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Synthetic Approaches to Construct Viral capsid-like Spherical 
Nanomaterials  

Kazunori Matsuura*a,b 

This feature article describes recent progress in synthetic strategies to construct viral capsid-like spherical nanomaterials 

using the self-assembly of peptides and/or proteins. By mimicking the self-assembly of spherical viral capsids and clathrin, 

trigonal peptide conjugates bearing -sheet-forming peptides, glutathiones, or coiled-coil-forming peptides were developed 

to construct viral capsid-like particles. -Annulus peptides from tomato bushy stunt virus self-assembled into viral capsid-

like nanocapsules with a size of 30–50 nm, which could encapsulate various guest molecules and be decorated with different 

molecules on their surface. Rationally designed fusion proteins bearing symmetric assembling units afforded precise viral 

capsid-like polyhedral assemblies. These synthetic approaches to construct artificial viruses could become useful guidelines 

to develop novel drug carriers, vaccine platforms, nanotemplates and nanoreactors.  

 

1. Introduction 

A virus is an infective molecular assembly with a diameter of 

20–250 nm, which can reproduce itself in living host cells. 

Natural viruses can be classified by their morphologies in 

spherical (e.g. human papillomavirus), rod-like (tobacco mosaic 

virus), envelope-type (influenza virus, HIV) and complex-type 

viruses (bacteriophage T4).1 Simple viruses, such as spherical 

and rod-like viruses, possess supramolecular structures 

consisting of genome nucleic acids encapsulated in self-

assembled coat proteins called ‘capsids’. Capsid proteins of rod-

like viruses form helical assemblies along the nucleic acid, while 

capsid proteins of spherical viruses form capsule structures with 

icosahedral symmetry.1-5 The number and arrangement of 

capsid proteins of spherical viruses are related to the 

triangulation number (T number), which is derived from quasi-

equivalence theory (Figure 1A). The different letters (A–D) in 

Figure 1A denote different conformations of the same capsid 

protein. The T number usually refers to the number of 

unique/distinct structural environments or simply to the 

number of coat protein subunits present in an icosahedral 

asymmetric unit. Thus, most spherical viruses are formed by the 

self-assembly of multiples of 60 proteins (T × 60), which have an 

icosahedral symmetry including quasi-six-fold (threefold), 

fivefold and twofold symmetric axes. For example, the minute 

virus of mice (MVM, T = 1) capsid consists of 60 equivalent 

protein subunits,6 The tomato bushy stunt virus (TBSV, T = 3) 

capsid consists of 180 quasi-equivalent protein subunits7, 8 and 

the Nudaurelia capensis ω virus (NωV, T = 4) capsid consists of 

240 quasi-equivalent protein subunits (Figure 1B).9 There are 

also nonviral capsids formed by protein self-assembly in nature. 

Aquifex aeolicus lumazine synthase (AaLS) is an example of a 

nonviral, naturally empty dodecahedral capsid with a size of 16 

nm (Figure 1B).10 The clathrin lattice is a polyhedral structure 

with a size of about 100 nm, self-assembled from clathrin 

triskelion in the presence of Mg2+ ions.11, 12 Recently, the self-

assembly pathways of several viral capsids were revealed by 

mass spectroscopy, atomic force microscopy and electron 

microscopy.13-16 It was found that trimeric and/or pentameric 
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intermediates consisting of capsid proteins existed in these 

pathways. 

Over the past three decades, viral capsids have been 

recognised as attractive organic materials possessing discrete 

size, unique morphology, constant aggregation number and 

good cell-transfection ability. Thus, these materials have been 

utilised as carriers for drug delivery and as platforms for vaccine 

materials.17-21 In 1998, Douglas and co-workers demonstrated 

the mineralisation of polyoxometalates and the encapsulation 

of an anionic polymer in a cowpea chlorotic mottle virus (CCMV) 

capsid. At that time, the researchers suggested a new 

perspective on how to apply spherical viral capsids as 

nanocarriers and nanoreactors (Figure 2A),22 and since then , 

bio-nanotechnology utilising viral capsids has evolved 

considerably.23-28 For example, the encapsulation of inorganic 

nanoparticles (Figure 2B),29-31 enzymes (Figure 2C),32-36 

fluorescence proteins (Figure 2D)37-41 and synthetic polymers42 

into spherical viral capsids and viral capsid-like lumazine 

synthase (AaLS) has been reported in several studies. Surface 

decoration of spherical viral capsids with functional materials 

such as conductive nanoparticles (Figure 2E),43 DNA aptamers 

(Figure 2F)44, 45 and oligosaccharides46, 47 has also been reported. 

The natural and mutated viral capsids applied to bio-

nanotechnology can be produced by overexpression of the viral 

genome in the host. The construction of ‘tailor-made’ viral 

capsid-like nanocapsules from rationally designed synthetic 

molecules would notably contribute to advances in the bio-

nanotechnology field. The viral capsid-like nanocapsules are 

defined as spherical materials self-assembled from rationally 

designed peptide/protein with diameters of 20-250 nm having 

hollow inside, relative narrow size distribution, and roughly 

constant aggregation number. The formation of viral capsid-like 

Fig. 1 Structures and self-assembly of spherical viral capsids. (A) Illustration of icosahedral assemblies of capsid proteins with different 
triangulation numbers, where different letters denote different conformations of the same capsid protein (Reproduced with 
permission from ref. 5. Copyright 2008, Elsevior). (B) Comparison of the sizes of several spherical viruses (PDB entry: 1MVM, 1CWP, 
2TBV, and 1OHF) and Aquifex aeolicus lumazine synthase (AaLS, PDB entry: 1HQK). (C) Schematic model of the self-assembly of MVM 
capsid (Reproduced with permission from ref. 15. Copyright 2016, American Chemical Society). 
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nanocapsules is based on interactions among polypeptides, 

such as hydrogen bonds, electrostatic,  stacking and 

hydrophobic interactions, which is different from assembling 

mechanism of micelles and vesicles from amphiphilic molecules. 

