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Ever since humans appeared on Earth, people started to interact with nature. At 

early times, humans collected daily needs directly from nature, without any 

process. As time passed by, our ancestors gathered much more experience from 

collection and observation. Maybe unwittingly, they found some way to process 

the product and this kind of methods made better quality or easier life, and this 

experience led to the development of techniques, like seed selection, improving 

the yield of crop, cooking food etc. These techniques were soon widely used in 

many aspects of everyday life, and progressed towards the current concept of 

biotechnology.  

In 1796, Edward Jenner produced the first vaccine against smallpox, and in 1927, 

Alexander Fleming discovered penicillin[1]. These findings improved the health 

condition significantly and represented two important signs that biotechnology 

started to participate in the medicine arena. Later in 19 th century, large-scale 

production systems based on microbial cells were first introduced, and chemicals 

such as acetone or butanol were produced through this system [2]. Then, the 

modern fermentation industry was built up. 

After that, there were some major breakthroughs that pushed the rapid 

development of biotechnology: in 1953, the discovery of the double helix 

structure of DNA by Watson and Crick [3], Marshall Nirenberg and Heinrich J. 

Matthaei cracked the genetic code in 1961 [4], new restriction enzymes were 

discovered by Paul Berg in early 1970[5], and Herbert Boyer and Stanley Cohen’s 

first engineering of a living organism in 1973[6]. These discoveries developed the 

recombinant DNA technology. 
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In the 20th century, with the emerging of new technologies, especially 

nanotechnology and biotechnology had a huge development and participated 

more and more in the area of medicine, leading to the development of new 

scientific subjects such as nanobiotechnology and nanomedicine. 

nanobiotechnology is providing tools to achieve nanomedicine’s new objectives in 

personalized health care, for diagnosis and therapy[7]. 

The goals of nanomedicine are to deliver drugs for diagnosis and for therapeutic 

purposes directly to a specific site, improving the efficiency while reducing the 

undesired side effects. Moreover, this novel approach aims to break the chemical 

and anatomic barriers for drug delivery, for example by improving drug solubility 

and stability, increasing circulation time, and transporting drugs through vascular 

endothelium and blood-brain barrier[8]. 
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1. Nanobiotechnology and Nanomedicine  

In 1959, Richard Feynman first brought a concept at the annual meeting of 

American Physical Society, which is manipulating and controlling objects on a 

small, nanometric scale. Since then, nanotechnology emerged and developed, 

and impacted all branches of the industry, from electronic, chemical to 

environmental and medicine [9].  

There are different ways to define nanotechnology, but in general 

nanotechnology refers to objects within the limits between 0.1-100 nm. In 2000, 

the US national Nanotechnology Initiative gave us a more specific definition: 

“Nanotechnology is concerned with materials and systems whose structures and 

components exhibit novel and significantly improved physical, chemical and 

biological properties, phenomena and processes due to their nanoscale size” [10]. 

In biotechnology, most processes are performed at nanoscale. For instance, the 

lipid bilayer is a few nanometers thick, a protein is only 1-20 nm, virus size ranges 

from 20 nm-100 nm [11]. In this case, it was inevitable that these two fields cross-

fertilize and develop jointly, and this led to the rising of the term 

nanobiotechnology.  

When we speak about nanobiotechnology, people will relate that with 

nanomedicine; however, there are some differences between each other. 

nanobiotechnology is mainly about nanotechnology applied on biological systems 

in all basic research. It can be on plants, microorganisms and so on. When 

nanotechnlogy is applied in healthcare or medicine, it is in the field of 

nanomedicine. (Fig 1. Technologies involved in the field of nanomedicine). 
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Therefore, nanomedicine mainly focuses on the application of nanotechnology to 

medical needs, for example, by using nanoparticles and nanodevices to deliver 

drugs, for diagnosis or therapeutics. 

.  

Figure 1: Technologies involved in the field of nanomedicine. Modified from Riehemann Kristina, 

et al.[10] 

Compared with the traditional medicine, nanomedicine has many advantages: At 

nanoscale, physical and chemical characteristics can be controlled: the diffusion 

and sensor response could be very fast, pharmacokinetics of therapeutic 

compounds could have longer half live, targeting and delivery of therapeutic 

molecules could be more precise and effective [12, 13]. Due to these facts, when 

using high dose of therapeutic drugs, the system toxicity will be highly reduced. 

Moreover, with the help of nanomedicine, the production of small integrated 

devices such as biosensors and accurate drug-release systems will meet the 

demand of the patients. This can benefit the development of personalized 

medicines [14]. 
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1.1 Applications of nanomedicine 

In traditional medicine, the main goal is to improve the major areas: diagnosis and 

therapeutic methods, to make them more efficient, specific and cost-effective. 

Now with the emergence of nanomedicine, this can become real.  

In the therapeutic field, because of the specificity of nanomedicine, drugs can 

accumulate at pathological sites, meanwhile, reducing its localization in healthy 

organs, and also undesirable side effects [15, 16]. This property is desirable for 

the strategies to treat cancer. For this reason, many efforts in nanomedicine are 

focused on cancer. As solid tumors present leaky vascularization, it is possible for 

nanoparticles with the size up to 400 nm to accumulate at cancer site; this 

mechanism is known as enhanced permeability and retention effect (EPR) [17, 18]. 

Based on the EPR effect, passive targeting improves drug delivery efficiency at 

tumor site. This strategy even improves the performance of targeting antibodies 

and peptides and can be controlled by the use of hyperthermia or ultrasound [19]. 

This concept is summarized in figure 2. 

 

Figure 2: Drug targeting to tumors: principles, pitfalls and (pre-) clinical progress. Adopt from 

Rizzo, L. Y. et al. [8] 
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Moreover, in recent years, increasing number of therapeutic nanomedicines are 

not only used in cancer, but also used for drug delivery to other non-cancerous 

diseases, such as arthritis rheumatoid and atherosclerosis [20, 21] .  

Recently, new nanomedicines have been designed for diagnostic purposes. 

Compared with traditional methods, nanomaterials labeled with contrast agents 

are more effective. For example, it can provide information of the circulatory 

system, the accumulation of therapeutic nanomedicine on target site and other 

organs [22], and the drug release at the target site [23]. Moreover, 

nanodiagnostic agents can help us to visualize and have a better understanding of 

some physiological disease principles, and tracking labeled cells. For example, 

Gadomer-17 and Resovist (new magnetic resonance, superparamagnetic iron 

oxide ) have been used for magnetic resonance (MR) monitoring of tumor blood 

vessels and coronary arteries in patients [24, 25], labeling of stem cells [26] and 

visualization of primary liver lesions [27]. Although nanodiagnostics are very 

promising, many of these tools have only been tested in animal models, this is 

due to the stringent pharmacokinetic and elimination criteria for i.v. administered 

diagnostic agents. This include the use of Endorem and Sinerem, which are 

Resoveist-like iron oxide nanoparticles, for monitoring tumoral stem cells[28], 

lymph node metastases [29], cancer vaccines [30], and macrophage activity in 

atherosclerosis [31].  

2. Nanoparticles 

As described above, in nanomedicine most of the applications are based on the 

manufacture of different kinds of nanoparticles, and their delivery to target tissue 
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or cells for diagnostic or therapeutic purposes. In other words, it’s mainly about 

nanoparticles design, production, controlling delivery and targeting. 

Nanoparticles for medical use have many advantages. Since nanoparticles have a 

nanorange size, they provide a probe that allows detection at the molecular scale. 

With this help, we can understand the machinery of cellular interaction and to 

detect abnormalities such as precancerous cells, disease marker and desigin 

disease marker without introducing too much interference [32], Nanoparticle-

based imaging can also improve the sensitivity and specificity compared with 

traditional diagnostic. For therapeutic purposes, nanoparticles can improve the 

solubility of insoluble drugs, prolong the half-time of their systemic circulation, 

and display a modulatable immunogenicity. In addition, as drug delivery vehicles, 

nanoparticles offer promise for drug accumulation and retention at targeting site, 

thus lowering the frequency of administration and minimizing systemic side 

effects [33, 34]. Moreover, nanoparticles enable the transportation of drugs 

across biological barriers such as blood-brain barrier, the branching pathways of 

the pulmonary system and the epithelial junction of the skin [35-37], this part 

widely described in the next section.  

In 1960s, Bangham, A. and R. Horne produced the first nanoparticle-based 

platform for medical application based on liposomes. [38] In the following 

decades nanoparticles gathered more scientific and general interest, and 

developed rapidly; numerous organic and inorganic nanoparticles were created 

for disease diagnosis and therapy. From Figure 3 we can find the rapid increasing 

in the number of publications per year which contain “Nanoparticles, Liposome 

and Monoclonal Antibody” hits from 1960-2011 [39].  
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Figure 3: PubMed entries per year based on the search terms: “monoclonal antibody”, 

“liposome”, and “nanoparticle”. Adapted from Shi. J., et al. [39] 

Meanwhile, with the development of nanotechnology and the emergence of new 

nanomaterials, several types of nanoparticle platforms have been approved for 

clinical use, including liposomes, albumin, polymers, dendrimers and iron oxide 

nanoparticles for disease imaging. Here, I will introduce some of these 

nanoparticles.  

Liposome-based nanoparticles 

Liposomes are small sphere-shaped particles, formed by one or more 

phospholipid bilayers that can be made from cholesterol and natural 

phospholipids. Depending on the design, they can range from 10 nanometers up 

to micrometers [40]. The formation of liposomes is spontaneous, because the 

amphiphilic phospholipids may self-associate into bilayers. During this process, 

soluble drugs can be loaded inside in aqueous solution, or using solvent 

mechanisms and pH gradient methods [41]. Normally, liposomes will reach the 
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required site through a passive strategy, by extravasating into the interstitial fluid 

space from the bloodstream [42]. However, they can also reach the target 

through an active pathway. Due to existence of the lipid bilayer on the surface, it 

is easy to add targeting molecules to the outer surface [43]. Then, liposomes 

might internalize inside cells through endocytosis [44], or fusion with the cell 

membrane [45]. Larger liposomes might be internalized by phagocytosis [46]. 

However, liposomes are not stable and have a short half-time [47]. To improve 

this, a widely used method is to conjugate polyethylene glycol(PEG) with 

liposomes to change the size and properties of particles with the purpose to 

escape the clearance of the mononuclear phagocytic system and prolong the 

circulation half-time in vivo [48].  

