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1. NANOMEDICINE: THERAPEUTIC NANOPARTICLES. 

The term “nano-technology” was initially introduced to refer to the development and 

handling of small-scale applicative materials (1 to 100 nm)1;2. This is currently a field of 

intense scientific research with potential applications in a variety of areas such as 

medicine, optics and electronics. Nanomedicine is the application of nanotechnology 

to medicine3.  

Nanomedicine involves any medical application of nanoscale materials, compounds or 

technologies for diagnosis, delivery or sensing. The European Science Foundation 

highlights five key disciplines of nanomedicine4: 1) analytical tools 2) nanoimaging 3) 

nanomaterials and nanodevices 4) novel therapeutics and drug delivery systems and 5) 

clinical, regulatory, and toxicological issues. One of the most currently promising 

approaches within nanomedicines is the targeted drug delivery (Figure 1). 

 

 

Drug delivery systems (DDS) are engineered nanoscale platforms for the targeted 

delivery and controlled release of therapeutic agents5;6. Understanding the 

physiological barriers to efficient drug delivery is a pivotal matter, such as the 

transport in the circulatory system and drug movement through cells and tissues7. 

There are a variety of modes of drug delivery that have entered clinical practice8. 

However, many drug delivery devices, even those discovered using the most advanced 

molecular biology strategies such as liposomes, micelles, dendrimers, hydrogels and 

Figure 1: Sectorial breakdown of Nanomedicine. Modified from 1 . 
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nano-crystals, among others, have unacceptable side effects due to the drug 

interacting with off-target healthy tissues and its poor biodegradability9. Therefore, 

new nanomedical approaches for targeted drug delivery are aimed to develop smart 

nanosized cages or nanoparticles (NPs) with high stability, specificity, biocompatibility, 

appropriate pharmacokinetics and efficient cell penetrability10;11. In other words, any 

DDS should recruit a set of biological activities that empower it with appropriate 

biodistribution and therefore, the capacity to deliver the cargo material into the 

appropriate compartment of  target cells leading to an enchanced efficacy and reduced 

toxicity.  

1.1. TARGETING STRATEGY.  
 

Conventional therapies for many diseases are mainly based on systemically 

administered drugs such as chemotherapeutics for cancer or antibiotics for infections. 

The insufficient therapeutic effect of these drugs is related to their small molecular 

size, that being below renal filtration cut-off (around 6 nm)7 are excreted through the 

kidney, what results in a short circulation time.  

The coupling of these drugs to a vehicle allows the nanoscale size of the drug enabling 

them to escape renal clearance, rendering them long plasma half-life and therefore, 

favouring the enhanced permeability and retention effect (EPR)12;13. This effect is 

based on the selective extravasation and accumulation of these compounds in target 

tissue due to its hypervascularization. This targeting strategy is known as passive 

targeting and the majority of nanostructured drugs that have reached clinics are based 

on it14;15. The first vehicles used to enhance the half-life in plasma of carried drugs 

were mainly based on liposomes and polymer–drug conjugates that enhanced their 

deposition in target tissues. Since their approval, many other liposome/polymer-based 

vehicles have been approved for oncology, fungal infections, cardiovascular diseases, 

hepatitis and neutropaenia among other diseases.  

Currently available platforms, lacking specificity, offer only limited improvements over 

conventional formulations and patient responses remain still modest. Indeed, the 

amount of drug that reaches target cells remains low and is not sufficient to ensure a 

maximal reduction of undesired side effects. 
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In this context, the most advanced nanomedical approaches for drug delivery are 

aimed to develop smart nanosized cages with specific cellular targeting (namely active 

targeting)11;16;17. Then, ligands that recognize specific molecules (biomarkers) 

overexpressed in the surface of the target cells can be anchored to the surface of the 

NPs (Figure 2). Note that specific accumulation in target cells is favored by multivalent 

display of ligands on nanoscale entities, which promotes multiple cell anchorage and 

enhanced nanoparticle wrapping.  

The pursuit for the search and isolation of novel targeting moieties, including 

monoclonal antibodies and antibodies fragments (single-chain variable fragments and 

affibodies), small peptides or aptamers among others has become in recent years a 

priority goal18;19. Peptides present favorable characteristics over other ligands, 

including low molecular weight (around 1 kDa), ideal tissue penetration ability, low-

cost of manufacturing and relative flexibility in chemical conjugation processes20;21. 

There are several methodologies for the screening of potential ligands among which 

phage-displayed library technology has emerged as a powerful tool for the 

identification and generation of peptides and antibodies20. 
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Figure 2: Passive/active tissue targeting. Nanoparticles reach the targeted tissue through EPR effect. 
Nanoparticles with specific surface ligands can specifically internalize into the target cell and release the 
cargo in the required subcellular compartment. Modified from22. 
 

1.2. PHYSICOCHEMICAL PROPERTIES OF NANOPARTICLES.  
 

The exploration of nanoparticle’s physicochemical properties is a fundamental 

requirement for the material reproducibility and pharmaceutical regulators approval 

as they will determine nanoparticle recirculation and correct transit from the 

administration point to the target cell (Figure 3)7. 
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Figure 3: Different biological barriers and processes that NPs have to overcome or fulfill respectively for 
a proper biodistribution after their systemic administration in the body.  

 

1.2.1. SYSTEM LEVEL. 
 

SURFACE: Immediately after the NPs come in contact with plasma, proteins are 

adsorbed to the particle surface, namely protein corona, a phenomena that occurs 

mainly with positively charged and hydrophobic NPs23;24. In this process of protein 

adsorption, immunoglobins and complement proteins are the predominant 

contributors leading to the opsonization of the NPs and thus, their removal by the cells 

of the reticuloendothelial system (RES). This process along with the triggering of 

hypersensitivity reactions due to the complement activaction, complicates targeted 

drug delivery.  

NPs with neutral and negative surface charges reduce the protein corona having longer 

circulation half-lives and lower accumulation in liver and spleen whereas positively 

charged NPs usually show higher opsonization and toxicity such as haemolysis and 

platelet aggregation25.  

Current methods for addressing opsonization process have focused on rendering the 

particle surface more hydrophilic or by neutralizing the particle’s surface charge. 

Nowadays, the predominant strategy is based on the addition of hydrophilic polymeric 
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coating, such as polyethylene glycol (PEG), to the surface of the particle26. PEG 

increases drug hydrophilicity, impairs uptake by reticuloendothelial cells, minimizes 

clearance by neutralizing antibodies, and reduces renal filtration. Even if the 

therapeutic effect is enhanced, PEGylation could inhibit cellular uptake and 

subsequent endosomal escape27;28 and also, PEG effect could be transient, so eventual 

opsonization and macrophage clearance still occurs29.  

 

SIZE: For intravenously injected engineered NPs, size is one of the most important 

parameters affecting biodistribution.  Particles smaller than 6 nm are rapidly cleared 

from the circulation through renal clearance25;30;31, and as particle size increases from 

100 nm on, accumulation in different organs such as the liver, the spleen and lungs 

can occur7. Specifically, large NPs are filtered by sinusoids in the spleen (vascular 

fenestrations are tipically between 200-500 nm), by noncontinuos endothelia in the 

liver (vascular fenestrations measure 100 nm) and they can be also accumulated within 

capillaries of the lungs (from 200 nm for intravenously inyected NPs and in the 

micrometer range for inhaled particles). Accumulated NPs in organs are usually 

uptaken and removed by the RES.  Thus, size between 10 and 100 nm seems to be the 

optimal one to achieve longer circulation time.  