However, the chemical strategies to create viral capsid-like 

assemblies from synthetic molecules are still at an early stage.48 

Fujita and co-workers developed many coordination cages 

with sizes of 3–8 nm, which were self-assembled from rationally 

designed organic ligands and palladium ions in water.49 

However, the size of these coordination cages was evidently 

smaller than that of natural spherical viruses. For example, 

M12L24 coordination cages were constructed by the self-

assembly of 12 Pd2+ ions and 24 bidentate ligands, and these 

structures were able to encapsulate ubiquitin, a small protein.50 

Recently, the researchers succeeded in constructing M30L60 

icosadodecahedron cages with a diameter of 8.2 nm, which 

consisted of 30 Pd2+ ions and 60 bidentate ligands.51  

DNA is promising as a scaffold for constructing virus-sized 

nanoarchitectures.52, 53 We previously demonstrated that a DNA 

three-way junction bearing self-complementary sticky ends can 

be self-assembled into spherical DNA assemblies (nucleo-

spheres) with sizes depending on the DNA concentration.54-58 

Joyce and co-workers demonstrated that a designed long single-

stranded DNA spontaneously folded to form octahedral 

structures with a size of 22 nm.59 Mao and co-workers reported 

that three-point-star DNA motifs could be self-assembled into 

tetrahedral (10 nm), dodecahedral (24 nm) or buckyball (42 nm) 

structures by controlling the flexibility and concentration of the 

material.60 Although these discrete, virus-sized DNA 

nanostructures are interesting, applying diverse functions to 

their surface might be restricted by a polyanionic charge. 

In contrast, diverse surface functions can be designed on 

peptide/protein assemblies, and to date, various artificial 

peptide/protein assemblies have been developed by the 

rational design of ligand–receptor interactions and domain 

swapping between two proteins, and secondary structure such 

as -sheet and -helix coiled-coil.61-68 The advantage of 

construction of nanostructures using peptide/protein is that 

they have a relatively rigid conformation and diverse surface 

properties such as cation, anion, hydrophilic and hydrophobic 

properties. The secondary structure formation of designed 

peptide/protein assemblies can be predicted from the primary 

sequence, so that the self-assembly process can be 

programmed. This feature article outlines recent progress in 

synthetic approaches to construct viral capsid-like spherical 

nanomaterials, especially using peptide/protein self-assembly. 

Fig. 2 Applications of spherical viral capsids in bio-nanotechnology. (A) Schematic illustration of the encapsulation of 
nanomaterials into viral capsids. (B) Encapsulation of an Au nanoparticle (AuNP) into a brome mosaic virus capsid 
(Reproduced with permission from ref. 30. Copyright 2006, American Chemical Society). (C) Encapsulation of horse radish 
peroxidase into a CCMV capsid (Reproduced with permission from ref. 32. Copyright 2007, Springer Nature). (D) 
Encapsulation of green fluorescence protein (GFP) into an AaLS capsid (Reproduced with permission from ref. 37. Copyright 
2006, American Chemical Society). (E) Decoration of AuNPs onto a cowpea mosaic virus (CPMV) capsid (Reproduced with 
permission from ref. 43. Copyright 2005, John Wiley and Sons). (F) Decoration of DNA aptamers on a CPMV capsid 
(Reproduced with permission from ref. 44. Copyright 2009, American Chemical Society). 
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2. Viral capsid-like particles self-assembled from 
amphiphilic macrocycles  

Calix[n]arenes and calix[n]resorcarenes are known as cone-

shaped macrocyclic host molecules having a relatively small 

cavity.69 These cone-shaped macrocycles function not only as 

selective receptors for various small guest molecules, but also 

as components of molecular assemblies.70 For example, Sakurai 

and co-workers demonstrated that calix[4]arene amphiphiles 

self-assembled into monodisperse micelles with discrete 

aggregation numbers whose values could be chosen between 6, 

8, 12, 20 and 32 (Figure 3A).71 Since some of these numbers 

coincide with the face numbers of Platonic solids, they were 

named ‘Platonic micelles’. Mendoza and co-workers reported 

the self-assembly of conically shaped carboxylic acid derivatives 

of calix[4]arene and calix[5]arene with uranyl cations UO2
2+ to 

afford octahedral and icosahedral metallocages.72 

Aoyama and co-workers developed calix[4]resorcarene-

based macrocyclic amphiphiles bearing eight disaccharide 

moieties (maltose, cellobiose or lactose) and four long-alkyl 

chains (Figure 3B).73-77 The glycocluster amphiphiles formed 

stable 5-nm micellar nanoparticles (glyco-nanoparticles) having 

an aggregation number of about 6. The glyco-nanoparticles 

agglutinated with Na2HPO4 via sugar-to-phosphate hydrogen 

bonding.75 The facile phosphate complexation of glyco-

nanoparticles suggests their potential application as a new type 

of DNA binder, especially as gene carriers.76 Indeed, glyco-

nanoparticles bearing cellobioses can be co-assembled with 

plasmid DNA pCMVluc (7040 bp) in a number-, size- and shape-

controlled manner to give artificial ‘glycoviruses’ of about 50 nm 

in diameter (Figure 2B). The surface -potential of glyco-

nanoparticles bearing cellobioses complexed with plasmid DNA 

was about 0 mV, indicating a dense glyco-nanoparticles coating 

on the surface. Cellobiose-containing glycoviruses with a viral 

size of about 50 nm functioned as effective gene carriers for 

HeLa cells based on size-dependent endocytosis, whereas the 

transfection ability of maltose- and lactose-bearing glycoviruses 

with a size of 200–300 nm was low.77 In contrast, lactose-

bearing glycoviruses were well transfected into HepG2 cells, 

which possess galactose-receptors, by receptor-mediated 

endocytosis. This pioneering work by Aoyama and co-workers 

opened the door to a new research field on ‘artificial viruses’. 

3. Viral capsid-like particles self-assembled from 
trigonal peptide conjugates  

3-1. Trigonal -structure-forming peptide assemblies  

As mentioned above, natural spherical viral capsids with 

icosahedral symmetry can be spontaneously formed by self-

assembly of proteins via threefold and fivefold symmetric 

protein oligomer intermediates.2-5 The clathrin lattice also self-

assembles from a threefold symmetric clathrin triskelion 

consisting of three proteins in the presence of Mg2+ ions, which 

participate in receptor-mediated endocytosis.11, 12 Viral and 

clathrin self-assembly is based on threefold symmetric 

structures with directed intermolecular interactions, which 

serve as a model for the design of artificial viral capsid-like 

nanoparticles. The threefold symmetric pre-organisation of 

peptide chains allows one to reduce the entropy loss during the 

self-assembling process and enables the formation of unique 

assemblies in water.  

