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ABSTRACT: In this paper, a novel stepwise-acid-active multi-
f u n c t i o n a l m e s o p o r o u s s i l i c a n a n o p a r t i c l e
(MSN-SATAT&DMAK11) was developed as a drug carrier. The
MSN-SATAT&DMAK11 is able to reverse its surface charge from
negative to positive in the mildly acidic tumor extracellular
environment. Then, the fast endo/lysosomal escape and
subsequent nucleus targeting as well as intranuclear drug release
can be realized after cellular internalization. Because of the
difference in acidity between the tumor extracellular environ-
ment and that of endo/lysosomes, this multifunctional
MSN-SATAT&DMAK11 exhibits a stepwise-acid-active drug delivery with a tumor-specific nucleus-targeted property.
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■ INTRODUCTION

An important advancement in cancer therapy is to develop
personalized and tailored agents with exclusive selectivity for
killing tumor cells without any unwanted bystander effects of
the magic bullet concept.1 Developments in antitumor drug and
gene therapies suggest that this concept is not a pipe dream,
and a tumor-specific drug delivery may prove possible to
achieve to some extent. Researchers aim to deliver antitumor
drugs to tumor cells specifically without affecting normal cells
and to subsequently deliver them to hypersensitive subcellular
sites within the tumor cells.2 In this regard, the nucleus is
usually regarded as the final target where the genetic material
works. Meanwhile, the antitumor efficacy would be enhanced
profoundly by the efficient intranuclear import of DNA-
damaging drugs, such as doxorubicin (DOX). Intensive efforts
have been made in the construction of smart nanosized drug
delivery systems (DDSs) for controlled release based on
mesoporous silica nanoparticles (MSNs)3,4 due to their high
specific surface areas, large pore volumes, facile postsynthesis
and bioconjugation, good biocompatibility, and bio- and
physicochemical stability.5−7

Tumor-specific nucleus-targeted delivery is a critical
challenge since the nanocarrier should satisfy the following
requirements: (i) it should be tumor specific, that is, selectively
deliver cargoes to the targeted tumors without any harmful side
effects;8 (ii) it should be capable of endo/lysosomal escape to
avoid the degradation of internalized nanocarriers and cargoes;9

(iii) it should target the nucleus to achieve the intranuclear
localization of cargoes;10 and (iv) it should be small enough for
nuclear import.6,11,12 To address the challenge of tumor
specificity, tumor environment13,14 responsive delivery systems

were developed to realize tumor targeting via the extracellular
activation of nanocarriers in recent years.15−17 Among the
tumor extracellular stimuli, pH is the most frequently used one
since the acidity in different sites and cellular compartments
varies tremendously. The tumor extracellular compartments are
more acidic (pH 5.8−7.1)18 than those in normal tissues (pH
7.4), while the endo/lysosomal pH is even lower (pH 5.0−
5.5).19 Additionally, to achieve “stealth” manners during
circulation and before arriving at the target site, tumor-
acidity-activated charge-conversional featured nanocarriers were
developed for enhanced tumor-specific cellular uptake.15,20,21

Such nanocarriers maintain a negative charge during circu-
lation15,22 with a prolonged circulation time23,24 and then
become positively charged upon their arrival at the target tumor
tissue to be readily endocytosed by the tumor cells.15,20

The second important issue that needs to be addressed is the
endo/lysosomal escape for the endocytosed carriers. Several
strategies were proposed, including pH-induced charge
conversion,22,25 pH-stimulated membrane fusion and disrup-
tion,26−28 pH-induced swelling,29,30 and the introduction of
chemical ligands for endo/lysosomal escape.31,32 Moreover, it is
vitally important for the internalized nanocarriers to be
liberated into the cytosol and then imported to target the
nucleus with the facilitation of a nuclear localization signal
(NLS). As one of the most important NLS peptides, the TAT
peptide exhibits fast endo/lysosomal escape,33 quick nuclear
localization, and subsequent recognition by nuclear pore
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complexes (NPCs).34−36 However, the TAT peptide tends to
interact with serum components, which causes its rapid
clearance from circulation because of the inherent cationic
nature. To overcome this, TAT was succinyl-amidized to
prepare SATAT with the inhibition of nonspecific interaction,
which can be regenerated in endo/lysosomes for nucleus-
targeted drug delivery.37

Here, we report on a delicately designed MSN-based
MSN-SATAT&DMAK11 as a novel stepwise pH-responsive drug
carrier. The MSN-SATAT&DMAK11 can respond to tumor
extracellular and endo/lysosomal pH gradients with different
acid sensitivities. It is expected that the stepwise pH-responsive
behavior of the carrier will promote cell internalization at the
tumor tissue via tumor-acidity-activated charge conversion and
will facilitate the fast endo/lysosomal escape as well as the
subsequent nucleus targeting via endo/lysosome-acidity-
activated charge conversion (Scheme 1).

