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ABSTRACT: We have determined the refractive indices
in the directions parallel and perpendicular to the surface
plane of films of deoxyribonucleic acid (DNA) and their
wavelength dispersion. These parameters are fundamen-
tal for understanding the properties of waveguiding
structures containing DNA-based photonic materials. The
orientation of DNA molecules in films and their optical
properties are sensitive to the film fabrication and envi-
ronmental conditions influencing the structure. Prism
coupling measurements show ambient-humidity-related
changes in the refractive index, birefringence, and anisot-
ropy of the alignment of the DNA molecules in the films
studied. These films were 0.5–5 mm thick, were prepared
by both spin coating and casting from aqueous solutions
containing 0.1–3 wt % DNA, and were measured in

ambient air with relative humidities of 37–58%. The
optical properties of the films and the orientation of the
DNA molecules are discussed with respect to the mech-
anism for the formation of the polymer liquid-crystalline
phases during film deposition. The dispersion of the re-
fractive indices in films of native DNA has been derived
from interference fringes in absorption and reflection
spectra in the wavelength range of 350–2700 nm through
the fitting of the positions of the fringes with the Sellme-
ier dispersion formula in combination with the prism
coupling data. � 2007 Wiley Periodicals, Inc. J Appl Polym
Sci 105: 236–245, 2007
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INTRODUCTION

This contribution, dedicated to the memory of the
late Professor Kryszewski, discusses the properties
of deoxyribonucleic acid (DNA) as a bio-organic
polymer and its potential use for photonic applica-
tions. Five decades have passed since the discovery
of the double-helix molecular structure of DNA1 and
its vital role in life processes and the long-term stor-
age of genetic information. At that time, Kryszewski
became a contributor to research in macromolecular
science2 and polymer physics,3 augmenting our
knowledge regarding the relationships between the
molecular structure and macroscopic properties of

macromolecular substances. The work of Kryszewski
and his coworkers resulted in many important
observations and indications for further promising
experiments and theoretical studies leading to appli-
cations of polymers, composites, and liquid-crystal-
line materials in photonics,4 biosensing,5 and biophy-
sics.6 His efforts in polarization spectroscopy studies
of ordered optical chromophores, with stretched
polyethylene as an orienting solvent, have made it
possible to determine the transition dipole moment
directions for electronic transitions in trans-stilbene
and trans-azobenzene molecules.7 On the basis of
these results, it has been noted that these two mole-
cules have very different geometries: trans-azobenzene
has a nonplanar geometry, whereas trans-stilbene is
more planar in the oriented polymer matrix. The
phototransformation of the trans species in stretched
polyethylene leads to a globular geometry of cis-
azobenzene molecules with the phenyl rings twisted
perpendicularly to the azo plane.8 The process of
the trans–cis photoisomerization of azobenzene mol-
ecules, intercalated into the base pairs of DNA, can
be used in the photocontrolled formation and disso-
ciation of a DNA triplex with ultraviolet (UV) and
visible-light irradiation.9 The triple-helix formation is
considered one of the most promising methods for
the sequence-specific recognition of DNA molecular
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memory (a memory that is based on DNA molecules
and their molecular reactions).10

Recently, DNA has been considered a promising
material for applications in photonics because of its
exceptional chiral secondary structure and ability to
act as a host for photochromic dyes.11 A novel pho-
tonic biopolymer material has been fabricated from
marine-based DNA by purification and then com-
plexation with a cationic surfactant, cetyltrimethyl
ammonium (CTMA) chloride,11–13 or other cationic
lipids.14,15 In DNA–CTMA, the sodium ions are
replaced with CTMA ions, which enable the solubil-
ity of the material in some organic solvents (e.g., 1-
butanol). The DNA–CTMA biopolymer has been
investigated for possible photonic applications in
optical, electro-optical, optical memory, sensing, and
optical amplifier systems.11–13,16–19 Thin-film optical
waveguides, prepared from a noncrosslinked DNA–
CTMA biopolymer, have demonstrated low pro-
pagation losses. Losses of 1.25 and 1.79 dB/cm, at
l ¼ 690 nm, have been measured in noncrosslinked
and crosslinked DNA–CTMA films, respectively.20

The binding of fluorescent nonlinear optical dyes to
DNA–CTMA, through intercalation, has led to the
enhancement of the fluorescence quantum yield13

and amplified spontaneous emissions, in which
laser action is achieved without a laser cavity.21,22

Recently, two-photon-excited, cavity-enhanced lasing
was observed in a DNA–surfactant–chromophore
complex gel system.23

It is important to identify what forms of DNA
materials (native, sodium-based, or cation-replaced)
are suitable for various applications in photonics.
There is a lot of fundamental knowledge on the
physical properties of nucleic acids and their struc-
tures and polymorphism.24–26 However, not much is
known about the methods for processing and their
influence on optical and other physical properties of
DNA, which are fundamental for the evaluation of
the properties of waveguiding structures containing
DNA-based photonic materials.