 

Figure 4: Diagram of a bilaminar liposome. The hydrophobic region traps drugs in the central 

core when the liposomes are prepared. Adapted from Malam, Y., et al.[47] 

The first liposome-based nanoparticle platform was applied in medicine in 1965, 

and showed significant improvement on drug pharmacokinetics and 
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biodistribution, after then,  liposomes have been widely developed as 

pharmaceutical carriers. [49]. Today, there are more than 11 formulations 

approved for clinical uses, and many more at preclinical stages. The first 

liposome-based drug formulation was used to treat cancer in AIDS-related 

Kaposi’s sarcoma and multiple myeloma in this formulation. 

PEGylated liposomes were encapsulated with doxorubicin (a widely used 

anticancer drug). This doxorubicin-liposome gave longer circulation half-time and 

higher concentration in tumor, meanwhile reducing the concentration of drugs in 

normal tissue, such as heart. It could also reduce the distribution volume from 

nearly 1,000 L/m2 of normal doxorubicin to 2.8 L/m2 in plasma [50]. There are 

other liposomal drugs used for clinical such as AmBisome (amphotericin B 

liposomes), DaunoXome (daunorubicin liposomes), DepoCyt (cytarabine 

liposomes), and Visudyne (verteporfin liposomes). 

Polymeric nanoparticles 

Polymeric nanoparticles might be the most widely used nanoparticle carriers, and 

have been extensively investigated in this regard. They could be formed by 

biodegradable, biocompatible and hydrophilic polymers such as poly (D,L-, 

lactide), poly (lactic acid) PLA, poly (D,L-glycolide) PLG, poly (lactide-co-glycolide) 

PLGA, poly-(cyanoacrylate) PCA [51-54], chitosan, gelatin, and sodium alginate. 

Normally, nanoparticles are prepared through two methods: dispersion of the 

preformed polymers and polymerization of monomers, and they form a 

nanoparticle with hydrophobic core and a hydrophilic surface [55]. With this 

property, they can bind drugs with the hydrophobic core by encapsulation, while 
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the hydrophilic surface will provide an external protection and may  bind 

molecules on the surface [56]. This is suitable for delivery therapeutics such as 

proteins, drugs, peptides or nucleic acids. These nanopolymers are stable in blood, 

have low toxicity, are low immunogenic and biodegradable [57].  

In recent decades, intense research has been done to develop new, effective and 

safe nanopolymers to transport nanomedicines. Among these new polymers, the 

most extensively studied and promising nanopolymer is the PLGA(poly-D,L-

lactide-co-glycolide)-based nanoparticles[58]. This is because when PLGA is 

hydrolyzed inside the body it only produces lactic and glycolic acid which are 

biodegradable metabolite monomers[59]; with this property, PLGA nanoparticles 

have minimal systemic toxicity and constitute an efficient system for controlling 

and releasing therapeutics. Thus, many PLGA-based nanoparticles such as nano-

antigen, nano-vaccines, and nanoparticle-based gene delivery systems have been 

developed [60-62]. The first FDA approved PLGA nanomedicine: Trastuzumab has 

been used to cure breast cancer [63, 64].  

Another widely accepted polymer family is the dendrimer-based nanoparticles, 

and the PAMAN is the most common used dendrimer to bind and deliver 

molecules. That is because PAMAN is easy to prepare, its size can be controlled 

and that enable PAMAN to bind several molecules for diagnosis and therapy. For 

example, binding to metal nanoparticles improves their solubility. Other studies 

showed that PAMAN incorporated to a special ligand could improve the 

permeability to cross the blood-brain barrier [65-67]. 

Metal nanoparticles 
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Metal-based nanoparticles represent another widely used platform for 

nanomedicine, including gold (Au), iron oxide (Fe2O3), silicon dioxide or silica 

(SiO2), silver. Like other nanoparticles, metal based-nanoparticles have the same 

properties, such as binding a variety of ligands for imaging, delivery of vehicles, 

and biosensors through a modifiable surface. Among these, Au is one of the most 

commonly used metals in nanomedicine, because it is easy to produce as 

nanoparticle with a favorable nano size (5-10nm), the surface could bind many 

therapeutics, and has a suitable absorbance and scattering of light. With those 

properties, Au nanoparticles have been widely used in biological diagnostics and 

imaging, improving the specificity and sensitivity. For example, conjugated with 

specific antibodies to detect cancer cells [68], and using the spectroscopic 

advantages of gold to detect disease cells when combined to special aptamers 

[69]. Iron oxide nanoparticles always have been considered to be a convenient 

biomarker, as they provide better and more intense color of solution with an 

optical signal excited from the surface [70]; and with magnetic properties, it can 

provide a specific localization by manipulating the magnets [71, 72]. Silicon 

dioxide nanoparticles conjugated with antibodies and transistors are used to 

detect single copies of multiple viruses [73]. Also, silicon-based nanosensors are 

under development [74]. Different investigations proved that metal nanoparticles 

are biocompatible; however, a significant amount of particles are retained in the 

body after administration, and the accumulation of metal particles may lead to 

toxicity [75].  
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3. Protein-based nanoparticles 

With the development of nanotechnology and nanomedicine, more and more 

materials have been involved in these fields, beside liposomes, polymers and 

metal nanoparticles, protein based nanoparticles have become another 

biomaterial that is developing fast and attracts growing attention. Proteins are 

natural biological molecules indispensable for living organisms. They have unique 

functionalities and potential applications both in biological and material fields. 

Protein size is ranged from few nanometers to hundreds nanometers depending 

on their molecular mass; they are non-toxic, low-antigenic, biodegradable, 

metabolizable, and with genetic engineering, it is easy to modify their structure, 

surface charge, to allow heterologous ligand display, to improve stability and 

more importantly, proteins can be designed to form multimeric structures with 

the ability to self-assemble in a similar way as viral capsid proteins do. These 

properties open up a novel concept for imaging and therapy in nanomedicine by 

using the repetitive nature of protein nanoparticles to conjugate multiple drug 

molecules or dies on their surface. These properties enable protein particles to be 

widely used in targeting and delivery of therapeutic drugs, vaccine designing, 

diagnosis, and gene therapy; moreover, some protein particles themselves are 

therapeutic molecules.  

Proteins can be produced in many different living hosts, such as bacteria, 

mammalian cells, insect cells, yeast and plants. These diverse expression systems 

provide different functional proteins which will meet the requirement of 

researches. Among these systems, Escherichia coli is the most common used host, 

because it has high productivity, it is easy to be cultured, inexpensive and well 
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characterized [76]. However, sometimes, recombinant proteins form inclusion 

bodies, which is an obstacle when the desirable product is the soluble 

recombinant protein version. Moreover, because bacterial hosts lack post-

transcriptional modifications, this will lead to protein misfolding problems. Yeasts 

are another commonly used protein expression system. Like E. coli, yeasts also 

render high yields of protein production by easy processes, and as an eukaryotic 

organism, yeasts have a complex post-translation modification pathway that 

promise right folded protein production. Pichia pastoris and Saccharomyces 

cerevisiae are the most widely used and well genetically characterized microbial 

species, still applied in the pharmaceutical production [77]. However, there is a 

limitation in yeasts, because they are not able to produce proteins with the 

mammalian glycosylated pattern as they have a different glycosylation pattern 

modification. Another expression system is insect cell expression systems, it could 

provide also complex post-translation modifications although different form 

mammalian cells , meanwhile, more productive, easier to handle compared with 

mammalian cells, thus, frequently applied for high-throughput protein production 

[78]. To solve glycosylated protein expression problem, mammalian cell 

expression systems could be the choice, as they show highest similarity to human 

cells, have same post-translation modification and codon usage, are favorable for 

production of glycosylated proteins, but the cost for production is higher and 

yields are lower [79].  

There are different ways to form protein nanoparticles. One popular method is 

using physical and chemical ways to change protein surface charge or protein 

solubility after purification; this stresses the single protein unit to form protein 
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aggregates and at the same time, obtaining protein nanoparticles. Another way is 

using genetic engineering to modify common protein for special purpose, design 

multi-functional protein, and produce virus and non-virus self-assembling protein 

nanoparticles.  

The former method includes emulsification and desolvation methods. The 

emulsification method was developed by Ursula Schefel et al. in 1972 [80], when 

they tried to design the albumin particle to study the reticuloendothelial system. 

In this method, albumin-based aqueous solution was mixed with plant oil to form 

an emulsion through a hand-operated homogenizer; then they removed the oil 

phase by a heating-cooling method and followed with anhydrous diethyl ether (As 

shown in figure 5). This method could form 400-600 nm albumin nanoparticles, 

and these nanoparticles could be labelled with 99mTc for further study. However, 

this method has some disadvantages, such as high temperature that will affect 

protein activity, and the introduction of organic solvents that could be toxic to the 

body. 

 

Figure 5: Preparation of protein nanoparticles by emulsification method. Adapt from 

Lohcharoenkal, W, et al.[81] 
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The desolvation method was developed by Marty et al in 1978, on the purpose to 

form a colloidal system for drug delivery [82]. In their experiment, albumin 

dissolved in water was desolvated by dropwise addition of ethanol. During this 

process, nanoparticles were formed, and later, cross-linkers such as 

glutaraldehyde were added to maintain the stability of particles. This method was 

developed by Lina et al [83], they incorporated an enzyme β- galactosidase with 

GFP to form nanoparticles (Figure 7). They form particles with a size of 270 nm, 

had high retention of enzyme activity, and were able to internalize inside cells to 

fulfill the aim of delivering therapeutic enzymes inside cells. However, when using 

desolvation method, big aggregates are easy to be formed, and this will cause the 

loss of protein activity. In fact, using a chemical process to form protein 

nanoparticles is always related to the change of protein properties such as 

hydrated layer, covalent binding and surface charge, leading to the formation of 

protein aggregates, while weak aggregation produces nanoparticles. The changing 

of protein properties somehow will affect protein structure and activities, leading 

to the low efficiency of protein nanoparticle for therapeutic and diagnosis use.   

 

Figure 6: Schematic diagram of the desolvation process. Adopt from Estrarda L., et al.[83] 
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With the development of genetic engineering, new recombinant proteins can be 

designed from the scratch, or improved adding modifications to the existing 

proteins to incorporate new properties to meet patient’s needs, providing 

strategies to design and produce multifunctional proteins to build protein-only 

nanoparticles. Comparing with chemical methods, genetic engineering has 

controllable effect on protein structure and properties after production, proteins 

form nanoparticles spontaneously due to the careful design. 

3.1 Albumin 

Another widely used protein in nanomedicine is albumin formulated in 

nanoparticles. Albumin is the most abundant plasma protein which is synthesized 

in the liver as other plasma proteins, with a molecular weight of 66.5 kDa and an 

average half-time of 19 days. The three-dimensional structure of human serum 

albumin (HSA) has been well defined by X-ray structure analysis[84], it contains 

three flexible sphere domains(I, II, III,) [85]as showed in Fig 6.  