Moreover, larger NPs, having bigger surface, show major protein corona and higher 

opsonization process being more easily recognized by the complement system32-34.  

 

SHAPE: The circulation half-life of a particle is also affected by shape. For instance, 

discoidal particles show unique dynamics that favor adhesion to endothelium 

compared to spherical particles that tend to align with blood flow35-37.  

On the other hand, geometrical parametres as curvature and particle size ratio, affect 

to the uptake by circulating macrophages38;39. Indeed, having a low ratio and maximal 

curvature, spherical particles are more easily uptaken than ellipsoidal, cylindrical and 

discoidal particles that show longer circulation life times.  

 

DEFORMABILITY: Different studies suggest that NPs prone to deform have reduced 

accumulation in organs such as the spleen and liver compared with rigid NPs40.  
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1.2.2. CELLULAR LEVEL.  
 

SURFACE: One important issue of passive targeting is that it does not induce cell 

internalization once within the target tissue, so ligands should be incorporated into 

surface design to induce accumulation into target cells. Depending on the anchored 

moieties in the surface of the NPs, internalization pathway is altered. Generally, cell 

penetrating peptides (CPPs) facilitate non-specific cell entrance41 whereas ligands that 

recognize specific surface receptors promote the endosomal uptake of the 

nanomaterials16;17. 

On the other hand, the cell internalization efficacy is also altered by surface charge. In 

general, due to the cell membrane’s negative surface, positively charged particles 

trigger more non-specific internalization42.  

 

SIZE: Avidity (the strength with which a non-covalent attachment to a target molecule 

occurs) and multivalency (multiple ligands superficially exposed) are key parameters in 

the cell internalization efficacy of the NPs and is directly dependent on NP size43;44. 

Both, avidity and multivalency are increased by a large surface/volume ratio. Thus, 

very small NPs show poor number of ligands exposed in the surface and reduced 

avidity (or in other words, elevated ligand/receptor dissociation constant). In this 

context, very small NPs show low ligand density and poor avidity and may no remain 

enought time attached to the membrane to internalize properly whereas very big NPs 

can strongly attach saturating available receptors and limiting cell internalization. 

Therefore, the optimal NP size to proper receptor mediated internalization has been 

described to be between 25 and 50 nm43-45.   

On the other hand, size is also related to internalization pathway45;46. Some studies 

revealed that 15 nm NPs show a higher endocytotic rate than 100 nm NPs although in 

other studies, 50 nm NPs display the maximum cellular uptake. Moreover, NPs smaller 

than 200 nm tend to internalize via clathrin mediated endocytosis and the ones that 

are between 200-500 nm internalize through caveolae mediated endocytosis. 

Important volumes of  data have been collected about size-dependent internalization 

but the relation remains unclear and contradictory results have been obtained, 

probably because cell uptake depends on multifactorial factors such shape, 
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nanomaterial and cell type.  

 

SHAPE: Spherical NPs show higher cell internalization efficacy since the membrane 

bending energy is minimal compared to rods, cylinders or disc-shaped NPs47;48.  

However, when considering NPs larger than 100 nm, rods or discoidal particles display 

higher surface area and thus more multivalent interactions that provide them with 

better internalization rates49.  

1.2.3. INTRACELLULAR LEVEL. 
 

SIZE: The delivery of the drug to the desired subcellular compartment could be 

affected by NP size. Indeed, when reaching cell nucleus is necessary for the 

therapeutic action, NPs bigger than 10-30 nm (40kDa) will not be able to go inside by 

passive diffusion since nuclear pore complex size is around 55 Amstrong50;51. This can 

be solved by using nuclear localization signals that display the active transport 

mechanism.  

 

Figure 4: A summary of bio-physicochemical properties and materials of NPs that have been explored as 
carriers for drug delivery52. 
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1.3. BIOCOMPATIBILITY. 
 

Many materials have been so far explored for the production of nanocontainers. 

Several types of NPs are currently used for drug delivery53-55 such as lipid-based NPs, 

polymer-based NPs, metalic NPs, carbon nanomaterials and protein-based NPs (Figure 

5).  

These materials, once nanostructured, show very interesting applications in medicine, 

electronics and enviromental sciences.  However, as drug delivery sistems, most of 

these materials raise severe biocompatibility concerns such as  poor water solubility 

and high immunotoxicity56;57. Indeed, certain NPs may induce allergic sensitization, can 

modulate cytokine production and have pro-inflammatory effects. Moreover, they are 

poorly degraded by human enzymes and tend to acummulate in lisosomes leading to 

lisosomal diseases.  

In this regard, these issues can be possibly solved using biodegradable materials as 

natural polymers or proteins.  

 

Figure 5: Different kinds of nanocarriers used for drug delivery.  
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2. APPLICATIONS OF THERAPEUTIC NANOPARTICLES.   

In the past two decades, several nanoparticle-based therapeutics have been 

successfully introduced for the treatment of many diseases58. Oncology, Central 

Nervous System (CNS) indications and Infections represent major focuses of the 

nanopharmaceutical research effort (Figure 6)59.  

 

Figure 6: Nanopharmaceutical global market share by therapeutic indications59. 

 

2.1. ONCOLOGY.   
 

Cancer remains one of the leading causes of death in most parts of the world60. After 

surgical removal, chemotherapeutics are regularly and systemically administered to 

patients as main therapy but unfortunately, therapeutic effect remains insuficient. 

Chemotherapeutics, having small molecular size (below renal filtration cut-off, namely 

6-8 nm) and lacking specificity, show short circulation time, limited accessibility to the 

tumor tissue and metastatic sites, and intolerable toxicity that leads to the damage of 

active and fast growing healthy cells such as bone marrow, gastrointestinal or liver 

cells, strongly limiting administrable therapeutic dose61. 

Development of multi-drug resistance and the dynamic heterogeneous biology of the 

growing tumors are also related with their poor efficacy62;63. The use of targeted NPs 

as vehicles for these drugs significantly increases efficiency of the delivery into the 

cancer cells, reduce drug dosage and mitigates side effects64.  
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2.1.1. TARGETING STRATEGIES. 
 

Most of the approved nanomedicines for oncology rely on passive targeting and 

therefore, EPR effect13;65. Unlike the tight endothelium of normal blood vessels, the 

vascular endothelium in tumor microvessels is discontinuous and leaky. The higher size 

of gaps between the endothelial cells (ranging from 100-780 nm), the high vasodilation 

due to the elevated levels of growth factors like VEGF (vascular endothelial growth 

factor) and bFGF (basic fibroblast growth factor) and the impaired lymphatic drainage 

in tumor tissues result in an enhanced accumulation of drugs in tumor tissues. 

