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Peptides for specific intracellular delivery and
targeting of nanoparticles: implications for
developing nanoparticle-mediated

drug delivery

The use of peptides to mediate the delivery and uptake of nanoparticle (NP) materials by mammalian cells has
grown significantly over the past 10 years. This area of research has important implications for the development
of new therapeutic materials and for the emerging field of NP-mediated drug delivery. In this review, we highlight
recent advances in the delivery of various NPs by some of the more commonly employed cellular delivery peptides
and discuss important related factors such as NP—peptide bioconjugation, uptake efficiency, intracellular fate and
toxicity. We also highlight various demonstrations of therapeutic applications of NP—peptide conjugates where
appropriate. The paper concludes with a brief forward-looking perspective discussing what can be expected as this

field develops in the coming years.

Nanoparticles in

therapeutic applications

®m Therapeutic delivery & the role

of nanoparticles

The goal of pharmaceutical research has tradi-
tionally focused on the development of new drug
formulations and novel therapeutic compounds to
treat an array of diseases. Coupled with this pur-
suit is the need to develop effective delivery modal-
ities. While many drugs have successfully entered
the commercial market, progress along this pipe-
line is not without limitations. For example, many
drugs are compatible with only a limited number
of delivery methods and are typically designed for
systemic delivery, where they are susceptible to
metabolic breakdown [1-3]. Furthermore, systemic
delivery requires high dosage levels as the drugs are
distributed and partitioned throughout the body.
As a result, systemically administered drugs are
often hampered by nonspecific toxicity and side
effects in nontargeted cells and tissues, often limit-
ing the number of doses that can be administered
to patients. Thus, the need to identify more spe-
cific and targeted delivery modalities to increase
the therapeutic indexes of drugs remains a key
roadblock in the development of the next genera-
tion of therapeutics [4]. It is against this backdrop
that the burgeoning field of nanoparticle (NP)-
mediated drug delivery (NMDD) has emerged, to
potentially address a number of the critical issues
facing the delivery of pharmaceuticals.
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Nanoparticles encompass a class of materials
broadly defined as being 100 nm or less in size
and span an array of compositions including met
als, semiconductor quantum dots (QDs), oxides,
polymers, vesicles (e.g., micelles/liposomes), car-
bon-based materials (e.g., nanotubes, fullerenes
and nanodiamonds) and protein- and nucleic
acid-based particles. Examples of these materials
and some of their unique properties and potential
therapeutic properties are listed in Taste 1. NPs
also possess a number of physical attributes that
make them attractive for use in therapeutic and
biomedical applications. Their small size allows
them to gain access to areas that are otherwise
not reachable by other materials (e.g., the blood—
brain barrier [BBB], the CNS, the GI tract, capil-
laries and the lymphatic system). Second, their
high surface-to-volume ratio affords them the
ability to be decorated with a large cargo ‘pay-
load’ on a relatively small frame; large numbers
of cargo molecules (e.g., drugs and labels) can
be loaded onto just a few particles. Perhaps the
concept driving the most interest in this area is
the potential role of NPs in the development of
‘theranostic’ materials; materials that incorporate
both a diagnostic and a therapeutic capability into
a single species. This arises from NPs” unique size
combined with their ability to be ‘loaded” with
multiple disparate functional moieties (Ficure 1).
When these NPs are then further conjugated to
small targeting peptides (typically <40 amino
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Material
Noble metals

Semiconductor
quantum dots

Oxides
Polymers

Vesicles

Proteins

Nucleic acids

412

Examples

Gold, silver
and platinum

CdSe/ZnS core-shell
guantam dots (CdTe,
CdS and InP)

Iron oxide
Poly(lactic-co-glycolic
acid), poly(amido
amine) and
dendrimers

Micelles and
liposomes

Therapeutic proteins
(e.g., Abraxane® —
albumin carrier

of paclitaxel)

Small interfering RNA,
antisense RNA and
plasmid DNA

Properties

Biocompatible, bacteriostatic, unique
electromagnetic, optical and
catalytic properties

Ease of bioconjugation, optical
properties ideal for biological sensing
and imaging

Magnetic properties for MRI
Biocompatibility, biodegradability and
controlled release

Biocompatibility, biodegradability and
controlled release

Biocompatibility, tunable
pharmacokinetics and targeting

Biocompatibility, tunable
pharmacokinetics and targeting
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Nanoscale properties

Plasmonics and hyperthermic
(heating)

Size-tunable fluorescence
emission from UV to near
infrared; sensitivity to charge
and excellent photosensitizers
Magnetic contrast properties
High drug-loading capacity and
controllable cargo release

High drug-loading capacity
(large S/V) and controllable
cargo release

Capable of genetic manipulation
and ability to be coupled

to drugs

Structural recognition
(e.g., aptamers) and ability to be
coupled to drugs

Ref.
(65,67,116-118]

[35,36,69-70,85,89,
110,115,122-123]

[71-72,75,83,91-93,98]
[73,91,98,125]

[5-8,72,119-120]

[112,113]

[73-74,99,100,103,
119,120,124]

acids), ‘value-added’ constructs that are capable of
far more than each individual component can be
realized. Select examples from the literature have
already demonstrated the feasibility of generating
hybrid NP—peptide constructs in which the pep-
tide adds a critical new function not inherently
possessed by the NP (e.g., sensing and homing to
cells). For example, micelles and liposomes that
are functionalized with cell-penetrating peptides
(CPPs) derived from the HIV-1 Tat protein yield
hybrid ‘smart’ materials that can respond to the
acidic pH environment of the tumor interstitium,
allowing for cellular uptake of the drug-loaded
vesicles only after they are appropriately targeted.
This is achieved by the ‘shielding’ of the CPP
with either a pH-sensitive binding partner or by
burying the CPP within a pH-sensitive layer of
poly(ethylene glycol) (PEG) [5-8]. In this review
we examine the current trends in the use of pep-
tides for the cellular delivery of a range of NP
materials of biomedical relevance. We begin
with a brief discussion of the various methods
for the delivery of NPs to cells and current bio-
conjugation techniques that are available for gen-
erating functional NP—peptide constructs. We
then present recent examples from the literature
demonstrating the cellular delivery of a variety
of NPs using the most commonly employed pep-
tides. Both in vitro and in vivo examples of the
peptide-mediated delivery of NP-based imaging
agents (fluorescence and magnetic resonance),
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drug-delivery vehicles, therapeutic proteins and
nucleic acids are highlighted and, where appro-
priate, the therapeutic applications of these
constructs are presented.

m Cellular delivery of nanoparticles

Several features are desirable in the development
of delivery strategies for the intracellular delivery
of NPs for therapeutic purposes. These include:

The ability to deliver sufficient amounts of NP
materials intracellularly to mediate the desired
function (e.g., cellular labeling/imaging,
sensing and drug delivery);

The ability to deliver the NPs in a specific,
controlled manner to only the targeted
cell population;

The elicitation of minimal cytotoxicity.

Currently, the approaches available for the
intracellular delivery of NPs can be broadly
grouped into three main strategies based on their
inherent physicochemical properties.

Passive delivery relies on the use of the inher-
ent physicochemical properties of the NP itself
(e.g., surface composition, functionalization
and charge) to mediate cellular uptake. The
uptake process is carried out by pinocytosis, a
nonspecific, nonreceptor-based form of endocy-
tosis in which minute amounts of liquids, sol-
utes and small materials are internalized within

future science group
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Figure 1. Bioconjugation of peptides to nanoparticles. Multifunctional nanoparticle assembly.
Shown is a representative nanoparticle decorated with multiple disparate functional molecules
(e.g., nucleic acids, proteins, drugs and peptides). Robust conjugation of biomolecules to the
nanoparticle surface is critical for the development of ‘value-added’ constructs that can serve
multiple functions within one nanoparticle platform.

PEG: Polyethylene glycol.

plasma membrane-derived vesicles. This delivery
approach has been used for the labeling of numer-
ous cell lines with a variety of NP materials includ-
ing nanodiamonds (9], QDs [10] and Au-NDs [11].
While this delivery approach is noninvasive and
requires no functionalization of the NP surface
other than to render the NP hydrophilic/soluble,
it lacks the degree of specificity or cell-targeting
ability that is required for therapeutic applica-
tions. Passive delivery also typically requires that
a large amount of material be exposed to the cells
to compensate for the lack of specific uptake.
Active delivery involves the direct physical
manipulation of the cell (specifically, the plasma
membrane) to introduce NDPs into the cell.
Techniques such as electroporation and nucleofec-
tion, originally developed for the cellular delivery
of nucleic acids, utilize a brief electrical pulse to
permeabilize the phospholipid bilayer of the plasma
membrane to allow entry of membrane-proximal
materials into the cellular cytosol. Nucleofection

