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ABSTRACT

Proteins have been widely used in the biomedical field because of their well-defined architecture, accurate molecular weight,
excellent biocompatibility and biodegradability, and easy-to-functionalization. Inspired by the wisdom of nature, increasing
proteins/peptides that possess self-assembling capabilities have been explored and designed to generate nanoassemblies with
unique structure and function, including spatially organized conformation, passive and active targeting, stimuli-responsiveness,
and high stability. These characteristics make protein/peptide-based nanoassembly an ideal platform for drug delivery and
vaccine development. In this review, we focus on recent advances in subsistent protein/peptide-based nanoassemblies, including
protein nanocages, virus-like particles, self-assemblable natural proteins, and self-assemblable artificial peptides. The origin and
characteristics of various protein/peptide-based assemblies and their applications in drug delivery and vaccine development are
summarized. In the end, the prospects and challenges are discussed for the further development of protein/peptide-based

nanoassemblies.
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1 Introduction

Proteins possess the well-defined architecture created by nature
and show promising prospects in the field of biomedicine due to
their intrinsic features, including a) good biocompatibility and
biodegradability [1-3], b) inherent biological activity [4-7], and c)
precise modification. The linear modification of a peptide on the
protein or even the fusion of two different proteins can be
achieved to precisely generate fusion proteins by genetic
engineering [8-10]. d) Abundance of modifiable groups [11-13].
Amino acids, the basic unit of proteins contain a mass of
multifunctional groups, such as -NH,, -COOH, and -SH, which
can be attached with one or more types of drug molecules, metal
ions, ligands, and so on.

Owing to their excellent characteristics, a great variety of
proteins have been developed as drug carriers in recent two
decades. One of the most well-known proteins is human serum
albumin (HSA), which can resist the affinity of macrophages and
prolong the blood circulation time of the payloads [14-17].
Through high-pressure homogenization technology, HSA has
been used to load paclitaxel (PTX) to obtain Abraxane® with a
particle size of 130 nm, which entered the clinic for breast cancer
and metastatic pancreatic cancer therapy [18]. Besides, proteins
including bovine serum albumin [19-22], gelatin [23-26], zein
[27-29], gliadin [30,31], soy, and whey protein [32-34], have
been explored and prepared into nanocarriers to load drugs for
improved pharmaceutical property and in vivo performance.
However, the above-mentioned proteins are not capable of
forming micro/nano-particles spontaneously, and thus harsh
preparation conditions, like denaturation and crosslinking, or

certain equipment are commonly required for the construction of
micro/nano-carriers. Another feasible strategy is to introduce
hydrophobic groups to endow proteins with amphiphilicity to
drive assembly, such as long-chain alkanes [35], polyoxypropylene
groups [36], hydrocarbon-containing aryl groups [37], esters [38],
and other groups [39].

Interestingly, researchers found that some proteins possess
complex and highly ordered structures by supramolecular self-
assembly of subunits, such as ferritin (Fn) for iron storage [40, 41].
Inspired by the native utility of protein assemblies for cargo
loading, transportation, and protection, increasing efforts have
been made to explore and develop assemblable proteins/peptides
to construct supramolecular assemblies with excellent biological
and physicochemical properties for biomedical application,
including drug delivery and vaccine development. In this review,
we focus on emerging proteins/peptides with self-assembling
capabilities, including protein nanocages, virus-like particles, self-
assemblable natural proteins, and self-assemblable artificial
peptides. The origin and characteristics of various protein/peptide-
based assemblies and their applications in drug delivery and
vaccine development are summarized (Fig. 1). The prospects and
challenges are discussed in the end for the further development of
protein/peptide-based nanoassemblies.

2 Classification of
nanoassemblies

protein/peptide-based

2.1 Protein nanocages

Some proteins with special functions in living organisms are
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Figure 1 The inner circle represents the structures of different protein/peptide-
based nanoassemblies. The outer circle shows the representative applications of
protein/peptide-based nanoassemblies for (a) targeted delivery, (b) blood-brain
barrier transport, and (c) vaccine therapy.

found to naturally have cage-like structures, which are designated
as protein nanocages. These protein nanocages assembled from
multiple subunits have an internal cavity structure ranging from
tens to hundreds of nanometers, which provide spatial control to
biological processes and shield compartmentalized compounds
[42]. The quaternary structures of protein cages are typically
preserved by multiple weak non-covalent interactions, including
hydrophobic interaction, electrostatic interaction, chelation, and
other forces. The assembly mechanism of protein nanocages is
complex, and there have been many related reports, which are not
introduced detailedly in this review [43-46].

2.1.1 Fn

Fn, a protein family storing iron, universally exists in almost all
kinds of living life including animals, plants, and bacteria [47], and
performs essential roles in antioxidation and iron storage [40, 48].

Ferritin
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Fn from different species has a similar structure of well-defined
cage-like shape assembled from 24 subunits, with an external
diameter of 12 nm and an internal diameter of 8 nm (Fig.2)
[49-51]. The subunits are mainly divided into two types, heavy
chains (H-chain, 21 kDa) and light chains (L-chain, 19 kDa). The
H-chain contains a ferroxidase center that is indispensable for Fe
uptake and fast oxidation of Fe(II) ions by oxygen, and the L-
chain contains a nucleation site for iron mineralization without
the ferroxidase center. The ratio of H-chain to L-chain in the Fn
depends on their original organs or tissues and is even affected by
pathological conditions [52,53]. Fn is highly stable at high
temperature and possesses pH-induced reversible disassembly and
reassembly. These characteristics make Fn a robust carrier and
liable to load drugs by pH adjustment [54-59]. Moreover, Fn
made of 24 H-chain (HFn) has been confirmed to target various
types of tumor cells that overexpress transferrin receptor 1 (TfR1),
including lung and breast cancers [60-65]. In addition, since a
high level of TfR1 is also detected on the surface of brain capillary
endothelial cells, HFn-based nanoassemblies show the capability
to transport through the blood-brain barrier (BBB) by receptor-
mediated transcytosis [66-68].

2.1.2  Heat shock protein (HSP)

HSPs are molecular chaperones that exist in different species from
bacteria to humans, whose function is to attach to and stabilize
partially or totally unfolded proteins [69-71]. Some members of
HSPs (HSP70, HSP40, and HSP60) engage in protein folding
under a normal environment, and others (HSP104, inducible
HSP70s, and small HSPs (smHSPs)) are proved to play essential
roles in organisms prevention from a wide range of biotic and
abiotic stress [72, 73]. Composed of 24 subunits, smHSPs are one
of the most commonly used HSPs for drug delivery applications
and can form octahedral cages ranging in size from 16 to over
40 kDa [74]. Like other protein nanocages, smHSPs consist of the
exterior, interior, and interface surfaces with an external and
internal diameter of 12 and 6.5 nm, respectively, and a large-size
pore of about 3 nm, which allow the exchange of free cargo
between the exterior solution and the interior cavity (Fig.2)
[75-77]. smHSPs are relatively stable and robust at the
temperature of 70 °C and in the pH range from 4 to 11 [78,79].
The C-terminal extensions of smHSPs are relatively unstructured
and can be applied with various modifications [80]. As smHSPs

Vault

Figure2 Two different views of the nanocage structures of (a) Bullfrog M ferritin (PDB ID: 4DAS) (reproduced with permission from Ref. [51], © American
Chemical Society 2012); (b) smHSP (PDB ID: 1SHS) (reproduced with permission from Ref. [75], © Macmillan Publishers Ltd. 1998); (c) recombinant MVP (Rattus
norvegicus) of Vault (PDB ID: 6BP7) (reproduced with permission from Ref. [86], © Elsevier Ltd. 2018).
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have no cysteine residues in sequence, the mutagenesis of smHSPs
can offer spatially site-specific thiol groups on the interior or
exterior surfaces for further precise modification [81]. Kawano et
al. mutated the glycine at position 41 of smHSP to cysteine
(HSPG41C) for the site-specific conjugation with the contrast
agent diethylenetriaminepentaacetic acid (DTPA) [82].