Moreover, cell penetrating peptides (CPPs) such as the trans-activating transcriptional 

activator (Tat) peptide, have been used to promote non-specific cell internalization of 

accumulated NPs66. In 1994, PEG–L-asparaginase (Oncospar; Enzon) became the first 

nanostructured therapeutic to receive Food and Drug Administration (FDA) approval, 

for the treatment of acute lymphocytic leukaemia. The first liposome-based 

therapeutic, liposome-encapsulated doxorubicin (Doxil; OrthoBiotech), was approved 

by the FDA in 1995 for the treatment of HIV-related Kaposi’s sarcoma and the 

treatment of ovarian cancer and multiple myeloma. However, passive targeting suffers 

from serious limitations67 such as inefficient drug diffusion into tumor cells68, the 

random nature of targeting and the fact that the EPR effect is a highly heterogeneous 

phenomenon, which varies substantially from tumor model to tumor model, as well as 

from patient to patient69;70.   

Regarding to the active targeting approach, cancer cells express some new molecules 

and/or over-express specific own molecules in comparison to normal cells due to their 

transformed nature, ranging from mutant genes and RNAs, to proteins, lipids and even 

small metabolite molecules. These molecules can serve as significant biomarkers for 

the progression of disease and also as tumoral markers for drug delivery. For example, 

many types of cancer cells over-express transferrin and folate receptors because of the 

high metabolic demands and rapid proliferation; thus, conjugation of transferrin71-73, 

folic acid74-76 or specific antibodies77;78 have been a common targeting approach used 

for engineered NPs. However, these receptors are also expressed to some degree on 

non-target cells leading to significant toxic off-target effects79. Recently, selective 
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targeting strategies rely on highly specific interactions of de novo designed antibodies, 

aptamers, peptides and oligonucleotides with tumor cell surface receptors.  

 

Moreover, note that NPs, once they have bound to the receptor, are internalized 

through endocytic pathway and destined to a lysosomal compartment. Therefore, 

before the fusion with a lysosome, endosomal escape must occur to prevent 

degradation of the cargo under harsh lysosomal conditions and to allow access of the 

carrier to the desired subcellular compartment, whether it is the cytosol, the 

mitochondria or the nucleus. This can be accomplished through proton sponge effect 

by using cationic surface groups such as His-rich peptides80;81 and polyethylenimine 

(PEI)82;83 or by adding peptides able to disrupt endosomal membrane like influenza 

virus hemagglutinin peptide (HA2)84;85 or antimicrobial peptides as natural Mellitin or 

synthetic GWH186;87.  

 

COLORECTAL CANCER TARGETING.  
 

Colorectal cancer (CRC) is the third most common cancer as well as the third cause of 

mortality worldwide. First-line chemotherapeutic treatment of CRC comprises 

intravenous 5-Fluorouracil (5-FU) administration in combination with oxaliplatin, 

increasing the response of the therapy up to 50 % compared with 15 % for 5-FU 

monotherapy88. Unfortunately, traditional therapy induces tumor cell death and 

shrinkage but is suggested to grow back due to selective resistance of a subset of cells 

that have cancer stem cell potential89;90.  

Cancer stem cells (CSCs) are the tumorigenic root of cancers due to their clonogenic 

and high self-renewal capacity. Recent studies have highlighted the principal role of 

CSCs in tumor recurrence, relapse and metastatic dissemination91. Colorectal CSCs are 

among the most difficult to kill and the development of hepatic metastases is the main 

reason of mortality in colon cancer patients92.  

Recent identification of surface markers over-expressed in colon CSCs such as CD133, 

CD166, CD44, CD24, CXCR4, beta1 integrin-CD29, Lgr5, EpCAM (ESA), ALDH-1, Msi-1, 

DCAMLK1 or EphB receptors, allows the development of treatment strategies that can 

specifically eliminate colon CSCs and enable a long-lasting clinical response that 
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controls metastatic process90;93.   

Among them, cytokine receptor CXC chemokine receptor type 4 (CXCR4) plays a critical 

role in determining the metastatic destination to the liver, bone marrow and lungs 

where its ligand SDF-1 is abundant94-96. Indeed, patients with high CXCR4-expressing 

tumors have increased risk of local recurrence and distant metastases97;98, and also 

CXCR4 expression is higher in the metastases compared to primary tumors99;100. This 

offers preclinical evidence that blockade of the SDF-1/CXCR4 and depletion of CXCR4+ 

cell population is a promising therapeutic strategy to achieve metastatic control in 

colon cancer101-104.  

2.1.2. NANOMATERIALS AND BIOCOMPATIBILITY. 
 

Most of the approved and clinically used nanomaterials for oncology are still based in 

lipids and polymers (Table 1)59;105. 

Liposomes are a lipid bilayers composed of amphipathic phospholipids (mainly 

phosphatidyl cholines) that enclose an interior aqueous space. These carriers not only  

target drug upon functionalization with cell specific ligands and protect them from 

degradation, but they can also be made temperature or pH sensitive, conferring the 

ability to release the drug in the specific site of action106. However, their use as DDS 

has been restricted due to inherent health issues such as low encapsulation and 

storage efficiency, poor stability and also, difficulties concerning scaling-up for clinical 

evaluation107.  

Polymeric NPs promise some interesting advantages over liposomes. For instance, this 

NPs allow chemical conjugation of the drug to their surface and increase the ratability 

of drugs106. However, they can also evoke side effects; anaphylaxis or platelet 

dysfunction have been reported for dextran (glucose polymers)108;109 and serious 

toxicity problems have been described for dendrimers (repeatedly branched, roughly 

large spherical large structures)110. The copolymer poly(lactic-co-glycolic acid) (PLGA) is 

the most common natural biodegradable polymer approved as a compatible 

biomaterial used to overcome side-effects imposed by other polymers111;112, however, 

PLGA NPs show 40 % particle accumulation in liver, limiting its use in clinics113.   

 



INTRODUCTION 

 20 

Table 1: Principal nanoparticle-based drug delivery systems in clinical trials for oncology59. 

Delivery system Name Administ. 
Active 

molecule 
Indication Status 

Protein-based delivery systems 

Nab-technology ABI-009 I.V. Rapamycin 
Non-muscle invasive 

bladder cancer 

Phase 

I/II 

Polymer-based delivery systems 

Transdrug PACA NPs Livatag I.V. Doxorubicin 
Hepatocellular 

carcinoma 
Phase III 

Cyclodextrin-based NPs CRLX101 I.V. 
Camptothe

cin 
NSCLC 

Phase II 

complet

ed 

PSMA-targeted PEG-PLA/PLGA 

NPs 
BIND-014 I.V. Docetaxel NSCLC 

Phase II 

complet

ed 

PEG-PLA/PLA NPs – I.V. Docetaxel Solid tumors Phase I 

PEG polyamino acid NPs NC-6004 I.V. Cisplatin Solid tumors 
Phase 

I/II 

Core cross-linked polymeric 

micelles 
CriPec I.V. Docetaxel Solid tumors Phase I 

Lipid-based delivery systems 

Lipid NPs Atu-027 I.V. PKN3 siRNA Pancreatic cancer 
Phase 

IIb 

Lipid NPs DCR-MYC I.V. MYC siRNA 
Hepatocellular 

carcinoma 

Phase 

I/II 

Lipid NPs 
TKM-

080301 
I.V. PLK1 siRNA Liver cancers 

Phase I 

complet

ed 

Liposomes 
NDL02-

s0201 
I.V. 

