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Preface

In the late 1980s and early 1990s, it became evident that the old dogma concerning the 
permeability properties of the cell membrane to proteins and peptides was not valid in 
several new and important cases. First, in 1988, two independent research groups dem-
onstrated the shuttling properties for an HIV tat trans-activator protein (1, 2). Secondly, 
in 1991, the group of Alain Prochiantz reported (3) on cellular internalization of the 
homeodomain of Antennapedia (a Drosophila homeoprotein), followed in 1994 by the 
discovery of a short peptide, pAntp(43–58) or penetratin, which was necessary and suf-
ficient for this translocation (4). Today, hundreds of such short peptides are known, and 
they are defined as cell-penetrating peptides (CPPs) (5) though a few research groups 
call them as protein transduction domains (PTDs, reflecting their protein origin some-
times), Trojan peptides, model amphipathic peptides (MAPs), or membrane translocating 
sequences (MTS).

In general, CPPs are still difficult to define exactly due to some uncertainties in charac-
terizing their translocating mechanisms. However, today’s understanding is that CPPs are 
relatively short peptides, 5–40 aa, with the ability to gain access to the cell interior by means 
of different mechanisms, mainly including endocytosis, and with the capacity to promote the 
intracellular delivery of covalently or noncovalently conjugated bioactive cargoes (6).

This handbook is divided into five parts, summarizing the most important areas of 
CPP research. Introductory Part I briefly presents the historical background of CPP studies, 
the classifications of the available CPPs, and summarizes the possibilities to predict them. 
An overview of penetratin studies is also included due to the importance of this CPP for 
the whole field.

Since this handbook is mainly the update of existing CPP methods, in the situation 
where the mechanisms of CPP uptake are still not totally clarified, the Part II deals with the 
methods for testing CPP mechanisms. The structure of CPPs and their interactions with 
phospholipid membranes are important factors in their functioning and, hence, the meth-
ods to study these are an essential part of this handbook. Manipulations of the kinetics and 
thermodynamics of CPP uptake are one set of important tools to study CPP mechanisms. 
Approaches for the testing of endocytotic pathways of CPP uptake are also described, 
among these fluorescent and electron microscopy together with functional splice correc-
tion assay and toxicity methods. Different CPP uptake experiments are compared and it is 
becoming clear that it is often best to apply several methods in a complementary manner 
in order to most comprehensively evaluate CPP uptake mechanisms due to the complexity 
of these processes.

Part III presents a representative and brief summary of methods that attempt to use 
the unique properties of CPPs to study biochemical intracellular mechanisms of inter-
action and signal transduction. Of special interest is the mimicry of proteins by short 
peptides in their sequences. Several examples of such protein mimicry are available and 
the methods for these are presented here, starting with an overview chapter of the field. 
I believe that this is one of the most exciting CPP applications, possibly becoming an 
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important therapeutic approach for interfering with intracellular protein–protein inter-
actions. This goal is certainly achievable only when we will learn to unite the CPP and 
protein mimicking properties of these peptides. I hope the selected chapters will serve to 
stimulate work toward this goal.

Part IV summarizes the quickly growing field that applies CPPs to improve the deliv-
ery of the oligonucleotides involved in gene modulation, particularly for gene silencing by 
antisense or siRNA oligonucleotides. The application of splice correcting oligonucleotides 
is the modern antisense strategy where several different chemically modified oligonucle-
otides serve as efficient splice redirectors. It is hoped that this approach may lead to novel 
gene therapies, I am especially pleased to present some siRNA delivery strategies using 
CPPs. It seems that we are not far from siRNA therapies that harness CPPs to improve 
and precisely target delivery in vivo based upon the efficient in vitro applications already 
available today. In parallel, the methods for transfection of plasmids by CPPs or their 
chemically modified analogs are developing efficiently and quickly.

Part V is another important part of this handbook, discussing ideas for turning CPP-
based strategies into drugs. Tumor-selective targeting with flexible CPP technologies has 
been fueling the CPP research for years, and now the first fruits of these studies have 
become available. Additional organ-selective delivery strategies are also described, dem-
onstrating that the combination of CPPs with novel nanoparticles and polymer systems is 
an efficient method for drug delivery. This point is underscored by the contributions of 
authors based at pharma companies that have contributed their ideas about CPP applica-
tions in drug development to this handbook.

In summary, the short history of research of CPPs has clearly demonstrated that CPPs 
have helped us to expand beyond several long held dogmas. This presents us with superb 
opportunities to study many intracellular mechanisms in new ways and promote the future 
development of novel drug

Stockholm, Sweden Ülo Langel 
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Chapter 1

Classes and Prediction of Cell-Penetrating Peptides

Maria Lindgren and Ülo Langel 

Abstract

The classical view on how peptides enter cells has been changed due to the development in the research 
field of cell-penetrating peptides (CPPs). During the last 15 years, more than 100 peptide sequences have 
been published to enter cells and also to bring different biological cargoes with them. Here, we present 
an overview of CPPs, mainly trying to analyze their common properties yielding the prediction of their 
cell-penetrating properties. Furthermore, examples of recent research, ideas on classification and uptake 
mechanisms, as well as a summary of the therapeutic potential of CPPs are presented.

Key words: Cell-penetrating peptide, Cellular uptake, Intracellular delivery, Drug delivery, siRNA, 
Selective delivery

The research field of cell-penetrating peptides (CPPs), or alternatively 
called protein transduction domains (PTDs), has increased rapidly 
in the last years. CPPs constitute one of the most promising tools 
for the delivery of biologically active molecules into cells and 
therefore play a key role in future development of therapeutics 
(1–3). CPPs have been shown to efficiently improve intracellular 
delivery of various biomolecules, including plasmid DNA, oligo-
nucleotides, siRNA (short interfering RNA), PNA (peptide 
nucleic acid), proteins and peptides, as well as liposome nanopar-
ticles, into cells and tissues both in vitro and in vivo.

The first CPPs found were the parts of naturally occurring 
proteins that have the ability to enter cells; pAnt and Tat. 
Furthermore, there are also “unnatural” CPPs such as model 
amphipathic peptide (MAP) and transportan which do not have 
any natural parent proteins. Even though the CPP’s primary 
sequence differ, there are certain features that tie them together. 
The essential feature being that the peptides have the ability to 

1. Cell-Penetrating 
Peptides
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transport other molecules. The classical definition is presented in 
the“Preface” of this book.

In the class of CPPs, there are several subgroups, as defined by 
their origin or sequence characteristics (Table 1). The classification 
is a way to comprehend the mechanisms of how CPPs function as 
well as their connection, and to elucidate whether other peptides 
are part of the CPP family.

Table 1 
Families of cell-penetrating peptides with a few examples

Family Name and sequence Origin References

Protein 
derived

Penetratin
 RQIKIWFQNRRMKWKK-NH2

Drosophila homeoprotein 
Antennapedia

(7)

Tat (48–60)
 GRKKRRQRRRPPQ

Human immunodeficiency 
virus type 1 (HIV-1) Tat

(16)

pVEC
 LLIILRRRIRKQAHAHSK-amide

VE-cadherin (58)

VP22 peptide
 NAKTRRHERRRKLAIER

Herpes simplex virus (14)

Chimeric MPG
 GALFLGFLGAAGSTMGA-cya

A hydrophobic domain  
from the fusion sequence 
of HIV gp41 and NLS of 
SV40 T-antigen

(20)

Pep-1
 KETWWETWWTEWSQPKKKRKV-cya

NLS from Simian Virus 40 
large antigen T and 
reverse transcriptase of 
HIV

(23)

Transportan/TP10
GWTLNS-/

AGYLLGKaINLKALAALAKKIL-NH2

Galanin and mastoparan (6, 25)

M918
 MVTVLFRRLRIRRACGPPRVRV-NH2

The tumor suppressor 
protein p14ARF, amino 
acids 1–22 with positions 
3–8 inverted

(63)

YTA2,4
 YTAIAWVKAFIRKL RK-NH2
 IAWVKAFIRKLRKGPLG-NH2

MMP cleavage site as 
seeding sequence

(35)

Synthetic MAP
 KLALKLALKALKAALKLA

Amphipathic model peptide (28)

Octa/NonaArginine
 RRRRRRRR/R

Positively charged sequence (40, 50)

CADY
 GLWRALWRLLRSLWRLLWRA-cya

Derived from PPTG1 
peptide, W and charged 
amino acids

(32)

POD
 GGG[ARKKAAKA]4

Peptide for ocular delivery (86)

-NH2 N-terminal amide, -cya N-terminal cysteamide
aFor side chain conjugation
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As mentioned above, there are naturally occurring PTDs, a 
subgroup of CPPs. For instance, the CPP pAnt or penetratin is 
derived from a homeoprotein (2), as described by Prochiantz and 
Joliot (Table 1). They suggest that the CPPs or PTDs contain a 
code (4), a specific signal for secretion that the cell machinery 
recognizes and that is then necessary for transcellular delivery. 
However, there are several publications that instead suggest an 
equilibrium across the cell membrane (5, 6) where no special sig-
nal for exiting the cell is necessary. Another possible natural role 
for CPPs, based on their structural similarities with membrane 
active peptides, such as perforin or gramicidin, may suggest similar 
functions; entering unwanted cells and lyse lysosomes as part of 
our innate immune response (7).

The CPPs can be divided into families or subgroups: protein 
derived (P), chimeric (C), and designed/synthetic (S). The dif-
ference between chimeric and designed is that the parental 
sequences in C are partly naturally occurring.

The largest family, and perhaps the most well known, is the 
protein-derived CPPs. Among them, pAnt or penetratin, a home-
odomain-derived peptide, is of special importance (see Chapter 2). 
Homeoproteins define a class of transcription factors that bind 
DNA through a structure of 60 amino acids in length, called the 
homeodomain. The initial clue that transcription factors can tra-
verse from cell to cell and thus be secreted and internalized by live 
cells was the internalization of the homeodomain of Antennapedia 
(a Drosophila homeoprotein) (8). In an attempt to further under-
stand its mechanism of internalization, the homeodomain was 
modified by site-directed mutagenesis; its third helix (amino acids 
43–58) was necessary and sufficient for translocation (9) (for 
review see ref. 10). This led to the development of penetratin 
(Table 1), which has emerged as the most abundantly applied 
CPP in the literature. Structure–function relationship studies of 
penetratin yielded several active and inactive analogs that allowed 
formulation of the inverted micelle internalization model for their 
cellular internalization (11).

Tat-derived peptides are parts of the Tat protein, which is a 
transcription-activating factor of 86–102 amino acids in length, 
depending on the viral strain, and is involved in the replication of 
HIV. It is organized in three different functional domains (12, 13): 
(1) an acidic N-terminal region important for transactivation; (2) a 
cysteine-rich DNA-binding region (22–37 amino acids) with a 
zinc-finger motif; and (3) a basic region (49–58 amino acids) 

2. Families of CPPs



6 Lindgren and Langel

responsible for nuclear import. Like some homeoproteins and the 
herpes simplex virus type 1 protein VP22 (14), Tat is secreted 
from, and then reinternalized by, live cells (13, 15). Tat uptake is 
time- and concentration-dependent and can be partially inhibited 
by lowering temperature. The most efficient fragment is Tat48–60 
(Table 1), which encompasses the whole basic region of the pro-
tein (16) and its nuclear localization signal (NLS). However, this 
NLS is not sufficient for translocation in itself because Tat37–53, 
which encompasses only the NLS, is not taken up. Furthermore, 
the N-terminus of Tat48–60, which contains the whole basic 
region but carries deletions in the helical domain, is sufficient for 
translocation and shows cellular and nuclear localization (16). 
Today, there are several research groups that have simplified the 
Tat48–60 sequence to a short stretch of six to nine arginines 
(Table 1) which also works well as a CPP, especially as a PTD on 
recombinantly expressed proteins (17, 18).

The next family of CPPs is the chimeric peptides; these are the 
CPPs that are partly derived from naturally occurring peptides or 
protein. One example is signal sequences of proteins, which are 
recognized by acceptor proteins that aid in addressing the prepro-
tein from the translation machinery into the membrane of the 
appropriate intracellular organelles. Signal sequences that direct 
proteins to the same intracellular compartment, e.g., endoplasmic 
reticulum or mitochondria, share structural traits. Signal sequences 
coupled to NLS have been shown to enter several cell types and to 
accumulate in their nucleus. For example, this has been demon-
strated for a sequence derived from the hydrophobic regions of 
the signal sequences from Kaposi’s sarcoma fibroblast growth 
factor 1 (K-FGF) (19), the fusion sequence of HIV-1 gp41 (20), 
and the signal sequence of the variable immunoglobulin light 
chain Ig(v) (21) conjugated to NLS peptides originating from 
nuclear transcription factor kB (NF-kB) (22) or Simian virus 40 
(SV40) T-antigen (23).

The peptide introduced by our group, transportan, is derived 
from galparan (24), a fusion between the neuropeptide galanin-1–13 
and the wasp venom peptide mastoparan. It was developed under a 
program that was aimed at creating galanin receptor antagonists by 
using a chimerical strategy. Because it was known that analogs with 
a substitution of Pro13 to Ne-biotinyl-Lys retained affinity for the 
galanin receptor, a similar substitution of Pro13 was made on gal-
paran. Strikingly, although cells incubated with labeled galanin 
showed almost no intracellular labeling, those incubated with the 
biotinylated galparan analog were heavily labeled in both the cyto-
plasm and the nucleus. Thus, the new peptide was named transpor-
tan (Table 1) (25). We have published a number of analogs of 
transportan; however, transportan 10 (TP10) is the most efficient of 
them and has thus been extensively applied (26, 27).
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Another early peptide defined as a CPP is the “model 
amphipathic peptide” (MAP) which is part of the final group of 
synthetic CPPs that may be the most homogeneous of the 
presented families, because many of them are designed to form 
amphipathic alfa helices. This peptide was found when investi-
gating the proposed direct contact between several peptides and 
G proteins, as suggested for the poly-cationic peptides mas-
toparan and substance P. Oehlke et al. (28) designed an 18-mer 
amphipathic model peptide (Table 1). This peptide crosses the 
plasma membranes of, for instance, mast cells and endothelial 
cells by both energy-dependent and energy-independent mech-
anisms (29), and can act as an efficient transporter for different 
peptide cargoes. The model peptide shows perforations of the 
plasma membrane at ≥4 mM; however, several analogs showing 
less toxicity, and higher uptake have been synthesized (30).

The group of Divita has developed several CPPs for noncova-
lent ON delivery and siRNA (reviewed in ref. 31). One of their 
latest publications describe a new peptide called CADY (32), 
which was developed to bind siRNA originating from a amphip-
athic peptide with plasmid condensing properties (33). CADY is 
also part of the synthetic CPP family (Table 1).

Additional examples of the synthetic or designed CPPs are the 
two closely related peptides designed in our laboratory called 
YTA-2 and YTA-4 (Table 1). When designing these two peptides, 
we started out with a short amino acid sequence corresponding to 
a rather unspecific matrix metallo protease cleavage site, as a seed-
ing sequence. The prediction program by Hällbrink et al. (34) 
added a random sequence to make them cell-penetrating. They 
have been shown to transport both a fluorophore and the cyto-
static methotrexate into drug-resistant breast cancer cells (35).

As mentioned earlier, there are over 100 peptide sequences 
known to be cell-penetrating today. Here, we have presented just 
a few examples of both the most abundantly applied CPPs and 
newly published ones, to give an idea on how the members of the 
CPP family have been found. For more examples see Table 1.

The main body of publications is on successful applications of 
CPPs as delivery vectors; in addition, the investigations of the 
CPPs mechanism of entering cells are second in number. For a 
visual summary, see Fig. 1.

When comparing the primary sequence of CPPs, it is easy to 
detect the similarities with lytic peptides such as melittin, magai-
nin, perforin, and others. Cytolytic peptides accumulate on the 

3. Translocation 
Mechanisms
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membrane and eventually form a pore, through which they can 
enter. As a result the cell membrane is destroyed; this further may 
lead to cell death. At the other end of the spectra, membrane-
receptor binding peptides such as insulin or galanin enter cells via 
receptor-mediated endocytosis, where a specific receptor is needed 
on the cell surface and the uptake is strictly regulated. By defini-
tion insulin and galanin are then ligands to their receptors and 
not CPPs per se. Neither of these classes of peptides has shown 
such potential in delivering cargoes across the bilayer of cell mem-
branes as CPPs. One may speculate that CPPs have a position 
somewhere between the two, with the unique ability for nontoxic 
and en masse delivery.

It has now been established that different CPPs and also dif-
ferently modified CPPs (or with different cargo) change the way 
they enter cells. This may be one of the reasons why it is still 
ongoing research to define their mechanism of entry and the fact 
that CPPs are a very divergent family of peptides and not defined 
by their way of entry.

There are at least two suggested cell entry mechanisms, endo-
cytosis and direct penetration, maybe via a transient pore forma-
tion. Which of these mechanisms a CPP will utilize is dependent 
on several parameters such as size (with cargo), temperature, cell 
type, etc. (36, 37). It could be argued that peptides entering cells 
merely by endocytosis via interaction with an unspecific receptor, 
such as heparan sulfates, still are ligands and not CPPs.

As pointed out above, the entry mechanism of CPPs into cells 
is still a matter of discussion (for review (38)). It was first pro-
posed that CPPs, especially Tat and penetratin, but also others such 
as poly-Arg (39–41), transportan (25), MPG (20) or Pep-1 (42), 

Fig. 1. Illustration of suggested mechanisms of entry into cells by cell-penetrating pep-
tides. The circles are an attempt to visualize the ongoing discussion and research in 
the field.



9Classes and Prediction of Cell-Penetrating Peptides

could pass through the plasma membrane via an energy-independent 
pathway. For instance, the formations of micro-micelles at the 
membrane (11) or direct translocation through the lipid bilayer 
(43, 44) have been suggested. The hypothesis of a direct translo-
cation through the plasma membrane became less popular when 
the entry mechanism for the Tat and the poly-arginine CPPs had 
to be re-evaluated following evidences of fixation artifacts during 
the preparation of samples for microscopic observation (45). 
Indeed, fixation has been described to interfere with the subcel-
lular localization of constructs with a high content in cationic 
residues, such as histones and the VP22 protein (46). This redis-
tribution upon fixation has been clearly demonstrated using 
fusion proteins made of penetratin, poly-Arg, or Tat peptides 
(47). As a consequence, the majority of the new microscopic 
studies on CPP cargo localization have been conducted in live cells.

A very interesting comparison of the CPP TP10, antimicro-
bial, and cytolytic peptides were recently published (42, 48). A 
hypothesis was presented that the peptide sequence only indi-
rectly determines the mechanism; through the thermodynamics 
of the insertion of peptides in the lipid bilayer from the surface 
bound state. This would explain the Apparent lack of correlation 
between sequence and mechanism of entry. In addition, it is clear 
that the affinity for hydrophilic sequence increases when they 
bind the membrane in a helical formation. Hällbrink et al. (5, 34) 
have also performed comparative studies of the CPP uptake 
mechanism, and suggested that the extra- and intracellular stability 
is one parameter that determines the amount of peptide to enter 
cells (44). In addition, they propose a transient pore-formation 
mechanism for direct penetration (49). The cell is equipped to fix 
membrane damage by recruiting vesicles to the membrane and 
fuse them with the plasma membrane. It is well known that at low 
CPP concentrations, no membrane leakage can be detected, and 
the involvement of the membrane repair system seems to be 
responsible for this.

For short arginine-rich CPPs, transport has been shown to 
mainly follow a cellular endocytosis-mediated uptake (50–52). 
According to this mechanism, CPPs, particularly those with a 
high content in cationic residues, are first simply adsorbed at the 
cell surface thanks to the numerous anionic moieties, such as hep-
aran sulfate, sialic, or phospholipidic acid (8, 53–55).

Later on, CPPs have been reported to apply different endocy-
tosis routes: via caveolae (56) and macropinocytosis (57), through 
a clathrin-dependent pathway (58), and via a cholesterol-depen-
dent clathrin-mediated pathway (59).

There are also publications that provide convincing argu-
ments against one or the other of these cellular pathways, despite 
the use of rather similar experimental set-ups. It has been sug-
gested that these controversies might be due to the use of differ-
ent peptide concentrations as they can trigger different endocytotic 
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pathways (4). Higher CPP concentration (over 10 mM) could 
possibly lead to an energy-independent internalization (36, 52).

Even though the exact route into cells keeps escaping our 
investigations, it is clear that cargoes such as oligonucleotides are 
trapped in vesicular structures within the cell. Thus, increasing 
the escape rate from the endosome is the new strategy to improve 
intracellular delivery of CPP cargoes. There are several approaches; 
one possibility is to increase the hydrophobicity of CPPs to favor 
the destabilization of the endosomal membrane, whereby lipid 
moieties have been coupled to molecules to be delivered inside 
the cells. For example, such an improvement has been observed 
upon stearylation of an octa-arginine peptide (60) or following 
the introduction of a proline amino acid derivative with a higher 
hydrophobicity into a proline-rich CPP (61).

Due to the complex parameters that determine the way of uptake 
of a CPP, all peptides need to be tested at least by three different 
assays, before it can be defined as a CPP (see refs. 62, 63). 
However, the ability for a certain sequence to enter across a lipid 
bilayer can be predicted. The ability is determined by the proper-
ties of the amino acids in the primary sequence of the CPP.

Hällbrink et al. set out to predict the ability for a peptide 
sequence to be able to translocate a lipid membrane (34). The 
starting point was a library of cell-penetrating sequences which 
was compared with their reported inactive analogs. The sequences 
were converted to a sum of their bulk properties with already 
published (see references in Hällbrink et al.) descriptors such as 
partition coefficients, pKa, molecular weight, number of heavy 
atoms, as well as donated and accepted hydrogen bonds. Putting 
these descriptors to the CPP sequences in the list showed that 
almost all fall in the “highly likely to translocate” category, except 
the Tat peptide. The criteria can be used to screen known or 
random protein sequences, thus this method can be used for 
de novo design of CPPs.

Using an evolutionary approach, Hansen et al. showed that 
by making a phylogenic lineage of the classic CPP sequences, the 
protein derived and the synthetic and chimeric CPPs formed 
closer relations, or clusters, within their respective groups rather 
than between the groups (64).

Another similar approach was made already in the late 1990s; 
Duguid et al. published a physiochemical approach to predict the 
efficacy of plasmid-delivering peptides (33). This study is also 
based on the “bulk” properties of the peptides rather than the 
simple primary sequence.

4. Can a CPP be 
Predicted to Enter 
Cells?
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So, yes the probability that a certain sequence will be able to 
enter a cell can be predicted with about 80% certainties. The YTA 
peptides are examples of the application possible with the method 
described, where a seeding sequence has been used (35), as 
mentioned above.

Historically, CPPs have been used for the delivery of drugs and 
biologically active peptides and proteins within the research fields 
of neurobiology and cancer. Already from the start, the delivery 
of gene-modulating agents has been an obvious field of applica-
tion for these versatile peptides, this has lately been the main, if 
almost the only, application. For an overview of CPP-aided deliv-
ery, see Fig. 2.

In the field of cancer research, CPPs have been effectively used 
to increase the efficiency of cancer drugs commonly used in che-
motherapy. Doxorubicin–Tat peptide conjugates have been shown 
to increase apoptosis on drug-resistant MCF-7/ADR breast can-
cer cell line by Liang and Yang (65). Lindgren et al. (35) used the 
CPPs YTA2 and YTA4 to increase the effects of a cytostatic agent 
methotrexate (MTX) on 100-fold MTX-resistant breast cancer 
cells MDA-MB-231. Estimated EC50s for MTX, MTX–YTA2, 
and YTA2 were determined to be 18.5, 3.8, and 20 mM, respec-
tively, which proved the potency of already well-characterized 
therapeutic molecules into drug-resistant tumor cells. In addition, 
there are also several apoptosis inducing peptides of which their 
potency has been increased by conjugating them to CPPs.

When using CPPs in conjunction with either conventional 
cancer drugs or antimicrobial/proapoptotic peptides, there can be 

5. Applications

Fig. 2. Schematic overview of possible applications where cell-penetrating peptides have been shown to function well as 
delivery vehicles, both in vitro and in vivo.
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side effects since CPPs themselves are not cell specific enough. 
One way of increasing the specificity is by adding homing 
sequences to the CPP. Homing peptides for tumor blood and 
lymph vasculature have been identified by using in vivo screening 
of phage-displayed peptide libraries (66, 67). PEGA peptide 
(a peptide that has been shown to accumulate in breast cancer 
cells in mice) has recently been conjugated to pVEC retaining its 
homing properties to blood vessels in breast cancer in vivo; 
also the efficiency of chlorambucil when conjugated to afore-
mentioned PEGA-pVEC chimeric peptide was shown to increase 
its potency by a factor of 4 (68).

For neuroscientists, CPPs have shown to be an appreciated 
tool for neuronal rescue in several models of neurodegenerative 
diseases (69, 70). CPPs have been used to examine b-amyloid 
function and toxicity (71, 72), apoptotic processes (73), axon 
studies (71, 74), and nerve trauma (75), just to mention a few. In 
neuroscience, there is another aspect of barrier delivery to 
consider; delivery to the central nervous system, which means 
crossing the blood–brain barrier. Here, the CPPs are of particular 
interest (4, 6), especially when current gene vectors or proteins 
do not cross the BBB, and only a few brain diseases respond well 
to small-molecule drugs.

The poor permeability of the plasma membrane of eukaryotic 
cells to DNA, together with the low efficiency of DNA or oligo-
nucleotides to reach their target within cells, constitutes the major 
barriers for the development of oligonucleotide-based therapeu-
tic molecules. The development of gene delivery has been directly 
correlated with the dramatic acceleration in the production of 
new therapeutic molecules. A number of nonviral strategies have 
been proposed, including lipid-, poly-cationic-, nanoparticle-, 
and peptide-based methods (76) (reviewed in ref. 77), but only a 
few of these technologies have been efficiently applied in vivo at 
either preclinical or clinical levels.

Within the field of delivery, there are different schools on how 
to “conjugate” the cargo. Divita and colleagues have developed 
CPPs that noncovalently forms complexes with ONs (78) while 
Gait and others (79) applies the linkage via a disulfide bond. It is 
partly dependent on which ON is used. Although conjugation 
methods offer several advantages for in vivo applications, includ-
ing rationalization and control of the CPP – cargo, they remain 
limited from the chemical point of view, as they might risk alter-
ing the biological activity of the cargoes. The CPPs MPG and Pep 
have been described to form stable nanoparticles with cargoes 
without the need for cross-linking or chemical modifications. 
MPG have been shown to deliver nucleic acids (plasmid DNA, 
oligonucleotides, and siRNA) and Pep for proteins and peptides 
into a variety of cell lines and in vivo (80, 81). This noncovalent 
strategy has been recently extended to other CPPs, including Tat 
(82) and transportan (83, 84).
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The hot spot is, as mentioned earlier, siRNA delivery by CPPs. In 
addition, the possibilities emerging for targeting CPPs to a 
certain tissue are also one of the main interests of today’s research.

RNA interference constitutes a powerful tool for biological 
studies, but has also become one of the most challenging thera-
peutic strategies. Small interfering RNA (siRNA)-based strategies 
have the ability to specifically inhibit the expression of any 
protein; however, the strategy suffers from poor delivery and 
biodistribution; siRNA cannot enter into cells and end up in the 
liver or kidney upon systemic delivery. Among the new CPP-
based delivery systems proposed that enable siRNA to cross cell 
membranes, only a few possess the properties of a therapeutic 
carrier including high-delivery efficiency and absence of cytotoxi-
city and immunogenicity. Efficient uptake allows to decrease the 
dose required to achieve a significant effect, thereby decreasing 
secondary side effects associated with a lack of specificity.

Gait and Lindsey delivered siRNA to lung tissue using disulfide 
conjugated to the CPPs Tat and penetratin, adding a cholesterol 
group to the conjugate increased the stability (3). Furthermore, 
mucosal (85) and ocular (86) delivery have been enhanced by 
adding CPPs.

Eguchi et al. (87) report a siRNA delivery approach using 
a peptide transduction domain–double-stranded RNA-binding 
fusion protein. They bind to siRNAs with high avidity, masking 
the siRNA’s negative charge thereby allowing cellular uptake.

The literature on selective delivery using peptides, especially 
for cancer targeting (as reviewed in ref. 88), is steadily increasing. 
The approaches vary from adding a targeting ligand in order to 
have higher binding affinity for the intended tissue (68) to acti-
vating the penetration at the correct site (89, 90). Targeted can-
cer drugs which can specifically kill tumor cells will avoid side 
effects and lower doses. There are several publications on cancer 
drug delivery (91, 92). Another application is to use selective 
delivery for imaging purposes (93) to, for instance, increase the 
success rate after tumor surgery. As the view of peptides as drugs 
is changing, the use of peptide-based targeting strategies holds a 
certain place in drug development, for instance (94).

Finally, CPPs are now sold as tools for research. For example, 
penetratin in its commercial version has an activated group sensi-
tive to nucleophilic attack by a sulfhydryl function conveniently 
allowing the spontaneous formation of a disulfide bridge between 
any cargo molecule and penetratin. It is noteworthy to consider 
that a stable covalent linkage has to be formed between CPP and 
cargo to allow translocation, although a couple of publications 
also reported a surprising efficacy upon simple mixing with the 

6. Hot Spots in CPP 
Research
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cargo entities. Pep-1, which has been marketed as “Chariot” (42), 
can induce internalization of a cargo molecule just by being mixed 
with it (31).

Due to their low biomembrane permeability and their relatively 
rapid degradation, polypeptides and oligonucleotides were gener-
ally considered to be of limited therapeutic value. However, there 
has been a drastic change of view on peptides as drugs; they are 
now considered “druggable.”

Delivering peptides across a lipid layer such as the cell mem-
brane has probably been the major barrier in using peptides as 
drugs, however, when applying CPPs this is not a problem. 
Moreover, recent publications (95–98) show that peptides are 
stable enough for in vivo applications, and there are well-known 
modifications that can prolong their half-life, such as D-amino 
acids exchange or pegylation. Another aspect of CPPs as thera-
peutics, which is close to a solution, is their unspecific entry into 
cells. Today, there are several examples on targeted delivery by 
CPPs such as Tsien and colleagues (89) and Torchilin et al. (99), 
for review see ref. 88.

Peptides have many advantages over small organic molecules 
such as that they can be more potent, show higher specificity, and 
have fewer toxicology problems. They do not have drug–drug 
interaction challenges and so far no major activation of the immune 
system as CPPs have been suggested to deliver vaccines (100).

Here, we have presented an overview of the research field of 
CPPs today which also include several clinical trials ongoing, for 
example, phosphothioates conjugated to an arginine-rich CPP for 
splice correction (95, 101). In conclusion, even though the future 
is bright for CPPs as therapeutics, the applications are still far 
from the clinic so therefore applied research and more clinical tri-
als in the field of CPPs are needed.
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Chapter 2

Penetratin Story: An Overview

Edmond Dupont, Alain Prochiantz, and Alain Joliot 

Abstract

Cell-penetrating peptides are short, often hydrophilic peptides that get access to the intracellular milieu. 
They have aroused great interest both in academic and applied research. First, cellular internalization of 
CPPs often involves the crossing of a biological membrane (plasma or vesicular), thus challenging the 
view of the nonpermeability of these structures to large hydrophilic molecules. Secondly, CPPs can drive 
the internalization of hydrophilic cargoes into cells, a rate-limiting step in the development of many 
therapeutic substances. Interestingly, the two mostly used CPPs, TAT and Penetratin peptides, are 
derived from natural proteins, HIV Tat and Antennapedia homeoprotein, respectively. The identification 
of the Penetratin peptide, summarized in this review, is intimately linked to the study of its parental natu-
ral protein.

Key words: Penetratin, Cell-penetrating peptide, Homeodomain, Homeoprotein

It is extremely striking that the transgression of the dogma of 
membrane impermeability to hydrophilic molecules at the origin, 
20 years ago, of the cell-permeable peptide field stems from the 
study of two unrelated transcriptional regulators, HIV Tat pro-
tein and Antennapedia homeoprotein. In both cases, the neces-
sity to verify their pure intracellular activity had motivated the 
addition of these proteins in the extracellular medium. With 
unexpected results that suggested internalization by cultured cells 
leading to the development of first cell-permeable peptides, to 
expression strategies based on direct protein delivery – instead of 
classical nucleic acid transfection – and to the search for the 
underlying biological function of protein transduction.

1.  Introduction



22 Dupont, Prochiantz, and Joliot

In 1988, the capture of HIV-TAT by cells and its transport to the 
nucleus was described (1, 2). At the same time, our laboratory 
was trying to correlate neuronal shape and position, and in this 
position/shape context, had started to investigate the function of 
homeoprotein transcription factors.

In the mid-1980s, we observed that brain neurons in culture 
adopt different polarity patterns depending on the origin of the 
astrocytes on which they were plated (3, 4). It was particularly 
striking that dendrites would only develop when neurons and 
astrocytes were derived from the same structure. This allowed us 
to establish a theoretical link between developmental morphoge-
netic programs and positional information. At the same time, the 
homeoprotein family of transcription factors that link organ 
shape to their positional information was discovered in Drosophila. 
We asked whether morphogenetic programs acting at the multi-
cellular levels might also act at the single cell level on neuronal 
shape.

Homeoproteins are defined by the nature of their DNA-
binding domain, the homeodomain. This domain is highly con-
served across homeoproteins and species, and is composed of 
three a-helices, the third helix being more particularly dedicated 
to the recognition of the DNA target site (5). We wanted to test 
our hypothesis by injecting a homeodomain within live neurons. 
The logic was that the injected homeodomain would gain access 
to the nucleus and displace endogenous homeoproteins away 
from their cognate sites, thus revealing their morphological func-
tion at the single cell level. We used the homeodomain of 
Antennapedia for practical reasons and on the basis of the strong 
sequence conservation between homeodomains. Antagonizing 
transcriptional activity of endogenous homeoproteins was 
achieved through the mechanical internalization of FITC-labeled 
homeodomains into live postmitotic neurons (6–8). The addi-
tion of exogenous Drosophila Antennapedia homeodomain 
(AntpHD) induced strong neurite outgrowth as expected that 
was attributed to a competition between the homeodomain and 
endogenous homeoproteins for their binding sites (8). But the 
surprise was total when adding the homeodomain into the cul-
ture medium, for a control, we observed the same phenotype. 
This suggested either that the effect of the injected homeodo-
main was due to its leakage outside the cells – an artifact – or that 
the homeodomain was internalized. We verified the latter possi-
bility and observed, much to our surprise, that the 60 amino acid 
long polypeptide was captured by the cells and addressed to their 
nuclei (8).

2. The Origin 
of an Unexpected 
Observation
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In an attempt to analyze the neurite promoting function of the 
homeodomain and its mechanism of action, two different point 
mutations affecting the specificity of protein/DNA interactions 
(AntpHD 50A) or the structure of the homeodomain (AntpHD 
48S) were introduced (9–11). The DNA-binding capacity of the 
two mutants is either decreased (AntpHD 50A) or completely abol-
ished (AntpHD 48S), and the biological activity (neurite outgrowth 
stimulation) is lost in both cases (9–11). Most importantly, translo-
cation into live cells is lost only in the AntpHD 48S mutant, in 
which a single serine residue replaces three amino acids (tryptophan 
48, phenylalanine 49, and glutamine 50). Tryptophan 48 (Trp 48), 
and phenylalanine 49 (Phe 49) are conserved in almost all home-
odomains, and important for the homeodomain structure (10).

This observation was so unexpected and disturbing that we 
decided to identify the mechanism involved in homeodomain 
capture. Interestingly, the intracellular distribution showing uni-
form cytoplasmic staining, and nuclear accumulation was at odd 
with endocytosis. Indeed, uptake was observed at 4°C, with the 
same uniform cytoplasmic staining. To preclude that this diffu-
sion was due to AntpHD redistribution following fixation, the 
same experiments done with a FITC-tagged homeodomain on 
live cells and with the help of confocal microscopy gave identical 
results (8). Finally, it was verified that the AntpHD was retrieved, 
intact, from the cell nuclei at both temperature, demonstrating 
very limited degradation (12).

The results with AntpHD 48S suggested the presence of a cell 
translocation sequence in the third helix. The 16 amino acids of 
the helix (amino acids 43–58 of the homeodomain) were synthe-
sized, and internalization into live cells was followed thanks to a 
N-terminal biotin (13). Shorter versions of the same peptide, 
with N-ter or C-ter deletions, are not internalized suggesting that 
this sequence, thereafter Penetratin, is necessary and sufficient for 
internalization.

Similar to AntpHD, Penetratin can be internalized by an 
energy-independent mechanism at both 4 and 37°C, and has 
access to the cytoplasm and nucleus from which it is retrieved 
without apparent degradation (13). Penetratin high content in 
basic amino acids is reminding of TAT and oligoarginine pep-
tides. In contrast, a unique feature of Penetratin is the presence of 

3. Homeodomain 
Translocation

4. The Penetratin 
Peptide
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hydrophobic residues, in particular tryptophanes, which are critical 
to the translocation process (13). Indeed, Penetratin and other 
basic PTDs differ in their cellular behaviors, even in the same 
experimental set-up (14–17). Although biophysical and biological 
studies have greatly help to our comprehension of Penetratin 
behavior, a full understanding of its mechanism of translocation is 
still in process.

Because Penetratin composed of D-amino acids (D-Penetratin) 
and an inverso form of the peptide are internalized as efficiently 
as Penetratin (18), it was concluded that a chiral membrane 
receptor (usually a protein) is not required for cellular translo-
cation. On the other hand, the specific ability of Penetratin to 
form multimers in the presence of ionic detergents has led to a 
close examination of Penetratin/lipid interactions (13). 
Biophysical studies have established that Penetratin preferen-
tially interacts with anionic phospholipids mainly through elec-
trostatic interactions, followed by limited peptide insertion into 
the bilayer (19–21). Although the first studies strongly sug-
gested that Penetratin binds to the lipid headgroups, a situation 
not in favor of direct translocation across pure lipid bilayers (22, 
23), a more recent diversification of the experimental models 
and techniques have revealed a different picture. Penetratin 
actually crosses pure lipid bilayers, either in the presence of an 
applied transmembrane pH gradient (24, 25) or in response to 
a self-generated potential resulting from asymmetric peptide 
aggregation at one side of the bilayer (electroporation-like 
mechanism) (19). Recently, the spontaneous insertion of non-
aggregated Penetratin in the inner leaflet of lipid bilayers was 
reported using a novel solid-state NMR technique (26). The 
absence of Penetratin translocation reported by other groups 
could reflect an unfavorable lipid composition (27–29).

It must be kept in mind that Penetratin/lipid interaction is 
a reciprocal process affecting both partners. Penetratin adopts a 
random coil structure in an aqueous environment but becomes 
structured in the presence of anionic phospholipids. At a low 
peptide/lipid ratio (1/325), the peptide adopts an a-helical 
conformation (13, 30–33). At a high peptide/lipid ratio (1/10), 
the peptide forms anti-parallel b-sheets (21, 33, 34). Conversely, 
Penetratin alters the organization of lipid bilayers, and the ori-
entation of lipid acyl chains is modified upon the deep insertion 
of Penetratin into membrane bicelles (35). When applied on a 
brain lipid mixture preparation, Penetratin induces the forma-
tion of hexagonal phases (31). We have proposed that the tran-
sient remodeling of lipid organization induced by Penetratin 
places the peptide in a pseudo-hydrophilic environment and 

4.1. Charge and 
Hydrophobicity: A Dual 
Mode of Interaction
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allows its transfer from the extracellular medium to the  cytoplasm 
of the cell.

Mutation analysis has confirmed the contribution of both 
 hydrophobic and electrostatic properties to Penetratin transloca-
tion. Mutation of basic residues favors peptide insertion in the 
acyl chains but destabilizes the bilayer (36). A similar situation is 
observed upon addition of fluorescent probes to Penetratin, which 
increases its hydrophobicity (37), and induces a transient destabi-
lization of the plasma membrane in live cells, demonstrated by the 
uptake of a cell-impermeant DNA dye and the appearance of 
Phosphatidylserine at the cell surface (38). Taken together many 
arguments suggest that a subtle interplay between hydrophobic 
and electrostatic properties of Penetratin is required for its trans-
location. In fact, even minimal modifications, such as substitution 
of the two Trp residues by two Phe residues, modify peptide/lipid 
interactions and impair translocation in live cells (13, 35, 37, 39). 
By contrast neither peptide helicity nor amphipathicity seems to 
be required for peptide internalization (18). Indeed, increasing 
the amphipathicity of Penetratin by mutations increases the toxic-
ity of the peptide rather than its translocation efficiency (40).

Recent studies on the mechanism of internalization of Penetratin in 
live cells have revealed a more complex picture than previously 
thought, and concluded to a predominant endocytic uptake and 
vesicular localization of the peptide (14, 15). This proposal is at odd 
with a direct translocation process demonstrated by several internal-
ization protocols, in particular at 4°C, and biophysical studies. 
In fact there is no reason to exclude that Penetratin can be captured 
by endocytosis depending on cell type and tagging procedure. 
It remains that, in contrast to Tat, endocytosis is not a prerequisite 
for Penetratin transfer into the cytoplasm and nucleus. Among pos-
sible modifiers of Penetratin uptake are the highly negatively charged 
carbohydrates that surround most cells, in particular, glycosamino-
glycans (GAGs). The complex sugars could restrict Penetratin access 
to the membrane, promote Penetratin aggregation (41), and induce 
endocytosis, with the possibility (or not) that the peptide crosses the 
bilayer latter, once within endosomes. Conversely, GAGs may 
increase peptide concentration near the membrane and favor its 
interaction with phospholipids and translocation.

This diversity of mechanisms has been illustrated by several 
studies (36, 42, 43). For example, the intracellular distribution of 
internalized Penetratin greatly differ between HeLa and MC57 
cell lines, or the macropynocitosis inhibitor ethylisopropylam-
iloride (EIPA) decreases Penetratin uptake added at high (50 mM) 
but not at low (10 mM) concentration (17, 44).

4.2. Influence  
of Structural 
Parameters on Peptide 
Translocation

4.3. One or More 
Mechanisms 
of Penetratin 
Internalization
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Soon after the observation of homeodomain translocation, we 
have demonstrated the usefulness of this process for the efficient 
cell delivery, and biological activity of hydrophilic molecules. 
Both anti-sense oligonucleotides (against the b-amyloid precur-
sor protein) and protein domains (C-terminus domain of rab3a) 
were efficiently internalized by cells in culture upon fusion to 
AntpHD (45, 46). The first in vivo application of AntpHD-
mediated vectorization was the induction of T-cell responses by a 
peptide derived from the HLA-cw3 cytotoxic-T-cell epitope (47). 
It appeared very quickly that the 16 amino acid long peptide 
Penetratin could substitute advantageously for AntpHD, both for 
oligopeptide and oligonucleotide delivery (48, 49). Since this 
time, this vectorization strategy has expanded dramatically (50), 
and proven to be highly versatile toward the nature of the trans-
ported cargo (from small drugs to nanoparticles) and the biological 
context (both ex vivo and in vivo). Most importantly, a large 
panel of peptides has been characterized on the basis of their cell-
penetrating behavior although only some of them have been vali-
dated with a biological cargo.

More than 10 years after the initial reports, one can ask whether 
CPP-based cellular delivery has reached maturity. The naïve view 
of a universal magic CPP bullet that delivers any hydrophilic mol-
ecule into the cell has been replaced by a more complex picture, 
where, for instance, the nature of the transported cargo, its mode 
of linkage to the CPP, or the targeted intracellular compartment 
have to be considered. Our knowledge in this field still remains 
largely empirical rather than predictive, and often relies on the 
setting up of dedicated experimental protocols, such as those 
described in this book.
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Chapter 3

Testing Membrane Interactions of CPPs

Astrid Gräslund and Lena Mäler 

Abstract

The chapter deals with some biophysical methods used for investigating CPP-induced changes in 
membrane properties by spectroscopy methods such as fluorescence or NMR and methods used for 
probing CPP-induced leakage in membranes. Some useful model systems for biomembranes are 
described. These include large unilamellar phospholipid vesicles (LUVs) of well-defined size (diameter 
typically 100 nm). A protocol for the preparation of such vesicles is included. The leakage studies make 
use of LUVs with entrapped dye molecules. The NMR studies make use of mixed micelles (bicelles) as 
a membrane mimetic system, which can be oriented in the magnetic field of the spectrometer.

Key words: Fluorescence, NMR, Large unilamellar vesicles, Bicelles, Membrane leakage, Membrane 
fluidity, Membrane dynamics

The mechanistic aspect of CPPs is still a debated question. There 
is some consensus that different CPPs may employ different 
 pathways to enter the cell, and that the presence of cargo may also 
change the dominating pathway, also depending on the cell type 
in question and other conditions. For most CPPs, the endocy-
totic pathways dominate, particularly in the presence of a large 
cargo. For translocation of large ONs, macropinocytosis initiated 
by interaction of the CPP complex with proteoglycans on the cell 
surface seems to be the major pathway (1– 4). However, both 
direct translocation through the plasma membrane or endosomal 
escape following endosomal entry into the cell should involve 
interactions of the CPP with the biological membranes.

For a better mechanistic understanding of CPP activities, it 
is important to probe the interaction of the CPP with model 
membranes by biophysical methods. Typical methods involve 

1.  Introduction
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studying the membrane properties in the absence or presence of 
peptide by the use of fluorescence or other probes or by 
 investigating  peptide-induced leakage through the membrane. 
Whereas potent antimicrobial peptides can be seen to cause 
 formation of stable pores in a phospholipid membrane or artificial 
bilayers, which can even be seen with microscopy, the CPPs are 
considered to cause formation of transient pores, which cannot 
be observed directly (5). In this chapter, we will discuss some 
methods used for investigating peptide-induced changes in mem-
brane properties by spectroscopy methods such as fluorescence or 
NMR and methods used for probing peptide-induced leakage in 
membranes.

In the fluorescence studies, a suitable fluorescence probe is 
dissolved into the membrane preparation, whereupon fluores-
cence polarization anisotropy studies report on the dynamic 
behavior of the probe, which reflects on the membrane fluidity 
and dynamics (6). The NMR studies typically do not need an 
external probe, but a lipid where protons are exchanged to deu-
terons at specific locations which can directly give information 
about the dynamics of the bilayer. In these studies, 2H NMR is 
used for analysis of magnetically aligned lipid mixtures (bicelles), 
which gives information about the quadrupolar splittings for dif-
ferent positions in the lipid acyl chains. For a bicelle aligned with 
its normal perpendicular to the static magnetic field, this relation 
is given by D = 3/2(e2qQ /h)SCD(1/2), where D is the quadrupo-
lar splitting and SCD is the segmental order parameter, carrying 
direct information about the lipid order. In favorable cases, it is 
possible to determine the effect that peptides have on different 
parts of the lipid acyl chain (7).

In a simple case, the leakage studies concern leakage of a 
 fluorescent dye entrapped inside vesicles when the CPP is added 
from the outside (8, 9). More elaborate studies concern vesicle-
entrapped fluorescence-labeled CPPs and their translocation 
through the bilayer under varying conditions (10, 11).

For these biophysical studies, model membranes of well-
defined composition in terms of phospholipid content must be 
used. Under favorable conditions, when amphiphilic lipids are 
mixed with an aqueous solution, they will form bilayers, which 
can close and form particles, liposomes. Depending on the 
 further treatment, the particles will develop into different kinds 
of vesicles, with different sizes and lamellarity. By simple agita-
tion, the lipids form multilamellar structures (Large Multilamellar 
Vesicles, LMVs).

More well-defined structures can be formed from the LMV 
dispersions after freeze–thawing, followed by e.g., suspension 
through a microfilter, which results in Large Unilamellar Vesicles 
(LUVs, diameter typically 100–200 nm) or by sonication (ultra-
sound treatment), which results in Small Unilamellar Vesicles 
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(SUVs, diameter typically 20–50 nm). These unilamellar vesicles 
can be considered as small spheres filled with water entrapped by 
a phospholipid bilayer (Fig. 1). The phospholipid bilayer has a 
thickness of about 5 nm, which implies that the SUVs have a 
strong curvature. The LUVs are considered as good cell  mimetics, 
with less curvature and a relatively large inner volume. They can 
be used successfully in various optical spectroscopic studies, 
although light scattering may sometimes cause serious problems 
for these studies. A third category of unilamellar vesicles is Giant 
Unilamellar Vesicles (GUVs, diameter 10–100 mm). Below, we 
will describe in detail how to prepare SUVs and LUVs (see also 
the CPP Handbook, the chapter by Eriksson and Gräslund (12) 
for a more detailed discussion of the different kinds of unilamellar 
vesicles and their uses).

For solution NMR studies of magnetically aligned lipid mix-
tures, certain concentration ratios of the phospholipids DMPC 
and DHPC can be used. Typically, the concentration ratio 
between the two, q = [DMPC]/[DHPC], is around 3.5, which 
produces mixtures (so-called mixed micelles or bicelles) that align 
spontaneously in a magnetic field (13–15). These mixtures have 
been carefully investigated, and it has been observed that they 
form continuous phases in the presence of a magnetic field and 
at temperatures well above the gel – liquid crystal transition 
 temperature (16).

Fig. 1. Model of a large unilamellar phospholipid vesicle (LUV) with 100 nm diameter.
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 1. Phospholipids, typically 1-palmitoyl-2-oleoyl-phosphatidylcho-
line (POPC) with zwitterionic headgroups and 1-palmityl-2-
oleoyl-phosphatidylglycerol (POPG) with negatively charged 
headgroups; Avanti Polar Lipids, Alabaster (AL, USA). Alter-
natively, dioleoyl-phosphatidylcholine (DOPC) and dioleoyl-
phosphatidylglycerol (DOPG) may be used.

 2. Phosphate buffer, pH around 7 (around 50 mM).
 3. Lyophilizer.
 4. Ultrasound bath (sonicator).
 5. Polycarbonate filter with 100 nm pores; Avanti Polar Lipids, 

Alabaster (AL, USA).

 1. Small Unilamellar Vesicles in 50 mM phosphate buffer, pH 7.
 2. The membrane-binding fluorescence probe 1,6-diphenyl-

1,3,5-hexatriene, DPH (Sigma).
 3. A fluorescence spectrometer, equipped with a polarization 

attachment.

 1. Chain-deuterated phospholipids, typically 1,2-dimyristoyl- 
sn-glycero-3-phosphocholine (DMPC-d54) and 1,2-dihexanoyl-
sn-glycero-3-phosphocholine (DHPC-d22); Avanti Polar 
Lipids, Alabaster (AL, USA).

 2. Phosphate buffer, pH 5.5. Usually a 0.2 M stock solution is 
prepared from which enough is taken for preparing the 
desired concentration (50 mM).

 3. Deuterium-depleted H2O.
 4. Vortex.
 5. Oven or water bath.

 1. Large Unilamellar Vesicles in 50 mM phosphate buffer, pH7.
 2. Calcein, a fluorescein derivative (Molecular Probes, the 

Netherlands).
 3. The detergent Triton-X (Sigma).

The SUVs are sometimes more suitable than LUVs for optical 
studies since they cause less light scattering than LUVs.

 1. Prepare a lipid suspension. The choice of lipids depends on 
their head-group charges: only zwitterionic, or a mixture of 
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zwitterionic and negative head-groups, e.g., 80/20 or 70/30 
mixtures. Total lipid concentration is typically 1 mM. Mix the 
lipids in an aqueous solution, such as 50 mM phosphate 
 buffer, pH7. Vortex the mixture. The result is a dispersion of 
multilamellar vesicles (LMVs), which can be considered as 
onion-like bilayer structures with water between the bilayers.

 2. Sonication: The ice-cooled dispersion is sonicated under 
nitrogen gas, until the solution is transparent (typically 
30 min). The resulting SUVs should have sizes less than 
100 nm in diameter (see Note 1).

 3. Remove sonifier tip metal particles and lipid debris by 
 centrifugation (25,000 × g). Ultracentrifugation may also be 
used.

 4. The vesicle size and distribution of vesicle sizes may be 
checked by Dynamic Laser Light scattering (DLS).

 1. Prepare a lipid suspension. Choice of lipids as described for 
SUVs. Dissolve the lipids in an organic solvent such as chlo-
roform and vortex.

 2. Lyophilize carefully to produce a dry film (see Note 2).
 3. Dissolve the dry lipids in buffer, such as 50 mM phosphate 

buffer, pH 7. Vortexing results in a dispersion of LMVs.
 4. Reduce vesicle lamellarity by repeated (typically 4) freeze–

thaw cycles.
 5. To obtain a well-defined vesicle size, extrude the solution many 

times (typically 20) through a polycarbonate filter with a pore 
diameter of 100 nm. This will give LUVs with a diameter of 
100 nm and a rather narrow size distribution (see Note 3).

 6. The vesicle size and distribution of vesicle sizes may be 
checked by Dynamic Laser Light scattering (DLS).

The fluorescence probe DPH is dissolved in the bilayer of SUVs, 
and its polarization is used as a measure of membrane fluidity (17).

 1. Prepare SUVs according to the above protocol, with a total 
lipid concentration of about 1 mM.

 2. Add DPH from a 1 mM ethanol stock solution to a concen-
tration of 2 mM. DPH dissolves completely in the bilayer 
core (18).

 3. Measure steady-state fluorescence polarization of DPH 
(6, 19, 20).

 1. Preparation of high q-ratio bicelle solution. Mix DMPC-d54 
in deuterium-depleted water or buffer solution (pre pared 
from deuterium-depleted water). Add an appropriate 
amount of a 1 M stock solution of DHPC to yield  
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Vesicles

3.3. Fluorescence 
Study of Membrane 
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3.4. NMR Study  
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[DMPC]/[DHPC] = 3.5 (the q-ratio). The total lipid 
 concentration should be around 50–150 mM.

 2. Heat the mixture to 45°C and cool to below the transition 
temperature (around 15°C).

 3. Vortex and repeat the temperature cycling procedure until a 
clear solution is obtained.

 4. Add the CPP to the ready-made lipid mixture (see note 4).
 5. Insert into the NMR magnet and repeat the temperature 

cycling procedure.
 6. NMR experiments should be performed at a temperature 

between 37 and 45°C.
 7. Acquire 2H spectra with the standard quadrupolar echo 

sequence p/2-t1-p/2-t2-acq (21). The recycle delay between 
scans is typically set to 2 s and the spectral width to 100 kHz. 
Typically, several thousands of transients are recorded.

 8. Measurements of quadrupolar splittings with and without the 
added CPP can give information about the effect that the 
peptide has on lipid order (and dynamics) (22).

The fluorescent dye calcein is entrapped in the LUVs, and its 
fluorescence is self-quenched due to its high concentration. 
Leakage is detected by observing an increased fluorescence from 
the calcein (5, 19, 20). The total 100% leakage is defined after 
adding Triton-X.

 1. Prepare LUVs according to steps 1 and 2 above. As an alter-
native to lyophilization in step 2, evaporate the chloroform 
under argon gas and then place the film under vacuum for at 
least 1 h to ensure complete removal of the chloroform 
solvent.

 2. Prepare a 55 mM solution of calcein in 50 mM potassium 
phosphate buffer, pH 7.4. Pass through 100-nm polycarbon-
ate filter.

 3. Use the calcein solution to disperse the dried film from step 1, 
to a lipid concentration of 10 mM. Vortexing will give LMVs.

 4. Reduce vesicle lamellarity by repeated (typically 4) freeze–
thaw cycles.

 5. To obtain a well-defined vesicle size, extrude the solution 
many times (typically 20) through a polycarbonate filter with 
a pore diameter of 100 nm.

 6. Pass through three sequential Sephadex-G25 columns to 
remove nonentrapped calcein. The dilution factor will be 
about 1.5 for the lipids.

 7. A sample with total lipid concentration of typically 0.4 mM is 
placed in a fluorimeter. The background calcein fluorescence 

3.5. Membrane 
Leakage by Calcein 
Fluorescence
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is measured and then CPP is added in aliquots. If leakage of 
vesicle entrapped calcein occurs, its fluorescence will increase. 
The fluorescence is measured either as a function of time after 
each addition or after a fixed time of incubation.

 8. At the end of the measurement, the vesicles are lysed by addi-
tion of 10% Triton-X, to give the endpoint of 100% leakage.

 1. The SUVs are metastable structures and should be used 
within a few days.

 2. It is essential that all of the organic solvent is removed before 
hydration of the dried lipid film. Remaining solvent will cause 
problems and errors.

 3. LUVs may be stored for weeks, particularly in an inert 
atmosphere.

 4. For preparing magnetically aligned bicelle mixtures with 
CPPs, it may be useful to add the peptide already with the 
DMPC lipid. In this way, both the DMPC and the CPP are 
solubilized by addition of the DHPC solution.
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Chapter 4

Interactions of Amphipathic CPPs with Model Membranes

Sébastien Deshayes, Karidia Konate, Gudrun Aldrian, Frédéric Heitz, 
and Gilles Divita 

Abstract

Due to the poor permeability of the plasma membrane, several strategies are designed to enhance the 
transfer of therapeutics into cells. Over the last 20 years, small peptides called Cell-Penetrating Peptides 
(CPPs) have been widely developed to improve the cellular delivery of biomolecules. These small pep-
tides derive from protein transduction domains, chimerical constructs, or model sequences. Several CPPs 
are primary or secondary amphipathic peptides, depending on whether the distribution of their hydro-
phobic and hydrophilic domains occurs from their amino-acid sequence or through a-helical folding. 
Most of the CPPs are able to deliver different therapeutics such as nucleic acids or proteins in vitro and 
in vivo. Although their mechanisms of internalization are varied and controversial, the understanding of 
the intrinsic features of CPPs is essential for future developments. This chapter describes several protocols 
for the investigation of biophysical properties of amphipathic CPPs. Surface physics approaches are spe-
cifically applied to characterize the interactions of amphipathic peptides with model membranes. Circular 
dichroism and infra-red spectroscopy allow the identification of their structural state. These methods are 
exemplified by the analyses of the main biophysical features of the cell-penetrating peptides MPG, Pep-1, 
and CADY.

Key words: Cell-penetrating peptides, Interactions, Phospholipids, Membrane, Adsorption, 
Insertion, Conformation, Versatility

Since the deciphering of the human genome and analysis of its 
associated proteome, the development of new potential therapeu-
tics has largely increased. The identification of specific cellular tar-
gets and mechanisms allows the conception of novel bioactive 
agents. However, although most of these compounds display 
great therapeutic potential, their clinical development is often 
limited by biological parameters. Indeed, from stability in serum 
to cellular targeting, most therapeutics are generally restricted by 

1.  Introduction
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the same limitations. In this respect, the low permeability of the 
cell membrane is a clear limiting factor for the delivery of bioac-
tive drugs. To overcome this trouble, several delivery strategies 
are routinely devised and optimized. From viral to nonviral meth-
ods, the existing systems involve chemical, biological, or physical 
approaches.

Over the last 20 years, carrier peptides called Cell-Penetrating 
Peptides (CPPs) are designed to enhance the delivery of various 
kinds of cargoes, including small peptides, proteins, and nucleic 
acids into a wide variety of cell types from different tissues and 
organisms (1–3). Although their definition is still evolving, CPPs 
are generally defined as short peptidic sequences of less than 30 
residues. They are usually amphipathic and possess a sufficient 
number of positively charged amino acids for a final positive net 
charge. More specifically, their main feature consists in their abil-
ity to penetrate biological membranes thereby transferring car-
goes into cells (4). CPPs are divided into two groups depending 
on their mode of transfer of cargoes: some carrier peptides are 
covalently linked to the cargo, whereas other peptides form stable 
nanocomplexes with their cargo without any chemical cross-link-
ing or genetic fusion (5, 6). The noncovalent approach allows for 
better release of the cargo since it does not imply any chemical 
cleavage inside the targeted cells and offers greater possibilities of 
development since different formulations can be prepared depend-
ing on cell lines or the nature of cargoes. Based on extensive use 
and studies of their internalization, several mechanisms of CPP 
cellular uptake have been proposed: from direct translocation 
models to endocytotic routes or combination of several 
pathways (7). Several biological and biophysical methods have 
been applied to elucidate the translocation properties of CPPs. 
Despite common features, there is no general rule, and the cel-
lular uptake abilities of CPPs, therefore, have to be investigated 
individually. However, analyses of CPPs tend to show that the 
intrinsic biophysical properties of CPPs play a crucial role in the 
internalization process and the mechanism by which they enhance 
the delivery of biomolecules (2, 8).

Our group has developed three amphipathic CPPs designed 
for noncovalent use. MPG, Pep-1, and CADY peptides efficiently 
transfer nucleic acids, proteins, and siRNA, respectively, into cells 
through the formation of nanocomplexes (9). MPG and Pep-1 
are primary amphipathic peptides. Their primary sequence is 
composed of a hydrophilic domain with positively charged resi-
dues associated to another motif mainly constituted of hydropho-
bic amino acids (10). The hydrophobic domain of MPG derives 
from the fusion sequence of the HIV-1 protein gp41 
(GALFLGFLGAAGSTMGA), while the hydrophilic motif derives 
from the Nuclear Localization Sequence (NLS) of simian virus 40 
(SV40) large T antigen (PKKKRKV). The former is required in 
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the main interactions with nucleic acids and is required to improve 
intracellular trafficking of the cargo, while the latter is required 
for efficient targeting of the cell membrane and internalization 
(11–14). The integrity of both hydrophilic and hydrophobic seg-
ments is preserved, thanks to a three amino-acid spacer (WSQ). 
The hydrophobic domain of Pep-1 differs from that of MPG and 
corresponds to a W-rich segment (KETWWETWWTE) derived 
from HIV-1 reverse transcriptase (15, 16). Finally, CADY is a 
secondary amphipathic peptide based on the sequences of the 
chimerical peptide PPTG1, a variant of the fusion peptide JTS1 
carrier (17). CADY adopts a helical conformation in solution, 
and molecular modeling reveals that the lowest energy structural 
model corresponds to an amphipathic helical conformation stabi-
lized by the stacking and exposure of Trp-residues on one side, of 
Arg and Lys-charged residues on the other, and of hydrophobic 
residues on yet another (18, 19).

The present chapter describes several protocols for the inves-
tigation of intrinsic biophysical properties of amphipathic CPPs. 
The interactions of amphipathic peptides with model membranes 
are studied by using specific surface physics approaches, and pep-
tides structural characteristics are analyzed by circular dichroism 
and infra-red spectroscopy. In this review, we focus on the main 
biophysical features of MPG, Pep-1, and CADY.

 1. Chloroform (CHCl3) and methanol (Merck, cat. no. 
1.02447.0500 and 1.06002.0500).

 2. Sodium Chloride, suprapur 99.99% (Merck, cat. no. 
1.06406.0500) and Sodium Dodecyl Sulfate (SDS), 10% 
solution in water (w/v) (Merck, cat. no. 1.06022.1000).

 3. Pure water is provided by a Milli-Q Gradient A10 from 
Millipore (Wartford, Royaume-Uni.).

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-
sn-glycero-3-(1¢-rac-glycerol) (DOPG), 1,2-dipalmitoyl-
sn-glycero-3-phosphocholine (DPPC), and 1,2-dipalmitoyl 
-sn-glycero-3-phospho-(1¢-rac-glycerol) (DPPG) (Avanti Polar 
Lipids, Alabaster, USA, cat. no. 850375, 840475, 850355, and 
840455, respectively).

 1. MPG is a peptide of 27 residues: GALFLGFLGAAG 
STMGAWSQPKKKRKV (molecular weight: 2,908 Da), 
where the N-terminus is acetylated and the C-terminus 
bears a cysteamide group (NH-CH2-CH2-SH). MPG can be 
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synthesized in-house or obtained from commercial sources 
(DeliverX®, Panomics Inc., Affymetrix). Protocols for the 
synthesis and purification of MPG are described in references 
20, 21. The cysteamide group was shown to be essential for 
the transfection mechanism and stabilization of the MPG/
DNA particle (11, 12). MPG is stable for at least 1 year when 
stored at −20°C in a lyophilized form.

 2. Pep-1 is a peptide of 21 residues: KETWWETWWTEW 
SQPKKKRKV (molecular weight: 2,907 Da), where the 
N-terminus is acetylated and the C-terminus bears a cyste-
amide group (NH-CH2-CH2-SH). Pep-1 can be synthesized 
in-house or obtained from commercial sources (Chariot®, 
Active Motif). Protocols for the synthesis and purification of 
Pep-1 are described in reference 15. The cysteamide group 
was shown to be essential for the transfection mechanism and 
stabilization of the Pep-1/peptide particle (15). Pep-1 is 
stable for at least 1 year when stored at −20°C in a lyophilized 
form.

 3. CADY is a peptide of 20 residues: GLWRALWRLLRSL 
WRLLWKA (molecular weight: 2,653 Da), where the 
N-terminus is acetylated and the C-terminus bears a cyste-
amide group (NH-CH2-CH2-SH). CADY can be synthesized 
in-house or obtained from commercial sources (N-ter®, 
Sigma). Protocols for the synthesis and purification of CADY 
are described in reference 18. The cysteamide group was 
shown to be essential for the transfection mechanism and sta-
bilization of the CADY/siRNA particle (18, 19). CADY is 
stable for at least 1 year when stored at −20°C in a lyophilized 
form.

The methods described below outline (1) preparation of solu-
tions of peptides, phospholipids, and small unilamellar vesicles 
(SUVs), (2) investigation of membrane interactions at the air–water 
interface, and (3) analyses of the structural state of peptides in the 
presence of model membranes.

 1. Take the vial containing the peptide powder out of the freezer 
and equilibrate for 30 min at room temperature without 
opening the vial. This step is required to limit hydration of 
the peptide powder. Resuspend the peptide at a concentra-
tion no greater than 1 mg/ml (concentration around 350 mM, 
depending on the carrier) in water.

 2. Mix gently by tapping the tube and then by vortexing at low 
speed for 20 s.

3.  Methods
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3.1.1. Preparation of 
Carrier Solutions
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 3. Measure the ultraviolet (UV) spectrum and calculate the 
extinction coefficient (e) of the peptide sequence based on UV 
amino-acid properties. The e value is determined at l = 280 nm 
on the basis of 5,500 M−1 cm−1 for a Trp residue and 
1,490 M−1 cm−1 for a Tyr residue. Then, Beers law (A = elC) is 
used to determine the real concentration of the peptide stock 
solution. A is the measured absorbance at a given wavelength, 
l is the path length, and C is the peptide concentration.

 4. Repeated freeze/thaw cycles can induce peptide aggrega-
tion; therefore, it is recommended that one aliquot the pep-
tide stock solution into tubes containing the amount one 
expects to use in a typical experiment prior to freezing. The 
peptide stock solution is stable for about 2 months when 
stored at 4°C.

 1. Take the vial containing the lipid powder out of the freezer 
and equilibrate for 30 min at room temperature without 
opening the vial. As for peptides, this step is essential to limit 
hydration of the powder. Resuspend the phospholipids pow-
der at a concentration no greater than 100 mg/ml (125 mM) 
in a chloroform/methanol (3/1, v/v) mixture.

 2. Transfer the lipid solution into a glass vial and then mix by 
vortexing at low speed for 20 s.

 3. The lipid stock solution is stable for about 12 months when 
stored at −20°C.

Small Unilamellar Vesicles (SUV) are prepared from DOPC, 
DOPG, or a mixture of DOPC and DOPG (80/20, m/m) 
according to the following protocol.

 1. Transfer 5 mg of the phospholipids stock solution (100 mg/ml) 
into a glass balloon of 10 ml.

 2. Evaporate the chloroform/methanol mixture (3/1, v/v) 
under high vacuum for at least 3 h by using a VV-micro 
Rotavapor from Heidolph (Schwabach, Germany).

 3. Lipids are resuspended in water by vortex mixing with a volume 
of solution (3 ml) corresponding to a phospholipid concen-
tration of 2 mM.

 4. The resulting lipid dispersion is sonicated in one cycle of 
20 min at 70% pulse cycle in an ice/water bath, using a 450D 
Digital Sonicator from Branson (Dietzenbach, Germany).

 5. A last centrifugation of the resulting vesicles allows us to 
remove the remaining titanium particles from the sonication 
probe.

 6. All SUVs preparations are equilibrated overnight at 4°C and 
used the next day.

 7. The SUVs stock solution is stable for about 1 week at 4°C.

3.1.2. Preparation  
of Phospholipid Solutions

3.1.3. Preparation  
of Solutions of Small 
Unilamellar Vesicles
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The cell-penetrating peptides MPG, Pep-1, and CADY are designed 
on the basis of a primary or secondary amphipathicity. Primary 
amphipathic peptides, as MPG and Pep-1, are composed of a 
hydrophobic domain linked to a hydrophilic moiety, whereas the 
secondary amphipathic peptide CADY presents an amphipathic 
feature through a helical secondary structure that induces segre-
gation between hydrophobic and hydrophilic domains (8, 9). 
The amphipathic character of these CPPs makes them surface-
active products. In addition, as their biological activity involves 
lipid membrane interfaces, surface physics are entirely suitable to 
study their physicochemical and biological properties. Thus, the 
following methods are based on surfaces physics that allow the 
determination of several physicochemical properties of a molecule 
such as the affinity for interfaces (and especially hydrophobic/
hydrophilic ones), the amphipathic character, the insertion into 
phospholipid monolayers, and the nature of interactions with lip-
ids. These methods, more commonly known as “monolayer tech-
niques,” are potent tools for studying the interfacial features of 
molecules such as antimicrobial or membrane lytic peptides and 
are thus entirely adapted for the study of amphipathic CPPs 
(22–24).

Amphiphilic molecules are compounds that are able to adsorb at 
interfaces. They are generally asymmetrical molecules that have a 
great ability to be oriented at the interface. By definition: a mol-
ecule will be adsorbed from solution at an interface if the energy 
exchange with the surface overcomes the increase in free energy 
which accompanies the removal of the molecule from the solu-
tion (22). In this respect, lipids and detergents are good models 
of amphipathic molecule. They display a good affinity and hence 
pronounced adsorption at the air/water interface. Once adsorbed 
at the air/water interface, these amphiphilic molecules are gener-
ally able to organize in a monomolecular film that induces a 
decrease of the surface tension of pure water. This variation of 
surface tension corresponds to the surface pressure P, defined by 
the relation: P = gwater − gsolution, where gwater is the surface tension of 
pure water and gsolution the surface tension of the solution with the 
adsorbed monomolecular film. The surface pressure, as the sur-
face tension, is a force per length unit, expressed in mN/m and is 
generally measured with a tensiometer. For the pure air/water 
interface, the surface tension is gwater = 72.8 mN/m at 20°C. The 
following protocol is described for standard adsorption measure-
ments (Fig. 1a) that allow the identification of air/water interface 
affinity as well as amphipathic features of peptides (22). By plot-
ting surface pressure (P), a function of the concentration of pep-
tide in the subphase (adsorption curve), two crucial values can be 
determined. The saturating surface pressure (Psat) indicates 

3.2. Membrane 
Interactions at the 
Air–Water Interface

3.2.1. Adsorption at the 
Air–Water Interface
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whether the peptide has strong affinity for the air/water interface, 
i.e., strong amphipathicity. The Critical Micellar Concentration 
(CMC) corresponds to the maximal concentration for which no 
further increase in surface pressure is detected.

 1. Fill a 71-ml Teflon Langmuir trough with a subphase solu-
tion constituted of a NaCl buffer at a concentration of 
0.154 M, without any overflowing from the trough (see 
Note 1).

 2. Insert the Langmuir–Blodgett probe, a Wilhelmy platinum 
plate (22), at the air–solution interface and calibrate the 
Langmuir–Blodgett film Prolabo (Paris, France) tensiometer 
on the basis of the surface tension of water (gwater = 72.8 mN/m 
at 20°C) (see Note 2).

 3. Inject a small amount of a highly concentrated solution of 
peptide into the subphase and gently stir with a magnetic stir-
rer. The effective concentration of peptide in the subphase is 
calculated on the basis of the dilution in the 71-ml trough. 
The surface pressure (P) corresponding to this peptide con-
centration is measured at equilibrium, after 30 min.

 4. Repeat step 3 until no further increase in surface pressure is 
detected. Surface pressure increase is then plotted as a func-
tion of the effective concentration of peptide in the subphase. 
The final adsorption curve, P = f(concentration), allows us to 
determine the saturating surface pressure (Psat) as well as the 
CMC (Fig. 2) (see Note 3).

Fig. 1. Schematic representation of surface physics device for air/water interface experiments. Left panel: Adsorption 
principle. Peptides are injected into the subphase at a given concentration, and the subphase is gently stirred with a 
magnetic stirrer. The monomolecular film formed by peptides at the free lipid air/water interface decreases the surface 
tension and induces an increase in surface pressure (P). Adsorption curves consist in plotting P values as a function of 
peptide concentration. Right panel: Penetrations principle. Insertion measurements display the same principle as adsorp-
tion with however an initial monolayer spread at the interface leading to an initial surface pressure (P

i). The insertion of 
peptide induces a variation of the surface pressure DP. Penetrations curves are obtained by plotting DP values as a 
function of P

i. Surface pressures are expressed in mN/m.
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The amphiphilic nature of phospholipids allows us to organize 
them in a monolayer at the air/water interface. By spreading phos-
pholipids at the interface and by measuring the surface tension, it 
is possible to form a lipid monolayer at a given surface pressure 
(Pi). This approach is very useful when analyzing model mem-
brane insertion of a peptide. Indeed, any peptide that can insert 
into a phospholipid monolayer will induce a change in the initial 
surface pressure (Pi). Then, the variation of surface pressure (DP) 
is indicative of the affinity of the peptide for the monolayer, its 
insertion in this monolayer, and thus of the peptide/lipid interac-
tions. The following procedure is described for penetration/inser-
tion experiments (Fig. 1b) that allow us to evaluate the affinity of 
peptides for phospholipid monolayers as well as the determination 
of the nature of peptide/lipid interactions (22, 24). The variation 
of surface pressure (DP) as a function of different initial surface 
pressures (Pi) (penetration curve) allows us to extrapolate the 
Critical Pressure of Insertion (CPI), which is indicative of the 
insertion of peptides into phospholipid monolayers.

 1. Fill a 71-ml Teflon Langmuir trough with a subphase solu-
tion constituted of a sodium chloride NaCl buffer at a con-
centration of 0.154 M, without any overflowing from the 
trough (see also Notes 1 and 2).

 2. Insert the Langmuir–Blodgett probe, a Wilhelmy platinum 
plate, at the air–solution interface and calibrate the Langmuir–
Blodgett film Prolabo (Paris, France) tensiometer.

3.2.2. Insertion in 
Phospholipid Monolayers

Fig. 2. Adsorption measurements of amphipathic peptides. Pep-1 (open square), MPG (open triangle), and CADY (open 
circle) are tested with a subphase solution constituted of a 0.154 M NaCl buffer. Adsorption curves allow the identification 
of Psat of Pep-1 (5 mN/m), MPG (13 mN/m), and CADY (30 mN/m). These values indicate that CADY is the most amphip-
athic peptide and that Pep-1 displays the lowest affinity for the free lipid air/water interface. CMC values, 500, 250, and 
230 nM for Pep-1, MPG, and CADY, respectively, are close together. However, CMC values are in agreement with the dif-
ferences observed in the affinity for the air/water interface since CADY displays the lowest CMC whereas Pep-1 the 
highest one. The more amphipathic peptide, i.e., CADY, has the lowest CMC value.
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 3. Gently spread a small amount of highly concentrated solution 
of lipids in a chloroform/methanol mixture until a significant 
surface pressure is detected. The initial surface pressure (Pi) 
of the phospholipid monolayer is measured at equilibrium 
after 30 min (see Note 4).

 4. Inject a small amount of a highly concentrated solution of 
peptide into the subphase and gently stir with a magnetic stir-
rer. The final concentration of peptide in the subphase has to 
be close to the CMC value determined during adsorption 
experiments. The variation of surface pressure (DP) corre-
sponding to the initial surface pressure (Pi) of phospholipids 
is measured at equilibrium, after 30 min.

 5. Repeat steps 3 and 4 until a sufficient number of points are 
achieved (see Note 4). Then, the variation of surface pressure 
(DP) is reported as a function of the initial surface pressure (Pi) 
of phospholipids. The final penetration curve, DP = f(Pi), allows 
us to determine the CPI as well as the evaluation of strength of 
peptides/lipids interactions (Fig. 3) (see Note 5).

The following protocols are described for the investigation of 
structural intrinsic properties of peptides using spectroscopic 
methods. These methods involve both circular dichroism (CD) 
and Fourier transform-infrared (FT-IR) spectroscopy and allow us 
to evaluate the conformational state of peptides in several different 
environments such as water, buffer, lipids vesicles, or other mem-
brane-mimicking solvents (SDS, TFE). In addition, the structural 
analyses provide information on interactions of peptides with other 
molecular partners such as lipid/peptide interactions. The follow-
ing procedures are standard approaches used to investigate struc-
tural intrinsic properties of MPG, Pep-1, and CADY.

The measurement of the difference between extinction coefficient 
of both left-handed and right-handed circularly polarized light is 
called circular dichroism (CD). All optically active molecules dis-
play circular dichroism. A molecule is considered optically active 
if it does not possess any plan, centre, or axis of symmetry. Every 
natural amino acid, except Gly, displays an asymmetric carbon, 
carbon a, which defines the optical activity and contributes to the 
CD signal of a peptide or protein sequence. Irrespective of their 
structure, all peptides and proteins exhibit a characteristic CD 
spectrum. However, the different torsion angles depending on 
the secondary structure have an impact on the position and inten-
sity of the extrema of the CD spectrum. Thus, CD spectra are 
specific of the secondary structure of peptides and proteins 
(25–27). In this regard, an a-helix is characterized by three bands 
at 193, 207, and 222 nm. For a right-helix, both bands at 207 
and 222 nm are minima and the band at 193 nm is a maximum, 

3.3. Membrane 
Interactions: 
Structural 
Investigations

3.3.1. Structural Analysis 
by Circular Dichroism 
Spectroscopy
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whereas the spectrum is reversed for a left-helix. CD spectra of 
b-sheets are composed of two bands centered at 195 and 217 nm, 
corresponding to a maximum and a minimum, respectively. 
b turns induce a large variety of CD spectra, leading to problems in 
their interpretation. Nevertheless, they are generally characterized 

Fig. 3. Insertion of amphipathic peptides into phospholipid monolayers. Penetration curves are reported for MPG (a), 
Pep-1 (b), and CADY (c) into DOPC (open circle), DOPG (open triangle), DPPC (filled circle), and DPPG (filled triangle) 
phospholipid monolayers. The identification of high CPI values indicates that MPG, Pep-1, and CADY are able to get 
inserted into the phospholipid monolayers. However, their affinity differs slightly and depends on the polar heads, on the 
acyl chains, or on both polar heads and acyl chains of lipids.
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by two bands, one negative around 205 nm and the other positive 
around 222 nm. CD spectra of random coils are composed of a 
strong minimum at 198 nm and a small positive or negative band 
around 220 nm.

Finally, the nature of peptide and protein environments (pH, 
ionic force, solvents, lipids, temperature, pressure, etc.) can influ-
ence their secondary structure and therefore the corresponding 
CD spectrum.

 1. Peptide samples are prepared by diluting a stock solution of 
peptides to a concentration of 75 mM in water (see Note 6).

 2. For measurement in solution, samples are prepared by filling 
in a Hellma Quartz Suprasil cell with an optical path of 1 mm 
with 200 ml of the 75 mM peptide solution.

 3. For measurement in SDS, samples are prepared by filling a 
Hellma Quartz Suprasil cell with an optical path of 1 mm 
with 200 ml of the 75 mM peptide solution and increments of 
stock solution of SDS at 10 mM are added, and peptide con-
centration is corrected for the dilution.

 4. For measurement in SUVs, samples are prepared by filling a 
Hellma Quartz Suprasil cell with an optical path of 1 mm 
with 200 ml of the 75 mM peptide solution, and increments of 
a stock solution of SUVs at 2 mM are added to obtain specific 
lipid/peptide ratios. Peptide concentration is corrected for 
the dilution.

 5. All the CD spectra are recorded on a Jasco 810 dichrograph 
from Jasco (Tokyo, Japan) and are obtained from the average 
of three scans between 190 and 260 nm at an interval of 
0.5 nm, a bandwidth of 1 nm, and a standard sensitivity. 
Blanks are collected on all solvent media and subtracted from 
the spectra containing peptides.

 6. CD spectra are expressed as mean molecular ellipticity per 
residue (deg cm2/dmol).

 7. Typical spectra of MPG, Pep-1, and CADY in water, SDS, or 
SUVs of DOPG are reported in Fig. 4 (see Note 7).

The FT-IR spectroscopy is based on the observation that an infra-
red beam turned on a molecule can induce vibrations of its molec-
ular bonds (28). The bonding energies are modified and lead to a 
change in their vibration frequencies that can be detected by an 
infrared spectrometer. The infrared absorption spectra obtained 
for peptides and proteins are composed of absorptions bands cor-
responding to the mode of vibration of amino acids and bands 
characteristics of the peptidic bond, namely, amide bands (29, 30). 
There are seven amide bands, but the most frequently used for 
protein secondary structure investigations is amide I. Two main 
modes of vibration exist: those resulting from a stretching and 

3.3.2. Fourier Transform-
Infra Red Spectroscopy
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those resulting from an angular deformation of the C=O of the 
peptidic bond. The exact frequency of these vibrations depends on 
the hydrogen bond between C=O and NH that also depends 

Fig. 4. Conformational analysis of amphipathic CPPs by Circular Dichroism spectroscopy. (a) MPG in its free form (solid line) 
and in the presence of 2.20 mM SDS (dashed line); (b) Pep-1 in its free form (solid line) and in the presence of DOPC/DOPG 
(80/20, m/m) vesicles at 7/1 lipid/peptide ratio (dashed line); (c) CADY in its free form (solid line) and in the presence of DOPG 
vesicles at 5/1 lipid/peptide ratio. Mean molar ellipticity per residues is expressed in deg cm2/dmol. The peptides are mainly 
random coil in solution and adopt a specific secondary structure in different environments, i.e., partially b-sheet (MPG), par-
tially a-helical (Pep-1), or mainly a-helical (CADY) in the presence of SDS, DOPC/DOPG, and DOPG vesicles, respectively.
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on the secondary structure of peptides and proteins. This 
structure/frequency relationship allows the attribution of specific 
bands to each conformation. Thus, the FT-IR spectra of a-helices 
and b-sheets are characterized by an amide I band centered at 
1,655 cm−1 and between 1,625 and 1,640 cm−1, respectively. An 
additional band around 1,680 cm−1 is identified for antiparallel 
sheets. With regard to random coils, a band at 1,650 cm−1 is gen-
erally observed in the infrared absorption spectrum.

 1. Peptide samples are prepared by diluting stock solutions of 
peptides to a concentration of 75 mM in water.

 2. Samples are prepared by depositing solutions of pure peptide 
and lipid/peptide mixtures at a 9/1 (mol/mol) lipid/pep-
tide ratio onto a fluorine plate where the solvents are allowed 
to evaporate under a nitrogen flux.

 3. FT-IR spectra are recorded on a IFS-28 spectrometer from 
Bruker (Ettlingen, Germany) equipped with a liquid-nitrogen-
cooled MCT detector. Spectra (1,000–2,000 scans) are 
recorded at a spectral resolution of 4 cm−1 and are analyzed 
using the OPUS/IR2 program.

 4. Typical FT-IR spectra of MPG and Pep-1 in their free form 
and in the presence of DOPC phospholipids are reported in 
Fig. 5 (see Note 8).

 1. Several different Langmuir troughs can be used depending 
on the amounts and concentrations of the sample studied. 
For small amounts of peptides or proteins, a 10-ml Teflon 

4.  Notes

Fig. 5. Conformational analysis of amphipathic CPPs by Fourier Transformed Infra Red spectroscopy. MPG (a) and Pep-1 
(b) in their free form (1) and in the presence of DOPC at a 9/1 (mol/mol) lipid/peptide ratio (2). After normalization of 
spectra, absorbance is expressed in arbitrary units (A.U.). MPG and Pep-1 are able to undergo a conformational transition 
from a random coil to b-sheet and a-helix conformation in the presence of phospholipids, respectively.
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Langmuir trough is generally used and allows the injection of 
small amounts in the subphase solution. The subphase can be 
constituted of different solutions such as pure water, NaCl or 
phosphate buffers at different pH values, ionic force, or 
concentrations.

 2. For small Teflon Langmuir trough, a du Nouy needle probe 
from Kibron (Espoo, Finland) must be used instead of the 
Wilhelmy platinum plate to minimize the error induced by 
the area of the Wilhelmy plate on the final surface area of the 
trough.

 3. Psat values are determined for peptides, proteins, or other 
biomolecules with minimal but significant interfacial proper-
ties. Indeed, the less a molecule is amphipathic, the less it has 
affinity for air/water interface and thus lower are the surface 
pressure increase and Psat values. For biomolecules without 
any affinity for air/water interface, there is no increase in sur-
face pressure and thus no Psat values or CMC. Then, it is 
strongly advised to check the quality of the experiment by 
adding a small amount of a specific molecule with high affin-
ity for the air/water interface (lipid, peptide, surfactant, etc.) 
to induce a given increase in surface pressure.

 4. Several different initial surface pressures (Pi) of phospholipid 
monolayers are obtained for different spreading of phospho-
lipids. In this regard, it is relatively difficult to obtain exactly 
the same initial surface pressure from one point to another. 
Therefore, statistically convincing reproducibility is achieved 
by increasing the number of measurements until a net ten-
dency in the DP = f (Pi) curves is observed.

 5. Critical Pressures of Insertion (CPI) are determined by 
extrapolation of the Pi value for DP = 0. The strength of pep-
tide/lipid interactions is evaluated by extrapolation of the DP 
value for Pi = 0 and comparison with the Psat value. In gen-
eral, high CPI reveals that the peptides are able to get inserted 
spontaneously into the phospholipid monolayer. In addition, 
values >35 mN/m point out a spontaneous insertion into 
biological membranes. Strong differences between DP for 
Pi = 0 and Psat indicate strong peptide/lipid interactions, 
while similar values suggest no or weak peptides/lipids 
interactions.

 6. Preliminary studies have shown that for peptides of 20–30 
residues, 200 ml of sample at 75 mM in a cell with an optical 
path of 1 mm allows recording of CD spectra with good sig-
nal/noise ratio. Although higher and lower concentrations 
can be used, several parameters, such as the optical path of 
the cell and acquisition time, must be adjusted to preserve a 
good signal/noise ratio.



55Interactions of Amphipathic CPPs with Model Membranes

 7. Although several methods allow analysis of CD spectra and 
determination of percentages of secondary structure, they are 
often based on protein sets that are not really suitable for 
small peptides.

 8. It is important to remember that in contrast to CD investiga-
tions, FT-IR spectroscopy involves dried lipid/peptide sam-
ples. This approach may, therefore, sometime favor peptide 
aggregation and then intermolecular (peptide/peptide) inter-
actions, thus leading to an overestimation of b-sheet struc-
ture. Thus, FT-IR studies have to be correlated with other 
structural analyses.
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Chapter 5

NMR Studies of Three-Dimensional Structure and 
Positioning of CPPs in Membrane Model Systems

Lena Mäler and Astrid Gräslund 

Abstract

CPPs are generally short cationic peptides that have the capability to interact directly with membranes. 
Most CPPs attain a three-dimensional structure when interacting with bilayers, while they are more or 
less unstructured in aqueous solution. To understand the relationship between structure and the effect 
that CPPs have on membranes, it is of great importance to investigate CPPs with atomic resolution in a 
suitable membrane model. Nuclear magnetic resonance (NMR) is an excellent technique both for study-
ing solution structures of peptides as well as for investigating their location within a model bilayer. This 
chapter outlines protocols for producing model membrane systems for NMR investigations as well as the 
basic NMR tools for determining the three-dimensional structure of CPPs and for investigating the 
details in lipid–peptide interactions, i.e., the localization of the CPP in the bilayer.

Key words: CPP, Micelle, Bicelle, Membrane, Bilayer, Phospholipid, Nuclear magnetic resonance, 
Structure

Cell-penetrating peptides are, from a structural perspective, a 
class of short, often cationic peptides that have the ability to form 
various secondary structures under different conditions. In gen-
eral, these peptides are unstructured in water or buffer solution, 
but attain secondary structure in the presence of a membrane or 
a membrane mimetic. Most CPPs have the possibility to adopt 
amphiphilic a-helical structure under certain membrane condi-
tions (often including somewhat negatively charged bilayer sur-
faces and not too high peptide/lipid ratio) (1). Some CPPs adopt 
this structure as a consequence of electrostatic interactions 
between the positively charged amino-acid residues and a nega-
tively charged bilayer surface, while for others it is found that 

1.  Introduction

Ülo Langel (ed.), Cell-Penetrating Peptides: Methods and Protocols, Methods in Molecular Biology, vol. 683,
DOI 10.1007/978-1-60761-919-2_5, © Springer Science+Business Media, LLC 2011
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hydrophobic interactions dominate. The relationship between 
secondary structure of CPPs and the mechanism by which they 
act is not entirely understood, and hence, it is important to eluci-
date this relationship. Some CPPs are toxic and induce membrane 
leakage, while others do not appear to perturb the membrane, 
although they interact with the bilayer (2, 3).

The typical biological membrane is a complex structure com-
posed primarily of lipids and proteins. To investigate the molecu-
lar details in CPP structure, motion, and location in a bilayer, a 
model for the lipid bilayer needs to be used (4). Typical mem-
brane models include vesicles (or liposomes), bicelles (5–11) or 
mixed micelles, and detergent micelles (12) (Fig. 1). The major 
structural part of a real bilayer is a mixture of various lipids, and 
one example of a typical eukaryotic neutral (zwitterionic) phos-
pholipid is POPC. This lipid is commonly used to produce vesi-
cles. A large variety of lipids can, however, be used to produce 
suitable model membranes, for instance, lipids with somewhat 
shorter acyl chains and lipids with different head-group charge. 
The simplest membrane mimetic is a suitable detergent, such as 
sodium dodecyl sulfate (SDS), dodecyl phosphocholine, or 
dihexanoyl phosphocholine (DHPC) (12). The latter two have 
been used successfully to determine NMR solution structures of 
integral membrane proteins as well as that of protein domains. 
Bicelles are mixtures of phospholipids and a suitable detergent 
(5–11). These bicelle mixtures have been found to resemble disk-
like aggregates, composed of a bilayered phospholipid surface 
surrounded by detergent molecules (8, 9). The molecular struc-
tures of the phospholipids dimyristoylphosphocholine (DMPC), 
and the negatively charged dimyristoylphosphoglycerol (DMPG), 
commonly used in bicelles, are shown in Fig. 2.

There are many different methods by which it is possible to 
study CPP structure, including the relationship between peptide 
structure and membrane interactions. For all types of structural 
studies, a suitable membrane model has to be used (4). The choice 

Fig. 1. Schematic picture illustrating the structure of a detergent micelle (a) and a phospholipid bicelle (b), commonly 
used for studies of CPP-membrane interactions. In (b), the cut-through illustrates the bilayer property of a bicelle.
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of model membrane depends on the technique by which the 
structure is studied. One of the simplest and fastest spectroscopic 
methods to investigate secondary structure of peptides and pro-
teins is circular dichroism (CD) spectroscopy, which provides 
estimates of the content of various secondary structures. Similarly, 
Fourier transform infrared spectroscopy (FtIR) also provides an 
overview of the secondary structure content in peptides and 
proteins

Although these methods give a rapid estimate of the struc-
ture, a serious drawback is that they do not, in general, provide 
information on an atomic level. Solution-state nuclear magnetic 
resonance (NMR) spectroscopy, on the other hand, does pro-
vide atomic level structural information and has been used 
successfully for the past 30 years to investigate structure as well as 
motional properties of peptides and proteins (13, 14). The main 
drawback with NMR is related to the fact that only proteins or 
peptide–lipid complexes of limited size can be studied. The size 
limitation is related to molecular mobility, and larger molecules 
or complexes have slower motions giving rise to severe line broad-
ening in the NMR spectra. Recent advances, including the TROSY 
experiment (15), have pushed this limit upward, and for example, 
several solution structures of integral membrane proteins have 
been reported (16). The size limitations, however, dictate the 
choice of membrane mimetic, and typically detergent micelles 
and bicelles have been used to investigate the structure of mem-
brane-bound peptides and proteins. Phospholipid vesicles are 
generally too large to allow for resolved NMR spectra of incorpo-
rated peptides. In favorable situations, small unilamellar vesicles 
(SUVs) may be used to investigate certain aspects of bound 
peptides.
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Fig. 2. The molecular structures of two commonly used components in bicelles: 1,2-dimyristoyl-sn-glycero-3-phospho-
choline (DMPC) and the negatively charged 1,2-dimyristoyl-sn-glycero-3-(phospho-(1-glycerol)) (DMPG). The nomencla-
ture for the positioning of the two fatty acyl chains is indicated for DMPC.
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NMR has been successfully used to elucidate the detailed 
structure of several CPPs in their membrane-bound form, using a 
variety of membrane models such as detergents, bicelles, and simple 
organic solvents (17–23). A wide range of CPPs have been inves-
tigated, including penetratin and transportan, as well as peptides 
derived from the N-terminal fragments of the prion and doppel 
proteins (Fig. 3). These studies are often based on homonuclear 
2D 1H methods, some of which provide resonance assignments, 
e.g., correlation experiments such as COSY (24) and TOCSY 
(25). The important distance constraints, used in the structure 
calculations, are obtained from nuclear Overhauser enhancements 
in the NOESY spectrum (26).

Perhaps even more important for understanding the effect 
that CPPs have on membranes is knowledge about their location 
within a membrane. Also, for these investigations, there are sev-
eral methods available. Fluorescence spectroscopy can be used to 
investigate the location of specific fluorophores (such as intrinsic 
Trp or Tyr residues within the peptide sequence, or a chemically 
attached fluorophore) with respect to the bilayer (27–29). 
Fluorescence quenching by various fluorescence quenchers and 
fluorescence resonance energy transfer (FRET) between a donor 
and acceptor fluorophore are particularly useful methods to elu-
cidate the bilayer location of a peptide.

Solution NMR can be used to also give details about the 
localization of a CPP in a bilayer at atomic resolution. There are 
several NMR techniques that are useful for this task. 1H – 2H 

Fig. 3. NMR-derived solution structures of a few CPPs in membrane mimetic media. Structure of penetratin in q = 0.5 
DMPC/DMPG/DHPC phospholipid bicelles (30% PG) (a), of transportan in q = 0.33 DMPC/DHPC (b), and of the N-terminal 
fragment (1–30) of the bovine Prion protein in DHPC (c). The figures were generated with PyMol (W.L. DeLano, The PyMol 
Molecular graphics system (2002) http://www.pymol.org). The coordinates were taken from the PDB (http://www.rcsb.
org) (penetratin: 1OMQ, transportan: 1SMZ and bovine Prion protein-derived peptide: 1SKH).
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exchange rates for backbone amide hydrogen atoms in the 
peptide carry information about the bilayer insertion depth of a 
particular residue within a bilayer. Paramagnetic probes, attached 
to different parts of a lipid molecule, can be used to monitor the 
relaxation rate enhancement for resonances close to the probe. 
These experiments can give a detailed picture of how the various 
segments of a peptide are located with respect to the lipid mole-
cule. Finally, direct observations of close distances between differ-
ent parts of a lipid molecule and specific amino-acid residues in a 
peptide can be obtained through measurements of cross-relax-
ation. This is conveniently achieved for small peptides in e.g., 
bicelles by the saturation transfer difference experiment (30), or 
from selective 1D NOESY experiments (31).

In summary, NMR methods can be used in combination with 
other spectroscopic techniques to provide models for how CPPs 
interact with model membranes, revealing not only the three-
dimensional structure of a CPP but also the localization of the 
peptide in a model bilayer. In this chapter, we describe the prepa-
ration and use of membrane models that are suitable for NMR 
investigations of short peptides, such as CPPs. We also outline the 
basic NMR procedures that are employed in such studies, and we 
focus on homonuclear two-dimensional 1H methods for deter-
mining structure and localization of CPPs in model membranes. 
A detailed theoretical and practical description of these experi-
ments is beyond the scope of this review, and we refer the reader 
to excellent textbooks on modern NMR techniques, such as the 
one by Cavanagh et al. (14).

Suitable membrane mimetic systems for conducting high-resolu-
tion NMR studies include different micelle solutions or bicelle 
solutions. Depending on the application, different choices can be 
made: solution structures of CPPs are readily studied in micelle 
solvents, while for studies of the location of a CPP in a bilayer, a 
true bilayer, such as that provided by small fast-tumbling bicelles, 
may be preferred.

 1. Detergents, typically one of the following: sodium dodecyl 
sulfate (SDS); Sigma (St. Louis, USA), dodecyl phosphocho-
line (DPC), 1,2-dihexanoyl-sn-glycero-3-phosphocholine 
(DHPC); Avanti Polar Lipids, Alabaster (AL, USA). For 
high-resolution NMR studies, deuterated versions of the 
detergents are often used.

 2. Phosphate buffer, pH 5.5–7 (typically 50 mM).

2.  Materials

2.1. Micelle 
Preparation
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 1. Deuterated phospholipids 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC-d54), 1,2-dimyristoyl-sn-glycero-3-
(phospho-rac-(1-glycerol)) (DMPG-d54) and 1,2-dihexanoyl 
-sn-glycero-3-phosphocholine (DHPC-d22), as well as the 
undeuterated DMPC, DMPG, and DHPC; Avanti Polar 
Lipids, Alabaster (AL, USA).

 2. Phosphate buffer, pH 5.5. Usually a 0.2 M stock solution is 
prepared from which enough is taken for preparing the 
desired concentration (50 mM).

 3. Lyophilizer.
 4. Vortexer.
 5. Oven.

 1. Deuterated water, 2H2O.
 2. Spin-labeled lipids, 1-palmityl-2-steroyl-(5-DOXYL)-sn-

glycero-3-phosphocholine, and/or 1-palmityl-2-steroyl-(12-
DOXYL)-sn-glycero-3-phosphocholine and/or 1-palmityl 
-2-steroyl-(16-DOXYL)-sn-glycero-3-phosphocholine, 
Avanti Polar Lipids, Alabaster (AL, USA).

Since CPPs are generally short peptides, these are most often obtained 
by solid-phase synthesis, which for most applications does not allow 
for cost-effective incorporation of isotopes such as 15N or 13C. Hence, 
the high-resolution NMR methods used for determining the three-
dimensional structure as well as NMR studies of the location of CPPs 
in bilayers are generally standard homonuclear two-dimensional 
methods commonly used for investigating small peptides (14).

For structure determination, as well as for investigations on 
the positioning of CPPs, an almost complete resonance assign-
ment is required. This is generally obtained from a combination 
of 2D TOCSY and NOESY experiments. In favorable cases, when 
the overlap between the signals originating from the lipids or 
detergent and the peptide is minimal, it is also feasible to perform 
2D COSY experiments.

For investigations concerning the location of CPPs in model 
bilayers (bicelles), a combination of 1H – 2H backbone amide 
exchange experiments, paramagnetically labeled lipids, and determi-
nation of peptide–lipid NOEs are useful. The latter can conveniently 
be determined with the saturation transfer difference experiment.

The samples used for these NMR experiments usually contain 
a detergent solvent or a mixture of detergents and phospholipids 
(bicelles) and around 100 mM–1 mM peptide.

2.2. Preparation of 
Fast-Tumbling Bicelles 
(Mixed Bilayered 
Micelles)

2.3. Determining  
the Location of CPPs 
in a Bilayer

3.  Methods
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 1. Dissolve the desired detergent (typically DPC, DHPC, or 
SDS) in an aqueous medium (water or phosphate buffer) at a 
concentration around 50–150 mM.

 2. Add the CPP (powder). Typical concentrations range between 
0.5 and 1 mM (see Note 1).

For high-resolution solution NMR work on peptides or protein 
fragments in bicelle solution, chain-deuterated lipids (DMPC, 
DMPG, and DHPC) are frequently used. The final concentration 
of lipids and detergents should be between 150 and 300 mM. 
The morphology of mixtures with a total concentration of 
300 mM has been carefully investigated. The ratio of lipid/deter-
gent (the q-value) suitable for high-resolution NMR studies is 
within the range of 0.15–0.5. For a sample of q = 0.5 DMPC/
DHPC bicelles, this implies a final DMPC concentration of 
100 mM and a DHPC concentration of 200 mM. Surface-active 
peptides or protein fragments may be added to ready-made bicelle 
solution.

 1. Mix the desired lipids in an aqueous medium (usually phos-
phate buffer) and vortex the mixture until a homogeneous 
slurry is obtained (see Note 2). Typically, chain-deuterated 
lipids (and detergents) are used for NMR purposes.

 2. Prepare a stock solution of the detergent in water (or D2O if 
desired for NMR purposes). A 1 M solution of DHPC is 
convenient for preparing bicelles with a total lipid (phospho-
lipid + detergent) concentration of 300 mM (see Note 3).

 3. Add an appropriate amount of the detergent solution to the 
lipid slurry, to produce the desired q-value (see Notes 4 and 5).

 4. The sample is vortexed and heated to well above the melting 
temperature of the lipid (typically heated to 45°C for DMPC/
DHPC mixtures) in several cycles until a transparent low-
viscous solution is obtained (see Notes 6 and 7).

 5. Add the desired amount of CPP to the ready-made bicelle 
solution. Typically, for 2D 1H NMR measurements, a sample 
volume of 0.5 ml containing around 0.5–1 mM peptide is 
required (see Note 8).

 6. If spin-labeled lipids are used, add a small amount (2.5 ml) of 
a fairly concentrated solution of labeled lipid in methanol 
(0.1 M) to the sample.

 1. Lyophilize the ready-made NMR sample (see Subheading 3.2).
 2. Rapidly dissolve the sample in 2H2O.
 3. Transfer to a 5-mm NMR tube and quickly start the NMR 

experiments.

3.1. Preparation  
of CPPs in Micelle 
Solution

3.2. Preparation  
of CPPs in Fast-
Tumbling Bicelles 
(Mixed Bilayered 
Micelles)

3.3. Sample 
Preparation for 1H – 2H 
Exchange Experiments



64 Mäler and Gräslund

 1. Two-dimensional homonuclear NOESY spectra and TOCSY 
spectra are recorded as datasets with around 2,048 × 512 
complex data points using 16–64 scans (see Note 9).

 2. The NOESY mixing time is usually set to 100–300 mM (see 
Note 10).

 3. Suitable mixing times for the TOCSY experiment are 
30–80 ms.

 4. For samples containing deuterated detergent (SDS or DPC), a 
standard COSY or double-quantum filtered COSY, DQF-COSY 
(32) may also be recorded, using around 512 increments.

 5. Water suppression in the homonuclear experiments is essen-
tial and can be achieved either by the excitation sculpting 
sequence (33) or by Watergate (34) (see Note 11).

 1. 1H – 2H exchange experiments are conducted by recording 
e.g., TOCSY datasets as a function of time (typically one 
TOCSY experiment takes 1–2 h). By monitoring the reduction 
of peak intensities, the ability of individual amide hydrogen 
atoms to exchange with solvent can be determined and hence 
the location of individual residues in the membrane mimetic.

 2. The effect of different paramagnetic probes can be studied by 
monitoring the effect of a spin-labeled lipid (by paramagnetic 
relaxation enhancement, PRE) on the signal intensity of indi-
vidual amino-acid residues in e.g., a TOCSY spectrum. 
Alternatively, T1 or T2 can be measured to enable a more 
quantitative estimation of the distance between the spin label 
and individual amino-acid residues.

 3. Saturation transfer difference (STD) experiments (30, 35) are 
performed with a sample containing peptide in undeuterated 
bicelles. Various DMPC 1H resonances are saturated with a 
selective pulse, leading to a series of saturation times. The 
irradiation can be performed at frequencies corresponding to 
different parts of the DMPC acyl chain, e.g., methyl protons, 
the acyl chain methylene protons, or the glycerol-3 methyl-
ene protons. A reference spectrum is recorded by moving the 
carrier 30 ppm from the center of the spectrum (35) and is 
subtracted from the spectrum recorded with selective acyl 
chain saturation.

 1. A CPP-detergent complex in which the peptide is fully bound 
to the micelle typically has a molecular size corresponding to 
10–30 kDa.

3.4. NMR 
Spectroscopy  
for Three-Dimensional 
Structure Studies

3.5. NMR 
Spectroscopy for 
Determining the 
Location of CPPs in 
Bilayers

4.  Notes
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 2. For preparation of bicelles, it is essential that the lipids are 
properly suspended in buffer solution prior to the addition of 
the DHPC solution. If this is the case, a clear low-viscous 
solution is formed.

 3. It is convenient to use a DHPC stock solution for bicelle 
preparation. Since DHPC is extremely hygroscopic, it is oth-
erwise difficult to estimate the true amount of DHPC that is 
actually added to the lipid suspension. Furthermore, unless a 
stock solution is prepared, DHPC should be handled in a dry 
atmosphere. It is important for the estimation of bicelle size 
(related to the q-value) that the relative concentrations of lip-
ids and DHPC can be controlled.

 4. It has been shown that some of the DHPC exist as free mono-
mers in solution, which leads to overestimate the DHPC con-
tent in the bicelles, and hence underestimate the true bicelle 
size (related to the q-value).

 5. Bicelles with different q-values can be produced using the 
outlined methodology. It has, however, been reported that a 
minimum of total lipid concentration (lipid + detergent) of 
around 100 mM is required to maintain the bicelles’ disk 
shape (36).

 6. Bicelle solutions can be stored in the freezer (−20°C) for 
months. Bicelles made with negatively charged lipids (DMPG) 
are, however, more sensitive to degradation.

 7. Bicelles can be prepared with lipids with varying acyl chain 
lengths, such as 1,2-dilauroyl-sn-glycero-3-phosphocholine 
(DLPC, 12 C) and dipalmitoyl-sn-glycero-3-phosphocholine 
(DPPC, 16 C). It should, however, be noted that the mor-
phology of such mixtures has not yet been fully 
characterized.

 8. A CPP-bicelle complex in which the peptide is fully bound to 
the bicelle is, for NMR purposes, a large object of more than 
50 kDa (37).

 9. The NMR experiments used for characterizing CPP struc-
ture and membrane location are nicely described in detail 
in (14).

 10. Do not use too long mixing times when recording the NOESY 
experiment. The peptide-detergent or peptide-bicelle 
complex can be quite large, and rapid spin diffusion may 
interfere with the interpretation of NOESY-derived distance 
constraints.

 11. To increase the sensitivity of the homonuclear experiments, it 
is essential to achieve good water-suppression and to mini-
mize lipid or detergent signals by using deuterated lipids and 
detergents.
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Chapter 6

Measurements of the Intracellular Stability of CPPs

Ivo R. Ruttekolk*, Wouter P.R. Verdurmen*, Yi-Da Chung,  
and Roland Brock 

Abstract

Nowadays, the analysis of the uptake and intracellular distribution of cell-penetrating peptides mostly 
relies on fluorescence microscopy, using fluorescently labeled CPP analogs. However, fluorescence 
microscopy does not reveal to which degree fluorescence reflects the intact peptide or only breakdown 
products. Here, we introduce fluorescence correlation spectroscopy (FCS) as a powerful method to 
address peptide stability in cells and cell lysates. Measurements in lysates of cells incubated with peptide 
yield information on degradation of the total cellular peptide content. In combination with protease 
inhibitors, such measurements enable conclusions on trafficking pathways. Intracellular FCS measure-
ments provide direct information on peptide degradation and association with cellular structures in 
intact cells.

Key words: Cell-penetrating peptide, Fluorescence correlation spectroscopy, Proteolytic stability, 
Fluorescence, Microscopy, Peptide degradation

Conjugation to fluorophores has become the method of choice 
for analyzing the uptake of cell-penetrating peptides. Using con-
focal microscopy, the uptake and subcellular distribution can be 
followed in real time (1–5). Moreover, fluorescence enables a 
straightforward quantitative comparison of uptake efficiencies 
using flow cytometry. Nevertheless, most techniques that rely on 
fluorescence are not able to distinguish between intact, fluores-
cently labeled molecules and their degradation products which 
can complicate the interpretation of results obtained with these 
techniques. In particular, with respect to the subcellular localization, 

1.  Introduction
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it is not clear to which degree the distribution of fluorescence 
reflects the characteristics of the intact peptide. Moreover, 
given that proteolytic stability, both extracellular and intracel-
lular, is of major importance for determining the uptake effi-
ciency of a CPP, it is evident that there is an unmet need to 
follow the stability of CPPs during the course of experiments 
(6–9). This requirement is furthermore illustrated by the fact 
that different CPPs and cargo constructs use distinct intracel-
lular endocytotic pathways that differ strongly in proteolytic 
activity (1, 10–12).

One technique that enables a direct detection of intact CPPs 
and CPP–cargo constructs and their digestion products without 
fluorescent labels is mass spectrometry (6, 13, 14). Using stable 
isotopes as an internal standard, this method can moreover pro-
vide information on absolute quantities. However, fully degraded 
peptides will not be amenable to detection by MS-based tech-
niques. Another way of assessing delivery of intact molecules is 
through biological assays. The luciferase-based splice correction 
assay that detects the delivery of CPP-coupled oligonucleotides 
(15, 16) is a prominent example for these techniques. Nevertheless, 
in spite of the advancements that both types of techniques have 
brought to the detection of intact peptide reaching the cytosol, 
both types of methods fail to provide quantitative information on 
the sequestration and degradation of peptides in the endolyso-
somal compartment.

Fluorescence correlation spectroscopy (FCS) is a technique 
that has the potential to complement these other techniques 
for providing information on peptide degradation in cell lysates 
and intact cells. FCS extracts information on the concentration 
and mobility of fluorescently labeled molecules from temporal 
fluctuations of the fluorescence intensity in a confocal detection 
volume the size of an Escherichia coli (17). In biological sam-
ples, mobility is a function of the size and molecular interac-
tions of a molecule. When combined with imaging, such 
information can also be obtained for molecules in intact cells 
(18, 19). This chapter provides protocols for FCS measure-
ments of CPP integrity in cell lysates and intact cells. For 
obtaining overall information on intracellular peptide break-
down, a protocol for performing FCS experiments in lysates of 
human cervical carcinoma (HeLa) cells that were incubated 
with a CPP before lysis is included (see also Fig. 1a–e). 
Lysosomal protease inhibitors are employed to assess the influ-
ence of various classes of lysosomal proteases in the intracellular 
breakdown of CPPs in endolysosomal compartments. The sec-
ond protocol describes the measurement of the stability of 
CPPs composed of d- and l-amino acids in single living Jurkat 
E1 T cell leukemia cells.
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All cell lines are, in principle, amenable to analysis by FCS. For 
measurements in cell lysates, interactions of peptides with cel-
lular components such as DNA and cellular membranes can 
complicate especially the quantification of the fraction of intact 
peptides. Our own experience shows that these molecules are 
more prone to such interactions than proteolytic fragments. For 
intracellular FCS measurements, the feasibility and quality of 
the measurements is influenced to a significant degree by cellu-
lar characteristics such as size, morphology, and mobility of 
cells.

 1. HeLa cells from the American-Type Culture Collection 
(ATCC, Manassas, USA); maintained in RPMI 1640 (Pan 
Biotech, Aidenbach, Germany) supplemented with 10% fetal 
calf serum (Pan Biotech).

 2. 24-well culture plates (Sarstedt, Nümbrecht, Germany).
 3. Lysosomal protease inhibitors: Pepstatin A (Sigma–Aldrich, 

Steinheim, Germany), which can be dissolved at 3 mM in 
DMSO, and E-64d (Bachem, Heidelberg, Germany), which 
can be dissolved in DMSO in concentrations up to 50 mM. 
Inhibitors can be stored at −20°C for months.

 4. Lysis buffer: PBS containing 1% (v/v) Triton-X-100 (Sigma–
Aldrich). This solution is stable at room temperature (RT) for 
months.  Before each experiment, add a fresh protease inhibi-
tor cocktail from a frozen or dry stock (Roche Diagnostics, 
Mannheim, Germany).

 5. Fluorescein-labeled nona-arginine (R9) (EMC microcollection, 
Tübingen, Germany). All peptides are dissolved in a minimal 

2.  Materials

2.1. Preparation  
of Lysates of HeLa 
Cells Treated with 
Lysosomal Protease 
Inhibitors

Fig. 1. Schematic overview illustrating sequential steps for the execution of an FCS experiment using cell lysates.
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amount of DMSO (peptide concentration ~10 mM). 
Concentration is determined by measuring A492 in Tris–HCl 
buffer (pH 8.8), assuming a molar extinction coefficient of 
75,000 M−1 cm−1 . Peptides dissolved in DMSO can be stored 
for extended periods at 4°C.

 6. Heparin (Sigma–Aldrich): Dissolve at 2 mg/ml in H2O and 
freeze aliquots at −20°C. Aliquots are stable for months. Do 
not reuse thawed aliquots.

 1. Trypsin/EDTA solution: PBS containing 400 mg/ml trypsin 
and 40 mg/ml EDTA. Trypsin/EDTA mix was purchased 
from PAN Biotech.

 2. 384-well plate (175 mm, low-base design, MMI, Eching, 
Germany).

 3. Tris HCl buffer: 100 mM Tris–HCl, pH 8.8.
 4. Bovine serum albumin (BSA; Sigma–Aldrich): 5% (w/v) 

BSA stocks can be prepared by adding BSA to water which 
will dissolve by itself without mixing. When dissolved, ali-
quot and freeze at −20°C, where it will be stable for 
months. Aliquots can be thawed and refrozen several 
times.

 5. TCS SP5 confocal microscope (Leica Microsystems, 
Mannheim, Germany) equipped with an HCX PL APO 
63× N.A. 1.2 water immersion lens and an FCS detection 
unit fitted with a 500–550 nm filter cube (Leica 
Microsystems, Mannheim, Germany). The carboxyfluorescein 
moieties were excited by the 488 nm line of an argon-ion 
laser.

 6. ISS VISTA software (ISS inc., Illinois, USA).

 1. Jurkat E6.1 T cell leukemia cells (ATCC) maintained in RPMI 
1640 supplemented with 10% fetal calf serum (both Pan 
Biotech).

 2. Fluorescein-labeled nona-arginine composed of l- (R9) or 
d- (r9) amino acids (EMC microcollections).

 1. Items 1–6 as in Subheading 2.2.
 2. The microscope was fully encapsulated in an air-heated incu-

bator with humidity control to maintain cell viability during 
the measurement procedure.

 3. Globals for Spectroscopy software (Laboratory for Fluorescence 
Dynamics Irvine, CA, USA).

2.2. FCS 
Measurements in HeLa 
Cell Lysates

2.3. Preparation  
of Live Cells Treated 
with Nona-Arginine 
Composed of d-  
and l-Amino Acids

2.4. Intracellular FCS 
Measurements in 
Living Jurkat Cells
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 1. Seed HeLa cells at a density of 80,000 cells/well in a 24-well 
plate in 800 ml RPMI + 10% fetal calf serum.

 2. Twenty-four hours later, wash cells and preincubate for 
30 min with 10 mM pepstatin A to inhibit aspartic proteases 
(20) or with 40 mM E-64d to inhibit cysteine proteases (21). 
Include two untreated controls (see Note 1) and a control for 
the vehicle of pepstatin A (0.33% DMSO).

 3. Remove medium containing lysosomal protease inhibitors or 
control vehicle. Incubate for 60 min at 37°C with 5 mM R9 
in RPMI + 10% fetal calf serum in the presence of the inhibi-
tors or control vehicle at the same concentration as during 
the preincubation.

 4. Wash cells twice with RPMI supplemented with 10% fetal 
calf serum and incubate them twice for 5 min at 37°C with 
100 mg/ml heparin in RPMI containing 10% fetal calf serum, 
to remove surface-bound peptides (see Note 2).

 5. Add 500 ml of freshly prepared lysis buffer (see Note 3) to the 
cells and incubate samples for 60 min on ice, for complete 
lysis.

 6. Agitate the lysate by pipetting and centrifuge the lysate for 
20 min at 20,000 × g at 4°C, to remove any remaining mem-
brane debris (see Note 4). Freeze lysates at −20°C until fur-
ther use (see Note 5).

 1. For obtaining a reference of digested peptide, digest R9 with 
PBS containing trypsin (400 mg/ml) and EDTA (40 mg/ml) 
for 16 h at 37°C.

 2. Coat the wells of a 384-well plate with a 0.1% BSA solution 
in PBS for 30 min at RT, to reduce adsorption of peptides to 
the walls of the wells. Afterwards, wash twice with PBS.

 3. Dilute cell lysates 5× in Tris buffer (pH 8.8) (see Note 6) and 
keep lysates on ice until the measurement.

 4. Include a well containing 10 nM fluorescein in PBS as a stan-
dard and a well containing pure PBS (see Note 7). Also, 
include wells for trypsin-degraded R9 and intact R9 in a simi-
lar cell lysate/buffer composition as the samples treated with 
lysosomal protease inhibitors.

 5. Determine the laser power that maximizes the signal-to-
noise ratio of the signal (see Note 8). Use the FCS wizard 
of the Leica SP5 software to control the laser power and the 

3.  Methods

3.1. Preparation  
of Lysates of HeLa 
Cells Treated with 
Lysosomal Protease 
Inhibitors

3.2. FCS 
Measurements in HeLa 
Cell Lysates
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ISS vista software package for the acquisition of the FCS 
data.

 6. Determine the structure parameter and the triplet time using 
fluorescein (see Note 9).

 7. Perform autocorrelation measurements of intact and trypsin-
degraded R9 added to 20% cell lysate/80% TRIS-buffer (see 
Note 10).

 8. Add the cell lysates to BSA-coated wells of the 384-well plate 
and perform autocorrelation measurements of 5 × 10 s per 
sample.

 1. Choose a 3D Gaussian model assuming a triplet term and one 
diffusive component and fix the structure parameter and the 
triplet term to the values determined for the fluorescein 
standard.

 2. Determine the diffusion autocorrelation time of trypsin-
degraded R9, using a 3D Gaussian model assuming one dif-
fusing species. For samples containing different fractions of 
degraded peptide, which will be fitted with a two-component 
model, the diffusion autocorrelation time of the fast compo-
nent will be fixed to this value (representing fully degraded 
R9). Remaining variables are allowed to vary.

 3. Fit the intact R9 using a two-species model. Fix the fast com-
ponent at the diffusion time of the fully degraded R9. Intact 
R9, in the presence of lysate, bears two components: (a) a 
slow component, reflecting peptide interacting with high-
molecular-weight molecules from the lysate and (b) a fast 
component, reflecting peptide molecules that do not interact 
with molecules from the lysate. Therefore, fitting intact R9 
with a two-component fit where the fast component is fixed 
at the diffusion time of the degraded peptide will also result 
in a small percentage of fast component (13% in the present 
experiment). The fraction intact R9 in the lysates from HeLa 
cells treated with lysosomal protease inhibitors can be calcu-
lated by a normalization of the fraction slow component, tak-
ing into account the fraction of fast component that is 
observed for the completely intact R9, according to the fol-
lowing formula:

)(
=

−

Fraction intact R9 fraction slow componentsample in lysate sample in lysate

1 fraction fast component intact R9 in lysate

(Eq. 1)

 4. Proceed with the fitting procedure for all other measurements, 
using a 3D Gaussian model assuming two diffusing species 

3.3. Analysis of Lysate 
FCS Measurements 
Using the ISS Software 
Package
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and a fixed fast component, representing degraded R9 as well 
as intact R9 not interacting with lysate components. Calculate 
relative quantities of intact R9 according to (Eq. 1).

Examples of raw autocorrelation curves from an experiment using 
lysosomal protease inhibitors can be found in Fig. 2a, b. An over-
lay of representative curves from different treatments illustrates 
that the autocorrelation curves are unaffected by a treatment with 
DMSO or pepstatin A, but a clear shift to the right, representing 
a slower diffusion, is observed for the lysate obtained from HeLa 
cells treated with E-64d (Fig. 2c). The shift to the right indicates 
the presence of more intact R9. The slower diffusion time is not 
just a reflection of the higher molecular weight, but indicates the 
association with other cellular components present in the lysate, 
which is not observed for degraded R9. This is illustrated by the 
differences in diffusion time between degraded and intact R9 in 

3.4. Interpretation  
of Result

Fig. 2. Fluorescence correlation spectroscopy for the analysis of the stability of R9 in HeLa cells treated with lysosomal 
protease inhibitors. (a, b) Autocorrelation functions of lysates from HeLa cells incubated with 5 mM R9 for 1 h at 37°C 
without inhibitor (a) or with 40 mM E-64d (b). Lysates were prepared after the incubation in the presence of protease 
inhibitors. (c) Comparison of representative fits for autocorrelation curves obtained from HeLa cell lysates obtained as 
described above. Included are the control treated with peptide only, cells treated with DMSO as a vehicle control, 10 mM 
pepstatin A, and 40 mM E64d. All lines indicate fits that were obtained using a 3D Gaussian model assuming a triplet state 
and the presence of a slow-diffusing and a fast-diffusing molecular species. (d) Quantification of intact R9 in HeLa cells 
treated with lysosomal protease inhibitors. Relative quantities of intact R9 were determined using a two-species 3D 
Gaussian triplet model with intact and degraded R9 as references.



76 Ruttekolk et al.

lysate and in the buffer–lysate mixture. In buffer, degraded R9 
shows a diffusion time of about 30 ms, compared to about 47 ms 
for intact R9 (the actual values will differ between days and 
between setups). The differences are much larger in the lysate–
buffer mix, where degraded R9 has an average diffusion time of 
74 ms compared to 900 ms for intact R9. Relative quantities of 
intact R9 after the incubation in the presence or absence of lyso-
somal protease inhibitors were calculated. In cells incubated with 
E-64d, 60% of R9 had remained intact, whereas all other condi-
tions had led to a percentage of intact R9 lower than 20% (Fig. 2d). 
This result, therefore, demonstrates that in HeLa cells, R9 is 
mainly degraded by cysteine proteases and that this degradation 
can be inhibited by the cysteine protease inhibitor E-64d. Besides 
information on the average diffusion time through the confocal 
volume, FCS measurements also provide information on the con-
centration, represented as the average background-corrected flu-
orescent molecule number in the confocal volume at any given 
time, which can be calculated as follows:

 ( )2(0) 1 1 / 1 1 CPS / CPS /app corrtot tbG N N= + = + −  (Eq. 2)

A comparison of the lysate peptide concentrations from the sam-
ples above showed that in the samples treated with E-64d, the 
concentration, as reflected by the average molecule number N, 
was substantially lower (N = 0.29 vs. 1.17 − 1.38) than for the 
other three samples. Since we have previously established that 
E-64d does not affect uptake as witnessed by confocal micros-
copy in live cells (data not shown), we assume that this observa-
tion reflects an increased removal of debris-bound peptide during 
the centrifugation step included to obtain a homogeneous solu-
tion. This furthermore underscores the differences in intracellular 
association of R9 in cells treated with E-64d compared to other 
treatments or no treatment (see Note 11).

 1. Spin down 300,000 Jurkat E 1 leukemia cells and resuspend 
in 200 ml RPMI + 10% fetal calf serum containing 500 nM R9 
or r9.

 2. Incubate for 30 min at 37°C. Wash with RPMI supplemented 
with 10% fetal calf serum, spin down for 5 min, and resus-
pend in fresh medium. Seed cells in eight-well microscopy 
chamber (Nunc, Wiesbaden, Germany) and allow them to 
settle.

 1. Determine and fix the structure parameter and the triplet 
time using fluorescein as described above.

 2. 1 h after the wash step, single cells are identified by confocal 
microscopy (see Note 12), and the confocal detection volume 
is positioned in the nucleus.

3.5. Preparation  
of Live Cells Treated 
with Nona-Arginine 
Composed of  
d- and l-Amino Acids

3.6. Intracellular FCS 
Measurements in 
Living Jurkat Cells
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 3. Autocorrelation measurements are acquired in each cell for 
5 × 10 s, using the ISS vista software. Repeat the procedure in 
at least three or four cells and in the background of the same 
incubation chamber.

 1. Define a 3D Gaussian diffusion model assuming a triplet term 
and two diffusive components with offset.

 2. Determine the triplet time (tT), the lateral radius of the detec-
tion volume (wxy), and the structure parameter (ratio of 
wz/wxy), by fitting the autocorrelation function acquired for 
the fluorescein standard. Fix these values in the fit for the 
peptide samples. Allow other variables to vary.

 3. Perform global curve fitting; results for living Jurkat cells are 
shown in Fig. 3.

Unlike measurements in cell lysates, intracellular FCS measure-
ments do not give consecutive measurements (10 s each) that can 
be easily combined, since the calculated autocorrelation functions 
can differ quite substantially (Fig. 3). In contrast, curves should be 
inspected individually. Cells were incubated with 500 nM peptide 
only. This concentration is considerably lower than concentrations 

3.7. Analysis of 
Intracellular FCS 
Measurements Using 
Globals for 
Spectroscopy 
Software

3.8. Interpretation  
of Result

Fig. 3. Intracellular FCS of R9 and r9 in Jurkat cells. Jurkat cells were treated with 500 nM R9 or r9 for 30 min, spun down 
and washed, and seeded in eight-well microscopy chambers. After 1 h, the detection volume for FCS measurements was 
placed into the nuclei of living cells identified by transmission microscopy, as indicated in panel (a) (for r9) and (d) (for 
R9). The cross-hair cursor indicates the position of the detection volume in the optical plane. The scale bar indicates 
5 mm. Representative measurements for r9 (b, c) and R9 (E) are indicated. In panel (f), the relative frequencies of autocor-
relation functions with a dominating fast or slow component (R9) or slow component and background signal (r9) are 
indicated. The result in (f) reflects the average ratio of measurements from 3 (R9) and 4 (r9) different cells. The left auto-
correlation function in (e) shows an example in which the fast component was dominant, whereas the dominance of the 
slow component can be seen in (c) and the right curve in (e). (b) shows an uncorrelated background signal from the 
nucleus of r9-treated cells.
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typically used for following the uptake of peptides by confocal 
imaging. As a consequence, no fluorescence could be seen inside 
the cells. The positioning of the confocal detection volume was, 
therefore, based on transmission images (Fig. 3a, d).

In all cases, measurements showed a rapid bleaching at the 
beginning of the acquisition of autocorrelation functions, indi-
cating the presence of a substantial amount of immobile pep-
tides in the cell. Because no diffusion occurs for this population 
of peptides, no reliable estimates of the quantity can be made. 
In addition, we observed that during some 10-s measurement 
intervals of Jurkat cells treated with R9, species with a high 
mobility were dominant (Fig. 3e, left curve), reminiscent of free 
fluorescein. The average molecule number N corresponded to a 
concentration of free fluorophores of less than 50 nM. During 
other measurement intervals, a slower diffusive component was 
more dominant, reflecting intact R9 interacting with cellular 
components (Fig. 3e, right curve). The slower diffusing compo-
nent was also observed for r9 (Fig. 3C), in addition to measure-
ment intervals where no signal above the background was 
present (Fig. 3b). In contrast, no rapidly diffusing molecular 
species was observed in cells treated with r9, confirming the 
assumption that the rapidly diffusing species indicates the pres-
ence of breakdown products of R9. Moreover, bleaching was 
more dominant for r9, furthermore indicating a larger immobile 
fraction of r9.

 1. To lysates of untreated controls, intact and degraded R9 will 
be added. These measurements will serve as references for the 
analysis of the degree of degradation. The background signal 
of untreated controls will be applied for correcting particle 
numbers estimated by the analysis software.

 2. In our hands, a heparin treatment at the indicated concentration 
performs as well as a trypsin treatment to remove surface-
bound nona-arginine but is a milder treatment for the cells.

 3. The application of a minimal amount of lysis buffer reduces 
the likelihood of any interferences of the lysis buffer in the 
FCS measurements due to changes in refractive index.

 4. It is expected that some remaining debris-bound peptides will 
be removed by centrifugation. The amount will depend on 
the interactions of the peptide with lysate components. Free 
fluorophores that result from the degradation of labeled pep-
tides are less prone to removal by centrifugation due to less 
association with lysate components.

4.  Notes



79Measurements of the Intracellular Stability of CPPs

 5. Of course, FCS experiments can also be conducted without the 
freezing step. However, for practical reasons, it is often desir-
able to freeze the lysates on the day that the cellular experiment 
is conducted. We recommend storing lysates no longer than a 
few days at −20°C to avoid unwanted storage effects.

 6. A buffer with a pH of 8.8 is used because in this pH range, 
the brightness of the fluorescein moiety attached to the pep-
tides is optimal, which yields a better signal-to-noise ratio in 
the FCS measurements. In a similar manner, buffering condi-
tions for other fluorophores should be optimized for obtain-
ing optimum fluorescence brightness as well.

 7. As FCS measurements provide optimum signal-to-noise ratios 
for concentrations of fluorophores between 1 and 100 nM, 
samples should be diluted accordingly. The inclusion of a PBS 
control for background fluorescence enables the adjustment 
of the laser intensity to the optimal signal-to-noise ratio (22).

 8. Above a certain laser power, the specific fluorescence signal 
will not increase anymore because of saturation of the fluo-
rophores. Instead, only the background signal will further 
increase. The optimum laser power yields an optimum ratio 
of specific signal over background. Especially for more pho-
tosensitive dyes such as fluorescein, bleaching of fluorophores 
at higher laser powers may impose a further constraint.

 9. A too large structure parameter is either an indication of a 
misaligned pinhole or incorrect adjustment of the correction 
ring for the thickness of the coverslip, or of the presence of 
several molecular species with similar diffusion autocorrela-
tion times. A structure parameter between four and eight 
should be obtained.

 10. In 384-well plates, a volume 50 ml is standard in our labora-
tory, although volumes as low as 20 ml are also sufficient.

 11. This interpretation assumes equal initial cell numbers and an 
equal lysis efficiency. An additional control where absolute 
protein concentrations are determined could be included as 
further proof.

 12. Make sure to identify the cells with a low laser power to mini-
mize photobleaching.
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Chapter 7

Tools for Predicting Binding and Insertion  
of CPPs into Lipid Bilayers

Paulo F. Almeida 

Abstract

The ability to predict properties such as peptide binding and insertion into membranes is an important 
and time-saving asset in the design of new cell-penetrating peptides (CPPs). Methods to predict those 
properties are described here, which make use of calculations performed with the Wimley–White 
hydrophobicity scales. In addition, electrostatic effects can be estimated in a way that provides acceptably 
close approximations in many cases. Finally, an estimate of the probability of insertion is also discussed. 
These procedures are illustrated by comparing the calculations with experiments on a few CPPs.

Key words: Binding thermodynamics, Membrane insertion, Interfacial hydrophobicity scale, Octanol 
hydrophobicity scale, Protein transduction domains, Amphipathic peptides

The design of new cell-penetrating peptides (CPPs) is essential 
for the development of this field. The ability to predict the pep-
tide properties can result in significant time savings. Among those 
properties, the interactions of CPPs with membranes, such as 
peptide binding and insertion into lipid bilayers, are the most 
important. Binding of peptides to membranes can be measured 
experimentally by various methods, including isothermal titration 
calorimetry, fluorescence spectroscopy, and circular dichroism 
(CD). While not a replacement for experimental measurements, 
methods to predict those properties based on simple calculations 
exist and can be quite useful during the design phase. These tools 
are freely available to researchers but are not always well-known 
to new practitioners. The goal of this article is to bring those 
tools to the attention of researchers in the CPP field, and to show 
how they can be used by means of a few examples. One of those 

1.  Introduction

Ülo Langel (ed.), Cell-Penetrating Peptides: Methods and Protocols, Methods in Molecular Biology, vol. 683,
DOI 10.1007/978-1-60761-919-2_7, © Springer Science+Business Media, LLC 2011
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 examples comes from our own work, but we have also included 
calculations for the more traditional CPPs, penetratin and the 
TAT peptide.

The methods described here make use of simple calculations 
performed with the Wimley–White hydrophobicity scales (1). These 
scales have been developed over the past decade in Stephen White’s 
laboratory at the University of California at Irvine. Their descrip-
tion is available on the Internet at http://www.blanco.biomol.uci.
edu. The calculations involving these scales have been implemented 
in the software Membrane Protein Explorer (MPEx) (2), which 
is also freely available through the Internet. All the credit for 
the development of these scales and tools goes to S.H. White and 
his collaborators, especially, W. Wimley, K. Hristova, S. Jaysinghe, 
A. Ladokhin, and C. Snider. However, we have used these resources 
with much profit in our research and feel they should be brought 
to the attention of the CPP research community in an easily acces-
sible way.

Two different hydrophobicity scales were developed by White 
and Wimley, the octanol hydrophobicity scale (1, 3) and the 
interfacial hydrophobicity scale (1, 4). Four points are worth not-
ing about these scales. First, both scales are derived from experi-
ment, using small peptides where a certain amino acid residue was 
varied as a means to evaluate its specific contribution to the ther-
modynamics of transfer from water to n-octanol or to the water/
membrane interface of a bilayer composed of the zwitterionic 
lipid 1-palmitoyl-2-oleoylphosphatidylcholine (POPC). Second, 
these are whole-residue scales; that is, they include the contribu-
tions not only of the amino acid side chains, but also of the pep-
tide group (CONH). Third, these scales were derived from 
partition coefficients determined using mole fraction units for the 
concentrations in solution. This means that if comparisons are 
made with experimental values of peptide dissociation (or bind-
ing) constants expressed in (reciprocal) molar concentration 
units, the values of the Gibbs free energies of binding obtained 
experimentally need to be modified by adding the “cratic correc-
tion”, DG = −RT ln 55.5 = −2.4 kcal/mol at room temperature 
(1), where R = 1.987 cal/mol/K is the gas constant, T is the tem-
perature, about 298 K, and 55.5 is the molar concentration of 
water. Fourth, these scales can be used for an arbitrary peptide, 
which is especially important in de novo design.

The hydrophobicity scales include three components: (1) the 
free energy of transfer for each residue, which is composed of the 
side chain and the peptide group; (2) the free energy of transfer 
of the end groups, at the N- and C-termini of the peptide; and 
(3) the free energy of intramolecular hydrogen bonding within 
the peptide, which arises from the formation of secondary struc-
ture (a-helix or b-sheet). A polypeptide is usually represented as 
shown in Fig. 1a. For the purpose of this discussion, it is useful to 
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use the slightly different, but equivalent, subdivision of the chain 
shown in Fig. 1b, which emphasizes the peptide group as a unit, 
and is convenient in the calculation of the end-group contribu-
tions as well.

