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Abstract
The ability of a drug or probe to cross a biological barrier has historically been viewed to be a function
of its intrinsic physical properties. This view has largely restricted drug design and selection to agents
within a narrow log P range. Molecular transporters offer a strategy to circumvent these restrictions.
In the case of guanidinium-rich transporters (GRTs), a typically highly water-soluble conjugate is
found to readily pass through the non-polar membrane of a cell and for some across tissue barriers.
This activity opens a field of opportunities for the use of GRTs to enable delivery of polar and non-
polar drugs or probes as well as to enhance uptake of those of intermediate polarity. The field of
transporter enabled or enhanced uptake has grown dramatically in the last decade. Some GRT drug
conjugates have been advanced into clinical trials. This review will provide an overview of recent
work pertinent to the design and mechanism of uptake of GRTs.

Keywords
Molecular transporters; Cell-penetrating peptides; Oligoarginine; Bidentate hydrogen bond;
Endocytosis; Adaptive translocation; HIV Tat; Dendrimers; Drug delivery

1. Introduction
The intent of this collection of reviews edited by Professor Futaki is to update research advances
on molecular transporters of which cell-penetrating peptides (CPPs) are an important subclass.
Molecular transporters [1] are agents which, when attached to an otherwise poorly bioavailable
drug, drug candidate or probe, enhance or enable its passage through biological barriers. The
intent of this specific chapter is twofold: to discuss the design criteria that have been
successfully used to advance a rather robust class of guanidinium-rich molecular transporter-
drug conjugates, including a conjugate that has entered Phase II clinical trials, and to address
the mechanisms of the entry of such conjugates into cells and tissue.

At the outset, it is important to note, especially for those new to this field, that understanding
biological barriers is of great fundamental, applied and philosophical significance. Life itself
depends on such barriers whether they be the plasma membrane of a cell or the skin that
envelops our bodies. Understanding the origins and functions of these barriers and their
evolution is thus a prerequisite to understanding the origins of life itself and its progression to
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more complex living systems. At a fundamental level there is hardly an area of chemistry,
physics, biology, or medicine that is not connected to this multifaceted and indeed grand
challenge. From a purely molecular perspective, membranes represent dynamic,
heterogeneous, self-assembled systems, held together principally by weak forces. In general,
they keep the outside world out and the inside world in. They provide compartmentalization
and are critical to the selective import, concentration, and export of compounds needed for
sustenance, protection, movement, adherence, and replication. These very functions are of
course what often result in the failure or reduced efficacy of many therapeutic candidates.
Indeed, drug design and selection have historically been dominated by the conventional but
reasonable view that only compounds with a certain log P would be properly solubilized in the
mostly polar, water-based biological fluids of the body and at the same time would also be able
to pass through the relatively non-polar membrane of a cell. The use of many polar (e.g., nucleic
acids, siRNA, etc.) and non-polar (e.g., taxol, camptothecin, etc.) molecules would thus be
precluded by adherence to this view or require that special effort be taken to address
formulation, distribution or bioavailability problems arising from their inherent physical
properties. However, even compounds with the preferred log P characteristics often are poor
drug candidates because of other factors (e.g., metabolism, side effects, distribution) also
intrinsic to their structures that attenuate their efficacy.

A solution to the problems noted above is to modify the drug or drug candidate to change its
inherent physical properties. This approach has been heavily used in industry, allowing one to
tune the properties of a candidate to meet performance criteria. Often this takes the form of
changing the lipid characteristics (e.g., methyl to ethyl esters) of a drug lead to achieve the
right balance of water and membrane solubility and passage without compromising its potency
or selectivity. It is not uncommon to make hundreds if not thousands of such modifications to
a lead to find the optimally tuned clinical candidate.

Another approach to improving the performance characteristics of an agent that is difficult to
formulate, exhibits poor bioavailability, or suffers from metabolism, distribution or excretion
problems is to attach the agent to a molecular transporter. The properties of the drug-transporter
conjugate could then be influenced, if not dominated, by the properties of the transporter. For
example, conjugation of poorly water-soluble taxol to an octaarginine transporter produces a
conjugate that is freely water soluble and for reasons to be discussed later readily enters cells
[2]. For many applications, the transporter-drug conjugate can be designed as a prodrug, i.e.,
with a linker that is chemically or biochemically cleaved after passage through a barrier,
allowing for release of the free drug in targeted cells or tissue.

There are many types of “molecular transporters”. The term itself is connected to function and
thus applies to all structural varieties of agents that enable or enhance passage across biological
barriers. This classification by “function” (i.e., transporter) that we introduced is important
because the frequently used classification by “structure” (e.g., peptide) is limiting and often
misleading, especially with respect to design, one focus of this chapter. For example, the term
“cell-penetrating peptides” (CPPs), while accurate in part with respect to function, would be
technically and obviously limited to “peptides”. However, as discussed herein, systems have
been designed based on peptide leads which, while emulating the cell-penetrating function of
the leads, are not themselves peptides. For example, our realization that the key to the uptake
exhibited by a peptide derived from the protein Tat (a.k.a. Tat 9-mer: RKKRRQRRR) is simply
a function of its array of guanidinium ions led to our preparation of guanidinium-rich peptides
(octaarginine or R8), peptoids [1], oligocarbamates [3], and dendrimers [4]. All exhibit similar
function – high water solubility and rapid entry into cells – but they differ structurally in many
significant respects except for the key conserved oligoguanidinium array. In addition to
peptides, peptoids, and oligocarbamates, many other types of molecular transporters have been
identified that cover a range of structural classes, including polyamines [5,6], polysaccharides
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[7], steroids [8], cationic lipids [9,10], guanidinoglycosides [11], and even nanotubes [12], the
last shown recently to transport proteins into cells [13]. The term molecular transporters thus
fully covers these structural variants and their similar function. In addition, many of these
transporters can be hybridized (e.g., steroid-modified oligoguanidines [14]) to create new
transporter types. Our focus here will be on guanidinium-rich transporters (GRTs).

In considering the mechanism of uptake of GRTs it is important to take stock of the variables
that influence passage through a barrier including, in addition to the transporter structure itself,
temperature, incubation time, assay solution or conditions, cell type, tissue type, counterions,
cargo size and type, and linker amongst others. This complexity has contributed to the view
by some that the mechanism of uptake is “controversial”. Still others have argued for a single
mechanistic interpretation. These positions are not readily sustained for any one transporter
class given the range of variations in transporters, cargoes, cell types, assay conditions and the
general lack of systematic analysis in this emerging field. For example, it should neither be
surprising nor controversial that a Tat 9-mer with a protein cargo and a Tat 9-mer with a peptide
cargo, being very different structures, exhibit different uptake characteristics [15]. Similarly,
cellular uptake of an octaarginine attached to fluorescein is very rapid whereas changing the
cargo from fluorescein to a polycarboxylate completely shuts down uptake [16,17]. The same
transporter is used but its uptake is clearly influenced by the cargo in ways that are quite
reasonable mechanistically and certainly not controversial. Similarly, some attempts to make
comparisons between uptake in adherent and non-adherent cells or in different cells types are
fraught with problems that arise from non-systematic “comparative” analyses. The attempt to
fit such complex behavior into one mechanistic box is neither sustained by the current state of
analysis nor by historical mechanistic analyses. For example, on the more fundamental issue
of what constitutes a mechanism, it is now widely understood that the mechanism of even
simple substitutions reactions – often the first reaction studied in organic chemistry courses -
can be unimolecular or bimolecular depending on conditions, substrate structure, leaving
group, nucleophile, solvent, temperature, and many other variables. Indeed, it is observed in
some cases that both mechanisms can operate concurrently. Moreover, new substitution
mechanisms such as single electron transfer have been uncovered. While seemingly far afield
from the subject of transporter uptake mechanisms, this caveat on mechanistic analyses merits
attention in considering how GRTs enter cells. In short, while a given system (transporter,
linker, cargo, cell type, assay conditions, etc) might exhibit behavior consistent with a single
mechanism, it is unlikely that a single mechanism will apply to all systems and it is possible
that more than one mechanism might operate concurrently.

During the past decade, many significant and exciting advances have been reported from our
and other laboratories related to the mechanisms of uptake of GRTs and especially to their use
in mediating cell and tissue uptake. An octaarginine transporter linked to Cyclosporin A has
also been advanced to phase II clinical trials for dermatological applications [18] and a Tat 9-
mer linked to a biologically active peptide cargo has been advanced clinically for the treatment
of ischemia [19]. In this chapter we provide an overview of mechanistic studies pertinent to
the uptake of GRTs and of how these studies have influenced the design of new GRTs. An
emphasis will be placed on the most recent literature.

1. Design and synthesis of guanidinium-rich transporters (GRTs)
2.1. Structure-function relationships of fluorescently labeled peptides inspired by Tat49–57

In 1996, we started a program directed at designing molecular transporters that would be
superior to the Tat 9-mer (RKKRRQRRR or Tat49–57) in performance and in cost, thereby
allowing for broader exploitation of transporter-based drug delivery for therapeutic
applications. Our selection of the Tat 9-mer as a starting point relative to other transporter leads
was influenced by the rather paradoxical but potentially therapeutically valuable behavior of
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this lead: it is highly polar and thus readily soluble in water – a factor that could be exploited
in therapeutic administration – but unlike most polar systems it readily passes through the non-
polar membrane of cells. At the time, little was known about the mechanism of uptake of the
Tat 9-mer. Our initial efforts were thus focused on elucidation of the structural features of the
Tat 9-mer that influence its ability to enter cells. A rigorously systematic and quantifiable assay,
involving changes in only one variable at a time, was developed in which uptake into Jurkat
cells of transporters conjugated to fluorescein was measured by confocal microscopy and
FACS analysis (fluorescence-activated cell-sorting).

