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Abstract

Nature has evolved a wide range of strategies to create self-assembled pro-
tein nanostructures with structurally defined architectures that serve a myr-
iad of highly specialized biological functions. With the advent of biologi-
cal tools for site-specific protein modifications and de novo protein design,
a wide range of customized protein nanocarriers have been created using
both natural and synthetic biological building blocks to mimic these na-
tive designs for targeted biomedical applications. In this review, different
design frameworks and synthetic decoration strategies for achieving these
functional protein nanostructures are summarized. Key attributes of these
designer protein nanostructures, their unique functions, and their impact
on biosensing and therapeutic applications are discussed.
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INTRODUCTION

The development of effective therapeutic delivery vehicles and imaging reagents is of essen-
tial importance in medicine and healthcare. Over the past few decades, different synthetic car-
riers have been generated for these applications, fueled by advances in materials chemistry and
nanotechnology (1). These systems provide sizable improvements in bioavailability, cellular up-
take, and reduced side effects, but a significant technology gap exists in the ability of carriers to
both efficiently capture and release nucleic acids and other complex biopharmaceuticals, which
comprise a rapidly increasing portion of the pharmaceutical pipeline. Synthetic biology offers
a powerful and streamlined platform for creating sophisticated, precisely organized nanostruc-
tures (2). Such approaches have key appeal in medicine because of their capacity to generate well-
controlled architectures with inherent biospecificity. These architectures can provide critically
needed improvements in biomedical applications, such as therapeutics and imaging, by enhancing
the safety and efficacy of delivery vehicles.

Proteins must work together to perform a variety of complex tasks (3). In some instances,
protein nanostructures are formed through specific molecular interactions of their fundamen-
tal building blocks to properly coordinate complex functions such as biosynthesis, cell structure,
and cellular communication (4). Occasionally, additional functional and structural modules can
be added through posttranslational modifications to expand the repertoire of functionalities (5).
For example, viral capsids are perfect examples of a highly optimized natural protein complex
that forms a stable polyhedral structure for protecting, storing, and transporting viral genetic
information (6).

Synthetic biologists have taken inspiration from these native protein networks to developmod-
ular protein assembly tool kits to create a broad spectrum of nanostructures (7, 8). These tool kits
have now been exploited to generate many synthetic protein architectures for different applica-
tions, such as catalysis, sensing, and biomedicine (9, 10). One of the more important contributions
in recent years is the design of smart protein nano-assemblies for selectively targeting tissues for
sensing and therapeutic applications (11). The use of well-defined nanostructures is highly rele-
vant for biomedical applications given the stringent demands for stability, biocompatibility, and
biosafety. The ability to combine multiple functionalities into a single protein nanostructure can
help guide the desired localization and the preferred distribution of therapeutic agents to the dis-
ease site rather than healthy tissues (12).

Although rapid progress in chemical modifications has been made in the last decade, this strat-
egy is still considered less attractive for the assembly of protein building blocks owing to lack of
control of site selectivity and orientation, resulting in reduced bioactivity (13). In contrast, bio-
logical assembly tools have met with some notable success in engineering entirely new protein
nanostructures (14, 15). Many well-known and de novo design noncovalent protein–protein in-
teraction pairs, such as coiled-coil domains, have been used to induce protein assembly to form
distinct 3D nanostructures (16). In parallel, new bioconjugation strategies are now available to
provide controlled modifications of both the exterior and interior of protein nanostructures in
benign conditions (17). The ability to allow dynamic assembly has begun to emerge as a new way
to provide spatial and temporal control of material properties for improved efficacy (18). In this
review, we focus on the use of biological approaches to assemble modular protein building blocks
into functional nanostructures as sensing, targeting, and therapeutics agents (Figure 1). We first
discuss the various scaffolds and tool kits available to provide multifunctionalization before high-
lighting their prospective use in the field of biomedicine.
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Figure 1

We focus on the use of biological approaches to assemble modular protein building blocks into ordered and functional nanostructures
as sensing, targeting, and therapeutics agents. Many of these nanostructures are derived from self-assembling proteins, such as virus-like
particles, ferritin, and non-native synthetic cages. A wide variety of self-assembling affinity domains and posttranslational conjugation
strategies are used to decorate these nanostructures with customized functionalities. Dynamic modulation of functionalities can also be
executed using nucleic acid–based assembling strategies.

SELF-ASSEMBLING PROTEIN SCAFFOLDS

Virus-Like Particles

Self-assembling protein nanoparticles have gained attention as a promising scaffold for biomedical
applications because of a wide range of available sizes. Specifically, viral nanoparticles as well as
virus-like particles (VLPs), which lack the genome of natural viruses, have been used in a plethora
of medical applications from drug delivery devices to diagnostic reagents and even vaccines (12).
The viral capsids are typically made up of hundreds of subunits that self-assemble into a protein
nanocage. These cage-like assemblies come in a multitude of sizes and various morphologies,
such as filaments, spheres, and icosahedral structures (19). Extensive research has been focused
on the use of VLPs, as they lack the endogenous genetic material, allowing for an empty interior
perfect for a large variety of cargos (20). The interior of VLPs can then be modified to be more
accommodating to different cargos of interest (21). Owing to the wide variety of VLPs, the cargo
possibilities span from polymers and drugs to fluorescent proteins and magnetic resonance (MR)
contrast agents (22). The exterior of VLPs can be modified with a variety of proteins, such as
antigens for vaccines, peptide ligands for targeting, and peptide tags for purification and detection
(8).Themulti-valency of these exterior decorationsmakes VLPs an ideal candidate for amultitude
of applications.
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Table 1 List of virus-like particles discussed

Protein cage Species Shape Size (nm) Applications
P22 Salmonella typhimurium Icosahedral 58–64 Biocatalysis
Qβ Escherichia coli Icosahedral 28 Biosensor

Delivery
CCMV Cowpea plant Icosahedral 28 Biocatalysis
HBV Human Icosahedral 30–34 Biosensor

Vaccine
Delivery
Magnetic resonance imaging

MS2 E. coli Icosahedral 27 Biosensor
M13 E. coli Filamentous 7 × 880 Biosensor
E2 Bacillus stearothermophilus Spherical 24 Biocatalysis

Biosensor
Delivery

Small heat shock
proteins

Methanococcus jannaschii Spherical 15–20 Cancer
Therapy

Ferritin Human Spherical 12 Delivery
Magnetic resonance imaging

Ferritin E. coli Spherical 12 Photothermal therapy
Ferritin Pyrococcus furiosus Spherical 12 Biosensor

Magnetic resonance imaging
O3–33 Synthetic Octahedral 13 TBD
T3–10 Synthetic Tetrahedral 11 TBD

VLPs from different species are known to offer unique qualities that can be used for different
applications (Table 1). For instance, the bacteriophage Qβ forms icosahedral capsids from 180
coat proteins (CPs) that encapsulate its RNA genome by virtue of the high-affinity interaction
between a hairpin structure on the RNA and interior-facing residues of the CP (23). This par-
ticular VLP has four disulfide bridges that help stabilize the capsid at temperatures up to 75°C,
making it one of the stablest VLPs for in vivo applications. The disulfide bonds also allow the
stability of the capsid to be modulated by the redox potential (24). Another interesting bacterio-
phage P22 can self-assemble into a 58-nm capsid based on the interaction between the CPs and a
helix-turn motif on the scaffolding proteins (17). The unique scaffolding protein can specifically
direct guest proteins of interest into the VLP with high loading efficiency and can be used to
simultaneously encapsulate multiple functional proteins to the interior (25). The bacteriophage
M13 offers a different rod-shaped VLP structure and contains a few copies of the P3 CP at the tip
and more than 3,000 P8 CPs on the entire surface (26). The ability to add functionalities to either
the tip or the surface of M13 in an orthogonal manner offers unique opportunities to enhance
cellular targeting and detection sensitivity.