An amino acid residue can be considered as composed of three 
different parts (Fig. 2): the peptide group (CONH), the methylene 
group (CH2), and the side chain (R, minus one extra H). The whole-
residue hydrophobicity scales for transfer from water to either octanol 
or the POPC bilayer interface can be constructed by adding the Gibbs 
free energy contributions of each part. That is, the Gibbs free energy 
of transfer of a whole residue (DGX) is obtained by adding the contri-
butions of the glycyl group, CH2CONH (DG glycyl), and the side chain 
(DG sc), which is obtained experimentally from differences relative to 
the glycine residue. The whole-residue scales are then tabulated 
(Table 1).

The Gibbs free energy of transfer of a polypeptide from water 
to octanol or to the POPC membrane interface is then com-
puted by simply adding the contributions of each residue (DGX). 
This does not yet include the effect of N- and C-terminal groups 
(end groups) or the effect of peptide (intramolecular) hydrogen 
bonds, which are formed when a regular secondary structure is 
adopted.

Now the effect of the end groups can be added. The proce-
dure was worked out by Hristova and White (5) for the interfacial 
scale and is entirely analogous for the octanol scale. To obtain the 
free energy of transfer of a peptide ending in COOH from water 
to the bilayer interface, one adds (to the sum of the if

XG∆ for all 
residues in the sequence) the difference in free energy of transfer 
of a group ending in COOH relative to the peptide group, 
CONH (Fig. 3). For polypeptides with different C-terminal end 

Fig. 1. Polypeptide chain, two representations (a and b).
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groups, the free energies of transfer are calculated by adding the 
differences relative to the COOH group.

For the N-terminus, the values can be derived from the transfer 
of an acetylated N-terminus, which comprises the free energies of 
transfer of the methyl and the peptide groups (Fig. 4). The values 
to be added to the transfer free energies from water to the interface 
for other N-terminal versions can be computed from the difference 
values given by Hristova and White (5). The relations between the 
various Gibbs free energies are shown schematically in Fig. 5.

Fig. 3. Thought process to obtain the free energy for a terminal COOH from a peptide 
group.

Fig. 2. Decomposition of a residue into side chain, peptide group, and methylene group.
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In summary, to calculate the Gibbs free energy of transfer of 
a peptide with a particular end group, one must add, to the sum 
of the oct

XG∆  or if
XG∆  for all residues in the sequence, the value 

listed in Table 3 for the appropriate end group.
To complete the description of the Wimley–White method, 

we need to address the effect of intramolecular hydrogen bond 
formation, which occurs when the peptide acquires a regular 
 secondary structure. For the interfacial hydrophobicity scale, based 
on the folding of melittin to an a-helix at the POPC water/bilayer 
interface, Ladokhin and White (6) estimated that the Gibbs free 
energy of the peptide decreases by about 0.4 kcal/mol per residue 
when it becomes hydrogen-bonded in an a-helix. Wimley et al. 

Fig. 4. Decomposition of the acetylamine terminal group into the peptide and methyl 
groups.

Fig. 5. Gibbs free energies of transfer from water (w) to the interface (if) or to octanol 
(oct) for the various end groups and their differences (in kcal/mol).
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(7) arrived at a similar value, 0.5 kcal/mol, in a b-sheet. Estimates 
about a factor of 2 smaller for a-helices have been obtained by 
Seelig’s group (8–10). Possible reasons for this discrepancy have 
been discussed (11). Without making a case for either value, as 
long as the entire Wimley–White procedure is applied, it is recom-
mendable to use the value of −0.4 kcal/mol per residue to ensure 
self-consistency of the calculations. Furthermore, a remarkably 
good agreement is obtained between calculated and experimental 
binding free energies for a set of six representative amphipathic 
a-helical peptides if the value of –0.4 kcal/mol is used (12).

For the octanol hydrophobicity scale, although the values 
obtained for the whole-residue transfer from water to octanol 
were initially derived for unstructured peptides, they actually rep-
resent a good approximation for the transfer of hydrogen-bonded 
residues (a-helical peptides) from water to the hydrophobic 
bilayer interior (13).

All the calculations outlined so far refer to the association of a 
polypeptide with a membrane formed by the zwitterionic lipid 
POPC at room temperature, which was used in all experiments 
from which the interfacial hydrophobicity scale was constructed 
(4–6). These estimates should also apply to other phosphatidyl-
cholines in the fluid state. However, most cationic CPPs bind 
poorly to zwitterionic lipid membranes and the experiments are 
usually performed in the presence of an anionic lipid, typically 
phosphatidylglycerol (PG) or phosphatidylserine (PS). In some 
cases, the association of particular cationic peptides with anionic 
membranes was specifically investigated and is well characterized 
thermodynamically (8–10). But, in general, the estimation of the 
effect of negatively charged lipids on peptide binding and insertion 
into membranes rests on much weaker grounds. At this point, only 
some crude rules of thumb can be offered, based on the results for 
polycationic peptides (14–17) and also on determinations for 
amphipathic peptides (18–21), which are useful in obtaining initial 
estimates of peptide binding to anionic membranes. An estimate 
that has proved remarkably useful for small polycationic peptides is 
that the interaction of a positive charge on a peptide with a nega-
tively charged lipid on a membrane contributes about −1 kcal/mol 
to the Gibbs free energy of binding (14–16). If a PC-based mem-
brane contains about 50 mol% of anionic lipid (PG or PS), or at 
least more than 30 mol%, a reasonable starting point is to multiply 
the number of basic residues in the peptide by −1 kcal/mol and 
add that to the value of the Gibbs energy of binding calculated for 
a PC membrane; this estimate of the electrostatic free energy is 
often correct to about 1 kcal/mol. If the membrane only contains 
20 mol% anionic lipid, using about half that electrostatic free 
energy seems to provide a reasonable first estimate.

For cationic amphipathic polypeptides, however, a cautionary 
statement is required. The above rule of thumb assumes that the 
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contributions of hydrophobicity and electrostatics to the Gibbs 
free energy of binding are additive. But, in general, they are not. 
This nonadditivity of hydrophobic and electrostatic contributions 
has been clearly demonstrated for the tryptophan-rich peptide 
indolicidin (21). It also provides a very poor approximation to 
describe the binding of cecropin A (18). The larger the hydro-
phobic contribution, the smaller the effect of electrostatics on 
binding. For indolicidin variants, the effective peptide charge 
decreases by about 20% for each −3 kcal/mol of hydrophobic 
binding free energy (21). Furthermore, the effect of peptide 
charges depends on their position and spacing (17).

Finally, how can these calculations be used to assess the 
 likelihood of CPP insertion? We have proposed the hypothesis 
that the probability of insertion of amphipathic a-helical pep-
tides is related to the difference between the free energies of 
transfer to the POPC membrane interface and the bilayer hydro-
phobic  interior (12). These free energies can be estimated using 
the Wimley–White interfacial and octanol hydrophobicity scales, 

o
ifG∆  and o

octG∆ . Tentatively, we have proposed a value of 
−∆ = ∆ − ∆ ≤o o o

oct  if oct if 20 kcal/molG G G  as the threshold for inser-
tion. Below this value, amphipathic peptides would be able to 
insert transiently into the bilayer, normally accompanied by 
some membrane reorganization, which could even constitute a 
small, transient pore. If −∆ o

oct  ifG  is much above that value, pep-
tides will probably not be able to translocate across the mem-
brane without a significant membrane perturbation (12). The 
value of this hypothesis for cationic CPPs is unclear at this point. 
If valid, it would suggest that peptides with −∆ <o

oct  if 20 kcal/molG  
would be good candidates as CPPs. However, the presence of 
negatively charged lipids in the membrane will certainly change 
the magnitudes of the Gibbs energies of binding and insertion. 
Yet, based on the data we currently have, it seems that the 
changes in free energy occur in parallel in both the bound and 
the inserted state, in such a way that the difference may not vary 
much (12). If this is so, the presence of negative charge on the 
membrane becomes important only to determine whether the 
peptides bind or not. But the insertion would be much less 
dependent on charge, and the predictions obtained from −∆ o

oct  ifG  
calculated for POPC still hold promise. In any case, at this point, 
the value −∆ o

oct  ifG  should only be used as a measure to compare 
CPPs, but not as an absolute indicator.

The calculations outlined are illustrated in Subheading 3 with 
five examples of CPPs: Penetratin (Acetyl-RQIKIWFQNRRMK 
WKK-amide) (22, 23), HIV-1 TAT 47–57 (YGRKKRRQRRR) 
(24), Tp10W (AGWLLGKINLKALAALAKKIL-amide) (12, 20), 
which is variant Y3W of Transportan 10 (25), and, in some aspects, 
also nonaarginine (Acetyl-R9-amide) and nonalysine (Acetyl-K9-
amide). All peptides are mainly unstructured in water. When 
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bound to membranes, Tp10W forms an amphipathic helix (12), 
penetratin also forms a helix, which is not amphipathic in the tra-
ditional sense (22, 23, 26), and TAT appears to be mainly unstruc-
tured (23). Heptaarginine-tryptophan (Acetyl-R7W-amide) also 
appears unstructured on anionic membranes (23), suggesting that 
the same is true for nonaarginine and nonalysine.

The “materials” for the calculations are the tables of data on 
Gibbs energy of transfer from water to octanol or to the bilayer 
interface.

2.  Materials

2.1. Whole-Residue 
Hydrophobicity  
Scales (Table 1)

Table 1 
Interfacial and octanol hydrophobicity scales: Gibbs free 
energy of transfer of whole residues (DGX ) from water 
to the bilayer interface or to octanol (1–4)

Amino acid Interface DG0
if(kcal/mol) Octanol DG0

oct(kcal/mol)

Ala 0.17 ± 0.06 0.50 ± 0.12

Arg+ 0.81 ± 0.11 1.81 ± 0.13

Asn 0.42 ± 0.06 0.85 ± 0.12

Asp− 1.23 ± 0.07 3.64 ± 0.17

Asp0 −0.07 ± 0.11 0.43 ± 0.13

Cys −0.24 ± 0.06 −0.02 ± 0.13

Gln 0.58 ± 0.08 0.77 ± 0.12

Glu− 2.02 ± 0.11 3.63 ± 0.18

Glu0 −0.01 ± 0.15 0.11 ± 0.12

Gly 0.01 ± 0.05 1.15 ± 0.11

His+ 0.96 ± 0.12 2.33 ± 0.11

His0 0.17 ± 0.06 0.11 ± 0.11

Ile −0.31 ± 0.06 −1.12 ± 0.11

Leu −0.56 ± 0.04 −1.25 ± 0.11

Lys+ 0.99 ± 0.11 2.80 ± 0.11

Met −0.23 ± 0.06 −0.67 ± 0.11

Phe −1.13 ± 0.05 −1.71 ± 0.11

(continued)
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Amino acid Interface DG0
if(kcal/mol) Octanol DG0

oct(kcal/mol)

Pro 0.45 ± 0.12 0.14 ± 0.11

Ser 0.13 ± 0.08 0.46 ± 0.11

Thr 0.14 ± 0.06 0.25 ± 0.11

Trp −1.85 ± 0.06 −2.09 ± 0.11

Tyr −0.94 ± 0.06 −0.71 ± 0.11

Val 0.07 ± 0.05 −0.46 ± 0.11

Table 1 
(continued)

2.2. Gibbs Energy 
of Transfer of Some 
Groups from Water 
to the Interface 
or to Octanol (Table 2)

Table 2 
Gibbs free energy of transfer of various groups from water 
to the bilayer interface or to n-octanol

Water Æ interface (kcal/mol) Water Æ octanol (kcal/mol)

DG glycyl 0 (4) +1.15 (3)

DGCONH +1.2 (4) +2.0 (3)

DGCOOH −2.2 (4, 5) +2.7 (3)

DGCH3 −1.1 (5) −1.9 (3, 28)

Table 3 
Gibbs free energy of transfer of various N- and C-terminal 
groups

End group
Water Æ interface DG 
(kcal/mol)

Water Æ octanol DG 
(kcal/mol)

N-terminus

NH3
+ +0.5 +2.4

NH2 −0.2 +0.4

CH3CONH +0.1 +0.1

C-terminus

COOH −3.4 +0.7

COO- −0.7 +5.5

CONH2 −2.6 +1.9

These values are added to the sum of the free energies of transfer of all the residues to 
obtain the free energy of transfer for a polypeptide with different end groups. Values are 
from Hristova and White (5) and calculated in the text, rounded off to one decimal place

2.3. Gibbs Energy  
of Transfer of End 
Groups from Water  
to the Interface  
or to Octanol (Table 3)
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The calculations outlined are illustrated with five worked-out 
examples: penetratin, HIV TAT, Tp10W, nonaarginine (Ac-R9-
amide), and nonalysine (Ac-K9-amide). These same examples 
are used to continue the calculations in the following 
Subheading 3. All the steps in this Subheading 3 can be conve-
niently performed using the Totalizer feature of the program 
MPEx (2).

The whole-residue hydrophobicity scales are shown in Table 1 
(see Note 1). Adding the contributions of all residues in the 
sequence, one can obtain for transfer from water to octanol and 
the membrane interface:

Penetratin: DG o
oct =  +10.2 kcal/mol, DG o

if = +2.3 kcal/mol 
(unstructured)

TAT: DGo
oct =  +17.7 kcal/mol, DG o

if = +6.5 kcal/mol 
(unstructured)

Tp10W: DGo
oct =  +5.6 kcal/mol, DG o

if = –0.6 kcal/mol 
(unstructured)

Nonalysine: DG o
oct =  +25.2 kcal/mol, DG o

if = +8.9 kcal/mol 
(unstructured)

Nonaarginine: DGo
oct =  +16.3 kcal/mol, DG o

if = +7.3 kcal/mol 
(unstructured)

The procedure to obtain the end-group contributions, which are 
compiled in Table 3, was developed by Hristova and White (5) 
(see Note 2). In practice, once those values were obtained, the 
procedure is very simple. To obtain the contribution of a certain 
type of N- or C-terminus, add the value listed in Table 3 for the 
appropriate end groups present on the peptide to the sum of the 
Gibbs energies of transfer of all residues in the sequence. For 
example, for transfer to the interface, if the peptide has a free, pro-
tonated N-terminus ( )+

3NH , add 0.5 kcal/mol; if the C-terminus 
is amidated, add −2.6 kcal/mol.

Thus, for penetratin, nonalysine, and nonaarginine, to 
account for the acetylated N-terminus add +0.1 kcal/mol 
(octanol or interface), and for the amidated C-terminus add 
+1.9 kcal/mol (oct) or −2.6 kcal/mol (if). For TAT, to account 
for the free ( )+

3NH  terminus add +2.4 (oct) or +0.5 (if), and 
for the free COO− terminus add +5.5 kcal/mol (oct) or 
−0.7 kcal/mol (if). For Tp10W, to account for the free ( )+

3NH  
terminus add +2.4 (oct) or +0.5 (if), and for the amidated 

3.  Methods

3.1. Calculation 
of the Gibbs Free 
Energy of Transfer 
of a Polypeptide from 
Water to the POPC 
Membrane Interface 
or to Octanol

3.1.1. Add the 
Contributions 
of All Residues 
in the Peptide Sequence

3.1.2. Include 
the Contributions 
of End Groups
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C-terminus add +1.9 kcal/mol (oct) or −2.6 kcal/mol (if). 
The results become:

Penetratin: DG o
oct = +12.2 kcal/mol, DG o

if = –0.3 kcal/mol 
(unstructured)

TAT: DG o
oct = +25.6 kcal/mol, DG o

if = +6.2 kcal/mol 
(unstructured)

Tp10W: DG o
oct = +9.3 kcal/mol, DG o

if = –2.8 kcal/mol 
(unstructured)

Nonalysine: DG o
oct = +27.2 kcal/mol, DG o

if = +6.4 kcal/mol 
(unstructured)

Nonaarginine: DG o
oct = +18.3 kcal/mol, DG o

if = +4.7 kcal/mol 
(unstructured)

To account for a-helix formation, for transfer to the interface, 
add the product (number of helical residues) × (−0.4 kcal/mol) 
to the results above. For transfer to octanol, those results already 
reflect a hydrogen-bonded, a-helical peptide (see Note 3).

Penetratin is about 60% a-helical when bound to the membrane 
surface (22, 23, 26), TAT is essentially unstructured (23), and Tp10W 
is about 60% a-helical (12). This information is necessary to incorpo-
rate the effect of peptide hydrogen bonding in the calculation. Taking 
into account the percent helicity of the peptides, the results become:

Penetratin: DGo
oct = +12.2 kcal/mol, DGo

if = –4.1 kcal/mol (60% helix)

TAT: DG o
oct = +25.6 kcal/mol, DGo

if = +6.2 kcal/mol (unstructured)

Tp10W: DG o
oct = +9.3 kcal/mol, DG o

if = –7.8 kcal/mol (60% helix)

In the absence of any other information, the simplest way to estimate 
the electrostatic free energy of binding to an anionic lipid membrane 
is to multiply the net charge on the peptide by −1 kcal/mol. However, 
this assumes additivity of electrostatic and hydrophobic contribu-
tions to binding, which is not valid in general (see Note 4). If the 
vesicles contain more than 30% negatively charged lipid, use this 
result directly. Use half that number if the vesicles contain only about 
20% negatively charged lipid. With the next section in mind, we 
will use 25 and 40% PG for penetratin, 25% PG for TAT, and both 
20% PS and 50% PS for Tp10W. Penetratin has +7 net charge, 
add −7 kcal/mol for 40% PG or −3.5 kcal/mol for 25% PG. TAT has 
+8 net charge, add −4 kcal/mol. Tp10W has +5 net charge, add 
−2.5 kcal/mol for 20% PG or −5 kcal/mol for 50% PG vesicles. 
The results are:

Penetratin: DGo
if =  –11.1 kcal/mol (40%PG), DGo

if = –7.6 kcal/mol 
(25%PG)

3.1.3. Include the Effect 
of Secondary Structure

3.2. Calculation  
of the Gibbs Free 
Energy of Transfer  
to the Interface  
of a Membrane 
Containing Negatively 
Charged Lipids (PC/PG 
or PC/PS Mixtures)
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TAT: DGo
if = +2.2 kcal/mol (unstructured)

Tp10W: DGo
if =  –10.3 kcal/mol (20%PS), DG o

if = –12.8 kcal/mol 
(50%PS)

If the experimental dissociation constants (KD) are determined in 
molar units (binding constants in reciprocal molar units), the 
Gibbs free energy values derived from those constants, 
DGo = RT ln KD, must be modified by adding the cratic correction, 
−2.4 kcal/mol, if the results are to be compared with the calcula-
tions performed using the Wimley–White interfacial scale (1).

For penetratin, the experimentally determined dissociation 
constant from PC/PG 60:40, excluding electrostatics and the cratic 
correction, is 12 mM (22), which corresponds to DGo = −2.6 kcal/
mol, and the experimental electrostatic contribution is −6.9 kcal/
mol (22). Therefore, the complete Gibbs energy of binding becomes 

o
bind 2.6 6.9 2.4 11.9 kcal/molG∆ = − − − = − , which compares well 

to the calculated estimate of o
if 11.1 kcal/molG∆ = − . Another 

experimental estimate for 25% PG, already including the electro-
static free energy, is KD = 100 mM (27); this corresponds to 

o
bind Dln 2.4 kcal/mol 7.8 kcal/molG RT K∆ = − = − , which also 

compares well to the calculated value of o
if 7.6 kcal/molG∆ = − .

For the TAT peptide, the experimentally determined dissoci-
ation constant from PC/PG 75:25, excluding electrostatics and 
the cratic correction, is about 0.2 M (24), which corresponds to 
a DGo = −1 kcal/mol, and the experimental electrostatic contribu-
tion is −4 kcal/mol (24). The complete Gibbs energy of binding 
becomes o

bind 7.4 kcal/molG∆ = − , which is >9 kcal/mol more 
negative than the estimate (see Note 5).

For Tp10W, the experimentally determined dissociation con-
stant from POPC is KD = 140 mM. Adding the cratic correction, 
this yields o

bind 7.6 kcal/molG∆ = − , which is in very good agree-
ment with the calculation for POPC ( o

if 7.8 kcal/molG∆ = − ). In 
POPC/POPS 80:20 and 50:50, the experimental dissociation 
constants are 3 and 0.5 mM, respectively, already including  
electrostatic components (20). Adding the cratic correction, these 
KD correspond to ( )o

bind 9.9 kcal/mol 20%PSG∆ = −  and −11 kcal/
mol (50% PS). The corresponding calculated values, 

( )o
if 10.3 kcal/mol 20%PSG∆ = −  and −12.8 kcal/mol (50% PS), are 

fairly similar, but somewhat overestimated, as expected for amphip-
athic peptides (21).

To estimate the likelihood of insertion, the difference between 
the free energies of the state bound to the interface and the state 
inserted in the membrane is calculated, as estimated by the free 
energies of partitioning to the interface and to octanol. This cal-
culation must also take into account the secondary structure of 
the peptide (hydrogen bonding), and is only valid for zwitterionic 

3.3. Comparison 
Between Calculated 
Transfer to the 
Interface and 
Experimental Binding 
to the Membrane

3.4. Calculations 
of Peptide Insertion 
into the Bilayer
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lipid membranes (strictly, POPC). Under the assumption that the 
membrane lipid charge stabilizes, by similar amounts, the sur-
face-bound and the inserted state, one can apply it tentatively, in 
a qualitative way, to charged membranes. The absolute values are 
most certainly not valid, but the relative differences between pep-
tides may be helpful in design (see Note 6).

 1. The hydrophobicity scales for transfer of a whole residue from 
water to octanol or to the POPC bilayer interface are built by 
adding the contributions of the side chain (DGsc) and the gly-
cyl group (DGglycyl). Transfer of a nonhydrogen-bonded pep-
tide group (CONH) from water to n-octanol has a free energy 
change CONH

oct 2.0 kcal/molG∆ = + (1, 3); transfer to the inter-
face corresponds to o CONH

if 1.2 kcal/molG∆ = + (1, 4). Transfer 
of the glycyl group (CH2CONH) from water to octanol is 
calculated by adding the contributions of the peptide bond 
and the methylene group (Table 2): ∆ = ∆ + ∆ 2CHglycyl CONH

oct oct octG G G
  = + 2.0 - 0.85 = + 1.15 kcal/mol (1, 3). Similarly, transfer to 

the bilayer interface yields glycyl
if 0G∆ =  (1, 4). The whole- 

residue scales are then obtained by adding the contributions 
of the glycyl group and the side chain. For example, for 
Ala sc

oct 0.65G∆ = −  (1, 3), so the whole-residue value is 
Ala
oct 0.65 1.15 0.50G∆ = − + =  (1, 3). The side-chain contribu-

tions to the Gibbs energies of transfer from water to octanol 
are given by Wimley et al. (3) and to the bilayer interface by 
Wimley and White (4). The computed values for the whole 
residues (1, 2) are listed in Table 1.

 2. This note describes how to obtain the values of the end-group 
contributions to the Gibbs energy of transfer, which are given 
in Table 3. The procedure to obtain the end-group contribu-
tions was developed by Hristova and White (5). For easy 
 reference, DG values used in these calculations are listed in 
Table 2. Let us begin with the interfacial scale. Transfer of 
the COOH group from water to the interface has a 

COOH
if 2.2 kcal/molG∆ = −  (5). Hence, the difference of a 

group ending in COOH  relative to the peptide group (Fig. 3) 

4.  Notes

Penetratin: DGoct-if = +16.9 kcal/mol (60% helix)

TAT: DGoct-if = +19.4 kcal/mol (unstructured)

Tp10W: DGoct-if = +17.1 kcal/mol (60% helix)

Nonalysine: DGoct-if = +20.8 kcal/mol (unstructured)

Nonaarginine: DGoct-if = +13.6 kcal/mol (unstructured)
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is COOH CONH
if if 2.2 1.2 3.4 kcal/molG G∆ − ∆ = − − = − COOH CONH

if if 2.2 1.2 3.4 kcal/molG G∆ − ∆ = − − = − , which is 
the value given by Hris tova and White (5). For polypeptides 
with different C-terminal end groups, the free energies of 
transfer are calculated by adding the differences relative to the 
COOH group (Fig. 5). For example, transfer of the ionized 
C-terminus (COO−) to the interface is less favorable by 
2.7 kcal/mol (4, 5); thus, we must add −3.4 + 2.7 = −0.7 kcal/
mol to the sum of the residue contributions. And transfer of 
an amidated C-terminus (CONH2) is more favorable than 
the transfer of an ionized COO− by 1.9 kcal/mol (5), so we 
must add −0.7 − 1.9 = −2.6 kcal/mol instead. For the 
N-terminus, the values can be derived from the transfer of  
an acetylated amino group, which comprises the free ener-
gies of transfer of the methyl and the peptide group (Fig. 4). 
The free energy of transfer of a methyl group to the interface 
is about −1.1 kcal/mol (5). Thus, ∆ = ∆ +3 3CH CONH CH

if ifG G
∆ = − + = +CONH

if 1.1 1.2 0.1 kcal/molG . The values to be added 
to the free energies of transfer from water to the interface for 
other N-terminal versions can be  computed from the differ-
ence values given by Hristova and White (5) and shown in 
Fig. 5. For example, the free energy of 3NH+  at the interface 
is higher than that of CH3CONH by 0.4 kcal/mol; and DGif 
of NH2 is lower than that of 3NH+  by 0.7 kcal/mol, and is 
lower than that of CH3CONH by 0.3 kcal/mol. This gives 
0.1 − 0.3 = −0.2 kcal/mol to be added if the N-terminus is the 
deprotonated NH2. The procedure for the octanol scale is 
entirely analogous. Transfer of the COOH group from water 
to octanol has a free energy of COOH

oct 2.7 kcal/molG∆ = +  and 
transfer of the ionized COO− group is higher by +4.8 kcal/
mol (3), yielding COO

oct 7.5 kcal/molG −∆ = + . The difference 
for a group ending in COOH relative to the peptide group 
(Fig. 3) is COOH CONH

oct oct 2.7 2.0 0.7 kcal/molG G∆ − ∆ = + − = + . 
The differences between the free energies of transfer of 
other C-terminal groups to octanol are 

−

∆ − ∆ =COO COOH
oct octG G  

+ 4.8 kcal/mol (3) and COO CONH
oct oct 3.6 kcal/molG G

−

∆ − ∆ = +  (5).  
Using those differences (Fig. 5) and the value to be added for 
a COOH end group derived above (+0.7 kcal/mol), we can 
compute the free energy values to be added to the peptides 
with various C-terminal groups, which are listed in Table 3. 
For the N-terminus, as for the interfacial scale, the values can 
be derived from the transfer of an acetylated amino group. 
The free energy of transfer of a methyl group to a nonpolar 
medium is about −2.0 kcal/mol (25). The value derived from 
the solvation parameter is about −1.9 kcal/mol (3). For the 
peptide group, the value is +2 kcal/mol (3). Thus, DG  CH3CONH 

=
 

oct   
∆ + ∆ = − + = +3CH CONH

oct oct 1.9 2.0 0.1 kcal/molG G . The differ-
ences between the free energies of transfer of other N-ter-
minal groups to octanol are 3 2NH NH

oct oct 2.0 kcal/molG G
+

∆ − ∆ = +  
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and 
+

∆ − ∆ = +
3

3CH CONHNH
oct oct 2.3 kcal/molG G  (5). Again, using 

those differences and the value calculated for the CH3CONH 
group, we can compute the free energy values to be added to 
the peptides with various N-terminal end groups (Table 3 
and Fig. 5).

 3. The Gibbs energy of transfer of a peptide group (CONH) 
from water to n-octanol ( CONH

oct 2.0 kcal/molG∆ = + ), although 
initially derived for small (unstructured) peptides (3), actually 
provides a reasonable approximation for the transfer of hydro-
gen-bonded residues (a-helical peptides in the examples dis-
cussed here) from water to the hydrophobic bilayer interior 
(13). For transfer to the interface, Ladokhin and White esti-
mate that the Gibbs energy is reduced by about 0.4 kcal/mol 
per hydrogen-bonded, helical residue (6).

 4. The contribution of about −1 kcal/mol per interaction 
between a positive charge on the peptide and an anionic 
lipid, or a lipid membrane with more than 30 mol% anionic 
lipids, is suggested by a number of results (14–16). It works 
particularly well for simple polycationic peptides, such as oli-
golysine (Lysn, n = 3–7), where a linear correlation is 
observed between the electrostatic binding free energy and 
the number of residues in oligolysine (15). A more exact 
dependence of the electrostatic binding free energy of oli-
golysine as a function of anionic lipid content of the mem-
brane was provided by Ben-Tal et al. (15). For the strongly 
cationic CPPs examined here, this simple rule of thumb is in 
remarkably good agreement with the electrostatic free energy 
derived from experiment. For penetratin (+7 formal charge) 
binding to vesicles with a high PG content (>35%), experi-
mental estimates of the electrostatic free energy components 
are −6.9 kcal/mol (22) and −8.1 kcal/mol (23), while the 
rule of thumb predicts −7 kcal/mol. For the TAT variant 
discussed here (+8 formal charge), the electrostatic contribu-
tion for binding to vesicles with low PG content (25 mol%) 
derived from experiment is −4 kcal/mol (24), consistent with 
the rule’s estimate of −8/2 kcal/mol. For two other TAT 
variants (also +8 formal charges) binding to vesicles with 
high PG content (35 mol%), the electrostatic components 
derived from experiment are −6.4 and −7.1 kcal/mol (23), 
while the rule predicts −8 kcal/mol. And for an oligoargin-
ine-based peptide (Acetyl-R7W-amide, +7 formal charge), 
the value derived from experiment is −7.2 kcal/mol, for 
35 mol% PG (23), remarkably close to the −7 kcal/mol sug-
gested by this rule of thumb. However, for amphipathic pep-
tides, the electrostatic and hydrophobic contributions to the 
binding free energy are not additive in general (21), and 
deviations from experimental determinations of o

bindG∆  can 
be quite large.
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 5. The discrepancy between the calculated and experimental 
values for TAT is too large to be explained by inaccuracies. 
Rather, it appears to stem from the value for binding to a neu-
tral (zwitterionic lipid) membrane. The electrostatic contribu-
tion suggested by the rule of thumb, to use half of −1 kcal/
mol per cationic residue for lipid mixtures containing about 
20 mol% PG, amounts to −4 kcal/mol, which is exactly the 
same value obtained from Seelig’s analysis (24). For a-helical 
peptides, of which Tp10W and penetratin are examples, the 
Wimley–White estimates are always remarkably close to the 
experimental determinations of the Gibbs energies of transfer 
(12). This suggests that the large discrepancy in the TAT case 
must reveal a real discrepancy between the actual and assumed 
conformation of the peptide on the membrane. While the CD 
spectrum of TAT on the membrane is that of a random coil, 
this information can be misleading. All it says is that TAT does 
not adopt a regular secondary structure. But if it adopts a well-
defined but irregular, hydrogen-bonded structure, the CD 
spectrum may be identical to that of a truly disordered pep-
tide. If a significant number of intramolecular hydrogen bonds 
were established by the peptide groups, this would signifi-
cantly lower the binding free energy. Using −0.4 kcal/mol-
residue (6), the maximum contribution from peptide groups 
alone would be −4.4 kcal/mol. If, in addition, the terminal, 
free COO− group establishes a salt bridge with one of the Arg 
or Lys residues, this could further contribute about −2 kcal/
mol to the binding Gibbs energy (12). Altogether, those 
hydrogen bonds would bring the value of o

ifG∆  to −4.2 kcal/
mol, which is closer, but still not consistent with the −7.4 kcal/
mol derived from experiment. Probably, additional hydrogen 
bonding within the peptide involving the Arg side chains fur-
ther lowers the free energy upon binding.

 6. We have proposed the hypothesis that, for helical amphipathic 
peptides such as Tp10W, if DGoct-if < 20 kcal/mol, then these 
peptides follow a graded mechanism of release of vesicle con-
tents and are likely to be able to translocate across a POPC 
membrane (12). For highly cationic CPPs, there is no data to 
support this conjecture, except that, interestingly, DGoct-if is 
much smaller for oligoarginine than for oligolysine, and it is 
well known that CPPs based on Arg are much more efficient 
that those based on Lys (29–32). Also, penetratin should be a 
less efficient CPP than nonaarginine. With regard to TAT, the 
large discrepancy between the binding Gibbs energies calcu-
lated using the Wimley–White formalism and derived from 
experiment recommend caution in the use of the value of DGoct-if  
obtained. It probably makes more sense to use the binding 
free energy derived from experiment o

bind 7.4 kcal/molG∆ = −  
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in place of o
ifG∆ . Using that value one obtains DGoct-if = 33 kcal/

mol, suggesting that TAT should not translocate across the 
bilayer and is a much poorer CPP than nonaarginine, for exam-
ple, which is consistent with experiment (29–32).
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Chapter 8

Studies of Proteoglycan Involvement 
in CPP-Mediated Delivery

Anders Wittrup, Si-He Zhang, and Mattias Belting 

Abstract

Cell-penetrating peptides (CPPs) are widely used to deliver macromolecular cargoes to intracellular sites 
of action. Many CPPs have been demonstrated to rely on cell surface heparan sulfate proteoglycans 
(HSPGs) for efficient cellular entry and delivery. In this chapter, we describe methods for the study of PG 
involvement in CPP uptake. We provide descriptions of how to determine whether uptake of a CPP of 
interest is dependent on PGs. We also provide detailed protocols for the purification of PGs by anion-
exchange chromatography as well as the characterization of the HSPG core protein composition of a cell 
line of interest. Finally, we present methods for modulating the expression level of specific HSPG core 
proteins as a means to determine the core protein specificity in the uptake of a particular CPP.

Key words: Cell-penetrating peptides, CHO cell mutants, Heparan sulfate, Glypican, Proteoglycan, 
siRNA, Syndecan

Most gene and protein delivery vehicles [including cell-penetrating 
peptides (CPPs)] are cationic, and have shown dependence on neg-
atively charged cell surface heparan sulfate proteoglycans (HSPGs) 
for efficient cell-surface binding and intracellular delivery (1). In an 
early study, Mislick and Baldeschwieler demonstrated that the 
uptake of poly-l-lysine/DNA complexes was dependent on HSPG 
(2). Digestion of cell surface HSPG decreased complex uptake by 
approximately 80% and the DNA reporter gene expression level was 
53-fold lower in PG-deficient cells compared with wild-type CHO 
cells. The involvement of cell surface PGs, especially HSPGs for the 
entry of numerous CPPs, has since been demonstrated (3–6).

1.  Introduction

Ülo Langel (ed.), Cell-Penetrating Peptides: Methods and Protocols, Methods in Molecular Biology, vol. 683,
DOI 10.1007/978-1-60761-919-2_8, © Springer Science+Business Media, LLC 2011
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The PGs are a family of proteins with the common characteristic 
of one or several glycosaminoglycans (GAGs) attached through a 
hydroxyl bond to serine residues of the protein. The GAG 
substituents are heterogeneous disaccharide (hexosamine and 
glucuronic acid) polymers consisting of 20–150 disaccharide 
units. GAGs are synthesized by (a) the formation of a tetrasac-
charide structure linking the GAG chain to the protein, (b) the 
polymerization of the polysaccharide chain, and (c) enzymatic 
modification (mainly by sulfation at various positions) of the 
chain. Proteins and peptides interact with PGs through interac-
tion with both the core protein and the GAG chains. Usually, 
highly polybasic domains, containing several clustered basic 
amino acids (as is typical for CPPs), are the binding motifs for the 
negatively charged GAGs. Specific saccharide sequences and the 
spatial organization of such sequences determine the interaction 
with protein ligands.

Cell surface PGs are mainly HS substituted and belong to 
two families of proteins: membrane intercalated type I transmem-
brane syndecans (1–4) and glycosyl–phosphatidyl–inositol anchored 
glypicans (1–6). Both syndecans and glypicans are endocytosed, 
either constitutively or upon ligand-induced clustering (7, 8). 
The role and involvement of individual core proteins in the uptake 
of CPPs and other HS-binding ligands have, so far, not been 
studied in great detail. Syndecan-2 has been shown to promote 
octa-arginine uptake and perlecan, an extracellular matrix PG, has 
been suggested to mediate the uptake of HIV-Tat in the absence 
of cell surface HSPGs (9, 10). Recently, our group demonstrated 
that HSPGs of both the syndecan and glypican type can mediate 
the uptake of macromolecular cargoes (11).

The main techniques employed to study HSPGs are summa-
rized in Table 1. Below we describe methods to determine 
whether the uptake of a specific CPP is dependent on PGs. We 
also present methods for the purification and characterization of 
the specific HSPGs expressed in a cell line of interest. Finally, we 
present methods for elucidating the involvement of specific HSPG 
core proteins in the uptake of, e.g., a certain CPP.

 1. F12K cell growth medium with and without 10% fetal bovine 
serum (FBS).

 2. CHO-K1 and pgsA, B, D, E, F, G, or H cells (ATCC) grown 
in F12K with 10% FBS supplemented with glutamine and 
penicillin/streptomycin.

2. Materials

2.1. Interference  
with HS Synthesis
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Table 1 
Methods used to study HSPGs

Method Aspect studied Reference

Radiolabeling and purification (20)

[35S]-Sulfate Sulfation-specific GAG-labeling  
and detection

Subheading 3.3

[3H]-Glucosamine General GAG-labeling

Anion-exchange chromatography PG/GAG-purification and  
structure analysis (charge)

Subheading 3.3

Size-exclusion chromatography PG/GAG-purification and  
structure analysis (size)

Gel electrophoresis Primarily size separation Subheading 3.3

Interference with HS synthesis

Chlorate General sulfation inhibition (21)

CHO cell mutants pgsA; pan-GAG def. (XT-1: 
xylosyltransferase)

pgsB; pan-GAG def. (GalT-I:  
galactosyltransferase I)

pgsG; pan-GAG def. (GlcAT-I:  
glucuronyltransferase I)

pgsD; HS def. (EXT-1: GlcA  
and GlcNAc transferase)

pgsE; undersulf. HS (NDST1:  
GlcNAc N-deacetylase/N-
sulfotransferase)

pgsF; 2-OS def. (HS2ST: HS 
2-O-sulfotransferase)

pgsH; 6-OS def. (6OST-1: HS 
6-O-sulfotransferase)

Subheading 3.1

Conditional knockouts EXT-1, sulfotransferases (22, 23)

Interference with HSPG function

Degradative lyases Hep lyase I–III Subheading 3.2

Competition/blocking Dependent on selectivity of  
competitor, e.g., heparin

(24)

HSPG antibodies for, e.g., immunoblot analysis

Core protein-specific antibodies Specific HSPG core proteins Subheading 3.4

DHS (“anti-stub”) antibody (3G10) All HSPG core proteins  
(recognizes a neoepitope  
generated by Hep lyase III  
digestion)

Subheading 3.4

Epitope-specific scFv anti-HS  
antibodies

HS epitopes (15)

(continued)
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 1.  Dulbecco’s Modified Eagle Medium (DMEM) with and 
without 10% FBS.

 2. HeLa cells (ATCC) grown in DMEM with 10% FBS supple-
mented with glutamine and penicillin/streptomycin.

 3. Forty-eight-Well cell culture plates (Nunc).
 4. Eight-well chambered coverglass microscopy slides (Nunc).
 5. Phosphate-buffered saline (PBS): 137 mM NaCl, 2.7 mM 

KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4.
 6. Heparinase III (E.C. 4.2.2.8, Sigma).
 7. Chondroitinase ABC (E.C. 4.2.2.4, Sigma).
 8. Digestion buffer: DMEM, supplemented with 20 mM HEPES-

HCl, pH 7.4, 0.5% bovine serum albumin (BSA).

 1. DMEM (Invitrogen) with and without 10% FBS.
 2. HeLa cells (ATCC) grown in DMEM with 10% FBS supple-

mented with glutamine and penicillin/streptomycin.
 3. Forty-eight-Well cell culture plates (Nunc).
 4. PBS: 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 

1.8 mM KH2PO4, pH 7.4.
 5. Modified Eagle Medium (MEM) w/o MgSO4 (Invitrogen).
 6. [35S]-SO4 (PerkinElmer).
 7. Two % Tx-buffer: 0.15 M NaCl, 10 mM KH2PO4, 10 mM 

EDTA, 5 mg/ml ovalbumin (OVA), pH 7.5, 2% Triton 
X-100, 1× Complete Protease Inhibitor (Roche).

 8. DE52 pre-swollen DEAE-cellulose matrix (Whatman). 
Reconstitute the dry DEAE-cellulose in water to approxi-
mately 50% matrix suspension or slurry (v/v).

 9. Poly-Prep chromatography columns (Bio-Rad).

2.2. Interference  
with HSPG Function

2.3. [ 35S]-Sulfate 
PG-Labeling  
and DEAE-Purification

Table 1 
(continued)

Method Aspect studied Reference

Other anti-HS antibodies 10E4 (GlcNAc/GlcNS  
mixed seq.), JM13  
(2-OS, GlcNS, or GlcN),  
HepSS1 (GlcNS),  
JM403 (GlcN)

(25)

Modulation of HSPG expression

siRNA core protein knock-down Specific HSPG core proteins Subheading 3.5 

Core protein overexpression Specific HSPG core proteins Subheading 3.6

-OS O-sulfation
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 10. PD-10 desalting column (GE Healthcare).
 11. Eq.-buffer: 7 M urea, 10 mM Tris–HCl, pH 8.0, 0.1% Triton 

X-100 (see Note 1).
 12. Urea-B: 6 M urea, 0.5 M HAc, 5 mg/ml OVA, pH 5.8, 0.1% 

Triton X-100.
 13. Urea-C: 6 M urea, 10 mM Tris–HCl, 5 mg/ml OVA, pH 8.0, 

0.1% Triton X-100.
 14. Tris-buffer: 0.05 M Tris–HCl, pH 7.5.
 15. Four M Gu-buffer: 4 M Gu–HCl, 50 mM HAc, 5 mg/ml 

OVA, pH 5.8, 0.2% Triton X-100 (see Note 2).
 16. Dextran (Sigma).
 17. Dextran-sulfate (Sigma).
 18. Resuspension buffer: 1 M NaCl, 10 mM Tris–HCl, pH 7.5, 

0.05% Triton X-100.
 19. HS’ase buffer: 50 mM NaOAc, 150 mM NaCl, 5 mM CaCl2, 

50 mM HEPES-HCl, pH 6.5, 0.5× complete protease inhib-
itor w/o EDTA.

 20. ABC’ase buffer: 40 mM NaAc, 40 mM Tris–HCl, pH 7.8, 
0.5× complete protease inhibitor w/o EDTA.

 21. Heparinase III (E.C. 4.2.2.8, Sigma).
 22. Chondroitinase ABC (E.C. 4.2.2.4, Sigma).
 23. Four × LDS NuPAGE sample buffer (Invitrogen).
 24. Four to twelve % NuPAGE Bis–Tris gel (Invitrogen).
 25. Glycerol solution: 30% ethanol, 5% acetic acid, and 2.5% 

glycerol.

 1. DMEM with and without 10% FBS.
 2. HeLa cells (ATCC) grown in DMEM with 10% FBS supple-

mented with glutamine and penicillin/streptomycin.
 3. DMEM (10% FBS) without antibiotics.
 4. Tris-buffered saline (TBS): 25 mM Tris–HCl, 150 mM NaCl, 

2 mM KCl, pH 7.4.
 5. TTBS, TBS supplemented with 0.5% Tween-20.
 6. Dry milk powder.
 7. BSA.
 8. Mouse monoclonal 3G10 anti-DHS antibody (Seikagaku).
 9. Mouse monoclonal B-B4 anti-syndecan-1 antibody (Serotec).
 10. Goat polyclonal L-18 anti-syndecan-2 antibody (Santa Cruz 

Biotech).
 11. HRP-conjugated sheep anti-mouse (GE Healthcare).
 12. HRP-conjugated sheep anti-goat (GE Healthcare).

2.4. Immunoblot 
Analysis of HSPGs
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 13. Four × LDS NuPAGE Sample buffer (Invitrogen).
 14. Four to twelve % NuPAGE Bis–Tris gel (Invitrogen).

 1. DMEM with and without 10% FBS.
 2. HeLa cells (ATCC) grown in DMEM with 10% FBS supple-

mented with glutamine and penicillin/streptomycin.
 3. DMEM (10% FBS) without antibiotics.
 4. Opti-MEM (Invitrogen).
 5. Lipofectamine 2000 (Invitrogen).
 6. Confirmed functional siRNA sequences (prepare 10 mM stock 

solutions) (Ambion):
Silencer® Negative Control siRNA.
Glypican-1 (Prod. no. s5973).
Syndecan-1 (Prod. no. 12432).
Syndecan-2 (Prod. no. s12637).
Syndecan-4 (Prod. no. 142565).

 1. DMEM with and without 10% FBS.
 2. HeLa cells (ATCC) grown in DMEM with 10% FBS supple-

mented with glutamine and penicillin/streptomycin.
 3. DMEM (10% FBS) without antibiotics.
 4. Opti-MEM (Invitrogen).
 5. Lipofectamine 2000 (Invitrogen).
 6. GFP-tagged core protein constructs, e.g., the N-terminal 

GFP-tagged syndecan-2 and syndecan-3 constructs described 
by Landgraf et al.: pEGFP-N3/SDC2-MYC and pEGFP-
N3/SDC3-MYC (12).

The large number of enzymes involved in PG synthesis and modi-
fication (>40) provide numerous possible targets for the interference 
with PG synthesis. PGs also have several unique physicochemical 
properties, enabling the isolation and analysis of PGs with a wide 
variety of techniques.

The extensive sulfation of the GAG chains of PGs enables 
relatively selective radiolabeling through incubation of cells with 
[35S]-sulfate in sulfate-depleted medium. In addition, the negative 
charge of GAGs renders the entire PG highly anionic, making puri-
fication by anion-exchange chromatography possible. Often, including 
in the protocols below, PGs are purified using DEAE-cellulose. The 
purification results in partially purified PGs with the [35S]-sulfate 
almost exclusively incorporated into PGs. [35S]-radioactivity can thus 

2.5. HSPG Core Protein 
Knock-Down

2.6. HSPG Core Protein 
Overexpression

3.  Methods
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be used as a very sensitive tool to quantify relative amounts of PG 
in different samples. The [35S]-radioactivity can also be used for PG 
analysis by autoradiography following, e.g., size separation by elec-
trophoresis (SDS-PAGE).

Most intact PGs are relatively large proteins owing to their 
GAG substituents. Intact PGs, however, do not have a well-
defined molecular weight but rather migrate as a broad smear 
when separated by electrophoresis (Fig. 1) or size-exclusion chro-
matography. In order to detect a specific protein “band” on an 
immunoblot, GAGs attached to the core protein must be digested, 
usually by enzymatic methods. GAG lyases can either be HS-specific 
heparinases or CS/DS-specific chondroitinases. Below, heparinase 
and chondroitinase digestions are performed prior to immunob-
lot analysis (Subheading 3.4). Similar digestions are also used to 
determine the presence of HS and CS/DS PG after purification of 
total cell PG (Subheading 3.3). Furthermore, GAG lyases are 
used to digest cell surface GAGs, in order to determine the influ-
ence of HS and CS/DS on CPP uptake (Subheading 3.2).

Numerous mutant CHO cell lines, defective in specific enzymes 
involved in GAG biosynthesis, have been isolated and character-
ized (13). Clones deficient for enzymes involved in the synthesis 
of the tetrasaccharide linkage region are deficient in both HS and 
CS/DS synthesis (pan-GAG deficient, pgsA, pgsB, and pgsG). 
Clones deficient in the enzyme EXT1 or GlcA/GlcNAc transferase 
(pgsD) have no HS but express approximately threefold levels of 
CS/DS when compared with wild-type cells. Finally, clones that 
are deficient in specific HS-modifying enzymes express HS chains 
that are deficient in N-sulfation, 2-O-sulfation, or 6-O-sulfation 
(pgsE, pgsF, and pgsH, respectively). These mutant CHO cell lines 
are straightforward to apply in the study of a particular CPP. The 
use of the cell lines can provide answers to whether intact GAG or 
HS synthesis is required for CPP uptake, as well as elucidate the 
requirement for certain HS-modifying enzymes in this process.

3.1. Interference  
with HS Synthesis

Fig. 1. PG smear. DEAE-purified [35S]-radiolabeled PGs from HeLa cells were separated 
on a 4–12% polyacrylamide gel. The gel was dried and PGs were visualized by autora-
diography. Arrow indicates the center of the PG distribution.
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Below is a protocol for the digestion of cell surface HS and CS/
DS. This relatively simple assay can be adapted to most cell types 
and CPPs, and constitutes an appropriate initial experiment 
(together with studies in CHO cell mutants) to determine the 
influence of cell surface GAG on the uptake of a particular CPP 
in virtually any cell type of choice.

To, in more detail, determine the GAG-structure specificity 
of a given CPP, it is possible to compete for GAG/CPP binding 
with an excess of unlabeled GAG-binding compounds with vary-
ing specificities potentially allowing the identification of the most 
important GAG structures involved in CPP binding. The well-
characterized epitope-specific single chain anti-HS and anti-CS 
antibodies developed by the van Kuppevelt laboratory are ideal 
for this purpose (14, 15):

 1.  Seed cell type of choice, e.g., HeLa cells, in 48-well plate or 
8-well microscopy slide (see Note 3).

 2.  Allow to grow overnight to reach 50–80% confluency.
 3. Wash twice with digestion buffer.
 4. Add 0.25 mL/well digestion buffer.
 5.  Add 2.5 mIU (International Units) heparanase III or 125 mU 

chondroitinase ABC for each well. Incubate 3 h at 37°C.
 6. Wash cells twice with PBS.
 7. Perform CPP uptake assay (see Note 4).

In order to perform several of the PG analyses described in this 
chapter, purified PGs are required. Below is a protocol for anion-
exchange purification of [35S]-labeled membrane PG. The puri-
fied PG can be separated by SDS-PAGE and visualized using 
autoradiography as described below (Fig. 1) or used for immuno-
blot procedures as described under Subheading 3.3:

 1. Seed 3 × 106 HeLa cells in a 75-cm2 flask (seed correspond-
ingly fewer cells if a smaller cell culture container is used).

 2. Allow the cells to grow for 24 h (to approximately 80% 
confluency).

 3. Rinse the cell layer with 15 mL PBS.
 4. Starve cells for 1 h at 37°C in sulfate-free medium (MEM).
 5. Aspirate medium, add 10 mL sulfate-free medium supple-

mented with 100 mCi/ml [35S]-sulfate and incubate overnight.
 6. Wash cells twice with PBS.
 7. Aspirate the PBS and lyse cells in 1.5 mL 2% Tx-buffer for 

20–30 min on shaker at RT (use less lysis buffer if fewer cells 
are processed, e.g., 300 mL/well in a six-well plate).

 8. Scrape the cell culture container and collect the lysate and cell 
debris.

3.2. Interference with 
HSPG Function

3.3. [35S]-Sulfate 
PG-Labeling and 
DEAE-Purification
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 9. Spin the lysate at 4,500 × g for 10 min, keep the supernatant.
 10. Add one volume Eq.-buffer to the supernatant.
 11. Purify PGs on an equilibrated DEAE-cellulose column as 

follows:
(a) Load 0.5 mL of DE-52-matrix (see Note 5).
(b) Equilibrate column with 5 mL Eq.-buffer.
(c) Add 50 mg dextran and 50 mg dextran-sulfate to the sam-

ple as carrier.
(d) Add the sample to the column. Discard the flow-through.
(e) When the sample has passed through the column, wash 

the column with 5 mL Urea-B.
(f) Wash column with 5 mL Urea-C.
(g) Wash with 5 mL Tris-buffer.
(h) Put a collection tube under the column. Elute the PG by 

sequential addition 5 × 0.5 mL Gu-buffer. Allow all liq-
uid from each buffer addition to flow-through, before 
adding the next volume.

 12. Add 50 mg dextran to the sample, take off 1/50 volume 
(50 mL, for DPM measurement).

 13. Precipitate the sample with 4.5 volumes of −20°C pre-cooled 
95% ethanol. Make sure the solution is well mixed and keep 
overnight at −20°C.

 14. Spin sample at 4,500 × g, 10 min, discard supernatant.
 15. Wash once with ice-cold 95% ethanol, air-dry completely.
 16. Suspend pellet in 2.5 mL resuspension buffer. Make sure the 

pellet is dissolved completely (see Note 6).
 17. Desalt sample with PD-10 at 4°C. Equilibrate the column in 

water and elute with 3.5 mL water. Take off 1/50 volume of 
the eluate (for DPM measurement).

 18. Divide sample into three fractions (see Note 7).
 19. Put samples in −80°C freezer.
 20. Freeze-dry samples to dryness.
 21. Dissolve two fractions in 100 mL HS’ase buffer (one sample 

as nondigested control) and one fraction in 100 mL ABC’ase 
buffer.

 22. Add 0.6 mIU heparinase III to the HS’ase sample and 40 mU 
chondroitinase ABC to the ABC’ase sample. Add no enzyme 
to the nondigested control sample in HS’ase buffer.

 23. Incubate for 3 h at 37°C.
 24. Repeat enzyme additions and incubate at 37°C, overnight. 

Also keep the nondigested sample in HS’ase buffer at 
37°C.
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 25. Add one-third volume of 4× LDS to all samples (see Note 8).
 26. Load at least 5,000–10,000 DPM (as determined at step 17) 

of each sample on a 4–12% NuPAGE Bis–Tris gel and sepa-
rate proteins for approximately 1 h at 200 V.

 27. Fix and equilibrate gel in glycerol solution for 30 min.
 28. Dry gel to a pre-wetted filter paper on a gel-dryer, for 2 h at 

80°C or until completely dry.
 29. Visualize intact and digested PGs using autoradiographic 

film or [35S]-sensitive autoradiographic plate after overnight 
exposure.

In order to characterize which HSPG core proteins that are 
capable of internalizing a specific CPP in a cell line of interest, an 
appropriate first step is to characterize the HSPG composition of 
the studied cell line. This can be done using the anti-DHS anti-
body 3G10 (16). This antibody recognizes a neoepitope pro-
duced by heparinase III digestion (“HS-stub”). The antibody can 
thus be used to detect all HSPG core proteins on an immunoblot. 
Ideally, the identities of the detected bands are confirmed by 
either core protein-specific antibodies or by siRNA-mediated core 
protein knock-down (Subheading 3.4). However, certain conclu-
sions can be drawn directly from the molecular weight of the 
detected bands as the different syndecans have relatively different 
masses. In contrast, all glypicans are approximately 60 kDa mak-
ing it difficult to discriminate between these on a DHS-blot. Fig. 2 
shows a typical anti-DHS staining pattern of PGs isolated from 
HeLa cells:

 1. Isolate PGs from at least one well of a six-well plate, accord-
ing to the method described under Subheading 3.3, steps 
1–17 (steps 3–5 can be omitted in order to purify nonradio-
active PGs).

3.4. Immunoblot 
Analysis of HSPG

Fig. 2. Identification of HSPG core proteins. DEAE-purified PGs from HeLa cells were 
either digested with both heparinase III and chondroitinase ABC (+) or left nondigested 
(−). Proteins were then separated on a 4–12% polyacrylamide gel, electroblotted, and 
visualized using anti-DHS antibody.
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 2. Divide the desalted purified PG into two fractions.
 3. Put samples in −80°C freezer.
 4. Freeze-dry samples to dryness.
 5. Dissolve the two fractions in 50 mL HS’ase buffer (one 

digested sample and one nondigested control).
 6. Add both 0.6 mIU heparinase III and 40 mU chondroitinase 

ABC to the sample to be digested (see Note 9).
 7. Incubate for 3 h at 37°C.
 8. Repeat enzyme additions and incubate at 37°C, overnight. 

Also keep the nondigested sample in HS’ase buffer at 37°C.
 9. Add one-third volume of 4× LDS to all samples.
 10. Load, at least, a sample amount corresponding to the material 

from 2 cm2 of cells (or 5,000–10,000 DPM, if PGs were 
labeled with [35S]-sulfate) per lane on a 4–12% NuPAGE Bis–
Tris gel and separate proteins for approximately 1 h at 200 V.

 11. Transfer proteins to a PVDF membrane for 2 h at 30 V.
 12. Block the PVDF membrane for 30 min with 3% BSA in TTBS 

in case of core protein-specific immunoblot or with 5% dry 
milk in TTBS if the membrane is to be probed with anti-DHS 
(3G10) antibody.

 13. Probe the membrane with core protein-specific antibodies 
(e.g., anti-syndecan-1 1:150, anti-syndecan-2 1:200, both in 

Fig. 3. Typical localization of a GFP-tagged syndecan. Overexpressed GFP-syndecan-2 
was visualized using confocal microscopy. Note that the protein localizes to both the cell 
surface and intracellular vesicles.
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3% BSA in TTBS) or anti-DHS (3G10) antibody (1:1,000 in 
5% dry milk in TTBS) overnight at 4°C.

 14. Wash membrane 3 × 5 min in TTBS.

 15. Probe membrane with appropriate HRP-conjugated second-
ary antibody.

 16. Visualize protein bands using standard ECL substrate and 
chemiluminescence detection system (see Note 10).

Below is a protocol for siRNA-mediated knock-down of HSPG 
core proteins in HeLa cells. The protocol is specifically adjusted 
to allow for studies of the uptake of CPPs and other PG-binding 
ligands. Standard lipofection reagents, e.g., Lipofectamine, bind 
cell surface PGs (17, 18) and can potentially interfere with the 
uptake of other PG-binding ligands. Hence, a washing step to 
remove remaining cell surface-associated lipofection reagent has 
been incorporated in the protocol below:

 1. Seed 250,000 HeLa cells/well in a six-well plate in DMEM 
with 10% FCS 24 h prior to transfection (see Note 11).

 2. At the day of transfection, dilute siRNAs and Lipofectamine 
2000 in Opti-MEM as described below. For each well to be 
transfected:
(a) Dilute 5 mL of siRNA-stock in 250 mL Opti-MEM.
(b) Dilute 12.5 mL Lipofectamine 2000 in 250 ml Opti-

MEM, incubate for 10 min at room temperature.
(c) Mix 250 mL of plasmid solution with 250 mL of lipo-

fectamin solution, incubate for 20 min at room 
temperature.

 3. Wash cells once with DMEM w/o serum and antibiotics.

 4. Add 2,000 mL/well Opti-MEM w/o serum and antibiotics.

 5. Add 500 mL/well of siRNA/Lipofectamine 2000 solutions.

 6. Incubate cells at 37°C for 5 h.

 7. Wash cells twice with 1 M NaCl in PBS. Do not allow the 
cells to remain in the hyper osmotic buffer for more than 30 s 
(see Note 12).

 8. Quickly remove the 1 M NaCl buffer and gently wash once 
with PBS.

 9. Add 2,500 mL/well DMEM with 10% FCS.

 10. Incubate cells for 24 h.

 11. Purify PGs according to Subheading 3.3, steps 7–17.

 12. Validate core protein knock-down in selected wells using DHS 
or core protein-specific antibodies according to the method 
described under Subheading 3.4.

 13. Perform CPP uptake assays in separate wells.

3.5. HSPG Core Protein 
Knock-Down
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Overexpression of fluorescently tagged (e.g., GFP-tagged) PG 
core proteins enables colocalization analysis of internalized CPPs 
and CPP-delivered cargoes with specific PG core proteins. 
Detection and localization of endogenous and overexpressed 
native (i.e., nontagged) core proteins is also possible through the 
use of core protein-specific antibodies. However, with the excep-
tion of antibodies toward syndecan-1, most commercially avail-
able core protein antibodies lack specificity for immunofluorescence 
experiments. Below is a protocol for the overexpression of GFP-
tagged HSPG core proteins in HeLa cells:

 1. Seed 30,000 HeLa cells/well in eight-well microscopy slide 
in DMEM with 10% FCS 24 h prior to transfection.

 2. At the day of transfection, dilute plasmids (e.g., syndecan-2-
GFP and syndecan-3-GFP) and Lipofectamine 2000 in Opti-
MEM as described below. For each well to be transfected:
(a) Dilute 0.5 mg plasmid in 25 mL Opti-MEM.
(b) Dilute 0.75 mL Lipofectamine 2000 in 25 mL Opti-

MEM, incubate for 10 min at RT.
(c) Mix 25 mL of plasmid solution with 25 mL of lipofectamin 

solution, incubate for 20 min at RT.
 3. Wash the cells once with DMEM w/o serum and antibiotics.
 4. Add 200 mL DMEM w/o serum and antibiotics per well.
 5. Add 50 mL/well of plasmid/Lipofectamine 2000 solutions.
 6. Incubate the cells at 37°C overnight.
 7. Wash twice with 250 mL/well of 1 M NaCl in PBS. Do not 

allow the cells to remain in the hyper osmotic buffer for more 
than 30 s (see Note 12).

 8. Quickly remove the 1 M NaCl buffer and gently wash once 
with PBS.

 9. Remove the PBS and add DMEM w/o serum.
 10. Incubate the cells at 37°C for 4–6 h.
 11. Incubate cells with fluorescently labeled CPPs or CPP-

delivered cargoes (see Note 13).
 12. Prepare cells for live-cell fluorescence microscopy.

 1. Urea in solution is in equilibrium with ammonium cyanate 
that can react covalently with proteins. Therefore, dissolve 
urea in water and prepare buffer immediately after complete 
dissolution. Do not heat the solution. Alternatively, a dissolved 

3.6. HSPG Core Protein 
Overexpression

4.  Notes
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urea stock solution can be stored at 4°C and purified by anion-
exchange chromatography prior to preparation of buffers.

 2. The use of practical grade Gu–HCl requires removal of impuri-
ties by activated charcoal. Dissolve practical grade of Gu–HCl 
in water. Purify the solution by the addition of approximately 
10 g/L of activated charcoal. Stir overnight at 4°C and clear 
solution by filtration two times over two layers of filter paper. 
Add remaining buffer constituents and adjust pH.

 3. In this chapter, HeLa cells are used throughout. The proto-
cols are, however, intended to serve as prototypical protocols 
for the study of PG involvement in CPP uptake, in general. 
Consequently, we encourage the exchange of the specified 
HeLa cells for other cell lines of interest, if desired.

 4. Several methods for studying CPP uptake and CPP-mediated 
cargo delivery have been described (19), of which many 
employ fluorescent compounds; either fluorescently labeled 
CPPs or labeled cargoes. The uptake of these fluorescent 
compounds can be studied by fluorescence microscopy or by 
flow cytometry. Other methods study the intracellular deliv-
ery of functional cargo molecules by CPPs. In these methods, 
the activity of the delivered macromolecule is the final read-
out, e.g., reporter-gene activity. The methods described herein 
are applicable to both types of assays.

 5. Keep pre-swollen 50% (v/v) DE-52 matrix slurry at 4°C. 
De-gas the slurry for several minutes before packing the col-
umns. Resuspend the slurry with an automatic pipette and be 
careful not to introduce air-bubbles in the slurry. Pack col-
umns by the addition of approximately two times the intended 
column matrix volume.

 6. In order to obtain complete enzymatic digestion in subse-
quent steps, it is, in our experience, very important to remove 
as much guanidine as possible. Resuspension of the precipi-
tated pellet in a buffer containing 1 M NaCl competes off 
most guanidine counter-ions bound to PGs. Also make sure 
the pellet is completely dissolved in this step, as there other-
wise will be substantial sample loss.

 7. As the cell-associated PG of most cell types are either HS or 
CS/DS substituted, the intact PG after heparinase and chon-
droitinase digestion is primarily CS/DS and HSPG, respec-
tively. If the enzyme digestions are complete, the reduction in 
[35S]-sulfate radioactivity in the high-molecular weight region 
after, e.g., heparinase digestion should correspond roughly to 
the remaining signal intensity after chondroitinase digestion. 
This signal represents the HSPG pool of the total cell-associated 
PG and vice versa for the CS/DS PG pool.



113Studies of Proteoglycan Involvement in CPP-Mediated Delivery

 8. If additional analyses are to be performed on the purified PG, 
the sample can be frozen at −80°C before the addition of 4× 
LDS-buffer which may interfere and make subsequent assays 
impossible.

 9. Certain syndecans can, in addition to being HS substituted, 
also bear CS chains. In order to obtain well-defined bands at 
positions reflecting the size of the core protein, it is impera-
tive that all GAG chains are degraded. Samples must, there-
fore, be both heparinase and chondroitinase treated.

 10. HSPG core protein bands appear specifically in GAG-lyase-
treated samples and are significantly fainter in nondigested 
lanes both when detected with core protein-specific antibodies 
and with anti-∆HS antibody. In initial experiments, it is pru-
dent to include a lane with no PG, containing only GAG 
lyases. This is in order to exclude the risk that bands appearing 
in digested lanes are the result of unspecific detection of con-
stituents of the enzyme preparations.

 11. For knock-down experiments, one sample per siRNA sequence 
is preferably used for the control of knock-down efficiency on 
the protein level, by either anti-∆HS or core protein-specific 
immunoblot, as described. In addition, identically treated 
samples for CPP uptake assays should be prepared in a format 
of choice, e.g., 48-well plate or 8-well microscopy slide.

 12. The 1 M NaCl wash is incorporated into the lipofection protocol 
to remove surface-associated lipofection reagent. The cells 
should be washed gently but relatively quickly to minimize 
cell lysis and detachment.

 13. Note that CPP uptake analysis after overexpression of fluores-
cently tagged proteins requires the use of CPPs or cargoes 
labeled with fluorophores spectrally distinct from the fluores-
cent protein, e.g., GFP combined with Alexa Fluor 546 or 
similar fluorophores (19).
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Chapter 9

Uptake Kinetics of Cell-Penetrating Peptides

Anders Florén, Imre Mäger, and Ülo Langel 

Abstract

As our knowledge increases about the diversity in uptake mechanisms displayed by cell-penetrating 
peptides (CPP), the concept of CPP uptake kinetics becomes increasingly complex. Here, we present 
three different assays that can be used for studying different kinetic aspects of CPP-mediated delivery: 
intracellular accumulation and membranolytical effects, intracellular CPP-cargo detachment, and finally 
a functional readout of a biological action from the delivered cargo. Unlike the traditional end-point 
measurements that give a static postincubation readout, these assays are all dynamic, real-time, in situ 
measurements obtained during incubation. A combination of some (or all) of these different assays gives 
us not only interesting kinetic information about the uptake routes but also provides a simple and valu-
able methodology for the evaluation of potential drug candidates based on the chemical modification of 
CPPs by cargo attachment.

Key words: CPP uptake, Kinetics, Flow cytometry, Fluorescence, Bioluminescence, Fluorescence 
quenching

The rate of CPP uptake is an important but frequently overlooked 
parameter when evaluating CPP as drug vectors. The number of 
studies concentrating on CPP uptake kinetics has remained sur-
prisingly low. Most of the kinetic studies have been performed 
with fluorescently labeled peptides (1–10), but other methods 
involving radioactive tagging (11) or biomarkers (12, 13) have 
been used, as well.

There are a plethora of various other processes competing with 
intracellular uptake, such as intracellular sequestering, degradation 
of delivered material, and exocytosis, and in static end-point mea-
surements, these parameters are usually not addressed. For exam-
ple, in an end-point assay, measuring only a fluorescent signal of a 
labeled CPP, a poor vector candidate that is retained in the cell 

1.  Introduction
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might have the same fluorescence as a very efficient delivery vector 
that is exocytosed with a high metabolic turnover. Hence, estimating 
the order of the uptake process, half-life, rate constants, and plateau 
values might not only prove to be a fruitful approach in shedding 
some additional light on CPP uptake mechanisms, but it can also 
give valuable comparative information on the effect of cargo attach-
ments and chemical modifications of CPP-drug candidates.

Our current understanding of CPP uptake relies heavily upon 
assays utilizing fluorescent labeling, particularly on confocal laser 
scanning microscopy (CLSM). CLSM is a versatile tool for visu-
alization and identification of different CPP internalization routes 
and is a dynamic approach as it can monitor uptake in real time 
on living cells (14–16). Although CLSM on live cells provides us 
with essential data about internalization mechanisms, the method 
has several limitations, such as quantification difficulties, prob-
lems with controlling the temperature, etc. A more serious matter 
is that CLSM usually captures only a handful of cells per image, 
and even a nonbias selection of cells might not give a statistically 
significant readout.

The lack of kinetic studies (besides CLSM) can only partly be 
explained by the technical limitations of the measurement equip-
ment. Scaling up a simple end-point assay to a more complicated 
experimental setup with several parallel experiments and different 
incubation times is deterring. Here, we present three examples of 
simple in situ assays that give multiple readouts from the same 
incubation at different time points. The assays are simple and very 
flexible and can be modified extensively by the choice of fluores-
cent label, quencher, temperature, incubation media, chemical 
modifications, etc. They address different aspects of uptake in 
terms of intracellular accumulation, intracellular bioavailability, 
and biological action, using proximity quenched fluorescence, 
concentration quenched fluorescence, and luminescence. All these 
assays are conducted in situ during treatment and do not rely on 
compiling data from several incubations. Not only does this 
minimize sources of error, but in situ measurements also reduce 
the consumption of material as each sample can be used for con-
tinuous readout throughout the experiment.

The proximity quenched fluorescence assay is conducted in a fluo-
rescence plate reader for measurements on cells in suspension. We 
have previously used a version of this assay (9), but it is suitable for 
a wide range of fluorophores, including UV-fluorophores that 
are favorable for economical and synthesis reasons. For example, 
we are using aminobenzoic acid (Abz) attached to a chosen 
cargo peptide as a fluorophore and nitrotyrosine (NO2-Tyr) or 
histidine(dinitrophenyl) (His(DNP)) conjugated to a CPP as a 
fluorescence quencher (see Fig. 1). The assay is not hampered  
by background autofluorescence, as long as it is constant. A great 
advantage of this assay is its capacity to allow quantitative 

1.1. Proximity 
Quenched 
Fluorescence Assay
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measurements of the total uptake directly in the cell suspension, 
and since none of the material is wasted during measurement,  
it is possible to collect the suspension after the incubation for  
further use.

This flow cytometry-based assay is suitable for measuring the uptake 
of carboxyfluorescein (FAM)-labeled peptides into cells in suspen-
sion, with a resolution of one sample per minute. The experiment 
is outlined in Fig. 2. It consists of an ongoing incubation where 
small samples are taken from the incubation each minute. The incu-
bation is conducted at a controlled temperature (not necessarily 
37°C), and the samples are analyzed during incubation. Before 
analysis, the samples are transferred to FACS tubes containing try-
pan blue (TB) for analyzing intracellular accumulation, and/or 
propidium iodide (PI) for analysis of membrane integrity (option-
ally). TB is a quencher that is confined to the outside of living cells 
and effectively eliminates FAM-fluorescence by concentration 
quenching (17, 18). The remaining fluorescence arises from the 
intracellular-located FAM-CPP that is inaccessible to TB. The sec-
ondary (optional) readout is CPP-induced membranolysis, moni-
tored as propidium iodide (PI) accumulation into dead cells. An 
interesting feature of the secondary assay is that the membranolytic 
effects can be studied for any molecule; it does not have to be a 
fluorescently labeled peptide. As compared to CLSM, the quenched 
readout is based on thousands of cells instead of a handful, and with 
proper statistical analysis, even minute increases in fluorescence can 
be detected. Also, flow cytometry gives information as to whether 
the uptake is uniformly distributed or if some subpopulations are 
more or less prone to internalize CPP. The drawback of this assay is 

1.2. Quenched 
Time-Lapse Uptake  
and CPP-Induced 
Membranolysis Assay
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Fig. 1. The structure of cargo-SS-CPP construct used in the quenched fluorescence assay. 
Aminobenzoic acid (Abz) and histidine(dinitrophenyl) (His(DNP)) moieties are marked in bold.



120 Florén, Mäger, and Langel

the inability to quantitatively measure the amount of the accumu-
lated material.

In this assay, luciferin is coupled via a cleavable linker to CPPs (12), 
and the conjugate is delivered into cells which overexpress luciferase 
enzyme. When reaching the cytoplasm, the linker is cleaved by glu-
tathione, and the released luciferin is converted into its oxidized 
form by the luciferase enzyme, emitting a photon of light. The lumi-
nescence can be read by a luminometer in real time, and the accumu-
lated total uptake at each different time point can be calculated by 
integrating the acquired luminescence data. An advantage of this 
assay is that the experiment can be carried out on adherent cells with-
out the need for having the cells in suspension. Also, in this system, 
the readout monitors a produced biological effect rather than relying 
on a marker molecule that can detach or be degraded. Any cell line 
that is stably expressing luciferase, or transiently transfected with a 
luciferase gene, can be used to characterize the delivery.

General materials:

 1. Cell lines and cell culture media required for the corresponding 
cell line.

 2. 10-cm cell culturing plates.

1.3. Bioluminescence 
Assay

2.  Materials

Fig. 2. Time-lapse measurement of CPP uptake using trypan blue to quench the extracellular fluorescence. Optionally, the 
sample tubes can be supplemented with propidium iodide for monitoring membrane integrity. More detailed explanation 
is given in the text.
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 3. Buffers: Hepes-buffered Krebs–Ringer solution (HKR) sup-
plemented with glucose (1 mg/ml), phosphate-buffered 
saline (PBS).

 4. 3 mM ethylenediaminetetraacetic acid (EDTA) dissolved  
in PBS.

 1. Abz-Cys-cargo and His(DNP)-Cys-CPP or Cys-NO2-Tyr-
CPP, conjugated via a disulfide bond (see Fig. 1).

 2. Fluorescence plate reader with 320 nm excitation filter and 
420 nm emission filter.

 3. 0.5 M Tris(2-carboxyethyl)phosphine (TCEP) or dinitrophe-
nol (DTT).

 1. CPP labeled with FAM, diluted in 100 mM stock solutions.
 2. Propidium iodide (PI), final concentration 10 mg/ml (15 nM) 

dissolved in PBS (see Note 1).
 3. Trypan blue (TB), 10 mg/ml, dissolved in H2O (see Note 1).
 4. A thermoblock or water bath fixed at 37°C, and a container 

with ice.
 5. Standard 5-ml flow-cytometry tubes and tube racks.
 6. A timer.

 1. Luciferin-linker-CPP in 100 mM stock solution and free 
luciferin for control experiments.

 2. Cells transfected with luciferase-encoding plasmid, or cells 
that are stably expressing luciferase.

 3. White 96-well plates with transparent bottom and a white 
base-plate for the 96-well plate to increase signal-to-noise 
ratio (see Fig. 3).

General methods:

 1. Propagate the cells (e.g., HeLa cells, see Note 2) in standard 
conditions at 37°C and 5% CO2 concentration in standard 
cell culture dishes.

 2. To render the extracellular matrix intact, instead of trypsiniz-
ing the cells, we chose to harvest the cells with 3 mM EDTA 
(see Note 3).

 3. All three assays can be conducted in any desired reaction 
media (media with or without serum, PBS, HKRg, etc.).

2.1. Quenched 
Fluorescence Assay

2.2. Quenched 
Time-Lapse Uptake  
and CPP-Induced 
Membranolysis Assay

2.3. Bioluminescence 
Assay

3.  Methods
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 1. For HeLa cells, seed the cells 2 days prior to the experiment 
into a 10-cm cell culture dish to reach 90% confluency on the 
day of the experiment.

 2. On the day of the experiment, wash cells with 5 ml PBS and 
detach the cells by incubating the dish with 1 ml of 3 mM 
EDTA at 37°C. Add 4 ml of full cell culture media and cen-
trifuge the cells at 500 × g for 10 min; remove the supernatant 
and resuspend the cells in 1 ml HKRg. Count the cells and 
dilute them with HKRg to obtain 2.5 × 106 cells/ml (1.25 × 105 
cells in 50 ml buffer/well) (see Note 4).

 3. If endocytosis inhibitors are to be used in the experiment, 
pretreat the cells for 30 min in presence of an inhibitor before 
adding the cells to the peptide solution (see Note 5).

 4. Prepare a white 96-well plate for the experiment. While keeping 
the plate on ice, add 150 ml of the cargo-SS-CPP conjugates 
diluted in HKRg to each well. Remember to include blank sam-
ples and positive controls (i.e., unquenched peptide).

 5. Set the fluorescence plate reader at 37°C while keeping the 
plate on ice.

 6. After 30 min, add 1.25 × 105 cells in 50 ml to each well, to 
reach the final incubation volume of 200 ml (see Note 6).

 7. Immediately, insert the plate into the preheated fluorescence 
reader and measure the fluorescence (320 nm/420 nm). Make 
sure to include the blank samples in the recording, to verify that 
the background autofluorescence is stable. Take readouts at reg-
ular intervals (e.g., every 30 s) and be sure to shake the 96-well 
plate between measurements to keep the cells in suspension.

3.1. Quenched 
Fluorescence Assay

White 96-well tissue culture plate with transparent bottom

White bottom plate to be inserted under
the 96-well plate before measurement to 
increase S/N ratio

Fig. 3. A white 96-well tissue culture plate with transparent bottom allows verification of the cell culture confluence. 
Before reading the luminescence, insert a white bottom plate under the 96-well plate to increase the signal-to-noise 
ratio. The white bottom plate can be custom-made out of white plastic or cardboard.
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 8. At the end point (e.g., after 60 min), add TCEP or DTT to 
each well. Be sure to reach a sufficiently high final concentra-
tion, e.g., 100 mM, to reduce all remaining disulfide bonds. 
Use the resulting signal to determine the 100% signal level 
and normalize the data to this value after subtracting the 
background from the initial signal. Alternatively, it is also pos-
sible to present the data by a simple calculation as picomoles 
of internalized peptide in the whole cell population.

The experiment is outlined in Fig. 2. It consists of an ongoing 
incubation in any desired reaction media (media with or without 
serum, PBS, etc.), where samples are taken out at fixed time 
points. Plan your experiment carefully; new samples have to be 
taken out while simultaneously analyzing the previous samples, 
and ensure that there is no room for errors when the incubation 
commences. We suggest you make a practice run with longer time 
intervals. Samples for both uptake and membranolysis can be 
taken from the same incubation, but both sets of data cannot be 
acquired at the same time (see Note 7). The samples are quenched 
with TB on ice for exactly 3 min followed by immediate data 
acquisition. Before running the assay, the quenching procedure 
has to be validated (see Note 8). For each new set of experiments, 
use control samples (blank FAM positive and PI positive) to 
determine compensation parameters necessary to eliminate the 
spectral overlap of the used fluorophores (i.e., FAM and PI).

 1. Seed the cells 2 days before the experiment as described above 
(Subheading 3.1, step 1).

 2. Detach the cells using 3 mM EDTA and centrifuge as 
described above (Subheading 3.1, step 2). Resuspend the 
cells in 1 ml of the desired reaction media (media with or 
without serum, PBS, HKRg, etc.) and keep the cells on ice.

 3. Take 50 ml of the cell suspension and dilute it into 950 ml of 
PBS in a sample tube (this will be your blank sample). Run it 
in the flow cytometer, with the laser set at 488 nm. Record 
the fluorescence in appropriate channels (for example, FAM 
at 519/20, PI at 650/LP) and compensate for spectral over-
laps. Gate the living population based on the forward/side 
scattering properties.

 4. Use the flow cytometer to calculate the amount of cells in the 
suspension (see Note 9). Dilute the original cell suspension 
such that 50 ml yields 200 cells/s when running the blank 
sample (see Note 10). Remove the tube, add 10 ml of 0.1 mM 
FAM-labeled peptide, and run the tube again as a FAM-
positive control.

 5. At each time point, a 100-ml sample will be removed from the 
incubation. For example, for a 0–9 min monitoring of a 1 mM 

3.2. Quenched 
Time-Lapse Uptake  
and CPP-Induced 
Membranolysis Assay



124 Florén, Mäger, and Langel

CPP incubation on suspended HeLa cells, prepare a 1 ml 
incubation of 100 ml from the cell suspension and 890 ml of 
reaction media (double these amounts if you want the optional 
PI samples). Do NOT add the FAM-labeled CPP at this stage! 
Transfer the incubation tube to 37°C and allow it to acclima-
tize for 1 min.

 6. Prepare an array of sample tubes (i.e., one for each time point) 
and label them (0 min, 1 min, etc.). Pipette 40 ml of 10 mg/ml 
TB and add 260 ml of reaction media into each tube, and 
keep the tubes on ice. (Optionally, prepare another array of 
sample tubes containing 300 ml reaction media supplemented 
with 1 mg/ml (1.5 nM) PI. These samples will be analyzed 
after the TB-assay.)

 7. Start the incubation by adding 10 ml of 100 mM CPP solution 
(20 ml if PI samples are included) and start the timer. 
Immediately, remove the first 100 ml sample from the incuba-
tion and put it into the first sample tube (0 min) on ice 
(optionally also the first sample in the PI array).

 8. At 1 min, remove the second 100-ml sample and transfer it to 
the second sample tube (labeled 1 min) and leave it on ice. 
This 100 ml removal step will be repeated every minute.

 9. After 3 min, it is time to start acquiring data from the first 
ice-incubated TB sample (0 min). Directly after pipetting the 
3 min sample, remove the 0 min tube from the ice, load it to 
into the flow cytometer, and acquire your data. Allow the 
acquisition to continue until you change tube in the next 
cycle. Meanwhile, prepare to take out the next sample 
(4 min).

 10. At 4 min, repeat as above and transfer a 100 ml to the 4 min 
sample tube. After that, stop the acquisition and change to 
the next ice-incubated sample tube (1 min) and start to 
acquire the next file (see Note 11).

 11. At 5 min, transfer a 100 ml to the 5 min sample tube. After 
that, stop the acquisition and change to the next ice-incu-
bated sample tube (2 min) and start to acquire the next file 
etc.

 12. The experiment will continue like this in 1 min cycles. Work 
methodically and do not rush; try to complete each step in 
the same pace. After the last sample is analyzed, rinse the flow 
cytometer with PBS and analyze the optional PI samples for 
membrane integrity (see Note 12). Apply extended washing 
procedures recommended by your supplier.

 1. Transfect cells with a luciferase-encoding plasmid (see Note 
13) or use a cell line stably expressing luciferase.

3.3. Bioluminescence 
Assay
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 2. 24 h posttransfection, seed the required number of cells (for 
HeLa cells, 9,000 cells/well in 100 ml) onto a white clear 
bottom 96-well tissue culture plate (see Note 14).

 3. After another 24 h, prepare the luciferin-linker-CPP solutions 
in full cell culture media at the desired concentrations. 
Remove the old growth media from the plate and pipette 
150 ml of the peptide solution into each well. For control 
experiments, use free luciferin at the same concentration as 
the luciferin-linker-CPP constructs (see Note 15).

 4. Measure the luminescence at regular time intervals for at least 
1.5 h. As an example, HeLa cells were incubated with 2.5 mM 
luciferin-linker-M918 conjugate (see Fig. 4a) for 2 h. The 
readout was registered in 2 min intervals, and the results are 
presented as fold increase in luminescence (RLU) compared 
to untreated cells (see Fig. 4b and Note 16).

 5. The total uptake at any selected time point can be obtained by 
integrating the uptake curve presented in Fig. 4b (i.e., by calcu-
lating area under curve (AUC) at the selected time point).

Fig. 4. Example of results from the bioluminescence assay. HeLa cells were incubated with 2.5 mM Luciferin-linker-M918 
conjugate (a). The luminescence was recorded over a period of 2 h; the data is presented as fold increase of lumines-
cence (RLU) compared to the luminescence from untreated cells (b).

b

0 20 40 60 80 100 120
0

100

200

300

400

Time (min)

F
o

ld
 in

cr
ea

se
 in

 lu
m

in
es

ce
n

ce

a

Cys-M918

N N

S S       O O S
S

O

O

HO

Cystein-conjugated
M918

Luciferin Linker



126 Florén, Mäger, and Langel

 1. TB and PI are carcinogenic agents. Check the material safety 
data sheet and wear proper protective equipment. Dissolve 
TB in a minimal amount of DMSO (3 ml/mg) and add H2O 
to obtain a 10 mg/ml stock solution. Do not store the TB 
solution in the fridge, as it is prone to precipitate.

 2. Any cell line can be used in these assays, including cells grow-
ing in suspension. In the examples given in the text regarding 
seeding and cell counts, all figures refer to standard HeLa 
cells.

 3. In a previous study (9), Bowes human melanoma cells were 
harvested by scraping. This should be avoided for HeLa and 
CHO cells, as a large fraction does not survive this treatment. 
However, it can be used to obtain a PI-positive control, as the 
harvested cells lose their membrane integrity.

 4. When resuspending the cells, take care to obtain the same 
number of cells per ml in each experiment, as this might affect 
the measurement results. Count the cells after resuspension.

 5. There is a plethora of endocytosis inhibitors that cannot be 
covered extensively in this chapter; the 30 min incubation 
might not apply to all inhibitors. Note that chloroquine can-
not be used due to its fluorescence in this wavelength range.

 6. The pipetting should be done on ice and quickly, preferably 
with 8-channel pipette since the uptake may be fast even 
 during the first seconds.

 7. TB is weakly fluorescent in the PI spectra, and traces of TB 
will interfere with the PI fluorescence unless it is thoroughly 
washed away. Use extended washing procedures recom-
mended by your supplier. This is especially important if your 
cytometer is equipped with a UV-laser, as TB is fluorescent at 
lower wavelengths.

 8. For validation of quenching: Perform a standard uptake on 
adherent cells using your FAM-labeled CPP on the cell line 
you will use in your experiment; include a blank sample as a 
negative control. Wash thoroughly with PBS and harvest the 
cells with EDTA (see Subheading 3.1, step 2). Prepare three 
tubes each with positive and negative controls with the same 
amount of cells as described in Subheading 3.2, step 3. First, 
run a negative and a positive control to establish a baseline 
and a positive signal. Then, add the same concentration as 
used above for your FAM-labeled peptide to the four remain-
ing control tubes and incubate them at room temperature for 
30 s. Add the quencher to one positive and one negative sam-
ple and incubate all four on ice for 3 min. Now, run the 

4.  Notes
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unquenched positive and negative controls, both samples 
should be substantially higher than the previous controls as 
the CPP associates with the outer cell membrane. Finally, run 
the quenched positive and negative controls. The quenched 
positive control should be similar or only slightly higher than 
the original positive control; the quenched negative should 
correspondingly be the same or very close to the original neg-
ative control.

 9. Total number of cells = 20 × cells per second × acquisition 
time/flow.

 10. This amount depends on the sheath flow and varies between 
different instruments. The amount of cells should be adjusted 
so that you are able to record data from at least 2,000 cells dur-
ing 20 s from the sample tubes, and this should be a fixed 
amount if you want to compare runs from several experiments.

 11. Most software for flow cytometers has an autosequencing 
function for run files. We suggest you use it, as there will be 
no time for typing the file names.

 12. The membranolytic effect should be calculated as the per-
centage of all the cells that are PI positive, not just the gated 
living population.

 13. The transfection protocol is too lengthy to be included and is 
beyond the scope of this paper. There are several methods of 
transfection; we have used Lipofectamine 2000 (Invitrogen) 
as a transfection agent according to the manufacturer’s 
instructions with successful results.

 14. Use a white plate under the clear-bottomed 96-well plate 
during the measurement to increase signal-to-noise ratio and 
sensitivity (see Fig. 3). This bottom plate can be custom-
made out of white plastic or cardboard.

 15. For pipetting, use an 8-channel pipette to save time. The 
uptake is remarkably fast even during the first minutes of the 
incubation, especially for free luciferin since it is membrane-
permeable.

 16. Data normalization may be required as the number of cells 
and transfection efficacy sometimes fluctuate on a day-to-day 
basis. Uptake data of free luciferin or untreated cells should 
always be included for normalization at every experiment.
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Chapter 10

Thermodynamics of Lipid Interactions  
with Cell-Penetrating Peptides

Reto Sauder, Joachim Seelig, and André Ziegler 

Abstract

Cationic peptides are efficiently taken up by biological cells through different pathways, which can be 
exploited for delivery of intracellular drugs. For example, their endocytosis is known since 1967, and this 
typically produces entrapment of the peptides in endocytotic vesicles. The resulting peptide (and cargo) 
degradation in lysosomes is of little therapeutic interest. Beside endocytosis (and various subtypes thereof), 
cationic cell-penetrating peptides (CPPs) may also gain access to cytosol and nucleus of livings cells. This 
process is known since 1988, but it is poorly understood whether the cytosolic CPP appearance requires 
an active cellular machinery with membrane proteins and signaling molecules, or whether this translocation 
occurs by passive diffusion and thus can be mimicked with model membranes devoid of proteins or 
glycans. In the present chapter, protocols are presented that allow for testing the membrane binding and 
disturbance of CPPs on model membranes with special focus on particular CPP properties. Protocols 
include vesicle preparation, lipid quantification, and analysis of membrane leakage, lipid polymorphism 
(31P NMR), and membrane binding (isothermal titration calorimetry). Using these protocols, a major 
difference among CPPs is observed: At low micromolar concentration, nonamphipathic CPPs, such as 
nona-arginine (WR9) and penetratin, have only a poor affinity for model membranes with a lipid composition 
typical of eukaryotic membranes. No membrane leakage is induced by these compounds at low micro-
molar concentration. In contrast, their amphipathic derivatives, such as acylated WR9 (C14, C16, C18) or 
amphipathic penetratin mutant p2AL (Drin et al., Biochemistry 40:1824–1834, 2001), bind and disturb 
lipid model membranes already at low micromolar peptide concentration. This suggests that the mechanism 
for cytosolic CPP delivery (and potential toxicity) differs among CPPs despite their common name.

Key words: Cell membrane, Drug delivery, Liposomes, Membrane anchor, Protein transport

Past (1, 2) and current research studies (3–5) have shown 
that eukaryotic cells take up polycationic compounds, such as 
cell-penetrating peptides (CPPs) or other cationic homopoly-
mers (e.g., polyethylenimine (6) or DEAE-dextran (7)), at (sub)

1.  Introduction
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micromolar concentration by binding them to anionic cell-surface 
glycans and subsequent endocytosis. Entrapment of CPPs in 
endocytotic vesicles is of moderate biomedical interest because a 
CPP-attached cargo (e.g., plasmid DNA, siRNA) would be rap-
idly degraded when passing from endocytotic vesicles to late 
endosomes or lysosomes. This way, no or only few cargo mole-
cules would reach their intracellular target, e.g., the nucleus for 
gene expression.

In this respect, the work of Frankel (8) and Green (9) on the 
CPP HIV-1 Tat received much attention because the effect of 
extracellularly added Tat on cellular gene expression suggested 
that many more Tat molecules reached the nucleus than could be 
provided by endocytosis. The delivery of CPPs into cytosol and 
nucleus thus became a focus of high biomedical interest, and the 
work of Frankel and Green initiated a revival of research on 
cationic peptides, 20 years after the first studies on polylysine had 
been published (2).

Subsequent studies with fluorescently labeled CPPs confirmed 
that various CPPs could indeed enter the cytosol and reach the 
nucleus of biological cells (10–21). The translocation of CPPs 
into the cytosol was also observed in cells that were incompetent 
for endocytosis (e.g., bacteria) (22–24). Both observations were 
surprising because this meant that some CPPs may overcome the 
cytoplasmic and/or endosome membrane in spite of their polyca-
tionic character that argues against a rapid passive diffusion across 
lipid bilayers (25). These experimental observations led to rather 
controversial views on the apparently “magic” (26) uptake into 
cytosol and cell nucleus.

Some of the observations could have been biased by experi-
mental artifacts: Surface-bound CPP molecules, for example, may 
enter cells postmortem because the cell treatment with methanol, 
ethanol, or paraformaldehyde typically used for cell fixation in 
microscopy can disrupt the membrane (27). This criticism does 
not apply to studies on living or unfixated cells (10–21). A detailed 
comparison of the conditions required for this cytosolic CPP 
entry suggests, however, that the cytosolic delivery of CPPs likely 
proceeds by more than one mechanism (28).

Some amphipathic CPPs have detergent-like properties. They 
have a high affinity for charged and uncharged lipids; they parti-
tion into the hydrophobic membrane core and disturb model 
membranes already at low micromolar concentrations – in analogy 
to many amphipathic antibiotic peptides (29, 30). These amphip-
athic CPPs translocate almost equally across pure lipid membranes 
(devoid of membrane proteins or glycans) or the plasma membrane 
of living cells (31). Molecular pathways of cell entry include, for 
example, pore and carpet formation – as can be demonstrated in 
model membranes (32, 33). In some cases, CPPs may also leak out 
of endosomes (“endosomolytic” or fusogenic peptides) as a result 
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of their pH-dependent structural change and lipid interaction 
(11, 34, 35). As a drawback for their intrinsic membrane dis-
turbing property, amphipathic CPPs typically have a higher cell 
toxicity than nonamphipathic CPPs (36, 37) which might render 
biomedical applications problematic which is also known from 
lipid-based transfection reagents.

In contrast, nonamphipathic CPPs, such as homopolymers of 
arginine, are less toxic (36), but they bind lipid membranes only 
with poor affinity, since the fraction of anionic lipids encountered 
in mammalian cells is usually quite low. Also, partitioning into the 
hydrophobic bilayer core is lacking (38–40). They do not induce 
membrane leakage at low micromolar concentrations even though 
they enter the cytosol of living cells at this concentration. This 
suggests that not the lipids, but other cellular compounds are 
required for their translocation into the cytosol (28). Their 
membrane permeation on model membranes (devoid of proteins 
or glycans) has been observed only for special conditions, e.g., 
high micromolar concentrations (electroporation-like), unphysi-
ological counterions (41, 42), electrochemical gradients (43), 
repeated lipid phase-cycling (44), or delicate vesicles (45, 46).

The present chapter describes protocols that allow for 
quantification and comparison of membrane interactions and 
perturbations of CPPs. Using selected CPPs, it is shown that 
amphipathic CPPs destabilize model membranes already at low 
micromolar CPP concentration – in contrast to nonamphipathic 
CPPs. The distinction of both CPP classes resides on the strategy 
of making CPPs more amphipathic either by linking a membrane 
anchor to them (“acylation”) (47) or by a previous report on 
an amphipathic penetratin mutant (“p2AL”) designed from 
helical wheel projections (48). Each protocol consists of an 
initial descriptive on required parameters and related literature, 
followed by the protocol itself. Conclusions from example data 
(see Figs. 1–3) are described in Subheading 4.

 1. Ammonium molybdate, (NH4)6Mo7O24·4 H2O (Merck).
 2. ANTS, 8-aminonaphthalene-1,3,6-trisulfonic acid, disodium 

salt (Molecular Probes).
 3. Buffer for leakage experiments: 20 mM Tris, 134 mM NaCl, 

pH 8.5.
 4. Buffer for ITC experiments: 20 mM Tris, 100 mM NaCl, 

pH 7.4.
 5. Calcein (Sigma-Aldrich).
 6. Contrad 90 (Socochim).

2.  Materials

2.1.  Chemicals
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 7. DOPE, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (Avanti 
Polar Lipids).

 8. DOPE-PEG2000, 1,2-dioleoyl-sn-glycero-3-phosphoethano-
la mine-N-(methoxy(polyethylene glycol)-2000), ammonium 
salt (Avanti Polar Lipids).

Fig. 1. Membrane leakage assay. (a) Because of the high optical absorbance of calcein, the observed maximum 
fluorescence at given concentration depends not only on quenching but also on cuvette dimensions (i.e., inner-filter effect) 
as shown for a (filled circle) 10-mm, (times symbo l) 5-mm, and (open circle) 2-mm cuvette using same photomultiplier 
and bandwidth settings for the cuvettes. Small path lengths are thus preferred, especially when working with vesicles 
that stray light. (b) Separation of calcein-loaded LUVs from free calcein on a Sepharose CL-6B column (absorbance 
detection at 495 nm; 1.6 × 23 cm column, flow rate 0.3 mL/min). (c) Leakage assay for nonamphipathic WR9: under 
permanent stirring, 100 mL of 10 mM (black ), 100 mM (gray ) and 1,000 mM (light gray ) WR9 are added (at 60 s) to 1.4 mL 
of LUVs (total lipid = 0.45 mM, molar ratio POPC/POPE/POPG/DOPE-PEG = 32/32/31/5; 13 mM calcein). Final peptide 
concentration is 0.7, 6.7, and 67 mM, respectively. At 600 s, 100 mL of 5% Triton X-100 is added to release the entire 
vesicle content. (d) Same leakage assay, but using nonamphipathic penetratin. (e) Same leakage assay, but using 
amphipathic penetratin mutant p2AL. Indicated are final peptide concentrations (mM). The low fluorescence at highest 
p2AL concentration (70 mM) suggests interaction of anionic calcein with cationic CPPs. (f ) Titration of 1.4 mL of 10 mM 
calcein with a 1 mM solution of three different CPPs. 10, 40, and 50 mL of the CPP are added at 40, 80, and 150 s, 
respectively, indicating the interaction of anionic dye with cationic CPPs. (g) Same titration, but using 100 mM ANTS. In 
contrast to (f), the dye–peptide interaction produces a signal increase, which is favorable for improved sensitivity of the 
leakage assay. (h) Leakage assay using 12.5 mM of the dye ANTS (and 45 mM of its quencher DPX) inside the vesicles. 
Despite the improved sensitivity of this assay, no membrane leakage with nonamphipathic WR9 is observed. Buffer 
allover: 20 mM Tris, 134 mM NaCl, pH 8.5.
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 9. Malachite green oxalate (Merck).
 10. DPX, p-xylene-bis-pyridinium bromide (Molecular Probes).
 11. Perchloric acid 70% (Merck).
 12. Phosphoric acid 85% (Sigma-Aldrich).
 13. POPC, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 

(Avanti Polar Lipids).
 14. POPE, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanola-

mine (Avanti Polar Lipids).
 15. POPG, 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1¢-sn-

glycerol), sodium salt (Avanti Polar Lipids).
 16. Potassium phosphate monobasic, KH2PO4 (Sigma-Aldrich).
 17. Sepharose CL-6B (Sigma-Aldrich).
 18. Tris, Tris(hydroxymethyl)aminomethane (Merck).
 19. Triton X-100 (BioChemika).

Fig. 2. Polymorphic phase behavior of phospholipids as studied by 31P NMR spectroscopy. Left column: (a) intact bilayer 
of POPC/POPG (=3/1) prepared as MLVs; (b) same bilayer solubilized by Triton; (c) hexagonal phase (DOPE), occasionally 
termed “inverted micelles” in the CPP field (61). Middle column: same bilayer as (a) but prepared in the presence of dif-
ferent CPPs (at 4 mM): (d) nonamphipathic WR

9, (e) amphiphilic analog C14-WR9, (f) C16-WR9, and (g) C18-WR9. Right column: 
same bilayer as (a), but prepared in the presence of (h) nonamphipathic Antp or its (i) amphiphilic analog p2AL. Spectra 
were recorded at 25°C and are referenced to external H

3PO4 85% at 0 ppm. Typically, 5 mg of total lipid, 130 mL of H2O, 
and 1.4 mg of peptide were used.
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 1. Fluorescence spectrophotometer F-4500 (Hitachi; Tokyo, 
Japan).

 2. Isothermal titration calorimetry (ITC): itc200 (Microcal/GE 
Healthcare; Northampton, USA) having a reaction cell 
volume of 203.7 mL and a syringe volume of 38.45 mL.

 3. NMR measurements: DRX-400 (Bruker; Karlsruhe, Germany), 
operating at a resonance frequency of 400 MHz for 1H and 
162 MHz for 31P.

 4. UV-visible spectrophotometer 8453 (HP; Waldbronn, 
Germany).

A well-defined physical structure of model membranes facilitates 
many aspects in the thermodynamic analysis of peptide–lipid 
interactions, especially when the membrane passage of a peptide 
(i.e., access to inner leaflets or lamellae) is unknown. We, there-
fore, start reviewing important steps in the membrane preparation.

2.2.  Instruments

2.3. Vesicle 
Preparation (MLVs)

Fig. 3. Isothermal titration calorimetry (ITC). The reaction cell was filled with 204 mL of 60 mM WR9. Every 2 min, 2 mL of 
lipid vesicles (SUVs) composed of neutral POPC and anionic POPG were added (25°C). The concentration of POPG was 
held constant (8 mM), but POPC was varied in different experiments, so the charge density of the membrane varied as 
follows: (a) POPG/POPC = 1/1 (typical for bacterial inner membrane), (b) POPG/POPC = 1/9 (typical for eukaryotic cell 
membrane). The heat release (raw data, upper panel) during each injection was integrated to yield the experimental 
heats of reaction (diamond; lower panel). The line in the lower panel represents best fit to the experimental data 
using a multisite binding model (28), where (a) K = 1.91 × 105, n = 5.51 POPG/WR9, DH = −1.18 kcal/mol POPGout; 
(b) K = 1.08 × 103, n = 6.12 POPG/WR9, DH = −1.69 kcal/mol POPGout. Because of the low degree of binding in (b), the 
empty syringe was refilled after the 19th injection (i.e., at 40 min). After refilling, the injection series was continued which 
is feasible within 10 min using latest ITC technology. Precise determination of even lower binding constants would 
require much higher peptide and lipid concentrations; however, total lipid concentration is already at a high limit (80 mM 
in (b)) for obtaining unilamellar vesicles and low polydispersity. (c) Experimental simulations of the binding isotherm 
according to the multisite binding model using various K (106, 105, 104, and 103, as indicated) and similar conditions as in 
(a) and (b), i.e., 204 mL of 60 mM WR

9, 36 × 2-mL injections of 8 mM POPG (which is 4.8 mM POPG on outer leaflet of SUVs), 
fixed n = 6.0 POPG

out/WR9, and DH = −1.2 kcal/mol POPGout.
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When dispersed in water, phospholipids, such as charge-neutral 
POPC, tend to self-associate: At the air–water interface, they 
slowly assemble to a monolayer and in the bulk phase rapidly to 
bilayer forming lipid vesicles (“liposomes”) (49, 50). The disso-
ciation constant of this self-assembly is in the order of 10−10 M−1 
(51); the cross-sectional lipid area of POPC is 68 Å2 (52), and 
the thickness of the hydrophobic core and P-P distance in the 
fluid state is 27 and 38 Å, respectively (53). Length, number, 
and position of double bonds of the acyl chains greatly influence 
the gel-to-fluid phase transition temperature (Tm), which charac-
terizes the transition from the frozen (Lb; lamellar gel) to the fluid 
(La; liquid crystalline) phase. For POPC, this transition tempera-
ture is −2°C (54).

Most biological membranes are in the liquid-crystalline phase 
(55), and cycling across the transition temperature renders bilayers 
leaky – even to larger compounds (56–58) which is important for 
observations on CPP leakage across model membranes (44). 
Lipid polymorphism is regulated, in part, by the ratio between 
cross-sectional area of lipid head groups compared to the cross-
section of the acyl chains. Lipids with a small head group, such as 
DOPE, do not form contiguous bilayers, but inverted hexagonal 
(Hii) phases (59). As a result, DOPE is frequently used in trans-
fection reagent mixtures for destabilizing membranes and for 
improving their membrane translocation (60). In this regard, 
CPPs have been also proposed to form inverted lipid micellar 
structures as part of their membrane translocation (61).

Model membranes can be prepared by different methods, 
such as filter extrusion, sonication, reverse phase evaporation, or 
detergent dilution (for a review see ref. 62). Resulting vesicles 
differ not only in size but also in stability, lipid packing density, 
outer/inner layer lipid stoichiometry, and binding enthalpies. 
Giant unilamellar vesicles (GUVs), for example, are particularly 
delicate (63). In contrast, large unilamellar vesicles (LUVs) with 
a defined diameter of ~100 nm, produced by filter extrusion, have 
a small polydispersity (64), excellent storage stability, a lateral 
packing density close to eukaryotes (28–35 mN/m) (65, 66), 
and a balanced inside/outside leaflet lipid stoichiometry. Finally, 
small unilamellar vesicles (SUVs) with a diameter of 30–50 nm, 
produced by sonication, have more lipid molecules on the outside 
than on the inside leaflet for sterical reasons (67). This is impor-
tant when considering the lipid binding stoichiometry for 
peptides that have no access to the inner membrane leaflet. 
Peptide interactions with SUVs also might have different binding 
enthalpies in ITC experiments (as compared to LUVs) which can be 
favorable when working at low concentration (68). The number 
of water molecules (nw) required for full hydration of a phospho-
lipid molecule has been estimated to be 17–38 (69, 70), so the 
lipid hydration must exceed ~0.4–0.9 g water/g lipid, especially 
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when working with concentrated NMR samples, and additional 
intravesicular water might be considered (71).

Lipid stock solutions in chloroform (Avanti Polar Lipids, 
Alabaster, USA) or in dichloromethane are more convenient to 
aliquot than greasy phospholipid “powders.” On the other hand, 
the organic solvent requires nonplastic vials/pipettes, pipetting at 
low room temperatures (the boiling point of dichloromethane 
and chloroform is 40 and 62°C, respectively, at 760 mmHg), and 
removal by rotary evaporation.

 1. A lipid suspension (16 mM, 2 mL, molar ratio POPG/
POPC = 1/1) is prepared as follows.

 2. The weight of an empty 5-mL pear-shaped flask is measured. 
An aliquot of 12.16 mg of POPC (e.g., 0.608 mL of a 
20 mg/mL stock) is pipetted into the flask. The solvent is 
removed by rotary evaporation and subsequent high-vacuum 
evaporation (0.1 mbar) for >4 h. The weight of the flask is 
again measured.

 3. The second lipid is added, e.g., 12.34 mg POPG (0.617 mL 
of a 20 mg/mL stock solution), and the solvent is also used 
to mix the second lipid with the first one. The solvent is 
removed by rotary evaporation and subsequent high-vacuum 
evaporation (0.1 mbar) for >4 h. The weight of the flask is 
measured to determine the lipid weight ratio. The total lipid 
concentration is determined according to Subheading 2.8.

 4. Additional lipids, such as pegylated lipids (DOPE-
PEG2000), might be added in analogy to item 3 (see also 
Subheading 2.7), where PEGylated lipids increase the back 
pressure during filter extrusion.

 5. The dry lipid film is hydrated with ~2.0 mL of buffer  
(the concrete volume is chosen according to measured lipid 
weight), topped with an Argon layer, vortexed, and hydrated 
at room temperature during 1 h (72). Thereafter, the flask is 
again vigorously shaken using a tabletop shaker (“vortex”), 
resulting in multilamellar vesicles (MLVs) of 16 mM total 
lipids and a wide size distribution range between 0.5 and 
10 mm. Due to the large vesicle size, the light scattering is 
high, and the appearance is milky. Occasional sediments may 
exist, originating from slow hydration of inner lamellae, 
especially if hydration time was too short or if lipid films after 
solvent evaporation are too thick.

 6. LUVs or SUVs are prepared by disrupting the MLVs using 
sonication (73) or freeze–thaw cycling followed by extrusion 
through a filter of defined pore size (74), as described under 
Subheadings 2.5 and 2.4, respectively.

 1. The MLV dispersion (prepared under Subheading 2.3) is 
subjected to five freeze–thaw cycles, which reduces the 

2.4.  LUVs
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lamellarity (75), vesicle size (<1 mm), and size distribution (76). 
This is done by placing the flask for 20 min in a −80°C freezer, 
followed by placing in an ambient-temperature water bath. 
Typically, no sediments are observed any longer after this step.

 2. The suspension is aspired by a first 2.5-mL Hamilton syringe 
and extruded into a second Hamilton through a 19-mm 
syringe filter holder from Avanti Polar Lipids (Alabaster, USA), 
Avestin (Ottawa, Canada), or Eastern Scientific (Rockville, 
USA). The filter holder contains a stack of two polyethylene 
drain disks (art. 230300: Whatman, Maidstone, UK), two 
polycarbonate nucleopore track-etch membranes with a 
0.1 mm pore size (art. 800309: Whatman, Maidstone, UK), 
and again two drain disks. Importantly, extrusion is performed 
above the Tm of the lipids, because of the rapid vesicle fusion 
below Tm (77, 78). Depending on the lipid mixture, a heater 
block (Avanti Polar Lipids or Eastern Scientific) for the 
assembly is required. Without disconnecting the assembly, 
extrusion is repeated between the two syringes for at least 11 
cycles (74, 79). The sample is recovered from the second 
syringe to ensure removal of any larger particles of the original 
suspension. Pore sizes available are 50, 100, or 200 nm; larger 
pores no longer produce narrow vesicle size distributions 
(79). For larger sample volumes, larger Hamilton syringes 
can be used or barrel extruders (Avestin, Ottawa, Canada or 
Northern Lipids, Burnaby, Canada).

 3. Because of the vesicle size reduction, the lipid dispersion 
becomes less opaque. Experimental verification of the vesicle 
size and distribution is recommended which is performed 
within a few minutes using dynamic light scattering (DLS).

 4. The prepared vesicles are topped with Argon (to prevent 
oxidation) and stored at 4°C (to prevent hydrolysis (80)) so 
that the vesicles can be used during several days before fusion 
is observed (81). Freezing or cycling across the lipid phase 
transition temperature should be avoided (82, 83). The vesicle 
size is checked prior to experiments using DLS. Changes in 
vesicle size (fusion) and lamellarity occur after days or months, 
where the kinetics depends on lipid type and cosolutes. 
Generally, fusion is prevented by higher amounts of charged 
lipids and promoted by high amounts of divalent ions or 
PEG. Studies on vesicle stability are summarized elsewhere 
(81, 83, 84).

 1. The MLV dispersion prepared under Subheading 2.3 is 
sonicated for 40 min with a tip sonicator (e.g., model 250, 
Branson; Danbury, USA) and 35 W power setting. During 
sonication, the sample is protected under a nitrogen blanket 
and cooled with a 20-mL water bath (at a T just higher 
than Tm of the lipids). Duration, power-to-volume ratio and 

2.5.  SUVs
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ultrasound wavelength are critical to produce SUVs with low 
polydispersity (85). For instance, a sonication time of >35 min 
and 50 W is required when using 10 mL volumes (86). 
Higher power-to-volume ratios might deesterify phos pho-
li pids (87). In contrast, bath-type sonicators (e.g., model 
G112SP1T; Laboratory supplies, Hicksville, USA) are 
operated at lower relative power settings (80 W/300 mL of 
water bath) and thus may produce vesicles of higher polydis-
persity (88) and lamellarity (89); using the latter method, 
fractions of larger vesicles can be separated by centrifugation 
or by chromatography with a Sephadex G-50 column (90). 
Considerations on optimum ultrasound frequency and vesicle 
formation by acoustic cavitations are published elsewhere 
(91). Finally, because of higher relative power settings, the tip 
sonicator can heat the liquid rapidly to temperatures >60°C, 
which would lead to heat-induced lipid degradation, so cool-
ing is required.

 2. After sonication, the SUVs are transferred to two microcen-
trifugation test tubes (Eppendorf; Hamburg, Germany), and 
the titanium debris from the sonicator tip (which would 
disturb optical methods such as DLS) is removed by centrifu-
gation at 16,000 × g for 10 min. The prepared vesicles are 
filled into 4-mL storage vials (art. G075S-14; Infochroma, 
Zug, Switzerland), topped with Argon, and stored at 4°C. 
In contrast to LUVs, the outer surface of the vesicle bilayer 
contains twice as many lipid molecules than the inner leaflet 
(67), and their high energy curvature causes fusion to larger 
vesicles already after days (92).

MLVs for NMR are prepared in analogy to items 1–5 of 
Subheading 2.3 with the following exceptions:

 1. The membrane passage of CPPs to inner lamella of MLVs 
cannot be assumed a priori. Therefore, the buffer (see item 
5 of Subheading 2.3) contains already the peptide so that the 
CPP has access to all lamellae.

 2. Prior to NMR measurements, the MLVs are subjected to five 
freeze–thaw cycles to reduce the polydispersity of the vesicles 
to a diameter of ~1 mm and to accelerate the hydration of 
inner lamellae and thus to improve spectral quality.

 3. In case of rare and expensive lipids, smaller amounts of lipids 
(typically <5 mg) are dried directly inside the NMR vial 
(instead of a flask) to prevent losses. The organic solvent is 
removed by a gentle stream of nitrogen (because of the 
difficulty to connect it to a Rotavapor). In this respect, 
chloroform has not been classed as a greenhouse gas (93), 
but its inhalation might cause liver cancer (94), suggesting to 
work in a fume hood.

2.6.  NMR Samples
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 1. A high POPC content is recommended for model membranes 
because its transition temperature (Tm) is well below ambient 
temperature and since it is the major lipid in mammalian 
cell membranes (95). A detailed review on chain length 
and head-group composition of mammalian cells has been 
published (96).

 2. In view of electrostatic interactions of CPPs, the addition of 
anionic lipids such as POPG (typical of plants and bacteria) or 
POPS (typical of eukaryotes) is recommended. The membrane 
content of anionic lipids can be up to 50–80% in Gram-positive 
bacteria (97, 98) but is only 2–12% in mammalian cells where 
they are primarily located in the inner leaflet of the plasma 
membrane of healthy cells (99). Only after cell death or apop-
tosis, they appear at the outer membrane leaflet which can be 
exploited for annexin V binding assays (apoptosis marker) 
(100). An anionic lipid content of 0–10% is, thus, reasonable 
for modeling eukaryotic membrane phospholipids.

 3. Because of their polycationic character, CPPs may lead to 
intravesicular aggregation and sedimentation of anionic lipid 
vesicles (101). This leads to precipitates and light scatte-
ring which disturbs optical measurements (e.g., DLS, CD, 
fluorescence). The vesicle aggregation can be prevented by 
including 2–4 mol% PEGylated lipids in the lipid mixture 
(102). At higher ratios (>5–8 mol% depending on PEG chain 
length), a “mushroom-to-brush” transition of the PEG chains 
occurs (103–105), which may either increase (106) or 
diminish peptide binding (107).

Precise knowledge of the lipid concentration is essential in 
thermodynamic analysis of peptide–lipid interactions. Especially 
when preparing SUVs with a tip sonicator, solvent evaporation 
can occur. Phospholipid content is, thus, measured as phosphate 
content after oxidation of the phospholipids with perchloric acid. 
The liberated inorganic phosphate ion reacts with ammonium 
molybdate to form phosphomolybdic acid, which is measured 
spectrophotometrically. The sensitivity of the detection is increased 
in the presence of cationic malachite green (108). Dried KH2PO4 
at 5–20 nmol is used for calibration. The assay is, thus, incom-
patible with phosphate-based buffers. When using higher phos-
phate concentrations and readings later than 20 min after reagent 
addition, stabilization of the colored complex with surfactants 
such as Tween 20 is required (109).

 1. Wear protection glasses, gloves, and lab coat.
 2. Coloring reagent: 1.05 g of ammonium molybdate 

((NH4)6MoO24·4H2O) is dissolved in 15 mL of 6 N HCl; this 
is added to 0.12 g of Malachite Green previously dissolved in 
85 mL of H2O. After 30 min of stirring, the reagent is filtered 

2.7.  Lipid Choice

2.8. Lipid 
Quantification



140 Sauder, Seelig, and Ziegler

(filter paper #1, Whatman; Maidstone, UK). The reagent is 
stored at room temperature and is freshly filtered prior to 
use (0.2-mm PTFE syringe filter; Whatman, Maidstone, UK). 
The reagent is stable for 6 weeks. Thereafter, the assay 
leads to increased OD values and nonlinearity in the standard 
curve.

 3. An aliquot of ~150 nmol of phospholipids (e.g., 30 mL of a 
5 mM POPC suspension) is placed in a 8 × 60 mm borosilicate 
glass tube (art. 26.013.201; Glas Keller, Basel, Switzerland)

 4. 100 mL of perchloric acid (70%) is added.
 5. Behind a protection shield and in a fume hood, the vial is held 

with a forceps (tube opening opposed to the body) and is 
gently boiled with a bunsen burner for approximately 3–4 min 
so that the solution first turns yellow and, after a short burst 
of white smoke, gets clear again, leaving ~1/2 of the original 
volume. After cooling, the solution is made up with water to 
1.0 mL.

 6. A tenth of it (100 mL; triplicate) is placed into a disposable 
plastic cuvette (1 cm path length), and 900 mL of the freshly 
filtered coloring reagent is added and immediately mixed.

 7. For the blank, 100 mL of water is placed in a cuvette, and 
900 mL of the coloring reagent is added and mixed.

 8. For the standard curve, 5, 10, 15, and 20 mL of a 1 mM 
KH2PO4 solution are placed in a cuvette, followed by making 
up with water to 100 mL and addition of 900 mL of the 
coloring reagent.

 9. A time scan (light absorbance at 660 nm) of the most  
concentrated standard is recorded (i.e., 20 nmol of KH2PO4), 
where the OD signal will increase after ~10 min to a DOD 
of ~0.9 (with regard to the blank) and will stay stable for 
~30 min.

 10. The interval between addition of the coloring reagent and 
achievement of stable signal (i.e., ~10 min) is kept equal for 
all samples.

Precise knowledge of the peptide content is essential – especially 
for CPPs. Current synthesis and purification procedures typically 
lead to a peptide purity of >98%, not meaning that the peptide 
content of the lyophilized powder is >98%: the presence of anionic 
counterions, such as acetate or trifluoro acetate, is considerably 
high after purification because of the high content of cationic 
arginines and lysines in CPPs. The CPP R9, for example, may 
contain nine TFA counterions after purification with HPLC using 
TFA as an ion pairing reagent. As a result, the mass content of 
TFA in the lyophilized peptide could be 40% or higher. Therefore, 
elemental analysis (comparing experimental versus theoretical 

2.9. Peptide 
Quantification
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nitrogen content) or amino-acid analysis (quantifying amino acids  
with fluorescent tags after acid peptide lysis) (110) are required 
whenever working with CPPs.

Because spectrophotometers are available in most labo-
ratories, insertion of a light-absorbing amino acid, such as 
tryptophane, at the N-terminus of the CPP sequence is also a 
good alternative for peptide quantification (e.g., WR9). This 
allows for fast quantification during each peptide handling 
step using the molar extinction coefficient of 5,500 for trypto-
phane at 280 nm during denaturation in 6 M guanidine hydro-
chloride (111).

Peptides used in the present protocols were made by 
solid-phase peptide synthesis using a Fmoc strategy (112) 
and a Rink amide resin. The carboxy terminus was amidated 
and thus uncharged. Acylation at the N-terminus with fatty 
acids of varying lengths (C14, C16, or C18) was performed 
on-resin by activation with PyBOP/NMM. The single-letter 
code for the peptides used are WRRRRRRRRR (WR9), 
myristoyl- (C14-WR9), palmitoyl- (C16-WR9), and stearoyl-WR9 
(C18-WR9), RQIKIWFQNRRMKWKK (penetratin; Antp), and 
RQIKIWFQAARMLWKK (penetratin p2AL, see ref. 48). 
When observed in a helical wheel projection (113), WR9 and 
Antp are considered to be nonamphipathic – in contrast to the 
acylated WR9 derivatives (“primary amphipathic” according 
to refs. 28, 33) and p2AL (“secondary amphipathic” according to 
refs. 28, 33).

Calcein is a zwitterion having a maximum of six negative and 
two positive charges. Because of the uncertainty about its 
pKa4 (114, 115), the net charge at pH 7 is considered to be 
−3 (116, 117) or −4 (115). On the basis of published pKa values, 
the net charge of further fluorescent leakage dyes, such as ANTS, 
carboxyfluorescein, and fluorescein, is −3, ~−2.7 (118), and ~−1.6 
(114) at pH 7, respectively. Because of its multivalency, the 
encapsulation of calcein (typically 70 mM) into vesicles produces 
a high ionic strength. The ionic strength (I) of a solution contain-
ing n ionic species is defined by
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2

n

i i
i

I c z= ∑  (1)

where ci is the concentration of ion i, and zi is its charge 
number.

Assuming z = −3 or −4 for calcein at neutral pH (disodium 
salt), a 70 mM calcein solution results in an ionic strength of 
0.42 or 0.7 M, respectively, which is much higher than that of 
physiologic saline (0.154 M). This is important when considering 
ionic gradients as a potential mechanism for CPP membrane 
disturbance (119).

2.10. Fluorescent 
Membrane Leakage 
Dyes
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The fluorescent dyes used in this assay are generally anionic in 
nature. As a result, they cannot cross the membrane because of the 
high Born charge energy barrier (25). Spontaneous dye leakage 
across the membrane proceeds only over days, but dyes of little 
charge (fluorescein, carboxyfluorescein) leak faster than trivalent 
dyes (e.g., calcein, ANTS) (116). On the other hand, the multi-
valency of the latter dyes has the disadvantage of interacting with 
the cationic peptides (see Fig. 2f and g) and creating a strong 
ionic gradient across the membrane (see Subheading 2.10).

The membrane leakage assay (116) resides on the principle 
that the dye is entrapped in vesicles at self-quenching concentra-
tions. Fluorescent dyes such as carboxyfluorescein are self-quenching 
at concentrations > 0.2 M because of nonfluorescent dimer for-
mation and energy transfer to the dimer (120). In addition, the 
high light absorbance of the dyes causes an inner filter effect so 
that the concentration for maximum fluorescence is observed 
already at low micromolar concentration depending on the 
cuvette dimension (see Fig. 1a). Adding a membrane-perturbing 
peptide then leads to the release of the dye out of the vesicles. Its 
dilution into the much larger extravesicular volume results in 
increased fluorescent signal intensity. In addition to self-quenching, 
collisional quenchers might be encapsulated (e.g., cationic DPX 
for anionic dye ANTS) so that their dilution upon membrane 
leakage causes also an increase of the fluorescence signal.

 1. LUVs are prepared as described in Subheading 2.4 (total 
lipid concentration typically 15 mM) with the exception that 
the buffer (20 mM Tris) contains calcein (13 mM; ionic strength 
of 104 mM at pH 8.5), no NaCl, and the pH is 8.5, i.e., 3 pH 
units higher than pKa3 of calcein. For this purpose, acidic calcein 
is first dispersed into the buffer, and the pH is adjusted to pH 
8.5 using NaOH bringing calcein into solution.

 2. Free calcein is removed by SEC using a glass column  
(i.d. 1.6 cm) filled to a height of 23 cm with Sepharose CL-6B 
(Sigma-Aldrich; fractionation range of 0.01–4 MDa for 
globular proteins) as stationary phase and a running buffer 
of 20 mM Tris, 134 mM NaCl pH 8.5. In order to protect 
the fluorescent dye against bleaching, the column is wrapped 
with an aluminum foil. When using carboxyfluorescein as dye, 
spontaneous dye leakage occurs faster than that for calcein 
(116), so chromatography at 4°C is recommended.

 3. Flow rate of the pump is 0.3 mL/min.
 4. Absorbance of calcein is monitored at 495 nm.
 5. Fractions of 1 mL are collected into Eppendorf tubes.

3.  Methods

3.1. Membrane 
Leakage (Calcein 
Dequenching)
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 6. Fractions between 51 and 57 min (containing calcein-loaded 
vesicles) are collected (see Fig. 1b)

 7. Fractions between 120 and 145 min (containing free calcein) 
are discarded.

 8. The size of the vesicles is checked with DLS.
 9. The lipid concentration is measured (see Subheading 2.8). 

The dilution factor as caused by the present SEC column is 
typically ~6.

 10. Lipids are diluted to a final concentration of 0.1–0.45 mM, 
i.e., a concentration close to total phospholipid content  
of cells in culture (e.g., 68 mM respecting 25 mL culture 
medium (121)).

 11. Using a 1-cm fluorescence cuvette, 1.4 mL of the calcein 
loaded vesicles are placed in the cuvette containing a magnetic 
stir bar.

 12. Under continuous stirring, a time scan of calcein fluorescence is 
recorded. After 60 s of baseline recording, a small volume 
(see Fig. 1e) of the CPP is added to produce a final peptide 
concentration in the micromolar range.

 13. When at equilibrium (e.g., 10 min), 100 mL of 5% Triton 
X-100 is added to release the entire vesicle content.

 14. The relative membrane leakage (Frel) induced by the CPP can 
be calculated according to

 CPP 0
rel

triton 0

F F
F

F F

−
=

−
 (2)

where F0, FCPP and Ftriton denote the initial (quenched) fluores-
cence, increased fluorescence after CPP addition, and maxi-
mum fluorescence after triton addition, respectively. Although 
calcein at self-quenching concentrations in 1-cm cuvettes 
(>0.2 mM) has almost no fluorescence (see Fig.1a), F0 in this 
assay is typically higher than zero, because of lower inner 
filter effects when calcein is encapsulated in diluted vesicles.

 15. Reporting percentual dye release according to Eq. 2 relies on 
a linear relation between dye concentration and fluores-
cence intensity. This is valid only when the fluorescence is not 
quenched, i.e., at a concentration below the concentration 
for maximum fluorescence (consider the logarithmic scale 
in Fig. 1a). The maximum fluorescence for calcein in a 
1-cm cuvette, for example, is observed at a concentration of 
~20 mM (see Fig. 1a). Based on a cross-sectional area of 
68 Å2 per POPC and a sample volume of 1.4 mL, a 0.45 mM 
POPC LUV preparation (vesicle radius of 50 nm) has a total 
intravesicular volume of 2.15 mL. Full membrane leakage, 
thus, produces a dye dilution factor of 1.4 mL/2.15 mL = 651. 
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A linear correlation between fluorescence intensity and 
 concentration is, thus, achieved for a vesicular calcein concen-
tration of 651 × 20 mM = 13 mM and lower. When using a 
higher calcein concentration, the vesicle concentration must 
be decreased accordingly.

Phosphorous-31 NMR is a simple method to distinguish between 
lipid bilayers, hexagonal structures, and isotropically moving 
phospholipids (122). Because of the slow rotation on a NMR time 
scale, MLVs produce a chemical shift anisotropy (see Fig. 2a). 
In contrast, rapidly tumbling structures (LUVs, SUVs, detergent-
solubilized lipids “mixed micelles”) show an isotropic NMR 
signal (see Fig. 2b).

The assay, therefore, requires the work with MLVs. Because 
of potential vesicle aggregation and subsequent precipitation 
with CPPs (101), a horizontally aligned NMR radiofrequency coil 
(covering the entire sample tube) is preferred over a standard 
vertical high-resolution NMR probe head where aggregates 
sediment out of the sensitive volume of the probe head. Our 
laboratory typically uses a 4-turn solenoid of 14 × 8 mm inner 
diameter. Sample tubes are borosilicate tubes (Fiolax, Duran; 
Mainz, Germany) or in-house, custom-made screw vials with 
internal volumes of 400 and 150 mL, respectively.

 1. This assay is incompatible with phosphate-based buffers. 
MLVs are produced as described under Subheading 2.6. 
For rare lipids, only 5 mg total lipid and 150 mL of liquid 
are used, but lipid quantities can be increased up to 100 mg 
lipid/100 mg of liquid (check hydration number for  
specific lipid) which leads to more signal and thus to faster 
experiments.

 2. For external calibration, 200 mL of concentrated phosphoric 
acid (85%) is used (sealed in a borosilicate tube). After 
magnetic field homogenization with the 1H frequency 
(“shimming”) to the vial geometry, the 31P signal of concen-
trated phosphoric acid is calibrated to 0 ppm (pH dependant). 
Because of the steady magnetic field drift, this procedure is 
repeated every day, where one scan typically yields sufficient 
signal.

 3. The lipid samples are subsequently recorded using the same 
magnetic shim values and chemical shift calibration.

 4. Because of the broad chemical shift dispersion, NMR spectra 
are recorded with a setup for solid-state like compounds, i.e., 
fast digitizer, high power amplifier, and a probe head that can 
withstand that power .The inverse relation of excitation 
bandwidth and pulse length in FT NMR requires 90° pulses 
in the low ms range (typically 5 ms) for full spectral excitation.

3.2. Membrane 
Integrity (31P NMR 
Spectroscopy)
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 5. 31P NMR spectra are recorded using a Hahn echo sequence 
(90°-t-180° with t = 40 ms), broadband proton decoupling, a 
recycle delay of 5 s (i.e., ~5 times T1), spectral width of 
50 kHz, and 4 K data size. Typically, 8,000 transients are 
averaged, and the free induction decay is exponentially 
multiplied prior to Fourier transformation corresponding 
to a 200 Hz line broadening. Compared to a simple pulse-
and-acquire NMR sequence, the delayed acquisition of the 
Hahn echo sequence reduces contributions of preamplifier 
and resonance coil ringing after strong radio-frequency 
pulses (123).

The membrane binding of peptides can be driven by a variety of 
forces, such as hydrophobic partitioning, electrostatic attraction 
to charged lipid head groups, or stabilization through a con-
formational change (e.g., helix formation). As a consequence, 
membrane–peptide interactions are characterized by a variety of 
affinity constants, and these have not only different magnitudes 
but also different molecular meanings (28, 124): The surface 
partition constant Kp, as defined here, describes the hydrophobic 
interaction. The molar amount of peptide bound (nP) to accessi-
ble (i.e., outer leaflet) lipid (nL), Xb = nP/nL, is used to calculate

 b
p

m

X
K

c
=  (3)

where cm is the peptide concentration close to the membrane 
surface. For uncharged lipids and uncharged peptides, the peptide 
concentration close to the membrane surface (cm) equals the free 
peptide concentration in bulk at equilibrium (ceq), so a plot of ceq 
versus Xb yields a straight line with the slope KP (124). However, 
this correlation is not linear when electrostatic interactions are 
involved. In this case, the apparent membrane partitioning 
constant Kapp is used for both hydrophobic and electrostatic inter-
actions, and we define

 b
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The electrostatic interactions between cationic peptides and 
anionic lipids cause the concentration of the peptide near the 
membrane (cm) to be higher than in bulk (ceq). Obviously, Kapp is 
larger than Kp because of ceq  cm. Characteristically, Kapp decreases 
with increasing peptide concentration because of electrostatic 
screening. Thus, a plot of ceq versus Xb is not linear for charged 
compounds. Using the Gouy–Chapman theory, cm and the 
membrane surface potential (Y0) can be calculated (101, 124–126) 
which, in turn, allows the calculation of Kp. This way, hydro-
phobic and electrostatic contributions to the peptide–lipid 

3.3. Membrane 
Binding (Isothermal 
Titration Calorimetry)
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interaction can be differentiated, and a plot of cm versus Xb 
becomes linear (124).

Several studies agree that nonamphipathic CPPs such as R9, 
Tat, and PLL do not partition into to the hydrophobic core of 
model membranes but remain superficially bound (39, 40, 101, 
127–129). Their interaction is, thus, best described by a complex 
(LnP) formation of n lipids (L) with the peptide (P) according to

 nnL P L P+ =  (5)

This way, peptide binding can be visualized in terms of a mul-
tisite binding model. Here, a complex formation constant K of 
defined stoichiometry is used. In contrast, KP and Kapp make no 
assumptions on the reaction stoichiometry. Assuming n identical 
binding sites on the multivalent peptide P, the binding of lipid L 
to individual sites on P can be defined by a single-site (“micro-
scopic”) binding constant

 =
[filledsites]

[emptysites][L]
K  (6)

where [L] represents concentration. For statistical reasons (28), 
the first lipid (i.e., nonsaturating conditions) binds with a higher 
affinity than the last one (i.e., saturating conditions). Determination 
of the CPP-lipid affinity by ITC relies on the principle that the 
peptide in the reaction cell (200 mL) is progressively saturated by 
repeated additions (19 × 2 mL) of the lipid while the heat of 
reaction is recorded during each injection. For a precise fit of 
experimental data, sufficient data points in the transition region 
(i.e., 3–10 data points) must be available in the thermogram and, 
ideally, an initial plateau for the first few titrations (see Fig. 3c). 
As a rule of thumb, both conditions are met if the starting con-
centration of the peptide [P0] in the reaction cell is close to

 0 d5] /[ 0P K n=  (7)

where Kd is the estimated dissociation constant (Kd = 1/K).
Because of the volume ratio of the cell/syringe of ~5 and a 

desired twofold excess of [L] at the end of the titration series, the 
concentration of the ligand [L0] is chosen to be 500 Kd (which 
results from [L0] = 5 × 2 n P0, where P0 is equivalent to Eq. 7).

If [P0] is 2 magnitudes higher than defined in Eq. 7, the 
transition region of the thermogram is almost rectangular (see 
Fig. 3c), so the fitted Kd represents only a upper limit of Kd. If 
P0 is 2 magnitudes lower than in Eq. 7, the isotherm is very flat 
and the endpoint is uncertain, so the fit to the data no longer 
produces clear-cut results (see Fig. 3c). If the concentration can-
not be increased in the latter case for experimental reasons (e.g., 
high polydispersity and lamellarity for lipids >100 mM, or pro-
tein self-aggregation at high concentration), the syringe can be 
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refilled a second time (see Fig. 3b), or the content of syringe and 
reaction cell can be inversed.

 1. Prepare 4 mL of a peptide solution (sufficient for six experi-
ments considering ~300 mL per prerun cell rinsing and subse-
quent titration experiment) and 2 mL of SUVs (sufficient for 
30 experiments considering ~60 mL per syringe filling) accor-
ding to Subheading 2.5. The solutions are filled into a 
4-mL glass vial and are degassed under stirring (ThermoVac; 
Microcal, Northampton, USA) at 0.7 atm during 7 min. 
Degassing is important especially for experiments above room 
temperature, since air bubbles lead to increased noise and 
baseline jumps in ITC due to the air compression and friction 
during stirring at high speeds (typically 1,000 rpm). Prior to 
filling the instrument, the solutions are kept at experimental 
temperature to minimize the delay between cell filling and 
start of the first injection (which is typically 10–20 min for the 
present instrument).

 2. In a first experiment (“blank” experiment), SUVs are titrated 
into buffer to measure the heat of lipid dilution, which is 
subtracted in subsequent experiments.

 3. After the blank experiment, the reaction cell is cleaned, typi-
cally with 2% Contrad 90 (Socochim, Lausanne, Switzerland) 
for 15 min, followed by ample water rinsing.

 4. The cell of the calorimeter, thereafter, contains smaller amounts 
of water from precedent cleaning procedures which could 
lead to dilution of the peptide. The cell is, thus, filled once with 
the peptide, and the content is discarded. Thereafter, the cell 
is filled again with the peptide for the proper experiment.

