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Abstract Dye-doped deoxyribonucleic acids (DNA)-
tetradecyltrimethylammonium (TTA) films have been
prepared. Acridine orange, known as a DNA-binding
molecule, can be spontaneously doped by immersing the
DNA-TTA film in an acetonitrile solution of the dye. Dye-
doped samples exhibit two characteristic absorption bands
corresponding to the dye monomer and aggregate,
respectively. With the elapse of time after immersion, dye
molecules undergo an unusual transformation from the
aggregate state to the monomer state, and photolumines-
cence intensity also increases. Dye molecules in the sample
exhibit a pronounced enhancement in their photolumines-
cence intensity than those in PMMA. The photolumines-
cence intensity of the samples strongly correlates to both of
the dye concentration and monomer/(monomer + aggre-
gates) ratio. Not only the hydrophobic interaction but also
the electrostatic force between DNA and dyes play
important roles in the formation of the dye-doped samples.
It is surmised that monomers and aggregates disperse
within the hydrophobic TTA sites in the early stage, and
then a part of monomers presumably intercalate between
adjacent base pairs of DNA with the elapse of time.

Introduction
There has been great interest in past decades to synthesize

nanostructured materials based on the use of molecular
templates [1-3]. Deoxyribonucleic acid (DNA) is one of
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the potential molecular templates for functional molecules
because of its unique double helix structure. In the bio-
chemistry field, it is generally accepted that many cationic
molecules having a planar structure interact with DNA
[4-6]. There are three types of the interaction as follows:
intercalation, groove binding, and external stacking [7, 8].
These molecules are called as a DNA-binding molecule.
It is very interesting to note that some DNA-binding
molecules show a pronounced enhancement in their fluo-
rescence intensity by the intercalation [5, 9]. Upon inter-
calation, one molecule is separated spatially between
adjacent base pairs. Furthermore, intercalated molecules
are expected to be oriented to one direction because base
pairs are stacked each other. From the viewpoint of
materials science, the most striking interest is the fluores-
cent intensity enhancement and stabilization of the mole-
cules induced by the intercalation. Therefore, dye-doped
DNA would offers interesting opportunities for optical
applications if functional molecules such as luminescent,
non-linear optical and photochromic dyes for example,
were intercalated.

So far, the use of DNA for optical applications was
limited due to its hygroscopic properties. Recently, water
insoluble DNA-surfactant complexes have emerged by a
simple mixing of DNA with cationic amphiphilic surfac-
tants [10, 11], and optical properties of dye-doped
DNA-surfactant films have been widely investigated
[12-15]. In our previous paper, the authors found that
Coumarin dyes were spontaneously incorporated into the
DNA-surfactant film [16]. However, no fluorescent inten-
sity enhancement was observed. In order to clarify the
interaction between DNA and dyes, it is preferred to use
DNA-binding molecules, which show fluorescence inten-
sity enhancement upon intercalation. From the reasons
above, acridine orange (AO) was chosen as a doped dye.
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AO is one of the DNA-binding molecules known to exhibit
different absorption and fluorescence properties, depending
on the chemical states [17, 18]. The most important feature
is that the characteristic green fluorescence is enhanced
when AO is intercalated into double strand DNA. The
purpose of this study is to synthesize AO-doped DNA-
surfactant films and to investigate the chemical states of
AO by optical spectroscopy.

Experimental procedure

The following raw materials were purchased and used
without further purification. Salmon sperm DNA sodium
salts (average base pairs = 300, DNA 87.3%, H,O 9.2%)
and tetradecyltrimethylammonium-chloride [(CH3);NTCI™
(CH,);3CHj;, TTA-chloride, 98%] were used for the prep-
aration of DNA-TTA complexes. sec-Butyl alcohol [C,Hs
CH(OH)CH3;, 99.5%] was used as a solvent. Poly(methyl
methacrylate) [(CsHgO,),, PMMA, average molecular
weight = 100,000] and N,N-dimethylformamide [HCON
(CHj3),, DMF, 99.5%] were used for the preparation of dye-
doped PMMA films. Acridine orange (C;cH,oN;"Cl™,
99%) was used as a doped dye.