In addition to bacteriophages, human and plant viruses are also of great interest, as they are
usually larger and provide a larger surface for modifications. Hepatitis B virus (HBV)-based cap-
sids offer a flexible nanocarrier system, as they can be expressed in Escherichia coli in high yields
and their structures can tolerate insertions of foreign proteins to the interior as well as the exterior
(27). Physical linkage between N- and C-cores of HBV is not necessary for capsid assembly, and
functional capsids can be assembled using fragment complementation of the separately expressed
N- and C-cores (SplitCore) (28). Expressing the N-core and C-core fragments as separate pro-
teins gives two exposed termini on the surface of the capsid that can be easily decorated with
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protein partners. Cowpea chlorotic mottle virus (CCMV) from the plant Bromoviridae family is
another interesting VLP that undergoes a reversible pH-dependent swelling (12). CCMV VLPs
can reversibly assemble in a pH-dependent manner and allow easy encapsulation of cargos based
on electrostatic interactions with the interior (29). The capsids fall apart into dimers when the
pH is increased to 7.5 and reassemble upon lowering back to pH 5.0. The reversible assembly
of CCMV capsids has been used to encapsulate different types of cargoes, such as MR imaging
contrast agents and enzymes (29). This pH-dependent control allows the CCMV to trigger the
release of entrapped cargos.

Nonviral Protein Nanocages

Aside from self-assembling cages derived from viruses, nature has also designed other proteins
that self-assemble into ordered structures of various sizes and shapes (30). Their nonviral origin
alleviates potential safety concerns associated with using pathogen-derived materials in in vivo
applications. Although these nanocages are from different origins than VLPs, they share several
key attributes: the ability to decorate the exterior of the cage; internal encapsulation of cargos;
and applications in sensing, delivery, and therapeutics (Table 1).

Ferritin is responsible for iron homeostasis, using its core for iron detoxification and iron
reserves. Structurally, ferritin is composed of 24 protein subunits, resulting in a 12-nm hollow
spherical cage with an interior space 8 nm in diameter (31). One key feature of ferritin is its
extreme stability in non-native conditions (high pH values nearing 9 and temperatures up to
85°C). Whereas ferritin nanocages are stable at high pH values, they disassemble at pH 2–3.
This pH responsiveness can be used for encapsulating selected cargos that are not pH liable
(32).

Small heat shock proteins (sHsps) are expressed in response to elevated temperatures. They
are chaperones responsible for aiding proteins in forming their correct folding structures (32, 33).
sHsps are endogenous to many species, though considerable work in terms of nanocages has been
focused on those from the hyperthermophilic archaeon,Methanococcus jannaschii. This particular
sHsp nanocage self-assembles into a spherical structure with an internal cavity 6.5 nm in diameter
and a large pore size of 3 nm, which allows for small molecules to freely diffuse in and out (34).
sHsps can also be decorated with exterior peptides. For example, the exterior of the sHsp was
modified to express the RGD peptide, which is capable of targeting integrins upregulated in many
cancers (35).

The E2 nanocage derived from the pyruvate dehydrogenase complex from the thermophilic
bacterium Bacillus stearothermophilus is another attractive protein nanocage because of its intrinsic
stability under extreme conditions (7). More importantly, the surface exposure of the N terminus
makes it feasible to add functionalities to the surface of E2 for cell targeting; however, these are
limited to small peptides (36).

Synthetic Protein Nanocages

An emerging alternative to naturally occurring nanocages is to artificially engineer protein-based
nanoparticles (37). Efforts have been made in engineering matching protein symmetries to drive
their linear, planar, and tetrahedral self-assemblies (38–40). However, most of these studies rely
on expensive computational design, and the available building blocks are still limited to achieve
the required atomic-level accuracy. The first successful rational approach to create highly ordered
self-assembled protein nanostructures is based on the use of a dimeric and a trimeric protein
domain that are held together in a predetermined orientation by genetic fusion (Figure 2a).
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Figure 2

Self-assembled protein nanostructures based on two multimeric proteins. (a) A fusion between a dimeric and
a trimetric protein is used to assemble into either a 1D or a cage-like nanostructure. The interface geometry
plays an important role in controlling the formation of different nanostructures. (b) The same platform has
been used to form ball-and-spike nanoparticles.

The precise orientation between the two domains is controlled by adjusting the rigidity of the
linker peptide to achieve the desired tetrahedral cage-like structures (38). Replacing the trimeric
building block with a second dimeric partner results in the formation of protein filaments via
head-to-head and tail-to-tail interactions. This simple design rule has been adopted to create
other predefined ball-and-spike (41), lattice, and cage-like nanostructures (Figure 2b) (42). To
increase the versatility of building blocks beyond fusion proteins, several noncovalent methods,
such as coiled-coil (16) interactions, have been used to link the oligomeric domains into desired
nanostructures (43). A trimeric esterase (TriEst) was fused to a well-characterized pentameric
parallel coiled-coil domain to generate 60-subunit icosahedral protein nanocages that are highly
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stable (44). These examples highlight the structural flexibility achieved simply by creating the
appropriate pairwise interactions.

Synthetic protein nanocages with defined structures have also been computationally designed
by defining the required protein–protein interfaces for self-assembly (45) (Table 1). This strat-
egy has been used to create synthetic viral-like icosahedral structures using a wide range of
two-component building blocks (46). One unique property of using two distinct multimeric pro-
tein components is the possibility of in vitro self-assembly through simple mixing of the different
components. Although computational models can design a library of possible structures, exten-
sive experimental evaluation is still necessary to select the few designs that actually form stable
structures.

Other Synthetic Protein Nanostructures

Elastin-like polypeptides (ELPs) are composed of the repeating pentapeptide subunit (VPGXG)
(X: any amino acid except P) (47). ELPs exhibit reversible self-assembly or coacervation behavior
in response to changes in temperature and salt concentration (47). Because their transition prop-
erties can be precisely controlled at the genetic level by modulating molecular weight and compo-
sition, ELPs can be expressed as block copolymers to drive their self-assembly into nanoparticles
ranging from 20 to 40 nm in diameter (48). Specific ligands can be presented onto the corona of
the spherical micelles for a wide range of applications (49).

Other self-assembled peptide pairs, such as coiled-coil domains and leucine zippers, have also
been exploited for nanostructures for applications in sensing, drug delivery, and therapeutics. In its
most basic form, a coiled-coil is a bundle of α-helices that are wound together, driven by hydropho-
bic and charged amino acids, forming a superhelix with a hydrophobic core and interhelical salt
bridges (50). Many scientists have used various engineering techniques to form more predictable
and stable coiled-coils of various sizes and shapes (50). In one example, a de novo hexameric coiled-
coil bundle was used to generate a protein nanocarrier roughly 10 nm in diameter (51). A wide
range of other coiled-coil domains with well-defined multimeric structures have also been used
to generate other nanostructures, including nanotriangles (52). Similarly, ELP–leucine zipper fu-
sions have been used to recruit the corresponding zipper–green fluorescent protein (GFP) fusion
to self-assemble into micron-sized micelles (53). The flexibility in recruiting a wide range of tar-
get proteins into the micelle structures makes this an ideal strategy for generating micelles with
multiple functionalities.

