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Abstract—Certain naturally occurring proteins consist of a number of subunit building blocks that are capable of self-
assembling to form nanoscale particles with highly organized, symmetrical, and homogeneous structures. These pro-
tein-based nanoparticles have high surface/volume ratios and other favorable properties, including mono-dispersibility,
high stability, low toxicity, biocompatibility, biodegradability, and capacity for easy genetic and chemical modification.
Thus, these particles have attracted considerable research attention and have been manipulated for various applications
in different fields. This review describes the engineering of existing protein nanoparticles, with a particular focus on
scientific advances in diverse applications, including bioassays, molecular imaging diagnostics, drug delivery, biocataly-
sis, and materials science. In addition, barriers for the widespread industrial use of such nanoparticles and outlook for
the design and creation of novel self-assembled protein-based nanoparticles are considered.
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INTRODUCTION

Nanoscale materials have attracted considerable research atten-
tion owing to their high surface/volume ratios, potential for surface
engineering and multi-functionalization, and intrinsic properties
[1-9]. A variety of nanoparticles have been developed to date, in-
cluding liposomes, metal (Au, Ag, Cu) nanoparticles, silica nanopar-
ticles, polymer micelles, quantum dots, carbon nanotubes, den-
drimers, and protein-based nanoparticles. Numerous studies have
focused on various applications of nanoparticles in nano/biotech-
nology, synthetic biology, medicine, energy; catalysis, mechanics and
materials science through modification or conjugation with func-
tional moieties [10-19].

Among these nanoparticles, protein-based nanoparticles are de-
rived from naturally occurring products. They have highly orga-
nized, symmetrical, and homogeneous structures, formed through
self-assembly of protein building blocks. These protein nanoparti-
cles have high surface/volume ratios and other favorable properties,
including mono-dispersibility, high stability, low toxicity, biocom-
patibility, biodegradability, and ability for easy genetic and chemi-
cal modification. A more detailed description of protein nanoparticles
and their intrinsic advantages is outlined in the first section of this
review. Therefore, protein nanoparticles have been extensively inves-
tigated as materials in various fields.

This review mainly focuses on recent studies that have investi-
gated the applications of protein nanoparticles in various fields. Sur-
face engineering and functionalization through genetic and chemical
modification of protein nanoparticle are discussed. Specific appli-
cations of these engineered protein nanoparticles, including bioas-
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says, molecular imaging diagnostics, drug delivery, biocatalysis and
materials science, among other applications, are highlighted. The
final part presents a summary and perspective of recent advances
in protein nanoparticles involving de novo design technology.

PROTEIN-BASED NANOPARTICLES AND THEIR
INTRINSIC ADVANTAGES

Protein-based nanoparticles are derived from natural sources, such
as Escherichia coli, yeast, viruses as well as plant and mammalian
cells. Various naturally occurring protein nanoparticles, including
ferritin, Methanococcus jannaschii small heatshock protein (sHsp),
Agquifex aeolicus lumazine synthase (AaLS), Bacillus stearothermo-
Pphilus E2 protein, cowpea chlorotic mottle virus (CCMV), cowpea
mosaic virus (CPMV), cucumber mosaic virus (CMV), hepatitis B
virus (HBV), bacteriophage MS2, bacteriophage M13, bacteriophage
Q/ DNA binding protein (Dps), tobacco mosaic virus (TMV),
Thermoplasma acidophilum proteasome (PTS), and major vault pro-
tein (MVP), have been discovered (Fig. 1) [20-31]. These protein
nanoparticles play important roles in cellular regulation, including
ion homeostasis, protection and transport of nudleic acids, endocyto-
sis, catalysis, and protein folding. They also exist in diverse shapes—
spherical (e.g. ferritin, sHsp, CCMV, CPMV, CMYV, bacteriophage
MS2, AaLS, and Dps), disk/ring (PTS and initially self-assembled
TMVs), rod (full-structure TMV and bacteriophage M13), and
ellipsoid (MVP)]—and range in size from 8 to 100 nm [20,32-38].

Compared with synthetic nanoparticles, protein nanoparticles
offer many advantages. The main advantages are their highly sym-
metrical bottom-up structure and a very uniform size distribution
[7,8]. Protein nanoparticles are comprised of self-assembling pro-
tein subunits produced in living host; thus they have a monodisperse
size with perfect reproducibility. These properties of nanoparticles
make it possible to easily and precisely control the function of devices
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Fig. 1. Examples of protein-based nanoparticles. Structural illustration of (a) Methanococcus jannaschii small heatshock protein (sHsp, PDB
1SHS), (b) Human ferritin heavy chain (PDB 2FHA), (c) Aquifex aeolicus lumazine synthase (AaLS, PDB 1HQK), (d) Cowpea chlo-
rotic mottle virus (CCMYV, PDB 1CWP), (¢) Cowpea mosaic virus (CPMV, PDB INY7), (f) Bacteriophage MS2 (PDB 1AQ3), (g)
Cucumber mosaic virus (CMV, PDB 1F15), (h) Tobacco mosaic virus (TMV, PDB 3J06), (i) Thermoplasma acidophilum proteasome
(PTS, PDB 1PMA), and (j) Major vault protein (MVP, PDB 2QZV).

and systems for various applications.

Given that protein nanoparticles are synthesized from biologi-
cal building blocks (i.e., amino acid), they also have biocompatibil-
ity, biodegradability and low toxicity [4,5,9], making them more
suitable for biomedical applications compared to inorganic nano-
particles. Furthermore, they retain excellent capacity for receptor-
mediated endocytosis (RME), membrane wrapping kinetics of tar-
get cells, and enhanced permeability and retention effect (EPR, ac-
cumulation in tumor tissue through leaky tumor blood vessels) [1,6].

