
CHEN ET AL. VOL. 8 ’ NO. 1 ’ 744–751 ’ 2014

www.acsnano.org

744

January 02, 2014

C 2014 American Chemical Society

A Light-Responsive Release Platform
by Controlling the Wetting Behavior
of Hydrophobic Surface
Linfeng Chen,†,‡ Wenqian Wang,§ Bin Su,† Yongqiang Wen,§,* Chuanbao Li,§ Yabin Zhou,§ Mingzhu Li,†

Xiaodi Shi,†,‡ Hongwu Du,§ Yanlin Song,†,* and Lei Jiang†

†Key laboratory of Green Printing, Key Lab of Organic Solids, Beijing National Laboratory for Molecular Sciences (BNLMS), Institute of Chemistry, Chinese Academy of
Sciences, Beijing 100190, P. R. China, ‡University of Chinese Academy of Sciences, Beijing 100049, P.R. China, and §Research Center for Bioengineering &
Sensing Technology, University of Science and Technology Beijing, Beijing 100083, China

H
ydrophobicity is a common phe-
nomenon in Nature.1�3 Investiga-
tion and utilization of the hydro-

phobic property has received considerable
attention for many years because of its
various applications in water collection,4,5

self-cleaning,6,7 liquid transportation,8�10

and oil�water separation.11,12 In the natural
word, an ion channel in biological mem-
branes, e.g., Kþ ion channel, was found to
control the permeation of ions and mol-
ecules across the membranes by alternat-
ing the cavity hydrophobicity,13,14 which
encouraged the researchers to fabricate
artificial nanopores to mimic the function
of ion channels.15,16 Inspired by Nature,
we expect the hydrophobic effect could
be utilized as an effective strategy to con-
trol the release of guest molecules from
the container.
Controlled release plays an important

role in therapeutics, imaging, and diag-
nosis.17,18 Over the past decade, particular
attention has been paid to the mesoporous
silica (MS) nanoparticles-based controlled
release systems, which provide a potential
andmultifunctional platform for biomedical

application.19�25 To achieve the delivery
and release of cargo molecules, the access
to pore openingwas generally controlled by
nanopistons on the surface of MS, such as
Au nanoparticles,22,23 CdS nanoparticles,19

Fe3O4 nanoparticles,26 and supramolec-
ules.27�29 Polymers were also used to con-
trol the opening/closing of passage-
ways,30,31 realizing the controlled release
process by stimulus.32�34 Despite the in-
creasing growth of reports, to develop a
simple and high-performance controlled
release system is still highly desired. Re-
cently, Grinstaff et al. reported a superhy-
drophobic polymer material for tunable
drug release, in which hydrophobic effect
was used as an alternative strategy to reg-
ulate the release of guestmolecules.35 How-
ever; the release process cannot be con-
trolled, and the premature release cannot
be avoided due to the lack of real-time
responsiveness, which motivated us to ex-
plore a novel smart release system con-
trolled by external stimuli.
Herein, a light-responsive release system

was designed and fabricated by controlling
the wetting behavior of the surface of MS.
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ABSTRACT Controlled release system based on mesoporous silica (MS) nanomaterials has drawn great

attention over the past decades due to its potential biomedical applications. Herein, a light-responsive release

system based on MS nanoparticles was achieved by adjusting the wetting of the MS surface. At the starting

stage, the surface of MS modified with optimal ratio of spiropyran to fluorinated silane (MS-FSP) was protected

from being wetted by water, successfully inhibiting the release of model cargo molecules, fluorescein disodium (FD). Upon irradiation with 365 nm UV light,

the conformational conversion of spiropyran from a “closed” state to an “open” state caused the surface to be wetted, leading to the release of FD from the

pores. The further in vitro studies demonstrated the system loaded with anticancer drug camptothecin (CPT) could be effectively controlled to release the

drug by UV light stimuli to enhance cytotoxicity for EA.hy926 cells and HeLa cells. This wettability-determined smart release platform could be triggered by

remote stimuli, which might hold promise in the applications of drug delivery and cancer therapy.
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Spiropyran, a photosensitive molecule which was
widely studied for its switchable properties,36�38 was
chosen as the gate molecule due to its different
hydrophobicity between the “closed” and “open”
forms.39,40 Fluorinated silane was selected to mix
with spiropyran to help achieve the overall hydro-
phobic state according to the reported method.41