Recently, a newly discovered protein, suckerin, was found to form supramolecular structures,
stabilized by nanoconfined β-sheets. Synthetic biologists have engineered these native proteins to
form artificial suckerin-19 (S-19) proteins that can function as nanocarriers for various applica-
tions (54). Ping et al. (55) have harnessed the benefits of the S-19 proteins to form self-assembling
nanoparticles of varying sizes (100–200 nm) that can be used to encapsulate hydrophobic drugs as
well as DNA.

DECORATION OF PROTEIN NANOSTRUCTURES

Direct genetic fusion is perhaps the easiest strategy to decorate protein nanostructures with addi-
tional functionalities. In some cases, peptides can be directly inserted into either a surface-exposed
N or C terminus or an exposed surface loop of VLPs without any impact on the overall folding
(56). Selected peptides can also be tethered to the interior of nanocages via direct genetic fusion
(17, 57). Although some small proteins can also be genetically tethered using the same strategies,
their success has been limited, as they have a higher tendency to disrupt the nanocage structure
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(58).More importantly, functional moieties such as chemical dyes, drugs, inorganic nanoparticles,
and nucleic acids cannot be added in this manner. Although many chemical conjugation meth-
ods are available, they tend to deactivate the target proteins and also lack the ability to properly
orient the functional motifs (59). For these reasons, we instead focus our discussion on the use of
self-assembling affinity domains and posttranslational conjugation strategies for decorating these
nanostructures with multiple functionalities.

Modular Affinity Domains for Protein Assembly

In nature, protein–protein interactions are commonly used to cluster different biological com-
ponents together for targeted outputs (60). These interactions are highly specific and have been
exploited as synthetic building blocks to enable the formation of structurally defined protein com-
plexes.We highlight some of the more relevant interaction pairs for biosensing and drug delivery
and discuss how they can be used to provide functional decoration.

Antibody Binding Domains

The high binding and specificity of antibodies have made them attractive in therapeutic targeting,
as well as in the development of highly sensitive sensing and imaging tools. The proper assembly
of antibodies into therapeutic and diagnostic devices is crucial in maintaining their specificity and
sensitivity (61). Physical adsorption and chemical conjugation have been used for both solid-phase
assays and antibody-linked therapeutics. The weak, nonspecific, and hydrophobic interactions in
adsorption, however, are not stable over repeated washings (62), and chemical conjugation tar-
geting lysine residues can alter the binding region (62). Additionally, these methods provide no
control over antibody orientation, which has been shown to impact sensitivity (61–63). An ideal
assembly strategy is to specifically target the Fc domain to allow the antigen binding (Fab) do-
main full access to its respective antigen or therapeutic target. Modular antibody binding do-
mains (ABDs) have gained attention in serving as adaptor units that site-specifically dock and
orient antibodies onto sensing and therapeutic devices. Such modular adaptor components bind
a variety of antibody types from different sources (63–65) and can therefore be used in a plug-
and-play manner, allowing the respective device to be repurposed toward virtually any target (66,
67).

Protein A from Staphylococcus aureus and streptococcal protein G are the most widely used
ABDs, as they bind mainly to the Fc domain of a wide variety of antibody species (64, 65, 68).
Protein A contains five homologous, tri-helical domains (E, D, A, B, C) that are 58 amino acids in
length (69), each of which can separately bind the Fc of IgG. Domain D, however, has also been
shown to bind to the Fab portion (70). Domain B is the most common minimal binding domain
used and binds only the Fc domain of the antibody.Domain B has been further engineered into the
Z-domain,which is amore chemically resistant derivative (69).Z-domains can be used individually
to bind antibodies but can also be displayed in tandem repeats to increase avidity and apparent
binding affinity (71). Although protein G binds to the same region of the Fc domain, it shares
no homology with protein A (72). Protein G contains three homologous C-terminal IgG-binding
domains (C1, C2, and C3), each of which are 55 amino acids in length (65). The C2 domain binds
only the Fc portion of the antibody, whereas the C1 and C3 domains bind both the Fc and Fab
(72, 73); however, mutagenesis can be performed to abolish Fab binding (62). Proteins A and G
are highly soluble fusion partners and are used in orienting antibodies on solid-phase surfaces for
sensing applications (66, 74). They are also displayed on protein nanoscaffolds for the modular
recruitment of antibodies (10, 26, 61).
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Although proteins A and G and their derivatives have been used in a variety of applications,
their size and instability are not ideal for repeated use or long-term storage. Additionally, there are
immunogenic concerns with using bacterially derived proteins for in vivo applications. A diverse
set of Fc-binding peptides containing linear, branched, and cyclic structures have been discovered
through phage display for antibody purification (75). In particular, the high-affinity, cyclic Fc-III
peptide, which was found to bind the same region of the Fc as proteins A and G (76), strongly
bound human IgGs 1 and 2, as well as rabbit IgG, and moderately bound mouse IgG3 (63). The
peptide-conjugated surface was stable through repeated NaOH washes, and bound antibodies
performed 1.6 times more efficiently than randomly conjugated antibodies. Fc-III was fused into
the loop of a ferritin cage, where the fourfold symmetry provided avidity, increasing the apparent
affinity of the peptide (77).

The noncovalent nature of ABDs limits their use in multiplexing in imaging and many in
vivo applications. The site specificity to the Fc domain, however, can be used to direct covalent
bond formation between an antibody and desired conjugate. Either photoactivable benzophenone
groups are coupled to cysteines mutated within the ABD (62, 78, 79) or benzoylphenylalanine is
incorporated as an unnatural amino acid (80–82). Upon UV irradiation of an ABD antibody com-
plex, a covalent bond is formed with approximately 50–80% conjugation efficiency, depending
on the location of the photoactive group, type of ABD, and method of photoactive group incor-
poration. These covalent complexes are used for stable coupling to solid-state sensor chips (62),
site-specific labeling with fluorescent dyes (81) or superparamagnetic iron oxide nanoparticles
(80), protein fragment complementation assays (78), and pretargeting for radionuclide molecular
imaging (79).

Biotin–Streptavidin

The femtomolar affinity of the biotin–streptavidin pair has made it popular for use in the non-
covalent assembly of proteins in sensors and therapeutics. Thus, many biotin- and streptavidin-
coupled antibodies, detection agents, and surfaces are commercially available for these ap-
plications. Biotinylation of recombinant proteins is typically preferred over direct fusions to
streptavidin, as streptavidin is often expressed in inclusion bodies in E. coli (83). N-
hydroxysuccinimide ester chemistries are traditionally used for the biotinylation of lysines; how-
ever, the nonspecific nature of the chemistry can decrease the activity of the biotinylated protein
(62, 84). In nature, biotin holoenzyme synthetases catalyze site-specific biotinylation to biotin car-
boxyl carrier proteins, where the sequence around the biotinylated lysine is conserved across many
species (85). A minimal 14–amino acid peptide (GLNDIFEAQKIEWH) was discovered that
could be site-specifically biotinylated with high efficiency by E. coli biotin holoenzyme synthetase
BirA. Recombinant protein fusions to the biotin acceptor peptide (BAP) can be biotinylated either
in vitro or in vivo in both bacterial (84) and mammalian (86) hosts by co-expressing the BirA.

