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A Near-Infrared Light-Triggered Nanocarrier with Reversible
DNA Valves for Intracellular Controlled Release

Na Li, Zhengze Yu, Wei Pan, Yaoyao Han, Tingting Zhang, and Bo Tang*

A near-infrared (NIR) light-triggered nanocarrier is developed for intracellular
controlled release with good stability, high nuclease resistance, and good
biocompatibility. The nanocarrier consists of a gold nanorod core and mes-
oporous silica shell, capped with reversible single-stranded DNA valves,
which are manipulated by switching between the laser on/off states. Upon
laser irradiation, the valves of the nanocarrier open and the cargo molecules
can be released from the mesopores. When the NIR laser is turned off,

the valves close and the nanocarrier stops releasing the cargo molecules.
The release amount of the cargo molecules can be controlled precisely by
adjusting the irradiation time and the laser on-off cycles. Confocal fluores-
cence imaging shows that the nanocarrier can be triggered by the laser irradi-
ation and the controlled release can be accomplished in living cells. Moreover,
the therapeutic effect toward cancer cells can also be regulated when the
chemotherapeutic drug doxorubicin is loaded into the nanocarrier. This novel
approach provides an ideal platform for drug delivery by a NIR light-activated
mechanism with precise control of area, time, and especially dosage.

1. Introduction

Multifunctional nanocarriers combining several useful proper-
ties in a single nanostructure have become one of the dominant
strategies in drug delivery systems.[!l The nanocarrier can encap-
sulate the drugs with high loading amount and efficiency, while
simultaneously reducing side effects. Recently, many efforts have
been made to develop stimuli-triggered drug carriers that can
regulate the release of the loaded drug effectively in response to
a given stimulus, such as pH change, temperature change,!
redox activation,! enzymatic activity,®! competitive binding, !l
and photoirradiation.”) Among these approaches, light-triggered
drug delivery has attracted much attention because it does not rely
on changes in specific chemical properties of the environment,
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which would be expected for intra-
cellular or in vivo applications. A variety
of light-responsive nanocarriers have
been designed based on ultraviolet light
or visible light excitation to liberate the
entrapped cargo molecules,® which may
cause damage to the biological samples
and is suitable only for in vitro studies
because of its quick attenuation in tissue.’
As a promising candidate, a near-infrared
(NIR) light-triggered nanocarrier brings
new opportunities to improve the effi-
ciency for drug delivery due to minimal
absorbance and maximum penetration for
tissues and organs.

The gold nanorods (AuNRs) have strong
absorption in the NIR region and can be
employed as the local heat sources when
irradiated with an NIR laser through the
photothermal effect.!% Mesoporous silica
nanoparticles (MSNs) are considered to be
ideal candidates for drug delivery because
of their high surface area, tunable size, good biocompatibility,
and easy functionalization.'] Although inorganic materials and
organic molecules have been widely used as gatekeepers for
MSNs, the utility of the biomolecules as valve provides many
advantages, such as good biocompatibility and better cellular
uptake. Recently, DNA-capped MSNs as the controlled-release
platforms have been intensively studied.*>'?l Most of these plat-
forms performed well in opening the valve to release the cargo
molecules triggered by stimulus. However, the valves were not
reversible, which may lead to uncontrollable release after the
gates are opened. Therefore, it is highly desirable to develop
an on-command delivery system that the valve can be opened
and closed at will, which could prevent unexpected release and
deliver the cargo molecules accurately.

Herein, we develop a novel NIR light-triggered nanocarrier in
which the cargo molecules can be loaded into mesoporous silica
coated gold nanorods and then capped with reversible single-
stranded DNA valves. The gold nanorods (AuNRs) were prepared
and employed as a template to build mesoporous silica shell. The
cargo molecules were then loaded into the mesoporous silica
shell. The single-stranded DNA was anchored to mesoporous
silica shell by amide bonds and the bases of DNA were absorbed
on the surface of the silica shell via electrostatic interaction,!?
resulting in the “off” state of the valves. Upon irradiation with
the NIR laser with a wavelength that matches the absorption
peak of the nanocarrier, the light will be absorbed and converted
into heat through the photothermal effect. The heat will dissipate
into the surroundings and destroy the electrostatic interaction
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Figure 1. Schematic illustration of the NIR light-triggered nanocarrier
with reversible DNA valves for controlled release.

between DNA and silicon shell, leading to the “on” state of the
valves and the release of the cargo molecules from the nanocar-
rier. When the laser is turned off, the heating will immediately
stop and the DNA valves will be back to its
original state. Then, the nanocarrier stops
releasing the cargo molecules. The details of
this approach are described in Figure 1.

