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a b s t r a c t

This paper reported a core–shell structured site-specific delivery system with a light switch triggered by
low energy light (λ¼510 nm). Its core was composed of supermagnetic Fe3O4 nanoparticles for magnetic
guiding and targeting. Its outer shell consisted of mesoporous silica molecular sieve MCM-41 which
offered highly ordered hexagonal tunnels for cargo capacity. A light switch N1-(4aH-cyclopenta[1,2-
b:5,4-b0]dipyridin-5(5aH)-ylidene)benzene-1,4-diamine (CBD) was covalently grafted into these hex-
agonal tunnels, serving as light stimuli acceptor with loading content of 1.1 μM/g. This composite was
fully characterized and confirmed by SEM, TEM, XRD patterns, N2 adsorption/desorption, thermogravi-
metric analysis, IR, UV–vis absorption and emission spectra. Experimental data suggested that this
composite had a core as wide as 150 nm and could be magnetically guided to specific sites. Its hexagonal
tunnels were as long as 180 nm. Upon light stimuli of “on” and “off” states, controllable release was
observed with short release time of �900 s (90% capacity).

& 2015 Elsevier Inc. All rights reserved.

1. Introduction

For their potential application in drug transportation field, site-
specific delivery systems have been insensitively explored and
reported [1,2]. An ideal delivery system is supposed to release
therapeutic drug level at specific tissues, organs or even cellular
structures. Before reaching target organs or tissues, no cargo
molecules should be released since some of them are generally
toxic and harmful to normal organs as well as to abnormal ones. In
addition, a perfect delivery system should be highly stable to
experience various physiological conditions, holding cargo mole-
cules tightly and safely. So far, some candidates have been
proposed. However, few of them can meet all above requirements
well [3,4]. For example, biodegradable polymers have been
reported as a delayed release supporting host for drug molecules.
In this case, their release process is controlled by their hydrolysis-
induced erosion [3]. Their drawback localizes at the fact that such
release process happens immediately upon dispersion in water,
which makes them unsuitable for toxic drug delivery such as
antitumor medicament. What’s more, it is nearly impossible to
request a site-specific release from them. Thus, it is needed to
explore and develop smart delivery systems with both controllable
release and site-specific character.

Core–shell structured nanocomposites are then proposed to
meet above requirements since they can combine advantages
of each component without compromising individual character
[4–7]. A representative core–shell structured site-specific delivery
system usually has a magnetic core which is responsible for
magnetic guiding [8,9]. Its outer shell is usually composed of
mesoporous or amorphous silicates which are here used to
support cargo molecules and other functional components.

Aiming at controllable and active release, stimulus-sensitive
switches should be embedded into such core–shell structured
nanocomposites, such as light, pH, competitive binding, enzymes
and chemical reactions [10–12]. Of all these candidates, light
switch has been considered promising owing to its virtue of
noninvasive therapy, which makes it free of biological interfer-
ences, giving instant and controllable release. Some precursive
efforts have tried azobenzene and its derivatives as light switch
owing to their trans/cis iso-merization and high compatibility
with supporting hosts [13,14]. However, these light switches need
high energy light peaking at 450 nm which causes server light
damage to live body is nearly impenetrable for live tissues and is
nearly impenetrable for live tissues. Thus, core–shell structured
site-specific delivery system with light switch triggered by low
energy light should be explored and developed.

Guided by above consideration, in this effort, we decide to
construct a core–shell structured site-specific delivery systemwith
light switch triggered by low energy light. To achieve this goal,
magnetic nanoparticles were used as core, mesoporous silicate
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MCM-41 was grew onto this core, serving as supporting host. As
shown in Scheme 1, a light switch derived from 1,10-phenanthro-
line was grafted into MCM-41 shell so that it could be triggered by
low energy light. The resulting nanocomposite was characterized
in detail, along with its controllable release character.