A review covering some of this work has recently appeared [20] and thus only a summary of
findings will be presented here to provide a context for understanding more recent studies.
Comparison of the uptake of the Tat 9-mer conjugated by an aminohexanoic acid linker (ahx)
to fluorescein (Fl), i.e., Tat49–57-ahx-Fl (1,Fig. 1), to the uptake of N- and C-truncated Tat
variants (Tat50–57-ahx-Fl, Tat51–57-ahx-Fl, Tat49–56-ahx-Fl, and Tat49–55-ahx-Fl) revealed that
truncations lead to less effective uptake and that deletions of arginines cause greater reduction
in uptake than deletions of lysines, an important early clue on mechanism. In a second
comparative study, the uptake of Tat49–57-ahx-Fl 1 was compared to the uptake of nine Tat
variants differing systematically only by the replacement of each residue in the Tat 9-mer by
an alanine (e.g., AKKRRQRRR-ahx-Fl, RAKRRQRRR-ahx-Fl, etc.). All 9 variants performed
less well than the Tat 9-mer lead but interestingly the one in which a non-charged glutamine
residue is replaced by an alanine (i.e., RKKRRARRR-ahx-Fl) was the least affected [1].

The above results suggested that charge is important for uptake, leading to the preparation of
a lysine 9-mer (K9-ahx-Fl, 2). This construct performed less well than the Tat 9-mer lead.
Significantly, examination of the corresponding arginine 9-mer (R9-ahx-Fl, 3) provided a
breakthrough in our work as it proved to be superior in uptake to the Tat 9-mer reference. Both
enter cells in minutes, but the arginine 9-mer enters more quickly, thus allowing for a greater
amount of internalization. A hypothesis was entertained that the arginine-rich transporter might
be a substrate for a cell surface convertase, enzymes which recognize, cleave, and internalize
arginine-rich precursor proteins [21]. However, it was subsequently found that an oligomer of
the non-natural arginine stereoisomer (D-arginine), namely r9-ahx-Fl (4), works as well if not
slightly better than the natural isomer 3, suggesting that enzyme recognition, a process usually
very sensitive to chirality, is not at play. The slightly better performance of the D oligomer is
an expected consequence of its greater stability towards proteolysis. As will be discussed later,
the finding that both D and L oligomers work similarly was of enormous importance in the
design of new transporters as it suggested that the backbone of the transporter is not critical to
uptake.

In the course of the above studies it was determined that uptake varies with the number of
arginines in an oligomer. Uptake is observed for oligomers of 6–20 arginine residues with a
maximum around 15, yet another finding which at the time required mechanistic reconciliation.
The observation that shorter oligomers of arginine do not readily enter cells provided the basis
for selecting the tetraarginine system as a negative control. Our eventual selection of an
octaarginine transporter for many fundamental and clinical studies is a reflection of the
interplay between design, cost considerations, and mechanism. For reasons that go beyond the
scope of this review, construction of an 8-mer (r8) through a segment doubling strategy can be
conducted more cost effectively, on scale, and with greater step economy than resin-based
syntheses [22]. As our goals from the outset were to improve the performance and cost of
transporters, the arginine 8-mer became the preferred candidate to move forward, representing
a compromise between best performance and lowest cost.
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2.2. Linear GRTs
The key finding that the transporter backbone stereochemistry is not critical for uptake opened
a wide range of design opportunities and indeed allowed for a transition from peptide-based
transporters to non-peptidic systems. It also called increasing attention to the view that uptake
might be predominantly influenced by the guanidinium groups. To further test this hypothesis,
the first oligoarginine peptoids were prepared (5, Fig. 2) [1]. These preserve the 1,4-spacing
of the backbone but move the side chain attachment from carbon to nitrogen. The resultant
peptoids significantly outperform the oligoarginine transporters in uptake experiments,
pointing again to the importance of the guanidinium group and now to the apparent lack of a
secondary structure requirement based on hydrogen bonding of the amide functionality. Of
further mechanistic and design importance was the finding that peptoids with longer side chains
(5, m=5, n=9), and thus greater flexibility, perform better in uptake. This again teaches away
from a receptor-mediated uptake process.

The above studies revealed that backbone stereochemistry is not critical for uptake and that
the side chain could be attached on carbon as in the arginine oligomers or on nitrogen as in the
peptoid oligomers (5). In order to explore whether the backbone itself could be changed and
whether the side chain spacing is important, a series of guanidinium-rich oligocarbamates were
prepared (6, Fig. 2) [3]. These incorporate carbamate groups connected by a 2-carbon spacer
to which is attached a side chain terminated with a guanidinium group. In contrast to the
peptides and peptoids in which side chains are 1,4-spaced along the backbone, these oligomers
have side chains 1,6-spaced. These proved to be very effective transporters. For example, the
carbamate 9-mer 6 (n=9) translocates into cells 2.3 times faster than the D-arg 9-mer (4, n=9)
which itself is taken up into cells approximately three times faster than Tat49–57. While many
studies address only cellular uptake, this study also showed that the oligocarbamate transporters
penetrate mouse skin, a finding of much significance as the skin represents a much more
formidable barrier than the plasma membrane and is the key barrier for many dermatological
applications.

A more ambitious design modification of the backbone led to the synthesis and study of a
library of “spaced” arginine-rich transporters (7, Fig. 2) [23]. There are 64 permutations
involving insertion of a single aminohexanoic acid spacer (ahx) between consecutive arginines
(R7, R-ahx-R6, R2- ahx-R5, up to R-[ahx-R]6). Interestingly, the maximally spaced construct
(R-[ahx-R]6), containing seven arginines, outperforms unspaced heptaarginine in uptake by
six-fold. Conversely, when octaarginine is replaced with two tetraarginines separated by a
rigid, substituted benzene spacer (8), a 3.8-fold decrease in cellular translocation is observed
at 25 μM (T. Pillow, unpublished results). Consistent with results from peptoids, these studies
again suggest that greater flexibility leads to faster uptake. This is inconsistent with a receptor-
mediated pathway but consistent with a dynamic pathway that requires weak associations and
fast turnover.

A further creative variation of the transporter backbone was reported by Seebach and coworkers
in impressively comprehensive studies using β-peptides [24]. They showed that a series of
fluorescein-labeled β-peptides readily enter 3T3 mouse fibroblast cells. Localization in the
nucleus is found. Uptake is observed only for polycations, the β-oligolysine 9 and β-
oligoarginine 10, with the latter being more effective. It is noteworthy that, like the arginine-
based systems, acute toxicity is not observed and uptake is rapid, with fluorescence as intense
after 5 minutes as after 40 minutes for the arginine analog 10.

Gellman and coworkers have recently reported a study in which they investigated the effect of
the spatial arrangement of guanidinium groups and helix stability on cellular uptake [25]. They
have prepared a series of fluoresceinated arginine rich β-peptide heptamers and studied their
uptake in HeLa cells by FACS and confocal microscopy (cells were not fixed) by incubation
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with the peptide for 15, 30, 60 and 120 min at 8 μM. Their results indicate that the uptake of
the β-peptide that forms a stable 14-helix in aqueous solution with all six arginines clustered
along one side is about 6-fold higher than the uptake of other analogs after 30 min incubation.
Interestingly, the peptides are similar in cell surface binding with the best performing peptide
being only 2-fold better than the rest. All of the peptides produced an endosomal-like punctate
pattern of distribution when imaged by confocal microscopy after a 2-hr incubation.

Collectively, these studies show that uptake of the Tat 9-mer is principally determined by its
arginine content and that homo-oligomers of arginine outperform the Tat 9-mer. An especially
important finding is that the backbone chirality, backbone types, spacing, and hydrogen
bonding can be varied indicating that the key to uptake is the singularly conserved element,
specifically the guanidinium group.

2.3. Dendrimeric and branched GRTs
The preceding studies illustrate the range of design options available using a linear backbone
scaffold to which guanidinium-terminated side chains are attached. Another design motif
would involve branched or dendrimeric scaffolds. Goodman and coworkers reported a series
of polyguanidinylated dendritic structures that readily enter cells (11–15, Fig. 3) [26]. The
dendritic oligoguanidines were conjugated to fluorescein and to a mutant green fluorescent
protein (GFP). Both the small molecule and the protein conjugates translocate efficiently into
HeLa S3 cells as quantified by FACS analysis. The conjugates 14–15, possessing 9 (G9) and
12 (G12) guanidinium groups, respectively, exhibit better uptake than 12 and 13 with 3 and 6
guanidinium groups. The authors indicate that 9 guanidinium groups appear to be optimal. It
is noteworthy mechanistically that the enhanced uptake observed when the number of
guanidinium groups was increased to 9 is similar to that found with peptoids. To investigate
the localization of the conjugates, the authors also treated HeLa S3 cells individually with G9-
Fl (14), G9-GFP, and Tat(49–57)-GFP. The cells were fixed and visualized by deconvolution
microscopy. The resultant images of G9-Fl (14) and G9-GFP indicate that they enter cells and
localize in the nucleus, cytoskeleton and cytoplasm. While not necessarily relevant to this
study, caution is often recommended in analyzing results from cell fixation because of its ability
to produce artifacts in the cellular distribution of GRTs [27].

We have also reported the synthesis and study of guanidinium-rich dendrimers (16, Fig. 3)
[4]. While we have noted previously that uptake is principally determined by the number of
guanidinium groups, the scaffold does play a role. For example, even though all of the
dendrimeric transporters 16 have the same number of guanidinium groups, they exhibit
different rates of uptake into Jurkat cells as measured by FACS analysis after a 3-minute
incubation time. The hexyl-hexyl (16, n=k=5) and hexyl-propyl (16, n=5, k=2) dendrimers are
the most effective while the ethyl-ethyl (16, n=k=1) dendrimer is not detected intracellularly
during the time course of the experiment. The most effective dendrimers outperform the
nonaarginine system.

Recently, Harth and coworkers have reported the design, synthesis and assay of two
“Newkome-type” dendrimers with guanidinium head groups (17 and 18, Fig. 3) that exhibit
subcellular targeting [28]. Internalization into mammalian cells was visualized with a
fluorescein label. The subcellular distribution varies according to structure with 17
concentrating in the nucleus and 18 in the cytosol. Similar results are obtained with NIH-3T3
fibroblasts and with human microvascular endothelial cells. The authors report an influence of
the alkyl spacer on localization, though they do not provide an explanation. It is noteworthy
but not surprising that the transcription factor Tat, the Tat 9-mer, and some other GRTs localize
in the nucleus. Collectively, this earlier work and the more recent dendrimer studies suggest
that molecular transporters can be used to not only enhance cellular uptake but also to target
subcellular destinations.
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The Futaki group has reported another type of cleverly designed branched transporter using
lysine residues to create nodes of divergency, glycines to incorporate flexibility and extension,
and arginines to supply key guanidinium residues (19–21, Fig. 3)[29]. Uptake into HeLa cells
was studied using fluorescence microscopy. The (R2)4 peptide 19 that has arginine residues
on four branched chains exhibits the most efficient translocation. Not unlike linear transporters,
uptake is found to be a function of the number of arginine residues.

