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Abstract. The internalization of bioactive molecules is one of the most critical problems to

overcome in theranostics. In order to improve pharmacokinetic and pharmacodynamic proper-

ties, synthetic transporters are widely investigated. A new nanotechnological transporter, gH625,

is based on a viral peptide sequence derived from the herpes simplex virus type 1 glycoprotein

H (gH) that has proved to be a useful delivery vehicle, due to its intrinsic properties of inducing

membrane perturbation. The peptide functionalization with several kinds of nanoparticles like

quantum dots, dendrimers, and liposomes could be of particular interest in biomedical applica-

tions to improve drug release within cells, to increase site-specific action, and eventually to

reduce related cytotoxicity. © The Authors. Published by SPIE under a Creative Commons

Attribution 3.0 Unported License. Distribution or reproduction of this work in whole or in part requires

full attribution of the original publication, including its DOI. [DOI: 10.1117/1.JNP.7.071599]
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1 Introduction

The membrane bilayer is a semipermeable barrier defining the interior (or cytoplasm) of an

individual cell. The existence of this finely tuned barrier confers to cells their potential to survive

and function properly. Nevertheless, crossing the cellular membranes remains a major obstacle

for the delivery of therapeutics.1,2 The lipophilic nature of biological membranes restricts the

direct intracellular delivery of most compounds, and whereas small molecules and ions can dif-

fuse across the barrier, large molecules (more than 1kD) are generally excluded from simple

diffusion into the cell. The differing hydrophobicity/hydrophilicity of the lipid membrane

can make transfer across this barrier extremely difficult, due to differences in solubility.

Novel compounds with therapeutic potential are strictly dependent on their pharmaco-

distribution properties to reach the stage of pharmaceutical preparations and stimulate industrial

interest. In particular, many pharmaceutical agents should be delivered intracellularly to exert

their therapeutic action inside the cytoplasm or on individual organelles, such as nuclei (targets

for gene and antisense therapy), lysosomes (targets for the delivery of deficient lysosomal

enzymes) and mitochondria (targets for pro-apoptotic anticancer drugs).

Several basic cellular mechanisms can be exploited for the intracellular delivery of a com-

pound across the plasma membrane. There are active mechanisms, such as endocytosis, and

passive mechanisms, such as translocation across the lipid bilayer; alternatively, there are highly

invasive procedures, such as microinjection and/or electroporation, which could cause transient

damage to membranes. The use of viral particles as delivery tools, which seemed very promising

for gene therapies, presents several problems in terms of side effects and toxicity.3
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Recently, cell-penetrating peptides (CPPs) have been used extensively, due to their capability

to transport several kinds of macromolecules across the bilayer in vitro and in vivo.4–6

CPPs are short and usually basic amino acid rich peptides that can cross biological barriers.

Although the mechanism of cellular uptake is still unknown, CPPs are able to deliver various

entities into cells, including small molecules, peptides, proteins, DNA/RNA, liposomes, and

other supramolecular aggregates. They are usually divided into three classes: protein derived

peptides (such as TAT, penetratin or pANTP, transportan, and HSV-1 VP22), amphipathic pep-

tides resulting from the sequential assembly of hydrophobic and hydrophilic domains (such as

MAP, MPG, and Pep-1), and synthetic or cationic peptides such as poliarginines (such as Arg9).7

The uptake mechanism of CPPs is still debated and is believed to involve mainly the endo-

cytic pathway, trapping the conjugated cargo in endosomes and eventually ending in lysosomes,

where common enzymatic degradation mechanisms take place, decreasing its intracellular bio-

availability. In order to avoid the endocytic pathway completely or partially, it is paramount to

discover new molecules with different mechanism of uptake.

Recently, great attention has been devoted to viruses; in fact, many viruses have evolved

quite efficient systems for endosomal release.8 Therefore, the discovery of new methodologies

to reproduce their behavior represents a key objective. Since viruses may enter cells either through

a endosomal pathway or via direct fusion on the plasma membrane through the activity of

membranotropic peptides, great attention has been devoted to the study of hydrophobic peptides

that traverse biological membranes efficiently, promoting lipid-membrane reorganizing processes

such as fusion or pore formation and involving temporary membrane destabilization and

subsequent reorganization,7,9 which may be able to circumvent the endosomal entrapment by

favoring the escape from the endosome or by translocating a cargo through the plasma membrane

directly into the cytosol. Delivery across cellular membranes involves several mechanisms, such as

direct transfer through the cell surface membrane by lipid membrane fusion or transient perme-

abilization of the cell membrane. Alternatively, following endocytosis, transfer across vesicular

membranes by lipid disruption, pore formation, or fusion may take place. Several of these mem-

brane reorganization steps are also involved in the cell entry of viruses and other microorganisms,

as well as being triggered by protein toxins and defense peptides.10 Several related processes, such

as intracellular vesicle budding, cell-to-cell fusion,9 sperm-egg fusion, and the immune response,

share common features with the mechanism of viral-induced membrane fusion.

