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“Live as if you were to die tomorrow. Learn as if you were 
to live forever.”  

― Mahatma Gandhi- 
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Abstract 

Gene therapy has potential therapeutic applications for the treatment of many life-

threatening diseases, such as cancer, monogenetic diseases and vascular diseases. 

Although the majority of protocols in gene therapy employ viral vectors due to their 

high transfection efficiency, concerns about their safety prompts the development of 

safe and effective non-viral delivery systems. Poly(β-aminoester)s (pBAEs) have 

emerged as promising non-viral vectors due to their polyester nature, which confers an 

attractive biocompatible profile as a result of their high biodegradability and reduced 

toxicity. 

Here we present a novel family of pBAEs, which incorporates terminal oligopeptides, 

capable of condensing both DNA and siRNA into particles of nanometric size. Firstly, 

in vitro experiments were performed to evaluate the ability of this new pBAEs to 

efficiently deliver both DNA and siRNA for both up- and down-regulation of a target 

gene. Results demonstrated that the oligopeptide incorporation at the termini of pBAEs 

improved transfection efficiency and biocompatibility, when compared to basic pBAEs 

and commercially available transfection agents. Moreover, nanoparticles prepared with 

this new family of pBAEs showed different preferential intracellular localization 

depending on the oligopeptide composition, such as perinuclear or cytoplasmatic 

localization. In addition, specific formulation of pBAEs showed different transfection 

efficiency depending on the cell line, which revealed that chemical composition of the 

oligopeptides has a deep effect on transfection. Secondly, siRNA-pBAEs nanoparticles 

were succesfullly incorporated into hydrogel scaffold for local and sustained release of 

siRNA. Release studies demonstrated that siRNA was sustainably released due to 

nanoparticle stabilization within the hydrogel. Finally, in vivo results demonstrated that 

the local delivery system proposed here was able to silence luciferase expression in a 

murine breast cancer model over a long period of time, achieving higher silencing 

efficiency than a commercial in vivo transfection agent.  
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Resumen 

La terapia génica presenta potenciales aplicaciones terapéuticas para el tratamiento de 

enfermedades con alta mortalidad, como el cáncer, enfermedades monogénicas, y 

enfermedad vasculares. Aunque la mayoría de protocolos en terapia génica empleen 

vectores virales, debido a su alta eficacia de transfección, existe una preocupación 

creciente debido a su seguridad. Esto ha motivado el desarrollo de sistemas de 

transportes no virales que sean seguros y eficaces. Poli(β-aminoestere)s (pBAEs) han 

surgido como una alternativa prometedora en el campo de vectores no virales debido a 

su naturaleza poliéster que confiere un atractivo perfil de biocompatibilidad como 

resultado de su alta biodegradabilidad y baja toxicidad.  

En esta tesis se presentamos una nueva familia de pBAEs que incorporan oligopéptidos 

terminales capaces de condensar tanto DNA como siRNA en partículas de tamaño 

nanométrico. En primer lugar, se realizaron experimentos in vitro con el fin de evaluar 

la habilidad de estos nuevos pBAEs para transportar eficazmente tanto DNA como 

siRNA, para incrementar o disminuir la regulación del gen de interés. Los resultados 

demostraron que la incorporación  de oligopeptidos en las zonas terminales de pBAEs 

mejoran la eficacia de transfección y la biocompatibilidad en comparación con pBAEs 

descritos anteriormente y agentes de transfección comerciales. Además, las 

nanopartículas preparadas con esta nueva familia de pBAEs mostraron diferente 

localización intracelular, tales como perinuclear o citoplasmática, dependiendo de su 

composición oligopeptídica. Asimismo, formulaciones específicas de pBAEs mostraron 

diferentes eficacias de transfección dependiendo de la línea celular, hecho que demostró 

que la composición química de los oligopéptidos tienen una gran influencia en la 

transfección. En segundo lugar, las nanopartículas prepardas con siRNA y pBAEs 

fueron exitosamente incorporadas en un hidrogel para la liberación local y prolongada 

de siRNA. Los estudios de liberación demostraron que el siRNA fue liberado de manera 

prolongada  a causa de la estabilización de las nanopartículas en el hidrogel. 

Finalmente, los resultados in vivo demostraron que el sistema local de liberación 

propuesto aquí fue capaz de silenciar la expresión de la luciferasa en un modelo de 

cáncer de mama murino durante un largo período de tiempo, logrando mejores eficacias 

de silenciación que un agente comercial de transfección in vivo. 
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Resum 

La teràpia gènica presenta aplicacions terapèutiques potencials pel tractament de 

malalties amb una alta mortalitat, com el càncer, les malalties monogèniques i malalties 

vascular. Encara que la majoria de protocols en teràpia gènica empren vectors virals, 

degut a la seva alta eficàcia de transfecció, existeix una preocupació creixent per la seva 

seguretat. Això ha motivat al desenvolupament de sistemes de transports no virals que 

siguin segurs i eficaços. Els poli(β-aminoèster)s (pBAEs) han sorgit como a una 

alternativa prometedora en el camp dels vectors no virals degut a la seva naturalesa 

química de polièster que confereix un atractiu perfil de biocompatibilitat com a resultat 

de la seva  alta biodegradabilitat i baixa toxicitat.  

En aquesta tesi es presenta una nova família de pBAEs que incorporen oligopèptids 

terminals capaços de condensar tant DNA com siRNA en partícules de mida 

nanomètrica. En primer lloc, es van realitzar experiments in vitro per tal d'avaluar 

l'habilitat d’aquests nous pBAEs per transportar eficaçment tant DNA com siRNA, per 

incrementar o disminuir la regulació del gen d'interès. Els resultats van demostrar que la 

incorporació de oligopèptids a les zones terminals de pBAEs milloren l'eficàcia de 

transfecció i la biocompatibilitat en comparació amb pBAEs descrits anteriorment i 

agents de transfecció comercials. A més, les nanopartícules preparades amb aquesta 

nova família de pBAEs van mostrar diferent localització intracel·lular, com ara 

perinuclear o citoplasmàtica, depenent de la seva composició oligopeptídica. Així 

mateix, formulacions específiques de pBAEs van mostrar diferents eficiències de 

transfecció depenent de la línia cel·lular, fet que va demostrar que la composició 

química dels oligopèptids tenen una gran influència en la transfecció. En segon lloc, les 

nanopartícules preparades amb siRNA i pBAEs van ser exitosament incorporades en un 

hidrogel per l’alliberament local i perllongat de siRNA. Els estudis d'alliberament van 

demostrar que el siRNA va ser alliberat de manera perllongada a causa de 

l'estabilització de les nanopartícules en el hidrogel. Finalment, els resultats in vivo van 

demostrar que el sistema local d'alliberament proposat aquí va ser capaç de silenciar 

l'expressió de la luciferasa en un model de càncer de mama murí durant un llarg període 

de temps, aconseguint millors eficàcies de silenciació que un agent comercial de 

transfecció in vivo. 
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Abbreviations 

AcONa Sodium acetate 
A549 Human Alveolar Basal Epithelial Cancer Cell Line 
COS-7 African Green Monkey Kidney Fibroblast Cell Line 
DAPI 4',6-diamidino-2-phenylindole 
DCM Dichloromethane 
DLS Dynamic Light Scattering 
DMEM Dulbecco's Modified Eagle Medium 
DMSO Dimethyl Sulfoxide 
EDTA Ethylenediaminetetraacetic Acid 
FITC Fluorescein IsoTioCyanate 
GFP Green Fluorescent Protein 
FBS Fetal Bovine Serum 
FT-IR Fourier Transform Infrared Spectroscopy 
HaCaT Human Keratinocyte Cell Line  
HeLa Human Cervical Carcinomal Cell Line 

 
HeLa-GFP Human Cervical Carcinomal Cell Line Stably Expressing Green Fluorescent Protein 
hNDf Primary Human Normal Dermal Fibroblast  
1H-NMR Proton Nuclear Magnetic Resonance 
HPLC High-Performance Liquid Chromatography 
miRNA micro Ribonucleic Acid 
MDAMB231 Human Mammary Gland Cancer Cell Line  
MDAMB231-Luc Human Mammary Gland Cancer Cell Line Stably Expressing Luciferase 
MDAMB231-GFP Human Mammary Gland Cancer Cell Line Stably Expressing Green Fluorescent 

Protein 
MTS 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl) -2-(4-sulfophenyl)-2H-

tetrazolium 
NaOH Sodium Hydroxide 
PAMAM Poly(amidoamine)  
pBAEs Poly(β-aminoester)s  
PBS Phosphate Buffered Saline 
PEI Poly(ethylenimine) 
pGFP Green Fluorescent Protein Plasmid  
PLL poly(L-lysine) 
PFA Paraformaldehyde 
RNA Ribonucleic Acid 
SCID Severe Combined Immunodeficiency 
siGFP Specific Anti-GFP siRNA 
siLuc Specific Anti-Luc siRNA 
siRNA Tetrahydrofuran 
scrRNA Scrambled Ribonucleic Acid 
shRNA Short-Hairpin RNA  
THF Tetrahydrofuran 
UV Ultraviolet 
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 1	  

1 AN OVERVIEW OF GENE THERAPY 

1.1 INTRODUCTION 

Following the completion of the Human Genome Project, a new era has emerged for 

developing new gene therapy strategies employing nucleic acids 1. In general, gene 

therapy involves the transfer of nucleic acids, such as DNA or RNA, into somatic cells 

to produce a therapeutic effect. The European Medicines Agency (EMA) defines that a 

gene therapy medicinal product is a biological medicinal product, which fulfills the 

following two characteristics:  

Ø it contains an active substance, which contains or consists of a recombinant 

nucleic acid used in or administered to human beings with a view to regulating, 

repairing, replacing, adding or deleting a genetic sequence;  

Ø its therapeutic, prophylactic or diagnostic effect relates directly to the 

recombinant nucleic acid sequence it contains, or to the product of genetic 

expression of this sequence. 

The big challenge in gene therapy relies on how to introduce the nucleic acid into the 

patient’s target cells, since nucleic acids are not capable of crossing the cell membrane 

due to their high negative charge and high molecular weight; and are susceptible to 

degradation 2. Therefore a carrier, called vector, must be used in order to introduce the 

nucleic acids into target cells. Mainly, two techniques have been used to deliver vectors 

to patients as shown in Figure 1. 1: 

Ø Ex vivo: this method uses extracted cells from the patient, which are transfected 

with the vector, containing the therapeutic nucleic acid; and then cells are re-

infused in the patient. 

Ø In vivo: this method does not use cells from patient’s body. Vectors with the 

therapeutic nucleic acid are directly administrated to the patient. 
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Figure 1. 1 Schematic Representation of Delivery of Vectors to Patients. a) In Vivo Delivery: (i) 
nucleic acid is packaged into vector delivery system (virus, polymeric nanoparticles, etc.), and then (ii) is 
administrated to the target tissue. b) Ex Vivo Delivery: (i) cells are extracted from the patient and 
transfected with vector carrying the therapeutic nucleic acid, and then (ii) cells transfected are re-infused 
into the patient. 

Gene therapy has gained attention since rather than treating the symptoms of a disease, 

gene therapy may directly treat its prime cause. Moreover, gene therapy has 

considerable therapeutic expectations for the treatment of monogenic disease, such as 

cystic fibrosis, hemophilia, and severe combined immunodeficiency 3–5. Moreover, it 

can be applied for the treatment of acquired diseases, such as cancer, cardiovascular 

diseases, neurological diseases, Crohn’s disease, type 2 diabetes, and other diseases 

with an inherent genetic component 6–8.  

1.2 NUCLEIC ACID-BASED THERAPEUTICS 

There are different nucleic acid materials that can be used in gene therapy as therapeutic 

agents, such as plasmid DNA, oligonucleotides, ribozymes, aptamers and RNA (Figure 

1. 2). Depending on the therapeutic effect, different nucleic acid materials can be 

chosen, such as plasmid DNA (pDNA) to increase expression of target protein, or 

antisense oligonucleotides (AON) and RNA such as, small intering RNA (siRNA), 

short-hairpin RNA (shRNA) and micro RNA (miRNA) to control gene expression 9–11.  

b) Ex Vivo Delivery a) In Vivo Delivery 

i

ii

i

ii
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  Figure 1. 2 Some Examples of Nucleic Acids Used in Gene Therapy as Therapeutic Agents.  

1.2.1 Plasmid DNA-Based Therapeutics 

Gene therapy uses plasmid DNA (pDNA) to introduce genes into cells to produce a 

specific protein. Plasmids are high molecular weight, double stranded DNA, usually 

circular, which contain a gene that encodes for a specific protein 12,13. The mechanism 

of action of pDNA requires that the plasmid enters into the nucleus after cellular 

internalization. Then, pDNA employs the DNA transcription and translation machinery 

of the cell to synthesize the encoded protein (Figure 1. 3).  

 

Figure 1. 3 Schematic Representation of DNA-based Therapeutic Delivery Using a Vector Delivery 
System. (i) pDNA is encapsulated into the vector delivery system; (ii)  cellular uptake (iii); (iv) 
disruption of the endosome; (v) vector release from endosome; (vi) pDNA dissociation from vector; (vii) 
nuclear translocation of vector or pDNA; (vii) messenger RNA synthesis;  and (viii) protein production. 

Moreover, pDNA contains other regulatory signals, such as the promoter, splicing, 

enhancer sequences and polyadenylation sites, which play important roles in regulating 

gene expression 14. For the expression of proteins with a narrow therapeutic window, 

tight control over the level of gene expression is essential. DNA-based therapeutics 

have shown efficient gene transfer into mammalian cells both in vitro and in vivo 

animals models, which encouraged scientists to perform clinical studies in humans. In 

their early stages of development, pDNA-based therapeutics were used to correct 

inheritable disorders resulting from a single gene defect, such as the treatment of 

240  Current Drug Delivery, 2011, Vol. 8, No. 3 Elsabahy et al. 

cilitate interaction with the cell membrane, endocytosis and 
the subsequent release into the cytoplasm, they can be rap-
idly inactivated in the presence of serum. This inactivation is 
probably due to interactions with negatively charged serum 
proteins, which shield the positive charges on the surface of 
lipoplexes and polyplexes [80]. In addition, they interact, 
non-specifically, with all kinds of cell membranes (i.e. in-
ducing toxicity and non-specificity). In many situations, in-
travenous injection of these complexes led to damage of 
body tissues and a high rate of mortality in laboratory ani-
mals [81,82]. The problem of toxicity could be partially cir-
cumvented by the use of flexible hydrophilic polymers (e.g.
PEG), which can form a stabilizing interface between the 
cationic complexes and the external environment. In addi-
tion, PEGylation could prolong the circulation time of the 
nanoparticles, which allow their accumulation into patho-
logical sites with leaky vasculature (e.g. tumors and inflam-
mations). Indeed, loading of nucleic acids into these PEGy-
lated nanoparticles has been shown to prolong the circulation 
time and protect them from enzymatic degradation. For ex-
ample, when PEG-b-poly(L-lysine)/pDNA complexes were 
intravenously injected to mice, an intact pDNA was observed 
in blood circulation even at 3-h post injection whereas the 
naked pDNA was degraded within 5 min [49]. To the same 
extent, PEGylated polyplexes (e.g. stable nucleic-acid-lipid 
particles) have been successfully exploited for the delivery 
of nucleic acids (e.g. siRNA) [83,84]. Most of these carefully 
designed complexes could improve the transfection proper-
ties and the in vivo stability of the nucleic acids [85-88]. 

4.3. Endosomal Destabilization 
 The cationic polymers and lipids utilized to protect nu-
cleic acids from enzymatic degradation and to facilitate their 

cellular uptake can also induce transient destabilization of 
the endosomal/lysosomal compartments. This destabilization 
is crucial for release of the nucleic acids into the cytoplasm 
to be available for their cytoplasmic and/or nuclear targets. 
Cationic polymers and lipids could successfully facilitate 
nucleic acid escape from the endosomes, although they are 
working via two different mechanisms. Cationic polymers 
rely on their high amine contents. These amine groups ex-
hibit pKa values between physiological and lysosomal pH. 
For example, the primary amine groups of PEI and polyami-
doamine, the most intensively studied polymers for gene 
delivery, have pKas of 5.5 and 6.9, respectively [69]. Some 
of these amine groups are involved in the electrostatic com-
plexation with the nucleic acids while the unbound amine 
groups become protonated at the acidic pH of the en-
dosomes, which causes the influx of the chloride ions and 
induces osmotic swelling and subsequent disruption of the 
endosomes. This phenomena is best known as the “proton 
sponge effect” [89]. Alternatively, fusogenic peptides 
[90,91] and lipids [92-95] usually induce the endosomal de-
stabilization via bilayer-to-micelle or lamellar-to-inverted 
hexagonal (HII) transition.

