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The denaturation of double-stranded deoxyribonucleic acid (ds-DNA) has been well known to break nucleobase
bonds, resulting in single-stranded deoxyribonucleic acid (ss-DNA) in solutions, which can recombine to form
ds-DNA in a reversible manner. We developed an efficient process to irreversibly maintain various DNA dena-
turation levels in thin solid films in order to investigate the impacts of the denaturation on the optical properties
of DNA films. By adding NaOH in an aqueous solution of salmon testis DNA, we flexibly controlled the level of
denaturation in the solution, which was then spin-coated on Si and silica substrates to irreversibly bind ss-DNAs
in a thin solid film. The denaturation of DNA in thin solid films was experimentally confirmed by ultraviolet-
visible and Fourier transform infrared spectroscopic investigations, whose level could be controlled by the NaOH
content in the aqueous solution precursor. By this irreversible denaturation process, we developed a new method
to flexibly vary the refractive index of DNA thin solid films in a wide range of Δn > 0.02 in the visible to near-
infrared range. Thermo-optic coefficients dn/dT of the films were also experimentally measured in the temper-
ature range from 40°C to 90°C to confirm the significant impacts of denaturation. Detailed thin film processes
and optical characterizations are discussed. © 2018 Chinese Laser Press
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1. INTRODUCTION

Since the discovery of the deoxyribonucleic acid (DNA) double-
helix structure [1], DNA has been incessantly investigated in
various areas of life sciences, biomedical technologies, and
recently, physical sciences. DNA thin solid films (TSFs) have
drawn intense attention due to their unique potential as a highly
functional layer in electronic devices [2,3] and organic light-
emitting diode (OLED) devices [4]. In photonic devices,
DNA-TSF layers have been also employed successfully, such
as an active layer in an optical amplifier [5], a functional cladding
layer in an electro-optic modulator [6], a saturable absorber in
pulse generation [7], and in various optical sensors [8,9] to name
a few. However, these prior DNA applications have been limited
to hybrid structures such that DNA-TSFs have been embedded
in device platforms made of inorganic or other types of polymer
materials. In order to further pursue all-DNA photonic wave-
guide devices fully utilizing the inherently biocompatible nature
of DNA, systematic, precise, and repeatable control of the refrac-
tive index in DNA-TSFs is imperative. The authors have recently
shown the potential to control the refractive index of lipid-bound

DNA films by developing a re-crystallization process [10].
The method used organic solvents to dissolve the prepared
DNA-lipid precipitates, but the lipids bound in DNA films
may not fully guarantee the inherent biocompatibility of pure
DNA. There have been reports of changing the refractive index
of lipid-bound DNA films by adding organic dyes [11], which
might further deteriorate biocompatibility. Therefore, it is highly
desirable to maintain the full biocompatibility of DNA by
removing the lipid complex to use aqueous solution precursors
in the refractive index control of DNA-TSFs. The authors have
proposed adding vitamin B2 to lipid-free DNA-TSFs to achieve
efficient refractive index control [12].

However, this method is based on the additional optical loss
of vitamin B2 in the visible range so that the method is appli-
cable for devices operating only in the infrared (IR) region. It is,
therefore, very important and useful to maintain the fully bio-
compatible nature of lipid-free DNA-TSFs while making them
operate in a wide spectral range covering both the visible and IR
for practical photonic devices.

It has been well understood that double-stranded DNA (ds-
DNA) can be separated into single-stranded DNA (ss-DNA),
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which is called DNA denaturation, by radiation, heat, or using
chemical agents in the solution states [13–15]. The impacts of
DNA denaturation on both chemical and biological aspects have
been well investigated [16,17], but systematic investigation of its
influences on the optical perspective has not been attempted,
especially for DNA in thin solid film states.