2. Results and Discussion

The AuNRs were typically synthesized using
a seed-mediated growth procedure according
to a reported protocol with some modifica-
tions.'¥ As shown in Figure 2A, the average
length and width of the Au NRs are about 52
and 14 nm, respectively. The modified co-
condensation method™ was employed for
the preparation of the amino-functionalized
mesoporous silica coated Au NRs (AuNRs@
MS-NH,). As can be seen from Figure 2B,
the silica shell of AUNRs@MS-NH, is esti-
mated to have a homogeneous thickness
of about 22 nm and is composed of disor-
dered mesopores, offering an opportunity
for AuNRs@MS-NH, to be used as a gen-
eral drug carrier. N, adsorption-desorption
isotherms of AuNRs@MS-NH, showed a
typical Type IV curve with a specific surface
area of 137 m? g~! and average pore diameter
of 2.2 nm with a narrow pore-size distribu-
tion (Supporting Information Figure S1). The
rhodamine B (RhB) cargo was then loaded in
the mesopores of AuNRs@MS-NH,. Single-
stranded DNA  (5-COOH-(CH,)s-CTCCT-
GTAATGAAGCGCTAAGTGTAATGG-3)
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was used as gatekeeper to cap the pores to prevent the cargo
from leaking. The AuNRs@MS-DNA was fabricated through
the amidation reaction of AuNRs@MS-NH, with carboxyl-
functionalized DNA. The morphology of AuNRs@MS-DNA
did not show obvious change compared with AuNRs@MS-NH,
(Figure 2C). The UV-vis absorption spectra of AuNRs, AuUNRs@
MS-NH, and AuNRs@MS-DNA were shown in Figure 2D.
The maximum absorption of the Au NRs is at 780 nm and it is
red shifted to 805 nm after coating with the silica shell. This is
due to the local increase of refractive index and the scattering
from the silica shells.”] After the DNA was modified on the
surface of AuNRs@MS-NH,, the maximum absorption fur-
ther shifted to 813 nm. Moreover, the appearance of the peak at
260 nm was attributed to the DNA absorbance, indicating the
successful modification of DNA on the AuNRs@MS-NH, sur-
face. Zeta potential experiments further verified the successful
treatment of the nanocarrier in different stages, i.e., -19.3
0.4 mV (AuNRs@MS), 13.1 % 0.9 mV (AuNRs@MS-NH,), and
-23.1£0.4 mV (AuNRs@MS-DNA).

The stability of the nanocarrier was evaluated by time-
dependent fluorescence changes at room temperature. As
shown in Figure 3A, about 38% RhB was leaked after 168 h
for AuNRs@MS-NH,, while less than 7% RhB was leaked
after 168 h for AuNRs@MS-DNA (Figure 3B), indicating
that the DNA valves could prevent the cargo molecules from
leaking effectively. After the nanocarrier was irradiated with a
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—— AuNRs@MVS-DNA

—
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Figure 2. A) TEM image of AuNRs. B) HRTEM image of AuNRs@MS-NH,. C) HRTEM image
of AuNRs@MS-DNA. Scale bars are 50 nm. D) UV-vis spectra of AuNRs, AuUNRs@MS-NH,
and AuUNRs@MS-DNA.
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Figure 3. The leakage of the cargo from A) AuNRs@MS-NH, (RhB) and
B) AuNRs@MS-DNA (RhB) over a time profile at 0, 12, 24, 48, 72, 96,
120, 144, and 168 h, respectively. Then the sample was irradiated with a
808-nm NIR laser for 90 min.

