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Optical, electro-optic and optoelectronic properties
of natural and chemically modified DNAs

Young-Wan Kwon1, Dong Hoon Choi1,2 and Jung-Il Jin1

This article reviews recent findings on the optical, electro-optic and optoelectronic properties of natural and modified DNAs.

When the sodium (Naþ ) ions of DNA are replaced with long alkyl quaternary ammonium (Qþ ) ions, the resulting compositions

(QþDNA�) are organic-soluble, and thin films produced using these materials reveal many interesting optical and

optoelectronic properties. These films tend to form well-structured supramolecular assemblies. In contrast, natural DNAs are

water-soluble and hygroscopic. DNAs are strong absorbers of UV wavelengths in the region of 260nm. The QþDNA� films are

excellent dielectrics that can be utilized as insulating layers in organic thin film transistors. Chemical modification of the Qþ

parts results in many interesting structures that can be used in a wide variety of optical and optoelectronic devices. This review

specifically deals with the optical and fluorescence properties of, organic lasing composites, the nonlinear optical

characteristics of, light-emitting diodes, and photovoltaic cells based on natural and modified DNAs.
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INTRODUCTION

In recent years, the materials science of DNA has been attracting
considerable interest, not only because some of the properties of DNA
are very attractive for certain potential applications but also because
one can make new discoveries by examining the behavior of these
molecules, which can be translated into corresponding synthetic
materials or mimics. Historically, the construction of many self-
assembled architectures based on characteristic interchain or hydro-
gen-bonding interactions between the neighboring base pairs or the
molecular and submolecular recognition capabilities of DNAs has
been thoroughly studied by many research groups. Seeman1

pioneered this self-assembly approach. The construction of many
interesting two- or three-dimensional architectures has been
demonstrated via the self-assembly of modified DNAs. The
molecular recognition properties of DNA are useful in the design
of sensors and for diagnostic applications. The DNA-assisted
preparation of metal nanoparticles and nanowires is considered to
be potentially useful in the fabrication of nanoelectronics.
The science of DNA is the most important base for the recent

progress in nanoscience and nanotechnology. The facile charge
transport via DNA chains has been the subject of many important
studies, especially pertaining to the concept of molecular wires.2 It is
now clear that DNA double helices can be classified as wide bandgap
semiconductors,3–6 although there are many variables7 to consider
when one discusses the electrical properties of DNAs. Recently, our
research group has been conducting a series of studies8–12 involving
the measurement of the magnetic properties of natural DNA,

surfactant-modified DNA and DNAs intercalated with paramagnetic
dopants. We believe that the double-helical structure of DNA, when
dehydrated, can promote ferromagnetic interactions with the dopants.
Another important development in the materials science of DNA is
the chemical transformation of water-soluble but organic-insoluble
natural DNAs into organic-soluble compositions, which is achieved
by simply replacing the sodium ions (Naþ ) of the original structure
with long alkyl chain quaternary ammonium (Qþ ) groups.13 This
transformation imparts various functionalities to the resulting
materials. This chemistry is rapidly expanding the horizons of the
materials science of DNA. The long alkyl groups tend to induce the
formation of self-assembled three-dimensional architectures14,15

through the hydrophobic interactions between them.
The aims of this article are to review the results of our own and

other groups’ research on the photonic properties of DNA, both
natural and modified, and to discuss the future perspectives of this
research. We previously published a review article16 on the broader
spectrum of the materials science of DNA. Recently, Su et al.17

discussed DNA-programmed photonic arrays and devices. They also
suggested future opportunities in the area of DNA photonics. Steckl
et al.18 wrote an interesting article entitled ‘DNA as an optical
material.’

OPTICAL PROPERTIES OF DNA

Figures 1 and 2 compare the UV-Vis absorption spectra of natural
salmon sperm DNA16 and DNA�Qþ complexes19 in solution and in
solid films.
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The first strong absorption band of natural DNA (Figure 1) below
225nm originates from the overlapping electronic absorptions of
sugar moieties and phosphate groups. The second absorption, whose
maximum is located at B260 nm, is the result of electronic transi-
tions of the four heterocyclic bases in the nucleic acids. The
absorption edge of this peak is B300 nm. Figure 1 shows that the
UV-Vis absorption positions of the solid films are only slightly shifted
in the red direction, and the sharpness of the peak is also largely
unchanged compared with those of the solutions. This observation
suggests that agglomeration among the double helices of DNA does
not significantly occur in the solid and that the layer-to-layer hybridi-
zation perpendicular to the long axis of the double helix is inefficient.
There have been many controversies20 concerning the conduction or
charge-transport properties of DNA. The semiconducting molecular
wire concept of DNA is persistent but also controversial, although
the conformational dynamics of the flexible helical structure may
be the key factors that control the migration of carriers. The term
‘conformational gating’21,22 was coined by Barton’s group to describe
this phenomenon.
Figure 2 compares the electronic spectra of three different DNA�

Qþ compositions19 with that of natural DNA or DNA�Naþ , both in
solution and in solid form. Although the details of their absorption
spectra are not the same, their absorption positions are more or less
similar. This result can be taken as an implication that replacing the
Naþ counter-ions with Qþ ions does not cause fundamental changes
in the electronic structure of the original DNA backbone.
Furthermore, the spectra of the DNA�Qþ compositions in
solution were also not considerably different from those in the solid
state. This observation is rather surprising because the conformation
or the three-dimensional structure of DNA strongly depends on its
water content; wet DNA in the so-called B-form is transformed by
dehydration into the A-form. It is known that in the wet B-form, a
single helical turn contains 10 base pairs, where the average distance
between neighboring base planes is 3.4 Å and the diameter of the helix
is 20 Å. In contrast, the A-form makes a single turn with 11 base pairs
and the interbasal plane distance is significantly shorter (2.55 Å) than
in the B-form. At the same time, dehydration expands the helical
structure such that it has a diameter of 26 Å. The fact that the UV-
absorption spectra of the A- and B-forms are practically the same
strongly suggests that the electronic excitations primarily originate
from the electrons in the basal planes rather than those involved in
pz-delocalization in the perpendicular direction.23

