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Abstract: A pH-responsive free-blockage release system was
achieved through controlling the hydrophobic/hydrophilic
conversion of mesoporous silica nanopores. This system fur-
ther presented pulsatile release with changing pH values be-
tween 4.0 and 7.0 for several cycles. This free-blockage re-

lease system could also release antitumor agents to induce
cell death after infecting tumor cells and could have the
ability of continuous infection to tumor cells with high drug-
delivery efficiency and few side effects.

Introduction

The hydrophobic phenomenon exists widely in nature. It is
responsible for numerous chemical and biological aspects of
molecular interactions in water, such as the water channels
through biological membranes, which are employed to control
the water and ionic fluxes by the conversion of channels be-
tween hydrophobicity and hydrophilicity.”? With inspiration
taken from these natural channels, a series of nanopores has
been built with hydrophobic/hydrophilic conversion based on
responses to pH value, voltage, light, and bioanalytes.”

In recent years, controlled release systems based on meso-
porous silica nanoparticles (MSNs) have received extensive at-
tention from many researchers for their wide applications in
drugs delivery, cell imaging, and catalysis. To date, many deli-
cate intelligent switches have been designed by us and other
researchers to control the release of encapsulated cargoes.™
The mechanisms of these release systems were nearly all
based on responsive physical blockage of nanopores in the
MSNs, for instance, polymers or nanoplugs (cyclodextrins,
nanoparticles, DNA, etc.) leaving the surface of the MSNs. How-
ever, although the ability to control and fine tune the release
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of MSNs had been modestly successful, most of the release
systems with blocking units could cause a series of side effects
in cells.*®! Furthermore, the nanopores of most such systems
would always be in the “open” state after the blocking units
escaping from the nanopores. Thus, these release systems
would continue to release the drugs when they escaped from
the cells, which would lead to undesirable physiological toxici-
ty and a waste of drugs.”’ Recently, we designed a light-re-
sponsive free-blockage release system by controlling the wet-
ting behavior of the surface of MSNs."? However, poor disper-
sion was a big problem in the biological application of this
system. To explore a novel free-blockage release system with
good dispersion and biocompatibility that can be controlled
along with the change of environment is still a challenging
task.

In this paper, we report the design of a pH-responsive free-
blockage controlled release system with good dispersion and
biocompatibility based on hydrophobic nanopores (Scheme 1).
The phenylamine (Ph) group, which has a convertible hydro-
phobic/hydrophilic property between deprotonation and pro-
tonation, was only attached onto the internal surface of the
nanopores on the MSNs.® The Ph-functionalized nanopores
were hydrophobic enough to prevent water entering into the
nanopores and so to trap the cargoes in the MSNs at pH 7.0.
Meanwhile, the modified MSNs could still be dispersed well in
water. With a decrease of the pH value of the solution, the
nanopores changed gradually from hydrophobic to hydrophil-
ic, to allow the instrusion of water and release of the cargoes,
due to the protonation of the Ph groups. The system also had
the ability of sustained release over a long time and could real-
ize pulsatile release with sequential changes between acidic
and neutral environments. The pH value of lysosomes is about
pH 4.0-5.0, which is lower than the pK, value of the Ph group
(pK,~5), and the pH value of extracellular fluid is nearly neu-
tral, so this novel release system could release antitumor
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agents to induce cell death after infecting tumor cells. It could
also be transported from the dead cells potentially along with
exocytosis from the live cells and further infect the neighbor-
ing cells. This effect would greatly improve the drug-transfer
efficiency and limit the side effects of undesirable release after
the drug carriers escaped from the cells. We believe that this
strategy would provide more opportunities for such intelligent
free-blockage drug-delivery systems to be used for more prac-
tical cancer therapy in the future.
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Scheme 1. The release process of the pH-responsive free-blockage con-
trolled release system based on MSNs. This system can release Rhodamine B
in acidic conditions.

