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A Photon-Fueled Gate-Like Delivery System Using i-Motif 
DNA Functionalized Mesoporous Silica Nanoparticles
 A novel photon-fueled gate-like mesoporous silica nanoparticles (MSN)-based 
delivery system is reported. In this system, the malachite green carbinol base 
(MGCB) is immobilized on the nanochannel wall of MSN as a light-induced 
hydroxide ion emitter and i-motif DNA is grafted on the surface of MSN 
as a cap. Photoirradiation with 365 nm wavelength UV light makes MGCB 
molecules dissociate into malachite green (MG) cations and OH  −   ions, which 
induce the i-motif DNA to unfold into the single-stranded form due to the 
increase of the pH in the solution. Therefore, the pores are uncapped and 
the entrapped guest molecules are released. After the light is turned off, the 
MG cations recombine with the OH  −   ions and return to the MGCB forms. 
The pH value thus decreases and the single-stranded DNA switches back to 
i-motif structure to cap the pore again. Because of the photon-fueled MGCB-
dependent DNA conformation changes, the i-motif DNA-gated switch can be 
easily operated by turning the light on or off. Importantly, the opening/closing 
protocol is highly reversible and a partial cargo release can be easily achieved 
at will. This proof-of-concept may promote the application of DNA in the 
controlled release and can also provide a way to design various photon-fueled 
controlled-release systems using a combination of some photoirradiated pH-
jump systems and other kinds of pH-sensitive linkers. 
  1. Introduction 

 With the distinctive characteristics of stable mesostructure, 
biocompatibility, large loading capacity, and ease of surface 
functionalization, mesoporous silica nanoparticles (MSN) 
have attracted great attention in a stimuli-responsive capped/
gated release mechanism. [  1  ]  To date, several stimuli-responsive 
strategies including photoirradiation, [  2  ]  pH, [  3  ]  temperature, [  4  ]  
competitive binding, [  5  ]  enzymes, [  6  ]  and redox activation [  7  ]  have 
been applied as “triggers” for uncapping the pores. Most 
of the reported systems have been constructed by various 
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pore-blocking caps such as nanoparti-
cles, [  8  ]  organic molecules, [  9  ]  and supramo-
lecular assemblies [  10  ]  and so on. Despite 
enormous research progress in this fi eld, 
many of the existing cap systems still have 
presented disadvantages in terms of irre-
versibility, poor biocompatibility, toxicity 
of the capping agents, etc. 

 Oligonucleotide is an attractive mate-
rial for the design of stimuli-responsive 
delivery systems owing to their confor-
mational polymorphism, good biocompat-
ibility and robust physicochemical nature. 
Many MSN-based stimuli-responsive 
release systems with nucleic acids as caps 
have been constructed. In these systems, 
the conformational switch of nucleic 
acids has been driven by a contact model 
triggers involving complementary DNA 
strands, [  11  ]  acids/bases, [  12  ]  enzymes, [  13  ]  
or target molecules. [  14  ]  The contact mode 
shows an excellent controlled release 
behavior through interactions between 
nucleic acids and stimulators. This DNA-
based model trigger requires a direct con-
tact between delivery system and stimulus, 
and as a result, limits the response rate and degree of control 
of designed controlled release system. Moreover, it can not be 
applied to reactions in complex systems or customizing envi-
ronments. In contrast, photoirradiation as a noninvasive trigger 
is more convenient and desired strategy for the regulation of 
DNA conformation. As references reported, there are mainly 
two kinds of photoregulated of DNA conformation. One kind 
of them is the photoregulation of modifi ed DNA conformation 
by introducing the photo-sensitive group into DNA strands 
to serve as an artifi cial base pair or the photolabile protection 
groups to mask the Watson–Crick base pairing. [  15  ]  The other 
is the light-induced conformational switch of natural DNA 
through a photoirradiated pH-jump system. [  16  ]  In this strategy, 
the light-induced DNA conformational switch between close-
packed quadruplex and random-coil structures is achieved by 
malachite green carbinol base (MGCB) as a reversible photo-
irradiated pH-jump system. It can undergo multiple cycling of 
DNA conformation by turning the UV light on and off alter-
nately in noncontact mode. However, light-driven conforma-
tional alteration of DNA for application in the fi eld of controlled 
release has not been reported. 

