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ABSTRACT: Functional mesoporous silica particles have
attracted growing research interest for controlled drug delivery
in targeted cancer therapy. For the purpose of efficient
targeting tumor cells and reducing the adverse effect of
antitumor drug doxorubicin (DOX), biocompatible and
enzyme-responsive mesoporous silica nanoparticles (MSNs)
with tumor specificity were desired. To construct these
functional MSNs, the classic rotaxane structure formed
between alkoxysilane tether and a-cyclodextrin (a-CD) was
employed to anchor onto the orifices of MSNs as gatekeeper
in this work. After subsequent modification by multifunctional
peptide (azido-GFLGR,RGDS with tumor-targeting, mem-
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brane-penetrating, and cathepsin B-responsive functions) to stabilize the gatekeeper, the resulting functional MSNs showed a
strong ability to load and seal DOX in their nanopores. When incubating these DOX-loaded MSNs with tumor and normal cells,
the nanoparticles could efficiently employ their surface-encoded RGDS and continuous seven arginine (R;) sequences to target
tumor cells, penetrate the cell membrane, and enter tumor cells. Because cathepsin B overexpressed in late endosomes and
lysosomes of tumor cells could specifically hydrolyze GFLG sequences of the nanovalves, the DOX-loaded MSNs showed an
“off-on” drug release behavior that ~80% loaded DOX could be released within 24 h and thus showed a high rate of apoptosis.
Furthermore, in vitro cellular experiments indicated that DOX-loaded MSNs (DOX@MSN-GFLGR,RGDS/a-CD) had high
growth inhibition toward a,f;-positive HeLa cancerous cells. The research might offer a practical way for designing the tumor-
targeted and enzyme-induced drug delivery system for cancer therapy.
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1. INTRODUCTION

Cancer is one of the most terrible causes of death worldwide,
and incidences of cancer continue to increase in recent years.
Currently, conventional chemotherapy is still applied for cancer
therapy.' However, there are many barriers that hinder their
clinical translation, including unsatisfied drug loading, lack of
active targeting to tumor cells, and undesirable drug leakage
during sample storage or blood circulation. To address
aforementioned issues, the rational design of tumor-specific
stimuli-responsive drug delivery carriers to enhance therapeutic
efficiency and reduce side effects to healthy organs are of the
utmost importance.”> Among various kinds of nanocarriers,
mesoporous silica nanoparticles (MSNs) with porous reser-
voirs, MCM-41 in particular, have been widely used in recent
years as solid support for drug storage and delivery due to their
advantageous properties, such as chemically inert, easy
functionalization, low toxicity, and large loading capacity.*™®
To be an excellent nanodrug delivery system (nano-DDS),
functionalized MSNs are usually constructed by covering the
surface of MSNs with nanovalves including rotaxanes,” >
polypseudorotaxanes,'® cucurbiturils,"" magnetic nanopar-
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ticles,">"3 gold nanoparticles,m’15 dendrimers,'® antibodies,'”
and anions.'® These systems have been designed toward the
aim of retaining drugs in the pore until gatekeepers were
removed by external stimuli such as pH, temperature, redox
potential, light, and enzyme.'””>> Among those various
gatekeepers, cyclodextrin (CD)-based molecular machines in
various forms can effectively block the pore of MSNs through
cleavable intermediate linkages and dissociate to achieve a rapid
drug release in response to various external stimuli**™>’
Recently, enzyme-sensitive drug delivery has been utilized as a
very interesting approach, due to the mild reaction conditions,
high specificity, and low level of damage to body tissues. More
importantly, many types of enzymes show a high level of
expression in tumor tissues and cancer cells but no or relatively
low level of expression in healthy tissues or normal cells. For
example, cathepsin B, which can specifically hydrolyze Gly-Phe-
Leu-Gly (GFLG) sequence, is a late endosomal and lysosomal
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protease overexpressed in various types of tumors.”™ In

addition, targeted drug delivery is another attractive way for
cancer therapy. Active targeting drug delivery promotes a high
drug concentration in the targeted lesion site, achieving more
effective tumor suppression and reducing the associated toxicity
to normal cells. It is well-known that many moieties, such as
peptides, folic acid, glycyrrhetinic acid, or antibodies, can be
used as targeting ligands.'”*****"** Arg-Gly-Asp-Ser (RGDS),
for instance, has been reported to have specific recognition of
a,f3-integrin receptor overexpressed cell types such as
endothelial cells, platelets, macrophages, and melanomas.'>**
Moreover, the design of capped MSNs that combine properties
of multifunctional peptide and mesoporous nanoparticles is an
appealing approach.

