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Plasmonic near-field coupling can induce the enhancement of
photoresponsive processes by metal nanoparticles. Advances in
nanostructured metal synthesis and theoretical modeling have
kept surface plasmons in the spotlight. Previous efforts have
resulted in significant intensity enhancement of organic dyes
and quantum dots and increased absorption efficiency of optical
materials used in solar cells. Here, we report that silver nanostruc-
tures can enhance the conversion efficiency of an interesting
type of photosensitive DNA nanomotor through coupling with
incorporated azobenzene moieties. Spectral overlap between the
azobenzene absorption band and plasmonic resonances of silver
nanowires increases light absorption of photon-sensitive DNA
motor molecules, leading to 85% close-open conversion efficiency.
The experimental results are consistent with our theoretical calcu-
lations of the electric field distribution. This enhanced conversion
of DNA nanomotors holds promise for the development of new
types of molecular nanodevices for light manipulative processes
and solar energy harvesting.

energy conversion | localized surface plasmon | photo-driven nanomotor

lants harvest solar energy by photosynthesis, in which photo-

sensitive biomolecules absorb energy from sunlight and con-
vert it into chemical energy. Human beings utilize solar energy by
fossil fuels, solar thermal systems, and, most frequently nowadays,
by photovoltaic systems based on optoelectric materials (1). The
design of new synthetic materials coupled with a mechanism to
capture, convert, and store photon energy will provide new ways
to utilize solar energy (2, 3). However, achieving high conversion
efficiency remains a challenge in such energy conversion systems.

Recently, DNA has received attention in material sciences,
especially for the fabrication of nanomachines able to perform
nanoscale movements in response to external stimuli (4-11). Ex-
perimental and theoretical studies on single DNA nanomachines
have led to the development of new energy conversion strategies
(12, 13). As one of the most popular phototransformable mole-
cules, azobenzene and its derivatives can change the overall
structure by cis-trans isomerisation mechanism. Using the photo-
isomerization of azobenzene to photo-regulate DNA hybridiza-
tion, (14) we have designed a single-molecule light-driven DNA
nanomotor (15) for the continuous production of energy in the
form of mechanical work. This photon-fueled nanomotor is
simple and easy to operate, promising a unique approach to
harvest photonic energy. Herein, azobenzene derivatives act as
element for energy absorption and DNA molecules movement
act for mechanical energy export. As we know, solar thermal
technology is a technology to harvest solar thermal energy that
converts solar energy to movement of molecules and then pro-
duces heat caused by molecule thermal moving. In our design,
solar energy is converted to close-open movement of DNA mo-
lecules. However, few DNA motor molecules can undergo the
close-open conversion as a result of the low photoisomerization
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efficiency of azobenzene moieties, which is a hindrance to the
further development of nanodevice applications.

Metal nanostructures act as optical antennas because the free
electrons of the metallic nanostructures are in resonance with
the incident light. These nonpropagating excitations of the con-
duction electrons of metallic nanostrucures, known as localized
surface plasmon resonances, can produce an enhanced electro-
magnetic field localized around metal nanostructures. Plasmon
coupling-induced near-field enhancement of metal nanoparticles
has previously been employed to enhance fluorescence intensity
of organic dyes and quantum dots and increase absorption effi-
ciency of optical materials in solar cells. The investigation of
localized surface plasmons in metal nanoparticles has received
intense interest owing to a number of related unique and useful
optical properties, such as confinement of light at the metal
surface and the control of both the far-field and near-field distri-
bution of light (16, 17). Depending on the details of the systems
under investigation, fluorescence enhancement has been re-
ported for fluorescent molecules, quantum dots, and rare-earth
complexes near nanostructured metals through coupling with
surface plasmons in metallic nanostructures (18-21). This pro-
cess, referred to as metal-enhanced fluorescence, offers promise
for a range of applications, including sensor technology, solid-
state lighting, microarrays, and single-molecule studies. Another
exciting direction for plasmonics researchers is photovoltaics.
Design approaches based on plasmonics have been widely used
for high-efficiency solar-cell design (22, 23). Herein, we report
the use of silver nanoparticle antennas to enhance the close-
open conversion efficiency of photosensitive DNA nanomotors
through coupling with incorporated azobenzene moieties. The
enhancement is tuned by adding silver nanoparticles with differ-
ent morphologies and concentrations. Up to 85% close-open
conversion efficiency can be obtained by incubating DNA
molecules with silver nanowires. The conversion efficiency en-
hancement is a result of enhanced light absorption capabilities
mainly caused by spectral overlap between azobenzene and
plasmonic resonances of silver nanoparticles.

