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Abstract

Herein a photon manipulated mesoporous release system was constructed based on azobenzene-
modified nucleic acids. In this system, the azobenzene-incorporated DNA double strands were
immobilized at the pore mouth of meso-porous silica nanoparticles. The photo-isomerization of
azobenzene induced dehybridization/hybridization switch of complementary DNA, causing
uncapping/capping of pore gates of mesoporous silica. This nanoplatform permits holding of guest
molecules within the nanopores under visible light but release them when light wavelength turns
to UV range. These DNA/mesoporous silica hybrid nanostructures were exploited as carriers for
cancer cell chemotherapy drug doxorubicin (DOX) due to its stimuli-responsive property as well
as good biocompatibility via MTT assay. It is found that the drug release behavior is light
wavelength sensitive. Switching of the light from visible to UV range uncapped the pores causes
the release of DOX from the mesoporous silica nanospheres and an obvious cytotoxic effect on
cancer cells. We envision that this photo-controlled drug release system could find potential
applications in cancer therapy.
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Nucleic acids have been recognized as important building blocks for nanotechnology by
virtue of their remarkable molecular self-recognition capabilities and unique structural
motif. Fabrication and characterization of DNA nanomachines that respond to external
stimuli have indicated that these structures have practical applications in molecular sensing,
logic gate operation, and nanomedicine.1* However, few studies have investigated the use
of photon-manipulated DNA nanomachines for drug delivery applications.

*Address correspondence to, tan@chem.ufl.edu, yan@pku.edu.cn.
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The features of mesoporous silica, such as its stable mesostructure, lack of cytotoxicity,
large surface areas, and tailorable pore sizes, make it an excellent candidate for drug release.
In conventional mesoporous systems, the release of guest molecules usually follows a
sustained kinetic mechanism that can be expressed in terms of diffusion of adsorbed
molecules throughout the mesopore channels. Release kinetics, therefore, can be interpreted
in terms of the Fickian diffusion coefficients, which depend on the characteristics of both the
molecules and the silica particles.>6

For certain applications, such as those involving highly toxic antitumor drugs, zero release
before the targeted cells or tissues is required. As a result, together with the development of
mesoporous silica for drug-delivery, the stimuli-responsive ability of this system has been a
point at issue in current research. Most of previously reported cases have been limited to the
use of nanoparticles and polymer molecules for controllable nanovalves on mesoporous
surfaces.”14 Recently, DNA molecules have been exploited to control the pore opening/
closing due to their unique complementary properties and flexible structures. Bein et al. first
attached biotin-labeled DNA double strands on the pores of mesoporous nanoparticles,
and they used temperature changes to control the hybridization of DNA double strands,
corresponding to valve opening and closing. Ren et a/. attached quadruplex DNA to
mesoporous silica and achieved controlled release by changing the solution pH.16 They
further capped pores by the DNA duplexes and used endonuclease to degrade the DNA for
pore opening.1” However, compared to temperature, pH, or other external stimuli,
photoregulation has significant advantages for easy control of movement and conformation.
In addition to the capability for remote control, irradiation is an accurate and simple method,
which does not require any additional solution components. Moreover, it is a clean source of
energy, and as demonstrated in this study, it can be applied repeatedly and rapidly without
loss of efficiency.

In this study, we report a new photo-responsive DNA/mesoporous silica hybrid formed by
introducing azobenzene moieties into the DNA molecule. As the most popular
phototransformable molecules, azobenzene and its derivatives can undergo reversible
isomerization from the #ransto c/sforms under irradiation at 300-380 nm and from c¢/sto
trans using light at wavelengths > 400 nm.18 Applications of stereoisomerization in the
development of nonlinear optical materials,1® molecular motors, 2921 and even in peptide
engineering?2-23 have been reported. With azobenzene-tethered DNA, formation and
dissociation of a double-stranded structure can be reversibly photo-regulated by cis-trans
isomerization of the azobenzene upon UV-Vis light irradiation.24:25 Immobilization of the
azobenzene-incorporated DNA double strands at the pore mouth of mesoporous silica
provides a novel type of reversible photo-regulated release platform. This nanoplatform
permits holding of guest molecules within the nanopores under visible light, with controlled
release when the wavelength is switched to the UV range.

