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Abstract 

Cancer has been a serious threat to human health. Among drug delivery carriers, protein nanoparticles are unique 
because of their mild and environmentally friendly preparation methods. They also inherit desired characteristics from 
natural proteins, such as biocompatibility and biodegradability. Therefore, they have solved some problems inherent 
to inorganic nanocarriers such as poor biocompatibility. Also, the surface groups and cavity of protein nanoparticles 
allow for easy surface modification and drug loading. Besides, protein nanoparticles can be combined with inorganic 
nanoparticles or contrast agents to form multifunctional theranostic platforms. This review introduces representa-
tive protein nanoparticles applicable in cancer theranostics, including virus-like particles, albumin nanoparticles, silk 
protein nanoparticles, and ferritin nanoparticles. It also describes the common methods for preparing them. It then 
critically analyzes the use of a variety of protein nanoparticles in improved cancer imaging and therapy.
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1 Introduction
Cancer has threatened the lives of people worldwide for 
a long time [1]. Late and wrong diagnosis has been the 
main reason that explains the death of cancer patients 
[2]. Nowadays, many methods are available for cancer 
diagnosis, such as electrochemical sensing [2, 3], gas 
chromatography/mass spectrometry (GC–MS) [4], infra-
red spectroscopy [5], next-generation sequencing (NGS) 
[6], immunoassays like enzyme-linked immunosorbent 
assay (ELISA) and chemiluminescent immunoassay [7], 
and various biomedical imaging methods [8, 9]. Electro-
chemical sensors usually diagnose cancer by detecting 

cancer markers on account of changes in sensor param-
eters like current or resistance, however, they are sensi-
tive to the environment [10]. Despite the high sensitivity, 
infrared spectroscopy method usually requires complex 
instruments. The use of infrared spectroscopy is limited 
by its relatively low spatial resolution [11]. NGS can real-
ize simultaneous sequencing of multiple copies for tumor 
genomic assessment, but the data analysis is very com-
plicated [6]. Although immunoassays are sensitive and 
selective, they are limited by long time consumption and 
high cost [7]. Biomedical imaging has been widely used 
in cancer diagnosis due to their advantages such as intui-
tional real-time imaging and minimal or no invasiveness 
[12]. Also, biomedical imaging can be easily combined 
with targeted cancer therapy [13].

Besides cancer cells, the tumor microenvironment pro-
vides convenience for the occurrence and development 
of tumors [14]. Distorted blood vessels, high interstitial 
pressure, hypoxia, and the possibility of metastasis all 
make tumor treatment more difficult [15–18]. At pre-
sent, the main treatment of tumors is surgical resection, 
supplemented by chemotherapy and radiotherapy, and 
the clinical practice uses chemotherapy in many areas 
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because of its convenience [19, 20]. However, single 
chemotherapy has many limitations. Multidrug resist-
ance (MDR) is one of the primary reasons for failure in 
tumor chemotherapy [21]. Although cancer cells are 
more sensitive to chemotherapeutic drugs than normal 
cells, the toxicity of chemotherapeutic drugs to normal 
cells and organs like the liver and spleen can cause seri-
ous side effects at therapeutic doses [19, 22]. Also, many 
anti-cancer drugs are insoluble or slightly soluble in 
water, which increases the difficulty of drug delivery [23]. 
In order to solve these problems, it’s necessary to use 
emerging nanotechnology to construct novel nanocarri-
ers and corresponding drug delivery systems to achieve 
combination therapy.

Current nanocarriers include inorganic nanoparticles 
such as iron oxide, quantum dots, gold nanoparticles, 
and organic nanoparticles such as liposomes and den-
dritic polymers [24–28]. Although inorganic nanopar-
ticles have been used widely to treat cancer because of 
their unique optical properties or potential magnetic and 
catalytic properties, some of them face the problems of 
in  vivo long-term circulation and potential toxicity [29, 
30]. Liposomes have good biocompatibility, but they are 
easily oxidized, structurally unstable, and prone to drug 
leakage [30]. In order to enhance their therapeutic effects, 
it is necessary to design nanoparticles that can release 
a drug in response to stimulation, which undoubtedly 

complicates the inherently sophisticated synthesis pro-
cess of nanoparticles [31].

Protein nanoparticles stand out among nanocarriers 
because of their biocompatibility, biodegradability, and 
low immunogenicity. Also, their preparation conditions 
are mild, with no need for toxic solvents [32]. One of the 
FDA-approved drugs for clinically treating metastatic 
breast cancer, Abraxane ®, is albumin-based nanoparti-
cles loaded with paclitaxel. The drug can inhibit tumor 
growth by suppressing the mitosis of breast cancer cells, 
and the use of human’s most abundant protein albumin 
can avoid the hypersensitivity caused by previous drug 
solvents such as Cremophor EL [33]. The surface of 
protein nanoparticles can be easily modified due to the 
presence of surface functional groups on them [34]. The 
hollow structure of some proteins allows for the conveni-
ent loading of small molecule drugs or metal nanoparti-
cles for drug delivery and combination therapy [35–37]. 
This review mainly talks about the design and prepara-
tion of protein nanoparticles and their theranostic use in 
cancer imaging and therapy (Fig. 1).

2  Design of protein nanoparticles
2.1  Types of protein nanoparticles
2.1.1  Virus‑like particles
Virus-like particles (VLPs) are composed of self-assem-
bled viral coat proteins. They have structures highly 
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Fig. 1 The schematic illustration of protein nanoparticles directed cancer imaging and therapy
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similar to natural viruses, but they have no ability to self-
replicate in human cells due to the lack of viral nucleic 
acid [38]. Their particle size ranges from tens of nanome-
ters to hundreds of nanometers, including animal viruses, 
plant viruses, and phages [39–42]. VLPs’ viral nature 
makes them perfect carriers for therapeutic nucleic acids 
[43], and the hollow structure allows them to load other 
types of molecules such as drugs [35], siRNA [44], anti-
bodies [45], and nanoparticles [36]. VLPs are uniform 
in shape and easy to functionalize, giving them a huge 
advantage in drug loading and cancer therapy [46]. The 
methods for surface modification of VLPs can be chemi-
cal or genetic. Residues of natural amino acids can be 
covalently linked through chemical couplings, such as the 
sulfhydryl of cysteine, the amine of lysine, and the car-
boxyl of aspartate or glutamate. Unnatural amino acids 
like azidohomoalanine and p-amino-phenylalanine have 
also been used to modify VLPs through global methio-
nine replacement and amber stop codon suppression 
[47]. In addition, foreign antigens or any other surface 
ligands can be genetically fused into the VLPs’ coat pro-
teins to form chimeric VLPs [48, 49].

Some VLPs can be highly immunogenic, so they can 
be used as vaccines for safe tumor immunotherapy [50]. 
The reason why VLPs can elicit strong immune responses 
is that the unique structure of microbial antigens is able 
to make mammals respond vigorously towards them 
through inducing humoral and cell-mediated immunity 
[51]. What’s more, immunocompetence varies according 
to the types of VLPs [48]. VLPs mainly accumulate in the 
liver and spleen of mice after intravenous injection. Far-
kas and his coworkers injected bacteriophage  MS2 and 
PEGylated  MS2 into mice to study their biodistribution 
and the effect of PEGylation. Both  MS2 and PEGylated 
 MS2 labeled with 64Cu were mainly distributed in the 
liver and spleen. However, PEGylated  MS2 showed signif-
icantly reduced accumulation in the spleen as it avoided 
the immune system [52]. Other VLPs like CCMV and 
CPMV behave similarly [47].

2.1.2  Albumin
Albumin is thought of as one of the most abundant pro-
teins in blood vessels. It includes ovalbumin (OVA), 
bovine serum albumin (BSA), and human serum albu-
min (HSA) [53, 54]. OVA is a kind of food protein whose 
molecular weight is 47  kDa. It is both pH-sensitive and 
temperature-sensitive [55]. BSA’s molecular weight is 
69.323 kDa [56]. HSA’s molecular weight is 66.5 kDa [57]. 
Unlike OVA, HSA is stable in organic solvents and not 
sensitive to pH and temperature.

Albumin allows for a long-time circulation in the 
blood, and is biodegradable and soluble. The circulating 
half-life of human albumin is up to 19  days [58]. Being 

soluble in water and bearing diverse drug binding sites 
make albumin an ideal candidate for drug carrier, espe-
cially for drugs with poor solubility [59]. Protein nano-
particles made of albumin inherit the advantages of 
albumin such as biodegradability. Their functional groups 
on the surface make it easy for surface modification and 
linking with drugs covalently [60]. Surface modifica-
tion of albumin nanoparticles can be achieved through 
the chemical coupling of covalent bonds or non-cova-
lent interactions, such as hydrophobic and electrostatic 
interactions. The amino, thiol, and carboxyl groups on 
the surface of albumin make it easy to graft ligands and 
load drugs through chemical reactions [53, 61]. Sepehri 
et al. constructed conjugates of HSA and 7-ethyl-10-hy-
droxy-camptothecin (a kind of cancer drug) through 
the N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide 
hydrochloride (EDC) and N-hydroxysuccinimide (NHS) 
reaction. HSA improved the solubility and pharmacoki-
netics characteristics of the drug [62]. In addition, albu-
min nanoparticles can be modified by surfactants [63].

Albumin will accumulate in the liver and bladder after 
intravenous injection [64]. Zhang et  al. [65] studied the 
pharmacokinetics and biodistribution of bufalin-loaded 
BSA nanoparticles. The results showed that BSA modifi-
cation prolonged the half-life of bufalin (cancer drug) by 
more than 6 h, reduced its clearance, and made it more 
easily ingested by the liver.

2.1.3  Silk proteins
Natural silk proteins usually include silk fibroin and 
sericin from silkworm cocoons and spider silk protein 
[66]. As a major protein, silk fibroin accounts for more 
than 65% of total silk proteins [67]. Silk fibroin has many 
hydrophobic domains and interval hydrophilic domains, 
and is mainly composed of glycine, alanine and serine 
[68]. The anti-parallel β-sheets of silk fibroin’s heavy 
chain endow the fiber stability and mechanical proper-
ties. The advantages such as biocompatibility, biodeg-
radability and low immunogenicity make silk fibroin 
useful in drug delivery [69]. Silk sericin is what wraps silk 
fibroin fibers and is rich in hydrophilic groups [70]. Dif-
ferent from silk derived from silkworm, spider silk has no 
sericin coating and barely elicits immunological reaction 
[71].

Silk protein nanoparticles exhibit high affinity with 
drugs, promote controlled drug release (pH-dependent), 
and can be prepared facilely, making them strong can-
didates as drug carriers for cancer therapy [72, 73]. Silk 
protein nanoparticles can be modified with drugs or 
ligands through covalent bonding such as EDC/NHS 
reaction or non-covalent linking like physical adsorp-
tion and coprecipitation [74, 75]. Silk protein nanopar-
ticles can be used to encapsulate hydrophobic drugs. In 
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addition to small molecule drugs, silk protein nanopar-
ticles can also deliver proteins, peptides, and genes [72]. 
It is worth mentioning that electronegative silk protein 
nanoparticles can be degraded by proteolytic enzymes, 
so the most likely way of metabolism is absorption by the 
body [76].

2.1.4  Collagen
Collagen is a type of fibrin widely spread in various tis-
sues of the body, comprising 30% of all kinds of proteins. 
It is the most abundant protein in animals [77]. There 
are more than 30 types of collagens, and every collagen 
type contains three helix polypeptide chains. In addition, 
collagen is an important component of the extracellular 
matrix [78]. Biodegradability, biocompatibility, and weak 
antigenicity are collagen’s representative properties, and 
the low immunogenicity can be eliminated by heat or 
chemical treatment [79]. Collagen’s molecular weight is 
300 kDa. It turns into gelatin after irreversible hydrolysis. 
Collagen-based nanoparticles can decrease the systemic 
toxicity of drugs, enhance the uptake of nanoparticles by 
cells, and also are thermally stable [80].

2.1.5  Ferritin
Ferritin can store iron and has a hollow cavity. It is made 
up of a spherical polypeptide shell (apoferritin) and a 
hydrated iron oxide core  (5Fe2O3∙9H2O) with a diameter 
of 6 nm [81, 82]. Therapeutic agents can be encapsulated 
within ferritin by reversible self-assembly. There are two 
kinds of ferritins, heavy (H) and light (L), and they can 
complement each other. Each ferritin is made up of 24 
subunits. Despite a rigid structure of ferritin, the con-
nection between its 24 subunits is pH-dependent, indi-
cating that it decomposes under acidic conditions and 
re-assembles itself in a neutral environment [83]. Unlike 
other temperature-sensitive proteins, ferritin is thermo-
stable due to hydrogen bonds and salt bridges between 
subunits [84].

The binding of ferritin to transferrin receptors allows 
it to be internalized by tumor tissues, and thus ferritin 
nanoparticles can be applied to deliver drugs. In addition, 
the surface groups of ferritin like amino, carboxyl, and 

sulfhydryl groups can be connected with ligands chemi-
cally, and its cavity can bind with metals with high affin-
ity, making it a multifunctional nanocarrier for effective 
drug delivery [27, 85, 86]. PEG can be used to modify the 
surface of ferritin and the PEGylated ferritin can circu-
late longer in  vivo [87]. Ferritin has a strongly negative 
charge in its inner cavity, so it can be easily bonded with 
positively charged metal ions by electrostatic interactions 
[88]. What’s more, ferritin can also be biologically modi-
fied by genetic recombination techniques [89].

Beeman and his coworkers injected cationized ferritin 
into healthy rats intravenously using ferritin itself as a 
contrast agent for magnetic resonance imaging to study 
its biodistribution. The results showed that ferritin was 
distributed at the kidney, liver, lung, and spleen and could 
be cleared by the liver after 7 days. Furthermore, ferritin 
had no toxic effects on the kidney and liver [90]. A sum-
mary and comparison of the aforementioned protein 
nanoparticles (PNs) are concluded in Table 1.

