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DNA Biomaterial Based Fiber Optic Sensor:
Characterization and Application for Monitoring in situ
Mercury Pollution
Nabarun Polley,[a] Probir Kumar Sarkar,[a] Subhananda Chakrabarti,[b] Peter Lemmens,[c] and
Samir Kumar Pal*[a]

In recent years considerable efforts have been devoted to uti-
lize DNA based biomaterials for efficient sensor design. The
polymeric molecule has high aqueous solubility, thus design of
any water based sensor with DNA without rigorous chemical
treatment (modification for covalent bonding) is challenging. In
the present work we have developed a novel silver-nano-
particle (Ag-NPs) impregnated genomic DNA-lipid (CTAB) com-
plex, which is completely insoluble in water and forms ex-
cellent thin film on optical fiber tips. The intact structural as
well as functional integrity of the genomic DNA in the thin film

is found to be a key factor for its specific affinity to mercury
ions in aqueous environments. We have demonstrated that a
dip-coated optical fiber tip can work as a fluorescence sensor in
addition to a surface plasmon resonance (SPR) type absorption
sensor due to nano surface energy transfer (NSET) between the
DNA minor-groove binding dye 4’, 6-diamidino-2-phenylindole
(DAPI) and Ag-NPs. Nanomolar, specific detection of mercury
ions with few seconds reaction time is found in this versatile
and economic way revealing clearly the advantageous aspects
of our work.

Introduction

DNA, ‘the molecule of life’ has been used extensively for the
development of biomaterials in the last decade.[1] Applications
of the biomaterial covers fully functional equivalents of the ma-
jority of electronic and photonics elements like light emitting
diodes (LED), photovoltaic cells, transistors, memory chips,
waveguides, laser, holographic gratings, elements of non-linear
optics etc.[2] Among the different types of DNA based bio-
materials the water insoluble DNA–lipid (surfactant) complex,
produced upon reaction between DNA and a cationic surfac-
tant[3] (such as, cetyltrimethyl ammonium chloride: CTMA or ce-
tyltrimethyl ammonium bromide: CTAB) is most popular.The
optical properties including high transmission (~100 % at l

= 300–1600 nm),[3] low optical loss (0.05 dB/cm at l = 800 nm)
and favorable index of refraction (1.535 at l= 350 nm)[4] of the
thin film motivate many optoelectronic applications of this ma-
terial.[4–5] In recent years considerable efforts have been de-
voted to utilize the materials as a sensor. Such as, dual de-
tection of ultraviolet and visible light,[6] chemical sensing using

thin films as wave guides,[7] development of a metal-bio-
polymer-metal photodiode.[8] On the other hand, optical fiber
sensors (OFS) are popular since 1987.[9] In a few recent reviews,
the development of Fiber-Optic Chemical Sensors (FOCS) and
Biosensors (FOBS) has been summarized.[10] Sensing by FOCS
and FOBS includes temperature, humidity, different gases (oxy-
gen, hydrogen, nitrogen, ammonia, carbon dioxide etc), glu-
cose, salinity and others.[11] However, reports on elemental anal-
ysis like heavy metal ions dissolved in water is limited in the
contemporary literature. There are few reports on potential
FOS tools for the detection of mercury,[12] with limited port-
ability, versatility and cost-effectiveness. Though there are sev-
eral reports on the solution based efficient mercury sensors,[13]

however, we have restricted our study in the development of
in situ optical fiber based detection strategies. In the present
work we have used a DNA based thin film on the tips of optical
fibers for specific sensing of mercury ions (Hg2 +) in dissolved
water with 9 nM (~1.8 ppb) detection limit. The nano surface
energy transfer (NSET) between 4’, 6-diamidino-2-phenylindole
(DAPI), an efficient DNA minor-groove binding luminescent dye
and silver-nanoparticle (Ag-NPs) in the thin film plays the key
role in the nanomolar specific detection of Hg2 + in aqueous en-
vironments. Since, no external processing (sample collection,
preparation, handling and measurement) is required, FOS
based mercury sensor is highly efficient for field measurements
in natural waters in contrast to the kits based ex situ measure-
ment with standard field portable equipment. Additionally, in
the kits based system the presence of an expert is required due
to its very precise sample preparation process (which is the
main source of erroneous results). Whereas, FOS based system
can be handled by any non expert with little or no knowledge
of instrument handling.
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DNA, the polymeric molecule with two intertwined spirals
of sugar and phosphate molecules linked by hydrogen-bonded
base pairs is shown to be useful in developing novel nano-
structured materials.[14] Structural properties of biopolymers in-
cluding DNA often have unusual properties that are not easily
replicated using conventional organic or inorganic materials.[1–2]