 5. Selection of the injection volumes is a compromise between 
sufficient signal/noise per injection and sufficient data points 
to construct an isotherm: the syringe content (38.5 mL) is 
typically divided into 19 × 2 mL aliquots, but the injector 
could handle smaller volumes with high precision which 
can be exploited whenever the reaction enthalpy is high. 
The spacing between the injections depends on the reaction 
kinetics (and stirrer speed): fast reactions such as ethanol 
dilutions can be recorded with an interval of 60 s, but the 
present multisite binding reaction is slower and is best 
recorded with an interval of 90–120 s (awaiting reaction 
equilibrium) so that the total experiment time from cell filling 
to end is typically 1 h.

 6. The raw data (see Fig. 3a upper panel) are integrated to yield 
the heat per injection and thus a binding isotherm when 
plotting it against the molar ratio of the reactants (see Fig. 3a 
lower panel). A visual inspection yields a first approximation: 
in the case of an initial plateau, the ligand is almost completely 
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bound so that the heat (per mol of ligand) in the plateau 
region corresponds to the reaction enthalpy. The molar ratio 
at half of the plateau value allows one to estimate the stoi-
chiometry of the reactants; finally, the slope in the transition 
region serves as a rough approximation of the binding affinity; 
in the case of an initial plateau, the dissociation constant kd is 
typically  A0. Exact values of these parameters are deter-
mined by a fit to the data:

 7. A fit to the experimental isotherm (see Fig. 3a lower panel) 
using the multisite binding model (see Eq. 6; for further details 
see ref. 28) yields K, n, the reaction enthalpy DH, and entropy 
DS. Because nonamphipathic CPPs typically do not diffuse 
across the bilayer (39, 40, 101, 127–129), only the outer leaflet 
is accessible to the CPP, and this lipid concentration is approxi-
mately 60% of the total lipid concentration for SUVs (67).

 8. Repeating the experiment at different temperatures is recom-
mended for two reasons: on the one hand, a reaction might 
be driven entirely by entropy, so the enthalpy would be zero 
and the calorimeter would not detect any signal (despite the 
ongoing binding reaction). On the other hand, the slope of 
DH versus T yields the change in molar heat capacity (DCP

0), 
which gives important information about hydrophobic 
(typically negative DCP

0) and electrostatic (typically positive 
DCP

0) contributions to the reaction. Electrostatic contribu-
tions to the binding can be also assessed by repeating the 
experiment at different salt concentrations.

 9. Repeating the experiments with different buffers results in 
valuable information about protonation reactions (e.g., 
histidine-rich CPPs), which can be detected by ITC because 
of the different ionization enthalpies of the buffers (130).

 1. Membrane leakage (Calcein dequenching). Using this proto-
col, it is observed that nonamphipathic WR 9 and penetratin 
do not produce membrane leakage (see Fig. 1c and d). In 
contrast, the amphipathic penetratin mutant p2AL leads to 
pronounced membrane leakage already at low micromolar 
concentrations (see Fig. 1e).

The electrostatic interaction between the anionic dyes and 
cationic CPPs also affects the result. For example, the interac-
tion of WR9 with calcein results in a decrease of the fluores-
cence which could, in principle, mask the membrane leakage 
(Fig 1f). This effect is even stronger for the acylated WR9 deriv-
atives (see Fig. 1f) and p2AL at high concentration (see Fig. 1e). 

4.  Notes
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In contrast, the CPP interaction with the dye ANTS leads to an 
increase in fluorescence (see Fig. 1g), so smaller membrane 
leaks should be detected with improved sensitivity.

Even under these improved conditions using ANTS (see 
Fig. 1h), no membrane leakage is observed for WR9. These 
data agree with previous studies where nonamphipathic CPPs 
could not produce membrane leakage at physiologically 
relevant conditions (39, 101, 131–134). However, they have 
caused membrane leakage under particular conditions such as 
a higher molar CPP/lipid ratios (>0.2), more permeable dyes 
(carboxyfluorescein), ionic gradients over the membrane, and 
pH > 7.5 (135) which is considered to play a limited role in 
the in vivo CPP transduction (135).

 2.  Membrane integrity (31P NMR spectroscopy). Using this 
protocol, it is observed (see Fig. 2) that none of the investi-
gated CPPs forms inverted micelles with lipids that are typical 
for physiological membranes – even at very high peptide con-
centration (4 mM). However, all amphipathic CPPs damaged 
the membrane in a detergent-like manner, supporting the 
membrane leakage data (see Fig. 1). The critical micellar con-
centration of C18-, C16-, and C14-WR 9 were found to be 
26 mM, 49 mM, and ~5 mM, respectively, as determined by 
surface activity measurements (data not shown).

 3. Membrane binding. CPP uptake in biological cells is typi-
cally observed at low micromolar concentrations, (=similar 
concentrations as used in Fig. 3). Using the present ITC 
protocol, it is observed that the nonamphipathic CPP WR9 
has a poor affinity (K ~ 103) for model membranes that 
have an anionic lipid contents typical for mammalian cells 
(see Fig. 3b). This is in contrast to the high affinity of the CPP 
for other anionic compounds of the cell membrane such as 
heparan sulfate (K ~ 105) (112).

The lipid affinity of nonamphipathic WR9 becomes, how-
ever, important (even at micromolar concentrations) when 
the membrane has a high anionic lipid content (see Fig. 3a) 
such as encountered in bacterial membranes. This might be 
important for species selectivity of transfection reagents.

 4. Different types of CPPs. Using a variety of different protocols 
on model membranes, it is concluded that nonamphipathic 
CPPs, such as WR9 and penetratin, likely do not traverse cell 
membranes by direct interaction with lipids.

This is in stark contrast to amphipathic CPPs such as acy-
lated WR 9 or amphipathic penetratin derivate p2AL both of 
which considerably disturb the model membrane already at 
low micromolar concentration.

 

 



150 Sauder, Seelig, and Ziegler

Acknowledgments

This work was supported by the Swiss National Science Founda tion 
(SNF) Grant # 31.107793.

References

 1. Morad, N., Ryser, H.J. and Shen, W.C. 
(1984) Binding sites and endocytosis of 
heparin and polylysine are changed when the 
two molecules are given as a complex to 
Chinese hamster ovary cells. Biochim. Biophys. 
Acta. 801, 117–126.

 2. Ryser, H.J. (1967) A membrane effect of 
basic polymers dependent on molecular size. 
Nature 215, 934–936.

 3. Kaplan, I.M., Wadia, J.S. and Dowdy, S.F. 
(2005) Cationic TAT peptide transduction 
domain enters cells by macropinocytosis. 
J. Control. Release 102, 247–253.

 4. Belting, M., Mani, K., Jonsson, M., Cheng, 
F., Sandgren, S., Jonsson, S., Ding, K., 
Delcros, J.G. and Fransson, L.A. (2003) 
Glypican-1 is a vehicle for polyamine uptake 
in mammalian cells: a pivital role for nitroso-
thiol-derived nitric oxide. J. Biol. Chem. 278, 
47181–47189.

 5. Lundberg, M., Wikstrom, S. and Johansson, 
M. (2003) Cell surface adherence and endo-
cytosis of protein transduction domains. Mol. 
Ther. 8, 143–150.

 6. Kopatz, I., Remy, J.S. and Behr, J.P. (2004) 
A model for non-viral gene delivery: through 
syndecan adhesion molecules and powered 
by actin. J Gene Med 6, 769–776.

 7. Zenke, M., Steinlein, P., Wagner, E., Cotten, 
M., Beug, H. and Birnstiel, M.L. (1990) 
Receptor-mediated endocytosis of transfer-
rin-polycation conjugates: an efficient way to 
introduce DNA into hematopoietic cells. 
Proc. Natl. Acad. Sci. USA 87, 3655–3659.

 8. Frankel, A.D. and Pabo, C.O. (1988) 
Cellular uptake of the tat protein from human 
immunodeficiency virus. Cell 55, 1189–1193.

 9. Green, M. and Loewenstein, P.M. (1988) 
Autonomous functional domains of chemi-
cally synthesized human immunodeficiency 
virus tat trans-activator protein. Cell 55, 
1179–1188.

 10. Marinova, Z., Vukojevic, V., Surcheva, S., 
Yakovleva, T., Cebers, G., Pasikova, N., 
Usynin, I., Hugonin, L., Fang, W., Hallberg, 
M., Hirschberg, D., Bergman, T., Langel, Ü., 

Häuser, K.F., Pramanik, A., Aldrich, J.V., 
Gräslund, A., Terenius, L. and Bakalkin, G. 
(2005) Translocation of dynorphin neuro-
peptides across the plasma membrane. A 
putative mechanism of signal transmission. 
J. Biol. Chem. 280, 26360–26370.

 11. Wadia, J.S., Stan, R.V. and Dowdy, S.F. 
(2004) Transducible TAT-HA fusogenic 
peptide enhances escape of TAT-fusion 
proteins after lipid raft macropinocytosis. 
Nat. Med. 10, 310–315.

 12. Fretz, M.M., Penning, N.A., Al-Taei, S., 
Futaki, S., Takeuchi, T., Nakase, I., Storm, 
G. and Jones, A.T. (2007) Temperature-, 
concentration- and cholesterol-dependent 
translocation of L- and D-octa-arginine 
across the plasma and nuclear membrane of 
CD34+ leukaemia cells. Biochem. J. 403, 
335–342.

 13. Zaro, J.L., Rajapaksa, T.E., Okamoto, C.T. 
and Shen, W.C. (2006) Membrane transduc-
tion of oligoarginine in HeLa cells is not 
mediated by macropinocytosis. Mol. Pharm. 
3, 181–186.

 14. Vives, E., Brodin, P. and Lebleu, B. (1997) 
A truncated HIV-1 Tat protein basic 
domain rapidly translocates through the 
plasma membrane and accumulates in the cell 
nucleus. J. Biol. Chem. 272, 16010–16017.

 15. Mitchell, D.J., Kim, D.T., Steinman, L., 
Fathman, C.G. and Rothbard, J.B. (2000) 
Polyarginine enters cells more efficiently than 
other polycationic homopolymers. J. Pept. 
Res. 56, 318–325.

 16. Thoren, P.E., Persson, D., Isakson, P., 
Goksor, M., Onfelt, A. and Norden, B. 
(2003) Uptake of analogs of penetratin, 
Tat(48–60) and oligoarginine in live cells. 
Biochem. Biophys. Res. Commun. 307, 
100–107.

 17. Mano, M., Henriques, A., Paiva, A., Prieto, 
M., Gavilanes, F., Simoes, S. and Pedroso de 
Lima, M.C. (2006) Cellular uptake of 
S413-PV peptide occurs upon conforma-
tional changes induced by peptide-membrane 
interactions. Biochim. Biophys. Acta 1758, 
336–346.



151Thermodynamics of Lipid Interactions with Cell-Penetrating Peptides

 18. Tunnemann, G., Ter-Avetisyan, G., Martin, 
R.M., Stockl, M., Herrmann, A. and 
Cardoso, M.C. (2008) Live-cell analysis of 
cell penetration ability and toxicity of oligo-
arginines. J. Pept. Sci. 14, 469–476.

 19. Ter-Avetisyan, G., Tunnemann, G., Nowak, 
D., Nitschke, M., Herrmann, A., Drab, M. 
and Cardoso, M.C. (2009) Cell entry 
of arginine-rich peptides is independent of 
endocytosis. J. Biol. Chem. 284, 3370–3378.

 20. Fischer, R., Fotin-Mleczek, M., Hufnagel, 
H. and Brock, R. (2005) Break on through 
to the other side-biophysics and cell biology 
shed light on cell-penetrating peptides. 
Chembiochem. 6, 2126–2142.

 21. Ziegler, A., Nervi, P., Durrenberger, M. and 
Seelig, J. (2005) The cationic cell-penetrating 
peptide CPP(TAT) derived from the HIV-1 
protein TAT is rapidly transported into living 
fibroblasts: optical, biophysical, and metabolic 
evidence. Biochemistry 44, 138–148.

 22. Geueke, B., Namoto, K., Agarkova, I., 
Perriard, J.C., Kohler, H.P. and Seebach, D. 
(2005) Bacterial cell penetration by 
beta3-oligohomoarginines: indications for 
passive transfer through the lipid bilayer. 
Chembiochem. 6, 982–985.

 23. Nekhotiaeva, N., Elmquist, A., Rajarao, G.K., 
Hällbrink, M., Langel, Ü. and Good, L. 
(2004) Cell entry and antimicrobial proper-
ties of eukaryotic cell-penetrating peptides. 
FASEB J. 18, 394–396.

 24. Holm, T., Netzereab, S., Hansen, M., 
Langel, Ü. and Hällbrink, M. (2005) Uptake 
of cell-penetrating peptides in yeasts. FEBS 
Lett. 579, 5217–5222.

 25. Glaeser, R.M. and Jap, B.K. (1984)  
The “Born Energy” Problem in Bacte-
riorhodopsin. Biophys. J. 45, 95–97.

 26. Nishihara, M., Perret, F., Takeuchi, T., 
Futaki, S., Lazar, A.N., Coleman, A.W., 
Sakai, N. and Matile, S. (2005) Arginine 
magic with new counterions up the sleeve. 
Org. Biomol. Chem. 3, 1659–1669.

 27. Richard, J.P., Melikov, K., Vives, E., Ramos, 
C., Verbeure, B., Gait, M.J., Chernomordik, 
L.V. and Lebleu, B. (2003) Cell-penetrating 
peptides. A reevaluation of the mechanism of 
cellular uptake. J. Biol. Chem. 278, 
585–590.

 28. Ziegler, A. (2008) Thermodynamic studies 
and binding mechanisms of cell-penetrating 
peptides with lipids and glycosaminoglycans. 
Adv. Drug Deliv. Rev. 60, 580–597.

 29. Scheller, A., Oehlke, J., Wiesner, B., Dathe, M., 
Krause, E., Beyermann, M., Melzig, M. and 
Bienert, M. (1999) Structural requirements 

for cellular uptake of alpha-helical amphipathic 
peptides. J. Pept. Sci. 5, 185–194.

 30. Bechinger, B. and Lohner, K. (2006) 
Detergent-like actions of linear amphipathic 
cationic antimicrobial peptides. Biochim. 
Biophys. Acta 1758, 1529–1539.

 31. Takeshima, K., Chikushi, A., Lee, K.K., 
Yonehara, S. and Matsuzaki, K. (2003) 
Translocation of analogues of the antimicro-
bial peptides magainin and buforin across 
human cell membranes. J. Biol. Chem. 278, 
1310–1315.

 32. Shai, Y. (1999) Mechanism of the binding, 
insertion and destabilization of phospholipid 
bilayer membranes by alpha-helical antimi-
crobial and cell non-selective membrane-
lytic peptides. Biochim. Biophys. Acta 1462, 
55–70.

 33. Deshayes, S., Plenat, T., Aldrian-Herrada, 
G., Divita, G., Le Grimellec, C. and Heitz, F. 
(2004) Primary amphipathic cell-penetrating 
peptides: structural requirements and inter-
actions with model membranes. Biochemistry 
43, 7698–7706.

 34. Cho, Y.W., Kim, J.D. and Park, K. (2003) 
Polycation gene delivery systems: escape 
from endosomes to cytosol. J. Pharm. 
Pharmacol. 55, 721–734.

 35. Subbarao, N.K., Parente, R.A., Szoka, F.C., 
Jr., Nadasdi, L. and Pongracz, K. (1987) 
pH-dependent bilayer destabilization by 
an amphipathic peptide. Biochemistry 26, 
2964–2972.

 36. Jones, S.W., Christison, R., Bundell, K., 
Voyce, C.J., Brockbank, S.M., Newham, P. 
and Lindsay, M.A. (2005) Characterisation 
of cell-penetrating peptide-mediated peptide 
delivery. Br. J. Pharmacol. 145, 1093–1102.

 37. Saar, K., Lindgren, M., Hansen, M., 
Eiriksdottir, E., Jiang, Y., Rosenthal-Aizman, 
K., Sassian, M. and Langel, Ü. (2005) Cell-
penetrating peptides: a comparative mem-
brane toxicity study. Anal. Biochem. 345, 
55–65.

 38. Macdonald, P.M., Crowell, K.J., Franzin, 
C.M., Mitrakos, P. and Semchyschyn, D.J. 
(1998) Polyelectrolyte-induced domains in 
lipid bilayer membranes: the deuterium 
NMR perspective. Biochem. Cell. Biol. 76, 
452–464.

 39. Tiriveedhi, V. and Butko, P. (2007) A fluo-
rescence spectroscopy study on the inter-
actions of the TAT-PTD peptide with 
model lipid membranes. Biochemistry 46, 
3888–3895.

 40. Roux, M., Neumann, J.M., Bloom, M. and 
Devaux, P.F. (1988) 2H and 31P NMR 



152 Sauder, Seelig, and Ziegler

study of pentalysine interaction with head-
group deuterated phosphatidylcholine and 
phosphatidylserine. Eur. Biophys. J. 16, 
267–273.

 41. Esbjorner, E.K., Lincoln, P. and Norden, B. 
(2007) Counterion-mediated membrane 
penetration: Cationic cell-penetrating pep-
tides overcome Born energy barrier by ion-
pairing with phospholipids. Biochim. Biophys. 
Acta 1768, 1550–1558.

 42. Sakai, N., Takeuchi, T., Futaki, S. and Matile, 
S. (2005) Direct observation of anion-medi-
ated translocation of fluorescent oligoargin-
ine carriers into and across bulk liquid and 
anionic bilayer membranes. Chembiochem. 6, 
114–122.

 43. Henriques, S.T., Costa, J. and Castanho, 
M.A. (2005) Translocation of beta-galactosi-
dase mediated by the cell-penetrating peptide 
pep-1 into lipid vesicles and human HeLa 
cells is driven by membrane electrostatic 
potential. Biochemistry 44, 10189–10198.

 44. Afonin, S., Frey, A., Bayerl, S., Fischer, D., 
Wadhwani, P., Weinkauf, S. and Ulrich, A.S. 
(2006) The cell-penetrating peptide TAT 
(48–60) induces a non-lamellar phase in 
DMPC membranes. Chemphyschem. 7, 
2134–2142.

 45. Thoren, P.E., Persson, D., Karlsson, M. and 
Norden, B. (2000) The antennapedia peptide 
penetratin translocates across lipid bilayers – 
the first direct observation. FEBS Lett. 482, 
265–268.

 46. Thoren, P.E., Persson, D., Esbjorner, E.K., 
Goksor, M., Lincoln, P. and Norden, B. 
(2004) Membrane binding and translocation 
of cell-penetrating peptides. Biochemistry 43, 
3471–3489.

 47. Futaki, S., Ohashi, W., Suzuki, T., Niwa, M., 
Tanaka, S., Ueda, K., Harashima, H. and 
Sugiura, Y. (2001) Stearylated arginine-rich 
peptides: a new class of transfection systems. 
Bioconjug. Chem. 12, 1005–1011.

 48. Drin, G., Demene, H., Temsamani, J. and 
Brasseur, R. (2001) Translocation of the 
pAntp peptide and its amphipathic analogue 
AP-2AL. Biochemistry 40, 1824–1834.

 49. Schindler, H. (1979) Exchange and interac-
tions between lipid layers at the surface of a 
liposome solution. Biochim. Biophys. Acta 
555, 316–336.

 50. Qiu, R. and MacDonald, R.C. (1994) A 
metastable state of high surface activity pro-
duced by sonication of phospholipids. 
Biochim. Biophys. Acta. 1191, 343–353.

 51. Smith, R. and Tanford, C. (1972) Critical 
micelle concentration of L-alpha-dipalmi-

toylphosphatidylcholine in water and water/
methanol solutions. J. Mol. Biol. 67, 75–83.

 52. Altenbach, C. and Seelig, J. (1984) Ca-2+ 
Binding to phosphatidylcholine bilayers as 
studied by deuterium magnetic-resonance – 
evidence for the formation of a Ca-2+ 
complex with 2 phospholipid molecules. 
Biochemistry 23, 3913–3920.

 53. Lewis, B.A. and Engelman, D.M. (1983) 
Lipid bilayer thickness varies linearly with 
acyl chain length in fluid phosphatidylcholine 
vesicles. J. Mol. Biol. 166, 211–217.

 54. Santaren, J.F., Rico, M., Guilleme, J. and 
Ribera, A. (1982) Thermal and 13C-NMR 
study of the dynamic structure of 1-palmitoyl-
2-oleyl-sn-glycero-3-phosphocholine and 
1-oleyl-2-palmitoyl-sn-glycero-3-phospho-
choline in aqueous dispersions. Biochim. 
Biophys. Acta 687, 231–237.

 55. Cullis, P.R., Hope, M.J. and Tilcock, C.P. 
(1986) Lipid polymorphism and the roles of 
lipids in membranes. Chem. Phys. Lipids 40, 
127–144.

 56. Langner, M. and Hui, S.W. (1993) Dithio-
nite penetration through phospholipid 
bilayers as a measure of defects in lipid 
molecular packing. Chem. Phys. Lipids 65, 
23–30.

 57. Fabrie, C.H., de Kruijff, B. and de Gier, J. 
(1990) Protection by sugars against phase 
transition-induced leak in hydrated dimyris-
toylphosphatidylcholine liposomes. Biochim. 
Biophys. Acta 1024, 380–384.

 58. Volodkin, D., Mohwald, H., Voegel, J.C. 
and Ball, V. (2007) Coating of negatively 
charged liposomes by polylysine: drug release 
study. J. Control. Release 117, 111–120.

 59. Marsh, D. (1996) Intrinsic curvature in nor-
mal and inverted lipid structures and in 
membranes. Biophys. J. 70, 2248–2255.

 60. Felgner, J.H., Kumar, R., Sridhar, C.N., 
Wheeler, C.J., Tsai, Y.J., Border, R., Ramsey, P., 
Martin, M. and Felgner, P.L. (1994) Enhanced 
gene delivery and mechanism studies with a 
novel series of cationic lipid formulations.  
J. Biol. Chem. 269, 2550–2561.

 61. Prochiantz, A. (1996) Getting hydrophilic 
compounds into cells: lessons from homeo-
peptides. Curr. Opin. Neurobiol. 6, 629–634.

 62. Szoka, F. and Papahadjopoulos, D. (1980) 
Comparative properties and methods of 
preparation of lipid vesicles (liposomes). 
Annu. Rev. Biophys. Biol. 9, 467–508.

 63. Fischer, A., Oberholzer, T. and Luisi, P.L. 
(2000) Giant vesicles as models to study the 
interactions between membranes and proteins. 
Biochim. Biophys. Acta 1467, 177–188.



153Thermodynamics of Lipid Interactions with Cell-Penetrating Peptides

 64. Elorza, B., Elorza, M.A., Sainz, M.C. and 
Chantres, J.R. (1993) Analysis of the particle 
size distribution and internal volume of 
liposomal preparations. J. Pharm. Sci. 82, 
1160–1163.

 65. Seelig, A. (1987) Local anesthetics and 
pressure: a comparison of dibucaine binding 
to lipid monolayers and bilayers. Biochim. 
Biophys. Acta 899, 196–204.

 66. Herbig, M.E., Fromm, U., Leuenberger, J., 
Krauss, U., Beck-Sickinger, A.G. and Merkle, 
H.P. (2005) Bilayer interaction and localiza-
tion of cell penetrating peptides with model 
membranes: a comparative study of a human 
calcitonin (hCT)-derived peptide with pVEC 
and pAntp(43–58). Biochim. Biophys. Acta 
1712, 197–211.

 67. Michaelson, D.M., Horwitz, A.F. and Klein, 
M.P. (1973) Transbilayer asymmetry and 
surface homogeneity of mixed phospholipids 
in cosonicated vesicles. Biochemistry 12, 
2637–2645.

 68. Wieprecht, T., Apostolov, O., Beyermann, M. 
and Seelig, J. (2000) Membrane binding and 
pore formation of the antibacterial peptide 
PGLa: thermodynamic and mechanistic 
aspects. Biochemistry 39, 442–452.

 69. Ruocco, M.J. and Shipley, G.G. (1982) 
Characterization of the sub-transition of 
hydrated dipalmitoylphosphatidylcholine 
bilayers – kinetic, hydration and structural 
study. Biochim. Biophys. Acta 691, 309–320.

 70. Zhou, Z., Sayer, B.G., Hughes, D.W., Stark, 
R.E. and Epand, R.M. (1999) Studies of 
phospholipid hydration by high-resolution 
magic-angle spinning nuclear magnetic reso-
nance. Biophys. J. 76, 387–399.

 71. Newman, G.C. and Huang, C. (1975) 
Structural studies on phophatidylcholine-
cholesterol mixed vesicles. Biochemistry 14, 
3363–3370.

 72. Bangham, A.D., Standish, M.M. and Watkins, 
J.C. (1965) Diffusion of univalent ions across 
lamellae of swollen phospholipids. J. Mol. 
Biol. 13, 238–252.

 73. Huang, C. (1969) Studies on phosphatidyl-
choline vesicles. Formation and physical 
characteristics. Biochemistry 8, 344–352.

 74. Hope, M.J., Bally, M.B., Webb, G. and Cullis, 
P.R. (1985) Production of large unilamellar 
vesicles by a rapid extrusion procedure – 
characterization of size distribution, trapped 
volume and ability to maintain a membrane-
potential. Biochim. Biophys. Acta 812, 55–65.

 75. Kaasgaard, T., Mouritsen, O.G. and 
Jorgensen, K. (2003) Freeze/thaw effects on 
lipid-bilayer vesicles investigated by differen-

tial scanning calorimetry. Biochim. Biophys. 
Acta. 1615, 77–83.

 76. Traikia, M., Warschawski, D.E., Recouvreur, 
M., Cartaud, J. and Devaux, P.F. (2000) 
Formation of unilamellar vesicles by repe-
titive freeze-thaw cycles: characterization 
by electron microscopy and 31P-nuclear 
magnetic resonance. Eur. Biophys. J. 29, 
184–195.

 77. Larrabee, A.L. (1979) Time-dependent 
changes in the size distribution of distearoyl-
phosphatidylcholine vesicles. Biochemistry 18,  
3321–3326.

 78. Suurkuusk, J., Lentz, B.R., Barenholz, Y., 
Biltonen, R.L. and Thompson, T.E. (1976) 
Calorimetric and fluorescent-probe study 
of gel-liquid crystalline phase-transition in 
small, single-lamellar dipalmitoylphos-
phatidylcholine vesicles. Biochemistry 15, 
1393–1401.

 79. Mayer, L.D., Hope, M.J. and Cullis, P.R. 
(1986) Vesicles of variable sizes produced by 
a rapid extrusion procedure. Biochim. Biophys. 
Acta 858, 161–168.

 80. Grit, M. and Crommelin, D.J.A. (1992) The 
effect of aging on the physical stability of 
liposome dispersions. Chem. Phys. Lipids 62, 
113–122.

 81. Lasic, D.D. (1988) The mechanism of vesicle 
formation. Biochem. J. 256, 1–11.

 82. Petersen, N.O. and Chan, S.I. (1978) Effects 
of thermal prephase transition and salts on 
coagulation and flocculation of phosphati-
dylcholine bilayer vesicles. Biochim. Biophys. 
Acta 509, 111–128.

 83. Lichtenberg, D., Freire, E., Schmidt, C.F., 
Barenholz, Y., Felgner, P.L. and Thompson, 
T.E. (1981) Effect of surface curvature on 
stability, thermodynamic behavior, and 
osmotic activity of dipalmitoylphosphatidyl-
choline single lamellar vesicles. Biochemistry 
20, 3462–3467.

 84. Winterhalter, M. and Lasic, D.D. (1993) 
Liposome stability and formation – experi-
mental parameters and theories on the size 
distribution. Chem. Phys. Lipids 64, 35–43.

 85. Maulucci, G., De Spirito, M., Arcovito, G., 
Boffi, F., Castellano, A.C. and Briganti, G. 
(2005) Particle size distribution in DMPC 
vesicles solutions undergoing different soni-
cation times. Biophys. J. 88, 3545–3550.

 86. Pereira-Lachataignerais, J., Pons, R., Panizza, 
P., Courbin, L., Rouch, J. and Lopez, O. 
(2006) Study and formation of vesicle 
systems with low polydispersity index by 
ultrasound method. Chem. Phys. Lipids 140, 
88–97.



154 Sauder, Seelig, and Ziegler

 87. Hauser, H.O. (1971) Effect of ultrasonic 
irradiation on chemical structure of egg 
lecithin. Biochem. Bioph. Res. Commun. 45, 
1049–1055.

 88. Woodbury, D.J., Richardson, E.S., Grigg, 
A.W., Welling, R.D. and Knudson, B.H. 
(2006) Reducing liposome size with ultra-
sound: bimodal size distributions. J. Liposome 
Res. 16, 57–80.

 89. Frimer, A.A., Strul, G., Buch, J. and Gottlieb, 
H.E. (1996) Can superoxide organic chem-
istry be observed within the liposomal 
bilayer? Free Radic. Biol. Med. 20, 843–852.

 90. Andrews, S.B., Hoffman, R.M. and Borison, 
A. (1975) Variations of size and distribution 
in suspensions of sonicated phospholipid 
bilayers. Biochem. Biophys. Res. Commun. 65, 
913–920.

 91. Yamaguchi, T., Nomura, M., Matsuoka, T. 
and Koda, S. (2009) Effects of frequency and 
power of ultrasound on the size reduction of 
liposome. Chem. Phys. Lipids 160, 58–62.

 92. Martin, F.J. and MacDonald, R.C. (1976) 
Phospholipid exchange between bilayer mem-
brane vesicles. Biochemistry 15, 321–327.

 93. McCulloch, A. (2003) Chloroform in the 
environment: occurrence, sources, sinks and 
effects. Chemosphere 50, 1291–1308.

 94. Constan, A.A., Wong, B.A., Everitt, J.I. and 
Butterworth, B.E. (2002) Chloroform 
inhalation exposure conditions necessary to 
initiate liver toxicity in female B6C3F1 mice. 
Toxicol. Sci. 66, 201–208.

 95. Blixt, Y., Valeur, A. and Everitt, E. (1990) 
Cultivation of HeLa cells with fetal bovine 
serum or Ultroser G: effects on the plasma 
membrane constitution. In Vitro Cell Dev. 
Biol. 26, 691–700.

 96. White, D.A. (1973) Phospholipid composi-
tion of mammalian tissue. In: Ansell, G.B., 
Hawthorne, J.A., and Dawson, R.M.C. 
(editors), 2nd ed., Form and function of 
phospholipids, Elsevier, Amsterdam,  
pp. 441–482.

 97. Epand, R.M. and Epand, R.F. (2009) Lipid 
domains in bacterial membranes and the 
action of antimicrobial agents. Biochim. 
Biophys. Acta 1788, 289–294.

 98. Beining, P.R., Huff, E., Prescott, B. and 
Theodore, T.S. (1975) Characterization of 
the lipids of mesosomal vesicles and plasma 
membranes from Staphylococcus aureus.  
J. Bacteriol. 121, 137–143.

 99. Devaux, P.F. (1991) Static and dynamic lipid 
asymmetry in cell membranes. Biochemistry 
30, 1163–1173.

 100. Martin, S.J., Reutelingsperger, C.P., 
McGahon, A.J., Rader, J.A., van Schie, R.C., 
LaFace, D.M. and Green, D.R. (1995) 
Early redistribution of plasma membrane 
phosphatidylserine is a general feature of 
apoptosis regardless of the initiating stimu-
lus: inhibition by overexpression of Bcl-2 and 
Abl. J. Exp. Med. 182, 1545–1556.

 101. Ziegler, A., Blatter, X.L., Seelig, A. and Seelig, 
J. (2003) Protein transduction domains of 
HIV-1 and SIV TAT interact with charged lipid 
vesicles. Binding mechanism and thermody-
namic analysis. Biochemistry 42, 9185–9194.

 102. Persson, D., Thoren, P.E., Lincoln, P. and 
Norden, B. (2004) Vesicle membrane inter-
actions of penetratin analogues. Biochemistry 
43, 11045–11055.

 103. Hristova, K. and Needham, D. (1994) The 
influence of polymer-grafted lipids on the 
physical-properties of lipid bilayers – a theo-
retical-study. J. Colloid Interface Sci. 168, 
302–314.

 104. Tirosh, O., Barenholz, Y., Katzhendler, J. and 
Priev, A. (1998) Hydration of polyethylene 
glycol-grafted liposomes. Biophys. J. 74, 
1371–1379.

 105. Garbuzenko, O., Barenholz, Y. and Priev, A. 
(2005) Effect of grafted PEG on liposome size 
and on compressibility and packing of lipid 
bilayer. Chem. Phys. Lipids 135, 117–129.

 106. Allende, D., Simon, S.A. and McIntosh, T.J. 
(2005) Melittin-induced bilayer leakage 
depends on lipid material properties: evidence 
for toroidal pores. Biophys. J. 88, 1828–1837.

 107. Kaasgaard, T., Mouritsen, O.G. and 
Jorgensen, K. (2001) Screening effect of 
PEG on avidin binding to liposome surface 
receptors. Int. J. Pharm. 214, 63–65.

 108. Itaya, K. and Ui, M. (1966) A new 
micromethod for the colorimetric determi-
nation of inorganic phosphate. Clin. Chim. 
Acta 14, 361–366.

 109. Baykov, A.A., Evtushenko, O.A. and Avaeva, 
S.M. (1988) A malachite green procedure for 
orthophosphate determination and its use in 
alkaline phosphatase-based enzyme immuno-
assay. Anal. Biochem. 171, 266–270.

 110. Vemuri, S. (2005) Comparison of assays for 
determination of peptide content for lyophi-
lized thymalfasin. J. Pept. Res. 65, 433–439.

 111. Edelhoch, H. (1967) Spectroscopic determi-
nation of tryptophan and tyrosine in pro-
teins. Biochemistry 6, 1948–1954.

 112. Ziegler, A. and Seelig, J. (2008) Binding  
and clustering of glycosaminoglycans: a com-
mon property of mono- and multivalent 



155Thermodynamics of Lipid Interactions with Cell-Penetrating Peptides

cell-penetrating compounds. Biophys. J. 94, 
2142–2149.

 113. Schiffer, M. and Edmundson, A.B. (1967) Use 
of helical wheels to represent the structures 
of proteins and to identify segments with 
helical potential. Biophys. J. 7, 121–135.

 114. Iritani, N. and Miyahara, T. (1973) Deter-
mination of dissociation-constants of calcein 
by potentiometric method. Jpn. Anal. 22, 
174–178.

 115. Wallach, D.F.H., Surgenor, D.M., Soderberg, 
J. and Delano, E. (1959) Preparation and 
properties of 3, 6-dihydroxy-2, 4-bis-(N, N¢-
di-(carboxymethyl)-aminomethyl) fluoran – 
utilization for the ultramicrodetermination 
of calcium. Anal. Chem. 31, 456–460.

 116. Niesman, M.R., Khoobehi, B. and Peyman, 
G.A. (1992) Encapsulation of sodium fluo-
rescein for dye release studies. Invest. 
Ophthalmol. Vis. Sci. 33, 2113–2119.

 117. Garcia, M.A., Paje, S.E., Villegas, M.A. and 
Llopis, J. (2002) Preparation and characteri-
sation of calcein-doped thin coatings. Appl. 
Phys. A Mater. 74, 83–88.

 118. Aschi, M., D’Archivio, A.A., Fontana, A. and 
Formiglio, A. (2008) Physicochemical prop-
erties of fluorescent probes: experimental 
and computational determination of the 
overlapping pKa values of carboxyfluores-
cein. J. Org. Chem. 73, 3411–3417.

 119. Rothbard, J.B., Jessop, T.C., Lewis, R.S., 
Murray, B.A. and Wender, P.A. (2004) Role 
of membrane potential and hydrogen bond-
ing in the mechanism of translocation of 
guanidinium-rich peptides into cells. J. Am. 
Chem. Soc. 126, 9506–9507.

 120. Chen, R.F. and Knutson, J.R. (1988) 
Mechanism of fluorescence concentration 
quenching of carboxyfluorescein in lipo-
somes: energy transfer to nonfluorescent 
dimers. Anal. Biochem. 172, 61–77.

 121. Gavino, V.C., Miller, J.S., Dillman, J.M., 
Milo, G.E. and Cornwell, D.G. (1981) 
Polyunsaturated fatty acid accumulation in 
the lipids of cultured fibroblasts and smooth 
muscle cells. J. Lipid Res. 22, 57–62.

 122. Seelig, J. (1978) P-31 Nuclear magnetic-
resonance and head group structure of phos-
pholipids in membranes. Biochim. Biophys. 
Acta 515, 105–140.

 123. Soubias, O. and Gawrisch, K. (2007) Nuclear 
magnetic resonance investigation of oriented 
lipid membranes. Methods Mol. Biol. 400, 
77–88.

 124. Seelig, J. (2004) Thermodynamics of lipid-
peptide interactions. Biochim. Biophys. Acta. 
1666, 40–50.

 125. Persson, D., Thoren, P.E., Herner, M., 
Lincoln, P. and Norden, B. (2003) Appli-
cation of a novel analysis to measure the 
binding of the membrane-translocating 
peptide penetratin to negatively charged 
liposomes. Biochemistry 42, 421–429.

 126. Beschiaschvili, G. and Seelig, J. (1990) Peptide 
binding to lipid bilayers. Binding isotherms 
and zeta-potential of a cyclic somatostatin 
analogue. Biochemistry 29, 10995–11000.

 127. Franzin, C.M. and Macdonald, P.M. (2001) 
Polylysine-induced 2H NMR-observable 
domains in phosphatidylserine/phosphati-
dylcholine lipid bilayers. Biophys. J. 81, 
3346–3362.

 128. Macdonald, P.M., Crowell, K.J., Franzin, 
C.M., Mitrakos, P. and Semchyschyn, D. 
(2000) 2H NMR and polyelectrolyte-
induced domains in lipid bilayers. Solid State 
Nucl. Magn. Reson. 16, 21–36.

 129. Dennison, S.R., Baker, R.D., Nicholl, I.D. 
and Phoenix, D.A. (2007) Interactions of 
cell penetrating peptide Tat with model 
membranes: a biophysical study. Biochem. 
Biophys. Res. Commun. 363, 178–182.

 130. Baker, B.M. and Murphy, K.P. (1996) Evalua-
tion of linked protonation effects in protein 
binding reactions using iso thermal titration 
calorimetry. Biophys. J. 71, 2049–2055.

 131. Yi, D., Guoming, L., Gao, L. and Wei, L. 
(2007) Interaction of arginine oligomer with 
model membrane. Biochem. Biophys. Res. 
Commun. 359, 1024–1029.

 132. Kramer, S.D. and Wunderli-Allenspach, H. 
(2003) No entry for TAT(44–57) into lipo-
somes and intact MDCK cells: novel approach 
to study membrane permeation of cell-
penetrating peptides. Biochim. Biophys. Acta. 
1609, 161–169.

 133. Thoren, P.E., Persson, D., Lincoln, P. and 
Norden, B. (2005) Membrane destabilizing 
properties of cell-penetrating peptides. 
Biophys. Chem. 114, 169–179.

 134. Lamaziere, A., Burlina, F., Wolf, C., 
Chassaing, G., Trugnan, G. and Ayala-
Sanmartin, J. (2007) Non-metabolic mem-
brane tubulation and permeability induced 
by bioactive peptides. PLoS One 2, e201.

 135. Fuchs, S.M. and Raines, R.T. (2004) Pathway 
for polyarginine entry into mammalian cells. 
Biochemistry 43, 2438–2444.



wwwwwwww



157

Ülo Langel (ed.), Cell-Penetrating Peptides: Methods and Protocols, Methods in Molecular Biology, vol. 683,
DOI 10.1007/978-1-60761-919-2_11, © Springer Science+Business Media, LLC 2011

Chapter 11

Calcium and Membrane Repair

Caroline Palm-Apergi and Mattias Hällbrink 

Abstract

As more and more studies utilize cell-penetrating peptides to deliver pharmacologically interesting substances, 
there is a growing need to understand their effect on the plasma membrane. If a cell-penetrating peptide 
together with its cargo is to be used as a drug, it is necessary to understand how the conjugate interacts with 
the plasma membrane to enter the cell. A key regulator of the transportation network in the cell is calcium. 
This chapter describes five methods that can be employed for understanding how the plasma membrane reacts 
to the presence of cell-penetrating peptides and the involvement of calcium.

Key words: CPP, PTD, Membrane repair response, FURA-2, Propidium iodide, LAMP-2

The mechanism of cell-penetrating peptides (CPPs) or protein 
transduction domains (PTDs) has been studied intensely. Several 
studies have suggested macropinocytosis as the possible uptake 
mechanism (1, 2). However, there is evidence for other uptake 
pathways, such as clathrin-dependent endocytosis (3), or that dif-
ferent forms of endocytosis function simultaneously (4, 5) and by 
blocking one pathway other pathways become more active. It has 
been shown that uptake is concentration dependent and that the 
peptides may use two pathways: endocytosis at low concentrations 
and direct penetration at high concentrations (6). Furthermore, 
the size of the cargo plays a significant role in translocation and 
uptake can be divided into at least two functionally distinct uptake 
mechanisms (7). Thus, it is important to understand how the pep-
tide alone interacts with the plasma membrane.

When the plasma membrane of the cell is exposed to mechan-
ical trauma or stress from the surrounding environment, a repair 

1. Introduction
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system called cellular wound-healing or membrane repair response 
(MRR) is triggered. The MRR is activated by the local influx of 
calcium at the site of disruption which in turn leads to mobiliza-
tion of intracellular vesicles such as endosomes and lysosomes to 
the plasma membrane to donate their membrane in order to 
repair the damage (8–11). Even liposomes are able to reseal as the 
unfavorable energetic state, caused by the exposure of hydropho-
bic backbone to the hydrophilic solute, results in an increase in 
free energy promoting resealing (10).

When CPPs bind the cell surface, there will most likely be an 
increased local concentration of peptides at the plasma membrane 
which could induce endocytosis. Concurrently the local increase in 
peptide concentration could cause a mass imbalance followed by a 
direct translocation (12) or by disrupting the plasma membrane 
locally, thus inducing membrane resealing and activating the MRR. 
Since the calcium influx triggers the resealing within seconds, this 
would explain why no leakage of cytoplasmic contents upon CPP 
uptake is detected, even though there seems to be a membrane 
disturbance caused by the peptides. Higher disturbances in the 
plasma membrane caused by accumulation of peptides are masked 
and resealed, up to a certain limit, by lysosomal patching induced 
by the calcium influx and MRR mechanism.

In this chapter, five methods are described that can be used to 
analyze the effects of CPPs on the plasma membrane and the 
involvement of calcium and the MRR. The lactate dehydrogenase 
(LDH) leakage assay is suitable for detecting larger holes in the 
plasma membrane that eventually could lead to necrosis. The 
intracellular calcium measurement is a more sensitive method, able 
to detect much smaller plasma membrane disturbances. Another 
sensitive assay is the quantification of the lysosomal enzyme 
b-hexosaminidase (13). This enzyme is situated inside lysosomes 
and after membrane trauma, it is found outside the cellular mem-
brane as a result of lysosomes being exocytosed in order to reseal 
the membrane. Furthermore, the exocytosis of lysosomes can be 
visualized by fluorescence microscopy, by employing antibodies 
against the lysosomal-associated membrane protein CD107b 
(LAMP-2) that is not present on the plasma membrane normally. 
Finally, an HPLC-based method is described, which can be used 
to assess the importance of calcium during translocation.

 1. HeLa or CHO-K1 cells cultured in Dulbecco’s Modified Eagle’s 
Media (DMEM) or DMEM/F-12 with Glutamax-I supple-
mented with 10% FBS, 1% nonessential amino acids, 1% sodium 
pyruvate, 100 mg/ml streptomycin, 100 U/ml penicillin.

2.  Materials

2.1. LDH Leakage 
Assay



159Calcium and Membrane Repair

 2. 96-Well culture plates.
 3. HEPES-Krebs-Ringer (HKR) buffer (125 mM NaCl, 5 mM 

KCl, 1.2 mM MgSO4 ⋅ 7H2O, 1 mM CaCl2 ⋅ 2H2O, 1.2 mM 
KH2PO4, 25 mM HEPES, 6 mM glucose, pH 7.4) supple-
mented with 1 g/l d-glucose.

 4. Triton-X 200 as positive control.
 5. Promega CytoTox-ONE™ assay (Promega).
 6. FlexStation II fluorometer (Molecular Devices, USA).

 1. HeLa cells cultured in DMEM Glutamax-I supplemented 
with 10% FBS, 1% nonessential amino acids, 1% sodium pyru-
vate, 100 mg/ml streptomycin, 100 U/ml penicillin.

 2. 96-Well culture plates.
 3. HKR buffer supplemented with 1 g/l d-glucose.
 4. FURA-2 AM.
 5. Ionomycin as positive control.
 6. FlexStation II fluorometer (Molecular Devices, USA).

 1. HeLa or CHO-K1 cells cultured in DMEM or DMEM/F-12 
with Glutamax-I supplemented with 10% FBS, 1%  nonessential 
amino acids, 1% sodium pyruvate, 100 mg/ml streptomycin, 
100 U/ml penicillin.

 2. 24-Well culture plates.
 3. HKR buffer supplemented with 1 g/l d-glucose.
 4. 1 mM 4-methylumbelliferyl N-acetyl-b-d-glucoseamide in 

0.1 M sodium citrate buffer, pH 4.5.
 5. K2CO3 buffer (pH 10.5).
 6. FlexStation II fluorometer (Molecular Devices, USA).

 1. HeLa or CHO-K1 cells cultured in DMEM or DMEM/F-12 
with Glutamax-I supplemented with 10% FBS, 1% nonessen-
tial amino acids, 1% sodium pyruvate, 100 mg/ml streptomy-
cin, 100 U/ml penicillin.

 2. 24-Well culture plates.
 3. PBS buffer supplemented with 1 g/l d-glucose.
 4. 3% paraformaldehyde in phosphate buffer (0.1 M, pH 7.4).
 5. Methanol.
 6. LAMP-2 monoclonal antibody (H4B4, DSHB, 1:100).
 7. Alexa Flour 488 (or 555)-conjugated goat anti-mouse anti-

body (Invitrogen, 1:400).
 8. Perforin (0.1–0.8 mg/ml) as positive control.
 9. 10% nonfat dry milk in PBS.

2.2. Intracellular 
Calcium 
Measurements

2.3. B-Hexosaminidase 
Efflux Assay

2.4. Immunohisto-
chemistry Analysis  
of Translocation  
of LAMP-2 to the 
Plasma Membrane
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 10. 1 mg/ml propidium iodide.
 11. Olympus BX61 microscope equipped with CCD camera 

DP70 or Olympus FV1000 confocal microscope.

 1. HeLa or CHO-K1 cells cultured in DMEM or DMEM/F-12 
with Glutamax-I supplemented with 10% FBS, 1% nonessen-
tial amino acids, 1% sodium pyruvate, 100 mg/ml streptomy-
cin, 100 U/ml penicillin.

 2. 24-Well culture plates.
 3. HKR buffer supplemented with 1 g/l d-glucose.
 4. 0.1% Triton X-100 containing 0.1% trifluoroacetic acid.
 5. 400 ml ethanol/water 1/1 v/v containing 2-nitroaniline 

(0.06 M) and HCl (0.125 M).
 6. 50 ml 0.6 M NaNO2.
 7. HPLC coupled to a fluorescence detector.

It is crucial to understand how the cell responds to injury or 
trauma in order to comprehend the effects the CPPs have on the 
plasma membrane. When the plasma membrane of the cell is 
injured, extracellular calcium ions leak into the cytoplasm and 
activate the MRR. The local increase in cytosolic calcium, caused 
by the disruption, activates a resealing mechanism that induces 
exocytosis of intracellular vesicles, which fuse with the broken 
plasma membrane and reseal it within seconds (10). Lysosomes 
are believed to be the major contributor to plasma membrane 
resealing (14) and microinjected antibodies against LAMP-1 
cytoplasmic domain have been shown to inhibit resealing and 
exocytosis of lysosomes due to aggregation (15).

The first method describes the measurement of LDH leakage, 
an indicative that the membrane damage is too severe for the cell to 
repair. Although the LDH molecule is large, the test correlates with 
leakage of even smaller molecules such as deoxyglucose (16, 17). In 
the second method, a fluorescent dye that fluoresces when it is 
bound to calcium is utilized to measure calcium influx into the cell. 
The dye, FURA-2, is modified by an acetomethoxy group that 
enables it to penetrate the cell membrane. However, well inside 
the cell, the acetomethoxy group is cleaved off. Therefore FURA-2 
cannot exit the cell. As the concentration is approximately 10,000-
fold higher outside the cell compared with the inside, even a small 
increase in calcium can be detected. Thus, the method is highly suit-
able for detecting membrane disturbances.

2.5. HPLC Analysis  
of CPP Uptake

3. Methods
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A sensitive indication of lysosomal exocytosis is the release of 
b-hexosaminidase. During exocytosis, b-hexosaminidase is 
released into the extracellular media as the lysosome donates its 
membrane and subsequently releases its contents to the extracel-
lular surroundings. The third method exploits the  b-hexosaminidase 
activity, which leads to the conversion of 4-methylumbellifery l-2-
acetamido-2-deoxy-b-d-glucopyranoside to 4-methylumbellifer-
one and can be measured colorimetrically. A significant increase 
of b- hexosaminidase extracellular activity can be measured at 
 peptide concentrations much lower than those needed for LDH 
detection.

The fourth method can be utilized to investigate if the MRR 
is activated during CPP translocation. Antibodies against intralu-
menal lysosomal proteins on the plasma membrane, e.g., LAMP-2 
are used to detect the presence of intralumenal proteins on the 
plasma membrane. If LAMP-2 is found on the extracellular side 
of the cell, it indicates that exocytosis occurred most probably 
due to MRR activation.

The final method analyzes the involvement of calcium during 
translocation. If there is no calcium in the extracellular media, the 
MRR will not be activated and therefore the amount of translo-
cated peptide will increase. However, if the extracellular calcium 
concentration increases the MRR will be activated more effi-
ciently, resulting in less translocated peptide. These methods are 
good indicators of how the CPP affects the plasma membrane 
and if calcium or the MRR are involved in translocation (18).

 1. Seed 20,000 cells/well HeLa or CHO-K1 cells in 96-well 
plates in 100 ml medium in triplicates 1 day before analysis.

 2. Wash the cells with HKR buffer supplemented with 1 g/l 
d-glucose two times.

 3. Incubate the cells with 100 ml peptide dissolved in HKR 
 buffer supplemented with 1 g/l d-glucose at 37°C cells for 
25 min.

 4. Take 80 ml of incubation media and add to 80 ml of CytoTox-
ONE™ reagent in a black 96-well plate and incubate at 21°C 
for 10 min.

 5. Measure fluorescence at 560/590 nm.
 6. Untreated cells are defined as no leakage and total LDH 

release by lysing cells with 0.1% Triton X-100 is defined as 
100% leakage.

 1. Seed 20,000 cells/well HeLa cells in 96-well plates in 100 ml 
medium in triplicates 1 day before analysis.

 2. Add FURA-2 AM to the medium to a final concentration of 
2 mM and incubate for 30 min at 37°C.

3.1. LDH Leakage 
Assay

3.2. Intracellular 
Calcium 
Measurements
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 3. Replace the medium with HKR buffer and incubate for an 
additional 15 min.

 4. Measure the ratio of 340(calcium-bound FURA-2)/380(FURA-2) nm excit-
atory wavelengths at 510 nm in FlexStation II fluorometer 
(Molecular Devices, USA) after the peptide is automatically 
added (see Note 1).

 5. Use 4 s interval 17 s before and 5 or 30 min after the addition 
of peptide.

 6. Untreated cells and cells treated with 10 mM ionomycin are 
used as controls.

 1. Seed cells in 24-well plates 2 days before analysis.
 2. Wash cells twice with HKR buffer.
 3. Add 200 ml peptide dissolved in HKR buffer supplemented 

with 1 g/l d-glucose to cells and incubate for 1 h in 37°C.
 4. Transfer 10 ml of cell-exposed buffer into 96-well plates.
 5. Add 50 ml 1 mM 4-methylumbelliferyl N-acetyl-b-d-

glucoseamide in 0.1 M sodium citrate buffer, pH 4.5 and 
incubate for 1 h at 37°C.

 6. Add 150 ml of K2CO3 buffer (pH 10.5) and measure b- 
hexosaminidase activity at 365/445 nm em/ex in fluorometer.

 1. Seed 50,000 HeLa cells/well in 24-well plates on glass cover 
slips 2 days before analysis.

 2. Wash the cells twice with serum-free media.
 3. Add 400 ml peptide and incubate in serum-free media for 

30 min at 37°C.
 4. Wash the cells two times with PBS.
 5. Fix the cells with 3% paraformaldehyde in phosphate buffer 

(0.1 M, pH 7.4) for 30 min (see Note 2).
 6. Wash the cells two times with PBS.
 7. Permeabilize the control cells with methanol at −20°C for 

15 min (see Note 3).
 8. Block with 10% nonfat dry milk in PBS for 1 h.
 9. Add 30 ml LAMP-2 monoclonal antibody (H4B4, DSHB, 

1:100) in Milk/PBS 1:2 to parafilm.
 10. Add the glass slide and incubate for 1 h.
 11. Wash the cells three times with PBS.
 12. Add 30 ml Alexa Flour 488 (or 555)-conjugated goat anti-mouse 

antibody (Invitrogen, 1:400) in Milk/PBS 1:2 to parafilm.
 13. Add the glass slide and incubate 30 min at room temperature 

in dark.

3.3. B-Hexosaminidase 
Efflux Assay

3.4. Immunohisto-
chemistry Analysis  
of Translocation  
of LAMP-2 to the 
Plasma Membrane
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 14. Wash the cells three times for 10 min with PBS.
 15. Mount the glass slides onto a cover slip with Fluoromount G 

(Electron Microscopy Sciences, PA, USA).
 16. Analyze the LAMP-2 translocation by fluorescence microscopy.

 1. Seed 100,000 HeLa or CHO-K1 cells/well in 24-well plates 
in 500 ml medium in triplicates 1 day before analysis.

 2. Wash the cells two times with HKR buffer containing  different 
calcium concentrations.

 3. Incubate the cells with 200 ml peptide dissolved in HKR 
 buffer supplemented with 1 g/l d-glucose at 37°C for 1 h.

 4. Prepare 400 ml ethanol/water 1/1 v/v containing 2-nitroaniline 
(0.06 M) and HCl (0.125 M) (see Note 4).

 5. Prepare fresh 50 ml 0.6 M NaNO2.
 6. Put cells on ice and wash the cells two times with ice-cold 

HKR buffer containing different calcium concentrations (see 
Note 5).

 7. Add 500 ml ice-cold HKR buffer containing different calcium 
concentrations to cells.

 8. Mix 50 ml 0.6 M NaNO2 with 2-nitroaniline solution (step 4) 
and let stand for 5 min at ambient temperature.

 9. Add 10 ml of this reagent to the cells in ice-cold HKR cover-
ing the cell layer and allow to react for 10 min at 0°C.

 10. Aspirate the diazo reagent and wash the cells two times with 
ice-cold HKR.

 11. Lyse cells with 200 ml 0.1% Triton X-100 containing 0.1% 
trifluoroacetic acid for 2 h at 0°C.

 12. Transfer 180 ml lysate to a HPLC tube and add 180 ml water 
containing 0.1% trifluoroacetic acid.

 13. Analyze lysate by HPLC coupled to a fluorescence detector.
 14. 10 pmol of parent peptide is used for quantification.

 1. Peptide solutions should be prepared in HKR buffer supple-
mented with 1 g/l d-glucose before experiment and placed in 
spectrophotometer during the 15 min incubation.

 2. Supplement the solution of secondary antibody with 1 mg/ml 
propidium iodide to assess that the plasma membrane is 
intact.

 3. This is done to expose all intracellular LAMP-2 antigens.

3.5. HPLC Analysis 
of CPP Uptake

4. Notes
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 4. Dissolve 2-nitroaniline in ethanol first then add water.
 5. From now on it is important to keep everything on ice.
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Chapter 12

Mapping of Protein Transduction Pathways 
with Fluorescent Microscopy

Helin Räägel, Pille Säälik, Ülo Langel, and Margus Pooga 

Abstract

The number of various cargo delivered into cells by CPPs demonstrates the effective transport abilities of 
these short-peptidic sequences. Over the years of research, the translocation process of CPP–cargo complexes 
has been mapped to being of mostly endocytic nature, however, there is still no consensus on which of the 
endocytic routes is prevalent and to which extent the interplay between different modes of endocytosis is 
taking place. The intracellular trafficking of CPPs attached to a cargo molecule is even less understood. 
Therefore, the internalization and the subsequent intracellular targeting of complexes need clarification in 
order to define cellular destinations and improve the targeting of the cargo molecule to specific cellular com-
partments depending on the cargo attached to the transporting vector. This chapter focuses on describing 
the methods for visualizing the CPP–protein complexes in relation to different endocytic markers, for exam-
ple transferrin (marker for clathrin-mediated endocytosis) and cholera toxin (ambiguous marker for clathrin-, 
caveolin-, and flotillin-mediated, but also clathrin- and caveolin-independent endocytosis) to determine the 
role of the respective pathways during entry to cells, and to different intracellular targets, for instance the 
lysosomal organelles or the Golgi apparatus. Additionally, antibody staining of respective endocytic vesicles 
following the internalization of CPP–protein complexes will be discussed.

Key words: Cell-penetrating peptide, Fluorescence microscopy, Protein transduction, Endocytosis, 
Intracellular trafficking

The vast number of reports on cell-penetrating peptides (CPPs) 
being capable of mediating the effective delivery of bioactive 
cargo both in vitro and in vivo (1–3) has proven their potential as 
efficient drug delivery vehicles. However, before these promising 
transport vectors can be used in therapeutical biomedicine, their 
mechanism of entry and especially intracellular targeting need to 
be elucidated to ensure that the cargo reaches its required target(s) 
inside necessary cellular compartment(s).

1. Introduction
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The primary interaction of the CPP–protein complexes with 
the plasma membrane of cells involves anchoring to the nega-
tively charged components of the extracellular matrix, for instance 
heparan sulfate proteoglycans (HSPGs), followed by the induc-
tion of endocytosis (4). The information about the subsequent 
endocytic pathways triggered by the CPP–protein complexes is to 
this day ambivalent and contradictory since different reports 
argue for different internalization mechanism(s). For example, 
clathrin-dependent endocytosis (5), caveolin-dependent endocy-
tosis (6), and macropinocytosis (7) have been proposed to par-
ticipate in the uptake of CPP–protein complexes to a higher 
extent. However, it is important to keep in mind that the endo-
cytic route preferred by specific CPP–protein complexes depends 
highly on the CPP, its concentration and even the properties of 
the cargo molecule may affect the relevance of different internal-
ization modes during uptake (8, 9).

Once inside the cells, the CPP–protein complexes bypass the 
recycling endosomes and most of the complexes are trafficked 
through the endo-lysosomal pathway inside vesicles with varying 
pH (10). During longer incubation periods, it has been demon-
strated that CPPs complexed to a protein cargo are targeted to 
LAMP-2-labeled degradative organelles (10, 11), but in spite of 
that, a considerable amount of CPP–protein is detected inside 
nonacidic vesicles even after 12 h incubation (10). The targeting 
of CPP–protein complexes to a specific cellular compartment, for 
example the nucleus, has been shown for some complexes (12), 
however, the release of the complexes from the entrapping endo-
cytic vesicles is today considered to be the limiting step in CPP-
mediated delivery of bioactive cargo molecules.

The analysis of the impact of different endocytic pathways on 
CPP–protein uptake is done using colocalization studies prefera-
bly with live-cell imaging to avoid artifacts of fixation and to get a 
better picture of what is happening to the complexes inside the 
cells. Transferrin along with CPP–cargo complexes is used to map 
the involvement of the clathrin-dependent endocytosis, while 
cholera toxin is a more ambiguous marker and therefore used to 
follow vesicles of various origins, that is, formed during clathrin-, 
caveolin-, and flotillin-mediated but also clathrin- and caveolin-
independent endocytosis. Also, the use of fluorescent fusion 
 protein (GFP, YFP, RFP, etc.) constructs of molecules under inves-
tigation in transfected cells has been very popular in studying the 
internalization and intracellular trafficking of CPP–protein com-
plexes. However, the outcome of such experiments depends highly 
on the specificity, expression level, and accurate localization of the 
specific fusion protein, thus, it will not be discussed here.

In addition to fluorescence microscopy, the roles of different 
endocytic routes can be explored by siRNA treatment, where cells 
are transfected with small RNA dimers, which bind to readily 
 synthesized complementary cellular mRNA, mediate the cleavage 
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of the oligonucleotide and the subsequent downregulation of the 
protein of interest (13). This technique allows specific inhibition 
of distinct endocytic pathways by interfering, for example, with 
the formation of vesicles requiring the activity or the presence of 
the particular protein, giving therefore adequate and detailed 
information about the processes involved in CPP–cargo uptake. 
However, downregulation of one pathway may activate other 
entry routes, thus creating false results and underestimations of 
contributions of specific pathways.

Additionally, the intracellular trafficking of the complexes can 
be studied using live cell fluorescent probes, for instance LysoSensor 
for detecting pH drops in endocytic vesicles and ceramide for mark-
ing the Golgi apparatus. However, many colocalization experi-
ments are performed using specific antibody staining, which 
requires fixation of cells, but in return provides numerous possibili-
ties for determining the actual content and entity of the complexes-
containing vesicles.

Because of the disadvantages of each particular method, it is 
important to use different approaches in parallel in order to 
extract adequate experimental data for further analysis.

The following methods can be used in a variety of different cell 
lines, however, some cell lines are preferred for a particular set of 
experiments. For example, we recommend using Cos cells derived 
from the African green monkey kidney cells for visualization of 
the intracellular pathways (i.e., with LysoSensor), since in Cos 
cells the recycling and the endo-lysosomal pathways are spatially 
segregated by the Golgi ring (14) and not as intermixed as in the 
commonly used HeLa cell line derived from the human cervical 
carcinoma cells. The present chapter will provide protocols for 
HeLa and Cos cells, nevertheless, these methods can be applied to 
other cells as well, for example, NIH 3T3 cells originating from 
Swiss mouse embryonic fibroblasts are often used for studying the 
actin cytoskeleton (a method also provided in this chapter).

HeLa or Cos cells cultured in Iscove’s Modified Dulbecco’s 
Medium (IMDM) supplemented with 10% fetal bovine serum 
(FBS), 100 IU/ml penicillin, and 100 mg/ml streptomycin were 
conventionally used if not stated otherwise.

Various strategies have been used to attach the cargo molecules to 
CPPs, for example via a reducible disulfide bridge, covalent link-
age or by adding the CPP motif to the protein sequence and 
expressing the fusion protein. The easiest method for complex 
creation is achieved by simple mixing of CPPs with the desirable 
cargo, however, this approach requires high affinity of the cargo 

2. Materials

2.1. Cell Culture

2.2. Peptides  
and Cargo Proteins
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molecule to the carrier peptide. The CPP–protein complexes used 
in the following protocols are formed by mixing of biotinylated 
CPPs (CPPb) with fluorescently labeled avidin protein (in 3:1 
ratio) to ensure binding of all the peptide to the cargo without 
excess free CPPs in the solution (see Note 1).

Tip: To prevent the degradation and aggregation of CPPs in 
solution, we recommend aliquoting the water-diluted CPPs and 
storing at −20°C for longer periods. It is important to avoid 
repeated freeze–thaw cycles.

For antibody staining of different endocytic vesicles or intracel-
lular organelles, cells need to be fixed in order to generate a free 
passage of the antibody molecules into the cell interior. Fixation 
can be performed with paraformaldehyde, PLP-fixative or metha-
nol, while keeping in mind that depending on the antibody and 
the localization of the original antigen of interest, one method 
could result in better recognition than the other.

 1. 4% Paraformaldehyde in PBS.
 2. 0.1% Triton X-100 in PBS for permeabilization [i.e., for 

 anti-caveolin antibody (cat no 610059, BD Transduction 
Laboratories, Belgium)].

 1. 2% Paraformaldehyde, 75 mM lysine-HCl, and 10 mM 
sodium periodate in 75 mM phosphate buffer, pH 7.4. Note 
that the solution of 75 mM lysine-HCl (pH 7.4) is stable for 
a month.
For permeabilization:

 2. 0.5% Saponin in PBS [for anti-PI3P antibody (Echelon 
Biosciences, UT)] or,

 3. 0.01% Saponin in 0.1% bovine serum albumin (BSA) contain-
ing PBS solution [for anti-flotillin-1 (Santa Cruz Biotech-
nology, CA), anti-b1 integrin (anti-CD29, BD Transduction 
Labor atories), and anti-Rab5 (Abcam, UK)], which concur-
rently acts also as a blocking solution.

Methanol fixation is performed with 100% methanol at −20°C.

Numerous fluorescent probes exist for visualizing different  cellular 
organelles, still, a lot of them have drawbacks in specificity and 
performance (see Note 2). Some of the successfully used  chemicals 
are described below.

 1. Phosphate-buffered saline (PBS: 137 mM NaCl, 10 mM 
Na2HPO4, 2.7 mM KCl, pH 7.4).

 2. Eight-well chambered coverglasses (Lab-Tek, #155411, 
Nalge Nunc International, NY) (see Note 3).

2.3. Fixation of Cells

2.3.1. Paraformaldehyde 
Fixation

2.3.2. PLP Fixation (Milder 
Fixation, but Fresh Fixative 
Has to Be Prepared Each 
Time)

2.3.3. Methanol Fixation

2.4. Fluorescent 
Markers and 
Antibodies for Staining 
Cellular Organelles
2.4.1. Fluorescent Markers 
for Live-Cell Imaging
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 3. IMDM supplemented with 100 IU/ml penicillin and 100 mg/ml 
streptomycin without FBS for incubation of cells with CPP–
protein constructs and fluorescent probes (see Note 4).

 4. LysoSensor DND-189 (2 mM) (Molecular Probes, Invitrogen, 
UK) for visualizing the endo-lysosomal pathway and estimating 
the pH of the endocytic vesicles.

 5. Bodipy-TR-C5 ceramide (0.5 mM, prepared according to the 
manufacturer’s instructions) (Molecular Probes, Invitrogen, 
UK) for labeling of the Golgi complex.

 6. Transferrin labeled with Alexa Fluor 594 (25 mg/ml) 
(Invitrogen, UK) for mapping the clathrin-mediated 
 endocytosis or,

 7. Cholera toxin B subunit labeled, that is, with Alexa Fluor 594 
(3 mg/ml) (Invitrogen, UK) for following the caveolin- and 
flotillin-mediated and clathrin- and caveolin-independent 
pathways.

 1. HeLa or Cos cells grown in IMDM supplemented with 10% 
FBS, 100 IU/ml penicillin, and 100 mg/ml streptomycin.

 2. 24-Well plates (Greiner BioOne, Germany).
 3. Round glass coverslips (Ø 12 mm, no. 1, Menzel-Gläzer, 

Germany).
 4. IMDM supplemented with 100 IU/ml penicillin and 100 mg/ml 

streptomycin without FBS for incubation of cells with CPP–
protein constructs (see Note 4).

 5. For fixation of cells, choose the fixation method suitable for 
the used antibody (see Subheading 2.3).

 6. 10% nonfat dry milk (NFDM) in PBS for blocking of the 
nonspecific binding sites in the cells (this step can be skipped 
when using PLP fixation and 0.01% saponin in 0.1% BSA 
containing PBS solution).

 7. Primary antibody against the antigens of interest, for instance 
hybridoma supernatant solution of LAMP-2 (DSHB, Univer-
sity of Iowa, IA) for visualization of lysosomes, anti-TGN46 
(Abcam, UK) for marking of the trans-Golgi network and 
anti-Rab5 (Abcam, UK), anti-flotillin (Santa Cruz Biotech-
nology, CA), anti-caveolin (cat no 610059, BD Transduction 
Laboratories, Belgium), and anti-PI3P (Echelon Biosciences, 
UT) for detecting the corresponding endocytic vesicles.

 8. Secondary antibody against the primary antibody used, for 
instance, anti-Rabbit-Alexa Fluor 488 (Molecular Probes, 
Invitrogen, UK).

 9. Phosphate-buffered saline (PBS).
 10. Parafilm.

2.4.2. Antibody Staining  
on Fixed Cells
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 11. Specimen glasses (Menzel-Gläzer, Germany) for mounting of 
the coverglasses.

 12. 30% Glycerol in PBS for mounting.
 13. Colorless nail polish for sealing the edges of the coverglasses.

 1. HeLa or NIH 3T3 cells grown in IMDM supplemented with 
10% FBS, 100 IU/ml penicillin, and 100 mg/ml streptomycin.

 2. 24-Well plates (Greiner BioOne, Germany).
 3. Round glass coverslips (Ø 12 mm, no. 1, Menzel-Gläzer, 

Germany).
 4. IMDM supplemented with 100 IU/ml penicillin and 100 mg/ml 

streptomycin without FBS for incubation of cells with CPP–
protein constructs (see Note 4).

 5. 4% Paraformaldehyde in PBS for fixation.
 6. 0.1% Triton X-100 in PBS for permeabilization.
 7. 10% NFDM in PBS for blocking of nonspecific binding sites 

in cells.
 8. Phalloidin labeled with a fluorescent dye, for example phalloidin-

Alexa Fluor 594.
 9. Parafilm.
 10. PBS.
 11. Specimen glasses (Menzel-Gläzer, Germany) for mounting of 

the coverglasses.
 12. 30% Glycerol in PBS for mounting.
 13. Colorless nail polish for sealing the edges of the 

coverglasses.

siRNA treatment allows downregulation of specific proteins and is 
therefore frequently used in describing the involvement of certain 
pathways or molecules in the processes under focus. This chapter 
provides the detailed working protocol for siRNA-treatment 
against the membrane raft proteins caveolin-1 and flotillin-1.

 1. 24-Well plates (Greiner BioOne, Germany) with round glass 
coverslips (Ø 12 mm, no. 1, Menzel-Gläzer, Germany).

 2. Specific siRNA against protein of interest, for example against 
caveolin-1 (sc-44202) or flotillin-1 (sc-35391) (Santa Cruz 
Biotechnology, CA) as in following protocols.

 3. Antibiotics-free IMDM supplemented with 10% FBS for 
seeding cells prior to siRNA treatment (see Note 5).

 4. Serum-free and 30% FBS-containing Opti-MEM I (Invit-
rogen, UK) for incubation of cells with siRNA.

 5. Oligofectamine (Invitrogen, UK).

2.4.3. Staining of the Actin 
Cytoskeleton

2.5. Application  
of siRNA
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 6. IMDM supplemented with 100 IU/ml penicillin and 100 mg/
ml streptomycin without FBS for incubation of cells with 
CPP–protein constructs (see Note 4).

 7. If fixation of cells is necessary (for instance for additional anti-
body staining), see Subheading 2.4.2, items 5–13 for further 
details.

For colocalization studies, confocal laser scanning microscopy 
(CLSM) should always be preferred over a regular wide-field flu-
orescence microscopy in order to better distinguish between 
overlapping and closely located, but not coinciding signals inside 
the cells. For live-cell imaging, it is advised to use a microscope 
with a heated stage or platform and a built-in CO2 chamber. 
However, since the cells are viable for up to 30–45 min without 
the optimum temperature and CO2 levels, short-term experi-
ments and/or fast image acquisition can be done without the 
extra equipment. It is also recommended to use 60× oil instead of 
the 100× oil immersion objective if the numerical aperture (NA) 
values are identical or approximately the same to avoid laser-
caused damage to the cells and the fluorescent labels.

As mentioned earlier, every commercially available fluorescent 
probe or antibody has its advantages and disadvantages. There-
fore, it is recommended, whenever designing an experiment, to 
pay attention to known drawbacks and use several methods in 
parallel in order to interpret the data correctly and draw accurate 
conclusions. For example, when using fluorescent probes for 
live-cell imaging, it is suggested to perform similar experiments 
using for instance also the antibody staining on fixed cells and 
vice versa.

 1. Seed 8 × 103 HeLa or Cos cells to eight-well chambered 
 coverglasses a day before the experiment.

 2. Wash the cells two times with PBS or serum-free medium 
(see Note 6).

 3. Prepare CPP–protein complexes by mixing biotinylated CPP 
(CPPb) and fluorophore-labeled protein (for example avi-
din) at 3:1 ratio, i.e., 1 mM CPPb with 0.33 mM avidin-Texas 
Red, allowing the complexes to form for approximately 
5 min at room temperature. Avoid bright light.

 4. Incubate the cells with desired concentration of CPP–protein 
complexes together with 25 mg/ml transferrin-Alexa Fluor 
594 or 3 mg/ml cholera toxin B-Alexa Fluor 594 in 250 ml 

2.6. Confocal Laser 
Scanning 
Fluorescence 
Microscopy

3. Methods

3.1. Live-Cell Imaging 
of CPP–Protein 
Complexes in Relation 
to Markers  
of Endocytosis 
(Transferrin or Cholera 
Toxin B subunit)  
and Fluorescent 
Probes (LysoSensor  
or Ceramide)

3.1.1. Live-Cell Imaging  
of CPP–Protein Complexes 
in Relation to Markers  
of Endocytosis (Transferrin 
or Cholera Toxin B subunit)
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serum-free medium for necessary period of time, for example 
30 min, 1 h, or 2 h.

 5. Wash the cells gently with serum-free medium.
 6. Observe and record the results immediately by CLSM. During 

the imaging cells should be kept either in colorless growth 
medium or in PBS. To avoid the detachment of cells, supple-
ment PBS with 1 mM calcium chloride and 0.5 mM magne-
sium chloride.

 1. Seed 8 × 103 HeLa or Cos cells to eight-well chambered cov-
erglasses a day before the experiment.

 2. Wash the cells two times with PBS or serum-free medium (see 
Note 6).

 3. Prepare CPP–protein complexes by mixing biotinylated CPP 
and fluorophore-labeled protein (for example avidin) at 3:1 
ratio, i.e., 1 mM biotinylated CPP with 0.33 mM avidin-Texas 
Red, allowing the complexes to form for approximately 5 min 
at room temperature. Avoid bright light.

 4. Incubate the cells with desired concentration of CPP–protein 
complexes together with 2 mM LysoSensor DND-189 or 
0.5 mM Bodipy-TR-C5 ceramide in 250 ml serum-free medium 
for necessary period of time, for example 1 h, or use pulse-chase 
for longer incubation periods, i.e., pulse the cells with com-
plexes for 2 h, wash the cells, and chase in serum-containing 
medium for the remaining time, for example 2, 10 h, or other.

 5. Tip: We recommend always applying LysoSensor to cells 2 h 
before recording of the images in spite of the actual length of 
the incubation, to allow the conventional trafficking of the 
probe through the endo-lysosomal pathway and ensure its 
arrival to lysosomes.

 6. Wash the cells gently with serum-free medium.
 7. Observe and record the results immediately by CLSM.

 1. Seed 2.5 × 104 HeLa cells onto round glass coverslips in 
24-well plates 2 days before the experiment to allow firm 
attachment to the surface or 5 × 104 cells per coverslip 1 day 
before.

 2. Prepare CPP–protein complexes by mixing biotinylated 
CPP and fluorophore-labeled protein (for example avidin) at 
3:1 ratio, i.e., 1 mM CPPb with 0.33 mM avidin-Texas Red, 
allowing the complexes to form for approximately 5 min at 
room temperature. Avoid bright light.

 3. Incubate the cells with desired concentration of CPP–protein 
complexes in serum-free medium (500 ml per well) for required 
time, for example 30 min, 1 h, or 2 h (shorter incubation time for 

3.1.2. Live-Cell Imaging  
of CPP–Protein Complexes 
in Relation to Fluorescent 
Probes LysoSensor and 
Ceramide

3.2. Imaging of Fixed 
Cells Treated with 
CPP–Protein 
Complexes and 
Stained with 
Antibodies Against 
Marker Proteins of 
Endocytic Vesicles, 
Cellular Organelles  
or the Cytoskeleton
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detecting complexes in earlier endocytic organelles and longer 
for detecting them further down the endocytic pathway).

 4. Wash the cells twice with PBS or serum-free medium (see 
Note 6).

 5. Fix, permeabilize, and block the cells using one of the follow-
ing schemes depending on the primary antibody used in the 
experiment.
(a) Fix the cells with 4% paraformaldehyde in PBS on ice for 

30 min (500 ml per well), wash with PBS, permeabilize 
with 0.1% Triton X-100 in PBS on ice for 5 min (500 ml 
per well), wash again with PBS, and block nonspecific 
binding sites with 10% NFDM in PBS for 45 min to 1 h 
(500 ml per well) [use, i.e., in case of anti-caveolin and 
anti-LAMP-2 staining (lysosomal marker)].

(b) Fix with cold methanol at −20°C for 3–5 min (500 ml per 
well) (no additional permeabilization is necessary), wash the 
cells with PBS, and block nonspecific binding sites with 10% 
NFDM in PBS for 45 min to 1 h (500 ml per well) [use, i.e., 
in case of TGN 46 staining (trans-Golgi marker)].

(c) Fix the cells with 4% paraformaldehyde in PBS at room 
temperature for 20 min (500 ml per well), wash the cells 
three times with TBS (Tris-buffered saline), permeabilize 
with 0.5% saponin in TBS at room temperature for 15 min 
(500 ml per well), wash cells again and block nonspecific 
binding sites with 10% heat-inactivated goat serum in 
TBS for 45 min to 1 h (500 ml per well) (use, i.e., in case 
of anti-PI3P staining).

(d) Fix with freshly made PLP fixative containing 2% para-
formaldehyde, 75 mM lysine-HCl and 10 mM sodium 
periodate in 75 mM phosphate buffer, pH 7.4 at room 
temperature for 2 h (500 ml per well), wash the cells, and 
permeabilize and concurrently block the nonspecific 
binding sites with 0.01% saponin in 0.1% BSA in PBS for 
8 min (500 ml per well) (use, i.e., in case of anti-Rab5 
and anti-flotillin-1 staining).

 6. Wash the cells twice with PBS.
 7. Prepare primary antibody solutions (approximately 0.1–

10 mg/ml, start optimization from 1 mg/ml) as follows 
depending on the antibody used. Note that the primary anti-
body staining is performed in a droplet of antibody solution 
(approximately 30 ml per coverslip) on parafilm (see Note 7).
(a) Diluted in 1% NFDM in PBS (in case of LAMP-2, TGN 

46, and caveolin).
(b) Diluted in 1% heat-inactivated goat serum in TBS (in 

case of PI3P).

3.2.1. Treatment of Cells 
with CPP–Protein 
Complexes in Relation to 
Specific Endocytic Vesicles 
or the trans-Golgi Ring 
Visualized by Antibody 
Staining
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(c) Diluted in 0.01% saponin in 0.1% BSA in PBS (in case of 
flotillin and Rab5).

 8. Incubate the cells in the droplet of the primary antibody solu-
tion at room temperature for 1 h (see Note 8). Be sure to 
place coverslips on the droplet with cells facing the solution 
(see Note 7).

 9. Put the coverslips with cells back to the 24-well plate with cells 
facing up and wash 5 × 5 min with PBS with gentle rocking 
(see Note 9).

 10. Prepare secondary antibody solutions using approximately 
1:400 dilution of fluorophore-labeled appropriate secondary 
antibodies, i.e., anti-Rabbit-Alexa Fluor 488, in the solutions 
described above (see Subheading 3.2.1, step 7 for further 
details) (see Note 10). Keep in mind that the secondary anti-
body staining is also performed in a droplet of antibody solu-
tion (approximately 30 ml per coverslip) on parafilm.

 11. Incubate the cells with the secondary antibody solution at 
room temperature for 45 min (see Note 8). Be sure to place 
coverslips on the droplet with cells facing the solution.

 12. Put the coverslips with cells back to the 24-well plate with 
cells facing up and wash 5 × 5 min with PBS with gentle 
rocking.

 13. Mount the cells to specimen glasses with 30% glycerol in PBS 
or anti-fade solution and seal the edges of the coverslips with 
colorless nail polish (see Note 11).

 14. Examine the specimens with CLSM and store the samples at 
4°C in the dark (see Note 12).

 1. Seed 2.5 × 104 HeLa or NIH 3T3 cells onto round glass cov-
erslips in 24-well plates 2 days before the experiment to allow 
firm attachment to the surface or 5 × 104 cells per coverslip 
1 day before.

 2. Prepare CPP–protein complexes by mixing biotinylated 
CPP and fluorophore-labeled protein (for example avidin) at 
3:1 ratio, i.e., 1 mM CPPb with 0.33 mM avidin-FITC, allow-
ing the complexes to form for approximately 5 min at room 
temperature. Avoid bright light.

 3. Incubate the cells with desired concentration of CPP–protein 
complexes for required time, for example 30 min, 1 h, or 2 h, 
in serum-free medium (500 ml per well).

 4. Wash the cells twice with PBS or serum-free medium (see 
Note 6).

 5. Fix the cells with 4% paraformaldehyde in PBS on ice for 
30 min (500 ml per well).

 6. Wash with PBS.

3.2.2. Visualization of the 
Actin Cytoskeleton of Cells 
Treated with CPP–Protein 
Complexes
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 7. Permeabilize with 0.1% Triton X-100 in PBS on ice for 5 min 
(500 ml per well) (see Note 13).

 8. Wash again with PBS.
 9. Block nonspecific binding sites with 10% NFDM in PBS for 

40 min (500 ml per well).
 10. Wash cells twice with PBS.
 11. Prepare phalloidin-Alexa Fluor 594 solution (1.33 U/ml) in 

1% NFDM in PBS. Note that the actin cytoskeleton staining 
is performed in a droplet of fluorophore-labeled phalloidin 
solution (approximately 30 ml per coverslip) on parafilm.

 12. Incubate the cells in the droplet of phalloidin-containing  
solution at room temperature for 30 min (see Note 8). Be sure 
to put coverslips on the droplet with cells facing the solution.

 13. Put the coverslips with cells back to the 24-well plate with cells 
facing up and wash 5 × 5 min with PBS with gentle rocking 
(see Note 9).

 14. Mount the cells to specimen glasses with 30% glycerol in PBS 
and seal the edges of the coverslips with colorless nail polish 
(see Note 11).

 15. Examine the specimens with CLSM and store the samples at 
4°C in the dark (see Note 12).

 1. Seed 3 × 104 HeLa cells onto round glass coverslips in 24-well 
plates in antibiotics-free serum-supplemented IMDM 1 day 
before the experiment (see Note 5).

 2. 24 h after seeding the cells perform the first siRNA treatment: 
apply 100 nM siRNA specific to caveolin-1 (sc-44202) or 
 flotillin-1 (sc-35391) (Santa Cruz Biotechnology, CA) with 
1.5 ml oligofectamine (Invitrogen, UK) in 250 ml serum-free 
Opti-MEM I per well (Invitrogen, UK).

 3. After 4 h, add 125 ml Opti-MEM with 30% serum in each 
well reaching 10% serum content. Incubate overnight.

 4. 24 h after the first siRNA treatment repeat the steps 2–3, but 
use 200 nM concentration instead of 100 nM for caveolin-
specific siRNA.

 5. 24 h after the second siRNA treatment change the Opti-
MEM I on transfected cells to complete IMDM supplemented 
with antibiotics (500 ml).

 6. After 24 h incubation in full media (48 h from the second 
siRNA treatment) fix and stain the cells as indicated in 
Subheading 3.2.1, steps 2–14.

When visualizing cells by CLSM, make sure to use low laser 
 intensities to preserve fluorescence and also the cells, latter being 

3.3. Application  
of siRNA to 
Downregulate the 
Endosomal Pathways

3.4. Visualization  
by CLSM
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important especially for live-cell imaging. Be sure to use the same 
settings, i.e., laser intensity and acquisition parameters, when 
 capturing images in parallel or during comparative experiments.

Always check for the bleed-through of fluorophores when 
using more than one fluorescent label in your specimen. When in 
doubt, images should be captured separately for each channel to 
avoid misinterpretation of results. For colocalization studies, 
always perform a z-scan of the whole cell.

In addition to recording the images of cells, many confocal micro-
scopes today are equipped with specific software for the quantifi-
cation of the overlap of the two analyzed signals. In order to 
analyze the colocalization of two independent signals (i.e., green 
and red signal), the region(s) of interest (ROI) must first be des-
ignated. For example, examination of the signal in certain vesicles 
requires marking/highlighting of the vesicles of interest before 
commencing with the analysis. Keep in mind to precisely track the 
edges of the organelles of interest for marking of the ROIs and use 
the images of the whole cell for analysis. After circling the ROIs, 
follow the manual to correctly examine the overlap of signals.

Colocalization analysis yields a dot blot map of the signal 
intensities of the two channels under investigation in the studied 
regions (ROIs). It is advised to optimize the threshold values for 
each channel to cut off the lower signal intensities that may be 
caused for example by nonspecific background signal. It is also 
recommended to use the same threshold values for parallel or 
comparative studies in order to obtain reliable data. The signal 
intensities above the threshold value and its contribution to the 
overall signal can be analyzed further with specific statistical anal-
ysis programs or MS Excel.

 1. Avidin is a tetrameric protein having four binding sites for 
biotin, however, its labeling with a fluorophore reduces the 
number of binding sites. Therefore 3:1 ratio of biotinylated 
CPP to avidin is used in the experiments to make sure that 
CPP is bound to the protein cargo and no excess of unbound 
peptide is present in the solution.

 2. You should check the earlier studies performed using a 
 particular antibody or probe before ordering to minimize 
the possibility of receiving the chemical that is not working 
properly. It is also advised to perform some positive control 
experiments with cells to determine whether they work in 
your hands as they are supposed to and to establish the effec-
tive concentrations.

3.5. Quantification  
of Internalized Protein 
and Statistical 
Analysis

4.  Notes
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 3. Eight-welled chambered coverglasses are an excellent choice 
for live-cell imaging in order to be economical with the 
reagents. However, out of the eight wells only four in the cen-
ter are usable due to limitations of the movement of the stage/
platform of some microscopes (e.g. Olympus IX81).

 4. Serum-free medium is used for incubation of cells with CPPs 
because the serum ingredients bind the peptides reducing 
thus the efficiency of the transporters. Additionally, the serum 
components may cause degradation of the peptide resulting 
in the decrease of entry and problems with visualization.

 5. According to the manufacturer’s instructions, the transfection 
with Oligofectamine should be performed in the antibiotics-
free medium since the presence of antibiotics could decrease 
cell viability.

 6. Be careful when removing the solution from the cells to avoid 
detachment or dehydration of cells. The solution (medium, 
PBS, etc.) should be aspirated from one corner while not 
removing all of it to the last droplet. When in doubt whether 
all the preceding solution was removed during washing, 
 perform an additional wash.

 7. Incubations with antibodies are performed in the droplet of 
antibody solution to keep the volumes of antibody to the 
minimum because of its cost. To remove the coverglass from 
the bottom of the 24-welled plate, use a syringe needle with 
a bended tip to detach the glass from the bottom of the well 
and tweezers to carefully take out the glass. Remember the 
side with attached cells! Do not scratch the coverglass surface 
with the needle and do not use too much force with tweezers 
otherwise the glass might break. It is also recommended to 
tip the edge of the glass cautiously against a paper towel to 
remove excess liquid before placing the glass on the top of 
the antibody droplet with cells facing the solution.

 8. Incubation with antibodies should be done preferably in a 
humidified environment to prevent drying of the samples.

 9. Washes after antibody or phalloidin treatments must be 
sufficiently long and performed for several times to ensure 
the wash-off of unbound chemical and a better/cleaner 
background for imaging.

 10. During antibody treatment keep in mind to use a dye with a 
spectrum that does not overlap with the one used for labeling 
of the CPP–protein complexes.

 11. The coverglasses are sealed to the specimen glasses with nail 
polish to create a hydrated microenvironment for the cells 
and to prevent the glasses from moving during imaging. In 
order to create the microenvironment, coverglasses with cells 
are mounted to droplets of 30% glycerol in PBS (before the 
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experiment make sure that the pH of the glycerol buffer is 
near 7). To remove the excess solution, place a paper towel 
over the mounted coverglasses and slide your finger over the 
glasses using slight pressure. Too much pressure might flatten 
and damage the cells. It is important to keep the surface of 
the coverglass  parallel to the specimen glass in order to obtain 
better images. Make sure that the glass stays in its initial place 
during the treatment with nail polish because the sliding of 
the cover glass on the specimen glass may cause cells to par-
tially detach and/or fold between the glasses.

 12. Note that Alexa Fluor labels are bright and stable even after 
several weeks, although the signal-to-background ratio 
decreases in time.

 13. Cells fixed/permeabilized with methanol do not stain with 
phalloidin as methanol can disrupt the actin filaments.
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Chapter 13

Insight into Cell-Entry Mechanisms of CPPs  
by Electron Microscopy

Kärt Padari, Annely Lorents, Eija Jokitalo, and Margus Pooga 

Abstract

Despite the quickly widening application of cell-penetrating peptides (CPP) for the cellular delivery of 
various macromolecules, the cell entry mechanisms of these peptides have remained elusive so far. The 
basic features of the translocation of CPPs into cells have been mapped by fluorescence microscopy and 
activity-based assays revealing that endocytotic mechanisms are mainly responsible for the uptake at 
physiological temperature. However, the high concentration of CPP or the lowering of the incubation 
temperature below 10°C (re)activates a nonvesicular cell entry mode. The fluorescence microscopy can 
hardly provide detailed information about the interaction of CPP molecules with the extracellular struc-
tures, the induced changes in the morphology of the plasma membrane, etc. Therefore, application of 
electron microscopy could help to shed light on the nature of nonvesicular uptake mechanism. 
Transmission electron microscopy (TEM) has been a valuable tool for the morphological characteriza-
tion of biological material at high resolution. It can provide useful information at the ultrastructural level 
about the interaction and arrangement of CPPs on the cell surface, the entrapment in cellular organelles 
and the translocation to the cytoplasm. In this chapter, we present a method for the tagging of CPPs 
covalently with a 1.4 nm gold cluster and provide a flat-embedding protocol for the mapping of 
Nanogold™-labeled CPPs in cultured cells by TEM. This method enables to retain the cell monolayers 
in their in situ orientation. The Nanogold™ tag is putatively not interfering with the uptake of CPPs and 
enables the production of specimens with excellent morphology and good contrast.

Key words: Cell-penetrating peptide, Transmission electron microscopy, Nanogold-labeled CPP

CPPs have been used as efficient carriers in drug and gene delivery 
enabling specific targeting and resulting in high biological 
response (1–3). However, the current knowledge about how 
CPPs reach their target compartments inside cells is still far from 
complete. To better understand the uptake mechanism and distri-
bution of CPPs and their cargo molecules, it is essential to apply 

1.  Introduction

Ülo Langel (ed.), Cell-Penetrating Peptides: Methods and Protocols, Methods in Molecular Biology, vol. 683,
DOI 10.1007/978-1-60761-919-2_13, © Springer Science+Business Media, LLC 2011
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different complementary methods in parallel, which would allow 
adequate interpretation of experimental data (4). Most of the 
studies examining the uptake and cellular localization of CPPs 
have used fluorescence microscopy. Even though fluorescence 
microscopy is an excellent tool for real-time studies in living cells 
and can be successfully used for quantitative analysis, it has its 
limitations. First, the fluorescence signal might be quenched in 
the cellular environment, especially in the vesicles with low pH or 
when associated with polyanions, as well as upon interaction with 
cell surface proteoglycans (5), complicating the interpretation of 
fluorescence microscopy results. Second, due to the limited reso-
lution of light microscope, it cannot provide detailed information 
about the interaction of CPPs with the plasma membrane and 
their exact localization in relation to intracellular compartments. 
However, detailed information can be acquired by transmission 
electron microscopy (TEM) that allows visualization of subcellu-
lar compartments at the ultrastructural level to study the associa-
tion with the membranes, the uptake, and the intracellular 
trafficking of CPPs with very high precision. Still, relatively few 
studies have applied electron microscopy for assessing the uptake 
mechanisms of CPPs. The main drawback is the need to fix the 
specimen that can lead to artifactual redistribution of some peptides 
into, but also inside of cells (6). Still, not all CPPs redistribute in 
cells upon fixation (7) and the localization of CPP–cargo conjugates 
is influenced even less by treatment with fixatives (8), making 
TEM studies in this field feasible and justified.

TEM has mostly been used in studies focused on the CPP-
mediated delivery of proteins (9–11) or gold nanoparticles alone 
(12–14) rather than for the characterization of internalization 
mechanisms and intracellular fate of CPPs themselves. For exam-
ple, the translocation of 16 nm gold nanoparticles modified with 
Tat-peptide and Penetratin into cell interior was characterized 
recently and the particles were found in endosomes along with a 
dispersed signal in the cytosol (12). However, considering that the 
size of the cargo molecule might determine the uptake mechanism 
of CPPs (15, 16), a small nanogold tag (1.4 nm) rather than col-
loidal gold particles (14–16 nm) have to be harnessed in the stud-
ies of CPP mechanisms. In addition, the Nanogold™ (NG) cluster 
is coupled to the CPP molecule by a covalent bond, resulting in 
homogenous well-defined compound on the contrary to colloidal 
gold, in which neither the composition of label nor the number of 
peptide molecules per particle can be exactly defined.

A recent study revealed that the novel CPPs derived from 
perforin and granzyme do not associate with the cell surface ran-
domly but assemble in spherical structures. The clusters of 
NG-labeled CPP interfered with the regular packing of the lipid 
bilayer as the plasma membrane became less distinct in TEM. 
Although the novel CPPs are taken up by cells mostly by endocytotic 
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mechanisms, the peptide clusters are not dissociated in the hostile 
milieu of the endosomes during the first hours (17, 18).

In this chapter, we will discuss the method of TEM for map-
ping the interaction of NG-labeled CPPs with cells and the fol-
lowing uptake. We present the protocols for the labeling of CPPs 
with preactivated nanogold tag and embedding the cultured cells 
in a resin by so-called flat-embedding technique, which retains 
the orientation and morphology of cells.

In this chapter, we describe protocols for cultivating HeLa cells 
for TEM. HeLa cells are derived from the human cervical carci-
noma and have been used in a significant number of other CPP 
studies. Using the same cell line enables one to complement and 
compare experimental data with other research groups in the 
field. However, any other cell line or primary cells can also be 
used in the studies. Still, for the flat-embedding protocol pro-
vided here, only adherent cells can be used.

 1. CPP with a thiol group (see Note 1).
 2. Monomaleimido nanogold (Nanoprobes Inc., Yaphank, NY) 

or monomaleimido undecagold.
 3. Oxygen-free MilliQ water. Remove air dissolved in MilliQ 

water by vacuum followed by bubbling through argon for at 
least 15 min.

 4. 50% Methanol (³99.9%) in oxygen-free water.
 5. Oxygen-free MilliQ water with 0.1% trifluoroacetic acid 

(TFA ³ 99.9%) (see Note 2).
 6. Acetonitrile with 0.1% TFA.

 1. Eppendorf tubes filled with argon.
 2. Spectrophotometer (e.g., Nanodrop 1000, Thermo Fischer 

Scientific Inc.).
 3. Thermostat mixer (e.g., Thermomixer Comfort, Eppendorf 

AB, Germany).
 4. Rotational vacuum concentrator (e.g., RVC 2-25, Christ 

GmbH, Germany, or Savant Speed-Vac SC110, Ramsey, 
MN).

 5. Chromatography system equipped with columns for peptide 
purification and gel filtration by reversed phase chromatog-
raphy (see Note 3).

2. Materials

2.1. Cell Culture

2.2. Labeling  
of Peptide

2.2.1. Reagents  
and Solutions

2.2.2. Materials  
and Equipment
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 1. Human cervical carcinoma cell line HeLa cultured in Iscove’s 
Modified Dulbecco’s Medium (IMDM) supplemented with 
10% fetal bovine serum (FBS), 100 IU/mL penicillin, and 
100 mg/mL streptomycin.

 2. IMDM supplemented with 100 IU/ml penicillin, 100 mg/ml 
streptomycin, and 10% FBS for the incubation of cells with 
CPP–nanogold (CPP–NG) conjugates.

 3. Sodium cacodylate buffer: prepare 0.4 M stock solution by 
dissolving 21.4 g of cacodylic acid sodium salt trihydrate 
[Na(CH3)2AsO2⋅3H2O] in 250 ml MilliQ water (see Note 4). 
Adjust pH to 7.4 by adding 0.2 M HCl (about 8 ml) to 50 ml 
of stock solution and add MilliQ water to the volume of 
200 ml to make a 0.1 M working solution. Alternatively, to 
make 0.2 M working solution (for preparing osmium tetrox-
ide solution, see step 9 below) dilute to final volume of 
100 ml.

 4. Fixative: 2.5% glutaraldehyde in 0.1 M cacodylate buffer, pH 
7.4. Always use freshly prepared fixative. Store 25% glutaral-
dehyde stock [Electron Microscopy Sciences (EMS), Hatfield, 
PA] in aliquots at −20°C and do not use the reagent that has 
been thawed and frozen again.

 5. Silver enhancement reagent: HQ Silver Kit (Nanoprobes Inc., 
Yaphank, NY). The components of HQ Silver kit can be ali-
quoted in amber Eppendorf tubes and stored at −20°C. The 
components of silver enhancement kit are light sensitive, 
therefore it is necessary to work in dark room under red safe 
light conditions while aliquoting or staining specimens.

 6. Reagents for gold toning:
(a) 2% sodium acetate [CH3COONa⋅3H2O] in MilliQ water 

(use freshly made solution).
(b) 0.05% gold chloride [HAuCl4⋅H2O] in MilliQ water (can 

be stored at 4°C for several months).
(c) 0.3% sodium thiosulfate pentahydrate [Na2S2O3⋅5H2O] 

in MilliQ water (use freshly prepared solution).
 7. Reduced, buffered osmium tetroxide solution for the staining 

and postfixation of the specimens (see Note 5). Mix equal 
volumes of 2% OsO4 in MilliQ water and 0.2 M cacodylate 
buffer to yield a 1% OsO4 in 0.1 M cacodylate buffer. Add 
15 mg potassium ferrocyanide (K4[Fe(CN)6]) per 1 ml of 1% 
OsO4 solution (see Note 6).

 8. 70% Ethanol in MilliQ water.
 9. 96% Ethanol in MilliQ water.
 10. Ethanol (³99.5%).
 11. Acetone (³99.5%).

2.3. Preparation  
of a Specimen for TEM
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 12. Embedding resin: TAAB Premix Embedding Kit (medium, 
TAAB Laboratories Equipment Ltd, UK) (see Note 7).

 13. 2% Uranyl acetate (UA) in 50% ethanol (see Note 8).
 14. Lead citrate stain: Add 20 mg of lead citrate [Pb3(C6H5O7)2⋅ 

3H2O] to 10 ml of CO2-free MilliQ water (boil water for 
10 min to make it CO2 free) (see Note 9). Add 0.1 ml of 
10 N NaOH (see Note 10), seal the tube air-tightly and shake 
vigorously until all the lead citrate is dissolved. Filter the solu-
tion through a 0.2 mm Millipore filter before use.

 15. Liquid nitrogen for removing coverslips from polymerized 
resin blocks of specimen.

 16. Single-use plastic Pasteur pipettes (transfer pipettes) for 
changing solutions.

 17. Parafilm.
 18. Embedding capsules and capsule holder: We use BEEM® 

embedding capsules (size 3) and BEEM® capsule holder from 
EMS. However, any other suitable capsules and holders can 
be used.

 19. Aluminum planchettes or dishes.
 20. 24-Well culture plates.
 21. Round glass coverslips (Ø 12 mm, no. 1).
 22. Cell culture dishes (35 × 10 mm).

 1. Dissolve the lyophilized peptide in oxygen-free MilliQ water 
to yield a 0.5 mM peptide solution. Calculate the volume of 
water for dissolving the peptide batch based on its weight and 
molecular mass (see Note 11).

 2. Check the concentration of peptide by measuring the optical 
density of the prepared solution using a suitable dilution, at 
280 nm if the peptide contains tryptophan or tyrosine (see 
Note 12) or at 210 nm. If the weight-based concentration 
differs from absorbance-based concentration by more than 
10%, use the latter.

 3. Dissolve monomaleimido nanogold in 50% methanol at 
30 mM concentration (see Note 13).

 4. Couple the label to peptide by adding CPP solution (2.5-fold 
molar excess) in small aliquots to nanogold solution upon 
stirring (see Note 14). Incubate the mixture for 60–90 min at 
30°C in dark under mild stirring.

3. Methods

3.1. Labeling  
of Peptides with 
Nanogold
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 5. Remove methanol and concentrate the solution of conjugate 
by rotational vacuum concentrator at 30°C to reach ~100 mM 
concentration (see Note 15).

 6. Measure the absorbance of the resulting solution at 280 nm 
using the suitable dilution and calculate the concentration of 
conjugate considering that 1 A280/cm corresponds to ~2.1 mM 
nanogold (see Note 16). Aliquot the conjugate and store in 
freezer. Store the working aliquot in fridge and use it within 
1 month (some conjugates can be stored in fridge less than 1 
week). Avoid the repeated freeze–thaw cycles.

 7. Purify the conjugate by reversed phase chromatography or 
gel filtration if necessary (see Note 17).

 8. Concentrate the fractions of chromatographic purification by 
rotational vacuum concentrator (see step 5), pool if necessary 
and measure the concentration of the conjugate (see Note 15).

 1. Clean glass coverslips to remove any dust particles by rinsing 
multiple (3 to 4) times with 70% ethanol in a 100 ml glass 
flask. Dry and sterilize coverslips one by one in the flame of 
gas burner using tweezers.

 2. Place the sterilized coverslips to the bottom of cell culture 
dish (35 × 10 mm). We recommend having at least three cov-
erslips in one culture dish to get three parallels of each set of 
experiment for different time points of silver-enhancement 
procedure (see Subheading 3.3 below). You can also use up 
to four coverslips (i.e., four different time points of silver 
enhancement) per one set of experiment.

 3. Seed HeLa cells onto coverslips in culture dish and grow for 
2 days to reach 80–100% of confluence (see Note 18).

 4. Remove the culture medium and incubate the cells with 
CPP–NG conjugates in IMDM (1 ml solution per culture 
dish with three coverslips) at desired concentration and tem-
perature for required time depending on your experiment 
(for example 1 mM of CPP–NG at 37°C for 1 h).

 5. Take cells out from the incubator just before the fixation and 
wash twice with prewarmed IMDM.

 6. Remove the medium and immediately apply the fixative. 
Make sure that the cells do not dry at any stage during the 
procedures. Fix the cells with 2.5% glutaraldehyde in cacody-
late buffer for 30–60 min at room temperature (RT).

 7. Wash with cacodylate buffer for three times for 10 min (here 
you can interrupt the procedure and leave samples in buffer 
for overnight at 4°C). Continue with silver enhancement (see 
Subheading 3.3).

3.2. Treatment of Cells 
with CPP–NG 
Conjugates and 
Fixation
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For most applications, the detection of nanogold particles in an 
electron microscope specimen requires the enlargement of particles 
in order to visualize these with the magnification range routinely 
used for imaging cellular organelles. Gold particles act as catalysts 
in the presence of silver ions and a reducing agent and reduce silver 
ions to metallic silver. The silver is deposited onto the gold enlarg-
ing thereby the 1.4 nm gold particles to about 10 nm diameter or 
more depending on the enhancement time and temperature. Silver 
enhancement reaction is time dependent: nanogold particles 
enlarge particularly rapidly within the first minutes, later the growth 
rate declines since the surface area of particles increases. After the 
suggested time of the enhancement, silver may precipitate sponta-
neously by self-nucleation yielding a background signal. Therefore, 
it is very important to choose the optimal time for enhancement in 
order to magnify the nanogold particle without increasing the 
background staining. Additionally, the deposition of silver onto the 
gold surface is quicker at higher temperatures. Therefore, we usu-
ally prepare two to three specimens in parallel using different dura-
tion of silver enhancement. It is particularly important for the 
protocol provided here because the enhancement is carried out 
before embedding and if the enhancement proves to be too long 
(resulting in too large particles) it cannot be reversed.

The following steps of the silver enhancement and gold ton-
ing procedures should be carried out in a dark room under red 
light at 20–22°C.

 1. Wash the cells three times with MilliQ water for 3 min.
 2. Prepare a 24-well plate for stopping enhancement reaction 

(see step 5) by filling wells with MilliQ water.
 3. Mix equal amounts (for example 200 ml) of the initiator, 

moderator, and activator just before use (see instructions of 
HQ SILVER Enhancement Kit).

 4. Place three drops (about 50 ml) of enhancing solution on para-
film and place coverslips upside down onto the drops to enlarge 
the particles for 1, 3, and 5 min. If you have four parallels, 
incubate coverslips for 30 s, 1, 2, and 4 min. Be as precise as 
possible with incubation times (use a timer) (see Note 19).

 5. Stop the reaction by transferring coverslips (cells upside) to 
MilliQ water in wells of culture plate.

 6. Wash twice with MilliQ water for 5 min.
 7. Stabilize the silver-deposited particles by gold toning (see 

Note 20):
(a) Wash three times with 2% sodium acetate for 5 min at RT.
(b) Treat with 0.05% gold chloride for 10 min on ice.
(c) Wash twice with 0.3% sodium thiosulfate (freshly made) 

for 10 min on ice.

3.3. Silver 
Enhancement
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 8. Wash three times with MilliQ water for 3 min.
 9. Continue with osmication (see Subheading 3.4).

 1. Osmicate with 1% OsO4 for 1 h at RT. Avoid direct daylight 
by covering the culture plate with aluminum foil during 
osmication.

 2. Wash three times with 0.1 M cacodylate buffer for 5 min.
 3. Dehydrate once with 70%, once with 96% and twice with 

absolute ethanol for 1 min each step.
 4. Remove the caps from the embedding capsules, place the 

capsules in holder and fill with embedding resin to maximum. 
Keep in mind to take resin (if stored in syringes at −20°C) out 
from freezer before the embedding procedure and let them 
warm up to RT before use.

 5. Dip a coverslip into acetone for couple of seconds and place 
it onto an aluminum planchette (cells upside).

 6. Drop immediately some embedding resin to the cells. Do not 
allow the complete evaporation of acetone.

 7. Place the capsules filled with embedding resin upside down 
on the top of cells.

 8. Keep specimens at RT for 2 h to allow the resin to infiltrate 
into cells.

 9. Transfer the cells to 60°C oven and polymerize overnight (for 
at least 14 h).

 10. After the polymerization, remove the coverslips by dropping 
samples directly from the oven to liquid nitrogen and crack 
the coverslip from the block. Make sure that no pieces of glass 
remain on the resin block; otherwise these could damage the 
cutting edge of your diamond knife during sectioning (see 
Note 21).

 11. Cut cells embedded in resin into ultrathin sections (30–
50 nm, i.e., silver gray sections) and collect on the copper 
grids (EMS).

 12. Stain the sections with 2% UA on parafilm for 1 min.
 13. Wash twice in 50% ethanol and let the sections dry in air for 

15–20 min.
 14. Wash the sections with 0.01 N NaOH for 1 min.
 15. Stain the sections with solution of lead citrate for 1–3 min 

depending on the required contrast.
 16. Wash with 0.01 N NaOH and rinse thoroughly (at least three 

times) by transferring grids from one drop of MilliQ water to 
another.

 17. Let the grids dry and examine in transmission electron micro-
scope operated at 80 kV.

3.4. Embedding of 
Cells (Flat-Embedding)
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 1. Peptides could also be tagged with nanogold on the amino 
group of lysine or N terminus, but such modification decreases 
the net positive charge and usually reduces the cellular uptake of 
CPPs. Therefore the cysteine residue is introduced in CPPs.

 2. MilliQ water and acetonitrile with TFA are necessary only if 
the CPP–nanogold conjugate is purified by reversed phase or 
gel-filtration (size exclusion) chromatography.

 3. In this work, an FPLC system (GE Healthcare/Pharmacia) 
equipped with absorbance detectors at 280 and 210 nm, an 
automated fraction collector and the columns Superdex-
Peptide HR10/30 (for gel filtration chromatography) and 
Pro RPC HR5/2 (for reversed phase chromatography) 
were used.

 4. Sodium cacodylate contains arsenic, which is a health hazard 
if inhaled or absorbed through the skin. Use gloves and fume 
hood for weighing the reagent and preparing the buffer solu-
tion. Do not let the reagent come in contact with acids in 
order to avoid the production of arsenic gas (19).

 5. Osmium tetroxide must be handled with the utmost care 
because of its high toxicity. Exposure to OsO4 vapor can cause 
severe eye, skin, and respiratory problems. Prepare the 
osmium tetroxide solutions always under the vented hood 
and handle bottles with disposable gloves. To make 2% aque-
ous solution of OsO4, we use the OsO4 crystals in the glass 
ampoule (available from EMS). We recommend immersing 
the ampoule into liquid nitrogen prior the opening in order 
to crystallize vaporized osmium tetroxide. OsO4 is also sup-
plied as an aqueous solution in glass ampoules. Store the 
solution of 2% OsO4 at 4°C in a clean brown glass bottle to 
avoid the contamination by organic matter and exposure to 
light. Since the vapors of osmium tetroxide can readily leak 
out of many containers, use double glass bottles sealed with 
parafilm for storing OsO4. All used OsO4 solutions should be 
collected into a glass bottle containing vegetable oil (corn oil 
is preferred because of its high percentage of unsaturated 
bonds) and stored in the fume hood. For full neutralization, 
two volumes of unsaturated oil per one volume of 2% osmium 
tetroxide solution are needed. The neutralized osmium solu-
tion is then disposed in accordance to each country’s regula-
tions. Contact your environmental health and safety office to 
obtain local regulation.

 6. Osmium tetroxide in combination with ferrocyanide is used 
for enhancing the contrast of many cellular components, 
including membranes and glycogen.

4.  Notes
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 7. Components of the embedding kit can be stored at 4°C for 
12 months. The mixed and ready-to-use embedding resin can 
be stored, e.g., in plastic syringes without needle (5 or 2.5 ml) 
at −20°C for later use for 3 months. Caps for syringes are 
available from EMS. Most embedding resins are carcinogenic! 
Cover working area with paper before mixing the compo-
nents and always use disposable gloves during embedding 
procedures. Seal used tubes, pipettes, dishes, etc. in a plastic 
bag and polymerize all resin waste before disposal at 60°C for 
overnight. Never pour any resin containing solutions down 
the drain, the resin will polymerize and could clog the tubes.

 8. Centrifuge UA solution before use. Care should be taken in 
the handling and disposal of uranium-containing solutions 
because of their radioactivity and chemical toxicity. Danger of 
cumulative effects!

 9. Use only carbonate-free MilliQ water and freshly made NaOH 
to prevent the formation of lead carbonate precipitate. To avoid 
contamination of the staining solution with carbonate ions, 
keep the tube tightly sealed from atmospheric carbon dioxide. 
Use the staining solution within the day of preparation.

 10. Prepare 10 N sodium hydroxide by dissolving 4 g of NaOH 
in 10 ml of CO2-free distilled water. Be aware that dissolution 
of sodium hydroxide is highly exothermic.

 11. The peptides with a thiol group oxidize very easily to form 
dimers, therefore, for the labeling procedure do not use the 
stock solution of peptide, which has been stored for a long 
time, or is prepared in water that contains oxygen. CPPs can 
be dissolved at any desired concentration. However, at very 
high concentration more hydrophobic peptides tend to pre-
cipitate upon labeling and low peptide concentrations might 
result in low labeling yield.

 12. Calculate the molar extinction coefficient of your peptide as 
follows: molar extinction coefficient = (number of tryptophan 
residues × 5,500) + (number of tyrosine residues × 1,490) 
(http://www.encorbio.com/protocols/Prot-MW-Abs.htm).

 13. Reconstitution of 30 nmol batch of monomaleimido nano-
gold with 1 ml deionized water will yield a 20 mM sodium 
phosphate buffer at pH 6.5 with 150 mM NaCl, i.e., suitable 
conditions for selective labeling of thiol groups of peptide. 
Methanol (or acetonitrile) facilitate the dissolving of the label 
and reduce precipitation of hydrophobic CPPs during label-
ing. However, monomaleimido nanogold can be reconsti-
tuted in a smaller or a larger volume of solvent if necessary.

 14. Perform the coupling reaction in a tube filled with argon to 
maximize the yield of coupling by excluding the oxidation of 
thiols. Use a two- to fourfold molar excess of CPP over the 
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monomaleimide nanogold to assure that most of the label 
reacts with the peptide. Addition of the CPP solution in water 
to nanogold solution in 50% methanol decreases the possibil-
ity of the peptide/conjugate precipitation during labeling.

 15. Check the volume of the conjugate solution during the con-
centration step regularly (every 30–60 min, depending on the 
initial volume). Some amphipathic/hydrophobic leucine-rich 
CPPs may precipitate during methanol removal and concen-
tration. This could be decreased or even avoided by adding 
some concentrated stock solution of leucine to the reaction 
mixture before concentration step (final concentration 
2–5 mg/ml depending on CPP).

 16. Tryptophan contributes to the absorption of a conjugate at 
280 nm by 1% and may therefore not be taken into account. 
Typically >90% of nanogold is coupled to the peptide under 
the used reaction conditions, and the concentration of the 
conjugate can be calculated based on the total absorption of 
the solution at 280 nm.

 17. The purification of the conjugate to homogeneity is often not 
necessary and the mixture with unlabeled peptide (the con-
centrated reaction mixture) can be used in the majority of 
cellular localization studies. The inactive (hydrolyzed) 
monomaleimide nanogold (in analogy with cationized or 
neutral NG) neither strongly binds to the extracellular matrix 
nor is taken up by cells via endocytosis. The unlabeled CPP 
remains invisible in TEM and does not interfere with the 
analysis of the subcellular localization of CPP–NG conju-
gates. Most importantly, due to their highly cationic nature, 
CPPs adhere strongly to various surfaces, which lead to high 
losses of peptides and their conjugates with NG in purifica-
tions by chromatographic methods. Run the reversed phase 
chromatography in C4 to C8 column of minimal necessary 
volume. We used Pro RPC HR5/2 (Pharmacia, Sweden) and 
run a steep gradient from 10% acetonitrile in water (both with 
0.1%, v/v TFA) to 100% acetonitrile. The CPP–NG conju-
gate elutes in about 10% higher acetonitrile concentrations 
than the peptide. Different CPPs elute from the column in 
different conditions, therefore, optimize the shape of the gra-
dient with a minimal amount of the conjugate before the 
 preparative purification. Gel-filtration chromatography is sug-
gested for the purification of nanogold-labeled proteins and 
peptides by Nanoprobes Inc. However, the gel filtration 
chromatography does not separate well the hydrolyzed NG 
label from the conjugate with CPP due to the small difference 
in size. Moreover, the conjugates of CPP with NG could be 
recovered in very low yield (for Superdex peptide HR 10/30 
<50%). Addition of a volatile solvent (e.g., acetonitrile up to 
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40%) reduces the losses in purification to some extent, but 
the recovery yield still remains poor.

 18. For electron microscopy, the cells have to be grown on glass 
coverslips for at least 2 days to guarantee stable adhesion and 
good morphology of cells in specimens.

 19. We have used HQ SILVER™ Enhancement kit (Nanoprobes) 
in our studies, which enables controlled silver enhancement 
and yields homogenous particles. However, it should be kept 
in mind that the adjacent particles might fuse and form irreg-
ular shapes upon growth. Therefore very long incubations 
that result in large particles should be avoided.

 20. Gold toning is the posttreatment of silver enhanced gold par-
ticles with gold chloride. This treatment deposits a thin layer 
of gold onto the surface of the particles and stabilizes the 
silver deposition, making the resulting particles of Au–Ag–Au 
more resistant to the following treatments with osmium tet-
roxide and UA solutions (20).

 21. Allow blocks to settle at RT for couple of hours before trim-
ming a small pyramid suitable for successful ultrathin section-
ing. Small block face facilitates the parallel alignment of block 
face and knife edge that is important as the specimen thick-
ness is only one cell layer thick thus allowing no trimming 
from the block face.
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Chapter 14

Toxicity Methods for CPPs

Per Lundin, Samir EL Andaloussi, and Ülo Langel 

Abstract

CPPs have for numerous years been utilized as delivery vectors of various pharmaceutically interesting 
cargoes, both in vitro and in vivo. As CPPs are gradually approaching the bedsides, investigating toxicity 
associated with these highly interesting peptides becomes increasingly important and thorough initial 
assessment of cytotoxicity in vitro is a first step towards advancing these delivery vehicles in to the clinics. 
The present chapter describes protocols for four cytotoxicity assays in order to provide a toolbox for 
toxicity assessment of CPPs. The foci lie on membrane integrity (deoxyglucose leakage and propidium 
iodide assays) and cell viability (the MTT assay), but the chapter also provides a protocol for assessing an 
important parameter for future clinical applications, namely the hemolytic properties of CPPs.

Key words: CPP, Toxicity, Membrane integrity, Viability, Deoxyglucose leakage, Propidium iodide, 
MTT, Hemolysis

The increasing utilization of cell-penetrating peptides (CPPs) 
both as research tools and in clinical investigations, necessitates 
comprehensive evaluation of the toxicity profiles of these intrigu-
ing delivery vectors. CPPs have for numerous years been utilized 
for the delivery of various pharmaceutically interesting cargoes, 
primarily in vitro, but as their in vivo potential is increasingly har-
vested (see for instance (1, 2), the need for deeper knowledge 
regarding the potential cytotoxic effects associated with the deliv-
ery is essential. Additionally, a serious concern for further in vivo 
applications of CPPs is the risk of eliciting an immunological 
response, especially during longer treatment periods (2). However, 
such aspects, regardless of their importance, are beyond the scope 
of this chapter.

1. Introduction

Ülo Langel (ed.), Cell-Penetrating Peptides: Methods and Protocols, Methods in Molecular Biology, vol. 683,
DOI 10.1007/978-1-60761-919-2_14, © Springer Science+Business Media, LLC 2011
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As a result of the predominantly cationic nature and the 
inherent vector capabilities of CPPs, these short peptides can be 
expected to exert numerous effects on the cell membrane as well 
as on cellular proliferation and viability. Unsurprisingly, CPPs 
have been shown to, for instance, induce membrane leakage (3), 
decrease cell viability at higher concentrations (4), and cause 
hemolysis (3); effects often associated with stipulated pore for-
mation, membrane perturbation, and leakage (5, 6). However, 
only relatively few comprehensive studies have assessed the toxic-
ity properties of CPPs in a comparative setting. In one study, 
the toxic effects of human calcitonin-derived peptide (hCT), 
Tat(47–57), and penetratin(43–58) on MDCK monolayers, 
assessed using a commonly utilized leakage assay, were found to 
be negligible (7). Similar results were obtained in a later study, 
for the CPPs penetratin, Tat, transportan, and polyarginine, this 
time employing a toxicity assay based on correlating mitochon-
drial metabolic activity with cell viability (8). The cytotoxicity 
induced by most CPPs is thus rather modest, at least considering 
the highly efficient cargo translocation, but toxicity evaluations 
are nevertheless pivotal in order to obtain adequate results, espe-
cially considering the uncertainty introduced upon covalent 
cargo attachment (5, 8) and the highly variable toxicity profiles 
of different CPPs. On a more general note, CPPs exhibiting 
amphipathic character normally display a higher degree of cyto-
toxicity, partially as a result of the formation of transmembrane 
pores (9, 10).

Toxicity assays commonly employed within the field generally 
aim at detecting membrane leakage and evaluating cell viability, 
whereas for preclinical assessment other physiologically relevant 
tests, such as hemolysis assays (3, 11), are also relevant to  perform. 
The present chapter will consequently provide protocols for the 
deoxyglucose membrane leakage assay, the propidium iodide 
membrane integrity assay, the MTT viability assay (12), and a 
hemolysis assay for the detection of detrimental CPP impact on 
erythrocytes, cf. Fig. 1. The deoxyglucose assay provides an indi-
cation of plasma membrane integrity and is based on efflux of 
radiolabeled, intracellularly phosphorylated, deoxyglucose 
through a compromised plasma membrane (13). The propidium 
iodide (PI) assay is based on the exclusion of the fluorescent 
DNA intercalating agent, a property corresponding with healthy, 
undamaged cells. The MTT assay assesses mitochondrial 
 dehydrogenase activity, through the enzymatic conversion of a 
tetrazole into formazan, as an indicator of cellular viability, 
whereas the hemolysis assay quantifies the hemolytic properties of 
the CPPs.
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Fig. 1. Schematic overview of utilized methods. (a) Deoxyglucose leakage assay, based 
on the efflux of radiolabeled intracellularly phosphorylated deoxyglucose. (b) The pro-
pidium iodide (PI) assay relies on healthy cells excluding the fluorescent DNA intercala-
tor. (c) Mitochondrial dehydrogenase activity, a property corresponding to healthy cells, 
is assessed using the MTT assay. (d) The hemolysis assay quantifies the hemolytic 
properties of CPPs.
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Fig. 1. (continued)
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Suitable cell lines and culture media are naturally necessary for 
carrying out the toxicity assays. A vast number of different cell 
types, such as HeLa cells, derived from a human cervical carcinoma, 
Chinese hamster ovary (CHO) cells, and the human breast cancer 
cell line MDA-MB-231, are commonly utilized within the field. 
However, in the present chapter, only protocols for HeLa cells 
will be described, even though it is naturally possible to carry out 
the experiments using other cell lines as well.

 1. HeLa cells maintained in Dulbecco’s Modified Eagle’s Medium 
(DMEM) with Glutamax, supplemented with 0.1 mM nones-
sential amino acids, 1.0 mM sodium pyruvate, 10% fetal bovine 
serum, 100 U/ml penicillin, and 100 mg/ml streptomycin. 
All reagents purchased from Invitrogen, Sweden.

 2. 12-Well culture plates.
 3. Aqueous solution of tritiated 2-deoxy-d-glucose (2-deoxy-d-

(1-3H)-glucose) (Sigma Aldrich, Sweden). A radioactivity of 
0.5 mCi (0.185 MBq) is required per well (i.e. per 100,000 
cells), plan your experiments accordingly in order to avoid 
purchasing excessive amounts of radioactive chemicals (see 
Note 1). Store at or below −20°C.

 4. Scintillation fluid, for instance Emulsifier Safe scintillation liquid 
(Perkin Elmer).

 5. HEPES Krebs Ringer (HKR) buffer: 130 mM NaCl, 5 mM 
KCl, 1.2 mM MgSO4, 1.2 mM CaCl2, 20 mM HEPES, 
1.2 mM Na2HPO4, 10 mM glucose (pH 7.4).

 6. 0.2% Triton-X 100 in HKR.

 1. HeLa cells maintained in DMEM with Glutamax, supple-
mented with 0.1 mM nonessential amino acids, 1.0 mM 
sodium pyruvate, 10% fetal bovine serum, 100 U/ml penicil-
lin, and 100 mg/ml streptomycin. All reagents purchased from 
Invitrogen, Sweden.

 2. 12-Well culture plates.
 3. Centrifuge tubes.
 4. Phosphate-buffered saline (PBS): 137 mM NaCl, 10 mM 

Na2HPO4, 2.7 mM KCl, with a pH of 7.4.
 5. Trypsin (0.25%) and ethylenediamine tetraacetic acid (EDTA) 

(1 mM) (Gibco/BRL).
 6. PBS containing 0.05 mg/ml propidium iodide (Sigma 

Aldrich). Store at or below −20°C.

2. Materials

2.1. Deoxyglucose 
Leakage Assay

2.2. Propidium Iodide 
Membrane Integrity 
Assay
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 1. HeLa cells maintained in DMEM with Glutamax, supple-
mented with 0.1 mM nonessential amino acids, 1.0 mM 
sodium pyruvate, 10% fetal bovine serum, 100 U/ml penicil-
lin, and 100 mg/ml streptomycin. All reagents purchased from 
Invitrogen, Sweden.

 2. 96-Well culture plates.
 3. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide) (5 mg/ml) (Sigma Aldrich) in DMEM. Store at or 
below −20°C.

 4. Absolute isopropanol containing 0.04 M HCl.
 5. A highly cytotoxic compound, for instance staurosporine, at 

an appropriate concentration can with benefit be included as 
a positive control.

 1. Bovine blood, supplemented with citrate (see Note 2). Store 
the blood at or below 4°C and use within the time frame speci-
fied by the manufacturer, usually approximately 10 days.

 2. PBS and HKR.
 3. 0.1% Triton-X 100 in HKR.
 4. 1.5 ml Vials and 96-wells culture plates.

The variety of contexts within which CPPs are utilized is steadily 
increasing. Delivery of proteins, synthetic oligonucleotides and 
their analogs, plasmids, small-molecule drugs, and even nanopar-
ticles are nowadays mainstream applications of these versatile vec-
tors. Furthermore, the diversity of CPP constructs has also 
amplified, expanding from the initial covalent conjugates of pep-
tide and cargo into (often relatively ill-defined) complexes and 
supramolecular structures, such as nanoparticles and aggregates. 
This spectrum of compounds implies that any arising cytotoxicity 
might stem from different components in the construct formula-
tion, making it pivotal to determine the exact cause of the toxic-
ity. Including control experiments where both the CPP and its 
cargo are excluded appears to be a critical determinant behind 
arriving at accurate conclusions.

The multiple cytotoxic effects potentially exerted by CPP-
containing constructs consequently demand a veritable battery 
of assays evaluating various toxicity aspects. The deoxyglucose 
leakage assay, as well as the PI assay, is based on the integrity of 
the plasma membrane, a critical cellular property naturally often 
affected by CPPs. In spite of their similarities, these two assays 
evaluate the crossing of the membrane in different directions, 

2.3. MTT Proliferation 
Assay

2.4. Hemolysis Assay

3.  Methods
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perhaps giving additional clues regarding toxicity mechanisms. 
The deoxyglucose assay is based on the efflux of the radiola-
beled glucose analog, which after cellular uptake is phosphory-
lated by hexokinases, resulting in a compound unable to 
penetrate an intact membrane, whereas the PI assay is based on 
the influx of the DNA intercalator as a measure of membrane 
integrity.

Assaying for cell viability is naturally absolutely essential for 
any cytotoxicity assessment and numerous assays are consequently 
available. The MTT assay (or any one of its many modified vari-
ants) offers a fast and relatively simple viability assessment by 
evaluating mitochondrial dehydrogenase activity, whereas the 
lysis of erythrocytes gives a hint regarding the behavior in a more 
clinically relevant setting.

 1. Determine the radioactivity of the 2-deoxy-d-(1-3H)-glucose 
solution or, depending on the time of storage, suffice with the 
manufacturer’s information.

 2. Harvest the human cervical carcinoma cell line HeLa with 
trypsin/EDTA when approaching confluence. Subsequently, 
seed 100,000 cells per well in 12-well culture plates 20 h 
before treatment.

 3. Load the cells with the radiolabeled deoxyglucose for 20 min 
prior to treatment. A radioactivity of 0.5 mCi per well is 
appropriate but depending on the labeling (specific radioac-
tivity, Ci/mmol) that activity can be modified (see Note 3).

 4. Wash the cells three times with HKR to remove all the radio-
labeled deoxyglucose present extracellularly.

 5. Treat the cells with the desired CPP entities in 500 ml serum-
containing or serum-free DMEM for an appropriate period 
of time, for instance 1 or 4 h.

 6. Remove 100 ml extracellular aliquots either at a fixed time 
point after treatment or at several time points during an inter-
val of interest, for instance every 15 min.

 7. Lyse the cells with the 0.2% Triton-X 100 in HKR in order to 
obtain the activity corresponding to total cell lysis.

 8. Dilute the obtained samples in 5 ml scintillation fluid, transfer 
the solution to scintillation vials, and measure the activity on 
a b-counter.

 9. Define the cells treated with 0.2% Triton-X 100 as completely 
lysed and calculate the cytotoxicity of the respective CPPs. 
See Fig. 2a, for an example of the results.

 1. Harvest the HeLa cells with trypsin/EDTA when approaching 
confluence. Subsequently, seed 100,000 cells per well in 
12-well culture plates 20 h before treatment.

3.1. Deoxyglucose 
Leakage Assay

3.2. Propidium Iodide 
Membrane Integrity 
Assay
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 2. Prior to the treatment of cells with CPPs, carrying for instance 
a fluorescently labeled cargo molecule, optionally bioactive, or 
merely a suitable fluorophore-label on the peptide, a washing 
step in PBS is applied. Treat the cells with the CPP constructs 
in 500 ml serum-containing or serum-free DMEM. After treat-
ment, at least one additional washing step is required in order 
to detach remaining noninternalized CPPs.

Fig. 2. (a) Deoxyglucose leakage induced in HeLa cells by various CPP–PNA conjugates, 
at 10 mM. Total leakage is defined based on cells treated with Triton X-100. Neither 
conjugate induced a particularly high leakage, except the MAP conjugate, which caused 
a leakage corresponding to approximately 10% of the effects of the positive control. 
(b) HeLa cell proliferation assessed using the MTT assay after a 4 h treatment with vari-
ous noncovalent CPP–oligonucleotide complexes (2 mM peptide/200 nM 2¢-O-Me RNA), 
with untreated cells defined as 100% viable. Neither CPP–oligonucleotide complex had 
any significant impact on the cellular proliferation, whereas lipofectamine decreased 
proliferation by approximately 50%.
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 3. The cells are detached with trypsin/EDTA solution for 
10 min at 37°C and the reaction is ceased through the addi-
tion of 500 ml serum-containing media. The solution 
 containing the detached HeLa cells is transferred to centri-
fuge tubes and centrifuged at 1,000 × g for 5 min. After cen-
trifugation, the pellet is washed in PBS and subsequently 
resuspended in 200 ml PBS containing 0.05 mg/ml PI.

 4. Cells are incubated further at 37°C for another 15 min to 
allow for PI diffusion. Finally, the cell suspension is analyzed 
using fluorescence-activated cell sorting (FACS) (PI has an 
excitation wavelength of 488 nm), followed by data process-
ing and analysis in order to assess PI penetration.

 1. HeLa cells are harvested, using trypsin/EDTA, and seeded 
20 h before CPP treatment at 10,000 cells per well in 96-well 
culture plates.

 2. Cells are treated with CPPs in 100 ml serum-containing or 
serum-free DMEM at appropriate concentrations for a prede-
termined time period, for instance 1, 4, 12, or 24 h.

 3. 24 h After treatment, MTT solution is added to the culture 
medium at a final concentration of 0.5 mg/ml. The cells are 
exposed to the MTT solution for 4 h at 37°C.

 4. The media in each well is replaced with acidic isopropanol 
containing 0.04 M HCl (see Note 4) in order to solubilize 
the converted dye.

 5. Absorbance is measured in a plate reader at 570 nm, with 
subtraction of the background absorbance at 670 nm.

 6. Cell proliferation can, for instance, be quantified through 
comparison with untreated cells, where cells in untreated 
wells are defined as 100% viable. An example of the results is 
shown in Fig. 2b.

 1. Bovine blood should generally be used within 10 days of the 
production date to ensure accurate results. Store blood at 
4°C.

 2. Centrifuge 10 ml of blood for 10 min at 1,000 × g (see 
Note 5).

 3. Wash the pellet once with PBS and once with HKR.
 4. Resuspend the pellet in HKR to obtain a 4% suspension.
 5. Transfer 50 ml to a 1.5 ml vial containing 950 ml CPP solution 

at an appropriate concentration (see Note 6). Furthermore, 
create one solution containing the positive control, Triton 
X-100 in HKR, and one PBS solution constituting the nega-
tive control.

 6. Incubate for 30 min at 300 rpm and 37°C.

3.3. MTT Proliferation 
Assay

3.4. Hemolysis Assay
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 7. Centrifuge the vials at 1,000 × g for 2 min.
 8. Transfer 100 ml of supernatant to the 96-wells culture plate 

and measure absorbance at 540 nm. Define the erythrocytes 
treated with Triton X-100 as completely lysed and evaluate 
data accordingly.

 1. The half life of 3H is long (approximately 12 years), thus 
allowing storage over extended periods of time. 3H does not 
pose a significant radiological concern upon external expo-
sure as a result of its weak beta emissions, and it is one of the 
least radiotoxic radionuclides.

 2. Sodium citrate (typically 0.038%) is included as an anticoagu-
lant, as it binds calcium ions required for clotting. Bovine 
blood can usually be stored for approximately 10 days after 
the production date, but primarily refer to the manufacturer’s 
instructions.

 3. Deoxyglucose is in fact toxic to cells as it interferes with the 
glucose metabolism. However, the concentrations used in the 
assay are very low, considering the fact that the specific activ-
ity is normally between 5 and 10 Ci/mmol and that the activ-
ity per well is approximately 0.5 mCi, and the treatment times 
are short, wherefore cytotoxicity is not an issue.

 4. Complete solubilization of the converted dye is pivotal in 
order to obtain an accurate assessment of cell proliferation. 
This can be achieved through careful pipetting up and down 
several times.

 5. Weigh the centrifuge tube prior to centrifugation in order to 
facilitate calculation of the subsequent suspension.

 6. It is worth noting that the concentration intervals likely to arise 
in an in vivo situation do not necessarily correspond to the rel-
evant concentrations for in vitro treatments. Consequently, a 
valid simulation of intravenous injection might require sub-
stantial altering of the CPP concentration, depending on the 
purpose of the potential future application.
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Chapter 15

Comparison of CPP Uptake Methods

Tina Holm, Samir EL Andaloussi, and Ülo Langel 

Abstract

In the last 15 years, an ever expanding pool of cell-penetrating peptides (CPPs) has been discovered and 
recently focus has shifted towards improving already existing CPPs by different modifications. Since the 
number of published peptide sequences with cell-penetrating ability is now reaching several hundreds, 
the consensus methods to compare the efficacy of these is clearly needed. Many research groups are 
evaluating the applicability of CPPs as drug delivery vectors, all having their preferred methods of assess-
ing uptake and intracellular distribution. Even when applying the same method, the use of different cell 
lines, peptide concentrations, exposure conditions, etc. are complicating comparison of data between 
different groups. This book is a welcome contribution to the CPP research field, hopefully paving the 
way for standardized protocols to be used in the future. Some of the most common methods used to this 
date are presented and compared in this chapter.