® RhB

Results and Discussion

In our research, different concentrations of N-phenylaminopro-
pyltrimethoxysilane (PhAPTMS) were chosen to functionalize
the internal surface of nanopores on the MSNs by the method
of cocondensation under basic conditions (Figure S1 in the
Supporting Information). Under the conditions of a constant
concentration of surfactant (N-cetyltrimethylammonium bro-
mide, CTAB), the molar ratio of PhRAPTMS to tetraethylorthosili-
cate (TEOS) was chosen as 1:10, 1:15, 1:20, or 1:25, and the
modified MSNs were accordingly named as MS-Ph (1:10), MS-
Ph (1:15), MS-Ph (1:20), and MS-Ph (1:25). As reported in the lit-
erature, when the cocondensing reagent contained nonpolar
groups, the nonpolar groups tended to intercalate their hydro-
phobic group into the CTAB micelles to stabilize the formation
of cylindrical micelles. After removal of the CTAB micelles, the
internal surface of the nanopores functionalized with hydro-
phobic groups could be made.” The UV/Vis absorption peak
at around 250 nm gradually increased along with the increase
of the ratio (Figure 1).

In the FTIR spectrum of MS-Ph, the absorption peak at
1484 cm™' was attributed to the vibrations of the amino
group, and the absorption peaks at 2966 and 2855 cm™' were
produced by the vibration of the methylene groups (Figure S11
in the Supporting Information). The thermogravimetric data
showed that the weight loss of the four kinds of MS-Ph was in-
creased with the promotion of the modified proportion of the
Ph group (Figure S12 in the Supporting Information). These re-
sults indicated that the different kinds of MS-Ph were success-
fully prepared. With MS-Ph (1:20) as an example, the diameter
of MS-Ph (1:20) was about 300 nm, the mesoporous channel
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Figure 1. The UV/Vis absorption spectra of the aqueous solutions of differ-
ently modified MS-Ph samples (100 ug mL™"; control: water).

could be clearly observed by transmission electron microscopy,
the nanoparticles showed typical XRD patterns of MCM-41
type hexagonal mesoporous silica with a lattice spacing of
about 4.2 nm, and the N, sorption analysis exhibited a type IV
isotherm with a total surface area (Brunauer-Emmett-Teller,
BET) of 1092.92 m*g~"' and an average pore diameter of 3.4 nm
(Figure 2). The zeta potential of MS-Ph (1:20) was 21.6 mV and
the average size of MS-Ph (1:20) was 307.9 nm in aqueous so-
lution, as measured with dynamic light scattering (Figure S8 in
the Supporting Information), which was consistent with the di-
ameter of MS-Ph (1:20) in the SEM. (The characterizations of
the other three types of MS-Ph are shown in the Supporting
Information.)

Rhodamine B (RhB) was chosen as the model cargo. It was
loaded into the MS-Ph by dipping the MS-Ph in a solution of
toluene/ethanol (4:1) containing RhB. The loading content of
RhB was calculated by fluorescence spectroscopy. Fluorescence
detection was employed to monitor the release process at
575 nm. With MS-Ph (1:20) as an example, the Ph-modified
nanopores appeared to be always physically open, with a diam-
eter of about 3.4 nm (Figure 2), leaving enough space for RhB
(1.59 nmx 1.18 nm x0.56 nm) to exit. However, there is hardly
any RhB (approximately 0.43% in 12 h) released from MS-Ph
(1:20) at pH 7.0 (Figure 3). This was completely different from
the release behavior of the unmodified MSNs at pH 7.0, from
which a mass of RhB was released (Figure S13 in the Support-
ing Information). We speculated that the hydrophobic effect
caused by the Ph groups may be the key factor of the control-
lable loading and release of cargoes. As the pH value of the so-
lution decreased to about 5.0, the RhB was beginning to be re-
leased from the MS-Ph (1:20) because of the protonation of
the Ph groups, and the release gradually sped up as the pH
value was further reduced. Additionally, the rate of release
could be decreased with the increased modification ratio of Ph
under the same conditions (Figures S14 and S15 in the Sup-
porting Information). When the modification ratio of Ph was
decreased to 1:25, release of RhB was observed at pH 7.0 (Fig-
ure S16 in the Supporting Information). Moreover, the amount
of RhB released from the unmodified MSNs could reach up to
54.7% in 4 h at pH 7.0 (Figure S13 in the Supporting Informa-
tion), whereas the release percentage of RhB from MS-Ph
(1:20) was about 30.9% at pH 3.0 and 22.6% at pH4.0 in 12 h
(Figure 3). These results further demonstrated that this system
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Figure 2. A) SEM image: the average diameter of MS-Ph (1:20) was around 300 nm. B) TEM image: the mesopo-
rous channel could be clearly observed by transmission electron microscopy; scale bar: 50 nm. C) XRD results:
a lattice spacing of approximately 4.2 nm was observed. D) N, sorption isotherm of MS-Ph (1:20). E) The distribu-

