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Nanotechnology is the engineering of functional structures, devices or systems at the 

nanometer scale, ranging from 1 to 100 nm. Nanotechnologies can be designed to 

empower specific chemical, physical and biological properties exclusive of their 

nanoscale proportions and of bulk material 2. In other words, nanotechnology allows 

tuning nanoparticle’s properties such as size, surface charge and shape, as well as core 

environment, which are fundamental parameters that determine their biological 

performance. 

Due to its versatility, nanotechnology has fast become a key instrument in many areas 

such as electronics, food, energy technologies, etc. When nanotechnology is applied in 

healthcare or medicine it is called nanomedicine. Therefore nanomedicine emerges from 

the combination of nanotechnology with pharmaceutical and biomedical sciences to 

develop functional nanoparticles for many medical applications. Biomaterials, imaging 

or in vitro diagnostics are some of them. However, drug delivery is the application 

dominating in nanomedicine science representing 76 % of the research activity due to 

the biophysical properties of nanoparticles (Figure 1). Nanoparticles are customized to 

adopt specific physicochemical characteristics that determine the biocompatibility and 

efficacy of the delivered drug. When presented 

in form of nanoparticles, current therapies 

have shown enhanced efficacy, reduced 

toxicity and controlled biodistribution owing 

to nanoparticles’ ability to cross biological 

barriers, internalise cells and target specific 

tissues 1,3. For this reason, some scientists 

adopt a definition of nanoparticle from the 

biological point of view where a nanoparticle 

is an object with a defined structure that 

possesses these unique medical properties. 

These functions are not limited to materials up 

to 100 nm but are then expanded to 1000 nm1,3.  

Research activity on nanomedicines has streamed over the last decade with a 3-fold 

increase on nanoparticles for medical purposes in clinical trials 4 and patent activity has 

exponentially grown since 2000 (Figure 2) 1. This trend has encouraged governmental 

funding as well as technology and commercial perspectives worldwide 1. 

Nanotechnology opens a plethora of possibilities to design and construct nanoparticles 

from different materials and with diverse configurations. Although the complexity and 

the spectrum of materials used for nanoparticle construction keeps increasingly 

Figure 1: Sectorial dissection of publications in 
nanomedicine. Reprinted with permission from 
1. 
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expanding, current nanoparticles can be classified into polymeric nanoparticles, 

micelles, liposomal nanoparticles, inorganic nanoparticles and protein nanoparticles.  

 

Figure 2: Trends in nanomedicine. (a) Number of FDA approvals in nanomedicines identified by material 
over 5-year time period. (b) Ring charts represents overall FDA-approved nanomedicines (left) and 
nanomedicines under clinical trials (right) stratified by material. Reprinted and modified with permission 
from 4. 

Regarding the material used to synthesize the nanoparticles for drug delivery purposes, 

an important aspect to consider is biocompatibility. In addition to the physicochemical 

characteristics, the bulk material may illicit different reactions concerning 

immunocompatibility, toxicity and biodegradability. For example, besides showing 

cytotoxicity issues, carbon-based polymers or polymeric nanoparticles can cause 

inflammation due to over-stimulation of the immune system. Liposomes and micelles 

can also evoke immune response and, likewise non-PEGylated micelles 5, dendrimers 

display serious toxicity problems 6. Moreover, biodegradability of these materials has 

been a major concern especially for metallic nanoparticles 7. 

Protein-based nanoparticles, being natural biomolecules, represent an appealing 

alternative for its safety, biocompatibility and biodegradability8. Although protein-based 

particles were initially in the shadow of polymeric and liposomal nanomaterials, over 

the last 5 years they had blunt among approved nanomedicines and the number is likely 

to increase given the portion of protein-based nanoparticles under clinical trials 4,9.  

Another advantage of protein-based nanoparticles is that they can be designed to 

display targeting ligands or functionalizing domains in a single chain polypeptide though 

protein engineering principles. Drugs can be chemically incorporated into the 

nanoparticles but, when using cytotoxic peptides or therapeutic proteins, these 

functional agents can be combined into the protein sequence constituting a therapeutic 

vehicle itself. However, when drugs or functional moieties are incorporated in other 

type of materials, they must be encapsulated into the nanoparticle or chemically 

conjugated on its surface being less homogenous in composition than protein-based 

versions 10. 
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Interest and concern in cancer has gone hand in hand with its increased incidence over 

population reaching around 14 million new cases of cancer worldwide every year 11. 

Although general traits shared among most types of cancer have been described at 

molecular, cellular or system level, cancer is an extremely complex disease. Among 

cancer therapies chemotherapy has been widely used despite its low therapeutic index 

and high toxicity. Its lack of cell specificity leads to the presence of strong side effects by 

off-target organ accumulation that limits the administrable dose. Also, many 

chemotherapy drugs are unable to reach metastatic sites or cross biological barriers 

such as blood-brain-barrier to reach the tumor.  

Hence, chemotherapy efficacy would significantly improve if drugs were specifically 

targeted to cancer cells. This is one of the motors that propel drug delivery 

nanomedicines, to administrate them in functionalised nanoparticles targeted to the 

specific tissue thus increasing the administrable dose as well as reducing their side 

effects. Nanotechnology capability to design vehicles with multiple functions such as 

optimise biodistribution, internalise specific cells and even specific compartments 

within the cells turns nanomedicine to a very promising field, especially in an era of 

personalized cancer medicines 12. 

When rationally designing engineered nanoparticles, several targeting steps must be 

considered: first nanoparticles must be driven to the cancer site, then, internalise cancer 

cells and finally target the specific sub-cellular compartment 13,14. 

Nanomedicines transport to the cancer site can be accomplished by passive or active 

targeting. So far, most of the approved nanomedicines rely on passive targeting via the 

enhanced permeability and retention (EPR) effect. This effect consists on the enriched 

accumulation and retention of nanoparticles in tumor tissue when crossing through the 

gaps between endothelial cells in tumor vessels produced by the high vascularity 

(angiogenesis) in solid tumors (Figure 3). First generation of nanoparticle-based 

therapies relies on this targeting mechanism; however, it is not effective in all tumors 15 

and neither for relatively large nanoparticles 4,16. One important additional issue 

regarding drug access into the cells is that passive targeting does not preclude cell 

internalisation once within the tumor tissue 15. However, cell penetrating peptides 

(CPPs) are used to overcome this problem and facilitate non-specific cell entrance of 

nanoparticles. 

Beyond EPR effect, next generation nanomedicines are designed to employ active 

targeting to access cell cytoplasm 3. As it has been widely described, cancer cells 

upregulate certain transmembrane receptors, secreted factors or even expose protein 

on cell surface that are usually found in the cytoplasm. Active targeting is then based on 

nanoparticles presenting ligands that bind receptors overexpressed on the target cells 
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or specific moieties exposed on cancer cell surface (Figure 3). These targeting ligands 

include: endogenous proteins with known receptor specificity such as albumin or 

transferrin; peptide sequences from natural resources or screening libraries with 

described receptor binding; monoclonal antibodies and single-chain variable fragments 

(ScFv). In general, finding ligands that exclusively recognise a specific target is a difficult 

task, likewise identifying specific receptors exposed in a particular cell type as they are 

mostly not exclusive but overexpressed in unhealthy cells compare to normal cells. In 

this respect, the use of phage display technique or the development of aptamers, which 

are short nucleic acid sequences that bind cellular targets, ease the discovery of specific 

binding molecules for a particular target (Figure 6) 13,17,18. Among the abovementioned 

ligands, peptides are attractive for the small size, low immunogenicity and low-cost of 

manufacturing 19,20.  

 

Figure 3: Representation of passive/active tissue targeting. Once nanoparticles reach the tumor tissue 
through passive targeting assisted by high vascularity and ineffective lymphatic drainage (EPR effect) of 
the tumor, active targeted nanoparticles can specifically internalise in cancer cells and release the cargo in 
the required subcellular compartment. Reprinted with permission from 21. 

Designing nanoparticles for active targeting results in higher cellular uptake of the drug 

agent and therefore higher anti-tumor activity compared to non-targeted 

nanoparticles3,17. 
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Nanoparticle’s physicochemical characteristics are pivotal to ensure their recirculation 

and correct biodistribution upon systemic administration. However specific tissue 

penetrability will mainly depend on the targeting process. The efficacy of active 

targeting relies, on the one hand, on ligand specificity and affinity for the receptor. On 

the other hand, selection of the target appears to be crucial to avoid off-target 

accumulation of the nanoparticles. A receptor which is overexpressed or specifically 

presented in cancer cells compared to healthy cells is essential to obtain specific and fast 

nanoparticle accumulation minoring traffic to secondary organs. 

 

Figure 4: Nanoparticle routes of entry depending on size, material, surface charge and if they are 
functionalised with targeting ligands or not. Reprinted and modified with permission from 22. 

In general, receptor-ligand binding allows nanoparticle cell penetration though 

receptor-mediated endocytosis (Figure 4). Clathrin-mediated endocytosis, contrariwise 

other pinocytotic pathways, results in maturation of vesicles into lysosomes leading to 

enriched enzyme activity and rapid acidification. Therefore, nanoparticles need to be 

engineered to escape lysosomal degradation. This can be accomplished through proton 

sponge effect by using cationic surface groups such as His-rich peptides 23 and 

polyethylenimine (PEI) or by adding peptides able of disrupt endosomal membrane like 

influenza virus hemagglutinin peptide (HA2) 24, Pseudomonas Exotoxin A (ETA) or 

Diphteria toxin (DT) 25,26. Many other peptides from different origins had been 

described as specific sequences for sub-cellular compartment targeting. By 

functionalising nanoparticles with these peptides, cargo delivery to nuclei, mitochondria 

or endoplasmic reticulum can be directed 27,28.  
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A large set of peptides have been described as ligands binding specific cell receptors or 

as sub-cellular compartment signalling sequences that can be incorporated for 

nanoparticles’ functionalisation. Loading drugs into active-targeted nanoparticles 

accounts for the release of drug in a specific location inside the body following systemic 

administration thus reducing side effect and increasing the administration dose without 

toxicity.  

Breast cancer is the most common cancer in women accounting for 25 % of all diagnosed 

cancers. Although early-stage breast cancer is highly curable through surgery removal, 

the survival rate for patients with metastatic breast cancer is only 20 %. It is a 

heterogeneous disease with multiple subtypes and its prognosis depends on the cancer 

subtype. Triple-negative breast cancer (TNBC) is the most aggressive one and it is 

characterised by the lack of expression of estrogen receptor (ER), progesterone receptor 

(PR) and human epidermal growth factor receptor 2 (HER2). For this reason hormonal 

therapy targeted to these cell receptors is not effective, being chemotherapy the primary 

option for systemic treatment 29.  

Current approved nanomedicines for metastatic breast cancer are based on passive 

tumor targeting of doxorubicine-loaded liposomes such a Doxil or Myocet (approved in 

1995 and 2000 respectively) 3. For this indication, the only active targeting 

nanomedicine in the market and in turn the first approved protein-based 

nanotechnology (2005) is Abraxane, paclitaxel-bound albumin nanoparticles. This 

successful approach significantly enhances paclitaxel solubility and delivery to the 

tumor 4. However, albumin non-specificity is a handicap since many albumin-binding 

receptors have been identified in various cell lines 30.  

Colorectal cancer is the third most common cancer worldwide but also the third that 

accounts for higher mortality rates. To date, no nanomedicines have been approved to 

treat this disease and standard chemotherapy is the most widely used first approach. 

Alternatively, when chemotherapeutic drugs are not effective, targeted therapies based 

on small molecule inhibitors or monoclonal antibodies are used such as Bevacizumab 

(Avastin) 31 or Cetuximab (Erbitux) 32 which target proteins overexpressed in cancer 

cells. Yet, just as chemotherapy, they present severe side effects and often fail to cure 

patients with advanced stages of the illness. In colorectal cancer, mortality is highly 

related to the appearance of metastasis; likewise TNBC, current therapies are not 

improving prognosis of patients due to the low penetrability into the tumor. 

Metastasis appearance and primary tumor renewal have been highly related with cancer 

stem cells (CSCs), a small subset of cancer cells with self-renewal and multi-lineage 

differentiation capacity. Invasiveness and mobility of CSCs are relevant characteristics 

for driving tumour recurrence, progression and metastasis formation 33, besides their 
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apoptosis and drug resistance, responsible of the low prognosis of many cancers 34. 

Despite CSCs molecular heterogeneity, some cell receptors have been identified to be 

overexpressed in these cells which are crucial for CSCs tumorigenic and metastatic 

potential 35,36.  

In this context, nanoparticle design to specifically target those receptors is a promising 

tool to treat metastasis and deliver high drug-doses in CSCs to inhibit tumor progression 

reducing non-desired off-target toxic effects. However, the success of this innovative 

approach relies on the appropriate selection of those molecular targets and of the 

effective ligands to bind them and trigger nanoparticle internalisation.  

 

Figure 5: CD44 structure. (a) CD44 gene representation. All CD44 forms display the exons encoding for 
cytoplasmic tail (CP), the transmembrane region (TM), the stalk domain (dark green boxes) and the link 
domain (light green boxes) which contains the binding site for (HA). Alternative splicing of exons 
encoding for the variant regions (red boxes) results in multiple combinations representing the variant 
isoforms of CD44. Isoform CD44v3-v10 is depicted to compare with standard CD44 isoform. (b) 
Representation on standard (left) and variant isoforms (right) of CD44 receptor mapping the sites for N-
glycosylation (brown circles), O-glycosylation (orange circles) and glycosaminoglycan (GAG)-binding 
sites (yellow circles). Reprinted with permission from 34. 