Key words: CPP, Fluorescence, Microscopy, HPLC, FACS, Spectrofluorometry, Mass spectrometry, 
Splice correction, Biological response

Although the first report of a polycationic peptide capable of 
traversing the cellular plasma membrane was published already in 
1965 (1), it was not until 1994 that the potential of this new class 
of peptides, nowadays called cell-penetrating peptides (CPPs) or 
protein transduction domains (PTDs), was acknowledged (2). 
For several years, the general belief was that these peptides entered 
cells in an energy- and receptor-independent fashion. This hypo-
thesis emanated from studies showing that uptake was not inhib-
ited by lowering the temperature and the fact that peptides of 
many different origins (b-peptides, peptoids, dendrimers, etc.) 
were taken up interchangeably. However, in 2001, Lundberg and 
colleagues reported that nuclear localization of CPPs only 

1.  Introduction
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occurred following fixation of the cells, and when using live, 
unfixed cells, the peptide VP22 only adhered to the plasma mem-
brane (3). In an article published in 2002, the same group also 
suggested that earlier FACS data could be artifactual, due to 
extracellularly bound peptides that result in the overestimation of 
peptide uptake (4).This was later confirmed by Richards et al. (5). 
Although other groups have demonstrated that fixation has neg-
ligible effect on peptide localization (6, 7), working on only live 
cells is recommended now. Different approaches to discriminate 
between extracellularly bound and truly internalized peptides 
have emerged, some of which will be presented later in this chap-
ter, cf. Table 1. The most common strategy is to utilize enzymes 
in order to degrade peptides bound to the plasma membrane. 
Unfortunately, peptides buried in the plasma membrane, or 
bound to the intracellular face of it, are out of range for degrada-
tion and will therefore be interpreted as internalized. Furthermore, 
fluorescence-based assays used for the evaluation of quantitative 
uptake also suffer from the inability to discriminate truly internal-
ized peptides from those residing in inaccessible vesicular com-
partments. However, there are methods to address the uptake of 
CPPs, which discriminates between membrane bound and free 
bioavailable peptide, such as the splice correcting assay, and these 
are presented in the end of this chapter. The intracellular fate of 
peptides following internalization is a question that needs clarifi-
cation when elucidating new CPPs. Today the general belief is 
that endocytosis is the major entry route for CPPs, although there 
are reports that other mechanisms may be involved as well 
(8–10). The use of different endocytosis inhibitors and markers 
for specific endocytic pathways has been pivotal to reach that con-
clusion. Lately, researchers in the field have explored various 
molecular biology approaches to knockdown or over express 
essential proteins for the different endocytic pathways (10). Such 
strategies are more reliable since endocytosis inhibitors are rather 
toxic and unspecific and tracers are not always internalized exclu-
sively through only one pathway.

Many initial studies, short after the discovery of CPPs, were 
focusing on the uptake and intracellular distribution of free pep-
tides. However, recent publications suggest that the uptake pat-
tern might differ, when the CPP is coupled to a cargo (11–13). 
The variation is not only in the level of internalization, but also in 
the route of uptake (12, 13).Thus, every CPP–cargo complex 
needs to be investigated individually, and results from free pep-
tides cannot automatically be extrapolated to their cargo-coupled 
counterpart.

Since there is no single method to unambiguously determine 
the internalization efficacy of a CPP, a recommendation is to 
use several in conjunction, thereby circumventing the negative 
aspects of the different approaches. One combination of methods 
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 providing different pieces to the puzzle could be quantitative 
uptake by fluorometry and confocal microscopy. However, when 
push comes to shove, it is a biological effect of the cargo that is 
the goal of most studies, and this is also the way to demonstrate 

Table 1 
Overview of the presented methods

Method End-point Pros Cons

Microscopy Intracellular 
 distribution  
of fluorophore-
labeled peptide

Not biased by membrane 
bound peptides

Does not discriminate 
between intact and 
degraded peptide

HPLC Peptide degradation 
and intracellular 
localization

Possible to determine the 
amount of internalized 
and degraded peptide

Restricted to peptides 
containing primary 
amines

Fluorescence-
activated cell 
sorting

Cellular uptake of 
peptide

Possible to assess the 
percentage of transfected 
cells and discriminate 
between live and dead 
cells

Does not discriminate 
between internalized 
and membrane bound 
peptide or peptides 
trapped in endosomes

Quantitative  
uptake by 
spectrofluoro-
metry

Amount of internal-
ized peptide

Quick, cheap, and easy 
method for initial 
screening of new CPPs

Does not discriminate 
between internalized 
and membrane bound 
peptide or peptides 
trapped in endosomes

Electron 
microscopy

Intracellular distribu-
tion of peptide

High magnification enabling 
visualization at the 
organell level

Laborious sample prepara-
tion procedure requiring 
skilled personnel

Mass 
spectrometry

Quantitative 
determination of 
peptide uptake and 
degradation

Allows tracking of peptide 
degradation and identifi-
cation of the degradation 
products

Does not discriminate 
between internalized 
and membrane bound 
peptide or peptides 
trapped in endosomes

Splice correction Biological activity of 
CPP-splice 
correcting 
oligonucleotide 
conjugates

Positive readout, thereby 
avoiding interference 
from unspecific toxicity. 
Measures biological 
activity of the cargo, not 
only localization

Expensive and requires 
access to specific cells

Cre-recombinase Cellular delivery of 
functional protein

Positive read out, thereby 
avoiding interference 
from unspecific toxicity

Requires recombinant 
expression of CPP-Cre 
protein

Apoptosis and 
proliferation

Induction of 
apoptosis and 
proliferational 
arrest

Biological activity of the 
cargo, not only 
localization

Might be biased by 
nonspecific toxicity 
arising from the peptide 
per se
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the bioavailability of CPP–cargo complexes. Therefore, a  complete 
study of a CPP should ultimately show that it is able to deliver its 
cargo to the desired intracellular compartment. Some methods 
based on biological readouts are presented in the end of this 
chapter.

When looking in the rear-view mirror, fluorescence-based tech-
niques are by far the most commonly exploited approaches to 
assess the uptake of cell-penetrating peptides. Peptides are labeled 
with a fluorophore, most commonly fluorescein, and the cellular 
uptake is then measured using different techniques. Although all 
these techniques provide information regarding peptide uptake, 
it should be emphasized that uptake of  fluorophore-labeled pep-
tides does not necessarily correlate with uptake of free peptides. 
Furthermore, different fluorophores might affect both uptakes, 
intracellular distribution, and toxicity of peptides differently 
(14–16).

As aforementioned, before 2001 most studies on cellular 
internalization of CPPs were conducted using fluorescence 
microscopy on fixed cells. However, after the discovery by 
Lundberg et al. that cell fixation could cause artifactual results, 
caution is nowadays given to working with fixed cells (3). It is 
becoming increasingly common to use confocal microscopy, since 
this technique makes it possible to visualize one focal plane of the 
cell. As mentioned above, several methods are flawed with poor 
discrimination between membrane bound and intracellular pep-
tide. These methods are recommended to be used in conjunction 
with microscopy, which provides further information regarding 
the exact intracellular localization of peptide.

In mechanistic studies of CPP internalization pathways, fluo-
rescent markers for different endocytic routes enable the determi-
nation of the uptake mechanism of CPPs by analyzing the extent 
of colocalization between CPP and the marker. Another major 
advantage with microscopy is that viability of cells can be ascer-
tained, both by morphological means by analyzing the cells in 
bright field and by staining the cells with, e.g., propidium iodide, 
which only stains cells with impaired cellular membranes. 
However, microscopy is almost exclusively used as a qualitative 
measure of peptide uptake. Although possible, the quantitative 
determination of fluorescent peptide uptake from a cell image is 
not ideal since it is relatively laborious and not suitable for analysis 
of multiple samples. Furthermore, the fact that peptides are rather 
unstable when in contact with cells complicates the picture because 

2. Methods

2.1. Fluorescence-
Based Assay

2.1.1. Microscopy
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fluorescence inside cells might arise from fluorescent degradation 
products rather than intact peptides. There are methods to deter-
mine peptide degradation with microscopy, e.g., fluorescent reso-
nance energy transfer (FRET), but these are laborious and outside 
the scope of this chapter. An excellent method based on FRET 
that enables real-time quantitative measurement of cytosolic 
uptake in single cells is presented by Adams and Tsien (17, 18). A 
protocol describing the sample preparation preceding confocal 
microscopy analysis is presented in Nature Protocols (19).

Peptide degradation is an issue that, unfortunately, has not 
received much attention. Albeit being a well-known problem, 
only a handful of articles have been published addressing this 
issue. One excellent method of determining peptide degrada-
tion, and simultaneously receiving quantitative information 
regarding intracellular uptake of CPPs, was developed by Oehlke 
et al. in 1998 (20). By chemically modifying peptides bound to 
the extracellular face of the plasma membrane, making them 
more hydrophobic, it is possible to distinguish these from truly 
internalized peptides by means of reverse phase HPLC, since 
modified peptides have a longer retention time. From the chro-
matograms, it is possible to determine not only the amount of 
internalized peptide in total, but also the amount of intact and 
degraded peptides. This assay has been excellently exploited by 
Palm et al. to determine the extra-and intracellular degradation 
rates of CPPs (21). Although being an outstanding method for 
determining peptide uptake and degradation, it is restricted to 
peptides containing primary amines, i.e., lysine. However, 
recently Aubry et al. utilized the same method to assess uptake of 
thiol-containing peptides (22).

Probably the most commonly used method to determine CPP 
uptake is fluorescence-activated cell sorting (FACS). With this 
technique, it is possible to discriminate between live and dead cells 
while quantifying the CPP uptake. As the name implies, it is a 
fluorescence-based technique that sorts cells at the single cell level. 
A major advantage with FACS analysis is that it enables measure-
ment of the percentage of cells that have been transfected. After 
CPP incubation, it is imperative that the cells are subjected to 
enzymatic treatment, i.e., trypsin or pronase, to remove extra-
cellularly bound peptides (5). However, as with most fluorescence-
based techniques, it is not possible to discriminate between truly 
internalized and membrane bound peptides  (peptides that are 
buried in the membrane or bound to the intracellular face of the 
membrane) or peptides trapped in endosomes.

When having a large number of peptides to be tested for their 
cell-penetrating ability, a quick and easy screening method to 

2.1.2. HPLC

2.1.3. Fluorescence-
Activated Cell Sorting

2.1.4. Quantitative Uptake 
by Spectrofluorometry
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assess the uptake quantitatively is highly appreciated. Quantitative 
uptake by spectrofluorometry is a method that makes it possible 
to determine the amount of internalized, fluorophore-conjugated 
CPP. In this assay, fluorescently labeled peptides are incubated 
with cells followed by a mild trypsin treatment to remove pep-
tides bound to the outside of the plasma membrane. By compar-
ing the intracellular fluorescence from cell lysates with fluorescence 
of exposure solution, it is possible to estimate the number of mol-
ecules being internalized. By normalizing against the protein 
content of the cells, a quantitative value of internalizing capacity 
is achieved. This method is cheap, only takes a couple of hours 
and several CPPs can be compared simultaneously. It is very easy 
to perform and needs no prior experience. When investigating 
different uptake pathways, different endocytosis inhibitors can be 
employed to determine the possible uptake mechanisms of CPPs 
(23). However, a disadvantage is that peptides trapped in endo-
somes cannot be discriminated from truly internalized peptides. 
As mentioned earlier, several methods are needed in conjunction 
to surely determine the cellular uptake. The method presented 
here is excellent as an initial screening tool; peptides that show no 
cellular uptake can be excluded from further studies, while the 
ones generating a positive result are further investigated. A proto-
col describing this method in more detail is published in Nature 
Protocols (19).

The important question of where CPPs are localized inside the 
cell following internalization is probably best answered with the 
help of electron microscopy. An electron microscope has higher 
resolving power than an ordinary light microscope, enabling visu-
alization at the organell level. Also, the subcellular localization of 
peptides does not affect the readout as compared to confocal 
microscopy, where different fluorophores are quenched differ-
ently in different organelles. Although being the method provid-
ing the highest magnification, most laboratories are not equipped 
with electron microscopes and the sample preparation procedure 
requires an experienced person. For further details regarding the 
use of electron microscopy for CPP evaluations, consult refer-
ences from the group of Pooga (24, 25).

A major hurdle with the use of peptides as drug delivery tools 
in vivo is their rapid degradation in the presence of serum. The only 
method that allows simultaneous tracking of peptide degradation 
and identification of the degradation products is mass spectrom-
etry. However, the presence of serum in the sample to be investi-
gated results in high background and thereby a lower signal-to-noise 
ratio. The use of ZipTips® (Millipore) is a way to concentrate and 
purify the peptide from an exposure solution or cell lysate. ZipTips® 
is a 10-ml pipette tip with a bed of chromatography media fixed at 

2.2. Electron 
Microscopy

2.3. Mass 
Spectrometry
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its end with no dead volume. Hydrophobic peptides bind to the 
chromatography media while contaminants are washed away. The 
concentrated, purified sample is eluted in a small volume of com-
patible solvent (26). Although being an efficient approach to con-
centrate peptides, the many washing steps prohibit preparation of 
many samples at the same time and, more importantly, peptides 
with low hydrophobicity are lost in the preparation process. Burlina 
et al. reported a strategy to quantitatively determine uptake and 
degradation of CPPs (27). Peptide quantification by MALDI-TOF 
mass spectrometry can only be achieved by using the same peptide 
labeled with a stable isotope as an internal standard. The CPP and 
the internal standard are both biotinylated to enable purification 
from the cell lysate. Following incubation of CPP with cells, a 
trypsin digestion step is important to remove extracellularly bound 
peptides. By introducing the internal standard already at the cell 
lysis step, peptide degradation during sample preparation can be 
monitored. This method does not only allow a quantitative deter-
mination of peptide uptake and degradation, but also the use of 
mixtures of CPPs, as long as the molecular mass is different. 
Furthermore, it is possible to accurately discriminate between inter-
nalized and membrane bound peptide. A detailed protocol for 
quantitative uptake determination of CPPs, as well as their cargo, 
using this approach has been published in Nature Protocols (28).

Although fluorescence-based assays are very useful for the initial 
screening of new CPPs, methods based on biological readouts are 
preferred for more detailed analysis. CPPs are defined as a class of 
delivery vehicles, meaning that they are exploited for the delivery 
of different cargos. Therefore, if aiming at for example transfect-
ing oligonucleotides or analogs thereof such as peptide nucleic 
acids (PNA), it is advised to use assays that measure the activity of 
the cargo inside cells. Numerous studies have recently emphasized 
the importance of using functional assays generating biological 
readouts since uptake of fluorophore-labeled peptides does not 
inevitably correlate with a biological response. We and others have 
shown that some fluorophore-labeled CPP–PNA conjugates enter 
cells efficiently without being able to induce a biological response 
(23, 29, 30). Also the inverse relation has been reported; low 
uptake according to fluorescence-based techniques but strong 
biological response (29, 31, 32). Therefore, some of the assays 
used to address these issues are further described in this section.

The use of splice correcting oligonucleotides (SCOs) as a research 
tool to assess the cargo delivery capacity of CPPs has become 
common in last years. However, this method and the HeLa pLuc 
705 cells upon which the assay is dependent, was developed by 
Kole and colleagues already in 1998 (33). These cells are stably 
transfected with a luciferase reporter gene, which is interrupted 

2.4. Biological 
Response

2.4.1. Splice Correction
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by an intron from b-globin pre-mRNA containing an aberrant 
splice site. The aberrant splice site activates a cryptic splice site 
and under normal conditions nonfunctional luciferase is pro-
duced. Upon introduction of SCOs binding complementary to 
the aberrant splice site, splicing is redirected and functional 
luciferase is produced. By coupling different CPPs to SCOs com-
plementary to the cryptic splice site, their capacity as drug deliv-
ery vectors can be assessed. Since the splicing event is taking place 
in the nucleolus, this assay gives information regarding intracel-
lular distribution of the SCO and shows whether fractions of 
CPP–SCO conjugates have escaped endosomes or not, making 
this assay superior to many others based on fluorescence tech-
niques. Another major advantage with this method is that it gen-
erates a positive biological readout. However, it requires access to 
the specific cell line, HeLa pLuc 705, upon which the assay is 
dependent and the luciferase substrate necessary for the detection 
of luminescence is expensive. A detailed protocol for the splice 
correcting assay for the assessment of CPP uptake is published in 
Nature Protocols (34).

An elegant method to determine protein transduction by CPPs is 
based on the Cre-loxP system. Cre-recombinase is a topoisomerase 
that catalyzes site-specific recombination of DNA between loxP 
sites. An implementation of this system in the study of cellular 
protein delivery by CPPs was introduced by Wadia et al. (35). Tat-
Cre protein was introduced to mouse reporter T-cells containing 
a loxP-STOP-loxP EGFP gene, resulting in the excision of the 
STOP segment and EGFP expression, which requires nuclear 
translocation. The positive readout of this method is a clear advan-
tage, since unspecific toxicity is not interfering with the results. 
Although elegantly designed, this method is not widely used. The 
main reason for this is that it relies on recombinant expression of 
CPP-Cre. This is rather laborious and it is difficult to obtain suf-
ficient amounts for multiple experiments. Furthermore, Cre is a 
rather large cargo that will influence the properties of the CPP.

The vast majority of CPPs are investigated for their potential use 
as drug delivery vehicles in animals and humans. Cancer research 
is an area where CPPs have been extensively utilized as transport-
ers of different drugs for chemotherapy; either newly discovered 
or those currently in use that might need improved cellular deliv-
ery. Since the cellular end-points in cancer research is the induc-
tion of apoptosis and reduction of proliferation, a plethora of 
methods has been developed to determine the cellular fate after 
peptide treatment (36). The main problem with utilizing methods 
that monitors proliferational arrest is that they might be biased by 
nonspecific toxicity arising from the peptide per se and not the 
biological effect of the cargo. Hence, it is extremely important to 
include all possible controls in order to avoid artifactual results.

2.4.2. Cre-Recombinase

2.4.3. General: Apoptosis 
and Proliferation
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A plethora of different methods are today used for the assessment 
of CPP–cargo delivery capacity. Also biophysical approaches, based 
on the use of small and large unilamellar vesicles, are informative 
and provide valuable information regarding peptide–membrane 
interactions without the involvement of other components pres-
ent in cellular plasma membranes. The simplicity of these systems 
makes it hard to translate the results to cells but could be used 
complementary to other cellular-based methods. All methods pre-
sented in this chapter have their pros and cons. When evaluating 
the potency of new potential CPPs, it is recommended to use sev-
eral methods in conjunction and combining them in such a way 
that their limitations do not overlap. Although fluorescence-based 
assays are very useful for initial screening of new CPPs, these 
should ultimately be combined with methods that address the bio-
logical activity of the delivered cargo. In order to obtain a clear 
and unbiased picture of the characteristics of a new CPP, using a 
combination of assays is of outermost importance and this chapter 
provides an overview of some recommended strategies.
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Chapter 16

Characterization of Cellular Internalization Pathways  
for CPP-Mediated Oligonucleotide Delivery

Peter Guterstam, Samir EL Andaloussi, and Ülo Langel 

Abstract

The methods for evaluating internalization pathways of cellular CPP-mediated ON delivery utilizing a 
pre-mRNA splice correction assay and fluorescence-based quantification are described. Examples for char-
acterization of CPP uptake routes, employing various endocytosis inhibitors, and special treatment condi-
tions are demonstrated. The methods are developed to characterize cellular delivery of pre-mRNA splice 
switching peptide nucleic acids conjugated to CPPs by disulfide bond.

Key words: Pre-mRNA splicing, Oligonucleotide delivery, Internalization pathways, Endocytosis 
inhibitors

Various reporter strategies are used to assess the quantitative and 
qualitative cellular transduction of CPPs. The most commonly 
used strategy is the employment of fluorescently labeled CPPs, 
even though it has been shown that the use of labeled CPPs for the 
evaluation of delivery efficacy can give artifacts such as false-positive 
results from CPPs bound to the cellular membrane or entrapment 
in intracellular vesicles (1). Cellular localization studies using low 
concentrations of fluorescently labeled CPPs and peptide nucleic 
acids (PNA) showing no or vague cellular uptake can still give rise 
to biological effect from the PNA cargo (2). Although fluores-
cence-based methods offer useful information regarding the local-
ization of peptides and cargo molecules, there are several concerns 
hampering the utility of fluorescence-based methods. First, differ-
ent fluo rophores can affect the intracellular distribution of peptides 
differently (3). Second, the fluorophore might affect cellular uptake 
and cytotoxicity of the peptide (4). Third, and most importantly, 

1.  Introduction

Ülo Langel (ed.), Cell-Penetrating Peptides: Methods and Protocols, Methods in Molecular Biology, vol. 683,
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uptake observed with fluorophore-labeled peptides or cargo 
molecules does not necessarily correlate with bioavailability of the 
delivered cargo (5). It is therefore appropriate to complement 
uptake experiments where fluorescently labeled CPPs are utilized 
with a biological readout strategy where the cargo actually induces 
conversion of a substrate in living cells. Examples of methods to 
assess the biologically relevant delivery of proteins and oligonucle-
otides (ONs) are the cyclization recombination (CRE)-recombinase 
system (6) and Kole’s splice correction assay (7). The first method 
relies on the use of CRE recombinase–CPP fusion proteins, which 
requires recombinant expression, making the method less suitable 
as a first indicator when screening novel CPPs. The latter method 
is exploited in this protocol and makes use of relatively small 
(18-mer) neutral antisense PNA ON as cargo. The method 
described here can also be employed characterization CPP-
mediated delivery of anionic ONs, such as 2¢-O-methyl RNA or 
locked nucleic acids (LNA), complexed to CPPs by noncovalent 
coincubation.

We suggest that a PNA ON is a suitable model cargo for CPPs, 
as the size of such cargo is in reasonable proportion to the size of 
CPPs and therefore should not hamper or influence the cell-
penetrating function and characteristics of the CPP per se. Additio-
nally, there are several therapeutic applications for ONs, where 
cellular delivery is a common obstacle, for example, in manipula-
tion of pre-mRNA splicing for the treatment of genetic disorders 
(8, 9), protein downregulation by mRNA antisense ONs (10) or 
by siRNA (11). The splice correction assay developed by Kole and 
coworkers (7) is a cellular assay in which the activity of an antisense 
ON results in the upregulation of functional, and thereby detect-
able, luciferase gene expression. Briefly, a plasmid carrying the 
luciferase coding sequence is interrupted by an insertion of intron 
2 from b-globin pre-mRNA carrying an aberrant splice site. Unless 
this splice site is masked by antisense ONs, the pre-mRNA of 
luciferase will be improperly processed, resulting in expression of 
non-functional luciferase proteins. By using HeLa pLuc 705 cells 
that are stably transfected with this plasmid, various vectors can be 
evaluated by measuring the luciferase activity in cells. Hence, as this 
is a positive readout system, it eliminates the flaws associated with 
functional assays based on protein downregulation.

We describe a protocol, using the above-mentioned splicing 
correction system, which allows for rapid screening of the delivery 
efficacy of CPPs. In addition, the very same protocol is utilized 
to determine the uptake mechanism of CPPs, using various endo-
cytosis inhibitors and treatment at 4°C. The strategy employed to 
create a transducible entity consists of PNA, targeting the aber-
rant splice site, covalently conjugated to a CPP by disulfide 
bridge (12, 13). CPP-mediated delivery of negatively charged 
ONs, e.g., phosphorothioate 2¢-O-methyl RNA or LNA, as non-
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covalent complexes can also be employed utilizing this method 
(14–16). The protocol for preparing such noncovalent complexes 
is described in Chapter 26. By using fluorescently labeled PNA in 
conjugate with CPP, it is possible to measure not only luciferase 
activity, i.e., splice correction, but also regular quantitative uptake 
by fluorometry in the very same cell lysate (17).

Most reports evaluating CPP uptake mechanisms have exam-
ined the Tat peptide, either per se or conjugated to various cargo 
molecules (18, 19). Usually, internalization mechanisms of CPPs 
are assessed by using different endocytosis inhibitors that act by 
selectively blocking specific endocytosis pathways. Results are 
divergent, and depending on study, the uptake has been ascribed 
to classical clathrin-mediated endocytosis (CME) (18), lipid raft/
caveolae-mediated endocytosis (19), macropinocytosis (6), or a 
combination thereof (20). The differences in results could in part 
be explained by the fact that different cargo molecules and treat-
ment concentrations have been used. Furthermore, it is probably 
a reasonable assumption that different CPPs utilize different 
mechanisms for translocation into cells. In this protocol, we 
describe the use of three well-known endocytosis inhibitors to 
distinguish between these pathways. Wortmannin was employed to 
inhibit both macropinocytosis and clathrin-mediated endocytosis, 
whereas cytochalasin D and chlorpromazine inhibit macropinocy-
tosis and CME, respectively. To characterize the influence of 
extracellular structures on CPP-uptake mechanisms, initial 
cleavage of extracellular proteoglycans by, e.g., heparinase III, 
cell-incubation in excess of heparin or performing the experiments 
with heparan sulfate deficient cells is recommended. Chloroquine 
that buffers intracellular vesicles delaying the lysomal pathway for 
endosomes and thereby facilitates potential endosomal release 
(21) is used to evaluate the contribution of endosomal pathways 
involved in the cellular uptake of CPP–PNA conjugates. To facili-
tate the interpretation of experimental results, we have included a 
table with guidelines for described compounds (Table 1).

The method described here can easily be modified to include 
alternative strategies for pathway characterization, e.g., by including 
other available pathway specific inhibitors or tracers provided they 
are used at effective concentrations without exhibiting cytotoxicity. 
In Figs. 1 and 2, an example of pathway characterization for the 
CPP penetratin (22) (RQIKIWFQNRRMKWKK) is shown.

As this protocol for characterizing CPP-uptake pathways is 
based on delivery of splice-correcting PNA ONs, we have eval-
uated delivery in the splice correction assay introduced by Kole 

2.  Materials
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Fig. 1. Bioactivity and quantitative uptake for penetratin. Example of the correlation 
between splice correction and quantitative uptake of the CPP penetratin conjugated to 
PNA. Cells were treated at different conjugate concentrations. The qualitative uptake is 
displayed as RLU per mg cellular protein and quantitative uptake is displayed as pmol 
conjugate per mg cellular protein. In this case, the quantitative uptake correlates well with 
observed biological activity. The figure is reprinted from ref. (13) with permission from 
Nature protocols. 

Table 1 
Guide for characterization CPP-uptake pathways

Cell treatment
Mechanism of 
action

Suggested pathway if cellular uptake is

Increased Decreased

+4°C Inhibits endocytosis Not endocytosis Endocytosis

Wortmannin Inhibits  
macropinocytosis 
and CME

Clathrin and macropinocytosis  
independent uptake

Endocytosis or 
clathrin-mediated 
uptake

Cytochalasin D Inhibits 
macropinocytosis

Not macropinocytosis Macropinocytosis

Chlorpromazine Inhibits CME Clathrin-independent uptake Clathrin-mediated 
uptake

Chloroquine Promotes endo-
somal release

Endocytosis Not endocytosis

Heparinase III Cleaves extracellular 
heparan sulfates

Uptake independent  
of heparan sulfates

Heparane sulfate 
dependent uptake

Expected effect on cellular uptake for various compounds used to characterize translocation pathways for CPP–PNA 
conjugates

and colleagues (7). The assay is based on a human cervical can-
cer cell line HeLa that has been genetically modified, i.e., HeLa 
pLuc705 cells. These cells are stably transfected with a plasmid 
carrying the luciferase coding sequence interrupted by an inser-
tion of intron 2 from b-globin pre-mRNA carrying an aberrant 
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splice site. Unless the aberrant splice site is masked by an anti-
sense ON, the pre-mRNA of luciferase will be improperly pro-
cessed. Thus, increases in expression of functional luciferase 
expression reflect successful CPP-mediated delivery of PNA 
into the nucleus of cells. This protocol can also be employed to 
characterize pathways for cellular uptake of ONs other than 
PNA, e.g., anionic ONs. For information regarding prepara-
tion of noncovalent complexes of CPP and anionic ONs, see 
chapter 26.

 1. The CPPs have to be synthesized with a 3-nitro-2-pyridinesulfe-
nyl (Npys) modified cysteine in the sequence to enable coupling 
to PNA. It is crucial, for forming a disulfide bond between CPP 
and PNA, to also include a terminal cysteine to the PNA splice-
correcting sequence (CCTCTTACCTCAGTTACA). It is 
optional to also include terminal lysine residues in PNA sequence 
as a mean to enhance solubility. It is beneficial to also include a 
negative PNA control sequence with four mismatches to target 
pre-mRNA (CCTCTTACACTCGTTACA) in the experiments. 
To facilitate solubility of the PNA ONs, we recommended add-
ing two lysine residues in each respective end of the PNA 
sequences. For quantitative uptake by fluorometry, the PNA 
sequences have to be labeled with a fluorescent dye, e.g., Cy5 or 
fluorescein. Modified peptides can be ordered from several sup-
pliers, e.g., Ezbiolab, TAG Copenhagen, or PolyPeptide labora-
tories, and PNA can be ordered from, e.g., Biosynthesis Inc. or 
Eurogentec.

2.1. Cell-Penetrating 
Peptides and PNA 
Conjugates

Fig. 2. Characterization of uptake pathway for penetratin. Characterization of the uptake 
mechanism for penetratin–PNA conjugate. Cells were pretreated with indicated inhibitors 
or at 4°C according to the protocol, after which 5 mM of the conjugate was added to the 
cells. Clearly, the penetratin–PNA conjugate is mainly internalized via macropinocytosis 
after initial interaction with HS. The figure is reprinted from ref. (13) with permission 
from Nature Protocols.
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 2. Conjugation solution for the CPP–PNA conjugation reaction: 
acetonitrile (20%, v/v) in water.

 3. Reversed-phase HPLC system with C-18 column, e.g., 
Supelco Discovery™ HS C18 (10 µm), for purification CPP–
PNA conjugates.

 4. Buffers for HPLC purification. Buffer A: 0.1% trifluoroa-
cetic acid (TFA) in distilled water. Buffer B: 0.1% TFA in 
acetonitrile.

 5. MALDI-TOF mass spectrometer, e.g., prO-TOF™ 2000 
MALDI O-TOF mass spectrometer (Perkin Elmer) with 
a-cyano-4-hydroxycinnamic acid (CHCA) matrix, for the 
analysis of CPP–PNA conjugates (see Note 1).

 6. Equipment to dry the purified CPP–PNA conjugates, e.g., 
freeze-dryer or SpeedVac.

 7. Laboratory scale with 0.1 mg accuracy to determine the yield 
of CPP–PNA conjugation.

 8. Distilled water to prepare 100 mM stock solution of CPP–PNA 
conjugate (see Note 2).

 1. HeLa pLuc 705 cells are maintained in Dulbecco’s Modified 
Eagle’s Medium (DMEM) with Glutamax, supplemented 
with 0.1 mM nonessential amino acids, 1.0 mM sodium 
pyruvate, 10% fetal bovine serum, 100 U/ml penicillin, and 
100 mg/ml streptomycin.

 2. Trypsin (0.25%) with 1 mM ethylenediamine tetraacetic acid 
(EDTA).

 3. 24-Well culture plates.
 4. Products for the determination of pathway for CPP–PNA 

uptake. Heparinase III enzyme (e.g., IBEX Technologies, Inc.), 
chloroquine diphosphate salt (e.g., Sigma-Aldrich), or optional 
pathway inhibitors, e.g., wortmannin (e.g., Sigma-Aldrich), 
cytochalasin D (e.g., Sigma-Aldrich), and chlorpromazine 
hydrochloride (e.g., Sigma-Aldrich).

 5. HEPES Krebs Ringer (HKR) buffer: 130 mM NaCl, 5 mM 
KCl, 1.2 mM MgSO4, 1.2 mM CaCl2, 20 mM HEPES, 
1.2 mM Na2HPO4, 10 mM glucose.

 1. White 96-well plate (e.g., Corning).
 2. Cell lysis buffer: 0.1% Triton X-100 in HKR buffer.
 3. Luciferase assay substrate mix (Promega).
 4. GloMax luminometer (Promega) for the determination of 

luciferase activity.

 1. Black 96-well plate (e.g., Corning).
 2. Cell lysis buffer: 0.1 M NaOH in HKR buffer.

2.2. Cell Culture  
and CPP–PNA 
Treatment for 
Characterization  
of Uptake Pathways

2.3.  Luciferase Assay

2.4. Quantitative 
Uptake by Fluorometry
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 3. Fluorescently labeled CPP–PNA conjugate for the esta-
blishment of correlation between flurescence intensity and 
CPP–PNA concentration.

 4. Fluorescence reader, e.g., FlexStation (Molecular Devices).
 5. Table-top centrifuge (e.g., Eppendorf) for 1.5 ml Eppendorf 

tubes.

 1. Detergent compatible protein determination kit (e.g., Bio-Rad).
 2. Transparent 96-well plate (e.g., Corning).
 3. Spectrophotometer.

 1. Dissolve and mix the PNA and CPP in the conjugation solu-
tion. Keep the volumes low so that the respective concentra-
tions do not quote lower than 100 mM.

 2. Let the conjugation reaction proceed overnight at 37°C, 
preferably with agitation.

 3. Purify the crude conjugate by HPLC with a gradient from 
20% buffer B to 100% buffer B in 80 min.

 4. Analyze HPLC fractions by MALDI-TOF (see Note 3).
 5. Dry the accurate conjugate fraction, determine the weight by 

using a laboratory scale with at least 0.1 mg accuracy and 
prepare 100 mM conjugate stock solutions.

 1. Seed 80,000–100,000 HeLa pLuc 705 cells per well in 
24-well plates 24 h prior to experiment.

 1. Prepare stock solutions of inhibitors and other compound 
used for pathway characterization in DMEM at 100× higher 
concentration than intended cellular treatment concentration 
of optional compounds for the characterization of pathways 
for cellular uptake. Recommended concentrations of the 
respective stock solutions are 5 mM for wortmannin, 400 mM 
for cytochalasin D, 1 mM for chlorpromazine, 7.5 mM for 
chloroquine, and 100 U/ml for heparinase III (see Note 4).

 2. The CPP–PNA conjugates are usually effective at cellular 
treatment concentration ranging from 1 to 10 mM. To prepare 
CPP–PNA conjugate for 1 mM cellular treatment in one well 

2.5. Protein 
Determination

3.  Methods

3.1. Cell-Penetrating 
Peptides and PNA 
Conjugates

3.2. Endocytosis 
Inhibitors  
for Characterization  
of Internalization 
Pathway

3.2.1.  Preparation of Cells

3.2.2. Preparations  
for Cellular Transfection
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of a 24-well plate, take 3 ml from the conjugate stock solution 
(100 mM) and dilute into 300 ml in DMEM in an 1.5-ml 
Eppendorf tube.

 3. Prepare additional Eppendorf tubes with CPP–PNA conju-
gates at effective cellular treatment concentrations. Prepare 
one individual Eppendorf tube for each CPP–PNA concen-
tration and specific compound for pathway characterization.

 1. Only for heparinase III pretreatments. If not used, go to step 3. 
Remove cell medium from the cells, wash once with HKR 
buffer, and add 297 ml DMEM to each well in the 24-well 
plate. Add 3 ml of the previously prepared heparinase III stock 
solution (100 U/ml). Incubate the cells at 37°C for 30 min.

 2. Only for treatments at 4°C. If not used, go to step 3. Remove 
cell medium from the cells, wash once with HKR buffer and 
add 300 ml DMEM to each well in the 24-well plate. Incubate 
the cells at 4°C for 30 min.

 3. Remove the cell medium, wash once with PBS, and add the 
previously (Subheading 3.2.2, step 2) prepared CPP–PNA 
solutions to each well in the 24-well plate.

 4. For treatment with inhibitors, add 3 ml of the previously 
(Subheading 3.2.2, step 1) prepared stock solutions to 
each well.

 5. Incubate the cells for 3 h at 37°C or at 4°C.
 6. Remove the cell medium and replace with full growth 

medium, i.e., including serum, etc.
 7. Let cells grow at 37°C for 16 h.

 1. Remove the cell culture medium.
 2. Wash the cells twice with HKR buffer.
 3. Add 100 ml of 0.1% Triton X-100 in HKR buffer to each well 

in the 24-well plate.
 4. Let the cells lyse for 15 min at room temperature.
 5. Transfer 20 ml of the cell lysate to white 96-well plate.
 6. Add 80 ml of luciferase substrate to each well with cell lysate.
 7. Read luminescence immediately.

 1. Prepare dilution series with fluorophore-labeled CPP–PNA 
conjugate in 0.1 M NaOH to set up a fluorescence standard 
curve.

 2. Read fluorescence for the dilution series and determine the 
relationship between fluorescence activity and CPP–PNA 
concentration.

3.2.3.  Transfection of Cells

3.2.4. Quantification  
of Translocation  
and Uptake

 3.2.4.1. Luciferase Activity

3.2.4.2. Fluorometry
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 3. Remove the cell culture medium.
 4. Wash the cells twice with HKR buffer.
 5. Trypsinize the cells for 10 min at 37°C and transfer the 

mixture to Eppendorf tubes.
 6. Spin down cells at 1,000 × g for 5 min at 4°C to collect 

cells.
 7. Remove the supernatant.
 8. Add 300 ml of 0.1 M NaOH to each Eppendorf tube and lyse 

the cells for 60 min at 4°C.
 9. Transfer 250 ml of each cell lysate to separate well in a black 

96-well plate.
 10. Read fluorescence at appropriate ex/em wavelength.
 11. Determine the concentration of fluorophore-labeled PNA by 

referring the measured fluorescence activity to the initially 
prepared standard curve.

The protein determination procedure described here is valid 
for Bio-Rad’s detergent protein assay reagent package (see 
Note 5).

 1. Transfer 5 ml of cell lysate from the fluorometry assay or the 
luciferase assay to a transparent 96-well plate.

 2. Add 25 ml of reagent A from the Bio-Rad protein determina-
tion kit to each well.

 3. Add 200 ml of reagent B from the Bio-Rad protein determina-
tion kit to each well.

 4. Agitate gently or put the 96-well plate on shake board and let 
incubate for 15 min at room temperature.

 5. Read absorbance at 750 nm and determine the protein content 
in each sample by using a bovine serum albumin (BSA) 
standard curve.

 1. Normalize the luciferase activity to the protein content in the 
respective cell lysates and present the cellular translocation as 
relative luminescence units (RLU) per mg of cellular protein. 
For example with the penetratin CPP, see Fig. 1.

 2. Normalize the fluorescence activity to the protein content in 
the respective cell lysates and present the cellular uptake as 
pmol PNA per mg of cellular protein. For example with the 
penetratin CPP, see Fig. 1.

 3. Use Table 1 to elucidate cellular uptake pathway for each 
CPP–PNA conjugate examined (see Note 6). For example 
with the penetratin CPP, see Fig. 2.

3.2.5. Protein 
Determination

3.2.6.  Presentation of Data
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 1. We recommend MALDI-TOF for the analysis of the 
 CPP–PNA conjugates but other methods can replace this anal-
ysis. For example, it is also possible to use analytical HPLC.

 2. Stock solutions of CPP–PNA conjugates and pathway inhibi-
tors can be stored at −20°C for up to 1 year. Avoid repeated 
freezing and thawing of the stock solutions. Prepare rather 
several small aliquots.

 3. Good crystals for MALDI-TOF analysis are usually made by 
first adding 1 ml CHCA (saturated solution in acetonitrile) to 
the analysis plate followed by the addition of 1 ml of the 
HPLC fraction to be analyzed. Let the matrix and conjugate 
dry together for about 15 min. If this procedure does not 
give successful ionization in the MALDI-TOF, try higher 
proportion of CHCA matrix.

 4. Other pathway-specific inhibitors can be used in this assay 
provided that the used cellular treatment concentration does 
not induce cytotoxicity. We recommend performing an initial 
titration to establish a suitable, i.e. active but non-toxic, treat-
ment concentration when using a new inhibitor.

 5. The procedure described for protein determination provides 
the use of the detergent protein assay reagent package (Bio-
Rad). Products for protein determination from other suppli-
ers can be used provided that procedure described in 
Subheading 3.2.5 is modified according to the supplier’s 
recommendations.

 6. The compounds presented here for the characterization of 
cellular CPP–PNA uptake pathways do very seldom generate 
complete inhibition of a pathway or complete endosomal 
release. This is normal since none of the compounds is 100% 
specific. Several compounds and strategies have to be 
employed to characterize the distinct uptake pathway for a 
specific CPP–PNA conjugate. For certain CPP–PNA conju-
gates, the uptake pathway cannot be exactly determined and 
it is rather a mixture of several uptake routes. The contribu-
tion of each uptake route is likely to vary with cellular CPP–
PNA treatment concentration in such cases.
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Chapter 17

Mimicry of Protein Function with Cell-Penetrating Peptides

Henrik J. Johansson, Samir EL Andaloussi, and Ülo Langel 

Abstract

Proteins are essential components of cellular processes inside cells, and their interactions between each 
other and with genes are important for the normal physiological functioning of cells as well as for disease 
states. Modulating protein interactions by different means can potentially control these interactions and 
restore normal function to diseased cells. The ways to do so are multiple, and such efforts often begin 
with knowledge of potential target proteins in order to devise mediators that retain the function of the 
original protein, i.e., mimic the protein functions. An alternative strategy is to utilize protein mimics 
to inhibit target proteins rather than restoring the activity of a protein. The vast majority of protein 
 mimics exploited to date have been designed to inhibit the activity of oncogenes or activate tumor sup-
pressors for the purpose of tumor therapy. These protein mimics are usually based on small organic 
compounds or peptides, derived from interaction surfaces of the proteins, and in some cases, full proteins 
have been exploited. Although peptides and proteins are naturally highly specific and efficient inside cells, 
they suffer from low bioavailability resulting from their inability to enter cells. One strategy increasingly 
employed to facilitate the internalization of peptides and proteins has been to chemically conjugate them 
to cell-penetrating peptides (CPP) or to recombinantly express protein–CPP fusion constructs.

This chapter provides an overview of some of the aspects of perturbing and mimicking protein interactions 
using peptides and proteins and CPP as transport vectors.

Key words: Cell-penetrating peptide, Protein mimicry, Protein interaction, Linear motif

The cell controls many of its fundamental processes such as intra-
cellular signaling and gene expression by protein interactions. 
Thus, modulating protein interactions by different means repre-
sents an attractive way to manipulate cellular phenotypes. Agents 
that modulate protein interactions include small organic mole-
cules, proteins, or peptides derived either from the interacting 
domains of proteins or discovered by library screens. Since most 
full-length proteins are essentially cell impermeable and rather 

1. Introduction
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laborious to produce, most attempts to modulate protein interactions 
involve using parts of proteins or the exploitation of small molecules, 
thereby simplifying the production of the modulating agent.

Protein interactions are central to most cellular processes. The 
best known structures that mediate protein interactions are prob-
ably globular domains, which are fairly large and often contain 
200–300 amino-acid residues. The number of protein folds has 
been estimated to be about 1,000 (1, 2). These make up the 
functional domains of the estimated 4,000–8,000 distinct protein 
families known to date (2, 3). A difficulty with modulators affect-
ing protein interactions is that many protein interfaces are large 
and often noncontinuous. This makes it problematic to design 
small molecules, which otherwise have been successfully exploited 
for targeting of enzymes where the catalytic site usually is a pocket 
with rather defined structure and the interacting amino acids are 
known. However, this traditional view of large interacting sur-
faces has changed with the finding of peptides capable of interfer-
ing with protein interactions. For example, the N-terminal part of 
the p53 protein forms an a-helix that has three key amino acids 
that makes up most of the interaction with a hydrophobic groove 
in MDM2 (4). Using this information, both short peptides and 
small-molecule inhibitors have been designed (4, 5).

Hence, the typical large interacting surface can be considered 
to possess “hot spots” highly conserved and crucial for interaction. 
Another, similar or complementary view is the existence of linear 
motifs, which are short, functional regions and often correspond to 
a particular sequence pattern. These motifs are short enough to be 
synthesized as peptides and sometimes converted into small mole-
cules as mentioned above. Interestingly, the linear motifs seem well 
represented in the SMAD signaling pathway as reviewed in (6). 
Another interesting review from Russel and Neduva is recom-
mended for further information regarding linear motifs (7).

Generally, peptides are derived from a single protein by bio-
chemical experiments such as deletion of parts of the protein to 
elucidate binding and function or screening for peptides in large 
combinatorial libraries in order to find strong binders. A novel 
way to discover linear peptide sequences has been recently 
described by Edwards et al. based on a bioinformatics approach, 
to identify linear peptides capable of modulating platelet aggrega-
tion (8). An in silico screen was made for 50 proteins expressed in 
platelets that were predicted to span the plasma membrane, and 
within this group, they searched the cytosolic portion of the proteins 
within 30 amino acids from the membrane. Sequences of ten 

2. Protein 
Interactions  
as Target
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amino acids were then searched for within this region that were 
well conserved among orthologs (corresponding protein in dif-
ferent species) but that differed across paralogs (homologous 
human proteins). By doing so, they focused the search toward 
motifs more likely to be specific for a single protein. This gave 52 
potential peptides, which were synthesized and palmitylated to 
allow crossing of the plasma membrane. Interestingly, half of the 
peptides displayed either agonistic or antagonistic activity in their 
platelet aggregation assays.

Since proteins are so important for all the activities inside cells, it 
would be reasonable to exploit them to modulate their own inter-
actions. Unfortunately, proteins are tedious to produce and are, 
with some exceptions, essentially unable to reach the interior of 
the cell where most of the protein interactions takes place. They 
therefore need to be efficiently delivered by some means or 
expressed from plasmids for example.

Small hydrophobic organic molecules, used to mimic protein 
function, have the advantage of traversing the lipid membrane; 
however, they suffer from limited ability to interact with the target 
in a specific manner due to size constraints. Alternatively, peptides 
might be more suited as they can be derived from the original pro-
tein interaction surface and generate more extensive contacts with 
proteins. Peptides derived from protein interacting surfaces have 
been reported to retain functionality after expression from plasmids, 
either alone or in a construct with a scaffold, e.g., p14ARF peptides 
(9, 10). Generally, peptides derived from protein interactions sites 
are used as leads for production of small organic molecules that can 
traverse the plasma cell membrane to reach their targets (4, 5).

As with proteins, most peptides cannot translocate into cells 
except for a class of delivery-peptides known as cell-penetrating 
peptides (CPP). Curiously, the first CPP were derived from pro-
teins, Tat and Antennapedia, suggesting that nature had already 
foreseen a solution for the transportation of proteins into cells 
 (11–13). However, for the majority of proteins and peptides which 
cannot enter cells, conjugation to CPP would facilitate their entry.

As with all new or modified compounds, the outcome of peptide–
protein interactions is not obvious: the peptide may simply bind 
without affecting the protein, block interactions and activity of its 

3. Agents  
to Modulate 
Protein 
Interactions

4. Peptides  
as Modulators  
of Protein 
Interactions
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parent protein, or induce a conformational change either activating 
or inhibiting the target protein. Additionally, adding to the com-
plexity, a peptide-mediated response may be of a more allosteric 
nature since only parts of the protein are used, signifying the 
importance of characterizing new compounds. A peptide that 
mimics a protein can either function to activate or inhibit, depend-
ing on the function of the original parent protein and the region 
therein from which it was derived. With regard to an activating vs. 
an inhibiting peptide, mimicking a protein from a pharmacologi-
cal point of view would favor activating mimics over inhibitors, 
since lower concentrations can be used. Inhibitory peptides must 
compete with the native ligands, requiring higher doses, which 
enhance the risk of nonspecific side effects and immunogenicity. 
However, screening for potential bioactive peptides mainly iden-
tifies inhibitors since it is more straightforward to analyze inhibi-
tion rather than function after binding. In addition, since by 
definition a peptide can only represent a portion of a protein and 
its potential interacting interfaces and regulatory sites, it is diffi-
cult for a peptide mimic to acquire all aspects of the full-length 
parent protein.

Since the introduction of functional full-length proteins is desired 
for modulating cellular function, nature has provided some excep-
tions from the normal dogma of nontransducible proteins. 
Accordingly in 1978, autoantibodies to ribonucleoprotein (RNP) 
from serum could penetrate cells and reach their nuclear target 
(14). Additional examples of bioactive transducible proteins can 
be found amongst transcription factors, such as homeoproteins 
and basic helix-loop-helix (bHLH) proteins, e.g., the Tat transac-
tivator of HIV-1 (12), HoxB4 (15), Engrailed-2 (16), the paired 
box transcription factor Pax4 involved in vertebrate organogene-
sis (17), and the bHLH protein NeuroD/BETA2 (18, 19). Such 
accumulating evidence of transducible proteins and their role in 
physiological processes together with the observed secretion of 
Tat (20) and Engrailed (21) raises the question as to whether this 
mechanism is more widely exploited by nature for communica-
tion between cells than was initially believed (see Table 1).

For translocation of nontransducible proteins into cells, effec-
tor domains responsible for the natural transduction of full-length 
proteins have been fused to these proteins. There are numerous 
reports on protein fusions to CPP, mainly via Tat: for example, 
fusion of Tat to Bcl-xL for apoptosis protection (22), to E2F1 
and p73 to mediate apoptosis in cancer cells (23), and to ubiq-
uitin C-terminal hydroxylase L1 (Uch-1) for neuroprotection 

5. Delivery of Full 
Length Proteins
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following b-amyloid treatment (24). Additionally, delivery of the 
proteins GFP and b-galactosidase has been reported by simple 
coincubation of the proteins with a CPP, Pep-1 (25) (see Table 2). 
Although an attractive means for conveying proteins into cells, 
creating protein fusions is still quite a laborious process and coin-
cubation is limited by the properties of the individual protein 
such as the pI value (26). Since most CPP are cationic in nature, 
the noncovalent coincubation strategy is limited to the delivery of 
proteins with a pI below 7. Thus, utilizing smaller peptides 
derived from full-length proteins, which function either as acti-
vating or inhibitory mimics, fused to CPP represents an attractive 
approach since they can be synthesized on a routine basis.

CPP have been proven capable of conveying a wide range of 
cargos including peptides and proteins inside cells, which are 
comprehensively tabularized by Dietz and Bähr until 2004 (27). 
A selection of proteins and peptides delivered by CPP is presented 
in Tables 2 and 3.

As our knowledge of cellular processes and protein interactions 
accumulates, so too does the number of functional peptides cou-
pled to CPP for shuttling into cells. Examples of peptides reported 
to inhibit protein–protein interactions include VIVIT, which 

6. Delivery  
of Peptides  
for Protein 
Mimicry by CPP

Table 1 
A selection of bioactive proteins with translocation ability

Protein Function References

IgG Autoantibody to nuclear RNP (14)

Tat Transactivator of HIV-1 (12)

VP22 Herpes simplex virus structural protein (46)

HoxB4 Homeoprotein, expansion of stem cells (15)

Engrailed-2 Homeoprotein, retinal axon guiding, rescues dopamine  
cell loss

(16, 47)

PDX-1 Homeoprotein, transcriptional activation of insulin (19, 48)

Pax4 Protects against apoptosis (17)

Pax6 Regulates eye development (49)

NeuroD/BETA2 Transcriptional activation of insulin (18, 19)

RNP ribonucleoprotein, PDX-1 pancreatic duodenal homeobox 1, HoxB4 homeobox B4, Pax4 paired box 4
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inhibited the calcineurin–NFAT interaction (28, 29), and shepherdin, 
which blocked the interaction between survivin and Hsp90 (30). 
The predominant therapeutic target for peptides that inhibit pro-
tein interactions has tended to focus on cancer cell progression. 
However, other pathways are also targeted and examples of which 
are presented in Table 3.

Peptides that function as activating mimics of the parent pro-
tein are rare, and it is sometimes questionable how they should be 
defined since they preferentially are derived from proteins with an 
inhibitory/blocking activity. Some examples of peptides, which in 
this regard mimic the parent proteins, come from the second 
mitochondria-derived activator of caspases (SMAC) protein. Upon 
apoptosis induction, SMAC is released into the cytosol where it 
binds inhibitor of apoptosis proteins (IAPs) and disrupts IAPs 
sequestering of effector caspases. A SMAC peptide, derived from 
N-terminal amino acids, position 4–8 conjugated to the CPP, 
 penetratin was reported to bind IAPs and displace caspase-3 to 
induce apoptosis (31). Using the same system, Fulda et al. used a 

Table 2 
Selection of proteins delivered by CPPs

CPP Protein Biological response References

Fusion

Tat Bcl-xL Neuroprotection (22)

Tat E2F, p73 Induce apoptosis (23)

Tat Apoptin Apoptosis in cancer (50)

Tat Uch-1 Neuroprotection (24)

Tat Hsp70 Neuroprotection (51)

Tat GDNF Protection against cerebral 
ischemia

(52)

Tat PNP Correction of PNP 
deficiency in mice

(53)

R11, HA2-R9 p53 Induce apoptosis and 
decrease proliferation

(54, 55)

Co-incubation

Pep-1 GFP, b-gal Uptake and  
b-galactosidase activity

(25)

YTA2 b-gal Uptake and  
b-galactosidase activity

(56)

Uch-1 ubiquitin C-terminal hydroxylase L1, Hsp70 heat shock protein 70, GDNF 
glial derived neurotrophic factor, PNP purine nucleoside phosphorylase, HA2  influenza 
virus hemagglutinin-2 protein, GFP green fluorescent protein, b-gal b-galactosidase
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SMAC-derived seven-amino-acid-long peptide conjugated to Tat, 
which conferred antitumor activity in an anticranial xenograft 
model, sensitizing cells to treatment with cytotoxic drugs (32).

Tat has also been conjugated to a cytotoxic peptide mimic 
derived from the cyclin-dependent kinase inhibitor p21WAF1/CIP1 
that displayed translocation to the nucleus in U251 human glio-
blastoma cells and additionally decreased proliferation in a number 

Table 3 
Selection of peptides as cargos of CPPs

CPP Peptide Biological response References

Inhibitory peptides

R11 VIVIT Inhibited calcineurin–NFAT, 
immunosuppression

(28, 29)

R11 CaN AID Inhibited CaN phosphatase and excitatory cell 
death

(57)

R9 p14ARF derived Proliferation arrest in tumor cells (58)

Tat STAT6-IP Reduced allergy (59)

Tat mGluR1 derived Neuroprotection against excitotoxicity (60)

Tat BPI Inhibited repressive chromatin induced by 
BCL6

(61)

Tat PAK1 derived Blocked vascular leakage and angiogenesis (62, 63)

Tat p15, phage display Blocked CK2, inhibits tumor growth (64, 65)

Tat NR2B9c Reduced ischemic brain damage (66)

Pen Raf-1 derived Inhibited tumor growth and angiogenesis (67)

Pen APP derived Induced neurite outgrowth (68)

Pen Myc derived Inhibited Myc–Max and proliferation (69)

Pen Bak BH3 derived Antagonized Bcl-xL, induced apoptosis (70, 71)

Pen NBD derived Inhibited NF-kB, prevented osteoclastogenesis (72, 73)

Pen Shepherdin Inhibited tumor growth (30)

Potentially inhibitory mimics

Tat, Pen Smac peptide Tumor sensitization and apoptosis (31, 32)

Tat JIP-1 derived Inhibits JNK, prevents cerebral ischemia (74)

Tat JIP-1 derived Inhibited JNK, decreased hyperglycemia (75, 76)

Tat, Pen p16 derived Inhibits Rb phosphorylation and cell cycle (77, 78)

NFAT nuclear factor of activated T cells, CaN calcium/calmodulin-dependent protein phosphatase, AID autoinhibi-
tory domain, STAT6 signal transducer and activator of transcription 6, mGluR metabotropic glutamate receptor, BPI 
BCL6 peptide inhibitor, BCL6 B-cell lymphoma-6, PAK1 p21-activated kinase 1, CK2 casein kinase 2, APP amyloid 
precursor protein, NBD NEMO-binding domain, JIP JNK interacting protein, JNK c-Jun NH2-terminal kinase, Rb 
retinoblastoma
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of other cell lines (33). The mimicking peptide contains the 
PCNA interacting protein (PIP) box, and its construct with Tat 
colocalized with PCNA.

Despite being highly efficient delivery vectors, one drawback 
with CPPs is the relative lack of cell-type specificity. One study 
addressed this matter by incorporating a targeting ligand to a Tat-
effector peptide conjugate. By synthesizing an Erb2 peptide 
ligand in combination with Tat and an effector peptide derived 
from the transcription factor signal transducer and activator of 
transcription 3 (STAT3), accumulation in Erb2 overexpressing 
xenografts was observed with subsequent reduction of tumor 
proliferation (34). This strategy of incorporation of addressing 
moieties could prove extremely useful for selective targeting of 
other tumors.

In terms of efficient synthesis of peptides, short is good, since it means 
less side products and easier purification. In addition, short peptides 
provide synthesis space for further functional peptides or other moi-
eties. The combination of both an effector and a CPP in the same 
peptide sequence abolishes the need for an additional CPP, and 
reports of such constructs can be traced back to 1988. Green and 
Loewenstein observed that the (polypeptide) Tat-86 peptide/domain 
from HIV-1 could transverse the cell membrane and stimulate HIV-
LTR-driven RNA synthesis (12). Also, Joliot et al. demonstrated in 
1991 that a polypeptide of 60 amino acids corresponding to the 
Antennapedia homeobox enters nerve cells, reaches the nucleus, and 
modifies the morphology of neurons (13) (see Table 4).

The Ku70 protein is involved in the DNA damage response 
and mediates its antiapoptotic function by binding Bax in the 
cytoplasm, thereby preventing Bax translocation to the mito-
chondria. Recently, Sawada et al. have reported that pentameric 
peptides derived from the Bax binding domain of Ku70, termed 
Bax inhibiting peptides, internalized into cells and bound Bax, 
which prevented translocation of Bax and protected cells against 
apoptosis (35, 36).

Cytochrome c is part of the electron transport chain in mito-
chondria and is released upon apoptotic stimulus. Howl and Jones 
found that the Cytochrome c sequence harbor sequences with 
CPP properties (37). Two peptides, denoted Cyt c86–101 and Cyt 
c77–101, derived from Cytochrome c were found to decrease cell 
viability compared to control peptide sequences from Cytochrome 
c. Cyt c86–101 and Cyt c77–101 also induced DNA fragmentation and 
caspase-3 activation, which are hallmarks of apoptosis, hence sug-
gesting that the peptides mimic the function of the parent protein. 

7. Combining  
a Peptide Effector 
Sequence  
with a CPP
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Additionally, the authors suggest the introduction of the term 
bioportide to denote this class of biologically active proteomi-
metic CPPs, to distinguish them from the majority of inert CPP 
sequences.

Disruption of cell cycle control mechanisms is a common feature 
in all types of cancers. The INK4a/ARF (or CDKN2A) locus 
encodes two intimately linked but distinct tumor-suppressor pro-
teins, p16INK4a and p14ARF (p19ARF in mouse), in alternative 
reading frames. The tumor suppressor p14ARF is a small protein 
of 132 amino acids in length and unusual in the respect that 
20% of the amino acids are arginines, which are widely spread 
throughout the entire protein without any lysines. The human 
alternative reading frame protein p14ARF and murine double min-
ute (MDM2), denoted HDM2 in humans, and p53 are part of the 
same regulatory pathway and are modified in virtually all human 

8. Example  
of Design  
of a Combined 
Effector and CPP 
for p14ARF

Table 4 
Selection of CPPs as effectors

CPP Derived from Biological response References

Tat-86 Tat Transactivation of HIV-LTR (12)

pAntp Antennapedia Induced neurite outgrowth in neurons (13, 79, 80)

Lyp-1 Phage display Targeted lymphatic tumors and inhibited 
growth

(81, 82)

M511 AT1AR Blood vessel contraction (83)

G53-2 GLP-1R Induced insulin release (83)

Cyt c86–101 Cytochrome c Decreased proliferation and induced 
apoptosis

(37)

BIPs Ku70 protein Cytoprotective (35, 36)

ARF(1-22) p14ARF Decreased proliferation and induced 
apoptosis

(44)

CDB3 p53-53BP2 Restored p53 function and gene 
transcription

(84)

MCa MCa Scorpion toxin, activated the ryanodine 
receptor

(85, 86)

HIV-LTR human immunodeficiency virus long terminal repeat, AT1AR angiotensin receptor, GLP-1R glucagon-like 
peptide receptor, BIPs Bax-inhibiting peptides, ARF alternative reading frame, 53BP2 p53 binding protein 2, MCa 
maurocalcine
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cancers. p14ARF is activated by sustained hyperproliferative signals 
emanating from oncogenes and transcription factors such as Myc 
(38), Ras (39), AP-1 (40), and E2F1 (41), and the p14ARF activ-
ity can be regarded as a surveillance mechanism against excessive 
oncogene activity. ARF antagonizes the function of HDM2 by 
preventing its ubiquitin E3 ligase activity and sequesters HDM2 
to the nucleolus, leading to the activation of p53 and concomi-
tant cell cycle arrest or apoptosis. Thus, p14ARF prevents tumor 
transformation mainly by inhibiting the HDM2 protein, though 
the multiple associations of p14ARF with different signal trans-
duction molecules and transcription  factors propounds p14ARF 
as a central tumor suppressor.

Regarding the design of CPP from the p14ARF protein, 
regions important for interacting with other proteins were first 
identified; second, these regions were examined for amino-acid 
stretches harboring CPP traits. These traits were included of gen-
eral characteristics of CPP, namely, positively charged side groups, 
hydrophobic amino acids as well as lack of negative charges. 
Previously, the N-terminal part of p14ARF had been mapped by 
deletion mutants and shown to be important for the interaction 
with HDM2, specifically the 37 first amino acids (42, 43). Peptides 
from this region expressed in a thioredoxin scaffold or from a plas-
mid were also found to mimic ARF properties further suggesting 
that this region could be used to make a protein mimic (9, 10). 
Based on this information, we designed four different peptides 
from the N-terminal region ranging from 13 to 37 amino acids in 
length. Three of the shorter, two 13- and one 22-amino-acid-long 
peptides proved to be cell-penetrating based on the internalization 
of their fluoresceinyl-labeled conjugates (44). A peptide corre-
sponding to the 22 N-terminal amino-acids, which were denoted 
ARF(1-22) decreased proliferation in MCF7 and MDA MB231 
cells in a dose-dependent manner. To verify that ARF(1-22) was a 
CPP with the capability to deliver cargoes into the cell, we conju-
gated the peptide to a splice-correcting peptide nucleic acid. The 
ARF(1-22)–PNA conjugate restored aberrant splicing in a splice 
correction assay in HeLa pLuc 705 cells. Microscopic examination 
of MCF7 cells revealed nuclear morphology changes associated 
with apoptosis, and FACS analysis of Annexin V binding suggested 
that the ARF(1-22) peptide induced apoptosis. Thus, the ARF(1-
22)-derived peptide was a CPP, which seemed to mimic the func-
tion of the full-length p14ARF protein.

As controls to the ARF peptides, scrambled versions thereof 
were synthesized. Since a scrambled peptide is distant with regard 
to amino-acid sequence from its parent peptide, we wanted to 
introduce a more specific control to the most potent ARF(1-22) 
peptide. Based on the ARF motif, suggested to be important for 
interaction (42), amino acids 3–8 were inverted, generating a 
peptide, which turned out to be an efficient CPP totally inert of 
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its parent peptides properties. This confirms the specificity of the 
ARF(1-22) peptide and highlights the importance of short 
stretches of amino acids for protein interaction. The efficient 
cell-penetrating properties of the inverted ARF(1-22) peptide 
were separately explored in another paper where it is denoted 
M918 (45).

As the knowledge about cellular processes increases, so does our 
ability to pinpoint the key processes mediating different diseases, as 
for example in cancer. This will open up the possibility to perturb 
or stimulate key points in regulatory networks to obtain a response 
that will be beneficial in a disease state. The tools to do so are mul-
tiple and use proteins, peptides, or small molecules. However, they 
all need to reach their target inside the cell, which can be imple-
mented by CPP as exemplified above. Overall, the development of 
these systems harbors new light to cure multiple diseases.
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Chapter 18

Homeoprotein Intercellular Transfer, the Hidden  
Face of Cell-Penetrating Peptides

Alain Prochiantz 

Abstract

Cell-Penetrating Peptides (CPPs) are small peptides internalized by live cells, gaining access to their 
cytoplasm and intracellular organelles (i.e., mitochondria, nucleus) and are used as pharmacological 
tools. This is indeed a very important issue, fully justifying the efforts of several groups to better under-
stand the mechanisms of peptide transduction and to verify if and how this strategy can be translated into 
therapeutic improvements. However, the discovery of peptide transduction is a consequence of that of a 
novel signaling mechanism based on the intercellular transfer of homeoprotein transcription factors. 
Indeed, the first and probably most popular CPPs (Tat and Penetratin) correspond to domains that drive 
TAT (HIV) and homeoprotein transcription factors into the cells. These findings have fostered several 
studies on transduction and allowed the design of “nonnatural” CPPs. As useful as they are, these lines 
of research have, in general, neglected the fact that protein transduction is a signaling mechanism, in its 
own right, with important physiological functions. In this chapter, I describe some of these functions and 
propose that this class of signaling molecules, in particular homeoproteins, may also be used as therapeu-
tic agents.

Key words: Signaling, Homeoprotein transcription factors, Morphogens, Patterns, Axon guidance, 
Critical periods, Plasticity, Neurology, Psychiatry

The first mention that transcription factors could be internalized 
by live cells can be traced back to the work of Frankel and col-
leagues and concerned TAT, the Human Immunodeficiency Virus 
(HIV) transcription factor (1). This observation was never fully 
developed, in spite of its potential interest for our understanding 
of HIV infectivity. In fact, since the early 1990s, most of the phys-
iological studies on the intercellular transfer of transcription fac-
tors have been centered on homeoprotein transcription factors, in 

1. Introduction
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plants and animals (2). Homeoprotein transfer in plants was easily 
accepted because of the existence of intercellular bridges or 
 “corridors” called plasmodesmata (3). I will not develop this 
aspect of homeoprotein transduction, but I recommend the read-
ing of the work done by Joliot and colleagues, demonstrating 
that Knotted-1, a TALE-class plant homeoprotein, and Engrailed, 
an animal homeoprotein, share similar transduction properties 
and mechanisms (4).

I just refer to the plasmodesmata for easy explanation to 
underscore that one of the main obstacles to the acceptance of this 
novel signaling mechanism is a conservative conception of what a 
membrane should be. In contrast with what is commonly believed, 
biological membranes are not Berlin walls but living structures 
that can be disturbed and repaired (as most biological structures), 
and there is no reason to believe that the local and transient per-
turbation of a membrane is not a physiological way to internalize 
a macromolecule. This is acceptable on two conditions. The first 
condition is that the internalized protein has developed specific 
destabilizing properties and the second one is that repair mecha-
nisms will rapidly seal the membranes. It is beyond doubt that 
homeoproteins, through the unique structure of their third helix 
(5), have this “disturbance properties” and that repair mechanisms 
exist (6). It would be important to verify if they are activated in 
the course of homeoprotein transduction.

It remains that in the past 20 years, with a recent acceleration, 
several laboratories have explored homeoprotein transduction at 
the mechanistic and the physiological levels. I will not further 
discuss the mechanisms of secretion and internalization which are 
the object of other chapters and will concentrate the discussion 
on the recently discovered physiological functions of this unex-
pected signaling mechanism.

Fly genetics has popularized the concept of boundaries. GAP 
genes, homeotic genes and tissue polarity genes, often encoding 
homeoprotein transcription factors, participate in the definition 
of territory position, size, identity, and polarity. These developmen-
tal genes of the homeoprotein family also exist in vertebrates where 
they direct, also through a combinatorial code, the development of 
distinct territories. This process takes place in many organs but has 
been abundantly documented in the nervous system with the for-
mation of boundaries in the developing neuroepithelium. Good 
examples are the formation of the isthmus defined by the abut-
ting expression territories of Otx2 and Gbx2, or the dorsal–
ventral segmentation of the neural tube where a combinatorial 

2. Boundaries  
and Compartments 
During 
Development
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code of expression of several homeoproteins is at the origin of the 
differentiation of neural and glial subpopulations (7, 8).

An extreme situation is provided by Pax6, a gene encoding a 
homeoprotein that has a master function in eye development. 
Indeed, it was shown that Pax6 invalidation leads to a eyeless or 
small-eye phenotype in the fly and mouse, respectively (9, 10). 
Conversely, and more surprisingly, a gain of function of Pax6 
induces the formation of eye structures in unexpected territories: 
the leg or the antenna in the fly, the belly in Xenopus (11, 12).

We have proposed (13, 14) that the development of the eye 
territory starts with the induction, by a growth factor, of Pax6 
within a limited domain but that this territory extends through a 
nonautonomous autoinduction of Pax6 (Fig. 1). In this model, 
secreted Pax6 gains access to abutting cells where it activates its 
own transcription. This process is reiterated, allowing a homeo-
genetic expansion of the Pax6 territory. The process stops when 
Pax6 is internalized by cells that are not permissive to its autoin-
duction, for example, Pax2 expressing cells.

As proposed in recent reviews (14), this model would explain 
why boundaries form where homeoproteins meet as observed in 
several regions of the developing neuroepithelium. To test this 
model, we have developed a strategy aimed at blocking Pax6 
transfer in the developing zebra-fish embryo and consisting of 
injecting or expressing anti-Pax6 antibodies in the extracellular 
space at the blastula stage. As a result, we observed very specific 
eye phenotypes ranging from no eye to unilateral eyes and or 
small eye (unilateral or bilateral) phenotypes. The phenotypes 
were extremely specific and antagonized by the extracellular neu-
tralization of the antibody, precluding that the antibody has an 
intracellular activity (15).

Fig. 1. Homeogenetic induction by homeoprotein transfer. In this model, a primary 
 morphogen A induces the expression of homeoprotein Ha in a small number of cells (one 
cell in this schematic drawing). The homeoprotein is transported into abutting cells 
where it induces its own synthesis. This process is reiterated, leading to a homeogenetic 
expansion of the “marked” territory until Ha reaches a cell nonpermissive for its synthe-
sis. This model was developed by Prochiantz and colleagues (2, 13, 14) and was 
 illustrated for Pax6 in the formation of the zebra-fish eye anlagen (15).



252 Prochiantz

This type of approach demonstrating a noncell autonomous 
component in Pax6 activity during zebra-fish eye anlagen forma-
tion is presently used in the chick where we explore the effect of 
blocking homeoprotein transfer in the positioning of boundaries 
along the dorsal–ventral axis of the neural tube.

Axon guidance is a very important way to ensure the construction 
of physiological neuronal circuits during development. In fact, 
some axons have to travel distances several hundred times the 
diameter of their cell bodies. Navigation is made by growth cones, 
structures present at the extremities of axons (also of dendrites) 
capable of reading their position and of responding to this infor-
mation by an appropriate behavior (stop-go-turn).

Ever since Sperry (16), one of the most popular models for 
the study of axon guidance is the patterning of the projections 
of the retina in the tectum (superior colliculus in the mouse), a 
dorsal mesencephalic structure. Indeed, the two axes of the retina 
(dorsal–ventral and nasal–temporal) project on two axes of the 
tectum. In this review, we concentrate on the projection of 
the temporal–nasal axis of the retina onto the anterior–posterior 
axis of the tectum. Many guidance cues have been proposed. 
Among them, the Ephrin/Eph system is particularly elegant. 
Indeed, Ephrins (EphrinA5) are expressed in a low anterior/high 
posterior gradient at the surface of the tectum, whereas their Eph 
receptors (EphA3) are expressed in a low nasal/high temporal 
gradient in the retinal ganglion cells (RGCs) including at the level 
of their growth cones. Thus, temporal axons activate the stop 
signal associated with high Ephrin signaling when they arrive in 
the posterior regions of the tectum (17, 18).

Engrailed homeoprotein is also expressed in a low anterior/
high posterior gradient in the tectum. Gain-of-function experi-
ments demonstrate that it participates in axon guidance along 
this axis, through the regulation of EphinA5 expression (19). At 
least, this was the explanation until a series of recent experi-
ments (20) showed that Engrailed is internalized by growth 
cones and exerts a contrasted action on nasal and temporal 
axons, repelling the latter and attracting the former (Fig. 2). 
Engrailed guidance activity requires its internalization by growth 
cones and involves the translation of localized mRNAs. This 
patterning activity of extracellular Engrailed also takes place 
in vivo (21), and the mode of action involves a translation-
dependent physiological interaction with EphrinA5. Indeed, 
low levels of EphrinA5 are incapable of repelling temporal 
growth cones unless Engrailed is present (21).

3. Axon Guidance
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The final – not so final – wiring of the thalamocortical projections 
that transport sensory information into layers III and IV of the 
cortex takes place rather late in development and is activity-
dependent. This period during which the formation of connec-
tions is dependent upon sensory information is called the critical 
period (CP). CP is indeed critical as it is temporary, opening and 
closing at precise developmental times, and of prime importance 
for learning (Fig. 3).

4. Critical Period 
for Binocular 
Vision

Fig. 2. Engrailed as a guidance molecule for Retinal Ganglion Cells (RGCs). Within an Engrailed gradient, temporal and 
nasal RGC growth cones are repelled and attracted, respectively (20). These effects require Engrailed internalization and 
the translation of local mRNAs. In vivo, blocking Engrailed extracellular activity perturbs the navigation of RGC temporal 
axons, which invade posterior regions of the tectum in spite of their high levels of Engrailed expression (21).

Fig. 3. Otx2 regulates critical period (CP) opening and closure in the binocular visual cortex. During postnatal development, 
the cortical synaptic architecture is highly sensitive to sensory information. This transitory period of plasticity is called critical 
period. In the binocular visual cortex, the critical period (when the two eyes can compete for cortical representation) is trig-
gered by the maturation of Parvalbumine GABAergic neurons. Indeed, the maturation of these neurons (that inhibit pyramidal 
cell activity) opens a plasticity period at postnatal day 20 (P20) in the mouse and closes it at P40. Otx2 internalization by 
these interneuron is necessary and sufficient for PV maturation and thus regulates CP opening and closure (22).
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A model system that has enabled the acquisition of a huge 
amount of information on CP regulation is the binocular visual 
cortex. In animals with binocular vision, projections from the two 
eyes compete for the innervation of a specific domain in the dor-
sal thalamus. Neurons from this thalamic relay also compete for 
space occupancy and synaptic activity in layers III and IV of the 
binocular visual cortex. Before or after plasticity, a short monocu-
lar deprivation has no consequence on ocular dominance, charac-
terized by the respective representation of the two eyes at the 
cortical level. However, such a deprivation during CP will shift 
dominance toward the “active” eye. This shift is brought about 
by a morphological reorganization of the nerve terminals. 
Interestingly, CP is marked by the maturation of a specific class of 
GABAergic interneurons, the Parvalbumine (PV) large basket 
cells. Indeed, CP opening is induced by the maturation of these 
cells, and CP closure is obtained when the same cells are fully 
mature and exert their full inhibitory activity on descending pyra-
midal glutamatergic neurons (Fig. 3).

Many candidate factors have been proposed as being respon-
sible for activity-dependent CP opening. In a recent report, we 
have brought a series of evidence in favor of a mechanism involving 
the transfer of Otx2, a homeoprotein transcription factor, into PV 
cells (22). These experiments establish that Otx2 internalization by 
PV cells is necessary and sufficient (loss and gain of function) to 
open CP and close it 20 days later in the mouse. An important 
observation is that Otx2 directly infused into the brain is specifi-
cally captured by PV cells, suggesting the existence of specific 
 binding sites. The nature of these sites and the domain of Otx2 
responsible for PV cell recognition is presently under investigation. 
However, preliminary results strongly suggest that complex sugars 
degraded by chondroitinase ABC participate in this recognition.

Homeogene expression is extremely important in the course of 
development, and, in fact, it has been hypothesized that defects in 
their expression is at the origin of several pathologies, including 
psychiatric diseases (23–25). However, these genes are still expressed 
in the adult where their exact function is by large unknown. A case 
that has attracted attention is that of Engrailed and of its expression 
by adult mesencephalic dopaminergic neurons (mDA) in the sub-
stantia nigra (SN) and ventral tegmental area (VTA). It was pro-
posed by Simon and colleagues that Engrailed (Engrailed1 and 
Engrailed2) is a survival factor for mDA neurons (26).

This hypothesis was further studied by Sonnier et al. (27) who 
followed the death of mDA neurons in adult mice heterozygote for 

5. Therapeutic 
Proteins
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Engrailed1 but expressing normal amounts of Engrailed2. In these 
mice which have lost one Engrailed allele out of four, mDA neu-
rons start to die 6 weeks after birth, and this death is both progres-
sive (40% loss of SN mDA neurons after 1 year) and higher in the 
SN than in the VTA (20% loss only after 1 year). This progressive 
loss affecting preferentially the SN (in comparison with the VTA) 
is very reminiscent of Parkinson disease, a pathology that affects a 
significant percentage of people beyond the age of 65.

Because Engrailed can be internalized by live cells, Sonnier 
and colleagues have infused it in the midbrain and shown that the 
exogenous molecule can save mDA neurons from death (27). 
This experiment illustrates the fact that homeoproteins, in spe-
cific cases, may be used as “therapeutic proteins,” at least in the 
mouse. Indeed, we are only at the beginning of this type of devel-
opment, but what is extremely encouraging is the use of these 
gain-of-function strategies to identify downstream targets, also 
potential pharmacological targets, at the transcription and trans-
lation levels (Fig. 4). We have started to do so, and although, it is 
too early to draw firm conclusions, it is noteworthy that Engrailed 
acts as a “therapeutic protein” in animal models of Parkinson dis-
ease and that the identity of many of Engrailed targets in the SN 
is not at odds with the idea that this transcription factor is in the 
Parkinson pathway.

The field of cell penetrating peptides or transduction peptides is 
now flourishing and has acquired a true status of independence. 
But, if one wants to see forward, beyond the need to develop new 
drugs that can gain access to the cell interior, it is clear that one 

6. Conclusions

Fig. 4. Homeoproteins as therapeutic proteins and tools to identify therapeutic targets. 
This figure illustrates the role of Engrailed as a survival factor for mesencephalic dop-
aminergic neurons (27). It also illustrates that Engrailed transduction may shed light on 
the pathology and help in the identification of the new therapeutic targets.
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needs to better understand very basic questions. Although the 
interest of my laboratory bends toward the physiological meaning 
of this novel transduction pathway (with the hope to shed light on 
pathologies of unknown etiology, in particular psychiatric dis-
eases), we still see it as a priority to work on unconventional 
 secretion and internalization, in particular on the endocytosis-
independent mechanism of import that goes so much against 
“established” proof that even prominent researchers in the domain 
have hesitated to recognize the evidence. Working on unconven-
tional internalization means pursuing the studies on peptide/lipid 
interactions and on the role of negative charges carried by complex 
sugars, but above all it means understanding membrane plasticity 
in terms of continuous disruption and repair. If our community 
can understand these processes and control them, there is little 
doubt that this will open new perspectives for the development of 
a new generation of drugs with intracellular activity.
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Chapter 19

Pharmacology, Biodistribution, and Efficacy  
of GPCR-Based Pepducins in Disease Models

Sarah L. Tressel, Georgios Koukos, Boris Tchernychev,  
Suzanne L. Jacques, Lidija Covic, and Athan Kuliopulos 

Abstract

G protein-coupled receptors (GPCR) are a superfamily of receptors that are vital in a wide array of physiological 
processes. Modulation of GPCR signaling has been an intensive area of therapeutic study, mainly due to 
the diverse pathophysiological significance of GPCRs. Pepducins are cell-penetrating lipidated peptides 
designed to target the intracellular loops of the GPCR of interest. Pepducins can function as agonists or 
antagonists of their cognate receptor, making them highly useful compounds for the study of GPCR 
signaling. Pepducins have been used to control platelet-dependent hemostasis and thrombosis, tumor 
growth, invasion, and angiogenesis, as well as to improve sepsis outcomes in mice. Pepducins have been 
successfully designed against a wide variety of GPCRs including the protease-activated receptors (PAR1, 
2, 4), the chemokine receptors (CXCR1, 2, 4), the sphingosine-1-phosphate receptor (S1P3), the adren-
ergic receptor (ADRA1B), and have the potential to help reveal the functions of intractable GPCRs. 
Pharmacokinetic, pharmacodynamic, and biodistribution studies have showed that pepducins are widely 
distributed throughout the body except the brain and possess appropriate drug-like properties for use 
in vivo. Here, we discuss the delivery, pharmacology, and biodistribution of pepducins, as well as the 
effects of pepducins in models of inflammation, cardiovascular disease, cancer, and angiogenesis.

Key words: Pepducin, GPCR, Inflammation, Sepsis, Thrombosis, Cancer, Angiogenesis, PAR1, 
PAR4, CXCR1, CXCR2, CXCR4

G protein-coupled receptors (GPCR) are a superfamily of receptors 
that are vital in a wide array of physiological processes. GPCRs share 
a unique seven transmembrane structure that transmits extracel-
lular signals across the plasma membrane and activate intracellular 
signal transduction pathways through G proteins (1). Modulation 
of GPCR signaling has been an intensive area of therapeutic study, 

1. Introduction
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mainly due to the diverse pathophysiological significance of 
GPCRs (2, 3). Essentially, all small-molecule drugs directed at 
GPCRs interact with the ligand binding site on the extracellular 
surface of the receptor. By comparison, pepducins exploit the 
importance of the G protein and modulate the interactions of the 
receptor with the G protein on the intracellular surface (4). 
Pepducins are cell-penetrating lipidated peptides designed to tar-
get the intracellular loops of the GPCR of interest (4). Pepducins 
can function as agonists or antagonists of their cognate receptor, 
making them highly useful compounds for the study of GPCR 
signaling.

Pepducins have been used to target GPCR signaling path-
ways in many disease models, including inflammation, thrombo-
sis, and cancer. We and others have shown that pepducins can be 
used to control platelet-dependent hemostasis and thrombosis 
(5–7), tumor growth, invasion, and angiogenesis (8–10), as well 
as to improve sepsis outcomes in mice (11, 12). Pepducins have 
been successfully designed against a wide variety of GPCRs including 
protease-activated receptors (PAR1, 2, 4), chemokine receptors 
(CXCR1, 2, 4), the sphingosine-1-phosphate receptor (S1P3) (13), 
the adrenergic receptor (ADRA1B) (14), and have the potential 
to help reveal the functions of intractable GPCRs. Here, we discuss 
the delivery, pharmacology, and biodistribution of pepducins, as 
well as the effects of pepducins in models of inflammation, cardio-
vascular disease, cancer, and angiogenesis.

The seven transmembrane domains of GPCRs are joined by intra-
cellular loops (i1-i3) and extracellular loops (e2-e4), and are 
flanked by an N-terminal e1 extracellular domain and an i4 
C-terminal intracellular domain. Pepducins are created by  attaching 
a lipidated group, such as an acyl chain (e.g., C12–C18) or steroid 
to a peptide corresponding to the i1–i4 loops of the GPCR of 
interest (2, 4, 11, 13–17). Mechanistic studies suggest that the 
hydrophobic lipid group partitions into the plasma membrane and 
“flips” across the bilayer, thus shuttling the attached peptide to 
the inner leaflet of the plasma membrane in a reversible manner 
(Fig. 1) (2, 4, 18, 19). Mutagenesis analysis of the receptor and 
pepducin indicate that the peptide can interact with the intracel-
lular domains of the GPCR of interest (4).

The delivery of PAR1- and PAR4-based pepducins to circu-
lating platelets confirmed that pepducins can partition to the 
plasma membrane of the target cells of animals (2, 18). Fluorescein-
tagged palmitoylated or nonpalmitoylated peptides were injected 
intravenously in mice (2). Flow cytometry of circulating platelets, 

2. Pepducin 
Delivery, 
Pharmacology,  
and Biodistribution
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after using pronase to remove peripherally bound peptides from 
the platelet surface, revealed significantly higher levels of fluores-
cence in the mice treated with the palmitoylated peptide as com-
pared to those treated with the nonpalmitoylated peptide. 
Confirmation that the palmitoylated peptides can flip across the 
lipid bilayer was provided by Wielders and colleagues, who used a 
FRET-based assay with differentially labeled phospholipids that 
were distributed either to the outer leaflet (NBD-phosphocholine 
as donor) or inner leaflet (NBD-phospho-L-serine as donor) of 
the plasma membrane (18). They demonstrated that rhodamine-
labeled PAR1 pepducins (Rho-P1pal-12 as an acceptor) are pres-
ent in both inner and outer leaflets of the bilayer. Together, these 
data support the proposed mechanism in Fig. 1 that palmitoyla-
tion is sufficient for delivery of the peptide across the plasma 
membrane of the cell.

Many studies have been conducted to determine the spec-
ificity of various pepducins to their cognate receptors (2, 11–13, 
20, 21). Early work with the PAR1 i3 loop antagonist P1pal-12 
indicated that the pepducin was highly specific for PAR1. 
Treatment of human platelets with 5 mM P1pal-12 for 1 min 
resulted in a 75–95% decrease in SFLLRN (PAR1 agonist)-
induced aggregation and complete blockade of aggregation in 
response to 3 nM thrombin (2). The specificity of P1pal-12 was 
demonstrated by the lack of an effect in the aggregation of plate-
lets induced by a series of agonists for the thromboxane, ADP, 
collagen, or GPIb/IX/V receptors. Furthermore, P1pal-12 had 
no effect in endothelial cells on the responses to IL8, SDF-1a, 

Fig. 1. Proposed mechanism of modulation of GPCR signaling by its cognate pepducin. 
Cell-penetrating pepducins with a covalently attached palmitate are shown inserting 
and flipping across to the intracellular surface of the plasma membrane where they 
interact with the GPCR and G protein to either turn off or turn on signaling.
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S1P, thromboxane, MCP-1, RANTES, or the migration of 
recombinantly transfected HEK293 cells to ligands for PAR2, 
PAR4, CXCR1, CXCR2, S1P1, S1P3, or CCR5 receptors (12). 
A PAR4 i3 loop-based pepducin, P4pal-10, completely blocked 
AYPGKF (PAR4 agonist)-induced aggregation and had the abil-
ity to partially block PAR1 activation at higher concentrations but 
did not affect ADP, thromboxane, and GPIb/IX/V receptors 
(2). Hollenberg and colleagues verified that P4pal-10, but not 
the reverse-sequence pepducin rev-P4pal-10, inhibited human 
platelet aggregation to PAR4 agonists (20). Slofstra et al. demon-
strated that P4pal-10 had no effect on migration of human neu-
trophils to IP-10, SDF-1a, and S1P but completely blocked 
migration to thrombin (21).

The pharmacokinetics (PK), pharmacodynamics (PD), and 
bioavailability of pepducins were determined using fluorescent (2) 
and radioactively labeled pepducins. To perform PK and PD stud-
ies, the PAR4 pepducin P4pal-10 was labeled with Alexa Fluor 
(P4pal-10-Alexafluor) and injected into mice intravenously (19). 
Bolus intravenous injection of P4pal-10-Alexafluor resulted in high 
plasma and platelet pepducin levels for 5 h followed by elimination 
with a half-life of 3.5 h (19). We had previously showed that P4pal-
10 inhibits murine platelet function by antagonizing PAR4, a major 
hemostasis receptor in rodents (2). Therefore, PD studies were car-
ried out by measuring the effect of P4pal-10 on bleeding time in 
mice (19). Intravenous injection of P4pal-10 increased bleeding 
time threefold to fivefold after 5 min which was maintained for 1 h 
after injection. P4pal-10 extended bleeding time approximately 
twofold at the 4 h point and returned to baseline at the 24 h time 
point. Subcutaneous injection of 3 mg/kg P4pal-10 resulted in a 
sixfold prolongation of bleeding time 4 h after injection and gave a 
more prolonged PD half-life of approximately 14 h.

To begin to study the biodistribution of pepducins, P4pal-
10C (pal-CGRRYGHALR) was radioactively labeled with 
(14C)-acetamide on a cysteine residue ([14C]-P4pal-10C) and 
injected subcutaneously or intravenously into mice at four differ-
ent doses. After 4 h, the localization of radioactive pepducin was 
measured in various organs and tissues (Fig. 2). Intravenous injec-
tion of [14C]-P4pal-10C with a therapeutic dose of 1.4 mg/kg 
P4pal-10 resulted in the appearance of radioactivity in the liver, 
kidney, lungs, and spleen, and lesser amounts to other tissues 
(Fig. 2a). Intravenous injection with a high dose of 14 mg/kg 
P4pal-10 resulted in appearance of radioactivity in highly perfused 
tissues such as the kidney, lungs, liver, and spleen with lesser radio-
activity appearing in the heart, blood, muscle, and fat, but not the 
brain. Subcutaneous injection of [14C]-P4pal-10C with a thera-
peutic dose of 1 mg/kg P4pal-10 resulted in appearance of radio-
activity in the liver, kidney, lungs, and blood. Subcutaneous 
injection at a higher dose of 10 mg/kg gave a fairly even  distribution 
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Fig. 2. Pepducin biodistribution. Mice were injected intravenously (1.4 mg/kg or 14 mg/kg) or subcutaneously (1 mg/kg 
or 10 mg/kg) with P4pal-10 radioactively labeled pepducin, [14C]-P4pal-10C. After 4 h the distribution of [14C]-P4pal-10C 
was measured in various organs and tissues by radioactive count in counts per million (cpm). Data are represented as 
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of radioactivity to the kidney, liver, spleen, blood, heart, and lungs, 
with lesser amounts to muscle and fat, but not to brain. This pat-
tern is consistent with a biodistribution of [14C]-P4pal-10C to 
highly vascularized tissues. More detailed examination of blood 
components revealed that 50% of the [14C]-P4pal-10C radioactiv-
ity partitioned to red blood cells, 40% to plasma, and the remain-
ing 10% was detected in white blood cells and platelets 4 h after 
intravenous or subcutaneous injection (Fig. 3a). By 1 h, radioac-
tivity was detected in urine, with a fivefold increase in urine at 4 h 
(Fig. 3b). Radioactivity appeared in mouse blood in a linearly 
increasing manner following subcutaneous injection (Fig. 3c). 
Together, these findings suggest that the P4pal-10 pepducin is 
widely distributed throughout the body and blood components, is 
biologically active, and is excreted into the urine.

GPCRs have been implicated in many inflammatory diseases, 
including sepsis and systemic inflammatory response syndrome, 
rheumatoid arthritis, ulcerative colitis, atherosclerosis, and psori-
asis. Leukocytes and other cells, such as endothelial cells, fibro-
blasts, epithelium, and glial cells, contribute to the inflammatory 
response by the secretion of proinflammatory mediators. This 
often results in an overzealous immune response that does more 
harm than good and is responsible for much of the morbidity and 
mortality associated with inflammatory conditions. Pepducins 

3. Efficacy  
of Pepducins  
in Disease Models

3.1. Inflammation
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targeted against PAR1, PAR2, PAR4, CXCR1, CXCR2, and 
CXCR4 have been used to study the role of these receptors in 
specific inflammatory diseases (Table 1) and could potentially be 
used as therapeutics for these conditions (11, 20–26).

Sepsis and systemic inflammatory response syndrome (SIRS) 
are a leading cause of mortality in intensive care units (27). Sepsis 
can lead to systemic inflammation and overactivation of the coagu-
lation system – a condition termed disseminated intravascular 
coagulation (DIC) (28). Pepducins have been used to study the 
role of neutrophil, platelet, and endothelial cell PAR1, PAR2, 
PAR4, CXCR1, CXCR2, CXCR4 in sepsis and systemic inflamma-
tion (11, 12, 21). Chemokine receptor pepducins for CXCR1 and 
CXCR2 were found to improve survival and prevent DIC in septic 
mice (11). Antagonist pepducins were designed against the i1 and 
i3 loops of CXCR1 and CXCR2 (x1/2pal-i3, x1/2LCA-i1), and 
CXCR4 (x4pal-i1, x4pal-i2). Treatment with the CXCR1/2 pep-
ducins blocked neutrophil chemotaxis toward IL-8, improved sur-
vival, and reversed DIC and liver failure in septic mice. However, 
treatment with a CXCR4 pepducin had no effect on survival but 
caused massive leukocytosis consistent with the role of CXCR4 in 
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SDF-1a neutrophil homeostasis. Slofstra and colleagues used the 
PAR4 antagonist pepducin, P4pal-10, to study the role of PAR4 in 
sepsis and discovered that PAR4 inhibition of neutrophils pro-
tected against systemic inflammation and DIC (21).

PAR1 i3 loop agonist and i3 loop antagonist pepducins were 
used to study the role of PAR1 at different stages of sepsis in mice 
(12). Treatment with the PAR1 antagonist pepducin, P1pal-12S, 
at early time points but not late time points, improved survival 
and prevented DIC in septic mice. Interestingly, treatment with 
the PAR1 agonist pepducin, P1pal-13, at late time points improved 
survival and prevented DIC in septic mice by inhibiting leakage 
of endothelial cell tight junctions. These findings suggested that 
PAR1 switches from being a vascular-disruptive receptor to a vas-
cular-protective receptor during sepsis. Further studies demon-
strated that transactivation of PAR2 by PAR1 within a PAR1–PAR2 
heterodimer mediated the protective effects of the PAR1 agonist 
pepducin seen in later stages of sepsis which was lost in either the 
PAR1−/− or PAR2−/− mice. PAR1 antagonist pepducins did not 
prevent the transactivation of PAR2 by the PAR1 tethered ligand, 
suggesting that the pepducins did not cause dissociation of the 
PAR1–PAR2 heterodimer complex. Thus, pepducins revealed a 
novel transactivation of PAR2 by the PAR1 tethered ligand, which 
complemented the genetic approaches (12).

PAR4 pepducins have been used to study ulcerative colitis, 
irritable bowel syndrome, and rheumatoid arthritis (24–26). 
Dabek and colleagues (25) used the PAR4 antagonist pepducin, 
P4pal-10, to study the role of PAR4 and its activator cathepsin G 
in colonic epithelial barrier function and neutrophil activity in 
ulcerative colitis. Treatment of mice with fecal supernatants from 
ulcerative colitis patients increased epithelial cell permeability, 
which was blocked by P4pal-10. Furthermore, P4pal-10 was used 
to study joint pain and inflammation in a model of rheumatoid 
arthritis (26). McDougall et al. (26) treated mice with P4pal-10 
and found that the pepducin could block the proinflammatory 
and pronociceptive effects of a PAR4 agonist in the mouse knee 
joint and alleviate acute joint inflammation. Together, these ani-
mal studies demonstrate that pepducins designed for a specific 
GPCR target can be successfully used to study a wide variety of 
inflammatory diseases.

Major cardiovascular diseases include atherosclerosis, coronary 
artery disease, thrombosis, restenosis, hypertension, and heart 
failure. Cardiovascular disease is the major cause of death in the 
developed world, and significant resources have been invested in 
finding new therapies to treat these diseases. The technology of 
pepducins has helped elucidate the role of various GPCRs in the 
pathophysiology of arteriothrombosis, myocardial ischemia, and 
blood vessel inflammation (Table 2).

3.2. Cardiovascular 
Disease
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The first in vivo studies using pepducins explored the contribution 
of thrombin receptor signaling to hemostasis, thrombosis, and 
systemic platelet activation. In accordance with the tail-bleeding 
phenotype observed in PAR4 knockout mice (29), mice infused 
with P4pal-10 exhibited prolonged tail-bleeding times and unsta-
ble thrombi formation as compared to P1pal-12 or vehicle-treated 
mice (2). Infusion of mice with P4pal-10 also protected against 
systemic thrombus formation induced by the PAR4-agonist pep-
tide AYPGKF plus epinephrine (2). Wielders and colleagues (18) 
showed that P4pal-10 delayed the generation of thrombin. 
Fluorescent platelets were monitored by real-time accumulation 
at the site of wire injury to the carotid artery of mice. P4pal-
10-inhibited platelets had a significant delay in accumulation at 
the site of vascular injury (18).

To study the distinct functions of PAR1 versus PAR4 in 
human platelets, a PAR4 pepducin based on the i1 loop, P4pal-i1, 
was developed (6). P4pal-i1 proved to be selective for PAR4 
without affecting PAR1-induced platelet aggregation. Using 
P4pal-i1 in a carotid injury model in guinea pigs, which express 
PAR1 and PAR4 on their platelets, it was shown that blocking 
PAR4 decreases arterial occlusion by approximately 50%. Inhibition 
of PAR1 with P1pal-7 (0.3 mg/kg i.v.) in the same injury model 
(7) also gave approximately 50% prolongation of the occlusion 
time. When PAR1 and PAR4 inhibitors were combined, it resulted 
in a great increase in the arterial occlusion time in the guinea pig 
model (7). Also, when P4pal-i1 was combined with bivalirudin, a 
direct thrombin inhibitor widely used in patients with acute coro-
nary syndromes, there was a significant inhibition of human plate-
let aggregation and suppression of arterial thrombosis in guinea 
pigs to a much higher degree than bivalirudin alone (6). The 
P4pal-i1 pepducin was also used by Grenegard et al. (30) to 
study the activation of human platelets. In thrombin-preactivated 
platelets, P4pal-i1 inhibited the epinephrine-induced increase of 
calcium concentration [Ca2+] and aggregation. The above obser-
vations support the role of both PAR1 and PAR4 in platelet-driven 
arterial thrombosis (6, 31).

Pepducins have been used to help elucidate the mechanisms 
of platelet procoagulant activity. Keuren and colleagues used the 
pepducins P1pal-12 and P4pal-10 to study the synergistic action 
of thrombin and collagen in generating procoagulant platelet sur-
faces (5). P1pal-12 significantly decreased the thrombin plus 
 collagen-induced calcium signal and decreased the prothrombi-
nase activity to levels induced by collagen alone. These data 
 suggest that PAR1 activation is a prerequisite for both sustained 
elevations in [Ca2+] and that procoagulant activity is induced by 
a combination of collagen and thrombin through PAR1 (5). 
A slightly modified version of P1pal-12, P1pal-12S (12), has been 
recently used as a PAR1 antagonist in leukocyte inflammatory 
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studies in mice (32). Monocytes derived from hypercoagulable mice 
(TMPro/Pro) treated with P1pal-12S showed increased transend-
othelial migration towards human complement factor 5a, sug-
gesting a role of PAR1 in monocyte inflammatory responses.

The pepducins P1pal-12 and P1pal-7 were also used to study 
collagen-dependent aggregation in human platelets (7). These 
PAR1 pepducins led to inhibition of collagen-induced platelet 
aggregation, blocked p38 MAPK activation, and significantly 
reduced the propagation of platelet–platelet thrombi in human 
whole blood, under arterial flow conditions. Intravenous adminis-
tration of P1pal-7 in guinea pigs protected from collagen-induced 
thrombocytopenia and prolonged the mean occlusion time in a 
carotid artery FeCl3 injury model.

PAR1-based pepducins have been valuable in studying other 
cell types involved in cardiovascular diseases. Kubo et al. (33) 
investigated the activity of PAR1 pepducins P1pal-19 and P1pal-
12 in vascular tissue preparations and compared their activity to 
that of soluble activating peptides. They found that the P1pal-19 
agonist can promote Ca2+ signals, prostaglandin E2 release, and 
persistent relaxation of rat aortic rings in a concentration-dependent 
manner. When using P1pal-12 in precontracted rat aortic rings, 
there was decreased relaxation induced by TFLLRN or P1pal-19, 
in agreement with the contractile role of PAR1 in cells of the 
blood vessel wall.

The role of PAR4 in ischemic injury of the heart was the 
focus of Strande and colleagues (34). P4pal-10 was administered 
as an intravenous bolus of 10 mg/kg to rats, and it significantly 
reduced the myocardium infarct size by approximately 20% in an 
ischemia/reperfusion (I/R) injury model. According to this 
study, by blocking PAR4 with P4pal-10, they further revealed the 
protective effects of adenosine signaling in the myocardium.

Other GPCRs that play key roles in the cardiovascular system 
have also been targeted with pepducins. A high-throughput func-
tional assay developed by Edwards et al. (14) identified a number 
of palmitoylated cell-permeable oligopeptides that acted either as 
agonists or antagonists of GPCRs involved in platelet function 
including prostaglandin, LPA, and adrenergic receptors.

GPCRs such as PAR1 and PAR2 play critical roles in cancer pro-
gression, invasion, and metastasis (35). In this section, we discuss 
the utility of pepducins targeted against the intracellular loops of 
PAR1, PAR2, Smoothened (SMO), S1P3, and CXCR4 in cancer 
and angiogenesis.

In addition to its well-recognized roles in platelet and vascular 
biology, PAR1 has been proposed to be involved in the invasive 
and metastatic processes of breast cancer (36, 37), pancreatic 
cancer (38), and melanoma (39–41) and has been identified as an 
oncogene in the transformation of NIH3T3 mouse fibroblasts 

3.3. Cancer  
and Angiogenesis
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(42, 43). PAR1 can stimulate Gai, Gaq, and Ga12/13 pathways, 
which contribute to various processes involved in the regulation 
of tumor cell biology.

We have extensively tested the efficacy of the i3 loop-derived 
PAR1 pepducin, P1pal-7, as a monotherapy and in combination 
with taxotere in breast (9, 44) and ovarian (45) xenograft mouse 
models (Table 3). The effective pepducin therapeutic dose range 
in several xenograft cancer efficacy models is 3–10 mg/kg. 
To examine the in vivo efficacy of pepducins in tumor growth, the 
mammary fat pads of mice were injected with two different PAR1 
expressing cell lines: PAR1-MCF7/N55 or MDA-MB-231 cells. 
Inhibition of PAR1 with P1pal-7 significantly reduced tumor 
growth of both PAR1-MCF7/N55 and MDA-MB-231 breast 
tumors by 62% (p < 0.01) as monotherapy (9), and 95% (p < 0.01) 
as dual therapy (44), respectively. In another set of studies, 
P1pal-7 gave a highly significant 88% reduction in metastasis to 
lung with tail vein injected breast cancer GFP/MDA-MB-231 
cells (p < 0.001) as monotherapy (44) and significant reduction of 
ovarian OVCAR4 peritoneal dissemination (p < 0.005) as dual 
therapy with docetaxel (45). There were no obvious toxicities 
associated with multiday dosing of P1pal-7 up to 70 days in mice. 
These data provide an in vivo validation that targeting PAR1 may 
be a novel therapeutic approach in the treatment of breast and 
ovarian carcinomas.

Pepducins have also been successfully used to study angio-
genesis and proangiogenic activities in endothelial cell migration 
and proliferation. P1pal-7 almost completely blocked angiogen-
esis of peritoneal ovarian (45) and breast cancers (9). Moreover, 
P1pal-7 significantly inhibited ascites production in peritoneal 
ovarian cancer (45) due to blockade of PAR1-dependent 
endothelial barrier function (12). P1pal-7 monotherapy gave 
complete inhibition of ascites formation with SKOV3 peritoneal 
carcinomatosis and 60% (p < 0.005) reduction with OVCAR4 
ovarian cells. Licht et al. developed a pepducin to the i2 loop of 
S1P3 called KRX-725 (13), using a myristoyl–glycine attached 
to the N-terminus of the peptide. KRX-725 was found to have 
agonist activity for S1P3 and mimicked the effects of sphingosine 
1-phosphate, the ligand for S1P3, in endothelial cells. KRX-725 
induced angiogenesis in vitro and in vivo in the mouse corneal 
pocket assay.

In other studies, pepducins were used to delineate the contri-
bution of PAR1 to the Akt survival pathways in breast cancers. 
P1pal-7 inhibited the viability of PAR1-expressing breast cancer 
cells through Akt (44). Phosphorylation of Akt was significantly 
inhibited in established tumors treated with P1pal-7 for 5 days 
and gave significant attenuation of the survival pathway. The 
P1pal-7 protective effect was rescued by constitutively active Akt, 
suggesting that P1pal-7 and PAR1 act upstream of Akt.
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Majumdar et al. (8) used the PAR1 pepducin P1pal-12 (4) to 
demonstrate that plasmin induced migration of a9 integrin-
expressing  CHO cells through PAR1. The PAR4 pepducin served 
as a negative control and had no effect on plasmin-induced migra-
tion of a9–CHO cells. A recent publication by Kaufmann and 
colleagues (46) investigated the role of PAR2 in the proliferation, 
spread, and invasion of hepatocellular carcinoma (HCC). The 
PAR2 pepducin antagonist P2-pal-21, which has an IC50 of 1 mM 
for PAR2 (2), completely blocked the PAR2-dependent invasion 
of HCCs.

Hedghog signaling is regulated by the seven-transmembrane 
receptor, Smoothened (SMO). The aberrant regulation of the 
Hedghog-SMO pathway has been implicated in tumor progres-
sion (47, 48). Remsberg and colleagues (10) synthesized 
N-palmitoylated peptides spanning the intracellular loops of SMO 
(i1, i2, and i3). A series of N-terminal and C-terminal truncations 
of the loops were generated and tested for inhibition of growth of 
breast MCF-7 cells and melanoma SK-Mel2 cells. The most 
potent peptide was derived from the i2 loop SMO-i2-12 (Pal-
LTYAWHTSFK) with an IC50 of 0.06 mM. Substitution of the 
palmitoyl lipid with a myristoyl resulted in a loss of potency. 
Synthesis of metabolically stable retroinverse derivatives using all 
D-amino acids were found to improve the potency over the  parent 
compound.

GPCRs play diverse roles in many physiological processes, yet 
relatively few have been successfully targeted. Pepducins can func-
tion as antagonists or agonists of their cognate receptor and prove 
to be useful compounds for the study of GPCRs that are difficult 
to target with small-molecule approaches. Pepducins provide a 
useful complement to genetic approaches and may help uncover 
novel functions of GPCRs, such as the transactivation of PAR2 by 
PAR1 within a PAR1–PAR2 heterodimer. Pepducins have been 
extensively tested in animal models of systemic inflammation, 
sepsis, thrombosis, atherosclerosis, cancer, and angiogenesis. 
Pharmacodynamic, pharmacokinetic, and biodistribution studies 
in mice have demonstrated that pepducins are widely distributed 
throughout the body and suggest that pepducins possess appro-
priate drug-like properties for use in vivo. Toxicity studies have 
also been performed and have found pepducins to be well toler-
ated in animals. Together, pepducins are a promising new class of 
compounds for the study of GPCRs and may ultimately be devel-
oped as therapeutics in a variety of diseases.

4. Conclusion
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Chapter 20

Identification and Characterization of Tissue-Specific 
Protein Transduction Domains Using Peptide Phage Display

Maliha Zahid and Paul D. Robbins 

Abstract

Protein transduction domains (PTD) or cell-penetrating peptides (CPPs) are small peptides that are able 
to carry proteins, nucleic acid, and particles across the cellular membranes into cells. PTDs can be classi-
fied into three types: (1) positively charged, cationic peptides, comprised of homopolymers of arginine, 
ornithine, or lysine; (2) hydrophobic peptides, derived from leader sequences of secreted proteins, and 
cell-type specific peptides; (3) tissue-specific, mainly amphipathic peptides identified by screening of pep-
tide displaying phage libraries. The cationic and hydrophobic PTDs can efficiently transduce a variety of 
cell types in culture and in vivo, but in a nonspecific manner. In contrast, the tissue-specific transduction 
domains have more restricted transduction properties and presumably transduce cells through a different 
mechanism. In this chapter, we described methods for screening peptide phage display libraries for cell 
and tissue-specific transduction peptides both in cell culture and in vivo and for functional analysis of 
transduction.

Key words: Phage display, Biopanning, Protein transduction domains, In vivo

Protein transduction domains (PTD) or cell-penetrating peptides 
(CPP) are small peptides that are able to carry a variety of cargos 
including full-length proteins, oligonucleotides, nanoparticles, 
and nucleic acid across cellular membranes. These transduction 
peptides are classified under three broad classes: (1) cationic; (2) 
hydrophobic or protein leader sequence-derived domains; and 
(3) tissue-specific transduction peptides (1–3). The cationic pep-
tides in particular, have been used extensively in cell culture and 
in mouse models for delivery of therapeutic cargos. However, 
tissue-specific transduction peptides, which presumably enter the 
cell through a different mechanism than cationic peptides, have 

1. Introduction

1.1. Protein 
Transduction Domains
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advantages in regard to reducing side effects and increasing 
 therapeutic efficacy. Tissue-specific transduction domains can be 
identified by screening of peptides phage display libraries for pep-
tides that are able to facilitate internalization of intact phage (4).

Initial studies utilizing phage peptide display libraries were lim-
ited to in vitro studies, phage display being carried out against 
immobilized antigen targets or cell-specific ligands (5). Phage 
display also was used in vivo to identify peptides that are able to 
home to the tumor vasculature for anti-cancer therapy (1). Further 
in vivo work has shown that not only tumor vasculature but also 
normal organs and cells can be targeted by in vivo phage display 
(6, 7). However, these studies focused on identifying peptides 
that are able to bind to the surface of the cell, not necessarily for 
facilitating internalization.

As outlined below, we have developed a biopanning method-
ology using peptide phage display to identify tissue-specific trans-
duction peptides that are able to facilitate transduction of specific 
cell and/or tissues types. The approach for biopanning for trans-
duction peptides using phage display involves exposing the cell or 
tissue type of interest to a large, randomized library of phage, 
usually M13, expressing a peptide library on a surface coat pro-
tein. After binding, the non-relevant phage is washed away, the 
cell trypsinized to release bound phage, and internalized phage 
recovered by cell lysil. The released phage is expanded in bacteria 
and reexposed to the target of interest. Four to six cycles of bio-
panning lead to adequate enrichment with the relevant clone 
phage, which can subsequently be sequenced, and the peptide 
motif carried as a fusion coat protein identified. The biopanning 
can be performed in cultured cells, in vivo or using a combination 
of cell culture and in vivo approaches.

We have used biopanning of a peptide phage display library to 
identify synovial fibroblast, airway epithelial, and tumor-specific 
and cardiac-tissue-specific transduction peptides (2, 3). Below is 
described a protocol for identifying internalizing peptides by 
screening a peptide phage display library both in cell culture and 
in vivo. The protocol described is for a rat cardiomyoblast cell 
line, or H9C2 cells, as an example of a cell type targeted, utilizing 
a commercially available (New England Biolabs, cat. no. E8110S) 
M13, 12 amino acid peptide phage display library. This protocol 
can be modified to target specific tissue types/organs in vivo. The 
process is complicated by the heterogeneity and complexity of the 
tissue being targeted, the sequestration of injected phage by 
organs of the reticuloendothelial system, largely the liver and 
spleen, and a large pool of contaminating, nonspecific circulating 
phage. In addition, the rigorous conditions that the phage dis-
playing peptides are put through leads to loss of infective phage 
over subsequent cycles. Here we provide a protocol to identify 
peptides transducing the heart as an example with kidney being 

1.2. Biopanning Using 
Phage Peptide Display 
Libraries
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used as a control tissue, Fig. 1. However, this protocol can be 
modified to target various organs with helpful hints provided in 
Subheading 4 to maximize a researcher’s chances of success.

 1. Dulbecco’s modified eagle’s medium (DMEM; GIBCO/
BRL).

 2. Heat-inactivated fetal bovine serum (FBS; GIBCO/BRL).

 3. Pen Strep stock solution (GIBCO; 15140).
 4. Hepes buffer solution 1 M (GIBCO; 15630).
 5. Rat Cardiomyoblast Cell Line (H9C2 Cells) Media. Make 

the H9C2 cell media by adding 50 ml of heat-inactivated 
FBS, 5 ml of Hepes, and 5 ml of Pen Strep to 500 ml of 
DMEM. Filter the mixture and store at 4°C.

 6. Solution of trypsin (0.25%) and ethylenediamine tetraacetic 
acid (EDTA-1 mM; GIBCO).

2. Materials

2.1. Cell Culture

Fig. 1. Schematic representation of in vivo peptide phage display experimental design, using heart as target and kidney 
as control organs.
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 1. M13 12-mer peptide phage display library containing:
(a) Phage display peptide library, 100 ml, ~1 × 1013 pfu/ml, 

in TBS with 50% glycerol.
(b) -96 gIII sequencing primer 5¢- CCC TCA TAG TTA 

GCG TAA CG -3¢, 100 pmol, 1 pmol/ml.
(c) -28 gIII sequencing primer 5¢- GTA TGG GAT TTT 

GCT AAA CAA C -3¢, 100 pmol, 1 pmol/ml.
(d) E. coli ER2738. Host strain supplied as 50% glycerol cul-

ture; not competent. Store at −70°C.
 2. LB Medium: 10 g Bacto-Tryptone, 5 g yeast extract, 5 g 

NaCl in 1 L of H2O. Autoclave, store at 4°C.
 3. IPTG/Xgal Stock Solution: Mix 1.25 g IPTG (isopropyl-b-

d-thiogalactoside) and 1 g Xgal (5-Bromo-4-chloro-3-indolyl-
b-d-galactoside) in 25 ml DMF (dimethyl formamide). 
Solution should be stored at −20°C.

 4. LB/IPTG/Xgal Plates: 1 L LB medium + 15 g/l agar. Autoclave, 
cool to <70°C, add 1 ml IPTG/Xgal Stock per liter and pour. 
Store plates at 4°C in the dark.

 5. Agar Top: 10 g Bacto-Tryptone, 5 g yeast extract, 5 g NaCl, 
7 g Bacto-Agar in 1 L of deiodized H2O. Autoclave, dispense 
into 50 ml aliquots. Store at room temperature (will be solid).

 6. Tetracycline Stock Solution: 20 mg/ml of tetracycline pow-
der in a 1:1 ethanol:water. Store at −20°C, light protected. 
Vortex before use.

 7. LB + Tetracycline Media: To 1 L of H2O add 10 g Bacto-
Tryptone, 5 g yeast extract, and 5 g NaCl. Autoclave, and 
allow to cool down to <70°C or until lukewarm to touch. 
Add 1 ml of Tetracycline stock solution, mix and store at 4°C, 
light-protected, until ready for use. Do not use if color turns 
from yellow to brown or black.

 8. LB/Tetracycline Plates: Add 15 g of Agar to a liter of LB 
medium. Autoclave and allow to cool to <70°C, add 1 ml of 
tetracycline stock solution, pour into plates and allow to 
solidify. Store plates at 4°C, light-protected. Do not use plates 
if they turn brown or black.

 9. TBS: 50 mM Tris–HCl (pH 7.5), 150 mM NaCl. Autoclave 
and store at room temperature.

 10. PEG/NaCl: 20% (w/v) polyethylene glycol – 8000, 2.5 M 
NaCl. Autoclave, mix well to combine separated layers while 
still warm. Store at room temperature.

 11. Iodide Buffer: 10 mM Tris–HCl (pH 8.0), 1 mM EDTA, 
4 M sodium iodide (NaI). Store at room temperature in the 
dark. Discard if color is evident.

2.2.  Phage Display



281Identification and Characterization of Tissue-Specific Protein Transduction Domains

 1. Eight- to twelve-week-old albino, male or female mice (Balb/c 
or FVB; Jackson Labs).

 2. 0.5-ml Insulin syringes.
 3. Sterile phosphate-buffered saline (PBS; GIBCO).
 4. Avertin stock solution: Avertin (2, 2, 2-Tribromoethanol; 

Sigma-Aldrich) is mixed with 15. 5 ml tert-Amyl Alcohol 
(2-methyl-2-butanol; Fisher) for ~12 h in a dark bottle at 
room temperature. Allow the mixture to go completely into 
solution, sterile filter and store at 4°C, light protected. On 
the day of use, mix 200 ml of this stock solution with 10 ml of 
PBS, sterile filter and wrap in foil before use. This will be the 
2% Avertin working solution.

 5. HBSS (Cellgro).
 6. 10% Glucose. Dissolve 10 g of glucose in 100 ml of deionized 

H2O, sterile filter in a hood and store for later use.
 7. Heparin 1,000 U/ml (Lyphomed).
 8. Collagenase II (50 mg/ml; Worthington).
 9. DNAse I (20 mg/ml; Roche).
 10. Dulbecco’s Modified Eagle’s Medium 50:50/F12 (Cellgro).
 11. Heat-inactivated fetal bovine serum (FBS; GIBCO/BRL).
 12. Gentamycin 50 mg/ml (1,000×; GIBCO).
 13. 75-mM cell filters.
 14. Solution of trypsin (0.25%) and ethylenediamine tetraacetic 

acid (EDTA-1 mM; GIBCO).
 15. HBSS-G: To 90 ml of HBSS, add 10 ml of 10% glucose 

solution.
 16. HBSS-G-Heparin: To 50 ml of HBSS-G, add 500 ml of 

Heparin (1,000 U/ml stock solution). Make fresh on the day 
of use.

 17. Digestion Enzyme: To 39 ml of HBSS-G add 40 ml of DNAse 
I and 1.2 ml of Collagenase II. Make fresh on the day of 
use.

 18. Plating medium: To 90 ml of DMEM 50:50/F12 add 10 ml 
of the heat-inactivated FBS and 100 ml of Gentamycin stock 
solution.

 19. 0.75% collagenase II: Add 75 mg of collagenase II to 10 ml 
of PBS. Make fresh on the day of use.

 20. DMEM 50:50/F12/25% FBS: add 7.5 ml DMEM/F12 to 
2.5 ml FBS. Will need 10 cc for each heart.

2.3. Phage Display  
in Mice
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 1. Passage the rat cardiomyoblast cell line, H9C2 cells, for a 
minimum of three passages (after thawing from −180°C). 
Cells should be passaged once they are ~70% confluent. Do 
not allow to grow to complete confluency as they will begin 
to differentiate.

 2. After the third passage, trypsinize cells with Trypsin/EDTA 
and plate in a six-well plate at a cell density of 2 × 105 cells/
well. Twenty-four hours post-plating, aspirate and replace 
with prewarmed media, and add 10 ml of the M13 peptide 
phage library (~1011 phage) to the media. Return cells to 
incubator for 6 h. (see Note 1)

 3. After the incubation period, wash cell extensively (at least 6×) 
with prewarmed PBS, trypsinized cells, and centrifuge to col-
lect cell pellet. Wash the cell pellet one to two times more 
with media. Aspirate the supernatant media above the cell 
pellet but not completely. Cell pellet may be stored at −80°C 
for later lysis and phage titration.

 4. Release internalized phage by subjecting the cell pellet to one 
freeze–thaw cycle by bringing the cell pellet from −80°C to 
either room temperature, or by placing in a 37°C water-bath. 
Pellet out the cell debris and use the supernatant for phage 
titration as detailed below.

 1. Inoculate 100 ml LB + tetracycline media in a round-bottomed 
flask with 10 ml of E. coli, provided with the phage display 
library. Grow overnight at 37°C with gentle shaking 
(225 rpm). This will be the starter culture.

 2. Inoculate another 100 ml of LB + tetracycline media with one 
to two drops of the starter culture. Incubate at 37°C for 1 h 
with gentle shaking.

 3. Melt agarose top in a microwave until liquid. Vortex to make 
sure it is homogenous. Dispense 3 ml into six sterile culture 
tubes. Place the six culture tubes in a water-bath with tem-
perature set to 45°C and maintain at this temperature until 
ready for use.(see Note 2)

 4. To carry out infection, add 20 ml of cell extract (from step 3.1,4) 
to 200 ml of E. coli culture (from step 3.2,2), vortex quickly, and 
incubate at room temperature for 1–5 min. This will be the 
1 × 100 dilution. Take 20 ml of this and add to another 200 ml of 
the starter culture (1 × 101) and so on until you have 1 × 106 
dilutions. Use a new tip for each serial dilution.

 5. Transfer 200 ml of each of these to the culture tubes containing 
3 ml of the melted agar top at 45°C, one infection at a time 

3.  Methods

3.1. Peptide Phage 
Display

3.2.  Phage Titration
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(from Subheading 3.2, item 4), vortex briefly, and immediately 
pour culture onto a prewarmed LB + Tetracycline plate or 
IPTG/X-gal plate (labeled 1 × 100 to 1 × 106). Pre-warm, for 
at least 1 h, one LB/IPTG/Xgal plate per expected dilution 
at 37°C until ready for use. Gently tilt and rotate plate to 
spread top agar evenly.

 6. Allow the plates to cool for 5 min, invert, and incubate over-
night at 37°C. Place in 37°C, light-protected (for either type 
of plates) for overnight growth.

 7. Next day count either the clear plaques in the case of 
LB + Tetracycline plates or blue plaques in the case of Xgal 
plates. Some plates will have too numerous to count plaques 
and some might have too few. Count the ones with 10–200 
plaques, multiply by the dilution factor and that will provide the 
number of phage per 20 ml of the cell lysate. The total number 
of phage can be calculated by multiplying this number by the 
total lysate cell supernatant volume (in ml) divided by 20.

Total No of Phage =  Number of plaques in a plate × 
Dilution factor of the plate × total cell 
lysate volume/20

 1. Inoculate 100 ml LB + tetracycline media in a round-bottomed 
flask with 10 ml of E. coli, provided with the phage display 
library. Grow overnight at 37°C with gentle shaking 
(225 rpm). This will be the starter culture.

 2. Inoculate another 100 ml of LB + tetracycline media with one 
to two drops of the starter culture. Incubate at 37°C for 1 h 
with gentle shaking.

 3. Take 32 ml of this culture and add 1–1.5 ml of the cell lysate 
(from Subheading 3.1, step 4 above) to it and grow for 4 h at 
37°C with gentle shaking (225 rpm).

 4. Spin down at 24,000 g-force at 4°C for 20 min.
 5. Discard the pellet. Take the 30 ml of the supernatant and add 

6 ml of PEG/NaCl and keep at 4°C overnight.
 6. Next day spin the tube at 30,000 g-force for 20 min at 4°C.
 7. Discard the supernatant and dissolve the pellet in 1 cc of TBS 

(in the hood). Transfer to Eppendorf tube and add 200 ml of 
PEG/NaCl (all in the hood). Place on ice for 1 h.

 8. Spin the tube in cold room at 20,000 g-force for 5 min.
 9. Discard the supernatant. Resuspend the pellet in 200 ml of 

TBS. This is your amplified phage. Titer this amplified phage 
using the protocol detailed in Subheading 3.2. This will 
be the amplified and tittered phage used for next cycle of 
phage display.

3.3. Phage 
Amplification
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After three to six cycles (generally four are adequate) a cell-specific 
clone will emerge. From the plate with <100 plaques, pick 10–20 
for amplification and subsequent sequencing.

 1. Dilute an overnight culture of E. coli 1:100 in LB. Dispense 
1 ml of diluted culture into culture tubes, one for each clone 
to be characterized.

 2. Use a sterile wooden stick or pipette tip to stab a plaque from a 
titering plate (important: plates should be <1–3 days old, stored 
at 4°C and have <100 plaques) and transfer to a tube containing 
the diluted culture. Pick well-separated plaques. This will ensure 
that each plaque contains a single DNA sequence.

 3. Incubate the tubes at 37°C with shaking for 4.5–5 h (no 
longer).

 4. Transfer the cultures to microcentrifuge tubes, and centrifuge 
at 20,000 g-force for 30 s. Transfer the supernatant to a fresh 
tube and re-spin. Using a pipette, transfer the upper 80% of 
the supernatant to a fresh tube. This is the amplified phage 
stock and can be stored at 4°C for several weeks with little 
loss of titer. For long-term storage (up to several years), dilute 
1:1 with sterile glycerol and store at −20°C.

 5. Transfer 500 ml of the amplified phage stock to a fresh 
microfuge tube. Add 200 ml of 20% PEG/2.5 M NaCl. Invert 
several times to mix, and let stand for 10–20 min at room 
temperature.

 6. Microfuge at 20,000 g-force for 10 min at 4°C and discard the 
supernatant. Phage pellet may not be visible. Re-spin briefly. 
Carefully pipet away and discard any remaining supernatant.

 7. Suspend the pellet thoroughly in 100 ml of Iodide Buffer by 
vigorously tapping the tube. Add 250 ml of ethanol and incu-
bate 10–20 min at room temperature. Short incubation at 
room temperature will preferentially precipitate single-stranded 
phage DNA, leaving most phage protein in solution.

 8. Spin in a microfuge at 20,000 g-force for 10 min at 4°C, and 
discard the supernatant. Wash the pellet with 0.5 ml of 70% 
ethanol (stored at −20°C), re-spin, discard the supernatant, 
and briefly dry the pellet under vacuum or at room air.

 9. Resuspend the pellet in 30 ml of TE buffer. The template can 
be suspended in H2O instead of TE if desired, but this is not 
recommended for long-term storage. In TE buffer, the phage 
DNA should be stable indefinitely at −20°C. Sequence this 
DNA using the sequencing primers provided with the peptide 
phage display library.

Weigh the mouse on a small animal scale and anesthetize using 
12 ml/gm of tissue weight of 2% Avertin solution administered 
intraperitoneally. Mouse will be anesthetized in 2–5 min. Inject 10 ml 

3.4.  Phage Sequencing

3.5. In Vivo Peptide 
Phage Display
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of the peptide phage display library (~1011 pfu) intravenously, either 
retro-orbitally or through a tail vein injection. The M13 phage, 
after an intravenous injection, has a half-life of 4.5 h, in the circula-
tion. Allow the mouse to recover and circulate the phage for the 
desired number of half-lives (~3–6 half-lives). (see Note 3)

 1. After the desired time of circulation, re-anesthetize the mouse 
using 2% Avertin, euthanize using either a CO2 chamber or 
cervical dislocation, and open the chest cavity. Now place a 
nick in either the right atrium or right ventricle and using a 
small bore needle, inject the left ventricle with 3–5 ml of 
HBSS-G-Heparin, so as to flush out all the red blood cells 
from the ventricular cavity and the coronary circulation.

 2. Dissect out the heart, trim the atria and great vessels, and 
weigh the resulting trimmed heart.

 3. Place a petri dish on ice, add 2–4 ml of HBSS-G-Heparin, 
place heart pieces in it and chop as finely as possible.

 4. Transfer all of this to a round bottom 5 cc tube and discard 
the supernatant.

 5. Add 2 ml of Digestion Enzyme to the pieces, incubate (with 
rocking) at 37°C for 5 min.

 6. Collect the supernatant into DMEM 50:50/F12/25% FBS 
(10 ml for each heart) media; keep at 37°C.

 7. Repeat the steps 5 and 6 above until all the tissue pieces are 
digested.

 8. Now place the accumulated tissue + DMEM + FBS through a 
70-mm filter.

 9. Centrifuge the filtered cells for 4 min at 1,000 rpm.
 10. Aspirate off the media, keep the pellet and resuspend the cells 

in 5–6 ml of the plating medium.
 11. Now place the cells and media in a 6-in cell culture plate (to 

plate out the fibroblasts) and place in an incubator at 37°C 
for 2 h (without disturbing).

 12. At the end of 2 h, aspirate the top media, pellet the cells, 
resuspend in 1 ml of PBS, transfer to an Eppendorf tube and 
place in −80°C to freeze.

 13. Put the cell pellet through one freeze–thaw cycle to lyse the cells 
and release the internalized phage. Pellet the cell debris by cen-
trifuging at maximum speed for 60 s in a table-top centrifuge. 
Use 20 ml of this cell lysate/supernatant to titrate the released 
phage as detailed in Subheading 3.2. This phage population is 
the population of interest that will be put through subsequent 
cycles of phage amplification (as detailed in Subheading 3.3) and 
reinjected into a mouse for a second cycle of peptide phage dis-
play. The number of phage recovered from the heart will be 
normalized to the weight of the heart (in grams).

3.6. Isolating Cardiac 
Myocytes
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 1. Inject phage library intravenously (reto-orbitally or via a tail vein 
injection) and allow to circulate for the decided number of hours.

 2. After the desired time of circulation, re-anesthetize the mouse 
using 2% Avertin, euthanize using either a CO2 chamber or 
cervical dislocation, and open the chest cavity. Now place a 
nick in either the right atrium or right ventricle and using a 
small bore needle, inject the left ventricle with 3–5 ml of 
HBSS-G-Heparin, so as to flush out all the red blood cells 
from the ventricular cavity and the coronary circulation.

 3. Dissect the kidney out and rinse in PBS.
 4. In a cell culture hood, cut the kidney into small pieces with 

autoclaved/sterile razor blade.
 5. Digest the minced tissue with 0.75% collagenase II at 37°C 

for 30–45 min.
 6. Pipette the digested tissue up and down.
 7. Filter the cells with 75-mm filter.
 8. Trypsinize the cells for 10 min at room temperature.
 9. Spin down the cells and wash with PBS twice.
 10. Resuspend in 1 ml of PBS.
 11. Store in Eppendorf tubes at −80°C.
 12. Put the cell pellet through one freeze–thaw cycle to lyse the 

cells and release the internalized phage. Pellet the cell debris 
by centrifuging at maximum speed for 60 s in a table-top 
centrifuge. Use 20 ml of this cell lysate/supernatant to titrate 
the released phage as detailed in Subheading 3.2. This phage 
population is the control phage and the released phage from 
heart, the target organ of interest, will be expressed as a ratio 
of the number of phage recovered from kidney. The number 
of phage recovered from the kidney will be normalized to the 
weight of the kidney (in grams). The figure below (Fig. 1) 
details the experimental protocol as a schematic diagram.

 13. After three or four cycles of in vivo peptide phage display, 10–20 
plaques are picked from phage recovered from the target organ, 
amplified and sequenced as detailed in Subheading 3.4. A 
 consensus sequence should emerge after 4 cycles of phage  display. 
(To test the transduction ability of the identified pestide, see 
Note 4)

 1. Phage contamination: The potential for contamination with 
environmental bacteriophage can be minimized by using aerosol-
resistant pipette tips and wearing gloves for all protocols. 

3.7. Isolating Kidney 
Cells

4.  Notes
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With phage work in the hood as much as possible to avoid 
contamination and when out of the hood, keep phage on wet 
ice. Also, to prevent contamination, all solutions should be 
autoclaved where possible and solutions containing heat-labile 
components should be made fresh, sterile filtered and stored 
under appropriate conditions. The M13 peptide phage display 
library used as an example in this chapter, utilizes the library 
cloning vector M13KE which is derived from the common clon-
ing vector M13mp19. This vector carries the lacZa gene, and 
phage plaques appear blue when plated on culture plates con-
taining IPTG/Xgal. Environmental filamentous phage will 
typically yield colorless plaques when plated on the same 
media. These plaques are also larger and “fuzzier” than the 
library phage plaques. If contaminated, environmental phage 
appear to be a concern, we recommend plating on LB/IPTG/
Xgal plates for all titering steps and, if white plaques are evi-
dent, picking only blue plaques for sequencing.

 2. Phage viability : Phage are temperature sensitive. After melt-
ing the agar top in a microwave and dispensing into culture 
tubes, place in a water-bath bought to 45°C and maintain at 
that temperature. Fluctuations, especially increase in temper-
ature, will reduce phage infectivity and subsequent yield. Also 
culture plates (either LB + Tetracycline or IPTG/Xgal plates) 
need to be prewarmed before plating culture media contain-
ing phage onto them. Pre-warm plates to 37°C for an hour 
before use. Also once agar top and culture media of E. coli 
incubated with M13 phage are mixed together, immediately 
mix and transfer to plates. Letting the mixture stand for any 
length of time will reduce phage viability. Also as the phage 
are put through repeated cycles of display to enrich for the 
relevant clone, phage viability has a tendency to decrease. 
Minimize this loss of infectivity by putting cell lines through 
only one cycle of freeze–thaw to lyse the cells and release 
internalized phage. In addition minimize time delays and 
storage of phage in-between cycles. To theoretically increase 
the chances of recovering infective phage, cell lines may be 
pretreated with Chloroquine, an agent known to increase 
intra-lysosomal pH and hence decrease intra-cellular break-
down of internalized phage.

Phage viability is an even bigger concern in the case of 
in vivo phage display compared to phage display in cell culture. 
Infectivity will decrease over time and subsequent cycles of 
phage display. To maximize the chances of recovering infec-
tive phage, subject lysed/digested tissue to only one cycle of 
freeze–thaw to release the phage. Amplified phage should be 
stored in −20°C until ready for injection. Do not repeat 
freeze–thaw the stored phage. Minimize the time delays 
between subsequent cycles of phage display. To increase the 
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chances of recovering internalized phage, breakdown of 
internalized phage can theoretically be minimized by pre-
treating the rodents with Chloroquine (20 mg/kg dose) 
prior to injecting with the phage. The pretreatment with 
Chloroquine should precede the phage injection by an ade-
quate interval of time for it to be effective (for example 24 or 
48 h before as well as on the day of phage injection).

 3. Target organ: In vivo phage display is complicated by the 
nature of the target being more complex and issues of a large 
pool of contaminating/nonspecific phage in the circulating 
blood pool (in the case of intravenous injection). This is of 
greater concern in the case of highly vascular organs, for 
example heart or kidneys, and less so with less vascular tissue 
as in the case of brain. The problem of contaminating blood 
pool can be minimized by allowing for long enough circula-
tion times (three to six half-lives) for the phage to clear the 
blood stream. Also the first cycle of phage display can be done 
in vitro in an appropriate cell line in order to enrich for rele-
vant phage, with subsequent cycles being performed in vivo.

 4. Testing activity of the identified peptide: Once candidate tissue 
specific transduction peptides are identified, it is then neces-
sary to demonstrate transduction of the appropriate target 
cells or tissues. Initially, transduction can be analyzed using 
the peptide coupled or conjugated to a fluorescent marker 
like 6-carboxyfluorescein, streptavidin-alexa488, eGFP or 
b-galactosidase. However, this approach only demonstrates 
that the peptide allows entry of cargos inside the cells. To 
demonstrate functional delivery of agents into the cell, we 
have used approaches involving delivery of biologically active 
peptides into cells. For example, a peptide inhibitor of the 
transcription factor NF-kB, a ubiquitously expressed tran-
scription factor that is evolutionarily conserved, can be used. 
A small, 11 amino acid peptide, termed the NEMO-binding 
domain (NBD), has been identified as able to block the kinase 
responsible for activating the kinase, IKK, that activates 
NF-kB (8). Delivery of the NBD using a tissue-specific pro-
tein transduction domain leads to a dose-dependent inhibi-
tion of NF-kB signaling in tissue culture and in animal models. 
Thus tissue-specific transduction peptide-mediated delivery 
of NBD can be used to assess and compare efficacy of func-
tional transduction using a NF-kB reporter assay (9).