2.4. Carbohydrate-based GRTs
Goodman and coworkers reported the preparation of guanidinoglycosides, in which the amine
groups of natural aminoglycosides (kanamycin A, kanamycin B, tobramycin, neomycin B, and
paromomycin) are converted into guanidinium groups [30]. A solid-phase assay method used
to evaluate the RNA specificity of the guanidinylated compounds revealed between 5- and 10-
fold increases in inhibitory activity for the guanidinoglycosides. Also, they reported that
guanidinotobramycin and guanidinoneomycin B inhibit the replication of the HIV virus with
activities approximately 100 times greater than the parent aminoglycosides [31]. However, no
comparative cell uptake study has been reported.

Tor and coworkers reported a noteworthy study on guanidinylated aminoglycosides [32]. They
prepared a series of BODIPY-conjugated aminoglycosides and guanidinoglycosides and
evaluated their cellular uptake properties by FACS. This study revealed that when the amine
groups in tobramycin and neomycin B (22a and 23a,Fig. 4, TFA = trifluoroacetic acid) are
converted into guanidine groups (22b and 23b), cellular uptake of the resultant vectors are
enhanced by 10- and 20-fold, respectively. A comparison of their uptake relative to a
fluorescently labeled R9 (positive control) demonstrated that guanidinoneomycin B (23b)
exhibits a highly efficient uptake, superior to that of the positive control [11]. The authors also
noted that the cellular uptake of fluorescent R9 is inhibited by guanidinoneomycin B,
suggesting some similarity in the uptake mechanism for both the arginine-rich peptides and
the guanidinoglycosides.

In a subsequent study, the authors explored the cellular requirements for uptake of
guanidinoneomycin B as well as its delivery potential [11]. Biotinylated neomycin B (24a),
biotinylated guanidinoneomycin B (24b), and biotinylated R9 were conjugated to streptavidin-
PE-Cy5 (>300 kDa) and their uptake was studied in wild type HeLa and CHO cells and four
CHO mutant cell lines (two glycosaminoglycan-deficient, heparan sulfate-deficient, and sialic
acid-deficient lines). To test the dependence of guanidinoglycoside uptake on heparan sulfate,
the experiments in wild type cells were also done in the presence and absence of heparan sulfate
lyases. A significant observation in this study is that at nanomolar concentrations, the uptake
of the guanidinoneomycin B depends entirely on cell surface heparan sulfate proteoglycans
while the uptake of an R9 system follows both heparan sulfate-dependent and -independent
pathways. As noted before in connection with the role of scaffold, this indicates that, for a
given number of guanidinium groups, their spatial array can influence uptake and that multiple
mechanisms of uptake can operate. The high selectivity of guanidinoneomycin B for heparan
sulfate suggests that these systems can be used to selectively target cells based on proteoglycan
composition differences.

It is also noteworthy that these systems can be used to carry large (>300 kDa) bioactive
molecules into cells. Conjugation of guanidinoneomycin B 24b to the streptavidin-labeled
plant toxin saporin, a ribosome-inactivating agent, results in proteoglycan-dependent cell
toxicity. Notably, saporin itself does not kill cells due to the lack of cell surface receptors
[33]. However, conjugation of saporin to a ligand for which receptors exist leads to cell death.
The complex formed from guanidinoneomycin and streptavidin-labeled saporin kills the wild
type CHO cells with an IC50 of ~2 nM. No toxicity is observed for unconjugated
guanidinoneomycin B 24b or for free saporin. Also, mutant cells are not affected by saporin
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up to a concentration of 100 nM. Significantly, this proteoglycan-dependent behavior of the
guanidinoneomycin transporter in comparison to R9 could provide the basis for the
development of more selective cellular delivery vectors.

Recently, Chung and coworkers reported a novel class of octaguanidinium transporters (25–
31, Fig. 5) based on an inositol dimer scaffold [34,35]. The dimers are prepared by linking two
units of myo- or scyllo-inositol, and multiple guanidine functionalities are introduced through
a peracylation of the inositol scaffold with ω-aminocarboxylate derivatives of varying length.
The cellular uptake of these transporters was studied by confocal microscopy in three cell lines
(simian kidney COS-7, mouse microphage RAW264.7, and HeLa cells) using a 3–5 minute
incubation time. The results are compared with dansyl- and Fl-R9 peptides. The authors
observed that conjugates 25–27 have similar uptake to dansyl-R9 in COS-7 cells with
conjugates 26 and 27 exhibiting slightly better uptake than 25. Comparison of myo- and scyllo-
inositol scaffolds (26 and 28) shows similar uptake performance in RAW264.7 cells. For HeLa
cells, the transporters based on scyllo-inositol linked via an amide exhibit greater uptake with
longer chain length (31>30>Fl-R9>29). In HeLa cells, 31 and 30 show 2.5 and 1.8 times greater
uptake than Fl-R8, respectively, whereas 29 is half of that for Fl-R8. While the uptake
mechanism for these transporters is unclear, their localization is different from that observed
for other GRTs, suggesting again that the spatial orientation of guanidinium groups could be
used to confer selectivity in performance or localization.

In vivo biodistribution studies of conjugate 31 based on ip (intraperitoneal) injection into mice
reveal differences relative to Tat-related peptides, the latter distributing relatively uniformly
in the liver, kidney, lung, heart muscle and spleen [36]. Conjugate 31 demonstrates much higher
distribution in heart, lung, and brain tissues with only a weak signal observed in liver, kidney
and spleen. In a second tissue distribution experiment the authors observed a strong signal from
the brain cortex 20 min after ip injection, consistent with the passage of conjugate 31 across
the blood-brain barrier. Lastly, a derivative of 31 in which Fl is replaced with doxorubicin (an
anticancer antibiotic) was prepared and shown to effectively translocate into the cytoplasm of
HeLa cells producing a stronger cytotoxic effect than doxorubicin itself. Ip injection of the
conjugate also produces a strong signal in the brain cortex relative to free doxorubicin. These
studies suggest that variations in the transporter conjugate could result in selective tissue and
cell targeting [35].

Chung et al. also studied two types of branched transporters based on sorbitol and a bis-
guanidine unit (32a and 32b, Fig. 6) [37]. Sorbitol (D-glucitol) was selected in part because it
is safe, being found in fruit and also readily available from D-glucose or D-glucono-1,4-lactone.
Conjugate 32a (n=5 and 7) and fluorescently labeled R8 (at 10 μM) entered cells with
comparable efficiencies as evaluated by confocal microscopy and FACS analysis. The
internalization of 32b was less efficient. Uptake of 32a increases as its concentration is
increased up to 20 μM, reaching a plateau after approximately 3 hr.

Conjugates 32a (n=5 and 7) exhibited similar cytosolic distributions while 32b differed in its
intensity. Internalization of 32a is inhibited at 4 °C, suggesting entry by an energy-dependent
path. However, 32a (n=5) did not colocalize with tetramethylrhodamine-labeled Tat peptide
or transferrin, suggesting that different mechanisms of uptake might be involved. It is
interesting that 32a colocalizes with a mitochondria-specific dye (MitoTracker Red) in HeLa
and in KG1a leukemia cells, suggesting mitochondrial accumulation and a possible use of this
or related systems for detection or treatment of mitochondrial-based diseases. The tissue
distribution of 32a (n=5) was also studied. While Tat-based systems are found to distribute
widely in the liver, kidneys, lungs, heart muscle and spleen, 32a shows higher selectivity for
lung, heart muscle and brain tissues. These findings are of potential significance for targeted
therapy based on GRTs.
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2.5. GRTs based on a polyproline helix and other scaffolds
Another fascinating class of cell-penetrating vectors, reported by Chmielewski and coworkers,
uses trans-proline residues known to adopt a well-defined left-handed type II helix in polar
solvents (33–34, Fig. 7) [38]. The designed transporters have repeating hydrophobic and
hydrophilic faces. The hydrophobic face consists of a proline-leucine mimetic and the
hydrophilic face consists of either a proline-arginine or a proline-lysine mimetic. Several
fluoresceinated control compounds were prepared, including Tat peptide (Fl-
G4YGRKKRRQRRR-NH2), tetra- and hexalysine (Fl-K4 or 6-NH2) and tetra- and
hexaarginine (Fl-R4 or 6-NH2) peptides and scrambled versions of their proline analogs with
arginine and lysine mimetics mixed together. All compounds (at 50 μM) exhibited uptake in
MCF-7 breast cancer cell lines as determined by FACS after an incubation time of 6 hr. A
much higher cellular uptake is achieved with the guanidinium-containing compounds (33) in
comparison to the amine analogs (34). Secondly, the cellular uptake increased with increasing
number of cationic groups (33(n=3)>33(n=2) and 34(n=3)>34(n=2)). Both observations are
consistent with the previously reported behavior of peptoids and oligoarginines [1]. In addition,
the proline tetramer and heptamer of arginine 33 (n=2 and 3, respectively) are 1.5 and 7.7 times
more effective in entering MCF-7 cells than their peptidic analogs (Fl-R4-NH2 and Fl-R6-
NH2). The most potent conjugate, 33 (n=3), is also almost an order of magnitude more effective
than Tat peptide. However, when the amine analogs (34 (n=2–3) and Fl-K4 or 6-NH2) are
compared in the same fashion, no such enhancement is observed in comparison to the peptidic
analogs, with 34 (n=3) being only 1.7 times better than Fl-K6-NH2. Interestingly, the
enhancement effect is lost when the uptake of R6 is compared to the “scrambled” version of
33 (n=3) that had the same number of arginines, but no amphiphilic character. Based on these
results, the authors conclude that the amphiphilic character of the transporter plays an important
role in the enhancement of cellular uptake. The authors also demonstrate that in both fixed and
living MCF-7 cells, proline-based analogs localize in the cytoplasm and nucleus. Finally, based
on an MTT assay, no toxicity is observed for the new conjugates at the concentration used for
the study (50 μM).

