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Introduction
Various therapeutic molecules and drugs have been developed 

to deal with all kinds of diseases. Drug discovery research identifies 
hundreds of new drugs each year to treat diverse diseases. However, 
some indigenous properties of drugs such as poor solubility, 
poor permeability, systematic toxicity, and short half lives limit 
their applications. Due to such challenges, U.S. Food and Drug 
Administration (FDA) only approved forty-five novel drugs in 
2015 among the numerous drugs discovered. In order to overcome 
the limitations of drugs, drug delivery technology is developed to 
transport drug molecules more efficiently, effectively, and safely to 
the diseased areas. Drug delivery is especially important in cancer 
therapy. Chemotherapy is conventionally used to treat cancers; 
however, the strong therapeutic efficacy of cancer drugs can also 
damage healthy cells in humans, thus induce significant side effects 
in patients. Targeted drug delivery has been extensively studied to 
deliver cancer drugs specifically to tumors without negative impact on 
healthy organs, which can significantly decrease systematic toxicity 
and side effects compared to traditional chemotherapy. Therefore, 
drug delivery systems are very important in biomedical research, 
and combination of drug discovery and drug delivery can benefit the 
pharmaceutical industry.

An ideal drug delivery system incorporates drug encapsulation, 
controlled drug release, and specific targeting functionalities. Many 
materials have been designed as drug carriers, including protein 
nanoparticles, liposomes, dendrimers, hydrogels, carbon nanotubes, 
silica nanoparticles, etc.1-3 Among these materials, protein nanoparticles 
demonstrate several advantages over polymeric nanoparticles and 
inorganic materials. Protein nanoparticles are typically synthesized in 
microorganisms, which endow them with narrow and uniform size 
distribution due to the reliable protein synthesis pathway in microbes; 
protein nanoparticles are biodegradable, they can be readily degraded 
into non-toxic and biocompatible amino acids; protein nanoparticles 

are also apt to modifications by recombinant technology and 
chemistry, therefore different functionalities can be incorporated. Due 
to the reliable size, biodegradability, and ease of manipulation, protein 
nanoparticles have been widely investigated as versatile drug delivery 
systems.

Discussion
Nature has provided numerous candidates as drug delivery systems. 

One common category is viral protein capsids. All viruses consist of 
the capsid outside and the viral RNA inside. The capsid is composed 
of proteins, and serves as a shell to protect the internal viral RNA. The 
function of capsids in virus is one important property of drug carriers, 
to protect the encapsulated cargos from degradation. Inspired by this 
shell-core structure, researchers removed the viral nucleotides, and 
utilized the natural viral protein capsids as drug carriers. Researchers 
separated abundant capsids from their native viral RNA, and 
obtained the container-like caged protein particles.4 Various capsids 
investigated include Hepatitis B Virus (HBV), Cowpea Chlorotic 
Mottle Virus (CCMV), Tobacco Mosaic Virus (TMV), Cucumber 
Mosaic Virus (CMV), Hibiscus Chlorotic Ring Spot Virus (HCRSV), 
etc.4-5 Besides capsid proteins, there are also non-viral sourced caged 
proteins exploited as drug carriers, such as ferritin.6 Heat Shock 
Proteins (HSP).7 and enzymes.8-9 These protein nanoparticles are 
all assembled from individual subunits and form defined sizes and 
shapes. The size of protein cages is typically between 10 nm to 100 
nm, which is the desired size range for nanoparticle uptake by cells.9

Protein nanoparticles provide three interfaces to be redesigned 
for drug delivery purposes: the internal, external, and inter-subunit 
surfaces. The three interfaces can all be modified genetically or 
chemically to integrate multiple functionalities. The internal surface 
can be modified to encapsulate cargo molecules, such as imaging 
agents.10 drug molecules, and nucleotides.11 Controlled drug release 
feature can also be designed on the internal surface. Drug release 
can be triggered by various stimuli including temperature, pH, light, 
etc.12The external surface is generally used to integrate targeting 
functionalities. Targeting ligands or peptides 11,13,14 can be attached to 
the external surfaces of protein nanoparticles. Through the specific 
and high affinity between targeting ligands/peptides and receptors 
over expressed by tumor cells, nanoparticles can bind to tumor 
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Abstract

