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Abstract: Well-defined containers constructed from multiple protein subunits are a unique class of nanomaterial 
useful in supramolecular chemistry and biology. These protein cages are widespread in nature, where they are 
responsible for a diversity of important tasks. As such, producing our own designer protein cages, complete 
with bespoke functionalities, is a promising avenue to new nanodevices, biotechnology and therapies. Herein, 
we describe how an artificial, computationally designed protein cage can be rationally engineered using supra-
molecular intuition to produce new functional capsules. Positive supercharging the interior cavity of this porous 
protein cage enables the efficient encapsulation of oligonucleotides by electrostatically-driven self-assembly. 
Moreover, the resulting cargo-loaded cages enter mammalian cells and release their cargo, for example siRNA 
which modulates gene expression. To expand the cargo scope of this proteinaceous container, a higher level of 
supramolecular complexity can also be introduced. Encapsulation of anionic surfactants affords protein-scaf-
folded micelles, which are capable of sequestering poorly water-soluble small molecules within their hydrophobic 
cores. These hybrid particles stably carry bioactive cargo and deliver it intracellularly, thereby increasing potency. 
Further development of these genetically-encoded materials is ongoing towards specific applications ranging 
from cell biology to medicine.
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Introduction
The reliable delivery of diverse molecules to specific tissues 

remains a grand challenge in medicine. As such, considerable ef-
fort and resources have been invested in the research of delivery 
systems that could function in the human body. In this field of 
study, the most popular carriers are undoubtedly nanoparticles,[1] 
which may be comprised of lipids, polymers, metals, graphene, 
nucleic acids, peptides or combinations thereof.[2] While new 
studies appear on a daily basis, discrepancy between the number 
of research reports describing novel systems and actual clinical 
progress is concerning.[3] Major reasons for this incongruity in-
clude the complexity of design, and thus challenging synthesis, 
of these functional nanocarriers,[4] combined with concerns over 
the biocompatibility of synthetic materials. Taking a page from 
Nature’s assembly manual, it is evident that protein nanotech-
nology has the potential to overcome some of these limitations. 
In the context of molecular delivery, proteins that form stable, 
structurally well-defined, shell-like nanoparticles are particular-
ly interesting.[5] These protein cages can carry cargo within their 
inner cavities and display molecules on their surface, character-
istics that provide ample opportunity to address current medical 
challenges or develop new modes of therapy.[6]

Protein cages abound in biology and are ideally suited for mo-
lecular delivery.[7] From dangerous pathogens such as viruses[8] 
to vital ion transporters like ferritin in our own bodies,[9] these 
capsids carry diverse cargo to specific cell types. Found in all 
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ing.[17] Nevertheless, the broad applicability of oligonucleotides 
in diverse disease areas has yet to be fully exploited and ena-
bling technologies, especially in the area of cellular delivery, are 
sought after. To address this need, we set out to create a non-viral, 
protein-based oligonucleotide delivery system from an artificial 
protein cage. We have previously shown that non-viral lumazine 
synthase-based protein cages can be engineered and evolved to 
mimic viruses and encapsulate RNA molecules upon production 
in bacterial cells.[15b,c] However, for oligonucleotide delivery, the 
capacity to load any synthetic oligonucleotide, which may contain 
chemical modifications, in vitro is a desirable feature. We there-
fore opted to use a computationally designed porous protein cage 
as a starting point to generate such a system.

Recent advances in computer-aided design have provid-
ed access to a diverse set of artificial protein cages.[16] These 
well-defined, symmetric capsules have proven useful for the 
engineering and evolution of viromimetics,[15a,20] as cryo-EM 
imaging scaffolds,[21] and as display platforms for diverse mac-
romolecules, including enzymes,[22] anti-freeze proteins[23] and 
antigens.[24] Due to its small size and porous structure, we chose 
one of the first designed protein cages, O3-33,[16b] which was 
created by Baker and co-workers. This cage is comprised of 24 
monomers, which self-assemble upon expression in bacterial or 
mammalian cells to form a porous, yet highly stable, octahedral 
complex (Fig. 1a). Using O3-33 as a starting scaffold, we have 
developed a charge-based encapsulation system for delivery of 
oligonucleotides in mammalian cells (Fig. 1b).[25] The delivery 
system, which is called OP,[25] was created by mutation of lu-
menal amino acid residues cavity to arginine. Six residues were 
mutated per monomer (Fig. 1c), which through multimeric as-
sembly, provide 144 positive charges within the ~8 nm diameter 
interior cavity. Lumenal display of arginine or lysine residues is 
a common strategy employed by viruses to bind their negatively 
charged genomes,[26] as electrostatics provides an efficient driv-
ing force for complex formation. However, the OP protein cage 
possesses structural features that are distinct from viral capsids. 
Crucially, the presence of six ~3.5 nm pores in the capsid surface 

