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Human health is a permanent matter of concern of mankind during all its history. 

Thousands of years ago, in the prehistoric era, humans already used plants, animal 

body parts or minerals in order to treat diseases. However, Hippocrates is considered 

the father of medicine since he established it as a profession for the first time and 

introduced the rational approach on medicine declaring that diseases are something 

natural and not divine1. 

The modern medicine began at the end of the 18th century when Edward Jenner 

developed the first vaccine to protect people against the smallpox virus and Robert 

Koch postulated the relationships between some diseases and microorganisms2. After 

that, medicine has progressed so fast leading to really great medical advances. Some 

of the most relevant events in human history that has led to current medical level have 

been microbiology studies and bacterial vaccine development by Louis Pasteur3, 

discovery of penicillin by Alexander Fleming4,discovery of the DNA structure by Watson 

and Crick5 and subsequent DNA recombinant technologies development in the late 

20th century6 among others.  

Furthermore, apart from that significant medical progress, development of new 

technologies such as Nanotechnology at the end of the 20th century has led to the 

huge development of new scientific disciplines as modern Biotechnology and 

nanomedicine. Nanomedicine is a recent biomedical field that has appeared as a 

consequence of the application of the nanotechnologies in medicine. Nanotechnology 

can offer an enormous range of nanomaterials or molecular tools for diagnosis and 

therapy.  

Even though modern medicine has achieved stellar successes over the last few years, 

some important milestones have been elusive. For instance, current medicine needs to 

make drugs more efficient in order to reduce therapeutic doses and associated 

toxicity. Thus, one of the biggest challenges of the current medicine is targeted drug 

delivery of conventional and innovative drugs, including nucleic acids for which 

nanomedicine offers promise. In addition, nanomedicine has also many other 

applications apart of this mentioned above. For example, Quantum dots have been 

recently developed for nanoscale cell imaging and cellular tracking and gold coated 

nanoshells have been also used for nanoparticle-mediated laser surgery7, 8. Moreover 

it has become a very promising approach for the diagnose and treatment of many 

molecular diseases as cancer among others9. 
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1. Cancer 

Cancer is a somatic genetic disease generated by a stepwise acquisition of genetic 

mutations at multiple sites during usually long periods of time. Those mutations confer 

growing advantages over normal cells by the loss of the cell cycle control that make 

those cells grow without control, converting the normal tissue into clinically detectable 

lesions10. 

The transformation of normal cells into malignant cancer cells is usually driven by the 

activation of dominant oncogenes or the loss of recessive tumor suppressor gene 

functions11. In this multistep process, in which the mutation progression sequence 

seems not to be very relevant, cells gain growing advantages progressively in each step 

of the succession of changes, converting them from normal cells into malignant cancer 

cells11. 

It is suggested that 6 essential physiological alterations are needed to convert normal 

cells in malignant growing cells (Figure 1). Each of those changes allow cells to 

overcome the different anticancer defense systems posed by normal cells and 

tissues10. 

  

 

 

 

 

 

 

 

                   Figure 1. Acquired capacities of cancer cells in tumor       

development.  (Modified from Hanahan D. et. al, 2000) 

Cancer research is one of the mayor medical needs of the present world since cancers 

as a whole, represents the second cause of mortality after cardiovascular diseases with 

7.6 million (13%) of deaths from a total of 58 million worldwide according to 2008  

World Health Organization (WHO) report. Moreover, it is estimated that in the next 

few decades, this incidence will rise up to 45% due to the increasing exposure to 

environmental carcinogens and the progressive aging of the population12. 
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The most common cancer types among the worldwide population are: lung cancer 

(representing 18% of cancer deaths), stomach cancer (9.6%), liver cancer (9.1%), 

colorectal cancer (8%) and breast cancer (6%). Thus, research on these types of cancer 

is a priority of the public health system.  

Few medical advances in cancer therapy have been achieved in the last 50 years. 

Nowadays, a significant proportion of cancers can be cured by current therapies such 

as surgery, chemotherapy or radiotherapy, but still the diagnose at early stage of the 

disease is crucial for patients’ survival. 

Existing therapies fail in their effectiveness since their systemic administration and 

strong adverse secondary effects against normal cells and tissues firmly limit their 

administrable dose. Thus, more effective drugs are needed showing lower toxicity, 

better pharmacokinetic and pharmacodynamic properties and higher therapeutic 

activity. In this context, the development of targeted drug delivery systems is a 

promising strategy to overcome the limitations that conventional therapies currently 

offer.  

Targeted therapy should allow acting specifically against cancer cells, dramatically 

reducing undesired effects over normal cells. Moreover, the enhancement of the 

therapeutic activity not only reduces the therapeutic dose, but it also allows the 

simultaneous administration of more than one drug to search for synergistic 

therapeutic effects. Those therapies usually act against proteins or genes that are 

directly implicated in the tumorigenic process. Thus, understanding the molecular 

basis of cancer is imperative for the rational design of those therapies13. 

There are many targeted drug therapies that have been already tested. Most of them 

are based on small molecule inhibitors and monoclonal antibodies. Those drugs show 

some limitations since small molecules can freely diffuse and therefore are not specific 

enough. In addition, monoclonal antibodies can only be used to target proteins 

exposed in cell surface and while the majority of cancer molecular targets are 

intracellular, they usually are not efficiently internalized. Some of those tested drugs 

act against proteins encoded by mutated genes in cancer as Trastuzumab (herceptin)14-

16, Imatinib (Gleevec)17-20, Gefitinib (Iressa) and Erlotinib21-27 or Cetuximab28, 29. Some 

of them as Bevacizumab, are angiogenesis inhibitors30-32 and some of them just try to 

induce cell death33-35. Even though those therapies have prolonged patient’s survival in 

general, they still fail to cure most of patients with advanced stages of the illness. 
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1.1 Colorectal cancer 

Colorectal cancer is the third most common cancer type and the fourth cause of cancer 

death in the world. However, in developed countries, it becomes the second most 

common cancer. The average 5-year survival is around 60% in the USA and around 40% 

in less developed countries36.   

This type of cancer usually starts in the colonic sub-mucosal compartment and it can 

be relatively easily removed by conventional surgery if it is diagnosed in the first stages 

of the disease. However, metastatic foci can be found in 25% of the recently diagnosed 

colon cancers cases being the first cause of mortality with a 5-years life survival of less 

than 10%. The main metastatic foci in human colon cancer are lymphatic nodes, liver, 

lungs and peritoneum37-39.  

Being one of the most studied cancer models, colon cancer is the tumor type in which 

histopathological and mutational progression that converts normal colon cells into 

malignant tumoral cells is better known. It has been observed in a statistically 

significant number of cases that the tumoral process follows the same mutational 

progression in those genes that are essential for the cellular proliferation control as it 

is shown in the model presented by kinzler & Vogelstein in 199639 (Figure 2). This 

model has been recently updated considering new findings regarding hype-

methylations in promoter regions of genes implicated in cell apoptosis and reparation 

of somatic mutations, inhibiting their expression40, 41. 

 

 Figure 2. Mutational progression model in colorectal cancer proposed by Kinzler & Vogelstein in 1996. 

The process described above is the most common way colon cancer is generated. 

However, alternative ways have been also described as the hereditary nonpolyposis 

colon cancer (HNPCC) in which mismatch reparation genes (mainly MLH1, MSH2 and 

MSH6) are mutated42, 43 or MYH associated polyposis in which the process starts when 

both copies of the base excision repair gene (MYH) are mutated44, 45. 

In colon cancer, as in some other cancers, the most important therapeutic targets have 

already been identified. In 40% of the cases, mutations in K-RAS oncogene can be 

detected, being the most frequent mutations K-RasVal12, K-RasAsp13 and K-

RasAsp1246. This gene not only is involved in tumorigenic process but it also 

participates in angiogenesis and metastasis formation47-50. However, mutations in 

other genes that are also implicated in metastatic and angiogenic process as BRAF, 
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MMP9 or VEGF can be found in many cases51-54. Many superficial cell receptors can be 

also found overexpressed in colorectal cancer cells. However, two of those receptors 

have been found to be especially involved in metastatic process, namely the CXCR4 

chemoquine receptor and CD44 receptor. The presence of those overexpressed 

receptors, have been directly correlated with invasiveness and metastatic phenotype 

in colorectal cancer55-57. 

Nowadays, surgery is still the only effective treatment in both primary colon cancer 

and metastatic colon cancer36. 5-fluorouracil based co-adjuvant chemotherapy after 

primary tumor radial resection is a very effective therapy in patients with no 

metastatic tumors. In the cases where metastatic foci have already appeared, the 

application of new chemotherapeutic compounds as Oxaliplatin or Irinotecan have 

slightly improved patient survival58.  

Current therapies still only offer global patient survival of around 40-60%, mainly 

because of the appearance of local recurrences and metastatic foci in many of the 

treated patients. Recent studies in the application of new targeted therapeutic vectors 

as antibodies, small molecules or nanoparticles for gene therapy combined with the 

conventional chemotherapy treatment have shown to be very interesting approaches 

being significantly more effective than the conventional chemotherapy alone15, 59.  

Thus, since the therapeutic targets in colon cancer have already been perfectly 

identified (Table 1), the main problem for the effectiveness of the current therapies 

are the huge limitations that the currently available vectors have. Therefore, since 

colon cancer is one of the most frequent tumor types worldwide, there is a huge social 

demand to research and develop new therapeutic vectors that improve their capacity 

not only to target specifically cancer cells but more specially to avoid the generation of 

metastatic foci.  

 

                     Table 1. Therapeutic targets identified in colorectal cancer. 
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2. Nanoparticles in the context of nanomedicine. 

Nanomedicine involves any medical application of nanoscale materials, compounds or 

technologies. However, one of the most currently promising approaches within 

nanomedicine and innovative medicines is the targeted drug and nucleic acid delivery 

(Figure 3). 

Nanoparticle-driven targeted delivery allows the directed transport and specific 

release of the therapeutic components in the desired cells or tissues, therefore 

increasing local drug concentration and reducing potential off-target side effects60, 61. 

In addition, the association of the nanoparticle with the therapeutic compounds can 

change their pharmacokinetic profile increasing their half live in the target site62. 

Conventional therapies are still far from being effective in many pathologies since their 

lack of specificity and its associated systemic toxicity strongly limit administrable 

therapeutic dose. Moreover, conventional therapies usually use standardized 

treatment procedures for specific pathologies without taken into account that in some 

cases the molecular bases causing the disease can considerably differ among different 

affected individuals. In this context, targeted drug or nucleic acid delivery not only 

overcomes those toxicity limitations but it also allows the application of personalized 

therapies63. 

 

           Figure 3. Targeted delivery of nanostructured  materials at different biological scales. 
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2.1 Targeted nanoparticles 

Many approaches are being developed for specific cellular targeting in order to 

rationally define the biodistribution of engineered nanoparticles. However, three 

predominant strategies have been used to achieve it, classified as passive targeting, 

active nonselective targeting and active selective targeting.  

The first strategy is only relevant in oncology applications and it is based on the 

nanoparticle accumulation in tumors by the enhanced permeability retention effect. 

This effect consists in the passive accumulation of nanoparticles in tumoral tissue since 

the underdeveloped tumor vasculature allows molecules of certain size range  to cross 

tumor capillaries and accumulate in that tissue (Figure 4). Moreover, the lack of 

efficient lymphatic draining allows nanoparticles to remain in tumor site64, 65.  

 

Figure 4. Enhanced permeability retention effect. 

Circulating nanoparticles passively accumulate in solid 

tumor tissue by hyperpermeable tumor vasculature. 

(Modified from Cho K. et al, 2008) 

 

 

Active targeting strategies are based on the presence of specific ligands on the 

nanoparticles surface. Two different approaches have been described depending on 

the selectivity of the used ligands. In nonselective targeting, ligands that recognize 

usually overexpressed receptors in target cells are used and although good cell 

targeting can be achieved by this strategy, it doesn’t completely avoid off-target 

effects since generally those receptors can also be found expressed in normal cells.  

However, in selective targeting, ligands that recognize receptors exclusively expressed 

in target cells are used, completely avoiding thus any off-target effect66. 

Thus, for a correct cellular targeting, it is necessary to carefully study and identify 

overexpressed or exclusively expressed cell surface receptors or antigens in target cells 

in order to add a specific ligand on engineered nanoparticles. 

Organelle specific targeting is also a very important issue since the effectiveness of any 

engineered nanoparticle will strongly depend on their capacity to reach and release 

the therapeutic agent in the subcellular compartment where the action has to be 

done. For example, any nanoparticle transporting nucleic acids as therapeutic agents 

for targeted gene therapy will imperatively need to reach cell nucleus if they are 

transporting an expressible DNA molecule, but they will only need to reach cells 

cytoplasm if the transported nucleic acid is a siRNA molecule. Moreover, any 

nanoparticle internalized by clathrin-dependent endocytosis pathway that lacks 
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endosomal scape ability will inevitably be degraded in cell lysosomes66 (Figure 5). Thus, 

it is imperative to develop appropriate tools for nanoparticles targeting into the proper 

subcellular compartments. In this context, many organelle targeting tools are currently 

emerging for targeted delivery to cellular cytosol67, 68, nucleus69-71, mitochondria72, 73, 

peroxisomes74 and lysosomes75.  

 

Figure 5: Schematic representation of steps involved in cytosolic and organelle specific delivery of 

nanoparticles (NPs). 1) cell membrane-nanoparticles association. 2) NPs internalization by endocytosis. 

3) Endosomal scape of NPs. 4) NPs/therapeutic agent release in cytoplasm. 5) Cytosolic transport to 

target organelle. 6) NPs degradation either in lysosomes or cytoplasm. 7) Exocytosis of NPs. PE: Primary 

endosomes, Endo-Lys: Endo-lysosomes, Lys: lysosomes, RE: Recycling endosomes. (Modified from Vasir 

JK et al. 2007). 

Receptor-mediated targeting has been generally considered as a very promising 

approach since its efficacy has been usually easy to demonstrate in vitro. However, 

some in vivo experiments performed using radiolabeled antibodies have shown that 

only 0,01% of the administrated dose reached target cells76. Those results suggest that 

since receptor mediated targeting potential has been widely demonstrated, other 

nanoparticle’s properties have to be very carefully taken into account to allow those 

nanoparticles to overcome all the biological barriers they will found in their journey 

from the administration site to the target cells in an in vivo system. 

2.2 Physico-Chemical properties (size) 

In nanomedicine, a wide spectrum of nanomaterials is available, each of them offering 

different physico-chemical properties. In the rational design of nanoparticles, those 

physico-chemical properties as nanoparticle size, shape, surface charge or mechanical 

properties have to be very carefully selected since they are very important 

determinants of the nanoparticle functionality. Among all those parameters, 

nanoparticle size is one of the most relevant properties in nanomedicine and more 

specially in targeted drug an nucleic acid delivery77. Size not only has a very important 

role in how the nanoparticle is biodistributed in human body, but it also determines 
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the biological effects that those particles have over the target cells in terms of 

interactions, internalization, intracellular trafficking or even in terms of  toxicity and 

immunogenecity78. Even though some studies have shown that nanoparticle shape can 

also very strongly determine nanoparticle biodistribution and internalization, optimum 

parameters for engineered nanoparticles have yet to be deteminated66, 79. 

Furthermore, selected administration pathway and target tissue localization have to be 

very carefully studied in order to choose the appropriate nanoparticle80.  

Effects of size have already been extensively studied with spherical nanoparticles from 

what general trends have been noted. Circulating nanoparticles under normal 

circumstances are typically removed by reticuloendothelial system (RES), by Kupffer 

cells in liver, by renal clearance at kidney or by mechanical filtration in spleen.  

Nanoparticles smaller than 5nm usually are rapidly cleared from the circulation by 

renal clearance81 while nanoparticles bigger than 200nm could be cleared by spleen 

since spleen fenestration are typically between 200-500nm in width. RES removal 

however, is dictated by the opsonization process that occurs when nanoparticles 

contact with blood plasma, so large particles can more easily be cleared by this system 

since they show bigger opsonization capacity66.  

 When brain cells have to be targeted, only nanoparticles smaller than 15nm efficiently 

cross the blood brain barrier (BBB). However, targeted nanoparticles up to 100nm will 

be able to reach brain cells although their uptake efficiency will exponentially decrease 

with size78.The appropriate nanoparticle size for lymphatic node targeting strongly 

depends on the chosen administration pathway. While nanoparticles up to 80nm will 

be able to reach lymphatic nodes by subcutaneous administration, only nanoparticles 

between 6-34nm in size will be able to reach it by intrapulmonary administration82, 83. 

Alternatively, bigger intravenously administrated nanoparticles could indirectly be 

targeted to lymph nodes attached to circulating leucocyte surface84.  Liver can easily 

be targeted by intravenous administration but only nanoparticles smaller than 100nm 

will cross liver fenestrae and reach hepatocytes since bigger nanoparticles are usually 

taken up by Kupffer cells78, 85. Finally, lungs can also be targeted either by direct 

inhalation or by intravenous administration. It has been seen that nanoparticles larger 

than 200 nm in diameter usually get physically trapped in alveolar capillaries when 

they are intravenously administered86. Moreover, by inhalatory administration 

pathway, particles even bigger than 5µm can be effectively administered87 (Table 2). 
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Table 2. Organ specific targeting: general considerations for nanoparticle delivery to specific organ. 

Once administered and target cells have been reached, the way those nanoparticles 

interact and the effects they cause on them seems to be again strongly dependent of 

nanoparticle size. Recent studies on ligand/receptor-mediated nanoparticle 

internalization have shown that nanoparticles of sizes ranging between 25-50nm are 

the most efficiently internalized. Out of this range, internalization efficiency is 

considerably reduced showing higher cell membrane accumulation pattern88. 

In ligand/receptor binding and internalization process, the number of superficially 

exposed ligands and the ligand/receptor dissociation constant are key parameters in 

order to achieve good interaction pattern and to induce particle internalization. Those 

two parameters are directly dependent of nanoparticle size, since the ligand 

absorption capacity at nanoparticle surfaces is directly proportional to their size, 

whereas the ligand/receptor dissociation constant is inversely proportional to the 

nanoparticle size. In this context, very small nanoparticles show low ligand density in 

their surfaces and a elevate dissociation constant. Since the internalization process is 

very dependent on the cells wrapping time, small molecules may not remain attached 

enough time to the cell surface during the internalization process. On the contrary, 

very big nanoparticles show very high ligand density presented on their surfaces and a 

low dissociation constant. This makes those nanoparticles to strongly attach saturating 

available local and distant receptors, and consequently limiting considerably cell 

wrapping capacity89, 90. Thus, the optimal nanoparticle size for ligand/receptor 

mediated internalization process has been suggested to be around 25-50nm. The 

nanoparticles with an optimal size present an appropriate dissociation constant that 

allow them to be attached to the receptors enough time and also show a good 

superficial ligand density to correctly attach to more than one adjacent receptor. This 

combination allows a correct and efficient cell wrapping process (Figure 6)88 .   
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Figure 6. Ligand-receptor binding mediated nanoparticle internalization. A: Small size nanoparticle,        

B: optimal size nanoparticles, C: Big size nanoparticles. (Modified from Jiang et. al. 2008) 

Different cell internalization pathways have been described in mammalian cells 

including clathrin dependent endocytosis, caveolae mediated endocytosis, 

micropinocitosis, macropinocitosis or even phagocytosis among others. All of them use 

very different cellular uptake mechanisms for particle internalization and although the 

majority of receptor-ligand complexes usually enter cells by clathrin mediated 

endocytosis, once again, nanoparticle size seems to play an important role determining 

the pathway that cell will use for their internalization91-93. 

Recent studies performed with microspheres of different size have shown that 

nanoparticles smaller than 200nm are usually internalized by clathrin dependent 

endocytosis. However it seems that nanoparticles between 200-500nm preferentially 

use caveolae mediated endocytosis progressively tending to use this pathway as the 

size become bigger94. This resulted somewhat surprising since caveolae have been 

described to generate vesicles of around 55-65nm92. Nanoparticles of bigger sizes have 

been described to preferentially enter cells by macropinocytosis or phagocytosis92. 

In some therapies, reaching cell nucleus is imperative for the therapeutic action as it 

has been mentioned above. Nuclear pore complex size is around 55Å so nanoparticles 

bigger in size than 40 kDa (10-30 nm) will not be able to go inside by passive diffusion. 

Nuclear transport of larger nanoparticles will necessarily require an active transport 

mechanism92, 95.  

Finally, nanoparticle potential toxicity and immune system activation have been also 

related with nanoparticle size. Big nanoparticles are recognized more easily by the 

complement system since their bigger surface allows higher extend of opsonization.96 

It has also been reviewed that some nanoparticles, as quantum dots, show multiple 

factor depending cell toxicity in which one of the determining key parameter is the 

nanoparticle size97. 
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2.3 Current state of nanoparticles in medicine 

In the last decades, several nanoparticles have successfully been generated and 

introduced in the market for the treatment of several pathologies as cancer or 

infectious diseases among others (Figure 7). 

 

Figure 7. Development of nanoparticle therapeutics during the last five decades. EPR: Enhanced 

permeability and retention, BBB: Blood-brain barrier, FDA: US Food and Drug Administration, PEG: 

Polyethylene glycol, PLA: Polylactic acid. (Adapted from Petros Et. al. 2010) 

Many different nanomaterials have been used for the development of those 

nanoparticles including materials of biological, organic and inorganic origins. Those 

nanoparticles can generally be classified in 5 different groups including lipids, proteins, 

polymers, metals and carbon derivatives (Table 3). 
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Table 3. Nanoparticles building materials and their general uses.  

Even though many types of nanoparticles are currently available, most of the approved 

and clinically used nanoparticles are still only lipids and polymers since they were the 

first ones being developed and they offer interesting properties as the possibility to be 

functionalized with cell specific ligands, their degradability in specific conditions and 

their high drug transporting capacity. However, nanoparticles that have been 

developed more recently, offer new properties that open a wide range of new 

possibilities for the future of nanomedicine98. 

Lipids are small organic molecules that have the ability to self-assemble in well-

organized vesicles as lipid bilayers, liposomes or micelles and are able to transport high 

quantities of hydrophobic and hydrophilic drugs physically trapped inside the 

nanoparticles. They can be functionalized with cell specific ligand in order to confer 

them specific targeting99, 100 and they can also be made pH and temperature sensitive 

in order to confer them the ability to release transported drug in target cells at the 

moment that particles are exposed to specific conditions101-103.  

Polymers, ranging from dendrimers104 to nanogels105, represent a heterogeneous 

group of materials for the construction of nanoparticles. Those particles not only 

transport therapeutic agents physically trapped inside the particles, but also 

chemically conjugated to their surface.  One of the most promising advances in this 

kind of nanoparticles is the recent use of PLGA-based biodegradable polymers that are 

generated with FDA approved material for drug incorporation106.  Dendrimers have 

been widely studied since the classical PAMAN dendrimers family appeared many 

years ago98, 104. They have also been functionalized with specific ligands107 and some 

studies have shown their ability to cross biological barriers108. Other widely used 

agents are self-assembling cyclodextrin-based polymers109. However, the polyethylene 

glycol (PEG) polymer, which has been described to enhance solubility, plasma stability 

and reduce immunogenicity, is the most widely studied polymer so far by its multiple 

benefits66.  

Metal derived nanoparticles have been generated using different materials including 

gold, silver, silica, iron oxides or quantum dots. Among gold particles, small size gold 
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nanoparticles (5-10nm), gold nanorods and gold nanoshells have been generated98. 

