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ABSTRACT: Most present nanodrug delivery systems
have been developed to target cancer cells but rarely
nuclei. However, nuclear-targeted drug delivery is expected
to kill cancer cells more directly and efficiently. In this
work, TAT peptide has been employed to conjugate onto
mesoporous silica nanoparticles (MSNs-TAT) with high
payload for nuclear-targeted drug delivery for the first
time. Monodispersed MSNs-TAT of varied particle sizes
have been synthesized to investigate the effects of particle
size and TAT conjugation on the nuclear membrane
penetrability of MSNs. MSNs-TAT with a diameter of 50
nm or smaller can efficiently target the nucleus and deliver
the active anticancer drug doxorubicin (DOX) into the
targeted nucleus, killing these cancer cells with much
enhanced efficiencies. This study may provide an effective
strategy for the design and development of cell-nuclear-
targeted drug delivery.

Targeted intracellular nanodrug delivery systems (nano-
DDSs), which are expected to depress the toxic side

effects and simultaneously enhance the therapeutic efficiency,
have drawn great attention in the past few years. Recently,
various biocompatible nanoparticles with different nanostruc-
tures and compositions, such as metals, oxides, semiconductors,
polymers, and nanomagnets, have been employed as nano-
DDSs to target cancer cells.1−8 However, most of these
investigations have concerned the intracellular localization of
nanoparticles mainly in the cytoplasm and rarely in the cell
nucleus. In fact, the cell nucleus is the final targeting destination
because it is the cellular “heart”, where the genetic information
and the transcription machinery reside and also where
numerous therapeutic agents efficiently work. Typically, gene
therapy aims at correcting disfunctional and/or missing genes
by delivering therapeutic genes into the cell nucleus.9 In
addition, some anticancer agents, such as the typical anticancer
drug doxorubicin (DOX), can induce apoptosis of tumor cells
mainly by oxidative DNA damage and topoisomerase II
inhibition in the nucleus.10 However, it is quite difficult for
free anticancer drugs/DNA to keep active after arriving at the
nucleus because of the many biobarriers.10 Therefore, the
development of nuclear-targeted nano-DDSs is expected to
provide significantly enhanced anticancer efficiency of presently
available drugs and is thus of great importance. Among available
nanomaterials for drug delivery, mesoporous silica nano-
particles (MSNs) have been well-demonstrated as excellent

carriers for drug delivery because of their unique properties,
such as high drug loading capability resulting from their high
specific surface area and large pore volume, facile tuning of the
particle size over a broad range, easy surface modification/
bioconjugation for targeting, and high biochemical and
physicochemical stability.11 However, to the best of our
knowledge, there has been no report about the construction
of MSN-based nuclear-targeted nano-DDSs, though a few types
of bioconjugated MSNs have been constructed to target cell
membranes.12−17

It is known that the nuclear envelope consists of a nuclear
membrane embedded with plenty of nuclear pore complexes
(NPCs) with a diameter of 20−70 nm, which is dependent on
the cell type and cell cycle.18 NPCs are the unique available/
mediatable passages for all exchange between the nucleoplasm
and cytoplasm that also provide the pathways for nanoparticle
entrance.19 The intranuclear transport of large heterogeneous
nanoparticles can be triggered with the facilitation of a nuclear
localization signal (NLS).20 Several kinds of functional
nanoparticles [e.g., silver nanoparticles, quantum dots (QDs),
magnetic nanoparticles, etc.] have been reported to be able to
target nuclei through conjugation of NLSs to the surface of the
nanoparticles.21−24 In the case of gold nanoparticles, several
cancer cell nucleus-targeted delivery strategies have been
developed by decorating the surfaces of nanoparticles with
different NLS peptides, such as SV40 T antigen, HIV-1 TAT
peptide, and adenoviral.7,25,26 Among these NLS peptides, TAT
peptide has been shown to be an efficient molecule for
translocating nanoparticles into cell nuclei via the binding
import receptors importin α and β (karyopherin) and
subsequently targeting the NPCs of cancer cells and entering
their nuclei.27−29 Herein we report a novel nuclear-targeted
nano-DDS based on TAT peptide-conjugated MSNs (MSNs-
TAT) that facilitates nuclear internalization and the release of
the encapsulated drugs within the nucleoplasm. Figure 1A
illustrates the procedures for the preparation of MSNs and the
subsequent surface modification with TAT peptide. Therefore
by such a nuclear-targeted mechanism, the present DOX-
loaded MSNs-TAT (DOX@MSNs-TAT) are expected to
target nuclei of cancer cells and then deliver/release drugs
directly into nuclei, as illustrated in Figure 1B.
As mentioned above, a small enough particle size is an