further utilizes a transfection reagent to direct the
delivered materials to the nucleus. These tech-
niques have been demonstrated for a variety of
NP materials, including QDs [12], silver NPs [13],
poly(lactic-co-glycolic acid) (PLGA) NPs [14] and
various nucleic acids [15]. Microinjection, as the
name implies, involves the use of a capillary (typi-
cally borosilicate glass) bearing a nanometer-sized
orifice to directly deliver femtoliter amounts of
materials to the cytoplasm [16,17]. Although they
have the ability to deliver large amounts of NP
material directly to the cellular cytosol, active
delivery methods are limited in their therapeutic
utility in several ways. Electroporation and nucleo-
fection are exclusively iz vitro techniques and are
not amenable for 7z vivo use, . Furthermore, they
lack specificity and are often associated with a
high degree of cell mortality. Microinjection,
while highly specific, is limited to the manipu-
lation of only a few cells at a time and, thus, is
limited in its throughput.
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Facilitated delivery involves the decoration of
the NP surface with biological (e.g., peptides,
proteins or nucleic acids) or chemical (e.g., lipid-
based transfection reagents, drugs or small nutri-
ents) moieties aimed at targeting specific cell
surface receptors. Within this group, peptides
offer several unique advantages that make them
rather attractive for therapeutic delivery appli-
cations. Their small size minimizes the overall
radius of the resulting peptide—NP conjugate
while still affording a high valence (number of
peptides per NP). Furthermore, their size reduces
immunogenicity iz vivo. Peptides are economi-
cal and facile to produce as they can be easily
synthesized commercially or expressed recom-
binantly in the laboratory. From a functional
perspective, peptides are biocompatible, derived
from naturally occurring protein precursors and
can be very specific and bind with high affinity
to their cognate receptors, often with affinities
comparable to those of full-length antibodies [18].
Finally, multiple different peptide species can be
arrayed around the NP to incorporate multifunc-
tionality or produce a ‘value-added” material that
serves multiple purposes in one NP. For these
reasons, peptides represent a very attractive and
useful class of molecules for the development of
NPs for therapeutic delivery.

Bioconjugation of peptides

to nanoparticles

Beyond the individual properties of the NPs and
peptides to be exploited in a bioconjugate, per-
haps the next most relevant issue is the chemistry
utilized to join them together as this has direct
ramifications for subsequent function. Before
briefly discussing the currently available NP bio-
functionalization chemistries, it is quite helpful
to visualize six ideal criteria or properties desired
from such bioconjugations as they illuminate the
potential impact on final utility [19]. Ideally, the
chemistry would attach the peptide to a NP in
one of the following ways:

In a homogenous manner;

With control over its final orientation;

With control over its distance from the
NP surface;

With control over ratio or valence on the
NP surface.

The goal is to uniformly display the peptides
on the NP surface with their active regions all
clearly extended away and available for activity.

Therapeutic Delivery (2010) 1(3)
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For example, the commonly utilized oligoarginine
(Arg ) motifs used in many CPPs require the posi-
tive charge on the arginines to be clearly avail-
able for direct interaction with the extracellular
membranes, as this initial binding facilitates sub-
sequent endocytic uptake [20]. If the Arg_are not
clearly available by either being bound around
the NP surface, sterically blocked by NP surface
ligands or alternatively attached in a heteroge-
neous manner, this can result in mixed func-
tional avidity with some NPs undergoing high-
efficiency uptake while others do not. Further,
the density or ratio of CPP on NP surfaces is rel-
evant, as efficient uptake of CPP-functionalized
NPs also requires a high ratio of peptide on the
surface. Low functionalization levels may not be
sufficient for uptake, especially when applying
small concentrations of NP materials to cells [20].
Another factor with ramifications, in particular
for developing NMDD, is that of controlling the
peptides affinity to the NP surface. It is becoming
increasingly desirable to attach peptides function-
alized with cargos such as drugs, contrast agents,
siRNA or sensors to NPs in a manner that allows
them to be released intracellularly at a specific
location where they can have the most impact.
This can only be achieved with a linkage that is
responsive to external stimuli (e.g., light or hear)
or environmental cues (e.g., changes in pH or
presence of a reducing agent/protease) [21]. Last,
and perhaps equally importantly, it would be
extremely utile if these chemistries would allow
any peptide sequence to be attached to any NP
material while still maintaining the previously
described levels of control [19].

A variety of factors go into choosing which
strategy to use when joining a peptide to a NP.
These will be dictated primarily by a combination
of the NP materials themselves, their characteris-
tics, the ligands on their surfaces along with their
functional groups, the peptide sequence itself and
the final utility desired. For example, if a particu-
lar sequence or functional group is required for
subsequent peptidyl activity in the conjugate, such
as the presence of a primary amine, then chemis-
tries that specifically target and modify this group
would not be favored to yield functional com-
posites. A number of related reviews and sources
are available that discuss some of these pertinent
issues and chemistries [22-24]. There are currently
four general strategies commonly applied for
attaching peptides to NP materials (Ficures | & 2)
and each is characterized by its own inherent set
of benefits and liabilities [22]. These conjugation
strategies include the following,.

future science group
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Figure 2. Four general schemes commonly used for the conjugation of peptides to
nanoparticle materials. (A) Electrostatic interactions use opposite charges on the surface of the
NP and the peptide to mediate charge-charge-based NP—peptide assembly. (B) Direct interaction
involves certain peptide motifs that can bind to/coordinate with the NP surface with high affinity.
Examples include the interaction of free thiols with the surface of Au-NPs and the high-affinity
coordination of polyhistidine tracts with NPs (e.g., QDs) with Zn?*-bearing surfaces. (C) Secondary
interactions utilize specific ligand-receptor interactions and are almost completely exemplified by
the biotin—streptavidin interacting pair. The incorporation of the biotin moiety at the peptide’s
terminus can mediate directional assembly of the peptide with the nanoparticle. (D) Covalent
attachment linkages utilize classical bioconjugation chemistry such as EDC-based coupling of amines
to carboxyls and NHS- and maleimide-mediated conjugation to amines and thiols.

Bt: Biotinylate; EDC: 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride;

NHS: N-hydroxysuccinimide.
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m Electrostatic interactions

This is perhaps the easiest strategy to imple-
ment as it usually involves simply mixing the
NP and peptide together to facilitate their self-
assembly. The NP must present the requisite
positively/negatively charged surface with the
peptide having the opposite characteristics. Naik
and co-workers showed that this approach could
even be used to deliver QDs to cells [25]. The pos-
itively charged lysine-rich 21-residue Pep-1 pep-
tidyl sequence was noncovalently associated with
commercial streptavidin-conjugated CdSe/ZnS
core/shell QDs, which facilitated their deliv-
ery to HeLa cells. A subsequent mixed-surface
approach combined biotinylated peptides with
the electrostatically associated Pep-1 to achieve
either organelle targeting or apoptotic triggering
and highlighted the versatility of this approach.
The authors suggested that the Pep-1 carrier
initially associated with the QD conjugates to
allow initial interactions and crossing of the
cell membrane and then dissociated from the
complex, thus permitting further intracellular
targeting [2s]. Electrostatic chemistry has also
been applied to negatively charged citrate-stabi-
lized Au-NPs partnered with a positively charged
coiled peptide and pH changes were even used
as a trigger to alter the electrostatics and control
assembly kinetics [26]. The ratio of peptide per
NP may be somewhat controlled with this chem-
istry assuming that all the peptides would fit
around the NP, however, it is difficult to control
the final orientation that the peptide assumes.

m Direct interactions

Depending upon NP material and its surface
exposure or access to the surrounding aque-
ous environment, certain peptidyl motifs
can bind directly to NPs via high-affinity
interactions/coordination providing access to
another means of bioconjugation. The most com-
mon binding used in this class is that of thiols
directly to Au-NP surfaces and this interaction is
extensively described in several reviews [27.28]. As
cysteines can be placed anywhere within a pep-
tide sequence, the number and position of thiols
can be quite effectively controlled. A further ben-
efit of working with Au-NPs is that should the
peptidyl-thiols be present as protected or linked-
dithiols, the Au can effectively open/reduce then
during attachment. This chemistry is equally
applicable with a number of other noble metal
NPs including Pt, Pd and Ag. Similar approaches
can also be used to attach peptides to the sur-
face of ZnS-overcoated QDs. In this case, the

Therapeutic Delivery (2010) 1(3)

Delehanty, Boeneman, Bradburne, Robertson, Bongard & Medintz

peptides must be reduced first and usually display
multiple thiols for higher affinity binding. The
process for binding thiols directly to QDs pro-
ceeds by a mass action-driven replacement of the
native surface ligands and is commonly referred
to as ‘cap-exchange’. Several impressive examples
demonstrating either intracellular delivery of
QDs [29] or single molecule QD-protein track-
ing [30] have been reported using QD samples
prepared with such multi-cysteine phytochelatin
peptidyl motifs.

