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Abstract

Cell-penetrating peptide (CPP)-mediated intracellular drug delivery system, often specifically
termed as “the 7rojan horse approach”, has become the “holy grail” in achieving effective delivery
of macromolecular compounds such as proteins, DNA, siRNAs, and drug carriers. It is
characterized by the unique cell- (or receptor-), temperature-, and payload-independent
mechanisms, therefore offering potent means to improve poor cellular uptake of a variety of
macromolecular drugs. Nevertheless, this “ Trojan horse’ approach also acts like a double-edged
sword, causing serious safety and toxicity concerns to normal tissues or organs for /n vivo
application, due to lack of target selectivity of the powerful cell penetrating activity. To overcome
this problem of potent yet non-selective penetration vs. targeting delivery, a number of “smart”
strategies have been developed in recent years, including controllable CPP-based drug delivery
systems based on various stimuli-responsive mechanisms. This review article provides a
fundamental understanding of these smart systems, as well as a discussion of their real-time /in
vivo applicability.
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1. Introduction

There is a philosophical story in ancient China about e Impenetrable Shield and All-
piercing Spear. The man, wielding a claimed best spear and shield for sale, is touting that his
spear is so sharp as to pierce any shield, while his praise for the shield is being strong
enough against any weapon. A looker-on then suggests: “What would happen if the spear
were used against the shield?”

Playing defense-and-offense together is a universal paradox not merely limited in war. In
drug delivery field, scientists always struggle with the dilemma between the potency of drug
penetration and shield of unwanted drug exposure. Cell-penetrating peptides (CPP), a.k.a.
protein transduction domains (PTD), are arguably the most powerful “spear” to break
through bio-barriers for mediating macromolecular drug delivery. The discovery of CPP was
dated back to 1988 by two independent groups, who identified the Tat cell-penetrating
sequence almost simultaneously [1, 2]. However, CPP has not started its magic journey in
drug delivery until 1994, when Tat was reported to be capable of delivering its chemically
linked macromolecular cargos into cells of all tissue/organ types [3]. Later, the findings
from Dowdy’s group in 1999 set a milestone for CPP-based drug delivery, in which the
recombinant Tat-B-galactosidase fusion protein was demonstrated to be able to diffuse
through the formidable blood-brain barrier (BBB) following intraperitoneal injection [4].
The cell-penetrating ability of CPP was so overwhelming that CPP has become a new
paradigm in the recent decade to overcome various bio-barriers including retina and neurons
[5, 6], blood brain barrier [4, 7], intestine wall [8, 9], and skin [10-12]; all of which indeed
have created a serious impediment for conventional delivery of macromolecular drugs. The
CPP-based drug delivery strategies have recently been called as the “7rojan horse” approach
[13]. Nevertheless, the nonselective /n vivo penetration of CPP has caused growing
pharmacological concerns. In fact, a thorny issue has been brought up for CPP-based
therapy, i.e. /s the Trojan horse too wild to go only to Troy [14]? Hence, it has become a
pressing need to shield the normal tissue or cells against the CPP-mediated penetration so as
to prevent severe side effects, whereas aiming its desired function at the pathologic sites. In
this review, we will focus on the discussion of various strategies established to shun the
disadvantages of the CPP-mediated delivery and resolve the dilemma of potent yet non-
selective penetration vs. targeting delivery. We hope to advance the fundamental
understanding of real-time /n vivo applicability of the remarkable “7rojan horse” delivery
approach.

2. Approaches for CPP-mediated drug delivery

CPP-based drug delivery offers great potential for improving intracellular delivery of drugs
with poor permeability; e.g. therapeutic proteins that are precluded from crossing cell
membranes on account of their large size and high hydrophilicity. CPPs are capable of
penetrating into a wide variety of mammalian cells independent of tissue or organism types
[15], insect cells [16], and even plant cells [17, 18]. Moreover, some certain CPPs can
facilitate targeted delivery to subcellular structure such as cell nucleus [19-22]. Cargos that
have been successfully delivered by CPPs include small molecules, peptides, proteins,
nucleic acids, quantum dots, polysaccharides, liposomes and nanoparticles [23-30].
Interestingly, the size of the payload is not an essential limiting factor for the CPPs-mediated
cell delivery [14], although very large cargos may seem to be less effective in cell
transduction [31]. Furthermore, most CPPs are relatively non-toxic [32], when compared
with other polymeric type of transduction agents. The mechanisms of CPP-mediated cell
transduction have not yet been fully elucidated. Four different approaches can be used to
prepare CPP-assisted delivery systems, including: (1) genetic fusion of the protein drug with
a CPP, (2) covalent linkage of the drug with a CPP, (3) formation of ionic complex between
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the cationic CPP and an anionic drug such as DNA or siRNAs, and (4) modification of drug-
loaded nanoparticles with CPP.

2.1 Recombinant fusion protein

To construct a CPP-protein delivery system with recombinant methods, CPP is integrated
into a functional protein as a transduction-enhancing motif. With CPP being selectively
fused to a designated site, it offers distinct benefits in mass manufacturing, quality control,
and homogenous products. Dowdy’s group first reported the synthesis of an in-frame TAT
bacterial expression vector that could produce the cell-permeable recombinant protein
chimeras [33, 34]. Since then, application of bacterial expression vectors has become a
standard practice to fuse a CPP sequence into a therapeutic protein, and a general protocol
has already been successfully established [35], providing great convenience for producing
CPP-protein drugs. However, these recombinant methods are incompatible with non-protein
molecules such as nucleic acids or polymers.

2.2 Covalent chemical linkage

Covalent chemical conjugation is a versatile means to link CPP with virtually all kinds of
cargos. There are numerous methods to conjugate CPP with the cargos via either a stable or
cleavable manner, such as thiol-maleimide, amide bond, disulfide and thioester linkages.
Under many circumstance a cleavable bond is selected to ensure the release of the cargos so
that they can fully execute their biological functions. For instance, disulfide bond is used to
yield a reversible conjugation, which can subsequently be broken down under a cytosolic
environment where abundant reducing agents such as glutathione or reductase are present

Yet, the major drawback of the covalent methods is the heterogeneous structure of the final
products which, consequently, impose difficulties in quality control or characterization. Site-
specific conjugation methods have been explored to overcome these problems, yet with very
limited success thus far. In addition, these chemical conjugation methods require intensive
labor and customized skills for individuals involved in such works.

