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Abstract
Natural originated materials have been well-studied over the past several decades owing to their
higher biocompatibility compared to the traditional polymers. Peptides, consisting of amino acids,
are among the most popular programmable building blocks, which is becoming a growing interest
in nanobiotechnology. Structures assembled using those biomimetic peptides allow the exploration
of chemical sequences beyond those been 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 and versatile nanostructures can be built, with
promising biomedical applications.

1. Introduction

Self-assembly is the process by which unordered
materials are arranged into highly organized struc-
tures without the need to apply external forces [1].
Living cells and tissues contain a variety of self-
assembled structures that contribute to mechan-
ical 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 adhe-
sion and growth [2–4]. The DNA double helix [5]
and bilayer membranes from lipids [6, 7], 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 sys-
tems, biomolecular self-assembly has remained an
area of intense scientific investigation in the produc-
tion of nano- and micro-scale materials with a vari-
ety of shapes [8–12] and novel functional properties
[11, 13–16].

Self-assembly is directed by the physicochem-
ical properties of the assembling motifs and the
local interactions within and between them. Hydro-
gen bonding, π–π stacking interactions, hydrophobic
interaction, electrostatic interactions, and van der
Waals forces combined to help assembled structures
maintain a stable, minimal energy state [1, 17].
For example, in the formation of a DNA double
helix, two nucleic acids are bound to each other
by the hydrogen bond [18]. Whereas in the forma-
tion of proteins, the combination of those interac-
tions rearranges the spatial positioning of different
amino acids, resulting in the formation of a variety
of secondary structures such as α-helix, β-sheet, and
polyproline helix, among many others [19]. Taking
these self-assembling building blocks as models, bio-
molecules such as lipids, peptides, or nucleic acids
have been widely used as building blocks to create
novel and sophisticated nanomaterials, such as pro-
grammed two-dimensional self-assemblies of DNA
[20–22], antimicrobial peptides [23, 24], peptide-
and DNA-based biocatalysts [25–27], and molecular
probes for bioimaging [28, 29].
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Nanoparticles (NPs) are a subcategory of nan-
omaterials that are at the forefront of contempor-
ary 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 (Nano-
technology Market Outlook—2030). In general, NPs
are particles with diameters that range between 1 nm
and 100 nm [30]; because of their small size, NPs
are able to penetrate tissues, as well as enter cells
[31, 32]. With certain modifications (such as func-
tionalization with poly(ethylene glycol)), NPs can be
engineered with increased residence time in vivo, due
to a reduction in their opsonization [33]. Further-
more, attributed to relatively high solubility, NPs pos-
sess enhanced bioavailability compared to free hydro-
phobic drugs [34–37], so the encapsulation of drugs
in appropriate NPs significantly improves drug dos-
ing 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 prop-
erties resulting from their small size [38, 39],
stimuli-responsiveness [40, 41], and improved
cytocompatibility [42, 43]. Amphiphilic polymeric
NPs, which contain a hydrophilic head and a hydro-
phobic 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 [38]. Some novel studies have been
conducted to wrap the nucleic-acid-encapsulated
polymeric NPs with cancer cell membranes [44–47]
and human megakaryocyte membranes [48–50].
The membrane-coated exterior of these NPs grants
high bioavailability [44–46, 49–52], cell-targeting
ability [49, 50], and can also be used in photothermal
therapy [46, 51]. However, challenges still remain,
such as the toxicity at high polymer concentration
[53] and the biodegradation of polymeric NPs [54].

Liposomes are spherical vesicles comprising a
bilayer of amphiphilic phospholipids [55], which
share a close resemblance to the composition ofmam-
malian cell membranes, enabling efficient interac-
tions between the membrane and the lipid bilayers
thus improving cellular uptake [56]. Nevertheless,
many liposomes are recognized as foreign by the retic-
uloendothelial system, thus resulting in rapid removal
from circulation [57], and liposomes can also exhibit
short shelf lives owing to the instability of the lipid
bilayers [57]. New classes of NPs have emerged to
address some of these limitations of liposomes or
other polymeric NPs.

Because of their chemical and biochemical ver-
satility 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 largely by hydrophobic inter-
actions and hydrogen bonding, which support the
self-assembly of different nanostructures for util-
ization as therapeutic agents to treat diseases by
transporting drugs across membranes to specific
sites. These materials have specific benefits: (a) pep-
tides are easily synthesized and scaled up using
solid-phase peptide synthesis (SPPS) or recombin-
ant DNA technology [58, 59]. (b) Attributed to
their natural origin, peptide NPs can exhibit relat-
ively high biocompatibility and bioavailability [24,
60, 61]. (c) More than 20 types of naturally occur-
ring amino acids provide a large variety of func-
tional groups, including but not limited to thiols,
carboxylic acids, amines, and the ability to incorpor-
atemyriad non-natural chemical functionalities, such
as azides, alkynes, and tetrazines (among others) fur-
ther expands this versatility and bio-orthogonality.
(d) The naturally formed secondary structures such
as the α-helix or β-sheet can induce bottom-up con-
struction of nanostructures such as spheres, cylinders,
tubes, and other novel morphologies that can occur
via self-assembly in an aqueous solution [62]. With
the ability to expand their functionality by conjug-
ating peptide-based NPs with other molecules such
as fatty acids or polysaccharides [63–65], they can be
utilized as biocatalysts [65] or drug delivery carriers
[64]. Gene delivery is also a more recent, but com-
monly reported application of peptide NPs [66–68].

Small-molecule drugs have been a pillar of the
modern pharmaceutical industry [69], but as men-
tioned above, have challenges regarding bioavailab-
ility and high necessary dosing frequencies that can
cause undesired side effects such as liver and kidney
damage [70, 71]. Peptide-based NPs can encapsulate
hydrophobic drugs within their hydrophobic domain
through hydrophobic interaction [72–74] to prevent
uncontrolled precipitation at the injection site and
retain solubility with the help of the hydrophilic
domain. Without exposure to the hydrophilic envir-
onment, 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
[75, 76], resulting in a longer release time and
lower dosing frequency, thus decreasing the cytotox-
icity caused by uncontrolled drug release. Further-
more, peptides with target-binding abilities have been
developed to overcome the rapid removal of NPs by
physiological fluid [28, 76–78] for a longer release
window.

We are particularly interested in the molecu-
lar design of self-assembled peptide-based NPs for
advanced drug delivery and corresponding modific-
ation 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 functional-
ity. 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 poly-
meric NPs [38, 79–81], metallic NPs [82–84], and
inorganic NPs [85–87] have been well summarized in
other published reviews.