HSP47 

siRNA 
Hepatic fibrosis 

Phase 

Ib/II 

Liposomes – I.V.  
P53 DNA 

plasmid 
Glioblastoma Phase II 

Anti-EGFR liposomes – I.V. Doxorubicin Solid tumors 

Phase I 

complet

ed 
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2.2. INFECTIOUS DISEASES.  
 

Infectious diseases are caused by the presence and growth of pathogenic biological 

agents like bacteria, fungi, parasites etc. in the host organism and it is characterized by 

the presence of clinical symptoms. Nanoparticle-based drug delivery platforms 

including liposomes, polymeric NPs, dendrimers, and various inorganic NPs have been 

increasingly exploited to deliver and enhance the therapeutic effectiveness of existing 

antibiotics114. 

However, the treatment of bacterial infection still faces significant challenges, 

particularly the emergence of antibiotic resistance115;116. In this context, naturally 

occurring cationic antimicrobial peptides (AMPs) are of special interest because of 

their potential as alternatives to conventional antibiotics117.  

2.2.1. TARGETING STRATEGIES. 
 

Passive targeting and the enhanced permeation and retention (EPR) effect can be 

exploited by NPs for antibiotic/AMPs delivery118. At infection sites, the release and 

accumulation of bacterial components (mainly bacterial proteases and 

lipopolysaccharide or lipoteichoic acid) trigger various inflammatory mediators that 

directly stimulate vascular permeability119;120 and also activate immune cells that 

interact with vascular endothelia121. This leads to gap widening and barrier 

dysfunction, increasing permeability and favouring nanoparticle accumulation at the 

sites of infection. As an example, PEGylated liposomes have been shown to 

accumulate by passive targeting at soft tissue infected by Staphylococcus aureus122;123.  

 

Active targeting has shown to be also a good approach against infectious diseases124. 

Vancomycin125;126 that binds preferentially to gram positive bacteria, mannose-specific 

or fucose-specific lectins127;128 that show enhanced binding affinity to the carbohydrate 

receptors on some bacteria surfaces, single-domain antibodies129 and bacteriophage 

tail spike proteins130, among others, have been conjugated to NPs resulting in effective 

targeted delivery platforms against a variety of bacterial infections. Furthermore, 

aptamers have also become attractive targeting moieties extensively explored to 

target NPs to pathogenic bacteria such as Salmonella typhimurium and Mycobacterium 
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tuberculosis131;132.  

In addition to ligands that recognize specific biomolecules, cationic peptides are highly 

interesting for effective bacterial targeting133-135. Note that pathogenic bacteria 

maintain a negative surface charge under physiological conditions. Therefore, cationic 

peptides are capable of binding bacterial cells via electrostatic interactions.  

For example, a self-assembled cationic peptide nanoparticle has shown strong 

antimicrobial properties while inducing minimal systemic toxicity136. By using 

Staphylococcus aureus-infected meningitis rabbits it was demonstrated that these 

cationic NPs can cross the blood–brain barrier and suppress bacterial growth in 

infected brains.  This strategy is attractive for its multivalent effect and the ability to 

target polymicrobial infections.   

2.2.2. NANOMATERIALS AND BIOCOMPATIBILITY. 
 

Metals as silver, gold, zinc and graphene based NPs, have been the most used 

nanomaterials in infectious diseases. Indeed, some of them, due to their specific 

physicochemical properties, show intrinsic broad-spectrum antibacterial properties 

against both Gram-positive and Gram-negative bacteria. Then, they are very 

interesting for antimicrobial applications such as in antibacterial coatings for 

implantable devices and medicinal materials to prevent infection and promote wound 

healing, in bacterial detection systems to generate microbial diagnostics, in 

antibacterial vaccines to control bacterial infections and in antibiotic delivery systems 

to treat diseases124. According to existing research, the antibacterial effects of these 

NPs are137: 1) disruption of the bacterial cell membrane; 2) generation of reactive 

oxygen species (ROS) 3) penetration of bacterial cell membrane; and 4) induction of 

intracellular antibacterial effects, including interactions with DNA and proteins. For 

instance, silver NPs are being commercialized for antimicrobial activity138. Certain 

studies have proposed that Ag NPs are able to attach to sulphur containing proteins in 

bacterial cell membrane and  prompt neutralization of the surface electric charge of 

the bacterial surface changing its penetrability and finally, leading to bacterial 

death139;140. Even though they show great effectiveness, silver NPs can cause blood-

brain barrier (BBB) and liver destruction by producing ROS, as well as neuronal 
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degeneration and brain edema after intravenous administration141-143. Therefore, even 

their use in nanomedicine for treating wounds, burns and catheter related infections 

remains very interesting, their exploitation as drug delivery system in humans should 

be limited.  

In this context, biocompatible nanocarriers that safely administer drugs have been 

taken to clinics in the last years, being mainly liposome and polymeric based 

nanomaterials (Table 2)59. Most important among the liposomal antimicrobial agents 

is FDA accepted Liposomal amphotericin B (AmBisome; Gilead Sciences, USA) that is 

used in aspergillosis, candidiasis, and cryptococosis. It has been also used as a therapy 

for human visceral leishmaniasis144. However, these lipid and polymeric based particles 

have limitations like absence of targeting, water solubility and toxic effects due to their 

poor biodegradability111;145.  

 

Table 2: Main nanoparticle-based DDS in clinical trials for infectious diseases59. 

Delivery system Name Administ. 
Active 

molecule 
Indication Status 

Protein-based delivery systems 

F Protein NPs 
RSV-F 

vaccine 
I.V. RSV RSV infections Phase III 

Polymer-based delivery systems 

PEI NPs – Local No drug 

Bacterial 

infections in HNC 

patients 

Phase I 

Alkylated PEI NPs – Local No drug 
Bacterial 

infections 
Phase II 

Lipid-based delivery systems 

Lipid crystal NPs CAMB Oral Amphotericin B Candidiasis Phase II 
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2.3. CENTRAL NERVOUS SYSTEM DISEASES.  

 

2.3.1. TARGETING STRATEGY. 

 

The BBB is one of the most essential protection mechanisms in the CNS since it 

protects the brain from foreign substances in the blood that may damage the brain.  

From the anatomic point of view, the BBB is mainly composed of pericytes, astrocytes, 

neurons, endothelial cells and junctional complexes146. Due to the presence of tight 

junctions instead of large fenestrations between endothelial cells, as well as high 

electrical resistance (1500-2000 Ω cm 2) between the endothelial cells caused by the 

encapsulation of capillaries by pericytes and astrocytes, the passage of the drugs 

through the BBB is primarily restricted. Indeed, only small molecules in the order of 

400-500 Da such as water, some gases, and some lipid-soluble compounds can easily 

penetrate through the BBB by passive transcellular diffusion.  