The circular dichroic (CD) spectra of Naþ DNA� and QþDNA�

complexes in solution and in a dry film were studied by Tanaka and
Okahata.13 The authors demonstrated that the replacement of Naþ

ions with Qþ ions did not change the conformation of the DNA
backbone, and consequently, the basic features of the CD spectra did
not change (Figure 3). However, the CD spectra of the films strongly
depended on the content of water or solvent.
The authors concluded that the B-form is transformed into the

A-form via the intermediate C-form as the water content is reduced.
Note that the CD behavior of the present DNA samples is not the
result of electronic interactions in the base pairs but is induced by the
asymmetric helicity of the overall DNA molecular structures.
Grote et al.24 studied the optical properties of DNA–CTMA

(cetyltrimethyl ammonium) complex films in detail. These films
exhibit excellent light transmission over a very broad wavelength
range, as shown in Figure 4. Furthermore, the refractive index25 of
these films remained constant, at slightly41.526, over the wavelength
range of 1000–1250nm (Figure 5). These observations imply that
DNA–CTMA films may find applications as optical waveguide

Figure 1 UV-Vis absorption spectra of DNA in an acetate buffer and in a

thin solid film16 (reprinted with permission from Kwon et al.,16 copyright

(2009) Royal Society of Chemistry).
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Figure 2 UV-Vis absorption spectra of (a) 25mM DNA and DNA surfactant

(CTMA, BDMA, and CP) complexes in ethanol solution and (b) in films

(thickness¼5mm)19 (reprinted with permission from Wang et al.,19

copyright (2001) American Chemical Society).
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materials and also as optical cladding for nonlinear electro-optic
modulators.

FLUORESCENCE OF DYE-DOPED DNAS

The fluorescence or photoluminescence (PL) behavior of many dyes
has been the subject of many research papers and books.26,27 Earlier,
Ohnishi28 thoroughly discussed the stability of double-stranded DNA
on the basis of polyelectrolyte theory. Record et al.29 also provided a
thorough review on the conformations and interactions with the
ligands of double-helical DNA. In connection with the subject of this
section, understanding the binding ability of polyelectrolytes for dye
molecules can be of great importance.30,31

Very often, we observe that the fluorescence efficiency or quantum
yield diminishes when we increase the concentration of dye in
solution. This effect is called concentration quenching. The same
phenomenon limits how much fluorescent dye one can mix into a
solid substrate, such as poly(methyl methacrylate), PMMA, without
losing the PL efficiency. Preventing the formation of dye aggregates is
the most important factor for minimizing the concentration quench-
ing effect. One way to prevent aggregate formation is to find a
method where the dye molecules are kept at a distance from each
other in a matrix such that there are no electronic interactions
between them. The intercalation26 of fluorescent molecules into a
DNA substrate has been attempted to compartmentalize the dye
molecules. In the 1960s and 1970s, strong fluorescence enhancement
in a solution of ethidium bromide was observed when DNA was
added into the solution, which was the topic of intensive studies.
Among the many different mechanisms proposed to explain this
enhancement, the intercalation of ethidium bromide into DNA is the
most plausible one.27,32

More recently, the fluorescence spectra of 4-[4-(dimethylamino)s-
tyryl]-1-dodecyl pyridinium bromide (DMASDPB) mixed with
DNA–CTMA were studied by Grote et al.24

As shown in Figure 6, the film containing the lowest level of dye
presented the greatest fluorescence intensity. Compartmentalization
of the dye molecules in the DNA–CTMA matrix must be the reason
for this observation. The physical picture of the mixtures, however, is

Figure 3 CD spectra of (a) DNA-lipid complex in CHCl3/EtOH/

H2O¼4:1:0.07 and (b) native DNA in an aqueous buffer solution (20 mM

NaCl, pH 7.8, 10mM Tris, [DNA]¼50 mMbp�1, 23 1C)13 (reprinted with

permission from Tanaka and Okahata,13 copyright (1996) American

Chemical Society).

Figure 4 Transmissivity of a 3-mm thick DNA–CTMA thin film. (reprinted

with permission from Grote et al.,24 copyright (2004) American Chemical

Society).

Figure 5 Refractive index of DNA–CTMA25 (reproduced with permission

from Grote et al.,25 copyright (2005) Taylor & Francis).
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Figure 6 Fluorescence versus wavelength for various ratios of DMASDPB

in DNA–CTMA24 (reprinted with permission from Grote et al.,24 copyright

(2004) American Chemical Society).

Optical properties of DNAs
Y-W Kwon et al

1193

Polymer Journal



much more complicated; the location of the dye molecules in the
substrate is not well defined, and during the preparation of the
mixtures in ethanol solution, exchange reactions between the dye and
CTMA are possible because they are both quaternary ammonium
compounds. However, the extent of this reaction was not character-
ized. A portion of the dye molecules could also enter the region
between the basal planes and intercalate into the core region of the
DNA double helix, and some molecules could intercalate into the
CTMA part. The two portions of the dye molecules are in different
surroundings, which results in dissimilar fluorescence behaviors of the
dye molecules.
We doped DNA–CTMA with a nonionic dye, (E)-2-[2-(4-diethy-

laminostyryl)-4H-pyran-4-ylidene] malonitrile (DCM),33 in a
chloroform/alcohol mixture (9:1 by volume). The resulting thin
films were subjected to PL measurements. For comparison, DCM
was mixed with PMMA in chloroform.
As shown in Figure 7, the PL intensity of the DCM-doped DNA

increases up to the dopant concentration of 10 wt%, whereas in
PMMA, the PL intensity starts to diminish at only 3 wt% of dopant.
This result indicates that DNA accommodates the DCM molecules
more efficiently than PMMA. The dopant molecules can intercalate
into different parts of the DNA, which results in a better dispersion of
the dye molecules in the matrix. The amount of the dopant in the
different locations remains to be quantified.
We previously prepared a series of organic-soluble DNAs contain-