Such hydrophobic dopant could help to protect the
surface from being wetted by water and inhibit the
release of encapsulated molecules. Under UV irradia-
tion at 365 nm, spiropyran was converted to the
hydrophilic form, which resulted in the wetting of
surface of MS and the release of trapped molecules
diffusing from the penetrated water (Figure 1). This
simple light-responsive release system, free of block-
ers, provides a new platform for highly efficient con-
trolled release, which might hold promise in the
applications of nanomedicine, nanopore device and
other fields.

RESULTS AND DISCUSSION

The employed MS was prepared by modified base-
catalyzed sol�gel method.22,42 As shown in Figure 2,
spherical MS particles with an average diameter
300 nm were obtained (Figure 2a). The mesoporous
channel could be clearly observed by transmission
electron microscopy (Figure 2b). N2 sorption analysis
of MS exhibited a type IV isotherm with a total surface
area (Brunauer�Emmett�Teller, BET) of 1291.1 m2 g�1

and an average pore diameter of 2.7 nm (Figure 2c).
The nanoparticles also showed typical XRD patterns of
MCM-41-type hexagonal mesoporous silica with a
lattice spacing of ca. 4.2 nm (Figure 2d).

Carboxylic acid-terminated spiropyran (SP-COOH) was
first synthesized by one-step reaction (Figure S1).39

Then, MS was treated with the mixture of 3-aminopro-
pyltriethoxy-silane (APTES) and perfluorodecyl-
triethoxysilane (PFDTES) to afford amine- and fluo-
rinated silane-modifiedMS (MS-FNH2), which was then
reacted with SP-COOH to form the final red product
MS-FSP (Figure S2). The functionalized MS was char-
acterized by Fourier transform infrared spectroscopy
(FTIR, Figure 3). In the FTIR spectrum of MS-FNH2, the
absorption peak at 1484 cm�1 was attributed to the
vibrations of amino group, and the absorption peaks
at 2966 and 2855 cm�1 were produced by the vibra-
tion of �CH2� group, while the peak at 1213 cm�1

was due to the C�F vibration. The results confirmed
the successful immobilization of amino and fluoroalkyl
group on the surface of MS. In the FTIR spectrum of
MS-FSP, the absorption bands at 1647 and 1725 cm�1

were assigned to the vibration of the amide and ester
groups, respectively, indicating the successful attach-
ment of spiropyran to MS. Also, the MS-FSP was
characterized by solid-state 13C NMR spectroscopy
and XPS. The peaks at 178.3 and 173.7 ppm were
produced by the spiropyran moiety (Figure S3), and
the XPS spectra showed the existence of F (Figure S6),
which further confirmed the successful modifica-
tion of spiropyran and fluorinated silane to the surface
of MS.
In this research, fluorescein disodium (FD) was cho-

sen as the model cargo. The absorption and emission
peaks of FD solution were centered at 487 and 511 nm,
respectively, as illustrated in Figure S4. The loading
of FD was achieved by dispersing the MS-FSP sample

Figure 1. The schematic of the light-responsive release system. The outer surface of MS was functionalized with spiropyran
and perfluorodecyltriethoxysilane in an optimal ratio (0.249:1) which could prevent the surface from being wetted by water,
and block the loaded cargos. After irradiation with 365 nm UV light, the surface became wetted due to the conformational
conversion of spiropyran from the “closed” form to the “open” form, and the encapsulated fluorescein disodium molecules
diffused from the pores.
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(500 mg) by sonication into 10 mL of ethanol solution
containing FD (10�3 M) for ca. 8 h. The water/ethanol
volume ratio was about 4/1. Then, the FD-loaded
samples were collected by centrifugation, washed
with water, and dried at 50 �C under vacuum for 24 h
before the investigations of the release behavior. Time-
resolved fluorescence spectrum was employed to
monitor the release process by fluorescence detection
at 511 nm.
To obtain the evidence that the hydrophobic