Mendoza and coworkers recently reported a new family of tetraguanidinium compounds 35,
in which bicyclic guanidinium subunits are linked by thioether spacers [39]. The cell-
penetrating ability of the conjugates was studied in HeLa cells by confocal microscopy (both
in living and fixed cells) and FACS analysis after a 1-hour incubation. The uptake was
compared with fluorescently labeled Tat49–57 9-mer and Antennapedia
(RQIKIWFQNRRMKWKK-NH2). Interestingly, conjugate 35 (R=OH) outperforms its
silylated analog 35 (R=SiPh2tBu) and peptidic controls at low concentrations (0.1–1 μM). The
compound was found to be toxic in an MTT assay with 72% reduction in cell viability at 10
μM concentration.

Lipidated oligoarginine systems have been prepared by Tung and coworkers and their uptake
has been studied in HeLa cells by incubating with the conjugate for 1.5 hr [40]. In this study,
the most effective conjugate (11-mer of arginine conjugated to myristic acid) is an order of
magnitude better than Tat 9-mer or R7. Acylation of R7 with the same lipid also improves its
uptake by about 6-fold.

2.6. GRTs based on peptide nucleic acids
The seminal recognition of the key importance of guanidinium groups in mediating cellular
uptake and the lower sensitivity of the system to chirality, scaffold, and spacing, allowed for
the dramatic expansion of the field of GRTs to many other biooligomers and scaffolds.
Oligonucleic acids have emerged as another fascinating class of GRTs. In general, there are
two main reasons why connecting guanidinium groups to oligonucleotides (ONs) could be
advantageous. First, it could enhance solubility because, in comparison to their amino analogs,
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guanidine ONs would remain protonated under a wider range of physiological pHs due to the
highly basic character of the guanidinium group (pKa=12.5). Second, and of great significance,
it could enable the uptake of ONs or ON functional equivalents into cells.

In a key study, Ly and coworkers reported guanidine nucleic acids, based on the insertion of
arginines into the nucleic acid backbone [41,42]. Cellular uptake was studied by confocal
microscopy in HCT116 (colon) and Sao-2 (osteosarcoma) cell lines by incubation of cells with
the conjugate (1 μM) for 10 min. The cellular uptake of guanidine peptide nucleic acid 36 is
found to be similar to that of the Tat 9-mer peptide. The amino analog of 36 does not enter
cells, suggesting again the importance of the guanidinium group. Interestingly, the authors also
show that the guanidino nucleic acids maintain Watson-Crick recognition with complementary
DNA strands and the unnatural analog (D-Arg) 36 is more biologically active than its natural
analog (L-Arg). The spaced arginine peptide nucleic acids (NH2-Arg-T-Arg-G-Arg-T-Arg-A-
Arg-C-Arg-G-Arg-T-Arg-C-Arg-A) show similar uptake properties to non-spaced systems.

Ohmichi et al. have also demonstrated the importance of the guanidinium groups for cellular
uptake of DNA using deoxyuridine analog 37 that contains guanidinium groups at the C5
position as an example [43]. A 20-mer DNA oligomer was labeled with fluorescein at the 5′
end (5-Fl-dTGTGAAGTGTCCCAGCCTGT) and repeating sequences were added to the 3’
end by primer extension. The uptake of the resulting 20-mer was studied in HeLa and
RAW264.7 cells by confocal microscopy and FACS after a 48-hr incubation period. The results
reveal that introduction of the guanidinium groups does not inhibit duplex stability but does
enhance uptake. Interestingly, the 20-mer containing four guanidinium groups is found to be
the most effective construct, followed by systems with three and then six guanidinium groups.

Lebleu and coworkers recently reported the cellular uptake of new fluorescently labeled
guanidinylated DNA analogs (38) [44]. The results of their study are consistent with previous
work, showing that the guanidinylated 12-mer of 38 is taken up into HeLa cells six times more
efficiently than its unmodified analog. The authors observed mainly cytosolic distribution of
the construct.

Multiple phosphate-modified deoxynucleic guanidines (39) in which negative phosphodiester
linkages of DNA are replaced with guanidinium groups have been reported by Bruice and
coworkers. In addition to being highly nuclease resistant, these compounds also have high
binding affinities and specificities for various duplex formations [45,46,47]. While they enter
cells, their cellular uptake has not yet been quantified.

While many of the above studies are based on covalent attachment of a GRT to its cargo,
Khavari, Wender, and coworkers reported that an arginine-rich cysteine-flanked peptide (CG
(RHGH)5RGC), when templated with DNA can be used to form a disulfide-linked polymer
that non-covalently associates with DNA plasmids and enhances their uptake into cells and
tissue [48]. The plasmid encoded for luciferase was used, allowing for an optical real-time
readout when the cells or animals are treated with luciferin. Uptake of the DNA plasmid is
observed and is found to be more significant than naked DNA alone. The transfection efficiency
in cells is found to be greater than that observed with commercial transfection agents (e.g.,
lipofectin). It is noteworthy that in this case the more arginine-rich system worked less well.
It was reasoned that the better performance of the preferred histidine and arginine-rich peptide
is due to the role of the histidines in enabling escape from the endosome for an endosomal
uptake path [49]. This represents one of the largest molecular cargoes carried into cells and
animal tissue. It is also an encouraging starting point for the development of non-viral gene
vectors for gene therapy.
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3. Internalization mechanisms of GRTs
The preceding section provides examples of the wide range of GRTs that have been shown to
enter cells and in some cases animal tissue. As noted at the outset, given the structural variety
of GRTs and cargoes, the latter running from small molecule probes, metals, and drugs to
peptides, oligosaccharides, proteins and plasmid DNA, a universal GRT uptake mechanism is
unlikely. However, there are common aspects to many mechanistic possibilities and these
derive from the special properties of the guanidinium group. In this section some general
observations pertinent to the mechanism of cellular entry of GRTs and thus the design of new
GRTs are presented.

3.1. Association
The generally agreed upon first step of the translocation mechanism involving GRTs is the
association of the oligoguanidinium transporter with the membrane. Each positively-charged
guanidinium head group features a specialized, rigid planar array of hydrogen bond donors
that allows for highly effective bidentate hydrogen bond formation with negatively-charged
carboxylates, phosphates, and sulfates (Fig. 9). These negatively-charged functional groups
are subunits of many cell membrane constituents such as phospholipids, fatty acids, proteins,
and heparan sulfate proteoglycans (HSPGs). As charged (polar) groups they often extend
beyond the cell surface or membrane inner leaf into the surrounding polar milieu. Relative to
the single hydrogen bond that would be possible with the ammonium group in lysine, the
bidentate hydrogen bond network formed from guanidinium groups is stronger and thus
provides a structural rationalization for the differing abilities of oligolysines and oligoarginines
to associate with and cross cellular membranes [50]. The decreased translocation ability of
lysine and ornithine relative to arginine also supports the observation that, while charge is
necessary, it is not sufficient, as both the guanidinium and the ammonium group have a single
positive charge. Obviously, the degree of protonation of the systems under assay conditions is
another factor that could be of consequence as oligomers of the more basic guanidinium group
would be more protonated (have more cationic sites) relative to lysine analogs.

Combining the positive charge with a bidentate hydrogen bond donor results in a functional
moiety ideally poised to interact with the negatively charged cell surface constituents. The
driving force for this pairing is the associated decrease in free energy in going from solution
to the surface of a membrane. While a guanidinium group has no recognizable hydration shell
[51] and a very weak association with a counterion such as a phosphate group in an aqueous
environment (~ 0.2 kcal/mol) [52], as the guanidinium group approaches the surface of a lipid
bilayer and local polarity decreases, its association with a phosphate counterion increases
dramatically (~2.6 – 6.0 kcal/mol) [53]. This association is further strengthened as the complex
moves into the less polar membrane. The magnitude of this association is expected to increase
with guanidinium content. Indeed, arginine oligomers containing fewer than six amino acids
are relatively ineffective in entering cells, while oligomers of six or more arginine residues
enter readily. Maximal uptake is seen for an oligomer of 15 arginines [1]. The inefficient entry
of longer oligomers (>20 arginines) is also explained by this association as the increased
interaction resulting from additional guanidinium groups suppresses release of the oligomer
from the membrane.

To further explore the importance of this bidentate hydrogen bond, oligomers of arginine
containing monomethyl- and dimethylguanidinium head groups were synthesized and attached
to fluorescein [54]. A single methyl substitution on each guanidinium group of an oligomer
resulted in a compound with conserved charge but with a reduced ability to form a bidentate
hydrogen bond. This compound, when assayed for cellular uptake, is 80% less effective than
the unalkylated arginine oligomer. Furthermore, dimethylation of each guanidinium group
provides a compound unable to form a bidentate hydrogen bond. Significantly, the cellular
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translocation of this compound is reduced by greater than 95% (Fig. 10). In short, the decreased
ability of mono- and dimethylated oligomers of arginines to form hydrogen bonds correlates
with their decreased ability to enter cells, suggesting that hydrogen bond formation plays an
important role in the entry process.

Another parameter to consider in the association of a GRT with the membrane is the spatial
orientation of the guanidinium head groups. Due to electrostatic repulsion, there is a low
probability of having two adjacent anionic cell membrane constituents. Consequentially, an
improved association would be found in transporters with a similar spacing in their cationic
functionalities. Additionally, an increase in the flexibility of the scaffold presenting the
guanidiniums would increase the percentage of guanidiniums capable of interacting with
species of complementary charge on the surface of the cell. The hypothesis that increases in
guanidinium group spacing and flexibility would improve cell membrane association and
cellular uptake is supported by experiments using oligomers of arginine interdigitated with a
series of non α-amino acids of increasing length (glycine, β-alanine, 4-aminobutyric acid, 6-
aminohexanoic acid). For these systems, an increase in the spacing between arginine residues
results in a concomitant increase in cellular uptake, with a maximal level observed with 6-
aminohexanoic acid [23]. This increase in cellular uptake is also observed for oligocarbamate
transporters with increased spacing of the guanidinium-containing sidechains along the linear
backbone [3], as well as in peptoid transporters, where a lengthened spacing between the
guanidinium head group and the backbone results in an increase in uptake [1]. Dendrimer
transporters also exhibit this property: branches of increasing length and thus flexibility show
greater uptake [4].