domains of life, biological capsules come in a multitude of sizes, 
shapes, complexity and dynamic properties. In addition to their 
cargo transport capabilities and generally negligible toxicity, 
genetic encoding and recombinant production are important en-
ablers for the development of protein nanoparticle technology. 
Protein cages with atomically-defined structures can be produced 
at GMP-grade reliably and economically from large scale micro-
bial fermentation.[10]

In the context of medicine, viruses are the most studied pro-
tein cages.[8] Besides many vaccines that have had a profound 
effect on human civilization,[11] they have also provided vectors 
for gene delivery and novel cancer therapies.[12] However, for 
use as delivery vectors, safety concerns, such as immunogenicity 
and off-target effects, combined with difficulty of production are 
significant limitations.[13] As such, bottom-up engineered viro- 
mimetic protein assemblies are an attractive alternative to virus-
es.[14] Using either natural or artificial protein cages that have no 
relation to viral capsid proteins as a starting point, researchers 
have the opportunity to simultaneously elucidate the origins of 
viral function and create practical protein nanotechnology with 
tight control over structure and function.[15] With this in mind, 
access to customized protein cages provided by computational 
protein design is a promising development.[16] In this article, we 
discuss one such protein cage, its further engineering to create an 
oligonucleotide delivery vector, and its use as a scaffold for the 
formation of lipoprotein assemblies that deliver poorly soluble 
small molecule drugs. 

Oligonucleotide Delivery
Oligonucleotide therapeutics are coming of age.[17] However, 

after much excitement in the early 2000s, which was initiated by 
the discovery of RNA interference (RNAi),[18] the field has seen 
painfully slow translation to the clinic as the poor pharmacoki-
netic properties of oligonucleotides hampers their potential.[19] 
Currently, there are only a handful of antisense oligonucleotide 
(ASO) drugs on the market, although the recent approval of the 
first two short interfering RNA (siRNA) therapeutics is promis-

Fig. 1. Cage design and electro-
static loading. (a) The artificial 
protein cage, O3-33, was created 
by interface design of a naturally 
occurring homotrimeric protein 
(PDB ID: 3VCD).[16b] (b) The lume-
nal surface of O3-33 was engi-
neered to present 144 positive 
charges per capsid, resulting in 
the OP protein cage,[25] which 
efficiently encapsulates anionic 
cargo. (c) The six amino acid res-
idues targeted for arginine muta-
tion are shown as blue spheres in 
the monomer (orange ribbon), the 
transparent surface shows one 
trimer. (d) Surface representa-
tions, from X-ray diffraction data 
(PDB ID: 6FDB), of the OP protein 
cage viewed along the twofold 
(left) and fourfold (right) symmetry 
axes. The highly stable structure 
is unperturbed by positive super-
charging. 
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tosolic siRNA delivery. Cells were treated with OP cages carrying 
an siRNA specifically designed to knockdown GFP expression. 
Measurement of GFP fluorescence from live cells by flow cy-
tometry revealed that OP enabled efficient gene knockdown (Fig. 
2c). The effect was comparable to a commercial Lipofectamine 
transfection agent. However, unlike this cationic lipid, OP caused 
no apparent toxicity. These data indicate that OP cages can not 
only enter cells, but somehow escape the endosome and release 
their functional oligonucleotide cargo.[25]

Viruses have evolved elegant molecular mechanisms to 
achieve endosomal escape, many of which make use of the acidic 
environment of mature endosomes.[28,29] For example, influenza 
viruses display proteins that undergo pH-inducible conformation-
al changes, which initiate fusion with the endosomal membrane 
as the endosome acidifies.[30] These conformational changes often 
stem from protonation of histidine, whose imidazole sidechain 
has a pK

a
 well matched to endosomal maturation.[31] Histidine-

rich peptides have also been shown to aid endosomal escape,[32] 
either through the proton sponge effect[33] or permeabilization of 
the endosomal membrane.[34] Each OP monomer has a C-terminal 
hexahistidine purification tag. As in viruses, due to the polyvalen-
cy inherent in multimeric assembly, any effect of this single hexa- 
histidine tag will be amplified. The complete OP cage presents a 
total of 144 histidine residues on its exterior surface, which likely 
contribute significantly to interactions with cellular components. 
Indeed, removal of these histidine residues from the OP cage sig-
nificantly reduced siRNA silencing efficacy.[25]

