
7370 Chem. Commun., 2010, 46, 7370–7372 This journal is c The Royal Society of Chemistry 2010

Light-responsive nanogated ensemble based on polymer grafted
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Mesoporous silica nanoparticles grafted with light-responsive

polymer on the outer surface were developed as novel nanogated

ensembles, which allow encapsulation and release of drug and

biological molecules under light irradiation.

Controlled-release systems that integrate external stimulation

with nanoscale carriers are promising vehicles for sensors and

drug delivery applications.1 Due to its unique features such as

uniform and tunable pore structure and broad diversity in

surface functionalizations, mesoporous silica (MS) has been

employed as a versatile solid support for constructing a variety

of hybrid materials for controlled drug delivery. Upon coating

with molecular valves,2 MS is able to encapsulate a payload of

therapeutic compound and to transport it to specific locations

in the body where it could be released upon either external or

cellular stimulation. A series of MS based controlled-release

systems have been developed that are responsive to distinct

external stimuli such as pH,2e–g light,2h–j redox,2k–m competitive

binding2n and enzyme.2o Among them, the light-responsive

controlled-release systems are of more interest because of the

non-invasive and high spatiotemporal resolution character of

light.3

Poly(N-isopropylacrylamide) (PNIPAM), one of the most

well known thermosensitive polymers and exhibiting a lower

critical solution temperature (LCST) of ca. 32 1C in water,4

has been widely applied for cell culturing,5a direction of protein

adsorption,5b protein purification,5c and drug delivery.5d–g It is

known that incorporation of hydrophobic or hydrophilic

monomers into the PNIPAM backbone would lead to a

decrease or increase in LCST, respectively. Therefore,

when monomers bearing a light-responsive moiety such as

azobenzene6a,b and 2-nitrobenzyl groups6c,d are incorporated

in the PNIPAM backbone, the resultant polymers would be

light-responsive; their LCST can be facilely modulated by

applying light since the polarity of the light-responsive

moieties changes under irradiation. The light-responsive

character thereby endows the thermosensitive polymer with

a unique property of modulating its phase state by UV

irradiation at a chosen temperature.6,7 We envisaged that the

light-dependent phase state of the polymers can be employed

as an attractive molecular valve for developing novel

controlled-release systems.

Herein reported is a light-responsive nanogated ensemble

based on light-responsive polymer grafted MS hybrid nano-

particles. The basic principle of the light-responsive nano-

gating is shown in Scheme 1. MS nanoparticles encapsulating

guest molecules are functionalized with polymers on the surface.

Copolymer poly(N-isopropylacrylamide-co-2-nitrobenzyl

acrylate) (poly(NIPAMNBAE)), bearing photocleavable

hydrophobic 2-nitrobenzyl (NBAE) groups, has a LCST

below environmental temperature T (for biological study, this

T is usually 37 1C). Thus, the polymer is in a collapsed

(insoluble) state and the gate is ‘‘closed’’ so that the loaded

molecules are locked in the pores. Upon UV irradiation, the

hydrophobic 2-nitrobenzyl acrylate moiety is photolysed into

hydrophilic acrylate which leads to an increase in the LCST of

the resultant copolymers and it is now higher than T. As a

consequence, the polymers change to their coil (soluble)

conformation so that the gate is ‘‘opened’’ thereby allowing

the entrapped molecules to escape.

Amine-terminated poly(NIPAMNBAE) was synthesized by

chain transfer initiated free-radical polymerization in DMF

at 75 1C for 24 h, using 2-aminoethanethiol as a chain

transfer reagent and AIBN as an initiator (Fig. 1, for more

details see ESIw).6a The amount of NBAE incorporated in the

copolymers was designed in the preparation procedure to

endow the polymer with LCST lower and higher than 37 1C

before and after light irradiation, respectively.6c,d The precise

content was determined by 1H NMR to be 5.3%

(Fig. S1, ESIw). Absorption spectroscopy was used to monitor the

photolysis of the polymer under irradiation at l Z 310 nm,

during which a decrease in the absorption at 265 nm and an

Scheme 1 Light-responsive nanogated ensemble based on polymer

grafted mesoporous silica.
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increase of it at 325 nm were observed, indicating the breakage

