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Figure 1.1. Elastic fiber behavior in response to stretching force. Each elastin molecule 
uncoils into a more extended conformation when stretch is applied. Once the stretching 
force is relaxed, elastin molecules will recover their initial conformation. 
 



 

 



Figure 1.2. Schematic representation of the thermal transition of ELRs from an extended 
state (low temperatures, hydrophobic moieties surrounded by clathrate water structures) to 
a folded state (type II -turn in VPGVG pentapeptides) 
 



 

 

 

 
Figure 1.3. Mechanism for the ITT of ELRs. -spiral formation, formation of twisted 
filaments or -spiral supercoil and their aggregation into microaggregates (17) 
 



Figure 1.4. Effect of concentration and chain length on ELR Tt. Tt of ELP (V5A2G3) of 
different chain lengths as function of their concentration (A). Calculated profiles of Tt 
versus concentration for ELR (V5A2G3) with different chain lengths (B). Tt as a function of 
ELR chain lengths for three ELR libraries at 25 M in PBS (C). (18). 



 

 

Figure 1.5. (A)Plots of Tt fo poly-[fv(VPGVG), fx (VPGXG)], in PBS as a function of fx, at 
small fx. At such low X content the plots are essentially linear. (B) Dependence of Tt on 
Amino Acid Composition for poly-[fV(GVGVP),fX(GXGVP)] where fX=0.2. (X corresponds 
with the guest amino acid residue)(9). 
 



Figure 1.6. LCST behavior as function of salt concentration. With the ELR (VPGVG)120 (A) 
(21). Influence of salt concentration in the Tt for (GVGVP)251 at 50 mg/mL in aqueous 
solution (B)(22). 
 



 

 

Figure 1.7. Putative energy conversions with molecular machines of the Tt type. Bold 
arrows indicates the energy conversions existing in elastic protein-based matrices (9). 





 

 



Figure 1.8. Aproaches for the synthesis of monomer and multimer ELRs. Several 
approaches can be used for the synthesis of the polynucleotide monomer gene by 
annealing of two chemical synthesized complementary oligonucleotides (1), by extension 
of two synthetic primers complementary on the 3’ end (2) and last by PCR of a monomer 
obtain by retrotranscription of two oligonucleotides (3) (A). Schematic representation of 
concatemerization method (B). Schematic representation of seamless RDL method for the 
genetic engineering synthesis of multimeric ELR genes (C). 



 

 





 

 

Figure 1.9. Summary of the different ELR-based devices that have been developed for 
tissue engineering, cell harvesting, drug and gene delivery. 
 





 

 

Table 1.1. Summary of biological test results for poly(VPGVG). 
 

 





 

 

Figure 1.10. Gene therapy clinical trials worldwide. Number of gene therapy clinical trials 
approved worldwide 1989-2015 (A). Diseases addressed by gene therapy clinical up to 
2015 (B). Vectors used in gene therapy trials (C).All the data are referred to clinical trials 
up to July of 2015 (78). 
 
 
 
 



Table 1.2. Viral vectors used in gene therapy, goods and limitations. 
 

 



 

 



Figure 1.11. Chemical based non-viral gene delivery vectors. Chemical structures of 
cationic (such as DOTMA, DOSPA, DOTAP, DMRIE and DC-cholesterol) and neutral 
lipids (such as the phospholipids DSPC and DOPE, and cholesterol) are shown. Cationic 
lipids are characterized structurally by a cationic head group, a hydrophobic tail and a 
linker region. Neutral lipids are used as ‘helper lipids’ to further enhance nanoparticle 
stability and overall transfection efficacy (A). Chemical structures of polymer vectors 
commonly used in gene delivery. Poly(L-lysine) and polyethylenimine (PEI), methacrylate-
based polymers such as poly[(2-dimethylamino) ethyl methacrylate] (pDMAEMA), 
carbohydrate-based polymers such as chitosan and -cyclodextrin-containing polycations, 
polyamidoamine (PAMAM) dendrimers and degradable poly( -amino ester) polymers 
(B)(77). 



 

 



Figure 1.12. Scheme showing the “proton sponge” hypothesis. PEI-pDNA nanocomplexes 
enter cell via endocytosis and are located in endosomes (A). ATPase proton pumps 
produce a proton entry into endosomes. PEI polymer becomes protonated and resists the 
acidification of endosomes leading to more protons pumping (B). This is followed by 
passive chloride ions entry, increasing ionic concentration and consequently water influx. 
Hence high osmotic pressure causes the swelling and rupture of endosomes, releasing 
their contents to cytosol (C) (112). 
 



 

 





 

 





 

 





 

 

Figure 1.13. AFM image of plasmid DNA. 
 





 

 

Table 1.3: Some CPPs and their physical properties. Hydrophobicity calculated according 
to the values from von Heijne scale (168). 
 

 



Figure 1.14. Schematic representation of the different barriers found by an ELR polyplex to 
enter and trafficking in the target cell. Polyplex formed by ELR and pDNA and stabilized 
through electrostatic interactions have to overpass the plasmatic membrane (step 1), 
escape from the endosome vesicle (step 2). DNA has to be further transported to the 
nucleus where it is expressed (step 3). 
 



 

 

Table 1.4. Main endocytosis pathways with some of the proteins implicated and chemical 
inhibitors. (CLIC: Clathrin independent carrier; GEEC: protein enriched early endosomal 
compartment; GPI, glycosylphosphatidylinositol; MHC, major histocompatibility complex; 
IL2-R, interleukin 2 receptor; EIPA, 5-(N-Ethyl-N-isopropyl)amiloride; PI3K, 
phosphoinositide 3-kinase; DMA, 5-(N,N-Dimethyl)amiloride hydrochloride. (117, 127, 
169-171) 
 



 



 

 

 
Figure 1.15. Pathways of cellular uptake. Large particles can be taken up by phagocytosis, 
whereas fluid uptake occurs by macropinocytosis. Both processes appear to be triggered 
by and are dependent on actin-mediated remodelling of the plasma membrane. Rest of 
particles are delivered to the early endosome via vesicular (clathrin- or caveolin-coated 
vesicles) or tubular intermediates (known as clathrin- and dynaminin dependent carriers 
(CLICs)) that are derived from the plasma membrane. Abbreviations are: clathrin coated 
vesicles (CCV), clathrin-independent carriers (CLIC), GPI-anchored protein enriched early 
endosomal compartment GEEC), multivesicular body (MVB) (127). 





 

 





 

 



Table 1.5. Gene delivery barriers and design of non-viral vectors. 
 

 



 

 

Figure 1.16. Ten Leading Cancer Types for the Estimated New Cancer Cases and Deaths 
by Sex in United States, 2015(213). 
 



 
Table 1.6. Molecular classification of breast carcinoma. EGFR, epidermal growth factor; 
ER, estrogen receptor; HER2, human epidermal growth factor receptor 2; PR, 
progesterone receptor. Adapted from (214) 
 

 



 

 





 

 



Figure 1.17.Toxin based suicide gene therapy. pDNA encoding for a toxic protein whose 
expression is regulated by a specific TRE, is delivered to a heterogeneous cell population. 
Cytotoxic effects occur only in cells expressing the DATF that specifically binds to the TRE 
and activates the transcription of the toxin. (TRE: transcription regulation element, disease-
associated transcription factor: DATF and RP: RNA polymerase). 
 



 

 

Figure 1.18. Common targeting agents and ways to improve their affinity and selectivity. 
Monoclonal antibodies, F(ab´)2, Fab´, scFv, diabodies, non-antibody ligands, aptamers 
and affibodies. The antibody fragments F(ab´)2 and Fab´ are generated by enzymatic 
cleavage whereas the Fab´, scFv, and bivalent scFv (diabody) fragments are created by 
molecular biology techniques. Non-antibody ligands include vitamins, carbohydrates, 
peptides, and other proteins. Aptamers can be composed of either DNA or RNA. Affinity 
and selectivity can be increased by screening for conformational-sensitive targeting agents 
such as affibodies. 



Figure 1.19. Schematic representation of cell-SELEX process. DNA sequences recognize 
target cells and are subjected to enrich the selection pools. The enriched pools are cloned, 
and the positive clones are sequenced to identify the potential aptamers 



 

 

Figure 1.20. Schematic representation of aptamer binding to its target. When aptamer 
adopts its 3D structure formation, it becomes functional and binds the marker expressed in 
the target cell.  
 