The BAP is especially valuable in assembling antibody fragments such as single-chain variable
fragments (scFv), antigen-binding fragments (Fab), and nanobodies, as they lack the Fc domain
and cannot be oriented with an ABD. Immobilization through site-specifically biotinylated anti-
body fragments provides more sensitive detection than immobilization through adsorption (87)
or chemical biotinylation (84). The BAP can also be incorporated into nanoparticle structures, in-
cluding amyloid fibers (88) and icosahedral VLPs (89), through fusion to monomeric components
for the modular incorporation of detection moieties or cargo. Additionally, the tetravalency of the
streptavidin protein allows crosslinkage of multiple biotinylated moieties. A BAP-fused scFv that
targets prostate stem cell antigen was used for pretargeting for radio immunotherapy (90). The
scFv provides high penetration of the tumor environment and a long residence time at the tumor
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site. It is linked to one of the NeutrAvidin binding sites, so that the smaller radio-labeled biotin
can bind at the tumor site and rapidly clear from the rest of the body, lowering systemic toxicity.
The tetravalency of streptavidin has also been used to create multivalent antibody structures, such
as bispecific antibodies and tetravalent Fabs for in vivo imaging (86).

His-tag Coordination with Nickel

The micromolar interactions between histidine-rich domains and transition metals have been
well studied in the development of immobilized metal affinity chromatography (91). The imi-
dazole groups on the histidines coordinate with the open valencies of metal ions supported on
chelating ligands. The most popular of these is Ni2+ and nitrilotriacetic acid (Ni-NTA), in which
the NTA coordinates with four valencies on the Ni2+ ion, leaving space for the coordination
of two histidine residues. The oligo histidine tag (92), or His-tag, containing 6–10 adjacent his-
tidines, is the most commonly used. It has also been applied for the oriented immobilization of
proteins onto Ni-NTA-coated solid surfaces for enzyme-linked immunosorbent assays and sur-
face plasmon resonance sensor applications (74). The advantages of using these domains are that
the protein binding is reversible and the Ni-NTA can easily be recycled for multiple uses by dis-
placing the His-tagged protein with high concentrations of imidazole or chelating out the nickel
with ethylenediaminetetraacetic acid. Adding a small His-tag fusion to an ABD can orient the
molecule to maximize active binding spots for antibody capture, providing higher sensitivity than
physically adsorbed antibodies (74).

His-tag/Ni-NTA interactions can also be used to immobilize proteins and inorganic materials
on protein nanoparticles. A modular imaging tool was created by fusing human heavy-chain apo-
ferritin monomers to a His-tag, where the His-tag can recruit Ni-NTA-coated detection com-
ponents, such as quantum dots, gold nanoparticles, and magnetic nanoparticles, for a variety of
imaging applications (67). Ni-NTA has also been conjugated to potato virus X to display His-
tagged tumor necrosis factor–related apoptosis-inducing ligand (TRAIL) (93). In this application,
TRAIL orientation is important for promoting apoptosis in cancer cells. The TRAIL presented
on the nanoplatform had 3–10-fold-lower IC50 compared with soluble TRAIL in different triple-
negative breast cancer cell lines and outperformed soluble TRAIL in inhibiting tumor growth
in athymic nude mouse models. Because the Ni-NTA interaction is weak and there are concerns
over the stability and toxicity of the domains for in vivo applications, loading the interior cav-
ities of protein nanoparticles may be a better use for this technology. Ribonucleoprotein vaults
have been loaded with Ni-NTA-coated gold nanoparticles by fusing a His-tag to the minimal in-
teraction domain that binds the interior of the vault (94). The gold nanoparticle was also used to
crosslink additional His-tagged GFP for loading into the vault. Ni-NTA has also been conjugated
to the N terminus of solid-phase synthesized β-annulus peptide 1, derived from the tomato bushy
stunt virus, which self-assembles into dodecahedral virus-like nanocapsules (95). Particles were
assembled with His-tagged GFP and encapsulated the GFP with 91% efficiency.

Posttranslational Conjugations for Protein Assembly

Protein assembly through posttranslational modification is a powerful approach for creating
specifically tailored protein–protein or protein–small molecule hybrids. Posttranslational ligation
offers an orientation-specific, robust approach to developing potent sensing, delivery, and thera-
peutic platforms. The most successful approaches recently employed Sortase A (SrtA)-catalyzed
reactions, intein chemistries, and SpyTag/SpyCatcher isopeptide reactions to generate novel pro-
tein assemblies. All these ligation techniques are characterized by efficiency and selectivity and can
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Table 2 Comparison between the three different approaches for posttranslational modifications of proteins

Technique Kinetics Reversible Orthogonality Scar size
Downstream
purification

Small-
molecule

conjugation
Sortase A Fast Yes Yes 5 amino acids Yes Yes
Intein Slow No Yes Scarless Yes Yes
SpyCatcher/Tag Fast No Yes 123 amino acids No No

be carried out in vitro, allowing for one-pot reactions for multiple modifications through simple
mix and match (Table 2).

Sortase A

SrtA from S. aureus is a powerful enzyme for site-specific protein, peptide, and small-molecule in-
corporation (Figure 3a). It catalyzes a peptide bond formation between a C-terminal R1–LPXTG
motif and an N-terminal (G)n-R2 motif. The active site of SrtA cleaves the –LPXTGXX motif
between the threonine and the glycine, which can then be attacked by the oligoglycine-tagged
moiety to form a new peptide bond, resulting in the formation of a R1–LPXTGGG-R2 construct
(14). Because the end product also contains a –LPXTGXX motif, it can in turn be reacted upon
by SrtA. Typically, to avoid reversing the reaction, one of the two reactants is added in excess or
by physically removing the glycine peptide fragments generated from the initial cleavage (96).

Improving the yield and reaction rates of SrtA-catalyzed reactions and discovering alternative
recognition motifs have helped the technology become more versatile. One of the most common
variants of SrtA has either the first 25 or 59 residues removed (96). Although this variant is func-
tional, the Ca2+ requirement and low reaction rates can be problematic. Directed evolution has
successfully yielded amutant that resulted in a∼120-fold increase in the kcat/KM relative to the na-
tive protein. Two further mutations removed the Ca2+ dependency while retaining the improved
activity (96). Furthermore, SrtA variants with different recognition motifs have been discovered
to provide orthogonal modifications to proteins. SrtA isolated from Streptococcus pyogenes recog-
nizes the LPXTAmotif and has been used in conjunction with the S. aureus version for orthogonal
labeling of the M13 capsid proteins (97, 98). The improved and orthogonal versions of SrtA can
help expand the industrial applications and commercial production of biotherapeutics.

Overall, SrtA allows the ligation of proteins to other proteins, peptides, and small chemical
compounds with minimal scarring (LPXTG/A). Owing to the nature of the ligation, the final
products have specific orientation, allowing the production of homogeneous therapeutic com-
pounds. The reaction itself is rapid and requires minimal optimization. However, subsequent pu-
rification of the product is required to eliminate the SrtA and unreacted substrates. The reaction
also allows only N/C-terminal fusions, limiting the valency of the final product. Intein-mediated
posttranslational ligation is an alternative method that minimizes the need for downstream pu-
rification, offers potential scarless ligation, and has minimal primary sequence constraints.