■ EXPERIMENTAL SECTION
Materials. N-Cetyltrimethylammonium bromide (CTAB) and

tetraethylorthosilicate (TEOS) were obtained from Shanghai Reagent
Chemical Co. (China) and used as received. Doxorubicin hydro-
chloride (DOX) was purchased from Zhejiang Hisun Pharmaceutical
Co. (China). Tris(3-hydroxypropyltriazolylmethyl)amine (THPTA)
was synthesized in our lab.38 Dimethylmaleic anhydride (DMA) and
succinic anhydride (SA) were purchased from Aladdin Reagent Co.
Ltd. (Shanghai, China). Dulbecco’s Modified Eagle Medium
(DMEM), fetal bovine serum (FBS), 3-[4,5-dimethylthiazol-2-yl]-
2,5-diphenyltetrazolium-bromide (MTT), Hochest 33342, Lysotracker
Red DND-99, and wheat germ agglutinin (WGA) Alexa Fluor 594
conjugate were purchased from Invitrogen Co. (United States). All of
the other reagents and solvents were provided by Shanghai Reagent
Chemical Co. (China) and used without any further treatment or
purification. The standard formulas were used to prepare D-Hank’s
solution (0.40 g of KCl, 0.06 g of KH2PO4, 0.35 g of NaHCO3, 0.048 g
of Na2HPO4, 8.00 g of NaCl, 1 L H2O), lysis solution A (100 mM
NaCl solution with 1 mM EDTA, 1% Triton X-100, and 10 mM Tris
buffer (pH 7.4)), and lysis solution B (0.5% Triton X-100, 1 M
NaOH).
Methods. An AVATAR 360 spectrometer was used for Fourier

transform infrared (FT-IR) spectra recording. A TGS-2 thermogravi-
metric analyzer (PerkinElmer) was used for the performance of
thermal gravimetric analysis (TGA). A RF-5301PC spectrofluoropho-

tometer (Shimadzu) was used to record fluorescence spectra.
Transmission electron microscopy (TEM) experiments were carried
out on a JEM-2100 instrument operating at 200 kV. Surface area was
calculated by the Brunauer−Emmett−Teller (BET) method, and the
pore size distributions were obtained by the Barrett−Joyner−Halenda
(BJH) approach (ASAP2020, micromeritics).

Preparation of MSN. The applied MSN was synthesized
according to the literature with some modification.39 As a typical
procedure, hexadecyl trimethylammonium chloride (CTAC, 2.6 g)
and a triblock copolymer (Pluronic F127, 2.0 g) were dissolved in a
hydrochloric acid solution (30 g, pH 0.5) at room temperature as the
cationic and nonionic surfactants, respectively. Tetraethyl orthosilicate
(TEOS, 3.5 g) then was added to the mixture. The mixture became
clear with vigorous stirring. After being stirred for 24 h, the clear
mixture was turned into a white gel via the addition of ammonium
hydroxide (14.7 M, 3.0 g). After being aged at room temperature for
24 h, the gel was dried at 60 °C overnight. To remove the surfactants,
the white solid was refluxed for 24 h in a solution of 5.0 mL of HCl
(37%) and 200.0 mL of 1% NaCl containing methanol, washed
thoroughly with ethanol, and redispersed in ethanol.

Preparation of Amino-Functionalized MSN (MSN-NH2) and
Fluorescence-Labeled Amino-Functionalized MSN (FITC-MSN-
NH2). The MSN (200 mg) in ethanol (20 mL) was functionalized with
1 mL of 3-aminopropyltriethoxysilane (APTES) under reflux
condition for 12 h to produce MSN-NH2 nanoparticles. After
centrifugation and being washed with ethanol, the nanoparticles
were redispersed in 20 mL of ethanol. FITC-MSN-NH2 was simply
prepared by the reaction of MSN (200 mg) with FITC-APTES
(containing excessive APTES); thereinto, FITC-APTES was obtained
by the reaction between FITC (5 mg) and APTES (1 mL) at room
temperature in the dark and a N2 atmosphere over 6 h.

