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A Controlled-Release Nanocarrier with Extracellular pH Value Driven
Tumor Targeting and Translocation for Drug Delivery**
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Zhuo Chen, Xiaobing Zhang,* and Weihong Tan*

Over the past decades, nanoparticle-based drug-delivery
systems (DDS) have received extensive attention in cancer
therapy owing to their improved pharmacokinetics and
pharmacodynamics arising from the enhanced permeation
and retention (EPR) effect.!"?! To date, many passive target-
ing systems based on EPR, such as polymeric nanoparticles,”!
liposomes,*! and mesoporous silica nanoparticles (MSNs),F!
have been constructed to deliver drugs and improve their
therapeutic effect. Although the passive targeting approaches
can enhance the accumulation of drug in tumor tissue, they do
have several limitations.”! In particular, the random diffusion
of drugs in tumor tissue makes it difficult to control the
process, possibly inducing multiple-drug resistance. In addi-
tion, the EPR effect is small, or non-existent, in certain
tumors.!) To overcome these limitations, biomarker-targeting
ligands, such as antibodies, aptamers, and peptides, have been
used to further improve the passive targeting systems and
concentrate drugs in cancer cells by actively targeting cancer
cells after extravasation."”! However, many tumor biomark-
ers are expressed in both cancer cells and healthy cells,
leading to side effects in patients."l Further, the strategy based
on targeting a specific binding site is impeded by the
heterogeneity of tumors, especially the differences among
cells within a tumor.”’) Therefore, it is important to explore
a general feature of cancer physiology that will allow nano-
particle targeting DDS, without relying on passive retention
or on endogenous biomarkers.

The challenges can be addressed by tumor microenviron-
ment-targeting DDS. Acidosis is a typical characteristic of
solid tumor microenvironments, and most human tumors
exhibit pH values between 6.15 and 7.40 (the latter value
representing the mean pH value of arterial blood) that may
serve as a general tumor biomarker.”! Compared with the
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targeting of molecular biomarkers, the targeting of tumor
extracellular pH value (pH,) is insensitive to protein hetero-
geneity and is also not limited by the numbers of biomarkers
on the cell surface.''! Thus, various pH,-triggered drug
delivery systems have been designed to improve therapeutic
effect.” Typical examples are polymeric nanoparticle sys-
tems that change their physical and chemical properties, such
as their charges'”d or TAT peptide exposure,'*® in
response to cleavage of pH-labile groups under the stimulus
of local pH,.. All these strategies elegantly surmount the
dependence on biomarker and passive retention. However,
such technology requires highly sophisticated design to
respond to the pH, stimulus. In addition, the preparation of
these polymeric nanoparticle systems is time-consuming and
requires a technical knowledge of synthesis.

Recently, a 38-aa peptide named as pH (low) insertion
peptide (pHLIP) has been demonstrated to actively and
rapidly insert into the lipid bilayer and translocate its C-
terminal tail into cells. This occurs by formation of a rigid
helix upon change of the pHvalue from 7.4 to 6.5,
providing a novel platform for development of DDS.
Herein, we report the use of this peptide to construct pH.-
targeting and intracellular controlled-release nanoparticle-
based DDS for drug delivery and tumor therapy (Scheme 1).
Based on its highly homogeneous porosity, inertness, biocom-
patibility, high payload capacity, and easy surface functional-
ization,' MSN, in particular, MCM-41, was chosen as an
inorganic scaffold to load anticancer drug doxorubicin (Dox).
A pH,.-driven targeting and translocating nanocarrier is
achieved by attaching pHLIPss, which is constructed by
conjugating a side peptide chain to pHLIP by a disulfide bond
at a cysteine residue in the C-terminus (Supporting Informa-
tion and Table S1), to the surface of MCM-41. In this system,
pHLIPss will serve two roles: pH,-targeting probe and MSN
gatekeeper. At pH 7.4, the pHLIPss-MSN nanocarrier is
loosely associated with the cellular membrane. Once exposed
to pH,, pHLIPss will rapidly insert into membrane and then
translocate MSNs into cells cytoplasm, where the disulfide
bonds in pHLIPss will be cleaved and pHLIP will leave from
the surface of MSNs, leading to drug release and cell death,
due to the presence of reduced glutathione (GSH).