Inteins

Inteins are self-excising peptide sequences discovered in eukaryotic organisms that are analogous
to RNA introns. Inteins can be expressed as a whole piece, which is self-catalytically excised while
simultaneously linking the flanking N and C exteins (99) (Figure 3b,i). Split inteins can be cre-
ated in which an N-intein and a C-intein are used to join, excise, and ligate two target protein
pieces together (Figure 3b,ii). For intein excisions to occur, the C terminus of the extein must
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Summary of bioconjugation strategies. (a) The mechanistic action of Sortase A–catalyzed transpeptidation. Sortase A cleaves between
the Thr and Gly residues in the LPXTG motif and catalyzes the formation of a peptide bond between the carboxyl group of threonine
and the amine group of the Gly attached to the moiety. (b) Three different modes of intein-mediated ligation. (i) Native intein excision.
The process is characterized by a series of acyl-transfer reactions that result in the breaking of two peptide bonds at the intein–extein
interface and the formation of a new peptide bond between the two exteins. (ii) Split inteins are transcribed as two distinct polypeptides.
The N and C terminus split inteins spontaneously and noncovalently associate with each other upon mixing. The resulting
intermediate closely resembles the structure of a full-length intein and self-excises itself from the remaining peptide sequence through
the same mechanism full-length inteins use. (iii) Addition of a small chemical moiety via thioester chemistry and intein cleavage.
Proteins with a Cys residue followed by an intein that can excise itself through standard intein chemistry and in the process generate
α-thioester groups at the C terminus of the protein next to the cystein. The α-thioester group can be reacted with 1,2-aminothiol,
cysteinyl, or other nucleophilic groups conjugated to small-molecule chemicals to form a covalent bond between the protein and the
small molecule with minimal scarring (1 Cys residue). (c) Spontaneous conjugation between SpyTag and SpyCatcher via the formation
of an isopeptide bond between the Lys in the SpyCatcher and the Asp in the SpyTag.
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be a cysteine, serine, or threonine reside. Split inteins used in conjunction with an extein that
has a C-terminal cysteine can be used to generate α-thioester moieties on the proteins, which
can be reacted with 1,2-aminothiol groups or other nucleophiles to conjugate small molecules
and peptides to proteins (100) (Figure 3b,iii). Split-intein ligation can be engineered to be scar-
less, leaving no extra amino acids in the primary sequence of the ligated proteins or peptides
(101).

Inteins can be categorized as full-length and mini inteins based on their size. Full-length in-
teins contain a homing endonuclease domain (HED) that allows for insertion of the intein DNA
sequence in other areas of the genome at recognized motifs. Mini inteins lack the HED and are
considerably smaller in size (∼100 amino acids) (99). Intein splicing does not require the HED;
thus, mini inteins are more suitable for most engineering applications (100). Side reactions that
involve only N- or C-terminal cleavage can yield unwanted products but can also be harnessed
for applications such as tagless purification by controlling the reaction conditions. C-terminal
cleavage of inteins is pH dependent, thus allowing for controlled release of the intein through
pH control of the reaction (99). Although the intein family of proteins is vast, most engineering
applications rely on the use of split inteins for the conjugation of different proteins or proteins to
small chemical molecules.

Inteins provide a powerful platform for scarless posttranslational assembly of components for
development of sensing, delivery, and therapeutic platforms. Split-intein strategies are simple and
require only the addition of a Cys residue for ligation. However, intein reactions can be slow,
taking up to 24 h to proceed to completion, and are plagued by low reaction yields. Further-
more, intein fusions are notoriously insoluble in microbial systems, making it difficult to execute
in vivo ligation in some cases (102). The SpyTag/SpyCatcher system is an alternative posttrans-
lational modification technology that offers fast and efficient conjugation via an isopeptide bond
formation.

SpyTag/SpyCatcher

The SpyTag/SpyCatcher system involves the spontaneous formation of an isopeptide bond be-
tween the 13-residue SpyTag and the 116-residue SpyCatcher (Figure 3c). The system is derived
from the CnaB2 domain of the fibronectin-binding protein FbaB from S. pyogenes (103). The Spy-
Tag and SpyCatcher pair can rapidly form an isopeptide bond under both in vivo and in vitro
conditions. The SpyTag/SpyCatcher system offers a versatile system to encode posttranslational
protein assembly in biologically relevant environments.The nature of the isopeptide bond formed
means that the assembly can occur at most positions in the protein sequence and not only at the
N and C termini. Progress toward shortening the tags has also resulted in the SpyLigase sys-
tem, in which the SpyCatcher active domain (KTag) is the only sequence that needs to be added.
The ligation between the SpyTag and the KTag is then catalyzed by SpyLigase, which requires
separate expression and is composed of the remainder of the SpyCatcher residues (104). Unfortu-
nately, the SpyLigase system lacks the efficiency of the SpyCatcher/SpyTag system, which limits
its applications.

Inspired by the SpyTag/SpyCatcher system, other protein pairs capable of spontaneously form-
ing isopeptide bonds have been created. Specifically, the SnoopTag/SnoopCatcher isolated from
Streptococcus pneumoniae (105) and the SdyTag/SdyCatcher isolated from Streptococcus dysgalactiae
(106) represent two additional pairs also able to form isopeptide bonds. The availability of or-
thogonal Tag/Catcher systems opens up new avenues of more complex modifications.Orthogonal
reactions using Spy and Snoop pairs have been successfully employed for twin antigen immuniza-
tion (107). Use of the Sdy pair also could allow for the potential of up to three desired proteins
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to be ligated on the same target protein. Furthermore, decorating nanoparticles with distinct tags
could allow the simultaneous decoration of the nanoparticle with different functional groups in
a manner that can control the ratio and absolute level of the functional groups. In engineering
systems for sensing, delivery, and therapeutic applications, the presence of orthogonal tools with
similar efficiency allows the creation of tailor-made solutions to distinct problems.

Although the orthogonal Tag/Catcher pairs allow for more complex architectures by allowing
the addition of different moieties at specific locations and ratios, the scarring left behind is signif-
icantly larger. Furthermore, SpyTag/SpyCatcher is preferable only when conjugating proteins to
other proteins or peptides. When adding small chemical moieties to the desired protein, SrtA or
intein ligation is preferable owing to the smaller requirement of amino acid additions. Overall, if
the area in which the SpyTag/SpyCatcher domain is inserted does not impact the function of the
protein, and the ligated components are both peptide based, it is a powerful tool for posttransla-
tional protein assembly in vivo and in vitro.

In summary, all three posttranslational modification techniques discussed can create exciting
and smart solutions to sensing, delivery, and therapeutic problems. Although there is overlap be-
tween the applications of the technologies, they each come with their own advantages and disad-
vantages. Combining these posttranslational assembly strategies to generate dynamic components
with on-cue assembly/disassembly can be a powerful tool for creating smart delivery, sensory, and
therapeutic products.

BIOSENSING AND THERAPEUTIC APPLICATIONS

Proteins provide a diverse selection of functional properties relevant to bioassays, bioimaging,
and drug delivery. A device for such applications consists of an input domain, an output domain,
and an adapter between the two. Input components can be sensing or cell-specific targeting do-
mains, such as antibodies, antibody fragments, and other affinity binders. Output components
include detection agents, such as colorimetric enzymes and fluorescent or luminescent reporters,
and therapeutic agents, such as chemotherapeutics, siRNA, and protein toxins. Their assembly
onto a protein or nucleic acid nanoscaffold adaptor provides desirable properties, such as signal
amplification for sensing and imaging, increased avidity for antigen capture and cell targeting, and
an increased therapeutic payload. Examples of how the previously detailed scaffolds and assembly
strategies are used in these practical applications are presented below.

