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ABBREVIATIONS 
 

ADC: antibody-drug conjugate 

bFGF: basic fibroblast growth factor 

CC: coiled coil 

CD19: cluster of differentiation 19 

CD44: cluster of differentiation 44 

CNS: central nervous system 

CQ: chloroquine 

CRC: colorectal cancer 

CSC: cancer stem cell 

CXCR4: C-X-C chemokine receptor type 4  

DDS: drug delivery systems 

DLS: dynamic light scattering 

DNA: deoxyribonucleic acid 

DT: diphtheria toxin  

E. coli: Escherichia coli  

EGCG: epigallocatechin gallate 

EPR: enhanced permeability and retention effect 

FDA: Food and Drug Administration 

FdU:  Floxuridine 

FESEM: field emission scanning electron microscopy 

GFP: green fluorescent protein 

GRAS: Generally recognised as safe 

HA2: hemagglutinin-2 

HER2: human epidermal growth factor receptor-type 2 

HIV: human immunodeficiency virus 

IBs: inclusion bodies  

iRFP: infrared fluorescent protein 

IT: immunotoxin 

Kd: dissociation constant 
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 LPS: lipopolysaccharides  

mAb: monoclonal antibody 

MALDI: matrix-assisted laser desorption/ionization 

MPS: mononuclear phagocytic system 

NSCLC: non-small cell lung cancer 

PAA: poly (amidoamine) 

PE: Pseudomonas exotoxin A 

PEG: polyethylene glycol 

PEI: polyethylenimine 

TMV: tobacco mosaic virus 

VLP: virus-like particle 
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INTRODUCTION 
 

1. CANCER TREATMENT AND NANOMEDICINE 

 

Cancer is the second leading cause of death globally. In fact, nearly 1 in 6 deaths is due 

to cancer nowadays. It has been estimated that in 2018 it will be responsible for 9.6 

million deaths (Figure 1). Specifically, lung, prostate and colorectal cancer are the most 

common types of cancer in men, while breast, colorectal and lung cancer are the most 

common among women1. 

 

 

Figure 1. Estimated number of cancer deaths worldwide in 2018 (by cancer type)2.  

 
Cancer covers a wide diversity of related diseases, all of which have in common the 

abnormal non-stopping cell growth in a specific tissue location, forming the tumour3. 

After diagnoses, usually a combined therapy is required to treat cancer, applying different 

modalities such as surgery followed by chemotherapy and/or radiotherapy. 

Unfortunately, chemotherapeutic drugs are non-selective small molecules (<6 nm) that 

distribute all over the body without discriminating healthy from damaged tissues4.  This 

lack of specificity is translated in the appearance of many severe undesirable side effects 



INTRODUCTION 

10 
 

such as anaemia, appetite loss, bleeding, constipation, delirium, diarrhoea, oedema, 

fatigue, fertility issues and hair loss1. Additionally, the bioavailability of these drugs to 

tumour tissues is relatively poor. Thus, higher doses are required to reach the desired 

local drug amount in the tumour tissue, leading to an increased incidence of multiple 

drug resistance and elevated costs5. Consequently, all the intrinsic limitations of 

conventional cancer therapies and the alarming high number of deaths mentioned above 

have prompted the development of nanomedicine to increase specificity and improve 

biodistribution. 

 

Nanomedicine is an emerging field that applies nanotechnology in the pharmaceutical 

and medical areas6,7 through the development of nanoscale-based devices, materials8 

and compounds for diagnosis and therapy9. Regarding this demanding context in 

oncology, nanomedicine is intensively working on the application of nanotechnologies 

for the development of more effective and safer cancer treatments in the nanoscale 

(desirably between 8-100 nm). Since 1950s, drug delivery systems (DDS) have been 

explored as an alternative platform for the improvement of the current non-efficient 

marketed drugs10.  Novel DDS, such as nanocarriers, have had a great impact over the 

years offering targeted versions of the current anticancer drugs performing a controlled 

release in the target site11. 

 

 

2. NANOCARRIERS 

 

In nanomedicine, it is being widely studied the use of nanoparticles (ranging from 1 to 

100 nm) referred to as nanoscale drug carriers (or nanocarriers). These entities are able 

to carry drugs while protecting them from numerous biological barriers that need to be 

overcome to finally reach their target tissue. Size, shape, surface charge, porosity, 

elasticity and stiffness are some of the physical properties that play a decisive role in the 

nanocarriers’ behaviour12-16 (Figure 2). Moreover, there is a wide versatility regarding 

chemical composition as both organic (liposomes, polymers, micelles, dendrimers, 

proteins) and inorganic materials (such as metal or carbon derivatives) are being 

developed as drug nanocarriers. 
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Figure 2. Physicochemical properties that determine the final nanoparticle’s behaviour 
(categorized by size, surface, shape and material). Adapted from17. 

 

Nanoparticles have demonstrated to be unique and promising carriers for drug delivery 

as they have a large surface/volume ratio and are small in size. Additionally, they can be 

designed to protect the drug from degradation, prevent premature interaction with the 

biological environment and therefore improve the circulation half-life. When the 

retention in the organism is longer, drug pharmacokinetics and tissue distribution are 

usually improved too.  

 

 

PHYSICAL PROPERTIES 
 
Any physical trait of the final nanoparticle, however small it may seem, will have an impact 

on its efficiency.  

 

Systemic level: size is one of the most relevant parameters to be considered when 

designing a systemically administered nanoparticle. Nanoparticles smaller than ~8 nm 

undergo renal clearance, whereas large particles (around 100-200 nm) are accumulated 

in spleen, liver and lungs due to their large fenestrations. Shape has also a direct effect 

in the nanoparticles’ half-life in plasma. Spherical-shaped molecules tend to accumulate 
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in the vessel core, reducing the lateral drift to vessel walls and therefore the cell-binding 

and uptake. For this reason, it has been suggested the use of non-spherical (discoidal or 

ellipsoidal) geometries, to prompt margination, oscillatory movements and therefore 

interaction with the vessel cell wall18. Additionally, it has been proved that positively 

charged nanoparticles are easily cleared from blood circulation by lung, liver and spleen, 

while neutral (zwitterionic) or slightly negative nanoparticles show a prolonged 

circulation time19. In general, an average size around 10-100 nm, non-spherical geometry 

and neutrally charged nanoparticles are recommendable to increase blood circulation 

time, reducing unwanted extravasation and renal clearance (Table 1).  

 

Cellular level: once the nanoparticles have travelled through the blood stream, their goal 

is to reach the target cells, bind to them and internalize. Interestingly, nanoparticles’ size 

is again one of the key parameters that influence the total cell uptake, as it has a direct 

correlation with binding affinity (avidity) and multivalency. Binding affinity is the strength 

of non-covalent interactions and it is measured using the equilibrium dissociation 

constant (Kd). On the other hand, multivalency refers to the number of ligands exposed 

in a single nanoparticle. It has been described that nanoparticles sized around 25-50 nm 

seem to be ideal for cell-receptor interaction20. Smaller nanoparticles have a reduced 

surface of interaction and thus, a reduced multivalency. A low ligand density is directly 

associated with a high Kd, which limits the time of interaction. On the contrary, larger 

nanoparticles (above 50 nm) present a higher multivalency, which increases the avidity 

of the interaction (due to a high number of ligand/receptor binding) and limits further 

interaction with other available receptors (because of a low Kd). Moreover, nanoparticles’ 

shape has a direct impact in the cellular uptake. For instance, an experiment revealed 

that spherical candidates are better than rods21, although in particles beyond 100 nm the 

tendency was opposite, showing a better internalization the rod-shaped candidates. 

Finally, surface charge is another feature that can be tailored to get a better 

internalization of the nanoparticles at the cellular level. Positively charged nanoparticles 

show an increased nonspecific uptake, compared to negative nanoparticles, as the 

cellular membrane is negatively charged because of the presence of glycosaminoglycans. 
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Table 1. Approximated characteristics (regarding size, shape and charge) for the efficient 
development of DDS at the systemic and cellular level. 

 

 SYSTEMIC LEVEL CELLULAR LEVEL 

SIZE 10-100 nm 25-50 nm 

SHAPE Non-spherical Circular 

CHARGE Neutral/slightly negative Positive 

 

As we can see in Table 1 each level in the circulation process (systemic or cellular) has its 

own specificities and requirements regarding nanoparticles’ size, shape or charge. It may 

pose indeed a controversial situation as it would be necessary a dynamic molecule able 

to adapt to each environment at every stage of the process. In this context, many efforts 

have been made aiming to overcome opposite needs in a single entity. It has been 

studied a “charge-conversion” technique, in which nanoparticles’ charge is controlled by 

external stimuli from the microenvironment22. In these experiments, neutrally charged 

(zwitterionic) nanoparticles become positively charged once they have reached the acidic 

tumour environment, leading to a better cellular uptake and therefore enhancing their 

therapeutic effect. Similarly, size-switching systems23 have been developed to keep large 

initial sized nanoparticles during blood circulation but becoming smaller after reaching 

the tumour site to internalize more deeply and exhibit a better efficiency. All these 

changes in the nanoparticle can be induced by different factors such as the presence of 

enzymes, light and acidic or hypoxic environment at the tumour tissue.  

 

 
CHEMICAL COMPOSITION 

 

Nowadays, there is a vast variety of materials that are being used for the development 

of DDS. They can be mainly classified as: polymeric nanoparticles, micelles, liposomal 

nanoparticles, inorganic nanoparticles and protein nanoparticles. Currently, predominant 

FDA-approved nanoparticles developed for therapeutic and imaging purposes are 

polymeric, liposomal and nanocrystal nanostructures although there is a tendency 
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towards the increased use of micellar, metallic and protein-based nanoparticles in a near 

future (Figure 3).  

 

 

Figure 3. Nanomedicines under clinical trials classified by material type. Adapted from6.  

 

Nevertheless, there is a global concern as most of these materials are challenging when 

moving to preclinical studies24. Despite their potential as DDS, they are not 

biodegradable and can cause high toxicity or immunogenic reactions. It should be noted 

that toxic effects are extremely different depending on the nanoparticle’s composition. 

As an example, it has been detected oxidative stress caused by metallic nanoparticles 

(containing Fe25 or Ce26), whereas induction of inflammatory response has been observed 

both using micelles and liposomes27. In order to use nanocarriers safely as DDS, it is 

necessary to reduce their toxicity and improve their biocompatibility. However, DDS are 

in an early stage and a better understanding of the whole intricate scenario is required. 

In this regard, proteins are considered biocompatible materials, suitable for human 

health and disease treatment. 

 

The overall picture of nanoparticles’ physicochemical design is not only conditioned by 

the already mentioned parameters (size, shape, charge or composition). In fact, it is 

common to observe some discrepancies in this area, supporting the idea that the whole 

performance is enrolled by many characters and therefore will be also influenced by the 

tumour type, heterogeneity and microenvironment. For that, aiming to maximize the 

therapeutic effect it is recommendable to personalize the physicochemical design in a 

case-by-case basis28,29. 
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NANOMEDICINE TRENDS AND MARKET 

 

To date, we can divide the evolution of nanocarriers for biomedical applications in three 

different generations, starting from the 1950s (Figure 4). The first generation (1950-

1980) nanoparticles were based in the use of novel nanomaterials and basic 

functionalization to assess their biocompatibility and toxicology. The second generation 

(1980-2010) was mainly focused on the improved stability and increased half-life 

circulation through the development of stealth PEGylated vehicles. Moreover, active 

targeting became a concept of interest to enhance tumour delivery through surface 

modifications. Finally, the third and current generation (since 2010), still in basic research, 

relies on the formulation of smart environment-responsive materials30, which are 

dynamic nanoparticles able to change their inherent properties during the circulation 

process when exposed to specific conditions (such as low pH or hypoxia)10,21. 

 

 

Figure 4. Evolution of nanoparticle design over time regarding the nanomaterials involved and 
the associated biological challenges. Adapted from21. 

 

After decades of studies and publications, therapeutic nanocarriers have evolved from 

proof-of-concept to marketed products used daily in hospitals. Most FDA-approved ones 

rely on passive targeting. However, there is a clear tendency towards active targeted 

candidates to further increase drug accumulation and efficacy at the disease site, while 

reducing toxicity in off-site organs. In fact, to date only Denileukin diftitox (Ontak®) 

has been FDA approved as an active targeted nanomedicine (excluding antibody-drug 

conjugates)6.  
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Interestingly, more than 65 % of the investigational applications identified are focused 

on the treatment of cancer31, as there is an alarming need to improve the current 

inefficient and highly toxic chemotherapies. Additionally, the oncology sector is the 

predominant therapeutic indication, representing over 35 % of the nanomedical global 

market (Figure 5). 

 

 

Figure 5. Nanomedical global market in 2014 (in $ billions) by therapeutic indication. 2019 
forecast is indicated in brackets. CNS: Central nervous system. Adapted from32.  

 

In conclusion, as cancer is a leading cause of death worldwide it is the major focus of the 

nanomedical research effort, to improve the delivery and the therapeutic index of current 

unspecific anticancer drugs. 

 

 

3. CELL-TARGETED DRUG DELIVERY 

 

3.1. PASSIVE TARGETING 

 

There is a high demand of drugs that can be delivered to target cancerous cells, thereby 

reducing adverse side effects while improving therapeutic efficacy. The reason is that 

when administered systemically, nanoparticles face many biological and physical barriers 

that hinder its arrival to the target tissue33 (Figure 7).  
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The most extensively used strategy for targeting cancer cells is passive targeting, which 

leads to an unspecific increased accumulation of the drug in the tumour tissue. This 

phenomenon, which is known as enhanced permeability and retention effect (EPR), 

takes place in cancer therapeutic strategies because of an increased permeability of 

blood vessels (with fenestrations of 100-500 nm) and low lymphatic drainage in the 

tumour site, compared to healthy tissues34 (Figure 6). Tumour vessels are irregular in 

terms of size and shape because of rapid proliferation of the vessel lumen and therefore 

gaps between endothelial cells are found along the vessel wall35. Additionally, it is 

described that in the tumour tissue there is an increased fibrosis and extracellular matrix 

that cause higher fluidic pressure, hampering the extravasation of the nanoparticles from 

the superficial to the internal parts of the tumour19.   

 

 

Figure 6. Size-dependent organ accumulation of non-targeted nanoparticle’s during the 
biodistribution process. 