tion of pore size of MS-Ph (1:20).
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Figure 3. pH dependence of the release profiles of RhB-loaded MS-Ph (1:20).
The release gradually sped up as the pH value was reduced.

had the ability for a prolonged duration of drug effect due to
the slow release rate caused by the hydrophobic inner surface.
This property is particularly beneficial for practical antitumor
therapy.”

Hydrophobic pores with a small diameter remain dry in
water and can withstand a high pressure difference, AP, de-
fined by the Laplace equation [Eq. (1)], in which D, is the
pore diameter.

AP > 4|Ay|/Dyore = 4y €05 6] /Doore (M)

The difference of surface energy, Ay, between the solid/vapor
surface tension, y,, and the solid/liquid surface tension, yy, can
be related to the contact angle on a flat surface, 6, and the
surface tension of the liquid/vapor interface, y, through the
Young equation [Eq. (2)].

Ay =y, — g =ycos (2)
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property induced by Ph group.
The film would remain hydro-
philic due to the low density of
the modified Ph group, and it
would become hydrophobic
when the density of the modi-
fied Ph group was increased. MS-Ph (1:25) couldn’t keep the
RhB in the nanopores, which could be attributed to the low-
modification ratio of Ph in the nanopores that cannot hold the
water. In addition, the contact angle of the modified films
became smaller with a decrease in the modification density of
the Ph group and pH value (Figure 4; video in the Supporting
Information). These phenomena were consistent with the
change in the release rate, which also became much faster
with the decrease in the density of the modified Ph group and
pH value.

To check the release of RhB from MS-Ph (1:20) under the
changeable pH value, we first demonstrated that RhB was re-
leased from the container at pH 4.0. The MS-Ph (1:20) was then
exposed to a solution of pH 7.0, and a much slower release
rate was observed immediately. Importantly, the RhB release
profile of MS-Ph (1:20) further presented a pulsatile pattern

pH7.0 pH 4.0 pH 3.0
A 112.4° 93.1° 58.8°
B |
108.3° 84.9° 54.3°

— el

84.9° 72.7° 59.9°

Figure 4. Variation of the contact angle, 0, of the different kinds of silica
films at different pH values. A) film 1; B) film 2; C) film 3.
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under changing pH values between 4.0 and 7.0 for several
cycles (Figure 5). (The data for MS-Ph (1:10) and MS-Ph (1:15)
are shown in Figure S17 in the Supporting Information.) The
slow water intrusion could be proposed to be a critical factor
for the pulsatile release of RhB. In this system, even the acid
solution could not wet the whole nanopore in several hours.
The inner area of the nanopores would still be hydrophobic
and would stop the water going deeper into the nanopores
when the MS-Ph was exposed to the neutral solution again.
Thus, the pulsatile release was realized with the pH changes
over a long period of time. This reversible controllable switch
could have more significant application in the complicated
physiological environment.
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Figure 5. The pulsatile release profiles of RhB-loaded MS-Ph (1:20). The re-
lease rate of RhB was changed by sequential adjustment of the pH value of
the solution.