The 19-residue peptide gH625 (from aa 625 to aa 644) is a membrane-perturbing domain

derived from the gH fusion glycoprotein of herpes simplex virus type I.11,12 It interacts with

biological membranes and is implicated in the merging of the viral envelope and the cellular

membrane.13,14 The peptide contains particular residues that are crucial for its capacity to interact

with and destabilize target lipid membranes. It is rich in hydrophobic residues, including gly-

cines, leucines, alanines, and aromatic residues such as tryptophan and tyrosines, which are

known to be located preferentially at the membrane interface. This hydrophobic domain is

also crucial for insertion of the peptide into the membrane.

An amphipathic α-helix is believed to be an important feature of fusion peptides, playing a

crucial role in mediating lipid-protein interactions during the binding of proteins to membranes.

Once bound, the hydrophobic face of the amphipathic peptide would allow the peptide to enter

the membrane interior with an oblique orientation, thereby triggering local fusion of the mem-

brane leaflets, pore formation, cracks, and membrane fusion.

The viral membranotropic peptide gH625 has been shown to interact strongly with and

penetrate the lipid-phase spontaneously and insert into membranes.15 The peptide-lipid inter-

actions are initiated by the arginine residue located at the C-terminus; in fact, when the arginine

is mutated, the fusogenic activity of the peptide is strongly impaired.16 Compared with the TAT

peptide, which mainly exploits the endocytic pathway, gH625 crosses membrane bilayers mainly

through a translocation mechanism. A version of this fusogenic peptide one amino acid shorter

than HSV-1 gH (missing the histidine at position 625) was also found to improve the endosomal

release of DNA/Lipofectamine lipoplexes and transgene expression up to 30-fold in human cell

lines.17 It has been recently demonstrated that gH625 can traverse the membrane bilayer and

transport into the cytosol several compounds, such as quantum dots (QDs),16 liposomes,18

NPs,19 and dendrimers.20

This review focuses on different delivery applications of gH625.
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2 Functionalization of Quantum Dots

QDs are a new class of fluorescent probes under intense research and development for broad

applications in molecular, cellular, and in vivo imaging; compared with organic dyes and fluo-

rescent proteins, they have unique functional and structural properties, such as size and

composition-tunable fluorescence emission, large absorption cross sections, and exceptional

brightness and photostability.21 Furthermore, QDs are a well-characterized family of engineered

nanostructures that provide an excellent model system to test toxicity. Many in vitro studies have

suggested that nanomaterials almost always induce toxic responses, which is essentially corre-

lated to the particle breakdown and subsequent release of toxic metal ions22,23 and the production

of reactive oxygen species.24 However, properly coated and passivated QDs do not exhibit acute

toxicity in vivo.25,26 Thus, the coating of QDs with peptide delivery molecules represents a novel

strategy to enhance delivery and reduce toxicity.

In addition, the excellent photostability of QDs gives them great potential in cellular labeling

and bioimaging, which have been exploited in different kinds of biological systems.21 Although

considerable success has been achieved in using QDs for labeling fixed cells and for imaging cell

membrane proteins, only limited progress has been made for molecular imaging inside living

cells. Thus, wide application of QDs to intracellular and molecular imaging has been hampered

by their insufficient ability to traverse cell membranes. Therefore, in order to use QDs as bio-

logical probes for intracellular applications, their delivery needs to be significantly improved,

and the methods actually used are still inefficient. Several authors have recently reported on the

functionalization of QDs with the TAT peptide or other positively charged CPPs as an enhancer

of cell penetration, and they have established that the main route of entrance is via endosomal

uptake; therefore, escape from the endosomal system is paramount.27–29 There is thus a great

need to identify novel molecules that use different internalization mechanisms and may prove