2. Experimental details

2.1. General information

Construction route and operating principle of our nanocomposite
(denoted as CDU-MCM-41@Fe3O4) are shown in Scheme 1. Starting
compounds, 1,10-phenanthroline, benzene-1,4-diamine, 3-(triethox-
ysilyl)propyl isocyanate (denoted as TESPIC) and rhodamine 6 G,

were obtained from Aldrich Chemicals Co. and used as received with
no purifications. Other chemicals, including NH3 �H2O, HCl, NH4AC,
N,N-dimethylformamide (DMF), cetyltrimethylammonium bromide
(denoted as CTAB, AR grade), tetraethoxysilane (denoted as TEOS),
FeCl3 �6H2O, anhydrous sodium acetate, ethylene glycol, p-toluene
sulfuric acid, n-hexane, chloroform, toluene and ethanol, were
bought from Tianjin Chemical Company. All organic solvents were
purified through standard procedures. Solvent water used in this
work was deionized.

Equipments used for sample characterization are listed as follows.
NMR, mass and IR spectra were obtained from a Varian INOVA 300
spectrometer, a Agilent 1100MS series/AXIMA CFR MALDI/TOF
(matrix assisted laser desorption ionization/time-of-flight) MS (COM-
PACT) and a Bruker Vertex 70 FTIR spectrometer (400–4000 cm�1,
KBr pellet), respectively. Elemental analysis was finished on a Carlo

Scheme 1. Synthetic route for CDU and construction strategy for CDU-MCM-41@Fe3O4.
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Erba 1106 elemental analyzer. Photophysical parameters were mea-
sured from a Hitachi F-4500 fluorescence spectrophotometer and a
HP 8453 UV–vis–NIR diode array spectrophotometer, respectively. X-
ray diffraction (XRD) data were collected by a Rigaku D/Max-Ra X-ray
diffractometer (λ¼1.5418 Ǻ). Sample morphology was measured by
scanning electron microscopy (SEM), transmission electron micro-
scopy (TEM) and energy-dispersive analysis of X-ray (EDAX) on a
Hitachi S-4800 microscope and a JEM-2010 transmission electron
microscope (Japanese JEOL Company). Thermogravimetric analysis
(TGA) data were collected through a Perkin-Elmer thermal analyzer.
Magnetic feature was explored on a vibrating sample magnetometer
(VSM) (Lake Shore Company) at room temperature. Mesoporous
structure was confirmed by N2 adsorption and desorption measure-
ment with a Nova l000 analyzer at 77 K. Pore size and volume were
calculated by Barrett–Joyner–Halenda (BJH) model. Surface area was
determined with Brunauer–Emmett–Teller (BET) model. Above ope-
rations were finished in the air at room temperature without
specifications.

2.2. Synthesis of CBD and CDU

N1-(4aH-cyclopenta[1,2-b:5,4-b0]dipyridin-5(5aH)-ylidene)benzene-
1,4-diamine (CBD) was synthesized with 4aH-cyclopenta[1,2-b:5,4-b0]
dipyridin-5(5aH)-one (CDO) and benzene-1,4-diamine as starting com-
pounds. CDO was first prepared following a literature procedure [15].
CDO (10mmol), benzene-1,4-diamine (12mmol) and p-toluene sulfuric
acid (0.1 g) were dissolved in distilled toluene (20mL) and heated to
reflux under N2 protection. The resulting crude product was collected
and recrystallized in MeOH/toluene to give pure CBD as red powder. 1H
NMR (300MHz, CDCl3): δ 8.79 (s, 1H, pyridine Ar–H), 8.65 (s, 1H,
pyridine Ar–H), 8.25 (s, 2H, pyridine Ar–H), 7.39 (s, 2H, aniline Ar–H),
7.05–6.99 (m, 2H, pyridine Ar–H), 6.80–6.78 (m, 2H, aniline Ar–H), 4.12
(s, 2H, –NH2). Anal. Calcd for C17N4H12:C, 74.98; H, 4.44; N, 20.58.
Found: C, 74.83; H, 4.52; N, 20.64. EI–MS m/e: calc. for C17N4H12, 272.1;
found, 272.1 [m]þ .