The favorably aligned bidentate hydrogen bond between a guanidinium-containing transporter
and a carboxylate, sulfate, or phosphate on the surface of a cell and the electrostatic attraction
of such charged species is expected to produce an association between the transporter and the
lipid bilayer. This association strengthens with increasing numbers of and spacing (up to a
point) between guanidiniums. With a stronger association between a membrane and a
transporter, there is a greater chance of the transporter being internalized, whether through an
active or passive transport mechanism. At the same time, this association must be reversible
to allow release after uptake. In short, guanidinium groups are well-suited for adherence to cell
surfaces bearing negatively-charged groups. The association would allow for increased
residence time and therefore favor internalization. The association, while relatively strong,
must be reversible to allow for release after entry as discussed below.

3.2. Mechanisms of Uptake
CPPs, and more specifically GRTs, can enter cells through multiple mechanisms. Confocal
microscopy is often used to visualize their uptake. It has been proposed that the observed
punctate staining is due to endocytosis and that the diffuse cytosolic staining arises from
nonendosomal uptake. Other studies suggest that the diffuse cytosolic staining cannot be due
solely to escape from the endosomes as it occurs more quickly than the punctate endosomal
fluorescence [55]. Maiolo et al. reported that at 4 °C, while there is a significant decrease in
the amount of punctate staining of U2OS cells with fluoresceinated R7W, there is an increase
of diffuse cytosolic staining. They suggest that the lack of punctate staining indicates an
inhibition of endocytosis and that the diffuse cytosolic staining, not inhibited by the cold, is
due to a second, non-endocytotic mechanism at work [55]. They have also observed a different
degree of endosomal uptake in different cell types with some cell types displaying more diffuse
staining than others.

Though there are many possible mechanisms for GRT uptake, there is little doubt that
endocytosis is involved with several systems, as many have observed a decrease in cellular
uptake at 4 °C, a condition known to inhibit endocytosis. This has been observed with cargoes
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such as fluorescent tags [27,56,57,67], peptide cargoes [58], fusion proteins [59,60], DNA-Tat
complexes [61], gold particles, [62] liposomes [63] and FITC-avidin complexed CPPs [64],
though in the last case the authors state that Tat conjugates were less impacted by the low
temperature than the other CPPs studied. It has also been shown that chemical means to induce
energy depletion result in decreased uptake of CPPs [27,56,61,63,64,65,67], adding further
evidence that a significant portion of uptake could involve an energy-dependent mechanism.
This energy dependence appears to be cargo sensitive. Exemplifying this, in a comparison
between a DNA-Tat complex and a much smaller fluorescently labeled Tat conjugate, the Tat
complex exhibited an almost complete loss of uptake into cells pretreated with sodium azide
[61], while the smaller conjugate showed no such sensitivity. This will be more fully discussed
later in the review.

Within the large category of endocytosis there are several possible mechanisms of uptake (Fig.
11). The most studied form of endocytosis is clathrin-mediated endocytosis. Several authors
have proposed that this process is the primary mechanism of uptake of arginine-rich
transporters. It has been reported that in HeLa cells, labeled CPPs colocalize with transferrin
[27,65] a glycoprotein marker for endocytosis, while others have reported that fluorescently
labeled r8 conjugates [57,66] and fusion proteins [59,60] do not colocalize with transferrin.
Inhibition of endocytosis was also attempted with varying results. A Tat-avidin conjugate
shows only a modest decrease in uptake upon treatment with hyperosmolar medium, a
condition that was shown to decrease clathrin-dependent endocytosis. This led the authors to
suggest that other mechanisms might be at play [64]. Other authors report that treatment with
the endocytosis inhibitor chlorpromazine results in a 50% decrease of uptake of fluorescently-
tagged Tat, while a potassium-free buffer results in a 40% decrease in HeLa cells [67].

Other forms of endocytosis have also been implicated with a great deal of current interest being
directed toward macropinocytosis. Macropinocytosis is a type of endocytosis that is mediated
by lipid rafts and is clathrin-, caveolae-, and receptor-independent. The specific process
involves the enclosing of actin-containing membrane protrusions to form vesicles called
macropinosomes [68]. These vesicles can often be greater than 1 μm in size and it has been
suggested that they are leaky [69]. Specific monitoring of this endocytotic pathway can be
achieved by pretreatment with amiloride, an inhibitor of the Na+/H+ exchange that is required
in macropinocytosis [70]. Additionally, an F-actin elongation inhibitor, cytochalasin D, can
also be used [71]. A number of research groups have proposed macropinocytosis as the
mechanism of uptake for CPPs. Dowdy and coworkers have recently reported that both a Tat-
Cre fusion protein [58] and FITC-labeled Tat [72] enter cells through lipid raft-mediated
macropinocytosis, which is supported by the dose-dependent inhibition of uptake observed
when cells are pretreated with amiloride or cholesterol is removed with β-cyclodextrin.
However, cargo and cell type must be considered when examining mechanisms of uptake. For
example, Ferrari and coworkers observed uptake into 3T3 cells (in contrast to the HeLa and
CHO cells in Dowdy’s work) of a different Tat construct, a GST-Tat-GFP fusion protein,
through a caveolae-mediated pathway [60], observing colocalization with the caveolar
endocytosis marker, caveolin-1. In an excellent mechanistic study of fluorescently labeled
octaarginine, Futaki et al. observed a considerable role of macropinocytosis in peptide uptake
into HeLa cells, finding that both cytochalasin-D and the macropinocytosis inhibitor
ethylisopropylamiloride significantly suppress uptake of the peptide into HeLa cells [57].
Interestingly, in a more recent study, Futaki and Harashima discovered that when octaarginine-
modified liposomes containing a rhodamine dye are incubated with NIH3T3 cells, the
mechanism of uptake depends upon the density of the peptide on the surface of the liposome
[73]. The authors observed a shift from clathrin-mediated endocytosis to a macropinocytosis
uptake mechanism as the density of the octaarginine increased. In contrast to the
aforementioned groups, Shen et al. reported that the translocation of I125-labeled YGR9 in
HeLa cells is not inhibited by amiloride pre-treatment or incubation at 16 °C, which argues for
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an uptake mechanism distinct from macropinocytosis [74]. They support their claim with a
subcellular fractionation method they developed to separate the vesicular from the cytosolic
compartments [75]. Additionally, the authors found that coincubation with EGF, a known
stimulator of macropinocytosis, does not significantly increase the amount of oligoarginine
found in the cytosol.

In addition to macropinocytosis, other lipid raft-mediated forms of endocytosis have been
implicated, in particular caveolin-dependent endocytosis. Tat-GFP in HeLa [59] cells and in
CHO-K1 and HL3T1 cells [60] have been shown to colocalize with caveolin-1. Both Tat-
rhodamine [66] and Tat-GFP complexes [60] have also been shown to colocalize with cholera
toxin. Cholera toxin is known to proceed through a caveolin-dependent pathway [76]. β-
cyclodextrin, which is known to disrupt lipid rafts, has been reported to have differing effects
on uptake. FITC-avidin complexed with biotin-CPP exhibits only a 20% drop in uptake [64]
upon treatment with β-cyclodextrin, while the uptake of a Tat-GFP fusion peptide is shown to
be significantly inhibited by methyl β-cyclodextrin [59] as was a Tat-rhodamine compound
whose uptake is substantially reduced in HeLa cells [66]. Also, nystatin, a compound known
to inhibit caveolae formation, only decreased the amount of uptake in some cell lines (CHO1)
and not others (BGM) and only for some cargoes such as a large DNA-Tat complex and not
for fluorescently labeled Tat alone, suggesting that not only is caveolae-mediated uptake cell
dependent, but also cargo dependent [61]. Other authors have found that nystatin and filipin
III have little impact on the uptake of fluorescently labeled Tat into HeLa cells or CHO cells
[67]. Some have proposed that whether a specific conjugate is taken up by clathrin or caveolae
endocytosis is highly dependent on cargo and cell type. Indeed, a clathrin-mediated endocytosis
mechanism predominates with fluorescent beads less than 200 nm in diameter, but as the size
of the beads increases the mode of uptake becomes increasingly caveolae-mediated. For beads
of 500 nm in diameter, the caveolae pathway dominates uptake [77].

Another type of mechanism that has been proposed for cellular entry is non-endocytotic, direct
diffusion through the membrane. The uptake of a charged (polar) species into a highly lipophilic
(non-polar) environment such as a membrane would seem to oppose dogma. However, natural
examples of such a process do exist as demonstrated in the groundbreaking research by
MacKinnon on potassium ion channels, in which four highly conserved arginine residues in
the channel’s voltage sensor are shown to move into the lipid environment of the membrane
[84,85]. Numerous models for understanding how direct diffusion of GRTs could occur have
been suggested. Derossi et al. proposed an inverted micelle model where positively-charged
peptides interact with negatively-charged membrane constituents to form an inverted micelle
structure which can open on the inside or outside of the cell [86]. A carpet model, in which
aggregates of peptides coat the cell surface and disrupt its structure, has also been proposed
[87]. While pore formation in the membrane is also possible, this mechanism can be ruled out
by testing for membrane leakage of lactate dehydrogenase or propidium iodide staining [88].
Our group has proposed a mechanism of uptake called adaptive translocation, which involves
the recruitment of negatively-charged cell surface constituents by the positively-charged GRT
peptide as the latter contacts a cell surface, transiently forming an ion pair complex with
attenuated polarity that is able to adaptively diffuse into the membrane and subsequently into
the cell (Fig. 12) [54]. This mechanism is supported by a simple water-octanol partitioning
experiment in which it is shown quantifiably that highly water-soluble arginine oligomers
partition into the non-polar membrane surrogate phase (octanol) upon addition of sodium
laurate, a surrogate of a membrane constituent. Solubilization is readily quantified by phase
separation and weighing of the dissolved residue. Remarkably, the once water soluble (>95%)
GRT becomes membrane soluble (>95%) by forming a complex with membrane constituents.
This does not require micelles or vesicles, as only 1.2 laurate counterions are needed on average
per guanidinium group.
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The driving force for the passage of this ion pair complex across the cell membrane is proposed
to be the membrane potential. Since this potential favors the movement of positively-charged
species into a cell, if the ion pair complex formed from the polyguanidinium transporter retains
any time-averaged cationic character its passage across the membrane would be favorable.
Since the ability of a cell to maintain a membrane potential is dependent on ATP, this
mechanism is consistent with studies that show an energy dependence on cellular uptake. To
probe this mechanism, it was shown that the cellular uptake of Fl-r8 was reduced by more than
90% by eliminating the membrane potential with an extracellular buffer containing a
concentration of potassium ion equivalent to that found intracellularly. Additionally, varying
the membrane potential by the use of potassium ion buffers with different concentrations results
in differing amounts of cellular uptake. Notably, cellular uptake possessed a linear relationship
with the potassium Nernst potential calculated based on the extracellular potassium ion
concentration. Finally, treatment of cells with gramicidin A, known to reduce the membrane
potential through its pore-forming activity, reduces cellular uptake of guanidinium-based
transporters by greater than 90%. Conversely, hyperpolarizing the cells with valinomycin, a
peptide that selectively shuttles potassium into the cell, significantly increases cellular uptake.