Several markers shared by CSCs have been identified such as CD20, CD24, CD34, CD44, 

CXCR4, EpCAM or CD133. Among them, CXCR4 is the one of choice in colorectal cancer 

scenario for being specifically involved in metastatic processes and being associated to 

bad prognosis 37. Recently in our group, Unzueta et al. generated a protein-based 

nanoparticle empowering T22 domain (an 18-mer CXCR4 ligand derivative of 
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Polyphemusin II from the horseshoe crab) able to recognise primary tumor and 

metastatic foci upon systemic administration in an in vivo colorectal cancer model 38. 

In breast cancer stem cells, CD44 is the most frequent molecular marker and it is widely 

used as target of choice for many nanomedicines. It is a transmembrane glycoprotein 

which participates in cell-cell and cell-extracellular matrix interactions and plays an 

imperative role in promoting angiogenesis, invasion and metastasis. Although CD44 is 

encoded by a single gene, alternative splicing results in expression of multiple isoforms 

(Figure 5). Among them, variants CD44v3 and CD44v6, are detected in most metastasis 

while no expression is found in normal tissue suggesting their role in metastasis 

appearance 39.  

Given the CD44 receptor expression profile in tumor, many nanoparticles have been 

designed to actively target CD44-positive cells. Most of them apply CD44 natural ligand, 

hyaluronic acid (HA), as receptor-binding moiety 40 however results so far have not 

been very promising. Most likely, this is because not all CD44-positive cells bind 

constitutively to HA, but seem to be dependent on post-translational modification 

patterns 36. Other CD44-targeted nanoparticles have been chemically functionalised by 

adding specific antibodies recognising the receptor 41,42. However, antibodies have high 

molecular weight that limit nanoparticles’ multivalency and penetration; apart their 

manufacturing costs are expensive.  

Therefore, CD44-binding proteins are put forwards as an alternative for active-targeting 

nanomedicines. The advantage of using protein ligands in protein-based nanoparticles is 

that they can serve as functionalising agents by simply fusing them through protein 

engineering principles. Several proteins from extracellular matrix including collagen, 

fibronectin or laminin have been described to bind CD44 receptor 36. Peptide domains 

from these proteins have been identified to bind and, in some cases, induce 

internalisation through CD44 (Table 1). In addition, other non-natural CD44-ligands are 

discovered through phage display technology 43,44. 

Table 1: Sequence, number of positively charged amino acids and specificity of CD44-ligands identified in 
the literature. 

ORIGIN LIGAND SEQUENCE + AA SPECIFICITY REF 

Fibronectin 

FNI KNNQKSEPLIGRKKT 5 

CD44v3, CD44v6 45,46 FNII YEKPGSPPREVVPRPRPGV 4 

FNV WQPPRARI 2 

Laminin α5 chain A5G27 RLVSYNGIIFFLK 2 CD44v3 47,48 

Phage display P7 FNLPLPSRPLLR 2 CD44, CD133 49
 

Thrombospondin-4  C21 NDTIPEDFQEFQTQNFDRFDN 1 CD44, ROD1, TSP-1 50,51 

Fibrinogen (β15-66)2  
RGHRPLDKKREEAPSLRPAPPPISGGG 

YRARPAKAAATQKKVERKAPDAGGC 
13 

All variants CD44 

and VE-cadherin 
52
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As previously mentioned, efficacy of targeted-nanoparticles relies on the appropriate 

selection of the functionalising ligand. Features such as ligand specificity, receptor-

mediated internalisation and binding affinity are fundamental to ensure specific 

targeting and high drug internalisation for sub-cellular delivery.  

Biodistribution, tissue-specific delivery and internalisation efficiency constitute the key 

biological properties that govern cell-targeted drug delivery in nanomedicine. Apart 

from the targeting-ligand binding used when rationally designed nanoparticles, 

physicochemical properties of the whole conjugate like size, shape or surface charge 

directly influence these biological properties (Figure 6) 3. Thus, full physicochemical and 

biological characterisation is not only recommended but it also represents a key 

requirement for pharmaceutical regulators’ approval.  

 

Figure 6: Schematic representation of physicochemical characteristics of nanoparticles that affect its 
interaction with biological systems. Reprinted with permission from 13. 

SIZE is the most investigated and probably one of the most important physicochemical 

aspects of nanoparticles’ affecting pharmacokinetics and biodistribution. Blood 

circulating time is decreased by non-targeted organ accumulation of nanoparticles 

strongly influenced by size. For example, small nanoparticles of less than 10 nm are 

quickly excreted through the kidneys whereas much larger nanoparticles (200 nm) tend 
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to accumulate in lungs, liver and spleen (where they are processed by phagocytic cells)53 

(Figure 7A) or they are unable to extravasate beyond the blood vessels. Therefore, 

optimal nanoparticle size to achieve longer circulating time and higher penetration into 

the tumor is situated between 10 and 100 nm 54,55. 

At the cellular level, size can determine the cellular internalisation pathway and 

therefore the entrance kinetics (Figure 4)56-58. Some studies revealed that 15 nm 

nanoparticles show a higher endocytotic rate than 100 nm nanoparticles 59 although in 

other studies, 50 nm NPs displayed the maximum cellular uptake 60. Large data has been 

gathered that offers contradictory results about size-dependent internalisation. These 

discrepancies support the fact that ideal internalisation size may vary between different 

nanoparticle material 54 and cell type61, but also, between passive and active-targeting62. 

 

Figure 7: Non-targeted organ accumulation of nanoparticles depending on their size (a), shape (b) or 
surface charge (c). Reprinted with permission from 63. 

One important aspect related to size is MULTIVALENCY, being the number of ligands 

exposed on nanoparticles’ surface once they are physically or chemically functionalised. 

The possibility of multiple functionalisation is enhanced in nanoparticles characterised 

by a large surface/volume ratio. For protein-based nanoparticles, this aspect is termed 

nanoparticle’s OLIGOMERIC STATUS. It is the number of protein building-blocks forming 

the nanoparticle, each presenting a ligand which has been fused on the polypeptide 

sequence and thus, it is homogeneously exposed along protein nanoparticles 3. Particles 

with higher ligand density lead to an increased ligand-binding affinity although optimal 

multivalency is the one that allows stable multi-receptor binding to drive membrane 

bending but cedes receptor molecules for new nanoparticle binding 54,60. 

Nanoparticle SHAPE is another characteristic that influence cell penetrability even 

though it is less investigated and, likewise size results are contradictory. For example, 

spherical nanoparticles perform higher internalisation since the membrane bending 

energy is minimal compare to rods, cylinders or disc-shaped nanoparticles 64,65. 

However, when considering nanoparticles larger than 100 nm, rods or discoidal 

particles display higher surface area and thus more multivalent interactions that 

provide them better internalisation rates 59,66. 
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Regarding biodistribution, besides affecting particle blood circulation time 67, shape 

drives different particle accumulation in particular organs. Spherical and rod-shaped 

nanoparticles are rather to be accumulated in liver while disk-shaped NPs are preferably 

concentrated in lung, heart and spleen (Figure 7B) 68. 

Another important aspect to be considered regarding biodistribution and cell 

internalisation is the SURFACE CHARGE of nanoparticles. Usually, charged-nanoparticles 

are adsorbed by serum proteins that covered them in a so called “protein corona”. This 

adsorption evokes the opsonisation of this particles and later removal by macrophages 

in the spleen or Kupffer cells inside the liver 54, hence reducing their blood circulation 

time 55,65. Liver accumulation has also been detected for hydrophobic nanoparticles 

(Figure 7C) 20,69. Depending on surface charge, different levels of toxicity are observed; 

actually, positive nanoparticles can cause complications such as haemolysis and platelet 

aggregation 70.  

In addition to organ accumulation, cell penetrability pathway and efficacy is altered by 

surface charge 71,72. In general, positively charged particles are efficiently adsorbed as a 

result of cell membrane’s negative surface (caused by exposed glycosaminoglycans) but 

instead they can trigger more non-specific internalisation compared to negatively 

charged or neutral nanoparticles 55,65.  

Many efforts are being made to understand how the physiochemical properties of 

nanoparticles rule their biological performance and their mechanisms of interaction, but 

so far, the main conclusion obtained from all these variable results is that no single 

factor governs the interaction with biological systems but instead they are connected 

one to another. Apart from pre-clinical studies to determine toxicity and efficacy of a 

nanoparticle, it is of particular importance to have a comprehensive understanding of 

the physicochemical parameters and reproducibility of a new nanomedicine 4. Taking 

this consideration in mind and given the influence of the nanoparticle’s material on 

biodistribution and internalisation efficiency, to date, little attention has been paid to the 

nano-bio interactions of protein-based nanoparticles 73. 
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Proteins account for a vast array of functions in all biological systems and have 

unrestrictedly evolved to fine-tune the precise structure that effectively develop a 

unique or multiple functions 74. Their ability to oligomerise is advantageous over 

monomeric forms possessing higher complexity and stability, allosteric regulation and 

major functional control. Viruses are an excellent example of multifunctional protein 

entities with the potential to deliver genetic material, specifically internalise target-cells 

and efficiently target a sub-cellular compartment; all in one. 

The cumulative understanding of the structure-function relationship of proteins has 

encouraged the design of novel protein assemblies through “bottom-up” approach, in 

which proteins as building-blocks self-assemble to form higher order structures 75. Thus, 

protein assemblies are presented as potential alternative nanoparticles for medical 

applications.  

The defined geometries and stability of protein assemblies is based on the multiple weak 

interactions such as electrostatic interactions, Van der Waals forces and hydrophobic 

bonding between building-blocks that result on large protein-protein interactions 76,77. 

Owing to their nature, proteins as building-blocks for self-assembled systems have many 

advantages over inorganic nanoparticles: ordered and stable structure at the nano-

range; less toxicity and more biodegradability; and being synthesised by easy and cost-

effective biological production 78,79. Apart from some peptides which are chemically 

produced, proteins forming nanoparticles are manufactured in safe and environmentally 

friendly expression systems by recombinant production. Through genetic engineering, 

the cell factory can produce the recombinant protein that will be extracted and purified 

thereafter.  

In addition, the biggest benefit of proteins is that it is a versatile material, allowing 

incorporation of multiple functionalised moieties at uniform and precise loci by simple 

genetic modification. These moieties, including specific ligands, DNA-binding domain or 

intracellular delivery domain can be combined to reach the desired functional activity 

for efficient therapeutic purposes. Moreover, because many therapeutic molecules 

present a protein nature, they can be incorporated to protein building-blocks 

constituting a therapeutic vehicle itself. This has been proved to be one of the most 

effective drug loading mechanisms 80.  
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Currently, many different protein-based nanoparticles have been applied for drug 

delivery spanning from natural occurring self-assembling protein nanoparticles to de 

novo design protein nanoparticles (Figure 8).   

Among natural structure-based nanoparticles, virus-like particles (VLPs) lead the list of 

protein-based nanomedicines in clinical trials 79,81. Formed solely by virus-capsid 

proteins and therefore being non-pathogenic, they are highly stable systems presenting 

virus-like capabilities such as natural cell targeting and genetic material storing 82 which 

can be reversibly disassembled in vivo 83. Besides ranging from tens to hundreds 

nanometres size, VLPs combine a diverse collection of shapes from rods to spheres 82. 

 
Figure 8: Matrix of most representative protein-based nanoparticles from natural occurring to de novo 
designed particles. Each family of protein-based nanoparticle is represented with an in silico structure and 
a transmission electron microscopy image and is located according to the functional (Y axis) and 
architectonic (X axis) versatility. All images are reprinted with permission from 38,79,84-90. 
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Other natural occurring assemblies from bacterial or eukaryotic origin are bacterial 

microcompartments (BMCs) or vaults respectively. Unlike VLPs, vaults are non-

immunogenic structures but display limited architectonic versatility 79. Endogenous self-

assembling serum proteins like ferritin 91 or albumin 92 have been successfully used to 

enhance drug solubilisation and circulation time 4 and until now they constitute the only 

approved protein-based nanomedicines.  

However, the narrow functional flexibility and limited controlled-geometry from the 

above mentioned nanoparticles have encouraged findings on de novo designed protein 

assemblies being more tuneable and functionally versatile 93. 

New design protein assemblies are distinguished between peptides or full proteins. 

Secondary structure modules constitute peptides that spontaneously self-assemble in 

higher order architectures. Beta-strands can interact forming amyloid fibrils and gel-like 

structures 88,94-96. In the case of α-helices, their interaction results in adaptable coiled-

coil structures forming fiber-like 97, polyhedral 85,98, barrel-like 99 and ring-shape 

structures 100. Unfortunately, although self-assembling peptides offer wide architectonic 

array, they display moderate functional versatility and so far, only few studies have 

investigated their role in nanomedicine. 

Concerning full proteins, defined architectonic geometry and activity, although being 

complex, can be obtained through rational design of the engineered polypeptide. There 

is limited number of engineered approaches being adopted in research into 

nanoparticles. One approach is fusing naturally oligomeric protein domains into a single 

molecule to obtain cage-like particles 84,101,102. Other methods are based on elastin-like 

nanoparticles 103,104 or in the in silico engineering de novo protein-protein interactions 
77. Recently, a new engineering approach has been developed in our research group 

which enables to obtain fully functionally versatile nanoparticles by rational design of 

self-assembling protein building-blocks.  

Multifunctional self-assembling protein-based systems have been considered an 

interesting approach as an alternative to VLPs because they allow mimicking virus-like 

functions required for drug delivery in just a single polypeptide chain. Towards fusion of 

short functional peptides or insertion into a carrier protein using genetic engineering 

principles, these artificial complexes can undergo multiple essential functions for many 

medical therapies such as cell recognition and internalisation, endosomal escape, sub-

cellular compartment delivery and DNA condensation (Figure 9) 105. Some examples are 

the engineered beta-galactosidase with inserted cell-binding and nuclear transport 

signal domains 106 or engineered polypeptides with specific cell targeting, endosomal 

escape, DNA binding and bacterial exotoxin fused-domains 107-109 for cancer therapy.  
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Figure 9: Schematic representation of the production of recombinant multifunctional self-assembling 
protein nanoparticle. 