In 2005, we first demonstrated the self-assembly of an 

artificial trigonal peptide conjugate containing three -sheet-

forming peptides [Trigonal(FKFE)2] into viral capsid-like 

nanoparticles (Figure 4A).78 Trigonal(FKFE)2 was synthesised by 

coupling the thiol groups of anti-parallel -sheet-forming 

peptides (CFKFEFKFE) with threefold symmetric iodoacetamide-

treated core molecules. Circular dichroism (CD) and Fourier-

transform infrared (FTIR) spectroscopy studies of an acidic 

aqueous solution of Trigonal(FKFE)2 showed the formation of an 

Fig. 3 (A) Platonic micelles self-assembled from calix[4]arene 
amphiphiles (Reproduced with permission from ref. 71). (B) 
Hierarchical growth of a calix[4]resorcarene amphiphile 
bearing disaccharides through nanoparticle (GNP) to 
glycovirus (Reproduced with permission from ref. 73. 
Copyright 2004, John Wiley and Sons). 
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anti-parallel -sheet structure, which indicates that 

Trigonal(FKFE)2 forms intermolecular assemblies, since it is not 

possible for a single Trigonal(FKFE)2 molecule to form such 

structures. Atomic force microscopy (AFM) images of 

Trigonal(FKFE)2 on a mica substrate showed the formation of 

domed structures with diameters of 35–70 nm and a z-height of 

(2.3 ± 0.4) nm. In contrast, the component peptide CFKFEFKFE 

formed nanofibers with a width of about 40 nm and a z-height 

of about 1.0 nm. The z-heights of the Trigonal(FKFE)2 assemblies 

on the mica substrate are twice those of peptide CFKFEFKFE 

nanofibers, suggesting that Trigonal(FKFE)2 might form hollow 

nanospheres in acidic solution. Scanning electron microscopy 

(SEM) images of Trigonal(FKFE)2 also showed the presence of 

spherical assemblies with sizes of 22–34 nm and concave 

structures with sizes of 50–100 nm, which might have been 

formed by collapse of the spherical assemblies on mica. The 

average diameter of the nanospheres in acidic solution was 

determined by dynamic light scattering (DLS) and was found to 

be (19.1 ± 4.0) nm. When two Trigonal(FKFE)2 molecules form 

an anti-parallel sheet, the distance between the two core 

benzene rings is estimated to be about 5.8 nm from the 

molecular model. Assuming that the distance is a side of a 

dodecahedron, the diameter of the assembly is calculated to be 

about 16 nm for a dodecahedron structure. This estimated 

diameter is comparable to the average diameter of the 

nanospheres observed by DLS.  

On the other hand, wheel-like trigonal peptide conjugates 

(Wheel-FKFEs) consisting of three -sheet-forming peptides 

FKFECKFE were self-assembled into nanofibers with a width of 

3–4 nm.79 Apparently, the peptide units of Wheel-FKFEs in 

nanofibers form anti-parallel -sheets with attractive 

intermolecular ionic complementarity. Since Wheel-FKFEs have 

the potential to limit their conformation to planar triangular 

structures by the formation of intramolecular salt bridges, the 

planarity of Wheel-FKFEs can also promote the stacking 

assembly. 

A tryptophan zipper is a secondary structure motif that 

forms a stable twisted -hairpin structure due to the interaction 

between tryptophan residues.80-82 We also synthesised a 

trigonal peptide conjugate bearing three tryptophan zipper-

forming peptides CKTWTWTE (Trigonal-WTW).83 CD spectra 

showed that Trigonal-WTW formed tryptophan zipper 

structures at pH 7 and 11, but not at pH 3. SEM images of the 

conjugate showed the formation of nanospheres with a size of 

about 30 nm at pH 7 (Figure 4B), which is in good agreement 

with the average diameter obtained by DLS (19.8 ± 1.9 nm). In 

contrast, only irregular aggregates were observed in the SEM 

images at pH 3. At pH 11, a mixture of spherical assemblies with 

sizes of 30–50 nm and fibrous assemblies with a width of about 

5 nm (beads-on-string structure) was formed. The isoelectric 

point (pI) was estimated to be 7.1, and therefore, Trigonal-WTW 

possesses a zwitterionic structure at pH 7. Apparently, Trigonal-

WTW arranges into nanospheres by forming intermolecular 

anti-parallel -sheet-like structures (including tryptophan 

zippers) due to an attractive ionic complementarity. In contrast, 

the trigonal conjugate of CKTFTFTE, in which the W of Trigonal-

WTW is replaced by F, did not give a spherical structure 

regardless of the pH. Therefore, the formation of pH-dependent 

spherical structures is characteristic for Trigonal-WTW. 

By adopting a similar strategy, Ryadnov and co-workers 

reported that a trigonal conjugate of -Ala-Lys-Lys hub bearing 

three tryptophan zipper-forming peptides (RRWTWE) self-

assembled into spherical capsules with a diameter of 20–200 

nm (Figure 4C).84 The peptide nanocapsules self-assembled 

from the trigonal conjugates can be utilised to deliver short 

interfering RNAs (siRNAs) to promote gene silencing in 

mammalian cells. Moreover, these nanocapsules showed 

antimicrobial activity in bacterial cultures. 