1-(4-((4aH-cyclopenta[1,2-b:5,4-b0]dipyridin-5(5aH)-ylidene)
amino)phenyl)-3-(3-(triethoxysilyl)propyl)urea (CDU) was synthe-
sized with CBD and TESPIC as starting reagents. CBD (5 mmol) was
dissolved in TESPIC (25 mL) and treated with ultrasonic bath for
30 min. The solution was then heated to reflux under N2 protection.
After cooling, this solution was dispersed in cold n-hexane (100 mL).
Crude product was recrystallized from mixed solvent of CHCl3:n-
hexane (V:V¼2:8). 1H NMR (300 MHz, CDCl3): δ12.12 (b, 1H, aniline–
(NH)–CO), 11.47 (b, 1H, C–(NH)–CO), 8.78 (s, 1H, pyridine Ar–H), 8.64
(s, 1H, pyridine Ar–H), 8.22 (s, 2H, pyridine Ar–H), 7.37 (s, 2H, aniline
Ar–H), 7.06–6.98 (m, 2H, pyridine Ar–H), 6.81–6.76 (m, 2H, aniline
Ar–H), 3.80–3.73 (q, 6H, O–(CH2)–), 3.13–3.10 (m, 2H, N–(CH2)–C),
1.57–1.53 (m, 2H, C–(CH2)–C), 1.20–1.15 (t, 9H, –CH3), 0.68–0.65 (t,
2H, Si–(CH2)–). Anal. Calcd for C27N5H33O4Si: C, 62.40; H, 6.40; N,
13.48. Found: C, 62.36; H, 6.52; N, 13.54. EI–MS m/e: calc. for
C27N5H33O4Si, 519.6; found, 519.2 [m]þ .

2.3. Preparation of Fe3O4 nanoparticles, SiO2@Fe3O4 and MCM-
41@Fe3O4

Core–shell structured supporting host was prepared using
Fe3O4 nanoparticles as core, amorphous silica as middle smooth-
ing layer and MCM-41as outer shell. Fe3O4 nanoparticles were first
prepared following a classic literature method [16]. Fresh Fe3O4

nanoparticles (0.1 g) were then dispersed in mixed solvent of
deionized water (10 mL), NH3 �H2O (1 mL) and TEOS (0.1 mL).
Then this mixture was stirred under N2 protection at room
temperature for 30 min. The resulting sample (SiO2@Fe3O4) was
collected and carefully washed with ethanol and then dispersed in
mixed solution of CTAB (0.3 g), NH3 �H2O (1.2 mL) and deioinized
water (40 mL). This mixture was stirred by a mechanical stirrer for

30 min under N2 protection. During this time, TEOS (0.8 mL) was
dropwise added. The mixture was mechanically stirred at room
temperature for 10 h under N2 protection. Finally, crude product
was collected, dispersed in mixed solution of HCl (5 mL) and
ethanol (100 mL) and stirred for 24 h to remove template reagent
CTAB. The resulting sample was dried in vacuum at 50 1C to give
MCM-41@Fe3O4.

2.4. Construction of CDU-MCM-41@Fe3O4

The final core–shell structured site-specific delivery system
CDU-MCM-41@Fe3O4 was constructed by the following procedure
[16]. MCM-41@Fe3O4 (0.2 g) and CDU (0.2 g) were dispersed in
anhydrous toluene (20 mL) and heated to reflux under N2 protec-
tion for 12 h. After natural cooling, solid product was collected and
washed with anhydrous toluene and ethanol to give CDU-MCM-
41@Fe3O4.

2.5. Dye loading and release monitoring

Rhodamine 6 G was first loaded into CDU-MCM-41@Fe3O4 by
the following procedure. CDU-MCM-41@Fe3O4 (0.2 g) was soaked
in rhodamine 6 G solution (ethanol, 5 μM/L) and stirred for 30 h
under 510 nm radiation to achieve dye loading equilibrium. Then
this rhodamine 6 G-saturated nanocomposite was collected and
washed with ethanol until solution became clear. Dye loading
content was determined as 1.1 μM/g (against unloaded CDU-
MCM-41@Fe3O4) by concentration difference before and after
CDU-MCM-41@Fe3O4 loading with UV–vis absorption spectropho-
tometry. As for controllable release measurement, rhodamine 6 G-
saturated CDU-MCM-41@Fe3O4 suspension (10 mg in 5 mL etha-
nol) was exposed to periodical “on” and “off” light stimuli
(λ¼510 nm). Its corresponding emission spectra were recorded
meanwhile. To avoid emission interference from rhodamine 6 G in
composite tunnels, CDU-MCM-41@Fe3O4 was concentrated at the
bottom of sample pool by a magnet so that it could not be excited
by excitation light.