Herein, we designed a drug delivery carrier based on
rotaxane-modified MSNs. Multifunctional rotaxanes on MSNs
were fabricated by using alkoxysilane tether, a-cyclodextrin (a-
CD), and multifunctional peptides. The conjugated oligopep-
tides were composed of three functional segments, including a
cell-penetrating peptide of seven arginine (R;) sequence, an
enzyme-cleavable peptide of GFLG, and a tumor-targeting
peptide of RGDS (Scheme 1A). When incubating the DOX-
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“(A) Functionalization procedure of the MSNs. (B) Drugloaded
MSNs under physiological condition. (C) RGDS-targeted to the
tumor cell. (D) Endocytosis into specific tumor cell. (E) Cathepsin B
enzyme-triggered drug release in cytoplasm. (F) Apoptosis of the
tumor cell.

loaded MSNs with tumor and normal cells, the multifunctional
nanoparticles could target tumor cells via the specific
interaction between RGDS and integrins receptor a,f;
overexpressed on tumor cells, followed by penetrating cell
membrane with the aid of R, sequence. After cellular uptake,
drug-loaded MSNs released the encapsulated drug quickly due
to the breakage of GFLG peptide cleaved by cathepsin B,
resulting in enhanced antitumor activity (Scheme 1B—F). This
effective enzyme-responsive drug release system might have
great potential in the applications of nanomedicine.
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2. EXPERIMENTAL SECTION

2.1. Materials. N-Cetyltrimethylammonium bromide (CTAB),
sodium hydroxide (NaOH), tetraethylorthosilicate (TEOS), copper-
(1) sulfate pentahydrate (CuSO,-SH,0), sodium ascorbate (NaAsc),
ethylene diamine tetraacetic acid (EDTA), triethylamine (TEA),
ninhydrin, phenol, piperidine, dichloromethane (DCM), and trifluoro-
acetic acid (TFA) were purchased from Shanghai Reagent Chemical
Co. and used as received. N,N-Dimethylformamide (DMF) was
purchased from Shanghai Reagent Chemical Co. and distilled prior to
use. 2-Chlorotrityl chloride resin (1.21 mmol/g), N-fluorenyl-9-
methoxycarbonyl (FMOC)-protected L-amino acids (Fmoc-Phe-OH,
Fmoc-Gly-OH, Fmoc-Arg(Pbf)—OH, Fmoc-Asp(OtBu)—OH, Fmoc-
Ser(tBu)—OH, Fmoc-Leu-OH), diisopropylethylamine (DiEA), 1,2-
ethanedithiol (EDT), triisopropylsilane (TIS), N-hydroxybenzotria-
zole (HOBt), and o-benzotriazol-N,N,N’,N’-tetramethyluronium
hexafluorophosphate (HBTU) were obtained from GL Biochem Ltd.
and used as received. Azidoacetic acid was synthesized according to
our previous study.*® Doxorubicin hydrochloride (DOX) was received
from Zhejiang Hisun Pharmaceutical Co. (China). Propargyl bromide
and y-(2-aminoethyl)-aminopropyl trimethoxysilane (AAPTMS) were
obtained from Sigma-Aldrich Reagent.

Cervical cancer cells (HeLa) and African green monkey SV40-
transformed kidney fibroblast cells (COS7) were purchased from Cell
Bank of Chinese Academy of Sciences (Shanghai, China). Dulbecco’s
Modified Eagle’s Medium (DMEM), Dulbecco’s phosphate buffered
saline (PBS), fetal bovine serum (FBS), penicillin-streptomycin, and 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
were acquired from Invitrogen. All other solvents and reagents were
of analytical grade and used as received.

2.2. Synthesis of Azido-GFLGR,RGDS and Arg-Gly-Asp-Ser.
All peptides applied in this work were synthesized on the 2-chlorotrityl
chloride resin (1.21 mmol/g) manuallgr via a standard Fmoc-based
solid phase peptide synthesis (SPPS).>* The resin was washed with
DCM (three times) and DMF (three times) and then allowed to swell
in DMF for 30 min. After draining the DMF solution out, a DMF
solution of the mixture of Fmoc-protected amino acid (0.6 equiv
relative to resin loading) and DiEA (3 equiv) was added to the resin
and shaken for 30 min at room temperature. After the reaction
solution was removed and washed with DMF (three times), a DMF
solution of the mixture of methanol (8 equiv) and DiEA (10 equiv)
was added to react with the active chloride on the resin for 30 min.
Subsequently, 25% piperidine/DMF (v/v) solution was added to
remove the Fmoc-protected groups. After it was shaken for 20 min at
room temperature, the reaction solution was drained off, and the resin
was washed with DMF (three times). The presence of free amino
groups was indicated by a blue color in the Kaiser test. Thereafter, a
DMF solution of the mixture of Fmoc protected amino acid (4 equiv),
HBTU (4 equiv), HOBt (4 equiv) and DiEA (6 equiv) was added.
After shaking for 1.5 h at room temperature, the reaction solution was
drained off and the resin was washed with DMF (three times). The
absence of free amino groups was indicated by a yellow color in the
Kaiser test. After repetition of the deprotection and acylation reaction
to obtain the required amino acid sequence, the resin was finally
washed with DMF (three times) and DCM (three times). Cleavage of
the expected peptide and the removal of the protected groups were
performed using a mixture of TFA, TIS, distilled water, phenol, and
EDT in the ratio of 82.5:4.5:4.5:6:2.5. After it was shaken at room
temperature for 2 h, the cleavage mixture and three subsequent TFA
washings were collected. The combined solution was concentrated,
and cold ether was then added to precipitate the product. After it was
washed with cold ether (five times), the precipitate was collected and
dried under vacuum. MALDI-TOF-MS of azido-GFLGR,RGDS,
1985.7 [M + H]* (Supporting Information, Figure S1). ESI-MS of
RGDS, 434.2 [M + H]* (Supporting Information, Figure S2).