Due to strong electrostatic interaction between CPP and nucleic acid drugs, it still remains a
formidable challenge to create monomeric conjugates [36]. Therefore, to achieve success in
the conjugation, it is essential to overcome the strong electrostatic interaction that tends to
cause the formation of tightly associated aggregates instead of monomeric conjugates [37].
Of notice, a similar problem exists in preparing the CPP-insulin chemical conjugates,
because of the anionic nature of insulin [38].

2.3 Non-covalent method

Owing to the lingering difficulties in preparing the chemical CPP-gene conjugates, non-
covalent complexes formed via the electrostatic interaction are often employed for CPP-
mediated gene delivery. The complexes thus prepared normally carry net positive charges by
adding excessive amount of CPP to secure their binding with the negative proteoglycans on
the cell surface and their subsequent cellular uptake. Aside from cell-internalization, another
important function of CPP is to facilitate nuclear entry, which is essential for gene
expression [39]. However, due to the small size of CPPs, their ability to bind and condense
gene drugs is relatively poor, compared with that of the high molecular weight cationic
polymers. Hence, the CPP/gene complexes usually exhibit a less compact structure that is
less favorable for gene transduction.

CPPs were also effective in delivering quantum dots [40] and proteins into mammalian [41,
42] and plant cells [18, 43] via the non-covalent conjugation. This is probably due to the
permeation enhancer-like functions of CPP, which leads to membrane destabilization and,
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consequently, enhanced permeability, but detailed information is unknown for the
mechanisms. Nevertheless, intracellular drug delivery via this method is somewhat
unpredictable and more like a case-by-case situation, pending on the nature of the cargos as
well as the sequence of the CPP. It should be noted that synthetic amphipathic peptides,
another class of CPPs that usually consist of both a hydrophobic and a hydrophilic domain,
also displayed the ability to mediate intercellular protein delivery via the non-covalent
conjugation method [44].

2.4 Surface modification of nanoparticle-based drug carriers

Incorporation of CPP would not only facilitate cellular uptake of the modified nanoparticle
carrier, but also significantly enhance the efficiency of CPP in delivering a larger amount of
the loaded drugs per se; in contrast to the CPP-drug conjugate that requires at least one CPP
entity for the delivery of one single drug molecule. Additionally, nanoparticles can
accommodate drugs of vastly different physiochemical properties, and many of those cannot
be directly conjugated with the CPP. This approach offers the benefit of delivering a broad
spectrum of different drugs. The CPP-modified nanoparticle systems include lipid- (e.g.
liposomes) or polymer-based nanocarriers (e.g. micelles), as well as inorganic carriers such
as silver-, iron-based nanoparticles, and quantum dots. We previously reported that CPPs
could be successfully immobilized on these nanoparticle surface via either adsorption
(typically via charge interaction) [10, 45], or chemical conjugation [46]. Both methods
produced satisfactory outcomes of enhanced intracellular uptake.

In principle, nucleic acid drugs are not necessary to be encapsulated into the CPP-modified
nanoparticles for their delivery. A commonly adopted method is to absorb the nucleic acid
drugs onto the cationic surface of the CPP-modified nanoparticles via electrostatic
interaction. Nearly 100-fold enhancement in gene expression was observed by using this
method, compared to that achieved by the conventional CPP/gene complexation approach
[47].

2.5 Pros and cons of CPP-mediated drug delivery

Since initial cellular studies were carried out under the stringently controlled in vitro
conditions, the negative impact caused by non-selective uptake by other tissues was hardly
noticed. Indeed, concerns of no specificity of this approach were largely muffled among the
triumphant cheers after observing the unprecedented success in obtaining significant
intracellular delivery. Along with the remarkable growth of the /7 vivo investigation in
recent years, there is increased awareness of the side effects caused by the non-selective
cell-penetration effects. For example, the non-specific and uncontrollable distribution of the
CPP-linked cargos becomes a potential life threat in application of cytotoxins as therapeutic
agents. Upon systemic administration of CPP, the body turns into the Wild West, and the
“Trojan horse” is thus brought up. Therefore, the need for harnessing its natural power is
pressing. The ultimate goal in further pursuit is to efficiently implement cellular transduction
and improve treatment outcomes of the CPP-based therapies, while to restrict the undesired
action on normal tissues and cells to the minimum.

3. How to Curb the “Trojan Horse”

An ideal drug delivery system should act specifically at the desired targets while bypassing
the normal tissues. The utmost objective is to maximize the drug concentration at the target
sites while minimizing drug exposure to other organs. The “7rojan horse”helps deliver
cargos through the otherwise impermeable bio-barriers, but with an indiscriminate nature in
internalizing all kinds of tissues/cells. Therefore, the “Trojan horse” must be somewhat
curbed for achieving both therapeutic efficacy and safety.
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Prodrug strategies can improve the usability of the parent drugs which are inherited with
poor solubility, chemical instability, inadequate absorption and tissue penetration, and the
absence of drug targeting functions [48]. Previously, we presented an innovative prodrug
concept for controlled delivery of CPP-linked macromolecules by masking the CPP activity
during administration and then restoring its ability at the target tissues [49]. Through this
strategy, the normal tissues are spared due to the poor cellular uptake of the CPP-masked
drugs, but specific action on target tissues occurs when CPP is unmasked. Overall, the
principle of such a prodrug system is based on a stimuli-responsive mechanism. In brief, a
CPP-based delivery system is designed to be responsive to a certain microenvironment
around the target organs or cells (e.g. the existence of a lowered pH or overexpressed
proteases), or to an exogenous triggering agent that can be delivered to the target sites. By
doing this, the CPP-based systems could execute the therapeutic or diagnostic actions
exclusively on the desired regions.

A summary of various smart strategies is presented herein to provide an overview of how to
achieve effective yet safe CPP-mediated drug delivery.