In addition, three distinct regions (interior, exterior and subunit
interface), available for functionalization, of protein nanoparticles
can be used to tune the properties of nanoparticles [1,6,20]. The sur-
face of protein nanoparticles is decorated with functional ligands,
and the inner cavity of protein nanoparticles is used for encapsula-
tion of drug or enzyme, providing protection against environmen-
tal influences. Protein nanoparticles are assembled by noncovalent
interaction between their monomer subunits; thus their interface
can be engineered to change the permeability of pores or the sta-
bility of protein nanoparticles.

Ease of functionalization at precisely known locations through
chemical or biological modification techniques is also an attractive
property of protein nanoparticles [32,39,40]. Three-dimensional
structures of most protein nanoparticles have been discovered;
thereby it is possible to modify them at a desired location. More-
over, because protein nanoparticles are composed of many copies
of the same protein subunits, single modifications are displayed iden-
tically in a controlled manner around the entire nanoparticle.
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The remarkable characteristics of these protein nanoparticles have
stimulated considerable research into applications in biological analy-
sis, drug delivery and biocatalysis; such nanoparticles have also been
used as templates for advanced electronic and energy materials.

BIOASSAYS AND MOLECULAR IMAGING
DIAGNOSTICS

Biomolecules in nature are typically measured on a nano- to
micro scale. For instance, the width of DNA is 2.5nm and pro-
tein molecules measure approximately 1-20 nm. Thus, detection at
the molecular or single-cell level is made possible by the develop-
ment of probes based on nanomaterials. In addition, the high sur-
face area-to-volume ratio and surface functionality of these nano-
materials has led to the development of highly sensitive and selec-
tive detection strategies. A number of biofunctional materials, such
as antigens, antibodies and aptamers, have been displayed on the
surface of protein nanoparticles, and small molecules, such as fluo-
rescent dyes and metals, have also been loaded onto protein nano-
particles to create new and multiple functionalities.

The Lee group was the first to report a protein nanoprobe sys-
tem, specifically using protein nanoparticles that detected a GAD65
(65kDa glutamate decarboxylase)-specific autoantibody, an early
marker of type 1 diabetes [41]. They also reported various applica-
tions of protein nanoparticles in bioassay, biocatalyst, molecular
imaging, vaccine, and drug delivery, and introduced the ‘proteinti-
cl€ which is a nanoscale protein particle that is self-assembled inside
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Fig.2.3D protein nanoparticle-inorganic hybrid systems for bioassays. (a) Schematic of the diagnostic assay based on chimeric HBV
nanoparticles with nickel nanohairs. Fc domain of anti-troponin I antibodies (blue) binds to the protein A domain displayed on HBV
chimeric nanoparticles. Troponin I (disease marker, magenta) binds to the antibodies and detection is achieved with another primary
(gray) and secondary antibodies conjugated with quantum dots (orange). (b) Detection of troponin I in AMI patients and healthy sera
using 3D protein nanoparticle-inorganic hybrid assay (upper panel) and a conventional ELISA assay (lower panel). The 3D protein
nanoparticle-inorganic hybrid assay clearly detected troponin I in all patients, whereas the conventional ELISA assay failed to detect
three patients (4, 9, 18). Horizontal dotted line: clinical cutoff signal. Schematic diagram and graph reproduced with the permission

from [42] and [55].

cells with constant 3D structure and surface topology [41-54]. The
nanoprobe system substantially enhanced sensitivity by displaying
GADG5 on the surface of a ferritin nanoparticle in a homogeneous
and stable conformation that facilitated autoantibody binding.
This ferritin nanoparticle-based nanoprobe system is able to detect
GADG?5 at attomolar levels. The Lee group also developed a three-
dimensional (3D) protein nanoparticle-inorganic hybrid system
consisting of hepatitis B virus (HBV) nanoparticles containing nickel
nanohairs as shown in Fig. 2(a) [42,55]. The 3D structure was cre-
ated through interactions between a histidine tag on the protein
nanoparticles and the nickel nanohairs, and the protein A domain
on the protein nanoparticles and Fc domain of antibody, provid-
ing the controlled orientation of densely immobilized antibodies
and the three-dimensional manner of protein capture. This 3D
diagnostic assay system was applied to the detection of the acute
myocardial infarction (AMI) marker, troponin I, and showed an
increase in sensitivity up to seven orders of magnitude greater than
that of conventional diagnostic immunoassays. Furthermore, tro-
ponin I in AMI patient sera was successfully detected using the
3D diagnostic assay system; remarkably, the assay system detected
troponin I in all patients, whereas the conventional assay failed to
detect three patients (4, 9, 18). (Fig. 2(b)). A similar 3D protein
nanoparticle-inorganic hybrid system composed of vinylated ferri-
tin nanoparticles and polyacrylamide (PAA), termed ferritin-based
nanoprobe (FBNP) hydrogel, was developed by applying a simple
one-step copolymerization process [43]. The FBNP hydrogel has a
3D matrix structure with a large surface area, and high porosity
and water content. In addition, the amount and distribution of fer-
ritin nanoparticles within the hydrogel could be easily controlled,
and the stability of ferritin within the hydrogel was shown to be sig-
nificantly enhanced. This FBNP hydrogel has been successfully ap-

plied to the highly specific, multiplex diagnosis of acquired immune
deficiency syndrome (AIDS) and Sjogrens syndrome.

