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Abstract

Nanocages (NCs) have emerged as a new class of drug-carriers, with a wide range of possibilities 

in multi-modality medical treatments and theranostics. Nanocages can overcome such limitations 

as high toxicity caused by anti-cancer chemotherapy or by the nanocarrier itself, due to their 

unique characteristics. These properties consist of: (1) a high loading-capacity (spacious interior); 

(2) porous structure (analogous to openings between the bars of the cage); (3) enabling smart 

release (a key to unlock the cage); and (4) a low likelihood of unfavorable immune responses (the 

outside of the cage is safe). In this review, we cover different classes of NC structures such as 

virus-like particles (VLPs), protein NCs, DNA NCs, supramolecular nanosystems, hybrid metal-

organic NCs, gold NCs, carbon-based NCs and silica NCs. Moreover, NC-assisted drug delivery 

including modification methods, drug immobilization, active targeting, and stimulus-responsive 

release mechanisms are discussed, highlighting advantages, disadvantages and challenges. Finally, 

translation of NCs into clinical applications, and an up-to-date assessment of the nanotoxicology 

considerations of NCs are presented.
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Graphical abstract

1- Introduction

Nanotechnology not only has led to tremendous advancements in various fields of 

technology and science 1-3, but also its pivotal impact on biomedicine, particularly therapy 

and diagnosis of miscellaneous diseases is inevitable 3-5. The advent of drug delivery 

systems (DDSs) has opened new horizons with a wide range of capabilities and 

applications 6-9. DDSs are used to alter the solubility, pharmacokinetics, and biodistribution 

of their drug cargos, or more specifically to control the duration and rate of drug delivery 

and release10. “Smart drug carriers” are specifically designed to target specific cells, tissues 

or organs of the human body, and to release the cargo, which can be either drug, genes or 

diagnostic reporter molecule only when they arrive at their destination 6, 11, 12. These smart 

carriers frequently operate in a stimulus-responsive manner when an internal or external 

stimulus alters the carrier to release the cargo. DDSs have also been designed to enhance the 

efficiency and safety of administration of potentially highly toxic therapeutic agents, 

especially cytotoxic drugs used to combat cancer. Although highly active cytotoxic cancer 

drugs such as doxorubicin (DOX) and paclitaxel (PTX) are now available, the non-specific 

systemic toxicity these compounds display towards rapidly dividing and metabolically active 

normal cells in the gut, skin, bone marrow and heart are often dose-limiting, and it has 

sometimes been said the “treatment is worse than the disease”. DDS allow the side effects of 

these cancer drugs to be controlled, due to the ability to manipulate and control the time and 

rate of drug release13. Many of these DDSs take the form of nanoparticles (NPs) whose 

structure and function is based on their particular formulation 14, 15. The most common NPs 

that have been employed in DDS applications are chitosan-based NPs 16, bacteriophage-

inspired NPs17, bacterial-based NPs 18, albumin-based NPs19, polymeric micelles 20, water-

soluble hydrogels21, 22, lipid-based NPs 23, nanorods24, 25, nano-hydrogels11, 21, metal and 

metal oxide NPs26, 27, silica-based NPs28, quantum dots29, 30, carbon nanotubes (CNTs)31, 

graphene and graphene oxide32-34.

There are several shortcomings that may occur when NPs are used as DDSs. (1) It is 

possible that the drug becomes deactivated once it is attached to the NP. Attaching the drug 

to the NPs requires careful consideration, since it demands that the bonding between the 

drug and NPs should be strong enough to prevent premature release, but when the cargo has 
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reached the specific target such as a cancer cell, the bonds should predictably degrade 

according to the desired release rate. On the other hand, binding between the drug and NPs, 

e.g. NCs, should not alter the activity of the drug molecules in the environmental conditions 

where they need to be active. (2) The amount of the drug that can be linked to the NPs can 

be relatively small; It is noteworthy that high concentration of NPs delivered in vivo may 

result in symptoms like high blood pressure and kidney malfunction, therefore, importantly 

NPs should be highly efficient as carriers of drugs. (3) NPs can undergo agglomeration, 

which can result in rapid elimination from the bloodstream because macrophages and other 

phagocytes engulf the aggregates, preventing them from reaching the target cells. (4) 

Uncontrolled release can occur, which is known as the “burst effect.” If the burst effect 

cannot be regulated, administration of NPs loses one important advantage of nanocarrier 

structures, namely the prevention of common side effects produced by cancer drugs. To 

overcome these drawbacks and limitations, it is often necessary to use relatively high 

concentrations of NPs, which in turn can have toxic effects unrelated to the cargo thus 

negating the original goal35, 36.

An important class of NPs that is under investigation for DDS is known by the term 

“nanocages” (NCs). NCs are a class of NP-based DDSs that have a hollow body structure 

that can encapsulate large amounts of drugs inside. NCs have a higher loading capacity than 

other NPs and can be loaded with hundreds or even thousands of cargo molecules. Therefore 

a lower dose of NPs is required to deliver a therapeutically effective dose of the drug. As a 

result, the overall cytotoxicity of the NCs is decreased. Another important feature is the 

ability of NCs to encapsulate and protect the drugs from the environment fully so that they 

can be used as carriers of highly lipophilic drugs and remain stable in hydrophilic 

environments such as the bloodstream. When the NCs reach the target tissue, the more 

lipophilic the environment is, the easier drug release is triggered 36, 37. The term “cage” 

implies that it can be unlocked, and therefore NCs are often designed to be stimulus-

responsive, taking advantage of specific physical or chemical differences in the environment 

at their target to alter their molecular structure.

NCs can be divided into two basic groups. Firstly, organic NCs which consist of 

supramolecular nanosystems such as cyclodextrins (CDs) and protein-based NCs such as 

vaults and virus-like NPs. These kinds of nanostructures, due to their organic composition, 

can readily interact with living cells, especially protein-based NPs constructed from 

endogenous proteins. Protein-based nanoplatforms have another advantage of often not 

being readily recognized as foreign, and therefore rapidly eliminated by macrophages. 

Another important feature of protein cage structures is their uniformity of size, i.e. they can 

show a highly homogeneous size distribution. Protein-based cages can be biologically or 

chemically engineered or modified using different approaches (genetic or chemical), which 

can make them uniquely suitable for drug delivery applications 7, 37-39. One example is the 

“vault” or vault cytoplasmic ribonucleoprotein, which is a eukaryotic organelle found in 

cells of many different life forms 40. These molecules form a hollow icosahedral vault 41.

The second group is inorganic NCs, which can be made from metals such as gold, or from 

non-metallic oxides such as silica. This group of NCs also includes carbon-based NCs, 

which consist of different allotropes of carbon, such as graphene, fullerenes or CNT-derived 
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NPs. Inorganic NCs are usually mesoporous which gives them special properties such as (1) 

the volume of pores combined with the large surface area (the latter due to the porous 

structure) provides a high capacity for drugs to be adsorbed and loaded within the pore 

channels42; (2) the mesoporous structure with adjustable pore size43 can offer better control 

over the kinetics of drug loading and release; (3) the chemically modifiable surface can be 

used to attach targeting ligands, gatekeepers or valves on the pores, which enable control of 

drug release helping to reduce non-specific cytotoxicity44, 45; (4) inorganic NCs have shown 

promising in vivo safety results with regard to systemic toxicity46-48, biodistribution49-51, 

biodegradation, and excretion52, 53; (5) the possibility of using a reporter molecule for 

tracing, thereby combining simultaneous therapy and bioimaging of these NPs (theranostics) 

using luminescent, radioactive or magnetic reporters 54-56. Figure 1 schematically illustrates 

various types of NCs as multifunctional nanocarriers, and their ability for targeted delivery 

toward cells in biological environments.

Another point is that, as stated before, the distinction between NCs and NPs is not crystal 

clear in several cases and it depends on the definition of the structures. For instance, while 

most researchers use the term “cage” for protein-based nanostructures like ferritin 57 or 

inorganic structures like Au NCs 58, while others have not used the term “cage” to apply to 

virus-like particles in their report 57. Table.1 summarizes the advantages and disadvantages 

of NCs with some examples and in the following sections, the present paper reviews key 

studies that have been conducted on the use of NCs as DDSs in the past few years.

As previously noted, caged nanoplatforms have demonstrated a wide range of capabilities 

and applications in nanomedicine and as DDSs. Their role in the therapy of various diseases, 

indicating their multifunctional role, are briefly presented in Figure 2. In the following 

sections, various NCs that have been tested as DDSs, their therapeutic and diagnostic 

applications, as well as synthesis methods are discussed. Afterwards, in two sections, 

translation of NCs into clinical applications and their nanotoxicology are considered.

2- Modification and targeting approaches for NC DDSs

One of the most important and crucial factors to be considered when NPs are employed in 

DDSs, is precise control over modification and functionalization of these nanocarriers. In 

this regard, two main concepts must be considered, surface modification and targeting; 

however, in some cases these two concepts may be used for the same purpose. Generally, 

modification procedures are used for different purposes aside from targeting, including 

protection of the nanocarrier and the loaded diagnostic/therapeutic agent from the immune 

system 66, enhancing blood circulation time of NPs, and for site specific targeting 67. 

Surface modification is mainly dependent on the component of NPs, their size and surface 

charge.

One of the main advantages of NCs is that they can be constructed from various materials, 

natural or synthetic; therefore, a range of procedures have been utilized for modification. For 

example, protein-based NCs have the possibility be to be functionalized at three distinct 

molecular locations or interfaces, which are classified as external, internal, and inter-subunit. 

Herein, genetic modification of protein NCs have been employed in order to change the 
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amino-acid sequence of the surface exposed residues 68, 69. Modification can also be carried 

out by changing some specific amino acids into others, or by altering existing amino acids 

using chemical reactions 70. This molecular functionalization can be used to exert control 

over the surface charge, improve particle stability and drug encapsulation. On the other 

hand, several methods have been proposed for surface modification and functionalization of 

inorganic NCs, such as gold and silica NCs 71. Coating of hydrophilic polymers onto the 

surface of NCs, is the major approach to modify these structures, especially those with an 

inherently hydrophobic nature; for example, porous coordination NCs or metal-organic 

polyhedrons (MOPs), also called “metal organic frameworks” (MOF). Some of the common 

materials and techniques exploited for surface modification are smart polymers 72, 

polyethylene glycol (PEG) 72, 73, poly (N-isopropylacrylamide) (NIPAAm), and poly-

(diallyl dimethyl ammonium) chloride (PDDA) (a water-soluble cationic polyelectrolyte) 74. 

These methods can be used concurrently during synthesis, or as a post-synthesis 

modification 75. For example, Wang et al. 72 modified the surface of hollow mesoporous 

silica (HMS) NCs by covalent bonding between the succinimidyl groups of the PEG and the 

surface amine groups of rhodamine B isothiocyanate (RITC)-labeled HMS NCs, and 

reported high biocompatibility using in-vitro toxicity evaluation. Another study reported the 

surface modification of porous coordination NCs as MOPs by the “click chemistry” 

approach, where alkyne groups were attached to the MOPs, followed by grafting with PEG 

containing azide groups by copper catalysis made the MOPs water-soluble76.

In regard to virus like particle (VLP) based NCs, various genetic/chemical modification 

methods have been suggested to provide advantages such as loading hydrophobic cargos, 

attachment of imaging/therapeutic agents, efficient gene/drug loading and delivery, stimuli-

triggered drug release, targeting various cancers, etc. 6870, 77-79. For example, bacteriophage 

MS2 VLPs have been reported to encapsidate a variety of cargos including nucleic acids, 

imaging agents, anticancer drugs, etc. via chemical conjugation or genetic insertion 80.

Ferritin based NCs can be modified or functionalized with various agents in order to: 

enhance cancer targeting by using targeting motifs 81; improve cargo loading efficiency 82; 

enable simultaneous diagnostics and therapy 83; provide a “stealth effect” to enhance the 

half-life of the therapeutic cargos 84; etc.

In previous reports, modification of small heat shock proteins (sHSPs) has been carried out 

employing genetic or chemical methods 85, and results such as enhanced cargo delivery and 

cell targeting have been obtained86.

Modification of inorganic NCs can be implemented to enhance their stability and increase 

the blood circulation time e.g. by using polyethylene glycol (PEG) groups 87; increase 

biocompatibility along with lowered nanotoxicity72; and provide good flexibility in 

modification e.g. the facile formation of thiolate-Au bonds in AuNCs 88.

In summary many functionalization methods, materials and related factors can be 

implemented to enhance site-specific targeting, reduce side effects, and increase the blood 

circulation half-life of NCs.
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The main aim of targeting to manipulate the structure of NPs (including NCs), to reach the 

intended target site. Two major approaches that have been introduced for this purpose in 

recent years are passive and active targeting, which will be discussed in the next sections.

2-1 Passive targeting by caged nanoplatforms

The traditional technique for delivering NPs to tissues and cells is passive targeting. This 

strategy allows NPs to be exposed to target tissue/cell for a longer period of time compared 

to other non-nanoscale carriers 89. This targeting strategy is affected by NP characteristics 

such as their size, and also by physiological features of the tissue such as pathological 

conditions. Particle size, shape and surface characteristics are three key elements that are 

modified during passification of nanostructures 90, and can result in surface protection, 

coating, increasing loading capacity and providing caps to the pores. One of the main factors 

that affects both cell uptake and biodistribution of the NCs is the size (diameter) of the 

nanostructure. Among NP characteristics, the size of NP plays the major role in passive 

targeting. It has been proved that decreasing the overall particle size causes longer 

circulation half-life, consequently a higher accumulations in the intended tissue. However, 

other issues such as tissue variation and NC-protein interactions in the blood circulation 

(formation of a protein corona) may also influence the final results91. In this regard Wang et 

al.73 designed a study to investigate in vivo pharmacokinetics of different-sized AuNCs. A 

mouse model of mammary carcinoma (EMT-6) was employed, and PEG-AuNC particles 

with two different mean diameters of 30nm and 55nm were compared. The 30 nm PEG-

AuNCs showed better in vivo pharmacokinetics and decreased uptake by the 

reticuloendothelial system (RES) with an enhanced blood circulation time. The authors 

proposed that this system could act as a powerful theranostic tool using positron emission 

tomography (PET) when the NCs were labeled with Cu.

Furthermore, particle shape is another essential factor in improving the cell uptake. Rod-

shaped and spherical-shaped particles larger than 100 nm show the highest uptake 

respectively, followed by NPs with cylindrical and cubic shapes. For particles smaller than 

100 nm, spherical shaped NPs show the highest cell uptake 91. In a study, the effect of NC 

structures on localization of nanocarriers in and around the cells and their cellular uptake 

was investigated by Rampersaud et al. 92. Here, longer dwell-time of NPs at the outer 

membrane of cancer cells was a priority to effectively release the ion channel blocking 

agent. It was found that non-spherical iron oxide NCs compared to their spherical 

counterparts induced apoptosis of cancer cells through inhibition of glutamate receptors and 

blockade of sodium ion channels on the cell membrane. However the spherical NPs 

underwent accelerated endocytosis, resulting in less effective ion channel blocking and 

inefficient apoptosis. Furthermore, the efficiency of delivery and the cytotoxicity of the 

anticancer drug, riluzole loaded in NCs was higher than drug loaded in spherical NPs. This 

difference was proposed to be related to the charge-screening effect of NC surface. Riluzole 

inhibited the secretion of glutamate by cancer cells via blocking the sodium ion channels, 

leading to prevention of glutamate receptor activation, thus lowering cancer cell growth 

(Figure 3-a) 92. Particle surface charge also plays a significant role in NP-cell interactions 

and cell uptake. For instance, positively charged NPs demonstrate higher cell uptake than 

their negatively charged or neutral counterparts. Slight negative charge of the cell membrane 
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governs cell uptake via electrostatic attractions. In addition, surface charged NPs accumulate 

more protein corona, so negatively or positively charged surfaces, can result in different 

composition of the formed protein corona, which affects the NPs fate 91.

Moreover, physiological properties of a targeted tissue is a very significant factor for 

passively targeted delivery of NCs. In a similar manner to most nanostructure-based DDSs, 

the enhanced permeability and retention (EPR) effect is the major route for accumulation of 

NCs in targeted sites in vivo. This phenomenon describes the leaky tortuous blood vessels, 

combined with poor or absent lymphatic drainage that is typical of tumors and some other 

pathological lesions 93. In addition, a higher degree of vascularization and a greater “pore 

size” between cells can be important in governing accumulation of NPs in tissues, as 

particularly seen in tumors. Taking the advantage of the EPR effect, more accumulation of 

NPs (and macromolecules) can be achieved, so-called as “passive” targeting, which has been 

investigated in different experimental studies of NCs. The interplay of cage-shaped NPs with 

EPR effect and cellular internalization in tumor tissues have been also investigated 9492.