important prerequisite to ensure that the nanoparticles can step
across NPCs. Therefore, MSNs of four different particle sizes
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were synthesized in order to investigate the effect of particle
size on the nuclear internalization by cancer cells. Typically,
highly dispersed MSNs with uniform and tunable particle size
were prepared following the protocol proposed by Bein and co-
workers with a certain modification.30 Figure 1 and Figure S1 in
the Supporting Information show that the four MSN samples
had uniform particle sizes (25, 50, 67, and 105 nm) and that
both the MSNs and MSNs-TAT could be thoroughly dispersed
in PBS. The dynamic light scanning (DLS) diameters (Tables
S1 and S2 and Figure S2) were larger than the transmission
electron microscopy (TEM) diameters to some varied extents
due to the presence of the hydrated layers around the particle
surfaces. Moreover, the wormlike mesoporous structures with
pore sizes of 2−3 nm could be observed from the TEM images
(Figure 1C), which could also be confirmed by the absence of
corresponding small-angle X-ray diffraction peak(s) (Figure
S3). Nitrogen adsorption−desorption isotherm measurements
indicated that these MSNs samples possessed relatively high
specific surface areas of 390−561 m2/g and well-defined pore
sizes of ∼2.7 nm (Figure S4 and Table S1), in accordance with
the TEM results. In addition, FT-IR measurements showed that
the surfactant CTAC was completely removed by the extraction
procedure according to the absence of the characteristic C−H
peak in the 3000−2800 cm−1 wavelength range for the
surfactant-extracted MSNs (Figure S5). The complete extrac-
tion of the template ensured the high biocompatibility of the
carriers and the loading of anticancer drugs. Furthermore, the
conjugation of TAT peptide on the outside surface of the
MSNs by an esterification reaction was confirmed by UV−vis
absorbance spectrometry, as clearly indicated by the disappear-
ance of the characteristic absorption bands of fluorescein
isothiocyanate (FITC) at the N-termini of the TAT peptides
and also the color change of the MSNs-TAT solution after
centrifugation (Figure S6 inset).
To investigate cellular uptake of MSNs and MSNs-TAT of

varied particle sizes, they were coincubated with Hela cells at
the same concentration of 0.1 mg mL−1 and observed using
confocal laser scanning microscopy (CLSM). The cellular
uptake and subsequent localization of differently sized MSNs-
TAT for 4, 8, and 24 h incubations are shown in Figure 2. It can
be first seen from the figure that there were very few
nanoparticles in the nuclei after 4 h, regardless of the particle
size. Importantly, MSNs-TAT of 25 and 50 nm in diameter can
be clearly seen in both the cytoplasm and the nuclei of Hela

cells after incubation for 8 and 24 h, as demonstrated by the
green fluorescence from FITC lighting up the nuclei.
Comparatively, both 67 and 105 nm-sized MSNs-TAT are
mainly located in the cytoplasm and the perinuclear region after
the same durations of incubation. It is concluded that the
MSNs-TAT of or smaller than 50 nm in diameter can penetrate
into nuclei beginning from 4 h. The Bio-TEM images after
incubation with these particles for 24 h (Figure S7) support our
claims very well. We can clearly see MSNs-TAT (25 and 50
nm) inside the nuclei and 67 and 105 nm ones outside the
nuclei in this figure. The existence of silicon in the nuclei from
energy-dispersive X-ray (EDX) analysis further proved the
nuclear localization of 25 and 50 nm MSNs-TAT. The present
results are comparable to the conclusion drawn by Pante ́ and
Kann31 that gold nanoparticles with a diameter close to 39 nm
could be translocated into the cell nucleus. Besides, TAT
peptide was able to import 90 nm beads into the nuclei of
digitonin-permeabilized cells.32 The nuclear localization of 25
and 50 nm MSNs-TAT provides an excellent platform for
intranuclear drug delivery. In addition, lower-magnification
confocal images (Figure S8) further confirmed the effective
intranuclear localization of the 25 and 50 nm MSNs-TAT.
To evidence the decisive role of the surface-conjugated TAT