In this study, we developed a novel process to control the
optical properties of lipid-free DNA-TSFs, enabling photonic
devices operating in a wide spectral range including both the
visible and IR regions, utilizing denaturation of ds-DNA into
ss-DNA in aqueous solutions and irreversibly maintaining the
denaturation level in thin solid films, for the first time to the
best knowledge of the authors. It has been reported in prior
studies that the level of DNA denaturation in the aqueous sol-
ution can be flexibly controlled by adding NaOH and by in-
creasing the pH level [18–21]. However, the denaturation in an
aqueous solution has been also known to be chemically revers-
ible, such that ss-DNA can be self-assembled to ds-DNA
through a statistical DNA hybridization process in water
[22,23]. The notions of this study are: (1) the level of DNA
denaturation in an aqueous solution is controlled by adding
NaOH; (2) these solution precursors are spin-coated on
Si∕SiO2 substrates to form DNA-TSF to irreversibly maintain
the DNA denaturation level in the solid state; (3) denaturation
changes the density of DNA-TSFs and, subsequently, their re-
fractive indices and thermo-optic properties, in a controllable
manner over a wide spectral range. Here, we report highly pre-
cise and repeatable control of the refractive index of DNA-TSFs
by varying the level of denaturation in a solid, as schematically
shown in Fig. 1. We successfully obtained a very wide range of
refractive index variation Δn > 0.02 in lipid-free DNA-TSFs,
which is sufficiently large to provide all-DNA optical wave-
guide structures with full biocompatibility operating in a broad
spectral band. In the following sections, we reported the
spectroscopic identification of DNA denaturation and its cor-
relation with the optical dispersion characteristics and their
temperature dependence, which can open a new avenue of
all-DNA broadband photonic device applications.

2. EXPERIMENT

We used salmon testis DNA powder purchased from Ogata
Research Laboratories Ltd. in Japan, which has been widely

used in DNA-TSF fabrication [7,10,24,25]. The DNA powder
was dissolved in deionized water to make homogeneous DNA
aqueous solutions with a concentration of 0.4 wt. %. In order
to initiate the chemical denaturation in DNA aqueous solu-
tions with a volume of 15 mL, we further dissolved high-purity
NaOH to make four distinctive solutions with 0, 2.5, 5.0, and
7.5 mM (1 mM = 1 mmol/L) NaOH concentrations. These
NaOH concentration ranges have been known to partially de-
naturate ds-DNA to result in ss-DNA in aqueous solutions
[18,19]. We used these DNA-NaOH solutions as the precur-
sors of DNA thin solid films in order to solidify the ss-DNAs
within the ds-DNAs in an irreversible manner, for the first time
to our knowledge.

The prepared DNA-NaOH aqueous solution precursors
were spin-coated on Si and SiO2 substrates at 20°C, similar
to the previous ds-DNA thin film fabrication processes [7,24].
The processes are schematically shown in Fig. 2. Oxygen
plasma treated P-type Si(100) and quartz wafers were used after
a conventional ultrasonic cleaning procedure: 5 min in acetone
and 5 min in isopropyl alcohol. Over the prepared substrates of
a size of 2 cm × 2 cm, DNA-NaOH aqueous solution precur-
sors of ∼500 μL were dropped using a dispenser, which was
then spun at 750–800 r/min in a commercial spin coater
(ACE-200) for 5 min. These samples were vacuum-dried in
a vacuum desiccator at 20°C for 24 h to obtain uniform thin
films with a thickness of ∼40 nm. Considering both prior re-
ports and our own experiments, it is understood that NaOH in
the aqueous solution fundamentally induced the denaturation
similar to that in prior reports, and the solution served as a
stable liquid precursor for ss-DNA thin solid films. The
spin-coating mechanism, where a thin layer of liquid is evapo-
rated within a few seconds, might have corroborated the fixture
of denatured ss-DNA in the thin solid film. The fast evapora-
tion in the spin-coating process might have reduced the rena-
turation rate, effectively maintaining the denaturation state in
the thin solid DNA film.

Note that in a solution state, ss-DNA can be self-assembled
into ds-DNA in a reversible manner. In the case of monolayers,
ss-DNA monolayers deposited on various substrates could be
hybridized with nanoparticles modified with a complementary
ss-DNA to form a ds-DNA monolayer [26,27]. However, we

Fig. 1. Schematic diagram to control the refractive index of DNA
thin solid film by denaturation. Denaturation is activated by adding
NaOH in DNA aqueous solution precursors, which is irreversibly
immobilized in thin solid film to change the refractive index (ds,
double stranded; ss, single stranded).

Fig. 2. DNA thin solid film fabrication process. (a) DNA aqueous
solution and DNA-NaOH aqueous solution where the denaturation is
reversible. (b) O2 plasma treatment on Si∕SiO2 substrate to make
hydrophilic surfaces. (c) Dispensing aqueous solution precursors on
the substrate. (d) Spinning and solidification by water evaporation.
(e) Single-stranded DNAs are maintained in the thin solid film to
achieve the irreversible denaturation.
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succeeded in irreversibly maintaining ss-DNA within DNA
thin multiple layer films fabricated by the spin-coating process.

