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Abstract: We experimentally demonstrate the novel phenomena of
photoluminescence (PL) and fluorescence resonance energy transfer
(FRET) assisted three-color PL separating in DNA optical nanofibers
consisting of the stretched and connected DNA-cetyltrimethyl ammonium
wires. The PL experiments are performed to comparatively trace photon
transmission between single dye-doped DNA-CTMA optical nanofiber and
PMMA optical nanofiber. A cascade FRET including DNA minor groove
binder and DNA intercalators is used to further trace photon transmission
inside DNA-CTMA wire. These experimental results will help to intrigue
the new applications of DNA-CTMA as molecular waveguide in
optobioelectronics area.
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OCIS codes: (230.7370) Waveguides; (170.5280) Photon migration; (250.5230)
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1. Introduction

DNA, as the building blocks of molecular devices [1-3], has significant applications in
biophotonics and nanophotonics [4-8]. For example, DNA-cetyltrimethyl ammonium
(CTMA), can enhance light emission greatly and is emerging as a promising candidate for
bio-organic light-emitting diodes (BioLEDs) and polymer light-emitting diodes (PLEDs)
[9,10]. However, inherent mechanism of its optoelectronic properties has not been explored
thoroughly [9,11]. The related researches indicate the novel material properties may results
from photon transmission related to the structure of DNA-CTMA wire [11]. It has been
shown that nanoscale optical fibers offer feasibility to trace photon transmission because of
its distinctive features such as low loss, configurability and high flexibility [12,13]. Based on
the above mentioned reasons and our previous work [14], we experimentally demonstrate and
theoretically interpret the novel phenomena in DNA-CTMA nanofiber consisting of the
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stretched and connected DNA molecular wire. We clearly trace photon transmission in DNA-
CTMA via DNA minor groove binder, DNA intercalator and three-dye cascade fluorescence
resonance energy transfer (FRET). We prove that such DNA-CTMA is of molecular
waveguide with low loss, which will open the door to develop new optoelectronic devices and
applications based on DNA nanostructures, such as molecular optical switches and the
potential solution to promote external quantum efficiency of organic light-emitting diodes
(OLEDs).

In order to trace the photon transmission in DNA-CTMA, it is crucial to prepare the high
quality DNA wire and have an efficient method to trace the photons. Effective tracing
requires that DNA molecule be stretched or dispersed [15-17]. Up to date, the most common
method is to disperse DNA in aqueous solution where photon transmission can be confirmed
indirectly by monitoring the spectra of the tracers [5,18]. However, these DNA molecules are
disordered because of Brownian motion, which makes the direct observation impossible.
Furthermore, there are two problems. Firstly, as a polar molecule, H,O suppresses charge
dislocation and photoinduced charge transmission in DNA [19]. Secondly, the short length of
a single DNA molecule, which is normally hundreds of nanometers, makes it difficult to carry
out the direct observation under normal conditions. The related work hints that the two
problems may be solved by aligning DNA helices along the axis of the double helix and
nanoassembling in non-aqueous solution [14,20], which differentiates from the nanoassembly
in aqueous solution [8,21]. The transformation of DNA nanomaterials from aqueous solution
to non-aqueous solution has been principally demonstrated recently [22]. Such transformation
provides a new way to put the existing DNA intelligent nanostructures into optoelectronic
applications. Our previous experiments of light transmission and the other studies indirectly
hint that photons transmit inside DNA-CTMA [14,23,24]. Thereby, there is an urgency to
experimentally probe the inherent optical mechanism of DNA-CTMA wire.

In this paper, we prove that the DNA-CTMA molecular wire is of waveguide structure,
which can be stretched via connecting and assembling into a nanofiber. We explore photon
transmission inside the stretched DNA-CTMA molecular waveguide by employing single dye
and three dye cascade FRET, a valid tool to probe molecular structures either with respect to
distance information and dynamic behavior of the targeted molecule [25,26]. Recently, two or
three-step FRET has been performed in different DNA-CTMA matrices [27-30]. However, it
cannot reflect the molecular spatial difference because the FRET-mediated
photoluminescence (PL) is just the accumulation of independent FRETSs in the disordered
DNA-CTMA wires. In contrast, DNA-CTMA wires we prepared are paralleled and partially
connected in the optical nanofiber when viscous DNA-CTMA solution was physically drawn
with a tungsten probe. Assembling DNA-CTMA molecules into a nanofiber eliminates the
length limitation of a single DNA-CTMA molecule and the prolonged FRET amplifies the
position difference of DNA binders by extending the distance of photon transmission.