They can be functionalized either to bind specific ligands or therapeutic drugs but they 

have been mostly used for thermoablative therapies since they efficiently respond to 

near infra-red light (NIR) liberating heat energy in target cells110-112. Very interesting 

approaches have been performed with iron oxide nanoparticles since they can also be 

used for thermoablative therapies and their magnetic properties allow directing a 

specific localization by manipulating magnets113-115. Silica-based nanoparticles are also 

being currently developed but only few studies have been performed yet116. Quantum 

dots are small semiconductor crystals of around 1-100nm in size that are generally 

composed by a cadmium selenide (CdSe) core coated with ZnS or CdS layer to protect 

them from photooxidation. Being very useful either for diagnose or for therapy, they 

are one of the most studied nanoparticles currently117. These nanoparticles can also be 

functionalized for specific cell targeting 118. 

Many carbon-derived nanoparticles have been developed as carbon spheres of around 

100-150nm named buckysomes119, carbon nanotubes120 or nanodiamods121 among 

which carbon nanotubes have been the most widely studied122. Some studies have 

recently suggested that carbon nanotubes can pierce the cell membranes and directly 

be translocated to the cytosol, although this issue remains unclear123, 124. 

Protein-only nanoparticles have been developed for nanomedical purposes and more 

especially for targeted drug and nucleic acid delivery125. The most studied protein 

nanoparticles are classified as virus like particles (VLP) and artificial viruses. VLPs are 

natural self-assembling constructs consisting on non-replicative viral capsids generated 

by recombinant technologies and lacking the viral genome. They have been used as 

safe viral vaccines and they can also act as protein cages transporting therapeutic 

compounds to their natural target cells126, 127. Artificial viruses however, are manmade 

nanoparticles that mimic properties of natural viruses in terms of targeting and 

intracellular trafficking. Protein only artificial viruses can also be functionalized with 

therapeutic agents for targeted therapy and in some cases the protein itself could 

perform the therapeutic action128-130.  In 2005, the first protein based nanoparticle 

(Abraxane) consisting of albumin bound to paclitaxel, was approved by the FDA for the 

treatment of metastatic breast cancer131. 

Nanoparticles created by combinations between different types of nanomaterials have 

also shown to have very interesting properties and in many cases to have considerably 

improved nanoparticles performance. Some already developed combinations include 

peptide activated metal nanoparticles132, metal-polymer hybrids133, metal-lipid 

hybrids134 or polymer-lipid hybrids135. 
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2.4 Controlling nanoparticle size 

Architectural design of nanomaterial structure is essential to reach the full potential of 

materials. Very different synthesis processes have been used to produce nanoparticles 

and there is consensus on the fact that resultant physico-chemical properties are 

determinants of their potential success in nanomedicine. However, being a critical 

parameter, size cannot be rationally controlled by current nanofabrication procedures, 

with few exceptions.  

Gold and silver nanoparticles are usually generated by simple chemical reaction 

processes, in which size can be controlled by changing the chemical components ratios 

in the reaction. Gold nanoparticles are generated mixing chloroauric acid with citric 

acid at different ratios to obtain 10nm, 20nm and 40nm nanoparticles. Moreover, 

nanoparticles smaller than 10nm have been also generated using sodium borohydride 

as reducing agent. Silver nanoparticles of different sizes have also been created by 

mixing silver nitrate and sodium borohydride at different ratios88. 

Successful application of iron oxide nanoparticles depends on their size, and different 

synthesis methods including aqueous co-precipitation, microemulsion and thermal 

decompilation have been described, that allows controlling the size of generated 

nanoparticles. Aqueous co-precipitation consists in the precipitation of Fe2+ and Fe3+ 

ions in aqueous salt solutions. Although nanoparticle size can be controlled through 

the use of different salts, pH reaction and Fe2+/Fe3+ ratios, achieving a narrow size 

distribution is still a challenge. Microemulsion offers a better size control and higher 

monodisperse size distribution. Nanoparticle size depends on the generated 

microemulsion size and this can be easily controlled by changing the 

water/surfactant/oil ratios. However, this method is very difficult to scale up due to 

the high amounts of oils and surfactants that are required. Finally, thermal 

decompilation is based on the decomposition of iron precursors as Fe(CO)5  under high 

temperatures and produce highly monodisperse nanocrystals. However, the 

hydrophobic surface that those nanoparticles show, strongly limits their biomedical 

application because of their low biocompatibility136.  

Silicon nanoparticles size can be also rationally controlled just by changing chemical 

reaction conditions. A recent work has shown a simple approach for the mesoporous 

monodisperse silica nanospheres production with adjustable size. They show how 

nanoparticles between 50 and 100nm with high monodisperse size distribution can be 

easily achieved just by increasing the reaction temperature from 40° to 80°. 

Mesoporous pore size can be also controlled in a range between 2.8nm to 4nm just by 

the variation of the subsequent hydrothermal treatment temperature from 100° to 

130° 137. 
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Particle replication in non-wetting templates (PRINT) is a newly developed 

nanoparticle manufacturing technique based in the use of templates that allow the 

production of highly monodisperse size tunable nanoparticles. This manufacturing 

process has been commonly used in the electronic industry for the preparation of 

nanosized particles of a particular size and architecture and it has now been applied to 

the generation of a variety of nanomaterials66, 138. Some hydrogel based polymeric 

nanoparticles created by this production technique have been recently used for gene 

silencing assays139.  

The use of compressed and supercritical fluids is another recently described promising 

technology for the production of size controlled nanoscale particles. The most relevant 

properties of this technique include the production of highly homogeneous 

nanoparticles and its batch to batch reproducibility. Those properties together with its 

high scalability, confers to the generated nanoparticles a great commercial potential. 

This technology has already been used for some liposomes and polymeric nanoparticle 

generation140. 

Proteins are usually produced in biological systems, and although protein production is 

very well known, the mechanisms that drive the formation of protein nanoparticles 

remains unclear. Some naturally self-assembling protein structures have been already 

observed and studied such as viral capsids or bacterial subcellular organelles as 

carboxisomes among others. Based on those structures, some size defined self-

assembling nanoparticles have been created including virus like particles (VLPs)126 or 

icosahedral protein cages recently named encapsulins141. 

2.5 Biocompatibility 

Nanomedicine needs proper nanoparticles to reach the full therapeutic potential. 

Many different nanoparticles have been generated since this technology begun, but 

not all of them have proved suitable in the field. There are five key parameters that 

any nanopharmaceutical agent should fulfill for its successful application: 

degradability, low toxicity, high specificity, high efficiency and the capacity to deliver 

multiple therapeutic agents. In this context, some promising nanoparticles have been 

tested showing really good results in preclinical studies and potentially having all the 

required properties. However there is still a great concern about the biosafety of most 

of the developed nanoparticles. All medicines must display an acceptable risk-benefit 

relation with respect to its proposed use. Thus, biocompatibility and low toxicity 

profiles are imperative requisites for any particle used in medicine and it is still one of 

the main reasons why most of these therapies are not approved for clinical uses.  

Targeted drug delivery claims to reduce the transported drug systemic toxicity 

avoiding non desired off-target effects. However the potential toxicity produced by the 
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used nanoparticles has sometimes been overlooked and it should be very carefully 

studied. 

In first place, nanodrugs should be biodegradable and many of the used materials, 

despite having a natural origin, are poorly degraded by human enzymes. Moreover, 

chemical functionalization could convert degradable materials into effectively non-

biodegradable98. In this context, non-biodegradable or slowly degradable 

nanoparticles can progressively accumulate in the body (in lisosomes) after high dose 

or chronic administrations if they are not correctly removed by the renal system. 

Lisosomal accumulation is well known in the context of lisosomal diseases. Intracellular 

vacuolation has also been reported with some pegylated nanoparticles in animal 

models. Thus, if non-biodegradable nanoparticles have to be used, renal and 

hepatobiliar elimination should at least be confirmed at early stages98.  

Immunotoxicity is also a matter of concern since the introduced nanoparticles could be 

recognized by the immune system and generate non desirable strong immune 

responses. Thus, the antigenicity and potential activation of the complement system 

have to be checked. The use of appropriate preclinical models is also essential since 

some cases have been reported in which nanoparticles showed and excellent 

performance in mouse models and resulted to have severe toxic effects in clinical 

trials142. Infusion reactions have been clinically observed after intravenous 

administration of some nanosize particles as liposomes and there have also been 

reported complement activation cases by dendrimers, liposomes and PEG containing 

nanoparticles143-146. 

Finally, the introduction of novel biodegradable materials and functionalization linkers, 

produces new metabolites never seen before in the human body as a consequence of 

the metabolic degradation of those nanoparticles. The potential toxicity that those 

new metabolites could have in the human body is completely unknown98.  

Fullerenes and other carbon derivatives as the well characterized carbon nanotubes 

for example, have proved very interesting tools for biomedical applications. However, 

many concerns about their potential risks for human health have been reported. Their 

bioaccumulation and the oxygen species formation at high concentrations may cause 

inflammation and genetic damages. Thus, apparently its potential risk could be dose-

dependent147, 148.  

Toxicology of metal derived nanoparticles has also been widely studied149. Gold 

nanoparticles are generally considered as nontoxic, but size dependent cytotoxicity has 

been reported in a case in which small gold nanoparticles (1.4nm) induced cell death 

by oxidation stress and mitochondrial damage150. On the other hand, silver has 

generally been shown to be cytotoxic151. Iron oxide nanoparticles are generally 

classified as biocompatible without showing severe toxic effects neither in vitro nor in 
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vivo149, 152. However, some concerns remain in the use of iron based particles since 

adverse effects of iron overload and iron induced free radical generation are well 

documented such as the iron induced neurotoxicity153, 154. Toxicity of crystalline silica is 

also well known but little has been investigated about mesoporous silica nanoparticles 

toxicity155. Nonporous and porous silica nanoparticles have been reported to be 

hemolytic in concentration and size dependent manner. However, mesoporous 

nanoparticles have been described to be less hemolytic being the pore structure the 

critical determinant of the hemolysis156. Finally, quantum dots are one of the most 

widely studied metal derived nanoparticles and since heavy metal’s toxicity is very well 

documented, many concerns still remain about their potential toxicity157, 158. Quantum 

dots toxicity has been reported to be size, charge and surface coating dependent159, 

160. 

Polymers are usually non-biodegradable materials and among polymeric nanoparticles, 

dendrimers are the most polemic ones since some chemistry used in their generation 

has shown to have unacceptable toxicity149. Cationic dendrimers have proved more 

toxic than anionic ones and several different toxic effect have been reported including 

cell disruption by membrane pore formation, apoptosis induction by mitochondrial 

dysfunction or hemolytic and cytotoxic effects161-163. Lipid and protein nanoparticles 

have been generally considered less toxic and more biocompatible than polymers as 

their biological origin make them usually highly biodegradable.   

Considering all the reported toxicity problems, the development of good performing, 

safe and biocompatible nanoparticles is still a very important challenge of 

nanomedicine and more efforts need to be done to dissipate any remaining concerns 

about the potential of targeted delivery approaches in this context. 

2.6 Protein nanoparticles 

Proteins are biological molecules consisting of one or more aminoacidic chains that 

perform an enormous amount of different activities in living organisms. They are 

considered complex nanoparticles since their size range from few nanometers to 

hundreds of nanometers when supramolecular interactions occur as in the case of viral 

capsids. Since they participate in virtually every process within cells, they have been 

widely used as therapeutic components from the beginning of medicine. With the 

development of nanomedicine, protein nanoparticles have generated high 

expectations because of their potential applicability especially in targeted drug and 

nucleic acid delivery. Although some negative effects have been reported in some 

cases as immune and inflammatory reactions, their biodegradability, low toxicity, high 

functionality and their tuneability have made protein nanoparticles very promising 

tools in nanomedicines. Moreover they can be used not only as vehicles for targeted 

drug and nucleic acid delivery, but also by themselves as therapeutic molecules. Being 
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their most promising properties biocompatibility and targeting capacity, many efforts 

are being made for the development of protein nanoparticles. 

Proteins are generated in biological expression systems. Many microorganisms of 

different origins as bacteria, yeast, insect cells and mammalian cells have been widely 

used for recombinant protein production each of them having different production 

mechanisms. Bacteria are usually the first option since they offer the most cost-

effective production processes being Escherichia coli the most widely used and best 

characterized microorganism164. The approval in the early 80s of the commercial use of 

recombinant human insulin produced in E. coli by the FDA represented an inflexion 

point in the development of protein based therapeutics165. However, many eukaryotic 

proteins cannot be correctly produced in bacterial expression systems since 

prokaryotic microorganisms are not able to produce post-traslational modifications, 

strongly compromising the protein folding process.  In this context, yeast is the 

simplest eukaryotic organism that can be used for recombinant protein production, 

being the most commonly used hosts Pichia pastoris and Saccharomyces cerevisiae. 

However, some proteins also fail to be produced in that system since the glycosylation 

patterns of yeast are different from higher eukaryotes166. Insect cells have been also 

used for recombinant protein production using baculovirus expression system. This 

system has become an interesting alternative since those cells are able to produce 

more complex post-traslational modification and high expression levels can be 

obtained in a cost-effective process167. However, mammalian cell lines are sometimes 

the only choice for the expression of difficult to express proteins, especially for highly 

glycosylated ones. Proteins are usually soluble and active when are produced in this 

system, but the production cost is still very high and production processes usually get 

long time168, 169. Besides the biological systems mentioned before, cell-free protein 

production systems have also been developed where transcription and translation 

reactions are carried out in vitro. However, this system is not generally used for 

nanoparticles generation since they still show important limitations170.  

The first developed protein nanoparticles generally consisted of regular drug-loaded 

protein units usually targeted against a specific cell or tissue. Since albumin-based 

nanoparticles were reported in 1972, many interesting results have been achieved 

using this approach, being in fact an albumin-based drug the first protein nanoparticle 

approved by the FDA for human clinical use131, 171. However, more sophisticated 

approaches are being developed, based on multifunctional proteins and self-

assembling proteins. 

Multifunctional proteins 

The development of genetic engineering techniques has allowed the creation of new 

proteins or the modification of existing ones with the aim of obtaining new proteins 

with the desired functions. In this context, multifunctional proteins are manmade 
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engineered chimerical proteins that incorporate different selected protein functional 

domain from different origins and usually in the same polypeptide chain to provide the 

required activities. They are considered artificial viruses since they try to mimic virus 

properties in terms of cell targeting and intracellular trafficking. For the proper design 

and generation of those multifunctional proteins, the modules that will be part of the 

protein have to be carefully selected. There are several biological barriers that a 

protein-only nanoparticle has to overcome to successfully get into the target cells from 

the administration site. Thus, since several protein motifs have been described to 

overcome each of those barriers, the incorporation of those modules and the order 

that they will have in the polypeptide chain will be key determinants in the successful 

performance of the protein nanoparticles. The functional protein segments that are 

usually incorporated in these nanoparticles include protein domains conferring 

systemic stability, nucleic acid or drug interaction, cell targeting and internalization, 

endosomal escape, cytosolic mobility, nuclear localization or blood brain barrier 

crossing abilities (Figure 8)172, 173. Many prototypes able to deliver DNA or molecules in 

cell cultures but also in specific cells in living organisms have already been 

described129. 

 

 

 

 

 

 

 

 

 

                Figure 8.  Therapeutic multifunctional proteins design and generation schematic 

process (Modified from Vazquez E. et. al, 2009). 

Self-assembling proteins 

Only when a protein is able to organize into a supramolecular structure we may talk of 

protein nanoparticles. Self-assembling proteins spontaneously cross-interact to form 

ordered structures, usually of nanoscale sizes. It has been widely documented that 

those protein structures are stabilized by weak non-covalent interactions as 

hydrophobic interactions, electrostatic interactions or Van der Waals forces174-176. 
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Apart from those protein-protein interactions, nucleic acid-peptide interactions have 

also been described to strongly influence in nanoparticle architecture177. However, 

really little is known about the protein properties and processes that drive and control 

the self-assembling ability of any protein in regularly structured nanoparticles of a 

specific size. Some natural self-assembling proteins have been described and 

successfully imitated for nanomedical purposes. Among them, we can find monomers 

of viral capsids and non-viral self-assembling proteins that generate protein oligomers 

and subcellular organelles as carboxisomes. Different protein nanoparticles as virus-

like particles (VLPs), amyloid fibers or bacterial micro-compartments (BMCs) have been 

generated based on those previously mentioned self-assembling natural proteins in 

order to achieve highly regular and monodisperse nanosize protein nanocarriers.  VLPs 

are self-assembling, non-replicative and therefore non-pathogenic viral capsids ranging 

from 20 to 100nm, usually generated by the recombinant expression of viral capsid 

proteins178. Although they lack the viral genome, they still conserve viral properties as 

the cellular tropism and uptake and intracellular trafficking, making them an 

appropriate tool for drug delivery and gene therapy126, 127, 179. Since the first DNA 

packaging and transduction using mouse polyomavirus (MPyV) was described in 

1983180, VLPs of many different viruses have been generated181-188. Some VLPs have 

already been used for directed delivery in biomedical applications and although they 

are considered biologically safe nanostructures since they are not infectious and do 

not replicate, immune inflammatory responses especially when repeated 

administrations are needed can be observed189. Based on some bacterial micro-

compartments, the recently named encapsulins have been generated. They consist of 

self-assembling polyhedral protein structures of around 100-150nm that imitate those 

subcellular organelles. They can be functionalized with specific ligands and be filled 

with therapeutic molecules to use them as nanocarriers for targeted delivery141. 

Amyloid proteins based particles have been also generated but far from generating 

highly regular nanoparticles, amorphous particles have been obtained190, 191. 

Our group has an extensive expertise in the design, production and characterization of 

protein nanoparticles. We have studied and generated several multifunctional proteins 

for biomedical applications following different production strategies. Aris et al. 

generated multifunctional proteins following insertional mutagenesis in which 

different functional domains were introduced in permissive sites of a beta-

galactasidase protein. They were later successfully used in in vivo assays for targeted 

gene therapy approaches in mice with a brain ischemia model192, 193. Smaller 

multifunctional proteins have been more recently generated by our group just by 

producing chimerical proteins with different functional domains one beside another 

and they have successfully been used in in-vitro assays177, 194. Although very interesting 

results have been obtained with these protein nanoparticles, rational particle size 

control remains elusive.  We have also generated and studied different bacterial 

inclusion bodies which are nanoscale regular insoluble protein aggregates generated 
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during bacterial protein production process. Although they have also been used as 

protein nanoparticles for nanomedical purposes 195-197, their architecture cannot be 

neither rationally controlled. 

In summary, protein nanoparticles have shown to be very promising tools for 

nanomedicine. Many interesting results have been obtained using this type of particles 

and their well characterized biosafety and biosecurity have made them appropriate 

tools for cell therapy. Nanoparticle size has been widely discussed above to be a crucial 

property for their functionality in vivo. Although many protein nanoparticles with 

appropriate size range have been already generated, no one has been able to 

rationally control their size yet. Thus, there is a huge necessity to study and 

understand which are the properties that drive the self-assembling capacity of those 

proteins into discrete particles of defined and desired size, in order to get the full 

potential of protein nanoparticles. 
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3. Gene therapy 

The development of recombinant DNA techniques has made it possible to rationally 

manipulate DNA sequences, allowing the massive study of genes and the better 

understanding of the genetic causes implicated in many diseases.  These discoveries 

have opened new possibilities for the development of new and innovative medicines 

useful for gene therapy.  

Gene therapy consists in the treatment of different diseases at genetic level by the 

introduction of nucleic acids into affected cells. The therapeutic effect can be achieved 

either by the overexpression of a delivered gene to increase the amount of a 

therapeutic protein or by a controlled downregulation of a cellular gene with 

deleterious effects. It appears as very promising strategy since gene therapy not only 

can be used for the treatment of genetic diseases but it also can be used for the 

treatment of many other non-genetic pathologies. Knowing the molecular bases 

involved in a specific pathology enables the design of gene therapy approaches for its 

treatment. In this context, current mayor targets for gene therapy include different 

types of cancer and in decreasing percentages monogenic, cardiovascular, infectious 

and neurological diseases among others (Figure 9)172.  

 

Figure 9. Gene therapy target diseases in current clinical trials (2012; John Wiley and Sons Ltd). 

Human cancer has generated special interest in public health because its high 

incidence, mortality rate and low efficiency of conventional therapies. Although 

conventional therapy side effects can be dramatically reduced by specific targeting, 

drug therapy still shows high toxicity and most of molecular targets are not easily 

accessible. In this context, the use of targeted nanoconjugates for nucleic acid delivery 

in cancer treatments is an attractive alternative. Furthermore, gene therapy provides 

the possibility to perform personalized treatments where different nucleic acids can be 

delivered to target cells depending on the molecular bases involved in each individual 

cancer case. Moreover, different molecular targets can be also treated at the same 

time to obtain synergistic effects172. 
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3.1 Gene therapy approaches in cancer 

Many different gene therapy approaches are been currently developed which can be 

classified in five major groups including gene correction therapy, enzyme/prodrug 

therapy, inmuno-gene therapy, drug resistance gene therapy and chemo-gene 

therapy. 

Gene correction therapy 

Gene correction therapy corresponds to the classical gene therapy approaches in 

which genetic anomalies, responsible for the pathology, are corrected usually by the 

replacement of an inactivated tumor suppressor gene or by the down-regulation of an 

activated oncogene. 

Any protein, whose activity is required for tumor generation, progression and spread 

or just contributes to the tumor phenotype maintenance, is a putative target to be 

downregulated by interfering RNAs (iRNAs). However, usually the most significant 

antitumoral effect is achieved by the knockdown of those genes mutated in the first 

stages of the tumorogenic multistep process or those involved in the tumor phenotype 

maintenance. Small interfering (siRNA) molecules are the most used iRNA molecules in 

this kind of treatments since their inhibitory efficacy has been widely described and 

their specificity is so high that they are able to distinguish single-base mutated 

oncogenes from the wild type genes, considerably reducing possible side effets50, 172, 

198-200. In this context, different approaches have been followed to inhibit Ras family of 

proteins, mutated in about 30% of human tumors201. 

Tumor suppressor genes are involved in cell cycle control by inducing cell cycle arrest 

and/or apoptosis. Restoration of tumor suppressor genes is another interesting 

strategy where mutated or inactivated gene activity is replaced by a correct copy of 

that gene202. Among them, P53 gene is one of the most important and widely studied 

tumor suppressor genes, since mutations in this gene has been found in 40% of human 

cancers203, 204. P53 is the responsible for the detection of DNA damages followed by 

repair initiation or apoptosis induction. Many approaches have been already 

performed in which P53 gene has been transferred to tumor cells204. Promising 

expectations have been generated on this strategy since successful cell arrest and 

apoptosis induction has been observed in some of those experiments205, 206. Expression 

of other transferred tumor suppressor genes as RB or BRCA-1 among others have also 

been tested for their antitumor activity204, 207. 