 

Fig 7: The 3-D structure of Human serum albumin. Adapted from D.C. Carter, et al.[86] 
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Albumin is an ideal protein with a nanoscale size, for delivery of therapeutics, 

because it is considered non-immunogenic, nontoxic, biocompatible and 

biodegradable. Furthermore, albumin can bind glycoprotein (gp60) receptor that 

mediates transcytosis [87, 88]. In addition, it can also bind many therapeutic 

molecules such as penicillins, sulfonamides, indole compounds and 

benzodiazepines; it can also transport metal ions like copper(II), nickel(II), 

calcium(II) and zinc(II) in blood [89].  

In the middle of 20th century, a report described that different plasma proteins 

were accumulating in mouse tumors [90]. As albumin is the most abundant 

plasma protein, scientists started to think of the possibility of using albumin as a 

drug carrier, to deliver therapeutics to tumors. The mechanism is this: because of 

the leaky defective blood vessels (with a pore size of 100 nm to 1200 nm) in 

tumor tissue [91], it allowed macromolecules to extravasate into tumor tissue 

meanwhile in healthy vessels, the marcromolecules will be rejected by the 

endothelial barriers [92, 93]. Moreover, defective lymphatic drainage in tumors 

constrains proteins larger than 40 kDa to accumulate in tumors even after 100 h 

post application [94, 95]. Based on this, in the following years, scientists started 

using albumin radiolabeled or conjugated with dyes to study tumor uptake. The 

results showed that 3% to 25% of albumin was detected in the tumor tissue [96]. 

For example, after administering labeled albumin with [111In]-DTPA, it was shown 

that more than 20% of protein accumulated in tumor after a single dose of 

injection [97]. Afterwards, instead of labeling radiopharmaceuticals, scientists 

started to conjugate therapeutic drugs to albumin for clinical uses. The most 

famous one was albumin-based nanoparticles conjugated with paclitaxel-
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Abraxane (nab-paclitaxel), with the purpose to treat breast cancer and was 

approved by FDA in 2005 [98]. Compared with normal paclitaxel, nab-paclitaxel 

had higher tumor response rates, of 33% instead of 19%, and it was retained 

longer in tumor: 23 weeks compared with 16.9 weeks. This accumulation is due to 

the transcytosis initiated by albumin binding to its receptor gp60 (glycoprotein). 

There are other albumin-based therapeutics such as methotrexate-albumin 

conjugate, which is an albumin-binding prodrug of doxorubicin [99], and the 6-

maleimide, which is a caproyl hydrazone derivative of doxorubicin (DOXO-EMCH) 

[100] . Both have also been used in clinics.  

3.2 Virus-like particles (VLPs).  

Virus-like particles are composed by outer shell of viruses or parts of them. 

Without genome, they are unable to self-replicate, having a similar or highly 

related structure to their corresponding viruses [101, 102]. After the first VLP was 

generated in 1980, VLPs become an extensively accepted technology, and widely 

used in different fields. During the last three decades, over 110 VLPs were created 

from 35 different viral families [101]. VLPs were frequently used in designing 

vaccines. Since they have virus surface-displayed structure and densely repeated 

amino acids (AA)[103, 104], VLPs activate a high-immune response, and 

stimulates B cells to secrete high-titer antibodies. Nano sized VLPs can be taken 

by antigen-presenting cell, that lead to T cell activation, and generate strong 

cellular immune responses without using adjuvants [105, 106]. For example, 

scientists have designed hepatitis B (HBV) surface antigen and the human 

papilloma virus (HPV) capsid protein L1 as a new vaccine to fight against HBV and 
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HPV induced cervical cancer. This vaccine has been already commercialized [107, 

108]. In addition, VLPs could be designed as vehicles to deliver nucleic acids and 

drugs for gene therapy. Icosahedral and lipid-enveloped virus like vectors are 

considered to be the most promising gene vehicles [109, 110].  

Based on their structure, VLPs can be divided into two major categories: non-

enveloped and enveloped VLPs. Non-enveloped VLPs are composed of one or 

more fragments from main capsid proteins and are able to self-assemble, not 

including any host components [111, 112]. Enveloped VLPs are formed by the 

host cell membrane with integrated antigens displayed on the surface [113, 114]. 

Most VLPs have been designed as recombinant proteins that can be produced in 

bacterial cells, mammalian cells, insect cells, yeasts and plants [115-117]. 

However, there are some disadvantages in the use of VLPs, such as packaging 

capacity, difficulty in their production, and the undesirable immunological 

response. All these issues should be taken into consideration.  

3.3 Multi-functional proteins 

The use of protein based nanoparticles for therapeutics and diagnosis always 

meet a lot of challenges, such as protein particle stability in blood, half-time in 

body, biodistribution, how to cross the biological barriers, targeting, cell 

internalization, endosomal escape etc. To solve those problems, recombinant 

proteins recruiting different functions are needed. With the help of genetic 

engineering, this could become true. For this purpose, many functional domains 

or peptides can be selected and carefully designed to combine together, then 

expressed in a proper host system to produce new multifunctional proteins. The 
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new protein has many biological activities which come from the original domains 

or peptides, and those activities could exhibit protein functions such as receptor 

interaction and binding, cell internalization, endosomal escape, therapeutics 

binding and releasing, intracellular trafficking, nuclear transport and crossing 

biological barriers such as blood-brain barrier, making the protein particles more 

versatile and efficient.  

There are mainly two ways to design multi-functional proteins. One is known as 

modular protein engineering [118], which means properly design those functional 

domains or peptides into one polypeptide, then express them in a host system as 

a fusion protein with multi-functions derived from those domains [119] (Figure 8). 

As an example, an RGD based polypeptide contained four biological active 

domains was designed and produced in our lab. This RGD based recombinant 

protein could form 80 nm nanoparticles, and exhibited the function of promoting 

the proliferation and partial differentiation of neuron-like cells [120, 121]. In this 

method, the number and order of modules should be carefully selected and 

designed, and the structure is unpredictable since those domains and peptides 

come from different origins and have a variety of properties, and sometimes 

purification problems are encountered.  

The other strategy is called as de novo rational protein design. In this method, a 

stable, no biohazard, easy to be tracked protein is selected as a backbone scaffold, 

then using genetic engineering technique functional domains or peptides are 

inserted to some specific sites of this protein, giving the scaffold protein different 

functions[118] (Figure 8). With this strategy, proteins with multi biological 

activities, high stability, clear background, easy to track, could be produced. The 
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insertion of amino acids should have low influence on the structure of scaffold 

proteins; otherwise, it will lead to unpredicted effects, so the insertion site should 

be carefully chosen. When selecting scaffold proteins, several factors should be 

taken into account, such as their background, stability, yield, whether they are 

easy to purify and trackable, etc. Among all the proteins, albumin is a good 

candidate for a scaffold protein, because it has good properties that have been 

described before. For example, interferon α-2b has antiviral activity, with a short 

half-life of 2-3 h in human body and requiring frequent injection; to improve this, 

interferon α-2b was genetically fused with albumin to obtain a new protein and 

after subcutaneous injection, this protein had a half-life of more than 140 h, and 

the antiviral property was highly retained, this strategy is now being used in phase 

III studies against hepatitis C [122, 123]. 

Another widely used scaffold protein is the GFP. There are countless works about 

GFP based fusion proteins, as it has high stability and high solubility, it is non-toxic 

and non-immunogenic, with the green fluorescence, their distribution, 

localization and internalization is easy to be tracked. In our lab, we use GFP as a 

backbone scaffold and functionalized it with several different ligands; also a His-

tag was added for purification and endosome escape purposes [39, 124]. For 

example, an arginine rich peptide was added to the N terminal of GFP protein, 

and the functionalized GFP protein acquired  internalization capacities in different 

cell lines, converting  the recombinant protein in a carrier useful for drug delivery 

and gene therapy [125, 126].  
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Figure 8: Schematic represent of modular protein and de novo scaffold protein approaches for 

multifunctional proteins. 

3.3 Peptide-driven self-assembling protein nanoparticles 

During the production of multifunctional proteins, many functional peptides or 

domains have been identified by high throughput screening or directed molecular 

evolution, and those peptides were used to target cell surface receptors, 

membrane interaction and nuclear localization [127]. However, only few peptides 

or domains were reported to be able to regulate the formation of nanoparticles, 

and most of these peptides are amyloidogenic protein segments that form fibers, 

membranes or hydrogels, instead of forming protein nanoparticles, they only 

induced protein aggregation [128, 129]. In our lab, by using the “de novo rational 

design” method, we designed and generated a series of peptide-driven self-

assembling nanoparticles. GFP was chosen as a backbone scaffold and a His-tag 
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was added in the C-terminal. In the N-terminal, a cationic peptide containing 

polyarginines was fused. Because of the structure of GFP, as a monomer, both 

peptides could be exposed to the solvent, as showed in Figure 9A. Normally, with 

the existence of this tag pair, nanoparticles will self-assemble driven by 

electrostatic interactions, hydrogen bonds and van der Waals forces between 

monomers, and this interaction can be disrupted by increasing the concentration 

of salt [130]. When using highly cationic peptides such as R9 and T22 (a peptide 

derived from polyphemusin II which is a basic protein from horseshoe crab’s 

blood) [125, 131], the molecular interaction is very stable forming nanoparticles 

of 13-20 nm (Figure 9B) even in the bloodstream, with relatively high salt 

concentration [132]. Apart from architectonic new abilities, these two building 

blocks, have other functions: H6 tag can promote endosome escape [124], while 

R9 peptide has the ability of bind DNA, membrane-crossing and thus enhancing 

cell internalization and also nuclear translocation; T22 could specifically binding 

CXCR4 receptor (a cell surface receptor related to several human pathologies 

including metastatic colorectal cancer), thus can be used to target colorectal 

tumors for diagnostic and therapeutic purposes. These properties enable this 

protein nanoparticle as a suitable vehicle for gene therapy. 
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Fig 9: Molecular modeling of R9-GFP-H6 protein nanoparticles. R9 and H6 domains are the red 

and blue domains coming out the upper part of GFP beta barrel.  Adapted from Vazquez, E., et 

al [125] 

4. Nanoparticle Targeting and biodistribution 

After nanoparticles are generated, the next step is to deliver them to required 

sites. This refers to the targeting delivery of nanoparticles to specific organs, 

tissues and cells. There are two ways to achieve this: passive targeting and active 

targeting.  