 

Unfortunately, the EPR effect only leads to an increased non-specific accumulation of 

nanomedicines in the tumour tissue, whereas only a small percentage (less than 1 %) is 

accumulated intracellularly35. This situation is due to the presence of different physical 

and biological barriers, which will be described hereafter in sequential order. 
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Figure 7. Schematic representation of the expected trajectory followed by nanoparticles due to 
EPR effect and the hurdles involved upon intravenous administration. Cellular uptake and further 
intracellular trafficking are almost absent in passively targeted nanoparticles (dark orange). 

 

 

OVERCOMING BIOLOGICAL BARRIERS 

 

Protein corona 

Once nanoparticles are administered and exposed to the biological environment they 

get immediately in contact with molecules present in the blood stream that form a 

protein corona around its surface. The coating formed around the nanoparticle (which 

contains different molecules such as opsonins, immunoglobulins, lipids or serum 

proteins) has a dramatic impact in the nanoparticle’s behaviour (Figure 8). First, 

opsonization increases the recognition and uptake by phagocytic cells, followed by 

internalization and degradation in lysosomes. Second, it changes nanoparticle’s size and 

shape, hindering its expected biodistribution and pharmacokinetics. Finally, targeted 

strategies are even more affected, as the protein corona molecules have been proved to 

mask the ligands present on the surface and it is translated into a decrease in the 

specificity of the designed nanoparticle19,36. Protein corona formation has been proved 

in many different nanoparticles formed by inorganic (iron37, gold38 or silica39,40) and 

organic compounds (such as liposomes41 or polymers42). However, it should be 
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highlighted that this process has not been described to affect protein-based 

nanoparticles up to date.  

 

 

Figure 8. Scheme of protein corona formation (orange) upon nanoparticle systemic 
administration. Grey arrows indicate the increase in diameter size after corona formation. The final 
nanoparticle size is represented by a dash line. Adapted from43. 

 

 

Mononuclear phagocytic system (MPS) 

The mononuclear phagocytic system (MPS, also known as reticuloendothelial system) is 

the part of the immune system responsible for the elimination of macromolecules from 

circulation. The MPS is composed by phagocytic cells, predominantly monocytes, 

macrophages (spleen) and Kupffer cells (liver), which perform phagocytosis after the 

recognition of the opsonins that surround the nanoparticles (opsonization)7. 

 

This whole scenario has pushed many groups to develop alternatives to avoid or reduce 

the formation of the protein corona, trying to escape from one of the main barriers (MPS) 

that compromises the efficiency of nanoparticles (Figure 9). One of the most extensively 

used techniques to overcome this issue is the coating of the surface with compounds 

such as polyethylene glycol (PEG). This PEGylation interferes with the protein corona 

formation and with the following activation of phagocytic cells44-47. Another strategy that 

has been recently developed is the particle-coating biomimetics, which tries to reduce 

opsonization covering the nanoparticle with leukocyte’s48 and erythrocyte’s49-51 

membrane. The nanoparticle remains hidden from the MPS, leading to a longer 

circulation time and subsequent improved cellular uptake. In 2013, a different 
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camouflaging technique was used, based on the addition of human peptides obtained 

from CD47 membrane protein, described as “don’t eat me” markers due to their ability 

to inhibit phagocytic clearance. This peptide specifically binds to phagocytic cells and 

avoids its degradation52.  

 

 

Figure 9. Camouflage strategies developed for the evasion of the MPS effect and increase of the 
circulation time. A) Surface PEGylation. B) Surface exposure of CD47-derived peptides not 
recognized by macrophages. C) Red blood cell-membrane coating. D) Leukocyte membrane 
mimicking. Adapted from19. 

 

Renal clearance 

The kidney is another major organ responsible for the removal of nanoparticles from 

blood stream. Nanoparticles smaller than ~8 nm are filtered and excreted in the urine 

through the kidney because of filtration slits (around 6-7 nm)53. To get a general idea of 

the importance of these barriers in cancer treatment, the MPS and the renal clearance 

system are the main elements responsible for the elimination of most of the administered 

nanoparticle dose. Even with improvements in biodistribution offered by the EPR effect 

and PEGylation, around 90 % will inevitably be retained in the reticuloendothelial organs 

such as the liver and spleen due to clearance by mononuclear phagocytes21. 

 

In conclusion, passively targeted delivery presents some issues that need to be improved: 

(i) further extending blood circulation time, (ii) homing the nanoparticles toward specific 
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sites for intracellular delivery and (iii) reduction of off-target toxicities. Therefore, efforts 

are needed to synergize passive targeting with a more dynamic method capable of 

further improving not only the accumulation at tumour sites but also inside cells4. 

 

 

3.2. ACTIVE TARGETING 

 

On the other hand, active targeting strategies involve the presence of ligands in the 

nanoparticles’ surface, which are able to bind specifically to over-expressed receptors or 

molecules on cancerous organs, tissues, cells or subcellular compartments (also known 

as tumour markers)54. This alternative improves binding and cellular uptake and avoids 

unspecific interactions with non-target healthy cells (Figure 10). Interestingly, an 

increase in the amount of drug that reaches its target is then translated in a reduction of 

the dose administered. 

 

 

Figure 10. Comparative scheme of passive and active targeting results. Passive targeting (left) is 
conditioned by the leaky vasculature (EPR effect), which allows nanoparticles to reach the tumour, 
almost without internalization in tumour cells. Active targeting (right) relies on the use of ligands 
that bind to overexpressed receptors in the tumour cells. After equivalent administration of a 
therapeutic nanoparticle, there is a bigger accumulation in tumour tissue and inside the cells in 
the actively targeted candidate (right).  
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In oncology, some examples of deeply studied over-expressed receptors in tumour cells 

are CXCR4 (in more than 20 cancer types), CD44 or HER2 (both in breast cancer)28. 

Targeting specific cells that over-express certain cell-surface receptors can be achieved 

by immobilizing a wide diversity of affinity ligands (Figure 11) such as antibodies, 

aptamers, proteins, peptides, nucleic acids, sugars or small molecules to the surface of 

the nanoparticle28,35,55,56. Surface functionalization will lead then to active targeting which 

might result in accumulation followed by specific uptake of the nanomedicine into the 

cells of interest. In consequence, making the right choice is crucial to get an efficient and 

specific targeting, as each ligand has its own specificities (regarding size, composition 

and shape) and not all of them will induce necessarily cell internalization (Figure 11).   

 

 

Figure 11. Candidate molecules as ligands for the development of actively targeted nanoparticles, 
placed in decreasing order regarding their respective size. SM: small molecules. Adapted from56. 

 

Antibody drug conjugates (ADCs) are an example of ground breaking actively targeted 

nanomedicines that combine both targeting and cytotoxic properties57,58. Recombinant 

monoclonal antibodies (mAbs) are covalently linked to cytotoxic drugs, merging in a 

single entity the antitumoral activity of a cytotoxic chemical with the high stability and 

selectivity of mAbs59.  

 

In 2000, gemtuzumab ozogamicin was the first FDA-approved ADC, an anti-CD33 

monoclonal antibody covalently linked to calicheamicin, indicated for the treatment of 

acute myeloid leukaemia60. Although they seemed promising for their use in cell-

targeted delivery of chemotherapies, there are some weaknesses that appeared since 

then and are being studied for their improvement and success in the clinical61. Due to 
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antibody’s structure, ADCs are limited as they provide insufficient monovalent or divalent 

binding to the target cell. This situation is translated in a poor penetrability and therefore 

high loading capacity is required to reach the therapeutic effect, leading to high toxicities 

too.  

 

The use of linkers between the drug and the antibody is also a concerning issue62. It has 

been observed a release of the drug counterpart in the blood stream, leading to systemic 

toxicity and low therapeutic index. This phenomenon is due to extracellular linker 

instability and degradation before reaching the target cell. An ideal linker would be stable 

enough during blood circulation while being efficiently cleaved once in the desired target 

cell63.  

 

 

ACTIVE TARGETING CHALLENGES 

 

Many parameters need to be considered to optimize targeted delivery such as ligand 

size, charge, orientation or even density64-67. At first sight, it seems clear that the binding 

efficiency is directly proportional to the number of ligands present in the nanoparticle 

surface. Nevertheless, in presence of too many ligands the nanoparticle’s size may result 

affected as well as the access to the receptor for steric reasons, as it has been described 

in previous studies68. Additionally, it is of vital importance to bear in mind that binding 

affinity and internalization are two independent events and they are not strictly related. 

It has been demonstrated that a higher binding affinity (with low Kd) is not directly 

associated with an increased cellular uptake. Therefore, having a good targeting agent is 

not only about binding to the desired receptor but also inducing cellular uptake.  

 

 

ENDOSOMAL ESCAPE 

 

Endosomal escape is one of the major concerns when designing actively targeted 

therapeutic nanoparticles. During endocytosis there is an engulfment of the nanoparticle 

in membrane-based vesicles, called endosomes. Early endosomes become increasingly 
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acidic (pH 6.8-6.1) and derive to late endosomes (pH 6.0-4.8). Later, fusion with lysosomal 

vesicles prompts the degradation of molecules present in the same compartment (due 

to an extremely acidic environment, around pH 4.5)69. For that, before the fusion with the 

lysosome, endosomal escape must occur to prevent degradation of the cargo to release 

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

mitochondria or nucleus. For that, a lot of effort is being made to evade this process, 

trying to find endosomolytic molecules able to release the therapeutic agent to the 

cytoplasm. 

 

Table 2. Examples of some of the endosomal escape domains in use up to date. 

MECHANISM OF 
ACTION 

MOLECULE SOURCE REFERENCES 

Membrane 
disruption 

 

Melittin 
Apis mellifera 

 
70,71,72 

Exotoxin A 
Pseudomonas 

aeruginosa 
73 

Diphtheria toxin 
Corynebacterium 

diphtheriae 

74 

  

Membrane fusion 

Hemagglutinin 
(HA2) 

Influenza virus 75 

Gp41 HIV 76 

GALA Synthetic 77 

Proton sponge 
effect 

PEI Chemical 78 
Chloroquine Chemical 79 

PAA Chemical 
80 

  

His-rich peptides Synthetic 81 

 

It has been described that impairment or even loss of efficacy due to endo-lysosomal 

compartments can be solved through three main mechanisms: membrane disruption, 

membrane fusion or proton sponge effect (Table 2). First, membrane disruption can be 

achieved adding antimicrobial peptides such as melittin70. Second, endosomal 

membrane fusion has been observed using viral peptides like influenza virus 

hemagglutinin-2 peptide (HA2)75. Finally, the incorporation of cationic groups (His-rich 
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tag82 or polyethylenimine83,84) prompt the “proton sponge effect”, which causes an influx 

of water into the acidic endosomes and subsequent membrane rupture. 

 

 

Figure 12. Summary of the main obstacles and processes that actively targeted nanoparticles 
must overcome during systemic circulation, cellular uptake and intracellular trafficking until 
reaching the desired cellular compartment. MPS: mononuclear phagocytic system.  

 
 

3.3. CANCER CELL-TARGETING 

 

Current chemotherapies (sized below the renal clearance threshold) are non-selective, 

causing indiscriminate cytotoxicity to both cancer and healthy cells. For that, there is an 

urgent demand in the development of actively targeted alternatives that provide an 

increased accumulation in tumour tissue without off-target damage, followed by cell-

receptor binding and internalization in the tumour cell. Administration of such targeted 

therapies not only would improve the efficacy in the tumour site but also would reduce 

the dose required to reach the therapeutic index and consequently, the dosage 

administered and pertinent expenses. One of the early difficulties that arise when 

investigating active targeting in cancer is the identification of appropriate tumour cell 

markers. Usually, cell receptors are present in cancerous cells as well as in healthy cells, 

hampering the task of working with a marker that is absent in healthy cells and only 

expressed in tumour cells.  
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COLORECTAL CANCER  

 

Up to date, colorectal cancer (CRC) is a leading cause of cancer death worldwide (more 

than 880,000 deaths estimated in 2018) (Figure 1), where more than 70 % is not caused 

by the primary tumour itself but due to the appearance of metastatic foci. CRC can be 

divided in different stages (from I to IV) being stage IV the most advanced one, involving 

the presence of metastasis. Unfortunately, a high percentage of newly diagnosed CRCs 

show already metastasis. Moreover, the 5-year relative survival rate varies from 88.1 % 

(stage I) to 12.6 % (stage IV) for CRC, meaning that only 12 out of 100 people are still 

alive at least 5 years after being diagnosed at stage IV85.   

 

Cancer stem cells (CSCs) are a subpopulation of cancer cells sharing similar 

characteristics as normal stem or progenitor cells such as self-renewal ability and multi-

lineage differentiation to drive tumor growth and heterogeneity; a subpopulation of 

CSCs is able to generate long-distance metastasis. Although current therapies can reduce 

the tumour volume, usually there is a remaining resistant subpopulation of CSCs 

responsible of subsequent recurrence and metastasis (Figure 13). In fact, 

chemotherapies reduce the tumour volume, but they enrich the CSC representation in 

the remaining newly growing tumour. Consequently, there is an urgent need of 

developing a successful treatment able to eliminate not only the tumour but also the 

metastatic foci (originated by CSCs).  



  INTRODUCTION 

27 
 

 

Figure 13. Comparison between the tumour evolution after administration of both conventional 
or CSC-therapy. CCs: cancer cells, CSCs: cancer stem cells. 

 

The CXC chemokine receptor type 4 (CXCR4) also known as fusin or CD184 is one of the 

most studied CXC chemokine receptors due to its role as a coreceptor for HIV entry, 

described in 199686. It is expressed in different human cells such as lymph nodes or bone 

marrow87 and over-expressed in more than 23 human cancers including CRC. More 

specifically, it is overexpressed in metastasis-forming CSCs. In CRC cells, the presence of 

CXCR4 has been associated with tumour growth, invasion, angiogenesis, metastasis, 

relapse and therapeutic resistance, and therefore it is related to bad prognosis88. For all 

these reasons, CXCR4 is of relevant interest as a prognostic biomarker and for the 

development of actively targeted nanocarriers against colorectal CSCs. The development 

of a targeted therapy against colorectal CSCs through CXCR4 as a drug receptor is a 

great alternative for the improvement of the current non-specific chemotherapies, not 

only for its specificity but also for its implication in the metastatic process.   
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4. CARRIER-FREE SELF-ASSEMBLING NANODRUGS 

 

Currently, there is a remarkable trend towards the development of complex and multi-

component nanoparticles containing simultaneously organic and inorganic materials. 