Although the delivery of drugs into the brain is a challenging field, it attracts much 

attention due to the increasing population of neurodegenerative diseases such as 

Alzheimer's, Parkinson’s and Huntington’s disease, and encephalitis associated to HIV 

infection.  

Different approaches to transport large molecules with high electric charge, polarity 

and hydrophilicity (i.e., glucose, amino acids and most drugs) across BBB have been 

explored 147-149 (Figure 7).  
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Figure 7: Approaches to enhance drug delivery to the brain. a) The main drug efflux transporters of 

brain capillary endothelial cells include MRPs, PgP, and ABCG2. All of these transport proteins have been 

targeted for pharmacological inhibition such as probenecid for MRPs, verapamil for PgP and GF120918, 

for ABCG2. b) Tight junctions normally restrict penetration of water-soluble compounds across the BBB, 

but they can be disrupted by mechanical and pharmacological methods, via ultrasound and bradykinin 

analogs, respectively. c) Receptor-mediated transcytosis has been used to increase transport of drugs 

across the BBB, and d) cationization can increase uptake of molecules by absorptive transcytosis. 

Abbreviations: ABCG2, breast cancer resistant protein; BBB, blood–brain barrier; MRPs, multidrug 

resistant proteins; PgP, P-glycoprotein. Adapted from 150. 

 

NP-mediated drug delivery is emerging as an effective and non-invasive system to 

assist drugs to cross the BBB through receptor mediated transcytosis148;151. It has been 

reported that different receptors are highly expressed on the endothelial brain cells 

such as low density lipoprotein (LDL), transferrin and insulin receptors152;153. Therefore, 

the functionalization of NPs with peptides that recognize these receptors and induce 

transcytosis has been deeply explored to deliver drugs through the BBB.  

De novo peptides that efficiently bind to these receptors can be identified by different 

techniques.  As an example, Angiopep was obtained by kunitz domain libraries and is 
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derived from aprotinin. This peptide exhibits high LDLR binding efficiency and has been 

used for glioma-targeting delivery by several research groups154-157. Seq1 is a novel 

peptide ligand obtained by phage display technique, able to target and transmigrate 

across the BBB158;159. Thus, the use of these peptides to enable NPs to penetrate 

through the BBB is an attractive approach.  

2.3.2. NANOMATERIALS AND BIOCOMPATIBILITY.  

 

NPs that carry drugs into the brain include a variety of nanomaterials160;161 such as lipid 

based NPs, polymer based NPs, nanoemulsions, dendrimers, metal NPs...  

Lipid NPs, such as cationic liposomes, solid lipid NPs and nanostructured lipid carriers, 

have been extensively studied for drug delivery to the brain. One application is the 

PEGylated liposomes, encapsulated with FK506 (Tacrolimus), that were used to treat 

cerebral ischemia reperfusion injury162. 

Polymeric NPs are another extensively used DDS targeting CNS. For instance, 

polybutycyanocrylate coated with ApoB and ApoE showed promising permeability and 

dendrimers formed by poly(amidoamine) were synthesized with transferrin on the 

surface to enhance BBB transport163;164. One of the latest studies described the effect 

of modifying  the surface of polymeric NPs on drug delivery across BBB.  

Nanoemulsions are another novel DDS formed by oil and water emulsions165. The 

average size of the nanoemulsion ranges from 100 to 500 nm. Saquinavir mesylate 

(SQVM) is a poorly BBB permeable anti-HIV drug. By incorporating SQVM into the 

nanoemulsion nanoparticle, the bioavailability increases drug permeation rate 

significantly166.  

However, as we have mentioned before, all these nanocarriers present some issues 

that limit their use in clinics.  
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3. PROTEIN-BASED NANOPARTICLES. 

The poor biodegradability and toxicological effects showed by the currently and most 

used nanomaterials for the generation of NPs have imposed the introduction of novel 

biocompatible and biodegradable materials, as natural polymers or proteins. The 

accumulation of some administrated biodegradable polymers such as PLGA in some 

organs is also a matter of concern. In this context, protein-based nanomaterials appear 

to be the most appealing ones for drug delivery due to their high biocompatibility and 

biodegradability, their natural structural roles, their simple and cost effective biological 

production and their functional versatility by genetic engineering (Figure 8)167;168.  

 

Figure 8: FDA-approved nanomedicines from 2001-2015 and nanomedicines under clinical trials 
cataloged by material. Modified from 169. 

 

3.1. DRUG-LOADED PROTEIN NANOPARTICLES.  
 

Synthetic protein NPs generated by different procedures, antibodies and protein 

assemblies are the most important protein-based nanocarriers developed for drug 

delivery (Figure 9).  

Drugs are usually conjugated to the protein carrier by lysine-amine and cysteine-thiol 

coupling by amine-activated ester/carboxylic acid and thiol-maleimide chemistries, 

respectively170;171. Moreover, targeting agents can also be attached to the carrier by a 

chemical linker that has to maintain the proper biodistribution conferred by the 

targeting agent and importantly, must remain stable during the extracellular phases of 

the delivery process172. 
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Figure 9: Schematic representation of different protein drug-loaded NPs. 

 

3.1.1. SYNTHETIC PROTEIN NANOPARTICLES.  

 

Synthetic protein NPs have been successfully synthesized from various natural proteins 

including water-soluble proteins (e.g., bovine and human serum albumin) and 

insoluble proteins (e.g., zein and gliadin)173. During nanoparticle formation, the protein 

undergoes conformational changes that are usually based on unfolding of proteins that 

expose interactive groups such as disulfides and sulfhydryles and subsequent thermal 

or chemical crosslinking that result in NPs with entrapped drug molecules174. This 

process depends on its composition, concentration, crosslinking and preparation 

conditions such as pH, ionic strength, and type of solvent175. Coacervation/desolvation 

and emulsion-based methods are most commonly used for the preparation of these 

NPs173;176. Furthermore, targeting ability can be confered through NP functionalization.  

A paradigm of how proteins are incorporated as carriers of small molecular drugs in 

oncology is Abraxane, first FDA-approved for breast cancer in 2005. Abraxane is a 

nanostructured complex (sized 130 nm) formed by non-covalent hydrophobic 

interaction and high-pressure homogenization of human albumin and paclitaxel. This 

results in a nanoparticle colloidal suspension that is used in metastatic breast, 

pancreatic, and non-small lung cancers177. 
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3.1.2. ANTIBODY DRUG CONJUGATES.  
 

Antibody drug conjugates (ADCs) are also representative complexes of protein drug-

loaded carriers. They are based on a cytotoxic drug bound to a monoclonal antibody 

(mAb), Fv fragments or Fab fragments (Figure 10) directed against cell-surface 

markers. In this simple fusion strategy, the Ab or Ab derivatives confer the nanoscale 

size as well as specific targeting172;178.  Microtubule inhibitors including maytansinoids 

(DM1/DM4) and auristatins (in form of monomethyl auristatin E/F: MMAE, MMAF) are 

the most commonly used drugs in ADCs. Unfortunately, ADCs only confer monovalent 

or divalent binding to the target cells and requiere highly potent payload drugs, due to 

their poor penetrability into the tumor tissue (only 1 % of the injected ADCs reach the 

tumor) leading to frequent life-threatening toxicities179.  