Results and Discussion

Fig. 1 shows the design of a photo-driven DNA nanomotor. This
DNA is obtained by optimizing the length and amount of azoben-
zene at different positions, (15) having a stable hairpin structure
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Fig. 1. (A) Structure of DNA nanomotor with three azobenzene moieties
inserted in the stem duplex on the arm labeled with Dabcyl as quencher.
(B) DNA nanomotor’s behavior under UV/Visible light. (C) DNA nanomotor’s
behavior after incubation with Ag nanomaterials.

including a six-base pair stem and a nineteen-base loop. The
sequence was designed as 5'FAM-CCT-AGC-TCT-AAA-TCA-
CTA-TGG-TCG-CGC-TAG-G-Dabcyl3'. A fluorophore (fluores-
cein isothiocyanate, FAM) and a quencher (4-dimethylaminoazo-
benzene-4'-carboxylic acid, Dabcyl) are labeled at both ends of
the hairpin stem. Three azobenzenes are incorporated into the
arm part of a hairpin loop as 5’FAM-CCT-AGC-TCT-AAA-TCA-
CTA-TGG-TCG-C-Azo-GC-Azo-TA-Azo-GG-Dabcyl3'. When the
DNA motor is in the “closed” state, fluorescence is quenched
through fluorescence energy transfer. Isomerization of the azo-
benzenes opens the loop, and the fluorophore emits. In this way,
fluorescent signaling of FAM excited at 488 nm is used to monitor
the photon-controlled close-open movement of the nanomotors.
By setting the baseline (I, ) to the fluorescence intensity when
the azobenzene is in the frans- form and 100% to the fully open
state after addition of excess amount of complementary DNA
(cDNA 5'GGA-TCG-AGA-TTT-AGT-GAT-ACC-AGC-GCG-
ATC-C3’) (I.pna ), the average close-open conversion efficiency
(e) of the DNA nanomotor for each photon-regulation cycle can
be evaluated from the equation

_ Tyy —Ijank % 100%

Tepna = Tpiank

where Iy is the fluorescence intensity after UV irradiation.

A layer-by-layer assembly method that was developed from
that investigated for coating silica on Au nanorods, (24) was
employed to construct azoDNA-nanowire hybrid nanostructures.
1 mL of Ag nanowires sample (with length of 1 pm, 2 nM) was
centrifuged at 4,000 rpm for 20 min. The precipitate was redis-
persed in 1 mL of deionized water and then added into 100 pL of
the DNA nanomotor solution (50 pM) and incubated overnight,
centrifuged to remove unadsorbed DNA, and then redispersed
in 1 mL of 8 mM Tris buffer. The amount of DNA adsorbed
on the surface of Ag naniwires is consistent with that determined
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by absorption measurements, where 22% of DNA is found to be
left in the supernatant after the precipitation of hybrid nanostruc-
tures by centrifugation. The isomerization experiments were
performed by positioning the DNA nanomotor solution at a fixed
distance from the UV lamp. As shown in Fig. 24, illumination of
the DNA nanomotors (no Ag present) for 5 min with 350 nm light
results in only 20% loop opening. After 5 min irradiation under
UV light, azoDNA-nanowire nanostructures exhibit conversion
efficiency up to 85% (Fig. 2B). Fluorescent images were taken on
a confocal laser scanning microscope. DNA nanomotor solutions,
with and without Ag nanowires, were dropped onto the glass
and then exposed under UV light. Fluorescence micrographs
were taken every 30 s. It is obvious that the DNA nanomotor
solution with Ag nanowires showed higher fluorescence intensity
than that without Ag nanowires during UV illumination (Fig. 3),
which is consistent with the results detected by spectrafluorom-
eter. A more rapid increase and higher fluorescence intensity
are both achieved after incubating with Ag nanowires, indicating
the improved conversion efficiency of the DNA nanomotors.
The reversibility of this azoDNA nanomotor was evaluated by
applying 5 min of visible irradiation and 5 min of UV irradiation
for ten cycles. As shown in Fig. 44, DNA nanomotors display
85% conversion efficiency with no obvious decrease after ten
cycles. These results reveal that the exchange process can rever-
sibly convert light energy directly into mechanical work. Besides
the good reversibility, this nanomotor also shows high long term
stability. SI Appendix shows the cycling of the photomediated con-
version by irradiation with longer interval time. Each irradiation
lasts for longer time than the former one. With increasing irra-
diation time, the conversion rate decreases a little. However, this
azoDNA nanomotor exhibits >80% conversion efficiency even
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Fig. 2. Fluorescence spectra of (A) pure DNA nanomotors and (B) DNA