Ferritin, originally identified as an iron storage protein, can be
mineralized by incorporating a variety of metals and minerals within
its inner cavity [56-60]. Therefore, by combining the specificity of
the bio-functional materials on the outer surface of ferritin with
encapsulated metal within the inner cavity; it is possible to use fer-
ritin in targeted molecular imaging approaches, such as near-infra-
red fluorescence (NIRF) imaging, positron emission tomography
(PET), and magnetic resonance imaging (MRI) [61-65]. One exam-
ple of such applications is ferritin multi-functionalized with the tumor
targeting peptide, RGDA4C, and Cy5.5 and *“CU for PET and NIRF
imaging [63]. This multi-modality; integrated into a hybrid form
of ferritin nanoparticles, was generated through three different strate-
gies: genetic modification (RGD4C) and chemical modification
(Cy5.5) of the surface, and mineralization through encapsulation
of *CU in the interior cavity via metal-binding channels. We also
evaluated combinations of different ferritin nanoparticles, prepared
using pH-induced assembly and disassembly—a facile method for
functional hybridization. These nanoparticles were shown to have
excellent cancer cell-targeting profiles in vitro and in vivo, and their
potential suitability as multimodal imaging probes has been verified.

A highly modular ‘bio-clicK strategy for decorating protein nano-
particles was developed by the Chen group [66-68]. Specifically,
they reported a sortase A-mediated ligation method for generat-
ing diverse post-translational modifications of Bacillus stearother-
mophilus E2 nanoparticles (Fig. 3(a)) [66,67]. Sortase A is a bacterial
transpeptidase from Staphylococcus aureus that catalyzes the con-
densation reaction between a C-terminal LPXTG motif and an N-
terminal polyglycine tag to generate a native amide bond. There-
fore, the ligation provides a site-specific modification of targeted
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Fig. 3. A bio-click strategy to decorate protein nanoparticles for bioassay and molecular imaging with modularity, signal amplification and
easy purification. (a) Schematic of sortase A (SrtA)-mediated modulation of E2 nanoparticles. (b) Schematic of MUCI detection on
HeLa cells using multi-decorated E2 nanoparticles. Result of MUCI detection on HeLa cells using multi-decorated E2 nanoparticles
(c) with Nluc as detection signal and (d) with Alexa 488 as the detection signal. Reprinted with permission from [66].

moieties with a minimal impact on functionalities. Furthermore,
because the system is modular, the E2 protein nanoparticles can
be decorated with a variety of functional moieties, including anti-
bodies, enzymes, aptamers and fluorescent proteins/dyes, for a wide
range of molecular targeting and detection applications. These
nanoparticles are easily purified within 1 hour using relatively mild
conditions and offer excellent signal amplification, providing highly
specific and sensitive immunoassays and molecular imaging for
cancer. For instance, E2 nanoprobe was engineered to contain a Z-
domain for antibody capture as the input module and nanolucifer-
ase (Nluc) or Alexa 488 as the output module for the detection of
Hela cells (Fig. 3(b)). Using the E2 nanoprobe with anti-MUC1
antibody, overexpressed MUCI protein on HeLa cells was signifi-
cantly detected through Nluc signal or Alexa 488 (Fig. 3(c) and (d)).
Rod-shaped protein nanoparticles, such as the coat proteins of
M13 bacteriophage and TMYV, are also efficient materials for use in
biosensing applications, given their high surface area-to-volume
ratios. For example, the red fluorescent protein, R-phycoerythrin
(R-PE), or R-PE-conjugated antibody, has been attached to TMV
within hydrogel microparticles using a bioorthogonal tetrazine (Tz)-
trans-cyclooctene (TCO) cycloaddition and strain-promoted alkyne-
azide cycloaddition (SPAAC) reaction [69]. This study demon-
strated that TMV nanorods provide a high capacity—2400-times
greater than native TMVs—and offer less hindrance for protein
conjugation and detection. In the case of the coat protein of M13
bacteriophage, Brasino et al. demonstrated an ultrasensitive immu-
noassay based on dual-modified, filamentous nanorods [70]. These
nanorods consist of a genetically fused antibody-binding ZZ domain
on the minor coat protein plIII and multiple biotin sites on the major
coat protein pVIII for binding avidin-linked, horseradish peroxi-
dase (HRP)-conjugated enzymes. These dual-modified, filamentous
nanorods containing anti-recombinant human tumor necrosis fac-
tor alpha (rTNF¢) antibodies and HRP-conjugated enzymes showed
significantly enhanced (3- to 4-fold) colorimetric detection at all
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antigen concentrations compared with antibodies alone.

Five protein nanoparticles (DPS, human ferritin, HBV, TMV
and PTS), all completely different in size, shape and surface struc-
ture, have been genetically surface-modified to contain the SPAj
domain (B domain of staphylococcal protein) for binding the Fc
region of IgG, enabling efficient immobilization of antibodies [44].
In this application, protein nanoparticles were conjugated with SPAB
at the C-terminus, both N- and C-termini or the surface loop, cre-
ating high-density regions (‘hot spots’) for antibody binding. The
dissociation constant (Kp,) of the protein nanoparticle for IgG bind-
ing was estimated to be 1-3-times lower than previously reported
values. Moreover, these studies revealed that the surface density and
distribution, and particularly the presence of hot spots of SPA;, which
depended on the size, shape and number of subunits, as well as
the surface structure of protein nanoparticles, are determinants of
the effectiveness of immobilized antibodies. Using a similar ap-
proach, Kang and coworkers developed a polyvalent antibody-
binding nanoplatform for in vivo diagnostics using nanoparticles
based on the AaLS [71]. This nanoplatform, termed ABD-AalLS
nanoparticles, is composed of genetically conjugated AaLS and
antibody-binding Z domains (ABD). When formulated as com-
plexes with anti-HER2 or anti-CD44 antibody, ABD-AaLS com-
plexes specifically recognized and bound target SKBR3 or SCC7
cancer cells, respectively. This system may provide a new and effec-
tive molecular probe nanoplatform for target-specific cell imaging
or drug delivery.