Compared with nanoparticles constructed with other materials (metals, polymers, 

liposomes, etc.) which must be functionalised by chemical conjugation to gain these 

properties, multidomain self-assembling proteins are produced in suitable expression 

systems being the final product homogeneous in composition 25. However, the functional 

modules used in these constructs do not show architectonic potential. Therefore, final 

geometry and size are uncertain resulting from the tendency of the engineered protein 

to form supramolecular complexes 93.  

Our group has recently described a new protein engineering principle resulting in 

multifunctional polypeptides that self-assemble into defined architectonic nanoparticles. 

This approach consists of a polypeptide combining an N-terminal cationic peptide and a 

C-terminal polyhistidine-tag flanking a core protein. These protein building-blocks form 

highly stable, regular disk-shaped nanoparticles (Figure 10) 110. The spontaneous 

organisation is driven by the strong dipolar charge distribution of the polypeptide 

resulting in weak but multiple protein-protein interactions. 

The N-terminal cationic peptide and the His-tag, a part from being enrolled in the 

architectonic formation, they possess functional activities. N-terminal peptide 

constitutes a cell-penetration peptide for non-specific (R9) 110 or specific (T22) 

receptor-mediated internalisation 38 whereas the polyhistidine-tag serves as an 

endosomal escape peptide 23. The functional versatility was taken one step further by 

tethering extra functional peptides such as a DNA binding domain and/or a nuclear 

localisation signal 111. These modular protein nanoparticles have shown to be able to 
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target specific tissue, internalise cells and migrate towards the cytoplasm 110 in absence 

of toxicity at cellular or systems level 38.  

 

Figure 10: Representation of the developed approach in our group to engineer self-assembling protein 
nanoparticles. The addition of end-terminal cationic peptides (purple and orange boxes) flanking a core 
protein (green box) drives the assembly of protein building blocks into higher order structures. In silico 
models taken from the engineered colorectal cancer targeted nanoparticle build up through T22-GFP-H6 
protein.  

All these findings strength the potential of this engineering approach, based on end-

terminal cationic peptides as pleiotropic tags in protein building blocks, as a virus-

inspired, more versatile alternative to virus-like particles with enhanced functional 

adaptability for medical application.  
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The development of tools and techniques in genetic engineering set a significant positive 

trend in biotechnology allowing genetic material manipulation for recombinant protein 

production. Since the first insulin produced in bacteria in 1980s, about 400 recombinant 

protein pharmaceuticals had reached the market and thousands of other protein drugs 

are under development indicating the relevance and flexibility of this technology 112.  

Although many prokaryote and eukaryote protein expression systems are available, the 

recombinant cell factory per excellence is Escherichia coli (Table 2) for the production 

not only of many exogenous proteins 112 but also of most de novo self-assembling 

proteins 77,113,114.  

Table 2: Advantages and disadvantages of Escherichia coli expression system. Engineered strains to 
overcome the limitations of this system 115. 

 
ADVANTAGES DISADVANTAGES Advanced strain 

E
sc

h
er

ic
h

ia
 c

o
li

 Rapid growth and expression 
Unable to perform  

post-translational modifications 

Origami B 

(disulphide bonds) 

Ease genetic manipulation Presence of endotoxins (LPS) KPM335, ClearColiTM 

Wide knowledge (genetics and tools) 
Soluble expression of <15% 

heterologous proteins 
 

Cost-effective culturing medium 
Improper folding of >90kDa 

protein 
 

The production yield of a heterologous protein can exceed 50 % of total cellular protein 
116. The strong induction of heterologous protein expression leads to an excess of 

polypeptides in the process of adapting native conformation in a crowded cytosol. To 

achieve efficient protein folding, the help of cellular folding modulators is required to 

reach the native conformation in a timely fashion. However, most of times the bacterial 

folding machinery is inefficient facing high and prolonged stress conditions and 

complexity of the recombinant protein which leads to build-up protein aggregates 

known as Inclusion Bodies (IBs) 117. 

Molecular chaperones are the ultimately most important folding modulators to assist in 

de novo protein folding or refolding to reach its native conformation. Chaperones, 

recognising unstructured hydrophobic stretches that should be embedded in the core of 

the native protein conformation, avoid misfolding or intermolecular binding and 

subsequent protein aggregation 116. They are divided into three functional categories:  

Folding chaperones (DnaK 118 and GroEL/ES 119) consist of protein modulators that help 

nascent peptide to reach the native conformation in an energy-dependent manner. 

Holding chaperons bind to protein intermediates under an overwhelmed situation, 

while awaiting for folding chaperones to become available to refine protein folding 120. 
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And finally, disaggregating chaperones (ClpB 121) resolubilise aggregated proteins to 

reactivate refolding when stress conditions are lessened (Figure 11). 

Beyond these three lines of defence upon protein aggregation, a set of cytoplasmic heat 

shock proteases prevent unfolded polypeptide accumulation as insoluble aggregates. 

Proteases like ClpA 122, ClpP 123 or Lon 124 degrade misfolding-prone proteins, 

proteolytically vulnerable intermediates or prematurely terminated polypeptides 125. 

 

Figure 11: Flowchart representation of protein folding in Escherichia coli assisted by the three different 
functional chaperone categories. Nascent polypeptide is encountered by trigger factor (TF), DnaK 
(K)/DnaJ (J) chaperones and subsequently transferred to GroEL/ES folding chaperons. Red arrows 
indicate the unfolding and aggregation of proteins in times of stress. Green arrows indicate protein 
aggregates that accumulate in inclusion bodies. Reprinted with permission from 116. 

Despite the above-mentioned protein folding mechanisms and enhanced expression 

approaches such as reducing the culture temperature, engineering the protein sequence, 

adding fusion partners or coproducing chaperones, the production of many 

heterologous proteins in E. coli results in IB formation 126.  
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Due to the fact that insoluble aggregates formed by misfolded protein are responsible 

for IB formation, protein quality has largely been assumed to be intimately linked to 

protein solubility. IBs have been considered as purely amyloid-like aggregates of 

unfolded protein protected from proteases degradation. Nevertheless, some approaches 

have revealed that IBs contain variable amounts of properly folded protein embedded in 

the aggregate 127,128. Eventually, IBs are composed by a wide spectrum of protein 

conformations and functional qualities, as well as it happens with soluble protein 

combining intermediate states, native-like structures or even soluble aggregates 129.  

 

Figure 12: Old fashion structural conception of IBs (left) in which these entities were solely formed by 
amyloid structures of inactive unfolded protein (orange spheres) and soluble protein was exclusively 
composed by functional native protein (green spheres). New IBs model (right) in which aggregates are 
described as a build-up of unfolded protein together with fold-intermediates and native protein. 
Structural and functional quality is shared between soluble protein and IBs and it is modulated according 
to the production conditions. Reprinted with permission from 128. 

Recently, Cano-Garrido and co-workers 130 described IBs as sponge-like supramolecular 

structures where native-like protein species are filled within an amyloid scaffold 

structure (Figure 13). Thus, the protein quality is not reflected by protein solubility but it 

depends on intrinsic characteristics of the amino acid chain, cell growth temperature and 

genetic traits of the host 117,129,131. 

Besides IBs enclose several conformational states, they are composed of up to 95 % of 

the recombinant protein being the rest of components chaperones involved in IB protein 

disaggregation (DnaK, ClpB and IbpAB) 132, phospholipids and nucleic acids traces from 

the host cell 133. 

Considering that IBs are composed of functionally native or native-like protein and 

constitute an almost pure source of recombinant protein, a new biotechnological 

approach adopted is to solubilise these aggregates to obtain active protein and thus 

reduce the need of extensive chromatographic purification steps and the associated 

costs 131.  
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Protein recovery from IBs requires IB isolation, solubilisation, in some cases refolding, 

one-step chromatography and quality control assessment. Many solubilisation agents 

have been applied for IB disaggregation. The use of high concentration of chaotropes 

like urea or guanidine hydrochloride (GuHCl) completely unfolds protein aggregates 134. 

However, in vitro refolding procedure are tedious and depend on extensive trial-and-

error and case-by-case strategies to find the appropriate physical and chemical 

conditions to obtain the native conformation and avoid protein aggregation (Figure 13) 
135.  

 

Figure 13: Schematic representation of the solubilizing methods to obtain soluble active protein from 
inclusion bodies. Modified with permission from 134. 

Non-denaturing solubilisation agents such as Sarkosyl 86 or DMSO 136 are been 

successfully used to extract biologically active protein from IBs. These agents are 

intended to extract properly folded or native-like proteins embedded in the IBs avoiding 

refolding procedures (Figure 13). By using this strategy, Peternel et al. registered the 

same protein activity efficiency compare to the soluble counterpart for GFP-forming 

IBs86.  

Albeit many self-assembling protein nanoparticles have been purified from IB 

solubilisation 107,137, how the protein material source (soluble protein or IBs) affects the 

biological performance of smart protein nanoparticles remains neglected.  
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All Gram-negative bacteria, including E. coli, present LPS (lipopolysaccharide) on the 

outer membrane which is a highly immunogenic compound in in vivo tests 138. 

Inevitably, recombinant proteins produced in gram-negative cell factories will contain 

LPS contamination. This is an issue, on the one hand, because LPS can lead to toxicity 

problems for protein pharmaceuticals and, on the other hand, because LPS-driven 

biological activities have been wrongly attributed to the produced recombinant 

protein139,140. 

Since LPS removal options are not universally applicable or completely efficient 141, the 

approach of using LPS-free E. coli mutant strains represents an appealing alternative 138. 

The potential of these mutants as cell factories for the production of soluble proteins 

without endotoxin activity has been recently demonstrated138,142. Thus, they are an 

urgently needed option to be explored for the production of recombinant protein 

nanoparticles for biomedical applications.  
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Recombinant multidomain protein building-blocks have demonstrated to be an 

appealing biotechnological approach for the development of cell-targeted, nanoscale 

drug carriers on account of protein functional and architectonic versatility. The 

colorectal tumor and metastases targeting efficacy as well as non-toxicity of T22-

empowered nanoparticles validates the potential of the de novo engineering approach 

developed in our research group. An approach based on end-terminal cationic peptides 

as pleiotropic tags in self-assembling protein building blocks 38.  

In an attempt to explore the flexibility of this approach, the first section of this thesis’ 

research has been focused on the design, production and characterisation of self-

assembling protein nanoparticles targeted to triple negative breast cancer though CD44 

receptor. These nanoparticles might be used in a future as nanoscale tumor-targeted 

drug carriers in the treatment of breast cancer. Given the limited performance of CD44 

targeting through HA-presenting nanoparticles 36, the use of a peptide ligand to bind 

CD44 receptor is appealing and can be adapted in the building-block as a single 

polypeptide. 

Referring to microbial cell factories, many of the recombinant proteins are likely 

accumulated in IBs upon induction stress; however, considering non-classical structure 

description of these protein build-ups they represent an abundant and pure protein 

source 131. Although active protein has been obtained from IBs through mild 

solubilisation procedures 86, it is still unknown how the recovery of active protein from 

IBs affects the self-assembling process into protein nanoparticles. Thus, the second part 

of this work analyses the impact on nanoparticle structure and functionality considering 

the protein material source of the developed CD44-targeted protein vehicles. 

Albeit it has been recently known that the bacterial host directly influence the 

architecture and the performance of the produced protein-nanoparticles 69, how the 

genetic background of E. coli strains deficient of chaperons or LPS-free affect these 

protein assemblies has not been addressed. Thus, the last section of this thesis consists 

on a fine structural understanding of CXCR4 and CD44 targeted nanoparticles produced 

in different E. coli strains and how their physicochemical characteristics affect the 

nanoparticles’ biointeractions. 
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The approach developed in our group based on the application of architectonic peptide 

tags to induce the self-assembly of multifunctional protein building blocks into 

nanoparticles has yielded outstanding in vitro and in vivo results in a colorectal cancer 

model. The aim of this thesis is to explore the potential of this approach in a breast 

cancer system and characterise the morphometric and biological properties upon 

nanoparticle’s bio-production. For this intention, we planned the following objectives: 

1) To engineer self-assembling protein nanoparticles targeted to breast cancer cells 

by incorporating cationic peptide ligands binding CD44 receptor. To analyse their 

assembly capacity and to evaluate their biological performance in terms of 

specific receptor-mediated cell internalisation. 

 

2) To comparatively analyse the structural and functional performance of the 

developed CD44-targeted protein vehicles when obtained from soluble cell 

fraction or from bacterial IBs through non-denaturing solubilisation procedures. 

 

3) To characterise the supramolecular organisation and biological properties of 

CXCR4 and CD44 targeted protein nanoparticles when produced in several E. coli 
strains with different genetic background. 
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Intracellular targeting of CD44+ cells with self-assembling, protein only nanoparticles 

 

Pesarrodona M, Ferrer-Miralles N, Unzueta U, Gener P, Tatkiewicz W, Abasolo I, Ratera I, 

Veciana J, Schwartz S Jr, Villaverde A, Vazquez E 

 

International Journal of Pharmaceutics. 2014 Oct 1; 473(1-2):286-95 

 

CD44 is a multifunctional cell surface receptor that has a role in cell proliferation and 

differentiation, thus CD44 expression has been connected to the tumorigenic and 

metastatic potential of CSCs. In a drug delivery context, CD44 has represented an 

appealing marker for nanoparticles targeting in cancer therapies. Most of the formulated 

nanoparticles have been designed by the conjugation of the natural ligand of CD44 

(hyaluronic acid, HA) however it has been described that not all CD44+ cells 

constitutively bind HA. Along these lines, proteins binding CD44 represent a potential 

alternative to HA allowing, through conventional protein engineering, functionalized 

and adaptable protein-only nanocarriers. 