2. Self-assembled peptide building blocks

2.1.α-helical and coiled-coil peptides
The most common secondary structure found in
globular proteins is the α-helix. For decades, the
α-helix has been well studied for its properties
and recognized for its promotion of signaling path-
ways, molecular transport, and hierarchical struc-
tures in cells [88]. It has more recently been applied
as a key component in building novel biomaterials
[89–93]. Novel design of fibrillar, tubes, and sphere
nanostructures [92] has been enabled by the right-
hand helical conformation of the α-helical synthetic
peptides, stabilized by hydrogen bonding between
backbone amide and carbonyl groups [94]. For
example, filamentous nanostructures can be gener-
ated from coiled-coil peptide motifs 25–50 residues
long [91, 95], and unilamellar spherical cages with
diameters of ∼100 nm have also been generated
[92, 96]. Recently studies showed a growing trend to
utilize the coiled-coil structure, which is constructed
by the α-helix, as a building block for building pep-
tide nanostructures [97–100].

The coiled-coil is a structural motif in proteins
in which 2–7 alpha-helices are coiled together sim-
ilar to the strands of a rope [101]. These peptides
were based on heptad repeats (abcdefg)n, with posi-
tions a and d being occupied by hydrophobic residues
and polar residues anywhere else in the sequence.
Hydrophobic residues form an inter-helical hydro-
phobic core, providing a stabilizing interface between
the helices, while charged residues at positions e and
g participate in electrostatic interactions contribut-
ing 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 making fibrillar coiled-coil structures,
although some recent studies have demonstrated
alternative ways to utilize the coiled-coil motif for
forming other types of structures, such as sphere
morphology [102, 103] and cross-linked hydrogels
for therapeutic applications [97, 104].

Barns et al successfully synthesized triblock co-
polypeptides based on coiled-coil structures [105],
which can self-assemble into nanovesicles with the
help of the leucine zipper (figure 1(A)). In their
work, instead of using traditional SPPS, a conveni-
ent ring-opening polymerization was employed to
synthesize the poly (leucine-valine) peptide with

the sequence PEO113-PLV6-PK30. In contrast to tra-
ditional 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 circular dichroism spectrum
similar to that of a coiled-coil in aqueous solu-
tion (figure 1(B)). The self-assembly of the vesicle-
like structure was induced by slowly pouring acidic
(pH 2), leucine-insoluble buffer into a poly(ethylene
oxide)-rich trifluoroacetic acid solution, via a solvent-
exchange technique. The average diameter of the
assembled vesicles was 94 nm (confirmed via trans-
mission electron microscopy (TEM) measurements
(figure 1(A))). By analyzing the hydrophobic per-
centage of the polymer (only 6 wt%), 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 switch, which broadens
the possibility for fabricating vesicles for alternative
usage [102].

2.2.β-sheet forming peptides
The β-sheet has been another widely used build-
ing motif for driving the self-assembly of peptides,
driving the self-assembly of a large variety of nano-
structures such as ribbons [107, 108], nanotubes
[109, 110], monolayers with nanoscale order [111],
and NPs [106]. The β-sheet consists of several β-
strands that are connected laterally by at least two
or three backbone hydrogen bonds, forming a gener-
ally twisted, pleated sheet in a parallel or anti-parallel
pattern [112]. NPs can be generated and stabilized
by the formation of the nanoconfined β-sheet struc-
ture enabling the possibility for drug delivery [106].
Further studies [113, 114] incorporated polar zippers
between neighboring β-strands via side-chain hydro-
gen bonding to stabilize the β-sheet, which improves
stability and also limits the expansion of a larger β-
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 β-sheets as load-bearing nanoscale building blocks
[115, 116]. 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 [106],
with β-sheet structure stabilizing the NPs. The mor-
phology and dimension of the NPs were examined
via SEM (figure 2(A)). Doxorubicin, an anti-tumor
drug, was incorporated in the NPs through diffusion,
and in-vitro release was then conducted under vari-
ous pH conditions for a period of 60 h. The release
profile shown in figure 2(B) showed a pH-dependent
sustained release between pH 5.0 and pH 7.4. An
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Figure 1. Defined structures of the PEO113-PLV6-PK30 molecule. (A) TEMmicrograph 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 from [105]. Copyright (2020) American Chemical Society.

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 KCl 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 22nd day after the first injection. (D) In vivo fluorescence imaging 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 permission
from [106]. Copyright (2017) American Chemical Society.
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in vivo antitumoral efficacy study was conducted for
21 days on a tumor-bearing nude mice model, and
the SP1 showed enhanced retention of doxorubi-
cin at the tumor site compared to free doxorubi-
cin, thereby inhibiting tumor growth more effect-
ively (figures 2(C) and (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 intramolecu-
lar β-sheet supramolecular assembly. Besides pep-
tides that formNPs,Wang et al [114] designed a short
amphiphilic peptide (Ac-I3XGK-NH2 (X = Gln, Ser,
Asn)) with a polar zipper between β-sheets rather
than between β-strands, which in turn regularized
the β-sheets into large flat ribbons. As previously
reported, the peptide with sequence Ac-I3K-NH2 can
assemble into flexible, twisted fibers with high sta-
bility owing to the hydrophobicity of Ile (I) and β-
sheet formation [117]. The insertion of another X
and glycine (G) residue in the middle of the sequence
appears to form polar zippers between the β-sheets,
which promoted the assembly of highly organized
ribbons. Other recent studies on β-sheet-based nano-
structures have been well summarized in other pub-
lished review articles [90, 118, 119].

2.3. Triple helical peptides (collagen-mimetic
peptides (CMPs))
Collagen is the most abundant protein in the human
ECM, providing both mechanical integrity and inter-
actionswith cell-surface integrins for adhesion.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 mater-
ials. 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 usu-
ally proline (P) and hydroxyproline (O), respectively
[120]. The three CMP chains each individually adopt
a polyproline II helix structure and then self-assemble
via a combination of stereoelectronic effects and
hydrogen bonding between adjacent chains to form
theCMP triple helix which, at temperatures below the
melting temperature (Tm) of the triple helix, mimics
the triple helical structure of native collagen [120]. As
first reported by Li et al, the collagen-hybridizing pep-
tide (CHP) (single strand of the CMP triple helix) is
able to bind with high stability to partially denatured
collagens through a strand invasion process [121].
Therefore, for decades, short CMPs have been used in
thermo-responsive fabrics [122], 3D-scaffords [123],
and as therapeutic matrices and molecules owing
to their collagen-binding and heat-triggered folding-
unfolding behavior [124].