First, DNA-TTA complexes were synthesized by the
mixing of an aqueous DNA solution with TTA-chloride.
The DNA-TTA precipitates were collected by filtration,
dried at room temperature in an atmospheric pressure fol-
lowed by suction drying (approximately 0.1 Pa) at 60 °C
for 24 h. Next, DNA-TTA films were prepared by the
casting DNA-TTA solution (100 pL) on SiO, glass sub-
strates, and then dried at room temperature for 48 h. The
concentration of DNA-TTA was fixed at 5.0 wt%. The
dye-doped DNA-TTA films were prepared by the follow-
ing methods. The DNA-TTA film was dipped in an
approximately 3 x 10™* wt% AO solution for 10 s to 1 h.
Acetonitrile (CH5CN, 99.8%) was used as a solvent. This
method is defined as “immersion method” hereafter. After
immersion, samples were rinsed with distilled water, dried
by air blow and then kept in a plastic container. Note that
the expression “as-prepared” means just after drying and
“after 1 month” means that the sample has been stored for
1 month, respectively. For comparison, AO-doped DNA—
TTA films were also prepared by the casting AO and
DNA-TTA co-dissolved sec-butyl alcohol solution (DNA-
TTA concentration; 5.0 wt%) on SiO, glass substrates, and
then dried at room temperature for 48 h. This method is
defined as “casting method” hereafter. The AO/DNA-TTA
weight ratio was varied from 1/10 to 1/1600.

The thickness of the samples was measured using a
surface profiler (Veeco, Dektak3). Visible-UV optical
absorption spectra of the sample were measured using a
conventional UV-Vis spectrophotometer (JASCO V-570

Spectrophotometer). Absorption spectra were fitted using
Gaussian function to separate the AO absorption band.
Commercially available program (PeakFit, Sea Solve Inc.)
was employed for fitting. Photoluminescence (PL) and
photoluminescence excitation (PLE) spectra of the sample
were recorded using a spectrophotometer (Perkin Elmer
LS-50B). A monochromatic xenon lamp was used as an
excitation source.

Results and discussion

The solubility of DNA in organic solvents drastically
improves in the presence of cationic amphiphilic surfac-
tants. Preliminary experiments showed that DNA-TTA
complexes were highly soluble in methyl alcohol, ethyl
alcohol, and sec-butyl alcohol but insoluble in water, ace-
tonitrile, and tetrahydrofuran. DNA-TTA films prepared
by the casting method were homogeneous, highly trans-
parent but amorphous. The film thickness of AO-doped
DNA-TTA and PMMA films were approximately 4.4—5.3
and 4.2-4.8 um, respectively.

Figure 1 shows optical absorption spectra of as-prepared
AO-doped DNA-TTA films with different immersion time.
As was described in the previous paper [16], DNA-TTA
films showed a pronounced absorption band at 255 nm,
corresponding to the n—n* transition of nucleobases [19].
DNA-TTA films before immersion show no absorption
and PL peaks over the wavelength range of 350-700 nm.
Absorption spectra of the AO-doped DNA-TTA films
consist of two absorption bands at 470 and 500 nm. These
absorption bands have been attributed to the AO aggregate
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Fig. 1 Optical absorption spectra of as-prepared AO-doped DNA-
TTA films with different immersion time. The inset shows the change
is the absorbance at 500 nm as a function of the immersion time
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(A =470 nm) and the monomer (4 = 500 nm), respec-
tively [20, 21]. As seen in the inset, it is clear that these
absorption bands increase with increasing immersion time,
suggesting that AO molecules are incorporated into
DNA-TTA spontaneously.