Enzyme / prodrug therapy 

Enzyme-produg therapy, also known as suicide gene therapy, is a two-step process 

consisting in the transference of a produg converting enzyme gene (suicide gene) to 

target cancer cells and the following administration of a low toxic inactive prodrug. 
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Once the administered prodrug reaches enzyme expressing cancer cells, is metabolized 

and converted to a cytotoxic drug, limiting this way its toxic effects to only those 

tumor cells where suicide gene has previously integrated. Moreover, one of the major 

advantages of this type of therapy is the so-called “bystander effect” in which the 

expressed enzyme or the active cytotoxic drug are able to pass between adjacent cells 

by cellular gap junctions allowing the ablation of the entire tumor although not all the 

tumor cells have been transfected with the suicide gene208, 209. The most used suicide 

gene prodrug combinations include the Thymidine kinase gene that transforms the 

non-toxic ganciclovir into a cytotoxic form by its phosphorylation, or the cytosine 

deaminase gene that transforms non-toxic 5-fluorocytosine molecules into the widely 

used chemotherapeutic drug 5-fluorouracil, among others (Table 4)210, 211. Double 

enzyme/prodrug therapy approaches have also been tested in some cancers where 

combined suicide genes have been transfected to cancer cells showing better 

performance than single gene therapy212. 

 

Table 4. Enzyme-Prodrug gene therapy. 

Immunogene therapy 

Tumor cells are usually recognized and destroyed by CD8+ T lymphocytes and natural 

killer cells. However, many tumors have successfully evaded immune system because 

of the poor antigenicity of tumor antigens, the lac of MHC molecules and the secretion 

of immunosuppressive factors213. The induction of tumor antigen recognition by 

immune system is an interesting approach that is being currently studied. Gene 

transference and overexpression of immune cytokines and chemokines in cancer cells 

can induce tumoral antigens recognition and the consequent tumor cell destruction by 

the immune system. A number of studies have already been performed using such 

approaches, yielding some promising results214-217. 

Drug resistance therapy 

Drug resistance gene therapy is still only a potential and experimental gene therapy 

approach. It consists in conferring higher drug resistance capacity to those cells and 

tissues that are more vulnerable to drug toxicity in order to higher drug doses be 

tolerated. The main limiting factor for patient’s chemotherapy is the bone narrow 

toxicity. In this context, multiple drug resistance gene (MDR1) has been described that 
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transferred to bone narrow cells might confer them resistance to some alkanoids, 

anthrocyclins and paclitaxel218-220. 

Chemo-gene therapy 

Chemo-gene therapy combines conventional chemotherapy treatments with the 

transference of a gene that enhances drug sensitivity of tumor cells. The synergistic 

effect obtained by the combination of both therapies confers much higher antitumor 

efficacy. Many different combinations have been already tested in which really 

interesting synergistic effects have been observed221-225. 

3.2 Gene therapy vectors 

Two different methods have been developed for gene transfer into target cells. The 

first method (in vivo) consists in in vivo transfer of exogenous nucleic acids by local or 

systemic administration, while in the second method (ex vivo), nucleic acids are 

transferred in vitro to cultured patient cells and later reintroduced into patients. In 

both cases, targeted vector, charged with the corresponding nucleic acids, is generally 

required and although different types of vectors have been developed for their use in 

gene therapy, all of them can be classified in two groups: viral and non-viral vectors. 

Viral vectors 

Viruses, being strict intracellular parasites, are natural vectors for cell targeted nucleic 

acid delivery. In this context, genetically modified viruses that lack their infective and 

replication potential and incorporate the therapeutic genes in their genome have been 

generated for their use as gene therapy vectors. Those vectors exploit viral natural 

abilities such as cell specific binding and uptake, genetic cargo delivery in cell nucleus 

or genomic integration in some cases, resulting in extremely efficient vehicles for 

targeted nucleic acid delivery. 

Since the first human gene therapy trial using a retrovirus vector was performed in 

1989226, a variety of viral families have been engineered including retroviruses, 

lentiviruses, adenoviruses or adeno-associated viruses. All of them offer different 

properties regarding cell tropism, integration ability and quiescent cell infection 

capacity. Permanent gene expression can be achieved in target cells using integrative 

viruses while only transient gene expression can be obtained with non-integrative viral 

vectors218, 227. However, the random integration of viral genomes can generate severe 

side effects in target cells by insertional mutagenesis228, 229. In this context, although 

most of the gene therapy vectors under current investigation correspond to viral 

vectors, many concerns about their biosafety still remain230.  Strong inflammation 

immune responses have been described231-233and reported cases in which successfully 

treated patients developed leukemia being fatal in one patient, resulted in an inflexion 

point regarding viral vectors biosafety consideration 234, 235.  
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Thus, even though viral vectors have widely demonstrated their extremely efficient 

performance for gene therapy approaches (It has been recently approved the first viral 

gene therapy treatment in the European Union236), their high associated immune 

toxicity and unmet biosafety aspects, are still generally unacceptable and imposes the 

huge necessity for the development of more safe gene therapy vectors. 

Non–viral vectors 

Non-viral gene therapy vectors include all those currently available nanoparticles able 

to specifically bind and deliver nucleic acid molecules into target cells (Figure 10). 

Many nanoparticles have been already developed for gene therapy applications 

showing  high cell specificity and good transfection efficiency being the most used 

ones, cationic lipids, polymers and protein nanoparticles among other128, 237. All the 

currently available nanoparticles have been widely discussed in previous sections of 

this introduction. 

 

 

Figure 10. Formulation and activities of non-viral gene therapy vectors. Produced non-viral vector is 

properly formulated with an adequate therapeutic nucleic acid. The final particle has to successfully 

recognize target cell, be efficiently internalized and deliver transported nucleic acid in the appropriate 

subcellular compartment. (Modified from Aris A. et al 2004). 

Non-viral gene therapy vectors represent a feasible alternative to those risky but 

extremely efficient viral vectors, since they generally show higher biosafety and lower 

toxicity profiles. However, they still have some drawbacks such as lower transfection 

efficacy and low transient gene expression levels130, 238. It has been described that 106 

naked DNA plasmid molecules are needed to efficiently transform a single cell; from 
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them, only 102 to 104 will reach cell nucleus239. Moreover, the transference need to be 

very fast since plasmidic DNA is highly sensitive to cytoplasmatic calcium dependent 

nucleases having a half live of only 50-90min240. Thus, improvement of nucleic acid 

delivery efficiency of those vectors is one of the mayor challenges for this type of 

therapy. Nevertheless, some cases where lower transgene expression for the 

therapeutic action is more desirable have also been described 241. 

After more than three decades of research and hundreds of clinical trials performed, 

only four products have been marketed for their clinical use in human patients and 

although most of the gene therapy particles under study correspond to viral vectors 

(Figure 11), only a adeno-associated viral vector engineered to express lipoprotein 

lipase in muscle cells (Glybera) has been recently approved for its use in western 

countries 236, 242. A replication deficient adenoviral vector transfecting P53 gene 

(Gendicine) has been also approved for its use exclusively in China243. Non-viral gene 

therapy products currently available in Europe and USA include Vitravene, an antisense 

oligonucleotide complementary to one of cytomegalovirus early genes244 and 

Macugen, a synthetic pegylated oligonucleotide that specifically binds vascular 

endothelial growth factor gene245, 246. Thus, although they show lower transfection 

efficiency than viral vectors and less clinical trials have been performed, most of the 

marketed gene therapy products in Europe and USA still correspond to non-viral 

approaches supporting the idea that they represent more reliable alternative at this 

moment. 

 

 

Figure 11. Gene therapy vectors used in clinical trials. (2012; John Wiley and Sons Ltd) 

 Since biosafety is currently the mayor concern regarding gene therapy approaches, 

huge efforts are being made on enhancing biological efficiency of non-viral vectors. 

Although the science of non-viral vector gene therapy is still in its infancy all available 

data suggest that they will represent the long-term future of gene therapy. Thus, 

future science directions should go in the development of more efficient and better 

performing non-viral gene therapy vectors.   
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3.3 Protein-only gene therapy vectors 

Non-viral gene therapy nanoparticle vectors usually are named as artificial viruses 

since they mimic viral particles in their composition, size and biological activities. For 

their successful application, those particles need to have some abilities as nucleic acid 

binding, specific cell recognition and uptake, endosomal escape and nuclear transport 

for expressible DNA. Although different nanomaterials have been used for their  

generation128, protein-only artificial viruses show very promising properties for their 

application in current nanomedicines as gene therapy regarding biocompatibility. 

VLPs have successfully been used for nucleic acid transference using papillomavirus 

and polyomavirus proteins247. However, since VLPs of only a limited number of viral 

families can be efficiently produced, their applicability in gene therapy is strongly 

limited. As a different approach, multifunctional protein nanoparticles have been also 

produced for nucleic acid delivery without necessarily mimicking viral capsids. Most of 

those particles have been generated following genetic engineering techniques and 

reproducing a modular structure that combines different functional domains 

conferring all necessary biological activities for their successful application128, 129. 

Different multifunctional proteins have been already tested for their use in gene 

therapy approaches248-252 and although some immunological responses can be 

observed specially after repeated administrations, the possibility of selecting human 

protein carriers or human functional domains can considerably minimize this effect129. 

Since our group has wide expertise in the generation and use of this type of 

multifunctional protein-only nanoparticles for gene therapy approaches with 

successful results129, 169, 172, 173, 177, 192-194, 253-258, we focused our research on the 

generation of new multifunctional protein vectors applicable to different therapeutic 

models and specifically in this project to be used in colon cancer.  
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4. Protein-only gene therapy in colorectal cancer 

Being the third most common type of cancer, many efforts have been made for the 

development of efficient therapeutic processes for the successful treatment of 

colorectal cancer. However, the overall five-year survival rate for colon cancer is 60 

percent using current therapies, being mortality related to the appearance of 

metastatic foci. Current genotoxic treatments have a systemic toxicity that prevent 

from using higher doses, and attempting to target the drug to cancer cells with 

antibodies have not improved much the prognosis of these patients due to the low 

penetrability into the tumor. Therefore, there is an urgent necessity of therapies 

targeted to metastatic cancer cells. In this context, target-specific gene therapy 

appears as a very promising tool for the development of much more effective 

treatments. This innovative approach allows the targeted performance of therapeutic 

nucleic acids in cancer cells specifically acting over desired molecular targets in a 

personalized way and dramatically reducing non desired off-target toxic effects. 

Moreover, the possibility to act over those molecular targets directly involved in 

metastatic processes opens a wide spectrum of new possibilities to overcome the 

current main milestone in colon cancer. For the development of those therapeutic 

actions, multifunctional protein nanoparticles appear as one of the most promising 

gene therapy vectors due to their high biocompatibility, low toxicity and easy 

tuneability, advantages that make them very appropriate for targeted nucleic acid 

delivery approaches.  

The successful application of those nanoparticles strongly depends on their correct 

targeting, so the identification and incorporation of appropriate peptide ligands that 

specifically recognize cell surface receptors on colon cancer cells, is completely 

imperative. Different cell surface receptors have been described to be overexpressed 

in colonic tumor cells such as VEGFR, CXCR4, CD44 or EGFR, among others. However, 

CXCR4 is the one that has generated most interest since it is specifically involved in 

metastatic processes and it is therefore associated to bad prognosis259. Furthermore, 

being also one of the HIV co-receptors, CXCR4 blockers have been widely studied. 

Thus, the highly available knowledge and its direct implication in tumoral and 

metastatic processes make CXCR4 an appropriate target molecule for the specific cell 

recognition of gene therapy vectors in colorectal cancer.   

4.1 CXCR4 receptor 

CXCR4 has been described to be the only chemokine receptor essential for life. It is 

expressed in many different human cells and tissues such as lymphocytes, neurons, 

thymus or lung among other, and it has been found to be overexpressed in many 

human cancer cells including colon cancer. Among its main functions are the 

intracellular signaling and bidirectional migration (chemotaxia), playing an important 
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role in hematopoietic cell homing and gastrointestinal vascularization. Since its 

activation induces the production of VEGF, which is an angiogenesis stimulator, and 

also MMP9, which is involved in extracellular matrix degradation, CXCR4 is directly 

involved in metastatic processes and its overexpression in tumor cells has been related 

to bad prognosis 57, 260. 

Only one natural ligand recognizing the CXCR4 receptor has been described in human 

body: The CXCL12 chemokine. However, other peptidic ligands also specifically 

recognizing the CXCR4 receptor have been described in other organisms (table 5)261. 

 

Table 5. Binding affinity of CXCR4 ligands. IC50: Inhibition of ligand binding to CXCR4. 

CXCL12 (SDF1) 

CXCL12, also known as SDF1, is the only natural ligand of CXCR4 in human body. It is a 

highly basic alpha chemokine and it is implicated in chemotaxia processes and B-cell 

maturation acting as pre-Bcell growth stimulatory factor. Six different isoforms only 

differing in their C-terminal ends have been described but the most used and studied 

one corresponds to the CXCL12α isoform (SDF1α)261, 262. CXCL12 interacts with the 

CXCR4 receptor by different protein regions in a two-step mechanism263, 264 and it has 

been observed that the ligand-receptor interaction efficiently induces the complex 

internalization by an endocytic pathway265. Many CXCL12 protein derivatives have also 

been generated and described to specifically bind to CXCR4 receptor but most of them 

have shown to have lower receptor affinity than the natural ligand261, 266, 267. 

V3 peptide 

HIV interacts with human lymphocyte CD4 and CXCR4 receptors using envelope 

protein gp120. It is known that the V3 domain of gp120 specifically interacts with 

CXCR4 receptor and it has also been described that this interaction occurs at the same 

place where CXCL12 protein interacts261, 268. Since HIV is extremely efficient infecting 

human cells, this protein appears as very promising ligand for CXCR4 targeting. 

However, it has been described that the receptor affinity of isolated V3 peptide is not 

as high as the natural ligand. Some V3 peptide derivatives have also been generated 

but they have not shown better receptor affinity261. 
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vCCL2 and V1peptide 

Viral macrophage inflammatory protein II (vMIPII) also known as vCCL2, is a viral 

chemokine produced by the herpes virus simple 8 that has been described to interact 

with many human alpha and beta chemokine receptors including CXCR4. Although it 

shows very high affinity for CXCR4 receptor, its low specificity strongly compromises its 

targeted delivery applicability. However, some vCCL2 derivatives have been developed 

showing better CXCR4 specificity among which the named V1 peptide appears as one 

of the most interesting one261, 269. 

V1 peptide corresponds to the first 21 amino acids of the vCCL2 chemokine and 

although its affinity is considerably lower, it only recognizes the CXCR4 receptor. 

Moreover, it has been described that V1 peptide-receptor interaction induces ligand-

receptor complex internalization270. 

T22 protein 

Polyphemusin II is a basic protein extracted from horseshoe crabs’ blood that has been 

described to specifically interact with CXCR4 receptor. Among their derivatives, T22 

protein appears as the most promising protein for CXCR4 targeting since it shows 200 

times higher receptor affinity. 

T22 protein has been created by the introduction of three amino acid mutations in 

polyphemusin II protein (Tyr5, Lys7 and Tyr12) that increases protein global positive 

charge enhancing electrostatic interaction between protein and the CXCR4 receptor. 

The protein specifically interacts with the N-terminus and two first extracellular loops 

of the receptor where protein’s Tyr-Arg-Lys motives appear to be key structures in the 

interaction. However, no ligand-receptor complex internalization has been described 

yet. Some T22 protein derivatives, that have achieved higher receptor affinity by the 

introduction of synthetic amino acids, have been also described. However, the 

presence of synthetic amino acids, limit their productivity in biological systems261, 271. 

ALX40-4C protein (R9) 

The R9 peptide, which is generated by just 9 arginines and which is also named as 

ALX40-AC protein, have been reported to electrostatically interact with the CXCR4 

receptor. However, this protein have been also described to act as cell penetrating 

peptide (CPP) and shown to unspecifically interact with other cell surface molecules172, 

261, 272, 273. 
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In order to select the most appropriate ligand for the successful and efficient cell 

targeting of gene therapy vectors, two major properties have to be taken into account. 

The affinity is the most important property since the higher the affinity is, the lower 

the administrated dose will be and consequently this decreases potential toxicity. By 

the other hand, previous ligand-receptor complex internalization studies are another 

important parameter to be considered since the uptake of the targeted vector is an 

indispensable step for the successful application of these therapies. Thus, these two 

properties, among others, are important to be considered for the final design of a 

specific vector for gene therapy. 

4.2 Target genes in colorectal cancer 

Selecting an appropriate target gene, results as important as achieving a good cell-

specific targeting for the success of gene therapy in colorectal cancer. Being one of the 

most frequent and studied tumor types, all the therapeutic targets have already been 

perfectly identified, so the most appropriate target gene has to be selected in each 

individual case depending on the tumor genotype in order to design a personalized 

gene therapy treatment. In this context, K-Ras gene appears as one of the most 

important therapeutic target for gene therapy treatments in colorectal cancer, since it 

has been found to be mutated in about 40% of all the reported cases46, 274. 

K-Ras 

Ras gene superfamily codifies for small GTPase proteins implicated in the regulation of 

many cellular processes. Three different Ras alleles have been identified including       

H-Ras, K-Ras and N-Ras. Being one of the most common mutations in human cancers, 

K-Ras, which has been described to be directly implicated in many intracellular 

signaling pathways such as MAPK, PI3 kinase, Phospholipase C and Ral pathways, is 

one of the most widely studied oncogenes (Figure 12). Specifically, it has been found 

to be mutated in 40% of total colon cancer cases being the most common mutations K-

RasVal12, K-RasAsp12 and K-RasVal13. Those mutations constitutively activate K-Ras 

protein by the inactivation of its intrinsic GTPase activity, strongly affecting those 

cellular functions controlled by this protein such as cell proliferation (stimulation), 

cellular mobility, cell apoptosis (inhibition) and cytoskeleton organization46, 274, 275. 

In this context, mutations in K-Ras gene have been directly related with aggressive and 

metastatic behavior of tumor cells. Moreover it has also been described that 

mutations in K-Ras are associated to resistance to some chemotherapeutic agents such 

as 5-Fluorouracil275.  

Thus, the targeted nucleic acid delivery for the downregulation of K-Ras gene with 

deleterious effects appears as a very promising therapeutic approach for the successful 

treatment of metastatic colon cancer patients, even more with the fact that we can 
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improve specificity by interfering just the mutated gene without affecting the wild type 

transcribed in non-tumoral cells50. 

 

 

Figure 12. K-Ras oncogene signaling pathway (Adapted from 05210-Kanehisa labs. and Chapman 2002) 
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5. Overview 

Cancer is ranked as the second leading cause of death worldwide. Consequently there 

is a huge necessity of finding more effective cancer therapies. Currently available 

cancer therapies, far from being effective, present high systemic toxicity and low 

patient survival rates being the main mortality cause the appearance of metastatic 

foci, especially in colon cancer. Thus, improving cell specificity and avoiding metastases 

generation are the mayor challenges for future cancer therapies. In this context, gene 

therapy appears as very promising alternative therapy since cell targeted personalized 

therapies can be performed with low systemic toxicity. Since biosafety is the current 

mayor concern in this type of therapies, multifunctional proteins appear as the most 

promising gene therapy vectors because of their high biocompatibility and biosafety, 

low toxicity and really complete tuneability. The necessity of adequate nanoparticle 

size for their efficient biodistribution and delivery has been widely discussed in this 

introduction. It is important in this context, to study and understand which are the 

factors that drive the self-assembling capacity of proteins in particles of defined size 

distribution, in order to rationally get the full potential of those nanoparticles for their 

subsequent application in colorectal cancer gene therapy. For this purpose, CXCR4 

receptor has been proposed as the most appropriate cell-targeting molecule for the 

efficient delivery in colorectal metastatic cells, and K-Ras oncogene downregulation 

has been claimed to be the most effective therapeutic action not only for the 

treatment of solid tumors but more specially to avoid the metastatic foci appearance. 

Thus, we think that the design, generation and characterization of multifunctional 

proteins with the adequate nanoparticle size for the efficient and specific delivery of 

drugs or nucleic acids (e.g. mutated K-ras allele-specific therapeutic siRNA molecules) 

in CXCR4 overexpressing colon cancer cells, may result an important turning point in 

the successful application of non-viral gene therapy treatments in metastatic colon 

cancer. 
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The aim of this study is to engineer protein-protein interactions in recombinant 

proteins for the construction of functional protein-based nanoparticles and to 

determine the suitability of self-assembled entities as nanomedical tools for targeted 

nucleic acid delivery in metastatic colorectal cancer. In this regard, this work has been 

firstly focused on the identification and characterization of architectonic peptidic tags 

to induce the self-assembling of functionalized protein monomers into size compatible 

nanoscale entities. Then, the applicability of this type of particles for the appropriate 

tumor specific biodistribution and the subsequent therapeutic nucleic acid delivery in a 

metastatic colorectal cancer model has been extensively analyzed. In order to reach 

these goals, we planned the following objectives:  

1. To explore the possibility of effectively controlling the self-assembly of protein 

nanoparticles by the incorporation of selected functional modules acting as 

architectonic tags. 

 

2. To analyze the intracellular trafficking and stability of self-assembled protein 

nanoparticles when they are exposed to cultured cells.  

 

3. To construct CXCR4+ cell-targeted self-assembling protein nanoparticles and 

assess their biodistribution in a metastatic colorectal cancer murine model.  

 

4. To determine the stability of the supramolecular complexes in vivo.  

 

5. To characterize the DNA condensation and protection capacity of nucleic acid 

binding domains in self-assembled protein nanoparticles for their use as 

artificial viruses. 

 

6. To determine the suitability of generated artificial viruses as targeted nucleic 

acid delivery vectors for gene therapy approaches.  
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Paper 1 

Non-amyloidogenic peptide tags for the regulatable self-assembling of 

protein-only nanoparticles. 

Ugutz Unzueta, Neus Ferrer-Miralles, Juan Cedano, Xu Zikung, Mireia Pesarrodona, 

Paolo Saccardo, Elena García-Fruitós, Joan Domingo-Espín, Pradeep Kumar,          

Kailash C. Gupta, Ramón Mangues, Antonio Villaverde, Esther Vazquez. 

Biomaterials, 33, 8714-8722, 2012 

 

Controlling the size of generated nanoparticles has been extensively proven to be an 

important requisite for their successful application in nanomedicine. In this work, we 

explore the possibility of effectively modulating the protein monomers self-assembling 

by the incorporation of peptidic architectonic tags in order to regulate the formation 

of protein nanoparticles of the optimal size for a correct in vivo biodistribution. For 

that, different arginine-rich and other cationic peptides have been tested for their 

ability to induce the self-assembling of monomeric building blocks in monodisperse, 

protein-only nanoparticles when they are incorporated to His-tagged proteins. We 

have deeply examined in this study the role of cationic peptides and poly-histidine as 

an architectonic tag pair. 

We have observed how the combination of cationic peptides and hexa-histidine tail 

fused to the amino and carboxy termini respectively, can induce the self-assembling of 

different proteins in nanoparticles whose properties can be regulated by pH during the 

particle formation. Moreover, the obtained results suggest that the cationic nature of 

the tag may determine its architectonic potential and influence the size of the resulting 

construct. Additionally, we have provided evidences to prove that the architectonic 

properties of the tag pair ire supported by electrostatic interactions between protein 

monomers driven by the cationic tag primarily, and subsidiarily, by the hexa-histidine 

tail when it gets protonated at slightly acidic pHs.  

Thus, the incorporation of this architectonic tag pair to different protein species acting 

as monomers opens up the possibility of effectively controlling their self-assembling 

potential for the generation of size compatible protein-only nanoparticles.  
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Paper 2 

Internalization and kinetics of nuclear migration of protein-only, 

arginine-rich nanoparticles 

Esther Vázquez, Rafael Cubarsi, Ugutz Unzueta, Mónica Roldán, Joan Domingo-Espín, 

Neus Ferrer-Miralles, Antonio Villaverde. 

Biomaterials, 31, 9333-9339, 2010 

 

The peptide architectonic tag pairs described above have allowed us to promote the 

self-assembly of functionalized proteins in size compatible protein-only nanoparticles. 