These mechanistic explanations for direct penetration arose from the observation by many
groups that uptake of the CPPs was not significantly reduced either by incubation at 4 °C or
in the presence of metabolic inhibitors, both of which suggest a non-endocytotic mechanism
[1,50,55,86,89,90,91,92,93]. This low temperature, non-endocytotic pathway has been
demonstrated with multiple peptides, including truncated Tat peptide sequences [89], HIV-1
Tat [90,91,92], octaarginine [1,50,90], R7W [55], and Tat-decorated liposomes [93]. It has
been reported, however, that cell fixation leads to artifacts in both uptake and intracellular
distribution of peptides [27,94], leading some researchers to propose that the observed results
need to be reevaluated and endocytosis is the actual uptake pathway. It should be noted,
however, that a number of groups have reported non-endocytotic uptake with live (unfixed)
cells [1,50,55,91,95]. Thoren et al. studied the uptake of fluorescent analogs of Tat(48–60) and
heptaarginine in live PC-12 cells, reporting that R7W is efficiently internalized at both 37 °C
and 4°C [91]. Additionally, the authors note that depletion of ATP with rotenone and 2-deoxy-
D-glucose inhibited entry of FM 4–64 (a commercial marker of endocytosis), but not the uptake
of R7W. Rothbard et al. reported that Fl-R7 uptake into Jurkat cells is inhibited by pre-
incubation with sodium azide, but rapid and efficient uptake at 3 °C along with the absence of
fluorescence in endocytotic vesicles provided support for a mechanism distinct from
endocytosis [50]. Representative of how the various pathways are not mutually exclusive, a
study by Jones et al. with fluorescently tagged R8 in KG1a cells reported staining in both
endocytotic vesicles and the cytoplasm at intermediate temperatures (12–30 °C), supporting
the idea that multiple pathways of uptake for a given GRT can occur simultaneously [95].

As has already been alluded to above, uptake of a given GRT is dependent on a variety of
factors, all of which could influence and direct the uptake towards a certain pathway. This
interplay of conditions should be considered when attributing a mechanism to a given CPP.
The size of the cargo attached to the transporter is one factor that affects the mechanism. It has
been shown that complexes or fusions of Tat with large 20 nm quantum dots or proteins (>50
amino acids) enter cells primarily through an endocytotic, vesicle-associated pathway whereas
a small peptide (<50 amino acids) cargo can transduce cells through an additional, non-
endocytotic pathway [15]. Another study has shown that fluorescently labeled, unconjugated
R7 and R7W are taken up efficiently by A431 and U2OS cells, with both diffuse and vesicular
staining observed; however, conjugating negatively-charged amino acid sequences to the
GRTs dramatically reduces uptake and the little staining observed is solely vesicular [55]. A
temperature dependence on the mechanism of uptake has also been demonstrated. While some
studies have shown inhibition of uptake at 4 °C, others have proposed a temperature-
independent mechanism for GRT translocation. A combination of the two has also been
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reported in a study of the uptake of Alexa488-R8 (both L and D stereoisomers) into KG1a cells.
At temperatures between 4 and 12 °C, fluorescence is observed in both the cytoplasm and the
nucleus. At 12–30 °C, however, additional labeling is observed in endocytotic vesicles. Finally,
when the cells are warmed to 37 °C fluorescence is observed solely in vesicles [95]. GRTs
have also been shown to enter one cell type selectively over others. In a study involving both
ex vivo and in vivo applications, a modified Tat peptide conjugated to Alexa594 is taken up by
renal ganglion cells and a subset of inner nuclear layer cells of the retina, but no fluorescence
is observed in any outer retina cells [96]. As further evidence that not all cell types are
equivalent, one research group observed different amounts of uptake for biotinylated R9 in
glycosaminoglycan-deficient CHO cells and in wild-type cells [11]. Furthermore, in contrast
to the R9 case, internalization of a guanidinylated aminoglycoside is inhibited in the former
cell type as compared to the normal uptake in cells containing glycosaminoglycans. Yet another
factor to consider when examining the uptake of charged GRTs involves the associated
counterions. In the absence of the aromatic counteranion pyrenebutyrate, Alexa488-R8 is
internalized into HeLa cells primarily by endocytosis; however, preincubation with
pyrenebutyrate provides rapid, diffuse cytosolic labeling, arguing for direct membrane
translocation of the peptide [97]. These examples call attention to only a few of the many factors
that can affect the contribution of a given internalization pathway to the overall uptake of a
GRT.

Elucidating the mechanism of uptake is of more than just scholarly importance. The mechanism
of uptake impacts intracellular trafficking, which in turn determines how quickly a cargo is
either degraded or delivered to various organelles. These various fates will have a large impact
on the therapeutic efficiency of the cargo. Fischer et al. have demonstrated colocalization of a
fluoresceinated Tat with BODIPY, a Golgi tracer, and failed to see any colocalization with
Lysotracker [98], a lysosome tracer. Fretz et al. have observed colocalization with Lysotracker
in the case of a Tat-modified liposome [63]. Fuchs et al. have also observed colocalization of
fluoresceinated R9 with FM 1–43, a marker for endocytotic vesicles, in CHO cells [100].
Geisler and Chmielewski have also reported colocalization of an arginine-rich CPP with
Lysotracker in MCF-7 cells, though they do report extensive cytosolic staining that does not
colocalize with the lysosomes, suggesting either endosomal escape or a different mode of
uptake [99]. Al-Taei et al. found that disruption of the Golgi in K562 with brefeldin A resulted
in no difference in staining with fluorescently labeled Tat [90]. However, the authors performed
a dextran pulse-chase experiment and observed colocalization of Tat and R8 with dextran,
suggesting that both peptides are trafficked to lysosomes. Still others have observed no
colocalization of a Tat-GFP fusion protein with Lysotracker or with early endosome antigen-1
in HeLa cells but it does colocalize with caveolae-associated markers [59]. These studies
suggest that not only mechanism, but also trafficking, is cargo- and cell type-dependent.

In the cases where endosomal uptake predominates, in order for the cargo to be therapeutically
active, it is necessary for the GRT conjugate to escape the endosomes. Attempts have been
made to study endosomal release by inhibiting it. Potocky et al. demonstrated that if HeLa cells
are incubated with NH4Cl little to no fluorescence is observed in the cytoplasm compared to
untreated cells, suggesting that acidification of the endosomes is necessary for escape [65].
They also found that at low concentrations (1.5 μM) Fl-Tat has mainly vesicular staining while
at higher concentration (7 μM) cytosolic staining is observed, which they propose is due to a
concentration dependence of endosomal escape. Fuchs et al. have also suggested that there is
a concentration dependence on endosomal escape, observing that fluorescently labeled R9-
induced leakage from vesicles occurs only at high concentration [100]. Some have built
endosomal escape into their conjugates. Dowdy et al. reported that treatment with a Tat
fusogenic peptide to facilitate escape from the endosomes increases the amount of
recombination with a Tat-Cre fusion protein in NIH3T3 cells [58]. Still others have found if
they treat cells with a soluble photosensitizer that creates reactive oxygen species a significant
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increase in endosomal release of various GRTs is observed. They found in the case of Tat a
greater than 75-fold increase in escape when the cells are treated with the photosensitizer and
light [101]. Once endosomal escape has been achieved in many cases it is still necessary to
release the cargo from the transporter. This has been achieved, through a variety of mechanisms
including disulfide reduction that selectively releases the cargo inside of the cell [102].

As described in the example above, for many conjugates it is necessary to release the drug/
probe cargo from the transporter after uptake to achieve the activity of the free cargo. Recently,
we have also reported an imaging method that provides, for the first time, quantification of
transporter-conjugate uptake and cargo release in real-time in both cells and animal models
[103]. This method uses luciferase-transfected cells and transgenic (luciferase) reporter mice
and whole-body imaging, allowing non-invasive quantification of transporter-conjugate
uptake and probe (luciferin) release in real-time. This process also effectively emulates drug-
conjugate delivery, drug release, and drug turnover by an intracellular target, providing a facile
method to evaluate comparative uptake of new transporters and efficacy and selectivity of
linker release as required for fundamental studies and therapeutic applications. In our study
we selected a disulfide linker because its cleavage would occur only after cell entry upon
encountering a high glutathione concentration (15 mM inside vs. 15 μM outside [104]) (Fig.
13). The resultant thiol would then undergo cyclization, releasing free luciferin which would
be converted by luciferase to oxyluciferin and a photon of light [105]. Because luciferin
derivatives alkylated on the phenolic oxygen do not generate light [106], only free luciferin is
measured. Importantly, the signal-to-noise ratios are excellent relative to fluorescence because
there is essentially no background tissue luminescence. The approach is readily applied to cells
and to live animals [107]. This new procedure allows one to quantitatively compare the
performance of different transporters for a constant linker design or different linkers and their
release kinetics for a given transporter system. Because signal arises only when free drug
surrogate is turned over by its intracellular target (luciferase), it is a true measure of effective
cargo delivered.