Metal-affinity coordination between poly-
histidine residues (His ) usually placed at pep-
tide termini and transition metals including, in
particular, Zn?* present on the QD surface has
been extensively exploited for assembling a vari-
ety of peptides onto QDs. His_sequences were
originally recombinantly appended to expressed
proteins to facilitate their purification over
nitriloacetic acid (NTA) media (31]. This facile
self-assembly process requires only mixing of
the QDs with the His_-appended peptide (com-
monly a His,) to create the final bioconjugate.
QD to His -peptide interactions are character-
ized by rapid assembly (min), with high-affinity
equilibrium binding constants measured for
solution self-assembly (K" ~10° M"), allowing
control over the valence of peptides displayed
per QD through modulation of the molar ratios
used and even, in most cases, providing con-
trol over the peptide’s spatial orientation on the
QD surface [32.33]. An ancillary benefit of using
His -modified peptide sequences is that they
can be collected and purified if required using
NTA media [34]. Using this coordination inter-
action, peptides have been assembled to QDs to
create sensors for monitoring proteolytic activ-
ity 33], for CPP-facilitated cellular delivery [3s)
and for co-delivery of QDs displaying CPP
along with other fluorescent protein cargos [36].
The principle benefit of using cysteine thiols or
His, motifs for direct peptidyl binding to QDs
and Au-NDPs is that they are natural residues
and can be easily incorporated into any nascent
sequence during synthesis. A similar peptide-
based attachment strategy targeting NPs with
oxide surfaces is another possibility. Rather
than exploiting existing residues, however, it
requires that the peptide be modified to display
a hydroquinone moiety to facilitate the NP sur-
face binding [37). Lastly, it is worth mentioning
that considerable research has been focused on
selecting peptidyl sequences that bind to various
metallic surfaces using phage display and related
techniques [38.39]. This may soon translate into

future science group
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the availability of still further peptidyl sequences
capable of mediating direct interactions with
NPs made from the same materials.

m Secondary interactions

This class of binding is exemplified and almost
totally dominated by biotin—avidin chem-
istry [23]. The combination of high intrinsic
affinity, facile synthetic insertion of biotin
groups into peptide sequences as desired, along
with commercial availability of Au-NP, QD
and other NP materials functionalized with
either biotin or avidin/streptavidin also make
it one of the most relied upon NP—peptide bio-
conjugation approaches. An additional benefit
is derived from inserting a single biotin into the
target peptide, thus preventing any potential
cross-linked structures. Placing the biotin at the
peptide termini may also provide some control
over orientation on the NP. Almost all examples
of this chemistry utilize avidin-functionalized
NPs and mono-biotinylated peptides. The con-
verse approach is far more complex, as using a
tetravalent avidin intermediary with biotinyl-
ated NP materials often results in cross-linked
aggregates and requires the further step of link-
ing a peptide to the avidin. One further issue
to be considered with this chemistry is that the
average number of avidin binding sites provided
per NP can fluctuate rather dramatically. For
example, commercially available streptavidin-
functionalized QDs are loosely characterized
as displaying 5-15 streptavidin molecules each
with three nominally available biotin-binding
sites, yielding an estimated maximum of 15-45
conjugation sites per NP 201]. This suggests that
quite a bit of heterogeneity in peptide valence
may be present across the final NP-bioconjugate
ensemble sample.

There has also been a concerted effort to
develop NTA ligands for NP surface func-
tionalization, as these groups can substantially
expand NP-bioconjugation access by providing
targeted binding to His, sequences beyond the
direct QD coordination, as described previously.
Although the NTA groups are first chemically
immobilized onto the NPs surface ligands, the
binding to peptide is indirect or secondary in
this context. The direct benefit of this chemistry
is that potentially any peptide containing a His_
sequence can be conjugated to any NP func-
tionalized with an NTA group and examples of
NP materials thus functionalized to date include
Au-NPs [40); FePt magnetic NPs [37], semi-
conductor QDs [41], Ni-NDPs [42] and Si-NPs [43].

fsg
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NTA functionalized NPs, primarily Au (nano-
probes), are also available commercially along
with some reactive NTA groups.

m Covalent linkage to surface ligands
Following biotin—avidin assembly, the next
most popular coupling strategy covalently
links the peptide to the NP’s surface function-
alization ligands; the latter serve to primarily
provide solubility but may also prevent non-
specific interactions. In most cases, these link-
ages exploit ‘classical’ bioconjugation chemistry
to complete the composite and target primar-
ily amines — thiols and carboxyl groups — as
these are most common on both peptides and
NPs and are easily amenable to modifica-
tion [23]. Chemistries utilized include 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC)/N-hydroxysuccinimide
(NHS) to join amines to carboxyls, maleimides
which target reduced thiols, along with thiol-
exchange, which also targets thiols [23.44]. The
choice in chemistry and groups to be linked
will be driven by what is present on the ter-
mini of the NP surface ligands and what can
be targeted on a peptide without compromising
activity. The single best resource on these types
of chemistries is Hermanson’s Bioconjugate
Techniques, which provides an almost exhaus-
tive overview of all possibilities [23]. Although
focused on modifying biomolecules, the dis-
cussion is still directly relevant as almost all
NP-modification chemistries are drawn from
those applications. Another resource is the sci-
entific literature itself, as the examples where
this type of chemistry have been applied are
too numerous to list. Again some NP materials
(mostly Au-NDPs, Nanoprobes Inc., NY, USA)
are commercially available prefunctionalized
with reactive NHS-esters and maleimides
targeting primary amines and thiols, respec-
tively. Several other chemical strategies are
currently being developed to accomplish the
same types of NP conjugations, including cop-
per (I)-catalyzed azide—alkyne cycloaddition
(CuAAC), chemoselective ligation along with
several enzyme-catalyzed modifications [45-48].
The potential benefit of these latter chemistries
is derived from their bio-orthogonality. That is
they join two unique cognate groups together
without modifying any other functional groups
already present on either the NP or peptide.
Several other factors should also be consid-
ered when bioconjugating peptides to NPs. In
many instances, the final NP—peptide conjugate
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must be purified from unreacted reagents and
byproducts. This can be either quite simple or
rather challenging depending upon materials
and conjugate properties. For example, sepa-
rating semiconductor QD—peptide conjugates
(MW in situ 100 kDa) from free peptides
(MW < 5 kDa) can be readily accomplished
with a desalting column [46]. By contrast,
purifying Au-NPs that are monolabeled with
a peptide from unlabeled Au-NPs can require
extensive optimization with different separation
techniques and chromatographic materials [49].
There are many techniques that can be applied
for these purposes, including chemical extrac-
tions, electrophoresis, various types of chroma-
tography (i.e., HPLC and LC) and differential
centrifugation. However, beyond the protocols
sometimes provided by NP manufacturers,
there are few direct resources to draw on besides
examples reported in the literature. Other issues
that may be relevant include the overall size of
the final bioconjugated NP and whether this
plays any role on the subsequent application.
For example, NP-peptide conjugates with large
hydrodynamic radii may be incompatible with
certain functions, such as nuclear uptake, due
to nuclear pore size limitations. Overall con-
jugate yield, the number of preparatory steps
and the ease of preparation should also be
carefully considered, such that adequate mate-
rials are ready when required. Furthermore,
as individual NP—peptide pairings will be
physiochemically disparate from other com-
posite materials and may also be intended for
different applications, each should be designed
and assembled independently while considering
the issues iterated here. A final consideration
that warrants mentioning is the adsorption of
nonspecific species (e.g., proteins or peptides) to
the NP surface in biological systems. A num-
ber of approaches have been taken to passivate
the NP surface including, for example, the use
of PEG chains to simultaneously impart water
solubility and sterically block the adsorption of
nonspecific proteins.

Peptides in the therapeutic delivery

of nanoparticles

In this section we highlight some of the most
commonly used peptides that have been
employed for the cellular delivery of NPs and
their therapeutic applications are discussed where
appropriate. Each peptide and the associated NPs
for which it has been used for cellular delivery
are summarized in TasLE 2.

Therapeutic Delivery (2010) 1(3)
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m TAT & TAT-like peptides

The TAT peptide was one of the first cell-pene-
trating peptides (CPPs) to be described. Interest
in this peptide stemmed from two independent
reports demonstrating that the 86-residue tran-
scriptional activator protein Tat (encoded by
HIV-1) could be efficiently internalized by cells
when present in the surrounding tissue culture
media [50,51]. Subsequent studies to determine
the domain responsible for cellular uptake
localized the activity to residues 47-57 within
the native Tat protein [s2]. The corresponding
11-mer peptide sequence (YGRKKRRQRRR)
bears six arginines and two lysine residues and
these positively charged residues have been
identified as the key determinants of cellular
uptake as they mediate the initial interactions
of the peptide with the negatively charged cell
surface [53-56]. Accordingly, peptides based on
repeats of or domains rich in positive residues
(e.g., polyarginine and polylysine) have found
great utility as mediators of NP cell internaliza-
tion [57-60]. While it has been firmly established
that the positively charged residues are respon-
sible for uptake, the exact mechanism of cellular
uptake remains somewhat less clear. Indeed, a
number of mechanisms for the uptake of TAT
and TAT-like peptides and their associated car-
gos have been proposed. Evidence exists for two
types of endocytosis: classical clathrin-medi-
ated endocytic uptake and caveolae-mediated
clathrin-independent endocytosis. The work
of Console et al. supported clathrin-mediated
uptake as the authors showed that the TAT pep-
tide colocalized rapidly (within 1 h) with the
classical clathrin-mediated endocytosis marker
transferrin within endosomes [61]. Further cor-
roborating this, Lundberg ez a/. showed that
the uptake was inhibited when the delivery
was performed at 4°C, which inhibits endo-
cytosis [62]. Other evidence points to caveolae-
mediated endocytosis involving the formation
of membrane invaginations composed chiefly
of cholesterol and sphingolipids. Referred to as
lipid rafts, these invaginations mediate a clath-
rin-independent internalization and are several
hours slower than clathrin-mediated endocy-
tosis (reviewed elsewhere [63]). Regardless of
the ultimate mechanism of internalization, it is
clear that electrostatic interactions between the
positively charged residues of the TAT peptide
and the negatively charged residues of heparan
sulfate proteoglycans (and other cell surface
receptors) are essential for initial membrane

binding followed by uptake [55.64]. Typically
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Table 2. Representative nanoparticles delivered into cells by peptides.