Preparation of MSN-alkyne and FITC-MSN-alkyne. The MSN-
NH2 (100 mg) in methanol (20 mL) was reacted with 2 mL of
propargyl bromide for 24 h. The nanoparticles were separated by
centrifugation and washed extensively with ethanol. A similar
procedure was adopted to produce FITC-MSN-alkyne.

Synthesis of Amidized Azidopeptides. Two azidopeptides (N3-
K11: N3-GKKKKKKKKKKK-NH2; N3-TAT: N3-GYGRKKRRQRRR-
NH2) were synthesized manually employing a standard Fmoc
chemistry that used 6 equiv of Fmoc-amino acid or azidobenzoic
acid as well as HATU (1-[bis(dimethylamino)methylene]-1H-1,2,3-
triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate) and NMM (N-
methylmorpholine) as coupling reagents in each step. Finally, the total
cleavage was done (82.5% trifluoroacetic acid, 7.5% phenol, 2.5% 1,2-
ethanedithiol, 5% thioanisole, 2.5% distilled (DI) water; 2.0 h),
followed by the precipitation of the peptide in cold ether.

N3-TAT (20 mg) was dissolved in 2 mL of anhydrous DMF.
Excessive SA (20 mg) and 2,6-lutidine (20 mg) were added to the
solution and it was stirred for 1 h. After precipitation, the crude
product was collected and dialyzed against pH 7.4 phosphate-buffered
saline (PBS) (MWCO 1000), followed by lyophilization. The product,
amidized N3-TAT (N3-

SATAT), was analyzed by high-performance
liquid chromatography (HPLC) and electrospray ionization mass
spectrometry (ESI-MS).

N3-K11 (20 mg) was dissolved in DI water, and the solution pH was
adjusted to 8−9. Excessive DMA (100 mg) was added to the solution,
and the pH was kept in the range of 8−9 using 1 M NaOH during the
reaction. The reaction was allowed to continue at room temperature
overnight after the pH was constant. The product (N3-

DMAK11) was
obtained after being dialyzed against water at pH 8.5 and freeze-dried.

Prepara t ion of MSN- S ATAT&DMAK 1 1 and F ITC -
MSN-SATAT&DMAK11. MSN-alkyne (15 mg), N3-

SATAT (10 mg),
N3-K11 (10 mg), CuBr (5 mg), and THPTA (10 mg) were suspended
in 6 mL of dimethylformamide (DMF) under N2 condition. After
being stirred for 2 d at room temperature, the resulting nanoparticles
(MSN-SATAT&K11) were purified by centrifugation and washed
several times with ethylenediaminetetraacetic acid (EDTA) dissolved
in 7.4 PBS. Finally, MSN-SATAT&DMAK11 nanoparticles were obtained
via the DMA amidization of MSN-SATAT&K11 and stored under liquid

Scheme 1. Schematic Illustration of the Smart Nanocarrier
(DOX@MSN-SATAT&DMAK11) with Stepwise pH Response
to the Tumor Extracellular Matrix and Intracellular
Compartments for Tumor-Specific Nucleus-Targeted Drug
Delivery
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nitrogen. FITC-MSN-SATAT&DMAK11 nanoparticles were simply
obtained by using FITC-MSN-alkyne in the “click reaction”.
P r e p a r a t i o n o f D O X @M S N - S A T A T & D M A K 1 1 .

MSN-SATAT&DMAK11 (10 mg) and DOX (5 mg) were suspended in
5 mL of anhydrous DMF and stirred at 4 °C for 24 h. The free DOX
was removed by washing with ice-cold 7.4 PBS.
Protein Adsorption. To investigate the pH effect on protein

adsorption on different nanoparticles, the MSN-TAT&DMAK11,
MSN-SATAT&DMAK11, and MSN-SATAT&SAK11 nanoparticles were
respectively incubated with human serum albumin (HSA) solution in
PBS (50 mM) of pH 6.8 or 7.4 with the final concentration of
nanoparticles and HSA being 0.10 and 0.15 mg mL−1. After the
nanoparticles were incubated at 37 °C for the indicated time, samples
were withdrawn after vigorous stirring and centrifuging at 12 000 rpm
for 10 min. The HSA concentration of the supernatant was quantified
using a UV−vis spectrometer by measuring the maximal absorbance (λ
= 280 nm). Then, the adsorbed HSA on the nanoparticles was
calculated according to the report.40