2.1.3 Vault

Vaults which were first noticed as a contaminant of rat liver
coated vesicles in 1986 are the largest known ribonucleoprotein
complex in eukaryotic organisms. Vaults were named for their
multiple-arched morphology, reminiscent of the ceilings in
ancient cathedrals (Fig.2) [83-86]. It has been concluded that
vaults, like the nuclear pore complex, are used to transport large
molecules (such as messenger ribonucleic acid (mnRNA)) from the
nucleus to the cytoplasm, but their definite functions have not
been confirmed yet. The vaults in nature consist of major vault
protein (MVP, 100 kDa), vault poly(ADP-ribose) polymerase
(VPARP, 193 kDa), telomerase associated protein 1 (290 kDa),
and several copies of one or more associated RNA. MVP is the
main component of the entire nanocage shell [84,87-89]. The
commonly applied recombinant vault-based nanoassemblies only
retain MVP subunits which can undergo modification on the
interior and exterior surfaces. As the C-terminus of MVP is
exposed on the exterior surfaces and the N-terminus is close to the
waist, located at the interior of the nanoparticle, it is reasonable to
modify the C-terminus with targeting ligands and the N-terminus
with therapeutic drugs [90]. In addition, as it was reported that a
MVP interaction domain (INT, 17 kDa) derived from the C-
terminal of VPARP could interact with MVP after incubating on
ice, fusing INT into protein drug is a flexible and convenient
strategy to construct various agent-vault nanoassemblies [91].
Vaults can keep stable at pH from 4 to 8 and temperatures from
10 to 90 °C, but irreversibly disassemble into halves at pH from 3
to4[92,93].

2.2 Virus-like particle (VLP)

VLPs are nanostructures assembled from viral structural proteins.
Due to the lack of viral genome, VLPs are replication-deficient
and every kind of VLPs owns its unique structure (Fig. 3) [94-98].
The VLP from hepatitis B virus is composed of 240 coat proteins,
and the VLP from P22 bacteriophage, one of the largest known
icosahedral VLPs, is composed of approximately 420 coat
proteins. These different kinds of VLPs show multitudinous sizes,
ranging from 18 to 500 nm. Besides, VLPs from plant viruses
including CPMV, CCMV, and PhMV, and bacteriophages
including P22, QB and MS2 are non-infectious in mammals [99,
100], which have been demonstrated to be an effective platform
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for delivering multiple therapeutic molecules such as small
molecular drugs, short peptides, proteins, and nucleic acids
[101-103]. More than serving as a drug delivery carrier, VLPs are
also suitable for utilization as vaccine platforms because they
can display antigenic epitopes in a multimeric, repetitive,
and highly spatially organized conformation, which is
conducive to stimulating both humoral and cellular immune
responses [104-108].

2.3 Self-assemblable natural proteins

Distinguished from protein nanocages, which have special cage-
like structures through the regular arrangement of protein
subunits, self-assemblable natural proteins can form nanometric
multimers through the self-assembly of multiple copies of one
protein.

2.3.1 Hydrophobin (HFB)

HEFBs are a sort of small, secreted proteins ubiquitous in the aerial
hyphae of fungi and fruiting body surfaces [109,110]. The
extraordinary surface activity of HFBs comes from their unique
amphipathic structures, which contain hydrophilic end and
hydrophobic patch on the surface [109]. HFBs generally consist of
less than 100 amino acids with 8 highly conserved cysteine
residues. The correct formation of four disulfide bonds is
indispensable to stabilizing the spatial structure of HFBs. It has
been found that secreted HFBs are soluble in aqueous at low
concentrations and form multimers to reach an energetically
favorable state at high concentrations. When in contact with a
hydrophilic/hydrophobic interface, HFBs can arrange into an
amphipathic membrane [111].

HEFBs are mainly discriminated into two classes, class I and class
I based on their structure formed by self-assembly at the
oil-water interface, hydropathic plots, and solubility characteristics
[110,112, 113]. Generally, class II HFB has higher water solubility
than class I HFB. SC3 from Schizophyllum commune, as the most
extensively investigated class I HFB, can form amyloid-like rodlets
at hydrophilic and hydrophobic interfaces. HFBI or HFBII from
Trichoderma reesei as representatives of class II HFB, self-
assembles into a highly ordered two-dimensional (2D) crystalline
monolayer at two-phase interfaces (Fig. 4) [114]. Both two classes
of HFBs could self-assemble into nanoparticles for dissolution and
sustained release of encapsulated water-insoluble drugs [115, 116].

2.3.2 Casein

Caseins, a family of secreted calcium phosphate-binding
phosphoproteins [117], are the main ingredient of mammalian
milk, accounting for 80% of total bovine milk proteins [118].
Caseins are a mixture of four phosphoproteins, ag;-, as,-, -, and

CPMV

CCMV

Qp

Figure 3 Different types of VLPs used in biomedicine. CPMV, PDB ID: INY7 (reproduced with permission from Ref. [96], © Academic Press 1999); CCMV, PDB
ID: 1ZA7 (reproduced with permission from Ref. [97], © American Society for Microbiology 2006); QB, PDB ID: 5VLY (reproduced with permission from Ref. [98], ©

Cui, Z. C. etal. 2017).
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Figure4 Oligomerization of HFBIL (a) A monomeric HFBIL (b) An amphiphilic dimer HFBIL (c) A hydrophilic dimer HFBIL (d) A loose, hydrophilic tetramer,
composed of two dimers by symmetry relations. (e) A surface representation of structures (a)-(d). Reproduced with permission from Ref. [114], © The American

Society for Biochemistry and Molecular Biology, Inc. 2007.

K-casein, in an assumed weight ratio of 4:1:4:1 [117, 119]. The four
components of caseins are all chain-like and self-assemblable. Due
to the inhomogeneous distribution of polar and non-polar amino
acids, they have obvious hydrophilic and hydrophobic domains
[120, 121]. ag-Casein owns good self-assembling capacity, which
can be adjusted by pH value and ionic strength. The self-
assembling ability of ag,-casein increases with the increment of
ionic strength when the ion concentration does not exceed 0.2 M
[122]. B-Casein can exhibit better self-assembly with increasing
ionic strength and temperature in a suitable range [123, 124], and
there is a concentration point that the self-assembly would be
gradually enhanced until reaching the maximum [125]. Different
from other caseins, k-casein can form fixed-size polymers and not
be affected by temperature and ionic strength in the proper
condition. The parameters of pH, ionic strength, and temperature
could be modulated to control drug release in casein-based drug
carriers. Furthermore, caseins are proline-rich and presented as an
open-structured form for the absence of a-helices and B-strands
and —s—s— bridges. This flexible and unfolded property assures
that caseins are quite thermostable, but can be easily degraded by
proteases [126]. It has been reported that caseins could self-
assemble into micelles with a radius of 50-500 nm, a mass of
10°-3 x 10°kDa [126], and an inner cavity of 20-30 nm [127].