2.3. Synthesis of Mesoporous Silica Nanoparticles. MCM-41-
type MSNs were synthesized according to the previous literature.>*
Briefly, CTAB (1.0 g, 2.74 mmol) was first dissolved in 480 mL of
NaOH aqueous solution (0.01 M). The solution was stirred at 80 °C
for 15 min. Subsequently, TEOS (5.0 g, 22.4 mmol) was added, and
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the mixture was allowed to stir for another 2 h. To collect the formed
MSNSs, the nanoparticle solution was centrifuged at 8500 rpm for 10
min and then washed with DI water (four times) and methanol (four
times), followed by vacuum drying. The extraction of residual CTAB
was performed by suspending the MSNs in a mixture of methanol and
HCI (16:1 v/v). After they were stirred at 60 °C for 48 h, the purified
MSNs were collected by centrifuging the nanoparticle solution (8500
rpm, 10 min), washing with methanol (four times) and obtained after
vacuum drying.

2.4. Synthesis of Mesoporous Silica Nanoparticle-NH,. MSNs
(1.0 g) were suspended in 80 mL of MeOH by ultrasonic dispersion.
Then 6 mL of y-(2-aminoethyl)-aminopropyl trimethoxysilane was
added for reacting 24 h at room temperature. The resulting
nanoparticles were obtained by centrifugation (8500 rpm, 10 min)
and washed with methanol several times before vacuum drying. The
extraction of CTAB resided in the nanoparticles was carried out in a
mixture of methanol and HCI (16:1 v/v) for 48 h at 60 °C. MSN-NH,
nanoparticles were obtained after centrifugation (8500 rpm, 10 min),
washing with methanol (four times) and vacuum drying.

2.5. Synthesis of Mesoporous Silica Nanoparticle-Alkyne.
MSN-NH, (500 mg) nanoparticles were suspended in 20 mL of
MeOH by ultrasonic dispersion. Propargyl bromide (4 mL, S1.1
mmol) was added and reacted for 24 h at room temperature. The
nanoparticles were obtained by centrifugation (8500 rpm, 10 min),
washed with methanol several times, and finally dried under high
vacuum to obtain MSN-alkyne.

2.6. Synthesis of MSN-GFLGR;RGDS/a-CD. For preparation of
the solid MSN-GFLGR,RGDS/a-CD, 100 mg MSN-alkyne nano-
particles were dispersed in 20 mL of DI water, 200 mg of a-CD was
introduced, and the mixture was stirred at S °C for 24 h. Then, azido-
GFLGR,RGDS (100 mg, 0.05 mmol), NaAsc (198.1 mg, 1.0 mmol),
and CuSO,-SH,0 (125 mg, 0.5 mmol) were added to above reaction
mixture and stirred for 3 d at room temperature under N, protection.
The expected MSN-GFLGR,RGDS/a-CD nanoparticles were col-
lected by centrifugation at 8500 rpm for 10 min, followed by washing
with methanol (four times) to remove the unreacted and adsorbed
molecules, followed by vacuum drying.

2.7. Loading of Drug and Sealing in Cargo with Azido-
GFLGR;RGDS. MSN-alkyne nanoparticles (0.1 g) and DOX-HCI (10
mg) were dispersed in 10 mL of PBS buffer (10 mM, pH 7.4). At
room temperature, the mixture was stirred in dark for 24 h, and DOX-
HCl was thus loaded into the mesopores by free diffusion.
Subsequently, a solution of @-CD (0.05 g/mL) was added, and the
mixture was stirred at S °C for 24 h to allow the threading of a-CD
ring onto the alkyl chain of DOX@MSN-alkyne. Then, azido-
GFLGR,RGDS (0.1 g 0.05 mmol), CuSO,SH,0 (0.13 g 0.5
mmol), and NaAsc (0.2 g, 1.0 mmol) were added, and the mixture was
stirred under nitrogen atmosphere for 3 d. Through the click reaction
between azido and alkyne functional groups, the azido-GFLGR,RGDS
was conjugated to the surface of DOX@MSN-alkyne/a-CD to prevent
the removal of a-CD ring. The resulting nanoparticles (DOX@MSN-
GFLGR,RGDS/a-CD) were collected by centrifugation at 8500 rpm
for 10 min, followed by washing with methanol (four times) and
vacuum drying.

