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Abstract

Natural originated materials have been well-studied over the past severalhdecades owing to their higher biocompatibility
compared to the traditional polymers. Peptides, consisting of aming acids, are among the most popular programable building
blocks, which is becoming a growing interest in nanobiotechnology. Structures assembled using those biomimetic peptides
allow the exploration of chemical sequences beyond thosesbeen routinely used in biology. In this Review, we discussed the
most recent experimental discoveries on the peptide-based assembled nanostructures and their potential application at the
cellular level such as drug delivery. In particular, we explored the fundamental principles of peptide self-assembly and the most
recent development in improving their interactions with biological systems. We believe that as the fundamental knowledge of
the peptide assemblies evolves, the more sophisticated andyversatile nanostructures can be built, with promising biomedical
applications.

Keywords: Peptides; Self-assembly; Nanoparticles; Secondary structures; Bioactive materials; Drug delivery; Stimuli-
responsiveness; Cellular uptake; Anti-tumor drug target

intense scientific investigation in the production of nano- and
micro-scale materials with a variety of shapes®!? and novel
functional properties*13-16,

Self-assembly is directed by the physicochemical
properties of the assembling motifs and the local interactions
within and between them. Hydrogen bonding, n-n stacking
interactions,  hydrophobic interaction,  electrostatic
interactions, and van der Waals forces combined to help
assembled structures maintain a stable, minimal energy
state™”. For example, in the formation of a DNA double helix,

1. Introduction

Self-assembly is the process »by which unordered
materials are arranged into’ highly “organized structures
without the need to apply external forees®. Living cells and
tissues contain a variety of self-assembled structures that
contribute to mechanical support and biochemical function.
For example, self-assembled collagen fibers, the most
abundant component in the extracellular matrix (ECM), play
an essential role " in “the  load-bearing capacity of

musculoskeletal tissues as. well as in cell adhesion and
growth?*. The,DNA double helix® and bilayer membranes
from lipids®’, are. also self-assembled structures that
encode/protect genetic information and compartmentalize
macromolecules. Inspired by these naturally occurring and
highly functional self-assembled components of living
systems, biomolecular self-assembly has remained an area of

XXXX-XXXX/ XX/ XXXXXX

two nucleic acids are bound to each other by the hydrogen
bond*8. Whereas in the formation of proteins, the combination
of those interactions rearranges the spatial positioning of
different amino acids, resulting in the formation of a variety
of secondary structures such as a-helix, [-sheet, and
polyproline helix, among many others'®. Taking these self-
assembling building blocks as models, biomolecules such as
lipids, peptides, or nucleic acids have been widely used as
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building blocks to create novel and sophisticated
nanomaterials, such as programmed 2-dimensional self-
assemblies of DNA2-22, antimicrobial peptides®?*, peptide-
and DNA-based biocatalysts®>?7, and molecular probes for
bioimaging?®2°.

Nanoparticles (NPs) are a subcategory of nanomaterials
that are at the forefront of contemporary nanotechnology
research and development, with a compound annual growth
rate (CAGR) of 16% [Global Nanoparticle Market Outlook
2020] and anticipated a 36.4% CAGR from 2021 to 2030
[Nanotechnology Market Outlook —2030]. In general, NPs are
particles with diameters that range between 1 nm to 100 nm?’;
because of their small size, NPs are able to penetrate tissues,
as well as enter cells®22, With certain modifications (such as
functionalization with poly(ethylene glycol) (PEG)), NPs can
be engineered with increased residence time in vivo, due to a
reduction in their opsonization®. Furthermore, attributed to
relatively  high  solubility, NPs possess enhanced
bioavailability compared to free hydrophobic drugs®*37, so the
encapsulation of drugs in appropriate nanoparticles
significantly improves drug dosing efficiency. However,
penetration of NPs into cell membranes can remain a key
barrier, and methods to improve cellular uptake such as
targeting select cells, and activating specific uptake and
membrane penetration mechanisms, remain an area of active
investigation.

Polymeric NPs have attracted considerable interest over
recent years due to their properties resulting from their small
size®%,  stimuli-responsiveness®®4!,  and  improved
cytocompatibility*?43, Amphiphilic polymeric NPs, which
contain a hydrophilic head and a hydrophabic tail;"have been
widely used as drug carriers owing to the potential controlled
release of drugs and the ability to protect the drugs against the
environment®®, Some novel studies have been conducted to
wrap the nucleic-acid-encapsulated polymeric NPs with
cancer cell membranes**“" and human/ megakaryocyte
membranes*®°. The membrane-coated exterior.of these NPs
grants high bioavailability*+4649-52, ceII-targe%ﬁg ability*°0,
and can also be used in photothermal'therapy*¢5%. However,
challenges still remain, such assthertoxicity at high polymer
concentration®® and the biodegradation of polymeric NPs*.

Liposomes are spherical vesicles comprising a bilayer of
amphiphilic phospholipids®,which share a close resemblance
to the composition of mammalian cell membranes, enabling
efficient interactions between the _membrane and the lipid
bilayers thus improving cellular uptake®. Nevertheless, many
liposomes are recognized as foreign by the reticuloendothelial
system, thus resulting’in rapid.removal from circulation®, and
liposomes can @lso exhibit short shelf lives owing to the
instability of the lipid bilayers®. New classes of NPs have
emerged toaddress some’of these limitations of liposomes or
other polymeric NPs.

Because of their chemical and biochemical versatility and
relative stability, amphiphilic peptides, which comprise a
hydrophobic tail (either aliphatic or peptide in origin) and a
hydrophilic ‘head’, have garnered steady attention in the
nanomaterials field. Their assembly is driven Jlargely by
hydrophobic interactions and hydrogen .bonding, »which
support the self-assembly of different panostructures for
utilization as therapeutic agents to< treat diseases by
transporting drugs across membranes to specific sites. These
materials have specific benefits: “1)»Peptides are easily
synthesized and scaled up using salid-phase peptide synthesis
or recombinant DNA technology®®®. 2) Attributed to their
natural origin, peptide NPs™can “exhibit relatively high
biocompatibility and bioavailability?46°¢t 3) More than 20
types of naturally occurring,.amino jacids provide a large
variety of functional groups, including but not limited to
thiols, carboxylic acids, amines, and the ability to incorporate
myriad non-natural chemical functionalities, such as azides,
alkynes, and tetrazines (among others) further expands this
versatility andsbio-orthogonality. 4) The naturally formed
secondary structures,such/as the a-helix or B-sheet can induce
bottom-up construction of nanostructures such as spheres,
cylinders, tubes, and other novel morphologies that can occur
via self-assembly in an aqueous solution®. With the ability to
expand their functionality by conjugating peptide-based NPs
with other molecules such as fatty acids or polysaccharides®®-
8, they. can be utilized as biocatalysts®® or drug delivery
carriers®. Gene delivery is also a more recent, but commonly
reported application of peptide NPs®-68,

Small-molecule drugs have been a pillar of the modern
pharmaceutical industry®®, but as mentioned above, have
challenges regarding bioavailability and high necessary
dosing frequencies that can cause undesired side effects such
as liver and kidney damage™®’. Peptide-based NPs can
encapsulate hydrophobic drugs within their hydrophobic
domain through hydrophobic interaction>’ to prevent
uncontrolled precipitation at the injection site and retain
solubility with the help of the hydrophilic domain. Without
exposure to the hydrophilic environment, the transfer of
hydrophobic drugs through cell membranes can be enhanced
by NPs. By tuning the physical or chemical properties of the
NPs, the sustained release of drugs has been well
developed™78, resulting in a longer release time and lower
dosing frequency, thus decreasing the cytotoxicity caused by
uncontrolled drug release. Furthermore, peptides with target-
binding abilities have been developed to overcome the rapid
removal of NPs by physiological fluid?®7®"® for a longer
release window.