4.4. Active Targeting 
 Active targeting can be achieved via conjugation of tar-
geting moieties to vectors so as to favor their recognition by 
cell membrane-bound receptor proteins. A variety of mole-
cules including antibodies [96], peptides [90], aptamers [97], 
vitamins [98] and sugar moieties [99,100] have been used to 
achieve cell targeting. The use of antibodies as the targeting 
moiety presents the advantage of selectivity, high affinity, 
and minimal competition for the receptor, contrary to what is 
observed with endogenous molecules such as folic acid or 

Fig. (2). Non-viral delivery systems utilized for the delivery of different genetic materials. Electrostatic interactions between the nucleic 
acids (e.g. pDNA, AON, siRNA, shRNA or miRNA) and cationic vector (e.g. polymers, lipids or preformed cationic particles) drive the 
formation of the polyplexes, lipoplexes and nanoparticles. PEGylation and decoration of these nanocomplexes with targeting moieties are 
commonly employed for steric stabilization of the nanocomplexes and to trigger their cellular uptake. 

pDNA AON                siRNA              shRNA               miRNA 

Nucleus

Endosome

Protein

mRNA
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Table 1. Characteristics of Plasmid DNA and Small Nucleic Acids 

Character pDNA AON siRNA shRNA miRNA 

Shape 

Molecular 
weight*

! 0.6-5 kbp 18-21 nucleotides 19-22 bp Stem: 25-29 bp 
Loop: 4-23 nucleotides 

21-24 nucleotides 

Mecha-
nism of 
action 

Express particular 
gene

Replace faulty 
gene

Induce immunity 
by the unmethy-
lated CpG motifs 

Induce RNaseH enzyme 
Translational arrest by 

steric hindrance of ribo-
somes 

Interfere with mRNA 
maturation or incorrect 
splicing in the nucleus 

RNA interference 

Immune 
response 

TLR9 TLR9 (if there are CpG 
motifs in the AON se-

quence) [19] 

RNAs are generally recognized by three main types of immunoreceptors: TLR (3,7 and 
8), protein kinase R and helicases [27] 

Advan-
tages 

Can be used to 
express a missing 

gene
Adjuvant therapy 

in vaccination 

Lower amount of carrier (i.e. lower cost and toxicity) 
The vector design is easier 

No nuclear barrier 
Insertional mutagenesis can be circumvented 

Disadvan-
tages 

Nuclear barrier 
Possibility of 

insertional 
mutagenesis 

Difficult to con-
struct and formu-

late 

Nuclear barrier can exist for some therapeutic application of AON (i.e. modulating alternative splicing) 
Can not be used to express a gene of interest  

Approved/ 
clinical 
trials 

(examples) 

LifeTide® SW 5 
(VGX Animal 
Health): Ap-

proved 

Vitravene (Isis Phar-
maceuticals): Approved  

Bevasiranib (Opko 
Health): Phase III 

NUC B1000** (Nucleonics 
Inc., PA): Phase I 

SPC3649*** (Santaris 
Pharma): Phase I 

*These are the approximate molecular weights of the common working range [16,30,115,116] 
**Gene construct (i.e. vector-expressing shRNA) for the treatment of chronic hepatitis B infection
*** Targets and inhibits the liver specific miRNA-122 which is required for the hepatitis C virus replication 

class of endogenous molecules that could potentially be ex-
ploited as therapeutic agents to inhibit dysregulated endoge-
nous gene expression or cancer causing oncogenes. MiRNA 
are transcribed from DNA initially as long primary tran-
scripts termed “pri-miRNA” comprising an RNA hairpin 
structure which is cleaved from the pri-miRNA by the nu-
clear microprocessor complex and the endonuclease Drosha 
complex in the nucleus giving rise to precursor miRNA 
(“pre-miRNA”) [35]. The pre-miRNA is transported from 
the nucleus to the cytoplasm by Exportin-5 [36-38] and is 
further cleaved by the endonuclease Dicer [39] into short 
double stranded RNA in which one strand is the mature 
miRNA and its counterpart is known as the miRNA*. The 
mature functional miRNA contained in the miRNA duplex 
dissociates from its complementary nonfunctional strand and 
is taken up by RISC. The specific miRNA-RISC complex 

binds to its complementary target mRNA usually within the 
3" untranslated region (3" UTR) based on sequence comple-
mentarity between miRNA and its target mRNA [40]. An 
important determinant of miRNA function is the degree of 
complementarity between the proximal (5") region (also 
known as the “seed” region or the “nucleus”) of the miRNA 
and the target mRNA. If the miRNA has perfect complemen-
tarity to the target mRNA it will trigger degradation of the 
mRNA transcript, positioning RISC to cleave the target 
mRNA similar to a siRNA effect. However, if pairing be-
tween the miRNA and the target mRNA is imperfect this 
will lead to inhibition of mRNA translation [41,42]. It has 
been reported that in plants, degradation of target mRNA 
mediated by miRNAs is the major mechanism of regulation 
[43] whereas in animals repression of mRNA translation is 
more common [44]. However, most recent finding indicates 
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miRNA and its counterpart is known as the miRNA*. The 
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is taken up by RISC. The specific miRNA-RISC complex 
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Vitravene (Isis Phar-
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*** Targets and inhibits the liver specific miRNA-122 which is required for the hepatitis C virus replication 
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adenosine deaminase deficiency in severe combined immunodeficiency disease (SCID), 

cystic fibrosis transmembrane conductance regulator gene mutation in cystic fibrosis, 

hypoxanthineguanine phosphoribosyl transferase deficiency in LeschNyhan disease, 

and glucocerebrosidase enzyme deficiency in Gaucher disease 3,4,15,16. In 2002, 

successful clinical efficacy was reported in the treatment of SCID 11. Currently, diseases 

with complex etiologies, such as cancer, 17–20 and neurodegenerative disorders, such as 

Alzheimer's disease and Parkinson's disease 21–23, are being targeted. In addition, DNA-

based therapies are being investigated as vaccines to induce immunity, using a 

transgene that encodes an antigen. DNA vaccines to treat malaria, AIDS, cancer among 

other diseases are under development 6,24,25. 

1.2.2 RNA-Based Therapeutics 

Prior to 1980, RNA was considered an inactive nucleic acid intermediate for protein 

production, however RNA gained attention in 1998, when Fire and Mello recognized 

that double stranded RNA (dsRNA) initiates a RNA interference (RNAi) mechanism 

allowing to regulate gene expression 26. RNAi is a natural cellular process that regulates 

gene expression providing an innate defense mechanism against invading viruses and 

transposable elements 27–29. Moreover, the discovery that RNAi can be mediated by 

small nucleotide (nt) duplexes 30 allowed scientist focused on RNA as a new therapeutic 

agent for both up- and downregulation of disease-causing genes through RNA 

interference (RNAi) mechanism. The development of different RNA-based therapeutics 

agents is based on the understanding of small RNA biogenesis pathway, which is 

summarized in Figure 1. 4. 
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Figure 1. 4 Schematic Representation of RNA-based Therapeutic Pathways of RNAi in Mammals. 
Primary microRNAs (pri-miRNAs) are transcribed by RNA polymerases and are trimmed by the 
microprocessor complex (comprising Drosha and microprocessor (left side of the figure). miRNAs can 
also be processed from spliced short introns (known as mirtrons). pre-miRNAs contain a loop and usually 
have interspersed mismatches along the duplex. pre-miRNAs associate with exportin 5 and are exported 
to the cytoplasm, where a complex that contains Dicer processes the pre-miRNAs into miRNA–miRNA 
duplexes. The duplex associates with an Argonaute (AGO) protein within the precursor RNAi-induced 
silencing complex (pre-RISC). One strand of the duplex (the passenger strand) is removed. The mature 
RISC contains the guide strand, which directs the complex to the target mRNA for post-transcriptional 
gene silencing. The ‘seed’ region of an miRNA is indicated; in RNAi trigger design, the off-target 
potential of this sequence needs to be considered. Long dsRNAs (right side of the figure) are processed 
by Dicer into small interfering RNAs (siRNAs). Within the pre-RISC complex, an AGO associates with 
the target mRNA for cleavage. The inset shows the properties of siRNAs. The thermodynamic stability of 
the terminal sequences will direct strand loading. Like naturally occurring or artificially engineered 
miRNAs, the potential ‘seed’ region can be a source for miRNA-like off-target silencing. shRNA, short 
hairpin RNA. Source: B. L. Davidson, P. B. McCray, Nat. Rev. Genet. 2011, 12, 329 

The most common types of exogenous small RNA used for gene silencing are: 

§ micro RNAs (miRNAs): are designed to mimic primary miRNAs (pri-

miRNAs), 

§ short hairpin RNAs (shRNAs): are designed to mimic precursor miRNAs (pre-

miRNAs) 
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Figure 1 | The miRNA and siRNA pathways of RNAi in mammals. Primary microRNAs (pri-miRNAs) are transcribed 
by RNA polymerases156–158 and are trimmed by the microprocessor complex (comprising Drosha and microprocessor 
EQORNGZ�UWDWPKV�&%)4���KPVQ�`��|PWENGQVKFG�RTGEWTUQTU��ECNNGF�RTG�OK40#U67,159,160 (left side of the figure). miRNAs can 
also be processed from spliced short introns (known as mirtrons)161. pre-miRNAs contain a loop and usually have 
interspersed mismatches along the duplex. pre-miRNAs associate with exportin 5 and are exported to the 
cytoplasm162,163, where a complex that contains Dicer, TAR RNA-binding protein (TRBP; also known as TARBP2) and 
PACT (also known as PRKRA) processes the pre-miRNAs into miRNA–miRNA* duplexes116,164,165. The duplex associates 
with an Argonaute (AGO) protein within the precursor RNAi-induced silencing complex (pre-RISC). One strand of the 
duplex (the passenger strand) is removed. The mature RISC contains the guide strand, which directs the complex to  
the target mRNA for post-transcriptional gene silencing. The ‘seed’ region of an miRNA is indicated; in RNAi trigger 
design, the off-target potential of this sequence needs to be considered. Long dsRNAs (right side of the figure) are 
processed by Dicer, TRBP and PACT into small interfering RNAs (siRNAs). siRNAs are 20–24-mer RNAs and harbour 
3′OH and 5′ phosphate (PO

4
) groups, with 3′ dinucleotide overhangs3,166,167. Within the pre-RISC complex, an AGO 

protein cleaves the passenger siRNA strand. Then, the mature RISC, containing an AGO protein and the guide strand, 
associates with the target mRNA for cleavage. The inset shows the properties of siRNAs. The thermodynamic stability 
of the terminal sequences will direct strand loading. Like naturally occurring or artificially engineered miRNAs, the 
potential ‘seed’ region can be a source for miRNA-like off-target silencing. shRNA, short hairpin RNA.
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§ small interfering RNAs (siRNAs): are designed to mimic dicer products or 

substrates. 

All of this small RNAs mediate gene silencing at different steps of RNAi pathways as 

shown in the last figure. Different non-viral vectors have successfully shown delivery of 

siRNA both in vitro and in vivo using animals models 31,32. Expression of shRNA or 

artificial miRNA can be achieved by delivering plasmids or using bacteria or viral 

vectors 33,34. Although the clinical applicability of RNAi has not yet been realized, 

ongoing clinical trials in humans provide opportunities for success. The number of 

RNAi-based preclinical and clinical trials have grown over the past several years and 

have included studies in retinal degeneration, dominantly inherited brain and skin 

diseases, viral infections, respiratory disorders, cancer and metabolic diseases 35–37. 

1.3 GENE TRANSFER METHODS 

As previously mentioned, the major challenges in gene therapy are the delivery of the 

theraputic nucleic acid into the patient’s target cells. Currently, gene transfection 

methods can be divided in three groups: viral vectors, non-viral vectors and physical 

methods. Physical methods include electroporation, microinjection and ultrasounds, 

which mediate direct introduction into the cytosol of both large and small nucleic acids. 

However, their use is limited since they produce damage to cells, are difficult to 

manipulate in large-scale, they require labor-intensive protocols and/or costly 

instruments 38,39. Therefore viral vectors and non-viral vectors are the most common 

methods used for gene transfer. 

The optimal delivery vector should be very specific, capable of efficiently delivering 

nucleic acids of the size needed for clinical application, unrecognized by the immune 

system and easy manufactured. In addition, once the vector is administered into the 

patient, it should not induce an allergic reaction or inflammation. It should be safe not 

only for the patient, but also for the environment. 

1.3.1 Viral Vectors 

Viral vectors are the most common vectors used for gene therapy due to their high 

transfection efficiency and cell specificity improved by millions of years of evolution. 

Viruses deliver their genes into human cells in a pathogenic manner. Therefore, 

scientists have concentrated their efforts on the genetic engineering of viruses to 



CHAPTER 1  

 7	  

manipulate their viral genome and replace them with the therapeutic nucleic acid. There 

are several viruses that are successfully used for delivering both DNA- and RNA-based 

therapeutics, such as lentivirus, adenovirus, adenoassociated virus (AAVs), and herpes 

virus, among others (Table 1. 1). 

Table 1. 1 Viral Vectors for Nucleic Acid Delivery 

Viral Vector Application Advantages Disadvantages References 

 Adenoviruses DNA, 

shRNA, 

miRNA  

Large transgene capacity  

 

Transient expression. 

Highly immunogenic. 

 

40–44 

Adeno-associated 

virus (AAV) 

DNA, 

shRNA, 

miRNA 

Long-term expression in 

non-dividing cells. 

Capsid pseudotyping 

facilitates cell targeting. 

Mildly immunogenic. 

 

Complicated process 

of vector production. 

Limited transgene 

capacity. 

45–51 

Lentivirus DNA, 

shRNA, 

miRNA 

Long-term stable expression. 

High efficiency infection of 

both dividing and non-

dividing cells. 

Low immunogenic. 

Clinical production 

difficult. 

 

8,52–58 

Herpes simplex 

virus 

DNA High expression levels. Immunogenic. 

 

59–61 

 

Nowadays, viral systems are at the edge of fulfilling the short-term requirements for 

gene therapy and the three products approved so far (Gendicine ™ and Oncorine ™ in 

China and Glybera in EU) are based on viruses 62–64. Although high transfection 

efficiency has been achieved with viruses, significant setbacks have also occurred, for 

example a patient treated with adenovirus for ornithine transcarbamylase deficiency 

suffered an inflammatory reaction, which led to his death 65. Other patients treated with 

AAV for haemophilia suffered an anti-viral immune response, which destroyed 

transduced hepatocytes, limiting the duration of efficacy 66. For this reason, the use of 

many viral vectors is restricted due to by their limited packaging capacity, the cost of 

large-scale production and inherent safety risks 67. Furthermore, viral vectors are often 

susceptible to neutralization by serum antibodies and complement, coupled with poor 

target-selectivity or inappropriate infectivity profile 68,69. 
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1.3.2 Non-Viral Vectors 

Non-viral vectors have emerged as potential alternative to viral vectors due their lack of 

immune response and easy of production. Researchers are trying to obtain synthetic 

viruses or particles, inspired by the strategy of some viruses to transfect mammalian 

cells. Typically, non-viral vectors can be classified in two major groups: polymeric 

delivery systems (polyplexes) and liposomal delivery systems (lipoplexes). Both 

systems are able to interact with nucleic acids by electrostatic interactions and are able 

to form complexes with nanometric size, by self-assembly, allowing them to pass 

though the cell membrane and protect nucleic acid against degradation 70,71.  

1.3.2.1 Lipid delivery systems 

Lipids formulations consist of mixtures of cationic and neutral lipdis; and have been 

widely used as delivery systems of different nucleic acids both in vitro and in vivo 72–77. 

Typically, cationic lipids have three basic constituents: the polar headgroup, a 

hydrophobic chain, and a linker, which can have polar and non-polar regions. The polar 

and hydrophobic domains of cationic lipids play an important role in both transfection 

and toxicity.  