Table 1.7. Advantages and limitations of aptamers (203). 
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Figure 1.21. Scheme showing the structure of MUC1. The N-terminal subunit (MUC1-N) 
is associated through the SEA domain to the C-terminar subunit MUC1-C9. MUC1-N is 
composed by the signal peptide, the variable number tandem repeat (VNTR) region and 
SEA domain. The MUC1-C is composed by the extracellular domain (ECD), 
transmembrane TM and cytoplasmic tail (CT) domain (236).  





 

 



 



 

 

Figure 1.22. Schematic representation of strategies in RIPs based therapy. RIPs can be 
directly conjugates to antibodies, where once in the cytoplasm it inhibits the protein 
expression (left). In addition RIPs gene can be complexed by cationic polymers and being 
internalized in cells. Once that DNA reaches the nucleus and is transcribed, the protein is 
expressed and inhibit the ribosome (right) (278). 
 



Table 1.8. Properties of PAP-S and ricin as RIPs. IC50: corresponds with the concentration 
of toxin causing 50% of protein inhibition in rabbit reticulocyte lysate. CC50: corresponds 
with the concentration of toxin causing 50% of cellular death. LD50: Dose to produce 
50% death in mice.  
 



 

 

Figure 1.23. Crystallographic structure of ricin. Chain A (blue) and B (orange) bound by 
disulfide linkage  
 



Figure 1.24. Scheme showing the intracellular trafficking of ricin. Ricin by means of its RTB 
binds N-glycosylated molecules with available 1 4 linked galactosyl at the plasma 
membrane and after internalization by endocytosis, traffics via early endosomes, the Golgi 
and the endoplasmic reticulum (ER), where reductive separation of the toxic ricin toxin A 
(RTA) from the cell-binding ricin toxin B (RTB) occurs. RTA translocates to the cytosol where 
it re-folds and inhibit the elongation factor 2 binding leading to protein synthesis inhibition 
(292).  
 



 

 









 

 









 

 





 

 





 

 



Figure 3.1 .Scheme of pDrive cloning vector 



 

 

Figure 3.2. Scheme of p7expression vector based on Novagen’s pET-25b(+) vector and 
pET10 based on pET7 and pET9a. 



Figure 3.3. Scheme of pET-14b expression vector 
 



 

 



Table 3.2. Sequences and melting temperature (Tm) of the employed universal and 
general primers 
 

 

Table 3.3. Sequences and melting temperature (Tm) of the primers employed. 
 

 



 

 

Table 3.5. Optimal resolution for linear DNA 
 

 
 
 
 



 
 
Table 3.6. Bromophenol mobility table 
 

 

Table 3.7. Optimal resolution for linear DNA in Metaphor agarose 
 

 
Table 3.8. Bromophenol mobility table in Metaphor agarose 
 

 



 

 





 

 





 

 





 

 

Table 3.9. Composition of resolving and staking gel for a 15%T. 
 

 

Table 3.10. Optimal %T in resolving gel according to the protein target size range. 
 

 



 



 

 





 

 





 

 





 

 





 

 





 

 





 

 





 

 



Figure 3.9. Scheme illustrating the cover-slip–sample interface differences between an 
epifluorescence (A) and TIRF microscope (B) (322).  



 

 





 

 





 

 













 

 





 

 



Table 4A.1. Biosynthesized ELRs with their amino-acid sequence, number of histidine (H), 
arginine (R) or lysine (K) amino-acids and theoretical molecular weight. 
 

 



 

 

Figure 4A.1. Nucleotide and amino acid sequences of the HPG (A) and RPG (B) ELR 
monomer genes. The highlight region corresponds with SapI/EarI and EarI restriction sites. 
 



Figure 4A.2. Enzymatic analysis of the colonies containing the plasmid pDm HPGx3 (A) 
and RPGx3 (B) with the Ear I endonucleases. 
Gel A: Lanes 1, 2 and 3 are pDmHPG plasmid from 3 different colonies digested with Ear 
I. The enzymatic digestion releases the HPG gene, where 4 repetitions of HPG gene were 
found in lane 1 and 3 gene repetitions in lane 2 and 3. 
Gel B: Lanes 2, 3 and 4 are pDmRPG plasmid from 3 different colonies digested with Ear 
I. The enzymatic digestion releases the RPG gene, where 1 repetition of RPG gene was 
found in lane 2 and 3, and 3 repetitions in lane 4.  
In all cases m lane corresponds with 1Kb marker. 1.2% DNA agarose electrophoresis 
stained with SimplySafeTM (2.2.1.1.). The desired bands are indicated by arrows with 
their corresponding length. 
 



 

 

Figure 4A.3. Analysis of HPGx3 gene subcloned into expression vectors. 
Gel A: Analysis of HPGx3 after agarose extraction (A) where 1 and 2 lanes are the first 
and second elutions. 
Gel B: Enzymatic analysis of the colonies containing the plasmid p10 HPGx3 cut with 
HindIII and XbaI enzymes. Lanes 1 to 4 corresponds with 4 different colonies. The double 
digestion gave 4 fragments (3484, 1320, 576, 298) being the 1320bp which contains 
the gene.  
Gel C: Enzymatic analysis of the colonies containing the plasmid p14 H8 HPGx3 cut with 
XhoI which linearized the plasmid.  
In all cases m lane corresponds with 1Kb marker. 1.2% DNA agarose electrophoresis 
stained with SimplySafeTM (2.2.1.1.). The desired bands are indicated by arrows with 
their corresponding length.  



Figure 4A.4. Analysis of RPGx3 gene subcloned into expression vectors.  
Gel A: Analysis of RPGx3 gene after agarose extraction where 1 lane is the first elution. 
Gel B: Enzymatic analysis of the colonies containing the plasmid p10 RPGx3 cut with 
HindIII and XbaI enzymes. Lanes 1 to 4 corresponds with 4 different colonies. The double 
digestion gave 4 fragments (3484, 1320, 576, 298) being the 1320bp which contains 
the gene. 
Gel C: Enzymatic analysis of the colonies containing the plasmid p14 RPGx3 cut with XhoI 
which linearized the plasmid.  
In all cases m lane corresponds with 1Kb marker. 1.2% DNA agarose electrophoresis 
stained with SimplySafeTM (2.2.1.1.). The desired bands are indicated by arrows with 
their corresponding length. 
 



 

 

Figure 4A.5. Screening of HPGx3 in p10 (A) and RPGx3 polymer in p10 (B) and p14H8 
(C) expression vectors respectively.  
Gel A: Different colonies of bacteria transformed with p10HPGx3 (lanes1-7) and bacteria 
without the desired ELR used as control (lane C). 
Gel B: Different colonies of bacteria transformed with p10RPGx3 (lanes1-4) and bacteria 
without the desired ELR used as control (lane C). 
Gel C: Different colonies of bacteria transformed with p14H8RPGx3 (lanes1-5).  
In all cases gels of 12% SDS-PAGE were stained with CuCl2 (3.2.4.1.). Lane m 
corresponds with the protein marker. Arrows indicate the theoretical location of the 
expressed ELR. 
 



Figure 4A.6. Nucleotide and amino acid sequences of the V1K (A) VOKx48 (B) and 
VOKx72 (C) ELR monomer gene. The underlined region corresponds with EarI and SapI 
restriction sites. 
 



 

 

Figure 4A.7. Enzymatic analysis of pDmV1K, pDmVOKx72 and p7V1K, p7VOKx72. 
Gel A: Enzymatic analysis of VOKx72 (lane 1) and V1K (lane 2) after digestion with EarI, 
which liberates the monomer gene of 1101bp. 
Gel B: Analysis of VOKx72 gene after agarose extraction where 1 and 2 are the first and 
second elution. 
Gel C: Enzymatic analysis of the colonies containing the plasmid p7 VOKx72 (lane1) and 
p7 V1K (lane 2) cut with HindIII and XbaI enzymes giving the fragments of 5459bp and 
1170bp. 
In all cases m lane corresponds with 1Kb marker. 1.2% DNA agarose electrophoresis 
stained with SimplySafeTM. The desired bands are indicated by arrows with their 
corresponding length. 
 