Optical absorption spectra reveal that AO molecules in
the sample undergo an unusual transformation from the
aggregate state to the monomer state with elapse of time
after immersion. It is interesting to note that the absorbance
of the AO monomer further increases with the elapse of
time after immersion. On the contrary, the absorbance of
the AO aggregates decreases. Changes in the monomer/
(monomer + aggregates) ratio as a function of the
immersion time are shown in Fig. 2. Hereafter, the ratio is
denoted as the M/(M + A) ratio. The M/(M + A) ratio is
approximated by the Sponomer/ (Smonomer + Sagaregates) Tatio.
Smonomer aNd Sagorepates Mean the peak area due to
the monomer and the aggregates, respectively. The
M/(M + A) ratio of as-prepared samples decreases with
increasing the immersion time. With the elapse of time
after immersion, the M/(M + A) ratio increases and
approaches a constant value. When the immersion time was
less than 60 s, the M/(M + A) ratio remains constant for
1 day. For the immersion time >120 s, the ratio approaches
a constant for 1 month.

Figure 3 shows PL spectra of as-prepared AO-doped
DNA-TTA films with different immersion time. Clear PL
bands are observed for the AO-doped DNA-TTA films at
540 nm. The AO monomer exhibits a characteristic green
PL at approximately 530 nm [17, 18]. Therefore, the PL
band at 540 nm observed for the as-prepared samples
corresponds to the AO monomer. As the immersion time
increases the PL at 540 nm is significantly quenched. This

0.7 | [ as-prepared
n @ after 1 day
A
] JA) /\ after 1 month
A
<
é ]
s | A
0.5 - O PY
A
L O
" 13l " 1l a
10’ 10° 10°

Immersion Time (sec)

Fig. 2 Changes in the monomer/(monomer + aggregates) ratio of
the AO-doped DNA-TTA films as a function of the immersion time
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Fig. 3 PL spectra of as-prepared AO-doped DNA-TTA films with
different immersion time. The excitation wavelength was 500 nm

can probably be explained by concentration quenching. On
the contrary, a weak PL band at 600 nm appears as the
immersion time increases longer than 10 min. The PL band
at 600 nm can be attributed to the AO aggregate.
Changes in the maximum PL intensity of the AO-doped
DNA-TTA films as a function of (a) immersion time (b)
absorption coefficient and (c) M/(M + A) ratio are plotted
in Fig. 4. For comparison, the AO-doped PMMA films
were also prepared by a spin-coating method (2000 rpm,
1 min). Values of the absorption coefficient and the PL
intensity were estimated at 500 and 540 nm, corresponding
to the AO monomer. As seen in the Fig. 4a, the PL
intensity of as-prepared samples decreases with the
immersion time. But the PL intensity increases with the
elapse of time and finally approaches a certain value. When
the immersion time was less than 120 s, the PL intensity
increases with the elapse of time. After 1 week, the PL
intensity of each sample remains almost constant. The
saturated PL intensity shows a maximum at the immersion
time of 20 s, and then decreases. For the immersion time
>120 s, on the contrary, no increase in the PL intensity is
observed. It should be noted that absorption and PL spectra
of the AO-doped DNA-TTA films prepared by the casting
method remain independent of the elapse of time. Both of
the absorption and PL spectra showed no change even after
9 months storage. As is evident from Fig. 4b, the fluores-
cence intensity enhancement is observed for the AO-doped
DNA-TTA film. For example, the maximum PL intensity
is 10 times as large as than that of the AO-doped PMMA
films when the absorption coefficient of each film is the
same (o = 750 cm™'). However, the PL intensity is very
sensitive to the AO concentration compared with that of the
AO-doped PMMA films. In Fig. 4c, there exist strong
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Fig. 4 Changes in the maximum PL intensity of the AO-doped DNA—
TTA films as a function of a immersion time, b absorption coeffi-
cient, and ¢ M/(M + A) ratio. The PL intensity of the AO-doped