Inspired by the natural collagen fiber structure,
many studies have been conducted to incorporate
CMPs as building blocks for constructing highly
ordered nanostructures [4]. Koga et al functional-
ized the N-terminus of CMP with aromatic rings,

which built rod-like micelle fibers with the capability
to encapsulate hydrophobic molecules [10]. San et al
built a novel nanofiber by self-assembling a pep-
tide that incorporates both β-sheet and triple-helical
motifs which is CMP [126]. This nanofiber showed
excellent affinity to denatured collagen by multi-
valency 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 col-
lagen affinity. Recent work conducted by Hwang
et al showed the possibility of utilizing a fluorescein-
labeled CHP as a marker to bind denatured colla-
gen for probing damaged tissue [28] (figure 3(A)).
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 CHP as a quantitative probe to meas-
ure collagen molecular damage during tendon cyc-
lic fatigue loading [127]. Other pioneering work con-
ducted 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 3(B)) to specifically target pathological col-
lagen in tendon for heterotopic ossification (HO)
suppression [125]. Compared to the injection of tra-
ditional drugs, the CHP-PLGA-RAPA NPs showed
not only excellent targeting ability (specific bind-
ing SEM data shown in figure 3(D)) but also the
sustained-release ability of RAPA with high bioactiv-
ity (the in-vitro release study is shown in figure 3(C)).
Very recentwork reported byKessler et al applied pep-
toids with seven different functional groups as substi-
tutions for proline in a CMP-based peptide, without
a reduction of thermal stability [128]. This discov-
ery 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 extens-
ively studied and successful platforms for self-
assembling peptides in regenerativemedicine. In gen-
eral, 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 mor-
phological structures with nano-dimensions such as
micelles [129, 130], vesicles [9, 131], or sheets [8].
Tsonchev et al demonstrated that the self-assembly
of amphiphilic peptides is driven by both hydro-
phobic as well as electrostatic interactions [132].
In this section, we focus mainly on amphiphilic
peptides with alkyl groups or those comprising
co-polypeptides.
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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 I antibody (detected by AlexaFluor555-labeled donkey anti-rabbit lgG 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. Reprinted with permission from [28]. Copyright (2017) American Chemical Society. (B) SEM
images of PLGA and CHP-PLGA nanoparticles. Scale bars, 1 µm; (C) RAPA release from PLGA and CHP-PLGA nanoparticles
over the course of ten days. n= 4; (d) SEM of CHP-PLGA binding to intact and injured tendon. From [125]. Reprinted with
permission from AAAS.

As a traditional hydrophobic motif, alkyl groups
can be conjugated as a ‘tail’ for hydrophilic pep-
tides thus enabling self-assembly via inter- and intra-
molecular interactions [133, 134]. 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 [135]. 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 pep-
tide that self-assembles into a micellar structure in
aqueous solution with cell penetration ability and
up to seven-fold anti-cancer activity by the incor-
poration of the aliphatic acids [136]. Unlike the tail-
insertion of the alkyl group, a recent study conducted
by Yaguchi et al reported several peptide chains that
contained centrally located alkylene groups of differ-
ent lengths (C1, C2, C3, and C4) in the peptide via

SPPS [137]. Comparing the physicochemical prop-
erties of those sequences, they found that the cent-
ral alkylene chain allowed for strengthened hydrogen
bonds in the antiparallel β-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 both the middle and the
tail of the peptide chain, which formed into well-
organized twisted ribbons and flat ribbons owing
to antiparallel and parallel β-sheet arrangements,
respectively [12].

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 CLP with the sequence (VPGFG)6-
b-(GPO)4GFOGER(GPO)4GG [9]. With a simple
annealing process, this ELP-CLP conjugate can eas-
ily self-assemble into a bilayer vesicle structure with
quantitatively measured dual thermo-responsiveness
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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 µg ml−1 vesicles in culture with NIH-3T3
fibroblastic cells. Reprinted with permission from [76]. Copyright (2017) American Chemical Society.

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. From [8]. Reprinted with permission from AAAS.

(figures 4(A) and (B)). Fine-tuning of the thermo-
responsiveness was further studied and revealed
[8, 138, 139]. The ability to encapsulate hydrophobic
molecules (figure 4(C)), to target denatured col-
lagen (figure 4(D)), and to show cytocompatibil-
ity has been further tested in additional studies
[76], in which showed a sustained release for over
three weeks as well as high cytocompatibility with
both NIH-3T3 fibroblasts and ATDC5 chondro-
cytes (figure 4(E)). Considering the relative chain
length of the individual peptide domains plays a
key role in the self-assembly process, and Jingya
et al further revealed the relevance between the self-
assemble morphology and the relative length of two

domains with the sequence (VPGWG)2(VPGFG)x-b-
(GPO)yGG [8]. With a shortened hydrophobic ELP
domain or elongated hydrophilic CLP domain, the
ELP-CLP conjugates self-assembled into a nanoplate-
let 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 themorphology change resulting from
the different ratios of the hydrophobic and the hydro-
philic domain in polymer amphiphiles have been
ongoing for decades [140–142], and the inclusion of
additional peptide-based domains offers opportunit-
ies to expand the structures and functionalities of the
nanostructures.
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Figure 6. Defined morphologies with different arrangements of amino acids and the peptide backbones. (A) TEMmicrographs of
structures formed by self-assembly of tripeptides. Scale bars: 100 nm; (B) preferred conformations for each peptide via molecular
dynamic (MD) simulation. From [150]. Reprinted with permission from AAAS.

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 minim-
izing 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 [143]. As
a well-studied example, NFGAIL (hIAPP22–27) is
a hexapeptide fragment of the islet amyloid poly-
peptide that forms well-ordered amyloid fibrils sim-
ilar to those formed by the full-length polypeptide
[144]. In some cases, even a single amino acid with
certain modifications can self-assemble into nano-
structures such as nanofibrils [145, 146] or into
hydrogels [147]. 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-AmKn-NH2 and Ac-ImKn-NH2 have been
identified [148], which have the ability to self-
assemble into nanofibers, nanoplatelets, and nan-
oribbons. Because of the short chain length of
those peptides, the substitution of only two to three
amino acids can dramatically manipulate the self-
assembly process, thus resulting in completely dif-
ferent assembled morphologies. For example, the
sequence Ac-I3K-NH2 can self-assemble into nan-
ofibers through β-sheet formation, however, when
leucine (I) is replaced with isoleucine (L), the
sequence Ac-L3K-NH2 will self-assemble into spher-
ical NPs [148]. With subtle 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 β-sheet mono-
layers caused by hydrogen bonding between the pep-
tide backbones [149]. 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 β-sheets (i.e. a polar zipper)[114].

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 Staphylococ-
cus aureus [151]. Another study used aromatic amino
acids such as tyrosine or phenylalanine, and/or neg-
atively charged amino acids, such as aspartic acid,
to build a tripeptide sequence, in which the relat-
ive position of these three amino acids was manip-
ulated, resulting in the self-assembly of nanostruc-
tures with distinct morphologies, such as nanofibrils
and nanoribbons [150] (figure 6). These approaches
increase the control and tuning of the properties of
thematerials, and the production of the short peptide
enables facile scale-up.

Dipeptides are one of the simplest building blocks
in peptide nanotechnology [152]. Among these, the
diphenylalanine peptide (L-Phe-L-Phe; FF) is per-
haps the most famous and also the core recogni-
tion motif of the Alzheimer’s β-amyloid peptide
[152, 153]. Many studies indicated that this pep-
tide and its derivatives can self-assemble into highly
ordered nanostructures such as NPs and nanoribbons
[154, 155], or nanoscale matrices such as hydrogels
[15]. In the FF dipeptide system, the main driving
force of the structure self-assembly is the hydrophobic
interaction and the π–π interaction. Work conduc-
ted by Schnaider et al showed that the FF dipeptide
was able to self-assemble into nanofibers and had
higher bactericidal activity than non-assembled Gly-
Gly (GG) or FF sequences [23]. Although the FF
dipeptide has been a subject of investigation for mul-
tiple decades, direct experimental evidence of the
assembly process in real-time has remained elusive.
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Figure 7. Radial growth of FF nanotubes by LCTEM. 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 snapshots 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−Å−2 s−1. (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 from [11]. Copyright (2021) American Chemical Society.