4.1 Nanoparticle targeting 

One classic example of passive targeting is the enhance permeability retention 

effect (EPR) presented in tumors. This is caused by the underdeveloped, leaking 

vasculature and poor lymphatic drainage, which allows large size molecules to 

accumulate in tumor tissue [133, 134]. However, there are limitations to passive 

targeting such as: the EPR effect is different for different tumor types, and the 

lack of control may lead to drug expulsion and induce drug resistance in cancer 

cells. [135] 

This could be improved by active targeting, which means to incorporate targeting 

ligands on the surface of nanoparticles that could enable the nanoparticle to 

localize and internalize into target cells and tissues through a ligand-receptor 

interaction. This delivery strategy achieves a high targeting specificity and delivery 

efficiency, while avoiding the side effects coming from the nonspecific binding. 

Active targeting strategies always rely on the use of specific peptides, proteins 
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(mainly antibodies and their fragments) or other small molecules such as sugar 

moieties. 

Antibodies present high binding affinity and selectivity towards the target, thus 

are widely used in targeting delivery of nanoparticles for therapeutic (antibody 

drug conjugates –ADC) and diagnosis purposes. Several nanomedicines which are 

conjugated to antibodies have been approved by FDA [136-138]. However, there 

are some limitations such as manufacturing cost, size is usually too large for an 

optimal tumor penetration and they may potentially induce an immunogenic 

response. Peptide-based targeting is another popular strategy due to their small 

size, easy to produce at low cost and low immunogenicity [139]. These peptides 

mainly originate from the binding region of a protein, thus giving the ability to the 

peptide to bind target cells with a specific surface marker. However, since they 

are just a fragment of the binding region, they may have low target affinity, and 

also susceptibility to proteolytic cleavage. There are also other small molecules 

such as folic acid [140], carbohydrates [141]and glycosylation used for targeting, 

as they are inexpensive to produce and have great potential as a class of targeting 

moieties.  

The ultimate target for a nanoparticle is a subcellular compartment, where it 

could release their cargo and the intracellular action occurs. This makes the 

organelle-specific targeting an important evaluation of the effectiveness of any 

engineered nanoparticle. To target different organelles, nanoparticles should be 

designed appropriately to meet the targeting requirements. For example, 

transport of oligonucleotides to the nucleus requires an endosomal escape motif 

to avoid oligonucleotides degradation, and then a nuclear localization signal 
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should be present to activate the nuclear transport, driving uptake into the 

nucleus [142, 143]. If for example we want to deliver cargo to mitochondria, the 

electrostatic interactions between the engineered nanoparticle and the 

mitochondrial membrane should be considered at first [144]. There are also other 

tools and strategies to target organelles such as mitochondria, peroxisomes and 

endosomes/lysosomes [145-147]. 

Despite the promising use of ligand-receptor mediated targeting, when compared 

with the passive targeting in vivo, active targeting does not increase the drug 

accumulation at target site. For example, using HER2-antibody targeted liposomes 

or transferring-targeted gold nanoparticles do not show increased nanoparticle 

concentration in tumor when compared with passively targeting [148, 149]. Even 

though, some researchers believe that ligand-receptor mediated targeting could 

make sense when there is poor internalization for agents, such as DNA and siRNA 

which are negatively charged macromolecules [150], or in some special targeting 

sites where the passive targeting could not be achieved [151]. Moreover, in gene 

therapy, the main goal is to target on lesion’s site, and deliver therapeutic gene 

inside diseased cells. Then, using ligand-receptor mediated targeting not only 

increases the specificity of targeting, but also activates the cell internalization 

process, leading to the high efficiency of therapeutic gene uptake [152].  

4.2 Size is affecting nanoparticle targeting and distribution 

Since different materials can be used to produce nanoparticles, this varies 

physical characteristics from one particle to another. Among all the features, size, 

shape and surface charge are the most critical properties. That is because these 
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parameters directly determine nanoparticles’ function, such as the interaction 

with other particles, ligand and receptors, the circulation time in the body, and 

more importantly, directly decide the distribution on different tissues and organs, 

the localization on a specific target, the efficiency of internalization into target 

cells and intracellular trafficking; among these parameters, size is one of the most 

critical ones[153]. Therefore, the selection of material and nanoparticle design is 

very important, and for different target cells, tissues and organs, appropriate 

design of nanoparticles should be considered.  

Our body has different systems to clear non-natural molecules, including 

reticuloendothelial system (RES), Kupffer cells in liver, renal clearance at kidney 

and mechanical filtration in spleen nanoparticles with a size around or under 5 nm 

will rapidly be cleared by renal filtration and urinary excretion, and when the 

nanoparticle is larger than 200 nm, then it will be cleaned by the spleen[154]. 

When the size is bigger than 500 nm, it is easily removed by RES system[155]. The 

size of a nanoparticle is very important for maintaining the circulating time in the 

body, because usually long circulation time is needed to increase the drug 

accumulation in target tissue. On the other hand, nanoparticles containing heavy 

metals should have short half-time in body, because this type of nanoparticles will 

lead to long-term toxicity. 

At the organ level, nanoparticles of different size will be preferentially targeted to 

different target tissues (Table 1). Here are some examples: particles of size 

ranging 5-100 nm showed ability to cross BBB, but the uptake efficiency will 

decrease with the size, and <15nm particles targeted to the BBB showed high 

crossing efficiency [156, 157]. To target lymph nodes, the chosen nanoparticle 
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size mostly depend on the administration route. Through intrapulmonary 

administration, nanoparticles with a size range of 6-34nm could rapidly reach to 

lymph nodes, and through subcutaneously injection, the size could increase to 80 

nm[158]. Nanoparticles can easily reach the liver through intravenously 

administration, but only particles smaller than 100 nm can reach hepatocytes, 

since bigger nanoparticles will accumulate in activated Kupffer cells [159]. The 

lungs can be accessed directly through inhalation or indirectly following 

intravenous administration [160]. By using intravenous administration, 

nanoparticles over 300 nm in diameter can reach the lung and be trapped in the 

intricate capillary beds of the alveoli, and smaller particles tend to diffuse to other 

organs after 1-2 hours after first administration[161]. In cancer tissues, the tumor 

vasculature may have fenestrae, and nanoparticles with a size up to 400 nm are 

able to accumulate in such pathological sites, through  the mechanism known as 

EPR[162]. 

 

Table 1: General considerations for nanoparticle delivery to specific organs. Adapted from Avi 

Schroeder, et al [163] 



Introduction 

 

36 
 

After nanoparticles are administered into the body, the next step is to bind to 

target cells. Some nanoparticle internalization is mediated by ligand-receptor 

interaction. Once ligand is bound to the receptor, the binding will produce a 

localized decrease of Gibbs free energy, and induce the membrane wrap around 

nanoparticles to form vesicles. These vesicles are shedding from the membrane 

and then fused with other vesicles to form endosomes[164]. The size of the 

nanoparticle is quite important in this process, since with a larger size, there will 

be more ligand displayed on the surface, and could interact with more receptors; 

for example, 100 nm nanoparticles have more ligand-receptor interactions, can 

act as a cross-linking agent to cluster receptor and induce uptake. By contrast, a 5 

nm nanoparticle only can bind to one or two receptors and this is not enough to 

trigger the internalization process (Figure 10). However, there is a size limitation: 

20-50 nm is considered to be the optimal size [164] for receptor mediated 

endocytosis. In this size range, there will be enough ligands for recruiting and 

binding enough receptors to produce membrane wrapping, and if the size is larger 

than 50 nm, nanoparticles will bind to a large number of receptors, this will affect 

the redistribution of receptors on the membrane and may limit the binding of 

following nanoparticles; moreover, if nanoparticles are too big, this will also affect 

the formation of vesicles, thus, inhibiting the formation of endosomes[153]. 

Mathematical modeling showed that the optimal endocytosis only occurs when 

there is no shortage of ligand on the nanoparticle surface and no receptor 

shortage on the cell surface[165].  
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Figure 10: Effect of NP size on endocytosis. Adapted from WEN JIANG et al.[166] 

After targeting to cell membrane, there are different pathways for nanoparticles’ 

internalization, including clathrin dependent endocytosis, caveolae medidated 

endocytosis, micropinocytosis, macropinocytosis and phagocytosis (Figure 11). 

Among those, clathrin mediated endocytosis is the most common used pathway 

[167, 168]. It has been reported that size is the key parameter in determining 

which pathway will be used for nanoparticle internalization. Nanoparticle size 

around 120 nm could internalize through clathrin-mediated endocytosis [169], 

caveolin-mediated endocytosis prefer to internalize 60 nm nanoparticles, and 

larger nanoparticles with a size up to 1 μm tend to be uptaken by cell through 

micropinocytosis or phagocytosis[170].  
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Figure 11: Modes of cellular internalization of nanoparticles and respective size limitations . 

Adapted from  Petros et al. [155] 

The behavior of nanoparticles in endolysosomal vesicles needs further study. 

Some researchers suggest that protease Cathepsin L could cleave nanoparticle 

ligand inside endosome [171], and if the nanoparticle is designed to escape the 

endolysosomal system, the nanoparticle could enter the cytosol, interact directly 

with different organelles and modulate cell behavior.[172] 

The shape and charge could also affect internalization as well. Different studies 

suggest that rod-shaped nanoparticles show the highest uptake, followed by 

spheres, cylinders, and cubes [173]. Compared with spherical particles, rod-

shaped nanoparticles coated with ligands could present two different orientations 

when interacting with cells, long axis and short axis, and the long axis could 
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display more ligands to interact with cell surface receptor[174], as shown in figure 

11. 

 

Figure 11: Effect of shape on nanoparticle binding avidity. Adapted from Randoll T., et al. [174] 

Surface charge is also an important parameter in nanoparticle distribution. 

Nanoparticles with positive charge are easily cleared from the blood and cause 

several complications such as hemolysis and platelet aggregation. In addition, 

charged nanoparticles interact with serum proteins like immunoglobulin and 

lipoproteins. Cationic charged nanoparticles also tend to have a faster cell 

internalization compared with neutral or negative charged nanoparticles, because 

cell membranes have a slight negative charge due to the glycosaminoglycans of 

the surface and cell binding is favored by electrostatic attractions[175, 176]. 

4.3 Control of nanoparticle size 

Since size is such an important parameter to nanoparticle, the control of size is 

become a critical issue in nanoparticles production. So far, the control of 

nanoparticle size is mainly depending on different synthesis strategies and 

processes. Normally, once nanoparticles were generated, the size cannot be 
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changed, however, there are some exceptions such as protein nanoparticle size 

could be altered when changing the pH or salt concentration. 