However, although it is intimately linked with their therapeutic applicability and 

potential toxicity, little is known about how do these nanoparticles interact, are 

internalized and migrate within target cells. Consequently, we wanted to analyze in 

this work the intracellular trafficking and stability of self-assembled protein 

nanoparticles when they are exposed to cultured cells. 

In short, we have kinetically explored the uptake and intracellular migration of the R9-

empowered reporter nanoparticles (R9-GFP-H6), which self-assemble in particulated 

entities of around 20nm in size, in different cultured cells. The results showed that 

protein nanoparticles were efficiently internalized and accumulated in both cell 

cytoplasm and nucleus, indicating that the nanoparticulated structure did not make an 

obstacle for their uptake in mammalian cells. Moreover, the observation of endosomal 

vesicles that contain proteins fully supported an endosomal internalization pattern. 

However, the fully fluorescent protein particles detected within the cells and their fast 

cytoplasmic migration strongly suggested early endosomal scape ability. Additionally, 

the fast nuclear accumulation pattern together with the intra-cytoplasmic convergent 

and not random nuclear trajectory clearly indicated an active nuclear localization of 

protein nanoparticles. In this regard, the kinetic analysis proved the cytoplasmic 

membrane to be the limiting step in the nanoparticle accumulation inside cell nucleus, 

and not the nuclear membrane.   

Therefore, self-assembling protein-only nanoparticles have been proven to be 

promising tools for intracellular nucleic acid or drug delivery in mammalian cells, being 

the cytoplasmic uptake the major critical barrier in the intracellular trafficking process. 
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Paper 3 

Intracellular CXCR4+ cell targeting with T22-empowered protein-only 

nanoparticles 

Ugutz Unzueta, María Virtudes Céspedes, Neus Ferrer-Miralles, Isolda Casanova,     

Juan Cedano, José Luis Corchero, Joan Domingo-Espín, Antonio Villaverde,           

Ramón Mangues, Esther Vazquez. 

Int J Nanomedicine, 7, 4533-4544, 2012 

 

Targeted delivery of drugs and nucleic acids, has turned out to be a very promising tool 

in nanomedicine and more especially in cancer medicine where targeted therapies for 

metastatic tumor cells are urgently demanded. In this context, the aim of this work 

was to construct self-assembling protein nanoparticles directed to CXCR4 expressing 

cells (a cell surface receptor marker associated with several severe human pathologies, 

including metastatic colorectal cancer) and assess their biodistribution in metastatic 

colorectal cancer models.  

Four different CXCR4 specific ligands fused to His-tagged GFP-based reporter proteins, 

which self-assemble in monodisperse nanoparticles, were tested for their ability to 

specifically internalize in a CXCR4+ cultured cancer cells. Although all the generated 

self-assembled nanoparticles succeeded in their internalization ability, the T22-

empowered particles proved to be by far the most efficient in penetrating target cells 

via a rapid, receptor-specific endosomal route, showing stable accumulation of the 

fluorescent nanoparticles in the perinuclear cell region.  The excellent in vitro 

performance of T22-empowered protein nanoparticles observed, encouraged us to 

proceed with further in vivo biodistribution assays in an orthotopic metastatic 

colorectal cancer murine model. Intravenous injection of T22-empowered self-

assembling nanoparticles resulted in a stable accumulation of the nanoparticles 

exclusively in the primary tumor and all the macro and micrometastatic foci for more 

than 24h, being internalized in CXCR4 positive cells as it was described in vitro. Peptide 

accumulation showed no toxicity in both in vitro and in vivo metastatic colorectal 

cancer models.  

In this study, the peptide T22 has been shown to be an unusually powerful tag for 

intracellular targeting of CXCR4+ cells, offering a wide spectrum of possibilities not only 

for the specific drugs and nucleic acids delivery, but also as a diagnostic agent. 
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Since the following studies continuing this work have not been accepted 

for publication yet, they will be presented as a Manuscripts sent for 

publication and placed in the annex of this PhD thesis. 

Manuscript 1: (annex 1, page. 115) 

o In vivo architectonic stability of fully de novo designed 

protein-only nanoparticles.  

 

Manuscript 2: (annex 2, page. 137) 

o Sheltering DNA in Self-organizing, protein-only nano-shells as 

artificial viruses for gene delivery. 

 

Manuscript 3: (annex 3, page. 157) 

o Improved performance of protein-based recombinant gene 

therapy vehicles by adjusting downstream procedures. 

In the following pages you will find a short abstract of each of those 

Manuscripts. Please look up the corresponding annex to find the whole 

Manuscript.  
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Manuscript 1 

In vivo architectonic stability of fully de novo designed protein-only 

nanoparticles. 

María Virtudes Céspedes, Ugutz Unzueta, Witold Tatkiewicz, Patricia Alamo, Xu Zikung, 

Isolda Casanova, José Luis Corchero, Oscar Conchillo, Juan Cedano, Xavier Daura, Imma 

Ratera, Jaume Veciana, Neus Ferrer-Miralles, Esther Vazquez, Antonio Villaverde, 

Ramón Mangues. 

Submitted to ACS Nano. 

 

Intermolecular interactions involved in protein-only nanoparticle formation and 

promoted by peptidic architectonic tags have been extensively explored in previous 

studies. However, whether those interactions are strong enough to ensure the stability 

of the self-assembled protein nanoparticles in vivo or not, has not yet been fully 

explored. Being this issue critical for the design and development of self-assembling 

protein nanoparticles, the aim of this study was to determine the stability of generated 

supramolecular complexes in vivo.  

For that purpose, we analyzed the rapid renal clearance of different functionalized 

self-assembled protein building blocks compared with other closely related protein 

variants that do not form nanoparticles, upon intravenous administration in vivo. We 

used the renal clearance as in vivo particle size indicator since renal filtration occurs 

over approximately 6 nm, a size slightly higher than the monomeric protein building 

blocks used in this study. We observed that the self-assembled protein nanoparticles 

stably accumulated in their respective target cells but not in kidney while non-

assembled monomeric protein variants were quickly cleared from the circulating 

system and highly accumulated in kidney. These results were reproduced when 

comparing two formats of T22-iRFP-H6 proteins, as monomer or as self-assembled 

nanoparticles, depending on the salt content of the storage buffer, being the first 

format quickly cleared by the kidney while the second one localized at target cells in 

vivo. These results prove the strong architectonic stability of the nanoparticulated 

supramolecular entities in vivo, confirmed in vitro by the difficulty to disassemble 

already formed T22-iRFP-H6 nanoparticles, when we increase the content of salt in the 

storage buffer. These findings suggest that nanoparticle’s structural stability in vivo 

may be supported not only by weak electrostatic interactions, but also by additional 

van der Waals forces and hydrogen bonds to maintain their structural integrity while 

travelling in the blood stream, as observed in performed in silico analysis.  
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Manuscript 2 

Sheltering DNA in Self-organizing, protein-only nano-shells as artificial 

viruses for gene delivery. 

Ugutz Unzueta, Paolo Saccardo, Joan Domingo-Espín, Juan Cedano, Oscar Conchillo, 

Elena García-Fruitós, Maria Virtudes Céspedes, José Luis Corchero, Xavier Daura, 

Ramón Mangues, Neus Ferrer-Miralles, Antonio Villaverde, Esther Vazquez. 

Submitted to Nanomedicine: Nanotechnology, Biology and Medicine. 

 

Once self-assembled protein-only nanoparticles have been proven to be an excellent 

and stable material for their use in vivo, by incorporating additional functional domains 

supporting nucleic acid condensation, the protein nanoparticles can be associated with 

a cargo DNA for their use in gene therapy. In this context, the aim of this study was to 

characterize the DNA condensation and protection capacity of nucleic acid binding 

domains in self-assembling protein nanoparticles for their use as artificial viruses.  

In this regard, we incubated previously reported R9-empowered nanoparticles with an 

external cargo DNA at different conditions and subsequently analyzed the generated 

supramolecular structures by Dynamic Light Scattering, confocal microscopy and 

DNase protection assays. The incubation of self-assembling protein with DNA at 

optimal transfection conditions, resulted in  virus-like spherical and rod shaped 

particles, both containing the cargo DNA completely shielded in the inner part of the 

structure. Generated rod-shaped shells resulted to be morphologically similar to capsid 

proteins observed in some plant viruses such as tobacco mosaic virus (TMV), strongly 

supporting a virus-like organization. Moreover, performed DNA hydrolysis assays 

where protein-DNA polyplexes were incubated in the presence of DNase I, proved the 

self-assembled nanoestructures to be protective for their cargo DNA. Thus, in this 

study we have demonstrated functionalized self-assembled protein nanoparticles to 

have an unexpected architectonic potential when combined with an external DNA and 

also to be a new promising nanomaterial for their use as non-viral vectors for gene 

delivery.
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Manuscript 3 

Improved performance of protein-based recombinant gene therapy 

vehicles by adjusting downstream procedures. 

Ugutz Unzueta, Paolo Saccardo, Neus Ferrer-Miralles, Ramón Mangues,                  

Esther Vázquez, Antonio Villaverde. 

Submitted to Biotechnology Progress 

 

Self-assembling protein-only nanoparticles have been proposed to be a very promising 

tool for their use as nucleic acids delivery vectors upon incorporating all the necessary 

functional domains supporting DNA condensation, cell binding, internalization, 

endosomal scape and nuclear transport. However, since their gene delivery capacity 

has been yet unexplored, the aim of this study is to determine the suitability of 

generated artificial viruses as targeted nucleic acid delivery vectors for gene therapy 

approaches. 

In this context, different versions of CXCR4+ cell-targeted multifunctional protein 

nanoparticles (artificial viruses) were rationally created and tested for their ability to 

efficiently condensate a reporter gene containing external plasmid DNA and 

successfully deliver it in cultured CXCR4+ target cells. Surprisingly, none of them were 

able to efficiently bind the cargo DNA and consequently to express the reporter gene 

in target cells. Performed additional analyses showed that all these nanoparticles had 

already condensed nucleic acids from the bacterial expression system used for 

recombinant protein production and therefore, their nucleic acid binding domains 

were not functional to bind additionally added external DNA. We optimized a DNase / 

RNase treatment of pre-purified proteins to efficiently remove undesired bacterial 

nucleic acids and consequently, we obtained nucleic acid free nanoparticles, that 

proved to successfully bind added external DNA and to express a reporter gene in 

CXCR4+ cells more efficiently. Thus, these results show the effects of the bacterial host 

when producing a recombinant artificial virus with nucleic acid binding domains and 

suggest an additional purification step to obtain functional recombinant protein-only 

artificial viruses. 
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1. Construction and intracellular trafficking of self-assembling protein 

nanoparticles. 

Many different types of nanoparticles have been developed since nanomedicine began 

by using materials of diverse chemical origin such as lipids, polymers, proteins, metals 

or carbon nanotubes among others98. Among them, protein nanoparticles appear to be 

specially promising for biomedical uses due to their high biocompatibility, 

biodegradability and functional diversity, in addition to high versatility of design. These 

features make protein nanoparticles a powerful and extremely plastic material that 

can be adapted to essentially any clinical requirement332.  Moreover, being proteins a 

material of biological origin, they can be produced in a wide spectrum of biological 

platforms and many different functions can be incorporated in the same polypeptide 

chain by conventional protein engineering332.  

Nanoparticle size, being one of the most important parameters not only for in vivo 

biodistribution, but also regarding toxicity and uptake into target cells, is a 

characteristic difficult to control88-90. In different non-peptidic nanoparticles including 

liposomes, polymers, silicon or gold nanoparticles among others, it has been 

extensively explored the generation of particles with predefined nanoscale features, 

generally by chemical or mechanical fine fabrication procedures136-140, 333-339. However, 

the de novo development of self-assembling protein-only nanoparticles generated by 

the rational assembling of repetitive monomeric building blocks into regular size 

particles has not been fully explored in nanomedicine.  

Currently described protein-based vectors, have been generally developed using 

already known natural proteins or protein segments with tendency to oligomerize as 

viruses, virus like particles, parts of viral capsids, flagella-based devices or subcellular 

organelles141, 254, 340-350. Although these types of vehicles have been extensively used 

for different biomedical applications such as drug delivery or antigen presentation351, 

352, they usually show null or limited structural versatility. On the other hand, 

conventional self-assembling proteins are in general amyloidogenic protein segments 

that organize by cross-molecular beta sheet-based interactions353-357 and form fibers, 

membranes or hydrogels358, 359. However, when fused as tag to proteins, they usually 

induce protein aggregation360, 361.  

Therefore, the rational generation of de novo designed self-assembling protein-only 

nanoparticles for biomedical purposes needs to be further explored. Only isolated 

cases of successful protein-only nanoparticles construction and structural modulation 

have been reported, being all of them derived from unanticipated observations362, 363.  

Apart from nanoparticle’s size, the way nanoparticles interact with target cells 

represents a critical issue in nanomedicine, especially regarding important issues such 

as toxicity, internalization and cargo delivery ability. The cellular uptake of different 
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types of nanoparticles has already been deeply studied, mainly regarding drug and 

nucleic acid delivery as in the case of carbon nanotubes, polymeric particles, lipid 

vesicles, polymer-lipid hybrid particles, metal-polymers, metal-lipid hybrid particles, 

peptide-active metal particles or peptide functionalized polymers among others132-135, 

364-369. As described before, many peptides have been incorporated to functionalize 

other types of nanoparticles, especially to confer them specific cell targeting. However, 

although different protein-only nanoparticles have already been generated showing 

drug or nucleic acid delivery potential178, the intracellular trafficking of these protein 

nanoparticles other than viruses or virus like particles has so far not been studied in 

depth.  

In a previous study, we observed how the pleiotropic poly-arginine (R9) peptide was 

able to induce the self-assembling of a His-tagged GFP protein into 20 nm regular size 

nanoparticles (Annex 4)370. Moreover, those particles showed very high cell 

penetrability and were able to condense and deliver an expressible DNA into 

mammalian cells370. Thus, this work reported for the first time how the R9 peptide, 

which had been previously described for its cell penetrating activity, blood brain 

barrier crossing ability and DNA condensing capacity172, 173, 253, 371, also shows 

architectonic properties unsuspected before. The possibility of incorporating specific 

peptides to proteins as architectonic tags for their self-assembling induction into 

nanoparticles with predefined properties appears as a very convenient strategy, since 

it would make possible to rationally design and induce the self-assembling of proteins 

with appealing biological properties into regular size protein-only nanoparticles.  

On this background, we wanted to deeply study which are the protein’s features 

conferring self-assembling ability and thus, explore the possibility of effectively 

modulating their architectonic properties in order to produce nanoparticles of suitable 

size for their optimal biomedical application. 

First of all, in order to determine if the architectonic properties previously described in 

R9-empowered particles were shared among different cationic stretches, three 

different poly-arginine (R7,R6 and R3) and other 9 unrelated cationic peptides were 

tested for their architectonic ability upon incorporated into the same His-tagged GFP 

protein (see paper 1, table1 and 2). Most of them showed the ability to induce the 

self-assembling of the chimerical proteins into regular pseudo-spherical (paper 1, 

figure 2) nanoparticles ranging in size between 20 and 100 nm (paper 1, table1 and 2) 

which assembling properties were clearly affected by salt concentration, strongly 

indicating thus, that protein’s self-assembling process was driven by electrostatic 

interactions between protein monomers (paper 1, Figure 1 and 2). Moreover, the 

completely different origin of the self-assembling inducing peptides, proved their 

architectonic ability to be determined by their cationic nature but not by their 

structure. 
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Hexahistidine tag, commonly used for protein purification processes and also known 

for its endosomal scape ability, has been suggested in this study to be involved in 

protein-protein and protein-DNA interactions when the pH at which nanoparticles are 

generated gets slightly acidified and consequently the histidines gets partially 

protonated (paper 1, figure 5 and supplementary video S1). Apparently, positively 

charged histidines are able to compete with cationic R9 tags for the intermolecular 

interactions, partially releasing the R9 peptide from its architectonic role and 

consequently allowing it to recover its DNA condensing activity and cell penetrating 

ability. This allows the construct, all together, to act as efficient DNA delivery carrier 

(paper 1, figure 4). Therefore, hexahistidines have been proposed to act as pH-

regulatable architectonic tags that when exposed together with the R9 or any other 

cationic architectonic tag in the same polypeptidic chain, can complement the activity 

of the cationic peptide. Thus, the dual peptides set as a whole can induce the 

regulatable self-assembling of the protein.  

In order to prove the universality of the system, the R9 and H6 tag pair where exposed 

in the amino a carboxy termini respectively of the human p53 protein, a completely 

different protein both in sequence and structure, and the generated nanoparticles 

were subsequently tested and compared with the non-functionalized wild type 

protein. The obtained results proved that the architectonic properties showed by the 

peptide tags described before were extensible to other proteins and was not 

something exclusive of GFP based scaffolds (paper 1, figure 6). Moreover, generated 

fully fluorescent nanoparticles, strongly suggested that the assembling process does 

not imply any loss of protein activity, at least in the case of GFP in which activity can be 

easily tracked by fluorescence detection.  

Interestingly, correlation analysis performed between different protein parameters 

and the resulting nanoparticle’s properties, showed that the size of the generated 

constructs where significantly influenced by the charge of the cationic tag (paper 1, 

figure 3). Being nanoparticle size so critical parameter for their successful biomedical 

application,  this strategy not only would potentially allow to predict the size of the 

resulting nanoparticles, but it also would consequently permit to rationally modulate 

the properties of architectonic tags in order to create a size compatible nanoparticle. 

Therefore, although further studies are required to fully understand the mechanisms 

involved in those self-assembling processes, the observations reported in this study 

open a wide spectrum of possibilities for the rational design of self-assembling protein-

only nanoparticles which properties can be regulated by conventional engineering. 

These particles appear to be of particular interest in nanomedicine not only as a 

promising alternative to the limited use of conventional self-assembling amylodogenic 

proteins, but also for their potential utility in nucleic acid or drug delivery strategies. 

However, although it is intimately linked with their therapeutic applicability and 
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potential toxicity, very little is known about how do these nanoparticles interact, are 

internalized or migrate within the cells. In this regard, we prompted to kinetically 

explore the uptake and intracellular trafficking of the R9 peptide-empowered 

nanoparticles in different cultured mammalian cell lines.  

We have observed that R9-empowered GFP-H6 nanoparticles efficiently enter 

different cell lines via endosomal route and quickly accumulate into the cell nucleus 

(paper 2, figure 1 and 2), being the observed highest nuclear accumulation rate 

coincident in time with the highest cytoplasmic protein uptake rate (paper 2, figure 3). 

This has proven the nuclear localization of R9-empowered nanoparticles to be strongly 

dependent on cytoplasmic protein concentration, and the cell cytoplasm to be just a 

mere intermediary in the route of the nanoparticles towards the cellular nucleus. 

Therefore, the cytoplasmic protein uptake seems to be the most important bottleneck 

in the whole nuclear transfer process and not the nuclear membrane, which in general 

is considered to be the main biological barrier in nanoparticle`s drug delivery372.  

Moreover, the endosomal uptake of R9-GFP-H6 proteins did not show any detectable 

toxicity in exposed cells. 

Performed kinetic studies, reported a converging cytoplasmic protein movement ten 

times faster than that estimated to be by passive diffusion373(Paper 2, supplementary 

video). Being this fast and not random movement towards the cell nucleus more 

compatible with actin or dynein mediated transport than to other described 

mechanisms373-375,especially considering that reported speed data was an average of 

endosomal and post-endosomal migration phases, an active nuclear transport 

mechanism was strongly suggested (table 6).  

 

            Table 6. Cytoplasmic transport mechanism and speed of different nanomaterial. 

Taken all together: the lack of detectable toxicity, the high biocompatibility expected 

for proteins, the efficient R9-empowered particles uptake and nuclear avidity and their 

regulatable architectonic properties, make R9-GFP-H6 and in general self-assembling 

protein-only nanoparticles a very promising tool for the therapeutic delivery of drugs 

or nucleic acids in mammalian cells. 
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2. In vivo biodistribution and stability of cell-targeted, self-assembling 

protein nanoparticles. 

Since nanomedicine and innovative medicine emerged, controlling cell targeting and 

drug penetrability has been one of the most pursued objectives. Conventional 

therapies are still far from being efficient owing to their lack of cell specificity and its 

associated systemic toxicity which strongly limit the administrable dose. However, 

achieving an efficient cell targeting, not only allows increasing local drug concentration 

and consequently its efficacy, but it also permit to decrease their toxicity and 

production costs.   

Being the cell membrane generally considered as the main biological barrier for the 

uptake of drugs and particulate entities376, the identification of antibodies or peptide 

ligands recognizing specific cell surface receptors and inducing the attached cargo 

internalization377 is one of the most demanded issues in clinical research. In this 

context, cancer medicine is a clear example of this urgent need of specific targeting, 

since conventional therapies show really high systemic toxicity and are not effective 

enough. Especially in colorectal cancer, where metastatic foci appear usually at early 

stages of the pathology and where current therapies do not significantly improve 

patients’ survival, the development of targeted therapies, especially when directed to 

metastatic cells, appear to be a really promising alternative to current therapeutic 

strategies.  

In this regard, in previous experiments, targeted vectors were administrated in 

combination with conventional chemotherapy and it showed to be more effective than 

the chemotherapy alone15, 59. However, although some heartening results have been 

described, only really few of hitherto tested nanoparticles have shown to be effective, 

especially since the lack of efficient targeting is still the major obstacle in the design of 

those therapies98. Some recently described assays, where antibodies were used to 

target drugs to tumor cells, proved antibodies to be really inefficient, being only 

between 0.001% - 0.01% of administrated complexes localized in tumor cells and 

showing really low cell penetrability76, 98, 378. Moreover, cases of rapid chemoresistance 

development were also reported379. Thus, even though different tumor-homing 

peptides are currently been identified, targeting tags for a correct and efficient 

receptor-specific internalization of functionalized nanoparticles are still not 

available380-382.   

Overcoming the different biological barriers existing within an in vivo system is an 

essential requisite for any construct aimed to achieve a successful targeting. In this 

context, many different parameters have been described to be critical for in vivo 

biodistribution of nanoparticles, including their size, shape, surface charge distribution 

and properties of the nanomaterial. Among them, nanoparticle size has been reported 
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to be one of the most relevant features influencing their biodistribution77. Therefore, it 

is very important to be able to construct size compatible nanoscale entities whose 

structural stability is not affected when administered in living organisms, since any 

alteration in nanoparticle’s size could represent a dramatic change in their 

biodistribution pattern. 

In this context, our aim was to identify different efficient receptor-specific peptide 

ligands specifically recognizing the CXCR4 receptor, which is overexpressed in different 

human pathologies including metastatic colorectal cancer383-387, in order to design and 

construct functionalized CXCR4+ cell-targeted self-assembling protein-only 

nanoparticles. 

In this regard, four different GFP-H6 based chimerical constructs, each of them 

containing already described different CXCR4 specific ligands, were designed and 

successfully produced in E. coli (paper 3, figure 1 and 2). Although all of them 

internalized successfully, the T22 peptide, an engineered segment derivative of 

polyphemusin II from the horseshoe crab, proved to be by far the most efficient one in 

the selective intracellular targeting of CXCR4+ cultured cells (paper 3, figure 3 and 4A). 

The fully fluorescent T22-empowered protein constructs were efficiently internalized 

by a rapid receptor-specific endosomal route and stably accumulated in the 

perinuclear region of different CXCR4+ cell lines in absence of any significant toxicity 

(paper3, figure 4 and 5). 