We are interested in the optical properties of DNA
films fabricated from native DNA, sodium-ion-based
DNA, and DNA–CTMA because of the unique
double-helix structure. These biomolecules have the
potential to induce the orientation of nonlinear opti-
cal chromophores used in photonic applications.
Some chromophore dyes can be intercalated between
the nucleic bases and lie roughly perpendicularly to
the DNA helix axis. Other chromophore dyes can be
oriented in the major and minor grooves of the
DNA double helix and lie parallel to the helix
axis.26,27 The intercalation of the oriented nucleic
acid with nonlinear optical dyes, two-photon absorp-
tion materials, fluorescence chromophores, and rare-
earth compounds may bring new functionalities to
DNA.

Thin films and fibers are the forms for materials
that are most suitable for optical waveguiding appli-
cations. Therefore, we started our investigations of
DNA with measurements of the optical properties
of Na–DNA films. The refractive indices of DNA,
published in refs. 12 and 13, reveal that self-
assembled DNA thin films are anisotropic. There is
also a small number of reports on refractive
indices, birefringence, and optical dispersion in solid
native DNA.28,29 It appears that the anisotropy of the
refractive index observed in a DNA film12,13 is the
opposite of that found in oriented DNA films and
fiber bundles by others.29–32

We report here a range of results for the refractive
indices in our DNA films as well as the refractive-
index anisotropy and their dependence on the film
preparation and storage conditions. Using a prism
coupler, we measured the refractive indices in the
orthogonal directions: nTE, in the light polarization
direction parallel to the surface of the thin film, and
nTM, in the light polarization direction perpendicular
to the surface of the thin film (i.e., inside the film
depth). The DNA films were prepared from solu-
tions of a high-molecular-weight DNA biopolymer
(ca. 12,000 base pairs). They were measured in
ambient air with the relative humidity (RH) ranging
from 37 to 58%. The refractive indices from prism
coupler measurements were then used in the evalua-
tion of the index dispersion, which was calculated
from interference fringes in absorption and reflection
spectra measured in UV, visible, and near-infrared
wavelength ranges.

EXPERIMENTAL

Materials

Highly purified double-stranded Na–DNA was iso-
lated from salmon milt and roe sacs (which are
waste products of the Japanese fishing industry) and
purified by an enzymatic isolation process at the
Chitose Institute of Science and Technology, as
described in ref. 18. The average molecular weight
of the obtained DNA was 8 � 106 Da (g/mol). This
corresponds to 12 � 103 nucleotide base pairs (the
average molecular mass of the nucleotide base pair,
662 g/mol, was counted without water molecules
bound to the DNA).

DNA aqueous solutions of pH 6–6.5 were prepared
at room temperature, 21–228C, through the dissolu-
tion of the fiberlike, white, solid material in deion-
ized water. The concentration of DNA was in the
range of 0.1–3 wt %. The solutions were made with
a typical procedure in which the components were
placed in a glass vial; the vial was closed with a
poly(tetrafluoroethylene)-lined cap and placed on
a rotating wheel for about 24 h for homogenization
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by the solvent flow. Only the most concentrated
solution (3 wt %) was homogenized with a magnetic
stirring bar on a magnetic stage. The limit in
the concentration, about 30 mg/mL for the high-
molecular-weight salmon DNA, was due to the
increasing viscosity of the solutions. Lowering the
molecular weight of the DNA by, for example, ultra-
sonic processing helps reduce the viscosity.33 How-
ever, we did not use this treatment here because of
the possible effect of scission on the structure and
optical properties of the films.

It is known that the properties of the nucleate ions
in solutions and films are dependent on the pH and
ionic strength of the solution, the types of counter-
ions, the added electrolyte, the presence of other
ions, the temperature, and even the previous treat-
ment of the nucleic acid. In this project, we used
aqueous, buffer-free, sodium-ion-based DNA solu-
tions of a neutral pH, varying only the concentration
of the solute and the method of film deposition. We
characterized the solutions with electronic absorp-
tion spectra before the film deposition to learn about
the purity and degree of denaturation of the solute,
which was randomly selected from various batches
of the supplied solid material. The spectra were
measured with an ultraviolet–visible/near-infrared
spectrophotometer (model 3101PC, Shimadzu, Shi-
madzu Scientific Instruments, Shimadzu Oceania,
Rydalmere, New South Wales, Australia). They
showed fair reproducibility of results and no sign of
denaturation of the DNA. The average value of the
specific absorption coefficient for the salmon DNA
used, at the UV absorption maximum (258 nm), was
found to be 18.1 6 0.7 (mg/mL)�1 cm�1, correspond-
ing to a molar absorption coefficient of (6.0 6 0.2)
� 103 M�1 cm�1. This value is about 10% lower than
the literature data25 for double-stranded DNA (from
bacteria) in H2O solutions at a neutral pH, for which
a molar absorption coefficient of 6.6 � 103 M�1 cm�1