We are particularly interested in the molecular design of
self-assembled peptide-based NPs for advanced drug delivery
and corresponding modification of cellular responses. In this
article, we focus on recent studies of self-assembled peptides
and their advanced application, highlighting the adaptability
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of peptide-based NPs owing to the high level of specificity in
their design and chemical functionality. Moreover, it is
convenient to engineer multiple functions in a single
assembled structure, which can promote the performance of
the whole system with a synergistic effect. Other recent
studies regarding polymeric NPs%%7°-8! ‘metallic NPs®2-8, and
inorganic NPs®®" have been well summarized in other
published reviews.

2. Self-assembled peptide building blocks

2.1 a-helical and coiled-coil peptides

The most common secondary structure found in globular
proteins is the a -helix. For decades, the a-helix has been well
studied for its properties and recognized for its promotion of
signaling pathways, molecular transport, and hierarchical
structures in cells®, It has more recently been applied as a key
component in building novel biomaterials®-°%. Novel design
of fibrillar, tubes, and sphere nanostructures®> has been
enabled by the right-hand helical conformation of the a-
helical synthetic peptides, stabilized by hydrogen bonding
between backbone amide and carbonyl groups®. For example,
filamentous nanostructures can be generated from coiled-coil
peptide motifs 25-50 residues long® %, and unilamellar
spherical cages with diameters of ~100nm have also been
generated®2%, Recently studies showed a growing trend to
utilize the coiled-coil structure, which is constructed by the a-
helix, as a building block for building peptide
nanostructures®-1%,

The coiled-coil is a structural motif in proteins in:which
2-7 alpha-helices are coiled together similar to the strands of
a ropel®, These peptides were based on heptad repeats
(abcdefg),, with positions a and d beihgyoccupied by
hydrophobic residues and polar residues anywhere else in the
sequence. Hydrophobic residues form an inter-helical

&8

mES g

£

hydrophobic core, providing a stabilizing interface between
the helices, while charged residues at positions e and g
participate in electrostatic interactions contributing to coiled-
coil stability. These peptides form 2-5 helices that wrap
around each other in a super-helical fashion to form,nanoscale
fibers. Most studies have focused on makingfibrillar coiled-
coil structures, although some recent studies have
demonstrated alternative ways to utilizethe coiled-coil motif
for forming other types of Structures, such_as sphere
morphology?1% and cross-linked hydrogels for therapeutic
applications®"104,

Barns et al. successfully" synthesized triblock co-
polypeptides based on coiled=coil structures!®, which can
self-assemble into nanovesicles withthe help of the leucine
zipper (Figure 1A). In their work, instead of using traditional
solid-phase peptide synthesis (SPPS), a convenient ring-
opening polymerization (ROP) was employed to synthesize
the poly (leucine-valine) peptide with the sequence PEO113-
PLVe-PKso. In contrast to. traditional coiled coils, the peptide
design employed all hydrophobic residues (leucine and valine)
on the (abcdefg) heptad/repeats, but still formed a stable
structure with a circulardichroism spectrum similar to that of
a coiled-coil in aqueous solution (Figure 1B). The self-
assembly of:the vesicle-like structure was induced by slowly
pouring acidic y(pH 2), leucine-insoluble buffer into a
poly(ethylene oxide)-rich trifluoroacetic acid (TFA) solution,
via a solvent-exchange technique. The average diameter of the
assembled vesicles was 94 nm (confirmed via transmission
electron microscopy (TEM) measurements (Figure 1A)). By
analyzing the hydrophobic percentage of the polymer (only 6
Wit%), the authors concluded that the leucine-rich domain
dominates the thermodynamics of self-assembly by defining a
low interfacial curvature of the assembly, resulting in vesicle
morphologies. Furthermore, the sizes of the vesicles can be
tuned by modifying the amount of buffer used in the solvent

B) PEO Leucine-s-Valine Lysine

o - o
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Figure 1 Defined structures of the PEO113-PLVs-PK3o molecule. A) TEM micrograph shows the vesicle-like structure
with radius around 100 nm; B) Proposed interaction pattern in a homopoly(leucine) block polymer in Barns' work;
Reprinted with'permission®. Copyright 2020, American Chemical Society.
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switch, which broadens the possibility for fabricating vesicles
for alternative usage!®.
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Figure 2 Structure characterization, in-vitro, and in-vivo,studies of the S-19 NPs. A) SEM images of S-19 NPs
prepared by salting out at 250 mM of KCI solution:B) Doxorubicin release form SP1 NPs at PBS solution (pH
7.4) or acetate buffer solution (pH 5:0) at 37° C. The:data represent mean + SD (n=3). C) The image of the
tumors dissected from tumor-bearing mice. treated with the indicated formulation at the 22th day after the first
injection. (D) In vivo fluorescence dmaging, of tumor-bearing mice treated with free Dox or SP1-Dox
formulation. Different tumor-bearing mice were, injected with the indicated formulation via peritumoral
injection, and the mice were subjected to live imaging at the predetermined time point. Reprinted with
permissiont*!, Copyright 2017, American Chemical Society.

2.2 [-sheet forming peptides

The B-sheet has been another.widely.used building motif
for driving the self-assembly of peptides, driving the self-
assembly of a large variety of nanostructures such as
ribbons?%:1%7  nanotubesi®i%, “monolayers with nanoscale
order?, and nanoparticles!t The B=sheet consists of several
B-strands that are connected laterally by at least two or three
backbone hydrogen'bonds;. forming a generally twisted,
pleated sheet in/a parallel.or anti-parallel pattern'2, NPs can
be generated and stabilized by the formation of the
nanoconfined B-sheet structure enabling the possibility for
drug delivery!!. Further studies''*!'* incorporated polar
zippers between neighboring B-strands via side-chain

stability and also limits the expansion of a larger B-sheet
structure.