2.2  Preparation strategies of protein nanoparticles
2.2.1  Desolvation
The desolvation method is also called the coacervation 
method and is commonly used in the preparation of 
protein nanoparticles [72]. Desolvation refers to adding 
a reagent that can reduce the solubility of the protein in 
the protein solution so that the protein can agglomer-
ate and settle. The different solubility of proteins in dif-
ferent solvents is exploited to realize phase separation 
[32]. The size of protein nanoparticles can be controlled 
by multiple variables, such as protein concentrations, 
ratios of desolvating agent (antisolvents) to original sol-
vents, and pH values. Higher pH values tend to produce 
nanoparticles with smaller sizes. After the formation 
of protein nanoparticles, cross-linking agents like glu-
taraldehyde are added [91, 92]. The advantages of the 
desolvation method include relatively mild reaction con-
ditions, no need for surfactants, and a time-saving sim-
ple preparation process [72]. This method is widely used 
in the drug encapsulation of protein nanoparticles [93]. 
For example, Weber et  al. [34] prepared albumin nano-
particles through the desolvation method. They explored 

Table 1 Summary and comparison of protein nanoparticles (PNs)

Types of PNs Classification Characteristics Refs.

Virus-like particles Animal viruses, plant viruses and 
phages

Highly immunogenic, hollow structure [35, 50]

Albumin OVA, BSA, HSA Long-time circulation, diverse hydrophobic binding sites [59, 65]

Silk proteins Silk fibroin and sericin Certain mechanical strength, electronegative, pH-responsive drug 
release

[69, 73, 76]

Collagen More than 30 types The most abundant protein [77]

Ferritin heavy (H) and light (L) pH-dependent self-assembly, thermostable, imaging [83, 84, 90]
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the influence of various process variables on the surface 
amino groups and particle size of nanoparticles. They 
found out that desolvation had a great effect on the size 
of nanoparticles.

Matrix density is a vital factor to influence the drug 
release rate for protein nanoparticles used in drug load-
ing. Rao et al. synthesized gelatin nanoparticles with dif-
ferent matrix densities by the desolvation process [94]. 
They investigated the effect of pH and desolvating agent 
concentrations on gelatin nanoparticle synthesis in detail 
and concluded the mechanism. By changing the pH, they 
could vary the size and matrix density of gelatin nanopar-
ticles easily. Then, the resistance to protease and fluores-
cein release was compared among gelatin nanoparticles 
with different matrix densities. The results indicated the 
potential of protein nanoparticles synthesized by the des-
olvation method in regulating the drug release rate [94].

2.2.2  Emulsification
Emulsification is a method to prepare nanoparticles 
through the formation of emulsion. Emulsion is a multi-
phase dispersion system formed by two immiscible liq-
uids. The liquid in a droplet form is named the dispersed 
phase, and the other is named the continuous phase [95]. 
The basic types of emulsions include oil-in-water (O/W) 
and water-in-oil (W/O). Surfactants have an important 
influence on the process of emulsification to form an 
emulsion [96]. In the emulsion constituted by oil and 
water, the phase with a high surfactant solubility is gener-
ally the continuous phase of the emulsion. After emulsi-
fication, flocculation, coalescence, and Ostwald ripening 
usually happen during the aging of emulsion as it is a 
thermodynamically unstable system [95]. For the prepa-
ration of protein nanoparticles, emulsions usually form 
by mixing an aqueous phase containing the protein and 
an organic phase containing surfactants with a miscible 
solvent of oil and water [97]. Then the protein nanopar-
ticles will be generated by adding such emulsions to pre-
heated or precooled oil drop by drop. Wu et al. developed 
a novel PEG-assisted emulsification process to prepare 
silk nanoparticles for oral delivery of curcumin [98]. The 
liquid PEG with a low molecular weight was used as the 
organic phase, which was green and safe in the applica-
tion of delivering drugs. The nanoparticle size could be 
controlled easily by tuning the concentration of silk pro-
tein. The β-sheet structures of silk protein could form 
strong hydrophobic interactions with the phenol groups 
of curcumin [98]. It helped the nanoparticles to get an 
efficient drug loading and great ability to control cargo 
release.

The emulsion method is also used in combination with 
other advanced technology platforms to prepare pro-
tein nanoparticles. By integrating emulsification with 

the microfluidics/nanofluidics technology, Toprakcioglu 
et al. [99] described a protein nanogel preparation strat-
egy for intracellular delivery vehicles. Monodisperse nan-
odroplets were the key to the W/O emulsion formation. 
They fabricated the nanofluidic device using a two-step 
lithographic method for generating the droplets. Nanoe-
mulsions production can be tuned by the relationship 
between the current speed of the dispersed phase and 
the continuous phase. After the collection of protein 
nanodroplets, a de-emulsified and subsequently re-emul-
sified process could be done to get the aqueous phase 
protein nanogel [99]. Electron microscopy results indi-
cated precise control of emulsion sizes and a narrow dis-
tribution with the dispersion (Fig. 2). They could use this 
approach to generate silk, β-lactoglobulin, and lysozyme 
nanoparticles, verifying the versatility of this strategy.

2.2.3  Salting out
Salting-out is a very simple but efficient way to prepare 
protein-based nanoparticles. The process is a bit like 
desolvation, but no organic solvents are included. Pro-
tein coacervates will form from solutions by adding salt 
ions with a relatively high concentration [67, 100]. Since 
salt ions are more hydrophilic than protein, they com-
pete with protein micelles and are combined with water, 
destroying the protein hydration layers. This decreases 
the solubility of the protein. In addition, the salts for the 
salting-out method have a strong dissociation effect. The 
dissociation of salt can inhibit the dissociation of weak 
protein electrolytes, which reduces the charge of the pro-
tein and makes it easier to aggregate and precipitate [72, 
101]. The conformational structure of proteins stays the 
same after the salting-out based strategy. So, the bioac-
tivity and function of proteins can be retained after the 
nanoparticles are formed. Silk fibroin nanoparticles with 
controlling features were prepared by the salting-out pro-
cess for drug delivery [102]. The morphology and salting-
out efficiency were determined by the pH value as well 
as the ionic strengths of potassium phosphate solutions. 
The drawback of the salting-out method is the wide size 
distribution of protein nanoparticles by the approach.

2.2.4  Spray drying
Spray drying is a liquid atomization technology, an 
important method for producing a drying powder. It dis-
perses the solution into small droplets through a nozzle, 
transmits heat and mass using a hot and drying medium, 
and obtains dry particles through the evaporation of the 
solvent [103–105]. Recently, spray drying has been well-
established as the preparation strategy for protein nano-
particles [106, 107]. Most of the protein nanoparticles 
produced by the spray drying are spherical, with good 
fluidity and dispersibility. Tan et al. found a simple nano 
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spray drying method for improving collection efficiency 
of a typical spray drying method [107]. BSA nanoparti-
cles were produced through the newly designed Nano 
Spray Dryer B-90. The size and morphology of nanoparti-
cles mainly depend on the surfactant concentrations and 
spray mesh sizes. Spray drying granulation has the advan-
tages of continuous work, convenient operation and con-
trol, and is suitable for large-scale production [104, 106].

2.2.5  Self‑assembly
Since protein is a natural amphiphilic polymer, it has the 
potential to form nanoparticles through self-assembly. 
More and more protein supramolecular nano-complex 
systems are formed by self-assembly of naturally or arti-
ficially prepared protein subunits through non-covalent 
bonds [108, 109]. Ferritin is a rigid structure under neu-
tral pH conditions. When the pH is dropped to 2, the fer-
ritin nanocage structure is destroyed and disassembled 
to form a single subunit. When the pH of the system is 
adjusted to neutral again, the ferritin subunits can re-
assemble to form a nearly complete structure [110, 111]. 
This unique property makes self-assembly an ideal strat-
egy for encapsulating bioactive compounds into ferritin 
nanoparticles. In a recent study, the self-assembly of fer-
ritin nanocages was regulated by introducing His motifs 
through genetic engineering [112]. When the solution 
pH equaled to 7.5, ferritin proteins were assembled into 
natural tetramers. If the pH was adjusted to 10.0 or by 
adding  Ni2+, ferritin tetramers would self-assemble into 
reconstituted ferritin nanocages. This process was revers-
ible as pH changed back to 7.5 or under the stimuli of 
EDTA (Fig. 3).

It is normal to obtain VLPs using self-assembly [113, 
114]. Hong et al. used the self-assembly method to pre-
pare VLPs originating from bacteriophage P22 [115]. The 
model antigen peptide was displayed onto the coat pro-
tein (CP), which was then self-assembled with the scaf-
folding protein (SP) to get the P22 VLP-Antigen Peptide 
with an icosahedral structure. Further results verified 
that the VLP was useful to work as a platform to deliver 
peptide antigens with high efficiency in therapeutic can-
cer vaccines. A comparison of the advantages and dis-
advantages of different preparation strategies of protein 
nanoparticles is summarized in Table 2.

2.3  Advantages of protein nanoparticles for cancer 
nanomedicine

Ideally, the use of nanoparticle platforms for oncological 
applications should be sufficiently effective to produce 
a unique function in vivo with minimal toxicity and low 
risk to the body [116, 117]. Noble metal-derived nano-
particles (platinum, gold, etc.) have inherent therapeutic 
characteristics due to their unique optical and electronic 

properties. However, the unknown long-term accumula-
tions in the host body have limited their clinical consid-
erations [116, 118]. Inorganic nanoparticles can be easily 
synthesized and modified, but they may release excess 
toxic ions when used for cancer treatment [119, 120]. 
For instance, carbon nanomaterials are usually hard to 
degrade in vivo and have the risk of increased side effects 
[121, 122]. Polymeric nanoparticles possess good biocom-
patibility and manufacturing advantages, but they have 
limited tumor targeting ability without additional ligand 
modifications [117, 123]. Compared with other nano-
systems for cancer therapy and imaging, protein-based 
nanoparticles have several unique advantages: (1) Pro-
teins can be produced through bioengineering strategies, 
avoiding the use of chemical synthesis and toxic solvents 
[67, 124]. (2) Given the numerous epitopes and micro-
structures on the surface of proteins, the modification 
and production for improving the function of nanopar-
ticles are relatively easy. Especially, a genetic engineering 
strategy can be used to display antigen epitopes or other 
functional groups on the protein nanoparticles for can-
cer nanomedicine [115, 125–127]. (3) Protein is natu-
rally amphipathic, enabling the hydrophobic domain of 
proteins to interact with lots of hydrophobic anti-tumor 
drugs for improving the drug encapsulation capability of 
nanoparticles. (4) Some proteins have a natural tropism 
for tumors, and other targeted ligands can also be modi-
fied onto the surface of the protein nanoparticles for tar-
geting tumors [128, 129]. (5) Due to the nontoxicity and 
high drug encapsulation capacity, protein-based nano-
particles used for drug cargo loading can achieve a higher 
intratumor drug concentration [124]. (6) The metabolic 
products of protein nanoparticles are amino acids, which 
are non-toxic and harmless to humans.

3  Cancer therapy by using protein nanoparticles
3.1  Drug cargo loading
A lot of protein nanoparticles have been developed as 
ideal drug cargo loading agents for cancer therapy to 
reduce drug toxicity and improve therapeutic effects. 
Compared with normal drug delivery systems such as 
inorganic nanoparticles, protein nanoparticles have 
incomparable advantages such as biocompatibility and 
biodegradability [32]. The albumin’s affinity with hydro-
phobic drugs is reversible, and the complex is allowed 
to be transported in the blood and released on the spe-
cific cell surface [130, 131]. In cancer therapy, the first 
protein nanoparticle approved by FDA as a drug car-
rier for clinical use is the albumin combined with pacli-
taxel (Abraxane®) for the treatment of metastatic breast 
cancer [124]. Also, researchers constructed hyaluronic 
acid (HA) coated albumin nanoparticles and used the 
composite nanoparticles to load both hydrophobic and 
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Fig. 3 An example of designing and preparing protein nanoparticles by self-assembly. Six amino acids were mutated to HHHHHH  (His6) located 
in the DE loop of ferritin proteins. The resultant subunits were natural ferritin tetramers at pH 7.5. Such tetramers could self-assemble into 
reconstituted nanocages at pH 10.0 or by the induction of transition metal ions at pH 7.5. Conversely, the nanocages would be disassembled into 
ferritin tetramers by the stimuli of pH or EDTA [112]

Table 2 Comparison of advantages and disadvantages of common synthesis methods of protein nanoparticles

Preparation strategy Advantages Disadvantages Key factors

Desolvation Mild conditions, without surfactants, and simple process [72] Unstable particle size [34] pH [72]

Emulsification Uniform size [99] Necessary surfactants, complex 
preparation process [96, 97]

Monodisperse droplets [99]

Salting out Simple and green preparation [67] Wide size distribution [102] pH [102]

Spray drying Good particle dispersion, convenient operation and control, 
and suitable for mass production [104, 106]

Equipment support required [107] Surfactant concentrations 
and spray mesh sizes [107]

Self-assembly Reversible [110] Limited scope of application pH [112]
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hydrophilic drugs due to the hydrophobic binding sites 
of albumin as well as the hydrophilic binding sites of HA 
[93]. The binding strength between HSA and drug is sig-
nificant because it determines when the drug is released 
in vivo. Qi et al. [132] took advantage of the hydropho-
bic cavity of HSA IIA subdomain, and used it to combine 
ferric anti-cancer agents. The non-immunogenicity, low 
cytotoxicity, and multiple drug binding sites give HSA 
nanoparticles a big advantage over other drug loading 
systems. HSA-based nanoparticles can also avoid unnec-
essary interactions with sera in addition to increasing the 
solubility of hydrophobic molecules in the blood [133].