ing varying ratios of two different fluorophores in the QþDNA�, as
depicted in the following synthetic scheme34 (Figure 8).
The carbazole (Cz) and pyrenylvinylenephenylene (PVP) moieties

were randomly positioned along the surrounding lipid portion of
the double-stranded DNA. Figure 9 shows that an inclusion of only
2.2 wt% of the PVP structure completely quenches the PL emissions
of the Cz moieties at 356 and 372 nm and that only emissions by the
PVP moieties at 436 and 457nm are observed. This result indicates
the presence of an extremely efficient energy transfer from the excited
state of the Cz unit (donor) to the PVP units (acceptor) via the so-
called fluorescence resonance energy transfer (FRET) or Förster
energy transfer mechanism.35 The proximity of the donor–acceptor
fluorophore pairs must promote efficient electronic interactions
between them to result in a facile FRET. The special organization of
the donor and acceptor moieties must be a key factor. Further
structural or morphological studies are required to analyze the
experimental observations in a more quantitative manner. Excellent
studies on the FRET of synthetic DNAs bearing a donor–acceptor
structure have been reported by others.35

Figure 9 also reveals that increasing the concentration of PVP
rapidly decreases the PL intensity, which is accompanied by sig-
nificantly enhanced absorption at B390 nm, which is believed to be
due to the formation of PVP aggregates. We believe that this
formation of aggregates is also the cause of the decreased PL intensity
at 436 and 457nm with increasing PVP units in the copolymeric
QþDNA� compositions. When the copolymeric DNA containing
11.4 wt% of the PVP structure was mixed with DCM in varying
proportions, the PL of the mixtures provides an excellent example of
cascade energy transfer from the Cz moieties to the DCM molecules
through the PVP units (see Figure 10). Figure 10a is the PL spectrum
of the substrate polymer. When this polymer was mixed with 0.3 wt%
of DCM, two PL peaks appeared at B460 and 565nm; the former
results from the PVP unit, and the latter results from the DCM
dopant.
When the DCM content was increased to 5 wt%, the redshifted PL

spectrum (Figure 10) originating from the DCM dopant appeared

at B600 nm. The emission from the PVP structure was almost
completely suppressed. A cascade energy transfer from the Cz units
to the DCM dopants via the PVP moieties was achieved and resulted
in the display of red emission.
The concept of DNA-programmed photonic wire, which was first

reported in 1999 by a Japanese group,36 has since been expanded by
many research groups. A recent article on DNA-templated photonic
arrays and assemblies by Su et al.37 provides an excellent analysis of
the different approaches and outlooks for this concept. The
intercalation of energy relay dye molecules into DNA and the use
of DNA minor groove binders are two important methods for
assembling the photonic arrays on dsDNA templates.
Yu et al.38 prepared a series of solid films composed of the

fluorescing polymer 186 Q and natural DNA in different ratios and
examined their PL behavior.
As shown in Figure 11, when the polymer dye was diluted 750

times with DNA, the PL intensity was the strongest. Simultaneously,
this mixture exhibited the slowest decay in fluorescence, as depicted
in Figure 12. Because the polymer 186Q possesses quaternary

Figure 7 Photoluminescence spectra of DNA–CTMA and PMMA doped with

the DCM dye. Effect of dye concentration on the photoluminescence

spectral behaviors.33 *Sample: thin film with an identical thickness. (t is

B100nm) (a) CTMA–DNA. (b) PMMA. aSolution in chloroform (reprinted

with permission from Lee et al.,33 copyright (2008) Elsevier).
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CzDNA-co-PyDNA

Figure 8 Synthetic procedure for CzDNA-co-PyDNA; copolymers with 2.2, 4.2, 7.1, and 11.4 wt% of pyrene moiety34 (reprinted with permission from Lee

et al.,34 copyright (2009) Wiley-VCH Verlag GmbH & Co., KGaA, Weinheim).

Figure 9 Absorption and PL spectra of three polymeric samples in solution with varying pyrene moiety concentrations. A: guest-host systems, where the

guest is (E)-1-(4-(12-bromododecyloxy)styryl)pyrene and the host is CzDNA; B: blends of CzDNA and PyDNA, C: CzDNA-co-PyDNA copolymers.34

*Concentrations of pyrene moiety: (a) 0 wt%, (b) 2.2 wt%, (c) 4.2 wt%, (d) 7.1 wt%, and (e) 11.4 wt%. *Solid lines: absorption spectra; Dashed lines: PL

spectra (reprinted with permission from Lee et al.,34 copyright (2009) Wiley-VCH Verlag GmbH & Co., KGaA).
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ammonium (Qþ ) side chain structures, ion exchange reactions
between the Naþ ions of DNA and the Qþ ions of 186Q must have
occurred. These ion exchange reactions must have resulted in the
formation of polyelectrolyte complexes between the 186Q and DNA
chains, which can effectively disperse the 186Q chains in the DNA
matrix. This dilution of 186Q is expected to hinder the formation of
aggregates among the fluorescing polymer chains, which consequently
increases the PL efficiency and PL lifetime.

Vauthey and coworkers39 conducted a study on the ultrafast
excited-state dynamics of fluorescent intercalants of DNA and
clarified the mechanism for the enhanced fluorescence by the
intercalators.

DNA-BASED LASING

The Chitose group led by Ogata in Japan40 presented an interesting
report where one-photon excited amplified spontaneous emission
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Figure 12 Time-resolved fluorescence decay profiles of DNA/Polymer Q
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from Yu et al.,38 copyright (2009) The Polymer Society of Korea).
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(ASE) was observed when the DNA–CTMA complex was doped with
Rhodamine 6G at 1.36 wt%. The film was pumped by a nanosecond
532 nm laser beam.
Figures 13a and b, respectively, show the change in linewidth of the

emission peak as a function of the excitation energy and the
dependence of the relative energy of the emitted light on the
excitation energy. Both the line narrowing and superlinear depen-
dence of the emitted light intensity occur at B20mJ, which is strong
evidence for the occurrence of light amplification. This report
triggered many studies that examined the possible lasing capacities
of different DNA-based composites. Grote et al.24 reported that films
composed of a DNA–CTMA/europium complex revealed a strong
amplification of fluorescence at 614 nm when irradiated with UV
light. More recently, He et al.41 reported cavity-enhanced two-photon
excited frequency up-conversion lasing in a DNA–CTMA 4-[4-(bis(2-
chloroethyl)amino)styryl]-1-methyl pyridinium tosylate gel using
ultrashort IR pulses (775 nm). The dye they utilized is known to be
a highly multiphoton-active lasing dye.
Figure 14 compares the emission spectra of two-photon induced

fluorescence, cavityless lasing, and cavity-enhanced lasing. The
FWHM of these spectra are 61, 17, and 12nm, respectively.