DRUG DELIVERY

As noted in the Introduction, protein nanoparticles offer advan-
tages of biocompatibility, low toxicity, structural stability, uniform
size distribution, easy manipulation by genetic or chemical strate-
gies, and ability to encapsulate small molecules in the inner cavity.
For drug-delivery applications, protein nanoparticles have the addi-
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tional advantage of being able to overcome biological barriers and
accumulate in cancer tissue through the passive targeting mecha-
nism termed the enhanced permeability and retention (EPR) effect
[2,72-77]. Moreover, active targeting to particular tissues can be
achieved through modification with bio-functional moieties that
enable molecular recognition or trigger drug release in the target
tissue. Therefore, drug delivery using protein nanoparticles offers
improved efficacy of drug delivery, leading to excellent therapeu-
tic effects with minimal toxicity.

A number of drug-encapsulation and -delivery strategies based
on protein nanoparticles have been reported to date. The natural
affinity of protein nanoparticle for metals and nucleic acids, as well
as the potential of protein nanoparticles to undergo structural
changes in response to environmental factors (e.g., pH, salt and urea
concentration, osmotic pressure), offers a strategy for drug loading
and release. Covalent attachment through side residues of amino
acids (ie., lysine, tyrosine, cysteine, aspartate and glutamate) on
protein nanoparticles is also commonly used for encapsulation of
drugs, as well as additional functionalizations, such as targeting
moieties for specific delivery, cell-penetrating peptides that allow
access to the cytosol of the cell, enzymatic cleavage sites for con-
trolled release, and a ‘stealth’ layer for improved pharmacokinetics.
In recent years, insertion of the non-native amino acids homo-
propargylglycine (HPG) and azidohomoalanine (AHA), called click
chemistry, and genetic fusion of a scaffold moiety to protein nano-
particles, are commonly used for site-specific attachment of drugs
or functional moieties.

Most virus-like particles (VLPs), such as CCMV, CPMV, HBV
and the bacteriophage Q/ among others, have the inherent abil-
ity to transfer nucleic acids through their ‘cationic patchl This nat-
ural patch has been used to load nucleic acids in VLPs through
electrostatic interactions between the positively charged patches in
VLPs and the negative charges of the nucleic acid [78-89]. For
instance, HBV nanoparticles modified with an RGD peptide effi-
ciently encapsulated siRNAs into their inner cavity via electrostatic
interactions and transferred them to target tumor cells [88,89]. These
nanocages, which delivered red fluorescent protein (RFP)-specific
siRNAs, substantially suppressed RFP expression in tumor-bearing
mice through both the targeting effect of the multivalent RGD and
the shielding effect of the HBV shell. In another instance, nucleic
acid-conjugated drugs were encapsulated to CPMV, CMV, or QS
nanoparticles [78,80]. For example, the drug-RNA-conjugated form
of CMV was shown capable of encapsulating up to 1500 mole-
cules of the anticancer drug, doxorubicin (dox), in its interior [80].
These CMV have also been decorated with fatty acids for tumor-
targeting, and the resulting protein nanoparticles were shown to
exhibit enhanced tumor targeting and tumor-growth inhibition
with low cardiotoxicity in OVCAR-3 tumor cells. Similarly, vault
protein nanoparticles can be encapsulated with hydrophobic drugs
by virtue of their ability to pack lipoprotein complexes via the vault-
interaction domain [90]. In this application, all-trans retinoic acid
(ATRA), a highly insoluble and toxic hydrophobic drug, was stored
in a vault through lipid bilayer nanodisks, and the resulting nano-
particles were shown to exert a substantial cytotoxic effect on HepG2
cells compared with drug alone.

As described above, ferritin has an affinity for metal cations

because of the eight hydrophilic and hydrophobic channels (~3-
4 A wide) on its surface [56,91,92]. These features have been ex-
ploited to deposit and accumulate metal-based or metal-complexed
drugs in the central cavity of ferritin [93,94]. For example, dox pre-
complexed with Cu(II) was much more efficiently incorporated in
the inner cavity of ferritin (up to ~74 wt%) than uncomplexed dox
(14.14 wt%) [93]. pH- or urea-concentration-dependent, reversible
structural changes that result in disassembly/assembly of ferritin
have also been exploited for drug loading. Liang et al. loaded dox
into the inner cavity of ferritin through urea concentration-depen-
dent disassembly/assembly [95]. Remarkably, dox-loaded ferritin
delivered high doses of dox to tumor cells with less toxicity than
free dox; it also significantly inhibited tumor growth with a single
injection and produced longer median survival times than clini-
cally approved liposomal dox (Doxil).