Mesoporous silica MCM-41 nanoparticles were synthe-
sized by a base-catalyzed sol-gel procedure.™ Transmission
electron microscopy (TEM) images and dynamic light
scattering (DLS) measurements showed that the as-synthe-
sized MSNs were almost monodisperse nanoparticles with
a narrow diameter distribution centered at 140 nm (Fig-
ure 1c,d) and pore size distribution centered at 3 nm (Sup-
porting Information, Figure Sla, S1c). Their surface was first
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Scheme 1. Targeting and translocation of a pHLIPss-MSN nanocarrier
driven by low pH value and the cytoplasmic drug release from the
pHLIPss-MSN nanocarrier through disulfide bond cleavage. Stage I: At
physiological pH 7.4, the pHLIPss-MSN nanocarrier is loosely associ-
ated with the cellular membrane. Stage II: Upon exposure to pH 6.5,
pHLIPss spontaneously form helical structures and insert into the lipid
membrane. Stage I1l: pHLIPss-MSN nanocarriers are swiftly translo-
cated into the cell at pH 6.5. Stage IV: The cargo is released by
disulfide bond cleavage and the pHLIP leave.
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Figure 1. a) Strategies for MSN functionalized with peptide containing
cysteine residue by using sulfo-SMCC. b) Small-angle XRD of

MSNs (1) and Dox-loaded pHLIPss-MSNs (2); c) TEM image of naked
MSNs; d) TEM image of Dox-loaded pHLIPss-MSNs.

functionalized with amino groups via aminopropyltriethox-
ysilane (APTES). Following this, pHLIPss containing a free
cysteine residue were immobilized on MSN surfaces by the
heterobifunctional crosslinker sulfo-SMCC (Figure 1a). Such
functionalization processes were monitored by Zeta poten-
tial. The surface Zeta potentials of MSN, amino-functional-
ized MSN, and peptide-functionalized MSN were —13 mV,
7636
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18 mV, and —17.9mV, respectively. Further, Dox-loaded
pHLIPss-MSNs were analyzed by small-angle X-ray diffrac-
tion (XRD), TEM, and N, adsorption—desorption isotherm.
These results indicated that Dox-loaded pHLIPss-MSNs
remained in their mesoporous state, showing that the
functionalization and subsequent Dox-loaded process did
not affect the mesoporous structure of MSN (Figure 1b,
Figure S1b and Table S2).

To demonstrate whether pHLIPss could enhance target-
ing and translocation of MSNs at pH 6.5 compared to pH 7.4
as reported for pHLIP conjugated to other cargo,!'™ for
example, impermeable phalloidin, we tested the targeting and
translocation of pHLIPss-MSNs in different cell lines at
pH 6.5 and pH 7.4 by flow cytometry. As shown in Figure 2,
pHLIPss-MSNs demonstrated greater targeting and translo-
cation in MCF-7 cells and MCF-7/ADR at pH 6.5 than at
pH 7.4 after 2 h incubation. However, this phenomenon was
not observed in cells treated with MSNs modified with control
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Figure 2. Flow cytometry analysis of the targeting (a, c, e, g) and
translocation (b, d, f, h) of pHLIPss-MSNs (a, b, e, f) or control
peptide-MSNs (c, d, g, h) in MCF-7 and MCF-7/ADR cell lines at

pH 6.5 or pH 7.4. Dashed lines indicate auto-fluorescence of untreated
cells. The fluorescence shift of cells treated with peptide-MSNs at

pH 7.4 (dotted lines) and 6.5 (solid lines). To discriminate the subtle
difference of translocation caused by control peptide-MSNs at different
pH values, the excitation voltage in translocation analysis was adjusted
to 200 V from the 150 V used in targeting analysis.
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peptide. Enhanced targeting and translocation of nanocarrier
caused by pHLIPss at pH 6.5 were also seen in A549 cells,
U20S cells, H1299 cells, and HepG2 cells (Figure S3-S6).
Moreover, the pHLIPss-MSN nanocarrier showed similar
targeting and translocation in MCF-7 cells and MCF-7 treated
with 0.25% trypsin for 5 min to partially destroy membrane
protein (Figure S7). These results indicate that both targeting
and translocation of the nanocarrier driven by low pH value
were insensitive to cellular surface proteins and the hetero-
geneity among cancer cells, suggesting that the nanocarrier
may be used in a broad spectrum of cancers for drug delivery.
It was noted that pHLIPss-MSNs showed less targeting and
translocation in MCF-7 cells and MCF-7/ADR cells than the
control peptide-MSNs at pH 7.4, indicating that the system
had little non-specific interaction at physiological pH value.
The enhanced targeting of pHLIPss-MSNs in MCF-7 cells
and MCF-7/ADR cells driven by low pH value was also
confirmed by confocal laser scanning microscopy (Figure S8
and S9). In addition, the translocation of pHLIPss-MSNs at
pH 6.5 could be seen within twenty minutes and did not
depend on incubation time (Figure S10); however, the uptake
of pHLIPss-MSNs at pH7.4 showed time-dependent
increase, suggesting that the cellular uptake of pHLIPss-
MSNs at pH 6.5 and pH 7.4 may be mediated by different
pathways.

