-radiative and radiative are shown. In the non-radiative-type (resonance) fluorescence quench-
ing  dipolar interaction between energy donor and acceptor is unavoidable due to their close proximity. Quenching of fluorescence transient of the donor in the presence
of  acceptor should be evident. On the other hand radiative type fluorescence quenching could be mere re-absorption of energy donor emission by the acceptor molecule
d onor–
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ue  to significant donor–acceptor spectral overlap. Neither close-proximity of the d
see  text). (Lower panel) Sensitization of the fiber tip: (a–b) Scanning electron micr
leaned fiber tip. (d) Hydroxylated fiber tip. (e) APTES sensitized tip (d) Dansylated

o a fluorometer in order to monitor the quenching as FRET sig-
al concluding the presence of the specific antigen in the medium
6]. Such sensing scheme has been successfully used for the detec-
ion of pathogenic microbes [8] in ground pork samples. In all the
ensors, evanescent field of the propagating light is used to deliver
xcitation energy to the donor molecules and eventually collect
RET signal from the distal sensitized end to the proximal end of
he fiber. Sensible use of the evanescent field of an optical fiber for
he simultaneous use of potential diagnostics and therapy (thera-
ostics) of hyperbilirubinemia is recently reported from our group
11]. In the above mentioned applications, the time resolved flu-

rescence properties remain unexplored. However, validation of
RET and consequent use of the formulism for the estimation of the
olecular distance between the donor and the acceptor demands

 careful analysis of the excited state lifetime of the fluorophores
acceptor pair nor quenching of the fluorescence transient of the donor is required
s (SEM) image of the fiber before and after etching respectively. (c) Schematic of a

for the final use.

with picosecond resolution [12]. In some of the recent studies the
usefulness of the picosecond resolved fluorescence measurement
for the FRET based sensor (not using an optical fiber) has been rec-
ognized [13–15]. In a report using quantum dots linked to DNA
have been used in an ultrasensitive nanosensor based on fluores-
cence resonance energy transfer (FRET) capable of detecting low
concentrations of DNA in a separation-free format [13]. Another
study demonstrated that fluorescence lifetime data accurately be
recorded via miniature fiber endoscopes that can discriminate
dichotomous labeled structures and cells [14]. In a recent study
FRET between donor nanoparticle and acceptor quantum dots is

utilized in protein quantification [15].

In the present study, we have sensitized the distal end of a sil-
icon fiber tip by covalently tethering the well known biological
probe dansyl [16]. An self developed optical setup containing two
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ff-axis parabolic mirrors and a dichroic mirror has been used to
aunch light from a picosecond laser to the proximal end of the fiber
ip and to collect fluorescence signal for a 16-channel PMT  array
onnected to picosecond resolved time correlated single photon
ounting (TCSPC) modules. Ethidium labeled genomic DNA (from
alf thymus) [17–19] is used as a model analyte for the sensing
pplication. The absorption spectrum of the well known DNA-label
thidium has strong spectral overlap with the emission spectrum of
he probe dansyl at the fiber tip, which is the prerequisite of efficient
esonance energy transfer from dansyl (donor) to ethidium (accep-
or) in the test DNA. We  have observed that the fiber itself is having
n intrinsic emission at the wavelength around 460 nm,  which is
lose to the emission (505 nm)  of the probe dansyl at the fiber tip.
ur picosecond resolved measurement strategy allows us to dis-

inguish the background emission from the fluorescence signal of
he probe dansyl. A significant shortening of the donor fluorescence
ifetime in presence of ethidium labeled DNA at the sensor tip not
nly validates the resonance type sensing mechanism (FRET), also
stimates the distance between the donor at the fiber surface to the
est DNA using dipole–dipole coupling formulism. The advantage
f using dansyl as a probe is also evident in our use of the sensi-
ized fiber tip as remote sensor of polarity (dielectric constant) of a
iquid mixture of two miscible solvents (water and 1,4-dioxane). A

olecular pathway in the surface desorption of DNA from the fiber
ip in saline solution is evident during our studies on the reusability
f the sensor tip for the repetitive measurement.

. Materials and methods

.1. Materials

All the optical components used in our studies were received
rom Thorlabs Inc., USA. The 16-channel time correlated single pho-
on counting (TCSPC) setup is assembled in our laboratory with
ll the required components (PML-SPEC multi-wavelength detec-
ion assembly consisting of a polychromator and a 16 channel
MT  PML-16C, F100-Bundle, Simple Tau-130EM with SPC-130EM &
CC-100 cards, Express Card 54 and SPCM64 software) from Becker

 Hickl, Germany. A LDH-P-C-375 picosecond pulsed laser source
ith a PDL-80-D PicoQuant laser driver (PicoQuant, Germany) were
sed as the UV light source. The laser driver with the adjustable

aser output power can be operated with a repetition frequency
f 31.25 kHz–80 MHz  (40 MHz  in our case). The overall instrument
esponse of the TCSPC system is found to be 200 ps. For the fab-
ication of the fiber-sensor, we have used multi-mode silica core
ber FT200UMT (Thorlabs Inc., USA). As per the vendor’s specifi-
ations, the core, clad and overall diameters of the silica fiber are
00 �m,  225 �m and 500 �m respectively. For the high resolution
lectron microscopy of the fiber tip, we have used Quanta FEG 250
canning electron microscope (SEM). The dansyl chloride, precur-
or of the probe dansyl was received from Molecular Probes, USA.
he calf thymus DNA, (3-aminopropyl) triethoxysilane (APTES) and
thidium bromide (EtBr) were purchased from Sigma-Aldrich, USA.

