Injection of Molecules into Cells using a pH-Triggered Molecular Nanosyringe
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1 INTRODUCTION
The problem of discovering therapeutic agents is often
accompanied by the problem of delivering them in a
specific way to their sites of action, accounting in part for
the fact that so many drugs target receptors, binding
specifically to regions exposed outside the cell membrane
and so not requiring access to the cytoplasm. But, there are
many useful targets inside cells, if only agents could be
delivered internally, resulting in a growing effort to design
new strategies to deliver molecules across plasma
membranes. It has been discovered that cationic peptides
such as TAT, antennapedia, arginine-rich peptides and their
analogs facilitate the transport of a variety of biological
molecules and even such large entities as liposomes,
nanoparticles and adenoviruses. Despite the widespread
interest in such molecular carriers, the mechanisms
underlying cellular translocation by such cell-penetrating
peptides are still under discussion. We have found a novel
way to deliver molecules into the cells by using
transmembrane peptides that respond to local environments
and form transmembrane helices with one end exposed on
the surface and the other end inserted into a target cell. The
external part of the transmembrane peptide can be used to

2 RESULTS
Our work is based on the idea of application of
transmembrane peptides for translocation of molecules
attached to the peptide end that inserts across the lipid
bilayer. We previously reported that a polypeptide, pHLIP,
(AAEQNPIYWARYADWLFTTPLLLLDLALLVDADEG
TCG) derived from the bacteriorhodopsin C helix is soluble
in aqueous solution and spontaneously inserts across the
membrane in a pH dependent manner [1]. The interaction
of pHLIP with lipid bilayer at normal and low pH was
monitored by the changes in tryptophan fluorescence and
CD signals (Figure 1). At normal pH in solution and in
presence of liposomes the peptide is a random coil.
Lowering the pH triggers insertion of the peptide in the
hydrophobic environment of membrane, which results in a
shift of the tryptophan fluorescence spectrum maximum by
more than 10 nm and an increase in intensity of emission of
1.5 times. Insertion is accompanied by the formation of a
transbilayer alpha helix (Figure 1 b and data in [1]). The
process of insertion is reversible, increasing of pH leads to
the release of pHLIP and unfolding.

Θ (deg cm 2 /dmole)

We have engineered a molecular nanosyringe that
enables injection of molecules into a target cell at acidic
pH, but not at normal, physiological pH. The nanosyringe
consists of a water-soluble membrane peptide (pHLIP – pH
(Low) Insertion Peptide), a link and a cargo molecule.
Injection is driven by pHLIP, which inserts as a helix across
the cell membrane and translocates one of its termini into
the cytoplasm. The peptide does not exhibit any elements of
secondary structure in solution or when loosely bound on
the cell membrane at neutral pH. We show the injection of
cell-impermeable molecules into cancer cells at pH6.5. The
nanosyringe offers a novel technology for selective delivery
of cargo-molecules into cancer cells by exploiting the
acidic extracellular environment that is a characteristic
feature of many tumors.

mark the cell surface for detection or imaging of target
tissue, and the internal part can be used to translocate
molecules into cells by conjugating them via a link that is
cleavable in the cytoplasm.
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Figure 1. Fluorescence (a) and CD (b) spectra of pHLIP
in solution in absence and presence of POPC liposomes.
The black line represents pHLIP in phosphate buffer,
pH7.4, then POPC liposomes were added (red line) and
the pH was dropped (pH5.0) by adding HCl (blue line),
and restored by addition of KOH to pH 7.4 (green line).
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Figure 3. Fluorescence and phase contrast images of
HeLa cells incubated (for 1 hour) with pHLIP-S-S-dansyl
(a) and pHLIP-rhodamine (b) constructs at pH 6.5 are
shown. Dansyl dye is distributed in cytoplasm, but
rhodamine fluorescence is restricted to the cell membrane.

We prepared two additional constructs, where
fluorescent dyes dansyl and rhodamine were attached to the
C-terminus of pHLIP by S-S and covalent bonds,
respectively. Figure 3a shows that dansyl dye was
distributed in cytoplasm due to the cleavage of the disulfide
link in the reducing environment of the cell and consequent
release of the dye. In case of rhodamine covalently attached
to pHLIP we observed fluorescence restricted to the cell
membrane at low pH (Figure 3b). Washing the cells several
times with buffer at normal pH led to the release of peptide
from the cell membrane, leaving only traces of detected
fluorescence. The results are in agreement with data
obtained on liposomes, which suggest that the peptide does
not enter the cell, but stays anchored to the membrane and
can then be removed by raising the pH. pHLIP is not a cell-
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Our previous study shows that pHLIP translocates its Cterminus inside liposomes [2]. We attached various cargo
molecules to pHLIP C-terminus via cleavable S-S and
covalent links and tested the ability of the peptide to
translocate molecules across a membrane of live cells.
Among molecules were fluorescently labeled 1.1kDa
byciclic peptide phalloidin (toxin from the Amanita
phalloides mushroom) and a 12-mer peptide nucleic acid
(PNA). Both molecules are membrane impermeable. pHLIP
was able to translocate them at low pH (∼6.5) (Figure 2a,
b), but we saw no translocation at normal pH (7.4). When
we performed fluorescence microscopy experiments and
observed the translocation of cargo by pHLIP, we verified
that labeled cells were alive using the dead cell marker
SYTOX-Green. The quantification translocation was
performed by FACS [2].
Phalloidin binds tightly to actin filaments [3] and it is
commonly used as a specific marker of actin filaments in
permeabilized cells. We observed the characteristic pattern
of actin filaments staining inside the cell (Figure 2a),
distinct from other cellular structures, organelles or
membrane staining. The translocation of phalloidin was
confirmed on several cell lines [2]. Also we documented
that the phalloidin translocated by pHLIP at low pH leads
to the inhibition of cytoskeleton dynamics and formation of
multinucleated cells [2]. pHLIP-phalloidin might be
considered as a potential anti-metastatic drug, which
inhibits cell migration and movement.
PNAs are synthetic mimics of RNA and DNA, and are
resistant to nuclease and protease degradation, and bind
tightly to complementary DNA and RNA by Watson-Crick
base pairing [4]. One of the most common applications of
the PNA technology is its antisense application in which the
PNA is designed to bind to messenger RNA (mRNA) to
inhibit translation of the target genes. PNA is considered as
one of the most promising molecules for gene therapy.
However, the delivery of PNA, involving passage through
the cell membrane, appears to be a general problem. We
demonstrate that the pHLIP can translocate PNA through
the cell membrane and release it in cytoplasm at low pH
(Figure 2b).
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Figure 2. The delivery of phalloidin (a) and PNA (b) into
cells by pHLIP at pH6.5. Fluorescence images of HeLa
cells incubated (for 1 hour) with pHLIP-S-S-phalloidinTRITC
and
pHLIP-S-S-PNA-TAMRA
cleavable
constructs (1 µM) at pH 6.5 are shown. No translocation
was observed at pH7.4
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Figure 4. Membrane leakage was tested by incubation of
HeLa cells at various concentrations of peptide (up to 10
µM) with nuclear-staining SYTOX-Orange (0.5 µM) at
pH 7.4 and 6.5 for 1 hr followed by washing and
measuring of fluorescence signal on a plate reader. The
fluorescence intensity of cells incubated with SYTOX in
the presence of 0.5% Triton-100, which disrupts the
plasma membrane, was taken as 100%.

NSTI-Nanotech 2006, www.nsti.org, ISBN 0-9767985-7-3 Vol. 2, 2006

