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Abstract. Peptides produce specific nanostructures, making them useful for targeting in biological
systems but they have low bioavailability, potential immunogenicity and poor metabolic stability.
Peptidomimetic self-assembled NPs can possess biological recognition motifs as well as providing desired
engineering properties. Inorganic NPs, coated with self-assembled macromers for stability and anti-
fouling, and conjugated with target-specific ligands, are advancing imaging from the anatomy-based level
to the molecular level. Ligand conjugated NPs are attractive for cell-selective tumor drug delivery, since
this process has high transport capacity as well as ligand dependent cell specificity. Peptidomimetic NPs
can provide stronger interaction with surface receptors on tumor cells, resulting in higher uptake and
reduced drug resistance. Self-assembled NPs conjugated with peptidomimetic antigens are ideal for
sustained presentation of vaccine antigens to dendritic cells and subsequent activation of T cell mediated
adaptive immune response. Self-assembled NPs are a viable alternative to encapsulation for sustained
delivery of proteins in tissue engineering. Cell penetrating peptides conjugated to NPs are used as
intracellular delivery vectors for gene expression and as transfection agents for plasmid delivery. In this
work, synthesis, characterization, properties, immunogenicity, and medical applications of peptidomimetic
NPs in imaging, tumor delivery, vaccination, tissue engineering, and intracellular delivery are reviewed.
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INTRODUCTION

Nanoparticles (NPs) have found broad range of applica-
tions in medicine and pharmacy because they are highly
effective in overcoming the biological defense system and
vascular barriers. These applications include drug and gene
delivery (1), growth and differentiation factor delivery in
regenerative medicine (2), vaccination (3,4), fluorescent
biological labeling (5), detection of proteins and pathogens
and probing the DNA structure (6), separation and purifica-
tion of biological molecules and cells (7), as contrast agents in
imaging (8), and for phagokinetic studies (9).

Synthetic macromolecules (polymers) provide great flexi-
bility in the design of NPs and allow the production of a wide
range of NPs with varying drug solubility, circulation half-life,
particle size, and degradation to fit a particular application (10).
NPs with hydrodynamic diameter >400 nm are readily cleared
by macrophages of the mononuclear phagocyte system (MPS)
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while smaller particles with <30 nm diameter can escape from
phagocytes and pass through blood vessels with prolonged half-
life (11,12). More importantly, NPs produced from synthetic
polymers can be stabilized against dissolution, premature
degradation, or denaturation in physiological environment by
long-range hydrophobic interactions or crosslinking (13). The
ability to control the degradation characteristics of synthetic NPs
makes them very useful for sustained delivery of therapeutics in
medicine and pharmacy (14-32). Although synthetic polymer-
based NPs provide enormous flexibility in design, they lack
monodispersity in size, shape, morphology, and surface func-
tional groups, which adversely affects their selectivity/specificity
in biological applications. In tumor targeting, imaging, and gene
delivery success depends on the NPs’ ability to target one
organelle, cell, or tissue over another. In other words, specificity
plays a very important role in reducing side effects or increasing
resolution.

Self-assembly refers to the spontaneous formation of
higher order structures from simpler building blocks (32). Self-
assembly is a process by which complex 3D structures with well-
defined functions are built starting from simple building blocks
such as short sequences of nucleotides, saccharides, phospholi-
pids, or amino acids (33). Short sequences of amino acids or
peptides are especially attractive for self-assembly because
nanostructures with varying size, shape, morphology, and
surface functional group can be assembled by arranging the 24
naturally occurring amino acids in different sequences or by
changing the sequence length (34). For example, the peptide
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produced from amino acid sequence EAKA-EAKA-EAKA-
EAKA self-assembles into cylinders while the sequence
VVVV-VVKK self-assembles into spherical NPs (34). Unlike
synthetic polymer-based NPs, peptide self-assembly produces
highly specific nanostructures with precisely the same configu-
ration, conformation, size, and functionality, making them very
useful for targeting in biological systems (32,33,35). In peptide-
based systems, self-assembly takes place by the interplay
between three factors: (1) sequestration of non-polar side
groups of the peptide chains from aqueous solution, (2)
formation of hydrogen bonds and electrostatic interaction
within secondary structures of the peptide and loss of inter-
actions with solvent, and (3) extensive van der Waals inter-
actions between the constituent atoms of the peptide. In
essence, matching of non-polar patches, patterns of hydrogen
and electrostatic interactions, and the formation of buried
surfaces within the self-assembled structures are the driving
force for self-assembly of peptides (32,33,36). The weak nature
of these interactions, compared to covalent bonding in cross-
linked networks and ionic bonding in crystalline solids, results in
conformational reversibility/plasticity of the interacting compo-
nents (32,33). As a consequence, highly specific and optimized
conformations are produced, which are ideal for recognition in
biological systems. It should be mentioned that although these
nanostructures are optimized for recognition in biological
systems, they are not designed with respect to desired engineer-
ing properties such as thermodynamic stability, mechanical
properties, and desired dissolution/degradation characteristics.

Peptidomimetic self-assembly is a process to produce
nanostructures from synthetic macromolecular chains by
mimicking the pattern of weak non-polar, polar, hydrogen
bonding, and electrostatic interactions in peptides. Each
unique 3D structure of a peptide corresponds to a unique
active role in biological systems, thus providing functional
specificity (35). However, peptides by themselves have low
bioavailability, potential immunogenicity and poor metabolic
stability in vivo (37). Peptidomimetic self-assembled struc-
tures can potentially possess biological recognition motifs as
well as desired engineering properties. Furthermore, self-
assembled NPs represent a multivalent form of the ligand for
interaction with biological receptors, often disposed in
clusters (38), resulting in stronger interaction or stimulating
particular subsets of receptors (3,39). In the following
sections, synthesis, characterization, properties, immunoge-
nicity, and medical applications of peptidomimetic self-
assembled NPs are reviewed.

SYNTHESIS AND SELF-ASSEMBLY
OF PEPTIDOMIMETIC NPs

Natural colloidal particles like liposomes and lipid-core
micelles have been used for NPs preparation (40-42) but they
tend to be cleared rapidly from the circulation (43). To
improve circulation half-life, natural NPs are PEGylated by
covalently linking methoxy-polyethylene glycol (m-PEG)
aldehyde to the N-terminal amine group of the protein
(Schiffs-base linkage), followed by reduction with sodium
borohydride to stabilize the linkage against hydrolysis (44).
Natural polymers like gelatin (45), chitosan (46,47), lipids
(48) and synthetic polymers like poly(lactide-co-glycolide)
(PLGA) (49-51), poly(pL-lactide) (52), poly(e-caprolactone)
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(PCL) (53), poly(cyanoacrylate) (54), and poly(p-aminoesters)
(55), and their copolymers with hydrophilic polymers like poly
(ethylene glycol) (PEG) and poly(vinyl alcohol) (PVA) have
been used as biomaterials to produce NPs (28-31,56). Linear
and star Poly(L-lactide)-b-poly(ethylene oxide) copolymers
have been used to produce degradable NPs (28-31,56). The
PLA-PEG and PLGA-PEG NPs can be loaded with a variety
of bioactive agents while the ethylene oxide (EO) blocks in the
copolymer act as a surfactant to stabilize the NPs. However,
the EO units impart hydrophilicity to the copolymer, which
limits the duration of release of therapeutic agents from the
NPs to short-term (1-2 days). PVA-graft-PLGA NPs have
been used for local delivery of Paclitaxel in restenosis
treatment but an initial burst release dominates the early
release profile followed by a slow continuous release of a small
fraction of the drug (56). Amino cyclodextrin conjugated
PLGA polymers have been used to produce biodegradable
NPs as a carrier for delivery of proteins (57).