Peptide Nanoparticle (size [nm]) Targeted cells (aim of study) Ref.
TAT Quantum dots (4-20) Human embryonic kidney (293), African monkey — [35,36,69,70,134]
kidney (COS-1), HeLa and murine mesenchymal
stem cells (intracellular labeling, in vivo
fate-tracking and in vivo tumor imaging)
Gold particles (5-30) Human and murine fibroblasts [65,67]
(intracellular labeling)
Iron oxide NPs (45) Human CD34+ hematopoietic cells, mouse neural [71]
progenitor cells, (C17.2), human CD4*
lymphocytes and mouse splenocytes (intracellular
labeling and in vivo fate-tracking)
Iron oxide NPs/PEl/ plasmid DNA (>300) Human NT2 neural stem cells, in vivo rat spinal [74]
cord (transgene expression and in vivo
magnetofection/gene expression)
pH-sensitive micelles (35-50) MCF-7 human breast cancer cells (drug delivery) (7.8]
pH-sensitive liposomes (110-160) U-87 MG astrocytoma cells (drug delivery) (5.6]
Iron-loaded liposomes (>100) In vivo rat model of spinal cord injury (in vivo (72]
spinal injury targeting)
Bacterial magnetic NPs/PAMAM/siRNA (>100)  U251-MG glioblastoma cells (in vivo EGFR [73]
expression silencing)
RGD Quantum dots (10-15) Osteoblast cells, MCF-7 and U87-MG (intracellular [80.85,89]
labeling and in vivo tumor imaging)
Iron oxide NPs (15) Endothelial cells (intracellular labeling and in vivo (83.91-93.98]
tumor imaging)
Liposomes (Gd-loaded) (>50) Mouse tumor vasculature (in vivo tumor imaging) [92]
125|-labeled dendrimer (15) In vivo angiogenesis imaging (mouse) [91]
PLGA NPs (300-430) Mouse tumor vasculature (in vivo drug delivery) (98]
Plasmid DNA (>300) Neuronal cells (SH-SY5Y), endothelial cells [99.100]
(intracellular labeling)
siRNA-PEI-PEG (~100) Mouse xenografts (in vivo gene silencing) [103]
Pep-1/Chariot™ Various proteins (GFP, B-Gal, antibodies) (6-20) Fibroblasts (HS-68, NIH 3T3, 293, Jurkat T, COS-7; [104]
intracellular labeling)
Quantum dots (5-10) Fibroblasts (CHO cells; for high-throughput [110]
cell-based drug screening)
Therapeutic proteins (HSP-27, SOD-1) Astrocytes, primary neuronal cells, in vivo gerbil [112,113]
(8-20) model of ischemia and in vivo rat model of spinal
cord injury (protection against oxidative stress)
Organelle-specific Quantum dots (20-50) Vero cells (subcellular compartment labeling) (115]
Au-NPs, fluorescent Au-NPs (3-20) Osteocarcoma, Hela, HepG2 and NIH 3T3 [116-118,135]
(intracellular labeling)
Liposomes-plasmid DNA (100) Epithelial cells (in vitro gene expression) [119.120]
Neuropeptide (Ast 1) Quantum dots (15) Fibroblasts (NIH 373 and A431; [122,123]
intracellular labeling)
Rabies virus-derived  siRNA (5) Neuronal cells (Neuro 2a; in vivo gene silencing) [124]
peptide PAMAM-PEG/plasmid DNA (>300) Brain capillary endothelial cells (in vivo [125]
gene expression)
GFP: Green fluorescent protein, NP: Nanoparticle; PAMAM: Poly(amido amine); PEG: Polyethylene glycol; PEI: Polythelenimine; PLGA: Poly(lactic-co-glycolic acid),
RGD: Arginine—glycine—aspartic acid, siRNA: Small interfering RNA.

the endocytosed NPs remain sequestered within
endocytic vesicles [35.65], although in some
instances nuclear entry has been noted [66.67].
The TAT peptide and its derivatives have been
used for the cellular delivery of a variety of NPs
with implications for therapeutic applications
in many cases.

Cellular labeling & imaging

TAT peptides have found great utility as the
basis of cellular fluorescence and magnetic
labeling reagents in conjunction with various
NPs, and both 77 vitro and in vivo examples
have been reported. Fluorescence labeling stud-
ies using QDs have shown the importance of
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tracking the fate of the TAT-delivered materials
as NP intracellular fate can vary amongst dif-
ferent materials (63]. We used an oligoarginine-
containing TAT-like peptide (R,) to controlla-
bly deliver CdSe/ZnS core/shell QDs into HEK
293T/17 and COS-1 cells 35]. Self-assembly of
the peptide onto the QD surface was driven by
metal affinity interactions between the pep-
tide’s polyhistidine tract and zinc ions on the
QD surface. QD uptake was highly specific for
the presence of the peptide and the efficiency of
internalization tracked with both QD concen-
tration and the number of peptides assembled

Drug-loaded
) PLLA core

sulfonamide

Delehanty, Boeneman, Bradburne, Robertson, Bongard & Medintz

onto the QD. The QDs remained sequestered
within endosomes (Ficure 3A) and no localiza-
tion of the QDs to the nucleus was observed,
even after fixation with paraformaldehyde (an
experimental artifact that has been reported
for TAT-delivered fluorophores and other small
molecules [68]). Importantly, minimal inhibition
of cellular proliferation was noted in both cell
lines tested at the concentrations (~50—75 nM
QD) and incubation time (~1 h) required for
efficient labeling, demonstrating the biocom-
patibility of the NP—peptide conjugates. We
did, however, note that higher concentrations

PolyMag/DNA PolyMag/DNA/TAT

Figure 3. TAT- and TAT-like peptide-mediated cellular nanoparticle delivery.
(A) Polyarginine-mediated delivery of green-emitting CdSe/ZnS quantum dots (QDs) to human

embryonic kidney cells (HEK 293T/17). Endosomes are counterstained with AlexaFluor-647-labeled
transferrin. The inset shows the colocalization of the QDs within endocytic vesicles. (B) Live cell
imaging of 655 nm-emitting streptavidin-conjugated QDs delivered via TAT peptide to Hela cells.
Red arrows show QD-loaded vesicles being trafficked along filipodia and the red box highlights a
vesicle that was recently shed to the extracellular medium. (C) /n vivo tissue imaging using QD-TAT-
labeled mesenchymal stem cells. Shown are red-emitting QDs (arrow) contained within
mesenchymal stem cells that localized to the lung after injection into mouse tail vein. (D) TAT-based
‘smart’ micellar pH-responsive drug delivery system. TAT peptides are ‘shielded” at physiological pH
by electrostatic interaction with polysulfonamide moieties and become exposed at lower pH (tumor
environment). (E) pH-dependent uptake of the TAT-micellar delivery vehicle shown in (D). In MCF-7
cells at pH 7.4 (left, TAT shielded) no uptake is seen while robust uptake occurs at pH 6.6 (right). (F)
Preferential expression of luciferase in the rat cervical spinal after intrathecal injection of commercial
magnetic NPs complexed with PEI and native TAT. Application of an external magnetic field (right
panel) concentrated transgene expression in the meninges (arrows) of the spinal cord relative to
absence of applied magnetic field (left).

PEG: Polyethylene glycol; PEIl: Polythelenimine; PLLA: Poly(i-lactic acid).

(A & C) Modified with permission from [35,70] © ACS.

(B) Reproduced with permission from [69] © ACS.

(D) Reproduced with permission from [7] © Elsevier Publishers.

(E) Modified with permission from [7] © Elsevier Publishers.

(F) Modified with permission from [74] © Elsevier Publishers.
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and longer incubation times resulted in con-
siderable inhibition of cellular proliferation. In
a subsequent study, this same QD-CPP con-
struct was decorated with fluorescent proteins
of varying sizes, demonstrating the utility of
the bioconjugate as a platform for the cellular
delivery of associated protein cargoes. Proteins as
large as 1000 kDa could be efficiently delivered
using this approach [3¢]. Ruan and co-workers
assembled a biotinylated form of the native TAT
peptide sequence onto commercial streptavidin-
coated QDs and monitored the translocation of
QD-loaded endocytic vesicles along the microtu-
bule network in live HeLa cells [69]. In addition
to showing the accumulation of the QDs within
the microtubule-organizing center (perinuclear
spaces), the authors also demonstrated the previ-
ously unreported exocytosis of large QD-loaded
vesicles from the tips of filopodia by vesicle shed-
ding (Ficure 3B). TAT has also been used for
tracking the intracellular fate of Au-NPs. de
la Fuente et al. demonstrated efficient TAT-
mediated delivery of Au-NPs to human fibro-
blasts and showed that intracellular fate was
dependent on NP size; 5 nm Au-NDPs gained
entry into the nucleus while 30 nm Au-NPs
remained in the cytoplasm [66.67). This finding
has also been corraborated by other groups [6s].