A recently discovered structural protein called ‘suckerin’,
which is generated from Jumbo squid sucker ring teeth can
self-assemble into a robust supramolecular network
containing a high number of B-sheets as load-bearing
nanoscale building blocks™>¢, Ping et al. generated an
artificial suckerin-19 (S-19) through recombinant protein
expression and fabricated suckerin NPs (SP1) through a
salting-out method in the potassium chloride solution?, with
B-sheet structure stabilizing the NPs. The morphology and
dimension of the NPs were examined via scanning electron
microscopy (SEM) (Figure 2A). Doxorubicin, an anti-tumor
drug, was incorporated in the NPs through diffusion, and in-
vitro release was then conducted under various pH conditions

Page 4 of 23



Page 5 of 23

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - BMM-105027

Accepted Manuscript

Journal XX (XXXX) XXXXXX  Version of record at: https://doi.org/10.1088/1748-605X/ac92b5

Huang et al

for a period of 60 hours. The release profile shown in Figure
2B showed a pH-dependent sustained release between pH 5.0
and pH 7.4. An in vivo antitumoral efficacy study was
conducted for 21 days on a tumor-bearing nude mice model,
and the SP1 showed enhanced retention of doxorubicin at the
tumor site compared to free doxorubicin, thereby inhibiting
tumor growth more effectively (Figure 2C-D). In addition, S-
19 is also able to complex DNA into NP complexes mostly
through non-electrostatic interactions and to induce DNA
condensation during inter- and intramolecular [-sheet
supramolecular assembly. Besides peptides that form NPs,
Wang et al.'* designed a short amphiphilic peptide (Ac-

IsXGK-NH; (X = GIn, Ser, Asn)) with a polar zipper between
[B-sheets rather than between f-strands, which in turn
regularized the B-sheets into large flat ribbons. As previously
reported, the peptide with sequence Ac-IsK-NHy.can assemble
into flexible, twisted fibers with high stability owing to the
hydrophobicity of lle (I) and B-sheet formation'”: The
insertion of another X and glycine (G) residue in the middle
of the sequence appears to form polar zippers between the B-
sheets, which promoted the assembly of highly<organized
ribbons. Other recent studies on B-sheet-based nanastructures
have been well summarized in other “published review
articles®118.119,

Tissue remodeling
- disease

* development

= aging

\

Sy” ~

Self-assembly driven hybridization between degraded
collagen & Collagen Hybridizing Peptide (CHP)
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Figure 3 Confirmation of the CHP-PLGA collagen-binding. A) Left panel: Localization of CHP binding in a sagittal
section of an 18 d.p.c/mouse embryo (E18) double stained with B-CHP (detected by AlexaFluor647-streptavidin
(showed in orange) and an anti-collagen | antibody (detected by AlexaFluor555-labeled donkey anti-rabbit IgG H&L
(showed in cyan); Right panel: Schematic of a CHP strand (labeled with X, X represents the biotin or fluorescent tag)
hybridizing to denatured collagen chains and forming a collagen triple helix; B) SEM images of PLGA and CHP-
PLGA nanoparticles. Scale bars, 1 pm; C) RAPA release from PLGA and CHP-PLGA nanoparticles over the course
of 10 days. n=4; d)'SEM of CHP-PLGA binding to intact and injured tendon. A) is reprinted with permission?,
Copyright 2017, American Chemical Society. B-D) are adapted with permission!?’. © The Authors, some rights
reserved;exclusive licensee AAAS. Distributed under a Creative Commons Attribution NonCommercial License 4.0

(CCBY-NC)
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2.3 Triple helical peptides (Collagen-mimetic peptides)

Collagen is the most abundant protein in the human ECM,
providing both mechanical integrity and interactions with cell-
surface integrins for adhesion. Collagen-mimetic peptides
(CMPs) (or collagen-like peptides, CLPs) are short synthetic
versions of the native collagen that have been widely
employed in the generation of peptide-based materials. CMPs
are composed of three peptide chains where each CMP chain
comprises multiple repeats of amino acid triplets, (X-Y-G),
where X and Y are usually proline (P) and hydroxyproline (O),
respectively??, The three CMP chains each individually adopt
a polyproline Il helix structure and then self-assemble via a
combination of stereoelectronic effects and hydrogen bonding
between adjacent chains to form the CMP triple helix which,
at temperatures below the melting temperature (Tm) of the
triple helix, mimics the triple helical structure of native
collagen'®. As first reported by Li et al., the collagen-
hybridizing peptide (CHP) (single strand of the CMP triple
helix) is able to bind with high stability to partially denatured
collagens through a strand invasion process?*. Therefore, for
decades, short CMPs have been used in thermo-responsive
fabrics'??, 3D-scaffords'?®, and as therapeutic matrices and
molecules owing to their collagen-binding and heat-triggered
folding-unfolding behavior'?,

Inspired by the natural collagen fiber structure, many
studies have been conducted to incorporate CMPs as building
blocks for constructing highly ordered nanostructures*. Kaga
et al. functionalized the N-terminus of CMP with aromatic
rings, which built rod-like micelle fibers with the capability to

encapsulate hydrophobic molecules'®. San et al. built a novel
nanofiber by self-assembling a peptide that incorporates both
B-sheet and triple-helical motifs which is CMP%, This
nanofiber showed excellent affinity to denatured‘collagen by
multivalency effects attributed to the surface CHP, at the same
time, can be shortened to less than 100 nm.to-avoid most of
the partition into dermal tissue after the injection into. normal
mice. Besides the assembly into fibrillar structures, CHPs also
show high collagen affinity. Recent work ‘conducted by
Hwang et al. showed the possibility of utilizing a fluorescein-
labeled CHP as a marker to bind denatured collagen for
probing damaged tissue?® (Figure 3A). In contrast to
antibodies, the CHP demonstrates no species conflicts with
tissue samples or with other primary antibodies, enabling
facile double staining of tissues. Additional work conducted
by Zitnay et al. utilized the CHPras a quantitative probe to
measure collagen molecular damage during tendon cyclic
fatigue loading?®. Other pioneering work conducted by Chen
et al. reported a rapamycin (RAPA) delivery system using
CHP modified/poly (lactic-co-glycolic acid) (PLGA) NPs (NP
morphology..shown, in Figure 3B) to specifically target
pathological collagen-in tendon for heterotopic ossification
(HO) suppression'?’, Compared to the injection of traditional
drugs,.the CHP-PLGA-RAPA NPs showed not only excellent
targeting ability‘specific binding SEM data shown in Figure
3D) but also the sustained-release ability of RAPA with high
bioactivity (the in-vitro release study is shown in Figure 3C).
Very recent work reported by by Kessler et al. applied
peptoids with 7 different functional groups as substitutions for
proline in a CMP-based peptide, without a reduction of

Proposed Structure of

A ELP-CLP vesicles B
) N
Collagen-like % | /;

peptide
Sélf-assembly

Elastin.like
peptide N

© : hydrophobiccargo

C), “¥D) |

Temperature
triggered release

Targeting collagens via
triple helix hybridization

Highly cytocompatible

Figure 4 Versatile properties of the ELP-CLP NPs. A) Self-assembly process of ELP-CLP sequences. B) TEM
confirmation of vesicle morphology. C) Thermal-responsive release of hydrophobic molecules. D) Targeted binding
to denatured collagen is attributed to the CLP of the outer layer. E) Live/dead fluorescence images of 1000 ug/mL
vesicles,in culture with NIH-3T3 fibroblastic cells. Reprinted with permission. Copyright 2017, American Chemical

Society.
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thermal stability*?®. This discovery broadens the ways for
functionalizing CMPs thus enabling essentially countless
possibilities for CMP modifications.