correlation between the PL intensity and M/(M + A) ratio
for the AO-doped DNA-TTA films. For the samples
with M/(M + A) < 0.6 (region I), no fluorescence inten-
sity enhancement is observed. For the samples with
M/(M + A) > 0.65 (region II), the fluorescent intensity
enhancement occurs. On the contrary, the PL intensity
of the AO-doped PMMA films is independent of the
M/(M + A) ratio. One possible explanation is that the
fluorescence efficiency of the AO in PMMA is still low
regardless of its concentration and chemical state.
Dye-doped DNA-TTA films have been prepared by the
immersion method. The important considerations in this
study are the driving force of the intercalation, the chem-
ical state of AO and fluorescence intensity enhancement.
DNA is composed of hydrophobic base pairs (inside of
double helix) and of hydrophilic phosphate chains (outside
of double helix). Fundamentally, AO molecules first
interact with phosphate chains by the electrostatic force,
and then intercalate between adjacent base pairs [17, 18,
22]. In the case of the DNA-TTA film, the hydrophilic
phosphate chain has been modified with (CH3);N"(CH,);3
CHj; ions by replacing Na® ions, and thereby the DNA
double helix (core) is surrounded by the hydrophobic alkyl
chain of TTA ions (shell). Taking the core—shell structure
of DNA-TTA complexes into account, one can surmise
that AO molecules diffuse within the hydrophobic TTA
sites by the hydrophobic interaction if DNA-TTA is a
more preferable solvent than acetonitrile. In the early stage,
it is believed that both of the monomer and aggregate are
dispersed within the hydrophobic alkyl chains of TTA ions.
Considering the DNA-TTA complex structure, there exists
other possible doping sites as follows: the core—shell
interface between phosphates and TTA ions, major and
minor grooves and between base pairs. Most of DNA-
binding molecules, including AO, consist of benzene ring
with cationic NH— groups. It has been reported that the

PMMA films was also plotted for comparison. Values of the
absorption coefficient were estimated at 500 nm, corresponding to
the monomer absorption

NH- group interacts with the m-electrons of the benzene
ring by the intermolecular force like a hydrogen bond [23,
24]. It is quite reasonable that the AO molecule should
exist in the monomer state between adjacent base pairs
owing to the spatial limitation of the DNA-TTA complex.
Although there has not been any direct evidence that
most AO molecules are intercalated, the increase in the
M/(M + A)ratio with the elapse of time can be explained by
assuming that intercalation occurs. An additional remark is
that the fluorescence intensity enhancement is observed for
the AO-doped DNA-TTA films. Extensive studies on the
fluorescence intensity enhancement of ethidium bromide,
one of the DNA-binding molecules, have been reported.
Olmsted and Kearns [25] proposed that the fluorescence
intensity enhancement of ethidium bromide upon interca-
lation was attributed to a reduction in the rate of excited
state proton transfer to solvent molecules. Other possible
mechanism of which explains the fluorescence intensity
enhancement has been proposed as follows: hydrophobic
effect [26], solvent quenching through complex formation,
hydrogen-bonding, or proton transfer [27, 28] and inter-
change of electronic states [29]. Upon intercalation, the
environment and conformation of the AO monomer should
be modified. Either one or both of these changes might
induce the fluorescence intensity enhancement of AO. At
this stage, however, the experimental evidence observed in
this study is insufficient to clarify the satisfactory mecha-
nism for the fluorescence intensity enhancement.

Our experiments show that AO molecules can be suc-
cessfully incorporated into DNA-TTA films by the
immersion method. AO-doped DNA-TTA films show the
fluorescent intensity enhancement. As described, a number
of functional dyes can be incorporated in DNA-surfactant
films by this technique. Therefore, a suitable choice of dyes
could allow the preparation of dye-doped DNA-surfactant
films for optical applications.

@ Springer
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Conclusion

In this work, AO-doped DNA-TTA films have been pre-
pared and their optical properties have been investigated.
Optical absorption spectra reveal that dye molecules in the
sample undergo an unusual transformation from the
aggregate state to the monomer state with the elapse of
time. Dye molecules in DNA-TTA exhibit a pronounced
enhancement in their PL intensity than those in PMMA.
The PL intensity of the AO-doped DNA-TTA films
strongly correlates to both of the dye concentration and
M/(M + A) ratio. It is surmised that monomers and
aggregates diffuse within the hydrophobic TTA sites, and
then monomers presumably intercalate between adjacent
base pairs of DNA. Not only the hydrophobic interaction
but also the electrostatic force between DNA and dyes play
important roles in the formation of dye-doped samples.
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