Interestingly, nanoparticles present a large surface/volume ratio, which enables the 

functionalization of its surface with different agents of interest. Having this idea in mind, 

there are plenty of possible combinations that can be developed to get an optimized 

drug-loaded nanocarrier that overcomes the barriers found, for instance, during the 

administration, blood circulation or tissue targeting processes6,89. 

 

Unfortunately, the arising challenge is the high complexity, which is normally associated 

with higher costs, chemically heterogenic materials and intricate long-lasting procedures 

(like drug-conjugation) that complicate the scaling-up process. Although such nanoscale 

particles may perform improved pharmacokinetics or biodistribution, the amount of total 

injected material is so large that the truly important molecule which is the drug 

represents only a 10 % of the total structure90,91. Therefore, a limitation of loading 

capacity appears when using such nanocarriers, making it more difficult to reach the 

therapeutic dose. Additionally, the residual non-therapeutic nanomaterial (90 %) that is 

circulating in the organism could pose a safety issue (Figure 14). The excess of inactive 

nanocarriers that are not properly metabolized or eliminated can cause toxic reactions in 

the patient. The presence of large amounts of foreign material in the blood stream could 

lead to the activation of the immune system, increased drug clearance and 

immunotoxicity. Moreover, the combination of different materials (like metal, carbon or 

lipids) together in the nanocarrier could exacerbate even more the immunogenic 

reactions generated. Consequently, it is highly desirable the development of alternative 

chemically homogeneous nanomaterials that contain the minimal non-functional 

material. 

 

An analysis was made collecting data from the literature over the last decade regarding 

the therapeutic nanocarrier’s dose found in the tumour tissues after administration in 

mouse model35. Surprisingly, less than 1 % (median) of the dose administered was 

located in the solid tumour, meaning that in a hypothetical injected dose of 100 
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nanoparticles less than 1 reached the tumour tissue (Figure 14). Altogether, these data 

suggest that there is an imperative need to avoid the use of non-active bulky carriers and 

simultaneously improve the loading capacity without compromising the patient safety.  

 

 

Figure 14. Representation of the nanoparticle dosage loss upon intravenous administration. The 
drug represents only a 10 % of the total mass reached at the tumour tissue. The residual 90 % 
corresponds to bulk material with potential toxicity associated.  

 

An interesting alternative to this entangled situation would be the use of self-delivered 

and self-assembled therapeutic agents (chemotherapeutic, proteins or siRNA) which 

avoid the need of non-therapeutic materials. There are some examples that have been 

already developed and contain compounds able to act as a carrier and therapeutic 

agent simultaneously such as PolyMet/siRNA nanoparticles92 for the treatment of 

NSCLC and melanoma, and epigallocatechin gallate (EGCG)93,94 for the treatment of 

breast cancer. Another example of carrier-free self-assembling nanodrugs are the already 

mentioned ADCs, which consist of monoclonal antibodies (or their fragments) that are 

linked to cytotoxic drugs. ADCs are promising candidates that are already in the market, 

mainly for their use in oncology.  

 

In summary, self-delivered therapies (which contain compounds that act both as carrier 

and drug) appear as greatly improved alternatives to be considered from now on. 

However, the heterogeneous composition and the time-consuming process formation of 

these molecules are still unsolved issues that need to be studied in the next years when 

translating these discoveries to the clinics.  

 



INTRODUCTION 

30 
 

 

4.1. SINGLE-STEP PRODUCTION OF PROTEIN-BASED NANODRUGS 

 

Cell penetration, endosomal escape, oligomerization, nuclear migration signals or 

reporter agents (for theragnostic purposes) are some of the additional functions that can 

improve the final therapeutic effect in the tumour tissue. However, the sequential 

functionalization process turns out to be a time consuming multistep-based process. In 

this context, there is a simple and efficient single-step alternative for the formation of 

homologous instead of heterologous nanoconjugates: multidomain recombinant 

protein production. Proteins are versatile biological materials that can be found 

extensively in nature. In fact, all the functions mentioned previously (such as cell 

penetration, endosomal escape or even targeting) can be achieved through fusion 

proteins that contain peptide domains, each with a specific role. Protein-based 

nanoparticles can be easily tailored upstream and then produced through recombinant 

DNA technologies in a simple and fast process, providing as final product homogeneous 

protein-based nanoparticles versatile and fully functional. Besides, using this procedure, 

the drug can be added to the whole structure due to the presence of proteins that are 

inherently cytotoxic or proapoptotic, in nature89. 

 

 

5. RECOMBINANT PROTEINS 

 

Proteins are versatile molecules, which are involved in a plethora of functions in living 

organisms such as transcription, translation, metabolism or transport35,95. Many are the 

advantages that make them good biomaterials to work with. They are safe, 

biocompatible and biodegradable. When needed in big amounts, proteins cannot be 

obtained from its native source, as they are found in nature at very low concentrations. 

Alternatively, they can be synthesized using chemical or recombinant approaches. 

Chemical synthesis involves the use of long multistep-based and expensive procedures 

whereas recombinant proteins are easily produced using cost-effective methods that rely 

on recombinant DNA technologies. In the 1980s, the first recombinant protein was FDA-

approved for its medical use against diabetes (human insulin, Humulin). Since then, there 
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has been an inflection point, recombinant proteins have gained a remarkable interest in 

the biotechnological and biomedical field, as they can be easily scaled up and designed 

for a wide range of applications.  

 

Currently, there is a wide spectrum of organisms that can be used as recombinant cell 

factories96. Choosing accurately the most appropriate expression system will determine 

the failure or success in recombinant protein production. Many parameters need to be 

considered before making the final decision such as protein application, post-

translational modifications, yield and costs. 

 

Traditionally, Escherichia coli (E. coli) has been the pioneering expression system of 

choice because of its fast growth, simple culture procedures, high yields and low 

expenses (Table 3). However, like other gram-negative bacteria, E. coli contains 

lipopolysaccharides (LPS), in the outer membrane. LPS (also known as endotoxins) are 

immunostimulators that cause undesired immunological responses in mammalian hosts 

that must be further avoided through additional purification procedures. Unfortunately, 

none of the current methods used to reduce the endotoxin content are efficient enough. 

For this reason, gram-positive bacteria are an alternative for protein production as they 

are GRAS (Generally Recognised as Safe) expression systems that do not produce 

endotoxic compounds97. Unlike gram-negative, gram-positive bacteria contain a thick 

peptidoglycan layer in the cell wall without the presence of LPS. Therefore, gram-positive 

bacteria such as Bacillus, Corynebacterium or lactic acid bacteria (like Lactococcus or 

Lactobacillus) are regarded as promising candidates when aiming to obtain safe LPS-free 

recombinant proteins for their use in the biopharmaceutical industry98-102.  
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Table 3. Main advantages and disadvantages of using E. coli as a microbial cell factory for the 
production of soluble recombinant protein. Respective improved alternatives are displayed in 
orange.  

 

ADVANTAGES DISADVANTAGES 

Wide know-how Post-translational modifications  

Fast growth (Origami B strain) 

Simple genetic 

manipulation 

Lipopolysaccharides 

Cost-effective production (LPS-free strain) 

High production yields 

Scale-up feasibility 

Inclusion bodies formation 

(solubilisation process, use of IBs activity) 

Safe handling 
 

 

 

Interestingly, to overcome the endotoxin-related limitation of E. coli, during the last years 

a genetically modified endotoxin-free E. coli strain has been developed101,103 . Specifically, 

the precursor lipid IV A (contained in LPS) has been modified through the removal of 

secondary acyl chains, reducing the endotoxic activity about 80 - 95 %. This discovery 

has widened even more the applications and opportunities of E. coli, providing biosafe 

and cost-effective recombinant proteins, as no endotoxin removal efforts are needed. 

Nevertheless, there is still a remaining issue when working with eukaryotic proteins that 

require post-translational modifications as prokaryotic systems are unable to perform 

them. Alternatively, yeasts104,105 (predominantly Saccharomyces cerevisiae) and insect 

cells106 are promising eukaryotic expression systems. They are able to perform post-

translational modifications (such as glycosylation), although they are different to 

mammalian cells and therefore may be potentially immunogenic107. On the other hand, 

mammalian cells108,109 benefit from metabolic and protein processing pathways similar 

to those in human cells, so they (instead of E. coli) are a good alternative when producing 

recombinant human proteins that need post-translational modifications to be correctly 

folded and functional. However, mammalian cells are more difficult to manipulate and 

are associated to long-lasting procedures and higher expenses.  
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In the end, all expression systems have pros and cons and many features need to be 

considered when deciding the optimal cell factory for each recombinant protein. Thus, 

to finally succeed in protein recombination production it is necessary to make a balance 

between the protein’s and the expression system’s requirements and limitations.  

 

Moreover, when producing recombinant proteins, it is worth considering the generation 

of inclusion bodies (IBs), which are formed by misfolded protein that tends to aggregate. 

IBs have been regarded as non-functional waste product for ages, treated as useless 

material whose formation must be avoided. Interestingly, this conception totally changed 

after a remarkable work was published in 2005, claiming that IBs are not completely 

inactive structures and therefore there is a portion of active properly folded protein, 

which can be used for example as catalysts of bioprocesses110. Since then, hard 

investigation has been performed to unveil all the potential that this newly discovered 

active material can possess and the respective applications that can be developed in the 

biotechnological field111-115. So far, they seem promising biomaterials for their use in 

tissue engineering and regenerative medicine116,117 and as DDS101,102 for the sustained 

release of soluble targeted protein118.  

 

 

5.1. PROTEIN ASSEMBLIES 

 

Protein monomers, although described as fully functional structures, are usually 

organized in higher hierarchical structures, which consist of more than one aminoacidic 

chain. Self-assembling proteins are able to attach to its counterparts through non-

covalent interactions to finally form oligomeric supramolecular structures ranged in the 

nanoscale (namely protein nanoparticles). 
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NATURALLY OCCURRING PROTEIN ASSEMBLIES 

 

In nature we can find an astonishing number of self-assembling proteins. They can be 

organized in linear (such as collagen, actin and amyloids) or tubular forms, like tobacco 

mosaic virus (TMV) or haemolysin. They can also be arranged as rings (like β-clamps, 

helicases and nucleases) or nanocages (for example ferritin, vaults, chaperons, virus and 

bacterial compartments)95,119 (Figure 15, left). 

 

Among natural protein oligomers, virus capsids are one of the most well-known. It has 

been extensively studied the imitation of such structures for the development of 

biological nanocages using viral and non-viral proteins. Virus-like particles (VLPs) are 

multimeric nanostructures formed by viral structural proteins that lack any genetic 

material, resulting in safe protein-based cages devoid of infectious or replicative 

activities. Moreover, they can be modified to display peptides or epitopes on the surface 

in case our goal is to target the nanoparticle or increase its antigenicity, respectively. VLPs 

have been recently used for the development of vaccines120-122 (for instance, against 

breast cancer displaying human HER2 on VLPs surface123), drug delivery agents124,125 and 

biosensors126, as they are tuneable and promising biological structures. However, for 

drug delivery purposes virus-associated antigenicity can be a concerning issue. 

Alternatively, artificial viruses can be formed by non-viral structural proteins that self-

assemble as nanocages, allowing the generation of structures with bespoke properties 

and no related antigenicity127. 

 

Natural supramolecular assemblies were extremely interesting at an early stage for their 

intrinsic oligomeric abilities. In fact, they have been studied in detail for the better 

understanding of the structure-function relationship. The vast knowledge acquired up to 

now and the described poor tunability, flexibility and architectonic versatility of natural 

assemblies has led to the design of de novo protein assemblies, which can be controlled 

to generate endless supramolecular protein assemblies with novel properties and 

functions. 
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DE NOVO RATIONAL DESIGN OF PROTEIN ASSEMBLIES 

 

Self-assembling properties are very appealing and have been studied through different 

techniques. De novo rationally designed protein assemblies have been generated mostly 

using pre-existing natural oligomeric domains (α-helix or β-strand) and multifunctional 

modular nanoparticles.  

 

 

Figure 15. In silico structures of representative protein assemblies naturally occurring (left) or de 
novo produced through rational design (right). Abbreviations: CC: coiled coil, VLP: virus-like 
particle. 

 

Natural oligomeric domains (such as α-helices or β-strands) are suitable building blocks 

for the controlled generation of protein assemblies. β-strands can prompt the formation 

of amyloid fibrils (stable and highly ordered polypeptide β-sheet aggregates) and gel-

like structures. On the other hand, helical coiled coils (CCs) are quaternary structures 

comprising two or more α-helices supercoiled around each other, resembling the strands 

of a rope. Such twisted α-helices lead to the formation of CC structures due to the 

presence of a regular repeating block of seven amino acids. The CC architecture is then 

simultaneously conditioned by the biophysical nature of the amino acidic chain and the 
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periodicity of the 7-amino acid block, which can generate diverse structures starting from 

fibres to tubes, funnels, sheets, spirals or even rings128.  

 

Alternatively, natural oligomeric domains (that tend to form dimers or trimers) have been 

also used for the development of self-assembled structures in a geometry-based 

manner129. This principle relies on the rigid binding between two oligomeric domains 

that result in a fusion protein (each fusion protein is represented with a different colour 

in Figure 15, right). Each oligomeric domain will interact with identical copies (that have 

been fused too) forming symmetric nanostructures. Nevertheless, these natural 

oligomeric domains display moderate functional versatility, and little has been described 

regarding their applicability in nanomedicine.  

 

In this context, genetic engineering turns out to be an encouraging alternative that has 

allowed the development of de novo, versatile and multifunctional modular self-

assembled nanoparticles (Figure 16). Designing customized proteins that can organize 

into stable, highly ordered structures is a pursued goal that seems to be feasible 

nowadays. Moreover, it is particularly appealing because multifunctional self-assembled 

building blocks are able to mimic virus-like properties and functions, extremely relevant 

for drug delivery130.  