Natural polymers like chitosan can be PEGylated and
functionalized at the distal end for peptide conjugation by
reaction with PEG and N-hydroxy succinimide (NHS) in the
presence of 1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide
hydrochloride (EDC) (58). Polymers with hydroxyl end-
groups can be succinimide-functionalized by treating with N,
N’-Disuccinimidyl carbonate (DSC) and conjugated with
lysine-terminated peptides by the reaction of succinimide
end-group of the polymer with amine group of the lysine (59),
as shown in reaction scheme a in Fig. 1. Different reaction
schemes for conjugation of synthetic polymers/macromers to
peptides are shown in Fig. 1. Long-chain polymers like PLGA
and PCL, due to their hydrophobic nature, tend to aggregate
into micro- and nano-particles with broad particle size
distribution (60). PLGA and PCL copolymers with PEG
self-assemble in aqueous environment and produce NPs with
relatively narrow size distribution, but active agents are
released relatively fast (within the first 24 h) from PEGylated
PLGA NPs (31). Our laboratory has synthesized hydrophobic
poly(lactide fumarate) (PLAF) and amphiphilic poly(lactide-
co-ethylene oxide fumarate) (PLEOF) macromers that self-
assemble to form degradable NPs. The macromers are
synthesized by condensation polymerization of short PLA
chains with PEG and fumaryl chloride (61). Carboxylic acid
end-groups or fumarate groups along the chain can be used
for conjugation of multiple peptides or peptidomimetic
sequences to the macromer before self-assembly or to NPs
after self-assembly (59). For example, peptides can be
conjugated to PLAF and PLEOF by the reaction between
amine group of the peptide with carboxylic acid end-group of
PLAF/PLEOF in the presence of coupling reagent N,N’-
diisopropylcarbodiimide (DIC) and catalyst N,N-dimethyla-
minopyridine (DMAP) [reaction b in Fig. 1). In addition,
other peptides can be covalently linked to the macromer by
Michael’s addition reaction between the unsaturated fuma-
rate groups of the macromer with sulfhydryl group of
cysteine-functionalized peptide [reaction c in Fig. 1).

One method to conjugate peptides to macromers is to
selectively iodinate the peptide at the N-terminal using nitrite
catalysts, followed by the reaction of iodinated peptide with
thiol-containing molecules such as N-acetylcysteine and
glutathione to form peptide conjugates (62) [reaction d in
Fig. 1). Peptides with free thiol functionality can be conju-
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Fig. 1. Conjugation reaction schemes: a succinimide-terminated polymer with lysine-terminated peptide; b
carboxylic acid group of polymer with amine group of peptide; ¢ unsaturated group of polymer with
sulfhydryl group of cysteine-functionalized peptide; d iodine-functionalized polymer with thiol-containing
peptide; e maleimide-functionalized polymer with thiol-containing peptide; and f propargyl-functionalized

polymer with azide-functionalized peptide.

gated to synthetic polymers by thiol-maleimide conjugation
(63). In this approach, p-maleimidophenyl isocyanate is used
for functionalization of hydroxyl-terminated polymer (64)
[reaction e in Fig. 1). The “click reaction” can also be used for
conjugation of peptides to macromers (65,66). In “click
reaction”, the peptide is functionalized with an azide group
by reacting with 4-carboxybenzenesulfonazide while the
macromer is functionalized with a propargyl group by reacting
with propargyl ester chloride. Next, the peptide is conjugated
to the macromer (before or after self-assembly) by “click
chemistry” between reactive azide group of the peptide and
propargyl group of the macromer [reaction f in Fig. 1).
Recently, regioselectively addressable functionalized
template molecules (RAFT), which exhibit two independent

and chemically addressable domains, have been used for
sequential and regioselective assembly of peptides and
biologically functional units (67). By preventing steric hin-
drance, these templates allow sequential conjugation of
multiple peptides to a single molecule to confer biological
recognition (68).

CHARACTERIZATION OF PEPTIDOMIMETIC NPs

Peptide conjugated macromers and polymers are the
building blocks of peptidomimetic self-assembled NPs. The
chemical structure of the synthetic polymer or macromer can be
characterized by '"H-NMR and *C-NMR, and the molecular
weight distribution can be characterized by gel permeation
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chromatography (GPC) and mass spectrometry. "H-NMR and
3C-.NMR are useful for determining the ratio of monomers
incorporated in the polymer chain compared to that in the feed.
For example, in the synthesis of amphiphilic PLEOF macromer
in which PLA and PEG blocks are linked with fumaryl chloride,
presence of peaks at 6.90 ppm in the 'H-NMR spectrum
(attributable to the hydrogens of the fumarate group)
confirmed the incorporation of fumarate monomers into
PLEOF macromer (69). Furthermore, ratio of peaks in the
NMR spectrum due to chemical shifts centered at 5.1 ppm (due
to the hydrogen attached to methine group of lactide monomer)
and 3.6 ppm (due to the methylene hydrogens (-CH2-CH2-
O-) of ethylene oxide repeat units) was directly related to the
molar ratio of PLA to PEG blocks in the terpolymer (69). For
feed PLA molar fractions of 0.06, 0.13, and 0.21, the fraction of
PLA incorporated in the terpolymer was 0.037, 0.056, and 0.068,
respectively, which demonstrated that the reactivity of PLA with
fumaryl chloride was significantly less than that of PEG (69).
GPC can be used to determine the optimum polymer or
conjugated peptide—polymer conjugate chain length for self-
assembly (70). The sequence distribution of the polymer—
peptide conjugate can be determined by matrix-assisted laser
desorption-ionization time-of-flight (MALDI-TOF) mass
spectrometry (71). In MALDI-TOF, sample is vaporized and
ionized without fragmentation and a time-of-flight mass
analyzer is used to acquire the mass spectra. To sequence the
peptide, the molecular ion is fragmented by post-source decay
(PSD; for peptides <1,500 Da) or ion-source decay (ISD; for
peptides >1,500 Da) and the sequence is determined from the
mass of fragmented ions (72). Size exclusion chromatography
combined with MALDI mass spectrometry (SEC/MALDI) (73)
or pulsed gradient spin-echo (PGSE) NMR combined with
MALDI can be used to determine molecular weight distribution
of macromers and polymers with very high accuracy (74).
Accurate determination of macromer molecular weight
distribution and sequence distribution of the conjugated
peptide is required for relating the chemical/molecular
structure to conformation and nanostructure of the self-
assembled polymer—peptide conjugate (75).