.2. Sensitization of fiber tip

For the sensitization, we have etched the clad (1 cm)  manually
t the distal end of a 1 m long silicon fiber following the methodol-
gy reported in the literature [20,21]. The SEM images of the fiber
ips before and after the etching are represented in the Fig. 1a and
, respectively (lower panel of Fig. 1). The fiber diameters (core and

lad) are found to be consistent with the supplier’s specification.
fter etching the fiber tips were cleaned carefully. For cleaning,
rst the fiber tips were cleaned by bath sonication in acetone for
0 min  to remove any residual clad material from the fiber core.
tors B 210 (2015) 381–388 383

Then another cleaning cycle with water–ethanol mixture in bath
sonicator was run for the next 30 min. A typical fiber surface after
the cleaning process is represented in Fig. 1c. In order to start the
sensitization process, as reported in literature [21–23], the fiber tips
were then immersed into H2SO4 solution maintaining a constant
temperature at 80 ◦C using a hot plate. After H2O2 was added into
the H2SO4 solution with a concentration ratio of H2SO4:H2O2 = 3:1
(also known as the piranha solution) the fiber tip was kept for
another 20 min. This solution is a strong oxidizing agent that can
remove the residual clad and organic constituents from the fiber
tip surface. At the same time, the solution also serves as hydroxy-
lating agent revealing the surface extremely hydrophilic as shown
in Fig. 1d. After thoroughly rinsing with millipore water several
times, the fiber tips were immersed in APTES solution for 40 min  at
45 ◦C to conjugate the APTES molecules with the surface hydroxyl
groups of the fiber through dehydroxylation reaction (Fig. 1e). Next,
we have covalently functionalized the terminal amine functional
groups of the conjugated APTES molecules with a fluorescent dye
(dansyl chloride) by exploiting the nucleophilic reactivity of the
amine groups. After thoroughly rinsing the fiber tips with water (to
remove any free APTES molecule from the surface), for the attach-
ment of dansyl group (dansylation), the tips were immersed in an
aqueous solution of pH ∼ 10. Then, dansyl chloride solution in ace-
tonitrile was added drop wise into the aqueous solution under
continuous stirring. This dansylation process was performed in
dark, at low temperature (4 ◦C), and after complete addition of dan-
syl chloride the system was  kept overnight for proper dansylation.
The fiber tips were finally taken out from the aqueous solution and
properly rinsed with acetonitrile to remove the excess and unre-
acted dansyl chloride from the fiber surface. In this study, we have
used these dansylated fiber tips (Fig. 1f) as an efficient FRET based
sensor and tool for monitoring the polarity (dielectric constant) of
a test environment.

2.3. Instrumentation design

The instrumentation with TCSPC is designed to monitor the
change in the excited state lifetime of the dansyl probe due to
Förster resonance energy transfer (FRET) from the sensitized fiber
tip. The schematic representation of the setup is shown in Fig. 2. A
picosecond (pulse width of 70 ps) laser beam passes through L1 (an
aspheric condenser lens of 30 mm focal length), M1 (a dichroic mir-
ror, which reflects <400 nm and passes wavelengths in the visible
light) and a pair of off-axis parabolic mirrors (M2 and M3 of focal
lengths 132 mm and 25 mm respectively), and eventually enters
into the proximal end of the sensitized fiber. For the collection of
the fluorescence signal from the sensitized fiber tip, the fiber bun-
dle (F-100) is placed at the focal point of M2, which carries the signal
to the polychromator-PMT array and finally to the TCSPC mod-
ule. The 16 channel PMT  was used to measure simultaneous time
resolved decays corresponding to 16 different wavelengths. From
maximum counts of the channels, in a given acquisition time, the
steady state emission spectrum of the probe dansyl (fluorescence
intensity versus wavelength) can be generated. All the experiments
were performed in dark condition to avoid any ambient light inter-
ference. The schematic of the sensitized fiber tip and the sensing
strategy is shown in the inset of Fig. 2.

2.4. Formalism of Förster resonance energy transfer (FRET)

The observed fluorescence transients were fitted by using
(X(t) =
∫ t

0
E(t′)R(t − t′)dt′) comprising of a convolution of the

instrument response function (IRF) E(t) with a sum of exponen-

tials
(

R(t) = A + ∑N
i=1Bie

−t/�i

)
with pre-exponential factors (Bi),
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ig. 2. Schematic ray diagram of the ultrafast FRET instrumentation used in the s
abeled DNA is represented, where the Förster distance is found to be 26.8 Å.

haracteristic lifetimes (�i) and a background (A). The quality
f the curve fitting was evaluated by reduced Chi-square and
esidual data. From the best fitted parameters the relative con-
ribution in a multi exponential decay was finally expressed as,

n =
(

Bn/
∑N

i=1Bi

)
× 100.