continuous-wave NIR diode laser (808 nm) for 90 min, more
than 70% cargo molecules were released, suggesting that the
DNA valves could open as expected because of the photo-
thermal effect. To confirm that the release of cargo molecules
was indeed induced by the opening of the DNA valves instead
of the thermal diffusion upon the NIR irradiation, FAM labeled
DNA (5-CTCCTGTAATGAAGCGCTAAGTGTAATGG-(CH,)¢
FAM-3’) was used as the gatekeeper instead of the carboxylated
DNA to cap the pores of AuNRs@MS-NH,. After being irradi-
ated with the NIR laser, the AuNRs@MS-DNA-FAM solution
was centrifuged and the fluorescence intensity of the super-
natant was measured. The fluorescence intensity of AuNRs@
MS-DNA-FAM without irradiation was used as the control.
Supporting Information Figure S2 shows that the fluorescence
intensity of irradiated AuNRs@MS-DNA-FAM solution was
much higher than that of AuNRs@MS-DNA-FAM without irra-
diation. This suggests that the electrostatic interaction between
DNA and the silicon shell could be destroyed upon irradiation
by NIR laser and that the DNA could detach from the surface
of the silicon shell. Zeta potential experiments further verified
the above results, i.e., =19.0 £ 1.4 mV (AuNRs@MS-DNA-FAM
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Figure4. ThecargoreleaseprofilesofAuNRs@MS-DNA (RhB) (0.1mg/mL)
under different temperature (30, 37, 42, 44, 50, and 60 °C).

without irradiation after centrifugation) and -7.4 £ 0.9 mV
(AuNRs@MS-DNA-FAM with irradiation after centrifugation).

The effect of temperatures on the opening of the DNA valves
of the nanocarrier was also investigated. As shown in Figure 4,
the release amount of the cargo molecules did not show obvious
change when the temperature was lower than 44 °C. This dem-
onstrates that the electrostatic interaction between DNA and the
silicon shell still existed and that the DNA valves were closed.
When the temperature was 244 °C, the release amount of the
cargo molecules sharply increased within 90 min, suggesting
the opening of the DNA valves.

Prior to applying NIR light as a stimulus to trigger the cargo
release, the effect of laser activated temperature increase of the
DNA-MS@AuNRs (RhB) solution was investigated under dif-
ferent laser wavelengths and different power densities with
increasing irradiation time. Figure 5 shows that the solution
temperature remained unchanged under irradiation at 655 nm
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Figure 5. The photothermal effects of the nanocarrier under different
laser irradiation.
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Figure 6. Controlled release profile of AuUNRs@MS-DNA (RhB) under
NIR laser irradiation (808 nm, 2.7 W-cm=2) for different on/off cycles.

(3 W-cm™2) and was of comparable magnitude to the initial
temperature. When irradiated with at 808 nm at different power
densities, the solution temperature gradually increased up to
500 s, after which the solution temperature remained constant.
The final temperature increased with increasing laser power
density, i.e., 36 °C for 2 W-cm™, 45 °C for 2.7 W-cm™, 48 °C
for 3 W-cm™2, and 58 °C for 4 W-cm™2. These results indicate
that the nanocarrier was efficiently responsive to the NIR light
matched to its absorption peak and the generated photothermal
effect was positively correlated with laser power density. In
order to open the DNA valves (T 2 44 °C) and minimize the
chance of apoptosis by hyperthermia (T < 45 °C),'?" a laser
power of 2.7 W-cm™ was chosen in the following experiments.