The secondary structure of the synthesized peptide and
peptide—polymer conjugate can be characterized by circular
dichroism (CD) and Fourier Transform Infrared Spectrome-
try (FTIR) (76). CD and FTIR spectral range of 200-300 nm
and 1,500-1,800 cm™*, respectively, are utilized for analysis of
secondary structures (76). For example, CD spectral analysis of
alanine-rich peptide Ac-K-[A];;-KGGY-NH, demonstrated
that the a-helix content of the self-assembled peptide
depended on peptide concentration in water and secondary
structure was independent of temperature (76). FTIR spectra of
the same peptide in water revealed that the B-sheet structure
dominated at higher concentrations (76). The interaction of the
polymer chain with conjugated peptide can be studied by X-ray
reflectivity as well as CD and FTIR (77,78). Site-specific iodine
labeling can be used to determine topology of the peptide within
the self-assembled NPs by pinpointing the position of iodine
label within NPs (77). For example, X-ray reflectivity and iodine
labeling experiments indicated that the model pore-forming
aromatic peptide H-(Phe-Tyr)s-Trp-Trp-OH forms an anti-
parallel double-stranded P-helix within double-layer lipid
membranes (77).
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The effect of amino acid sequence on morphology of the
self-assembled peptide and peptide conjugate can be imaged
with scanning electron microscopy (SEM), transmission
electron microscopy (TEM), and atomic force microscopy
(AFM) at micro-, nano-, and angstrom-scale resolution,
respectively (79,80). In vitro bioactivity of the peptide
conjugate is determined by ligand-receptor cell binding assay
(81). Two-photon excitation fluorescence cross-correlation
spectroscopy (TPE-FCCS) coupled with fluorescence corre-
lation spectroscopy (FCS) can directly measure ligand—
receptor binding, rather than monitoring the downstream
effects. In this technique, a cross-correlation between fluo-
rescence intensities from two spectrally separate fluorophores
is generated when the two detection channels measure
synchronous fluorescence fluctuations, which is an indication
that the two species are physically linked. Ligand-receptor
binding at relatively low concentrations (nanomolar) can be
measured with this technique and two or more fluorophores
can be excited simultaneously (81). The Kaiser test can be
used to quantify the density of peptides conjugated to a
substrate (82,83).

In vitro toxicity of self-assembled NPs can be determined
by cell count after exposure, and the uptake by macrophage
cells can be monitored and quantified by live cell confocal
microscopy and flow cytometry (84). For example, confocal
microscopy and flow cytometry demonstrated that carboxylic
acid-functionalized 20 and 200 nm polystyrene NPs are
rapidly taken up by murine macrophage cells with 20 nm
NPs being faster and more extensive (84). Infrared imaging is
an excellent technique for in vivo tracking of NPs in animal
models (61). In this technique, a near-infrared dye is
encapsulated in self-assembled NPs and the NPs are injected
in the animal. Next, the animal is scanned in two infrared
channels where one channel is used as reference for
normalization of intensities. The intensities are displayed in
pseudo colors to show regions of low and high intensity (85).
Radioisotope labeling with '''In oxy-quinoline can be used
for quantitative determination of in vivo biodistribution of
NPs (86). For radioisotope labeling, NPs are self-assembled in
the presence of ''In labeled oxy-quinoline and the labeled
NPs are then injected in the animal. At each time point
(between 1 and 24 h), the animal is sacrificed, the
radioactivity of vital organs is measured with a gamma
scintillation counter, and the counts are reported as percent
activity recovered per unit mass of tissue (86).

PROPERTIES OF PEPTIDOMIMETIC
SELF-ASSEMBLED NPs

Natural and synthetic polymers provide great flexibility
in design and allow the production of a wide range of NPs
with varying drug solubility, circulation half-life, particle size
and distribution, ligand density, and degradation to fit a
particular biomedical application (10). Furthermore, synthetic
NPs play a role in peptide presentation, due to their ability to
induce enhanced and specific responses to conjugated epito-
pes. Natural colloidal particles like liposomes and lipid-core
micelles have been used for the production of NPs (40-42)
but they tend to be cleared rapidly from the circulation (43).
Natural polymers like gelatin (45), chitosan (46,47), lipids
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(48) and synthetic polymers like PLGA (49-51), poly(DL-
lactide) (52), PCL (53), poly(cyanoacrylate) (54), and poly(p-
aminoesters) (55) have been used to produce NPs for variety
of applications in medicine and pharmacy. We have devel-
oped biodegradable blends of poly(lactide-co-glycolide fuma-
rate) and poly(lactide-co-ethylene oxide fumarate) (PLGF/
PLEOF) macromers that self-assemble to form biodegradable
PEGylated NPs (69,87-89), as shown in Fig. 2. The amphi-
philic PLEOF serves as a biodegradable colloid stabilizer
during the process of self-assembly. The degree of hydro-
philicity, hence their circulation half-life, can be controlled by
the molecular weight and fraction of PEG in the macromer.
NPs ranging 20-500 nm in size can be produced by varying
the ratio of PLGF to PLEOF macromers in the NPs, as shown
in Table I. The unsaturated fumarate groups can be used to
covalently attach ligands for selective targeting of NPs to a
particular cell type. The degradation characteristics of the
NPs can be adjusted by the ratio of lactide to glycolide, as
shown in Fig. 3 (59). According to this figure, PLAF (100%
lactide) NPs lost 60% mass in 2 weeks while PLGF (50:50
lactide/glycolide) NPs lost more than 80% mass during the
same time.

The release kinetics of a surrogate molecule 1-(2-
pyridylazo)-2-naphthol (PAN) from PLAF and PLGF NPs
as a function of incubation time in basal cell culture media is
shown in Fig. 4. PLGF NPs, due to lower hydrophobicity and
faster degradation, released the encapsulated PAN in 15 days,
while PLAF NPs released their content in 28 days. It is
noteworthy to mention that PLGF and PLAF NPs completely
degraded in 15 and 28 days which demonstrated that the
release was dominated by hydrolytic degradation and erosion
of the matrix. Release characteristics of high molecular
weight PLA and PLGA NPs is by diffusion through a porous
matrix while release from PLAF and PLGF NPs, due to low
macromer molecular weight and high density of hydrophilic
chain ends, is by hydrolytic degradation and matrix erosion.