peptide in the nuclear localization, FITC-labeled MSNs with
the same diameters were also incubated with Hela cells under
the same conditions, and the uptake process was monitored in
the same way; the results are shown in Figure S9. To trace the
nanoparticles, FITC was grafted on the inner pore surface of
MSNs by a cocondensation route.33 All of the MSNs were
distributed in the cell cytoplasm randomly, and no particles
were found inside the nuclei in 24 h time frame. On the basis of
the above findings of the nuclear penetration threshold of Hela
cells, the exclusion of 67 and 105 nm-sized MSNs out of nuclei
was expected. However, the MSNs with diameters of 25 and 50
nm that met the size requirement of intranuclear localization
were also blocked out of the nuclei, indicating the vital role of
surface-conjugated TAT peptide in the nanoparticle intra-
nuclear translocation. There was no NLS on the MSNs to
interact with the receptors, importin α and β, leading to the
failure in the recognition of the cargos by NPCs. It is concluded
that TAT peptide is an indispensable medium for interacting

Figure 1. (A) Schematic diagram of the procedures for preparating
amine group- and TAT-C6-FITC peptide-conjugated MSNs. (B)
Schematic illustration of transport of DOX@MSNs-TAT across the
nuclear membrane. (C) TEM images of MSNs with sizes of (a) 25,
(b) 50, (c) 67, and (d) 105 nm. Scale bars: 100 nm.

Figure 2. CLSM images of MSNs-TAT with diameters of (a) 25, (b)
50, (c) 67, and (d) 105 nm after incubation with Hela cells for (i) 4,
(ii) 8, and (iii) 24 h. Scale bars: 5 μm.
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with NPCs and realizing nuclear targeting and penetration. As
expected, the unconjugated MSNs were not found in the nuclei
after incubation with Hela cells for shorter time periods of 4
and 8 h.
As a negative control, the cellular uptake of MSNs in the

presence of free TAT peptide was also carried out. As shown in
Figure S10, the distribution of MSNs in the cytoplasm
indicated that the free TAT peptide had no detectable positive
effects on the nuclear translocation of MSNs. The nuclear
uptakes of MSNs and MSNs-TAT were further confirmed by
nuclear silicon quantification via extraction of nuclei from the
cells. The results in Figure S11 show that the nuclear uptake of
MSNs was approximately equivalent to that of MSNs in the
presence of free TAT peptide, demonstrating that free TAT
peptide does not facilitate the nuclear location of MSNs.
Moreover, the nuclear uptakes of MSNs-TAT were 21.5- and
49-fold higher than those of MSNs at diameters of 25 and 50
nm, respectively. Reasonably, there was no distinct difference in
the nuclear uptakes of MSNs and MSNs-TAT with diameters
of 67 and 105 nm.
As a direct test of intranuclear drug delivery by MSNs-TAT,

we loaded them with the anticancer drug DOX. The drug
loading capacities are shown in Table S2, and one can see that
TAT modification had a negligible influence on the capacity. It
is commonly accepted that DOX, a typical and widely used
anticancer drug, shows a pharmacodynamic effect in nuclei by
damaging the DNA structure.34,35 To investigate the cellular
internalization and the intracellular and intranuclear releases of
DOX, DOX@MSNs (25 nm) and DOX@MSNs-TAT (25 nm)
were incubated with Hela cells for 4 h at 37 °C. Red
fluorescence imaging was performed to visualize the released
DOX (Figure 3). For free DOX, the red fluorescence was

spread all over the cells, mostly in the cytoplasm with a small
amount in the nuclei, due to a concentration gradient diffusion
mechanism of free DOX. In the case of DOX@MSNs-TAT, the
red fluorescence is highly accumulated in nuclei, which is
exactly opposite to the case of DOX@MSNs, indicating the
nuclear localization of DOX@MSNs-TAT. There was very
slight red fluorescence in the nuclei in the case of DOX@
MSNs, demonstrating that DOX cannot be directly delivered
into nuclei by unconjugated DOX@MSNs and confirming the
DOX release in a slow and sustained way in the cytoplasm. It
can also be known that the red fluorescence in Figure 3c is from

the DOX@MSNs-TAT conjugation rather than from free DOX
that had been released from the DOX@MSNs-TAT in the
cytoplasm and then diffused into nuclei. The above
observations are more qualitatively confirmed by the line
scanning profiles of fluorescent intensity of the selected Hela
cells, as also given in Figure 3.
To find any possible enhancement of anticancer efficiency of

the DOX@MSNs-TAT nano-DDSs, the cytotoxicity of the
carriers was first measured by in vitro MTT assay (Figure S12).
The cell viability of Hela cells remained above 80% when they
were treated with the four differently sized MSNs and MSNs-
TAT up to a concentration of 1 mg mL−1 for 24 h. This is
consistent with the previous finding that silica is not
intrinsically toxic, though more in-depth investigations are
needed to rule out completely possible hazards related to the
tiny dimensions of the nanoparticles.36 Next, the cytotoxic
effects of DOX@MSNs-TAT against Hela cells were tested. As
shown in Figure 4, both 25 and 50 nm-sized DOX@MSNs-