2. Tracing photon transmission in single dye doped DNA optical nanofibers

A DNA molecular waveguide we prepared is illustrated in Fig. 1(a). It consists of a DNA
double strand wrapped by CTMA groups. The DNA-CTMA molecules are stretched via
directly drawing DNA-CTMA solution. We used tiny proportion of decamethonium to
enhance the viscosity of DNA-CTMA molecules. DNA solution was mixed with the lipid
solution with cetyltrimethyl ammonium and decamethonium molar ratio: 20: 1. They are
rather stable. The pure DNA sample was used for about one year and the doping sample for
two months. Other preparation procedures of DNA-CTMA optical fiber were the same as our
previous work [14]. In the course of drawing, they self-assembled into a DNA-CTMA
nanofiber. The lengths range from several micrometers to several centimeters. Figure 1(b) is
the schematic view of the self-assembled DNA-CTMA nanofiber with a diameter of about
600 nm. CTMA groups surround DNA (Fig. 1(a)) and neutralize phosphate backbone, which
improves the surface smoothness of DNA-CTMA nanofibers as shown by the field-emission
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scanning electron microscopy (NOVA NanoSEM 230) and transmission electron microscopy
(JEOL JEM-2010HT) images (Figs. 1(c)-1(d)). We used two typical kinds of photon tracers,
i.e. Rhodamine 6G (R6G) (DNA intercalator) and Hoechst 33258 (minor groove binder), to
monitor photon transmission [31-34]. We also designed a cascade FRET to further probe
inherent mechanism of DNA-CTMA material. Owing to the longitudinal nature of the
assembled DNA-CTMA nanofiber, we are able to find the essential differences via the
interaction between photons and the dyes, including a novel phenomenon of FRET-assisted
PL separation originating from the position difference of dyes in DNA molecular waveguide.

We employ R6G for its high quantum yield as one tracer to compare the different optical
behaviors in DNA-CTMA and polymethylmethacrylate (PMMA) [31]. The excitation laser
from light sources was launched into the fiber taper coupled with DNA-CTMA fiber through
an objective. The PL signals were collected by an objective (Olympus, NA = 0.9) and
directed through a dichroic mirror and the notch filter consistent with the excitation laser. The
filtered light was then split by a beam splitter and directed to a spectrometer and a CCD
camera for spectral and image measurement, respectively. All of the optical measurements of
the DNA-CTMA nanofibers were performed under the optical microscope at room
temperature and with normal pressure. All of the laser excitation tests were carried out in dark
room. The experimental results show that the PL in R6G-DNA-CTMA moved much more
rapid even with less excitation power than that in R6G doped PMMA nanofiber (see Figs.
2(a)-2(d)), indicating that the interaction between photons and R6G molecules in DNA-
CTMA nanofiber is more effective than that in PMMA. The PL moving is actually the spatial
evolution of the successive excitation and bleaching of R6G. Referred to the fact that R6G
molecules can intercalate into DNA (see the schematic view, Fig. 3(a)) while they distribute
uniformly in PMMA [35], it is reasonable to speculate that photon transmission occurred
along DNA-CTMA molecular wire. We qualitatively observed the dependence of PL moving
speed on the doping concentration and found that it decreased when the concentration of R6G
increased in both nanofibers.

Hoechst 33258 was used as another tracer to study the photon transmission (see Fig. 3(b)
for schematic illustration). The position difference of Hoechst 33258 and R6G anchored to
DNA-CTMA molecular wire is schematically compared in Fig. 3(c). Hoechst 33258-DNA-
CTMA molecular wire likes an optical fiber (waveguide) with doped cladding while R6G-
DNA-CTMA molecular wire likes an optical fiber with doped core. Figures 4(a)-4(e) are the
PL microscope images, PL moving distance vs. time and the PL spectrum of R6G-DNA-
CTMA complexes and Hoechst 33258-DNA-CTMA complexes, respectively. Figure 4(d)
shows the PL image of Hoechst 33258-DNA-CTMA nanofiber in the bright background (up)
and the PL image in the dark background (down). In comparison, there are two significant
differences. The first is the shape of the PL microscope images. It is a bright point for R6G-
DNA-CTMA nanofiber (see Fig. 4(a)), while a short line for Hoechst 33258-DNA-CTMA
nanofiber (see Fig. 4(d)). The second is the moving speed. The PL moving speed of Hoechst
33258-DNA-CTMA nanofiber was very slow compared with that of R6G-DNA-CTMA
nanofiber. It took several hours to transmit the same distance as in R6G-DNA-CTMA
nanofiber. Such differences arise from the different anchoring positions of the photon tracers.
R6G anchored to the core and thus blocked the photon propagating along the core until being
bleached. Therefore the PL microscope image is a bright point. In contrast, Hoechst 33258
anchoring to the cladding was excited and bleached by less excitation energy density of the
optical evanescence field. Such interaction took place in a relatively long distance, which
explains why the PL is a short line as depicted in Fig. 4(d). This also explains the PL moving
speed of R6G-DNA-CTMA nanofiber is quicker than that of Hoechst 33258-DNA-CTMA
nanofiber since the former was excited under stronger power density. Such difference is also
reflected by the spectra. The peak value of PL intensity of R6G-DNA-CTMA nanofiber is
higher and increases with high excitation power density (see Fig. 4(c)), while that of Hoechst
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33258-DNA-CTMA nanofiber is relatively weak even excited by high power density (see
Fig. 4(e)).