was measured for the absorption peak at 260 nm.
This corresponds to a specific absorption coefficient
equal to 20 (mg/mL)�1 cm�1 ¼ 0.020 (mg/mL)�1 cm�1.
The lower molar absorption coefficient of could be
induced by a lower degree of purity of our material,
a different base composition, or a hypochromic
effect,25–27,34 which gives a smaller molar absorption
coefficient for better orientated nucleotide bases in
the double-stranded DNA. The absorbance ratio
A260/A280 is used as a relative spectroscopic measure
of the nucleic acid purity with respect to the protein
content in a sample. A typical A260/A280 value for
pure, isolated DNA is 1.9.34 A smaller ratio indicates
increased contamination by proteins. The absorbance
ratio A258/A280, which we evaluated in the measured
spectra of solutions of randomly selected solid DNA
fibers, had an average value of 1.90 6 0.02. These
estimations are in agreement with the given purity

percentage of the salmon DNA used (96%) with a
protein content of 2%.18

Film preparation

Thin films of salmon DNA were prepared through
the casting and/or spinning of the DNA aqueous
solutions on fused silica (Infrasil GE I24, Micro
Materials and Research Consultancy Pty. Ltd., Mel-
bourne, Australia) and indium tin oxide (ITO) coated
(Thin Film Devices Inc., Anaheim, CA) glass sub-
strates (24 � 24 � 1 mm3). A Headway Research
(Garland, TX) model 1-EC101D-R485 photoresist
spinner was used for the film preparation. Films
were dried in air at 21–228C and about 40% RH on a
laminar flow bench for about a day and stored in
ambient air for several days. A list of the films pre-
pared from the aqueous solutions of various Na–
DNA concentrations is given in Table I. The various
abbreviations of the films in Table I refer to the cast-
ing conditions only. A set of films (Table I) was
additionally dried in a vacuum oven (Cole–Parmer,
Extech Equipment, Boronia, Victoria, Australia)
(model L-05053-12 vacuum oven with 1/4 DIN PID
model L-89102-00 program controller) in a relatively
low temperature range, 35–458C, for 24 h. The cho-
sen temperature range should allow drying of the
films without denaturation of the material and a
hyperchromic effect. The timescale in Table I was
calculated against reference time zero when the set
of films was removed from the vacuum oven
(the minus sign denotes the earlier time, which
includes 24 h of heating in the vacuum oven). The
time between the film deposition and the end of
the period of the vacuum drying was about 29
weeks for DNA-f1, about 6 days for DNA-f6, about
4 days for DNA-it6, about 5 days for DNA-f7, about 4
days for DNA-f8, and about 4 days for DNA-f9.
After vacuum drying, the films were stored in ambi-
ent air in a laboratory-air-conditioned environment
at a constant room temperature (21–228C). However,
the RH fluctuated a few percent within a day and
from day to day. In general, the films were exposed
to ambient air with the RH level in the range of 35–
65%.

The RH was measured with a weather station
equipped with a mechanical hygrometer, a thermo-
meter, and a barometer. The RH data obtained with
the analog hygrometer were comparable to the data
measured with a TSI Q-Trak Plus IAQ Monitor (TSI
Inc., Shoreview, MN) model 8554 electronic, digital
thermohygrometer with CO (the RH accuracy was
63%, and the resolution was 0.1%).

The film absorption spectra were investigated in
the wavelength range of 200–3200 nm with Shimadzu
model UV-3101PC and Varian Cary (Varian Aus-
tralia, Melbourne, Victoria, Australia) model 5000
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ultraviolet–visible/near-infrared scanning spectro-
photometers. Prism coupler measurements enabling
the determination of the refractive index and film
thickness were taken before and after the vacuum
drying, showing a response of a DNA film to the
current humidity level. The refractive indices of
the films at the same RH levels varied about 0.01.
The thickness of the films was greater in the wet
films; it decreased with drying and then increased at
a higher humidity level. The thicknesses of the films
were measured with a prism coupler and also with
a KLA-Tencor Instruments (San Jose, CA) model 100

alpha-step profiler. The thicknesses of the prepared
films ranged from 0.5 to 4.8 mm and for the various
films were not uniform through the entire sample
area but varied, as can be seen in Table I. The aver-
age thicknesses of the particular films were as
follows: 1.9 6 0.4 mm for DNA-f1, 0.53 6 0.04 mm
for DNA-f6, 4.2 6 0.5 mm for DNA-it6, 2.3 6 0.3 mm
for DNA-f7, 2.3 6 0.5 mm for DNA-f8, and 3.7
6 0.7 mm for DNA-f9. The standard deviation
indicates the magnitude of the variation of the film
thickness at the spots measured in various regions of
the films.