 Herein, we have sought to take advantage of this unique fea-
ture to rationally design a novel photon-fueled molecular gate-
like delivery system, employing MGCB to be immobilized into 
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     Scheme  1 .     Schematic representation of photon-fueled release of guest 
molecules from the pores of MSN capped with i-motif DNA (DNA1). 
The conformational switch of DNA1 was associated with the on and off 
phases of UV light through the translation of light-induced hydroxide-
group release by MGCB.  

     Figure  1 .     a) TEM images and b) powder X-ray pattern of as-synthesized 
MSN-Cl.  
the nanochannel walls of MSN as a light-induced hydroxide ion 
emitter and i-motif DNA (DNA1) to be grafted on the surface 
of MSN as a cap material. The obtained system is denoted as 
MGCB@MSN-DNA1. The primary motivation for employing 
DNA1 as a cap material is based on the fact that it is nontoxic, 
hydrophilic, and exhibits reversible response to pH (it folds into 
i-motif form at pH  =  5.0 but rapidly unfolds into single strand 
at pH  =  8.0). [  17  ]  The working principle of the photon-fueled 
controlled-release system is illustrated in  Scheme    1  . In this 
design, the initial solution containing MGCB@MSN-DNA1 
shows a slightly acidic pH value (pH  =  5.0) that facilitates the 
formation of i-motif structures by one or association of two or 
more single-stranded DNA1 to cap the pores. In the presence 
of 365 nm UV light, MGCB molecules immobilized into the 
nanochannels of MSN dissociate into malachite green (MG) 
cations and OH  −   ions, which lead to an increase in the pH 
value. As a result, the i-motif quadruplex structures unfold into 
single-stranded forms due to deprotonation of the C:C  +   base 
pairs and the pores are uncapped, resulting in a rapid release of 
the entrapped cargo from the pore voids into the aqueous solu-
tion. After the light is turned off, the MG cations recombine 
with the OH  −   ions and return to the MGCB forms to complete 
the cycle. Thus, the pH value decreases and the single-stranded 
DNA1 switches back to i-motif form again. Accordingly, the 
conformational alterations of DNA1 and the closed and open 
states of the gated system can be cycled by turning the UV light 
on and off alternately.   

  2. Results and Discussion 

 For the design of the stated gate-like delivery system above, we 
fi rst synthesized chlorine-functionalized MSN (MSN-Cl) with 
a MCM–41–type mesoporous structure. The obtained particles 
were characterized by transmission electron microscopy (TEM), 
powder X-ray diffraction (XRD), and N 2  adsorption–desorption 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 4704–4710
measurements. TEM images showed that the resulting spher-
ical MSN-Cl had a diameter of  ≈ 80 nm and a typical hexagonally 
channel-like pore ( Figure    1  a). The XRD of siliceous MCM-41 
as-synthesized showed three low-angle refl ections typical of a 
hexagonal array that could be indexed as (100), (110) and (200) 
Bragg peaks with an  a  0  cell para meter of 4.1 Å (Figure  1 b). More-
over, the MSN-Cl particles had a surface area of 1096 m 2  g  − 1 , a 
narrow pore distribution, and an average pore diameter of 3.04 
nm ( Figure    2   black circles). The as-prepared MSN-Cl was then 
treated with sodium azide in  N , N -dimethylformamide (DMF) to 
give an azide-carrying surface (MSN-N 3 ). After azide activation, 
the DNA oligomers were subsequently attached to the MSN 
surface using a click chemistry approach. [  13  ]  Detailed DNA 
sequence, modifi cation, and linkages were shown in the Experi-
mental Section. The successful conversion of MSN surface was 
confi rmed by FTIR spectroscopy. As shown in  Figure    3  , the 
sample MSN-Cl only showed the silica framework vibrations, 
4705wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  2 .     Nitrogen sorption isotherms and pore size distributions (inset) 
of MSN-Cl (black circles), MGCB@MSN-DNA1 (open circles), and Ru/
MGCB@MSN-DNA1 (black triangles).  
whereas the sample MSN-N 3  exhibited the characteristic azide 
stretch signal at 2110 cm  − 1  (see the dotted line in Figure  3 ). 
After DNA attachment, this band at 2110 cm  − 1  was strongly 
reduced in intensity. We had taken this result as evidence for 
the covalent DNA binding to the MSN surface. Quantifi cation 
of DNA anchored on MSN surface was determined by a UV–vis 
spectroscopy to be approximately 4.3  μ mol g  − 1  SiO 2 .    