Bioassays

To create highly sensitive assays, high packing density of the sensing domains in controlled ori-
entation is critical. Small His-tag insertions provide a simple means of controlling the orientation
of proteins on nickel surfaces. His-tagged protein A pods, which could pack five capture IgGs
per pod, were immobilized onto nickel surfaces, which provided a 64-fold higher sensitivity than
physically adsorbed antibodies in an ELISA setting (74). The higher-affinity binding of biotin–
streptavidin can be used for further sensitivity, and controlled orientation can be achieved through
fusions to the BAP. An scFv-BAP fusion targeting glycocholic acid was employed in an ELISA
and provided higher sensitivity compared with randomly biotinylated scFv (84). Similarly, a sand-
wich ELISA using BAP-fused nanobodies for the detection of influenza virus had a lower limit
of detection (14.1 ng/mL) than surface-adsorbed nanobody (500 ng/mL) (87). Intein chemistry
can also be used for site-specific biotinylation (108). A matrix metalloprotease sensor was made
through a luciferase fusion to a substrate peptide and intein, where uncleaved, biotinylated pro-
tein was captured by NeutrAvidin-coated plates. Although SrtA can biotinylate proteins as well,
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stabler immobilization can be achieved by directly ligating the protein to the surface (109). Simi-
larly, the SpyTag/SpyCatcher system was used to covalently immobilize single-domain antibodies
in specific orientation on solid support, which increased the detection limit for the dengue virus
nonstructural protein 1 by fivefold (110).

Capture density of sensing domains can be further enhanced by expanding the binding surface
onto 3D scaffolds (30, 61).These protein nanoparticles, named proteinticles, aremade frommulti-
ple monomer subunits fused to one or two tandem B domains from protein A,which self-assemble
into uniform structures displaying the ABDs at high density (30) (Figure 4a). The symmetry of
the assembled proteinticles additionally provides hot spots of B domain with lower KD at the
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Figure 4 (Figure appears on preceding page)

Applications of modular protein assembly in bioassays, bioimaging, and drug delivery and therapeutics.
(a) Controlled immobilization of antibodies plays a critical role in bioassay performance. Orienting
antibodies onto surfaces using a combination of ABDs and affinity domains increases antigen binding
capacity over adsorption and random chemical conjugation. The available surface area for antibody capture
can be further enhanced through 3D assembly of ABDs on proteinticles. (b) A modular bioimaging device
was made by fusing human apoferritin monomers to protein G and a His-tag. These nanoscaffolds could be
used to bind virtually any antibody of interest to any Ni-NTA-modified imaging agent of interest. Adapted
with permission from Reference 67; copyright 2013 American Chemical Society. (c) Encapsulation of a wide
variety of therapeutics holds promise in drug delivery applications. P22, for example, was used for the in vivo
assembly of CRISPR-Cas9 proteins and gRNA into a single package via fusion of the Cas9 to its modular
scaffolding domain. Abbreviations: ABD, antibody binding domain; CRISPR, clustered regularly interspaced
short palindromic repeats; gRNA, guide RNA; NTA, nitrilotriacetic acid; sgRNA, single-guide RNA.
Adapted with permission from Reference 129; copyright 2016 American Chemical Society.

vertices of the particles. The best-performing proteinticle was based on the HBV VLP because of
its large size and high density of B domain. The HBV VLP contains 240 copies of its monomer
subunit and was previously used to provide attomolar-level detection in an ELISA platform (61).
The 3D platform was used to detect troponin I with a 100,000-fold higher sensitivity than pre-
vious ELISA platforms and could detect troponin I in acute myocardial infarction patients with
100% specificity, even at a 1,000× sera dilution.

For bioassay detection components, ABDs can serve as universal adaptors in linking a reporter
to a sensing antibody. For example, Z-domain fused to glutathione-S-transferase coupled to three
horseradish peroxidase (HRP) enzymes could bind to rabbit, rat, and mouse IgGs (66). Posttrans-
lational conjugation is an attractive route for covalently linking reporters. Fluorescent dyes can
be conjugated onto either the N or C terminus of an antibody using SrtA for a wide range of
biosensing applications (111). Even enzymes can be ligated with antibodies to allow the use of
common glucose meters for low-cost bioassays (112). Similarly, split-intein and native chemical
ligation has allowed for the creation of sensing modules that employ small-molecule and protein
reporters (113). The detection limit of bioassays, however, can be improved by providing higher
signal amplification through multiple copies of a reporter.

One strategy for achieving signal amplification of a reporter is by linking tandem repeats of
an ABD adapter to cluster antibodies at the antigen site (73). A poly protein G containing 8 re-
peating C2 domains (8pG) was used to decrease the detection limit by an order of magnitude in
a direct ELISA and provided up to 50-fold higher signal in a sandwich ELISA. The 8pG also
improved the detection limit of a Western blot by an order of magnitude and improved the flu-
orescence signal on labeled cells threefold without increasing the background. Signal amplifi-
cation can also be achieved by linking the sensing domain to a protein nanoparticle containing
multiple copies of the detection moiety (10, 26, 67). When the Z-domain was SrtA-ligated to
an E2 nanocage displaying 22 copies of nanoluciferase, the sensitivity of immunodetection of
thrombin was more than 20-fold higher than when using a fusion between the Z-domain and
a single nanoluciferase (10). The structure of filamentous phage nanoparticles creates a unique
platform for this type of signal amplification strategy (26). By fusing a tandem Z-domain to the
P3 proteins on the end of the phage, the more than 4,000 P8 proteins that make up the body
of the phage become available for decoration with a reporter moiety. Self-assembling amyloid
nanowires can also provide high signal amplification (88). Biotinylated, BAP-fused Sup35 wire
seeds were grown and then added to protein G–fused monomers and HRP–streptavidin for the
creation of an amplified sensor that provided 2,000–4,000-fold higher signal than the conventional
ELISA.
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Bioimaging

Antibodies are frequently used as input components for imaging applications owing to their high
binding and specificity, as well as their longevity in the blood for in vivo applications. Similar to
the sensing applications, ABDs can also be used to link antibodies to imaging agents. A tandem
Z-domain fused to a fluorogen-activating protein can be used to label surface receptors of live
cells, fixed cells, and internal markers in permeabilized cells (114). Signal amplification can be
obtained by linking the ABD to a nanoscaffold with multiple detection agents. Protein G fused
to human apoferritin displaying quantum dots through Ni-NTA was able to provide a 27-fold
increase in sensitivity in the detection of CLDN4 on pancreatic cancer cells compared with a
fluorescently labeled antibody (67). Because the input and output domains are modularly incor-
porated, this imaging tool can be adapted toward virtually any target for immunofluorescence,
electron microscopy, and MR imaging (Figure 4b). Similarly, the Fc-III peptide fused to ferritin
cages was used to image HER2 on SKBR3 breast cancer cells with trastuzumab and to image
folate on KB cells with rabbit antifolate antibodies (77). Although ABDs based off protein A or
G can be used as a secondary mimic, the limitation in using these in imaging applications is the
inability to multiplex different fluorophores with species-specific antibodies.

Covalent, site-specific labeling of antibodies can be done with photoactivable ADBs or post-
translational ligation strategies. HER-2-expressing SKOV-3 cells were imaged via confocal mi-
croscopy using photoactivable, FAM-labeled Z-domain conjugated to trastuzumab (81). A com-
bination of intein chemistry and photoactivable Z-domain was used to label rituximab with a
10–amino acid peptide containing a fluorophore and bio-orthogonal azide group. Click chemistry
was then used to covalently link superparamagnetic iron oxide nanoparticles for MR imaging (80).
Posttranslational strategies are particularly useful for labeling small antibody fragments used for
imaging applications that require high binding and penetration of targeted tissue but rapid clear-
ance from the rest of the body. SrtA-mediated ligation of the bifunctional chelator MeCoSar to
the scFv anti-LIBS (ligand-induced binding site) has allowed the delivery and coordination of the
64Cu2+ radioactive isotope for positron emission tomography imaging of mouse artery thrombosis
by binding to activated platelets in the area of interest (115).