24 Self-assemblable artificial peptides

Self-assembly is a complex but ubiquitous natural phenomenon.
The in-depth analysis of protein assembly and the rapid
development of computer science have brought convenience to
the artificial design of assemblable peptide modules.

24.1 Elastin-like polypeptide (ELP)

ELPs are a sort of artificial peptides typically consisting of
pentapeptide motif (VPGXG),, in which X is a guest residue that
represents any amino acid except proline for its existence at the
fourth residue would interfere with coacervation and n is on
behalf of the number of motif repeats. The design of ELP is
inspired by the repetitive hydrophobic domain of human
tropoelastin, which is a crucial component of elastic fibers and
plays an important role in the stretching and recoil of certain
organs and tissues [128-130].

As peptides with similar structure and function to elastin, ELPs
composed of repeat motifs (VPGXG), have unique temperature
sensitivity [131, 132]. The peptide chains of ELPs are soluble at a
temperature below inverse transition temperature (T,), but are
intertwined with each other to aggregate at a temperature above T;

[133-136]. A previous study demonstrated that the T, of ELPs
consisting of (VPGXG), sequence can be customized by the
substitution of amino acid X and altering the length of n [137]. By
designing two types of repeat motifs with different T, into one ELP
chain, the ELP can be endowed with amphiphilicity to self-
assemble into nanoparticles at a specific temperature range. For
example, ELP containing (VPGIG),(VPGSG) can form
nanoparticle spontaneously, in which (VPGIG)y acts as a
hydrophobic domain and (VPGSG); acts as a hydrophilic
motif [138].

242 Coiled-coil motif

Coiled-coils are composed of two or more a-helices that wind
around each other in a supercoil. Coiled-coils exist in many
proteins with significant biological functions, such as fibrin and
transcription factor. The sequence of coiled-coil motifs usually
contains a basic repeating seven-residue pattern with hydrophobic
and polar residues. In the repeating pattern, the hydrophobic
residues are conserved at the first and fourth position, and the
other positions are commonly occupied by polar residues
(hpphppp). Hydrophobic residues located at the interface between
supercoiled a-helices are aligned to form a stable hydrophobic
core while polar residues are located on the outside. To get better
controllable self-assemblable coiled-coil structures, extending the
hydrophobic residues beyond the first and fourth residues in
repeating heptad pattern is feasible, such as hpphpph, hpphhpp,
hpphhph, or hphhphp [139]. Liu et al. replaced fifth and seventh
residues with nonpolar alanine in the GCN4 leucine zipper, and
this mutant showed a stable a-helical heptamer formation [140].
Besides, coiled-coils of different sequences own unique structures,
including a fiber (tropomyosin), a zipper (the Fos b-Zip domain),
a tube (TolC), and a sheet (colicin IA) (Fig. 5(a)) [141]. What’s
more, the formation and dissociation of coiled-coil structures
between  polypeptide  chains can be achieved by
protonation/deprotonation of side-chain groups under different
pH conditions. Klok and colleagues reported that peptides IAAL
E3 (Ac-GYE-(IAALEKE);-IAALEKG-NH,) and IAAL K3 (Ac-
GYK-(IAALKEK);-IAALKEG-NH,) could keep stable under
neutral extracellular condition and dissociate in the late endosome
(Fig. 5(b)) [142]. In recent years, coiled-coil motifs with different
sequences have drawn attention for the construction of
nanoassemblies with various morphology (Fig. 5(c)) [143-145].
Matrilin-1, a “cartilage matrix protein”, is a central member of the
human matriline family. The last 28 amino acids (Q466-T494) at
its C-terminal could form a coiled-coil of four a-helices and
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Figure5 (a) Different structures of natural and synthetic coiled-coil motifs (reproduced with permission from Ref. [141], © Springer 2017). (b) The pH induced
transformation of E3/K3 heterodimeric coiled-coil motifs (reproduced with permission from Ref. [142], © American Chemical Society 2008). (c) A computer model of
the self-assembled peptide nanoparticles consisting of the pentameric coiled-coil domain of cartilage oligomerization matrix protein (green) and a trimeric de novo
designed coiled-coil domain (blue) (reproduced with permission from Ref. [145], © Elsevier Inc. 2006).

assemble into a stable homodimer or trimer [146-149]. Burkhard
and coworkers combined cartilage oligomerization matrix protein
domain with a designed minimal trimeric coiled-coil domain via
two glycine residues to form a nanoparticle consisting of 60
monomeric building blocks with a regular polyhedral symmetry
[145]. Eriksson et al. applied right-handed coiled-coil (RHCC)
peptides from archaebacterium Staphylothermus marinus to
envelope cisplatin into RHCC’s hydrophobic cavities by simply
mixing and stirring at room temperature [150].

24.3 De novo designed peptide

In addition, a number of peptides with simple sequence and
assemblable capability have been designed to construct
nanoassemblies [151]. Theoretically, the designed peptide
sequences can be diverse and the driving force of self-assembly
can also be complex, but the most commonly reported self-
assembly peptides are amphiphilic with the hydrophobic portion
aggregating inside the nanoparticle, while the hydrophilic portion
distributes toward the outer aqueous phase. For instance, Zhou
and coworkers designed a series of diblock poly(lysine-B-
phenylalanine) copolypeptide with polar lysine and nonpolar
phenylalanine [152]. Chen and coworkers designed a amphiphilic
peptide sequence HFFHGHFFHGHFFHGKK to encapsulate
water-insoluble drug lonidamine [153]. Sigg et al. synthesized a
reduction-responsive amphiphilic peptide consisting of histidine,
tryptophan, and reductive linker, which could self-assemble to
load doxorubicin (DOX) and antisense oligonucleotides Atto550
simultaneously [154].

Since the electrostatic interaction influential on the self-
assembled architectures tends to be pH-regulated, the design of
pH-responsive peptides is a feasible and simple approach for
controlled drug release. Gong et al. used lysine as the hydrophilic
part and isoleucine as the hydrophobic part to constitute I(Ks, a
pH-responsive cationic peptide, which could form nanoparticles at

a neutral pH value and disassemble in an acidic environment
[155]. The nanoparticle assembled from amphiphilic peptide
LLLLLLKKKGRGDS also showed pH-responsive property [156].

3 Application of protein/peptide-based
nanoassemblies for drug delivery

Nanoassemblies have shown extraordinary performance in the
design of drug carriers to overcome issues such as low solubility
and poor stability of drugs. Moreover, it is known that the
therapeutic efficacy of drug-loaded nanoassemblies ultimately
depends on their ability to reach the target of action. From
administration site to diseased tissue, drug-loaded nanoassemblies
go through a complex journey in the body. Multiple factors
including circulation time, physiology barrier, targeting efficiency,
and controlled release all significantly affect delivery efficiency. In
this section, we outline protein/peptide-based nanoassemblies with
distinct functionalities for improved efficacies and reduced side
effects (Table 1).