In addition, protein nanoparticles can use their hollow 
structures to load drugs. Auoxo3, a gold compound, is 
a kind of cytotoxic anti-cancer drug. Ferraro et al. [134] 
used a ferritin nanocage to encapsulate it. The results of 
cell experiments showed that compared to non-tumo-
rigenic cells, the nanocarriers were much more toxic to 
aggressive human cancer cells. Also, Huang et  al. [135] 
used the H-ferritin’s cavity to load anti-cancer drug 
(doxorubicin, DOX) through pH-mediated decomposi-
tion and re-self-assembly, achieving a high load of up 
to 458 DOX molecules per nanocage. Although inor-
ganic porous nanomaterials can also be used to deliver 
drugs, some of them even have a high drug loading 
rate. However, without modification, they cannot avoid 
drug leakage during transportation [136]. The unique 
cavity structure and pH-dependent self-assembly and 
decomposition of ferritin give it unique superiority in 
drug delivery. The combination of disulfiram and cop-
per is believed to have anti-tumor properties. Xu et  al. 
[137] firstly linked albumin (HSA) to ferritin (Fn) chemi-
cally and used the cavity of ferritin to encapsulate  Cu2+. 
Together with disulfiram, the Fn-HSA-Cu complex 
showed a great antitumor ability both in cell and animal 
experiments.

Wang and his coworkers [138] took advantage of silk 
protein’s negative surface charge and combined the silk 
protein with silica into nanocomposites for drug delivery. 
Both bombyx mori silk fibroin (SF) and sericin (SS) have 
a negatively charged surface and a high encapsulation 
efficacy. Therefore, the silk proteins were used as biotem-
plates to direct the self-assembly of silica nanoparticles 
and nanofibers. The nanocomposites were employed to 
load DOX, and the drug loading capacity could be as high 
as 33% after mixing for 24  h, much higher than other 
silica nanoparticle-based drug loading systems. Analo-
gously, Shuai et al. [139] used wild silkworm’s sericin as 
a template to induce nucleation of hydroxyapatite (HAp) 
nanoneedles. The porous sericin-HAp nanocomposite 
microspheres could adsorb DOX through electrostatic 
adsorption and achieved controllable release of DOX.

Collagen is a kind of fibrous protein available in the 
extracellular matrix of different tissues, including tumors 
[140, 141]. As a nature-derived biopolymer, collagen is 
widely used as the matrix material for drug cargo loading 
[142]. Protein-based compositions can enhance the solu-
bility of the whole nano-systems. The fibrous structural 
characteristics of collagen can increase the mechanical 
stability of nanoparticles [117, 142]. Jiang et al. [143] used 
poly (3-acrylamidophenylboronic acid) to bind collagen 
to build collagen-based nanoparticles (collagen-PAPBA). 
They used the nanoparticles to envelop DOX and the 
encapsulation efficiency was up to 97%. The in  vitro 
results showed that DOX-loaded collagen-PAPBA had 
significant cytotoxicity towards ovarian cancer cells. 
In another study, collagen was combined with nanohy-
droxyapatite and fucoidan to prepare nanomaterials for 
drug delivery [142]. The physico-chemical properties of 
the materials were improved with better crosslinking and 
non-toxicity to overcome the original disadvantages. A 
cell migration assay indicated that the composite material 
is a promising drug delivery platform for killing cancer 
cells.

3.2  Tumor targeting
In the past, many tumor-targeting drugs relied on pas-
sive targeting based on the enhanced permeability and 
retention (EPR) effect [144]. Nanodrugs or nanoparti-
cles can target tumors actively through the affinity with 
highly expressed tumor-specific receptors in tumor cells 
or tumor microenvironment such as tumor blood vessels 
and fibroblasts [145].

SPARC and gp60 are highly expressed in glioma and 
tumor vascular endothelial cells. They can bind specifi-
cally to albumin. Lin et al. [146] developed self-assembled 
albumin nanoparticles, which encapsulated two kinds of 
hydrophobic anti-cancer drugs, paclitaxel, and fenreti-
nide. The composite nanoparticles could target in  situ 
and subcutaneous glioma effectively. The cell-penetrating 
peptide (CPP) LMWP modified on the nanoparticles 
enhanced the interaction between the nanoparticles and 
cancer cells, leading to better targeted delivery and inten-
sive tumor accumulation.

Li et  al. [147] developed a  ZnF16Pc loaded ferritin 
nanocage.  ZnF16Pc is a kind of near-infrared photo-
sensitizer. They then attached an affinity single-chain 
variable fragment (scFv) of fibroblast activation protein 
(FAP) to the surface of nanoparticles. Since FAP was over 
expressed in over 90% cancer-associated fibroblasts, the 
results showed that nanoparticles could target 4T1 breast 
cancer subcutaneous tumor. In addition, they found that 
photodynamic therapy increased particle aggregation at 
the tumor site.
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In addition to the binding with specific and highly 
expressed receptors in the tumor microenvironment, 
protein nanoparticles can actively target tumors by graft-
ing targeting peptides on the surface as well. Integrin is 
overexpressed on many tumor cells. Bari et al. [148] pre-
pared silk fibroin nanoparticles and modified cyclopen-
tapeptides (cRGDs) on their surface, which had a high 
affinity for integrin αvβ3 and αvβ5. The targeting peptide 
significantly increased the particle internalization into 
human urinary bladder (ECV) cancer cells. Shan et  al. 
[149] modified the tumor-targeting peptide RGD onto 
the surface of hepatitis B core protein (HBc) based VLP 
genetically. HBc-VLP was found to target tumors through 
the binding of RGD with integrin αvβ3 overexpressed 
in B16F10 and U87MG cancer cells. VLPs inherit the 
advantages of proteins and can be genetically modified 
with targeting peptides, whereas inorganic nanoparticles 
are generally modified with the targeting ligands through 
direct chemical coupling or through the use of organic 
polymer linkers [150]. In addition, studies have shown 
that the targeting ability of VLPs will not be adversely 
affected by protein corona [151]. However, when silica 
was modified with transferrin, the protein corona formed 
on the surface of silica would shield transferrin, making 
it lose the ability to bind with transferrin receptors. They 
were highly expressed in many tumors, thus losing the 
ability to target tumors [152].

3.3  Stimuli‑responsive releasing
Protein nanoparticles can deliver drugs responding to 
internal stimuli such as glutathione (GSH), pH value, and 
enzyme concentration or external stimuli like tempera-
ture through engineering [153]. Seib et al. [73] prepared 
silk protein nanoparticles by an acetone precipitation 
method. The produced silk nanoparticles were negatively 
charged, and hence they could be loaded with positively-
charged DOX through electrostatic attraction. When 
composite particles entered the lysosome (pH = 4.5), 
silk protein lost negative net charge on its surface so as 
to release drugs, realizing pH-responsive drug release 
without any chemical modification. The research indi-
cated that silk protein nanoparticles had the potential to 
become a powerful delivery platform for lysosomal drugs. 
Pancreatic cancer is malignant and is closely related to 
the nervous microenvironment. Lei et al. [154] used fer-
ritin nanocages to encapsulate two drugs respectively to 
explore the effect of neuro microenvironment on pancre-
atic cancer, including carbachol to activate neural activity 
(Nano-Cab NPs) and atropine to weaken neural activity 
(Nano-Ato NPs). Both of them could target pancreatic 
tumors via transferrin receptors. Because of the nature 
of ferritin, drugs would be released in the slightly acidic 

tumor microenvironment rather than in the neutral 
blood or alkalescent pancreatic juice. A mutant of Hepa-
titis B core antigen (tHBcAg) can form icosahedral VLP 
through self-assembly. Biabanikhankahdani et  al. [155] 
mixed positively charged DOX with negatively charged 
polyacrylic acid (PAA) and loaded them into tHBcAg 
VLP. The electrostatic attraction between DOX and PAA 
was reversible when the pH was below 5.5, thus achieving 
the pH-responsive release of DOX.

Gou et  al. [156] developed a multi-responsive drug 
delivery vehicle with regenerated silk fibroin (RSF). The 
results confirmed that RSF nanoparticles responded to 
acidity, ROS, GSH, or hyaluronidase on account of the 
destroy of β-sheet structure and cleavage of disulfide 
bonds, leading to accelerated drug release. Thong et  al. 
[157] developed a kind of Macrobrachium rosenbergii 
nodavirus-based VLP (MrNVLP), and DOX was encap-
sulated inside through an infusion method. This ther-
mally responsive nanocarrier was able to release DOX 
much faster at 43℃ than 37℃ because MrNVLP had a 
more relaxed structure at a higher temperature.

3.4  Photothermal therapy (PTT) and photodynamic 
therapy (PDT)

Both photothermal and photodynamic therapy are light-
mediated therapy [158]. Photothermal therapy generally 
uses nanomaterials themselves or photothermal agents to 
transform the absorbed light energy into heat energy to 
raise the temperature of a tumor to kill cancer cells. Apo-
ferritin (AFN) is a pH-sensitive spherical cage protein. 
He et  al. [159] used this protein nanoparticle as a drug 
carrier to carry the anti-cancer drug paclitaxel (PTX), 
and then conjugated the second near-infrared region dye 
IR1061 and folic acid onto protein nanoparticles through 
a chemical reaction. Nanoparticles can target tumors and 
become internalized by cancer cells due to the overex-
pressed folate receptors on their membrane. After intra-
venous injection of the composite nanoparticles into 
breast cancer tumor-bearing mice, the temperature of 
tumor sites increased significantly with 1064  nm laser 
irradiation and thus inhibited the tumor growth through 
photothermal-chemotherapy. The thermal stability of fer-
ritin makes ferritin nanoparticles competitive nanocar-
riers for photothermal cancer therapy. Wang et al. [160] 
used negatively charged silk fibroin (SF) as a template to 
direct the self-assembly of positively charged gold nano-
particles (AuNPs). The resultant AuNPs/SF nanofibers 
were proved to be effective photosensitizers for PTT. 
After in-situ injection, the nanofibers could inhibit 
tumor growth effectively when the tumor was exposed to 
808 nm laser irradiation, while simple gold nanoparticles 
couldn’t. Xu et  al. [161] used self-assembled SF protein 
nanoparticles to encapsulate a photothermal agent ICG 
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dye. The composite particles inhibited the growth of xen-
ograft glioblastoma by PTT, realizing the integration of 
diagnosis and treatment.

Photodynamic therapy is a kind of oxidative therapy. 
Photosensitizers are employed to transfer light energy to 
chemical energy and turn the surrounding oxygen mol-
ecules to highly active singlet oxygen (1O2) to kill cancer 
cells [162, 163]. Wang et al. [164] designed a BSA-based 
hypoxia-responsive nanoparticle. Photosensitizer Ce6 
was covalently connected to BSA, and together with fer-
ritin and ferroptosis-inducing drug sorafenib (SRF) they 
formed a nanoreactor. In addition to 1O2 produced by 
photosensitizers through photodynamic therapy, ferritin-
induced Fenton reaction also produced hydroxyl radicals 
to kill cancer cells. Also, SRF inhibited the synthesis of 
GSH, decreased the expression of glutathione peroxidase 
4 (GPX4), accelerated the lipid peroxidation, thus finally 

inducing ferroptosis. Rhee et  al. [165] modified icosa-
hedral bacteriophage Qβ VLPs with a metalloporphyrin 
derivative, which was a kind of photosensitizer, and gly-
can, which could target the CD22 receptor. They co-incu-
bated the VLPs and CHO cells to verify the photoactivity 
of VLPs in vitro. The results showed that these VLPs were 
more cytotoxic to CD22 positive CHO cells.

Yang et al. [166] used SF as a biotemplate and reduct-
ant to build a multifunctional SF@MnO2 platform 
(Fig.  4). DOX and photodynamic agent indocyanine 
green (ICG) can be co-loaded onto porous SF@MnO2 
nanoparticles, producing a nanoparticle (SF@MnO2 
loaded with ICG and DOX, termed SMID).  MnO2 can 
act as a catalyst and promote the decomposition of 
endogenous hydrogen peroxide, producing oxygen to 
reduce tumor hypoxia and enhancing the effect of pho-
todynamic therapy. Besides,  MnO2 would decompose 

Fig. 4 Schematic diagram of the synthesis, dual-model imaging, and combination therapy of multifunctional platform SMID. Upper: The silk fibroin 
(SF) is extracted from the silkworm cocoon and self-assembles into SF nanoparticles. The surface of SF nanoparticles is biomineralized by  MnO2 
(SF@MnO2). ICG and DOX are both loaded onto SF@MnO2 (SMID); Bottom: After intravenous injection, the tumor sites of mice are irradiated with 
a near-infrared (NIR) laser. The  Mn2+ is produced under an acidic microenvironment, and ICG makes SMID an appropriate contrast agent for MR/
fluorescence imaging. DOX and ICG is used for chemotherapy and photodynamic/photothermal therapy, respectively [166]
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in response to a slightly acidic tumor environment, 
releasing DOX and producing  Mn2+ that was a contrast 
agent to enhance the image contrast of  T1-weighted 
MRI. Also, the temperature of the tumor site increased 
under laser irradiation because of ICG to achieve com-
bined PTT/PDT/chemotherapy with the direction of 
MR/fluorescence dual-model imaging.

3.5  Immunotherapy
There are many types of tumor immunotherapy, but most 
of them exert their anti-tumor effect through T cells 
in essence [167]. The immune checkpoint is a class of 
immunosuppressive molecules. Blocking immune check-
points is one of the effective strategies to enhance T cell 
activation. It is also a popular target for anti-tumor drug 
development in recent years. Yang et al. [37] used ferritin 
nanocages to encapsulate  ZnF16Pc, a kind of near-infra-
red photosensitizer, combining it with  NLG919 (immune 
checkpoint IDO inhibitors) loaded poly (lactide-co-
glycolic)-block-poly (ethylene glycol) (PEG-PLGA) nano-
particles covalently. This effect realized the codelivery 
of photosensitizer and an immune checkpoint inhibitor. 
The in vivo results showed that after in-situ injection of 

composite nanoparticles, drugs are released at an accel-
erated rate under acidic conditions. The consequent ROS 
and tumor-associated antigens inhibited tumor growth 
and increased T cell activity. This research combined 
PDT and immunotherapy and improved the efficacy of 
cancer therapy.