Insertion of non-native amino acids or a scaffold moiety into
protein nanoparticles has also been investigated for attachment of
drugs. The reaction used to incorporate non-native amino acids
into protein nanoparticles, called click chemistry, is biorthogonal,
rapid, and highly specific. These strategies rely on reactions between
azide and alkyne groups using copper(I) as a catalyst, referred to
as copper(I)-catalyzed azide-alkyne cycloaddition (CuAAc), or be-
tween azide and alkyne groups without copper(I) in the presence
of L-azidohomoalanine (AHA) [96-102]. Click chemistry; first inves-
tigated by the Finn group, has received considerable attention for
its application to engineering of various protein nanoparticles (e.g,
HBV, MS2, Qf and CPMV) for drug-delivery systems [96,97,99].
Genetic fusion of scaffold moieties (e.g., attaching an siRNA-bind-
ing peptide to HBV and ferritin, an affinity tag for infectious HIV
proteases to AaLS, and hydrophobic pockets for loading hydro-
phobic drugs to E2) have also been demonstrated [45,103,104]. A
very recent study reported protein nanoparticles for photothermal
therapy that densely display numerous small gold dots (1-3 nm)
and tumor targeting moieties on their surface (Fig. 4(a)) [47]. Both
polytyrosine peptides with a high reduction potential to cause Au”
reduction and EGFR-binding peptides for targeting of EGFR-
expressing tumor cells are genetically fused to HBV nanoparticles,
resulting in the formation of PGCS-NPs (proteinticle/gold core/
shell nanoparticles) (Fig. 4(b)). PGCS-NPs showed a strong photo-
thermal effect upon NIR laser irradiation, resulting in significant
inhibition of tumor growth without causing any gross histological
lesions in other major organs (Fig. 4(c)). In the case of intravenous
injection of 20-nm gold NP into healthy mice, a dark brownish
discoloration of the excised livers was observed, showing the exten-
sive liver damage. However, remarkably, no accumulation of gold
and visible change was observed in excised livers at all the time
point for three weeks (1 day, 7 days, 14 days, and 21 days) after
intravenous injection of PGCS-NP (Fig. 4(d)). This same group
subsequently demonstrated a theragnostic agent based on PGCS-
NPs, termed SPAUNC:s (superparamagnetic gold-nanoparticle clus-
ters), that exploited gold magnetism [48]. SPAUNCs enable T2-
weighted magnetic resonance imaging and magnetic hyperther-
mia therapy under alternating magnetic fields.

Protein nanoparticles can be made inherently effective as phar-
macologically active therapeutic agents through simple genetic engi-
neering without any additional processing [49,105-108]. For instance,
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short ferritin (sFn; lacking helix E and the loop of ferritin), designed
to contain two therapeutic proteins—protein C domain of j-car-
boxyglutamic acid of (PC-Gla) and thrombin receptor agonist
peptide (TRAP) for an antiseptic response—have been developed
[105]. These nanoparticles, modified using a single genetic engi-
neering step, exhibited reduced sepsis-induced organ damage and
septic mortality in in vivo models. Protein nanoparticles have also
been used as immune-modulating agents owing to their ability to
recognize and interact with the immune system. In particular, pro-
tein nanoparticles accumulate in lymph nodes through passive tar-
geting and interact with many immune cells in the lymph. A recent
study used four different protein nanoparticles, DPS, PTS, HBV
and ferritin, to efficiently deliver tumor-specific antigens (T'SAs) to
immune cells in lymph nodes [49]. In this application, the model
TSA, which elicits humoral and cellular immune responses, was
genetically incorporated into ferritin nanoparticles which exhibit
preferential lymph node targeting. The TSA-modified ferritin strongly
induced TSA-specific CD8" T cell proliferation and inhibited the
growth of TSA-expressing tumor growth. More recently, ferritin
nanoparticles loaded with both an immune check-point inhibitor
(Sirpey, CD47 antagonist) and immunogenic cell death inducer
(dox) were developed for cancer immunotherapy (Fig. 5(a) and
(b)) [107]. These nanoparticles block the CD47 (‘Don't eat me' sig-
nal molecule) on the surface of tumor cells and trigger immuno-
genic cell death, which elicits extensive immune responses during
cell dying. Therefore, they enhanced phagocytosis of tumor cells
and resulted in cross-priming of tumor-specific T cells and suc-
cessful inhibition of tumor growth, completely eradicating tumors
in three different tumor-bearing mouse models [CT26.CL25 colon
carcinoma (Fig. 5(c)), B16.OVA melanoma, CT26 colon carcinomal.
Remarkably; a second challenge of nanoparticle-treated mice with
the same tumor cells after removal of the primary tumor resulted
in no tumor growth in all mice, suggesting the development of
durable, tumor-specific responses (Fig. 5(d)).

Testing of protein nanoparticles for drug delivery has moved
beyond basic laboratory studies and into preclinical and clinical
stages. For example, Q3 nanoparticles, loaded with tumor peptide
antigen from Melan-A/MART-1 of melanosomes and CpG-oligo-
nucleotides (CpG-ODN), termed MelQbG10, have been used as a
vaccine [79,109]. MelQbG10 induces activation of Melan-A/MART-
1-specific T cells through efficient display of Melan-A/MART-1
peptides on antigen-presenting cells (APCs) in stage III-IV mela-
noma patients. MelQbG10 was tested in recently completed clini-
cal Phase II studies; other protein nanoparticle are also being
investigated in preclinical and clinical studies for use as vaccines
and cancer immunotherapeutics [108,110-119].

BIOCATALYSIS

In general, catalytic reactions occur at the surface of the reac-
tant compounds, and their reaction rate is proportional to their
surface area. Nanoparticles support a much faster rate than larger,
micrometer- or millimeter-size particles owing to their higher sur-
face/volume ratio. Therefore, protein nanoparticles are desirable as
biocatalysts because, using simple genetic and chemical modifica-
tions, they can be made to display enzymes at a high concentra-

tion on their surface in a homogeneous and stable conformation.
Moreover, they protect enzymes against degradation by proteases,
thermal denaturation and oxidative damage, among other envi-
ronmental influences, through encapsulation of enzymes in their
inner cavity. For example, aspartate dipeptidate peptidase E (PepE),
luciferase (Luc), and green fluorescent protein (GFP) have been
packaged inside Qg nanoparticles using a bifunctional mRNA
bridge [120,121]. The bridge has both a hairpin structure for bind-
ing to the interior of the Qf nanoparticle and an RNA aptamer
for binding to an arginine-rich peptide (Rev) derived from HIV-1.
Conjugation of the Rev peptide-fused enzyme inside of Q/ nano-
particles was shown to increase the overall stability of the enzyme.
This strategy not only protects incorporated enzymes against ther-
mal degradation, protease attack and hydrophobic adsorption, it
also simplifies the production of fragile or difficult-to-purify enzymes.