The advantages of using ultrashort IR laser pulse pumping include
increased penetration depth into biological media and lower pulse
energy. In relation to the above report, Yu et al.42 fabricated
distributed feedback (DFB) lasing structures that consist of a
grating etched into an SiO2-Si wafer substrate where a DNA–
CTMA/sulforhodamine 640 (SRh) dye layer was deposited. The
anionic SRh dye, whose lasing wavelength ranges from 610 to
670 nm depending on usage conditions, is a red-emitting fluorophore
that is frequently utilized in dye lasers.
The results from the authors are summarized in Figures 15 and 16a

and b. Figure 15 compares the spectra obtained under ASE and DFB
lasing conditions. The DFB emission peak width at 650 nm is
o1 nm compared with 10nm for the corresponding ASE peak.
Figures 16a and b clearly demonstrate that both the output energy

and the linewidth of the emission peaks of the DFB structure are
considerably more responsive to changes in the pumping energy than
the planar structure. The authors also demonstrated that DNA-based
devices exhibited considerably better lasing characteristics than
PMMA-based ones.
Balan et al.43 prepared a solid-state laser based on DNA-PVA

(poly(vinyl alcohol)) doped with the Rhodamine 6G dye. They mixed
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Figure 13 (a) Linewidth of emission spectra as a function of excitation

energy. The arrow indicates the threshold energy where line narrowing

occurs. (b) Relative energy of emitted light as a function of excitation

energy. The arrow indicates the threshold energy. The solid line shows a

slope¼140 (reprinted with permission from Kawabe et al.,40 copyright

(2000) Wiley-VCH Verlag GmbH & Co., KGaA).
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lasing41 (reprinted with permission from He et al.,41 copyright (2006)

Optical Society of America).
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an aqueous solution of the DNA-Rhodamine dye with an aqueous
DNA solution and prepared a thin solid film by evaporating off the
water. They observed multimode laser emission from the transverse
pumping of the blend film. They believed that the reflections from the
lateral faces of the film resulted in a DFB. For a pump energy of 10mJ
per pulse, they observed a FWHM of 0.2 nm for the emission peak at
566 nm. Note that this research group utilized all water-soluble
ingredients. However, the distribution of the laser dye between the
two polymer matrices is not known. Lopez and coworkers44 studied
the optical gains of the lasing DNA–CTMA/DCM composites. They
observed that an optical gain coefficient 4300 cm�1 could be
obtained. Figures 17a and b show the dependence of the gain
coefficient on the DCM level and on the pump energy density,
respectively. The optimal amplification density was observed at B2.5
wt% of DCM. Quenching occurred at higher concentrations.
Figure 17b shows that the gain coefficient saturates at B4 nJmm�2,
and above this value, the gain value slowly decreases, most likely
because of optical damage.
Recently, Mysliwiec et al.45 investigated ASE and lasing in a two-

layer system composed of a DNA–CTMA/Rhodamine 6G layer
superimposed on a periodic SRG (surface relief grating) structure of

Figure 16 (a) Output energy and (b) linewidth from DNA:SRh DFB

structures and thin film as a function of pump energy42 (reprinted with

permission from Yu et al.,42 copyright (2007) Optical Society of America).

Figure 17 Optical gain coefficient g plotted as a function (a) of DNA-DCM

weight percentage and (b) of pump pulse energy density for DNA containing

3 wt% of DCM [solid square in (a)]44 (reprinted with permission from

Leonetti et al.,44 copyright (2009) Optical Society of America).

Figure 18 Schematic view of the thin film DFB laser structure prepared on

a glass plate. The photochromic polymer with SRG is covered from the top

by the biopolymeric matrix of DNA–CTMA containing Rh6G45 (reprinted

with permission from Mysliwiec et al.,45 copyright (2010) American

Institute of Physics).

Figure 15 Amplified spontaneous and stimulated emission from DNA:SRh

DFB structures42 (reprinted with permission from Yu et al.,42 copyright
(2007) Optical Society of America).
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a photochromic side chain liquid crystalline azo polymer. The two-
layer hybrid lasing system is presented in Figure 18.
The FWHM for lasing was 4 nm compared with the value of

(9 nm) for ASE. The emitted light signal intensity for lasing increased
considerably faster than the ASE, as shown in Figure 19. The authors
suggest that further optimization of the design of the device is
required to achieve a lower threshold excitation energy and narrower
spectral linewidth.
DNA intercalation and minor groove binding of fluorescent dyes

appear to be very interesting approaches to achieving cavityless
structures that provide lasing. The development of solid-state and
even possibly flexible organic lasers could lead to revolutionary new
laser devices that can easily be fabricated into complex structures.