Moreover, they are abundant in nature and can easily be de-
graded without causing any harm to the environment. In our
study, we have used the salmon sperm DNA which is a waste
product of fish-processing industry. The DNA is highly soluble
in water but forms complex polymers upon interaction with
cationic surfactants. The complex is insoluble in water but solu-
ble in alcohol,[15] which is advantageous not only in terms of
casting DNA thin-films over any surface but also ideal for sens-
ing analytes in water. We have utilized the exceptional affinity
of DNA towards different dyes to insert DAPI[16] into the DNA
(DNA-DAPI). Furthermore using DNA for templating inorganic
nanostructures has been frequently reported in recent years.[17]

We have used DNA to impregnate silver nanoparticles (Ag-NPs)
during the complexation reaction with surfactant CTAB. The
lyophilized powder of DNA-DAPI-CTAB�Ag-NPs complex is dis-
solved in ethanol. Upon characterization of the thin film by op-
tical spectroscopy and imaging, we have dip-coated a chemi-
cally etched fiber tip for sensing mercury (Hg2 +) in water. The
regenerative use of the fiber tip can be achieved by removing
the coating using ethanol followed by further dip-coating of
the tip. The phenomenon of nano surface energy transfer
(NSET) in the bio-material of DNA-DAPI with Ag-NPs reduces
the emission of DAPI significantly (Scheme 1). Upon interaction

of Ag-NPs in the fiber tip with the Hg2 + the Ag-NPs in the film
undergoes an amalgamation reaction with Hg2 + and eventually
lose the surface plasmon resonance (SPR) (Scheme 1). We have
shown that the decrease in SPR, at the fiber tip has strong de-
pendency on the Hg2 + concentration in the test water. On the
other hand, due to the absence of the acceptor, SPR of the Ag-
NPs, the emission of DAPI in the film is restored.

Results and Discussion

Characterizing the Bio–film material by HRTEM and SEM: Fig-
ure 1(a) presents a TEM image of Ag-NPs impregnated bio-

films. It is found that Ag-NPs are spherical in shape with an
average diameter of 19.45 nm, which is slightly large compare
to earlier results of the followed synthesis procedure.[18] A rea-
son for that could be an interaction of the citrate capped Ag-
NPs with CTAB during the preparation of the bio-films.[19] How-
ever, no change in the particle size distribution (lower inset of
the Figure 1(a)) is observed even after few months from the
synthesis of the bio-film material. The HRTEM image (Upper in-
set Figure 1(a)) has provided us further insight into the micro-
structure and crystallinity of the Ag-NPs in the bio-films. The
high crystalline nature of the Ag-NPs with lattice spacing of
0.23 nm corresponds to (111) planes of silver, which further cor-
roborates the (111) planes as dominant faces of the silver
spheres. The SEM image of the bio-film upon casting on a sili-
con wafer is shown in Figure 1(b). The spherical Ag-NPs with an
average diameter of 17.45 nm are observed on the surface of
the film. The particle size distribution is represented in the inset
of Figure 1(b). The apparent decrease in diameter of Ag-NPs
compare to the TEM measurement is observed due to the fact
that all the particles are submerged in the film and we are able
to see only the rise part of the Ag-NPs. From both ob-
servations, in Figure 1(a) and 1(b), the structure of the bio-films
is represented schematically in Figure 1(c). The water insoluble

Scheme 1. Schematic representation of the nano surface energy transfer
(NSET) between DNA-DAPI and silver nanoparticles (Ag-NPs) and De-NEST
upon interaction with mercury (Hg2 +) due to amalgamation of Ag-NPs with
Hg2 + .