An alternative approach to using the NBD peptide as an 
assay for functional transduction is the use of an anti-microbial 
peptide to induce apoptosis (10). Anti-microbial peptides, 
able to disrupt bacterial membranes, also can disrupt the 
integrity of mitochondrial membranes, resulting in release of 
cytochrome C and induction of apoptosis. PTD-mediated 
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delivery of anti-microbial peptides results in rapid and efficient 
disruption of the mitochondrial membrane and induction of 
apoptosis in contrast to the anti-microbial peptide alone. Thus 
we also have used extent and rate of induction of apoptosis by 
anti-microbial peptides, such as KLAKLAK, fused to tissue-
specific transduction domains, as an indicator of functional 
transduction of cells.
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Chapter 21

Applications of Cell-Penetrating Peptides as Signal 
Transduction Modulators for the Selective Induction  
of Apoptosis

Sarah Jones and John Howl 

Abstract

The discovery of cell-penetrating peptides (CPP) has provided the scientific community with relatively 
small and increasingly cost-effective molecular agents that readily cross the normally impermeable cell 
membrane. Thus, as either inert delivery vectors or biologically active agents, CPP can be used to selec-
tively modulate intracellular signal transduction events. Indeed, the survival of many cancer cells is associ-
ated with alterations in the function of key intracellular signalling proteins. Accordingly, CPP constructs 
have been developed to access intracellular target loci in both normal and transformed cells. Thus, CPP 
are a novel, generic class of signal transduction modulator which can be utilized to specifically induce 
apoptosis in tumour cells as a potential therapeutic option. However, and particularly at higher concentra-
tions, CPP can induce non-specific membrane perturbations, thus leading to cell death by necrotic mecha-
nisms. This chapter, therefore, focuses on methodologies for the assessment of apoptotic events, including 
in situ TUNEL analysis, activation of caspase-3, and the MTT assay, whilst also discussing dual Annexin V 
and propidium iodide staining, an assay used for the quantification of cell populations undergoing apop-
tosis and/or necrosis.

Key words: CPP, Apoptosis, Signal transduction, Proteomimetic, TUNEL, Annexin V, Propidium 
iodide, MTT, Caspase-3

The past decade has witnessed a resurgent interest in the thera-
peutic applications of peptides. Accordingly, CPP technologies 
have successfully been employed as intracellular signal transduc-
tion modulators for the selective induction of apoptosis in tumour 
cells. For instance, mitochondria-targeting CPP have been shown 
to induce apoptosis of tumour cells (1) and the intracellular delivery 
of a peptide that activates p53 has proven to be an effective 
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tumour suppressor of malignant cells in vivo (2). For reasons of 
clarification, and based upon a consideration of structural organi-
zation, we have chosen to delineate apoptogenic CPP into two 
separate groups:

This quantitatively dominant type of construct utilizes a variety of 
different CPPs as biologically inert vectors. Their sychnologic 
organization is composed of a bioactive apoptogenic cargo (mes-
sage) chemically conjugated in a tandem fashion to the CPP 
(address). The CPP is designed to act only as an inert delivery 
vector for the intracellular translocation of apoptogenic moieties, 
be they peptidyl modulators of signal transduction (3, 4) or phar-
macotherapeutics (5, 6).

A component of our investigations into the utility of apoptogenic 
CPP has advanced following the development of a prediction 
algorithm which identifies cell-penetrant peptide sequences within 
key intracellular signalling proteins (7). Also termed proteomi-
metic CPP (8), these novel constructs are of rhegnylogic organiza-
tion, with discontinuously arranged pharmacophores within a 
single peptide chain. These CPP possess the dual function of 
modulating intracellular events whilst being intrinsically cell pen-
etrant, thus circumventing the need of a sometimes difficult con-
jugation step between CPP and bioactive cargo. One such peptide 
is Cyt c77–101 (H-GTKMIFVGIKKKEERADLIAYLKKA-NH2), a 
cryptic sequence identified within the apoptogenic protein cyto-
chrome c. Cyt c77–101 and its N-terminally extended target-selective 
analogues display a strong propensity for both cellular penetra-
tion and apoptotic induction in U373MG astrocytoma cells (8).

A second component of our studies using apoptogenic CPP, 
which are intrinsically cell penetrant, has developed from syn-
thetic analogues of the heterotrimeric G protein activating tet-
radecapeptide mastoparan (MP), isolated from wasp venom. 
Mitoparan ([Lys5,8Aib10]MP; (1)), a highly potent MP analogue, 
specifically promotes apoptosis of human cancer cells as confirmed 
in our laboratory using common methodologies for the detection 
of apoptotic events such as, in situ TUNEL staining, activation of 
caspase-3 and translocation of phosphatidylserine to the outer cell 
membrane. Intriguingly, mitoparan penetrates plasma membranes 
and redistributes to co-localize with mitochondria. Further inves-
tigations demonstrated that through cooperation with a permea-
bility transition pore protein VDAC (voltage-dependent anion 
channel), mitoparan induces mitochondrial swelling and permea-
bilization, leading to the subsequent release of cytochrome c.

Whilst CPP provide valuable tools for the therapeutic induc-
tion of apoptosis, higher concentrations of CPP, perhaps 5 mM 
and above for a majority of those CPP studied to date, can induce 
membrane perturbations and subsequent necrotic events probably 

1.1. Apoptogenic CPP 
of Sychnologic 
Organization

1.2. Apoptogenic CPP 
that Are Intrinsically 
Cell Penetrant
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resulting from an uncontrolled influx of Ca2+. Thus, to harness the 
specific apoptogenic potential of CPP, in the absence of more gen-
eralized necrosis, it is essential to precisely determine the mecha-
nisms of cell death induced by peptide exposure. Similar assays are 
also valuable to select CPP that can be used for other applications 
in the absence of detrimental changes in cellular viability.

Initial screening of apoptogenic CPP can be carried out by 
measuring cell viability and 3-(4,5-dimethylthazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT) assays are routinely used 
for this purpose (9). However, whilst the MTT assay provides a 
simple and cost-effective assessment of the ability of apoptogenic 
CPP to reduce cell viability, firm establishment of apoptosis, 
through assays such as TUNEL staining are also imperative. For 
a more rigorous assessment of apoptosis, whilst also discounting 
necrosis, dual Annexin V and propidium iodide (PI) staining are 
thoroughly recommended. There are of course numerous other 
methodologies for the measurement of apoptosis. Assessing the 
real-time activation of caspase-3, the final executioner in the cas-
pase cascade, is a common methodology routinely used within 
our laboratory.

Most of the studies reported herein have utilized the U373MG 
cell line as representative of high grade human glioma, though 
the methods presented are certainly applicable to the study of 
other eukaryotic cell types.

 1. Cell culture medium: Dulbecco’s Modified Eagle’s Medium 
with l-glutamine (0.1 mg/ml) (DMEM) (Sigma) supple-
mented with 10% (w/v) fetal bovine serum (FBS) (Sigma), 
penicillin (100 U/ml), and streptomycin (100 mg/ml).

 2. Trypsin/EDTA: 0.5 g/l porcine trypsin and 0.2 g/l EDTA.4Na 
in Hanks Balanced Salt Solution (Sigma).

 3. Hanks Balanced Salt Solution (HBSS) (Sigma).
 4. Sterile T75 cm2 vented flasks.
 5. Laminar Flow Class II tissue culture fume hood (Clean Air).
 6. CO2 incubator (Jencons, Millennium).
 7. Purified and lyophilized peptides.
 8. dH2O.
 9. Sterile syringes.
 10. Sterile filters.
 11. Sterile Eppendorf tubes.

2. Materials

2.1. Cell Culture  
and Peptide Preparation
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 1. Sterile 96-well plates.
 2. Cell culture medium pre-warmed to 37°C.
 3. HBSS.
 4. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) solution (0.5 mg/ml): Prepare a 5 mg/ml stock solu-
tion of MTT (Sigma) in pre-warmed DMEM. 0.02 g MTT in 
4 ml of medium should be sufficient for two 96-well plates. This 
preparation may require sonification to fully dissolve the MTT. 
Dilute the MTT stock solution by 1:10 in DMEM (3 ml of the 
above stock solution in 30 ml medium is sufficient for two 
96-well plates).

 5. 96-Well plate reader.

 1. Sterile six-well plates.
 2. Glass cover slips (18 × 18 mm).
 3. Forceps.
 4. Cell culture medium pre-warmed to 37°C.
 5. Phosphate-buffered saline (PBS), pH 7.4 (500 ml).
 6. Paraformaldehyde: 4% (wt/vol) solution in PBS (see Note 1).
 7. Permeabilization solution: 0.1% (vol/vol) Triton X-100 in 

0.1% (wt/vol) sodium citrate.
 8. Nuclear DNA fragmentation, a feature of apoptosis can be 

measured by Tdt (terminal deoxynucleotidyl transferase)-
mediated dUTP nick end labelling (TUNEL). Many conve-
nient kits are available including the “In Situ Cell Death 
Detection kit” (TMR red, Roche, UK).

 9. DNase 1, grade 1: 3,000 U/ml in 50 mM Tris–HCl, pH 7.5, 
1 mg/ml BSA (Roche, UK).

 10. Vectashield™ (Vector Laboratories Inc, Peterborough, UK) 
containing 4¢,6¢ Diamidino-8-phenylindole dihydrochloride 
(DAPI).

 11. Glass slides (26 × 76 mm).
 12. Clear nail varnish.

 1. HBSS without phenol red (Sigma).
 2. Trypsin/EDTA without phenol red: 0.5 g/l porcine trypsin 

and 0.2 g/l EDTA.4Na in HBSS (Sigma).
 3. 5-ml Polystyrene round bottom tubes, 12 × 75 mm (BD, 

Falcon).
 4. Annexin-V-FLUOS staining kit (Roche, UK).
 5. Flow cytometer (BD FACS Calibur).
 6. BD Cell Quest Pro software.

2.2. Measurement  
of Cell Viability

2.3. Measurement  
of Apoptosis: 
Detection of DNA 
Fragmentation In Situ 
by TUNEL Assay

2.4. Measurement  
of Apoptosis and 
Necrosis: Quantitative 
Determination  
of Annexin V and 
Propidium Iodide 
Staining Using Flow 
Cytometry
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 1. 35-mm Sterile glass base dishes (IWAKI).
 2. DMEM without phenol red.
 3. DEVD-NucView™ 488 Caspase-3 Substrate (Biotium Inc, 

Cambridge Bioscience, Cambridge, UK).
 4. Caspase-3 inhibitor Ac-DEVD-CHO (Biotium Inc, Cambridge 

Bioscience, Cambridge, UK).
 5. Confocal microscope with a live cell imaging chamber (Carl 

Zeiss LSM 510 Meta).

 1. U373MG human astrocytoma cells (Pontén and Macintyre, 
1968) are routinely maintained in cell culture medium, in a 
humidified atmosphere of 5% CO2 at 37°C (CO2 incubator) 
and routinely passaged when approaching confluence with 
trypsin/EDTA. To ensure sterility, cell culture should be car-
ried out in a laminar Class II fume hood, whilst wearing 
gloves throughout.

 2. U373MG cells are an adherent cell line thus all of the proto-
cols below are tailored for adherent cultures.

 3. Purified peptides are dissolved in dH2O to a final concentra-
tion of 1 mM, filter sterilized and stored in sterile Eppendorfs 
at −20°C (see Note 2).

Cell viability can be measured by MTT conversion. MTT is 
reduced, by metabolically active cells only, to a coloured water-
insoluble formazan salt. Following solubilization and colorimet-
ric measurement, only viable cells are therefore detected. Many 
similar methods using the reduction of tetrazolium salts are also 
available.

To ensure sterility, the procedure below should be carried out in 
a Class II laminar flow hood using aseptic tissue culture techniques. 
From step 6 onwards, however, the procedure can be carried out on 
an open bench.

 1. Cells are passaged as above (see Subheading 3.1) and grown 
to 75% confluence in 96-well plates (see Note 3) and washed 
in culture medium (200 ml/well) prior to assay.

 2. Treat cells with 200 ml medium/well containing apoptogenic 
CPP or vehicle (medium alone) for the designated time periods 
at 37°C.

 3. To six empty wells, add 200 ml of stimulation medium alone 
as to detect any background absorbance readings.

 4. To terminate the reaction, aspirate off the stimulation medium.

2.5. Caspase-3 
Activation

3.  Methods

3.1. Cell Culture  
and Peptide 
Preparation

3.2. Measurement  
of Cell Viability



296 Jones and Howl

 5. Add the prepared MTT solution (0.5 mg/ml) at 200 ml/well 
and incubate for 3 h at 37°C (see Note 4).

 6. Aspirate medium taking care not to disturb the cell mono-
layer and insoluble coloured product.

 7. Solubilize in warm DMSO at 200 ml/well.
 8. Incubate for a further 15 min at 37°C.
 9. Gently agitate and read absorbance at 540 nm on a 96 well 

plate reader.
 10. Cell viability is expressed as a percentage of cells treated with 

vehicle (medium) alone. An average value for the background 
readings is calculated and subtracted from all values prior to 
the determination of % cell viability. Results are expressed as 
mean ± S.E.M.

As previously mentioned, CPP, particularly at higher concentra-
tions, tend to induce cell death by non-specific membrane pertur-
bations, it is therefore of upmost importance to establish that 
apoptosis is indeed the mechanism of cell death. Nuclear DNA 
fragmentation is a well-established characteristic of apoptosis 
and can be easily detected by TUNEL assay (see Note 5). As in 
Subheading 3.2, sterility should be maintained whilst plating out 
cells and throughout the duration of their stimulation with apop-
togenic CPP.

 1. Cells are passaged as above (see Subheading 3.1) and grown 
to 75% confluence on cover-slips in six-well plates. When plat-
ing out cells onto cover-slips, it is imperative that the cover-
slips are first sterilized by holding with forceps and spraying 
them with 95% ethanol. Allow the cover-slips to dry then 
gently transfer 1 coverslip/well to the chambers of a six-well 
plate.

 2. Wash once in fresh cell culture medium and treat with pep-
tides or vehicle alone (medium) in medium, for the desig-
nated time periods in a humidified atmosphere of 5% CO2 at 
37°C.

 3. Wash cells with phosphate-buffered saline (PBS), pH 7.4 and 
fixed with 4% (wt/vol) paraformaldehyde in PBS 4% (wt/vol) 
for 1 h at room temperature.

 4. Fixed cells are permeabilized with 0.1% (vol/vol) Triton 
X-100 in 0.1% (wt/vol) sodium citrate at 4°C for 2 min, 
then incubated for 1 h at 37°C in a humidified atmosphere 
in the dark with TUNEL reaction mixture containing termi-
nal deoxynucleotidyl transferase (Tdt) and TMR red-dUTP 
to label free 3¢OH ends in the DNA. Positive controls are 
achieved by incubating fixed and permeabilized cells with 
DNase 1, grade 1 for 10 min at room temperature to induced 
DNA strand breaks, prior to the labelling procedure.

3.3. Measurement  
of Apoptosis: 
Detection of DNA 
Fragmentation In Situ 
by TUNEL Assay
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 5. Negative controls are achieved by incubating fixed and per-
meabilized cells in TUNEL reaction mixture without Tdt.

 6. Cover slips are washed in PBS, air-dried and mounted on 
slides with Vectashield™ containing DAPI to counter stain 
double-stranded DNA in the nuclei (see Notes 6 and 7).

 7. Samples are analyzed using fluorescence or confocal micros-
copy (see Fig. 1.) or can be kept in the dark at 4°C until 
viewing.

Fig. 1. An N-terminally extended target-selective analogue of the proteomimetic peptide 
Cyt c 77–101 (NP153-Cyt c 77–101) induces apoptosis of U373MG astrocytoma as confirmed 
by nuclear DNA fragmentation. U373MG cells were treated with NP153-Cyt c 77–101 or 
with vehicle alone for 18 h. Nuclear DNA fragmentation was detected by TUNEL in situ 
cell detection assay, TMR red (Roche) and cells were counterstained with DAPI to visual-
ize nuclear DNA. The appearance of fluorescence located in the nuclei of NP153-Cyt 
c 77–101-treated cells provides evidence of apoptosis, whereas DNA fragmentation is not 
evident in cells treated with vehicle alone (medium). Fixed and permeabilized cells were 
incubated with Dnase-1 (3,000 U/ml) to induce DNA strand breaks, prior to the labelling 
procedure and therefore acts as a positive control (Dnase-1). DNA fragmentation is 
comparable to cells treated with NP153-Cyt c 77–101. As a negative control, fixed and 
permeabilized cells were treated with labelling solution without Tdt (−ve).
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One must be aware of reports that suggest that TUNEL staining 
may give false positives (10, 11). It is therefore preferable to carry 
out an additional assay, or assays, for the detection of apoptosis. 
Dual Annexin V and PI staining not only acts as an additional 
detector assay for apoptotic events, but also provides a means of 
measuring the percentage of cells that are undergoing apoptosis 
and/or necrosis. Phosphatidylserine translocation to the outer 
plasma membrane is a feature of early apoptosis and can be mea-
sured by Annexin-V staining and flow cytometric analysis. Annexin 
V is a Ca2+-dependent phospholipid-binding protein with high 
affinity for phosphatidyl serine. Since necrotic cells also expose 
phosphatidylserine owing to loss of membrane integrity, PI exclu-
sion needs to be carried out to discriminate between apoptosis 
(Annexin V+/PI−) and necrosis (Annexin-V+/PI+). PI is mem-
brane impermeable and is therefore excluded from viable cells 
with an intact plasma membrane.

 1. Treat 106 cells with apoptogenic CPP or medium alone 
(untreated, ×2).

 2. Wash cells in HBSS, trypsinize and transfer to a 5-ml polysty-
rene round bottom tube.

 3. Centrifuge samples at 200 × g for 5 min.
 4. Resuspend the cell pellet in 100 ml Annexin-V-FLUOS label-

ling solution containing Annexin-V-fluorescein and PI and 
incubate for 15 min at 15–25°C. NB. Retain one untreated 
and unstained sample for establishment of instrument set-
tings on the flow cytometer.

 5. Add 0.5 ml HEPES incubation buffer to each sample.
 6. Unstained and untreated cells are used to establish instru-

ment settings on the BD FACS Calibar.
 7. Fluorescence of Annexin-V-fluorescein and PI is detected in 

FL-1 and FL-3 channels, respectively.
 8. FL-1 and FL-3 cell populations are isolated to the first log 

decade.
 9. Stained and untreated cells are used to establish quadrant set-

tings for dot plot analysis.
 10. Statistical analyses are performed using BD Cell Quest Pro 

software (see Figs. 2 and 3).

Using the DEVD-NucView™ 488 Caspase-3 Substrate allows for 
the real-time detection of caspase-3 activity in living cells (see 
Note 8). Though confocal microscopy methods are beyond the 
scope of this chapter, it is nonetheless useful to the reader to be 
advised on some common guidelines for live cell imaging analysis. 
Some of these “tips” can also be applied to viewing the sub-cellular 
localization of fluorescently labelled CPP.

3.4. Measurement  
of Apoptosis and 
Necrosis: Quantitative 
Determination  
of Annexin V and 
Propidium Iodide 
Staining Using Flow 
Cytometry

3.5. Caspase-3 
Activation
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Fig. 2. A schematic representation of expected results for dot plot analysis of cells that 
have undergone dual staining with Annexin V (AV) and PI. Dot plot analysis will show cell 
populations undergoing early apoptotic events (AV+/PI−), viable cells (AV−/PI−), cells 
undergoing necrosis (AV+/PI+), and dead cells (AV−/PI+). Quadrant statistics can then be 
either tabulated or represented graphically.
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Fig. 3. Flow cytometric analysis of Annexin-V-fluorescein and propidium iodide (PI) staining 
of U373MG cells treated with the apoptogenic CPP mitP (10 mM). Quadrant statistics 
from four separate experiments were combined, represented graphically and show pre-
dominant cell populations undergoing early apoptosis and viable cells compared to 
necrotic and dead cells. Data for this figure were taken from Jones et al. (1).
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 1. U373MG cells are passaged as above (see Subheading 3.1) 
and grown to 75% confluence in 35 mm sterile glass base 
dishes (see Note 9).

 2. Treat cells with peptides or vehicle (medium) alone for the 
designated time periods in a humidified atmosphere of 5% 
CO2 at 37°C.

 3. Peptides should be dissolved in DMEM without phenol red. 
Depending on the potency of your apoptogenic CPP, an 
optimum concentration and duration of treatment must be 
first established (see Note 10).

 4. 1 h, prior to the viewing of cells under the confocal microscope, 
commence heating of the live cell imaging chamber to 37°C.

 5. Add DEVD-NucView™ 488 Caspase-3 substrate at a final 
concentration of 5 mM for a further 30 min. As an additional 
control, treated cells can be incubated with the caspase-3 
inhibitor Ac-DEVD-CHO (25 mM), 30 min prior to sub-
strate addition.

 6. Nuclear staining and fluorescence are observed using a Carl 
Zeiss LSM 510 Meta confocal microscope equipped with a 
live cell imaging chamber supplemented with CO2.

 7. When capturing images it is advisable to take both the fluo-
rescent image and a differential interference contrast (DIC) 
image. Superimposing the former onto the latter will assist in 
ascertaining the intracellular distribution of the fluorescent 
moiety (see Fig. 4).

Fig. 4. NP153-Cyt c77-101 induces apoptosis of U373MG astrocytoma as confirmed by activation of caspase-3. U373MG 
cells were treated with NP153-Cyt c77–101 (3 mM) for 4 h. The cell-permeable construct DEVD-NucViewTM 488 Caspase-3 
Substrate consists of a functional high-affinity DNA-binding dye that is rendered inert by the highly negatively charged 
DEVD peptide substrate. Upon activation of caspase-3, the substrate is cleaved to release a functional DNA dye that 
subsequently migrates to the nucleus. Fluorescence seen in the nuclei of NP153-Cyt c77–101-treated cells (a) indicates 
activation of caspase-3, compared to cells treated with vehicle alone (medium) (b). Fluorescent images have been super-
imposed onto DIC images taken immediately after the acquisition of the fluorescent observations.
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 1. 4% paraformaldehyde. When making up 4% (wt/v) paraform-
aldehyde, it is essential to carry out the procedure in a fume 
cupboard whilst wearing gloves. Inhalation of the dust can 
cause irritation to the respiratory tract, whilst eye contact can 
result in corneal damage and blindness. So, in the fume 
cupboard, weigh out the paraformaldehyde and make up to 
4% in PBS. Whilst still in the hood, transfer to a combined 
stirrer and hotblock. Paraformaldehyde will not go into solution 
easily, so using a magnetic stirrer and increasing the tempera-
ture is advisable. A fail-safe approach, however, is to raise the 
pH; one sodium hydroxide pellet in approximately 200 ml of 
solution is sufficient. To air on the side of caution, in our 
laboratory we carry out the procedure in the fume hood until 
the coverslips are transferred to the slides and the samples 
have undergone many washes with PBS.

 2. Repeating freeze–thawing of peptides should be avoided at all 
costs. So, it is essential that following solubilization in dH2O, 
peptides are aliquotted into Eppendorfs and stored at −20°C. 
Filter sterilization of the peptide is also recommended since 
peptides can be incubated with cell cultures for 18 h or longer. 
The latter procedure makes for convenient preparation whilst 
assaying your peptide.

 3. It is strongly advised to plate cells out into 96-well plates the 
day before the assay and not to “grow up” cells in 96-well 
plates over a period of days. Cell growth rates will depend upon 
the cell type being used. Culturing U373MG cells, for example, 
will require one sub-confluent T75 cm2 flask of cells to be 
trypsinized and equally dispersed in 45 ml cell culture medium. 
This should be more than sufficient for plating cells out into 
two 96-well plates (200 ml/well), so that 75% confluence is 
achieved the following day. Do not use outer wells of the 
96-well plates, but fill them with 200 ml/well sterile HBSS.

 4. After 3 h, a purple monolayer should be evident on the bottom 
of the wells containing viable cells. Incubating the MTT solu-
tion for longer than 4 h can lead to “clumping” and “loose” 
formazan salts, which carry the risk of being removed along-
side the removal of the culture medium, thus greatly affecting 
your results.

 5. A typical feature of apoptosis is DNA fragmentation. TUNEL 
staining allows for the detection of these breaks by using the 
enzyme Tdt to catalyse the polymerization of fluorescently 
labelled nucleotides (e.g. TMR red-dUTP) with the exposed 
3’OH ends in the DNA. It is noteworthy that random digestion 
of DNA also occurs during necrosis. Since the Tdt reaction 

4. Notes
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preferentially labels internucleosomal DNA degradation, 
characteristic of apoptosis as opposed to random DNA diges-
tion, typical of late necrosis (12), TUNEL staining is used as 
a more specific indicator of apoptosis.

 6. Though this may appear as an apparently simple step, it is very 
easy at this stage to lose track of which coverslips are which and 
upon which side of the coverslips the stained cells are. Thus, 
after washing with PBS it is best to place the tops or bottoms 
of small petri-dishes (which have been labelled with each treat-
ment condition) onto some paper towelling. With forceps, 
gently remove each coverslip from each well and with the 
stained side facing away from the petridish, stand the coverslip 
up against its respective dish. The paper towelling will help to 
absorb the excess moisture. Once the coverslips have dried, 
place a glass microscope slide on the bench and dispense a 
small droplet of Vectashield™ containing DAPI onto the cen-
tre of the slide. Gently place your coverslip (cells and stained 
side down) onto the Vectashield mounting medium, the 
mounting medium will disperse and the sides of the coverslips 
can be sealed with clear nail varnish and allowed to dry in the 
dark. Carefully placing foil over the slides should suffice.

 7. It may be difficult to remove the coverslips from the wells of 
the six-well plates. It is recommended that, before removing 
the coverslips with forceps, 2 ml PBS is added to each well to 
prevent the coverslips adhering to the bottom of the well.

 8. Although samples may be fixed using this method, for the 
aim of long-term storage, data from our laboratory would 
indicate that non-specific background staining is enhanced 
following fixation.

 9. As in Note 3 it is strongly recommended not to grow up cells 
over a long period in 35-mm sterile glass-based dishes. Always 
plate out the day before. Half of a sub-confluent T75 cm2 
flask of cells should be sufficient for plating cells into four 
35-mm glass-based dishes at 4 ml cell suspension per dish.

 10. Depending on the potency of your apoptogenic CPP, an 
optimum concentration and duration of treatment must be 
first established. Time courses and dose-dependent observa-
tions are therefore advisable to establish the concentration 
needed to assess the biological effect (caspase-3 activation) 
without severely reducing cell viability.
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Chapter 22

Splice Redirection as a Convenient Assay to Monitor 
CPP–ON Efficiency and Mechanism

Rachida Abes, Andrey A. Arzumanov, Amer F. Saleh, Fatouma Said 
Hassane, Michael J. Gait, and Bernard Lebleu 

Abstract

Several strategies based on synthetic oligonucleotides (ON) have been proposed to control gene expression. 
As for most biomolecules, however, delivery has remained a major roadblock for in vivo applications. 
Conjugation of steric-block neutral DNA mimics, such as peptide nucleic acids (PNA) or phosphorodiami-
date morpholino oligonucleotides (PMO), to cell-penetrating peptides (CPP) has recently been proposed as 
a new delivery strategy. It is particularly suitable for sequence-specific interference with pre-mRNA splicing, 
thus offering various applications in fundamental research and in therapeutics. The chemical synthesis of 
these CPP–ON conjugates will be described as well as easy-to-implement assays to monitor cellular uptake, 
endosome leakage, and efficiency of splicing redirection.

Key words: Cell-penetrating peptides, Oligonucleotides, Splicing regulation, Delivery, Liposome 
leakage

Alternative splicing allows the production of several mRNAs 
from a single pre-mRNA gene transcript. The majority of genes 
in higher eukaryotes are alternatively spliced, which contrib-
utes largely to transcriptome and proteome complexity. Of 
importance in medicine, a large proportion of human genetic 
diseases are caused by mutations affecting splicing. For example, 
intronic mutations in human b-globin thalassemic genes activate 
cryptic splice sites and result in the production of truncated 
non-functional proteins.

This has prompted oligonucleotide (ON)-based strategies 
aimed at redirecting the splicing machinery towards the correct 
use of splicing signals. In the case of b-thalassemia, for example, 

1.  Introduction
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masking the mutated intronic site by an ON (often named 
splice-switching ON or SSO) has been proposed by Kole and his 
colleagues to down-regulate the use of the cryptic splice site and 
to promote the production of functional b-globin mRNA and 
protein.

Regulation of alternative splicing by SSOs has many potential 
applications relating to several human diseases (1). For example, 
in a potential cancer application, alternative splicing of the Bcl-x 
pre-mRNA leads to the production of both pro- and anti-apoptic 
forms. The latter is over-expressed in cancer cells and contributes 
to chemotherapy resistance.

ON-induced exon skipping represents a strategy to redirect 
the splicing machinery with potential clinical benefits. This is best 
exemplified in the case of Duchenne muscular dystrophy (DMD), 
which is a high-incidence human genetic disease (1 in 3,500 in 
young boys) caused by exonic mutations leading to out-of-frame 
translation of dystrophin mRNA. ON hybridization to acceptor or 
donor splice sites allows the exclusion of mutated exons (exon 
skipping) and the production of a shorter but in-frame and impor-
tantly functional dystrophin mRNA. Encouraging data obtained 
by several groups in the murine mdx model of DMD have fostered 
the launch of human clinical trials with SSOs in several countries 
(2). Redirection of the splicing machinery requires the nuclear 
delivery of steric-block ON analogues. Peptide nucleic acids (PNA) 
and phosphorodiamidate morpholino oligomers (PMO) are par-
ticularly well suited, since they hybridize to complementary RNA 
with high affinity, they have an elevated metabolic stability and, 
importantly for steric-blocking applications, they do not promote 
the destruction of their RNA target. RNase H-competent ON 
analogues and siRNAs thus cannot be used in these applications. 
Unfortunately, neutral ONs cannot be transfected with commonly 
used delivery vectors (for example, cationic lipids) that rely on 
electrostatic interactions. However, cell-penetrating peptides (CPP) 
can be chemically conjugated easily to PNA and PMO (as described 
in this chapter) and have appeared as a particularly well-adapted 
delivery strategy for PNA and PMO.

The splicing redirection assay proposed by Kole (3) (Fig. 1) 
has been adopted by many groups in the field to assay steric-block 
ONs and their delivery vectors. It is advantageous in being easy 
to implement, in providing a positive read-out over a low back-
ground, and in being sequence-specific. It will be described 
in detail in this chapter. Nevertheless, CPP delivery of ONs is still 
limited by escape from endocytotic vesicles. We found that 
saponin permeabilization of the plasma membrane is a rather 
convenient assay to assess splicing redirection achieved that over-
rides endocytosis and its limitations. Finally, we will describe 
liposome leakage as an assay to evaluate the membrane destabilizing 
potential of CPP delivery vectors.
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 1. DMEM (Gibco) supplemented with 10% foetal bovine serum 
(BioWest), 5 ml MEM Non-Essential Amino Acids (100×) 
(Gibco), 5 ml sodium pyruvate MEM (100 mM, Gibco) and 
5 ml Penicillin–Streptomycin–Neomycin (PSN) antibiotic 
mixture (Gibco) for HeLa pLuc705 cell culture.

 2. MycoAlert® mycoplasma Detection Kit (LONZA) for myco-
plasma Detection.

 3. Opti-MEM® I Reduced Serum Medium (1×) with l-Glutamine 
(Gibco) for serum-free experiments.

 4. Trypsin–Ethylenediamine-tetraacetic acid 0.05% Trypsin with 
0.35 mM EDTA 4Na 1× (Gibco) for cell detachment.

 5. Dulbecco’s phosphate-buffered saline (D-PBS) (1×) (Gibco) 
for cell washing.

 6. Forma Direct Heat CO2 Incubator HEPA Class 100 (Thermo 
Electron Corporation) for cell cultures.

 7. Laboratory laminar airflow cabinet BH-EN 2004-S. Type II, 
Catégorie 2 (Microbiological Safety Cabinets) for cell manip-
ulations in sterile conditions.

 8. Allegra™ 25R low-speed Beckmann centrifuge or Eppendorf 
Centrifuge 5417R for cell recovery.

 9. Axiovert 40 C (transmitted light) (Carl Zeiss, Oberkochen, 
Germany) and Thoma cell for cell integrity routine checking 
and counting.

2. Materials

2.1. Cell Culture

Fig. 1. Splicing redirection assay. HeLa pLuc705 cells contain a stably integrated 
luciferase reporter gene that is interrupted by the human b-thalassemia intron 2 (IVS2-
705) containing a cryptic splice site. Aberrant splicing leads to the production of a non-
functional luciferase protein. The hybridization of an oligonucleotide (ON 705) to the 
cryptic splice site restores luciferase expression, which can be monitored by lumines-
cence and PCR assays.
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 1. Conjugation reagents for PNA–peptide conjugates: Purchase 
PNA with either N-terminal (NPys)Cys or N-terminal 
 bromoacetyl (Panagene. Korea) or synthesize PNA as previ-
ously described (4). Peptides with C-terminal Cys can be pur-
chased from many suppliers (e.g. ABL Ltd, Oldham, UK) or 
synthesized as previously described (4). Other reagents are for-
mamide (>99.5%, Fluka), BisTris.HBr buffer (pH 7.5), ammo-
nium acetate (NH4Ac). For reversed-phase HPLC, use a C-18 
Jupiter reversed-phase (250 × 10 mm, 10 mm pore size)  column 
(semi-preparative, Phenomenex). 2.0 M triethylammonium 
acetate, pH 7 (TEAA, Glen Research), hydrochloric acid solu-
tion (HCl, AnalaR-grade, BDH Chemicals), trifluoroacetic 
acid (TFA, >99.9%, Romil), acetonitrile (Fisher Scientific, 
HPLC grade) and water (HPLC grade) are used as solvents.

 2. Conjugation reagents for PMO–peptide conjugates: Pur chase 
PMO with 5¢-amino linker (Gene Tools LLC). Other reagents 
are N-[g-maleimidobutyryloxy]succinimide ester (GMBS, 
Thermo Scientific), acetone (>99%, Fisher Scientific, Labora-
tory reagent grade) and dimethyl sulfoxide (DMSO, >99.9%, 
Aldrich). For reversed-phase HPLC, use a C-18 Jupiter 
reversed-phase (250 × 10 mm, 10 mm pore size) column (semi-
preparative, Phenomenex). Hydrochloric acid solution (HCl, 
AnalaR-grade, BHD Chemicals), heptafluorobutyric acid 
(HFBA, >99.5%, Fluka), acetonitrile (Fisher Scientific, HPLC 
grade) and water (HPLC grade) are used as solvents.

 1. FACSCanto™ flow cytometer (BD Biosciences, San Jose, 
CA) using Facs Diva® software for PNA and PMO–peptide 
conjugates uptake.

 2. Propidium Iodide (Molecular Probes, Eugene, OR) used at 
final concentration of 0.05 mg/ml for cell permeability 
quantification.

 1. BCA™ Protein Assay Kit (Pierce, Rockford, IL) and ELISA 
plate reader (Dynatech MR 5000, Dynatech Labs, Chantilly, 
VA) for the quantification of cellular protein concentrations.

 2. Berthold Centro LB 960 luminometer (Berthold Technol-
ogies, Bad Wildbad, Germany) and Luciferase Assay System 
with Reporter Lysis Buffer (Promega) for luciferase activity 
quantification.

 1. Forward 5¢ TTG ATATGT GGA TTTCGA GTC GTC 3¢ and 
reverse 5¢ TGT CAA TCA GAG TGC TTT TGG CG 3¢ luciferase 
primers from Eurogentec, Belgium.

 2. TRI REAGENT™ (Sigma Aldrich), chloroform, isopropanol, 
and ethanol (Carlo Erba reagents) for RNA extraction.

 3. Concentrator 5301 from Eppendorf for RNA pellets drying.

2.2. Synthesis  
of PNA–Peptide  
and PMO–Peptide 
Conjugates

2.3. FACS Analysis  
of CPP–ON Cellular 
Uptake

2.4. Luciferase Assay 
of Splicing Redirection

2.5. RT-PCR Evaluation 
of Splicing Redirection
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 4. SuperScript III one-step RT-PCR system with Platinum® 
Taq polymerase (Invitrogen) and MJ Research PTC200 
Peltier Thermal cycler for amplification.

 5. Eppendorf BioPhotometer for amplification products 
quantification.

 6. Agarose and ethidium bromide Powder (Sigma Aldrich) for 
gel electrophoresis using Amilabo electrophoresis Power 
supply.

 7. Lumi imager F1 Roche for image acquisition or a Genius Bio 
Imaging system (Syngene) with Gene Tools software.

 8. DpnI, AvaI, and XbaI restriction enzymes (Promega) for 
pLuc 705 plasmid DNA digestion.

 1. Saponin (Fluka BioChemika) to permeabilize cells and bypass 
endocytosis.

 2. BCA™Protein Assay Kit (Pierce, Rockford, IL) and ELISA 
plate reader (Dynatech MR 5000, Dynatech Labs, Chantilly, 
VA) for the quantification of cellular protein concentrations.

 3. Berthold Centro LB 960 luminometer (Berthold Technologies, 
Bad Wildbad, Germany) and Luciferase Assay System 
with Reporter Lysis Buffer (Promega) for Luciferase activity 
quantification.

 1. Phospholipids DOPC, DOPE, PI, LBPA from Avanti Polar 
Lipids (USA)
DOPC = 1.2-dioleyl-sn-glycerol-3-phosphocholine.
DOPE = 1,2-dioleyl-sn-glycero-3-phosphoethanolamine.
PI = L-a-phosphatidylinositol sodium salt (from soy).
LBPA = BMP (S,R) = bis(monooleoeylglycero)phosphate 

(ammonium salt).

 2. MES and HEPES buffer (Sigma Aldrich).
 3. NaCl (Carlo Erba).
 4. ANTS (8-aminonaphthalene-1,3,6-trisulfonic acid, disodium 

salt) and DPX (p-xylene-bis-pyridinium bromide) as fluorescent 
dye and quencher (Invitrogen).

 5. Mini-extruder for liposome preparation (Avanti Polar Lipids).
 6. Chromatography column (1 × 10 cm) (Sigma Aldrich) for 

liposome purification.
 7. Labassay phospholipid kit for DOPC quantification (Wako, 

GmbH).
 8. Microplate plate reader (Dynatech MR 5000).
 9. Luminescence Spectrometer LS 35 (Perkin Elmer, USA).

2.6. Splicing 
Redirection  
in Saponin-
Permeabilized Cells

2.7. Liposome Leakage 
Assay
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 1. Culture HeLa pLuc 705 cells as exponentially growing sub-
confluent monolayers in DMEM medium supplemented with 
10% foetal bovine serum, sodium pyruvate, non-essential 
amino acids and antibiotics (see Note 1).

 2. Wash cells twice with PBS and passage with Trypsin/EDTA 
every other day on 175 cm2 flasks for routine maintenance for 
a maximum of ten passages. For experiments, plate cells over-
night on 24-well plates (1.75 × 105 cells/well).

 3. Test cells for the absence of mycoplasma contamination every 
month as described in the Lonza kit on 100 ml cell culture 
supernatant.

 1. Place 250 ml of formamide in a microfuge tube.
 2. Add 10 ml of a 10 mM aqueous solution of activated oligonu-

cleotide ((NPys)-Cys-PNA) and 25 ml of a 10 mM aqueous 
solution of C-terminal Cys-containing peptide.

 3. Add 50 ml of 1cM NH4Ac solution stir with a Vortex, centri-
fuge briefly, and allow to stand for 30–60 min at room 
temperature.

 4. Purify the conjugate using C18 reversed-phase HPLC in two 
injections with the following conditions:
Buffer A: 0.1% TFA
Buffer B: 90% acetonitrile, 10% buffer A
Gradient: 15–35% buffer B in 25 min
Flow rate: 3.5 ml/min
Detection: 260 nm

 5. Collect the purified product and lyophilize.
 6. Dissolve the conjugate in sterile water, analyse by HPLC and 

MALDI-TOF-mass spectrometry.
 7. Quantify by measuring the UV absorbance at 260 nm in 

0.1 M TEAA (pH 7).

 1. Place 10 ml of a 10 mM aqueous solution of bromoacetyl 
PNA in a microfuge tube.

 2. Add 100 ml of formamide and 50 ml of 1 M BisTris.HBr buffer 
(pH 7.5).

 3. Add 25 ml of a 10 mM aqueous solution of C-terminal Cys-
containing peptide.

 4. Heat the solution at 45°C for 2 h.

3. Methods

3.1. Cell Culture  
and Cell Dissociation

3.2. Synthesis  
of CPP–PNA  
and CPP–PMO 
Conjugates

3.2.1. Synthesis of 
Disulfide-Linked CPP–PNA 
Conjugates (Fig. 2)

3.2.2. Synthesis of 
Thioether-Linked CPP–PNA 
Conjugates (Fig. 2)
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 5. Purify the conjugate by reversed-phase HPLC in two injec-
tions with the following conditions:
Buffer A: 5 mM HCl
Buffer B: 90% acetonitrile, 10% water, 5 mM HCl
Gradient: 5–20% buffer B in 25 min
Flow rate: 3.5 ml/min
Detection: 260 nm

 6. Collect the purified product and lyophilize.
 7. Dissolve the product in sterile water, and use a speed vacuum (at 

medium drying rate) until 20 ml solution remains in the tube.
 8. Add 600 ml of sterile water, and evaporate again as in step 7. 

Repeat this step again but to complete dryness this time.
 9. Re-dissolve the conjugate in sterile water.
 10. Analyse by HPLC and MALDI-TOF mass spectrometry and 

quantify by measuring the UV absorbance at 260 nm in 0.1 M 
TEAA (pH 7) (see Note 2).

 1. Prepare a 10 mM stock solution of PMO by dissolving 
1,000 nmol of PMO in a 100 ml of 50 mM sodium phosphate 
buffer (pH 7.2) containing 20% acetonitrile.

 2. Place 10 ml of a 10 mM PMO stock solution (see step 1) in a 
microfuge tube.

3.2.3. Synthesis of 
Thioether (Maleimide)-
Linked PMO–Peptide 
Conjugates (Fig. 3)

Fig. 2. Peptide conjugation to PNA by (A) disulfide linkage, (B) thioether linkage.
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 3. Add 13 ml of 50 mM sodium phosphate buffer (pH 7.2) 
containing 20% acetonitrile.

 4. Add 2 ml of a 100 mM GMBS solution in DMSO, vortex, and 
allow to stand for 1 h at room temperature in the dark.

 5. Add 750 ml of cold acetone, vortex, and centrifuge for 2 min 
at 15,000g at room temperature.

 6. Decant off the acetone and allow the precipitate to dry for 
30 min.

 7. Dissolve the precipitate in 30 ml of 50 mM sodium phosphate 
buffer (pH 6.5) containing 20% acetonitrile.

 8. Add 20 ml of a 10 mM aqueous solution of C-terminal Cys-
containing peptide, stir with a Vortex and allow to stand at 
room temperature for 2 h in the dark.

Fig. 3. Peptide conjugation to PMO via GMBS cross-linker.
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 9. Purify the conjugate using C-18 reversed-phase HPLC in one 
injection with the following conditions:
Buffer A: 0.1% HFBA

Buffer B: 90% acetonitrile, 10% buffer A

Gradient: 38–50% buffer B in 20 min

Flow rate: 3.5 ml/min

Detection: 260 nm wavelength
 10. Collect the purified product and lyophilize.
 11. Analyse by HPLC and MALDI-TOS mass spectrometry and 

quantify by measuring the UV absorbance at 265 nm in 
0.1 M HCl.

 1. Wash exponentially growing HeLa pLuc705 cells with PBS 
to remove cell culture medium, treat with trypsin/EDTA for 
5 min, centrifuge at 900 × g at 4°C for 5 min, wash twice with 
PBS, centrifuge again, resuspend in DMEM, plate on 24-well 
plates (1.75 × 105 cells/well) and culture overnight.

 2. Discard the culture medium and wash cells twice with PBS.
 3. Discard PBS and incubate cells with fluorescently labelled con-

jugates diluted in Opti-MEM or DMEM (see Notes 3 and 4).
 4. After incubation for the appropriate period, wash the cells twice 

with PBS and treat with trypsin/EDTA for 5 min at 37°C.
 5. Resuspend cells in PBS 5% FCS, centrifuge at 900 × g (5 min, 

4°C) and resuspend in PBS 0.5% FCS containing 0.05 mg/ml 
propidium iodide (PI).

 6. Analyse fluorescence with a FACS fluorescence activated 
sorter for cellular uptake and PI permeabilization using FACS 
Diva software. Exclude PI-stained cells from further analysis 
by appropriate gating. Analyse a minimum of 20,000 events 
per sample.

 1. Detach exponentially growing HeLa pLuc705 cells with 
trypsin/EDTA, plate on 24-well plates (1.75 × 105 cells/well) 
and culture overnight.

 2. Wash twice with PBS and incubate with the splice correcting 
conjugates (or its scrambled version) at the appropriate con-
centrations usually between 0.5 and 4 h in Opti-MEM 
medium (see Notes 3, 4 and 6).

 3. Wash cells and continue incubation for 20 h in complete 
DMEM medium containing 10% FCS.

 4. Wash cells twice with PBS and lyse with Reporter Lysis 
Buffer.

3.3. FACS Analysis  
of ON–Peptide 
Conjugates Cellular 
Uptake and Cell 
Permeability Assay

3.4. Luciferase Assay 
of Splicing Redirection
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 5. Quantify luciferase activity in a luminometer using the 
Luciferase Assay System substrate. Perform all experiments 
in triplicate.

 6. Measure cellular protein concentrations with the BCA™Protein 
Assay Kit and read using an ELISA plate reader at 550 nm. 
Perform all experiments in triplicate.

 7. Express luciferase activities as relative luminescence units 
(RLU) per mg protein. Average each data point over the three 
replicates (see Fig. 4, for an assay example).

 8. The remainder of the lysate (usually 270 ml) may be used for 
RT-PCR analysis (Subheading 3.6).

 1. Detach exponentially growing HeLa pLuc705 cells with 
trypsin/EDTA, plate on 24-well plates (1.75 × 105 cells/well) 
and culture overnight.

 2. Wash twice with PBS and co-incubate the cells with 20 mg/
ml saponin and with the splice redirecting conjugates or its 
scrambled version at the appropriate concentrations for 0.5 h 
in Opti-MEM medium (see Note 5).

 3. Wash cells and continue incubation for 23 h in complete 
DMEM medium containing 10% FCS.

 4. Wash cells twice with PBS and lyse with Reporter Lysis Buffer.
 5. Quantify luciferase activity in a luminometer using the 

Luciferase Assay System substrate. Perform all experiments in 
triplicate.

 1. Extract total RNA using 1 ml of TRI REAGENT™/well after 
measurement of luciferase. Add 300 ml of chloroform, mix 
vigorously and incubate 10 min at room temperature.

 2. Centrifuge at 12,000 × g for 15 min at 4°C and add an equal 
volume of isopropanol to the aqueous phase. Mix well and 
incubate for 10 min at room temperature.

3.5. Luciferase  
Assay of Splicing 
Redirection in Saponin-
Permeabilized Cells

3.6. RT-PCR Evaluation 
of Splicing Redirection

Fig. 4. Assay of splicing redirection. (a) Luciferase assay and (b) RT-PCR evaluation from which EC50 can be determined. 
Concentrations of conjugates are as shown.
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 3. Centrifuge at 12,000 × g for 15 min at 4°C and resuspend the 
pellet in 1 ml of cold (−20°C) 75% ethanol. Mix and centri-
fuge at 12,000 × g for 5 min at 4°C. Discard the supernatant. 
Evaporate off the ethanol using an Eppendorf Concentrator 
5301 for 1 min at 60°C.

 4. Add 20 ml of Nuclease-Free Water.
 5. Quantify total RNA using Eppendorf BioPhotometer and 

control quality by 1% agarose gel electrophoresis on Amilabo 
electrophoresis Power supply st 1006T.

 6. Amplify 1 mg total RNA using SuperScript III one-step 
RT-PCR system with Platinum® Taq polymerase in the pre-
sence of Luciferase specific primers with MJ Research PTC200 
Peltier Thermal cycler.

 7. Analyse PCR products by electrophoresis using 2% agarose 
gel. Use digestion products of the plasmid pLuc705 by DpnI, 
XbaI, and AvaI restriction enzymes as molecular weight 
markers (see Fig. 4, for an assay example)

 8. For EC50 measurement, where experiments are carried out 
over a range of concentrations, analyse the gel using the imaging 
software to determine the EC50.

 1. Dissolve phospholipids in chloroform or in chloroform/
methanol (9/1).

 2. Mix phospholipids DOPC/DOPE/PI/LBPA in molar ratio 
5/3/2/1 (10 mmol total lipids) and evaporate lipids solution 
under high vacuum for 1 h.

 3. Hydrate lipidic film with 1 ml of buffer containing quenched 
dye (20 mM MES, 75 mM NaCl, 12.5 mM ANTS, 45 mM 
DPX, (pH 5.5) to obtain 10 mM lipids and stir with a Vortex 
for 5 min.

 4. Immerse alternatively suspension solution in liquid nitrogen 
and water bath at 37°C for five cycles of freezing/thawing.

 5. Extrude liposome using a mini-extruder and one polycarbon-
ate filter (100 nm diameter) and four pre-filters. Twenty-one 
passages through the filter are necessary to obtain a homog-
enous population of LUV (Large Unilamellar Vesicle)

 6. Purify liposomes by chromatographic exclusion on Sephadex 
G-50 column (1 × 10) to remove non-encapsulated dye and 
quencher. Equilibrate the column first with acidic buffer 
(20 mM MES, 145 mM NaCl, pH 5.5) and elute liposomes 
with the same buffer.

 7. Quantify DOPC using the phospholipids kit to estimate 
phospholipid yield after formulation and purification.

 8. Measure liposome size on a Coulter N4 Particle Size Analyzer. 
Mean size should be between 105 and 115 nm.

3.7. Liposome Leakage 
Assay

3.7.1. Liposome 
Formulation
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 1. Quantify leakage in acidic (20 mM MES, 145 mM NaCl, pH 
5.5) or neutral (20 mM Hepes, 145 mM NaCl, pH 7.4) buffer.

 2. Add 100 mM phospholipids in a final volume of 2 ml of buffer 
and measure initial fluorescence (F0) at ex 360 and 530 nm 
under stirring at room temperature.

 3. Add 40 ml of 10% Triton X100 to obtain maximal fluorescence 
(Fmax).

 4. Determine destabilization level for each peptide by measuring 
F0 before adding the peptide (lipid/peptide ratio: 5/1).

 5. Carry out kinetic studies under stirring at room temperature 
(see Note 8).

 6. Determine leakage percentage by the formula: % leak-
age = 100 × (Ft − F0)/(Fmax − F0).

 1. HeLa pLuc 705 cells are stably transfected by a luciferase 
construction (Fig. 1) that allows the quantitative assessment 
of nuclear delivery and biological activity of CPP–ON conju-
gates. Cells should not be passaged more than ten times and 
should be controlled routinely for the absence of mycoplasma 
contamination.

 2. In peptide–PNA conjugation, the synthesis of (NPys)Cys-
PNA and synthesis of C-terminal Cys-containing peptides was 
described in a previous protocols chapter (4). Maintenance of 
full solubility in the conjugation reaction is essential and it is 
preferable to add formamide in all conjugation reactions to 
ensure solubility of peptide, PNA, and conjugate. A mixture of 
formamide and acetonitrile may be helpful to maintain solubil-
ity in the case of hydrophobic peptides (e.g. Transportan). In 
some cases, adjustment of the acetonitrile gradient conditions 
is needed. Conjugations yields achieved are typically 40–60%. 
In PMO–peptide conjugation, it is advisable to have high con-
centrations of the starting reactants to ensure a rapid conjuga-
tion. The thioether (thiomaleimide) linkage formation should 
be complete within 2 h. There is no harm in leaving the reac-
tion overnight at 4°C. For MALDI-TOF mass spectrometry 
analysis, it is best to use a matrix of 2, 6-dihydroxyacetophe-
none (20 mg/ml) in methanol/diammonium hydrogen cit-
rate. Yields vary between 20 and 35% depending on the 
sequence and the quality of the starting peptide and PMO.

 3. For mechanistic studies, different drugs or treatments interfering 
with endocytosis may be used. In this case, pre-treat the cells 

3.7.2. Liposome Leakage 
Assay

4. Notes
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with the inhibitors for the appropriate time and concentration. 
Inhibitors should also be present during incubation with the 
CPP–ON conjugates. Most endocytosis inhibitors tend to be 
cytotoxic and should be used for the shortest possible period of 
time (5).

Treatment with trypsin before FACS analysis is required to 
eliminate membrane-bound CPP–ON conjugates (5).

 4. CPP–ON conjugates should preferably be used at low concen-
trations (below 2.5 mM) to avoid cell permeabilization.

 5. Saponin treatment should not exceed 0.5 h to permeabilize 
transiently the cell membrane without cytotoxicity.

 6. We have described various cell-penetrating peptides for con-
jugation to PNA and PMO, including R6Pen (4, 6, 7), Pip 
(8), and (R-Ahx-R)4 (9). Such PNA and PMO conjugates 
allow splicing redirection in this assay with submicromolar 
EC50 values.

 7. Programme used for reverse transcription and amplification:
Reverse Transcription: 1 cycle●●

cDNA production: 30 min at 55°C –
Denaturation: 2 min at 94°C –

Amplification: 30 cycles●●

Denaturation: 20 s at 94°C –
Hybridization: 30 s at 60°C –
Elongation: 30 s at 68°C –

Elongation: 1 cycle for 5 min at 68°C●●

Store PCR products at −20°C.●●

 8. Some peptides and peptide–ON conjugates unfortunately 
give rise to liposome precipitation which prevents observa-
tion of membrane destabilization.
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Chapter 23

CPP-Directed Oligonucleotide Exon Skipping in Animal 
Models of Duchenne Muscular Dystrophy

HaiFang Yin, Hong Moulton, Corinne Betts, and Matthew Wood 

Abstract

Antisense oligonucleotides (AOs) are effective splice switching agents and have potential as therapeutics 
via the exclusion or inclusion of specific target gene exons to ameliorate and modify disease progression. 
The leading example is Duchenne muscular dystrophy (DMD), a fatal muscle degenerative disease, where 
AO-mediated skipping of specific DMD gene exons can restore the disrupted DMD open reading frame, 
leading to the production of functional dystrophin protein and ameliorate the DMD phenotype in animal 
models. Clinical proof-of-concept has recently been shown in two successful, independent Phase I clinical 
trials. These trials both followed local intramuscular treatments, and the challenge now is to develop and 
test systemic protocols, which will be required for treatment-aimed disease modification. Recently, a 
number of groups have demonstrated the promise of AOs directly conjugated to cell-penetrating pep-
tides (CPPs) as having significant potential for systemic delivery and therapeutic correction in DMD 
animal models. Here, we review the background to this work and describe in detail the experimental 
protocols used in studies aimed at investigating CPP-conjugated AOs as systemic splice correcting agents 
in animal models of DMD.

Key words: Antisense oligonucleotide, Morpholino, Cell-penetrating peptide, Splice correction, 
Exon skipping, Duchenne muscular dystrophy, Dystrophin, Muscle, Heart, Systemic delivery

Antisense oligonucleotides (AOs) have significant potential as 
compounds for splice switching and splice correction therapies in 
a range of human disease states, the leading clinical example being 
for Duchenne muscular dystrophy (DMD). DMD is an X-linked, 
monogenic, degenerative muscle disorder affecting approximately 
1 in 3,500 newborn boys, as a result of mutations in the DMD 
gene, leading to loss of the essential muscle protein dystrophin. 
As a result, this causes progressive muscle degeneration and weak-
ness, cardiomyopathy, respiratory failure, and ultimately premature 

1.  Introduction

Ülo Langel (ed.), Cell-Penetrating Peptides: Methods and Protocols, Methods in Molecular Biology, vol. 683,
DOI 10.1007/978-1-60761-919-2_23, © Springer Science+Business Media, LLC 2011



322 Yin et al.

death, with affected DMD boys typically surviving into their 20s 
without any treatment. The absence of dystrophin protein arises 
primarily due to not only deletions but also duplications, point 
mutations, or other smaller gene rearrangements that interrupt 
the open reading frame of the DMD gene, thus inhibiting effec-
tive transcription and translation of functional dystrophin protein 
(1). This loss of dystrophin protein leads to a series of deleterious 
pathophysiological changes principally in muscle cells, including 
reduced muscle membrane stability and increased intracellular 
calcium influx, ultimately leading to muscle fibre degeneration 
and disease onset. Interestingly, despite such mutations leading to 
an absence of dystrophin protein, up to 50% of all DMD patients 
have occasional dystrophin-positive, so-called revertant, muscle 
fibres. These are thought to arise due to alternative processing 
of the DMD pre-mRNA, which as a result spontaneously restores 
the DMD open reading frame, leading to effective dystrophin 
expression in muscle cells. Such revertant dystrophin protein is 
found to be functional, being correctly localised to the muscle 
membrane and leading to the normal and essential assembly of a 
critical network of dystrophin-related proteins (the dystrophin-
associated protein complex (DAPC)), which indicates that the 
restored dystrophin protein has structural integrity comprising 
the presence of the necessary functional domains for normal bio-
chemical activity. This finding of revertant fibres in many DMD 
patients together with the existence of mildly affected individuals 
with a related allelic disorder known as Becker muscular dystro-
phy (BMD) (2), in which these patients harbour in-frame DMD 
gene deletions, hinted at the possibility that exogenous modifica-
tion of dystrophin pre-mRNA processing (via the splice modifica-
tion to exclude or skip specific DMD exons) could lead to 
restoration of the DMD gene open reading frame and induce the 
expression of functional dystrophin protein in DMD patients (3). 
In recent years, the use of AOs to mediate such splice correction 
therapy in DMD has been effectively demonstrated in a range of 
experimental systems, including human DMD muscle cells, via 
intramuscular and systemic injection in dystrophin-deficient mdx 
mice (4–13), and most importantly in two recent Phase I clinical 
trials, following direct intramuscular injection in DMD patients 
(14, 15). AO splice correction therapy, thus, has clear therapeutic 
potential, and it has been estimated from information on the 
Leiden muscular dystrophy database that such a treatment could 
benefit up to 83% of all DMD patients (16).

While very encouraging, the clinical trial data referred to 
above was obtained following local intramuscular AO administra-
tion in single lower limb muscles in DMD patients. Thus, a major 
challenge for the future application of this AO-mediated exon 
skipping therapy for DMD will be to establish methods for effec-
tive systemic AO delivery to all muscles and other tissues affected 
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by the DMD disease process. Two early studies in mdx mice using 
2’OMePS and morpholino phosphorodiamidate oligomer (PMO) 
AOs both reported low dystrophin splice correction in peripheral 
muscle groups, following systemic intravenous administration 
(5, 8). In the latter study, high systemic intravenous doses and a 
multiple injection regimen (with seven repeat doses at 100 mg/kg) 
were required, and despite these experimental conditions, splice 
correction efficiency remained relatively low with inter-muscle 
variation, and with no observed dystrophin splice correction in 
heart. Subsequently, a number of groups have explored the poten-
tial use of covalently attached arginine-rich cell-penetrating pep-
tide (CPP) sequences to enhance PMO delivery in DMD animal 
models (17). Such peptide-PMO conjugates, initially based on 
the well-characterised (RXR)4 peptide and related CPPs, were 
shown to dramatically improve the efficiency of systemic splice 
correction in dystrophin-deficient mdx mice, with restoration of 
dystrophin protein to more than 50% of normal levels in all 
peripheral muscles and with evidence of restored cardiac dystro-
phin protein observed for the first time (6, 10, 12, 18, 19). 
Subsequently, Ivanova and colleagues have reported the discov-
ery and development of novel CPPs, initially based on an 
R6-Penetratin motif, which have significant potential for enhanced 
systemic AO uptake and function in DMD models (20, 21). 
While the application of such CPPs has encouraging potential for 
enhancing systemic PMO delivery for dystrophin splice correc-
tion, such peptides do not typically confer targeted cell specificity. 
Thus recently, Yin et al. have demonstrated for the first time that 
a chimeric peptide-PMO conjugate, incorporating muscle-specific 
heptapeptide and arginine-rich CPP domains, could yield tar-
geted PMO delivery and improved splice correction in mdx mice 
(22). Thus, CPP-directed AO delivery has demonstrated poten-
tial for achieving restored dystrophin expression with ameliora-
tion of the disease phenotype in DMD animal models. Further 
developments in CPP and related peptide-AO methods are in 
progress for DMD, and the first clinical trial to evaluate a peptide-
PMO therapeutic agent for DMD is planned in 2010.

Unless stated otherwise, all solutions should be prepared in dou-
ble distilled water. This standard is referred to as “water” in this 
text.

 1. Iso-Pentane (VWR BDH Prolabo, Briare, France). This sub-
stance is highly flammable; therefore, store in a cool, dry, and 
well-ventilated area.

2.  Materials

2.1. RNA Extraction 
and RT-PCR
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 2. TRIzol® Reagent (Invitrogen, Paisley, UK). This substance is 
highly toxic and a possible mutagen (see Note 1). Prevent 
product from entering drains. Store at 2–8°C.

 3. Chloroform, analytical reagent grade (Fisher Scientific, 
Leicestershire, UK). This substance is carcinogenic and a pos-
sible teratogen (see Note 1). Prevent product from entering 
drains. This substance is also light-sensitive and should be 
stored in a cool, dry area.

 4. 2-Propanol (Sigma) for molecular biology, minimum 99%. 
This substance is highly flammable; therefore, store in a cool, 
dry, and well-ventilated area.

 5. RNA wash: 75% v/v ethanol, absolute, 200 proof, for molec-
ular biology (Sigma); 25% v/v RNA free water. Ethanol is 
highly flammable; therefore, store in a cool, dry area.

 6. RT-PCR: QIAGEN One Step RT-PCR Kit (QIAGEN, 
Hilden, Germany). Store at −20°C (see Note 2).

 7. Nested PCR: Hot Star Taq DNA Polymerase kit (QIAGEN). 
Store at −20°C (see Note 2).

 8. TAE Buffer (50×): 2 M Tris-Base; 10% (v/v) 0.5 M EDTA 
(Sigma), pH 8.0; 5.7% (v/v) glacial acetic acid (VWR) 100%. 
Combine reagents and make up to 900 ml with water; pH 
7.6–7.8. To make 1× TAE buffer, dilute 20 ml in 980 ml of 
water to make up to 1 l.

 9. Agarose Gel: 2% (w/v) Agarose (Bioline, Taunton, MA) in 
1× TAE buffer. Add between 2 and 4 ml of ethidium bromide 
(EB; Sigma) for visualisation of bands. The electrophoresis 
tank should be filled with TAE buffer. EB is highly toxic, and 
chronic exposure may be mutagenic. Do not allow to enter 
drains (see Note 3).

 1. Lysis buffer: 75 mM Tris–HCl (Sigma), pH 6.5; 10% sodium 
dodecyl sulphate (SDS; Sigma), for electrophoresis, approxi-
mately 99% pure. Store at room temperature. Prior to lysing 
samples, add 5% 2-Mercaptoethanol, 99% extra pure (Acros 
Organics, New Jersey, USA), and 3% Protease Inhibitor Cocktail 
(Sigma) to the aliquot. The protease inhibitor needs to be recon-
stituted prior to use and aliquoted into tubes. Store at −20°C.

 1. Separating buffer (4×): 1.5 M Tris–HCl, pH 8.8. Store at 
room temperature.

 2. Stacking buffer (4×): 0.5 M Tris–HCl, pH 6.8. Store at room 
temperature.

 3. Thirty percent acrylamide/bis-acrylamide solution, Electro-
phoresis Reagent, 37.5:1 (Sigma). This may cause cancer and 
heritable genetic damage, so care should be taken not to make 
contact with the substance. Store at 2–8°C.

2.2. Preparation  
of Protein Samples

2.3. SDS–
Polyacrylamide Gel 
Electrophoresis 
(SDS–PAGE)
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 4. N,N,N,N¢-Tetramethyl-ethylenediamine (TEMED; Sigma) 
for electrophoresis, approximately 99%. This substance is 
harmful by inhalation or ingestion. It is also highly flammable 
therefore store in a cool, dry and well ventilated area (see 
Note 4).

 5. Ammonium persulfate (Sigma): Dissolve the powder to make 
a 10% (w/v) solution in water. Aliquot the solution and freeze 
at −20°C.

 6. SDS: Prepare a 20% (w/v) solution in water and dissolve 
thoroughly. This substance is highly flammable; therefore, 
store in a cool, dry, and well-ventilated area. Avoid contact 
with skin and eyes, and dust formation as this substance may 
be harmful.

 7. Glycerol (Sigma), ReagentPlus®, ³99.0% (GC). Store at room 
temperature.

 8. Running buffer (10×): 247.7 mM Tris, 1.91 M glycine 
(Sigma), 1% (w/v) SDS. Store at room temperature.

 9. Laemmli SDS sample buffer: 0.1 M Tris–HCl, pH 6.6; 2% 
(w/v) SDS; 2% 2-Mercaptoethanol; 20% (v/v) glycerol; 
0.01% (w/v) Bromophenol Blue (Sigma). Store at 2–8°C.

 1. Transfer buffer (10×): 247.7 mM Tris, 1.91 M glycine. Store 
at room temperature.

 2. Transfer buffer: 10% (v/v) 10× transfer buffer; 10% (v/v) 
methanol (Fisher Scientific, Leicestershire, UK), analytical 
reagent grade. Methanol is highly flammable and toxic by 
inhalation, contact with skin, and if ingested. Keep con-
tainer tightly closed and store at room temperature in a 
flammables cupboard, away from sources of ignition. Add 
0.01% (w/v) SDS and make up the volume with water (see 
Note 5).

 3. Immobolin-P membrane, PVDF, 0.45 mm (Millipore, 
Bedford, MA) and 11 mM filter paper (Whatman, 
Maidstone, UK).

 4. Wash solution: Prepare phosphate-buffered saline (PBS; 
Sigma) with 0.1% (v/v) Tween (Sigma) to make PBST; 5% 
5 M NaCl.

 5. Blocking buffer: 5% (w/v) Non-fat dry milk in PBST.
 6. Primary antibody: NCL DYS-1 (Leica-Novocastra, Newcastle, 

UK) (see Note 6).
 7. Secondary antibody: Anti-mouse IgG whole monoclonal per-

oxidase, produced in goat (Sigma).
 8. Develop using Chemiluminescent HRP substrate, Immobilon 

Western (Millipore, Bedford, MA); and Kodak Biomax XAR 
film (Sigma) (see Note 7).

2.4. Western Blotting 
for Dystrophin Protein
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 1. Microscope coverslips: Borosilicate glass, 22 mm × 40 mm × 
0.15 mm (VWR, Geldenaaksebaan, Leuven).

 2. Microscope slides: Superfrost® Plus (VWR).
 3. Blocking solution: 20% (v/v) Normal goat serum (NGS; 

Sigma), 20% (v/v) foetal calf serum (FCS; Invitrogen) in PBS.
 4. PBS is used as a washing solution.
 5. Primary diluent solution: 20% (v/v) NGS in PBS.
 6. Primary antibody: Rabbit polyclonal antibody targeting at 

the C-terminal of dystrophin, (Abcam, Cambridge, MA). 
Store at 2–8°C.

 7. Secondary antibody: Alexa Flour® 594, Goat anti-rabbit IgG 
(Invitrogen, Oregon, USA). Store at 2–8°C.

 8. Nuclear stain: 1.34 mg/ml DAPI (4,6-diamidino-2-phenylin-
dole) in DMSO (Sigma) (see Note 8).

 9. Mounting medium: Dako fluorescent mounting medium 
(Dako, Carpinteria, CA). Store at 2–8°C.

 1. Microscope coverslips: Borosilicate glass, 22 mm × 40 mm × 
0.15 mm.

 2. Microscope slides: Superfrost® Plus.
 3. Blocking solution: Biotin/Avidin Blocking System (Vector, 

Burlingame, CA). Store at 2–8°C.
 4. Washing solution: 0.1% Tween 20 in PBS (PBST).
 5. MOM Blocking Solution: Dilute two drops of MOM Blocking 

Solution in PBS.
 6. MOM diluent solution: Dilute MOM Protein Concentrate 

(Vector) 1:125 in PBS. Store at 2–8°C.
 7. Primary Antibody: b-Sarcoglycan: NCL-L-b-SARC, a-Sarco-

glycan: NCL-l-a-SARC, and b-Dystroglycan: NCL-b-DG 
(Leica-Novocastra) are diluted in MOM Diluent Buffer (see 
Note 6).

 8. Secondary antibody: Biotinlynated Anti-mouse IgG reagent 
(Vector) is diluted in MOM Diluent Buffer.

 9. Texas Red Streptavidin (Vector) is diluted 1:250 in MOM 
Diluent Buffer. Store at 2–8°C.

Recent exciting progress in the treatment of DMD, especially the 
success of two phase I clinical trials with antisense oligonucleotide-
mediated exon skipping (14, 15), makes it an ideal model system 

2.5. Immunohisto- 
chemistry for 
Dystrophin

2.6. Immunohisto- 
chemistry for 
Dystrophin-Associated 
Protein Complex

3.  Methods
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for evaluating numerous newly developed antisense oligonucleotides 
(AOs). In particular, the CPP-conjugated PMOs have been shown 
to restore high levels of dystrophin expression in multiple muscle 
groups including heart and have averted the progression of the 
disease in dystrophin-deficient mdx mice (6, 10, 12, 18, 19). 
Therefore, it is pivotal to determine the level of the exon skipping 
and functional correction of dystrophin protein induced by the 
CPP AO conjugates in mdx mice.

There are a number of different parameters that may be 
applied to determine the efficacy of the CPP AO conjugates; 
among them, the most essential assays are the measurement at the 
RNA, protein level and phenotypical restoration. RT-PCR is used 
routinely to test the percent of exon skipping in the dystrophin 
transcript, which is based on the relative percent of skipped tran-
script to full-length unskipped dystrophin mRNA. Western blot is 
most commonly used to quantify the total amount of restored 
dystrophin protein after the treatment, which is the most critical 
parameter for the functional correction of dystrophic muscles. 
Immunohistochemical staining is important to show the correct 
localization and distribution of the restored dystrophin protein in 
muscle fibres, which can reflect the efficiency of CPP AO conju-
gate delivery in terms of the number of dystrophin-positive fibres. 
The number of dystrophin-positive fibres has a direct correlation 
with the muscle force recovery.

Dystrophin is a key component of DAPC, which bridges the 
cytoskeleton and extracellular matrix and stabilises the sacrolem-
mal membrane (1). In the absence of dystrophin, other DAPC 
components fail to localise to the sacrolemma and diffuses into 
the cytoplasm. Therefore, it is an important functional parameter 
to look at for evaluating the efficacy of CPP AO conjugates. Here, 
we show the methods for immunostaining of the b-sarcoglycan, 
a-sarcoglycan, and b-dystroglycan components of the DAPC.

 1. The muscle tissues are harvested and snap-frozen in liquid 
nitrogen or dry-ice-cold isopentane and stored at −80°C.

 2. Collect 20–30 muscle cryosections of 15 mm thickness into 
sterile 1.5-ml Eppendorf tubes placed on dry ice.

 3. Put 1 ml of Trizol into the Eppendorf and carry out the sub-
sequent steps according to the manufacturer’s instructions 
for Trizol. Measure the total RNA concentration by spectro-
photometer (Nanodrop).

 4. Use 200 ng of RNA template for a 20-ml RT-PCR with the 
OneStep RT-PCR kit. The primer sequences for the initial 
RT-PCR are Exon20Fo 5¢-CAGAATTCTGCCAATTGCT 
GAG-3¢ and Ex26Ro 5¢-TTCTTCAGCTTGTGTCATCC-3¢ 
which allows amplification of messenger RNA from exons 20 
to 26. The cycle conditions are 95°C for 30 s, 55°C for 1 min, 

3.1. RNA Extraction 
and RT-PCR
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and 72°C for 2 min for 25 cycles. RT-PCR product (1 ml) is 
then used as the template for secondary PCR performed in 
25 ml with 0.5 U Taq DNA polymerase (see Note 9). The 
primer sequences for the second round are Ex20Fi 
5¢-CCCAGTCTACCACCCTATCAGAGC-3¢ and Ex24Ri 
5¢-CAGCCATCCATTTCTGTAAGG-3¢. The cycle condi-
tions are 95°C for 1 min, 57°C for 1 min, and 72°C for 2 min 
for 25 cycles.

 5. The PCR products are examined by electrophoresis on a 2% 
agarose gel. An example for RT-PCR is shown as Fig. 1a.

 1. Collect 30–40 cryosections of 15-mm thickness in 1.5-ml 
Eppendorf tubes placed on dry ice (fill up to 0.5 ml mark).

 2. Remove samples from the ice, add 150-ml protein lysis buffer 
(see Note 10), and homogenize by gently pipetting up and 
down until the sections are dissolved.

 3. Boil at 100°C for 3–5 min (punch a hole into the cap with a 
needle) and centrifuge for 15 min, at 12,000 × g or maximum 
speed.

 4. Collect the supernatant and keep the aliquot at −80°C for 
long storage.

 5. Measure protein concentration by Bradford reagent using 
1:100 dilution (see Note 11) according to the manufacturer’s 
instruction.

 6. Prepare samples in Eppendorf with the required amount of 
protein and mix the samples with 2× or 5× Laemmli SDS 
sample loading buffer.

 7. Boil the samples for 3–5 min and then spin them down at 
maximum speed for 5 min; the samples are ready for loading.

 1. These instructions are based on the Bio-Rad mini-gel system 
with 0.75-mm thick gel plates. They are easily adjusted to 
other systems. It is important to ensure that all the glass plates 
are clean.

 2. Assemble the gel plates in a green plastic gel holder. Ensure 
that the glass plates are correctly aligned and level with the 
bench.

 3. Place gel holder and plates into the transparent rack. Press 
down on the gel holder to ensure that there is a tight seal 
with the rubber pad underneath so that the gel mixture does 
not leak out.

 4. Prepare 5 ml of 6% resolving gel in a Falcon tube by mixing 
1.25 ml of 4× Resolving gel buffer with 1 ml of 30% acryl 
amide/bis-acrylamide (37.5:1) solution, 2.45 ml of water, 
0.25 ml of glycerol, 42.5 ml of 20% SDS, 50 ml of ammonium 

3.2. Preparation  
of Samples for Assay 
of Dystrophin by 
Western Blotting

3.3.  SDS–PAGE
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Fig. 1. Restoration of muscle and cardiac dystrophin expression in mdx mice. Restoration of dystrophin expression fol-
lowing single 25 mg/kg intravenous injections of the P007-PMO AO conjugate in adult mdx mice. (a) Immunostaining of 
muscle tissue cross-sections to detect dystrophin protein expression and localisation in C57BL6 normal control mice (top 
panel), untreated mdx mice (middle panel), and P007-PMO treated mdx mice (lower panel), showing near normal levels 
of dystrophin expression in the treated mice. Muscle tissues analysed were from tibialis anterior (TA), gastrocnemius, 
quadriceps, biceps, abdominal wall, diaphragm, and heart muscles (scale bar = 200 mm). (b) RT-PCR to detect exon skip-
ping efficiency at the RNA level demonstrated almost complete exon 23 skipping in the peripheral skeletal muscles 
indicated and about 50% exon skipping in heart in treated mdx mice. This is shown by shorter exon-skipped bands 
(indicated by the boxed numbered 22–24 – for exon 23 skipping). Truncated transcripts deleted for both exons 22 and 
23 were also seen as indicated by the box 21–24. (c) Western blot for dystrophin expression in peripheral skeletal 
muscles showed about 100% dystrophin restoration in all skeletal muscles except the diaphragm and with P007-PMO 
conjugate treatment compared with levels found in normal C57BL6 mice. Equal loading of 10 mg protein is shown for 
each sample with a-actinin expression detected as a loading control.
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persulfate solution, and 5 ml of TEMED. Invert the Falcon 
tube several times to mix (see Note 12). Pour the gel mixture 
between the glass plates until it is two thirds full. Leave one 
third for stacking gel.

 5. Pipette water on top of the resolving gel to ensure that the gel 
does not dry out. The gel may visibly deform under the pres-
sure of the water at this stage. The level of the gel should settle 
out as the gel sets (unless too much TEMED was used or the 
gel was poured too late after the TEMED was added).

 6. The gel should take 45–60 min to set. The remaining gel 
mixture in the Falcon tube can be used as a guide as to when 
the gel has set.

 7. Remove the gel holder from the transparent rack and pour 
the water off into the sink.

 8. Prepare 2.5 ml of 4% stacking gel by mixing 625 ml of 4× 
Stacking gel buffer with 325 ml of 30% acryl amide/bis-acryl-
amide (37.5:1) solution, 1.4 ml of water, 25 ml of 20% SDS, 
125 ml of glycerol, 25 ml of ammonium persulfate solution, 
and 2.5 ml of TEMED in a Falcon tube and mix by inversion. 
Immediately pipette the stacking gel mixture between the 
glass plates and on top of the resolving gel.

 9. Fit the comb between the glass plates and clean off displaced 
stacking gel mixture. Avoid air bubbles between the comb 
and the gel.

 10. The gel should take 30–45 min to set. The remaining gel 
mixture in the Falcon tube can be used as a guide as to when 
the gel has set (see Note 13).

 11. Prepare the 1× SDS Running buffer by diluting 100 ml of the 
10× SDS Running buffer with 900 ml water in a measuring 
cylinder.

 12. Pour 1× SDS Running Buffer into the tank so that the level 
of buffer is full between the two gels and a third full for the 
rest of the tank. If there is any leakage into the main tank, 
more buffer needs to be poured into the tank. Gently remove 
the comb from the top of the gel by pulling directly upwards. 
Be careful not to deform the wells. Using a P200 micro-
pipette, clean the wells with SDS Running Buffer. The wells 
are easily viewed from above and from front. When buffer is 
pipetted into a well, the bottom of the well should visibly flat-
ten out. This produces even-shaped wells and makes them 
easier to visualise from the front of the apparatus.

 13. Load the pre-stained protein molecular weight marker in the 
first lane and the samples in the subsequent lanes.

 14. Set up the gel unit and connect to a power supply. The gel 
can be run either overnight at 50 V in a cold room or at 
150 V for 3 h (see Note 14).
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 1. Remove the gel plates from the gel tank. The SDS Running 
Buffer may be discarded or recycled one more time.

 2. Separate the glass plates using a plastic wedge. The gel should 
stick to one of the plates.

 3. Cut away the stacking gel and the edges of the gel so as to 
loosen it from the glass plates.

 4. Place the glass plate with the gel attached in a container with 
1× transfer buffer.

 5. Cut a PVDF membrane to the size of the gel and cut away 
one corner for identification (see Note 15).

 6. Soak the membrane in methanol for approximately1 min (see 
Note 16).

 7. Cut two pieces of filter paper to the size of the membrane.
 8. Soak two sponges and the two pieces of filter paper in transfer 

buffer.
 9. Briefly wash the PVDF membrane in transfer buffer.
 10. Assemble the cassette as follows from bottom to top: black 

side of transfer cassette, one sponge, one filter paper, gel, 
membrane, one filter paper, one sponge.

 11. Then, load the cassette(s) into the rack with the black sides 
aligned and make sure that the membrane is between the gel 
and anode. It is vital to ensure this orientation, or the pro-
teins will be lost from the gel into the buffer rather than 
transferred onto PVDF membrane.

 12. Place the rack (and cassette) into the gel tank.
 13. Fill the tank with 1× SDS transfer buffer, place the lid on the 

tank, and start the power supply.
 14. Transfer overnight at 50 V at 4°C.
 15. Once the transfer is complete, the cassette can be taken out of 

the tank and carefully disassembled.
 16. Take the membrane out and briefly rinse with PBS (see 

Note 17).
 17. Block the membrane with 20-ml blocking solution for 1–2 h 

(see Note 18).
 18. After blocking, incubate the membrane with dystrophin pri-

mary antibody (1:200 diluted in blocking solution) overnight 
on a shaker in the cold room.

 19. Wash the membrane four times with blocking solution  
containing 200 mM NaCl (1 for 10 min, 3 for 5 min) (see 
Note 19).

 20. Incubate the membrane with secondary antibody (1:9,000 
diluted in blocking solution) on a shaker for 1 h at room 
temperature.

3.4. Western Blotting 
for Dystrophin
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 21. Wash the membrane three times with PBST containing 
200 mM NaCl for 15 min each time.

 22. After the final wash, pick up the membrane(s) using tweezers 
and place on the top of an OHP transparency film/piece of 
cling wrap.

 23. Place 250 ml of each ECL reagent (1:1 ratio) into a 1.5-ml 
Eppendorf (roughly 500 ml of developing reagent is required 
for one membrane).

 24. Pipette 500 ml of premixed ECL reagent onto each mem-
brane (~4 cm × 6 cm). Ensure that the entire membrane is 
covered with reagent.

 25. Cover the membrane with a second OHP transparency and 
fold over the cling wrap. Ensure that there are no bubbles 
between the plastic and the membrane.

 26. Place the covered membrane into the cassette. Position  
the membrane to allow for easy identification later on (see 
Note 20).

 27. The remaining steps are done in a dark room under safe light 
conditions.

 28. Open the X-ray film and cut a piece to the size of the mem-
brane and fold or cut a corner for identification.

 29. Place the film on top of the wrapped membrane in the cas-
sette, immediately close the cassette, and start the timer.

 30. Useful exposure times range between 1 and 15 min. A good 
starting point is 1 min. When the exposure time is up, remove 
the film from the cassette and place in the X-O-graph for 
developing (see Note 21).

 31. Open the cassette and align the developed film on top of the 
membrane. Use a fine-liner pen to mark on the position of 
the protein markers for size determination.

 32. Keep the membrane(s) in PBS if they are required for further 
experimentation (see Note 22). An example of Western blot-
ting is shown as Fig. 1b.

 1. Cryosections of 8 mm are cut from at least two-thirds deep 
into the muscle at 100 mm intervals (see Note 23).

 2. Air-dry the cryosections on the slide for 10 min.
 3. Circle the section with a Blocking Pen (see Note 24).
 4. Soak the slides in PBS for 10 min.
 5. Block the sections with 20% FCS and 20% NGS in PBS at 

room temperature for 1 h.
 6. Tip the blocking buffer away from the sections and incubate 

the sections with dystrophin primary antibody at a dilution of 

3.5. Immunohisto- 
chemistry for 
Dystrophin
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1:2,500 (see Note 25) with 20% NGS for 1 h at room 
temperature.

 7. Remove the primary antibody and briefly wash the slide three 
times with PBS.

 8. Incubate the sections with fluorophore-labelled secondary 
antibody (goat anti-rabbit IgG) at a dilution of 1:200 in PBS 
for 1 h at room temperature.

 9. Remove the secondary antibody and briefly wash the slides 
three times with PBS.

Fig. 2. Functional evaluation of mdx skeletal muscles following treatment with the P007-PMO conjugate. Restoration of 
the dystrophin-associated protein complex (DAPC) in mdx mice treated with P007-PMO at 25 mg/kg was studied to 
assess dystrophin function and recovery of normal myoarchitecture. DAPC protein components b-dystroglycan, a and 
b-sarcoglycan, and nNOS were detected by immunostaining in tissue cross-sections of TA muscles from treated mdx 
mice compared with C57BL6 normal mice and untreated mdx control mice. All detected DAPC components are found to 
be successfully relocalised to the mdx muscle sarcolemma after treatment.
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 10. Tip the PBS away from the slides and mount the slides with 
DAPI-mounting medium and wrap in foil (see Note 26).

 11. The slides are viewed through the fluorescence microscope. 
Excitation at 543 nm induces the Cy3 fluorescence (red emis-
sion) for the dystrophin protein, while excitation at 364 nm 
induces DAPI fluorescence (blue emission). An example of 
the result is shown as Fig. 1c.

 1. Cryosections of 8 mm are cut from at least two-thirds deep 
into the muscle at 100-mm intervals.

 2. Air-dry the cryosections for 30 min.
 3. Circle the section with a Blocking Pen.
 4. Block the endogenous biotin with the Vector biotin blocking 

system and incubate the sections with avidin solution for 
15 min (see Note 27).

 5. Remove the avidin buffer and briefly wash the slide with PBST.
 6. Incubate the slide with biotin solution for 15 min.
 7. Remove the biotin solution and briefly wash with PBST.
 8. After washing, add M.O.M blocking solution and incubate at 

room temperature for 1 h (see Note 28).
 9. Wash the slides three times for 3 min with PBST.
 10. Add M.O.M diluent solution to the slide and incubate for 

5 min.
 11. Tip the diluent solution away from the slide and incubate 

with the primary antibodies (a-sarcoglycan, b-sarcoglycan, 
and b-dystroglycan monoclonal mouse antibodies) in diluent 
solution at a 1:100 dilution for 1 h (see Note 29).

 12. Tip the primary antibody away from the slides and wash the 
slides three times with PBST for 3 min each time.

 13. Add anti-mouse-IgG from the MOM kit and incubate for 
10 min (see Note 30).

 14. Remove the solution and briefly wash the slides three times 
with PBST for 3 min each time.

 15. Add avidin-fluorescence and incubate for 5 min (see Note 31).
 16. Remove the secondary antibody and wash the slides three 

times for 3 min.
 17. Mount the slides with DAPI-mounting medium and wrap in 

foil.
 18. The slides are viewed through the fluorescence microscope. 

Excitation at 543 nm induces the Cy3 fluorescence (red emis-
sion) for the dystrophin-associated protein complex, while 
excitation at 364 nm induces DAPI fluorescence (blue emis-
sion). An example of the result is shown as Fig. 2.

3.6. Immunohisto- 
chemistry for 
Dystrophin-Associated 
Protein Complex
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 1. It should only be handled in a fume hood, and safety goggles 
and impervious gloves should be worn at all times. 
Contaminated waste should be disposed of in special waste 
appropriately.

 2. Thaw reagents directly before use; however, the enzyme mix 
or Taq should be kept on ice at all times.

 3. Keep the container tightly closed and in the designated EB 
contamination area. Heavily contaminated waste should be 
disposed of in special waste; however, gels and tips may be 
discarded in clinical bins.

 4. TEMED may decline in quality over time; therefore, it is best 
to buy small bottles.

 5. Transfer buffer can be used for up to two to three transfers 
before it is discarded. In order to keep the transfer buffer 
cooler than room temperature whilst running, the experi-
ment and transfer apparatus may be kept on ice or stored in 
the cold room.

 6. The enzyme is stable in a freeze-dried conjugate form. It, 
therefore, requires reconstitution in 2.5 ml of water prior to 
use. Aliquot into tubes and store at −20°C. Tubes may be 
removed from the freezer one at a time and stored at 2–8°C.

 7. If quantification is required, the film may be scanned and pro-
grammes such as ImageJ utilised to compare the scanning 
densitometry. Alternatively, an instrument such as FujiFilm 
LAS-100 plus may be used.

 8. Once the DAPI has been added to the Dako, shake the bottle 
well and wrap in foil as DAPI is light-sensitive.

 9. For RT-PCRs, nested PCR is not necessary for highly effi-
cient exon skipping, and one round of RT-PCR would be 
sufficient for the detection of exon skipping bands.

 10. The volume of protein lysis buffer can be adjusted depending 
on the amount of tissue sections.

 11. Protein concentration measurement may be carried out by 
BCA or the Bradford assay, but we have found that the 
Bradford assay is simple, quick, and reliable. Please check 
carefully for the interference factors for Bradford, especially 
for the concentration of SDS in the mentioned lysis buffer; 
we always dilute the protein sample 1:100.

 12. TEMED catalyses polymerization of the resolving gel, so the 
gel mixture must immediately be pipetted between the glass 
plates to prevent the gel from setting too early. Around 2 ml 
of gel mixture is required per 75 mm mini-gel.

4.  Notes
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 13. When the stacking gel has set, gels may be removed from the 
green plastic holders, wrapped in a damp paper towel, and 
then wrapped in cling film and stored at 4°C.

 14. Place the gel tank into an icebox when the gel is running at 
room temperature for 3 h at 150 V to prevent the running 
buffer from overheating.

 15. If there is more than one membrane, number the corners 
with a pencil. Do not handle the membrane with bare 
hands.

 16. Soaking the PVDF membrane in methanol prevents proteins 
from passing straight through the membrane.

 17. After the transfer, you can stain the gel with Coomassie blue 
to check whether the transfer is complete.

 18. Non-fat dry milk in PBST is a typical and cheap blocking 
solution. Alternatively, 2% BSA in PBST also works well.

 19. It is very important to use sufficient wash solution. For a typi-
cal membrane in a small container (i.e. empty tip-box lid), 
15–20 ml is optimal. Insufficient washing will result in high 
background, and salt helps reduce the background.

 20. Always develop in the dark room as this allows the incubation 
period in ECL reagent to be accurately controlled and pre-
vents problems arising from the dark room availability.

 21. Ensure that the film is sealed away before turning on the 
white light or opening the door as this will expose the film 
and render it useless.

 22. Membranes can be stored in PBS at 4°C indefinitely and also 
can be stained by Coomassie blue for checking the transfer.

 23. Prepare duplicate or triplicate cryosection slides in case you 
need to repeat immunostaining, and all the cryosections can 
be kept in the slide box and stored at −80°C.

 24. The liquid-repellent slide marker prevents the sections from 
detaching from the slides.

 25. We have tested three different dystrophin primary antibodies, 
including two in-house rabbit polyclonal antibodies and one 
commercially available rabbit polyclonal antibody, and found 
that they all work well although the commercial antibody has 
slightly high background.

 26. DAPI for nuclei counterstaining and the slides can be stored 
in room temperature up to 3 months.

 27. Two drops of avidin/biotin is sufficient to cover the sections 
on the slide.

 28. The blocking time can be adjusted according to the 
background.
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 29. For nNOS staining, the whole procedure is the same as for 
dystrophin except the incubation with primary antibody is 
overnight at 4°C.

 30. The time needs to be accurate at this step.
 31. The incubation time can be optimised according to the inten-

sity of the signals, but ensure that you always have a negative 
control (for secondary antibody only).
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Chapter 24

PTD–DRBD siRNA Delivery

Caroline Palm-Apergi, Akiko Eguchi, and Steven F. Dowdy 

Abstract

A major hurdle in drug delivery today is for the drug to reach inside the cell to exert its biological effect. 
Many drug candidates are hydrophilic and are therefore not able to cross the hydrophobic plasma mem-
brane, which serves to protect the cell from foreign molecules and pathogens. One promising drug 
candidate is the hydrophilic and negatively charged short-interfering RNA (siRNA), known to degrade 
target mRNA 1,000-fold more efficiently than small molecule drugs. The delivery capacity of small cat-
ionic peptides called protein transduction domains or cell-penetrating peptides, suggested them to be 
suitable delivery vehicles for siRNA. However, it has proven troublesome to utilize the PTD–siRNA 
conjugates for mRNA degradation due to the characteristics of siRNA, often resulting in precipitation 
and aggregation. This chapter describes a recently reported delivery strategy, PTD–DRBD fusion protein 
siRNA delivery, where a double-stranded RNA-binding domain expressed as a fusion protein together 
with three TAT PTDs binds the siRNA, thus masking the negatively charged backbone and preventing 
aggregation. This new protocol results in noncytotoxic mRNA degradation even more effective than 
lipofection.

Key words: CPP, PTD, siRNA, RNAi, Double-stranded RNA binding domain

One of the greatest hindrances in delivery of hydrophilic drugs is 
to cross the hydrophobic plasma membrane, in order to reach the 
cytoplasm or nucleus to exert their therapeutic effect. Several 
transporters in the plasma membrane are able to internalize 
smaller molecules but for larger macromolecules such as peptides, 
proteins, and oligonucleotides, a delivery vehicle is needed to 
transport the cargo to the cytoplasm or nucleus. Thus, there is a 
great need to design drug delivery vehicles able to cross the pro-
tective plasma membrane without inducing toxicity. Twenty years 
ago it was found that certain proteins alone were able internalize 

1. Introduction

Ülo Langel (ed.), Cell-Penetrating Peptides: Methods and Protocols, Methods in Molecular Biology, vol. 683,
DOI 10.1007/978-1-60761-919-2_24, © Springer Science+Business Media, LLC 2011
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cells (1). From these proteins, a new group of transporters named 
protein transduction domains (PTDs) or cell-penetrating pep-
tides (CPPs) has evolved. These drug delivery vehicles have been 
shown to deliver different cargo into the cell such as drugs and 
oligonucleotides both in vivo and in vitro (2, 3). One of these 
PTDs belongs to the human immunodeficiency virus type 1 
(HIV-1) and is derived from the trans-activator of transcription 
(TAT) protein (4).

Around a decade ago, it was found that short double-stranded 
RNAs can target and degrade mRNA in a process called RNA 
interference (RNAi) (5). During RNAi, a ribonuclease III 
(RNaseIII) enzyme named Dicer, cleaves endogenous long 
 double-stranded RNA into 21–23 mer RNA duplexes, resulting 
in a 5¢-phosphate group and 2-nucleotide 3¢ overhangs. After 
cleavage, the duplex is unwounded and one of the strands, known 
as the antisense or guide strand, is loaded into the RNA-induced 
silencing complex (RISC). Concurrently, the other sense strand is 
cleaved by another protein named Argonaute 2 (Ago2). The 
RISC-antisense strand complex then directs an endonuclease to 
cleave complementary mRNAs repeatedly. Due to the sequence-
specificity of this three-step process, a new field of therapeutic 
drug design has opened up.

In the diverse class of double-stranded RNA binding proteins 
(DRBP), there are certain domains that bind double-stranded 
RNA. These double-stranded RNA binding domains (DRBDs) 
are highly abundant and can be found in different organisms such 
as Escherichia coli and man. A consensus sequence of about 65–68 
amino acid residues specific for binding dsRNA was identified in 
1992 (6). The DRBPs have different functions but are similar in 
that they contain varying copies of DRBDs. A minimum number 
of 16 bp of siRNAs are required for binding, however, for longer 
RNAs only 11 bp are required (7). DRBDs are known to bind the 
compressed A-form of siRNA sequence independently and almost 
without changing the structure. The binding occurs between the 
sugar phosphate backbone and each 2¢–OH group of every 
11-mer is involved in the interaction. Consequently, DRBDs can-
not bind dsDNA or even RNA/DNA hybrids, since dsDNA is 
predominantly found in the more open B-form (7). Three regions 
are responsible for binding the dsRNA where two of three bind 
the minor groove and one binds the major groove. By making a 
fusion protein of three TAT peptides and a DRBD (PTD–DRBD), 
the previous obstacles in siRNA delivery can be overcome (3). 
Thus, the PTD–DRBD fusion protein serves as an excellent vehi-
cle for siRNA delivery. A detailed protocol of the design, con-
struction, and purification of the PTD–DRBD is described below 
followed by several methods that can be utilized to assess the 
siRNA delivery and resulting knockdown.
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A wide range of cell lines can be used in PTD–DRBD siRNA 
delivery (3). For simplicity, only one cell line will be described in 
the delivery protocols, namely, the dGFP-H1299 cell line express-
ing destabilized GFP. However, in the IFN-a and TNF-a analy-
ses, human peripheral blood mononuclear cells (PMBCs) isolated 
from healthy donors are preferably used, and, in the immunohis-
tochemistry section, a human embryonic stem cell line HUES 9 
(H9 hES) is to be used.

 1. BL21 codon plus (DE3) E. coli (Stratagene) grown in Luria 
Bertani medium containing kanamycin.

 2. PCR-cloned PKR DRBD-1-modified pTAT vector (8) result-
ing in TAT–TAT-HA tag-TAT–DRBD-6xHis.

 3. Kanamycin-containing agar plates.
 4. Ni–NTA column (Qiagen).
 5. 400 mM Isopropyl-b-d-thiogalactoside.
 6. Imidazole.
 7. Buffer A (20 mM HEPES [pH 7.5], 500 mM NaCl, 5 mg/ml 

aprotinin, 1 mg/ml leupeptin, 0.8 mM phenylmethylsulfonyl 
fluoride [PMSF]) plus 20 mM imidazole.

 8. Buffer B (50 mM HEPES [pH 7.5], 20 mM NaCl, 5% 
glycerol).

 9. Buffer C (Buffer B plus 1.5 M NaCl).
 10. PD-10 column.
 11. PBS with 10% glycerol.
 12. EGFP-PEST (dGFP) or DsRed-PEST (dDsRed) lentiviruses 

produced by pCSC-SP-CW-EGFP-PEST or pCSC-SP-CW-
DSRED (9) and pd2EGFP-N1- (destabilized GFP; BD 
Clontech) or pDsRed-Express-DR (destabilized DsRed; BD 
Clontech).

 13. Mono-S AKAT FPLC.

 1. dGFP-H1299 cells cultured in Dulbecco’s Modified Eagle’s 
Media (DMEM) supplemented with 10% fetal bovine serum 
(FBS), 100 mg/ml streptomycin, 100 U/ml penicillin.

 2. 48-Well plates.
 3. 10 ml of 1–5 mM (EGFP1 [Ambion predesigned siRNA], 

EGFP2 [Ambion Silencer GFP], Silencer Negative [control 
1; Ambion], and/or luciferase [control 2; Dharmacon] 
siRNA) siRNA in water.

2. Materials

2.1. PTD–DRBD Fusion 
Protein Design, 
Construction, 
and Purification

2.2. PTD–DRBD siRNA 
Delivery into Cells
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 4. 10 ml of 10–50 mM PTD–DRBD in PBS with 10% glycerol.
 5. Trypsin/EDTA.
 6. Source 30Q resin (Amersham Bioscience).
 7. Lipofectamine-2000 and Lipofectamine-RNAiMAX 

(Invitrogen).

 1. dGFP-H1299 cells cultured in DMEM supplemented with 
10% FBS, 100 mg/ml streptomycin, 100 U/ml penicillin.

 2. 48-Well plates.
 3. Trypsin/EDTA.
 4. RIPA buffer (1% TritonX-100, 1% sodium deoxycholate, 

40 mM Tris–HCl, 150 mM NaCl, 0.2% SDS, 5 mg/ml apro-
tinin, 1 mg/ml leupeptin, 0.8 mM phenylmethylsulfonyl 
fluoride).

 5. 10% SDS–PAGE.
 6. Polyvinyl difluoride membranes.
 7. 4% Skim milk.
 8. PBS-T (0.05% PBS, Tween20).
 9. OCT4 (Ambion predesigned), Silencer Negative (control 1; 

Ambion), and/or luciferase (control 2; Dharmacon) siRNA.
 10. PTD–DRBD in PBS with 10% glycerol.
 11. Anti-OCT4 (Santa Cruz), anti-GAPDH (Santa Cruz), and 

anti-a-tublin (Sigma) antibodies.
 12. HRP-conjugated anti-IgG (Santa Cruz) antibodies.
 13. Electrochemical luminescence (Pierce).

 1. dGFP-H1299 cells cultured in DMEM supplemented with 
10% FBS, 100 mg/ml streptomycin, 100 U/ml penicillin.

 2. 48-Well plates.
 3. 400 nM GAPDH1 (Ambion), GAPDH2 (Ambion), Silencer 

Negative (control 1; Ambion), and/or luciferase (control 2; 
Dharmacon) siRNA.

 4. PTD–DRBD in PBS with 10% glycerol.
 5. RNeasy Mini Kit (QIAGEN).
 6. Omniscript RT kit (QIAGEN) with Oligo-dT and RNase 

OUT.
 7. 2× Universal Mastermix (Ambion) and TaqMan 20× probe.
 8. 7300 Real-time PCR system (Applied Biosystems).
 9. Whole genome microarray chip (Illumina).

2.3. Immunoblotting

2.4. RT-PCR  
and Microarrays
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 1. dGFP-H1299 cells cultured in DMEM supplemented with 
10% FBS, 100 mg/ml streptomycin, 100 U/ml penicillin, 
and H9 hES cells cultured in 20% knockout serum-DMEM-
F12 plus 55 mM b-mercaptoethanol, nonessential amino 
acids, Gluta-Max, 4 ng/ml bFGF, and antibiotics on murine 
fibroblast feeder layer.

 2. 48-Well plates.
 3. 4% Paraformaldehyde.
 4. 0.1% TritonX-100 in PBS.
 5. 3% Skim milk in PBS.
 6. 0.1% BSA in PBS.
 7. OCT4 (Ambion predesigned), Nanog (Ambion predesigned), 

Sox2 (Ambion predesigned), DsRed (Ambion predesigned), 
EGFP1 (Ambion predesigned siRNA), EGFP2 (Ambion 
Silencer GFP), Silencer Negative (control 1; Ambion), and/
or luciferase (control 2; Dharmacon) siRNA.

 8. PTD–DRBD in PBS with 10% glycerol.
 9. Anti-OCT4 (Santa Cruz), anti-SSEA4 (Santa Cruz), and 

anti-GATA6 (Santa Cruz) antibodies.
 10. Alexa488- or Alexa594-conjugated anti-IgG (Molecular Probes).
 11. Hoechst 33342 (Molecular Probes).
 12. Confocal microscope (Olympus Flouview).
 13. FACScan (BD Biosciences).

 1. PBMCs isolated from healthy donors.
 2. Ficoll-Paque PLUSTM density medium (Amersham 

Biosciences).
 3. 96-Well plates.
 4. PBS.
 5. 100 nM b-gal (Dharmacon) siRNA.
 6. PTD–DRBD in PBS with 10% glycerol.
 7. Lipofectamine 2000 (Invitrogen).
 8. Imiquimid 10 mg/ml.
 9. LPS 10 mg/ml.
 10. ELISA (R&D systems).

Several studies have used PTDs to deliver siRNA to the cytoplasm 
both as covalently linked conjugates or electrostatically bound 

2.5. Immunohisto-
chemistry and Flow 
Cytometry Analysis

2.6. IFN-a and TNF-a 
Analyses

3. Methods
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complexes. However, the efficiency has not been satisfying because 
of the cationic properties of the PTDs together with the anionic 
characteristics of the siRNAs, leading to aggregation or precipita-
tion. In this new strategy, the PTD–DRBD masks the negative 
charges of the siRNA. Thus, the positively charged side chains of 
the peptide can interact with the proteoglycans in the plasma 
membrane and induce internalization. The PTD–DRBD is 
expressed as a fusion protein containing three TAT sequences and 
a DRBD. When siRNA is bound to the PTD–DRBD fusion pro-
tein, efficient knockdown of target mRNA is accomplished in a 
noncytotoxic manner. Herein, a protocol for the DRBD–PTD 
siRNA design, construction, and purification is presented as well 
as delivery and knockdown analysis protocols.

 1. pPTD–DRBD is constructed by PCR cloning of PKR 
DRBD-1 into a modified pTAT vector (8) resulting in TAT–
TAT-HA tag-TAT–DRBD-6xHis (see Notes 1 and 2).

 2. For PTD–DRBD expression use BL21 codon plus (DE3) 
E. coli (Stratagene).

 3. Transform a 50 ml stock of BL21 codon plus (DE3) E. coli 
(Stratagene) cells with pPTD–DRBD.

 4. Streak the cells onto a Kanamycin-containing plate and incu-
bate for 12 h at 37°C.

 5. Culture the cells in Luria Bertani broth containing kanamycin 
at 37°C until optimal bacterial density is reached.

 6. Add isopropyl-b-d-thiogalactoside to a final concentration of 
400 mM and culture the cells at 25°C for 12 h.

 7. Recover the cells by centrifugation for 5 min at 4,500 × g.
 8. Sonicate the cell pellet in Buffer A plus 20 mM imidazole  

on ice.
 9. Isolate soluble protein by centrifugation for 15 min at 

50,000 × g.
 10. Purify the PTD–DRBD containing supernatant on a column 

containing 5 ml of Ni–NTA resin (Qiagen) pre-equilibrated 
in Buffer A plus 20 mM imidazole.

 11. Wash the column and elute the PTD–DRBD with Buffer A 
plus 100, 250, 500 mM, and 1 M imidazole.

 12. Pool PTD–DRBD fractions and load onto a Mono-S column 
on an AKAT FPLC in Buffer B.

 13. Use an exchange gradient form Buffer B to Buffer C and 
elute in Buffer C.

 14. Pool PTD–DRBD fractions and desalt using PD-10 columns 
into PBS-10% glycerol.

 15. Store at −80°C.

3.1. PTD–DRBD Fusion 
Protein Design, 
Construction, and 
Purification
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 1. Seed 60,000 cells in 48-well plates 1 day before treatment.
 2. Mix 10 ml of 1–5 mM siRNA in water, 10 ml of 10–50 mM 

PTD–DRBD in PBS containing 10% glycerol, and 5 ml PBS 
containing 10% glycerol in an Eppendorf tube.

 3. Pipette up and down quickly ~15 times.
 4. Leave mixture on ice for 30 min.
 5. Dilute mixture in serum-free medium 1:5.
 6. Add mixture to cells and incubate 1–6 h at 37°C (see Notes 

3 and 4).
 7. Wash the cells with trypsin/EDTA for 10 min (see Note 5).
 8. Add fresh medium containing 10% FBS to the cells.
 9. Incubate the cells at 37°C for 6–48 h.
 10. Analyze knockdown by FACScan.

 1. Seed 60,000 cells in 48-well plates 1 day before treatment.
 2. Treat cells as described in Subheading 3.2.
 3. Recover the cells with trypsin/EDTA.
 4. Lyse the cells in RIPA buffer for 30 min on ice, centrifuge, 

and resolve proteins by 10% SDS–PAGE.
 5. Immunoblot on polyvinyl difluoride membranes blocked in 

4% skim milk, PBS-T (0.05% PBS, Tween20) for 1 h at 
21°C.

 6. Incubate membranes with anti-OCT4 (Santa Cruz), anti-
GAPDH (Santa Cruz), and anti-a-tublin (Sigma) antibodies 
overnight at 4°C.

 7. Wash and expose membranes to HRP-conjugated anti-IgG 
(Santa Cruz) antibodies and detect proteins by electrochemi-
cal luminescence (Pierce).

 1. Seed 60,000 cells in 48-well plates 1 day before treatment.
 2. Treat cells with 400 nM GAPDH, control Silencer Negative 

or control luciferase siRNA as described in Subheading 3.2.
 3. Isolate total RNA after 6, 12, 24, 36, 72, and 96 h by RNeasy 

Mini Kit.
 4. Make cDNA by Omniscript RT kit (QIAGEN) with Oligo-dT 

and RNase OUT.
 5. Mix cDNA and TaqMan probe (Ambion) to detect GAPDH 

mRNA expression on a 7300 real-time PCR system (Applied 
Biosystems) (see Note 6).

 6. For whole-genome microarray analysis, treat the cells as 
described above and use isolated RNA after 12 and 24 h to 
probe whole-genome microarrays (Illumina).

3.2. PTD–DRBD siRNA 
Delivery into Cells

3.3. Immunoblotting

3.4. RT-PCR  
and Microarrays
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 1. Seed 60,000 cells in 48-well plates 1 day before treatment.
 2. Treat cells as described in Subheading 3.2.
 3. Fix the cells with 4% paraformaldehyde for 30 min at 21°C.
 4. Permeabilize the cells in 0.1% TritonX-100–PBS for 15 min 

at 21°C.
 5. Block in 3% skim milk–PBS for 30 min at 21°C.
 6. Incubate with anti-OCT4 (Santa Cruz), anti-SSEA4 (Santa 

Cruz), and anti-GATA6 (Santa Cruz) antibodies in 0.1% 
BSA–PBS overnight at 4°C.

 7. Wash the cells and incubate with either Alexa488- or 
Alexa594-conjugated anti-IgG (Molecular Probes) for 30 min 
at 21°C.

 8. Counter stain DNA with Hoechst 33342 (Molecular Probes).
 9. Analyze cells by confocal microscopy (Olympus Flouview).
 10. For flow cytometry, analyze 1 × 104 dGFP- and/or dDsRed-

positive cells on a FACScan (BD Biosciences).

 1. Isolate PBMCs by standard density gradient centrifugation 
with Ficoll_Paque PLUS™ at 800 × g for 20 min at 20°C.

 2. Wash PBMCs 4× with PBS.
 3. Centrifuge at 450 × g for 8 min at 4°C (see Note 7).
 4. Treat 800,000 freshly isolated PBMCs with 100 nM b-gal 

siRNA (10) together with PTD–DRBD or lipofectamine 
2000. As a positive control, treat PBMCs with 10 mg/ml imi-
quimod and 10 mg/ml LPS (see Note 8).

 5. Seed-treated cells into a 96-well plate and collect culture 
supernatants at 4 and 24 h.

 6. Assay for IFN-a and TNF-a by ELISA (R&D systems).

 1. The hemagglutinin (HA) epitope tag is used to follow the 
protein by immunoblot analysis.

 2. The 6xHis tag is used for purification over the first column, 
Ni–NTA.

 3. Final peptide concentration should be 100–500 nM.
 4. For control siRNA lipofections, treat cells with a dose curve 

that yields the highest RNAi response with 100 nM siRNA in 
Lipofectamine-2000 (Invitrogen) or 10–50 nM siRNA in 
Lipofectamine-RNAiMAX (Invitrogen) per the manufacturer’s 
instructions.

3.5. Immunohisto-
chemistry and Flow 
Cytometry Analysis

3.6. IFN-a and TNF-a 
Analyses

4. Notes
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 5. This is done to remove extracellular PTD–DRBD:siRNA.
 6. Mean values are normalized to b2 microglobulin and reported 

as percent of mock GAPDH control.
 7. This is done to remove platelets.
 8. Imiquimod and LPS is used to induce IFN-a and TNF-a, 

respectively.
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Chapter 25

A Non-Covalent Peptide-Based Strategy for siRNA Delivery

Laurence Crombez and Gilles Divita 

Abstract

The development of short-interfering RNA (siRNA) has provided great hope for therapeutic targeting of 
specific genes responsible for pathological disorders. However, the poor cellular uptake of siRNA together 
with the low permeability of the cell membrane to negatively charged molecules, remain major obstacles 
to clinical development. So far there is no universal method for siRNA delivery as they all present several 
limitations. Several non-viral strategies have been proposed to improve the delivery of synthetic siRNAs 
in both cultured cells and in vivo. Cell-penetrating peptides (CPPs) or protein transduction domains 
(PTD) constitute very promising tools for non-invasive cellular import of siRNA and non-covalent CPP/
PTD-based strategies have been successfully applied for ex vivo and in vivo delivery of therapeutic siRNA 
molecules. We recently described a new peptide-based system, CADY, for efficient delivery of siRNA in 
both primary and suspension cell lines. CADY is a secondary amphiphatic peptide able to form stable 
non-covalent complexes with siRNA and to improve their cellular uptake independently of the endosomal 
pathway. This chapter describes easy to handle protocols for the use of the CADY-nanoparticle technology 
for the delivery of siRNA into both adherent and suspension cell lines. It will also highlight different 
critical points in the peptide/siRNA complex preparation and transfection protocols, in order to obtain 
siRNA-associated interfering response at low nanomolar concentration.

Key words: Cell-penetrating peptide, Peptide-based non-covalent strategy, Amphiphatic peptide, 
Non-endosomal pathway, siRNA delivery

The discovery and development of siRNA has provided great hope 
for therapeutic targeting of specific genes responsible for patho-
logical disorders (1). Nowadays short-interfering RNAs (siRNA) 
constitute powerful biomedical tools to specifically control protein 
activation and/or gene expression post-transcriptionally, with the 
aim of understanding their function and/or developing thera-
peutic strategies (2, 3). However, the major obstacle to clinical 
application of siRNA, like most antisense- or nucleic acid-based 

1.  Introduction

Ülo Langel (ed.), Cell-Penetrating Peptides: Methods and Protocols, Methods in Molecular Biology, vol. 683,
DOI 10.1007/978-1-60761-919-2_25, © Springer Science+Business Media, LLC 2011



350 Crombez and Divita

strategies, remains their poor cellular uptake associated with 
the low permeability of the cell membrane to negatively 
charged molecules. Therefore, several viral and non-viral strategies 
have been proposed to improve the delivery of either siRNA-
expressing vectors or synthetic siRNAs in both cultured cells and 
in vivo, including lipids, cationic polymers, antibody–protamines, 
RNA-aptamers, nanoparticles, and cell-penetrating peptides 
(CPP) (4–7).

Nowadays, CPP or protein transduction domain (PTD) con-
stitute very promising tools for non-invasive cellular import of 
cargo and have been successfully applied for ex vivo and in vivo 
delivery of therapeutic molecules (8–10). PTD/CPP can be 
grouped into two major classes, the first requiring chemical link-
age with the drug for cellular internalization and the second 
involving formation of stable, non-covalent complexes with drugs 
(9). However, delivery of charged oligonucleotides and siRNA is 
more challenging as multiple anionic charges of the nucleic acid 
interact with CPP moiety and inhibit uptakes by steric hindrance. 
Recently, CPPs have also been optimized for siRNA delivery 
(7, 11, 12). Although conjugation strategy with either Transportan 
(13), Penetratin (14), or Tat (15), certainly improve the delivery 
of siRNA into cultured cells, nevertheless, non-covalent strategies 
appear to be more appropriate for siRNA delivery and yield sig-
nificant-associated biological response (7, 11, 12). The primary 
amphiphatic MPG peptide has been reported to improve siRNA 
delivery ex vivo into a large panel of cell lines (16–18) and in vivo 
of siRNA targeting either OCT-4 into mouse blastocytes (19) or 
Cyclin B1, an essential cell cycle protein, into tumour model mice 
(20). The non-covalent approach has been extended to other 
CPPs including polyarginine (21–23) and Penetratin (24)-derived 
peptides. Tat peptide associated with an RNA binding motif has 
been reported to block in vivo EGF factor (25), cholesterol-Arg9 
has been shown to enhance siRNA delivery in vivo against vascu-
lar endothelial growth factors (21) and a small peptide derived 
from rabies virus glycoprotein (RVG) associated to poly-arginine 
R9 has been shown to deliver siRNA in the CNS (22).

We have recently described a new peptide-based strategy for 
siRNA delivery based on a secondary amphiphatic peptide: CADY 
(26). CADY is a short 20-residue peptide (Ac-GLWRALWR 
LLRSLWRLLWRA-cysteamide) derived from PPTG1, a variant 
of the JTS1 fusion peptide (27). In order to improve both inter-
action of the peptide with siRNA and its ability to interact with 
the lipid phase of the membrane, seven residues of PPTG1 were 
changed, Phe3, Leu7, Leu18 and Lys4, Lys8, Lys11 being mutated 
into Trp and Arg, respectively. When associated to phospholipids 
or siRNA, CADY-carrier adopts a helical conformation, whilst 
exposing charged residues on one side, and Trp groups that favour 
cellular uptake on the other (26). We have demonstrated that 



351A Non-Covalent Peptide-Based Strategy for siRNA Delivery

CADY-peptide forms stable complex with siRNA, through 
non-covalent interactions, thereby increasing their stability and 
improving their delivery into a wide variety of cell lines, including 
suspension and primary cell lines. CADY-mediated siRNA cellu-
lar uptake mechanism is independent of the major endocytosis 
pathways and controlled by both CADY structural versatility and 
its ability to interact with phospholipids (26, 28).

This chapter will describe easy to handle protocols for the use 
of the non-covalent CADY technology for the delivery of siRNA 
into mammalian adherent and “hard-to-transfect” suspension cell 
lines.

Phosphate-buffered saline (PBS) (Cat No. 14190-169), 
Dulbecco’s Modified Eagle’s Medium (DMEM) (Cat No. 41965-
062), glutamine, streptomycin/penicillin (Cat No. 15140-130) 
were from Invitrogen Life Technologies (Carsbad-USA). Foetal 
bovine serum (FBS) is from PERBIO (Lot 3264EHJ, Cat No. 
CH30160-03). The HeLa, human osteosarcoma U2OS, THP-1 
monocytes, and Jurkat clone E6-1 (derived from human acute 
T-cell leukaemia) cell lines were obtained from the American 
Type Culture Collection (Manassas, VA, USA). U2OS cells were 
maintained as monolayer cultures in DMEM supplemented with 
10% foetal calf serum (FCS). THP-1 and Jurkat suspension cell 
lines were cultured in RPMI-1640 medium supplemented with 
10% FCS and 0.05 mM 2-mercaptoethanol.

The siRNAs targeting gapdh mRNA (5¢-CAUCAUCCCUGCC 
UCUACUTT-3¢ for the sense strand) were obtained HPLC puri-
fied from Eurogentec (Belgium). The stock solution of siRNA 
was prepared at a concentration of 5 mM in 50 mM Tris-HCl pH 
7.0, 0.5 mM EDTA buffer or in RNase-free water.

CADY (20-residues: Ac-GLWRALWRLLRSLWRLLWRA-cya; 
MW: 2,653 Da) was synthesized by solid-phase peptide synthesis 
using AEDI-expensin resin with (fluorenylmethoxy)-carbonyl 
(Fmoc) continuous (Pionner, Applied Biosystems, Foster city, CA) 
as described previously (26, 29). CADY was purified by 
semi-preparative reverse-phase high performance liquid chroma-
tography (RP-HPLC; C18 column Interchrom UP5 WOD/25M 
Uptisphere 300 5 ODB, 250 × 21.2 mm) and identified by elec-
trospray mass spectrometry and amino acid analysis (26). The pep-
tide is acetylated at its N-terminus and carried a cysteamide group 
at its C-terminus, both of which are essential for CADY stability, 
cellular uptake, and formation of CADY/siRNA particles (26). 

2.  Materials

2.1. Cell Lines and Cell 
Cultures

2.2. Oligonucleotides 
and siRNAs

2.3. Peptide Carrier 
CADY
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Peptide can be synthesized in house or obtained from commercial 
sources (Panomics/Affimetrix Inc., Cat No.: DX005). CADY is 
stable for at least 1 year when stored at −20°C in lyophilized 
form.

PBS pH 7.4 (Gibco, REF: 1098-040), Ultra-Pure DNAse–
RNAse-free Sterile Water (GIBCO/REF: 10977-035), dimethyl 
sulfoxide (DMSO) (Sigma: REF IS0467), Trypsine–EDTA 
(Sigma REF: G4876), Bradford Protein Assay (Piece Inc.), 
QuantiGene® 2.0 Reagent System (Panomics/Affymetrix: Cat 
No.: QS0012), Monoclonal mouse primary antibodies anti-
GAPDH (6C5) (Santa Cruz Biotechnology), Rabbit anti-actin 
antibody (Sigma), Sheep secondary anti-mouse HRP-linked 
whole antibody (GE Healthcare).

The protocol described below outline (1) the formation and stor-
age of CADY/siRNA complexes and optimized protocols for 
siRNA transfection, (2) in mammalian adherent, and (3) suspen-
sion “hard-to-transfect” cell lines. The different procedures were 
performed using an siRNA targeting gapdh gene and modified 
according to ref. (26).

The procedure for complex formation constitutes a major factor 
in the success and efficiency of CADY technology and should be 
followed carefully (see Notes 1 and 2).

 1. Take the vial containing the peptide powder out of the freezer 
and equilibrate for 30 min at room temperature without 
opening the vial. Resuspend CADY at a final concentration of 
2 mg/ml (774.5 mM) in ultra pure water RNAse, DNAse free 
(GIBCO/REF: 10977-035), and 2% DMSO. CADY powder 
should be first solubilized directly in DMSO, then add calcu-
lated volume of water to reach the 2 mg/ml final CADY con-
centration and 2% DMSO.

 2. Mix gently by tapping the tube.
 3. Sonicate the CADY solution for 10 min in the water bath 

sonicator. Sonication is essential to prevent aggregation and 
finalize the solubilization of CADY.

 4. For siRNA transfection experiment, dilute the CADY solu-
tion at 100 mM in ultra pure water RNAse, DNAse free. 
Repeated freeze/thaw cycles can induce peptide aggregation, 
therefore, it is recommended to aliquot the CADY stock solu-
tion into tubes containing the amount you expect to use in a 

2.4.  Other Reagents

3.  Methods

3.1. Preparation  
of CADY/siRNA 
Complexes

3.1.1. Stock Solutions  
of Vector-Peptide CADY 
and siRNA
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typical experiment prior to freezing. The CADY stock 
solution is stable for about 4 months when stored at −20°C.

 5. Prepare a stock solution of siRNA in water at 5 mM. Usually 
the concentration of commercially available solution of 
annealed siRNA is at 100 mM should be diluted to 5 mM in 
water or in buffer containing 50 nM Tris-HCl pH 7.0 and 
2 mM EDTA.

 1. If needed defrost on ice the CADY solution at 100 mM. At 
this stage, sonication of the peptide solution is recom-
mended, to limit aggregation, for 5 min in a water bath 
sonicator. Alternatively a probe sonicator can also be used: 
place the tube in cold water and sonicate for 1 min at 
amplitude of 30%. If needed defrost siRNA solution at 
5 mM. Vortex siRNA before use. Do not vortex CADY or 
CADY/siRNA complex. Although CADY/siRNA com-
plexes are stable 2 weeks at 4°C, we suggested for a high 
efficiency to prepare them freshly for each experiment (see 
Notes 4 and 6).

 2. Depending on the cell line, the biological response expected 
and the target gene, siRNA can be used at concentrations 
varying for 5–200 nM. From our experience, concentrations 
ranging from 20 to 50 nM of siRNA are sufficient for a gene 
expression knockdown greater than 80%. Accordingly, the 
protocols described are for 35 mm culture plate using a final 
concentration of 40 nM of siRNA complexed with 800 nM 
(adherent cell lines) or 1,600 nM (suspension cell lines) of 
CADY, corresponding to a peptide/siRNA molar ratio of 
20/1 and 40/1, respectively.

For adherent cell line, dilute 5 mM siRNA (12.8 ml) in PBS 
(87.2 ml) and 100 mM CADY (12.8 ml) in water (87.2 ml) into 
two separate tubes.

For suspension cell lines, dilute 5 mM siRNA (12.8 ml) in 
PBS (87.2 ml) and 100 mM CADY (25.6 ml) in water (74.4 ml) 
into two separate tubes.

 3. Add 100 ml of diluted CADY peptide solution to 100 ml 
siRNA solution. Mix gently by tapping the tube.

 4. Incubate at 37°C for 20–30 min to allow the CADY/siRNA 
complexes to be formed, and then proceed immediately to 
the transfection experiments. For lower concentrations of 
siRNA, dilute the CADY/siRNA complex in PBS (0.5×) 
using serial dilutions, to reach the needed concentration. For 
multiple assays, a mix of 6–12 transfection can be used at a 
molar ratio of 20/1. Do not exceed the volume required for 
12 reactions and the 20/1 CADY/siRNA ratio, as this may 
induce aggregation.

3.1.2. CADY/siRNA 
Complexes for Transfection
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The protocol is described for HeLa and U2OS cell lines cultured 
in six-well plates, using a siRNA targeting the gapdh gene (Fig. 1). 
The siRNA-associated silencing responses were followed at both 
the mRNA (Fig. 2a) and protein levels (Fig. 2b) using Quantigen 
technology and western blot analysis, respectively. The amount of 
siRNA, CADY, transfection volume, and number of cells should 
be adjusted accordingly to the size of the culture plate used (see 
Notes 1, 5, and 6).

 1. Trypsinize and count the cells on the day before transfection, 
then split cells in six-well plates at a density of 1.3 × 104 cells 
per well with 2 ml of preheated complete growth medium. It 
is recommended to pass the cell the day before treatment for 
a better response following transfection. Incubate cells over-
night at 37°C in a humidified atmosphere containing 5% CO2 
until the cells are 50–70% confluent. It is important (1) not 
to add antibiotics to the media during transfection, (2) to 
minimize trypsinization treatment, and (3) to use prewarmed 
trypsin solution (at least 15 min at room temperature) to 
limit cell cycle arrest or/and cell death.

3.2. Protocol  
for CADY-Mediated 
siRNA Transfection 
into Adherent Cell 
Lines

Fig. 1. Schematic diagram of the protocol for CADY-mediated siRNA delivery. The protocol involves the formation and 
handling of CADY/siRNA complexes, then siRNA transfection into either adherent or suspension “hard-to-transfect” cell 
lines.
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 2. Preheat growth medium (DMEM containing GlutaMAX and 
10% FBS) at 37°C in a CO2 incubator for at least 30 min 
before use.

 3. Remove growth medium from the cells by aspiration and 
rinse the cells twice with PBS. It is important to remove the 
entire growth medium, as serum will lower the transfection 
efficiency of the CADY/siRNA complex.

 4. Add the 200 ml of CADY/siRNA complex directly onto the 
cells and incubated for 3–5 min at 37°C. Do not exceed 5 min 
to avoid the cells to dry.

 5. Add 400 ml of the appropriate medium without serum 
(DMEM or others) to achieve a final volume of 600 ml for a 
35 mm plate. At that stage, 5% serum can be added to the 
medium, for sensitive cell lines.

 6. Incubate at 37°C in a humidified atmosphere containing 5% 
CO2 for 30 min.

 7. Add 1 ml of complete growth medium with 16% FBS to 
obtain a final concentration of 10% FBS. Do not remove the 
CADY/siRNA complex.

 8. Incubate at 37°C in a humidified atmosphere containing 5% 
CO2 for 24–48 h, depending on the cellular response expected 
and on the analysis approaches (see Note 2). The siRNA is 
fully released in the cells after 1 h.

 9. Process the cells for observation or detection assays. 
(Subheading 3.3, steps 1 and 2).

Fig. 2. CADY-mediated siRNA delivery into adherent cell lines. Stock solutions of CADY/siRNA (100 nM) particles were 
prepared at a molar ratio of 1/20, and lower concentrations (from 50 to 0.3 nM) were obtained by serial dilution of the 
stock solution in PBS. HeLa (in grey) and U2OS (white) cells were then transfected with varying concentrations (0.3–
40 nM) of human GAPDH siRNA complexed with CADY. Twenty-four hours post-transfection, cells were lysed and gapdh 
mRNA (a) and GAPDH protein (b) levels were quantified by Quantigen technology and western blotting, respectively. 
Mismatched siRNA associated with CADY (50 nM) and empty CADY particles (5 mM) were used as a control. Changes in 
gapdh mRNA and GAPDH protein levels were normalized to cyclophillin B (open circle) gene expression and non-trans-
fected cells, respectively.
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The protocol of CADY-mediated siRNA delivery was optimized 
on Jurkat T and THP1 cell lines, using a siRNA targeting the 
gapdh gene. The siRNA-associated silencing responses were fol-
lowed at the mRNA (Fig. 3a) and protein (Fig. 3b) levels by 
Quantigen technology and western blot, respectively.

 1. The same number of cells recommended for seeding adher-
ent cells is recommended for suspension cells (confluency 
between 50 and 70%). Cells are cultured in appropriate 
medium (RPMI 1640 supplemented with 10% FSC) in 
35 mm dishes or six-well plates (see Notes 5 and 6).

 2. The CADY/siRNA complexes at molar ratio are formed as 
described for adherent cells (Subheading 3.1.2, steps 1–4).

 3. Collect the suspension cells by centrifugation at 400 × g for 
5 min. Remove the supernatant and wash the cells twice with 
PBS.

 4. Centrifuge at 400 × g for 5 min to pellet the cells. Remove the 
supernatant.

 5. Solubilize the cell pellet in the CADY/siRNA complex solu-
tion (200 ml). Add serum-free medium to achieve a final 
transduction volume of 600 ml.

 6. Incubate at 37°C in a humidified atmosphere containing 5% 
CO2 for 30 min to 1 h depending on the cell lines.

 7. Add complete growth medium to the cells and adjust serum 
levels according to culture requirements. Do not remove the 
CADY/siRNA complex. Continue to incubate at 37°C in a 

3.3. Protocol  
for CADY-Mediated 
siRNA Transfection 
into Suspension  
Cell Lines

Fig. 3. CADY-mediated siRNA delivery into challenging cell lines. CADY was evaluated on two challenging cell lines THP1 
(a) and primary Jurkat T (b). A stock solution of CADY/siRNA (100 nM) was prepared at a molar ratio of 1/40, and then 
lower concentrations of formulated siRNA (from 40 to 0.6 nM) were obtained by serial dilution of the stock solution in 
PBS. GAPDH mRNA (grey) and protein (white) levels were quantified 24 h post-transfection as described in Fig. 2. IC50 
values of 0.7 ± 0.1 and 3.2 ± 0.5 nM were calculated for THP1 and Jurkat cells, respectively.
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humidified atmosphere containing 5% CO2 for 24–48 h 
depending on the expected cellular response. As described 
for adherent cells, siRNA are fully released into cells 1 h 
later.

 8. Process the cells for observation or detection assays 
(Subheading 3.3, steps 1 and 2).

GAPDH protein and mRNA levels were determined by western 
blot and Quantigen™, respectively.

mRNA quantification was performed using QuantiGene® 2.0 
Reagent System (Affimetrix/Panomics Inc., CA, USA) directly 
on cell lysates without mRNA purification or amplification 
according to manufacturer’s instructions.

 1. Stock solution of lysis buffer contains 50 mM Tris–HCl pH 
7.5, 150 mM NaCl, 2 mM EDTA, 0.1% NP-40, 0.1% deox-
icholate. Proteases cocktail inhibitors including PMSF 
(phenylmethylsulphonyl fluoride, 1 mM final concentration), 
leupeptine (10 mg/ml final concentration), apoprotinin 
(10 mg/ml final concentration), pepstatine (10 mg/ml final 
concentration) are added just before used.

 2. Add lysis buffer from QuantiGene® 2.0 Reagent System 
directly in transfection mixture-growth medium on cells.

 3. Measure the mRNA level of the gene of interest (gapdh) nor-
malized to the control housekeeping gene of cyclophilin-B, 
according to manufacturers’ recommendations.

 1. Remove the transfection mixture and growth medium from 
the cells.

 2. Wash cells twice with PBS.
 3. Add 0.2 ml of trypsine on cells and incubate plate approxi-

mately for 5 min at room temperature (until cells begin 
detaching from plate). Stop reaction with 10% FBS medium.

 4. Transfer cells to a tube. Centrifuge cells at 900 g for 5 min at 
6–8°C.

 5. Remove supernatant from the centrifuge tube.
 6. Add 1 ml of PBS to rinse the pellet and then re-centrifuge at 

1,200 rpm for 5 min at 6–8°C.
 7. Remove the supernatant.
 8. Lyse cells with 0.1 ml lysis buffer for 30 min on ice, vortexing 

samples every 5 min. Then centrifuge at 4°C for 15 min at 
10,000 × g.

 9. Supernatants were collected and protein concentrations were 
determined using the Bradford assay.

3.4. Analysis of CADY/
siRNA Complex Uptake 
and Associated 
Silencing Response

3.4.1. mRNA Quantification

3.4.2. Western Blot 
Analysis of Protein Levels
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 10. Thirty micrograms of cell extracts were separated by SDS–PAGE 
on a 12.5% SDS–polyacrylamide gel. After electrophoresis, 
samples were transferred onto nitrocellulose in a semi-dry 
transfer apparatus for 1 h at 1 mA/cm2.

 11. Analyse samples by western blot as reported before in ref. 
(26), using monoclonal mouse primary antibodies anti-
GAPDH (6C5) from Santa Cruz Biotechnology and rabbit 
anti-actin antibody (as a loading control) from Sigma-Aldrich 
(France) and sheep secondary anti-mouse HRP-linked whole 
antibody from Amersham (France).

 1. This technology is not dependent on the siRNA sequence 
and so is usable for targeting any gene without further opti-
mization. A large variety of siRNA have been successfully 
applied using CADY technology for silencing activity in 
different cell lines (9, 11, 26) (see Note 3).

 2. The incubation time of the CADY/siRNA complex onto 
transfected cells is an important point and is directly associ-
ated to the target protein half-life. Hence the RNA interfering 
effect must be long enough to allow already present protein 
to be degraded and so permits the knock-down effect 
detection.

 3. The advantages of CADY technology are directly associated 
with lack of toxicity and the mechanism through which this car-
rier promotes delivery of siRNA into cells. The independence of 
CADY-mediated siRNA transfection on the endosomal path-
way significantly limits degradation and preserves the biological 
activity of internalized cargoes for prolonged time periods.

 4. It is essential to perform complex formation between CADY 
and the siRNA in the absence of serum to limit degradation 
of siRNA and interactions with serum proteins. However, the 
transfection process itself is not affected by the presence of 
serum, which is a considerable advantage for most biological 
applications (26).

 5. Although this protocol was tested on several cells lines, con-
ditions for efficient siRNA delivery should be optimized for 
every new cell line, including reagent concentration, cell 
number, and exposure time of cells to the CADY/siRNA 
complexes. A well-characterized siRNA should always be used 
as a positive control of transfection.

 6. Low efficiency may be associated with several parameters: (a) 
Cell confluency: for adherent cells the optimal confluence is of 

4.  Notes
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about 50–60%, higher confluence (90%) dramatically reduces 
the transduction efficiency. Cells must be in the exponential 
growth stage at the time of transfection; thus, confluency of 
40–60% is recommended. (b) Formation of CADY/siRNA 
complexes: conditions for the formation of CADY/siRNA 
complexes are critical and should be respected. Special atten-
tion should be paid to the recommended volumes, incuba-
tion times for the formation of the complexes, and time of 
exposure of these complexes to cells.
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Chapter 26

Application of PepFect Peptides for the Delivery  
of Splice-Correcting Oligonucleotides

Samir EL Andaloussi, Taavi Lehto, Per Lundin, and Ülo Langel 

Abstract

One oligonucleotide-based approach that appear very promising for the treatment of different genetic 
disorders are based on so-called splice-correcting oligonucleotides (SCOs) that are exploited to manipu-
late splicing patterns. In order to increase the bioavailability, cell-penetrating peptides (CPPs) have readily 
been covalently conjugated to SCOs to facilitate cellular internalization. While being a successful strategy 
for the delivery of uncharged oligonucleotides (ONs), it is extremely difficult to generate covalent 
conjugates between commonly used negatively charged ON analogs and cationic CPPs. Furthermore, 
high concentrations of ONs in the micromolar range are often needed to obtain biological responses, 
most likely as a result of endosomal entrapment of material. Therefore, exploring other vectorization 
methods using CPPs with endosomolytic properties are highly desired.