Figure 4A.8. Enzymatic analysis of pDmVOKx48 and p7VOKx48. 
Gel A: Enzymatic analysis of VOKx48 after digestion with EarI, which liberates the 
monomer gene of 720bp. 
Gel B: Analysis of VOKx48 gene after agarose extraction where 1 is the first elution. 
Gel C: Enzymatic analysis of the colonies containing the plasmid p7 VOKx48 (lane1 and 
2) cut with XhoI and XbaI enzymes giving the fragments of 5459bp and 808bp.  
In all cases m lane corresponds with 1Kb marker. 1.2% DNA agarose electrophoresis 
stained with SimplySafeTM. The desired bands are indicated by arrows with their 
corresponding length. 



 

 

Figure 4A.9. Total protein fractions analysis of V1K, VOKx48 and VOKx72 expressing 
colonies.  
Gel A: Different colonies of bacteria transformed with p7V1K (lanes 1-7) and bacteria 
without the desired ELR used as control (lane C). 12% SDS-PAGE was stained with CuCl2. 
Arrow signals the theoretical location of the expressed V1K. 
Gel B: Different colonies of BL21 bacteria transformed with p7VOKx48 (lanes 1-6). 
VOKx48 of 21.84 kDa is pointed with an arrow. 12% SDS-PAGE were stained with 
Coomassie. 
Gel C: Different colonies of BLR bacteria transformed with p7VOKx72 (lanes1-5). Bacteria 
without the desired ELR was used as control (lane C). VOKx72 of 32.36 kDa is pointed 
with an arrow. 12% SDS-PAGE were stained with Coomassie. 
In all cases lane m corresponds with the protein marker. 





 

 

Figure 4A.10. Steps of VOKx48 purification. 12% SDS-PAGE stained with Coomassie. 
Supernatant (sp) after first two heat-cold cycles. Supernatant (spEF) and pellet (pEF) after 
the last step of endotoxin free (EF) treatment. 
 



Figure 4A.11. Total protein fractions analysis of one VOKx72 producing colony over time 
and steps of VOKx72 purification.  
Gel A: Lane I: bacterial inoculum in LB medium. Lanes 1 to 5 correspond to the analysis 
of the total protein fractions from the BLR(DE3) VOKx72 producing transformants after 15, 
16, 17, 18 and 19 h, respectively, of bacterial inoculation and growth in a fermenter with 
TBm medium. Lane +: positive control of VOKx72 production. 
Gel B: supernatant (sp) and pellet (p) after bacteria disruption step (3.2.3.3.). 
Gel C: supernatant (Sp3c) and pellet (p3c) after third heating cycle and pellet after cold 
cycle (pf). Pellet (pEF) after the endotoxin free treatment. 
In all cases 12% SDS-PAGE gel was stained with Coomassie. Lane m corresponds with the 
protein marker. 



 

 

Figure 4A.12. Cloning strategy for IKx30HPGx3 and VOKx48HPGx1. 
 
 

 
 
Figure 4A.13. Nucleotide and amino acid sequence of IKx30 ELR monomer gene. The 
underlined region corresponds with EarI and SapI restriction sites. 



Figure 4A.14. Enzymatic analysis of pDIKx30HPGx3 construction and clonation into p7 
vector.  
Gel A: Enzymatic analysis of pDmHPGx3 after digestion with SapI which linearized the 
plasmid (5017bp) lane 1 and pDmIKx30 after digestion with EarI, which liberated the 
monomer gene of 450bp in lane 2. 
Gel B: Enzymatic analysis of two colonies of pDmIKx30HPGx3(lane 1 and 2) cut with 
EcoRI producing the fragments of 3750bp and 1717bp where the gene is found. 
Gel C: Analysis of IKx30HPx3 gene after agarose extraction where 1 is the first elution. 
Gel D: Enzymatic analysis of the colonies containing the plasmid p7 IKx30HPGx3 cut with 
HindIII and XbaI enzymes giving the fragments of 5459bp and 1705bp. 
In all cases m lane corresponds with 1Kb marker. 1.2% DNA agarose electrophoresis 
stained with SimplySafeTM. The desired bands are indicated by arrows with their 
corresponding length. 



 

 

Figure 4A.15. Enzymatic analysis of pDmVOKx48HPGx1 construction and cloned into p7 
vector.  
Gel A: Enzymatic analysis of pDmHPGx1 after digestion with SapI which linearized the 
plasmid (4234bp) lane 1 and pDmVOKx48 after digestion with EarI, which liberated the 
monomer gene of 720bp in lane 2. 
Gel B: Enzymatic analysis of two colonies of pDmVOKx48HPGx1 (lane 1 and 2) cut with 
EcoRI producing the fragments of 3750bp and 1209bp corresponding with the desired 
gene. 
Gel C: Enzymatic analysis of the colonies containing the plasmid p7 VOKx48HPGx1 cut 
with HindIII and XbaI enzymes giving the fragments of 5459bp and 1197bp. 
In all cases m lane corresponds with 1Kb marker. 1.2% DNA agarose electrophoresis 
stained with SimplySafeTM. The desired bands are indicated by arrows with their 
corresponding length. 
 



Figure 4A.16. Total protein fractions analysis of IKx30HPGx3 (A) and VOKx48HPGx1 (B) 
producing colonies. Total protein fraction of eight BL21 (DE3) producing 
transformantsafter overnight induction in modified TB medium (lanes 1-8). Lane c 
corresponds with unstransformed BL21 as negative control and m is de protein marker. 
12% SDS-PAGE stained with CuCl2 (A) and Coomassie (B). 



 

 

Figure 4A.17. Total protein fractions analysis of one IKx30HPGx3 producing colony over 
time and steps of IKx30HPGx3 purification. 
Gel A: Lane m: protein marker. Lane corresponds to the analysis of the total protein 
fractions from the BL21(DE3) IKx30HPGx3 producing transformant after 17 and 18 h of 
bacterial inoculation and growth in erlenmeyer containingTBm medium.  
Gel B: supernatant (SpA) and pellet (pA) after acidification at pH 4 and cold spin. 
Gel C: supernatant (Sp2c) and pellet (p2c) after the second heat cycle. 
Gel D: sample of IKx30HPGx3 after dialysis (d). 
In all cases 12% SDS-PAGE were stained with CuCl2. Lane m corresponds with protein 
marker.  



Figure 4A.18. Total protein fractions analysis of one VOKx48HPGx1 producing colony 
over time and steps of VOKx48HPGx1 purification.  
Gel A: Lane 1 corresponds to the analysis of the total protein fractions from the BL21(DE3) 
VOKx48HPGx1 producing transformant after 17 h of bacterial inoculation and growth in 
TBm medium. Lane +: positive control of VOKx48HPG production. Pellet after bacteria 
disruption (pU). 
Gel B: pellet (pU) after sonication. Supernatant (Sp1c) and pellet (p1c) after first heat 
cycle. 
Gel C: supernatant (SpEF) and pellet (pEF) after the endotoxin free treatment. 
In all cases 12% SDS-PAGE were stained with Coomassie. Lane m corresponds with 
protein marker.  



 

 

Figure 4A.19. Cloning strategy for IK120CPP and LAELIK120CPP. 



 
Figure 4A.20. Analysis of pDmLAEL after amplification by PCR. PCR was performed using 
T7 F and M13 F which amplifies a region of 350bp. Colonies analyzed (lane 1-8). Lane 2 
and 5 showed positive transformants. m lane corresponds with 100bp marker. 3% 
metaphor DNA agarose electrophoresis stained with SimplySafeTM. Positive transformants 
were indicated by arrows.  



 

 

 
 
Figure 4A.21. Enzymatic analysis of pDmIK120CPP construction and cloning in p10 
vector.  
Gel A: Enzymatic analysis of pDmCPP after digestion with SapI which linearized the 
plasmid (3904bp) lane 1 and pDmIK120 after digestion with EarI and DpnI which 
liberated the monomer gene of 1800bp in lane 2. 
Gel B: Enzymatic analysis of pDmIK120CPP(lane 1) cut with EarI and DpnI which liberated 
the insert with 1854bp. 
Gel C: Enzymatic analysis of the colonies containing the plasmid p10IK120CPP cut with 
XbaI which linearizes the plasmid (6404 bp) in the positive colonies (lane 2 and 3). 
In all cases m lane corresponds with 1Kb marker. 1.2% DNA agarose electrophoresis 
stained with SimplySafeTM. The desired bands are indicated by arrows with their 
corresponding length. 
 