A recent study conducted by Gnanasekaran et al
utilized liquid-cell transmission electron microscopy
(LCTEM) tomonitor the dynamics and the growth of
the FF dipeptide assemblies at nanometer resolution
[11] (figure 7). By 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 s. The assemblies elongated in an
axial growth pattern to approximately 2000 nm while
they widened in a radical pattern to approximately
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 cellu-
lar types of machinery such as actin filaments and
microtubules.

3. Biomedical applications

For decades, nanoscale structures such as polymer-
somes and liposomes were designed to self-assemble

for biomedical applications including serving as
drug delivery carriers [156], nanoreactors [157], and
magnetogels [158]. However, many of those showed
a certain degree of cytotoxicity thus limiting their
potential for clinical use. For example, positively
charged liposomes are known to cause severe immune
responses [143] and polymeric NPs can increase the
risk of particle aggregation and toxicity [81]. Lipo-
somes 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 hydro-
lysis reaction of the phospholipid, and short half-lives
[159]. 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
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applications such as tissue regeneration, biosensors
[160, 161], and bioimaging [162, 163]. Owing to
their bio-inspired nature and efficient production,
they can be good candidates for drug or gene delivery
[67, 68, 125, 154], as 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 [164–166]. We review some recent encapsula-
tion 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
in order to improve targeting and reduce neces-
sary dosages. For example, dexamethasone is one of
the most frequently used glucocorticoids for anti-
inflammatory treatments [71] and is also considered
one of the safest. However, the low bioavailability
resulting from the low solubility of drugs limits the
dosage, especially confined for diseases that require
a higher dosage of drugs. Furthermore, serious side
effects have been recorded mostly because of its low
water solubility and low bioavailability, which have in
select cases resulted in precipitation in vivo [167].

Also, there are many cargo molecules such as
RNA, DNA, hydrophilic drugs such as methotrex-
ate, and hydrophobic drugs such as paclitaxel, that
require a carrier to stabilize the drug and/or increase
bioavailability while in the physiological environ-
ment. From Doxil®, the first Food and Drug Admin-
istration (FDA)-proved nanodrug (1995), to themost
recently commercialized COVID-19 RNA-delivery
vaccine (2020), three decades of nano-drug devel-
opment have clearly demonstrated the advantages
and necessity to develop medicines that are improved
via their incorporation into nano-sized carriers.
Although approximately 50 nanomedicine carriers
have been American FDA-approved since Doxil®
in 1995, only 2 of them are protein-based [168]
(although there are more than 80 FDA-approved
therapeutic peptides [169]), and the opportunities
for protein- or peptide-based nanomedicine carrier
promises new discoveries.

Many approaches to encapsulating drugs in nano-
structures have been reported [170–172], and essen-
tially all employ physical encapsulation and/or chem-
ical modification. Physical encapsulation or physical
adsorption is mainly based on the noncovalent inter-
actions between the cargo and the carrier, including
but not limited to π–π interaction, hydrogen bond-
ing, and ionic interactions [156]. Themain advantage
of physical encapsulation is that cargos do not 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 car-
rier, thus decreasing dosing efficiency. The chem-
ical encapsulation, on the other hand, owing to the
strong covalent bonding between the cargo and the
carrier, has the ability to withhold the cargo for a
longer period for sustained retention [156, 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.

Besides the encapsulation of the drugs, their
release is a key factor to consider when develop-
ing nanomedicine. Diffusion of drugs from carri-
ers 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 responsiveness [174].
In order to gain much more precise control on the
release of drugs, several stimuli-responsive poly-
peptides have been fabricated [174–176]. Although a
large variety of SRPs has been approved by the FDA,
such as thermal-responsive poly(N-isopropyl acryl-
amide) (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 nano-
carriers 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 encapsu-
late drugs, without a proper way to gain entry to the
cell, the encapsulated drug efficacy will beminimized.
For example, the peptides arginylglycylaspartic acid
(RGD) and peptide-amphiphile that mimics a frag-
ment of the N-terminus of the fractalkine receptor
(NTFR) have been used to bind fractalkine and 8 dif-
ferent integrins [177, 178]. Studies have found that
certain types of peptides such as gastrointestinal pep-
tides, insulin, pituitary adenylate cyclase-activating
polypeptide, and vasoactive intestinal peptide [179]
can be useful for crossing or assisting nanostructures
to cross physiological barriers, such as the blood brain
barrier (BBB) [77]. Functionalization of nanostruc-
tures 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 physical and chem-
ical properties of theNPs such as dimension (less than
200 nm), morphology (normally spherical), surface

10



Biomed. Mater. 17 (2022) 062002 H Huang and K Kiick

charge (positively charged), and particle membrane
elasticity (more rigid) can significantly affect the effi-
ciency of the uptake.

3.2.1. Targeted binding
For achieving enhanced cell uptake via targeting, pep-
tides have been used to promote the improved accu-
mulation of drugs in the target tissue and to increase
the dosing efficiency. Of these, RGD has been a tra-
ditional peptide motif used for cell targeting over
the past 30 years [181], 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 physiologic-
ally encapsulated epirubicin (EPI) for esophageal can-
cer treatment [13]. Human esophageal cell lines were
used to test the selectivity binding of these RGD-
fluorescent NPs with EPI (RGD-f-PNPs/EPI) to the
αvβ3 integrin. The RGD-f-PNP/EPI also showed an
increased in-vitro release of EPI in an acidic envir-
onment, 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−1) compared to the free EPI control
(6 mg kg−1) also with reduced dose-dependent dam-
age to other organs. Furthermore, with the fluores-
cein embedded in the particle, the retention of the
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 al developed
an epidermal growth factor receptor (EGFR) target-
ing, with GE11 peptide, self-assembled amphiphilic
peptide nanoparticle (GENP), comprising the pep-
tide GE11, which is equipped with a hydrophilic 12-
amino-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 can-
cer (PCa) capan-1 cells [180]. A core–shell self-
assembly was fabricated with C18 as the hydro-
phobic core and the GE11 as the EG FR-binding shell.
(Morphologies were confirmed via TEM shown in
figure 8(A).) 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 (figures 8(B)–
(E)). The encapsulated Gem and Ola work synergist-
ically 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 pacl-
itaxel (PTX) for cancer therapy [182].