DNA-BASED NONLINEAR OPTICAL COMPOSITIONS

Inorganic nonlinear optical crystals46 are widely used in many optical
devices and are very important in optical communications. However,
there have also been many investigations47,48 into the science and
development of organic nonlinear optical crystals and polymers due
to their versatility and easy processability. Grote et al.24 succeeded in
preparing a DNA–CTMA thin film (5mm thick) containing 10% of
the DR1 chromophore on an indium tin oxide-coated glass. They
electrically poled the film at 50 1C with an electric field of 54Vmm�1.
They obtained an electro-optic coefficient of 2.13 pmV�1 at l¼ 633
nm. Although they claimed that this value is comparable to the value
for a PMMA film with the same concentration of DR1, they did not
provide detailed experimental procedures or data. Because DNA–
CTMA is a polyelectrolyte, it is rather difficult to determine how the
substrate matrix itself and the dye molecules would respond to an
external electric poling field. In other words, quantitative information
on the orientation of the dipoles of the dye molecules is lacking. Very
recently, Sahraoui et al.49 performed a very important study on the
second- and third-harmonic generations of DNA�-Qþ complexes
with two different Qþ structures, (a) and (b) in Figure 20, mixed
with two electron-donor/electron-acceptor type NLO dyes, (1) and
(2) in Figure 21. The NLO properties of the resulting thin films were
obtained using the Maker fringes method.
The authors observed that the second-harmonic generation signals

for both Dye1 and Dye2 were very weak when compared with that of

the quartz reference, and the effective w2 values were only 0.011 and
0.03pmV�1, respectively. Furthermore, the values remained constant
irrespective of the polarization, that is, p-p or s-s polarization. This
result indicates the absence of any orientation of the dye molecules
induced by the double-helical substrate. The third-harmonic genera-
tion behavior was also the same for both polarizations. The evaluated
third-order nonlinear susceptibility values are provided in Table 1.
These values are significantly greater than the value for fused silica.
The w3 values for the DNA-DDCA/Dye1 and DNA-BA/Dye1 samples
were approximately five times greater than the value reported for
Dye1 dispersed in a cured epoxy resin matrix. The authors attributed
the higher values to a better dispersion of the dye molecules in the
DNA�-Qþ matrices. More efficient dispersion would prevent the dye
molecules from forming aggregates. It is very possible that the electronic
interactions between the p-systems of DNA and the dye molecules
resulted in an enhanced, third-order, nonlinear optical property.
The conjecture described above is supported by the recent report of

Derkowska et al.53 They studied the third-order nonlinear optical
susceptibilities of the following oxazoline derivatives (see Figure 22)
and their mixtures with DNA–CTMA.
The authors observed that the third-order NLO susceptibility and

the linear absorption coefficient of the compounds were considerably
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Figure 20 Surfactant structures: CTMA (a), BA (b), and DDCA (c)49

(reprinted with permission from Sahraoui et al.,49 copyright (2011)

American Institute of Physics).
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Figure 21 Chemical structures of original dyes. (1) 4-(9H-carbazol-3-ylazo)-

3-chloro-N,N-dihydroxy-aniline [Dye1], (2) 4-(9H-carbazol-3-ylazo)-N-

thiazol-2-yl-benzenesulfonamide [Dye2]49 (reprinted with permission from

Sahraoui et al.,49 copyright (2011) American Institute of Physics).

Figure 19 Peak intensities for different excitation energy densities in the

case of DFB lasing and ASE. The laser threshold lies at pump energy

density equal to 1.8 for DFB and 3 mJ/cm2 for ASE,45 respectively

(reprinted with permission from Mysliwiec et al.,45 copyright (2010)

American Institute of Physics).
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higher when they were intercalated into the DNA–CTMA matrix, as
shown in Table 2. The intercalation of dye molecules into DNA–
CTMA must promote charge migration and NLO activities. Note that
when PVA-Rhodamine 6G was mixed with DNA, reverse saturable
absorption was observed near the focus, with saturable absorption
behavior away from the focus.54

In relation to the topic discussed above, Walter and Geiger55

recently published an important review on how nonlinear optics
can be utilized to study the electronic, vibrational, electrostatic, and
chiral characteristics of DNA at its surfaces, interfaces, and also in its
native state. One can obtain the electronic second-harmonic
generation spectra of single- and double-stranded DNAs in different
states by scanning the fundamental beam across the two-photon
resonance of the p–p* transition of the DNA bases at 260 nm. In
addition, a number of C-H oscillations from the –CH-, -CH2-, and
–CH3 groups of the DNA sugar backbone and bases can be readily
monitored using vibrational sum frequency generation. Carbonyl and
amine groups are also easily studied through their vibrational
motions. These sources of information are crucial for tracking DNA
recognition events in real time and for learning about the specific
molecular kinetics. It is believed that nonlinear optical imaging will

become a very important tool for probing the molecular interactions
of DNA, including recognition.

LIGHT-EMITTING DIODES BASED ON DNA

Organic light-emitting diodes (OLEDs) and organic PLEDs (polymer
light-emitting diodes) are attracting a considerable amount of interest
not only in academia but also in industry because of the advantages of
using organic materials in LED applications. Organic materials are
potentially less costly, easier to process into large-area light panels,
and there also exists the possibility of developing flexible substrates
based on them.
Hagen et al.56 achieved enhanced EL (electroluminescent) efficiency

using DNA–CTMA as an electron-blocking layer, which does not
interfere with the transport of holes. Consequently, DNA–CTMA
promotes the formation of excitons. The authors demonstrated
enhanced EL by fabricating green (Alq3) and blue (NPB) OLEDs
with DNA–CTMA. They obtained maximum luminous efficiencies of
8.2 and 0.8 cdA�1 for the green and blue OLEDs, respectively.
Figure 23 compares the luminous performances of the blue and

green LEDs with and without the DNA–CTMA electron-blocking
layer. At a current density of 200mAcm�2, the green light-emitting
device achieves 15 000 cdm�2 and the blue light-emitting device
achieves 1500 cdm�2. The devices without the DNA–CTMA layer
achieve values of 4500 and 800 cdm�2, respectively. The fabrication
of natural DNA-containing OLEDs was recently described in detail by
Gomez et al.57 Earlier, the Japanese group lead by Hirata et al.58

constructed OLED devices containing a DNA–CTMA layer, which
they utilized for a study of the electrical properties of the layer. Their
conclusion was that the DNA–CTMA layer preferentially transports
holes rather than electrons. Recently, the same research group18

reported that the maximum brightness they could obtain was
nearly 100 000 cdm�2 at 13V, with a maximum current efficiency
of B90 cdA�1 and a luminous efficiency of 55 lmW�1 at 5V. These
values are very remarkable. However, it should be mentioned that the
experimental details were not described.
We took a slightly different approach for utilizing DNA in

phosphorescent OLED structures. Because Cz derivatives have long
been employed as hosts of phosphorescent metal complexes, such as
Ir(Cz-ppy)3, in OLED devices, we modified the chemical structure of

Table 2 The values of the linear absorption coefficient (a) and the

absolute values of the third-order nonlinear optical susceptibility

(v(3)) for IIIm, IIIp, IIIm-DNA–CTMA, and IIIp-DNA–CTMA dissolved

in butanol (for C¼1.2 g l�1)53

a (cm�1) w(3)�1020 (m2V�2)

IIIm 0.88 0.67

IIIm-DNA–CTMA 1.08 0.80

IIIp 0.97 0.90

IIIp-DA–CTMA 1.40 1.17

Reprinted with permission from Derkowska et al.,53 copyright (2011) Elsevier.