The conventional method for passive targeting and reducing the immunological responses 

against cage nanostructures (e.g. MOF systems) has been the attachment of hydrophilic 

polymers, in the case of PEG with different molecular weights, known as PEGylation 95. 

Despite the advantages of conventional modification, the translation of this approach into in 

vivo experiments has still been limited. Poor tumor uptake and rapid clearance from the 

bloodstream are limitations that have hindered more clinical application of these 

nanostructures. In order to overcome these barriers, new coatings and modification 

techniques have been developed for NCs, such as glycan shielding 96 , polyketals 97 or 

AuNC/SiO2 hybrid structures known as “nanorattles” 98. A very recent study reported that 

AuNCs could be coated with red blood cell (RBC) membranes that gave them a long 

circulation life time and enhanced in-vivo blood retention compared to a 

polyvinylpyrrolidone (PVP) coating 99. These NCs could mediate effective photothermal 

therapy (PTT) in in-vivo cancer treatment, without any serious damage to the animals 100 

(Figure 3-b).

2-2 Active targeting by caged nanoplatforms

Surface modification of nanostructures with active-targeting ligands such as antibodies, 

peptides or receptor-ligands has advantages over the passive targeting approach especially in 

reducing side-effects to normal tissues and increasing cytotoxicity to targeted pathologic 

cells 90. Active targeting of NC structures can be divided into two major mechanisms; the 

first uses naturally-occurring NP structures, for example there is an arginine-glycine-

aspartate (RGD) sequence naturally occurring in adenoviruses that has been used to design 

protein NCs for active targeting of integrin receptors on tumor cells 68, 102. The second 

major approach uses the attachment of targeting ligands onto the surface of NCs to achieve 

active targeting of desired tissues or cells. For example, different antibodies and peptides can 

be exploited to provide targeting for sHSP NCs e.g. for cancer delivery approaches103. In a 

recent study, a biotin-functionalized truncated octahedral DNA NC was designed for 

targeting fibroblast cells that overexpress the receptor “oxidized low-density lipoprotein 

receptor-1” (LOX-1), which is considered a biomarker for cardiovascular diseases and 
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tumors. Figure 3-c schematically illustrates the cellular uptake of this NC. So the DNA NCs 

efficiently internalized LOX-1 expressing cells via a receptor-mediated uptake. Here, 

streptavidin (HRP)-biotin reaction was used to detect the DNA NCs that are internalized into 

the cells 101. Several different classes of ligands have been used for active targeting of NC 

structures that are summarized below.

2-2-1 Peptides—Surface modification of NPs with peptide ligands has been extensively 

investigated as a mechanism for active targeting leading to increased cell uptake compared 

to passive targeting. The advantages of peptide ligands include the capability for large scale 

production, and the ability to provide localized delivery systems with high drug loading 

efficiency and lower side effects .The benefits of peptide ligands can be especially exploited 

in oral protein delivery, because of their potential for localized targeting of the 

gastrointestinal (GI) tract as shown by in-vitro, ex-vivo and in-vivo experiments 104. These 

nanosystems mostly enter into cells via endocytosis. In addition, peptides can be used for 

cell specific delivery through employing nonspecific electrostatic interactions of positive 

charged peptides (e.g. TAT peptide), cell penetrating peptides (e.g. penetratin) and αvβ3 

integrin receptors–ligand interactions (with peptides like RGD) 89. As an example, 

bacteriophage and phage-inspired nanocarriers are promising vehicles for synthesis of 

specific peptide ligands 17, 104. Exogenous peptides/proteins can be coated onto the phage 

surface by insertion of DNA coding sequences into the phage genome through the phage 

display technique. A phage display library is provided via this technique in which insertion 

of random oligonucleotide sequences by recombinant DNA technology results in different 

surface peptides being expressed on the phage NP. Thus the final surface peptide that binds 

with high-affinity to the desired cells can be isolated by screening techniques. Decoration of 

NCs with peptides through different mechanisms can also be utilized to target specific cells. 

One approach is the genetic incorporation of peptides for cell targeting into proteins that 

form on the surface of the NC. A recent study investigated NPs formed from a ferritin cage 

bearing an IL-4 receptor-targeting peptide, AP1, fused onto the ferritin surface, (i.e. AP1-

peptide bunches on the NCs), in an in-vitro study. This nanocarrier provided super affinity 

and bi-specificity, and was used for an in-vivo treatment of allergic asthma symptoms 105. 

Another study used cowpea mosaic virus (CPMV)-NCs with bombesin peptides attached in 

order to target gastrin-releasing peptide receptors over-expressed in prostate cancer cells 106. 

Bacteriophage MS2-derived NCs with HIV-1 Tat peptide attached was used to target Huh7 

human hepatoma cells 107. The second approach is attachment of targeting peptides onto the 

particle surface for targeted delivery of therapeutic cargo. Viruses, bacteriophages, and some 

specific proteins can be used for attachment of specific targeting peptides 17, 108. For 

instance, a study employed heat shock protein (HSP)-based NCs with attached iRGD 

peptides to target pancreatic cancer cells through the caspase cascade activation 61. In 

another study, HSP NCs were modified with SP94 peptides to target hepatocellular 

carcinoma cells (HCC) cancer cells86.

Other studies have been carried out in this field, e.g. using CPMV-based NCs decorated with 

peptide F56 where specific binding to the vascular endothelial growth factor receptor 1 was 

shown 109.
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Other critical points that should be considered in active targeting using NC-peptide 

bioconjugation, include chemical and biological/cellular considerations. The most important 

factor in the chemistry is homogeneous attachment of peptides onto the NPs (choosing the 

appropriate approach from current options, e.g. electrostatic assembly, non-covalent 

interactions or covalent binding) especially for optimum display orientation and affinity 89. 

Further investigations are needed on these aspects of peptide-NCs based targeted delivery 

systems particularly protein corona, organelle targeting and toxicity.

2-2-2 Aptamers—DNA or RNA based aptamers are single-stranded oligonucleotides that 

bind and target various cognate molecules in a specific (but largely unknown) manner. 

Traditional limitations of typical targeting ligands including the immunogenicity of 

antibodies, enzymatic degradation of peptides in the blood circulation, and relatively low 

targeting efficiency of molecular recognition systems such as folate 110 have encouraged 

researchers to take advantage of aptamer recognition systems. Aptamer ligands show 

exceptional properties such as an easily modified structure, good target specific interactions 

and high binding affinity, and appropriate tissue penetration 110. Aptamers can be used as a 

targeting ligand in combination with NPs, and for efficient targeting of cells when attached 

to NC-based DDSs. For example, AuNCs coated with an aptamer through electrostatic 

interactions were developed as a molecular gate to control drug release 74. This bio-

responsive system was able to release the loaded molecules in response to binding of 

targeted biomolecules to the aptamer in a controlled manner, without any external stimuli for 

theranostic applications. Aptamer modification was also used for targeting Jurkat leukemia 

T cells using bacteriophage MS2-derived NCs 111.

2-2-3 Receptor-specific ligands—The attachment of receptor-specific ligands can be a 

possibility to target the up-regulated receptors expressed on specific tissues especially in 

cancer cells and tumors 68. Several different ligands can be used in active targeting strategies 

of nanostructures including antibodies, folate (folic acid) 112 and transferrin 113, which 

undergo ligand-receptor recognition with specific cellular receptors. Numerous 

investigations using this strategy have been conducted for active targeting of NC-based 

DDSs, for example a PTX-conjugated adenovirus carrier was developed by Cui et al. for in 

vivo targeting of folate receptor-expressing cancer cells 114. Folic acid-PEG conjugated 

CPMV NCs were used for specific targeting of folate receptors in tumor cells 115. Folate 

receptor expression is up-regulated in many tumors such as ovarian carcinomas, non-

Hodgkin's lymphomas and osteosarcomas. Folate receptor binds with folate containing NPs 

with high affinity and then internalizes the particle 90. VLP NCs have been reported to be 

functionalized to target growth factor receptors of various cancers79. MS2 bacteriophage 

VLPs have been reported to target cancer cells via the overexpressed biomarkers such as 

p120 messenger RNAs 116. Additionally, protein NCs bearing epidermal growth factor 

(EGR) have been used to target EGF-receptor (EGFR) expressing breast cancer cells 

MCF-10A and MDA-MB-231 117. The AuNC- hyaluronic acid (HA) platform (see below) 

was attached to the SV119 ligand for specific targeting of sigma-2 receptors 118 and can also 

take advantage of HA-CD44 interactions 60. Overexpression of the transferrin receptor on 

cancer cells can be used for selective binding of iron-containing proteins attached to NPs 

e.g. NCs and their internalization through endocytosis 90. High doses of DOX were loaded 
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into H-ferritin (HFn)-based NCs for targeting and destroying tumors over-expressing the 

transferrin receptor (Tfr). Here, the release of DOX into the lysosomes was obtained after 

receptor-mediated endocytosis. In vivo studies in a murine model showed higher intra-

tumoral drug accumulation, inhibition of tumor growth and excellent safety profile 119. 

Additional studies have employed similar mechanisms for targeting non-cancerous sites. For 

example, one study designed a poly(acrylic acid)-b-poly(methyl acrylate) NC stabilized 

itraconazole nanodrug with wheat germ agglutinin (WGA) ligand fortargeting Listeria 
monocytogenes, a foodborne pathogen, in order to mimic transportation across the intestinal 

epithelial barrier 120. Binding of WGA to its receptor on the cell surface (N-acetyl-D-

glucosamine and sialic acid) encouraged clathrin- and caveolae-mediated endocytosis. 

Moreover, experiments showed enhanced drug uptake (in vitro), accumulation on the apical 

side of the epithelium cells, reachingdown to the lamina propria, and improved oral 

bioavailability (in vivo).

2-3 Smart targeting and release

When drugs are covalently attached to a NC, this binding may provide better protection of 

the pharmaceutical cargo from degradation in physiological conditions, but special methods 

have to be implemented in order to ensure that the covalently bound drugs are fully released 

once they reach the target. Stimuli-responsive moieties and smart materials have had 

beneficial impacts in biomedical sciences 3, 121, 122 especially in DDSs 8, 123-126, and can be 

used for achieving enhanced targeting and controlled drug release. Drug release can be 

achieved by taking advantage of specific physiological differences in the target environment, 

for example, reducing environments enable the cleavage of labile disulfide bonds, while in 

acidic environments, hydrazone bonds can be cleaved by protons 6, 68, 70, 75. Therefore 

choosing the appropriate linkage that can respond to specific changes in the 

microenvironment is crucial in targeted delivery by smart NCs.

Disassembly of the NP structure is the main mechanism leading to drug release in a smart 

NP-based delivery. In such mechanisms, a condition or factor (stimulus) that interferes with 

the normal structure of the NP is required. Various physical (thermal, magnetic, electrical, 

light, mechniacl and ultrasound) and chemical (pH and redox) stimuli can be used for this 

purpose. For example, many types of different stimuli have been employed to control 

opening of the pores on AuNCs such as temperature, near-infrared (NIR) laser irradiation, 

low pH, as well as high-intensity focused ultrasound (HIFU) 74, 88, 127, 128. Other NCs such 

as VLPs 129, ferritins 130-133), Encapsulins 134, and DNA NCs 135, 136 have shown 

responsiveness to various external or internal stimuli. For example a study demonstrated that 

AuNCs covered with poly(N-isopropylacrylamide-co-acrylamide) (NIPAAm-co-AAm) 

copolymers could function as a thermally-responsive nanosystem, which could be activated 

with HIFU to control and localize the release of the dye R6G (used as a model drug) 76. 

HIFU caused an increase in the local temperature, which destroyed the structure of the 

polymer coating and increased the rate of drug release. Another study also reported an 

effective and controlled antitumor activity with NIR responsive yolk-shell NCs loaded with 

amino-coumarin photo-trigger and chlorambucil anticancer drug in an animal tumor 

model 137.
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In another study, an engineered peptide cage was integrated with a switchable GALA 

peptide that provided the ability to self-assemble via a coil-to-helix transition occurring at 

acidic pH (i.e. reversible disassembly and assembly at pH 7 and 4, respectively) 138. 

Moreover, DNA NCs can be modified to show stimuli-responsive release behavior in 

response to changes in exogenous or endogenous parameters 135, 136. VLP NCs have been 

also designed to exhibit stimuli-responsive behavior, for example redox-sensitive drug 

release 139.

Multi-responsive release systems are an interesting research field with the same 

mechanisms, but using combinations of more than one triggering stimuli. For instance, a 

phenylboronic acid-functionalized AuNC including redox- and thermal-sensitive arylboronic 

esters was designed for H2O2–responsive controlled release of a metal chelator. This 

structure (in addition to NIR absorbance of the AuNC) was also used for decreasing cellular 

reactive oxygen species (ROS), inhibition of amyloid-β aggregate formation, and dissolution 

of amyloid deposits of amyloid-β in an Alzheimer's disease model 140.

3- Drug loading and immobilization techniques

In order to prepare an appropriate DDS, cargo molecules should be integrated into NC 

structure to be efficaciously stabilized and carried toward the specific target site. In this 

regard, different methods have been developed for loading and immobilization of cargos 

based on different combinations of NCs and drugs. A common mechanism of drug loading 

is diffusion, based upon the porous nature of most NCs. In this regard, different incubation 

periods and various conditions (pH, temperature) may be used for diffusion of cargo into 

cage structure and achieving optimized drug loading. Two fundamental techniques exist for 

drug immobilization: chemical immobilization, which is mainly dependent on covalent NC–

drug conjugation, and physical (non-covalent) interactions between metals/drugs and the 

internal cavity/surface of the NCs. The main approach in physical immobilization is the 

alteration of the NC (especially proteins) core structure, based on changing the 

physicochemical properties of the NPs in response to environmental stimuli. This 

mechanism generally happens via electrostatic interactions between the positive charges of 

proteins and the negative charges of cargo through assembly process 108. For example, in 

protein-based NCs, the reversible environmental-triggered opening and closing of the 

interior pores can be used to load drugs (both hydrophobic and charged polar molecules) 

into the NCs. To release the drug, the reverse mechanism can be employed with the help of a 

triggering factor present in the target tissue. Zhou et al. 141 prepared an amorphous silica NC 

that encapsulated the photosensitizer hypocrellin A, using hydrogen bonding. The NCs were 

water-soluble and highly monodisperse, and could preserve the optical and photochemical 

properties of hypocrellin A. These NCs were stable in the aqueous suspension of target 

cancer cells, localized in mitochondria and were claimed to be highly promising for dual 

photodynamic therapy (PDT) and bio-imaging purposes 141. In a similar study, a Dox-loaded 

coated AuNC incorporated with a hyaluronic (HA) coating as a capping agent with multi-

stimuli responsiveness was designed for intracellular drug release, using simple drug 

incubation for loading, and physical interaction for delivery of the drug-carrier 60. Efficient 

endocytosis via HA-CD44 ligand receptor interaction was achieved, in addition to controlled 

drug release in different physiological and pathological conditions (negligible and 
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accelerated drug release at pH 7.4 and pH 5.5, respectively) and NIR irradiation for 

photothermal activation. The second mechanism is based on covalent attachment of the 

cargo in the interior cavity or the surface of the NC. For example, a study investigated plant 

virus Cowpea mosaic virus (CPMV)-DOX covalent conjugation by EDC/NHS method 142. 

In this case, binding occurred between an average of eighty DOX molecules and the external 

surface of carboxylates CPMV. The product showed greater cytotoxicity compared to free 

DOX toward HeLa cells. In this approach, protein cages can also be re-engineered, for 

example by incorporating peptides that can respond by opening the cage, which can be 

therapeutic in their own right 68.

To avoid any stability or drug release/efficacy problem, utilization of the proper chemical or 

physical loading strategy is of paramount importance. Selecting the proper drug 

immobilization method depends on the type of NC, the drug formulation, modification 

moieties (if applied), the therapeutic purpose and the drug loading mechanism. For example 

in a previously reported study142, CPMV-DOX and CPMV-SS-DOX (DOX conjugated to 

CPMV via a disulfide bridge) were used as the control and test groups, respectively. 