useful in the delivery of QDs.11

In order to assess the ability of gH625 to deliver a cargo inside the cell, QDs were used as a

model. QDs alone have a poor affinity for the plasma membrane of HeLa cells at the concen-

tration of 50 nM. The peptide conjugation of QDs enhanced their membrane-bound ability, pro-

viding a favorable condition for cellular internalization. Moreover, the gH625-QDs are

internalized more effectively than TAT-QDs, and their internalization only partially involves

the endocytic pathway. Furthermore, gH625 showed very low toxicity during in vitro studies

when used at concentrations of up to 400 μM. Therefore, QDs conjugated with gH625 may

represent a novel and useful delivery tool.

It is important that, when conjugated with QDs, gH625 exerts an action of translocation

through cellular plasma membranes, which seems to be only relatively dependent on the endo-

cytic route of entry. It has been previously reported that TAT peptides conjugated with small

molecules enter cytoplasm and eventually the cell nuclei, while TAT QDs remain trapped in

vesicles. This difference in the intracellular fate of TAT peptide-conjugated molecules and TAT

QDs is likely to be a consequence of the difference in the size of the cargo. QDs have a diameter

of about 1 to 10 nm and cannot escape efficiently from vesicles. On the contrary, gH625-QDs are

present in the cytoplasm in a more punctuated form in comparison with TAT QDs.16 Therefore, a

difference in mechanism of entry between TAT-QDs and gH625-QDs has been hypothesized,

and this is of particular interest because peptides with different biophysical characteristics can

condition the entry pathway of the same macromolecular cargo. These results provide new

insights into the mechanism of gH625-mediated delivery and for the development of nanopar-

ticle probes for intracellular targeting and imaging (Fig. 1). Similar delivery methods may enable

the implementation of the next generation of QDs capable of long-term intracellular monitoring.

3 Functionalization of Lipid-Based Nanocarriers

Liposomal aggregates have been successfully used as in vivo carriers of active principles;30 they

display some unique pharmacokinetic properties and can be adapted to a wide range of thera-

peutic agents. Liposomes are nontoxic, biodegradable, and non-immunogenic, and their size

ranges in mean diameter from 50 to 300 nm. The use of liposomal drugs could help in protecting

the encapsulated drugs from chemical or metabolic degradation after injection, in reducing
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toxicity through decreased exposure of anti-neoplastics to susceptible healthy tissues, and in

enhancing antitumor activity resulting from a relatively long systemic circulation time, an

extended exposure, and tumor-selective accumulation at specific sites of tumor growth. In par-

ticular, liposomes exhibit preferential extravasation and accumulation at the site of solid tumors,

due to increased endothelial permeability and reduced lymphatic drainage in these tissues, which

has been defined as enhanced permeability and retention effect.31 A drug encapsulated in lip-

osomes shows marked changes in its pharmacokinetic and pharmacodynamic properties and

lower systemic toxicity, while being also protected from early degradation and/or inactivation.32

To enhance the antitumor efficacy of liposomal drugs, many research groups are working

toward the improvement of their cellular internalization through the addition of surface ligands.

Several peptides, such as penetratin and TAT, have been successfully used for the intracellular

delivery of liposomes.33 Liposomes decorated with gH625 and loaded with doxorubicin can be

prepared by different synthetic procedures which involve the coupling of the peptide to the lipid

moiety before or after the assembly of the liposome. The ideal strategy depends strongly on the

peptide and on the drug. The coupling of a hydrophobic peptide is complicated by the low solu-

bility of the compound and by the higher tendency of the peptide to locate in the hydrophobic

region of the bilayer, rather than on the external surface. Thus, the preferable way to obtain

liposomes functionalized on the surface with a hydrophobic peptide consists of the coupling

of peptide derivatives on pre-assembled liposomes. gH625-modified liposomes were prepared

by using a post-aggregation strategy according to click-chemistry procedures.18 The ability of

gH625-functionalized liposomes loaded with doxorubicin to penetrate inside cells was evaluated

by confocal microscopy experiments.