effect could inhibit the release of guest molecules
from the pores of MS, MS samples grafted with only
PFDTES molecules (MS-1F) were prepared to acquire a

hydrophobic surface. About 5 mg of MS-1F was placed
in the bottom of cuvette, and kept submerged in 1 mL
of PBS solution (0.1 M, pH 7.2). The release behavior
was recorded by plotting the intensity of fluorescence
signal versus time. As exhibited in Figure 4, MS-1F
showed negligible release within 7 h (red curve).
However, in a control experiment, MS sample without
any modification (MS-0F), which has a hydrophilic
surface, showed a rapid release behavior during the
same time period (black curve). The results indicated
that the hydrophobic effect can efficiently prevent the
surface of samples from being wetted by water and
could be utilized as an efficient strategy to trap cargos.

Figure 2. The characterizations ofmesoporous silica nanomaterials (MS). (a) SEM, the average ofMSwas 300 nm. (b) TEM, the
mesoporous channel was clearly observed. (c) N2 sorption isotherm (inset: pore size distribution), the total surface area (BET)
was about 1291.1 m2 g�1 with average pore diameter of 2.7 nm. (d) XRD, the nanoparticles showed typical XRD patterns of
MCM-41-type hexagonal mesoporous silica with a lattice spacing of ca. 4.2 nm.

Figure 3. The characterization of functionalization ofMS by
FTIR. Amine- and fluorinated silane-modified MS (MS-FNH2)
exhibited new absorption peaks at 2966, 2855, 1484, and
1213 cm�1 (red curve). Final spiropyran-modified MS (MS-
FSP) displayed typical absorption bands at 1725 and
1647 cm�1 (blue curve).

Figure 4. The release profile of fluorescein disodium mol-
ecules from samples in PBS solution (0.1 M, pH 7.2) as a
function of time. MS without modification (MS-0F, black
curve) showed rapid release while MS grafted with fluori-
nated silane (MS-1F, red curve) exhibited negligible release
in 7 h. The inset was the enlarged data demarked by the
blue circle.
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The light-responsive release behavior of MS-FSPwas
then investigated. The photoisomerization of spiropyr-
an attached on the surface of MS could be confirmed
by UV�vis spectra under alternative UV and visible
light irradiation (Figure S5). To achieve the light-
triggered release, the surface of MS should be functiona-
lizedwith an appropriate ratio of spiropyran to PFDTES.
The actual molar ratio was determined by X-ray photo-
electron spectroscopy (XPS, Figure S6 and Table S1). As
exhibited in Figure S7, in the case of sample grafted
with only spiropyran (MS-SP), it showed rapid release,
which indicated FD molecules would escape from the
pores without hydrophobic effect (black curve). More-
over, when the ratio of spiropyran to PFDTES was high
(2.57:1; 0.949:1), the hydrophobicity of the samples
could not repel the water and FD quickly released with
little difference before and after UV irradiation, which
confirmed the FD was mainly inside the pores but not
on the surface by adsorption (MS-FSP-1, red curve and
MS-FSP-2, blue curve). However, when the ratio of
spiropyran to PFDTES was low (0.172:1; 0.03:1), the
surface was so highly hydrophobic that FD could
hardly run out of the pores (MS-FSP-4, green curve
and MS-FSP-5, pink curve). In this research, the optimal
molar ratio that favored the photoresponsive release
of FD molecules was found to be around 0.249:1 (MS-
FSP-3 in Figure S6 and Table S1; in the following text,
MS-FSP-3 was defined as MS-FSP). The loading content
of MS-FSP was about 0.699 μg/mg determined by
fluorescence spectroscopy. It exhibited negligible re-
lease without UV light irradiation (black curve) within
12 h and displayed obvious release upon exposure to
UV light irradiation, as presented in Figure 5. After the
initial 24 h, the release became slower (Figure S8). The
results indicated that the release could be triggered by
light which was a clean and site specific method.