 



 
 

Figure 4A.22. Enzymatic analysis of pDmLAELIK120CPP construction and cloning in p10 
vector.  
Gel A: Enzymatic analysis of pDmLAEL (lane 1) cut with EarI which produced fragments of 
210, 637, 1262, 1742 and the insert with 39bp. 
Gel B: Enzymatic analysis of pDmLAELIK120CPP (lane 1) cut with EarI and MseI which 
liberated the insert of 1893bp. 
Gel C: Analysis of LAELIK120CPP gene after agarose extraction where lane 1 and 2 are 
the first and second elution respectively. 
Gel D: Enzymatic analysis of the colonies containing the plasmid p10IK120CPP cut with 
HindIII and XbaI which gave fragments 298, 576, 3484 and insert with 2046bp. 
In A and B m lane corresponds with 100bp marker in 3% of metaphor DNA agarose. In B, 
C and D m corresponds with 1Kb marker in 1,2% of DNA agarose electrophoresis stained 
with SimplySafeTM. The desired bands are indicated by arrows with their corresponding 
length. 
 



 

 



Figure 4A.23. Total protein fractions analysis of IK120CPP (A) and LAELIK120CPP (B) 
producing colonies. Total protein fraction of eight BL21 (DE3) producing transformants 
after overnight induction in modified TB medium (lanes 1-8). Lane c corresponds with 
unstransformed BL21 as negative control and m is de protein marker. 12% SDS-PAGE 
stained with CuCl2. 

 

Figure 4A.24. Total protein fractions analysis of one IK120CPP producing colony over 
time and steps of ELR purification. 
Gel A: Lanes 1 to 4 correspond to the analysis of the total protein fractions from the 
BL21(DE3) IK120CPP producing transformants after 2, 3, 4 and 5 h, respectively, of 
bacterial inoculation and growth in TBm medium. Lane +: positive control of IK120CPP 
production. Lane I: bacterial inoculum in LB medium. Lane m: protein marker. 
Gel B: supernatant (sp) and pellet (p) after first heating cycle. 
Gel C: supernatant (spEF) and pellet (pEF) after last step of purification through (endotoxin 
removal treatment. In all cases 12% SDS-PAGE were stained with CuCl2. 



 

 

 
 
Figure 4A.25. Total protein fractions analysis of one LAELIK120CPP producing colony over 
time and steps of ELR purification.  
Gel A: Lane I: bacterial inoculum in LB medium. Lanes 1 to 5 correspond to the analysis 
of the total protein fractions from the BL21 (DE3) LAELIK120CPP producing transformants 
after 2, 3, 4, 5 and 6 h, respectively, of bacterial inoculation and growth in TBm medium. 
Lane +: positive control of LAELIK120CPP production. 
Gel B: supernatant (sp) and pellet (p) after the treatment with 3% MTAB. Sample after 
dialysis (d). 
Gel C: IK120CPP polymer as control (c) and LAELIK120CPP pellet (pEF) after last step of 
purification through endotoxin removal treatment. 
In all cases 12% SDS-PAGE were stained with CuCl2. Lane m corresponds with the protein 
marker. 



Figure 4A.26. SDS-PAGE of purified ELRs in 12% poliacrylamide stained with coomassie 
(A,B, C and D) and CuCl2 (E and F). VOKx48 (A), VOKx72 (B), IKx30HPGx3 (C), 
VOKx48HPGx1 (D), IK120CPP (E) and LAELIK120CPP (F). 



 

 

Table 4A.2. Summary of results of the produced ELRs with their sizes measured by MALDI-
TOF.  

 
 
 
 
 
 

 
Figure 4A.27. MALDI-TOF spectra of VOKx48. The theoretical mass of the polypeptide is 
21.84kDa.  
 

Figure 4A.28. MALDI-TOF spectra of VOKx72. The theoretical mass of the polypeptide is 
32.36kDa. Signal at 16.20 kDa is assigned at doubly charged species 



Figure 4A.29. MALDI-TOF spectra of IKx30HPGx3. The theoretical mass of the 
polypeptide is 49.15 kDa. Signal at 24.16 kDa is assigned at doubly charged species. 
 

Figure 4A.30. MALDI-TOF spectra of VOKx48HPGx1. The theoretical mass of the 
polypeptide is 32.90 kDa. Signal at 17.42 kDa is assigned at doubly charged species. 
 

Figure 4A.31. MALDI-TOF spectra of IK120. The theoretical mass of the polypeptide is 
51.86 kDa. Signal at 25.97 kDa is assigned at doubly charged species. 



 

 

Figure 4A.32. MALDI-TOF spectra of IK120CPP. The theoretical mass of the polypeptide 
is 54.30 kDa. Signal at 27.18 kDa is assigned at doubly charged species. 
 

Figure 4A.33. MALDI-TOF spectra of LAELIK120CPP. The theoretical mass of the 
polypeptide is 55.68 kDa. Signal at 27.86 kDa is assigned at doubly charged species. 
 





 

 

Figure 4A.34. 1H-NMR for the polymer VOKx48. Nuclear magnetic resonance spectra: 
1H-RMN (400 MHz, (CD3)2SO):  8.38-8.08 and 8.01-7.47 (192H, br, -NH), 4.46-4.09 
and 3.80-3.43 (530H, br, -CH- Val + -CH- Pro + -CH- Lys + -CH2-Gly + CH2-Pro 
and CH2-Lys+ -CH- Met + -CH- Glu + -CH- Ser, +  and -CH- Leu), 2.14-1.23 
(498H, m,  and  CH2-Pro; +  and  CH2-Lys+  and  CH2-Met+  and  CH2-
Glu+ CH2-Leu and CH2-Ser), 0.96-0.62 (309H, d, CH(CH3)2-Val+ CH(CH3)2-Leu and 
CH3S-CH2-Met). 

Figure 4A.35. 1H-NMR for the polymer VOKx72. Nuclear magnetic resonance spectra: 
1H-RMN (400 MHz, (CD3)2SO):  8.44-8.23 and 8.18-7.88 (288H, br, -NH), 4.45-4.24 
and 3.67-3.50 (792H, br, -CH- Val + -CH- Pro + -CH- Lys + -CH2-Gly + CH2-Pro 
and CH2-Lys+ -CH- Met + -CH- Glu + -CH- Ser, +  and -CH- Leu), 2.14-1.64 
and 1.60-1.35 (746H, m,  and  CH2-Pro+ ,  and  CH2-Lys+  and  CH2-Met+  
and  CH2-Glu+ CH2-Leu and CH2-Ser), 0.97-0.75 (433H, d, CH(CH3)2-Val + 
CH(CH3)2-Leu and CH3S-CH2-Met). 



 
Figure 4A.36. 1H-NMR for the polymer IKx30HPGx3. Nuclear magnetic resonance 
spectra: 1H-RMN (400 MHz, (CD3)2SO):  8.50-7.63 (492H, br, -NH+ His-C5H), 7.36-
6.71 (276H, br, Ar-H), 4.7-4.12, 3.9-3.49 and 3.2-3.1 (1199H, br, -CH- Val + -CH- 

Pro + -CH- Lys + -CH- Met + -CH- Glu + -CH- Ser, +  and -CH- Leu+  and 
-CH- Iso+  and -CH- His -CH2-Gly + CH2-Pro + CH2-Lys+ CH2-His), 2.14-1.21 

(510H, m,  and  CH2-Pro+ ,  and  CH2-Lys+  and  CH2-Met+  and  CH2-
Glu+ CH2-Leu + CH2-Ser and  CH2-Iso), 0.99-0.52 (390H, d, CH(CH3)2-Val+ CH3-
CH2-Iso + CH(CH3)2-Leu and CH3S-CH2-Met). 
 

 
Figure 4A.37. 1H-NMR for the polymer VOKx48HPG. Nuclear magnetic resonance 
spectra: 1H-RMN (400 MHz, (CD3)2SO):  8.65-7.70 (291, br, -NH), 7.84-7.70 (46H,br, 
His-C5H), 7.01-6.70 (92H, br, Ar-H), 4.89-4.01, 3.93-3.43 and 3.0-2.8 (942H, br, -
CH- Val + -CH- Pro + -CH- Lys + -CH- Met + -CH- Glu + -CH- Ser, +  and -
CH- Leu+  and -CH- His -CH2-Gly + CH2-Pro + CH2-Lys+ CH2-His), 2.17-1.11 
(594H, m,  and  CH2-Pro+ ,  and  CH2-Lys+  and  CH2-Met+  and  CH2-
Glu+ CH2-Leu and CH2-Ser), 1.0-0.3 (321H, d, CH(CH3)2-Val+ CH(CH3)2-Leu and 
CH3S-CH2-Met). 
 