nanomotors with 1 um Ag nanowires (i, = 488 nm) at 25 °C. Filled circles
represent pure DNA in buffer solution; open circles represent DNA with
cDNA; and half-filled circles represent DNA after UV irradiation (350 nm)..
Buffer: 8 mM Tris buffer pH 8.0, Nat : 8 mM, Mg?* : 0.8 mM, [DNA] = 5 uM,
[CDNA] = 20 pM.
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Fig. 3. Fluorescence micrographs of (A) pure DNA nanomotor solution and
(B) DNA nanomotor solution incubated with Ag NWs under UV irradiation
monitored by a laser-equipped microscope.

after 50 min irradiation. Therefore, we infer that the stability of
this nanomotor will be useful in design of new nanodevices for
further solar cell application. Two light sources with different wa-
velengths are not feasible for practical solar energy use because
broad spectrum condition is not fit for controlling nanomotor
open-close state. Filter switching should be applied to switch
the light wavelength.

The open-close conversion efficiency was found to vary with
the morphology of the Ag nanostructures. To compare the func-
tions of different Ag nanoparticles, Ag nanospheres (Ag NSs), Ag
nanoprisms (Ag NPs), and Ag nanowires (Ag NWs) with different
sizes were investigated. As shown in Fig. 4B, Ag nanospheres and
nanowires can both enhance close-open conversion efficiency,
whereas Ag nanoprisms have no effect. Because the DNA mole-
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Fig. 4. (A) Cycling of close-open movement from Vis/UV irradiations at 25 °C
by repeated visible and UV irradiations. UV (350 nm), 5 min; Vis (450 nm),
5 min. Fluorescence intensities were recorded immediately after each irradia-
tion. (B) Conversion efficiency of DNA nanomotors with Ag nanomaterials
having different morphologies. From left to right: no Ag nanoparticles,
Ag NSs (6 nm diameter, 2 nM), Ag NSs (50 nm diameter, 2 nM), Ag NPs
(50 nm length and 3 nm thickness, 2 nM), Ag NWs (1 um length, 2 nM),
Ag NWs (40 um length, 2 nM).
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cular concentration is very high (5 pM) compared with previous
reported low concentration (100 nM) (15), much more energy
conversion is achieved by introducing Ag nanostructured materi-
als, indicating their potential applications in solar cell nano-
devices.

Localized surface plasmons are nonpropagating excitations
of the conduction electrons of metallic nanostructures coupled
to the electromagnetic field. Ag nanoparticles in an oscillating
electromagnetic field will lead to field amplification both inside
and in the near-field zone outside the particles. Excited local
surface plasmons have been used to elucidate the near-elec-
tric-field images of Ag nanoparticles. Although the interaction
between azobenzene molecules and metal nanoparticles has been
reported (25-27), for a better understanding of the physical ori-
gin of enhanced conversion efficiency, numerical simulations
were performed to show near-field behavior of Ag nanoparticles
using finite element method-based commercial software. The
nanoparticles were simulated with the same morphology and size
as those in the experiments. Fig. 5 4—C illustrate that the electric
fields around the Ag nanowires, Ag nanoparticles, and Ag na-
noprisms are all strongly localized. The Ag nanowires give the
highest enhanced electric field distribution, as shown in Fig. 54.
An interesting observation from the calculated near-field distri-
bution is that electromagnetic energy transfers into the surround-
ing medium, mainly at the nanowire ends, or “hot spots,” which
are similar to those observed in a previous report (28, 29). It is
proposed that the DNA molecules are mostly attached to the two
ends of the nanowire because of charging effect at the metal point
(30, 31). However, compared to an Ag nanowire, a silver nano-
sphere shows a homogeneously enhanced electric field around it
(Fig. 5B). The electric field around the Ag nanoprism was also
calculated. A highly enhanced local electric field is present
(Fig. 5C), showing a larger field at the angle point of the nanopr-
ism than other positions.