Thewetting behavior of the surface was proposed to
be responsible for the release process. At the starting
stage, the surface of MS-FSP coated with spiropyran
and fluorinated silane in optimal ratio was hydropho-
bic, which protected the surface from being wetted in
aqueous solution. As a consequence, the encapsulated
FD could not release from the pores. However, under
UV light irradiation, the surface of MS-FSP was wetted
as a result of the conformational conversion of spir-
opyran from the hydrophobic, closed form to the
hydrophilic, open form, leading to the release of guest
molecules. The wetting process of surface could be
assessed by water adhesion change detected on sili-
con slide with 5 μm square micropillar structures,
which was decorated with the same component as
MS-FSP. Before UV light irradiation, the surface with
hydrophobicity was dewetted by water, and the low
adhesion (39.0 ( 2.7 μN) was displayed (Figure 6A).
After exposure to 365 nm UV light for 5 min, however,
the spiropyran was switched from the hydrophobic
form to the hydrophilic form, which led to the wetting
of the surface bywater and the increase of adhesion up
to 88.7( 13.1 μN. A water droplet was finally snapped
off from the cap (Figure 6B). The results indicated the
release was due to the wetting process of surface
induced by light irradiation. Compared with the results
reported by J. Locklin et al.,43 the surface was more
hydrophobic (128.2 ( 3.0�), which was important
to protect the surface from being wetted by water,
and did not present contact angle change after UV
light irradiation but only the wetting of surface was
observed.
This system might hold promise for drug delivery

and release, imaging, and diagnosis. Herein, we incu-
bated the samples with EA.hy926 and HeLa cells to
demonstrate the feasibility of in vitro controlled re-
lease. Anticancer drug camptothecin (CPT) was chosen
as the active agent and loaded into MS-FSP (MS-FSP-
CPT). The loading content was about 9.97 μg/mg char-
acterized by fluorescence spectroscopy (Figure S9).
The UV light-responsive release performance of
MS-FSP-CPT in solution was similar to that loaded with
FD (Figure S10). In the in vitro experiment, EA.hy926
and HeLa cells were first independently cultured in

Figure 5. The release profile of fluorescein disodium mol-
ecules from MS-FSP samples in PBS solution (0.1 M, pH 7.2)
versus time. The sample modified with optimal molar ratio
of spiropyran to PFDTES (0.249:1) displayed poor release in
12 hwithout 365UV light irradiation (black curve). However,
after 365UV light irradiation for 5min, the sample remained
sustainable release (red curve). The inset was the enlarged
data demarked by blue circle.

Figure 6. Themechanism illustrating thewetting process of
surface. The silicon with micropillar structure was modified
with the samemolar ratio of spiropyran to PFDTES (0.249:1)
as MS-FSP sample. Before UV light irradiation, the sur-
face was hydrophobic, exhibiting low water adhesion
(39.0 ( 2.7 μN) (A). After exposure to 365 nm UV light, the
surface became wetted by water, and displayed high water
adhesion (88.7 ( 13.1 μN), leaving a water droplet on the
surface (B).
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96-well plates for 12 h. Subsequently, MS, MS-FSP, and
MS-FSP-CPT with different concentration (0.1, 1.0, 10,
50, and 100 μg/mL) were separately incubatedwith the
cells. After 24 h incubation, the cell viability was deter-
mined. As a control experiment, the other group set of
cells was exposed to UV light irradiation (2.4 μW/cm2)
for 5min after being separately incubatedwithMS,MS-
FSP, and MS-FSP-CPT for 2 h, and the cell viability was
detected after 24 h. As illustrated in Figure 7, both MS
and MS-FSP exhibited little cytotoxicity even when the
concentration increased up to 100 μg/mL. Upon UV
light irradiation, no loss of cell viability was observed.
The results demonstrated the system was biocompa-
tible. However, in the case of MS-FSP-CPT-incubated
cells, an obvious loss of cell viability was observed when
the MS-FSP-CPT concentration reached 50 μg/mL
upon UV light exposure compared to that without UV
light irradiation, which was attributed to the light-
triggered release of CPT within cells. When the con-
centration of MS-FSP-CPT increased up to 100 μg/mL,
cell viability was decreased down to nearly 32% (EA.
hy926) and 51% (HeLa cells) upon UV light exposure.
As free CPT did not exhibit obvious cytotoxicity to cells
until the concentration reached up to 0.625 μg/mL
(EA.hy926) and 1.25 μg/mL (HeLa cells), as shown