2.4 Amphiphilic peptides with alkyl tails and co-peptides

The amphiphilic peptide is one of the most extensively
studied and successful platforms for self-assembling peptides
in regenerative medicine. In general, amphiphilic peptides
contain a hydrophobic tail and a hydrophilic head, where the
hydrophobic tail is sequestered as the core of the assembled
structure and the hydrophilic head is localized on the surface.
These peptides self-assemble to form a large variety of
morphological structures with nano-dimensions such as
micelles'?%0, vesicles®!®!, or sheets®. Tsonchev et al.
demonstrated that the self-assembly of amphiphilic peptides is
driven by both hydrophobic as well as electrostatic
interactions®®2.  In this section, we focus mainly on
amphiphilic peptides with alkyl groups or those comprising
co-polypeptides.

As a traditional hydrophobic motif, alkyl groups can be
conjugated as a ‘tail’ for hydrophilic peptides thus enabling
self-assembly via inter- and intra-molecular interactions33134,
Fry et al. designed a peptide-alkyl amphiphile system
containing two different charged amino acids (histidine and
lysine) and an alkyl tail (C8, C12, C16, or C18), which self-
assembled into  nanofibers with  quantitative pH
responsiveness'®, Chensinin-1b, an antimicrobial peptide;
has been conjugated to an alkyl tail (C8, C12, or C16), as
reported by Dong et al., to create an amphiphile sequence
containing chensinin-1b peptide that self-assemblesyinto a
micellar structure in aqueous solution with cell penetration
ability and up to 7-fold anti-cancer activity by the
incorporation of the aliphatic acids'®. Unlike the tail-insertion

A) Folded,CLP

o
e

Collapse of
ELP domain

Collapsed ELP

T < LCSTgiplock trimer LCSTyiblock trimer < T < TMgyp

Collapsed ELP

Decreased Ratio of
ELP/CLP lengths

Folded CLP
\

of the alkyl group, a recent study conducted by Yaguchi et al.
reported several peptide chains that contained centrally
located alkylene groups of different lengths (C1, C2, C3, and
C4) in the peptide via solid-phase peptide /Synthesis¥’.
Comparing the physicochemical properties »of those
sequences, they found that the central alkylenechain allowed
for strengthened hydrogen bonds in the antiparallel, B-sheet
stacks, in which the amphiphilic molecule showed great
potential to self-assemble into nanofibers and stiff-hydrogels
with low cell adhesion. Song et al. designed, another
amphiphile applying the alkyl group in bath,the middle and
the tail of the peptide chain, which formed into'well-organized
twisted ribbons and flat ribbons owing to antiparallel and
parallel B-sheet arrangements, respectively?.

Luo et al. designed.an amphiphilic co-peptide which
contains a hydrophobic domain ‘comprising an elastin-like
peptide (ELP) and {a_hydrophilic domain comprising a
collagen-like peptide,(CLP) with the sequence (VPGFG)s-b-
(GPO),GFOGER(GPO)4GG® " With a simple annealing
process, this ELR-CLP conjugate can easily self-assemble into
a bilayer vesicle structure with quantitatively measured dual
thermo-responsiveness (Figure 4A-B). Fine-tuning of the
thermozresponsiveness  was  further  studied  and
revealed®'%81% The ability to encapsulate hydrophobic
molecules (Figute 4C), to target denatured collagen (Figure
4D), and to show cytocompatibility has been further tested in
additional studies’, in which showed a sustained release for
over 3 weeks as well as high cytocompatibility with both NIH-
3T3 fibroblasts and ATDC5 chondrocytes (Figure 4E).
Considering the relative chain length of the individual peptide
domains plays a key role in the self-assembly process, and Qin
et al. further revealed the relevance between the self-assemble
morphology and the relative length of two domains with the

TT

<
~

Unfolding of
CLP domain

0
Tmep < T < LCSTyiplock monomer o

Figure 5 Tunable;morphology of the ELP-CLP NPs. A) Proposed assembly/disassembly and bilayer structure of
the ELP-CLP vesicles and platelets, owing to different hydrophobic volume of the inside ELP layer. TEM images
of B) vesicle and C) platelet structures. Adapted with permissioné. © The Authors, some rights reserved, exclusive
licensee AAAS. Distributed under a Creative Commons Attribution NonCommercial License 4.0 (CC BY-NC)
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sequence  (VPGWG),(VPGFG)x-b-(GPO),GG®. With a
shortened hydrophobic ELP domain or elongated hydrophilic
CLP domain, the ELP-CLP conjugates self-assembled into a
nanoplatelet structure instead of the original vesicle structure,
in which it can also be quantitatively tuned around the
ELP/CLP length ratio (ca. 0.50) (Figure 5). Similar
discussions on the morphology change resulting from the
different ratios of the hydrophobic and the hydrophilic domain
in polymer amphiphiles have been ongoing for decades4%-14?,
and the inclusion of additional peptide-based domains offers
opportunities to expand the structures and functionalities of
the nanostructures.

2.5 Short peptides

Studies have also shown that very short peptides can self-
assemble into a variety of nanostructures such as NPs,
nanofibrils, and nanoribbons, thus minimizing the cost and
difficulty of their synthesis and at the same time, increasing
their relative stability. These short peptide fragments were
identified largely from studies aimed at elucidating the
minimum required sequence for amyloid formation®. As a
well-studied example, NFGAIL (hlAPP22-27) is a
hexapeptide fragment of the islet amyloid polypeptide (IAPP)
that forms well-ordered amyloid fibrils similar to those formed
by the full-length polypeptide!#4. In some cases, even a single
amino acid with certain modifications can self-assemble into
nanostructures such as nanofibrils4>1¢ or into hydrogels*":
In this section, we focus mainly on recent reports of
nanostructures comprising very short peptides.