3. Results and discussion

3.1. Characterization on CDU-MCM-41@Fe3O4

3.1.1. Design strategy
Design strategy of CDU-MCM-41@Fe3O4 is explained as follows

aiming at a clear understanding on each functional component. As
a typical core–shell structure, Fe3O4 core is obviously applied for
magnetic guiding purpose. This magnetic core is coated by
amorphous silica so that its surface can be smoothed and covered,
minimizing its negative effect to cargo molecules. In addition, this
silica shell may decrease magnetic aggregation between Fe3O4

nanoparticles, favoring the following MCM-41 growth procedure.
In this effort, MCM-41, a representative mesoporous silica mole-
cular sieve, serves as the supporting host for cargo molecules
owing to its big surface-area-to-volume ratio and highly ordered
hexagonal tunnels which are positive for cargo adsorption and
transportation [17]. Aiming at controllable release, a light switch
CDU derived from 1,10-phenanthroline was covalently embedded
into MCM-41 channels, avoiding light switch leakage. A C¼N bond
and a large conjugation plane exist in CDU so that its trans/cis iso-
merization could be triggered by low energy light. An organic dye
rhodamine 6 G was selected as cargo owing to its spectral
character. By monitoring rhodamine 6 G spectral character, con-
trollable release character of CDU-MCM-41@Fe3O4 can be
evaluated.
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3.1.2. Morphology and magnetic feature
CDU-MCM-41@Fe3O4 morphology can be first evaluated from its

SEM image shown in Fig. 1. Those for Fe3O4 nanoparticles, SiO2@Fe3O4

and MCM-41@Fe3O4 are presented in Fig. 1 for comparison. Fe3O4

nanoparticles are generally spherical with mean diameter of 150 nm.
They tend to aggregate together owing to their magnetic nature. There
are multiple humps on their surface, showing coarse surface. After
silica coating procedure, SiO2@Fe3O4 increases its diameter to 200 nm
with its surface greatly smoothed. From its TEM image shown in Fig. 1,
this core–shell structure can be confirmed. Magnetic aggregation
between them, however, is still obvious. As for MCM-41@Fe3O4, silica
molecular sieve growth further increases its mean diameter to 550 nm
with smooth and porous surface. MCM-41 shell thickness can be
calculated as 180 nm, as suggested by its TEM image. These hexagonal
tunnels are longer than literature values and can offer a large capacity
for cargo molecules [14,16]. After light switch loading procedure, CDU-
MCM-41@Fe3O4 mean diameter is nearly identical to that of MCM-
41@Fe3O4, suggesting that these light switchmolecules may be grafted

into MCM-41 tunnels instead of MCM-41@Fe3O4 surface, which will
be later proved.

Hysteresis loops of Fe3O4 nanoparticles, SiO2@Fe3O4, MCM-
41@Fe3O4 and CDU-MCM-41@Fe3O4 are presented in Fig. 2. All
these samples are supermagnetic ones without any coercivity
values. Saturation value for Fe3O4 nanoparticles is determined as
82.6 emu/g, which is comparable to literature values [9,14,16].
After a series of modification procedures, saturation values are
determined as 75.7 emu/g for SiO2@Fe3O4, 60.5 emu/g for MCM-
41@Fe3O4 and 57.7 emu/g for CDU-MCM-41@Fe3O4, respectively.
These decreased values compared to saturation value of Fe3O4

nanoparticles can be attributed to their decreased Fe3O4 weight
ratios. Owing to its hydrophilic surface and supermagnetic nature,
CDU-MCM-41@Fe3O4 can be easily dispersed in water, forming a
stable suspension, as shown by the inset of Fig. 2. In the presence
of external magnetic field, CDU-MCM-41@Fe3O4 can be magneti-
cally guided to specific places, meeting site-specific delivery
requirements.