In this work, Rhodamine 6G (Rh6G) was used as a model guest molecule to evaluate the
loading and controlled releasing behavior of the composite nanospheres. The photo-
isomerization of azobenzene results in dehybridization/hybridization of complementary
DNA, causing uncapping/capping of pore gates of mesoporous silica. After loading with the
anticancer drug doxorubicin (DOX) in the interior pores, this nanostructure was utilized for
chemotherapy of cancer cells. The cytotoxic effect of the DOX-loaded nanospheres to CEM
cells and A549 cells was examined, showing effective light controlled therapy after release
of DOX from the pore structure.

ACS Nano. Author manuscript; available in PMC 2013 July 24.
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Materials and Methods

Synthesis of azobenzene phosphoramidite

Azobenzene phosphoramidite was synthesized according to the protocol reported by
Asanuma et a/3% Compound 1. 'H NMR (CDCls): § 7.96-7.38 (m, 9H), 6 7.12 (d, 1H), &
4.33 (m, 1H), 6 4.09 (m, 1H), & 3.98 (d, 2H), & 1.29 (d, 3H). Compound 2. 1H NMR
(CDCl3): & 8.00-6.78 (m, 23H), & 4.25 (m, 1H), 6 4.17 (m, 1H), 6 3.77 (s, 6H), & 3.60 and
3.42 (dd, 2H), 1.23 (d, 3H). Compound 3. IH NMR (CDCls): 6 8.00-6.79 (m, 22H), & 6.62
(d, 1H), 6 4.48 (m, 1H), § 4.39 (m, 1H), & 4.21-4.10 (m, 2H), & 3.77 (s, 6H), & 3.57-3.34 (m,
4H), § 2.76-2.72 (m, 2H), & 1.30-1.25 (m, 15H). 31P (CDClI3): 6 149.

Synthesis of azobenzene-modified-DNA

The azobenzene-modified DNA sequences were synthesized using an ABI3400 DNA/RNA
synthesizer (Applied Biosystems). The synthesis started with a controlled pore glass (CPG)
column at the 1 pmole scale. The azobenzene coupling was realized 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. A ProStar HPLC (Varian) with a C18 column (Econosil, 54, 250 mm x 4.6 mm)
from Alltech (Deerfield, IL) was used for DNA purification. The arm-DNA (5’-T-A-C-C-T-
A-NH»-3") and normal DNA (5’-T-A-G-G-T-A-CCC-CCC-CCC-CCC-T-A-G-G-T-A-3")
were synthesized by the same protocol.

Synthesis of mesoporous silica MCM-41

CTAB (1.00 g, 2.74 mmol) was dissolved in 480 mL of nanopure water. Sodium hydroxide
aqueous solution (2.00 M, 3.50 mL) was introduced to the CTAB solution and the
temperature of the mixture was adjusted to 80 °C. TEOS (5.00 mL, 22.4 mmol) was added
dropwise to the surfactant solution under vigorous stirring. The mixture was allowed to react
for 2 h to give a white precipitate. This solid crude product was filtered, washed with
deionized water and methanol, and dried in air to yield the as-synthesized mesoporous silica
nanoparticles (denoted as MSN). To remove the surfactant template (CTAB), 1.50 g of the
as-synthesized MSN was refluxed for 24 h in a methanolic solution of 9.00 mL of HCI
(37.4%) in 160.00 mL methanol. The resulting material was filtered and extensively washed
with deionized water and methanol.

Functionalization of mesoporous silica with DNA

MSN (1.00 g) was refluxed for 20 h in 80.00 mL of anhydrous toluene with 0.25 mL (1.00
mmol) of 3-isocyanatopropyltriethoxysilane to yield the 3-isocyanatopropyl-functionalized
MSN (denoted as ICP-MSN) material. After removal of toluene by a rotary evaporator, the
purified ICP-MSN (100 mg) was redispersed in 2 mL of anhydrous acetonitrile. The amine-
modified oligonucleotides (5’-T-A-C-C-T-A-NH>-3’) with a solution concentration of 200
UM were then added. The amino groups of DNA were allowed to react with the ICP
functional groups present on the surface of MSN overnight at room temperature to obtain
the DNA modified MSN.