To determine the drug-loading content (DLC) and drug-loading
efficiency (DLE), DOX@MSN-GFLGR,RGDS/a-CD nanoparticles
(0.1 mg) were dissolved in 0.1 M HF solution, since HF solution is
highly corrosive and can destroy mesoporous silica structure
completely.>’ Then the dissolution was adjusted to pH ~ 7.4 by
NaOH solution and studied by fluorescence analysis for DOX
concentration. The amount of DOX was measured by an RF-530/PC
spectrofluorophotometer (Shimadzu) with 4., = 480 nm and A,
555 nm (DOX) and analyzed with a standard calibration curve
experimentally obtained. The DLC and DLE values of DOX@MSN-
GFLGR,RGDS/a-CD were calculated as follows: DLC (wt %)
(weight of loaded drug/weight of drug-loaded MSNs) X 100%. DLE
(wt %) = (mass of loaded drug/mass of feed drug) X 100%.

2.8. In Vitro Enzyme-Induced Drug Release. The enzyme-
responsive drug-release experiments were performed in PBS (10 mM,
pH 7.4, and pH 5.0) in triplicate for each sample, and DOX-loaded
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nanoparticles (3 mg) were incubated in 3 mL of PBS (10 mM, pH 7.4,
and pH 5.0) with or without 20 U cathepsin B for comparison. The
sample solution (1 mg/mL) was transferred to a dialysis bag (MWCO
12000 Da) and immersed in 10 mL of PBS shaken in a water bath at
37 °C. At predetermined time intervals, 3 mL of released solution was
replaced by 3 mL of fresh media for each sample. The performance of
DOX release was monitored by using an RF-530/PC spectrofluor-
ophotometer (Shimadzu) with 4, = 480 nm and A, = 555 nm
(DOX); the average value of three independent experiments was
collected, and the cumulative DOX release was calculated as follows:

cumulative DOX release(%) = (M,/M,) X 100

where M, is the amount of DOX released from the MSNs and M, is
the amount of DOX loaded in the MSNs.

2.9. Western Blot Analysis of Cathepsin B Protein
Expression. HeLa cells and COS7 cells were planted in 24-well
plates at a density of S X 10* cells/well and incubated in 1 mL of
DMEM for 24 h under a humidified 5% CO, atmosphere.
Subsequently, cells were thoroughly washed with PBS buffer, harvested
by scraping, and lysed twice in an equal volume of lysosomal buffer
(250 mM sucrose, 20 mM HEPES, pH 7.2). The protein
concentration of lysosomal extracts was determined by using the
Bicinchonininc Acid (BCA) assay. Thereafter, the lysosomal extracts
were separated on a 10% SDS-PAGE (polyacrylamide gelelectropho-
resis, 15 yL per lane) for electrophoresis assay. The proteins were then
transferred from SDS gel surface to a 0.45 ym PVDF membrane
(Millipore) by using semi-dry transfer cell (Biorad). Subsequently, the
membranes were blocked with 5% skim milk in Tris-buffered saline-
Tween 20 (TBST) for 1 h, followed by incubating with anticathepsin
B at room temperature for 1 h. After washing with TBST (three
times), the membranes were incubated with a horseradish peroxidase-
conjugated Affini Pure Goat Anti-Rabbit IgG (1:10 000 dilution) in
TBST for 30 min. After it was washed with TBST (three times), the
cathepsin B protein was detected on an enhanced chemiluminescence
(ECL; Pierce), and the expressions were quantified by using Alpha
software (Molecular Dynamics, Sunnyvale, CA). The expression of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) protein was
also detected as control.

2.10. Intracellular Uptake. HeLa and COS7 cells were separately
seeded in a six-well plate and cultured in 1 mL of DMEM containing
10% FBS for 24 h under a humidified 5% CO, atmosphere.
Subsequently, DOX@MSN-GFLGR,RGDS/a-CD nanoparticles dis-
persed in DMEM (0.1 mg/mL) was added to each well. After 4 h of
incubation, the nuclei were stained by blue molecular probe (Hoechst
33258) for 15 min. After the medium was removed and subsequently
washed with PBS buffer, the cells were viewed under a confocal laser
scanning microscope (CLSM, Nikon Cl-si TE2000, Japan) with the
excitation at 408 nm for blue molecular probe and 488 nm for DOX.

2.11. Flow Cytometry. HeLa and COS 7 cells were seeded in a
six-well dish and cultured in the DMEM containing 10% FBS for 24 h
under a humidified 5% CO, atmosphere, respectively. Then, DMEM
containing DOX@MSN-GFLGR,RGDS/a-CD (DOX: S ug/mL) was
added in each well and incubated for another 4 h. Then, the medium
(DMEM containing 10% FBS) was removed and cleaned with PBS
three times. The cells were digested by trypsin and harvested by
centrifugation (10000 rpm for S min), and then studied on a flow
cytometer (BD FACSAria TM III, USA). The DMEM without the
treatment of DOX-loaded nanoparticles was used as a blank control to
identify living cells. Furthermore, the cellular uptake of DOX@MSN-
GFLGR,;RDGS/a-CD in the presence of free RGDS peptide was also
studied by flow cytometry.