Taking these alternative nanoparticles into consideration and applying the nano-

architectonic principle based on the combined use of end terminal cationic peptides and 

polyhistidine tag, we have explored five cationic CD44-specific protein ligands as 

components of multifunctional chimerical proteins composed of CD44-ligand and a His 

tag flanking the GFP protein with potential for self-oligomerisation. 

Among tested ligands, two peptides from laminin and fibronectin, respectively, drive the 

formation of self-assembling, fully biocompatible protein-only nanoparticles of 14nm in 

form of stable ring-shaped entities. Those protein nanoparticles efficiently bind and 

internalise target cells upon exposure with demonstrated receptor-driven specificity. 

Such particulate protein organisation confers added value properties to the constructs 

favouring cellular penetrability, what opens a plethora of possibilities for the rational 

design of protein-based, fully biocompatible nanomedicines.  





37 
 

 



38 
 

 



39 
 

 



40 
 

 



41 
 

 



42 
 

 



43 
 

 



44 
 

 



45 
 

 



46 
 

 



47 
 

 

 

  



48 
 

 



49 
 

 



50 
 

 



51 
 

 



52 
 

 



53 
 

 



54 
 

 



55 
 

 



56 
 

 



57 
 

 



58 
 

 



59 
 

 



60 
 

 



61 
 

 



62 
 

 



63 
 

 



64 
 

 



65 
 

 



66 
 

 



67 
 

 



68 
 

 



69 
 

 



70 
 

 



71 
 

 

 



72 
 

Conformational and functional variants of CD44-targeted protein nanoparticles  

bio-produced in bacteria 

 

Pesarrodona M, Fernández Y, Foradada L, Sánchez-Chardi A, Conchillo-Solé O, Unzueta U, 

Xu Z, Roldán M, Villegas S, Ferrer-Miralles N, Schwartz S Jr, Rinas U, Daura X, Abasolo I, 

Vázquez E, Villaverde A. 

 

Biofabrication. 2016 Apr 14; 8(2):025001 

 

Protein-based nanoparticles are especially appealing in nanomedicine because their 

structure and functionality is adaptable via genetic engineering and their biological 

fabrication is scalable in recombinant cells. While some recombinant polypeptides are 

straightforward to obtain in solution, others, in particular those of non-bacterial origin, 

form insoluble aggregates called inclusion bodies. Another challenge is protein stability, 

and therefore activity, can be sensitive to production conditions and the purification 

strategies applied. 

We have explored to what extent downstream purification strategy influences the 

structure and biological performance, in vitro and in vivo, of the two engineered CD44-

targeted protein-only nanoparticles produced in Escherichia coli. As these proteins are 

produced as soluble species and also partially as inclusion bodies, this study compares: 

particles built by soluble protein species purified from the soluble cell fraction and 

protein versions obtained by in vitro extraction from inclusion bodies, applying non-

denaturant solubilizing chaotropic agents. Comparative analysis includes nanoparticle 

architecture, structure conformation, cell internalisation and in vivo biodistribution.  

Our data demonstrate that the choice of downstream procedure influences biological 

performance as well as the physicochemical properties of the material. Extracted 

protein from IBs, besides assembling into larger architectonically stable nanoparticles 

after purification, shows enhanced in vitro protein cell internalisation, compared to its 

soluble counterpart. Moreover it displays a different protein structure and in vivo 

distribution profile. 
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Since the following study continuing this work has not been still accepted for 

publication, it will be presented in the Annex I of this PhD thesis. 

Intrinsic functional and morphometric variability of tumor-targeted GFP nanoparticles 

produced in bacteria 

 

Hereafter a short abstract of this manuscript is presented, still I kindly request to look 

up the corresponding annex to find the whole text. 

Other works connected with this thesis but that are not part of the results are presented 

in Annex II to VI. 





75 
 

Intrinsic functional and morphometric variability of tumor-targeted GFP nanoparticles 

produced in bacteria 

 

Pesarrodona M, Crosas E, Cubarsí R, Sánchez-Chardi A, Saccardo P, Unzueta U, Rueda F, 

Sanchez-García L, Serna N, Mangues R, Ferrer-Miralles N, Vázquez E, Villaverde A 

 

Submitted to ACS Nano 

 

Protein nanoparticles are attractive for their structural and functional versatility along 

with the cost-effective, rapid and bio-friendly biological production in recombinant 

living cells. In a previous study, presented on Annex IV of this thesis, we demonstrated 

that de novo designed self-assembling protein building-blocks acquire diverse 

supramolecular organisations depending on the originating cell source. Likewise, their 

structural and physicochemical variability lead to notable functional diversity. However, 

it is still poorly unknown how a cell factory with altered protein folding machinery 

impact on the ultimate configuration and function of smart protein nanoparticles.   

This study has been focused on tumor-targeted protein nanoparticles fine separation 

and characterisation when produced in alternative E. coli strains with variant protein 

folding networks. Multiple analytical approaches including dynamic light scattering, 

small-angle X-ray scattering and field emission scanning electron microscopy have been 

applied to determine their architecture and geometry as well as evaluate their nano-bio 

interactions.  

Results show that production yields discrete but regular populations of morphometric 

profiles. Oligomeric entities range from 2.4 to 28 nm and from spherical to rod-shaped 

geometries. The relative proportions of these architectonic variants where determined 

by features of the producing strain. In turn, contrasting physiochemical properties of 

these species were intimately influencing their performance with regard to fluorescence 

emission, cell penetrability and receptor specificity. Therefore, bacterial protein quality 

control system defines the ultimate geometry of designed GFP constructs and, by 

consequence, the functional output.  This brings a benefit since nanoparticles with 

optimal properties could be analytically identified and isolated from producing cells for 

their ultimate goal.  
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Nano-scaled structures are ideal vehicles in drug delivery scenario due to the physical 

and biological properties exclusive to their size and bulk material 2. Nanoparticles, 

extending above 7 nm, avoid renal filtration thus incrementing circulation time of the 

carried drug 143. Furthermore, properties such as diffusion in the tissue and cell 

penetrability convert nanoparticles into a potent tool for competent systemic transport 
144. Next generation nanoparticles are designed to promote drug’s active targeting to 

specific tissue in order to reduce side-effect by off-target organ accumulation 3. In fact, 

the development of targeted nanoparticles is expanding with the increasing number of 

cell surface proteins identified as valuable markers 145. However, achieving a full 

biocompatible material for the synthesis of nanoparticles remains a major challenge 146. 

In this regard, protein-based nanoparticles are presented as a promising approach that 

benefit from non-toxicity, high biodegradability and functional versatility of proteins.  

VLPs are an excellent example of the functional and structural tunability and stability of 

protein supramolecular structures. The biological properties that exhibit viruses during 

infection, such as stable systemic circulation, receptor targeting, cell internalisation, 

intracellular trafficking and accumulation into the appropriate compartment, are 

attempted to be reflected on designed nanoparticles 105. In this regard, multifunctional 

proteins, in comparison to other protein-based constructs like BMCs or VLPs that have 

limited functional flexibility, can combine multiple domains from different origins 

conferring multiple functions into a single polypeptide that can be safely and cost-

effectively produced in cell factories as recombinant proteins. Despite this potential, 

how to control protein-protein interactions between building-blocks to build protein 

nanoparticles with defined architectonic geometry has remained neglected 93,147.  

Therefore, our group has lately proposed a button-up approach to obtain 

multifunctional self-assembling protein nanoparticles which consist on the addition of 

end-terminal cationic tags flanking a core protein. The building-blocks spontaneously 

organise into highly stable and regular nanoparticles driven by the electrostatic field of 

the polypeptide resulting in weak but multiple protein-protein interactions 38. The 

potential of this de novo engineering approach was demonstrated with the tumor-

targeting efficacy, in vivo stability and biocompatibility of the rationally designed T22-

GFP-H6 protein building block. This self-assembling protein, empowering T22 as 

peptide ligand of CXCR4 marker, display excellent in vitro and in vivo targeted 

accumulating in primary tumor and metastasis on a colorectal cancer model 38.  

In breast cancer, CD44 is widely used as biomarker for targeted nanoparticles because 

of its overexpression in CSC and its role in promoting angiogenesis, invasion and 

metastasis. Although some peptides are described as CD44 binding ligands, the natural 

ligand, HA, and anti-CD44 antibodies are the preferable choice when decorating carbon 

nanotubes, polymers, dendrimers or inorganic nanoparticles for breast cancer targeting 
148,149. Despite that HA show cell type binding dependence and antibodies have high 

molecular weight hindering nanoparticle’s multivalency and are expensive to produce, 
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limited studies have investigated the targeting efficacy of CD44 peptide ligands 

displayed in protein-based nanoparticles.  

In an attempt to exploit the abovementioned protein nanoparticle formation approach, 

the FIRST OBJECTIVE of this work was to engineer self-assembling protein 

nanoparticles targeted to breast cancer cells by incorporating peptide ligands binding 

CD44 receptor. 

The results of this investigation show that, although the selected targeting peptides are 

well known as CD44 ligands, only the laminin, A5G27, and the fibronectin, FNI/II/V, 

peptides display cell internalisation which, at the same time, take part in the two 

polypeptides with the ability to self-assemble into regular nanoparticles. The other 

tested ligands remain unassembled likewise GFP-H6 protein control and display limited 

cell internalisation. This supports the fact that nanoscale structure formation presenting 

large multivalency is required over the monomeric polypeptide for cell internalisation. 

This is probably due to the presentation of multiple ligands on nanoparticulated 

material that allows multiple cross-linking at the cell surface and thus, favouring 

membrane wrapping. This could be also due to nanoparticle’s size, which is described as 

critical property that influences cell internalisation 60. This also applied to natural 

oligomers when displaying cell-binding peptides 106,150. 

Regarding size and structure of the developed protein nanoparticles, A5G27 and 

FNI/II/V peptides trigger building-block oligomerisation into particles of around 14 nm 

of diameter (Article 1_Fig. 1B), a size that would enable them to escape from renal 

filtration. Toroid-like architecture, previously observed for nanoparticles presenting 

cationic peptide T22 (Annex III_Fig. 6 C) and R9 110, has been observed for the CD44 ligand 

–empowered building blocks by AFM (Article 1_Fig. 1 C-G), indicating that the ring-shaped 

distribution is not limited to a unique type of end-terminal tags. Taking into 

consideration the previously reported relationship between the nanoparticle size and 

the number of cationic amino acids in the N-terminal tag sequence (Annex II_Fig. 3), 

nanoparticle formation could be anticipated for FNI/II/V peptide ligand with a total of 

12 cationic amino acids. Indeed, the cationic nature of the CD44-binding peptides that 

remain unassembled is far below the number of cationic amino acids required (Article 

1_Table 1). However, A5G27 peptide represents a particular case. Being poorly cationic 

and considering the regression analysis we previously performed (Annex II_Fig. 3), A5G27-

empowered protein should be excluded from nanoparticle formation. Yet, regular ring-

shaped nanoparticles are observed. Noticeably, we noted that the distribution (a part 

form the number) of cationic amino acids within the sequence is also affecting the 

protein-protein interactions needed for self-assembling into nanoparticles 151. The 

particular case of A5G27 peptide opens the spectrum of possible self-assembly inducing 

peptides. Further research is required to establish which protein-protein interactions 

are driving the oligomerisation in this instance. 
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In vitro experiments with A5G27-GFP-H6 and FNI/II/V-GFP-H6 proteins confirm the 

stability and biocompatibility of protein nanoparticles in line with the previous results 

of T22-GFP-H6 nanoparticles 38. Besides lacking cell toxicity at concentration above the 

optimal for internalisation (Article 1_Fig. 3B), the functional and structural stability in 

plasma and serum respectively (Article 1_ Fig. 3C and Article 2_ Fig. 8B-C) demonstrate the 

structural robustness of the resulting nano-scaled material.   

Surprisingly, green fluorescence activity of the two developed protein-only 

nanoparticles is lessened around 30-40% compared to the unassembled proteins (Article 

1_Fig. 2A). Although the possible interference of quenching effect cannot be ruled out, the 

impaired fluorescence activity is likely to be arisen from the compactness and 

conformational variation forced by self-assembling arrangement. This hypothesis has 

been supported in the third study of this thesis (Annex I_Fig. 2B and 5A), where a correlation 

between specific fluorescence of nanoparticles and the protein flexibility is detected. In a 

previous study, we have demonstrated that the nanoparticle formation strategy based 

on end-terminal cationic peptides as pleiotropic tags, so far worked with all tested core 

proteins being GFP, p53 (Annex II) and IRFP (Annex III). As observed in this presented 

study, the functionality in the final vehicle of the core protein (in this case, GFP), 

multiplies the number of possible multifunctional polypeptide designs and encourage 

their displacement for therapeutic peptides that would results in a therapeutic vehicle 

itself. 