Cheng et al. [168] fused pattern antigen  OVA257-264 and 
specific antigen of melanoma gp100 into HBc based VLP 
through genetic recombination, constructing a novel 
dual antigen delivery system (Fig.  5). The hybrid VLP 
could accelerate the maturation of dendritic cells, induce 
a strong immune response in vivo and effectively inhibit 
the growth of subcutaneous melanoma and the forma-
tion of metastatic melanoma in the lung.

Schneider et al. [169] displayed tumor-associated anti-
gens on the surface of VLP originated from murine leu-
kemia virus. VLP displayed with the tumor-associated 
antigens triggered a powerful immune response due to 
the immunogenicity of VLP itself and effectively treated 
the tumor, showing the potential of VLP as a tumor 
vaccine.

Fig. 5 Schematic illustration of the therapy and the therapeutic effect of the tumor [168]. Upper: Schematic illustration of the construction of dual 
antigens loaded HBc VLP and the subcutaneous inoculation; Bottom left: Results of treatment of lung metastases. Compared to saline and single 
antigen-loaded VLPs, hybrid VLPs significantly inhibited the lung metastasis of melanoma; Bottom right: Results of treatment of subcutaneous 
melanoma. Compared to saline and single antigen-loaded VLPs, hybrid VLPs inhibited tumor growth and reduced the tumor volume to the 
maximum extent
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3.6  Clinical trials
The ClinicalTrials.gov website shows that albumin-based 
nanoparticles have been employed for treating cancer in 
clinical trials. Among them, Abraxane is the most com-
mon clinical drug to treat many kinds of cancer. We have 
summarized some typical clinical trials of the albumin-
based nanoparticles applied for cancer therapy in Table 3.

4  Protein nanoparticles as contrast agents’ carriers 
for cancer imaging

4.1  Optical imaging
Optical imaging includes fluorescence imaging, biolumi-
nescence imaging, and photoacoustic imaging. Protein 
nanoparticles can carry fluorescent dyes for in vivo fluo-
rescence imaging. An et al. [170] constructed a Cy5 dye 
like small ultra-red fluorescent protein (smURFP), and 
combined it with BSA to fabricate a composite nanopar-
ticle. This composite nanoparticle can be injected into 
tumor mice intravenously to target the tumor via the EPR 
effect while imaging the tumor in  vivo simultaneously. 
In addition, this fluorescent probe solved the problem of 
poor tissue penetration of green fluorescence. Hu et  al. 
[171, 172] developed the chitosan-modified silk sericin 
nanoparticles (SSC@NPs) and explored their redispers-
ibility as well as biocompatibility in  vivo. The in  vitro 
results showed SSC@NPs had good colloidal stabil-
ity without any dispersion stabilizer. The in  vivo results 
showed that SSC@NPs gathered at the tumor through 
the EPR effect, and the loaded ICG could image the 
tumor.

H-ferritin (HFn) has a specific affinity to transferrin 
receptor 1 (TfR1). It is specifically overexpressed in the 
majority of cancers, so the protein nanoparticles can 

target tumors. Bellini et al. [173] used HFn to construct 
a kind of luciferin-loaded apoferritin nanoparticles (Luc-
linker@HFn) (Fig. 6). The linker between HFn and lucif-
erin was sensitive to GSH, so the complex could release 
luciferin in the cytoplasm of cancer cells and carried out 
bioluminescence imaging (BLI) of the luciferin-luciferase 
binding system. The bioluminescence imaging in  vitro 
and in vivo could directly demonstrate that protein nano-
particles were internalized into cancer cells with high 
efficiency, diminishing the background signal. The com-
posite nanoparticles are powerful imaging agents in lucif-
erase tumor models.

Wang et  al. [174] constructed copper sulfide (CuS) 
loaded ferritin nanocages (CuS–Fn) through a biomi-
metic synthesis method. Due to the good near-infra-
red absorbance of CuS–Fn, the nanoparticles could be 
applied in photoacoustic imaging (PAI) in  vivo. When 
64Cu was introduced, the nanoparticles could also act as 
a positron emission tomography (PET) imaging contrast 
agent. Therefore, PTT directed by dual-modal imaging 
was achieved, and the tumor was completely eliminated.

4.2  Magnetic resonance imaging (MRI)
Protein nanoparticles usually perform MRI imaging 
by carrying magnetic nanoparticles or MRI contrast 
agents. Tao et  al. [175] modified iron oxide nanoparti-
cles with BSA and macromolecule (poly(acrylic acid)-
poly(methacrylic acid), PMAA-PTTM) respectively to 
compare their MRI contrast performances. After intra-
venous injection of  Fe3O4-BSA nanoparticles, in  vivo 
 T1-weighted MRI of the liver and kidney got dark-
ened, indicating that  Fe3O4-BSA was a more suitable 

Table 3 Clinical trials of protein nanoparticles applied for cancer therapy

Protein 
nanoparticles

Tumor
type

Clinical studies Year Database (ID)

Albumin Lung cancer ABI-007 in Treating Patients with Chemotherapy-Naïve 
Stage IV Non-Small Cell Lung Cancer

2003–2008 ClinicalTrials.gov (NCT00077246)

Albumin Ovarian cancer, fallopian tube 
cancer, and peritoneal cancer

Sargramostim and Paclitaxel Albumin-Stabilized 
Nanoparticle Formulation in Treating Patients with 
Advanced Ovarian Cancer, Fallopian Tube Cancer, or 
Primary Peritoneal Cancer That Did Not Respond to 
Previous Chemotherapy

2006–2011 ClinicalTrials.gov (NCT00466960)

Albumin Solid tumors Recombinant EphB4-HSA Fusion Protein with Standard 
Chemotherapy Regimens in Treating Patients with 
Advanced or Metastatic Solid Tumors

2015- ClinicalTrials.gov (NCT02495896)

Albumin Breast cancer Romidepsin and Abraxane in Treating Patients with 
Metastatic Inflammatory Breast Cancer

2014–2016 ClinicalTrials.gov (NCT01938833)

Albumin Pancreatic cancer Gemcitabine, Nab-paclitaxel and KPT-330 in Advanced 
Pancreatic Cancer

2014- ClinicalTrials.gov (NCT02178436)

Albumin Melanoma ABI-007 in Treating Patients with Inoperable Locally 
Recurrent or Metastatic Melanoma

2004–2010 ClinicalTrials.gov (NCT00081042)
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 T2-weighted contrast agent. However, the mice injected 
with  Fe3O4-PMAA-PTTM showed the opposite result, 
suggesting that the surface ligands played an impor-
tant role in MRI imaging. Mandal et al. [176] combined 
iron oxide and fluorescein-labeled monoclonal antibod-
ies with collagen to construct a new type of collagen-
based magnetic nanoparticle (CFeAb*D). The in  vitro 
MRI images showed that after antibody treatment, more 
nanoparticles were endocytosed by gastric cancer cells 
through receptor-mediated endocytosis.

Cai et  al. [177] conjugated an MRI T1 contrast agent 
Gd-DTPA to the surface of H-ferritin nanoparticles. 
The T1 weight signal at the tumor site was significantly 
enhanced only 10  min after intravenous injection. Hu 
et  al. [178] used the cavity of Physalis mottle virus 
(PhMV)-like nanoparticles to load Cy5.5 dye and Gd-
DOTA to achieve fluorescence and MRI dual-model 
imaging. The targeting peptide conjugated on the sur-
face of PhMV enabled the VLP to target the tumor. The 
in vivo MR imaging proved the ability of the composite 
particles to target tumors and achieve prolonged tumor 
retention (Fig. 7).

Ferritin can act as a MRI reporter gene as well. Lu et al. 
[179] found that overexpression of the ferritin reporter 
gene could further decrease the T2 signal at the tumor 
site. Also, Cohen et al. [180] confirmed that glioma cells 
transfected with ferritin also showed a strong signal on 
the T2 weighted images.

4.3  Positron emission tomography (PET)
64Cu is a useful radioisotope for PET imaging. Lin et al. 
[83] structured a dual-modal imaging probe by com-
bining near-infrared fluorescence imaging with PET 
imaging. The author firstly modified RGD4C peptide 
genetically and fluorescent dye Cy5.5 onto the surface 
of H-ferritin nanoparticles chemically. 64Cu was loaded 
through co-incubation with 64CuCl2 at pH = 2. When 
the pH was returned to 7.4, the ferritin could reconstruct 
nanostructures and achieved triple-loading. The in  vivo 
PET and near-infrared fluorescence images showed that 
after tail vein injection of the ferritin probes, the probes 
could enrich at the tumor as a result of both RGD target-
ing peptide and EPR effect. Similarly, Aanei et  al. [181] 
radiolabeled the genome-free capsid of bacteriophage 
MS2 with 64Cu and modified anti-EGFR antibodies to 
the surface of capsid to form a neoteric VLP. A whole day 
after injecting the VLP, PET/CT imaging of breast cancer 
tumor-bearing mice was obtained.

Xie et  al. [182] also used HSA to encapsulate dopa-
mine modified iron oxide, and labeled the nanoparticles 
with Cy5.5 and 64Cu-DOTA, which were contrast agents 
for fluorescence imaging and PET imaging respectively. 
Furthermore, iron oxide was an MRI imaging contrast 
agent. Therefore, the HSA nanoparticles are a new type 
of multifunctional theranostic platforms that could per-
form tri-modal imaging. The encapsulation of iron oxide 
particles into HSA matrices to form the nanosystems 
was a process similar to drug cargo loading which took 
full advantages of the HSA. The surface of the dopamine 

Fig. 6 Schematic representation of the mechanism by which Luc-linker@HFn is recognized by the transferrin receptor and carries out 
bioluminescence. Luc-linker@HFn is internalized by cancer cells through TfR1. Intracellular GSH can break the disulfide bond and release free 
luciferin. Luciferin is able to react with luciferase and perform bioluminescence imaging [173]
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modified iron oxide nanoparticles was rich in amine 
groups. Compact HSA coating could be realized just by 
adsorbing due to the natural multivalency and good solu-
bility of protein-based nanoparticles. The hydrodynamic 
size of the nanoparticles changed from 19.0 ± 0.9 nm to 
29.4 ± 1.2  nm after the HSA coating. Cy5.5 and 64Cu-
DOTA were labeled by coupling with lysines of HSA to 
get about twenty Cy5.5/DOTA molecules on the surface 
of each nanoparticle.

4.4  Computed tomography (CT)
Although CT imaging is often used in combination with 
PET, it can act as an independent imaging modality 
[183]. Chu et al. [184] used BSA as a biotemplate to make 

ultrasmall Au–Ag@BSA bimetallic protein nanoparti-
cles with an average size of 2–4  nm. They manipulated 
the ratio of gold to silver in the synthesis of nanoparti-
cles. Interestingly, they found that when the ratio of gold 
to silver is 3: 2, the protein particles displayed great CT 
imaging performance. Besides, the particles showed good 
biocompatibility both in vitro and in vivo.

Zhang and her coworkers [185] employed apoferritin 
to construct a novel nano-diagnosis and treatment plat-
form; DOX was encapsulated inside the ferritin cavity, 
and radiation sensitizer bismuth sulfide  (Bi2S3) crystals 
were embedded in the protein shell (Dox@AFBS). Bis-
muth sulfide can also be used as a radiation sensitizer 
because  Bi3+ has a large attenuation coefficient of X-ray. 

Fig. 7 In vivo MRI results. A T1 weighted MR images of prostate cancer tumor-bearing mice at specific time points. B Quantitative analysis of T1 
shortening in tumor. C Biodistribution of Gd complex in main organs and tumor (240 h post injection) [178]

Fig. 8 In vitro and in vivo CT imaging results. A CT imaging of Dox@AFBS solutions with different concentrations in vitro. B Contrast and 
concentration curves for Dox@AFBS. C CT imaging of Hela tumor-bearing mice before and after intravenous injection of Dox@AFBS in vivo [185]
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The CT imaging showed that Dox@AFBS accumulated 
at the tumor site after injection (Fig.  8). These studies 
demonstrated that the combination of chemotherapy and 
radiotherapy could effectively diminish the volume of 
subcutaneous Hela tumor.

5  Conclusions and outlook
As drug carriers for cancer diagnosis and treatment, pro-
tein nanoparticles have the advantages of biocompat-
ibility and biodegradability compared with other carriers 
such as inorganic nanoparticles. Facile functionalization 
of protein surfaces makes it easy to load drugs, targeting 
ligands or other functional small molecules onto them, 
thus constructing multi-functional theranostic platforms. 
Hence, we summarize the preparation methods of sev-
eral most common protein nanoparticles and the latest 
advances of their use in cancer treatment and imaging.

However, there are several problems with protein nan-
oparticles: (1) some proteins are not that stable, and their 
structures may change during synthesis of the nanopar-
ticles; (2) some protein nanoparticles are not uniform 
in size and size adjustment during preparation is not as 
easy as inorganic nanoparticles [186]; (3) the mechanism 
of protein nanoparticles mediated transport is unclear 
[187]. Besides, most nanoparticles for tumor therapy in 
the clinical stage are liposome or lipid nanoparticles, and 
there are few protein nanoparticle based clinical drugs 
[188]. As with other nanoparticles, there are issues of 
circulation time, biological distribution and mass pro-
duction [27, 186]. Protein nanoparticles also face the 
problem of the low drug cargo loading rate. Protein 
nanoparticles should not be conjugated with ligands of a 
complex structures in cases when such conjugation may 
affect the self-assembly of protein nanoparticles them-
selves. In addition, nanoparticles smaller than 20 nm or 
larger than 250 nm were easily cleared by the kidney or 
the reticuloendothelial system (RES). Lacking a long cir-
culation time reduces the effectiveness of the treatment 
[189, 190]. Researchers urgently need to address the issue 
of drug loading, long-time tumor retention, and mass 
production of protein nanoparticles. Anyway, the suc-
cessful preparation of Abraxane® (paclitaxel loaded albu-
min nanoparticle) is uplifting. It is believed that with the 
continuous efforts of researchers, protein nanoparticles 
will play a greater part in the field of cancer diagnosis and 
treatment.