To further understand the relation between optical properties
of azobenzene and plasmonic properties of the Ag nanostruc-
tures, the extinction spectra of Ag nanostructures and absorption
spectra of azobenzene were studied (Fig. 5D). The UV-visible
absorption spectra of the azobenzene molecule are featured
with two major absorption bands corresponding to the S, — S
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Fig. 5. Electric field distributions at wavelength of 350 nm (|£|?) calculated
for (A) Ag nanowire (1 pm); (B) Ag nanosphere (50 nm); (C) Ag nanoprism
(50 nm). (D) Extinction spectra of Ag nanostructures and absorption spectra
of azobenzene.
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(A) Au nanospheres with diameter of 13 nm. Fluorescence spectra of (B) DNA nanomotor incubated with Au NSs (13 nm), (C) DNA nanomotor in-

cubated with Au NSs (13 nm) after 5 min UV irradiation, and (D) DNA nanomotor incubated with Au NSs (13 nm) after adding cDNA. (E) Au nanospheres with
diameter of 50 nm. Fluorescence spectra of (F) normal DNA incubated with Au NSs (50 nm), (G) DNA nanomotor incubated with Au NSs (50 nm) after 5 min UV
irradiation, and (H) DNA nanomotor incubated with Au NSs (50 nm) after adding cDNA. (/) Au nanorods with average length of 60 +7 nm and width of
13 &+ 3 nm. Fluorescence spectra of (J) DNA nanomotor incubated with Au NRs, (K) normal DNA incubated with Au NRs after 5 min UV irradiation, and
(L) DNA nanomotor incubated with Au NRs after adding cDNA. Buffer: 8 mM Tris buffer pH 8.0, Na* : 8 mM, Mg?* : 0.8 mM, [DNA] = 5 uM, [cDNA] = 20 uM.

and the §) — §, transitions. The former transition relates to a
symmetry-forbidden n — z* transition and exhibit a low-intensity
peak at 440 nm whereas the latter transition corresponds to a
symmetry-allowed = — z* transition with the much higher inten-
sity at 320 nm (32). Silver nanospheres having a diameter of
50 nm show a narrow plasmon peak centered at 430 nm, whereas
the peak of Ag nanowires (with length of 1 pm) is also around
430 nm. As shown in Fig. 5D, their extinction peaks overlap the
absorption peak of the azobenzene molecule. Because coupling
strength has been found to be strongly dependent on the spectral
overlap between the molecular and plasmonic resonances (33,
34), there is, accordingly, a large coupling strength between azo-
benzene and the plasmonic resonance of both Ag nanospheres
and nanowires. However, Ag nanoprisms give a peak located at
820 nm, which does not overlap with the absorption peak of
azobenzene. As a result, there is little coupling between azoben-
zene and the Ag nanoprism, thus introducing very low conversion
efficiency. Calculation and experimental results match very
well. The combination of simulation and spectral overlap may
be the main reason that Ag nanowires give the highest enhanced
conversion efficiency of DNA nanomotors, whereas Ag nanopr-
isms cannot increase this efficiency.

Another evidence was from the photoisomerization rate in-
crease of azobenzene molecules in the present of Ag nanowires.
During the isomerization process of frans-azobenzene to cis-azo-
benzene, the intensity of Sy — S, peak at 320 nm decreases
while that of §y — S, transition peak at 440 nm increases (35). As
illustrated in SI Appendix, under UV light irradiation for 210 s,
the intensity of Sy — S, peak decreased to 75% of the original
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one. After adding silver nanowires, the intensity of S, — S, peak
decreased to 65% of the original one within 210 s (SI Appendix).
This result indicated that more azobenzene molecules converted
from trans- to cis- form in the presence of Ag nanowires. Larger
percentage of azobenzene molecules absorbed the light energy
due to amplified absorption cross section of azobenzene mole-
cules by Ag nanowires (36).