The design of peptides with fewer amino acids has;been a
subject of significant study. Sequences such as Ac-AnKn-NH>
and Ac-lnKs-NH; have been identified'*®, which have the
ability to self-assemble into nanofibers, naneplatelets, and
nanoribbons. Because of the short chain length, of those
peptides, the substitution of only two to threel@amino acids can

EYD

B ) FDY YDF FYD

dramatically manipulate the self-assembly process, thus
resulting in completely different assembled morphologies. For
example, the sequence Ac-I3K-NH; can self-assemble into
nanofibers through B-sheet formation, however, when leucine
() is replaced with isoleucine (L), the sequence Ac-L3K-NH;
will self-assemble into spherical NPs#. Withrsubtle tuning of
this sequence by replacement of the terminal lysine (K) with
arginine (R) or histidine (H), helically coiled, twisted or flat
nanoribbons can be formed, respectively, attributed to the
different stacking styles of the B-sheet monolayers caused by
hydrogen bonding between the | peptide backbones'®®. As
previously described, work conducted by Wang et al. utilized
this sequence, and with the insertion of two polar amino acids,
a multi-layer was produced, presumably via hydrogen bonds
between polar amino acids;both above and below the plane of
the B-sheets (i.e., a polar zipper)t:

Tripeptides have also’ gained much attention recently.
Glossop et al. designed a tripeptide sequence D-Dab/Lys
which supported self-assembly of highly entangled nano-
fibrillar networks.and also exhibited substantial antimicrobial
activity against Staphylococcus aureus'®®. Another study used
aromatic /amino acids such as tyrosine or phenylalanine,
and/or negatively charged amino acids, such as aspartic acid,
to build-a tripeptide sequence, in which the relative position of
these three aming-acids was manipulated, resulting in the self-
assembly of ‘nanostructures with distinct morphologies, such
as nanofibrils and nanoribbons'>! (Figure 6). These
approachesincrease the control and tuning of the properties of
the materials, and the production of the short peptide enables
facile scale-up.

YFD DFY DYF

Figure 6 Defined morphologies with different arrangements of amino acids and the peptide backbones. A) TEM
micrographs of structures formed by self-assembly of tripeptides. Scale bars: 100nm; B) Preferred conformations for
each peptide via molecular dynamic (MD) simulation. Adapted with permission from the AAAS®, Copyright 2017,

AAAS.
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Dipeptides are one of the simplest building blocks in
peptide nanotechnology®?. Among these, the diphenylalanine
peptide (L-Phe-L-Phe; FF) is perhaps the most famous and
also the core recognition motif of the Alzheimer’s B-amyloid
peptide®21%3, Many studies indicated that this peptide and its
derivatives can self-assemble into highly ordered

nanostructures such as NPs and nanoribbons!®*%, or
nanoscale matrices such as hydrogels®. In the FF dipeptide
system, the main driving force of the structure self-assembly
is the hydrophobic interaction and the =-r interaction. Work
conducted by Schnaider et al. showed that the FF dipeptide

analyzing the real-time assembly, they managed to find the
length and the diameter as a function of time showing a linear
trend of growth during the first 200 seconds. The assemblies
elongated in an axial growth pattern to approximately 2000
nm while they widened in a radical pattern toapproximately
250 nm. This study also demonstrated that LCTEM can be a
useful tool for studying the self-assembly @and dynamics of a
wide range of soft materials and biological systems such as
organic small molecules, amyloid fiber  formation and
inhibition, and cellular types of machinery such,as actin
filaments and microtubules.

+150s |t+200s

0 30 60 90
Time (s)

120 150 180 210

FF nanotube crossisection

'd N

Figure 7 Radial growth of FF nanotubes by<L CTEM. FF monomers were added to deionized water, placed in the
liquid-cell, heated at 80 °C for 1 h,'and allowed to cool to room temperature for 30 min. (A and B) LCTEM snhapshots
of radial growth of FF nanotube with integrated line profiles illustrating the increase in tube diameter and hollowness
of the nanotube. Data acquired with an instantaneous flux of 0.3 e- A2 s, C) Outer diameter plotted as a function of
time shows the linear trend in,increase in diameter. D) Schematic of FF nanotube cross-section illustrates the
association and dissociation events,leading to the increase in tube diameter with time. Reprinted with permission??.

Copyright 2021, American Chemical Society.

was able to self-assemble into ‘nanofibers and had higher
bactericidal activity than nen-assembled.Gly-Gly (GG) or FF
sequences?®. Although the FF dipeptide has been a subject of
investigation for multiple “decades, direct experimental
evidence of the assembly process in real-time has remained
elusive. A recent study conducted by Gnanasekaran et al.
utilized Aiquid-cell, “transmission electron microscopy
(LCTEM) to monitor the dynamics and the growth of the FF
dipeptide assemblies at nanometer resolution!! (Figure 7). By

3. Biomedical applications

For decades, nanoscale structures such as polymersomes
and liposomes were designed to self-assemble for biomedical
applications including serving as drug delivery carriers!®®,
nanoreactors'®, and magnetogels*®. However, many of those
showed a certain degree of cytotoxicity thus limiting their
potential for clinical use. For example, positively charged
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liposomes are known to cause severe immune responses** and
polymeric NPs can increase the risk of particle aggregation
and toxicity®. Liposomes and lipid-based NPs have been
discovered and commercially available for drug delivery
systems for decades. However, they present several
technological limitations such as high production cost, leakage
and fusion of encapsulated drugs, oxidation and hydrolysis
reaction of the phospholipid, and short half-lives'*®. Polymer-
based systems have been explored as a means to improve
cellular uptake, but the surface functionalization can be
complex and inefficient, and unwanted immune responses are
another obstacle that cannot be easily bypassed.

Peptide self-assembled nanostructures with various
dimensions and morphologies have been developed and
utilized for many biomedical applications such as tissue
regeneration, biosensors®°16! and bioimaging*621%3. Owing to
their bio-inspired nature and efficient production, they can be
good candidates for drug or gene delivery®:8127.15 ag they
can be designed to target specific cellular components and can
be equipped with functionalities that are sensitive to external
and internal stimuli. For example, certain peptide-based
nanostructures comprising cell-penetrating peptides (CPPs)
can reduce cytotoxicity and increase cellular uptake!®+-16¢. We
review some recent encapsulation studies and efforts to
modify cellular uptake and intercellular trafficking.

3.1 Drug encapsulation and stimuli responsiveness

Despite the longstanding and widespread use of small
molecule drugs, efforts to improve the bioavailability and
stability of the drugs have remained of interest invorder to
improve targeting and reduce necessary dosages. For example,
dexamethasone is one of the most frequently “used
glucocorticoids for anti-inflammatory treatments’ and is also
considered one of the safest. However, the low bioavailability
resulting from the low solubility of drugs limits the desage,
especially confined for diseases that require a higher dosage
of drugs. Furthermore, serious side effects’havesbeen recorded
mostly because of its low water/ solubility- and low
bioavailability, which have in select, cases resulted in
precipitation in vivo®®’,

Also, there are many cargo molecules such as RNA,
DNA, hydrophilic drugs #such »as  methotrexate, and
hydrophobic drugs such as paclitaxel, that require a carrier to
stabilize the drug and/or increase bioavailability while in the
physiological environment. From "Doxil®, the first FDA-
proved nanodrug (1995), to/the most recently commercialized
COVID-19 RNA-delivery vaccine (2020), three decades of
nano-drug development have clearly demonstrated the
advantages and necessity to develop medicines that are
improved viastheir,incorporation into nano-sized carriers.
Although approximately 50 nanomedicine carriers have been
American’ Food and Drug Administration(FDA)-approved
since Doxil® in, 1995, only 2 of them are protein-based!®®
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(although there are more than 80 FDA-approved therapeutic
peptides’®®), and the opportunities for protein- or peptide-
based nanomedicine carrier promises new discoveries.