Regarding biological properties, A5G27-GFP-H6 and FNI/II/V-GFP-H6 nanoparticles 

show a 20-fold increase on cell internalisation compared to the other CD44-ligand GFP 

constructs that remain unassembled. Internalisation occurs in a dose-dependent 

manner reaching a plateau at 1,5 μM in 8 hours. Indeed, this results demonstrate the, 

until now unexplored, internalisation capacity of laminin and fibronectin peptides. Both 

nanoparticles’ cellular entry occur through receptor mediated endocytosis by CD44 

receptor and accumulate in the perinuclear and nuclear regions (Article 1_Fig. 2 D-E). CD44 

specific internalisation was demonstrated by the coincidence between CD44 levels and 

penetrability in different cell lines (Article 1_Fig. 4). Furthermore cell internalisation is 

enhanced or diminished by the alternate regulation of CD44 using a positive regulator, 

FGF2, and a negative regulator, anti-IL10, respectively (Article 1_ Fig. 6).  

Summarizing this first study, we have developed two protein-only nanoparticles that 

specifically bind CD44-receptor, namely A5G27-GFP-H6 and FNI/II/V-GFP-H6. These 

designed building-blocks promote the formation of ring-shaped structures which are 

approximately 14 nm in size, stable in plasma that can internalise cells through 

endocytosis in absence of cell toxicity. These targeted protein nanoparticles can 

therefore be chemically coupled to a conventional drug as has been already accepted in 

approved nanomedicines 152. Alternatively, regarding the activity of the core protein (in 

these case GFP) in the resulting nanoparticles, therapeutic peptides can be incorporated 

or exchanged constituting a protein-only therapeutic vehicle for many medical purposes. 

Together with the stability and biodistribution of other tested multifunctional self-
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assembling protein nanoparticles (Annex III), the CD44-targeted nanoparticles developed 

here are promising platforms for the transport of drugs or imaging agents as 

nanomedicines for breast cancer or other CD44-linked afflictions.  

In the preceding lines we have discussed the biological performance in vitro of the 

generated CD44-targeted nanoparticles in a drug delivery scenario. However, protein 

nanoparticles are produced in living cells, biological systems that are more complex than 

chemical synthesis applied for the production of other material-based nanoparticles. In 

this regard, the other two studies that embody this thesis aim to understand how the 

production system influences nanoparticles’ configuration and the derivative biological 

performance.  

Besides protein-based nanoparticles, polymers 153 or metallic nanoparticles 154 for 

biomedical application are synthetized in diverse microbial cell factories. In fact, the 

production of nano-scaled materials through microbial synthesis is increasingly in 

demand over conventional chemical procedure owing to the adaptability, scalability, 

cost-effectiveness and eco-friendly nature of biological production 155,156. Despite the 

broad availability of recombinant systems, the wide knowledge acquired and 

characteristics such as simplicity and rapid growth of Escherichia coli convert it on the 

cell factory per excellence 112, especially since the development of LPS-free strains. 

Most of the recombinant proteins, notably for chimeric proteins, are accumulated in IBs 

after inefficient protein folding. Being an almost pure source of recombinant protein, IBs 

became an appealing protein source and many pharmaceutical protein products are 

obtained from them. Therefore, protein solubilizing methods, alternative to the tedious 

refolding procedure, have been developed to extract active protein from these 

aggregates. In this regard, the AIM OF THE SECOND STUDY was to investigate how the 

protein origin and purification method influence the organisation and bio-performance of 

smart and structurally complex protein materials. Previously developed CD44-targeted 

nanoparticles are excellent samples for this objective since these proteins are produced 

as soluble versions but also accumulate in IBs. 

Concerning product degradation during production, A5G27-GFP-H6 and FNI/II/V-GFP-

H6 proteins (Article 2_Fig. 1B and 2B-C) supported the observation that protein embedded 

within the IBs is protected from bacterial proteases compared to the soluble counterpart 
157. This would initially represent an advantage for IBs as protein material source of 

choice.  

Interestingly, structural and functional differences are detected when evaluating the 

nanoparticles successfully purified from the soluble fraction or resolubilised from IB. 

Larger nanoparticles (30 nm) with higher oligomeric status are observed when 

extracted from the insoluble fraction (Article 2_Fig. A-C) and fluorescence activity yields 

half the intensity of the plain soluble species (Article 2_Fig. 3E). Surprisingly, difference on 

cell penetrability of the nanoparticles from both origins is enhanced or diminished 

depending on the model protein (Article 2_Fig. 4 and 5). Accordingly, we selected A5G27-
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GFP-H6 protein, which exhibit better performance to proceed for further investigation 

in order to comprehend those events.  

The similar values regarding lipids and carbohydrates content (Article 2_Fig. 6A) or 

nanoparticles’ net surface charge between proteins obtained from the soluble fraction 

(A5G27-GFP-H6 sol) and the ones resolubilised from IBs (A5G27-GFP-H6 rIB) (Article 

2_Fig. 3D), let us to discard a putative role of contaminants or the detergent used for 

extraction that could be interfering on the differential behavior of the material (Article 

2_Fig. 6B). Therefore, considering the differential size and specific fluorescence, the fact 

that A5G27-GFP-H6 sol and A5G27-GFP-H6 rIB adopt different structural conformations 

seems plausible. Through in silico analysis, residues that are involved in the modulation 

of GFP fluorescence emission intensity were detected in a predicted protein-protein 

interaction patch (Article 2_Fig. 9B). Here, fluorescence is lessened for the nanoparticulated 

material derived from IBs; however, fluorescence of monomeric GFP protein 

resolubilised from IB in previous studies was unchanged 158. Thus, given the 

abovementioned data, we suggest that the functional difference derives from an altered 

assembly pattern of the building blocks rather than a fine conformational change upon 

polypeptide folding. This idea is further supported by the contrasting behaviour 

regarding intrinsic fluorescence intensity observed upon thermal denaturation (Article 

2_Fig. 7B-C). Conventional A5G27-GFP-H6 nanoparticles tend to disassemble or unfold at 

increasing temperatures whereas nanoparticles extracted from IBs display a 

compactness or aggregation tendency. Such behaviour on supramolecular protein 

complexes upon IBs extraction have been later observed for a homotetrameric enzyme, 

beta-galactosidase (Dr. Julieta Sánchez personal communication). One possible 

explanation for this might be that fine conformational changes on monomers (irrelevant 

for green fluorescent activity) and the different molecular environment in the IB 

structure favour alternative arrangements of the building-blocks (Article 2_Fig. 9A). These 

nanoparticles would be assembled into the higher porous and hydrated IBs 159. 

Alternative conformations would affect the spatial accessibility of the targeting peptide 

by limiting or enhancing ligand exposure as occur on FNI/II/V-GFP-H6 and A5G27-GFP-

H6 proteins respectively and therefore influence the nanoparticle’s performance (Article 

2_Fig. 4). As both protein-nanoparticles resolubilised from IB show a size of around 30 

nm, the 6-fold increase in cell penetrability for A5G27-GFP-H6 extracted from IBs 

compared to its soluble counterpart (Article 2_Fig. 4A) would be derived from an increase 

on nanoparticle multivalency rather than from size issue considering the inhibited 

performance of FNI/II/V-GFP-H6 rIB material.  

Both materials show excellent stability in working buffer; however aggregation 

tendency is detected for nanoparticles obtained from IB when incubated in physiologic 

medium, note the peak shift at larger sizes by DLS (Article 2_Fig. 8B). After centrifugation 

(Article 2_Fig. 8C), fluorescence is unchanged meaning that the resulting aggregates 

constitute soluble clusters. 
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Interestingly, differences observed between nanoparticles obtained from cellular 

soluble fraction or extracted from IBs regarding structure and cellular internalisation, 

are extended at systems level. Biodistribution of A5G27-GFP-H6 rIB and A5G27-GFP-H6 

sol nanoparticles display different side accumulation in non-target organs (Article 2_ Fig. 

8A). Nanoparticles obtained from IBs tend to accumulate in organs of the 

reticuloendothelial system, such as liver and lung. Protein clustering in physiological 

medium, probably favoured by physicochemical properties or by an increase on 

aggregation-prone regions, provokes enlargement of particles to hundreds nanometers 

(Article 2_ Fig. 8B) which easily accumulate in these organs 53. A possible interference of 

the aggregation-prone material with protein corona cannot be ruled out. The prevalence 

in liver might be enlarged by the increase on hydrophobicity of IB’s extracted 

nanoparticles 20,69. These results seem to be consistent with the limited accumulation in 

kidney compared to the soluble counterpart, since the enlarged particles are preserved 

from renal filtration.   

The great cell internalisation in target cells observed in vitro for the developed CD44-

targeted nanoparticles and the increase on cell penetrability in presence of FGF2 (a 

growth factor overexpressed in tumor tissue 160) (Article 1_Fig. 6A) suggested that these 

nanoparticles would show an excellent penetration within the tumor. Noteworthy, 

however, biodistribution in a breast cancer model (Article 2_Fig. 8A) was insufficiently 

targeted to the cancer site. Two facts could explain that: in one hand, due to 

physicochemical characteristics that lead to rapid accumulation in other organs or; on 

the other hand, could be due to an expression of CD44 receptor in other tissues that 

hampers the accessibility of these nanoparticles to the tumor. The former wouldn’t 

challenge the targeting capacity of the developed nanoparticles but the selected 

biomarker instead. Nevertheless, during biodistribution, the administration on any of 

the tested nanoparticles didn’t cause to any undesirable side effect, providing additional 

evidence with respect to the biocompatibility of this engineered materials.  

To sum-up the second study of this thesis, we have identified altered supramolecular 

organisation and consequently distinct in vitro and in vivo performance of cell-targeted 

protein nanoparticles. These differences have been identified to be intrinsically related 

to the material’s origin and not to the separation method used. Thus, two important 

points that are of major concern are gathered in this study.  First, protein architecture 

and functionality are highly influenced depending on whether the materials derive from 

the E. coli soluble fraction or extracted from IBs. It is a particularly important aspect 

regarding recombinant production of smart and complex protein structures that, until 

now, has not been addressed. Secondly, the differed building-block organisation into 

nanoparticles showed a huge impact on the whole biological performance, and this is 

why its characterisation is crucial when applying nanoparticles for biomedical 

applications.  

Protein nanoparticles settled in soluble or insoluble cell fraction from a particular E. coli 

strain differ from the physical and biological point of view. As protein quality depends 
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on the genetic traits of the host in terms of folding modulators, in a recent study we 

characterised tumor-homing protein nanoparticles produced in a set of strains with 

different genetic background. Results indicate that nanoparticles produced in E. coli K-

12 strains with knockout of folding modulators show modified properties not only at 

molecular level but also at their macroscopic performance (Annex IV). In line with this 

study, production of this smart nanomaterial in endotoxin-free E. coli strain (KPM335), 

with altered genetic background, was assessed. Resulting nanoparticles did not 

compromise the biodistribution profile but presented cell penetrability and structural 

changes (Annex V). Surprisingly, conformational variants were not only observed among 

explored bacterial strains (Annex V_ Fig. 8A) but also within a particular strain. Upon 

protein affinity purification, two separate fractions (IMAC fraction 1 and 2) were eluted 

that correspond to poorly or efficiently functioning particles respectively. This 

combination of findings indicates that bacterial cells can fabricate GFP-based 

nanoparticles of biomedical interest in alternative conformations. 

Therefore the THIRD STUDY of this thesis was set out with the AIM of understanding the 

supramolecular conformation of tumor-targeted nanoparticles produced in bacterial cell 

factories with different genetic background and determining the influence of structure on 

their biological function.   

First, upon fine separation of protein material resulting from bioproduction, we 

observed multiple peaks corresponding to different oligomerisation states from P1 to P5 

(depicted in colors in Annex I_Fig. 1) that, until now, remained unexplored. Eluted protein 

ranged from 5 nm (unassembled protein, P5) to 25 nm (nanoparticles, P1) (Annex I_Table 

1). Observed variants were eluted in both IMAC fractions, however, while small 

oligomers were mainly present in IMAC fraction 1, larger structures were accumulated 

in IMAC fraction 2 (Annex I_Fig. 1). The most striking observation to emerge from the size-

exclusion chromatography is that dimensions of each oligomer population are highly 

consistent comparing bacterial strains and tumor-targeted protein nanoparticles, 

indicative of the regularity in building-block self-assembling. The main difference 

remains on the relative proportions of the protein populations comparing bacterial 

strains. Besides different sizes that would correspond to a spectrum of oligomeric 

assemblies, these populations display distinguishable structural properties such as 

shape and protein flexibility as well as altered functionality regarding fluorescence and 

cell penetrability. These findings suggest that the different performance of the pooled 

material examined in previous studies (Annex IV and V) would result from the inter-strain 

irregular proportions of structural and functionally diverse oligomeric variants.  

Concerning morphometry, GFP oligomers reveal a broad range of shapes (Annex I_Fig. 2A). 

Results are corroborated in parallel by electron microscopy (Annex I_ Fig 3) and SAXS data 

(Supplementary_Fig. 3). Larger nanoparticles range from oblate and spherical shapes while 

unassembled versions display rod form. These smaller and more elongated protein 

particles adopt a less compact conformation that confers an extended degree of protein 

flexibility (Annex I_Fig. 2B). Moreover they exhibit high fluorescence values. In fact, a 
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negative correlation between fluorescence and size of the nanoparticles is drawn (Annex 

I_Fig. 5A). This data supports alternative conformations and protein-protein interactions 

with GFP fluorescence modulation patches that might limit or favour different 

oligomeric organisations.  

Regarding internalisation, a positive correlation between nanoparticle size and cell 

entry is observed. Large nanoparticles with oblate/sphere shape efficiently internalise 

target cells compared to poorly penetrating more elongated, unassembled version (Annex 

I_ Fig. 4). This data supports that size is the principal physicochemical characteristic, 

together with multivalency, affecting nanoparticles performance with respect to 

receptor-mediated internalisation. Therefore, the mere presence of a cell-ligand is not 

sufficient to assist internalisation. This is in agreement with previous data comparing in 

vitro and in vivo performance of assembled and unassembled versions of IRFP-based 

protein nanoparticles 161.  