of the photolabile ester bond and the generation of hydrophilic

acrylate (Fig. S2). Accordingly, the LCST of the prepared

poly(NIPAMNBAE), which was 12.5 1C in 10 mM pH 7.4

phosphate-buffered saline (PBS) before photolysis, was found

to increase to 45 1C after UV irradiation (Fig. S3). These

observations confirm that light indeed modulates the LCST of

poly(NIPAMNBAE) and the polymer is suitable for biological

application because of its suitable LCSTs around 37 1C.

MCM-41-type MS nanoparticles were synthesized by

condensation of tetraethyl orthosilicate in the presence of a

CTABmicelle template.8 Amine-terminated poly(NIPAMNBAE)

was first coupled to a functionalized silane, 3-(triethoxysilyl)-

propyl isocyanate, then grafted to the pore outlet of MS

nanoparticles to afford MS@polymer hybrid nanoparticles

(Fig. 1). The observation of a FTIR band at 1650–1710 cm�1

and a peak at 1540 cm�1, characteristic of amide CQO and

N–H stretching, respectively (Fig. S4), confirmed the successful

grafting of polymer onto MS. X-ray powder diffraction

(Fig. S5) of MS and the hybrid material both show three

distinct peaks at 2y = 2.241, 3.851 and 4.481, that index to

(100), (110) and (200) planes, respectively, revealing both the

nanoparticles have ordered MCM-41-type 2D hexagonal

(P6mm) symmetry. TEM images shown in Fig. 2 reveal a

uniform pore structure of MS. A 4-nm thick polymer coating

was observed around the silica particle after grafting (Fig. 2B).

Both the MS and the hybrid nanoparticles have a diameter of

ca. 100–120 nm. The presence of nitrogen in the energy

dispersive X-ray spectroscopy (EDX) further confirms the

grafting of polymer (Fig. S6). A comparison of the thermo-

gravimetric analysis (TGA) data for MS, polymer and hybrid

materials suggests that 43% by weight of the hybrid is due to

the grafted polymer (Fig. S7). Dynamic light scattering data

reveal the hybrid nanoparticle has a LCST of 14 1C, which is

slightly higher than that of random poly(NIPAMNBAE).

UV irradiation led to an increase in the LCST to 46 1C (data

not shown). This result indicates that tethering of polymer to

the MS surface has not suppressed its light responsive

property.

To investigate the light-responsive gating behavior of the

hybrid nanoparticles, fluorescein was utilized as a model drug

molecule and was loaded by stirring with MS@polymer

nanoparticles in a pH 7.4 PBS solution in an ice bath for 12 h.

The bath temperature was then increased to 37 1C and the

excess fluorescein was removed by centrifugation and repeated

washing with PBS buffer at 37 1C. The fluorescein loaded

hybrid nanoparticles were collected and redispersed in PBS

buffer at 37 1C to test their controlled release profile. The

results are shown in Fig. 3. Since the setting temperature was

higher than the LCST of hybrid nanoparticles (14 1C), the

poly(NIPAMNBAE) was insoluble and the entrances and

outlets of the MS pores were blocked by the collapsed polymer

chains; the release of fluorescein was thereby significantly

obstructed at this temperature. Only 8% leakage of the

entrapped fluorescein molecules was observed after 24 h. As

UV irradiation was shown to increase the LCST of polymer to

46 1C, the resulting polymer was soluble at 37 1C, thus the gate

being opened allowed a gradual release of the dye molecules.

82% of the loaded fluorescein was released after 24 h.

Finally, to evaluate the biological compatibility and intra-

cellular light-triggered release property of the hybrid nano-

particles, MHCC97H cells were incubated with fluorescein

loaded MS@polymer nanoparticles for 24 h on a plate and

then washed with PBS buffer to remove the non-internalized

nanoparticles. Fluorescence microscopy images of the

incubated cells are shown in Fig. 4. Significant fluorescence

was observed inside the cells, but outside the nucleus before

UV irradiation (Fig. 4C), indicating that the fluorescein-

carrying hybrid nanoparticles were cell permeable but were

blocked from entering the nucleus by their large sizes.