Tests of cell viability were further carried out to evaluate the
drug-delivery efficiency of this release system on the Hela cell
line. To afford a better release and therapy effect for tumor
cells, MS-Ph (1:20) was chosen to deliver antitumor drugs into
the cell. In our experiment, epirubicin (EPB), which is a chemo-
therapy antitumor agent, was loaded into MS-Ph (1:20) to de-
liver and release the antitumor drug into the tumor cells. The
release of EPB was investigated in the same way as that of
RhB. The amount of released EPB from the pores of MS-Ph
(1:20) was monitored by the change in the fluorescence inten-
sity at 590 nm. As shown in the Figure 6A, the release of EPB
gradually sped up as the pH value was reduced, which was the
same result as with the release profiles of RhB-loaded MS-Ph.
The release percentage of EPB from MS-Ph (1:20) was about
45.1% at pH 4.0 and 12.3% at pH 5.0 in 24 h.

In addition, MS-Ph (1:20) and EPB-loaded MS-Ph (1:20) with
different concentrations were separately incubated with the
Hela cells. After 24 h, the cell viability was determined by the
standard 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazoli-
um bromide (MTT) assay. MS-Ph (1:20) exhibited little cytotox-
icity even at a concentration of 100 pgmL~' (Figure S18 in the
Supporting Information). However, when Hela cells were coin-
cubated with the EPB-loaded MS-Ph, an obvious reduction of
cell viability (~=42.21 %) was observed when the concentration
of MS-Ph (1:20) was increased to 100 ugmL~', which was at-
tributed to the release of EPB into the Hela cells. In addition,
the effective endocytosis of MS-Ph (1:20) by Hela cells was
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Figure 6. A) pH dependence of the release profiles of EPB-loaded MS-Ph
(1:20). The release gradually sped up as the pH value was reduced. B) HelLa
cell viability after separate incubation with different concentrations of EPB-
loaded MS-Ph (1:20) for 24 h (P<0.01). C) Migration of EPB-loaded MS-Ph
(1:20) from the infected Hela cells to the untreated cells with visualization
by using CLSM. The EPB-loaded MSNs (bottom) were observed as the refer-
ence. Scale bars: 10 um.

confirmed by confocal laser scanning microscopy (CLSM; Fig-
ure 6C).

To explore the intercellular delivery of EPB-loaded MS-Ph
(1:20), HelLa cells seeded on coverslip A were preincubated
with EPB-loaded MS-Ph (1:20) for 8 h and then coincubated
with fresh cells on the neighboring coverslip B for 20 h. The in-
fection procedure was repeated by coincubating the treated
cells on coverslip B with fresh cells on coverslip C for another
20 h. This was followed by observation by using CLSM. As
shown in Figure 6 C, the red EPB fluorescence in the first treat-
ed cells (coverslip A) indicated that EPB was widely distributed
in the cells. Additionally, EPB fluorescence was still observed in
the infected cells (coverslips B and C). As a control, Hela cells
were treated with the EPB-loaded MSNs. The EPB would be
continually released from the unmodified MSNs and scattered
in the cell culture when they escaped from the cells (coverslip
A). Therefore, unmodified MSNs hardly attained any EPB fluo-
rescence in the infected cells (coverslips B and C). This result
proved that this novel release system had the ability to repeat-
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edly infect neighboring cells to induce cell death due to the
properties of pulsatile release with the sequential adjustment
of the pH value.®

Similarly, it was proved that the MS-Ph (1:10) and MS-Ph
(1:15) could also continuously infect tumor cells. These three
types of MS-Ph (1:10, 1:15, and1:20) were all able to realize the
intercellular delivery and repeatedly infect the neighboring
cells to induce cell death. However, because the release rate
became much faster with the decrease in the Ph functionaliza-
tion, the effect of the drug delivery and therapy would be en-
hanced (Figures S20 and S21 in the Supporting Information).