3.1 Passive targeting

The term “passive targeting” refers to the phenomenon of
involuntary distribution to specific tissues, organs, and cells by
adjusting the size, morphology, and surface properties of the
carriers. Passive targeting has been widely used to describe the
findings of the enhanced accumulation of nanoparticles in solid
tumors with leaky vasculature and compromised lymphatic
drainage. This enhanced permeability and retention (EPR) effect
has been found on different types of nanocarriers with the size
ranging from 20 to 350 nm [157-161].

Huang et al. chemically conjugated indocyanine green dye
(IR820) to the ELP chain ([V,G,A432)/[VH,40]) and
constructed IR820-ELP/Zn** chelation with a size of 55 nm [162].
On the CT-26-bearing mice model, intravenous injection of IR820-
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Strategy Carrier Modified group Cargo Disease model Ref.
ELP[V,G,A;-32]/[VH,-40] / Indocyanine green dye IR820 CT-26 cells [162]

Passive targeting ELP[G(VPGSG).4 )
(VPGIG),Y] FKBP Rapamycin MDA-MB-468 cells [138]
HFBI RGD peptide BODIPY derivative U87-MG, HeLa, and MCF-7 [166]

HAVRNGRRGDGGAVPIAQ
K (HRK-19) / DOC A549 cells [167]
) ) VLP from MrNV FA DOX HT29 and HepG2 cells [173]
Active targeting A specific collagen II-targeting -
Fn . HCQ Osteoarthritis [174]
peptide
An extracellular-signal-
Fn regulated kinase (ERK)peptide PTX MDA-MB-231 and A549 cells [177]
inhibitor
VLP from PhMV PEG DOX-EMCH MDA-MB-231 cells [180]
Long circulation Fn An ABD variant DOX A549 cells [181]
HFn BCP1 (CNARGDMHC) DOX B16 cells [182]
Apolipoprotein E peptide .

Qp-based VLP (ApoEP), cell penetrating Luciferase mRNA and c-MET U87 cells [187]

) mRNA

peptide (CPP)
Fn / Cy5and PTX Bend.3 and C6 cells [188]
BBB transport Fn / IRdye800 and DOX U87-MG cells [68]
Integrin a,p, targeted ligand
HFn (DGEAGGDGEA) DOX U87-MG cells [189]
Fn / Fe;0, nanozyme Cerebral malaria [190]
HFn Dual-functional carbon dots DOX MCF-7 and S180 cells [193]
pH-responsive  x tionic peptide IK, / DOX Bel-7402 cells [155]
release
smHSPs / DOX / [81]
HEBII / Dodecanethiol-modified gold ~ HeLa, MG-63, U87-MG, [116]
. nanoparticles and PTX MDA-MB-231, and 4T1 cells
Reduction- Mono-2-O-(p-
responsive release VLP from JCV toluenesulfonyl)-p- PTX, RA NIH3T3 cells [194]
cyclodextrin

VLP from CPMV / DOX HelLa cells [195]

ELP/Zn** nanoparticles showed more accumulation at the tumor
sites because of the EPR effect compared to free IR820.
Dhandhukia et al. fused ELP chain (G(VPGSG)4(VPGIG),Y,
abbreviated as SI) with FK-506 binding protein 12 (FKBP) to
obtain FSI fusion peptide for the encapsulation of rapamycin
(Rapa) [138]. On the MDA-MB-468 tumor-bearing mice, the
group receiving intravenous injection of FSI-Rapa exhibited
dramatically enhanced tumor inhibition compared with the free
Rapa group.

3.2 Active targeting

In comparison with passive targeting, nanoparticles modified with
targeting ligands as "missiles” delivering drugs to the target area
are called active targeting preparations. Studies have shown that
the occurrence and development of diseases are often
accompanied by the abnormal expression of specific receptors on
the cell surface. Therefore, targeting ligands that can recognize and
bind to the overexpressed receptors on cell membrane have been
exploited to arm nanoparticles for improved targeting
efficiency [163-165].

Xiao et al. used RGD-HFBI fusion protein to encapsulate near-
infrared (NIR) fluorescent probe, boron-dipyrromethene
(BODIPY), for solubilization and tumor active targeting [166].
Cell uptake assay demonstrated that RGD-HFBI-coated BODIPY
could stain avf; integrin-positive cancer cells (U87-MG) more
efficiently than HFBI-coated BODIPY and free BODIPY, while no
distinctive difference was observed between the groups on avp;
integrin-negative MCF cells. Besides, due to the targeting ability of

TSINGHUA
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the RGD, RGD-HFBI/BODIPY could be imaged at the tumor site
for 72 h after administration, while HFBI/BODIPY only remained
for 48 h in the U87-MG-bearing mice as shown in the in vivo
imaging study.

Guo and coworkers reported that self-assembled nanocarriers
based on HAVRNGRRGDGGAVPIAQK (HRK-19) peptides
displayed prominent tumor-targeted properties (Fig. 6(a)) [167].
In addition to the RGD targeting ligand, the NGR peptide motif
was designed in the sequence to recognize the tumor vascular
antigen CD13 associated with tumor angiogenesis [168-170].
HAV peptide motif, a highly conserved sequence at classical
cadherin homophilic binding site, can inhibit cell aggregation,
compaction, and neurite outgrowth. The formed nanoparticles
owned a spherical structure with a size of about 62 nm. On the
A549-bearing mice model, docetaxel (DOC)-loaded HRK-19
nanoparticles (DOC/peptide)-treated groups showed significantly
lower tumor weight and longer median survival than that of the
free Taxotere group. In vivo imaging study showed that the
fluorescent dye DiD loaded HRK-19 nanoparticles accumulated
more effectively in the tumor site than the free DiD solution. Folic
acid (FA) is another commonly used ligand to target malignant
tumors that overexpress folate receptors [171,172]. Tan and
coworkers modified FA onto the VLP derived from MrNV to load
DOX (FA-MrNVLP-DOX) for anticancer therapy [173].
Enhanced cellular uptake and cytotoxicity of FA-MrNVLP-DOX
were observed on HT29 cells compared to DOX-loaded VLP and
free DOX groups.

For osteoarthritis therapy and imaging, Chen et al. constructed
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Penetration of CFn and Fn into cartilage for 24 h after incubation at 37 °C. Reproduced with permission from Ref. [174], © Elsevier Ltd. 2019.

collagen II-targeting peptide modified Fn-based nanocage to load
anti-inflammatory drug hydroxychloroquine (HCQ), NIR dye
(cy5.5)-labeled MMP13 cleavable peptide, and a quencher BHQ-3
to obtain CMFn@HCQ (Fig. 6(b)) [174]. Peptide WRYGRL
capable of targeting collagen II, the major component of the
cartilage matrix, was genetically modified onto the Fn-based
nanocage. In vivo imaging study showed that CMFn group owned
better immobilization in the knees than that of MFn group
without targeting peptides. Besides, penetration of cartilage-
targeting CFn in the matrix compartment and within
chondrocytes was more efficient than Fn only, which confirmed
the cartilage-targeting capability of peptide WRYGRL.