The controlled release of the AuNRs@MS-DNA (RhB) trig-
gered by NIR laser was determined with fluorescence spec-
troscopic analysis. To evaluate the repeatability and triggered
nature of the release, the nanocarrier solutions were manipu-
lated with the NIR laser (808 nm, 2.7 W-cm™) for several laser
on/off cycles. For each cycle, the sample was irradiated for
15 min and then the laser was turned off for 12 h. Figure 6
shows that the cargo molecules could be released upon irradia-
tion (laser on), indicating the DNA valves were open after irra-
diation. When the laser was turned off (laser off), the release of
the cargo molecules was inhibited, suggesting the DNA valves
were close again. The results demonstrated the nanocarrier was
reversible after every laser on/off cycle as expected. Approxi-
mately 70% RhB was released after seven cycles. When the
nanocarrier solution was irradiated by NIR laser continuously,
the release amount of cargo was increased with the irradiation
time and nearly 70% RhB was released within 100 min (Sup-
porting Information Figure S3). In contrast, about 21% cargo
molecules were released upon the first irradiation for 15 min
of the AuNRs@MS-NH, (RhB) solution and about 20% cargo
molecules were still released when the laser was turned off
(Supporting Information Figure S4). This indicates that the
controlled release could not be achieved for the nanocarrier
without the DNA valves. The results show that the current
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Figure 7. The nuclease stability of AuNRs@MS-DNA(RhB) in the absence
or presence of DNase I. Fluorescence curves of AuNRs@MS-DNA(RhB)
(0.1 mg/mL) in PBS(10 mM) without DNase | (trace a), in the presence
of DNase | (trace b). Inset: Fluorescence spectra the two samples without
(trace c) or with (trace d) DNase | after irradiation for 90 min.

Fluorescence intensity

nanocarrier is capable of controlling the cargo release accurately
by adjusting the irradiation time and laser on/off states.

The nuclease resistance ability is critical for nanocarriers
when used in living cells and this was therefore evaluated
under physiological conditions. Enzyme deoxyribonuclease I
(DNase 1), a common endonuclease, was employed to assess
the nuclease stability of the nanocarrier. Figure 7 showed that
the nanocarrier treated with DNase [ exhibited slight degrada-
tion compared with the case without DNase I. When the nano-
carrier only and nanocarrier/DNase I solutions were irradiated
with the NIR laser (808 nm) for 90 min, the fluorescence inten-
sities of the two solutions increased greatly (Figure 7, inset).
The results indicate the nanocarrier possessed high resistance
to nuclease and the release of cargo molecules was indeed due
to the irradiation. The nanocarrier could avoid unexpected
release of cargo molecules caused by nuclease degradation and
it was shown to be viable for application in living cells.

For the application of NIR laser triggered nanocarrier for
controlled delivery, intracellular release experiments were car-
ried out in a human breast cancer cell line (MCF-7). As shown
in Figure 8, nearly no fluorescence signal was observed under
confocal laser scanning microscopy when the MCF-7 cells
were without irradiation. In order to confirm the controlled
release in living cells, three laser on/off cycles were performed
in the same cells. For every cycle, the laser on time was chosen to
be 10 min to ensure that the final temperature is 45 °C (the irra-
diation time needs to be more than 8 min, as shown in Figure 5),
which makes the DNA valves open and minimizes the potential
damage to cells by hyperthermia for a long time. After the first
irradiation, a faint fluorescence signal appeared, indicating the
successful release of RhB. The fluorescence intensity was grad-
ually enhanced when the laser on/off cycles increased. This
demonstrates that the nanocarriers could be triggered by the
laser and that the controlled delivery could be achieved in living

Adv. Funct. Mater. 2013, 23, 2255-2262
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Figure 8. Confocal fluorescence imaging of MCF-7 cells irradiated with NIR laser (808 nm,
2.7 W-cm™?) for different laser on/off cycles.

cells. The bright-field images revealed that the cells were viable
throughout the whole imaging experiments of three cycles.

To evaluate the cytotoxicity of the nanocarrier and the photo-
thermal effect by irradiation, an MTT (3-(4, 5-dimethylthiazol-
2-yl)-2, 5-diphenylte-trazolium bromide) assay in MCF-7 cells
was performed. The absorbance of MTT at 490 nm is dependent
on the degree of activation of the cells. The cell viability was
expressed by the ratio of absorbance of the treated cells (incu-
bated with the nanocarrier or irradiated with NIR laser) to that
of the untreated cells. The results indicated that the nanocar-
rier showed almost no cytotoxicity or side effects in living cells
(Figure 9A). The apoptosis induced by irradiation and the
photothermal effects was also investigated. Figure 9B indicated
that no obvious decrease in the cell viability was observed after
each irradiation, which further confirmed, as expected, that the
NIR laser with a power density of 2.7 W-cm™ exerted almost
no damage on the living cells.