 

3-2. Trigonal glutathione assemblies 

It has been reported that even simple dipeptide and tripeptide 

derivatives function as self-assembly units. Gazit and co-

workers found that the aromatic dipeptide FF, which is the 

hydrophobic core motif of -amyloid, formed crystalline 

nanotube assemblies in water.85, 86 Atkins and co-workers 

reported that oxidised glutathione formed fibrous assemblies in 

dimethyl sulfoxide to become an organogel,87 and that a 

pyrene-glutathione conjugate self-assembled into a hydrogel.88 

We found that the trigonal conjugation of glutathione 

(Trigonal glutathione, TG) formed spherical assemblies with 

Fig. 4. Peptide nanospheres self-assembled from trigonal 

conjugates of -structure-forming peptides. (A) 
Trigonal(FKFE)2 (Reproduced with permission from ref. 78. 
Copyright 2005, American Chemical Society). (B) Trigonal-
WTW (Reproduced with permission from ref. 83. Copyright 
2011, Royal Society of Chemistry). (C) Trigonal conjugate 
bearing three tryptophan zipper-forming peptides, 
developed by Ryadnov et al. (Reproduced with permission 
from ref. 84. Copyright 2016, Royal Society of Chemistry). 
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sizes of 100–250 nm in water (Figure 5A), whereas reduced 

glutathione afforded only irregular aggregates in water.89 

Interestingly, the size of the assemblies was minimally affected 

by concentration and pH. The nanospheres underwent 

structural changes from hollow to filled spheres depending on 

the concentration. The SEM image of 1 mM TG shows the 

formation of wrinkly collapsed spherical assemblies (Figure 4A), 

suggesting the existence of a hollow interior. In contrast, hard 

spheres were observed in the SEM image at a higher 

concentration of 10 mM, suggesting the existence of filled 

spheres. Equilibrium dialysis experiments showed that guest 

molecules such as uranine were effectively encapsulated into 

hollow nanospheres at lower concentrations, whereas their 

encapsulation into filled nanospheres became more difficult at 

higher TG concentrations. Recombination of the disulfide bonds 

of the guest-encapsulated TG nanospheres occurred by adding 

dithiothreitol as a reducing agent. As a result, glutathione was 

released while maintaining the nanosphere structure, and the 

guest molecules were gradually released.90 Thus, it was shown 

that TG is useful as a drug carrier responding to a reducing 

environment. 

We also synthesised a novel trigonal glutathione conjugate 

having a 1,3,5-tris(aminomethyl)-2,4,6-triethylbenzene core 

(Figure 5B).91 Three glutathione units were regulated to orient 

toward the same side of a benzene ring due to the alternative 

conformation of the core. The conformation-regulated trigonal 

glutathione self-assembled into hard spherical structures with 

sizes of (310 ± 50) nm (Figure 4B), which had regular 

morphologies and enhanced rigidities compared to particles 

formed from conformationally non-regulated trigonal 

glutathione. 

Another example of a trigonal conjugate bearing short 

peptides was reported by Gazit and co-workers,92 who designed 

a trigonal conjugate of di-tryptophan (WW) having a tertiary 

amine core inspired by the clathrin triskelion. The trigonal-WW 

conjugate self-assembled into nanospheres with diameters of 

200–500 nm in a 60% methanol/water mixture. In contrast, a 

conjugate containing an FF dipeptide connected to the tertiary 

amine scaffold afforded the formation of nanotubes with the 

sporadic appearance of vesicular structures, indicating that the 

WW dipeptide is a critical core motif, which is essential for the 

formation of nanospheres. 

 

3-3. Trigonal coiled-coil-forming peptide assemblies  

A coiled-coil structure is a super secondary structure consisting 

of a bundle of right-handed -helixes frequently found in 

natural proteins, which are also important structural motifs for 

constructing peptide self-assemblies.93 A coiled-coil structure 

can be designed by choosing the proper arrangement of 

hydrophobic, electrostatic and hydrogen bonding amino acid 

residues on the helical wheel. Arai and co-workers 

demonstrated that a dimeric 4-helix bundle coiled-coil structure 

bearing a trimeric foldon domain self-assembled into a 6-mer 

barrel, a 12-mer tetrahedron, an 18-mer triangle pole and a 24-

mer cube.94 Jerala and co-workers developed a novel strategy, 

named ‘peptide origami’, for constructing discrete tetrahedral 

objects with a 5 nm edge from single polypeptide chains 

composed of 12 concatenated coiled-coil-forming segments.95-

97 Robinson and co-workers demonstrated that coiled-coil-

forming peptides bearing lipid tails self-assembled into viral 

capsid-like particles with a size of about 20 nm (Figure 6A).98 

They also showed that multiple copies of a peptide antigen, 

such as the V3 region of gp120 from HIV‐1, can be displayed on 

these particles —and that they can be used for the adjuvant free 

stimulation of antigen-specific humoral immune responses. 

Ryadnov and co-workers designed a coiled-coil dimer with a 

disulfide bond to self-assemble into dendrimeric viral capsid-

like shells with a size of 20 nm.99 These shells were able to 

encapsulate DNA and siRNA and transfer them into human cells. 

The trigonal conjugation of coiled-coil-forming peptides 

facilitates the self-assembly into spherical structures, similar to 

the case of trigonal -sheet-forming peptides. For example, 

Woolfson and co-workers demonstrated that two 

complementary trigonal hubs composed of coiled-coil bundles 

(Hub A and Hub B) co-assembled into unilamellar spheres with 

a size of (97 ± 19) nm (Figure 6B).100 AFM images of the peptide 

cage on a mica substrate showed flattened discs, (9.2 ± 1.0) nm 

thick, which indicates that the peptide cages are hollow and 

unilamellar. Recently, Ryadnov and co-workers developed a 

trigonal conjugate of K--Ala-K--Ala hub bearing three 

antimicrobial peptides with positive charges [C3 (+) strand], 

which selectively formed a coiled-coil structure together with a 

complementary antagonist peptide with negative charges [C1 

() strand] (Figure 6C).101 The C1() strand has a Cys cap at the 

N-terminus, which acts as a proximal cross-linker for the 

Fig. 5. Peptide nanospheres self-assembled from trigonal 
conjugates of glutathione. (A) Trigonal-glutathione 
(Reproduced with permission from ref. 89. Copyright 2009, 
Royal Society of Chemistry). (B) Conformation-regulated 
trigonal-glutathione (Reproduced with permission from ref. 
91. Copyright 2010, Chemical Society of Japan). 
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peptides and induces hydrophobic clustering. High-resolution 

TEM images of a C3 (+) strand (100 μM) assembled with a C1 () 

strand at a 1:3 molar ratio showed broadly spherical assemblies 

with an average diameter of (17.9 ± 6.7) nm. This diameter is 

comparable to the expected diameter (~20 nm) for a model 

icosahedral assembly with T = 4. Cryo-TEM and tomography 

analyses of the capsid-like assemblies revealed hollow shells 

having diameters of 20–24 nm. The capsid-like assemblies 

consisting of a C3 (+) strand showed a strongly antimicrobial 

activity with no apparent haemolytic behaviour at micromolar 

concentrations. High-speed AFM imaging revealed that the 

capsid-like assemblies attack bacterial membranes and upon 

landing on phospholipid bilayers, they instantaneously convert 

into rapidly expanding pores, causing membrane lysis. Thus, the 

designed capsids destroy bacteria on contact. 