TABLE I
Refractive Indices of DNA Films Measured with a Prism Coupler in the Ambient Air at 228C

Filma
Time since vacuum
drying (weeks)b RH (%)

nTE
at 632.8 nm

nTM
at 632.8 nm

nTE � nTM
at 632.8 nm

Thickness
(mm)

DNA-f1 (Infrasil,
casting and spinning
at 600 rpm, and 3 wt %)

0.04 45 1.5577 1.5563 0.0014 2.1
9.7 39 1.5480 1.5402 0.0078 1.5

12.0 55 1.5371 1.5320 0.0051 1.7
13.6 53 1.5293 1.5357 �0.0064 2.4

DNA-f6 (Infrasil, spinning
at 200–700 rpm with
many layers, and 0.15 wt %)

�0.27 40 1.5367 1.5627 �0.0260 0.50
0.04 45 1.5483 1.5671 �0.0188 0.59
9.7 38 1.5338 1.5330 0.0008 0.50

12.6 58 1.5184 1.5454 �0.0270 0.53
13.6 53 1.5309 1.5675 �0.0366 0.53

DNA-it6 (ITO/glass, spinning
at 120 rpm with many
layers, and 0.15 wt %)

�0.26 40 1.5352 1.5612 �0.0260 3.9
0.04 45 1.5468 1.5633 �0.0165 4.0
2.9 55 1.5263 1.5369 �0.0106 4.7

12.2 53 1.5130 1.5349 �0.0219 4.0
13.6 53 1.5145 1.5409 �0.0264 4.6

DNA-f7 (Infrasil, casting,
and 0.20 wt %)

�0.30 41 1.5362 1.5607 �0.0245 2.1
�0.30 39 1.5363 1.5608 �0.0245 2.2
0.02 45 1.5486 1.5654 �0.0168 2.1
0.17 50 1.5446 1.5597 �0.0151 2.0
3.0 50 1.5234 1.5420 �0.0186 2.5
9.6 37 1.5424 1.5448 �0.0024 2.0

12.2 53 1.5212 1.5403 �0.0191 2.6
12.6 58 1.5153 1.5403 �0.0250 2.4
13.6 54 1.5126 1.5417 �0.0291 2.7

DNA-f8 (Infrasil, casting,
and 0.11 wt %)

�0.29 37 1.5361 1.5668 �0.0307 2.2
�0.29 38 1.5367 1.5662 �0.0295 2.2
0.02 45 1.5474 1.5732 �0.0258 1.8
3.0 50 1.5225 1.5544 �0.0319 2.4
9.7 45 1.5339 1.5628 �0.0289 1.8
9.7 42 1.5353 1.5639 �0.0286 1.8
9.7 40 1.5365 1.5648 �0.0283 1.8

12.2 54 1.5062 1.5360 �0.0298 3.0
12.6 56 1.5126 1.5431 �0.0305 3.0
13.6 53 1.5137 1.5442 �0.0305 2.9

DNA-f9 (Infrasil, spinning
at 120–300 rpm with many
layers, and 0.19 wt %)

�0.28 39 1.5362 1.5616 �0.0254 4.8
�0.27 40 1.5361 1.5622 �0.0261 4.4
0.02 45 1.5505 1.5664 �0.0159 3.9
3.0 50 1.5366 1.5420 �0.0054 3.8
9.7 38 1.5418 1.5469 �0.0051 3.2
9.7 38 1.5426 1.5458 �0.0032 3.8

12.2 53 1.5309 1.5366 �0.0057 3.1
12.6 56 1.5282 1.5407 �0.0125 3.3
13.6 54 1.5204 1.5462 �0.0258 2.5

a The substrate, preparation method, and solution concentration are shown inside the parentheses.
b The films were dried in a vacuum oven at 35–458C for 24 h and then stored in air at 228C; the time is counted against

time 0 when they were taken out of the oven. A minus sign indicates a time before the vacuum drying.
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Prism coupler measurements

The refractive indices of the films were determined
with the prism coupling technique using optical
waveguiding in a film.35,36 The indices were mea-
sured with a Metricon (Pennington, NJ) model 2010
prism coupler with a procedure in which the film was
brought into contact with the base of a prism by
means of a pneumatically operated coupling head. A
laser beam, about 1–2 mm in diameter, with a wave-
length of either 632.8 or 814 nm, was directed through
the prism, striking the base of the prism at the cou-
pling spot. The light beam was normally totally
reflected at the prism base and was collected by a
photodetector. However, at certain values of the inci-
dence angle, light could tunnel across the air gap
between the film and the prism at the coupling spot
and enter into a waveguiding optical propagation
mode in the film. This induced a sharp drop in the in-
tensity of the light reflected from the base of the prism
and created a dip in the reflectance curve measured
by the detector (see Fig. 1). The index of the film was
derived from the light propagation constant deter-
mined by the angular location of the modes and the
index of the prism. The prism coupler measured the
index of refraction of the film at the laser wavelength
and could provide the film thickness if the film was
sufficiently thick to support two or more optically
guided modes. The instrument specifications were
60.001 for the index accuracy and 60.0005 for the
index resolution. The thickness accuracy was 60.5%,
and the thickness resolution was 60.3%.