Figure 23 Luminance versus current density in green Alq3 and blue NPB

EL devices with and without DNA EBL. The inset shows an energy level

diagram of a green-emitting (Alq3) DNA BioLED structure56 (reprinted with

permission from Hagen et al.,56 copyright (2006) American Institute of

Physics).
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Figure 22 Chemical structure of oxazoline derivatives. IIIp, IIIm: oxazoline

derivatives with acetate group at the para or meta position53 (reprinted with

permission from Derkowska et al.,53 copyright (2011) Elsevier).

Table 1 Comparison of the v
ð3Þ
elec values in different samples49

Model sample

Rentjes50

wð3Þelec (� 10�21 m2V�2)

Kajzar51,52

wð3Þelec (� 10�21 m2V�2)

Fused silica 0.2

Dye1/DNA-DDCA 17.0±1.9 15.0±1.0

Dye1/DNA-BA 19.0±1.8 17.0±0.9

Dye2/DNA-BA 1.9±0.2 1.8±0.1

Reprinted with permission from Sahraoui et al.,49 copyright (2011) American Institute of
Physics.
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the CTMA part of DNA–CTMA and attached the Cz moiety at the
end of the dodecyl alkyl group (Cz-DNA),59 whose chemical structure
is shown below. A photocrosslinkable polymer was utilized as a buffer
layer (Figure 24).
As the structure of the device in Figure 24 shows, the Cz-DNA was

doped with Ir(Cz-ppy)3. It was observed that when the electron-
transport compound PBD (5,4-tert-butylphenyl-1,3,4-oxadiazole) was
mixed with the phosphorescent light-emitting layer, the device per-
formance was significantly improved. The maximum luminance of a
PBD containing device was 1135 cdm�2 compared with the value of
only 244 cdm�2 for the device without PBD. The maximum
luminous efficiencies were 3.41 and 0.74 cdA�1, respectively, for the
two devices. Device optimization may be able to improve the
performance even further. A very interesting report was recently

published by Kobayashi and coworkers,60 who fabricated a OLED
device composed of a DNA/polyaniline/Ru(bpy)3

2þ complex and Alq3
that exhibited a voltage-controlled color tunability. Figure 25 presents a
schematic representation of the structure of the device and the
dependence of the emitted light color on the input field. As the
field is increased, the color of the light emitted by the OLED device
changes from green to red through the emission of yellow and orange
colors.
Although DNA-based OLEDs are undoubtedly very interesting

and provide us with many scientific and practical questions, it
should, however, be remembered that DNA, DNA–CTMA, and
the other DNA-containing compositions are essentially polyelectro-
lytes. Because these compounds are polyelectrolytes, they are
supposed to have a sensitive response to an external field;
their DNA chains should undergo conformational changes more
readily in the electric field, which may even lead to their partial
migration. This behavior could generate diverse problems associated
with the long-term stability of the device performance. Note
that DNA chains are extremely hydrophilic, and the degree of
removal of water molecules from the DNA-containing layers is
expected to influence the device performance. Controlling the level
of water molecules attached to the DNA chains appears to be a critical
factor for obtaining reproducible OLED devices with temporal
stability.

PHOTOVOLTAICS OF DNA-BASED SOLAR CELLS

The photovoltaic process is the reverse of the light-emitting process of
OLEDs, which was discussed above. Therefore, it is expected that
DNA-based photovoltaic devices can be fabricated and that we can
expect reasonably favorable performance efficiencies.
Several years ago, Bandyopadhyay et al.61 examined the feasibility

of using DNA (calf-thymus) and adenine as solid-state electrolytes in
a dye-sensitized TiO2 solar cell. The authors used Rose Bengal for the

Glass
ITO

PEDOT:PSS (30 nm)

Cz-DNA : PBD 
:Ir(Cz-ppy)3
(20~40 nm)

TAZ (15 nm)
Bphen (25 nm)
LiF (0.8 nm)
Al (500nm)

POx-TPACz (10 nm)

POx-TPACz

Cz-DNA

Ir(Cz-ppy)3

PBD

Bphen

TAZ

Figure 24 Molecular structures of Cz-DNA, POx-TPACz, Ir(Cz-ppy)3, PBD, Bphen, and TAZ. The device configuration of the electrophosphorescent PLED.

*PBD: 2-(biphenyl-4-yl)-5-(4-tert-butylphenyl)-1,3,4-oxadiazole, Bphen: 4,7-diphenyl-1,10-phenanthroline, TAZ: 3-(biphenyl-4-yl)-5-(4-tert-butylphenyl)-4-

phenyl-4H-1,2,4-triazole59 (reprinted with permission from Cho et al.,59 copyright (2010) Wiley Periodicals, Inc.). A full color version of this figure is available

at Polymer Journal online.