To estimate the FRET efficiency of the donor and hence to deter-
ine the distance between the donor–acceptor pair, we  followed

he methodology described in chapter 13 of Ref. [12]. The Förster
istance (R0) is given by,

0 = 0.211[k2n′−4QDJ(�)]
1/6

(in Å ), (1)

here k2 is a factor describing the relative orientation in space of
he transition dipoles of the donor and acceptor. We  assumed that
he orientation factor k2 is equal to 2/3. The refractive index (n′) of
he medium was  assumed to be 1.4 [12]. In the above equation QD

epresents the quantum yield of the donor in absence of acceptor.
he overlap integral J(�) expresses the degree of spectral overlap
etween the donor emission and the acceptor absorption, is given
y,

(�) =
∫ ∞

0
FD(�)ε(�)�4d�∫ ∞
0

FD(�)d�
(2)

here, FD(�) is the fluorescence intensity of the donor in the wave-
ength range of � to (� + d�) and ε(�) is the extinction coefficient
in M−1 cm−1) of the acceptor at the wavelength �.

Once the value of R0 is known, the donor–acceptor distance (R)
an easily be calculated using the formula,

6 =
⌊

R6
0(1 − E)

⌋
E

, (3)

here E is the FRET efficiency, measured by using the lifetime of the
onor in the absence (�D) and presence (�DA) of acceptor, defined
s,

 = 1 − �DA

�D
(4)
It has to be noted that Eq. (4) holds rigorously only for a
omogeneous system (i.e. identical donor–acceptor complexes)

n which the donor and the donor–acceptor complex have sin-
le exponential decays. However, for donor–acceptor systems with
(Inset) The FRET mechanism between the sensitized fiber tip and ethidium (EtBr)

multi-exponential decay lifetimes, the FRET efficiency (E) is calcu-
lated from the amplitude weighted lifetime 〈� 〉 =

∑
i˛i�i, where ˛i

is the relative amplitude contribution to the lifetime �i. We  have
used the amplitude weighted time constants for �D and �DA to eval-
uate E using Eq. (4).

3. Results and discussion

3.1. Optimization of fiber length for the sensor application

We  have observed that bare fiber without sensitization shows
a fluorescence signal (peak around 460 nm)  under 375 nm excita-
tion, which is close to the emission from the probe dansyl (peak
at 505 nm)  as shown in the inset of Fig. 3a. Coupling of laser beam
and eventually collecting signal from fiber without sensitization
also reveal fluorescence transient. For the optimization of the
fiber length in our application, first we have used a 30 cm long
optical fiber with one end sensitized with dansyl. The sensitized
fiber reveals two  peaks in the fluorescence transient measurement
(Fig. 3a). Our control experiment with the fiber of similar length
without sensitization shows only one peak (peak 1) with lifetime
of 2.65 ns, revealing the contribution of the background emission
from the bare fiber. 2.65 ns lifetime value is found to be consistent
with that of the clad only, which is made of technology enhanced
clad silica (TECS) polymer (details of the spectroscopic properties
are not available from the vendor) upon UV excitation (data not
shown). Upon sensitization of the fiber tip with dansyl we have
observed two  peaks in the time resolved studies as shown in Fig. 3a.
While numerical fitting of peak 1 reveals time constant of 2.65 ns,
peak 2 shows a lifetime of 3.83 ns (Table 1). The lifetime of peak
2 is also found to be consistent with that of the fully dansylated
short fiber, essentially confirming the signal from the fiber tip. In
order to further confirm the origin of the peak 2 to be from the
fiber tip we have performed the time resolved studies with optical
fiber of different lengths. For the fiber of 30 cm length the time
interval between two peaks (peaks 1 and 2 in Fig. 3a) is measured
to be 2.58 ns, which is consistent with the estimated time interval
(t = (2 × n × Fiber length)/c, where n and c are the refractive index of

fiber core and the speed of light in vacuum respectively) of 2.82 ns.
For fibers of lengths 1 meter (Fig. 3b) and 11 cm (inset of Fig. 3b)
the measured time intervals of 9.17 ns and 0.82 ns respectively are
in agreement with the estimated values of 9.74 ns and 0.97 ns. The
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Table  1
Numerical fitting of the fluorescence transients shown in Figs.3–5. Numbers in parenthesis indicate relative contributions of corresponding decay time constants.

Figure Description �1 (%) (ns) �2 (%) (ns) �3 (%) (ns) �avg (ns)

Fig. 3(a)
1st decay 0.27 (45%) 0.71 (33%) 10.42 (22%) 2.65
2nd  decay 0.50 (36%) 2.46 (37%) 10.16 (27%) 3.83

Fig. 4(c)
Sensitized fiber tip in water 0.50 (36%) 2.46 (37%) 10.16 (27%) 3.83
Sensitized fiber tip in ethidium labeled DNA 0.37 (57%) 2.10 (26%) 7.19 (17%) 1.98
(Inset) Sensitized fiber tip in unlabeled DNA 0.50 (37%) 2.94 (38%) 13.10 (19%) 3.79