As stated above, the number of examples of the 

construction of viral capsid-like nanospheres based on trigonal 

arrangements of self-assembling peptides is constantly 

increasing, and this procedure has now been accepted as a 

general method for molecular design. 

4. Viral capsid-like nanocapsules self-assembled 

from viral -annulus peptides 

4-1. Self-assembly of -annulus peptide from TBSV 

Although the self-assembly of trigonal peptide conjugates 

affords nanospheres, it is difficult to selectively modify the 

surface and interior of these structures. If viral capsid-like 

nanocapsules can be constructed from peptide fragments 

containing subunits of viral capsids, such peptide fragments 

would be promising candidates as components of ‘chemically 

designable artificial viral capsids’. Many spherical viruses, such 

as the sesbania mosaic virus,102 the desmodium yellow mottle 

tymovirus,103 the ryegrass mottle virus,104 the cucumber 

necrosis virus,105 the tobacco necrosis virus,106 the turnip yellow 

mosaic virus,107 and the TBSV7, 8 have a ‘annulus motif’, which 

is a trimeric annular -structure. The TBSV capsid is formed by 

the self-assembly of 180 quasi-equivalent protein subunits 

containing 388 amino acids in which the -annulus motif 

participates in the formation of a dodecahedral internal 

skeleton.7, 8 

Fig. 6 Peptide nanospheres self-assembled from coiled-coil-forming peptides. (A) Coiled-coil-forming peptides bearing lipid tails and 
antigens developed by Robinson et al. (Reproduced with permission from ref. 98. Copyright 2007, John Wiley and Sons). (B) 
Complementary trigonal hubs composed of coiled-coil bundles (Hub A and Hub B) to form a spherical cage developed by Woolfson et 
al. (Reproduced with permission from ref. 100. Copyright 2013, American Association for the Advancement of Science). (C) Trigonal 
conjugates of coiled-coil-forming antimicrobial peptides [C3 (+) strand] and the complementary antagonist peptide [C1 (-) strand] 
developed by Ryadnov et al. (Reproduced with permission from ref. 101). 
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In 2010, we found that 24-mer -annulus peptides 

(INHVGGTGGAIMAPVA VTRQLVGS) of TBSV spontaneously self-

assembled into hollow nanocapsules in water (Figure 7A).108 

TEM images revealed the formation of spherical assemblies 

(artificial viral capsids) with sizes of 30–50 nm (Figure 7B), and 

the average diameter, as determined by DLS, was (48 ± 7) nm in 

water (Figure 7C). It seems interesting that only the 24-mer -

annulus peptide fragment from TBSV formed a spherical 

structure without forming a unimolecular folded structure or a 

fibre structure. A synchrotron small angle X-ray scattering 

(SAXS) profile of the aqueous solution of a -annulus peptide 

showed two power-law slopes: q−1 at the lower scattering 

vector region and q−4 at the intermediate q region, and a 

secondary peak at higher q regions (Figure 7D). The SAXS profile 

was fitted well to a theoretical equation for a vesicle model with 

a radius of gyration of (25 ± 11.2) nm and a wall thickness of (7.0 

± 1.4) nm, indicating the existence of a cavity inside the artificial 

viral capsid. The critical aggregation concentration (CAC) of the 

-annulus peptide was determined from the concentration 

dependence of the DLS count rate and was found to be 25 M 

in water at 25°C. The size and morphology of the artificial viral 

capsid were minimally affected at concentrations above CAC, 

indicating that spherical assemblies with sizes of about 30–50 

nm are thermodynamically stable. We also demonstrated that 

the -annulus peptide of a sesbania mosaic virus bearing an 

FKFE sequence at the C-terminus self-assembled into 

nanospheres with a size of about 30 nm in an acidic aqueous 

solution.109 

Fig. 7 Artificial viral capsids self-assembled from 24-mer -annulus peptides from TBSV. (A) Schematic illustration of the self-
assembly. (B) TEM image of the artificial viral capsids. (C) Size distribution of the artificial viral capsids, obtained from DLS 
experiments. (D) Synchrotron small angle X-ray scattering (SAXS) profile (red curve) of an aqueous solution of the artificial viral 
capsids. The black curve corresponds to the theoretical SAXS profile of a hollow capsule. Reproduced with permission from ref. 
108. Copyright 2010, John Wiley and Sons. 

Fig. 8 (A) Effect of the pH on the the -potentials of artificial 

viral capsids self-assembled from -annulus peptides. (B) 

Expected charges on -annulus peptides at various pH values. 
Reproduced with permission from ref. 110.  Copyright 2013, 
Springer Nature. 
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4-2. Encapsulation into artificial viral capsids 

Although natural TBSV capsids encapsulate RNA, artificial viral 

capsids self-assembled from -annulus peptides of TBSV are 

expected to encapsulate various guest molecules in their hollow 

interior. To investigate the surface charge on the artificial viral 

capsids, we measured the pH dependence of the -potential 

(Figure 8).110 The results indicate that the surface -potentials 

of the artificial viral capsids are dominated by the charges of the 

C-terminal sequence (RQLVGS-COOH), and that the N-terminal 

sequence (H2N-INH) has a minimal effect. Our observations 

suggest that the C-terminal is directed to the outer surface, 

whereas the N-terminal is directed to the interior of the artificial 

capsids, which corresponds to the terminal-direction of the 

natural TBSV capsid. Thus, the interior of the peptide 

nanocapsules should be cationic at pH 7. Actually, the artificial 

viral capsids tended to encapsulate anionic dyes rather than 

cationic dyes. 