Gold nanospheres and nanorods, as illustrated in Fig. 6, were
also incubated with DNA nanomotors. According to fluorescence
intensity detection, it was found that the conversion efficiency of
DNA nanomotors was, in fact, reduced with the introduction of
these nanomaterials (Fig. 6 B-D, F-H, and 6J-L). Moreover, the
extinction peak of Au nanoparticles is around 520 nm, which is far
from the position of the azobenzene absorption peak (as shown
in Fig. 7 A-C), resulting in the absence of coupling between Au
nanoparticles and DNA nanomotor molecules. Although Au
nanospheres give near-field intensity similar to that of Ag nano-
spheres under the same incidence wavelength (Fig. 7 D-F), the
plasmonic resonances of Au nanoparticles cannot accumulate the
isomerization of azobenzene moiety.

Conclusions

In conclusion, we have demonstrated that silver nanomaterials
can enhance the rate of azobenzene isomerization in DNA nano-
motors because of their local plasmon resonance-induced near-
field electrodynamic environments. An open-close conversion
efficiency of 85% is achieved by Ag nanowire antennas as a result
of the spectral overlap between azobenzene and the plasmonic
resonance of Ag nanostructures. This technique holds significant
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promise for the future development of photoelectric-conversion
molecular nanodevices for use in solar energy harvest.

Materials and Methods

Synthesis of Azobenzene Phosphoramidite. Azobenzene phosphoramidite
was synthesized according to the protocol reported by Asanuma et al. (37).
Compound 1. "H NMR (CDCl3): & 7.96-7.38 (m, 9H), 5 7.12 (d, 1H), 5 4.33 (m,
1H), §4.09 (m, 1H), 5 3.98 (d, 2H), § 1.29 (d, 3H). Compound 2. "H NMR (CDCl3):
5 8.00-6.78 (m, 23H), 5 4.25 (m, 1H), 8 4.17 (m, 1H), & 3.77 (s, 6H), & 3.60 and
3.42 (dd, 2H), 1.23 (d, 3H). Compound 3. 'H NMR (CDCl;): § 8.00-6.79 (m, 22H),
56.62 (d, TH), 54.48 (m, 1H), 84.39 (m, 1H), 54.21-4.10 (m, 2H), 6 3.77 (s, 6H), &
3.57-3.34 (m, 4H), § 2.76-2.72 (m, 2H), 5 1.30-1.25 (m, 15H). 3'P (CDCl;): 5 149.
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Synthesis of DNA Nanomotors. The designed DNA nanomotor sequence was
synthesized using an ABI3400 DNA/RNA synthesizer (Applied Biosystems).
The synthesis started with a 3’-Dabcyl controlled pore glass column at 1 pmole
scale, and then the FAM phosphoramidite was used to couple FAM on the 5’
ends of the sequence. The azobenzene coupling was realized by using
the azobenzene phosphoramidite synthesized by the protocol mentioned
above. A proper amount of azobenzene phosphoramidite was dissolved in
dry acetonitrile in a vial connected to the synthesizer (20 mg azobenzene
phosphoramidite can make a single incorporation in the DNA at 1.0 umole
scale synthesis; generally azobenzene phosphoramidite coupling reagent can
be prepared by dissolving in acetonitrile at 20 mg/200 pL). A ProStar HPLC
(Varian) with a C18 column (Econosil, 5 i, 250 mm x 4.6 mm) from Alltech
was used for DNA purification. The normal DNA (5'FAM-CCT-AGC-TCT-
AAA-TCA-CTA-TGG-TCG-C-AGC-ATA-AGG-Dabcyl3’) and cDNA (5'GGA-TCG-
AGA-TTT-AGT-GAT-ACC-AGC-GCG-ATC-C3’) of the DNA nanomotor were
synthesized by the same protocol.

Synthesis of Ag Nanospheres. First, 2.50 g poly(vinyl pyrrolidone) (PVP,
My, = 10,000) was dissolved in 10 mL ultrapure water (Millipore, Bioscience
Research Reagents); then 3 mL of AgNO; solution (188 mM) was added.
Afterward, the solution was heated at 60 °C for a time certain under stirring
(15 min for 6 nm Ag nanospheres and 60 min for 50 nm nanospheres), after
which the product was separated by centrifugation. The nanospheres were
redispersed in deionized water and the concentrations were adjusted
to 2 nM.