Interestingly, although the T22 peptide had already been extensively studied as CXCR4 

receptor specific ligand in HIV virus uptake inhibition assays388, its appealing cell 

penetration ability had never been previously reported. From our results, we can 

conclude that protein internalization process is not exclusively dependent of their 

receptor binding capacity. Although the other three constructs generated in this work 

also showed CXCR4 binding ability, their internalization efficiency resulted to be 

significantly lower than the one occurring with T22-empowered proteins (paper 3, 

figure 3); even when their described receptor affinity was higher than the one 

reported for T22 peptide261. Some other performed studies using antibodies and other 

CXCR4 specific ligands, showed also to have very low penetrability even in the cases 

where CXCR4 induced cell proliferation were stimulated. In our hands, T22-GFP-H6 

constructs in spite of efficiently interacting with the receptor, never showed any 

significant cell proliferation stimulation. Therefore, this data clearly proved that the 

affinity for the receptor, the intracellular signaling activation and internalization are 

completely independent phenomena. 

Protein intracellular tracking was performed to determine cytosolic migration speed. 

The single fluorescence entities found within the cells, non-overlapped with 

membrane staining, and determined high intracytosolic mobility speed, strongly 

suggested a rapid endosomal escape ability of T22-empowered protein constructs 
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(paper 3, figure 4D). As histidines endosmolitic ability has already been extensively 

described in the literature, our protein’s early endosomal escape ability could probably 

be mediated by its hexaHistidine tag389.  

We further studied the architectonic ability of T22, a highly cationic peptide, as part of 

a His-tagged polypeptide. T22-empowered constructs showed the ability to self-

assemble in regular size nanoparticles of around 13nm, probably driven by 

electrostatic interactions between the highly dipolar protein monomers (paper 3, 

figure 6 and 8). Their functional preservation, determined by fluorescence detection, 

proved the self-assembling process to have poor impact on the protein structure. 

Moreover, the generated nanoparticles not only showed high proteolyitic stability in 

serum, but also proved to be structurally very stable, being still fully functional after 

different storage conditions (paper 3, figure 6 and 7). 

The excellent in vitro performance of T22-empowered self-assembling protein 

nanoparticles strongly encouraged us to further proceed with in vivo biodistribution 

assays using an orthotopic metastatic colorectal cancer murine model. Intravenous 

administration of the particulated entities resulted in a stable accumulation of 

nanoparticles in the primary tumor and all the metastatic foci (but not in any normal 

tissue) for more than 24 hours in absence of any sign of toxicity (paper 3, figure 9 and 

10). Furthermore, immunohistochemical assays showed that the nanoparticles not 

only accumulated in tumor tissue, but they also were efficiently internalized in CXCR4+ 

cells, as described in vitro (paper3, figure 10). No protein was found in liver, kidneys, 

or lungs, which are the typical organs where nanoparticles are prompted to 

accumulate depending on their size77, 78, 81, 86 (paper3, figure 9). These results strongly 

suggested that in vitro generated T22-empowered nanoparticles remained stably 

assembled as particulated entities after in vivo administration, since the nanoparticle 

size (around 13nm) is big enough to efficiently avoid renal clearance but also small 

enough to avoid accumulation in other organs such as lungs, liver or spleen. However, 

whether the in vitro generated intermolecular interactions induced by previously 

described architectonic tag pairs were strong enough to ensure nanoparticles’ stability 

in vivo or not, was still not explored. 

The electrostatic intermolecular interactions proposed for our self-assembling 

nanoparticles are presumably weaker than those occurring in other natural 

supramolecular protein complexes such as viruses or other self-assembling proteins. 

Then, the possibility that the self-assembled nanoparticles get immediately 

disassembled after being administrated in the circulatory system cannot be dismissed. 

Therefore, being this issue critical not only for the design and development of 

architectonic tags based protein nanoparticles, but also for their successful 

biodistribution in vivo, we determined in this study the structural stability of our 

protein nanoparticles by analyzing their renal clearance. Since all the protein 
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nanoparticles used in this study show higher or lower nanoparticle size than 6 nm, 

cutoff size at which renal filtration occurs, depending on whether they are in their 

monomeric or assembled form, the renal clearance appears an excellent indicator of 

circulating particles’ stability. 

The obtained results showed how the injected non-assembling protein constructs were 

very quickly cleared by the renal system upon systemic administration while the 

inoculated self-assembled protein nanoparticles were not (Manuscript 1, figure 1). 

Plasma stability and biodistribution assays proved the efficient nanoparticle 

accumulation in their respective target tissues the reason why they were not detected 

in kidney (Manuscript 1, figure 2). Interestingly, T22-empowered iRFP protein 

constructs were found to self-assemble in nanoparticles of around 15 nm in size when 

stored in low salts concentration buffer, while they remained in their monomeric form 

when stored in a high salt concentration buffer (Manuscript 1, figure 3A). When 

testing the renal clearance of both formats of the same protein administered in vivo, 

we observed once again a fast renal clearance in the case of the non-assembled 

construct while the assembled one was efficiently accumulated in their target cells and 

not in kidney (Manuscript 1, figure 3B). These results fully supported the nanoparticle 

size-dependent biodistribution observed in previous models. 

In this study, we have fully demonstrated that in vitro self-assembled protein 

nanoparticles are structurally stable in vivo. However, being simple electrostatic 

interactions described in previous works (paper 1) presumably too weak forces to 

maintain nanoparticles’ structural stability in vivo, obtained results strongly suggest 

that other additional forces might be participating in their structural stabilization. In 

this regard, performed in silico studies fully supported additional van der Waals and 

hydrogen bonds to be generated after the initial electrostatic interactions, conferring 

enough structural stabilization to maintain nanoparticles’ structural integrity in vivo 

(Manuscript 1, figure 4 and table 1). 

All together, the peptide T22 appears to be an unusually powerful tag for intracellular 

targeting in CXCR4+ cells, whose use opens a wide spectrum of possibilities not only for 

targeted therapies, but also for diagnosis. Moreover, T22-empowered self-assembling 

nanoparticles appear as a very promising tool for targeted drug or nucleic acid delivery 

in CXCR4 linked pathologies, for which intracellular targeting agents are still missing, 

and especially in metastatic colorectal cancer, where current treatment strategies are 

targeted to the primary tumor rather than to the disseminated disease390. All this, 

prompted us to apply for an European patent based on the use of the T22 peptide for 

targeted intracellular delivery of therapeutic molecules in CXCR4+ cells 

(EP2012/050513) published on 2012/09/03 (WO2012/095527) (Annex 5). 
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3. Self-assembling protein nanoparticles towards the gene therapy in 

colorectal cancer. 

One of the major aims of non-viral gene therapy has been the construction of size 

compatible and tunable nanoparticles that efficiently mimic different viral functions, 

such as nucleic acids binding and condensation, specific cell recognition, internalization 

and genetic cargo delivery in the appropriate subcellular compartment, for the 

successful targeted delivery of nucleic acids. In this context, the term “artificial viruses” 

has been proposed to describe virus-like constructs that show those specific viral 

functions128, 130, 391.  

Among the different materials used to create artificial viruses including polymers and 

lipids among others, protein-only artificial viruses appear to be the most appealing 

ones, since despite not being yet as efficient as viral vectors, their biosecurity and 

biocompatibility make them the most promising alternative to those efficient but not 

safe viral vectors332.  

Virus like particles (VLPs) are one of the currently most studied versions of protein-only 

artificial viruses, which taking advantage of their natural self-assembling ability, have 

already been successfully used in some gene therapy studies. However, their lack of 

flexibility has strongly limited their general applicability247. In this context, the 

generation of artificial viruses using fully de novo designed multifunctional proteins 

appears as a very promising strategy since their extremely high plasticity of design, 

make them possible to be easily adapted to any clinical need by simple protein 

engineering procedures (Figure 13). 

 

  

Figure 13: De novo construction of multifunctional protein artificial viruses. Self-assembling peptide 

sequences (green box) can be fused to a multifunctional protein (blue) to produce self-organizing 

artificial viruses. The assembling of protein building blocks into supramolecular entities can be 

controlled in vitro to allow the incorporation of cargo nucleic acids or drugs. (Modified from Vazquez E. 

et al 2010). 
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Different multifunctional protein-based artificial viruses have already been successfully 

generated and used in gene therapy approaches129, 172, 192-194. However, unlike other 

types of protein-based artificial viruses that take advantage of their natural self-

assembling capacity, de novo designed multifunctional proteins have generally failed 

to promote predefined nanoscale organization. Only few cases where engineered self-

assembling proteins have successfully assembled into nanoparticles of defined 

structure have been reported392.  

Apart from protein’s intermolecular interactions, protein-DNA interactions can also 

strongly affect proteins supramolecular structure and size, consequently affecting  

their functionality. In this context, only few studies have been performed to analyze 

the interactions between multifunctional proteins and DNA molecules. These studies, 

which have generally been performed using non-assembling multifunctional proteins, 

have shown that the interactions between cationic peptides and DNA usually result in 

the generation of polydisperse soluble aggregates; probably driven by unordered inter-

protein interactions255, 256. Some studies where the DNA molecules drove the 

stabilization of aggregation prompt multifunctional proteins into monodisperse 

nanoparticulated entities have also been reported (Annex 6)177. However, the 

supramolecular organization of the polyplexes generated by the interaction between 

multifunctional self-assembling protein nanoparticles and DNA molecules remains so 

far unexplored.  

In this context, we wanted to study how functionalized self-assembling nanoparticles 

interact with DNA and how the generated supramolecular organization affects their 

functionality, especially regarding their suitability as artificial viruses for targeted gene 

therapy.  

In this regard, we incubated previously reported R9-empowered self-assembling 

protein nanoparticles with an external cargo DNA at different conditions and 

subsequently analyzed the generated supramolecular structures. When using 

nanoparticles generated at pH 7 and 8, the resulting complex size did not changed 

from that reported for the protein itself370 (Manuscript 2, figure 1A). At pH 4 and 10, 

again in agreement with previously reported data (paper 1), the protein-DNA 

complexes showed strong aggregation tendency probably driven by the desnaturing 

conditions (Manuscript 2, figure 1A). However, at pH 5.8, in which R9-empowered 

nanoparticles have been reported to show their optimal transfection efficiency (paper 

1), protein-DNA complexes interestingly divided in two different regular size 

populations of 38 nm and 700-800 nm respectively with no signs of protein 

aggregation (Manuscript 2, figure 1A). When these polyplexes were analyzed by 

confocal microscopy during exposure to cultured cells, small spherical shape 

(Manuscript 2, figure 1B and 1C) and larger rod-shaped (Manuscript 2, figure 1D and 

1E) virus-like protein particles, which perfectly fitted respectively with those 



  Discussion     
 

105 
 

populations detected by dynamic light scattering (Manuscript 2, figure 1A), were 

found within the cells; both of them containing cargo DNA completely shielded in the 

inner part of the structure (Manuscript 2, figure 1G). However, many of the observed 

spherical shape protein particles were found to be empty, strongly suggesting that 

spherical virus like structure, although being more abundant within the cells, are less 

efficient embedding DNA than rod-shaped structures (Manuscript 2 figure 1B y 1C).  

Generated rod-shaped shells, resulted to be morphologically similar to capsid proteins 

observed in some plants viruses such as tobacco mosaic virus (TMV), strongly 

supporting a virus-like organization. In this context, in silico represented 

superimposition of RNA-containing rod-shaped TMV structure and an energetically 

stable disk-shaped molecular representation of the R9-GFP-H6 nanoparticles 

generated at pH 5.8, showed to have strong coincidences in diameter, monomer 

organization and spatial distribution of arginine residues in the inner part of the 

central cavity of the structure (Manuscript 2, figure 1F). 

This virus-like organization was further supported by DNase I hydrolysis assays were 

R9-GFP-H6 polyplexes resulted to be highly protective for their cargo DNA (Manuscript 

2, figure 2). Similarly, self-assembling T22-GFP-H6 nanoparticles also resulted to be 

protective for their cargo DNA, although in agreement with a lower DNA binding 

capacity observed, the measured protection effect resulted to be also smaller 

(Manuscript 2, figure 2). However, when exposing HNRK-DNA polyplexes to DNase I, 

this protein, which does not exhibit architectonic properties, failed in protecting its 

cargo DNA (Manuscript 2, figure 2). These results are fully in agreement with the data 

reported in a previous study where HNRK-DNA supramolecular structures showed to 

have the cargo DNA clearly overhanging from the structure instead of being trapped in 

the inner part of a shell-like structure (Annex 6)177. 

It is not clear why the R9-GFP-H6 proteins organize in spherical-shaped and rod-shaped 

structures when incubating with a cargo DNA at slightly acidic pH. It is possible that at 

pH 5.8 where histidines are in an in-equilibrium protonation stage (Imidazole group 

pKa=6)389, histidines can actively participate in the nanoparticles’ supramolecular 

organization, conferring to the whole construct enough structural dynamism and 

flexibility to organize in both, spherical or disc-shaped cylindrical structures. The high 

dipolar charge distribution of protein monomers strongly suggest the possibility of 

proteins being oriented with their positively charged surfaces towards the inner part of 

the structure in contact with the DNA, for which spherical and rod-shaped structures 

could be the most appropriate morphologies for the generation of stable protein-

protein interactions. In agreement whit that, performed Z-potential analysis of 

protein-DNA polyplexes proved to be more negatively charged on their surface that 

the protein nanoparticles alone (Manuscript 2, figure 2B). 
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Some protein intermolecular interaction models supporting spherical-shaped or rod-

shaped organizations were generated in silico (Manuscript 2, figure 3). In these 

models, as previously described (Manuscript 1), additional intermolecular interactions 

apart from electrostatic ones, such as van der Waals forces or hydrogen bonds, where 

suggested to be significantly contributing to the structural stabilization.  

All together, in this study we have demonstrated that functionalized self-assembling 

protein nanoparticles show an unexpected architectonic potential when combined 

with an external cargo DNA, what make them a very appropriate material for their use 

as non-viral vectors in gene therapy. At that end, we wanted to determine the 

suitability of this type of artificial viruses as targeted gene delivery vectors in CXCR4 

expressing cells, a receptor overexpressed in metastatic colorectal cancer cells.  

In this regard, five different T22-empowered muntifunctional protein nanoparticles 

were designed and generated to be tested for their ability to efficiently condensate a 

reporter gene and deliver it into CXCR4+ cells (Manuscript 3, figure 1A). Once the 

constructs were successfully produced and purified, we tested their DNA condensation 

ability by electrophoretic mobility shift assays (EMSA). Surprisingly, obtained results 

showed that none of them were able to efficiently bind the added DNA (Manuscript 3, 

figure 2). Moreover, the intense fluorescence signal detected in all the negative 

controls, strongly suggested that purified protein samples already contain nucleic acids 

(Manuscript 3, figure 2, inset). This was fully in agreement with the data obtained by 

spectrophotometry analysis, where all the protein samples showed to strongly absorb 

at 260 nm, wave length at which nucleic acids show their maximum absorbance393 

(Manuscript 3, table 1). Our results suggested that purified multifunctional self-

assembling proteins had already condensed nucleic acids from the bacterial expression 

system used for their recombinant production and therefore, they were not able to 

bind additionally added external DNA. Performed additional assays showed that this 

phenomenon completely depends on the presence of highly positively charged regions 

in the protein, usually utilized as nucleic acid binding domains. The previously 

described R9-GFP-H6 protein, whose cationic tag contains a smaller number of 

positively charged aminoacids, showed also bacterial nucleic acids attached 

(Manuscript 3, table 2), but unlike T22-empowered constructs, it still maintained 

additional external DNA binding capacity (paper 1), probably since its cationic region 

was not fully saturated by bacterial nucleic acids. When a series of alternative mutant 

versions of the R9-empowered protein, in which positively charged arginine residues 

were progressively substituted by neutral aminoacids, were analyzed, proteins showed 

to progressively lose their bacterial nucleic acid binding capacity, as the cationic tag 

was becoming more neutral (Manuscript 3, table 2). 
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As a consequence of this previously completely unexpected event, when generated 

artificial viruses where tested for their ability  to deliver a cargo DNA in CXCR4+ cells, 

they completely failed in the expression of the reporter gene, even though all protein 

constructs showed efficient cell penetrability (Manuscript 3, figure 1B and 1C). 

Different DNase and RNase hydrolysis assays were performed in order to optimize a 

protocol to efficiently remove bacterial nucleic acids from protein constructs. Obtained 

results showed that multifunctional proteins contained both, bacterial DNA and RNA 

attached, and that only with combined DNase / RNase treatments was possible to 

obtain nucleic acid-free samples (Manuscript 3, figure 3A). In this context, an 

optimized protocol of combined DNase and RNase hydrolysis of pre-purified proteins, 

allowed to efficiently purify nucleic acid-free protein particles that had fully recovered 

their external DNA condensation capacity (Manuscript 3, table 1 and figure 3B). 

When one of these purified nucleic acid-free multifunctional proteins named T22-

NGFPK-H6, which apart of a nucleic acid binding domain contains a nuclear localization 

signal, was complexed with an external cargo DNA and compared with the non-treated 

protein version for its ability to deliver and express a reporter gene in CXCR4+ cells, the 

obtained results showed that although both versions were able to efficiently  

penetrate inside target cells, only the pre-treated version succeeded in the 

condensation and delivery of a expressible DNA into target cells.(Manuscript 3, figure 

4). 

Thus, to our knowledge, these results have reported for the first time a previously 

unsuspected fact occurring when producing recombinant artificial viruses with nucleic 

acids binding domains that results strongly detrimental for their functionality and 

suggest an additional purification step to obtain fully functional recombinant protein-

only artificial viruses.  
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1. Self-assembly of monomeric proteins into regular size nanoparticles is induced by 

the incorporation of cationic architectonic tag pairs (one of them being a poly-

histidine), thus allowing the de novo design of protein nanoparticles with 

predefined structural properties. 

 

2. The architectonic ability of peptide tags is determined by their cationic nature, 

being the nanoparticle size influenced by the net positive charge of the tag. 

 

3. Hexahistidine peptide acts as a pH-regulatable architectonic tag complementing 

the activity of a second cationic tag, provided both tags are protonated. 

 

4. Protein self-assembly process is initially driven by electrostatic interactions 

between protein monomers. In addition, putative van der Waals interactions and 

hydrogen bonds might be also involved in in vivo intermolecular stability.  

 

5. The cytoplasmic but not the nuclear membrane is the most important biological 

barrier in the uptake of self-assembled R9-GFP-H6 protein during the nuclear 

transfer process. 

 

6. R9-empowered protein nanoparticle uptake follows endocytic pathway leading to 

nuclear accumulation, and resulting non-toxic process for mammalian cells.  

 

7. CXCR4 Receptor-specific affinity of peptide ligands and their internalization ability 

have been proven to be independent events.  

 

8. T22 peptide is an unusually powerful tag for selective intracellular targeting in 

CXCR4+ cells. 

 

9. Targeted self-assembling protein only nanoparticles tested along this study have 

been proven not to be toxic for in vivo administration in mice. 

 

10. T22-empowered protein nanoparticles of optimal size selectively biodistribute in 

CXCR4+ cells in vivo, being a very promising tool for targeted drug or nucleic acid 

intracellular delivery in CXCR4-linked pathologies. 

 

11. In vitro generated intermolecular interactions during protein nanoparticle 

assembling process are strong enough to ensure nanoparticle’s structural stability 

in vivo. 
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12. Functionalized self-assembled protein nanoparticles that contain nucleic acid 

binding domains, show appealing capacity to generate virus-like structures when 

combined with an external DNA for gene therapy approaches.  

 

13. Generated supramolecular structures contain the cargo DNA completely shielded 

in the inner part of the virus-like structure protected against DNase I mediated 

hydrolysis. This property makes these complexes an excellent tool for their use as 

non-viral artificial viruses in gene therapy. 

 

14. Recombinant expression in bacterial hosts of self-assembling proteins that contain 

nucleic acid binding domains, usually results in bacterial nucleic acid binding, being 

strongly detrimental for their functionality as artificial viruses. 

 

15. Additional DNase / RNase hydrolysis treatment is required during recombinant 

multifunctional protein purification in order to obtain fully functional nucleic acid-

free artificial viruses. 

 

16. The high biocompatibility expected for proteins, their regulatable architectonic 

properties and the strong nuclear avidity, make R9-GFP-H6 nanoparticles and in 

general self-assembling protein-only nanoparticles, a very promising material for 

the therapeutic delivery of drugs and nucleic acids in mammalian cells.
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Annex 1  

     Manuscript 1: 

In vivo architectonic stability of fully de novo designed protein-only 

nanoparticles. 

María Virtudes Céspedes, Ugutz Unzueta, Witold Tatkiewicz, Patricia Alamo, Xu Zikung, 

Isolda Casanova, José Luis Corchero, Oscar Conchillo, Juan Cedano, Xavier Daura, Imma 

Ratera, Jaume Veciana, Neus Ferrer-Miralles, Esther Vazquez, Antonio Villaverde, 

Ramón Mangues. 

Submitted to ACS Nano. 
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Abstract 

The de novo design of protein building blocks to self-assemble as functional 

nanoparticles is a challenging task in innovative medicines, which urgently demand 

novel, versatile and biologically safe vehicles for imaging, drug delivery and gene 

therapy. While viruses and virus-like particles show severe limitations in use, protein-

only nanocarriers are increasingly reachable by engineering of protein-protein 

interactions between self-assembling building blocks. We have explored if such cross-

molecular contacts, as promoted by end-terminal cationic peptides and oligohistidines, 

are stable enough for the resulting nanoparticles to overcome biological barriers in such 

assembled form. The analyses of renal clearance and biodistribution in mice of several 

model proteins reveal long-term architectonic stability, allowing systemic circulation 

and tissue targeting as nanoparticulate material. This observation fully supports the 

value of genetically designed protein building blocks and of peptidic tags with 

architectonic roles, for the biofabrication of smart, robust and multifunctional 

nanoparticles with medical applicability that mimic structure and functional abilities of 

viral capsids.  
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A wide spectrum of materials is under examination for the construction of nanoparticles 

as molecular carriers in diagnosis and therapy (1). While several candidates are 

technically promising and economically feasible, biocompatibility issues severely 

compromise their applicability (2). Proteins are ideal materials for therapeutic purposes, 

because of their functionalities, easy production, tuneability and full biocompatibility. 