3.1. Prodrug strategy based on electrostatic interaction

3.1.1 ATTEMPTS for targeted delivery—We developed a system for protein delivery
termed “ATTEMPTS” (antibody targeted, [protamine] triggered, electrically modified
prodrug-type strategy) [49, 50]. In brief, the mechanism responsible for the prodrug-type
function is based on the charge neutralization of CPP by heparin and the competitive
binding between CPP and protamine with heparin. The system consists of: (a) the drug
compartment that contains a conjugate of the polycationic CPP and the protein drug, and (b)
the targeting compartment that is made of a heparin-modified antibody (Fig. 1). The
polyanionic heparin motif on the antibody performs strong electrostatic binding with the
polycationic CPP, resulting in the formation of a polyelectrolyte Drug-CPP Hep-Ab
prodrug-style complex possessing active targeting function due to the antibody. The selected
macromolecular drug could be a cell-impermeable protein toxin, and its conjugation with a
CPP endows the protein drug with the cell-penetration ability. Most critically, the formation
of an electrostatic linkage between CPP on the drug and heparin on the antibody resolves the
selectivity issue, because the CPP’s cell-internalization function is inhibited due to the
binding of heparin.

The naturally sourced low molecular weight protamine (LMWP), identified by our
laboratory by proteolytic digestion of native protamine, is an ideal CPP for this ATTEMPTS
system. The binding affinity of LMWP to heparin is strong, and disassociation does not take
place unless it is treated with a high slat solution (0.94 M NaCl). Such heparin-binding
strength of LMWP sits ideally within the range between that of antithrombin 111 (eluted from
a heparin column at 0.6 M NaCl) and of protamine (eluted at 1.3 M NaCl) [51]. Therefore,
the Drug-CPP Hep-Ab complexes would remain stable during targeting, ensuring no
detachment of the two compartments caused by electrostatic competition by other
endogenous components (e.g. antithrombin I11) in the circulation. As a result, the CPP is
steadily blocked, rendering the CPP-mediated nonspecific cell transduction completely
sealed. On the other hand, release of the active CPP-drug conjugates is initiated by systemic
injection of an appropriate dose of protamine, after a sufficient duration to allow site-
specific accumulation of the CPP-Drug Ab-Hep complexes through antibody-mediated
targeting or EPR-mediated passive targeting. Protamine is the natural antagonist used
clinically for heparin reversal and is therefore a safe triggering agent. As shown in Fig. 1,
owing to the stronger heparin-binding affinity by protamine over LMWP, the CPP-Drug
conjugates would be released from the complexes due to an electrostatic substitution.
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Detailed information of this strategy can be found from a review article previously published
by our laboratory [49].

3.1.2 Protease-activatable systems based on interaction of polyanionic
peptide with CPP—Other than the strong electrostatic interaction between CPP and
heparin used in the ATTEMPTS that must be triggered by exogenous protamine, a relatively
weak blocker (e.g. anionic peptide) of the CPP was also explored by Tsien’s group to create
the prodrug feature [52]; as displayed in Fig. 2. However, binding of such a weak blocker
with the CPP is not stable enough /n vivo, and therefore insertion of a protease-substrate
peptide linker between the blocker and CPP was attempted to create a fixed intramolecular
hairpin structure. This peptide linkage was cleavable at the tumor target due to its specially
designed substrate sequence responsive to the over-expressed proteases on the tumor. In
systemic circulation, the hairpin structure remains intact and the CPP blocked, leaving the
delivery system cell-impermeable and pharmacologically inactive. The hairpin would
disassociate around the target tumor as a consequence of enzymatic cleavage of the peptide
linker. The exposed CPP could then mediate its payload entering into the tumor cells.

Based on this strategy, Tsien’s group developed a system, named “activatable cell
penetrating peptides” (ACPPs), for tumor imaging [52]. Matrix metalloproteinases 2 and 9
(MMP2/9) were specifically overexpressed in matrix of intercellular space in tumor, and
played a key role in the migration of tumor cells and angiogenesis [53-55]. An MMP2/9
substrate peptide, XPLGLAG, was selected as the cleavable linker, and poly Glu (Eg) was
chosen as the inhibitory polyanionic moiety to interact with CPP. The CPP-bearing payload
would not function until the linker was cleaved by MMP2/9. The hairpin structure based on
a weak electrostatic interaction would then disassociate, leading to the restored functions of
CPP and the specific delivery of payload into tumor cells. This ACPP system not only
effectively reached tumor nodules, but also yielded the highest uptake at the tumor—stromal
boundary. It provided sharp-contrast images that distinguished the high-uptake regions from
those with low uptake; an pattern corresponded well to the MMP activity distribution [56].

Tsien group further developed a modified system called “ACPP-conjugated dendrimers
(ACPPD)” (Fig. 3) by adding a large-molecular-weight carrier (dendrimer, PAMAM) to the
polyarginine CPP of the ACPP. Introduction of the carrier not only benefited tumor
targeting via the EPR effect, but also provided amplifying signals because of the presence of
more than one contrast agent per peptide [57]. The functional groups of macromolecules
also offered great feasibility for synthesis of multimodality probes. In the ACPPD system,
there were six ACPPs per nanoparticle, securing the activation and, consequently, increased
cellular drug uptake. It was evident that the contrast between the tumor and adjacent tissues
were significantly improved, due to an augmented accumulation of contrast agents inside the
tumor and reduced uptake by adjacent tissues [56, 57].

Similar to the activation mechanism adopted by Tsien’s group, a protease cleavable linker
(an MMP2/7 substrate peptide, PLGVR) was employed to conjugate the CPP with the
inhibitory polyanionic domain (Eg) for specific delivery of quantum dots (QD) triggered by
MMP enzymes (Fig. 4) for tumor imaging purpose [58]. Furthermore, the distal end of Eq
was also modified with PEG to aid passive tumor targeting via the EPR effect.

Tumor-associated proteases are characteristically overexpressed at the invasive front of solid
tumors or at the sites of angiogenesis where they can be easily accessed via passive targeting
using the EPR effect. Hence, proteases can be an ideal target for diagnosis and treatment of
cancers [59]. However, soluble proteases, such as MMPs, are prone to leakage from the
tumor tissues into the blood stream [52], and the activation of the prodrug-type systems
might already occur before reaching the tumor. On one hand, the released proteases may
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favor activation of the prodrug molecules in the vasculature surrounding the tumor, and
enhance the uptake of the activated CPP-based drugs across the tumor endothelium via
transcytosis [60]. On the other hand, those activated drug molecules could also be brought
into systemic circulation, resulting in unwanted drug distribution in normal tissues [61], or
enhanced background signal that can reduce the contrast intensity in tumor diagnosis and
imaging [52]. Hence, the tumor proteases and their substrate sequences need to be carefully
selected to improve the targeting specificity.