Polyanionic M13 phage DNA was also encapsulated in the 

artificial viral capsids (Figure 9A).110 An aqueous solution of -

annulus peptide was gradually added to an aqueous solution of 

M13 phage DNA at pH 4.3 to produce equimolar complexes of 

the cation and the anion. The DNA/-annulus peptide 

complexes did not precipitate, and their average size was 

estimated (by DLS) to be (82 ± 17) nm. TEM observations of 

complexes stained with cisplatin, which selectively binds to DNA, 

showed the formation of globular DNA particles with a diameter 

of (30±7) nm (Figure 9B, D), whereas in the absence of -

annulus peptides, DNA molecules with irregular morphology 

were observed by TEM. When an uranyl acetate stain was 

added to DNA/peptide 1 complexes previously stained with 

cisplatin, core-shell nanospheres with a diameter of (95 ± 13) 

nm were observed by TEM (Figure 9C, D). These results indicate 

that the M13 phage DNA was compacted and encapsulated in 

the artificial viral capsids to form core-shell spheres. This 

dynamic transformation into core-shell nanospheres is one of 

the most important features of the present -annulus peptide 

assemblies. This behaviour is consistent with the proposed 

dynamic equilibrium of -annulus peptide assemblies, which 

allows them to re-organise upon the binding of guest molecules. 

An in situ analysis of the encapsulation behaviour of anionic 

CdTe quantum dots (3 nm) into artificial viral capsids was 

performed by using fluorescence correlation spectroscopy (FCS) 

(Figure 10A),111 which is a technique in which spontaneous 

fluorescence intensity fluctuations are measured in a 

microscopic detection volume. The autocorrelation function 

(G(t)) of the aqueous dispersion of CdTe nanoparticles alone 

Fig. 9 (A) Schematic representation of the encapsulation of 
M13 phage DNA into the cationic interior of artificial viral 

capsids self-assembled from -annulus peptides. (B, C) TEM 

images of aqueous solutions of -annulus peptides in the 
presence of M13 phage DNA stained with cisplatin (B) and 
with cisplatin followed by uranyl acetate (C).  (D) Size 
distribution obtained from TEM images stained with cisplatin 
(red) and cisplatin + uranyl acetate (blue). Reproduced with 
permission from ref. 110. Copyright 2013, Springer Nature. 

Fig. 10 (A) Schematic illustration of the encapsulation of CdTe 
quantum dots into the cationic interior of artificial viral capsids 

self-assembled from -annulus peptides. (B) Normalized 

autocorrelation curves of a mixture of CdTe NPs (0.1 M) and 

annulus peptides at 0–500 M, obtained from fluorescence 
correlation spectroscopy (FCS). (C) TEM image of CdTe NP-
encapsulated artificial viral capsids stained with ruthenium 
tetroxide. The arrows show the positions of the CdTe NPs. 
Reproduced with permission from ref. 111.  Copyright 2016, 
Chemical Society of Japan. 
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showed a simple sigmoidal decay curve, which was fitted well 

to the theoretical equation for a single-component model. In 

contrast, the autocorrelation function of CdTe nanoparticles in 

the presence of 50–200 M -annulus peptide showed a two-

step decay curve, which was fitted to the dual-component 

model, indicating the co-existence of fast and slow components 

(Figure 10B). At 500 M, the autocorrelation function curve was 

fitted to a single-component model comprising only a slow 

component. The apparent hydrodynamic diameters were 

calculated using the Stokes–Einstein equation and the diffusion 

time of the CdTe nanoparticles was determined by FCS curve 

fitting. The apparent diameter of the fast component was 

estimated to be about 3 nm, which corresponds to the diameter 

of CdTe nanoparticles, whereas the diameter of the slow 

component appeared at -annulus peptide concentrations of 

50–500 M and were estimated to be about 30–50 nm, which 

is similar to the diameter of artificial viral capsids. These results 

indicate that CdTe nanoparticles were encapsulated into the 

artificial viral capsids at concentrations above 50 M, which 

corresponds to the CAC of the -annulus peptide (25 M). A 

TEM image of CdTe nanoparticles in the presence of -annulus 

peptides (stained with RuO4) showed that many CdTe 

nanoparticles overlapped with the peptide assemblies, and that 

almost no nanoparticles were observed outside the capsid 

(Figure 10C), suggesting that most nanoparticles were 

encapsulated.  

Fig. 11 (A) Schematic illustration of encapsulation of His-tagged GFP into the artificial viral capsids self-assembled from Ni-NTA-

modified -annulus peptide. (B) Size exclusion chromatograph of the artificial viral capsids (upper), His-tagged GFP (middle), 

and equimolar mixture of His-tagged GFP and Ni-NTA-modified -annulus peptide (lower). (C-E) Size distributions obtained from 

DLS of the artificial viral capsids (C), His-tagged GFP (D), and equimolar mixture of His-tagged GFP and Ni-NTA-modified -
annulus peptide (E). Reproduced with permission from ref. 112.  Copyright 2016, Royal Society of Chemistry. 



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 11  

Please do not adjust margins 

Please do not adjust margins 

Since —as mentioned above— the N-terminals of -annulus 

peptides are directed toward the interior, the N-terminal 

modification of these peptides could enable selective 

encapsulation within artificial viral capsids. To encapsulate His-

tagged proteins into artificial viral capsids, -annulus peptides 

modified with Ni-NTA (nitrilotriacetic acid) at the N-terminal 

were synthesised (Figure 11A).112 The Ni-NTA-modified -

annulus peptide self-assembled into artificial viral capsids with 

a size of (46.8 ± 10.5) nm (Figure 11C), which is comparable to 

the diameter of artificial viral capsids self-assembled from 

unmodified 24-mer -annulus peptides. The concentration 

dependence of Ni-NTA-modified -annulus peptide scattering 

intensities indicated that the CAC at 25°C is 0.053 M, which is 

470 times lower than the CAC of unmodified -annulus peptides 

under the same conditions. Size exclusion chromatography 

(SEC) studies of Ni-NTA-modified -annulus peptide assemblies 

and His-tagged green fluorescence protein (His-tagged GFP) 

alone showed single elution peaks at 7.52 and 9.02 min, 

respectively. SEC experiments of equimolar mixtures of His-

tagged GFP and the Ni-NTA-modified peptide assembly showed 

two elution peaks at 7.02 and 9.62 min (Figure 11B), reflecting 

91% encapsulation of GFP in the artificial viral capsids and 9% 

free GFP, respectively. A DLS study of equimolar mixtures of His-

tagged GFP and the Ni-NTA-modified peptide assembly gave 

average diameters of (50.0 ± 17.5) nm (Figure 11E), suggesting 

that encapsulation of His-tagged GFP had only a minimal effect 

on the size distribution. 