Metal nanoparticles such as gold, silver and iron based nanoparticles are normally 

generated by simple chemical reaction processes, and their size could be 

controlled by changing the chemical components ratios in the reaction. For 

example: different size of gold nanoparticles from 10-40 nm could be generated 

by mixing chloroauric acid with citric acid at different ratios, and different silver 

nanoparticles could be obtained by mixing silver nitrate and sodium borohydride 

at different ratios [177]. There are different methods to produce iron oxide 

nanoparticles, such as aqueous co-precipitation, microemulsion and thermal 

decompilation. With those methods, nanoparticles of different size could be 

generated. There is another method named as “seeding growth” is adopted to 

produce larger metal nanoparticles. Small metal particles are prepared first and 

later used as seeds (nucleation centers) for the preparation of larger size particles. 

Recently, seeding growth methods were developed for size control of Au, Ag, Ir, 

Pd, and Pt particle [178]. 

Silicon nanoparticle’s size can be also controlled by changing the chemical 

reaction conditions. Recently, a study showed a simple approach of producing 

monodisperse silica nanospheres between 50-100 nm just by increasing the 

reaction temperature from 40 °C to 80 °C [179]. 

Polymeric nanoparticles can be produced by many different methods, among that, 

solvent evaporation is the most widely employed technique to prepare polymer 

nanoparticles [180]. In this method, parameters such as preparation temperature, 

internal aqueous phase volume, surfactant concentration, and the influence of 
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the molecular mass will affect nanoparticle size [181]. For example: changing of 

dichloromethane and acetone ratio will lead to the change of nanoparticle size 

from 60-120 nm [182], and when using methylene chloride as solvent in the 

preparation of nanoparticles, the size is larger than those prepared with ethyl 

acetate [183]. 

Proteins can be produced in many different biological systems, and the size of 

monomer protein particles is determined by the number of amino acids and 

related to the molecular weight, the more amino acids, the larger the size. For 

those multimeric protein nanoparticles, their size depends on the number of 

protein monomers which participates in its formation. However, when using 

desolvation method to produce protein nanoparticles, the size is also affected by 

the concentration of ethanol and crosslinker. Meanwhile, in our lab, when we 

were using combined cationic peptide and polyhistidine to produce nanoparticles, 

we found that after nanoparticles were generated, the size of nanoparticles can 

be manipulated by changing the ionic strength and the composition in the 

cationic residues of the N-terminal tag [130, 132], obtaining protein nanoparticles 

ranging in size from 10 to 50 nm.  

5. Nanoparticles able to cross barriers  

To reach the target tissue, organ or cell, there are some barriers that the 

nanoparticles have to overcome. These barriers can be classified as external 

barriers and internal barriers (Figure 12). The external barriers include skin and 

the mucous membranes, the internal barriers can be divided into en-route (blood 
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and extracellular matrix) and cellular barriers (the limitation of cell uptake such as 

endosomal/lysosomal degradation, inefficient targeting, etc).  

 

Figure 12: Barriers towards the delivery of nanoparticles can be classified into external barriers , 

en-route barriers and the extracellular and cellular and subcellular barriers. Adapted from 

Elsabahy, et al.[37] 

The body is covered by either skin or mucous membranes, and they constitute the 

first protective barrier of our body. Based on the properties and structure of skin 

and mucous membranes, they could prevent nanoparticles to reach their local or 

systemic target through the blood, and each of them has different mechanisms to 

achieve that. In addition, nanoparticles that could cross the skin and mucous 

membranes, they could suffer surface properties modifications that alter 

nanoparticle’s stability even before nanoparticle reaches its targeting site [37]. 

To circumvent skin and mucous barriers, researchers may use intravascular 

injection to deliver nanoparticles into blood, and for many tissues, this is the only 

way to reach the target tissue or organ [184-186]. However, after nanoparticles 

are administered into bloodstream they have to face a series of hurdles such as 
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renal and hepatic filtration, mononuclear phagocytic system (MPS) clearance, 

aggregation with serum proteins, and degradation caused by enzymes [52, 187].  

The interaction between nanoparticles and plasma proteins or other blood 

components is the main reason causing nanoparticle’s aggregation or degradation. 

Among this, opsonization is considered as one of the major modifications [187]. 

The most common opsonins include immunoglobulins, complement proteins, 

albumin, lipoproteins and fibrinogen [186].   

The mononuclear phagocytic system (MPS) is an important immune component 

which consists of different types of phagocytic cells, such as macrophages from 

lymph nodes, macrophages, spleen and other tissues [52, 188]. MPS can protect 

the body by removing foreign microorganisms like viruses, bacteria and fungi. 

However, therapeutic nanoparticles and macromolecules can be recognized as 

foreign material by MPS, and MPS are highly efficient at removing nanocomplexes 

by initiating several immunological reactions [189].  

Nanoparticles can be distributed to various tissues and organs during circulation, 

thus, leading to clearance at different organs. When they reach the kidney, some 

nanoparticles and other components from blood will be filtered and secreted into 

the urine [190], while in liver, they will be secreted into bile and then cleared 

through the feces [191]. These excretions are related to some physical 

characteristics of the nanoparticle (size, charge, shape etc.). 

There is another physiological barrier that prevents nanoparticle diffusion from 

blood stream to the target site, which is the vascular endothelial barrier [192]. 

Because of the properties of endothelial cells and the tight junction between cells, 
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nanoparticles larger than 5 nm could not readily cross the capillary endothelium, 

remain in circulation, and then are cleared by other systems. Some tissues like the 

blood-brain barrier exhibits even more stringent permeability [193], which will be 

discussed later. Meanwhile, some tissues allow larger molecules up to 200 nm to 

internalize, such as liver, spleen, and tumors [194].  

After nanoparticles leave the bloodstream, then have to cross the extracellular 

matrix, which consist of polysaccharides and fibrous proteins [195]. This dense 

network could resist the transport of macromolecules and nanoparticles or even 

trap them and provide the opportunity for the uptake by macrophages[196]. 

When nanoparticles reach the cell surface, there are five recognized pathway for 

internalization: phagocytosis, macropinocytosis, clathrin-mediated, caveolin-

mediated, and clathrin/caveolin-independent endocytosis [127, 164, 197]. Then, 

nanoparticles will be trapped in some vesicles like endosomes or lysosomes, and 

often results in degradation because of the pH and the enzymes found in the late 

endosomes (lysosomes)[198].  

6. The Blood-brain barrier 

From the description above, we know that to reach the target site nanoparticles 

have to cross several barriers, moreover, there are some physiological barriers 

which are the most challenging problems for nanoparticle delivery and targeting, 

and one of those is the BBB. Preliminary studies described  BBB as a passive 

impermeable barrier that separates blood and brain interstitial fluid [199]; later 

on, further studies proved that BBB is also a dynamic layer which could transport 

nutrients, proteins, peptides and even immune cells between the blood and the 
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brain, and the exchange of small molecules is strictly controlled[200]. The widely 

accepted BBB function is to protect the brain against the entry of noxious agents, 

and this neurovascular unit is indispensable for the protection of the underlying 

brain cells and the preservation of the central nervous system (CNS) homeostasis 

stability [200, 201].  

The structure of BBB consists of endothelial cells, astrocytes, pericytes, neurons 

and the extracellular matrix [202] (Figure 13). The brain endothelial cells are 

different from peripheral vascular endothelial cells because they have unique and 

distinguishing properties such as the absence of fenestrations, more extensive 

tight junctions (TJ) and less vesicular transportation.  

The inter-endothelial spaces between cells of the brain vasculature are connected 

with tight and adherents junctions (AJ). The TJ consist of three transmembrane 

proteins, claudin, occludin and junction adhesion molecules; these proteins 

compose the paracellular barrier of TJ, mediate the adhesion between cells, and 

could regulate the migration of leucocytes and the permeability of BBB [202].  

The AJ is comprised by the membrane calcium-dependent protein cadherin, 

which could form adhesive contacts between cells through binding actin 

cytoskeleton together via intermediary proteins. TJ and AJ together restrict 

permeability to cross the BBB endothelium [202].  

Astrocyte is a type of neuroglia cell with a star-shaped, which is non-neuronal and 

acts like support material in brain. The endfeet of astrocytes are closely opposed 

to the microvascular structures, thereby separating the capillaries and the 

neurons; astrocytes also play an important role in the maintenance of BBB 
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phenotype, and directly influence the dynamic circulation of the brain [203]. The 

space between the endothelium and the astrocytes is called basal lamina [204]; it 

is embedded with pericytes and filled with collagen, proteoglycans, laminin, 

fibronectin, and other extracellular matrix molecules. It acts like a barrier to the 

macromolecules and provides the possibility of cell attachment via integrins [205].  

 

Figure 13: The BBB structure . Adapted from Abbott et al.[206] 

6.1 Transportation across BBB 

Because of the structure and the characteristics described above, the BBB is 50-

100 times tighter than peripheral microcapillaries, it provides a good protection of 

the brain tissue, and allows lipid-soluble molecules to be transported across the 

membrane meanwhile hydrophilic solutes only have minimal permeation [36, 

207]. However, on the other hand, it also creates severe restrictions for most 

drugs to be transported from plasma to extracellular space, thus, hinders the 

delivery of therapeutics inside the brain. 
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The transportation of substances across the BBB is mainly through three ways: (A) 

Passive diffusion, the general rule is that the lipid-soluble substances have higher 

diffusion across the BBB, for example, alcohol, nicotine, and caffeine could 

dissolve in lipid bilayer of the cell membrane, and then could cross the barrier 

easily; however, hydrophilic solutes such as penicillin can barely cross the 

BBB[208]; on the other hand if the hydrogen bond is reduced, the membrane 

permeability will increase[209]. Smaller substances (oxygen, carbon dioxide, nitric 

oxide, and water) could diffuse freely across BBB following their concentration 

gradient. (B) Active transport: substances like glucose, amines, amino acids, 

nucleoside, monocarboxylates, and small peptides are essential for the brain 

metabolism, however these substances are hydrophilic and have poor brain 

endothelium permeability. In brain, such solute substances could bind to specific 

membrane protein carriers and be transported across BBB along concentration 

gradients; this transportation is called carrier-mediated transport or active 

transport and it is independent [35, 210]. (C) Receptor-mediated transport: 

Endocytosis is an important mechanism to transport large molecules across 

membrane, however, only few none-specific endocytosis occurs in brain 

vasculature compared to peripheral capillaries [211](Figure 14). To maintain the 

brain metabolism of macromolecules such as hormones, growth factors, enzymes, 

transferrin, insulin and several plasma proteins can cross the BBB by receptor-

mediated endocytosis [212-214]; this highly specific endocytosis is energy-

dependent, and it explains why there are more mitochondrias in brain endothelial 

cells than that in peripheral endothelial cells [211].   
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Figure 14: Mechanisms for crossing the BBB (A) Passive diffusion: fat-soluble substances 

dissolve in the cell membrane and cross the barrier. Water-soluble substances such as penicillin 

have difficulty in getting through. (B) Active transport: substances that the brain needs such as 

glucose and amino acids are carried across by special transport proteins. (C) Receptor-mediated 

transport: molecules link up to receptors on the surface of the brain and are escorted through. 