A method of using stearyl modified CPP (i.e., TP10) analogs, named PepFect3 and PepFect4, are 
being described for the transfection of antisense SCOs using a simple one-step co-incubation procedure. 
These peptides form complexes with SCOs and efficiently promote cellular uptake by facilitating endo-
somal escape. This chapter describes the methods of how to form and characterize these nanoparticles 
and the cellular assay used to address the delivery.

Key words: Cell-penetrating peptides, Co-incubation, Oligonucleotide delivery, PepFect, Splice 
correction, Transfection

Over the last decades several different technologies based on 
oligonucleotides (ONs) have emerged for the selective manipula-
tion of gene expression. One approach with great clinical poten-
tial is based on the concept of manipulating splicing patterns 
using so-called splice-correcting ONs (SCOs) or splice switching 
ONs (SSOs). It has been estimated that 20–30% of all disease-
causing mutations affects pre-mRNA splicing (1), giving rise to 

1.  Introduction
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diseases such as b-thalassemia, cystic fibrosis, muscular dystrophies, 
neurodegenerative disorders, and different types of cancer (2–4). 
Mutant forms of the human b-globin transcript were among the 
first targets in which the splicing patterns were manipulated with 
SCOs. By targeting aberrant splice sites with SCOs, splicing has 
been restored with concomitant production of b-globin, both 
in vitro and in vivo (5, 6). SCOs have also been applied to 
promote exon-skipping in several models of Duchenne muscular 
dystrophy (DMD), targeting mutations in dystrophin pre-mRNA 
(7–9). To date, there are at least two ongoing clinical trials with 
promising preliminary results (10, 11). Thus, manipulating splic-
ing patterns with SCOs represents an attractive therapeutic 
approach for treatment of numerous genetic disorders.

A major obstacle with all ON-based approaches is the inherent 
low bioavailability of the pharmacological agent, ensuing inter 
alia from poor chemical stability of unmodified RNAs, and the 
low cellular uptake. The field has seen extensive improvements in 
terms of new ON analogs displaying increased serum stability and 
increased avidity for target RNA. However, despite substantial 
efforts, there are only few nonviral delivery vectors available that 
efficiently transfect cells in a relatively nontoxic fashion. Generally, 
there appears to be a correlation between high delivery efficacy 
and high toxicity (12, 13).

Cell-penetrating peptides (CPPs) represent a group of nonviral 
delivery vectors with significant potential for delivery of ONs of 
various kinds. Numerous studies have shown that upon covalent 
conjugation to ON analogs, such as peptide nucleic acids (PNAs) 
or morpholinos (PMOs), CPPs efficiently promote effector mol-
ecule uptake, both in vitro (14, 15) and in vivo (8, 16, 17). 
However, relatively high concentrations of CPP–ON conjugates 
are usually needed in order to obtain significant biological responses 
in vitro, thus raising concerns for potential obstacles when pro-
gressing the technology toward the bedside. Over the last years it 
has been realized that CPPs predominantly utilize endocytosis for 
cellular internalization (18–20). Although endocytosis offers an 
effective means of reaching the vicinity of the nucleus, where, for 
instance, SCOs exert their biological activity, thereby bypassing a 
crowded cytoplasm, the lion’s share of the internalized material will 
eventually be degraded in endosomes or lysosomes. Thus, entrap-
ment of peptides in endosomal compartments could be a plausible 
explanation for the need of high conjugate concentrations.

Another strategy that has been exploited is to noncovalently 
complex cationic CPPs with anionic ONs. Using this methodology, 
significantly lower ON concentrations are generally needed. 
Although complexes are readily internalized to cells using this 
approach, they are in many cases unable to induce any biological 
response, as a result of endosomal entrapment (21). A successful 
strategy that has been employed to increase the bioavailability of 
noncovalent CPP/ON complexes is to modify CPPs with lipophilic 
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moieties, such as fatty acids. Stearylation of oligoarginine pep-
tides has previously been reported to enhance both the delivery of 
plasmids (22) and siRNAs (23). We recently reported that steary-
lation of an amphipathic CPP, Transportan 10 (TP10), signifi-
cantly increased SCO-mediated splice correction, reaching 
virtually the same levels of correction as when using the commercial 
transfection reagent Lipofectamine™ 2000 (21).

The present chapter describes formation, characterization, 
and efficacy assessment of noncovalent complexes between steary-
lated CPPs and phosphorothioate (PS) 2’-O-methyl RNA (2’OMe 
RNA) targeting an aberrant splice site in HeLa pLuc 705 cells, 
using a simple co-incubation protocol. The splice correction pro-
moted by N-terminally stearylated TP10 (i.e., PepFect3) is com-
pared to the effects mediated by TP10 stearylated on lysine 
in position 7 (i.e., PepFect4), as well as Lipofectamine™ 2000. 
Both peptides display superior delivery properties compared to 
other stearylated CPPs, including oligoarginine, and the effects 
are in parity with Lipofectamine™ 2000 or even greater, while 
reducing the transfection-associated toxicity significantly.

As the focus of the present chapter pertains to delivery of SCOs, 
we have evaluated our new PepFect peptides in the splice correc-
tion assay introduced by Kole and colleagues (24). The assay is 
based on the human cervical cancer cell line HeLa, that has been 
genetically modified, i.e., HeLa pLuc705 cells. These cells are 
stably transfected with a plasmid carrying a luciferase-encoding 
sequence interrupted by an insertion of intron 2 from b-globin 
pre-mRNA carrying an aberrant splice site. Unless the aberrant 
splice site is masked by an SCO, the pre-mRNA of luciferase will 
be improperly processed. Thus, increases in luciferase expression 
after SCO treatment reflects the amount of active SCO in the 
nucleus of cells. Other cells could naturally also be utilized to 
evaluate the delivery of SCOs using the PepFect peptides, using 
the same assay if they carry the same splicing construct. The 
PepFect protocol is also applicable for other types of antisense 
ONs acting in the nucleus of cells or for the delivery of large plas-
mids. However, PepFect3 and PepFect4 are not suitable vectors 
for cytoplasmic transport of siRNAs or anti-microRNAs.

 1.  The sequence of the 2’O-methyl phosphorothioate RNA 
used to target the aberrant 705 splice site is CCUCUUA 
CCUCAGUUACA (e.g., RiboTask or Dharmacon). Store 
20 mM aliquots (dissolved in MQ water) at −20°C (see Note 1).

2.  Materials

2.1. Peptides, 
Oligonucleotides,  
and Complex 
Formation
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 2. The sequence of TP 10 is AGYLLGKINLKALAALAALA- 
KKIL.When a stearyl group is attached to the N terminus of 
the peptide via a peptide bond, the peptide is called PepFect3 
and when a stearyl moiety is orthogonally conjugated via the 
e-amino group of Lys7 the peptide is called PepFect4. Peptides 
can be purchased from Novagen or synthesized in-house as 
described in (21). 20 ml of 1 mM peptide solutions in MQ 
water are stored at −20°C.

 3. MQ water (pH5).
 4. Lipofectamine™ 2000 (Invitrogen).
 5. OptiMEM cell culture media (Invitrogen).
 6. 1.5-ml Eppendorf tubes.

 1. Same reagents as stated above.
 2. Ethidium bromide, 10 mM stock solution dissolved in water 

(see Note 2).
 3. Black 96-well plate (Corning).

 1.  HeLa pLuc 705 cells maintained in Dulbecco’s Modified 
Eagle’s Medium (DMEM) with Glutamax, supplemented 
with 0.1 mM nonessential amino acids, 1.0 mM sodium pyru-
vate, 10% fetal bovine serum, 100 U/ml penicillin, and 
100 mg/ml streptomycin. All reagents are purchased from 
Invitrogen, Sweden.

 2. 10-cm Cell culture dishes.
 3. Trypsin (0.25%) and ethylenediamine tetraacetic acid (EDTA) 

(1 mM) (Gibco/BRL).
 4. 24-Well culture plates.
 5. Phosphate-buffered saline (PBS): 137 mM NaCl, 10 mM 

Na2HPO4, and 2.7 mM KCl, with a pH of 7.4.
 6. 0.1% Triton X-100 in Hepes Krebs Ringer (HKR) buffer: 130 mM 

NaCl, 5 mM KCl, 1.2 mM MgSO4, 1.2 mM CaCl2, 20 mM 
Hepes, 1.2 mM Na2HPO4, and 10 mM glucose (pH 7.4), for 
lysis of cells.

 1. White 96-well plate (Corning).
 2. Cell lysate.
 3. Luciferase assay substrate mix (Promega): Mix substrate with 

buffer solution and store 1 ml aliquots at −20°C for a maxi-
mum of 1 month.

 4. Transparent 96-well plates.
 5. Lowry detergent compatible protein determination kit 

(BioRad).

2.2. Ethidium Bromide 
Exclusion Assay

2.3. Cell Culturing  
and Lysis of Cells

2.4. Luciferase Assay 
and Protein 
Determination
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When addressing the delivery efficacy of CPPs, functional assays 
are generally preferred over methods based on fluorescence assays 
that monitors uptake of fluorophore-labeled peptides, since cel-
lular uptake does not, in many cases, correlate with bioactivity (as 
a result of endosomal entrapment, etc.). Therefore, in order to 
evaluate the performance of the PepFect peptides, we employ the 
previously described splice correction assay, which generates a 
positive biological read-out.

Over the past years, several groups have reported on successful 
application of CPPs for the delivery of SCOs, using predomi-
nantly disulfide bond-mediated covalent conjugation to ONs. 
This is a convenient strategy if working with uncharged ON analogs 
based on PNAs or morpholinos. However, due to charge interac-
tions, it is very difficult to generate conjugates between cationic 
peptides and negatively charged ONs.

In order to vectorize negatively charged phosphorothioate 
2’O-methyl RNA with CPPs we therefore utilize the previously 
described noncovalent co-incubation strategy, initially intro-
duced by Divita and colleagues (25). As seen in Fig. 1, none of 
the tested CPPs, which all have been reported to be active when 
covalently linked to ONs, are able to convey SCOs inside cells 
upon co-incubation. Intriguingly, when introducing a stearic 
acid moiety to the N terminus of TP10, i.e., generating a 
PepFect3 peptide, transfections are improved dramatically, 
whereas stearylation has no impact on any other peptide. The 
activity of the peptide can be further increased by modifying it 
orthogonally on Lys7 (i.e., PepFect4) and, in fact, this peptide is 
more active than Lipofectamine™ 2000, using only 200 nM 
SCO (Fig. 2).

We here describe how to form and characterize these PepFect/
SCO complexes and their further use in the splice correction assay.

 1. Thaw frozen stock solutions of PepFect and add 180 ml of 
MQ water to obtain a final concentration of 100 mM.

 2. Thaw a frozen 20 mM SCO solution.
 3. Prepare PepFect/SCO complexes at different molar ratios and 

different SCO concentrations (see Note 3). For both PepFect 
peptides, molar ratios of peptide over SCO (MRs) of 5, 7, and 
10 should be tested. Furthermore, a dose–response assessment 
should always be carried out at each molar ratio (see Note 4). 
The protocol below describes formation of complexes at MR 5 
in duplicates using different SCO concentrations.

 4. Pipette 40 ml of SCO solution into a 1.5-ml Eppendorf tube.

3. Methods

3.1. Complex 
Formation with CPPs
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 5. Add 120 ml of MQ water into the same tube.
 6. Add 40 ml of PepFect to the same tube to obtain a final volume 

of 200 ml.
 7. Allow complexes to form by incubating the solution for 

30 min at room temperature. Meanwhile, add 100 ml of MQ 
water into three new Eppendorf tubes.

Fig. 1. Impact of stearylation on CPP-mediated SCO delivery and subsequent splice 
correction. Noncovalent complexes between various CPPs and SCO were formed in one-
tenth of the final treatment volume using a fixed treatment concentration of 200 nM SCO 
and 2 mM of peptide (i.e., molar ratio 10). First, 10 ml of 20 mM SCO was added to an 
Eppendorf tube and then 70 ml of MQ water and finally 20 ml of 100 mM peptide solution 
was added to give a final volume of 100 ml. While incubating at room temperature for 
30 min, media was replaced in HeLa pLuc 705 cells (60,000 cells/well seeded 1 day 
prior experiment in 24-well plates) for 450 ml serum-free DMEM. After incubation, 50 ml 
of complex solution was added to wells in duplicate and incubated for 4 h at 37°C. Full 
media was then added to cells (1 ml) and cells were stored in the incubator for an addi-
tional 20 h. Media was then aspirated and cells washed two times with HKR before cell 
lysis using 100 ml of 0.1% Triton X-100 in HKR at 4°C for 30 min. 20 ml lysate was 
transferred to new wells in a white 96-well plate after which 80 ml Luciferase substrate 
was added to each well and luminescence was recorded on a Spectra Max luminometer. 
The amount of protein was determined in each well using BioRad detergent compatible 
kit. Briefly, 5 ml of cell lysate was transferred to new wells in a transparent 96-well plate 
after which 25 ml of reagent A and subsequently 200 ml of reagent B was added to the 
same wells. In parallel, known concentrations of internal standard BSA was added to 
other wells and treated the same way to obtain a standard curve. After 10-min incuba-
tion, absorbance was measured at 690 nm. Calculate protein concentrations in each 
well and normalize the relative luminescence (RLU) by dividing RLU values with protein 
content to obtain values in RLU per milligram. To facilitate comparison between different 
treatments it is advisable to translate the RLU per milligram of untreated cells to 1 and 
present the results of the treatments as fold-increase in luminescence compared to 
untreated cells. The results suggest that unmodified CPPs are unable to convey bioac-
tive SCOs inside cells and that N-terminal stearylation improves the activity of TP10 
drastically while having negligible effects on the other tested CPPs.
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 8. After incubation, make a serial dilution by removing 100 ml of 
complex solution from the first tube to the second tube, etc. In 
the end, there will be four tubes with 100 ml of complex solu-
tion in each with concentrations ranging from 400 to 50 nM 
SCO. A dose–response example is shown in Fig. 3.

 9. In parallel, prepare Lipofectamine™ 2000/SCO complexes 
according to the manufacturer’s protocol (Invitrogen). For a 
final treatment concentration of 200 nM SCO in duplicates, 
particles are formed as described below.

 10. 10 ml of SCO is transferred to a 1.5-ml Eppendorf tube.
 11. Add 90 ml of optiMEM to the same tube and incubate for 

5 min at room temperature.
 12. In parallel, transfer 2.8 ml of Lipofectamine 2000 to another 

Eppendorf tube (see Note 5).

Fig. 2. Relative efficacy of PepFect 3 and PepFect 4 compared to the commercially available 
cationic lipid reagent Lipofectamine 2000 and the pre-clinically (RXR)4-PMO conjugate 
for the delivery of SCOs. Complexes were formed and cells treated essentially as 
described in Fig. 2, with the exception that PepFect4 was complexed with SCO at molar 
ratio 7. Lipofectamine 2000/SCO complexes were formed by, in separate tubes, mixing 
10 ml of 20 mM SCO with 90 ml optiMEM and 2.8 ml Lipofectamine 2000 with 97.2 ml 
optiMEM, respectively. After 5 min, the two tubes were merged and incubated for 1 h at 
room temperature. Meanwhile, media was replaced in wells with cells for 400 ml full 
growth media. After completing the incubation, 100 ml Lipofectamine 2000/SCO com-
plex was overlaid in wells in duplicate and incubated for 4 h. Thereafter, all wells were 
treated as previously described. Cells were treated the same way with (RXR)4-PMO 
covalent conjugates in optiMEM using 5 mM conjugate concentration. The results indi-
cate that the splice correction efficiency of PepFect3 is in line with the commercially 
available transfection agent, Lipofectamine 2000, whereas, PepFect4 is significantly 
more efficient, reaching up to 100-fold increase in splice correction over untreated cells, 
at 200 nM SCO concentration. Both peptides complexed with SCOs are superior to 
(RXR)4-PMO, using 25 times lower ON concentration.
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 13. Add 97.2 ml of optiMEM to the tube and incubate for 5 min 
at room temperature.

 14. Merge the two tubes and incubate for 30 min at room 
temperature.

 1.  Complexes should be formed essentially as described above 
(see Subheading 3.1), although omitting the serial dilution 
step and including more MRs ranging from 2 to 20. Also 
prepare a standard SCO solution without any peptide in the 
same manner.

 2. Meanwhile, add 140 ml of MQ water to required wells in a 
black 96-well plate (add 190 ml of MQ water to the wells to 
get the background fluorescence).

 3. Transfer 50 ml of peptide/SCO complexes to each well.
 4. Add 10 ml of ethidium bromide (EtBr) solution (10 mM) to 

each well to acquire an EtBr concentration of 400 nM and 
incubate for 10 min.

 5. Measure fluorescence on a compatible fluorometer at 
lex = 518 nm and lem = 605 nm.

 6. Present results as relative fluorescence. Attribute a value of 
100% to the fluorescence of naked SCO and utilize the fluo-
rescence of EtBr in water as background (see Note 6). An 
example of results is shown in Fig. 4.

3.2. Determine  
the Efficacy  
of Complex Formation

Fig. 3. Transfection of increasing amounts of SCOs using PepFect3. Cells were seeded 
and treated as described in Fig. 2. Complexes were formed at a molar ratio of 10 and the 
highest treatment concentration of SCO was 400 nM. 40 ml of 20 mM SCO solution was 
diluted with 80 ml MQ water and finally 80 ml of 100 mM PepFect3 solution was added 
to an Eppendorf tube. While incubating for 30 min, three additional Eppendorf tubes 
comprising 100 ml of MQ water were prepared. Complexes were then serial diluted to 
obtain final treatment concentrations of 400, 200, 100, and 50 nM SCO. A typical graph 
shows a dose-dependent increase in splice correction with increasing SCO concentra-
tion, resulting in up to 60-fold increase in splice correction over untreated cells at 
400 nM SCO.
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 1.  HeLa pLuc 705 cells are passaged when approaching full 
confluency with trypsin/EDTA. In general, cells are passaged 
every third day when using a 1:10 split.

 2. The day before experiment, trypsinate cells and seed 60,000 
cells/well in a 24-well plate in 500 ml full media (see Note 7).

 3. After 24 h, while complexes are formed (see Subheading 3.1), 
replace the media in each well for 450 ml of serum-free 
DMEM. For wells that are treated with Lipofectamine™ 
2000, replace the media for 400 ml full growth media in 
accordance with manufacturer’s protocol (see Note 8).

 4. Gently pipette up and down a couple of times in the tubes 
before adding 50 ml of pre-formed complexes in duplicate to 
wells.

 5. For treatment with the positive control Lipofectamine™ 
2000, add 100 ml of complexes to each well.

 6. Gently tilt the plate to allow complexes to distribute evenly in 
each well.

 7. Incubate the cells at 37°C for 4 h and then add 1 ml of full 
growth media to each well.

 8. Incubate the cells for an additional 20 h (see Note 9).

3.3. Cell Culturing  
and Treatment of Cells

Fig. 4. Interaction between peptides and ONs decreases EtBr fluorescence. Complexes 
between CPPs and SCO were formed using a fixed SCO concentration and increasing 
peptide concentrations, generating molar ratios 5, 7, and 10 of peptide over SCO. For 
example, to obtain a molar ratio of 5, 10 ml of 20 mM SCO solution was added to a 1.5-ml 
Eppendorf tube, after which 80 ml of MQ water was added and finally 10 ml of 100 mM 
peptide solution. Complexes were formed for 30 min at room temperature. Meanwhile, 
140 ml of water was added to a desired number of wells in a 96-well plate. 50 ml of 
complex solution was then added in duplicate to wells and finally 10 ml ethidium bro-
mide (EtBr) solution (10 mM) was transferred to each well, to obtain an EtBr concentra-
tion of 400 nM. Incubation was carried out for 10 min after which fluorescence was 
measured at l

ex = 518 nm and lem = 605 nm. Results are presented as relative fluores-
cence. Attribute a value of 100% to the fluorescence of naked SCO and consider the 
fluorescence of EtBr in water as background. The results clearly illustrate that both 
PepFect peptides decrease EtBr RNA interaction more efficiently than TP10, and PepFect 
4 is more efficient at condensing SCOs than PepFect 3.
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 1. Aspirate the media from each well.
 2. Wash each well twice with 1 ml HKR.
 3. Aspirate the HKR and add 100 ml of lysis buffer to each 

well.
 4. Incubate the cells with lysis buffer at 4°C for 30 min.
 5. Transfer 20 ml of cell lysate to a corresponding well in a white 

96-well plate.
 6. Add 80 ml of luciferase substrate into each well.
 7. Measure luminescence in a luminometer.

 1.  Transfer 5 ml of cell lysate to a regular transparent 96-well 
plate.

 2. Add 25 ml of reagent A.
 3. Add 200 ml of reagent B and mix gently and incubate for 

15 min.
 4. Measure absorbance at 690 nm (see Note 10).
 5. Calculate protein concentrations in each well and normalize 

the relative luminescence (RLU) by dividing RLU values with 
protein content expressed in milligram, obtaining values in 
RLU per milligram. To facilitate comparison between differ-
ent treatments it is advisable to translate the RLU per milli-
gram of untreated cells to 1 and present the results of the 
treatments as fold-increase in luminescence compared to 
untreated cells.

 1. The protocol is not restricted to the use of 2’OMe RNA only 
but is also applicable to the delivery of other single-stranded 
negatively charged ON analogs, such as locked nucleic acids, 
etc. For the purpose of splice correction it is, however, impor-
tant to use ONs that are not recruiting RNase H, which 
would otherwise degrade target pre-mRNAs. Another impor-
tant notion is that for optimal use of the PepFect protocol, 
use desalted ONs since excess salt might interfere with the 
complex formation.

 2. Be careful when handling the EtBr since it is highly carcino-
genic. Store it well-protected and on a separate location in a 
fridge.

 3. For optimal transfection results, MR10 and MR7 tend to give 
highest transfections when using PepFect3 and PepFect4, 

3.4. Splice Correction 
Assay

3.5. Protein 
Determination

4.  Notes
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respectively. Furthermore, it is advisable to form the complexes 
in MQ water (pH5) rather than in HKR. Excess salt might 
interfere with the ability of the peptide to form homogenous 
complexes.

 4. It is highly important to always include a dose–response curve 
with each transfection reagent and each type of ON. For 
example, when utilizing Lipofectamine™ 2000, the splice 
correction activity decreases when exceeding 200 nM ON 
concentration, generating a bell-shaped dose–response curve. 
Similar dose–responses have been observed in other settings 
when targeting other pre-mRNAs with SCOs.

 5. According to manufacturers protocol, 2.5 ml of Lipofectamine 
2000 should be used for each microgram of ON, in HeLa 
cells. The molecular weight of our ON is approximately 
6,000 Da and we use 200 nM in a final volume of 1 ml (for 
duplicate). Thus, this corresponds to 1.2 mg of ON and 
according to the protocol, 3 ml of Lipofectamine 2000 should 
be used. However, if using that amount of Lipofectamine 
2000, significant toxicities have been observed wherefore we 
use 2.8 ml of the transfection reagent. Other transfection 
reagents could as well be used as positive control for SCO 
transfection. However, as Lipofectamine 2000 is the most 
commonly used reagent, it is utilized here.

 6. The principle of the assay is based on the fact that when EtBr 
binds to RNA its fluorescent properties increases substan-
tially. If PepFect binds to RNA and condenses it, less EtBr 
will bind, resulting in lower fluorescence. Thus, a decrease in 
fluorescence reflects the ability of the vector to condense 
RNA. It is advisable to complement this assay with methods 
that more precisely addresses the size and shape of formed 
complexes, such as dynamic light scattering or atomic force 
microscopy.

 7. Seed cells in enough number of wells to include two wells with 
Lipofectamine 2000 transfections as positive control and two 
wells of untreated cells to obtain the background RLU values 
(a small fraction of the pre-mRNA will be properly spliced and 
hence give rise to a certain level of luminescence).

 8. Transfections with Lipofectamine 2000 can be conducted in 
serum-free media; however, this increases the toxicity.

 9. Always assess the toxicity of treatments initially, using for 
example the MTT assay described in Chapter 14.

 10. Establish a protein concentration calibration curve using 
solutions with known protein concentrations. For example, 
use a known amount of BSA and make serial dilutions to 
obtain the standard curve.
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Chapter 27

Internalization of Nucleoside Phosphates into Live Cells  
by Complex Formation with Different CPPs  
and JBS-Nucleoducin

Franziska Mussbach, Regina Pietrucha, Buerk Schaefer,  
and Siegmund Reissmann 

Abstract

Nucleoside phosphates can bind to many functional proteins like G-proteins or other GTP-binding 
proteins in signal transduction or translation processes. Till now internalization of nucleoside phos-
phates into live cells remains a challenge. We study the internalization of a fluorescent-labelled deoxyu-
ridine triphosphate into HeLa cells and other adhesion and suspension cells. We use different 
cell-penetrating peptides and a cocktail suitable for formation of non-covalent complexes with the 
nucleotide. Internalization is observed by fluorescence microscopy, and the uptake efficiency is quan-
titatively estimated by fluorescence spectroscopy. The applied concentrations of CPPs and the cocktail 
were checked on cell viability (MTT test) and membrane integrity (bioluminescence test with pepti-
dyl-luciferin), indicating that the CPPs and the complexes with the nucleotide are cytotoxic above 
certain concentrations. These concentrations depend on CPP and cell type and are the limiting factors 
for the cargo uptake.

Key words: CPPs forming non-covalent complexes, Internalization of nucleoside phosphates, 
Cargo amount per cell, Optimization of internalization, Wash procedures, Highest non-toxic con-
centrations of CPPs and JBS-Nucleoducin, Adhesion and suspension cell lines, Viability, Membrane 
integrity

Many intracellular proteins can bind nucleoside phosphates, e.g. 
nucleoside triphosphates (NTPs). Thus GTP binds on the one 
hand to initiations-, elongations-, and translocation-factors of 

1.  Introduction

Ülo Langel (ed.), Cell-Penetrating Peptides: Methods and Protocols, Methods in Molecular Biology, vol. 683,
DOI 10.1007/978-1-60761-919-2_27, © Springer Science+Business Media, LLC 2011
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the translational machinery and on the other hand to guanine 
nucleotide-binding proteins of G-protein-coupled receptors 
(GPCR) or proteins from the Ras-family. Ras GTP/GDP levels 
are tightly controlled in cells which activates Ras by GTP uptake 
leading to a concerted downstream activation of a series of effec-
tor proteins.

But it is difficult to transport nucleoside phosphates into live 
cells. The commonly applied compound streptolysine damages 
the cell membrane strongly and limits measurements of intracel-
lular processes to seconds or few minutes (1). To overcome these 
limitations we check some cell penetrating peptides for their 
transport efficiency for this cargo.

Manipulations on intracellular processes require in many 
cases a distinct intracellular concentration of the transported 
cargo. For this reason the transduction process is studied and 
improved. A fluorescent-labelled deoxyuridine triphosphate is 
used as cargo. The uptake of the labelled nucleotide is measured 
qualitatively by fluorescence microscopy and quantitatively by 
fluorescence spectroscopy. Uptake efficiencies of the used cell-
penetrating peptides and the cocktail JBS-Nucleoducin are esti-
mated. Because uptake is limited by the concentration-dependent 
cytotoxic effect of CPPs or cocktail, cell viability (2–4) and mem-
brane integrity (5) are measured. The highest non-toxic concen-
trations for the used adherent and suspension cell lines are 
experimentally estimated. Calculating the cellular volume of 
HeLa cells from microscopic pictures the highest available intrac-
ellular concentration of NTP and its amount per cell is deter-
mined. The internalized amount of cargo can be falsified by cargo 
adhesion on the cell membranes. To measure only the real uptake 
and to avoid wrong results, different wash procedures are used 
and compared with each other.

Based on their different amino acid sequences the used CPPs 
differ in their stability in buffer solution and against extracellular 
and intracellular proteases. They are either very hydrophilic-like 
HIV-TAT, Penetratin, and MPGb or hydrophobic-like MPGa, 
and CAD-2. The latter is especially hydrophobic. These differ-
ences lead to preferences for different cargos and membrane 
structures and to different uptake processes. For scientific research 
are such relations between cell lines, membrane structures includ-
ing membrane potentials, cargos, and uptake mechanisms of 
great interest. From practical point of view an optimized cocktail 
creates advantages. Thus the cocktail JBS-Nucleoducin allows a 
universal approach for cargo internalization through compatibil-
ity with numerous cell types, with various membrane structures, 
triggering different mechanisms of transduction. Furthermore 
the cocktail shows higher transduction efficiency compared to 
single CPPs.
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 1. MPGa  (6–9): AcGALFLAFLAAALSLMGLWSQPKKKRKV-
NH-CH2-CH2-SH, five positive charges, MW 3,047 Da, Jena 
Bioscience GmbH.

 2. MPGb (6–9): AcGALFLGFLGAAGSTMGAWSQPKKKRKV-
NH-CH2-CH2-SH, five positive charges, MW 2,910 Da, Jena 
Bioscience GmbH.

 3. CAD-2 (6–9): GLWRALWRLLRSLWRLLWKA-NH-CH2-
CH2-SH, six positive charges, MW 2,653 Da, Jena Bioscience 
GmbH.

 4. Penetratin (6, 7, 10): RGIKWFGNRRMKWKK, eight posi-
tive charges, MW 2,247 Da.

 5. HIV-Tat (47–57) (4, 11, 12): YGRKKRRQRR, nine positive 
charges, MW 1,560 Da.

 6. CPPP-2 (BAX inhibitory peptide) (13): KLPVM, two posi-
tive charges, MW 605 Da, Jena Bioscience GmbH.

 7. JBS-Nucleoducin, Jena Bioscience GmbH.

 1. HeLa (Human cervic carcinoma).
 2. COS-7 (African green monkey kidney).
 3. NIH 3T3 (Swiss mouse embryo).

 1. Jurkat (Human T-cell leukaemia).
 2. NB-4 (Human acute promyelocytic leukaemia).
 3. Kasumi-1 (Human acute myeloid leukaemia).

Aminoallyl ATTO488-dUTP, Jena Bioscience GmbH.

Fluorescence microscope, Axiophot, Carl Zeiss, Oberkochen, 
Germany.

Fluorescence spectrometer LS50, Perkin Elmer, Waltham, USA.

MTT Test, Jena Bioscience GmbH.
The assay is performed according to the instructions.

Cyto-Tox-Glo™ Cytotoxicity Assay, Promega, Madison, USA.
The assay is performed according to the instructions and 

adapted to 96-well plates.

2.  Materials

2.1. Cell-Penetrating 
Peptides and Cocktail 
“JBS-Nucleoducin”

2.2.  Cell Cultures

2.2.1.  Adhesion Cells

2.2.2.  Suspension Cells

2.3. Fluorescence-
Labelled Nucleotide

2.4. Fluorescence 
Microscopy

2.5. Fluorescence 
Spectroscopy

2.6.  Viability Assay

2.7. Membrane 
Integrity Assay
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Mycoplasma Detection Kit, Jena Bioscience GmbH.
The test is performed according to the instructions.

Membrane permeabilization with streptolysine is achieved according 
to the procedure described by Rubio et al. (1).

 1. Tris, PUFFERAN®, Carl Roth, Karlsruhe.
 2. HEPES, PUFFERAN®, Carl Roth, Karlsruhe.
 3. Dulbecos PBS 1×, without Ca and Mg, pH 7.0–7.5.
 4. Glycine buffer, pH 3, 200 mM.

Heparin sodium salt from porcine intestinal (Heparin).

 1.  Prepare stock solutions of CPPs (see Note 1) or JBS-
Nucleoducin (see Note 2). Dissolve 0.5 mg of CPP and the 
whole content of the JBS-Proteoducin tube according to the 
instructions in the calculated volume (1.25–1.50 ml) of 
sterile and oxygen-free water (bubble helium or argon 
through the water). To get by CPPP-2 (see Note 3) the 
required ten times higher molar ratio dissolve 1.2 mg in 1 ml. 
Vortex and repeat 3× freezing to −80°C and thawing. Sonicate 
5 min. Use the stock solutions immediately or aliquote and 
store aliquots at −20°C.

 2. Dissolve separately 1 mg of nucleotide (MW ca 500 Da, con-
taining 3–4 negative charges) and 3–5 ml stock solution of 
CPPs or JBS-Nucleoducin each in 100 ml of phosphate buf-
fer (e.g. Dulbecos PBS 1×). Mix both solutions thoroughly 
by repeated pipetting (6×). Incubate mixture for 30 min at 
37°C to achieve complex formation. The molar ratio of cargo 
to nucleotide should be calculated to 1:10. When using 
CPPs you can also calculate a tenfold excess of positive 
charges from CPP (see Subheading 2). For internalization of 
higher amounts you can multiply both, the amount of nucle-
otide and of stock solution of CPP or cocktail, respectively. 
Multiply no more than up to five times. Before using higher 
amounts than 5 mg nucleotide the cytotoxicity of required 
amounts of CPPs/cocktail, nucleotide or complex should be 
tested.

The transduction protocol is calculated for six-well/35-mm cul-
ture plates. For other vessels please adjust volumes of media 
accordingly.

2.8.  Mycoplasma Test

2.9.Cell 
Permeabilization  
with Streptolysine

2.10.  Buffers

3.  Methods

3.1. Complex 
Formation

3.2.  Internalization
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Cultivate and transduce cells under the commonly used opti-
mum conditions (see Note 4). Use cells only to low passage num-
bers (see Note 5), check the cells microscopically for their vital 
shape, the absence of bacteria, and additionally check for the 
absence of mycoplasma by PCR (see Note 6). Add a solution of 
penicillin and streptomycin to prevent growth of bacteria during 
incubation.

 1.  Aspirate medium from prepared cells thoroughly and wash 
three times with PBS at 37°C.

 2. Add 200 ml of complex solution followed by 400 ml of serum-
free medium.

 3. Mix gently and incubate for 1 h at 37°C in a humidified 
atmosphere containing 5% CO2.

 4. Add 1 ml of complete growth medium and continue incuba-
tion at 37°C for approximately 20 h in a humidified atmo-
sphere containing 5% CO2.

 5. Wash the cells 2× with PBS, 3× with glycine buffer (pH 3) 
and 2× with PBS (2 ml each).

 1.  Suspend the thoroughly washed cell pellet in 200 ml of com-
plex solution followed by 400 ml of serum-free medium.

 2. Mix gently and incubate for 1 h at 37°C in a humidified 
atmosphere containing 5% CO2.

 3. Add 1 ml of complete growth medium and continue incuba-
tion at 37°C for approximately 20 h in a humidified atmo-
sphere containing 5% CO2.

 4. Wash/spin down cells twice with PBS, three times with gly-
cine buffer (pH 3) and twice with PBS (2 ml each).

 1.  Growth cells on a cover slip (0.15 × 106 cells per well). Use cover 
slips with modified surface (poly-lysine) for adhesion of suspen-
sion cells. Give the slip into a well before growing the adherent 
cells or before transferring transduced suspension cells.

 2. After incubation place cover slip on a slide and observe fluores-
cence directly without fixation. Use a magnification of >100.

 3. Use fluorescence microscopy to visualize cell shape (viability), 
to estimate transduction efficiency and to check intracellular 
distribution (vesicle, nucleus) (see Note 7).

 1.  Form complexes of ATTO488-dUTP with JBS-Nucleoducin 
as described above: 1 mg ATTO488-dUTP stock solution in 
100 ml PBS with 6 ml stock solution of JBS-Nucleoducin in 
100 ml PBS.

3.2.1.  Adherent Cells

3.2.2.  Suspension Cells

3.3. Qualitative 
Detection of 
Internalized Cargo  
by Fluorescence 
Microscopy

3.4. Quantitative 
Detection of 
Internalized Cargo  
by Fluorescence 
Spectroscopy
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 2.  To study the internalization efficiency of different amounts of 
complexes use higher volumes of stock solutions from cargo and 
cocktail for complex formation: e.g. 0.5, 1, 5, and 10 mg ATTO488-
dUTP with corresponding 3, 6, 30, and 60 ml JBS-Nucleoducin.

 3. Cultivate and transduce HeLa cells as described above with the 
formed complexes. Final concentrations of complexes with 
ATTO488-dUTP enrich in the incubation medium (1.6 ml) 0.3, 
0.6, 3.0, and 6.0 mM.

 4. Wash the cells thoroughly: twice with PBS, three times with 
glycine buffer (pH 3), and twice with PBS.

 5. Add 2 ml DMSO to each well and perform cell lyses by 
sonication.

 6. Remove cell particles by centrifugation (15 min at 
14,100 × g).

 7. Use untreated cells for estimation of zero fluorescence.
 8. Measure concentration-dependent fluorescence of ATTO488-

dUTP: excitate at 500 nm and measure intensity at 534 nm.
 9. Measure fluorescence of each probe and subtract zero value 

from non-transduced cells.

 1. Cultivate and transduce HeLa cells as described above and 
wash the cells thoroughly twice with PBS, three times either 
with PBS, either with glycine buffer (pH 3), or with glycine 
buffer containing 1% heparin. Wash all probes finally twice 
with PBS (see Note 8).

 2. Compare the fluorescence spectra after cell lyses and centrifu-
gation (Fig. 1).

 1. To enhance transduction efficiency bovine serum albumin 
(1%, see Note 9) and up to 10% DMSO (see Note 10) and 
protease inhibitors (aprotinin and/or o-phenanthroline, see 
Note 11) can be added to the serum-free incubation 
medium.

 2. To release the cargo from intracellular vesicles destabilizers 
like chloroquine, wortmannin, and Ca-ions can be added 
after finishing the transduction process (see Note 12).

 3. Application of auxiliaries requires checking their cytotoxicity 
(Fig. 2).

The assay is performed according to the instructions as an MTT 
test. Six-well plates are used (see Note 13). Each value is esti-
mated as a triplicate with a SD of ±1.3. Cells are transduced with 
CPPs and cocktail as described above and checked for their viability 
(Figs. 3 and 4).

3.4.1. Comparison of 
Different Wash Procedures

3.4.2. Use of Auxiliary 
Compounds for High Yield 
Internalization

3.5.  Viability Assay
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Fig. 1. Fluorescence spectra measured after uptake of ATTO488-dUTP using different washing procedures. Aminoallyl 
ATTO488-dUTP (1 mg) is internalized (1 h serum-free, 20 h complete serum, 37°C) into HeLa cells after complex forma-
tion with JBS-Nucleoducin (3 ml stock solution) at 37°C. Cells were washed three times with different buffers: PBS, gly-
cine buffer (pH 3, 200 mM) and glycine buffer with 1% heparine, and finally twice with PBS. After cell lyses and 
centrifugation fluorescence spectra were measured at 540 nm. Comparison shows only marginal differences between 
the obtained curves, indicating equal amounts of internalization and only very small differences in the amount of adsorbed 
fluorescent nucleotide.

Fig. 2. Influence of auxiliary compounds on the viability of HeLa cells. Auxiliary compounds like permeability enhancers, 
protease inhibitors, and vesicle destabilizers can improve the transduction process. Their influence on cell viability 
depends on concentration and strongly on cell line. Millimolar concentrations of Ca++ reduce the viability of all six cell 
lines, whereas wortmannin and chloroquine can be used to destabilize vesicles. BSA can act as a co-substrate for pro-
teases and influences the viability only marginally. 10% DMSO in serum-free transduction medium may enhance pene-
tration without strong influence on viability. I: 6 mM Ca2+; II: 120 µM Wortmannin; III: 0.5% BSA; IV-10%: 10% DMSO; 
IV-30%: 30% DMSO; V: 120 µM Chloroquine.
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Promega, Madison, USA.
The Cyto-Tox-Glo™ Cytotoxicity Assay is performed according 

to the instructions and adapted to 96-well plates (see Note 14). 

3.6. Membrane 
Integrity Assay

Fig. 3. Influence of different CPPs on the viability of HeLa cells. HeLa cells were cultivated under commonly used 
conditions and treated in serum-free medium for 1 h at 37°C with different CPPs. After removal of CPPs and repeated 
washings the viability of the cells was estimated by the MTT test. Untreated cells are defined as 100% viable. Since 
MPGb and Penetratin reduces the viability, TAT, CAD-2, and CPPP-2 enhance the mitochondrial dehydrogenase activity, 
probably evoked by stabilization of the mitochondria or by cell proliferation A1: 8.2 µM MPGa; B1: 8.6 µM MPGb; C1: 9.4 
µM CAD-2; D1: 11.1 µM Penetratin; E1: 18.1 µM CPPP-2; F1: 16 µM TAT. 

Fig. 4. Influence of JBS-Nucleoducin on the viability of HeLa- and COS-7 cells. HeLa- and COS-7 cells were cultivated and 
treated in serum-free medium for 1 h at 37°C with 3 ml (100%), 15 ml (500%), and 45 ml (1500%) stock solution of the 
cocktail JBS-Nucleoducin in 600 ml serum-free incubation medium. Viability was estimated by MTT test. Only an amount 
of 3 ml (100%) does not reduce the cell viability. Higher amounts reduce the viability strongly. Because the cocktail con-
tains relatively high amounts of CPPs to form non-covalent complexes with nucleotides and plasmids, its amount should 
not exceed 6 ml of stock solution in 600 ml incubation medium.
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Fig. 6. Influence of JBS-Nucleoducin on the membrane integrity of different cells. The cell lines were cultivated and 
treated in serum-free medium for 1 h at 37°C with 3 ml (100%), 15 ml (500%), and 45 ml (1,500%) stock solution of the 
cocktail JBS-Nucleoducin in 600 ml serum-free incubation medium. Membrane integrity was estimated by the biolumi-
nescence test “CytoTox-Glo™.” Some cell lines are even sensitive to the normal concentration of JBS-Nucleoducin, e.g. 
Jurkat and NB-4 cells. Other cell lines, including HeLa-, COS-7, and Kasumi-1, are able to tolerate high concentrations 
(1,500%). The result differs generally from that obtained with the MTT-test.

Each value is estimated as a triplicate with a SD of ±1.2. Cells are 
transduced with CPPs and cocktail as described above and checked 
for their membrane integrity (Figs. 5 and 6).

Fig. 5. Influence of different CPPs at increasing concentrations on the membrane integrity of HeLa cells. HeLa cells were 
cultivated under commonly used conditions and treated in serum-free medium for 1 h at 37°C with different CPPs. After 
removal of CPPs and repeated washings the membrane integrity of the cells was estimated by the bioluminescence test 
“Cyto-Tox-Glo™” measuring the release of a cytosolic protease. The CPPs were applied in higher concentrations than for 
the MTT test. Even in a more than tenfold higher concentration, compared to viability measurements the membrane 
integrity is only slightly reduced MPGa: A1= 8.2 µM, A2 = 41 µM, A3 = 123 µM; MPGb: B1 =  8.6 µM, B2 = 43 µM, B3 
= 129 µM; CAD-2: C1 =  9.4 µM, C2 = 47 µM, C3 = 141 µM; Penetratin:  D1 = 11.1 µM, D2 = 55.5 µM, D3 = 166.5 µM; 
CPPP-2: E1 =  181 µM, E2 = 543 µM,  E3 = 1629 µM.
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 1. Formation of the complex is to perform in water or buffer, in 
an appropriate concentration, without medium, BSA, pro-
tease inhibitors, or other auxiliary substances. Use sonifica-
tion to dissolve CPPs. Store the CPPs in solid state at −20°C 
in a dry atmosphere. Aliquoted stock solutions in sterile water 
should be stored in frozen state below −20°C.

 2. The cocktail is checked at certain cell lines and is designed 
for a broad use. If the transduction efficiency is too low 
check other CPPs and optimize the conditions for the most 
efficient one.

 3. CPPP-2 uses yet unidentified mechanisms for cell penetration 
including mechanisms not requiring interaction with proteo-
glycans. It is a cytoprotective peptide and can reduce the 
cytotoxicity of other CPPs. Since it is designed from BAX-
inhibiting peptides it influences intracellular processes.

 4. Some cells needs to grow in special media, e.g. special calf 
sera. Use the optimized conditions. Let the cells grow up to 
a density of about 0.3 × 106 per 35 mm well. Higher densities 
of adherent cells reduce the uptake efficiency.

The internalization procedure can be optimized by chang-
ing the transduction temperature (4, 25, and 37°C), trans-
duction time with serum-free medium (from 30 min to 6 h) 
and cultivation with complete medium (from 1 to 20 h).

 5. Uptake efficiency and cytotoxic effects of CPPs depend on the 
passage number. But both effects differ by different cell lines.

 6. Look for morphology of the cells and use the PCR-test to 
check for the absence of mycoplasma. Treat the cells to elimi-
nate mycoplasma.

Check microscopically the cells for bacteria. If the cell 
culture is infected cultivate new cells from the stock, work 
under sterile conditions and add antibiotics.

 7. The commonly used fluorescence labels have a different sta-
bility against bleaching by excitation. Avoid FITC-analogues, 
use Atto- and other more stabile fluorescent labels.

 8. Wash the cells after transduction thoroughly to remove 
adsorbed cargo. You can also use PBS containing 0.1% trypsin. 
But, avoid detachment of adherent cells.

 9. BSA acts as a co-substrate for extra and intracellular proteases 
and enhances the cargo uptake in cancer cells.

 10. DMSO enhances the permeability of cell membranes and 
influences in concentrations up to 10% (v/v) the viability only 

4.  Notes
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marginally. For transduction use for six-well plates 10% 
DMSO in the final volume of 600 ml. Thus add the amount 
of DMSO after complex formation with the serum-free 
medium (400 ml containing 60 ml DMSO) to the transduc-
tion medium.

 11. CPPs and cocktail can be degraded by secreted or membrane 
bound enzymes. To reduce this inactivation BSA, aprotinin, 
o-phenanthrolin, and also other protease inhibitors can be 
added. But, avoid by the cocktail, MPGa, MPGb, and CAD-2 
the addition of SH-reactive inhibitors.

 12. Addition of 150 mM chloroquine, wortmannin, or 6 mM 
Ca++ is recommended to destroy the vesicles. These com-
pounds are given to the complete medium after transduction. 
Especially in the case of Ca++ its toxicity to the used cell line 
should be tested before use. By the use of wortmannin keep 
in mind, that this inhibitor influences the PI3-kinase-mediated 
signal transduction.

 13. Cells are seeded 1 day before treatment. Used cell densities 
are for adherent cells 0.3 × 106/well and for suspension cells 
1.0 × 106/2-ml tube. After thoroughly washing with PBS 
(3×) the cells are incubated as described above with CPPs or 
the cocktail in interesting concentrations. After 1-h incuba-
tion at 37°C in a humidified atmosphere the serum-free 
medium is aspirated and replaced by complete growth 
medium, which contains MTT (0.5 mg/ml). After further 
incubation for 4 h at 37°C remove the medium to about 
85% and replace it by acidic DMSO. After incubation for 
10 min at 37°C remove pellets by centrifugation (5 min, 
14 × 103 × g) and measure the absorbance of the supernatant 
at 508 or 540 nm. Cell viability is estimated by correlation 
of obtained values to the mean value of untreated cells 
(=100%).

 14. Trypsinated adherent and suspension cells are thoroughly 
washed and resuspended in serum-free medium, counted and 
diluted to 100,000 cells/ml. Each well in a 96-well plate is 
filled with 10,000 cells and incubated as above described with 
CPPs or cocktail in interesting concentrations for 1 h at 37°C. 
After cleavage of peptidyl-luciferin (15-min incubation) by 
released dead protease and addition of luciferase the biolumi-
nescence is measured (L). Digitonin as reagent for cell lyses is 
given to all wells and after 15 min incubation at room tem-
perature the luminescence is measured again to estimate the 
total content of dead protease (Ltotal = 0% membrane integ-
rity). Untreated cells have 100% membrane integrity (L0). 
Membrane integrity is calculated in percent by the following 
equation: (L−L0/Ltotal) × 100.
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Nucleoside phosphates are ligands or substrates for many intracel-
lular proteins. Their transport into the cell evokes intracellular reac-
tions and allows therefore studies on signal pathways. Till now the 
transport of these negatively charged compounds through cell 
membranes remains a challenge. For this purpose, the commonly 
used streptolysine damages the membrane dramatically, allows 
measurements for less than 5 min and transports very low amounts, 
not detectable with fluorescence spectroscopy. Only by radioactive 
labelling the internalized nucleotides can be measured. Because 
some functional proteins require sufficiently high concentrations of 
NTPs for binding and functionality we optimized their transport 
through cell membranes using cell penetrating peptides. Because of 
the absence of functional groups for formation of covalent conju-
gates with nucleotides the formation of non-covalent complexes 
between cargo and carrier is the only way for their internalization.

Till now the uptake was quantitatively evaluated by MALDI-
TOF mass spectrometry (14) and by HPLC of fluorescent CPPs 
(15). The use of Atto488-dUTP as a fluorescent-labelled cargo 
allows qualitative as well as quantitative measurements of its 
uptake. Fluorescence microscopy provides a qualitative compari-
son. Atto488-dUTP (1 mg) is complexed with different CPPs and 
transported into HeLa cells. The uptake of fluorescent nucleotide 
is qualitatively estimated by fluorescence microscopy after thor-
oughly washing. Derived from the fluorescence intensities of the 
microscopic pictures the transduction efficiencies of the different 
cell-penetrating peptides are estimated. The following rank order 
is found for HeLa cells:

CAD-2 > MPGa = MPGb > Penetratin » CPPP-2.

HIV-TAT (47-57) is unable to transport the NTP into the cell, 
whereas high concentrations of the BAX inhibitory peptide 
CPPP-2 transduce fluorescent NTP, but only in a low amount. 
Penetratin shows in contrast to the transport of peptides and 
proteins a sufficient efficiency in delivery. Addition of auxiliary 
compounds like BSA (0.5–1%), DMSO (10%), and protease 
inhibitors enhance the fluorescence of the microscopic picture 
slightly. Also prolongation of medium-free transduction time up 
to 4 h enhances the fluorescence.

Internalization is quantitatively measured at HeLa cells using 
fluorescence spectroscopy. After transduction and cell lyses the inter-
nalized amount is measured by fluorescence intensity of the ATTO-
labelled compound. This quantitative method is used to measure 
internalized amounts per cell, intracellular concentrations and the 
attainable maximum of both. This method allows also estimation of 

5. Conclusions  
and Perspectives
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the influence of wash procedures on the internalized amount and 
allows the comparison to internalization with streptolysine.

One of the important problems by the quantitative determination 
of the transduced compounds is the complete removal of complexes 
from the outside of the plasma membrane. Used CPPs contain 
between two and nine positive charges and form positively charged 
complexes with the cargo, which bind to negatively charged struc-
tures (glycans) on the outside of the membrane. After finishing the 
internalization procedure the cells must be washed very thoroughly. 
We compared PBS to glycine buffer at pH 3 and to glycine buffer 
with heparin. The acidic glycine buffer is expected to remove the 
complexes by protonation of the lysine and arginine side chains bet-
ter than PBS. Heparin has a structure similar to glycan structures at 
the outer membrane. Addition of heparin to the wash buffer should 
help to remove adsorbed complexes by competition. But, the fluo-
rescence spectra of probes obtained after these three different wash 
procedures show only marginal differences.

This result (Fig. 1) indicates that probably the glycine buffer 
is able to remove the adsorbed complexes. Heparin shows no 
additional effect compared to glycine buffer alone. Thus we apply 
in our experiments a wash procedure with acidic glycine buffer.

The internalized amount of nucleotide is calculated from the 
fluorescence intensity of probes obtained with increasing extra-
cellular concentrations of complexes with JBS-Nucleoducin. 
Internalized amounts are taken from a standard curve with 
ATTO488-dUTP, measured under the same conditions. JBS-
Nucleoducin is able, in contrast to streptolysine, to transduce 
measurable amounts of the nucleotide. The percentage of uptake 
is higher at low extracellular concentrations. The intracellular 
amount can enrich 1.5 amole per cell. Taking the mean diameter 
of HeLa cells from fluorescence microscopic pictures their vol-
ume can also be calculated and used to estimate the intracellular 
concentration, which can enrich the low micromolar range.

The internalization process is limited by the concentration-
dependent toxicity (3–5) of CPPs, cocktail, and cargo. With the aim 
to estimate the optimum concentration for cargo internalization into 
live cells the influence of CPPs and the cocktail is studied on viability 
and membrane integrity. Figures 2–6 show the cytotoxic effects of 
CPPs and JBS-Nucleoducin. The viability measured by the MTT 
test is reduced as well as by increasing concentrations of some single 
CPPs (Fig. 3) and of the cocktail, which in 15 times higher concen-
trations reduces the viability of HeLa cells even strongly (Fig. 4). In 
contrast to the viability the membrane integrity of HeLa cells is only 
slightly influenced by the most used CPPs, also at high concentra-
tions (Fig. 5). The cytoprotective BAX inhibitory peptide CPPP-2 is 
applied in a ten times higher concentration than the other CPPs and 
shows no reduction of membrane integrity, too. The same picture is 
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obtained with JBS-Nucleoducin. Also the highest used concentra-
tion (1,500% = 15 times higher than recommended for 0.5 mg NTP) 
has no effect on the integrity of the HeLa cell membrane. Other cell 
lines, e.g. Kasumi and COS-7 are in the same manner insensitive as 
HeLa cells. Increasing concentrations of JBS-Nucleoducin reduce 
the membrane integrity of NIH 3T3 cells slightly and that of Jurkat 
cells even strongly (Fig. 6).

The strong differences found between the both cytotoxicity 
tests result from the different mechanisms, based on the oxidative 
activity of mitochondria (MTT test) on the one hand and on the 
integrity of the cell membrane on the other hand. Our FACS anal-
ysis with propidium iodide (not shown here) corresponds with the 
bioluminescence test for membrane integrity. To avoid wrong 
results due to working with damaged cells we recommend the use 
of low concentrations (1–5 times) of CPPs and no more as the 
recommended concentration of the cocktail. Each cell line has to 
be tested separately because the cells are differently sensitive to 
CPPs, to the cocktail, and to complexes formed with the cargo.
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Chapter 28

Enhanced Cellular Delivery of Cell-Penetrating  
Peptide–Peptide Nucleic Acid Conjugates  
by Photochemical Internalization

Takehiko Shiraishi and Peter E. Nielsen 

Abstract

Cell-penetrating peptides (CPPs) have been widely used for a cellular delivery of biologically relevant 
cargoes including antisense peptide nucleic acids (PNAs). Although chemical conjugation of PNA to a 
variety of CPPs significantly improves the cellular uptake of the PNAs, bioavailability (antisense activity) 
is still limited by endocytotic entrapment. We have shown that this low bioavailability can be greatly 
improved by combining CPP–PNA conjugate administration with a photochemical internalization tech-
nique using photosensitizers such as aluminum phthalocyanine (AlPcS2a) or tetraphenylporphyrin tetra-
sulfonic acid (TPPS). Cellular uptake of the PNA conjugates were evaluated by using a sensitive cellular 
method with HeLa pLuc705 cells based on the splicing correction of luciferase gene by targeting anti-
sense oligonucleotides to a cryptic splice site of the mutated luciferase gene. The cellular efficacy of CPP 
conjugates were evaluated by measuring luciferase activity as a result of splicing correction and was also 
confirmed by RT-PCR analysis of luciferase pre-mRNA.

Key words: Antisense, Cellular uptake, Cell-penetrating peptide, Peptide nucleic acid, Photochemical 
internalization

In general, cellular delivery of larger, hydrophilic biomolecules 
such as oligonucleotides and in particular their charge neutral 
mimics can be significantly improved through conjugation to 
(or complexation with) cell-penetrating peptides [CPPs, or PTDs 
(protein transduction domains)] (1–4). However, it has become 
increasingly clear that cellular uptake of (most of) these peptides 
occurs through an endosomal internalization mechanism and 
consequently that endosomal escape is probably the greatest chal-
lenge to overcome in order to achieve sufficient cellular (and 

1.  Introduction

Ülo Langel (ed.), Cell-Penetrating Peptides: Methods and Protocols, Methods in Molecular Biology, vol. 683,
DOI 10.1007/978-1-60761-919-2_28, © Springer Science+Business Media, LLC 2011
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eventually in vivo) bioavailability for drug discovery applications 
(5–7). Endosomal escape of CPP conjugates can be facilitated by 
a variety of auxiliary agents such chloroquine, Ca2+, or certain 
light-activated photosensitizers (photochemical internalization, 
PCI) (8–11). In the present protocols, we describe the use of PCI 
exploiting the photosensitizers aluminum phthalocyanine (AlPcS2a) 
or tetraphenylporphyrin tetrasulfonic acid (TPPS) for the cellular 
delivery of an antisense peptide nucleic acid (PNA)–Tat conju-
gate targeting the cryptic splice site in the globin-derived intron 
of the luciferase gene in the HeLa pLuc705 cell line (12). The 
experiment presented in Fig. 1 exemplify the very significant 
enhancing effects on PNA–Tat antisense activity of PCI using 
AlPcS2a or TPPS assayed both by luciferase activity as well as 
mRNA splice correction by PCR (Fig. 2). The experiment 
presented in Fig. 3 shows the dependence of irradiation time as 
well as the importance of preincubation prior to irradiation to 
suppress toxicity.

 1. Growth medium for cell culture: RPMI 1640 medium sup-
plemented with 10% fetal bovine serum (FBS) and 1% 
Glutamax (Gibco).

 2. Growth medium with a photosensitizer: RPMI1640 (10% 
FBS, 1% Glutamax) containing aluminum phthalocyanine 

2.  Materials

2.1. Transfection  
of CPP–PNA 
Conjugates with  
PCI Method
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Fig. 1. Comparison of two photosensitizers [AlPcS2a (5 mg/ml) or the TPPS (2 mg/ml)] for the PCI treatment effects on 
Tat–PNA (2 mM) transfection. HeLa pLuc705 cells, treated with one of the photosensitizer, were transfected with the 
Tat–PNA for 4 h and then irradiated with light (AlPcS2a, 10 min with the red light: TPPS, 5 s with the blue light) after 4 h 
incubation in the complete growth medium. After 24 h incubation, the cells were subjected to the luciferase analysis.
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(AlPcS2a, Frontier Scientific) (5 mg/ml) or tetraphenylporphy-
rin tetrasulfonic acid (TPPS, Frontier Scientific) (2 mg/ml).

 3. OPTI-MEM serum-free medium (Invitrogen).
 4. CPP–PNA conjugates solution.
 5. HeLa pLuc705 cells (Gene Tools).

Equipment (specially required)
Light tubes: Red light irradiation (fluorescence tube; Arcadia, ●●

Cat. No. FO18) or blue light irradiation (40W/03 Phillips 
fluorescent light tube with maximum emission at 420 nm).
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-uncorrected

-corrected
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Dark
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-corrected

Fig. 2. Effect of PCI treatment on the splicing correction by Tat–PNA (2 mM). HeLa pLuc705 cells, treated with AlPcS2a 
(5 mg/ml), were transfected with the Tat–PNA (0.5–4 mM for 4 h) and then irradiated with red light for 10 min. After 24 h 
incubation, the cells were subjected to the RT-PCR analysis.
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Fig. 3. Effect of PCI conditions (irradiation time, photosensitizer concentration) (4 h incubation before light irradiation) on 
the PCI-mediated Tat–PNA (H-GRKKRRQRRRPPQ-eg1-CCTCTTACCTCAGTTACA-NH

2) transfection into HeLa pLuc705 
cells. The cells, treated with AlPcS

2a (5 or 10 mg/ml), were transfected with Tat–PNA (at 2 mM for 4 h) and then irradiated 
with Red light (0–27 min irradiation) after 0 or 4 h incubation in the complete growth medium. After 24 h incubation, the 
cells were subjected to the luciferase analysis.



394 Shiraishi and Nielsen

 1. Phosphate-buffered saline (PBS).
 2. Cell lysis buffer: Passive lysis buffer (Promega).
 3. Luciferase Assay reagent (Promega).
 4. Protein standards for calibration curve: 0–5 mg/ml of bovine 

serum albumin (BSA) solutions in the passive lysis buffer.
 5. Protein assay kit: BCA Protein Assay kit (Pierce), make a 

working solution by mixing solution A and B at the ratio 50:1 
just before measurement. Mix 5 ml of the cell lysate (or the 
BSA standard) and 0.15 ml of the working solution and mea-
sure absorbance at 565 nm after 30 min incubation at 37°C.

 6. Total RNA extraction kit: RNeasy Mini kit (Qiagen).
 7. Luciferase primers (30 mM each): Forward 5¢-TTGATAT- 

GTGGATTTCGAGTCGTC-3¢ and Reverse 5¢-TGTCAAT-
CAGAGTGCTTTTGGCG-3¢.

 8. RT-PCR master mix solution with OneStep RT-PCR Kit 
(Qiagen): Solutions for ten PCR samples (10 ml each) 52.8 ml 
of water, 22 ml of 5× buffer, 4.4 ml of dNTP mix (10 mM 
each), 4.4 ml of enzyme solution, 2.2 ml of the primers (both 
forward and reverse).

This method is designed for a 24-well plate format (although this 
can be applied for other formats depending on the required 
experimental setup by changing solution volume).

 1. Plate the HeLa pLuc705 cells (8 × 104 cells) in 24-well plates with 
0.5 ml/well of growth medium (no antibiotics (see Note 1)) 
containing photosensitizer [5 mg/ml of AlPcS2a or 2 mg/ml of 
TPPS (see Note 2)] and incubate at 37°C (5% humidified CO2) 
the day before transfection.

 2. Incubate the plate over night at 37°C (humidified 5% CO2) 
(see Note 3).

 3. Prepare the PNA solution by adding PNA stock solution to 
the OPI-MEM medium at the desired concentrations (see 
Note 4).

 4. Remove entire growth medium and replace it with 0.3 ml/
well of the PNA solution (from step 3) (see Note 5).

 5. Incubate the plate for 4 h at 37°C (humidified 5% CO2) (see 
Note 6).

 6. Remove the PNA solution from the well and replace it with 
0.5 ml/well of the growth medium.

2.2. Analysis  
of the Splicing 
Correction  
by the Antisense  
PNA with HeLa 
pLuc705 Cells

3.  Methods

3.1. Transfection  
of CPP–PNA 
Conjugates with PCI 
Method
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 7. Incubate the plate further for 4 h at 37°C (humidified 5% 
CO2) (see Note 7).

 8. Irradiate using light of the proper wavelength for photosensi-
tizer excitation (For AlPcS2a, 10 min with red light with maxi-
mum emission at 650–680 nm. For TPPS, 5 s with blue light 
tube with maximum emission at 420 nm.) (see Note 8).

 9. Incubate the plate further for 1–3 days before the analysis.

This protocol is for the splicing correction analysis of antisense 
CPP–PNA conjugates using the HeLa pLuc705 cell line. The 
method is designed for analysis in a 24-well plate format, however 
it can be in different formats depending on the required experi-
mental setup.

 1. Take out the 24-well plate (from Subheading 3.1, step 9) and 
check the cells (see Note 9).

 2. Remove the entire medium from the well.
 3. Wash the cells with PBS (see Note 10).
 4. Add 0.1 ml/well of the passive lysis buffer.
 5. Incubate the plate on a plate shaker for at least 10 min (see 

Note 11).
 6. Transfer the cell lysate to a 1.5 ml tube (see Note 12).
 7. Analyze luciferase activity with 10 ml of cell lysate using 100 ml 

of luciferase assay reagent (10 s measurement) (see Note 13).
 8. Quantify protein concentration of the cell lysates using the 

BCA protein assay kit based on a calibration curve from BSA 
protein standards.

 9. Calculate the average of a number of samples and shown as 
relative light unit (luciferase activity as RLU) or calculate 
average RLU after normalize to the protein concentration 
(form step 8) and show as RLU/mg of protein.

 10. Extract total RNA from 50 ml of the cell lysate (from step 6) 
using RNeasy kit (Qiagen) and adjust the RNA concentration 
to 1 ng/ml with RNase-free water (see Note 14).

 11. Make an RT-PCR master mix solution and dispense 8 ml to a 
0.2 ml PCR tube (see Note 15).

 12. Add 2 ml of the RNA solution (1 ng/ml from step 10) to the 
PCR tube (from step 11) on ice (see Note 16).

 13. Start a PCR machine with the following PCR program and 
set the PCR tubes when the sample block temperature reaches 
to 55°C. [(55°C, 35 min) × 1 cycle, (95°C, 15 min) × 1 cycle, 
(94°C, 0.5 min; 55°C, 0.5 min; 72°C, 0.5 min) × 26–28 
cycles] (see Note 17).

 14. Analyze samples by 2% agarose gel electrophoresis.

3.2. Analysis  
of the Antisense PNA 
Cellular Uptake by a 
Splicing Correction 
Assay Using HeLa 
pLuc705 Cells
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 1. No antibiotics should be used in the growth medium since it 
will increase cellular toxicity.

 2. The photosensitizer concentration must be optimized 
depending on the cell type and experimental setup [See Fig. 1 
for comparison of two photosensitizers (AlPcS2a and TPPS) 
and Fig. 3 illustrating the effect of photosensitizer concentra-
tion (AlPcS2a)].

 3. The cells must be exponentially growing (A cell confluency of 
40–60% at the transfection is recommended).

 4. Use at least 0.3 ml/well of the PNA solution. Preheat OPTI-
MEM in the 37°C incubator at least 30 min before start.

 5. Try to remove the entire medium as serum inhibits a cellular 
uptake of CPP conjugates.

 6. This incubation time must be optimized depending on the 
type of CPP conjugate and cell type.

 7. This incubation step before irradiation (after PNA transfec-
tion) alleviates cellular toxicity by the PCI-treatment upon 
irradiation. Therefore, this incubation time should be opti-
mized depending on the photosensitizer concentration and 
cell type (See Fig. 3 for the effect of postincubation (4 h) 
after PNA transfection).

 8. These light intensities may be obtained by placing the plate at 
a distance of ca. 10 cm from the light tube. This irradiation 
time need to be optimized. Try 2–30 min irradiation for 
AlPcS2a (See Fig. 3 for the effect of irradiation time for 
AlPcS2a), and 1–60 s for TPPS.

 9. Most of the cells must be viable (There should not be any 
significant cell death.).

 10. Wash the cells gently to avoid detachment of the cells from 
the plate surface.

 11. Ensure a complete cell lysis by microscope observation. 
Repeat freeze and thaw cycle(s) to help a complete cell lysis.

 12. This cell lysate can be stored at −20°C for a few months.
 13. Preheat all solutions (luciferase assay reagent and the cell 

lysate samples) to room temperature as the optimum tem-
perature for the luciferase reaction is 25°C. This luciferase 
measurement can also be performed in a 96-well plate format 
by using a luciferase reagent with a longer signal half life such 
as the Bright-Glo assay reagent (Promega) designed for a 
high throughput measurement.

 14. Use gloves to handle RNA samples in the following steps to 
avoid the RNAse contamination.

4.  Notes
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 15. Make this master mix solution on ice and keep the samples on 
ice during the following steps until you start RT-PCR.

 16. Pipette 2 ml of the RNA solution precisely and make sure to 
transfer all of it into an RT-PCR solution to obtain the com-
parable amplification for all samples. Optimize the amount of 
RNA for a reaction depending on the experimental set up.

 17. PCR cycle number should be optimized depending on the 
RNA amount used for the RT-PCR. See Fig. 2 for the exam-
ple of a splicing correction analysis of antisense Tat–PNA by 
RT-PCR.
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Chapter 29

Identification of Homing Peptides Using the In Vivo Phage 
Display Technology

Antti Rivinoja and Pirjo Laakkonen 

Abstract

Each normal organ and pathological condition expresses a distinct set of molecules on their vasculature. 
These molecular signatures have been efficiently profiled using in vivo phage display technology. Using 
this technology, several peptides homing specifically to tumour blood vessels, lymphatic vessels, and/or 
tumour cells as well as to various normal organs have been isolated. Peptides homing to specific vascular 
addresses have revealed novel tissue-specific biomarkers of the normal and diseased vasculature. Tumour 
homing peptides have been successfully used to target therapies and imaging agents to tumours. In this 
review, we describe experimental setup for a combined ex vivo and in vivo screening procedure to select 
peptides homing to tumours.

Key words: Phage display, T7, Peptide, Tumour targeting, Vasculature, Nude mice, Ex vivo,  
In vivo

During recent years, it has become clear that the vasculature in 
each individual normal organ as well as pathological condition 
expresses different set of molecules on its surface (1–3). Also 
other cell types within tumour tissue express tumour-specific mol-
ecules. In vivo phage display technology has been used to profile 
these distinct molecular signatures in normal (4–7) and tumour 
vasculature (8–11). Furthermore, arthritic blood vessels have 
been targeted using this technology (12). We have also profiled 
tumour stage-specific differences and shown that the vasculature 
of a pre-malignant lesion can be distinguished from that of a full-
blown tumour and corresponding normal organ (13, 14). In 
addition to the blood vasculature, the lymphatic vasculature 
expresses both tumour-type and tumour stage-specific molecules 

1.  Introduction

Ülo Langel (ed.), Cell-Penetrating Peptides: Methods and Protocols, Methods in Molecular Biology, vol. 683,
DOI 10.1007/978-1-60761-919-2_29, © Springer Science+Business Media, LLC 2011
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(reviewed in ref. (15)). Tumour homing peptides have been 
successfully used as delivery vehicles for targeted therapy and 
imaging purposes (reviewed in ref. (1, 16)). Recently, as an exam-
ple of other pathological condition besides tumours, a muscle 
homing peptide was demonstrated to enhance the delivery of an 
anti-sense oligonucleotide. This resulted in exon skipping of dys-
trophin gene and functional restoration of dystrophin expression 
in dystrophin-deficient mdx mice (17).

 1. Cancer cells.
 2. Appropriate growth medium for the cells to be used supple-

mented with 10% FBS, glutamine and 100 mg penicillin 
streptomycin.

 3. 1× PBS, pH 7.4.
 4. Solution of 0.25% (w/v) trypsin and 1 mM ethylenediamine 

tetraacetic acid (EDTA) in serum-free medium or PBS.
 5. Cell culture plates (Φ 10–20 cm).
 6. Pipettes (e.g. 2, 5, 10, and 25 ml).
 7. A haemocytometer.

 1. Sterile insulin syringes (e.g. BD Micro-Fine™ + insulin 
syringes, 0.30 mm (30 G) × 8 mm).

 2. Matrigel (e.g. BD Matrigel™ Basement Membrane Matrix, 
Growth Factor Reduced, product code #354230, see Note 2).

 3. Anaesthetics (e.g. Rompun® vet, 20 mg/ml and Ketaminol® 
vet, 50 mg/ml).

 4. Trypsinized cells (5 × 105–5 × 106 cells/50–100 ml/injection).
 5. Immunodeficient mice if non-murine cancer cells are used 

(see Note 3).

 1. At least one mouse carrying a xenograft tumour.
 2. One set of surgical instruments containing a haemostat, a pair 

of scissors, a razor blade (or a scalpel) and a pair of tweezers.
 3. One insulin syringe per mouse.
 4. Collagenase solution (50 ml of PBS, 0.5 g BSA, 50 ml of 

DNAase, 0.125 g collagenase IV, 0.125 g collagenase II).
 5. One clean plate per mouse (e.g. empty bacterial culture plate).
 6. One 50-ml Falcon tube per mouse.
 7. Tared Eppendorf tubes.

2.  Materials

2.1. Cell Culture (See 
Note 1)

2.2. Subcutaneous 
Injection of Cancer 
Cells

2.3. Phage Display 
Using the Lytic T7 
Bacteriophage

2.3.1. Ex Vivo Selection
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 8. Phage (T7 control phage and phage displayed peptide library 
or a solution of selected bacteriophage, see Note 10).

 1. Mice carrying xenograft tumours.
 2. One set of surgical instruments per mouse (see 

Subheading 2.3.1).
 3. Two insulin syringes per mouse (one for anaesthetic and the 

other for tail vein injection).
 4. One 10-ml syringe and a needle (0.50 mm (25 G) × 16 mm) 

per mouse.
 5. Sterile 1× PBS, pH 7.4.
 6. Collagenase solution (see Subheading 2.3.1).
 7. One 50-ml Falcon tube per mouse.
 8. One empty bacterial culture plate per mouse.
 9. Tared Eppendorf tubes.
 10. Phage.

 1. BLT5403 or BLT5615 bacteria (Novagen).
 2. M9TB growth medium (5 ml of 20× M9 salts, 2 ml 20% glu-

cose, 0.1 ml 1 M MgSO4, 100 ml TB). 20× M9 salts: 0.37 M 
NH4Cl, 0.44 M KH2PO4, 0.45 M Na2HPO4.

 3. Antibiotics (e.g. 25 mg/ml carbenicillin).
 4. 0.6% top agar (per 100 ml: 1 g Bacto tryptone, 0.5 g yeast 

extract, 0.5 g NaCl, 0.6 g agarose, 100 ml deionized water).
 5. Luria plates supplemented with antibiotics (e.g. 50 mg/ml 

carbenicillin).
 6. Phage.

 1. 1× TBS, pH 7.8.
 2. Primers to amplify the multi-cloning site containing the insert 

encoding displayed peptide.
 3. Sequencing facility.

 1. Synthetic peptide conjugated to a fluorochrome or biotin. 
These are commercially available.

 2. Tumour-bearing mice.
 3. One set of surgical instruments per mouse (see 

Subheading 2.3.1).
 4. Two insulin syringes per mouse (One for anaesthetic and the 

other for tail vein injection).
 5. Two 10-ml syringes and needles (0.50 mm (25 G) × 16 mm) 

per mouse.

2.3.2. In Vivo Selection

2.3.3. Growth  
and Amplification  
of T7 Bacteriophage

2.3.4. Identification  
of Individual Peptides

2.4. Validation  
of the Specificity  
of Displayed Peptides
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 6. Sterile 1× PBS, pH 7.4.
 7. 4% Paraformaldehyde (PFA) in PBS.
 8. One 50-ml Falcon tube per mouse.
 9. One empty bacterial culture plate per mouse.
 10. Tared Eppendorf tubes.
 11. O.C.T mounting compound (Tissue-Tek).
 12. Cold 30% sucrose in PBS.
 13. Cryostat.
 14. Fluorescence microscope.

Targeting/homing peptides can be selected for any tumour type 
grown either subcutaneously or orthotopically. If tumour cells are 
not of murine origin immunodeficient mouse strains are neces-
sary for tumour implantation. The number of cells to be implanted 
and the requirement of a supporting matrix (e.g. Matrigel) 
depend on the tumour model to be used. In the in vivo phage 
screen, also called biopanning, the phage library is injected into 
the tail vein of tumour-bearing mice and allowed to circulate for 
15 min. Excision of the tumour tissue is followed by preparation 
of a tumour-derived cell suspension. Bound phage is rescued and 
amplified by the addition of the bacterial culture. The amplified 
phage pool is then used for the next round of selection. Typically, 
the phage pool preferentially homes to the target tissue after three 
to five rounds of panning.

There are two major phage systems that have been used for 
the in vivo phage display: the fd-tet-derived FUSE5 vector system 
based on the M13 bacteriophage (18) and the T7 phage system 
(T7Select® system, Novagen). The two phage differ in size, shape, 
and life cycle; M13 is a 900-nm long filamentous phage and has a 
temperate life cycle, while T7 is an icosahedral phage with the 
diameter of about 60 nm and has a lytic life cycle. M13 system 
displays peptides in five copies as an N-terminal fusion of the 
minor coat protein P3. This system has also been widely used to 
display antibody libraries (19). T7 vectors display 1–415 copies of 
the peptide as a C-terminal fusion of the phage capsid protein. In 
this review, we concentrate on the use of the T7 phage system in 
the in vivo phage display application. However, this technology 
can also be used for the identification of peptides that recognize 
different targets in vitro, i.e. recombinant proteins/glycans, cul-
tured cells, etc. The M13 system has been recently reviewed by 
Hoffman et al. (20).

3.  Methods
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 1. Harvest cells with trypsin–EDTA solution when 80–90% 
confluent. For a 10-cm cell culture dish, an appropriate 
amount of trypsin–EDTA solution is 1–2 ml. You may need 
multiple plates of cells to acquire enough of them for 
implantation.

 2. Add 8 ml of serum containing growth medium to the cell 
after detachment to inactive the trypsin and split the suspen-
sion 1:2. Add medium to the final volume: 10 ml for 10-cm 
plates and 20 ml for 15-cm plates. Let the cells adhere and 
grow them overnight in a cell incubator.

 3. Next day harvest the cells with trypsin–EDTA. After detach-
ment of the cells collect them by centrifugation (300–
500 × g/2–5 min). Remove the supernatant and resuspend 
the cells in 1× PBS.

 4. Count the cells using a haemocytometer. If you have several 
plates, combine the cell suspensions before counting. If you 
need to dilute the cell suspension for cell counting, take a 
small aliquot (e.g. 10 ml) and dilute it using growth medium 
or 1× PBS.

 5. Transfer cells to a Falcon tube for centrifugation (300–
500 × g/2–5 min). Resuspend the cells in an appropriate vol-
ume of 1× PBS so that the final solution contains 5 × 105–5 × 106 
cells/50–100 ml (see Note 5). Store the cells on ice. You are 
now ready for inoculation of the tumours.

 1. Anaesthetize mice using a mixture of Rombun and Ketalar 
according to the manufacturer’s recommendations. Test the 
deepness of the anaesthesia by pressing the footpad of the 
hind limb.

 2. Mix an aliquot of thawed Matrigel with 50–100 ml of cell 
suspension (1:1) and inject the mixture subcutaneously to the 
abdominal site of an anaesthetized mouse using an insulin 
syringe (see Note 6). Wait 30 s before removing the needle to 
allow the Matrigel to solidify properly. Otherwise the 
Matrigel/cell suspension mixture may leak out of the injec-
tion site. It is recommended to always inject on the same side 
of the abdomen since tumours may grow with different rate 
in different locations.

 3. Monitor the tumour growth and use for the experiments 
when they reach the desired size.

To our experience the combination of an ex vivo/in vivo screen is 
more efficient in identifying homing peptides than an in vivo 
screen alone. We use the term ex vivo phage display to describe 
the addition of phage solutions to primary cell suspensions of 
organs and tissues. The screen is initiated with one to three ex 

3.1. Propagation  
of Cancer Cells (See 
Note 4)

3.2. Inoculation  
of Tumour Cells  
to Generate Xenograft 
Tumours

3.3. Phage Display
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vivo selection rounds followed by three to five in vivo selection 
rounds. During the ex vivo selections, you select for peptide/
phage that is able to bind to all tumour-derived cells, while dur-
ing the in vivo selections, you select for the peptide/phage that is 
able to home and bind to the tumour tissue after systemic admin-
istration via the tail vein.

 1. Inoculate an overnight culture from a single BLT5403 or 
BLT5615 colony (V = 5 ml, supplied with 10 ml of 25 mg/ml 
carbenicillin) 1 day prior the experiment.

 2. Dilute overnight culture 1:100 and grow to OD600 ~ 1.0 (see 
Note 7). During the incubation you should accomplish steps 
3–12.

 3. Anaesthetize a mouse carrying a xenograft tumour (see  
Note 8).

 4. To expose the heart for perfusion, use your scissors to make a 
wide cut in the abdomen directly under the rib cage. Then 
move the liver aside and puncture the diaphragm. Cut the 
diaphragm from side to side to reveal the lungs. Then cut 
both sides of the rib cage. Clasp the apex of xiphoid process 
(xiphisternum) with a haemostat and bend the rib cage back 
to expose the heart. Be careful not to puncture the heart.

 5. Make a cut on the right atrium or the main vein (superior 
vena cava).

 6. Perfuse the mouse with 10 ml of PBS to remove the blood. 
The needle should penetrate only the wall of the left ventricle 
(i.e. insert the needle 2–3 mm into the heart). Perfusion is suc-
cessful when the skin and the liver of the mouse become pale.

 7. Excise the tumour. Remove as much as possible of the sur-
rounding mouse tissue.

 8. Weight the tumour and mince it to small pieces using a razor 
blade or a scalpel.

 9. Digest the tumour in the collagenase solution by incubating at 
+37°C for 30–45 min. Vortex few times during the incuba-
tion. The collagenase solution should become more turbid, 
while the digestion of the tumour proceeds. An appropriate 
volume of the collagenase solution is 10–15 ml/g of tumour.

 10. Following the digestion add 15 ml of DMEM supplied with 
5% FCS to inactivate the collagenases. Filter the suspension 
using a cell strainer (pore size 100 mm) and collect the cells by 
centrifugation (250 × g, 10 min). Discard the supernatant and 
resuspend the cells in 5 ml of 1% BSA in DMEM. Collect the 
cells by centrifugation (250 × g, 10 min). Discard the super-
natant and weight the pellet. Resuspend the cells in 1 ml of 
1% BSA in DMEM. Divide the suspension in aliquots. One 

3.3.1. Ex Vivo Selection
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aliquot containing 0.05–0.10 g or ~106 of tumour cells is 
enough for an ex vivo experiment.

 11. Add 100–500 ml of the phage library (see Note 9) or an 
amplified phage pool/individual phage (the titre should be 
106–1010 pfu/ml) to tumour cells and fill the total volume to 
1 ml with 1% BSA in DMEM. Prepare an identical suspension 
using a control phage (see Note 10). Incubate the phage/
tumour cell suspensions at +4°C in a rotator. The incubation 
time may require optimization, but it usually varies between 
2 and 24 h.

 12. In order to remove the unbound phage collect the tumour 
cells and phage bound to them by centrifugation (600 × g, 
3 min, RT). Resuspend the pellet into 0.5 ml of 1% BSA in 
DMEM and transfer the suspension to a fresh tube (see Note 
11). Repeat the wash step four times. After the final wash, 
transfer the suspension again to a fresh tube and collect the 
cells with centrifugation. Discard the supernatant and add 
50 ml of sterile PBS on top of the pellet to prevent drying. 
Alternatively, the pellet can be lysed by adding 100 ml of 1% 
NP-40 in PBS.

 13. Add 1.0 ml of BLT5403 or BLT5615 culture (OD600 ~ 1.0) 
(from step 2) to the tube containing tumour cell/phage mix-
ture and suspend well. Incubate 10 min at RT to allow phage 
to infect the bacteria.

 14. To define the number of bound phage (phage output, Fig. 1), 
add 0.1, 1, and 10 ml of the suspension from step 13 to 350 ml 
of BLT5403 or BLT5615 culture (OD600 ~ 1.0) and 3 ml of 
melted (45–50°C) top agar. Pour the top agar containing the 
phage and bacteria onto LB agar plates containing 50 mg/ml 

Fig. 1. Individual phage appear as holes (=plaques) in the bacterial plates. The figure shows titration of the binding of a 
control phage (a) and a homing phage (b) to the tumour tissue ex vivo.
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carbenicillin. Incubate the plates 1.5–3 h at 37°C or overnight 
at room temperature.

Save the rest of the suspensions for amplification (see 
Subheading 3.3.5). They can be stored overnight at +4°C (see 
Note 12). Since the infection efficiency of the T7 phage solution 
may differ between different bacterial cultures, the most reliable 
results in defining the selection output are obtained by simultane-
ous determination of the output and input (=the number of phage 
particles added to the tumour cell suspension).

 1. Anaesthetize a mouse carrying a xenograft tumour.
 2. Warm the mouse’s tail in warm water to dilate the tail veins 

and facilitate the injection.
 3. Inject slowly 150–200 ml of phage solution (the titre should 

be around 106–1010 pfu/ml) into the tail vein. Too fast injec-
tion rate may cause failure in cardiac function and be fatal for 
the mouse. Usually a rate of 20 ml/10 s is appropriate.

 4. Open the chest and expose the heart as described in 
Subheading 3.3.1.

 5. Perfuse the mouse with 10 ml of PBS to remove the unbound 
phage.

 6. Excise the tumour and separate it from the surrounding 
mouse tissue (e.g. skin) as well as possible.

 7. Weight the tumour.
 8. Digest the tumour with collagenase solution and prepare the 

cell suspension as described above steps 9–10 in 
Subheading 3.3.1.

 9. Wash the cell suspension and add bacteria as described in 
steps 12–13 in Subheading 3.3.1.

 10. For titration of the phage output, add 0.1, 1, and 10 ml of the 
suspension to 350 ml of BLT5403 or BLT5615 culture 
(OD600 ~ 1.0) and 3 ml of top agar. Save the rest of the suspen-
sions for amplification (see Subheading 3.3.5). They can be 
stored overnight at +4°C (see Note 12). Prepare also titre 
plates to determine the phage input if not determined earlier.

 1. Count the plaques from the titre plates (see Note 13). Define 
titre/ml by multiplying plaque count with the dilution factor 
and dividing it by the volume of phage solution plated (see 
Note 14).

 2. Calculate phage input by multiplying titre/ml with volume of 
phage solution used for selection (see Note 14).

 3. Phage output is calculated by multiplying titre/ml with the 
total volume of suspension containing tumour cells, phage, 
and bacteria. Since the tumours vary in size, the tumour mass 
must also be taken into account for analysis of the in vivo 

3.3.2. In Vivo Selection

3.3.3. Analysis of Selection 
Output (Number of Bound 
Phage)
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selection output. Divide the relative output value with the 
mass of the tumour cells to accomplish this (see Note 14).

 4. Divide the output value with the input value and you will 
have a relative value that can be compared between different 
phage and screening rounds. Increase in this value by each 
round indicates enrichment and a successful selection of the 
homing phage. Decrease in this value, in turn, indicates that 
the homing capability of the phage pool to the tumour tissue 
is reduced (see Note 15).

 1. Inoculate an overnight culture from a single BLT5403 or 
BLT5615 colony (V = 5 ml, supplied with 10 ml of 25 mg/ml 
carbenicillin).

 2. Dilute the overnight culture 1:100, V = 10 ml and grow to 
OD600 ~ 0.5 (see Note 7).

 3. (a) Amplification of a phage pool: Add phage and tumour 
cell mixture to an IPTG-induced BLT5403 or BLT5615 
bacterial culture grown to OD600 ~ 0.5. (b) Amplification of 
a single phage: Pick a plaque from a phage plate to a tube 
containing 20 ml of 1× TBS, pH 7.8 and add 5 ml of phage 
solution to an IPTG-induced culture grown to OD600 ~ 0.5.

 4. Incubate the culture at 37°C for 3–5 h, or until the culture is 
clarified (phage lyses the bacteria). Sometimes, because of the 
tumour cell material, the clarification of the culture might not 
be complete and the lysis may appear only as reduced 
turbidity.

 5. Remove the cell debris by centrifugation (7,670 × g, 10 min, 
at +4°C). Carefully, transfer the supernatant by decanting or 
pipeting to a new sterile falcon tube.

 6. Filter the supernatant through a 0.45-mm filter followed by 
filtration through a 0.2-mm filter (e.g. by using a syringe 
tipped with an appropriate filter). Now you have a phage 
solution ready to be used for the experiments.

 1. Isolate individual phage from the bacterial plates by picking 
randomly selected plaques with a tip of a pipette or a sterile 
stick to tubes containing 20 ml of 1× TBS, pH 7.8. Label the 
tubes clearly.

 2. Amplify the cloning site by PCR. A PCR example is provided in 
Note 16. Presence of the leftover primers after PCR may disturb 
sequencing reaction and require an additional purification step.

 3. Check PCR products in a 2% agarose gel.
 4. Prepare sequencing samples (see Note 17).

Once tumour-targeting phage is enriched, it is important to ver-
ify their specificity. This is performed as normal in vivo phage 
display (Subheading 3.3.2), but with a single phage instead of a 

3.3.4. Amplification  
of Phage After Ex Vivo  
or In Vivo Selection

3.3.5. Identification  
of Peptides Displayed  
by the Phage

3.3.6. Validation of the 
Specificity of Tumour 
Targeting
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library or a phage pool. This step is necessary to validate how 
well any individual phage homes to the target tissue compared to 
the control phage and whether it also homes to other organs (see 
Note 18).

 1. Anaesthetize a mouse carrying a xenograft tumour.
 2. Place the mouse’s tail in warm water to dilate the tail 

veins.
 3. Inject 150–200 ml of phage solution into the tail vein and 

allow it to circulate for 15 min.
 4. Open the chest and expose the heart as described in 

Subheading 3.3.1.
 5. Perfuse the mouse with 10 ml of PBS.
 6. Excise tumour and other necessary control organs (e.g. liver, 

kidney, lungs, and brain). Selection of control organs will 
depend on your target organ.

 7. Titre the phage from the organs as described in 
Subheading 3.3.3. The specificity of the phage can be esti-
mated by comparing the output of the phage of interest to 
that of the control phage (see Note 14).

To ensure that your selected peptide is responsible for the specific 
homing, you should test the homing efficiency and specificity of 
a synthetic peptide conjugated to a fluorochrome or biotin. We 
usually inject 100 ml of 1 mM peptide solution into the tail vein 
of tumour-bearing mice and allow it to circulate for 15–120 min. 
In order to study the homing of the peptide, tumour and the 
control organs are excised and prepared for histological 
examination.

 1. Inject the peptide into the tail vein of tumour-bearing mouse 
and let it circulate for 15–120 min.

 2. Perfuse the mice through the heart with 10 ml of PBS fol-
lowed by 10 ml of 4% PFA in PBS to remove the unbound 
peptide and fix the tissue.

 3. Excise tumour and control organs.
 4. Fix the tissues further by incubating them in 4% PFA for 

2–4 h at 4°C.
 5. Wash twice with PBS and add 30% sucrose to the tissues. 

Incubate overnight at 4%.
 6. Dry the extra sucrose and mount in O.C.T compound 

(Tissue-Tek) mounting media.
 7. Cut cryo-sections and prepare them for microscopy (see 

Note 19).

3.3.7. Validation of the 
Specificity of Displayed 
Peptides
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 1. All equipment and solutions used in cell culture must be ster-
ile. Cell culture should be performed in a special room 
designed and designated for that use. Room should be 
equipped with a table-top centrifuge, a microscope, a flow 
chamber suitable for cell cultivation, and a cell incubator that 
can be adjusted to 5.0% CO2, +37°C.

 2. Some cell lines do not form tumours unless inoculated 
together with Matrigel, which provides matrix to cells to 
attach to. Matrigel must be thawed slowly on an ice bath at 
+4°C overnight. Matrigel will remain liquid as long as kept 
cold – it will solidify rapidly when the temperature raises. 
Matrigel can be either growth factor rich or reduced depend-
ing on your tumour model.

 3. If cancer cells are of non-murine origin immunodeficient 
mouse strain has to be used for the formation of tumours. In 
immunocompetent animals, the immune response prevents 
tumour growth or results in regression of tumours after initial 
growth. Take into account the gender of the mice when 
studying a cancer, which growth might be affected by hor-
monal levels, e.g. it is not rational to study prostate cancer in 
female mice.

 4. Cells should be checked frequently for possible contamina-
tions. It is extremely important that only clean cells are used 
for the inoculation of xenograft tumours. Cells should be in 
the exponential growth phase when implanted into mice.

 5. The number of cells to be implanted depends on the cell 
type.

 6. If cell line does not require Matrigel inject the cell suspension 
as such.

 7. Some vector systems (T7Select1-1 and T7Select10-3 that 
display an average of 0.1–1 and 10 copies of peptides/phage 
particle, respectively) and the bacterial strains BLT5430 and 
BLT5615 require the induction of the expression of wild-
type capsid protein in bacteria to allow the assembly of the 
phage. This is done by the addition of isopropyl thiogalacto-
side (IPTG) to the bacterial growth medium. Add IPTG to a 
final concentration of 10 mM 45–60 min after inoculation of 
the diluted culture. We often amplify also the T7Select415-1b 
vector in the BLT5615 bacterial strain in the presence of 
IPTG to prepare mosaic phage to facilitate the phage 
assembly.

4.  Notes
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 8. One tumour can be divided into several aliquots after 
 preparation of the cell suspension for the ex vivo experiments.

 9. The volume of the library used for the first round of selection 
depends on the diversity and titre of the library. The first 
round should contain at least ten copies of each individual 
phage particles (i.e. ten times the diversity of the library).

 10. As a control phage, we use a non-recombinant phage T7Select 
415-1 (T7-negative control from Novagen), which displays 
the stuffer-encoded SSVD peptide.

 11. Since phage is very sticky you will get rid of all the phage that 
has bound to the walls of the tubes by transferring the cell 
suspension with bound phage to a new tube.

 12. The number of plaques should be 20–100/plate in order to 
accurately quantify the results. If the number of plaques is too 
low or too high the phage/tumour cell suspension can be 
retitrated the next day. Since the phage might slightly amplify 
during the overnight incubation even at 4°C prepare new 
titration for the all the phage simultaneously for comparable 
results.

 13. T7 is a lytic phage, which means that following the infection 
phage lyses the infected bacterial cells that results in the release 
of new phage particles to the culture medium (about 200 phage 
particles/infected cell). Top agar is used to prevent the escape of 
the released phage. Therefore, the phage will stay next to the 
lysed bacteria and infect the bacterial cells next to the dead cell 
resulting in a hole = plaque in the bacterial culture.

 14. Example of the calculation of the selection outputs.
Phage titre (number of infective phage particles in the 
solution):

Input Plaque count

Phage Dilution Plated (ml) Plate #1 Plate #2 Average Titre/ml (in)

T7 control 1:106

1:106
10
1

54
4

57
5

55.5
4.5

5.55 × 106

4.50 × 106

Phage of 
interest

1:106

1:106
10
1

45
3

40
5

42.5
4.0

4.25 × 106

4.00 × 106

Phage input (number of infective phage particles added to the 
experiment).

The total input of the phage is calculated by multiplying titre/ml 
with the volume of the phage solution added to the selection.

Phage Titre/ml (in) average Input volume (ml) Input

T7 control 5.03 × 106 200 1.01 × 109

Phage of interest 4.13 × 106 200 8.25 × 108
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Phage output (number of infective phage particles bound to 
the target).
Titre/ml is calculated by dividing average of the plaque count 
with the volumes of the diluted phage added to plates. Value 
for titre/ml is calculated by multiplying titre/ml with 1,000.

Output Plaque count

Phage Dilution Plated (ml) Plate #1 Plate #2 Average Titre/ml (out) Titre/ml 
(out)

T7 control 1:100 10 13 15 14 140 1.40 × 105

Phage of interest 1:100 10 167 173 170.0 1700 1.70 × 106

Relative value for output is calculated by dividing the “titre/
ml” of the output with the value of “phage input.” This rela-
tive value is comparable between different phage and differ-
ent experiments.

Phage Titre/ml (out) Out/in Versus control

T7 control 1.40 × 105 1.39 × 10−4 1

Phage of interest 1.70 × 106 2.06 × 10−3 14.79

In this example, the phage of interest binds almost 15-fold 
better to the tumour than the control phage

Phage output for the in vivo experiment: In an in vivo 
experiment, the mass of tumour cells must be taken into 
account. Titre/ml is divided by the weight of tumour cells to 
obtain value “output/g of tissue.” Then this value is divided 
by the input to obtain a relative value “output/(input*g) of 
tissue.” This value is a comparable selection output of differ-
ent phage and can be used to compare different selection 
rounds with each other. In an ex vivo selection, this is not 
necessary, because the tumour cells used in the experiment 
are divided equally between different samples.

Phage Titre/ml (out) Weight (g) Out/g of tissue Out/(in*g) of tissue Versus control

T7 control 1.40 × 105 0.109 1.28 × 106 1.28 × 10−3 1

Phage of interest 1.70 × 106 0.097 1.75 × 107 2.12 × 10−2 16.62

In this example, the phage of interest homes and binds 
almost 17-fold better to the tumour than the control phage.

 15. An individual phage can enrich in a phage pool due to selec-
tion or amplification. Enrichment by selection means that 
more phage will specifically home and bind to the tumour 
tissue each round due to the amplification of the phage that 
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resides in the tumour at the time of tumour excision. 
Enrichment by amplification means that empty phage or a 
phage displaying truncated peptide sequences amplifies more 
rapidly and takes over the phage pool. The enrichment of 
phage carrying truncated peptides may develop, for instance, 
from a random mutation in DNA encoding the displayed 
peptide.

 16. An example of a PCR to amplify the DNA sequence encoding 
the displayed peptide from the phage genome performed 
using Dynazyme II polymerase (Finnzymes) and primers 5¢-
AGC GGA CCA GAT TAT CGC TA-3¢ (forward) and 5¢-
AAC CCC TCA AGA CCC GTT TA-3¢ (reverse). 

Reagent 1× Reaction (ml)

Phage solution
10× Buffer
dNTPs
Forward primer (10 mM)
Reverse primer (10 mM)
dH2O
Dynazyme II

2.0
2.5
0.5
0.3
0.3
19.4
1.0

a1× TBS containing a picked phage from point (b) of step 3,  

Subheading 3.3.4.

 17. Procedure for preparing sequencing samples depends greatly 
on the equipment and services of your local sequencing facility. 
Therefore, no instructions are provided here. Sequencing can 
be performed, e.g. using the forward primer (see Note 16).

 18. Phage binds unspecifically to any surface to certain extent and 
therefore it is necessary to always assess the background of 
the binding or homing in your system using a control phage. 
Please note that the more phage you put into your system the 
more phage you will get out (this implies also for the control 
phage). The background in different organs will vary and 
therefore you will need to compare the homing of your phage 
to that of the control phage in different organs.

 19. If the peptide is conjugated to a fluorochrome, it might be 
visible in the tissue without further staining. If not enhance 
the staining using antibodies against the fluorochrome. Tissue 
can be stained with, e.g. markers for blood and lymphatic 
vasculature and tumour cells to localize the peptide within 
the tissue using the standard procedures. Please note that sys-
temically administered peptide will be secreted through the 
kidneys to the urine. Therefore, the peptide should always be 
visible in the kidney tubules. This will also serve as a control 
organ for a successful injection.
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Chapter 30

Measuring the Action of CPP–siRNA Conjugates in the Lung

Sterghios A. Moschos, Karen G. Spink, and Mark A. Lindsay 

Abstract

Two of the most promising and complex areas in biologics development, either as research tools or 
potential therapeutics, are cell-penetrating peptides (CPPs) and RNA interference (RNAi) modulators. 
Consequently, the combined application of these technologies in pursuit of improved delivery profiles for 
RNAi cargoes presents its own unique challenges. Direct access to the targeted tissue is luxury not always 
available to the researcher; however, the example of lung presents an excellent opportunity for presenting 
methodologies relevant to understanding the local impact of CPP-conjugated RNAi modulators. This 
chapter therefore expands upon updated protocols established on the study of the function of endoge-
nous RNAi and the utility of CPPs in the delivery of short interfering RNA (siRNA) to therapeutically 
relevant cells in the lung. Methods for sample collection, preservation, and processing are provided with 
a view to facilitate qualitative and quantitative analysis of delivery. In addition, a protocol for mapping 
siRNA delivery by in situ hybridisation is provided.

Key words: CPP, siRNA, Lung, RNA extraction, Protein extraction, In situ hybridisation, In vivo 
siRNA quantification

Historically, cell-penetrating peptide (CPP) utility in the delivery 
of biological cargoes has been successful pre-clinically with a wide 
variety of protein and peptide cargoes conjugates (1). These 
modalities were understood to achieve cellular uptake through a 
variety of mechanisms that depend upon the CPP design and 
commonly involved a few CPPs per cargo molecule. In stark 
contrast, while some early claims of success in delivering antisense 
and short interfering RNA (siRNA) in vitro were reported, better 
appreciation of cargo physicochemical properties and purification 
procedures suggested that CPP conjugation onto oligonucle-
otides was insufficient for delivery in vitro and in vivo (2, 3).

1.  Introduction

Ülo Langel (ed.), Cell-Penetrating Peptides: Methods and Protocols, Methods in Molecular Biology, vol. 683,
DOI 10.1007/978-1-60761-919-2_30, © Springer Science+Business Media, LLC 2011
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Moreover, in vivo evidence indicated that the particular 
uptake mechanism accessed by a CPP might result in unforesee-
able adverse effects such as immunostimulation. Crucially, these 
may not necessarily manifest when either a given CPP or the 
unconjugated cargo is independently administered, or when 
different CPPs are assessed for the same cargo, probably due to 
the different intracellular compartments accessed (4). These 
phenomena are believed to be driven through toll-like receptor 
(TLR) recognition of activating motifs on oligonucleotide cargoes, 
and directed by the presence of relevant TLRs in the internalisa-
tion compartments accessed by the given delivery system (5). 
Studies with siRNAs incorporating nucleoside analogues such as 
2’-OMe have been shown to address parts of the known immu-
nostimulatory mechanisms (e.g. TLR7/8) (6). Others, however, 
are less well understood (e.g. TLR3) (7–10). An alternative 
approach is to mask the physicochemical properties and activation 
motifs of siRNA by using defined protein scaffolds with dsRNA 
binding motifs, which are themselves tagged with CPPs (11). 
Alternatively, the use of amphipathic peptides that complex with 
oligonucleotides such as siRNA can mediate in vitro delivery and 
bioactivity (12). While promising, these advances may yet harbour 
risks of TLR and associated receptor activation pathways. Thus, 
in vivo studies of CPP–siRNA delivery should not only aim at 
measuring target RNA and protein (if relevant) knockdown, but 
also evaluate off-target effects including local and systemic 
immune stimulation. There is a plethora of techniques available 
for measuring the levels of RNA and proteins of interest. In this 
chapter, we have thus focused on describing protocols which have 
been found to reliably produce materials suitable for most analytical 
techniques. We also present considerations in the application of 
commonly used techniques for avoiding false-positive/-negative 
results. In the same context, a method for the qualitative analysis 
of siRNA uptake is described.

Tissue collection should be carried out according to experi-
mental requirements (e.g. perfusion, bronchoalveolar lavage, 
etc.). Generally, it is advisable to remove all non-lung tissues that 
should not contribute to readout, e.g. blood, connective tissue, 
etc. One approach for achieving multiple readouts from the same 
animal lung is to tie off particular lobes and treat them indepen-
dently, if possible. A caveat to this is that dose deposition is depen-
dant on the administration method. There are conflicting reports 
in the literature with regard to access to the lower airways 
following intranasal administration of siRNA (e.g. (13–15)). 
Consequently, it is advisable to pursue intratracheal administra-
tion. This, however, requires considerable experience for successful 
implementation as it is easy for the inexperienced in vivo biologist 
to accidentally inject materials in the oesophagus or damage the 
trachea. In contrast to intranasal administration, repeated intra-
tracheal administrations can cause inflammatory responses in the 
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airways (Belvisi, M. and Birrel, M., unpublished data). Typically, 
dosing is restricted to not more than twice daily and up to three 
administrations over 3 days. The simplest method, achieving con-
comitantly the most even deposition across lobes, is aerosol 
administration. However, this is at a considerable cost of materi-
als due to >90% product loss during the aerosolisation process. 
This can be controlled to an extent using small, needle-type neb-
ulisation devices (e.g. Penn-Century). These are suitable for rela-
tively large volumes, which consequently makes them practical for 
rat or larger laboratory species.

The primary readout of any RNA interference (RNAi) experi-
ment is target RNA knockdown by either absolute or relative 
quantification. As the bottleneck of RNAi is believed to be effi-
cient delivery, quantification of the siRNA in the tissue of interest 
is also of scientific interest. In our experience, the most sensitive 
and highest throughput methodology available for these purposes 
is RT-qPCR. Adaptation of the miRNA qPCR method proposed 
by Raymond et al. is simple and suitable for siRNA quantification 
in tissue RNA extracts (16). There is a variety of commercially 
available solutions for transcript quantification which are outside 
the remit of this chapter; however, a number of important param-
eters in successful implementation and interpretation of any of 
these techniques will be discussed.

As strain-to-strain polymorphisms occasionally impact upon 
assay functionality, qPCR primer-probe sets should be either vali-
dated in-house using reference RNA material from the animal 
strain in question or the target itself should be sequenced to con-
firm conformity with published sequences. Equally, it is impor-
tant to confirm by sequencing that the siRNA to be used can 
catalyse the restriction of the target in the specific strain; though 
very rare, target site polymorphisms between cell lines and ani-
mals leading to inactive siRNAs in vivo have been anecdotally 
reported. Careful consideration must also be applied on the 
choice of primer-probe set location. As the degradation rates of 
the 5¢ and 3¢ fragments generated by RISC slicer activity may dif-
fer, the co-ordinates of the qPCR assay should ideally span the 
restriction site to avoid under-estimation of knockdown efficacy. 
An often overlooked component is also baseline expression vari-
ability for the targeted transcript. Determination of this in more 
than ten subjects will permit power analysis and appropriate 
experimental design (experimental group n numbers), thus ensur-
ing statistically significant observation of experimental knock-
down efficacy. Of the various approaches in quantifying qPCR 
amplicon levels, we prefer the 2−DDCt method for endogenously 
expressed genes (17). The Raymond et al. siRNA RT-qPCR 
method relies on standard curves of siRNA cDNA material (16). 
This relies on 3¢-end antisense strand hybridisation for reverse 
transcription (RT). In our experience, synthetic RNA templates 
harbouring RNase-resistant nucleosides exhibit different RT 
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efficiencies, and this is particularly true for high TM-inducing 
modifications such as locked nucleic acid (LNA). Consequently, 
the user is advised to quantify siRNA delivery using synthetic 
template harbouring nucleoside modifications identical to the 
material administered in vivo. The presence of other RNA 
increases background levels and thus siRNA RT-qPCR assay sen-
sitivity, and dynamic range must be established in isolation and in 
presence of fixed amounts of total RNA from tissue extracts.

Following confirmation of RNA knockdown, target protein 
levels, if relevant, are evaluated. This can be performed using stan-
dard methodologies with variable sensitivity such as western blot-
ting, enzyme-linked immunosorbent assay (ELISA), or through 
quantitative immunohistochemistry. All these require careful pres-
ervation of samples to ensure minimal protein degradation. We 
thus have provided a suitable tissue preservation methodology, 
and provide standard RNA extraction protocol adaptations that 
result in either intact or denatured protein extraction.

siRNA off-target effects are currently believed to manifest in 
terms of non-specific target knockdown (mRNA level) and 
immune stimulation. The former is best characterised through 
genome-wide gene expression quantification approaches. A vari-
ety of custom and commercially available solutions are available 
to the researcher; however, the most informative is deep sequenc-
ing (for a review of the area see (18)). Global gene expression 
analysis should be followed by bioinformatic and, if necessary, 
proteomic validation of the potential impact of these changes. 
This is especially important if components within the pathway 
targeted are also observed to be affected at the transcriptomic 
level (rheostat hypothesis). Immune stimulation can be moni-
tored locally (tissue of interest) or systemically (serum). There are 
currently no commonly accepted, highly sensitive markers and 
appropriate timepoints post-dosing for detecting immunostimu-
lation. Data from multiple laboratories indicate that siRNA-
induced inflammatory response nature and kinetics are driven by 
the delivery system (4–6, 19–21). Consequently, there is no sin-
gle inflammation biomarker or timepoint that can reliably report 
such events. In our experience, monitoring of several markers 
[e.g. IL-6, IL-8 (KC in mouse), GM-CSF, TNF-alpha, IFN-
alpha, IFN-beta, IFN-gamma, IL-12 p40] at regular intervals (at 
least every 6 h over a 48 h period) is required to ensure the lack 
of innate immunity activation.

The advent of molecular beacon technologies has prompted 
the use of small molecule fluorophores by us and others for the 
detection of siRNA delivery in vivo both in specific cells and 
across the entire animal (4, 22). It is now generally accepted that 
small lipophilic modifications such as cholesterol can mediate the 
delivery of siRNA in vivo, even on mucosal surfaces (23). This 
raises the question of the contribution of fluorophores, which can 
be of similar lipophilicity and MW as cholesterol, on delivery 
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mechanisms. Use of more hydrophilic fluorophores such as sulfi-
nated Cy5 (GE Healthcare, UK) can in part address this; how-
ever, detailed studies are lacking on the matter. Consequently, the 
most reliable approach is the post-experimental validation of 
siRNA uptake by in situ hybridisation. Such protocols have been 
developed for microRNA expression analysis (24), and custom 
probes for siRNA detection using LNA bases are commercially 
available.

Numerous kits and compounds are also available commercially 
for total and small RNA, as well as protein extraction. The RNA 
extraction protocol in this chapter is a modified version of that 
provided by the supplier and has consistently yielded high-quality 
material from lung tissue [yield (± SD): 120 ± 40 mg; purity (A260/
A280): 1.9 ± 0.1]. Moreover, spiked siRNA recovery typically 
ranges in 97–99% so long as the biological sample is not over-
loaded with synthetic material, consequently exceeding the load-
ing capacity of the spin column used.

 1. RNAlater® or RNAlater®-ICE (Ambion, UK).
 2. 5 ml bijoux containers.
 3. 70% EtOH.
 4. Dissection scissors, blunt ended.
 5. Forceps, serrated, blunt ended.
 6. Sterile scalpel.
 7. Dissection pins.

 1. Nuclease-free water (Promega, UK).
 2. Ice.
 3. Electronic rotor–stator homogeniser.
 4. 100% ethanol, molecular biology grade.
 5. mirVana™ or mirVana™ PARIS™ kits (Ambion, UK).
 6. 1.5 and 2.0 ml microfuge tubes, certified nuclease free.
 7. Barrier tips, certified nuclease free (see Note 1).

 1. Protease inhibitor-supplemented 1× RIPA buffer [25 mg/ml 
aprotinin (Sigma, UK), 10 mg/ml leupeptin (Sigma), 10 mg/ml 
pepstatin A (Sigma), 5 mM DTT (Sigma), 0.5 mM PMSF 
(Sigma), 2 mM Na orthovanadate (Sigma), 1.25 mM NaFl 
(Sigma), 1 mM Na pyrophosphate (Sigma), 25 mM Tris–HCl 
(Sigma), 75 mM NaCl (Sigma), 0.5% v/v Triton-X-100 (Sigma), 
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0.05% w/v SDS (Sigma), 0.25% Deoxycholic acid (Sigma), 5 mM 
EDTA (Sigma)] (see Note 2).

 2. Autoclaved 2 ml microfuge tubes and/or 5 ml bijoux (for 
larger tissues).

 1. 70% EtOH.
 2. Dissection scissors, blunt ended.
 3. Forceps, serrated, blunt ended.
 4. 2× small bent, serrated blunt-ended forceps.
 5. Dissection pins.
 6. Surgical thread.
 7. Cannulas for mouse tracheas.
 8. Microscissors.
 9. 10% neutral-buffered formalin (Surgipath, UK).
 10. 1 ml syringe.
 11. Histological specimen containers filled 50–75 ml of neutral-

buffered formalin (Surgipath).
 12. 4% paraformaldehyde (Sigma, UK) in PBS.
 13. Proteinase K buffer [10 mg/ml proteinase K (Sigma) in PBS].
 14. Hybridisation buffer [50% formamide (Sigma), 5× SSC buf-

fer (Sigma), 250 mg/ml yeast RNA (Ambion), 1× Denhardt’s 
solution (Sigma) in DEPC-treated water (Sigma)].

 15. Stringency buffer (50% formamide, 5× SSC buffer in DEPC-
treated water).

 16. Blocking buffer (10% sheep serum in PBS).
 17. Custom, miRNA-16 (positive control) and scrambled (nega-

tive control) locked nucleic acid probes (LNA) for the siRNA 
used, dual digoxigenin (DIG)-labelled (Exiqon, Denmark).

 18. Sheep anti-DIG fAb fragments, alkaline phosphatase (AP)-
labelled (Roche Diagnostics, UK).

 19. AP-substrate BCIP/NBT substrate kit (Vector Laboratories, 
UK).

 20. Aqueous mounting media (DAKO, Denmark).

The protocols described herein were developed on BALB/c 
mouse lung experiments, and assume experience in standard necropsy 
procedures and basic histological techniques (formalin fixation 

2.4. Histological 
Assessment of siRNA 
Delivery by In Situ 
Hybridisation

3.  Methods
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followed by paraffin embedding, sectioning and cryosectioning). 
Procedures and compounds are expected to perform equally 
efficiently in other mouse strains and across other species using 
standard allometric scaling methodologies (e.g. tenfold scaling 
between mouse and rat, etc.). The performance of commonly 
used analytical assays has been found to be comparable with sub-
strates purified from different tissue types. Extraction procedures, 
however, may require a degree of optimisation for tissues with 
significant structural differences, e.g. fibrous tissues.

 1. Under terminal anaesthesia, pin down the animal through the 
footpads.

 2. Wet the ventral surface of the mouse with 70% EtOH to 
sterilise.

 3. Working carefully, expose to the thoracic cavity.
 4. Using blunt forceps, raise the lung lobes and detach from the 

spine by carefully snipping away connective tissue.
 5. Blot any blood from the lungs, and remove any non-lung tissue 

(e.g. trachea, heart, thymus, oesophagus, connective tissue, etc.).
 6. Rinse the lungs in PBS, blot dry, and weigh out. Record the 

weight.
 7. Using a sterile scalpel, dice the lungs into <1 mm3 pieces.
 8. Place the diced lungs into a large excess of RNAlater® in a 

5 ml bijoux container (see Note 3).
 9. Shake vigorously to mix tissue and ensure thorough access of 

the preserving solution. Ensure all tissue fragments are sub-
merged following mixing.

 10. Store overnight at 4°C, then transfer to −20°C or, preferably 
to −80°C (see Note 4).

 1. Remove samples from storage and thaw on ice (see Note 5).
 2. Once the solution is fully thawed, blot dry the tissue, weigh 

it, and transfer it into a 2 ml microfuge tube.
 3. Add 1 ml lysis buffer per 100 mg tissue. The total volume is 

now 1.1× the lysis buffer used (volume A).
 4. Working on ice, homogenise the tissue using a rotor–stator 

homogeniser (e.g. Ultraturrax) with an appropriate probe 
size (see Note 6).

 5. Add miRNA homogenate additive at a volume equal to one-
tenth of the total homogenate volume (volume A).

 6. Mix by inversion.
 7. Transfer the homogenate to wet ice and process the next 

tissue.

3.1. Tissue 
Preservation for RNA 
or Protein Extraction

3.2. Total Tissue RNA 
Extraction and 
Purification Using a 
Modified Protocol  
of the mirVana™  
(or mirVana PARIS™) 
Kit
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 8. Upon completion of the tissue batch, incubate on ice for 
<30 min.

 9. If the homogenate volume is >0.8 ml, then split it equally 
across two microfuge tubes.

 10. Add acid/phenol chloroform at a volume equal to that of the 
total homogenate volume (volume A; if the sample has been split 
across two tubes, each tube should receive 0.5× volume A).

 11. Vortex for 60 s (note: allowing for a significant air pocket in 
the tube improves vortexing. Tubes may need shaking to start 
mixing as the interphase may be quite stable. We have found 
that vortexing for at least 60 s ensures thorough mixing and 
good purification).

 12. Allow to stand for 15 min to ensure complete dissociation of 
ribonucleoprotein complexes.

 13. Centrifuge at 15,000 × g for 15 min at 4°C (see Note 7).
 14. Measuring the volume (volume B), carefully transfer the 

upper, aqueous phase into a fresh 2 ml microfuge tube. Do 
not disturb the interphase (see Note 8).

 15. If the aqueous phase is >0.8 ml, then split it equally across 
two microfuge tubes.

 16. Start heating your elution solution of choice to 95°C (see 
Note 9).

 17. Add to the aqueous phase 1.25× volumes of 100% EtOH 
(volume B; if the sample has been split across two tubes, each 
tube should receive 0.625× volume B).

 18. Mix by vortexing for 10 s.
 19. Assemble a filter cartridge and collection tube per tissue. 

Process the aqueous phase-ethanol mixture in 0.7 ml batches 
by centrifugation at <9,900 × g for 15 s at 4°C. Discard the 
flow-through.

 20. Add 0.7 ml of wash solution 1 to the filter cartridges, centri-
fuge at 9,900 × g for 15 s at 4°C, and discard the flow-
through.

 21. Repeat this wash twice more with 0.5 ml of wash solution 2.
 22. Dry the cartridge by centrifugation at 9,900 × g for 1 min 

at 4°C.
 23. Place the cartridge into a fresh collection tube, and dispense 

0.1 ml of pre-heated elution solution at the centre of the 
cartridge.

 24. Centrifuge at 15,000 × g for 30 s at 4°C.
 25. Obtain spectrophotometric readings at 260 and 280 nm to 

assess yield and quality of the purified RNA (see Note 10).
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 1. Remove samples from storage and thaw on ice (see Note 5).
 2. Once the solution is fully thawed, blot dry the tissue, weigh 

it, and transfer it into a 2 ml microfuge tube.
 3. Add 1 ml of 1× RIPA buffer per 100 mg tissue (see Note 11).
 4. Working on ice, homogenise the tissue using a rotor/stator 

homogeniser with an appropriate probe size.
 5. Transfer the mixture to microfuge tubes if necessary and 

allow settling for <60 min on wet ice.
 6. Centrifuge at 3,500 × g for 20 min, 4°C.
 7. Transfer the supernatant to fresh microfuge tubes and centri-

fuge at 21,000 × g for 40 min at 4°C.
 8. Transfer the supernatant to fresh microfuge tubes and quan-

tify protein yield (e.g. Bradford assay, Biorad).

 1. Follow standard formalin fixation and paraffin embedding 
(FFPE) procedures to prepare inflated lungs from animals 
treated with CPP–siRNA (see Note 12).

 2. Cut 10 mm thick sections and fix in 4% paraformaldehyde 
(Sigma) in PBS for 10 min.

 3. Wash three times in PBS for 2 min per wash.
 4. Incubate the sections with 10 mg/ml proteinase K in PBS for 

10 min at room temperature.
 5. Fix again in 4% paraformaldehyde.
 6. Wash three times in PBS for 10 min at room temperature.
 7. Pre-hybridise in hybridisation buffer for 1 h at room tempera-

ture in a humidifying chamber.
 8. Pre-incubate the LNA probes at 65°C for 5 min and immedi-

ately place on ice.
 9. Decant the hybridisation buffer from the sections.
 10. Prepare LNA probes at 2 mM in hybridisation buffer, cover 

the sections, and incubate in a humidifying chamber at 50°C 
for 18 h.

 11. Wash the sections twice for 45 min in stringency buffer 
warmed to 50°C.

 12. Wash the sections three times in PBS at room temperature.
 13. Incubate in blocking buffer for 1 h at room temperature.
 14. Prepare sheep anti-DIG fAb fragments (Roche Diagnostics) 

labelled with AP, diluted 1:5,000 in blocking buffer, and 
incubate for 2 h at room temperature.

 15. Wash three times for 2 min in PBS.
 16. Incubate with AP-substrate BCIP/NBT substrate for 12 h at 

room temperature in a humidifying chamber.

3.3. Total Tissue 
Protein Extraction

3.4. Histological 
Assessment of siRNA 
Delivery by In Situ 
Hybridisation
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 17. Wash twice in PBS and once in water.
 18. Mount with aqueous mounting media.
 19. Document the histological sections according to available 

equipment.

 1. Use of barrier tips is required only after phase separation of 
RNA. It is however good practice to use nuclease-free dispos-
ables throughout the process.

 2. Prepare stock protease inhibitor mix according to Table 1. 
637.5 ml of this can then be diluted to 10 ml of 1× RIPA buf-
fer, by preparing 2× stock of RIPA buffer according to 
Table 2.

 3. Volumes typically used are 1–1.5 ml per 100 mg of tissue.
 4. We have not systematically tested RNA and protein stability at 

different temperatures and store at −80°C as a matter of course. 

4.  Notes

Table 1 
Protease inhibitor mix stock (15.7×) preparation

Inhibitor Stock concentration Aliquot (ml) Dilution factor Final concentration

Aprotinin 4 mg/ml 62.5 1:160 25 mg/ml

Leupeptin 4 mg/ml 25 1:400 10 mg/ml

Pepstatin A 
(methanol)

4 mg/ml 25 1:400 10 mg/ml

DTT 1 M (154.25 mg/ 
ml)

50 1:200 5 mM

PMSFa 100 mM  
(17.42 mg/ml)

50 1:200 0.5 mM

Na orthovanadate 100 mM  
(18.39 mg/ml)

200 1:50 2 mM

Na fluoride 100 mM  
(4.2 mg/ml)

125 1:80 1.25 mM

Na pyrophosphate 100 mM  
(221.94 mg/ml)

100 1:100 1 mM

Total volume 637.5

All individual components should be prepared in deionised water unless otherwise specified, aliquoted, and stored at 
−20°C or lessaPrepare in isopropanol
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The impact of accidental prolonged storage at room temperature 
or 4°C on RNA stability can be determined by either poly-
acrylamide or capillary gel electrophoresis. Alternatively, 18S 
levels determined by RT-PCR for a given amount of RNA per 
RT reaction can be a reliable indicator of RNA stability. We 
have observed significant impact on qPCR data quality and 
reliability when 18S measurement drop by >4 Ct.

 5. RNAlater ® does not always freeze at −20°C. This has not 
been found to compromise RNA or protein stability. If sam-
ples were flash frozen in liquid nitrogen and stored dry, trans-
fer them to RNAlater ®-ICE (1.0–1.5 ml per 100 mg tissue 
weight for known weights, 2 ml if tissue weight is unknown) 
and allow to thaw on ice.

 6. Start at low speeds and progress to full speed. Ensure that all 
tissue fragments are thoroughly homogenised and use pointed 
forceps to dislodge any pieces in the probe. Thorough homoge-
nisation can be assisted by moving the probe vertically.

 7. Increase the speed to 20,000 × g or more if the resulting inter-
phase is not compact. When processing multiple tissues, the 
interphase may loosen up. Repeat the centrifugation process 
if needed.

 8. This can be recovered if required using standard protocols 
available for Tri Reagent (Sigma, UK). The lower, oily phase 
contains protein which can be recovered using standard Tri 
Reagent methodologies.

 9. RNase-free water is recommended as this does not impact 
upon downstream reactions.

Table 2 
Stock RIPA buffer (2×) recipe: protease inhibitor mix stock 
(15.7×) preparation

Stock Volume used Final concentration

Tris–HCl pH 6.8 (1 M) 5 ml 50 mM

NaCl (1 M) 15 ml 150 mM

Triton-X-100 1 ml 1%

10% SDS 1 ml 0.1%

Deoxycholic acid 500 mg 0.5%

EDTA (0.5 M) 2 ml 0.01 M

Deionised water 75 ml

Total volume 100 ml
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 10. 1:50 dilutions in RNase-free water appropriate for plate-based 
UV readers. Typical purifications result in ~1 mg/ml RNA 
per 100 mg tissue and A260/A280 ratios of ~1.9.

 11. Alternatively, the oil phase from a phenol–chloroform extrac-
tion using a mirVana®/mirVana® PARIS kit or part of the ini-
tial tissue homogenate of a mirVana® PARIS kit can be used. 
The oil phase contains denatured protein, whereas the tissue 
homogenate contains no denaturing agents and importantly, 
no protease inhibitors. It is, therefore, essential to work this 
material on ice and supplement it with concentrated RIPA 
buffer (with protease inhibitors) to achieve a final 1× RIPA 
buffer concentration and minimise protein degradation. For 
best results, proceed with rotor–stator homogenisation.

 12. It is essential to perform tissue inflation with the fixative to 
ensure lung structure is retained. Ensure the use of RNase-
free solutions and equipment treated against RNase contami-
nation with, e.g. 0.1% diethylpyrocarbonate or RNaseZAP® 
(Ambion, UK), and minimise the duration of processing at 
high temperatures, as this carries a risk of siRNA degradation. 
An alternative approach is inflation and/or perfusion (as 
appropriate) of the tissue with 50% O.C.T. compound 
(Tissue-Tek, UK) in PBS at 37°C, followed by embedding 
and freezing over liquid nitrogen gas. This is performed by 
placing the inflated/perfused tissue on a piece of cardboard, 
covering it with 50% O.C.T. compound, and holding ~0.5 in. 
above liquid nitrogen until the compound freezes, where-
upon it can be safely dropped into liquid nitrogen without 
the tissue cracking. This cryopreservation method to date 
remains the most efficient at retaining tissue structure. 
Cryosectioning should be followed by dehydration in 95% 
EtOH for 10 min at room temperature and drying in a room 
temperature dessicator for 20 min. Further processing for 
ISH should continue from step 2 onwards.
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Chapter 31

Intracellular Delivery of Nanoparticles with CPPs

Rupa Sawant and Vladimir Torchilin 

Abstract

Cell-penetrating peptides (CPPs), in particular TATp, have been widely used for intracellular delivery of 
various cargoes, both in vitro and in vivo. Modifications of nanoparticles with CPPs require either cova-
lent or noncovalent approach. Here we describe various methods to attach CPP, such as TATp to surface 
of nanocarriers (such as liposomes and micelles), loading with drug or DNA and characterization of same 
for in vitro and in vivo applications. Due to nonselectivity of CPPs and wide distribution in nontarget 
areas, method for preparation of “smart” nanocarrier with hidden TATp function is also described.

Key words: CPP, Liposomes, Micelles, Nanoparticles, “Smart” Drug Delivery System, TATp, pH 
sensitive, DNA

Efficient intracellular delivery of therapeutic molecules still 
remains a challenging task. In particular, very few attempts have 
been made to deliver drugs or drug-loaded nanocarriers directly 
into the cell cytoplasm bypassing the endocytic pathway. Successful 
intracellular delivery is especially important in the case of many 
peptide and protein-based agents and also for gene delivery to 
target certain cellular functions.

Over the last decade, cell-penetrating peptides (CPPs) have 
shown some potential for overcoming the cellular barrier for 
intracellular drug delivery (1). Such peptides usually contain 
domains of less than 20 amino acids that are highly rich in basic 
residues. These peptides include Antennapedia (Antp) (2), VP22 
(3), transportan (4), model amphipathic peptide MAP (5), signal 
sequence-based peptides (6), and synthetic polyarginines (7), 
such as R9 analog of TAT (R9-TAT), HIV-1 Rev (34–50), flock 
house virus coat (35–49) peptide, and DNA-binding peptides 

1.  Introduction

Ülo Langel (ed.), Cell-Penetrating Peptides: Methods and Protocols, Methods in Molecular Biology, vol. 683,
DOI 10.1007/978-1-60761-919-2_31, © Springer Science+Business Media, LLC 2011
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such as c-Fos (139–164), c-Jun (252–279), and yeast GCN4 
(231–152). These peptides have been used for intracellular 
delivery of various cargoes with molecular weights significantly 
higher than their own (8). In early studies it was demonstrated 
that dextran-coated superparamagnetic iron oxide particles 
(CLIO) coupled with TATp (48–57) provided efficient labeling 
of cells, and thus could serve as a tool for magnetic resonance 
imaging (9). The uptake of TATp-CLIO nanoparticles by cells 
was about 100-fold higher than that of nonmodified iron oxide 
particles. CPPs have proven to be successful for delivery of pro-
tein (10–12), antibodies that are usually difficult to deliver into 
cells (13, 14) as well as for small molecule drugs (15, 16). CPPs 
are also useful as nonviral gene delivery systems and can be fur-
ther modified to promote endosomal escape, thus preventing 
degradation and allowing nucleic acid to reach nuclear targets 
(17, 18). RNAi technology has also been improved with CPP-
mediated delivery of SiRNA (19, 20).

TATp, derived from the transcriptional activator protein 
encoded by human immunodeficiency virus type I (HIV-1), has 
received a great deal of attention (21). Both in vitro and in vivo 
studies have shown that by covalently linking TATp to nearly any 
drug class, including hydrophilic compounds and large protein 
molecules (MW > 150 kDa), it was able to transduce the attached 
cargoes into cells of all organ types including the brain (22, 23). 
Indeed, rapid and receptor-independent uptake of TAT-
conjugated peptides has been demonstrated to occur in many cell 
types and animals (24, 25). TATp-mediated cytoplasmic uptake 
of polymers, plasmid DNA (26–29), nanoparticles (30–34), lipo-
somes (35–37), and micelles (38, 39) has been reported. TATp-
modified nanoparticles have also been investigated for their 
capability to deliver diagnostic and therapeutic agents across the 
blood–brain barrier. For in vivo bioimaging, TATp-FITC-doped 
silica nanoparticles (FSNPs) were administered intra-arterially to 
the brain of rats. TATp-conjugated FSNPs labeled the brain blood 
vessels, showing the potential for delivering agents to the brain 
without compromising the blood–brain barrier (40). TATp-
functionalized boron carbide nanoparticles were translocated into 
murine EL4 lymphoma cells and B16F10 melanoma cells, which 
can be used for boron neutron capture therapy (41).

The most popular and well-investigated drug carriers are 
liposomes (mainly, for water-soluble drugs) and micelles (for 
poorly soluble drugs). Liposomes are artificial phospholipid vesi-
cles with size varying from 50 to 1,000 nm and greater, which can 
be loaded with a variety of drugs and are considered as promising 
drug carriers (42, 43). Further, addition of polyethylene glycol 
(PEG) coating renders these liposomes long-circulating (the abil-
ity to stay in the blood for a prolonged period) (44) so as to allow 
accumulation in various pathological areas with  compromised 
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(leaky) vasculature, such as tumors. It has been proven that (45) 
such long-circulating liposomes can be “targeted” with antibod-
ies or other specific binding molecules attached to the water-
exposed tips of PEG chains (46).

Micelles, including polymeric micelles, are widely gaining 
interest as pharmaceutical carriers due to their small size (10–
100 nm), in vivo stability, ability to solubilize water-insoluble 
anticancer drugs, and prolonged blood circulation times (47, 48). 
The typical core shell structure of polymeric micelles is formed by 
self-assembly of amphiphilic block copolymers consisting of 
hydrophilic and hydrophobic monomer units in aqueous media 
(47). The use of special amphiphilic molecules as micelle building 
blocks can also introduce the property of micelle extended blood 
half-life upon intravenous administration. Such block copolymer 
micelles can also target their payload to specific tissues through 
either passive or active means. Passive targeting is due to their 
small micellar size which assists in spontaneous penetration into 
the interstitium into compartments with the leaky vasculature 
(tumors and infarcts) by the enhanced permeability and retention 
(EPR) effect (47–50). Active targeting can be achieved by attach-
ment of target-specific molecules to their surface (47, 48). 
Micelles made of PEG-phosphatidylethanolamine (PEG-PE) are 
of special interest. Here, the use of lipid moieties as hydrophobic 
blocks capping hydrophilic polymer (such as PEG) chains can 
provide additional advantages for particle stability when com-
pared with conventional amphiphilic polymer micelles due to the 
existence of two fatty acid acyls, which might contribute consid-
erably to an increase in the hydrophobic interactions between the 
polymeric chains in the micelle core (51). PEG-PE micelles dem-
onstrate good stability, longevity, and an ability to accumulate in 
areas with a damaged vasculature (EPR effect in leaky areas, such 
as infarcts and tumors) (51, 52). All versions of PEG-PE conjugates 
form micelles with a spherical shape, uniform size distribution 
(7–35 nm), and with very low critical micelle concentration values 
(in a high nanomolar to low micromolar range) because of the strong 
hydrophobic interactions between double acyl chains of phospho-
lipid residues. These micelles are structured in such a way that the 
outer PEG corona, known to be highly water soluble and highly 
hydrated, serves as an efficient steric protector in biological media. 
On the other hand, the phospholipid residues, which represent 
the micelle core, are extremely hydrophobic and can solubilize 
various poorly soluble drugs including paclitaxel, camptothecin, 
porphyrine, tamoxifen, vitamin K3, and others (53–55).

There are many examples in the literature using TATp-
modified liposomes and micelles. TATp (47–57)-modified lipo-
somes were delivered intracellularly in different cells, such as 
murine Lewis lung carcinoma (LLC), human breast tumor 
(BT20), and rat cardiac myocyte (H9C2) (35). The liposomes were 
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tagged with TATp via the spacer, p-nitrophenylcarbonyl-PEG-PE, 
at a density of a few hundreds of TATp per single liposome vesi-
cle. The preparations of TATp-liposomes, which allowed for the 
direct contact of TATp residues with cells, displayed an enhanced 
cellular uptake. This suggested that the translocation of TATp-
liposomes into cells required direct free interaction of TATp with 
the cell surface. It was found that the translocation of liposomes 
by TATp or penetratin was proportional to the number of peptide 
molecules attached to the liposomal surface. As few as five peptide 
number was sufficient to enhance the intracellular delivery of 
liposomes. The kinetics of the uptake was peptide-and cell-type 
dependent (56). Coupling of TATp to the outer surface of lipo-
somes resulted in an enhanced binding and endocytosis of the 
liposomes in ovarian carcinoma cells (36). TATp liposomes pre-
pared with the addition of a small quantity of cationic lipid 
(DOTAP) were used to form noncovalent complexes with DNA. 
Such TATp-liposome-DNA complexes when incubated with 
mouse fibroblast (NIH 3T3) and cardiac myocytes (H9C2) 
showed substantially higher transfection both in vitro and in vivo, 
with lower cytotoxicity than the commonly used Lipofectin® (57). 
We have also recently shown that TATp-lipoplexes exhibited 
enhanced delivery of pEGFP-N1 to U-87 MG tumor cells in vitro 
at lipid/DNA (+/−) charge ratios of 5 and 10. Such lipoplexes 
showed enhanced delivery of pEGFP-N1 selectively to tumor 
cells (58). Another example is gene delivery into immunocompe-
tent cells to modulate immune response. Antigen- presenting 
cells (APC) are among the most important cells of the immune 
system since they link the innate and the adaptative immune 
responses, directing the type of immune response to be elicited. 
However, APC are very resistant to transfection. To increase the 
efficiency of APC transfection, we have used liposome-based lipo-
plexes additionally modified with cell-penetrating TATp for bet-
ter intracellular delivery of a model plasmid encoding for the 
enhanced-green fluorescent protein (pEGFP). pEGFP-bearing 
lipoplexes made of a mixture of PC:Chol:DOTAP (60:30:10 
molar ratio) with the addition of 2% mol of PEG-PE conjugate 
(plain-L) or TATp-PEG-PE (TATp-L) were shown to effectively 
protect the incorporated DNA from degradation. Uptake assays 
of rhodamine-labeled lipoplexes and transfections with the EGFP 
reporter gene were performed with APC derived from the mouse 
spleen. TATp-L-based lipoplexes allowed for significantly 
enhanced both, the uptake and transfection in APC (59).