The Douglas group has developed a nano-bioreactor platform
for encapsulation of a wide range of enzymes, including hydroge-
nase, alcohol dehydrogenase D (AdhD), tetrameric fglucosidase
(CelB), ATP-dependent galactokinase (GALK), dimeric ADP-depen-
dent glucokinase (GLUK), influenza and fluorescent proteins [122-
126]. These nano-bioreactors, which are based on P22 nanoparti-
cles, are composed of a helix-turn motif on a scaffold protein (SP)
together with a genetically fused enzyme and a capsid coat protein
(CP). Co-expression of enzyme-fused SP and CP directs assembly
of the P22 protein nanoparticles, and enzyme-fused SP is incorpo-
rated into the interior of the assembled nanoparticles. In particu-
lar, a multi-enzyme system composed of CelB, GALK and GLUK
was developed using CP and enzymes-fused SP (Fig. 6(a)) [125].
These three enzymes in a coupled cascade of a synthetic meta-
bolic pathway are densely packed inside P22 nanoparticles (Fig.
6(b) and (c)). This multi-biocatalytic platform shows a two-fold
faster metabolic rate than the two-enzyme GLUK-CelB system in
P22 nanoparticles (Fig. 6(d)). A recent study by the Douglas group
demonstrated encapsulation and protection of an active hydrogen-
producing and oxygen-tolerant [NiFe]-hydrogenase for the pro-
duction of hydrogens, which are sustainable fuels [127]. Because
the hydrogenase was protected against thermal and proteolytic
effects, and its quaternary structure was stabilized inside of P22
nanoparticles, it exhibited a 100-fold increase in activity compared
with the free hydrogenase.

A bacterial microcompartment (BMC) nanoparticle has also
been engineered for coupled cascades of a synthetic metabolic path-
way to create an ethanol-producing bioreactor [128]. In this study,
BMC-targeting peptides were fused with both a pyruvate decar-
boxylase (Pdc) and an alcohol dehydrogenase (Adh), which are
then encapsulated within a BMC. The resulting BMC-based nano-
bioreactor efficiently converted pyruvate to ethanol; moreover strains
containing the modified BMC bioreactor produced higher levels
of ethanol than free enzymes.

Strategies for controlling the number of encapsulated enzymes
within the nanoparticle have been investigated using AaLS-based
nanoparticles. For example, a modified AaLS was generated by intro-
ducing negatively charged residues onto its surface, resulting in an
increase in the net negative charge of its surface and 5- to 10-fold
higher loading capacity of positively charged enzymes than native
AaLS. This modification enabled the toxic enzyme, HIV protease,
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[CelB, ATP-dependent galactokinase (GALK), and the dimeric ADP-dependent glucokinase (GLUK)] in P22 nanoparticles and (b)
their coupled cascade of a synthetic metabolic pathways. (c) TEM image of multi-bioreactor platform-based P22 nanoparticles. (d)
Catalytic activity of multi-bioreactor platform-based P22 nanoparticles. Turnovers for the conversion of lactose to G6P and G1P are
observed with only ATP as a phosphate source. Reprinted with permission from [125].
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and GFP to be encapsulated within AaLS nanoparticles through
electrostatic interactions [104,129]. Moreover, the yield and pack-
ing density of enzymes could be controlled by modulating the
AalS/enzyme ratio. CCMV has also been used to encapsulate a
precise number of proteins in their interior via heterodimeric coiled-
coil motifs [130,131]. Pseudozyma antarctica lipase B (PalB) or en-
hanced green fluorescent protein (EGFP) with negatively charged
E-coils was incorporated into positively charged K-coils in the
inner surface of CCMYV. Prior to assembly, enzymes were attached
to dimers of CCMV through the coiled-coil motif, and the num-
ber of encapsulated enzymes was fine-tuned by controlling the
ratio of wild-type capsid protein to capsid protein-enzyme com-
plex. With this strategy, it is possible to increase encapsulation effi-
ciency and enzyme loading in a precisely controlled fashion; the
resulting CCMV-encapsulated PalB exhibited a five-fold increase
in reaction rate compared with free PalB.

A TMV-based nanorod-type biocatalyst generated using the
cohesin and dockerin domains of bacterial cellulosome as socket
and plug, respectively, for multi-cyclic enzyme reactions has also
been demonstrated (Fig. 7(a)) [50]. Cohesin sockets were incorpo-
rated into the TMV coat protein and were densely immobilized on
the surface of TMV (TMVcp-Coh). The dockerin plug was fused
to the model fluorescent reporter EGFP (F-Doc); thus, dockerin-
fused EGFP was also densely displayed on the TMV nanorod. As
the dockerin binds to cohesin in the presence of Ca™, the specific
binding between TMVcp-Coh and F-Doc is dissociated by chelat-
ing Ca’* using EDTA (Fig. 7(b)). In particular, TMVcp-Coh is suc-
cessfully assembled into rod-shape structure under original acidic
conditions as well as neutral pH (reversible reaction condition)
(Fig. 7(c)). Association and dissociation of TMVcp-Coh with F-
Doc are simply repeated by modulating the Ca** concentration,
and multiple cycles (up to 17) of plugging in and out of the F-Doc
to TMVcp-Coh were successtully performed through reversible
cohesin-dockerin interactions (Fig. 7(d)). As another example, TMV's
were engineered for a biocatalyst application by insertion of a cys-
teine residue on the surface [132]. This TMV mutant was linked
to polyethylene glycol (PEG)-biotin through this cysteine and a
maleimide linker, enabling conjugation of streptavidin-tagged
enzymes (ie., horseradish peroxidase and glucose oxidase). Because
of their substantial increase in surface area and steric accessibility
of immobilized enzyme, these TMV-based bioreactors achieved
catalytic activities 45-fold higher than those of free enzyme.