Chemical conjugation induced significant effects on the cellular toxicity in a concentration-

independent and time-delayed manner. Thus, this kind of chemical modification could be 

used for preserving effective drug in stabilized nanostructures. On the other hand, several 

investigators showed good end-capping efficiency and stability of the structure using 

physical interactions between therapeutic agents and NCs. Altogether, chemical stability 

could be proposed to be a more specific and controllable approach. In this approach each 

molecule contains its specific functional groups and reaction mechanism, consequently all 

these components are involved togther in the stability. In other words, chemical stability is 

drug specific 143; for each drug it may be necessary to employ different chemical reactions 

for attachment and degradation.

It should be noted that structural features such as a highly porous shell and a tunable cavity 

can be considered for optimization of drug immobilization in NCs 76. As an example, such 

properties typically can be seen in AuNCs that have hollow interiors and porous walls 76. In 

Another example, drug molecules could be anchored inside amorphous NCs, which had 

correct intermolecular spacing to avoid self-aggregation of the drug molecules and 

concentration quenching 141. Similar considerations have been addressed in other studies 

conducted to investigate various NCs such as Dox-loaded H-ferritin (HFn) NCs 119, 

platinum anticancer drugs encapsulated in apoferritin NCs 144, RhB-loaded aptamer-gated 

AuNCs 74, as well as NCs such as a curcumin/Gd-loaded apoferritin for theranostic 

applications 145. Recently, a computational simulation study was conducted where the 

physical interactions of a drug, cyclophosphamide, on the surface of a C60-fullerene NC 

were optimized 146.

There are many methods for drug loading and drug release when VLP are used as a protein 

cage. Loading methods are: assembly/disassembly; covalent modification (genetic or 

chemical); pore entry. Release strategies are: pH triggered release; reducing environment 

triggered release; biodegradation; and simple drug diffusion 68. Modification of VLPs can be 

also done to make loading of hydrophobic cargos possible 77.
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It is notable that stimuli-responsive disassembly and reassembly of NCs can be used to load 

the cargos inside the NC cavity, as indicated in a study for pH-sensitive ferritin NCs 147. 

NCs that have indicated stimuli-responsive assembly/disassembly include ferritin, 

apoferritin and ferrihydrite (pH-responsiveness130, 131, 133), Encapsulin NCs (e.g. pH 

responsiveness) 134, DNA NCs (e.g. responsive to temperature 135, pH 30 and biochemical 

changes (ATP) 136), AuNCs conjugated with stimuli-responsive moiety showing 

photoacoustic responsiveness 127 or temperature128, and Cowpea chlorotic mottle virus 

(CCMV)-based VLPs (response to pH, temperature, ionic and strength129).

In the following sections, we review and summarize different commonly-used NC 

nanoplatforms that have been reported for DDSs.

4- NCs as platforms for DDSs

4-1 Viral NCs: “VLPs”

Viruses are infectious nucleic acid-based agents that are covered with external proteins, and 

are dependent on living cells for their replication. Viral capsid proteins can form hollow 

spherical structures, as caged platforms, with monolayer walls called “virus-like particles 

(VLPs)” that have icosahedral symmetry, and as a relatively new class of biomaterials have 

many applications in medicine such as platforms for therapeutic cargo delivery 76, 148-150. 

Virus-inspired delivery systems have been reviewed in recent literature 151, 152. In fact, 

VLPs are devoid of nucleic acids therefore not considered infectious153. Intact viral NPs can 

be transformed into VLP by pH-induced swelling and alkaline hydrolysis after the nucleic 

acids have been released. The protein subunits of the coat of viral NPs can be disassembled 

and reassembled into VLPs154, 155. VLPs such as CCMV based NCs have shown to have 

disassembly/reassembly behavior and morphological changes in response to pH, temperature 

and ionic strength alterations induced by protein-protein and protein-RNA interactions 129. 

Such nanosystems can be appropriate for transport of various cargos. Figure 4-a shows a 

cryo-electron microscopy (cryo-EM) image of VLP-19 with an approximately 30 nm 

diameter, to which palivizumab Fabs were bound via the spikes on the surface 156.

VLPs have several important features that make them appropriate vehicles for drug delivery, 

including: (1) they are very stable and formed by self-assembly having a size range of 10nm 

to 200nm; (2) they are amenable to simple large-scale purification; (3) all the particles are 

identical for each type of virus and VLP, hence they can be considered as monodisperse 

NPs157; and (4) they exhibit good geometry and uniformity149. VLP-based NCs can be used 

to facilitate delivery and transportation of nucleic acids (DNA, RNA) in diverse 

environments such as low or high pH, high temperatures and the presence of the host 

immune systems158.

Naturally occurring viral capsid is a VLP, consisting of three chemically distinct interfaces 

including the interior surface, the exterior surface, and the interface between subunits 158 

(Figure 4-b and c). The exterior surface of viral capsids can be functionalized with peptides, 

fluorescent dyes, polymers, carbohydrates and oligonucleotides with the help of well-

designed bio-conjugation reactions. Moreover, the amino-acid sequence of the capsid 

proteins can be modified by genetic engineering techniques, providing a large range of 
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possibilities. The interior surface of some viral capsids can also act as a template for the 

growth of inorganic nanocrystals159. There are two methods for using VLPs as cargo-

bearing carriers: (1) encapsulation of the cargo inside the capsid; and (2) binding of the 

cargo to the surface of the viral capsid160. Hitherto, plant, animal and bacterial viruses 

(bacteriophage) have all been employed to produce VLPs. Plant viruses and bacteriophages 

are proper choices because of their chemical and structural stability, their inherent lack of 

toxicity for human and animals, and their facile production 161-163. Viruses that have been 

employed to produce genome-free, empty capsid shells include: MS2 bacteriophage; 

CCMV; tobacco mosaic virus (TMV); red clover necrotic mosaic virus (RCNMV); brome 

mosaic virus (BMV); and cowpea mosaic virus (CPMV)164. The features such as the shape 

and size of the capsid, determine the balance maintained between the size of the polymeric 

cargo and the curvature of the coat protein165.

Furthermore, VLPs can be used to deliver hydrophobic drugs by modification of the protein 

constituents to produce discrete hydrophobic pockets77. Some therapeutics such as proteins 

and oligonucleotides may be degraded by the acidic environment of endo/lysosomes after 

cell uptake; thus VLPs could protect such therapeutics from harsh conditions166.

VLPs can be engineered by chemical and/or genetic modifications to carry genes, drugs, or 

be used as vaccines167, 168. Recently, Chang et al. 79 synthesized a GE11 polypeptide-

crosslinked MS2 VLP vector for delivery of long non-coding RNAs (lncRNAs), MEG3 

RNA. This nanocarrier targeted epidermal growth factor receptor (EGFR)-positive HCC 

cancer cells, and suppressed tumor growth in vivo (Figure 4-b). Genetic engineering 

techniques allow modification of the capsid proteins in order to provide a platform for viral 

cage synthesis with diverse shapes and sizes169, 170. Point mutations such as a cysteine point 

mutation can be utilized to provide new attachment sites for drug conjugation and better 

control of drug loading amounts171. Another study demonstrated the miRNA delivery 

capability of a bacteriophage MS2 VLP in which VLP encapsulated pre-miR 146a RNA and 

was conjugated with HIV-1 Tat47–57 cell-penetrating peptide. Results showed higher RNA 

expression in-vivo and in-vitro leading to suppression of the target gene172. Changes in 

environmental conditions, such as reduction in the level of magnesium and calcium ions, can 

promote opening of pores in some VLPs; for example, red clover necrotic mosaic virus can 

undergo non-selective drug release within the target cells173. A study in 2016 reported 

simultaneous imaging and therapy using anti-EGFR antibody-MS2 viral capsid nano-

conjugates, which targeted EGF receptor-overexpressing breast cancer cells. The nano-

conjugates were labeled with a radio-isotope (i.e. 64Cu isotopes) and their localization were 

monitored with tomography imaging technique, (PET/CT), and scintillation counting of the 

organs ex-vivo. The results also indicated highly prolonged circulation time, moderately 

enhanced tumor uptake, but extravasation effect by tumors limited the targeting effect of 

antibodies, leading to negligible enhancement of NP uptake by tumors 174.

The possible immunogenicity of VLPs is the main concern when using these NCs as DDSs 

in vivo, considering the mammalian immune system has evolved to protect against many 

viruses as a potent threat. Rather high titers of IgG and activation of B-lymphocytes was 

observed following the use of CCMV and CPMV as DDS. Systemic administration can 

create potentially severe inflammatory responses because of immune recognition of these 
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carriers 175, 176. Conventionally PEGylation has been used to provide immune evasion and 

to improve the pharmacokinetics of these types of DDSs. PEGylation can decrease immune 

cell uptake of adenovirus and other protein-based NCs, since PEG reduces immune 

recognition by creating a “stealth” effect. For example, PEGylated CPMV did not show any 

change in its physical structure or the stability of the NPs68. Zhao et al.149 studied self-

assembly of VP6, a rotavirus capsid protein that could be used to produce VLPs, which 

could then be conjugated to the anticancer drug DOX. They showed DOX-VP6 conjugates 

could be self-assembled into VLPs under the proper conditions; then lactobionic acid (LA) 

was employed as a chemical ligand on the VLPs surface to target the hepatoma cell line 

HepG2149.

On the other hand, immunogenicity generated by VLPs has been also studied. An enveloped 

VLP design using hemagglutinin derived from the influenza virus (A/California/04/09 

strain) as a vaccine candidate. Here, the VLP-based vaccine elicited robust HA inhibition 

antibody responses in vivo (mice) without any adjuvant, and indicated capabilities for 

clinical evaluations177.

Protein cages can be modified genetically by introducing lysine and cysteine residues to 

allow attaching of drugs and imaging agents to reactive amino and sulfhydryl groups78. For 

example, Klem et al. 178 genetically modified CCMV protein cage by replacing alanine with 

a cysteine residue at position 163 of the coat protein to use the viral protein cage (virion) as 

a drug carrier. This genetic modification provided 180 exposed sulfhydryls on the exterior 

surface of the individual virion without disturbing the symmetry of the virion. Next, a 

synthetic approach including a solid-phase step was utilized to break the symmetry in order 

to better prevent uncontrolled aggregation.

In another approach, DNA-containing amphiphiles, with oligonucleotides covalently bonded 

to synthetic hydrophobic units 179, were employed as templates to modulate the self-

assembly of the coat proteins of CCMV. The particles had a negative charge that stimulated 

capsid formation and permitted many small oligonucleotides to be trapped. Preloading of 

micelles with hydrophobic compounds in the core, or even hydrophilic compounds through 

sequence-specific hybridization resulted in encapsulation of different small molecules in the 

viral capsids used as nano-vehicles180.

A range of specific types of proteins can be used as decoration (or coat proteins) on VLPs. 

For example, double-stranded DNA bacteriophages have been reported as a robust and 

modular tool to spatially present various guest molecules (e.g. complex protein moieties) on 

the exterior/interior surface of VLPs that lack a native decoration protein. Schwarz et al. 

modified the exterior surface of a P22 VLP capsid with a bacteriophage trimeric decoration 

protein, in order to bind a target bioactive protein onto the exterior surface of the VLP with a 

high affinity. Herein, the target protein was presented on the exterior surface of the VLP via 

a genetic fusion to the C-terminus of the decoration protein, while its function was 

maintained. Also, the decoration protein was attached via the N-terminus domain to the VLP 

capsid. This surface functionalization strategy produced high-affinity binding, lowered cell 

uptake, and enhanced circulation times for P22 VLP 181 (Figure 5-a).
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Linking drugs to VLPs can help increase the stability and obtain higher cytotoxicity. Aljabali 

et al. investigated the ability of CPMV to deliver DOX to HeLa cancer cells. In this case, 

DOX was covalently bound to external surface carboxyl groups of the viral NPs. the results 

showed that DOX conjugated to CMPV (even at very low dosage) had greater cytotoxicity 

than free DOX142. Recently, Niikura et al. synthesized VLPs coupled through disulfide 

bonds with cyclodextrins (CDs) that acted as hydrophobic pockets into which hydrophobic 

drugs could be incorporated. They reported intracellular delivery of hydrophobic dyes or 

drugs encapsulated in the VLP-CD conjugates with high efficiency, and their subsequent 

controlled release in recipient cells in response to glutathione (GSH). Additionally, PTX–CD 

was encapsulated inside the VLPs, which exhibited a dose-dependent cytotoxic effect with a 

20-fold smaller IC50 than that for free PTX dissolved in DMSO 139 (Figure 5-b).

Eun-JuKo et al. 182 employed a VLP that was a combination of recombinant human 

respiratory syncytial virus (RSV) VLP and plasmid DNA, as a vaccine to confer protection 

against RSV infection. The DNA and VLP-combined vaccine could induce both innate and 

adaptive immune responses. The VLPs produced by the HE antigen of hepatitis E virus 

(HEV) were shown to be highly immunogenic and protective against infection. The efficacy 

of this vaccine after administering three doses was reported to be 100.0% 183, 184.

Ashley et al. used MS2 bacteriophage VLPs to deliver various therapeutic cargos such as 

RNA- and DNA-based drugs (e.g. siRNA), anticancer drugs, and protein toxins to human 

hepatocellular carcinoma cells (HCC), and also showed their ability to deliver non-nucleic 

acid cargos such as quantum dots, chemotherapy drugs and protein toxins (if the cargoes 

were linked to MS2 pac sites). The anticancer drug (doxorubicin, cisplatin, and 5-

fluorouracil)-loaded VLPs were modified with SP94 (an HCC-specific peptide) indicated a 

104-fold more avidity for HCC cancer cells compared to other cell types (monocytes, 

lymphocytes, normal hepatocytes, or endothelial cells), and could deliver high 

concentrations of the encapsulated cargos to the cytosol of HCC cells. Moreover, siRNA-

encapsulated SP94-targeted VLPs silenced expression of cyclin family proteins in Hep3B 

cells 80. Moreover, antisense oligodeoxynucleotides (ODNs) (for instance targeting p120 

messenger RNAs) have been shown to be delivered by MS2 bacteriophage VLPs to increase 

killing of cancer cells 116.

Photodynamic based therapies have utilized the potential of VLP NCs. Stephanopoulos et al. 

targeted and killed up to 76% of Jurkat leukemia T cells using bacteriophage MS2 as a 

multivalent vehicle to deliver photosensitizers (PSs) for photodynamic therapy after only 20 

minutes incubation. They modified the interior surface of the capsid in order to enhance 

singlet oxygen generation from the PS, and the outside of the capsid had cell receptor-

specific DNA aptamers attached in order to provide targeting. They found that this dual-

functionalized capsid could lead to targeting and photo-killing of Jurkat cells while 

erythrocytes in the mixture were left unharmed. This multivalent system had the advantage 

of modularity, allowing the attachment of any maleimide-functionalized drug to the inside, 

and any chosen aptamer to the outside111. In another study, an assembly nanoplatform was 

synthesized composed of a viral NP (i.e. bacteriophage Qβ) conjugated with a buckyball 

(C60) and modified with Oregon Green 488 dye (O488), which was synthesized via click 

chemistry. This NP showed no toxicity in the absence of light therapy, but a PTT effect 
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occurred after a white light irradiation, which led to enhanced cellular internalization and 

cancer cell killing. Figure 6 (a and b) shows the cellular internalization of the NPs including 

Qβ–O488 and C60-conjugated Qβ–O488 and the cell viability assay 185.

VLPs have potential as vehicles for intracellular delivery of enzymes, because they provide 

stability for the biocatalytic enzyme activity, and have high encapsulation efficiency. In a 

study cytochrome P450 (CYP) was encapsulated inside the capsid derived from the 

bacteriophage P22. The product CYPBM3 acted as an enhanced peroxygenase, because the 

capsid could protect the cargo enzyme against proteases. The CYP cargo retained 70 % of 

the catalytic activity and showed a slightly higher affinity for hydrogen peroxide as 

compared to free enzymes. Thus, this potential VLP carrier was suggested to be utilized as 

an enzyme prodrug therapy for cancer 186.