Quantum dots trapped within PEG-PE micelles bearing 
TATp-PEG-PE linker were successfully applied for labeling mouse 
endothelial cells in vitro. For in vivo tracking, bone marrow-
derived progenitor cells were labeled with TATp-bearing quan-
tum dot-containing micelle ex vivo, and then injected in the 
mouse bearing tumor in a cranial window model. It was then pos-
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sible to track the movement of the labeled progenitor cells to 
tumor endothelium, providing some understanding of the fine 
details of tumor neovascularization (60). Several examples related 
to the intracellular delivery of pharmaceutical nanocarriers by 
CPPs are presented in Table 1.

A variety of uptake mechanisms appear to be involved within 
different systems, and in some cases, the mechanism is cell-type or 
cargo-specific (73). A recent mechanism proposed for CPP-
conjugated large cargoes (MW > 30,000 Da) is nonclathrin, non-
caveolar endocytosis, called macropinocytosis (74). The important 
step in uptake appears to be via surface adsorption and the bind-
ing of the cationic TATp to the anionic heparan sulfate on the cell 
surface, because TATp-mediated cell translocation of the attached 
cargoes was completely inhibited in the presence of heparin, hep-
aran, or dextran sulfate (75).

The main limitation in CPP-mediated delivery of biologically 
active molecules is the sequestration and entrapment of the major-
ity of internalized material within endocytic vesicles. In certain 
cases it is necessary that these molecules reach their target which 
can be located in certain cellular organelles. A variety of tools to 
enhance the endosomal escape of CPP-attached cargoes are 
reported in the literature such as the use of fusogenic lipids (76–
78), membrane disruptive peptides (79–83), polymers (69, 84), 
and lysomotropic agents (79, 85, 86). Stearylation of CPPs has 
proven to be another successful methodology to increase the 
transfection efficiency of both plasmids (72, 87) and SiRNA (88) 
through a noncovalent approach resulting in the formation of 
nanoparticle complex.

The major drawback of TATp-mediated intracellular delivery 
is the lack of selectivity of TATp which has rendered this cellular 
drug delivery method unacceptable at present, due to concerns 
about drug-induced toxic effects on normal tissues. This has led 
to efforts to build “smart” nanocarriers (Fig. 1) in such a way that 
during the first phase of delivery the nonspecific cell-penetrating 
function (in our case TATp) is shielded by the function providing 
organ/tissue-specific delivery (with a sterically protecting poly-
mer or targeting antibody). Upon accumulation in the target, the 
protecting polymer or antibody attached to the surface of  
the nanocarrier via stimuli-sensitive bond should detach under 
the action of local pathological conditions (abnormal pH or tem-
perature) and expose the previously hidden second function and 
allow the subsequent delivery of the carrier and its cargo inside 
cells (89). All these approaches have important implications for 
successful intracellular delivery of a nanocarrier for a drug or a 
gene delivery system.

In this chapter we discuss various protocols for the incorpora-
tion of TATp on nanocarriers such as micelles and liposomes and 
their characterization both in vitro and in vivo.
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Table 1 
Examples of nanoparticles delivered into cells using CPPs

Particle, CPP used Target cell, study purpose References

Liposomes, TATp, 
Antennapedia, 
octaarginine

Airway cells. For intracellular drug delivery  
by inhalation

(61)

Liposomes, lipid-modified 
TATp

Various cells (62)

Sterically stabilized lipo-
somes, 200 nm, TATp 
coupled to the linker

Mouse LLC, human BT20, rat H9C2, LLC 
tumor in mice. To show the potential of 
TAT-liposome for intracellular delivery,  
and the intracellular gene delivery in vitro 
and in vivo

(56, 57)

Liposomes, polyarginine For siRNA delivery into cells and gene 
silencing

(63)

Liposomes, TATp To show improved transfection of spleen-
derived antigen-presenting cells in  
culture

(59)

Low cationic liposomes–
plasmid DNA complexes 
(lipoplexes) modified  
with TATp and/or with 
monoclonal anti-myosin 
monoclonal antibody  
2G4 (mAb 2G4) specific 
toward cardiac myosin

Enhanced transfection of normoxic and 
hypoxic cardiomyocytes by using  
lipoplexes modified with TATp and/or  
mAb 2G4. Also increased accumulation  
in the ischemic myocardium and effective 
transfection of hypoxic cardiomyocytes 
in vivo

(64)

pEGFP-bearing lipoplexes, 
TATp

Improved transfection of antigen-presenting 
cells in culture

(59)

CLIO (MION) particles, 
41 nm, TATp

Mouse lymphocytes, human natural killer, 
HeLa, human hematopoietic CD34+,  
mouse neural progenitor C17.2, human 
lymphocytes CD4+, T cells, B cells, mac-
rophages, immune cells, stem cells. For 
intracellular labeling, MRI, magnetic 
separation of homed cells, cell imaging

(9, 31, 65)

Polylactide nanoparticles, 
TATp

For drug delivery to brain (34)

PEG-polylactic acid  
micelles, 20–45 nm,  
TATp

For drug delivery to acidic tumors (38)

PEG-PE micelles, TATp Increased cell interaction in vitro (66)

Paclitaxel-loaded PEG-PE 
micelles, TATp

Increased cytotoxicity in vitro and in vivo (39)

(continued)
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Table 1 
(continued)

Particle, CPP used Target cell, study purpose References

pH-sensitive polymeric 
micelles, 20–45 nm,  
TATp

Various cells. For tumor-specific  
intracellular drug delivery

(38)

Gold particles, 20 nm,  
TATp

NIH3T3, HepG2, HeLa, human fibroblast 
HTERT-BJ1. For intracellular localization 
studies

(67, 68)

Quantum dot-loaded 
polymeric micelles,  
20 nm, TATp coupled  
to a linker

Mouse endothelial cells, bone marrow  
derived progenitor cells. For studying  
tumor pathophysiology under dynamic 
conditions, useful for concurrent  
imaging and distinguishing tumor  
vessels from perivascular cells and matrix

(60)

Nanocomplexes of PEI  
and DNA, TATp

SH-SY5Y cells. For gene delivery to  
neurotypic cells

(69)

PEG-PEI conjugates,  
TATp

For DNA delivery to lung in mice (70, 71)

Splice correcting  
oligonucleotides, steary-
lated CPP (TP10)

For noncovalent delivery of  
oligonucleotides

(72)

Boron carbide  
nanoparticles, TATp

Murine EL4 lymphoma cells, B16F10  
melanoma cells. For boron neutron  
capture therapy

(41)

Dendrimers, various CPPs For oligonucleotide delivery into various  
cells

(56)
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×

×

Antigen

Long PEG spacer

Short PEG
spacer

CPP

pH sensitive
bond

Longer PEG

Antibody

Lowered pH
inside tumor

Cell Cell

×

×

×
×

×

×

×
×

×
×

×

×

×
×

×

×

×
×

×
×

×
××

Fig. 1. Schematic of a “smart” nanocarrier with temporarily “hidden” function, for example CPP, and “shielding” polymeric 
coat (with or without targeting antibody attached to it) providing longevity in the blood and specific target (tumor) accu-
mulation and preventing the hidden function from the premature interaction with target cells. Polymeric chains are 
attached to the carrier surface via low pH-degradable bonds. After the accumulation in the tumor due to PEG (longevity) 
and/or antibody (specific targeting), pH-dependent deshielding of the temporarily hidden cell-penetrating function allows 
for carrier penetration inside tumor cells.
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 1. Egg phosphatidylcholine (PC), cholesterol (Ch), and 
1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-
(lissamine rhodamine B sulfonyl) (Rh-PE) (Avanti Polar 
Lipids, Alabaster, AL). Stored at −80°C.

 2. p-Nitrophenylcarbonyl-PEG-dioleoyl phosphatidyletha-
nolamine (pNP-PEG-PE) (46) synthesized in-house. Stored 
at −80°C.

 3. Citrate-buffered saline (CBS): 5 mM Na-citrate, 141 mM NaCl. 
Adjust pH to 5.4 with 1 N HCl. Stored at room temperature.

 4. FITC-dextran (4,400 Da) (Sigma, St. Louis, MO).
 5. Borate buffer: 0.1 M sodium tetraborate, 150 mM NaCl. 

Adjust pH to 9.2 with 1 N HCl or 1 N NaOH. Stored at 
room temperature.

 6. TAT-peptide (TATp–NH2) (11-mer: TyrGlyArgLysLysArg 
ArgGlnArgArgArg) and TAT-cysteine peptide (TATp-Cys) 
(12-mer: CysTyrGlyArgLys-LysArgArgGlnArgArgArg) (Tufts 
University Core Facility, Boston, MA).

 1. 1,2-Dioleoyl-3-trimethylamonium-propane (DOTAP) (Avanti 
Polar Lipids, Alabaster, AL). Stored at −80°C.

 2. pEGFP-N1 plasmid designed for eukaryotic cell expression of 
green fluorescent protein (GFP) (Elim Biopharmaceuticals, 
Hayward, CA).

 3. Lipofectin reagent (Invitrogen, Carlsbad, CA).

 1. Polyethyleneglycol-phosphatidylethanolamine (PEG750-PE) 
(Avanti Polar Lipids Alabaster, AL). Stored at −80°C.

 2. TATp-PEG1000-PE synthesized in-house (90, 91). Stored at 
−80°C.

 1. Polyethyleneglycol-phosphatidylethanolamine (PEG2000-PE) 
(Avanti Polar Lipids Alabaster, AL). Stored at −80°C.

 2. mPEG2000-HZ-PE (90, 91) synthesized in-house. Stored at 
−80°C.

 3. Phosphate-buffered saline (PBS): 140 mM NaCl, 10 mM 
Na2HPO4, 1.8 mM KH2PO4, 2.7 mM KCl. Adjust pH to 7.4 
with 1 N HCl or 1 N NaOH. Stored at room temperature.

 1. Tris-buffered saline (TBS): 50 mM Tris (free base), 150 mM 
NaCl. Adjust pH to 8.7 with 1 N HCl. Stored at room 
temperature.

2.  Materials

2.1. Preparation  
of TATp-Modified 
Liposomes

2.2. Preparation  
of TATp Liposome 
Plasmid Complex

2.3. Preparation  
of TATp-Modified 
Micelles

2.4. Preparation  
of TATp-Modified 
pH-Sensitive or 
pH-Insensitive 
Micelles

2.5. Preparation  
of TATp-Modified 
Immunocarriers
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 2. Monoclonal antibody (mAb) 2G4 produced and purified in 
our laboratory.

 1. Tris-buffered saline (TBS): 50 mM Tris (free base), 150 mM 
NaCl. Adjust pH to 7.4 with 1 N HCl. Stored at room 
temperature.

 2. TBS containing 0.05 % w/v Tween-20 (TBST). Stored at 
2–8°C.

 3. TBS containing 0.05 % w/v Tween-20 and 2 mg/mL casein 
(TBST-Cas). Stored at 2–8°C.

 4. Standard mAb 2G4 in TBST-Cas at 10 mg/mL. Stored at 
2–8°C.

 5. Goat anti-mouse IgG peroxidase conjugates (ICN Biomedical, 
Aurora, OH) in TBST-Cas 1:5,000 dilution, prepared fresh. 
Original stored at −20°C.

 6. Enhanced Kblue® TMB peroxidase substrate (Neogen, 
Lexington, KY). Stored at 2–8°C.

 1. Six-well culture plates.
 2. Sterile PBS: 140 mM NaCl, 10 mM Na2HPO4, 1.8 mM 

KH2PO4, 2.7 mM KCl. Adjust pH to7.4 with 1 N HCl or 
1 NaOH. Stored at room temperature.

 3. Cell lines from ATCC (Rockville, MD), cell culture media 
and fetal bovine serum from Cellgro (Kansas City, MO).

Two protocols have been used for preparing TATp-modified lipo-
somes. In the first method, liposomes containing pNP-PEG-PE 
are prepared and TATp is then attached via pNP groups at the 
distal ends of the liposome containing pNP-PEG-PE (Fig. 2). 
In the second case liposomes are prepared using preconjugated 
TATp-PEG-PE. These liposomes can be used to prepare plasmid 
liposome complexes (see Note 1).

 1. Prepare a mixture of lipid components of PC, Ch, and pNP-
PEG-PE (7:3:0.05, molar ratio) in chloroform in a round-
bottom flask (see Note 2).

 2. Remove the solvents by rotary evaporation followed by freeze-
drying on a Freezone 4.5 (Labconco, Kansas City, MO).

 3. Rehydrate the film in 5 mM CBS (pH 5.4) (see Note 3).
 4. Extrude the lipid dispersion 21 times through polycarbonate 

filters (pore size 200 nm) with a Micro extruder (Avanti).

2.6. ELISA

2.7. Interaction with 
Cells In Vitro

3.  Methods

3.1. Preparation  
of TATp-Modified 
Liposomes
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 5. For visualization label the liposomes by adding 0.5 mol%  
of Rh-PE in step 1 or add FITC-dextran (45 mg/mL) to  
the CBS during hydration. Remove nonincorporated  
FITC-dextran on a Bio-Gel A-1.5 m (0.7 × 25 cm) column 
(Bio-Rad).

 6. To attach TATp to liposomes, add 1 mg of peptide in borate 
buffer to 10 mg of pNP-PEG-PE containing liposomes in 
CBS (see Note 4) and incubate overnight at room tempera-
ture (see the scheme of peptide attachment in Fig. 2). Purify 
the TATp-liposomes from unbound TATp and released pNP 
by gel filtration on a BioGel A-1.5 m (0.7 × 25 cm) column 
(Bio-Rad).

 7. Alternatively prepare TATp-PEG3400-PE by reacting TATp 
with pNP-PEG3400-PE and add to the lipid film instead of 
pNP-PEG-PE. In a typical case, incubate a solution of 5 mg 
of TATp-NH2 in 1 mL chloroform supplemented with 10 mL 
of triethylamine with 12 mg of pNP-PEG3400-PE in 0.6 mL 
chloroform overnight with stirring at room temperature. 
Remove the organic solvents by rotary evaporation and 
freeze-drying. To the resultant film, add 1 mL of deionized 
water and vortex to remove the film from the flask. Purify the 
TATp-PEG3400-PE from unconjugated TATp-NH2 and 
released pNP, by dialyzing the solution using cellulose ester 
dialysis membranes MWCO 2000 (Spectrum Medical 
Industries, Rancho Dominguez, CA) at room temperature 
against water.

Attempts have been made to use CPP for intracellular delivery of 
DNA. Though intracellular delivery of DNA can be enhanced, 
the method still requires the modification of DNA with CPPs. 

3.2. Preparation  
of TATp Liposome-
Plasmid Complex
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Fig. 2. Schematic of amino-group-containing ligand, such as peptide attachment using pNP-PEG-PE.
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Here we prepare noncovalent complexes of DNA with slightly 
positively charged TATp-bearing liposomes that can provide 
effective alternative transfection system.

 1. Prepare liposomes from a mixture of PC, Ch, DOTAP, and 
pNP-PEG-PE at a molar ratio 7:3:1:0.05 as described above 
and incubate with pEGFP-N1 overnight at 4°C. In a typical 
case, incubate the liposome-plasmid complex containing a 
total of 2 mg of lipid and 200 mg of DNA and appropriate 
amount of TATp overnight at pH 8.5 in a borate buffer and 
then purify by gel filtration on a Bio-Gel A-1.5 m column 
(Bio-Rad).

 2. To test for the presence and intactness of the plasmid within 
liposomes, subject the postcolumn fraction to agarose gel 
electrophoresis.

 3. Determine the DNA content of the fractions after treating 
with Triton X-100 for 1 h at 37°C to release the plasmid from 
the complex and then subject to agarose gel electrophoresis. 
Prepare Lipofectin-pEGFP-N1 complex according to manu-
facturer instructions (Invitrogen) by using same quantities 
and ratios of lipid and DNA.

Polymeric micelles are another promising drug carrier which 
can also be surface decorated with TATp. A very simple proto-
col can be used to insert TATp into PEG-PE micelles. Here we 
use the preconjugated TATp-PEG1000-PE for insertion into 
micelles.

 1. Prepare a lipid film from a mixture of PEG750-PE, TATp-
PEG1000-PE, Rh-PE and at a molar ratio of 9.7:0.25:0.05 as 
described above.

 2. Hydrate the dry lipid film with PBS, pH 7.4.

The idea is to prepare liposomes containing TATp moieties 
shielded by the PEG chains. Here the PEG chain is incorporated 
into the liposome membrane via the PEG-attached PE residue 
with PEG and PE conjugated with the lowered pH-degradable 
hydrazone bond (PEG-Hz-PE). Under normal conditions, lipo-
some-grafted PEG shields the TATp moieties attached to the 
shorter PEG spacer and protected by the longer PEG2000. Once 
accumulated in a specific target such as a tumor by the EPR effect, 
the liposomes lose their PEG coating due to the lowered pH 
inside cells and expose TATp moieties.

Liposomes

 1. Prepare a lipid film from a mixture of PC:Ch (7:3), TATp-
PEG1000-PE, Rh-PE and either mPEG2000-Hz-PE (pH sensi-
tive) or mPEG2000-DSPE (pH insensitive) at a molar ratio of 
10:0.25:0.1:15 as described above.

3.3. Preparation  
of TATp-Modified 
Micelles

3.4. Preparation  
of TATp-Modified 
pH-Sensitive or 
pH-Insensitive 
Liposomes
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 2. Hydrate the dry lipid film with PBS, pH 7.4 and extrude the 
lipid dispersion 21 times through polycarbonate filters (pore 
size 200 nm) with a Micro extruder (Avanti).

Micelles

 1. Prepare a lipid film from a mixture of mPEG750-PE, TATp-PE, 
Rh-PE, and either (pH sensitive) or mPEG2000-DSPE (pH 
insensitive) at a molar ratio of 4:0.5:0.1:5.4 as described 
above.

 2. Hydrate the dry lipid film with PBS, pH 7.4.

TATp-containing liposomes/micelles can be additionally modi-
fied with antibody to make them targeted. In this case the anti-
body is first conjugated to pNP-PEG3400-PE.

 1. Prepare a film of the pNP-PEG3400-PE and mPEG750-PE as 
described above and the hydrate the film with CBS, pH 5.0.

 2. Add antibody solution (prepared in 50 mM Tris-buffered 
saline, pH 8.7) and incubate with a tenfold molar excess of 
pNP-PEG3400-PE for 24 h at 4°C.

 3. Add the required amount of this solution to liposomes or 
micelles (with TATp) and incubate for 1 h.

The size (hydrodynamic diameter) is usually measured by dynamic 
light scattering (DLS) using a N4 Plus Submicron Particle System 
(Coulter Corporation, Miami, FL). Liposomes with and without 
TATp generally have a size distribution in the range of 150–
200 nm and in 7–20 nm for micelles. The size can also be mea-
sured by freeze-fracture electron microscopy (Fig. 3).

An ELISA assay (indirect, using an enzyme-tagged secondary 
Ab) can be performed to show the ability of the pH-sensitive 
immunocarriers to recognize the target antigen at different pH 
values (pH 8.0 and 5.0).

 1. Add to the microplate 50 mL/well of 10 mg/mL cardiac myo-
sin solution and incubate overnight at 4°C.

 2. Wash the wells three times with 200 mL of TBST (TBS, pH 
7.4 containing 0.05% w/v Tween-20).

 3. Incubate the wells with different concentrations of native 
mAb 2G4 (or nonspecific IgG) and mAb 2G4-modified 
micelles in TBST-casein (TBST with 2 mg/mL casein) for 
1 h at room temperature.

 4. Discard the samples and wash the wells three times with 
200 mL of TBST.

 5. Incubate with 50 mL/well of a 1:5,000 dilution of goat anti-
mouse IgG peroxidase conjugate in TBST-Cas for 1 h at 
room temperature.

3.5. Preparation  
of TAT-Modified 
Immunocarriers

3.6.  Characterization

3.6.1. Size Distribution 
Analysis

3.6.2. Specific Activity of 
Micelle-Attached mAb 2G4
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 6. Discard the goat anti-mouse IgG peroxidase and wash the 
wells three times with 200 mL of TBST.

 7. Incubate with 100 mL of enhanced Kblue® TMB peroxidase 
substrate for 15 min. Read the microplate at a dual wave-
length of 620 nm with the reference filter at 492 nm using a 
Labsystems Multiscan MCC/340 microplate reader installed 
with GENESIS-LITE windows-based microplate software.

A result for ELISA of immunomicelles is shown in Fig. 4.

To study the interaction of TATp-bearing liposomes in vitro,

 1. Grow the cells on coverslips in six-well tissue culture plates.
 2. After the cells are 60–70% confluent, wash plates twice with 

sterile PBS, pH 7.4.
 3. Add samples in serum-free medium (2 mL/well 20 and 

100 mg of total lipid per mL for liposomes and micelles, 
respectively. In the case of pH-sensitive formulations, prein-
cubate samples at pH 5.0 for 20 min) (see Note 5).

 4. After various incubation times, remove the medium and wash 
plates thrice with sterile PBS.

 5. Mount the individual coverslip with cell side down onto a 
fresh glass slide with PBS (see Note 6). The cells are viewed 
with a Nikon Eclipse E400 microscope under bright light, or 
under epifluorescence with rhodamine/TRITC and fluores-
cein/FITC filters (Figs. 5 and 6).

3.6.3. Interaction  
with Cells In Vitro

Fig. 3. Freeze-etching electron microscopy of TATp-liposomes. The TATp-liposomes are essentially spherical shape with 
a size of ~200 nm. It also shows convex and concave fracture planes typical of liposomal structure.
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Fig. 4. Binding of antimyosin mAb 2G4-PEG2000-Hz-PE-immunomicelles to a monolayer of dog cardiac myosin in compari-
son to the native mAb 2G4 at corresponding pH values (mean ± S.D.; n = 3). Although there is an affinity decrease for the 
antibodies modified with the pNP-PEG-PE anchor and incorporated into the micelle structure, this decrease is more 
apparent than real, since not all nanocarrier-attached antibodies, even if they remain active, can interact with the sub-
strate because of their steric orientation on the nanocarrier surface.

Fig. 5. Intracellular trafficking of Rh-PE-labeled and FITC-dextran-loaded TATp-liposomes within BT20 cells. Typical 
patterns of intracellular localization and integrity of TATp-liposome after 1 h. (a) DIC light; (b) DIC with an Rh filter; (c) DIC 
with an FITC filter; (d) DIC composite of (b, c) (magnification, ×400). Rh-labeled TATp-liposomes loaded with FITC-dextran 
rapidly translocated into these cells. Intracellular liposomes apparently remained intact within this time period, because 
the fluorescence of the intraliposomal (FITC-dextran) and membrane (Rh-PE) labels coincided.



445Intracellular Delivery of Nanoparticles with CPPs

For transfection studies

 1. Grow cells on coverslips as described above and add the lipo-
some-plasmid complex with or without TATp (in the quan-
tity required to deliver 5 mg of DNA per 200,000 cells at 
DNA concentration of 0.3 mg/mL added to a liposomal sus-
pension) for 4 h at 37°C under 6% CO2.

 2. Add the same quantity of lipofectin-pEGFP-N1 complex with 
same lipid-to-DNA ratio as a control.

 3. After incubation, remove the media and wash cells twice with 
sterile PBS and reincubate in complete media containing 10% 
FBS for 72 h. GFP expression can be visualized by light 
microscopy and epifluorescence microscopy with an FITC fil-
ter (Fig. 7).

3.6.4.  In Vitro Transfection

Fig. 6. Fluorescence microscopy showing internalization of Rh-PE-labeled-TATp containing liposomes by U-87 MG astro-
cytoma cells using: (a) 9 mol% pH-nonsensitive PEG-PE at pH 7.4; (b) 9 mol% pH-sensitive PEG-Hz-PE after incubation 
at pH 5.0 for 20 min (the pH of these formulations was raised back to pH 7.4 after their incubation at pH 5.0 and prior to 
incubation with cell). The TATp-containing liposomes kept at pH 7.4 show only marginal association with cells. The pH-
sensitive liposomes preincubated for 20 min at pH 5.0 demonstrated a dramatically enhanced association with the cells 
(higher fluorescence), i.e., better accessibility of TATp moieties for cell interaction.

Fig. 7. Microscopy of H9C2 cadiomyocytes transfected with TATp-liposome/pEGFP-N1 complex with: (a) bright-field light 
microscopy; (b) epifluorescence microscopy with an FITC filter.
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In vivo study of TATp formulations can be done in tumor-bearing 
mice for in vivo transfection or for increased intracellular delivery 
using “smart” nanocarriers. In a typical case, LLC tumors are 
grown in C57BL/6 mice by s.c. injection of 80,000 LLC cells 
per mouse into left flank. Tumors are directly injected at several 
spots with 100–150 mL of TATp formulations in phosphate-
buffered saline pH 7.4. Mice are killed by cervical dislocation at 
specific time interval. The excised tumors are cryofixed after 
hardening at −80°C in Tissue-Tek (Ted Palla Inc., Redding, CA) 
and cut into sections on a Microtome Pluse TBS (Triangular 
Biomedical Sciences Inc., Durham, NC). Sections are washed 
several times in phosphate-buffered saline, pH 7.4, and analyzed 
by fluorescence microscopy. The administration of pGFP-TATp-
liposomes with the low pH-sensitive PEG results in a highly effi-
cient transfection since the removal of PEG under the action of 
the decreased intratumoral pH leads to the exposure of the lipo-
some-attached TATp residues, enhanced penetration of the lipo-
somes inside tumor cells, and a more effective intracellular 
delivery of the pGFP (Fig. 8).

 1. Here we describe two protocols for incorporation in lipo-
somes or micelles. However, in both the protocols it is impor-
tant to maintain the length of PEG to which TATp is attached 
above the surface of nanocarrier. Since the internalization 
process requires an initial direct contact between TATp and 
cell membrane, PEG-attached TATp moieties should be 

3.6.5.  In Vivo Study

4.  Notes

Fig. 8. Fluorescence microscopy of the LLC tumor sections from the murine tumors injected with: (a) pGFP-loaded 
TAT-modified PEG-liposomes with non-pH-sensitive PEG coat; (b) pH-sensitive PEG coat. The pGFP-TATp-liposomes with 
the low pH-sensitive PEG results in a highly efficient transfection since the removal of PEG under the action of the 
decreased intratumoral pH leads to the exposure of the liposome-attached TATp residues, enhanced penetration of the 
liposomes inside tumor cells, and a more effective intracellular delivery of the pGFP.
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located above the layer protecting PEG not buried inside this 
layer. If steric hindrances are created by the surrounding PEG 
grafts of the liposomal surface itself, no efficient transduction 
takes place.

 2. The pNP-PEG-PE is capable of incorporation into both lipo-
somes and micelles via its hydrophobic PE group and easily 
attaches any amino group containing ligand via the pNP 
group with the formation of stable carbamate bond. As little 
as 0.5 mol% of pNP-PEG-PE incorporated into the mixture 
of liposomal lipids provides sufficient number of reactive 
groups on the liposomal surface to bind approximately 500 
TATp molecules per single 200 nm liposome as was estimated 
by following TATp-associated radioactivity.

 3. It is important to hydrate the film in acidic buffer so as to 
prevent hydrolysis of pNP groups.

 4. After the addition of borate buffer, the final pH of mixture 
should be around 8–8.5 for efficient conjugation of amino 
groups of peptide with pNP-PEG-PE.

 5. After preincubating the pH-sensitive micelles/liposomes at 
low pH, the pH should be raised to pH 7.4 before adding to 
cells.

 6. For microscopic visualizations, live cells should be used as 
fixation of cells will lead to artifacts.
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Chapter 32

Multifunctional CPP Polymer System for Tumor-Targeted 
pDNA and siRNA Delivery

Christian Dohmen and Ernst Wagner 

Abstract

Cell-penetrating peptides (CPPs) are a very interesting class of molecules to be introduced in gene and 
siRNA vectors. They can be used to overcome one of the biggest hurdles in gene and siRNA delivery 
in vitro and in vivo, the transfer across cell membranes. This chapter describes protocols for the synthesis 
and biological evaluation of a polylysine-based polymer. In this carrier system, melittin is used as CPP 
with a high activity to disrupt membranes. pH-Labile masking is applied to render the lytic activity spe-
cific for intracellular acidic endolysosomal organelles.

Key words: Endosomal release, Nonviral vector, Plasmid DNA, Polymer, Polyplex, RNA interfer-
ence, siRNA

Efficient pDNA gene transfer and siRNA delivery are very complex 
and difficult challenges with many different bottlenecks in vitro as 
well as in vivo. Many hurdles have to be overcome, especially 
when a pharmaceutical active compound should be able to find 
the target cell after intravenous injection. The single delivery steps 
and requirements are extracellular stabilization of the nucleic acid 
cargo, specific cell attachment, endosomal uptake, endosomal 
escape, release of the nucleic acid for the carrier, and, in case of 
gene delivery, nuclear uptake. The optimal functionality in every 
single step is crucial for an efficient delivery system.

Polycations may overcome many of the described hurdles (1). 
They are able to interact with negatively charged nucleic acids by 
ionic interactions, resulting in so-called polyplexes. The overall 
positive charge of these polyplexes enables them to interact with 

1. Introduction

Ülo Langel (ed.), Cell-Penetrating Peptides: Methods and Protocols, Methods in Molecular Biology, vol. 683,
DOI 10.1007/978-1-60761-919-2_32, © Springer Science+Business Media, LLC 2011
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the negatively charged cellular membrane resulting in uptake into 
endosomes. Alternatively, cell binding can be more specific use of 
targeting ligands, for example, for tumor targeting (2). In most 
cases, the endosomal escape is the major challenge. The polyplex 
has to escape from the endosome before degradation in the late 
endolysosomal compartment.

Biodegradable polycations such as polylysine or polyarginine 
have been used as carrier. The peptidic structures can be metabo-
lized by the cellular system and therefore do not accumulate inside 
the cell. The main hurdle for these carriers is endosomal escape. 
An endosomolytic domain can be introduced into these molecules 
to overcome this hurdle, resulting in a functional carrier.

Cell-penetrating peptides (CPPs) which show a high potency 
to interact with biological membranes have been used as endoso-
molytic domain in several approaches (3). The protocols described 
in this chapter use melittin, a 26 amino acid long peptide. As 
main substance of bee venom, it shows a high potency to disrupt 
cellular membranes (4, 5). Therefore, it is an ideal candidate for 
an endosomolytic domain. A main disadvantage of this molecule 
is the lacking specificity for endosomes. Melittin with standard 
natural sequence is active at any physiological pH and disrupts 
all membranes without differing between endosomal and cellular 
membrane. Therefore, carriers including this peptide cause sig-
nificantly higher toxicity. To overcome this problem, investigators 
masked the lytic activity of melittin under physiological condi-
tions by the addition of 2,3-dimethylmaleic anhydride (DMMAn) 
to e-amino groups of the four lysine included in the peptide struc-
ture (6, 7). The masking is reversible and cleaved during acidifica-
tion. This results in a nonlytic molecule under physiologically 
neutral conditions outside the cell, and a highly lytic molecule 
after acidification inside the endosome (7–9).

A molecule combining different properties in one functional 
polymer is poly-l-lysine (PLL) modified with polyethylene glycol 
(PEG) and DMMAn-shielded melittin (PEG–PLL–DMMAnMel; 
Fig. 1).

All single included substructures have a special functionality 
during the delivery process. PLL is the backbone of the multi-
functional polymer. With its positive charge, it is able to bind 
the nucleic acid and build ionic polyplexes. PEG raises the solu-
bility of polyplexes and reduces aggregation events, for example, 
during blood circulation. DMMAnMel (2,3-dimethyl maleic 
anhydride-modified melittin) enables the endosomal escape of 
the polyplex.

The synthesis, in-process control, and biological evaluation of 
this carrier system are described in the following protocols. 
Optionally, the conjugate may contain further functional domains 
like targeting ligands that can easily be introduced into this system. 
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siRNA can also be covalently attached, resulting in a conjugate 
stable in the extracellular environment which can release siRNA 
in the cytosol (9).

 1. HBS: 20 mM HEPES, 150 mM NaCl, pH 7.4.
 2. 0.1 M DTT in HBS.

 1. Borate buffer: 0.1 M sodium tetraborate in water. To dissolve 
in water, the buffer has to be heated up to 80°C and stirred 
for several hours.

 2. PLL standard: 0.5 mg/mL PLL (Sigma-Aldrich) in borate 
buffer.

 3. 96-Well plate, flat bottom (TPP).
 4. TNBS reagent: 2, 4, 6-trinitrobenzenesulfonic acid solution 

(Fluka), 33 mM in HBS.

 1. PLL (Sigma-Aldrich) (see Note 1).
 2. Sample buffer: 20 mM HEPES, 0.5 M NaCl, pH 7.4.
 3. mPEG-SPA (Rapp Polymere): PEG (5,000 Da) with an 

amino-reactive NHS ester.

2. Materials

2.1. DTT Assay

2.2. TNBS Assay

2.3. Polymer Synthesis
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Fig. 1. Structure of PEG–PLL–DMMAnMel. The functional components PEG, PLL, DMMAn, 
and Mel are explained in the text. “R” presents an optional component which may be 
incorporated, for example, a targeting ligand or covalently attached siRNA.
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 4. DMSO (Sigma-Aldrich).
 5. MacroPrep High S column 10/16.
 6. ÄktaTMbasic 10 (GE healthcare).
 7. Buffer A: 20 mM HEPES, 600 mM NaCl, pH 7.4.
 8. Buffer B: 20 mM HEPES, 3 M NaCl, pH 7.4.
 9. Dialysis membrane (6,000–8,000 Da molecular weight 

cut-off).
 10. SPDP: N-succinimidyl 3-(2-pyridyldithio)-propionate (Sigma-

Aldrich).
 11. Buffer C: 20 mM HEPES, 1 M NaCl, pH 7.4.
 12. DMMAn: 2,3-dimethylmaleic anhydride (Sigma-Aldrich).
 13. Melittin peptide: Sequence: CIGA VLKV LTTG LPAL ISWI 

KRKR QQ (Biosynthan, Berlin).
 14. Peptide buffer: 70% 250 mM HEPPS, pH 8.2, 30% ace-

tonitrile (see Note 4).
 15. Lysine (Fluka).
 16. Buffer D: 20 mM HEPES, 500 mM NaCl, pH 8.2.

 1. Fresh citrate-treated murine blood (see Note 7).
 2. PBS: 140 mM NaCl, 10 mM Na2HPO4, 2.7 mM KCl, 

1.8 mM KH2PO4, pH 7.4.
 3. V-bottom 96-well plates.
 4. 150 mM NaCl solution.
 5. HBS, pH 7.4 (see Subheading 2.1).
 6. 1% (v/v) Triton-X-100 in HBS.
 7. 96-Well plate, flat bottom (TPP).

 1. Agarose.
 2. TBE buffer: 89 mM Tris–Hcl, 89 mM boric acid, 2 mM 

EDTA, pH 8.0.
 3. GelRed (Biotrend).
 4. Electrophoresis unit.
 5. Loading buffer: 3 mM bromophenol blue, 60 mM EDTA, 

60% (v/v) glycerol.
 6. HBG: 20 mM HEPES, pH 7.4, 5% (w/v) glucose.

 1. Neuro2A/Neuro2A-Luc cells are cultured in Dulbecco’s 
Modified Eagle’s Medium (DMEM) 1 g glucose/L, 2 mM 
l-glutamine, 10% fetal bovine serum, 100 U/mL penicillin, 
and 100 mg/mL streptomycin. All reagents purchased from 
Invitrogen.

2.4. Erythrocyte 
Leakage Assay

2.5. Gel Shift Assay

2.6. Cell Culture
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 2. Trypsin/EDTA (Biochrom).
 3. pDNA solution: pEGFPLuc (Clontech) 20 mg/mL in water.
 4. siRNA solution: Luc-/control-siRNA 50 mg/mL in water.
 5. Luc-siRNA (Dharmacon):
  Sequence: 5¢-CUUACGCUGAGUACUUCGAdTdT-3¢ (sense 

strand).
 6. Control siRNA (Dharmacon):
  Sequence: 5¢-AUGUAUUGGCCUGUAUUAGUU-3¢ (sense 

strand).
 7. Lysis buffer: cell culture lysis reagent 5× (Promega) tenfold 

diluted in water.
 8. LAR reagent: 20 mM glycylglycine, 1 mM MgCl2, 0.5 mM 

EDTA, 3.3 mM DTT, 0.55 mM ATP, pH 8.5.
 9. Luciferin in LAR: 0.5 mM luciferin (Promega) in LAR reagent.
 10. MTT reagent: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltet-

razolium bromide in water.
 11. Luminometer (e.g., Lumat LB 9507, Berthold Technologies).
 12. HBG (see Subheading 2.5).

The DTT assay is one of the methods used to determine the com-
position of the polymer synthesized in the following steps. It is 
necessary to quantify the amount of functional PDP-linker avail-
able in the sample.

 1. Take a sample of your conjugate solution containing ~10 nmol 
PDP-linker and dilute it in HBS to get 100 mL of a solution 
with a PDP concentration of 100 mM.

 2. Measure the absorption at 343 nm and set it to zero.
 3. Add 50 mL of a 0.1 M DTT solution to this sample to cleave 

all the PDP groups, resulting in free pyridine-2-thione.
 4. Measure this free pyridine-2-thione at 343 nm.
 5. The PDP concentration can be determined with the extinc-

tion coefficient of pyridine-2-thione of e = 8,080 M−1 cm−1.

This assay detects primary amino groups and can thus be used to 
determine the PLL concentration in a solution.

 1. Dilute your sample containing PLL and the PLL standard in 
borate buffer resulting in PLL concentrations of 15, 30, and 
45 mg/mL.

3. Methods

3.1. Analytical 
Methods

3.1.1. DTT Assay

3.1.2. TNBS Assay
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 2. Fill 100 mL of each sample in a cavity of a 96-well plate. Work 
in triplicates. As zero-control take 100 mL borate buffer.

 3. Add 2.5 mL TNBS reagent to each well and incubate for 
10 min at RT.

 4. Measure the absorption at 405 nm.

 1. Dissolve 1.25 mmol PLL (see Note 1) in 2 mL sample buffer 
and 1.6 mmol mPEG-SPA in 400 mL DMSO.

 2. Mix both solutions and let the reaction take place for 2 h at 
RT under argon conditions.

 3. Purify the resulting PEG–PLL from unreacted mPEG-SPA, 
by cation-exchange chromatography using a MacroPrep High 
S column on a HPLC system. Prior to use, the column should 
be cleaned by using the standard cleaning in place (CIP) pro-
tocol. Load the product on the column using a 2.5 mL loop, 
a flow of 1 mL/min, and detect the absorption at A240nm. Wash 
away free PEG with 15 mL buffer A. The bound PEG–PLL is 
eluted with a gradient to 100% buffer B in 10 min. Collect the 
fractions of 1 mL volume (see Note 2, Fig. 2a).

3.1.3. Polymer Synthesis

3.1.3.1. Synthesis  
of PEG–PLL

Fig. 2. Chromatograms and NMR spectrum generated during the described synthesis. (a) Chromatogram of the purification 
process of PEG–PLL; product peak: Peak II; (b) 1H-NMR spectrum of purified PEG–PLL; (c) chromatogram of the purifica-
tion process of PEG–PLL–PDP; product peak: Peak II; (d) chromatogram of the purification process of PEG–PLL–
DMMAnMel; product peak: Peak II.
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 4. Pool the collected fractions containing purified PEG–PLL, 
dialyze them against water (MWCO 6,000–8,000 Da), and 
freeze dry the sample.

 5. Determine the resulting PEG/PLL-ratio by 1H-NMR analy-
sis in D2O. The aim is a ratio of 1:1 (for analysis, see Note 2, 
Fig. 2b).

 1. Dissolve 0.313 mmol PEG–PLL in 800 mL sample buffer and 
3.8 mmol SPDP in 200 mL DMSO.

 2. Mix both solutions and let the components react for 2 h at 
RT under argon conditions.

 3. The product PEG–PLL–PDP is purified by size-exclusion 
chromatography using a Sephadex G25 superfine HR 10/30 
column on a HPLC system. Equilibrate the column with 
30 mL buffer C with a flow of 1 mL/min. Detection wave-
lengths are set to 280 and 343 nm (see Note 2, Fig. 2c). Pool 
the fractions containing the product.

 4. The PEG–PLL/PDP-ratio is ascertained by the determina-
tion of PLL concentration by TNBS assay and PDP concen-
tration by DTT assay. The desired ratio is PLL/PDP 
1/8–10.

Before the endosomolytic peptide melittin is attached covalently 
to the PEG–PLL–PDP, the lytic function is shielded reversible by 
the modification of lysine side chains with 2,3-dimethylmaleic 
anhydride (DMMAn).

 1. Dissolve 1.38 mmol melittin in 400 mL peptide buffer and 
dissolve 15.8 mmol DMMAn in 50 mL acetonitrile.

 2. Mix both solutions and let the compounds react for 30 min 
at RT under argon conditions.

 3. For quenching the excess of DMMAn dissolve 79 mmol lysine 
in 100 mL peptide buffer and add them to the reaction. 
Reaction takes place after 30 min at RT under argon 
conditions.

In this step, the DMMAn-modified melittin is introduced into 
the polymer structure (see Note 6)

 1. Add acetonitrile to the sample containing PEG–PLL–PDP 
(amount of 0.93 mmol PDP) resulting in a buffer containing 
30% acetonitrile (see Note 4).

 2. Add the entire amount of DMMAn-modified melittin. 
Reaction takes place for 1 h at RT under argon conditions.

 3. The product is purified by size-exclusion chromatography on 
a Superdex 75 HR 10/30 column equilibrated with buffer D 
(see Note 2, Fig. 2d).

3.1.3.2. Synthesis  
of PEG–PLL–PDP

3.1.3.3. Modification  
of Melittin (see Notes 3–5)

3.1.3.4. Synthesis  
of PEG–PLL–DMMAnMel
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 4. Analyze the product by TNBS assay and DTT assay. The 
amount of coupled DMMAnMel is the difference of PDP 
groups per PLL detected before and after coupling.

 1. Collect 1 mL fresh citrate-buffered murine blood. Wash the 
erythrocytes three times. For this purpose, dilute the blood in 
9 mL PBS and mix gently. Centrifuge the mixture for sedi-
mentation of containing erythrocytes at 800 g and 4°C for 
10 min, and decant the supernatant. Repeat this washing step 
two times (see Note 7).

 2. Dilute the pellet tenfold in 150 mM NaCl and count the 
cells.

 3. The suspension is diluted to get an erythrocyte concentration 
of 1 × 107 cells/mL.

 4. Prepare conjugate samples containing 0.25–16 mM melittin 
or DMMAn-melittin in HBS. Prepare a second batch of sam-
ples in the same concentration, with conjugate preincubated 
at pH 5.5. Fill 90 mL of each dilution in a cavity of a 96-well-
V-bottom plate. Use a 1% Triton-X solution as 100% control. 
For 0% lysis, HBS is filled into the wells. Work in triplicates.

 5. Add 10 mL of the erythrocyte solution to each well and incu-
bate the plate at 37°C for 30 min under constant shaking.

 6. Centrifuge the plate at 300 g for 10 min to sediment the 
erythrocytes and transfer 60 mL supernatant of each well into 
a flat-bottom-96-well plate.

 7. Detect the released hemoglobin at 405 nm with a micro-plate 
reader.

The agarose gel shift assay is a method to determine the nucleic 
acid complexation ability of the polymer.

 1. Prepare a 1% agarose gel (2.5% for siRNA) by dissolving 0.4 g 
(1 g) agarose in 40 g TBE buffer and boiling the suspension 
at 100°C. After cooling down to about 50°C, add 40 mL 
GelRed to the suspension. The agarose gel is filled into the 
electrophoresis unit where it solidifies.

 2. Samples containing 200 ng pDNA or 500 ng siRNA are pre-
pared under transfection conditions. Therefore, dilute the 
appropriate amount of pDNA/siRNA in 10 mL HBG. Serially 
dilute the polymer solution resulting in 10 mL HBG with 
100–1,600 ng (250–4,000 ng) polymer. Mix nucleic acid and 
polymer, and incubate for 30 min at RT to get polyplexes 
with a weight/weight-ratio of 0.5–4.

 3. Add 4 mL loading buffer to each sample, mix and load the 
sample into the gel-pockets.

 4. Electrophoresis conditions: 80 V/40 min.

3.1.4. Erythrocyte Leakage 
Assay

3.1.5.  Gel Shift Assay
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All preliminary experiments show the functionality of the single 
compounds used in this complex system. The interaction between 
these single components can be shown by in vitro testing of the 
transfection ability of the system. Thus, a reporter gene is used 
that can either be introduced by pDNA delivery or knock-down 
by siRNA delivery. A further information given by the cell culture 
experiments is the toxicity of the carrier system.

 1. One day before transfection: harvest Neuro2A-cells with 
trypsin/EDTA when approaching confluence. Subsequently 
seed 80 mL medium containing 10,000 cells in each well of a 
96-well plate and incubate for 24 h.

 2. At the day of transfection: prepare the polyplexes in different 
weight/weight-ratios. Work in triplicates. Therefore, fill 
30 mL of pDNA solution per w/w-ratio in a 1.5-mL Eppendorf 
tube. Serially dilute the polymer in HBG, resulting in 30 mL 
with a concentration of 10–80 mg/mL.

 3. Mix the 30 mL polymer dilution with 30 mL pDNA by 
pipetting and let the polyplexes be formed for 30 min at RT.

 4. Add 20 mL of the polyplex solution to each well of the 96-well 
plate. As control use 20 mL HBG.

 5. After 4 h incubation at 37°C and 5% CO2, carefully exchange 
the medium against 100 mL fresh medium. Let the cells grow 
for another 24 h.

 6. Remove the medium from the cells and add 55 mL lysis buf-
fer. Incubate for 30 min at RT.

 7. Take 25 mL of the lysate and measure the bioluminescence in 
a luminometer automatically adding 100 mL luciferin 
solution.

 1. One day before transfection: harvest Neuro2A-Luc cells with 
Trypsin/EDTA when approaching confluence. Subsequently 
seed 100 mL medium containing 5,000 cells in each well of a 
96-well plate and incubate for 24 h.

 2. At the day of transfection: prepare the polyplexes in different 
weight/weight-ratios. Work in triplicates. Therefore, fill 
30 mL of siRNA solution per w/w-ratio in a 1.5-mL Eppendorf 
tube. Serially dilute the polymer in HBG, resulting in 30 mL 
with a concentration of 25–200 mg/mL. As control, prepare 
the same polyplexes with control siRNA instead of Luc-
siRNA.

 3. Mix the 30 mL polymer dilution with 30 mL siRNA by 
pipetting and let the polyplexes be formed for 30 min at RT.

 4. Meanwhile exchange the medium of the cells against 80 mL 
fresh medium.

3.1.6.  Cell Culture

3.1.6.1. pDNA Delivery 
(Luciferase Reporter Gene)

3.1.6.2. siRNA Delivery 
(Luciferase Reporter  
Cell Line)
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 5. Add 20 mL of the polyplex solution to each well of the 96-well 
plate and let it incubate for 48 h without medium exchange.

 6. Remove the medium from the cells and add 55 mL lysis 
buffer. Incubate for 30 min at RT.

 7. Take 25 mL of the lysate and measure the bioluminescence in 
a luminometer automatically adding 100 mL luciferin solution.

This assay is used to evaluate cytotoxic effects of the polyplexes.

 1. Harvest, seed, and transfect cells as explained above, to get 
the same conditions for the MTT– as for the luciferase assay.

 2. Instead of removing the medium and lysing the cells at the 
final day of the experiment, 10 mL of MTT reagent is added 
to each cavity.

 3. Incubate the cells at 37°C and 5% CO2 for another 2 h.
 4. Remove the medium from the cells and freeze them at −80°C 

for 2 h to break the cells.
 5. Add 100 mL DMSO to each well and incubate for 2 h at RT 

to dissolve the formazan crystals.
 6. Measure absorption at 590 nm [reference wavelength 

(630 nm)] on a micro-plate reader. Set HBG as 100% viability 
control.

 1. PLL purchased from Sigma-Aldrich is a polydisperse product. 
The polymerization degree is batch-dependent.

 2. Please refer to Fig. 2.
 3. The melittin peptide bears a cysteine at the carboxy-terminus 

for coupling to the SPDP-linker. The thiol-group is prone to 
dimerize with a second thiol-group under aqueous condi-
tions. Thus, it is important to have the reactions as short as 
possible and always use argon conditions.

 4. Melittin is not well soluble in water. Thus, it is always neces-
sary to work with buffers containing 30% acetonitrile during 
the treatment of melittin or DMMAn-modified melittin. 
Never let the acetonitrile concentration drop below 30% until 
the peptide has reacted with PLL, otherwise it might agglom-
erate. After covalent attachment to the polycation, the con-
struct is soluble even without acetonitrile.

 5. The modification of melittin with 2,3-dimethylmaleic anhy-
dride (DMMAn) is reversible under acidic pH. Thus, it is 
very important to keep the pH above 8 during every reaction 

3.1.6.3. MTT Assay

4. Notes
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step including DMMAn. Always control and adjust the pH of 
all included buffers, before and after adding a new compo-
nent and after the incubation/reaction time to be sure that 
the pH never gets too low. If the buffer containing 
DMMAnMel drops below pH 8, restart the synthesis.

 6. For the optional covalent coupling of siRNA (see Fig. 1, 
R = siRNA), siRNA thiol-modified at the 5¢ end of the sense 
strand has to be attached before this step (for further infor-
mation, see ref. 9).

 7. Store erythrocytes at 4°C for no longer than 24 h to be sure 
to get reproducible and comparable results.
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Chapter 33

Cell-Penetrating Penta-Peptides and Bax-Inhibiting 
Peptides: Protocol for Their Application

Jose Gomez and Shigemi Matsuyama 

Abstract

The first series of cell-penetrating penta-peptides (CPP5s) were discovered as cytoprotective penta-peptides 
designed from the Bax-inhibiting domain of Ku70. Bax is an inducer of programmed cell death, and 
Ku70 is a multifunctional protein maintaining genomic stability and protecting cells from death by inhib-
iting the cytotoxic activity of Bax. Since these peptides bind and inhibit Bax, they are named Bax-
inhibiting peptides (BIPs). The second series of CPP5s were developed by mutating BIP’s amino acid 
sequences to abolish the Bax-binding activity. These peptides were used as negative control peptides to 
evaluate the Bax-inhibiting activity of BIPs. CPP5s are able to enter cells when they are added to the 
culture medium. The mechanism of cell entry of CPP5s is not yet understood. Numerous studies showed 
that BIP rescued cells from cytotoxic stresses both in cell culture and animal model, suggesting the thera-
peutic potential of BIP. Both BIPs and noncytoprotective CPP5s did not show significant toxicity even 
at 1.6 mM concentration in cell culture. Our recent study suggests that CPP5s has the protein transduc-
tion activity, though only green fluorescent protein (GFP) has been tested as a cargo protein. If CPP5s 
can deliver wide range of cargo molecules into the cell, CPP5s may be utilized as nontoxic drug delivery 
tool. In this article, we describe our laboratory’s protocols of how to synthesize, store, and apply CPP5s 
for the examination of their activities of cell penetration and cytoprotection.

Key words: Cell-penetrating peptide, Cell-penetrating penta-peptide, Ku70, Bax, Protein transduc-
tion, Apoptosis, Programmed cell death

The first series of cell-penetrating penta-peptides (CPP5s) were 
discovered as Bax-inhibiting peptides (BIPs) that were designed 
from the Bax-binding domain of Ku70 (1–3). Ku70 is a multi-
functional protein involved in nonhomologous end joining DNA 
repair (4, 5) and apoptosis regulation (1, 2). Ku70 binds and 
inhibits the proapoptotic protein Bax in the cytosol, and thus 
Ku70 protects cells from Bax-mediated cell death (1, 2). We found 

1. Introduction

Ülo Langel (ed.), Cell-Penetrating Peptides: Methods and Protocols, Methods in Molecular Biology, vol. 683,
DOI 10.1007/978-1-60761-919-2_33, © Springer Science+Business Media, LLC 2011
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that the Bax-binding domain composed of five amino acids in the 
C-terminus of Ku70 (1, 3). Interestingly, synthetic penta-
peptides of this domain showed cell-penetrating activity, and these 
peptides were able to rescue cells from death by simply adding 
them into the cell culture (1). These cytoprotective peptides were 
named BIPs. Various versions of BIPs were designed from the 
Bax-binding domain of Ku70 of different species including human 
(VPMLK), rat (VPALR), and mouse (VPTLK) (1, 3). In addi-
tion, the second series of CPP5s (e.g., IPMIK and KLPVM) were 
developed by mutating the BIP sequence. These noncytoprotec-
tive CPP5s were originally designed as negative control peptides 
to verify the Bax-inhibiting activity of Ku70-derived BIPs. In this 
article, we describe the experimental protocols of how to deter-
mine the activities of cell penetration and cytoprotection.

All the peptides examined in our laboratory were synthesized by 
companies (e.g., Biopeptide Co., Inc. San Diego, CA, USA) as order-
made peptides. Since we often use CPP5s for the protection of cells 
from damage, we purchase HPLC-purified peptide (98% <purity). 
It is reported that the usage of D-type amino acids increases the 
 stability of peptides in the cell since D-type peptides are resistant 
to protease-dependent degradation (6). We compared the cytopro-
tectve activities of D-type and L-type VPTLK (BIP designed from 
mouse Ku70) in HeLa cells; however, we could not see a significant 
difference between these two versions (Gomez and Matsuyama, 
unpublished observation). Therefore, at least in the case of VPTLK, 
the usage of D-type amino acid is not effective to increase the bio-
logical activity. We have not examined D-type amino acids in other 
CPP5s. It is still possible that the utilization of D-type amino acids 
improves the biological activities in other CPP5s.

When we order CPP5 synthesis, we request companies to dis-
pense peptide in tubes with known quantity, for example, 5 mg 
(dried powder) in each tube. Upon arrival, the peptides are stored 
in −80 or −20°C freezer. As long as peptides are stored as dried 
powder, we did not observe significant decrease of biological 
activities after 1 year or longer storage in the freezer.

For preparation of stock solution, we use dimethyl sulfoxide 
(DMSO) to dissolve peptides at 100 or 200 mM concentration in 
polypropylene tube (0.5-ml tube), and the solutions are stored at 
−20 or −80°C. The stock solution prepared by DMSO showed 
stable biological activities (cell penetration and cytoprotection) 
even after three times of freeze–thaw cycle. It is very important to 
use nonoxidized DMSO which has been stored by filling the con-

2. Methods

2.1. Peptides 
Synthesis

2.2. Storage of  
the Peptide
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tainer with nonreactive gas (e.g., N2 gas). It is not recommended 
to use old DMSO stored at room temperature without filling the 
bottle by nonreactive gas. Our laboratory uses DMSO dispensed 
in small ample tubes (5 ml for each ample) (Sigma-Aldrich, 
D2650). To be noted, it is not recommended to use glass tubes 
for the preparation of CPP5 stock solution if DMSO is used. 
Once we experienced that VPMLK lost its cytoprotective activity 
when the peptide was dissolved in DMSO and stored in a glass 
tube. After this experience, we are using polypropylene tube (0.5-
ml or 1.5-ml centrifuge tube) for storage and preparation of stock 
solution.

Most of CPP5s are water soluble and it is possible to prepare 
stock solution in water, phosphate buffer saline (PBS), or other 
types of buffer. For example, stock solution in PBS may be suit-
able for in vivo experiment. We examined the effects of freeze–
thaw cycle on cytoprotective activities of VPTLK and VPMLK 
dissolved in PBS. Two times of freeze–thaw cycle did not show 
significant decrease of the activity, but the decrease was observed 
after the third cycle. Therefore, it is recommended to avoid more 
than three times of freeze–thaw cycle when stock solution is pre-
pared in water or buffer.

●● 6-Well culture plate.
10% Fetal calf serum(FCS) containing Dulbecco’s Modified ●●

Minimum Essential Medium (DMEM).
FITC (or other appropriate florescent dye)-conjugated CPP5.●●

BIP (fluorescent dye conjugation is not necessary to the inhi-●●

bition of Bax activity).
0.25% Trypsin–EDTA.●●

Hank’s buffered saline solution (HBSS).●●

Hoechst dye (33258 or the similar nuclear staining dye).●●

In general, we add CPP5 into the culture medium at the concen-
tration ranging from 10 to 400 mM. In most of the cell types, the 
cell entry of FITC-CPP5 can be detected by fluorescent micro-
scope by culturing cells in the presence of 10 mM or above for 
more than 3 h. In the case of HeLa and DAMI cells (human 
megakaryotic cell line), the cell entry of FITC-VPTLK and -KLPVM 
was observed within 15 min of the incubation when FITC’s fluo-
rescence was measured by flow cytometry (1, 7). To protect cells 
from apoptosis by BIP, 10–400 mM BIP is required depending on 
cell type and strength of stress. For example, 200 mM is required 
to protect HEK293T cells from Bax overexpression (transient 
transfection of Bax-expressing plasmid).

CPP5 is stable in culture medium for more than 3 days, since BIP 
maintained its cytoprotective activity in cell culture for 3 days after the 

2.3. List of Materials 
Needed for 
Experiments

2.4. Addition of 
Peptides to the Cell 
Culture
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addition of BIP to the media. In our laboratory, we usually re-add 
BIP every 3 days (by replacing old medium with fresh medium) if we 
need to inhibit Bax-mediated cell death for longer than 3 days.

For the detection of FITC-labeled CPP5 in the cell, we usually 
incubate cells for 3 h in the presence of the peptide at the concen-
tration of 10 mM or higher. The presence of serum in the medium 
does not interfere the cellular uptake of CPP5. Therefore, com-
monly used culture media containing 10% serum can be used for 
the examination of the cell entry and cytoprotection by CPP5.

Incubation time can be varied depends on cell type and CPP5 
concentration. In the case of HeLa and DAMI cells, 15 min incu-
bation was sufficient to detect the cell-penetrating activity of 
FITC-labeled CPP5 (100 mM concentration in the medium) by 
flow cytometric analysis (1, 7).

As described earlier, BIPs were designed from Bax-inhibiting 
domain of Ku70 from several species (1, 3). VPMLK and PMLKE 
were designed from human Ku70, VPTLK was from mouse 
Ku70, and VPALR was from rat Ku70 (3). All these BIPs were 
able to bind human Bax, and they can rescue human cells from 
Bax-mediated cell death. In our laboratory, VPTLK is mainly 
used since this BIP showed the best stability for cytoprotection 
after the long storage for more than 1 year. We experienced a 
significant decrease of Bax-inhibiting activity of VPMLK and 
PMLKE after several freeze–thaw cycles. At present, we do not 
know the exact reason of the loss of activity, but we suspect that 
oxidation of methionine (M) during the long storage might be 
the cause of the problem. On the other hand, VPTLK showed 
very constant cytoprotective activity. If there is no special reason 
to use VPMLK or PLMKE, it is recommended to use VPTLK for 
the protection of cells from Bax-mediated cell death.

In general, we use 50–400 mM BIP to protect cells from 
stresses that activate Bax (1–3). The concentration of effective BIP 
should be determined by dose-dependent analysis. For example, 
200 mM BIP is effective to protect HeLa cells, human epithelial 
kidney (HEK) 293T and HEK293 cells, DAMI cells (human 
megakaryocytic cell line), human umbilical cord endothelial cells 
(HUVEC), and mouse embryonic fibroblasts (MEFs) from sev-
eral stresses including anti-cancer drugs (etoposide, doxorubicin, 
taxol, etc.), and other chemicals inducing Bax-mediated apoptosis 
(e.g., staurosporin) (1–3). There are numerous reports showing 
the protection of various cell types from cytotoxic stresses. For 
example, VPMLK and VPTLK protected retinal cells from oxida-
tive stress and glutamate-induced cell death (8, 9), and stresses 
inducing macular degeneration (10). BIP also protected neuron 
from tropic factor deprivation (11) and polyglutamate overexpression 
(2). It was also shown that BIP increased the survival of trans-
planted liver cells in mouse model by the preincubation of liver 

2.5. Detection  
of Fluorescence 
Dye-Labeled CPP5  
in the Cell

2.6. Cell Death 
Inhibition by BIP
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cells in BIP-containing medium (12). To be noted, VPMLK was 
able to protect the protozoan parasite (Giardia lamblia) from death 
caused by ectopic expression of mammalian Bax protein (13).

There are some reports examining the effects of BIP in mouse 
model (11, 12, 14), and these reports indicate that BIP has a 
therapeutic potential to rescue damaged cells from Bax-mediated 
cell demise program. For example, BIP was able to rescue retinal 
cells from apoptosis induced by optic nerve injury in mouse (14). 
In this case, 4 ml of BIP solution (46.9 mg/ml in PBS) was intrav-
itreally injected to the eye for every 3 days and for 6 days.

In our laboratory, we examined the toxicity of KLPVM and 
VPTLK in mouse by injecting these peptides by i.v., i.p., and s.c. 
We examined maximum dose of 275 mg/kg, but we did not 
observe any toxicity, and the mice were able to show normal 
reproductive activity after the injection of the peptides (Gomez 
and Matsuyama, unpublished observation).

In addition to cell-penetrating activity, there is a possibility that 
CPP5 has protein transduction activity. Among several CPP5s, 
we tested KLPVM and VPTLK whether these CPP5s can deliver 
green fluorescence protein (GFP) into cultured cells (1, 7). CPP5 
sequence was fused to the C-terminus of GFP and the recombi-
nant proteins of GFP-CPP5 were prepared. HeLa cells were cul-
tured with 1 mM of GFP-VPTLK, GFP-KLPVM, or GFP (no 
CPP5 tag) for 24 h in 10% FCS containing DMEM. After the 
extensive wash of the cells by culture medium, cells were observed 
under the fluorescent microscope. As reported in our previous 
publication (1, 7), green fluorescence was observed from cells 
incubated with GFP-VPTLK and GFP-KLPVM, but not by GFP. 
This result suggests that CPP5 has a potential to deliver cargo 
molecule across the plasma membrane. At present, we are per-
forming further experiments to determine whether CPP5 has 
protein transduction as TAT peptide does (15).

Examination of cell penetration activity of FITC-labeled CPP5 in 
HeLa cells.

 1. Start cell culture in 6-well plate (1 × 105 cells/2 ml/well). 
Use 10% FCS containing DMEM. Incubate cells for over-
night (see Note 1).

 2. Prepare FITC-CPP5 containing medium. For example, if you 
use 100 mM stock solution prepared in DMSO, add 10 ml of 
this stock solution into 10 ml DMEM containing 10% FCS to 
prepare 100 mM FITC-CPP5 containing medium.

2.7. Addition  
of Peptides  
to Animal Model

2.8. Examination  
of Protein 
Transduction Activity

3. Protocol 
Examples

3.1. Experiment 1
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 3. Aspirate the medium from each well and add FITC-CPP5 
containing medium.

 4. Incubate 3 h.
 5. Wash cells by HBSS at least two times.
 6. Re-add DMEM containing 10% FCS, and observe cells under 

fluorescent microscope. If flow cytometric analysis is per-
formed, collect cells by trypsinization (use 0.25% trypsin–
EDTA) and wash cells by HBSS at least one time by 
centrifugation. Then, resuspend cells in HBSS.

Protection of HeLa cells by BIP from cytotoxic stresses.

 1. Start cell culture in 6-well dish (1 × 105 cells/2 ml/well). See 
Subheading 4.

 2. Prepare BIP-containing medium. For example, if you use 
100 mM stock solution prepared in DMSO, add 20 ml of this 
stock solution into 10 ml DMEM containing 10% FCS to 
prepare 200 mM BIP-containing medium.

 3. Change the medium with BIP-containing medium, and pre-
incubate cells for 3 h or overnight.

 4. Treat cells with apoptotic stresses. For example, add stauro-
sporin (final concentration 100 nM), etoposide (1–10 mM), 
or doxorubicine (1 mM). If medium change is necessary, do 
not forget to re-add BIP into the fresh medium.

 5. Incubate cells with apoptosis-inducing reagent for the neces-
sary period such as 12, 24, and 48 h.

 6. Add Hoechst dye to the medium at the final concentration of 
4 mg/ml. Incubate cells at least for 10 min.

 7. Observe cells under the fluorescent microscope and detect 
apoptosis by the change of nuclear morphology (nuclear con-
densation and nuclear fragmentation).

 1. Cell density is an important factor. The efficiency of cell pene-
tration by CPP5s can be significantly influenced by culture con-
dition, especially by cell density (cell number per dish). In 
“100% confluent” condition, the efficiency of cell entry of 
CPP5s becomes less than that in lower cell density condition. 
Important issue is that cell density must be accurately controlled 
in each experiment to obtain constant result. In this protocol, 
HeLa cells are plated at the density of 1 × 105 cells/well (6-well 
plate) that results in 30–40% confluent condition. In this condi-
tion, CPP5s show very fast cell penetration activity (cell entry 
can be detected within 15 min of incubation).

3.2. Experiment 2

4. Notes
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Chapter 34

PAIR Technology: Exon-Specific RNA-Binding Protein 
Isolation in Live Cells

Thomas J. Bell, Emelía Eiríksdóttir, Ülo Langel, and James Eberwine 

Abstract

RNA-binding proteins (RBPs) are fundamental regulatory proteins for all forms of transcriptional and 
posttranscriptional control of gene expression. However, isolating RBPs is technically challenging for 
investigators. Currently, the most widely used techniques to isolate RBPs are in vitro biochemical 
approaches. Although these approaches have been useful, they have several limitations. One key limita-
tion to using in vitro biochemical approaches is that RBP–RNA interactions are isolated under nonbio-
logical conditions. Here we review a novel experimental approach to identify RBPs called peptide nucleic 
acid (PNA)-assisted identification of RBPs (PAIR) technology (Zielinski et al., Proc Natl Acad Sci USA 
103:1557–1562, 2006). This technology has two significant advantages over traditional approaches. (1) 
It overcomes the in vitro limitation of biochemical approaches by allowing investigators to isolate RBP–
RNA interactions under in vivo conditions. (2) This technology is highly mRNA specific; it isolates RBPs 
in an exon-specific manner. By selectively targeting alternatively spliced exons with PAIR technology, 
investigators can isolate splice variant-specific and mRNA region-specific (5-UTR and 3-UTR) RBP 
complexes for any mRNA of interest.

Key words: RNA-binding proteins, Cell-penetrating peptide, Post-transcriptional regulation, 
Alternative splicing

All modes of post-transcriptional control of gene expression 
require specific RNA-binding protein (RBP) interactions with 
key regulatory sequences in their target mRNA. Although these 
interactions control multiple post-transcriptional events, only a 
relatively small number of RBPs and their respective target 
mRNA-binding sequences have been identified. Furthermore, 
reports usually only describe half of the story, the key RNA 
sequences. For example, the key regulatory pre-mRNA sequences 
that control activity-dependent splicing of the KCNMA1 STREX 

1.  Introduction

Ülo Langel (ed.), Cell-Penetrating Peptides: Methods and Protocols, Methods in Molecular Biology, vol. 683,
DOI 10.1007/978-1-60761-919-2_34, © Springer Science+Business Media, LLC 2011
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splice variant have been identified (2, 3), but the RBPs that direct 
this splicing event have yet to be identified. Neuronal RBPs and 
their functional roles have remained particularly elusive to neuro-
science investigators. For example, in synaptic plasticity studies 
only a small number of RBPs have been identified, such as Fragile 
X mental retardation protein (FMRP) (4, 5), cytoplasmic poly-
adenylation element (CPE) protein (6–8), and neuro-oncological 
ventral antigen (NOVA) (9). The clinical importance of neuronal 
RBPs has been highlighted in studies on Fragile X syndrome. 
This well-studied neurological disease is caused by mutations in 
the RBPs called FMRPs. In particular it is thought that a mutated 
FMRP cannot “appropriately target” its RNA cargoes thereby giv-
ing rise to alterations in the biology associated with its RNA cargoes.

Mammalian cells contain 4,000–12,000 mRNAs in their intracel-
lular compartments (10). This diverse mixture of cellular mRNAs 
requires RBP complexes to associate with the mRNAs and direct 
their post-transcriptional processing. Perhaps even more impor-
tant than transcriptional regulation, RBP complexes control a very 
diverse range of post-transcriptional events that ultimately yield 
mRNA-specific splicing patterns (exon utilization), subcellular 
localization patterns, and RNA stabilities. To accomplish these 
critical events, a large number of different RBPs complexes coat 
the entire topography of an mRNA. Each RBP complex along the 
mRNA can directly regulate or contribute to the regulation of dif-
ferent post-transcriptional events. Therefore, identifying RBPs in 
select gene regions (5-UTR or 3-UTR) or exons (alternatively 
spliced or constitutive) can offer a more direct experimental 
approached to study different post-transcriptional events.

The PAIR technology delivers the advantage of allowing 
investigator to identify RBP complexes in selected gene regions 
or exons in live cells. Analogous to designing PCR primers, inves-
tigators will directly target exons in their mRNA of interest. 
Instead of using nucleic acid probes, this technology relies on 
peptide nucleic acid (PNA) analogs. PNAs are composed of pep-
tide backbone and nucleotide bases and are, therefore, not recog-
nized by proteases or nucleases. This unique composition of 
PNAs gives them extraordinary stability over nucleic acids in the 
cytoplasm of live cells. The PNA probe design strategy is rela-
tively straightforward. The PNA probe sequences need to be 
complementary for their target mRNA sequence and ~12–18 
nucleotides in length to be gene-specific. To optimize hybridiza-
tion conditions in the cytoplasm of live cells, the GC content 
should be limited to ~50% and the PNA sequence should not 
have three consecutive purine nucleotides. NIH BLAST search 
should be used to verify that each PNA probe is specific for their 
respective target sequences. Lastly, to improve the stringency of 
the RBP screen, a minimum of two PNA probes should be 

1.1. PAIR Technology 
Isolates RBP 
Complexes in an 
Exon-Specific Manner



475PAIR Technology

designed for each target exon. Currently, we are taking advantage 
of the experimental flexibility in PAIR technology to isolate a 
variety of RBP complexes for BKCa channel mRNAs (Fig. 1). 
Our PNA probes are designed to isolate RBP complexes that reg-
ulate two different forms of post-transcriptional processing in BKCa 
channel mRNAs:intron retention (11) and activity-dependent 
alternative splicing (3).

A schematic of the PAIR procedure is provided in Fig. 2. This 
technology was developed to isolate RBPs in the cytoplasm of live 
cells (1). In the current iteration of the PAIR technology, the 
PNAs are linked with two other molecules: (1) a cell-penetrating 
peptide (CPP) via a reducible disulfide bridge and (2) a photo-
activatable compound p-benzoylphenylalanine (Bpa) via a peptide 
bond. The cell-penetrating peptides are used to get the CPP–
PNA–Bpa complexes efficiently into the cellular cytoplasm. Once 
the CPP–PNA–Bpa complexes are taken up into the cellular cyto-
plasm, the CPP component of the complex is reduced due to cyto-
solic glutathione, thereby removing the CPP from the complex. 
The remaining molecules in the complex, PNA–Bpa, anneals to 
their target mRNA sequences in the cytoplasm of live cells.

1.2. A General PAIR 
Overview

Fig. 1. PAIR procedure can isolate different RBP complexes from same mRNA. This cartoon shows how PAIR proce-
dure can be used to identify the RBP complexes that regulate different exons of a selected mRNA. PNA#1 is designed to 
identify the RBP complexes that regulate the expression of one alternatively spliced exon. PNA#2 is designed to identify 
a different set of RBP complexes. This set regulates the expression of a nonalternatively spliced exon.
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After the PNA–Bpa complex anneals to the target mRNA, 
the photo-activatable moiety, p-benzoylphenylalanine (Bpa), is 
used to physically link the PNA–Bpa complexes to nearby RBP 
complexes. To accomplish this step, live cells are simply exposed 
to UV irradiation. This step activates the Bpa and cross-links 
the mRNA–PNA–Bpa complexes to all the nearby RBP 
complexes.

After cross-linking the PNA–Bpa complexes to the RBPs, the 
cells are treated with Triton-100 lysis buffer to disrupt the cellular 
membranes. The cellular lysates are next subjected to RNase A 
treatment to release the mRNA–PNA–Bpa complexes. Magnetic 
beads coupled to oligonucleotide primers that are complemen-
tary to the PNA probes are used to isolate the PNA–RBP com-
plexes from cellular lysates. RNA–RBPs complexes are eluted 
from the beads and the RBPs are purified by chloroform–metha-
nol precipitation. SDS-PAGE and silver staining is used to visual-
ize the isolated RBPs. Protein bands or gel regions of interest are 
simply excised and analyzed by mass spectrometry.

RBPs are fundamental regulatory proteins in all neurons. In fact, 
one of the most well-studied neurological diseases, Fragile X  

1.3.  Summary

Fig. 2. A schematic of the PAIR procedure. Step 1, a cell-penetrating peptide (CPP) gets the PNA–Bpa complexes 
across the plasma membrane. Step 2, the PNAs hybridize to their target mRNAs in live neurons. Next, UV light stimulation 
activates p-benzoylphenylalanine (Bpa) and cross-links the PNA–Bpa–RBP complexes. Step 3, the neurons are collected 
and magnetic beads are used to isolate the PNA–Bpa–RBP complexes. Step 4, RNA–RBPs complexes are eluted from the 
beads and purified by chloroform–methanol precipitation. SDS-PAGE and silver staining is used to visualize the isolated 
RBPs. The protein bands of interest will be excised and subjected to mass spectrometry analysis.
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syndrome, is caused by mutations in the RBP called FMRP. To 
date only a few functionally significant RBPs have been identified 
in neurons. To understand the biological roles of these neuronally 
localized RBPs, further advancements in isolating, characterizing, 
and understanding how the RBPs work is required. Innovation is 
one of the best ways to stimulate progress in a particular field, so 
here we highlight a novel experimental approach to in vivo iden-
tify neuronal RBPs that bind to particular RNAs. The PAIR pro-
cedure gives investigators a major advantage over other techniques 
because it permits the isolation of splice variant-specific and mRNA 
region-specific (5-UTR and 3-UTR) RBP complexes for any 
mRNA of interest under in vivo conditions.

 1. HEPES-buffered saline (HBS), pH 7.4: 25 mM HEPES, 
0.75 mM Na2HPO4, 70 mM NaCl2. Filter sterilize. Store at 
−20°C.

 2. TX-100 lysis buffer, pH 8.0: 25 mM HEPES, 0.1% Triton 
X-100, 300 mM NaCl2, 20 mM glycerophosphate, 1.5 mM 
MgCl2,1 mM DTT, 2 mM EDTA. Filter sterilize. Store at 
4°C.

Add fresh protease inhibitors to the TX-100 lysis buffer 
immediately before each experiment. As per the manufac-
ture’s recommendation, 10 ml Protease Inhibitor Cocktail for 
each 1-ml cell extracts. The final concentration of PMSF 
should be 1 mM.

 3. Salt-free lysis buffer, pH 8.0: 25 mM HEPES, 0.1% Triton 
X-100, 20 mM glycerophosphate, 1.5 mM MgCl2,1 mM 
DTT, 2 mM EDTA. Filter sterilize. Store at 4°C.

Add fresh protease inhibitors to the Salt-free lysis buffer 
immediately before each experiment. As per the manufac-
ture’s recommendation, 10 ml Protease Inhibitor Cocktail 
for each 1-ml cell extracts. The final concentration of PMSF 
should be 1 mM.

 4. Ammonium bicarbonate buffer, pH 8.0: 25 mM NH4HCO3. 
Filter sterilize. Store at −80°C.

 5. Streptavidin magnetic bead storage buffer: Dulbecco’s phos-
phate-buffered saline (D-PBS) (1×), 0.1% bovine serum albu-
min (BSA), 0.2% NaN3. Store at −20°C.

 6. Blocking nonspecific buffer for streptavidin magnetic bead: 
D-PBS (1×), 0.1% BSA. Store at 4°C.

 7. D-PBS (1×), pH 7.4. Store at 4°C.
 8. GnHCl buffer for dissolving protein pellets: 3 M GnHCl. 

Filter sterilize. Store at 4°C.

2.  Materials

2.1.  Buffers
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 1. Protease inhibitor cocktail, Sigma, No: P8340. Store at 
−20°C.

 2. Phenylmethanesulfonyl fluoride solution (PMSF), Fluka, No: 
93482. Store at 4°C.

 1. Sodium hydroxide (NaOH), Fisher, Product No: BP359-
500.

 2. Sodium phosphate dibasic dihydrate (Na2HPO4·2H2O), 
Fisher, Product No: S381-500.

 3. Ethylene diamine tetra-acetic acid disodium salt dihydrate, 
Fisher, Product No: BP120-500.

 4. Ammonium bicarbonate (NH4HCO3), Fisher, Product No: 
BP2413-500.

 5. UltraPure 1 M Tris–HCl pH 8.0, Invitrogen, Cat. No. 
15568-025.

 6. Sodium chloride (NaCl2), Sigma, Product No: S7653.
 7. Triton X-100, Sigma, Product No: T8787.
 8. Glycerol 2-phosphate disodium salt hydrate 

(C3H7O6Na2P·xH2O), Sigma, Product No: G9891-25G.
 9. Magnesium chloride hexahydrate (MgCl2·6H2O), Sigma, 

Product name or No: M-9272.
 10. Calcium chloride dihydrate (CaCl2·2H2O), Fisher, Product 

No: C79-500.
 11. Potassium chloride (KCl2), Sigma, Product No: P9541.
 12. Potassium dihydrogen phosphate (KH2PO4), Sigma, Product 

No: P5379-500G.
 13. Sodium azide (NaN3), Sigma, Product No: S-8032.
 14. Purified BSA, New England BioLabs, Product No: B9001S.

 1. Methanol (MeOH), Fisher, Product No: A412.
 2. Chloroform (CHCl3), Sigma, Product No: C2432.
 3. Guanidine hydrochloride (GnHCl), Life Technologies, Inc., 

Cat. No. 5502UA.

 1. NuPAGE 10% Bis-Tris gel 1.0 mm X 12 well, Invitrogen, 
Cat. No. NP0302.

 2. NuPAGE Sample Reducing Agent (Dithiothreitol), 
Invitrogen, Cat. No. NP0004.

 3. NuPAGE LDS Sample Buffer (Lauryl alcohol sulfate, lithium 
salt), Invitrogen, Cat. No. NP0007.

 4. NuPAGE Antioxidant (N,N-dimethylformamide and sodium 
bisulfite (NaHSO3)), Invitrogen, Cat. No. NP0005.

 5. SilverQuest Silver staining kit, Invitrogen.

2.2. Protease 
Inhibitors

2.3. Chemicals for 
Buffers

2.4. Chemicals for 
Protein Precipitation

2.5. Protein Gel 
Reagents
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 1. RNase A, Roche.
 2. Dynabeads M-270 streptavidin magnetic beads, Invitrogen, 

Cat. No. 653.05.
 3. Biotinylated sense (complementary to the PNA sequence) 

oligonucleotide primer.
 4. Nuclease-free water.
 5. Cell scrapers.
 6. 15-ml capped tubes.
 7. Eppendorf tubes.
 8. Microcentrifuge.
 9. Centrifuge for 15-ml tubes.

The procedure can be performed in any cell culture system. We 
typically use rat cortical neurons plated in 35-mm dishes in ~12 ml 
of media at 400,000 cells/ml (~4.8 × 106 cells in each plate). For 
each PNA, we use minimum of 1.4 × 107 cells per experiment. 
However, the number of cells required for PAIR analysis depends 
on the abundance of the target mRNA. Lower abundant mRNAs 
may require increasing the number of cells.

Materials:
Cultured cells

TX-100 lysis buffer
HBS
RNase A
Protease inhibitors
Dry ice
UV light source
Cell scrapers
15-ml tubes
PNA solutions: 15 mM of PNA in HBS. Different concentra-

tions of each PNA can be tested.
A representative PAIR experiment:

Sample name Treatment

PNA #1 low concentration 20 ml of PNA #1

PNA #1 high concentration 40 ml of PNA #1

PNA #2 low concentration 20 ml of PNA #2

PNA #2 high concentration 40 ml of PNA #2

Negative control low concentration 20 ml of HBS

Negative control high concentration 40 ml of HBS

2.6.  Other Reagents

2.7.  Cultured Cells

3.  Methods

3.1. Forming of 
PNA–RNA-Binding 
Protein Complexes in 
Live Cells
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 1. Collect 4 ml of media from each plate into a 15-ml tube. 
Aspirate the rest of the medium from the plate.

 2. Add the 4-ml back to the plate.
 3. Directly add 20 or 40 ml of each treatment (see chart above) 

to a plate.
 4. Mix by slowly moving the plates in circles for ~20 s.
 5. Incubate for 90 min at 37°C in tissue culture incubator.
 6. Rinse the cells 2× with 4-ml HBS (at room temperature).
 7. UV cross-link for 2.5 min with UV light source.
 8. Replace the HBS with 4-ml ice-cold TX-100 lysis buffer (with 

freshly added protease inhibitors: PI and PMSF).
 9. Scrape the cells and collect the cell lysate in a 15-ml tube.
 10. Remove 30 ml of each sample and save this aliquot (labeled as 

Total Cell Lysate) for protein gel analysis. Store at −80°C.
 11. Place the cell lysates in the 15-ml tubes on dry ice for 60 min. 

Either proceed to the next step or store the samples  
at −80°C.

(Potential Stopping point)

Materials:
Cell lysates
RNase A
Dry ice
37°C incubator with rotator
Room temperature water bath

 1. Thaw the cell lysates in room temperature water bath.
 2. Add 12 ml of RNase A (1 mg/ml) to the cell lysates. Rotate 

the tubes at 37°C for 20 min.
 3. Place the cell lysates on dry ice for 60 min. Store the samples 

at −80°C.

(Potential Stopping point)

Materials:
Blocking nonspecific buffer for streptavidin magnetic bead
Biotinylated sense oligonucleotide primer
Magnetic stand
Dynabeads M-270 streptavidin magnetic beads
1× D-PBS
Room temperature rotator

 1. Put 1 ml (=10 mg) of streptavidin magnetic beads into an 
Eppendorf tube.

 2. Place the tube in the magnetic stand for 10 min, then remove 
the buffer.

 3. Add 1 ml of D-PBS and rotate for 10 min at room 
temperature.

3.2. Releasing the 
PNA–RNA-Binding 
Protein Complexes 
from the Cellular 
mRNAs

3.3. Coupling of 
Biotinylated Sense 
Oligonucleotide Primer 
to Strepavidin 
Magnetic Beads
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 4. Place the tube in the magnetic stand for 10 min, then remove 
the buffer.

 5. Wash the beads again with 1-ml D-PBS (repeat steps 2  
and 3).

 6. Dissolve the oligonucleotide (1 mg/ml in Tris–EDTA 
buffer).

 7. Add 50 ml (=50 mg) of each oligonucleotide solution to 950 ml 
of 1× D-PBS.

 8. Remove the buffer from the beads and resuspend them in 
1 ml 1× D-PBS containing 50 mg of the biotinylated sense 
oligonucleotide (step 7).

 9. Rotate the solution at room temperature for 1 h.
 10. Magnetically separate the beads from the solution.
 11. Wash the beads five times with 1 ml 1× D-PBS (see steps 2 

and 3).
 12. After completing the last wash, resuspend the beads in 1 ml 

D-PBS containing 0.2% BSA to block nonspecific binding to 
the beads.

 13. Rotate the tubes at RT for 1 h.
 14. Place the tube in the magnetic stand for 10 min, then remove 

the buffer.
 15. Briefly, wash the magnetic bead–streptavidin–biotin–oligo 

complex with D-PBS. For this wash, add 1 ml of D-PBS and 
vortex for 10 s at room temperature.

 16. Place the tube in the magnetic stand for 10 min, then remove 
the buffer.

 17. Wash again (repeat steps 14–16).
 18. Resuspend the bead complex in 1 ml (final concentration of 

10 mg/ml) in storage buffer and store at 4°C.

Materials:
Magnetic beads coupled to oligonucleotide primers
Magnetic stand
TX-100 lysis buffer
Protease inhibitors
Room temperature rotator
Eppendorf tubes
Microcentrifuge

 1. Place 30 ml of the magnetic bead–streptavidin–biotin–oligo 
complexes (prepared in Subheading 3.4) in an Eppendorf 
tube.

 2. Place the tube in the magnetic stand for 10 min, then remove 
the buffer.

3.4. Washing the 
Magnetic Bead–
Streptavidin–Biotin–
Oligo Complexes
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 3. Add 1 ml TX-100 lysis buffer containing freshly added pro-
tease inhibitors.

 4. Rotate for 10 min at RT.
 5. Centrifuge briefly.
 6. Magnetically separate for 10 min on magnetic stand, then 

remove the buffer.
 7. Wash the magnetic bead–streptavidin–biotin–oligo complexes 

again (repeat steps 3–7).
 8. After the last wash, remove the buffer and resuspend the mag-

netic bead–streptavidin–biotin–oligo complexes in 30 ml of the 
TX-100 lysis buffer containing freshly added protease inhibitor.

Note: The beads can be prepared in advance. The washed 
beads can be stored at 4°C for a week.

Materials:
Cell lysates
Washed magnetic bead–streptavidin–biotin–oligo complexes
Magnetic stand
TX-100 lysis buffer
Protease inhibitors
Room temperature rotator
37°C incubator with rotator
Microcentrifuge
Room temperature water bath

 1. Thaw the cell lysate in a room temperature water bath.
 2. Add 30 ml of the washed magnetic bead–streptavidin–biotin–

oligo complexes to the cell lysates.
 3. Rotate the tubes at 37°C for 30 min and at RT for 30 min. 

The magnetic bead–streptavidin–biotin–oligo complexes 
should now be annealed to the PNAs cross-linked to RBPs.

 4. Centrifuge the samples at 2300 g-force for 1 min.
 5. Save a 30-ml aliquot (labeled as FT for flow-through) of the 

supernatant of each PNA sample for protein gel analysis. Store 
at −80°C.

 6. Without disturbing the pelleted beads, remove the superna-
tant until 500 ml of the lysate remains.

 7. Transfer the PNA-coupled beads to an Eppendorf tube.
 8. Magnetically separate the beads from the lysate for 10 min 

and aspirate the supernatant.
 9. While magnetized, rinse the beads 2× with 1 ml TX-100 lysis 

buffer containing freshly added protease inhibitors to remove 
any uncoupled lysate proteins.

 10. Rotate for 20 min at RT, centrifuge briefly, magnetically sepa-
rate for 10 min and remove the buffer.

3.5. Isolating PNA–
RNA-Binding Protein 
Complexes from the 
Cell Lysate
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Materials:

Cell lysates
Salt-free TX-100 lysis buffer
Protease inhibitors
50°C water bath
Microcentrifuge

 1. Resuspend the beads in 100 ml of salt-free TX-100 lysis buffer 
(with freshly added protease inhibitors) pre-warmed to 50°C 
to elute the PNA–RBP complex.

 2. Incubate the beads at 50°C in a benchtop water bath flicking 
the tube periodically for 20 min.

 3. Centrifuge the beads for 1 min at RT at maximum speed 
(16100 g-force) in a benchtop centrifuge.

 4. Transfer the eluate to a new Eppendorf. The eluate now con-
tains the RBPs bound to the specific PNA.

Materials:
Cell lysates
Methanol
Ammonium bicarbonate buffer
Nuclease-free water
Chloroform
Microcentrifuge

 1. Add 400 ml of methanol to each Eppendorf containing the 
eluate. Vortex for 10 s and centrifuge at 9300 g-force for 10 s.

 2. Add 100 ml chloroform, vortex for 10 s and centrifuge at 
10,000 rpm for 10 s.

 3. Add 300 ml nuclease-free water, vortex for 10 s and centri-
fuge at 10,000 rpm for 3 min at 4°C.

 4. The interphase now contains the proteins. Aspirate and discard 
the upper phase and leave £20 ml of the upper phase in the tube.

 5. Add 300 ml methanol, vortex for 10 s and centrifuge at 
13,200 rpm for 10 min at 4°C.

 6. Decant the supernatant and air dry the pellet for ~5 min.
 7. Add 50 ml of 25 mM ammonium bicarbonate buffer.
 8. Store at −80°C for Protein Gel analysis. Alternatively, the entire 

RBP precipitation can be used for mass spectrometry analysis.

(Potential Stopping point)

Materials:

Samples (three samples per PNA)●●

Total cell lysates (TCL; from Subheading  – 3.1, step 10)
Flow-through (FT; from Subheading  – 3.5, step 5)

3.6. Eluting the RBP 
Complexes for the 
Magnetic Beads

3.7. RBP Complex 
Precipitation

3.8. SDS-PAGE and 
Silver Staining 
Analysis of the 
Isolated RBP 
Complexes
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Isolated RBP complexes (from Subheading  – 3.7, step 8)

NuPAGE 10% Bis-Tris gel 1.0 mm × 12 well●●

NuPAGE sample reducing agent●●

NuPAGE LDS sample buffer●●

NuPAGE antioxidant●●

SilverQuest silver staining kit●●

 1. Run SDS-PAGE gels to analyze the PAIR results for each 
PNA. Load three samples for each PNA: (1) the total  
cell lysate, (2) flow-through, and (3) RBP complex 
precipitation.

 2. Stain the gel with silver staining kit.
 3. Excised protein bands of interest are analyzed by mass 

spectrometry.

 1. Keratin or other contaminants in the mass spec analysis. The 
source of keratin contamination is most likely from human 
skin. Investigators should eliminate any direct exposure to 
their skin by wearing gloves and lab coats. Next, restricting 
the opening of the tissue culture dishes to well-ventilated tis-
sue culture hoods will prevent the introduction of other con-
taminants. Lastly, BSA and trypsin are used during the PAIR 
procedure, so it is highly likely that they will be detected in 
mass spectrometry analysis.

 2. No RBPs isolated or low yields. Some PNAs may not isolate a 
sufficient quantity of RBP complexes to allow the mass spec-
trometry analysis. Therefore, multiple PNAs (at least two) 
should be designed for each exon of interest. One can further 
optimize their yields by performing the PAIR procedure 
with a few different concentrations of each PNA (see 
Subheading 3.1).

 3. Verifying the PAIR results. For any experimental result, using 
multiple experimental methodologies to verify initial findings 
is always a prudent approach. Therefore, before pursuing 
PAIR-identified mRNA–RBP complexes in more complex 
experimental systems (transgenetic animals) or functional 
studies (physiology or imaging experiments), investigators 
should consider confirming their results with other RBP iso-
lation methodologies, such as immuno-precipitation. 
However, the in vitro biochemical approaches may not repli-
cate the PAIR results, because they do no replicate the in vitro 

4.  Notes
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PAIR conditions. Also, other methods depend on antibodies 
to the target RBP to perform the experiments; this could be 
a limiting factor in using antibody-based methods. 
Investigators should be aware that it may not be possible to 
verify all PAIR results by traditional biochemical approaches 
and some PAIR results may not be reproduced by these 
approaches.

 4. Predicted PAIR results. The limited number of known neu-
ronal RBPs makes it somewhat difficult to predict the poten-
tial identities of the proteins that will be identified with PAIR 
analysis. However, investigators should be open to pursuing a 
wide range of candidate proteins (traditional and nontradi-
tional RBPs) for their exons of interest. PAIR analysis could 
yield novel RNA-binding proteins, signaling proteins that 
regulate RBP complexes associated with their exon, or known 
RNA-binding proteins (such as FRMP).

 5. Determining the functional roles of the PAIR-isolated RBPs. 
The PAIR procedure isolates RBP complexes that associate 
with select mRNA regions and exons. The next challenge for 
investigators is to identify the functional impacts of their 
PAIR-identified RBP complexes. Most molecular, imaging, 
and electrophysiological techniques are compatible with cell 
culture-based model systems. This allows investigators to 
perform their functional screens and RBP isolations in identi-
cal model systems and rapid transition from PAIR analysis to 
functional studies. One approach that we frequently use to 
determine the functional impacts of PAIR-identified RBP 
complexes is RNA interference in conjunction with functional 
screens. (a) Do the PAIR-identified RBPs regulate subcellular 
distribution patterns of the exon of interest? The combination 
of RNA interference and in situ hybridization (ISH) can be 
used to determine whether PAIR-identified RBP complexes 
regulate the localization patterns of the exon of interest. The 
levels of PAIR-identified RBP can be selectively reduced by 
RNA interference and ISH can used to screen for changes in 
the localization patterns of the exon of interest. (b) Do the 
PAIR-identified RBPs regulate subcellular distribution pat-
terns of exon of the interest protein products? The combination 
of RNA interference and immunostaining can be used to 
determine whether PAIR-identified RBP play a role in regu-
lating the subcellular distribution patterns of the exon of 
interest protein products. The levels of PAIR-identified RBP 
can be selectively reduced by RNA interference and immu-
nostaining can be used to screen for changes in the subcellu-
lar distribution patterns of the exon of interest protein 
products. (c) Do the PAIR-identified RBPs regulate the excit-
ability of neurons? The combination of RNA interference and 
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current clamp analysis can be used to determine if PAIR-
identified RBP play a role in regulating the membrane prop-
erties of neurons. Again, the levels of PAIR-identified RBP 
can be selectively reduced by RNA interference and current 
clamp analysis to screen for changes in neuronal membrane 
properties.

 6. Screening for activity-dependent changes in RBP complexes. 
One advantage of using a cell culture-based model experi-
mental systems is that the cells are easily manipulated by phar-
macological treatments. Therefore, investigators can combine 
the PAIR procedure with pharmacological manipulations 
such as KCl or glutamate treatments to screen for activity-
dependent changes in their exon-specific RBP complexes.
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Chapter 35

Quantitation of Cellular and Topical Uptake  
of Luciferin–Oligoarginine Conjugates

Jonathan B. Rothbard and Lisa R. Jones 

Abstract

A major challenge confronting the further advancement of using molecular transporters conjugated to small 
molecular weight therapeutics in the clinic is the development of linkers that would allow for the control-
lable release of a free drug/probe only after cell entry. Development of assays that would allow for the rapid 
real-time quantification of transporter conjugate uptake and cargo release in cells and animals would greatly 
help in their development. In this chapter, we describe a imaging method that quantitatively measures trans-
porter conjugate uptake and cargo release in real-time in both cell culture and animal models.

Key words: Topical drug delivery, Drug conjugates, Luciferin, Bioluminescence

Many promising therapeutic leads fail to advance clinically due to 
problems with formulation and/or bioavailability. Conversion of 
the lead to a more polar prodrug often minimizes problems with 
aqueous formulation, but at the same time increases problems 
with passive diffusion across the relatively non-polar membrane 
of cells. We previously have shown that conjugation of small mol-
ecules, peptides, proteins, nucleic acids, or imaging agents to an 
octaarginine or oligoguanidine transporter produces conjugates 
that are water soluble and readily enter cells and tissue (1–7).

A major challenge confronting the further advancement of 
this field is the development of linkers that would allow for the 
controllable release of a free drug/probe only after cell entry. 
Realization of this goal is coupled directly to the development of 
assays that would allow for the rapid real-time quantification of 
transporter conjugate uptake and cargo release in cells and animals. 
Transporters covalently conjugated to fluorescent dyes can be 

1. Introduction

Ülo Langel (ed.), Cell-Penetrating Peptides: Methods and Protocols, Methods in Molecular Biology, vol. 683,
DOI 10.1007/978-1-60761-919-2_35, © Springer Science+Business Media, LLC 2011
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used to measure uptake in vitro, but they cannot be used to measure 
cargo release in a cell or applied to real time, in vivo analyses. 
Radiolabeled conjugates can be used for in vivo studies, but they 
neither establish whether the labeled conjugate is intra- or extra-
cellular, nor whether they are intact or have released their cargo. 
We have shown that intracellular cargo release is possible and 
measurable when an oligoarginine transporter is attached through 
a cysteine disulfide bond to an otherwise cell- impermeable pep-
tide cargo (4). The resultant conjugate enters cells and is then 
cleaved to the free bioactive peptide as determined in a functional 
assay for ischemic damage. This assay, however, does not lend itself 
to rapidly evaluating new transporters, linkers, or release systems, 
as it is labor intensive, time consuming, difficult to quantify, and 
only indirectly measures release of the active cargo. To address 
these problems we have developed a releasable luciferin conjugate 
as a representative (reporter) cargo, which allows measurement of 
conjugate uptake and cargo release in real time in luciferase- 
transfected cells and in transgenic animals through the emission of 
light, collectively emulating drug uptake, and intracellular release.

3-Mercapto-1-ethanol (Aldrich, St. Louis, MO).
3-Mercapto-1-propanol (Aldrich, St. Louis, MO).
3-Mercapto-1-butanol (Aldrich, St. Louis, MO).
2,2¢-Dithiodipyridine (Aldrich, St. Louis, MO).
Methanol (Aldrich, St. Louis, MO).
Phosgene, toluene, pyridine (Aldrich, St. Louis, MO).
Potassium salt of d-luciferin (Xenogen, Alameda, CA).
Sodium hydroxide (Aldrich, St. Louis, MO).
Water.
Acylated d-cysteine d-octaarginine (peptide synthesis) (see Note 1).
Acylated d-cysteine d-tetraarginine (peptide synthesis).
Acylated d-cysteine d-tetralysine (peptide synthesis).

Analytical HPLC Varian ProStar 210/215 HPLC using a prepara-
tive column (Alltec Alltima C18, 250 × 22 mm) or on an Agilent 
1100 analytical HPLC with an analytical column (Vydak C18, 
150 × 4.6 mm). The products were eluted utilizing a solvent gradi-
ent (solvent A = 0.1% TFA/H2O; solvent B = 0.1% TFA/CH3CN).

1-Naphthalenemethanol as an internal standard.
Potassium salt of luciferin (Xenogen Corp., Alameda, CA).
5 mM Magnesium sulfate.

2. Materials

2.1. Synthesis  
of Conjugates

2.2. In Vitro Release  
of Luciferin from  
the Conjugates
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 HEPES-buffered saline (HBS; 150 mM NaCl, 20 mM 
HEPES) w/1 mM EDTA pH 7.4.

Firefly luciferase (Promega, Madison, WI).
DTT (Sigma, St. Louis, MO).
ATP (Sigma, St. Louis, MO).
Luminometer (Berthold detection systems, model: Sirius).

 PC3M-luc cells; an adherent prostate cancer cell line that stably 
expresses luciferase.

 RPMI media with 10% fetal calf serum, glutamine, penicillin, and 
streptomycin (all available from Gibco, Grand Island, MI).

 Polypropylene 96-well plates (Becton Dickenson, Franklin 
Lakes, NJ).

HBS pH 7.4 (20 mM HEPES, 150 mM NaCl).
High potassium HEPES solution pH 7.4 (20 mM HEPES, 

150 mM KCl)
Luciferin conjugated to an d-arginine tetramer (r4).
Luciferin conjugated to an d-arginine octamer (r8).
Luciferin conjugated to an d-lysine tetramer (k4)
CCD camera with dark chamber, computer, and software (Living 

Image, Xenogen, Alameda, CA) for collecting biolumines-
cence from small animals (IVIS100; Xenogen, Alameda, CA) 
(see Note 2).

Transgenic reporter mice, FVB-luc+, where the transgene is com-
prised of a strong constitutive promoter (synthetic b-actin) and 
the coding sequence from firefly luciferase such that all cells of 
this animal express the luciferase reporter gene.
Nair.
Sodium acetate buffer pH 6.0 (Sigma, St. Louis, MO).
PEG 400 (Sigma, St. Louis, MO).
Isoflurane (Halocarbon, River Edge, NJ).
CCD camera with dark chamber, computer, and software (Living 

Image, Xenogen, Alameda, CA) for collecting bioluminescence 
from small animals (IVIS100; Xenogen, Alameda, CA).

A major obstacle in implementing our strategy proved to be the 
synthetic difficulty of making luciferin conjugates. While luciferin 
itself has figured prominently as a research tool for decades, little is 
known about its modification and no information is available on its 

2.3. Cellular Uptake

2.4. Topical 
Application

3. Methods
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attachment to a transporter. To address the difficulties in probing 
release we developed a releasable linker system that can be used 
with various transporter–drug/probe conjugates and that allows 
for cargo release only after cell entry. The probe system is based on 
the firefly luciferin/luciferase reaction shown in Scheme 1.

The synthetic route to the luciferin–oligoarginine conjugates is 
shown in Scheme 2.

3.1. Synthesis  
and Characterization 
of Releasable 
Conjugates Between 
Luciferin and Octa  
or Tetraarginine,  
and Tetra Lysine

Scheme 1. Firefly luciferin interacts with luciferase to produce light.

Scheme 2. General synthetic scheme for conjugates. Reagents and conditions: (a) 2,2¢ dithiodipyridine, MeOH, rt, n = 1, 
2, 3: 97%, 91%, 80%; (b) (1) phosgene, pyridine, DCM, 0°C, (2) luciferin K+ salt, H2O, NaOH, 4°C, n = 1, 2, 3: 70%, 47%, 
67%; (c) AcHN-d-cys-(d-arg)8-CONH2, DMF, rt, m = 8, n = 1, 2, 3: 59%, 66%, 24% m = 4, n = 1 35%.
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 1. In this route, the varying lengthed hydroxy thiols (3–5) are 
transformed with 2,2¢-dithiodipyridine to activated disulfides 
2 (6–8).

 2. Chloroformates are then formed by reaction of disulfide 6–8 
in CH2Cl2 with a solution of phosgene in toluene (20%). Due 
to the limited solubility of d-luciferin (1) in organic solvents, 
and to avoid protecting groups, the organic solvent is removed 
in vacuo and the potassium salt of luciferin is added with 
aqueous base to the chloroformate to form, upon acidic 
workup, the carbonate 9–11.

 3. This carbonate serves as a reagent for conjugation to a variety 
of transporters. The thiopyridyl moiety of 9–11 was displaced 
with acylated d-cysteine d-octaarginine (AcNHcr8CONH2) 
to give the transporter–linker conjugate 12–14. A tetraarginine 
(15) and a tetralysine conjugate also were synthesized in this 
manner. The avoidance of protecting groups in this sequence 
provides a flexible and step economical route to these densely 
functionalized transporter conjugates, which bodes well for 
the use of this system for the synthesis and study of other 
transporter–linker conjugates.

Luciferin can be generated from the conjugates either by hydrolysis 
or reduction of the disulfide bond and subsequent cyclization 
(Scheme 3). To help interpret the intracellular mechanisms, the 
rates of the two processes were studied in vitro.

3.2. Assays Measuring 
the Release  
of Luciferin from  
the Oligoarginine 
Conjugates

Scheme 3. Decomposition pathways of the luciferin conjugates.



492 Rothbard and Jones

 1. Each of the conjugates (0.2 mg) were dissolved in 250 mL HBS 
pH 7.4 in 1.5 mL microfuge tubes and incubated at 37°C con-
taining 10 mL of a solution of 10 mg of 1-naphthalenemethanol 
in 24 mL of methanol, which served as an internal standard.

 2. At appropriate time points 20 mL of the solutions were 
removed and analyzed by reverse phase HPLC.

 3. The percent decomposition was calculated from the inte-
grated peak areas of the conjugate, the internal standard, and 
the various decomposition products.

The half-lives of the conjugates differed significantly, ranging 
from 3 h for conjugate 12, to 11 h for conjugate 13, to 33 h for 
conjugate 14. The decomposition products were luciferin, alco-
hol 16, and CO2 as expected from slow hydrolysis of the  carbonate. 
The pattern of increasing stability correlates with the increasing 
distance between the carbonyl group and the proximate sulfur 
atom, suggesting a role for the latter in the hydrolysis step.

 1. Add varying concentrations (from 20 to 2,000 nM) of the 
potassium salt of luciferin (Xenogen Corp., Alameda, CA) 
in 50 mL of 5 mM MgSO4, 200 mM NaCl, 20 mM HEPES, 
1 mM EDTA pH 7.4 to 100 ng of firefly luciferase (Promega, 
Madison, WI) in 50 mL of the same buffer containing 
1 mM DTT, 2 mM ATP to generate standard curves of 
luminescence.

 2. Read the resulting luminescence as a function of time using a 
luminometer (Berthold Detection Systems, model: Sirius).

 3. Add 50 mL of a 50-mM solution of conjugate 12 and 13 
separately in 5 mM MgSO4, 200 mM NaCl, 20 mM HEPES, 
1 mM EDTA pH 7.4 to 100 ng of firefly luciferase in 50 mL 
of the same buffer containing 1 mM DTT, 2 mM ATP.

 4. Measure the resultant luminescence as a function of time.

The luminescent signals observed when varying amounts of 
luciferin were added correlated with the relative amounts of sub-
strate added (Fig. 1). The area under the luminescent curve was 
proportional to the amount of luciferin added. In contrast, there 
was a significant difference in light produced when the conjugates 
were analyzed (Fig. 2). Conjugate 13 generating only approxi-
mately 12% of the light generated by conjugate 12 (Fig. 2a). The 
difference was shown to be due to varying rates of release of 
luciferin because equivalent molar amounts of luciferin were 
released from each conjugate if they were preincubated with 
1 mM DTT for 20 min prior to the addition of the enzyme. 
Under these conditions, the profile of luminescence was similar to 
that seen with purified luciferin (Fig. 1) and equivalent amounts 
of light was observed for both conjugates (Fig. 2b).

3.2.1. Rate of the 
Hydrolysis and 
Decarboxylation  
of the Conjugates

3.2.2. Release  
of Luciferin by Reduction 
and Cyclization  
of the Conjugates
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The firefly luciferin/luciferase system is known to be extremely 
efficient and has been used in many assays to date (8). There are 
exquisitely sensitive cameras available that can measure the amount 
of light produced in both cell and animal assays (9). The concept 
for utilizing the luciferin/luciferase system to probe release is 
shown in Fig. 3.

Cellular studies were performed on PC3M-luc cells; an adher-
ent prostate cancer cell line that stably expresses luciferase. 
Luciferin is capable of crossing cellular membranes, though it 
does so poorly. Consequently the cellular studies required a nega-
tive control to show definitively that the light observed is due to 

3.3. Quantitative 
Analysis of Cellular 
Uptake of Luciferin 
Conjugate

Fig. 2. Differential luminescence produced when r8 conjugates 12 and 13 were mixed with luciferase. Resultant lumines-
cence when 1 mM solutions of r8 conjugates 12 and 13 were mixed with 100 ng of firefly luciferase in 5 mM MgSO

4, 
200 mM NaCl, 20 mM HEPES, 1 mM EDTA, 1 mM DTT, 2 mM ATP pH 7.4 (panel a). Units for the integrated area under the 
curves (AUC) are photons. If the two conjugates were reduced with 1 mM DTT for 20 min prior to exposure to firefly 
luciferase a profile of luminescence similar to that seen for luciferin was observed. Importantly, equivalent amount of light 
was produced for both conjugates (panel b).

Fig. 1. Standard curves of luminescence resulting from the addition of known amount of luciferin to 100 ng of firefly 
luciferase in 5 mM MgSO

4, 200 mM NaCl, 20 mM HEPES, 1 mM EDTA, 1 mM DTT, 2 mM ATP pH 7.4 (left panel); units for 
the integrated area under the curves (AUC) are photons. The percentiles represent normalized amounts of light to the 
highest dose of luciferin (right panel); a linear relationship was observed when the log of the concentration was plotted 
as a function of the log of the concentration of luciferin.
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transport across the cellular membrane and intracellular release of 
luciferin and not extracellular decomposition. A tetramer of 
d-arginine, r4, known not to be able to cross biological mem-
branes was used as a suitable negative control (Fig. 4). Though 
stability studies suggest that the compounds will be stable within 
the time period of the assays, a negative control provided addi-
tional support. We found that the best experimental system was 

Fig. 4. Pulsed assay in PC3M-luc cells treated with r8 carbonate (12), the negative control, the r4 conjugate with the same 
linker (15), and luciferin (1). Cells were treated with 50 and 10 mM of the conjugates for 15 min in HBS, pH 7.4 then cells 
were washed and bioluminescence measured.

Fig. 3. Luciferin conjugate to probe the real-time release of cargo from a transporter.
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to pulse the cells with the conjugate for a short period of time and 
watch the appearance and disappearance of the bioluminescent 
signal. The amount of released luciferin was calculated by inte-
grating the area under the curve.

 1. A prostate tumor cell line, stably transfected with luciferase, 
PC3M-luc, was plated at 60,000 cells per well in 96-well, flat 
bottomed plates 12 h prior to the assay.

 2. The cells were incubated with varying concentrations of either 
the potassium salt of luciferin (Xenogen Corp., Alameda, CA) 
or conjugates 12 and 15, in triplicate, for 1 min, in HBS 
pH 7.4.

 3. The cells were washed, resuspended with HBS, and the resul-
tant luminescence was measured using a charged coupled 
device camera and analyzed using Living Image software 
(IVIS200, Xenogen, Corp., Alameda, CA) for a period of 
45 min.

The r8 conjugate 12 exhibited very different behavior from 
the other compounds tested. Light levels were much higher and 
lasted longer, which could be due to the fact that the r8 trans-
porter 12 more effectively enters cells than luciferin. If the biolu-
minescence of the r4 negative control 15 was subtracted from the 
r8 data, the resultant graph is shown in Fig. 5.

The data was fit to an exponential decay with an R2 = 0.97 
based on this the half-life was determined to be 6.9 min.

3.3.1. Measurement  
of Bioluminescence After 
Pulsing Cells  
with Drug Conjugates

Fig. 5. The resultant curve when the light from cells treated with the r4 conjugate, 15, was subtracted from light gener-
ated from cells treated with the r8 conjugate 12.
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Previous studies have established that the membrane potential of 
cells is an important factor in translocation of peptides containing 
oligoarginine across biological membranes (10, 11). A simple 
method to lower the membrane potential from cells is to increase 
the extracellular concentration of potassium. Using this method 
the role of the membrane potential in this system can be tested.

 1. Prepare 1 L of “High potassium-buffered HEPES” by replac-
ing the 0.15 M sodium chloride in HBS, with equimolar 
amount of the potassium chloride. Adjust pH to 7.4.

 2. Plate PC3M-luc cells at 60,000 cells per well in 96-well, flat-
bottomed plates 12 h prior to the assay.

 3. Add conjugates 13 and 14 at 15 mM, and luciferin (1) at 
25 mM, dissolved in either HBS or K+ HBS, pH 7.4.

 4. Allow conjugates and luciferin to incubate with cells for 
1 min, after which the plates were spun at 1,000 cpm for 
2 min, the supernatants were removed by aspiration, 100 mL 
of fresh RPMI was added, and the resultant bioluminescence 
was measured over time with the IVIS camera and analyzed 
using Living Image software (see Note 2).

The luminescent signal from cells pulsed with conjugate 13, 
which is a measure of the intracellular release of free luciferin and 
its turnover by intracellular luciferase, increased slightly in the first 
few seconds and gradually decayed, reaching background after 
approximately 1,000 s (Fig. 6a). Cells treated with conjugate 14 at 
the same concentration generated a different curve with less initial 
light, a slower rate of decay, and only two-thirds of the total pho-
tons were produced when compared to that seen for conjugate 13 
(Fig. 6a). The observed luminescence was shown to be due to 
intracellular release of luciferin and its reaction with luciferase and 
not extracellular hydrolysis of the conjugate and luciferin uptake by 
the fact that when the experiment was repeated in K+ HBS very 
little bioluminescence was observed. The total number of photons 
observed and therefore the total amount of luciferin delivered can 
be calculated by integrating the area under the curve for each com-
pound (Fig. 6b). Under high potassium conditions, luminescence 
from the conjugate (and therefore uptake and release) was reduced 
by >>90% whereas luminescence from luciferin itself increased 
slightly. Consequently, the vast majority of the light arises from 
conjugate uptake into the cells and subsequent release of luciferin.

The quantification of the uptake of a transporter–linker–luciferin 
conjugate and release of luciferin, in vivo, was accomplished in 
transgenic reporter mice, FVB-luc+, where the expression of the 
coding sequence from firefly luciferase is controlled by the strong 
constitutive actin promoter. Consequently, all cells of this animal 
express the luciferase reporter gene (12).

3.3.2. Role of Membrane 
Potential in Cellular Uptake 
of Conjugates

3.4. Quantitative 
Measurement  
of Uptake and Release  
of Luciferin 
Conjugates After 
Topical Application  
to Transgenic Mice
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The initial experiment is designed to establish the amount of free 
luciferin needed for signal detection from the skin of FVB-luc+ 
mice and whether, or not, the signal was dose dependent.

 1. Anesthetize the mice with isoflurane.
 2. Shave the animals with hair clippers, and then apply the depil-

atory Nair™ to the flank of the animal for 3 min, after which 
the fur is wiped off using a damp paper towel (see Note 3).

 3. Allow the animals to recover a minimum of 5 days, which 
allows reformation of the stratum corneum (see Note 4).

3.4.1. Calibration with 
Intradermal Injection  
of Luciferin

Fig. 6. Pulsed assay in PC3M-luc cells treated with compounds 13, 14, and luciferin (1) 
with, and without, high potassium buffer. (a) Observed bioluminescence as a function of 
time. (b) The integrated area under each of the curves, which represents total number 
of photons emitted in 900 s.
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 4. Inject 100 mL of 20 and 200 nM luciferin solutions in HBS, 
intradermally into the flanks of mice using a 1-mL syringe 
and 25-gauge needle.

 5. Place the animals in the cavity of the IVAX instrument and mea-
sure the resulting bioluminescence signal (photons/unit time) 
from the region of interest (ROI) was measured (Fig. 7).

 6. Inject a second set of animals with 200 mL of a 200-nM solu-
tion of r8 conjugate 13.

 7. Place the animals in the cavity of the IVAX instrument and 
measure the resulting bioluminescence signal (photons/unit 
time) from the ROI was measured (Fig. 8).

The pattern of luminescence as a function of time was repro-
ducible and similar for both doses, with a steady post-injection 
decrease in light emission over the duration of measurement. The 
total number of photons emitted was calculated by integrating 
the area under the curve. For the 200 nM dose the area under the 
curve was found to be 3.02 × 1010 photons, while for 20 nM was 
3.11 × 109 photons. The tenfold higher dose was almost exactly 
ten times that of the lower dose, indicating at these concentra-
tions a linear reproducible response to dose. Based on the known 
amount of luciferin injected and the observed luminescence, one 
photon of light is detected by the camera for every 400 molecules 
of luciferin injected. The difference between the amount of 
luciferin injected and of photons detected is in part a reflection of 
the amount of injected luciferin that has access to the intracellular 
enzyme, the uniformity of luciferase expression in different cell 
types, the number of luciferin molecules turned over by luciferase, 

Fig. 7. Intradermal injection of luciferin. Resultant bioluminescence after intradermal injection of 20 and 200 nM luciferin 
(1) in HBS pH 7.4 (100 mL) into transgenic (FVB-luc+) mice.
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the quantum efficiency of the enzyme, and the absorption and 
scattering of the signal by mammalian tissues. The photon flux 
thus represents a minimum but reproducibly quantifiable mea-
sure of uptake and release.

For topical applications, the conjugate would pass from the 
administration vehicle across the stratum corneum of the skin and 
the plasma membrane of cells, at which point it would be cleaved 
and the released luciferin converted by luciferase to oxyluciferin 
and light. To determine the number of photons produced from a 
known amount of the conjugate independent of transporter-
mediated skin entry, the luciferin conjugate 13 was injected intra-
dermally as described above for free luciferin (Fig. 8).

As expected from the effect of the transporter and the require-
ment for intracellular release, intradermal injection of conjugate 
13 generated a distinctly different temporal pattern of biolumines-
cence relative to that observed for free luciferin. As seen in cellular 
assays, significant signal is apparent immediately after injection, 
increases for the next 20 min and then slowly decays over the next 
50 min. The profile is consistent with the time-dependent genera-
tion and depletion of luciferin upon cellular uptake and linker 
cleavage. Approximately 80% of the theoretical amount of luciferin 
in the injected sample of conjugate 13 was accounted for when the 
total number of photons emitted in 60 min (the area under the 
curve) was multiplied by the previously calculated number of 400 
molecules of luciferin per photon detected.

 1. Anesthetize the mice with isofluorane.
 2. Shave the animals with hair clippers, and then apply the depil-

atory Nair™ to the flank of the animal for 3 min, after which 
the fur is wiped off using a damp paper towel.

3.4.2. Topical Application

Fig. 8. Resultant bioluminescence after intradermal injection of 100 mL of 200 nM r8-luciferin carbonate, 13 pH 7.4 into 
luciferase transgenic (FVB-luc+) mice. Experimental variation is shown for two different animals.
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 3. Allow the animals to recover a minimum of 5 days, which 
allows reformation of the stratum corneum.

 4. Place 15 mL of a 5.5-mM solution of r8 conjugates, 13 and 
14 in 25% 200 mM NaOAc pH 6.0, 75% PEG 400 on the 
naked flank of the transgenic mice. Buffering of the solution 
is critical because a 5-mM solution of the trifluoroacetate salts 
of octa-d-arginine luciferin conjugates has a pH close to 2.0. 
Acidification of the tissue greatly inhibits the appearance of 
the bioluminescence.

 5. Place the animals in the cavity of the IVAX instrument and 
measure the resulting bioluminescence signal (photons/unit 
time) from the ROI was measured (Fig. 9).

 6. Titrate uptake by placing 15 mL of r8 conjugate 13 (0.5, 2.0, 
3.0, 4.0, and 4.5 mM) in 75% PEG 400/25% 200 mM 
NaOAc pH = 6.0 on the naked flank of the transgenic mice.

Fig. 9. Topical application of conjugates 13 and 14. Observed bioluminescence from luciferase transgenic mice as a 
function of time after topical application of 15 mL of 5 mM conjugates in 75% PEG 400/25% 200 mM NaOAc, pH 6.0.
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 7. Establish that the observed bioluminescence was solely from 
luciferin released within the tissue by placing 15 mL of a 5.5-mM 
solution of d-tetralysine conjugate, 22, in 25% 200 mM 
NaOAc pH 6.0, 75% PEG 400 on the naked flank of the 
transgenic mice.

As is shown in Fig. 9, both conjugates generated a strong and 
reproducible luminescence signal. The difference between this signal 
and the amount of conjugate entering skin would collectively rep-
resent the non-productive fates of the conjugate (e.g., incomplete 
uptake, incomplete cleavage, clearance from the skin, metabolism). 
As determined by the intradermal injection of free luciferin, every 
400 molecules of luciferin results in one detectable photon. 
Therefore, the total amount of luciferin released in 1 h can be 
determined by multiplying the area under the curve by 400 molecules/
detected photon. Dividing by Avogadro’s number indicates that 
the amount of luciferin released is 3.62 × 10−12 mol for conjugate 
13 and 2.0 × 10−11 mol for conjugate 14. From the area of applica-
tion and the thickness of mouse skin (0.69 mm), the cumulative 
local concentrations resulting from skin exposure followed by mea-
surement over 1 h are 47 and 62 nM, respectively. The amount of 
light generated is in linear proportion with the amount of conju-
gate applied within the range of 0.5–4.5 mM as shown in Fig. 10, 
and a concentration as high as 299 nM was obtained.

To determine whether release of luciferin might occur during 
administration and contact with the skin surface it was necessary 
to show that the light observed was solely due to transport and 
intracellular release vs. decomposition and release of extracellular 
luciferin. Toward this end, after each exposure period the material 
remaining on the skin was removed from the mouse by washing 

Fig. 10. Dose–response of topical application of varying concentrations of r8 conjugate 14. Total number of photons 
observed from luciferase transgenic mice as a function of time after topical application of 15 mL of the r8 conjugate 14 
(0.5, 2.0, 3.0, 4.0, and 4.5 mM) in 75% PEG 400/25% 200 mM NaOAc, pH 6.0.
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and analyzed by analytical HPLC to detect any free luciferin in 
the wash. In each assay shown there was no free luciferin observed 
as would be expected from our stability assays. Another control 
was to test a conjugate that is composed of an inefficient trans-
porter with the exact same releasable linker and luciferin cargo. 
Lysine tetramers are known to be poor transporters for skin entry. 
Therefore a luciferin conjugate of a lysine tetramer 22 was synthe-
sized and tested. When this less effective transporter conjugate 22 
is compared to the corresponding r8 conjugate 14 as is shown in 
Fig. 11 there is much less light, thus establishing that lumines-
cence results primarily from the intracellular release and not exter-
nal hydrolysis of the prodrug.

As the field of transporter-mediated drug and probe delivery 
moves forward, quantification of the comparative performance of 
existing and new transporters will have increasing importance in 
the selection of preferred systems for therapeutic, diagnostic, or 
imaging purposes. Methods that allow for quantification of trans-
porter uptake into both cells and animals and especially temporal 
tissue distribution are needed. In addition, for many conjugates, 
release of free cargo is required and thus real-time release must 
also be evaluated in intact animals.

Fig. 11. Observed bioluminescence from luciferase transgenic mice as a function of time after topical application of 
15 mL of 2 mM solutions of the r8 conjugate 14 and the k4 conjugate 22 in 75% PEG 400/25% 200 mM NaOAc, pH 6.0.
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 1. The octaarginine peptides are hygroscopic and should be 
stored in a desicator.

 2. For more information on the CCD camera system, please go 
to the following link: http://www.caliperls.com/products/
optical-imaging/

 3. The hair clippers were purchased from a barber supply company. 
Animals were shaved carefully on both flanks and stomach. 
Nair was applied as per the directions on the product and left 
for no more than 3 min. If hair remained, reapply Nair and 
rewipe area. Care must be taken to remove all the Nair to 
minimize inflammation.

 4. We measured uptake of luciferin on the skin each day for 5 
days. As the stratum corneum barrier reformed, the uptake of 
the free drug was diminished.
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Chapter 36

Industrial-Scale Manufacturing of a Possible 
Oligonucleotide Cargo CPP-Based Drug

Ulf Tedebark, Anthony Scozzari, Oleg Werbitzky, Daniel Capaldi,  
and Lars Holmberg 

Abstract

This chapter describes the manufacturing process to a certain level for a possible oligonucleotide cargo 
and a peptide API in a multi-kilogram scale from a manufacture’s point of view. In the concluding 
remarks, possible conjugation methods will be discussed from an industrial-scale perspective.

Key words: Industrial scale, Oligonucleotide, siRNA, Phosphorothioate, Peptide, CPP, Conjugate, 
Manufacturing, Solid-phase peptide synthesis (SPPS), Fmoc/tBu strategy, HPLC peptide and 
oligonucleotide purification, Peptide and oligonucleotide isolation

Development of an efficient delivery system including targeting is 
one of the major obstacles to turn a therapeutically interesting 
oligonucleotide into a clinically acceptable drug.

Using oligonucleotides (aptamers) rather than small mole-
cules or protein drugs to target proteins is more advantageous 
due to higher specificity and broader therapeutic potential.

Free oligonucleotides are rapidly degraded in the blood by 
serum nucleases if injected intravenously (1). Modifications of 
oligonucleotides to first-, second- and/or third generation (2, 3) 
improve the susceptibility to nuclease degradation leaving size 
and negative charge as an obstacle to readily enter cells. Various 
modifications like first- to third generation together with com-
pacting and protecting the oligonucleotide using a viral or a non-
viral vector are possible routes for oligonucleotide delivery (4). 

1.  Introduction

1.1. CPP  
and Oligonucleotide 
Conjugation: An 
Overview

Ülo Langel (ed.), Cell-Penetrating Peptides: Methods and Protocols, Methods in Molecular Biology, vol. 683,
DOI 10.1007/978-1-60761-919-2_36, © Springer Science+Business Media, LLC 2011
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Viral vectors as, for example, retro- and adenoviruses were 
initially researched as they posses high DNA and RNA delivery 
efficiency to several cell lines (5). Non-viral vectors exhibiting 
lower toxicity and/or immunogenicity than viral, and the possi-
bility to be scaled-up, has therefore gained increased attention 
even though non-viral delivery shows lower transfection efficiency 
of oligonucleotides.

Antisense oligonucleotides or short-interfering RNA, siRNA, 
are possible components for conjugate formation together with a 
cell-penetrating peptide (CPP) or other types of non-viral or viral 
carriers (6). The conjugating component’s main purpose is firstly to 
compact and protect the oligonucleotide towards degradation and 
secondly to facilitate transport into the interior of the cell/tissue. 
As one of several possible cargoes to CPP, various oligonucleotides 
have successfully been evaluated for targeted cell or tissue delivery, 
both in vitro and in vivo (5). The peptide and oligonucleotide con-
jugate could either be linked covalently reversible e.g disulfide or 
irreversible i.a thioether, or by electrostatic interactions, taking 
advantage of the positively charged CPP and the negatively charged 
phosphate backbone of the oligonucleotide. Oligonucleotides can 
also be complexed with various non-peptidic cationic compounds, 
discussed elsewhere (7). The main purpose of the selected cationic 
compound is to provide charge neutralisation, compaction of the 
oligonucleotide, and to provide cell-penetrating properties, prefer-
ably and if possible, cell or tissue specificity. Increased specific cel-
lular uptake by targeted delivery can be accomplished by including 
a cell receptor membrane or tissue-specific ligand like homing pep-
tides, aptamers, antibodies, or surface carbohydrates.

Developing an oligonucleotide CPP-based drug will require 
a facility designed for GMP production of peptides and oligonu-
cleotides in a multi-kilogram scale.

In the following sections, processes for manufacturing an oli-
gonucleotide and a peptide in larger scales will be described by two 
of the major companies in their respective field, Isis Pharmaceuticals 
and Lonza AG.

All current large-scale oligonucleotide synthesis methods efforts 
utilise the basic four-step solid-phase phosphoramidite approach 
that was first described 25 years ago by Beaucage and Caruthers (8). 
The fact that the core chemistry remains essentially unchanged for 
greater than two decades is evident of the inherent simplicity, effi-
ciency, and ruggedness of the approach. While no significant route 
improvement has occurred, advances in reagent, solid support, syn-
thesiser design, purification, and isolation technologies have trans-
formed the field so that the manufacture of several hundred kilogram 
quantities of modified DNA and RNA at reasonable cost is now a 
reality.

1.2. Oligonucleotide 
Manufacturing 
Methods
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Solid-phase peptide synthesis is the sequential construction of a 
peptide chain linked to a solid support (resin). From today’s perspec-
tive the easiest, most generic, and scalable approach for the synthesis 
of a 10–40 amino acid long peptide is the chemical solid-phase 
synthesis in Fmoc/tBu strategy (see Note 1). During the last decade 
the great potential of this technology has been successfully demon-
strated in numerous large and industrial-scale applications (9–11). 
The elongation of the desired peptide chain starts with the covalent 
attachment of the a-N and side-chain protected C-terminal amino 
acids to the solid support (initial loading), then each of the following 
amino acids are attached to the growing chain one after the other, 
applying a sequence of two reactions: (1) cleavage of the a-N pro-
tecting group from the product on the solid support; (2) coupling 
the next protected amino acid to the product on the solid support. 
Depending on the type of linker on the SPPS resin, the process can 
either lead to peptides with a carboxyl group at the C-terminus (e.g. 
with a 2-CTC resin), or to peptide amides, if a resin with a peptide 
amide linker is utilised (e.g. Sieber linker resin). Characterised by 
milder reaction conditions in general, SPPS in Fmoc/tBu strategy 
provides a number of further advantages (see Note 2).

After the finalisation of the SPPS elongation, the peptide is 
cleaved from the solid support. Depending on the cleavage con-
ditions, this step could either lead to the corresponding protected 
peptide, bearing the side-chain protecting groups, or to the fully 
deprotected crude peptide. The protected peptide can be used as 
an intermediate for additional chemical modifications or directly 
undergo a cleavage of the side-chain protecting groups to lead to 
the crude peptide.

The quality of the crude peptides in terms of overall purity and 
number and amounts of single impurities is mostly not sufficient, 
making an additional purification necessary. For this important step, 
preparative HPLC chromatography is presently the method of 
choice. It is easily scalable and allows to consistently obtain the 
desired product in high quality (e.g. >98% purity) and good yields.

In order to finally obtain the purified peptide as a solid, the 
product must generally be isolated out of a solution in organic 
solvent (e.g. acetonitrile) and aqueous buffers. The standard pro-
cedure here is the following: (1) Removal of the organic solvent 
(e.g. via distillation); (2) Lyophilisation of the residual aqueous 
product solution (see Note 3).

The term peptide is used here to describe a broad class of com-
pounds, which can be very different not only in length and com-
plexity, but also in their chemical and physical properties. Hence, it 
can be expected that a single generic process will never be optimal 
for each of these compounds. However, the process outlined below 
should be a good starting point for a potential industrial process 
and generally deliver initial amounts of the desired product in 
acceptable quality and yield. Considering the number of chemical 

1.3. Industrial 
Chemical Synthesis  
of Peptides via Solid 
Phase in Fmoc/tBu 
Strategy
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reactions and unit operations, it is obvious, that the development 
of an optimal SPPS process for a specific peptide could require 
substantial additional efforts and the need to deeply investigate dif-
ferent parts of the process and in particular the chemistry.

 Nucleoside phosphoramidites [0.2 M in anhydrous acetonitrile 
(MeCN) under Ar].

4,5-Dicyanoimidazole (DCI, 1.0 M in anhydrous MeCN) (12).
 Phenylacetyldisulfide [PADS, 0.2 M in anhydrous MeCN and 

3-picoline (1:1 v/v)] (13).
Dichloroacetic acid (10% v/v solution in toluene) (14).
 Capping A solution [acetic anhydride, pyridine, and MeCN (1:1:3 

v/v/v)].
Capping B solution [N-methylimidazole and MeCN: (1:4 v/v)].
 UnyLinker-loaded solid support (e.g. GE Primer Support™ 

200) (15).
Triethylamine (TEA).
Anhydrous MeCN (water content <50 ppm).
Toluene.
3-Picoline.

Methanol.
Purified water.
Sodium acetate.

Ethanol.
Acetic acid.
Sodium hydroxide.

A solid support for SPPS consists of a polymeric particle bearing a 
reactive linker moiety for the attachment of the growing peptide 
chain to the solid support. Most of the large-scale solid supports used 
today are based on micro-porous (cross-linked with 1% divinylben-
zene) polystyrene beads. These matrixes are relatively inexpensive to 
produce and easy to functionalise with the desired linker. The beads 
swell well in the solvents used for peptide synthesis, and should there-
fore preferably be used in batchwise reactors. A number of different 
solid supports for peptide synthesis in Fmoc/tBu strategy are com-
mercially available; the following two types of supports belong to the 
group of super acid-labile SPPS resins and are broadly utilised for 
laboratory and large-scale synthesis:

2.  Materials

2.1. Oligonucleotide 
Chemical Synthesis

2.1.1. Reverse Phase 
Purification

2.1.2. Final Deprotection 
and Isolation

2.2. Solid-Phase 
Peptide Synthesis

2.2.1.  Solid Supports
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 1. 2-Chlorotrityl chloride resins (2-CTC resin) (CBL Patras, 
Greece), this resin is used for the preparation of peptides with 
an unmodified carboxy terminus. The support is commercial 
available as pre-loaded resin with different amino acids and at 
different loadings (see Note 4).

 2. Fmoc Sieber linker resin (PL-Sieber resin, Polymer Labora tories, 
UK, now part of Varian), this resin bearing a xanthenyl-based 
linker may also be cleaved with low concentrations of TFA 
(1–5%). It leads to products with a peptide amide functionality 
at the C-terminal end. This resin does not need to be loaded 
with the first amino acid in a separate step, it can directly be 
used, starting the elongation with a Fmoc-deprotection step.

An important parameter to consider during the selection of a 
resin is the initial loading (level of functionality). In principle, a 
higher loading has the advantage to increase the volumetric yield 
of the process. However, for each peptide, due to its specific steric 
hindrance, and therefore also depending on its length, there is a 
maximal loading, at which an SPPS process still running smoothly 
and consistently delivers a product of good quality. As a rule of 
thumb, for peptides of 15–20 amino acids, a loading in the range 
of 0.4 mmol/g generally works well. For shorter peptides of ten 
amino acids, a higher loading of 0.7–0.9 mmol/g can be used. 
For peptides >20 amino acids, a convergent strategy should be 
contemplated.

 1. Peptide elongation: Polar solvents or solvent mixtures are used. 
Typical solvents for the coupling step are N-methylpyrrolidone 
(NMP), N,N-dimethyl formamide (DMF) or mixtures of 
NMP or DMF with dichloromethane (DCM). For the Fmoc-
deprotection step a solution of piperidine in either neat NMP 
or DMF is used (see Note 5). All these solvents are available 
from different laboratory chemicals suppliers (e.g. Sigma-
Aldrich) (see Note 6).

 2. Cleavage and deprotection: These reactions are typically per-
formed by acidic mixtures in DCM. Methyl t-butyl ether 
(MTBE) is available from different laboratory chemicals sup-
pliers (e.g. Sigma-Aldrich).

 3. Chromatography is commonly performed using gradients of 
acetonitrile (ACN) with aqueous buffers. HPLC grade ACN 
should be used (e.g. from Romil, UK) (see Note 7). For the 
preparation of the chromatography buffers purified water 
quality is recommended.

 1. Fmoc-protected amino acids: Today all natural amino acids are 
available in Fmoc-protected form at laboratory (e.g. 
Novabiochem, Switzerland, Iris Biotech, Germany) and 
industrial scale (e.g. CBL Patras, Greece; Genzyme 

2.2.2.  Solvents

2.2.3.  Reagents
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Switzerland; Flamma, Italy). Standard side-chain protecting 
groups are tBu (Asp, Glu, Ser, Thr, Tyr); Boc (Lys, Trp); Trt 
(Asn, Gln, His, Cys); and Pbf (Arg) (see Note 8). The quality 
of these building blocks has a direct impact on the quality of 
the synthesis, in particular a high optical purity (e.g. an ee 
>99%) is essential; however, single impurities can also be 
important.

 2. Elongation:
a. Coupling reagents: a large number of coupling reagents, 

including HOBt (a less explosive alternative is Oxyma 
(16)), HBTU, DIPCDI are available from different labo-
ratory chemical suppliers (e.g. Iris Biotech, Germany; 
Novabiochem, Switzerland).

b. DIEA (Hünigs base) is available from laboratory chemical 
suppliers (e.g. Sigma-Aldrich). 

 3. Fmoc-deprotection: Piperidine is available from laboratory 
chemical suppliers (e.g. Sigma-Aldrich). Generally for Fmoc-
deprotection a 20% (v/v) mixture of piperidine in either 
DMF or NMP is used.