Conclusions

In summary, a pH-responsive free-blockage release system was
achieved through the conversion of hydrophobic/hydrophilic
internal surfaces of nanopores. Cargoes could be trapped in
the nanopores in neutral environments due to the hydropho-
bic effect. In acidic solution, the nanopores were changed to
be hydrophilic, which triggered the release of the cargos due
to the protonation of the Ph groups. This system also had the
ability to sustain the drug release due to the slow water intru-
sion, which afforded the prolonged drug duration. Further-
more, this release system could also realize pulsatile release
with sequential changes between acidic and neutral environ-
ments. These advantages made this novel release system avail-
able for use as a drug reservoir that could release the antitu-
mor agents to induce cell death after infecting tumor cells and
could further infect the neighboring cells without redundant
extracellular drug release after transport from the infected cells
over a long time. This release system would greatly improve
the transfer efficiency of drugs in tumor tissues and reduce the
side effects of the containers. The general strategy would open
up new possibilities for constructing more practical drug-deliv-
ery and controlled release systems.

Experimental Section
Materials

TEOS (99.9%), CTAB (99 %), PhAPTMS, RhB, and MTT (98%) were
purchased from Sigma Company. Sodium hydroxide, disodium hy-
drogen phosphate dodecahydrate, and citric acid were purchased
from Sinopharm Chemical Reagent Co. Ltd. EPB was purchased
from Pfizer. Rosewell Park Memorial Institute (RPMI) medium, Dul-
becco’s modified Eagle’s medium (DMEM), and fetal bovine serum
(FBS) were purchased from Life Technologies. All buffers were pre-
pared with ultra-pure MilliQ water (resistance >18 MQcm™).

Instruments

SEM was performed with a Hitachi SU-8010 instrument. TEM
images were obtained by using a TecnaiG2 F20 electron micro-
scope. XRD patterns were collected by using a Rigaku D/max 2500
instrument equipped with Cuy, radiation. UV/Vis spectra were col-
lected by using a Shimadzu U-1800 spectrophotometer. The zeta
potential and dynamic light scattering measurements were collect-
ed on a NANO ZS ZEN3600 apparatus. FTIR spectra were recorded
on a Bruker-EQUINOX55 spectrometer. Thermal stability measure-
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ments were collected on an HCT-3 instrument (Beijing Hengjiu In-
struments) between 100 and 550°C with a heating rate of 10°C
min~". All fluorescence spectra were recorded on a Hitachi F-4500
FL spectrophotometer in phosphate-buffered saline (PBS) buffer. N,
adsorption/desorption isotherms were obtained at 77 K on a Micro-
meritics ASAP2020 automated sorption analyzer. The BET model
was applied to evaluate the specific surface areas. Pore size and
pore volume were determined from the adsorption data by the
Barrett-Joyner-Halenda method. The CLSM images of cancer cells
were performed with an Olympus 1X83 instrument.

Syntheses
Different modification proportions of MS-Ph

CTAB (0.5 g) was mixed with water (42 mL), ethanol (18 mL), and
a solution of sodium hydroxide (0.6 mL, 2 molL™") under stirring
for 30 min. Different molar ratios of PhAPTMS (300.7 uL (1:10),
199.7 uL (1:15), 149.8 uL (1:20), and 119.9 uL (1:25)) to TEOS
(2.8 mL) were then mixed, respectively, and once added to the mix-
ture in water/ethanol, were stirred at room temperature for 8 h.
The resulting different kinds of MS-Ph were separated by centrifu-
gation, washed several times with water and ethanol, and dried in
the vacuum oven (60°C) overnight. Removal of the template was
achieved by solvent extraction: MSNs (1.0 g) were suspended in
ethanol (100 mL), and the mixture was heated under reflux for
24 h. The solvent-extracted particles were washed extensively with
ethanol and collected through centrifugation.

The RhB loaded in the MS-Ph

All kinds of MS-Ph samples (50 mg) were dispersed respectively by
sonication into a mixed solution (toluene/ethanol=4/1, 4 mL) con-
taining RhB (1 mg) for 4 h. The RhB-loaded samples were then col-
lected by centrifugation, washed with water, and dried at 60°C
under vacuum for 12 h before the investigations of the release be-
havior. The loading content of MS-Ph was calculated by Equa-
tion (3) though recycling of the unloaded RhB. The loading con-
tents of the different kinds of MS-Ph were 5.8 (1:10), 5.9 (1:15), 6.2
(1:20), and 2.4 ugmg ' (1:25), respectively.