Rhodamine 6G loading and DNA capping

The functionalized MSN (50 mg) was added to 5 mL of Rh6G (5.00 mM) in PBS buffer
(100 mM, pH = 7.4) solution. After the mixture was stirred for 24 h in a dark area, the final
mixture was then centrifuged and washed with a PBS buffer solution three times. The
azobenzene-modified-ssDNA (1 mL, 120 uM) was added to complement to DNA linkers
functionalized on MSN and cap the pores on the mesoporous particles. The surface-adsorbed
dye was washed with PBS buffer and removed by centrifugation. The amount of Rh6G
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loaded on the MSN was determined by analyzing the supernatant solution
spectrophotometrically. All the washing solutions were collected, and the loading amount
was calculated from the difference in number of moles of the initial and uncapped dye to be
approximately 47 umol/g MSNs.

Model drug release test

DNA-modified-MSN loaded with Rh6G was dispersed in 6 mL of Tris buffer (20 mM Tris-
HCI, 20 mM NacCl, 2 mM MgCl,, pH = 7.0). The release kinetics study was carried out
using a mini dialysis tube (MW = 7,000). The released Rh6G could cross the dialysis
membrane, but not the MSN. Aliquots were taken from the solution outside the dialysis
membrane, and the delivery of rhodamine dye from the pores to the buffer solution was
monitored v/athe fluorescence peak of the dye centered at 560 nm.

Cytotoxicity Assay

The cytotoxicity study was performed using the MTT assay for CEM and A549 cell lines.
Cells were seeded into 96-well cell-culture plate at 105/well. The cells were incubated for 48
h at 37 °C under 5% CO?2. The mesoporous silica particles at concentrations of 100 pg-mL™1
in medium were added to the wells of the treatment group. Six-fold diluted MTT (120 pL/
well) in PBS solution was added to each well and incubated at 37 °C for 2 h. The cell
viability was determined colorimetrically by using a microplate reader (VERSA), which was
used to measure the OD490 nm (Absorbance value).

Internalization Study

To investigate the internalization of DOX-loaded azo-DNA MSNs into cells, samples
containing A549 cells with a concentration of 10° cells/well were incubated with the desired
concentrations of DOX-loaded azo-DNA MSNSs at 37 °C in a volume of 200 pL of binding
buffer for 2 h with 5% CO, atmosphere. The cells were then subjected to confocal
fluorescence microscopy analysis. A 488 nm argon laser was used for the excitation of
DOX.

Results and Discussion

Details of azobenzene-modified DNA (denoted as azo-DNA) strand synthesis are shown in
the Supporting Information. The single-stranded DNA arms (denoted as arm-DNA) were
designed having a complementary sequence to azo-DNA. Duplex formation between azo-
DNA strand and arm-DNA was tested using free DNA strands in solution by fluorescence
resonance energy transfer (FRET), as reported in our previous works.2%26 The azo-DNA
and arm-DNA were labelled with FAM (fluorophore) and Dabcyl (quencher) respectively as
shown below: azo-DNA labelled with FAM: 5°-T-Azo-A-G-Azo-G-T-Azo-A-CCC-CCC-
CCC-CCC-T-Az0-A-G-Az0-G-T-Azo-A -FAM-3’ arm-DNA labelled with Dabcyl: 5’-
Dabcyl-T-A-C-C-T-A-3’

The fluorescence signal of FAM is quenched because of FRET between FAM and Dabcyl
when azo-DNA hybridizes with arm-DNA. However, when the azo-DNA dehybridizes from
the arm DNA, the fluorescence intensity will recover due to the separation between FAM
and Dabcyl. As shown in Figure 1, the fluorescence intensity was low under visible light (A
=450 nm), indicating the duplex formation between azo-DNA and arm-DNA strands.
However, upon irradiation with UV light (A = 365 nm), a significant increase of
fluorescence intensity was detected due to the dehybridization between azo-DNA and arm-
DNA induced by UV light. This result demonstrated the obvious hybridization behavior
difference between the fransand cis forms of the azo-DNA sequence.