 

 

5.2. SELF-ASSEMBLING MULTIFUNCTIONAL PROTEINS 

 

Genetic engineering techniques (which rely on the deliberate modification of genetic 

materials) have allowed to go a step further in the development of fusion proteins, also 

known as chimeric proteins. Fusion proteins combine diverse non-related effector 

peptides, each of which has a desired role. All the fused peptides together originate a 

unique molecule (in a single amino acidic chain), not present in nature, that combines 

the properties of all the different domains and consequently is able to fulfil all the 

requirements needed (Figure 16). Cell surface ligands, cell penetrating peptides, self-

assembling domains or endosomal escape domains are only a few among the long list 
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of properties that can be added to a chimeric protein so as to improve for example its 

biodistribution, targeting efficiency and finally therapeutic effect.  

 

 

Figure 16. Schematic workflow for the development of recombinant multifunctional self-
assembled protein-only nanoparticles.  

 

Etanercept, aflibercept and denileukin diftitox are some of the fusion proteins that have 

gained regulatory approval for its use in human therapy. Etanercept and aflibercept are 

fusion proteins that contain Fc region of human IgG1, as it is a stable molecule known 

for its extended half-life. On the other hand, denileukin diftitox, which is the first 

marketed fusion protein in 1999, is formed by the catalytic domain of diphtheria toxin 

and the IL-2 as a cell-targeted ligand. The whole structure has been developed for the 

targeting and treatment of cutaneous T-Cell Lymphoma (CTCL), whose malignant cells 

over-express the IL-2 receptor6. 

 

In conclusion, the use of modular multifunctional proteins would generate infinite 

possibilities for the development of bespoke nanoparticles that possess all the expected 
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properties in a single recombinant protein devoid of any additional heterologous 

compound, which has been previously described as a very appealing concept.  

 

 

IN-HOUSE NANOARCHITECTONIC PRINCIPLE  

 

In our laboratory there is a remarkable expertise in the design, production and 

characterization of protein-only nanoparticles (either as soluble or IBs version). 

Specifically, there is a big interest in the development of soluble self-assembled proteins 

as nanotherapies. 

 

For that, in our research group it has been described a nanoarchitectonic principle that 

combines non-amyloidogenic cationic peptides (N-terminus) and poly-histidine tags 

(C-terminus) in fusion proteins (Figure 17). Following this design, protein-only 

assemblies are formed through non-covalent interactions and generate monodisperse 

toroidal-shaped (disk-like) nanomaterials. Interestingly, it has been observed that the 

number of cationic residues present in the N-terminal tag regulates the final nanoparticle 

size (under a lineal correlation), getting larger nanoparticles with more positively charged 

N-terminal peptides131. Besides, it has been proved that the insertion of positively 

charged residues to non-cationic N-terminal tags enables unassembled monomers to 

self-organize as protein nanoparticles of around 30 nm132.  

 

To date, more than 15 positively charged peptides133-136 (like R9, T22 and A5G27) have 

been tested and all of them prompted nanoparticles’ formation. Additionally, it has been 

proved that unrelated core proteins (like GFP, iRFP133 or p53131) can be added between 

the cationic peptide and the His-tag and lead to protein oligomerization.  

 

Additionally, the selected cationic N-terminal peptide not only can have a structural role 

but also can act as a cell-receptor ligand. The possibility to use highly specific ligands has 

provided us with promising and diverse candidates for cell-targeting purposes (such as 

drug delivery137, tumour imaging133, tissue engineering138 and BBB-crossing139. On the 
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other hand, the architectonic C-terminal his-tag is also used for purification purposes 

through immobilized metal affinity chromatography.  

 

It is worth mentioning that the potential of this nanoarchitectonic principle is due to its 

wide applicability, as it is not restricted to any specific polypeptide. Therefore, any 

protein of interest can be engineered following this end-terminal tag principle to obtain 

a self-organized structured version in the nanoscale.   

 

Figure 17. Protein-based nanoarchitectonic principle developed in our group to design 
multifunctional proteins as highly ordered supramolecular nanostructures.  

 

 

Specifically, this event offers a promising approach for the customized design and 

biofabrication of engineered protein-based and highly ordered supramolecular 

structures as DDS131.  

 

As a paradigmatic example, the modular T22-GFP-H6 protein self-assembles as regular 

toroid nanoparticles of ~ 12-13 nm133 (Figure 18). T22 is an engineered derivative of 

polyphemusin II whose natural producer is the Atlantic horseshoe crab Limulus 

polyphemus. In this de novo design, T22 was added as a cationic peptide fused to GFP 

protein and a histidine tag for conformational reasons. Additionally, T22 is an antagonist 

of CXCR4 receptor, which is overexpressed in metastatic colorectal cancer stem cells.  

T22-mediated CXCR4 specificity was supported by in vivo experiments in colorectal 

cancer mouse models after administration of the engineered T22-GFP-H6 fusion protein. 

Biodistribution experiments revealed that T22-empowered nanoparticles were able to 

accumulate specifically in primary tumour and metastatic foci140. The promising results 
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obtained encouraged us to envisage the further use of T22-GFP-H6 protein-only 

nanoparticles as potential nanocarriers for drug delivery (i) through conjugation of 

current chemotherapies133,137 or (ii) fusion to intrinsically cytotoxic proteins141.  

 

 

Figure 18. Characterization of T22-GFP-H6 nanoparticles size and structure. A) Dynamic light 
scattering analysis (DLS) of T22-GFP-H6 nanoparticles. B) Field emission scanning electron 
microscopy (FESEM) images of T22-GFP-H6 nanoparticles showing cyclic toroidal oligomerization. 
Bars: 20 nm. C) In silico representation of a T22-GFP-H6 nanoparticle where each building block 
is illustrated with a different colour (modelled with HADDOCK). Adapted from140,142,143. 

 
 

6. CYTOTOXIC PROTEINS AS ANTITUMORAL DRUGS 

 

Proteins are involved in many different vital processes; among them cytotoxicity has 

become one of the most appealing ones in the last decades. Many proteins from different 

sources found in nature are inherently cytotoxic through diverse mechanisms of action 

(enzymatic inhibition, cell cycle alterations, cellular membrane damage or protein 

synthesis inhibition). Although extremely different from one to another, animals, plants, 

insects or even bacteria have been described to produce cytotoxic molecules, mainly for 

survival reasons. Predation, protection and survival are some of the biological 

interactions that take place and are involved in the production of such substances in form 

of toxins or venoms (which are complex combinations of cytotoxic molecules, 

predominantly proteins and peptides). 

 

In the last decades, cytotoxic proteins have shown to be promising candidates for the 

development of therapeutic nanomedicines144,145. However, there are some risks 
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associated when working with such toxic molecules. Chemical conjugation of a toxin to 

a DDS (apart from posing an additional step in the whole production process) can lead 

to a limited loading capacity, resulting in an inefficient therapy, unable to reach the 

therapeutic effect at low doses. Moreover, weak or unstable conjugations can provoke 

leakage of the toxic moiety during the circulation in the blood stream, causing off-target 

toxicities to healthy tissues.  

 

Traditionally, toxins have been extracted and purified from their original source (for 

instance crude venom). However, a few years later it was demonstrated that it was 

feasible to produce recombinant versions of different toxins and venom proteins while 

keeping their functionality in vitro and in vivo. In this context, fusion proteins bearing 

cytotoxic domains open a plethora of possibilities for the development of homologous 

protein-based therapeutic nanoparticles. Moreover, if the multifunctional protein not 

only contains a cytotoxic domain but also a ligand specific of a tumour cell-type, it would 

generate potent targeted antitumoral candidates. In this regard, the presence of bulk 

material, drug conjugation procedures, drug leakage or loading capacity will not be 

concerning issues anymore, as structural and functional entities are found in the same 

molecule. For these reasons, recombinant cytotoxic proteins are becoming widely 

studied and can indeed be found in the biopharmaceutical market nowadays.  

 

Most of approved cytotoxic proteins are non-natural versions that have been modified 

somehow for their improved effect in vivo. Immunogenicity is usually triggered when the 

organism is in contact with non-human toxins or monoclonal antibodies that are 

recognized as foreign. For this reason, toxins are previously de-immunized, to avoid any 

undesired immunological response after administration146. This goal can be achieved 

through point mutations in diverse amino acids that are not present in the active site. 

Deletions and insertions are also performed in order to remove all the fraction of the 

toxic protein that is not catalytically active or is responsible for the binding to the natural 

ligand. Nowadays, during the development of tumour-targeted toxins, the natural 

binding region is usually replaced through genetic engineering techniques by another 

sequence previously described as tumour-specific ligand.  
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CYTOTOXIC PROTEINS FOUND IN NATURE 

 

In nature we can find cytotoxic proteins in a wide diversity of organisms. Human, animal, 

plant and microbial toxins (Table 4) have been extensively studied and applied for the 

development of therapeutic nanomaterials.  

 

Human proapoptotic factors are extremely appealing as they are not recognized as 

foreign entities that elicit immunogenic reactions. Therefore, no modifications would be 

needed when designing a therapeutic recombinant version. Apoptosis is a cell death 

program that is inhibited through a complex network in tumour cells. The protein family 

Bcl-2 can be divided in proapoptotic and antiapoptotic proteins147. Among proapoptotic 

members, we can find BH3-only proteins (for instance, BID, PUMA, BAD and BIK), that 

contain Bcl-2 homology (BH) domain BH3 and multidomain proteins (BAX and BAK) with 

four different BH domains148. Interestingly, proapoptotic proteins are involved at 

different levels in the complex apoptotic cascade, to finally cause cellular death by 

apoptosis. Some of them are able to activate BAX/BAK proteins which are responsible for 

pore formation in the mitochondrial membrane. Alternatively, other proteins involved 

(like BAD or BID) are able to bind to anti-apoptotic members, releasing proapoptotic 

proteins that were previously inhibited.  

 

Animals and insects are considered a rich source of cytotoxic compounds in complex 

mixtures called venoms. Some of the toxins that can be found in venom mixtures are: 

chlorotoxin (scorpion), gomesin (spider) and melittin (bee).  

 

On the other hand, plants like Ricinus communis, Saponaria officinalis, Abrus precatorius 

or Gelonium multiflorum have been of great interest for the production of ricin, saporin, 

abrin and gelonin, respectively 149. All of them are potent ribosome-inactivating proteins 

(RIPs) that exert potent N-glycosidase activity on the 28S rRNA unit of eukaryotic 

ribosomes, inhibiting protein synthesis.   

 

Finally, microorganisms have been studied as remarkable toxin producers. Pathogenic 

microorganisms are usually remembered only for their associated detrimental impact 
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causing plenty of diseases such as infections, gastroenteritis, botulism or diphtheria. 

However, this conception can be changed trying to benefit from their powerful 

cytotoxicity. Diphtheria toxin and Pseudomonas aeruginosa exotoxin A cause the 

adenosine diphosphate (ADP)-ribosylation and inactivation of elongation factor 2 (EF-2), 

which leads to the inhibition of protein synthesis and cell death. Despite their associated 

high toxicity, they have been smartly engineered for the development of FDA-approved 

(diphtheria toxin for lymphoma150 and under development drugs (exotoxin A for 

mesothelioma and leukaemia151 for the treatment of cancer. 

 

Table 4. Examples of cytotoxic proteins from natural origin that can be used as antitumoral drugs.  
 

CYTOTOXIC 

PROTEINS 
SOURCE MECHANISM OF ACTION 

Proapoptotic proteins  

PUMA Homo sapiens 
Activates BAX and BAK 

Antiapoptotic protein inactivation 

BAD Homo sapiens 
Antiapoptotic protein inactivation 

BID Homo sapiens 
Venoms   

Chlorotoxin 
Leiurus quinquestriatus 

(scorpion) 
Chloride channel blocker 

Melittin Apis mellifera (bee) Surfactant activity 

Gomesin 
Acanthoscurria 

gomesiana (spider) 
Pore formation 

Microbial toxins   

Diphtheria toxin 
Corynebacterium 

diphtheriae 
Protein synthesis inhibition (EF-2) 

Exotoxin A 
Pseudomonas 

aeruginosa 
Protein synthesis inhibition (EF-2) 

Adenylate cyclase 
toxin 

Bordetella pertussis Formation of cation-selective pores 

Plant toxins   

Ricin Ricinus communis 
Ribosome-inactivating proteins 

 Protein synthesis inhibition (28S rRNA) 
Abrin Abrus precatorius 

Gelonin Gelonium multiflorum 
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One of the discoveries based on the application of toxic domains are immunotoxins (ITs), 

which consist of an antibody (or antibody fragment) linked to a toxin. At the early stage 

of IT development, they were produced through chemical conjugation of the whole 

antibody ant the native toxin. However, this formulation was not efficient enough as 

tumour and healthy cells were equally damaged (due to the presence of two targeting 

moieties coming from the antibody and the toxin). To circumvent this issue, the native 

cell-binding domain of the toxin was removed, and the resulting version of the toxin was 

attached to the antibody152. However, ITs were still chemically heterogeneous, large, 

immunogenic and expensive to produce. For this reason, a lot of modifications have been 

performed since then aiming to overcome all these difficulties. For instance, through 

recombinant DNA technologies, proteins were genetically engineered to contain only 

functional sequences, able to recognize and eliminate tumour cells153. Moreover, 

humanized targeting moieties have been developed to avoid undesired immunogenic 

reactions. Unfortunately, despite all these improvements, immunogenic reactions and 

side effects have hindered the leap forward to the clinics.    

 

At this point, it is clear that the use of engineered cytotoxic proteins as antitumoral drugs 

can mark a crucial turning point in the treatment of cancer. Moreover, produced as fusion 

proteins in recombinant systems they can be combined with functional domains such as 

targeting agents or self-assembling domains, allowing the generation of all-in-one, self-

delivered antitumoral therapies devoid of heterogenic materials.  
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7. OVERVIEW 
 

Nowadays, conventional cancer therapies are far from being optimal in terms of efficacy. 

Current drugs are small chemical entities that equally distribute all over the organism, 

presenting high systemic toxicity and leading to undesired side effects on healthy tissues. 

In this context, nanomedicine is an emerging area that offers promising alternatives for 

the development of improved oncotherapies.  