total RhB—unloaded RhB
Percentage of loading = ota tot:lnRiaB e 3)

Testing the RhB release

The release signal was investigated by monitoring the fluorescence
intensity of the release system. The standard curve of RhB was es-
tablished by fluorescence spectroscopy. RhB-loaded MS-Ph (3 mg)
was placed in a bottom corner of a cuvette, and PBS solution
(citric acid/disodium hydrogen phosphate) was then carefully
added to avoid disturbing the MS-Ph. Under some stimuli, the
dyes would be released into the solution. Without stimuli, the RhB
would not be released from the MSNs and diffused into the solu-
tion. The solution could then be directly monitored by fluores-
cence spectrophotometry to record the release of RhB. For activa-
tion of the MSNs, the pH value of the solution was decreased. The
amount of guest molecules released from the pores of the MSNs
was monitored by the change of the fluorescence intensity at
575 nm.
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The hydrophobic/hydrophilic conversion experiment of Ph
groups

The silica film was made though the spin coating of silica gel on
a glass and dried in an oven for 4 h at 115 °C. Silanization was per-
formed overnight through dipping these films in different concen-
trations of PhAPTMS in toluene solution (3, 2, or 1%). Modified
films were washed with ethanol and cured for 4 h at 115°C, and
named as film 1, film 2, and film 3, respectively. There are two
droplets in the videos in the Supporting Information. The pH value
of the left one was consistent with the name of videos; the pH
value of the right one was pH 7.0. The hydrophobic/hydrophilic
conversion of the Ph groups was proved by the change of the con-
tact angle of the modified films.

The biocompatibility studies of MS-Ph

Hela cells were plated in 96 wells as cell culture clusters at a densi-
ty of 1x10* cells per well and cultured in 5% CO, at 37 °C for 12 h.
Different concentrations of MS-Ph (1:20; 100 pL) were then added
to the media, and the cells were incubated in 5% CO, at 37°C for
24 h. Cell viability was determined by the standard MTT assay.

Cell experiment

To test the effect of the drug delivery in the cell line, HelLa cells
were plated in 96 wells as cell culture clusters at a density of 1x
10* cells per well and cultured in 5% CO, at 37°C for 12 h. The an-
titumor agent EPB was loaded into MS-Ph (1:20); the EPB loading
content of MS-Ph (1:20) was 6.74 pgmg~". EPB-loaded MS-Ph (1:20;
100 pL) samples with different loading concentrations (1, 5, 10, 25,
50, and 100 ugmL™") were separately incubated with the cells for
4 h. The cells were then washed twice with PBS buffer before fresh
growth medium was added for further incubation for 24 h. After
24 h of incubation, the cell viability was determined by the stan-
dard MTT assay.

To explore the intercellular delivery of EPB-loaded MS-Ph (1:20) to
the neighboring cells, Hela cells seeded on coverslip A at a density
of 3x10® were preincubated with EPB-loaded MS-Ph (1:20;
100 ugmL~", 100 pL) for 8 h. Coverslip A was then washed twice
with PBS buffer and coincubated with fresh cells with a density of
3x10% on the neighboring coverslip B for 20 h. The infection pro-
cedure was repeated by coincubating the treated cells on cover-
slip B with fresh cells on coverslip C with a density of 3x 10° for an-
other 20 h. This was followed by observation by using CLSM. As
a control, EPB-loaded MSNs were tested for the effect of intercellu-
lar delivery in the same way as that for EPB-loaded MS-Ph (1:20).
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I Drug Delivery

W. Wang, L. Chen, L.-p. Xu, H. Du,
Y. Wen,* Y. Song, X. Zhang*

HE-EN
An open and shut case: A pH-respon- This system could have the ability of A Free-Blockage Controlled Release @
sive free-blockage release system was continuous infection to tumor cells with System Based on the Hydrophobic/
achieved through controlling the hydro- high drug-delivery efficiency and few Hydrophilic Conversion of
phobic/hydrophilic conversion of meso- side effects. Mesoporous Silica Nanopores
porous silica nanopores (see figure).
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