Protein nanoparticles are extensively investigated as versatile drug delivery systems, 
due to their nanoscale size, container-like shape, natural source, biocompatibility, and 
biodegradability. They provide three distinct interfaces: internal, external, and inter-subunit 
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nanoparticles can be functionalized with drug encapsulation, controlled drug release, 
controlled disassembly, and tumor targeting capabilities. This mini review introduced the 
fundamentals of protein nanoparticles as drug delivery systems, focused on modifications 
to the three different interfaces, and elucidated different strategies and mechanisms used 
in integrating multiple functionalities in protein nanoparticles.
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cells specifically. The external surface can also be functionalized 
with immunological properties to induce immune responses and 
nanoparticles can serve as vaccines.15 The inter-subunit interactions 
can be modulated to control the assembly and disassembly of 
nanoparticles. Since protein nanoparticles are consisted of individual 
subunits, by modifications to subunits, the interactions between 
subunits can be modified and promote drug release.16

To encapsulate drug molecules and enable controlled drug release 
from nanoparticles, chemical conjugation approach is extensively 
investigated. Amino acid residues and other functional groups from 
protein nanoparticles provide active sites for drug conjugation; 
such active sites include cysteines,8,17 amines,18 carboxyl,19 tyrosines 
,20 phenol, guanidine, and imidazole.9,21 These active sites can be 
either native or introduced by mutagenesis. Hooker et al.,20 isolated 
MS2 viral capsid particles by removing the RNA genome. They 
modified the native tyrosine residues in the interior of the capsid 
through diazonium-coupling reaction, for the attachment of olefin 
substrates. This strategy could be used to attach drug cargos or serve 
as nucleation sites.20 The internal surface of the protein shell of the 
Tobacco Mosaic Virus (TMV) was also modified. Schlick et al.,18 
exploited a carbodiimide coupling reaction and attached amines to 
glutamic acid side chains in the cavity of TMV particles for drug and 
gene delivery.18 Steinmetz et al.,19 also functionalized the internal 
glutamic acid residues in TMV capsid and attached optical and MR 
contrast agents.22

In addition, acid-liable chemical bonds are widely used to trigger 
drug release, due to their pH-responsive hydrolysis. These chemical 
bonds remain intact at neutral pH, while at acidic environment, the 
chemical bonds can be hydrolyzed, and drugs attached through the 
linkage can be released. During endocytic uptake of nanoparticles by 
cells, nanoparticles will go through physiological pH change from 
extracellular neutral pH 7.4 to intracellular acidic pH, where pH could 
drop to pH < 6.0.12 Hydrazone bond is often used in this strategy. 
Thiol group of cysteines can react with maleimide group and form 
a hydrazone linkage. Wang et al.,13 introduced sixty cysteines to the 
internal surface of virus-like protein nanoscaffolds. They conjugated 
antitumor drug doxorubicin to the internal surface of the scaffolds 
through hydrazone linkage, and achieved pH-dependent drug release. 
The protein-drug complex exhibited significant toxicity in cancer 
cells.8-10 Additionally, Huang et al.23 functionalized sericin protein 
with hydrazine, and doxorubicin was covalently conjugated to sericin 
through hydrazone bond. The sericin-doxorubicin conjugates self-
assembled to nanoconjugates. The sericin nanoparticles encapsulating 
drugs showed significant drug release at pH 5.0, and demonstrated 
antitumor efficacy.23