MATERIALS SCIENCE AND OTHER APPLICATIONS

Nanoscale materials science is another field that could benefit
from protein-based nanoparticles. Naturally occurring protein nano-
particles exist in a wide variety of shapes, sizes and functionalities,
with highly symmetrical and complex architectures. These highly
organized structures, formed through self-assembly of building
blocks, provide homogeneous templates for materials science applica-
tions. Moreover, by making only a single modification in the basic
building block, it is possible to engineer the elaborate bottom-up
structure of the entire particle in a controlled nanoscale manner.
This capability allows for the design of appropriate template mate-
rials to suit the synthetic needs of specific materials science appli-

cations.

Silver metal nanoparticles have been synthesized through diffu-
sion and reduction of Ag" within the inner cavity of ferritin [133,
134]. Ag" ions diffuse into the ferritin cavity through channels with
three-fold symmetry, and are reduced upon addition of NaBH,.
The initial amount of Ag" within the ferritin cage was shown to
determine the final size (1 or 4 nm) of the silver nanoparticles. The
synthesized silver-containing ferritin nanoparticles exhibited excel-
lent stability, showing no UV/Vis spectral changes in solution for
one month; in contrast, previous conventional silver nanoparticles
were unstable and readily aggregated in solution at high concentra-
tions. Using a similar approach, researchers prepared homogeneous
gold-silver alloy nanoparticles through diffusion of a mixture the
metal ions Ag" and AuCl; [135,136]. These Au-Ag alloy nanopar-
ticles are initially generated through reduction of the metal ion
mixture to form a nucleation center; subsequent agglomeration of
reduced metal ions causes the center to ultimately grow to fill the
ferritin inner cavity. The resulting alloy nanoparticles, which pos-
sess different properties depending on metal ion mixing ratios, can
be used for biomineralization research and fabrication of multi-
composite nanoelectronic devices.

TMV is a very attractive bio-template for use in fabricating
nanorod structures. Metallized TMV nanorods with uniform and
densely packed gold coating have been synthesized through con-
trolled AuCl,-addition, NaBH,-reduction cycles [137]. In addi-
tion, molecular wrapping of these nanorods with poly-L-lysine was
shown to confer high homogeneity and stability to the nanorod
suspension. Metallic nanorods as well as silicon oxide nanorods
have been prepared using TMV as a bio-template [138]. In partic-
ular, pretreatment with aniline to TMV allowed growth of thick
(>20 nm) silica layer coating, whereas unmodified TMV produced
growth of thin (~1 nm) silica layer coating. Moreover, these sili-
con oxide nanorods with a thick silica layer exhibited both high
stability and increased affinity for nucleating metals, allowing multi-
layer deposition of materials over the bio-template to create novel
composites.

Building blocks created by cross-linking protein nanoparticles
or through combination with synthetic polymers can produce reg-
ular and periodic 2D or 3D array architectures [12,139-141]. Kosti-
ainen et al. reported well-defined micrometer-sized hierarchical
supramolecular complexes using self-assembly and photo-triggered
disassembly of CCMV nanoparticles [142]. Anionic CCMV's con-
taining cationic dendrons self-assemble into hierarchical supramo-
lecular complexes through electrostatic interactions. The size of
hierarchical complexes was controlled by varying the concentration
of salt and dendrons, the latter of which act as a molecular ‘gluée
Notably, because dendrons are photosensitive, irradiation with UV
light results in the cleavage of self-assembled complexes. This revers-
ible self-assembly/disassembly strategy has also been applied to
superparamagnetic ferritin, providing magnetic 3D crystals.

Other studies have demonstrated array architectures through
combination with synthetic polymers. These studies have reported
the controlled synthesis of tubular nanostructures encapsulating
size-controllable, uniform 1D arrays of ferritin nanoparticles using
a coaxial electrospinning method [143]. Coaxial electrospinning of
the polyelectrolyte, poly(2-acrylamino-2-methyl-1-propane sulfonic

Korean J. Chem. Eng.(Vol. 35, No. 9)



1774 E.J. Lee et al.

(a) (c) 809
——.,
High Power Lithium lon Batt > 40 SR s
:’Tr:.bn:' 1 + X Cathode b o 20 “"““:2:‘:0\,‘::-1.&
! D 3 ‘\A\o\. °
a-FePO, SWNT E D 10 .\
templated w _‘!_20 ) a
virus nanowire O = § = *
=
=] \ ‘O E E‘gw =4, Super P carbon \‘
mmllv o — g.. 10 i +E4,CNTS %+ —e— EC#2
pogiides "'I"- b Biomolecular wn " Supec P cwbon § % —+—EC#1
and att.u::::l;l:t of ‘n}p 10 Il jo* —A—E4
templated virus to SWNT 3 2 3 "
10 1 0" 10 1
Specific Power (W/Kg)
(b) (d) 200
£ 150 e
® _ e e e
S5 [bw T ——
O < |w
o<
= E
[T - EC#2
g 50 - EC#1
w -+ E4

20 30 0
Cycle Number

Fig. 8. Modified protein nanoparticles for battery electrodes. (a) Schematic diagram and representative picture of multi-functional coat protein
of M13 bacteriophage with peptides capable of nucleating amorphous iron phosphate (a-FePO,) and single-walled carbon nanotubes
(SWNTs)-binding peptides for fabricating high-power lithium-ion battery cathodes. Modified coat protein of M13 bacteriophage used
as a positive electrode in a lithium-ion battery using lithium metal foil as a negative electrode to power a green LED. TEM image (b)
and electrochemical properties (c), (d) of multi-functional coat protein of M13 bacteriophage/SWNT hybrid nanostructures. EC#2
represents a modified two-gene system with the strongest binding affinity to SWNTs; EC#1 is a modified two-gene system with mod-
erate binding affinity; and F4 is a modified one-gene system with no insert on pIII. Reprinted with permission from [146].

acid) (PAMPS), and ferritin with glycerol, which acts as a stabi-
lizer, was shown to produce a thin, accurately controlled width (40
nm) of nanofiber structure containing 1D arrays of ferritin in the
core. Given that precise control of tubular nanostructures contain-
ing an inner 1D particle array is key to determining the efficiency
and performance of nanodevices, and further considering that the
core of ferritin can be substituted with metal or semiconductor
nanoparticles, this strategy can be successfully applied to a variety
of nanodevices, such as nanobiosensors and batteries.