Being extremely versatile materials, recombinant proteins are gaining interest in the 

biomedical area, with more than 400 recombinant pharmaceuticals approved by medical 

agencies. Modular and multifunctional protein-based nanoparticles are appealing 

candidates for drug delivery as they show high stability, biocompatibility and 

biodegradability in the blood stream. When designing DDS, size is one of the most 

relevant properties. Particles in the nanoscale (desirably around ~8 – 100 nm) benefit 

from enhanced stability as they escape from renal filtration and thus present extended 

circulation time and improved biodistribution (compared to smaller chemical drugs). For 

that, it has been developed in our group a nanoarchitectonic principle for the 

generation of protein supramolecular assemblies ranged in the nanoscale. The principle 

relies on the use of cationic end-terminal peptides as pleiotropic tags for the 

oligomerization of monomers into self-assembled nanoparticles. Such modular protein-

based nanostructures can be widely used as cell-targeted nanocarriers if the cationic N-

terminal peptide is simultaneously a tumour-specific ligand. However, chemical 

conjugation of nanocarriers to conventional drugs is extremely risky due to the 

associated drug leakage and subsequent side effects.  In this context, the main purpose 

in this PhD project was to explore the translational applicability of this principle for the 

development of all-in-one vehicle-free protein nanomedicines. This ambitious goal has 

been addressed through de novo rational design of diverse intrinsically cytotoxic proteins 

as therapeutic building blocks that combined with endosomal escape domains will 

produce protein-only tumour-targeted antitumoral drugs.  

From now on, encouraged by the promising results discussed in this thesis, we consider 

it is imperative to keep on studying in detail the potential application of this all-in-one 

protein-based platform for the treatment of any unrelated diseases.  
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OBJECTIVES 
 

The protein-based nanoarchitectonic approach described in our group relies on the use 

of end-terminal cationic peptides and a hexa-histidine tag to induce nanoparticle 

formation through the self-assembly of multifunctional building blocks, independently 

of the selected core protein131,140. Additionally, if the cationic peptide is not only a 

structural moiety but also a ligand, specifically cell-targeted nanocarriers are generated. 

In this sense, T22-GFP-H6 nanoparticles (targeted to CXCR4 receptor) have performed 

outstanding results regarding selective biodistribution and accumulation in an 

orthotopic colorectal cancer mouse model133. The general purpose of this work is to 

prove the versatility of this architectonic principle through the addition of engineered 

intrinsically cytotoxic domains. The main aim is to generate in a single entity, all-in-one 

vehicle-free therapeutic nanomedicines devoid of any bulk material or conjugation 

process for the treatment of CXCR4+ cancers. To this purpose, we planned the following 

objectives: 

 

1) To identify effective therapeutic proteins that fulfill all the regulatory 
requirements for their use in the clinics.  
 

2) To study the incorporation of an endosomal escape promoter, namely fusogenic 
peptide hemagglutinin-2, for the improved efficiency of internalized T22-
empowered protein-only nanoparticles. 
 

3) To produce multifunctional self-assembled and self-delivered therapeutic 
nanoparticles, through the addition of intrinsically cytotoxic toxin-based 
domains, for the treatment of CXCR4+ cancers. 
 

4) To generate safe all-in-one vehicle-free cytotoxic protein-based nanocarriers 
devoid of heterologous non-functional bulk material in a single step process 
through recombinant DNA technologies. 
 

5) To develop smart stimuli-responsive protein-only nanoscale drugs able to 
discharge accessory protein segments under acidic conditions by adding furin 
cleavable regions through genetic engineering techniques. 
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REVIEW 1 

 

Recombinant pharmaceuticals from microbial cells: a 2015 

update 

 

Laura Sánchez-García, Lucas Martín, Ramón Mangues, Neus Ferrer-Miralles, Esther 

Vázquez, and Antonio Villaverde 

 

Microbial Cell Factories (2016) 15 (33) 

Impact Factor 3.831 BIOTECHNOLOGY & APPLIED MICROBIOLOGY (36/161) Q1 
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Absence or dysfunction of proteins can lead to the appearance of diseases such as 

diabetes, growth or clotting disorders. Nowadays the administration of recombinant 

functional versions of these abnormal or missing proteins is becoming more and more 

frequent through replacement therapies. The treatment, which might consist in single or 

repeated doses, aims to reach a functional concentration that complements the lack in 

the patients’ organism.  

 

In this review, our aim is to provide a general overview of the current trends regarding 

recombinant biopharmaceuticals that are already FDA-approved and under 

development.  Moreover, we have given detailed information about the expression 

systems used and their properties, followed by the therapeutic areas that benefit the 

most from recombinant biopharmaceuticals. Nowadays, around 400 recombinant 

peptides and proteins are found in the market as drugs. Additionally, other 1300 

recombinant candidates are ongoing clinical trials. Therefore, there is an expected 

increase in the total number of marketed recombinant proteins in the next years. 

Currently, almost 24 % of all marketed protein biopharmaceuticals are indicated for 

oncology. The potential use of recombinant proteins as drugs is under dramatic 

expansion. Because of the functional versatility of proteins, it is being observed a 

tendency towards the development of sophisticated multi-domain proteins able to 

accomplish all the requirements in a single molecule, instead of plain nature-derived 

versions. In the 1980s, the first FDA-approved biopharmaceutical Humulin (recombinant 

human insulin) was produced using E. coli as expression system. Since then, although 

other bacteria, yeasts, insect cells or mammalian cells have been extensively studied, E. 

coli remains one of the most widely used platforms for protein production due to its 

extensive know-how, high versatility, easy handling and low expenses.  

 

After intensive bibliographic research the published data provides a general picture of 

the current tendency and the future perspectives in the recombinant biopharmaceutics 

field. Moreover, this work has provided us with precious information like the promising 

applicability of recombinant toxins engineered as fusion proteins for their specific 

delivery towards targeted cancerous cells.  
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ARTICLE 1 

 

The fusogenic peptide HA2 impairs selectivity of CXCR4-

targeted protein nanoparticles 
 

Laura Sánchez-García, Naroa Serna, Matthias Mattanovich, Petra Cazzanelli, Alejandro 

Sanchez-Chardi, Oscar Conchillo-Sole, Fran Cortes, Xavier Daura, Ugutz Unzueta, 

Ramón Mangues, Antonio Villaverde and Esther Vázquez. 

 

Chemical Communications (2017) 53 (33): 4565-4568 

Impact factor 6.29 CHEMISTRY, MULTIDISCIPLINARY (28/171) Q1 

  



  

 
 

 



  RESULTS 

67 
 

 

Nowadays, cell-targeted delivery has raised a huge interest in the development of 

improved chemotherapies. Peptidic ligands are an example of efficient targeting moieties 

that can be genetically fused and easily produced through recombinant DNA 

technologies. However, the entrapment of protein therapeutics in endosomal and 

subsequent lysosomal compartments leads to harsh proteolysis, which has been reported 

to be a major reason for impairment or even loss of their efficacy. To circumvent this 

issue, many endosomolytic peptides have been described to induce efficient cytosolic 

release of their cargo protein such as hemagglutinin-2 (HA2) from influenza virus.  

 

In this context, we have developed CXCR4-targeted protein nanoparticles (T22-GFP-H6) 

fused to HA2 peptide in two alternative positions (T22-HA2-GFP-H6 and T22-GFP-HA2-

H6) in order to induce their efficient cytosolic release. Both constructs were produced 

using E. coli expression system and further purified and characterized. Cell penetration 

experiments over CXCR4+ cells showed an increased internalization of both HA2-bearing 

constructs compared to the parental T22-GFP-H6 nanoparticle. However, the improved 

internalization seems to be unspecific, as it cannot be inhibited by their co-incubation 

with AMD3100 (a competitor able to block CXCR4 receptor). Additionally, further 

experiments performed to assess the endosomal escape activity of HA2-containing 

constructs showed that only T22-GFP-HA2-H6 version was able to efficiently escape from 

lysosomal compartments. 

 

Taking all this data into consideration, although the genetic incorporation of the 

endosomal escape peptide HA2 might seem a good alternative, it results inappropriate 

when working with receptor-specific targeted proteins due to its activity as cell 

penetrating peptide. Therefore, when choosing an efficient endosomolytic peptide, other 

mechanisms of action able to induce endosomal escape should be envisaged to bypass 

receptor specificity alterations.  
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ARTICLE 2 

 

Self-assembling toxin-based nanoparticles as self-delivered  

antitumoral drugs 

 

Laura Sánchez-García, Naroa Serna, Patricia Álamo, Rita Sala, María Virtudes 

Céspedes, Mònica Roldan, Alejandro Sánchez-Chardi, Ugutz Unzueta, Isolda Casanova, 

Ramón Mangues, Esther Vázquez and Antonio Villaverde 

 

Journal of Controlled Release (2018) 274: 81-92 

Impact factor 7.877 PHARMACOLOGY & PHARMACY (9/261) D1 
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Nanoparticle-carried (loaded) cytotoxic drugs are considered promising candidates as 

they can be widely applied in nanomedicine. However, loading capacity and drug leakage 

are two main concerns when generating actively targeted cytotoxic nanoparticles that 

circulate in the blood stream towards its target tissue. For this reason, current trends are 

focused on the development of self-delivered cytotoxic nanoparticles devoid of any 

heterologous vehicles, what has been so far an unreached although appealing concept.  

 

In this regard, we worked with two toxic proteins, which are modified versions of 

diphtheria toxin (from Corynebacterium diphtheriae) and exotoxin A (from Pseudomonas 

aeruginosa). These two polypeptides have been engineered for the development of self-

delivered, self-assembled and intrinsically cytotoxic nanoparticles devoid of any 

heterologous carrier. Additionally, they have been fused to the ligand T22 for their 

specific uptake into CXCR4+cancer stem cells. In vivo experiments performed in a 

colorectal cancer xenograft mouse model, revealed that after systemic administration 

both therapeutic nanoparticles cause a potent and localized destruction of tumour tissue, 

followed by tumour reduction. Therefore, the obtained results suggest the adequacy of 

developing targeted protein-based drugs which act not only as cytotoxic compounds 

but also as self-assembled and self-delivered entities. 

 

In conclusion, collected data prove that the functional recruitment of modular 

recombinant proteins and their single-step production through recombinant DNA 

technologies is a promising alternative for the development of improved inherently 

cytotoxic molecules devoid of any inactive heterologous carrier.  
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Hereafter the following papers have been placed in the annex section as they are 
involved in the PhD thesis and are mentioned during the discussion: 

 

Annex 1: Review 2 
Protein-based therapeutic killing for cancer therapies 

 
Annex 2: Article 3 
Peptide-based nanostructured materials with intrinsic proapoptotic activities in 
CXCR4+ solid tumors 

 
Annex 3: Article 4 
Conformational conversion during controlled oligomerization into 
nonamylogenic protein nanoparticles 

 
Annex 4: Article 5 
Selective CXCR4+ cancer cell targeting and potent antineoplastic effect by a 
nanostructured version of recombinant ricin 

 
Annex 5: Article 6 
Engineering multifunctional protein nanoparticles by in vitro disassembling and 
reassembling of heterologous building blocks 
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DISCUSSION 
 

Conventional drug chemotherapies present a lack of specificity leading to off-target 

toxicities and low therapeutic effect in the tumour. For that, nowadays there is an urgent 

demand of targeted oncotherapies154,155. A lot of effort is being invested in the 

development of cell-targeted drugs specifically delivered to over-expressed tumour 

biomarkers like bFGF for lung cancer156, CD19 for B-cell malignancies157, HER2 for breast 

cancer158 or CXCR4 for colorectal cancer159.  

 

In this context, our research group has developed a highly specific vehicle in the 

nanoscale (T22-GFP-H6) for drug delivery133,140. T22-GFP-H6-FdU nanoconjugates have 

been generated by covalently binding the targeted protein nanoparticle to FdU 

(Floxuridine), a polymer of 5-Fluorouracil, a chemical drug commonly used to treat 

colorectal cancer. Repeated administration of the CXCR4-targeted nanoconjugate 

resulted in a significant prevention and regression of metastases without associated 

toxicities137.  

 

Not only targeted but also nanoscale drugs are appealing due to their intrinsic physical 

and biological advantages. Structures ranging nanometer sizes above ~ 8 nm minimize 

renal clearance, increasing the EPR effect and the circulation time in the blood stream 

and thus improving the biodistribution profile160. However, the generation of 

nanocarriers usually involves the use of inert, bulk material devoid of any therapeutic 

activity. This non-active material can pose a safety concern if it is not properly 

metabolized and eliminated from the organism90. Furthermore, immune response can be 

induced by the administration of large amounts of such voluminous nanocarriers causing 

undesired immunotoxicities. This concerning scenario has prompted the generation of 

vehicle-free entities, using self-assembling therapeutic agents92,94, which are able to 

enhance loading capacity and reduce drug leakage of the nanocarrier, the two main 

intrinsic limitations in nanoconjugated drugs.  
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In light of the above considerations, as part of my PhD project, in our group we aimed to 

improve even more the model protein T22-GFP-H6, that resulted so effective when used 

as a drug vehicle (T22-GFP-H6-FdU nanoconjugate).  

 

First, intrinsically cytotoxic proteins were added as therapeutic agents to the T22-

empowered nanoparticles instead of FdU. Therefore, all the functionalities required were 

in a single polypeptide sequence, without any chemical drug (T22-CYTOTOXIC 

DOMAIN-GFP-H6). For this reason, loading capacity or drug leakage (present in drug-

based nanoconjugates) weren’t concerning issues anymore, increasing therapeutic 

efficacy and reducing health risks.  

 

Second, we tried to remove any remaining inactive stretch, replacing GFP by the 

therapeutic agent itself (T22-CYTOTOXIC DOMAIN-H6). Thus, we were keeping the 

essential segments to achieve a specifically targeted, nanoscale therapy without any 

unnecessary material.  

 

Before designing de novo cytotoxic protein-based nanoparticles, our aim was to get a 

global picture of the state of the art in recombinant DNA trends for the treatment of 

human diseases and elucidate which were the most promising cytotoxic proteins that 

were explored up to date (Review 1 and Annex 1). For that, we did an extensive 

bibliographic research that is described below.  

 

 

1. Trends in the development of therapeutic recombinant pharmaceuticals  

 

These days, there is a steadily increasing interest in the generation of recombinant 

proteins for their use in biomedicine. Currently, there are around 400 marketed 

recombinant biopharmaceuticals and 1300 candidates are under development 

(Review 1, Figure 2), all of them aimed to recombinant protein-based therapies. 

Disorders or diseases that are due to the absence or dysfunction of a specific protein 

such as diabetes161,162 or blood clotting disorders163,164 are a suitable target for the use of 

recombinant proteins, as administration of a given functional protein is required. So far, 
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natural sources and chemical synthesis present diverse constrains when moving to scale-

up processes, such as low yields and long-lasting multistep-based procedures, 

respectively. At this point, recombinant DNA technology results the most appropriate 

alternative to produce therapeutic proteins.  