4-2 Protein-based NCs

4-2-1 Ferritin—Laufberger was the first to isolate the iron-containing protein, ferritin from 

horse spleen in 1937. Ferritin is also found in many 2human organs and in other life-forms, 

such as plants, fungi and bacteria187. Ferritin proteins from different species have numerous 

variations in their amino acid sequence. They are intercellular proteins that have an 

important role in iron storage and detoxification 188. When ferritin is found as an 

extracellular protein, it is characteristic of some diseases such as inflammation, 

angiogenesis, and tumors189.

Ferritin iron storage proteins have a spherical shape, and are composed of 24 separate 

subunits. These subunits include H-chains and L-chains and form a cavity with an interior 

and exterior diameter of 8 nm and 12nm (Figure 6). Apoferritin is the iron-free form of 

ferritin, while the iron-containing form of ferritin is called holoferritin. Although both of 

these molecules have potential to act as nanocarriers, in most cases apoferritin has been used 

as the drug carrier. However, one shortcoming of apoferritin is that only those drugs 

containing anthracyclines or metals (chemotherapeutics) can be loaded into it. On the other 

hand, apoferritin is a self-assembled molecule with high biocompatibility and long 

lifetime 190.

The subunits of ferritin-based NCs are arranged to form from two to four folds. The three-

fold form contains eight hydrophilic channels191 that allow various cargos such as metal 

ions, nuclear isotopes or semiconductors 78 to be loaded into the ferritin.

Due to its particular structure, ferritin is widely used in for delivery of various materials. 

Furthermore, reversible assembly/disassembly behavior and changes in its functionality at 

different pH values make it an interesting protein to study and designing efficient 

nanocarriers 130, 131, 133. Drug delivery applications of ferritin and appoferritin have been 

reviewed in literature 64, 84, 190, 192. Figure 7 (a and b) schematically illustrates the structure 

of ferritin and apoferritin NCs and their capability to encapsulate drugs via pH-responsive 

disassembly/reassembly process.

Redox cycling producing free radical generation can be caused by soluble iron supplements 

and this phenomenon can have adverse effects on the gastrointestinal tract, which is a critical 
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barrier in the treatment of anaemia, an iron deficiency disease. Ferritins can be considered as 

an effective side effect-free agent for iron supplementation in treatment of anemia. In an 

attempt to design a safe and efficacious oral iron delivery. Powell et al. synthesized nano-

sized (< 5 nm) nano-disperse ferrihydrite, by using tartrate modification to produce low-cost 

ferritin mimics. Here, tartrate was used to fabricate an enlarged lattice structure, and 

encapsulate more iron cargos 195.

The high potential of ferritin NCs in Cancer therapy and anticancer delivery has been 

variously studied. One of the parameters that define the efficiency of nanocarriers is the half-

life of drug release. When ferritin is employed as a carrier, the half-life of drugs (e.g. DOX) 

can be significantly increased. For anticancer delivery, this results in increasing drug 

accumulation in tumors 192. in a study, Han et al. 196 developed nanoplatforms to produce 

dendritic cell-based vaccines using ferritin NCs for cancer treatment. The ferritin protein 

NCs contained antigenic peptides, and composed of SIINFEKL (OT-1) or 

ISQAVHAAHAEINEAGR (OT-2), either in the interior cavity, or else attached to the 

surface of the ferritin NCs, and were effectively taken up into the dendrite cells.

In addition, ferritin can be used for targeted delivery of cancers or tumors. In a study, Liang 

et.al showed that high doses of DOX could be loaded into ferritin NCs and used without 

functionalization with targeting ligands to kill tumors. DOX was loaded into the H-ferritin 

and was internalized into tumor cells by interaction with the transferrin receptor TfR1, and 

subsequently released DOX into the lysosomes 119. Elsewhere, apoferritin was shown to 

function as a nanocarrier by using ferritin modified with an amino acid sequence (RGD4C) 

to target integrin αvβ3. Tumor tissue was successfully targeted by using the RGD motif 

without any breakdown of the NCs. When DOX was loaded into the functionalized 

nanocarrier, drug delivery efficacy was improved by almost 13% through implementing a 

genetic modification method81.

Ferritin NPs have been recently used to target pancreatic tumors. Cargo-loaded ferritin NPs 

could either passively target the tumor via the EPR effect, or by actively binding to 

transferring receptor (TfR1) expressed on the tumor cells. Here a dual approach was 

exploited to attack the cancer cells and control their progression. Ferritin NPs loaded with 

carbachol were used to activate the tumor microenvironment; and ferritin NPs loaded with 

atropine acted to block the “neural niche” of pancreatic cancer cells, which was significantly 

effective in impairing neurogenesis in tumors 197.

Stimuli-responsive behavior has been integrated into ferritin NCs in recent publications. In 

this regard, some modifications have been implemented to enhance drug encapsulation and 

delivery efficiency; for example a study reported pH-responsive disassembly and reassembly 

of ferritin NCs 148. Herein, when the NCs were exposed to low pH, they disassembled, and 

when the pH was raised, the NCs would subsequently reassemble with the drugs trapped 

inside them.

Furthermore, smart ferritin based nanocarriers have been used in DDSs. For instance, in a 

study on cancer therapy, ten molecules of Gefitinib (an EGFR tyrosine kinase inhibitor) 

were passively loaded in each apoferritin molecule. This nanocarrier was used to target 
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HER2-overexpressing SKBR3 cancer cell lines. The release of Gefitinib molecules in the 

acidic environment (i.e. pH 2.0) was enhanced compared to higher pH values (pH=7.4), 

leading to higher cytotoxicity, which affected the HER-2 and TtR1 receptors in breast cancer 

cells. Figure 8 (a and b) shows the cellular uptake results obtained from flow cytometry and 

confocal imaging microscopy 198.

Lung cancer can be targeted by smart ferritin based DDSs. Luo et al. developed a pH-

sensitive hyaluronic acid (HA) surface-conjugated apoferritin loaded with daunorubicin 

(DN) able to bind to the HA-receptor, CD44 on cells. The hydrophobic drug, DN was 

encapsulated in the hydrophobic channels of the apoferritin via electrostatic absorption at a 

slightly acidic pH, and a polymer, negatively charged poly- L -aspartic acid (PLAA), further 

enhanced absorption of the positively charged DN. This nanocarrier showed no activation of 

the immune system indicating its safety, and also had high cellular uptake. pH-controlled 

intracellular release of DN inside high CD44-receptor expressing (CD44-positive) lung 

cancer A549 cells was obtained via targeted receptor-mediated endocytosis, compared to 

low CD44-expressing (CD44-negative) human embryonic lung MRC-5 cells (Figure 8-c). 

The more acidic environment (pH=5) led to a higher release rate than a neutral environment 

(pH=7.4) (Figure 8-d) 199.

Giulio et al. developed a nanosystem responsive to matrix-metalloproteinases (MMPs). This 

nanocarrier was composed of a human ferritin heavy chain (HFt) containing a MMP-

sensitive short peptide linker between ferritin subunits, and an exterior shielding polypeptide 

sequence. The linker could undergo intratumoral cleavage of the nanocarrier and then 

removal of the protective shield leading to cargo release. Thus, the nanocarrier delivered an 

anticancer drug, DOX with subcellular localization, and a high therapeutic efficacy in 

pancreatic and lung cancer cells was achieved with successful in vivo results in xenogenic 

mouse models132.

Heavy-chain subunit containing ferritin, so-called H-chain ferritin, can act as an efficient 

bioactive delivery nanovehicle known as a “Trojan Horse”, which provided an intrinsic 

targeting of cell nuclei due to its self-triggered nuclear translocation of the intact cage-like 

architecture. This approach led to substantial advantages including elimination of any further 

modifications, facilitated translocation and delivery of the encapsulated therapeutic 

molecules into cell nucleus, simultaneously decreasing required drug doses and effectively 

bypassing multidrug resistance of cells, and reducing drug-activated iron dysregulation in 

cells 200, 201. In this regard, H-chain ferritin based DDSs have attracted various studies in 

cancer therapy 119, 200, 201. Recently, Liang et al. prepared a natural H-ferritin NC loaded 

with DOX, which was administered for cancer cell killing via a single-dose injection. The 

cellular internalization of the ferritin NCs occurred through cellular overexpression of TfR1. 

A high concentration of NC DOX was delivered to cancer cells compared to free DOX, with 

release in the lysosomes, and noticeably delayed tumor growth. Also, this nanocarrier 

showed reduced toxicity, a four-fold enhanced maximum tolerated dose compared to DOX, 

and longer median survival times compared to Doxil, the clinically approved drug 119.

In another study, a rapid nuclear delivery into carcinoma cells by a non-modified DOX-

encapsulated H-ferritin NCs was reported where along with the shielding effect of the 
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apoferritin shell reduced the cytoplasm exposure of DOX inside cells. this prevented 

premature release of DOX 201.

Gene therapy, and gene delivery by ferritins has been another important approach for 

effective cancer therapies. This is due to the fact that conventional small interfering RNA 

(siRNA) delivery systems using viral and non-viral nanovehicles suffers from limitations, 

therefore, their efficiency and safety should be improved. In a study, a siRNA-human 

apoferritin protein nanoparticle complex was designed with advantages such as protecting 

and stabilizing negatively-charged siRNA, various surface-functionalized peptides including 

cancer cell targeting and penetrating peptides, siRNA-capturing cationic peptides, and 

enzymatic-cleavable peptides inducing intracellular release of siRNA. Here, the nanovehicle 

efficiently delivered siRNA, which then suppressed expression of the red fluorescent protein 

(RFP) in RFP-expressing cancer cells. in addition, this study indicated facile genetic surface 

modification of protein nanoparticles with different functional peptides, safe siRNA delivery 

for gene treatment 63.

In addition to targeted drug delivery, ferritin has been helpful for other purposes, like 

enhancing the image resolution and contrast. Ferritins have been employed to detect tumors 

by employing encapsulated metallic cations as imaging agents 202, 203 that could replace the 

Fe3+ ions. To this end, in a study the ferritin was cationized by coupling N,N-dimethyl-1,3 

propanediamine using 1-ethyl-3-carbodiimide activation of carboxyl groups. When the 

functionalized ferritin was injected into animal models, better MRI image resolution was 

produced 78. In another study, Cao et al. generated a single-crystal magnetite core at the 

nano-scale level by attaching (NH4)2Fe(SO4)2 to H-ferritin at pH 8.5; this NC could also 

increase the MRI image contrast204. Finally, Wang et al. reported ultra-small copper sulfide 

NPs that could be accumulated inside the cavity of ferritin NCs (CuS–Fn NCs) to improve 

the PET imaging of tumors (Cu64). CuS–Fn NCs were also used to nediate photothermal 

therapy to cure the tumor 205.

NCs can simultaneously increase the sensitivity of both magnetic resonance imaging (MRI) 

and photo-acoustic imaging (PAI) by attaching effective targeting modules that effectively 

accumulate in cancers. In a study by Min et al TfR1-receptor targeted apoferritin NCs were 

fabricated as a theranostic platform. Here, loading metal ions (Fe3+) and melanin 

nanoparticles as the cargos of the apoferritins, enhanced MRI sensitivity, as well improved 

PAI sensitivity due to the synergistic effect of integration of Fe3+ and apoferritin. This 

nanoplatform also demonstrated noticeable bio-stability, high metal ion loading capacity, 

multimodal imaging (PET/MRI/PAI) capability, higher tumor specificity and uptake by 

HT29 tumor due to EPR effect. Through these alterations the stability of target module can 

be improved, and better targeted imaging can be achieved by increasing the metal loading in 

the apoferritin206.

Ferritin NCs can also be utilized for delivery of luminescent imaging agents. In a recent 

study, hydrophobic ruthenium(II) polyridyl complexes, Ru(bpy)2dppz2+ and 

Ru(phen)2dppz2+ were encapsulated in apoferritin where high loading efficiency, inhibition 

of Ru complex-triggered protein aggregation, and maintaining of protein native architecture 
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were reported. This nanocarrier when compared to free Ru complexes, had enhanced water 

solubility, facile manipulation, higher cell uptake, and lowered cytotoxicity133.

Furthermore, other applications such as radiotherapy and PTT can be accomplished using 

ferritins. Ferritins can deliver radioactive isotopes207 such as yttrium(90) and lutetium(177), 

which can also be used for radioisotope therapy applications 78. In regard to PTT, Zhen et 

al 82 loaded the photosensitizer ZnF16Pc into Cys-Asp-Cys-Arg-Gly-Asp-Cys-Phe-Cys 

(RGD4C)-modified apoferritin with an acceptable efficiency (63 wt%). This nanocarrier 

showed an enhanced photodynamic effect.

It is also worth mentioning that ferritin NCs can be fabricated in combination with other 

materials. One example is magnetic-carbon-quantum dot probe-labeled apoferritin NCs 208. 

The idea of engineering such particles comes from the fact that carbon dots (CDs) are 

biocompatible carbon-based nanostructures used for biological applications, namely optical 

imaging. Here, natural apoferritin NC was used as a carrier that could encapsulate high 

concentration of DOX , and could be targeted as their surface was functionalized with a 

tumor-targeting molecule (folic acid).

4-2-2 Heat shock proteins (HSPs)—Heat shock proteins (HSPs) can be found in all 

living organisms. They exert a chaperone activity to protect potentially damaged proteins, 

and they can also function as suitable carriers for drug delivery and medical treatments via 

several genetic and chemical engineering approaches. In cellular stress conditions, such as 

high temperatures, inflammation, infection and hypoxia, HSPs are highly over-

expressed 184, 209, 210 in order to prevent protein aggregation by their chaperone role. 

HSP100, HSP90, HSP70, HSP60, HSP27 and the small heat-shock proteins (sHSPs), are six 

families of HSPs that all exhibit chaperone activity and are components of normal cells211.

The chaperone role of HSPs comes from their ability to form stable complexes with their 

protein client molecules, where the protein clients bind to nanoscale internal cavities of the 

chaperone-like structure leading to protein preservation and refolding to restore the preferred 

secondary structure212, 213. The chaperonin-enclosed NPs can keep their chemical and 

thermal stability in aqueous solutions for more than one year and they are able to release 

their contents via ATP-binding and hydrolysis214.

In case of Small HSPs, they prevent protein aggregation in stressful conditions by partially 

bonding as molecular chaperones to denatured proteins 215, thus recovering cell viability, 

when environmental stresses have threatened cells 216. Different homologues of sHSPs are 

found in most existing life-forms 217-220. sHSPs form a particular group of HSPs that have 

an α-crystallin domain (an 80-100 amino acid sequence)221 bordered by variable amino- and 

carboxy-terminal extensions 215.

In 1998, Kim et al. 222 elucidated the crystal structure of the sHSP from the hyper-

thermophilicarchaeon, Methanococcus jannaschii. It was shown that this sHSP had a 

spherical structure with 24 subunits, an exterior diameter of 12 nm and an internal diameter 

of 6.5 nm. It also had approximately 3nm pores, which were larger than the usual pores 

found in other NCs. Solute exchange was easily accomplished between the interior cavity 
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and the exterior bulk solvent. The structural and functional properties of sHSP16.5 have 

been studied by Bova et al.85 who used chemical and genetic approaches to alter the 

structure of sHSPs. It was found that the protein structure could remain unaltered over a 

wide range of temperatures and pH values. In protein NCs including HSPs, presence of 

lysine residues both on the inner and outer surfaces of the cage allows various molecules to 

be attached by the formation of amide bonds. On the other hand, mutagenesis can also 

provide different conjugation sites by introducing cysteine amino acid residues with reactive 

thiol functionality. In previous studies, sHSPs have been modified with PEG linkers and 

SP94 peptide attachments to increase the affinity of the cages toward HCC cells. Here, 

selective delivery of DOX was achieved due to the combined cell-targeting and drug-

delivery properties of the SP94-modified sHSP cages 86.

sHSP can be utilized as a container for iron oxide NPs, prepared in a monodisperse 

formulation using a size-constrained synthetic process223. In normal cells, HSP70 is 

expressed only at a very low level or not expressed at all, while it is highly expressed in 

several cancer cell lines. Thus, it can be a potential biomarker of cancer prognosis or a 

marker of cancer progression224, as has been reported in the case of completely resected 

non-small cell lung cancer (NSCLC) patients that received platinum-based adjuvant 

chemotherapy225. HSP27 was also reported to inhibit a component in the apoptotic signaling 

pathway in a model of drug-resistant oral cancer cells 226. Since conventional 

chemotherapeutic agents attack malignant and normal proliferating cells non-specifically, 

and moreover tend to exhibit sub-optimal pharmacokinetic and biopharmaceutical 

characteristics227, the development of DDSs that deliver drug molecules to the specific site 

without harming normal organs at the same time is required. Table 2 summarizes several 

sHSPs used in drug delivery approaches.