Fig. 5(a), Sensitized fiber tip in

Dioxane 0.43 (19%) 2.55 (32%) 10.30 (49%) 5.94
Dioxane:water = 3:1 0.41 (30%) 2.22 (30%) 9.91 (40%) 4.75
Dioxane:water = 1:1 0.40 (38%) 1.91 (31%) 7.84 (31%) 3.17
Dioxane:water = 1:3 0.38 (73%) 2.00 (25%) 6.71 (2%) 0.91
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Fig. 5(c), Sensitized fiber tip in 1 M NaCl (saline) solution 

bservation clearly justifies the optimization of the length of the
ptical fiber for the sensing application and confirms peak 2 in the

ig. 3 to be the signal from sensitized fiber tip in the distal end. For
xample, our studies on a fiber of length around 11 cm shows that
ackground emission is very close to the signal from the sensitized

ig. 3. Optimization of fiber length for sensor application: (a) The fluorescence decay
rom the fiber tip (fiber length 30 cm)  before (blue line) and after dansylation (green
ine). For both the cases the first decay (peak 1) is present, however, the second decay
peak 2) is present only for the dansylated fiber. (Inset) Steady state fluorescence
pectra of the fiber with (peak at 505 nm)  and without (peak at 460 nm)  dansylation
re shown in the inset of Fig. (b) The fluorescence transient of the 1 m dansylated
ber, where the distance traveled by the light is approximately twice the length of
he fiber. (Inset) Fluorescence decay from the fiber tip (fiber length 11 cm). Inter-
eak time interval decrease with the decrease in fiber length. Justification of using

 m long fiber for any practical sensing application is clearly evident (see text). (For
nterpretation of the references to color in figure legend, the reader is referred to
he web version of the article.)
0.32 (22%) 0.95 (6%) 3.34 (72%) 2.53

0.38 (49%) 2.37 (31%) 7.69 (20%) 2.46

fiber tip (Fig. 3b (inset)). Here, we  have used a fiber length of 1 m
with one end sensitized with dansyl probe and transient signal
obtained is shown in Fig. 3b.

3.2. Validation of FRET at the fiber tip: measurement of proximity
of DNA

After the optimization of the required length of the fiber we use
the sensitized fiber tip as FRET based sensor for the detection of
DNA. A strong spectral overall between the donor emission with
that of the absorption spectrum of the acceptor is the prerequi-
site of FRET [12] and is evident from Fig. 4a. From Fig. 4a we have
estimated the overlap integral of dansyl (donor) emission spec-
trum with that of the ethidium (acceptor) labeled DNA absorption
(Eq. (2)) to be 1.36 × 1013 M−1 cm−1 nm4. A significant steady state
quenching of dansyl emission at the fiber tip is evident from Fig. 4b,
where the emission peaking at 610 nm is the energy acceptor ethid-
ium in the DNA. In a controlled experiment the magnitude of the
steady state quenching of the dansyl emission upon surface adsorp-
tion of EB-labeled DNA the concentration of DNA in the solution
could be measured. An earlier report from this group shows that
the concentration of a model analyte bilirubin in an aqueous solu-
tion can be measured from the surface adsorption of the analyte
on a sensing optical fiber dipped in the solution [11]. A direct evi-
dence of the resonance type energy transfer is evident from both
the steady state quenching (Fig. 4b) and time resolved fluorescence
transients of the donor dansyl at the fiber tip as shown in Fig. 4c.
The faster fluorescence decay of the dansyl in ethidium labeled DNA
solution is evident from Fig. 4c and Table 1, which confirms the
proximity of the biomolecule to the fiber surface. Inset of Fig. 4c
shows similar fluorescence decay transients of dansylated fiber tip
in absence and presence of unlabelled DNA in water, monitored
at �em = 505 nm eliminating the possibility of the steady state and
temporal quenching due to electron transfer [24]. On taking a quan-
tum yield of dansylated fiber tips in absence of acceptor ethidium
to be 0.7 [25], we have estimated a FRET efficiency of 49% using Eq.
(4) which is found to be reproducible within 5% error limit. The esti-
mated Förster distance, R0, for the FRET pair is found to be 26.4 Å.
The donor–acceptor distance (R) using Eq. (3) is calculated to be
26.8 Å, indicating a very close proximity of the DNA molecules to
the fiber tip.

3.3. Remote sensing of a medium with different dielectric
constants

Monitoring the polarity in a hazardous environment includ-

ing petroleum processing column is reported to be important
for the quality control of the petroleum product [26]. However,
the remote sensing of the polarity in the reaction chamber (col-
umn) is unavoidable for the very hazardous nature of the reaction
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Fig. 4. (a) Spectral overlap between the emission spectrum of dansylated fiber
tip  and the absorption spectrum of ethidium tagged DNA. (b) Steady-state fluo-
rescence quenching of dansylated fiber tip in presence of the acceptor ethidium
labeled DNA. (c) Picosecond-resolved fluorescence transients of dansylated fiber tip
in  absence (green line) and presence (red line) of ethidium labeled DNA monitored
at  �em = 505 nm.  (Inset) Picosecond-resolved fluorescence transients of dansylated
fi
t
t
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T
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Fig. 5. (a) Fluorescence transients of the fiber tip in liquid mixture of water and
dioxane revealing different dielectric constants of the medium. (Inset) Red shift of
the steady state emission maxima of the sensitized fiber from 486 nm to 505 nm with
increase in water content is represented. (b) Exponential increase of the measured
non radiative rates of the dansyl probes at the fiber tip with increase in dielectric
constant of the test medium. One may  use the calibration (see text) for the remote
sensing of an medium of unknown dielectric constant. (c) Fluorescence transients
of  the used (with ethidium labeled DNA) fiber tips in 1 M NaCl solution for 10 min.
Surface desorption of DNA at molecular level is clear (see text). (For interpretation
ber tip in absence (orange line) and presence (violet line) of unlabeled DNA, moni-
ored at �em = 505 nm.  (For interpretation of the references to color in figure legend,
he reader is referred to the web  version of the article.)