Figure 1 shows examples of the reflectance curves
obtained with the Metricon prism coupler in a

DNA film with transverse electric (TE) plane polar-
ized light and transverse magnetic (TM) plane polar-
ized light. For TE polarization, the electric field
vector was parallel to the substrate; for TM polariza-
tion, the magnetic field vector was parallel to the
substrate.

RESULTS AND DISCUSSION

Anisotropy of the refractive index

The refractive indices for the orthogonal TE and TM
light polarizations are reported for six DNA films in
Table I. The refractive-index data are presented
against the time since the films were dried in vacuo
at a slightly elevated temperature (35–458C).

We were concerned about the identity of the mate-
rial and the uniformity of the films at various
coupling spots. We checked the reproducibility of
the values of the refractive indices measured with
light coupled into different spots on the films. The
index values did not change substantially. For exam-
ple, the difference between the refractive indices
measured at two spots was only 1 � 10�4, for both
nTE and nTM, in film DNA-f7, (1–7) � 10�4 in film
DNA-f8, and (1–5) � 10�4 in film DNA-f9 before
vacuum drying. The refractive indices were found
to be different at two different places by about 9
� 10�4 on film DNA-f9 when the film was measured
at an RH of 38% after 10 weeks after drying. There-
fore, we conclude that the optical properties did not
vary substantially from spot to spot in these films.
Also, the index fluctuation was within the instru-
ment specification for the index accuracy measure-
ments. However, the thickness of the films varied
markedly between samples from spot to spot. The
change ranged from a few percent in thinner films
to about 20% in thicker films.

We observed that the refractive indices of DNA
films were highly sensitive to the drying conditions
and humidity of the environment during the mea-
surements and storage (this effect is suppressed in
DNA–CTMA films, as reported in detail elsewhere).
Figure 2 shows the refractive-index data (plotted
from Table I), which we measured in DNA films in
ambient air with different RHs. The indices dropped
markedly when the humidity in the laboratory envi-
ronment reached a level of 55–60%.

An interesting observation can be made regarding
the birefringence of the films. In most of the DNA
films, the nTE values (electric field vectors parallel to
the surface of the film) were lower than the nTM
values (electric field vectors perpendicular to the
surface of the film or along the film thickness). The
birefringence (nTE � nTM) was as high as �0.032 in
some films. Such a high value of the negative bire-
fringence suggests a high degree of the orientation
of DNA molecules in a film. This can be deduced

Figure 1 Prism coupler reflectance curves measured in a
film of salmon DNA (DNA-f7) on a silica substrate at RH
� 50%. The refractive indices (nTE ¼ 1.5445 and nTM
¼ 1.5597 at l ¼ 632.8 nm) and the thickness (2.05 mm)
were computed from the modes obtained for the TE and
TM polarization of a He–Ne laser light in the film. The
film was dried in vacuo at 35–458C for 24 h and then stored
for 1 day in air before the prism coupler measurements.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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because the polarizability of the rigid-rod DNA
molecule is larger in the direction perpendicular to
the double helix axis than along it because of paral-
lel stacking of the highly polarizable, anisotropic
aromatic nucleotide bases. Therefore, the refractive
index in the direction parallel to the nucleotide bases
(i.e., across the DNA helix) is larger than that along
the length of the molecular axis. The higher value of
the refractive index observed for the E-field polariza-
tion direction perpendicular to the surface of the
film suggests that the rigid-rod DNA molecules lie
mostly parallel to the surface of the film.

The chain alignment in DNA films was induced
spontaneously during film preparation in the process
of drying the diluted solutions. The evaporation of
the solvent causes the formation of a concentrated
layer near the surface; the molecules can align along
the air–liquid interface at the surface because of the
interfacial effect.31,32 In this mechanism, an evolution
of a concentrated layer near the surface may lead to
the transitional formation of a nematic-like, liquid-
crystalline phase, resulting in an anisotropic, bire-
fringent DNA film with good polymer chain align-
ment and orientation.

A careful inspection of the results in Table I
reveals that some of our films were highly aniso-
tropic, the molecules being aligned parallel to the
film surface, some were nearly isotropic, and some
even had an opposite anisotropy. The different struc-
tures of the films arise from the different preparation
and environmental storage conditions. Figure 3
shows refractive indices for TE and TM polarization
in two selected films (data from Table I). The film

DNA-f1, prepared by the spinning of a more concen-
trated solution (3 wt % DNA), was almost isotropic,
whereas film DNA-f7, prepared via casting from a
diluted DNA solution (0.20 wt % DNA) onto an
identical substrate, was highly birefringent. The
refractive properties of these films were also influ-
enced by the humidity, but in a different way.