3.2.2. Physicochemical properties of NP on cellular
uptake
Many parameters (morphology, dimension, surface
charge, and elasticity) of theNPs directly affect uptake
efficiency, the endocytotic route, as well as cytotox-
icity. 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 effi-
ciency as well as cytotoxicity. In drug delivery applic-
ations, one of the main goals is to prolong the reten-
tion 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 [183, 184]. Several studies have
indicated that 50 nm NPs have the highest cellu-
lar uptake efficiency, while larger or smaller particles
will have decreased uptake efficiency [185, 186].
Studies have also shown that NPs sized less than
200 nm [78, 187, 188] will more easily be trafficked
through clathrin- and caveolin-mediated endocyt-
osis pathways, with caveolin-mediated pathways pre-
ferred for NPs smaller in size compared to those
that are trafficked through clathrin-mediated path-
ways. Ho et al found that 20 and 40 nm polystyrene
NPs (PS NPs) are more dependent on caveolin-
mediated endocytosis than 100 nm PS NPs in human
umbilical vein endothelial cells (HUVEC) cells [187].
A similar trend has also been observed in another
study where the caveolin-mediated endocytosis dom-
inated the uptake of 50 nm gold NPs for HepG2
cells [189].

Besides NP size, both the shape and the orient-
ation 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 [191]. For example,
one study [192] showed that ten-fold more filomi-
celles can remain in the circulation than spherical
counterparts, as the spherical filomicelles are intern-
alized 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 internaliza-
tion efficiency of rod structure on RAW267.4 macro-
phage and low efficiency of star structure owing to
the multiple branches [193]. Banerjee et al presen-
ted a recent study on the role of NP geometry and
surface chemistry in uptake and transport in vitro
across different intestinal cell monolayers (Caco-
2/Raji-B/HT29) [190]. They found not only those
smaller particles show higher uptake (figure 9(A)),
but also that rod-like and disc-like NPs have two-fold
higher intestinal cellular uptake efficiency than spher-
ical NPs (figure 9(B)), which make them good can-
didates for oral drug delivery carriers. Further studies
conducted by Li et al confirmed the identical trend
when being applied in vivo through lymphatic deliv-
ery where nanorods were observed to be transpor-
ted by lymph to a higher extent than nanospheres
(figure 9(C)) [52].
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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-Ola was assessed using TEM (bottom row); (B) tumor growth curves. Nude mice bearing capan-1 human pancreatic
tumors, implanted two 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 kg−1 and an Ola dose of
50 mg kg−1; ∗p < 0.05, ∗∗∗p < 0.001; (C) body weights of the mice were recorded every two days throughout the 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 (e); ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. Reprinted with permission from
[180]. Copyright (2018) American Chemical Society.

Another critical factor of the cellular uptake is
the surface charge of the NPs. The cell membrane
is usually negatively charged, which shows great
affinity to cationic NPs, thus increasing cell uptake
versus that of anionic or neutral NPs [194, 195].
For peptide-based NPs, arginine is the most used
amino acid among the 20 natural amino acids and
is used commonly in CPPs. Owing to their small
size and penetration capability [14, 196], CPPs such

as trans-activating transcription (TAT)-based pro-
teins, oligoarginines, and chimeric CPPs have been
applied alone or in combination with other peptides
to deliver therapeutic cargos to desired cells. CPPs
are widely used as a treatment for different diseases
and inflammation such as cancer [164, 165, 197, 198],
nervous system disorders [199–201], otoprotective
[166, 202], and diabetes [203, 204]. CPPs-mediated
nanoplatforms such as CPPs-mediated quantum dots
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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 cells. Different particle diameters are represented as blue circles (50 nm), red squares (200 nm), green upright
triangles (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 particles in Caco-2/HT-29 cells; while biotin
conjugated, and unconjugated rods and discs demonstrated higher uptake than conjugated and unconjugated spheres
respectively. Reprinted from [190], Copyright (2016), with permission from Elsevier. (C) Typical pictures of gastrointestinal
segments from SD rats after ex vivo imaging and quantification of nanoparticles in stomach. Reprinted with permission from
[52]. Copyright (2017) American Chemical Society.

(QDs) can also function as imaging agents for
diagnosis. Studies showed that CPP-modified QDs
not only possess the advantages of QDs, such as
imaging ability but also have high cell membrane
permeability [42, 205]. However, limitations remain
as the CPPs have the potential to cause unwanted
immune responses, potential cytotoxicity, endosomal
degradation, and low penetration specificity [14].

Lastly, elasticity is another physical property of
the NPs that can impact the biodistribution, target-
ing, and cellular uptake efficiency. The elasticity is
often described using the word ‘rigid’ or ‘soft’ as
defined by Young’s modulus, and recent work con-
ducted 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) [206]. They used nanolipogels,
which are composed of lipid bilayers around an algin-
ate core with tunable elasticity. The Young’s mod-
ulus of these NPs was determined by atomic force
microscopy and ranged from 0.045 MPa to 19 MPa.
Rigid NPs can penetrate the cell membranemore effi-
ciently than soft NPs through the endocytosis path-
way, while soft NPs have higher penetration effi-
ciency through diffusion-based pathways. Thus, they
concluded that the particle modulus regulates the

cellular uptake of drug delivery carriers via regulat-
ing cell internalization pathways. Similar work has
also been conducted by Anselmo et al [207] to test
the cellular uptake efficiency of NPs with the differ-
ent 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.

3.3. Intracellular trafficking
After cellular internalization, NPs undergo trans-
port and trafficking to various intracellular destina-
tions. During this process, they will first encounter
membrane-bound intracellular vesicles (early endo-
somes). The early endosomes will then ferry the NPs
to the desired cellular destination before they turned
into late endosomes, which will integrate with lyso-
somes 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, they still have to find their own way
to target and bind to the organelles to achieve longer
retention. Therefore, three different approaches can
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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 PDPA80 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 PDPA80 at a pH of (C) 6.5 and (D) 6.0. (E) In vitro siRNA release from
the NPs of PDPA80 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. [208]. John Wiley & Sons. [original copyright notice].

be used to modify the trafficking rates of NPs: (a)
improve the endosomal escape efficiency of the NPs;
(b) increase the targeting to organelles; (c) decrease
the exocytosis rate.

As briefly mentioned above, the first barrier that
the NPs need to overpass is the endosomal bar-
rier upon endocytosis. To avoid the degradation
of the NPs via late endosomes [186, 209], certain
peptide-functionalized NPs have been used to escape
endosomes altogether. Peptides that cause membrane
destabilization or disruption have been increasingly
used for enhancing the endosomal escape efficiency
[210]. In general, either the NPs alone or the NP-
cargo conjugates can interact directly with the endo-
somal luminal membrane through charge-charge
or hydrophobic interactions, leading to the local
membrane destabilization and permeability. Stud-
ies have also shown that the CPPs mentioned above
can also be used as an efficient endosomal escape

motif [211, 212]. TAT-peptide is one of the most
thoroughly studied and extensively used CPPs for
intracellular delivery. Dalal et al developed a TAT-
peptide-functionalized NP, which can direct their
interactions with cells and increase the subcellular
targeting efficiency as well [212].