Fig. 1. Images of DNA-CTMA molecular waveguide and DNA-CTMA nanofibers. (a)
Schematic image of a DNA molecular waveguide, right part is the cutaway view. CTMA
groups: white; phosphate backbone: yellow; DNA base pairs: indigo. (b) Sectional schematic
view of DNA-CTMA nanofiber, the surfaced tube is a DNA-CTMA molecular waveguide. (c)
SEM image of a 560-nm-diameter DNA-CTMA nanofiber on the surface of silicon wafer. (d)
TEM image of a 400-nm-diameter dye-doped DNA-CTMA nanofiber. Scale bar: 1 pm.
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Fig. 2. PL images and graphs of PL moving distance vs. time of DNA-CTMA nanofiber and
PMMA nanofiber. (a) Microscope images of a DNA-CTMA nanofiber (up first) and 4
captured images of the moving PL of the DNA-CTMA nanofiber (down others). (b) PL
transmission distance vs. PL transmission time according to the PL transmission movie in (a).
(c) Microscope images of a PMMA nanofiber (up) and 4 captured images of the moving PL of
the PMMA nanofiber (down). (d) Graph of PL transmission distance and transmission time
according to the PL transmission movie in (c). Scale bar: 200 um (bright background), 100 pm
(dark background).
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Fig. 3. 3D schematic illustration of DNA molecular waveguide. (a) 3D schematic model of
DNA double strand with R6G (red molecules) intercalating. The green arrows show the
transmission direction of excitation laser at wavelength of 532 nm and the red ones indicate the
emitted PL. (b) 3D view of DNA double strand with Hoechst 33258 (blue molecules) binding.
The laser (purple arrow) is at wavelength of 355 nm and the blue arrows indicate the emitted
PL. (c) Sectional view comparison of anchor position difference of dye molecules in the DNA
photonic wire. The DNA bases and the phosphate backbone are depicted by indigo rods and
yellow rods, respectively. The phosphate backbone and bases are not illustrated with different
colors in (a) and (b) so as to clearly show the dye molecules.
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Fig. 4. PL images, graph of PL moving distance vs. time and spectra of dye-DNA molecular
waveguide. (a) Microscopy images of the 1% R6G doped DNA nanofiber (about 600 nm in
diameter) excited by 532 nm laser (63 uW) in dark background with 532 nm filter. Interval
time of subplots: 4 minutes. Scale bar: 50 pm. (b) PL transmission distance vs. PL
transmission time according to the PL transmission images in (a). (c) PL spectrum of the
excited DNA nanofiber according to the PL transmission images in (a). (d) Microscopy image
of a 1% Hoechst 33258 doped DNA nanofiber (about 540 nm in diameter) coupled with a taper
in bright background (up, scale bar, 10 um) and the image under 355 nm laser exciting (10
MHz pulsed laser, 70 nW) in dark background with 355 nm filter (down, scale bar, 10 um). (e)
PL spectrum of the DNA nanofiber in (d).
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3. Tracing photon transmission in FRET-mediated DNA optical nanofibers