in Figure S11a,b, the higher toxicity of MS-FSP-CPT
system upon UV irradiation was ascribed to the effi-
cient CPT release within cells triggered by UV light. In
addition, the effective endocytosis of MS-FSP by EA.hy
926 cells and HeLa cells was confirmed by confocal
microscopy. After 12 h incubation of FD-loadedMS-FSP
with EA.hy 926 cells and HeLa cells, the cells were
washed by PBS solution and viewed by confocal
microscopy (Figure 7c and Figure S11c). Without UV
light irradiation, therewas no obviously release of FD in
the cells (Figure 7c 1, 2, 3, and Figure S11c 1, 2, 3). After
UV stimuli was applied, FD (green) was found spread
in the cell cytoplasm in cells, which demonstrated the
successful release of FD molecules (Figure 7c 4, 5, 6,
and Figure S11c 4, 5, 6).

CONCLUSION

In summary, a light-responsive release system was
achieved through the control of the wetting behavior
of MS surface. FD and CPT molecules could be trapped
in themesopores due to the hydrophobic effect. Under
UV light irradiation, the wetting of the surface resulted
in the release of the cargos due to the conformational
change of spiropyran. The smart carrier was also dem-
onstrated to efficiently delivery and release CPT drug

Figure 7. (a) EA.hy926 and (b) HeLa cell viability measured by 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide (MTT) assay after separate incubation with MS, MS-FSP and MS-FSP-CPT samples (0.1, 1.0, 10, 50, and 100 μg/mL)
for 24 h. Blank bar represented samples without UV light irradiation while solid bar represented samples with UV
light irradiation (2.4 μW/cm2) for 5 min. (c) Confocal fluorescence and bright images corresponding to EA.hy926 cells
incubated with FD-loaded MS-FSP (50 μg/mL) without (1, 2, 3) and with (4, 5, 6) UV light irradiation for 5 min. (1 and 4)
Fluorescence (λex = 488nm); (2 and5) brightfield; (3 and6) theoverlay imageof (1) (2) and (4) (5). The scale-bar corresponds to
20 μm.
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in vitro triggered by UV light stimuli to enhance cyto-
toxicity for EA.hy926 and HeLa cells. This release plat-
form is free of block units and could bemanipulated by

light. The general strategy opens up new possibilities
for constructing drug delivery and controlled release
systems from the point of view of surface.

EXPERIMENTAL SECTION
Materials. Tetraethoxysilane (TEOS, 28%), n-cetyltrimethy-

lammonium bromide (CTAB, g99%), 3-aminopropyltriethoxy-
silane (APTES, 99%), perfluorodecyltriethoxysilane (PFDTES,
97%), succine anhydride (99%), N-hydroxy-succinimide (NHS,
98%), 4-dimethylaminopyridine (DMAP, g99%), fluorescein
disodium (FD), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide-
HCl (EDC, 99%), and 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenylte-
trazolium bromide (MTT, g98%) were purchased from
Sigma-Aldrich Company. 30 ,30-Dimethyl-6-nitrol-spiro[2H-1-
benzopyran-2,20-indoline]-10-ethanol (spiropyran, SP�OH,
>93.0%), and camptothecin (CPT, >98%) were purchased from
J&K Scientific. Dulbecco's Modified Eagle Medium (DMEM) and
fetal bovine serum (FBS) were purchased from HyClone. All
phosphate-buffered saline (PBS, 0.1 M, pH 7.2) was prepared
with ultrapure Milli-Q water (resistance >18 MΩ cm�1). All
chemicals were used without further purification.