Self-assembling peptides, when conjugated to synthetic
polymer chains, can alter the aggregation process of the
conjugated polymers. We have demonstrated that blends of
PLAF/PLEOF macromers self-assemble into spherical NPs
with size ranging 50-800 nm, as shown in Fig. 5. Interestingly,
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when the self-assembling peptide EAKA-EAKA-EAKA-
EAKA (EAKA16) (34) was conjugated to PLAF macromer
and the PLAF-EAKA16/PLEOF blend was self-assembled by
dialysis, it drastically reduced NPs size and distribution from
50-800 to 150-400 nm, as shown in Fig. 5. These results
demonstrate that peptidomimetic NPs have drastically reduced
size distribution compared to that of synthetic PLAF/PLEOF
macromers. We speculate that the peptide in PLAF-EAKA16/
PLEOF conjugate self-assembles at the interface of the
aqueous and PLAF phases to minimize free energy. Charac-
terization of PLAF-EAKA16/PLEOF peptidomimetic NPs is
in progress and will be reported in future communications.

Peptidomimetic self-assembled structures are stabilized
by hydrophobic interactions, hydrogen bonding, and a host of
other noncovalent interactions. Thus, amino acid side groups
in the primary structure can dictate secondary structures and
preference for a specific shape in peptide aggregates (79).
Joshi and Verma have investigated the effect of sequence
distribution of phenylalanine (F) and proline (P) in a short
tetrapeptide on morphology of the aggregates. They observed
by AFM and TEM that FFPP peptides self-assembled into
circularly wound structures; PPFF resulted in the formation of
long fibers; PFFP resulted in the formation of self-assembled
NPs while FPPF, FPFP, and PFPF did not form any resolvable
structures (79). Therefore, the ability of short peptides to
assemble into specific structures or shape depends strongly on
the sequence of amino acids.

Kim and collaborators studied the effect of conjugating
glucagon-like peptide-1 (GLP-1) to water soluble poly(N-vinyl-
2-pyrroridone-co-acrylic acid) copolymer to form peptidomi-
metic VAPG macromers (90). In vitro, VAPG increased insulin
secretion by 200% over the control and it lasted for 2 weeks but
dose-response curves showed that the effective dose of pepti-
domimetic VAPG was half of that of native GLP-1. Analysis
confirmed that the lower bioactivity of VAPG stemmed from
polymer conjugation to N-terminal histidine moieties, which
actively participate in binding to GLP-1 receptors, resulting in
only 16% of N-terminal histidine remaining intact after the
conjugation reaction (90). This study demonstrated that amino
acids involved in conjugation reactions can potentially lower the
activity of peptidomimetic macromers.

.‘ O‘o :"f " ":.

Mag = 50000x

Fig. 2. SEM images of PLGF/PLEOF blends with 90:10 (a) and 70:30 (b) PLGF/PLEOF ratio, respectively.
SEM images demonstrate that NPs size can be changed from 200 to 50 nm by varying PLGF to PLEOF ratio.
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Table I. Effect of PLA/PEG Ratio on Number-Average, Volume-Average, and Polydispersity of NPs Produced by Self-Assembly of
Biodegradable PLEOF Macromers

PLA/PEG ratio in PLEOF macromer

Number average size (nm)

Volume average size (nm) Polydispersity index

100:0 480290
90:10 195+100
80:20 50+28
60:40 156

1,630+1,000 34
670+340 3.4
180+100 3.7

23+10 1.6

The effect of conjugation of peptide LLEDPVGTVA,
derived from a Herpes simplex virus (HSV) glycoprotein, to
an oligotuftsin derivative against enzymatic degradation was
investigated by Tugyi and collaborators (91). They found
that, in human serum, the conjugated peptide provided full
protection against enzymatic hydrolysis, while the free
peptide was decomposed quickly. Therefore, the selection of
carrier significantly influences activity and therapeutic effi-
ciency of peptide mimetic drug candidates. Orzaez and
collaborators (92) observed the fusion of a peptidomimetic
(peptoid) sequence that inhibited the activity of apoptosome,
a macromolecular complex that activates mitochondrial-
dependent apoptosis pathways, to cell penetrating peptides
significantly affected cell viability. Penetratin-fused peptoid
showed higher cell viability and better efficiency as an
apoptosis inhibitor than the HIV-1 TAT-fused peptoid (92).

Peptidomimetic sequences have been exploited for
design of potent antibacterial agents (93), as potential pro-
tease inhibitors (94), as antagonists in protein—protein in-
teractions (95), as modulators of immune system response to
provide therapy for auto-immune disorders (96), and as
binding agent to transporter proteins in pulmonary transport
(97). Studies with antibacterial peptide mimics have demon-
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Fig. 3. Degradation characteristics of PLAF (100:0 lactide/glycolide)/
PLEOF and PLGF(50:50 lactide/glycolide) NPs with incubation time.
PLGF/PLEOF NPs completely degraded in 4 weeks while the more
hydrophobic PLAF/PLEOF NPs lost more than 70% of their mass
after 4 weeks.

strated that activity and selectivity is contingent upon a
balance of peptide hydrophobicity and electrostatic charge,
rather than any specific receptor-ligand interaction (93). In
the case of immunodeficiency virus, the Tat protein, by binding
specifically to transactivator response element (TAR), medi-
ates a strong induction for the production of all viral transcripts
(98). Athanassiou and collaborators (99), using conformation-
ally constrained beta-hairpin peptidomimetics, have designed a
peptidomimetic inhibitor (effective at nanomolar quantities)
that binds with high specificity to bovine immunodeficiency
virus TAR RNA. Nonspecific signals between pairs of
costimulatory molecules are required for full T-cell response
in auto-immune disorders. Peptidomimetic NPs that can block
signal transduction between pairs of costimulatory molecules
are attractive as carriers for suppressing autoimmune diseases
mediated by central nervous system-specific T-cells (96). In
pulmonary transport, peptidomimetic NPs carrying antibiotic,
antiviral, and antineoplastic drugs can bind to high-affinity
PEPT?2 transporter which is expressed in the respiratory tract
epithelium. PEPT?2 transporter, which is an integral membrane
protein, mediates drug transport by coupling substrate translo-
cation to transmembrane electrochemical proton gradient as
the driving force (97).
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Fig. 4. Cumulative release of PAN from PLAF/PLEOF and PLGF/
PLEOF self-assembled NPs with incubation time. PLGF/PLEOF NPs
released their content in 2 weeks while PLAF/PLEOF NPs released
in 4 weeks.
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Fig. 5. Size distribution of PLAF/PLEOF NPs with and without
conjugation with self-assembling peptide EAKA-EAKA-EAKA-
EAKA (EAKA16). PLAF/PLEOF seclf-assembled NPs without
peptide conjugation had 50-800 nm size range while those with
conjugation had narrow 150-400 nm size range.