hamber. The remote sensing ability of the sensitized fiber tip using
he picosecond resolved TCSPC strategy is evident from Fig. 5a and
able 1. Here, we have used a liquid mixture of two  different mis-
ible solvents 1,4-dioxane and water with different proportions. It
as been reported earlier [27] that a solution of different dielectric
onstants can easily be prepared by mixing various proportions
f 1,4-dioxane (dielectric constant = 4) and water (dielectric con-

tant = 80). We  have used the liquid mixture as model environment
or the remote sensing studies. As shown in Fig. 5a (numerical fit-
ing is shown in Table 1), a distinct change in the lifetime of the
robe dansyl at the fiber tip is evident with the change in dielectric
of the references to color in figure legend, the reader is referred to the web version
of  the article.)

constant of the liquid mixture. While longer lifetime in environ-
ment with lower dielectric constant is evident from the Fig. 5a, the

inset of the figure shows gradual red-shifting of the steady state
emission spectrum of the dansyl probe at the fiber tip with the
increase in the water content of the medium (higher dielectric
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onstant). The observation is consistent with the fact that the
xcited state of the probe is heavily dependent on the dielectric
onstant of the host medium (polarity) due to the nonradiative
wisted intra-molecular charge transfer (TICT) events upon photo-
xcitation [16]. In Fig. 5b we have plotted the dielectric constant of
he medium with the nonradiative TICT rate (knr) estimated in the
ollowing way [24]: knr = (1/�s) − (1/�diox), where �s is the average
ifetime of the probe dansyl in any medium and �diox is that in pure
ioxane. As evident in Fig. 5b, the rate constants follow an expo-
ential rise function with the increase in dielectric constant of the
edium. The dielectric constant of the medium can be estimated

y using the empirical formula: knr = 0.016 × e(D/15.94), where D is
he dielectric constant of the test medium.

.4. Surface desorption of DNA: reusability of the sensor

In order to investigate the efficacy of the sensitized fiber tip
or repetitive usage, we have investigated the surface desorption
f ethidium labeled DNA from the fiber tip. The detachment of
he DNA from the fiber tip is achieved by dipping the used dan-
ylated fiber tip (sensor) in 1 M sodium chloride (NaCl) solution for
0 min  [16]. DNA initially attached to the fiber tip by electrostatic

nteraction between the positively charged amine (NH3
+) groups

f APTES and negatively charged phosphate (PO3
−) backbone of

NA itself. NaCl detaches the DNA molecules from the dansylated
ber surface and interestingly the average excited state lifetime
f the sensor also recovered subsequently from 1.97 ns to 2.46 ns
tending toward its original value of 3.83 ns in absence of DNA), as
hown in Fig. 5c. Surface desorption of DNA from the sensor tip is
vident from the observation. Involvement of multiple steps in the
esorption revealing different DNA distances from the fiber surface

n presence of NaCl is also clear from the studies. We  have estimated
hat the intermediate distance of the test DNA from the surface
Eq. (3)) is 30 Å in 10 min, before the biomolecule goes 80–100 Å
rom the surface, which is beyond the scope of a FRET based sensor
12]. The exploration of such molecular details can only be achieved
sing picosecond resolved FRET sensors.

. Conclusion

In conclusion, we have validated resonance type energy transfer
cheme in a model FRET based fiber optic sensor for the first time
sing picosecond resolved time correlated single photon counting
TCSPC) technique. The ultrafast time domain measurement strat-
gy also avoids possible interference from the background emission
f the bare fiber. Confirmation of the FRET mechanism allows us to
se dipole–dipole coupling formulism for the estimation of prox-

mity of ethidium labeled DNA with respect to the sensitized fiber
ip in molecular resolution. The efficacy of the designed fiber sensor
or the detection of various dielectric constants of a liquid medium
as also been established. The reusability of the sensor tip for repet-

tive application is confirmed. Stepwise surface desorption of DNA
rom the fiber tip is also evident from our studies. In future our
tudy is expected to find the relevance in the sensitive FRET based
ptical sensor development.

cknowledgements

NP thank DST, India for Inspire Research Fellowship. We
hank DST, India for financial grants, DST/TM/SERI/2k11/103 and
B/S1/PC-011/2013. We  also thank DAE (India) for financial

rant, 2013/37P/73/BRNS. PL thank the NTH-School “Contacts in
anosystems: Interactions, Control and Quantum Dynamics”, the
raunschweig International Graduate School of Metrology, and
FG-RTG 1953/1, Metrology for Complex Nanosystems.
tors B 210 (2015) 381–388 387

References

[1] T. Förster, Zwischenmolekulare Energiewanderung und Fluoreszenz, Ann. Phys.
(Berl.) 437 (1948) 55–75.