pH-Induced Charge Conversion of Nanoparticles. The
nanoparticles were dispersed in buffer solutions (50 mM) of pH
values 7.4, 6.8, or 5.0 at the concentration of 0.1 mg mL−1. The
samples were immersed and shaken in a water bath at 37 °C. The
samples were withdrawn at timed intervals, and their ζ-potentials were
determined using the Zeta-Nanosizer.
In Vitro Cytotoxicity. HeLa cells were seeded on a 96-well dish

with 200 μL DMEM containing 10% FBS. After incubation (37 °C
and 5% CO2) for 24 h, the original culture media in each well was
rep l aced wi th 200 μL f resh DMEM conta in ing the
MSN-SATAT&DMAK11, MSN-DMAK11, DOX@MSN-SATAT&DMAK11,
or DOX@MSN-DMAK11 nanoparticles at the indicated nanoparticle
or DOX concentrations. The incubation continued for 48 h. Next, the
media were replaced with fresh DMEM and MTT stock solution (20
μL, 5 mg mL−1 in PBS). After incubation for another 4 h, the MTT
medium was removed and 200 μL dimethyl sulfoxide (DMSO) was
added to the wells, and the dish was shaken at room temperature. The
optical density (OD) was measured, and the viability was calculated.
In Vitro Release Studies. The release experiments were

performed at pH values of 7.4, 6.8, and 5.0. For each release study,
1 mg of DOX@MSN-SATAT&DMAK11 nanoparticles were suspended
in 1 mL PBS (pH 7.4), and the suspension was put into a dialysis tube
that was directly immersed into 10 mL of buffer solution with the
indicated pH and shaken in a water bath at 37 °C. The concentrations
of the released DOX were calculated by measuring their fluorescence
intensity (λex = 488 nm, λem = 560 nm) with reference to the standard
curve. After each measurement, the external buffer solution of the
dialysis tube was refreshed immediately.
Confocal Laser Scanning Microscopy (CLSM). HeLa cells were

plated onto glass-bottom Petri dishes (35 mm × 10 mm). After
incubation in a humidified 5% CO2 atmosphere for 24 h, the cells were
treated with 1 mL of FITC-MSN-SATAT&DMAK11 or FITC-
MSN-DMAK11 nanoparticles at the same final concentration of 10 μg
mL−1 in fresh DMEM at pH 7.4 or 6.8, respectively. After incubation
in the dark for different time periods (2, 4, 8, and 24 h), the cell nuclei
were stained with Hoechst 33342, the acidic organelles were selectively
stained with Lysotracker Red DND-99, and the plasma membranes
were selectively stained with WGA Alexa Fluor 594 conjugate prior to
imaging under a confocal laser scanning microscope (NOL-LSM 710
or Nikon C1-si).
Cellular Uptake Measured by Flow Cytometry. HeLa cells

were seeded onto 6-well plates in 1 mL of DMEM medium and
allowed to grow for 24 h. The media were replaced with FITC-
MSN-SATAT&DMAK11 or FITC-MSN-SATAT&SAK11 containing
DMEM of pH 7.4 or 6.8, respectively. After incubation for 2 h at
37 °C, the cells were washed with PBS and digested by trypsin. The
trypsinized cells were harvested and suspended in PBS, and they were
then centrifuged at 1000 rpm for 3 min at 4 °C. The supernatants were
removed, and the cell pellets were washed with cold PBS three times
to remove the residual nanoparticles. After that, each sample was
quickly analyzed on a flow cytometer (BD FACSAria TM III, USA).

Cell Image by Bio-TEM. The MSN-SATAT&DMAK11 or
MSN-DMAK11 (50 μg mL−1) treated cells were fixed with
glutaraldehyde in PBS overnight at 4 °C. After being rinsed three
times in 0.1 M cacodylate buffer, the samples were postfixated with a
2% osmiumtetroxide (OsO4) solution for 1 h at 4 °C. Then they were
dehydrated in a graded ethanol series of 30%, 50%, 70%, and 90%.
Subsequently, the samples were placed in resin plates and polymerized
at 60 °C for 8 h. Ultrathin (∼70 nm) sections were cut with a sliding
ultramicrotome and then loaded on the copper grids and observed
with the FEI Tecani G20 TWIN.