 

In 1980s, the first recombinant protein Humulin (produced in E. coli) gained FDA-

approval for the treatment of diabetes165,166. Since then, it has been observed a steep rise 

in the number of protein production platforms, which expand the possibilities for the 

development of recombinant drugs (Review 1, Table 1). Bacteria167, yeasts104, insect 

cells106 and mammalian cells168 have been used in different contexts, regarding the 

protein specific requirements. Although mammalian cells (which are closer to humans) 

may seem optimal to produce human proteins, E. coli is a more versatile, cost-effective 

and easy to handle expression system. For this reason, in oncology there is a clear 

predominance of E. coli-produced recombinant pharmaceuticals (69 %) over mammalian 

cell-derived recombinant therapies (26 %) (Review 1, Figure 4). Cytokines (Aldesleukin, 

Interleukin-2, Filgrastim) or growth factors (Molgramostim, Nartograstim, Palifermin) are 

some examples of approved anticancer recombinant biopharmaceuticals produced in E. 

coli (Review 1, Table 4). 

 

Interestingly, the market is leaving behind nature-like plain proteins and evolving 

towards improved versions that have been modified through insertions, deletions or 

mutations (Review 1, Table 4). Additionally, fusion of protein-based domains in a 

rational design basis have been used aiming to expand the functionalities of the current 

marketed recombinant biopharmaceuticals (for instance Denileukin diftitox169 and 

Aflibercept170,171) (Review 1, Figure 5). Fusion proteins offer a long list of possibilities for 

the generation of tailored biopharmaceuticals with combined versatile functionalities in 

a single polypeptide, unlike the previously mentioned non-modified plain proteins 

present in nature.  

 

Specifically, the treatment of cancer, autoimmune or inflammatory diseases, relies on cell 

killing activities. In oncology, there is a long list of chemical compounds (with small 

molecular weight) that can cause cell toxicity toward cancer cells. However, they also 
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cause undesired toxicities and numerous side effects due to systemic distribution 

through the organism. Additionally, having a filtration cut-off around ~5-7 nm172,173  renal 

clearance leads to both insufficient half-life and drug amount. Therefore, improvement 

of the circulation time while increasing selectivity to generate an efficient treatment 

devoid of any secondary effect in healthy organs is needed.  

 

In this context, it has been widely described the presence of proteins from natural origin 

that present high cytotoxic activities89,145,174,175 (Annex 1). They can be found in 

completely different living organisms (animals, plants or microorganisms) in form of 

proapoptotic proteins, toxins, antimicrobial peptides or venoms. Proteins are versatile 

and biocompatible materials whose production through recombinant technologies has 

been proved to be environmentally friendly and reliable for decades. For that, plenty of 

cytotoxic proteins like BID, PUMA (proapoptotic factors), diphtheria toxin, exotoxin A 

(microbial toxins), ricin, abrin (plant toxins), chlorotoxin and gomesin (venom 

components) are nowadays under clinical trials or even approved by the FDA for their 

use as antitumoral drugs (Annex 1, Table 2). 

 

It is worth mentioning that most of these recombinant proteins that are being developed 

for their use in the clinics are not natural versions. As a matter of fact, they are improved 

versions that have been previously modified through genetic engineering 

methodologies. Some of the most common modifications are de-immunization and 

fusion between protein domains of interest.  

 

First, de-immunization processes are usually performed when working with non-human 

proteins, which can generate non-desired immunogenic reactions. By removing or 

replacing some amino acids of the polypeptide it is possible to dramatically reduce the 

immune response caused by exogenous proteins176,177. An appealing alternative to avoid 

either immunogenicity or de-immunization processes would be the use of human 

proteins, which will not generate any immune response, such as proapoptotic proteins 

(Annex 2).  
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Second, fusion proteins rely on a functional recruitment basis, aiming to obtain a modular 

multifunctional protein able to cover all the necessities in a single polypeptide chain 

(Annex 1, Figure 2). For example, cell-targeting178,179 endosomal escape180-182 or self-

assembling domains183,184 are widely used for the development of improved 

pharmaceuticals able to reach a specific cellular marker, avoid endosomal degradation 

or oligomerize in the nanoscale range, respectively. Immunotoxins are a simple example, 

which consist of the fusion between an immunoglobulin (targeting domain) and a toxin 

(cytotoxic domain)185. 

 

 

2. Improving efficiency of internalized recombinant protein-only 
nanoparticles 

 

Cell-targeted intracellular delivery is a continuously increasing field for the improvement 

of conventional drugs and the development of new ones160. Recombinant proteins are 

convenient materials for the development of cell-targeted therapies as they can be 

customized through the fusion of diverse domains of interest, such as ligands. However, 

the entrapment of protein therapeutics in endo-lysosomal compartments leading to 

proteolysis has been reported to be a major reason for impairment or even loss of their 

efficacy (Article 1). 

 

In the case of protein-based therapies conjugated to a chemical drug, lysosomal 

degradation is not a concerning issue as the therapeutic agent (chemical compound) is 

not susceptible of being degraded in the lysosomes, being able to exert its expected 

activity despite this phenomenon. Unfortunately, as our aim is to get rid of the chemical 

partner and develop protein-only therapies, lysosomal degradation is a process that 

needs to be studied in detail180, trying to minimize its related deleterious effect.  

 

Consequently, during endocytosis and before the fusion with lysosomes, endosomal 

escape must occur to prevent degradation and release the therapeutic nanoparticle to 

the desired subcellular compartment, whether it is the cytosol, mitochondria or nucleus. 

Thus, as endosomal escape is one of the barriers that need to be overcome upon 
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administration, a lot of effort is being made to evade this process. Hopefully, selective 

and endosomolytic properties together, will give birth to good candidates able to target 

and increase the amount of proteins that reaches the cytoplasm, promising alternatives 

for targeted drug delivery.  

 

Interestingly, viruses have been evolving during millions of years to overcome 

degradation once they have internalized in the host cell, for survival reasons186. For that, 

they are a suitable source of proteins that can be used to escape from endosomal 

degradation (for instance, hemagglutinin peptide HA2 from influenza virus187). 

Additionally, a big effort has been made to generate synthetic candidates, developed 

improving the already discovered natural endosomal escape agents. Apart from natural 

proteins or peptides, chemical agents have also been described to exert endosomal 

escape abilities, such as polyethylenimine (PEI) or CQ79.  

 

Endosomal escape is achieved predominantly through three different mechanisms of 

action. First, proton sponge effect can be observed adding his-rich tags or PEI, which 

cause the internalization of water in endosomes at acidic pH, followed by membrane 

disruption. Second, pore formation in endosomal membranes, which can be performed 

by antimicrobial (natural or synthetic) peptides. Third, fusion to lipid membranes has 

been observed in presence of viral peptides.  

 

Haemagglutinin (HA) is a glycoprotein present on the surface of influenza virus. It is 

involved in two relevant processes of the viral cell cycle188. First, it is responsible for the 

recognition of its host cell, through the binding to sialic acid receptors (mediated by HA1 

domain). Once it is internalized through endocytosis, the endosomal compartment is 

further acidified. At this point, after pH acidification, HA2 domain prompts the endosomal 

escape through fusion of the host endosomal membrane with the viral membrane, 

releasing the viral genome inside the host cell. Specifically, the N-terminal sequence of 

the HA2 subunit consists of an amphiphilic anionic peptide. At acidic pH, there is a 

conformational change in a helical structure in this peptide, which leads to activate its 

fusogenic activity resulting in destabilization of the endosomal membrane188,189.  
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The HA2 endosomolytic activity has been tested in different and complex presentations 

of the peptide. One of them consists of a fusion protein that combines the HA2 peptide 

with TAT, the cell-penetrating peptide from human immunodeficiency virus (HIV) HA2-

TAT190. Alternatively, HA2 has been fused to diverse functional domains simultaneously 

(R9-HA2-NLS-mCherry)191: a cell penetrating peptide (R9), a nuclear localization signal 

(NLS) and a monitoring agent (red fluorescent protein mCherry). Despite the variety of 

fusion proteins developed up to now, we wondered if it would be possible to obtain 

actively targeted nanoparticles, combining the HA2 peptide with the CXCR4-specific 

ligand T22. 

 

In our laboratory, the HA2 peptide191 has been added to T22-GFP-H6 protein in two 

alternative positions, at the amino and carboxy terminus of the GFP (T22-HA2-GFP-H6 

and T22-GFP-HA2-GFP, respectively) (Article 1, Figure 1A). 

 

T22-GFP-H6 protein self-assembles as protein-only nanoparticles able to target CXCR4+ 

cells in vitro and in vivo. However, we have observed that the administered protein is 

partially degraded in the endosomes (almost 90 %) leading to a loss of efficiency192. 

Through HA2 peptide addition, our aim (FIRST OBJECTIVE) was to confer endosomolytic 

activity to T22-GFP-H6 nanoparticles, increasing the amount of protein that succeeds 

reaching the cell cytoplasm. 

 

Both HA2-bearing versions of T22-GFP-H6 were produced in the prokaryotic expression 

system E. coli, purified by affinity chromatography (Article 1, Suppl. Figure 1) and 

followed by further physicochemical characterization. Purity and integrity of both 

engineered versions was assessed by mass spectrometry (matrix-assisted laser 

desorption/ionization time-of-flight, MALDI-TOF) and Western Blot (Article 1, Figure 

1B), showing absence of contaminants or proteolysis. Specifically, production yield of the 

soluble T22-GFP-HA2-H6 was lower than T22-HA2-GFP-H6, which can be observed 

through MALTI-TOF analysis as a high background signal due to low sample 

concentration (Article 1, Figure 1B). Spontaneous self-assembly of both constructs was 

observed, in form of 30 - 50 nm nanoparticles as observed by DLS (Article 1, Figure 1C) 

and FESEM images (Article 1, Figure 1D). The incorporation of HA2 to T22-GFP-H6 
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protein caused a reduction in fluorescence emission whether it was located at N- or C- 

terminus, being more affected in T22-GFP-HA2-H6. This result indicates that the newly 

added peptide sequence had a conformational impact in the structure. Recombinant 

proteins were further tested in vitro to assess their internalization in CXCR4+ cells and 

more importantly their expected endosomolytic effect (Article 1, Figure 2). First, 

internalization experiments were performed in duplicate (in absence and presence of 

AMD3100, which is a CXCR4 antagonist193-195) to test nanoparticles’ specificity.  

 

Table 5. Comparative physicochemical properties and cell line performance of the parental T22-
GFP-H6 protein (in orange) and the HA2-bearing alternatives. 

PROPERTIES T22-GFP-H6 T22-HA2-GFP-H6 T22-GFP-HA2-H6 
Nanoparticle size 14 nm 30 nm 45 nm 
Fluorescence 100 % 43 % 15 % 
Internalization Yes (+) Yes (+++) Yes (+++) 
Specificity Yes (++) No Yes (+) 
Endosomal escape No No Yes 
Toxicity No No No 

 

 

The modular protein showed an improved cell internalization in both alternative 

positions (Article 1, Figure 2A). In T22-HA2-GFP-H6, high internalization results are due 

to a completely loss of cell specificity, as we did not observe a reduction in the 

internalization when adding the antagonist of CXCR4 (AMD3100). Surprisingly, the 

second construct T22-GFP-HA2-H6 behaved differently, showing an increase in cell 

penetration with little affectation in specificity (Article 1, Figure 2B).  

 

In order to demonstrate whether the favoured internalization was due to endosomal 

escape activities or not, in vitro experiments were performed adding chloroquine (CQ) 

(Article 1, Figure 2C). This chemical compound is widely known for preventing 

endosomal acidification and subsequent protein degradation196,197. Results obtained with 

T22-HA2-GFP-H6 revealed that cell penetration improvement is not related with any 

endosomolytic activity. In fact, intracellular fluorescence of both parental T22-GFP-H6 

and T22-HA2-GFP-H6 protein with CQ (non-degradative conditions) was around 30-fold 

higher than the control without CQ. On the contrary, T22-GFP-HA2-H6 signal suffered a 
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5-fold increase, proving that this construct was able to perform endosomal escape, 

partially avoiding protein degradation and reaching the cytoplasm.  

 

Moreover, a kinetics experiment was performed at different time points and two different 

protein concentrations (0.1 and 2 μM) being 0.1 μM under the threshold for 

endosomolytic properties (Article 1, Figure 2D). Intracellular accumulation of both 

proteins at 0.1 μM results in protein degradation, whereas at 2 μM they differ, being T22-

HA2-GFP-H6 degraded and T22-GFP-HA2-H6 escaped from the endosomes, supporting 

the previous data obtained with in vitro CQ experiments. Additionally, confocal 

microscopy images of protein internalization at 24 h (Article 1, Figure 2E) showed an 

increased perinuclear localization of T22-GFP-HA2-H6 protein, compared to T22-HA2-

GFP-H6 variant.  

 

Taken together, all the obtained results (summarized in Table 5 for better understanding) 

indicated that T22-GFP-HA2-H6 nanoparticle was able to induce endosomal escape and 

reach the cytoplasm. On the other hand, when located at the N-terminus of the core 

protein (T22-HA2-GFP-H6) the HA2 peptide could be more accurately considered as a 

cell penetrating peptide.  

 

The addition of HA2 peptide at two different positions had a positive effect increasing 

cellular internalization, although followed by a detrimental impact in CXCR4 specificity, 

mostly in the case of T22-HA2-GFP-H6. This phenomenon may be due to the close 

proximity of HA2 to the ligand T22, which is responsible for specific CXCR4 receptor 

binding and internalization. Probably, the presence of HA2 in this position had an impact 

in protein conformation, compromising T22 folding or flexibility. Differences in tertiary 

structure were confirmed by Trp-fluorescence spectroscopy and modelling of both 

nanoparticles (Article 1, Suppl. Figure 2).  

 

The use of the viral fusogenic HA2 peptide should be evaluated individually for each new 

modular recombinant protein. In the case of T22-GFP-H6 nanoparticles it has been 

possible to generate a variant (bearing HA2 peptide) with endosomolytic activities, at 
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expenses of losing selectivity. However, biodistribution experiments are being performed 

to observe whether selectivity loss in vitro is reproduced in vivo. 