IMMUNOGENICITY OF PEPTIDOMIMETIC NPs

The size, surface charge, surface hydrophilicity (contact
angle), surface morphology, the sequence of amino acids of
the conjugated peptide, and extent of conjugation of pepti-
domimetic NPs can significantly affect their immunogenicity
and their clearance by the fixed macrophages of the
mononuclear phagocytes system (MPS) (100-102). For
phagocytosis, particles have to first make contact with the
pseudopods of macrophages and be engulfed into the
cytoplasm by lamellipods (103). Therefore, hydrophobic and
relatively large particles are more susceptible to phagocytosis
than hydrophilic ones (104). When relatively large (23 um
average size) albumin spheres were administrated intra-
articularly or intramuscularly to rabbits, the spheres were
not phagocytosed to an appreciable extent by macrophages
within the synovial cavity (105). Studies on phagocytosis of
polystyrene, polyacrolein, and cellulose spheres with mouse
peritoneal macrophages demonstrate that the sphere size
range for maximum phagocytosis is 1-2 pm (102). Further-
more, the extent of phagocytosis increased with increasing
zeta potential and it was lowest for particles with zero zeta
potential (104). But there was no significant difference in
phagocytosis of particles with cationic or anionic surfaces with
the same zeta potential value. Based on the results of
experiments with cellulose microspheres, least phagocytosis
or least susceptibility to immune response was observed with
non-ionic hydrophilic surfaces (104). Experiments with cellu-
lose spheres revealed that phagocytosis is enhanced for
spheres coated with +y-globulin, fibronectin, gelatin, and
tuftsin while albumin reduced phagocytosis (106). The effect
of various parameters on phagocytosis of NPs has been
studied with polyalkylcyanoacrylate (PACA), polymethylme-
thacrylate (PMMA), albumin spheres, and poly(lactide-
co-glycolide) (PLGA)(103,107-110). These studies show that
phagocytosis of particles with 200 nm average size is less than
that of 1.5 pm, and phagocytosis of more hydrophobic
PMMA NPs is higher than the less hydrophobic PACA
(107). Phagocytosis studies with liposomes (naturally-derived
nanospheres ranging 10-100 nm in size) showed that, for very
small particles, particle adsorption to the macrophage surface

Jabbari

is the limiting step (111). Optimal phagocytosis was observed
with negatively charged liposomes with 50-100 nm in
diameter (111,112). These and other experimental results
clearly demonstrate that NPs with high curvature (high
surface roughness) with 100-200 size range and surface
modified with hydrophilic polymers like poly(ethylene glycol)
(PEG) have the best chance to evade the immune system and
a prolonged half-life in the circulation (112-116).

Ligands conjugated to NPs can considerably affect
immune response and phagocytosis (117,118). Conjugation
of ligands that can interact with receptors on macrophages,
neutrophils, and natural killer cells can affect phagocytosis
and clearance of NPs by MPS (117). These include ligands
that interact with Fragment crystallizable (Fc) receptors,
complement, fibronectin lipoprotein, mannose, and galactose
among other receptors (119-123). For example, mannose-
conjugated liposomal NPs had two to four times greater
phagocytosis than unconjugated liposomes (124). By the same
rationale, due to a variety of non-specific interactions like van
der Waals, polar, hydrogen bonding, and electrostatic and any
specific interaction, peptidomimetic NPs have greater inter-
action with immune system components and higher phagocy-
tosis than plain synthetic NPs (117,125). For example,
conjugation of a synthetic human chorionic gonadotropin
peptide antigen, co-synthesized with a T-cell epitope from
tetanus toxoid, to PLGA microspheres induced phagocytosis
and enhanced antibody levels relative to soluble peptide or
plain PLGA (125). Therefore, peptidomimetic NPs should be
modified with non-ionic hydrophilic PEG polymers to reduce
their clearance from the circulation by MPS.

APPLICATIONS OF PEPTIDOMIMETIC
SELF-ASSEMBLED NPs

Imaging

In the past two decades, molecularly targeted diagnostic
and therapeutic agents have dramatically improved cancer
diagnosis and treatment. Self-assembled peptide-mimetic
polymer micelles are normally used to coat inorganic NPs
such as gold, quantum dots, or magnetic iron oxide NPs to
target the imaging/diagnostic agent to the intended site (126).
Inorganic peptidomimetic NPs, with size in the range of 1-
100 nm, can travel through the human body in the blood and
lymphatic vessels and identify the desired target by specific
biological interactions, such as antibody-antigen (127,128),
ligand-receptor interaction (127), nucleic acid hybridization
(129), and gene expression (130,131).

Inorganic NPs, coated with self-assembled amphiphilic
macromers and conjugated with multiple peptidomimetic
target-specific ligands provide the possibility for imaging with
multiple techniques or combining multiple functionalities
(132). The most promising synthetic magnetic nanoparticle
(MNP) as diagnostic agent, superparamagnetic iron oxide
NPs (SPION) with mean diameter of 30 nm, has several
advantages over traditional contrast agents including lower
toxicity, stronger enhancement of proton relaxation, and
lower detection limit (126). MNPs are biologically safe as
they are metabolized into elemental iron species by either
hydrolytic enzymes or the acidic conditions found inside
lysosomes. The iron is then merged in normal body stores and
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is subsequently incorporated in hemoglobin (133). To im-
prove colloidal stability and biocompatibility, MNPs are
coated with self-assembled amphiphilic macromers such as
PEG-phospholipids, poly(maleic anhydride-alt-1-octade-
cene)-PEG block copolymers (134), polystyrene-poly(acrylic
acid) (PS-PAA) block copolymer (135), or degradable poly-
lactide-PEG block copolymer (136). MNPs can be further
stabilized structurally by crosslinking with a small molecule
ligand such as 2,3-dimercaptosuccinic acid (DMSA) (13). This
bifunctional ligand provides structural stability by disulfide
cross-linkages between the ligands and the remaining free
thiol groups can be used for bioconjugation.

In addition to coating with self-assembled macromers,
MNPs are conjugated with peptidomimetic ligands for
targeted imaging of a specific cell type or malignant tissue.
These include ligands that target a3 integrin receptors on
glioblastoma cells (85), CXCR-4 receptors on HIV infected
cells and tumor cells (137), peripheral benzodiazepine
receptors for imaging traumatic brain injury (138), vesicular
monoamine transporter-2 for imaging pancreatic beta-cell
mass (139), cannabinoid receptors for neuroinflammation
imaging (140), peroxisome proliferator-activated receptor
for imaging metabolic and inflammatory disease (141), Sigma
receptors for prostate cancer imaging (142), translocator
protein for tumor imaging (143), and serotonin transporter
receptor for imaging midbrain of patients with depression
(144). Inorganic NPs, coated with self-assembled macromers
for stability and anti-fouling and conjugated with target-
specific ligands, are advancing imaging from the anatomy-
based level to the molecular level (145).