In vivo fate tracking

Cellular labeling with TAT-NTP bioconjugates
has been extended by a number of groups to
include 77 vivo fate tracking. Lei et al. covalently
conjugated native TAT peptide to CdSe/ZnS
QDs to label mesenchymal stem cells that were
subsequently injected into the tail veins of nude
mice [70]. After organ harvesting, the fate of the
grafted cells was tracked by fluorescence pri-
marily to the lung, liver and spleen with lictle
or no QD accumulation in the brain, heart
or kidney (Ficure 3C). The Weissleder group
conjugated the native TAT peptide to super-
paramagnetic iron oxide NPs for the efficient
labeling of human CD34* hematopoietic cells
where, despite their overall size of approximately
45 nm, the conjugates were found in both the
cytoplasm and the nucleus and had no dele-
terious effect on cell viability, differentiation
or proliferation [71]. Upon injection into nude
mice, a percentage of the labeled cells homed to
bone marrow and could be recovered by mag-
netic separation techniques, demonstrating the
potential of such an application for use in the
analysis of stem cell-organ interaction in stem

cell therapy.
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Drug delivery

TAT peptide has also been used effectively
for the cellular targeting of drug carriers and
their associated cargos. Sethuraman and co-
workers have described a ‘smart’ micelle-based
system wherein TAT was used to target pH-
responsive drug-carrying vehicles to acidic solid
tumors (7.8]. The delivery construct consisted
of 1-a drug-loadable core made of poly(r-lac-
tic acid) (PLLA) surrounded by a hydrophilic
PEG conjugated to the TAT peptide and 2-a
pH-sensitive copolymer of methacryloyl sulfa-
dimethoxine (PSD) and PEG. At physiological
pH, the PSD remained electrostatically com-
plexed with the TAT peptide, blocking TAT’s
cell uptake ability. Under acidic pH conditions
(e.g., in the proximity of a tumor), the PSD dis-
sociated and allowed the TAT peptide to medi-
ate cellular uptake. The pH sensitivity of this
‘shielded’ delivery vehicle was tested 77 vitro in
MCE-7 breast cancer cells where effective cel-
lular entry and localization within the nucleus
was observed at pH 6.6 while no uptake of the
drug vehicle was observed at pH 7.4 (Ficure 3D).
This work was further extended to show the
pH-dependent specific uptake and resulting
cytotoxicity of the anticancer drug doxorubi-
cin in MCF-7 cells (8]. Another pH-responsive
drug delivery NP construct utilizing TAT has
been described wherein long, acid-hydrolyz-
able PEG chains that ‘shield” a hidden native
TAT peptide on the surface of liposomes are
cleaved in the low pH tumor environment, thus,
exposing the TAT peptide to mediate the lipo-
some drug vehicle [5.6]. Liu ez a/. formulated
PEGylated liposome NPs loaded with an iron
core that were conjugated to TAT and shown to
cross the blood—spinal cord barrier (BSCB) in a
rat model of spinal cord injury, demonstrating
the potential utility of the NPs for imaging the
injury site (72].

Nucleic acid delivery

TAT and TAT-like peptides have also been
employed for the cellular delivery of therapeutic
nucleic acids. Han and co-workers functional-
ized bacterial magnetic nanoparticles with poly
(amido amine) (PAMAM) and native TAT
peptides and complexed them with siRNAs
specific for the downregulation of human EGF
receptor (EGFR), which is often overexpressed
in many cancers. Effective complex uptake,
suppression of EGFR expression and inhibition
of tumor cell proliferation and invasiveness was
demonstrated in glioblastoma U251-MG cells
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in vitro and in vive in a nude mouse model [73].
Song et al. constructed ternary NPs consist-
ing of polyethylenimine-coated magnetic iron
beads that were noncovalently decorated with
native TAT peptides and plasmid DNA encod-
ing a luciferase reporter construct. Both in vitro
(human N'T?2 neural stem cells) and 7z vivo (rat
spinal cord injection), the presence of the TAT
peptide increased gene expression fourfold [74].
Furthermore, the magnetofection complexes in
the cerebrospinal fluid responded to a moving
magnetic field; shifting away from the injec-
tion site and mediating transgene expression
in a remote region (Ficure 3F). This type of
combinatorial approach has implications for the
development of TAT-mediated targeted gene
therapies that are controllable in vivo.

m RGD peptide

The short RGD peptide domain was first
identified as the cell recognition sequence in
the extracellular matrix (ECM) protein fibro-
nectin [75]. Later, more ECM proteins, includ-
ing vitronectin, fibrinogen, collagen, laminin
and osteopontin were found to contain this
sequence in their cell-recognition domains.
These ECM proteins interact with a subset of
the integrin superfamily of cell surface recep-
tors. These receptors contain o and f subunits
that combine in a pairwise manner to bind to
different ECM proteins. The binding of inte-
grins to ECM proteins mediates cell-cell and
cell-substratum interactions and is involved
in the regulation of such cellular homeostasis
functions as cell growth, motility, differentia-
tion and angiogenesis [76]. As a result, aberrant
expression of RGD-ligating integrins has been
implicated in a number of pathological condi-
tions ranging from the platelet response to a
variety of cancers [77.78]. Thus, there has been
much interest in the development of imaging
reagents and therapeutics aimed at exploiting
the important role of this cell-binding motif
and, to date, RGD-functionalized NPs target-
ing integrins have been used for cell and diag-
nostic imaging, drug delivery, gene therapy,
orthopedic implants, tissue engineering and
various multimodal combinations of the above.

Cellular labeling & imaging

The cellular targeting of integrins has been dem-
onstrated with streptavidin-coated CdSe/ZnS
core/shell semiconductor QDs conjugated to
biotinylated RGD. A cyclized RGDfK (f: p-Phe)
peptide was used to target o 3, integrins, which
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are often overexpressed in a variety of malignan-
cies and play a role in tumor metastasis [79-81].
Binding of the biofunctionalized QD to the
integrins on osteoblast cells was successful, but
was shown to be dependent on a number of fac-
tors including peptide specificity, spacer length
between the peptide ligand and the QD, ligand
concentration and density and surface topo-
graphy [80]. Spacer length between the peptide
and QD was a key determinant in successful
labeling. A 1.7-nm spacer showed only weak
nonspecific binding, while a 5.7-nm spacer
allowed greater access to the deep RGD-binding
pocket, resulting in a high degree of specific
uptake (Ficure 4A). RGD peptides conjugated to
other NPs have been used to target o B, integrin-
expressing tumor cells both in vitro and in vivo
for their utility in diagnostic cancer imaging
(Ficure 4B) [82-85]. The use of RGD peptides
to target tumors with iron oxide particles for
MRI and PET imaging has also been demon-
strated (83]. Other cellular targeting applications
include fluorescent labeling of mesenchymal
stem cells [8¢] and integrin platelets (targeting
integrin GPIIb-IITa) [87]. As o3, integrins are
also overexpressed in the endothelial cells that
surround tumor blood vessels, they represent via-
ble targets for anti-angiogenic therapy (88]. RGD
peptides, therefore, can be useful therapeutics to
block the process of angiogenesis, as well as for
targeting diagnostic imaging agents to the tumor
vasculature. As imaging of the vasculature must
be done 77 vivo, luorescent imaging applications
must utilize emission in the infrared (IR) or
near-IR range (700-800 nm). Numerous groups
have begun to image the tumor vasculature
using near-IR QDs [85,89.90]. Cali ez al. showed
colocalization of in vivo QD-RGD signal in the
tumor with the vascular marker CD31, indicat-
ing the bioconjugated QD does not extravasate
out of the vasculature [85]. Later, iz vivo real-time
vascular imaging showed similar results with
specific localization of QDs to regions of high
levels of o 3, integrin expression along the vascu-
lature [89]. Similarly, radiolabeled RGD peptides
and RGD-conjugated magnetic nanoparticles
have been used for MRI and PET imaging of
tumor vasculature 77 vivo [91-93]. These include
Gd-loaded liposomes and '®I-labeled dendritic
nanoprobes. Overall, a high amount of speci-
ficity is observed for tumor vessels with these
compounds, though undesired accumulation is
often observed in other organs in animal mod-
els. Various other radiolabeled RGD peptides

have been created to target angiogenic vessels
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Figure 4. Arginine—glycine-aspartic acid peptide-mediated delivery of nanoparticles.
(A) Arginine—glycine—aspartic acid (RGD)-functionalized CdSe/ZnS QDs for labeling osteoblasts.
Efficient labeling was dependent on spacer length. (B) /n vivo near-infrared imaging of tumor-
bearing mice (left shoulder, white arrows) using RGD-conjugated 705 nm-emitting quantum
dots (QDs). QDs accumulated at the tumor site in the animal to the left (QD-RGD) while they did
not in the animal to the right (QD only). (C) Confocal scanning microscopy of cellular uptake of
doxorubicin-poly(lactic-co-glycolic acid)-RGD NPs in B16F10 cells overexpressing o, 3, integrins on

their membrane. Note the perinuclear morphology of the NPs.

(A) Reproduced with permission from [80] © Wiley-VCH Publishers.