Noteworthy, protein populations from IMAC fraction 1, although displaying 

size/penetrability correlation, internalisation levels are significantly weakened 

compared to its close related assemblies from fraction 2. This observation, in line with 

previous results using the material pool from Rueda et al (Annex IV_ Fig. 2D), has been also 

repeated for FNI/II/V-GFP-H6 nanoparticles extracted from IB in the second study of 

this thesis which, despite displaying larger size, internalisation is not enhanced 

compared to A5G27-GFP-H6 nanoparticles (Article 2_Fig. 4A). This combination of findings 

provides some support for the conceptual premise that inefficient internalisation would 

be strongly related to an alternative assembling conformation that limits ligand 

exposure for active targeting purposes. A lessened exposure of His-tag and cationic-

ligand that result on loose receptor interaction was previously suggested based on the 

poor penetrability and the weak nickel affinity of abovementioned IMAC fraction (Annex 

IV_Fig. 2D).  

Although internalisation of T22-GFP-H6 oligomeric variants was highly specific for 

CXCR4 receptor, specificity appeared to be influenced by size and protein compactness 

(Annex I_ Fig. 2B and 4A). Overall, specificity of flexible assemblies corresponding to P4 and 

P5 plain structures is increased compared to highly compact, larger nanoparticles. 

Contrary, endosomal escape capacity is enhanced with oligomers complexity probably 

because of a proton cumulative effect with the number of His-tag enrolled. In the case of 

P1, the non-significant influence of chloroquine could also suggest an alternative 

internalisation route which doesn’t lead to late lysosome degradation (Annex I_Fig. 4B). 

Given the robustness of the GFP assembling pattern and the high yield of production in 

the bacterial strains, it is possible to separate and select the population that meet the 

optimal biological properties. In this particular case, in which we aim to develop 

targeted nanoparticles as future drug delivery agents, spherical oligomers from 

population P2 show the highest internalisation with the best receptor specificity 

probably by encountering optimal size and ligand multivalency (Annex I_Fig. 5B). 
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Elucidating the parameters of nanoparticles that individually or in combination enable 

their correct cell targeting, biodistribution and biocompatibility is a pivotal issue 59. The 

impact of nanoparticles’ morphometry on their exhibition in biological systems 

regarding organ specificity 162-164, biodistribution 165,166, toxicity 167 and cellular uptake 
54,168,169 depends on the bulk material. So far, it has been addressed in several types of 

nanostructures but protein-based nanoparticles remained neglected. Here, the impact of 

nanoparticles’ geometry on their functionality is described for a sort of tumor-targeted 

protein nanoparticles. 

This study illustrates for the first time the robustness of self-assembling patterns among 

tumor-targeted GFP nanoparticles and also the influence of genetic background of the 

producing cells on shifting the distribution of oligomeric population in the pooled 

material. So far, the poor understanding on how quality control modulators impact on 

the fine protein conformation hampers to control or predict the assembling pattern and 

functional profile of a protein nanoparticle produced in a specific bacterial strain. 

However, upon production and fine separation of oligomeric populations is possible to 

characterise them and downstream select the most suitable one for a given application.  

As a global summary, the presented studies had been focused on the application and 

characterisation of self-assembling protein nanoparticles developed through building 

block interaction by means of polyhistidines and cationic peptide tags. The fact that self-

assembly is not limited to a unique core protein or specific peptide stretch converts it 

into a highly versatile approach. Here, this approach has been successfully extended for 

the development of CD44-targeted protein nanoparticles. The absence of toxicity and 

stability of the engineered vehicles strengthen their biocompatibility at cellular and 

systemic level. Compared to the efficient biodistribution of T22-GFP-H6 nanoparticles, 

the developed A5G27-GFP-H6 nanoparticles are rather accumulated in off-target organs 

probably derived from an unspecific systemic CD44 expression.  This enforces the 

importance of target selection when designing active-targeted nanoparticles. Far from 

being effective as potential drug delivery nanomedicines for cancer, these targeted, self-

assembling protein nanoparticles can be applied for the treatment of other illnesses or 

other applications such as imaging.  

Besides microbial cell rapid and reproducible biological production of protein-based 

nanoparticles, here we have investigated the flexibility of these bio-factories. Alternative 

supramolecular organisations and therefore divergent interactions with biological 

systems have been described depending on the bacterial material source. Although 

protein from soluble cell fraction or extracted from bacterial IBs may, in general, serve 

indistinctly, fine conformational changes can have a huge impact on complex peptide 

systems such as smart protein-nanoparticles whose ultimate function depends on 

building block assembly.  

Furthermore, the conformational and functional variability has been detected within a 

particular producing bacterial strain. A spectrum of morphometric variants of tumor-
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targeted GFP nanoparticles is observed and identified as robust oligomeric populations. 

Each variant percentage within the crude material is shifted between bacterial strains 

with different genetic background indicating that the protein quality control somehow 

influences on the assembling pattern. These morphometric variants with contrasting 

physical properties such as size, shape and compactness exhibit distinguishable 

biological properties including fluorescence intensity, cell internalisation and receptor 

specificity. The intrinsic variability derived from the bioproduction, although being 

unpredictable or uncontrollable, offers a scope of nanoparticulated material from where 

optimal population can be selected considering their ultimate application.  
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1. Two CD44 ligands, namely A5G27 and FNI/II/V, when coupled to GFP-H6 

polypeptide, drive the formation of regular nanoparticles. 

 

2. Considering the cationic nature of the tested ligands and their ability to induce 

building-block self-assembly, all CD44-ligands fit on the previous mathematical 

prediction that relates amino terminal cationic charge and particle size, except 

for A5G27. 

 

3. The cell internalisation capacity of A5G27 and FNI/II/V peptides ligands was 

demonstrated. A5G27-GFP-H6 and FNI/II/V-GFP-H6 nanoparticles internalise 

specifically through CD44 receptor via endocytosis.  

 

4. The mere presence of a cell-ligand might not be sufficient to assist internalisation 

but multivalency and protein assembly in nanoparticles may be required. 

 

 

5. All studied targeted self-assembling protein nanoparticles along this thesis have 

been proven not to be toxic in vitro or in vivo upon systemic administration in 

mice. 

 

6. Efficiency of A5G27 ligand targeting CD44 in vivo is limited owing to non-

targeted organ accumulation lead by nanoparticle physicochemical features or 

due to ubiquitous expression of the receptor  

 

7. Non-denaturing solubilisation agents can be successfully applied for the 

extraction of smart complex protein nanoparticles from IBs. 

 

8. Nanoparticles obtained from IBs compare with nanoparticles from soluble cell 

fraction show different supramolecular organisation and biological performance. 

 

9. In vitro internalisation of nanoparticle conformational variants varies depending 

on the building block probably as a consequence of ligand exposure modification.  

 

10. Protein nanoparticles extracted from IB display altered physicochemical 

characteristics compared to the soluble counterpart that: 

 

a. Increase the aggregation tendency in physiological media and plasma in 

form of soluble aggregates 

b. Lead to accumulation in reticuloendothelial system (liver and lung)  upon 

systemic administration 

 

11. A spectrum of discrete morphometric and functional variants of tumor-targeted 

GFP nanoparticles is produced in microbial cell factories. Physicochemical and 

functional features of oligomeric populations are robust regardless the cationic 

ligand sequence or the producing bacterial strain. 
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12. The genetic background regarding protein folding machinery favours or lessens 

the proportion of each population. This explains the diverse performance of pool 

material produced in different E.coli strains.  

 

13. Internalisation of these variants is proportional to oligomers size and 

multivalency. Assembly compactness presents a negative correlation with GFP 

fluorescence intensity and receptor specificity. 

 

14. Production of GFP constructs with architectonic peptide tags in E. coli strains 

results in a wide range of conformational and functional species that cannot be 

controlled but allows downstream selection of optimal functional variants. In this 

instance of tumor-targeted protein nanoparticles, spherical oligomers of around 

13 nm display optimal internalisation and receptor specificity.  
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Self-assembling proteins are gaining interest as building blocks of application-tailored 

nanoscale materials. This is mostly due to biocompatibility, biodegradability, and 

functional and structural versatility of peptide chains, regulatable through their amino 

acid sequence. Such potential for adaptability is particularly high in the case of 

recombinant proteins, which produced in living cells are suited for genetic engineering. 

However, how the cell factory itself and the particular protein folding machinery 

influence architecture and function of the final material is still poorly explored. In this 

study we have used diverse analytic approaches, including small-angle X-ray scattering 

(SAXS) and field emission scanning electron microscopy (FESEM) to determine the fine 

architecture and geometry of recombinant, tumor-targeted protein nanoparticles of 

interest as drug carriers, constructed on a GFP-based modular scheme. A set of related 

oligomers were produced in alternative Escherichia coli strains with variant protein 

folding networks. This resulted into highly regular populations of morphometric types, 

ranging from 2.4 to 28 nm and from spherical to rod-shaped materials. These 

differential geometric species, whose relative proportions were determined by features 

of the producing strain, were found associated to particular fluorescence emission, cell 

penetrability and receptor specificity profiles. Then, nanoparticles with optimal 

properties could be analytically identified and further isolated from producing cells for 

use. The cell’s protein folding machinery greatly modulates the final geometry reached 

by the constructs, which in turn defines key parameters and biological performance of 

the material. 
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The controlled self-assembling of synthetic peptides and recombinant proteins is a 

powerful tool in the generation of functional, micro and nanostructured materials. 

Recombinant proteins benefit, over synthetic peptides, from the versatility of biological 

fabrication. Based on a generic set of genetic engineering procedures, recombinant 

protein production has largely impacted on biotechnological and biopharmaceutical 

industries, with more than 400 protein drugs approved for human use 1. The 

identification 2-3 and exploitation 4-5 of oligomerisation domains, the tailored fibrillation 

of amyloidal protein forms 6 and the de novo design of protein-protein interacting 

patches 7-8 offer a wide spectrum of possibilities regarding the generation of 

supramolecular materials to be used in biological interfaces 9-11. Being functional but 

also biocompatible and biodegradable, protein materials show a still unexplored 

biomedical potential in both regenerative medicine and conventional or cell-targeted 

drug delivery 12-13. The natural tendency of GFP to oligomerise 14 and the more recent 

manipulation of GFP assembling 15-16 have attracted interest as this beta-sheet rich 

protein represents a compact, structurally stable building block for the assay of 

controlled oligomer formation and material characterisation. 

In previous studies, we have developed a protein engineering platform to promote the 

self-assembly of modular GFP constructs, based on the combination of end-terminal 

cationic stretches and polyhistidines 17-18. Driven by electrostatic interactions and with a 

strong involvement of the histidine-rich tail, these peptides promote the formation of 

stable oligomers of defined average size in the nanoscale irrespective of the amino acid 

sequence and origin of the core protein placed in between. The resulting nanoparticles, 

with a toroid-like shape and usually ranging between 12 and 40 nm, are full stable in 

vivo 19 and are able to escape from renal clearance. When displaying appropriate 

peptide ligands of cell surface cancer markers CXCR4 or CD44 (T22 and A5G27 

respectively) they specifically accumulate in primary tumor and metastasis in colorectal 

and mammary cancer models respectively 20-21, being suited as antitumoral drug 

carriers. The same platform has been used to construct fluorescent nanoparticles that 

cross the blood-brain barrier and target the brain 18.  

Recently 22, we have determined that self-assembled T22-GFP-H6 oligomers elute from 

Immobilized Metal Affinity Chromatography (IMAC) in two separate fractions with 

slightly different sizes and CXCR4+ cell penetrability, suggesting alternative solvent 

exposure of both the His tag and the T22 tumor homing peptide. Also, the bacterial 

species and strain used for production influence the size and biodistribution of the 

material upon systemic administration in animal models of CXCR4+ colorectal cancer 23-

24. 

Altogether, these data indicate that bacterial cells can fabricate GFP-based nanoparticles 

of biomedical interest in alternative conformations. Such a possibility could be relevant 

to the in vivo use of these materials in a therapeutic context but in general, to the 
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production of self-assembling protein materials with specialized functions. As this 

suspected architectonic deviation has been so far elusive, we have examined here the 

functional traits as well as the subunit organisation of closely related, GFP-based 

nanoparticles produced in alternative Escherichia coli strains, specially focusing to 

intrinsic functional and morphometric variability resulting from the biofabrication 

process. We demonstrate, for the first time, subtle size- and shape-dependent 

heterogeneity of protein nanoparticles linked to their functional properties, which 

determines the performance of the materials as intracellular, cell-targeted vehicles. The 

identified segregation allows the selection, by their geometry, of specific oligomer 

populations in which receptor-specificity and cancer cell uptake are dramatically 

improved. 
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The de novo designed A5G27-GFP-H6 and T22-GFP-H6 nanoparticles show, by dynamic 

light scattering (DLS), average size peaks of 14 and 12 nm respectively when produced 

in the conventional E. coli strains BL21 (DE3) and Origami B respectively 19-20 

(Supplementary Figure 1). Any intrinsic morphometric heterogeneity, if existing, has been so 

far unobserved and eclipsed in the analysis of the raw material. However, when T22-

GFP-H6 is purified from bacterial cell extracts by IMAC, it is eluted in two separated 

fractions 22, a fact that indicates alternative solvent exposures of the histidine-rich 

terminal tail. In this context, and to examine in detail the potential intrinsic 

heterogeneity in the architecture of these materials, we have screened by SEC the intra-

strain size spectrum of T22-GFP-H6 nanoparticles occurring in these two separate IMAC 

fractions, upon production in different E. coli strains. 