Once OP capsids have escaped to the cytosol, they must re-
lease their siRNA cargo to induce RNAi for target protein deple-
tion. While OP:oligo complexes are highly stable, they form re-
versibly due to the porous structure of the cage. In the presence of 
high concentrations of competing guest molecules, such as tRNAs 
found in the cytosol, the encapsulated siRNA molecules are ef-
fectively washed out.[25] This location-specific release behavior 

allow the loading and release of macromolecular cargo without 
disruption of the cage structure.

Structural analysis of the OP protein cage through X-ray 
crystallography and cryo-electron microscopy revealed that pos-
itive supercharging of the interior cavity had negligible effect 
on the protein structure when compared to the parent cage (Fig. 
1d).[25,27] This finding testifies to the robustness of the computa-
tional approach employed to generate the original structure.[16b] 
Furthermore, the OP cage retains high thermal stability, with a 
melting temperature of 94 °C.[25]

The OP protein is produced in high titers (>100 mg/L of cul-
ture) from standard Escherichia coli expression strains.[25] After 
isolation and purification, OP is obtained as an empty cage ready 
for cargo loading. To investigate this, fluorimetry was used to 
monitor the encapsulation kinetics of dye-labeled synthetic ol-
igonucleotides. The binding of short RNA or DNA strands oc-
curs rapidly in standard buffers, such as phosphate buffered 
saline (PBS), and the resulting host-guest complexes are stable 
with subnanomolar dissociation constants.[25] Importantly, as the 
driving force for encapsulation exploits the negatively charged 
phosphodiester backbone of the guests, the system is sequence 
agnostic. 

Investigation of the cellular uptake profile of OP cages in vitro 
revealed that the OP cage efficiently enters various cell types with-
out the need for additional modification.[25] The capsid is taken up 
by cells through endocytosis (Fig. 2a,b), which is a typical process 
for particles in this size regime and also a cellular mechanism that 
is commonly exploited by viruses to gain entry to host cells.[28] 
However, for the successful delivery of functional nucleic acids, 
such as ASOs or siRNA, which elicit their effect through interac-
tion with cytosolic proteins and mRNA, the oligonucleotides must 
somehow escape from the endosomal pathway.[19] To test this pos-
sibility, human cancer cells that stably express green fluorescent 
protein (GFP) were used, providing a simple readout to assess cy-

Fig. 2. Cytoplasmic delivery of 
nucleic acid cargo. (a) OP can 
be efficiently loaded with a de-
sired oligonucleotide by mixing 
in vitro. After cellular uptake via 
endocytosis, capsids escape 
the endosomes and release their 
cargo through displacement by 
cytosolic nucleic acids, such as 
tRNA. (b) Confocal fluorescence 
microscopy of HeLa cells treated 
with either free Atto488-DNA or 
Atto488-DNA packaged in OP 
cages. Blue, Nuclei (Hoechst 
33342); Green, DNA (Atto488). 
The punctate structures are 
consistent with endosomal lo-
calization. (c) siRNA-induced 
knockdown of GFP expression in 
HeLa cells, monitored by flow cy-
tometry (n = 3). Lipo:siRNA refers 
to Lipofectamine transfection. 
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the solubilization of bioactive molecules could improve current 
therapies and rescue potent therapeutics that may otherwise be 
lost in the pipeline. These platforms have the potential to simul-
taneously solve problems of bioavailability, serum protein bind-
ing, on-target/off-site effects and, therefore, systemic toxicity of 
chemotherapeutics.

Lipoproteins are a family of complexes comprising lipids, 
which provide a hydrophobic core capable of loading nonpolar 
molecules, and proteins, which act as structural scaffolds and rec-
ognition elements for cells.[35a] We sought to mimic the function of 
these transporters, albeit through an alternative architecture, using 
the OP protein cage as a scaffold. Our approach relies on the com-
bination of two orthogonal self-assembly modes: electrostatic and 
hydrophobic (Fig. 3a). Anionic surfactants are drawn into the lu-
men of the positively charged cage and, due to their high effective 
concentration, phase separate to form a micellar core within the 
interior cavity. In this manner, OP acts as a chaperone, stabilizing 
the formation of micelles at concentrations well below the critical 
aggregation concentration of the amphiphiles. On the other hand, 
the micellar core provides a means to encapsulate small nonpolar 
molecules, which quickly partition into the favorable hydrophobic 
environment. 