 

 

Figure 4A.38. 1H-NMR for the polymer IK120. Nuclear magnetic resonance spectra: 1H-
RMN (400 MHz, (CD3)2SO):  8.46-7.45 (528H, br, -NH), 4.68-4.12 (360H, br, -CH- 

Val + -CH- Pro + -CH- Lys + -CH- Met + -CH- Glu + -CH- Ser, +  and -CH- 
Leu and  and  -CH- Iso), 3.95-3.49, 2.23-1.11 (1608H, m, + CH2-Pro +  CH2-Lys+ 
 and  CH2-Pro+ ,  and  CH2-Lys+  and  CH2-Met+  and  CH2-Glu+ CH2-

Leu + CH2-Ser and  CH2-Iso), 0.99-0.26 (1317H, d, CH(CH3)2-Val+ CH3-CH2-Iso + 
CH(CH3)2-Leu and CH3S-CH2-Met).  
 

Figure 4A.39. 1H-NMR for the polymer IK120CPP. Nuclear magnetic resonance spectra: 
1H-RMN (400 MHz, (CD3)2SO):  8.46-7.55 (580, br, -NH), 4.45-4.12 (384H, br, -

CH- Val + -CH- Pro + -CH- Lys + -CH- Met + -CH- Glu + -CH- Ser, +  and -
CH- Leu +  and -CH- Iso+ -CH- Arg+ -CH- Asn+ -CH- Phe+ -CH- Gln+ -CH- 
Trp), 3.95-3.52, 2.12-1.41 (1678H, m, + CH2-Pro + CH2-Lys+  and  CH2-Pro+ , 

 and  CH2-Lys+  and  CH2-Met+  and  CH2-Glu+ CH2-Leu + CH2-Ser +  
CH2-Iso+ ,  and  CH2-Arg+  CH2-Asn+  CH2-Phe+  and  CH2-Gln+  CH2-
Trp), 0.99-0.24 (1338H, d, CH(CH3)2-Val+ CH3-CH2-Iso + CH(CH3)2-Leu and CH3S-
CH2-Met). 



Figure 4A.40. 1H-NMR for the polymer LAELIK120CPP. 1H-RMN (400 MHz, (CD3)2SO):  
8.46-7.55 (591H, br, -NH), 4.37-4.08 (396H, br, -CH- Val + -CH- Pro + -CH- Lys 
+ -CH- Met + -CH- Glu + -CH- Ser, +  and -CH- Leu +  and -CH- Iso+ -
CH- Arg+ -CH- Asn+ -CH- Phe+ -CH- Gln+ -CH- Trp and -CH- Ala), 3.89-3.53, 
2.17-1.36 (1702H, m, + CH2-Pro + CH2-Lys+  and  CH2-Pro+ ,  and  CH2-
Lys+  and  CH2-Met+  and CH2-Glu+ CH2-Leu + CH2-Ser +  CH2-Iso+ ,  and 

 CH2-Arg+  CH2-Asn+  CH2-Phe+  and  CH2-Gln+  CH2-Trp), 0.97-0.40 
(1383H, d, CH(CH3)2-Val+ CH3-CH2-Iso + CH(CH3)2-Leu + CH3S-CH2-Met and CH3-
CH-Ala).  
 



 

 

Figure 4A.41.DSC for the polymer VOKx48 in PBS solvent. It showed a Tt>60ºC. 
 



 
Figure 4A.42.DSC for the polymer VOKx72 in PBS solvent. It showed a Tt>60ºC. 
 

Figure 4A.43.DSC for the polymer IKx30HPGx3. IKx30HPGx3 shows an endothermic 
process with a Tt of 18.09ºC in PBS solvent. 

Figure 4A.44.DSC for the polymer VOKx48HPGx1. VOKx48HPGx1 shows an 
endothermic process with a Tt of 56.85ºC in PBS solvent. 



 

 

Figure 4A.45.DSC for the polymer IK120. IK120 shows an endothermic process with a Tt 
of 27.20ºC in PBS solvent. 
 

Figure 4A.46.DSC for the polymer IK120CPP. IK120CPP shows an endothermic process 
with a Tt of 31.33ºC in PBS solvent. 
 

Figure 4A.47.DSC for the polymer LAELIK120CPP. LAELIK120CPP shows an endothermic 
process with a Tt of 27.09ºC in PBS solvent. 





 

 
Table 4A.4. Summary of endotoxin levels of the produced ELRs. “Nd” means non 
determined. 

Figure 4A.48. Amidation reaction between the carboxyl groups from imidazole and the -
amine from lysine amino acids in polymer IK120.  
 



 

Figure 4A.49. 1H-NMR for the polymer IMID-IK120. Theoretical nuclear magnetic 
resonance spectra for 100% of substitution: 1H-RMN (400 MHz, (CD3)2SO):  8.46-7.80 
(485H, br, -NH), 7.14-7.05 (24H, br, Ar-H), 4.50-4.05 (360H, br, -CH- Val + -CH- 

Pro + -CH- Lys + -CH- Met + -CH- Glu + -CH- Ser, +  and -CH- Leu and  
and -CH- Iso), 3.95-3.48, 2.23-1.11 (1608H, m, + CH2-Pro + CH2-Lys+  and  
CH2-Pro+ ,  and  CH2-Lys+  and  CH2-Met+  and  CH2-Glu+ CH2-Leu + 
CH2-Ser and  CH2-Iso), 0.99-0.26 (1317H, d, CH(CH3)2-Val+ CH3-CH2-Iso + 
CH(CH3)2-Leu and CH3S-CH2-Met). 



 

 

 
Figure 4A.50. MALDI-TOF spectra of IMID-IK120. The experimental mass of the 
polypeptide was 54.62 kDa. Signal at 27.42 kDa is assigned at doubly charged species. 
 



 
Figure 4A.51. DSC for the polymer IMID-IK120 at different pH. IMID-IK120 shows an 
endothermic process with a variation of Tt as function of pH in aqueous solvent. 
 
Table 4A.5. Thermal behavior of IMID-IK120 and IK120. Transition temperature (Tt) and 
enthalpy variation for ELRs was measured by differential scanning calorimetry in aqueous 
solution at pH 10.7, 8.0 and 3.5. 
 

 



 

 

Figure 4A.52. Buffering capacity of the ELRs compared with PEI 25 KDa in 0.9% NaCl 
solution. The x axis is plotted in logarithmic scale to facilitate visualization of the data. 



Figure 4A.53. Scheme of VOK-PEG-5TR1 synthesis. 1 equiv. of VOKx72 was mixed with 
0.46 equiv. of NHS-PEG-CO in DMSO at 37ºC o/n. After purified, click chemistry was 
performed by mixing 1.1 equiv. of azide-5TR1 or azide-5TR1-Cy5.5 with 1 equiv. of 
VOKx72-PEG-cyclooctyne in aqueous solution. The mixture was left at 4ºC for 48 h, 
dialyzed and lyophilized. 



 

 

Figure 4A.54. Nuclear magnetic resonance spectra 1H-RMN (400 MHz, (CD3)2SO) of 
VOKx72-PEG-CO. Theoretical nuclear magnetic resonance spectra:1H-RMN (400 MHz, 
(CD3)2SO):  8.44-8.23 and 8.18-7.88 (287H, br, -NH), 7.15-7.01 (2H, br, H-N-
C(3)O2 and H-N-C(14)O), 6.7 (1H, s,-NH-C(18)O ),4.45-4.24 and 3.67-3.50 (800H, 
br, -CH- Val + -CH- Pro + -CH- Lys + -CH2-Gly + CH2-Pro and CH2-Lys+ -
CH- Met + -CH- Glu + -CH- Ser, +  and -CH- Leu+ H6, H8, H9, and H12 from 
PEG), 4.0 (1.37H, d, H-C1-PEG), 3.2 and 3.1 (4H, d, H5 and H12), 2.9 (2H, d, CH2-
NH-C(18)O), 2.14-1.64 and 1.60-1.35 (806H, m,  and  CH2-Pro+ , and  CH2-
Lys+  and  CH2-Met+ and  CH2-Glu+ CH2-Leu+ CH2-Ser+ CH2 from H2, H3, 
H6 and H7 of CO and –CH2 from H15, H16 and H17 of PEG), 0.97-0.75 (436H, d, 

CH(CH3)2-Val + CH(CH3) Leu + CH3S-CH2-Met and –CH from H1, H8 and H9 of 
CO).  