A small positive birefringence (nTE > nTM) in a
spin-deposited film of DNA-f1 (the data represented
by squares in Fig. 3) indicated that the orientation of
the DNA molecules was almost isotropic, with some
orientation in the direction perpendicular to the sur-
face of the film (the molecules adopted a spherulitic-
like form). This weak birefringence changed its sign
at an RH of 53%.

The other strongly negatively birefringent film,
DNA-f7, had molecules highly aligned in the plane
parallel to the surface (nTM > nTE). The refractive
indices were larger at a lower humidity, but the bire-
fringence almost disappeared at an RH of 37%. The
same happened to spin-deposited film DNA-f9.
Spin-deposited film DNA-f6 showed an inversion in
the sign of the birefringence at an RH of about 38%.
These observations could be explained by the poly-
morphism of DNA and by the phase transitions
observed in crystalline and semicrystalline fibers and
films upon swelling and dehydration.26,37,38

It is possible that the mechanism of alignment of
DNA chains may involve the formation of meso-

Figure 2 Refractive indices (^) nTE and (^) nTM for six
DNA films measured with a Metricon prism coupler at l
¼ 632.8 nm and 228C before and after vacuum drying for
24 h at 35–458C and during 3 months of storage in ambient
air with different RHs. [Color figure can be viewed in
the online issue, which is available at www.interscience.
wiley.com.]

Figure 3 Refractive indices at l ¼ 632.8 nm of two
selected DNA films measured with a prism coupler at
228C in air with different RHs before and after vacuum
drying (at 35–458C for 24 h). The filled and open squares
represent nTE and nTM, respectively, in spin-coated film
DNA-f1 prepared from a 3 wt % DNA aqueous solution.
The filled and open diamonds represent nTE and nTM,
respectively, in film DNA-f7 prepared through the casting
of a 0.20 wt % DNA aqueous solution on an Infrasil sub-
strate. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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scopic nematic, smectic, and cholesteric liquid-crys-
talline phases when the solvent evaporates during
film formation and when the solute concentration
reaches a critical value. Kagemoto et al.39 showed
that the phase states of DNA in concentrated solu-
tions changed from an isotropic phase at a DNA
concentration below 2 wt %, to an anisotropic phase
in the concentration range of 3–5 wt % DNA, and to
a liquid-crystalline phase at concentrations above
6 wt % DNA. The formation of lyotropic liquid-crys-
talline phases in more concentrated DNA solutions
in the range of 100–300 mg/mL was also studied,
for example, by Brandes and Kearns,30 Strzelecka
and coworkers,40,41 Van Winkle and coworkers,42,43

Rill et al.,44 and Leforestier and Livolant.45 A supra-
molecular hexagonal columnar organization46 and
the formation of a hexatic phase between the choles-
teric and crystalline phases have been reported for
oriented DNA sheets.47 The formation of ordered
structures in films following the drying of 30–60 mg/
mL solutions was reported in articles by Morii and
coworkers.31,32

We inspected the morphology of the DNA films
with cross-polarized, white-light microscopy under a
low magnification. Preliminary observations revealed
the presence of textures and patterns of stripes,
distinctly ordered at the films’ thicker edges, and
occasionally colors, which might be related to the
presence of the liquid-crystalline phases in the films.

Our DNA films showed a higher degree of bire-
fringence and better chain alignment than those
reported for films of higher molecular weight,
29,000-base-pair salmon DNA, for which the highest
(negative) birefringence was 0.027.31 Brandes and
Kearns30 observed a birefringence of 0.02 6 0.005 in
a magnetically ordered liquid crystal at a concentra-
tion of 248 mg/mL calf thymus DNA. The difference
in the liquid-crystalline behavior and optical pro-
perties can be explained by the different molecular
weight of the DNA, the concentration of the solute,
the presence of electrolyte ions, and the speed of
film drying.

We see from our data that it is possible to obtain
molecularly oriented DNA films with an isotropic or
anisotropic chain orientation that is orthogonal to
the planar orientation found in most of our films. A
strong positive birefringence in a DNA film, reported
by Wang et al.12 and Zhang et al.,13 for which nTE
was 1.534 and nTM was 1.497, might have its origin
in a film structure generated by the method of film
processing and material preparation conditions;
however, these parameters were not specified.