Bare HFn nanoparticles can also be classified into active
targeting preparations since Fn-based nanocage can target tumor
cells with overexpressed TfR1 and then enter cells through
receptor-mediated endocytosis [175, 176]. Zhang and coworkers
utilized the Fn-based nanocage to deliver PTX by genetically
modifying an extracellular-signal-regulated kinase (ERK) peptide
inhibitor (MPKKKPTPIQLNP) on its C-terminal of Fn, named
HERK [177]. The ERK peptide inhibitor was able to induce cell
apoptosis by disrupting the MAPK/ERK pathway and killing
tumor cells in combination with PTX. In vitro experiment showed
that when treated to the TfR1 expressed MDA-MB-231 and A549

cells, FITC-labeled HERK showed a higher uptake effect than free
FITC, but the uptake would be almost inhibited after pre-
incubation Fn with tumor cells, indicating that HERK can enter
tumor cells through TfR1-mediated endocytosis. With the low pH-
mediated decomposition of HERK in the lysosome, PTX was
released from the nanocage and exerted a synergistic anti-tumor
effect with the ERK inhibitor.

3.3 Long circulation

As a "protective umbrella” for drugs against the physiological
environment, nanocarriers are believed to improve the stability
and targeting of laden drugs, leading to significant clinical
advantages. However, the clinical application of nanoparticles is
commonly limited because of the quick clearance in vivo. As
increased blood circulation time of administered nanoparticles can
improve the efficiency of tumor targeting, it is desirable to develop
long circulation strategies with clinical application potential.

The introduction of polyethylene glycol (PEG) shells on the
outer surface of nanoparticles has been shown to effectively avoid
reticuloendothelial systems in vivo and prolong the duration of the
systemic circulation [178,179]. Hu and Steinmetz modified PEG
onto the external surface of PhMV-based VLP to load DOX
(DOX-PhMV-PEQG) for longer circulation and less nonspecific
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cellular uptake [180]. On the MDA-MB-231 xenograft mice
model, compared to free DOX, administration of DOX-PhMV-
PEG showed significantly enhanced antitumor efficacy with the
rate of complete tumor clearance high to 80% during the study
period.

Wang et al. fused an albumin binding domain (ABD) onto
HFn and constructed ABD-HFn nanoparticles to load DOX for
prolonged half-life (Fig. 7(a)) [181]. ABD displays extremely high
affinity to HSA in the subnanomolar range. The binding of ABD-
HFn to HSA increased the diameter of nanoparticles from 12 to
nearly 30 nm to avoid rapid renal clearance [181]. In addition, the
increased steric hindrance of HSA binding on the surface of
nanoparticles could decrease TfR1-mediated cell uptake and
endocytosis. The pharmacokinetic parameters in Sprague Dawley
(SD) rats showed that the apparent blood half-life and area under
the curve (AUC) value of ABD-HFn/DOX nanoparticles were
both about 12 times that of HFn/DOX nanoparticles.

Jin et al. integrated a blood circulation prolonging (BCP)
peptide from a peptide of phage to HFn through genetic
engineering for tumor-targeted delivery of DOX (Fig. 7(b)) [182].
The BCP peptide (CNARGDMHC) containing the RGD motif
can target tumor cells and bind to platelets for longer blood
circulation. Both in the cell and animal study, DOX-loaded BCP-
modified HFn nanoassemblies (BHFn-DOX) showed an
enhanced tumor-killing effect than HFn-DOX without BCP
modification and free DOX group. In the pharmacokinetic study,
the half-life of BHFn-DOX was longer than that of HFn/DOX,
and AUC and maximum concentration (C,,) of BHFn-DOX
were higher than those of HFn-DOX, indicating that BCP1
peptide could dramatically increase the blood circulation time of
DOX.

3.4 BBB transport

The BBB is a protective barrier in the body, consisting of tight
junctions of capillary endothelial cells on one side and foot
processes of astrocytes on the other side. The BBB plays a key role
in protecting the central nervous system from toxic and infectious
pathogens, but also hinders the brain delivery of drugs [183].
Usually, only lipophilic molecules with a molecular weight of less
than 400-600 Da can transport across the BBB.

Receptor-mediated transcytosis is an effective strategy to deliver
drugs across the BBB [184-186]. As low-density lipoprotein
receptors are highly expressed on the surface of cerebral
endothelial blood vessels, low-density lipoprotein can be modified
onto the nanoparticles to mediate brain targeted delivery. Pang et
al. constructed apolipoprotein E peptide (ApoEP) and cell-
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penetrating peptide (CPP) dual modified Qp-based VLPs for brain
delivery of designed RNAi (c-MET) to reduce the invasion and
migration of tumor cells (Fig.8(a)) [187]. Green fluorescent
protein (GFP) or mCherry protein was fused with QB coat
proteins as luminophore for observation. On intracranial U87-
bearing mice, the CPP and ApoEP modified mCherry protein-
fused VLP/RNAi_ygr (dP@mVLP/RNAi_\zr) treated group
showed numerous stained mCherry protein signals in the brain,
particularly in the tumor tissues than the group without the CPP
and ApoEP modification (mVLP/RNAI_gp). In the anticancer
study, the combined administration of temozolomide (TMZ) and
gVLP/RNAI_ yr extended the median survival time of mice to 42
days, significantly longer than 25 days of the TMZ-only group,
indicating that the designed nanocomposite can successfully reach
brain tumors and reverse the resistance of TMZ.

Since TfR1 is not only expressed on the tumor cells but also the
endothelial cells of the BBB, Fn-based nanoassemblies can
effectively cross the BBB via transferrin receptor-mediated
transcytosis. Liu et al. employed HFn to load PTX for the
treatment of brain malignancy [188]. The cellular uptake of Cy5-
loaded HFn was much higher on Bend.3 and C6 cells than that of
free Cy5, which could be competitively inhibited by the co-
incubation with anti-TfR1. On intracranial C6-bearing mice, the
HFn-Cy5 treated group exhibited stronger fluorescence around
the brain region than the free Cy5 treated group, suggesting that
HFn are capable of transporting across the BBB and accumulating
in the brain area. In the tissue distribution study, large amounts of
PTX delivered by HFn accumulated in the brain while free PTX
could hardly permeate the BBB and aggregate in the brain area.

Yan and colleagues systemically compared the BBB transcytosis
ability of Fn nanocages composed of the L-chain and H-chain,
respectively (Fig. 8(b)) [68]. The in vitro biomimetic BBB
experiment showed that the transport rate of HFn was more than
5 times higher than that of L-chain Fn (LFn). The results of the in
vivo BBB penetration ability showed that the fluorescence of
IRdye800-HFn was more concentrated in the brain area than in
other organs on the healthy mice. In addition, on the orthotopic
glioma mice, IRdye800-HFn further accumulated at the tumor site
after crossing the BBB, whereas IRdye800-LFn presented much
less signal in the brain and glioma, leading to the conclusion that
HFn is superior to LEn in BBB transcytosis.