Abbreviations
GC–MS: Gas chromatography/mass spectrometry; NGS: Next-generation 
sequencing; ELISA: Enzyme-linked immunosorbent assay; MDR: Multidrug 
resistance; VLPs: Virus-like particles; OVA: Ovalbumin; BSA: Bovine serum albu-
min; HSA: Human serum albumin; EDC: N-(3-Dimethylaminopropyl)-N’-ethyl-
carbodiimide hydrochloride; NHS: N-Hydroxysuccinimide; O/W: Oil-in-water; 
CP: Coat protein; SP: Scaffolding protein; DOX: Doxorubicin; Fn: Ferritin; SF: Silk 

fibroin; SS: Silk sericin; HAp: Hydroxyapatite; EPR: Enhanced permeability and 
retention; CPP: Cell penetrating peptide; FAP: Fibroblast activation protein; 
scFv: Single-chain variable fragment; HBc: Hepatitis B core; GSH: Glutathione; 
PAA: Polyacrylic acid; RSF: Regenerated silk fibroin; PTT: Photothermal therapy; 
PDT: Photodynamic therapy; AFN: Apoferritin; PTX: Paclitaxel; AuNPs: Gold 
nanoparticles; SRF: Sorafenib; GPX4: Glutathione peroxidase 4; ICG: Indocya-
nine green; PEG-PLGA: Poly (lactide-co-glycolic)-block-poly (ethylene glycol); 
PD-L1: Programmed death ligand 1; sgRNA: Single guide RNA; RNP: Ribonu-
cleoprotein; TfR1: Transferrin receptor 1; BLI: Bioluminescence imaging; PAI: 
Photoacoustic imaging; PET: Positron emission tomography; MRI: Magnetic 
resonance imaging; CT: Computed tomography; PMAA-PTTM: Poly(acrylic 
acid)-poly(methacrylic acid); PhMV: Physalis mottle virus; PNs: Protein nanopar-
ticles; RES: Reticuloendothelial system.

Acknowledgements
CM would like to thank the support from the Institute of Biomedical Engineer-
ing, Science and Technology of the University of Oklahoma.

Authors’ contributions
YM and TY participated in searching references and writing the manuscript. 
CBM, MYY and SXY supervised the writing and polished the manuscript. All 
authors read and approved the final manuscript.

Funding
We acknowledge the support of National Key Research and Development 
Program of China (2016YFA0100900) and National Natural Science Foundation 
of China (51673168, 81871499, and 31800807). CM would like to thank the 
support from the Institute of Biomedical Engineering, Science and Technology 
of the University of Oklahoma.

Availability of data and materials
The datasets used and analysed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Competing interests
The authors declare that they have no competing interests.

Author details
1 School of Materials Science and Engineering, Zhejiang University, Hang-
zhou 310027, Zhejiang, China. 2 Department of Neurosurgery, Sir Run Run 
Shaw Hospital, School of Medicine, Zhejiang University, 3 East Qingchun Road, 
Hangzhou 310016, Zhejiang, China. 3 Institute of Applied Bioresource Research, 
College of Animal Science, Zhejiang University, Yuhangtang Road 866, Hang-
zhou 310058, Zhejiang, China. 4 Department of Chemistry & Biochemistry, 
Stephenson Life Science Research Center, Institute for Biomedical Engineering, 
Science and Technology, University of Oklahoma, 101 Stephenson Parkway, 
Norman, OK 73019-5251, USA. 

Received: 27 August 2021   Accepted: 29 November 2021

References
 1. H. Sung, J. Ferlay, R.L. Siegel, M. Laversanne, I. Soerjomataram, A. Jemal, 

F. Bray, Global Cancer Statistics 2020: GLOBOCAN estimates of incidence 
and mortality worldwide for 36 cancers in 185 countries. CA Cancer J 
Clin. 71, 209–249 (2021)

 2. C. Baldini, L. Billeci, F. Sansone, R. Conte, C. Domenici, A. Tonacci, 
Electronic nose as a novel method for diagnosing cancer: a systematic 
review. Biosensors 10, 84 (2020)

 3. J. Wang, Electrochemical biosensors: towards point-of-care cancer 
diagnostics. Biosens. Bioelectron. 21, 1887–1892 (2006)

 4. G. Peng, U. Tisch, O. Adams, M. Hakim, N. Shehada, Y.Y. Broza, S. Billan, R. 
Abdah-Bortnyak, A. Kuten, H. Haick, Diagnosing lung cancer in exhaled 
breath using gold nanoparticles. Nat. Nanotechnol. 4, 669–673 (2009)



Page 17 of 21Miao et al. Nano Convergence             (2022) 9:2  

 5. V.R. Kondepati, H.M. Heise, J. Backhaus, Recent applications of near-
infrared spectroscopy in cancer diagnosis and therapy. Anal. Bioanal. 
Chem. 390, 125–139 (2008)

 6. S. Serratì, S. De Summa, B. Pilato, D. Petriella, R. Lacalamita, S. Tommasi, 
R. Pinto, Next-generation sequencing: advances and applications in 
cancer diagnosis. Onco. Targets. Ther. 9, 7355 (2016)

 7. J. Wu, Z. Fu, F. Yan, H. Ju, Biomedical and clinical applications of immu-
noassays and immunosensors for tumor markers. TrAC, Trends Anal. 
Chem. 26, 679–688 (2007)

 8. Y. Xiao, J. Gateau, A.K.A. Silva, X.Y. Shi, F. Gazeau, C. Mangeney, Y. Luo, 
Hybrid nano- and microgels doped with photoacoustic contrast agents 
for cancer theranostics. View. (2021). https:// doi. org/ 10. 1002/ VIW. 20200 
176

 9. S.H. Jafari, Z. Saadatpour, A. Salmaninejad, F. Momeni, M. Mokhtari, J.S. 
Nahand, M. Rahmati, H. Mirzaei, M. Kianmehr, Breast cancer diagnosis: 
imaging techniques and biochemical markers. J. Cell. Physiol. 233, 
5200–5213 (2018)

 10. M. Sharifi, M.R. Avadi, F. Attar, F. Dashtestani, H. Ghorchian, S.M. Rezayat, 
A.A. Saboury, M. Falahati, Cancer diagnosis using nanomaterials based 
electrochemical nanobiosensors. Biosens. Bioelectron. 126, 773–784 
(2019)

 11. G. Bellisola, C. Sorio, Infrared spectroscopy and microscopy in cancer 
research and diagnosis. Am. J. Cancer Res. 2, 1 (2012)

 12. L. Fass, Imaging and cancer: a review. Mol. Oncol. 2, 115–152 (2008)
 13. Y. Liu, P. Bhattarai, Z. Dai, X. Chen, Photothermal therapy and photoa-

coustic imaging via nanotheranostics in fighting cancer. Chem. Soc. 
Rev. 48, 2053–2108 (2019)

 14. H.T. Nia, L.L. Munn, R.K. Jain, Physical traits of cancer. Science (2020). 
https:// doi. org/ 10. 1126/ scien ce. aaz08 68

 15. R.K. Jain, Transport of molecules in the tumor interstitium: a review. 
Cancer Res. 47, 3039–3051 (1987)

 16. D.F. Baban, L.W. Seymour, Control of tumour vascular permeability. Adv. 
Drug. Deliv. Rev. 34, 109–119 (1998)

 17. P.S. Steeg, Tumor metastasis: mechanistic insights and clinical chal-
lenges. Nat. Med. 12, 895–904 (2006)

 18. M. Hockel, P. Vaupel, Biological consequences of tumor hypoxia. Semin. 
Oncol. 28, 36–41 (2001)

 19. L. Brannon-Peppas, J.O. Blanchette, Nanoparticle and targeted systems 
for cancer therapy. Adv. Drug Deliv. Rev. 56, 1649–1659 (2004)

 20. Q. Chen, H. Ke, Z. Dai, Z. Liu, Nanoscale theranostics for physical 
stimulus-responsive cancer therapies. Biomaterials 73, 214–230 (2015)

 21. Q. Wu, Z. Yang, Y. Nie, Y. Shi, D. Fan, Multi-drug resistance in cancer 
chemotherapeutics: mechanisms and lab approaches. Cancer Lett. 347, 
159–166 (2014)

 22. S. Thakkar, D. Sharma, K. Kalia, R.K. Tekade, Tumor microenvironment 
targeted nanotherapeutics for cancer therapy and diagnosis: a review. 
Acta Biomater. 101, 43–68 (2020)

 23. G.S. Kwon, Polymeric micelles for delivery of poorly water-soluble 
compounds. Crit. Rev. Ther. Drug. 20, 357–403 (2003)

 24. F. Dilnawaz, A. Singh, C. Mohanty, S.K. Sahoo, Dual drug loaded super-
paramagnetic iron oxide nanoparticles for targeted cancer therapy. 
Biomaterials 31, 3694–3706 (2010)

 25. J. Nam, N. Won, H. Jin, H. Chung, S. Kim, pH-Induced aggregation of 
gold nanoparticles for photothermal cancer therapy. J Am. Chem. Soc. 
131, 13639–13645 (2009)

 26. N. Saengkrit, S. Saesoo, W. Srinuanchai, S. Phunpee, U.R. Ruktanonchai, 
Influence of curcumin-loaded cationic liposome on anticancer activity 
for cervical cancer therapy. Colloids Surf. B Biointerfaces. 114, 349–356 
(2014)

 27. Z. Wang, H. Gao, Y. Zhang, G. Liu, G. Niu, X. Chen, Functional ferritin 
nanoparticles for biomedical applications. Front. Chem. Sci. Eng. 11, 
633–646 (2017)

 28. J.A. Kretzmann, C.W. Evans, C. Moses, A. Sorolla, A.L. Kretzmann, E. Wang, 
D. Ho, M.J. Hackett, B.F. Dessauvagie, N.M. Smith, Tumour suppression 
by targeted intravenous non-viral CRISPRa using dendritic polymers. 
Chem. Sci. 10, 7718–7727 (2019)

 29. C. Maksoudian, N. Saffarzadeh, E. Hesemans, N. Dekoning, K. Buttiens, 
S.J. Soenen, Role of inorganic nanoparticle degradation in cancer 
therapy. Nanoscale Adv. 2, 3734–3763 (2020)

 30. A. Pugazhendhi, T. Edison, I. Karuppusamy, B. Kathirvel, Inorganic nano-
particles: a potential cancer therapy for human welfare. Int. J. Pharm. 
539, 104–111 (2018)

 31. S. Mura, J. Nicolas, P. Couvreur, Stimuli-responsive nanocarriers for drug 
delivery. Nat. Mater. 12, 991–1003 (2013)

 32. W. Lohcharoenkal, L. Wang, Y.C. Chen, Y. Rojanasakul, Protein nanoparti-
cles as drug delivery carriers for cancer therapy. Biomed. Res. Int. 2014, 
180549 (2014)

 33. A. Moreno-Aspitia, E.A. Perez, Nanoparticle albumin-bound paclitaxel 
(ABI-007): a newer taxane alternative in breast cancer. Fut. Oncol. 1, 
755–762 (2005)

 34. C. Weber, C. Coester, J. Kreuter, K. Langer, Desolvation process and 
surface characterisation of protein nanoparticles. Int. J. Pharm. 194, 
91–102 (2000)

 35. A.E. Czapar, Y.R. Zheng, I.A. Riddell, S. Shukla, S.G. Awuah, S.J. Lippard, 
N.F. Steinmetz, Tobacco mosaic virus delivery of phenanthriplatin for 
cancer therapy. ACS Nano 10, 4119–4126 (2016)

 36. L. Shen, J. Zhou, Y. Wang, N. Kang, X. Ke, S. Bi, L. Ren, Efficient encapsula-
tion of Fe3O4 nanoparticles into genetically engineered hepatitis B 
core virus-like particles through a specific interaction for potential 
bioapplications. Small 11, 1190–1196 (2015)

 37. X. Yang, W. Zhang, W. Jiang, A. Kumar, S. Zhou, Z. Cao, S. Zhan, W. Yang, 
R. Liu, Y. Teng, J. Xie, Nanoconjugates to enhance PDT-mediated cancer 
immunotherapy by targeting the indoleamine-2,3-dioxygenase path-
way. J. Nanobiotechnol. 19, 182 (2021)

 38. A. Parodi, R. Molinaro, M. Sushnitha, M. Evangelopoulos, J.O. Martinez, 
N. Arrighetti, C. Corbo, E. Tasciotti, Bio-inspired engineering of cell-and 
virus-like nanoparticles for drug delivery. Biomaterials 147, 155–168 
(2017)

 39. M.J. Rohovie, M. Nagasawa, J.R. Swartz, Virus-like particles: Next-gen-
eration nanoparticles for targeted therapeutic delivery. Bioeng. Transl. 
Med. 2(1), 43–57 (2017)

 40. C. Hulo, E. de Castro, P. Masson, L. Bougueleret, A. Bairoch, I. Xenarios, 
P. Le Mercier, ViralZone: a knowledge resource to understand virus 
diversity. Nucleic Acids Res. 39, D576–D582 (2011)