[2] D.L. Meadows, J.S. Schultz, Design manufacture and characterization of an opti-
cal  fiber glucose affinity sensor based on an homogeneous fluorescence energy
transfer assay system, Anal. Chim. Acta 280 (1993) 21–30.

[3] R. Ballerstadt, J.S. Schultz, A fluorescence affinity hollow fiber sensor for con-
tinuous transdermal glucose monitoring, Anal. Chem. 72 (2000) 4185–4192.

[4] J. Hecht, City of Light: The Story of Fiber Optics, Oxford University Press,
Oxford/New York, 1999.

[5] D.J. Lichlyter, S.A. Grant, O. Soykan, Development of a novel FRET immunosen-
sor technique, Biosens. Bioelectron. 19 (2003) 219–226.

[6] M.  Pierce, S. Grant, Development of a FRET based fiber-optic biosensor for early
detection of myocardial infarction, Conf. Proc. IEEE Eng. Med. Biol. Soc. 3 (2004)
2098–2101.

[7] S.A. Grant, M.E. Pierce, D.J. Lichlyter, D.A. Grant, Effects of immobilization on a
FRET immunosensor for the detection of myocardial infarction, Anal. Bioanal.
Chem. 381 (2005) 1012–1018.

[8] S.H. Ko, S.A. Grant, A novel FRET-based optical fiber biosensor for rapid detec-
tion of Salmonella typhimurium, Biosens. Bioelectron. 21 (2006) 1283–1290.

[9] K.-C. Liao, T. Hogen-Esch, F.J. Richmond, L. Marcu, W.  Clifton, G.E. Loeb, Per-
cutaneous fiber-optic sensor for chronic glucose monitoring in vivo, Biosens.
Bioelectron. 23 (2008) 1458–1465.

10] P. Majumder, R. Sarkar, A.K. Shaw, A. Chakraborty, S.K. Pal, Ultrafast dynamics in
a  nanocage of enzymes: solvation and fluorescence resonance energy transfer
in reverse micelles, J. Colloid Interface Sci. 290 (2005) 462–474.

11] N. Polley, S. Singh, A. Giri, S.K. Pal, Evanescent field: a potential light-tool for
theranostics application, Rev. Sci. Instrum. 85 (2014) 033108.

12] J.R. Lakowicz, Principles of Fluorescence Spectroscopy, 3rd ed., Kluwer Aca-
demic/Plenum, New York, 1999.

13] C.-Y. Zhang, H.-C. Yeh, M.T. Kuroki, T.-H. Wang, Single-quantum-dot-based DNA
nanosensor, Nat. Mater. 4 (2005) 826–831.

14] G.O. Fruhwirth, S. Ameer-Beg, R. Cook, T. Watson, T. Ng, F. Festy, Fluorescence
lifetime endoscopy using TCSPC for the measurement of FRET in live cells, Opt.
Express 18 (2010) 11148–11158.

15] H. Härmä, S. Pihlasalo, P.J. Cywinski, P. Mikkonen, T. Hammann, H.-G. Löh-
mannsröben, et al., Protein quantification using resonance energy transfer
between donor nanoparticles and acceptor quantum dots, Anal. Chem. 85
(2013) 2921–2926.

16] D. Zhong, S.K. Pal, A.H. Zewail, Femtosecond studies of protein–DNA binding
and dynamics: histone I, ChemPhysChem 2 (2001) 219–227.

17] D. Banerjee, S.K. Pal, Simultaneous binding of minor groove binder and inter-
calator to dodecamer DNA: importance of relative orientation of donor and
acceptor in FRET, J. Phys. Chem. B 111 (2007) 5047–5052.

18] R. Sarkar, S.K. Pal, Interaction of Hoechst 33258 and ethidium with histone1-
DNA condensates, Biomacromolecules 8 (2007) 3332–3339.

19] S. Choudhury, S. Batabyal, T. Mondol, D. Sao, P. Lemmens, S.K. Pal, Ultrafast
dynamics of solvation and charge transfer in a DNA-based biomaterial, Chem.
Asian J. 9 (2014) 1395–1402.

20] A. Leung, P.M. Shankar, R. Mutharasan, A review of fiber-optic biosensors, Sens.
Actuators B: Chem. 125 (2007) 688–703.

21] J. Luo, J. Yao, Y. Lu, W.  Ma,  X. Zhuang, A silver nanoparticle-modified evanes-
cent  field optical fiber sensor for methylene blue detection, Sensors 13 (2013)
3986–3997.

22] G. Arslan, M.  Özmen, B. Gündüz, X. Zhang, M.  Ersöz, Surface modification of
glass beads with an aminosilane monolayer, Turk. J. Chem. 30 (2006) 203–210.

23] L. Tauhardt, K. Kempe, M.  Gottschaldt, U.S. Schubert, Poly(2-oxazoline) func-
tionalized surfaces: from modification to application, Chem. Soc. Rev. 42 (2013)
7998–8011.