(B) Reproduced with permission from [85] © American Chemical Society.
(C) Reproduced with permission from [96] © Springer Science Publishers.

that could potentially be conjugated to nano-
particles for delivery. This remains an active area
of research and a comprehensive review of RGD
ligands targeted to angiogenic vessels is provided
elsewhere [91-93].

Drug delivery

Owing to the role of integrins in cellular adhe-
sion and potentially in tumor progression and
metastasis, RGD peptides themselves can be
considered a therapeutic as they block integrin
function. Attachment to NPs may improve their
pharmacokinetics, for example increasing their
half-life [94]. Additionally, given their affinity
for tumors, RGD peptides can also be effective
delivery vehicles for chemotherapeutic agents, as
exemplified by their use to deliver doxorubicin
and paclitaxel via PLGA-nanoparticles [95-97]. In
cellular delivery experiments the NPs allowed for
controlled drug release and an increased affinity
to o f3, integrin-expressing cells [95-97]. In 7% vivo
mouse models, the drugs showed aggregation
and sequestration in the tumor blood vessels and
few, if any, NPs were detected within the tumor
itself. Nevertheless, modest effects in primary
tumor growth and apoptosis were seen in the
tumor, particularly in regions directly adjacent
to the blood vessels. Increased survival and a sig-
nificant increase in antimetastatic activity were
also observed in treated animals, indicating some
degree of successful drug delivery. Importantly,
lower drug-induced weight loss was noted for the
NP-delivered drugs when compared with sys-
temic delivery [95-97]. A protease-cleavable RGD
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peptide (iIRGD) has also been reported which
has an improved tumor extravasation capability.
Here, the RGD portion of the peptide targets the
tumor endothelium where proteolytic cleavage
exposes a binding motif for neuropilin-1, which
mediates penetration into tissues and cells.
Abraxane®, a nanoparticulate version of pacilt-
axel, as well as iron oxide for MRI imaging have
both been targeted to tumors iz vive using this
peptide [98].

Gene delivery

RGD peptides have also been used to target
DNA- and siRNA-containing NPs to spe-
cific cells or disease sites. Cellular assays have
focused primarily on delivering DNA encod-
ing luciferase or fluorescent proteins as model
systems to visualize gene delivery [99.100]. The
principal roadblock in this approach remains
the endosomal sequestration of most NPs after
cellular delivery. Several groups have induced
endocytosis with reagents such as chloroquine
to release the DNA from the endosome [100].
Therefore, current research efforts also include
developing improved methods to release the
NP-bound DNA from the endosome and into
the nucleus for optimal expression. As RGD-
mediated gene delivery is still being optimized
in cellular applications, 77 vivo applications
are also in their infancy. As with the cellular
assays, most early applications have focused on
studying the distribution and metabolism of the
DNA and NPs in animal models [101] or the
delivery of reporter constructs (e.g., luciferase)
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to visualize the efficiency of gene expression
in vivo [102,103]. There have been a limited num-
ber of attempts to deliver therapeutic siRNA in
animal models. For example, NPs comprised
of siRNA and (l-aminoethyl)iminobis[/V-
(oleicylcysteinylhistinyl-1-aminoethyl) propi-
onamide] (EHCO) were used to target human
glioma U87 xenografts in mice with anti-HIF-
lo. siRNA targeting hypoxia-inducible factor
HIF-1 [102.103] and polythelenimine (PEI) NPs
were used to target VEGF-2 in N2A neuro-
blastoma cell mouse xenografts [103]. Both
cases showed that the nucleic acid-loaded NP
was targeted to the tumor but had only mod-
est therapeutic effects, indicating the need
for a further understanding of the combined
endosomal escape and nuclear expression of the
DNA-NP conjugates.

m Pep-| peptide

Unlike TAT and RGD, the peptide Pep-1
does not occur naturally. Rather, it is a ratio-
nally designed synthetic peptide intended to
incorporate three different functional domains
into a single peptide moiety capable of cellular
entry [104]. The 21-residue amphiphilic peptide
(KETWWETWWTEWSQPKKKRKV),
available commercially as Chariot™ (active
motif), consists of a hydrophobic tryptophan-
rich domain containing five tryptophan resi-
dues (KETWWETWWTEW) to promote
interactions with the cell membrane, as well as
hydrophobic interactions with other peptides
and proteins; a hydrophilic lysine-rich domain
(KKKRKYV) from the nuclear localization signal
(NLS) of simian virus 40 (SV40) large T antigen
to improve intracellular delivery and peptide sol-
ubility and a spacer sequence (SQP) containing a
proline residue to impart flexibility between the
two domains. The synthesized peptide is acety-
lated at its N-terminus and bears a cysteamide
group at its C-terminus as both modifications
have been shown to be important for peptide
stability and efficient cellular uptake [104,105).
Iterative functional studies of the Pep-1 sequence
have determined that all four of the cationic
lysine residues within the hydrophilic domain
are required for optimal membrane interaction
and that the presence of the proline within the
spacer domain is essential for maintaining the
required flexibility between the hydrophobic and
hydrophilic domains [106]. Lastly, the Pep-1 pep-
tide adopts a helical structure and the presence
of the tryptophan—phenylalanine tandem on one
side of the helix is required for cell membrane
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interaction and membrane disorganization
functions [107]. The current understanding of
the Pep-1 uptake process is that, unlike many
other CPPs, it is independent of endocytosis, as
demonstrated by the efficient uptake of Pep-1-
cargo complexes even at 4°C [104]. Studies have
demonstrated that for most cell lines the optimal
Pep-1:protein/peptide ratio for efficient nonen-
dosomal delivery is approximately 20:1 [108] and
at higher ratios the delivery becomes partially
endosomally sequestered and less efficient, sug-
gesting some overlap with other cellular uptake
pathways [107].

Based on structural and biophysical studies,
a mechanism has been proposed for the Pep-1-
mediated cellular entry of materials that involves
formation of the Pep-1-cargo complex; binding
of the complex to the cell surface (first involv-
ing electrostatic interactions with proteoglycans
then with phospholipid head groups); insertion
of the complex into the membrane; and release
of the Pep-1 cargo complex into the cytosol
and targeting to intracellular structures [109].
Pep-1 has found the greatest utility in the areas
of intracellular labeling and the delivery of
therapeutic proteins.

Cellular labeling, imaging & therapy

The first example of cellular labeling using the
Pep-1 peptide came in the seminal report describ-
ing the peptide’s cell internalization ability [104].
Morris et al. showed the Pep-1-mediated cellu-
lar labeling of numerous cell lines with Pep-1-
fluorophore conjugates and Pep-1 complexed
with various fluorescent proteins and antibod-
ies. Initially they demonstrated the rapid uptake,
in less than 10 min, of fluorescein-labeled Pep-1
into the nucleus of human HS-68 fibroblasts,
murine NIH-3T3 fibroblasts and COS-1 cells
under standard cell culture conditions with min-
imal cytotoxicity observed at the concentrations
required for efficient labeling. Identical results
were obtained when the cells were incubated
at 4°C prior to delivery, evidence of a process
independent of normal endocytosis. Like TAT,
the efficiency of Pep-1-mediated delivery is not
affected by the presence of serum (10%), an
attractive feature for potential 77 vivo therapeutic
applications. Their work was then extended
to the delivery of various proteins spanning a
range of sizes: 30 kDa green fluorescent protein,
120 kDa B-Gal and 150 kDa full-length antibod-
ies directed towards specific intracellular struc-
tural proteins (B-actin and lysosome-associated
membrane protein) (FiGure 5A).
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Pep-1 has also proven useful for cellular label-
ing and imaging applications utilizing QDs, with
reports demonstrating the use of Pep-1-QD com-
plexes in drug-screening assays, the induction of
specific cellular functions/phenotypes and poten-
tially for in vivo cell therapy and tissue engineer-
ing. Mattheakis ¢¢ al. developed a drug screening
system based on the Pep-1-mediated delivery of
QDs to CHO cells [110]. Three different CHO
cell lines, each expressing a different G-protein
coupled receptor were uniquely ‘coded’ with a
different color-emitting QD (582 nm [serotonin
2A receptor], 608 nm [muscarinic receptor] and
630 nm [serotonin 2B receptor]). Mixtures of
the cells were seeded into a microtiter assay plate
and loaded with a fluorescent calcium indica-
tor. Upon exposure to a specific agonist of the
muscarinic receptor, only those cells QD-coded
for muscarinic receptor expression showed a con-
comitant increase in intracellular calcium fluo-
rescence intensity (Ficure 5B). This QD-based
barcoding approach, mediated by Pep-1 QD
delivery, has applications for multiplexed cell-
based drug-discovery assays and, more generally,
for studies using mixed cell populations (e.g.,
tissue engineering). The work of Rozenzhak is
another elegant example of a Pep-1-directed QD
cell-labeling study with implications for targeted
cancer therapy/therapeutic peptide delivery [2s].
The authors used commercially available strep-
tavidin-conjugated QDs decorated with both a
biotinylated Pep-1 peptide and the pro-apoprotic
GH3 peptide to induce apoptosis 7 vitro. The
Pep-1 peptide directed the QDs to the nucleus
of HeLa cells and simultaneously allowed for
observation of the distinct morphological
changes (nuclear condensation and fragmen-
tation) indicative of apoptosis induced by the
GH3 peptide cargo (Ficure 5C). Studying the
internalization of CdSe/ZnS QDs in human
adipose-derived adult stem cells (hADAS),
Chang et al. observed the effect of the QD
delivery route on stem cell function [111]. They
noted that, in contrast to lipid-based delivery
reagents (which sequestered internalized QDs
within the endolysosomal pathway), Pep-1-
mediated uptake allowed the QDs to bypass
lysosomal degradation. Importantly, no del-
eterious effects on cellular proliferation or the
expression of osteogenic/chondrogenic-specific
lineage markers were observed after 28 days in
culture. These results highlight the potential of
Pep-1 delivered QDs to be used in the tracking
of hADAS when employed in cellular therapy
and tissue engineering applications.
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Figure 5. Cellular delivery of nanoparticles by Pep-1 peptide. (A) Pep-1-
mediated delivery of lysosome-specific antibody. Fluorescein isothiocyanate-
conjugated anti-Lamp-1 antibody was delivered to COS-7 cells by complexing
with Pep-1. (B) Pep-1-mediated delivery of quantum dots (QDs) for drug
screening. CHO cells expressing the receptors muscarinic (M1, orange circle) or
serotonin 2A (Ser 2A, yellow circle) were encoded with 608 nm and 582 nm QDs
via Pep-1 delivery, respectively, mixed, seeded to microtiter plates and loaded with
a calcium-responsive dye (left panel). Only those cells expressing the M1 receptor
displayed increased fluorescence when stimulated with carbachol (right panel).
(C) Induction of apoptosis by GH3 peptide-decorated QDs delivered by Pep-1.
Red-emitting QDs are localized in the nucleus of Hela cells. Nuclear condensation
and fragmentation (arrow) and membrane blebbing (asterisk) of apoptotic nuclei
are indicated. (D) Effect of transduced Pep-1-HSP-27 on neuronal cell viability
after ischemic insult in the gerbil hippocampus. Photomicrograph shows the
robust cresyl violet staining of gerbil hippocampus 7 days after ischemic insult in
gerbils injected with Pep-1-HSP-27 (lower panel) compared with vehicle control
(upper panel).