Regarding drug delivery, natural examples point out proteins as ideal nano- or micro-

cages for molecular carriage. Infectious viruses (3, 4), virus-like particles (VLPs) (5) 

and more recently bacterial microcompartments (BMC) (6) and eukaryotic vaults (7) are 

being explored to transport and deliver nucleic acids, peptides or proteins, chemicals, 

metals and quantum dots, among others. However, biosafety concerns in the case of 

viruses, and limited flexibility in re-adapting the tropism and geometry in the case of 

VLPs, vaults and BMCs stress the need of functionally versatile, highly tuneable protein 

nanocages. The highly organized protein shells of viruses are formed by self-assembling 

building blocks that interact though a complex combination of electrostatic, 

hydrophobic, van der Waals and hydrogen bond contacts (8). So far, the de novo design 

of self-assembling protein monomers for tailored construction has been rather reluctant 

to rational design. Self-assembling amyloidogenic peptides, although showing a wide 

spectrum of applications in nanomedicine (9), are unable to generate regular sized shells 

for controlled drug encapsulation, and their biological fabrication poses important 

challenges. Concerning full proteins, a limited number of engineering approaches have 

rendered self-organizing cages, mainly by adapting oligomerization domains of natural 

oligomeric proteins (10, 11). Recently (12), we have described a new protein 

engineering principle, based on the combined use of two different cationic peptides (one 

of them being a polyhistidine). These agents, fused at either the end termini of 

recombinant proteins confer tagged monomers (different protein species including GFP 

and p53) with a strong dipolar charge distribution that support spontaneous self-

organization as monodisperse nanoparticulate materials. The size of resulting 

nanoparticles can be regulated by the composition of cationic residues of the N-terminal 

tag and by the ionic strength (12), and they have been proved useful, upon convenient 

modular functionalization of the monomers, for the intracellular and intranuclear 

delivery of proteins (13) and expressible DNA (14). In particular, T22-GFP-H6 shows 

an excellent biodistribution in metastatic colorectal cancer animal models (15) in which 

CXCR4+ cells have a prevalent role (T22 is a ligand of CXCR4 (16)), proving their 

medical applicability. However, whether the intermolecular interactions promoted by 
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the cationic peptides plus histidine tails are strong enough to ensure the stability of 

nanoparticles in vivo remains fully unexplored. Being these interactions presumably 

weaker and less complex than those supporting assembling of infectious viruses, VLPs, 

vaults and BMC shells, it could be not ruled out that the nanoparticles formed in vitro 

would be immediately disassembled once administered, as the blood stream and 

intracellular media are rich in charged molecules. Being this issue critical for the further 

development of peptide-based architectonic tags and for the de novo design of improved 

protein nanocages, we have determined here their architectonic stability upon in vivo 

administration. Since the in situ detection of nanoparticulate material in target tissues 

might be technically unaffordable, we have determined the renal clearance and 

biodistribution of two types of nanoparticles, formed by the self-assembling building 

block proteins R9-GFP-H6 and T22-GPP-H6 respectively. Their parental, monomeric 

species GFP-H6 as well as other two closely related variants that do not form 

nanoparticles have been used as controls. As renal filtration occurs for compounds with 

a size lower or around 6 nm (17), a size slightly higher than the monomer GFP-H6 (and 

related species) and lower than any assembled versions of the modular proteins (~13 nm 

or larger) (12), renal clearance should be an excellent reporter of the in vivo stability of 

circulating nanoparticles. 

Results and discussion 

When H6-tagged GFP is empowered by additional N-terminal cationic peptides, the 

resulting constructs act as self-organizing monomers that form protein-only 

nanoparticles of sizes ranging from 10 to 50 nm approximately (12). These particles are 

immediately observed upon protein purification from recombinant bacteria by His-

affinity chromatography, and we presume that they are assembled in the storage buffer 

against which the protein sample is dialyzed after elution. Being cationic, peptides R9 

and T22 fused at the N-terminus of GFP-H6 support the self-assembling of the whole 

construct as particles of ~20 nm and ~13 nm respectively. In contrast, the non-cationic 

peptides Ang-and Seq fail in promoting any supramolecular organization, and the size 

of the chimerical proteins matched in both cases that of GFP-H6 (between 4 and 5 nm, 

Figure 1A). Upon single intravenous (i.v.) administration in mice at equal doses, Ang-

GFP-H6, Seq-GFP-H6 and the parental GFP-H6 accumulated in kidney, indicative of 

renal clearance and in agreement with their monomeric status also in vivo (Figure 1 B, 

C). Contrarily, R9-GFP-H6 and T22-GFP-H6 were not observed in kidney (Figure 1 B, 
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C), suggesting that the nanoparticulate architecture reached by these proteins in vitro 

(Figure 1 D) is maintained in vivo during circulation in blood. However, it could be not 

discarded that the absence of protein in kidney would be due to a high proteolytic 

instability in plasma and fast degradation. However, T22-GFP-H6 was highly stable in 

plasma in vitro, and when administered to colorectal cancer mice models, it 

accumulated in primary tumors and metastatic foci as measured by its fluorescence 

emission. The combination of all these data was indicative that the protein reached its 

target in a full-length form. In this particular construct, note that the N-terminal cationic 

peptide T22 was at the same time an architectonic tag and a cell-specific ligand, as it 

specifically binds and internalize CXCR4+ cells (15, 16). 

Regarding R9-GFP-H6, we determined here that this construct was also fully stable in 

plasma and serum (Figure 2 A). On the other hand, when screening main organs for the 

presence of the protein we observed R9-GFP-H6 in brain (Figure 2B). This was not 

completely unexpected as previous findings from other researchers suggested a BBB-

crossing potential of R9 and related arginine rich peptides (18, 19). Since neither R9- 

nor T22-empowered proteins were detected in lung (not shown), the possibility of 

unspecific protein aggregation could be also excluded and the absence of these proteins 

in kidney, as presented in Figure 1B, must be exclusively attributed to their 

nanoparticulate organization that prevented size-dependent clearance. Renal filtration of 

parental GFP-H6 and related non-assembling proteins also indicated that these 

constructs, with a size very close to the threshold for filtration, do not tend to aggregate 

or assemble in vivo and that they keep their monomeric form during circulation in 

blood.  

While being a highly exciting finding and offering an enormous potential in the design 

of artificial viruses and protein nanoparticles for medical purposes, the high 

architectonic stability in vivo of R9-GFP-H6 and T22-GFP-H6 was not anticipated. 

Being the architectonic tags R9 and T22 highly cationic and the whole chimerical 

constructs showing a dipolar charge distribution (12), we expected electrostatic charges 

being the main drivers of protein assembly. Then, nanoparticle stability in media with a 

high load of charged components, such as bloodstream (negatively charged proteins and 

a wide catalogue of ions) was at least initially surprising, as we could presume 

molecular competition between charged agents and particle dissociation. To test the 

apparent ‘structural memory’ of protein nanoparticles supporting the observed stability, 



Annex 

122 
 

we evaluated renal clearance of a new modular protein (T22-IRFP-H6) upon 

administration. This construct is equivalent to T22-GFP-H6 but in this case, the core of 

the monomer is IRFP, a fluorescent protein with sequence and structure unrelated to 

those of GFP. Purified in low salt buffer, the construct self-organizes as nanoparticles of 

15 nm but in high salt buffer the protein remains monomeric and nanoparticles are not 

formed (Figure 3A). When administering the two versions of the same protein to mice 

(oligomeric and monomeric), renal clearance was observed for the protein in high salt 

buffer but not for the protein version that assembled in vitro in low salt buffer (Figure 3 

B, C), indicating again the prevalence in the bloodstream of the same architecture 

adopted in vitro. Furthermore, adding salt to the protein purified in low salt buffer (to 

reach the salt concentration of high salt buffer) does not alter particle size in vitro 

(Figure 3 D), indicative of a tight organization of the oligomer and of robust cross-

molecular interactions that are not responsive to further media changes after 

assembling. These results clearly indicate that once nanoparticles are formed, their 

architecture remains stable both in vitro and in vivo, and that while salt content 

modulates the initial pattern of protein-protein interactions it does not disturb the 

structure of the supramolecular complexes. The cross-molecular contacts between 

monomers could be then more complex than mere electrostatic interactions and 

probably similar to those occurring in natural oligomers, viruses and related entities.  

To evaluate this possibility, we modeled protein-protein interactions in R9-GFP-H6, 

enlarging the spectrum of potential contacts over simpler models obtained before (12, 

14). Different probable star-shaped oligomers (pentamers) resulted from the docking 

process depending on the conformation adopted by the overhanging end terminal 

peptides, all of them in the range of 15-30 nm and compatible with the nanoparticle size 

(Figure 4). When resolving the energetics organizing the monomers, complex 

combinations of electrostatic interactions, van der Wals forces and hydrogen bonds 

were found in all cases (Table 1), as in those occurring in natural protein complexes 

(20). The strong weight of van der Wals forces and hydrogen bonds revealed that 

electrostatic contacts, although important, were not the unique drivers of self-

assembling of the modular monomers. In fact, capsid proteins interact mainly through a 

combination of electrostatic repulsion, hydrophobic attraction and specific contacts 

between given pairs of amino acids. These interactions impose a certain restriction in 

the orientation of the interaction during complex formation, and once this is formed the 
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weaker van der Waals forces complete the assembly (21). Varying the acidity and 

salinity conditions (or the concentration of Ca2+ ions) adjusts the relative balance 

between these competing interactions, thereby favouring assembly or disassembly. 

Being protein-only nanoparticles are extremely promising in nanomedicine because of 

biocompatibility issues and the extreme functional versatility offered by protein 

engineering tools, protein self-assembling is far from full rational control. This is due to 

our so far negligence in linking molecular architecture with the forces that regulate 

protein-protein interactions (20). In fact, the complexity that allows the correct 

assembling of a virus capsid shell is not reflected by the apparent simplicity of the 

capsid components and it cannot be predicted in advance from the analysis of the 

monomers. Here we prove that the assembly promoted by a short cationic peptide (such 

as R9 or T22) combined with a hexahistidine, fused to the end termini of different 

proteins acting as monomers, mimic the organization of natural protein complexes such 

as viral shells, what confer a high stability of the nanoparticle once administered in the 

bloodstream. Although ionic strength appears as important during the nanoparticle 

organization this parameter does not affect the stability of already formed particles, 

what allows these entities overcoming biological barriers and reaching their target in a 

nanoparticulate form. The principle based on the addition of architectonic tags other 

than oligomerization domains offer a wide and unexpected plasticity in the design of 

multifunctional modular monomers (a diversity of protein species being suitable as 

cores), and opens a plethora of opportunities for the fully de novo design of robust 

protein-based carriers (artificial viruses) for emerging nanomedical applications. 

Methods 

Proteins and protein purification 

R9-GFP-H6 and T22-GFP-H6 are modular proteins in which the cationic peptides R9 

(nine arginines, (19)) and T22 (derived from polyhemusin, (21)) are fused respectively 

to the amino terminus of a hexahistine C-tagged GFP (GFP-H6). These peptides, apart 

from providing positive charges that create a dipolar building block (15), confer 

targeting properties to the resulting nanoparticle. In the case of T22, a ligand of CXCR4 

(21), has been experimentally confirmed already as the protein, after injection, 

accumulates in primary and metastatic foci in a colorectal cancer model of metastasis, 
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as immunodetected in histological sections (15). Ang-GFP-H6 and Seq-GFP-H6 are 

closely related proteins that do not form nanoparticles, as the amino-terminal tags are 

not cationic (15). T22-IRFP-H6 was designed in house, and synthetic genes were 

provided and subcloned into pET22b plasmid vector (using NdeI and HindIII restriction 

sites) by Gensript (Piscataway, USA). T22-IRFP-H6 has the same modular scheme than 

T22-GFP-H6 but the monomer core was the near-infrared fluorescent protein IRFP (22) 

instead GPF. All proteins were produced from pET22b in Escherichia coli strain 

Origami B (BL21, OmpT-, Lon-, TrxB-, Gor- (Novagen)) overnight at 20 Cº upon 1 

mM IPTG addition, and purified by Histidine-tag affinity chromatography as described 

(12). Briefly, we used HiTrap Chelating HP 1 ml columns (GE Healthcare) in an ÄKTA 

purifier FPLC (GE Healthcare). Cell extracts were disrupted at 1100 psi in a French 

Press (Thermo FA-078A) and soluble and insoluble fractions separated by 

centrifugation at 20,000g for 45 min at 4ºC. The soluble fraction was charged onto 

HiTrap column and subsequently washed with Tris 20 mM, NaCl 500 mM, Imidazole 

10 mM, pH=8 buffer. Protein were eluted by linear gradient of high imidazole 

concentration buffer (20 mM Tris, 500 mM NaCl, 500 mM Imidazole, pH=8). Once in 

elution buffer, proteins were dialyzed against the most appropriate buffer regarding 

stability, which was carbonate buffer (166 mM NaHCO3, pH 7.4) for Ang-GFP-H6, 

Seq-GFP-H6, T22-GFP-H6 and T22-IRFP-H6, and Tris dextrose (20 mM Tris, 5% 

dextrose pH 7.4) for GFP-H6 and R9-GFP-H6. The high salt buffer was always 

obtained by adding NaCl to the buffer to get a final concentration of 500 mM for GFP-

H6, R9-GFP-H6 and T22-IRFP-H6. Once dialyzed, proteins were stored at -80 ºC until 

use.  

Analysis of protein stability 

R9-GFP-H6 stability was analyzed by following its fluorescence emission upon diluting 

in triplicate, in either human serum (Sigma, ref: S2257-5ML, at a final concentration of 

0.23 µg/µl), or in human and mouse plasmas (at a final concentration of 0.11 µg/µl). 

Human blood was obtained from a healthy donor in the Hospital de Sant Pau. Murine 

blood, approximately 250 µl per mouse was obtained from the submandibular facial 

vein of five control mice (25 g) in heparanized tubes. A plasma pull sample was 

obtained by centrifugation the total blood at 600 g for 10 min at 4ºC. Right after 

dilution, samples were harvested (Time “0”) as reference values (taken as 100 %) of 
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initial fluorescence. Protein dilutions were further incubated (at 37ºC, in agitation) and 

samples were taken, at different time points, up to 22 hours. 

Dynamic light scattering 

Volume size distribution of nanoparticles and monomeric GFP fusions were measured 

using a dynamic light scattering (DLS) analyzer at the wavelength of 633 nm, combined 

with non-invasive backscatter technology (NIBS) (Zetasizer Nano ZS,Malvern 

Instruments Limited, Malvern, U.K.). Samples were measured at 20ºC. DLS 

measurements of solvents were used as controls. The measurements were performed in 

triplicate. 

Atomic force microscopy 

Atomic force microscopy (AFM) analyses were performed in liquid with a commercial 

atomic force microscope (PicoSPM 5100 from Molecular Imaging Agilent 

Technologies, Inc., Santa Clara, CA, USA) operating in acoustic mode. 9R-GFP-His 

proteins in 20 mM Tris pH 7.5 buffer + 5 % dextrosa 4 µg/ul (20 µl) were dropped onto 

a freshly cleaved mica surface and imaged in liquid. T22-GFP-His proteins in sodium 

bicarbonate 1.4 %, pH 7.4 buffer, 4.3 µg/ul (50 µl) pH 7.5 buffer + 5 % dextrosa 4 µg/ul 

(20 µl) were dropped onto a freshly cleaved mica surface and imaged in liquid. For the 

acoustic mode measurements, a silicon (Applied NanoStructures, Inc.) tip, with a radius 

of 10 nm, a nominal spring constant of 0.6–3.7 N/m and a resonance frequency of 43-81 

kHz was used. 

Animals and administration regime 

Five-week-old female Swiss nu/nu mice weighing between 18 and 20 g (Charles 

River,L-Abreslle, France), maintained in SPF conditions, were used for in vivo studies. 

All the in vivo procedures were approved by the Hospital de Sant Pau Animal Ethics 

Committee. We assessed 2h post-administration, the in vivo, stability, biodistribution 

and renal clearance of the protein GFP-H6, R9-GFP-H6 and T22-GFP-H6 nanoparticles 

and Seq1- and Ang-empowered constructs after the i.v. administration of 500 µg/mouse 

(n=3 mice). The control mice (n=3) were administered i.v. in the appropriate buffer ( 20 

mM Tris, 5 % Dextrose  pH 7.5 for R9-GFP-H6, 20 mM Tris, 500 mM NaCl pH 7.4 for 

T22-GFP-H6 and 166 mM NaC03H pH 7.5 for Seq1- and Ang-empowered constructs). 
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We also assessed the stability and renal clearance of T22-IRFP-H6 dissolved in high 

salt carbonate buffer (+) or low salt carbonate buffer (-) by i.v. administration of 50 

µg/mouse (n=3 mice), 24 h post-administration. Control mice were administered i.v. 

with the same buffer.     

Biodistribution of nanoparticles in mice 

At 2 hours post administration, mice were anesthetised with isofluorane and whole-

body fluorescence was monitored using the IVIS® Spectrum equipment (Xenogen, 

France). Subsequently, necropsy was performed and  all organs were removed and 

placed individually into wells to determine the emitted fluorescence of GFP-H6 derived 

nanoparticles or the near infrared fluorescence signal of IRFP-H6 derived nanoparticles 

using the IVIS® Spectrum. Once this was done, all these organs were collected, fixed in 

4% formaldehyde in phosphate buffer for 24 hours and finally embedded in paraffin for 

the histological and immunohistochemical evaluation. The fluorescence signal was 

digitalized, and after substracting the autofluorescence it was displayed as a 

pseudocolor overlay and expressed in terms of Radiant efficiency by each protein, 

group (control or experimental), dose and time .   

Histopathology and inmunohistochemistry for GFP-His-tag proteins 

Four-micrometer-thick sections were stained with H&E for histopathological analyses. 

Paraffin-embedded tissue sections (4 µm) were de-paraffinized, re-hydrated and washed 

in PBS-T. Antigen retrieval was performed by citrate buffer at 120ºC. After quenching 

peroxidase activity by incubating in 3 % H2O2 for 10min, the slides were washed in 

PBS-T. Then they were incubated 30 minutes with the primary antibody against GFP-

tag (1:100; St Cruz) or His-tag (1:1000: Abcam), washed in PBS-T and incubated with 

the biotinylated secondary antibody for 30 min at room temperature. Finally, sections 

were counterstained with Haematoxylin and mounted using DPX mounting medium. 

Representative pictures were taken using Cell^B software (Olympus Soft Imaging) at 

400x magnification. 

Molecular modeling 

Models of R9-GFP-H6 monomers were built using modeller 9v2 (24) and docked using 

HADDOCK v 2.0 (23), enforcing C5 symmetry and using N-terminal arginine residues 
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as the active residues (Figure 4). The models were generated using the same protocols 

previously described (24). The energetics of the models were analysed with FoldX 

using the function AnalyseComplex (25).  

 

Figure 1 

 

 

Figure 1. In vitro assembling of protein-only nanoparticles and renal clearance in vivo. 

A) Size of protein complexes formed by distinct GFP variants, measured by DLS. 

Representative experiments are shown. B)  Immunohistochemical detection of the 

different nanoparticles, using anti-GFP antibodies, in the renal tissue glomeruli (400x 

magnification) 2 hours after the i.v. administration of 500 µg of each protein. The green 

fluorescence signal in kidneys registered ex vivo of a representative mouse for each 

group is shown in the insets. C) Quantitative determination of fluorescence in analysed 

kidneys expressed as the total radiant efficiency (ph/sec/cm2/sr/µW/cm2) of right and 

left kidneys for each mouse. D) AFM images of randomly selected nanoparticles 

formed by R9 and T22-empowered nanoparticles and topography cross-sections of 

isolated particles. Measurements have been done in liquid with a tip radius of 10 nm 

and thus the width (but not the high) of the particles is inherently overestimated. 
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Figure 2 

 

 Figure 2. Stability and biodistribution of R9-GFP-H6. A) In vitro stability of R9-GFP-

H6 in different media, monitored by fluorescent emission. B)  In vivo whole-body 

recording of a representative mouse after 2 hours i.v. administered with buffer alone or 

500 µg of R9-GFP-H6. The mouse administered with the nanoparticle shows 

fluorescence signal in the brain C) Immunohistochemical detection of the nanoparticle, 

using and anti-GFP antibody, in mouse brain sections 2 hours after iv administration of 

500 µg of R9-GFP-H6 or buffer alone (400x magnification). Insets show green 

fluorescence signal recording in ex vivo brain sagittal sections of a representative 

mouse. Arrows show nanoparticle accumulation in the brain parenquima.  
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Figure 3  

 

 

 

 

 

 

Figure 3. Structural memory of protein-only nanoparticles.A) DLS size analysis of T22-

IRFP-H6 purified in low salt (- , carbonate buffer) and high salt (+, carbonate buffer + 

334 mM NaCl). Different measures are plotted to evidence robustness of data. B) 

Immunohistochemical analysis, using an antibody that detects the Histidine tag, of the 

glomeruli in mouse kidney sections 24 hours after 50 µg i.v. administration of high (+) 

or low (-) salt T22-IRFP-H6 nanopartilces (400x magnification). Insets show IRFP 

fluorescence signal detected ex vivo in kidneys of a representative mouse for each 

group, after subtracting the autofluorescence. C) The total radiant efficiency 

(ph/sec/cm2/sr/µW/cm2) determined for each group. D) DLS size analysis of T22-

IRFP-H6 purified in either low (carbonate buffer, -) and high (carbonate buffer + 334 

mMNaCl, +) salt buffers, and of T22-IRFP-H6 purified in low salt buffer and in which 

salt was added latter. 
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Figure 4  

 

Figure 4. Different conformations of R9-GFP-H6 oligomers obtained in the docking 

process by using different configurations of overhanging R9 and H6 peptides. Models in 

the top row, were generated with HADDOCK (23) using R9 residues as active and H6 

residues as passive. Models in the bottom row, were generated declaring only R9 

residues as active. The energetics governing protein-protein interactions are given in 

Table 1 for each model. 
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Table 1. Summary of energetics governing monomer-monomer interactions in models depicted in Figure 4.  

 

 

Model ª 

Hydrogen 

bond 
b 

Van der 

Waals 
b 

Electrostatics 
b 

UP 1 -47,34 -65 -21,56 

UP 2 -44,97 -57,16 -6,61 

UP 3 -29,13 -42,38 -7,33 

UP 4 -31,6 -38,18 -10,85 

    DOWN 1 -26,45 -30,56 2,86 

DOWN 2 -23,13 -25,79 -4,6 

DOWN 3 -12,64 -20,78 1,02 

DOWN 4 -7,57 -11,83 12,21 

 

 

ª Models refer to those depicted in Figure 4, in top and bottom rows, numbered from left to right. 

b
 Values were calculated with Foldix and are given in kcal/mol. 

 

AUTHOR INFORMATION 

 

Corresponding Author 

* Corresponding author: A. Villaverde; Institut de Biotecnologia i de Biomedicina, 

Universitat Autònoma de Barcelona, Bellaterra, 08193 Barcelona, Spain. 

antoni.villaverde@uab.cat 

Author Contributions 

The manuscript was written through contributions of all authors. All authors have given 

approval to the final version of the manuscript.  

 

mailto:antoni.villaverde@uab.cat


Annex 

132 
 

Funding Sources 

The authors also acknowledge the financial support granted to E.V. (PI12/00327) and 

R.M. (PI12/01861) from FIS, to A.V. and J. V. from Agència de Gestió d'Ajuts 

Universitaris i de Recerca (grants 2009SGR-108 to A.V., SGR2009-516 to J.V. and 

2009-SGR-1437 to R.M.), to J.V. from DGI (grant CTQ2010-19501) and from the 

Centro de Investigación Biomédica en Red (CIBER) de Bioingeniería, Biomateriales y 

Nanomedicina (NANOPROVIR and NANOCOMETS projects), financed by the 

Instituto de Salud Carlos III with assistance from the European Regional Development 

Fund. U.U. received a fellowship grant from MINECO. W.T. is grateful to the Consejo 

Superior de Investigaciones Científicas (CSIC) for a “JAE-pre” fellowship. A.V. has 

been distinguished with an ICREA ACADEMIA Award. 

ACKNOWLEDGMENT 

We appreciate the technical support of Fran Cortés from the Cell Culture Unit of Servei 

de Cultius Cel.lulars Producció d’Anticossos i Citometria (SCAC, UAB), and of Amable 

Bernabé from Soft Materials Service (ICMAB-CSIC/CIBER-BBN). We are also indebted to 

Nanotoxicology Platform and Protein Production Platforms (http://www.bbn.ciber-

bbn.es/programas/plataformas/equipamiento). W.T. is grateful to the Consejo 

Superior de Investigaciones Científicas (CSIC) for a “JAE-pre” fellowship. A.V. has been 

distinguished with an ICREA ACADEMIA Award. 