Nuclear Quantification of Silicon and DOX.6 HeLa cells were
seeded onto 6-well plates and cultured in DMEM with 10% FBS. After
a 24 h incubation, the cells were incubated with MSN-SATAT&DMAK11
or MSN-DMAK11 nanoparticles (50 μg mL−1) for 24 h. The cells were
washed three times with D-Hank’s solution and then were trypsinized.
After being centrifuged and washed twice with D-Hank’s solution, the
cells were suspended in lysis solution A at 4 °C for 10 min to separate
the cells nuclei from the cytosol. After centrifugation, the resulting
precipitate was washed twice with D-Hank’s solution, and cell nuclei
were finally collected. Then lysis solution B was added to digest the
nuc l e i w i th u l t r a sound . The mas s o f s i l i con f rom
MSN-SATAT&DMAK11 or MSN-DMAK11 in the Hela cells nuclei was
measured by atomic absorption spectroscopy (AAS). Similarly, the
mass of DOX in the nuclei was measured by fluorescence spectrometry
when HeLa cells were incubated with DOX@MSN-SATAT&DMAK11 or
DOX@MSN-DMAK11 for 24 h.

■ RESULTS AND DISCUSSION

P r e p a r a t i o n a n d C h a r a c t e r i z a t i o n o f
MSN-SATAT&DMAK11. The azidopeptides (N3-TAT and N3-
K11, see Schemes S1 and S2 of the Supporting Information for
detailed structures) were manually synthesized according to the
standard Fmoc solid-phase peptide synthesis (SPPS) proto-
col.41 Next, the succinyl amidized N3-TAT (N3-

SATAT) was
prepared according to the literature.37 Although the two lysine
residue amines were amidized to obtain the succinyl amides, the
glutamine amide and guanidinyl groups were not affected as
determined by ESI-MS spectra (Figure S3B, Supporting
Information).
As we know, a small particle size is the key factor for the

intranuclear transport of the nanoparticles since the nuclear
membrane is punctured by thousands of NPCs with diameters
of 20−70 nm depending on the cell type and cycle.12 Here,
MSN was synthesized with a diameter of 20−50 nm (Figure
1A) according to the method reported by Imai et al.39 The
powder X-ray diffraction (XRD) pattern of MSN showed a
typical hexagonal array with three low-angle reflections indexed
as (100), (110), and (200) Bragg peaks (Figure S4, Supporting
Information), which confirmed the well-ordered structures of
the as-synthesized MSNs. Nitrogen adsorption and desorption
isotherm characterization indicated that the MSNs possessed
well-defined mesoporous apertures of around 2.6 nm and
relatively high surface areas of 1166 m2 g−1 (Figure 1C,D),
which are in accordance with the TEM observations. It is worth
noting that the large pores of around 18 nm were attributed to
the interparticle space among the MSNs.
The surface of MSN was first functionalized with 3-

aminopropyltriethoxysilane to obtain MSN-NH2, which was
then allowed to react with propargyl bromide to prepare MSN-
alkyne. The FT-IR spectrum of MSN-alkyne showed an alkyne
absorption band at 2130 cm−1 (Figure S5, Supporting
Information), which indicated the successful functionalization.
Next, both N3-

SATAT and N3-K11 obtained above were
conjugated onto the outside surface of MSN-alkyne via “click
chemistry” to prepare MSN-SATAT&K11. Finally, the negatively
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charged MSN-SATAT&DMAK11 nanoparticles were prepared by
the dimethylmaleic amidization of MSN-SATAT&K11 (Scheme
S3, Supporting Information). Its dynamic light scanning (DLS)
diameter (z-average: ∼78 nm, Figure S7A of the Supporting
Information) was larger than its TEM diameter caused by
hydrated layers. The typical absorption peaks of amide I and
amide II band at 1650 and 1550 cm−1 (Figure S5, Supporting
Information) and verified the conjugation of the peptide
moiety. Thermal gravimetric analysis (TGA) was utilized to
monitor the process of functionalization. As shown in the TGA
curves in Figure S6 of the Supporting Information, the weight
losses of MSN, MSN-alkyne, and MSN-SATAT&DMAK11 were
27.0%, 32.5%, and 47.0%, respectively, when the temperature
was increased to 800 °C. The gradually increased weight loss
indicated not only the alkyne moiety but also that the peptide
component was incorporated. According to the TGA data, the
ma s s p e r c e n t a g e o f c o n j u g a t e d p e p t i d e s i n
MSN-SATAT&DMAK11 was calculated to be 21.5% based on
the equation: (1−32.5%) × (1 − x) = 1−47%, where x is the
weight percentage of the conjugated peptides in
MSN-SATAT&DMAK11. Moreover, the fluorescence-labeled
MSN-SATAT&DMAK11 (FITC-MSN-SATAT&DMAK11) was pre-
pared by conjugating N3-