2.12. In Vitro Cytotoxicity Assay. HeLa and COS7 cells were
separately seeded in a 96-well plate and cultured in 100 L of DMEM
containing 10% FBS for 24 h under a humidified 5% CO, atm.
Subsequently, DOX@MSN-GFLGR,RGDS/a-CD nanoparticles dis-
persed in DMEM were added to each well, and the cells were
incubated for another 48 h. After the medium was replaced with fresh
DMEM, MTT (20 uL, S mg/mL in PBS) solution was added to each
well. After 4 h of incubation, the medium was removed, and 150 uL of
DMSO was added. After the solution was shaken at room temperature
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Scheme 2. Preparation of MSN-GFLGR,RGDS/a-CD
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for several minutes, the optical density (OD) was measured at 570 nm
with a microplate reader model 550 (BIO-RAD, USA). The average
value of four independent experiments was collected, and the cell
viability was calculated as follows:

cell viability(%) = (OD

sample

/ODcontrol) X 100

where OD,_,,,, is obtained in the absence of DOX@MSN-
GFLGR,RGDS/a-CD nanoparticles, and ODy,. is obtained in the
presence of DOX@MSN-GFLGR;RGDS/a-CD nanoparticles.

3. RESULTS AND DISCUSSION

3.1. Preparation and Characterization of Blank MSNs
and DOX@MSN-GFLGR;RGDS/a-CD. Scheme 1 illustrated
the rational design of enzyme-responsive DOX@MSN-
GFLGR,RDGS/a-CD nanoparticles for RGDS-targeted and
enzyme-induced release of anticancer drug DOX in living cells.
DOX@MSN-GFLGR,RDGS/a-CD could reach the specific
tumor sites and internalize into tumor cells quickly. When
incubated with tumor cells, the release of anticancer drug would
be triggered since a-CD gatekeeper could be removed due to
the enzymatic hydrolysis of GFLG linker by lysosomal enzyme
inside the tumor cells. Detailed grafting procedure of MSN-
GFLGR,RGDS/a-CD was described in Scheme 2, MCM-41-
type MSNs were synthesized and functionalized with amine
groups by reacting with AAPTMS, and the surfactant
templating agent CTAB was extracted to give the hexagonally
arranged mesopores. MSN-NH, was further reacted with
propargyl bromide to obtain MSN-alkyne. After the drug was
loaded, a solution of a@-CD was added to cap the tether, and
then the peptide stopper (azido-GFLGR,RGDS) was coupled
at the terminus of tether via copper(Il)-catalyzed Huisgen
azide/alkyne cycloaddition “click” reaction, resulting in the
formation of rotaxane structure.

The morphology of the blank MSNs were observed by TEM.
As presented in Figure 1A, the MSN showed a uniform and
well-defined two-dimensional hexagonal mesostructure (Figure
1C) with an average diameter of ~130 nm, which was smaller
than the result of DLS analysis (~235.6 nm, PDI 0.13,
Supporting Information, Figure S3). This difference was mainly
attributed to the different sample states, that is, the dry state in
TEM observation but wet state in DLS analysis.® The
mesostructure of the MSN was further proven by nitrogen
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Figure 1. TEM images of blank MSNs (A, C) and DOX@MSN-
GFLGR,RGDS/a-CD (B, D) nanoparticles.

adsorption/desorption isotherm (Figure 2A). The MSNs have
well-defined mesoporous nanopores with an average diameter
of ~3.86 nm (Figure 2B) and high surface areas of 1136.74 m*/
g (Supporting Information, Table S1). After cargo loading and
a-CD capping, there was an obvious decrease in the pore
volume and pore diameter of particles (Figure 2B), indicating
that the nanopores were successfully plugged up by the
incorporated a-CD rings. Besides nitrogen adsorption/
desorption isotherm, zeta potential and FT-IR analyses were
also employed to monitor the modification of the MSNs. From
the zeta potential summarized in Table 1, the blank MSNs were
negatively charged with a zeta potential of —24.76 mV, which
jumped to +21.04 mV after amine modification. After reaction
with propargyl bromide, the zeta potential decreased to +5.23
mV since most of the ionized amine groups had changed into
un-ionized amide groups. Further conjugation with azido-
GFLGR;RGDS, which is rich in positively charged arginine
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Figure 2. BET nitrogen adsorption/desorption isotherms (A) and BJH pore size distribution (B) of different nanoparticles.

Table 1. Zeta Potential of Different Nanoparticles in PBS
(pH 7.4, 10 mM) at 37 °C

sample zeta potential (mV)
MSN —24.76
MSN-NH, 21.04
MSN-alkyne 523
MSN-GFLGR,RGDS/a-CD 32.57
DOX@MSN-GFLGR,RGDS/a-CD 28.14

residues, zeta potential of the formed MSN-GFLGR,RGDS/a-
CD nanoparticles dramatically increased to +32.57 mV. The
result of FT-IR analysis (Supporting Information, Figure S4)
was consistent with that of zeta potential change. No signal at
3000—2800 cm™" corresponding to the C—H absorbance of the
template agent CTAB indicated the good purity of the blank
MSNs. The typical signal at ~2125 cm™' belonging to the
absorbance of alkyne group strongly demonstrated the success
in the alkyne modification. Because of the click reaction
between alkyne and azido groups, the absorbance at ~2125
cm™' disappeared after the formation of DOX@MSN-
GFLGR,RGDS/a-CD nanoparticles.