It has been demonstrated that the translocation of cargo
by pHLIP is triggered by the formation of a helix across the
lipid bilayer as a result of the protonation of Asp residues
induced by low pH values, rather than mediation by endocy-
tosis or interactions with cell receptors.'*! To test whether
the translocation of our nanocarrier is also mediated by the
same pathway, the reverse of translocation of MSNs modified
with pHLIPss or pHLIPf containing no disulfide in MCF-7
cells was tested. As expected, the translocation of MSNs
modified with pHLIPf in MCF-7 cells at pH 6.5 was easily
reversed by washing with buffer at pH7.4 (Figure 3a).
However, the fluorescence shift caused by pHLIPss-MSNs
was only partially reversed by washing with buffer at pH 7.4
(Figure 3b). These experiments demonstrate that the trans-
location mechanism of pHLIPss-MSNs at pH 6.5 is mainly
mediated by pHLIPss which insert into the membrane at low
pH value and then directly translocate MSNs into cell
cytoplasm, rather than internalization or endocytosis.

We also compared the pH,-targeting and the translocation
ability of pHLIPss-MSNs and pHLIPss. It was observed that
pHLIPss-MSNs caused a significantly greater fluorescence
signal in cultured cells than individual pHLIPss under the
same conditions (Figure S11). This enhancement may be
caused by the high local concentration of pHLIPss on the
surface of MSN (about 1.3 micromoles per g MSN). More-
over, the stabilities of pHLIPss-MSNs and pHLIPss in human
serum were examined by testing their translocation ability in
MCEF-7 cells (Figure S12). With increasing incubation time,
the translocation ability of pHLIPss-MSNs and pHLIPss
decreased gradually. However, after 12 h incubation in human
serum, pHLIPss-MSNs, rather than pHLIPss, retained its
translocation ability. These results suggest that MSN may
partially protect the peptide from hydrolysis in serum. Thus,
the functional integration of pHLIPss and MSN makes
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Figure 3. Flow cytometry analysis of the reverse of translocation of
pHLIPf-MSNs (a) or pHLIPss-MSNs (b) in MCF-7 cells after 2 h
incubation with washing buffer at pH 7.4. Dashed lines (lower trace)
indicate auto-fluorescence untreated cells. The fluorescence shift of
cells treated with peptide-MSNs at pH 7.4 followed by washing with
PBS (7.4; dotted lines), at pH 6.5 followed by washing with PBS
(pH 6.5; solid lines), and at pH 6.5 followed by washing with PBS
(pH 7.4; long dashed lines, upper trace).

pHLIPss-MSNs promising in the development of a pH.-
targeted nanocarrier for drug delivery.

To investigate the drug release of pHLIPss-MSNs, 10 mg
of Dox-loaded pHLIPss-MSNs were added to 1 mL of PBS
with or without 30 mm dithiothreitol (DTT). The release of
Dox from nanocarrier was assessed by measuring its fluores-
cence at 580 nm. As shown in Figure 4a, about 16 % release
occurred in the absence of DTT after 16 h. However,
a significant release was found after 5h in PBS with DTT
owing to the cleavage of the disulfide bond by DTT (Fig-
ure 4a). The excellent pore-capping property of pHLIPss on
MSN may be cooperatively caused by the following two
factors: 1) the amount and length of pHLIPss peptide on
MSNs covers the pore;[“’] 2) electrostatic interaction between
the negatively charged peptide and the positively charged
amino-functionalized MSNs.'™ The release induced by cleav-
age of the disulfide bond was also observed in MCF-7 cells
treated with Dox-loaded pHLIPss-MSNs for 24 h, where Dox
was found to accumulate in the nucleus (Figure 4b). How-
ever, no accumulation of Dox in the nucleus was seen in
MCEF-7 cells treated with Dox-loaded pHLIP{-MSNs for 24 h
(Figure 4b). These results indicate that the introduction of the
disulfide bond in the nanocarrier makes drug release control-
lable.