 

Figure 10: The basic structure of a conventional full size antibody and of common antibody fragments 

used for ADCs180.  
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3.1.3. PROTEIN ASSEMBLIES.  
 

Protein assemblies have been also explored for nanomedical purpuses and more 

especially for targeted drug and nucleic acid delivery (Figure 11)181;182. The notion of 

protein self-assembly into sophisticated architectures is prevalent in nature. All kind of 

protein structures are presented in a variety of organisms (e.g. viruses, bacteria, 

plants, mammalian cells), including cage-like architectures183;184. However, the poor 

functional flexibility, tunability and limited controlled-geometry from the natural 

ocurring nanocages have encouraged research on de novo designed protein 

assemblies.  

 

Figure 11: Schematic representation of different protein assemblies found in nature and de novo 
designed particles.   

 

NATURAL ORIGIN.  

Most of the endogenous nanocages are formed by self-assembly processes and 

include ferritins that are produced in almost all living organisms and regulate iron 

homeostasis185;186, small heat-shock proteins which are expressed in response to 
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cellular stress and promote proper folding of proteins187;188 and finally, vaults that are 

highly conserved in eukaryotic cells and are involved in nuclear cytoplasmic transport, 

mRNA localization, nuclear pore assembly and also innate immunity189;190. These cage-

like proteins provide spatial control to biological processes and also carry 

compartmentalized compounds that may be toxic or unstable for cell function.  

Other well-studied examples in nature of self-assembling protein cages are viruses. 

Most viruses commonly consist of hundreds of protein subunits that self-assemble into 

a protein coat, which stores and protects viral DNA or RNA. Viruses, being strict 

intracellular parasites, are natural vectors for cell targeted nucleic acid delivery191. 

Structural proteins from some viral species can be recombinantly expressed and 

spontaneously assembled into virus-like particles (VLPs). VLPs are natural self-

assembling constructs consisting of non-replicative viral capsids, lacking the viral 

genome. They have been used as protein vaccines192-194 and they can also act as 

protein cages transporting therapeutic compounds to their natural target cells195-197. 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. Even 

though they are extremely efficient for gene therapy approaches, they show several 

restrictions, such as limited DNA-carrying capacity, high associated immune toxicity 

and biosafety aspects198.  

DE NOVO RATIONAL DESIGN.  

The understanding of these natural protein nanocages and structure–function 

relationship of proteins may inspire the creation and engineering of novel protein 

cages to create smart, powerful nanocarriers for drug delivey.  

Among the different assemblies that have been produced de novo, DNA origami 

represents the foremost example of this approach199. Short synthetic oligonucleotides 

are employed to fold the DNA genome of M13 phage into definable and 

computationally predictable structures. Indeed, the main advantage of DNA 

assemblies is that they are based on the Watson-Crick nucleic base complementarity, 

so there are only two different base pairs based on a specific pairwise interaction 

providing a reliable prediction of the structure whereas the rules that govern protein–
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protein interactions are more complex. However, the sequence specificity and 

diversity of peptide-based materials affords the opportunity to introduce functional 

complexity, what has lead to a more deeply exploration of the novo protein assemblies 

in the last years200.  

Manmade self-assembling protein nanocages show highly ordered architecture with 

structural stability at the nano-scale and uniform size and shape distribution by self- 

assembly201. The construction of these assemblies relies on the controlled 

oligomerization of individual protein motifs or polypeptides, which act as building 

blocks of complex supramolecular arrangements183.  

Existing natural protein oligomerization motifs have been recognized as suitable 

building blocks for the predictable bottom-up design of protein nanostructures202;203. 

Thus far, a variety of protein structural motifs can be used to promote and build larger 

protein structures in a self-assembled manner. These motifs can be collagen-mimetic 

peptides, β-sheet peptides and straight α-helices. Beta-strands can interact forming 

amyloid fibrils204;205 and gel-like structures206. In the case of α-helices, their interaction 

results in adaptable coiled-coil structures207;208. Coiled-coil motifs, a estructural 

motif in which 2-7 α-helices are coiled together like the strands of a rope, have been 

widely used for the generation of protein complexes such as nanofibres209, 

membranes210, nanotubes211, nanostructured films212, spherical structures213 and 

responsive hydrogels214. As an example, homogeneous NPs with regular polyhedral 

symmetry, about 16 nm in diameter, were prepared from single type of polypeptide 

chains where the two coiled-coil modules with different oligomerization states were 

joined by a short linker215.  

Unfortunately, these natural protein structural motifs display moderate functional 

versatility and so far, only few studies have investigated their role in nanomedicine. 

In this context, the development of genetic engineering techniques has allowed the 

creation of multifunctional self-assembling proteins216-218 with highly ordered 

architecture. Multifunctional proteins are manmade engineered chimerical molecules 

that present functional versatility achieved by genetic engineering and simple and 

cost effective biological production by recombinant systems (Figure 12).  
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Figure 12: Schematic representation of the generation of recombinant mutifunctional self-assembling 
drug-loaded protein nanoparticles.  

 

FUNCTIONAL VERSATILITY.  

Functional versatility can be achieved by assembling different functional components 

required for effective drug delivery into a single chain polypeptide. The functional 

protein segments that are usually incorporated in these NPs include protein domains 

conferring oligomerization, systemic stability (protein scaffold), nucleic acid or drug 

interaction, cell targeting and internalization, endosomal escape, cytosolic mobility, 

nuclear localization or blood brain barrier crossing abilities216;219.  

The formulation of the desired proteins as self-assembled protein only-NPs display 

targeting ligands, promotes the internalization into the cells and prevents renal 

filtration after in vivo administration of these proteins. Drugs can be chemically 

incorporated into the NPs by simple procedures.  

RECOMBINANT PROTEIN PRODUCTION. 

Approximately 50 % of all new medicines are classified as recombinant 

biopharmaceuticals. There are more than 400 biopharmaceutical products in the 

market and other 1300 are undergoing clinical trials220.  

The first system of choice for the production of recombinant proteins is Escherichia 

coli218;221. It has been successfully used to produce many proteins such as proinsulin, 
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growth hormone, interleukin, and antibody fragments. Human insulin was the first 

recombinant protein produced in E. coli in 1978 and approved by the FDA in 1982 for 

the treatment of diabetic patients.  

The main advantages regarding recombinant protein production in this system involve 

its well-understood cell biology, its easy handling, the use of simple growth medium, 

its rapid cell growth, the simple fermentation process, the high product yields, the cost 

effective production, and its easy manipulation. The main drawback of it is the lack of 

post-translational modification222;223, loss of plasmid and antibiotic property221;224, 

improper protein refolding225;226, endotoxin issues due to the presence of 

lipopolysaccharide (LPS)227, and poor protein secretion228. Due to these limitations and 

depending on the produced protein, other production systems should be valued and 

selected229;230 (Table 3).  

 

Table 3: Comparison between recombinant protein production systems.  