The values and anisotropy of the refractive indices
found in our solution-cast films are in good agree-
ment with the data obtained by Rupprecht et al.29 in
stretch-oriented, approximately 50-mm-thick, fibril-
like films of Na–DNA. The indices, measured at

l ¼ 514.5 nm, responded to the RH and were
anisotropic. The refractive index perpendicular to
the drawing axis was 1.551 6 0.009 at an RH of 45%.
It was larger than the index in the direction parallel
to the drawing axis, 1.505 6 0.005 at an RH of
45%.29 These films were negatively birefringent, the
birefringence was about 0.04–0.05 throughout most
of the humidity range, and they were highly crystal-
line. The indices decreased with increasing water
content, as in our films. Anomalous behavior was
observed at RHs between 70 and 86%,29,37 which
was explained by the transition from the A phase to
the B phase of DNA (the B phase occurs at a higher
water content).

The optical constants of a DNA film in vacuo were
measured by Inagaki:28 the refractive index was 1.58
at l ¼ 620 nm and 1.59 at l ¼ 496 nm. Presumably,
they were obtained in the film plane. They coincide
poorly with the value of 1.552 6 0.007 measured at
l ¼ 514.5 nm in vacuo for the stretch-oriented film in
the direction parallel to the drawing axis in ref. 29.
Surprisingly, they are similar to the refractive-index
data for the film in vacuo in the direction perpendic-
ular to the drawing axis, 1.583 6 0.006.29

These observations indicate that DNA is an excep-
tionally complex material that requires rigorous
handling procedures and well-defined conditions of
the film preparation methods to be able to predict
the film properties. Of special interest, as possible
tools to control the orientation and anisotropy of
DNA films, are unique methods of preparation of
oriented, lyotropic, liquid-crystalline films success-
fully developed by Kryszewski’s group.4,48,49

Dispersion of the refractive index

Inagaki et al.28 measured the wavelength depend-
ence of the refractive index in a DNA film in vacuo
and at an RH of 92% in the range of 2–4 eV (l ¼ 620–
310 nm). The change in the RH dramatically reduced
the refractive index from 1.58 at an RH of 0% to about
1.43 at an RH of 92% at a photon energy of 2 eV.

The electronic spectra of DNA films show a prom-
inent absorption peak at l ¼ 260 nm, a valley at
l ¼ 231 nm in the UV range, and a relatively strong
absorption peak in the IR range. This peak, with a
maximum at about l ¼ 2990 nm and a sideband
at about l ¼ 3120 nm, is caused by oscillation vibra-
tions of the O��H and N��H bonds. The height of
this peak depends on the RH and the content of
water in the DNA films.

Absorption and reflection spectra of thin DNA
films can often display fringes due to the interfer-
ence of light being transmitted through the films
with that reflected from the other interface. Figure 4
shows an example of fringes in the absorption spec-
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trum measured in a 2.07-mm-thick film of DNA-f7 on
a silica substrate.

We derived the dispersion of refractive indices in
our DNA films from the interference fringes mea-
sured in the absorption and reflection spectra in a
wide spectral range (l ¼ 200–3200 nm) at normal
and oblique angles of incidence, respectively, em-
ploying a Cary 5000 spectrophotometer and a
Shimadzu spectrophotometer. They provided data
for a comparison with the results obtained with the
prism coupling technique.

The transmission of light through a thin film
depends on the values of the refractive index of the
film [n(l)] and of both the substrate and the upper
dielectric medium (air). A transmission spectrum
contains fringes whose positions can be approxi-
mated with the following relation: I(l) ¼ I0 sin[2k(l)d
þ Df], where I(l) is the intensity of the transmitted
light, I0 is the intensity of the incident light, k(l) ¼
2pn(l)/l is the light propagation vector in the me-
dium, Df is a phase shift, and d is the thickness. The
positions of these fringes can be used to obtain infor-
mation on the thickness and refractive index of the
film by, for example, the method of Swanepoel.50

For light with normal incidence on a film of thick-
ness d, the wavelengths of the transmission extremes
are given by the well-known relation 2nd ¼ ml,
where m is the integer number counting maxima. In
practice, n(l) can be estimated for transparent films
of thicknesses ranging from 0.5 to 5 mm.

We analyzed the interference fringes in the absorp-
tion spectra to derive the thickness of the films, the
refractive index, and its dispersion. We used a
method similar to that of Swanepoel50 in the ap-

proach, in which we made use of the knowledge of
the refractive index of the film at a single wave-
length and applied the Sellmeier dispersion equa-
tions for fitting the transmission fringes in a broad
wavelength range. We chose to approximate the
index dispersion [n(l)] by a Sellmeier-type formula:

nðlÞ ¼ Aþ B

1� C
l2

 !0:5

(1)

which requires knowledge of dispersion parameters
A, B, and C.

We performed many measurements of absorption
and reflectance spectra of the pure DNA films listed
in Table I. The fringe patterns were fitted with the
Mathcad 2000 program (Mathsoft, Cambridge, MA);
we adjusted the parameters in the Sellmeier formula
to achieve the same number and position of all the
measured maxima and minima in the entire spectral
region.