Huang and coworkers fused HFn with integrin a,(,-targeting
ligand (DGEAGGDGEA) through genetic engineering to obtain
2D-HFn fusion protein and constructed DOX-loaded 2D-HFn
nanocage to target glioblastoma with up-regulation of integrin

a,B, [189]. The in vitro study showed that the permeation
-
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Figure7 (a) ABD-fused HFn nanocage for prolonged in vivo circulation of DOX. (i) Schematic design of the construction of ABD-HFn/DOX nanoparticles. (ii)
Morphological observation of saturated HSA binding ABD-HFn nanoparticles by TEM. (iii) Pharmacokinetics study of DOX, HFn/DOX, and ABD-HFn/DOX in SD
rats. Reproduced with permission from Ref. [181], © American Chemical Society 2018. (b) BCP1 peptide modified HFn to load DOX for anticancer therapy. (i)
Schematic design of the formation of BHFn-DOX nanoparticle. (ii) Viability of B16 cells treated with PBS, DOX, HFn-DOX, or BHFn-DOX for 24 h. (iii) Blood DOX
concentration versus time after mice receiving DOX, HFn-DOX, or BHFn-DOX. Reproduced with permission from Ref. [182], © American Chemical Society 2019.
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efficiency of FITC-loaded 2D-HFn through biomimetic BBB was
59.2%, significantly higher than 29.4% of FITC loaded HFn and
0.1% of free FITC. On the U87-MG xenograft mice models, the
intravenous injection of IRDye-800-loaded 2D-HFn was able to
cross the BBB and accurately bound to the tumor lesion in the
brain with a high tumor-to-normal tissue ratio of 2.

Zhao et al. developed an Fn nanozyme (Fenozyme) consisting
of a human Fn shell and Fe;O, nanozyme inner core for the
treatment of cerebral malaria [190]. The Fn shell promotes the
brain delivery of Fe;O, nanozyme which then exhibits catalase-like
activity to inhibit the high level of reactive oxygen species (ROS).
On the cerebral malaria-bearing mice, Fenozyme could protect the
BBB endothelial cells from ROS damage and decrease parasite-
infected red blood cells. 80% of the cerebral malaria-infected mice
treated with phosphate buffered saline (PBS) or blank HFn
nanoparticles were unable to survive 10 days, whereas only 20 %
of them died by day 16 after receiving 3.75 mg/kg of Fenozyme.
Furthermore, the combination of Fenozyme and anti-malaria
artemether enabled to alleviate encephalopathy and memory
impairment on the mice that survived cerebral malaria.

3.5 Stimuli-triggered controlled release

Variations of parameters in physiological or pathological
environments, such as pH value, redox balance, and enzyme
levels, provide the possibility for precise and controlled release of
therapeutics. Recently, with the exploration of intelligent materials
that can respond to small changes in physical or chemical
conditions with a relatively large change in property, the
development of stimuli-responsive drug delivery systems has been
rapidly expanded [191, 192].

3.5.1 pH-responsive drug release

Fn, as a type of ideal material for the construction of pH-sensitive

carriers, can self-assemble in a neutral environment and
disassemble under low-pH condition. Yao et al. employed HFn to
encapsulate DOX and modify carbon dots (CDs) to the surface of
HFn to obtain pH-responsive nanoassembly HFn(DOX)/CD for
imaging and combination antitumor effect (Fig. 9(a)) [193]. The
nanoassembly HFn(DOX)/CD released 77.8% DOX at pH 5.0,
significantly higher than 287% at pH 7.4, suggesting that
HFn(DOX)/CD can effectively respond to the acidic environment
of endosomes/lysosomes for accelerated drug release.

Bai and coworkers reported a cationic peptide IIIITKKKKK
(IgKs) with pH-responsive property for the delivery of DOX (Fig.
9(b)) [155]. The self-assembled IKs-based nanoparticles were
spherical with a diameter of around 30 nm at pH 74. In
comparison, the intact shape of nanostructures became swollen
and irregular as a large portion of random coil structures formed
after incubating at pH 6.0. The variation of morphology resulted
in an excellent pH-responsive release of DOX-loaded IK;
nanoparticles.

Another strategy is to modify the drug onto the nanocarrier via
pH-sensitive bonds. Flenniken et al. chemically conjugated DOX
onto smHSPs with an acidic labile hydrazone linker for controlled
release [81]. Cysteine residues mutated on the interior surface of
smHSPG14C  carriers can  selectively react with  (6-
maleimidocaproyl) hydrazone of DOX derivation (Fig. 9(c)). The
releasing experiment showed that incubating at different pH
values of 4.0, 4.5, and 5.0, the time for releasing 50% of DOX from
smHSPG14C nanocarriers through hydrolyzing the hydrazone
linkage was 1.5, 3.9, and 5.1 h, respectively, indicating the acidic
microenvironment of lysosome could promote the release of
DOX.

3.5.2  Reduction-responsive drug release

Protein-based nanoassemblies with disulfide bonds are considered
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Figure9 (a) Schematic illustration of the principle of drug loading and nuclear targeting of HFn(DOX)/CDs (reproduced with permission from Ref. [193], © The
Royal Society of Chemistry 2018). (b) pH-triggered drug release of DOX-loaded I;K5 nanoparticles. (i) Schematic illustration of the self-assembly of cationic peptide
IK; for the encapsulation of DOX. (ii) The release profile of DOX from I,K; nanoparticle at different pH values. Reproduced with permission from Ref. [155], ©
Elsevier 2020. (c) pH-mediated drug release of HSPG14C nanoassembly. (i) Reaction scheme showing the conjugation of the (6-maleimidocaproyl) hydrazone of DOX
to the HSPG14C cage. (ii) pH-triggered release of DOX from HSPG14C cages. Reproduced with permission from Ref. [81], © The Royal Society of Chemistry 2005.

intrinsic reduction-responsive carriers. Maiolo et al. reported
bioreducible HFBII-stabilized supraparticles consisting of HFBII
and gold nanoparticles (AuNPs) for selective intracellular release
[116]. The modification of dodecanethiol (DT) on the surface of
AuNPs acted as a hydrophobic surface, which enabled HFBII to
encapsulate AuNPs into their hydrophobic cores via non-covalent
interactions (Fig. 10(a)). Transmission electron microscopy
(TEM) observation showed the presence of spherical-like
supraparticles with a diameter of around 30 nm. The
supraparticles were stable in plasma and exhibited a slow release
profile of loaded hydrophobic molecules, which was possibly
ascribed to the coating of impermeable and rigid HFBII film. On
the other hand, disulfide-rich HFBII can change the secondary
structure in response to high intracellular glutathione (GSH)
concentration of 5-10 mM, leading to the dismantling of the
HFBII membrane and the sudden release of the encapsulated
drugs. The cytotoxicity study showed that compared to free PTX,
PTX-loaded supraparticles (SP@PTX) owned 1 or 2 orders of
magnitude reduction of the drug half-maximal inhibitory
concentration (ICs,) on PTX-sensitive (HeLa, MDA-MB-231) and
PTX-resistant (4T'1) cancer cells.