3.1.3 Masking CPP with pH-sensitive inhibitory polyanionic group—In this
strategy, the selected inhibitory polyanionic moiety for binding the CPP was poly
sulfonaminde (PSD), characterized by its pH-dependent charge—negative at pH 7.4 and
neutral below pH 7 (Fig. 5) [62] [63]. The extracellular environment of a tumor is acidic
[64], owing to an increased lactic acidosis from the highly active aerobic glycolysis (i.e.
Warburg effect). Hence, PSD could bind with CPP via charge interaction and block its cell-
penetrating activity during systemic circulation and bypass its action on normal tissues.
Once reaching the acidic tumor milieu, PSD would become neutral in charge and thus
detach itself from the cationic CPP, reactivating the CPP-mediated cell penetration process
[63].

3.1.4 Photolabile-caged CPP strategy—External physical triggers (e.g. ultrasound,
magnetic field, and light) have been extensively investigated for stimuli-responsive delivery
systems. The unique advantage is that drug release is highly controllable, owing to its
prompt response to the on/off setting of the external triggering. An interesting idea was
presented by Shamay and co-workers, in which CPP was modified with photolabile caged
molecules, thereby providing light-dependent cell internalization [65]. As shown in Fig. 6,
the positive charges of lysine residues on the CPP (52-RRMKWKK-58) were temporarily
masked by photo-cleavable groups, Nvoc(6-nitroveratrylcarbonyl), thus forming the caged
CPP (cCPP, Ac-KRRMKNyocWKNvocKNvoe)- Once being illuminated with the UV light, the
protecting groups (Nvoc) were cleaved, and the cationic Lys residual side chains were
exposed. The CPP then regained sufficient positive charges and subsequently restored its
cell transduction activity. It was found that 10-min light illumination was adequate to
remove the caged molecules, inducing up to 80% cellular uptake of the pro-apoptotic
peptide-loaded polymer-CPP conjugates. A high cytotoxic activity (i.e. causing 90% of cell
death) was observed after 2 h of incubation (Fig. 7).

In fact, the cCPP still contains positive charges on its two arginine residues. However, for
achieving effective delivery, the amount of positive charged residues of the polyK- or
polyR-rich peptides is required to no less than four [58]. Therefore, the cCPP could not take
effect unless removal of its caging molecules.

A drawback of using this light-uncaged strategy lies in the poor tissue penetration of the
short-wavelength UV light, limiting its application if the target site sits deeply inside the
organs or body. Another obstacle is the risk of causing non-specific phototoxcity; on the
contrary, this setback could be turned to advantage, because extensive UV light exposure
could perform complete eradication of the infected tissues, including cancer and supporting
endothelial or stromal cells [65].

3.2 Steric hindrance to block cell penetration functionality

PEG madification is the most effective method in creating long-circulation effect through
steric hindrance. It can physically prevent the drug from degradation by circulating proteases
or recognition by the host immune system [64]. PEGylation can prolong the circulation time
of liposomes and other nanoparticles, augmenting their preferential accumulation in tumor
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via the EPR effect [66-68]. Nevertheless, PEG chains can also severely hinder tumor uptake
[69, 70]. In addition, the hydrophilic PEG layer can impede diffusion of the drug molecules
out of the carrier even at relatively low polymer concentrations [71, 72]. Yet, from a positive
standpoint, this may also reduce the unwanted drug exposure to normal cells, and thereby
alleviate drug-induced side effects. Hence, it is a potential solution to the nonselectivity
issue of CPP-mediated cell entry by blocking CPP via the steric effect of PEG. Indeed, this
strategy has been widely explored in recent years.

A general design is by following the “long and short chains” model, of which a long-chain
PEG polymer is employed to create steric coating over the short-chain CPP. The PEG
molecules, via circumstance-responsive bond, are linked to a CPP-modified carrier (e.g.,
liposomes and nanoparticles), thus shielding the CPP in non-targeted organs. PEG would be
removed after the bond cleavage in the specific circumstance. The functionality of CPPs
reinstalls as they fully expose on the surface of the carriers.

3.2.1 The pH-triggering dePEGylation—Acidic extracellular pH (pHe) ranges from 7.0
to 6.5 in animal tumor xenografts [73, 74], spontaneous tumors [75], and human tumors
[76]. Hence, acidic pH-sensitive bonds have been widely used in drug delivery. Torchilin’s
group developed a pH-sensitive, PEGylated TAT-liposome system (TATp-liposomes) for
DNA delivery [77]. TAT was anchored on the liposome surface via a short-chain PEG,
while long-chain PEG was linked to liposome via pH-sensitive hydrazone bond to create a
steric layer over the TAT molecules. DNA plasmid encoding for the green fluorescent
protein (pGFP) was selected as a model drug and loaded into the liposomes. The pGFP-
loaded TATp-liposomes were then administered intra-tumorally into mice, and the
efficiency of tumor cell transduction was examined after 72 h by monitoring GFP
expression. The pGFP-TATp-liposomes with the low pH-detachable PEG yielded
significantly enhanced transfection in tumor cells. In contrast, the non-cleavable PEGylated
TAT-liposomes displayed a minimal pGFP transfection due to the steric hindrance of PEG.

Torchilin’s group also developed a more advanced system—a double-targeted, long-
circulating PEGylated liposomal system via a mechanism involving: (1) a specific myosin
antibody (2G4) was positioned onto the surface via a cleavable long spacer of PEG to
achieve receptor-mediated active targeting; (2) the pH-detachable PEG shielded TAT-
liposomes to prevent nonselective cell penetration and prolong systemic circulation; (3)
tumor acidic microenvironment triggered the removal of PEG and exposure of TAT (Fig. 8)
[78]. At normal pH, TAT molecules were shielded by the PEG and the attached antibody.
This liposomal system presented a high tumor binding specificity due to the 2G4 antibody
ligand (myosin) but very limited cellular uptake. Brief exposure (15-30 min) to acidic
condition (pH 5.0-6.0) led to the removal of PEG protection, and CPP molecules were
exposed, and activated cellular uptake of the liposomes. This approach shed light of the
possibility of synergizing the antibody-mediated tumor targeting with TAT-mediated
cellular transduction.