Adapted from  Jain et al.[215]  

 

6.2 Peptide tags for crossing the BBB 

Based on the transport mechanisms of the BBB, many drugs and therapeutics 

were designed to cross BBB through carrier-mediated or adsorptive-mediated 

transcytosis, or coated with proteins or peptides to cross the BBB via receptor-

mediated transcytosis pathway[216]. The former method is of low efficiency since 

the CNS endothelial cells (ECs) show a lower rate of transcytosis activity than 



Introduction 

 

49 
 

peripheral ECs, and this makes this type of nanoparticles to be more easily 

uptaken by other tissues [216, 217]. Thus, receptor-mediated transcytosis 

becomes the best option, using receptor-mediated transcytosis pathway to 

deliver drugs and therapeutics bound to proteins or peptides to cross BBB, and it 

has been widely adopted in many researches. There are mainly several types of 

peptides which are widely used: Low density lipoprotein peptides [218-221], 

transferrin [222-225] and insulin peptides [226-228], because their receptors are 

highly expressed on the endothelial cells from BBB, and this will make the 

transportation more specific and efficient.  

The low-density lipoprotein (LDL) is a normal blood constituent; its biological 

function is to deliver cholesterol to the tissues. The corresponding receptor is the 

LDL-receptor (LDLR), an endocytic receptor which belongs to a varied family and 

can induce the uptake of cholesterol-rich lipoproteins, and it has been identified 

as a high affinity binding site for brain capillaries [229, 230]. The most prominent 

apolipoproteins for binding LDLR are the apolipoproteins B and E (ApoB and 

ApoE), that can bind to LDLR on the surface of target cell, and induce endocytosis 

[231-233]. Based on this, some nanoparticles incorporated an ApoB or ApoE 

derived peptide to deliver drugs and therapeutics into the brain [234, 235]. 

Another promising peptide named “Angiopep” showed promising ability to cross 

BBB through LDLR-mediated trancytosis [236]. This peptide derived from the 

consensus binding sequence (Kunitz domain), can be conjugated to drugs, and it 

has been already used in ongoing clinical trials for the treatment of brain tumors 

[237, 238]. 
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Transferrin (TF) and insulin (IF) are large molecules  necessary to maintain the CNS 

normal function; they are also transported to the brain via receptor-mediated 

transcytosis as these receptors are highly expressed on the brain endothelial 

cells[224]. Based on this, different research groups developed antibodies to target 

on TF and IF receptor, with the purpose to increase the transport through the BBB 

[239-242]. In these experiments, recombinant proteins have two functional 

moieties; the therapeutic peptide fused to the carboxy terminus of the IgG heavy 

chain and the complementary determining regions of the monoclonal antibodies 

that are located at the N-terminus [243]. 

6.3 Nanoparticles in BBB transportation 

In recent years, nanoparticles have widely participated in the delivery of drugs 

and therapeutics across the BBB for the treatment of different CNS diseases like 

Alzheimer’s disease, stroke, brain tumors, etc. [244, 245]. There are many 

advantages in the use of nanoparticles to cross the BBB. First, since the BBB only 

uptakes substances in a narrow size range, nanoparticles could be produced in a 

suitable size to meet the demand; second, nanoparticles have tunable surface 

properties, such as morphology and charge, but they can also be coated with BBB-

crossing proteins or peptides through receptor-mediated transcytosis pathway, 

also increasing the specificity and efficiency of drugs, meanwhile, reducing the 

systemic toxicity. Moreover, nanoparticles would not disturb the barrier, thus, 

reducing the unnecessary damage. Based on this, many nanoparticles coated with 

BBB-crossing peptides were generated, and most of the BBB-crossing peptides 

that have been used target LDLR, transferrin and insulin receptors. For example, 

liposomes and polymers coated with ApoE-derived peptides could deliver drugs 
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crossing an in vitro BBB model [246, 247], polymeric nanoparticles such as 

polybutylcyanoacrylate (PBCA) coated with ApoB and E showed promising 

permeability crossing the BBB [248], and dendrimers like poly(amidoamine) 

(PAMAM) were synthesized with transferrin on the surface to enhance BBB 

transport and improve the drug accumulation in glioma cells[249]. Metal 

nanoparticles, such as gold and iron nanoparticles are also coated with varied 

BBB-crossing peptides like transferrin derived peptide, angiopep and insulin 

derived peptide [250-252]. 

Protein nanoparticles have increased their popularity as nanocarriers since they 

are low toxic, biodegradable and none-immunogenic; however, only few protein-

based nanoparticles are designed and generated for crossing BBB, like the Human 

serum albumin (HSA) designed to be coated with transferrin, transferrin 

antibodies or LDL to transport drugs across the BBB [253]. However, because HSA 

and transferrin both are large molecules, after the conjugation, the size of 

nanoparticles is even larger; on the other hand, the BBB crossing process is size 

depended, molecules with smaller size and molecular weight (600 daltons) are 

favorable to BBB, large molecules always being blocked by BBB, and that is the 

reason why only few examples succeed to transport large size protein through the 

BBB. Among these examples, Schwarze et al could send protein with 120 KDa 

across BBB, however, the peptide they were using to targeting on BBB is derived 

from HIV (human immunodeficiency virus), this will bring biosafety problems 

[254]. Therefore, it is necessary to design efficient, biosafe, biodegradable protein 

based nanoparticles for drug and therapeutic delivery across the BBB.   

7. Overview 
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Traditional drug delivery systems have many drawbacks, such as low specificity, 

low efficiency and undesired side-effects. However, with the development of 

nanomedicine, through the use of chemical or biological entities in the nanosize 

range, this scenario could be completely changed. In the recent years, a large 

number of nanoparticles have been developed as delivery systems for treatment 

and imaging purposes. Many different materials have been involved in 

nanoparticle design, aiming to improve the therapeutic efficacy and safety. 

Among those, natural biomolecules such as proteins are an attractive material 

because they are easy to produce, safer, biocompatible and biodegradable. 

Moreover, protein nanoparticles provide various possibilities for surface 

modification such as attachment of drugs and targeting ligands, thus allowing the 

specific delivery of drugs and therapeutics. The nanoparticle-mediated targeting 

delivery could be affected by different parameters, being nanoparticle's size one 

of the most important factors as it also affects the bio-distribution and the 

internalization of nanoparticles. How targeted proteins self-assemble and 

therefore how nanoparticle formation will affect specific cell internalization are 

critical issues that will be addressed in this thesis.  

Nanoparticle-mediated targeting delivery is also widely used when overcoming 

barriers in human body, especially in the BBB. The BBB could maintain the CNS 

metabolic status by strictly regulating the exchange of substances between the 

brain and the plasma and it is considered to be the strictest barrier in human 

body, creating a great obstacle for delivery of drugs and imaging agents to CNS. 

Nanoparticles could help drugs to cross the BBB because they have suitable size 

and could exhibit targeting ligands on the surface. These ligands could interact 
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with receptors at the BBB and then transport nanoparticles across BBB by 

receptor mediated transcytosis. Based on this principle, in this context, we 

designed and produced protein based nanoparticles containing low density 

lipoprotein receptor (LDLR) ligands with the aim to target LDLR, and transport 

nanoparticles across the BBB. 
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The first part of this study is aimed to deliver protein-based nanoparticles to the 

brain parenchyma, crossing the BBB. Regarding this, we first focused on the 

design, production and physico-chemical characterization of protein nanoparticles 

which contain low density lipoprotein receptor (LDLR) ligands; then, the uptake of 

protein nanoparticles both in vitro and in vivo models was extensively analyzed. 

To achieve these, we set the following objectives: 

1. To select proper peptides with binding activity to LDLR and to design fusion 

recombinant proteins taking GFP as scaffold protein, to characterize those 

proteins as biomaterials. 

2. To study cell internalization of protein nanoparticles in LDLR+ and LDLR- cell 

lines.  

3. To study the BBB permeability to nanoparticles in an in vitro model. 

4. To analyze nanoparticle bio-distribution in animal models.  

The second part of this thesis is aimed to study the self-assembling and dis-

assembling ability of peptide-driven protein nanoparticles, and to analyze how 

size affects nanoparticle the performance of internalization on cells. With this 

purpose, protein nanoparticles were treated with high concentration of NaCl to 

destroy the interactions between proteins releasing the protein monomers, then 

comparing the internalization of the two forms of the same protein. To reach 

these goals, we planned the following objectives: 

1. To produce CXCR4-targeted proteins with the aim to form nanoparticles 

2. To set different conditions to generate either protein nanoparticles or protein 

monomers.  
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3. To characterize protein nanoparticles and protein monomers as biomaterials.  

4. To compare and analyze the receptor-mediated cell internalization profile of 

protein nanoparticles and monomers. 
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Paper 1 

Targeting low-density lipoprotein receptors with protein-only 
nanoparticles 

Zhikun Xu, María Virtudes Céspedes, Ugutz Unzueta, Patricia Álamo, Mireia 
Pesarrodona, Ramón Mangues, Esther Vázquez, Antonio Villaverde, Neus Ferrer-
Miralles 

Journal of Nanoparticle Research, 2015, 17(3): 1-14. 

The aim of this work was to construct self-assembled protein nanoparticles 

targeting on LDLR (which is a high affinity binding site in brain capillaries), with 

the purpose of using nanostructured materials as vehicles for the systemic 

treatment of CNS diseases. 

Four different LDLR specific ligands were fused to GFP protein and His tag; among 

those, only ApoB ligand, was able to promote the formation of protein 

nanoparticles by intermolecular interactions involving the ApoB ligand and the His 

tag of a neighboring monomer. This ApoB empowered protein nanoparticle 

showed higher internalization ability on LDLR+ cells, and higher permeability in 

BBB in vitro model. However, when tested those proteins displaying LDLR ligands 

in an in vivo model, two proteins which were not able to form nanoparticle 

accumulated in at short post-administration time points, indicating that the 

nanoparticulate form is not favoring the accumulation apart from preventing the 

transient accumulation. This work brings up new concepts of BBB crossing 

properties by using functional protein nanoparticles.  