The refractive indices of the DNA depended to a
marked degree on factors such as the RH, as shown
in Table I. From the measurements, an average index
dispersion formula was derived, that is, a Sellmeier-
type equation, which could be used in the case of
our DNA films. For salmon DNA films prepared
from deionized water solutions, we found this
relation:

nðlÞ ¼ 1:028þ 1:286

1� 14000
l2

 !0:5

(2)

where l is measured in nanometers. In the case of
DNA films for which the refractive index was very
sensitive to the content of water, the first parameter
(A) of the equation had to be varied to some extent
to obtain a good fit to the measured thickness and
refractive index for films under different humidity
conditions, whereas the B and C parameters did
not require such variation. Equation (2) gives nTE
¼ 1.5364 at l ¼ 632.8 nm and nTE ¼ 1.5303 at l
¼ 814 nm as possible values of the refractive index
at, for example, RH � 50%.

The fitting of the fringes in the spectrum in Figure 4
for DNA film DNA-f7, 2.07 mm thick, measured
at RH � 45%, gave the dispersion parameters A
¼ 1.0655, B ¼ 1.2858, and C ¼ 14000. The absence of
in-plane anisotropy was detected for the refractive
index of the studied DNA films, at least within the
accuracy of the absorption and reflectance methods.
The prism coupler values, nTE ¼ 1.5486 at l¼ 632.8 nm
and nTE ¼ 1.5406 at l ¼ 814 nm, were obtained for
this film at RH � 45%, following the measurement
of the spectrum in the same film area. For the mea-
surements of the reflection spectra, we used a vari-
able-angle specular reflectance accessory designed

Figure 4 Interference fringes in the absorption spectrum
of film DNA-f7 on an Infrasil substrate measured in air
(RH � 45%) immediately after drying in vacuo (at 35–458C
for 24 h). The thickness of the film (2.07 mm), derived from
the fitting of the fringe pattern with nTE ¼ 1.5486 at l
¼ 632.8 nm and nTE ¼ 1.5406 at l ¼ 814 nm, is in fair
agreement with the thickness of the film (2.09 mm) meas-
ured with the prism coupler. [Color figure can be viewed
in the online issue, which is available at www.interscience.
wiley.com.]
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for the Cary 5000 spectrophotometer, allowing for
reflectance measurements at angles between 20 and
708. However, we will report this in detail elsewhere.
The use of the absorption interference fringe tech-
nique can be advantageous for studies of the uni-
formity of the optical properties of DNA-based
films.

CONCLUSIONS

Our films of double-stranded DNA, derived from
salmon milt and roe sacs, demonstrated interesting
linear optical properties. We prepared a series of
films, using both spin-coated and cast aqueous solu-
tions, in a range of concentrations of the DNA solute
(0.1–3 wt %). The solutions were characterized with
absorption spectra. The films were measured with a
prism coupling technique to obtained refractive indi-
ces for TE and TM light polarization. The absorption
and reflection spectra showed interference fringes,
which could be used to derive information on the
refractive-index dispersion.

We observed that the values of the refractive indi-
ces and birefringence in the DNA films varied
considerably, depending on the film fabrication
method, solution concentration, drying conditions,
and RH of the environment.

The refractive indices of the DNA films decreased
with increasing humidity in ambient air. Prism
coupler measurements showed various degrees of
optical anisotropy for the films.

A high negative birefringence, about �0.03 at RH
� 55%, in the solution-cast films, indicated that the
DNA molecules were highly aligned in a plane
parallel to the film surface. However, this alignment
changed with the humidity. The birefringence almost
disappeared at RH � 37%. This might suggest a
transition to a different phase, a change in the orien-
tation, or a change in the shape of the molecules.

An almost isotropic DNA polymer film made
by spin deposition of a more concentrated solution
(3 wt % DNA) had a slightly positive birefringence.
This suggests that the molecules were randomly
orientated. We saw a fluctuation in the birefringence
in this film at RH � 53–55%, indicating a change in
its molecular organization.

We are keen to rationalize the fluctuations in the
optical data with respect to the polymorphism and
liquid-crystalline forms of DNA. The polymer may
form mesoscopic liquid-crystalline phases during the
process of densification of a solution by solvent
evaporation and the formation of a solid film. The
difference in the optical anisotropy of the cast and
spin-coated films might have its origin in the differ-
ent speeds of solvent evaporation and the concentra-
tion-dependent freedom of the alignment of the
DNA molecules. The humidity-dependent fluctua-

tions of the birefringence indicate a change in the
local structure and organization of the DNA mole-
cules in the moisture-swollen solid films.

The authors acknowledge the pioneering efforts of Naoya
Ogata of the Chitose Institute of Science and Technology
for providing the source of deoxyribonucleic acid used in
their research.
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