More recently, a similar system (pH-sensitive PEGylated long-circulating liposomes
modified with TAT and nucleosome-specific antibody (mAb 2C5)) was reported by the
same group; but a modification was that hydrazone pH-sensitive bond was only applied to
conjugation of PEG coating while the mAb 2C5 attached to the liposomes in a noncleavable
manner [79]. The mAb 2C5 could not only mediated active targeting to tumor, but also
enhance the interaction with the tumor cells, displaying synergistic effect with the
deshielded TAT.

The above-mentioned strategy involves a “shielding and exposure” process: the CPP is
shielded by PEG, and then becomes exposed and activated following detachment of PEG.
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There is a different strategy based on the “pop-up” mechanism [80]. This “pop-up” system
was prepared via a self-assembly process involving two block copolymers: PLAgyp-b-
PEGkp-b-poly Hisykp-TAT and polyHisskp-b-PEG3 4kp (Fig. 9). The hydrophobic parts
(PLAskp and polyHissyp blocks) of these two polymers formed the core of the nanoparticle,
surrounded by a hydrophilic corona of the PEG,yp and PEG3 4xp blocks. The polyHisykp
block was non-ionized at neutral pH, thus enabling the hydrophobic binding of the
conjugated CPP molecules closely onto the surface of these nanoparticles. The CPP was
thus masked by the long-chain PEG3 4xp blocks which were positioned outside the surface.
Since the ionization process was pH-dependent, the shell became positively charged at
acidic pH. Consequently, the electrostatic repulsion force overcame the hydrophobic
interaction, and caused the polyHisyp-TAT conjugates to pop out of the surface. This
feature enables pH-triggered TAT de-shielding in tumor, and specific uptake by targeted
tumor cells. Of note, the long polyHissyp blocks became ionized in the endosome due to the
lower pH, and their acquired positive charges then facilitated endosome escape and the
release of drugs into the cytoplasm. At pH 7.4, poor uptake of the micelles was observed in
MCEF-7 cells. The uptake was increased by 30-fold at pH 7.0 and further up to 70-fold at pH
6.8, due to Cli to ck on zoom image the of pop-up TAT molecules on the surface of these
micelles.

3.2.2 Exogenous cysteine-triggered dePEGylation—He’s group prepared the
liposomes, featured by the thiolytic cleavable disulfide bridge linker between PEG and
DOPE (DOPE-S-S-mPEGsqq) (Fig. 10) [81]. TAT linked with a short-chain PEG (DOPE-
PEG1g00-TAT) was also immobilized on the surface of these liposomes, but was shielded by
the long-chain PEGsqgg blocks. Due to the EPR effect, the PEGylated liposomes would
preferentially accumulate in tumor. The disulfide bond of DOPE-S-S-mPEG5000 was
cleaved by giving an exogenous cleaving reagent of L-cysteine (L-Cys). The detachment of
PEGsqgg would expose TAT molecules. Results showed that cellular uptake was inhibited
by the PEG steric effect, but with addition of exogenous L-Cys, the uptake was increased by
3 fold, implying the success of cysteine-triggered dePEGylation. The liposomes were
injected intratumorally into H22 tumor bearing mice, followed by injection of L-Cys. The
uptake in tumor of the cleavable PEGylated liposomes was significantly higher than that of
the TAT-liposomes modified by the non-cleavable PEG, indicating that this system could
selectively deliver payload to tumor in a controllable manners.

Cleavage of the disulfide bond could also occur gradually during systemic circulation,
owing to its relatively instable behavior. However, this event was rather limited, because the
slow rate of cleavage and minor loss of the shielding PEG would not significantly impair the
steric effect. In addition, gradual reduction of the disulfide bonds could be offset by the
increase in DOPE-S-S-mPEGsq doses. According to the report, 8% of the cleavable PEG
employed in the surface modification was already sufficient to produce an effective
protection for in vivo application [81].

3.2.3 Enzymatic dePEGylation based on protease-sensitive linker—Expression
of MMPs is up-regulated in a variety of tumors, and thus MMPs would be a better target
than antigen molecules that are only over-expressed in a subset of cancers for broad-
spectrum diagnostic applications. Moreover, MMPs are localized in tumor extracellular
matrix and possess amplification effect via enzymatic catalysis, rendering MMPs an ideal
target for detecting small, invasive and metastatic tumors that might otherwise undetectable
via routine radiological examination [57].

Bhatia’s group applied an MMP-2 substrate peptide (GPLGVRGC) as the cleavable linker
[59]. The magnetofluorescent dextran-coated iron oxide nanoparticles were modified with
long-chain PEG via the MMP-2 cleavable spacer to mask CPP (Fig. 11). Linkage of the
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MMP2-responsive PEG was able to remain stable in serum, thus avoiding the nonspecific
interaction. /n vivo studies showed that the PEGylated nanoparticles were able to selectively
accumulate at the xenograft tumor via EPR effect, and PEG was subsequently detached due
to cleavage of the linker by endogenous MMP-2. As a consequence, CPP-mediated cell
penetration of the iron oxide nanoparticles was activated, as demonstrated by both
fluorescent and MRI imaging.

Similarly, Mok and co-workers also applied the enzyme-cleavage strategy for cancer
diagnosis, by using the MMP2-senstive, PEG- and CPP-modified quantum dots (QD) [82].
As illustrated in Fig. 12, the streptavidin-modified QD (QD-strep) was linked with biotin-
CPP and biotin-peptide-PEG conjugates via the specific biotin-streptavidin interaction;
while the peptide linker was a substrate for the MMP-2 enzyme. The number of PEG chains
on the surface was examined to evaluate its effect on shielding the CPP. Nine PEG chains on
each 12-nm QD were at least required in order to inhibit approximately 80% of the cellular
uptake. By treatment of exogenous MMP-2 (10 pg/ml), the cellular uptake was enhanced by
4 fold (from 21.9 to 79.1%).

As aforementioned (Section 3.1.2), the proteases leaked out into vasculature would result in
premature trigger of the exposure of CPP and unwanted penetration. Recently, a
multifunctional drug delivery strategy was proposed to enhance the targetability to the
MMP2 overexpressed tumor, featured by the PEGylated immunoliposomes containing
MMP2-cleavable bonds and TAT (Fig. 13) [83]. The PEG-induced passive targeting and
antibody-mediated active targeting provided increased tumor accumulation of the liposomes,
while the antibody-PEG motif would be cleaved in tumor due to the MMP2 substrate linker,
and the TAT thus deshielded.