Tumor Delivery

One of the most exciting applications of NPs is in
targeted tumor delivery (38,146,147). Although diagnosing
cancer at an early stage can significantly improve survival
rate, novel nanoscale technologies that can selectively target
and destroy tumor cells while leaving normal cells unharmed,
will reduce patient suffering and recovery time. Chemother-
apy is limited by the toxicity of the antitumor drug to healthy
tissues (148). Additionally, short circulation half-life in
plasma, limited aqueous solubility, and non-selectivity has
limited the use of anticancer drugs to more invasive and
localized methods, like the use of catheters for chemotherapy
or surgery to remove tumor followed by chemotherapy.
Intravenous or intraperitoneal administration of antitumor
drugs can improve patient compliance and allow targeted
delivery to tumor vasculature but these less invasive systemic
methods are limited by non-selectivity of antitumor drugs to
normal cells and drug resistance in the tumor microenviron-
ment. The absence of selectivity causes intense undesired side
effects, thus reducing therapeutic efficacy of the drug (149).

One strategy to circumvent the short half-life and limited
solubility and improve selectivity is to encapsulate the
antitumor drug in NPs as a carrier and administer the
suspension systemically (intravenous injection) (150). NPs
provide the opportunity to selectively target the tumor over
normal tissue (14-17,151). Tumor blood vessels present
several abnormalities compared with normal vessels resulting
in enhanced permeation and retention effect (EPR effect)
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(152-154). The pore cutoff size of most tumor models is 200
400 nm and NPs with diameter <200 nm are selectively taken
up by tumor tissue (11,12). However, the association of
cytotoxic drugs with NPs modifies the drug biodistribution
profile, because untreated NPs are rapidly opsonized and
massively cleared (the mean half-life of untreated NPs is 3—
5 min after intravenous injection) by the fixed macrophages
of the mononuclear phagocytes system (MPS) (100,101). It
has been demonstrated that NPs with high curvature (50<
diameter<200 nm) and surface modified with hydrophilic
PEG polymers have prolonged half-life in the circulation
system, leading to the development of long-circulating NPs
for delivery of antitumor drugs (113-116). Furthermore, most
tumors lack lymph vessels and higher interstitial fluid
pressure than normal tissues (due to higher rigidity of the
tumor tissue, denser network of collagen fibers, and higher
number of fibroblasts which exert increased tension between
the fibers), so interstitial fluid and soluble macromolecules
are inefficiently removed (17,155). Therefore, there is accu-
mulation of NPs in the interstitium (EPR effect) which
retards their additional uptake from the blood vessels to
tumor interstitial space, unless the NPs degrade to molecular
weights below 50 kDa (156,157). NPs that are modified with
ligands that preferentially interact with cell surface receptors
on tumor cells improve selectivity and increase the residence
time of NPs in the tumor tissue (158). Ligand conjugated NPs
are very attractive as a mechanism for cell-selective tumor
drug delivery, since this process has high transport capacity as
well as ligand dependent cell specificity (159).

The effectiveness of NPs for tumor drug delivery
depends, to a great extent, on the selection of ligands that
bind with high specificity/affinity to localize the NPs to the
tumor environment (160). Many cell surface receptors
including folate receptor (161,162), transferrin receptor
(163), interleukin-1 (IL-1) receptor (164), epidermal growth
factor (EGF) receptor (165), endogenous G-protein coupled
receptor (166,167), vasoactive intestinal receptor (gastroin-
testinal tumor) (168), gastrin and cholecystokinin/gastrin
(thyroid and prostate tumor) receptors (169,170), neurotensin
receptor (171), vascular endothelial growth factor receptor
(172), fibroblast growth factor receptor (173), and «,B;
integrin-binding receptors (158,174,175) have been explored
for selective targeting of drug-loaded NPs to tumor cells.

Among these receptors, several synthetic RGD-based
peptides have shown high affinity for «, (33 integrin receptor
(158,175). This integrin mediates the attachment of cells to
the extracellular matrix, is implicated in tumor-induced
angiogenesis, tumor invasion, and metastasis, and is upregu-
lated on both cancer cells and tumor-associated blood vessels
(176,177). This integrin is present at low levels on most
normal tissues (178). Furthermore, it is well established that
ligands conjugated to PEGylated NPs display a much higher
apparent affinity to cell surface receptors than the free ligand
(38,146,147). In essence, NPs represent a multivalent form of
the ligand and cell surface receptors are often disposed in
clusters (38). As a result, ligand conjugated NPs can
potentially provide stronger interaction with surface receptors
on tumor cells and tumor blood vessels, resulting in higher
drug uptake and reduced drug resistance.

Our laboratory has developed novel PLGF/PLEOF
macromers that self-assemble to form biodegradable PEGy-
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Fig. 6. Schematic diagram of the NPs self-assembled from PLGF/
PLEOF blends.

lated NPs (69,87-89), as shown in Fig. 6. The unsaturated
fumarate groups of PLGF and PLEOF can be used to
covalently attach peptidomimetic ligands with high affinity
for tumor cells to the NPs. The linear D-Phe-Cys-Arg-Gly-
Asp peptide was synthesized using Fmoc-chemistry (179) and
cyclized directly in the solid-phase by coupling the carboxyl-
ate group of aspartic acid to the amine group on phenylala-
nine in the peptide sequence. The cyclic ¢(-GRGfC-) peptide
was conjugated to the NPs and purified by dialysis. The
conjugated NPs were incubated with MCF-7 (low o.f3
expression) and US7MG (high a,p; integrin expression) for
2 h and imaged by fluorescent microscopy. Fig. 7a and b show
the confocal fluorescent image of MCF-7 and US7MG cells,
respectively. The bright dots in Fig. 7b and their absence in
Fig. 7a are the FITC-stained c(-GRGfC-) peptide conjugated
NPs that are attached/taken up by US7MG cells that have
high expression of «, 35 integrin receptor. Fig. 7c shows the
white light image of the conjugated NPs (small white spheres)
coupled with the fluorescent image of the US7MG cell (blue).
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The images in Fig. 7 demonstrate that the c(-GRGfC-)
conjugated NPs bind selectively to tumor cells which have
high expression of o, integrin receptor.