We have recently demonstrated the self-assembly of lipo-
protein-mimics using OP and sodium dodecyl sulfate (SDS).[27] 
This surfactant is an FDA-approved food additive and is found 
in many cosmetic and household products.[37] The OP cage can 
sequester SDS molecules and template the formation of stable 
protein-scaffolded micelles within its lumen. These complexes 
were found to have an optimal stoichiometry (1:800, OP:SDS) 
that correlates with the size of the interior cavity. Importantly, 
structural analysis of these assemblies by a suite of biophysical 
and structural biology techniques showed that protein structure 
was unperturbed.[27]

allows safe carriage of the fragile cargo molecules until they reach 
the site of action, where they are released to elicit their effect.

The emergent biological activity of the OP cage upon positive 
supercharging highlights the potential of inert protein scaffolds to 
be transformed into functional devices with only minimal muta-
tion. Here, the robust porous structure is critical in enabling the 
in vitro loading and intracellular release of cargo. It is likely that 
other unique structural features, obtained through computational 
design and protein engineering, could provide access to entirely 
novel and practical functionalities.

Small Molecule Loading
Motivated by the biological performance of the OP cage gen-

erated through conservative engineering, we were interested in 
expanding the scope of this delivery platform to include other 
types of cargo. One possibility would be to invert the charge com-
plementarity of the system, using a negatively charged capsid to 
encapsulate positively charged guests, such as proteins. This strat-
egy has proven particularly successful with lumazine synthase as-
semblies.[5c] Alternatively, by incorporating other classes of mol-
ecule in the assembly, cargo loading could be extended beyond 
simple electrostatic mechanisms.

Nature employs many hybrid systems, such as lipoproteins 
and protein-scaffolded vesicles,[35] to transport hydrophobic mol-
ecules throughout the body. Serum lipoproteins carry molecules 
such as cholesterol, a vital component of cell membranes, and 
hormones, which have diverse functions.[35a] From a therapeutic 
perspective, methods to solubilize and transport small nonpolar 
molecules within the body are valuable. Approximately 40% of 
clinically approved drugs, and 90% of molecules in develop-
ment, are poorly soluble in water and aqueous media.[36] This 
creates a challenge for formulation chemists and imposes inher-
ent limitations on drug discovery. As such, new strategies for 

Fig. 3. Self-assembly of lipo-
protein mimics for intracellular 
delivery of small molecules. (a) 
Two-tier encapsulation concept: 
electrostatic attraction drives 
the encapsulation of anionic 
surfactants, which phase sep-
arate due to their high effective 
concentration, forming micellar 
aggregates within OP cages. 
The hydrocarbon core of these 
stable protein–surfactant com-
plexes then sequesters nonpolar 
small molecules by means of 
the hydrophobic effect. (b) Flow 
cytometry dataset for the de-
livery of Nile Red by OP:SDS 
complexes in HeLa cells (n=3). 
(c) Confocal fluorescence mi-
croscopy of HeLa cells treated 
with either free Nile Red or Nile 
Red packaged in OP:SDS:CS 
complexes. Blue, Nuclei (Hoechst 
33342); Green, OP (Atto425); 
Red, Nile Red. (d) Whereas free 
lapatinib is poorly soluble and 
sequestered by serum albumin, 
OP:SDS:CS complexes solubilize 
lapatinib, prevent its binding to 
albumin and carry it into cells. 
(e) Dose-response comparison 
of cytotoxicity induced by free 
lapatinib or lapatinib packaged in 
OP:SDS:CS complexes in HeLa 
cells (n=6).
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To determine whether these micelle-filled capsids could en-
capsulate small hydrophobic molecules as intended, we used the 
solvatochromic fluorophore Nile Red.[38] This dye is essentially 
non-emissive in aqueous solution, but exhibits strong fluores-
cence emission in nonpolar environments. As well as confirming 
the presence of a hydrophobic core within OP:SDS complexes, 
titration experiments with Nile Red revealed a loading capacity 
of ca. 20 molecules per capsid.[27] With the inherent ability of OP 
cages to enter mammalian cells in mind we tested the OP:SDS 
complexes for intracellular delivery of small molecules. 