(A)Reproduced with permission from [104] © Nature Publishing Group.

(B) Modified with permission from [110] © Elsevier Publishers.

(C) Reproduced with permission from [25] © The Royal Society of Chemistry.

(D) Modified with permission from [112] © Wiley-Blackwell Publishers.

Delivery of therapeutic proteins

Numerous reports have described the use of
Pep-1 for the delivery of therapeutic proteins.
In a study of the protective effects of heat shock
protein-27 (HSP-27) against ischemia-induced
oxidative stress in astrocytes and primary neu-
ronal cells, An er al. took a fusion protein
approach [112]. Rather than utilizing the abil-
ity of Pep-1 to noncovalently assemble with the
therapeutic heat shock protein, they expressed
and purified a recombinant Pep-1-HSP-27
fusion protein in bacteria. When added to the
tissue culture media of astrocytes and primary
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neuronal cells, the protein rapidly entered the
cells and conferred protection against cell death
induced by oxidative stress. Furthermore, when
injected intraperitoneally into gerbils prior to
ischemic injury, the construct conferred 78 and
70% viability in hippocampal neurons after 4
and 7 days, respectively, relative to untreated
control (Ficure 5D). Notably, this result dem-
onstrated the ability of the injected therapeutic
fusion protein to cross the BBB.

Using Pep-1 in a similar fusion protein scheme,
Yune ez al. fused Pep-1 to the antioxidant enzyme
superoxide dismutase 1 (SODI) as a therapeutic
approach to the detoxification of intracellular
reactive oxygen species (ROS) as a result of spi-
nal cord injury [113]. In cultured primary cortical
neurons 7z vitro and in an 7z vivo rat model of
spinal cord injury, the delivered fusion protein
significantly decreased levels of ROS and inhib-
ited the activation of the pro-apoptotic enzymes
caspase-9 and caspase-3. Zhang ez al. used a simi-
lar Pep-1-SODI1 fusion construct to impart pro-
tection against ROS-induced damage following
myocardial ischemic insult 7 vivo [114). When
injected into the tail veins of Spraque—Dawley
rats, the fusion protein significantly improved
cardiac function of the left ventricle, decreased
infarct size and reduced the release of a number
of infarct-associated enzymes.

m Organelle-specific peptides

A number of reports have demonstrated the
cellular delivery of NPs using peptides aimed
at directing the NP cargo to a particular sub-
cellular location or organelle with materials
being directed to either the nucleus or the mito-
chondria. Using this approach, the organelle-
specific delivery of QDs, fluorescent Au-QDs,
Au-NDPs and liposomal-DNA complexes has
been realized. These efforts have focused pre-
dominantly on in vitro demonstrations, yet they
are worth mentioning here as they hold enor-
mous therapeutic potential when coupled with
other cellular-targeting capabilities.

In an elegant report, Hoshino ez al. described
the ability to direct both the uptake and the local-
ization of CdSe/ZnS QD:s to either the nucleus
(using a nuclear localizing peptide [R,]) or to the
mitochondria using the mitochondrial target-
ing peptide derived from cytochrome C oxidase
(MSVLTPLLLRGLTGSARRLPVPRAKIHW-
LC) 115]. Upon direct conjugation of the peptides
to the QDs by coupling via primary amines or
free thiols on the QD-capping ligands, a fine level
of control was demonstrated in directing the NPs
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to their respective subcellular compartments.
The NLS from the large T antigen of SV40 virus,
comprised of the sequence PKKKRKYV, has been
used for the cellular uptake and nuclear accumu-
lation of a variety of Au-NPs [116-118]. Mandal
et al. self-assembled cysteine-terminated NLS
peptides onto the surface of 5-nm Au-NPs and
tracked their accumulation within the cytoplasm
and at the nuclear membrane using transmis-
sion electron microscopy (TEM) [118]. Xie and
coworkers used surface-enhanced Raman scat-
tering (SERS) to confirm the localization of
20-nm Au-NDPs functionalized with NLS pep-
tides within the nucleus of HeLa cells [117}. Using
3-nm fluorescent gold, Lin ¢t al. used a novel
ligand-exchange reaction to assemble 11-mer-
capto-undecanoic acid (MUDA) onto the gold
surface followed by conjugation to NLS peptides
(Ficure 6A). The photoluminescent NPs were
clearly observed accumulating in the cytoplasm
and the nucleus of HeLa cells [116]. Intracellular
delivery of liposome-carrying plasmid DNA has
also been reported by a number of groups using
nuclear localization signal peptides derived from
various sources including SV40 virus [119] and the
amino terminal region of the polyoma virus [120].

® Neuropeptide

The insect neuropeptide allatostatin 1 (Ast 1)
has also been used to deliver NPs to mammalian
cells. Ast 1 (APSGAQRLYGFGL) was identified
as a member of a family of 13 neuropeptides
that are widely distributed in insects and crusta-
ceans whose receptors are highly homologous to
somatostatin and galanin receptors [121]. In 2007,
Biju ez al. identified the peptide’s ability to medi-
ate the rapid uptake of commercial streptavidin-
conjugated QDs after its assembly onto the QD
via an avidin—biotin interaction linkage [122]. In
NIH 3T3 and A431 cells the QDs were endo-
cytosed and localized primarily within the endo-
somal compartment upon initial uptake. After
1 h, a percentage of the QDs were distributed
in the cytoplasm and the nucleus (Ficure 6B).
More recently, this group identified clathrin-
mediated endocytosis as the primary means of
uptake. The mechanism by which the QDs are
able to escape the endosome and localize to the
nucleus, however, remains unclear [123].

m Rabies virus-derived peptide

A major obstacle in the treatment of diseases of
the neurological system is the presence of the
BBB, a series of endothelial cells that precludes
the translocation of most molecules (including
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Figure 6. Cellular delivery of quantum dots by allatostatin 1, nuclear localization signal
and rabies virus-derived peptides. (A) 3 nm fluorescent Au-NPs (blue) accumulated in the
cytoplasm and nucleus of Hela cells. Nuclei are counterstained with SYTO 59 (red). (B) Allatostatin
1 (Ast 1)-streptavidin QDs delivered to NIH 3T3 cells. Ast 1-QD conjugates were localized to the
cytoplasm and nucleus after endocytosis. (C) Localization of intravenously administered luciferase
plasmid DNA/poly (amido amine)—polyethylene glycol NPs to mouse brain.

(A & C) Reproduced with permission from [116,125] © American Chemical Society.