Besides chemical conjugation approach, other non-covalent 
interactions have also been used to encapsulate drug cargos in 
protein nanoparticles. Steinmetz et al. 24 designed a straight forward 
protocol, and encapsulated antitumor drug phenanthriplatin to the 
interior of TMV nanoparticles through electrostatic gating.24 In order 
to encapsulate drugs into albumin particles, Yuan et al.25 exposed 
the hydrophobic domains of albumins to bind hydrophobic drugs, 
and then refolded into particles .25 On the other hand, Wang et al.26 
introduced hydrophobic amino acids and created a hydrophobic 
environment inside a protein nanoparticle to enhance its loading 
capacity for hydrophobic drugs.26 As summarized above, drug 
encapsulation can be through chemical conjugation or non-covalent 
interactions. They both have distinct advantages and limitations, 
therefore combination of different strategies can provide powerful 
tools for drug encapsulation.

Another area investigated in protein nanoparticles is the inter-
subunit interaction. Protein nanoparticles are assembled from a limited 
number of subunits. By adjusting the subunit-subunit interaction, 
the assembly behavior and architecture of nanoparticles can be 
controlled.16,27 One such example is a caged protein nanoparticle 
from the E2 component of pyruvate dehydrogenase complex. The 
E2 nanoparticle consists of sixty subunits, which self-assemble into 
a ~26 nm particle .28 Wang et al.29 genetically truncated part of the 
N-terminal amino acid sequence of the E2 subunits to alter the inter-
subunit interaction, and synthesized a pH-responsive nanoparticle. 
The particle remained intact at pH 7.4, but dissociated at pH 5.0.16 This 
behavior can be used to trigger drug release. They also investigated 
the feasibility of utilizing histidines at the interfaces to control 
nanoparticle disassembauly.29 Lim et al.30 further identified the critical 
sites and introduced histidines at the inter and intra trimer interfaces 
of E2 nanoparticles to impart pH-responsive disassembly.30 To 
further understand the disassembly mechanism of E2 nanoparticles, 
they truncated the C-terminus of the subunits and isolated the trimer 
intermediates.31 This discovery demonstrated the important role of 
inter-subunit interaction in protein particle self-assembly. The inter-
subunit interactions of ferritin A from E.coli were also investigated. 
Ferritin A is a 24-mer nanoparticle with 4-, 3- and 2-fold symmetric 
axes. Ohtomo et al.32 investigated the interfaces at the three symmetric 
axes. They further truncated the C-terminus of one helix from 
the subunit, and disrupted the nanocage structure, indicating the 
C-terminus of subunits is critical in protein assembly.32 Discovery of  
Ohtomo et al.32 is consistent with Lim group’s C-terminus truncation 
in E2 particles; even the two protein nanoparticles are from different 
classes and have distinct geometries and structures. In spite of 
different origins, protein nanoparticles are built from small subunits; 
the interactions between subunits can be redesigned and manipulated 
to impart diverse functionalities. Jian Zhang et al.33 reviewed more 
work on inter-subunit interfaces and subunit assembly in protein-
based assemblies.33