 41. P. Pumpens, E. Grens, Artificial genes for chimeric virus-like particles. 
Artif. DNA Methods Appl. 249, 327 (2002)

 42. T. Briolay, T. Petithomme, M. Fouet, N. Nguyen-Pham, C. Blanquart, N. 
Boisgerault, Delivery of cancer therapies by synthetic and bio-inspired 
nanovectors. Mol. Cancer. 20, 55 (2021)

 43. K. Kaygisiz, C.V. Synatschke, Materials promoting viral gene delivery. 
Biomater. Sci. 8, 6113–6156 (2020)

 44. C.E. Ashley, E.C. Carnes, G.K. Phillips, P.N. Durfee, M.D. Buley, C.A. Lino, 
D.P. Padilla, B. Phillips, M.B. Carter, C.L. Willman, C.J. Brinker, Cell-specific 
delivery of diverse cargos by bacteriophage MS2 virus-like particles. 
ACS Nano 26(5), 5729–5745 (2011)

 45. A. Abraham, U. Natraj, A.A. Karande, A. Gulati, M.R. Murthy, S. Murug-
esan, P. Mukunda, H.S. Savithri, Intracellular delivery of antibodies by 
chimeric Sesbania mosaic virus (SeMV) virus like particles. Sci Rep. 6, 
21803 (2016)

 46. Y. Ma, R.J. Nolte, J.J. Cornelissen, Virus-based nanocarriers for drug 
delivery. Adv Drug Deliv Rev. 64, 811–825 (2012)

 47. M.J. Rohovie, M. Nagasawa, J.R. Swartz, Virus-like particles: Next-gen-
eration nanoparticles for targeted therapeutic delivery. Bioeng. Transl. 
Med. 2, 43–57 (2017)

 48. K.M. Frietze, D.S. Peabody, B. Chackerian, Engineering virus-like particles 
as vaccine platforms. Curr. Opin. Virol. 18, 44–49 (2016)

 49. D.C. Whitacre, B.O. Lee, D.R. Milich, Use of hepadnavirus core proteins as 
vaccine platforms. Expert Rev. Vaccines 8, 1565–1573 (2009)

 50. J.C. Caldeira, M. Perrine, F. Pericle, F. Cavallo, Virus-like particles as an 
immunogenic platform for cancer vaccines. Viruses-Basel. 12, 488 
(2020)

 51. B. Chackerian, Virus-like particles: flexible platforms for vaccine develop-
ment. Expert Rev. Vaccines 6, 381–390 (2007)

 52. M.E. Farkas, I.L. Aanei, C.R. Behrens, G.J. Tong, S.T. Murphy, J.P. O’Neil, 
M.B. Francis, PET Imaging and biodistribution of chemically modified 
bacteriophage MS2. Mol. Pharm. 10, 69–76 (2013)

 53. A.O. Elzoghby, W.M. Samy, N.A. Elgindy, Albumin-based nanoparticles 
as potential controlled release drug delivery systems. J Control Release. 
157, 168–182 (2012)

https://doi.org/10.1002/VIW.20200176
https://doi.org/10.1002/VIW.20200176
https://doi.org/10.1126/science.aaz0868


Page 18 of 21Miao et al. Nano Convergence             (2022) 9:2 

 54. P.J. Yazaki, T. Kassa, C.-W. Cheung, D.M. Crow, M.A. Sherman, J.R. Bading, 
A.-L.J. Anderson, D. Colcher, A. Raubitschek, Biodistribution and tumor 
imaging of an anti-CEA single-chain antibody–albumin fusion protein. 
Nucl. Med. Biol. 35, 151–158 (2008)

 55. S. Wongsasulak, M. Patapeejumruswong, J. Weiss, P. Supaphol, T. Yoov-
idhya, Electrospinning of food-grade nanofibers from cellulose acetate 
and egg albumen blends. J Food Eng. 98, 370–376 (2010)

 56. Y.J. Hu, Y. Liu, T.Q. Sun, A.M. Bai, J.Q. Lu, Z.B. Pi, Binding of anti-inflam-
matory drug cromolyn sodium to bovine serum albumin. Int J Biol 
Macromol. 39, 280–285 (2006)

 57. M. Hirose, A. Tachibana, T. Tanabe, Recombinant human serum albumin 
hydrogel as a novel drug delivery vehicle. Mat Sci Eng C-Mater. 30, 
664–669 (2010)

 58. D. Sleep, J. Cameron, L.R. Evans, Albumin as a versatile platform for drug 
half-life extension. Bba-Gen Subjects. 1830, 5526–5534 (2013)

 59. F. Esmaeili, R. Dinarvand, M.H. Ghahremani, M. Amini, H. Rouhani, N. 
Sepehri, S.N. Ostad, F. Atyabi, Docetaxel–albumin conjugates: prepara-
tion, in vitro evaluation and biodistribution studies. J. Pharm. Sci. 98, 
2718–2730 (2009)

 60. I.M. Steinhauser, K. Langer, K.M. Strebhardt, B. Spankuch, Effect of 
trastuzumab-modified antisense oligonucleotide-loaded human serum 
albumin nanoparticles prepared by heat denaturation. Biomaterials 29, 
4022–4028 (2008)

 61. R.R. Kudarha, K.K. Sawant, Albumin based versatile multifunctional 
nanocarriers for cancer therapy: fabrication, surface modification, multi-
modal therapeutics and imaging approaches. Mat Sci Eng C-Mater. 81, 
607–626 (2017)

 62. N. Sepehri, H. Rouhani, A.R. Ghanbarpour, M. Gharghabi, F. Tavassolian, 
M. Amini, S.N. Ostad, M.H. Ghahremani, R. Dinarvand, Human serum 
albumin conjugates of 7-ethyl-10-hydroxycamptothecin (SN38) for 
cancer treatment. BioMed Res. Int. (2014). https:// doi. org/ 10. 1155/ 
2014/ 963507

 63. E. Pereverzeva, I. Treschalin, D. Bodyagin, O. Maksimenko, K. Langer, S. 
Dreis, B. Asmussen, J. Kreuter, S. Gelperina, Influence of the formulation 
on the tolerance profile of nanoparticle-bound doxorubicin in healthy 
rats: focus on cardio-and testicular toxicity. Int. J. Pharm. 337, 346–356 
(2007)

 64. G. Kijanka, M. Prokopowicz, H. Schellekens, V. Brinks, Influence of aggre-
gation and route of injection on the biodistribution of mouse serum 
albumin. PLoS ONE 9, e85281 (2014)

 65. H. Zhang, N. Huang, G. Yang, Q. Lin, Y. Su, Bufalin-loaded bovine serum 
albumin nanoparticles demonstrated improved anti-tumor activity 
against hepatocellular carcinoma: preparation, characterization, phar-
macokinetics and tissue distribution. Oncotarget 8, 63311 (2017)

 66. A. Florczak, I. Grzechowiak, T. Deptuch, K. Kucharczyk, A. Kaminska, H. 
Dams-Kozlowska, Silk particles as carriers of therapeutic molecules for 
cancer treatment. Materials. 13, 4946 (2020)

 67. A. Jain, S.K. Singh, S.K. Arya, S.C. Kundu, S. Kapoor, Protein nanoparticles: 
promising platforms for drug delivery applications. ACS Biomater Sci 
Eng. 4, 3939–3961 (2018)

 68. F. Ferrari, J. Cappello, Protein-based materials (Birkhauser, Boston, 1997)
 69. M.A. Tomeh, R. Hadianamrei, X. Zhao, Silk fibroin as a functional bioma-

terial for drug and gene delivery. Pharmaceutics. 11, 494 (2019)
 70. B. Crivelli, S. Perteghella, E. Bari, M. Sorrenti, G. Tripodo, T. Chlapanidas, 

M.L. Torre, Silk nanoparticles: from inert supports to bioactive natural 
carriers for drug delivery. Soft Matter 14, 546–557 (2018)

 71. C. Xing, T. Munro, B. White, H. Ban, C.G. Copeland, R.V. Lewis, Ther-
mophysical properties of the dragline silk of Nephila clavipes spider. 
Polymer 55, 4226–4231 (2014)

 72. Z. Zhao, Y. Li, M.B. Xie, Silk fibroin-based nanoparticles for drug delivery. 
Int. J. Mol. Sci. 16, 4880–4903 (2015)

 73. F.P. Seib, G.T. Jones, J. Rnjak-Kovacina, Y. Lin, D.L. Kaplan, pH-dependent 
anticancer drug release from silk nanoparticles. Adv. Healthcare Mater. 
2, 1606–1611 (2013)

 74. M.G. Montalbán, J.M. Coburn, A.A. Lozano-Pérez, J.L. Cenis, G. Víllora, D.L. 
Kaplan, Production of curcumin-loaded silk fibroin nanoparticles for 
cancer therapy. Nanomaterials 8, 126 (2018)

 75. L. Huang, K. Tao, J. Liu, C. Qi, L. Xu, P. Chang, J. Gao, X. Shuai, G. Wang, Z. 
Wang, Design and fabrication of multifunctional sericin nanoparticles 
for tumor targeting and pH-responsive subcellular delivery of cancer 
chemotherapy drugs. ACS Appl. Mater. Interfaces. 8, 6577–6585 (2016)

 76. F. Mottaghitalab, M. Farokhi, M.A. Shokrgozar, F. Atyabi, H. Hosseinkhani, 
Silk fibroin nanoparticle as a novel drug delivery system. J. Control. 
Release 206, 161–176 (2015)

 77. V.S. Cardoso, M. de Carvalho Filgueiras, Y.M. Dutra, R.H. Teles, A.R. de 
Araújo, F.L. Primo, A.C. Mafud, L.F. Batista, Y.P. Mascarenhas, I.M. Paino, V. 
Zucolotto, Collagen-based silver nanoparticles: study on cell viability, 
skin permeation, and swelling inhibition. Mater. Sci. Eng. C. 74, 382–388 
(2017)

 78. K. Belbachir, R. Noreen, G. Gouspillou, C. Petibois, Collagen types analy-
sis and differentiation by FTIR spectroscopy. Anal. Bioanal. Chem. 395, 
829–837 (2009)

 79. M.I. Avila Rodríguez, L.G. Rodriguez Barroso, M.L. Sánchez, Collagen: a 
review on its sources and potential cosmetic applications. J. Cosmetic 
Dermatol. 17, 20–26 (2018)

 80. B. Sahithi, S. Ansari, S. Hameeda, G. Sahithya, D.M. Prasad, Y. Lakshmi, A 
review on collagen based drug delivery systems. Indian J. Res. Pharm. 
Biotechnol. 1, 461 (2013)

 81. F.C. Meldrum, B.R. Heywood, S. Mann, Magnetoferritin: in vitro synthesis 
of a novel magnetic protein. Science 257, 522–523 (1992)

 82. K. Zeth, E. Hoiczyk, M. Okuda, Ferroxidase-mediated iron oxide biomin-
eralization: novel pathways to multifunctional nanoparticles. Trends 
Biochem. Sci. 41, 190–203 (2016)

 83. X. Lin, J. Xie, G. Niu, F. Zhang, H. Gao, M. Yang, Q. Quan, M.A. Aronova, G. 
Zhang, S. Lee, R. Leapman, X. Chen, Chimeric ferritin nanocages for mul-
tiple function loading and multimodal imaging. Nano Lett. 11, 814–819 
(2011)

 84. P.M. Harrison, P. Arosio, The ferritins: molecular properties, iron storage 
function and cellular regulation. Bba-Gen Subjects. 1275, 161–203 
(1996)

 85. M. Uchida, M.L. Flenniken, M. Allen, D.A. Willits, B.E. Crowley, S. Brum-
field, A.F. Willis, L. Jackiw, M. Jutila, M.J. Young, T. Douglas, Targeting of 
cancer cells with ferrimagnetic ferritin cage nanoparticles. J. Am. Chem. 
Soc. 128, 16626–16633 (2006)

 86. K. Wetz, R.R. Crichton, Chemical modification as a probe of the topog-
raphy and reactivity of horse-spleen apoferritin. Eur. J. Biochem. 61, 
545–550 (1976)

 87. L. Vannucci, E. Falvo, M. Fornara, P. Di Micco, O. Benada, J. Krizan, J. 
Svoboda, K. Hulikova-Capkova, V. Morea, A. Boffi, Selective targeting of 
melanoma by PEG-masked protein-based multifunctional nanoparti-
cles. Int. J. Nanomed. 7, 1489 (2012)

 88. X. Sun, Y. Hong, Y. Gong, S. Zheng, D. Xie, Bioengineered ferritin nano-
carriers for cancer therapy. Int. J. Mol. Sci. 22, 7023 (2021)

 89. S.-E. Kim, K.-Y. Ahn, J.-S. Park, K.R. Kim, K.E. Lee, S.-S. Han, J. Lee, Fluores-
cent ferritin nanoparticles and application to the aptamer sensor. Anal. 
Chem. 83, 5834–5843 (2011)

 90. S.C. Beeman, J.F. Georges, K.M. Bennett, Toxicity, biodistribution, and 
ex vivo MRI detection of intravenously injected cationized ferritin. 
Magn. Reson. Med. 69, 853–861 (2013)

 91. K. Langer, S. Balthasar, V. Vogel, N. Dinauer, H. von Briesen, D. Schubert, 
Optimization of the preparation process for human serum albumin 
(HSA) nanoparticles. Int J Pharm. 257, 169–180 (2003)

 92. G. Wang, K. Siggers, S. Zhang, H. Jiang, Z. Xu, R.F. Zernicke, J. Matyas, H. 
Uludag, Preparation of BMP-2 containing bovine serum albumin (BSA) 
nanoparticles stabilized by polymer coating. Pharm. Res. 25, 2896–2909 
(2008)

 93. C. Lei, X.R. Liu, Q.B. Chen, Y. Li, J.L. Zhou, L.Y. Zhou, T. Zou, Hyaluronic acid 
and albumin based nanoparticles for drug delivery. J. Control Release. 
331, 416–433 (2021)