Many approaches to encapsulating. /#drugs in
nanostructures have been reported’®172, and/essentially all
employ physical encapsulation and/or chemicalmodification.
Physical encapsulation or physical adsorption is mainly based
on the noncovalent interactions between the cargo and the
carrier, including but not limited‘to n-n interaction,hydrogen
bonding, and ionic interactions'*®. “The, main advantage of
physical encapsulation is that cargos ‘don’t need to be
functionalized to be encapsulated thus broadening the choices
of cargo and reducing toxicity during production. However,
weak non-covalent bonds can result in,rapid clearance of the
cargo and the carrier, thus.decreasing'dosing efficiency. The
chemical encapsulation, on the etherhand, owing to the strong
covalent bonding between«the cargo and the carrier, has the
ability to withholdhe cargo for/a longer period for sustained
retention%®173, The encapsulation amount can also be tuned by
simply changing the amount of the reagent, which grants
flexibility for_the loading of the cargo, although potential
modification of drug efficacy and toxicity are also potential
challenges.

Besidesithe encapsulation of the drugs, their release is a
key factor»to gonsider when developing nanomedicine.
Diffusion of drugs from carriers is the most traditional and
fundamental’ way to accomplish the task, whereas the
uncontrolled leak of drugs remains the primary limitation.
Inspired by the stimuli-responsive polymers (SRPs), a peptide
that reacts to stimuli has been developed. Similar to SRPs, the
process has similar stimuli-responsiveness including but not
limited to pH-responsiveness, temperature-responsiveness,
redox-responsiveness,  photo-responsiveness, and ion
responsivenesst’, In order to gain much more precise control
on the release of drugs, several stimuli-responsive
polypeptides have been fabricated!’#7, Although a large
variety of SRPs has been approved by the FDA, such as
thermal-responsive poly(N-isopropyl acrylamide) (pNIPAM)
and pluronic F127 (PF127), there are no polypeptide
formulations that have yet been approved for thermal-
responsive applications.

3.2 Enhanced cellular uptake

One of the most desirable properties of drug nanocarriers
is the ability to bind specifically to the desired site of the cell
membrane or the molecules of interest, and peptides are
particularly effective in this regard. Although nano-sized
structures are of appropriate size for cell entry and have the
ability to encapsulate drugs, without a proper way to gain entry
to the cell, the encapsulated drug efficacy will be minimized.
For example, the peptides RGD and NTFR have been used to
bind fractalkine and 8 different integrins'’”178, Studies have
found that certain types of peptides such as gastrointestinal
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peptides, insulin, pituitary adenylate cyclase-activating
polypeptide (PACAP), and vasoactive intestinal peptide
(VIP)*"® can be useful for crossing or assisting nanostructures
to cross physiological barriers, such as the blood brain barrier
(BBB)”". Functionalization of nanostructures such as
liposomes with these peptides can also greatly improve
membrane binding and penetration. Also, the self-assembly
process plays an important part in the cellular uptake, for the
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physical and chemical properties of the NPs such as dimension
(less than 200 nm), morphology (normally spherical), surface
charge (positively charged), and particle membrane elasticity
(more rigid) can significantly affect the efficiency of the
uptake.

3.2.1 Targeted binding.  For achieving enhanced cell
uptake via targeting, peptides have been‘used to promote the
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Figure 8 Tunable'morphologies of the GENPs and the in-vivo applications. A) Schematic diagram of the change of
nanoparticles’ morphology after drug loading (top row); The morphology of GENP, GENP-Gem, GENP-Ola, and
GENP-Gem-Olawas assessed using TEM (bottom row); B) Tumor growth curves. Nude mice bearing capan-1 human
pancreatic tumors, implanted 2 weeks prior to the commencement of treatment, received intravenous injections of
PBS, GENP, Gem, GENP-Gem, Gem+Ola, HWNP-Gem-Ola, or GENP-Gem-Ola every other day at a Gem dose of
5 mg/kgrand an ©la.dose of 50 mg/kg; *p < 0.05, ***p < 0.001; C) Body weights of the mice were recorded every 2
days throughoutsthe treatment period; D) Gross morphological appearance of the tumors at the end of the treatment
period; (E) Tumors’ weights at the end of the treatment period; n = 5 for each group in (b) and (¢); *p < 0.05, **p <
0.01, ***p:.< 0.001. Reprinted with permission?®, Copyright 2018, American Chemical Society.
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improved accumulation of drugs in the target tissue and to
increase the dosing efficiency. Of these, RGD has been a
traditional peptide motif used for cell targeting over the past
30 years®, and it plays an important role in cancer therapy.
Fan et al. functionalized a fluorescent cyclic-peptide-based NP
(cyclo[-(D-Ala-L-Glu-D-Ala-L-Trp)2-]) with RGD and
physiologically encapsulated epirubicin (EPI) for esophageal
cancer (EC) treatment'®. Human esophageal cell lines were
used to test the selectivity binding of these RGD-fluorescent
NPs with EPI (RGD-f-PNPs/EPI) to the avB3 integrin. The
RGD-f-PNP/EPI also showed an increased in-vitro release of
EPI in an acidic environment, which can benefit the in-vivo
release in the acidic tumor environment. Further in vivo study
showed the RGD-f-PNPS/EPI can suppress the tumor growth
for 24 days with a significantly low dose (1.5 mg/kg)
compared to the free EPI control (6 mg/kg) also with reduced
dose-dependent damage to other organs. Furthermore, with
the fluorescein embedded in the particle, the retention of the

A)

=

particles inside the tumor tissues could be monitored using
near-infrared fluorescent imaging. Both in vivo and in vitro
experiments showed the great potential of this peptide-based
fluorescent-labeled NP for real-time tumor, imaging and
targeting EPI delivery to tumor cells.