Cells were incubated with a 1-μm solution of free Dox, of Dox-loaded liposomes, and of

gH625-functionalized liposomes at 37°C. The results obtained after five hours of incubation

show that, as expected, free Dox can enter the cell and translocate into the nucleus. Dox-loaded

liposomes also enter cell nuclei, where fluorescence due to Dox accumulation in DNA can be

observed together with a slight diffuse fluorescence in the cytoplasm suggestive of Dox release

from the liposomes. Conversely, gH625-functionalized liposomes encapsulating Dox accumu-

late in the cytoplasm without entering the nucleus. These results suggest that the functionaliza-

tion of liposomes with gH625 could affect the uptake mechanism of liposomes, escaping the

lysosome accumulation, allowing a more homogeneous intracytoplasmic distribution, and

modulating the Dox release. Although the mechanism still remains to be established, the

Fig. 1 Intracellular delivery: endocytic mechanisms compared to translocation.
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obtained results could be useful in the design of carriers for a controlled delivery and release of

Dox in order to avoid side effects associated with Dox itself.

4 Functionalization of Polymeric Nanocarriers

Dendrimers are perfectly branched macromolecules with a well-defined structure34 that exhibit

properties very different from linear polymers with the same composition and molecular

weight.35 The high concentration of terminal functional groups on a dendrimer’s surface deter-

mines the solubility of the entire compound—dendrimers have been used as unimolecular

micelles, i.e., hydrophobic dendrimers that are water soluble due to peripheral hydrophilic

groups or vice versa.36,37 Traditional dendrimers are synthesized from monomers with the struc-

ture AB
n
;38–40 from one generation to the following, the dendrimers grow radially with an expo-

nential increase in both mass and number of free termini but only a minimal increase in the

physical size of the structure. This causes the termini to become more closely packed. Unlike

many other scaffolds, however, dendrimers have the benefit of a highly controlled synthesis, as

well as yielding a single monodisperse compound, giving perfect control over the size, weight,

and terminal functionalities of the resulting structure. Moreover, highly branched structures gen-

erally exhibit longer blood circulation times, due to their inability to pass through renal pores.41

Dendrimers have been shown to have extended lifetimes in vivo,42 whereas lipid complexes are

usually cleared from circulation rapidly by splenic and hepatic phagocytes.43

Dendrimers are now considered a very promising tool for drug delivery, thus combining

the advantageous features of nanoparticles (such as ideal size as in vivo carriers and multiva-

lency) of polymeric materials (such as low cost, tunable properties, and biocompatibility) and of

small molecules (such as monodispersity and detailed control of their properties).35,44 The

mechanism of dendrimer uptake and intracellular trafficking is yet to be established.45 PAMAM

dendrimers46 and PAMAM dendrimers functionalized with the TAT peptide47 have been proved

to involve essentially endocytosis mechanisms for internalization and intracellular trafficking,

indicating that the addition of TAT failed to enhance delivery efficiency. Other studies using

cationic PAMAM dendrimers showed that the dendrimers can insert themselves into the lipid

bilayer, thanks to their potential to weaken the membrane bilayer or form holes.48

The combination of the benefits of dendrimers and peptide chemistry may prove useful for

the development of a selective carrier that could cross the membrane and be efficiently targeted

inside the cell. Targeted dendrimeric systems offer several advantages in their delivery, and their

surface modification by means of conjugation or adsorption of a biospecific ligand may allow

their delivery to specific sites and the modulation of drug release, minimizing toxic effects and

increasing intracellular bioavability.49

The binding of gH625 to the dendrimer combines the benefits of dendrimer chemistry with

those of a cell internalization unit that can cross the cell membrane mainly via a non-active

translocation mechanism. The synthesis of a poly(amide)-based dendrimer containing terminal

peptide chains and their cell uptake in vitro has been reported recently. The chosen dendrimers

had been previously shown to exhibit high biocompatibility, due to their peptide-like back-

bone.50,51 The structure of peptidodendrimer, the poly(amide) dendrimer terminated by gH625

peptides, is shown in Fig. 2. The peptidodendrimer can fuse model membranes like liposomes

even more significantly than the peptide alone. Moreover, it is unable to fuse the inner monolayer

or induce leakage of vesicles. The peptidodendrimer’s ability to enter the cells was confirmed by

using both qualitative and quantitative methods, and evidence showed that the peptidodendrimer

is able to enter cells through a passive translocation mechanism, allowing the cargo to be released

directly into the cytoplasm, as opposed to entrapment in endosomes, from which the cargo may

not be able to escape before lysosomal degradation. Thus, the dendrimeric scaffolds may be a

promising tool for an efficient drug delivery engine.20

5 Functionalization of Polystyrene Nanoparticles

Therapies for neurological disorders actually are limited by the inability of the therapeutic agents

to cross the blood-brain barrier (BBB) efficiently.52 The BBB is a selective and dynamic barrier
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protecting the brain against invading organisms and unwanted substances; it also represents a

formidable obstacle to the effective delivery of drugs to the central nervous system (CNS). For

this reason, it is fundamental to identify and develop more effective strategies to enhance drug

delivery to the brain for the therapy and diagnosis of neurological pathologies.