 Bacteria Yeast Mammalian 

cells 

Transgenic 

plants 

Transgenic 

animals 

Cost Cheap Cheap Expensive Cheap Expensive 

Distribution Feasible Feasible Difficult Easy Difficult 

Gene size Unknown Unknown Limited Not 

limited 

Limited 

Glycosylation Absent Incorrect Correct Correct Correct 

Production cost Medium Medium High Medium High 

Production scale Limited Limited Limited Feasible Limited 

Protein folding 

accuracy 

Low Medium High High High 

Protein 

homogeneity 

Low Medium Medium High High 

Protein yield Medium High Medium-high High High 

Safety Low Unknown Medium High High 

Scale up cost High High High Low High 
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The recent exploration of LPS-free systems for recombinant protein production such as 

endotoxin-free strains of E. coli227;231 or gram positive bacteria232 paves the road for a 

cost-efficient and versatile production of proteins intended for biomedical uses. This 

allows skipping endotoxin removal steps, gaining in biosafety and reducing production 

costs. Considering the limitation associated with the use of E.coli for protein 

production, an engineered strain with a modified LPS has been developed227. 

Specifically the engineered strain contains a non-decorated lipid IVA that lacks the acyl 

chains, decreasing the endotoxic response up to 95 %. Despite this strain has brought a 

quantum leap, there is still a lot to do to develop fully safe products to be accepted by 

the FDA in this system. On the other hand, gram positive bacteria such as Bacillus, 

Corynebacterium and Lactic acid bacteria, have been used for centuries in food 

production and preservation, being classified as food grade microorganisms232;233. They 

are Generally Recognized as Safe (GRAS) organisms by the FDA and fulfit criteria of the 

qualified presumption of safety (QPS) according to the European Food Safety Authority 

(EFSA). These bacteria have a peptidoglycan layer surrounding the cell membrane that 

does not contain LPS, thus, they are presented as very interesting alternative that may 

ensure the safety of the therapeutic proteins produced for biomedicine.  

HIGHLY ORDERED ARCHITECTURE. 

The construction of these protein assemblies relies on the controlled oligomerization 

of individual multifunctional polypeptides, which act as building blocks of complex 

arrangements allowing the generation of self-assembled NPs.  

Of course, the mentioned natural oligomerization domains can be incorporated into 

modular polypeptides to construct protein NPs based on hybrid fusion proteins acting 

as building blocks. However, the comprehension of the mechanics of the cross-

molecular interactions that govern the formation of stable supramolecular complexes 

is still low.   

Recently, a new engineering oligomerization approach has been developed in our 

research group which enables to obtain fully functional versatile NPs based on the 

combined use of non-amyloidogenic architectonic tags consisting in one cationic 

peptide plus a polyhistidine234;235. More in detail, the combination of a cationic peptide 
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at the amino terminus of a scaffold protein (i.e GFP or p53 proteins) with a poly-

histidine tag at the carboxy terminus promotes the self-assembling of the building 

block in regular size NPs led by electrostatic interactions and followed by Van der 

Waals forces and hydrophobic bonding. Moreover, it has been shown that this self-

assembly property is determined by the charge of the cationic peptide, being the size 

of the generated NPs proportional to the number of positive charges in each case235 

(Figure 13).  

 

Figure 13: Regression analyses between different cationic peptides that have different number of 
positive charges and the size of the generated NPs. R stands for the number of arginine residues and  R + 
K indicates the number of all cationic residues (arginines and lysines). The white symbol refers to data 
from CXCL12-empowered particles, and it has been excluded from the analyses. Figure obtained from 
235. 

Interestingly, the N-terminal cationic peptide could act, in addition, as a cell-receptor 

specific ligand that confers targeting properties to the particle making these carriers 

very appealing as drug delivery sistems236;237.  

As an example, T22-GFP-H6 is a fluorescent fusion protein that self-assembles as 

planar, cyclic homomeric NPs of 12 nm through the combination of electrostatic, 

hydrogen bond and Van der Waals forces234.  This cationic peptide is an engineered 

version of polyphemusin II from Atlantic horseshoe crab Limulus polyphemus, that is a 

well-known antagonist of the cell surface CXCR4 over-expressed in metastatic 

colorectal cancer stem cells. These NPs have been designed for further conjugation 

with antitumoral drugs to selectively accumulate and internalize in CXCR4+ cancer cells 

upon intravenous admistration in CXCR4+ CRC mice model234. This is expected to lead 

to selective DNA damage and apoptosis, and CXCR4+ cell depletion within tumors.  
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3.2. PROTEIN ONLY NANOPARTICLES: CYTOTOXIC PROTEINS AS DRUGS.  
 

The employment of many cytotoxic proteins as efficient drugs in DDS is a very 

attractive approach that allow excluding the need of drug conjugation and thus, the 

possibility of drug leakage238 during circulation would be eliminated minimizing 

possible side effects.  

Many proteins from diverse natural sources exhibit potent cytotoxic activities such as 

inhibition of enzymatic activities or by the cell cycle arrest, that can be used as drugs in 

DDS239-241 (Table 4). Note that most of the cytotoxic proteins are not natural or 

modified versions, so they probably contain antigenic peptides that activate the 

inmune system leading strong side effects and limiting their use in the clínic. 

Therefore, these proteins such as toxins and antibodies derivatives require 

deimmunization-oriented enginnering and humanizing process respectively242. 

Deletion of the portions of these toxins that are not essential for cytotoxic activity 

or/and by eliminating antigenic T and B cell epitopes reduce the off-target effects. In 

this regard, cytotoxic proteins from human origin such as proapoptotic proteins and 

some antimicrobial peptides are imposed as very attractive and safe options as drugs.  

The earliest strategies are based on simple fusion tecnologies that consist in the fusion 

of a cytotoxic protein to a cell-surface receptor ligand by chemical coupling. 

Immunotoxins (ITs) are the best representative example of these protein complexes 

and they are based on catalytic domains of plant or bacterial toxins fused to an 

antibody with selective targeting243. These fusions have proven to be really effective 

but show all the disadvantages described above for ADCs. As toxin components, 

Pseudomonas exotoxin (PE), diphtheria toxin (DT) and other ribosome-inactivating 

proteins such as ricin, saporin and gelonin, have been evaluated in clinical studies. ITs 

are able to kill tumor cells efficiently, but side-effects and immunogenicity have so far 

hampered their clinical breakthrough. Non-antibody protein agents as peptidic ligands 

or cell-penetrating peptides have been also fused to cytotoxic proteins but even 

though the specificity and internalization is enhanced, they still show inappropiate 

nanoscale size and therefore new approximations should be explored. 
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Table 4: Different cytotoxic proteins that can be used as drugs for DDS. 

 

In this context, we believe that modular design of smart cytotoxic proteins appears as 

very attractive approach that could allow the generation of multifuntional protein-only 

NPs with intrinsic cytotoxic activities.  The incorporation of a functional cytotoxic 

protein as well as oligomerization domains, targeting agents and other functional 

domains discussed above into a single chain polypeptide, allow the generation of “all-

in-one” vechicle free protein therapeutic nanomedicines for targeted drug delivery 

with an applicability in a variety of diseases.  

 

 

CYTOTOXIC 

PROTEIN 

ORIGIN MECHANISM OF 

ACTION 

EXAMPLES 

Toxins or Venom 

components. 