 To achieve the goal of light-controllable release, the MSN-
DNA1 was soaked in a solution of MGCB to permit the light-
induced hydroxide ion emitter to diffuse into the pores of the 
MSN and then immobilize on the pore wall through strong 
hydrophobic interaction between MGCB molecules and silanes. 
The obtained particles were then repeated washing with a 
phosphate-buffered saline (PBS) buffer solution (pH  =  7.2). The 
successful loading of MGCB was confi rmed by N 2  adsorption–
desorption isotherm (Figure  2  open circles) and UV–vis spec-
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G

     Figure  3 .     FTIR spectra of the samples MSN-Cl, MSN-N 3 , and 
MSN-DNA.  
troscopy (Figure S1 and Figure S2, Supporting Information). 
Compared with the sample MSN-DNA1 (a surface area of 813 
m 2  g  − 1 ), the surface area of the sample MGCB@MSN-DNA1 
reduced by  ≈ 26%. On the other hand, practically similar pore 
sizes were determined with value of 2.34 nm for sample 
MGCB@MSN-DNA1, indicating that the residual porosity 
remaining in MGCB@MSN-DNA1 had little effect on the 
guest loading. The UV–vis spectrum of MGCB@MSN-DNA1 
displayed apparent absorption band around 620 nm corre-
sponding to the absorption band of free MGCB (Figure S1, 
Supporting Information). However, the MSN-DNA1 had no 
absorption band around 620 nm. In addition, the colours of 
particles before and after incubation with MGCB became from 
ivory white to blue (Figure S2, Supporting Information). These 
results confi rmed that the MGCB was loaded into the pores of 
MSN, and the loading amount was determined to be as high as 
41  μ mol g  − 1  SiO 2  by UV–vis spectroscopy. Moreover, to show 
that the entrapped MGCB was not released by diffusion even 
upon opening of the pores, the UV–vis spectra of supernatants 
of MGCB@MSN-DNA1 were investigated at PBS buffer solu-
tion (pH  =  7.2). Figure S3,S4 (Supporting Information) showed 
a negligible release at both dark and UV light, indicating that 
both MGCB and MG cation could be stably immobilized into 
the pores of MSN through strong hydrophobic interaction 
between MGCB molecules and silanes and electrostatic attrac-
tion between MG cations and abundant deprotonated silanol 
groups (Si–O  −  ). 

 To clearly show the controlled release behavior, Ru(bipy) 3  2 +   
molecules were selected as guests and loaded into the mes-
opores of MGCB@MSN-DNA1. The pore closure was per-
formed by the formation of i-motif structures when the pH 
in the solution was adjusted to 5.0. The excess guests were 
removed by centrifugation and repeated washing with aqueous 
solution (pH  =  5.0). The N 2  adsorption–desorption isotherm of 
the Ru(bipy) 3  2 +  -loaded MGCB@MSN-DNA1, denoted as Ru/
MGCB@MSN-DNA1, was typical for mesoporous systems with 
fi lled mesopores (Figure  2  black triangles). This sample showed 
fl at curves when compared to those of the MCM–41 parent 
materials at the same scale, thus indicating signifi cant pore 
blocking and the subsequent absence of appreciable porosity. 
The UV–vis spectrum of Ru/MGCB@MSN-DNA1 exhibited 
apparent enhancement of absorption band around 488 nm 
(Figure S1, Supporting Information). At the same time, the 
colour of compound showed green due to merge blue and red 
(Figure S2, Supporting Information). These results provided 
direct evidence of the high content of guests fi lling the pores. 
From UV–vis spectroscopy analysis, the Ru(bipy) 3  2 +   mole-
cules content of Ru/MGCB@MSN-DNA1 was calculated to be 
53  μ mol g  − 1  SiO 2 . 