Figure 1. MORPHOMETRIC VARIABILITY OF T22-GFP-H6. SEC chromatograms of T22-GFP-H6 protein 
produced in KPM335, BW30270 or MC4100 and present on fraction 1 (left, low affinity) or fraction 2 
(right, high affinity) of IMAC purification.  Black lines indicate the average plot of the elution process. 
Numbers represent the percentage of protein amount in each oligomer population (only for nanoparticles 
represented over 5%), and line colours indicate regularly appearing peaks. Most representative 
oligomeric populations produced in KPM335 strain are identified as P1-P5 for further evaluation. A SEC 
calibration curve is depicted in the Supplementary Figure 2.. 

We included in the analysis the endotoxin-free E. coli strain KPM335, that is particularly 

interesting not only because of its interest in biomedicine as an endotoxin-free cell 

factory 25 but also because of the complex genetic modifications performed to remove 

endotoxic components from the cell wall. Such manipulation has resulted in the 

constitutive up or down regulation of several heat-shock genes involved in the quality 

control of recombinant proteins 23. As observed (Figure 1), the resulting nanoparticles 

were distributed in numerous peaks, contrasting with the apparent morphometric 
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homogeneity determined by DLS over the pooled material (Supplementary Figure 1). The 

sizes of nanoparticle populations were highly coincident when comparing bacterial 

strains, and even when comparing IMAC fractions 1 and 2, indicative of high regularity 

in the oligomerisation states of GFP. In this regard, the differences observed were mostly 

lying on the relative proportions of these populations. For instance, T22-GFP-H6 

oligomers from IMAC fraction 1 accumulated in SEC peaks P3 and P5, while the material 

present in the IMAC fraction 2 tended to majorly occur in SEC peaks P1 and P2. P5 

appeared to correspond to the unassembled protein forms, namely the monomeric or 

probably dimeric building blocks. 

Table 1: Summary of size and fluorescence emission of major populations of GFP variants. Coloured 
numbers indicate the protein populations, segregated by size and shape in SEC, as indicted in A 

 SEC DLS SAXS Specific 

fluorescence 

(μ.a/mg) Protein Population Elution 
vol. (ml) R

h R
h R

g 
GFP-H6             

BL21 (DE3) P5 15.5 2.9 2.5 2.6 754 

A5G27-GFP-H6    

BL21 (DE3) 
P1 8.6 13.1 8.9 16.7 210 
P2 10.0 7.2 6.7 6.6 341 
P5 16.2 2.4 2.8 5.8 631 

T22-GFP-H6   

Origami B 
P1 8.7 11.4 12.3 13.3 375 
P2 10.4 6.7 N/D 6.1 434 
P5 17.0 2.0 3.5 N/D 704 

T22-GFP-H6   

KPM335             

IMAC fraction 1  

P1 8.3 >15 28.0 N/D N/D 
P3 11.5 5.5 5.1 4.9 796 
P4 14.2 3.7 4.0 4.3 961 
P5 16.1 2.5 N/D 3.8 857 

T22-GFP-H6   

KPM335             

IMAC fraction 2  

P1 8.6 13.1 11.8 13.1 N/D 
P2 10.7 6.3 5.9 5.1 336 
P4 14.0 3.7 3.7 4.3 934 
P5 16.3 4.9 2.5 N/D 666 

 

Size (DLS and SAXS) and specific fluorescence (fluorometry) of the relevant protein 

populations separated by SEC were determined by independent techniques (Table 1), in 

an exhaustive analysis that also included A5G27-GFP-H6 from E. coli BL21 and T22-GFP-

H6 produced in Origami B (both eluted in a single IMAC fraction). Again, a high 

coincidence with size data and elution peaks was observed, here also extended to inter 

protein pairwise comparisons. The unassembled P5 forms of GFP-H6, A5G27-GFP-H6 

and T22-GFP-H6 usually ranged between 2 and 3 nm of radius, P4, when observed, 

around 4 nm, P2 between 6 and 7 nm and P1 between 11 and 13nm. The high size 

coincidence when comparing analytical approaches confirmed the robustness in the 

assembling pattern of the GFP oligomers that appeared to be highly regular despite the 
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nature of the cationic peptide at the amino terminus of the construct.  Just a few 

obtained data were out of these ranges. In particular, T22-GFP-H6 nanoparticles from 

the IMAC elution fraction 1 of KPM335 showed an unusual high comparative size, which 

is coincident with previous observations 22, indicative of a differential organisation of 

the fully assembled building blocks. Interestingly, all protein fractions were fluorescent, 

but higher emission values were generically observed in the monomeric forms (P5) 

when comparing fully assembled nanoparticles and intermediate oligomers (P1 and P2, 

50 % of less fluorescent than the building blocks). The range of fluorescence emission 

independently confirmed alternative conformational status of the oligomerised GFP. All 

these data allowed proposing, in summary, a variable organisation of GFP oligomers 

probably due to possible alternative protein-protein contact patterns that might be 

favoured in particular producing strains.  

 

Figure 2. SHAPE AND FLEXIBILITY OF GFP-BASED OLIGOMERS. A. Nanoparticle shape based on the Rg/Rh 
ratio. Larger oligomers show an oblate ellipsoid shape in comparison with the prolate/stiff rod shape 
exhibited by monomers. B. Normalized Kratky plot from the scattering curve of T22-GFP-H6 KPM335 
IMAC fraction2 oligomeric organisations. The peak position corresponding to a globular protein, which 
has a value of qRg=√3 with a maximum at 1.104, is indicated with grey-dashed lines as a reference. 
Nanoparticle compactness is directly proportional with size. Higher nanoparticles display a curve 
representative of compact structures whereas smaller nanoparticles show peptide flexibility 

The different architectonic patterns adopted by GFP oligomers would necessarily be 

connected to distinct morphometries and biophysical properties of the materials, which 

have been so far generically identified as planar, toroid nanoparticles 19. In this context, 

fine SAXS analyses revealed a broad range of shapes, from rod forms to spherical forms, 

depending on the SEC population to which they belong (Figure 2 A). Also, the molecular 

flexibility of the overhanging peptides from GFP-fusions was also variable (Figure 2 B), 

revealing a changeable potential of the building block to adopt alternative 

conformations that might limit, impair or favour specific oligomeric organisations. The 

best fitting of the SAXS profiles for the materials to different form factors was 

determined by using SasView, as shown in the Supplementary Figure 3. The alternative 

morphometries in SEC peaks identified by SAXS were fully assessed by high resolution 



103 
 

TEM and FESEM imaging (Figure 3), confirming the nano-architectonic variability of 

nanoparticles in a fully visual way.  

Figure 3. MORPHOMETRY AT ULTRASTRUCTURAL LEVEL OF GFP OLIGOMERS. Representative TEM and 
FESEM images of T22-GFP-H6 oligomers produced in the E. coli strains Origami B and KPM335, classified 
by their occurrence in SEC peaks. Bar sizes represent 20 nm in general views and 10 nm in detail images. 
Shapes within the panels correspond to the expected particle form and their colours to the peak in the 
plots from Figure 1 

The protein nanoparticles studied here had been conceived as drug carriers for cancer 

treatments, what was lately encouraged by their good biodistribution when systemically 

administrated, upon which the material accumulated intracellularly in tumor and 

metastatic foci but not in liver, kidney spleen and other non-target organs 19-20. Then, 

how the morphometry and other physical properties of the oligomeric populations 

might influence receptor-dependent cell penetration is a critical issue that was 

addressed in a CXCR4+cell culture model. As observed (Figure 4A), the unassembled 

populations of CXCR4-targeted nanoparticles were inefficient in penetrating target cells, 

although their uptake was clearly over the background values of the non-targeted, 

parental GFP-H6 (devoid of any receptor ligand). Noteworthy, cell penetrability was 

progressively gained with the complexity of the oligomers, indicating that the mere 
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presence of a cell ligand is not sufficient to support internalisation. This was fully in 

agreement with previous data obtained with assembled and disassembled IRPF-based 

protein nanoparticles 26 and with the role of multivalence in the cell binding process and 

further receptor-mediated internalisation 12. In fact, monovalent building blocks are 

equally inefficient in reaching their target in vivo 19. Although internalisation is 

significantly lower for discreet populations compared to larger structures, noticeably, 

the prevalence of peptide flexibility in P4 and P5 populations shown by the Normalized 

Kratky Plot (Figure 2 B) could also be involved in a favoured exposure of T22 to CXCR4 

receptor, leading to major specific internalisation. Note also that curves from 

populations P4 and P5 (Figure 2B) decay at higher qRg values, which is indicative of 

domain flexibility.  

Figure 4. CELL INTERNALISATION OF PROTEIN OLIGOMERS. A. Internalisation in HeLa cells of T22-GFP-
H6 oligomers produced in Origami B and KPM 335 strains, determined by the intracellular fluorescence, 
upon corrected by specific fluorescence (values are then representative of protein amounts). Numbers on 
top refer to the inhibition of protein entrance by means of a specific CXCR4 antagonist, AMD3100, and 
indicate the specificity of the internalisation process. B. Internalisation in MDA-MB-231 cells of A5G27-
GFP-H6 oligomers. Numbers refer to the percentages of protein that escape from endosomal degradation 
(* for p<0.05) which is also indicated by the grey bars 

Interestingly, T22-GFP-H6 nanoparticles produced in KPM335 and present in the IMAC 

fraction 1, were all poorly internalised (in agreement with previous observations using 

the material pool 22), and showed also lower specificity. In these populations, both H6 

and T22 tags might be both less available for intermolecular interactions, also fitting 

with the low affinity in IMAC. However, despite the influence that ligand conformation 

might have on cell uptake, particle size was found as the major determinant of cell 

penetrability into target cells, as larger oligomers, presenting enhanced multivalency, 

internalise more efficiently (compare to P4 and P5) (Figure 4 A and B). Further 

internalisation analysis with A5G27-GFP-H6 protein oligomers in presence of 

chloroquine showed an increase in protein lysosomal degradation with a decrease on 

oligomer size (Figure 4 B). Endosomal escape of larger oligomers was then more efficient 

compared to smaller protein assembles and together with the entrance specificity 
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suggest an unspecific internalisation route alternative to clathrin-mediated endocytosis 

pathway for P1 populations, which do not lead to late endosome avoiding subsequent 

protein degradation 27. In this regard, the impact that nanoparticle geometry (size and 

shape) has on cell penetrability 28 and biodistribution 29 has been demonstrated. 

However, the influence of these parameters may vary depending of bulk material 30 and, 

so far, the effect on protein-based nanoparticles have not been closely examined. In 

receptor-targeted nanoparticles that are activated with overhanging peptides, uptake 

might be in addition modulated by the exposure and bioavailability of functional ligands 

on the particle’s surface. In our system, these ligands are the tumor homing peptides 

A5G27 and T22, while the H6 tail has an important role in the endosomal escape upon 

internalisation 31. 

 

Figure 5. RELATIONSHIPS BETWEEN RELEVANT PARAMETERS OF T22-GFP-H6 NANOPARTICLE 
POPULATIONS. A. Regresion lines for specific fluorescence F(E) (blue), quadratic prediction F(E) (grey), 
and symmetry point (green).B. Regresion curves for protein internalisation (logarithm) I(E) (blue)and 
receptor-dependent cell internalisation R(E) (red) in terms of the SEC-elution volume. Quadratic 
predictions in grey and symmetry point in green 

The variability in the specific GFP fluorescence emission when comparing all the 

nanoparticles studied here (Figure 1B) suggested alternative configurations of the 

material 22. In this context, and for a global analysis of the potential relationships 

between physical and biological properties of the variant oligomers, we performed a 

numerical screening of dependences between both sets of parameters. Interestingly, 

highly fluorescent protein particles were regularly collected in the elution SEC peaks 

around 14 ml, (Figure 5A), formed by a population of nanoparticles that exhibit medium 

size. These materials are not particularly efficient as potential drug vehicles, since 

although receptor dependent penetrability shows a maximum value here, the cell 

penetrability (amount of internalised material) is contrarily low (Figure 5 B). 

Interestingly, GFP oligomers eluted at this stage (around 14 ml in the SEC elution 

volume, corresponding to the SEC P4), represent a functional and morphometric 

inflexion in the continuum of forms of the assembled protein. In this regard, the SEC P4 
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sample represents a virtual frontier between two set of nanoparticles, regarding the 

variability of the morphometric traits of the whole protein population (Figure 5 B).  

Among the morphometric population spectrum derived from the cell factory, it is 

possible to identify and separate by SEC the supramolecular organisation of the 

nanoparticles that display optimal biological properties. In this regard, for this 

particular system, oligomers from P2 population (which adopt a spherical shape) exhibit 

higher cell internalisation and better receptor specificity (Figure 5 B), probably because of 

a combination of solvent exposure of T22, optimal size and appropriate multivalence of 

the ligand for cell surface interactions. 