Figure 1. (a) TEM image of Ag-NPs impregnated DNA-DAPI bio-film. (a-Upper
inset) Lattice fringes in the corresponding HRTEM image indicating high crys-
talline nature of the Ag-NPs. (a-Lower inset) Size distribution of Ag-NPs in the
bio-film. (b) SEM image of Ag-NPs impregnated DNA-DAPI bio-film. (b-inset)
Size distribution of Ag-NPs in the bio-film. (c) Schematic representation of
the bio-film based on spectroscopic and imaging studies. (d) Potential appli-
cation of the bio-film has been schematically represented.
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DNA-CTAB complex is formed due to the binding of CTAB cati-
onic polar head to the negative phosphate sugar chain of the
DNA strands. During the binding process of DNA with CTAB it
impregnates Ag-NPs in the solution and precipitates. So the
overall view of the bio-material should be Ag-NPs are em-
bedded in the water insoluble DNA-CTAB complex. We have
highlighted only a section of the matrix in Figure 1(c) for clarity.
Since the DNA is tagged with DAPI, the biomaterial fluoresce
around 440 nm[16] under UV excitation. On the other hand the
Ag-NPs have a SPR band around 400 nm.[18] Thus a strong over-
lap between the emission spectra of DNA-DAPI and SPR of Ag-
NPs suggests the possibility of energy transfer (ET) upon close
proximity, which could be utilized for sensing. Possible applica-
tions of the bio-films have been summarized pictorially in Fig-
ure 1(d). Upon perturbation of the SPR band of Ag-NPs leads to
change in color of the bio-films (absorbance) as well as fluores-
cence of the material, both can be utilized in sensing applica-
tions.

Microscopic Characterization of the bio–film coated fiber
tips: The comparative study of different bio-film coated fiber
tips under bright field and UV excitation is represented in Fig-
ure 2 (Integration time (IT) for photogtaphic image; Bright
field = 20 ms, UV Excitation = 100 ms). In this study the fiber
tips were first dip-coated with the desired bio-film and placed
under microscope. During imaging the light coupled into the
fiber through the tip and transmitted all the way to the other
end of the fiber, image of this end (Bright field IT = 10 ms, UV
excitation IT = 40 ms) of the fiber is represented in adjacent to
each fiber tip images. We have considered four variants of bio-
film DNA (a), DNA�Ag-NPs (b), DNA-DAPI (c), DNA-DAPI�Ag-
NPs (d) (CTAB is common for all). (a) And (b) both are invisible
under UV excitation since there in no fluorescence but under
bright field (b) is yellowish compare to (a) due to the presence

of Ag-NPs in the tip. Since the Ag-NPs in the tip acts as a filter,
for (b) the other end of the fiber is observed as bright yellow. In
case of (c) and (d) the observation under bright field is the
same as (a) and (b) respectively due to the same reason (pres-
ence of Ag-NPs in (d)) but they are both visible under UV ex-
citation because of the DNA intercalating dye DAPI. Though
the concentration of DAPI present in both the films are same
but (d) fluoresce less due the presence of Ag-NPs in the film,
which indicates the possibility of energy transfer between the
DAPI and Ag-NPs in the film. The corresponding image of the
fiber ends shows that the intensity of (d) is much less compare
to (c). This is also reflected in the RGB (red-green-blue) analysis
of the selected area ((c) and (d) Yellow rectangle) of the fiber
tip images under UV excitation. The blue channel data corre-
sponding to the area histogram of the selected portions, repre-
sented in the Figure 2 (Left, yellow rectangle) reveals that the
average blue channel intensity for (c) is 107 whereas for (d) it is
35 only. The SEM image of the bio-film coated fiber tip is repre-
sented in Figure 2(e).