For further application of the nanocarrier, a chemothera-
peutic drug doxorubicin (Dox) was loaded to investigate if the
therapeutic effect could be controlled using the current nano-
carrier. Figure 9C shows that the cell viability is about 95%
without the irradiation when the nanocarrier was incubated
with the MCF-7 cells, suggesting that the nanocarrier indeed
performed well in preventing the Dox molecules from leaking.
The cells were then treated with different laser on/off cycles;
the cell viability decreased with increasing number of irradia-
tion cycles. After three cycles of irradiation, only about 50%
cells survived. The result is consistent with the in vitro release
experiment and intracellular imaging, which further confirmed
that the release amount of cargo molecules could be controlled
using the nanocarrier.

3. Conclusions

We have presented a novel NIR laser-triggered nanocarrier based
on mesoporous, silica-coated gold nanorods with reversible
DNA valves. The reversible DNA valves of the nanocarrier were
manipulated by switching the laser on/off states, which was
capable of controlling the release amount of cargo molecules.

Adv. Funct. Mater. 2013, 23, 2255-2262
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Moreover, the nanocarrier possesses good
stability, high nuclease resistance and good
biocompatibility. Intracellular imaging exper-
iments indicated the nanocarrier could be
triggered with a NIR laser and the controlled
release could be achieved in living cells.
When doxorubicin was loaded into the nano-
carrier, the therapeutic effect also could be
controlled. Compared to the reported nano-
carriers, the current approach could deliver
the cargo molecules accurately in a controlled
manner, which is indispensable for the treat-
ment of some diseases with precise dosage at
a desired time in a specified area. We antici-
pate that the nanocarrier could provide new
insights for designing the on-command drug
delivery systems.

4. Experimental Section

Materials: DNA oligonucleotides were synthesized and purified by
Sangon Biotechnology Co., Ltd (Shanghai, China). 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium  bromide (MTT), doxorubicin
(Dox) and rhodamine B (RhB) were purchased from Sigma Chemical
Company; deoxyribonuclease | (DNase |) was purchased from Solarbio
Science and Technology Co., Ltd. (Beijing, China); sodium borohydride
(NaBH,), cetyltrimethyl ammonium bromide (CTAB), silver nitrate
(AgNQ3), ascorbic acid, tetraethyl orthosilicate (TEOS), and hydrogen
tetrachloroaurate (Ill) (HAuCl,-4H,0) were purchased from China
National Pharmaceutical Group Corporation (Shanghai, China);
(3-aminopropyl) triethoxysilane (APTES) and 1-ethyl-3-(3-dimethylamino-
propyl) carbodiimide hydrochloride (EDC) were purchased from Alfa
Aesar Chemical Ltd (Tianjin, China). All the chemicals were of analytical
grade and used without further purification. Sartorius ultrapure water
(18.2 M€ cm) was used throughout the experiments. The human breast
cancer cell line (MCF-7) was purchased from KeyGEN biotechnology
Company (Nanjing, China).

Instruments: Near infrared (NIR) lasers with irradiation wavelength of
655 nm (MLL-111-655) and 808 nm (MDL-111-808) were purchased from
Changchun New Industries Optoelectronics Tech. Co., Ltd (Changchun,
China). Transmission electron microscopy (TEM) was carried out on
a JEM-100CX Il electron microscope and high resolution transmission
electron microscopy (HRTEM) was carried out on a JEM-2100 electron
microscope, respectively. N, adsorption-desorption isotherms were
recorded on a Micromeritics ASAP2020 surface area and porosity
analyzer. The samples were degassed at 150 °C for 5 h. The specific
surface areas were calculated from the adsorption data in the low
pressure range using the BET model and pore size was determined
using the Barrett—Joyner—Halenda (BJH) method. Absorption spectra
were measured on a Pharmaspec UV-1700 UV-vis spectrophotometer
(Shimadzu, Japan). Fluorescence spectra were obtained with FLS-920
Edinburgh fluorescence spectrometer with a xenon lamp and 1.0 cm
quartz cells at the slits of 3.0/3.0 nm. All pH measurements were
performed with a pH-3c digital pH-meter (Shanghai LeiCi Device Works,
Shanghai, China) with a combined glass-calomel electrode. Absorbance
was measured in a microplate reader (RT 6000, Rayto, USA) in the MTT
assay. Confocal fluorescence imaging studies were performed with a TCS
SP5 confocal laser scanning microscopy (Leica Co., Ltd. Germany) with
an objective lens (40x).