NPs that respond to select and specific stimuli
provide another approach to enhance intracellular
trafficking [213]. Xu et al recently developed pH-
responsive and tumor-penetrating nanoplatforms for
target siRNA delivery [208]. The Cy.5.5 labeled
PDPA80 showed low intensity at pH 6.5 due to the
quenching of the aggregated fluorophores inside the
hydrophobic cores of the self-assembledNPs, whereas
the intensity increased significantly at pH 6.2 indic-
ating the dissociation of the NPs (figures 10(A) and
(B)). Therefore, this system showed the ability to
respond to a very small pH range (in a range between
6.2 and 6.5). Intact NPs were also observed at pH 6.5
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(figure 10(C)) and NPs were dissociated at pH 6.2
through TEM (figure 10(D)). 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 paren-
chyma, resulting in efficient gene silencing and tumor
growth inhibition (shown in figures 10(F)–(H)).

Certain organelles are associated with various dis-
eases, but therapeutic molecules often fail to reach
their subcellular target after being internalized by the
cell. For instance, all DNA carriers must overcome
the nuclear membrane to exert their function. Thus,
recent research has focused on organelle targeting as
a new vector for drug delivery. The nucleus is usu-
ally the final target of a therapeutic after crossing a
series of biological barriers. Nuclear localization sig-
nals (NLSs), for example, which are characterized by
basic amino acids residues, have been widely used to
functionalize NPs for the nuclear pore complex bind-
ing and cargo diffusing through the pores [214, 215].

Mitochondria are power-generating organelles
with bilayer membranes made mainly of protein,
transforming oxygen and nutrients into adenosine
triphosphate, and distributing energy through-
out the cells. The dysfunction of mitochondria
can cause a series of neurodegenerative diseases
such as Parkinson’s disease, or cancer [216, 217].
Therefore, mitochondrial targeting NPs have been
developed to tackle the challenge. Similar to the NLS
mentioned above, mitochondrial targeting signals
(MTSs) are characterized by 10–80 amino acids with
amphiphilic structures [218]. A recent study conduc-
ted by Klimpel et al combined the CPPs with MTS
and developed a sequence with an amphipathic α-
helical structure and high mitochondrial localization
[219]. Subcellular fraction results indicated that the
conjugate was specifically accumulated inside the
mitochondrial matrix. Other studies regarding the
targeting approaches and penetration functionaliz-
ation have been well summarized in other reviews
[213, 214, 218].

4. Conclusions

In this review, we have described recent studies
about peptide-based self-assembled nanostructures
and their corresponding biomedical applications.
Without any doubt, peptide-based nanostructures
have grown exponentially over the past few decades
owing to their bio-inspired properties, built simply
by using a naturally generated building block: amino
acids. The various amino acids possess distinct phys-
ical and chemical properties, such as charges, steric/
conformational preferences, and functional groups,
which affords huge potential functionalization pos-
sibilities and the intrinsic opportunity to arrange
predictable structures based on secondary struc-
tures that the amino acids are capable of forming.

The physicochemical versatility of the amino acids
also enables the design of stimuli-responsive pep-
tide motifs based on those in naturally occurring
proteins or those designed de novo. As summar-
ized above, peptides and/or proteins have also been
used widely to encapsulate therapeutic cargos for tar-
get delivery including solubilization of poorly sol-
uble drug molecules, improved drug pharmacokin-
etics and tissue distribution, enhanced targetability,
improved antitumor efficacy, and reduced toxicity of
drug molecules. And they can also be used to func-
tionalize certain NPs to penetrate certain cell mem-
branes 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 theUnited States FDA [168].
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 preclin-
ical 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 poten-
tial hazards in clinical trials and decreasing the cost
of making peptides for large-scale applications will
help advance these highly versatile carriers and treat-
ment approaches into the clinic. It is worth mention-
ing that the complex formation of the peptide NPs
can make predicting the behavior of those NPs chal-
lenging. Despite somemolecular 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, fur-
ther models that can more faithfully predict structure
and function are foreseeable.
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Circular dichroism and conformational polymorphism of
DNA Nucleic Acids Res. 37 1713–25

[19] Kabsch W and Sander C 1983 Dictionary of protein
secondary structure: pattern recognition of
hydrogen-bonded and geometrical features Biopolymers
22 2577–637

[20] Wang M, Huang H, Zhang Z and Xiao S-J 2016 2D DNA
lattices constructed from two-tile DAE-O systems
possessing circular central strands Nanoscale
8 18870–5

[21] Winfree E, Liu F, Wenzler L A and Seeman N C 1998
Design and self-assembly of two-dimensional DNA crystals
Nature 394 539–44

[22] Wei B, Dai M and Yin P 2012 Complex shapes
self-assembled from single-stranded DNA tiles Nature
485 623–6

[23] Schnaider L et al 2017 Self-assembling dipeptide
antibacterial nanostructures with membrane disrupting
activity Nat. Commun. 8 1–10

[24] Caiaffa K S, Dos Santos V R, Abuna G F, Santos-Filho N A,
Cilli E M, Sakai V T, Cintra L T A and Duque C 2021
Cytocompatibility and synergy of EGCG and cationic
peptides against bacteria related to endodontic infections,
in planktonic and biofilm conditions Probiotics Antimicrob.
Proteins 13 1808–19

[25] Reja A, Afrose S P and Das D 2020 Aldolase cascade
facilitated by self-assembled nanotubes from short peptide
amphiphiles Angew. Chem., Int. Ed. 59 4329–34

[26] Liu S, Du P, Sun H, Yu H-Y and Wang Z-G 2020
Bioinspired supramolecular catalysts from designed
self-assembly of DNA or peptides ACS Catal. 10 14937–58

[27] Wang C, Jia G, Zhou J, Li Y, Liu Y, Lu S and Li C 2012
Enantioselective Diels–Alder reactions with G-quadruplex
DNA-based catalysts Angew. Chem. Int. Ed. 51 9352–5

[28] Hwang J, Huang Y, Burwell T J, Peterson N C, Connor J,
Weiss S J, Yu S M and Li Y 2017 In situ imaging of tissue
remodeling with collagen hybridizing peptides ACS Nano
11 9825–35

[29] Désogère P, Montesi S B and Caravan P 2019 Molecular
probes for imaging fibrosis and fibrogenesis Chem. Eur. J
25 1128–41

[30] Vert M, Doi Y, Hellwich K-H, Hess M, Hodge P, Kubisa P,
Rinaudo M and Schué F 2012 Terminology for biorelated
polymers and applications (IUPAC recommendations
2012) Pure Appl. Chem. 84 377–410

[31] Baroli B, Ennas M G, Loffredo F, Isola M, Pinna R and
Arturo López-Quintela M 2007 Penetration of metallic
nanoparticles in human full-thickness skin J. Invest.
Dermatol. 127 1701–12

[32] Brown T D, Habibi N, Wu D, Lahann J and Mitragotri S
2020 Effect of nanoparticle composition, size, shape, and
stiffness on penetration across the blood-brain barrier ACS
Biomater. Sci. Eng. 6 4916–28