Similarly, fluorescent ZnO nanoparticles (10 nm) were 

encapsulated in artificial viral capsids self-assembled from -

annulus peptides bearing a ZnO-binding sequence (HCVAHR) at 

the N-terminal.113 DLS experiments showed that in the presence 

of the peptide, the ZnO nanoparticles formed assemblies with 

an average size of (48 ± 24) nm, whereas in the absence of the 

peptide the nanoparticles formed large aggregates. The 

fluorescence spectrum of ZnO nanoparticles in the presence of 

ZnO-binding -annulus peptide exhibited an enhanced emission 

peak at 410 nm, which is ascribed to the electronic passivation 

effect caused by the interaction between the ZnO-binding 

peptide and the ZnO surface encapsulated in the artificial viral 

capsid. We envisage that the artificial viral capsid can 

encapsulate various inorganic materials, biomacromolecules 

and synthetic polymers through proper modification of their 

interior. 

 

4-3. Surface decoration of artificial viral capsids 

As described above, it was suggested that the C-terminals of -

annulus peptides are directed toward the outer surface of 

artificial viral capsids. Thus, it is possible to create artificial viral 

capsids decorated with functional molecules at the outer 

surface by proper modification of the C-terminals of the -

annulus peptide. For example, artificial viral capsids decorated 

with gold nanoparticles (AuNPs) can be constructed by self-

assembly of -annulus peptides modified with AuNP at the C-

terminal (Figure 12A).114 An AuNP–-annulus peptide conjugate 

was prepared by mixing Cys-containing -annulus peptide at 

the C-terminal with AuNPs at a concentration below the CAC, 

followed by protection with thioctic acid. After concentrating to 

above the CAC, TEM images and DLS experiments showed the 

formation of AuNP assemblies with diameters of 30–60 nm 

(Figure 12B, C). The -potential of the AuNP assemblies at pH 

4.6 was (−30.5 ± 9.8) mV, reflecting charges of thioctic acid on 

the AuNPs, whereas that of unmodified artificial viral capsids at 

the same pH was (0.01 ± 9.8) mV. These results indicate that 

AuNPs decorated the outer surface of the artificial viral capsids. 

Single-strand DNA-decorated artificial viral capsids can also 

be constructed by self-assembly of -annulus peptides 

connected to DNA at the C-terminal (Figure 13A).115 DNA-

conjugated -annulus peptides were prepared by the reaction 

of Cys of -annulus peptides at the C-terminal with maleimide-

modified DNAs (dA20 and dT20). The dA20-conjugated -annulus 

peptides self-assembled into artificial viral capsids with sizes of 

45–160 nm, despite anionic repulsion (Figure 13B, C). When 

complementary polynucleotides (poly-dT) were added to the 

dA20-decorated artificial viral capsids, aggregates were formed 

(Figure 13D, E). In contrast, such aggregation was minimally 

observed in an equimolar mixture of dA20-conjugated -annulus 

peptides and non-complementary Poly-dA (Figure 13F, G). 

These results indicate that DNA displayed on the surface of an 

artificial viral capsid can recognise the complementary DNA, 

which induces aggregation of the DNA-coated capsids by 

crosslinking among capsids with polynucleotide chains. 

Fig. 12 Gold nanoparticles (AuNPs)-decorated artificial viral 
capsids. (A) Schematic illustration of the self-assembly. (B) TEM 
image. (C) Size distribution obtained from DLS. Reproduced with 
permission from ref. 114. Copyright 2014, Springer Nature. 
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Some natural viruses, such as adenovirus and influenza 

virus, have protein spikes on their surface, and it is known that 

the spikes on the viral capsid increase cell-surface recognition 

and infectivity owing to the increased surface area. To construct 

artificial viral capsids bearing protein spikes, we designed a 

complementary dimeric coiled-coil-forming -annulus peptide 

(Figure 14A).116 A -annulus peptide bearing a coiled-coil-

forming sequence at the C-terminus (-annulus-coiled-coil-B) 

was synthesised by a native chemical ligation of -annulus-SBn 

peptide with Cys-containing coiled-coil-B peptide. The peptide 

self-assembled into an artificial viral capsid with a size of about 

50 nm (Figure 14B, C). CD spectra showed the formation of 

coiled-coils with the addition of complementary coiled-coil-A 

peptide to the coiled-coil-B-displayed artificial viral capsid. A 

DLS study of the 4:1 mixture of -annulus-coiled-coil-B peptide 

and coiled-coil-A peptide showed the formation of assemblies 

with a size of (46 ± 14) nm (Figure 14E), which is comparable to 

the size of an artificial viral capsid self-assembled from -

annulus-coiled-coil-B peptide alone (Figure 13C). A TEM image 

of the 4:1 mixture showed the formation of spherical 

assemblies with a size of 60 nm bearing grains of about 5 nm on 

the surface (Figure 14D). We believe that these grains could be 

ascribed to dimeric coiled-coil spikes. In contrast, the TEM 

image of the 1:1 mixture indicated the formation of fibrous 

assemblies with a length of about 1 m (Figure 14F), which is 

Fig. 13 (A) Schematic illustration of formation of DNA-decorated 
artificial viral capsids. (B, C) TEM image and size distribution 
obtained from DLS of dA20-decorated artificial viral capsids. (D-
G) TEM images and size distributions obtained from DLS of dA20-
decorated artificial viral capsids in the presence of poly-T (D, E) 
and in the presence of poly-dA (F, G). Reproduced with 
permission from ref. 115.  Copyright 2017, John Wiley and Sons. 

Fig. 14 (A) Schematic illustration of the formation of artificial 
viral capsids bearing coiled-coils at the surface and fibrous 
assemblies. (B, C) TEM image and size distribution obtained 

from DLS experiments of an aqueous solution of -annulus-
coiled-coil-B peptides. (D-G) TEM images and size distributions 
obtained from DLS measurements on 4:1 (D, E) and 1:1 mixtures 

(F, G) of annulus-coiled-coil-B peptide and coiled-coil-A. 
Reproduced with permission from ref. 116. Copyright 2017, 
Royal Society of Chemistry. 
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supported by the size distribution obtained from DLS 

measurements (Figure 14G).  