(B) Reproduced with permission from [122] © Royal Society of Chemistry.

therapeutics) from the bloodstream to the brain.
One possible approach to overcome this issue
in the current context is to exploit peptides
derived from naturally occurring viruses that
have the ability to cross the BBB. In this vein,
Kumar and co-workers identified a 29-amino
acid peptide derived from the rabies virus gly-
coprotein (RVG) that enabled the transvascular
delivery of a small interfering RNA (siRNA) to
the brain [124]. This peptide, named RVG29,
bears the sequence TYIWMPENPRPGTPC-
DIFTNSRGKRASNG. With the knowledge
that the peptide bound with high specificity to
the acetylcholine receptors (AchR) expressed on
neuronal cells, the authors first sought to investi-
gate its utility as a carrier to deliver blood-injected
therapeutics to neurons. To mediate the bind-
ing of the peptide to siRNA, the authors made
a chimeric peptide bearing an oligoarginine
(Arg,) domain that bound electrostatically to
the nucleic acid. /n vitro, the chimeric peptide
transfected Neuro-2a but not HeLa cells with
siRNA, demonstrating the peptide’s specificity
for the AchR and neuronal cells. Furthermore,
cell viability was greater than 90%. I vivo, fol-
lowing injection into Balb/c mice of an siRNA
targeting the gene encoding Cu-Zn SOD 1, the
only organ that demonstrated reduced levels of
SOD 1 messenger RNA and protein levels was
the brain. The authors then showed the ability
of the RVG peptide to noninvasively confer pro-
tection via the intravenous delivery of a siRNA
targeted against fatal flaviviral encephalitis,
wherein the peptide-delivered construct medi-
ated 80% survival compared with controls.
Based on the knowledge that the RVG motif

future science group

could mediate the crossing of the BBB, Liu ¢t al.
conjugated the RVG peptide to PEGylated
PAMAM dendrimers that were subsequently
self-assembled with plasmid DNA encoding cre-
ate PEG/PAMAM/DNA NPs [125]. Upon intra-
venous injection, the NPs concentrated in the
mouse brain within 80 min (Ficure 6C). Gene
expression of the delivered luciferase plasmid
DNA was significantly higher in all regions of
the brain examined relative to control, especially
within the hippocampus and substantia nigra.
Collectively, these findings show the enormous
promise for the development of NMDD-based
and noninvasive therapies for the treatment of
neurological diseases.

Toxicity of peptide-delivered NPs

A key issue to be addressed is the interaction of
the peptides, NPs and NP—peptide conjugates
with cells and tissues, and the corresponding
toxicity of the delivered materials both 77 vitro
and iz vivo. As illustrated herein, the NP mate-
rials for which peptide-mediated delivery has
been demonstrated to date encompass a range of
constituent materials from noble metals, such as
gold and semiconductor metals in QDs, to lipid-
based materials and full-sized proteins. A thor-
ough characterization of the resulting in vitro
and 77 vivo toxicities is clearly necessary for each
newly generated NP-peptide assembly. Over
time, studies have evolved from those wherein
cells are incubated with rather high NP—pep-
tide concentrations (e.g., 1 pM QDs decorated
with mitochondrial-signal peptides [115)) with
little regard to cellular toxicity to those in which
the minimal amount of NP—peptide conjugate
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required for efficient labeling coupled with
minimal cytotoxicity have been identified [33].
Nonetheless, standard in vitro toxicity studies
(typically examining morphology, membrane
integrity, cellular proliferation and the induc-
tion of oxidative stress) seek to make an initial
assessment of the toxicity of the NP, peptide and
NP-peptide conjugates in cultured cell lines,
which, in most cases, are dedifferentiated, trans-
formed tumor cell lines [126]. While many of the
studies presented in this review have demon-
strated the biological tolerance of NP—peptide
conjugates spanning a range of peptides and
constituent materials in cultured cells [35,65,66,69
80,104,110,116] it is important to keep in mind the
aberrant nature of these cell lines (overexpression
of particular receptors, abnormal chromosome
counts) when interpreting the results of cellular
uptake and fate. The use of many different mate-
rials presenting different surface chemistries in
different cell lines can yield disparate results and
conclusions. Indeed, some nanotoxicity experts
have suggested that these types of stand-alone
studies are prejudiced by a lack of thorough
material characterization and understanding of
the cell lines used [127.128]. Thus, much remains
to be learned with respect to the uptake and
processing of NP—peptide conjugates [129]. The
in vivo toxicity of NP—peptide conjugates is also
of paramount importance as their small size
allows them to access areas that larger materi-
als cannot (e.g, the respiratory system and tissue
interstitium). Accordingly, tissue distribution,
clearance rates and the nature of the constituent
materials comprising the NP—peptide conjugate
become the key determinants of iz vivo toxicity
and 7z vivo fate studies have been conducted
primarily by following the fate of materials
injected into mice or rats [129]. Hence, the need
for the careful characterization of new NP mate-
rials and NP—peptide conjugates has become
increasingly apparent and facilities such as the
Nanotechnology Characterization Laboratory
of the National Cancer Institute now perform
comprehensive evaluations of newly engineered
nanomaterials (physical attributes, in vitro bio-
logical properties and 77 vivo compatibility in
animal models). Lastly, it is worth noting that in
the correct setting (e.g., targeted tumor killing)
toxicity is not necessarily an undesirable char-
acteristic and it is expected that future efforts
into the understanding of NP—peptide toxicity
will focus simultaneously on developing more
specific targeting regimes and on tailoring NP
toxicity for use in particular applications.
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Future perspective

Moving forward, the development of thera-
peutics based on the peptide-mediated delivery
of NPs holds enormous promise. Nonetheless,
many challenges remain and ample room exists
for improvement on many fronts. Over the
next 5-10 years, we anticipate that the field
of peptide-mediated NP delivery will see sig-
nificant advances in the following key areas:
bioconjugation methodologies; multifunction-
ality; cellular targeting and endosomal escape;
further characterizations of in vivo toxicity;
and significant testing and assessment in ani-
mal models. The development of novel and ele-
gant bioconjugation chemistries will be the key
driver in mediating the advancements in the
subsequent three areas. As described earlier, the
attachment of peptides onto the NP surface in
a homogeneous manner with control over their
orientation, distance and valence is critical for
optimal function [19,22-24]. The same holds true
for the attachment of any biological, chemical
or drug moiety and, as mentioned earlier, there
is a growing interest within the field of NMDD
to create theranostic NP structures that can
effectively combine multiple functions (e.g.,
cell targeting, imaging and drug delivery).
Preliminary examples of such constructs with
strong potential for such multifunctionality
have already been demonstrated. For example,
Duconge ¢t al. developed QDs that were capa-
ble of PET imaging by coupling fluorine-18 to
phospholipid-encapsulated QD micelles [130].
When injected into mice, these untargeted
nuclear-fluorescent particles circulated in the
blood before uptake by the reticuloendothelial
system and allowed for the quantitative analysis
of their 77 vivo NP distribution. One can envi-
sion such a NP being further decorated with
a highly specific tumor-homing peptide and
a drug moiety to direct the dual-mode imag-
ing NP to a specific tumor site to derive high
resolution PET and fluorescence images of the
tissue. This approach may even allow imaging
and tracking of tumor treatment during the
therapy time course. Thus, future work in the
area of bioconjugation will seek to develop and
refine attachment chemistries that allow for the
orthogonal attachment of several disparate
biological, chemical or drug species onto the
surface of a single NP. The continued isolation
of high-affinity targeting peptides is another
critical area that will see significant invest-
ment in the coming years [18]. The techniques
of phage display and combinatorial peptide
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synthesis/screening will be relied on heavily to
identify peptide sequences that can home NP
constructs to cells and tissues of choice. When
combined with the cellular-uptake peptides
described herein, highly specific imaging, sens-
ing and drug-delivery NP conjugates can be
realized. Most cellular uptake peptides utilize
the endocytic pathway to gain cellular entry.
While some peptides have demonstrated the
ability to mediate both the uptake and endo-
somal escape of some NPs (e.g., TAT-Au NDPs,
Pep-1-QDs), efforts will also need to focus
on methods for incorporating an endosomal
escape function into those constructs that
remain endosomally sequestered. Attempts to
achieve this have employed ‘proton sponge’
effect-inducing block copolymers (PEI) [131] or
exogenous endo-osmolytic chemicals such as
sucrose [132] or chloroquine [133] to induce endo-
somal release. The accompanying toxicities
of these materials, however, warrants further
development of endosomal-releasing agents. As

improvements are continually made in biocon-
jugation techniques and solubilization chemis-
tries and further understanding is obtained as
to the long-term in vivo fate of the delivered
NP constructs, it is anticipated that the first
generation of multifunctional NP—peptide
conjugates will make their way into the clinic
within this decade.
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Therapeutic applications of nanoparticles

The small size of nanoparticles (NPs) affords them entry to areas not otherwise accessible to other materials and their large surface area
allows them to carry large ‘payloads’.

Peptide-mediated NP delivery is one of the most facile and noninvasive means of cellular NP delivery.
Bioconjugation of peptides to nanoparticles

Attachment of peptides to NP surface homogenously with control over peptide orientation, distance and valence is key; future research
will invest heavily in this area.

Peptides in therapeutic delivery of nanoparticles
Naturally occurring and synthetic peptides have been demonstrated to deliver a wide array of NP materials to cells with high efficiency.

Future efforts will develop ‘multifunctional’ NP—peptide constructs comprised of multiple peptide species performing separate functions
or a single peptide species capable of multiple functions.
Toxicity of peptide-delivered nanoparticles

Bioconjugate toxicity is dependent on the NP, peptide and the NP—peptide ensemble.

Initial NP—peptide toxicity assessments have been carried out in vitro; further characterization of NP properties and standardization of NP
toxicity assessments are required.

Future work will focus heavily on in vivo toxicity testing in animal models.
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