To exactly determine the amount of each component in the
DOX@MSN-GFLGR,RGDS/a-CD nanoparticles, TGA anal-
ysis was used to examine the weight loss of the MSNs after each
modification. From the TGA curves (Figure 3), when the
temperature rose to 800 °C, the weight loss of blank MSNs and
DOX@MSN-GFLGR,;RGDS/a-CD nanoparticles were
~10.2% and 29.8%, respectively. From the weight loss in

Figure 3, the mass of grafted amino groups, a-CD rings and
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Figure 3. TGA curves of the functional MSNE.
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multifunctional peptide molecules in MSN-GFLGR,RGDS/a-
CD could be, respectively, calculated as 853.2, 330.1, and 252.6
mmol/kg SiO, according to the following equation:
™
100 — W,
M X 100

where W) represents the weight loss relative to the function-
alized MSNs, W, is the weight loss of MSNs before
modification, and M is the molecular weight of relative grafted
material.

3.2. Enzyme-Induced Drug Release. The in vitro release
behaviors were investigated in PBS buffer at a pH of 7.4
(physiological environment) and 5.0 (lysosome environment).
Herein, the DLC and DLE values of DOX@MSN-
GFLGR7RGDS/a-CD nanoparticles were ~4.3% and 35.7%,
respectively. The detailed drug-release profile of DOX@MSN-
GFLGR7RGDS/a-CD nanoparticles is shown in Figure 4. In
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Figure 4. In vitro drug release behavior of DOX@MSN-
GFLGR;RGDS/a-CD in PBS buffer (pH 7.4 and 5.0) at physiological
temperature (37 °C). The concentration of cathepsin B added in PBS
was 20 U.

the presence of cathepsin B, ~60% loaded DOX has been
released from the DOX@MSN-GFLGR,RGDS/a-CD nano-
particles incubated in pH 7.4 PBS buffer for 24 h. In contrast, in
the absence of cathepsin B (20 U), due to the protection of the
gatekeeper on the surface of the MSNs, less than 10% loaded
DOX was released within the same time scale. This result
indicated that the cathepsin B could cleave the GFLG sequence
and thus induce the removal of the gatekeeper from the surface
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of the MSNs, which was further proved by the DOX release
behavior in pH 5.0 PBS buffer. Because of the relatively high
activity of cathepsin B under acidic environment,* the addition
of cathepsin B led to a much faster DOX release rate at pH 5.0
than that at pH 7.4, and ~80% loaded DOX has been released
from the DOX@MSN-GFLGR,RGDS/a-CD nanoparticles.
Since there was no cathepsin B to remove gatekeeper, the
drug release rate is extremely slow even incubating the DOX@
MSN-GFLGR;RGDS/a-CD nanoparticles in pH 5.0 PBS
buffer. It has been demonstrated that the expression of
cathepsin B in the endosomes and lysosomes of tumor cells
is higher than that of normal cells, and the endo/lysosomes
microenvironment is weakly acidic (pH $—6).>**” The
relatively fast DOX release rate at pH 5.0 upon the addition
of cathepsin B implied that the DOX@MSN-GFLGR,RGDS/
a-CD nanoparticles could achieve expected off-on release
behavior in tumor cells and thus presented a potential
application as smart carriers for antitumor drug delivery.

3.3. Cellular Uptake and Intracellular Drug Release.
After the demonstration of the cathepsin B responsive drug
release behavior, the tumor cell line of HeLa and normal cell
line of COS7 were chosen to evaluate the targeting and
intracellular drug release ability of DOX@MSN-
GFLGR,RGDS/a-CD nanoparticles. We first employed West-
ern blot to examine the expression of cathepsin B in these two
cell lines. As shown in Figure 5, HeLa cells showed a much

Hela

COS7

cathepsinB 38 kDa

GAPDH 37 kDa

Figure S. Expression of cathepsin B in HeLa and COS 7 cells
determined by Western blot.