Nevertheless, there is a common problem of the protease-triggered de-PEGylation strategy.
On one hand, sufficient number of PEG chains is required to yield an effective steric layer
for inhibiting CPP-mediated penetration and prolonging the circulation time. Yet, on the
other hand, PEG can also act as a barrier against the access of tumor proteases and
subsequently their-mediated cleavage of the substrate linkers. Therefore, the density of the
PEG coating must be carefully optimized to reach a balanced act between steric protection
and the accessibility to the linker for proteases, so that the removal of PEG and exposure of
CPP can be achieved simultaneously.

If the CPP-based nanoparticle or macromolecular systems are activated in tumor blood
vessel lumen, extravasation of these drug carriers from blood vessel lumen into the tumor
would then become the rate-limiting step [59]. In this case, PEGylation can prolong the
circulation time of these carrier cargos, and thereby augment their preferential accumulation
in the tumor interstitial space via the EPR effect [84]. Moreover, releasable PEG chains can
be used to provide a reversible masking effect on the CPP molecules, which could alleviate
their unwanted side reactions with normal tissues but only reactivate the CPP’s function in
tumor. To this regard, releasable-PEG modification can be adopted as a common strategy to
establish a CPP-based smart drug delivery system. However, the immunogenicity of PEG is
often ignored in most studies. Repeated injection of PEGylated liposomes has been reported
to elicit PEG-specific antibodies [85], as well as to induce rapid elimination and hepatic
uptake of the PEGylated liposomes [86, 87]. Such accelerated blood clearance could impose
a barrier to obtaining the most effective pharmacokinetic (PK) and pharmacodynamic (PD)
profiles [84]. Information is not sufficient yet to detail the structure-antigenecity relationship
of PEG, and hence further investigation on this subject is greatly warranted. Although an
alternative polymer, poly(hydroxyethyl- L-asparagine), has been proposed to solve this
problem, more investigations are still needed to further confirm its effectiveness /n vivo
[88].
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3.2.4 UV activation of PEGylated lipid-TAT-lipid looped liposomes—Hansen and
coworkers developed a constrained and UV-activatable cell-penetrating liposomal system
with a PEGylated lipid-TAT-lipid anchored loop structure (“n” shape) on its surface (Fig.
14) [89]. An alkyl anchor was conjugated to the N-terminus the TAT and a PEG-
phospholipid at the C-terminus. The TAT was constrained in the loop anchored on the
liposomes and overclouded by the PEG. Between TAT and its N-terminal alkyl chain was a
UV-cleavable linker. Upon the target cells and with application of UV irradiation, the linker
was cleaved and the loop opened, transforming into TAT-PEGylated liposomes with revived
cell penetration ability.

3.3 Thermo-sensitive systems

Other than application of the chemical stimuli, the approach of utilizing thermo-sensitive
CPP-modified QDs was also examined [90]. As demonstrated in Fig. 15, biotinylated CPPs
was immobilized on the streptavidin-modified QDs. In addition, the biotinylated, thermo-
sensitive poly(N-iso-propylacrylamide) (PNIPAAmM, Mw 11.5K) was co-immobilized to
shield the action of CPP. The chain length of PNIPAAmM can be regulated by adjusting the
temperature based on its lower critical solution temperature (LCST). Below the LSCT, the
PNIPAAmM chains stretch out of the surface thus shielding the CPP, whereas above the
LSCT, the polymer chains shrink thus exposing the CPP. This strategy that is responsive to
physical stimulus facilitates “smart” drug delivery via a mechanism of temperature-
controlled “shielding/deshielding” of CPP. Results showed that after incubation for 1 h at 37
°C (above LCST), 86% of cellular uptake was observed due to the deshielding of CPP,
compared to a value of 52% at 25 °C. However, the basal level of uptake was relatively
high, and according to the authors this phenomenon could be accounted for nonspecific
endocytosis. The nonspecificity indicated that the steric layer created by the PNIPAAmM
chains was less effective than PEG. Moreover, further modification of the polymer structure
is required in order to achieve the suitable LCST for /n vivo application.

3.4 Targeting fusion protein (post-control pattern)

As noted, CPP-mediated uptake is nonselective and independent upon cell types. However,
the intracellular microenvironments (e.g. proteases) vary between normal and abnormal
cells, and thus this differentiation could be used as a targeting strategy. A post-control type
of delivery systems was therefore established, in which the CPP-based fusion protein would
take action only on certain cell types, despite its nonselective nature in cell transduction.
Described below are two examples of these intracellular post-control strategies:

3.4.1 Selective intracellular activation strategy in targeted cells—Dowdy’s group
developed a selective intracellular-activation strategy based on a prodrug-type fusion protein
chimera [91]. The apoptosis-promoting caspase-3 protein was fused with TAT peptide. The
TAT-Casp3 chimera, despite being able to indiscriminately transduce into all of the exposed
cells, would remain inactive in normal cells, similar to the behavior of a prodrug.
Nevertheless, the TAT-Casp3 chimera can be cleaved by the HIV protease, release the
activated Casp3, and trigger apoptosis of solely the HIV-infected cell in a selective manner
(Fig. 16).

The Casp3 zymogen (upper panel in Fig. 17) contains: (1) a N-terminal Prodomain with a
caspase cleavage recognition site, (2) the p17 domain with catalytic Cys residue followed by
a second caspase cleavage site, and (3) the p12 domain. The zymogen is pharmacologically
inactive. However, once being exposed to the intracellular upstream caspases (e.g.,
caspase-8), the Casp3 zymogen would lose the Pro domain, transform into the active
pl7:p12 hetero-tetramer, and induce selective cell apoptosis. For construction of a cell-
permeable Casp3 zymogen, TAT was strategically selected to substitute the Pro domain
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using recombinant method. Furthermore, the two caspase cleavage sequences were also
replaced by the HIV proteolytic cleavage sequences p7-p1(D) and p17-p24(A) for HIV
therapy. The TAT-Casp3 protein thus prepared displayed the ability in transducing both
HIV-infected and uninfected cells. However, due to substitution of the HIV proteolytic sites,
the prodrug-type TAT-Casp3 was only activated by HIV protease inside the infected cells,
resulting in selective apoptosis. In contrast, TAT-Casp3 would remain inactive in the
normal, uninfected cells, therefore avoiding side effects caused by the nonspecific
transduction.