Plants, microorganisms 

and amphibians. 

Inhibition of protein 

translation, pore 

formation, cell cycle 

alterations among 

others. 

Ricin, trichosantin, 

Diphteria toxin, 

Pseudomonas 

aeruginosa exotoxin A, 

Chlorotoxin, Mellitin. 

Antimicrobial 

peptides. 

Human and other 

animals. 

Peptides libraries and 

the novo design. 

Pore formation and cell 

lysis, anticancer 

activities (apoptosis, 

inhibition of tumor 

angiogenesis and 

immunomodulatoy 

actuvities). 

Cecropin, Defensin, 

Magainin, GWH1. 

Proapoptotic proteins. Human Apoptosis. Bak, PUMA, Bid, Bad. 

Antibodies.  Human and other 

animals.  

Inhibition of target 

receptor and 

immunomodulatory 

activities.  

Anti-EGFR, Anti-VEGF.  
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4. OVERVIEW 

Currently available conventional therapies are far from being fully effective; cancer 

therapies present high systemic toxicity and limited accessibility to metastasic 

focies64;90;92, being the formation of metastasis the main mortality cause60. The efficacy 

of antibiotics for infectious diseases has been hampered by the increasing incidence of 

multi-resistant bacterial infections115-117; and the blood–brain barrier (BBB) difficults 

the entry into the brain of most conventional drugs available for the treatment of brain 

diseases148;150. Therefore, the development of new nanomedicines is needed.   

In this context, recombinant multifunctional self-assembling protein NPs are DDS that 

show high stability, biocompatibility, biodegradability, appropriate pharmacokinetics, 

specificity, efficient cell penetrability and they can be easily coupled with drugs 

showing high therapeutic effect216;219;234;235.   

The novel oligomerization approach developed in our research group to generate 

these nanocarriers is based on cationic peptide and polyhistidine tail as 

oligomerization tags introduced in the building blocks by rational design. Conventional 

peptide drugs have low bioavailability when they are administered intravenously and 

the need to control nanoparticle size for their eficient biodistribution and delivery has 

been widely discussed in this introduction. Therefore, it is important to study how 

robust is our platform to its translational application.  

Moreover, the high efficacy of this drug conjugated nanocarriers can be limited due to 

the possibility of drug leakage during circulation leading to side effects238. In this 

regard, we believe that modular design of cytotoxic proteins appears as very attractive 

approach to obtain “all-in-one” vechicle-free multifunctional protein therapeutic 

nanomedicines for targeted drug delivery with applicability in a variety of diseases.  
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The approach developed in our group is based on the application of a cationic protein 

region and a histidine tag as architectonic peptides that induce the oligomerization of 

multifunctional proteins into self-assembled NPs235;237. Moreover, when the cationic 

peptide is a ligand of a specific tumoral marker, these nanoscale materials show 

selective biodistribution and accumulation into the tumor upon intravenous 

administration234. 

The aim of this thesis is to engineer cytotoxic proteins for the generation of “all-in-

one” vechicle-free protein nanomedicines with intrinsic cytotoxic activities which have 

an applicability in a variety of diseases.  

To this purpose, we planned the following objectives: 

1) To evaluate the possibility of engineering pre-existing non cationic ligands into 

building blocks to promote their self-assembling in form of NPs and thus, 

explore the potency of this oligomerization approach for its broad applicability 

in nanomedicine.   

2) To asses if the nanopaticulate presentation of multifunctional proteins favours 

their delivery to the brain and consider this protein oligomerization platform 

for its application in neurotropic therapy.  

3) To generate CXCR4+ targeted protein-only nanoparticles with intrinsic cytotoxic 

activities for the treatment of solid tumors.   

4) To generate protein-only nanoparticles with intrinsic microbicide activities for 

bacterial infections treatment.  
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ARTICLE 1 

Rational engineering of single-chain polypeptides into 
protein-only, BBB-targeted nanoparticles.  

 
Naroa Serna, María Virtudes Céspedes, Paolo Saccardo, Zhikun Xu, Ugutz Unzueta, 

Patricia Álamo, Mireia Pesarrodona, Alejandro Sánchez-Chardi, Mónica Roldán, Ramón 
Mangues, Esther Vázquez, Antonio Villaverde and Neus Ferrer-Miralles.  

 
Nanomedicine: Nanotechnology, Biology, and Medicine. 2016. 12: 1241–1251. 

Impact factor: 5.720. Quartile: Q1. Decile: D1. 

 

Formulating pre-existing proteins as nanoparticles would offer an interesting 

engineering tool with a broad applicability in nanomedicines. For instance, the precise 

sequence manipulation such as an increase in the cationic load of non cationic ligands 

could allow their incorporation as oligomerization tags into multifunctional proteins to 

promote their assembling into NPs. In this context, we could widely apply the 

described oligomerization platform to obtain any targeted NP suitable for 

nanomedicine.  

As we have already demonstrated in colorectar cancer models, assembled as NPs and 

when empowered by homing peptides, these proteins correctly biodistribute and 

accumulate in target tissues. However, recent data suggest that the presentation of 

proteins in nanoparticulate entities might not favor protein delivery to brain, 

suggesting that brain targeting properties did not result improved by the 

multimerization.  

In this work, we have engineered pre-exisiting non-cationic BBB homing peptides into 

building blocks and analyzed their performance as oligomerization tags (objective 1). 

Being their capability to form NPs succesfull, in vitro cell penetrability and in vivo 

biodistribution of both, disassembled and assembled versions have been examined to 

explore the utility of neurotropic protein-only NPs for treatment of CNS diseases 

(objective 2).  
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ARTICLE 2 

Peptide-Based Nanostructured Materials with Intrinsic 
Proapoptotic Activities in CXCR4+ Solid Tumors.  

 
Naroa Serna, María Virtudes Céspedes, Laura Sánchez-García, Ugutz Unzueta, Rita 

Sala, Alejandro Sánchez-Chardi, Francisco Cortés, Neus Ferrer-Miralles, Ramón 
Mangues, Esther Vázquez, and Antonio Villaverde. 

 
Advanced Functional Materials. 2017. 27, 1700919.  

Impact factor: 12.124. Quartile: Q1. Decile: D1. 

 
The systemic administration of chemical drugs in form of nanoconjugates benefits 

from enhanced drug stability when compared to free molecules, increasing the 

therapeutic impact and benefits for the patient.  

However, many protein species are themselves, efficient drugs usable in human 

therapy such as human proapoptotic proteins, antimicrobial peptides or toxins.  

The engineering of recombinant protein drugs as self-organizing building blocks of 

protein only nanoparticles would allow to obtain fully biocompatible and 

biodegradable nanomaterials that act as nanoscale drugs and show intrinsic 

therapeutic activities. This would allow the biological production in a single step of the 

nanoscale protein materials, excluding the need of further activation and drug 

conjugation and eliminating the possibility of drug leakage during circulation.  

In this work, we have conducted a successful proof of concept, engineering three 

proapoptotic peptides to self-assemble as CXCR4-targeted protein only nanoparticles 

for the treatment of colorectal cancer (objective 3).  
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