To test the cytotoxicity of the Dox-loaded pHLIPss-MSNs
nanocarrier with low pH-driven targeting and translocation,
we assessed its cytotoxicity in two cell lines: drug-sensitive
MCF-7 cells and drug-resistant MCF-7/ADR cells. After
being incubated with Dox-loaded pHLIPss-MSNs or empty
pHLIPss-MSNs for 3 h at pH 6.5 or pH 7.4, the cells were
grown in normal cell medium for another 72 h. Following this
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Figure 4. a) Release kinetics of doxorubicin from pHLIPss-MSNs in
the presence (A) and absence of dithiothreitol (¥) at pH 7.4. Error
bars indicate the standard deviation of three separated experiments.
b) Confocal fluorescence images of Dox distribution in MCF-7 cells
treated with Dox-loaded pHLIPf-MSNs (upper) and Dox-loaded
pHLIPss-MSNs (lower) at pH 6.5 for 24 h.

step, MTS assay was used to assess cell viability. The results
summarized in Figure 5 show that Dox-loaded pHLIPss-
MSNs provide significantly enhanced antiproliferation in
MCEF-7 cells and MCF-7/ADR cells at pH 6.5 relative to those
at pH 7.4, and the growth inhibition on these cells is dosage-
dependent. At an equivalent Dox concentration of 3 pgmL™,
growth inhibition of Dox-load nanocarrier was 60 % at pH 6.5
and 25 % at pH 7.4 for MCF-7 cells, and about 25 % at pH 6.5
and 10% at pH 7.4 for MCF-7/ADR cells. Compared with
free Dox at pH 6.5, Dox-loaded pHLIPss-MSN showed better
cytotoxicity (Figure S13). However, the empty pHLIPss-
MSNs without Dox did not show cytotoxicity under the
same conditions up to a concentration of 100 ugmL™".

In summary, as a proof-of-concept, we have demonstrated
that it is possible to program mesoporous silica nanoparticles
with a peptide to construct an efficient and controlled-release
nanocarrier that actively targets and directly translocates into
cells once exposed to tumor extracellular pH value, subse-
quently releasing its payload through cleavage of the disulfide
bonds by reduced glutathione in the cytoplasm. This pH.-
targeted drug delivery system results in enhanced cytotoxicity
for both drug-sensitive and drug-resistant tumor cells in vitro
at pH 6.5 compared to at pH 7.4. Our Dox-loaded pHLIPss-
MSNs nanocarrier has the following advantages: 1) pH,-

www.angewandte.de

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

-
o

Cell viability / % — »
(2]
o

MCF-7 cell

00 06 12 18 24 30

b
100

I 80 ¥ :

N

-~ 60

=

E 40

Z

3 MCF-7/ADR cell
oL L " L L "
0.0 0.6 1.2 1.8 24 3.0

[Dox]/ mg mL'——

Figure 5. Viability of a) MCF-7 cells and b) MCF-7/ADR cells treated
with Dox-loaded pHLIPss-MSNs at pH 6.5 (¥) and at pH 7.4 (A), or
empty pHLIPss-MSNs at pH 6.5 (V) and pH 7.4 (2). Errors bars
indicate the standard deviation of three separate experiments.

driven targeting and translocation, which can bypass bio-
marker-targeting molecules, thus avoiding sensitivity to
heterogeneous expression of different cancer cells; 2) trans-
location which is not mediated by endocytosis or by inter-
action with a receptor; 3) release of payload only upon the
cleavage of peptide from MSN caused by cytoplasmic
glutathione; 4) simple construction from custom-made mate-
rials and commercially available peptide. Although pHLIPss-
MSNs retain their translocation response to low pH value
after 12 h incubation in serum, we are aware that the stability
of pHLIPss-MSNs in serum needs further improvement.
However, we believe that the design of pH.-targeted
pHLIPss-MSNs nanocarrier, in which proper chemical modi-
fication or p-amino acids is used to enhance the stability of
pHLIPss in serum, is promising as a tumor-targeted delivery
platform.
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