As described above, artificial viral capsids decorated with 

AuNPs, DNA and coiled-coil peptides have been developed. We 

envisage that the present strategy for surface decoration of 

artificial viral capsids could be extended to the creation of 

functional artificial viral capsids modified with various 

biomacromolecules such as enzymes, receptor proteins, 

antigens and so on. 

5. Viral capsid-like nanocapsules self-assembled 
from designed proteins 

Another approach to constructing viral capsid-like nanocapsules 

involves the use of rationally designed proteins. In 2001, a 

pioneering work on the construction of three-dimensional 

protein cage assemblies was reported by Yeates and co-

workers,117, 118 who revealed that a fusion protein consisting of 

a trimer-forming unit (bromoperoxidase) and a dimer-forming 

unit (M1 matrix protein of the influenza virus) connected by a 

helical linker self-assembled into 16-nm tetrahedral protein 

cages (Figure 15A).119 The researchers also succeeded in 

constructing 22.5-nm cubic structures by self-assembly of a 

fusion protein of KDPG aldolase as the trimer-forming unit with 

FkpA protein as the dimer-forming unit (Figure 15B).120 

Recently, Baker and co-workers demonstrated the 

computational design of a 25-nm icosahedral nanocage that 

self-assembles from trimeric protein building blocks (Figure 

15C).121 Cryo-TEM experiments showed that the designed 

protein (I3-01) self-assembled into a homogenous population of 

icosahedral particles nearly identical to the design model. 

Interestingly, the I3-01 protein cages were very stable to 

denaturation and heat (up to 80ºC). The fusion protein 

Fig. 15 Viral capsid-like nanocapsules self-assembled from rationally designed proteins. (A) Tetrahedral protein cage developed by 
Yeates et al. (Reproduced with permission from ref. 119, Copyright 2013, American Chemical Society). (B) Cubic protein cage 
developed by Yeates et al. (Reproduced with permission from ref. 120. Copyright 2014, Springer Nature). (C) Icosahedral protein cage 
self-assembled from trimeric protein building blocks developed by Baker et al. (Reproduced with permission from ref. 121. Copyright 
2016, Springer Nature). (D) Icosahedral protein cage co-assembled from pentameric and trimeric protein building blocks developed 
by Baker et al. (Reproduced with permission from ref. 122, Copyright 2016, American Association for the Advancement of Science). 

(E) Protein nanocapsule self-assembled from cationic and anionic -lactoglobulin A-PEG conjugates developed by Nallani et al. 
(Reproduced with permission from ref. 123, Copyright 2017, John Wiley and Sons). 
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consisting of I3-01 and superfolder GFP (I3-01-sfGFP) self-

assembled into a GFP-decorated icosahedral protein cage, 

which functions as a highly fluorescent ‘standard candle’ for use 

in light microscopy. Moreover, the researchers designed co-

assembling, two-component proteins, which assembled into 

120-subunit icosahedral protein nanostructures with diameters 

of 24–40 nm.122 For example, an I53 architecture is formed from 

the combination of 12 pentameric building blocks and 20 

trimeric building blocks aligned along the fivefold and threefold 

icosahedral symmetry axes, respectively (Figure 15D). TEM and 

SAXS investigations revealed that the designed proteins form 

icosahedral cages closely matching the computational design 

models. Supercharged GFP (net charge: -30) can be 

encapsulated into icosahedral protein cages having a cationic 

interior through charge complementarity. 

A simple approach for constructing protein nanocapsules 

was demonstrated by Nallani and co-workers (Figure 15E),123 

who synthesised conjugates composed of -lactoglobulin A and 

poly(ethylene glycol) with a negative [LGA-PEG ()] and a 

positive [LGA-PEG (+)] supercharge, respectively. An 

equimolar mixture of oppositely charged LGA-PEG conjugates 

self-assembled into spherical protein capsules with diameters 

of 80–100 nm. Guest molecules such as GFP and fluorescein 

isothiocyanate (FITC)–dextran were encapsulated into the 

protein nanocapsules without influencing the self-assembly. It 

is expected that this simple approach to construct nanocapsules 

would be applicable to other globular proteins. 

Conclusions and perspective 

This review article discussed recent advances in molecular 

design for the construction of viral capsid-like spherical 

nanoassemblies. Trigonal conjugation of self-assembling 

peptides, such as -sheet-forming peptides, glutathione and 

coiled-coil-forming peptides, is becoming a general strategy to 

construct viral capsid-like nanoparticles. -Annulus peptides, 

which are viral peptide fragments participating in the formation 

of internal skeletons, are also useful for self-assembling units to 

construct viral capsid-like nanocapsules. More precise viral 

capsid-like nanocapsules have been constructed by self-

assembly of rationally designed fusion proteins bearing 

symmetric assembling units.  

The advantages of peptide-based viral capsid-like 

nanocapsules include diverse molecular designs and the ease 

for syntheses, but the relatively broad size distribution should 

still be overcome. A dynamic equilibrium in the self-assembly of 

peptide-based viral capsid-like nanocapsules facilitates 

encapsulation and release of guest molecules such as drugs, 

proteins and nucleic acids. Also, various functionalities including 

cell-targeting ability, releasing ability of included materials, 

catalytic ability, stimuli-responding ability and immunogenicity 

can easily be introduced into the peptide-based viral capsid-like 

nanocapsules, and these functionalised artificial viral capsids 

could then be applied as drug carriers, vaccine platforms, 

nanotemplates and nanoreactors. Understanding the 

assembly/disassembly mechanism of viral capsid-like 

nanocapsules by thermodynamic and kinetic analysis is 

important issue for the applications.124-126 Comparison of 

assembly/disassembly mechanism of between natural and 

artificial viral capsids would provide novel design strategy for 

synthetic viral capsid-like nanocapsules. 

Future targets for the investigation of artificial viral capsids 

include the development of envelop-type127, 128 and self-

replicating artificial viruses as well as the analysis of the self-

assembly process under molecular crowding conditions.129 

Another interesting feature of natural viral capsids is post-

modification of viral capsids during the replication cycle to 

change the morphology of their capsids or reinforce their 

capsids. Development of artificial viral capsids having such 

evolutional feature is also included in next target. We believe 

that these synthetic-chemistry-based viral capsid-like materials 

could open up new areas of research in supramolecular 

chemistry, peptide chemistry, protein engineering, medicinal 

chemistry and nanotechnology. 
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