The most commonly used cationic lipids used are 1,2-dioleoyl-3-trimethylammonium 

propane (DOTAP), N-[1-(2,3-dioleyloxy)propyl]-N,N,N- trimethylammonium chloride 

(DOTMA), 2,3-dioleoyloxy- N-[2-(sperminecarboxamido)ethyl]-N,N-dimethyl-1- 

propanaminium (DOSPA), dioctadecyl amido glycil spermine (DOGS), and 3,[N-

(N1,N-dimethylethylenediamine)-carbamoyl]cholesterol (DC-chol) 78–81. Commonly 

used neutral lipids, also known as helper lipids, are DOPE and cholesterol 82,83. The 

cationic lipids in the liposomal formulation serve as a DNA complexation and DNA 

condensation agent during the formation of the lipoplex. The positive charge also helps 

in cellular association. The neutral lipids help in membrane perturbation and fusion. 

Nowadays there are some commercial lipid formulations available, such as 

Lipofectamine ® (Invitrogen), Effectene ™ (Qiagen) and TransFast ™ (Promega). 

Although cationic lipids are able to condense nucleic acids, protect them from 

degradation and deliver them in a broad range of cells, concerns about toxicity and limit 

transfection efficiency need to be overcomed in order to achieve effective gene delivery. 
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1.3.2.2 Polymeric delivery systems 

Polymeric vectors are usually natural or synthetic polycations that are able to condense 

both DNA and RNA into discrete nanoparticles. Poly(ethylenimine) polymer (PEI) is 

the most common polycation that has been widely used and investigated as non-viral 

vector, and sometimes is considered a gold standard in gene transfections due to its high 

transfection efficiency in a broad range of cell types. The high transfection efficiency 

achieved with PEI is due to their “proton sponge” properties allowing polyplexes (PEI-

nucleic acids) to escape from the endosomes before endocytic vesicles encounter 

lysosomes, where nucleic acids can be digested by lysosomal nucleases 84–86.  

The proton sponge effect was firstly described by Behr and coworkers, in 1997, using 

PEI 87. In this hypothesis, basic amines, such as tertiary amines and secondary amines, 

act as a buffer moiety promoting an influx of protons into the endosome, which 

simultaneously leads to an influx of chloride counterions. The increase osmolarity 

inside the endosome, produce an osmotic swelling, which is believed to cause the 

disruption of the endosome allowing polyplex release (Figure 1. 5).  

 

Figure 1. 5 Schematic Representation of The Proton Sponge Effect. 
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Although PEI shows high transfection efficiency both in vitro and in vivo, it generally 

presents high cytotoxicity and is unstable in complex physiological environments. Such 

limitations have typically hampered its clinical applications 88–90.  

There are other polycations that have been used as non viral vectors, such as poly(L-

lysine) (PLL), poly(amidoamine) dendrimer (PAMAM),  Poly(lactide-co-glycolide) 

(PLGA), chitosan, poly(aminoester) (PAE), among others 91–94. All of them show 

advantages and disadvantages, which are summarized in the next table (Table 1. 2). 

Table 1. 2 Common Polymers Used as Non-Viral Vectors. 

Polymer vector Advantages Disadvantages References 

PEI High transfection efficiency.  

High nucleic acid condensation.  

High Buffering capacity properties. 

High cytotoxicity. 89,95–98 

PLL High nucleic acid condensation High cytotoxicity. 

Low transfection efficiency. 

99–101 

PAMAM Strong nucleic acid condensation. 

Relative high transfection 

efficiency. 

High cytotoxicity. 

High cost of production. 

Laborious synthesis. 

94,102,103 

PLGA Biodegradable. 

 

Low transfection efficiency. 104–107 

Chitosan Biodegradable. 

Low cytotoxicity. 

Low immunologic. 

Low transfection efficiency. 

Insoluble under physiological 

conditions. 

108–110 

Polypeptides High transfection efficiency. 

High cell-specificity. 

Low cytotoxicity. 

High cost of production. 

Safety risk, immunogenic. 

71,111–113  

 

In general, all the different polycations used for gene transfer showed high degree of 

cytotoxicity and low transfection efficiencies, which limit their use in clinical 

applications.  

Poly(β-aminoester)s polymers (pBAEs) have emerged as one of the most promising 

non-viral vectors due to their high biodegradability via hydrolytically degradable ester 

groups, their reduced cytotoxicity, their ability to condense both DNA and RNA into 

particles with nanometric size; their ability to release the nucleic acids inside the cells; 

and their high tunnability to obtain different polymeric structures 114–118. Moreover, 
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pBAEs showed good buffering capacity allowing polyplexes escape from endosome 

through the “proton sponge” effect identical to PEI polymers 119. 

Langer and co-workers used for the first time pBAEs as gene delivery systems 120. 

Poly(β-aminoester)s polymers are easily synthesized through classical Michael addition 

reaction involving the conjugation of either a primary amine or a bis(secondary amine) 

monomer with a diacrylate ester, in a one step reaction without the production of any 

byproducts (Figure 1. 6). 

 

Figure 1. 6 Chemical Structure of Poly(β-amino esters). 

Several studies have showed the ability of this family of polymers to efficiency deliver 

different nucleic acids in different cell lines both in vitro and in vivo 117,121,122. 

Moreover, different studies have demonstrated that transfection efficiency of these 

polymers was dependent on their molecular weight, end groups, and polymer/nucleic 

acid ratio 123–125. Therefore, different chemical structures of these compounds can be 

synthesized in order to improve their transfection efficiency for clinical success.  

1.4 CELULLAR BARRIERS 

Polymeric vectors need to overcome multiple barriers in order to achieve effective 

delivery of the therapeutic nucleic acid in the target cell or tissue.  

1.4.1 Extracellular Barriers 

The accessibility to the target tissue or cells dictates the route of in vivo administration 

of polymeric vectors, local or systemic delivery. Localized therapy can be used for the 

treatment of several tissues, such as eye, skin, mucus membranes and solid tumors. 

However, there are several tissues or target cells that are not accessible and thus 

polyplexes have to be systemically delivered via intravenous (iv), intraperitoneal (ip) or 

oral administration routes 31.  

Local delivery possesses several advantages over systemic administration, such as 

higher bioavailability due to their proximity to the target tissue, reduced side effects, 
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lower required doses, simple formulation. In contrast, when polyplexes are 

administrated systemically, they have to travel through the body before they reach the 

target tissue or cell avoiding uptake and clearance by non-target tissues 126,127. 

In the bloodstream, polyplexes should avoid kidney filtrations and uptake by 

phagocytes, moreover polyplexes can interact with serum proteins resulting in a 

premature release of the therapeutic nucleic acid and subsequently enzymatic 

degradation by endogenous endonucleases 128. Once polyplexes leave the bloodstream 

should cross the vascular endothelium. In general, the transport of molecules > 5 nm in 

diameter is significantly difficult in normal tissues. However, certain tissues allow the 

entry of large molecules, such as liver, spleen and some tumors 129,130. Finally, 

polyplexes should diffuse through the extracellular matrix, which is a dense network of 

proteins and polysaccharides that can limit the transport of polyplexes to the target cell 

or tissue 131.  

1.4.2 Intracellular Barriers 

There are several intracellular barriers that polyplexes should overcome, such as cellular 

binding and internalization, escape from the endosome, and release of the nucleic acid 

into their intracellular target site, for example: nucleus for DNA and cytosol for siRNA. 

In the cellular binding and internalization the size and surface charge of polyplexes play 

an important role. The size of polyplexes determines the cellular uptake mechanism. In 

general, cells internalize polyplexes with size approximately around 200-500 nm. 

Moreover, positive surface charges can be beneficial for cellular binding since cell 

membranes are negatively charged since their surfaces possess a high content of 

proteoglycans 132. In addition, targeting-ligands can be attached on the polyplexes for 

specific-cell binding. Then, polyplexes should escape from the endosome (cytosolic 

release) in order to avoid the late enzymatic digestion of the nucleic acid in the 

lysosomal vesicles; and finally, polyplexes should release the nucleic acid. For efficient 

gene expression from pDNA, the cytosolic trafficking of polyplexes to the nucleus is 

crucial allowing nuclear import of the plasmid DNA for efficient transcription in the 

nucleus 133. In contrast, for efficient gene knockdown using siRNA, polyplexes must 

release the siRNA in the cytosol 32. 
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The following Table 1. 3 summarize the different challenges that non-viral vectors need 

to overcome for efficient delivery of the nucleic acid, and some solutions are 

mentioned. 

Table 1. 3 Cellular Barriers in Nucleic Acid Delivery 

Cellular barriers Challenge Approach 

Extracellular: 

Systemic 

administration 

 

-Unspecific interaction with serum proteins and 

aggregation. 

-Immunological and inflammatory response. 

 

-Nuclease degradation. 

 

-Insufficient internalization and cell specifiicity 

 

-Surface modification  

(PEG modification of the vector). 

-Used biodegradable and 

biocompatible vectors. 

-Nucleic acid encapsulated in stable 

vectors. 

-Incorporation of targeting-ligands 

Intracellular: 

Endosomal escape 

 

 

Intracellular 

localization 

 

-Insufficient endosomal escape. 

 

 

-Controlled complex disassembly and nucleic 

acid release at the cytoplasm (siRNA) or nucleus 

(pDNA) 

 

 

-Incorporation of fusogenic peptides, 

proton sponge effect. 

 

-Incorporation of bioactive groups to 

facilitate cytosolic trafficking and 

nuclear import. 

 

 

1.5 STATUS OF GENE THERAPY 

Nowadays there are more than 1900 approved gene therapy clinical trials that still 

ongoing worldwide, and the majority of protocols are in phase I. Moreover, the main 

gene transfer methods used for gene transfer include adenoviral and retroviral vectors; 

and naked plasmid DNA (Figure 1. 7). 

 

Figure 1. 7 Graphical Presentation of the Different Clinical Trials Phases and Gene Transfer 
Methods Used for Gene Therapy. Source: www.wiley.co.uk/genmed/clinical 
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Despite the preliminary results of some clinical trials have been  disappointed, 

promising results also have been emerged in recent gene therapy clinical trials including 

Leber's congenital amaurosis, X-linked severe combined immunodeficiency, 

choroideremia, hemophilia B, among others 134-137. 

A variety of gene mutations have identified to alter cellular proliferations, angiogenesis, 

and tumor immunogenicity, which result in human cancer. Therefore, gene therapy has 

emerged as a potential treatment for different types of cancer. For this reason, the major 

numbers of clinical trials in gene therapy are addressed to treat cancer diseases, over 

60%, followed by monogenetic, infectious and cardiovascular diseases (Figure 1. 8). 

 

Figure 1. 8 Graphical Presentation of Gene Therapy for the Treatment of Different Diseases. 
Source: www.wiley.co.uk/genmed/clinical 

Although viruses represent the most commonly used vectors for gene therapy due to 

their high transfection efficiency, increasing concerns about their immunological 

response prompts the development of safe and effective non-viral delivery systems. 

Here is where this thesis is focused on the development of safe and efficient vectors as 

described in the aims. 

The main objective of this thesis is the development of safe and efficient non-viral 

vectors, based on poly(β-aminoester)s, for the delivery of different nucleic acids. These 

polymeric systems are expected to be low toxic due their high biodegradability and able 

to enhance transfection efficiency by structural modifications. Moreover, the effect of 

the structural modifications of these polymers on transfection efficiency, nucleic acid 

binding capability and cytotoxicity are investigated. 
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In order to achieve the main objective, the following goals were proposed:  

§ To explore different strategies, based on the tunning of molecular weight of 

polymers, the introduction of bioreducible groups in the polymer chains and the 

incorporation of oligopeptides into the polymeric structure to improve gene 

delivery of poly(β-amino esters) structures (Chapter 3).  

§ To develop a new family of oligopeptide-modified pBAEs and to evaluate the 

effect of the different formulations of oligopeptide-modified pBAEs on their 

gene delivery properties, cellular specificity, cellular localization, transfection 

efficiency and cytotoxicity (Chapter 4).  

§ To evaluate the ability of the new family of oligopeptide-modified pBAEs to 

efficiently condense and deliver siRNA and determine their silencing efficiency 

and cell viability in cancer cell lines (Chapter 5).  

§ To develop a local and sustained release delivery system for siRNA and their in 

vivo evaluation using a murine breast cancer model (Chapter 6). 
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2 MATERIALS AND METHODS 

In this chapter are described the general materials and methods, however specific 

experimental procedures are described in each chapter. 

2.1 MATERIALS 

Reagents and solvents were obtained from Sigma-Aldrich, Panreac and Dendritech Inc. 

and used as received unless otherwise stated. Oligopeptides were purchased from GL 

Biochem (Shangai) and transferred to hydrochloride salt form before used. Media and 

other products for cell culture where obtained from PAA, GIBCO and ATCC. Plasmid 

pmaxGFP (3.486 bp) was obtained from Amaxa.  Reagents for molecular biology were 

purchased from VWR, Thermo Scientific, BD Bioscience, Promega, Merck, QIAGEN, 

and Invitrogen. Cell lines were obtained from ATCC (Manassas, VA) and BioNova 

(Spain). 

2.2 NMR SPECTROSCOPY 

1H-NMR spectra were recorded in a 400 MHz Varian (Varian NMR Instruments, 

Claredon Hills, IL) and deuterated solvents were used as solvent. The following 

abbreviations were used to describe the multiplicities: s = singlet, d = doubled, dd = 

double doubled, t = triplet, q = quartet, m = multiplet and b = broad signal. 

2.3 INFRARED SPECTROSCOPY 

IR spectra were obtained using a Nicolet Magna 560 (Thermo Fisher Scientific, 

Waltham, MA) with a KBr beamsplitter, using methanol as solvent in evaporated film. 

2.4 GEL PERMEATION CHROMATOGRAPHY 

Molecular weight of polymers were determined on a Hewlett-Packard 1050 Series 

HPLC system equipped with two GPC Ultrastyragel columns, 103 and 104 Å (5µm 

mixed, 300 mm X 19 mm, Waters Millipore Corporation, Milford, MA, USA) and THF 

as the mobile phase. The molecular weight was calculated by comparison with the 

retention times of polystyrene standards. 
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2.5 DYNAMIC LIGHT SCATTERING (DLS) MEASUREMENTS 

Nanoparticles were characterized in terms of particle size distribution and zeta potential 

by dynamic light scattering at room temperature with a Nanosizer ZS instrument 

(Malvern Instruments Ltd, United Kingdom, 4-mW laser), using a wavelength of 633 

nm. Correlation functions were collected at a scattering angle of 90º, and particle sizes 

were calculated using the Malvern particle sizing software (DTS version 5.03). The 

value was recorded as the mean of three measurements and each measurement was 

determined from the average of 12 cycles in a disposable plastic cuvette.  

2.6 NANOPARTICLE TRACKING ANALYSIS (NTA)  

Nanoparticles were characterized by Nanoparticle Tracking Analysis technique, which 

measures particle size and particle concentration by video tracking many individual 

particles simultaneously using NanoSight LM10 (NanoSight Limited, UK). 

2.7 SYNTHESIS AND CHARACTERIZATION OF POLYMERS 

Poly(β-aminoester)s were synthesized following a two-step procedure. First, an 

acrylate-terminated polymer was synthesized by addition reaction of primary amines 

with diacrylates (for example, at 1:1.2 molar ratio of amine:diacrylate). Then, pBAEs 

were obtained by end-capping modification of the resulting acrylate-terminated polymer 

with different kind of amine- and thiol-bearing moieties. Synthesized structures were 

confirmed by 1H-NMR and FT-IR analysis, and molecular weights of pBAEs were 

determined by GPC analysis.  

2.8 PROTON SPONGE EFFECT-BUFFERING CAPACITY 

The buffer capacity of polymers was determined by acid-base titration. Briefly, 

polymers were dissolved at a final concentration of 1mg/mL in an aqueous solution of 

sodium chloride (150 mM). The resulting polymer solution was adjusted to pH 10 with 

sodium hydroxide. The titration curve was determined by stepwise addition of 10 µL 

aliquots of hydrochloric acid (0.1 M). The pH was measured after each addition with a 

pH meter (Crison Basic 20+, Crison Instruments) until pH 2 was reached.   

2.9 NANAOPARTICLE FORMATION  

Equal volumes of poly(β-aminoesters) and DNA or siRNA were mixed at different 

Polymer-to-DNA or Polymer-to-siRNA ratios (w/w), to obtained the desired 
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polyplexes. The resulting nanoparticles were characterized by dynamic light scattering 

and gel retardation electrophoretic assay. 