 According to the report in previous literature, [  18  ]  we knew 
that UV light could directly result in remarkable pH increase in 
the solution containing MGCB. To investigate this change when 
MGCB was immobilized on pore wall of MSN before loading 
with Ru(bipy) 3  2 +   molecules, the photoirradiated pH-jump of 
solution containing Ru/MGCB@MSN-DNA1 (1.0 mg mL  − 1 ) 
was thus measured by a pH meter. Multiple cycling of pH 
value in this system was successfully achieved by turning the 
UV light on and off alternately.  Figure    4   showed the light-
induced pH changes in initial aqueous solution (pH  =  4.93) 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 4704–4710
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     Figure  4 .     Monitoring of the cycling of the switch of pH value by pH meter. 
The control experiment in the absence of MGCB shows no change of the 
pH value after each cycle of UV irradiation.  

     Figure  5 .     Release profi les of Ru(bipy) 3  2 +   molecules from Ru/MGCB@ 
MSN-DNA1 in the dark and with UV light.  
containing the Ru/MGCB@MSN-DNA1. Obviously, the pH 
increased from 4.93 to 10.09 by photoirradiation. After removal 
of the light, the pH returned to the initial value after 20 min 
in dark. The cycle, an increase in pH by photoirradiation and 
a return in dark, could be repeated several times. Moreover, 
over 3 cycles the decrease in the amplitude of the system was 
inconspicuous. Evidently, the repeated photoirradiation did not 
affect the photoactivity of MGCB immobilized on pore wall of 
MSN. However, no change in pH was detected in the solution 
containing Ru(bipy) 3  2 +  -loaded MSN-DNA1 (Ru@MSN-DNA1). 
These results presented unambiguous evidence that photoirra-
diation could change the pH value of the solution containing 
Ru/MGCB@MSN-DNA1 and then the multiple cycling of pH 
value was ascribable to photodissociation of the MGCB. Fur-
thermore, the system after irradiation multiple times could be 
used to load the Ru(bipy) 3  2 +   molecules again, indicating that 
the nucleic acids on the surface of MSN remained intact after 
irradiation with low-intensity UV light ( ≈ 0.2 W cm  − 2 ) for sev-
eral times.  

 The photon-fueled controlled-release profi les were then 
investigated by plotting fl uorescence intensities of Ru(bipy) 3  2 +   
at the emission maximum (594 nm) as a function of time. As 
shown in  Figure    5  , the emission intensity of Ru(bipy) 3  2 +   in 
supernatant was essentially constant in dark, thus indicating 
that i-motif DNA acted as an effi cient cap for retention of guest 
molecules with negligible leakage. On the contrary, the pres-
ence of 365 nm UV light induced cargo release from pores and 
83% release was obtained after 2 h. In addition, the UV–vis 
spectrum of Ru/MGCB@MSN-DNA1 after the release of 
entrapped Ru(bipy) 3  2 +   and washing for several times still exhib-
ited obvious absorption band at 620 nm (Figure S5, Supporting 
Information). And the colour of the washed Ru/MGCB@MSN-
DNA1 suspension after Ru(bipy) 3  2 +   release still retained blue 
(Figure S6, Supporting Information). These results also indi-
cated that Ru(bipy) 3  2 +   could diffuse from pores of MSN into 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 4704–4710
supernatant and MGCB could hardly escape from the pores 
under the release process. In comparison, the results of control 
DNA (DNA2)-functionalized MSN (Ru/MGCB@MSN-DNA2) 
showed remarkable guests liberation in both dark and photo-
irradiation ( Figure    6  a). However, Ru@MSN-DNA1 showed a 
low release under same conditions (Figure  6 b), due to no change 
in pH value. These data clearly demonstrated that we were able 
to close the pores of MSN with i-motif DNA, and to release 
the loaded guest molecules subsequently by the unfolding of 
i-motif DNA as a result of light-triggered pH increase. In addi-
tion, we measured the luminescence properties of Ru(bipy) 3  2 +   
in the presence of 365 nm light (Figure S7, Supporting Infor-
mation). The results showed that photoirradiation had no effect 
on the luminescence properties of Ru(bipy) 3  2 +  .   