24] T. Mondol, S. Batabyal, S.K. Pal, Ultrafast electron transfer in the recognition of
different DNA sequences by a DNA-binding protein with different dynamical
conformations, J. Biomol. Struct. Dyn. 30 (2012) 362–370.

25] L. Stryer, R.P. Haugland, Energy transfer: a spectroscopic ruler, Proc. Natl. Acad.
Sci. U. S. A. 58 (1967) 719–725.

26] I. Bruning, Crude-oil polarity measures quality, predicts behavior, Oil Gas J. 89
(1991) 38–40.

27] G. Åkerlöf, O.A. Short, The dielectric constant of dioxane–water mixtures
between 0 and 80◦ , J. Am.  Chem. Soc. 58 (1936) 1241–1243.

Biographies

Nabarun Polley was born (1989) in Howrah, India. He graduated in Physics (B.Sc.)
in  2009 and received Masters Degree in Biomedical Instrumentation in 2011 from
University of Calcutta, India. Currently he is perusing Ph.D. under the supervision of
Prof. Samir Kumar Pal at S. N. Bose National Centre for Basic Sciences, Kolkata, India.
The  main focus of his work is to develop and design new biomedical tools using
spectroscopic techniques.
Soumendra Singh is a part time Ph.D. student at Department of Chemical Biologi-
cal  and Macromolecular Sciences, S. N. Bose National Centre for Basic Sciences and
a  project Scientist C in Center for Astroparticle Physics and Space Science, Bose
Institute, India. He received his M.Sc. degree in Electronics from Vidyasagar Univer-
sity, India and M.Tech. degree in Computer Sc. and Application from University of

http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0140
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0140
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0140
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0140
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0140
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0140
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0140
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0140
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0140
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0140
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0140
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0140
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0140
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0140
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0150
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0150
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0150
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0150
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0150
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0150
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0150
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0150
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0150
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0150
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0150
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0150
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0150
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0150
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0150
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0150
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0150
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0150
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0150
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0150
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0150
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0150
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0150
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0155
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0155
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0155
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0155
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0155
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0155
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0155
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0155
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0155
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0155
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0155
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0155
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0155
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0155
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0155
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0155
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0160
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0160
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0160
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0160
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0160
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0160
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0160
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0160
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0160
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0160
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0160
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0160
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0160
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0160
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0160
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0160
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0160
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0160
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0160
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0160
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0160
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0170
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0170
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0170
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0170
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0170
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0170
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0170
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0170
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0170
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0170
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0170
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0170
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0170
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0170
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0170
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0170
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0170
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0170
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0170
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0170
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0170
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0170
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0170
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0170
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0170
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0170
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0170
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0170
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0170
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0175
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0175
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0175
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0175
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0175
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0175
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0175
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0175
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0175
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0175
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0175
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0175
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0175
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0175
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0175
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0175
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0175
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0175
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0175
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0175
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0175
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0175
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0175
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0175
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0175
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0180
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0180
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0180
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0180
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0180
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0180
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0180
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0180
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0180
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0180
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0180
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0180
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0180
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0180
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0180
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0180
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0180
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0180
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0180
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0180
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0180
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0180
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0180
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0180
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0180
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0180
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0180
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0180
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0180
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0185
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0185
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0185
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0185
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0185
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0185
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0185
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0185
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0185
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0185
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0185
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0185
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0185
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0185
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0185
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0185
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0185
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0185
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0185
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0185
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0185
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0185
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0185
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0185
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0185
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0185
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0185
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0185
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0185
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0185
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0185
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0185
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0185
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0185
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0185
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0190
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0190
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0190
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0190
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0190
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0190
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0190
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0190
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0190
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0190
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0190
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0190
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0190
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0190
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0190
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0190
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0190
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0190
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0190
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0190
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0190
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0190
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0195
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0195
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0195
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0195
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0195
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0195
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0195
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0195
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0195
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0195
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0195
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0195
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0195
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0195
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0200
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0200
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0200
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0200
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0200
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0200
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0200
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0200
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0200
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0200
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0200
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0200
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0200
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0200
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0200
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0200
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0200
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0200
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0205
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0205
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0205
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0205
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0205
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0205
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0205
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0205
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0205
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0205
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0205
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0205
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0205
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0205
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0205
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0205
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0205
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0205
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0205
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0205
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0205
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0205
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0205
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0205
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0205
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0205
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0205
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0205
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0205
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0205
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0205
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0205
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0210
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0210
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0210
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0210
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0210
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0210
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0210
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0210
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0210
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0210
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0210
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0210
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0210
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0210
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0210
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0210
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0210
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0210
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0210
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0210
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0210
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0210
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0210
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0210
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0210
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0210
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0210
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0210
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0210
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0210
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0210
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0210
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0210
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0210
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0210
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0215
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0215
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0215
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0215
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0215
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0215
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0215
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0215
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0215
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0215
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0215
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0215
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0215
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0215
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0215
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0215
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0215
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0215
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0215
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0215
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0215
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0215
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0215
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0220
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0220
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0220
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0220
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0220
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0220
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0220
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0220
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0220
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0220
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0220
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0220
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0220
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0220
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0220
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0220
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0220
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0220
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0220
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0220
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0220
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0220
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0220
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0220
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0220
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0220
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0220
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0220
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0220
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0220
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0220
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0220
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0220
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0220
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0220
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0225
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0225
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0225
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0225
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0225
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0225
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0225
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0225
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0225
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0225
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0225
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0225
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0225
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0225
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0225
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0225
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0225
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0225
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0225
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0225
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0230
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0230
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0230
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0230
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0230
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0230
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0230
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0230
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0230
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0230
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0230
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0230
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0230
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0230
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0230
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0230
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0230
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0230
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0230
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0230
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0230
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0230
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0230
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0230
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0230
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0230
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0230
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0230
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0230
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0230
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0230
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0235
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0235
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0235
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0235
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0235
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0235
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0235
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0235
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0235
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0235
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0235
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0235
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0235
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0235
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0235
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0235
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0235
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0235
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0235
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0235
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0240
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0240
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0240
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0240
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0240
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0240
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0240
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0240
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0240
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0240
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0240
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0240
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0240
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0240
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0240
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0240
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0240
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0240
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0240
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0240
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0240
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0240
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0240
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0240
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0240
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0240
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0240
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0240
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0240
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0245
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0245
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0245
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0245
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0245
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0245
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0245
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0245
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0245
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0245
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0245
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0245
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0245
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0245
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0245
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0245
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0245
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0245
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0245
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0245
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0245
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0245
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0245
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0245
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0245
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0245
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0245
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0250
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0250
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0250
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0250
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0250
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0250
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0250
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0250
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0250
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0250
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0250
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0250
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0250
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0250
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0250
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0250
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0250
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0250
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0250
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0250
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0250
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0250
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0250
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0250
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0255
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0255
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0255
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0255
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0255
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0255
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0255
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0255
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0255
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0255
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0255
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0255
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0255
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0255
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0255
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0255
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0255
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0255
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0255
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0255
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0255
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0255
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0255
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0255
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0255
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0255
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0255
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0255
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0255
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0255
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0255
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0255
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0255
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0260
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0260
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0260
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0260
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0260
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0260
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0260
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0260
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0260
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0260
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0260
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0260
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0260
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0260
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0260
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0260
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0260
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0260
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0260
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0260
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0260
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0265
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0265
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0265
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0265
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0265
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0265
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0265
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0265
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0265
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0265
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0265
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0265
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0265
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0265
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0265
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0265
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0270
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0270
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0270
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0270
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0270
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0270
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0270
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0270
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0270
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0270
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0270
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0270
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0270
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0270
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0270
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0270
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0270
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0270
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0270
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0270
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0270
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0270
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0270
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0270
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0270
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0270
http://refhub.elsevier.com/S0925-4005(15)00014-3/sbref0270