 4. Cleavage, side-chain deprotection: Trifluoroacetic acid (TFA), 
pyridine, and scavengers, like triisopropylsilane (TIS) and 
others are available from laboratory chemical suppliers (e.g. 
Sigma-Aldrich).

 5. Colour tests: Ninhydrin, chloranil, KCN, acetone, phenol, and 
ethanol can all be obtained from laboratory chemical suppli-
ers (e.g. Sigma-Aldrich). For the ninhydrin test, it is recom-
mended to use freshly distilled pyridine.

To achieve a high purity (e.g. >95%) of the target peptide, HPLC 
chromatography is generally necessary. Depending on the size 
and hydrophobicity of the desired peptide, a silica-based C18 or 
C8 or C4 packing (e.g. Kromasil C18, EKA Chemicals, Sweden) 
is generally suitable (see Note 9). Pre-packed preparative columns 
in different sizes can be ordered directly from the resin manufac-
turers or from chromatography materials suppliers.

Today a number of automated peptide synthesisers for lab-scale 
synthesis are commercialised on the market. Most of these instru-
ments can be efficiently used for the preparation of samples using 
generic synthesis conditions. However, these instruments have a 
low flexibility with regards to the variation of the synthesis scale 
and reaction conditions (temperature control, modes of addition 
of reagents). Quite often, the mixing intensity in these instru-
ments is also not optimal. A good alternative are simple systems 
for manual or semi-automatic synthesis built on the basis of cylin-
drical fritted reaction vessels, comprising an outlet valve at the 

2.2.4. HPLC Resin  
and Columns

2.2.5.  Reactor for SPPS
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bottom of the reactor. To ensure practical filtration times and a 
good mixing, a 250 ml laboratory reactor could have a diameter 
of 6–7 cm, and a sintered glass filter frit with a G3 porosity. Such 
a reactor can be easily equipped with a cooling/heating jacket, an 
adequate mechanical stirrer – to ensure mild, but efficient mixing – 
and a corresponding number of necks or ports, for the addition 
of solid and liquid reagents and nitrogen gas. For the acceleration 
of the filtration steps, vacuum can be applied to the outlet on the 
bottom of the reactor. SPPS processes in reactors of this type have 
been successfully scaled-up to >1 L scale in glass reactors in the 
lab, or even >1,000 L scale using stainless steel reactors in 
plants.

 1. Cleavage of the protected peptide from the resin can be per-
formed in the SPPS reactor.

 2. Reactors for global side-chain deprotection, isolation of the pro-
tected, and the crude peptide, concentration of crude peptide 
fractions. All these reactions and work-up steps can be per-
formed in standard laboratory glassware for organic chemis-
try: magnetically or mechanically stirred flasks for reaction 
and precipitation steps. Rotavap for concentration, glass filter 
frits for isolation, vacuum oven for drying.

 3. HPLC unit for purification: A standard preparative labora-
tory HPLC skid with UV detector and fraction collector can 
be used (e.g. ÄKTA Explorer, GE Healthcare).

 4. Lyophiliser: A standard laboratory flask lyophiliser (e.g. Christ, 
Germany) can be used.

The manufacture of phosphorothioate oligonucleotides is a multi-
step process consisting of reagent preparation, solid-phase syn-
thesis using a computer-controlled synthesiser, cleavage, and 
deprotection steps. The process is outlined in Fig. 1

The flow chart describes the process of making a batch of 
drug substance from a single synthesis run. Sometimes, however, 
a single batch of drug substance is composed of the products of 
more than one solid-phase synthesis.

During the chemical synthesis, phosphoramidite monomers are 
sequentially coupled to an elongating oligonucleotide that is 
covalently bound to a solid support. Each elongation cycle con-
sists of the following four steps:

 1. Detritylation (removal of a 5¢-hydroxyl protecting group with 
dichloroacetic acid).

2.2.6. Other Reactors  
and Devices

3. Methods

3.1. Overview  
of Oligonucleotide 
Synthetic Process

3.1.1. Oligonucleotide 
Chemical Synthesis
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 2. Coupling (attachment of an activated phosphoramidite to the 
support-bound oligonucleotide).

 3. Sulphurisation [conversion of the newly formed phosphite 
triester to its phosphorothioate triester using phenylacetyl 
disulfide (PADS)].

 4. Capping (acetylation of unreacted 5¢-hydroxyls).

The chemical synthesis is summarised in Fig. 2.
After the final elongation cycle, the solid support-bound oli-

gonucleotide is treated with a solution of triethylamine (TEA) in 
MeCN to remove the phosphorothioate triester protecting group 
(reaction 5) (17).

Synthesis begins by transferring a suitable amount of 
Unylinker™-loaded solid support into a steel column. Gram-scale 
syntheses are conducted using a GE Healthcare ÄKTA™ oligopi-
lot™ oligonucleotide synthesiser; kilogram-scale syntheses are 

Prepare synthesis reagents
Pack reactor with solid support

Perform automated synthesis
Cleave, deprotect, isolate DMT-on intermediate

Test Crude according to the approved specification

Purify by RP-HPLC
Test Trityl Eluates according to the approved specification

Pool Trityl Eluates from multiple RP-HPLC runs
Remove DMT group

Confirm detritylation according to the approved specification

Freeze Dry to yield Drug Substance
Test Drug Substance according to the approved specification

Fig. 1. Drug substance manufacturing process.
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conducted using a GE Healthcare OligoProcess™ oligonucleotide 
synthesiser. The following synthesis cycle parameters are used 
(Table 1).

The synthesis is conducted in DMT-on mode. After comple-
tion of the synthesis, the partially deprotected oligonucleotide, 
which is still bound to the solid support is removed from the reac-
tor and treated with ammonium hydroxide at elevated tempera-
ture. This step simultaneously liberates the oligonucleotide from 
the solid support and cleaves the protecting groups from the exo-
cyclic amino groups of the nucleobases. The crude oligonucle-
otide solution is separated from the solid support by filtration and 
then concentrated under vacuum to remove ammonia. The result-
ing crude solution is tested for identity and purity.
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The products of synthesis contain the desired oligonucleotide 
and closely related process-related impurities which are DMT 
protected, along with a variety of DMT-off shorter oligonucle-
otides. The simplest process to purify synthetically prepared oli-
gonucleotides is to separate and isolate the materials from synthesis 
which contain a DMT group from those which do not. Crude, 
DMT-protected product is purified by preparative reversed-phase 
(RP) HPLC. The product is eluted from the column with a multi-
step gradient of methanol in 200 mM aqueous sodium acetate. 
The exact purification conditions vary from sequence to sequence, 
but typically, crude material is loaded onto C18 polymeric resin in 
20% aqueous methanol. The elution profile is monitored by con-
tinuous UV absorption spectroscopy. The loading conditions are 
held until the cleaved protecting groups, i.e. benzamide, acetamide, 
and isobutyramide, elute from the column. The methanol content 

3.1.2. Reverse-Phase 
Purification

Table 1 
Synthesis parameters

Step Solvent/reagent
Flow rate  
(CV/min) Delivery time

Equivalents of 
reagent

Column wash Toluene 1 3 NA

Unylinker 
detritylation

10% DCA in toluene 1 3.5 98

Detritylation 
wash

MeCN 1 3 NA

Pipe wash MeCN NA NA NA

Coupling 0.2 M Phosphoramidite/1.0 M 
DCI in MeCN

0.38 0.76 1.75/5

Coupling push Acetonitrile 0.38 0.7 NA

Sulphurisation 0.2 M PADS in MeCN/picoline 
(1:1 v/v)

0.44 1.4 6.5

Sulphurisation 
push

MeCN 0.44 0.7 NA

Capping 
unylinker

Cap A/Cap B (1:1 v/v) 0.47 3.5 86a

Capping 
(standard)

Cap A/Cap B (1:1 v/v) 0.47 0.7 17.5a

End wash Toluene 1 3 NA

Detritylation 10% DCA in toluene 1 2.5 70

Phosphorous 
deprotection

50% TEA in MeCN 0.12 120 60

Column wash MeCN 1 3 NA

a Equivalents of acetic anhydride assuming no coupling
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is then increased to 40%, which is sufficient to elute all DMT-off 
failure sequences. The methanol content is then increased a sec-
ond time to approximately 75% to elute the DMT-on product, 
which is collected as a single fraction. Finally, the column is 
washed with methanol then re-equilibrated in preparation for any 
additional purification runs. The time needed to execute the puri-
fication gradient, end wash, and re-equilibrate in preparation for 
an additional purification run is merely 2 h. The combination of 
the short preparative run time and high loading on polymeric 
supports allows a relatively small purification unit to purify a large 
amount of crude oligonucleotide efficiently. The HPLC–UV 
chromatogram of a typical purification run is shown in Fig. 3.

The purity of the material obtained from each purification 
run is checked by HPLC and the products from all successful 
runs combined.

The purified oligonucleotide still has the DMT group attached 
and must be deprotected to deliver the final API. The DMT group 
is acid label and post-purification this deprotection occurs in an 
aqueous environment with acetic acid. The purified 5¢-o-DMT-on 
product is fully deprotected by a three-step process. The oligonu-
cleotide is first precipitated from the HPLC buffer by adding the 
product containing elute volume to a separate container which 
holds approximately three volumes of ethanol. A conical bottomed 
container can aide in easy removal of the supernatant, or alterna-
tively the product can be centrifuged. The precipitated product, 
which separates from the supernatant under gravity, is re-dissolved 
in water and acetic acid added. Detritylation rates are pH, temperature, 

3.1.3. Final Deprotection 
and Isolation

Fig. 3. HPLC UV chromatogram of a 20-mer phosphorothioate oligonucleotide purification.
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and sequence dependent (18). Therefore, prior to large-scale 
detritylation, the half-lifetime (t1/2) of the reaction is established 
empirically, at pilot scale. The same reaction conditions are then 
used to detritylated the remaining bulk. Typically, the reaction is 
allowed to proceed for approximately 15 half-lifetimes before the 
mixture is neutralised by addition of aqueous sodium hydroxide. 
The detritylated oligonucleotide is then precipitated by adding the 
acidified solution to three volumes of ethanol and the supernatant 
decanted. The product is re-dissolved in purified water and the 
extent of the detritylation reaction checked by HPLC. Provided 
the detritylation has gone to completion, a final desalting precipi-
tation is performed by adding to ethanol again. The resulting solid 
is dissolved in purified water, and the solution filtered, and lyophi-
lised to yield the oligonucleotide API.

Using the methods described above, yields of between 3.2 and 
3.7 g/mmol of as-is 20-mer phosphorothioate oligonucleotide 
are typically observed. For a 600 mmol synthesis, this translates 
into an as-is weight of between 1.9 and 2.2 kg. The as-is weight 
includes between 3 and 5% residual moisture, between 0.5 and 
1% ethanol, and up to 0.3% NaOAc. The purity of the isolated 
drug substance is determined by a selective and sensitive ion-pair 
HPLC method that utilises both UV and mass spectrometry detec-
tors (19). A typical 20-mer phosphorothioate oligonucleotide has 
a purity of 90–92% when analysed by this methodology.

The manufacture of any molecule using solid-phase synthesis is a 
highly solvent consumptive process. Using the methods described 
above, approximately 4,000 kg of solvents, reagents, and water 
are needed to produce 1 kg of 20-mer phosphorothioate oligo-
nucleotide API (Table 2).

3.1.4. Yield and Purity

3.1.5. Reagent and Solvent 
Consumption

Table 2 
Materials consumed to produce 1 kg of 20-mer phosphoro-
thioate oligonucleotide API

Material Amount (kg)

Reagents and starting materials   137

Toluene   525

MeCN 1,000

3-Picoline   120

Purified water 1,200

Methanol   400

Ethanol   325
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Because the process is so solvent consumptive, it is likely that 
solvent recovery will become important at very large scale. 
Alternatively, because much of it possesses a significant BTU 
value, schemes in which the waste stream is burned to provide 
power to operate the facility are also interesting.

 1. Charge the dry synthesis support (100–200mesh) into the 
SPPS reactor, (e.g. 10 g of resin into a 250 ml SPPS reactor) 
(see Note 11).

 2. Add ten volumes of solvent (e.g. DCM, DMF, or NMP) to 
the resin (see Note 12).

 3. Stir the suspension gently for 30 min.
 4. Wash the swollen resin five additional times with ten volumes 

of solvents. For washing, it is recommended to use the sol-
vent or solvent mix, which will be used in the following reac-
tion step.

 5. Filter the excess of solvent.

 1. Add three volumes of deprotection reagent [e.g. 20% (v/v) 
solution of piperidine in DMF] to the swollen resin in the 
SPPS reactor.

 2. Stir gently for 30 min at room temperature.
 3. Filter resin and repeat the cleavage step 2 additional times.
 4. Wash the resin with solvent (e.g. 5 × 5–8 volumes) until 

the chloranil test shows no residual piperidine in the 
filtrate.

 1. Dissolve the Fmoc amino acid (e.g. 3.0 equivalents relative to 
resin loading) and HOBt (19) (e.g. 3.0 equivalents relative 
to resin loading; see Note 15) in ca. four volumes DMF/
DCM (1:1) in a separated flask.

 2. Add dropwise equimolar amount of DIPCDI (e.g. 3.0 equiv-
alents relative to resin loading) (see Note 16).

 3. Stir the mixture for 15 min at room temperature.
 4. Add the solution to the filtered resin in the SPPS reactor, 

previously washed with solvent mix used for coupling.
 5. Add additional four volumes of solvent (DCM/DMF 

1:1).
 6. Stir the mixture for 4 h at room temperature.
 7. Take resin samples for in process control (IPC) (Ninhydrin/

chloranil test; or IPC via HPLC) after each hour. If the coupling 
is not completed after 4 h, filter the resin, and repeat coupling 
step.

3.2. Solid-Phase 
Peptide Synthesis 
Methods

3.2.1. Preparation  
of the Synthesis Support, 
Swelling of the Resin (see 
Note 10)

3.2.2. Elongation of the 
Peptide (see Note 13)

3.2.2.1. Fmoc-
Deprotection

3.2.2.2. Coupling  
(see Note 14)
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 8. After completion of the coupling reaction (IPC indicates 
completion), filter resin from reaction mixture.

 9. Wash resin five times with 5–8 volumes each of the solvent 
used for Fmoc-deprotection step (e.g. DMF or NMP).

 1. Prepare a saturated solution of chloranil in acetone.
 2. Transfer 1 ml of acetone in a small glass tube.
 3. Add one drop of the chloranil solution.
 4. Add one drop of the sample.
 5. Results: colourless or slightly yellow colour of the solution 

indicate the absence of piperidine, a blue colour indicates the 
presence of residual piperidine.

 1. Prepare following three solutions: (1) 5% ninhydrin in etha-
nol; (2) 80% phenol in ethanol; (3) 2% aqueous KCN (1 mM), 
in pyridine.

 2. Sample a few resin beads (ca. 5 mg) in a glass tube and 
wash thoroughly first with elongation solvent, then with 
methanol by decanting the beads and discarding the 
supernatant.

 3. Add three drops of each of the solutions above to the beads 
in the glass tube.

 4. Mix well and heat to 80–90°C for ca. 5 min.
 5. The presence of resin-bound free amine is indicated by blue 

resin beads (see Note 17).

 1. Sample a few resin beads (ca. 5 mg) in a glass tube and 
wash thoroughly first with elongation solvent, then with 
DCM by decanting the beads and discarding the 
supernatant.

 2. Add 200 ml of DCM and 5 ml of TFA to the beads.
 3. React for 5 min at room temperature.
 4. Add 1 ml acetonitrile, mix, and decant.
 5. Analyse supernatant solution with HPLC, injection as is (see 

Note 18).

 1. Wash the elongated peptide resin in the SPPS with ten vol-
umes of DCM.

 2. Repeat the washing step 4 additional times.
 3. Prepare a solution of 1%TFA in DCM (cleavage cocktail) in 

separate flask (see Note 19).
 4. Add ten volumes of the cleavage cocktail to the resin in the 

SPPS.

3.2.3. IPC Elongation

3.2.3.1. Chloranil Test  
for Residual Piperidine 
After Fmoc-Deprotection

3.2.3.2. Kaiser Test  
for Completion of Coupling

3.2.3.3. HPLC for IPC 
During Elongation

3.2.4. Cleavage  
of the Protected Peptide
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 5. Stir the suspension for 10 min at room temperature.
 6. Filter the cleavage solution from the resin.
 7. Neutralise the filtrate by addition of 1 vol% of pyridine.
 8. Repeat the cleavage (as described in steps 3–7) five additional 

times.
 9. Combine the cleavage solutions.
 10. Concentrate the product solution by removing the excess of 

DCM via distillation under reduced pressure to about 30% of 
the initial volume.

 11. Precipitate the protected peptide by stirring and slowly add-
ing ethanol and then water to this solution (see Note 20).

 12. Filter the protected peptide, wash with water, and dry in vac-
uum oven.

 1. Charge 1 g of the protected peptide to a round bottom 
flask.

 2. Add 10 ml of a deprotection cocktail composed of 95% TFA, 
2.5% water, 2.5% TIS.

 3. Stir the reaction at room temperature for the required time 
(see Note 21).

 4. Cool the mixture to 0–5°C.
 5. Add slowly 30 ml of MTBE to the stirred reaction mixture, at 

a rate such that the temperature does not exceed 10°C (be 
cautious: the reaction is very exothermic!).

 6. Collect the precipitated solids by vacuum filtration.
 7. Wash with MTBE and dry in vacuum oven.

 1. Prepare Eluent A (0.1%TFA in purified water, with 10% 
ACN), and Eluent B (0.1%TFA in purified water, with 90% 
ACN).

 2. Dissolve crude peptide at a concentration of 0.2 g (or more) 
in 10 ml of Eluent A.

 3. Filter the crude peptide solution through a 10 mm polypro-
pylene filter (e.g. from Pall, USA).

 4. Inject 10 ml of the filtered crude peptide solution on a 
250 × 10 mm diameter preparative HPLC column (e.g. 100-
10-C18 Kromasil).

 5. Start the chromatography pumping 4 ml/min of Eluent A.
 6. Elute the product in separate fractions of 5 or 10 ml running 

an elution gradient of Eluent B from 0 to 50% in 50 min (see 
Note 22).

 7. Analyse the single fractions of the chromatography.

3.2.5. Global Side-Chain 
Deprotection

3.2.6.  HPLC Purification
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 8. Pool the fractions of the chromatography containing the 
product in the desired quality in a round bottom flask 
(OK-Pool).

 1. Recombine the OK-Pool fractions from different injections 
in a round bottom flask.

 2. Remove the excess of acetonitrile from the pooled fractions 
by distillation under reduced pressure on a Rotavap (e.g. 
50 mBar, 40°C).

 3. Freeze the remaining aqueous peptide solution using a dry 
ice/isopropanol mix.

 4. Lyophilise the frozen product solution at room temperature 
until a constant weight is reached (e.g. 48 h). (Note product 
hygroscopic!).

As shown in the two previous sections, large-scale manufacturing 
processes are available for both oligonucleotides and peptides. 
Both the oligonucleotide and the peptide can optionally be modi-
fied at either 3¢ or 5¢; N- or C-terminally, or orthogonally to facil-
itate, especially, covalent conjugate formation. There are several 
methods available to make oligonucleotide peptide conjugates 
both by non-covalent or covalent formation. The preferred con-
jugation method will depend on the properties to a certain degree 
of the target cell or tissue, and possible modifications of the pep-
tide and the oligonucleotide. The conjugation method needs to 
be specific, preferably without protecting group requirements, 
reproducible, and generate homogenous material in a high yield. 
A targeted, effective, safe, and non-toxic systemic delivery strat-
egy is the main barrier to the use of oligonucleotides clinically as 
therapeutics.

 1. A number of other strategies for the synthesis and manufac-
turing of peptides are also known (e.g. synthesis in liquid 
phase, solid-phase synthesis in Boc strategy, recombinant syn-
thesis) (20). Each of these methods has its own strength and 
drawbacks, and can be the method of choice for certain tar-
gets, depending on their structure and complexity, and on 
the required quantities.

 2. Through the availability of super acid-labile linkers (e.g. 
2-CTC or Sieber resin), peptides with protected side-chain 
functionalities have become accessible via SPPS. These inter-
mediates can be used for the synthesis of longer peptides via 
convergent synthesis routes, in which the desired longer 

3.2.7. Isolation  
of the Peptide

3.3. Concluding 
Remarks: 
Oligonucleotide/CPP 
Conjugation

4. Notes
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peptide is made out of several protected shorter fragments, 
each of them synthesised separately by SPPS. Such a conver-
gent process typically leads to crude peptides of higher qual-
ity and with a higher overall yield. Peptides with protected 
side chains also offer the possibility to perform side-chain 
modification reactions in a selective way.

 3. Sometimes the HPLC purification process does not immedi-
ately provide the desired salt of the target peptide. In these 
cases an additional desalting step is needed. A possible pro-
cess for such a salt exchange could consist of following steps: 
(1) recombine the HPLC fractions containing the purified 
peptide; (2) dilute with the same amount of water; (3) load 
the solution back to the column; (4) wash the product on the 
column with a none eluting mixture of an organic solvent and 
a buffer containing the desired counter ion, until the initial 
counter ion is fully displaced (generally 3–5 column volumes); 
(5) elute the desired salt of the product from the HPLC col-
umn by increasing the concentration of the organic solvent in 
the elution buffer.

 4. Some of the loaded 2-CTC resins are sold without Fmoc pro-
tecting group on the a-amine due to stability issues of the 
corresponding protected derivatives.

 5. Be cautious: piperidine and DCM can react with each other 
in an exothermic reaction. Therefore, mixing of these com-
ponents in the process or in the waste streams should be 
avoided.

 6. Depending on the properties of the target peptide, the choice 
of the solvent can have a significant impact on the quality of 
the elongation. The best solvent for the synthesis of a specific 
peptide has to be found experimentally. However, in order to 
avoid side reaction, it is important to carefully check the qual-
ity of the solvents: e.g. for DMF, peptide synthesis grade 
should be used (with lowest contents in formic acid and dim-
ethylamine); while DCM should be free of HCl, otherwise 
premature cleavage of the peptide from the resin may occur.

 7. Alternative organic solvents (instead of ACN) for similar 
aqueous gradients are methanol or isopropanol. Potential 
issues here could be esterification side reactions and a higher 
counter pressure during the chromatography.

 8. For some amino acids several different side-chain protecting 
groups are commercially available.

 9. As an alternative, polymer (e.g. polystyrene)-based reverse 
phase resins can also be used (e.g. Amberchrome HPR 20, 
Rohm and Hass, USA). The advantage of polymer-based 
materials is their stability towards basic conditions during 
the chromatography and also during the sanitisation of the 
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chromatography column, which might be needed on industrial 
scale prior to the purification of clinical or commercial 
material.

 10. When running chemistry on the solid-phase supports, it is 
important to make sure that the resin is fully swollen before 
use.

 11. Always keep the peptide synthesis reactions free of moisture 
(e.g. by using a Nitrogen blanket in the reactors).

 12. All the volumes indicated in the protocol, refer to the initial 
volume of the dry resin.

 13. An elongation cycle always consists of a coupling reaction and 
a Fmoc-deprotection reaction. For resins bearing an Fmoc-
protected building block (e.g. Sieber linker resin or resin with 
an Fmoc-protected amino acid), the elongation cycle has to 
be started with the Fmoc-deprotection. In case of resins 
loaded with an amino acid without Fmoc-protection, the 
elongation cycle is started with the coupling reaction.

 14. The coupling reaction is the key reaction of the peptide syn-
thesis process. It has the highest impact on the product qual-
ity: on one hand, it is important to drive the conversion of 
each of the coupling steps to completion (e.g. conversion of 
>99.5% or higher), on the other hand, it is also important to 
keep the level of side reactions as low as possible. The most 
important side reaction is the integration of the wrong 
enantiomer of the amino acid into the growing peptide chain. 
The primary source for wrong isomers is the racemisation of 
the activated amino acid in the coupling mixtures. Therefore, 
it is important to perform the coupling reaction under condi-
tions, where the desired reaction (coupling of the activated 
right amino acid) will be significantly faster than the unde-
sired one (combination of racemisation and coupling of the 
wrong isomer). In general terms, this is a very complex chem-
ical problem, which in practice is resolved by identifying the 
best coupling conditions experimentally (e.g. screening of 
coupling reagents, solvents, temperature, pre-activation vs. in 
situ coupling, addition of base, type, and amount of added 
base, etc.). Although, in principle, each of the coupling reac-
tions in the synthesis of a specific peptide can be optimised, 
not all of them turn out to be critical to the same extent: most 
couplings perform well under generic conditions. It should 
also be noted here, that racemisation is not the only impor-
tant side reaction, and that a number of other side reactions 
also can lead to the formation of critical side products (21).

 15. The excesses of reagents required for successful coupling are 
dependent on a number of different factors: e.g. (1) quality 
of reagents and solvents, in particular with regards to 
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contaminants, which can interfere with the desired reaction 
(water, primary amines, acids etc.); (2) design of the reactor 
(efficient mixing); (3) reaction time (influencing the racemi-
sation level); (4) sequence and structure of the target peptide 
(e.g. in case of difficult couplings). Three equivalents should 
be sufficient for most of the cases. In an optimised process 
significantly lower excesses are typically achieved (<2 
equivalents).

 16. A number of other coupling systems for SPPS in Fmoc/tBu 
strategy are known in the literature (22): (1) use of additives 
(e.g. PyBop or HBTU + base); (2) use in situ activation with, 
e.g. PyBop, HBTU, or HCTU; (3) use other solvent mix-
tures (e.g. lower proportion of DCM as DMF/DCM 2:1; or 
use NMP instead of DMF). Some of these alternative cou-
pling systems are stronger but have to be handled carefully, as 
they can also lead to an increase of side reactions.

 17. The ninhydrin test is a simple and rapid test for the detection 
of primary amino groups. Proline bearing a secondary amine 
does not yield a positive reaction, in addition some other 
amino acids do not show the same dark blue colour (serine, 
asparagine, aspartic acid). In all these case an IPC via HPLC 
analysis is recommended.

 18. Possible method for the HPLC analysis during peptide 
synthesis: Column: Waters X-Terra MS C18 3.5 mm, 
4.6 × 150 mm; Eluent A: 0.085%TFA in ACN; Eluent B: 
0.1%TFA in water; column temperature 35°C; flow 1 ml/min; 
gradient: Eluent A from 10 to 97% in 20 min; injection 
volume: 1–2.5ml; UV detection 220 nm. Please note, that the 
UV absorption of specific absorption of Fmoc-protected pep-
tides is significantly higher compared to peptides without 
Fmoc group, this just considered for quantification.

 19. In case of Sieber linker resin, a higher concentration of TFA 
in the cleavage (5%, in some cases even up to 10%) might be 
required.

 20. The precipitation conditions are strongly dependent on the 
nature of the peptide, and needs to be optimised for each 
target. The parameters to investigate are as follows: (1) rela-
tive amounts of the solvents (residual DCM, ethanol, water); 
(2) addition rates; (3) precipitation temperature.

 21. Depending on the number and type of side-chain protecting 
groups, the reaction can require 2–18 h. From the protecting 
groups proposed in this protocol, Arg(Pbf) is the slowest to 
cleave.

 22. The chromatography can be monitored by UV at 210–
220 nm, or if the peptide contains aromatic side chain at 
240–280 nm.
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Chapter 37

Application of a Fusiogenic Peptide GALA  
for Intracellular Delivery

Ikuhiko Nakase, Kentaro Kogure, Hideyoshi Harashima,  
and Shiroh Futaki 

Abstract

To enhance the cytosolic delivery of therapeutic drugs and genes, pH-sensitive and membrane fusiogenic 
peptides have been employed as additives for facilitating their endosomal escape. GALA is such a peptide 
composed of repeating sequences of Glu-Ala-Leu-Ala, which are designed to mimic the function of viral 
fusion protein sequences that mediate escape of virus genes from acidic endosomes to the cytosol. 
Recently, the peptide has been applied not only for improving the transfection efficiency of plasmid 
DNAs using cationic liposomes, but also as functional molecules of multifunctional envelope-type nano-
device (MEND). The advantage of employing this peptide was also exemplified by the cytosolic delivery 
of proteins via efficient endosomal escape of the GALA–cargo conjugates in the presence of cationic lipid 
complexes. This chapter provides protocols for the efficient cytosolic delivery of cargo molecules using 
the GALA peptide.

Key words: Cytosolic delivery, GALA, Membrane fusiogenic peptide, Cationic liposome, Endosomal 
escape

Plasma membranes have numerous critical functions for main-
taining cellular survival. However, the membranes are also one of 
the major impediments for the delivery of therapeutic agents 
(especially macromolecular drugs such as genes and bioactive 
proteins) into cells. For improving the penetration of macromol-
ecules through the membranes, membrane fusiogenic peptides 
such as the GALA peptide have been applied to allow leakage of 
the therapeutic agents into the cytosol.

The GALA peptide, a 30-residue amphiphilic peptide with 
the repeat sequence of Glu-Ala-Leu-Ala, was designed to mimic 

1.  Introduction

Ülo Langel (ed.), Cell-Penetrating Peptides: Methods and Protocols, Methods in Molecular Biology, vol. 683,
DOI 10.1007/978-1-60761-919-2_37, © Springer Science+Business Media, LLC 2011
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the function of viral fusion protein sequences, which mediate 
escape of virus genes from acidic endosomes to the cytosol fol-
lowing endocytotic uptake of the virus (1, 2). The GALA peptide 
has a feature that converts its structure from random to helical, 
when the pH is reduced from 7.0 to 5.0, leading to destabilizing 
the lipid membranes (1, 2).

Using this unique peculiarity, the GALA peptide has contrib-
uted to stimulating the efficient endosomal escape of liposomes 
complexed with plasmid DNAs as a method to improve the trans-
fection efficiency (3–5). Recently, a novel packaging method to 
encapsulate condensed plasmid DNAs into the PEGylated and 
transferrin (Tf)-modified liposomes (multifunctional envelope-
type nanodevice, MEND) was developed to form a core-shell-
type nanoparticle (6). By simultaneously incorporating the 
cholesteryl-GALA (Chol-GALA) into the membrane of MEND 
and GALA at the tips of the PEG chains, a condensed core was 
released into the cytosol, and this led to a significant increase in 
the transfection efficiency (6). Additionally, the cytosolic target-
ing of proteins using the GALA peptide in combination with cat-
ionic lipids was reported (7). Cationic lipids, complexed with a 
negatively charged GALA conjugated with cargo molecules, 
internalize into cells by endocytosis, and the cargo can escape 
from the endosomes with the help of GALA (Fig. 1) (7). This 
chapter presents protocols for the efficient cytosolic delivery of 
cargo molecules using the GALA peptide.

GALA

Cargo

Negative Charge

Cationic lipid

Positive charge

GALA/cationic lipid
complexAdhesion and

accelerated uptake

Cell

Endosomal acidification

Cytosolic release

Fig. 1. Concept of cytosolic targeting using GALA as an addressing vehicle in combina-
tion with cationic liposomes.
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 1. COS-7 cells (a simian kidney cell line transformed with SV40) 
maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) 
(Nissui Pharmaceutical, Tokyo, Japan) containing 10% heat-
inactivated fetal bovine serum (FBS) (Biological Industries, 
Kibbutz Beit Haemek, Israel).

 2. Glass-bottomed dish (35 mm) (Iwaki, Tokyo, Japan).
 3. Cationic lipid (Lipofectin) (Invitrogen, Carlsbad, CA).
 4. Plasmid DNA [enhanced green fluorescent protein (EGFP) 

gene (pEGFP-N1) (BD Biosciences Clontech, Palo Alto, CA)].
 5. Synthetic peptide of GALA (amino acid sequence: 

WEAALAEALAEALAEHLAEALAEALEALAA-amide) (see 
Note 1).

 1. Dioleoyl phosphatidylethanolamine (DOPE), lissamine rho-
damine B-DOPE (Rho-DOPE), cholesterol (Chol), distearyl 
phosphatidyl ethanolamine-polyethyleneglycol 2000 (DSPE-
PEG2000), maleimidic DSPE-PEG2000 (Avanti Polar Lipids 
Inc., Alabaster, AL). Dicetylphosphate (DCP), n-octyl b-d-
glucopyranoside (OGP) (Sigma-Aldrich, St. Louis, MO).

 2. Plasmid DNA (pDNA) pCAcc-luc+ (6,566 bp) encoding 
luciferase prepared using the EndFree Plasmid Mega Kit 
(Qiagen, Hilden, Germany).

 3. Poly-l-lysin (PLL, M.W. 27,400) (Sigma-Aldrich, St. Louis, 
MO).

 4. Human holo-transferrin (Tf) and 3-(2-pyridyldithio)propi-
onic acid N-hydroxysuccinimide ester (SPDP) (Sigma-
Aldrich, St. Louis, MO).

 5. Label IT labeling kit (MIRUS, Madison, WI).
 6. XAD porous beads (ORGANO, Tokyo, Japan).
 7. Synthetic peptide of GALA-SH (amino acid sequence: 

WEAALAEALAEALAEHLAEALAEALEALAAC-amide), 
and GALA modified with cholesterol at N-terminal of the 
peptide (Chol-GALA) (amino acid sequence: Chol-
WEAALAEALAEALAEHLAEALAEALEALAA-amide) (see 
Notes 1 and 2).

 8. Luciferase assay reagent and reporter lysis buffer (Promega, 
Madison, WI).

 9. BCA protein assay kit (Pierce, Rockford, IL).
 10. K562 cells (human chronic myelogenous leukemia cells) 

maintained in RPMI1640 (Invitrogen, Carlsbad, CA) con-
taining 10% heat-inactivated FBS.

2.  Materials

2.1. Transfection of 
Plasmid DNA Using 
Cationic Lipids in 
Combination with 
GALA

2.2. Transfection  
of Plasmid DNAs  
Using MEND
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 1. Synthetic peptide of GALA conjugated with biotinamido-
caproate N-hydroxysuccinimide ester at N-terminal of the 
peptide (biotin–GALA) [amino acid sequence: biotinamido-
caproyl-NH-(CH2)3-CO-WEAALAEALAEALAEHLAEA-
LAEALEALAA-amide], and GALA conjugated with 
fluorescein-5-isothiocyanate (FITC) at N-terminal of the pep-
tide (FITC–GALA) [amino acid sequence: FITC-NH-(CH2)3-
CO-WEAALAEALAEALAEHLAEALAEALEALAA-amide] 
(see Notes 1 and 3).

 2. FITC–avidin (Sigma-Aldrich, St. Louis, MO).
 3. HeLa cells (human cervical cancer-derived cells) maintained 

in a-minimum essential medium (a-MEM) (Invitrogen, 
Carlsbad, CA) containing 10% heat-inactivated bovine serum 
(BS) (Invitrogen, Carlsbad, CA).

 4. Cationic lipid (Lipofectamine 2000, LF2000) (Invitrogen, 
Carlsbad, CA).

To efficiently deliver the GALA conjugated with various cargo 
molecules in the presence of cationic lipids into cells and to maxi-
mally induce the biological function by the endosomal escape 
into the cytosol, it is important to consider the ratio of GALA, 
cationic lipids, and cargo molecules in forming their complexes. 
For example, because the GALA has seven Glu residues in its 
sequence and is negatively charged at neutral pH, the ratio effects 
on the positive-to-negative alteration in the total charge of the 
complexes, leading to a change in the internalization efficiency 
into the cells. Additionally, the amount of the GALA internalized 
into the cells by cationic lipids may influence the efficiency of the 
membrane disruption in the endosomes. Therefore, optimization 
of the ratio in forming complexes is significantly important.

 1. Plate COS-7 cells (2 × 105 cells/well) in glass-bottomed 
dishes, and maintain in 1 mL of DMEM containing 10% FCS 
under 5% CO2 at 37°C for 24 h.

 2. Mix cationic lipids (Lipofectin) (10 mL) in serum-free DMEM 
(90 mL) with plasmid DNA (pEGFP-N1) (1 mg) in serum-
free DMEM (100 mL), and store for 10 min at room tem-
perature (see Note 4).

 3. Mix GALA peptide in phosphate-buffered saline (PBS) (6 mg/
mL, 50 mL) with the cationic lipids/plasmid DNA solution, 
and store at room temperature for 10 min. The mixture is then 
diluted with 750 mL of serum-free DMEM (see Note 4).

2.3. Intracellular 
Delivery of FITC–GALA 
or FITC–Avidin/
Biotin–GALA Complex 
in Combination with 
Cationic Lipid

3.  Methods

3.1. Transfection of 
Plasmid DNA Using 
Cationic Lipids in 
Combination with 
GALA
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 4. Wash the cells with serum-free DMEM, followed by the addi-
tion of the above solution (cationic lipids/plasmid DNA) to 
the cells, and then incubate the cells for 5 h under 5% CO2 
at 37°C.

 5. Replace the plasmid-containing medium with 2 mL of 
DMEM containing 10% FCS, and incubate the cells for 
another 24 h.

 6. Analyze the expression of EGFP by confocal laser scanning 
microscopy.

 1. Dissolve DNA and PLL in 5 mM HEPES buffer (pH 7.4). 
The labeling of pDNA with rhodamine is performed using a 
Label IT labeling kit. To condense the pDNA, add the DNA 
solution (0.1 mg/mL) containing the rhodamine-labeled 
DNA (20% of total DNA) to a PLL or protamine solution 
(0.1 mg/mL) with vortexing at room temperature. The final 
DNA concentration of the DNA/polycation complex (DPC), 
prepared at a nitrogen/phosphate (N/P) ratio of 2.4, is 
0.05 mg/mL.

 2. Add a diluted DPC suspension (0.25 mg/mL) to a mixture 
of the lipid [DOPE/NBD (or rhodamine)-labeled DOPE/
DCP/DSPE-PEG-2000 = 77:5:8:10 (molar ratio)] and deter-
gent OGP containing 5 mM HEPES buffer (pH 7.4). The 
final concentrations of the DNA, lipid and detergent are 
0.023 mg/mL, 0.49 mM and 18 mM, respectively.

 3. Under these conditions, detergent-rich small unilamellar vesicles 
(SUV*) are formed and then bind to the surface of the DPC.

 4. To remove the detergent, add Amberlite XAD porous beads 
to the SUV*/DPC suspension.

 5. To isolate the MEND from the empty liposomes and uncoated 
DPC, layer the sample on a discontinuous sucrose density gra-
dient (0–40%) and centrifuge at 160,000 × g for 2 h at 20°C.

 6. Collect 1 mL aliquots starting from the top and measure the 
fluorescence intensities. The collected fraction containing the 
MEND is dialyzed three times against 1 L volumes of 5 mM 
HEPES buffer (pH 7.4) for >3 h to remove the sucrose.

 7. To modify liposomes with Chol-GALA, add an N,N-
dimethylformamide (DMF) solution of Chol-GALA to the 
suspensions of MEND so that the final concentration is 
1 mol% before the Tf modification. The mixture is then incu-
bated for 1 h at 37°C. Separate the unencapsulated Chol-
GALA on a Bio-Gel A-1.5m column (100–200 mesh) 
equilibrated with PBS buffer.

 8. Treat Tf (final concentration of 62.5 mM) with SPDP (final 
concentration of 66 mM) for 30 min at room temperature. 

3.2. Transfection  
of Plasmid DNAs by 
MEND
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The resulting 3-(2-pyridyldithio)propionyl (PDP)-Tf is 
separated from the unreacted SPDP by gel filtration on a 
Sephadex G-25 column equilibrated with PBS. The PDP-Tf 
is then reduced with 50 mM dithiothreitol in H2O for 30 min 
at room temperature to yield 3-mercaptopropyl-Tf, which is 
purified on a Sephadex G-25 column.

 9. Treat the 3-mercaptopropyl-Tf with MEND containing 
1 mol% maleimidic DSPE-PEG-2000 at a 1:20 lipid molar 
ratio at 4°C overnight for disulfide cross-linking between the 
Tf and liposomes.

 10. To remove the unreacted Tf from MEND, centrifuge the 
reaction mixture (160,000 × g) for 2 h at 4°C and remove the 
supernatant. The MEND is equilibrated with 50 mM 
Fe2(SO4)3-EDTA (pH 7.4, final Fe3+ concentration of 
100 mM) for the Tf resaturation with Fe3+.

 11. To conjugate GALA-SH at the PEG terminal, add a DMSO 
solution of GALA-SH to suspensions of MEND containing 
2 mol% maleimidic PEG lipid in order that the final concentra-
tion of GALA-SH is 1 mol% 30 min after the addition of the 
Tf, and incubate at 4°C overnight. The unreacted GALA-SH 
in the MEND suspensions is removed by gel filtration.

 12. MEND containing 1 mg of DNA, determined by measuring 
the fluorescence of the rhodamine-labeled plasmid DNA, and 
suspended in 0.25 mL of RPMI1640 without serum and 
antibiotics are added to K562 cells (5 × 104 cells) and incu-
bated for 3 h at 37°C.

 13. Add RPMI1640 containing 10% fetal calf serum (1 mL) to 
the cells, followed by a further incubation for 45 h. Then col-
lect the cells from the dishes, wash, and solubilize with 
reporter lysis buffer.

 14. Initiate the luciferase reaction by the addition of 50 mL of 
luciferase assay reagent into 20 mL of the cell lysate, and mea-
sure the activity using a luminometer.

 15. Determine the amount of protein in the cell lysate using a 
BCA protein assay kit.

 1. Plate HeLa cells (3.0 × 105 cells/well) into 35-mm glass-bot-
tomed dishes and culture for 24 h.

 2. To prepare FITC–GALA and LF2000 complex, add LF2000 
(2 mL) diluted with serum-free cell culture medium (18 mL) 
to a solution of FITC–GALA (10 mM) in serum-free cell cul-
ture medium (20 mL), and incubate the mixture for 15 min at 
room temperature. Add 13% BS-containing a-MEM (160 mL) 
to the solution of the FITC–GALA/FL2000 complex.

 3. To prepare the FITC–avidin/biotin–GALA and LF2000 
complex, mix biotin–GALA (10 mM) in serum-free a-MEM 

3.3. Intracellular 
Delivery of FITC–GALA 
or FITC–Avidin/
Biotin–GALA Complex 
in Combination with 
Cationic Lipid
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(20 mL) with the cationic lipid (LF2000) (2 mL) in serum-
free a-MEM (18 mL), and incubate for 15 min at room tem-
perature prior to adjustment of the total volume of the 
mixture to 200 mL with a solution of FITC–avidin in 13% 
BS-containing a-MEM to yield a solution of the FITC–
avidin/biotin–GALA complex (FITC–avidin 0.25 mM; biotin–
GALA 1 mM) (see Note 5).

 4. Incubate the cells with each mixture (200 mL) at 37°C under 
5% CO2 for ~6 h.

 5. Wash the cells with PBS and add 10% BS-containing a-MEM 
to the cells.

 6. Analyze by confocal laser scanning microscopy. An example 
of the results is shown in Fig. 2.

 1. The peptides are prepared by Fmoc-solid-phase peptide syn-
thesis (Fmoc = 9-fluorenylmethyloxycarbonyl) on a Rink 
amide resin using the standard peptide synthesizer protocol 

4.  Notes

Fig. 2. Confocal microscopic observation of HeLa cells treated with FITC–GALA (1 mM)/FL2000 [1% (v/v)] complex 
(a, b), FITC–GALA (1 mM) (c, d), fluorescein (1 mM)/FL2000 [1% (v/v)] complex (e, f), fluorescein (1 mM) (g, h) for 4 h. 
Fluorescence imaging (a, c, e, g) and merge of fluorescence and DIC (b, d, f, h) are shown. Scale bars, 20 mm.



532 Nakase et al.

(8). A combination of benzotriazole-1-yloxytrispyrrolidino-
phosphonium hexafluorophosphate (PyBOP), 1-hydroxy-
benzotriazole (HOBt), and 4-methylmorpholine (NMM) 
is employed as a coupling system. Fmoc-Trp-OH, Fmoc-
Glu(OtBu)-OH, Fmoc-Ala-OH, Fmoc-Leu-OH, Fmoc-
His(Trt)-OH, Fmoc-Gly-OH, and Fmoc-Cys(Trt)-OH are 
employed as amino acid derivatives. Treatment of the peptide 
resin with trifluoroacetic acid (TFA)-ethanedithiol (EDT) 
(95:5) at room temperature for 3 h is conducted for the cleav-
age of the peptide from the resin and deprotection of the 
peptides, followed by reverse-phase high-performance liquid 
chromatography purification. The structures of the synthe-
sized peptides are confirmed by matrix-assisted laser desorp-
tion ionization time-of-flight mass spectrometry.

 2. To prepare the Chol-GALA, treatment of the peptide resin 
with cholesteryl chloroformate and triethylamine (1.5 eq. 
each to the peptide resin) in DMF at room temperature for 
2 h produces the cholesteryloxycarbonyl-peptide resin. The 
peptide resin is treated with TFA-EDT (95:5), purified, and 
the product is identified as already stated.

 3. To prepare the fluorescently labeled peptides, attach a gamma-
aminobuty ryl (GABA) residue to the N-terminus of the pep-
tide resin as a spacer for connecting with a fluorescence label, 
and then treat the N-terminus of the resin with fluorescein-5-
isothiocyanate and N-ethyldiisopropylamine (DIEA) (3 eq. 
each to the peptide resin) in DMF at room temperature for 
3 h. The fluorescein-labeled peptide resin is treated with 
TFA-EDT (95:5), purified, and the product is identified as 
already stated (7).

 4. Optimization of concentrations of cationic lipids and GALA 
should be needed (3).

 5. Expressed protein ligation is also useful for the preparation of 
the GALA–protein conjugation (7).
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Chapter 38

Therapeutic Applications of Cell-Penetrating Peptides

Randolph M. Johnson, Stephen D. Harrison, and Derek Maclean 

Abstract

Since the discovery over 15 years ago of a protein transcription factor that possessed the ability to cross 
the plasma membrane, cell-penetrating peptides (CPPs) have been evaluated for the ability to transport 
diverse cargoes into cells, tissues, and organs. Certain CPPs have been used for the intracellular delivery 
of information-rich molecules to modulate protein–protein interactions and thereby inhibit key cellular 
mechanisms of disease. The ability to introduce drugs into cells allows the conventional biodistribution 
of drugs to be altered in order to favorably impact toxicity, patient compliance, and other treatment 
factors.

In this monograph, we present the current status and future prospects for the application of CPPs 
to the development of human therapeutics. We discuss some of the advantages and disadvantages of 
using CPPs in the in vivo setting, and review the current status of a number of preclinical and human 
clinical studies of CPP-mediated delivery of therapeutics. These include CPP-conjugated moieties 
directed against a growing variety of targets and disease areas, including cancer, cardiology, pain, and 
stroke. Our discussion focuses on those therapeutics that have been tested in humans, including a CPP 
conjugate for the treatment of acute myocardial infarction. The promising results obtained in a number 
of these studies indicate that CPPs may have an important role in the development of novel 
therapeutics.

Key words: Cell-penetrating peptides, TAT, Protein kinase C isozymes, PKC, Drug discovery, Drug 
development, Pain, Cardioprotection, Neuroprotection

Unlike small molecular weight drugs, most peptides do not effi-
ciently penetrate tissues or enter cells. Cell-penetrating peptides 
(CPPs) are an exception to this rule. CPPs can be assigned to one 
of two broad classes: (a) those that possess a particular constrained 
tertiary structure that facilitates their passage through the mem-
brane (e.g., cyclotides (1) and stapled peptides (2)) and (b) those 
peptides that are capable of entering the cell as a linear sequence. 
In some cases, members of this latter class of CPPs may act as 

1.  Introduction

Ülo Langel (ed.), Cell-Penetrating Peptides: Methods and Protocols, Methods in Molecular Biology, vol. 683,
DOI 10.1007/978-1-60761-919-2_38, © Springer Science+Business Media, LLC 2011
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“carriers,” transporting conjugated “cargo” moieties into the 
cell. When present, this capability may allow the “carriers” to be 
used in a way that facilitates the uptake of otherwise noncell-pen-
etrant drugs. It is these “carrier” peptides, and their uses, that we 
will be discussing in this chapter.

Over 15 years of research on CPPs has revealed a significant 
amount of information about the features of such molecules that 
enable them to penetrate cells, the cellular mechanisms of trans-
port across membranes, and the molecular cargoes that they may 
potentially carry into cells (3–7).

Inhibition of intracellular protein–protein interactions (PPI) 
is a major opportunity for therapeutic development which has 
opened up, in part, due to the advent of CPPs. The inhibition of 
PPI-driven intracellular processes, such as signal transduction, has 
proven difficult with small molecule therapeutics, due to issues of 
nonselectivity (and resulting toxicity) and low potency. These fac-
tors have limited the use of many of these small molecule drugs. 
Large biomolecules provide specificity in targeting extracellular 
PPIs but typically do not penetrate the cell membrane. By har-
nessing the ability of CPPs to cross cell membranes, the therapeu-
tic scope of such proteins and peptide drugs may be broadened to 
include the intracellular milieu.

A second area of opportunity for CPPs is in potentially alter-
ing the biodistribution of therapeutic molecules. Certain CPPs 
may be used to deliver molecules by routes which are not other-
wise achievable (e.g., skin penetration) or into compartments or 
tissues which minimize potential toxicities (e.g., by avoiding 
exposure of certain tissues to the molecules) (4).

In this chapter, we will briefly discuss the chemistry of a num-
ber of CPPs, the putative mechanisms of cell penetration, poten-
tial advantages and disadvantages of using CPPs for drug delivery, 
and some preclinical studies with CPP-conjugated compounds 
that demonstrate their promise as therapeutic agents. We will 
then describe some recent clinical trial results with CPP-conjugated 
compounds and discuss future therapeutic applications.

The first reported CPPs emerged from research on protein tran-
scription factors that possessed the ability to transit the plasma 
membrane and other membranes of cells (8, 9). One of these, the 
transactivator of transcription (TAT) from HIV-1 virus, was inves-
tigated to determine whether it could function as a carrier. In an 
early study, peptides derived from the TAT protein were chemi-
cally cross-linked to a variety of “cargo” molecules. The conju-
gates were reported to penetrate the plasma membranes of cells 

2. Chemistry  
of CPPs and 
Mechanisms of 
Cell Penetration
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in vitro and cells organized into tissues in vivo (10). Further 
studies revealed that the ability to penetrate plasma membranes 
was associated with certain domains of the TAT peptide (and 
other cell-penetrating proteins), and these domains were called 
protein transduction domains (PTD) (11, 12). Of these, an argi-
nine-rich 11 amino acid sequence of the TAT peptide (TAT47–57) 
has perhaps received the most attention. In one study, a fusion 
protein of TAT47–57 and the large b-galactosidase molecule (b-Gal) 
was intraperitoneally injected into mice. Tissue samples from the 
liver, kidney, heart muscle, lung, and spleen obtained after injec-
tion showed b-Gal activity (13).

Certain arginine-rich peptides have been reported to be effec-
tive as CPPs (14). Indeed, a number of polyarginine peptides 
appear to have high levels of cellular uptake (15, 16). The guani-
dinium groups on the arginine residues of TAT47–57 are believed 
to be involved in transduction (7, 17). In fact, nonpeptidic guani-
dinium moieties attached to other types of molecules can in some 
cases transport cargo across cell membranes more efficiently than 
TAT49–57 (a TAT-derived PTD) or certain polyarginine peptides. 
It has been proposed that bidentate hydrogen bonds, characteris-
tic of guanidinium groups, may bind to counteranions, such as 
proteoglycans associated with the plasma membrane, and this 
binding may be the first step in transduction. However, guanidin-
ium-mediated cellular association is clearly not the only mecha-
nism for initiating cellular uptake. For example, the cell-penetrating 
peptide Transportan (GWTLNSAGYLLGKINLKALAALAKKIL) 
contains no arginine residues, but it is as efficiently transported 
into cells as polyarginine (R11) (15).

The mechanism or mechanisms of transport of various CPPs, 
and/or their cargoes, across membranes have been extensively 
investigated. There is evidence for all three major types of endocy-
tosis (i.e., clathrin-mediated, caveolin-mediated, and macropino-
cytosis) (3, 18–22). In addition, there is evidence for nonendosomal 
mechanisms of transport (7, 23). Endosomal and nonendosomal 
pathways may not be mutually exclusive, although this topic is 
controversial and there is reason to believe that at least some 
reports of nonendosomal transport may be artifacts of methodol-
ogy (3, 18). There is considerable evidence that the mechanisms 
of CPP transport may be dependent on the CPP at issue and the 
presence of certain cell-surface proteoglycans (21–25). If different 
CPPs bind to different glycosaminoglycan species, it may allow 
targeting specific cell types based on their expression patterns of 
glycosaminoglycans (21, 25). For the transport of CPPs and/or 
their cargoes by an endosomal pathway, it is important to under-
stand how the molecules are released from endosomes into the cell 
cytoplasm as the efficiency of this mechanism may constitute the 
greatest impediment to intracellular bioavailablity (3). Endosomal 
escape is reported to be facilitated by decreased endosomal pH, 
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and inhibited when the pH is buffered (19, 26). Other means of 
facilitating escape have been reported (3, 7), and it is also likely 
that different CPPs have different potentials for endocytic release. 
Modulation of the efficiency of endosomal release may provide 
additional control over cargo delivery and thus, if uptake is pri-
marily endosomal, the nature of the endosomes and their intracel-
lular trafficking become important to consider when assessing 
intracellular targets for cargo molecule binding (26).

After endosomal escape, the intracellular targeting of the 
cargo may be influenced by the presence (or absence) of the car-
rier. For example, if both the carrier and the cargo enter the cell 
and remain attached, the high positive charge on carriers, such as 
TAT47–57 and Octa-Arg, may direct the CPP-conjugate to the 
nucleus, where the positively charged carrier may interact with 
negatively charged DNA. To avoid this possibility, some CPP 
conjugates have been designed so that the cargo may be released 
from the CPP once the conjugate reaches the cytosol. This has 
been investigated, among other ways, by using reducible disulfide 
linkages between the CPP and the cargo (7). The operative com-
bination of carrier, cargo, and linkage typically cannot be deter-
mined a priori. In some instances, it appears that a releasable 
linker may be advantageous, as noncleavable linkers can inactivate 
the carrier–cargo conjugate (15). However, the ideal carrier–
linker–cargo combination is not obvious a priori, as in many cases 
a noncleavable linker shows good activity (27–29).

There are a significant number of variables that must be consid-
ered in the selection of an optimal CPP construct for drug deliv-
ery. Different CPPs will present varying modes of uptake, and this 
may be further affected by the properties of the attached cargo 
and on the nature of the linker used to conjugate these two com-
ponents. Other factors to take into account include the efficiency 
of cellular penetration, the spectrum of cells targeted, and the 
intracellular targeting of the CPP, including release from endo-
somes. These latter two properties will be expected to be particu-
larly influenced by whether the cargo–carrier linkage is cleavable 
or not.

Many of the properties of CPP delivery have been shown to 
display significant concentration dependence. While this is a vari-
able that can readily be controlled in in vitro experiments, in vivo 
concentration effects can only be controlled indirectly through 
the administration regimen, and may largely depend on the 
intrinsic pharmacokinetic (PK) properties of a given drug. 
Consideration of administration route, dose, and frequency are 

3. CPPs for Drug 
Delivery
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essential to provide the desired efficacy while ensuring safety and 
tolerability. Several routes of administration have been reported 
for CPP drug candidates. Intravascular administration has been 
shown to be feasible and efficacious in both preclinical and clini-
cal studies (30–33). Other clinically relevant routes of administra-
tion that have been demonstrated are subcutaneous (34, 35), and 
topical, as for dermatological applications (36). Although much 
remains to be learned about the safety profiles of CPPs, preclini-
cal studies with CPP-conjugated molecules and safety data from 
clinical trials have been encouraging (32, 37, 38) (Table 1).

In conjunction (although outside the scope of this chapter), 
bioanalytical methods that are capable of quantifying relevant lev-
els of compounds from ex vivo samples are often critical to develop 
PK relationships in support of dose optimization. Due to the 
unique stability and analytical challenges posed by proteins and 
peptides, and due to the rapid cellular uptake of CPPs, innovative 
approaches need to be adopted to develop the bioanalytical assays 
for PK modeling.

An attractive feature of the use of CPPs is that this strategy 
can remove the constraint of finding molecules that are intrinsi-
cally capable of cellular uptake and which also happen to have the 
ability to modulate the activity of relevant intracellular target 
molecules. Lipophilic/amphiphilic small molecules can be engi-
neered that penetrate cells; however, their small surface area is 
typically insufficient to modulate PPI. In contrast, small peptides 
of ~1–3 kDa can achieve PPI modulation and can be engineered 
to recapitulate small molecule-like cell penetration. This falls 
within the first class of CPPs mentioned in the introduction and 
examples of this include cyclosporine, cyclotides, “stapled” alpha-
helical peptides (1, 2), and lipidated peptides (“pepducins”) (39). 
Peptides of these classes embody PPI modulation and cell pene-
tration in a single entity. While attractive in principle (the latter 
two discoveries have each led to the founding of platform compa-
nies focusing on these approaches to targeting intracellular PPI), 
this may be less flexible than the more predictable, modular 
approach offered by CPP conjugation, as the properties of cell 
penetration and biological activity have to be balanced within a 
single, compact molecule. This first class of CPPs may be consid-
ered to have very limited “carrying capacity” in comparison to 
the better characterized CPPs that are the primary focus of this 
chapter.

The use of CPPs as carriers to transport peptides and other 
molecules into cells has been a facilitating strategy in a growing 
number of drug discovery programs (Table 38.1). CPP-
conjugated molecules have been used to characterize signal 
transduction pathways in animal models of several human dis-
eases (4, 40–43), and provide data supporting the targeting of 
these pathways for drug development. In vivo demonstration of 
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the intracellular bioavailability of cargo molecules conjugated to 
CPPs has been achieved in a wide variety of cells and tissues in 
preclinical studies (10, 13, 40–43), providing proof-of-principle 
for the application of these conjugates as drug candidates in their 
own right.

Therapeutic areas that have been the focus of preclinical studies 
with CPP-conjugated therapeutics represent some of the major 
unmet clinical needs. In neurology, cardiology, and oncology, for 
example, CPPs, properly developed, offer the prospect of deliver-
ing highly specific and low toxicity (peptidic) drugs to critical 
tissues (e.g., CNS, heart, and tumors) by relatively noninvasive 
administration. A very large number of studies have been directed 
to investigating therapeutic applications of CPPs. In a broad 
review of this topic, over 200 studies were reported as early as 
2004 (44), almost 60 of which report in vivo data in various ani-
mal models. Some of the preclinical studies particularly relevant 
to clinical applications are described below. Additional areas of 
interest are described in other reviews, such as applications of 
CPPs to antimicrobial agents (45).

Among neurological indications, stroke represents a major unmet 
medical need in which CPPs have been used as a facilitating strat-
egy for the delivery of novel therapeutic agents. The MCAO 
model (middle cerebral artery occlusion) is a commonly used ani-
mal model in such studies. Blockage of the artery causes oxygen 
deprivation (ischemia, hypoxia) in brain tissue. Transient and per-
manent occlusions in this model represent the effects of tempo-
rary or long-lived blockage in the disease state. Relief of transient 
occlusion often causes additional cell death due to the induction 
of apoptotic pathways upon reperfusion.

The selective d-PKC inhibitor KAI-9803 has been shown to 
significantly decrease the infarct size following cerebral ischemic 
injury in the transient rat MCAO model when administered 
either by intra-arterial or intraperitoneal injection (43) or by 
intravenous bolus injection (31). This compound comprises a 
fragment of the d-PKC C2 domain (dV1-1) conjugated by disul-
fide bond to TAT47–57 and illustrates the application of a general 
design strategy to modulators of PKC isozymes (46, 47). The 
inhibitory conjugate was shown to reduce apoptotic cell death 
when administered after ischemia in this setting, which is consis-
tent with what is known of the role of d-PKC in reperfusion 
injury. KAI-9803 was found to reduce cellular injury as mea-
sured by density of neurons and astrocytes, as well as reduced 

4. Preclinical 
Studies with 
CPP-Conjugated 
Compounds

4.1. Neuroprotection/
Stroke



542 Johnson, Harrison, and Maclean

macrophage and neutrophil infiltration in the penumbra (brain 
tissue surrounding the ischemic core) and to protect against cap-
illary damage due to reperfusion injury in the penumbra and 
ischemic core. In addition, astrocyte proliferation was signifi-
cantly higher in the KAI-9803-treated group in the penumbra. 
These effects were maintained for at least 7 days after brief intra-
venous administration (31).

Using the antiapoptotic protein Bcl-xL conjugated to TAT47–57 
in a linear peptide structure, another group reported neuroprotec-
tion in a murine MCAO study. The compound, known as PTD-
HA-Bcl-xL, was delivered by intraperitoneal injection up to 45 min 
after the start of reperfusion (42). The infarct size was significantly 
reduced in a dose-dependent manner when measured 3 days after 
the start of reperfusion. Furthermore, PTD-HA-Bcl-xL decreased 
ischemia-induced caspase-3 activation in ischemic neurons, indi-
cating that the effect was mediated, at least in part, by a reduction 
in the cellular apoptosis response following ischemia.

Another group of investigators constructed a Bcl-xL mutant 
protein (three amino acid substitutions, called FNK) that has 
even greater antiapoptotic activity than Bcl-xL as demonstrated in 
cultured cells (48). Using a gerbil model of transient global isch-
emia (5 min of occlusion of the common carotid arteries bilater-
ally), FNK conjugated to TAT47–57 (referred to as PTD-FNK) 
delivered by intraperitoneal injection 3 h prior to ischemia was 
reported to significantly increase neuron cell density in the hip-
pocampus when measured 7 days after reperfusion (41).

Finally, D-JNKI1, a peptide inhibitor of c-Jun-N-terminal 
kinase conjugated to TAT48–57 (now in clinical development as 
XG-102 by Xigen), protected against apoptotic cell death in 
in vitro and in vivo models of cerebral ischemia (27).

These studies suggest that CPP-conjugated antiapoptotic 
peptides or proteins can cross the blood–brain barrier and pene-
trate into brain parenchyma sufficiently to demonstrate efficacy in 
reducing ischemic injury in several animal models of stroke.

Similar to the stroke setting described above, ischemia–reperfu-
sion injury is believed to play a significant role in the etiology of 
cardiovascular disease. Due to the commonality of mechanism, 
the d-PKC inhibitor KAI-9803 has been extensively tested in car-
diac models.

In ex vivo studies, KAI-9803 inhibited global cardiac injury 
following ischemia and reperfusion in rat hearts (49) as well as in 
excised human cardiac tissue (50). Atrial tissue was harvested 
from patients undergoing cardiac bypass surgery and suspended 
in an organ bath. When KAI-9803 was administered at the begin-
ning of the reperfusion period, recovery of contractile function 
following ischemia was significantly greater than that observed 
with the TAT47–57 CPP control group.

4.2.  Cardioprotection
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KAI-9803 has also been tested in a number of in vivo cardiac 
models. In one study, the conjugate was found to decrease infarct 
size when administered directly to the ischemic pig heart in an 
in vivo model of ischemia–reperfusion injury (occlusion of the left 
anterior descending coronary artery (LAD)) (30). In another 
study, KAI-9803 was administered intravenously to rats in the 
transient LAD occlusion model of acute myocardial infarction 
(AMI) (51). When infused over a 30-min period, KAI-9803 
significantly reduced the infarct size, protected against microvas-
cular damage and microthrombi, and attenuated the acute inflam-
matory response following reperfusion. A second PKC-modulating 
peptide consisting of an e-PKC activator peptide/TAT47–57 conju-
gate (40, 49) also significantly improved recovery of contractile 
function compared to CPP controls when administered at the 
beginning of the reperfusion period.

Using a quite distinct approach, cardiac fibroblasts stably 
transfected with the GATA4 transcription factor protein fused to 
the HSV-derived CPP VP22 were delivered to rats 1 month after 
LAD ligation (52). The transplanted cells secreted the GATA4 
protein which was taken up by neighboring cells due to the pres-
ence of the CPP sequence. This treatment resulted in enhanced 
growth of cardiac myocytes and increased cardiac function 
10 weeks after the original LAD occlusion.

Effective pain management remains a significant unmet need for 
a variety of acute and chronic pain syndromes (53). Neuropathic 
pain results from nerve injury as seen in diabetic neuropathy, 
trauma-associated neuropathy, and other conditions (54), and is 
a form of pain notoriously difficult to treat. CPP-conjugated ther-
apeutics have been investigated for their ability to alleviate inflam-
matory and neuropathic pain.

A peptide inhibitor of e-PKC (eV1-2) has been widely tested 
in various models of pain. This inhibitor has been conjugated to 
TAT47–57 in a number of different constructs and administered by 
a number of routes. Intrathecal administration of eV1-2 has been 
reported to reduce formalin pain (55) and ethanol withdrawal 
neuropathy (56). Delivery of eV1-2 into the brain reverses the 
tolerance developed by chronic morphine administration (57), as 
well as pain associated with opioid withdrawal (58).

KAI-1678 comprises TAT47–57 conjugated to eV1-2 and has 
been extensively investigated in a wide variety of additional rodent 
models of different classes of pain (29).

This fusion peptide was found to be effective in three rodent 
models of neuropathic pain: L5 spinal nerve transection, spared 
nerve injury, and chronic constriction injury (28). In the L5 spi-
nal nerve transection model, KAI-1678, delivered as an acute 
subcutaneous bolus or chronic subcutaneous mini osmotic pump 
infusion, dose-dependently reversed mechanical allodynia (pain 

4.3.  Analgesia
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responses to normally non-noxious touch stimuli) and thermal 
hyperalgesia (larger pain response to heat than before injury). In 
the spared nerve injury model, a subcutaneous bolus caused dose-
dependent reversal of allodynia and hyperalgesia. Finally, in the 
chronic constriction model, mechanical allodynia was rapidly 
blocked in a dose-dependent fashion by bolus or chronic 
infusion.

KAI-1678 was also tested in several rodent models of acute 
pain (29). In the capsaicin injection model of acute nociceptive 
pain, a subcutaneous bolus of KAI-1678 attenuated mechanical 
allodynia and dose-dependently reduced neuronal activation in 
the dorsal horn of the spinal cord. In the incision model of post-
surgical pain, infusion of KAI-1678 attenuated secondary allo-
dynia. Finally, both subcutaneous bolus and infusion of KAI-1678 
dose-dependently reversed existing mechanical hyperalgesia in 
the carrageenan injection model of acute inflammatory pain.

In another approach, a peptide inhibitor of binding between 
the Src tyrosine kinase and the N-methyl-d-aspartyl receptor 
(NMDAR) was conjugated to TAT47–57 and tested in rodent mod-
els of inflammatory and neuropathic pain (33). Intravenous or 
intrathecal administration of this compound, Src40-49Tat, was 
reported to dose-dependently decrease evoked pain behavior in 
the formalin model. Src40-49Tat also reversed established ther-
mal and mechanical hyperalgesia resulting from CFA-induced 
inflammation by intravenous administration. Finally, this com-
pound administered either intravenously or intrathecally signifi-
cantly decreased mechanical and cold hyperalgesia caused by 
peripheral nerve injury. Importantly, Src40-49Tat did not appear 
to interfere with NMDAR-dependent learning and memory. 
These data suggest that targeting a modulator of NMDARs with 
a specific peptide inhibitor conjugated to TAT47–57 significantly 
decreased hyperalgesia in rodent models of inflammatory and 
neuropathic pain.

These preclinical studies with TAT-conjugated peptides illus-
trate the potential of CPPs, together with knowledge of intracel-
lular signal transduction mechanisms to effectively target clinically 
significant forms of pain that are often not well treated by existing 
therapeutic agents.

Cyclosporine A (CsA) is an immune suppressant and anti-inflam-
matory agent used in a number of indications. However, CsA 
cannot readily penetrate the epidermis, which presents a signifi-
cant lipidic barrier. This prevents the drug being used for topical 
applications, although this route could be desirable for dermato-
logical applications, such as psoriasis, to reduce side-effects of sys-
temic administration. CsA, conjugated to a polyarginine CPP by 
a pH-sensitive linker (7-mer, called R7-CsA), was shown to pen-
etrate into the dermis of mouse skin and human skin grafted onto 

4.4. Anti-inflammatory 
Indications: 
Cyclosporine A 
Conjugate



545Therapeutic Applications of Cell-Penetrating Peptides

mice (36). Furthermore, the conjugate was taken up by dermal T 
lymphocytes wherein it reduced the secretion of the proinflam-
matory cytokine, interleukin-2, and significantly reduced cutane-
ous inflammation in a mouse model of contact dermatitis. It is 
noteworthy that in this case the CPP linkage strategy was set up 
to render the conjugate inactive until released inside cells, thus 
presenting a twofold approach to minimizing toxicity through 
the use of CPPs.

CPPs have been used to facilitate a number of novel approaches 
to oncology applications utilizing both peptide and small mole-
cule cargoes.

In one such example, a polyarginine CPP was conjugated to 
p53, a tumor suppressor protein that is often nonfunctional in 
cancer cells. This construct was reported to powerfully inhibit the 
proliferation of human glioma cells in vitro when the p53 protein 
was mutated to be ubiquitination resistant (59). Another group 
conjugated the TAT PTD to a peptide that activates p53 in cancer 
cells but not normal cells. Treatment with this molecule increased 
lifespan and resulted in disease-free animals in two animal models 
of terminal human malignancy (60).

Beyond the applications in neurology and cardiology described 
above, the PKC enzyme family offers opportunities for cancer 
therapy. The b-PKC isozyme has been shown to be involved in 
angiogenesis, an important process in tumor growth (61). A 
selective inhibitor of b-PKC (known as bII-V5-3) was conjugated 
to the TAT47–57 PTD via a disulfide bond and tested in tumor 
xenograft models (62). Mice bearing PC-3 prostate cancer xeno-
grafts were treated with bII-V5-3/TAT conjugate infused through 
an in-dwelling osmotic pump. Tumor growth and cell prolifera-
tion were effectively reduced in a compound-dependent manner, 
and relevant intracellular markers of biochemical efficacy were 
shown to be affected by the conjugate molecules. In addition to 
cancer, pathological angiogenesis has been implicated in other 
diseases, such as diabetic neuropathy and age-related macular 
degeneration.

The conjugation of CPPs to small molecule cytotoxic agents 
has been explored with the goal of modifying the in vivo distribu-
tion and improving the efficacy profile of the parent molecule. 
The anthracycline cytotoxic doxorubicin was attached through a 
noncleavable linker to several CPPs derived from heparin-binding 
proteins or anti-DNA antibodies (termed “Vectocell” peptides) 
(63). At least one of the resulting conjugates (DTS-101) showed 
increased antitumor efficacy and reduced systemic toxicity com-
pared to the parent cytotoxin. In a second example from the same 
group, a conjugate of Vectocell to an active metabolite of irinote-
can was evaluated (64). The conjugated molecule had desirable 
properties over the parent cytotoxin, displaying greater efficacy 

4.5.  Oncology
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and higher plasma levels than irinotecan without associated 
toxicity.

As discussed above, KAI-9803, a selective d-PKC inhibitor 
conjugated to TAT47–57, has been shown to reduce injury asso-
ciated with ischemia and reperfusion in animal models of AMI, 
and recently this result has been confirmed in a phase 2 clinical 
trial in human patients. Despite reperfusion therapy, myocar-
dial and microvascular damage often result following acute 
ST-segment elevation myocardial infarction (STEMI) (65). In 
the DELTA-MI clinical study (32), KAI-9803 or saline placebo 
was injected into the coronary artery after reestablishment of 
perfusion.

To assess efficacy of drug treatment, several biomarker end-
points were measured and compared to saline placebos. Myocardial 
enzymes (CK-MB), a biomarker for myocardial cell death, were 
lower with KAI-9803 than saline placebo. Recovery of the 
ST-segment elevation toward baseline (what one would see in a 
normal ECG) was also faster and more extensive with KAI-9803 
than saline placebo and the overall effect was statistically signifi-
cantly better than the placebo control. Finally, left ventricle infarct 
size was estimated using single photon emission computed tomo-
graphic imaging with 99mtechnetium sestamibi. The infarct size 
was lower with KAI-9803 compared to saline placebo for the 
three lowest dose cohorts, but not for the cohort with the highest 
dose.

This clinical study demonstrated that intracoronary injection 
of KAI-9803, as an adjunct to percutaneous coronary interven-
tion (PCI), decreased myocardial infarct size compared to pla-
cebo (i.e., PCI alone) as assessed with three biomarker endpoints, 
and did so without increasing risk as assessed by several safety 
endpoints. The results encourage further, larger clinical trials with 
KAI-9803 as an adjunct therapy to PCI and indicate that TAT47–57 
can be safely administered to humans.

XG-102 is a 20 amino acid peptide inhibitor of all three c-Jun 
N-terminal kinases covalently linked to TAT48–57 that is currently 
in clinical development by Xigen. These kinases play a role in 
apoptotic cell death, which is an important feature of the cellular 
pathology in both cerebral ischemia (stroke) (27) and acoustic 
trauma-induced auditory hair cell loss (66). XG-102 has com-
pleted a phase 1/2 clinical trial for the treatment of acute acoustic 
trauma and is currently in a phase 1 clinical trial for the treatment 
of stroke (Xigenpharma.com).

5. Clinical Trials 
with CPP-
Conjugated 
Compounds

5.1. KAI-9803 
DELTA-MI Study

5.2. Other CPPs in 
Clinical Development
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Revance Therapeutics is developing a compound, RT001, 
which permits topical application (instead of needle injection) of 
botulinum toxin type A for lateral canthal lines (“crow’s feet”) 
and primary focal hyperhidrosis (excessive sweating) (Revance.
com). Their Macromolecule Transport System (MTS) is com-
posed of a positively charged, lysine-rich central peptide domain 
sandwiched between two identical TAT49–57 PTD domains to 
form a peptide with 35 amino acid residues. The lysine-rich region 
forms noncovalent, electrostatic bonds with anionic portions of 
their proprietary botulinum toxin type A molecule (called 
RTT150). The entire molecular complex is referred to as RT001. 
RT001 is able to penetrate the epidermis and dermis in the case 
of treatment for lateral canthal lines to permit botulinum toxin 
type A to temporarily block neuromuscular synaptic transmission 
and paralyze facial muscles lateral to the eye. In the case of hyper-
hidrosis, RT001 penetrates into the dermis to permit botulinum 
toxin type A to temporarily block synaptic activation of sweat 
glands by the autonomic (sympathetic) nervous system (67). 
RT001 recently demonstrated safety and efficacy in a phase 2B 
study for the treatment of lateral canthal lines, and has completed 
a phase 1 (safety) study for the treatment of hyperhidrosis 
(Revance.com).

Capstone Therapeutics has demonstrated that CPPs other 
than those derived from TAT may have therapeutic benefit. This 
company has been using a CPP-conjugated peptide to disrupt 
connective tissue growth expression and thus minimize fibrosis 
and scarring. AZX100 contains a phosphorylated peptide analog 
of HSP20 (WLRRAS(phospho)APLPGLK) attached to the CPP 
known as PTD4 CPP (YARAAARQARA). AZX100 has been 
shown to reduce stress fiber formation, alter the morphology of 
human dermal keloid fibroblasts, and reduce scarring in vivo (68), 
and is consequently being tested in the clinic for its ability to 
reduce keloid scarring. AZX100 has completed two phase 2 stud-
ies (Capstonethx.com).

These clinical trials demonstrate the potential of CPPs as 
therapeutics in the treatment of human disease.

In principle, a broad range of therapeutic targets can be envi-
sioned for CPP-conjugated molecules limited only by our knowl-
edge of specific molecular interactions within target cells and the 
consequences of those interactions for cell function. In practice, 
progress in the use of CPPs in drug delivery would be further 
helped by a greater understanding of the mechanisms of entry of 
CPPs into cells, which could lead to the ability to target specific 

6.  Conclusions
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cell and tissue types, and further elucidation of the intracellular 
trafficking of CPPs and their cargoes, including endosomal escape 
and the fate of cargoes inside cells. Characterization of the depen-
dence of such trafficking on the chemical nature of individual 
CPPs will allow tailoring of specific CPPs to particular intracel-
lular targets and optimization of potency. As with any drug can-
didate, bioavailability with different routes of administration, 
possible toxicity and mechanisms of toxicity, pharmacokinetics, 
pharmacodynamics are also important considerations, and are 
likely to depend on the nature of the CPP, the linker design, and 
the specific cargo. Judicious CPP-conjugate design will be essen-
tial to the development of safe and effective therapeutics. 
Regardless of these caveats, progress in the development of CPP-
conjugated therapeutics, as discussed above, has been encourag-
ing and the prospects of significant advances in the treatment of 
stroke, heart disease, intractable pain, cancer, and other diseases 
are exciting.
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Chapter 39

Nonclinical and Clinical Experiences with CPP-Based  
Self-Assembling Peptide Systems in Topical Drug 
Development

Jacob M. Waugh, Jane Lee, Michael D. Dake, and Dan Browne 

Abstract

Considerations in rational designs of CPP-based transcutaneous delivery systems are described. Impact 
of design considerations of nonclinical and clinical results are presented in detail.

Key words: Botulinum toxin, Lateral canthal lines, Hyperhidrosis, TAT, Ionic

As will be apparent upon reading the other chapters in this book, 
there are a number of laboratories exploring basic aspects of cell-
penetrating peptides (CPPs). More is being elucidated about this 
powerful family of agents and their potential applications each 
day. In order to complement this work, our group has primarily 
focused on translational applications for CPPs. Specifically, we 
have focused on attributes of CPPs useful for dermatology and in 
particular for transcutaneous local delivery of macromolecules.

Given this approach, our group typically employs a noncova-
lent means of initially screening CPPs with potential therapeutic 
payloads. This has allowed exploration of various CPPs alone and 
in combination without issues relating to activity, altered pharma-
cologic properties, or safety issues related to generation of new 
chemical entities (NCE). The focus of this chapter is on the ratio-
nal design of a self-assembling ionic system to deliver a macro-
molecule transcutaneously. More specifically, considerations in 
development of a CPP-enabled topical form of botulinum toxin 
for facial wrinkles and hyperhidrosis is explored. Although our 

1. Introduction
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laboratories typically employ marker studies and in vitro work as 
an initial step, here we focus on transcutaneous flux studies, 
in vivo nonclinical biologic effects, and clinical outcomes  primarily 
to illustrate the design principles in practice.

Revance Therapeutics, Inc. (Revance) is developing a topical 
product, RT001 (Botulinum Toxin Type A Topical Gel), an 
investigational drug containing the 150 kDa portion of Botulinum 
Toxin Type A (BoNTA) as the active moiety, for the treatment of 
moderate to severe lateral canthal lines (crow’s feet wrinkles) and 
severe primary axillary hyperhidrosis. Injectable BoNTA has been 
successfully used in a range of medical disorders including strabis-
mus, blepharospasm, focal dystonias, spasticity associated with 
juvenile cerebral palsy and adult stroke, and various cosmetic 
treatments (1–5). Thus, the safety and effectiveness of BoNTA 
for treating these conditions has been well established for over 20 
years now.

Aesthetic medicine has been inundated with treatments for 
facial rhytids. BoNTA is the only Food and Drug Administration 
(FDA)-approved treatment to temporarily relax the underlying 
facial muscle that pleats the skin resulting in hyperfunctional 
rhytids. Since 1992, botulinum toxin has been used to treat a 
variety of cosmetic conditions and medical indications. Following 
Carruthers’ first description of treatment of glabellar rhytids 
(“frown line” wrinkles), botulinum toxin has revolutionized the 
practice of noninvasive aesthetic medicine (6). In 2002, the 
United States (US) FDA approved the use of BOTOX® Cosmetic 
(Botulinum Toxin Type A Purified Toxin Complex; Allergan) for 
the treatment of moderate-to-severe glabellar rhytids, associated 
with corrugator and/or procerus muscle activity in adult patients 
65 years of age and younger. Patient satisfaction is above 80%, 
and BoNTA is considered to be effective and safe (7). By 2005, 
BOTOX® Cosmetic injections were the most common noninva-
sive physician-administered cosmetic procedure, with more than 
3.2 million injections administered (8). In addition, botulinum 
toxin was initially shown to be effective in reducing sweat produc-
tion in healthy volunteers (9, 10) and subsequently for the treat-
ment of primary axillary hyperhidrosis, excessive underarm 
sweating (11–13).

Lateral canthal lines (LCLs), commonly termed crow’s feet, 
result from muscle activity in combination with photoaging. Even 
though treatment of crow’s feet has not been approved in the US, 
injectable 900 kDa BoNTA is used extensively off-label to treat 
LCLs. Typically, the initial dose chosen is 8–16 U per side in 
women and 12–16 U in men, with generally 3–4 U per injection 
and three injections per site. The duration of paralysis appears to 
be shorter with lower doses of toxin. The incidence of AEs in 
published studies was generally low. In the studies by Lowe et al. 

1.1. Clinical Use  
and Characteristics  
of Botulinum Toxin
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(14, 15), bruising was the most commonly reported event, occurring 
at similar rates on active and placebo-treated sides. No serious or 
severe AEs, dose-related effects, or events of blepharoptosis, 
diplopia, lip ptosis, or muscle weakness were reported. However, 
Matarasso and Matarasso (16) felt that the paralytic effect of 
injected BoNTA can span up to 3 cm from the site of injection 
and even further when dilute concentrations and large volumes of 
BoNTA are used.

Limitations of injections, including those with BoNTA, 
include pain, erythema, swelling, needle marks, tenderness, and 
potential infection from needle use. The patient’s medical regi-
men is potentially impacted by being advised to avoid aspirin, 
nonsteroidal anti-inflammatory drugs, and vitamin E prior to 
injection, to reduce the risk of bleeding and bruising. Bruising is 
of particular concern in the crow’s feet/lateral canthus/orbicu-
laris oculi region, where the blood vessels are superficial and the 
skin is thin. Treatments for primary axillary hyperhidrosis typi-
cally require 10–15 injections per treatment area (17), thus injec-
tion site pain is a major concern for treatment of this condition.

There are seven antigenically distinct serotypes of botulinum 
toxin (A, B, C1, D, E, F, and G), produced by a strain of the 
anaerobic bacterium Clostridium botulinum. Currently, types A 
and B are approved for physician use in the US and internation-
ally. All types of botulinum toxin block cholinergic neurotrans-
mission by preventing acetylcholine (ACh) release at peripheral 
neuromuscular junctions (4). Botulinum toxin type A is produced 
by Clostridium botulinum (serotype A-Hall strain) as a single 
inactive polypeptide chain of 150 kDa, which subsequently under-
goes proteolytic cleavage by proteases present in the fermentation 
culture to yield the fully active di-chain molecule comprised of a 
100 kDa heavy chain and a 50 kDa light chain linked via both 
noncovalent interactions and a disulfide bond (18). The heavy 
chain plays a role in cell binding, internalization, and transloca-
tion of botulinum toxin into nerve cells, while the light chain acts 
as a site-specific metalloprotease. Botulinum toxin acts on cholin-
ergic nerve terminals of eccrine gland secretion and involuntary 
smooth muscle as well as striated muscle, but does not appear to 
act on cardiac muscle. The ACh vesicles in target neurons are 
associated with a protein aggregate called the SNARE complex 
(soluble N-ethylmaleimide-sensitive fusion attachment protein 
receptor). In order to affect signal transmission across the neuro-
muscular junction, vesicles of ACh in the presynaptic neural bou-
ton must be released into the synaptic cleft. In the case of striated 
muscle, the neurotransmitter binds to specific receptors on the 
muscle plate that trigger opening of sodium ion channels, result-
ing in depolarization and contraction in the adjacent striated 
muscle. This ACh release requires the participation of the SNARE 
proteins that mediate the fusion of synaptic vesicles with the 
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neuronal plasma membrane (19). It is generally accepted that the 
SNARE proteins form the core of the machinery for the intracel-
lular membrane fusion necessary for ACh exocytosis. The SNARE 
complex consists of at least five proteins that play differing roles 
in the exocytosis process. For example, VAMP (vesicle-associated 
membrane protein), also known as synaptobrevin, is associated with 
the synaptic vesicles, whereas SNAP-25 becomes associated with the 
synaptic membrane. Under the influence of an action potential in 
the neuron, calcium channels open and calcium binds to the 
SNARE proteins. This causes them to spontaneously assemble 
into a soluble ternary complex that moves to the neuronal plasma 
membrane where the SNARE complex enables the ACh vesicle to 
fuse with the cell membrane (20). The fewer the number of vesi-
cles released into the synaptic cleft, the lower the probability that 
an action potential will propagate and result in muscle fiber con-
traction. It is important to note that inhibition of ACh exocytosis 
by botulinum toxin is temporary and that neurotransmission is 
eventually restored.

The RTT150 form of purified toxin (150 kDa) is different 
from the form of the toxin complex which is currently marketed 
as BOTOX® and BOTOX® Cosmetic (consisting of a 900 kDa 
complex comprised of the 150 kDa toxin with several bacterially 
derived accessory proteins). Unlike either marketed product (17), 
the RTT150 DP is not formulated in human serum albumin, 
hemagglutinin, or other pooled human or animal derived compo-
nents. The structure of RTT150 is important in development of 
a CPP-based therapeutic, since any interference with selectivity, 
binding, or steps to generate a functional domain may render the 
product unusable. As a result, an ionic, rather than covalent, 
approach was taken. Essentially, a nonnative complex is self-
assembled using a PTD-containing peptide and the RTT150 
core. A similar approach can be taken using the larger 900 kDa 
complex as a core or variations thereupon, though the larger 
size and other physical characteristics render the self-assembled 
nonnative particle quite different in pharmacokinetics and 
pharmacodynamics.

The active pharmaceutical ingredient in RT001 is a purified 
150 kDa BoNTA, derived from the Hall strain Clostridium botu-
linum supplied as lyophilized drug product referred to as RTT150. 
RT001 is composed of purified RTT150, formulated in a polox-
amer gel containing a CPP-based permeation-enhancing peptide 
excipient, RTP004. The peptide excipient in this product ioni-
cally self-assembles and enables the transcutaneous delivery of the 

2. RT001
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toxin as detailed below. RTP004 is a single, straight-chain, synthetic 
peptide consisting of 35 l-amino acids. The theoretical molecular 
weight of RTP004 peptide is 4,698 Da. The complete chemical 
sequence is:

Arg-Lys-Lys-Arg-Arg-Gln-Arg-Arg-Arg-Gly-Lys-Lys-Lys-
Lys-Lys-Lys-Lys-
Lys-Lys-Lys-Lys-Lys-Lys-Lys-Lys-Gly-Arg-Lys-Lys-Arg-
Arg-Gln-Arg-Arg-Arg

As apparent from this sequence, RTP004 contains two dis-
tinct types of domains. The first type of domain, which is the core 
of RTP004, is a sequence of 15 consecutive lysines, each of which 
confers a full positive charge to the peptide (21). The purpose of 
this charged domain is to form a noncovalent electrostatic inter-
action with anionic surface domains of the RTT150 (Botulinum 
Toxin Type A) protein.

Like most biologically active proteins, RTT150 is negatively 
charged to preserve its tertiary structure in aqueous environments 
and confer specificity of interactions in vivo. The positively 
charged core of RTP004 forms a noncovalent bond with the 
RTT150 molecule to form RT001, the proprietary Revance topi-
cal compound (Fig. 1). The selection of the length of the cationic 
core is a crucial design consideration and is explored further in 
this chapter. The second type of domain in RTP004 is a Protein 
Transduction Domain (PTD), which is responsible for enabling 
transcutaneous flux of the peptide. The PTD employed in RTP004 
is derived from residues 49–57 of the transactivator of transcrip-
tion (TAT) protein. The rationale and empirical data supporting 
selection of this PTD for this application is examined in detail.

To self-assemble a particle containing both a therapeutic active 
like botulinum toxin and a CPP-containing carrier, some form of 
noncovalent bond must be employed. For biologically active pro-
teins, which often have a conserved motif of high densities of 
negatively charged amino acids on their surface, ionic bonding is 
particularly facile. With an ionic interaction holding the CPP to 
its payload, the strength of the ionic interaction is a first determi-
nant of the assembled particle’s characteristics. For a given CPP 
and payload, varying the number of positive charges on the CPP-
based carrier was found to change the probabilistic depth of pen-
etration. Longer runs of cationic amino acids flanking the CPP 
for example tended to provide deeper release of markers or pay-
loads. Our initial work focused on in vitro and tagged in vivo 
studies as proxies. Based on those initial findings, an in vivo sys-
tem reading penetration of functional botulinum toxin was devel-
oped to confirm the conclusions.

In order to confirm the impact of cationic core length on 
transcutaneous delivery of botulinum toxin, several peptidyl carriers 

2.1. Design 
Considerations 
Relating to the 
Cationic Core
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Fig. 1. RT001, an investigational drug. The positively charged core of RTP004 forms a 
noncovalent bond to associated CPPs with the RTT150 molecule to form RT001.
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were constructed. After screening several combinations of these 
in marker experiments, a functional model of in vivo toxin func-
tion was employed after topical delivery. Polycations of varying 
lengths were conjugated to PTDs covalently (e.g., R9) and com-
pared to controls of either polycation without PTD or toxin 
alone. For this experiment, a commercially available 900 kDa 
botulinum toxin complex (BOTOX®, Allergan, Inc., Irvine, CA) 
was employed as the active payload. BOTOX® was reconstituted 
according to the manufacturer’s instructions. In each case, an 
excess of polycation was employed to assemble a final complex 
that has an excess of positive charge. Optimal ratios were selected 
based on pilot experiments (data not presented). BOTOX® dose 
was standardized across all groups as was total volume and final 
pH of the composition to be applied topically. Samples were pre-
pared as detailed in Table 1.

All animal use was performed under IRB-approved protocols 
in compliance with all applicable laws and usage standards includ-
ing NIH and institutional guidelines (Covance, Inc., Berkeley, 
CA). As with all our laboratory work, all observers were blinded 
to treatment group identities. Animals were anesthetized via inha-
lation of isoflurane during application of treatments. After being 
anesthetized, C57 black 6 mice (N = 4 per group) underwent 
topical application of metered 400 mcL dose of the appropriate 
treatment applied uniformly from the toes to the mid-thigh. Both 
limbs were treated, and treatments were randomized to either 
side. Animals did not undergo depilation. At 30 min after the 
initial treatment, mice were evaluated for digital abduction capa-
bility according to published digital abduction scores for foot 
mobility after BOTOX® administration (22). Mouse mobility 
was also subjectively assessed. Digital abduction scores (DAS) 
were tabulated independently by two blinded observers. Mean 
and standard error were subsequently determined for each group 
with analysis of significance at 95% confidence in one way ANOVA 
repeated measures using StatView® software (Abacus Concepts, 
Inc., Berkeley, CA). Mean digital abduction scores after single-
time topical administration are presented in Table 2 and illustrated 
in the representative photograph of Fig. 2 below. The Revance 

Table 1 
Description of the prepared samples

Group PTD MW polycation Toxin dose

K125PTD Yes 125,000 2 U

K30PTD Yes 30,000 2 U

K125 None 125,000 2 U

Control None None 2 U
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peptidyl carrier KNR affords statistically significant functional delivery 
of BOTOX® across skin relative to both controls, which were 
comparable to one another. Additional independent repetitions 
(total of three independent experiments all with identical conclu-
sions in statistically significant paralysis from topical BOTOX® 

Table 2 
Digital abduction scores 30 min after 
single-time topical application of BOTOX® 
with the poly-l-lysine of MW 125,000 or 
30,000 conjugated to a PTD (K125R or 
K30R respectively), BOTOX® with a 
control polycation K (K125) or Controls 
(BOTOX® alone and untreated)

Group Mean Std. error

K125R 3.333 0.333

K30R 0.500 0.100

K125 0.333 0.333

Control 0.397 0.150

P = 0.0351 (significant at 95%)

Fig. 2. Transdermal Efficiency of Wipe-On Botulinum Therapeutics. Limbs treated with 
BOTOX® plus the control polycation polylysine or BOTOX® without polycation (“Toxin 
alone”) can mobilize digits (as a defense mechanism when picked up), but the limbs 
treated with BOTOX® plus the Revance peptidyl carrier KNR (“Peptidyl Carrier + Toxin”) 
cannot be moved.
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with KNR but not controls) of the present experiment confirmed 
the present findings and revealed no significant differences between 
topical BOTOX® with or without K (i.e., both controls). 
Interestingly, mice consistently ambulate toward a paralyzed limb.

Since the relative targets presented by cosmetic applications 
and hyperhidrosis are quite superficial, the refinement of the cat-
ionic core in design of RTP004 was biased toward more superfi-
cial delivery. Shorter cationic cores were thus chosen over the 
long ones employed by our group in other applications. Given 
the elective, non-life-threatening nature of these conditions, a 
superficial and hence safer delivery system was essentially required 
for viability.

The primary design bias was thus for safety above efficiency 
for the intended clinical applications of RT001. As a result, a 
degradable sequence was required. L amino acids were thus 
employed for the sequence. Consistent with the density of dibasic 
l-amino acid sequences in the core, it was expected that the 
sequence would be trypsin- and serum-degradable. These effects 
were confirmed both in gel electrophoresis and HPLC with both 
time course and dosing studies. Results showing complete degra-
dation by trypsin are presented as Fig. 3. Thus, a sequence that 
can be safely degraded by tissue trypsin activity or serum was 
selected for RTP004.

With a given payload as the active, varying the CPP varies the 
delivery characteristics of the combined product independent of 
the length of the cationic portion of the molecule. In order to 
confirm the impact of PTD identity on transcutaneous delivery of 

2.2. Design 
Considerations 
Relating to the PTD

Fig. 3. Gel electrophoresis demonstrating that RTP004 can be degraded by trypsin.
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botulinum toxin, several peptidyl carriers were constructed. After 
screening several combinations of these in marker experiments, a 
functional model of in vivo toxin function was employed after 
topical delivery. For this experiment, a MW 21,000 poly-l-lysine 
was conjugated to PTD that were either TAT minimal PTDs or 
9-mers of arginine (R9). Controls for this study employed saline 
in place of the peptide. As a payload, a commercially available 
900 kDa Botulinum Toxin Type A product (Dysport®, Ipsen, 
UK) was employed. C57 black 6, female mice (Charles River 
Laboratories International, Inc., Wilmington, MA) weighing 
19–20 g were used. Animals were anesthetized using isoflurane, 
and topical application of treatment solutions (Table 3) was per-
formed on mouse hind limbs. After recovery, hind-limb muscle 
weakening was scored using DAS values.

The Dysport® reconstituting solution of sterile 0.9% sodium 
chloride (Abbott Laboratories, North Chicago, IL) was prepared. 
Peptidyl carriers were prepared at 1 mg/mL concentration with 
0.9% sodium chloride. 500 U of Dysport® (Ipsen) was reconsti-
tuted with 2.5 mL of reconstituting solution using sterile 3 mL 
latex free syringe with 18G11/2 (Becton Dickinson & Co., 
Franklin Lakes, NJ). The reconstituted Dysport® was carefully 
mixed by inversion. The treatment solution was prepared with 
30 U of Dysport® and peptidyl carrier (i.e., 150 mcL of Dysport® 
was added to 75 mcL of Peptidyl-A, Peptidyl-P or Peptidyl-R) in 
a microcentrifuge tube and was left at room temperature for 
5 min for the complexes to form. All animal use was performed 
under IRB-approved protocols in compliance with all applicable 
laws and usage standards including NIH and institutional guide-
lines (Covance, Inc., Berkeley, CA). Animals were anesthetized 
using 1.5% isoflurane mixed with oxygen and then injected with 
0.05 mL rodent anesthetic cocktail (3.75 mL of 100 mg/mL 
ketamine, 3.00 mL of 20 mg/mL xylazine, and 23.25 mL of 
saline) intraperitoneally. After being anesthetized, C57 black 6 
female mice (N = 3 per group) were randomly divided and pre-
pared for treatment. The treatment solution was applied to the 

Table 3 
Description of test 
 compounds and peptidyl 
transdermal carriers

Group Test compound

TAT 30 U Dysport

R9 30 U Dysport

Control Saline
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hind limb using a pipette and massaged into the skin, wearing 
nitrile gloves. Animals were recovered in a controlled heat envi-
ronment to prevent hypothermia. Baseline and posttreatment 
photographs, video of the animals’ recovery, and DAS values were 
recorded. Statistical analysis was subsequently determined for 
each group using StatView® software and expressed as mean and 
standard error. Statistical significance for all comparison was 
determined using one-factor ANOVA repeated measures and 
Fisher PLSD post hoc testing at 95% confidence. Foot Mobility 
Scores were tabulated using DAS values where score of 0 indi-
cates normal digit abduction (no muscle weakening), and a score 
of 4 indicates maximal reduction in digit abduction (maximal 
muscle weakening) (22).

Statistical analyses were determined by three different com-
parisons, and the results are presented in Tables 2–4. Mean DAS 
values showed statistically significant muscle weakening/paralysis 
between treatment groups versus control after single-time topical 
administration of treatment solution. Table 4 shows the statisti-
cally significant paralysis from topical Dysport® (P = 0.0001) ver-
sus control. After recovery, animals were observed to walk in 
circles toward the paralyzed limbs.

Empirically, a TAT-based PTD was thus selected as having 
the distribution, kinetics, and tropism desired for delivery of bot-
ulinum toxin for the desired indications.

RTP004 can be tuned to carry payloads to different depths of 
penetration based on the length of the peptide; the longer the 
peptide, the deeper the penetration. In the case of RT001, the 
RTP004 peptide is specifically formulated to deliver the toxin to a 
relatively superficial target in the mid-dermis as is necessary to treat 
lateral canthal lines or hyperhidrosis. The bias in development of 

3. Confirmation  
of Intended 
Characteristics 
When RTP004 
CPP-Containing 
Peptide Excipient 
Is Combined with 
Botulinum Toxin

Table 4 
Foot mobility score-DAS values. Mean  
and standard errors for each group  
are presented after 30 min posttreatment

Group Mean Std. error

TAT 2.500 0.267

R9 1.000 0.189

Control 0.333 0.333

P = 0.0001 (significant at 95%)
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this peptide was safety over efficiency. Pharmacology studies have 
focused on the transcutaneous flux of RTT150 mediated by the 
RTP004 peptide in vitro (using labeled RTT150) and in vivo 
using the murine DAS assay, as well as by murine muscle force 
testing. Additional studies underway include the effort to charac-
terize the kinetics and degree of denervation and renervation 
upon repeat dosing of animals with RT001. It is intended that 
these studies will aid in the design and dosing frequency of longer 
term toxicity studies.

The purpose of this study was to examine transcutaneous flux pat-
terns of RTT150 alone or mixed with RTP004 using a Franz 
Chamber. RTT150 (0.05 mcg/in-line cell) was biotinylated and 
evaluated against biotinylated RTT150 (0.05 mcg/in-line cell) 
mixed with RTP004 (0.055 mcg). Freshly dermatomed living 
porcine skin was loaded into in-line cells, and 200 mcL of the test 
article mixtures was added to each cell (N = 4). The Franz 
Chamber was run for 4 h, with a shuttle change once per hour. 
Enzyme-linked immunosorbent assay (ELISA) analysis was per-
formed on the resulting flow-through samples. Toxin delivery 
was measured by percentage of applied load appearing in the 
flow-through. The combination of RTT150 with RTP004 exhib-
ited a statistically significant increase in the amount of fluxed 
RTT150 in the flow-through as compared to RTT150 alone as 
shown in Fig. 4, suggesting that approximately 8–9% of the dose 
applied to skin is able to cross into cell receptor fluid. Some toxin 
flux was noted in the absence of RTP004; however, this is attrib-
uted to the background signal of the assay.

3.1. Transdermal Flux 
of Biotinylated-RTT150 
with and Without 
RTP004 
(RT001-RD004)

ELISA Transdermal Flux Measurements
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Fig. 4. ELISA transdermal flux measurements. Toxin delivery was measured by percent-
age of applied biotin-tag appearing in the flow-through.
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The purpose of this study was to examine transcutaneous flux 
patterns of RT001 using a Franz Chamber. Prior experiments 
(Subheading 3.1) relied on using biotin-tagged BoNTA; this type 
of experiment allows for facile detection but can lead to higher 
background levels and overestimation of degree of flux. As a 
result, a method for measuring untagged BoNTA directly was 
developed. Freshly dermatomed living porcine skin was loaded 
into in-line cells, and 190 mcL of the test article mixtures was 
added to each cell (N = 10 cells per test article). RT001 was 
applied to in-line cells at a dose of 711 U (approximately 4 ng). 
In-line cells with RTD006 reconstituted in RTD800 served as 
controls. The Franz Chamber was run for 6 h, with a shuttle 
change once per hour.

Alpha-LISA using antibodies to BoNTA was performed on 
the resulting flow-through samples to quantitate the amount of 
toxin present. Toxin flux was expressed as a percentage of applied 
load appearing in the flow-through. Results obtained in repeat 
experiments with independent analysts yielded transcutaneous 
flux measurements of approximately 3–6% of the applied dose 
during the 6 h time period as depicted in Fig. 5 for one such 
experiment.

Partial paralysis in a murine DAS model was confirmed (data 
not presented) as was preferentially superficial distribution in the 
mouse gastrocnemius muscle in quantitative nonclinical testing of 
muscle force with both single twitch and tetanus stimulation prior 
to initiation of clinical studies (data not presented).

3.2. Transdermal Flux 
of RT001

Alpha-LISA Transcutaneous Flux Measurements
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Fig. 5. Alpha-LISA transcutaneous flux measurements. Toxin flux was expressed as a 
percentage of applied RTT150 load appearing in the flow-through. Control is not detect-
able at any time point.
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Revance is developing a topical drug product, RT001 (Botulinum 
Toxin Type A Topical Gel) for the treatment of moderate to 
severe LCLs and severe primary axillary hyperhidrosis. The antici-
pated clinical benefits are the temporary improvement in the 
appearance of LCLs and a temporary reduction in sweating.

The safety and efficacy of RT001 have been assessed in six 
clinical studies to date (five studies in LCLs and a single study in 
hyperhidrosis. Doses of 100, 300, 500, 750, and 1,000 U per 
lateral canthal area (LCA) have been studied with no significant 
safety issues. Topical administration of 900 kDa BoNTA with the 
Revance peptide excipient has been studied in two Phase 1 stud-
ies for the treatment of LCLs: in Mexico (Protocol RTI-
002-CF-001) using commercially available BOTOX® Cosmetic 
and in Korea using commercially available Neuronox®. In pri-
mary axillary hyperhidrosis, an investigator-initiated pilot study 
was conducted using commercially available BOTOX® and a 
Revance proprietary peptide excipient.

The objectives of the study were to evaluate the potential for irri-
tation and sensitization, the topical and systemic safety of RT001, 
and the systemic immunogenicity of RT001. Each subject received 
both test articles, RT001 300 U (study drug) and RTD800 (pla-
cebo diluent) on the forearms; subjects were randomized as to 
which forearm received RT001 and which received RTD800. 
The study was conducted in three phases. During the Induction 
Phase (Days 0–28), treatments were applied to defined areas of 
the forearms on Days 0, 14, and 28. During the Rest Phase (Days 
29–41), no treatments were applied. During the Challenge Phase 
(Days 42–56), the fourth and final treatment was applied on Day 
42. Skin sensitization evaluations were performed on Days 2, 16, 
30, 44, 45 (if required), and 56 (End of Study). All treatments 
were applied for 30 min with Tegaderm occlusion. Safety evalua-
tions included skin irritation and sensitization evaluations, Clinical 
Signs/Symptoms Descriptors, AEs, clinical laboratory tests, ECG, 
serum BoNTA antibodies, and muscle grip strength. In addition 
to the per-protocol laboratory tests, serum RTP004 antibodies 
were measured.

Overall, no study pause criteria were met, and no SAEs were 
reported. There were only two transient, definitely related adverse 
events (papular rash and pruritus) experienced by one subject that 
were moderate in severity and resolved within 24 h, and two pos-
sibly related episodes of mild joint pain (occurring 2 weeks apart), 
each resolving within 24 h. There was no evidence to suggest any 
trend for skin sensitivity and neither test article caused cumulative 
irritation. In addition, there were no test article effects on muscle 

4. Clinical 
Experience

4.1. RT001 for the 
Treatment of Lateral 
Canthal Lines: US 
Phase 1 Safety and 
Tolerability Study 
(RT001-CL004CF)
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grip strength, prothrombin time, or ECG results. Finally, there 
were no systemic or local clinically significant abnormalities or 
findings, and no subject had positive BoNTA antibody results at 
any time or developed antibodies reacting with RTP004.

This Phase 1 study helped establish that a novel and potent 
CPP-containing peptide like RTP004 can be used safely and with 
low irritancy and sensitization potential. This study thus repre-
sents an early validation of design considerations at least in appli-
cation to less sensitive skin and coarser musculature.

The objective of this study was to evaluate the need for the CPP-
containing peptide for transcutaneous delivery and evaluate safety 
of RT001 on sensitive target areas. A total of 77 subjects with 
moderate to severe LCLs were enrolled in two cohorts and ran-
domized to receive RT001 300 U combined with RTD005 
diluent concentrations of 0.5, 2.0, or 4.5 mcg/0.5 mL, or 
RTD800 placebo control (Cohort 1) and RT001 300 U com-
bined with RTD005 diluent concentrations of 6.0, 7.5, or 
10.5 mcg/0.5 mL, or RTD800 placebo control (Cohort 2). 
Treatments were applied for 30 min to each LCA with Tegaderm 
occlusion. Assessments included the Investigator Assessment 
Rating of Crow’s Feet Facial Line Severity at maximum smile and 
at rest. Success was defined as a 1-point or greater improvement 
from Baseline. Safety assessments included AEs, skin irritation 
and sensitization, eye irritation, clinical laboratory tests, and eval-
uation of cranial nerves II–VII.

A total of 49 subjects (63.6%) had one or more AEs consid-
ered related to study treatment (Cohort 1, 73.0%, Cohort 2, 
55.0%). All related AEs were mild or moderate in severity. The 
most common related AEs were: nervous system disorders (32.5%; 
mostly involuntary muscle contraction); general disorders and 
administration site conditions (26.0%; mostly erythema [23.3%]); 
skin and tissue disorders (16.2%; erythema, pain, and burning 
sensation); and eye disorders (13.0%; typically eye irritation, eye 
pain, or foreign body sensation). The most common systemic 
reaction was headache (2.6%). Most events of skin erythema were 
minimal. There were no notable changes in clinical laboratory 
variables, and no subject had any abnormality in the Regional 
House-Brackmann System for cranial nerve VII. All changes were 
unrelated to test article.

For the active treatment groups, a 1-point or 2-point improve-
ment was observed for a majority of LCAs at rest, and a 1-point 
improvement was observed for a majority of LCAs at maximum 
smile. Compared to the placebo group, the response rate was 
 significantly higher in the RT001 7.5 mcg/0.5 mL group for 
2-point improvement at rest and 1-point improvement at maxi-
mum smile, and in the RT001 6.0 mcg/0.5 mL group for 1-point 
improvement at maximum smile. As illustrated in Fig. 6, this study 

4.2. Phase 2 Study  
of RT001 with Various 
Concentrations  
of RTP004 for Lateral 
Canthal Lines  
(RT001-CL003CF)



568 Waugh et al.

 established that not only was RTP004 required for function but it 
must also be present in a target concentration threshold to achieve 
a desired effect with a given dose of a payload. This finding is 
consistent with the nonclinical data to date, and external reality-
macromolecules do not readily cross skin. A CPP-containing pep-
tide can enable topical delivery of a therapeutic amount of a 
macromolecule, however, as shown here. That a threshold con-
centration of RTP004 appears necessary marks an interesting 
finding in this work as well. Here, as in the Phase 1 study on less-
sensitive target areas, RT001 demonstrates a remarkable safety 
profile, particularly considering the powerful CPP employed in 
conjunction with the most potent toxin known to man. These 
results represent a validation of the previously discussed safety-
biased design considerations for RTP004 even in application to 
fine musculature and sensitive skin around the eye.

A total of 257 subjects have participated in the four LCL studies 
for which complete audited safety data is currently available. A 
total of 227 subjects received RT001 at doses of 100–2,000 U 
per treatment area; 11 subjects received peptide diluent (RTD006) 
as control, and 19 subjects (all of which also received active in 
RT001-CL004CF) received placebo diluent (RTD800). Overall, 
90 subjects (35.0%) had one or more treatment-related AEs: 75 
(33.0%) RT0001-treated subjects, 3 (27.3%) RTD006 vehicle 
control subjects, and 12 (63.2%) subjects who received RTD800 

4.3. Overview  
of the Safety Profile  
of RT001 Topical Gel

US Phase 2 Results Demonstating the Necessity of CPP
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Fig. 6. US Phase 2 RT001-CL003CF results. RTP004 must be present at a threshold level or above in order to deliver 
functional toxin across skin.
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placebo diluent. The most common AEs were administration site 
conditions (15.6% of all subjects), nervous system disorders 
(14.0%), and eye disorders (7.7%). There were no notable differences 
in the incidence of any treatment-related AEs between the RT001 
and placebo groups. Most subjects had events that were mild or 
moderate in severity. Three subjects had severe AEs. The moder-
ate events were mostly involuntary muscle contraction (20 sub-
jects) and application-site erythema (six subjects). The severe 
events were application-site erythema and back pain in Study 
RT001-CL001CF, and epistaxis in Study RT001-CL003CF, all 
of which were unrelated to study treatment. No serious AEs have 
been reported, and no subject discontinued a study due to an AE. 
There have been no clinically significant safety concerns in these 
studies for clinical laboratory results, ECGs, or cranial nerve eval-
uations. Skin or ocular irritation events were few and were usually 
transient, local, and mild in severity.

An Investigator-initiated pilot study in primary axillary hyper-
hidrosis was conducted at a single center in the US using com-
mercially available BOTOX® and the Revance peptide diluent 
(23). Twelve adult subjects with a gravimetric measurement of 
sweat production of at least 50 mg over 5 min were enrolled. 
Each subject served as his or her own control with blinded, ran-
domized assignment of each axilla to a treatment group. Study 
treatments were mixed with Cetaphil® cream, applied to the axil-
lae, and remained in place for 60 min. Subjects returned for a 
follow-up evaluation at 4 weeks after treatment.

The mean reduction in sweat production at 4 weeks post-
treatment was 65.3% for BOTOX®-treated axillae compared with 
a 25.3% for the control axillae (P < 0.05). The ratio of mean sweat 
production for the BOTOX®-treated axillae relative to the con-
trol axillae was 1.3 at baseline and 0.8 at 4 weeks posttreatment. 
The results from the Minor’s iodine starch test to visualize sweat-
ing were consistent with the gravimetric results. No systemic AEs 
were reported. Four local AEs were reported, all of which occurred 
in the control axillae. The AEs were folliculitus, tenderness, ery-
thema, and eczema (2 cm inferior to the axilla on the lateral 
trunk). The results of this study indicate that topically applied 
BoNTA appears to be safe and may prove to be effective for the 
treatment of axillary hyperhidrosis.

Perhaps more importantly from a CPP perspective, safety and 
efficacy of this CPP-based peptide are not specific to facial skin 
and apply to skin with high density of hair follicles and sweat 
glands. Delivery in this environment is particularly noteworthy 
given high levels of skin hydration and the physical barriers pre-
sented by hyperhidrosis.

4.4. Investigator-
Initiated Study  
of Botulinum Toxin 
Type A with Revance 
Diluent for Primary 
Axillary Hyperhidrosis
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The objective of these studies was to evaluate the safety and efficacy 
of escalating toxin doses in RT001 in management of LCLs. 
Across three separate Phase 2 studies, 306 adult subjects with 
moderate to severe LCLs were randomized to receive control 
diluent (N = 104) or RT001 at the following doses of toxin (U) 
with 9.0 mcg/mL RTP004: 300 U (N = 26) 500 U (N = 22); 
1,000 U (N = 72) or 2,000 U (N = 82). The studies were con-
ducted at multiple sites in the US. Subjects received a single 
30-min treatment of 0.5 mL with Saran Wrap occlusion to each 
LCA. Follow-up evaluations were conducted at Days 14 and 28 
for all subjects and 7, 21, 60, and 90 in some studies. These eval-
uations included AEs, clinical laboratory tests, ECG, skin and 
ocular irritation evaluations, evaluation of cranial nerves II–VII, 
and Investigator Global Assessment (IGA)-LCL-Rest and IGA-
LCL-Smile Severity Scales. Adverse events were typically mild, 
transient, and local. The more common related events were 
administration site conditions and nervous system events. The 
nervous system events were burning sensation, facial paresis (two 
subjects in control), and headache. All events of skin or ocular 
irritation were mild. There were no clinically significant labora-
tory or ECG results. Complete detailed analysis of the AEs in this 
study is not currently available.

The primary efficacy endpoint for each of these studies was a 
2-point improvement at rest in the IGA-LCL-Rest Scale. 
Preliminary results by dose group are presented in Fig. 7. Not 
only was statistically significant efficacy achieved, but also a dose 
response allowing dosage selection was observed. Duration data 
(not presented) demonstrates comparability to toxin results when 

4.5. US Phase 2 
Studies of RT001 with 
Escalating Doses of 
RT001 for Lateral 
Canthal Lines (RT001-
CL006LCL, RT001-
CL010LCL and 
RT001-CL015LCL)

US Phase 2 Preliminary Results for 
CPP-based Transcutaneous delivery of Botulinum Toxin
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Fig. 7. US Phase 2 RT001-CL006LCL, RT001-CL010LCL, and RT001-CL015LCL preliminary results by dose group. 
Efficacy was defined as a 2-point improvement in the IGA-LCL-Rest Scale 28 days after single-time administration.
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injected and further supports dosage selection. Here, as in prior 
phase 1 and 2 studies, RT001 demonstrates a remarkable safety 
profile, particularly considering the powerful CPP employed in 
conjunction with escalating dose of the most potent toxin known 
to man. Thus, the design considerations for the CPP-based pep-
tide excipient have been validated with escalation of active dose to 
therapeutic effect in application to fine musculature and sensitive 
skin around the eye. Clinical validation of noncovalent PTD-
based delivery of an active therapeutic across skin for a therapeu-
tic benefit has thus been demonstrated here.
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Heart ..............................262, 263, 266, 269, 278–279, 281, 

285, 286, 288, 323, 327, 329, 406, 408, 410, 
423, 537, 541, 543, 548

HeLa cells ......................70, 71, 73–76, 102–108, 110–112, 
121, 122, 124–126, 159, 161, 162, 172, 175, 
183, 186, 199–203, 228, 371, 376, 380–383, 
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a-Helix ............................................. 49, 53, 82, 85, 91, 234
Hemolysis assay ......................................196, 200, 203–204
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Heparan sulfate .........................8, 9, 99, 149, 221, 222, 435
Heparan sulfate proteoglycans ................................. 99, 166
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286, 378, 380, 387, 435, 545
Heparinase III .........102, 103, 107–109, 221, 222, 224–226
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Histidine(dinitrophenol) ....................................... 118–119
HIV-TAT ......................................... 22, 100, 376, 377, 386
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Homeodomain .................................................5, 22–23, 26
Homeogene ................................................................... 254
Homeogenetic expansion .............................................. 251
Homeoproteins ............4–6, 21, 22, 236, 237, 250–252, 255
Homogenisation .................................................... 427, 428
Homogeniser ..................................................421, 423, 425
HoxB4 ....................................................................236, 237
HPLC. See High performance liquid chromatography
Hsp70 ............................................................................ 238
Hsp90 ............................................................................ 238
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IAPs. See Inhibitor of apoptosis proteins
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412, 413
IFN. See Interferon
IFN-a and TNF-a analyses ...................341, 343, 346, 347
IgG ................................. 237, 325, 326, 334, 342, 343, 345, 

346, 439, 442, 443
IL. See Interleukin
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Immunohistochemical staining
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Vector MOM Immunodetection Kit ....................... 334

Immunohistochemistry ................. 159–160, 162–163, 326,  
332, 334, 341, 343, 346, 420

In situ hybridization (ISH) ............. 421, 425, 428, 442, 485
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miRNA .................................................................... 422
mRNA ..................................................................... 421
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In-process controls (IPC) .......................454, 517, 518, 523
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Inflammation
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markers .................................................................... 420
time-points .............................................................. 420

Infrared spectroscopy ....................................................... 59
Inhibitor of apoptosis proteins (IAPs) ........................... 238
INK4a/ARF .................................................................. 241
Inner filter effect .................................................... 132, 142
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Interactions with phospholipid membranes............. 25, 351
Interfacial hydrophobicity scale ............................82, 85, 86
Interferon (IFN) ............................. 341, 343, 346, 347, 420
Interleukin (IL) ............................................................. 545
Internalized protein ............................................... 176, 250
Intracellular calcium measurement .........158, 159, 161–162
Intracellular delivery .............................. 3, 10, 99, 112, 291,  

431–447, 525–532
Intracellular localization .........................209, 210, 437, 444
Intracellular trafficking .................... 43, 166, 167, 182, 444,  
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Intranasal ....................................................................... 418
Intratracheal .................................................................. 418
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288, 323, 329, 433, 453, 541, 542, 544
Inverted micelles .................................................... 133, 149
Ionic interactions ................................................... 453, 557
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Isolation ........... 104, 420, 473–486, 506, 508, 511, 515, 520
Isothermal titration calorimetry .......................81, 134, 145
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JBS-Nucleoducin ................................................... 375–388
JIP-1 .............................................................................. 239
Jurkat ....................... 70, 72, 76–78, 351, 356, 377, 383, 388
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Kaiser test ...................................................................... 518
Kasumi-1 ................................................................377, 383
KCNMA ....................................................................... 473
Kidney .............................. 13, 167, 262, 263, 278, 279, 286, 

288, 377, 410, 414, 468, 527, 537
Kinetics ............ 117–127, 137, 147, 318, 420, 434, 563, 564
Knockdown .....................208, 340, 344, 345, 353, 418–420
KRX-725 ....................................................................... 270
Ku70 ............................................... 240, 241, 465–466, 468

L

Lactate dehydrogenase (LDH) leakage assay ........ 158–161
Laemmli SDS sample buffer ................................. 325, 328
LAMP-2 .........................158, 159, 161–163, 166, 169, 173
LAR. See Luciferase-assay reagent
Large multilamellar vesicles (LMV) ....................34, 37, 38
Large unilamellar vesicles (LUV) ...............34–37, 135, 215
Lateral canthal lines (LCL) ................... 547, 554, 563, 566,  

567–568, 570
Lead citrate............................................................ 185, 188
Leiden muscular dystrophy database ............................. 322
Lewis lung carcinoma (LLC) ................................ 433, 436
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Lipids
binding .................................................................... 135
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quantification (phosphate assay) ...................... 139–140
spin-labelled ........................................................ 62–64
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367, 369, 371
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peptide-PNA conjugation ....................................... 318
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Live cell imaging
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live cell fluorescent probes ........................167, 171, 172
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activity ..............................220, 221, 224, 226, 227, 310,
311, 316, 392, 395
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Max ................................................................239, 343, 366
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MDM2 ...................................................................234, 241
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Mechanisms of CPP uptake ...............................9, 118, 221
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Melittin .................................7, 85, 454, 456, 459, 460, 462
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in situ hybridisation ................................................. 421
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purification .............................................................. 340
quantification ........................................................... 357
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432–438, 441–443, 447
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Microscopy ...............................23, 34, 69, 76, 77, 102, 106,  

109, 111–113, 118, 130, 158, 163, 165–192, 
297, 298, 346, 371, 376, 377, 379, 386, 410, 
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miRNA. See microRNA
Mitoparan ...................................................................... 292
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Model amphipathic peptide (MAP) ...........3, 4, 7, 202, 431
Model membranes

modification of micelles ........................................... 440
Modification of
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442, 444
Monomaleimido

nanogold ...................................................183, 185, 190
undecaGold ............................................................. 183
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Morpholino phosphorodiamidate oligomer  
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Mounting media .............................................410, 422, 426
MPG ............................. 4, 8, 12, 41–44, 46, 47, 49–53, 350
MPGa377 ..............................................................385, 386
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mRNA. See messenger RNA
MTT assay ..............195–197, 201, 202, 291, 293, 371, 462
Multifunctional envelope-type nanodevice,  
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Multilamellar vesicles (MLVs) ..................34, 37, 133–136,  

138, 144
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Myc ................................................................104, 239, 242
Myocardial ischemia ...................................................... 266
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Nanocarrier .............................................435, 437, 444, 446
Nanocomplexes ....................................................... 42, 437
Nanogold (NG)

nanogold-labeled CPP............................................. 181
nanogold tag .................................................... 182, 183

Nanoparticles...............12, 26, 182, 200, 277, 350, 431–447
NB-4 ......................................................................377, 383
Nebulisation .................................................................. 419
Necrosis ...................................158, 293, 294, 298, 299, 301
Nested PCR .......................................................... 324, 335
Neuro2A cells ................................................................ 461
NeuroD/BETA2 ................................................... 236, 237
Neuroprotection ............................. 236, 238, 239, 541–542
Neutrophil chemotaxis .................................................. 264
NFAT. See Nuclear factor of activated T cells
NF-kB ................................................................6, 239, 288
NG. See Nanogold
NIH 3T3 .................................167, 170, 174, 377, 388, 434
Nitrotyrosine ................................................................. 118
NLS. See Nuclear localistaion signal
NMR. See Nuclear magnetic resonance
NOESY ..........................................................60–62, 64, 65
Nona-arginine ......................................................71, 72, 76
Non-covalent ..........................................350, 351, 382, 520
Non-covalent approach ................................................. 350
Non endosomal pathway ............................................... 349
Non-viral delivery .......................................................... 506

NR2B9c......................................................................... 239
Nuclear factor of activated T cells (NFAT) ........... 238, 239
Nuclear localistaion signal (NLS) ............................ 4, 6, 42
Nuclear magnetic resonance (NMR) .............24, 34, 36–38,  

58–65, 133, 136, 138, 144, 145, 149, 458
Nuclear magnetic resonance spectroscopy ....................... 59
Nuclear uptake .............................................................. 453
Nuclease ..................................317, 421, 426, 479, 483, 505
Nuclease degradation ..................................................... 505
Nucleic acid ........................3, 12, 21, 42, 43, 219, 220, 242,  

277, 308, 349, 350, 362, 370, 392, 420, 422, 
432, 474, 487

Nucleic acid cargo ......................................................... 453
Nucleobase protecting group removal............................ 387
Nucleoside analogues..................................................... 418
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Occlusion time ...................................................... 267–269
Octanol hydrophobicity scale .............................. 82, 86–88
OCT compound .................................................... 342, 350
Off-target effects

immune.................................................................... 420
inflammatory ........................................................... 420
transcriptomic .......................................................... 420

Oligofectamine ...............................................170, 175, 177
Oligonucleotide delivery................... 26, 219–228, 437, 505
Oligonucleotides

antisense ...........................................223, 321, 326, 506
aptamer .................................................................... 505
conjugation to

non-viral vectors ................................................ 506
viral-vectors ................................................505, 506

DNA.......................................................................... 12
first, second and third generation ............................ 505
GMP ....................................................................... 506
industrial scale ................................................. 505–523
isolation (see Manufacturing)
manufacturing

characterization, ion-pair LC-MS ..................... 516
elongation .......................................................... 510
capping .......................................................508, 512
coupling ...................................... 433, 508, 512, 514
detritylation ................................ 511, 513, 514, 516
isolation
lyophilization ....................................................... 38
precipitation ....................................................... 478
phosphoramidite approach ................................ 506
sulfurization ....................................................... 513
reagents
capping ....................................... 433, 508, 512, 514
cleavage .......................................................507–508
coupling ......................................................510, 522
deprotection ....................................................... 517
DMT removal ................................................... 512
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final DMT removal ........................................... 512
nucleobase protecting group removal ................. 513
phophorothiote protecting group removal ......... 512
oxidation ..................................... 137, 139, 190, 468
reverse-phase (RP) HPLC columns .................. 351
solid-support ...................................................... 506
solvents .............................................................. 509
synthesizers ........................................................ 531

nuclease degradation ................................................ 505
phosphorothioate ..................................................... 512
purification (see Manufacturing)
RNA ........................................................................ 340
siRNA...................................................................... 505
solid-support (see Manufacturing)
synthesis parameters ................................................ 514

2′-O-Methyl Phosphorothioate .................................... 363
2′-O-Methyl RNA .........................................220, 363, 365
Oncology ................................................................541, 545
Ortholog ........................................................................ 235
Osmication .................................................................... 188
Osmium tetroxide .................................................. 184, 189
Otx2, a homeoprotein. See Homeoproteins
Out of frame .................................................................. 308
Ovarian cancer............................................................... 270
Oxyma ........................................................................... 510

P

p16 ..........................................................................239, 241
p53 ...................................234, 238, 241, 242, 291, 478, 545
p73 ..........................................................................236, 238
PAGE. See Polyacrylamide gel electrophoresis
Pain........... ..................................... 266, 540, 543, 544, 555,  

566–569
PAIR technology ................................................... 473–486
PAK1 ............................................................................. 239
pAntp(43-58) ................................................................ 241
Paraffin embedding ............................................... 423, 425
Paraformaldehyde ... 130, 159, 162, 168, 173, 174, 294, 296, 

301, 343, 404, 422, 425
Paralog ........................................................................... 235
Paramagnetic probe ................................................... 61, 64
p14ARF .............................................. 4, 235, 239, 241, 242
p19ARF ......................................................................... 241
Parvalbumine ......................................................... 253, 254
Pathophysiological changes ........................................... 322
Pax4 ........................................................................236, 237
Pax6 ................................................................237, 251, 252
PBS. See Phosphate buffered saline
PCI. See Photochemical internalization
PCNA interacting protein (PIP) ................................... 240
PCR. See Polymerase chain reaction
pEGFP. See Enhanced-green flourescent protein
PEG-Hz-PE. See Polyethyeleneglycol-hydrazone-

phosphatidylethanolamine

PEG-PE. See Polyethyeleneglycol 
phosphatidylethanolamine

PEGylated lipids ................................................... 136, 139
Pen .......................................................... 239, 279, 332, 334
Penetratin .........................................4, 5, 9, 13, 23–25, 141, 

148, 149,196, 223, 227, 238, 323, 350, 376, 
382, 386, 434

Penetratin mutant p2AL ................................131, 132, 148
Pep-1 ........................... 4, 8, 13, 42–44, 46, 48–53, 237, 238
Pepducin

biodistribution ......................................................... 263
delivery ............................................................ 260–263
fluorescently-labeled ........................................ 219, 225
pharmacodynamics ...................................262, 548, 556
pharmacokinetics ..............................262, 264, 548, 556
radioactively-labeled ................................................ 262
specifity .................................................................... 261

PepFect ...................................................................361–372
PepFect 3 ........................................ 363, 365, 367, 368–370
PepFect 4 ........................................ 363, 365, 367, 369, 370
Peptide-based non covalent strategy ...................... 349–359
Peptide nucleic acid (PNA) ................3, 242, 391–397, 474

cell-penetrating peptide conjugate ............................. 11
delivery by photochemical internalization ....... 391–397
HeLa pLuc705 cells ................................222, 309, 315,  

316, 393–395
M13 phage ...................................................... 285, 287
peptide phage display library ...................278, 280, 284,  

285, 287
Peptides

Boc-strategy ............................................................ 520
cell-penetrating .................. 3–14, 33–53, 57–63, 81–97,  

117–149, 165–178, 181–192, 219–228, 
233–243, 277–288, 321–347, 431–447, 
531–548, 553–571

cleavage from resin (see Manufacturing)
conjugation to, oligonucleotide ................................ 505
degradation ...............................................209, 211, 213
deprotection (see Manufacturing)
Fmoc/tBu strategy ....................................507–508, 523
GMP ....................................................................... 506
industrial scale ................................................. 505–523
isolation (see Manufacturing)
manufacturing

HPLC ............................................................... 507
lyophilizer .......................................................36, 62
reactors, solid-support (see Resin)
reagents
colour tests ......................................................... 510
coupling reagents ........................................510, 522
Fmoc-AlA-OH ................................................. 532
solvents
cleavage and deprotection .................................. 507
peptide elongation ............................................. 509
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vacuum oven ...............................................511, 519
cleavage .......................................................511, 519
elongation .......................................................... 517
coupling ............................................................. 510
Fmoc deprotection ...................... 509, 510, 518, 522
global side-chain deprotection ....................511, 519
HPLC purification ............................................ 224
in-process controls (IPC) ................................... 454
isolation, precipitation ....................................... 478
Kaiser test .......................................................... 518

purification (see Manufacturing)
quantification ........................................................... 141
resin

CTC ........................................... 507, 509, 520, 521
Sieber .................................. 507, 509, 520, 522, 523
swelling of .......................................................... 517

solid-phase peptide synthesis (SPPS) ..............141, 351, 
507–509, 517

solid-support (see Resin)
super-acid labile resins (see Resin)
synthesis ....................141, 351, 488, 508–509, 517, 522

Permeabilization ......168, 170, 173, 294, 308, 315, 319, 378
Phage display

amplification of phage ..............................283, 285, 287
analysis of selection output .............................. 408–409
ex vivo selection ........................402–403, 406–408, 413
identification of individual phage .............407, 409, 412
in vivo selection ................................403, 406, 408, 409
validation of the specificity ............................. 403–404,  

409–410, 420, 568
Phalloidin ............................................... 170, 175, 177, 178
Pharmacodynamics .........................................262, 548, 556
Pharmacokinetics ...........................................262, 264, 556
Phenol chloroform................................................. 424, 428
pH-labile masking ......................................................... 453
Phosphate buffered saline (PBS) ...................102, 121, 128,  

168, 169, 198, 199, 281, 294, 296, 309, 325, 
329, 351, 364, 394, 438, 446, 528

Phosphatidyl-inositol-3-Phosphate (PI3P) ................... 173
Phospholipid ......................9, 24, 34–36, 43–45, 48–50, 53,  

54, 58, 60, 64, 133, 135, 139, 143, 261, 298, 
311, 317, 318, 350, 351, 432, 433

Phosphorodiamidate morpholino oligomers (PMO) ... 308, 
310, 312, 313, 318, 319, 323, 329, 367

Phosphorothioate ................... 220, 363, 511–513, 515, 516
Phosphorothioate protecting group removal ................. 512
Phosphorous-31 NMR .................................................. 144
Photochemical internalization (PCI)

incubation ................................................................ 394
irradiation ................................................................ 393
peptide nucleic acid conjugate ......................... 391–397
photosensitizer ................................................. 392–394
toxicity ..................................................................... 392

pH-sensitive ....................437, 438, 441–443, 445, 446, 544
PEG-Hydrazone (Hz)-PE .............................. 441, 445
preparation of liposomes ...........................438, 441, 445
preparation of micelles ..................................... 438, 441

pH sensitive peptide ...................................................... 544
PI. See Propidium iodide
p16INK4a...................................................................... 241
PIP. See PCNA interacting protein
PI3P. See Phosphatidyl-inositol-3-Phosphate
Piperidine (Fmoc removal) ............................................ 518
PKC isozymes. See Protein kinase C
Plasmodesmata .............................................................. 250
Platelet.............................234, 260–262, 264, 268, 269, 347
Platelet aggregation ................................235, 262, 267–269
PLL. See Polylysine
PLP-fixative .......................................................... 168, 173
PMO-peptide conjugates .............................................. 323
Polyacrylamide gel electrophoresis (PAGE) .......... 324–325
Polyarginine .....................196, 350, 436, 454, 537, 544, 545
Polyethyeleneglycol-hydrazone-phosphatidylethanolamine 

(PEG-Hz-PE) .................................... 441, 445
Polyethyeleneglycol phosphatidylethanolamine  

(PEG-PE) ....................................433, 438, 537
Polyethylene glycol ......................... 132, 280, 432, 438, 454
Poly -L -lysine .................................. 99, 130, 454, 560, 562
Polylysine. See Poly -L -lysine
Polymerase chain reaction (PCR) ..................317, 319, 328,  

335, 348, 395, 409, 414
amplicon .................................................................. 419
2-DDCt method ..................................................... 419
dynamic range ......................................................... 420
endogenous control .................................................. 419
primers, LNA ...................................220, 420, 422, 425
probes ...................................................................... 343
sensitivity .......................51, 65, 127, 139, 149, 420, 566
standard curve ................... 140, 226, 227, 366, 371, 387
validation ...................126, 270, 420, 421, 567, 568, 571

Polymeric micelles ......................................................... 441
Polymorphisms .............................................................. 419
Polyplex .................................................. 453, 454, 460–462
Pore ............................... 8, 9, 34, 37, 87, 130, 137, 196, 292
Pore formation ................................................................... 9
Post-transcriptional regulation ...................................... 473
P1pal-7 ...........................................................267, 269–271
P1pal-12 ................................................. 261, 265–269, 272
P1pal-13 .................................................................265, 266
P1pal-19 .................................................................267, 269
P4pal-10 ................................................. 262, 263, 265–269
P4pal-i1 ..................................................................267, 268
P1pal-12S .......................................................265, 266–269
PPI. See Protein-protein interactions
pPTD-DRBD ............................................................... 344
Precipitation .... 144, 190, 191, 319, 476, 483, 484, 511, 523
Pre-clinical studies ..........................................536, 541, 544
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pre-mRNA

preparation of immunocarriers .................438–439, 442
preparation of lipoplexes .................................. 434, 436
preparation of liposomes .................................. 439–441
preparation of micelles ............................................. 441

Preservation ....................................................420, 421, 423
Primers ............................284, 310, 317, 409, 474, 476, 481
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Proliferation ............................186, 200, 202, 203, 209, 214,  

238–240, 242, 272, 542
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Protease activated receptor ............................................ 260
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426–428, 477, 480, 482, 483
Protein

blotting .............................................325, 328, 342, 355
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extraction ..........................................420, 421, 423, 425
globular .................................................................... 142
interaction .................................................233–237, 536
interface ................................................................... 234
mimicry ........................................................... 237–240
non-transducible ...................................................... 236
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103, 324, 381, 386, 426–428, 477, 478,  
480, 482, 483

restoration ........................................................ 323, 402
transducible ............................................................. 236

Proteinase K buffer ........................................................ 422
Protein interaction

hot spots ...................................................... 13–14, 234
linear motif .............................................................. 234
modulators ........................................234–236, 291–302
peptides ................................................................... 235

Protein kinase C (PKC) ................................................. 540
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