higher expression of cathepsin B than that of COS7 cells, which
was consistent with previous reports that cathepsin B was
generally overexpressed in the late endosomes and lysosomes of
many types of tumors.** > The detailed cellular uptake of the
DOX@MSN-GFLGR,RGDS/a-CD nanoparticles was ex-
hibited in Figure 6. Both COS7 (Figure 6A,) and HeLa cells
(Figure 6B,) could internalize the DOX@MSN-
GFLGR,RGDS/a-CD nanoparticles, corresponding to the
red fluorescence. In comparison, because of the high expression
of integrins @,3; and a,f; on HeLa cells,'”** the specific
recognition between integrins and RGDS sequences on the
surface of MSNs led to a higher uptake of the DOX@MSN-
GFLGR,RGDS/a-CD nanoparticles than that of COS7 cells.
The RGDS-mediated targeted uptake of HeLa cells was further
proven by the CLSM image in Figure 6C. When HeLa cells
were incubated with the mixture of free RGDS (2 M) and
DOX@MSN-GFLGR,RGDS/a-CD nanoparticles, because of
competition between free RGDS and the RGDS sequences on
the surface of MSNs with integrins, the uptake of DOX@MSN-
GFLGR,RGDS/a-CD nanoparticles by HeLa cells was
extremely low, corresponding to the weak red fluorescence in
Figure 6C,. We also evaluated the cellular uptake of free DOX.
Because of the absence of selectivity, although COS7 (Figure
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6D,) and HeLa (Figure 6E,) cells showed a high uptake of free
DOX, there was no significant difference between these two cell
lines. The uptake of free DOX was mainly built on the
concentration gradient diffusion, and thus the internalized free
DOX molecules were distributed in the whole cytoskele-
ton.>’”*? However, in the case of DOX@MSN-
GFLGR,RGDS/a-CD, DOX was released from DOX-loaded
MSNs in a slow and sustained manner because drug release was
only accelerated after cleavage of GFLG triggered by CatB in
lysosome. Moreover, since the rate of concentration gradient
diffusion was much faster than that of endocytosis, the intensity
of red fluorescence in the HeLa cells incubated with free DOX
(Figure 6E,) was higher than that incubated with the DOX@
MSN-GFLGR;RGDS/a-CD nanoparticles (Figure 6B,).

The cellular uptake of the DOX@MSN-GFLGR,RGDS/a-
CD nanoparticles was quantitatively monitored by flow
cytometry. As shown in Figure 6F, with the aid of RGDS-
mediated uptake, the intracellular fluorescence of HeLa cells
was much stronger than that of COS7 cells. The corresponding
mean fluorescence intensity (MFI) of HeLa cells (~6513) was
more than 4-fold higher than that of COS7 cells (~1374). For
the HeLa cells incubated with the mixture of free RGDS (2
uM) and the DOX@MSN-GFLGR,RGDS/a-CD nanopar-
ticles, due to the competition between free RGDS and the
RGDS sequences on the surface of MSNs, the intracellular
fluorescence was very weak and the corresponding MFI was
around 5-fold weaker than that of HeLa cells only incubated
with the DOX@MSN-GFLGR,;RGDS/a-CD nanoparticles. All
these results strongly demonstrated that the DOX@MSN-
GFLGR,RGDS/a-CD nanoparticles could efficiently use their
surface RGDS sequences to target tumor cells, which provides a
valuable opportunity to use this nanoplatform for targeted
cancer therapy.

3.4. In Vitro Anticancer Effect. The in vitro cytotoxicity of
drug-free and drug-loaded MSNs was investigated by MTT
assay (Figure 7). Figure 7A studied the cell viability of COS7
cells and HeLa cells incubated with blank MSN-
GFLGR,RGDS/a-CD. In a wide range from 0 to 100 mg/L,
drug-free MSNs displayed low cytotoxicity in both cell lines,
confirming the good biocompatibility of MSNs. Furthermore,
Figure 7B presented the toxicity of DOX@MSN-
GFLGR,RGDS/a-CD nanoparticles in COS7 and HeLa cells.
Because of the high cellular uptake demonstrated in Figure 6B,,
DOX@MSN-GFLGR,RGDS/a-CD nanoparticles showed a
high toxicity in HeLa cells, and less than 20% of the cells were
alive at a relative DOX concentration of S yg/mL. In contrast,
owing to the absence of RGDS-mediated uptake, the DOX@
MSN-GFLGR,RGDS/a-CD nanoparticles show a relatively
lower toxicity in COS?7 cells, and more than 40% of cells were
still alive at the same DOX concentration. Similarly, since the
competition between free RGDS and the RGDS sequences on
the surface of MSNs inhibited the cellular uptake, DOX@
MSN-GFLGR,RGDS/a-CD nanoparticles showed a lower
toxicity in HeLa cells. Although free DOX showed much
higher cytotoxicity in both COS7 and HeLa cells than that of
the DOX@MSN-GFLGR,RGDS/a-CD nanoparticles, there
was no selectivity. The half-inhibitory concentration (ICs,) of
the DOX@MSN-GFLGR,RGDS/a-CD nanoparticles was
summarized in Table 2. The IC;, of the DOX@MSN-
GFLGR,RGDS/a-CD nanoparticles in HeLa cells was ~1.2
ug/mL, which was more than threefold lower than that in
COS7 cells (~3.8 pug/mL). The competition between free
RGDS and the RGDS sequences on the surface of MSNs led to
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Figure 6. (A, B) CLSM images of COS 7 (A) and HeLa (B) cells incubated with the DOX@MSN-GFLGR,RGDS/a-CD nanoparticles (relative
DOX concentration, S ug/mL) for 4 h. (C) CLSM images of HeLa cells incubated with the mixture of free RGDS (2 yM) and the DOX@MSN-
GFLGR;RGDS/a-CD nanoparticles (relative DOX concentration, S pg/mL) for 4 h. (D, E) CLSM images of COS 7 (D) and HeLa (E) cells
incubated with free DOX (S ug/mL) for 4 h. (A;, A, B}, B, C,, C, D, D, E,, E,;) confocal fluorescence images; (A3) confocal fluorescence image
overlay of A; and A,; (B;) confocal fluorescence image overlay of B, and B,; (C;) confocal fluorescence image overlay of C, and C,; (D;) confocal
fluorescence image overlay of D, and D,, (E;) confocal fluorescence image overlay of E, and E,, (A,, B,, C, D, E,) bright-field images. (The scale
bar is 30 ym). (F) Flow cytometry analysis and MFI of COS7 and HeLa cells, respectively, incubated with the DOX@MSN-GFLGR,RGDS/a-CD
nanoparticles for 4 h. (G) Flow cytometry analysis and MFI of HeLa cells incubated with the DOX@MSN-GFLGR,RGDS/a-CD nanoparticles in
the absence and presence of free RGDS (2 uM) for 4 h.
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Figure 7. Viability of COS7 and HeLa cells incubated with blank MSN-GFLGR;RGDS/a-CD (A), DOX@MSN-GFLGR,RGDS/a-CD in the
absence/presence of free RGDS peptide (2 uM) (B), and free DOX (C) for 48 h.