[33] Blanco E, Shen H and Ferrari M 2015 Principles of
nanoparticle design for overcoming biological barriers to
drug delivery Nat. Biotechnol. 33 941

[34] Yang G et al 2019 Bioinspired core–shell nanoparticles for
hydrophobic drug delivery Angew. Chem. 131 14495–502

[35] Kalepu S and Nekkanti V 2015 Insoluble drug delivery
strategies: review of recent advances and business prospects
Acta Pharm. Sin. B 5 442–53

[36] Duncan B, Kim C and Rotello V M 2010 Gold nanoparticle
platforms as drug and biomacromolecule delivery systems
J. Control. Release 148 122–7

[37] Bhattacharyya J, Bellucci J J, Weitzhandler I, McDaniel J R,
Spasojevic I, Li X, Lin C-C, Chi J-T A and Chilkoti A 2015
A paclitaxel-loaded recombinant polypeptide nanoparticle
outperforms Abraxane in multiple murine cancer models
Nat. Commun. 6 1–12

[38] Zielinska A et al 2020 Polymeric nanoparticles: production,
characterization, toxicology and ecotoxicologyMolecules
25 3731

[39] Cano A et al 2019 Dual-drug loaded nanoparticles of
Epigallocatechin-3-gallate (EGCG)/Ascorbic acid enhance
therapeutic efficacy of EGCG in a APPswe/PS1dE9
Alzheimer’s disease mice model J. Control. Release
301 62–75

[40] Bratek-Skicki A 2021 Towards a new class of
stimuli-responsive polymer-based materials—recent
advances and challenges Appl. Surf. Sci. Adv. 4 100068

[41] Palanikumar L, Al-Hosani S, Kalmouni M, Nguyen V P,
Ali L, Pasricha R, Barrera F N and Magzoub M 2020
pH-responsive high stability polymeric nanoparticles for

16

https://doi.org/10.3389/fbioe.2020.00127
https://doi.org/10.3389/fbioe.2020.00127
https://doi.org/10.1039/b919455j
https://doi.org/10.1039/b919455j
https://doi.org/10.1016/S0021-9290(03)00135-0
https://doi.org/10.1016/S0021-9290(03)00135-0
https://doi.org/10.1021/nn202822f
https://doi.org/10.1021/nn202822f
https://doi.org/10.1017/S0033583598003424
https://doi.org/10.1017/S0033583598003424
https://doi.org/10.1016/j.bbamem.2008.08.022
https://doi.org/10.1016/j.bbamem.2008.08.022
https://doi.org/10.1016/j.ctrv.2016.10.008
https://doi.org/10.1016/j.ctrv.2016.10.008
https://doi.org/10.1126/sciadv.abd3033
https://doi.org/10.1126/sciadv.abd3033
https://doi.org/10.1021/jacs.5b09941
https://doi.org/10.1021/jacs.5b09941
https://doi.org/10.3390/ijms22094533
https://doi.org/10.3390/ijms22094533
https://doi.org/10.1021/acsnano.1c06130
https://doi.org/10.1021/acsnano.1c06130
https://doi.org/10.1039/C9NR09492J
https://doi.org/10.1039/C9NR09492J
https://doi.org/10.1038/s41467-018-04763-y
https://doi.org/10.1038/s41467-018-04763-y
https://doi.org/10.3389/fphar.2020.00697
https://doi.org/10.3389/fphar.2020.00697
https://doi.org/10.3389/fchem.2021.739791
https://doi.org/10.3389/fchem.2021.739791
https://doi.org/10.1002/mabi.202100129
https://doi.org/10.1002/mabi.202100129
https://doi.org/10.1126/science.1070821
https://doi.org/10.1126/science.1070821
https://doi.org/10.1093/nar/gkp026
https://doi.org/10.1093/nar/gkp026
https://doi.org/10.1002/bip.360221211
https://doi.org/10.1002/bip.360221211
https://doi.org/10.1039/C6NR06745J
https://doi.org/10.1039/C6NR06745J
https://doi.org/10.1038/28998
https://doi.org/10.1038/28998
https://doi.org/10.1038/nature11075
https://doi.org/10.1038/nature11075
https://doi.org/10.1038/s41467-017-01447-x
https://doi.org/10.1038/s41467-017-01447-x
https://doi.org/10.1007/s12602-021-09830-3
https://doi.org/10.1007/s12602-021-09830-3
https://doi.org/10.1002/anie.201914633
https://doi.org/10.1002/anie.201914633
https://doi.org/10.1021/acscatal.0c03753
https://doi.org/10.1021/acscatal.0c03753
https://doi.org/10.1002/anie.201204850
https://doi.org/10.1002/anie.201204850
https://doi.org/10.1021/acsnano.7b03150
https://doi.org/10.1021/acsnano.7b03150
https://doi.org/10.1002/chem.201801578
https://doi.org/10.1002/chem.201801578
https://doi.org/10.1351/PAC-REC-10-12-04
https://doi.org/10.1351/PAC-REC-10-12-04
https://doi.org/10.1038/sj.jid.5700733
https://doi.org/10.1038/sj.jid.5700733
https://doi.org/10.1021/acsbiomaterials.0c00743
https://doi.org/10.1021/acsbiomaterials.0c00743
https://doi.org/10.1038/nbt.3330
https://doi.org/10.1038/nbt.3330
https://doi.org/10.1002/ange.201908357
https://doi.org/10.1002/ange.201908357
https://doi.org/10.1016/j.apsb.2015.07.003
https://doi.org/10.1016/j.apsb.2015.07.003
https://doi.org/10.1016/j.jconrel.2010.06.004
https://doi.org/10.1016/j.jconrel.2010.06.004
https://doi.org/10.1038/ncomms8939
https://doi.org/10.1038/ncomms8939
https://doi.org/10.3390/molecules25163731
https://doi.org/10.3390/molecules25163731
https://doi.org/10.1016/j.jconrel.2019.03.010
https://doi.org/10.1016/j.jconrel.2019.03.010
https://doi.org/10.1016/j.apsadv.2021.100068
https://doi.org/10.1016/j.apsadv.2021.100068


Biomed. Mater. 17 (2022) 062002 H Huang and K Kiick

targeted delivery of anticancer therapeutics Commun.
Biol. 3 95

[42] Zhang Z, Yuan Y, Liu Z, Chen H, Chen D, Fang X, Zheng J,
Qin W and Wu C 2018 Brightness enhancement of
near-infrared semiconducting polymer dots for in vivo
whole-body cell tracking in deep organs ACS Appl. Mater.
Interfaces 10 26928–35

[43] Calzoni E, Cesaretti A, Polchi A, Di Michele A, Tancini B
and Emiliani C 2019 Biocompatible polymer nanoparticles
for drug delivery applications in cancer and
neurodegenerative disorder therapies J. Funct. Biomater.
10 4

[44] Kapadia C H, Ioele S A and Day E S 2020 Layer-by-layer
assembled PLGA nanoparticles carrying miR-34a cargo
inhibit the proliferation and cell cycle progression of
triple-negative breast cancer cells J. Biomed. Mater. Res. A
108 601–13