  

http://link.springer.com/search?facet-creator=%22Zhikun+Xu%22
http://link.springer.com/search?facet-creator=%22Mar%C3%ADa+Virtudes+C%C3%A9spedes%22
http://link.springer.com/search?facet-creator=%22Ugutz+Unzueta%22
http://link.springer.com/search?facet-creator=%22Patricia+%C3%81lamo%22
http://link.springer.com/search?facet-creator=%22Mireia+Pesarrodona%22
http://link.springer.com/search?facet-creator=%22Mireia+Pesarrodona%22
http://link.springer.com/search?facet-creator=%22Ram%C3%B3n+Mangues%22
http://link.springer.com/search?facet-creator=%22Esther+V%C3%A1zquez%22
http://link.springer.com/search?facet-creator=%22Antonio+Villaverde%22
http://link.springer.com/search?facet-creator=%22Neus+Ferrer-Miralles%22
http://link.springer.com/search?facet-creator=%22Neus+Ferrer-Miralles%22
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Paper 2 

Formulating tumor-homing peptides as regular nanoparticles enhances 

receptor-mediated cell penetrability 

Zhikun Xu, Ugutz Unzueta, Mónica Roldán, Ramón Mangues, Alejandro Sánchez-

Chardi, Neus Ferrer-Miralles, Antonio Villaverde, Esther Vázquez 

Materials Letters, 2015. 

This work is aimed to produce size-controllable protein nanoparticles towards 

CXCR4 receptor (CXCR4, a cell surface receptor marker associated with 

metastasis-forming colorectal cancer cells and other human pathologies) 

expressing cells. In a previous work, a recombinant GFP fused at the N-terminus 

with the CXCR4 ligand T22 and the Hisx6 tag at the C-terminus was able to self-

assemble in protein nanoparticles under defined experimental conditions. In this 

article, by using a new scaffold protein iRFP to replace GFP, we determined that it 

could also self-assemble into nanoparticles, showing high penetration into CXCR4+ 

cells. This indicates that the o scaffold protein has neither affect on the formation 

of nanoparticles, nor on the ligand targeting ability. The force which drives 

nanoparticle formation mainly is based on electrostatic interactions between 

protein monomers, and this can be interrupted by the presence of high salt 

concentration. Moreover, when this T22 empowered nanoparticle is transferred 

to a high salt concentration buffer, protein naaparticles disassemble into 

monomers reducing its cell penetrability efficiency, proving again that size and 

perhaps the multivalency of the protein nanoparticle versus the monovalency of 
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protein monomers is a key factor in receptor mediated cell targeting and 

penetration.  
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The major purpose in the design and generation of nanoparticles is to create a 

new and efficient drug carrier platform for the delivery of therapeutics and 

imaging agents to specific sites. With this goal, materials of different nature such 

as lipids, cationic polymers, metals, carbon and proteins have been selected for 

the production of nanoparticles of different shapes and geometries [255]. Among 

them, protein-based nanoparticles are attracting increasing attention because 

they are biodegradable, and biocompatible. Furthermore, this type of 

nanoparticles have an amenable surface which allows modification and 

attachment of drugs and targeting ligands [81]. Moreover, proteins could be 

produced in many different cost-effective platforms. In addition, by genetic 

engineering, different functions can be incorporated into the same protein. 

To produce protein nanoparticles, the common method is to modify already 

known natural proteins such as albumin, gelatin and elastin by linking them with 

chemicals like polymers [81], or to generate recombinant proteins finding 

inspiration  in viruses or bacteria [256-259]; selecting those proteins or protein 

modules that have a tendency to oligomerize into nanoparticles [260, 261]. With 

these methods, many protein nanoparticles have been generated and are widely 

used in different biomedical applications such as delivery of drugs and antigen 

presentation [262, 263]. However, since those nanoparticles are from matured 

natural protein or viruses, they always lack structural versatility. There is another 

type of amyloidogenic proteins that can self-assemble into nanoparticles through 

cross-molecular beta sheet-based interactions, but when those ligands are fused 

as a tag to other proteins, it always induces protein aggregation [264-266], which 

is not appropriate for intravenous administration. 
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To overcome those drawbacks, a new strategy called “rational design protein 

method” was explored [118, 125]. The rational design protein method is based on 

the modification or insertion of selected amino acids or domains in a backbone 

protein to incorporate new and modifiy protein properties. This method offers a 

good way to construct multi-functional proteins with domains for cell targeting, 

self-assembling, etc. However, so far, only few successful examples of protein 

nanoparticle construction and structure modulation have been reported [81, 83, 

267, 268]; it is important to develop a new modular platform to generate protein 

inexpensive and technically reachable multi-functional nanoparticles [131, 269].  

Nanoparticles have many medical applications, the most common being the 

delivery of therapeutics and imaging agents [40, 75, 182] to specific target cells or 

tissues. The delivery process always includes barrier overcoming, including blood 

brain-barrier (BBB), one of the strictest barrier in human body, when the intended 

delivery is to the CNS. The BBB only allows non lipophilic molecules up to 400 Da 

to freely cross it; this is a huge obstacle for delivery therapeutics and drugs into 

CNS [202]. However, larger molecular weight proteins such as lipoproteins, insulin, 

transferrin and leptins are able to cross BBB through a receptor mediated 

pathway; this provides a viable method for transportation of drugs and 

therapeutics across BBB [36, 270, 271]. Based on this, proteins or ligands which 

are able to cross the BBB through receptor mediated transport are decorated on 

the surface of nanoparticles with the purpose of increasing the efficiency of 

nanoparticle transportation. The proteins or ligands used to be incorporated in 

nanoparticles are antibodies against BBB receptors, or special binding domains 

originated from BBB crossing proteins like lipoproteins, insulin or transferrin [213, 
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272-274]. However, using antibodies to transport nanoparticles across BBB has 

some drawbacks, as it usually produces nanoparticles of large size and molecular 

weight, and those nanoparticles could not be taken by BBB although they showed 

high affinity to receptors, that because the receptor-mediated transcytosis is size 

dependent [153]. Meanwhile, the strategy of using ligands to be incorporated in 

nanoparticles for crossing BBB is showing great potential. Ligands originated from 

low density lipoproteins like ApoB, ApoE, and Angiopep have shown outstanding 

performance transporting drugs, therapeutics and nanoparticles across BBB [232, 

275-280].  

Size plays a very important role not only in nanoparticle biodistribution, but also 

in the uptake of target cell and toxicity[155]. It has been reported that 

nanoparticles with a size under 5 nm are easily cleared from our body before they 

reach the target site, and if the size is too large, over 200 nm, they could not cross 

the capillaries and then are eventually filtered by kidney [154, 176]. When using 

materials such as liposomes, polymers, metals or silicon to produce nanoparticles, 

nanoparticle size is easy to control, and size control methods have been 

extensively explored [52]. However, the size of protein nanoparticles is not easy 

to manipulate. This is because natural protein size is determined. With the 

strategy of rational design, repetitive protein monomeric building blocks could 

assemble into regular size particles, and this provides the possibility of size 

control regarding protein nanoparticles.  

Our lab has used the rational design method to generate a series of protein 

nanoparticles. In those studies, GFP was chosen as the backbone or scaffold 

because it is safer, stable and traceable, then a versatile ligand (R9, T22) at the N-
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terminus and a His-tag at the C-terminus were fused to the scaffold protein as 

architectonic tags; the interactions between the cationic ligand and the His-tag 

induce the formation of nanoparticles, and provides multi-functions such as self-

assembling, cell endocytosis, barrier crossing, and tumor targeting [121, 130-132, 

269]. This is a convenient strategy, since with rational design, recombinant 

proteins could form nanoparticles and exhibit a variety of functions; moreover, it 

has been demonstrated that the size of those nanoparticles can be controlled by 

engineering electrostatic protein charge [130]. 

Based on this background, we aimed to use the rational design method to 

construct a new protein nanoparticle with a suitable size, presenting BBB receptor 

binding ligands that could be transported across the BBB through receptor 

mediated transportation. 

First of all, suitable ligands which could bind to the receptor in BBB were carefully 

selected based on reliable scientific references. We have selected three candidate 

ligands: Angiopep-2, Seq-1 and ApoB. Angiopep-2 is a ligand derived from the 

consensus binding sequence (Kunitz domain), exhibiting high transcytosis capacity 

both in vitro and in vivo, and able to bind pharmaceuticals for the treatment of 

brain tumors[278, 280-283]. ApoB derived ligand is adapted from amino acids 

3371-3409 of human ApoB protein. This peptide has been designed as a gene 

vector, and when expressed in mouse is able to accumulate in brain [233, 234, 

275]. Seq-1 is a peptide whose sequence was obtained by phage-display and has 

been selected from an US patent; it is a synthetic peptide capable of targeting and 

transmigration across BBB both in vivo and in vitro [268].   
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Then, like in previous work, GFP was chosen as the scaffold protein, candidate 

peptides were fused to the N-terminus of GFP and a His-tag was added to the C-

terminus, as shown in figure 15. This design was based on the recently proposed 

protein engineering principle by our group that predicts the generation of protein 

nanoparticles by the fusion of cationic peptides to polyhistidine tagged 

polypeptides [130, 132]. Then, all recombinant proteins were expressed in E. coli 

and purified from the soluble cell fraction. ApoB protein was also obtained from 

the inclusion bodies of E. coli since it was unstable in the soluble cellular fraction. 

(Paper1, figure 1) 

 

 

 

 

 

Figure 15: The design of recombinant proteins. From the top: Angiopep-2-GFP-H6, 

Seq-1-GFP-H6 and ApoB-GFP-H6. 

From the Dynamic light scanning (DLS) and Transmission electron microscopy 

(TEM) results (paper 1, figure 2) we found that although all the proteins were 

GFP-based proteins, different particle sizes were present. Angiopep-2-GFP-H6 and 

Seq-1-GFP-H6 had a size around 6 nm, similar to GFP monomer, meanwhile, 

ApoB-GFP-H6s and ApoB-GFP-H6IBs proteins had a larger size around 20 nm. 

GFP H6 Angiopep

p

GFP H6 ApoB 

GFP H6 Seq-1 
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However, the ApoB-GFP-H6 particles had poor stability as observed by TEM and 

DLS when compared with soluble protein samples obtained from inclusion bodies 

and the size is range from 20 nm to 120 nm. These results indicate that ApoB-

GFP-H6 could self-organize into nanoparticles. The mechanism behind that is the 

cationic peptide ApoB which could interact with the polyhistidine tag between 

dipolar monomers, which induced the nanoparticle formation; moreover, the 

supramolecular stability was also probably driven by additional forces such as Van 

der Waals and hydrogen bond interactions [132, 269]. Meanwhile, Seq-1 and 

Angiopep-2 peptides failed in promoting nanoparticle formation under the same 

conditions because they are less cationic peptides (paper1, figure 2). These 

conclusions are consistent with previous findings of architectonic tagging for 

protein nanoscale construction by using peptide pairs with high content of 

arginines and lysines [125, 130, 131].  