3. RESULTS AND DISCUSSION

A. UV-Visible Spectrometer to Confirm Denaturation
in Aqueous Solutions
In order to confirm the DNA denaturation in the prepared
aqueous solution precursors, we measured their UV-visible
absorption spectra using a commercial spectrometer (V-650,
JASCO Corporation). DNA absorbs the UV light due to
the electronic structure of the heterocyclic rings of the nucleo-
tides, and the characteristic absorption of DNA in the aqueous
solution occurs near the wavelength λ � 260 nm [28–30]. It
has been widely accepted that the DNA denaturation changes
the UV absorption peak intensity [13,18,21], which has been
widely utilized as a denaturation signature. In order to clearly
resolve the changes in the 260 nm absorption peak, we reduced
the concentration of DNA in the aqueous solution to 0.15 wt. %
and varied the NaOH concentration from 0 to 17.5 mM. For
each NaOH-DNA solution, the UV-visible absorbance was
measured, and the results are summarized in Fig. 3.

When a double-stranded DNA helix unwinds into single
strands to form random coils, it is well known that an increase
in the absorbance at λ � 260 nm is observed, which is called
the hyperchromicity of DNA denaturation [30]. Consistent
with prior reports, we also observed hyperchromicity at λ �
260 nm as the NaOH concentration increased in the salmon
testis DNA aqueous solution, which is the direct evidence of
denaturation. We also measured the absorbance of the NaOH
aqueous solutions without DNA and we could not find any
changes in comparison to pure deionized water in the UV re-
gion near λ � 260 nm, which confirmed that the hyperchro-
micity of the NaOH-DNA solutions around λ � 260 nm is
attributed only to DNA denaturation. Note that peak absorb-
ance around λ � 260 nm gradually increased up to the NaOH
concentration of 10.0 mM, and it abruptly further increased at
a higher concentration. The absorbance around λ � 260 nm
saturated beyond the NaOH concentration of 17.5 mM,
and we also observed that the peak position of the absorbance
slightly moved toward a longer wavelength as the NaOH con-
centration increased. In prior reports, how this hyperchromicity
is correlated with the exact level of denaturation has not been
fully quantified yet. In this study, we will focus on the impacts

of the DNA denaturation on the optical properties in the DNA
thin solid films. The experimental data will be referenced to the
NaOH concentration in the DNA precursor solutions.

B. FTIR Measurement to Confirm Denaturation in
Thin Solid Film
We further investigated the molecular structure of solidified
NaOH-DNA precursors in a thin film using Fourier transform
infrared (FTIR) spectroscopy in the spectral range from 700 to
4000 cm−1, and the results are summarized in Fig. 4. Here, we
used a 0.4 wt. % aqueous solution of DNAwith various NaOH
concentrations as a solution precursor, which was dropped onto

Fig. 3. (a) UV/visible spectra of DNA aqueous solution with various NaOH concentrations in the precursor solutions. Here we used 0.15 wt. %
DNA. (b) Hyperchromicity near λ � 260 nm was clearly observed by increasing the NaOH concentration.

Fig. 4. (a) FTIR absorption spectra of solid freestanding DNA films
made from DNA aqueous solutions with various NaOH concentra-
tions. (b) Spectral shift of the cytosine vibration peak as a function
of NaOH concentration in the DNA precursor solutions.
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a petri dish and dried in a vacuum desiccator. Freestanding
DNA films with a thickness of ∼1 μm were obtained with vari-
ous NaOH concentrations. Figure 4(a) shows the FTIR absorp-
tion spectra of the freestanding solid DNA films with various
NaOH concentrations in the solution precursors. The FTIR
absorption spectra were divided into three spectral regions:
3600 − 3000 cm−1 for OH stretching, 1800 − 1300 cm−1 for
nucleobase vibrations, and 1250 − 700 cm−1 for the sugar
and phosphate backbone groups [31]. Since the denaturation
process breaks the hydrogen bonds between nucleobases, we
focused on how one of the nucleobases, cytosine, would change
in its characteristic vibrational peaks for various NaOH concen-
trations. It is well known that in pristine DNA the cytosine in-
plane vibration has an absorption peak at ∼1489 cm−1 [31,32],
and for the cytosine-guanine bond vibration band it is at
∼1419 cm−1 [31]. It is observed that these two peaks showed
significant spectral shifts as the NaOH concentration increased
or, equivalently, the relative denaturation increased in the sol-
ution precursors. Both the cytosine vibration peak and
cytosine-guanine bond peak shifted toward a lower wavenum-
ber for higher NaOH concentrations as shown in Fig. 4(a). In
Fig. 4(b), we plotted the cytosine vibration peak position as a
function of NaOH concentration. It has been reported that
denaturation of DNA resulted in the spectral peak shift of
the nucleobases’ vibrational modes in the FTIR spectra [33],
which is consistent with our measurements in solid DNA films.
Note that this consistency in FTIR measurements directly
indicates that the denaturation of DNA was immobilized into
solid films irreversibly. We measured the FTIR spectra for the
same solid freestanding films after varying the temperature
from 20°C to 60°C for an hour, yet we did not observe any
reversal of the spectral shifts in FTIR spectra, which strongly
confirms that the denaturation of DNA was irreversibly main-
tained in the solid thin film.