SATAT and N3-K11 onto the surface of
the fluorescence-labeled MSN-alkyne (FITC-MSN-alkyne) via

click chemistry followed by dimethylmaleic amidization. It was
found that the negatively charged FITC-MSN-SATAT&DMAK11
showed excellent dispersibility (Figure 1B) attributed to the
introduction of amidized peptides.

pH-Triggered Charge Conversion and Protein Ad-
sorption. The key feature of MSN-SATAT&DMAK11 is to realize
a stepwise pH response to the mildly acidic tumor micro-
environment and the more acidic intracellular endo/lysosomes.
To demonstrate its pH response to the tumor extracellular
acidity , we measured the zeta potent ia l of the
MSN-SATAT&DMAK11 nanoparticles in buffer solutions at pH
values of 7.4 and 6.8 to simulate the physiological environment
and tumor microenvironment, respectively. The zeta potential
of MSN-SATAT&DMAK11 increased significantly at pH 6.8. In
detail, it changed rapidly from negative (−7.9 mV) to positive
(+7.2 mV) within 2 h (Figure 2A) because of the hydrolysis of
the lysyl dimethylmaleic amides in DMAK11 under the simulated
tumor extracellular matrix. In contrast, the zeta potential
increased slowly from −14.1 to −7.7 mV at pH 7.4 within 2 h.
We f u r t h e r me a s u r e d t h e z e t a p o t e n t i a l o f
MSN-SATAT&DMAK11 in pH 5.0 acetate buffer solution
(simulating the endo/lysosomal pH) to verify the second-
stage pH response. Its zeta potential changed sharply from 11.5
to 42.5 mV within 2 h (Figure 2A) because of the hydrolysis of
the lysyl succinyl amides in the SATAT moiety and the
increased protonation of the amino and guanidinyl groups in
K11 and TAT.
As we know, the surface property of nanoparticles plays a key

role in protein adsorption.42 Because HSA was used as a model
protein, it was found that the MSN-SATAT&DMAK11 nano-
particles can quickly combine with HSA at pH 6.8, and over
58% HSA was adsorbed within 30 min. In addition, the
percentage of the adsorbed HSA increased further with a
prolonged incubation time (Figure 2B); however, at pH 7.4,
MSN-SATAT&DMAK11 nanoparticles showed negligible HSA
adsorption even after incubation for 2 h. As the control,
MSN-SATAT&SAK11 nanoparticles (all of the amino groups
were succinyl amidized) did not interact significantly with
protein under the same conditions (Figure 2B). Apparently, the
results are consistent with the aforementioned pH-triggered
charge-conversional behavior of MSN-SATAT&DMAK11. The
zeta potential of MSN-SATAT&DMAK11 became positive
gradually, which enhanced the interaction with HSA at pH
6.8, but it remained negative and showed protein resistance at
the s imulated phys io log ica l pH of 7 .4 . As for
MSN-SATAT&SAK11, its zeta potential remained negative, and
no charge-conversional behavior could be observed at both pH

Figure 1. TEM images of MSN (A) and FITC-MSN-SATAT&DMAK11
(B). Barrett−Joyner−Halenda pore distribution (C) and nitrogen
adsorption and desorption isotherms (D) of MSN. Scale bars: 50 nm.

Figure 2. pH-induced zeta potential change of MSN-SATAT&DMAK11 at different pH values (A), and the HSA adsorption on the different
nanoparticles after incubation at 37 °C for different periods of time and different pH values (B).
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7.4 and 6.8, that is, the nanoparticles showed protein resistance
under both physiological and tumoral conditions.
Cellular Uptake Measured by CLSM and Flow

Cytometry. It was reported that positively charged nano-
particles are more likely endocytosed by cells than negatively
charged ones because of the negatively charged plasma
membrane.24 CLSM was utilized to investigate the uptake
behavior of the FITC-MSN-SATAT&DMAK11 nanoparticles at
physiological and tumor extracellular pH values. Significantly
different cellular uptake behavior was observed for the FITC-
MSN-SATAT&DMAK11 nanoparticles at different pH values
(Figure 3). At pH 6.8, green spots were found in the cytoplasm

of the HeLa cells, which indicates the internalization by cells,
whereas at the physiological pH 7.4, nanoparticles tended to
stick on the plasma membrane. FITC-MSN-SATAT&SAK11 was
used as the control, and negligible cellular uptake was observed
after being incubated with HeLa cells for 2 h at either pH 7.4 or
6.8 (Figure S8, Supporting Information).
Flow cytometry analysis was further utilized to quantitatively