Figure 4A.55. Gel retardation assay confirmed the presence of 5TR1 in VOK-PEG-5TR1. 
Aproximately 150 ng of 5TR1 contained in VOK-PEG-5TR1 treated with 10% SDS and 
400ng of 5TR1 as control were loaded into a 3% of metaphor agarose gel and stained 
with SimplySafeTM, 100bp marker was used. 



 

 

Figure 4A.56. Analysis of aptamer conjugation to VOK-PEG polymer. The VOK-PEG-
5TR1 biopolymer and VOK-PEG as control were dissolved at 1mg/mL in ultrapure water 
and UV absorption of DNA at 260nm was measured. Mean of 2 independent 
measurements ±SD (A). Flow cytometry analysis of polyplexes formed with 5TR1-Cy5.5 
(polyplex-5TR1Cy5) and without 5TR1 (polyplex) as control. Gate R1, which corresponds 
to polyplexes population, was set on the side-scatter vs forward-scatter histogram (left 
histogram). The polyplex count was plotted as a function of FL6, which corresponded to 
the Cy5 channel for polyplexes containing the Cy5 labelled aptamer and control (right 
histogram) (B). 





 

 









 

 





 

 

 
Figure 4B.1. SDS-PAGE of pure ELRBC and Arg8-ELRBC in 12% poliacrylamide stained with 
coomassie  
 



Figure 4B.2. Scheme of Alexa488-ELR conjugation. Maleimide reaction between the 
maleimide group from Alexa 488 and SH group from cysteine amino acid in ELR was 
performed. 



 

 

Figure 4B.3. Turbidity measurements for Arg8ELRBC at increasing concentrations in miliQ 
as a function of temperature (1 °C/min) on an UV visible spectrophotometer. ELRBC at 20 
M was used as control. 

 



 
Table 4B.1. Tt of ELR diblocks ELRBC as control and Arg8-ELRBC in mili Q at 20 M, 25 M 
and 50 M and PBS at 20 M obtained by turbidometry (A). Particle size and PdI of ELR 
diblocks: ELRBC as control and Arg8-ELRBC measured at 37ºC in PBS by DLS (B).Nd: non 
determined. 
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Figure 4B.4 Internalization kinetics of control ELRBC and ARG8-ELRBC at different hours of 
incubation with 20 M of ELRs quantified by flow citometry. Results are expressed as 
mean±standard deviation (SD) of two independent experiments. 





 

 

Figure 4B.5. Distribution of ARG8-ELRBC and ELRBC micelles into acidic vesicles plotted as 
normalized RFU 488nm as function of pH after 1, 3 and 6 hours of incubation.  





 

 

Figure 4B.6. Inhibition of Arg8-ELRBC nanoparticles uptake by FaDu cells after heparinase 
III treatment. After heparinase treatment cells were incubated with nanoparticles for either 
1 h or 3 h. Cells without heparinase treatment and incubated with nanoparticles were 
considered as control of inhibition. Results are expressed as mean±standard deviation 
(SD) of three independent experiments. 
 
 

Figure 4B.7. Inhibition of Arg8-ELRBC nanoparticles accumulation in acidic vesicles after 
heparinase III and siPAK1 treatments. FaDu cells were treated either with heparinase III 
(dark line) or transfected with siPAK1(green line) and then incubated for 1 h with Arg8-
ELRBC nanoparticles. Cells without inhibition treatment and incubated with Arg8ELRBC 
nanoparticles for 1 hour was considered as control (red line).  After this time Lysosensor 
was added and incubated for 1 h and 30 min more before visualization with spinning disc 
microscope (A). Inhibition of PAK1 after treatment with siPAK1 by Western Blot in FaDu 
cells. Cell expression of PAK1 (left) and expression of GADPH as control (right). Untreated 
cells (U), inhibitors treated cells (T) (B).  
 





 

 

Figure 4B.8. Internalization of ARG8-ELRBC visualized by TIRF microscope. Cells were 
incubated with ELRBC and Arg8-ELRBC. Cells treated with heparinase or siPAK1and 
incubated with Arg8-ELRBC were visualized. In all cases cells were incubated with 20 M of 
ELRs for 30 minutes at 37ºC, 5%CO2. Scale bars corresponds with 25 m.  





 

 









 

 





 

 

Figure 4C.1. Schematic representation of biotechnological modified ELR with acquired 
functionalities. 
 



Figure 4C.2. Aggregation studies of the red blood cell fraction (A), white blood cell 
fraction (B) and platelets (C) with 0.5 mg/mL ELRs as final concentration. Saline was used 
as negative control and 0.5 mg/ml PEI as positive control.  



 

 

Figure 4C.3. Stability assay for different plasma proteins with polymers PEI (PEI+P), IK120 
(IK+P), IMID-IK120 (IMID+P), IK120CPP (IKCPP+P) and LAELIK120CPP (LAEL+P). Their 
protein pattern was compared with one from plasma treated with normal saline (plasma) 
used as negative control and plasma treated with PEI (PEI+P) as positive control. SDS-
PAGE in 7% of polyacrilamide stained with coomassie.  



Figure 4C.4. A. Cell viability of C6 cells incubated with ELRs at different concentrations, 
with PEI as reference polymer and BSA as positive control, respectively. Cells were 
incubated with the polymer solutions for 24 h. Results are expressed as mean±standard 
error (SE) of three independent experiments (A).  Live/Dead assay for C6 cells incubated 
with 200 g/mL IKCPP for 24 h (B).  



 

 



Figure 4C.5. Agarose gel electrophoresis retardation assay at different ELR-pDNA (w/w) 
ratios. Polymer-free pDNA was used as control (A). Agarose gel electrophoresis plasma 
release assay at different ELR-pDNA (w/w) ratios. pDNA incubated with plasma (pDNA+p) 
was used as control (B). Samples were run in a 0.8% of agarose gel and stained with 
SimplySafeTM. 



 

 

Figure 4C.6. Particle size distribution by Intensity of ELR-pDNA polyplexes formed at 
weight ratio ELR/pDNA of 80/1 and measured by DLS. Measurements at 15ºC after 
mixing ELR and pDNA by vortex (A). Measurement at 37ºC after polyplex formation (B).  
 
 
 



Table 4C.1. Particle size (z-average nm) and PdI for the ELR-pDNA plasmid 
nanocomplexes at different weight ratios (mean± SD) in deionized water.  
 

 



 

 

Figure 4C.7. TEM images for polyplexes IK120CPP-pDNA (left side) and LAELIK120CPP-
pDNA (right side) at 80/1 (w/w) ratio. Both with a 0.2 m bar scale. 
 
Table 4C.2. Zeta potential (mV) for the ELR-pDNA plasmid nanocomplexes at different 
weight ratios (mean±SD). 
 

 





 

 

Figure 4C.8. Live/Dead assay for C6 cells transfected with ELR-p53 plasmid and PEI-p53 
plasmid polyplexes at different weight ratios. Live cells are stained green and dead cells 
red. Cells visualized using an inverted fluorescence microscope. Representative images 
from two independent experiments. Scale bar corresponds with 20 m. 



Figure 4C.9. Cellular localization of pDNA in C6 cells. ELR polyplexes were formed with 
pDNA tagged with YOYO and ELR at (w/w) ratio of 80/1 and incubated with C6 cells for 
3 h. YOYO-tagged DNA appears green and the nucleus is blue as a result of Hoechst 
stain. Cells visualized by inverted fluorescence microscopy. Representative images from 
two independent experiments. Scale bar corresponds with 20 m. 
 



 

 



Figure 4C.10. Luciferase expression for different polyplex treatments. C6 cells were 
transfected with ELR/pDNA polyplexes at an 80/1 weight ratio for 5 h. Luciferase activity 
was evaluated 48 hours post-transfection and expressed in RLU/ g protein lysate. pDNA 
was used as negative control. The results are expressed in logarithmic scale as 
mean±standard error of three independent experiments. **: p<0.05.  