Preparation of AuNRs: Gold nanorods (AuNRs) were typically
synthesized using a seed-mediated growth procedure according to a
reported protocol with some modifications.I'¥l Seed solution was first
synthesized by mixing HAuCl, (10 mM, 0.25 mL) and CTAB (0.1 M,
10 mL). Next, 0.6 mL ice-cold NaBH, aqueous solution (0.01 M) was
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Figure 9. A) Cell viability of MCF-7 cells incubated with different amounts
of AUNRs@MS-DNA (0.1 and 0.2 mg/mL) for different times (6, 12, and
24 h). B) Cell viability of MCF-7 cells incubated with AuNRs@MS-DNA
for different laser on/off cycles. C) Cell viability of MCF-7 cells incubated
with AuNRs@MS-DNA (Dox) for different laser on/off cycles.

added to the mixture which resulted in formation of a bright brownish-
yellow solution. This solution was kept at 25 °C at least 2 h. The growth
solution was prepared as follows. CTAB (0.1 M, 40 mL) was added to
HAuCl, (10 mM, 2 mL) with gentle stirring. Then, AgNO; (0.01 M,
320 pL), HCI (1.0 M, 0.8 mL) and ascorbic acid (0.1 M, 0.32 mL) were
successively added to the above mixture. Finally, 48 uL seed solution
was added to the growth solution and the growth medium was kept at
27 °C for more than 6 h before further use.

Preparation of AUNRs@MS-NH,: Amino modified mesoporous silica
coated AuNRs were synthesized using the typical co-condensation method
reported previously with some modifications.'"M The as-synthesized
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AuNRs were washed by centrifugation at 10 000 rpm for 10 min twice to
remove excess CTAB and redispersed in 100 mL water. NaOH (0.1 M,
0.3 mL) was added to the 30 mL prepared AuNRs upon gentle stirring
for 10 min, followed by the addition of 45 pL of 20% TEOS in methanol
along with 15 uL of 2% APTES in methanol three times under gentle
stirring at 30 min intervals. The mixture was reacted for 24 h to form
the mesoporous silica shell. The as-synthesized AUNRs@MS-NH, was
washed with methanol and water for several times to remove the CTAB
remained inside the mesopores. The precipitates were finally dispersed
in 6 mL water to get a solution with concentration of 0.2 mg/mL. The
AuNRs@MS-NH, was dried and weighted for further use.

Preparation of AuNRs@MS-DNA (RhB) and AuNRs@MS-DNA
(Dox): 2 mL as-prepared AUNRs@MS-NH, solution was added to
10 mL RhB solution (0.5 mg/mL). The mixture was stirred for 3 days
in darkness to reach the maximum loading. The RhB loaded AuNRs@
MS solution was centrifuged (10 000 rpm, 10 min) and washed twice
with water to remove the RhB molecules absorbed physically on the
outer surface of the silica shell. The precipitates were redispersed in
4 mL MES buffer (10 mM, pH 6.0). AuNRs@MS-DNA was obtained
by coupling the carboxl group of the oligonucleotides and the amino
group on the surface of AUNRs@MS-NH; to form the amido bonds.
17.8 uL EDC (2.8 mM) solution was added to 100 pL of single-stranded
DNA (100 uM) solution with the sequence of 5-COOH-(CH,)¢
ACTCCTGTAATGAAGCGCTAAGTGTAATGG-3". The solution was mixed
and reacted for 30 min at room temperature to activate carboxylate
groups. The mixture was then added to 2 mL RhB loaded AuNRs@MS$S
solution with gentle stirring in darkness. The solution was reacted for 24 h
which resulted in the formation of the amido bonds. Following this, the
precipitates were centrifuged (10 000 rpm, 10 min) and washed with
PBS buffer (10 mM, pH 7.4. 100 mM NaCl, 1 mM MgCl,) for three times
and finally redispersed in 2 mL PBS buffer. The preparation of AuUNRs@
MS-DNA (Dox) was same as the method mentioned above.