Figure 25 I-V characteristics and photographs of OLEDs (the inset shows

a schematic of the OLED configuration)60 (reprinted with permission from

Nakamura et al.,60 copyright (2010) American Institute of Physics).
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dye sensitization. Figure 26 compares the photovoltaic responses of
three different devices with or without DNA. The open-circuit voltage
was the highest for the device with adenine, 0.7V, and the one with
DNAwas next, 0.35V. The DNA device exhibited poor stability, which
was attributed to a possible destruction of the double-stranded helical
structure under illumination. The dye-sensitized TiO2 solar cells are
generally called Gratzel cells62 after their pioneer.
Gullu et al.63 and Kolachure and Jin64 separately fabricated an

Al/DNA–CTMA/p-InP Schottky junction and an ITO/DNA–CTMA/
P3HT(PCBM)/Al bulk heterojunction solar cell. The first group63

observed that the DNA-based sandwich device exhibited excellent
rectifying behavior. The reverse bias current of the Al/DNA–CTMA/
p-InP solar cell increased on illumination considerably more than

that of the Al/p-In diode. This result indicates that more carriers are
photogenerated in the DNA-modified junction (Figure 27).
The maximum open-circuit voltage and the short-circuit current

value obtained for the device were 0.20V and 2.8 nA, respectively, at
150 lx light intensity, which are compared with the values, 0.06V
and 26.0 nA, for the device without DNA. The second group64

successfully replaced the commonly used hole injection layer of
PEDOT:PSS with the DNA–CTMA layer in the fabrication of solar
cells. Their solar cells exhibited rectifying behavior in the dark and
solar energy conversion when illuminated by a 300-W projector lamp.
As the authors mentioned, a further detailed characterization of such
devices is necessary before we can judge the usefulness of DNA–
CTMA as the hole injection layer in solid-state solar cells.
In connection to the studies described above, Yengel et al.65

reported an interesting study on solar cells containing l-DNA and
DNA/Pt layers, whose structures are shown in Figure 28.
The authors formed DNA/Pt through the chemical reduction of a

DNA-Pt complex using dimethylaminoborane. They observed that
the device containing only the DNA layer exhibited a 12% increase in
the power conversion efficiency, whereas that containing DNA and a
DNA-Pt layer exhibited a 25% improvement. This improvement can
be attributed to the hole-transporting property of DNA and its
reduction of the recombination losses of the carriers. It is believed
that the DNA-Pt composite layer improves the mobility of the
carriers, especially that of electrons, through the poorly conducting
DNA layer. However, the power conversion efficiency of even the best
device was very low, only 0.0105%. There is no doubt that DNA can
be advantageously utilized in OLEDs and photovoltaic devices;
nevertheless, further systematic studies are required to achieve this
goal. The increase in the use of DNA in different solar cells can be
observed in recent publications by Kumar and Duff 66 and by Wong
and coworkers.67 Kumar and Duff 66 demonstrated a very interesting

Figure 27 Current-voltage characteristics of Al/DNA/p-InP Schottky devices

under dark and illuminated conditions at room temperature. Inset shows the

current-voltage characteristics of the reference (Al/p-InP) diode under

illumination63 (reprinted with permission from Gullu et al.,63 copyright

(2008) American Institute of Physics).

Figure 28 Schematic of device showing the structure when DNA (device 1)

or DNA-Pt (device 2) is incorporated65 (reproduced with permission from

Yengel et al.,65 copyright (2009) SPIE.

Figure 26 Photovoltaic response against the wavelength of the

monochromatic light source from 300 to 900nm under open-circuit

conditions61 (reprinted with permission from Bandyopadhyay et al.,61

copyright (2007) American Institute of Physics).

Figure 29 Schematic diagram showing the preparation of the proposed

sensing platform67 (reprinted with permission from Qi et al.,67 copyright

(2009) American Institute of Physics).

Optical properties of DNAs
Y-W Kwon et al

1202

Polymer Journal



proof-of-concept model of supramolecular artificial light harvesting
complexes based on a DNA-engineered protein. The novelty of this
work lies in self-assembly of the device components in a
predetermined manner at the desired locations, which is possible
because the DNA functions as a supramolecular scaffold. Wong’s
group67 designed and fabricated a special DNA sensing platform that
exhibited both FRET and the photovoltaic effect, which was based on
a network of DNA and a quantum dot (CdSe;QD) hybrid system; see
Figure 29.
When a complementary DNA sequence is attached to the hybrid

molecular switch, both FRET and a photovoltaic effect are observed
simultaneously. However, if the base sequences of the DNA are
mismatched, the charge carriers within the DNA molecules are
expected to be localized, which leads to a large reduction in the
charge transfer efficiency. The corresponding photovoltaic effect is
also weakened (Figure 30).

CONCLUSIONS AND PERSPECTIVES

Although the fluorescence properties of many modified DNAs were
discussed in the early part of this article, a clear understanding of the
fluorescence of natural DNA itself may cast light on the nature of the

Figure 31 (a) Normalized steady-state absorption and (b) fluorescence spectra of DNA in pure water (gray) and in phosphate buffer (black). Excitation

wavelength: 267nm. The spectra of the stoichiometric mixture of monomers (58% of dAMP and TMP, 42% of dGMP and dCMP) in water are shown as

dashes68 (reprinted with permission from Vaya et al.,68 copyright (2010) American Chemical Society).

Figure 30 I-V characteristics of a device with a QD monolayer linked by

hybridized dsDNA with complete complementarity (denoted as dsDNA/QD/

Cy5), and a device with a QD monolayer linked by partially mismatched

hybridized DNAs (denoted as mismatched dsDNA/QD/Cy5), under darkness

and illumination with a green laser light. Inset: Expanded I-V

characteristics67 (reprinted with permission from Qi et al.,67 copyright
(2009) American Institute of Physics).
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Figure 32. (a) Schematic representation of the multichromophoric DNA wire with attached Pacific Blue (injector) and Cy3 (reporter) and intercalated YO.

(b) Corresponding schematic energy level diagram, showing the diffusive energy migration in the YO section of the wire. (c) Structures of Pacific Blue,

YO-PRO-1, and Cy3, the three chromophores used in the construction of the photonic wire70 (reprinted with permission from Hannestad et al.,70 copyright

(2008) American Chemical Society).
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long-lived excited states and excitation energy transfer among the
neighboring chromophores in DNA, which must be closely related to
conformational disorder of the long duplex chains. Recently, Vaya
et al.68 and Markovitsi et al.69 reported on the fluorescence
characteristics of natural DNA. Both groups observed that the
fluorescence decay of DNA is very long, with 98% of the photons
being emitted for longer than 10ps.