C. Ellipsometry to Measure Optical Properties
For DNA thin solid films fabricated by spin-coating on Si sub-
strates, the refractive indices and film thickness were measured
using a Wollam ellipsometry system, and the results are summa-
rized in Fig. 5 and Table 1. Here we used the isotropic Cauchy
model [7,10] because there are no resonant absorption bands in
the DNA thin films in the spectral range from 380 to 900 nm. It
has been reported that the refractive indices of DNA thin films

depend on the film thickness [11] since the surface interaction
between the substrate and the film is influenced by the film
thickness. In order to focus on the impacts of DNA denaturation
on the refractive index, we optimized the spin-coating process to
fabricate films with nearly the same thickness of ∼40 nm. We
found that the viscosity of the NaOH-DNA precursor solution
decreased as the NaOH concentration increased or, equivalently,
the level of denaturation increased. The thin film process was
optimized for NaOH-DNA solution precursors with various vis-
cosities by varying the spinning speed in the range from 750 to
800 r/min, which compensates for the viscosity difference and
provides nearly the same film thickness.

First we confirmed our measurements for pristine DNA
films, n � 1.534 at λ � 633 nm, were consistent with prior
reports [7,24,34], which ensures the validity of our experi-
ments. In Fig. 5(a), the refractive index as a function of the
wavelength is plotted for DNA films with various NaOH con-
centrations in the precursor solutions. We observed a consistent
decrease in the refractive index of DNA films with increasing
NaOH concentrations in the precursor solutions. Note that
the refractive index change is not due to the film thickness
variation, since all the films were fabricated at a nearly same
thickness, and therefore it is due to the DNA denaturation.
The refractive index decrease in denaturated DNA thin solid
film is quite predictable, since DNA denaturation breaks the
nucleobase bonds, and subsequently, the net density decreases
[35] in the solid thin films. The refractive index of a solid
medium is directly proportional to its density [36], and there-
fore, DNA denaturation could result in a density decrease
and subsequently a refractive index decrease. In Fig. 5(a), a
downward shift of the nearly whole optical dispersion curve in

Fig. 5. (a) The refractive indices of DNA thin solid film in the spectral range from 380 to 900 nm for various NaOH concentrations in precursor
solutions. (b) The refractive indices of DNA thin solid film as a function of NaOH concentration in the precursor solutions.

Table 1. Average Thickness of DNA Thin Solid Films
Made from Precursor Solutions with Various NaOH
Concentrations

NaOH in Precursor
Solution (mM)

Thin Film
Thickness (nm)

0 43.8� 0.6
2.5 38.6� 2.3
5.0 42.8� 3.4
7.5 39.6� 1.6
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the spectral range of 380–900 nm was observed as the NaOH
concentration increased from 0 to 2.5, 5.0, and 7.5 mM in the
precursor solutions. We plotted the refractive index change
as a function of NaOH concentration in Fig. 5(b) showing
excellent linear dependence in a wide spectral range covering
both the visible and IR, which was not possible in DNA-vitamin
B2 thin films due to the intrinsic absorption of vitamin B2 in
the visible range. The refractive index difference between the
pristine DNA film and the film with 7.5 mM NaOH concen-
tration was as large as ∼0.021 in the whole spectral range, and
this difference is sufficiently large to make all-DNA waveguide
structures, such as a pristine DNA core and denatured DNA
cladding.

When the NaOH concentration further increased beyond
7.5 mM, we found the viscosity of the precursor solution sharply
decreased, which made it very difficult to fabricate thin films
with the same thickness of ∼40 nm using the spin-coating sys-
tem.We did measure the refractive index of DNA thin film with
a higher NaOH concentration and confirmed that it continued
to decrease but the film thickness was much thinner. We con-
firmed the irreversible maintenance of DNA denaturation in the
solid thin film by experimental FTIR measurements in Fig. 4,
which is consistent with the refractive index decreases in Fig. 5
due to the DNA denaturation and subsequent density decrease.
However, NaOH embedded in the DNA solid thin films could
contribute to the refractive index changes due to its inherent re-
fractive index [37,38]. The actual amount of NaOH in the fab-
ricated thin solid film was not identified, but the concentration

of NaOH in the solid film would not exceed that of the
precursor solutions, which is in the order of 10−3 M.