evaluate the cellular uptake of different nanoparticles. In
accordance with the above results, a remarkable cellular uptake
enhancement was found due to the strong intracellular
fluorescence at pH 6.8 for FITC-MSN-SATAT&DMAK11 (Figure
3C). Not surprisingly, there was a negligible difference in the
intracellular fluorescence between pH 6.8 and 7.4 for the
noncharge-conversional FITC-MSN-SATAT&SAK11 nanopar-
ticles (Figure S8C, Supporting Information). Obviously, the
charge conversion property facilitates the intracellular internal-
ization of the FITC-MSN-SATAT&DMAK11 nanoparticles, and
the DMAK11 domain is an irreplaceable moiety for selective
cellular uptake.
Nuclear Localization. Fast endo/lysosomal escape is vitally

important for the intranuclear localization of the endocytosed
MSN-SATAT&DMAK11 nanoparticles. For a better understand-

ing, the FITC-MSN-SATAT&DMAK11 nanoparticles were
incubated with HeLa cells for 4 h, and the acidic organelles
were stained with Lysotracker Red DND-99. It was found that
although some nanoparticles were entrapped in endo/
lysosomes as evidenced by the yellow spots (Figure S9C,
Supporting Information), many of them were liberated into the
cytosol (green dots), which suggests successful escape from the
endo/lysosomes. Comparatively, nanoparticles without SATAT
moiety (FITC-MSN-DMAK11) were mainly located in the endo/
lysosomes after the same incubation time (data not shown). It
was confirmed that the endocytosed nanoparticles could be
liberated rapidly into the cytosol from the endo/lysosomes with
the facilitation of SATAT.
To study the capability of intranuclear import for the endo/

lysosomal escaped nanoparticles, FITC-MSN-SATAT&DMAK11
nanoparticles were incubated with HeLa cells. As shown in
Figure 4, the cellular uptake increased with time as evidenced

by the increased number of green spots. Besides, FITC-
MSN-SATAT&DMAK11 nanoparticles were found in both the
cytoplasm and nucleoplasm of HeLa cells after incubation for 8
and 24 h, which is further supported by the gallery view of two-
color z-stacks (Figure S10, Supporting Information). Mean-
while, the nuclear uptake was found to be increased with time.
In contrast, as the control, FITC-MSN-DMAK11 nanoparticles
were mainly accumulated in the cytoplasm as well as the
perinuclear region (Figure 4). A similar phenomenon was
observed from the Bio-TEM images after the incubation of
HeLa cells with nanoparticles for 24 h. MSN-SATAT&DMAK11
nanoparticles were found in the nucleoplasm (Figure S11A,
Supporting Information), while MSN-DMAK11 nanoparticles
were found in the cytoplasm (Figure S11B, Supporting
Information). The existence of silicon in the nucleoplasm was
also verified by energy-dispersive X-ray (EDX) analysis (Figure
S11C, Supporting Information), which confirms the nuclear
localization of the MSN-SATAT&DMAK11 nanoparticles.

Figure 3. CLSM images of HeLa cells incubated with the FITC-
MSN-SATAT&DMAK11 nanoparticles at pH 6.8 (A) and pH 7.4 (B) for
2 h. The plasma membranes and nuclei of the cells were stained with
WGA Alexa Fluor 594 conjugate (red) and Hoechst 33342 (blue),
respectively. Flow cytometry analysis of HeLa cells treated with the
FITC-MSN-SATAT&DMAK11 nanoparticles at pH 6.8 (blue) and pH
7.4 (red) for 2 h (C). Scale bars: 10 μm.

Figure 4. CLSM images of HeLa cells incubated with FITC-
MSN-SATAT&DMAK11 or FITC-MSN-DMAK11 at pH 6.8 for 8 and 24
h. Scale bars: 20 μm.
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In addition, the nuclei were extracted after the incubation of
HeLa cells with nanoparticles for 8 and 24 h, and the nuclear
uptake of the nanoparticles was silicon-quantified by AAS. The
nuclear uptake of MSN-SATAT&DMAK11 was 4.5-fold higher
than that of MSN-DMAK11 after 8 h of incubation, and the value
increased to 10.9-fold after 24 h of incubation (Figure S12,
Supporting Information). Apparently, compared to that of
MSN-DMAK11, the nuclear localization was enhanced signifi-
cantly with increased time for MSN-SATAT&DMAK11 because of
the aid of SATAT. Obviously, the hydrolysis of succinyl amides
in SATAT occurred in the endo/lysosomes, which restored the
nucleus-targeting ability of the TAT peptide in FITC-/
MSN-SATAT&DMAK11.
To study the intranuclear drug delivery, an anticancer drug