Instruments and Characterization. Scanning electron micro-
scope (SEM) images were obtained with a JEOL-7500FE instru-
ment. Transmission electron microscopy (TEM) was performed
using a Philips CM operated at 200 kV. Powder XRD diffraction
patterns were collected on a Rigaku D/max 2500 using Cu KR
radiation. Fluorescence spectra were taken on a Hitachi F-4500
FL Spectrophotometer. Fourier transform infrared spectra (FTIR)
were recorded on a Bruker-EQUINOX55 spectrometer. All spec-
tra were recorded with an instrument resolution of 4 cm�1.
UV�visible spectra were taken on UV-4100 spectrometer. N2

absorption and desorption isotherms weremeasured at 77 K on
a Micromeritics ASAP2020 automated sorption analyzer. The
Brunauer�Emmett�Teller (BET) model was used to calculate
the specific surface areas. Pore size and distribution were
calculated from the absorption data by following the Barrett�
Joyner�Halenda (BJH) method. X-ray photoelectron spectra
(XPS) were carried out on ESCALab220i-XL. The adhesion
force was assessed by microelectromechanical balance system
(Kruss) equipped with a home-built platinum semispherical cap
to hold Milli-Q water (10 μL). 1H and 13C NMR spectra were
measured in CDCl3/pyr-d5/MeOD (with TMS as internal stan-
dard) on a Bruker AV300 (1H at 300 MHz, 13C at 75 MHz)
magnetic resonance spectrometer. The solid-state 13C NMR
spectroscopy was recorded on AVANCE III 400 (400 M) by using
a powered sample. Chemical shifts (δ) are reported in ppm, and
coupling constants (J) are in Hz. The confocal microscopy
images of cancer cells were performed with Olympus FV1000-
IX81.

Preparation of MS. The mesoporous silica nanoparticles (MS)
were prepared with the modified method as described
previous.22

Preparation of SP�COOH. SP�OH (1.6 g) was added into
dichloromethane solution (120 mL) containing succine anhy-
dride (570 mg), 4-dimethylaminopyridine (DMAP, 200 mg), and
triethylamine (3 mL), and the mixture was stirred for 24 h at
room temperature, followed by the solvent removal under
vacuum. The crude product was purified by silica gel flash
chromatography eluting with a 50% acetic ester to petroleum
ether eluent to give finally yellow powder production SP�
COOH (1.62 g, 81%). 1H NMR (300 MHz, CDCl3) δ 8.00 (d, J =
6.7 Hz, 2H), 7.20 (t, J = 7.6 Hz, 1H), 7.09 (d, J = 7.2 Hz, 1H),
6.95�6.83 (m, 2H), 6.70 (dd, J = 22.8, 8.7 Hz, 2H), 5.88 (d, J = 10.4
Hz, 1H), 4.37�4.14 (m, 2H), 3.57�3.33 (m, 2H), 2.60 (dd, J = 17.3,
5.6 Hz, 4H), 1.28 (s, 3H), 1.16 (s, 3H). 13C NMR (75 MHz, CDCl3) δ
177.98, 171.98, 159.40, 146.62, 141.09, 135.72, 128.39, 127.87,
125.97, 122.82, 121.88, 121.72, 119.97, 118.45, 115.55, 106.66,
106.47, 62.83, 52.84, 42.38, 28.73, 28.65, 25.87, 19.86.

Preparation of MS-FSP. The as-prepared MS (0.3 g) was first
added with the mixture of APTES and PFDTES with different
molar ratio in dry toluene (15mL) to give amine- and fluorinated

silane-modified MS (denoted as MS-FNH2-X (X = 1∼5)). In
details, MS-NH2-X was obtained by adding with the following
volume of APTES and PFDTES: (0.281 mL, 0.131 mL), (0.218 mL,
0.135 mL), (0.158 mL, 0.293 mL), (0.117 mL, 0.4335 mL), and
(0.071 mL, 0.519 mL). The reaction was carried out for 1 h under
stirring. Then, the samples were recovered by centrifugation,
and placed into oven at 120 �C for 3 h to obtain (MS-FNH2-X, X =
1∼5). After the surfactant template was removed by acetone
extraction for 48 h, MS-FNH2-X (X = 1∼5) were dispersed by
sonication into ethanol solution containing SP-COOH (355, 276,
197, 148, and 90mg), EDC (2mL), andNHS (1mL), and reacted at
room temperature for 24 h, and the solution was then centri-
fuged and washed with water several times. The final samples
(MS-FSP-X, X = 1∼5) were dried at 50 �C under vacuum for 24 h.