However, the cells were fully fluorescent after UV irradiation

(Fig. 4F), which strongly suggests the light-triggered release of

fluorescein from the nanoparticles and its diffusion into the

nucleus. Meanwhile, there was negligible difference in the

viability of cells incubated with or without hybrid nanoparticles

evaluated by MTT experiments (ESIw). These results confirm

Fig. 1 Synthesis of light-responsive nanogated ensemble.

Fig. 2 TEM images of MCM-41-type MS nanoparticles (A) and

MS@polymer hybrid nanoparticles (B).

Fig. 3 Time profiles of fluorescein release from hybrid nanomaterials

with and without UV irradiation.
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that the hybrid nanoparticles are cell permeable and bio-

compatible so they are suitable for intracellular light-controlled

drug delivery. However, at this stage the dispersion in aqueous

solution of the hybrid nanoparticles in pore-closed state is not

high due to the hydrophobic nature of the polymer shell

(Fig. S8). We hope that modification of the silica surface or

polymer shell with hydrophilic macromolecules such as PEG

would improve this parameter.8

In conclusion, we have developed a novel controlled-release

system that uses mesoporous silica nanoparticles as nano-

containers and polymer as light-responsive valve. Light-

responsive polymer that has a LCST of 14 1C, below 37 1C,

was tethered to the surface of MCM-41 type MS nanoparticles

to lock the loaded molecules within the MS pores. Upon UV

irradiation, the hydrophobic NBAE groups in the polymer

backbone were photolysed into hydrophilic acrylate which led

to an increase in the LCST of the resulting copolymers to

46 1C, now higher than 37 1C. Thus the polymer changed its

phase state at 37 1C and the loaded molecules were released

from the hybrid nanoparticles. The system possesses

advantages such as non-invasive and high spatiotemporal

resolution resulting from the using of light stimulus, as well

as good biocompatibility and ease in functionalization. The

results reported here suggest that it can be applied in stimulus

controlled drug and gene delivery systems for biological

applications.

We thank Yunbao Jiang for suggestions and editing of

English while revising the paper. This work was supported

by the National Natural Science Foundation of China

(20875079 and 20835005), The Planned Science and

Technology Project of Xiamen, China (3502z20080011) and

the Specialized Research Fund for the Doctoral Program of

Higher Education of China (200803840007).

Notes and references

1 (a) V. Sokolova and M. Epple, Angew. Chem., Int. Ed., 2008, 47,
1382; (b) B. G. Trewyn, I. I. Slowing, S. Giri, H. Chen and V. S.
Y. Lin, Acc. Chem. Res., 2007, 40, 846; (c) I. I. Slowing,
B. G. Trewyn, S. Giri and V. S. Y. Lin, Adv. Funct. Mater., 2007,
17, 1225; (d) M. Vallet-Regi, F. Balas and D. Acros, Angew. Chem.,
Int. Ed., 2007, 46, 7548; (e) C. Wu, C. Chen, J. Lai, J. Chen, X. Mu,
J. Zheng and Y. Zhao, Chem. Commun., 2008, 2662.