3.4.2 Selective degradation in non-target cells—A different tumor-specific, CPP-
mediated therapeutic strategy was developed by Kizaka’s and Kondoh’s groups based on
removal of the off-targeting drugs via their selective degradation in normal tissues [93-95].
An oxygen-dependent degradation domain (ODD) originating from HIF-1a was used as the
linker to conjugate procaspase-3 (Casp3 zymogen) with TAT (termed TOP3) for targeting
hypoxia cancer cells. The ODD would be selectively degraded via the ubiquitin-proteasome
pathway inside the normal cells under normal oxygen concentrations, while being stable in
the hypoxic tumor cells (Fig. 18). Therefore, although the TOP3 was characterized with a
nonspecific but enhanced intracellular transduction due to the presence of TAT, the ODD-
mediated degradation of TOP3 would occur once entering the oxygenated normal cells. On
the contrary, TOP3 in the hypoxic cancer cells would remain stable, where the procaspase-3
moiety was activated into an active caspase-3. Consequently, the caspases-3 activates
apoptotic pathways in the tumor cells, even in those apoptosis-resistant cells [95, 96],
thereby achieving targeted cancer therapy. Such a strategy was able to improve the survival
time of mice harboring invasive and metastatic pancreatic cancer cells [97]. Interestingly,
these researchers also applied this method to /n7 vivo imaging by using near-infrared
fluorescence-labeled recombinant protein containing both CPP and ODD domains [98].

A similar system was also reported by Yu and co-workers, of which a recombinant cell-
permeable p53 fusion protein containing ODD was shown to remain stable in hypoxia cells
and inhibited tumor cell growth [99].

It should be noted that due to the rapid but nonspecific cell transduction mediated by CPP,
the drug molecules would preferentially accumulate in the early-reaching regions, which
often were not the targeted destination. This distribution pattern raises the concern that a
high and uneconomical dose is required in order to reach an effective drug concentration at
the targeted tissues. Hence, preferential drug accumulation at the tumor target is needed in
resolving this problem and improving the treatment efficacy. Potential solutions include
encapsulation of the drug into a nanoparticle, or modification of the drug or the carrier with
an antibody or targeting ligand.

4. Perspectives on different “curb” schemes

A drug delivery system must overcome multiple bio-barriers before it can reach the final
destination. For instance, there are at least three obstacles for tumor targeted drug delivery:
(1) selective drug accumulation at the tumor site after systemic administration, (2) diffusion
of the drug into tumor tissues, and (3) penetration through tumor cell membrane [100].
Although CPP can assist the attached cargo to penetrate through vascular endothelium and
cell membrane, it is usually accompanied with toxic side effects, due to the lack of tissue-
selectivity of the CPP. Therefore, a number of strategies have been attempted to regulate the
penetration function of CPP, so that both the /n vivo efficacy and selectivity in cell-
transduction can be concomitantly obtained. Hence, the selection of a proper “curb” strategy
is imperative to achieve a clinically useful CPP-mediated drug delivery.
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A general “curb” design is based on “shielding and deshielding” schemes for resolving the
dilemma of potent and comprehensive penetration vs. targeting delivery. Although use of
CPP-protein conjugates or fusion proteins is a simple means, a marriage between CPP
methodology and nanotechnology should represent great promise in achieving clinical
breakthrough. Application of appropriate nanocarriers can provide significant benefits, such
as improving the pharmacokinetic (PK) profiles and targeting efficiency. Especially for
cancer therapy, by using the nanoparticulate systems, preferential drug accumulation at the
tumor target can be achieved via the EPR effect. Moreover, incorporation of active targeting
ligands or antibodies can further increase accumulation in tumor and reduce undesired drug
exposure to normal tissues.

Additionally, a CPP-based nanocarrier is necessary for those drugs that are difficult to
conjugate with the CPP directly, thus expanding the use of CPP method to virtually all drugs
regardless of their inherited nature. The CPP-based nanotechnology is also preferred under
an efficiency/cost concern that each CPP “Trojan horse”is used to deliver only ONE single
small molecule drug. Furthermore, the great availability of functional groups on the
nanoparticles is advantageous for functional modification of targeting ligands and
antibodies.

Since the regulation of CPP’s activity is based on various stimuli-responsive mechanisms,
the behavior of the responsive factors significantly affects the efficacy of treatment. The
intensity of responsive factors (e.g. pH and hypoxia) increases gradually towards the center
of the tumor regions [96, 101]. As a result, insufficient activation (deshielding of CPP) may
occur at the margin of the targeted tissues. More critically, inactivated CPP-based systems
diffuse poorly towards the center of a tumor, rendering ineffective drug concentrations in the
deeper regions of the tumor. Although CPP was reported to possess the ability in facilitating
intra-tumor penetration [46], so far there has been no in-depth investigation in tumors, of
which the interior is heterogeneous and notoriously hard to reach by drug molecules, due to
the exceedingly high interstitial fluid pressure (IFP). Nevertheless, using CPP as a tool to
enhance intratumoral drug delivery is worth further investigation.

With use of exogenous agents to de-protect the CPP, safety of the de-protecting agents is a
concern, and an ideal trigger should be safe and potent for /n vivo action. For instance, the
triggering agent used in our ATTEMPTS system, protamine, is an FDA-approved drug and
therefore can be applied safely to unmask the CPP.

Lastly, although topical application is not a focus in this review, it is of great value for
clinical practice because drug exposure can be strictly limited to the targeted tissues, thereby
avoiding CPP-associated nonspecific uptake. As a case in point, transcutaneous
immunization is to target to the epidermis where is rich in antigen-presenting cells. The
feasibility of CPP-facilitated topical antigen delivery was demonstrated in our previous
studies [10, 11]. In addition, CPP-conjugated epidermal growth factor was reported for its
topical wound healing function [102]. Furthermore, nose-to-brain delivery mediated by CPP
was also explored, and we found that the intranasal CPP-modified nanoparticles was able to
penetrate into brain [45]. Such observation was echoed with the brain targeting results from
other groups [103].