Exterior of protein nanoparticles is exploited in targeted drug 
delivery. Targeted drug delivery aims to direct drug carriers directly to 
tumor cells through targeting ligands. Targeting ligands are molecules 
that can recognize and specifically bind to receptors, which are 
over-expressed in tumor cells. Researchers have identified abundant 
targeting ligands, including small molecules such as folic acid/
folate.10,23,34 nucleic acid aptamers.35 antibodies, antibody fragments.36 
and peptides.37 Huang et al.23 attached folate to sericin nanoparticles 
and demonstrated targeted cytotoxicity in KB cells over expressing 
folate receptors.23 Folic acid was also conjugated to soy protein 
nanoparticles encapsulating curcumin model drug. Cellular study 
revealed that the folic acid functionalized nanoparticles increased 
the uptake of nanoparticle in Caco-2 cells compared to non-targeting 
particles.34 Tong et al.35 utilized nucleic acid aptamers as targeting 
ligands. They attached nucleic acid aptamers of a 41-nucleotide 
sequence to the external surface of a MS2 viral capsid through 
oxidative coupling strategy. The resultant capsids specifically bind to 
Jurkat T cells expressing tyrosine kinase receptor.35 Antibodies and 
antibody fragments are also frequently used as targeting ligands due 
to their specific affinity to antigens.38,39 De Rose et al.38 functionalized 
caveolin-1 nanoparticles with monoclonal antibodies, and the 
specific binding of nanoparticles towards targeted immune cells was 
significantly increased.38 On the other hand, Lim et al.36 conjugated 
antibody fragments to the exterior of protein nanoparticles through 
a maleimide linker to target Epidermal Growth Factor Receptor 
(EGFR). The targeting nanoparticles can specifically bind to EGFR-
positive cancer cells.36
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Targeting peptide is another important targeting ligand used. Phage 
display technology allows the identification of numerous targeting 
peptides for different receptors.40,41 Guan et al.13utilized genetic 
engineering approach and synthesized protein nanoparticles carrying 
enhanced green fluorescent protein and tat peptide, a cell-penetrating 
peptide.  In vivo  studies showed preferable accumulation of these 
targeting fluorescent nanoparticles in tumors .13 Kim et al.14 integrated 
different targeting peptides on the surface of ferritin nanoparticles. 
They displayed AP1 targeting peptides on the nanoparticles, 
which showed strong affinity to tumor cells over-expressing IL-4 
receptors. Moreover, they fused RGD peptides and AP1 peptides 
simultaneously to the external surface of ferritin nanoparticles. The 
resultant nanoparticles are bispecific, and can target blood vessels and 
tumor cells respectively.14 Besides targeting capabilities, the exterior 
of protein nanoparticles can also be modified to induce immune 
responses, and nanoparticles can potentially be exploited as vaccine 
carriers. It has been reported that attachment of Polyethylene Glycol 
(PEG) to nanoparticles can help evade immune recognition. Molino et 
al. 42 attached PEG molecules to the exterior of protein nanoparticles 
and reported decreased cellular uptake of nanoparticles. These 
PEGylated nanoparticles could also induce complement activation.42 
To examine the possibility of using protein nanoparticles as vaccine 
carriers, Molino et al.15 conjugated CpG to the interior and gp100 
epitope to the exterior of protein nanoparticles. Significant immune 
responses were observed in both in vitro and in vivostudies with these 
functionalized nanoparticles.15 The foregoing reviewed modifications 
to the exterior of protein nanoparticles could be achieved through 
either chemical conjugation strategy or recombinant strategy. 
Depending on the properties of the nanoparticles and the moieties to 
display, appropriate strategies need to be designed.

Besides the advantages mentioned above, protein nanoparticles 
also have limitations as drug delivery systems compared to inorganic 
and polymer based nanoparticles. Protein nanoparticles are typically 
synthesized from microorganisms. It is time consuming to produce and 
purify protein nanoparticles from microorganisms. In addition, some 
proteins require optimal storage conditions such as pH and temperature 
or other formulation conditions, due to stability and solubility issues. 
Moreover, it is challenging to introduce functionalities to protein 
nanoparticles. Protein nanoparticles exist in integral three dimensional 
structures. Modifications to protein nanoparticles may potentially 
disrupt the intact structure, result in disassembly, or change the 
properties of particles. Therefore it is tactical to choose appropriate 
sites within protein nanoparticles to introduce various moieties 
without disrupting the structure of particles.16,26,28 In order to design 
protein nanoparticles as drug delivery systems, these limitations need 
to be considered.

Conclusion
In summary, protein nanoparticles can be modified at the internal, 

external, and inter-subunit interfaces. These modifications could 
also be simultaneously integrated into one nanoparticle to impart 
multifunctionalties, such as drug loading, drug release, and tumor 
targeting functionalities. Chemical conjugation and recombinant 
strategies can be used to manipulate protein nanoparticles to 
achieve targeted delivery of diverse therapeutic molecules. Protein 
nanoparticle is a versatile platform for drug delivery.
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