 Owing to the reversible DNA1 conformation switches 
between i-motif structure and single-stranded form, it was pos-
sible that the release of guest molecules in small portions was 
achieved. As a proof of concept, a partial release of Ru(bipy) 3  2 +   
could be regulated with open–closed cycles by turning the 
UV light on and off alternately. As showed in  Figure    7  , the 
closed state strongly constrained the release of the guest mole-
cules in dark. In contrast, an obvious release of the entrapped 
Ru(bipy) 3  2 +   molecules was triggered in the open state as a result 
of the unfolding of i-motif DNA when the UV light source was 
suddenly turned on (see the arrow in Figure  7 ). After 20 min, 
the release of the entrapped Ru(bipy) 3  2 +   was restricted again 
by turning the UV light off. This inhibition was slower than 
the process when the release was triggered. The variation in 
time might be ascribed to the difference in the folding and 
unfolding rates of i-motif DNA grafted on the surface of MSN. 
After another 50 min, the UV light was turned on again and 
further released the entrapped Ru(bipy) 3  2 +   molecules until the 
UV light was turned off. The results indicated that the partial 
release of guest molecules could be operated at will. For inves-
tigating the feasible applications, the cytotoxicity caused by 
irradiation of 365 nm light (0.2 W cm  − 2 ) was demonstrated. As 
shown in Figure S8 (Supporting Information), the cytotoxicity 
of the light against HeLa cells increased with the increase of 
4707wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  6 .     a) Release profi les of Ru(bipy) 3  2 +   from Ru/MGCB@MSN-DNA2 
in the dark and with UV light. b) Release profi les of Ru(bipy) 3  2 +   from Ru@
MSN-DNA1 in the dark and with UV light.  

     Figure  7 .     Partial release profi le of Ru(bipy) 3  2 +   from Ru/MGCB@ MSN-
DNA1 as function of light variations.  
irradiation time. After irradiation for 2 h, the cell viability is 
91%, indicating no obvious cytotoxic effect.   

  3. Conclusions 

 In summary, we have fi rst designed and synthesized a novel 
photon-fueled controlled release vehicle using photoirradiated 
pH-jump system mediated conformational switch of i-motif 
DNA. In this system, MGCB was immobilized on pore walls of 
MSN as the reversible light-induced hydroxide ion emitter and 
i-motif DNA was grafted on the surface of MSN as cap material. 
The Ru(bipy) 3  2 +   molecules as model guests had been encapsu-
lated into pores of MSN by using i-motif DNA caps in dark. 
The release profi le was strongly dependent on the unfolding of 
i-motif DNA due to the MGCB-mediated pH increase of solu-
tion in the presence of UV light. Furthermore, the photon-
fueled controlled release system was reversible, and the 
entrapped guest molecules could be delivered in small portions 
by turning the UV light on and off alternately. This proof of 
concept might not only promote the application of DNA mole-
cules but also open a door to constructing various photon-fueled 
controlled release nanodevices by using a combination of some 
photoirradiated pH-jump systems (e.g., MGCB or compounds 
containing ArOH) and other kinds of pH-sensitive caps (acetal 
linker, boronate ester, pH-sensitive supramolecular nanovalve, 
pH-dependent polymer, etc.).  