 

 









 

 





 

 

Figure 4D.1.Comparison of luciferase expression by pCMV-Gaussia luciferase contained 
in a variety of ELR-pDNA polyplexes. MCF-7 cells were incubated with polyplexes formed 
by LAELIK120CPP, VOKx72, IKx3HPGx3, VOKx48 or VOKx48HPG at different N/P ratios 
and 1 g of PEI as positive control. pDNA and cells without polyplexes were considered as 
negative control. Luciferase activity is expressed in RLU/mg protein lysate. The results are 
expressed in logarithmic scale as mean±standard desviation of three independent 
experiments. *:p<0.05; **:p<0.01;***: p<0.001.  





 

 





 

 

Figure 4D.2. PAP-S gene sequence (370). The highlight region corresponds with HindIII 
and EcoRI restriction sites.  

Figure 4D.3. Agarose gel electrophoresis of pCMV-PAP construction. pCMV-p53 was cut 
with EcoRI and HindIII enzymes and loaded. Double digestion gave two fragments, being 
the band of 3979 bp which contained the plasmid of interest (pCMV lane). pUC57-PAP 
was cut with EcoRI and HindIII and loaded. Double digestion gave two fragments, being 
the 823 bp which contained the PAP-S gene (pUCPAP lane) (A).4 colonies with the 
construction pCMV-PAP were restricted with EcoRI and HindIII enzymes and loaded. Two 
fragments of 3979 bp and 823 bp showed the final construction of 4802 bp in total. (B). 
DNA agarose gel (1.2%) electrophoresis stained with SimplySafeTM. 



Figure 4D.4. Condensation ability of ELR and stability of polyplexes. Polyplexes were 
formed at 0.5/1, 1/1, 2/1, 3/1, 5/1, 10/1 N/P ratios and loaded on an agarose gel for 
electrophoresis (A). Polyplexes were formed at 1/1, 2/1, 3/1, 5/1, 10/1 N/P ratios. pDNA 
and polyplexes were treated with Dpn I for 90 minutes and then loaded on an agarose gel 
for electrophoresis in TAE buffer (B). Polymer-free pDNA was used as control (pDNA) and 
1 g of 1Kb Plus DNA leader as marker (m).  



 

 



Figure 4D.5. Normalized scattered light intensity as a function of temperature. Normalized 
intensity of scattered light as a function of temperature for polyplexes formed by 1.05 M, 
2.10 M and 10.5 M of ELR at different N/P ratios with a constant pDNA concentration 
of 1.4 nM and 10.5 M of ELR for 1/0 ratio at different pH.  Measurements were 
performed at pH 5.0, 7.5 and 11.5 (A). Normalized scattered light intensity as a function 
of temperature at pH 11.5 for ELR-pDNA polyplexes at different N/P ratios (B). Arrows 
indicate the decreasing trend in light scattering as a result of the presence of nano and 
micro-aggregates with increasing temperature. 



 

 

Table 4D.1. Particle size and PdI as a function of temperature at pH 11.5 for 1.05 M, 
2.10 M and 10.5 M ELR in ELR-pDNA polyplexes at different N/P ratios with a constant 
pDNA concentration of 1.4 nM. Measurements were performed at pH N/P ratio of 1/0, 
5/1, 10/1 and 50/1.  
 

 
Table 4D.2. Particle size and PdI at physiological pHs of 5.0 and 7.5 and 37ºC 1.05 M, 
2.10 M and 10.5 M ELR in ELR-pDNA polyplexes at different N/P ratios with a constant 
pDNA concentration of 1.4 nM. Measurements were performed at pH N/P ratio of 5/1, 
10/1 and 50/1.  
 





 

 

Figure 4D.6. Size, polydispersity index (PdI) and zeta potential for the ELR-pDNA 
polyplexes formed at pH 7.5 and 37ºC. Size (A) and zeta potential (B) for ELR-pDNA 
polyplexes with an N/P ratio ranging from 2/1 to 50/1. Size (C) and zeta potential (D) for 
ELR-pDNA-Aptamer complexes with an N/P/Papt ratio ranging from 5/1/0 to 5/1/4. Size 
(E) and zeta potential (F) for ELR-pDNA-Aptamer complexes with an N/P/Papt ratio 
ranging from 50/1/0 to 50/1/49 (n=3, mean±SD). 
 





 

 

Figure 4D.7.Transmission electronic microscopy images showing the morphology and 
shape of polyplexes in aqueous solution.ELR-pDNA polyplexes at a 50/1 N/P ratio 
(A).ELR-pDNA-aptamer polyplexes at a 50/1/4 N/P/Papt ratio with aptamer 5TR1 (B).ELR-
pDNA-aptamer polyplexes at a 50/1/4 N/P/Papt ratio with thiol-modified aptamer 5TR1 
and gold nanoparticles (C). Scale bars correspond to 100 nm for A and C and 50 nm for 
B.  





 

 

Figure 4D.8.Viability of MCF-7 and HepG2 cell lines at different N/P/Papt ELR-pDNA 
ratios for aptamers S2.2 and 5TR1. Cells were co-incubated with the polyplexes and a 
viability assay was performed for all samples. Untreated cells were considered as 100% 
viability control and PEI polyplexes as a reference transfection system. (n=3 independent 
experiments, mean± SD).*: p<0.05, **: p<0.01. 





 

 

Figure 4D.9.Luciferase expression by pCMV-Gaussia luciferase contained in ELR-pDNA-
aptamer polyplexes. (A) Polyplexes at a 5/1 N/P ratio with different Papt ratios for 
aptamers S2.2 and 5TR1 in MCF-7 cells. (B) Polyplexes at a 50/1 N/P ratio with different 
Papt ratios for aptamers S2.2 and 5TR1 in MCF-7 and HepG2 cells. Luciferase activity is 
expressed in RLU/mg protein lysate. The polyplex without aptamers and pDNA were used 
as controls. The results are expressed in logarithmic scale as mean±standard error of 
three independent experiments. *: p<0.05,**: p<0.01, ***: p<0.001.  
 



Figure 4D.10. Luciferase expression by pCMV-Gaussia luciferase contained in ELR 
polyplexes. Polyplexes at 50/1 ratio with and without 5TR1 aptamer at 50/1/4 ratio and 
PEI were incubated in MCF-7 and HepG2 cells. Additionally Lipofectamine LTX and 
Turbofect were incubated with MCF-7 cells (A). Luciferase in presence of anti-MUC1 pAb. 
Polyplexes with 50/1/4 and 50/1/0 without 5TR1 aptamer were incubated in MCF-7 cells 
pre-treated with anti-MUC1 (muc1 Ab) at 50:1 dilution (B). Luciferase activity is expressed 
in RLU/mg protein lysate. The results are expressed as mean±standard error of three 
independent experiments. ***p<0.001. 
 



 

 

Figure 4D.11. Luciferase expression by pCMV-Gaussia luciferase contained in ELR 
polyplexes in presence of 10% of serum. Polyplexes with (50/1/4) and without (50/1/0) 
5TR1 aptamer were incubated in presence or absence of serum in MCF-7 cells. Polyplex 
without serum was used as control. Luciferase activity is expressed in RLU/mg protein 
lysate. The results are expressed as mean±standard error of three independent 
experiments. ***: p<0.001. 



Figure 4D.12.Cellular uptake of ELR-pDNA-5TR1 polyplexes with fluorescein-labelled 
pDNA. (A) Fluorescence microscopy image of MCF-7 treated with ELR-pDNA-5TR1 
nanoparticles for 3 hours (merged image of the phase-contrast and FITC channels). The 
scale bar corresponds to 50 m. (B) Flow cytometry analysis of MCF-7 cells incubated 
with polyplexes. Gate A, which corresponds to FITC+ cells, was set on the side-scatter vs 
forward-scatter histogram. The cell count was plotted as a function of FL1, which 
corresponded to the FITC channel for pDNA and ELR-pDNA-5TR1 transfected cells. (C 
and D) Confocal microscopy images of MCF-7 containing fluorescein-labelled polyplexes. 
Merged bright- and fluorescence-field images of different focal planes have been 
analysed. The nuclear areas of cells with the bright green dots of polyplexes are indicated 
by arrows. Cells from (C and D) were treated with trypan blue in order to discriminate 
fluorescent polyplexes inside the cell.Scale bars correspond to 10 m. Z-series succession 
scheme showing the different focal planes showed in Figure 4D.12C and D accomplished 
by fluorescence microscopy (E). 