2.9.1 Polymer/DNA Polyplexes  

Polyplexes were formed by mixing poly(β-aminoesters) and pGFP plasmid at different 

polymer-to-DNA weight ratios (w/w). Briefly, pBAE stock solutions in DMSO (100 

mg/mL) were diluted with acetate buffer (25 mM acetate buffer pH 5.0) at appropriate 

concentrations to obtain the desired polymer/DNA ratios (w/w). Appropriately diluted 

pBAE (100 µl) was added to a solution of plasmid pGFP (100 µl at 60 µg/mL in acetate 

buffer 25 mM pH 5.0), mixed with vortex vigorously for few seconds and incubated at 

37ºC for 30 minutes.  

2.9.2 Polymer/siRNA Polyplexes  

Polyplexes were formed by mixing poly(β-aminoesters) and siRNA at different 

polymer/siRNA ratios (w/w). Briefly, pBAE stock solutions in DMSO (100 mg/ml) 

were diluted with acetate buffer (25 mM acetate buffer pH 5.0) at appropriate 

concentrations to obtain the desired polymer/siRNA ratios (w/w). A solution of siRNA 

(100 µl at 10 µg/mL in acetate buffer 25 mM pH 5.0) was added to an appropriate 

diluted pBAE (100 µl), mixed with vortex vigorously for few seconds and incubated at 

room temperature for 30 minutes.  

2.10  GEL RETARDATION ASSAY 

The nucleic acid-binding capability of the newly synthesized poly(β-aminoester)s 

polymers was evaluated by agarose gel electrophoresis at different polymer-to-nucleic 

acid ratios (w/w). 

2.10.1 Polymer/DNA Polyplexes  

The electrophoretic mobility of polymer/DNA complexes was performed on agarose gel 

0.8 % (w/v) containing 1µgml-1 ethidium bromide in TAE buffer (2 M Tris, 2 M acetic 

acid, 50 mM EDTA). Complexes were prepared containing 0.48 µg of DNA at different 

polymer/DNA ratios (w/w) and loaded into agarose gel, and then samples were run for 

45 min at 60V (Apelex PS 305, France). Finally, DNA bands were visualized by UV 

irradiation. 
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2.10.2 Polymer/siRNA Polyplexes 

The electrophoretic mobility of polymer/siRNA complexes was performed on agarose 

gel 2.5 % (w/v) containing 1µgml-1 ethidium bromide in TAE buffer (2 M Tris, 2 M 

acetic acid, 50 mM EDTA). Complexes were prepared containing 0.24 µg of siRNA at 

different polymer/siRNA ratios (w/w) and loaded into agarose gel, then samples were 

run for 1h at 60V (Apelex PS 305, France). Finally, siRNA bands were visualized by 

UV irradiation. 

2.11 CELL CULTURE 

COS-7 (African green monkey kidney fibroblast cell line), A549 (human alveolar basal 

epithelial cancer cell line), HeLa (human cervical carcinomal cell line), hNDF (primary 

human normal dermal fibroblast) and HaCaT (human keratinocyte cell line) were 

maintained at 37°C in 5% CO2 atmosphere in complete DMEM, containing 10% fetal 

bovine serum, 100 units/mL penicillin, 100 μg/mL streptomycin, 2 mM L-glutamine. 

MDAMB231-GFP (human mammary gland cancer cell line stably expressing green 

fluorescent protein, GFP) and HeLa-GFP (human cervical carcinoma cell line stably 

expressing green fluorescent protein, GFP) were maintained at 37°C in 5% CO2 

atmosphere in complete DMEM, containing 10% fetal bovine serum, 100 units/mL 

penicillin, 100 ug/mL streptomycin, 0.1 mM MEM Non-Essential Amino Acids 

(NEAA), 2 mM L-glutamine. MDAMB231-Luc (human mammary gland cancer cell 

line stably expressing firefly luciferase, Luc) was maintained at 37°C in 5% CO2 

atmosphere in complete EMEM, containing 10% fetal bovine serum, 100 units/mL 

penicillin, 100 ug/mL streptomycin and 2 mM L-glutamine. All cells were grown as 

monolayers on 100 mm culture dishes with complete medium, when cells became 

confluence, approximately every 3-4 days, the cells were subcultured at a 1:10 split 

ratio. 

2.12 FLOW CYTOMETRY 

Flow cytometry (BD LSRFortessa cell analyzer) was used to analyzed GFP expression 

or cellular uptake of labeled polyplexes after cell transfections. Briefly, transfected cells 

were trypsinized and fixed with paraformaldehyde (PFA) at final concentration of 1% 

(w/v). A total of 5.000 cells were analyzed per sample, and fluorescence gating was 

determined using samples receiving no treatment and treated with commercial reagents. 
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2.13 CELL VIABILITY ASSAY: MTS 

Cell viability assays of transfected cells were performed using the MTS assay (CellTiter 

96® AQueous One Solution Cell Proliferation Assay) post-transfection as instructed by 

the manufacturer. Briefly, the medium was removed after transfection, and cells were 

washed with PBS and complete medium supplemented with 20% MTS reagent (v/v) 

was added. Cells were incubated at 37ºC and absorbance was measured at λ=490 nm 

using a microplate reader (Elx808 Biotek Instruments Ltd, USA). Cell viability was 

expressed as relative percentage compared to untreated cells. The relative percentage of 

cell viability (%) was calculated following the next Equation 2. 1: 

𝑪𝒆𝒍𝒍  𝑽𝒊𝒂𝒃𝒊𝒍𝒊𝒕𝒚   % =
𝑨sample
𝑨control

  𝒙  𝟏𝟎𝟎   

Equation 2. 1 

where Asample  is the absorbance of transfected cells and Acontrol  is the absorbance of 

untreated cells. Each experiment was done in triplicate. 

2.14 OPTICAL IMAGING 

Bioluminiscence or fluorescence imaging was performed on whole bodies of mice using 

and IVIS imaging system 200 series (Xenogen). The Living Image ® software 

(Xenogen) was used for both data acquisition and analysis in order to quantified both 

bioluminescence or fluorescence signals. 

In vivo luciferase expression of tumors was quantified as total flux (photons/s [p/s]) 

within the region of interest (ROI) using Living Image® software (Xenogen). 

In vivo fluorescence signal of hydrogel scaffolds was detected by the IVIS camera 

system with the proppertly filter set (excitation 570nm, emission 620nm) integrated, 

digitized, and displayed. Regions of interest from displayed images were identified 

around the tumor sites and were quantified as total radiant efficiency ([p/s]/[µW/cm2]) 

using Living Image® software (Xenogen). 

2.15 STASTICAL ANALYSIS 

All values are expressed as mean ± standard deviation. Statistical differences were 

analyzed with GraphPad Prism 5. The unpaired Student’s t-test was used to test 
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statistical difference between two measurements. One-way ANOVA test was used to 

test statistical difference between sets of measurements. p-values below 0.05 were 

consideredsignificant.
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3 EXPLORATION OF DIFFERENT STRATEGIES TO 

IMPROVE GENE DELIVERY OF pBAE-BASED DELIVERY 

SYSTEMS  

3.1 INTRODUCTION 

As it was discussed in chapter 1, gene therapy has emerged as a potential therapeutic 

treatment for many diseases, however the lack of safe and efficient vectors to deliver 

nucleic acids remains the principal handicap. While the majority of current gene therapy 

protocols employ viral delivery systems 1,2, concerns regarding the safety of viral 

vectors have prompted the development of synthetic alternatives 3–6. For efficient gene 

delivery using polymer carriers, polymers should condense DNA and protect it from 

degradation, allow cellular binding and internalization. Moreover, endosomal escape, 

and intracellular disassembly of polyplexes play an important roles to achieve efficient 

gene delivery 7,8. Several cationic polymers have been developed and used as non-viral 

vectors, however high transfection efficiency has been associated with high degree of 

cytotoxicity 9–11. Therefore, the use of biodegradable polymeric vectors are necessary to 

decrease their cytotoxicity and realize their clinical potential 8,12. In general, the most 

commonly used biodegradable polymers contain hydrolytically sensitive bonds, such as 

ester bonds 13. In addition, intracellularly activated trigger systems based on pH, redox 

potential or enzymes, have been explored to enhance the delivery efficiency and reduce 

the cytotoxicity of polymer-based carriers 14–18. 

Poly(β-aminoester) polymers have emerged as promising non-viral vectors due to their 

low toxicity and high transfection effciency 19,20. Poly(β-aminoester) polymers are 

easily synthesized through classical Michael addition reaction involving the conjugation 

of either a primary amine or a bis(secondary amine) monomer with a diacrylate ester, in 

a one step reaction without the production of any byproducts (Figure 3. 1). 

 

Figure 3. 1 Synthesis Scheme of Poly(β-amino esters). Primary amine reacts by Michael addition with 
a diacrylate ester. 
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Nanoparticles prepared with pBAEs are able to overcome some of the intracellular 

barriers involved in the gene delivery process 21. pBAEs can self-assembly with DNA 

by electrostatic interactions between positive amine groups and negative phosphate 

groups, obtaining polyplexes with nanometric size. These polyplexes can be 

internalized by cells and are able to escape from the endosomal compartment by the 

“proton sponge effect” 22. Moreover, several pBAEs have been successfully used to 

deliver genes in vivo for the treatment of different diseases, such as prostate cancer, 

gliobastome and lung cancer 23–25. 

A large library of 2,350 structurally unique pBAEs using high-throughput combinatorial 

chemistry has been previously described 26,27. In this study, it was found that end-

modification of the best performing polymer, known as C32, with diamines resulted in 

improved gene delivery 28,29. Given the high tunability of these polymers, different 

structures can be designed and evaluated for efficient gene delivery. 

The main objective of this chapter is to explore different polycationic structures based 

on poly(β-aminoester) polymers, to improve their transfection efficiency and cell 

viability. In order to achieve this objective the following tasks were proposed: 

1. Synthesis and biophysical characterization of diamine-modified pBAEs having 

different molecular weight, bioreducible groups or oligopeptide moieties. 

2. In vitro determination of gene transfection of the newly synthesized pBAE 

polymers. 

3.2 RESULTS AND DISCUSSION  

3.2.1 Influence of Molecular Weight of Poly(β-aminoester)s on Transfection 

Efficiency  

In order to study the influence of molecular weight on transfection efficiency, diamine-

modified poly(β-aminoester)s with different molecular weight were synthesized and 

biophysically characterized. 
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3.2.1.1 Synthesis of amine-terminated poly(β-aminoester)s with different molecular 

weight 

The synthesis of amine end-modified poly(β-aminoester)s was performed via a two-step 

procedure, as similarly described in previous reports 30,31. First, acrylate-terminated C32 

intermediate polymers were obtained by Michael addition of primary amines to 

diacrylates as shown in Figure 3. 2. 

 

Figure 3. 2 Synthesis Scheme of Acrylate-Terminated Poly(β-aminoester)s. Synthesis of acrylate 
terminated C32 polymers by Michael addition of primary amine monomer (32) to diacrylate monomer 
(C). 

Here, 5-amino-1-pentanol (32) was used as the primary amine monomer and 1,4-

butanediol diacrylate (C) as the diacrylate monomer. The molecular weight of polymers 

and chain end-groups were controlled by the molar stoichiometry of monomers. An 

excess of amine or diacrylate monomers resulted in amine- or acrylate-terminated 

polymer, respectively. Moreover, three different molar ratios of monomers 

(amine:diacrylate), with a slight excess of diacrylate, were used. Polymerization was 

confirmed by GPC, and the resulting C32 polymers showed different weight average 

molecular weight depending on the molar ratio amine/diacrylate used (Table 3. 1).  

Table 3. 1 Weight Average Molecular Weight (Mw) of Intermediates C32 Polymers Obtained by 

Different Monomer Stoichiometry.The Mw of intermadiates C32 polymers were calculated by GPC 

relative to polystyrene standard samples.   

 

The weight average molecular weight of intermediate C32 polymers was increased 

when the molar ratio of monomers was nearly stoichiometric. All three polymers had a 
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polydispersity PDI (Mw/Mn) >1.7, indicating a rather broad statistical distribution of 

polymer chain lengths, which is typical for this kind of polymerization 31,32. 

Based on previous experiments, it was found that amine-modifications of C32 polymer 

with the diamine, 1,5-diamine 2-metilpentane, improved gene transfection 29. Therefore, 

this diamine was employed to end-modify the acrylate-terminated termini of C32 

polymer (Figure 3. 3).  

 

Figure 3. 3 Synthesis Scheme of Amine-Terminated Poly(β-amino ester)s. B3 was obtained after end-
capping of C32 intermediate polymer.  

The resulting amine-terminated pBAEs, B3, were characterized in terms of molecular 

structure by 1H-NMR and FT-IR. The chemical structure of amine-terminated pBAEs 

was confirmed by the disappearance of acrylate signals and the presence of signals 

typically associated with the methyl group (-CH3) from diamine. The molecular weight 

of the resulting amine-terminated pBAEs was not significantly different form their 

corresponding C32 intermediate polymers due to the diamine used has low molecular 

weight. 
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3.2.1.2 Nanoparticle formation and biophysical characterization  

In order to study the ability of the polycations to bind and condense DNA into discrete 

nanoparticles, agarose gel retardation assays were performed. Moreover, physical 

properties of the resulting nanoparticles were measured using dynamic light scattering. 

Briefly, equal volumes of amine-modified pBAEs and DNA solutions were mixed at 

different polymer/DNA weight ratios (w/w) to obtain the desired polymer/DNA 

polyplexes, as previous described in the experimental section.  

Gel retardation assay 

In order to study the capacity of the different B3 polymers to bind DNA, gel retardation 

assays were performed using a plasmid coding for green fluorescent protein (pGFP). 

Different polymer/pGFP weight ratios (w/w) were evaluated ranging from 2:1 to 250:1 

(Figure 3. 4). 

 

Figure 3. 4 Gel Retardation Assays of B3/pGFP Polyplexes.Polyplexes were formed using pmaxGFP 
and different amine-modified pBAEs polymers at indicated polymer:DNA weight ratios (w/w), and 
loaded into an agarose gel containing ethidium bromide to asses DNA mobility by electrophoresis. 

Complexes prepared with B3-1-3 polymers and pGFP plasmid revealed different DNA 

complexation, since substantial free DNA was observed in some cases at the same 

ratios. For example, complexes prepared with B3-1, which possesses the highest 

molecular weight, revealed high fluorescence in the wells, which probably indicated 

inefficient DNA complexation. Moreover, substantial free DNA bands were observed at 

polymer/DNA ratios lower than 10:1. In contrast, B3-2 and B3-3, which possesses a 

lower molecular weight, revealed only a slight fluorescence in the wells, suggesting a 

more efficient DNA complexation. Interestingly, B3-3 polymer showed only a free 

DNA band at 2:1 polymer/DNA ratio.  

pGFP%%%%%2%%%%%%%5%%%%%%10%%%%25%%%50%%%100%%%150%%%200%%%250!%pGFP%%%%%2%%%%%%5%%%%%%10%%%%%25%%%%50%%%%100%%%%150%%%200%%%250! pGFP%%%%%2%%%%%%%5%%%%%10%%%%%25%%%%%50%%%%100%%%150%%%200%%%250!

B3%,1! B3,2! B3,3!
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In general, polymers having high molecular weight have shown strong DNA-binding 

capabilities, which is influenced also by the charge density of the polymer 26,33,34. Here, 

there was no correlation between high molecular weight and high DNA-binding 

capability, since amine-modified pBAEs with low molecular weight showed better 

DNA-binding capability. This could be attributed to pBAEs, with low molecular 

weight, contain a major number of amine-terminated groups (per weight) capable of 

interacting with phosphate groups from DNA, and thus decrease significantly the 

polymer/DNA ratios required for efficient DNA complexation. 

Dynamic light scattering measurements 

It has been described in the literature that both size and surface charge of polyplexes 

have a great influence in their cellular uptake 27. As previously mentioned in chapter 1, 

most cell types are able to internalize particles with size below 500 nm in diameter. In 

addition, a positive surface charge may lead to a greater interaction with the negatively 

charge cell membrane, facilitating cellular uptake 30. 