HSP NCs have been genetically modified to attach peptides and antibodies for targeting of 

specific cancer cell types, such as melanoma and lymphocytic leukemia103. The genetic 

changes can introduce cysteine residues with reactive thiol groups to allow covalent binding 

with ligands bearing maleimide groups. As an example, the interior surface of a mutant 

sHSP was linked to the (6-maleimidocaproyl)-hydrazone derivative of DOX, which 

accomplished the selective-release of the entrapped drug in acidic (lysosomal) compartments 

where the hydrazone linkage was hydrolyzed103.

Murata et al. 228 prepared a NC derived from HSP16.5, a sHSP isolated from called M. 
jannaschii, which was mentioned above229-231. As sHSPs cannot display any tissue or organ 

specificity when administered systemically175, a targeting peptide sequence was added to 

the recombinant HSP16.5 by a genetic engineering approach. By incorporating the preS1 

peptide (which was originally derived from the envelope proteins of hepatitis B virus HBV) 

onto the exterior surface of the NCs, targeted nanocapsules were constructed with good 

specificity for liver cells232, 233. Amino acids 21-47 of preS1 were responsible for its cell 

attachment (which is the most important single step in the entry of a virus into the cell). A 

study by Dash et al. 234 showed that this 27-mer preS1 peptide had high affinity to bind to 

HepG2 cells depending on its concentration. These NCs were localized in the cytoplasm 

mediated by clathrin-dependent endocytosis and showed no inherent cytotoxicity. 

Modification of the N-terminal region of the preS1 domain of HBV was carried out by 
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attaching myristic acid in order to increase the cell uptake efficiency232, 235. Conjugation of 

HSPG41C-preS1 NCs with a well-chosen lipid increased the specificity for targeting 

hepatocytes in vivo.

4-2-3 Encapsulins—Encapsulins are newly discovered NC-like structures that are 

proteins of non-viral origin (due to not having any viral genes) derived from Thermotoga 
maritime (and other thermophilic bacteria) and Brevibacterium linens238. Encapsulins are 

bacterial nano-components and are the smallest example of bacterial protein cages, which 

show spontaneous preassembly behavior in-vivo as intact NCs 239. Encapsulins have been 

recently introduced as a promising drug delivery platform. Biomedical applications of 

encapsulins such as cell-specific optical nanoprobing, targeted therapeutic delivery, multi-

functionality, acting as a specific nanocontainer, and as an enzymatic nanoreactor have been 

reviewed recently 240. Bacterial encapsulin NCs are considered to possess a range of 

advantages including the ability to encapsulate smaller proteins (e.g. ferritin-like proteins 

and dye-decolorizing proteins) compared to viral protein cages. These include better 

biocompatibility, robust stability toward temperature and pH changes, more facile chemical 

modification with no loss of stability (e.g. integration of stimuli-responsive moieties into 

encapsulins) and promising carriers of functional molecules with cell-penetrating 

behavior 239, 241. Determination of its crystal structure showed that encapsulin formed a thin 

icosahedral T = 1 symmetric cage structure that was composed of 60 identical copies of 31 

kDa monomers. This NC has an interior diameter of 20 and an exterior diameter of 40 nm. 

Although the function of encapsulin in its bacterial host is not yet completely clear, studies 

have shown that this protein is involved in responses against oxidative stress by 

encapsulating proteins such as dye-decolorizing peroxidase (DyP) and ferritin like protein 

(FLP). The encapsulated protein binds to the interior surface of encapsulin with a specific 

peptide tag at the C terminus. The central cavity is therefore large enough to encapsulate 

several different therapeutic and diagnostic payloads239. In a study by Moon et al.236, as 

shown in Figure 9-a, chemical and genetic approaches allowed the HCC-cell binding peptide 

(SP94, SFSIIHTPILPL) as targeting ligand to be attached onto the exterior surface of the 

encapsulin (Encap_loophis42C123). Using a thiol-maleimide Michael-type addition, 

fluorescent probes such as fluorescein-5-maleimide (F5M) and drug molecules such as 

prodrug Aldoxorubicin (AlDox) could be attached to the encapsulin NC. Thus, the SP94 

peptide-targeted encapsulin NCs could specifically enter the acidic compartments of target 

HepG2 cells, followed by intracellular release of the drug, AlDox, leading to efficacious 

cancer cell killing than free drugs. These results illuminated simultaneous targeting, 

diagnostics and therapeutic effect of the developed nanocarrier as a multifunctional 

nanosystem.

In a study, Tamura et al. used the encapsulin derived from Rhodococcus erythropolis N771 

(Reencapsulin) as a nanocarrier, to encapsulate different proteins such as green fluorescent 

protein (EGFP) and firefly luciferase in its internal cavity through fusion of the C-terminal 

37-amino-acid sequence of the R. erythropolis N771 DypB peroxidase to the C-terminus. 

Here, a 28 nm-spherical particle could be formed via the assembly of 60 Reencapsulin 

monomers. Externally packaging potential of target proteins on the external surface of 

Reencapsulin was also demonstrated 242.
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Encapsulins nanocontainers can be modified by certain procedures (e.g. the action of 

enzymes) to package foreign cargos. Such encapsulated cargos and procedures can affect the 

mechanical properties of the encapsulin compartments e.g. their shell. For example, in a 

study by Snijder et al., rigid-enzyme bacterial containers including B. linens and T. maritima 
encapsulins were formed via the assembly of encapsulin dimers as highly stable 

substructures, in order to overcome mechanically compromised characteristics resulting in 

destabilization due to cargo loading. However these encapsulin nanocompartments showed 

intrinsically solid mechanical properties e.g. high stiffness that suggested they would be 

suitable nanoplatforms for nanomedical applications and nanocarriers of DDSs238.

Cancer immunotherapy can be implemented through activation of cytotoxic CD8+ T cell 

immune responses as a promising approach, especially via using targeted nanocarriers. In 

this regard, a type of antigen presenting cells (APCs), i.e. dendritic cells can induce initiation 

and regulation of antigen-specific cytotoxic CD8+ T cells to eradicate their target cancer 

cells, and also tumor rejection by secretion of IFN-γ cytokine. In a research, Choi et al. 

incorporated the OT-1 peptide (SIINFEKL) of ovalbumin (OVA) protein into encapsulin 

subunits, to fabricate antigenic peptide nanocarriers. Here, significant uptake of the 

encapsulin nanocarriers by DCs was followed by phagosome processing. Thus, OT-1 

peptides were efficaciously delivered and presented to naïve CD8+ T cells, leading to 

antigen-specific cytotoxic CD8+ T cell proliferation. The results suggested that cytotoxicity 

caused through activation of DC-mediated antigen-specific T cells by presention of the 

antigen contained in encapsulin nanocarriers as well as IFN-γ secretion by tumor-infiltrating 

lymphocytes led to enhanced tumor growth inhibition, and melanoma tumor destruction in-

vivo 243.

Reversible assembly/disassembly behavior of encapsulin nanocompartments in response to 

pH alteration was reported by Rahampour et al. Here, integration of the encapsulin with 

Rhodococcus jostii RHA1 peroxidase DypB, (a bacterial lignin peroxidase) gave rise to pH-

responsiveness, where treatment at pH 3.0 led to disassembly and at pH 7.0 to 

reassembly 134. Encapsulin based NCs can be functionalized with stimuli-responsive 

moieties, particularly to provide non-invasive imaging and cell-tracking. Recently Putri et al. 

in 2016 reported a bacterial derived encapsulin NC covalently grafted with a photo-

switchable non-fluorescent spiropyran label. Here, exposure to UV-light irradiation photo-

isomerized the spiropyran to its fluorescent photo-isomer, merocyanine, and a visible light 

reversed this photo-isomerization. These results demonstrated a reversible ON/OFF photo-

switch that facilitated imaging of this NC via super-resolution microscopy (Figure 9-b)241.

4-2-4 Vault protein NCs—The vault cytoplasmic ribonucleoprotein (also known as 

“vault”) is a eukaryotic organelle (a special subunit inside cells) whose precise function is 

not yet clear 244. Vaults were first discovered and isolated by Nancy Kedersha (cell 

biologist) and Leonard Rome (biochemist) at UCLA School of medicine245. The size of the 

vaults has been measured by different techniques such as STEM, Cryo-TEM, and negative 

staining to be between 25-60 nm 41. The protein structure of vaults consists of several major 

vault proteins (MVPs) bound to other minor vault proteins. The complex structure of vaults 

consists of two large complexes of major and minor vault proteins located close together 

which form a barrel-like vault. Their barrel-like structure with a large hollow body allows 
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encapsulation of drugs40. Vaults also have a high capacity for drug loading, and their 

protein-based structure has been found to be relatively non-immunogenic. Their relative ease 

of bioengineering is another advantage that makes them suitable for drug delivery 246, 247.

Vault NPs have been used as a protein shell for NPs with a lipophilic core248. These vaults 

consisted of an amphipathic R-helix produced from protein 5A of hepatitis C virus, and a 

novel aspect of these NPs was the lumen of the vault was able to encapsulate lipophilic 

compounds in a lipophilic microenvironment reversibly. Electron microscopy showed that 

the vault waist was greater than 35 nm, and the vaults could encapsulate hundreds to 

thousands of drug molecules such as bryostatin1. Bryostatin1 is a lipophilic macrolide 

lactone that functions as a modulator of protein kinase C and can inhibit angiogenesis and 

cause apoptosis in cancer cells. In another study, Buehler et al.249 manipulated the structure 

of the vault to be a carrier for all-trans retinoic acid (ATRA), which is a potentially toxic 

hydrophobic compound. Lipid bilayer nanodisks were formed from the vault-binding 

lipoprotein complex and these bound the ATRA inside the vault, protecting it from the 

environment. Cryoelectron tomography demonstrated that vault could completely 

encapsulate the ATRA, which showed lower toxicity towards the HCC cell line HepG2249.

Another beneficial feature of vaults is their target selectivity 250, 251, especially for delivery 

of anti-cancer agents 252, 253. Kickhoefer et al. 254 prepared vaults with C-terminal peptide 

extensions at the top and the bottom of the vault that could be used to attach ligands with 

specificity for targeting epithelial cancer cells (A431). Three different tags were employed 

bound to the C-terminus of MVP, the 55 amino acid epidermal growth factor (EGF), a 33 

amino acid IgG-binding peptide, and an 11 amino acid epitope tag, altogether 96 copies of 

MVPs. The baculovirus expression technique was used to modify the vaults.

Recently, vault protein nanocarriers have been reported that possess stimuli-responsive 

features. In a study by Matsumato etl al. 255, a dual-sensitive vault protein NP was 

synthesized, which was responsive to both temperature (with varying low critical solution 

temperature (LCST) at different pH values) and pH (e.g. aggregation at pH=6.0). Another 

experiment showed that decreasing the pH weakened the bonds between proteins. It was 

proposed that the observed responses of the vaults at low pH values were due to the strong 

polar characteristic of the lateral interaction between adjacent proteins 256. It also has been 

shown that the vault maintained its structure at pH values ranging from 6.0 to 7.5, but the 

particle was reported to be 15% shorter in length at pH 6.0 compared to its length at pH 7.5. 

The measurements confirmed that reducing the pH will not open the vaults in two halves, as 

had been suggested previously 257-259. Reducing pH will destabilize the particle which can 

be seen through the weakening of interactions of the shoulder regions with the barrel region.

4-3 Supramolecular nanosystems

Supramolecular-based nanosystems have the potential to form host-guest complexes with 

hydrophobic drugs, mitigate toxicity of anticancer drugs, and enhance bioavailability and 

stability 260. In order to optimize these nanosystems, it is necessary to rationally design them 

for their intended target, type of drug interaction (i.e. surface adsorption, encapsulation, 

etc.), and to introduce stimuli-responsive release under intrinsic physiological conditions or 

external stimuli e.g. magnetic, electrochemical, mechanical, etc. 261. These factors play a 
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key role in designing advanced DDSs with tailored storage, transport and confined/

controlled release properties 262-264. Their potential as theranostics also has been further 

investigated in recent studies. The following section summarizes the important endeavors in 

DDSs of various supramolecular NCs.

4-3-1 Cyclodextrins (CDs)—CDs are a family of α-1,4-glycosidic bonded macrocyclic 

oligosaccharides with an abundance of hydroxyl groups on the molecule. They have a 

hydrophobic cavity that can encapsulate different cargos e.g. proteins, ions, small molecules 

and oligonucleotides, and their application is not only limited to DDSs 265. For example, 

they can be used as stabilizers or flavoring modifiers in the food industry to reduce any 

unpleasant odor and taste 266. Several properties make CDs very attractive especially their 

good biocompatibility, versatile functionalization capacity and excellent pharmaceutical 

features 265. Different CD complexes and CD-conjugated polymers for various applications 

have been reviewed 265,267. In a recent study, a highly stable NC based on multivalent host–

guest interactions of a polymer–CD conjugate with a polymer–PTX conjugate for passive 

and active targeting of PTX to cancer cells. This study employed ester linkages between the 

drug and an anhydride moiety on the polymer backbone that underwent degradation inside 

the cells leading to efficient release of PTX and significant activity in vivo in a murine tumor 

model 268 (Figure 10-a and b).

Porphyrin-cyclodextrin can also be conjugated to PTX or DOX, and such dual-function NC 

could be used in a synergistic combination of chemotherapy and photodynamic therapy for 

in vitro and in vivo studies 269. Another study looked at intermolecular interactions of two 

new β-CD derivatives with DOX 270. CD-based nanogels can form inclusion complexes that 

allow sustained release of 3-methylbenzoic acid (3-MBA) (used as a model drug) through a 

controlled mechanism271. Other applications have been also reviewed38 highlighting the 

excellent properties of CDs as DDSs.

4-3-2 Hybrid metal-organic NCs—Metal–organic frameworks (MOFs) are compounds 

consisting of metal ions or clusters coordinated to organic molecules to form one-, two-, or 

three-dimensional structures that can be porous. MOFs have good structural stability and a 

stable pore structure both of which are important factors for DDSs. Several investigations 

have been conducted on MOF-based DDSs for example their use for 5-fluorouracil (5-FU) 

adsorption and delivery 272; adsorption, delivery and release of bioactive gases (for example 

NO) 273, 274; and other biomedical applications 272. Yi et al. 275 prepared water-soluble 

metal-NCs based on arene ruthenium complexes for cancer targeting, which could 

encapsulate pyrenyl-nucleosides in a host–guest system, These NCs exhibited effective anti-

proliferative characteristic on ovarian cancer cell lines, (including cisplatin-resistant strains) 

functioning as a DDS for floxuridine with enhanced cellular uptake and better 

bioavailability 275. A similar strategy was applied by Mattson et al. 276 to deliver lipophilic 

pyrenyl derivatives. Zhang et al. 277 prepared a series of well-defined hollow MOF-based 

NCs using a facile solvothermal method, which were claimed to be a novel class of 

functional nanomaterials with promising applications in various fields.

4-3-3 Cucurbiturils (CBs)—CBs are macrocyclic oligomeric molecules constructed from 

a small number of glycoluril monomer units (for instance 5-7) linked by methylene bridges. 
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CBs were first synthesized in 1905 by Behrend who condensed glycoluril with 

formaldehyde 278, but their structure was not elucidated until 1981 279. These compounds 

have become popular in the field of catalysis based on their molecular recognition 

properties 280. Their interesting structure and their ability to solubilize water-insoluble drugs 

make them a good candidate for DDSs. In one study, cucurbituril-7 (CB7) was used to 

investigate the delivery of triamterene (a potassium-sparing diuretic used for the treatment of 

hypertension) by enhancing its solubility and bioavailability. The results demonstrated the 

formation of a stable host-guest complex in aqueous solution, better solubility (1.6 times), 

and increased oral bioavailability in rats 281. Other applications of CBs include their use in 

cisplatin anticancer complexes 282, 283, and crossing the cell membrane using CB complexed 

with basic dyes 284285.