It is now well known that there are several invasive or non-invasive transport routes by which

drugs enter the brain. The invasive approaches mainly consist of a temporary disruption of the

BBB, allowing the entry of a drug into the CNS, or of direct injection by means of intraven-

tricular or intracerebral administration,53 while the non-invasive ones involve the systemic appli-

cation of colloidal drug carriers undergoing a receptor or adsorptive mediated transcytosis

mechanism54 or the passing of the BBB via intranasal delivery.55

To overcome this problem, fluorescent polystyrene nanoparticles could be functionalized

with the membranotropic peptide gH625. Nanomaterials, such as nanoparticles, differ from

other materials, due to a number of special characteristics, including small particle size,

large surface area, shape, chemical composition, and charge. Together these characteristics

give nanoparticles numerous advantages over other delivery systems, and the targeted delivery

of drugs using nanocarriers for the treatment of diseases is a major focus of interest.56

The effect of gH625 on the penetration of 100-nm polystyrene nanoparticles (NPs) was ana-

lyzed using an in vitro BBB model based on bEnd3, an immortalized mouse cerebral endothelial

cell line. The intracellular uptake of NPs with gH625 by brain endothelial cells was greater than

that of the unfunctionalized NPs, and their intracytoplasmatic motion was mainly characterized

by a random-walk behavior indicative of a passive mechanism of internalization. Most impor-

tantly, the gH625 peptide decreased NP intracellular accumulation as large aggregates and

enhanced the NPs’ crossing of the BBB.

This system represents a cell translocation motif never reported before in a BBB in vitro

analysis and could be applied to the design of a drug delivery system homing to the brain

and bypassing the endocytosis entrapment. Therefore, these novel nanoshuttles could be

regarded as a promising strategy for engine delivery systems for the administration of therapeu-

tical compounds to the brain.19

6 Conclusions

Cell-penetrating peptides are considerably important for the purpose of delivering cargoes to the

insides of cells, and hundreds of sequences fall within CPP classification. The process by which

membrane translocation is achieved has received great attention with the aim of raising the effi-

ciency of penetration. Most well-studied peptides are able to deliver themselves as well as a

cargo across the plasma membrane, although there is strong support for the involvement of endo-

cytic pathways. The discovery of novel systems that use non-canonical mechanisms for inter-

nalization may lead to greater efficiency, both from a therapeutic and a diagnostic point of view.

Most drugs are internalized by endocytosis mechanisms with a consequential set of limitations in

biodistribution, specificity, and toxicity. On the contrary, novel delivery tools that are able to

Fig. 2 Structure of peptidodendrimer. The helices represent the gH625 peptide sequence.
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cross biological membranes using a completely or at least partially different mechanism of inter-

nalization may open up new avenues for the administration of drugs with a lower impact on the

health of patients. This review focuses on recent data obtained on a viral membranotropic peptide

gH625 derived from herpes simplex type 1 and its use, as well as the advantages over other CPPs

as a drug delivery tool. The data summarized in this review suggest that membranotropic sequen-

ces represent a new and valuable tool for intracellular delivery for applications in theranostics.

The opportunity to use a delivery tool with a different internalization mechanism may represent

the possibility of reducing the dosages and thus increasing the results of therapies, contempo-

raneously reducing toxicity.

In conclusion, nanothechnology is developing rapidly and is addressing the safety issue

correlated with the use of nanosystems as drug delivery systems, especially for long-term

applications. The use of QDs is also particularly important, as they represent a versatile platform

which combines unique physical, chemical, and optical properties that may facilitate in-depth

studies of interactions of nanosystems with biological systems through real-time monitoring of

biodistribution, intracellular uptake, drug release, and long-term fate. QDs offer a powerful plat-

form for studying the behavior of a diverse set of nanovehicles, leading to the design of novel

systems for drug delivery.
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