Although the use of targeted NP delivery systems have
significantly improved the survival rate of cancer patients and
reduced patient suffering, intense side effects due to uptake
by normal tissues, are still a major obstacle to patient
compliance in chemotherapy (180). A promising approach
to eliminate the toxic side-effects of chemotherapeutic agents,
is the use of prodrugs that are activated by cytokines and
proteases in the tumor microenvironment (181). For example,
conjugation of N-butoxycarbonyl-Ala-Ala-Asp-Leu (N-
BuCa-AADL), a relatively short peptide which is cleaved
by Legumain endopeptidase in tumor microenvironment, to
Doxorubicin (Dox) produces a prodrug (N-BuCa-AADL-
Dox) with significantly increased dose of active Dox in breast
tumor microenvironment with little accumulation in other
tissues (182-186). Legumain (187) is the only asparaginyl
endopeptidase of the mammalian genome which is highly
expressed by neoplastic, stromal, and endothelial cells in solid
tumors (188). Legumain is present on the cell surface and
intracellularly in tumor cells and tumor-associated cells in the
tumor microenvironment (189,190). Protease-activated pro-
drugs increase tumor uptake of the active drug, but tumor
eradication is limited by the lipophilic character of the prodrug
and small molecular size, leading to short circulation half-life
and rapid clearance, and ultimately to low dose differential
between the tumor and normal tissue. Protease-activated
prodrugs encapsulated in self-assembled biodegradable NPs
that bind with high affinity to tumor and tumor-associated cells
through peptidomimetic ligands provide the potential to
eliminate harmful side effects while increasing the efficacy of
chemotherapy (see Fig. 8).

Vaccination

Advances in molecular basis of antigen recognition has
resulted in the development of rationally designed antigen

Fig. 7. Fluorescent images of MCF-7 (a; low a3 integrin expression) and US7MG (b; high a5 integrin expression) cells. The bright dots in b
are the FITC-stained peptide conjugated NPs. ¢ The white light image of the conjugated NPs (small white spheres) coupled with fluorescent
image of the cell (blue).
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Fig. 8. After systemic administration, prodrug-loaded conjugated NPs are selectively taken up by
tumor microvessels (panel A) at higher dose compared to normal tissue (panel B). After uptake, NPs
degrade during the chemotherapy schedule to release the inactive Legumain-activated-Dox prodrug.
The prodrug is activated to doxorubicin (magenta) by the action of legumain endopeptidase which is
highly expressed in the tumor microenvironment. The combination of targeted delivery with
conjugated NPs and the use of prodrugs, activated by protease specific to tumor microenvironment,
ensure high therapeutic efficiency to eradicate tumor while leaving normal cells unharmed.

specific vaccines based on motifs predicted to bind to human
class I and class II major histocompatibility molecules (MHC)
(191). Peptide-based vaccines, in which small peptides
derived from target proteins (epitopes) are used to provoke
an immune reaction, are very attractive for treating infectious
diseases and destruction of cancerous cells by the patient’s
own immune system (192). Synthetic peptides or peptidomi-
metic sequences for vaccination offer chemical stability, lack
of infectious potential, and better manipulation of the
immune response through the use of epitopes designed for
stimulating a particular subsets of T cells (3). Furthermore,
peptidomimetic vaccines are effective in generating immune
response to self-proteins by responding to subdominant
epitopes (39). Since antibodies can respond to multiple small
epitopes on antigens, multi-specific antigen recognition by
antibodies and T-cells should be employed for strong
immunogenic response (193). An ideal anti-tumor vaccine
should incorporate B cell, CD4", and CD8" T cell epitopes to
ensure both humoral and cellular eradication of tumors (194)
and be delivered with potent external immunoadjuvants for
strong immune response (195).

For vaccination against HIV, synthetic combination of
peptide antigens are amenable to modification to improve
immunogenicity and reactivity to multiple virus subtypes
(196). The synthetic peptide vaccine containing seven rele-
vant hepatitis C virus (HCV) T-cell epitopes and the T helper

cell adjuvant poly-L-arginine induced HCV-specific immuno-
genic response in a subset of nonresponder patients (197). In
another study, vaccination with peptides derived from human
vascular endothelial growth factor receptor-2 (VEGFR-2)
induced cytotoxic T lymphocytes with potent cytotoxicity
against endothelial cell expressing VEGFR-2 (198).
Marazuela and collaborators demonstrated that intrana-
sal delivery of PLGA microspheres containing the peptide
with major T-cell epitope of the allergen for olive pollen is
effective in preventing subsequent allergic sensitization (199).
Renaudet and collaborators have designed and synthesized a
self-adjuvanting multivalent glycolipopeptide (GLP) vaccine
against cancer containing four components on a molecular
delivery system. These components included a) a cluster of
tumor-associated carbohydrate antigen (TACA) B-cell epi-
tope, b) a CD4" T-helper epitope, ¢) a CD8" cytotoxic T-cell
epitope, and d) a palmitic acid immunoadjuvant (68).
Oil-based incomplete Freund s-type formulations, influ-
enza virosomes (200), aluminum based, and saponins have
been used as adjuvants to improve antigen half-life and
promote direct entry of peptides into MHC complexes to
stimulate T-cell responses (201,202). Although these adju-
vants enhance the immune response, there are several
disadvantages associated with their use including severity of
local tissue irritation, longer duration of the inflammatory
reaction at the injection site, minimal induction of cell-




622

mediated immunity, and eliciting undesirable immunoglobu-
lin E (IgE) responses (203). Microspheres have been used as
encapsulation matrix for sustained delivery of peptide anti-
gens and co-encapsulation with other cytokines (204-200).
Encapsulation of peptidomimetic antigens in PLGA micro-
spheres significantly enhanced the duration of antigen
presentation by dendritic cells (DC) and potency of DC-
based vaccination (207). However, microsphere-based deliv-
ery is limited by low effective surface area and surface
curvature for presentation of multivalent antigens to MHC.

Peptidomimetic self-adjuvant NPs are the ideal carrier
for vaccination because they provide large surface area with
high curvature for antigen presentation along with sustained
delivery of multivalent peptides by conjugation. For example,
administration of influenza antigen in chitosan NPs induced
higher immune response and significant IgA levels compared
to that of free antigen (208). In another study, a vaccine based
on PLGA NPs co-encapsulating the poorly immunogenic
melanoma antigen along with toll-like receptor ligand,
showed immunostimulatory milieu in the tumor microenvi-
ronment, evidenced by increased level of pro-inflammatory
cytokines compared to the free antigen (208). subcutaneous
immunization of mice with poly(y-glutamic acid) (y-PGA)
NPs entrapping ovalbumin (OVA) efficiently delivered anti-
genic proteins to antigen presenting cells and more effectively
inhibited the growth of OVA-transfected tumors than that of
emulsified OVA (209). In addition, y-PGA NPs did not
induce histopathologic changes after subcutaneous injection
or acute toxicity through intravenous injection.

For ideal vaccination, the antigens have to be presented
by the most efficient antigen presenting dendritic cells that
activate a particular subset of T cells and initiate antigen-
specific immune response. A rational way of improving the
potency and safety of new and already existing vaccines could
be to direct vaccines specifically to DCs. Self-assembled NPs
conjugated with peptidomimetic antigens are ideal for uptake
and sustained presentation of vaccine antigens to dendritic
cells and subsequent activation of T cell mediated adaptive
immune response. Upon activation, T helper (Th) lympho-
cytes (CD4") orchestrate an immune response, augmented
with cytolytic T lymphocytes (CTL) or killer T lymphocytes
(CD8"), which stimulate the innate immune mechanisms
involving natural kKiller cells and macrophages (210).