Although protein-based nanoparticles have most commonly
been used in bioassay, molecular imaging diagnostics, drug-deliv-
ery and biocatalysis applications, as well as uses in electronic devices,
for example as bioenergy or battery, have also been studied.

Modified TMVs engineered to contain surface cysteine residues,
as described above, have also been used as a template for conduct-
ing wire for use as battery electrodes [144,145]. In this application,
TMV particles are immobilized onto gold surfaces through gold-
thiol interactions, increasing the surface area by more than ten-fold.
A subsequent reductive-deposition process produces a dense car-
pet of nickel and cobalt, yielding a metal-coated TMV wire up to
40 nm thick. This TMV based-electrode shows increased stability
and voltage output in a battery system, resulting in enhanced total
electrode capacity. A modified M13 bacteriophage coat protein
was also developed as a cathode material for a lithium-ion battery
(Fig. 8(a)) [146]. In this study, the major coat protein pVIII of M13
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bacteriophage, genetically fused with peptides capable of nucleating
silver nanoparticles, and amorphous iron phosphate (a-FePO,),
were produced on silver nanoparticles. The minor coat protein pIII
was engineered to contain single-walled carbon nanotube (SWNT)-
binding peptides. These nanorods were successfully coated with a-
FePO, and tightly attached to SWNT5, producing a-FePO,/SWNTs
hybrid nanostructures (Fig. 8(b)). The dual-functional nanorods
(EC#2) observed higher energy than the only a-FePO, coated
nanorods (E4) or dual-functional nanorods with low binding affin-
ity to SWNT (#EC1) and stable capacity retention up to 50 cycling,
showing good electrochemical performance (Fig. 8(c) and (d)). This
strategy allowed realization of nanoscale electrical wiring for high-
power lithium-ion batteries; by contrast, conventional nanoscale
wiring has poor electronic conductivity for lithium-ion batteries.
As an additional example, ferritin nanocages immobilized on gold,
SAM-modified gold, or indium tin oxide (ITO) surfaces have also
been investigated as an electrode material [147-158], reflecting the
oxidizing and reducing ability of their iron core.

In the bioenergy field, photocatalytic water-splitting systems
based on the M13 bacteriophage coat protein have been devel-
oped by the Belcher group [159]. In this application, peptides with
an affinity for iridium oxide (IrO,) and a metal oxide catalyst are
genetically inserted into the major coat protein pVIII; the photo-
sensitizer Zn(II) deuteroporphyrin IX 2,4 bis-ethylene glycol
(ZnDPEG) was also chemically grafted onto pVIIIL. Co-assembled
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ZnDPEG and IrO, on pVIII was then immobilized on a porous
polymer hydrogel, which not only provided effective light-driven
water-oxidation, but also improved the structural stability and
recycling ability of the nanostructures.

CONCLUSIONS AND PERSPECTIVES

Protein-based nanoparticles consist of subunit building blocks
that interact through self-assembly to form highly organized and
symmetrical structures. These protein nanoparticles have been of
particular interest owing to their high surface/volume ratio as well
as favorable properties, such as mono-dispersibility; high stability,
low toxicity, biocompatibility, biodegradability, and capacity for
easy genetic and chemical modification. Researchers have manip-
ulated these protein nanoparticles to create molecular probes, drug-
delivery carriers, biocatalysts and biotemplates, and have recently
attempted to explore these protein nanoparticles as nanomaterials
in a variety of nanodevices, such as batteries and electrodes.

Despite dramatic advances in scientific research on protein-based
nanoparticles, there are still many obstacles standing in the way of
their widespread use. In particular, although protein-based nanopar-
ticles have been used extensively for molecular imaging and drug
delivery, very few examples of plant-based protein nanoparticles
(e.g., as vaccine systems) have reached the stage of clinical investi-
gation. Before translation of preclinical results to the clinical stage,
the general toxicity, hematotoxicity and immunogenicity of pro-
tein nanoparticles must be better defined, and their absorption,
distribution, metabolism, and excretion (ADME) properties must
be clarified in animal models and humans. In all fields, including
molecular imaging and drug delivery, large-scale manipulation
and low-cost production methods are still needed. Recombinant
DNA technology and techniques for expressing recombinant pro-
tein in microbial hosts, such as E. coli or yeast, are well developed,
but purification procedures, such as ultracentrifugation, ion ex-
change and affinity chromatography, will require additional opti-
mization.

Finally; although protein-based nanoparticles can be easily engi-
neered and repurposed for new- or multiple functions, these strat-
egies are limited by the characteristics and structures of existing
proteins. Recent studies have explored the intriguing idea of design-
ing and creating novel, self-assembling multi-subunit proteins and
protein nanoparticles to overcome these limitations. De novo pro-
tein engineering, computational interface design, and in silico tech-
niques are under development by many pioneering groups, with
the goal of designing a broad range of multi-subunit protein assem-
blies with different geometries and symmetries [160-173]. These
efforts could ultimately result in the generation of novel protein-
based nanoparticles with unexplored properties. Although these
strategies are generally still in early, proof-of-concept stages, they
represent a particularly promising avenue for investigating poten-
tially new protein-based nanomaterials.
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