Nanocages are of particular interest for bioimaging, as they can be loaded with molecules such
as fluorophores and contrast agents for MR imaging applications. A sHsp nanocage was engi-
neered to encapsulate fluorescent dyes and was exteriorly decorated with a small peptide, LyP-1,
to target tumor-associated macrophages (116). This dually modified sHsp was used as an imaging
agent for diagnosis of atherosclerosis. sHsp nanocages have also been explored for MR imaging.
Specifically, gadolinium was anchored to the interior of sHsp by genetically engineering a metal-
binding peptide into the cage subunits, and the encapsulated contrast agent showed increased
relaxivity rates (117). Ferritin has been used frequently in the encapsulation of contrast agents
because of its inherent assembly/disassembly properties and small pore size. Gadolinium was en-
capsulated by first dissociating the ferritin nanocage at pH 2 then neutralizing the pH back to
7 for reassembly (118). Similarly, Cy5.5-labeled ferritin genetically modified to incorporate the
RGD peptide was used encapsulate radioactive copper (119). This loaded ferritin nanocage was
applied toward in vivo imaging.

Drug Delivery and Therapeutics

Many drug therapies under investigation require high dosages that cause considerable discomfort
to patients owing to their lack of targeting mechanisms. Because nanoscaffolds can be modified
with external input domains to target tissues of interest, as well as their ability to load output
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therapeutic cargos such as chemotherapeutics, siRNA, RNA used for genome editing and cellular
programming, and proteins (12, 120), they harbor the potential to enhance therapeutic efficacy
(32).

One of the most popular applications of engineered nanoscaffolds is for targeted chemother-
apy drug delivery. Ferritin has often been shown to encapsulate a variety of small molecules, such
as methylene blue, which was shown to have cytotoxic effects on MCF-7 human breast cancer
cells upon light-induced release (121), as well as the anticancer drugs cisplatin, carboplatin (122),
5-fluorouracil, daunomycin, and doxorubicin (123, 124). sHsp has also been genetically modi-
fied to encapsulate doxorubicin. Flenniken et al. (125) described a robust method for delivering
this anticancer drug with a pH-dependent release mechanism. Another group expanded upon
the sHsp-encapsulated doxorubicin method by genetically engineering the cages to express a
hepatoma-binding peptide on the exterior of the capsid for targeted delivery of the anticancer
drug to human hepatocellular carcinoma cells (126). The newly engineered S19 nanocages could
also be loaded with the hydrophobic anticancer drug doxorubicin through hydrophobic interac-
tions and showed controlled release of the drug at pH 5 both in vitro and in vivo (55). These
findings suggest that the S19 nanocage can be applied to the encapsulation of other hydrophobic
drugs and pH-controlled release.

Nanoscaffolds have also been explored as nanocarriers for therapeutic nucleic acids. The MS2
capsids were genetically engineered intoMS2-coat-retrovirus chimeras to package biologically ac-
tive RNAs for delivery to various cell types, including human CD34 and induced pluripotent stem
cells. This group applied the MS2-encapsulated RNA toward transient gene expression, showing
successful production of the Cre-recombinase for widespread editing at the ROSA26 locus. These
findings suggest that this technology can be applied to other delivery applications, such as cellu-
lar programming and genome editing (127). Ferritins have been shown to encapsulate siRNA for
gene silencing with incorporation of cationic peptides (21). TheHBV capsid protein has also been
genetically engineered to express the capsid protein fused to a p19 RNA-binding protein as well
as an integrin-binding peptide (RGD). This chimeric protein self-assembles into a nanocage that
has dual affinity for siRNA on the interior of the cage and integrin receptors on the exterior. This
dual decorated quality of the HBV chimera allows for targeted delivery of siRNA (128). S-19
nanocages protect DNA in the interior for gene therapy applications (55).

The P22 capsid was engineered to encapsulate a Cas9 protein as well as a single-guide RNA
that remains functional for sequence-specific cleavage of targeted DNA (Figure 4c). This nucle-
ase active Cas9 cargo platform could circumvent delivery issues prevalent with Cas9 therapeutics
(129). Although the Cas9-sgRNA (single-guide RNA) complexes are protected from degradation
after encapsulation, this strategy cannot release the complex once internalized. An improved strat-
egy has been reported in which P22 is engineered to encapsulate bioactive peptide therapeutics
that serves as a tunable nanocarrier capable of crossing the blood–brain barrier. A ring-opening
metathesis polymerization (ROMP) reaction was employed to trigger the P22 nanocage to disas-
semble under physiological conditions, exposing the bioactive peptides for targeting. Specifically,
a substrate for ROMP (norbornene) was conjugated to the exterior of the P22 nanocage, and when
triggered with Grubbs II Catalyst, the cage disassembled, leading to the release of encapsulated
molecules (130). This strategy may be combined with Cas9 delivery to enable the intracellular
release.

Antibodies are frequently used as input domains in therapeutic targeting.A simplemeans of de-
ploying cytotoxic outputs, such as chemotherapies or bacterial and plant toxins, to a specific tissue
is by tethering them directly to an antibody. Because chemical methods can result in an inhomo-
geneous pool of antibody–chemical conjugates, site-specific conjugation schemes are important
for therapeutic efficacy. Using split inteins, Frutos et al. (131) linked anti-HER2 antibodies to

52 Berckman et al.



CH11CH03_Chen ARjats.cls May 19, 2020 8:23

the cytotoxic drug Cys-Auristain F, thus creating enzymatically linked antibody–drug conjugates.
Anti-HER1 antibodies have also been conjugated to the plant toxin gelonin (132) by using split
inteins, indicating that both protein and small-molecule drugs can be combined with antibod-
ies for therapeutic goals. Compared with split inteins, SrtA technology requires minimal genetic
modification to the antibody. SrtA generated equivalents to brentuximab-vedotin (α-CD30) and
trastuzumab-maytasine antibody–drug conjugates, which demonstrated similar or better antitu-
mor activity than their chemically conjugated counterparts (133). SrtA-mediated ligation of the
α-HER2 antibody to the plant toxin gelonin increased the antitumor properties of gelonin by
1,000-fold (134). Photoactivable ABDs can be used for Fc-specific conjugation without any ge-
netic modification requirements to the antibody. Photoactivable Fc-III peptide was used to label
trastuzumab with a bacterial toxin (82) and small-molecule drugs (135) for delivery into cancer
cells.

NUCLEIC ACID–BASED SCAFFOLDS FOR PROTEIN ASSEMBLY

Although protein-based scaffolds provide a highly modular platform for multi-functionalization,
they generally lack the ability for highly dynamic assembly for conditional release and adaptive
cell targeting. The ability to easily predict and manipulate the base-pairing property of nucleic
acids, along with the ease of synthesis, has allowed researchers to create various DNA- or RNA-
based nanoscaffolds and dynamically programmable nanostructures (136, 137). These nanoscaf-
folds could serve as sensing, delivery, and therapeutics platforms, especially when coupled with
functional proteins (138, 139).