2 (a) B. G. Trewyn, S. Giri, I. I. Slowing and V. S. Y. Lin, Chem.
Commun., 2007, 3236; (b) K. M. L. Taylor, J. S. Kim, W. J. Rieter,
H. An, W. Lin and W. Lin, J. Am. Chem. Soc., 2008, 130, 2154;
(c) R. Liu, X. Zhao, T. Wu and P. Feng, J. Am. Chem. Soc., 2008,
130, 14418; (d) R. Liu, Y. Zhang, X. Zhao, A. Agarwal,
L. J. Mueller and P. Feng, J. Am. Chem. Soc., 2010, 132, 1500;
(e) T. D. Nguyen, K. C. F. Leung, M. Liong, C. D. Pentecost,
J. F. Stoddart and J. I. Zink, Org. Lett., 2006, 8, 3363;
(f) S. Angelos, Y. W. Yang, K. Patel, J. F. Stoddart and
J. I. Zink, Angew. Chem., Int. Ed., 2008, 47, 2222; (g) C. Park,
K. Oh, S. Lee and C. Kim, Angew. Chem., Int. Ed., 2007, 46, 1455;
(h) D. P. Ferris, Y. L. Zhao, N. M. Khashab, H. A. Khatib,
J. F. Stoddart and J. I. Zink, J. Am. Chem. Soc., 2009, 131, 1686;
(i) T. D. Nguyen, K. C. F Leung, M. Liong, Y. Liu, J. F. Stoddart
and J. I. Zink, Adv. Funct. Mater., 2007, 14, 2101; (j) N. K. Mal,
M. Fujiwara and Y. Tanaka, Nature, 2003, 421, 350;
(k) T. D. Nguyen, H. R. Tseng, P. C. Celestre, A. H. Flood,
Y. Liu, J. F. Stoddart and J. I. Zink, Proc. Natl. Acad. Sci. U. S. A.,
2005, 102, 10029; (l) R. Hernandez, H. R. Tseng, J. W. Wong,
J. F. Stoddart and J. I. Zink, J. Am. Chem. Soc., 2004, 126, 3370;
(m) T. D. Nguyen, Y. Liu, S. Saha, K. C. F. Leung, J. F. Stoddart and
J. I. Zink, J. Am. Chem. Soc., 2007, 129, 626; (n) K. C. F. Leung,
T. D. Nguyen, J. F. Stoddart and J. I. Zink, Chem. Mater., 2006, 18,
5919; (o) K. Patel, S. Angelos, W. R. Dichtel, A. Coskun, Y. W. Yang,
J. I. Zink and J. F. Stoddart, J. Am. Chem. Soc., 2008, 130, 2382;
(p) S. Angelos, N. M. Khashab, Y. W. Yang, A. Trabolsi,
H. A. Khatib, J. F. Stoddart and J. I. Zink, J. Am. Chem. Soc.,
2009, 131, 12912; (q) Y. Zhu and M. Fujiwara, Angew. Chem., Int. Ed.,
2007, 46, 2241; (r) S. Giri, B. G. Trewyn, M. P. Stellmaker and
V. S. Y. Lin, Angew. Chem., Int. Ed., 2005, 44, 5038.

3 (a) G. Han, C. C. You, B. Kim, R. S. Turingan, N. S. Forbes,
C. T. Martin and V. M. Rotello, Angew. Chem., Int. Ed., 2006, 45,
3165; (b) G. Mayer and A. Heckel, Angew. Chem., Int. Ed., 2006, 45,
4900.

4 (a) H. G. Schild, Prog. Polym. Sci., 1992, 17, 163; (b) R. Yerushalmi,
A. Scherz, M. E. van der Boom and H. B. Kraatz, J. Mater. Chem.,
2005, 15, 4480; (c) Y. Z. You, C. Y. Hong, C. Y. Pan and
P. H. Wang, Adv. Mater., 2004, 16, 1953.

5 (a) N. Yamada, T. Okano, H. Sakai, F. Karikusa, Y. Sawasaki and
Y. Sakurai, Makromol. Chem. Rapid Commun., 1990, 11, 571;
(b) D. L. Huber, R. P. Manginell, M. A. Samara, B. I. Kim and
B. C. Bunker, Science, 2003, 301, 352; (c) I. Y. Galaev and
B. Mattiasson, Trends Biotechnol., 1999, 17, 335; (d) Y. Z. You,
K. K. Kalebaila, S. L. Brock and D. Oupickỹ, Chem. Mater., 2008,
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Fig. 4 Confocal fluorescence microscopy images of MHCC97H cells

incubated with fluorescein loaded MS@polymer nanoparticles

(5 mg mL�1) before (A–C) and after (D–F) UV irradiation. (A) and

(D) show the emissions of fluorescein excited at 488 nm; (B) and (E)

show the emissions of Hoechst 33258 excited at 405 nm, which indicate

the cell nucleus; (C) and (F) show the overlay images.
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