Given that the last experiments demonstrated that at polymer/DNA ratios below 25:1 

there was inefficient DNA-binding, equal or higher ratios than 20:1 were analyzed in 

terms of particle size and zeta potential using dynamic light scattering technique (Figure 

3. 5). 

 

Figure 3. 5 Average Size and Zeta Potential Determined by Dynamic Light Scattering.Polyplexes 
were prepared mixing different polymers B3 with plasmid pmaxGFP at different polymer:DNA ratios 
(w/w) in AcONa buffer solution (25 mM, pH 5.0) and  diluted in phosphate buffer saline. Results are 
shown as mean and standard deviation of triplicates. 
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In general, the three different B3 polymers were able to condense DNA into discrete 

nanoparticles with average hydrodynamic diameters comprised between 100 and 500 

nm. Polyplexes prepared with B3-3 polymer, which has the lowest molecular weight, 

formed nanoparticles with the smallest size; about 100 nm at all tasted ratios. In 

contrast, polyplexes prepared either with B3-1 and B3-2 polymers, presented a 

significant increase in particle size compared with B3-3. Interestingly, polyplexes 

prepared with B3-1 and B3-2 at lower ratios, 20:1 and 50:1, showed particles with 

larger sizes, ranging from 270 to 500 nm. While the same polyplexes prepared at higher 

ratios, 100:1 and 150:1, showed particles with lower sizes, around 200-300 nm. These 

results suggest that for high molecular weight polymers, increasing polymer/DNA ratios 

results in more efficient DNA complexation, probably as a consequence of increasing 

the number of primary amine groups in the formulation, and therefore facilitating DNA 

complexation in small particles.  

Moreover, it was found that all the polymer/DNA polyplexes prepared with the three 

different B3 polymers showed positive zeta-potentials (> +10 mV). Notably, B3-2 at 

20:1 ratio and B3-1 at 50:1 ratio showed slightly positive zeta-potential (< +10 mV), 

this could be attributed to an inefficient DNA complexation.  

In summary, all B3 polymers were able to condense DNA into discrete nanoparticles 

with size below 500 nm and with positive zeta potential. Low molecular weight B3 

polymer showed the smallest particle size, while B3 polymer with higher molecular 

weights yielded larger particles. These results suggested that polymers with low 

molecular weight, which have a higher number of amine groups (per weight), improved 

the fabrication of nanoparticles with small size and positive zeta potential. 

3.2.1.3 In vitro transfection with amine-terminated pBAEs on COS-7cells 

In order to evaluate the transfection efficiency and cytotoxicity of B3 polymers, having 

different molecular weights, COS-7 cells were transfected with B3 polymers and a 

plasmid coding for the reporter green fluorescent protein (pmaxGFP). GeneJuice ®, a 

commercially available transfection agent, which is mainly composed of a non-toxic 

cellular protein and a polyamine, was used as positive control in order to compare their 

transfection efficiency and cytotoxicity with the different diamine-modifed pBAEs. 
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Transfection efficiency of amine-modified pBAEs 

The transfection protocol was optimized for B3 polymers and GeneJuice ®, as 

previously described in the experimental section, and the optimal formulations for B3 

and GeneJuice were determined at 50:1 (w/w) for B3/pGFP and at 3:1 (v/w) 

GeneJuice/pGFP.  

COS-7 cells were transfected with B3 polymers and GeneJuice ® using the plasmid 

coding for GFP and fluorescent protein expression was evaluated at 48 hours post-

transfection by flow cytometry (Figure 3. 6). 

 

Figure 3. 6 COS-7 Cells Transfected with Different Amine-terminated Poly(β-aminoester)s and 
Plasmid pGFP  at 50:1 Weight Ratio. GFP expression was determined by flow cytometry and plotted as 
percentage of GFP-positivecells multiplied by the mean fluorescence of the positive population. Results 
are shown as mean and standard deviation of triplicates. Statistical significance was determined using 
GeneJuice as control group. ** p<0.001  

Data shown in figure 3.6 demonstrate that the synthesized amine-terminated pBAEs did 

not show any significant improvement on transfection efficiency when compared to 

positive control, GeneJuice ®. Interestingly, B3 polymers with low molecular weight, 

such as B3-3 and B3-2 (2,276 and 3,938 g/mol, respectively) showed better transfection 

efficiency than polymer B3-1, which had the highest molecular weight (8,742 g/mol).  

Given that all B3 polymers possess similar buffering capacity, as determined in the 

experimental section (Figure 3.19), the different transfection efficiencies observed may 

be attributed to different cellular uptake of nanoparticles, due to B3-1 showed large 

particles (500 nm) and slightly positive zeta potential, when compared to B3-2 and B3-3 

(300 and 100 nm, respectively) and positive zeta potential. Moreover, the low 

transfection efficiency achieved with B3-1 (the highest molecular weight) it could be 
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attributed to an inefficient unpacking of the polyplexes. It has been reported that one of 

the crucial steps to achieve high transfection efficiencies is the ability of polyplexes to 

disassemble and release the DNA, and high molecular weight polymers can difficult this 

DNA unpacking, mainly due to polymer chain entanglement and multivalent 

interactions 16,35–37.  

It is highly remarkable that amine-modified pBAEs with low molecular weights (2,000 

– 4,000 Da) achieved better transfection efficiency than high molecular weights (above 

8,000Da), since these lower molecular weight polymers have been classified as poor 

transfection agents 26,31. Moreover, the transfection efficiency obtained is comparable 

with a commercial reagent. 

Viability of cells transfected with amine-terminated pBAEs 

In vitro cytotoxicity is an important parameter in gene delivery and sometimes the 

applicability of the delivery vector is limited by its toxicity. In order to evaluate the 

cytotoxicity of the amine-modified pBAEs, MTS assay was performed after 48 hours 

post-transfection. The cytotoxicity of the best polymer/DNA formulations (50:1) based 

on their transfection efficiencies assessed in the previous experiment was performed and 

compared against GeneJuice, positive controls. Transfection-mediated cytotoxicity was 

expressed as percentage of cell viability relative to untreated cells (Figure 3. 7).  

 

Figure 3. 7 Cell Viability After Transfection with Amine-Modified Poly(β-aminoester)s Using the 
MTS Assay. Viability was determined at 48 h post-transfection and plotted as percentage of viable cells 
relative to a control of untreated cells. Results are shown as mean and standard deviation of triplicates. 
Statistical significance was determined using GeneJuice as control group. * p< 0.05 and *** p< 0.0001 
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Data shown in figure 3.7 demonstrated that cells transfected with GeneJuice showed 

cell viabilities of approximately 85% when compared to untreated cells, which is in 

good agreement with the expected values by the supplier. In contrast, cells transfected 

with all B3 polymers synthesized presented substantial cytoxicity, achieving only a 

40%, 42% and 34% of cell viability B3-1, B3-2 and B3-3, respectively. Moreover, cell 

viability of B3-3 polymer significantly decreased when compared to B3-1, which 

suggests that an increase in amine groups may drive a decrease in cell viability. These 

results are in accordance with previously published results, where it was found that 

polymers having high densities of primary amines usually result in considerable 

cytoxicity 11,38.  

	  

3.2.2 Incorporation of Bioreducible Groups for Efficient Disassembly of 

Polyplexes  

The last results have shown that the molecular weights of pBAE polymer chains have a 

deep influence in transfection efficiency. However, targeting molecular weight has not 

resulted in a clear increase in transfection efficiency and cell viability, when compared 

to a high performance commercially available transfection agent, such as GeneJuice. 

One of the major hurdles in gene delivery is efficient unpacking of nucleic acid (after 

endosomal escape), because strong polymer-nucleic acid interactions may significantly 

hamper gene expression. The introduction of responsive groups that may help vector 

disassembly is an attractive strategy to increase the amount of unpacked plasmid 

available for nuclear routing. One of such strategies is the use of reduction-sensitive 

polymers, which would be cleaved in the reductive environment of the cytosol 17,39,40. 

3.2.2.1 Synthesis and characterization of diamine-modified bioreducible poly (β- 

aminoester)s 

In order to study the influence of disulfide bonds on the disassembly of polyplexes, 

three different bioreducible diamine-terminated poly(β-aminoester)s were synthesized, 

with various percentages of disulfide bonds in the polymer backbone. First, acrylate-

terminated C32SS intermediate polymers were obtained via Michael addition of 

primary amines to diacrylates; and then C32SS intermediate was end-capped with the 

diamine, 1,5-diamine 2-metilpentane, to obtain B3SS polymer as shown in Figure 3. 8. 
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Figure 3. 8 Synthesis Scheme of Amine-Terminated Bioreducible Poly(β- aminoester)s. Synthesis of 
bioreducible acrylate terminated C32SS polymers by Michael addition of primary amine monomer (32) to 
diacrylate monomers (C and CSS); and subsequent end-capping of C32SS intermediate with diamines. 

Here, the polymerization reaction of the three different C32SS intermediate polymers 

was performed at 1:1.2 amine:diacrylate molar ratio. The different percentage of 

disulfide bonds in the polymeric backbone was obtained through the variation of the 

diacrylates monomers, C and CSS, and was targeted at 12.5, 25 and 50%. 

Polymerization was confirmed by GPC and the resulting C32SS polymers showed 

similar average molecular weights, approximately 3000 Da. Then, the diamine-

modifications of C32SS polymers to obtain B3SS polymers were confirmed by 1H-

NMR and FT-IR. The chemical structure of B3SS polymers was confirmed by the 

disappearance of acrylate signals and the presence of signals typically associated with 

the methyl (-CH3) group from the end-capping diamine.  Moreover, the percentage of 

bioreducible diacrylate monomer, CSS, in the polymeric structure was calculated from 

the integration of the bioreducible diacrylate protons -SS-CH2-CH2-O- (Table 3. 2). 

Table 3. 2 Percentage of Monomer CSS in B3SS Polymers. The experimental percentage was 

calculated from integration of 1H-NMR.  
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The experimental percentages of monomer CSS in the backbone of the pBAE polymers 

were slightly different from the theoretical percentage. 

3.2.2.2 Nanoparticle formation and biophysical characterization  

In order to evaluate the ability of the new synthesized bioreducible polycations to bind 

and condense DNA into discrete nanoparticles gel retardation assays were performed. 

The physical properties of the resulting nanoparticles were measured using dynamic 

light scattering. Moreover, the ability of B3SS/DNA polyplexes to uncomplex in 

reducing environments was tested following polyplex incubation with β-

mercaptoethanol as reducing agent, which mimics the intracellular environment. 

Gel retardation assay 

The capacity of the different bioreducible pBAE polymers to bind and condense DNA 

was performed by gel retardation assay using the same plasmid as used in the last 

experiments with non-bioreducible pBAEs. Moreover, the stability of polyplexes to 

reducing enviroments was performed after treatment of polyplexes with a reducing 

agent. Different polymer/DNA weight ratios (w/w) were evaluated ranging from 2:1 to 

100:1 (Figure 3. 9). 

 

Figure 3. 9 Gel Retardation Assay of B3SS/DNA Polyplexes Before and After Treatment with 
Reducing Agent. Polyplexes were formed at different Polymer:DNA weight ratios (w/w), and after 30 
min were loaded onto agarose gel. For reductor treatment, after 30min, reducing agent (β-
mercaptoethanol) was added at final concentration of 10% and incubated for 1hr at RT, and finally loaded 
onto an agarose gel containing ethidium bromide to assess DNA mobility by electrophoresis. 

pGFP%%%%2%%%%%%%%5%%%%%%%10%%%%%%25%%%%%%50%%%%%100%%pGFP%%%%%%2%%%%%%%%5%%%%%%%%%10%%%%%25%%%%%%%50%%%%%100%%

B3SS (12.5%CSS) B3SS (50 %CSS) B3SS (25 %CSS) 
pGFP%%%%%2%%%%%%%%%5%%%%%%%10%%%%%%%25%%%%%%50%%%%%%100%%

B3SS (25%CSS) B3SS (50%CSS) B3SS (12.5%CSS) 

pGFP%%%%2%%%%%%%%5%%%%%%%10%%%%%%%25%%%%%%50%%%%%%100%% pGFP%%%%%%%2%%%%%%%%5%%%%%%%10%%%%%25%%%%%%50%%%%%100%% pGFP%%%%%%2%%%%%%%%5%%%%%%%10%%%%%%25%%%%%%50%%%%%%100%%

+ Reducing Agent 
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As shown in figure 3.9, all bioreducible polymers showed great capabilities for DNA 

binding and condensation at polymer-to-DNA ratios ranging from 5:1 until 100:1. In 

general, increased fluorescence in the wells was observed with increasing percentages 

of the disulfide bond in the polymer structure, which probably indicated less efficient 

DNA binding.  

Moreover, polyplexes incubated in the presence of reducing agent, and loaded onto 

agarose gels showed different behavior. Polyplexes prepared with B3SS polymers 

containing 25% and 50% of disulfide bonds, at ratios lower than 25:1, showed 

substantial free DNA bands, indicating that DNA was released after dissociation from 

polyplex due to the cleavage of disulfide bonds under reducing conditions. Also, both 

polymers showed an increase of fluorescence in the wells at ratios higher than 25:1, 

suggesting a destabilization of the polyplex structure without achieving complete 

dissociation.  In contrast, B3SS polymer containing 12.5% of disulfide bonds did not 

show any free DNA bands at any ratio, however a slight increase in fluorescence was 

observed in the wells, which probably indicates that polyplexes were less destabilized 

under reducing environments, due to a lesser content of disulfide bonds in the polymer. 

Dynamic light scattering measurements 

Previous results indicated that polyplexes prepared at polymer-to-DNA ratio of 50:1 

(w/w) achieved complete DNA condensation. Therefore, polyplexes were prepared with 

B3SS polymers at ratio of 50:1, and were analyzed the physical properties of polyplexes 

before and after treatment with a reducing agent, using dynamic light scattering 

techniques (Figure 3. 10). 
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Figure 3. 10 Average Size and Zeta Potential Determined by Dynamic Light Scattering Before and 
After Treatment with Reducing Agent.Polyplexes were prepared mixing the different polymers B3SS 

with pGFP at 50:1 polymer/DNA weight ratio. Results are shown as mean and standard deviation of 
triplicates. Statistical significance of size and zeta potential values was determined using polyplex before 
treatment with reducing agent, as control group. ** p<0.001, *** p<0.0001 

Results shown in figure 3.10 demonstrated the destabilization of polyplexes obtained 

from B3SS-12.5%, -25% and -50% showed an increase in average hydrodynamic 

diameter after treatment under reducing environments. Moreover, zeta-potential of 

polyplexes decreased and in some cases achieved negative, values. The negative zeta 

potential achieved in polyplexes with high percentage of disulfide bonds, suggest that 

polyplexes were destabilized without complete dissociation and part of DNA remains 

on the surface of the nanoparticle. 

In summary, polyplexes prepared with B3SS polymer containing a high percentage of 

disulfide bonds are more susceptible to dissociation under reducing environments due to 

cleavage of disulfide bonds, resulting in short cationic residues allowing subsequent 

destabilization and dissociation of polyplexes. These results are in good concordance 

with previously published works 16,17,41. 

3.2.2.3 In vitro transfection with bioreducible pBAEs on COS-7 cells 

In order to determine the influence of bioreducible pBAE polymers on transfection 

efficiency and cell viability, in vitro transfection experiments were performed with new 
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synthesized bioreducible pBAEs, B3SS, having different percentage of disulfide bonds 

in their polymeric structure. 

Transfection efficiency with amine-modified bioreducible pBAEs 

Given that the bioreducible pBAEs used in this experiment, B3SS, have the same 

architecture and charge density as B3 polymer, and only differ in the disulfide content, 

polyplexes were prepared at the same polymer-to-DNA ratio found for B3 (50:1). 

GeneJuice ® and B3 were used as positive control. Green fluorescent protein expression 

was analyzed at 48 hours post-transfection by flow cytometry (Figure 3. 11). 

 

Figure 3. 11 COS-7 Cells Transfected with Different Poly(β-aminoester)s and Plasmid pGFP  at 
50:1 Weigth Ratio. a) GFP expression was determined after 48 hours by flow cytometry and plotted as 
percentage of GFP-positive cells multiplied by the mean fluorescence of the positive population. Results 
are shown as mean and standard deviation of triplicates. b) Microscopy images of in vitro transfection 
after 48 hours on cos-7 cells with plasmid pmaxGFP. i) Untreated cells, ii) GeneJuice with pGFP,iii) B3 
+pGFP, iv) B3SS (12,5%) +pGFP, v) B3SS (25%) +pGFP and vi) B3SS (50%) +pGFP. 