Figure 31a shows the steady-state absorption and (b) fluorescence
spectra of DNA. The fluorescence spectra were obtained at the
excitation wavelength of 267 nm, which corresponds to the absorption
maximum. The emission maximum is observed at 327 nm. The
fluorescence quantum yield was very low, B2–3� 10�4. Despite this
low fluorescence quantum yield for DNA, it is expected that the
fluorescence of modified DNAs will be greatly influenced by the long

Figure 33 Fluorescence microscopy images of (a) electrospun nanofibers of DNA–CTMA–Cm102 (donor) and (b) DNA–CTMA–Cm102–Hemi22 with an

acceptor-to-donor ratio of 1:5. (c) Quenching curves of multiple-dye-doped DNA–CTMA nanofibers with increasing acceptor concentration (lex¼388nm). In

all cases, the Cm102 donor concentration is 1.17% (w/w) relative to DNA. From left to right, the molar ratio of acceptor and donor varied from 1:5 to

1:200. The concentrations of the Hemi22 acceptor in the 1:5 sample and in the acceptor-only sample (1:0) are identical. (d) FRET efficiency plotted

against acceptor-to-donor molar ratio71 (reproduced with permission from Ner et al.,71 copyright (2009) Wiley-VCH Verlag GmbH & Co., KGaA).
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fluorescence lifetime of the original DNA chains. In short, gaining an
understanding of the photophysics of DNA still remains one of the
most important challenges in this field and will be the subject of
future detailed studies. It is hoped that future studies will eventually
lead to useful photophysical and photochemical applications of many
self-assembled nanoscale architectures formed through molecular
recognition and templates based on DNA and modified DNAs.
Albinsson and coworkers70 constructed a self-assembled DNA-based
photonic wire that transported excitation energy over 20nm, which
was possible via a sequential FRET process between well-designed
chromophore pairs. The schematic representation of their photonic
wire, the chemical structures incorporated therein, and the
sequence of excited energy transfer in the wire can be observed in
Figure 32.
A different approach was taken by Sotzing’s group71 to fabricate a

electrospun DNA–CTMA fiber doped with the coumarin 102
acceptor and the 4-(4-dimethylaminostyryl)-1-dodecylpyridinium
bromide donor. The average fiber diameter was 300 nm. The authors
observed that by varying the acceptor-to-donor molar ratio, they
could continuously change the wavelength of the emitted light from
blue to orange through pure white. Their results are shown in Figures
33 and 34.

This research clearly demonstrated that the DNA–CTMA nanofi-
bers are an efficient matrix for a multistep FRET. Another highly
efficient DNA-based photonic wire was fabricated by Su et al.17 by
using three different dyes doped into DNA and pyrrole-imidazole
polyamides. They observed that energy transfer over 80 base pairs
of the DNA chain (B27nm) could be achieved using this approach.
A schematic representation of their approach is provided in Figure 35.
Polyamides were able to augment the energy transfer process via

efficient FRET. Polyamides bind to the minor groove of dsDNA, and
they exhibit a high-binding affinity and specificity to the 6–10 base
pair sequences.
These approaches and findings are expected to lead to novel

methods of constructing complicated three-dimensional photonic
arrays and circuitries. Furthermore, efficient light harvesting
materials are expected to be developed based on the science of
DNA self-assembly for achieving long-distance energy transfer. The
work by Armitage and coworkers72,73 on supramolecular complexes
composed of a branched template and intercalating fluorophores
provides us with an interesting approach for biodetection and
bioimaging.
NLO and OLED applications of DNAs, especially of DNA–CTMA,

are definitely very attractive due to the excellent properties of DNA,

Figure 34 (a) Chromaticity parameters of dye-doped DNA–CTMA nanofibers (circles) illuminated with UV light (lex¼365nm). For sample labeling, see

Figure 33. (b) Digital photograph of luminescent nanofiber meshes deposited on glass and illuminated at 365nm with a UV lamp. The acceptor-to-donor

molar ratios are indicated. (c) In all, 400-nm UV LEDs without (left) and with white-light-emitting DNA nanofiber coating (right)71 (reproduced with

permission from Ner et al.,71 copyright (2009) Wiley-VCH Verlag GmbH & Co., KGaA).

Optical properties of DNAs
Y-W Kwon et al

1205

Polymer Journal



such as good temperature stability, a wide HOMO/LUMO band-gap,
low optical absorption and propagation, low optical scattering loss, and
mechanical robustness. Quoting what Steckl et al.18 recently
mentioned, DNA may be reborn as a ‘molecule of light.’ However,
this quote must be accompanied by the warning that DNA is a
hygroscopic organic polymer, and consequently, it cannot be used in

extreme conditions. It is unarguable that there is considerable science
that we can learn from DNA, which can lead to the development of
novel ideas, new materials, and innovative new technologies. The
science of DNA is opening up a new horizon in the science and
development of new optical materials for various applications. The
book ‘Materials Science of DNA,’ which was recently edited and
published by Jin and Grote,74 provides abundant information on the
photonic properties and other applications of natural and modified
DNAs.
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Figure 35 (a) Chemical structures of the fluorophores PB (injector), Cy3

(reporter), and YO (1). (b) Chemical structures of PAs 2 and 3.

(c) Structural representation of the exemplar DNA-based photonic wire

2@DNA21. The structure of PA 2 is represented as filled blue circles

for imidazole (Im) building blocks whereas filled red circles represent

pyrrole (Py) building blocks. *2@DNA21, where @ denotes the addition

of 2 to DNA21. (d) Schematic representation of 2@DNA21. The

interfluorophore PB–YO distance is B10 base pairs (B3.4nm) whereas the

interfluorophore YO–Cy3 is B11 base pairs (B3.7nm)17 (reproduced with

permission from Su et al.,17 copyright (2011) Wiley-VCH Verlag GmbH &

Co., KGaA).
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