3  Actua

C
a

A
(
P
B
i
H
t

P
D
N
P
2

and  Macromolecular Sciences, S. N. Bose National Centre for Basic Sciences, Kolkata,
88 N. Polley et al. / Sensors and

alcutta, India. His interest includes design and realization of instrumentation in
tmospheric sciences and high frequency wave propagation.

nupam Giri received his M.Sc. in Chemistry from University of Calcutta, India
2009), and he completed his Ph.D. under the supervision of Professor Samir Kumar
al  in the Department of Chemical, Biological and Macromolecular Sciences of S. N.
ose National Centre for Basic Sciences, Kolkata, India (2014). He is currently work-

ng as a postdoctoral research associate in Yonsei University, Seoul, South Korea.
is  research interests include the synthesis, characterization and applications of

wo dimensional nanomaterials.
rasanna Kumar Mondal is presently working as a Research Associate in the
epartment of Chemical, Biological and Macromolecular Sciences of S. N. Bose
ational Centre for Basic Sciences, Kolkata, India. He received his M.Sc. degree in
hysics in 2004 from University of Calcutta, India, and he completed his Ph.D. in
011 under the supervision of Professor Barun Kumar Chatterjee in the Department
tors B 210 (2015) 381–388

of Physics of Bose Institute, India. He  has more than 11 research papers published
in  various international peer-reviewed journals.

Prof. Peter Lemmens is presently professor in the Institute for Condensed Matter
Physics, Institut für Physik der Kondensierten Materie, Braunschweig, Germany. His
work  relates to the interplay of photons with electronic correlation effects, spin
orbit interaction, and nanoscales. He also investigates nanosystems, energy transfer,
transition metal oxides and topological systems.

Prof. Samir Kumar Pal is presently professor in the Department of Chemical Biology
India. His field of interest include experimental biophysics in molecular recognition,
bio-nano interface, biomedical instrumentation and environmental pollution. He
has  more than 170 research papers published in various international peer-reviewed
journals and 14 patents.


	Ultrafast FRET at fiber tips: Potential applications in sensitive remote sensing of molecular interaction
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Sensitization of fiber tip
	2.3 Instrumentation design
	2.4 Formalism of Förster resonance energy transfer (FRET)

	3 Results and discussion
	3.1 Optimization of fiber length for the sensor application
	3.2 Validation of FRET at the fiber tip: measurement of proximity of DNA
	3.3 Remote sensing of a medium with different dielectric constants
	3.4 Surface desorption of DNA: reusability of the sensor

	4 Conclusion
	Acknowledgements
	References

	References