Data shown in figure 3.11a demonstrate that incorporation of disulfide bonds in the 

polymeric structure did not improve the transfection efficiency since GFP expression 

was not increased, when compared to GeneJuice ®.  Moreover, all B3SS polymers 

showed a decrease in GFP expression, when compared to B3 control, which did not 

have disulfide bonds in its backbone. Interestingly, bioreducible polymers showed a 

pronounced decrease of GFP expression, when the percentage of disulfide bonds in the 
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polymeric structure was increased, achieving the lowest GFP expression with B3SS-

50% polymer. Microscopy images in figure 3.11b revealed this different transfection 

efficiency, as shown in images ii) and iii), where high fluorescence due to increased 

GFP expression with GeneJuice and B3 was observed, respectively. 

Given that all amine terminated-pBAEs, either B3 or B3SS, possessed similar 

molecular weights, charge densities, buffer capacities and formed polyplexes with 

similar features in terms of size and zeta-potential, the different GFP expressions were a 

consequence of the presence of disulfide bonds, which play an important role in 

polyplex dissociation in the intracellular environment.  

The low GFP expression achieved with B3SS polymers may suggest that fast polymer 

dissociation took place and rapid DNA release occurred. A rapid DNA release in the 

cytosol is critical since can be degraded by the presence of nucleases 42. Moreover, the 

mobility of the DNA through the cytosol plays an important role in efficient gene 

delivery. The mobility of large molecules, such as plasmid DNA, is limited in the 

cytosol, and thus trafficking to the nucleus is difficult 43,44. Therefore, fast DNA 

unpacking from polyplexes may contribute to decrease trafficking to the nucleus, as it 

has been shown that partially destabilized polyplexes may be more efficiently routed to 

the nucleous than plasmid alone 45. Previous works have described the importance of 

nuclear transportation for efficient gene delivery 35,36.  

Cell viability after transfection with amine-modified bioreducible pBAEs 

Once the transfection efficiency was determined, in vitro cytotoxicity was assessed in 

order to evaluate the effect of disulfide bonds in the polymeric structure. Therefore 

MTS assay was performed after 48 hours post-transfection.  

The cytotoxicity of polymer/DNA polyplxes, prepared at 50:1 weight ratio, was 

compared against GeneJuice and B3 positive controls. Transfection-mediated 

cytotoxicity was expressed as percentage of cell viability relative to untreated cells 

(Figure 3. 12).  
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Figure 3. 12 Cell Viability Levels of Cells After Transfection with Poly(β-aminoester)s Measured 
Using the MTS assay. Viability was determined at 48 hours post-transfection and plotted as percentage 
of viable cells relative to a control of untreated cells. Results are shown as mean and standard deviation of 
triplicates. Statistical analysis was performed using GeneJuice as control group. ***p< 0.0001 

Results shown in figure 3.12 indicate that GeneJuice® achieved the highest cell 

viability with values greater than 80%, when compared to untreated cells. In contrast, 

all amine-modified pBAEs showed limited cell viability, achieving similar values 

around 40%. The fact that pBAE polymers showed the same cell viability and no 

improvement in cell viability was achieved with bioreducible polymers, may suggest 

that the decreased cell viability was caused by the diamine used, which posses certain 

toxicity as previously mentioned.  

3.2.3 Incorporation of Oligopeptide on pBAEs Structure to Improve 

Transfection Efficiency  

The previous results have shown that the introduction of disulfide bonds in the polymer 

backbone of diamine-terminated pBAE polymers is not an effective strategy to improve 

transfection efficiency or cell viability. Moreover the diamine used to end-cap the C32 

polymer showed a high degree of cytotoxicity, which is typical of aliphatic amines 11,38. 

Several peptides rich in arginine residues have demonstrated efficient delivery of 

molecules via a mechanism known as intracellular translocation 15,46,47. In addition, 

arginine residues conjugated to different polymers, such as poly(amidoamine) 

(PAMAM) dendrimer and poly(L-lysine) (PLL) dendrimer, have shown improved 

transfection efficiency and cell viability, when compared to unmodified polymers 48,49.  
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In order to improve the transfection efficiency of pBAEs, the end-capping of both 

acrylate-intermediate polymers, C32 and C32SS, with a mixture of diamine and an 

oligopeptide moiety was proposed. The chosen oligopeptide was a tetrapetide, CR3, 

composed by three arginine amino acids and a terminal cysteine amino acid, which has 

a nucleophile thiol group that can react with acrylate termini, yielding terminally 

scrambled end-modified poly (β-aminoester)s. 

3.2.3.1 Synthesis and characterization of terminally scrambled poly (β-aminoester)s 

In order to study the influence of combination of hydrophobic primary diamines, like 

1,5-diamine 2-metilpentane, with oligopeptide moieties, CR3, on transfection 

efficiency, scrambled pBAEs were synthesized following the same synthetic produce 

than for diamine-modified pBAEs (Figure 3. 13). 

 

Figure 3. 13 Synthesis Scheme of Terminally Scrambled pBAEs, B3CR3 and B3SSCR3.The 
synthesis was performed by end-modification of diacrylate-terminated pBAEs with diamines and 
oligopeptide at 1:0.5:1.5 molar stoichiometry, respectively; in DMSO at RT overnight. a) Synthesis of 
B3CR3 polymer from C32 polymer. b) Synthesis of B3SSCR3 polymer from bioreducible C32SS-25% 
polymer. 

The scrambled pBAEs synthesized were obtained after modification of previously 

synthesized and characterized diacrylate-terminated pBAEs, C32 and C32SS-25% (with 

similar molecular weights, around 3,000 Da), by addition of 1,5-diamine-2-

methylpentane and cysteine-terminated oligopeptide, CR3.  

Briefly, scrambled pBAEs were synthesized after first reaction with oligopeptide moiety 

by addition of the thiol group from cysteine, which possesses higher nucleophilicity and 
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made the reaction occur readily, followed by a second reaction with diamine. The 

resulting structures of scrambled pBAEs, B3CR3 and B3SSCR3, were confirmed by 
1H-NMR and FT-IR techniques. Molecular weight of scrambled pBAEs was slightly 

increased since the cationic oligopeptides possessed higher molecular weights than the 

diamine. 

3.2.3.2 Buffering capacity of scrambled pBAEs 

In order to evaluate the buffering effect of oligopeptide incorporation in the pBAEs, 

titration curves of both scrambled pBAEs, B3CR3 and B3SSCR3, were performed as 

described in the experimental section (Figure 3. 14). 

 

Figure 3. 14 Proton Sponge Effect of Different pBAE polymers. A polymer solution (1mg/ml) in 5ml 
of saline solucion, NaCl 150mM, was titrated with HCl 0.1M from pH 10 to pH 2. Control refers to 
titration of a saline solution that does not contain polymer. 

As shown in previous figure 3.14, both B3CR3 and B3SSCR3 showed suitable 

buffering capacity at endosomal pH range from 5.0-7.4.  However, in both cases 

scrambled pBAEs showed a subtle decrease in buffering capacity compared to the 

corresponding amine-terminated pBAEs. B3CR3 showed a good buffering capacity 

down to pH 5.76 and B3SSCR3 down to 6.08. Given that the only difference between 

amine-terminated pBAEs and scrambled pBAEs is the oligopeptide moiety, the 

decrease in buffering capacity is due to the oligopeptide, CR3, which possesses arginine 

residues and their side chains have high pKa values (12), making them less efficient at 

buffering endosomal pH range (5-7). 
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3.2.3.3 Nanoparticle formation and biophysical characterization of scrambled 

pBAEs 

In order to study the influence of oligopeptide moieties in the ability of the scrambled 

pBAEs to bind and condense DNA into discrete nanoparticles, gel retardation assays 

were performed. Moreover, physical properties of the resulting nanoparticles were 

determined using dynamic light scattering. Polyplexes, obtained with scrambled 

pBAEs, were prepared following the same procedure as used with diamine-terminated 

pBAEs, previously described in the experimental section. 

Gel retardation assay 

The capacity of the different scrambled pBAEs to bind DNA was performed by gel 

retardation assays, using the same plasmid pGFP as used in the previous experiments. 

Different polymer/pGFP weight ratios (w/w) were evaluated ranging from 2:1 to 200:1  

(Figure 3. 15). 

 

 

 

 

 
 
Figure 3. 15 Gel Retardation Assay of Polyplexes Prepared with Scrambled pBAEs. Polyplexes were 
formed using pGFP and both scramble pBAEs, B3CR3 and B3SSCR3, at indicated w/w ratios and loaded 
into a agarose gel containing ethidium bromide to asses DNA mobility by electrophoresis. 

Results showed in figure 3.15 demonstrated that both terminally scrambled pBAEs, 

B3CR3 and B3SSCR3, possessed great DNA binding capability since any free bands of 

plasmid DNA were observed at ratios equal or higher than 5:1. Interestingly, 

fluorescence was reduced in the well, when compared to the corresponding amine-

terminated pBAEs, B3-2 and B3SS-25% (figure 3.4 and figure 3.9), suggesting better 

DNA complexation was achieved by incorporation of the oligopeptide moiety in the 

polymeric structure.  
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Dynamic light scattering measurements 

In order to study the physical properties of polyplexes prepared with scrambled pBAEs, 

dynamic light scattering measurements were performed. Given that 50:1 was found as 

the optimal polymer/DNA ratio for B3 polymer, polyplexes prepared with both 

scrambled pBAEs, B3CR3 and B3SSCR3, at ratio 50:1 were analyzed in terms of size 

and zeta-potential by dynamic light scattering (Figure 3. 16). 

 

Figure 3. 16 Average Size and Zeta Potential Measurements were Determined by Dynamic Light 
Scattering.Polyplexes were prepared mixing the different pBAE polymers with plasmid pmaxGFP at 
50:1 Polymer:DNA mass ratio in AcONa buffer solution (25mM, pH 5.0), incubated 30 min at 37C and 
diluted in phosphate buffer saline. Results are shown as mean and standard deviation of triplicates. 

Figure 3.16 indicated that both scramble-modified pBAEs, B3CR3 and B3SSCR3, were 

able to condense DNA into discrete nanoparticles, with average hydrodynamic 

diameters of 268 nm and 215 nm, respectively. Moreover, the zeta potential of 

nanoparticles, prepared with both scrambled pBAEs, was positive (> +10 mV). In terms 

of size and zeta-potential, nanoparticles prepared with scrambled pBAEs were similar to 

nanoparticles prepared with their corresponding amine-terminated pBAEs. However, 

the different chemical groups on the surface of the nanoparticles, hydrophobic amine 

and oligopeptide, may play an important role in transfection efficiency. 

3.2.3.4 In Vitro transfection with terminally scrambled pBAEs on COS-7 Cells 

In order to determine the influence of oligopeptide and hydrophobic diamine end-

modified pBAEs on transfection efficiency and cell viability, in vitro transfection 

experiments were performed with B3CR3 and B3SSCR3 polymers.  
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Transfection efficiency with terminally scrambled pBAEs 

In order to evaluate the gene delivery properties of the new synthesized pBAEs, 

transfection experiments were performed on COS-7 cells as previously described in the 

last experiments. Given that polyplexes prepared with amine-terminated pBAEs, B3 and 

B3SS, showed optimal transfection efficiency at polymer-to-DNA ratio of 50:1, 

polyplexes prepared with scrambled pBAEs, B3CR3 and B3SSCR3, were formulated at 

the same ratio. GeneJuice ®, B3 and B3SS, were used as positive control to compare 

their transfection efficiency with terminally scrambled polymers. Reporter green 

fluorescent protein expression was determined by flow cytometry analysis at 48 h post-

transfection (Figure 3. 17). 

 

Figure 3. 17 COS-7 Cells Transfected with Different Poly(β-aminoester)s and Plasmid. a) GFP 
expression was determined after 48 h by flow cytometry and plotted as percentage of GFP-positive cells 
multiplied by the mean fluorescence of the positive population. Results are shown as mean and standard 
deviation of triplicates. b) Microscopy images of in vitro transfection after 48 hours on cos-7 cells with 
plasmid pGFP. i) Untreated cells, ii) GeneJuice with pGFP,iii) B3 +pGFP, iv) B3CR3 +pGFP, v) B3SS-
25% +pGFP and vi) B3SSCR3 +pGFP. Scale bar 100µm.Statistical significance was performed, using 
amine-terminated pBAEs as control groups. **p<0.001 

Results obtained in figure 3.17, demonstrated that both terminally scrambled pBAEs, 

B3CR3 and B3SSCR3, achieved a significant improvement on GFP expression, when 

compared to their corresponding diamine-terminated pBAEs, B3 and B3SS, 
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respectively. Cells transfected with B3CR3 polymer achieved the highest GFP 

expression, yielding a 2-fold increase in GFP expression, when compared to B3 and 

GeneJuice® controls. In addition, cells transfected with B3SSCR3 also reached a 2-fold 

increase in GFP expression, when compared to B3SS control. However, bioreducible 

pBAEs modified with oligopeptides showed a lower GFP expression than GeneJuice® 

control, which could be attributed to a fast unpacking of the DNA in the cytosol, as 

previously discussed.  

The improvement in GFP expression obtained with both scrambled pBAEs, B3CR3 and 

B3SSCR3, suggests that increased transfection may not be only explained by the 

physicochemical properties of the nanoparticles, since polyplexes obtained from B3 and 

B3SS showed similar features. Moreover, scrambled pBAEs showed a subtle decrease 

in buffering capacity (as explained in figure 3.14), suggesting that the increased 

transfection may be attributed to improvement of other gene delivery steps involved in 

this process, such as increased cellular uptake, increased trafficking to the nucleus 

and/or efficient unpacking of the DNA. It has been described in the literature that 

oligoarginine peptides comprised between 9 and 15 arginine units mediate transfection 

by increasing cellular uptake and nuclear trafficking 50,51. However, in this case only 

three repeats of arginine were employed.  

Cell viability after transfection with terminally scrambled pBAEs 

In order to evaluate the effect of oligopeptide incorporation in the polymeric structure 

on the cytocompatibility, the cytotoxicity of both scrambled polymers was assessed 

determining cell viability using the MTS assay at the end point of the transfection 

experiment. 

The cytotoxicity of polymer/DNA polyplexes prepared with B3CR3 and B3SSCR3, at 

50:1 weight ratio, was performed and compared against GeneJuice control and the 

corresponding diamine-terminated pBAEs controls, B3 and B3SS, respectively. 

Transfection-mediated cytotoxicity was expressed as percentage of cell viability relative 

to untreated cells (Figure 3. 18). 
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Figure 3. 18 Cell Viability Levels of COS-7 Cells After Transfection with Poly(β-aminoester)s 
Measured Using the MTS Assay. Viability was determined at 48 hours post-transfection and plotted as 
percentage of viable cells relative to a control of untreated cells. Results are shown as mean and standard 
deviation of triplicates. Statistical significance was performed using amine-modified pBAEs as control 
groups. ***p<0.0001 

Transfection of COS-7 cells with both terminally scrambled pBAEs, B3CR3 and 

B3SSCR3, showed better cell viabilities than their corresponding amine-terminated 

pBAEs. Cells transfected with B3CR3 resulted in cellular viabilities around 65%, and 

with B3SSCR3 achieved cellular viabilities around 60%. In contrast, diamine-

terminated poly(β-aminoester), B3 and B3SS, presented substantial cytotoxicity, 

resulting in cellular viabilities around 40%,  which are in concordance with previous 

results (figure 3.12).  

In summary, the incorporation of oligopeptide CR3 in non-reducible pBAE, B3CR3, 

and reducible pBAE, B3SSCR3, resulted in greater transfection efficiencies and cell 

viabilities compared with their corresponding amine-terminated pBAEs, B3 and B3SS, 

respectively. These results are in good agreement with previous works, where the 

introduction of arginine moieties in the polymeric structures enhance transfection 

efficiency and cell viability 9,48,52,53. 

3.3 CONCLUDING REMARKS 

From the last experiments, the following concluding remarks can be summarized: 

Diamine-terminated pBAEs with different molecular weights, bioreducible diamine-

terminated pBAEs with different content of disulfide bonds, and terminally scrambled 
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pBAEs containing diamine and oligopeptide moieties were successfully synthesized. 