 

 

 
Figure 4D.13. Z-stack (A-D) and orthogonal projection of z-stacks in the z-y planes (D) for 
MCF-7 cells incubated with ELR-pDNA-5TR1 polyplexes for 3 hours. The z-focal difference 
between images from A to D is 0.2 m. Nucleus that appears in light blue has been 
stained with DAPI and pDNA from polyplexes that is shown in pink has been stained with 
fluorescein. Light blue and pink colors have been chosen in order to facilitate its 
visualization. Merged of DAPI, Fluorescein and phase contrast in B position was performed 
in order to visualize the healthy state of cells (F). pDNA could be observed in cytoplasm 
but also co-localized in nucleus ( black arrow in D). Scale bar corresponds with 10 m.  



Figure 4D.14. Luciferase expression of ELR-pDNA-5TR1 polyplexes at 50/1/4 ratio in 
presence of different inhibitors in MCF-7 cells. Polyplexes were incubated with cells after 
treatment with 25 M of chloroquine, 1 g/mL of filipin, 5 g/mL of amiloride and 100 M 
of monodansylcadaverine. The results expressed as % of control are mean±standard error 
of three independent experiments. *: p<0.05,**: p<0.01.  



 

 



 
Figure 4D.15. Representative fluorescence microscopy images of MSC, HUVEC, HFF1, 
MCF-7 and HepG2 cells after five hours of co-incubation with: minimum medium 
(Untreated), p53 plasmid alone (pDNA), ELR-pDNA (Polyplex), and ELR-pDNA conjugated 
with aptamer 5TR1 (Polyplex 5TR1), where the pDNA contained p53 transgene. Co-
incubation was followed by incubation for 48 hours under standard culture conditions. 
Scale bars correspond to 100 m. 



 

 

 
Figure 4D.16. Variation in cell mortality and apoptosis after transfection with p53 
transgene plasmid. (A) Mortality increase measured by fluorescence quantification and (B) 
induced apoptosis and cell death for MCF-7 and HepG2 cell lines, as calculated by flow 
cytometry. Pattern corresponds with dead cells while stacked shows late apoptosis 
variation. Cells were pre-incubated for 5 hours with minimum medium (Untreated), p53 
plasmid alone (pDNA), ELR-pDNA (Polyplex), ELR-pDNA conjugated with aptamer 5TR1 
(Polyplex 5TR1), where the pDNA indicates p53 transgene plasmid. Additional incubation 
under standard conditions for 48 hours was then carried out. Data represent means of 
results as compared to the untreated cells. Error bars represent the mean of three 
independent experiments ± standard deviation (SD). A statistical analysis showed 
significant differences (p<0.05). 
 





 

 



Figure 4D.17 Representative fluorescence microscopy images for MSC, HUVEC, HFF1, 
MCF-7 and HepG2 cells after five hours of co-incubation with: minimum medium 
(Untreated), pDNA, ELR-pDNA (Polyplex), ELR-pDNA conjugated with 5TR1 aptamer 
(Polyplex5TR1) where the pDNA contained PAP-S transgene under the CMV promoter. The 
co-incubation was followed by 48 hours of incubation under standard culture conditions. 
Scale bars correspond to 100 m. 
 



 

 

Figure 4D.18.Targeted killing ability of ELR-PAP-5TR1 polyplexes. % Dead cells was 
calculated by fluorescence quantification. Cells were pre-incubated for 5 hours with 
minimum medium (Untreated), pCMV-PAP plasmid alone (pDNA), ELR-pDNA (Polyplex), 
ELR-pDNA conjugated with aptamer 5TR1 (Polyplex 5TR1). Additional incubation under 
standard conditions up to 48 hours was then carried out. Mean±standard error of three 
independent experiments. A statistical analysis showed significant differences (*: p<0.05, 
**: p<0.01). 





 

 

Figure 4D.19. Tumor volume reduction by ELR-pCMVPAP-5TR1 complexes. Tumor volume 
evolution during 23 days after 3 injections with placebo and 20 g of therapeutic plasmid. 
Data represent the mean ± S.D. of 6 mice in ELR-pCMVPAP+5TR1 and 8 mice in 
placebo group. A statistical analysis showed significant differences (***: p<0.001) 





 

 









 

 





 

 





 

 

Figure 4E.1. Ricin gene modified with preprotrypsin leader sequence. Preprotrypsin leader 
(orange), A chain (highlighted in yellow), linker (highlighted in green), B chain (highlighted 
in gray). The amino acids in red from Chain A formed jointly the activity conserved site 
region of ricin A-chain. The amino acids in orange from Chain B constitute the putative 
sugar binding sites PscI (highlighted in light blue) and NheI restriction site (highlighted in 
red).  



Figure 4E.2. Agarose gel electrophoresis of pDhMUC1-ricin construction. pDrive5Lucia-
hMUC1 was cut with NcoI and NheI enzymes and loaded. Double digestion gave two 
fragments, being the band of 2705 bp which contained the plasmid of interest (pDhM 
lane). pUC57-ricin was cut with PscI and NheI and loaded. Double digestion gave several 
fragments, being the 1698 bp which contained the ricin gene (pUCR lane) (A).4 colonies 
with the construction pDhMUC1-ricin were restricted with EcoRI enzyme and loaded. 
Plasmid with a size of 4403 bp was linearized (B). DNA agarose gel (1.2%) electrophoresis 
stained with SimplySafeTM. 



 

 



Figure 4E.3. Polyplex size and morphology of VOK-PEG-5TR1-pDNA. Histogram showing 
the intensity of scattered light (percent) as function of size (A). TEM image of polyplexes 
formed at 50/1/4 ratio of N/P/Papt with 10.5 M of VOK-PEG-5TR1 and a pDNA 
concentration of 1.4 nM. The bar scale corresponds with 100 nm (B).



 

 

Figure 4E.4. Contrast phase showing the effect on cell viability of VOK-PEG-5TR1 
polymer. MCF-7 cells were incubated with with 36 g of VOK-PEG-5TR1 complexed with 
0.5 g of pDNA (50/1/4 ratio) (A) and with 1 l of Turbofect complexed with 0.5 g 
pDNA according to the manufacturer instructions (B). After 48 hours of incubation contrast 
phase microscope images were taken. Scale bar corresponds with 10 m. 
 



 
Figure 4E.5. Luciferase expression by pCMV-Luciferase contained in ELR polyplexes. 
Polyplexes were formed by VOK-pDNA, by VOK-pDNA with absorbed 5TR1 aptamer or by 
the biopolymer VOK-PEG-5TR1-pDNA with the 5TR1 aptamer covalently linked. pDNA 
was used as negative control. Luciferase activity is expressed in RLU/mg protein lysate. The 
results are expressed in logarithmic scale as mean±standard error of two independent 
experiments. ***: p<0.001. 
 



 

 



Figure 4E.6.Luciferase expression by pCMV-Luciferase contained in ELR polyplexes (A) and 
by pDhMUC1-Luciferase contained in VOK-PEG-5TR1-pDNA polyplexes (B). pDNA and 
Turbofect were used as negative and positive control respectively. VOK polyplexes were 
used as control for aptamer specificity. Luciferase activity is expressed in RLU/mg protein 
lysate. The results are expressed in logarithmic scale as mean±standard error of three 
independent experiments. *: p<0.05, **: p<0.01, ***: p<0.001. 



 

 

Figure 4E.7. Effect of pDhMUC1-ricin polyplexes over MCF-7 and HFF1 cell viability. 
The co-incubation was followed by 48 hours of incubation under standard culture 
conditions. These results are representative of three independent experiments and of 
three replicates in each experiment; they are shown as mean±standard error. 





 

 



Figure 4E.8. Tumor volume reduction by VOK-PEG-5TR1- pDhMUC1-ricin complexes. 
Tumor volume evolution during 23 days after 5 injections with placebo, 1.7 nM, 17 nM 
and 70 nM of therapeutic plasmid. Arrows indicate the injections (A). Tumor mass after 
necropsy on day 23 (B). Significant images of tumors after necropsy (C). Body weight 
evolution for the different treatments (D).  Data represent the mean ± S.D. of 8 
mice/group. A statistical analysis showed significant differences (*: p<0.05, **: p<0.01 
and ***: p<0.001). 



 

 





 

 









 

 





 

 





 

 









 

 





 

 





 

 





 

 





 

 





 

 





 

 





 

 





 

 





 

 





 

 





 

 





 

 









 

 





 

 





 

 