TAT exhibited significantly greater cytotoxicity than DOX-
loaded MSNs after coincubation for 24 h at DOX
concentrations not higher than 20 μg/mL. However, the
DOX@MSNs-TAT with diameters of 67 and 105 nm exhibited
no greater cytotoxicity than corresponding DOX-loaded MSNs
without TAT modification. This is in accordance with the
significant intranuclear DOX delivery by only the 25 and 50
nm-sized DOX@MSNs-TAT. As a further verification of this
conclusion, the size-dependent cellular uptakes of the four sizes
of MSNs and MSNs-TAT are shown in Figure S13. We found
that the particle-size-dependent cellular uptakes of MSNs and
MSNs-TAT by Hela cells occurred in the particle size order of
50 > 67 > 25 > 105 nm, similar to the previous report by Mou
and co-workers.37 On the other hand, because of the presence
of TAT, the cellular uptake of MSNs-TAT was higher than that
of the corresponding MSNs of the same diameter. The higher
cellular uptake but lower anticancer activity of 67 nm MSNs-
TAT relative to the 25 nm ones indicates that the nuclear
penetration of 25 nm DOX@MSNs-TAT makes a great
contribution to the enhanced therapeutic efficacy. The

Figure 3. (top) CLSM images and (bottom) line-scan profiles of
fluorescence intensity for Hela cells incubated for 4 h with (a) free
DOX, (b) DOX@MSNs (25 nm), and (c) DOX@MSNs-TAT (25
nm). The red fluorescence is from DOX, and the blue fluorescence is
from 4,6-diamidino-2-phenylindole (DAPI) used to stain the nuclei.
The concentration of DOX was 5 μg mL−1. Scale bars: 5 μm.

Figure 4. Hela cell viabilities after 24 h of incubation with DOX-
loaded MSNs and MSNs-TAT nanoparticles (25, 50, 67, and 105 nm)
at different DOX concentrations.
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conjugated TAT peptide promoted the intranuclear distribu-
tion of DOX@MSNs-TAT, after which the DOX molecules
remaining in the MSNs-TAT were released within the nuclei,
and the anticancer activity was enhanced along with the
increase in the intranuclear DOX concentration. Especially for
50 nm DOX@MSNs-TAT, only about 30% of the cells
survived after 24 h of incubation. The clear contrasts in the
viabilities of cells treated with free DOX, DOX@MSNs, and
DOX@MSNs-TAT obtained from the in vitro MTT assay for
different incubation time durations (Figure S14) further
evidence the positive effects of cellular uptake of the nano-
DDSs and especially the intranuclear localizations of the MSNs-
TAT conjugates on the cytotoxicity. The sustained DOX
release from the nano-DDS (Figure S15) should be responsible
for the lower cytotoxicity of the nano-DDS than free drug (in
first 1 h) and the gradually enhanced cytotoxicity at prolonged
incubation (Figure S14). The DOX@MSNs-TAT entrapped in
nuclei can release DOX intranuclearly and sustainably, leading
to much lowered cell viability in 24 h, which demonstrates the
high effectiveness of the nuclear-targeted drug delivery.
In summary, we have constructed 25−105 nm-sized

peptide−MSN conjugates for targeting cell nuclei. The
presence of TAT peptide facilitates the active nuclear entry
of MSNs through the nuclear pore complexes, while the size of
the MSNs-TAT is a critical factor in the translocation. A nano-
DDS of 25−50 nm-sized MSNs conjugated with TAT peptide
in this study has been proved to be suitable for transport across
the nuclear membrane. The nuclear-targeted and intranuclear
DOX delivery by the above-mentioned nano-DDS demon-
strated a significant enhancement in the anticancer activity of
the drug. We anticipate that the aforementioned MSNs-TAT
conjugate may be a promising starting point for the fabrication
of multifunctional nanomaterials for nuclear-targeted drug
delivery for cancer therapy.
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