  4. Experimental Section 
  Reagents and Materials : Tris(benzyltriazolylmethylamine) ligand, 

methyltrimethoxysilane (MTMS), [Ru(bipy) 3 ]Cl 2  (bipy  =  2,2 ′ -bipyridine), 
3-[4,5-dimethylthialzol-2-yl]-2,5-diphenyltetrazo-lium bromide 
(MTT) and molecular malachite green carbinol base (MGCB) were 
purchased from Sigma-Aldrich. CuBr (99.9%), tris(hydroxymethyl)-
aminomethane (Tris),  N -cetyltrimethylammonium bromide (CTAB) and 
3-chloropropyltrimethoxysilane (ClTMS) were purchased from Alfa Aesar. 
Sodium azide (NaN 3 , 99%) and ascorbic acid were purchased from 
Dingguo reagent company (Beijing, China). Sodium hydroxide (NaOH), 
ammonium hydroxide solution (25%),  N , N -dimethylformamide (DMF), 
dimethyl sulfoxide (DMSO), mesitylene, tert-butyl alcohol (tBuOH), 
toluene, trisodium citrate dihydrate and tetraethylorthosilicate (TEOS, 
28%) were obtained from Xilong reagent company (Guangdong, 
China). Nanopure water (18.2 M Ω ; Millpore Co., USA) was used in all 
experiments and to prepare all buffers. All the chemicals were used as 
received without further purifi cation. The oligonucleotides were obtained 
by Sangon Biotechnology Inc. (Shanghai, China). The sequences are as 
follows: DNA1: 5 ′  -Alkyne-(CH 2 ) 4 -CCC TAA CCC TAA CCC TAA CCC-3 ′  
and DNA2: 5 ′  -Alkyne-(CH 2 ) 4 -CTC TCA CTC TCA CTC TCC ACC-3 ′ . 

  Synthesis of Mesoporous Silica Nanoparticles (MSN) : Large pore 
diameter MSN samples, with hexagonal well-ordered pore structures, 
were synthesized under low concentration precursor (TEOS), surfactant 
(CTAB), and a base catalyst (NH 4 OH), in a two-step preparation. The 
sol–gel process, for the co-condensation of TEOS to synthesize MSN, 
was as follows. First, CTAB (0.50 g, 1.4 mmol) was dissolved in NH 4 OH 
solution (240 mL, 0.51 M) at 313 K and then the structural swelling agent 
mesitylene (4.0 g, 33 mmol) was added. After stirring for 1 h, 4.0 mL of 
mixture containing MTMS organosilane (0.1 M) and TEOS (0.2 M) in 
ethanol was added, and the solution stirred for an additional 2 h. Then, 
the further co-condensation took place through the slow addition of high 
concentration TEOS (4.0 mL, 1.0 M in ethanol), under vigorous stirring 
for another 2 h. This solid crude product was subsequently collected by 
centrifugation at 10 000 rpm for 10 min, washed with deionized water 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 4704–4710
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and ethanol several times, and dried under high vacuum to yield the 
as-synthesized MSN. 

  Chemical Modifi cation of the MSN Surface : The as-synthesized 
MSN (0.50 g) was refl uxed for 20 h in 40.0 mL of anhydrous toluene 
with ClTMS (0.50 mL) to yield the 3-chloropropyl-functionalized MSN 
(MSN-Cl) material. The MSN-Cl nanoparticles were then collected by 
centrifugation, washed thoroughly with toluene and ethanol, and dried 
in vacuum. To remove the surfactant template (CTAB), MSN-Cl particles 
(0.40 g) were refl uxed for 6 h in an ethanolic solution (70 mL) containing 
HCl (0.70 mL, 37.2%). The resulting material was separated by 
centrifugation and extensively washed with nanopure water and ethanol. 
The surfactant-free MSN-Cl material was placed under high vacuum with 
heating at 333 K to remove the remaining solvent from the mesopores. 
The MSN-Cl (0.20 g) was added to a saturated solution of sodium azide 
in N,N-dimetylformamide (DMF, 20 mL) solution and stirred at 90 °  for 
12 h. The resulting mixture was separated by centrifugation, redispersed 
in PBS buffer solution, and stirred for 6 h to remove remaining DMF from 
the mesopores. After purifi cation, the azide-functionalized nanoparticles 
(MSN-N 3 ) were washed with water and ethanol before being dried in 
vacuum. 