Tissue Engineering

Growth and differentiation factors and homing agents play
a central role in modulation and control of cell migration,
differentiation and maturation, and morphogenesis (211). In
particular, bone morphogenetic protein-2 plays a major role in
initiating the cascade of chemotaxis, differentiation of marrow
stromal cells, and bone regeneration (212). Recombinant human
bone morphogenetic protein-2 (rhBMP-2) is used as the
differentiation factor in tissue engineered (TE) scaffolds for
bone regeneration and it is used clinically for spinal fusion (213).

BMPs are a group of proteins involved in the development
of a wide range of organs and tissues from embryonic through
adult stages (214) and they play important roles in tissue repair
and remodeling processes after injury (215). In-vivo, BMPs
signaling is highly regulated by restricted expression (216),
binding peptides (217), proBMP domains (218) and other
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factors that synergistically enhance the effect of BMPs (219).
Therefore, four to five orders of magnitude higher than the
amount found endogenously (1 mg/mL for rhBMP-2) have to be
loaded in the graft to induce bone formation (215). Such high
doses cause adverse effects such as bony overgrowth and
immunological reactions (220). We (221) and others (9) have
immobilized thBMP-2 in degradable microspheres but the
encapsulated protein has low bioactivity and the release
characteristics are less than optimal, adversely affecting the
safety profile of rhBMP-2 for clinical applications (222). When
rhBMP-2 is delivered in a collagen or PLGA sponge, a large
fraction of the protein is lost in the process of irrigating the
wound, by the action of antibiotics in the first 24 h after surgical
placement, and by soft tissue compression.

Our laboratory has exploited the self-assembly of a novel
amphiphilic poly(lactide-co-ethylene oxide fumarate) (PLEOF)
macromer in aqueous solution to encapsulate thBMP-2 and
retain its bioactivity. In the process, the protein and PLEOF
macromer are dissolved in aqueous solution at physiological
conditions. Next, rhBMP-2 is encapsulated by self-assembly of
the macromer into NPs (average diameter of 25-75 nm) upon
lowering the solution temperature below the macromer critical
phase transition, as illustrated in Fig. 9. The PLA units of the
macromer allow sustained release of the protein for up to 5 days
while PEG units provide stability and prevent protein denatur-
ation. The fumarate units provide sites for covalent attachment
and immobilization of the NPs in the TE scaffold for skeletal
regeneration. The released rhBMP-2 protein from the NPs had
>95% bioactivity and the released protein induced differentia-
tion of bone marrow stromal cells in vitro. These results
demonstrate that self-assembled NPs are a viable alternative to
double emulsion encapsulation for sustained in situ delivery and
their immobilization in TE scaffolds.

Intracellular Targeting

NPs due to their large surface area, relative to their volume,
and high curvature are taken up by cells through the process of
endocytosis (223). Pinocytosis or endocytosis of solutes and NPs
can occur by four mechanisms including macropinocytosis (non-
selective bulk fluid-phase uptake) (224), clathrin-mediated
endocytosis (receptor-mediated by clathrin-coated pits on the
cell membrane) (225), caveolae-mediated endocytosis (recep-
tor-mediated by caveolae or lipid rafts) (226), and non-receptor-
mediated endocytosis (227). Receptor-mediated endocytosis
can increase the cellular uptake of NPs by 1,000 times, compared
to receptor-independent pathways (228). Due to negative
charge of the cell membrane, cationic core/shell NPs self-
assembled from biodegradable, cationic and amphiphilic
copolymers have been used for intracellular delivery of

PLEOF
Macromer

L rhBMP- 2 O\CPRaY
Self-Assembled NPs

Fig. 9. Schematic diagram illustrating the self-assembly of rhBMP-2
protein with PLEOF macromer in aqueous environment.
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anticancer glycoproteins (137). Folate receptors, which are over-
expressed on tumor cells, are used for intracellular delivery to
cancer cells. For example, when PLGA NPs were coated with a
cationic di-block copolymer conjugate, poly(L-lysine)-PEG-
folate (PLL-PEG-FOL), the coated NPs had far greater extent
of cellular uptake by tumor cells (229). After endocytosis, NPs
enter mildly acidic endosomes (pH 5.0-6.5) followed by entry
into the degrading environment of lysosomes with significantly
lower pH (230). NPs conjugated with fusogenic synthetic
peptides like WEAALAEALAEALAEHLAEALAEAL
EALAA (GALA) or WEAKLAKALAKALAKHLAK
ALAK-ALKACEA (KALA) has been used for endo-/lyso-
somal escape of NPs (231).

A new approach for transport of NPs across the cell
membrane and into cytosol is by conjugating the NPs with cell
penetrating peptides (CPPs) (232). The CPPs include trans-
activating transcriptor (Tat), Antennapedia (Antp), poly-
arginine peptides, transportan, and penetratin (232-234).
Different size cargo molecules ranging from small molecules
to proteins and even liposomes and particles can be delivered
by CPPs (235). Due to their ability to penetrate cellular lipid
bilayers, CPPs conjugated to NPs are used as delivery vectors
for gene expression such as oligonucleotides for antisense,
siRNA and dsDNA, and as transfection agents for plasmid
delivery (236). Conjugation of HIV-1 Tat cell penetrating
peptide to polyethyleneimine PEI/DNA nanocomplexes im-
proved cellular uptake of gene vectors and enhanced gene
transfection efficiency of neurons up to 14-fold (237).

CONCLUSIONS

Peptidomimetic self-assembled NPs have a wide range of
applications in medicine and pharmacy. These applications
include molecular imaging, tumor targeting, gene delivery,
growth factor delivery in regenerative medicine, biological
labeling, detection of proteins and pathogens and probing the
DNA structure, separation and purification of biological
molecules and cells. NPs, due to their size, are highly effective
in overcoming the biological defense system and vascular
barriers. In biological applications, success of NPs depends on
their ability to target one organelle, cell, or tissue over another.
Selectivity and specificity play a very important role in
reducing side effects or increasing resolution. Self-assembly
refers to the spontaneous formation of higher order structures
from simpler building blocks. Peptidomimetic self-assembly is
a process to produce nanostructures from synthetic macromo-
lecular chains by mimicking the pattern of weak non-polar,
polar, hydrogen bonding, and electrostatic interactions in
peptides. Each unique 3D structure of a peptide corresponds
to a unique active role in biological systems, thus providing
functional specificity. In this review, synthesis, characteriza-
tion, properties, and immunogenicity of peptide-conjugated
self-assembled NPs are reviewed. The most important and
clinically relevant applications of peptidomimetic self-assem-
bled NPs for molecular imaging, tumor targeting, vaccination,
in situ protein delivery, and intracellular delivery are reviewed.
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