Another approach is to conjugate drugs onto nanocarriers via
disulfide bond to achieve reduction-responsive release. Niikura et
al. conjugated thiosulfate containing p-cyclodextrin (-ss-CD) with
cysteine group on the inner cavity of human JC polyomavirus
(JCV) derived VLP to obtain VLP-CD by the formation of a
disulfide bond [194]. Hydrophobic drug PTX and fluorescent
compound rhodamine-linked adamantane (RA) were included in
CD to form VLP-CD-PTX and VLP-CD-RA, respectively (Fig.
10(b)). In the release experiment, small amounts of RA were
released from VLP-CD-RA in the buffer with a low
concentration of GSH (10 uM), while a mass of RA released from
VLP-CD-RA were detected in a short time with a high
concentration of GSH (10 mM). The nanocarrier could facilitate
the cellular uptake of PTX into NIH3T3 cells and release PTX
efficiently in the cancer cells with a high level of GSH, resulting in
higher cytotoxic activity compared to free PTX. Aljabali et al.
conjugated DOX onto VLP from CPMYV through a disulfide bond
to obtain CPMV-SS-DOX nanoparticles for anticancer treatment
[195]. In the cytotoxicity study, CPMV-SS-DOX showed higher
tumor cell killing effect on HeLa cells than CPMV-DOX
nanoparticles without disulfide bond, indicating that the effective
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construction of VLP-CD-PTX and reduction-triggered release in tumor cells. (ii) Release study of BODIPY from the nanocage with different GSH concentrations. (jii)
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release of DOX upon the cleavage of disulfide bond by GSH in
cancer cells resulted in significant cytotoxicity.

4 Application of protein/peptide-based
nanoassemblies for vaccine development

The incorporation of nanomedicine with vaccines has been
extensively implemented for enhanced treatment outcomes. In
this section, we outline emerging advances in the use of
protein/peptide-based nanoassemblies in vaccine development.

In vaccinology, nanoparticles mainly serve as adjuvants,
carriers, or presentation platforms to improve the immune
response through one or a combination of these roles [196]. In
addition to improving stability and avoiding degradation,
protein/peptide-based assemblies with a diameter between 20-
200 nm enable to promote uptake by antigen-presenting cells
(APCs) and retention in lymph nodes. Another advantage is that
the ordered arrangement of antigens on the surface of
nanoassemblies facilitates B-cell activation by crosslinking multiple
B-cell receptors. Taken together, these factors result in a significant
augment of immune response.

As the first commercially approved protein-based vaccine
platform, VLP that mimics the size and geometry of virus has
drawn continuous attention. VLP assembled from capsid proteins
without the genome can be engineered to convey antigenic
epitopes from either parental or exogenous virus. There are
increasing fundamental, preclinical, and clinical studies that focus
on the VLP vaccine for the prevention of different infectious
diseases covering coronavirus disease 2019 (COVID-19) [197],
seasonal influenza [198], malaria [199], and influenza (H5N1,
HINT1 virus) [200-202]. Ortega-Rivera et al. selected CCMV and
Qp-based VLPs to carry three different target epitopes (570, 636,
and 826) from SARS-CoV-2 S protein to build VLP-based
vaccines against COVID-19 [203]. These designed vaccines could
efficiently activate B cells and induce them to produce the
opsonizing antibody IgG2a/b. Christiansen et al. used quadrivalent
genotype hepatitis C virus (HCV) VLP vaccines produced in the
lab to load antigenic domain B and D epitopes of the E2 protein,
which could stimulate strong immunogenicity and genotype
memory B cells without adjuvant [204]. Bachmann and coworkers
found that E. coli-derived mRNA-loaded VLP was able to induce
the activation of B cells and differentiate them into plasma cells,
resulting in a quick onset of strong humoral IgG response [205].
Numerous investigations indicated that the rigid and repetitive
surface structures of VLPs render them highly immunogenicity

via facilitating cross-linking of B cell receptors. Moreover, the
unique structure of VLPs promotes the binding with multimeric
ingredients in the immune system, leading to effective
opsonization, improved uptake of APCs, and thus enhanced
immune responses [206].

Fn and other nanoassemblies with ordered and repetitive
subunit structure have also emerged as promising antigen
presentation platforms in recent years. Kanekiyo et al. introduced
the trimeric haemagglutinin into the 3-fold axis of the Fn-based
nanoassembly through genetic engineering for reciprocal
stabilization, which was beneficial to the oligomerization of
conformation-dependent trimeric antigens [207]. Compared with
the licensed inactivated vaccine, Fn-based nanoassembly enhanced
the immunological potency, which elicited over 10-fold higher
antibody titers in immunized mice.

Kang et al. applied spike protein receptor-binding domain
(RBD) as an antigen to prepare three vaccine candidates based on
various nanoassemblis, RBD-Ferritin (24-mer), RBD-mi3 (60-
mer), and RBD-153-50 (120-mer) (Fig. 11(a)) [208]. mi3 protein
that was computationally designed based on KDPG aldolase could
self-assemble into a dodecameric cage scaffold with 60 total
subunits and multiple display positions on the surface [209, 210].
The I53-50 NPs were an icosahedral nanoparticle assembled from
two components, 20 copies of trimeric I53-50A.1PT1 and 12
copies of pentameric 153-50B.4PT1 [211]. All of three vaccine
nanoassemblies were produced through SpyTag/SpyCather
conjugation strategy, and the particle sizes of RBD-Ferritin, RBD-
mi3 and RBD-153-50 nanoparticles were about 33, 55, and 51 nm
respectively. When immunizing the mice with RBD-Ferritin, RBD-
mi3, or RBD-I53-50 with adjuvants, 71.8- to 168.4-fold higher
binding antibody response was detected compared to the RBD
only group. In addition, the neutralization activities of sera from
three different nanoassemblies were nearly 10-fold higher than
those of the RBD monomer group. In general, the RBD-
conjugated nanoassemblies showed dramatically stronger
immunization efficacies than the RBD monomer.

Babapoor et al. designed two types of assemblable peptides
Mono-M2e and Tetra-M2e by fusing coiled-coil motifs with the
external domain of matrix protein 2 (M2e) for the construction of
universal avian influenza (AI) vaccines [212]. M2e exists on the
surfaice  of = Mono-M2e-based and  Tetra-M2e-based
nanoassemblies in the form of monomer and tetramer,
respectively (Fig. 11(b)). As the small size of antigen peptides
limited their immunogenicity, the novel formed nanoassemblies
allow them to be presented in high density in either monomeric or
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SARS-CoV-2 live virus neutralization assay using different designed vaccines. Reproduced with permission from Ref. [208], © American Chemical Society 2021. (b)
Computer model of Mono-M2e NPs (upper) and Tetra-M2e NPs (below) for AT immune therapy. Reproduced with permission from Ref. [212], © Babapoor, S. et al.
2011. (c) Fn nanoassembly-based vaccines for cancer immunotherapy. (i) Schematic design of the construction of Fn-based vaccines by SpyTag/SpyCatcher
technology. (i) Flow cytometry analysis of capture efficiency of DCs towards eGFP and ferritin-eGFP. (iii) The survival curve of TC-1-bearing mice receiving different

treatments. Reproduced with permission from Ref. [215], © Elsevier Inc. 2018.

tetrameric formation. The diameter of Mono-M2e and Tetra-M2e
were around 35 and 23 nm respectively. Compared with the
unvaccinated group, the M2e specific IgG response of chickens
vaccinated with Mono-M2e or Tetra-M2e was observed. When
coupled with adjuvants, the vaccine Tetra-M2e elicited an
extremely higher antibody response than Mono-M2e. Besides, the
Tetra-M2e with adjuvants offered a dramatic improvement in
protection, compared to Mono-M2e and PBS groups, against
subtype H5N2 of low-pathogenicity Al virus by reduction of the
Al virus shedding.