In summary, protein nanoparticles generated through the combination of a cationic, cell 

targeting peptide at the amino terminus of a core GFP and a histidine rich domain at the 

C-terminus exhibit a spectrum of oligomerisation forms previously eclipsed by the 

pooled analysis of the material (Figure 1A). The major oligomeric states of the 

nanoparticles are coincident when comparing proteins constructed with unrelated 

amino-terminal tags such as A5G27 and T22, and targeted to different cell surface 

receptors (CD44 and CXCR4, respectively), revealing very regular patterns in the 

oligomerisation process. These variants exhibit distinguishable biophysical properties 

including shape, size, fluorescence emission, cellular penetrability and receptor-

dependent specificity, some of them critical when considering the applicability of these 

protein materials as drug carriers in systemic treatments. Interestingly, and considering 

that high molecular mass of building blocks in protein-only materials are exclusively 

produced by biological fabrication, the genetic background of the producing cell is 

dramatically influencing these abilities. Note for instance the poor penetrability of all 

nanoparticles produced in KPM335 released in the IMAC fraction 1 contrarily to the 

same material released in fraction 2 (Figure 4). This is probably due to the impact that 

altered protein folding machineries has in the conformation of the building block, what 

might be amplified upon assembly as complex oligomeric species. At the present stage of 

understanding of the protein quality control, it is not possible to rationally predict the 

assembling pattern and functional profile of a protein nanoparticle when produced in a 

defined bacterial strain. However, since the yield of building block production in 

bacteria is relatively high (11-23 mg/l of culture, before any media and process 

optimisation; not shown), it would be possible to separate, at the downstream stage, 

particularly convenient material fractions for high performance biological application, 

and then discard the less efficient. For the materials explored here, proteins eluted in 

SEC between 8 and 10 ml would appropriately combine high penetrability with high 

receptor specificity (Figure 5B), what is not the general case as these parameters tend to 

evolve in divergent fashions. Also, this set of materials show high particle sizes (Figure 

1B) and geometries ranging from spheres to discoidal (oblate spheres) versions, far from 

the more elongated, poorly penetrating versions (Figure 2A and 4A). This is again stressing 

the regular shaped, high multimerisation forms as the most efficient architectonic 

patterns for receptor-mediated cell penetration. 
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Comparing with other types of nanostructures, protein-only nanoparticles are fully 

compatible with biological systems, providing a suitable platform for biomedical uses 

such as drug delivery and imaging probes. Far than chemical composition, size and 

shape are crucial factors determining the relationships between nanoparticles and 

increasingly complex biological systems (namely from cells to entire organisms) in 

critical aspects such as organ specificity and biodistribution 32-36, toxicity 37, and cell 

uptake and fate 35, 38-41. Although checked in several types of nanostructures, mainly in 

crystalline nano- and micromaterials, the present study is the first evaluation of form 

(geometry) and function (cellular uptake) of protein nanoparticle populations. Although 

variability in biofabrication of self-assembling proteins might represent a priori a 

generic problem for reproducibility in in vivo applications, the extremely regularity and 

robustness of the oligomerisation patterns instead allows the proper downstream 

selection of advantageous variants regarding a particular set of applications, such as for 

instance, we illustrate here regarding cell penetrability and specificity in the receptor-

dependent uptake of tumor-targeted protein nanoparticles. This controlling of physical 

and biological properties of fluorescent nanoparticles may be a crucial aspect to increase 

efficiency for therapeutic applications.  
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Protein production  

T22-GFP-H6 and A5G27-GFP-H6 are self-assembling modular proteins (Supplementary 

Figure 1) targeted to CXCR4 and CD44 respectively, through amino terminal peptides 

(T22, RRWCYRKCYKGYCYRKCR and A5G27, RLVSYNGIIFFLK) binding these cell surface 

receptors 20-21.  T22-GFP-H6 was produced in Escherichia coli Origami B (Novagen, 

[F−ompT hsdSB (rB− mB−) gal dcm lacY1 ahpC (DE3) gor522::Tn10 trxB (KanR, 

TetR)]), encoded in a pET22b-derived vector, and in the endotoxin-free KPM335 

(msbA52, ΔgutQ, ΔkdsD, ΔlpxL, ΔlpxM, ΔpagP, ΔlpxP, ΔeptA, frr181), its parental 

BW30270 (CGSC#7925–MG1655; F−, rph+, fnr+) and the routine wild type MC4100 

(F− [araD139]B/r, Del(argF-lac)169, flhD5301, Δ(fruK-yeiR)725(fruA25), relA1, 

rpsL150(strR), rbsR22, Del(fimB-fimE)632(::IS1), deoC1) from a pTrc99a-derivative 

plasmid. A5G27-GFP-H6 and the control GFP-H6 protein with an N-terminal random 

(non-cationic) peptide were produced in E. coli BL21 DE3 (Novagen) transformed with 

pET22b and pET21b plasmids respectively. All encoding gene sequences were optimised 

for expression according to the E. coli codon usage. Protein production was induced by 

the addition of 1 mM Isopropyl β-D-1-thiogalactopyranoside (IPTG) to in bacterial 

cultures that were further cultivated overnight at 20 ºC in LB medium with the selective 

antibiotic (at 16 ºC for A5G27-GFP-H6 producing cultures).  

Protein purification  

Proteins were purified as previously described 20. Briefly, cell pellets were resuspended 

in Wash Buffer (10 mM TrisHCl, 500 mM NaCl, 10 mM Imidazol pH 8.0 in presence of 

protease inhibitors. Cell disruption was performed at 1,200 psi using a French Press and 

lysate was centrifuged at 15,000 g for 45 min. Protein was purified through the His-tag 

by Immobilized Metal Affinity Chromatography (IMAC) and protein separation was 

achieved using an Imidazole gradient up to 500 mM. Protein peak fractions were 

collected, dialysed against carbonate buffer (166 mM NaCO3H pH 7.4) and centrifuged 

to remove insoluble aggregates. Protein integrity was analysed by SDS electrophoresis 

followed by Coomassie Brilliant Blue staining and Western blotting using an anti-His 

monoclonal antibody (Santa Cruz Biotechnology, Inc., Heidelberg, Germany). Protein 

concentration was determined by an adapted Bradford’s assay 42. 

Gel filtration 

Protein oligomers were analysed using Size-exclusion chromatography. Samples were 

loaded on a Superdex 200 Increase 10/300 (GE Healthcare, Piscataway, NJ, USA) column 

pre-equilibrated with carbonate buffer at 0.75 ml/min. Protein samples intended for 

small-angle X-ray scattering (SAXS) were prepared by collecting fractions 

corresponding to each oligomer population and concentrated to 5 mg/ml, using Amicon 

Centrifugal Filters 3K (Millipore). The supernatant was centrifuged at 15,000 g for 30 

min to remove possible aggregates and stored at -80ºC. The hydrodynamic radius (Rh) 
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was obtained using a protein standard (GE Healthcare), and the relative amounts of 

oligomeric forms were calculated by Gaussian deconvolution of the obtained size-

exclusion chromatograms using the Peakfit 4.12 software (Systat Software Inc.) and 

applying a residual method to resolve the overlapped peaks. 

Dynamic light scattering (DLS) and fluorescence determination 

The volume size distribution of nanoparticles was determined at 1 mg/ml in carbonate 

buffer by dynamic light scattering at 633 nm (Zetasizer Nano ZS, Malvern Instruments 

Limited, Malvern, UK). Green fluorescence was determined by a Varian Cary Eclipse 

fluorescence spectrophotometer (Agilent Technologies, Santa Clara, CA, USA) at 

detection wavelength of 510 nm and at 1 mg/ml protein concentration, by using an 

excitation wavelength of 450 nm. 

Cell lines and protein internalisation 

MDA-MB-231 cell line was maintained in RPMI 1640 supplemented with 10 % fetal 

bovine serum (FBS) and 6 mM GlutaMAX (Invitrogen), whereas HeLa (ATCC-CCL-2) 

cells were maintained in MEMα (GIBCO, Rockville, MD, USA) supplemented with 10 % 

FBS. Both cell lines were incubated at 37 ºC and 5 % CO2. To analyse protein 

internalisation, HeLa and MDA-MB-231 were cultured on 24-well plates at 3·104 

cells/well and 8·104 cells/well respectively until reaching 70 % confluence. The 

medium was discarded and the cells were washed twice with PBS (Sigma-Aldrich, 

Steinheim, Germany). Cells were then incubated with OptiPRO™ serum-free medium 

supplemented with L-glutamine with recombinant proteins dissolved at convenient 

concentrations for 3 h (T22-GFP-H6) or 24 h (A5G27-GFP-H6). AMD3100, a specific 

CXCR4 antagonist, was added to the cells at 10 mM, 1 h before protein addition, to assess 

the specificity of protein internalisation. In parallel, to study protein endosomal escape, 

50 mM chloroquine was added 3 h before protein addition. After protein incubation, the 

medium was removed and cells were washed with PBS. Cells were treated with 1 mg/ml 

trypsin for 15 min to remove protein bound to cell surface followed by the addition of 

complete medium. Then they were centrifuged at 1,200 rpm for 15 min and the pellet 

was resuspended in PBS. Protein internalisation was analysed using a FACS-Canto 

system (Becton Dickinson, Franklin Lakes, NJ, USA) using a 15 mW air-cooled argon ion 

laser at 488 nm excitation. Experiments were performed in duplicate. 

SAXS measurements 

SAXS profiles were recorded in the Non-Crystalline Diffraction (NCD) beamline at ALBA 

Synchrotron Light Source (Cerdanyola del Vallès, Barcelona, Spain), by using an 

imXPAD-S1400 photon-counting detector (ImXPAD, La Ciotat, France) placed at 5.9 m 

from the sample. Multiple frames of 0.5-2 seconds exposure time were collected at 12.4 

keV energy (λ = 1 Å) without attenuation. Samples were measured in a Teflon cell with a 

path length of 3 mm and mica windows of 25 µm thickness.  
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SAXS data were processed by using the EMBL-Hamburg ATSAS software package 43. The 

radius of gyration, Rg, was calculated from the pair-distances distribution function by 

using GNOM 44. Prior to Rg calculation, similarity between frames was assessed using the 

Correlation Map (CorMap) test 45 in order to discard frames with radiation damage. The 

fitting of the scattering profiles after background subtraction to the different form 

factors was performed by using SasView 3.1.2. 

The ratio between the radius of gyration Rg determined by SAXS and the hydrodynamic 

radius Rh determined by SEC, Rg/Rh, was used as an estimator of the geometry of the 

different nanoparticles. 

Electron Microscopy 

The near native state ultrastructure of NP was assessed with Field Emission Scanning 

Electron Microscopy (FESEM) and Transmission Electron Microscopy (TEM). For 

FESEM, drops of 3 µl ofsamples of P1 (Origami B and KPM335 IMAC fraction 2), P2 

(Origami B and KPM335 IMAC fraction 2), P4 (KPM335 IMAC fraction 1 and 2), and P5 

(Origami B and KPM335 IMAC fraction 2) were directly deposited on a silicon surface 

(Ted Pella Inc., Reading, CA, USA) for1 min, air dried and observed without coating in a 

FESEM Merlin (Zeiss, Oberkochen, Germany) operating at 2 kV. Images were acquired 

with a high resolution in-lens secondary electron detector.  

For TEM, drops of 3 µl from the same 8 samples, at the same concentrations usedfor 

FESEM, were deposited for2 min on 400 mesh carbon coated copper grids, contrasted 

with 2 % uranyl acetate for2 min, air dried and observed with a transmission electron 

microscope JeolJEM-1400 (Jeol Ltd., Tokyo, Japan) operating at 80 kV. Images were 

acquired with a CCD Gatan ES1000W Erlangshen camera (Gatan, Abingdon, UK). 

Mathematical Methods 

Internalisation (I) and Receptor-dependent internalisation (R) are variables found 

depending on the specific fluorescence F and SEC elution volume E. According to Rueda 

and co-workers 22, the relationship I(F) is given by ln(I) = a + bF. The receptor-

dependent specific internalisation R(F) is also approximately linear R = p + qF. To 

interpret the plots of I(E) and R(E) shown in Fig. 5B it was previously necessary to 

analize the relationship between the specific Fluorescence F and the SEC-Elution volume 

E plotted in Fig. 5A, which presents two main features: first, the symmetry about the 

maximum specific fluorescence F(e0) (green line); second, the linear and opposite 

trends of the dots about this symmetry point. To find out the value e0, the data were 

approximated by a parabola (in grey), by providing the optimal SEC elution volume 

point at e0 =14.4 ml. Now it was possible to calculate the least squares approximation 

for the following relationship (blue lines), 

F = m + n|E − e0| 
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Therefore, the compositions of functions I(F(E)) and R(F(E)) necessarily show the same 

behaviour represented in Fig. 5B. The symmetry point e0 matches the previous value. The 

regression curve in blue of Fig. 3B was 

ln(I) = a′ + b′|E − e0|; a′ = a + bm; b′ = bn 

and the curve in red was 

R = p′ + q′|E − e0|; p′ = p + qm; q′ = qn 

The particular role of the optimal SEC elution volume e0 was also noticeable in terms of 

other parameters, such as the hydrodynamic diameter and the form. 
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Supplementary Figure 1. BASIC FEATURES OF T22-GFP-H6 AND A5G27-GFP-H6 BUILDING BLOCKS. A. 
Modular design of T22-GFP-H6 and A5G27-GFP-H6, from amino (N) to carboxyl (C) termini. In boxes, the 
amino acid sequences of the cell receptor ligands that act simultaneously as architectonic tags. Further 
details of the amino acid sequences can be found elsewhere. The relative sizes of the protein cassettes are 
not accurate. B. Average size of pooled protein nanoparticles resulting from the spontaneous self-
assembling of T22-GFP-H6 and A5G27-GFP-H6 building blocks and of unassembled protein control GFP-
H6, determined by DLS.  

 

 

Supplementary Figure 2. SEC CALIBRATION CURVE using a standard calibration kit of known Stoke’s 
radius. A regression line is shown. 
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Supplementary Figure 3. MORPHOMETRIC CHARACTERISATION OF T22-GFP-H6 KPM335 IMAC 
FRACTION 2 OLIGOMERS. SAXS data P1 (A), P2 (B), P4 (C) and P5 (D) (black dots) were fitted to 
ellipsoidal form factor simulations (red line). The Chi-square values for the different fittings are displayed 
on the graphs. Radius A and radius B (vertical and horizontal radius respectively) calculated with SasView 
and the shaped figure are also shown. Shapes within the panels correspond to the particle form and their 
colours to the peak in the plots from Figure 1 A. 
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