All new polymers synthesized were able to condense DNA into discrete nanoparticles 

with sizes below 500 nm and positive zeta potential. Interestingly, scrambled pBAEs 

showed better DNA binding capabilites than their corresponding amine-terminated 

pBAEs. 

Polyplexes prepared with bioreducible pBAEs, containing a high percentage of disulfide 

bonds were more susceptible to dissociation under reductive enviroments due to 

cleavage of disulfide bonds. 

In vitro experiments demonstrated that nanoparticles prepared with amine-terminated 

pBAEs, B3, having low molecular weights, achieved good transfection efficiencies 

comparable to a commercial transfection agent. Moreover, bioreducible pBAEs, B3SS, 

do not improve transfection efficiency, due to the fast unpacking of the DNA in the 

cytosol contribute to plasmid DNA degradation by the presence of nucleases; and 

decrease the trafficking of DNA to the nucleus due to their low mobility. In addition, 

pBAEs and bioreducible pBAEs end-capping with diamines showed high cytotoxicity. 

Remarkably, both scrambled pBAEs, B3CR3 and B3SSCR3, showed greater gene 

transfection and cell viability than their corresponding diamine-terminated pBAEs, B3 

and B3SS, respectively. In consequence, oligopeptide incorporation in the polymeric 

structure enhances transfection efficiency and cell viability. Interestingly, B3CR3 

showed better gene transfection than commercial agent, GeneJuice®, and B3SSCR3, 

suggesting that disulfide incorporation made the polyplexes very unstable in the 

intracellular environment, decreasing transfection efficiency. 

3.4 EXPERIMENTAL SECTION  

3.4.1 Synthesis of B3 Polymers with Different Molecular Weights 

Diamine end-modified pBAEs B3, was synthesized following a procedure described 

elsewhere 28,33,54.  Briefly, 5-amino-1-pentanol (monomer 32) and 1,4-butanediol 

diacrylate (monomer C), at different molar ratio of monomers amine:diacrylate (Table 

3. 3), were polymerized under magnetic stirring at 90°C for 24 hours.  

Table 3. 3 Amount of Monomers Used to Synthetize the C32 Intermediate with Different Molecular 

Weights. 
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The resulting acrylate-terminated C32 polymer, (1 g, 0.4 mmol) and 2-methyl-1,5-

pentanediamine (0.23 g, 0.27 mL, 2 mmol) were dissolved in tetrahydrofuran (THF) 

and stirred overnight at room temperatures. The resulting amine-modified polymer, B3, 

was isolated by precipitation in diethyl ether and dried under vacuum. 

B3 

IR (evaporated film): ν = 1055, 1089, 1125, 1196 (C-O), 1257, 1463, 1733 (C=O), 

2079, 2191, 2253, 2861, 2936, 3398 (N-H, O-H) cm-1. 

1H-NMR (400 MHz, CD3OD, TMS) (ppm): δ = 4.11 (t, CH2-CH2-O), 3.72 (t), 3,55 (t, 

CH2-CH2-OH), 2.87 (t, -NH-CH2-CH2-C(=O)-), 2.77 (t, CH2-CH2-N-), 2.60-2.51 (br, -

NH-CH2-(CH2)2-CH(CH3)-NH-), 2.46 (br, >N-CH2-(CH2)4-OH, >N-CH2-CH2-C(=O)-

O), 1.87 (br), 1.73 (br), 1.60-1.41 (br, -O-CH2-CH2-CH2-CH2-O, -CH2-CH2-OH, -CH2-

CH2-NH2), 1.35 (br, -N-CH2-CH2-CH2-(CH2)2-OH), 0.94 (d, CH3-CH< from diamine). 

3.4.2 Synthesis of Disulfide-Based Diacrylate Monomer, CSS 

Triethylamine (14 mL, 100 mmol) and bis(2-hydroxyethyl) disulfide (8 g, 50 mmol) 

were added to a 500 mL flask containing 200 mL DCM. Then the flask was immersed 

in an ice bath, and acryloyl chloride (17 mL, 200 mmol) was added dropwise. After 

that, the resulting heterogeneous mixture was stirred at 25 ºC, over night. Triethylamine 

hydrochloride was removed by filtrating and the product was washed five times with an 

aqueous solution of 0.1 M Na2CO3, then washed three times with Milli-Q water, and 

dried using anhydrous Na2SO4. Then, the Na2SO4 was removed by filtrating and the 

solvent was removed by rotation evaporation. Purity of the final product was confirmed 

by TLC analysis, which showed two spots on TLC plate. 

Gravity column chromatography technique was used to purify the monomer, silica was 

used as stationary phase and CHCl3 was used as mobile phase. Small fractions of the 

eluent were collected, and composition of each fraction was analyzed by TLC. Fractions 

that showed only one spot by TLC were collected in a 200 mL flask and solvent was 

C (g) 32 (g) C (mmol) 32 (mmol) Molar Ratio C:32 
7.93 4.13 40.01 40.00 1.00 
7.93 3.76 40.01 36.44 1.10 
7.93 3.44 40.01 33.34 1.20 
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removed by rotation evaporation. The final product was analyzed by TLC, and only one 

spot was observed. The final purified product was analyzed by 1H-NMR. 

CSS 

1H-NMR (400 MHz, CD3OD, TMS) (ppm): δ= 6.43 and 5.90 ppm (d, CH2=CHC(=O)-

O), 6.20 ppm (dd, CH2=CHC(=O)-O),  4.42 ppm (t, -C(=O)-O-CH2-CH2-SS-), 3.02 

ppm (t, -C(=O)-O-CH2-CH2-SS-). 

3.4.3 Synthesis of B3SS Polymers  

B3SS polymers were synthesized as described before for B3. Briefly, 5-amino-1-

pentanol (32), 1,4-butanediol diacrylate (C) and disulfide-based diacrylate (CSS) , were 

polymerized under magnetic stirring at 90°C for 24 hours, at 1:1.2  molar ratio of 

amine: diacrylates. Different amounts of diacrylate monomers were used to obtained 

C32SS polymer with different percentage of disulfide bonds (Table 3. 4). 

Table 3. 4 Amount of Monomers Used to Obtain C32SS Polymers with Different Percentage of CSS 

Monomer in the Backbone. 

 

The resulting acrylate-terminated polymer C32SS, (1 g, 0.4 mmol) and 2-methyl-1,5-

pentanediamine (0.23 g, 0.27 mL, 2 mmol) were dissolved in tetrahydrofuran (THF) 

and stirred overnight at room temperatures. The resulting diamine end-modified 

bioreducible pBAEs, B3SS, were isolated by precipitation in diethyl ether and dried 

under vacuum. 

B3SS 

IR(evaporated film): ν = 1055, 1089, 1125, 1196 (C-O), 1257, 1463, 1733 (C=O), 

2079, 2191, 2253, 2861, 2936, 3398 (N-H, O-H) cm-1. 

1H-NMR (400 MHz, CD3OD, TMS) (ppm): δ = 4.35 (t, SS-CH2-CH2-O), δ = 4.11 (t, 

CH2-CH2-O), 3.72 (t), 3,55 (t, CH2-CH2-OH), 2.87 (t, -NH-CH2-CH2-C(=O)-), 2.77 (t, 

CH2-CH2-N-), 2.60-2.51 (br, -NH-CH2-(CH2)2-CH(CH3)-NH-), 2.46 (br, >N-CH2-

(CH2)4-OH, >N-CH2-CH2-C(=O)-O), 1.87 (br), 1.73 (br), 1.60-1.41 (br, -O-CH2-CH2-

% CSS Theoretical 
in C32SS Polymer C (g) CSS (g) 32 (g) 32 (mmol) C (mmol) CSS (mmol) 

50 1 1.32 0.87 8.41 5.04 5.04 
25 1.5 0.66 0.87 8.41 7.57 2.52 

12.5 1.75 0.33 0.87 8.41 8.83 1.26 
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CH2-CH2-O, -CH2-CH2-OH, -CH2-CH2-NH2), 1.35 (br, -N-CH2-CH2-CH2-(CH2)2-OH), 

0.94 (d, CH3-CH< from diamine). 

3.4.4 Determination of Disulfide Content on B3SS Polymers 

The percentage of diacrylate monoer CSS in the polymeric structure was calculated 

from the integration of the bioreducible diacrylate protons obtained from 1H-NMR, 

following the next equation (Equation 3. 1): 

%  𝑪𝑺𝑺 =
𝐈CH2    𝐦𝐨𝐧𝐨𝐦𝐞𝐫    𝐂𝐒𝐒

𝐈CH2    𝐦𝐨𝐧𝐨𝐦𝐞𝐫  𝐂+ 𝐈CH2  𝐦𝐨𝐧𝐨𝐦𝐞𝐫  𝐂𝐒𝐒
×𝟏𝟎𝟎 

Equation 3. 1 

3.4.5 Synthesis of Scrambled pBAEs 

Scrambled pBAEs were syntesized by end modification of acrylate-terminated polymer 

C32 or C32SS, with diamines and oligopeptides at 1:0.5:1.5 molar ratios in DMSO. The 

amounts of diacrylate polymer and end-caping moieties used to obtain scrambled 

pBAEs are summarized (Table 3. 5). 

Table 3. 5 Amount of Diacylate-terminated Polymer and End-capping Moieties Used to Obtained 

both Scrambled pBAEs, B3CR3 and B3SSCR3. 

 

Briefly the following procedure was used to obtain scrambled pBAEs. C32 or C32SS 

polymer, dissolved in DMSO (2 mL), and Cys-Arg-Arg-Arg (CR3.4HCl), dissolved in 

DMSO (1mL), were mixed and stirred overnight at room temperature. Next, 2-methyl-

1,5-pentanediamine was added and the mixture was stirred for 4 hours. Then, the 

resulting scrambled polymer was obtained after precipitation in diethyl ether with 

acetona at 7:3 (v/v) and dried under vacuum. 

w( mg) Mw (g/mol) mmol 
  diamine 3.5 103.170 0.034 

B3CR3 C32 150 2500 0.060 
  CR3.4HCl 66 734.560 0.090 
  diamine 2.6 103.170 0.025 

B3SSCR3 C32SS 150 3142 0.048 
  CR3.4HCl 56 734.560 0.076 
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B3CR3  

IR (evaporated film): ν = 721, 801, 834, 951, 1029, 1133, 1196 (C-O), 1201, 1421, 

1466, 1542, 1672 (C=O, from peptide amide), 1731 (C=O, from ester), 2079, 2191, 

2253, 2858, 2941, 3182, 3343, 3398 (N-H, O-H) cm-1. 

1H-NMR (400 MHz, CD3OD, TMS) (ppm): δ = 4.41-4.33 (br, NH2-C(=O)-CH-NH-

C(=O)-CH-NH-C(=O)-CH-NH-C(=O)-CH-CH2-, 4.11 (t, CH2-CH2-O), 3.55 (t, CH2-

CH2-OH), 3.22 (br, NH2-C(=NH)-NH-CH2-, OH-(CH2)4-CH2-N-), 3.04 (t, CH2-CH2-N-

), 2.82 (dd, -CH2-S-CH2), 2.48 (br, -N-CH2-CH2-C(=O)-O), 1.90 (m, NH2-C(=NH)-NH-

(CH2)2-CH2-CH-), 1.73 (br, -O-CH2-CH2-CH2-CH2-O), 1.69 (m, NH2-C(=NH)-NH-

CH2-CH2-CH2-), 1.56 (br, -CH2-CH2-CH2-CH2-OH), 1.39 (br, -N-(CH2)2-CH2-(CH2)2-

OH), 1.00 (d, CH3-CH< from diamine). 

B3SSCR3 

IR (evaporated film): ν = 721, 801, 834, 951, 1029, 1133, 1196 (C-O), 1201, 1421, 

1466, 1542, 1672 (C=O, from peptide amide), 1731 (C=O, from ester), 2079, 2191, 

2253, 2858, 2941, 3182, 3343, 3398 (N-H, O-H) cm-1. 

1H-NMR (400 MHz, CD3OD, TMS) (ppm): δ = 4.41-4.33 (br, NH2-C(=O)-CH-NH-

C(=O)-CH-NH-C(=O)-CH-NH-C(=O)-CH-CH2-, 4.11 (t, CH2-CH2-O), δ = 4.35 (t, SS-

CH2-CH2-O), 3.55 (t, CH2-CH2-OH), 3.22 (br, NH2-C(=NH)-NH-CH2-, OH-(CH2)4-

CH2-N-), 3.04 (t, CH2-CH2-N-), 2.82 (dd, -CH2-S-CH2), 2.48 (br, -N-CH2-CH2-C(=O)-

O), 1.90 (m, NH2-C(=NH)-NH-(CH2)2-CH2-CH-), 1.73 (br, -O-CH2-CH2-CH2-CH2-O), 

1.69 (m, NH2-C(=NH)-NH-CH2-CH2-CH2-), 1.56 (br, -CH2-CH2-CH2-CH2-OH), 1.39 

(br, -N-(CH2)2-CH2-(CH2)2-OH), 1.00 (d, CH3-CH< from diamine). 

3.4.6 Buffering Capacity 

As it was described in the chapter 1, buffering capacity of polymers plays an important 

role for efficient intracellular delivery of polyplexes from the endosome. Therefore, 

buffering capacity of the new synthesized pBAEs was determined by acid-base titration 

of polymer solutions, as described before in the materials and methods.  
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3.4.6.1 Buffering capacity of diamine-terminated pBAEs 

The buffering capacity of diamine-terminated pBAEs having different molecular 

weights was performed (Figure 3. 19). 

 

Figure 3. 19 Proton Sponge Effect of pBAEs. A polymer solution (1mg/ml) in 5ml of saline solucion, 
NaCl 150mM, was titrated with HCl 0.1M from pH 10 to pH 2. Control refers to titration of a saline 
solution that does not contain polymer 

Results in figure 3.19 showed that all amine-terminated pBAE polymers possessed good 

buffering capability in the pH range of 5.0-7.4, which mimics the endosomal pH range.  

3.4.6.2 Buffering Capacity of diamine-terminated bioreducible pBAEs 

The buffering capacity of diamine-terminated bioreducible pBAEs, having different 

percentages of disulfide bonds, was performed (Figure 3. 20).  
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Figure 3. 20 Proton Sponge Effect of pBAEs. A polymer solution (1mg/ml) in 5ml of saline solucion, 
NaCl 150mM, was titrated with HCl 0.1M from pH 10 to pH 2. Control refers to titration of a saline 
solution that does not contain polymer. 

Results in figure 3.20 showed that all amine-terminated pBAE polymers possessed good 

buffering capability in the endosomal pH range. Interestingly, increasing the disulfide 

content in the polymer backbone results in a slight decrease of buffering capacity. This 

results are in concordance with other results obtained with reducible polymers 16.  

3.4.7 Preliminary Studies for Transfection Protocol Optimization with Diamine-

Modified pBAEs 

In order to evaluate the optimal polymer/DNA ratios, polyplexes were evaluated, 

ranging from 20:1 to 150:1. Cellular transfection was carried out using pGFP plasmid 

on cos-7 cells. Briefly, cells were seeded on 96-well plates at 10,000 cells/well and 

incubated overnight to roughly 80% confluence prior to performing the transfection 

experiments. pBAEs–DNA complexes were prepared as earlier described using pGFP 

plasmid at different polymer-to-plasmid ratios. Polyplexes were diluted in serum-free 

DMEM medium and added to cells at a final plasmid concentration of 0.6 µg 

pGFP/well. Cells were incubated for 3 h at 37°C in 5% CO2 atmosphere. Subsequently, 

cells were washed once with PBS and complete DMEM medium was added. At 48 

hours post-transfections GFP expression was directly analyzed by fluorescence 

microscopy imaging (Figure 3. 21). 

 

Figure 3. 21 Microscopy Images at 48 hours Post-transfection with Different B3/pGFP 
Formulations. In vitro transfection was performed on cos-7 cells using all B3 polymers at different 
polymer/DNA ratios (from 20:1 until 150:1). The final concentration of pGFP used was 0.6 µg 
DNA/well. Scale bar 100 µm. 
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Polyplexes prepared at polymer/DNA ratio of 50:1 were identified as the best 

formulation for all tested polymers, achieving highest transfection efficiency and better 

cell viabilities 

3.4.8 Preliminary Studies for Transfection Protocol Optimization with Gene-

Juice 

Transfection conditions for GeneJuice® control were optimized, using different 

GeneJuice/pGFP ratios (v/w), in order to achieve maximal transfection efficiency. 