 

All things considered, we have demonstrated that although HA2 fusogenic peptide 

may seem a good endosomolytic candidate, it might not be optimal particularly 

when developing cell-targeted drugs, which can be highly affected losing 

specificity. 

 

 

3. Generating intrinsically therapeutic protein-only nanoparticles for cancer 
therapies 

 

Chemically conjugated therapeutic nanoparticles present diverse intrinsic obstacles (such 

as loading capacity or drug leakage) for the development of efficient and safe 

nanocarriers for drug delivery90. For this reason, our aim was to prove that the 

nanoarchitectonic principle described in our group (based in the presence of cationic N-

terminal and polyhistidine C-terminal tags) could be applied for the development of 

intrinsically therapeutic protein-only nanoparticles, devoid of any chemical drug 

(Annex 2).  

 

After doing an extensive bibliographic research (Review 1 and Annex 1) about the use 

of cytotoxic proteins as therapeutic agents, we found out that proapoptotic factors are 

particularly valuable, because of their human origin. Being originated in the same 

organism where they would be administered to, proapoptotic proteins would not induce 

immunogenic toxicity, commonly observed in heterologous protein drugs. For that, our 

first choice was in the line of human origin proapoptotic proteins, aiming to avoid 

further immunogenic reactions once administered in patients. Among diverse 

proapoptotic factors, the BH3 domain of proapoptotic BAK (Bcl-2 homologous 

antagonist killer) was the preferred candidate, as there were successful precedents 

describing the possibility to produce it in a recombinant fully-active form, using E. coli 

expression system. BAK protein belongs to the Bcl-2 homology family; which induces 

programmed cell death through caspase-dependent apoptosis. Specifically, it inactivates 
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antiapoptotic proteins and permeabilizes the mitochondrial membrane, releasing 

cytochrome C among other factors. For our design, instead of using the whole BAK 

(which is not properly produced in a recombinant form due to highly hydrophobic 

nature198), we used a truncated version that uniquely contains the BH3 domain that keeps 

proapoptotic properties199.  

 

For the exploration of the cytotoxic properties of truncated BAK, it was fused to both T22 

and H6 for oligomeric purposes. Moreover, they both have a dual role as T22 is a CXCR4-

targeting agent and the His-tag was used for purification purposes. Additionally, GFP was 

added to monitor protein localization (Annex 2, Figure 1A). The whole construct (T22-

BAK-GFP-H6) is envisaged as a potent candidate for theragnostic purposes, combining 

diagnostic (GFP) and therapeutic properties (BH3-BAK).  

 

The de novo T22-BAK-GFP-H6 multidomain protein was successfully produced in E. coli 

as microbial cell factory and purified using his-tag chromatography with the expected 

molecular weight (Annex 2, Figure 1B). As expected, the rationally designed protein 

self-assembled as monodisperse nanoparticles of 13.5 nm (Annex 2, Figure 2C-D) and 

presented GFP fluorescence for subsequent imaging quantification. 

 

Regarding in vitro behaviour, different experiments were performed to determine 

whether generated proapoptotic nanoparticles were able to bind and internalize CXCR4+ 

HeLa (cervix cancer) and SW1417 (colorectal cancer) cells (Annex 2, Figure 2A). In fact, 

in time-dependent experiments (Annex 2, Figure 2B) it was observed a receptor 

dependent penetration of T22-targeted nanoparticles. Interestingly, internalization was 

reduced in both tested cell lines when pre-treated with AMD3100 (Annex 2, Figure 2C). 

In parallel, T22-BAK-GFP-H6 internalization was demonstrated using confocal 

microscopy and observing green fluorescent material in perinuclear regions (Annex 2, 

Figure 2D-E). Due to the highly specific penetrability observed in vitro, we decided to 

perform in vivo experiments using a mouse model of CXCR4+ colorectal cancer for 

biodistribution and therapeutic effect studies in tumour tissues.  
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Systemic administration of T22-BAK-GFP-H6 nanoparticles led to an accumulation of the 

nanomaterial in tumour tissues, with an accumulation peak at 5 h (ex vivo fluorescence 

observed) (Annex 2, Figure 3A, B and C). Interestingly, no significant renal 

accumulation, aggregation in lungs or toxicity was observed in non-tumoral relevant 

organs (Annex 2, Figure 2D, E and F). Specially, the absence of material in kidney 

indicates how stable the oligomers are in plasma, as monomeric or disassembled 

proteins although being targeted to tumour markers, accumulate in kidney133. Moreover, 

therapeutic experiments demonstrated that T22-BAK-GFP-H6, unlike the non-

therapeutic version (T22-GFP-H6) was able to induce in vivo cellular death through 

caspase-3 activation followed by PARP proteolysis (mediated by caspase-3). Moreover, 

the presence of apoptotic bodies, necrotic areas in tumour tissues and reduction of 

mitotic figures was also detected through different techniques (Annex 2, Figure 4).  

 

 

Translational application 

 

At this point, we wondered if these results were reproducible using any other therapeutic 

domain, to generate a platform for the generation of intrinsically therapeutic protein 

nanoparticles. For that, we selected PUMA200,201 (p53 up-regulated modulator of 

apoptosis) another human proapoptotic factor. PUMA is a BH3-only proapoptotic 

protein with a dual role202. First, it interacts with antiapoptotic proteins203 (Bcl-2 and Bcl-

XL) through the BH3 domain. Moreover, it is able to activate BAX and BAK, leading to 

mitochondrial disfunction and cell death204. Interestingly, good results were also 

obtained in this model (Annex 2, Figure 5), being possible to generate T22-PUMA-GFP-

H6 nanoparticles, which were efficient in vitro and in vivo, like the previous T22-BAK-

GFP-H6 model.  

 

Additionally, promising results obtained encouraged us to try with a completely different 

cytotoxic protein (not discussed in this thesis), the antimicrobial peptide GWH1 (Annex 

2, Figure 5B), which is a pore-forming agent.  
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All things considered, we have demonstrated and discussed the feasibility of engineering 

proapoptotic factors as building blocks for the development of therapeutic, self-

assembling protein-only nanoparticles targeted to CXCR4 malignancies (Annex 2). It is 

noteworthy that the studied multifunctional nanoparticles were easily produced in a 

single step through recombinant DNA technologies devoid of any additional conjugation 

step or presence of heterologous chemical drugs. 

 

 

4. Development of smart toxin-based vehicle-free nanoparticles 

 

The results obtained using proapoptotic domains (BAK and PUMA), although being very 

successful, resulted less potent than we would expect initially (Annex 2). One possibility 

is that mild therapeutic effects are a consequence of the already described lysosomal 

degradation. As the engineered proapoptotic constructs (T22-BAK-GFP-H6 or T22-

PUMA-GFP-H6) do not contain any endosomal escape peptide that can increase the 

amount of protein able to reach the cytoplasm and therefore reduce the loss of active 

protein, the therapeutic effect observed can be a result of this phenomenon.  

 

GFP protein is a widely used cell tracking agent, added in our constructs as a scaffold 

protein too. In this context, being focused on the treatment of malignancies, GFP 

becomes a dispensable segment in the whole multifunctional domain. Additionally, from 

a clinical point of view, GFP presence can be a concerning issue regarding 

immunogenicity and cytotoxicity for the approval of a protein drug by medical regulatory 

agencies205. Therefore, if we get rid of GFP we would be minimizing even more the 

complexity, using only crucial stretches for targeting, self-assembling and therapeutic 

purposes, avoiding any useless inactive material (THIRD OBJECTIVE).  

 

For all these reasons, we aimed to go a step further and select other cytotoxic proteins, 

previously studied through extensive bibliographic research (Review 1 and Annex 1) 

while removing GFP protein. Among all cytotoxic domains present in nature, toxins are 

highly potent candidates that can be applied in a therapeutic context174. Indeed, they can 
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be transferred to our system for the development of toxin-based self-assembled and 

self-delivered protein nanoparticles (SECOND OBJECTIVE).  

 

Microbial and plant toxins have been already used for the development of recombinant 

drugs. The extreme lethality exhibited by toxins makes them particularly good candidates 

for their use in oncology. However, cancer treatment is not only about killing but also 

doing it selectively206. For that, it is desirable to use cell targeting moieties that direct the 

treatment toward a specific tumour marker. In fact, there are interesting examples 

following this principle that have reached the clinics (Denileukin diftitox, Ontak169,207,208) 

or are under clinical trials (Exotoxin A209,210). Both examples correspond to modified 

versions of diphtheria toxin from Corynebacterium diphtheriae and exotoxin A from 

Pseudomonas aeruginosa, respectively.  

 

Diphtheria toxin and exotoxin A can be divided in three functional domains: catalytic, 

translocation and receptor-binding domain (Article 2, Figure 1A). They perform toxicity 

through the ADP-ribosylation of eukaryotic elongation factor 2 (eEF-2), causing 

irreversible synthesis inhibition and cell death (Article 2, Figure 1C). Once toxins are 

internalized through endocytosis, pH acidification promotes furin-mediated cleavage 

between the catalytic and the translocation domains (remaining together due to the 

presence of disulphide bonds). Moreover, acidic pH induces a change in the 

conformation of the translocation domain, leading to an insertion through the 

endosomal membrane and release of the catalytic domain to the cytoplasm (where 

reduction of the disulphide bond separated both domains). Therefore, we could say that 

both toxins present a native endosomal escape activity that promotes the release from 

endosomes to the cytoplasmic compartment73,74,211. In the case of exotoxin A, the toxin 

is trafficked through the Golgi apparatus and endoplasmic reticulum before reaching the 

cytoplasm. Interestingly, the presence of furin cleavable sites generates a pH-dependent 

toxin, whose activity is only performed when released from any other adjacent segments 

in the cytoplasmic compartment. Considering the intrinsic properties of both toxins, our 

aim was to engineer stimuli-responsive (pH-dependent) toxin-based nanoparticles able 

to discharge the targeting agent upon cell internalization (FOURTH OBJECTIVE). 
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For the design of toxin-based nanoparticles only indispensable active segments were 

used. Following previous designs, truncated toxins were fused to T22 and his-tag (T22-

DITOX-H6 and T22-PE24-H6), devoid of GFP protein (Article 2, Figure 1B). DITOX 

refers to the catalytic and translocation domain of diphtheria toxin. However, PE24 

contains a de-immunized version of the catalytic domain of Pseudomonas aeruginosa 

exotoxin A. Moreover, a KDEL sequence was added to T22-PE24-H6 to promote a higher 

binding efficiency to KDEL receptors found in Golgi apparatus during the intracellular 

stage and further endosomal escape. Additionally, two furin cleavage sites (naturally 

present in each toxin) were included to promote the intracellular release of ligand-free 

toxins (Article 2, Figure 1B). 

 

Engineered toxins were successfully produced (using E. coli as microbial cell factory) and 

purified. Physicochemical results obtained by mass spectrometry (MALDI-TOF) (Article 

2, Figure 3A) and Western Blot (Article 2, Figure 2A) demonstrated that both eluted 

samples were extremely pure, and no proteolysis occurred during protein production. As 

expected, both recombinant proteins formed self-assembled nanoparticles of 30-90 nm 

(Article 2, Figure 2) as determined by DLS and FESEM. Importantly, it has been described 

that oligomerized T22-DITOX-H6 presents β-structure enrichment compared to the 

parental monomeric version, followed by an improved thermostability (Annex 3, Figure 

3C-D), suggesting that self-assembled nanoparticles are favoured with a higher stability 

when interacting one to each other through non-covalent interactions. 

 

Cytotoxic assays demonstrate that engineered toxins present a selective highly potent 

therapeutic effect, as they are able to reduce cell viability in diverse CXCR4+ cell lines, but 

not in a CXCR4- (Article 2, Figure 4B left). Additionally, therapeutic specificity has been 

confirmed as AMD3100 and T22-GFP-H6 protein pre-incubation was able to inhibit 

cytotoxicity (Article 2, Figure 4B right). 

 

After succeeding in vitro experiments, we tested the behaviour of T22-empowered toxins 

in vivo, using a CXCR4+ colorectal cancer mouse model. Single-dose experiments were 

performed to study the apoptotic induction by nanoparticles (Article 2, Figure 6A). 

Obtained results showed a high level of apoptosis in tumour tissues (with a peak at 24 h 
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and 48 h for T22-DITOX-H6 and T22-PE24-H6, respectively) (Article 2, Figure 6B). 

However, no apoptosis was detected in organs such as liver or kidney. Repeated-dose 

experiments with T22-DITOX-H6 showed a 5.8-fold reduction in tumour volume, 

compared to the buffer-treated control group. This result was associated to a 3-fold 

increase in the number of apoptotic figures in the tumour tissue (Article 2, Figure 7B 

left). T22-PE24-H6 nanoparticle caused a 2.3-fold reduction in tumour volume, related 

to a 3.8-fold increase in the apoptotic bodies (Article 2, Figure 7B right). Body weight 

between treated and non-treated groups showed no significant differences in both toxins 

(Article 2, Figure 7C).  

 

All in all, the outstanding results obtained in vivo, clearly suggest the feasibility of 

application of nanostructured toxins in a real therapeutic context. For the first time, 

herein we have demonstrated that microbial toxins can be engineered (following 

the nanoarchitectonic principle described in our group) as building blocks for the 

development of potent therapeutic, self-delivered protein-only nanomedicines 

against CXCR4+ cancers. 

 

Comparing these toxin-based candidates with the ones previously developed, based in 

proapoptotic domains (Annex 2), it has been minimized the amount of irrelevant and 

inactive bulk material, as GFP protein has been removed without any deleterious effect. 

We were able to obtain self-assembled nanoparticles bearing only indispensable 

functional segments to the whole rational design. Therefore, the toxic domain itself has 

a dual role and act as a therapeutic and scaffold protein simultaneously, devoid of any 

heterologous carrier.  

 

All things considered, herein we have proved the feasibility of engineering 

microbial toxins as building blocks for the development of potent therapeutic, self-

assembling vehicle-free protein-only nanoparticles devoid of any bulk material. 

 

Going even a step further, we have developed smart stimuli-responsive pH-dependent 

nanoparticles able to release the catalytic domain from the already used T22 (added for 

self-assembling, cell-targeting and biodistribution purposes) to increase as much as 
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possible, the subsequent cytotoxic effect. In this work, we demonstrate a dramatic 

increase of the toxin activity when it is able to release the N-terminal fragment from 

adjacent peptides, comparing the same construct without furin cleavage site (F-). 