Another study performed by Du et altdeveloped/an
epidermal growth factor receptor (EGFR) targeting, with
GE11 peptide, self-assembled amphiphilic | peptide
nanoparticle (GENP), comprising the peptide GE115 which is
equipped with a hydrophilic 12-amine-acid sequence with
tested powerful EGFR-binding efficiency and a hydrophobic
octadecanoic acid molecule (C18) as the tail. These particles
were utilized to co-deliver gemcitabine,(Gem) and the poly-
ADP-ribose polymerase inhibitors (PARPI) olaparib (Ola) to
kill BRCA2 mutant pancreatic cancer, (PCa) capan-1 cellst®,
A core-shell self-assembly was_fabricated with C18 as the
hydrophobic core and the GE11 as the EG FR-binding shell.
(Morphologies were.confirmed via TEM shown in Figure 8A).
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Figure 9 Statistical and visual confirmation on the cellular uptake of different NPs. A) Transport of nanoparticles
across Caco-2/HT-29«ells. Different particle diameters are represented as blue circles (50 nm), red squares (200 nm),
green uprighttriangles (500 nm) and purple downward triangles (1000 nm); B) Uptake of unconjugated and biotin
conjugated /nanoparticles by Caco-2/HT-29 cells. Uptake of unconjugated (black bars) and biotin conjugated (grey
bars) nanoparticles by Caco-2/HT-29 cells. Biotin conjugation significantly improved uptake of particles of all shaped
particlesiin'Caco=2/HT-29 cells; while biotin conjugated, and unconjugated rods and discs demonstrated higher uptake
than conjugated@and unconjugated spheres respectively; C) Typical pictures of gastrointestinal segments from SD rats
after 'ex, vivo imaging and quantification of nanoparticles in stomach. A) and B) are adapted and reprinted with
permission:-from Elsevier'®3, C) is reprinted with permission®. Copyright 2018, American Chemical Society.
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Both in vivo and in vitro studies showed strong binding to cells
that exhibit a high level of EGFR (capan-1 PCa cells) and
selective accumulation in capan-1 tumor xenograft in mice
(Figure 8B-E). The encapsulated Gem and Ola work
synergistically to inhibit the growth of BRCA2 mutant capan-
1 cells in vitro and capan-1 derived tumors in vivo. Moyer et
al. also developed a peptide-based nanofiber that can target
death receptor 5, to encapsulate paclitaxel (PTX) for cancer
therapy'#2,

3.2.2 Physicochemical properties of NP on cellular

uptake. Many parameters (morphology, dimension,
surface charge, and elasticity) of the nanoparticles directly
affect uptake efficiency, the endocytotic route, as well as
cytotoxicity. The biggest advantage of the NPs with respect to
cellular uptake is their nanometer-scale size, and this is a key
factor mediating cellular uptake efficiency as well as
cytotoxicity. In drug delivery applications, one of the main
goals is to prolong the retention time of the NP in the blood by
preventing the NPs from being removed by the
reticuloendothelial cells. In this case, increasing the size will
result in a faster removal rate!®!84 Several studies have
indicated that 50 nm NPs have the highest cellular uptake
efficiency, while larger or smaller particles will have
decreased uptake efficiency®%, Studies have also shown
that NPs sized less than 200 nm7887.18 will more easily be
trafficked through clathrin- and caveolin-mediated
endocytosis pathways, with caveolin-mediated pathways
preferred for NPs smaller in size compared to those that are
trafficked through clathrin-mediated pathways. Ho etal. found
that 20 and 40 nm polystyrene NPs (PS NPs) are more
dependent on caveolin-mediated endocytosis than 100 nm:PS
NPs in HUVEC cells'®. A similar trendyhas also been
observed in another study where the caveolin-mediated
endocytosis dominated the uptake of 50 nm gold NPs for
HepG2 cells.*®,

Besides NP size, both the shape and the or.'@ntation of the
NP relative to the cell membrane can impact.cellular uptake.
Studies have shown that in many cases, spherical NPs have
more efficient cellular uptake than/rod-like.structures®®. For
example, one study®! showed that ten-fold more filomicelles
can remain in the circulation thansspherical counterparts, as
the spherical filomicelles are internalized by the cells more
rapidly than longer filaments. By comparing the uptake of the
star, triangle, and rod-like structures; Xie et al. found high
internalization efficiency of rod structure on RAW267.4
macrophage and low efficiency of star structure owing to the
multiple branches®®2, Banerjeeet al. presented a recent study
on the role of NP geometry and surface chemistry in uptake
and transport ‘in, vitro jacross different intestinal cell
monolayers’ (Caco-2/Raji-B/HT29)'%. They found not only
those smaller particles show higher uptake (Figure 9A), but
also that rod-like and disc-like NPs have two-fold higher
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intestinal cellular uptake efficiency than spherical NPs (Figure
9B), which make them good candidates for oral drug delivery
carriers. Further studies conducted by Li et al. confirmed the
identical trend when being applied in vivo threugh lymphatic
delivery where nanorods were observed to be.ransported by
lymph to a higher extent than nanospheres (Figure 9C)%.

Another critical factor of the cellular uptake isthe surface
charge of the NPs. The cell membrane 4s usually negatively
charged, which shows great affinity to cationic.NPs, thus
increasing cell uptake versus that“of, anionic or_neutral
NPs941%_ For peptide-based NPs, arginingris the most used
amino acid among the 20 natural amino acids and is used
commonly in cell-penetrating-peptides (CPP). Owing to their
small size and penetration capability!44%,‘CPPs such as TAT-
based proteins, oligoarginines, and chimeric cell-penetrating
peptides have been applied alone.orin combination with other
peptides to deliver therapedatic cargos to desired cells. CPPs
are widely used asya treatment for different diseases and
inflammation such as »cancer'®+165197.198  neryous system
disorders®-2%%, otoprotective’®522, and diabetes?*®204, CPPs-
mediated nanoplatforms such as CPPs-mediated quantum dots
(QD) can' also function as imaging agents for diagnosis.
Studiessshowed that CPP-modified QDs not only possess the
advantages of QDs, such as imaging ability but also have high
cellmembrane pgrmeability“zvzo? However, limitations remain
asithe CPPs have the potential to cause unwanted immune
responses, potential cytotoxicity, endosomal degradation, and
low penetration specificity*.

Lastly, elasticity is another physical property of the NPs
that can impact the biodistribution, targeting, and cellular
uptake efficiency. The elasticity is often described using the
word ‘rigid’ or ‘soft’ as defined by Young’s modulus, and
recent work conducted by Guo et al. confirmed that the
elasticity of the NPs can significantly affect the efficiency of
the cellular uptake in human breast cancer cells (MDA-MB-
231 and MCF7)2%, They used nanolipogels (NLGs), which are
composed of lipid bilayers around an alginate core with
tunable elasticity. The Young’s modulus of these NPs was
determined by atomic force microscopy (AFM) and ranged
from 0.045 MPa to 19 MPa. Rigid NPs can penetrate the cell
membrane more efficiently than soft NPs through the
endocytosis pathway, while soft NPs have higher penetration
efficiency through diffusion-based pathways. Thus, they
concluded that the particle modulus regulates the cellular
uptake of drug delivery carriers via regulating cell
internalization pathways. Similar work has also been
conducted by Anselmo?” to test the cellular uptake efficiency
of NPs with the different elastic modulus (0.255 kPa to 3 MPa)
and similar results have been achieved with immune cells
(J774 macrophages), endothelial cells (bEnd.3), and cancer
cells (4T1). Furthermore, they discovered that with immune
cells (J774 macrophages), this endocytosis process is even
more pronounced.
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3.3 Intracellular trafficking

After cellular internalization, NPs undergo transport and
trafficking to various intracellular destinations. During this
process, they will first encounter membrane-bound
intracellular vesicles (early endosomes). The early endosomes
will then ferry the NPs to the desired cellular destination
before they turned into late endosomes, which will integrate
with lysosomes to form endolysosomal vesicles and degrade
the NPs trapped inside. To avoid the degradation of the NPs,
certain modifications have been used to escape the
endosomes. Even if the NPs make it to the final destination,

A

they still have to find their own way to target and bind to the
organelles to achieve longer retention. Therefore, three
different approaches can be used to modify the trafficking
rates of NPs: 1) Improve the endosomal escape gfficiency of
the NPs; 2) Increase the targeting to organelles; 3). Decrease
the exocytosis rate.