ABBREVIATIONS 

BMC, bacterial microcompartment; GFP, green fluorescent protein;  i.v. intravenous; 

VLP, virus-like particle. 

 

 

 

 

 

 



  Annex       
   

133 
 

REFERENCES 

 (1)  Villaverde A Nanoparticles in Translational Science and Medicine; Academic 

Press (Elsevier): London, 2011. 

 (2)  Sharifi, S.; Behzadi, S.; Laurent, S.; Forrest, M. L.; Stroeve, P.; Mahmoudi, M. 

Toxicity of Nanomaterials. Chem. Soc. Rev. 2012, 41, 2323-2343. 

 (3)  Giacca, M.; Zacchigna, S. Virus-Mediated Gene Delivery for Human Gene 

Therapy. J. Control Release 2012, 161, 377-388. 

 (4)  Edelstein, M. L.; Abedi, M. R.; Wixon, J. Gene Therapy Clinical Trials Worldwide 

to 2007--an Update. J. Gene Med. 2007, 9, 833-842. 

 (5)  Ma, Y.; Nolte, R. J.; Cornelissen, J. J. Virus-Based Nanocarriers for Drug Delivery. 

Adv. Drug Deliv. Rev. 2012, 64, 811-825. 

 (6)  Corchero, J. L.; Cedano, J. Self-Assembling, Protein-Based Intracellular Bacterial 

Organelles: Emerging Vehicles for Encapsulating, Targeting and Delivering 

Therapeutical Cargoes. Microb Cell Fact. 2011, 10, 92. 

 (7)  Rome, L. H.; Kickhoefer, V. A. Development of the Vault Particle As a Platform 

Technology. ACS Nano. 2012. 

 (8)  Zlotnick, A. Are Weak Protein-Protein Interactions the General Rule in Capsid 

Assembly? Virology 2003, 315, 269-274. 

 (9)  Lakshmanan, A.; Zhang, S.; Hauser, C. A. Short Self-Assembling Peptides As 

Building Blocks for Modern Nanodevices. Trends Biotechnol 2012, 30, 155-165. 

 (10)  Doll, T. A.; Raman, S.; Dey, R.; Burkhard, P. Nanoscale Assemblies and Their 

Biomedical Applications. J. R. Soc. Interface 2013, 10, 20120740. 

 (11)  Yang, Y.; Burkhard, P. Encapsulation of Gold Nanoparticles into Self-Assembling 

Protein Nanoparticles. J. Nanobiotechnology. 2012, 10, 42. 

 (12)  Unzueta, U.; Ferrer-Miralles, N.; Cedano, J.; Zikung, X.; Pesarrodona, M.; 

Saccardo, P.; Garcia-Fruitos, E.; Domingo-Espin, J.; Kumar, P.; Gupta, K. C.; 

Mangues, R.; Villaverde, A.; Vazquez, E. Non-Amyloidogenic Peptide Tags for 

the Regulatable Self-Assembling of Protein-Only Nanoparticles. Biomaterials 

2012, 33, 8714-8722. 

 (13)  Vazquez, E.; Cubarsi, R.; Unzueta, U.; Roldan, M.; Domingo-Espin, J.; Ferrer-

Miralles, N.; Villaverde, A. Internalization and Kinetics of Nuclear Migration of 

Protein-Only, Arginine-Rich Nanoparticles. Biomaterials 2010, 31, 9333-9339. 



Annex 

134 
 

 (14)  Vazquez, E.; Roldan, M.; ez-Gil, C.; Unzueta, U.; Domingo-Espin, J.; Cedano, J.; 

Conchillo, O.; Ratera, I.; Veciana, J.; Daura, X.; Ferrer-Miralles, N.; Villaverde, A. 

Protein Nanodisk Assembling and Intracellular Trafficking Powered by an 

Arginine-Rich (R9) Peptide. Nanomedicine (Lond) 2010, 5, 259-268. 

 (15)  Unzueta, U.; Cespedes, M. V.; Ferrer-Miralles, N.; Casanova, I.; Cedano JA; 

Corchero JL; Domingo-Espin, J.; Villaverde A; Mangues, R.; Vazquez E 

Intracellular CXCR4+ Cell Targeting With T22-Empowered Protein-Only 

Nanoparticles. Int. J. Nanomedicine 2012, 7, 4533-4544. 

 (16)  Murakami, T.; Zhang, T. Y.; Koyanagi, Y.; Tanaka, Y.; Kim, J.; Suzuki, Y.; 

Minoguchi, S.; Tamamura, H.; Waki, M.; Matsumoto, A.; Fujii, N.; Shida, H.; 

Hoxie, J. A.; Peiper, S. C.; Yamamoto, N. Inhibitory Mechanism of the CXCR4 

Antagonist T22 Against Human Immunodeficiency Virus Type 1 Infection. J. 

Virol. 1999, 73, 7489-7496. 

 (17)  Feng, B.; LaPerle, J. L.; Chang, G.; Varma, M. V. Renal Clearance in Drug 

Discovery and Development: Molecular Descriptors, Drug Transporters and 

Disease State. Expert. Opin. Drug Metab Toxicol. 2010, 6, 939-952. 

 (18)  Kumar, P.; Wu, H.; McBride, J. L.; Jung, K. E.; Kim, M. H.; Davidson, B. L.; Lee, S. 

K.; Shankar, P.; Manjunath, N. Transvascular Delivery of Small Interfering RNA 

to the Central Nervous System. Nature 2007, 448, 39-43. 

 (19)  Saccardo, P.; Villaverde, A.; Gonzalez-Montalban, N. Peptide-Mediated DNA 

Condensation for Non-Viral Gene Therapy. Biotechnol. Adv. 2009, 27, 432-438. 

 (20)  Leckband, D. Measuring the Forces That Control Protein Interactions. Annu. 

Rev. Biophys. Biomol. Struct. 2000, 29, 1-26. 

 (21)  Murakami, T.; Zhang, T. Y.; Koyanagi, Y.; Tanaka, Y.; Kim, J.; Suzuki, Y.; 

Minoguchi, S.; Tamamura, H.; Waki, M.; Matsumoto, A.; Fujii, N.; Shida, H.; 

Hoxie, J. A.; Peiper, S. C.; Yamamoto, N. Inhibitory Mechanism of the CXCR4 

Antagonist T22 Against Human Immunodeficiency Virus Type 1 Infection. 

Journal of Virology 1999, 73, 7489-7496. 

 (22)  Filonov, G. S.; Piatkevich, K. D.; Ting, L. M.; Zhang, J.; Kim, K.; Verkhusha, V. V. 

Bright and Stable Near-Infrared Fluorescent Protein for in Vivo Imaging. Nat. 

Biotechnol. 2011, 29, 757-761. 

 (23)  Dominguez, C.; Boelens, R.; Bonvin, A. M. HADDOCK: a Protein-Protein Docking 

Approach Based on Biochemical or Biophysical Information. J. Am. Chem. Soc. 

2003, 125, 1731-1737. 



  Annex       
   

135 
 

 (24)  Vazquez, E.; Roldan, M.; ez-Gil, C.; Unzueta, U.; Domingo-Espin, J.; Cedano, J.; 

Conchillo, O.; Ratera, I.; Veciana, J.; Daura, X.; Ferrer-Miralles, N.; Villaverde, A. 

Protein Nanodisk Assembling and Intracellular Trafficking Powered by an 

Arginine-Rich (R9) Peptide. Nanomedicine. (Lond) 2010, 5, 259-268. 

 (25)  Guerois, R.; Nielsen, J. E.; Serrano, L. Predicting Changes in the Stability of 

Proteins and Protein Complexes: a Study of More Than 1000 Mutations. J. Mol. 

Biol. 2002, 320, 369-387. 

 

  



 

 
 

  



  Annex       
   

137 
 

Annex 2 

Manuscript 2: 

Sheltering DNA in Self-organizing, protein-only nano-shells as artificial 

viruses for gene delivery. 

Ugutz Unzueta, Paolo Saccardo, Joan Domingo-Espín, Juan Cedano, Oscar Conchillo, 

Elena García-Fruitós, Maria Virtudes Céspedes, José Luis Corchero, Xavier Daura, 

Ramón Mangues, Neus Ferrer-Miralles, Antonio Villaverde, Esther Vazquez. 

Submitted to Nanomedicine: Nanotechnology, Biology and Medicine. 

 

 

 

 

 



  

 
 

 

 



  Annex       
   

139 
 

Original article 

Nanomedicine: Nanotechnology, Biology and Medicine 

Sheltering DNA in self-organizing, protein-only 

nano-shells as artificial viruses for gene delivery. 

Ugutz Unzueta 1, 2, 3 §, Paolo Saccardo 1, 2, 3 §, Joan Domingo-Espín 1, 2, 3, Juan Cedano 

4, Oscar Conchillo 1, Elena García-Fruitós 3, 1, 2, María Virtudes Céspedes 3, 5, José Luis 

Corchero 3, 1, 2, Xavier Daura 1, 6, Ramón Mangues 5, 3, Neus Ferrer-Miralles 1, 2, 3, 

Antonio Villaverde 1, 2, 3 *, and Esther Vázquez 1, 2, 3 *   

1 Institut de Biotecnologia i de Biomedicina, Universitat Autònoma de Barcelona, 

Bellaterra, 08193 Barcelona, Spain 

2 Department de Genètica i de Microbiologia, Universitat Autònoma de Barcelona, 

Bellaterra, 08193 Barcelona, Spain 

3 CIBER de Bioingeniería, Biomateriales y Nanomedicina (CIBER-BBN), Bellaterra, 

08193 Barcelona, Spain 

4 Laboratory of Immunology, Regional Norte, Universidad de la República, Gral. Rivera 

1350; Salto, 50.000, Uruguay  

5 Grup d’Oncogènesi i Antitumorals, Institut de Recerca, Hospital de la Santa Creu i 

Sant Pau, Barcelona, Spain 

6 Institució Catalana de Recerca i Estudis Avançats (ICREA), Barcelona, Spain 

§  Equally contributed 

* Corresponding authors:  A. Villaverde; antoni.villaverde@uab.cat 

     E. Vazquez; esther.vazquez@uab.cat 

 

Keywords: Nanoparticles; protein building blocks; self-assembling; artificial viruses; 

gene therapy 

 

mailto:antoni.villaverde@uab.cat
mailto:esther.vazquez@uab.cat


Annex  

140 
 

Abstract 

By recruiting functional domains supporting DNA condensation, cell binding, 

internalization, endosomal escape and nuclear transport, modular single-chain 

polypeptides can be tailored to associate with cargo DNA for cell-targeted gene 

therapy. Recently, an emerging architectonic principle at the nanoscale has permitted 

tagging protein monomers for self-organization as protein-only nanoparticles. We have 

studied here the accommodation of plasmid DNA into protein nanoparticles assembled 

with the synergistic assistance of end terminal poly-arginines (R9) and poly-histidines 

(H6). Data indicate a virus-like organization of the complexes, in which a DNA core is 

surrounded by a solvent-exposed protein layer. This finding validates end-terminal 

cationic peptides as pleiotropic tags for the mimicry of viral architecture in artificial 

viruses, representing a promising alternative to the conventional use of viruses and 

virus-like particles. 
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Background 

Non-viral gene therapy and in general emerging nanomedicines aim to the mimicry of 

viral activities in tuneable nanoparticles, for the cell-targeted delivery of cargo nucleic 

acids (and other drugs) 276, 277. Among a diversity of tested materials (including lipids, 

natural polymers, quantum dots, carbon nanotubes and dendrimers), proteins offer full 

biocompatibility, biodegradability, and a wide spectrum of functionalities that can be 

further adjusted by genetic engineering. Such a functional versatility is in contrast with 

the null control so far exercised over the supramolecular organization of de novo 

designed building blocks for protein-based complexes  278. While protein nanoparticles 

based on natural cages, mainly infectious viruses 279, virus-like particles (VLPs) 280, 

eukaryotic vaults 281 and bacterial microcompartments (BMCs) 282 take advantage of 

the evolutionarily optimized self-assembling activities of their building blocks, fully the 

novo multifunctional protein monomers fail to reach predefined nanoscale organization. 

Only a very limited number of approaches, based on the engineering of oligomerization 

domains present in nature have resulted in the successful construction of efficient 

building blocks for protein shell generation 283. Complexes of DNA and cationic proteins 

often result in polydisperse soluble aggregates probably derived from intrinsically 

disordered protein-protein interactions 284, 285, or in which the DNA itself plays a leading 

architectonic role, stabilizing aggregation-prone protein monomers in form of 

monodisperse nanoparticles 286. Self-assembling peptides, that organize as different 

types of nanostructured materials 287, promote unspecific aggregation when fused to 

larger proteins 288, 289, making them useless as fine architectonic tags. In summary, the 

rational de novo design of protein monomers with self-assembling activities has 

remained so far unreachable. Very recently 290, we have described that pairs of 

‘architectonic’ peptides consisting of an N-terminal cationic stretch plus a C-terminal 

polyhistidine, when combined in structurally diverse scaffold proteins (GFP, p53 and 

others), generate strongly dipolar charged monomers that spontaneously self-

assemble. The resulting constructs, ranging from 10 to 50 nm, show fast nuclear 

penetrability 291, high stability and proper biodistribution upon systemic administration 

292. Yet these particles efficiently bind plasmid DNA for transgene expression and are 

very promising tools in nanomedicine 293, their supramolecular organization remains so 

far unexplored.  
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Methods 

Protein production and DNA binding 

The modular organization of R9-GFP-H6 293, T22-GFP-H6 292 and HNRK 286 has been 

described elsewhere. GFP-H6 is a parental version of R9-GFP-H6 and T22-GFP-H6 

that does not self-assemble under physiological conditions 290, 293. All these proteins 

were produced in bacteria following conventional procedures and purified in a single 

step by His-based affinity chromatography 290, through activities assisted by the 

Protein Production Platform (CIBER-BBN) (http://www.bbn.ciber-

bbn.es/programas/plataformas/equipamiento). Protein-DNA complexes were 

generated by incubation at appropriate ratios in HBS buffer (pH 5.8) for 60 min at 

room temperature. Volume size distributions of self-assembled protein nanoparticles 

and protein-DNA complexes were determined using a dynamic light scattering (DLS) 

analyzer at the wavelength of 633 nm, combined with non-invasive backscatter 

technology (NIBS) (Zetasizer Nano ZS,Malvern Instruments Limited, Malvern, U.K.). 

Cell culture and confocal microscopy 

HeLa (ATCC-CCL-2) cell line was cultured as previously described 291 and always 

monitored in absence of fixation to prevent internalization artefacts. Nuclei were 

labelled with 200 ng/ml Hoechst 33342 (Molecular Probes, Eugene, Oregon, USA) 

and plasma membranes with 2.5 µg/ml CellMaskTM Deep Red (Molecular Probes, 

Invitrogen, Carlsbad, CA, USA) for 5 min. Cells exposed to nanoparticles were 

recorded with a TCS-SP5 confocal laser scanning microscope (Leica Microsystems, 

Heidelberg, Germany) with a Plan Apo 63x / 1.4 (oil HC x PL APO lambda blue) 

objective. Three-dimensional cell models were generated with the Imaris v. 6.1.0 

software (Bitplane; Zürich, Switzerland).  

DNA protection assay 

In the buffers optimal for their respective stability 286, 290, R9-GFP-H6 and GFP-H6 

(HBS pH 5.8), T22-GFP-H6 (carbonate buffer, pH 5.8) and HNRK (HBS + dextrosa pH 

5.8) were mixed with 1 µg of plasmid DNA (pTurboFP635, 293) at 1 and 2 retardation 

units. Mixtures were incubated at room temperature for 1 h and then threated with 0.5 

µg/ml DNAse I (Roche) at 37º C, in presence of 2.5 mM MgCl2 and 0.5 mM CaCl2. 

Samples were collected just before DNAse I addition and at 5, 20 and 60 min of the 

digestion reaction. DNAse I was inactivated by adding EDTA 2.3 µM final 

concentration and by heating the samples for 20 min at 70º C. The remaining DNA 

was released from protein complexes by adding 10 U of Heparin followed by 2 hours 

incubation at 25º C. Subsequently, samples were analyzed in 1% agarose gels. DNA 
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signals in agarose gel were interpreted and analyzed with Quatity One software (Bio-

Rad). 

Determination of Z potential  

Z Potencial of protein nanoparticles or artificial viruses was determined in a dynamic 

light scattering (DLS) device (Malvern Nanosizer Z), in HBS buffer (pH 5.8, 10 μg/mL 

final protein concentration). Measurements were carried out at 25 °C using a 

disposable plastic cuvette. Each sample was analysed by triplicate. 

Molecular modelling 

To build R9-GFP-H6-based particles, a model of the monomer was first generated 

using Modeller 9v2 294 and the pdb structure "1qyo" as described 293. The structural 

models of the assembled monomers at pH 7 and pH 5.8 were then created using 

HADDOCK 2.0 295, with the protonation states chosen according to pH and residue 

pKas. Defining R9 at the N-terminus as active and H6 at the C-terminus as passive 

and enforcing C5 symmetry led to star-shaped conformations. Alternative 

conformations were obtained when using the R9 tail as active residues and no passive 

ones All these models where analysed with FoldX using the function 

"AnalyseComplex" 296. The structural comparison of disks made of TMV coat protein 

and R9-GFP-H6 was generated using SwissPdbViewer* 297 to superimpose the 2om3 

PDB structure and the modelled building block 298. To facilitate the visualization of the 

resulting models, images were generated using Chimera 299 as rendering tool. 
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Results  

Hexahistidine tails, when combined in single chain polypeptides with N-terminal 

cationic peptides, such as R9 or T22, promote assembling of these building blocks as 

regular particles at neutral or slightly acidic pH values 290, at which the imidazol group 

gets protonated and the tag moderately cationic 300. When nanoparticles formed by R9-

GFP-H6 at pH 7 and 8 were incubated with DNA, particle size remained close to 20 nm 

(Figure 1 a), the size previously observed in absence of DNA 290. At pH 4 and 10, 

protein-DNA complexes peaked at 0.8 and 2 µm respectively (Figure 1 a), which is in 

agreement with the tendency of the protein alone to form amorphous aggregates under 

denaturing conditions 290. Interestingly, at slightly acidic pH (5.8), where the transfection 

mediated by R9-GFP-H6 had resulted more efficient 290, 293, the population of 

polyplexes split in two fractions, peaking at 38 and 700-800 nm respectively, with no 

symptoms of protein instability or aggregation (protein-only nanoparticles peaked 

between 20 and 30 nm). These polyplexes were examined by confocal microscopy 

during exposure to cultured cells, taking advantage of the natural green fluorescence of 

the protein partner and upon staining the DNA with the blue fluorescent dye Hoechst 

33342. Small spherical particles (Figure 1 b,c) and larger rood-shaped versions (Figure 

1 d, e) were observed, whose size fitted respectively to the two main peaks determined 

by DLS (Figure 1 a). The blue DNA signal appeared coincident with the green label, but 

its slightly smaller size suggested that DNA occurred in inner cavities of protein entities. 

Qualitatively, rood-shaped nanoparticles seemed more efficient in embedding DNA 

than the regular versions, as an important fraction of spheres, but not roods, appeared 

to be empty (Figure 1 b,c).  

The rood-shaped forms strongly evoked the morphologies of capsid proteins observed 

in plant viruses. In this regard, a superimposition of the RNA-containing, rood-shaped 

tobacco mosaic virus (TMV) disk (a structural intermediate in the construction of helical 

capsids) and an energetically stable, planar, star-shaped molecular model of the self-

assembled R9-GFP-H6 at pH 5.8 are presented (Figure 1 f), showing coincidence in 

diameter and in monomer organization. Interestingly, a similar spatial distribution of 

arginines around the central cavities was found in both viral and non-viral complexes 

(Figure 1 f, inset). Fine confocal sections and 3D isosurface reconstructions permitted 

to unequivocally confirm that a core DNA was shielded by a solvent-exposed protein 

layer (Figure 1 g), in a virus-like architectonic scheme. In this regard, DNA embedded 

in R9-GFP-H6 shells resulted highly protected from DNAse I attack (Figure 2 a). This 

effect was similar to that promoted by the closely related, self-assembling construct 

T22-GFP-H6. Contrarily, the short modular peptide HNRK 301, that although being 
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positively charged does not exhibit architectonic properties, failed in protecting DNA 

from digestion (Figure 2 a). In the HNRK-DNA polyplexes, from which DNA overhangs, 

the nucleic acid is the main architectonic regulator of the resulting particles (of around 

80 nm), the protein fraction being clustered by DNA instead of entrapping it in shell-like 

structures 286.  

Why at slightly acidic pH and in presence of DNA, R9-GFP-H6 ~20 nm-nanoparticles 

rearrange as alternative spherical or cylindrical shells remains to be solved, but it might 

be speculated that the dipolar nature of the building blocks would permit a 

reorganization of protein building blocks, to orient the positive protein patches at the 

inner surface of the shell, in contact with DNA. For that, spheres and cylinders would 

permit appropriate protein-protein interactions. In agreement with this hypothesis, the 

superficial charge of protein-only particles was -16.2±1.8 mV, while in presence of 

plasmid DNA (2 RU) it shifted to a more negative value (-24.5±2.0 mV) (Figure 2 b). 

Interestingly, by applying the same amount of protein, the number of nanoparticles was 

reduced by more than 50 % in the presence of DNA, consistent with a higher protein 

demand to form nanoparticles up to 800 nm than to form protein-only nanoparticles of 

~20 nm. On the other hand, the organization of protein shells as spheres or 

alternatively as roods would require a certain degree of flexibility in monomer-monomer 

contacts, allowing alternative arrangements of the oligomers. The in-equilibrium 

protonation and charge profile of the histidine tail population (pK~6) 300, would confer 

enough structural versatility of these interactions supportive of spherical and disk-

based cylindrical organization. In agreement, alternative stable versions of R9-GFP-H6 

oligomers (pentamers) resulted from the docking process, sustained by slightly 

divergent styles of inter-molecular interactions (Figure 3). Such pentamers, similarly 

distributed oligomers (eg hexamers) of their combination, could support both spherical 

and rood-shaped architectures as in the case of virus shells. After careful analysis of 

these models, we have identified, apart from electrostatic interactions (-7.33 Kcal/mol), 

van der Wals forces as the main components keeping the monomers together (-42.38 

Kcal/mol), in some cases with hydrogen bonds (-29.13 Kcal/mol) 

contributing significantly to the stability of the oligomers (data taken from the model 

disk represented in Figure 1 f and in Figure 3, left). 
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Discussion 

The severe biological risks and negative media perception associated to the 

administration of natural viruses 302 have dramatically compromised the development of 

viral gene therapy 303, 304 and prompted researchers to explore manmade alternatives 

as vehicles for the delivery of therapeutic genes. The artificial virus concept 277 claims 

the use of nanoparticles, that upon convenient design, fabrication and engineering can 

successfully mimic properties of the viral infectious cycle that are relevant to transgene 

delivery and expression 305. Nanotechnologies and material sciences offer interesting 

approaches to generate functional nanostructured carriers, and a spectrum of materials 

are being explored in this regard 306, even under suspicion of potential toxicity 307. 