Therefore, it is crucial that the toxins developed here keep the N-terminal free of any 

additional sequence so that they can fully perform their cytotoxic potential (Article 2, 

Figure 4C). 

 

After de novo rational design of intrinsically cytotoxic nanoparticles through the 

insertion of furin cleavable sites we have obtained stimuli-responsive nanoparticles 

able to discharge accessory segments under acidic conditions. 

 

 

Translational application 

 

So far, it has been possible to engineer microbial toxins as smart nanoscale vehicle-free 

entities for targeted therapies. At that point, we wondered if it was possible to translate 

the rational design performed (adding cleavage sites and KDEL motifs) to any toxin type 

trying to improve them to reach the smartest and most potent toxin possible.  

 

In the bibliography it is described that another extremely lethal toxins in nature is ricin, 

produced by the plant Ricinus communis212,213. In fact, it has been regarded as a potent 

drug component mainly in the treatment of leukaemia and lymphoma (Annex 1, Table 

2). Being such a promising candidate, ricin-derived T22-mRTA-H6 protein was designed 

(Annex 4, Figure 1A) following the nanoarchitectonic principle that induces the 

formation of nanostructured nanoparticles133. Protein production was performed using 

E. coli as expression system. Subsequently, protein purification was conducted using His-

based affinity chromatography. A single protein size of 35.91 kDa was detected through 

Western Blot (Annex 4, Figure 1B) and confirmed by MALDI-TOF. Moreover, protein 

assembly was observed as 11 nm-sized nanostructures by DLS and FESEM (Annex 4, 

Figure 1C-D). Nanoscale sizes are highly relevant (as previously mentioned in the 

introduction) for the improvement of cellular penetrability, stability, EPR effect and 

reduction of renal clearance. mRTA domain corresponds to a modified (N132A) version 
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of ricin A chain, for the reduction of previously observed vascular leak syndrome 

associated to ricin administration212,213. Moreover, through rational design, two 

additional fragments were added. Furin cleavage site was added for the release of 

accessory sequences that can interfere in the final cytotoxic activity of ricin catalytic 

domain, whereas KDEL motif was incorporated for endosomal escape purposes. The 

combination of the different motifs mentioned with the toxin, dramatically improves 

(100-fold) the previously described cytotoxic effect (IC50 = 1x10-6 M in HeLa cells)214 

(Annex 4, Figure 2A). Additionally, non-cytotoxic activity in CXCR4- cell lines supports 

efficient therapeutic selectivity of the nanostructured toxin. 

 

As expected, the therapeutic activity was also preserved in vivo, when using a 

disseminated AML (acute myeloid leukaemia) mouse model (Annex 4, Figure 5). After 

systemic administration, there was a dramatic reduction of leukemic cells (in affected 

organs such as backbone, hindlimbs, liver or spleen (Annex 4, Figure 5B).  Moreover, 

histopathology experiments after administration reveal that no toxicity is observed in off-

target organs (Annex 4, Figure 6). 

 

Altogether, we have succeeded developing an extremely potent and highly selective 

toxin that is assembled in nanoscale entities devoid of any vehicle that may compromise 

biocompatibility once administered to the patient.  

 

 

Proof of concept 

 

The present approximation, represented by diverse tumour targeted microbial and plant 

toxins, relies on the generation of smart self-assembling, self-delivered therapies formed 

by homogeneous materials devoid of any non-functional bulk vehicle. Moreover, they 

are not static but dynamic entities able to discharge an accessory segment of the protein 

that has been already used to avoid any further negative impact in the therapeutic 

protein (Table 6).  In other words, we obtain in a single-step process an all-in-one 

bespoke therapeutic nanoparticle with all the functionalities needed. Being such a 



  DISCUSSION 

119 
 

versatile and potent principle, it should be transversally explored for the increased 

number of human diseases treatable with recombinant pharmaceuticals.  

 

Table 6. Advantages of smart toxin-based nanostructured antitumoral drugs compared to drug-
conjugated nanoparticles. 
 

PROPERTIES ASSOCIATED ADVANTAGES 

Chemically homogeneous 

Self-delivered  

Vehicle-free 

Intrinsically therapeutic 

Self-assembled 

Discharge of accessory segments 

Single-step process, reduced costs 

Reduced off-target effects 

Minimized bulk material and risks 

No conjugation or loading limitations 

Less renal filtration, successful biodistribution 

High efficiency 

No leakage Reduced toxicities and safety concern 

 

 

 

 

Figure 19. Summary of the recombinant proteins discussed in this PhD thesis (presented in 
sequential order). Novel properties achieved in each de novo design are in bold.  
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All the results discussed in this thesis have encouraged us to patent the use of all-in-one 

protein-only drugs as self-delivered, self-assembled nanoparticles with intrinsic 

therapeutic activities (PATENT EP17169722) (Annex 6).  

 

 

5. Future perspectives 

 

Recombinant protein-only nanoparticles formed by N-terminal cationic peptides and C-

terminal His-tag are highly biocompatible materials that present functional and structural 

versatility. Herein, T22-empowered nanoparticles have been generated bearing different 

functional domains.  Endosomal escape agents and cytotoxic stretches like proapoptotic 

domains, microbial toxins and plant toxins have been successfully produced as 

homomeric CXCR4-targeted self-assembled nanoparticles.  

 

Recently, it has been described in our group a novel in vitro procedure that reversibly 

disassembles protein homomeric oligomers and controls their subsequent re-

assembling, to form heteromeric nanoparticles (Annex 5). A combination of imidazole 

and salt was able to disrupt building blocks’ electrostatic interactions and prompt 

oligomers’ disassembling in a reversible manner (as removal of the previously added 

agents through dialysis recovered nanoparticle formation). Specifically, T22-GFP-H6 and 

T22-BFP-H6 (blue fluorescent protein) nanoparticles (Annex 5, Figure 1A-B) were 

disassembled and reassembled to finally obtain hybrid T22-GFP-H6/T22-BFP-H6 

nanoparticles, containing both building blocks in a single heteromeric self-assembled 

entity as verified by FRET (Annex 5, Figure 3A-B top). The formation of hybrid 

nanoparticles dramatically enlarges the tunability and manipulability of protein-based 

materials for their use in nanomedicine.  

 

In the context of cell-targeted delivery, this technique results extremely promising as it 

also enables the development of dual targeted therapies215 (bispecific or biparatopic), 

combining different ligands (Annex 5, Figure 3A-B bottom). The selected ligands could 

bind to different epitopes of the same receptor (biparatopic vehicles, Figure 20, bottom) 

or to different cell-markers (bispecific vehicles), like natural viruses do during infection 
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processes. HIV infects host cells through dual targeting using gp120 and gp40, which 

recognize CXCR4 and CCR5, respectively216. In CXCR4-targeted therapies, designing 

biparatopic nanoparticles would be a promising alternative for the improved delivery and 

selectivity towards CXCR4+ cells using T22 and another ligand specific for CXCR4 

receptor. 

 

Figure 20. Design of heteromeric protein nanoparticles. Protein homomeric nanoparticles are 
reversibly disassembled into building blocks and further oligomerized mixing two different 
subpopulations. Schematic representation of hybrid therapeutic nanoparticles formation, bearing 
proapoptotic and toxic domains are represented (top). Schematic representation of hybrid 
CXCR4-targeted nanoparticles formation adding different ligands that recognize diverse epitopes 
in the same receptor (bottom). Adapted from Annex 5. 

 

On the other hand, diverse biological activities could be incorporated to hybrid 

nanoparticles (following the T22-GFP-H6/T22-BFP-H6 model). In the discussion, 

intrinsically therapeutic proteins have been successfully produced as potent homomeric 

self-assembled nanoparticles (BAK, PUMA, DITOX, PE24 and mRTA). The combination of 

these cytotoxic building blocks could lead to the clinical use of combined potent 

therapies that having a synergistic effect would increase the therapeutic efficacy while 

using lower doses in the clinics (Figure 20, top). 
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CONCLUSIONS 
 

Nowadays, there is an increasing interest in the generation of recombinant 

proteins for clinical use. Approximately, 400 marketed recombinant 

biopharmaceuticals have been FDA-approved and 1300 candidates are under 

development.  

 

In oncology, there is a clear predominance of E. coli-produced recombinant 

pharmaceuticals over mammalian cell-derived recombinant therapies. 

 
The incorporation of HA2 fusogenic peptide in T22-empowered nanoparticles 

highly increases cell internalization in vitro, although at expense of a loss of 

receptor-specificity. For that, experiments are in progress to determine whether 

such impairment is translated into an inefficient biodistribution in vivo.  

 

Genetically engineered cytotoxic proteins from different sources (proapoptotic 

factors, microbial and plant toxins) have been successfully produced as self-

assembled, self-delivered protein-only nanoparticles while keeping their intrinsic 

therapeutic activities.  

 
It has been demonstrated that the nanoarchitectonic principle described in our 

group could be translated to unrelated intrinsically therapeutic protein-only 

nanoparticles, devoid of any conjugated chemical drug. Therefore, it is a suitable 

platform for the generation of cell-targeted intrinsically therapeutic protein 

nanoparticles. 

 
Engineered toxin-based protein assemblies have been successfully produced as 

chemically homogeneous all-in-one vehicle-free targeted nanomedicines devoid 

of any voluminous and heterologous material (like GFP). Moreover, they 

performed outstanding biodistribution and antitumoral effects, observed 

through tumour volume reduction and absence of off-target toxicity in CXCR4+ 

colorectal cancer mouse models. 
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The incorporation of furin cleavable sites through de novo rational design has 

enabled the formation of smart stimuli-responsive (pH-dependent) toxin-based 

nanoparticles able to discharge accessory segments under acidic conditions. 

Specifically, it has been translated to microbial and plant toxins, proving its 

flexibility, independently of the cytotoxic domain’s origin.  

 
The generation of smart all-in-one vehicle-free protein nanomedicines is such a 

versatile and potent principle that results in a promising proof of concept that 

should be transversally explored for the increased number of diseases treatable 

with recombinant pharmaceuticals. 
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ANNEX 7: EUROPEAN PATENT 
 

NANOSTRUCTURED PROTEINS AND USES THEREOF 
 
FIELD OF THE INVENTION 
 

The present invention relates to the field of nanostructured protein materials, more 

specifically to fusion proteins which can be used for therapy. 

 
BACKGROUND OF THE INVENTION 

 

The systemic administration of drugs in form of nanoconjugates benefits from enhanced 

drug stability when compared to free molecules. Valuable additional properties such as 

cell targeting might be also merged into a given hybrid composite through the chemical 

incorporation of functional groups in nanoscale vehicles, taking profit from the high 

surface/volume ratio of nanomaterials. When administered systemically, the resulting 

drug loaded conjugates sizing between ~8 and 100 nm escape from renal filtration in 

absence of aggregation in lung or other highly vascularized organs. This fact, combined 

with appropriate physicochemical properties of the material might result in extended 

circulation time and prolonged drug exposure to target organs, thus enhancing the 

therapeutic impact and benefits for the patient.  

 

Among the diversity of materials under investigation as drug carriers, that includes 

metals, ceramics, polymers and carbon nanotubes, proteins offer unique properties 

regarding biocompatibility and degradability that, in the context of rising 

nanotoxicological concerns, make them especially appealing. 

 

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

as attested by more than 400 protein-based products approved by main medicines 

agencies. Therefore, the engineering of protein drugs as self-organizing building blocks, 

that exhibit intrinsic therapeutic activities upon self-assembling as nanoparticles, 

constitutes an advantageous concept. Thus, this methodology excludes the need of 

further activation and drug conjugation, as the nanomaterial itself acts as a nanoscale 
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drug (desirably between 8 and 100 nm). In that way, chemically homogenous protein 

nanoparticles, showing intrinsic therapeutic activities (like the current plain protein 

species used in human medicine -e.g, hormones, growth factors, vaccines etc.) can be 

biologically produced in a single step (as nanoscale assembled entities). Since the 

material itself acts as a drug, the possibility of drug leakage during circulation, an 

undesired possibility especially worrying in the case of cytotoxic agents, can be 

completely abolished, which becomes a significant advantage with respect to the state 

of the art. 

 

The inventors previously probed into the field by applying a nanoarchitectonic principle 

based on the addition, to a core protein, of a cationic N-terminal domain plus a C-

terminal poly-histidine. [Serna, N. et al. 2016. Nanomedicine, 12:1241-51]. It has been 

described in the art that these end-terminal tags and the resulting charge balance in the 

whole fusion promote self-assembling and oligomerization of monomeric proteins as 

robust toroid nanoparticles, stable in plasma [Cespedes, M. V. et al. 2014. ACS Nano., 

8:4166-4176] and with high cellular penetrability if empowered with cell-targeting 

peptides. [Xu, Z. K. et al. 2015. Materials Letters, 154:140-3] Nonetheless, the building 

blocks of these protein structures might also contain functional peptides such as cell-

targeting agents, endosomolytic agents or nuclear localization signals, in form of fused 

stretches with modular organization. 

 

Therefore, to take advantage of such easy protein engineering will be highly beneficial, 

since a need persists in the art for drug delivery systems with enhanced selectivity and 

biodisponibility. 

 

SUMMARY OF THE INVENTION 

In a first aspect, the invention relates to a fusion protein comprising 

(i) a polycationic peptide,  

(ii) an intervening polypeptide region and 

(iii) a positively charged amino acid-rich region, 

wherein the intervening polypeptide region is not a fluorescent protein alone or human 

p53. 
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In a second aspect, the invention relates to a method to prepare nanoparticles 

comprising multiple copies of the fusion protein according to the first aspect of the 

invention comprising placing a preparation of said fusion protein in a low salt buffer. 

 

In further aspects, the invention relates to a polynucleotide encoding a fusion protein 

according to the first aspect of the invention, a vector comprising said polynucleotide, 

and a host cell comprising either said polynucleotide or said vector. 

 

In an additional aspect, the invention relates to a nanoparticle comprising multiple copies 

of the fusion protein of the invention or a nanoparticle which has been obtained by the 

method of the invention to prepare nanoparticles. 

 

In yet another additional aspect, the invention relates to a fusion protein, a 

polynucleotide, a vector, a host cell or a nanoparticle according to the invention for use 

in medicine. 
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