To further investigate the optical property of DNA-CTMA, we fabricated co-doped DNA-
CTMA nanofibers from three dye mixed DNA solutions (the third dye is acriflavine).
Acriflavine was also used as a small intercalator to study the steric hindrance in comparison
with R6G. The steric hindrance was confirmed by that the concentration ratio of R6G to
DNA-CTMA in the solution increased compared with its initial R6G concentration of about 1
wt % (half a milliliter) after hundreds of drawing. In contrast, such phenomenon did not occur
for acriflavine. This may arise from the fact that R6G molecule is larger than acriflavine and
relatively difficult to completely intercalate into the gap of base pairs. The two energy-level
FRET includes energy transfer from Hoechst 33258-DNA-CTMA complexes to acriflavine-
DNA-CTMA complexes as well as from acriflavine-DNA-CTMA complexes to R6G-DNA-
CTMA. Figure 5a shows the PL microscope images.
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Fig. 5. FRET-mediated PL images in DNA molecular waveguide. (a) Microscopy images of
three dyes doped DNA nanofiber (about 480 nm in diameter) excited by 355 nm laser (55 nW)
in dark background with 355 nm filter. Interval time between two PL images: 10 minutes.
Scale bar, 10 pm. (b) 3D schematic model of DNA (yellow atoms) with Hoechst 33258 (blue
atoms), acriflavine (green atoms) and R6G (red atoms) attached. Purple arrows indicate 355
nm laser transmission. The blue, green and red arrows depict the PL emitted from Hoechst
33258, acriflavine and R6G, respectively. The gray are unreacted dye molecules. All colored
arrows/symbols are the same below. (c) The same schematic model in (b) after being excited
by 355 nm laser for certain time. White atoms: bleached dye molecules (the same below). (d)
The same schematic model in (c) after three-color PL separation. (¢) Normalized three-color
PL spectrum except for the stationary coupling zone of the excited DNA nanofiber microscopy
image on the top in (a) and also PL spectrum of (b). (f) Normalized three-color PL spectrum
except for the PL in the stationary coupling zone of the excited DNA nanofiber microscopy
image on the bottom in (a) and also PL spectrum of (c). (g) Normalized three-color PL
spectrum except for the PL in the stationary coupling zone in (d).
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We observed the FRET-assisted PL separating. The green and red PL surpassed the blue
PL and the red run across the green gradually. The above phenomena did not result from the
lifetime difference of two kinds of dyes as described as follows. When they were mixed, the
molar ratio of Hoechst 33258, acriflavine and R6G was about 6 to 13 to 10 in solution,
respectively. Referred to the fact that the lifetime of Hoechst 33258, acriflavine and R6G are
about 3 ns, 4 ns and about 4 ns [36-38], Hoechst 33258 should decay more quickly than
acriflavine and R6G. Based on the aforementioned analysis, we deduce FRET-assisted PL
separation results from the following factors. As aforementioned, acriflavine and R6G
anchored to the core of DNA molecular waveguide (see Fig. 3(c) and Figs. 5(b)-5(d)). At the
beginning, they were co-excited by the excitation laser and the PL spectrum is shown in Fig.
5(e). Then R6G-DNA-CTMA complexes were bleached more quickly than Hoechst 33258-
DNA-CTMA complexes and the change of the corresponding PL spectrum can be found in
Fig. 5(f). In contrast, Hoechst 33258, as aforementioned, was excited with less energy density
and so its bleaching rate was slow. Furthermore, in comparison with acriflavine, R6G has
larger space and is relatively difficult to intercalate into DNA due to the influence of the steric
hindrance as mentioned above. Accordingly, there were more half-intercalated R6G
molecules with a short lifetime compared with acriflavine molecules even with a 2: 3
acriflavine-R6G ratio [39], which leads to its quicker bleaching rate and faster PL moving
speed (Fig. 5(d)). As the PL was separating, the power of 355 nm laser to excite Hoechst
33258 increased and the direct excitation strength to R6G and acriflavine weakened
gradually. As a result, the separated PL image keeps almost unchanged afterwards as can be
seen in Fig. 5a. With the PL moving, the transmission loss increased and the intensity of the
PL decreased, which is depicted in Figs. 5(e)-5(g). The separation of PL confirms the
waveguide structure of DNA-CTMA molecule because such a phenomenon does not occur in
similar scenario with other DNA photonic wire [5]. The stationary blue PL at the left end in
Fig. 5(a), i.e. the coupling zone, results from the indirect excitation of Hoechst 33258 by the
leaked excitation.

So far, many researches theoretically and experimentally indicate DNA-CTMA molecular
waveguide has low transmission loss [9, 11]. Though the recent research found that there is
mainly B form DNA in dye-doped biopolymer film in solution [39], the X-ray diffractometry
reveals that the inter-helical distance of solid DNA-CTMA decreases significantly from
theoretical 60 A to 39.1 A [40], which decreases the free energy in energy transfer so as to
greatly enhance photon transmission and results in the lower transmission loss [41].

4. Conclusion

In summary, we probe photon transmission by comparing the interaction between the
transmitting photons and the dyes anchoring to different positions of DNA-CTMA molecule.
Based on the experimental results, we conclude that the DNA-CTMA is of molecular
waveguide with inherently low loss and can be used as building blocks for molecular devices.
This new finding will intrigue the applications of DNA molecular waveguide in
optoelectronics area.
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