 94. S.M. Ahsan, C.M. Rao, The role of surface charge in the desolvation pro-
cess of gelatin: implications in nanoparticle synthesis and modulation 
of drug release. Int. J. Nanomed. 12, 795–808 (2017)

 95. F. Ravera, K. Dziza, E. Santini, L. Cristofolini, L. Liggieri, Emulsification and 
emulsion stability: the role of the interfacial properties. Adv. Colloid 
Interface Sci. 288, 102344 (2021)

 96. Y. Jin, D. Liu, J. Hu, Effect of surfactant molecular structure on emulsion 
stability investigated by interfacial dilatational rheology. Polymers 13, 
1127 (2021)

 97. D. Kumar, A review on collagen based drug delivery systems. Int. J. 
Pharm. Teach. Pract. 4, 811–820 (2013)

https://doi.org/10.1155/2014/963507
https://doi.org/10.1155/2014/963507


Page 19 of 21Miao et al. Nano Convergence             (2022) 9:2  

 98. J. Wu, J. Wang, J. Zhang, Z. Zheng, D.L. Kaplan, G. Li, X. Wang, Oral deliv-
ery of curcumin using silk nano- and microparticles. ACS Biomater. Sci 
Eng. 4, 3885–3894 (2018)

 99. Z. Toprakcioglu, P. Challa, D. Morse, T. Knowles, Attoliter protein 
nanogels from droplet nanofluidics for intracellular delivery. Sci. Adv. 6, 
eaay7952 (2020)

 100. S. Liu, Z. Li, B. Yu, S. Wang, Y. Shen, H. Cong, Recent advances on protein 
separation and purification methods. Adv. Colloid Interface Sci. 284, 
102254 (2020)

 101. N.A. Moringo, L.D.C. Bishop, H. Shen, A. Misiura, N.C. Carrejo, R. Baiyasi, 
W. Wang, F. Ye, J.T. Robinson, C.F. Landes, A mechanistic examination of 
salting out in protein–polymer membrane interactions. Proc. Natl. Acad. 
Sci. 116, 22938 (2019)

 102. A.S. Lammel, X. Hu, S.-H. Park, D.L. Kaplan, T.R. Scheibel, Controlling silk 
fibroin particle features for drug delivery. Biomaterials 31, 4583–4591 
(2010)

 103. T. Kartanas, Z. Toprakcioglu, T.A. Hakala, A. Levin, T.W. Herling, R. Daly, 
J. Charmet, T.P.J. Knowles, Mechanism of droplet-formation in a super-
sonic microfluidic spray device. Appl. Phys. Lett. 116, 153702 (2020)

 104. I.M. Cotabarren, D. Bertín, M. Razuc, M.V. Ramírez-Rigo, J. Piña, Model-
ling of the spray drying process for particle design. Chem. Eng. Res. 
Des. 132, 1091–1104 (2018)

 105. R. Lin, M.W. Woo, Z. Wu, W. Liu, J. Ma, X.D. Chen, C. Selomulya, Spray 
drying of mixed amino acids: the effect of crystallization inhibition 
and humidity treatment on the particle formation. Chem. Eng. Sci. 
167, 161–171 (2017)

 106. M. Mönckedieck, J. Kamplade, P. Fakner, N.A. Urbanetz, P. Walzel, H. 
Steckel, R. Scherließ, Spray drying of mannitol carrier particles with 
defined morphology and flow characteristics for dry powder inhala-
tion. Drying Technol. 35, 1843–1857 (2017)

 107. S.H. Lee, D. Heng, W.K. Ng, H.K. Chan, R.B. Tan, Nano spray drying: 
a novel method for preparing protein nanoparticles for protein 
therapy. Int J Pharm. 403, 192–200 (2011)

 108. C. Wang, Z. Wang, X. Zhang, Amphiphilic building blocks for self-
assembly: from amphiphiles to supra-amphiphiles. Acc. Chem. Res. 
45, 608–618 (2012)

 109. A. Schreiber, L.G. Stühn, M.C. Huber, S.E. Geissinger, A. Rao, S.M. Schil-
ler, Self-assembly toolbox of tailored supramolecular architectures 
based on an amphiphilic protein library. Small 15, 1900163 (2019)

 110. Y. Liu, R. Yang, J. Liu, D. Meng, Z. Zhou, Y. Zhang, C. Blanchard, Fabrica-
tion, structure, and function evaluation of the ferritin based nano-
carrier for food bioactive compounds. Food Chem. 299, 125097 
(2019)

 111. C. Zhang, X. Zhang, G. Zhao, Ferritin nanocage: a versatile nanocarrier 
utilized in the field of food, nutrition, and medicine. Nanomaterials 
10, 1894 (2020)

 112. C. Gu, T. Zhang, C. Lv, Y. Liu, Y. Wang, G. Zhao, His-Mediated reversible 
self-assembly of ferritin nanocages through two different switches 
for encapsulation of cargo molecules. ACS Nano 14, 17080–17090 
(2020)

 113. M.O. Mohsen, D.E. Speiser, A. Knuth, M.F. Bachmann, Virus-like particles 
for vaccination against cancer. WIREs Nanomed. Nanobiotechnol. 12, 
e1579 (2020)

 114. C. Qian, X. Liu, Q. Xu, Z. Wang, J. Chen, T. Li, Q. Zheng, H. Yu, Y. Gu, S. Li, 
Recent progress on the versatility of virus-like particles. Vaccines. 8, 139 
(2020)

 115. W. Li, Z. Jing, S. Wang, Q. Li, Y. Xing, H. Shi, S. Li, Z. Hong, P22 virus-like 
particles as an effective antigen delivery nanoplatform for cancer 
immunotherapy. Biomaterials 271, 120726 (2021)

 116. J. Wolfram, M. Ferrari, Clinical cancer nanomedicine. Nano Today 25, 
85–98 (2019)

 117. J. Shi, P.W. Kantoff, R. Wooster, O.C. Farokhzad, Cancer nanomedicine: 
progress, challenges and opportunities. Nat. Rev. Cancer 17, 20–37 
(2017)

 118. H. Chugh, D. Sood, I. Chandra, V. Tomar, G. Dhawan, R. Chandra, Role of 
gold and silver nanoparticles in cancer nano-medicine. Artificial cells, 
nanomedicine, and biotechnology. 46, 1210–1220 (2018)

 119. J.A. Damasco, S. Ravi, J.D. Perez, D.E. Hagaman, M.P. Melancon, Under-
standing nanoparticle toxicity to direct a safe-by-design approach in 
cancer nanomedicine. Nanomaterials 10, 2186 (2020)

 120. X. Liu, I. Tang, Z.A. Wainberg, H. Meng, Safety considerations of cancer 
nanomedicine—a key step toward translation. Small 16, 2000673 
(2020)

 121. S. Bayda, E. Amadio, S. Cailotto, Y. Frión-Herrera, A. Perosa, F. Rizzolio, 
Carbon dots for cancer nanomedicine: a bright future. Nanoscale Adv. 
(2021). https:// doi. org/ 10. 1039/ D1NA0 0036E

 122. Z. Gu, S. Zhu, L. Yan, F. Zhao, Y. Zhao, Graphene-based smart platforms 
for combined cancer therapy. Adv. Mater. 31, 1800662 (2019)

 123. R. van der Meel, E. Sulheim, Y. Shi, F. Kiessling, W.J. Mulder, T. Lammers, 
Smart cancer nanomedicine. Nat. Nanotechnol. 14, 1007–1017 (2019)

 124. M.J. Hawkins, P. Soon-Shiong, N. Desai, Protein nanoparticles as drug 
carriers in clinical medicine. Adv. Drug Deliv. Rev. 60, 876–885 (2008)

 125. S. Bhaskar, S. Lim, Engineering protein nanocages as carriers for bio-
medical applications. NPG Asia Mater. 9, e371–e371 (2017)

 126. N.M. Molino, S.-W. Wang, Caged protein nanoparticles for drug delivery. 
Curr. Opin. Biotechnol. 28, 75–82 (2014)

 127. D. Diaz, A. Care, A. Sunna, Bioengineering strategies for protein-based 
nanoparticles. Genes 9, 370 (2018)

 128. P.H. Beatty, J.D. Lewis, Cowpea mosaic virus nanoparticles for cancer 
imaging and therapy. Adv. Drug Deliv. Rev. 145, 130–144 (2019)

 129. A. Pasto, F. Giordano, M. Evangelopoulos, A. Amadori, E. Tasciotti, Cell 
membrane protein functionalization of nanoparticles as a new tumor-
targeting strategy. Clin. Transl. Med. 8, 8 (2019)

 130. M. Purcell, J.F. Neault, H.A. Tajmir-Riahi, Interaction of taxol with human 
serum albumin. Bba-Gen Subjects. 1478, 61–68 (2000)

 131. K. Paal, J. Muller, L. Hegedus, High affinity binding of paclitaxel to 
human serum albumin. Eur J Biochem. 268, 2187–2191 (2001)

 132. J. Qi, Y. Gou, Y. Zhang, K. Yang, S. Chen, L. Liu, X. Wu, T. Wang, W. Zhang, 
F. Yang, Developing anticancer ferric prodrugs based on the N-donor 
residues of human serum albumin carrier IIA subdomain. J Med Chem. 
59, 7497–7511 (2016)

 133. F. Kratz, Albumin as a drug carrier: design of prodrugs, drug conjugates 
and nanoparticles. J. Control. Release 132, 171–183 (2008)

 134. G. Ferraro, D.M. Monti, A. Amoresano, N. Pontillo, G. Petruk, F. Pane, M.A. 
Cinellu, A. Merlino, Gold-based drug encapsulation within a ferritin 
nanocage: X-ray structure and biological evaluation as a potential 
anticancer agent of the Auoxo3-loaded protein. Chem Commun. 52, 
9518–9521 (2016)

 135. C.-W. Huang, C.-P. Chuang, Y.-J. Chen, H.-Y. Wang, J.-J. Lin, C.-Y. Huang, 
K.-C. Wei, F.-T. Huang, Integrin α2β1-targeting ferritin nanocarrier 
traverses the blood–brain barrier for effective glioma chemotherapy. 
Journal of nanobiotechnology. 19, 1–17 (2021)

 136. N. Motakef-Kazemi, S.A. Shojaosadati, A. Morsali, In situ synthesis of 
a drug-loaded MOF at room temperature. Microporous Mesoporous 
Mater. 186, 73–79 (2014)

 137. N. Xu, Y.-F. Yang, L. Chen, J. Lin, A ferritin–albumin–cu nanoparticle 
that efficaciously delivers copper (II) ions to a tumor and improves the 
therapeutic efficacy of disulfiram. ACS Omega 5, 10415–10422 (2020)

 138. J. Wang, S. Yang, C. Li, Y. Miao, L. Zhu, C. Mao, M. Yang, Nucleation and 
assembly of silica into protein-based nanocomposites as effective anti-
cancer drug carriers using self-assembled silk protein nanostructures as 
biotemplates. ACS Appl. Mater. Interfaces. 9, 22259–22267 (2017)

 139. Y. Shuai, S. Yang, C. Li, L. Zhu, C. Mao, M. Yang, In situ protein-templated 
porous protein-hydroxylapatite nanocomposite microspheres for 
pH-dependent sustained anticancer drug release. J Mater Chem B. 5, 
3945–3954 (2017)

 140. S. Lo, M.B. Fauzi, Current update of collagen nanomaterials—fabrica-
tion, characterisation and its applications: a review. Pharmaceutics. 13, 
316 (2021)

 141. V.-M. Le, M.-D. Lang, W.-B. Shi, J.-W. Liu, A collagen-based multicellular 
tumor spheroid model for evaluation of the efficiency of nanoparticle 
drug delivery. Artif. Cells Nanomed. Biotechnol. 44, 540–544 (2016)

 142. K. Shanmugapriya, H.W. Kang, Synthesis of nanohydroxyapatite/colla-
gen-loaded fucoidan-based composite hydrogel for drug delivery to 
gastrointestinal cancer cells. Colloids Surf. B: Biointerfaces. 203, 111769 
(2021)

 143. H. Jiang, G. Liang, M. Dai, Y. Dong, Y. Wu, L. Zhang, Q. Xi, L. Qi, Prepara-
tion of doxorubicin-loaded collagen-PAPBA nanoparticles and their 
anticancer efficacy in ovarian cancer. Ann. Transl. Med. 8, 880 (2020)

https://doi.org/10.1039/D1NA00036E


Page 20 of 21Miao et al. Nano Convergence             (2022) 9:2 

 144. Y. Shi, R. van der Meel, X. Chen, T. Lammers, The EPR effect and beyond: 
strategies to improve tumor targeting and cancer nanomedicine treat-
ment efficacy. Theranostics. 10, 7921–7924 (2020)

 145. J.D. Byrne, T. Betancourt, L. Brannon-Peppas, Active targeting schemes 
for nanoparticle systems in cancer therapeutics. Adv Drug Deliv Rev. 
60, 1615–1626 (2008)

 146. T. Lin, P. Zhao, Y. Jiang, Y. Tang, H. Jin, Z. Pan, H. He, V.C. Yang, Y. Huang, 
Blood–brain-barrier-penetrating albumin nanoparticles for biomimetic 
drug delivery via albumin-binding protein pathways for antiglioma 
therapy. ACS Nano 10, 9999–10012 (2016)

 147. L. Li, S. Zhou, N. Lv, Z. Zhen, T. Liu, S. Gao, J. Xie, Q. Ma, Photosensitizer-
encapsulated ferritins mediate photodynamic therapy against cancer-
associated fibroblasts and improve tumor accumulation of nanoparti-
cles. Mol. Pharmaceut. 15, 3595–3599 (2018)

 148. E. Bari, M. Serra, M. Paolillo, E. Bernardi, S. Tengattini, F. Piccinini, C. Lanni, 
M. Sorlini, G. Bisbano, E. Calleri, M.L. Torre, S. Perteghella, Silk fibroin 
nanoparticle functionalization with Arg-Gly-Asp cyclopentapeptide 
promotes active targeting for tumor site-specific delivery. Cancers 13, 
1185 (2021)