4-3-4 Calixarenes—Calixarenes are macrocyclic oligomers (often tetramers) based on a 

hydroxyl-alkylation product formed from reactions between phenols and an aldehyde, 

named after “calyx” (the Greek word for chalice) 286. Their properties such as easy 

functionalization, availability, and ability to form host-guest complexes with various 

molecules e.g. organic molecules and the moieties of large molecules and supramolecules 

(e.g. amino acids, proteins, and DNA), and metal ions, make them appropriate candidates for 

biomedical applications263, 287. Construction of a NC from a cobalt-containing Co4-

calixarene was recently reported by Su et al.288 as the first open pentameric (Co20) 

calixarene coordination compound with possibilities as a DDS. This group has also reported 

other calixarene NCs e.g. thiacalix[4]arene-based polyhedral coordination cages289, high-

nuclearity M4n (M = Co or Ni, n equals to 2–6) coordination cages 290, and “heterometallic 

calixarene-based cages”291. In another study, construction of a water-soluble platinum–

calixarene complex, called “Calixplatin”, exhibited enhanced anticancer activity compared 

to carboplatin (and other platinum drugs) against a human NSCLC cell line 292. The 

biopharmaceutical and biological applications of calixarenes have been reviewed 263, 287. 

Examples include 4-tert-butylcalix[4]arene containing penicillin V and nalidixic acid 293; 

calixarene–cyclodextrin heterodimers for sustained release of docetaxel 294; and a hybrid 

liposomal PEGylated calix[4]arene for delivery of curcumin 295. Other supramolecular 

structures (or hybrids formed with other nanostructures) that have been used for biomedical 

applications based on host-guest interactions include cryptands, crown ethers, and 

pillararenes 260, 263, 296-298.

4-4 DNA NCs

DNA possesses important features of molecular recognition, predictable base hybridization, 

well-defined secondary structure, satisfactory chemical stability, and good commercial 

availability; therefore it has been chosen as a powerful building block for the fabrication of 

many nanostructures 299. In recent years, various approaches have been proposed for 

assembly of 3D DNA nanostructures, such as employing a biomimetic strategy which was 

inspired from natural biological supramolecules (i.e. viruses), and is based on self-assembly 

of identical components (symmetric star motifs, tiles etc.) and has allowed construction of 

DNA polyhedral structures 300. The strategy of employing “n-point star tiles” has been 

adapted as a general approach for precise hierarchical assembly of various DNA NCs and 

large complex supramolecular structures 301. In recent literature, DNA nanostructures have 
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been used to impart a variety of capabilities in DDSs 302, and also miscellaneous biomedical 

applications of DNA NCs have been reviewed 303. Furthermore, recent studies have shown 

that DNA 3D nanostructures do not possess serious cytotoxicity or immunogenicity 

issues 304. They can exhibit good stability against nuclease degradation in biological media, 

and can non-invasively enter living cells without use of transfection reagents, remaining 

intact within cytoplasm 305, 306. Along with these features, investigation of site-specific sub-

cellular targeting capability of DNA NCs, suggested that these structures could serve as 

highly efficient smart drug delivery vehicles 307.

DNA NCs can encapsulate guest molecules and release them under specific conditions, 

which makes them amenable for controlled delivery of therapeutics 308. Juul et al. 135 

developed a non-covalent temperature-controlled approach to encapsulate horseradish 

peroxidase (HRP) into a DNA NC structure (3T). Modification of the basic cage structure 

with hairpin-forming DNA strands offered flexibility and could facilitate opening of the cage 

and release of the cargo at 37°C while retaining it at 4°C. Moreover, Liu et al 309 reported 

the reversible assembly/disassembly of tetrahedral DNA NCs, which were responsive to 

external pH with potential applications for on-demand drug release. They used star-shaped 

nanomotifs to assemble the DNA cage structure and introduced a cytosine-containing DNA 

triplex to the sticky-end regions of each branch of the motif with two complementary single-

stranded overhangs. It was found that cytosine could be protonated in acidic media (e.g., pH 

5.0) and interact with G-C base pairs to form C+G-C, while it lost a proton in neutral media 

(e.g., pH 8.0) and dissociated. Elsewhere, a smart multilayered DNA NC was synthesized by 

a layer-by-layer assembly method. The layers of this NC could be separated from each other 

by exposure to a chemical trigger, ATP 136. This ATP-activated layer separation of DNA 

NCs can be applied in design of smart DNA DDSs.

A recent study used both DNA NCs and gold NPs, to prepare DNA-caged gold NPs and 

investigated their controlled release behavior when exposed to both pH variation and a DNA 

degrading enzyme. The polyhedral NCs were assembled using four-point-star motifs with 

three complementary strands and a fourth strand that was attached to the surface of the 

AuNPs, which was modified with single stranded-DNA. Subsequently, DOX was 

incorporated into the AuNPs-NCs, and drug release was observed upon adding an 

exonuclease enzyme, and also when the pH was reduced from 7.2 to 6.86 310. Another 

interesting release strategy was proposed based on reversible on/off switching of the surface 

pores of the NC structure via a DNA-based capping technique. The faces of a DNA 

tetrahedron capped the surface pores binding to a capping motif (CM) using DNA 

hybridization, and uncapping occurred upon introducing another cap-removal strand (CR) 

which resulted in CM strand displacement increasing the pore size 308.

Setyawati et al. 311 produced a novel DNA 3D structure with theranostic applications by 

preparing a DNA nanopyramid platform that incorporated Au nanoclusters emitting red-light 

and protected with glutathione. These could be used for bacterial detection and could also 

contain actinomycin D as a therapeutic agent. The results indicated successful cell 

recognition, rapid uptake of the nanostructure inside Escherichia coli and Staphylococcus 
aureus bacterial cells and high killing efficacy by actinomycin D. Another nanotheranostic 

platform was proposed by Jiang et al. 312 based on a DNA origami (DO)-gold nanorod 
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(GNR) complex, which combined the photothermal conversion properties of GNR and the 

structural properties of DNA origami. The NC was delivered to human breast tumor cells 

(MCF7) and showed efficient cell uptake, two-photon cell imaging capability, and 

photothermal cytotoxicity.

4-5 Gold NCs

Gold (Au) nanostructures with unique physical and chemical properties have attracted 

tremendous attention in recent years in the field of nanomedicine 313-315. In 2002, a novel 

class of Au NCs was invented known as AuNCs. AuNCs are characterized by a hollow 

interior surrounded by ultrathin and porous walls 316. Their other properties include compact 

size (approximately 20-500 nm), straightforward and precise tuning of localized surface 

plasmon resonance (LSPR), and large absorption cross-section per unit volume. The main 

advantages of AuNCs are: (1) can be produced in large quantities with high quality; (2) 

capability for loading and releasing of drugs due to their porous walls and hollow interiors; 

(3) possibility of controllable size to enhance their permeation through tissues; (4) being 

single crystals with good mechanical flexibility and stability, which makes them easy to 

survive in complex in vivo environments; (5) suitability for quantitative functionalization 

and labeling with biomolecules and ligands due to their atomically flat surface 267.

Various biomedical applications of AuNCs have been reviewed recently 9. AuNCs have 

attracted tremendous attention as a novel class of DDSs, due to their hollow interiors and 

good photothermal absorption properties, and particularly because of their inherent 

theranostic ability to combine optical imaging with targeted drug release. For a controllable 

drug delivery, the surface of AuNCs is generally functionalized before drug loading. A 

common method for functionalization is to employ thermally-responsive polymers combined 

with near-infrared (NIR) laser irradiation or high-intensity focused ultrasound (HIFU). 

Figure 10 shows a schematic illustration of how polymer-modified AuNCs perform in 

stimuli-responsive drug delivery. The surface of the AuNCs can be coated with smart 

polymers such as poly(N-isopropylacrylamide) (pNIPAAm) or its derivatives using Au-

thiolate bond formation. The conformation of the polymer chains depends on temperature 

(whether the NIR or HIFU trigger is on/off) and abruptly changes at a point called the LCST. 

If irradiation with the NIR laser overlaps with the LSPR peak, the light will be absorbed and 

converted into heat through a photothermal effect. By increasing the temperature above the 

LCST (i.e. 39°C), the polymer chains will collapse and become hydrophobic and the pores 

will open and the preloaded drug will be released. When HIFU or NIR irradiation is turned 

off, the temperature will decrease and polymer chains will return to the extended state and 

regain their hydrophilicity, with the drug delivery having been accomplished. Therefore, the 

release of drug can be remotely controlled by adjusting the power and/or the time of NIR or 

HIFU irradiation 272. It was found that HIFU was more effective due to its deeper 

penetration into soft tissues than NIR radiation, and because the rapid local temperature rise 

within the focal volume achieved by the focused HIFU, produced highly localized drug 

release. The above system is limited to hydrophilic drugs, because polymers such as 

poly(vinyl pyrrolidone) (used for AuNC interior modification) are hydrophilic 128. Moon et 

al. 127 introduced a new method which allowed encapsulation and delivery of both 

hydrophilic and hydrophobic drugs. The method was based on loading the hollow interiors 
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of AuNCs with drug-doped phase-change materials (PCM) such as 1-tetradecanol with a 

melting point of 38-39°C 127, 267. PCMs have a surfactant like structure and have good 

miscibility with drug molecules. By intermixing of drug and PCM, the drug could be loaded 

into the AuNCs via diffusion of the mixture. When the AuNC-PCM was heated to a 

temperature beyond the PCM melting point, the preloaded drug was released into the 

surrounding medium (Figure 11-a). Rhodamine R6G was used as a model drug in this study, 

and the results of thermal gravimetric analysis showed that 84% of the void space inside 

each AuNC was occupied with dye/PCM mixture. Figure 11-b shows controlled drug 

delivery by varying the power and exposure time of HIFU. At room temperature, R6G 

release was negligible, and at 37°C there was a slight release (less than 5% after 3 days), but, 

when temperature was increased beyond the melting point of PCM (38-39°C), 28% of the 

drug was released over 3 days 127, 267. In another study, photothermal activation was used to 

trigger drug release from an AuNC. In this study its pores were covered with a thermo-

responsive moiety, poly(N-isopropylacrylamide) (PNIPAAm) conjugated onto the AuNC 

surface via Au-thiolate bonding. Then a NIR irradiation triggered LSPR absorption of 

AuNCs, thus increasing the temperature. This led toa LCST transition of the PNIPAAm, 

which became hydrophobic and shrank via conformational changes, resulting in release of 

the encapsulated cargos (Figure 11-c) 317. AuNCs have shown remarkable potential as a 

biomcomputing nanoplatform in logic-gate controlled DDSs. Shi et al. designed polymer 

shell-conjugated AuNCs loaded with an enzyme and also a prodrug. Here, the NIR-

irradiation photothermal effect was employed to build an ON/OFF logic-gated release 

system with various functions such as AND, OR, or INHIBIT. As an example of logic gate 

operation, the AND logic state performed as follows. Two types of AuNCs were opened by a 

set of two NIR irradiations with different wavelengths 670 and 808 nm, through which 

enzymatic reactions were induced. This led to an AND gated operation in the form of 

fluorescence signals, and releasing of prodrug molecules (Figure 11-d) 318.

4-6 Carbon-based NCs

Carbon nanomaterials e.g. graphene, carbon nanotubes, and fullerenes have received much 

attention in nanotechnology due to their special properties and interesting structures. Their 

electrical and electrochemical properties and their interaction with biomolecules make them 

good candidate in a diverse range of biomedical applications such as drug delivery or bio-

sensors 319.

Graphene is a single atomic layer of sp2 hybridized carbon atoms that has been much 

studied because of its novel mechanical and electrical properties. By overcoming the energy-

barrier for folding graphene sheets, folded graphene sheets can be produced320. Zhang et al. 

reported a procedure to control the folding-morphology of graphene sheets by doping 

pristine graphene with hydrogen in a specific pattern. Molecular dynamics methods were 

used to simulate cross-shaped cubic graphene NC and encapsulation of biomolecules, i.e., 

drugs. The biomolecule encapsulation occurs when the top graphene sheet is “wrapped” 

downward, and the bottom graphene sheet is wrapped upward. This simulation opened up 

new options to control the 3D structure of graphene sheets that could be used for drug 

delivery purposes321. Carbon NCs can also be used in quantitative analysis, as Guo et al.322 

showed with thin-walled graphitic nanostructures (“bucky-paper films”). Work on innovative 
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closed structures starting from graphene nanoribbons is still in progress, and possible drug 

delivery applications for them have been suggested; however, currently there is no research 

that shows their direct application for drug delivery323.

Nanostructures (similar to those formed from carbon) but containing other elements have 

also been investigated. Ganji et al. 273 investigated the ability of NCs constructed from boron 

nitride B36N36 (a fullerene-like molecule) to bind amino acids like glycine. They calculated 

the binding energy and compared it with the binding energy of pure carbon fullerene (C60). 

The electronic structure and Mulliken charge population for most favorable complexes also 

analyzed, and the results showed that unlike C60 fullerene, B36N36 NC could form a stable 

bond with amino acids via their carbonyl oxygen. Therefore, B36N36 NCs could be used as 

a nanocarrier for DDSs.

In a study, mesoporous carbon nanospheres (MCN) were designed having a diameter 

ranging from 150 to 200 nm and capped with cupper sulfide (CuS) NPs. The MCNs due to 

their hollow and porous structure could encapsulate DOX efficiently with the help of π- π 
stacking interaction between DOX and MCN. CuS was used as the cap of the newly 

designed structure with NIR absorption and photothermal conversion ability. Therefore, this 

nanocomposite structure was a novel design of NCNCs showing low pre-release, efficient 

drug loading and because the cap was pH and NIR responsive, a combination antitumor 

activity was obtained 324.

4-7 Inorganic Oxide NCs

An important category of NCs belongs to oxide NCs such as mesoporous silica NPs 

(MSNs), SiO2, and iron oxide NCs. MSN-based NCs have a large surface area, high pore 

volume, good chemical and thermal stability and show versatile surface chemistry which 

makes them suitable materials as carriers in drug delivery 325-328. Wang and et al. 222 

reported the synthesis of monodisperse hollow mesoporous silica (HMS) NCs with a 

uniform size possessing a hollow cubic core and a mesoporous shell with pore channels that 

could be tailored by a template-coating-etching process. HMS NCs had a higher loading 

capacity because of their larger cubic volume, and allowed a chemotherapeutic drug, DOX 

to be loaded and released. Successful in vitro fluorescence imaging indicated HMS NCs 

labeled with florescent dyes had good cellular uptake 87. In addition to the high storage 

capacity of NCs, MSNs have also shown sustained release properties. HMS NCs have 

demonstrated initial fast drug release followed by a longer sustained release, and also pH-

triggered drug release can be used for anticancer targeting 87, 329. In addition to MSNs, iron 

oxide NCs have been also been used as potential cage-shaped structures. In a recent study, a 

drug (riluzole)-loaded iron oxide NC capped with a catechol-functionalized dextran was 

synthesized and used for targeted delivery against metastatic osteosarcoma cells 92.

5- Synthesis methods of NCs

5-1 Ferritin

Ferritins are self-assembled in living organisms 7. They are produced in almost all living 

organisms such as animals, higher plants, archaea, fungi and eubacteria, but not in yeast. 
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Ferritin subunits self-assemble into spherical naocages with outer and inner diameters of 12 

nm and 8 nm, respectively. Ferritin can be found in external and interacellular compartments 

such as cytosol, nucleus and mitochondria 84.

5-2 Small heat shock

The sHSP NCs are expressed in response to elevated temperatures and other types of cellular 

stress as infection, inflammation and hypoxia. sHSP has extracted and purified from 

organisms such as Methanococcus jannaschii.

5-3 Vault

Vault proteins are present in the cells of diverse eukaryotic cells 330. Organisms like 

protozoa, molluscs, the slime mold Dictyostelium discoideum, echinoderms, fish, 

amphibians, avians, and mammals331 contain vault proteins. Vault proteins self-assemble 

from subunits in living organisms and make spherical NCs of which the majority exist in the 

cytoplasm and they extracted and purified from cytoplasm.

Also according to the recent studies vaults can be produced with chemically active or 

fluorescent proteins sequestered within the particle cavity. The baculovirus system is robust 

leads to production and purification of 4-20 mg of vaults per liter of cells culture 332.

5-4 Virus-like NCs

VLPs can be purified after expression in yeast and insect cells using baculoviruses, 

Escherichia coli or mammalian cells 333. The producing selection method depends on the 

type of VLPs and the number of different proteins included in the specific VLP 334. Two of 

the most prominent HPV VLP vaccines, Gardasil and Cervarix™, are produced in yeast and 

baculovirus / insect cell expression system, respectively. Providing by baculovirus or in 

mammalin cells is often preferred when several different proteins are co-expressed in order 

to form the VLPs.