Fig. 1. SEM images of Fe3O4 nanoparticles (a), SiO2@Fe3O4 (b) and MCM-41@Fe3O4 (c) and CDU-MCM-41@Fe3O4 (d), along with TEM image of SiO2@Fe3O4 (e) and MCM-
41@Fe3O4 (f).
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3.1.3. XRD patterns and N2 adsorption/desorption
Wide-angle XRD patterns of Fe3O4 nanoparticles and CDU-

MCM-41@Fe3O4 are presented in Fig. 3A for comparison. Despite
their different intensity values, the two curves own nearly iden-
tical diffraction peaks indexed as (2 2 0), (3 1 1), (4 0 0), (4 2 2),
(5 5 1) and (4 4 0), respectively, which is consistent with literature
reports on Fe3O4 nanoparticles [14,16]. It is thus confirmed that
there exists Fe3O4 magnetic core in CDU-MCM-41@Fe3O4 which
has been well preserved after a series of modification procedures.
Small-angle XRD (SAXRD) patterns of MCM-41@Fe3O4 and CDU-
MCM-41@Fe3O4 are shown in Fig. 3B for comparison. A strong
Bragg refection peak and two weak ones which can be indexed as
(1 0 0), (1 1 0) and (2 0 0) can be observed from both samples,
suggesting that there is mesostructure on their surface [14,16,17].
Their intensity difference can be attributed to probe loading

procedure which partially compromised this highly ordered
structure.

N2 adsorption/desorption measurement is performed on MCM-
41@Fe3O4 and CDU-MCM-41@Fe3O4 so that the mesostructure on
their surface can be analyzed in detail. Their adsorption/deso-
rption isotherms are typical IV-type ones (see Fig. S1, Supporting
information), confirming that there is a mesostructure in MCM-
41@Fe3O4 and CDU-MCM-41@Fe3O4 [16,17]. This mesostructure
has been well preserved after light switch encapsulation. As for
MCM-41@Fe3O4, its pore size, pore volume and BET surface area
are 2.7 nm, 0.462 cm3/g and 676.4 m2/g, respectively, which are
comparable to literature values [16,17]. After light switch loading
procedure, these values decrease to 2.3 nm, 0.259 cm3/g and
457.4 m2/g respectively, suggesting that these light switch mole-
cules have been successfully loaded into MCM-41 tunnels. This
large porous structure can readily load cargo molecules, such as
antitumor medicament.

3.1.4. IR spectra and TGA data
Covalent grafting between light switch and supporting host can be

further confirmed by IR spectral analysis. IR spectra of CDU, MCM-
41@Fe3O4 and CDU-MCM-41@Fe3O4 are shown in Fig. 4. As for IR
spectra of MCM-41@Fe3O4 and CDU-MCM-41@Fe3O4, a series of bands
peaking at 516 cm�1, 753 cm�1 and 860 cm�1, respectively, can be
attributed to Si–O asymmetric stretching vibration, Si–O symmetric
stretching vibration and Si–O–Si plane bending vibration, respectively
[17], suggesting the successful formation of silica shell and MCM-41
tunnels in these samples. As for light switch CDU, a series of bands
ranging from 2870 to 2980 cm�1 can be attributed to vibration of –
(CH2)3– group [17]. There is no N¼C¼O stretch vibration ranging
from 2250 to 2275 cm�1, suggesting that CBD had completely reacted
with TESPIC. The characteristic band peaking at 1645 cm�1 can be
attributed to stretching vibrations of C¼N bond. The intense absorp-
tion bands peaking at 957 cm�1, 1086 cm�1 and 1558 cm�1, respec-
tively, can be attributed to stretching vibrations of Si–O and Si–O
bonds. The appearance of CDU –(CH2)3– characteristic bands (2850 to
2968 cm�1) in CDU-MCM-41@Fe3O4 IR spectrum indicates that light
switch CDU has been immobilized in MCM-41@Fe3O4 tunnels. In
addition, its red shift suggests that the covalent grafting decreases
vibration frequencies. Some other characteristic bands, including C¼N

Fig. 2. Hysteresis loops of Fe3O4 nanoparticles, SiO2@Fe3O4, MCM-41@Fe3O4 and
CDU-MCM-41@Fe3O4. Inset (left): CDU-MCM-41@Fe3O4 suspension (10 mg in
50 mL of ethanol) without external magnetic field. Inset (right): CDU-MCM-
41@Fe3O4 suspension (10 mg in 50 mL of ethanol) with external magnetic field.

Fig. 3. (A) Wide-angle XRD patterns of Fe3O4 nanoparticles and CDU-MCM-
41@Fe3O4. (B) SAXRD patterns of MCM-41@Fe3O4 and CDU-MCM-41@Fe3O4.