ACS Nano. Author manuscript; available in PMC 2013 July 24.
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The synthesis of mesoporous silica nanoparticles (MSNs) was carried out following a base-
catalyzed sol-gel procedure.?” The surface was first functionalized with cyanato groups via
post-modification with 3-isocyanatopropyltriethoxysilane, followed by treatment with the
arm-DNA modified with an amino group at the 3’ end (5’-T-A-C-C-T-A-NH,-3’) for
conjugation to the MSN surface (Figure 2a).28 The scanning electron microscopy (SEM)
image in Figure 2b shows that the resulting silica particles have uniform size of about 100
nm. The ordered two-dimensional hexagonal mesoporous structure was confirmed by small-
angle X-ray diffraction (XRD) (Figure 2c¢) and transmission electron microscopy (TEM)
characterization (Figure 2d), which indicated that the morphology and structure of
mesoporous silica nanoparticles were not affected by DNA modification. The
immobilization efficiency was determined to be 4.3 umol DNA arm per gram SiO, by UV/
Vis spectroscopy. The N, adsorption—desorption isotherm recorded at 77 K shows a typical
type IV curve and a narrow pore size distribution centered at 2.5 nm (Figure S1). Using the
BJH model on the adsorption branch of the isotherm, the surface area and pore volume of
mesoporous silica were calculated to be up to 842 m2 g~1 and 1.032 cm3 g1, respectively.
After modification with arm-DNA, the surface area changed to 721 m2 g1 while pore
volume was 0.894 cm3 g1,

The opening of the valve is achieved by DNA duplex dehybridization caused by UV light
irradiation, as shown in Scheme 1. Amino-modified arm-DNA strands are attached to the
pore opening at their 3° ends. The linker azo-DNA strands contain azobenzene moieties and
segments complementary to the arms, as shown in Table 1. Under visible light irradiation (A
= 450 nm), the azobenzene moieties are in the #ransform, and the linkers can hybridize to
the arms, as shown in Scheme 1, to form a cap over the pore mouth. Upon exposure to UV
(A =365 nm), the azobenzenes are converted to the c/s form. This causes dehybridization
and the pore opens as the linker is released into solution. The sensitive and rapid response,
as well as precise recognition and positioning capability of the designed azo-DNA
nanoswitch, make it possible to achieve effective photo-controlled release. This new design
represents a major step toward the development of more highly efficient carrier and release
systems. Furthermore, rapid switching between the open and closed states can be used to
control drug dose, thereby avoiding side effects caused by excessive doses.

Rh6G was loaded into the pore structures to verify the photo-sensitive release mechanism.
After loading the pores with Rh6G molecules, a significant decrease of surface area to 502
m? g~1 was observed (Table S1), indicating that the pores have been filled by the dye
molecules. Fluorescence spectroscopy was used to quantitate the release of Rh6G monitored
at the emission maximum (560 nm) as a function of time. To optimize the design of
azobenzene incorporated DNA oligomer, DNA strands (azo-DNA-1 through azo-DNA-4,
Table 1) were prepared with different numbers and positions of azobenzene moieties. Azo-
DNA-4 gave the best release results, as shown in Figure 3a. Under visible light (450 nm), no
noticeable release was observed (curve 1), indicating good capping efficiency. When the
wavelength was changed to 365 nm, Rh6G escaped into solution as confirmed by the
fluorescence intensity increase. The emission intensity of Rh6G in solution increased rapidly
and 91% release was obtained after 1500 min (curve I1). This result showed that the
azobenzene-incorporated-DNA linker dehybridized from the arm-DNA on the silica surface
and unblocked the pore openings. For comparison, a normal DNA strand without
azobenzene modification was also tested for release of rhodamine molecules under photo-
irradiation. However, no significant fluorescence signal could be detected under UV light
for 1500 min, as shown in Figure 3b. These data clearly demonstrated that we were able to
both close the MSN pore system with complementary azobenzene-incorporated DNA
linkers, and subsequently to release the loaded molecules by dehybridizing the azo-DNA in
response to UV light stimulus. As a result of diffusion-controlled kinetics, the dye release
process is very slow. These slow release properties will result in optimum therapeutic effect
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without overdose. In contrast, the rapid capping/uncapping response to light provided by the
MSN system allows exact point-to-point drug release.