Kelly and coworkers employed MVP-based vault to load major
outer membrane protein (MOMP) of Chlamydia muridarum for
the preparation of MOMP-vault vaccine against mucosal
infections [213]. Intranasal immunity with MOMP-vault activated
anti-chlamydia response and significantly reduced bacterial
burden. Besides, MOMP-vault coupled with adjuvants enhanced
microbial eradication without inducing inflammation. The
bacterial burden of chlamydiae following an infectious challenge
was statistically reduced in the MOMP-vault immunized group
compared to the only vault immunized group.

Cancer vaccine has become one of the most promising
strategies for activating own immune system to eliminate tumors.
Steinmetz and coworkers designed a tumor-specific vaccine
PhMV-CH401 by using PhMV-based VLPs as the platform and
human epidermal growth factor receptor-2 (HER2) derived
CH401 peptide epitope as the antigen [214]. MTT assays showed
that PhMV-CH401 enhanced cytotoxicity towards DDHER2
tumor cells than CH401 only. In addition, whether loaded with
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Toll-like receptor 9 (TLR9) agonists CpG adjuvant or not, PhMV-
CH401 was able to elicit a strong immune response and produce
high titers of HER2-specific immunoglobulins in vivo. The
survival period of the vaccinated BALB/C mice bearing DDHER2
tumor was remarkably prolonged compared to the unvaccinated
group.

Wang et al. utilized the SpyTag/SpyCather conjugation strategy
for the modification of antigen on the Fn-based nanoassembly to
set up a flexible and efficient vaccine platform for tumor therapy
[215]. SpyCatcher was fused with ferritin, while SpyTag was fused
with HPV16 oncogene E7 peptide antigen or eGFP (Fig. 11(c)).
After simple mixing, an isopeptide bond can be formed between
SpyTag and SpyCatcher to facilitate the modification of antigen or
eGFP onto the Fn-based nanoassemblies. Compared to free eGFP,
ferritin-eGFP nanoparticles were more efficiently uptaken by DCs,
particularly by CD8a population. The formed ferritin-E7
nanoparticle could be more efficiently captured by draining lymph
nodes than individual ligand E7. After being treated by ferritin-E7
nanoparticle with CpG, TC-1 bearing mice showed a longer
survival time than the group receiving ligand E7 coupled with
CpG.

Amidi and coworkers developed an anticancer vaccine
nanoparticle based on a self-assemblable peptide (Ac-
AAVVLLLW-COOH) to carry various antigens [216]. Peptide
antigens, ovalbumin(OVA)y,, and HPV16 E7, s, were
conjugated to the N-terminal of the self-assemblable peptide to
generate fusion peptides OVA-SA and HPV-SA, respectively.
When combined with CpG adjuvant, nanoparticles assembled
from either OVA-SA or HPV-SA could induce an increment of

@ Springer | www.editorialmanager.com/nare/default.asp
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antigen-specific CD8" T cells in mice. On the TC-1-bearing mice,
vaccination of HPV-SA coupled with CpG showed an increased
survival period in contrast to the group of HPV peptide coupled
with CpG, which indicated that the soluble peptide antigen even
combined with a strong adjuvant is not effective, while the antigen
in the form of a designated structure could be efficiently processed
and presented by DCs for better immune response.

5 Clinical application and potential

In the aspect of vaccine development, a number of VLP-based
vaccines have been approved for clinical use to prevent HPV
(Cervarix, Gardasil and Gardasil 9, Gene Vac-B, Revac-B,
Shanvac-B), hepatitis B (Engerix-B), hepatitis E (Hecolin’), and
COVID-19 (Covifenz). In addition, increasing VLP-based vaccine
candidates have entered preclinical and clinical trials for diseases
including COVID-19 [197], seasonal Influenza [198], Malaria
[199], and Influenza (H5N1, HIN1 virus) [200-202]. Fn-based
nanoassembly as another promising vaccine platform have shown
great market prospects with several candidates in clinical trials
against different diseases, including influenza (ClinicalTrials.gov
ID: NCT03186781), COVID-19 (ClinicalTrials.gov  ID:
NCT04784767), and Epstein-Barr virus (EBV) (ClinicalTrials.gov
ID: NCT04784767).

In the aspect of drug delivery, although still few reports of
clinical research have been reported, a growing body of
investigations  have  shown that  protein/peptide-based
nanoassmblies have significant promise. Among them, Fn-based
nanoassembly  with  excellent  biocompatibility,  low
immunogenicity, intrinsic tumor targeting, and favorable
pharmacokinetics have the greatest potential to enter the clinic. Six
patents related to the construction and modification of Fn-based
nanoassembly for the loading of various therapeutics in recent two
years (Nos. US20200138960A1, US10640775B2,
US20210403515A1, US20210363194A1, W02021008454A1, and
US20210393539A1) highlight the distinctive prospect of Fn-based
nanoassembly for drug delivery.

6 Conclusion and outlook

Due to excellent biocompatibility and degradability, high-ordered
architectures, and abundant modifiable interfaces and amino acid
residues, assemblable proteins/peptides have shown great potential
in the construction of nanoplatforms for biomedicine application.
Heterologous expression is the most commonly-used strategy that
can produce biomaterials with unified molecular weight in a
green, gentle, and economical way. In addition, fusing therapeutic
or functional protein/peptides into the backbone by genetic
engineering allows for the precise customization of assemblable
proteins/peptides.

Numerous studies indicated that the parameters of quantity,
distribution, and orientation of targeting ligand can influence the
targeting efficiency in drug delivery, which is related to the
clustering of receptors on the surface of target cells, cellular
endocytosis, and opsonin. For vaccine development, the
parameters of size, geometry, and surface structure significantly
affect immune response, which is attributed to the uptake of
APCs, retention of lymph nodes, and antigen presentation. Taken
together, precise customization of nanoassemblies is crucial for the
construction of highly efficient drug carriers and vaccine
platforms. Assemblable proteins/peptides with controllable self-
assembling ability and precise modifiability endure the precise
customization of nanoassemblies with defined morphology and
modification.

Protein nanocages and VLPs as multimeric protein assemblies
with specific and crucial physiological and pathological role, have
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the merits of superior functional control, higher-level complexity,
and stability. Owing to the relatively simple sequence and spatial
structure of nanostructures assembled from natural proteins and
artificial peptides, the multifunctional and responsive assemblable
proteins/peptides can be easily created by adopting flexible and
unbounded combinable modularized structures.

However, various drawbacks still exist at this stage, such as lack
of comprehensive and systematic understanding of the
relationship between protein structure and function, difficulty in
the accurate prediction for design and modification of the protein,
and low efficiency of the expression system. With the rapid
development and integration of modern biotechnology and
computer science, combined with biological engineering such as
genetic engineering and fermentation engineering, these
bottlenecks will be continuously broken through.
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