Fig. 4. IR spectra of CDU, MCM-41@Fe3O4 and CDU-MCM-41@Fe3O4.
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bond (1645 cm�1), Si–O and Si–O bonds (957 cm�1, 1086 cm�1 and
1558 cm�1), can be traced in CDU-MCM-41@Fe3O4 IR spectrum.
However, more evidences are needed to say that CDU has been
covalently grafted into MCM-41 tunnels. Their covalent grafting will be
further proved below.

Light switch loading content in CDU-MCM-41@Fe3O4 is then
determined by thermogravimetric analysis (TGA). Its TGA curve
shown in Fig. 5 is composed of four major parts. The first one
ranging from 25 to 188 1C is responsible for 6% weight loss and can
be attributed to thermal release of organic solvents and physi-
sorbed water molecules. The second one ranging from 210 to
380 1C and the third one ranging from 380 to 420 1C are totally
responsible for 19.8% weight loss. Considering their sharp
endothermic peaking at 404 1C, these two regions can be attrib-
uted to thermal breakdown and decomposition of light switch
CDU. In other words, CDU loading content in CDU-MCM-41@Fe3O4

is as high as 19.8% which is slightly higher than literature values
[14–17]. We attribute this improved loading content to the long
MCM-41 tunnels in CDU-MCM-41@Fe3O4, as mentioned in Section
3.1.2. As for the last one ranging from 420 to 575 1C, it is
responsible for 3.3% weight loss and can be assigned to thermal
degradation and deconstruction of organosilicate framework in
CDU-MCM-41@Fe3O4, such as Si–C, C–C and C–N bonds cleavage.
For comparison, TGA and DTG curves of CDU and MCM-41@Fe3O4

are compared (see Figs. S2 and S3, Supporting information). As for
pure CDU, its thermal decomposition temperature is much lower
than that of CDU-MCM-41@Fe3O4, with three major endothermic
peaks (236 1C, 264 1C and 443 1C). MCM-41@Fe3O4 is thermally
stable with slim weight loss, no obvious endothermic peak is
observed. This result confirms that CDU has been covalently
grafted into MCM-41 tunnels and our composite is not the mixture
of reactants.

3.2. Photophysical measurement on CDU-MCM-41@Fe3O4

We have above mentioned that light switch CDU is anticipated
to be triggered by low energy light. Photophysical characters of
CDU and CDU-MCM-41@Fe3O4 thus should be understood. Fig. 6
shows UV–vis absorption (abs.) and PL emission (em.) of CDU
(1 μM in ethanol) and CDU-MCM-41@Fe3O4 (10 mg in 50 mL of
ethanol), along with those of MCM-41@Fe3O4 (10 mg in 50 mL of
ethanol) for comparison. CDU absorption spectrum is composed of
a high energy absorption part and a low energy absorption part.
The former one ranging from 220 to 370 nm can be attributed to
π-πn absorption of aromatic rings in CDU, with multiple peaks of
241 nm, 262 nm and 313 nm [15]. The latter one ranging from 390
to 620 nm is a broad one peaking at 510 nm and can be assigned to
π-πn absorption of C¼N bond [15]. This C¼N absorption is red
shifted compared to literature reports based on N¼N bond
(λabs¼450 nm), which makes low energy excitation of light switch

possible [14]. After being grafted into MCM-41 tunnels, these
absorption peaks have been well preserved. As for the high energy
absorption band, a slight blue shift tendency can be observed,
which should be attributed to CDU interaction with silica frame-
work. The low energy absorption band is widened, covering nearly
whole visible region, suggesting that the light switch in CDU-
MCM-41@Fe3O4 may be activated over a wide range from 400 to
600 nm. Upon various excitation wavelengths of 260 nm, 350 nm,
400 nm and 500 nm, no obvious emission signals can be observed
from CDU and CDU-MCM-41@Fe3O4 at room temperature (see Fig.
S4, Supporting information). Even when they are cooled to 77 K,
only quite weak emission signals can be detected, as shown in
Fig. 6. This fact suggests that all absorbed energy has been totally
exhausted by trans/cis iso-merization of light-switch. An efficient
trans/cis iso-merization motion can thus be expected for light
stimulated release.