Spectroscopic Characterization of the bio–film coated fi-
ber: The experimantal set up (Figure 3) was used for the testing
upon dip coating the optical fibers with the bio-material (de-
tails in the experimantal senction). The absorbance spectra of
the DNA-DAPI-CTAB�Ag-NPs (DNA�D�Ag, Figure 4) film ob-
tained in the experimental setup is represented in Figure 4 (a).
The SPR of the Ag-NPs is clearly observed, peaking at a wave-
length of 400 nm. The spectra of the bio-film material (in etha-
nol) recorded in spectrophotometer is also provided in the in-
set of the Figure 4(a). Along with the SPR of Ag-NPs, the huge
absorbance peak of the DNA at 260 nm is evident. The emis-
sion and excitation spectra of the bio-film recorded under the
experimental setup (described in experimental section) are rep-
resented in the Figure 4(b). A strong blue (440 nm) emission is

Figure 2. The comparative study of different bio-film coated fiber tips under bright field (Integration time (t) = 20 ms) and UV excitation (t = 100 ms) (a) DNA,
(b) DNA�Ag-NPs, (c) DNA-DAPI, (d) DNA-DAPI�Ag-NPs. The adjacent images represent the image of the other fiber end (Bright field t = 10 ms, UV excitation
t = 40 ms). The rectangles on the right represent the blue channel area histogram data corresponding to the RGB analysis of the highlighted portions of (c) and
(d). (e) SEM image of bio-film coated fiber optic sensor tip.
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observed with the excitation of 350 nm (lex = 350 nm). The ex-
citation spectra corresponding to 440 nm (lem = 440 nm) re-
veals the excitation wavelength at around 340 nm. The de-
crease in emission intensity with the presence of Ag-NPs
(DNA�D�Ag) in the DNA-DAPI (DNA�D) bio-film is represented
in the inset of Figure 1(b). Initially, time resolved Förster reso-
nance energy transfer (FRET) technique was employed to de-
tect and study the interaction of DNA-DAPI (DNA�D) with the
Ag-NPs. Inset of Figure 4(c) shows the strong spectral overlap
between the emission spectrum of DNA-DAPI (donor) and the
SPR band of Ag-NPs (acceptor). Picosecond resolved photo lu-
minescent transients (Figure 4c) of both donor and donor–-
acceptor systems, monitored at 440 nm, shows significant
shortening in the DNA-DAPI fluorescence lifetime upon in-
troduction of Ag-NPs in the system. The picosecond resolved
fluorescence decay of DNA-DAPI in revealed multi-exponential
time constants of 0.06 ns (29 %), 0.742 ns (14 %) and 2.61 ns
(57 %) giving an average time constant (tavg) of 1.61 ns. For the
donor–acceptor system time constants are obtained as 0.03 ns
(56 %), 0.7 ns (11 %) and 2.58 ns (33 %) giving an average time
constant (tavg) of 0.95 ns (Table 1). The substantial shortening in
the excited state lifetime of DNA-DAPI upon conjugate for-
mation indicates conclusively that efficient FRET could occur
from the DNA-DAPI donor to the Ag-NPs acceptor. Considering
the quantum yield of DNA-DAPI in absence of acceptor as
0.92[20] and based on the spectral overlap, we have estimated a
FRET efficiency of 41 % using Eq. (4). The measured donor–-
acceptor distance (R) calculated using Eq. (3) is 21 nm, which is
greater than 100 �. The phenomenon of Ag-NPs based surface
energy transfer (SET) process serves as a ruler to unravel the
distance range well beyond 10 nm, which follows 1/d4 distance

dependence.[21] In order to favor the NSET formulism, the dis-
tance between donor DAPI and acceptor Ag-NPs is calculated
to be 8.05 nm (d0 = 7.40 nm) from equations (5) and (6), re-
spectively. As the calculated donor-acceptor distance is in con-
sonance with the size of the Ag-NPs (radius 10 nm), hence, it is
worth emphasizing that the energy transfer from DAPI to Ag-

Figure 3. Schematic representation of the experimental setup.

Figure 4. (a) The absorbance spectra of the bio-film obtained from the pro-
posed experimental setup. (inset) The absorbance spectra of the bio-material
in ethanol with the DNA peak at 260 nm. (b) The emission upon excitation at
350 nm (lex 350 nm) and excitation spectra corresponding to 440 nm
(lem = 440 nm) of the bio-film obtained from the proposed experimental
setup. (inset) The emission quenches due to presence of Ag-NPs in the DNA-
DAPI bio-film. (c) Picosecond-resolved PL transients of DNA-DAPI (Blue),
DNA-DAPI�Ag-NPs (Red) bio-material coated fiber tips and monitored at
lem = 440 nm. (Inset) Spectral overlap between emission spectrum of DNA-
DAPI and the surface plasmon resosnence (SPR) band of Ag-NPs.
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NP results in the reduced DAPI emission as observed in the fig-
ures Figure 2 (variant d) and inset of Figure 4(b).