In conclusion, smart strategies are based on mechanisms of controlling the action of CPP on
specifically the target cells offer a promising solution for effective yet safe CPP-based
therapy. More prospectively, fundamental understanding of how to curb the Trojan
challenges seems to be essential in translating this start-of-art technique into real-time
clinical application.
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Schematic diagram of the ATTEMPTS delivery system. Redraw based on [50].
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Schematic illustration of ACPPs. CPP is blocked by a polyanionic peptide (Eg) via a hairpin

structure hooked with an MMP2/9-cleavable linker. Cellular uptake of the payload is

induced by the cleavage of the linker and subsequently the exposure of CPP. Reproduced

with permission from [52].
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Figure 3.

B> Cy5-labeled ACPPD for tumor imaging. (A) The structure of ACPPD. Each ACPPD
consists of a dendrimer (gray circle) covalently linked with ACPPs segments (blue)
(typically, about six CPP are linked to each dendrimer molecule). Tumor proteases such as
MMP-2/9 cleaved linkers (green), leading to detachment of the polyanions (red) and
exposure of the CPPs. These yellow ovals represent the payloads (contrast agents). (B-D)
Fluorescence images in tumor at 48 h post-dose. (E) Time courses of tumor fluorescence.
(F) Standardized tissue uptake values in samples of tumor, liver, kidney, and muscle, at 48 h
post-dose. Reproduced with permission from [57].
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Figure4.

Schematic illustration of MMP-activated quantum dots (QD). QD is coated with 5-10
molecules of streptavidin, producing stoichiometric conjugation with biotinylated CPP
(transporter) based on the strong biotin-streptavidin interaction. The inhibitory polyanionic
domain (Eg) with the PEG chain (blocker) is linked to the Eg via a MMP 2/7 substrate
peptide linker. Reproduced with permission from [58].
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Figure5.

The pH-responsive blocking and de-blocking of CPP with polysulfonamide (PSD). The
negatively charged PSD-b-PEG masks the polycationic TAT on the surface of the micelles
by electrostatic interaction at normal pH. The extended PEG chains inhibit CPP-mediated
cell internalization of the micelles, and also enhance tumor passive targeting via their
produced long-circulation effect. PSD gradually loses its positive charges when approaching
the tumor in response to the decreased pH, and its subsequent detachment at the tumor
matrix releases its shielding effect on TAT. Reproduced with permission from [63].
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Figure6.

Schematic illustration of light-induced tumor penetration of the polymer-cCPP conjugates.
Under the dark, the cCPP is inactive due to the caged effect of Nvoc that masks the CPP.
Once being illuminated with UV light, the activated cCPP then induces rapid intracellular
transduction. Reproduced with permission from [65].
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Cytotoxicity due to light-induced delivery of P-(cCPP)-KLAK into cancer cells. (a)
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Viability of the PC-3 cells as a function of the illumination time and dose. (b) Light-induced

cytotoxicity by P-(cCPP)-KLAK against various cancer cell lines. Reproduced with

permission from [65].
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Schematic illustration of the multifunctional stimuli-responsive nano-carrier system for
achieving selective and enhanced uptake by target cells. Specific internalization into the
target cells was observed, due to the subsequent low-pH-responding removal of PEG and
mADb-PEG moieties. Reproduced with permission from [78].

Adav Drug Deliv Rev. Author manuscript; available in PMC 2014 October 15.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Huang et al. Page 28

A Non-ionized polyHis(2K)
!
PEG (2K) ,‘

Figure9.
Schematic illustration of the low pH-induced “pop-up” targeting mechanism of the TAT-
conjugated micelles. Reproduced with permission from [80].
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Figure 10.
Schematic illustration of the cleavable-PEG and TAT co-modified liposomes. The

liposomes are calcein-loaded and rhodamine B-phospholipid (Rh-PE) labeled. Reproduced
with permission from [81].
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Figure11.

The MMP2-dependent dePEGylation of a CPP-based imaging system. Removable PEG
(wavy-gray) was immobilized on the surface of a magnetofluorescent nanoparticle via an
MMP2-substrate peptide (jagged-yellow) to shield the activity of CPP (jagged-blue).
DePEGylation occurred in the tumor microenvironment following MMP-2 cleavage, and the
CPP were exposed. Reproduced with permission from [59].
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Figure 12.
Schematic illustration of MMP2-specific dePEGylation and intracellular delivery of
quantum dots (QDs). Reproduced with permission from [82].
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MMP2-cleavable PEGylated immunoliposomes and the activation of TAT-mediated

intracellular delivery in tumor. Reproduced with permission from [83].
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Figure14.
Schematic illustration of the UV-activatable looped TAT-liposomes. Reproduced with
permission from [89].
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Schematic illustration of the thermally triggered cellular uptake of QDs. Above the LCST,
the shielded CPP molecules were exposed on the surface of the micelles due to dehydration
and collapse of the PNIPAAmM chains, and CPP became active thereby resulting in enhanced

cell penetration of QDs.
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Schematic illustration of the targeting mechanism of the prodrug-type TAT-Casp3. TAT-
Casp3 was specifically activated by the HIV protease that was present in infected cells and,

consequently, resulted in cell apoptosis. On the contrary, TAT-Casp3 remained as the

inactive zymogen in healthy cells. Reproduced with permission from [92].
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Figure 17.

Structure of TAT-Casp3 WT (nether) and Casp3 (zymogen, upper). Comparing with the
Casp3 zymogen, the Pro domain was substituted with TAT, and the endogenous two
cleavage sites (red bars, upper) were substituted with the HIV proteolytic cleavage sites, p7-
p1(D) and p17-p24(A) (red bars, nether). Reproduced with permission from [91].
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Figure 18.

Structure of TOP3 and its HIF-activated process. TOP3 consists of three domains: TAT
protein transduction domain, the ODD of HIF-1, and procaspase-3 domain. The stability of
TOP3 was regulated by the ODD. Only in hypoxic cells, the TOP3 would remain stable. The
procaspase-3 domain was activated under hypoxic conditions and consequently induced cell

apoptosis. Reproduced with permission from [95].
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The Impenetrable Shield and All-piercing Spear (illustration comes as the courtesy of the

Chinese Savvy)
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