Among them, proteins are the most versatile regarding structure and function, being 

fully biocompatible, suitable of biological fabrication and not posing safety of toxicity 

concerns. In fact, vaults and BMCs, or the recombinant version of viruses, namely 

VLPs, can be conveniently adapted to embed cargo molecules for targeted delivery 308. 

In a more versatile approach, modular proteins containing cationic stretches for nucleic 

acid binding and condensation, as well as other functional segments such as cell 

penetrating peptides, ligands or nuclear localization signals, have been under 

continuous design to recruit virus-like functions in single chain molecules 309-311. 

However, despite the functional versatility of these constructs they fail to reach ordered 

nanoscale structures, in most cases being the DNA the main driving force of the 

polyplexe architecture 286. In fact, the assembly of viral capsids results from a complex 

combination of intermolecular interactions including hydrophobic, electrostatic, van der 

Waals, and hydrogen bonds 312 that are excluded from a rational design in the novo 

designed recombinant proteins. Recently, we have determined that a combination of a 

cationic peptide plus a hexahistidine, placed at the amino and caboxy termini 

respectively of modular proteins confer them the ability to self-organize as regular 

protein-only nanoparticles, able to penetrate target cells and to reach the nucleus in a 

very efficient way 290-292. We have here shown how at a slightly acidic pH and in 

presence of DNA, the contacts promoted by the hexahistidine tail are able to 

accommodate structural rearrangements, among others those promoting a re-

orientation of cationic segments in the inner surface, that convert plain oligomers into 

more complex supramolecular structures, namely closed protein shells, in a virus-like 

fashion. Both conventional isometric and rood-shaped architectonic models occurring 

in natural viruses are spontaneously reached by the self-assembling of R9-GFP-GH6, 

efficiently embedding the foreign DNA in the inner cavity of a protein-only shell.   
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In summary, we have demonstrated for the first time how protein-based artificial 

viruses, namely functional nanoparticles formed by self-assembling protein shells 

shielding a core DNA, can be generated by the fully de novo design of building blocks. 

This fact not only validates R9 and H6 as pleiotropic peptides in vehicles for non-viral 

gene therapy, but it also reveals an unexpected architectonic potential of these tags in 

the generation of tuneable protein shells, whose properties can be further polished by 

conventional protein engineering. These versatile agents are promising alternatives to 

natural protein constructs, including viruses, VLPs, vaults and BMCs, which because of 

several limitations including rigid architecture but also biosafety concerns, are less 

suitable for engineering and adaptation to nanomedical purposes.  
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Figure 1 

Figure 1. Molecular architecture of R9-GFP-H6-DNA polyplexes. A) Size distribution, 

measured of R9-GFP-H6-DNA polyplexes formed at different pH values. Main size 

peaks of protein-only nanoparticles previously determined in absence of DNA 290, are 

shown by colored arrow heads as a reference. B) Spherical-shaped green fluorescent 

signal in HeLa cells exposed for 24 hours to R9-GFP-H6-DNA polyplexes. C) 

Spherical-shaped blue labels for the same field than in B, corresponding to the

embedded DNA. D) Rood-shaped green fluorescent signal in HeLa cells exposed for 

24 hours to R9-GFP-H6-DNA polyplexes. E) The same field than in D, showing blue 

fluorescence corresponding to the embedded DNA. F) Superimposition of TMV 

nanodisks and a R9-GFP-H6 molecular model of a stable, planar oligomer 293.

Arginines in the TMV coat protein are located in a radial distribution surrounding the 
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inner hole (shadowed in yellow, inset), in parallel to those of the R9 tail in R9-GFP-H6 

monomers. G) Isosurface representation of polyplexes within a 3D volumetric x-y-z 

data field, showing the inner localization of the cargo DNA. Magnification progressively 

increases from top to bottom. 

Figure 2 

Figure 2. Functional and structural profiling of DNA-loaded nanoparticles. A) 

Remaining plasmid DNA after treatment with DNAse I, resulting from protection 

mediated by protein shells at alternative retardation units. Different modular proteins 

were tested as indicated. At the right, the digestion of protein-free DNA is shown under 

the same conditions. T indicates time of digestion in min. B) Determination of the z-

potential of R9-GFP-H6 nanoparticles, with and without DNA. 
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Figure 3 

Figure 3. Potential monomer-monomer contacts in R9-GFP-H6 protein oligomers. 

Model configurations were obtained by docking simulations using HADDOCK at neutral 

pH, assuming a pentameric composition that is in agreement with experimental size of 

protein-only particles. The first model (left) was obtained using R9 residues as active 

and H6 residues as passive 293 and it was used for the superimposition depicted in 

Figure 1 f. The remaining three models derived from using R9 residues as active and 

no passive ones. No significant differences in packing were obtained when performing 

the docking runs at pH 5.8, i.e. with doubly-protonated His (not shown). 
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GRAPHICAL ABSTRACT 

3D Isosurface representation of internalized protein-DNA nanoparticles that are 

formed by green fluorescent building blocks and blue-labeled DNA. These artificial 

viruses, organized by means of synergistically acting end-terminal peptide tags, occur 

as rod-shaped entities in which the DNA core is shielded by a self-assembling, solvent-

exposed protein shell. The red background corresponds to the cell membrane. 
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Abstract 

Protein engineering offers a robust platform for the design and production in cell 

factories of a plethora of protein-based drugs, including non-viral gene therapy 

vehicles. We have determined here that a protein nanoparticle, formed by highly 

cationic protein monomers, fail to bind exogenous DNA and to promote detectable 

gene expression in target cells despite recruiting all the needed functions. Removal of 

DNA and RNA with nucleases previous to complexion with exogenous DNA 

dramatically enhances the ability of the protein to bind and transfer DNA to target cell 

nuclei. These data points out contaminant nucleic acids deriving from the cell factory as 

a major factor impairing the performance of protein-based artificial viruses and stress 

the need of a nuclease step in the downstream of proteins whose function is based on 

cationic domains. 
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Introduction 

Non-viral gene therapy emerges as a safer alternative to virus-based nucleic acid 

delivery, which despite the recent approval of a few products by different medicament 

agencies (Oncorine, Gendicine and Glybera) still poses severe biosafety issues 302, 313. 

The main limitations for non-viral gene therapy are the low transfection efficacy when 

compared to viral delivery and the transient nature of gene expression. While treating 

specific conditions might require pulses of gene expression, compatible with the 

functional profile of non-viral approaches, a consensus exists in that gene transfer and 

expression levels offered by manmade constructs must be improved in order to raise 

non-viral gene therapy up to clinical standards 314-316. Nanotechnologies and material 

sciences offer principles and tools for the fabrication of tailored vehicles addressed to 

increase efficacy and to confer specific functions. In this regard, a spectrum of 

materials is under exploration for the construction of nano-sized vehicles loadable with 

nucleic acids. Among them, those based on proteins as building blocks are specially 

promising, since polypeptides are fully biocompatible and highly versatile 317. In fact, 

protein functions can be adjusted by conventional genetic engineering, what offers the 

possibility to tailor specific activities such as cell-receptor binding and therefore, define 

biodistribution and establish cell-targeted delivery. Natural protein cages such as virus 

like particles (VLPs) 318, 319, bacterial microcompartments (BMCs) 320, 321 and eukaryotic 

vaults 281, 322 can be produced by recombinant DNA technologies and they have been 

explored as nanocages to deliver different kind of drugs, including nucleic acids. In 

addition, multifunctional proteins with modular architecture are especially appealing as 

diverse functions can be recruited in single polypeptide chains by means of gene fusion 
309-311, allowing the construct to mimic the set of biological activities displayed by natural 

viruses and relevant to gene transfer 305. Different versions of modular proteins have 

been proved to be highly promising in the in vitro and in vivo delivery of therapeutic 

DNA 323-325. Also, the fusion of oligomerization domains or shorter architectonic tags 

permits the self-organization of these hybrid building blocks as nanoparticles of sizes 

within the viral range 290, 326, altogether permitting the generation of ‘artificial viruses’ 

that reproduce the organization and function of these infectious agents 277.  On the 

other hand, the cost-effective production of recombinant proteins and the huge 

spectrum of cell factories available for this purpose offer, in addition, a high versatility 

regarding biofabrication and downstream 327, 328.  

Most of the protein constructs intended as components of artificial viruses incorporate 

cationic stretches as DNA/RNA binding agents 329. In this study, and by using a family 

of de novo designed, closely related modular building blocks produced in bacteria that 

self-assemble as nanosized cages, we have determined an unsuspected presence of 

bacterial nucleic acids as undesired contaminants that impair the gene delivery 

activities of the resulting artificial viruses. By removing these materials through 

appropriate nuclease treatments we show dramatic increases in the exogenous DNA 

binding capacity and in the gene expression levels achieved by the nanoparticles upon 

transfection. Nuclease treatment in downstream appears then as a crucial step in the 

preparation of cationic protein nanoparticles for gene therapy.  
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Materials and methods 

Protein design, production and purification 

Five chimeric genes encoding for different T22-empowered multifunctional constructs 

were designed in-house and provided by genscript (Piscataway, USA) already 

subcloned in a pET22b plasmid (Novagen 6744-3) using NdeI/HindIII restriction sites. 

R9-GFP-H6 protein derivatives (encoded in a pET21b plasmid) containing decreasing 

number of arginine residues were also design and constructed in-house by site 

directed mutagenesis of parental clone by replacing arginine residues for glycines or 

alanines to keep the length of the construct constant. All the T22-empowered proteins 

were produced in Escherichia coli Origami B (BL21, OmpT-, Lon-, TrxB-, Gor- 

(Novagen)) overnight at 20°C upon addition of 1 mM IPTG. R9-GFP-H6, R7-GFP-H6, 

R6-GFP-H6 and R3-GFP-H6 protein constructs were produced in Escherichia coli 

Rosetta BL21 (DE3) overnight at 25°C upon addition of 1mM IPTG. All the proteins 

were purified by Histidine tag affinity chromatography using HiTrap Chelating HP 1ml 

columns (Ge Healthcare) in an ÄKTA purifier FPLC (GE Healthcare). Cell extracts were 

disrupted at 1100psi by a French press (Thermo FA-078A) and soluble and insoluble 

fractions separated by centrifugation at 20,000 g for 45 min at 4°C. Only in protein 

samples treated for nucleic acids removal, additional step of DNase I and RNase 

hydrolysis (0.01 µg/µl DNase I, 0.01 µg/µl RNase, 2.5 mM MgCl2, 0.5 mM CaCl2) of 

soluble extract at 37°C for 1h was performed. Filtered cell soluble extract were loaded 

onto the HiTrap column and then washed with 20 mM Tris, 500 mM NaCl, 10 mM 

Imidazole, pH=8 buffer. Proteins were eluted with a lineal gradient of a high Imidazole 

concentration elution buffer (20 mM Tris, 500 mM NaCl, 500mM Imidazole, pH=8) and 

selected fractions then dialyzed against the buffer at which the proteins are more stable 

for 2h at room temperature: “20 mM Tris + 5%Dextrose” for T22-KGFP-H6, T22-GFPK-

H6, T22-KGFPN-H6, T22-KGFPCmyc-H6, R9-GFP-H6, R3-GFP-H6 and GFP-H6), “20 

mM Tris + 500 mM NaCl” for  T22-GFP-H6, R7-GFP-H6, R6-GFP-H6 and “ 166 mM 

NaCO3H + 334 mM NaCl” for T22-GFPK-H6 (DNase/RNase), T22-NGFPK-H6 

(DNase/RNase). Proteins were then immediately stored at -80°C after 0.22 µm pore 

membrane filtration. Proteins were characterized by N-terminal sequencing and mass 

spectrometry (MALDI-TOF) and the amount determined by Bradford assays.  

Dynamic light scattering (DLS) 

Volume size distribution of protein nanoparticles were determined by dynamic light 

scattering at 633nm (Zetasizer Nano ZS, Malvern Instruments Limited, Malvern, UK). 

Cell culture 

Sw1417 cells were cultured in DMEM medium (Gibco, Rockville, MD) and HeLa cells in 

MEM medium (Gibco, Rockville, MD), both supplemented with 10% fetal calf serum 

(Gibco) and incubated at 37°C in a  5% CO2 humidified atmosphere. Protein 

nanoparticles were added to cultured cells in presence of Optipro medium (Gibco) 24 h 

before protein internalization analysis in Sw1417 cells and 48 h before gene expression 

analysis in HeLa cells. HeLa cell line was obtained from American Type Culture 

Collection (ATCC, reference CCL-2, Manassas, VA) and Sw1417 cells were a 

generous gift from Xavier Mayol (Institut Municipal D’Investigacio Médica, Barcelona, 

Spain). 
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Protein internalization analysis 

Nanoparticles uptake was analyzed by confocal laser scanning microscopy and flow 

cytometry 24 hours after nanoparticles exposure to Sw1417 cells. For confocal analysis 

cells were grown in MatTek culture dishes (MatTek Corporation, Ashland, MA). The 

nuclei were labeled with 0.2 µg/ml Hoechst 33342 (Molecular Probes, Eugene, OR) 

and the plasma membrane with 2.5 µg/ml CellMaskTM Deep Red (Molecular Probes) 

for 10minutes at Room Temperature and then washed in PBS buffer (Sigma-Aldrich 

Chemie GmbH, Steinheim, Germany). Live cells were recorded by TCS-SP5 confocal 

laser microscopy (Leica Microsystems, Heidelberg, Germany) using a Plan Apo 

63x/1.4 (oil HC x PL APO lambda blue) objective. Hoechst 33342 DNA labels was 

excited with a blue diode (405 nm) and detected in the 415-460 nm range. GFP-

proteins were excited with a Ar laser (488 nm) and detected in the 525-545 nm range. 

CellMask was excited with a HeNe laser (633 nm) and detected in the 650-775 nm 

range. For flow cytometry analysis, cell samples were treated with 1mg/ml Trypsin 

(Gibco) for 15min and then analysed on a FACS- Canto system (Becton Dickinson, 

Franklin Lakes, NJ). Protein fluorescence was excited using a 15 mW air-cooled argon 

ion laser at 488nm and detected by a 530/30 nm band pass filter D detector. 

Determination of nucleic acids content  

Nucleic acid contents within protein samples were determined by Ethidium Bromide 

staining in agarose gels and by a 200-350nm absorbance scanning in a UV/visible light 

spectrophotometer (Genequant 1300, GE Healthcare).  

DNA retardation assays 

DNA-protein incubation and DNA retardation assays were performed according to 

previously reported protocols (29). 

Cell transfection  

For expression experiments, 20 µg of T22-NGFPK-H6 protein (1 retardation unit) and 1 

µg of Td Tomato gene containing  pCDNA 3.1 plasmid were mixed into a final volume 

of 60 µl of buffer, and complexes were formed after 1 hour at room temperature, after 

which Optipro was added. The complex was gently added to HeLa cells, followed by 

incubation for 48 h at 37ºC in 5% CO2 atmosphere. TdTomato expression was 

monitored by flow cytometry and by fluorescence microscopy. Cells without treatment, 

or just incubated with the expression vector or the protein alone, were used as controls. 

TdTomato and GFP protein fluorescence was detected in no stained cells by 

fluorescence microscopy (Nikon eclipse TE2000-E) using  465-495 nm laser and 515-

555 nm detector for GFP and 528-553 nm laser and 590-650 nm detector for 

Tdtomato. Red fluorescence in cells was quantified by flow cytometry using a FACS- 

Canto system (Becton Dickinson, Franklin Lakes, NJ) after detachment with 1mg/ml 

Trypsin (Gibco) for 15min. Td tomato protein fluorescence was excited using a 15 mW 

air-cooled argon ion laser at 488nm and detected by a 585/42 nm band pass filter.  

Data analysis 

Mean data, standard deviations and errors were calculated using Microsoft Office Excel 

2003 (Microsoft) and all the graphical representations were done using Sigmaplot 10.0. 
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Results and discussion  

T22-GFP-H6 is a modular protein monomer that self-assembles spontaneously as 

nanoparticles of around 13 nm upon purification from producing bacteria 290. This 

protein is stable in vivo and targets primary tumor and metastatic foci in colorectal 

cancer, as the tag T22 promotes internalization into CXCR4+ cells 292. To adapt this 

construct to the delivery of therapeutic DNA for cancer therapies we added two 

additional modules to the polypeptide chain, namely a DNA-binding domain (a 

decalysine tail, K10) and a nuclear localization signal (NLS, either from SV40 T antigen 

or from the human C-myc nuclear protein). Different versions of the monomer were 

constructed containing one or both additional modules, as summarized in Figure 1A, 

and produced and purified from E. coli. All the proteins remained fluorescent and self-

assembled in nanoparticles of between 30 and 45 nm (not shown). Internalization 

analysis of these constructs revealed a generic slight reduction in the uptake abilities 

when comparing with the parental construct T22-GFP-H6, which at high doses were 

not relevant for T22-KGFP-H6, T22-KGFPN-H6 and T22-GFPK-H6 (Figure 1B). All 

nanoparticles were observed to internalize upon exposure to CXCR4+ cells, and those 

containing NLS tags, namely T22-KGFPN-H6, T22-KGFPCmyc-H6 and T22-NGFPK-

H6, showed a marked nuclear localization (Figure 1C). When determining the ability of 

these proteins to bind DNA through gel mobility assays, we surprisingly observed a 

lack of binding at the tested amounts (Figure 2), which would be not expected for K10-

containing polypeptides. However, the high 260/280 ratio and the staining of protein-

only samples in agarose gels (Figure 2, Table 1) were indicative of contaminant nucleic 

acids, probably derived from bacteria, that might interfere in the binding between 

cationic segments and exogenous DNA. Indeed, treatment with DNAse and RNAse of 

a model protein indicated the presence of a mixed population of nucleic acids as 

contaminants of protein samples, among which DNA seemed to be the most prevalent 

(Figure 3 A). A simple combined treatment with both nucleases effectively removed 

nucleic acids (Table 1) and conferred proteins with the ability to retard exogenous DNA 

as expected (Figure 3 B). 

How the nucleic acid removal could enhance the performance of the nanoparticle in 

transgene delivery was investigated by combining T22-NGFPK-H6 with expressible 

DNA. When nuclease-treated and non-treated protein versions were compared, no 

expression of the reporter gene was observed by microscopy neither by flow cytometry, 

in complexes formed with non-treated protein samples (Figure 4 A, B). However, the 

nuclease treated vehicle promoted transgene expression in a significant percentage of 

cells (Figure 4 A), and gene expression levels were clearly over the background 

provided by non-treated samples (Figure 4 B). 

Biofabrication of proteins as convenient carrier materials for non-viral gene therapy 

benefits from the advances of recombinant DNA technologies accumulated in the last 

30 years. Many protein products are then used as pharmaceuticals with great success 
327 and an important sector of Pharma industries orbits around recombinant protein 

design and production. Cationic peptides or protein domains are commonly used as 

functional components of artificial viruses 329, and in protein only vehicles they are 

usually incorporated as part of multifunctional proteins 309. DNA condensation by short 

multifunctional proteins might have a structural role in the formation of protein/DNA 

nanoparticles 325, while the incorporation of cationic end terminal peptides to more 
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complex building blocks drives their self-assembling as stable nanoparticles 290 into 

which exogenous DNA is smoothly accommodated 324. We have here constructed a 

series of modular building blocks in which several cationic peptides are combined to 

offer both architectonic abilities at the nanoscale and DNA condensing properties 

(Figure 1). T22-NGFPK-H6, for instance, contains the highly cationic T22, K10 and the 

protonated form of H6 (at slightly acidic pH). We observed that such a high 

concentration of cationic elements in the building block eclipsed its expected ability to 

bind and transfer DNA (Figure 2 and 4), a fact that was unapparent (and possibly 

milder) in other K10 containing multifunctional proteins 284-286, 330, probably less cationic 

in global. In agreement, Rn-GFP-H6 protein versions in which the number of N-terminal 

cationic residues (arginines) was engineered showed correlative amounts of attached 

nucleic acids (Table 2). The expected functions of the nanoparticles were however 

restored by a simple nuclease digestion step previous to the purification from bacteria 

(Figure 3). These data strongly suggest the need of including such a downstream step 

in the bioproduction of proteins as building blocks of artificial viruses, when their 

function is at least partially based on cationic, DNA-binding domains. Although 

regarding biosafety, contamination with nucleic acids is a particular issue in protein 

drugs produced in mammalian cells 331, the particular use of cationic proteins as DNA 

condensing agents stresses the need of surveillance and efficient removal treatment, 

for functional reasons, in any type of cell factory. 
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Figure 1: Description of T22-empowered multifunctional modular proteins and their 
internalization ability in CXCR4+ cells. A) Schematic representation of T22-empowered 
constructs. In blue, T22 peptide; in green, GFP; in orange: nucleic acid binding domain; in 
purple, nuclear localization signal; in red, poly-Histidine tag. NLS indicates the SV40 T antigen 
nuclear localization peptide. B) Dose-response curve of T22-empowered protein constructs 
internalization in Sw1417 cells. The parental T22-GFP-H6 construct is indicated as a 
reference. C) Confocal images of Sw1417 cells exposed to different T22-empowered 
multifunctional protein constructs for 24 hours. Cell membranes are labeled in red and cell 
nuclei in blue. Green spots correspond to the fluorescence of internalized nanoparticles.
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Figure 2: DNA-binding capacity of different protein constructs monitored by electrophoretic 
mobility shift of plasmid DNA (pTurbo FP365) in agarose gels. * nucleic acid signal detected in 
protein-only controls (C).  



  Annex   
 

169 
 

Figure 3: Nucleic acid removal from modular proteins. A) Nucleic acid removal in T22-
GFPK-H6 after DNase and RNase digestion treatments. B) Evaluation of DNA-binding 
capacity of nucleic acid free T22-GFPK-H6 and T22-NGFPK-H6 protein constructs 
monitored by electrophoretic mobility shift assays.  
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Figure 4: Evaluation of gene transfer properties of nucleic acid free T22-NGFPK-H6 in 
CXCR4+ cells compared with untreated protein constructs. A) Fluorescence 
microscopy images of HeLa cells exposed to T22-NGFPK-H6 / DNA polyplexes for 48 
hours. Green fluorescence corresponds to GFP and orange fluorescence corresponds 
TdTomato protein expressed from the transferred DNA. Fields were selected randomly 
but images are representative of the whole culture. B) TdTomato fluorescence of HeLa 
cells exposed to T22-NGFPK-H6 / DNA polyplexes for 48 hours. 
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Table 1. Ratio between absorbance at 260 and 280 nm in protein samples, untreated 

and treated with nucleases before purification. 

Protein 

260/280 

T22-GFP-H6 T22-KGFP-H6 T22-KGFPN-H6 T22-KGFPCmyc-H6 T22-GFPK-H6 T22-GFPK-H6 

No nuclease 

treatment 

0.89 1.54 2.04 1.51 1.38 2.05 

Nuclease 

treatment 

nd nd nd nd 0.87 0.67 

Nd: not determined 

 

Table 2. Ratio between absorbance at 260 and 280 nm in samples of different versions 

of R9-GFP-H6, in which the number of N-terminal arginines varies.  

Protein R9-GFP-H6 R7-GFP-H6 R6-GFP-H6 R3-GFP-H6 GFP-H6 

260/280 1.60 1.38 0.65 0.71 0.67 
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Annex 5 

Methods and reagents for efficient and targeted delivery of therapeutic 

molecules to CXCR4 cells.  

(European patent) 

Ugutz Unzueta, Esther Vázquez, Antonio Villaverde, Neus Ferrer, Maria Virtudes 

Céspedes, Ramón Mangues. 
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