 149. W. Shan, D. Zhang, Y. Wu, X. Lv, B. Hu, X. Zhou, S. Ye, S. Bi, L. Ren, X. Zhang, 
Modularized peptides modified HBc virus-like particles for encapsulation 
and tumor-targeted delivery of doxorubicin. Nanomedicine 14, 725–734 
(2018)

 150. H. Montaseri, C.A. Kruger, H. Abrahamse, Inorganic nanoparticles applied for 
active targeted photodynamic therapy of breast cancer. Pharmaceutics. 
13, 296 (2021)

 151. J. Zackova Suchanova, A. Hejtmankova, J. Neburkova, P. Cigler, J. Forstova, 
H. Spanielova, The protein corona does not influence receptor-mediated 
targeting of virus-like particles. Bioconjugate Chem. 31, 1575–1585 (2020)

 152. A. Salvati, A.S. Pitek, M.P. Monopoli, K. Prapainop, F.B. Bombelli, D.R. Hristov, 
P.M. Kelly, C. Åberg, E. Mahon, K.A. Dawson, Transferrin-functionalized 
nanoparticles lose their targeting capabilities when a biomolecule corona 
adsorbs on the surface. Nat. Nanotechnol. 8, 137–143 (2013)

 153. H. Hatakeyama, Recent advances in endogenous and exogenous stimuli-
responsive nanocarriers for drug delivery and therapeutics. Chem. Pharm. 
Bull (Tokyo). 65, 612–617 (2017)

 154. Y. Lei, Y. Hamada, J. Li, L. Cong, N. Wang, Y. Li, W. Zheng, X. Jiang, Targeted 
tumor delivery and controlled release of neuronal drugs with ferritin 
nanoparticles to regulate pancreatic cancer progression. J. Control 
Release. 232, 131–142 (2016)

 155. R. Biabanikhankahdani, N.B.M. Alitheen, K.L. Ho, W.S. Tan, pH-responsive virus-
like nanoparticles with enhanced tumour-targeting ligands for cancer 
drug delivery. Sci Rep. 6, 37891 (2016)

 156. S. Gou, J. Yang, Y. Ma, X. Zhang, M. Zu, T. Kang, S. Liu, B. Ke, B. Xiao, Multi-
responsive nanococktails with programmable targeting capacity for 
imaging-guided mitochondrial phototherapy combined with chemother-
apy. J. Control Release. 327, 371–383 (2020)

 157. Q.X. Thong, R. Biabanikhankahdani, K.L. Ho, N.B. Alitheen, W.S. Tan, Thermally-
responsive virus-like particle for targeted delivery of cancer drug. Sci Rep. 
9, 3945 (2019)

 158. D. Zhi, T. Yang, J. O’Hagan, S. Zhang, R.F. Donnelly, Photothermal therapy. J. 
Control Release. 325, 52–71 (2020)

 159. L. He, F. Qing, M. Li, D. Lan, Paclitaxel/IR1061-Co-loaded protein nanoparticle 
for tumor-targeted and pH/NIR-II-triggered synergistic photothermal-
chemotherapy. Int. J. Nanomed. 15, 2337–2349 (2020)

 160. J. Wang, Y. Zhang, N. Jin, C. Mao, M. Yang, Protein-induced gold nanoparticle 
assembly for improving the photothermal effect in cancer therapy. ACS 
Appl. Mater Interfaces. 11, 11136–11143 (2019)

 161. H.L. Xu, D.L. ZhuGe, P.P. Chen, M.Q. Tong, M.T. Lin, X. Jiang, Y.W. Zheng, B. Chen, 
X.K. Li, Y.Z. Zhao, Silk fibroin nanoparticles dyeing indocyanine green for 
imaging-guided photo-thermal therapy of glioblastoma. Drug Deliv. 25, 
364–375 (2018)

 162. Z. Wei, P. Liang, J. Xie, C. Song, C. Tang, Y. Wang, X. Yin, Y. Cai, W. Han, X. Dong, 
Carrier-free nano-integrated strategy for synergetic cancer anti-angio-
genic therapy and phototherapy. Chem Sci. 10, 2778–2784 (2019)

 163. H. Yang, R. Liu, Y. Xu, L. Qian, Z. Dai, Photosensitizer nanoparticles boost 
photodynamic therapy for pancreatic cancer treatment. Nanomicro Lett. 
13, 35 (2021)

 164. X. Wang, M. Wu, X. Zhang, F. Li, Y. Zeng, X. Lin, X. Liu, J. Liu, Hypoxia-responsive 
nanoreactors based on self-enhanced photodynamic sensitization and 

triggered ferroptosis for cancer synergistic therapy. J. Nanobiotechnol. 19, 
204 (2021)

 165. J.K. Rhee, M. Baksh, C. Nycholat, J.C. Paulson, H. Kitagishi, M.G. Finn, Glycan-
targeted virus-like nanoparticles for photodynamic therapy. Biomacromol 
13, 2333–2338 (2012)

 166. R. Yang, M. Hou, Y. Gao, S. Lu, L. Zhang, Z. Xu, C.M. Li, Y. Kang, P. Xue, Biominer-
alization-inspired crystallization of manganese oxide on silk fibroin nano-
particles for in vivo mr/fluorescence imaging-assisted tri-modal therapy of 
cancer. Theranostics. 9, 6314–6333 (2019)

 167. J. Couzin-Frankel, Breakthrough of the year 2013. Cancer immunotherapy. 
Science 342, 1432–1433 (2013)

 168. K. Cheng, T. Du, Y. Li, Y. Qi, H. Min, Y. Wang, Q. Zhang, C. Wang, Y. Zhou, L. Li, 
Dual-antigen-loaded hepatitis B virus core antigen virus-like particles 
stimulate efficient immunotherapy against melanoma. ACS Appl. Mater. 
Interfaces. 12, 53682–53690 (2020)

 169. I.C. Schneider, J. Hartmann, G. Braun, J. Stitz, T. Klamp, M. Bihi, U. Sahin, C.J. 
Buchholz, Displaying tetra-membrane spanning Claudins on enveloped 
virus-like particles for cancer immunotherapy. Biotechnol. J. 13, 1700345 
(2018)

 170. F. An, N. Chen, W.J. Conlon, J.S. Hachey, J. Xin, O. Aras, E.A. Rodriguez, R. Ting, 
Small ultra-red fluorescent protein nanoparticles as exogenous probes 
for noninvasive tumor imaging in vivo. Int J Biol Macromol. 153, 100–106 
(2020)

 171. D. Hu, Z. Xu, Z. Hu, B. Hu, M. Yang, L. Zhu, pH-triggered charge-reversal silk 
sericin-based nanoparticles for enhanced cellular uptake and doxorubicin 
delivery. Acs Sustain. Chem. Eng. 5, 1638–1647 (2017)

 172. D. Hu, T. Li, Z. Xu, D. Liu, M. Yang, L. Zhu, Self-stabilized silk sericin-based 
nanoparticles: in vivo biocompatibility and reduced doxorubicin-induced 
toxicity. Acta Biomater. 74, 385–396 (2018)

 173. M. Bellini, B. Riva, V. Tinelli, M.A. Rizzuto, L. Salvioni, M. Colombo, F. Mingozzi, 
A. Visioli, L. Marongiu, G. Frascotti, M.S. Christodoulou, D. Passarella, D. Pros-
peri, L. Fiandra, Engineered ferritin nanoparticles for the bioluminescence 
tracking of nanodrug delivery in cancer. Small 16, e2001450 (2020)

 174. Z. Wang, P. Huang, O. Jacobson, Z. Wang, Y. Liu, L. Lin, J. Lin, N. Lu, H. Zhang, R. 
Tian, Biomineralization-inspired synthesis of copper sulfide–ferritin nanoc-
ages as cancer theranostics. ACS Nano 10, 3453–3460 (2016)

 175. C. Tao, Q. Zheng, L. An, M. He, J. Lin, Q. Tian, S.J.N. Yang, T1-Weight magnetic 
resonance imaging performances of iron oxide nanoparticles modified 
with a natural protein macromolecule and an artificial macromolecule. 
Nanomaterials 9, 170 (2019)

 176. A. Mandal, S. Sekar, M. Kanagavel, N. Chandrasekaran, A. Mukherjee, T.P. Sas-
try, Collagen based magnetic nanobiocomposite as MRI contrast agent 
and for targeted delivery in cancer therapy. Bba-Gen Subjects. 1830, 
4628–4633 (2013)

 177. Y. Cai, Y. Wang, T. Zhang, Y. Pan, Gadolinium-labeled ferritin nanoparticles as 
T1 contrast agents for magnetic resonance imaging of tumors. Acs Appl 
Nano Mater. 3, 8771–8783 (2020)

 178. H. Hu, H. Masarapu, Y. Gu, Y. Zhang, X. Yu, N.F. Steinmetz, Physalis mottle virus-
like nanoparticles for targeted cancer imaging. ACS Appl Mater Interfaces. 
11, 18213–18223 (2019)

 179. C.Y. Lu, J.S. Ji, X.L. Zhu, P.F. Tang, Q. Zhang, N.N. Zhang, Z.H. Wang, X.J. Wang, 
W.Q. Chen, J.B. Hu, Y.Z. Du, R.S. Yu, T2-weighted magnetic resonance imag-
ing of hepatic tumor guided by SPIO-loaded nanostructured lipid carriers 
and ferritin reporter genes. ACS Appl. Mater. Interfaces. 9, 35548–35561 
(2017)

 180. B. Cohen, H. Dafni, G. Meir, A. Harmelin, M. Neeman, Ferritin as an endog-
enous MRI reporter for noninvasive imaging of gene expression in C6 
glioma tumors. Neoplasia 7, 109–117 (2005)

 181. I.L. Aanei, A.M. ElSohly, M.E. Farkas, C. Netirojjanakul, M. Regan, S. Taylor 
Murphy, J.P. O’Neil, Y. Seo, M.B. Francis, Biodistribution of antibody-MS2 
viral capsid conjugates in breast cancer models. Mol Pharmaceut. 13, 
3764–3772 (2016)

 182. J. Xie, K. Chen, J. Huang, S. Lee, J. Wang, J. Gao, X. Li, X. Chen, PET/NIRF/MRI 
triple functional iron oxide nanoparticles. Biomaterials 31, 3016–3022 
(2010)

 183. Y.H. Chung, H. Cai, N.F. Steinmetz, Viral nanoparticles for drug delivery, imag-
ing, immunotherapy, and theranostic applications. Adv Drug Deliv Rev. 
156, 214–235 (2020)

 184. Z. Chu, L. Chen, X. Wang, Q. Yang, Q. Zhao, C. Huang, Y. Huang, D.-P. Yang, 
N. Jia, Ultrasmall Au–Ag alloy nanoparticles: protein-directed synthesis, 



Page 21 of 21Miao et al. Nano Convergence             (2022) 9:2  

biocompatibility, and X-ray computed tomography imaging. ACS Bio-
mater. Sci. Eng. 5, 1005–1015 (2019)

 185. Q. Zhang, J. Chen, J. Shen, S. Chen, K. Liang, H. Wang, H. Chen, Inlaying 
radiosensitizer onto the polypeptide shell of drug-loaded ferritin for imag-
ing and combinational chemo-radiotherapy. Theranostics. 9, 2779–2790 
(2019)

 186. L.H. Estrada, J. Champion, Protein nanoparticles for therapeutic protein 
delivery. Biomater. Sci. 3, 787–799 (2015)

 187. E.N. Hoogenboezem, C.L. Duvall, Harnessing albumin as a carrier for cancer 
therapies. Adv. Drug Deliv. Rev. 130, 73–89 (2018)

 188. J. Shi, P.W. Kantoff, R. Wooster, O.C. Farokhzad, Cancer nanomedicine: pro-
gress, challenges and opportunities. Nat Rev Cancer. 17, 20–37 (2017)

 189. Y.G. Roh, S.W. Shin, S.-Y. Kim, S. Kim, Y.T. Lim, B.-K. Oh, S.H. Um, Protein nano-
particle fabrication for optimized reticuloendothelial system evasion and 
tumor accumulation. Langmuir 35, 3992–3998 (2019)

 190. C. Pan, J. Wu, S. Qing, X. Zhang, L. Zhang, H. Yue, M. Zeng, B. Wang, Z. Yuan, Y. 
Qiu, Biosynthesis of self-assembled proteinaceous nanoparticles for vac-
cination. Adv. Mater. 32, 2002940 (2020)

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Protein nanoparticles directed cancer imaging and therapy
	Abstract 
	1 Introduction
	2 Design of protein nanoparticles
	2.1 Types of protein nanoparticles
	2.1.1 Virus-like particles
	2.1.2 Albumin
	2.1.3 Silk proteins
	2.1.4 Collagen
	2.1.5 Ferritin

	2.2 Preparation strategies of protein nanoparticles
	2.2.1 Desolvation
	2.2.2 Emulsification
	2.2.3 Salting out
	2.2.4 Spray drying
	2.2.5 Self-assembly

	2.3 Advantages of protein nanoparticles for cancer nanomedicine

	3 Cancer therapy by using protein nanoparticles
	3.1 Drug cargo loading
	3.2 Tumor targeting
	3.3 Stimuli-responsive releasing
	3.4 Photothermal therapy (PTT) and photodynamic therapy (PDT)
	3.5 Immunotherapy
	3.6 Clinical trials

	4 Protein nanoparticles as contrast agents’ carriers for cancer imaging
	4.1 Optical imaging
	4.2 Magnetic resonance imaging (MRI)
	4.3 Positron emission tomography (PET)
	4.4 Computed tomography (CT)

	5 Conclusions and outlook
	Acknowledgements
	References