Quantitation of RhB Loaded into the Nanocarrier: To quantify the RhB
loaded into the nanocarrier, 2 mL AuNRs@MS-DNA (RhB) solution was
heated in the water bath at 80 °C for 2 h. The sample was centrifuged
(10 000 rpm, 10 min) and the supernate was separated. Then, the
precipitates were redispersed in 2 mL PBS buffer. The above procedure
was repeated at least twice to ensure the RhB release from the pores
completely. The fluorescence intensity (4, = 532 nm, Aoy, = 575 nm)
of the supernate was measured and the concentrations of RhB were
determined according to a standard linear calibration curve of RhB
(Supporting Information Figure S5). The loading content of RhB was
calculated to be 0.0192 mg RhB per 1 mg AuNRs@MS-NH,.

Stability of the Nanocarriers: To evaluate the stability of the
nanocarrier, the as-prepared 2 mL AuNRs@MS-NH, (RhB) or AuNRs@
MS-DNA (RhB) (0.1 mg/mL) was stored at room temperature and the
fluorescence intensity of the sample was measured (Ae, =532 nm, A, =
575 nm) at 0, 24, 48, 72, 96, 120, 144, and 168 h, respectively. After that,
this sample was irradiated with NIR laser at 808 nm for 90 min and the
fluorescence intensity was also measured. The experiment was repeated
three times and the data are shown as the mean + SD.

Confirmation of the Opening of DNA Valves Upon NIR Laser Irradiation:
To confirm that the DNA valves could be open upon the NIR irradiation,
FAM labeled DNA (5-CTCCTGTAATGAAGCGCTAAGTGTAATGG-
(CHy)s-FAM-3’) was used as gatekeeper instead of the carboxylated DNA
(5-COOH-(CH,)-CTCCTGTAATGAAGCGCTAAGTGTAATGG-3) to cap
the pores of AUNRs@MS-NH,. In this case, there was only electrostatic
interaction between DNA and the silicon shell and no covalent bond
between them, when the electrostatic interaction was destroyed, the
DNA would detach from the surface of silicon shell. 100 uL of FAM
labeled single-stranded DNA (100 uM) solution was added to 2 mL
as-prepared AuNRs@MS-NH, solution. The mixture was stirred for
12 h in the darkness to make the DNA absorb on the surface of
AuNRs@MS-NH,; and cap the porous. The mixture was then centrifuged
(10 000 rpm, 10 min) and washed with water to remove the excess
DNA molecules. The precipitates (AuNRs@MS-DNA-FAM) were finally
dispersed in 2 mL PBS buffer. The solution was then divided into two
parts. One part (1 mL) was irradiated with the NIR laser (808 nm,
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2.7 W-cm™2) for 15 min and the other part was kept without treatment
as the control. Both the two samples were kept in the darkness to
prevent FAM from photobleaching. The two samples were immediately
centrifuged (10 000 rpm, 10 min). The fluorescence intensity of the
supernate was measured. The precipitates of each sample were
redispersed into 1 mL water. The above procedure was repeated twice
to make the DNA molecules desorption from the silicon shell and
the control group was also centrifuged twice to keep the consistency
principle. Finally, the precipitates of the two samples were redispersed
into 1 mL water and the zeta potential was measured. Each experiment
was repeated at least three times and the data are shown as the mean
+SD.

Determination of the Critical Temperature of the DNA Valves: To
determine the critical temperature of the DNA valves to open, six
samples of 2 mL AuNRs@MS-DNA (RhB) (0.1 mg/mL) in PBS buffer
were heated in water bath with different temperatures (30, 37, 42, 44,
50, and 60 °C). Each sample was heated for 90 min and the fluorescence
intensity was measured every 15 min. The final fluorescence intensity
of the dye released completely was measured as mentioned above. The
percentage of dye release from the nanocarrier was calculated as follows:
(fluorescence intensity of each sample at different time)/(the final
fluorescence intensity of the sample). Each experiment was repeated at
least three times and the data are shown as the mean + SD.