Sensing application of the Bio–film coated fiber: Sensi-
tivity of the fiber sensor towards Hg2 + in water was first as-
sessed through the absorbance pathway. The comparative ki-
netics (at 400 nm) of the SPR band with different concentration
(9 nM, 90 nM, 500 nM, 900 nM, 1.4 mM, 9 mM, 25 mM and 50
mM) of mercury in water is represented in Figure 5(a). The re-
duction in the amplitude of SPR band with time upon inter-
action of the bio-film coated optical fiber sensor with Hg2+

with time is observed (Figure 5 (a) inset I). It has been also
found that the change in absorbance is linearly proportional
with the concentration of the mercury in the range of 0 to
1500 nM ((Figure 5(a) inset II, r = 0.96, slope 9.06 3 10�5 and Y
intercept 0.05). The Sensing ability of the bio-film coated tip
sensor toward Hg2+ in water was also assessed through the
fluorescence pathway. The emission kinetics (at 440 nm) of sen-
sor with different concentration of mercury in the range men-
tioned above is represented in Figure 5(b). The increment in
the intensity is clearly evident from the emission spectra ob-
tained from the sensor (Figure 5(b) inset I). The linear depend-
ency between the concentration of the mercury and intensity
change establishes the potential of this detection mechanism
((Figure 5(b) inset II, r = 0.99, slope 4.97 and y intercept
4345.62). In order to investigate the probable reaction pathway
the decay transient of sensors after interaction with Hg2+ were
recorded. The average excited state lifetime (Table 1) of the
sensor recovered subsequently from 0.95 ns to 1.32 ns, (tend-
ing toward DNA-DAPI value of 1.61 ns without Ag-NPs) reveal-
ing the possibility of de-NSET mechanism in the fiber tip sensor
(Figure 5(c)). Or in other words the state of the acceptor (Ag-
NPs) is perturbed. The possible reasons could be that the Ag-
NPs leave the film or it is present in the film but due to inter-
action with the Hg2 + it loses the SPR, the observed results are
justified in both the cases. To have a better insight into the re-
action mechanism following electron microscopic studies has
been performed.

The mechanism of action: In order to investigate the
mechanism of action we have performed the TEM, SEM as well
as EDX study of the bio-film material before and after inter-
action with mercury (Hg2 +). The TEM image (Figure 6(a) before

and 6(b) after) suggests that upon interaction with the Hg2+

the average particle size of Ag-NPs has drastically increased
from 20 nm to more than 200 nm. Same characteristic change
of Ag-NPs has been reflected from the SEM study of the bio-
film material (Figure 6(c) before and 6(d) after). The EDX study

Table 1. Tri-exponential decay fitting of bio-film coated fiber tip sensor be-
fore and after the interaction with mercury corresponding to Figure 4(c)

and Figure 5 (c) respectively.

Figures Description t1
[a] t2

[a] t3
[a] tavg

[a]

Figure 4c) DNA-DAPI 0.06
(29 %)

0.74
(14 %)

2.61
(57 %)

1.61

DNA-DAPI�Ag-NPs 0.03
(56 %)

0.70
(11 %)

2.58
(23 %)

0.95

Figure 5c) DNA-DAPI�Ag-NPs 0.03
(56 %)

0.70
(11 %)

2.58
(23 %)

0.95

DNA-DAPI�Ag-
NPs-Hg

0.1
(29 %)

0.71
(18 %)

2.25
(53 %)