Loading of Guest Molecules. To load FD, MS-FSP (500 mg) was
dispersed by sonication into 10 mL of ethanol solution contain-
ing FD (10�3 M) for 8 h. The water/ethanol volume ratio was
about 4/1. Then, samples were recovered by centrifugation,
washed with water several times, and finally dried at 50 �C
under vacuum for 24 h to give FD-loaded samples. To load
anticancer drug CPT, MS-FSP (100 mg) was dispersed by soni-
cation in DMSO containing CPT (10�3 M) for 8 h. Then, CPT-
loaded MS-FSP was collected by centrifugation, washed with
water several times, and finally dried at 50 �C under vacuum for
24 h.

Loading Efficiency Evaluation. The FD and CPT loading contents
of MS-FSP were determined by fluorescence spectroscopy. The
standard curves of FD and CPT were established. The fluores-
cence intensity of FD was recorded by monitoring the signal
at 511 nm (excitation at 487 nm) while that of CPT was detected
by monitoring the signal at 447 nm (excitation at 380 nm),
respectively.

Release Measurement. About 5mgof samplewas placed in the
bottom of cuvette, and kept submerged in 1 mL of PBS solution
(0.1 M, pH 7.2) at 37 �C during the release process. The release of
FD molecules was monitored by detection the wavelength at
511 nm using 487 nm light to excite the molecules. The release
of CPT cargos was detected bymonitoring the signals at 447 nm
with 380 nm as the exciting light.

Cell Experiment. EA.hy926 and HeLa cells were placed on 96
well cell culture clusters at a density of 2� 104 cells per well and
cultured in 5% CO2 at 37 �C for 12 h. Subsequently, assisted with
ultrasonication, MS, MS-FSP and camptothecin-loaded MS-FSP
with different concentrations (0.1, 1.0, 10, 50, and 100 μg/mL),
which were dispersed in aqueous solution containing sodium
docecylbenzenesulfonate surfactant (SDBS, 10�5 M), were se-
parately added to themedia. After incubation in 5%CO2 at 37 �C
for 24 h, cell viability was determined by the standard3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT)
assay. As a control experiment, the other group set of cells
was exposed toUV irradiation (2.4 μW/cm2) for 5min after being
incubatedwithMS,MS-FSP, andMS-FSP-CPT for 2 h, and the cell
viability was determined after 24 h. The EA.hy926 andHeLa cells
viability of free CPT was also carried out for comparison.

Endocytosis of FD-Loaded MS-FSP by Cancer Cells. Two samples
group of EA.hy926 cells and HeLa cells were seeded on glass-
bottom culture dishes (2� 104) and cultured in 5% CO2 at 37 �C
for 12 h. Subsequently, FD-loadedMS-FSP, which was dispersed
in PBS solution (50 μg/mL), was added into the dishes. After
incubation in 5% CO2 at 37 �C for 2 h, one sample group was
exposed to UV light (2.4 μW/cm2) for 5 min. Then, the two
samples group were incubated for about 12 h, followed by
washing cells with PBS solution. Finally, the cells were viewed
using confocal microscopy. All images were taken with 488 nm
excitation.

Water Adhesion Detection. The adhesion force was assessed by
microelectromechanical balance system (Kruss) equipped with
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a home-built platinum semispherical cap to hold Milli-Q water
(10 μL). The platinum holding water autoapproached the silicon
slide sample placed on microelectromechanical balance sys-
tem platform. As soon as the water touched the surface, the
platinum lifted up, and the adhesion force would bemonitored.
The process was also recorded by CCD as a video.
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