D. Investigation of Thermo-Optic Coefficients
Variation of the refractive index with the external temperature,
the thermo-optic effect, is a very fundamental mechanism to
add novel functionalities in photonic devices providing spectral
tuning, switching, and sensing applications. Implementing a
temperature-controlled unit inside a Wollam ellipsometry sys-
tem, we measured the changes in the refractive index and the
thickness of DNA films made from NaOH-DNA precursor
solutions for various NaOH concentrations. The results are
summarized in Fig. 6 in the temperature range from 40°C
to 90°C. The heating/cooling rate was about �10°C∕min,
which was controlled by a Peltier thermoelectric device. We ob-
served a linear correlation between the decrease of the refractive
index and the temperature increase, which is consistent with
prior reports on a negative thermo-optic coefficient, dn/dT,
of DNA thin films [9–11]. We also observed a monotonic
decrease of the film thickness as the temperature increased,
and after the first cycle, the film thickness slightly decreased
due to additional drying of the DNA film, which is also consis-
tent with prior reports [10,11]. We repeated measurements in
successive temperature cycles and observed no further significant
changes in the thermo-optic coefficients and the film thickness
within experimental errors after the second cycle. We summa-
rized the dn/dT measurements of the DNA thin films at λ �
633 nm for various NaOH concentrations in the precursor

Fig. 6. Thermally induced changes in the refractive index and the film thickness of DNA thin solid film with various NaOH concentrations in
precursor solutions. (a) Refractive index at λ � 633 nm as a function of temperature in the first temperature cycle; (b) refractive index at λ �
633 nm as a function of temperature in the second cycle. (c) Film thickness as a function of temperature in the first cycle; (d) film thickness as a
function of temperature in the second cycle.
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solutions in Table 2. The difference in jdn∕dT j between the first
cycle and the second cycle was due to water evaporation within
the DNA thin film in the first cycle, which is consistent with
prior DNA-based films [11]. In repeated temperature cycling ex-
periments, we did not observe any hysteresis in the refractive
index and thickness, which indicated that the DNA films were
thermally stable and the melting temperature of the film would
be above 90°C. We observed that the magnitude of dn/dT of our
denatured DNA thin films was significantly higher than that of
DNA-CTMA (cetyltrimethylammonium) thin film, which has
recently been measured to be dn/dT ∼3.57 × 10−4 °C−1 [9] for
a film thickness of 60 nm. The addition of NaOH and the
subsequent increase in the level of DNA denaturation especially
showed a good linear correlation with the magnitude of the
thermo-optic coefficient, which could be attributed to both the
random coil structure of ss-DNA and NaOH ingredients in
the DNA thin films. Note that the magnitude of dn/dT of these
denaturated DNA thin films is also larger than those of conven-
tional thermo-optic polymers [39], which can provide a definite
advantage in various device applications.

4. CONCLUSION

We have successfully developed a new method to precisely con-
trol the refractive index and thermo-optic coefficient of DNA
thin solid film by adopting a denaturation process in the aque-
ous solution precursor to unwind double-stranded DNAs (ds-
DNAs) into single-stranded DNAs (ss-DNAs). These ss-DNAs
were irreversibly immobilized in thin solid films by an optimal
spin-coating process to systematically alter the physical proper-
ties of the film. We found that the denaturation activated by
adding NaOH in the solution precursor effectively lowered the
refractive index, with Δn ∼ 0.021 in the visible-near-IR region,
which is sufficiently high enough to make an all-DNA optical
waveguide structure with a ds-DNA core and ss-DNA cladding.
We also found that the thermo-optic coefficients dn/dT of
DNA thin solid films were systematically controlled from
−3.86 × 10−4 to 5.51 × 10−4 °C−1 in the temperature range
from 40°C to 90°C by the denaturation process, which can find
various applications in biocompatible optical sensing and
switching. We experimentally confirmed a high potential to
make all-DNA photonic devices by using unique refractive
index control of DNA film by the denaturation process.

Funding. National Research Foundation of Korea (NRF)
(2016k1A3A1A09918616).
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