3.3. Tissue Uptake
As seen in the preceding paragraphs, cells and even artificial membranes provide a variety of
intriguing, though sometimes conflicting, mechanistic insights regarding the uptake of cell-
penetrating peptides and their conjugates. In addition to all of the variables previously discussed
affecting uptake, the mechanism of uptake and its relevancy certainly vary with the complexity
of the overall system, ranging from artificial membranes to cells to tissue. While most uptake
studies have focused on cell entry, the ability of GRTs to enter tissue is of critical importance,
and is required for the advancement of this class of molecular transporters toward therapeutic
applications. Research into the tissue distribution of cell-penetrating peptides has yielded
promising results. Intravenous injection of the Tat peptide labeled with 99mTc-tricarbonyl and
fluorescein showed high levels of uptake in the kidney and liver, followed closely by bone and
muscle tissue [108]. These data were supported by studies of Tat conjugated to the
proteinaceous Fab fragment. The 125I-labeled Fab fragment showed high concentrations in the
liver as well as the spleen [109]. Further studies with oligoarginine transporters demonstrated
penetration into endothelial and smooth muscle cells when injected intravenously [110].

To investigate the potential of utilizing polyguanidinium transporters to enhance oral
bioavailability, the small and large intestines of mice were injected with solutions of
biotinylated oligoarginine. While the small intestine showed low levels of uptake, the large
intestine showed high concentrations, and in some cases, penetration across the entire thickness
of the sectioned tissue. Similar studies showed that uptake was significant in both the tongue
and cheek [110].
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GRTs have been shown to penetrate many types of tissue, calling attention then to whether
tissue entry could be selective. One strategy to achieve selectivity is the use of local
administration. This has potentially wide application as lung, buccal, ocular, skin and many
other sites are readily reached by direct administration of a drug. GRTs show uptake in lung
tissue when inhaled, as well as penetration of both the epidermal and dermal layers when
applied topically. In addition to local delivery, a targeted delivery system can also be utilized
to achieve specificity. This approach has been demonstrated by using a prodrug strategy in
which a transporter is transiently disabled by intramolecular interaction with a polycarboxylate
connected to the transporter through a peptide link. The peptide is selected as a substrate for
an extracellular protease that is localized in target tissue. Upon encounter with the protease,
the peptide linker is cleaved, thereby activating the transporter and allowing its entry into
surrounding tissue. This tissue-specific cleavage then promotes dissociation of the transporter
from its suppressing domain and subsequently the active transporter translocates the nearby
tissue [16,17]. This concept has potentially wide application for targeted therapy.

4. Conclusion
The ability of a drug or probe to cross a biological barrier has historically been viewed to be a
function of its intrinsic physical properties. This view has largely restricted drug design and
selection to agents within a narrow log P range. Molecular transporters offer a strategy to
circumvent these restrictions. In the case of guanidinium-rich transporters, a typically highly
water-soluble conjugate is found to readily pass through the non-polar membrane of a cell and
for some across the stratum corneum barrier of the skin and barriers of other tissue. This activity
opens a field of opportunities for the use of GRTs to enable delivery of polar and non-polar
agents as well as to enhance uptake of those of intermediate polarity. The penetration of GRTs
has been found to be quite general, working effectively for a variety of cells. Impressive work
has been reported on mechanisms of GRT uptake, collectively suggesting, not surprisingly for
systems whose function is a consequence of numerous variables, that multiple mechanisms
might be involved. For a given system, a single mechanism might operate but it is unlikely that
a single mechanism will be universal. Evidence has also been presented for the concurrent
operation of more than one mechanism of entry. Much noteworthy work has been done with
cells while less attention has been directed to tissue uptake, a subject of critical importance for
therapeutic applications. This direction is increasingly important as molecular transporters not
only allow one to utilize new cargoes, including biologicals (e.g., proteins, nucleic acids, etc.),
they also provide a means to control formulation, change distribution, alter metabolism,
circumvent side effects, suppress pathways that might compromise the efficacy of a drug, and
achieve targeted therapy. While some GRTs have been advanced into clinical trials, further
research is critically important to the realization of the enormous potential of molecular
transporters in both fundamental research and human therapy.
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Fig. 1.
Structure-function studies with fluorescently labeled peptides inspired by Tat49–57
(counterions not specified).
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Fig. 2.
Representative linear GRTs (counterions not specified).
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Fig. 3.
Representative dendrimeric and branched GRTs (counterions not specified).
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Fig. 4.
Representative GRTs based on carbohydrate scaffolds.
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Fig. 5.
Representative GRTs based on inositol dimer scaffolds.
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Fig. 6.
Representative GRTs based on sorbitol scaffolds.
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Fig. 7.
GRTs based on a polyproline helix and other scaffolds (counterions not specified).
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Fig. 8.
Representative guanidine-based peptide nucleic acids (B = nucleobase, counterions not
specified).
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Fig. 9.
Representative associations of a polycationic guanidinium transporter with anionic cell
membrane constituents.
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Fig. 10.
The effect of mono and dimethylation of the guanidinium group on cellular uptake.
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Fig. 11.
Proposed endocytotic mechanisms of uptake, from left to right: clathrin-mediated endocytosis,
caveolin-mediated endocytosis, macropinocytosis.
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Fig. 12.
Adaptive translocation mechanism of uptake and octanol-water partitioning.

Wender et al. Page 36

Adv Drug Deliv Rev. Author manuscript; available in PMC 2009 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 13.
Scheme for the measurement of the uptake of GRTs and the intracellular release of their cargo.

Wender et al. Page 37

Adv Drug Deliv Rev. Author manuscript; available in PMC 2009 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Wender et al. Page 38
Ta

bl
e 

1
St

ud
ie

s o
n 

th
e 

m
ec

ha
ni

sm
 o

f G
R

T 
up

ta
ke

.
C

el
l L

in
e

G
R

T
C

ar
go

Pr
op

os
ed

 M
ec

ha
ni

sm
Fa

ct
or

s s
tu

di
ed

R
ef

H
eL

a
Ta

t p
ep

tid
e

Fl
En

do
cy

to
si

s
N

H
4C

l, 
co

lo
ca

liz
e 

w
ith

 tr
an

sf
er

rin
,

so
di

um
 a

zi
de

, c
on

ce
nt

ra
tio

n
de

pe
nd

en
ce

[6
5]

K
56

2
R

G
G

R
LA

Y
LR

R
R

 W
A

V
LG

R
TA

M
R

A
En

do
cy

to
si

s
4 

°C
, s

od
iu

m
 a

zi
de

, N
H

4C
l,

cy
to

ch
al

as
in

 D
[5

6]

H
eL

a,
 C

H
O

Ta
t p

ep
tid

e
A

le
xa

 4
88

En
do

cy
to

si
s

4 
°C

, s
od

iu
m

 a
zi

de
, c

ol
oc

al
iz

e 
w

ith
tra

ns
fe

rr
in

[2
7]

Ju
rk

at
Ta

t p
ro

te
in

12
5 I

C
la

th
rin

 e
nd

oc
yt

os
is

C
hl

or
pr

om
az

in
e,

 w
or

tm
an

ni
n,

no
co

da
zo

le
, c

ol
oc

al
iz

e 
w

ith
tra

ns
fe

rr
in

[7
8]

H
eL

a
Ta

t p
ep

tid
e

Fl
-a

vi
di

n
Li

pi
d 

ra
ft 

en
do

cy
to

si
s

4 
°C

, s
er

um
, h

yp
er

os
m

ol
ar

 m
ed

iu
m

,
so

di
um

 a
zi

de
, β

-C
D

[6
4]

M
C

57
, H

eL
a

Ta
t, 

R
9

Fl
En

do
cy

to
si

s
C

ol
oc

al
iz

e 
w

ith
 B

O
D

IP
Y

,
w

or
tm

an
ni

n,
 b

al
fil

om
yc

in
 A

1,
ch

lo
ro

qu
in

e,
 ly

so
tra

ck
er

[9
8]

C
H

O
-K

1
R

9
TA

M
R

A
En

do
cy

to
si

s
H

ep
ar

in
, c

on
ce

nt
ra

tio
n,

 c
ol

oc
al

iz
e

w
ith

 F
M

 1
–4

3
[1

00
]

H
eL

a,
 N

IH
3T

3,
 H

ep
G

2
Ta

t p
ep

tid
e

G
ol

d 
na

no
pa

rti
cl

e
En

do
cy

to
si

s
4 

°C
[6

2]
H

U
V

EC
, C

H
O

-K
1,

 p
gs

A
-7

45
Ta

t p
ep

tid
e

Fl
, A

le
xa

 F
l

C
la

th
rin

 e
nd

oc
yt

os
is

4 
°C

, n
o 

he
pa

ra
n,

 n
ys

ta
tin

,
ch

lo
ro

pr
om

az
in

e,
 K

+  fr
ee

, f
ili

pi
n 

II
I,

so
di

um
 a

zi
de

[6
7]

U
2O

S,
 A

43
1

R
7,

 R
7W

Fl
En

do
cy

to
si

s a
nd

 o
th

er
4 

°C
[5

5]
H

ep
G

2,
 C

H
O

1
Ta

t
Fl

, D
N

A
En

do
cy

to
si

s a
nd

 o
th

er
So

di
um

 a
zi

de
, 4

 °C
, C

a2+
, B

SA
,

ny
st

at
in

[6
1]

O
V

C
A

R
-3

Ta
t

lip
os

om
es

En
do

cy
to

si
s

C
ol

oc
al

iz
e 

w
ith

 d
ex

tra
n,

Ly
so

tra
ck

er
, 4

 °C
, c

yt
oc

ha
la

si
n 

D
io

do
ac

et
am

id
e,

 h
ep

ar
in

[6
3]

K
G

1a
, K

56
2

Ta
t, 

R
8

A
le

xa
En

do
cy

to
si

s
C

ol
oc

al
iz

e 
w

ith
 tr

an
sf

er
rin

 a
nd

de
xt

ra
n,

 w
or

tm
an

ni
n,

 4
 °C

,
no

co
da

zo
le

, B
re

fe
ld

in
 A

, a
m

ilo
rid

e,
cy

to
ch

al
as

in
 D

[9
0]

C
H

O
Ta

t, 
R

8
G

FP
En

do
cy

to
si

s
H

ep
ar

in
, 4

 °C
[7

9]
H

eL
a,

 B
16

F1
, C

H
O

 K
1,

pr
ot

eo
gl

yc
an

 -d
ef

ic
ie

nt
 C

H
O

Ta
t

B
io

tin
, l

ip
os

om
es

En
do

cy
to

si
s

0 
°C

, T
R

IT
C

-d
ex

tra
n,

 c
ol

oc
al

iz
e

w
ith

 tr
an

sf
er

rin
, h

ep
ar

in
, d

ex
tra

n
su

lfa
te

, o
th

er
 g

ly
co

sa
m

in
og

ly
ca

ns

[8
0]