A distinctive advantage of this system lies in the reversible capping of pores, thereby
enabling more complicated on-demand cargo delivery. As a proof of concept, the release of
trapped dye molecules was regulated with open-close cycles via alternating irradiation
wavelengths. As demonstrated in Figure 4, the closed state with visible irradiation strongly
constrained the delivery of the Rh6G molecules. On the other hand, a distinct release of the
entrapped rhodamine dye was triggered in the open state as a result of dehybridization when
the wavelength was suddenly changed to 365 nm at 120 min. After 240 min the release of
the entrapped dye was again restricted by changing to visible light at 450 nm. At 360 min,
UV irradiation was repeated, and further delivery of the entrapped dye occurred. Subsequent
irradiation with visible light again inhibited the release of the dye. The decreased dye release
rate in each open segment is attributed to the reduced amount of dye to be delivered from the
pores in each cycle. The release process shows that the on-off switching is reversible and
can be repeated several times. Based on the photosensitive DNA, the delivery of small
molecules by mesoporous silica nanoparticles can be achieved automatically by sequential
adjustment of light. This smart stimuli-responsive behavior should be useful for on-demand
dosing in clinical situations.

The cytotoxicity of the obtained azo-DNA/mesoporous-silica nanoparticles was investigated
to examine its feasibility in bio-related fields. The effect of this kind of mesoporous silica
particles on cell proliferation was assessed with human acute lymphoblastic leukemic
CCRF-CEM cells and human lung adenocarcinoma A549 cells respectively by means of a
methyl thiazolyl tetrazolium (MTT) assay. The viability of untreated cells was assumed to
be 100%. Upon incubating the CEM cells with the arm-DNA (0.2 mM) and the azo-DNA
(0.1 mM), less than 2.1% and 1.3% of the cells died after a 2 h exposure (Figure 5a). In
addition, the CEM cell viability still remained above 98% when they were incubated with
mesoporous silica particles for 2 h. The cytotoxicity of the azo-DNA MSNs to CEM cells
was tested, respectively. Although the concentration was as high as 100 pug-mL™1, the cell
viability still remained above 95%. For A549 cells with the arm-DNA (0.2 mM) and the
azo-DNA (0.1 mM), the cell viabilities are 97.3% and 97.0%, respectively (Figure 5b). After
incubation with azo-DNA MSNs for 2 h, only 4% of the cells died. These results clearly
indicate that our synthesized mesoporous particles have low /n vitro cytotoxicities, thereby
demonstrating the excellent biocompatibility of this kind of vehicle.2®

To evaluate the capacity as release-controlled drug delivery vehicles of azo-DNA/MSNSs, a
typical chemotherapeutic agent, DOX was selected and loaded into it to prepare DOX-
loaded azo-DNA/MSNSs. As demonstrated by the release kinetics study, these modified
MSNSs showed light-responsive release of guest Rh6G molecules. To determine whether
DOX-loaded azo-DNA/MSNs could show a similar light-responsive function, the in vitro
cytotoxicity of DOX-loaded azo-DNA/MSNSs was evaluated for both CEM and A549 cells.
DOX-loaded azo-DNA/MSNs of different concentrations were incubated with cells for 2 h.
Without UV light treatment, the particles showed very low cytotoxicity to both CEM cells
and A549 cells, even at concentrations as high as 150 pg-mL~1, because DOX was
imprisoned in the pores of MSNs by azo-DNA blocking (Figure 6a). After UV irradiation
for 30 min, the particles showed dose-dependent cytotoxicity to CEM as well as A549 cells
(Figure 6b). The 1C5q of DOX-loaded azo-DNA/MSNs was 49.2 ug-mL~1 for CEM cells
and 62.5 ug-mL~1 for A549 cells, showing the obviously high killing efficacy due to DOX
release from azo-DNA/MSNs under UV light. In addition, the confocal fluorescence
microscopy images (Figure 6c¢,d) showed that the intracellular distribution of DOX
increased with increased azo-DNA/MSN concentration, suggesting an efficient cellular
uptake of DOX-loaded azo-DNA/MSNs and gradual release of DOX from azo-DNA/MSNs.
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Conclusions