Human cancer cells were treated with either free Nile Red or 
the molecule packaged in OP:SDS complexes and analyzed by 
flow cytometry. Although Nile Red is routinely used as a lipid 
stain and exhibits significant cell permeability as a free molecule, 
packaging in OP:SDS complexes provided a two-fold increase 
in cellular uptake (Fig. 3b). These results were confirmed by 
confocal microscopy, which further revealed that Nile Red had 
diffused throughout the cytoplasm (Fig. 3c). Extrapolating from 
these results, we also used OP to encapsulate and deliver a bi-
ologically active molecule with a cytoplasmic target. We chose 
the chemotherapeutic lapatinib, a dual tyrosine kinase inhibitor 
targeting EGFR and HER2, which is used to treat HER2-positive 
cancers.[39] This drug suffers from poor aqueous solubility, low 
permeability and very high serum protein binding.[40] As such, 
lapatinib represents an ideal model compound to demonstrate the 
benefit of a lipoprotein-like delivery system.

Initial tests indicated that lapatinib is not stably encapsulat-
ed in OP:SDS complexes. However, we hypothesized that this 
problem could be overcome by altering the physical properties 
of the hydrophobic core. In practical terms, this can be accom-
plished simply by altering the lipid composition. Indeed, re-
placement of 25 mol% of the SDS with cholesterol sulfate (CS), 
an endogenous steroid, afforded protein-micelle complexes that 
efficiently encapsulated lapatinib.[27] The addition of cholesterol 
sulfate increased drug binding affinity significantly. Not only 
was lapatinib stably retained in the presence of high concentra-
tions of serum albumin, but OP:SDS:CS complexes could even 
sequester lapatinib that was pre-bound to serum albumin. These 
results highlight the advantage of a modular self-assembled de-
livery system that can be easily customized to transport different 
molecules with defined loading and release kinetics. 

With stably encapsulated lapatinib, we tested the ability of 
the OP complexes to enhance the cytotoxicity of the drug. We 
expected that preventing binding to serum albumin present in 
the cell culture medium, combined with the efficient cellular 
uptake of OP cages, would lead to enhanced activity (Fig. 3d). 
Indeed, the OP delivery system provided a 3.5-fold decrease in 
IC50 in comparison to the free drug (Fig. 3e),[27] an enhance-
ment that is better than other reported lapatinib nano-delivery 
systems.[41]

Conclusions and Outlook
Starting from an artificial protein assembly with a unique supra- 

molecular structure, we have shown that a minimal approach to 
mutation can result in surprising functionality. For cellular de-
livery of oligonucleotides, a combination of porosity and com-
partmentalized positive charge afforded a carrier system that uses 
alternative solutions to basic viral functions. Expansion of this 
charge-based encapsulation platform to include lipids provided 
analogues of serum lipoproteins. The simple supramolecular con-
cepts employed to generate these functional assemblies from a 
starting scaffold could be applied to other protein cage structures, 
of which many are available.[5a,c,16a,c,d,f]

Our results demonstrate that OP efficiently penetrates a range 
of mammalian cell types. Given its broad cargo tolerance, this 
engineered molecular container could find application as a trans-
fection agent for nucleic acids, and delivery vehicle for hydropho-

bic drugs and imaging agents. Protein-based molecular delivery 
strategies have great potential as they are biodegradable, reliably 
produced at large scale and offer broad scope for genetic, cova-
lent and non-covalent modification. Antibody-drug conjugates 
(ADCs) are an excellent example,[42] combining the advantages 
of proteins and small molecule therapeutics to promote accumu-
lation of cytotoxic molecules at specific tumor sites. However, the 
unstable and random attachment of only a small number of mol-
ecules to antibodies, as well as linkers that tend to induce ADC 
aggregation are serious limitations to this approach.[42] Here, pro-
tein cages exhibit distinct advantages related to their high payload 
capacity, the non-covalent nature of the interaction with encapsu-
lated molecules, and the ability to protect their cargo from deg-
radation. Although such systems face major obstacles including 
short elimination half-life, low tissue penetration capacity, and 
immunogenicity,[43] ongoing advances in protein engineering 
infuse optimism, as these genetically encoded nanoparticles are 
compatible with the ever growing toolbox of biotechnology. 

Gaining a deeper understanding of the intricate structure and 
function of Nature’s molecular machinery can help us design our 
own nanodevices. An important step towards this goal is the gen-
eration of robust model systems that enable systematic investi-
gations. The simple yet effective delivery system presented here 
provides such a platform; to ask fundamental questions regarding 
virus and lipoprotein function, while providing a means to over-
come current challenges in biology and medicine. 
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