As briefly mentioned above, the first barrier that.the NPs
need to overpass is the endosomal barrier upon endocytosis.
To avoid the degradation of the NPs via late endosomes!62%,
certain peptide-functionalized NPs have,been used:to escape
endosomes altogether. Peptides that cause membrane
destabilization or disruption have been increasingly used for
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Figure 10 Encapsulation of si-RNA in a pH-responsive NP system with tumor-target ability. A) Fluorescent image
of the Cy.5.5-labelled'NPs of PDPA8O at different pHs. B) Normalized fluorescence intensity as a function of pH for
the Cy.5.5-labelled NPs,of PDPA80. TEM images of the siRNA-loaded NPs of PDPA8O at a pH of C) 6.5 and D) 6.0.
E) In vitro siRNA release from the NPs of PDPAS8O at 37 °C. F) Western blot analysis of surviving expression in the
PC3 tumor tissue after systemic treatment by control NPs and anti-surviving siRNA-loaded NPs. G) Relative tumor
size of the PC3 xenograft-tumor-bearing mice after treatment by PBS, control NPs, and anti-surviving siRNA-loaded
NPs. [The intravenous injections are indicated by the arrows. H) Representative image of the harvested PC3 tumor
from ‘each group at day 16. Anti-GL3 siRNA loaded NPs80 were used as a control. * P<0.05; ** P<0.01. Adapted
with permission from Wiley Materials?*3. All rights reserved 2016, Wiley Materials.
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enhancing the endosomal escape efficiency?®. In general,
either the NPs alone or the NP-cargo conjugates can interact
directly with the endosomal luminal membrane through
charge-charge or hydrophobic interactions, leading to the local
membrane destabilization and permeability. Studies have also
shown that the CPPs mentioned above can also be used as an
efficient endosomal escape motif?®2'!, Trans-activating
transcription (TAT)-peptide is one of the most thoroughly
studied and extensively used CPPs for intracellular delivery.
Dalal et al. developed a trans-activating transcription (TAT)-
peptide-functionalized NP, which can direct their interactions
with cells and increase the subcellular targeting efficiency as
well??,

NPs that respond to select and specific stimuli provide
another approach to enhance intracellular trafficking??. Xu et
al. recently developed pH-responsive and tumor-penetrating
nanoplatforms for target siRNA delivery?®. The Cy.5.5
labeled PDPAg, showed low intensity at pH 6.5 due to the
quenching of the aggregated fluorophores inside the
hydrophobic cores of the self-assembled NPs, whereas the
intensity increased significantly at pH 6.2 indicating the
dissociation of the NPs. (Figure 10A-B) Therefore, this system
showed the ability to respond to a very small pH range (In a
range between 6.2 to 6.5). Intact NPs were also observed at
pH 6.5 (Figure 10C) and NPs were dissociated at pH 6.2
through TEM (Figure 10D). In-vitro si-RNA release was also
tested and showed a difference in release speed of the two pHs.
Further in vitro and in vivo data both showed elongated blood
circulation, and can efficiently target and penetrate the tumor:
parenchyma, resulting in efficient gene silencing and tumor
growth inhibition (Shown in Figure 10F-H).

Certain organelles are associated with various diseases,
but therapeutic molecules often fail to reachstheir subcellular
target after being internalized by the cell. Forsinstance, all
DNA carriers must overcome the nuclear membranesto exert
their function. Thus, recent research has focused on organelle
targeting as a new vector for drug delivery. The nucleus is
usually the final target of a therapeutic/after crossing a series
of biological barriers. Nuclear localization signals (NLS), for
example, which are characterizedr by basic amino acids
residues, have been widely used.to functionalize NPs for the
nuclear pore complex binding and:cargo diffusing through the
pores?14215,

Mitochondria are power-generating organelles with
bilayer membranes made“mainly. of  protein, transforming
oxygen and nutrients into adenosine triphosphate (ATP), and
distributing energy throughout the cells.” The dysfunction of
mitochondria can.cause a seriesOf neurodegenerative diseases
such as Parkinson’s disease, or cancer?'627. Therefore,
mitochondrial targeting NPs have been developed to tackle the
challenge. 4 Similar_»to” the NLS mentioned above,
mitochondrial targeting signals (MTS) are characterized by
10-80 amino,acids with amphiphilic structures?®. A recent
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study conducted by Klimpel et al. combined the CPPs with
MTS and developed a sequence with an amphipathic o-helical
structure and high mitochondrial localization?'®. Subcellular
fraction results indicated that the conjugate was specifically
accumulated inside the mitochondrial matrix< Other studies
regarding the targeting approaches andw. penetration
functionalization have been well summarized  in other
reViEW5212'214’218.

4. Conclusions

In this review, we have described recent studies about
peptide-based self-assembled.__nanestructures and their
corresponding biomedical applications. Without any doubt,
peptide-based nanostructures have grown exponentially over
the past few decades owing tostheir/bio-inspired properties,
built simply by using' a naturally generated building block:
amino acids. The variousiamino acids possess distinct physical
and chemical properties, such as charges,
steric/conformational preferences, and functional groups,
which affords huge potential functionalization possibilities
and the intrinsic.opportunity to arrange predictable structures
based on secondary structures that the amino acids are capable
of forming. The physicochemical versatility of the amino
acids also, enables the design of stimuli-responsive peptide
motifs based onthose in naturally occurring proteins or those
designed de novo. As summarized above, peptides and/or
proteins have also been used widely to encapsulate therapeutic
cargos for target delivery including solubilization of poorly
soluble.drug molecules, improved drug pharmacokinetics and
tissue distribution, enhanced targetability, improved antitumor
efficacy, and reduced toxicity of drug molecules. And they can
also be used to functionalize certain NPs to penetrate certain
cell membranes or physical barriers including BBB.

However, despite the numerous advantages of the
peptide-based NPs, only two protein-based NPs have been
approved for use by the United States FDA®8, Despite the
automated options for making highly pure peptides, most
peptides have been created as a therapeutic cargo instead of a
carrier because of the relatively high cost of production.
Despite preclinical studies that demonstrate that most peptide-
based NP show high cytocompatibility, additional large-scale
investigations of their general immune safety are necessary.
Further advances in evaluating the potential hazards in clinical
trials and decreasing the cost of making peptides for large-
scale applications will help advance these highly versatile
carriers and treatment approaches into the clinic. It is worth
mentioning that the complex formation of the peptide NPs can
make predicting the behavior of those NPs challenging.
Despite some molecular dynamic simulation work that has
been conducted on those NPs, more versatile simulation
models need to be addressed and with the help of the machine
learning technics, further models that can more faithfully
predict structure and function are foreseeable.
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