1.32

[a] Units in ns

Figure 5. (a) & (b) Absorbance and fluorescence kinetics of the bio-film coat-
ed fiber tip with different concentration of mercury from 9 nM to 50 mM re-
spectively. (Inset aI) & (Inset bI) Reduction in amplitude of SPR band (absorb-
ance) and increment in the emission of DAPI with time upon interaction of
the sensor with mercury (Hg2 +) respectively. (Inset aIl) & (Inset bIl) Change in
absorbance and fluorescence is linearly proportional with the Hg2 + concen-
tration in the range 0–1600 nM.(c) The De-NSET of the DNA-DAPI and Ag-NPs
due the amalgamation of Ag-NPs with Hg2 + .
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of the bio-film (Figure 6(e) before and 6(f) after) reveals that
though the amount of silver present in the film before and af-
ter the interaction remains almost same (4 wt%, Figure 6(e) and
6(f) inset) but the presence of Hg2+ increased from 0 wt% to 20
wt% (Figure 6(f) inset). The results clearly suggests that the Ag-
NPs does not leave the film rather due to highly reactive nature
of the Hg2 + it could be possible that they are undergoing for
the amalgam formation. In earlier reports on silver nanoparticle
based Hg2 + sensing, it has been concluded to form Ag�Hg
amalgam[22]. The statement is also supported by the ob-
servation (Figure 5 (a) inset I) of simultaneous decrease in SPR
peak due to larger NPs (~400 nm) followed by blue shift in the
spectra due to the reduction of effective size of the NPs and
formation bimetallic NPs[22].

The selectivity test: The optical responses of the biosensor
towards metal ions such as Ag (II), Ca(II), Cd(II), Co(II), Cu(II), Fe
(II), K(I), Mg(II), Na(I), Ni(II), Pb(II), Zn(II), Hg(II), have been inves-
tigated. Among these ions, only Hg(II)/Hg2 + has a significant ef-
fect on the absorbance (Figure 7(a)) as well as in emission (Fig-
ure 7(b)) spectra of the bio-material. The changes of

absorbance and fluorescence after the interaction (5 min) with
different ions have been represented in Figure 7 with a 5 % er-
ror bar. The high selectivity of the biosensor towards Hg2 +over
other biologically relevant metal ions can be seen with the nak-
ed eye also (Figure 7, insets). The disappearance (or reduction)
of SPR band of Ag-NPs in the bio-film upon interaction with
Hg2 + (Figure 7(a) inset) and consequent increase in intensity
(Figure 7(b) inset) is evident from the images obtained from
microscopic studies.

Conclusions

In summary, we have developed a DNA-based optical fiber sen-
sor for the in situ measurement of mercury pollution with nM
detection efficiency. Impregnated citrate capped silver nano-
particles (Ag-NPs ~20 nm) in a water insoluble DNA-lipid com-
plex at the tip of a multimodal optical fiber is shown to play
crucial role in the ultra-sensitive sensing mechanism. While, loss
of SPR of the Ag-NPs in the proximity of mercury ions due to
amalgamation and size enhancement is shown to be a key fac-
tor for the absorption based-sensing. Simultaneous de-NSET
from a minor groove binding dye (DAPI) to the impregnated
Ag-NPs (due to amalgamation) revealing restoration of DAPI

Figure 6. The TEM image of the Ag-NPs impregnated bio-film before and af-
ter interaction with Hg2 + (a) and (b) respectively. The SEM image of the Ag-
NPs impregnated bio-film before and after interaction with mercury ions
(Hg2 +) (c) and (d) respectively. The EDX curve corresponding to the bio-films
before and after interaction with Hg2 + with (inset) comparative presence
(wt%) of silver (Ag) and mercury (Hg) in the bio-film.

Figure 7. Specificity test of the bio-film coated fiber sensor towards Hg2 + in
contrast to the other metal ions in both the absorbance and the fluores-
cence way is represented in (a) and (b) respectively. (a- inset) The dis-
appearance (reduction) of SPR band of Ag-NPs in the bio-film upon inter-
action with mercury ions (Hg2 +), (b-inset) the consequent increase in
intensity of the bio-film is represented.
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fluorescence in presence of Hg2 + ions is an important mecha-
nism for fluorescence based sensing. Our study clearly shows
that the sensor is extremely selective to mercury ions, even in
presence of other interfering cations generally present in water
of natural sources. We have also developed a prototype of the
system for potential field trials.

Supporting information

General experimental details including the synthesis proce-
dures of optical fibers, experimental setup, mathematical tools
for calculating the donor-acceptor distance can be found in
Supporting Information.
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