5-5- Supramolecular nanosystems

5-5-1 Cyclodextrins (CDs)—Several methods are known for the assembly of NCs from 

CDs 335. A straightforward method is covalently connecting several CD cavities to a linker 

molecule or grafting a number of CD cavities onto a polymeic molecule through 

nucleophilic displacement, condensation or acylation. Another method for CDs assembly is 

based on the combined contribtion of several non-covalent interactions which leads to highly 

ordered architectures with well-oganized topology. Gold nuclei and carbon nanotubes are 

widely used as templates in the construction of three-dimensional CD-based supramolecular 

assemblies 336.

5-5-2 Cucurbiturils (CBs)—CB –based supramolecular assemblies can be performed by 

the reaction of glycoluril with formaldehyde in mineral acids (H2SO4 and HCl) at 75-90 °C, 

produces a mixture of the CB[n] family. The lower reaction temperature leads to the 

remarkable amounts of CB homologues in addition to CB[6]. CB[n] (n=5, 7 and 8) can be 

separate and purify by fractional crystallization and dissolution, or chromatography 337. In 

another study, the new CB[6] derivative, (3-(6-hydroxyhexanethio)-propan -1-oxy)nCB[6] 
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(average n=11.4), was synthesized by photoreaction between (allyloxy)12CB[6] and 6-

mercaptohexanol in methanol 338.

5-5-3 Hybrid metal-organic NCs—General methods used for the hybrid metal-organic 

synthesis including; nanoprecipitation, solvothermal, reverse microemulsion, and surfactant-

templated solvothermal reactions. First method leads to amorphous materials, while the 

latter three methods can afford crystalline materials 272. according to other research hybrid 

metal-organic NCs are synthesized under mild conditions via a coordination-directed self-

assembly processes 339.

5-5-4 Calixarene—Calixarene – based NCs generally have been synthesized by the 

solvothermal method. For example, a family of high-nuclearity M4n (m=Ni or Co, n=2-6) 

coordination NCs constructed by M4-calix[4]arene molecular building blocks with inorganic 

phosphate or organic phosphonate ligands have been isolated after solvothermal 

syntheses 340. Calixarenes (including resorcinarenes and pyrogallolarenes) are one of the 

important categories of macrocyclic host molecules in supermolecular chemistry 340. 

Various calixarenes- and resorcinarenes–based NCs have been prepared through metal –

mediated self–assembly 341. Most of the cages (especially capsules) are made by two metal-

bridged calixarenes. Larger cages have been constructed from six calixarenes linked with 12 

or 24 metal ions.

A series of MOF NCs was reported by Zhang and et. al. 342 by a solvothermal method 

without any template. A surface energy driven mechanism was suggested for this synthesis.

5-6 Carbon NCs

Different methods such as pyrolysis, carbon atom deposition and template methos have been 

developed for carbon NCs (CNCs) preparation. In one report an in situ MgO template 

method was developed to prepare CNCs from a benzene precursor 343. In another study 

CNCs were produced by pyrolysis of ethanol and ferrous oxalate 344. First, iron ions were 

converted to cubic Fe3O4 nanoparticles by a solvothermal reaction using the decomposition 

of ferrous oxalate. Then, cubic Fe3O4 nanoparticles catalyzed the carbonization of ethanol 

and the carbon atoms begin to deposit on the surface of Fe3O4 nanoparticles. CNCs could be 

obtained after washing the Fe3O4 nanoparticles with HCl. In an other research, iron/graphite 

core –shell NPs were produced by pyrolysis of a mixture of acetylene and iron carbonyl in 

order to form hollow CNCs 345. The core-shell NPs were heat-treated in the presence of 

iodine. The Fe particles entrapped by carbon shells could be removed with little damage of 

the graphitic structure and little loss of carbon material.

5-7 Au NCs

The easiest method to synthesize AuNCs is based on a simple galvanic replacement reaction 

between Ag nanocubes and gold salts such as HAuCl4 in aqueous media (equation 

1) 346, 347. Four different Ag templates can be exploited including single-crystal cubes with 

and without truncated corners; single crystal octahedrons with truncated corners; and 

polycrystalline quasi-spheres for the synthesis of AuNCs 75. The truncated corners of the Ag 
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nanocubes are used as templates, causing the NCs to have pores preferentially located on 

corners rather than the facets75. This makes AuNCs suitable for specific applications348, 349.

(1)

The production process of AuNCs begins by a reaction between Ag and HAuCl4 at the 

surface of the Ag cube 346 (sites of highest energy) using a syringe pump to control the rate 

of HAuCl4 addition while the temperature of the Ag nanocube suspension is also 

controlled 347. During this reaction, the silver dissolves and the released electrons migrate to 

the nanocube faces and are captured by AuCl4− generating Au atoms which form a thin layer 

of gold on the outer surface of the cube 350. As the reaction continues, more silver is 

removed from the interior wall of the cube and small pits are created in the wall, so a 

uniform, smooth and hollow gold-silver alloy nano-box is formed. The last step of the 

process includes removing of all the silver from the gold-silver alloy walls, while a highly 

porous material remains which forms the final NC 351. In this method, the wall-thickness 

can be controlled by adjusting the amount of HAuCl4. The process steps of the above-

mentioned approach are summarized in Figure 12-a 347. Furthermore, Figure 12-b shows 

SEM images and a brief review of Au NCs formation process from Ag nanocubes, in a study 

conducted by Sun et al. 352.

5-8 Oxide inorganic NCs

As previously stated, two important oxide NCs are MSNs, and iron oxide NCs. 

Monodisperse uniform HMS NCs with cubic hollow cores can be synthesized using a 

template–coating–etching technique. This approach utilizes cetyltrimethylammonium 

bromide (CTAB) as the template to define the morphology of lead sulfide (PbS) nanocubes 

that function as a structure-directing template for the formation of mesoporous silica NCs. 

PbS nanocubes are synthesized in aqueous solution using Pb(Ac)2 and thioacetamide. PbS 

nanocubes are a good choice as a template for production of silica NCs due to their simple 

and reproducible synthetic process and suitable CTAB–capped surface, which leads to the 

formation of mesoporous silica shells with a cubic shape. As illustrated in Figure 12-c, the 

CTAB solution was mixed with PbS nanocubes to adsorb CTAB molecules onto the surface. 

Then, the silica precursor, tetraethyl orthosilicate (TEOS), was added and TEOS was 

hydrolyzed occurred by base-catalysis, and the mesoporous silica shells were produced on 

the surface of PbS nanocubes (PbS@mSiO2) 87. The surface of the HMS NCs was then 

functionalized with amino groups using 3-aminopropyltriethoxysilane (APTMS). Finally, 

the surface of the HMS NCs was modified with PEG succinimidyl groups to provide long 

circulation times and colloidal stability under physiological conditions. The PEG-HMS NCs 

were loaded with DOX as a cytotoxic drug against liver cancer cells 87.

The monodisperse PbS@mSiO2 nanocubes were uniform (44 ± 2 nm in diameter with an 

outer shell thickness of 14 ± 2 nm) according to the TEM images. The HMS NCs were 

found to have a thicker outer shell of 24 ± 2 nm. The mesoporous structure of the silica NC 

enhances drug loading because the pore channels of the shells facilitate diffusion; moreover 

drug molecules can be stored in the large cubic cavities in the center as well as inside the 
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mesoporous channels. A high cargo loading efficiency into HMS-NCs was reported as high 

as approximately 89.1% and the drug loading ratio of 57 μg per 1 mg of NCs 87, 329.

In regard to iron oxide NCs, they can be synthesized via etching of cubic nanocrystal seeds 

using galvanic exchange reactions, after which a cage shape with hollow cavity and single 

crystal nature can be obtained. 92. Moreover, the synthesized iron oxide NCs can be 

equipped with various cargos either encapsulated or conjugated, and besides, can be 

functionalized with capping agents.

6- Nanotoxicology

Nanocarriers in general, and more specifically NC drug carriers have demonstrated 

promising results that bring a future hope that drugs will have fewer side effects because the 

drug carriers can be made more selective and prevent many side effects. Nevertheless, 

nanocarriers should be biocompatible, or in other words the carriers themselves should not 

cause any off-target cytotoxicity. This is why after passing initial in vitro tests, the carriers 

should be closely examined in vivo. Carrier-mediated cytotoxicity is mainly due to 

interactions between NCs and body systems which can lead to immune activation, chronic 

toxicity, mutation. Moreover there is a concern about long-term environmental 

accumulation.

Recent studies have investigated the genotoxicity of silver and metal oxide nanocarriers in 

vitro using the alkaline comet assay353-355. Moreover, CNTs, silver and zinc NCs have 

caused apoptosis caused by DNA damage induced in cells, which were detected by the 

TUNEL (terminal deoxynucleotidyl transferase deoxyuridine triphosphate nick end labeling) 

assay356-358. It has been also shown that silica NPs can cause lipid peroxidation, reactive 

oxygen species (ROS) generation and depletion of GSH. Therefore MSP may have the 

potential to induce oxidative effects in human liver cells359. Furthermore, depolarization of 

mitochondrial membrane, when exposed to NCs could be a sign of apoptosis initiation, 

which can be caused by nickel oxide and gold NCs360. Titanium dioxide NCs and CNTs can 

reduce mitochondrial metabolic activity, as they have photocatalytic properties361. 

Additional investigations also demonstrated that silver and gold NCs could cause reduction 

in metabolic activity 362, 363. Cadmium-containing silica NCs, at a shorter exposure time, 

showed down-regulation in renal gene expression, associated with acute inflammation, 

immunity and defense processes. After 30 days, down-regulation in renal gene expression 

was related to apoptosis induction and cell regulation364.

Immune responses, inflammatory reactions and phagocytosis have been demonstrated by 

NCs, such as iron oxide NCs365, 366. Additionally, cytotoxicity of graphene quantum dots 

(GQDs) has led to a decrease in expression of the anti-apoptosis protein Bcl-2 and an 

increase in expression of pro-apoptotic proteins Bax and Bad367. Accumulation in organs 

and histological abnormalities also can result from NCs, such as copper NCs368 and titanium 

dioxide NCs369. In addition, NC-treated animals may show changes in some blood 

constituents; these may be positive or negative changes, in comparison with the control 

group. In this case, these variations can be used as an indicator of nanotoxicity 370. However 
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blood analysis of mice after 14 successive days of administration of gold-iron oxide NCs, 

showed no toxicity371.

Excretion routes of NCs from the body are another important issue in nanomaterial safety. 

Inductively coupled plasma (ICP) mass spectrometry tests on samples of urine and feces, 

collected at different times after administration, is one way to monitor NC excretion. 

Analyses of different excretion routes after silica NC administration, determined that feces 

(liver and bile) was the route by which highest percentage of silica NCs were excreted372, 

while after gold NC administration, the renal route into urine showed the highest 

percentage373.

Only a few of the virus-based protein cages have reached the stage of evaluating toxicity and 

immunological reactions using in vivo tests. These virus-based structures have mostly 

included CPMV and CCMV. One example is Texas Red (TR)-labeled CCMV, which was 

injected into mice and then the tissues were evaluated by fluorescence microscopy. The 

CCMV was rapidly (within 1hour after injection) found in the liver, lungs and kidneys; the 

presence in these organs declined 24 hours after injection. A high percentage (around 60%) 

of NCs was excreted in 24 hours. The fast excretion of CCMV from the human body can 

reduce the side effects of those molecules. However a severe IgM and IgG response 

indicated that CCMV was highly immunogenic175.

CPMV NCs were found to be non-toxic and safe, as was shown by the study of Finn and 

Manchester et al. 176 who investigated the toxicity and biodistribution of these particles in 

vivo. Different doses of CPMV VLP were injected into mice and no visibly concerning signs 

were observed. Within 30 minutes, these NCs were also cleared from the blood circulation, 

with an average half-life of 4–7 min in plasma. A mild leukopenia was observed, which 

could be due to the presence of viruses in the blood circulation374, 375. The cytotoxicity and 

cellular uptake of several VLPs have been measured in vitro. It was concluded from an MTT 

cytotoxicity assay that HCRSV is not cytotoxic against the CNE-1, CCL-186 and OVCAR-3 

cell lines at concentrations up to 1 mg/mL 376. CPMV–APC interactions need to be studied 

further in order to develop CPMV based vaccine systems377.

The first idea that comes to mind for reducing the cytotoxicity of NCs is by formation of a 

protective coating (for instance PEGylation) around the NC to alter the interaction between 

the NCs and the biological system. There are some advantages and disadvantage of various 

materials and methods used in coating different NCs. For example, protein-based NCs and 

AuNCs have flexibility for surface modification (the latter one due to the ease of forming 

gold–thiolate linkages)88. Mesoporous silica NCs combine high chemical and thermal 

stability with versatile chemistry for surface functionalization69, 377. AuNCs can also 

encapsulate various bio-molecules378, and have a broad range of possibilities in theranostic 

applications75, 351. However AuNCs have issues with biocompatibility, and immunological 

issues could present a challenge because of B-cell activation, and high IgG titers especially 

for repeated applications 68. IgM antibody production and increased complement activation 

has been observed mainly in studies using multiple administrations 379, 380.
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The toxicity of MOFs is challenging due to the incorporation of heavy metal ions (Cu2+, 

Gd3+, Fe3+, Mn2+. etc.)76 in their structures, which is similar to recent discussion on the 

toxicity of semiconductor quantum dots and gold nanostructures. Concerns exist about the 

generation of ROS, possible genotoxicity, mitochondrial damage and cell death by apoptosis 

and/or necrosis.

Although several studies have been done to investigate the toxicity of NPs and NCs, a 

categorical assessment and consensus regarding their toxicity is controversial. This is partly 

because measures of toxicity are affected not only be the assay chosen, but also by factors 

such as shape, surface charge, size, coating and surface functionalization, through which the 

interaction of NC with biological systems can be changed, resulting in changes in toxicity 

measured. Nanotoxicity is still an area that is under active investigation.

7- Translation into clinical applications

Despite all the fascinating features, the majority of innovative drug delivery vehicles are 

hampered by their toxicity, biodegradability or immunogenicity when it comes to clinical 

applications. Some NP-based DDSs that have been approved by FDA so far are: Doxil 

(liposomal-polyethylene glycol doxorubicin), DanoXome (liposomal daunorubicin), 

Oncaspar (Polyethylene glycol-L-Asparaginase), and Abraxane (albumin-bound 

paclitaxel)381. Natural polymeric vehicles, such as albumin, because of posing less 

biocompatibility concerns, have recently reached growing applications in clinical trials. 

Similarly, ferritin, the naturally occurring protein, having insignificant toxicity and 

immunogenicity along with several unique properties are highly potent for future clinical 

translation382. Ferritin NCs are being increasingly investigated for imaging and drug 

delivery to cancer cells. Photodynamic therapy is a highly promising treatment modality, 

which have been undergone intensive preclinical and clinical investigations for treatment of 

cancer as well as other diseases. In this regard, ferritin NCs have been designed for delivery 

of photosentisizers to tumors site-specifically and have proved the advantage of NCs over 

previously developed nanocarriers, such as liposomes, which are suffering from suboptimal 

PS loading rate and a large particle size82. Such novel ferritin based nanovehicles that have 

been explored for theransostic applications toward cancer treatment by loading NIR dyes 

(new cyanine green, IR820) into ferritin and developing simultaneous multimodal imaging-

guided photothermal therapy in vivo, can be potentially used for future clinical applications 

upon applying modifications on the developed delivery system 83. Several studies on in-vivo 

drug delivery of modified ferritin NPs to tumor-bearing mice have approved high capability 

of these NPs. So far, only limited numbers of NCs have been reported to have actually 

undergone clinical trials. A nanovehicle system based on self-assembly of four components, 

cyclodextrin-containing polymer (CDP), a polythethylene glycol (PEG) steric stabilization 

agent, and human transferrin (Tf), was developed and loaded with siRNA toward 

ribonucleotide reductase subunit 2 and was utilized to treat patients in a phase 1 clinical trial, 

which indicated the high potential of cyclodextrin NCs for real tumor targeting 

applications108. Moreover, VLP NCs are also suggested to have potentials for clinical 

applications e.g. as enzyme prodrugs for cancer therapy 186. However, for further 

translational applications there are several issues that should be addressed, such as the 

possibility of inducing immunogenicity of NPs upon modification of the ferritin surface for 

Karimi et al. Page 37

Nanoscale. Author manuscript; available in PMC 2018 January 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



improved targeting. Moreover, the fate of ferritin NCs after systematic injection, inhibiting 

ferritin uptake in off-target organs and possibility of modifying ferritin surface by 

incorporating stealth moieties to extend drug half-life should be further investigated. Some 

future outcomes are estimated to be nuclear translocation of ferritin NCs for developing 

Trojan horses for chemotherapy and translation of unfunctionalized DOX-loaded ferritin for 

clinical trials 84.