Table 2. ICy, Values of Free DOX and DOX@MSN-
GFLGR,RGDS/a-CD Nanoparticles in HeLa and COS7
Cells

DOX-loaded MSNs  DOX-loaded MSNs + free free DOX
(ug/mL) RGDS (pug/mL) (ug/mL)
HeLa 12 4.3 0.49
COS7 3.8 0.74

~fourfold increase in the ICyy (~4.3 pg/mL). In comparison
with the free DOX (~0.49 ug/mL for HeLa cells and ~0.74
ug/mL for COS7 cells), there was an increase in the ICy, of the
DOX@MSN-GFLGR,RGDS/a-CD nanoparticles, but the
selectivity was significantly improved, which was extremely
important for clinical cancer chemotherapy.

4. CONCLUSIONS

In this study, a tumor-targeted and enzyme-induced drug-
delivery system was designed and constructed by immobilizing
cleavable rotaxanes onto MSNs. Instead of traditional host—
guest interaction between cyclodextrin and adamantine, a
multifunctional peptide azido-GFLGR,RGDS was used to act
as the enzyme-cleavable stopper for the cyclodextrin rotaxane
valve through click chemistry. DOX@MSN-GFLGR,RGDS/a-
CD has been proved to be capable of efficient uptake by tumor
cells via cell integrins receptor-mediated targeting, and is superb
for specifically delivering DOX into tumor cells via enzymatic
digestion of GFLG peptide. Moreover, free RGDS peptides
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could compete for the a,f3; sites on the cell membrane and
reduce the access of DOX-loaded DOX@MSN-
GFLGR,RGDS/a-CD to a,f; overexpressed HeLa cells,
further confirming that the internalization of the nanoparticles
was achieved via receptor-mediated endocytosis. We believe
that the multifunctional MSNs demonstrated here can be used
as a versatile nanoplatform for targetedly delivering therapeutic
drug for cancer therapy. Considering the large size of designed
MSNs in this study, a drug delivery system based on smaller
MSNs is being constructed at present for in vivo anticancer
therapy in further study.
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Bl ABBREVIATIONS

DOX, doxorubicin

MSNs, mesoporous silica nanoparticles

a-CD, a-cyclodextrin

nano-DDS, nanodrug delivery system

GFLG, Gly-Phe-Leu-Gly

RGDS, Arg-Gly-Asp-Ser

R;, seven arginine

CTAB, N-cetyltrimethylammonium bromide

NaOH, sodium hydroxide

TEOS, tetraethylorthosilicate

CuSO,-SH,0, copper(Il) sulfate pentahydrate

NaAsc, sodium ascorbate

EDTA, ethylene diamine tetraacetic acid

TEA, triethylamine

TFA, trifluoroacetic acid

DMEF, N,N-dimethylformamide

FMOC, N-fluorenyl-9-methoxycarbonyl

DiEA, diisopropylethylamine

HBTU, o-benzotriazol-N,N,N’,N’-tetramethyluronium hexa-
fluorophosphate

HOBt, N-hydroxybenzotriazole

AAPTMS, 7-(2-aminoethyl)-aminopropyl trimethoxysilane
Hela, cervical cancer cells

COS 7, african green monkey SV40-transformed kidney
fibroblast cells

DMEM, Dulbecco’s Modified Eagle’s Medium

PBS, phosphate buffered saline

FBS, fetal bovine serum

MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide

HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid)

BCA, bicinchonininc acid

SDS-PAGE, polyacrylamide gelelectrophoresis

TBST, Tris-buffered saline-Tween 20

GAPDH, (glyceraldehyde-3-phosphate dehydrogenase)
SPPS, solid phase peptide synthesis

MALDI-TOF MS, matrix-assisted laser desorption/ioniza-
tion time of flight mass spectrometry

ESI-MS, electrospray ionization-mass spectrometry

PD], polydispersity index

ICs, half-inhibitory concentration
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