As discussed in the introduction section, nanoparticle size enormously affects the 

cell targeting and endocytosis. In our experiment, although all the chosen 

peptides were LDLR ligands and showed promising transcytosis capacity in BBB 

crossing in previous studies, when fused to GFP and His-tag, the protein exhibited 

different crossing abilities. At the cellular level, Angiopep-2-GFP-H6, Seq-1-GFP-H6 

and ApoB-GFP-H6 proteins showed low internalization ability both in LDLR+ cells 

and in LDLR- cells. On the contrary, ApoB-GFP-H6 solubilized from IBs showed 

higher efficiency of internalization in LDLR+ cells than other proteins (paper1, 

figure 3B), and as expected, the penetration took place in LDLR
+ cells but not in 

LDLR- cells (paper1, figure 3A).  The size of nanoparticles was playing a key role in 

this internalization assay [166, 174, 284, 285], Angiopep-2-GFP-H6 and Seq-1-GFP-
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H6 are monomeric proteins with smaller size around 8 nm; in this format, only 

one ligand is presented on the surface of each particle, and only can bind one or 

two receptors; this is not enough to trigger an efficient internalization process. On 

the other hand, ApoB-GFP-H6 could form larger nanoparticles, displaying more 

ligands on the surface, and therefore binding more receptors and then leading to 

the LDL-receptor mediated internalization of nanoparticles (paper 1, figure 4). 

However, when the cells were treated with chloroquine, the internalization was 

dramatically enhanced, and this is indicative of the use of an endosomal pathway 

(paper1, figure 5). Furthermore, the permeability of those LDLR-ligand 

functionalized modular proteins was determined in a validated BBB model in vitro 

based on CaCo2 cells, and showed consistent results with the cellular experiment, 

again proving the idea that nanoparticle size is important for cell uptake [272, 

273].  

In a further step, we tested the biodistribution of those proteins, and whether 

they could cross BBB through LDLR-mediated transportation, since those proteins 

were all fused with a LDLR derived ligand. After i.v. injected to mice, Angiopep-2-

GFP-H6, Seq-1-GFP-H6 and ApoB-GFP-H6s proteins with a size around 8nm were 

rapidly cleared by kidney, while ApoB-GFP-H6IBs nanoparticles were not detected 

in kidney (paper 1, figure 8). This is because small size nanoparticles are easily 

cleared by the renal system [153, 155, 157]. Although ApoB-GFP-H6s could form 

nanoparticles, it showed to be quite unstable, and it may disassemble in the 

blood stream and then be cleared by kidneys. To our surprise, the highly 

promising BBB-crossing nanoparticle formed  by ApoB-GFP-H6 solubilized from IBs 

failed to accumulate in brain[286], and none ApoB-derived protein version was 
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found in the brain parenchyma up to two hours after i.v. administration (paper 1, 

figure 7) . Instead of that, Angiopep-2-GFP-H6 and Seq-1-GFP-H6 proteins were 

detected in brain at 30 min, and then disappeared at 2 h after administration 

(paper1, figure 8). The failure of ApoB derived nanoparticles might be because 

the ApoB ligand was present unsuitably on the nanoparticle surface; because 

ApoB is a cationic peptide and it acts as an architectonic agent in forming 

nanoparticles, this can possibly limit its solvent exposure when compared to the 

ligands in monomeric proteins, somehow reducing the ability of targeting. The 

ability of ApoB to form nanoparticles should not be an obstacle for proper 

biodistribution (as exemplified by the peptide T22 in similar GFP-based constructs) 

[131, 132], and for ligand-mediated penetration; the most complex biological 

barrier imposed by brain vessels might represent a tighter bottleneck for proper 

biodistribution. 

The differences in stability and cell penetrability between ApoB-GFP-H6s and 

ApoB-GFP-H6 solubilized from IBs nanoparticles are mainly because their 

different origins, one from the soluble cell fraction, the other from inclusion 

bodies. For example, the ApoB tail in ApoB-GFP-H6s is favorable in cross-

molecular contacts between building blocks and less available for cellular 

interactions. And the Western blot result showed that selective proteolysis was 

occurred in the soluble E. coli cell fraction (paper1, figure 1B), and proteins from 

inclusion bodies were not affected.  Thus, the status of protein conformation and 

structure in de novo designed nanoparticles, and how cell factory affects the 

quality and the properties of final supramolecular assemblies still remains under 

study and deserves deeper exploration [267, 287]. This is closely related to the 
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improvement of conventional cell factories for protein and peptide production 

and the rising number of new strategies for microbial biosynthesis regarding 

industrial and biopharmaceutical applications [288]. 

Protein nanoparticle size control and cell penetration 

As described above, nanoparticle size is quite critical not only in cell penetration, 

but also in biodistribution [165, 176, 289].  When materials such as liposomes, 

polymers, silicon or metals were used to produce nanoparticles, the size of those 

nanoparticles have been predefined, and the fine fabrication procedures are 

mainly chemical or mechanical [161, 174]. The size of proteins is also predictable 

when using protein material such as albumin, gelatin or GFP protein since the size 

of those proteins have already been determined [81, 191]; however, when 

referred to self-assembled protein nanoparticles, size is still not fully controlled. 

That is mainly because the mechanisms which direct the formation of 

nanoparticles are still unclear. In previous studies, our laboratory has built a 

system to construct protein nanoparticles by the use of peptide pairs consisting of 

a cationic peptide and a His-tag; this provides a suited platform to study the 

mechanism of protein nanoparticle formation, thus achieving the protein 

nanoparticle size control [131, 132, 269]. 

T22 is a cationic peptide derived from polyphemusin II from the horseshoe crab 

that has shown specific binding to CXCR4 receptor [290, 291], and it has been 

adopted to form protein nanoparticles using de novo rational design method 

[131]. This T22-empowered nanoparticle showed excellent CXCR4-dependent cell 

internalization in metastasis-forming CXCR4+ cancer stem cells. The protein 
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nanoparticle design was based on the concept of rational assembling of repetitive 

monomeric building blocks driven by the interaction between a cationic peptide 

and a His-tag, and when changed for another cationic peptide R9 [125], it did not 

disturb the formation of protein nanoparticles, thus,  proving that this is a reliable 

method. To further prove this concept, instead of changing the N-terminal 

peptide, we changed the scaffold protein, to check if this platform is or not 

dependent on the scaffold protein but on the N- and C- terminus pair.   

As discussed above, we used iRFP which is a dimeric fluorescent protein to 

replace GFP protein [292], and fused T22 peptide to the N-terminal and His-tag to 

the C-terminal (paper2, figure 1A). As expected, nanoparticles with a size around 

15 nm were formed in a low salt buffer,  because of the interaction between the 

T22 cationic peptide and the His-tag, leading to the self-assembling of repetitive 

proteins (paper2, figure 1D). There are many forces that may induce the 

formation of protein nanoparticles, including Van der Waals, hydrogen bond, and 

electrostatic interactions [130, 132].  In order to study which forces were driving 

the formation of protein nanoparticles, T22-iRFP-H6 protein was dialyzed in a 

buffer containing high concentration of NaCl. The results showed that the T22-

iRFP-H6 nanoparticles where not stable at high concentration of salt, and they 

disassembled into protein dimers with a size around 8 nm (paper2, figure 1D), 

indicating that dimer self-assembling was mainly governed by electrostatic 

interactions. 

The T22-iRFP-H6 protein nanoparticles also showed promising cell internalization 

ability toward CXCR4+ cell line (paper 2, figure 2A, 2B), which means T22 ligand 

triggered this receptor mediated cell internalization. By contrast, T22-iRFP-H6 
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monomer had a lower cell penetration ability, which again, proved that size is a 

key parameter in receptor-mediated cell uptake of nanoparticles. However, when 

compared with previous T22-GFP-H6 nanoparticles, the internalization ability of 

T22-iRFP-H6 nanoparticle declined. That could be because iRFP protein is a 

dimeric fluorescent protein, and the formation of iRFP based nanoparticles is 

different from the GFP based nanoparticles, affecting then the exposure of the 

T22 ligand, thus lowering its internalization ability.  
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1.  Multifunctional GFP proteins fused to LDLR ligands (name the ligands here) s 

and polyhistidine tag were produced by using rational design method.  

2. Physico-chemical characterization of those GFP variants corroborate the 

previously described principle that predicts that cationic architectonic tag pairs 

(cationic peptide and polyhistidine) can induce the formation of protein 

nanoparticles.  

3. The formation of protein nanoparticles is mainly driven by electrostatic 

interactions between protein monomers. 

4. ApoB-GFP-H6 protein purification from inclusion bodies helps to increase the 

stability only of this protein nanoparticles. 

5. Protein nanoparticles containing the ApoB ligand are efficient in targeting and 

in internalization into LDLR+ cells, and this has been proven to be an 

independent event.  

6. ApoB empowered protein nanoparticles showed higher permeability in BBB 

vitro model than monomeric Seq-1 and Angiopeps containing proteins. 

7. Nanoparticle size is a critical parameter in LDLR mediated cell targeting and 

internalization. 

8. T22 is an efficient tag for CXCR4+ receptor mediated targeting and penetration 

irrespective of the scaffold protein.  

9. Replacing scaffold protein GFP to iRFP protein does not affect the interaction 

between cationic protein T22 and polyhistidine, thus has no effect on the 

formation of protein nanoparticles. 

10.High concentration of NaCl can disrupt the interaction between protein 

monomers, leading to the disassembling of protein nanoparticles. 
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11.T22 monomer protein has lower receptor targeting ability and penetrability 

than its nanoparticulate counterpart.  
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Annex 1 

BBB-targeting, protein-based nanomedicines for drug and nucleic acid 
delivery to the CNS 

 
Hugo Peluffo, Ugutz Unzueta, María Luciana Negro-Demontel, Zhikun Xu, Esther Váquez, 
Neus Ferrer-Miralles, Antonio Villaverde  

 
Biotechnology advances, 2015, 33(2): 277-287. 
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Annex 2 
 

In Vivo Architectonic Stability of Fully de Novo Designed Protein-Only 
Nanoparticles 

 
María Virtudes Céspedes,Ugutz Unzueta,Witold Tatkiewicz,Alejandro Sánchez-Chardi,Oscar 
Conchillo-Solé,Patricia Álamo,Zhikun Xu,Isolda Casanova,José Luis Corchero,Mireia 

Pesarrodona,Juan Cedano,Xavier Daura,Imma Ratera,Jaume Veciana,Neus Ferrer-
Miralles,Esther Vazquez,Antonio Villaverde, andRamón Mangues 

 

ACS nano, 2014, 8(5): 4166-4176. 
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