Synthesis of Ag Nanowires. Ag nanowires were synthesized following a
reported method (38). First, 5 mL ethylene glycol was heated to 160 °C,
and then 0.5 mL 0.12 mM PtCl,; solution (ethylene glycol as solvent) was
injected into the solution with magnetic stirring for 4 min. Then, 2.5 mL
ethylene glycol solution of AgNO; (20 mg/mL) and 5 mL ethylene glycol
solution of PVP (40 mg/mL, My, = 55,000) were simultaneously injected to
the ethylene glycol containing platinum seeds. This reaction mixture was
stirred at 160 °C 10 min for 1 pm nanowires and 1 h for 40 um nanowires,
respectively. After cooling down to room temperature, the reaction mixture
was diluted with acetone (approximate 10 times by volume) and centrifuged
at 2000 rpm for 20 min. The nanowires settled down to the bottom of the
container under centrifugation, whereas the nanoparticles still remaining in
the liquid phase were removed using a pipette. This separation procedure
was repeated several times until nanowire samples essentially free of smaller
particles were obtained.

Synthesis of Ag Nanoprisms. A 25 mL AgNO; aqueous solution (0.1 mM) was
prepared, and then 300 pL of sodium citrate (30 mM), 1.5 mL of PVP
(M,, = 29,000 g/mol, 3.5 mM), and 60 pL of aqueous H,0, (30 wt%) were
added under vigorous stirring at room temperature. Freshly prepared
NaBH,4 (100 mM, 250 mL) was then rapidly injected into this mixture. The
solution color changed to blue after a reaction of approximately 1 h, and
Ag nanoprisms were separated by centrifugation (39).

Synthesis of Au Nanospheres. 0.5 mL of HAuCl,; (0.01 M) solution was added
to 20 mL of ultrapure water and heated to boiling under vigorous stirring.
Then, freshly prepared sodium citrate solution (0.034 M, 0.40 mL for the
13 nm Au nanospheres and 0.5-0.175 mL for the 50 nm Au nanospheres)
was added. The solution was kept boiling until the color turned from dark
blue to red. Stirring was maintained until the solution cooled down to room
temperature, and then the products were obtained by centrifugation.

Synthesis of Au Nanorods. Cetyltrimethylammonium bromide (CTAB) aqueous
solution (0.2 M, 5 mL) was mixed with NaAuCl; (0.5 mM, 5 mL). Freshly
prepared, ice-cold 0.01 M NaBH, (0.6 mL) was added to this solution all at
once, followed by rapid inversion mixing for 2 min. The resulting CTAB-
stabilized gold nanoparticle seed solution was kept at room temperature
for 2 hrs. For seed-mediated growth, NaAuCl; (1 mM, 50 mL) and AgNO3
(0.1 M, 0.1 mL) were added to CTAB (50 mL, 0.2 M). After gentle mixing
of the solution, freshly prepared ascorbic acid solution (78.8 mM, 0.7 mL)
was added as a mild reducing agent. The reaction mixture was mixed by
gentle inversion for 10 s. Then a portion of the seed solution (50 mL) was
mixed with glycine solution (0.2 M, 50 mL) and left undisturbed at least
overnight to form Au nanorods.

Light Sources. To test the efficiency of azobenzene isomerization and the
opening/closing of the hairpin structure under specific irradiation, two kinds
of light sources were used. A 23 W 60 Hz UV lamp with the wavelength
at 350 nm was used to convert the azobenzene DNA motor from trans- to
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cis-, which opened the DNA hairpin structure, and a 60 W table lamp with a
450 nm filter was used to convert the azobenzene DNA motor from
cis- to trans-, which closed the DNA hairpin structure.

Calculation Method. We have performed numerical simulations of the field
(|E|?) intensity distributions around the different nanostructures by finite
element method using the commercial software of COMSOL Femlab. Here,
the 3D radio frequency model of the software was used. The incident light
wavelength was chosen to be 350 nm according to our experiment whereas
the optical constant of the silver and gold is referred to the data reported by
Johnson et al. (40). To avoid spurious reflection effects at the simulation zone
boundaries, perfectly matched layers have been adopted.
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