Effect of Laser Induced Temperature Change: Five samples of 2 mL
AuNRs@MS-DNA (RhB) (0.1 mg/mL) were irradiated under different
laser and different power densities. The laser power densityies used
were 3.0 W-cm~2 at 655 nm, and 2.0, 2.7, 3.0, and 4.0 W-cm™2 808 nm.
Each sample was irradiated for 750 s and the temperature was recorded
every 30 s. The sample was exposed to the laser light with a beam area
of 0.4 cm? Each experiment was repeated at least three times and the
data are shown as the mean + SD.

Controlled Release of the Nanocarrier: The release amount of RhB
for seven laser on/off cycles was evaluated to study the reversibility of
valve on/off cycle and triggered nature of the release. 2 mL AuNRs@
MS-NH, (RhB) or AuNRs@MS-DNA (RhB) (0.1 mg/mL) in PBS buffer
was irradiated with NIR laser (808 nm, 2.7 W-cm~?) for several laser on/
off cycles. For each cycle, the sample was first irradiated for 15 min then
cooled to room temperature for 15 min and the fluorescence intensity
of the sample was measured. The sample was then kept at room
temperature for 12 h and the fluorescence intensity of the sample was
measured. In addition, to evaluate the relationship of the release amount
of cargo and irradiation time, 2 mL AuNRs@MS-DNA (RhB) (0.1 mg/mL)
was irradiated with the NIR laser (808 nm, 2.7 W-cm™2) for 105 min
continuously. Each experiment was repeated at least three times and the
data are shown as the mean + SD.

Nuclease Assay: Two groups of 2 mL AuNRs@MS-DNA (RhB)
(0.1 mg/mL) in PBS buffer were incubated at 37 °C. After allowing
the samples to equilibrate (10 min), 1.3 uL of DNase | in assay buffer
(2 U/L) was added to one group. The fluorescence signal of the two
samples was monitored for 6 h and was collected at intervals during
this period. These two groups were then irradiated with the NIR laser
(808 nm, 2.7 W-cm™2) for 90 min, and the fluorescence was measured
after the solution was cooled to room temperature. The experiment was
repeated at least three times and the data are shown as mean + SD.

Confocal Fluorescence Imaging: MCF-7 cells were cultured on chamber
slides for 24 h. The AuNRs@MS-DNA (RhB) (0.1 mg/mL) was delivered
into the cells in RPMI-1640 culture medium at 37 °C for 12 h. Cells were
then washed twice with PBS buffer and 2 mL RPMI-1640 culture medium
was added. The cells were examined with confocal laser scanning
microscopy (CLSM) with 543 nm excitation. Next, three NIR laser on/off
cycles were performed in the same cells. For each cycle, the cells were
irradiated for 10 min then examined by CLSM with 543 nm excitation
followed by 2 h incubation.

MTT Assay: MCF-7 cells were cultured in 96-well microtiter plates
and incubated at 37 °C in 5% CO, for 24 h. MCF-7 cells were incubated
with culture medium, AuNRs@MS-DNA (0.1 mg/mL, 0.2 mg/mL) for
different times (6, 12, and 24 h), respectively. Next, 150 uL MTT solution
(0.5 mg/mL) was added to each well. After 4 h, the remaining MTT
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solution was removed, and 150 pL of DMSO was added to each well to
dissolve the formazan crystals. The absorbance was measured at 490 nm
with a RT 6000 microplate reader. (Figure 9A) Then the MCF-7 cells were
incubated with culture medium and AuNRs@MS-DNA (0.1 mg/mL)
(Figure 9B) or AuNRs@MS-DNA (Dox) (0.1 mg/mL) (Figure 9C) for
12 h. The cells were then irradiated with the NIR laser (808 nm, 2.7
W-cm™2) for different times. Each irradiation time lasted for 10 min at 2 h
intervals. After irradiation, the cells were incubated at 37 °C for 24 h.
The cells were then treated as mentioned above. Each experiment was
repeated at least three times and the data are shown as the mean £ SD.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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