In summary, we have demonstrated, as a proof-of-concept, how the incorporation of
azobenzene into a novel biocompatible DNA/MSN molecular valve can impart controllable
photo-responsive release behavior. The successful assembly of this multifunctional
nanodevice is made possible by the novel multifunctional mesoporous silica host, free
available pore volume inside the host, azobenzene-modified-dsDNA caps, and photo-
controllable azobenzene isomerization induced opening/closing of pore gates. This photo-
sensitive “on-off” release system exhibits highly efficient operation at different light
wavelengths. Under visible light irradiation (A = 450 nm), the linker DNA strand can
hybridize to the arm-DNA to form a cap over the pore mouth. Upon exposure to UV (A =
365 nm), the pore opens as the linker DNA is released into solution. We exploited this azo-
DNA/MSN nanoplatform as a carrier for the anticancer drug DOX because of its good
biocompatibility via MTT assay. The endocytosis of DOX-loaded azo-DNA/MSN by A549
cells was demonstrated through confocal laser microscopy. Efficient photon controlled
release of DOX was confirmed for cancer therapy. Therefore, we envision that this
intelligent nanodevice, which allows the release of incorporated guest molecules to be
adjusted precisely, can lead to a wide range of desired applications, especially for targeted
drug delivery.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Fluorescence spectra of buffer solution containing FAM labeled azo-DNA and Dabcyl
labeled arm-DNA. Black line represents DNA under visible light and red line represents
DNA after UV light irradiation. Buffer: 20 mM Tris-HCI, 20 mM NaCl, 2 mM MgCl,, pH =
7.0, [azo-DNA] = 2 uM, [arm-DNA] = 4 pM.
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Figure2.

(a) Synthetic strategy for arm-DNA grafting onto the surface of MSNSs. (b) Representative
SEM image of DNA-functionalized MSN. (c) Small-angle XRD of MSNSs, cyanato-
functioned-MSN, and DNA-madified-MSN. (d) TEM image of DNA-modified-MSNs.
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Figure 3.

(a) Time course of Rh6G release from MSN modified by azobenzene-incorporated-DNA
(azo-DNA-4). Data have been normalized to the maximum level of dye released in the
experiment. (b) UV-light responsive release from MSN system modified with azobenzene-
incorporated-DNA (azo-DNA-4) and normal DNA for 1500 min, as determined by
fluorescence intensity. Data have been normalized to the loading amount of dye in the
experiment.
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Figure 4.

Rh6G release profile from MSN as a function of time, showing the reversible
dehybridization/rehybridization switching by changing the light wavelength. Data have been
normalized to the largest amount of released dye at 600 min in the experiment.
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Figure5.
The in vitro cell viability of (2) CEM cells and (b) A549 cells incubated with arm-DNA (0.2
mM), azo-DNA (0.1 mM), MSNs (100 pg mL™1), and azo-DNA/MSNSs (100 pg mL™1) for 2

h.
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Figure®6.
Cytotoxicity assay of CEM cells and A549 cells treated with DOX-loaded azo-DNA/MSNs
(a) without UV light illumination and (b) after UV light illumination for 30 min. Confocal
microscopic images of A549 cells after incubating with DOX-loaded azo-DNA/MSNSs of (¢)
50 pg mL~1, and (d) 100 ug mL™1 after treatment with UV light.
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Scheme 1.

Schematic of azobezene-modified DNA controlled reversible release system. Visible
irradiation at 450 nm (azobenzene trans) leads to hybridization of the linker and the
complementary DNA arm. Irradiation with UV (365 nm) converts azobenzene to the c¢/s
form, leading to dehybridization and pore opening.
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Table 1

The sequences of azobenzene-modified DNA and normal DNA.

Name Sequence

Az0-DNA-1 5’ -T-A-G G Azo- T- A-CCC- CCC- CCC- CCC-T-A-G G Azo-T-A- 3

Az0-DNA-2 5’ -T- A- Azo- G G Azo- T- A- CCC- CCC- CCC- CCC- T- A- Azo- G- G Azo-T-A- 3’

Az0-DNA-3 5’ - A- Azo- T- A- Azo- G G Azo- T- A- CCC- CCC- CCC- CCC- A- Azo- T- A- Azo- G G Azo-T-A- 3
Az0-DNA-4 5’ -T- Azo- A- G Azo- G T- Azo- A- CCC- CCC- CCC- CCC- T- Azo- A- G Azo- G T- Azo- A- 3’
NormalDNA 5" -T-A-G G T- A-CCC-CCC-CCC-CCC-T-A-G G T-A- 3
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