  Grafting of Alkyne-Modifi ed DNA to MSN-N 3  : TheMSN-N 3  particles 
(2.0 mg) were dispersed in 200  μ L of aqueous solution containing 
alkyne-modifi ed single-stranded DNA (65.0  μ M). In a separate vial, CuBr 
solution (1  μ L, 0.1 M in DMSO/tBuOH 3:1) and the tris(benzyltriazolyl-
methylamine) ligand (2  μ L, 0.1 M in DMSO/tBuOH 3:1) were mixed and 
added to the DNA-particle mixture, which was then stirred overnight at 
room temperature. The resulting particles were washed three times with 
water via centrifugation. Subsequently, the particles were dried under 
high vacuum to yield the DNA-functionalized MSN (MSN-DNA). The 
quantifi cation of left DNA was accomplished by UV–vis spectroscopy 
to be 4.4 nmol, which corresponded to an immobilization amount of 
4.3  μ mol g  − 1  SiO 2 . 

  MGCB Immobilizing Experiments : The purifi ed MSN-DNA1 (1.5 mg) 
was incubated in ethanol containing MGCB (0.5 mg, 1.4 mmol) at 20 °  
overnight, followed by centrifuging and washing with deionized water 
to afford MGCB-immobilized MSN-DNA1 (MGCB@MSN-DNA1). The 
redundant MGCB was monitored via the absorbance band of the dye 
centered at 620 nm. The loading amount of MGCB was calculated to be 
41  μ mol g  − 1  SiO 2 . 

  Ru(bipy) 3  2 +   Loading : The pores of MGCB@MSN-DNA1 (1.5 mg) were 
further diffusion-fi lled with cargo molecules by immersing the articles 
in a solution of Ru(bipy) 3  2 +   (200  μ L, 0.10 M, pH  =  7.2) for 12 h. The 
pH value of the suspension was adjusted to 5.0 by the addition of HCl. 
The solution was stirred for 6 h, followed by centrifuging and repeated 
washing with citrate buffer (25 mM, pH  =  5.0) to remove residual 
Ru(bipy) 3  2 +   molecules from the exterior surface of the material. All the 
washing solutions were collected and the loading of Ru(bipy) 3  2 +   was 
calculated from the difference in the concentration of the initial and left 
guests to be 53  μ mol g  − 1  SiO 2 . 

  Ru(bipy) 3  2 +   Release : A small sample of the Ru(bipy) 3  2 +  -loaded MGCB@
MSN-DNA1 (Ru/MGCB@MSN-DNA1) was placed in a cuvette, which 
was then carefully fi lled with an aqueous solution (200  μ L, pH  =  5.0). 
Subsequently, the sample was exposed to 365 nm light ( ≈ 0.2 W cm  − 2 ) 
to release the entrapped Ru(bipy) 3  2 +   molecules. The release profi les 
of Ru(bipy) 3  2 +   molecules from the pores to aqueous solution was 
monitored via the fl uorescence intensity of the dye centered at 594 nm. 

  Cytotoxicity Assay : The cytotoxicity caused by irradiation of 365 nm 
light was investigated by MTT assay. For the MTT assay, HeLa cells were 
seeded into 96-well plates and grown overnight. The cells were then 
incubated with irradiation at 365 nm for different times (0, 10, 30, 60, 
120 min). Afterwards, cells were incubated in media containing MTT 
(0.5 mg mL  − 1 ) for 3 h. The precipitated formazan violet crystals were 
dissolved in DMSO (150  μ L) at 37  ° C. The absorbance was measured at 
490 nm by multi-detection microplate reader. 
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