H
eL

a
Ta

t(4
8–

60
), 

ol
ig

oa
rg

in
in

e
Fl

-P
ep

tid
e 

nu
cl

ei
c 

ac
id

s
En

do
cy

to
si

s
C

a2+
, c

ol
oc

al
iz

e 
w

ith
 tr

an
sf

er
rin

,
ch

lo
ro

qu
in

e,
 d

ex
tra

n
[8

1]

Sk
in

 fi
br

ob
la

st
s, 

R
B

L-
2H

3
Ta

t
Li

po
ph

ili
c 

ca
tio

n,
 O

re
go

n
gr

ee
n

En
do

cy
to

si
s

M
ito

Tr
ac

ke
r, 

co
lo

ca
liz

e 
w

ith
tra

ns
fe

rr
in

, c
on

ce
nt

ra
tio

n
[8

2]

K
G

1a
R

8,
 r8

A
le

xa
En

do
cy

to
si

s a
nd

 d
ire

ct
tra

ns
lo

ca
tio

n
4 

°C
, c

on
ce

nt
ra

tio
n,

 β
-C

D
[9

5]

H
L3

T1
, C

H
O

-K
1

Ta
t

G
FP

C
av

eo
la

e 
en

do
cy

to
si

s
4 

°C
, c

ol
oc

al
iz

e 
w

ith
 tr

an
sf

er
rin

,
ca

ve
ol

in
-1

, c
ho

le
ra

 to
xi

n,
cy

to
ch

al
as

in
 D

, n
oc

od
az

ol
e

[6
0]

H
eL

a,
 Ju

rk
at

, H
L3

T1
Ta

t
G

FP
C

av
eo

la
e 

en
do

cy
to

si
s

C
ol

oc
al

iz
e 

w
ith

 tr
an

sf
er

rin
,

Ly
so

tra
ck

er
, c

ho
le

ra
 to

xi
n,

 β
-C

D
, 4

°C
, b

re
fe

ld
in

, c
yt

oc
ha

la
si

n 
D

,
no

co
da

zo
le

, t
ax

ol

[5
9]

H
eL

a,
 C

H
O

, A
54

9
Ta

t, 
po

ly
ar

g.
R

ho
da

m
in

e,
 1

1 
aa

’s
C

av
eo

la
e 

en
do

cy
to

si
s

β-
C

D
, c

ol
oc

al
iz

e 
w

ith
 c

ho
le

ra
 to

xi
n,

tra
ns

fe
rr

in
[6

6]

C
O

S-
7,

 N
am

al
w

a
Ta

t, 
Y

G
R

K
A

R
R

Q
R

R
R

,
Y

G
R

K
A

R
R

Q
A

R
R

,
Y

G
K

K
K

K
K

Q
K

K
K

Fl
Li

pi
d-

ra
ft 

m
ac

ro
pi

no
cy

to
si

s
4 

°C
, h

ep
ar

in
, β

-C
D

, c
yt

oc
ha

la
si

n 
D

,
EI

PA
, c

ol
oc

al
iz

e 
w

ith
 d

ex
tra

n
[7

2]

Adv Drug Deliv Rev. Author manuscript; available in PMC 2009 March 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Wender et al. Page 39
C

el
l L

in
e

G
R

T
C

ar
go

Pr
op

os
ed

 M
ec

ha
ni

sm
Fa

ct
or

s s
tu

di
ed

R
ef

N
IH

3T
3

R
8-

m
od

ifi
ed

 li
po

so
m

es
R

ho
da

m
in

e,
 F

l-D
N

A
C

la
th

rin
 e

nd
oc

yt
os

is
 a

nd
m

ac
ro

pi
no

cy
to

si
s

H
ep

ar
in

, s
od

iu
m

 a
zi

de
, s

od
iu

m
flu

or
id

e,
 a

nt
im

yc
in

 A
, h

yp
er

to
ni

c
m

ed
iu

m
, a

m
ilo

rid
e,

 fi
lip

in
,

cy
to

ch
al

as
in

 D
, n

ys
ta

tin
, c

ol
oc

al
iz

e
w

ith
 tr

an
sf

er
rin

, n
eu

tra
l d

ex
tra

n,
 a

nd
B

O
D

IP
Y

-L
ac

C
er

, L
ys

oS
en

so
r

[7
3]

H
eL

a,
 C

O
S-

 7
, R

A
W

26
4.

7
Ta

t(4
8–

60
), 

R
8, 

R
16

Fl
, R

ho
da

m
in

e
M

ul
tip

le
 e

ne
rg

y-
 in

de
pe

nd
en

t
pa

th
w

ay
s

C
on

ce
nt

ra
tio

n,
 c

ol
ch

ic
in

e,
 ta

xo
l,

no
co

da
zo

le
, c

yt
oc

ha
la

si
n 

D
,

br
ef

el
di

n 
A

, w
or

tm
an

ni
n,

ch
lo

ro
qu

in
e,

 so
di

um
 az

id
e,

 ro
te

no
ne

,
ny

st
at

in
, L

D
H

 a
ss

ay
, h

ep
ar

in
,

ch
on

dr
oi

tin
 su

lfa
te

, h
ep

ar
in

as
e 

II
I

[8
8]

H
eL

a
R

8, 
r 8

, R
4, 

R
16

Te
xa

s r
ed

, F
l

M
ac

ro
pi

no
cy

to
si

s a
nd

 o
th

er
s

4 
°C

, c
ol

oc
al

iz
e 

w
ith

 tr
an

sf
er

rin
,

M
ito

Tr
ac

ke
r, 

EI
PA

, p
ha

llo
id

in
-

TR
IT

C
, c

yt
oc

ha
la

si
n 

D
, n

oc
od

az
ol

e

[5
7]

V
79

 a
nd

 P
C

- 1
2

R
7W

, T
at

P5
9W

, T
at

Ly
sP

59
W

Fl
En

er
gy

-in
de

p,
 n

on
- e

nd
oc

yt
ot

ic
FM

 4
–6

4,
 c

on
ce

nt
ra

tio
n,

 4
 °C

,
ro

te
no

ne
[9

1]

B
T2

0,
 L

LC
, H

9C
2

Ta
t

lip
os

om
es

R
ev

er
se

 m
ic

el
le

s, 
en

er
gy

-in
de

p
4 

°C
, s

od
iu

m
 a

zi
de

, i
od

oa
ce

ta
m

id
e,

FI
TC

-d
ex

tra
n

[9
3]

H
eL

a
R

9
12

5 I-
Ty

r
N

ot
 m

ac
ro

pi
no

cy
to

si
s

EG
F,

 1
6 

°C
, a

m
ilo

rid
e,

 F
IT

C
-

de
xt

ra
n

[7
4]

EG
FP

 re
po

rte
r T

 c
el

ls
Ta

t
C

re
- A

le
xa

48
8

Li
pi

d 
ra

ft 
m

ac
ro

pi
no

cy
to

si
s

β-
C

D
, n

ys
ta

tin
, c

av
oe

lin
-1

,
dy

na
m

in
, a

m
ilo

rid
e,

 c
yt

oc
ha

la
si

n 
D

,
ch

lo
ro

qu
in

e,
 H

A
2 

pe
pt

id
e

[5
8]

H
eL

a,
 C

H
O

, p
ro

te
og

ly
ca

n 
-

de
fic

ie
nt

 C
H

O
Ta

t
Fl

, R
ho

da
m

in
e,

 G
FP

Pe
pt

id
e:

 n
on

- e
nd

oc
yt

os
is

, H
S-

in
de

pe
nd

en
t

Pr
ot

ei
n:

 e
ne

rg
y-

 a
nd

 H
S-

de
pe

nd
en

t

Pr
ot

eo
gl

yc
an

-d
ef

ic
ie

nt
 c

el
ls

,
co

nc
en

tra
tio

n,
 4

 °C
, h

ep
ar

in
as

e 
II

I
[9

2]

C
2C

12
, N

IH
3T

3 
re

po
rte

r
Ta

t
Fl

- o
r T

A
M

R
A

- l
ab

el
ed

pe
pt

id
es

 a
nd

 p
ro

te
in

s
Pe

pt
id

es
: d

ire
ct

 tr
an

sl
oc

at
io

n
Pr

ot
ei

ns
: E

nd
oc

yt
os

is
C

on
ce

nt
ra

tio
n,

 H
A

2 
pe

pt
id

e,
cy

to
ch

al
as

in
 D

, s
od

iu
m

 a
zi

de
, h

ig
h

K
+

[1
5]

H
eL

a
R

8, 
Ta

t
A

le
xa

48
8

D
ire

ct
 tr

an
sl

oc
at

io
n

Py
re

ne
bu

ty
ra

te
 c

ou
nt

er
an

io
n,

co
nc

en
tra

tio
n,

 L
D

H
 a

ss
ay

, 4
 °C

[9
7]

Ju
rk

at
D

- a
nd

 L
-A

rg
 h

om
op

ol
ym

er
s

Fl
A

da
pt

iv
e 

tra
ns

lo
ca

tio
n

So
di

um
 a

zi
de

, n
o 

se
ru

m
,

co
nc

en
tra

tio
n,

 3
 °C

[5
0]

Ju
rk

at
R

8, 
Ta

t(4
9–

57
)

Fl
A

da
pt

iv
e 

tra
ns

lo
ca

tio
n

H
ig

h 
K

+ , g
ra

m
ic

id
in

 A
, v

al
in

om
yc

in
[5

4]
C

H
O

R
9

12
5 I-

Ty
r

D
ire

ct
 tr

an
sl

oc
at

io
n

4 
°C

, 1
6 

°C
, F

IT
C

-d
ex

tra
n,

 N
H

4C
l,

hy
pe

rto
ni

c 
m

ed
iu

m
, f

ili
pi

n,
co

lo
ca

liz
e 

w
ith

 tr
an

sf
er

rin
 o

r
B

O
D

IP
Y

- l
ac

to
sy

lc
er

am
id

e,
am

ilo
rid

e

[8
3]

Adv Drug Deliv Rev. Author manuscript; available in PMC 2009 March 1.