[45] Harris J C, Scully M A and Day E S 2019 Cancer cell
membrane-coated nanoparticles for cancer management
Cancers 11 1836

[46] Valcourt D M, Dang M N and Day E S 2019 IR820-loaded
PLGA nanoparticles for photothermal therapy of
triple-negative breast cancer J. Biomed. Mater. Res. A
107 1702–12

[47] Danhier F, Ansorena E, Silva J M, Coco R, Le Breton A and
Préat V 2012 PLGA-based nanoparticles: an overview of
biomedical applications J. Control. Release 161 505–22

[48] Papoutsakis E T, Day E, Winter E, Harris J, Kao C-Y and
Das S 2021 Biomembrane-covered naniparticles (BIONPS)
for delivering active agents to stem cells PCT/US2019/
063685

[49] Kao C-Y and Papoutsakis E T 2018 Engineering human
megakaryocytic microparticles for targeted delivery of
nucleic acids to hematopoietic stem and progenitor cells
Sci. Adv. 4 eaau6762

[50] Jiang J, Kao C-Y and Papoutsakis E T 2017 How do
megakaryocytic microparticles target and deliver cargo to
alter the fate of hematopoietic stem cells? J. Control. Release
247 1–18

[51] Fay B L, Melamed J R and Day E S 2015
Nanoshell-mediated photothermal therapy can enhance
chemotherapy in inflammatory breast cancer cells Int. J.
Nanomed. 10 6931

[52] Li D, Zhuang J, He H, Jiang S, Banerjee A, Lu Y, WuW,
Mitragotri S, Gan L and Qi J 2017 Influence of particle
geometry on gastrointestinal transit and absorption
following oral administration ACS Appl. Mater. Interfaces
9 42492–502

[53] Silva A M, Alvarado H L, Abrego G, Martins-Gomes C,
Garduño-Ramirez M L, García M L, Calpena A C and
Souto E B 2019 In vitro cytotoxicity of oleanolic/ursolic
acids-loaded in PLGA nanoparticles in different cell lines
Pharmaceutics 11 362

[54] Lombardo D, Kiselev M A and Caccamo M T 2019 Smart
nanoparticles for drug delivery application: development of
versatile nanocarrier platforms in biotechnology and
nanomedicine J. Nanomater. 2019 1–26

[55] Akbarzadeh A, Rezaei-Sadabady R, Davaran S, Joo S W,
Zarghami N, Hanifehpour Y, Samiei M, Kouhi M and
Nejati-Koshki K 2013 Liposome: classification,
preparation, and applications Nanoscale Res. Lett. 8 102

[56] Gonda A, Zhao N, Shah J V, Calvelli H R, Kantamneni H,
Francis N L and Ganapathy V 2019 Engineering
tumor-targeting nanoparticles as vehicles for precision
nanomedicineMed. One 4 e190021

[57] Sercombe L, Veerati T, Moheimani F, Wu S Y, Sood A K and
Hua S 2015 Advances and challenges of liposome assisted
drug delivery Front. Pharmacol. 6 286

[58] Merrifield R B 1963 Synthesis of a tetrapeptide J. Am.
Chem. Soc. 85 2149–54

[59] Kuliopulos A and Walsh C T 1994 Production, purification,
and cleavage of tandem repeats of recombinant peptides J.
Am. Chem. Soc. 116 4599–607

[60] Chen W, Yang S, Li S, Lang J C, Mao C, Kroll P, Tang L and
Dong H 2019 Self-assembled peptide nanofibers display
natural antimicrobial peptides to selectively kill bacteria
without compromising cytocompatibility ACS Appl. Mater.
Interfaces 11 28681–9

[61] D’souza A et al 2020 Nine-residue peptide self-assembles in
the presence of silver to produce a self-healing,
cytocompatible, antimicrobial hydrogel ACS Appl. Mater.
Interfaces 12 17091–9

[62] Matson J B, Zha R H and Stupp S I 2011 Peptide
self-assembly for crafting functional biological materials
Curr. Opin. Solid State Mater. Sci. 15 225

[63] Egli J, Siebler C, Köhler M, Zenobi R and Wennemers H
2019 Hydrophobic moieties bestow fast-folding and
hyperstability on collagen triple helices J. Am. Chem. Soc.
141 5607–11

[64] Singh A K 2016 Structure, synthesis, and application of
nanoparticles Eng. Nanopart. 19–76

[65] Mohan T, Kleinschek K S and Kargl R 2022 Polysaccharide
peptide conjugates: chemistry, properties and applications
Carbohydrate Polym. 280 118875

[66] Jeong W-J, Bu J, Kubiatowicz L J, Chen S S, Kim Y and
Hong S 2018 Peptide–nanoparticle conjugates: a next
generation of diagnostic and therapeutic platforms? Nano
Converg. 5 1–18

[67] Tarvirdipour S, Huang X, Mihali V, Schoenenberger C-A
and Palivan C G 2020 Peptide-based nanoassemblies in
gene therapy and diagnosis: paving the way for clinical
applicationMolecules 25 3482

[68] Thapa R K and Sullivan M O 2018 Gene delivery by
peptide-assisted transport Curr. Opin. Biomed. Eng. 7 71

[69] Ngo H X and Garneau-Tsodikova S 2018 What are the
drugs of the future?MedChemComm 9 757–8

[70] Zhai Z, Xu P, Yao J, Li R, Gong L, Yin Y and Lin Z 2020
Erythrocyte-mimicking paclitaxel nanoparticles for
improving biodistributions of hydrophobic drugs to
enhance antitumor efficacy Drug Deliv. 27 387–99

[71] Polderman J A et al 2018 Adverse side effects of
dexamethasone in surgical patients Cochrane Database Syst.
Rev. 11

[72] Hanafy N A N, El-Kemary M and Leporatti S 2018 Micelles
structure development as a strategy to improve smart
cancer therapy Cancers 10 238

[73] Fernández-Carneado J, Kogan M J, Pujals S and Giralt E
2004 Amphipathic peptides and drug delivery Pept. Sci.
76 196–203

[74] Sis M J and Webber M J 2019 Drug delivery with designed
peptide assemblies Trends Pharmacol. Sci. 40 747–62

[75] Ruan L, Chen W, Wang R, Lu J and Zink J I 2019
Magnetically stimulated drug release using nanoparticles
capped by self-assembling peptides ACS Appl. Mater.
Interfaces 11 43835–42

[76] Luo T, David M A, Dunshee L C, Scott R A, Urello M A,
Price C and Kiick K L 2017 Thermoresponsive
elastin-b-collagen-like peptide bioconjugate nanovesicles
for targeted drug delivery to collagen-containing matrices
Biomacromolecules 18 2539–51

[77] Islam Y, Leach A G, Smith J, Pluchino S, Coxonl C R,
Sivakumaran M, Downing J, Fatokun A A, Teixidò M and
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