3.3. Controllable release performance of CDU-MCM-41@Fe3O4

Rhodamine 6 G was loaded into CDU-MCM-41@Fe3O4 so that
its controllable release performance can be determined. Here,
rhodamine 6 G was selected as cargo owing to its characteristic
spectrum. As shown in Fig. 7, rhodamine 6 G emission peaking at
540 nm obviously increases upon light stimulus “on” state. Given
light stimulus “off” state, rhodamine 6 G emission intensity is
greatly maintained or even constant. There can be find a positive
correlation between rhodamine 6 G emission intensity and light
“on” state during above periodically varying light stimuli. It can
thus be confirmed that CDU-MCM-41@Fe3O4 cargo release can be
controlled by light stimuli. In other words, controllable cargo

Fig. 5. TGA and DTG curves of CDU-MCM-41@Fe3O4.

Fig. 6. (A) UV–vis absorption spectra of CDU (1 μM in ethanol), CDU-MCM-
41@Fe3O4 (10 mg in 50 mL of ethanol) and MCM-41@Fe3O4 (10 mg in 50 mL of
ethanol). (B) Low temperature (77 K) emission spectra of CDU (1 μM in ethanol),
CDU-MCM-41@Fe3O4 (10 mg in 50 mL of ethanol) and MCM-41@Fe3O4 (10 mg in
50 mL of ethanol).
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release from CDU-MCM-41@Fe3O4 has been realized with the help
from light switch CDU.

Cargo holding and release performance of CDU-MCM-
41@Fe3O4 under continuous light “on” and “off” states is analyzed
as follows. As shown in Fig. 8, under darkness environment,
rhodamine 6 G emission intensity remains constant at a low level,
suggesting that few rhodamine 6 G molecules have been released.
When exposed to continuous light excitation, rhodamine 6 G
emission intensity increases sharply in the first 900 s, suggesting
that most cargo molecules have been released during this time.
Then the release procedure is greatly slowed, showing smooth
release process. The whole release process can be finished in
2200 s. Compared to literature reports on similar core–shell
structured site-specific delivery systems and biodegradable poly-
mers, this release time seems to be long [14,18]. However, CDU-
MCM-41@Fe3O4 can finish nearly 90% of its total capacity within
900 s, which makes it promising for further application. Here, this
site-specific delivery system with magnetism-guiding and con-
trollable release has been fully confirmed and characterized.

In order to further confirm this controllable release perfor-
mance, emission monitoring of rhodamine 6 G, MCM-41@Fe3O4

and the mixture of CDU and MCM-41@Fe3O4 is recorded under
continuous radiation and continuous darkness (see Supporting
information, Figs. S5–S8). None of these components alone could
respond to light stimuli. This fact confirms that CDU-MCM-
41@Fe3O4 responds to light stimuli owing to the covalent combi-
nation of CDU and MCM-41@Fe3O4: only the light switch immo-
bilized in MCM-41 tunnels could control and accelerate cargo

release, while light switch localized outside of MCM-41 tunnels is
powerless to do so.

4. Conclusion

To sum up, a core–shell structured site-specific delivery system
CDU-MCM-41@Fe3O4 was constructed with supermagnetic Fe3O4

as the core and mesoporous silica molecular sieve MCM-41 as the
shell. A light switch CDU which could be triggered by low energy
light was covalently grafted into MCM-41 hexagonal tunnels,
serving as light stimuli acceptor. CDU-MCM-41@Fe3O4 was identi-
fied and confirmed by SEM, TEM, XRD patterns, N2 adsorption/
desorption, TGA, IR, UV–vis absorption and emission spectra.
Experimental data suggested that CDU-MCM-41@Fe3O4 owned
supermagnetic feature, which allowed its homogenous dispersion
in aqueous solutions under no external magnetic field and site
specific guiding under external magnetic field. Its hexagonal
tunnels were as long as 180 nm, favoring cargo capacity improve-
ment. Our light switch CDU was superior to literature ones by the
fact that it could be excited by low energy light (λ¼510 nm).
Controllable release measurement on CDU-MCM-41@Fe3O4 sug-
gested that CDU could effectively release its cargo molecules upon
light stimuli with short release time of 900 s (90% capacity). These
factors suggested that CDU-MCM-41@Fe3O4 could be further
developed for magnetism-guiding site-specific delivery. For
further improvements, real drug molecules should be tested. In
addition, its size should be decreased for biological applications.
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