Compared with RNA,DNA has many properties that make it a good platform for protein scaf-
folding. It is stabler and can be programmed into homogeneous nanostructures with sizes ranging
from 50 to 400 nm, which is optimal for drug delivery with enhanced permeability and retention
effect in tumor regions (140). DNA can serve as a loading pad for cargos with multiple functions
(e.g., therapeutic payloads and targeting ligands). DNA origami can also be programmed into
3D containers with encapsulation and stimuli-triggered release functions as smart delivery vehi-
cles (141). Different chemotherapeutic drugs (141), nanoparticles (142), therapeutic expression
vectors (143), and aptamers were either individually assembled or coassembled on DNA origami
for tumor targeting. These technologies showed robust antitumor effects without apparent sys-
temic toxicity.DNA origami is unique in its programmable nanostructures and stimuli-responsive
functions. Li et al. (144) developed a DNA nanorobot system to deliver active thrombin, which
regulates platelet aggregation, to tumor sites to induce obstructive thrombosis. Thrombin was
loaded into a tubular DNA nanorobot with targeting aptamers at both ends (Figure 5b). The
nanocarriers, after delivery, opened in response to the presence of nucleolin to expose the encapsu-
lated thrombin. By using these responsive DNA nanorobots, they delivered therapeutic thrombin
in vivo to tumor-associated blood vessels to elicit highly efficient blockage of tumor blood sup-
ply and inhibit tumor growth (144). This nanorobot strategy also holds promise for conditional
Cas9 delivery, a benefit difficult to achieve using VLP encapsulation. Although DNA stability was
previously tested both in cell lysates and with live cells (145), there is still a need to make DNA
nanorobots more robust in the complex human environment. There is also a need to expand
design responsiveness so the delivery vehicle can respond to a broader spectrum of stimuli.

Another example of responsive nucleic acid structures are molecular beacons (MBs). MBs are
single-stranded stem-loop DNA probes widely used for sensitive and specific detection of nucleic
acids (146). The stem-loop structure comes with a fluorophore-labeled 5′ end and a quencher-
labeled 3′ end that in close proximity result in minimal fluorescence. A significant increase in
fluorescence is detected when the stem-loop structure opens spontaneously in the presence of a
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Figure 5

Nucleotide-based protein organization for diagnosis, delivery, and therapy. (a) Fluorescent protein–decorated
MB for sensing applications. (b) A tubular nanorobot for thrombin encapsulation and stimuli (nucleotin)-
triggered thrombin exposure. Binding of nucleotin to the aptamer domain releases thrombin from the
nanorobot to the tumor site. (c) Programmed control of protein assembly for precise activation of anticancer
therapy. Toehold-mediated strand displacement is used to trigger the assembly of two split yeast cytosine
deaminase fragments, which catalyze deamination of a nontoxic prodrug into a chemotherapeutic agent, only
in the presence of two different miRNA inputs. Abbreviations: CFP, cyan fluorescent protein; FRET,
fluorescence resonance energy transfer; MB, molecular beacon; YFP, yellow fluorescent protein.

single-stranded nucleotide sequence complementary to the loop region. However, the complex-
ity and high cost associated with the dual labeling are potential issues for more widespread usage
(147). To alleviate these problems, attempts have been made to replace the fluorophore/quencher
pair with fluorescence proteins (148) (Figure 5a). By using the DNA-binding functionality of zinc
finger proteins, a new class of fluorescence protein–MBs was created and exhibited the same high
specificity and selectivity for detection. A second version using the HaloTag protein to provide
covalent conjugation to a chlorohexane-modifiedDNA oligo was designed to further improve sta-
bility and effectiveness (148). For the detection of nucleic acid analytes, DNA and RNA dynamic
scaffolds can be employed to convert inputs to readable signals. The SpyTag/SpyCatcher system
has also been used to covalently link a TEV protease to single-stranded DNA sequences to create
a protease-dependent sensor for sensing specific single-stranded DNA and RNA strands (149).

Toehold-mediated strand displacement, which involves revealing a new sequence in response
to the binding of an initiator strand, is another powerful way to design dynamic DNA scaffolds
for therapeutic applications (18). Multiple displacement reactions can be linked into a cascade
in which the newly revealed output sequence of one reaction can initiate another displacement
step elsewhere (150). By taking advantage of this cascading capability, multiple miRNAs were
explored to achieve programmable control of prodrug activation (Figure 5c). This was accom-
plished by dynamically modulating the reconstitution of two split yeast cytosine deaminase frag-
ments, which catalyze deamination of a nontoxic prodrug into a chemotherapeutic agent (18).
This programming system can sense the environment, process the information via a predefined
signal-processing algorithm, and actuate based on the results of the computation (151). Another
benefit is the ability to provide signal amplification through regeneration of the input strand for
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ultrasensitive therapeutic activation. A similar strategy was reported to provide spatiotemporal
control over gene silencing, in which a small conditional RNA was conditionally activated into a
functional siRNA by multiple strand-displacement operations (152). Even DNA-gated lock-and-
key devices have been designed for controlled release applications (141).These examples highlight
the modularity of the strand-displacement approach to elicit a wide range of conditional protein
phenotypes that are suitable for diagnosis, delivery, and therapy applications.

CONCLUSIONS AND FUTURE OUTLOOKS

Herein,we have demonstrated how themodular assembly of proteins into well-defined nanostruc-
tures has provided unique functionalities for a variety of biomedical applications. Self-assembling
protein cages provide robust and uniform scaffolds, whereas nucleic acids provide a dynamic and
programmable platform that is responsive to endogenous stimuli. Assembly strategies based on
biological building blocks and enzymatically derived conjugations offer site-specific control over
the presentation of input and output domains and were shown to outperform traditional chemical
strategies in a variety of contexts. The nanostructures enhance the capabilities of the input and
output domains through signal amplification, avidity of binding domains, and high therapeutic
payloads.When these devices are assembled in a modular format, they can easily be readapted for
different targets and applications.

Natural nanoscaffolds, such as viral-like particles and nanocages, have inherent properties that
make them ideal platforms for biosensing and delivery, and the flexibility of these platforms in
tolerating modifications has been widely explored. Although research in the development of these
particles for in vitro sensing and imaging devices is quite mature, there are challenges in creat-
ing the ideal delivery vehicle for in vivo applications. For scaffolds of nonhuman origin, safety
and immunogenicity concerns remain. Furthermore, the combination of efficient cargo encapsu-
lation with an endogenous stimuli-responsive release mechanism remains a work in progress. De
novo design of synthetic protein–based cages offers potential in addressing these design concerns.
Synthetic nanocages could be constructed using humanized protein building blocks, and further
inspiration can be taken from nature into the design of loading and release strategies. For example,
the P22 phage, which has one of the most efficient cargo loading strategies, contains a separate
scaffolding domain that docks into the interior face of the capsid. Although current icosahedral,
synthetic cages contain two separate blocks for controlled assembly upon mixing, a third block
could be incorporated to specifically load internal cargo prior to assembly. For disassembly, the
CCMV capsid provides a unique pH-responsive mechanism. Design of a physiologically relevant
pH switch into the scaffold platform could be an area of exploration for these synthetic cages.

Whereas proteins create robust static nanoscaffolds, nucleic acids offer a more responsive
platform for drug delivery. Nucleic acid scaffolds have been programmed to respond to endoge-
nous nucleic acids, proteins, and small molecules, which are physiologically relevant stimuli that
could be used as triggers for cargo release. Further, nucleic acids can process multiple inputs with
Boolean logic. Combining the dynamic scaffolding of nucleic acids with functional protein out-
put domains has already shown promise in sensing and smart therapeutics. This concept could be
expanded through integration into synthetic protein scaffolds for stimuli-responsive cage disas-
sembly and cargo release. Disassembly programmed frommulti-input architecture could increase
target specificity and allow the design of smart nanomaterials for personalized medicine.
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