Apart from ferritin, new classes of natural-protein based NCs are arriving. In a recent study, 

HSPs have been developed for tumor targeting via genetic engineering and attaching a 

specific peptide to its C terminus, through which it can readily bind to the receptors 

expressed on pancreatic cancer cell. So, HSPs can improve drug targeting, which normally 

can be hardly uptaken by specific cells and organs, such as pancreatic cancer cells 61.

Similar to protein NCs, Au NCs are not only highly promising for biomedical applications, 

but their translation also hinges on their biodistribution and pharmacokinetics in-vivo. Au 

NCs, with their unique features are the next candidates for clinical applications toward 

cancer diagnosis and therapy after introducing two clinically approved Au NP-based 

delivery systems, i.e. solid AuNPs for drug delivery and Au nanoshells for photothermal 

treatment 383. One promising advantage of such NCs is their maximum absorption in the 

NIR, which makes them suitable for PTT and as PEGylated Au nanotechnologies have been 

classified as “medical devices” by FDA for PTT applications, Au NCs can be developed and 

conjugated with PEG and readily undergo approval procedures 384. However, the 

accumulation of these NCs in healthy tissues and their clearance by microphysiological 

systems are some other challenges ahead. Their biodistribition can be improved by adjusting 

their surface characteristics and their size. The other challenging solution for the clearance 

of Au NCs from the body is fragmentation of these particles by developing particles with 

below 1 nm wall, so that they can be fragmented in-vivo into pieces less than 5 nm9.

Since some synthetic and natural nanomaterials have successfully passed clinical trials and 

received FDA approval, such as liposomes385 and poly (D,L-lactide-co-glycolide) 

(PLGA)386, NCs could be conjugated with these materials to improve their features and 

impart more biodegradablity and biocompatiblity to these materials for drug and gene 

delivery purposes.

In addition, another possibility for having clinically approvable and safe products in the near 

future would be extending already FDA-approved materials such as albumin, dextran-coated 

iron oxide NPs, etc. into caged structures in order to simultaneously benefiting from the 

properties of NCs; as an example was noted in this review by the Rampersaud group in 

2016 92. Such strategies could open new horizons in developing efficient DDSs and 

nanotherapeutics with high safety and innovative approaches for improved treatment of 

diseases in clinical investigations.

8- Concluding remarks and future perspective

With the explosive growth of nanotechnology applied to drug delivery and allied medical 

fields, and an ever-increasing number of ingenious nano-delivery vehicles being reported, 
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one relatively simple fact stands in danger of being forgotten. Namely, that not all nano-

vehicles have the same size and loading capacity. The term “nano-cage” therefore applies to 

those nano-vehicles that are capacious enough to load a substantial amount of cargo or 

payload, yet have relatively strong bars to keep the cargo protected during the long and 

possible winding journey to its destination. Not only should the bars remain secure during 

the journey, but they should also be able to be easily opened, once the NC is ready to release 

its cargo. The extremely toxic nature of many cancer chemotherapeutic drugs can indeed be 

said to resemble a “man-eating tiger”, with the door of the nano-cage able to be remotely 

opened to set the ravenous beast free to devour the tumor, without any danger that 

bystanders (normal tissues) could be gobbled up as well. Therefore the ideal NC design 

could also incorporate a stimulus-responsive drug-release mechanism that can respond to or 

“sense” the tumor microenvironment in a “smart” or intelligent manner. Lower pH due to 

tumor glycolytic metabolism, a reducing environment provided by elevated glutathione fond 

in tumors, and raised temperature due to higher metabolic rate in tumors, are examples of 

these stimuli. However there is also the possibility of a remotely operated key that can be 

turned in the door of the cage from outside. Examples of these external “keys” could be 

light, ultrasound or magnetic fields. This rapidly growing area of research is expected to 

continue to grow in popularity, especially as fears of the predicted dire consequences of 

nanotoxiciology are shown to have been somewhat exaggerated. Moreover, NCs can be 

outfitted with many other desirable features such as super affinity targeting and bi/multi-

specificity, e.g. specific targeting peptide ligand-incorporated NCs.

Moreover, applications of NCs are not only limited to the field of DDSs, but can also be 

utilized in diagnostic techniques. For instance, application of Au NCs is a fast-growing field 

approaches such as optical coherence tomography and photoacoustic tomography 84, 387. 

AuNCs have also been reported for photothermal therapies 388. Furthermore, the growth of 

publications on DNA NCs and developments in handling DNA structures through DNA 

origami techniques and other creative methods are considerable. There have also been efforts 

to combine the therapeutic and diagnostic approaches (theranostics) like combining DNA 

NCs and quantum dots 389.

Various goals in the design of state-of-the-art DDSs, are addressable including intracellular 

delivery, cell nucleus delivery, as well as targeting cell membranes and their components 

such as cell receptors and ion transport channels, NCs have great possibilities for the 

aforementioned goalss, as discussed in this review.

For future investigations, it is likely that new materials, or a novel combination of already-

known materials will be possibly used to fabricate innovative NCs with multiple 

applications. Examples include, development of NCs with FDA-approved nanomaterials, or 

an interesting case reported by Tang et al in May 2016, where a water-dispersible Janus NC 

with platelet shape and a mesoporous silica shell was designed incorporating a graphene 

sheet in its interior and a PEG coating on its exterior surface, which was suggested for 

chemotherapy for platelet delivery of hydrophobic drugs along with having a photothermal 

effect in PTT 390.
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However, despite many advantages of NC-based DDSs suggesting their potential 

applications in multimodal treatments, multi-responsive release systems and theranostic 

applications, the future clinical application of NC DDSs will depend on overcoming adverse 

immunological effects of the nanostructures, and optimizing their functionalization for in-

vivo administrations.
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Figure 1. 
Schematic illustration of various nanocaged platforms, their ability to target cells and 

intracellular delivery via receptor-mediated uptake.
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Figure 2. 
Schematic illustration presenting the wide range of capabilities and applications of caged 

nanoplatforms in nanomedicine and DDSs for delivery of various therapeutic drugs and 

imaging agents.
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Figure 3. 
a) Schematic illustration of (i) riluzole loaded in iron oxide NC and (ii) blocking sodium ion 

channels by this NC, which prevents glutamate receptor activation and glutamate secretion, 

therefore reducing cancer cell growth. Reprinted with permission from ref. 92 Copyright 

2016 American Chemical Society, b) Schematic illustration of cancer treatment in mice with 

RBC-coated Au NCs (RBC-AuNCs). Reprinted with permission from ref. 100 Copyright 

2014 the American Chemical Society, c) Schematic of receptor-mediated cellular uptake of a 

biotin-functionalized truncated octahedral DNA NC by LOX-1 overexpressing cells (e.g. 

fibroblast cells) Reprinted with permission from ref. 101 Copyright 2016 the American 

Chemical Society.
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Figure 4. 
Cryo-EM image of a VLP-19 with approximately 30 nm diameter, to which palivizumab 

Fabs are bound through the spikes on its surface. Scale bar: 20 nm, Reprinted from ref. 156 

copyright 2015, “American Society for Clinical Investigation” (ASCI) (open access), b) 

Schematic illustrating a GE11 polypeptide-crosslinked MS2 VLP vector, and its uptake into 

cells by clathrin-mediated endocytosis for delivery of MEG3 RNA and targeting of the 

EGFR-positive HCC cancer cells, Reprinted from ref.79 Copyright 2016 “Impact Journals” 

(open access).
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Figure 5. 
a) Presentation of a target protein onto the exterior of a P22 VLP via a decoration protein 

(Dec). A genetic fusion facilitated binding of the target protein to the C-terminus of the Dec 

(green). A poly histidine tag (purple) was retained intact on the N-terminus of Dec to 

facilitate purification. The formed structure was used for exterior decoration of a P22 VLP 

(grey). Reprinted with permission from ref. 181, Copyright 2015 American Chemical 

Society, b) Encapsulation of a CD–drug complex in VLP NCs via disulfide bonds and 

glutathione (GSH)-triggered release. Reprinted with permission from ref. 139 Copyright 

2013 the Royal Society of Chemistry.
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Figure 6. 
a) Confocal microscopy images of incubation of PC-3 cells with viral NCs including Qβ–

O488 and C60-conjugated Qβ–O488 and the subsequent cellular uptake (green). Cell 

nucleus and cell membrane were stained as shown in blue and red, b) cell viability using 

Qβ–O488 and C60-conjugated Qβ–O488 with and without phototherapy, indicating efficacy 

of cancer cell killing, Reprinted with permission from ref. 185, Copyright 2012 Royal 

Society of Chemistry.
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Figure 7. 
Schematics illustrating (a) fabrication of a ferritin NC, followed by encapsulation of cargo 

molecules in its cavity through a reversible disassembly/reassembly process. This NC could 

be disassembled into its subunits at pH equal to 4.0, and then reassembled into the protein 

NC form at pH=7.5, b) apoferritin NC disassembled to its subunits at pH=11.0, followed by 

encapsulation of cargo molecules (lutein) and NC assembly at pH=6.0. Chitosan was used to 

form a polyelectrolyte complex of FCLs via electrostatic interactions with exterior surface of 

the apoferritin. a and b Reprinted with permission from ref. 193 and 194 Copyright 2016, 

Royal Society of Chemistry.
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Figure 8. 
a) Mean uptake efficiency by SKBR3 and MDA-MB-231 cells obtained from flow 

cytometry, b) Images of confocal microscopy indicating cellular uptake of control sample 

(upper images) and Gefitinib-loaded apoferritin NCs by SKBR3 cells (lower images) 198, 

Open Access, John Wiley & Sons, Inc., c) The curve indicating enhanced drug release for a 

DN-loaded pH-sensitive HA surface-modified apoferritin in more acidic conditions, d) 

Confocal images showing Internalization of the nanocarrier into A549 cells at different 

times (2, 4, 8, 12, and 24 hour), Reprinted with permission from ref. 199, Copyright 2015 

Royal Society of Chemistry.
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Figure 9. 
a) Encapsulin NCs for targeting the surface markers of HCC cells using SP94-peptide (blue) 

with linker (yellow) genetically or chemically attached (green) to the exterior surface of the 

NC. AlDOX is chemically attached to Encap_loophis42C123 and delivered to the target cell. 

Reprinted with permission from ref. 236 Copyright 2014 the American Chemical Society. b) 

Schematic showing integration of a light-responsive moiety (spiropyran) with an encapsulin 

NC at its surface through amine-succinimide reaction (i), and UV light-activated 

isomerization of spiropyran moiety (blue) with no fluorescence to merocyanine moiety (red) 

with high fluorescent activity. This reaction is reversible via a visible light irradiation (ii) 

Reprinted with permission from ref. 241 Copyright 2016, John Wiley & Sons, Inc.
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Figure 10. 
a) Conjugation of CD and PTX molecules via their hydroxyl groups to copolymer backbone 

led to enzyme degradation of the ester linkages hydrolysis inducing apoptosis in cancer 

cells . b) Growth profile of MDA-MB-231 tumors, respectively treated with different groups. 

(pPTX / pCD: polymeric PTX/ polymeric CD. AP-1: peptide ligand). Reproduced with 

permission from ref. 268 Copyright 2014 Nature Publishing Group.
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Figure 11. 
a) Schematic illustration of loading the hollow interior of AuNCs with a drug-doped PCM 

and its release from the AuNCs by direct or ultrasonic heating. b) Release profiles of the dye 

exposed to HIFU at different applied powers and time points. Reprinted with permission 

from ref. 127 Copyright 2011 the American Chemical Society, c) photothermal triggered 

release of encapsulated cargos from PNIPAAm-conjugated AuNCs due to NIR-irradiation 

induced temperature increase. This allowed LCST transition of PNIPAAm moieties, leading 

to their hydrophobicity and shrinkage, which induced release of the cargos, d) logic-gated 

operation of polymer shell conjugated AuNCs , which can perform various logic-gates 

including AND, OR, and INHIBIT and lead to logic-gated cargo release. Reprinted with 

permission from ref. 318, Copyright 2014 John Wiley & Sons, Inc.
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Figure 12. 
a) Schematic illustration of the major steps of the production of AuNCs from Ag nanocubes 

by the galvanic replacement method. (1) Starting reaction; (2) Production of initial hollow 

nanostructure; (3) Formation of nanoboxes; (4) Dealloying of the Au/Ag nanoboxes; (5) 

Formation of AuNC-nanobox with pores in the walls; (6) Production of AuNCs. Reprinted 

with permission from ref. 347 Copyright 2007 Nature Publishing group, b) SEM images (i, ii, 

iii and iv) (E) of morphological changes in formation of Au NCs: starting from conversion 

of Ag nanocubes into Au/Ag nanoboxes, and finaly into Au NCs. Reprinted with permission 

from ref. 352 Copyright 2004 the American Chemical Society, c) Schematic showing 

synthesis of hollow mesoporous silica NCs and their modification for drug delivery. [CTAB: 

cetyltrimethylammonium bromide; TEOS: tetraethyl orthosilicate; APTMS: 3-

aminopropyltriethoxysilane; PEG: polyethylene glycol; DOX: doxorubicin]. Reprinted with 

permission from ref. 87 Copyright 2011 the Royal Society of Chemistry.
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Table 1

Summary of advantages and disadvantages of NCs.

Advantages Example

Small dimensions Au NCs are up to 40 nm in diameter compared to Au shells and Au core-shells (>100 nm) used 
as contrast agents 53.

Prevention of premature drug degradation Au NCs carrying Dox, conjugated with hyalorunic acid-dopamine (HA-DA) and showed no sign 
of degradation (no trace of DA oxidation) 54.

Specific targeting by means of 
functionalization with chemical compounds

Specific binding peptide, neuropilin 1 was attached to protein NCs to target pancreatic cancer 
cells 55.

Enable enhancing permeability and 
retention (EPR) effect especially for cancer 
therapies.

Heat-shock protein 32 applied to increase vascular permeability and enhance accumulation of 
macromolecular drugs in solid tumors 56.

Higher efficiency, lower costs and proper 
outcome in intracellular delivery

Viral delivery of siRNA is considered to be a matter of safety concern, and nonviral delivery 
systems are now as being created with equal efficiency, protein-based nanocages are being 
investigated as a carrier for siRNA 57.

Disadvantages Example

Biosafety issues Apoferritin NCs are considered as a good carrier for delivery of several drugs but their biosafety in various conditions, and 
combination with different drugs demand further investigation to determine the mechanism 58.

Functionalization Functionalization of the inner walls of hollow NC structures is difficult to control 59.
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Table 2

Various sHSPs used in drug delivery, their structures, engineering methods, targets, encapsulated drug and 

targeting peptides are listed.

Name Structure encapsulates Specified method Target Targeting peptide Ref.

HSP16.5 • 400 kDa
• Homogenous 
complex
• 24 subunits
• Forms nanoscale, 
hollow, spherical 
capsule with small 
pores

• Drugs
• MRI agents

Genetic engineering Liver cells preS1 peptide from 
HBV

103

Encapsulin • Assembled from 
60 copies of 
identical 31 kDa 
monomers
• thin and 
icosahedral T = 1 
symmetric cage 
structure with 
interior and exterior 
diameters of 20 and 
24 nm, respectively

has a large 
enough central 
cavity (20 nm 
inner diameter) 
to encapsulate a 
large amount of 
therapeutic 
and/or 
diagnostic 
reagents

Genetic and 
chemical 
engineering

HepG2 cells Hepatocellular 
carcinoma (HCC)-
targeting peptide 
(SP94-peptide, 
SFSIIHTPILPL)

236

sHspG41C 24 interior thiols 
fully occupied

Doxorubicin Genetic engineering melanoma and lymphocytes amino acid cysteine 
has been genetically 
engineered within the 
interior of sHsp

237
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