DOX was loaded in the pores of MSN-SATAT&DMAK11 and the
drug-loading efficiency (DLE) of the nanoparticle was
determined by fluorescence spectroscopy. The free DOX,
DOX@MSN-SATAT&DMAK11 (DLE = 4.1%), and DOX@
MSN-DMAK11 (DLE = 3.8%) nanoparticles were separately
incubated with HeLa cells at pH 6.8 for 4 h. From Figure 5, it

can be found that the cytoplasm and nucleoplasm were filled
with red fluorescence for the free DOX because of its diffusion.
In the case of DOX@MSN-SATAT&DMAK11, the red
fluorescence of the released DOX spread all over the cells,

which was similar to what was seen for free DOX. However, for
DOX@MSN-DMAK11, the red fluorescence was mainly accu-
mulated in the cytoplasm, which implies that DOX cannot be
delivered into the nuclei directly by SATAT-unconjugated
DOX@MSN-DMAK11 within 4 h.
The anticancer efficiency of DOX@MSN-SATAT&DMAK11

and DOX@MSN-DMAK11 nanoparticles were evaluated in terms
of HeLa cells. Before the drug loading, MSN-SATAT&DMAK11
and MSN-DMAK11 showed negligible toxicity against HeLa cells
with cell viability of over 90% at the concentration of 260 μg
mL−1 (Figure 6A). After drug loading, compared with DOX@
MSN-DMAK11, DOX@MSN-SATAT&DMAK11 exhibited much
more cytotoxicity (Figure 6B). To seek direct evidence for the
enhancement of anticancer efficiency, the DOX uptake in the
nucleus was tested after the incubation of DOX@MSN-DMAK11
or DOX@MSN-SATAT&DMAK11 with HeLa cells for 8 or 24 h
(Figure S14, Supporting Information). It was observed that the
nuclear DOX uptake of DOX@MSN-SATAT&DMAK11 was
much higher than that of DOX@MSN-DMAK11.

■ CONCLUSIONS
In summary, a novel, intelligent, MSN-based multifunctional
MSN-SATAT&DMAK11 was prepared as a stepwise-acid-active
DDS for tumor-specific nucleus-targeted drug delivery, which
was proved to possess the following features: (i) the
nanoparticles maintained a relatively stealthy character with
protein and cell resistance under a normal physiological
environment; (ii) they transformed into a more cell-interactive
form upon arrival at the target tumor site to exhibit promoted
cellular uptake via the tumor-acidity-activated charge con-
version of dimethylmaleic amides; (iii) fast endo/lysosomal
escape occurred with the facilitation of SATAT via the
hydrolysis of succinyl amides for the internalized nanoparticles;
and (iv) the presence of regenerated TAT peptide facilitated
the active nuclear import to realize intranuclear drug delivery.
We believe the MSN-SATAT&DMAK11 carrier demonstrated
here may have a promising potential for cancer therapy.

■ ASSOCIATED CONTENT
*S Supporting Information
Synthesis of the peptides; ESI-MS spectra of the peptides;
powder X-ray pattern of MSN; FT-IR spectra of MSN, MSN-
alkyne, and MSN-SATAT&DMAK11; TGA curves of MSN, MSN-
alkyne, and MSN-SATAT&DMAK11; DLS measurements of
MSN-SATAT&DMAK11; CLSM, flow cytometry, Bio-TEM, and
nuclear uptake analysis of the indicated nanoparticles; and drug
release profiles from DOX@MSN-SATAT&DMAK11 at different

Figure 5. CLSM images for Hela cells incubated with DOX@
MSN-DMAK11, DOX@MSN-SATAT&DMAK11, and free DOX at pH 6.8
for 4 h. The concentration of DOX was 1 μg mL−1. Scale bars: 10 μm.

Figure 6. Viability of HeLa cells incubated with nanoparticles before (A) and after (B) DOX loading at different doses. n = 4, data expressed as
average ± SE, **denotes p < 0.001, ##denotes p < 0.005.
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pH values. This material is available free of charge via the
Internet at http://pubs.acs.org.
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