Briefly, 300 µL serum free DMEM medium and 3.6 µL, 5.4 µL or 7.2 µL of GeneJuice 

were mixed thoroughly by vortexing and were incubated at room temperature for 5 min, 

to obtain 2:1, 3:1 or 4:1 ratio (v/w), respectively. Then, 30 µL of a plasmid solution at 

concentration of 0.06 µg/µL in acetate buffer at 25 mM was added in to the different 

mixtures, mixed gentle by pipetting and incubated at room temperature for 15 min. 

Finally, 100 µL of the resulting solution were added to each well achieving a final 

concentration of 0.6 µg pGFP/well. Cells were incubated for 3 h at 37°C in 5% CO2 

atmosphere. Subsequently, cells were washed once with PBS and complete DMEM 

medium was added. At 48 hours post-transfections GFP expression was directly 

analyzed by fluorescence microscopy imaging (Figure 3. 22). 

 

Figure 3. 22 Microscopy Images at 48 hours Post-transfection with Different GeneJuice 
Formulations. Different GeneJuice/pGFP ratios (v:w) were preared: (i) 2:1, (ii) 3:1 and (iii) 4:1; to 
transfect cos-7 cells. The final concentration of pGFP used was 0.6 µg DNA/well. Scale bar 100µm. 

It was found that the best optimal condition for the positive control was 

GeneJuice/pGFP at ratio 3:1 (v/w). Fluorescence microscopy images showed highest 

GFP expression at 3:1 ratio, and bright field images showed good cell viability. 

3.4.9 GFP Transfection and Flow Cytometry 

Cellular transfection was carried out using pGFP plasmid on cos-7 cells. Briefly, cells 

were seeded on 96-well plates at 10,000 cells/well and incubated overnight to roughly 

80% confluence prior to performing the transfection experiments. PBAEs–DNA 

complexes were prepared as earlier described using pGFP plasmid at a 50:1 polymer-to-

i ii iii 
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plasmid ratio. Polyplexes were diluted in serum-free DMEM medium and added to cells 

at a final plasmid concentration of 0.6 µg pGFP/well. Cells were incubated for 3 h at 

37°C in 5% CO2 atmosphere. Subsequently, cells were washed once with PBS and 

complete DMEM medium was added. Cells were harvested after 48 h and analyzed for 

GFP expression by flow cytometry. GFP expression was compared against a negative 

control (untreated cells) and GeneJuice® as positive control. 
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4 Oligopeptide-Terminated Poly(β-aminoester)s for Highly 

Efficient Gene Delivery and Intracellular Localization 

Published as Segovia, N., Dosta, P., Cascante, A., Ramos, V. & Borrós, S. 

Oligopeptide-terminated poly(β-aminoester)s for highly efficient gene delivery and 

intracellular localization. Acta Biomater. 10, 2147–58 (2014).  

4.1 INTRODUCTION 

The previous chapter has demonstrated that incorporation of oligopeptides at the termini 

of pBAE polymers is an effective strategy to improve transfection efficiency and cell 

viability. Several research studies have previously examined the use of peptide-based 

delivery systems to address the different extracellular and intracellular barriers to 

nonviral gene delivery, such as cellular uptake, endosomal escape, cargo unpacking, and 

nuclear traslocazion 1–4. Polypeptides, such as polylysine and polyarginine that have 

membrane-destabilizing properties and bind DNA mainly through electrostatic 

interaction, have been developed to facilitate gene transfer in vitro and in vivo 1,5. 

Moreover, histidine-rich peptides have been designed to enhance endosomal disruption 

ability by the high buffering capacity at endosmal pH range 6–8. 

In addition to large polypeptides, short bioactive peptides able to complex and deliver 

nucleic acids into cells by using short sequences of basic amino acid residues, which 

readily cross the plasma membrane, have been investigated as delivery systems 9–13. 

These short amino acid sequences are known as protein transduction domains (PTDs) or 

cell penetrating peptides (CPPs) 14–16. The notion of PTDs was proposed based on the 

observation that some proteins, mainly transcription factors, could shuttle within the 

cell and from one cell to another 17,18. The first observation was in 1988, when it was 

shown that the transcription transactivating (Tat) protein of HIV-1 could enter cells and 

translocate into the nucleus 19,20. 

Although no general uptake mechanism has been elucidated yet, it is believed that 

proteoglycans, through electrostatic interactions, play an important role in the initial 

contact between CPPs and the cell surface 21. Then, CPP-mediated transport can occur 

through different endocytosis routes 22: via caveolar 23, macropinocytosis 24,25, through a 

clathrin-dependent pathway 26, via a cholesterol-dependent clathrin-mediated pathway 27 
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or in the trans-Golgi network 28. Despite the fact that the exact mechanisms underlying 

the internalization of CPPs across the cellular membrane are not fully understood, a 

large number of different therapeutic agents, such as nucleic acids, and proteins among 

others, have been efficiently delivered by CPPs 29–32. In addition, CPPs have been 

conjugated to delivery systems, such as nanoparticles or polymer-drug conjugates to 

improve their delivery properties 33–37  

Despite the fact that these naturally inspired vectors, based on polypeptides, have 

demonstrated increased cell transfection and improved cell viability, when compared to 

standard synthetic vector 38–41, all-peptide delivery systems are expensive to produce in 

large-scale quantities and may additionally elicit immune responses due to their peptidic 

nature. Therefore, the use of hybrid systems, such as polymer-peptide conjugates, may 

exhibit all the advantageous functional properties of their natural counterparts, but 

without disadvantages, such as immunogenicity, poor stability and difficulties in 

manufacturing 5,42–45. 

The main objective of this chapter is to design a new family of poly(β-aminoester)s 

modified with oligopeptides containing basic aminoacids, i.e. arginine, lysine and 

histidine, to improve transfection efficiency and cell viability. In order to achieve this 

objective different tasks were proposed: 

1. Synthesis of oligopeptide-modified pBAEs and biophysical characterization. 

2. Determination of the influence of oligopeptide composition on gene delivery 

performance and cell viability.  

3. Identification of top performing formulations of oligopeptide-modifed pBAEs to 

transfect different cell lines. 

4.2 RESULTS AND DISCUSSION 

4.2.1 Synthesis of Oligopeptide-Terminated Poly(β- aminoester)s 

In order to study the influence of oligopeptide-termination of pBAEs on transfection 

efficiency, different oligopeptide-terminated pBAEs were synthesized by modifying 

diacrylate-terminated C32 intermediate polymer using thiol-ene chemistry instead of 

previously described amine addition. This allows the synthesis of poly(β-aminoester)s 
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end-modified with basic oligopeptides moieties, which would be otherwise difficult to 

achieve due to crosslinking (Figure 4. 1). 

 

Figure 4. 1 Synthesis Scheme of Oligopeptide-Terminated Poly(β-aminoester)s.Oligopeptide-
modified pBAEs were synthesized via addition of the thiol group of cysteine-terminated oligopeptides to 
C32 intermediate polymer. 

First, C32 polymer was obtained by conjugate addition of 5-amino-1-pentanol to 1,4-

butanediol diacrylate using a slight excess of diacrylate (1:1.2 amine-to-diacrylate). 

Polymerization was confirmed by GPC and the resulting C32 polymer had a weight 

average molecular weight of approximately 2,500 g/mol (relative to polystyrene 

standards) and a polydispersity (Mw/Mn) of 1.81, showing a rather broad statistical 

distribution of polymer chain lengths. Then, C32 polymer was further modified with 

cysteine-oligopeptide moieties consisting of basic amino acids, i.e. arginine, lysine and 

histidine, whose amines were in the hydrochloride salt from, in order to obtain a new 

family of oligopeptide-terminated pBAEs (Table 4. 1). 

Table 4. 1 Synthesized Oligopeptide-Modified Poly(β-aminoester)s and Corresponding End-

Capping Moieties. 	  
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Interestingly, the higher nucleophilicity of thiols made the reaction to occur more 

readily and required less excess of capping moieties than the standard procedure 

described for end-modification of poly(β-aminoester)s with diamines 46. 

All different oligopeptide-terminated pBAEs were characterized by 1H-NMR and FT-

IR. The resulting chemical structure of new oligopeptide-modified pBAEs was 

confirmed by the disappearance of acrylate signals and the presence of signals typically 

associated with aminoacid moieties. In general, both 1H-NMR and FT-IR spectra were 

in good agreement with the expected synthesized structures and signals from both C32 

and the modifying moiety could be observed. Oligopeptide-modified pBAEs had a 

similar theoretical average molecular weight of approximately 3,900 g/mol after 

modification with cysteine-terminated oligopeptides, since all polymers stemmed from 

the same C32 precursor. 

4.2.2 Buffering Capacity 

In order to determinate the influence of oligopeptide-termination of the different pBAEs 

on the proton sponge effect, the buffering capacity of the newly synthesized 

oligopeptide-modified poly(β-aminoester)s was determined by acid titration of polymer 

solutions and compared to diamine-modified B3 polymer (Figure 4. 2). 
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Figure 4. 2 Proton Sponge Effect. Titration curves of poly(β-amino ester)s at 1 mg/mL. Polymer 
solutions were adjusted to pH 10 and subsequently titrated with HCl 0.1 M until pH 2. Control refers to 
titration of a solution that does not contain polymer. 

Data shown in figure 4.2, demonstrated that the different oligopeptide-moieties of 

pBAEs produced different buffering effects.  Polymer B3, as positive control, showed 

suitable buffering capacity down to pH 5.8. The highest buffering capacity was 

observed with histidine-terminated (β-aminoester), which demonstrated high buffering 

in the pH range between 7.5 and 5.3. Lysine-modified poly(β-aminoester)s presented 

suitable buffering capacity until pH 5.9. In contrast, poly(β-aminoester)s end-capped 

with arginine oligopeptides only showed limited buffering capacity in the range 

between 7.4 and 6.4. Since all polymers stemmed from the same acrylate-terminated 

pre-polymer C32, the additional buffering capacity observed resulted from the amine-

rich terminations. The different buffering capacity profiles of the new poly(β-

aminoester)s correlated well with the different pKa’s of the amino acid side chains (∼ 

12, 10 and 6 for arginine, lysine and histidine, respectively) present in the modifying 

oligopeptides. The highest buffering capacity observed for histidine-terminated poly(β-

aminoester)s in the endosomal pH range is caused by the lower pKa of the imidazole 

ring of histidine, acting as a weak base. In contrast, the side chains of arginine and 

lysine have higher pKa values, making them less efficient at buffering at endosomal pH. 

These results demonstrate, that the buffering capacity of the polymers can be easily 

controlled by the amino acid composition of the modifying oligopeptides.  
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4.2.3 Nanoparticle Formation and Biophysical Characterization 

In order to study the influence of oligopeptide termination in the capability of 

oligopeptide-modified pBAEs to condense DNA into discrete nanoparticles, agarose gel 

retardation assays were performed. Moreover, physical properties of the resulting 

nanoparticles were measured using dynamic light scattering. 

4.2.3.1 Gel retardation assay 

The capacity of the different oligopeptide-pBAEs to bind DNA was assessed by gel 

retardation assay, using a plasmid coding for green fluorescent protein (pGFP). 

Different polymer:pGFP ratios (w:w) were evaluated ranging from 2:1 to 150:1. 

Diamine-terminated pBAE polymer, B3, was included as a reference in order to 

compare the effect of oligopeptide modification (Figure 4. 3). 

 

Figure 4. 3 Gel Retardation Assay of Poly(β-aminoester)s/DNA Polyplexes.Polyplexes were prepared 
using pGFP and different poly(β-aminoester)s at indicated w/w ratios and loaded onto agarose gels 
containing ethidium bromide to assess DNA mobility by electrophoresis. 

Complexes prepared with B3 polymer and pGFP plasmid revealed substantial free DNA 

at ratios below 25:1, while at ratios equal or higher than 25:1 complete DNA retention 

was observed. Arginine- and lysine-terminated poly(β-aminoester)s showed complete 

DNA retardation at 10:1 pBAE-GFP ratios. In contrast, when DNA was complexed 

with histidine-terminated polymers, polymer:plasmid ratios of 25:1 or higher were 

required to fully impede DNA mobility. In addition, complexes prepared with histidine-

modified poly(β-aminoester)s revealed high fluorescence in the wells, which probably 

indicated inefficient DNA complexation. These results suggest that poly(β-aminoester)s 
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containing arginine or lysine decreased significantly the pBAE/DNA ratios required for 

efficient complexation. 

4.2.3.2 Dynamic light scattering measurements 

The complexation of DNA with poly(β-aminoester)s was also assessed using dynamic 

light scattering, in order to characterize the size and zeta potential of the resulting 

polymer-DNA complexes (Figure 4. 4). 

 

Figure 4. 4 Average Size and Zeta-potential Determined by Dynamic Light Scattering. Polyplexes 
were prepared using pmaxGFP and different poly(β-aminoester)s at 50:1 w/w ratios and diluted in 
phosphate buffered saline. Results are shown as mean and standard deviation of triplicates. Statistical 
significance of size values was determined using B3 polymer as control group. * p<0.05, ** p<0.01 

Results obtained in figure 4.4, showed that complexes prepared with B3 polymer and 

pGFP plasmid at 50:1 ratio formed polyplexes with a particle average size of 

approximately 340 nm and positive zeta potential. Particles obtained from end-modified 

poly(β-aminoester)s with arginine-oligopeptide R3C-C32-CR3 presented a significantly 

smaller average particle size of approximately 210 nm, and a considerably higher 

positive zeta potential, when compared to B3 control. Lysine-terminated poly(β-

aminoester)s formed considerably larger particles of approximately 400 nm with 

positive zeta potential upon complexation with DNA. In contrast, polyplexes obtained 

from poly(β-aminoester)s end-capped with histidine were considerably smaller than B3, 

however their zeta potential was markedly negative and reached -30 mV. Polyplexes 

prepared with mixtures of oligopeptide-modified poly(β-aminoester)s resulted in 
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notably larger nanoparticles and lower zeta potential values, when compared to B3 

control. 

In summary, oligopeptide-containing poly(β-aminoester)s formed complexes with 

average hydrodynamic diameters between 200 and 400 nm and zeta potential values 

ranging from nearly neutral to highly positive, which is compatible with known cell 

entry mechanisms 47–49. However, complexes prepared from poly(β-aminoester)s 

bearing histidine-moieties, H3C-C32-CH3, showed markedly negative zeta potential 

values, which have been classically associated with low transfection capacity 49–52. 

4.2.4 Screening of Different Oligopeptide-Terminated pBAEs Formulations to 

Transfect Cos-7 Cells with Green Fluorescent Protein Plasmid 

Since biophysical characterization revealed that the chemical composition of 

oligopeptides had a dramatic effect on the features of the resulting polyplexes, it was 

expected that these differences would also influence the transfection ability of 

oligopeptide-modified poly(β-aminoester)s. Therefore, transfection experiments were 

performed with all synthesized poly(β-aminoester)s in order to determine the influence 

of oligopeptide termination on transfection efficiency. Moreover, mixtures of 

oligopeptide-modified poly(β-aminoester)s were evaluated in order to determine if 

formulations of pBAEs containing different amino acids could provide an advantage in 

terms of transfection efficiency. 

Transfection was evaluated using COS-7 cells and a plasmid coding for the reporter 

green fluorescent protein (pmaxGFP). GeneJuice®, a peptide-polymer commercial 

formulation, and B3, a basic pBAEs, were used as positive controls to compare their 

transfection efficiency with the new family of oligopeptide-modified pBAEs. 

GeneJuice® and B3 formulations were previously optimized in order to achieve 

maximal transfection efficiency (chapter 3, 3.4.7 and 3.4.8). Polyplexes prepared with 

oligopeptide-modified pBAEs were prepared at 50:1 ratio, since it was previously found 

to be the optimal polymer:DNA ratio (4.3.2.1). In addition, green fluorescent protein 

expression was determined by flow cytometry analysis at 48 h post-transfection (Figure 

4. 5). 
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Figure 4. 5 Cos-7 Cells Transfected with Different Poly(β-aminoester)s and pmaxGFP at 50:1 
Ratio. a) GFP expression was determined after 48 h by flow cytometry and plotted as percentage of GFP-
positive cells multiplied by the mean fluorescence of the positive population. Percentage numbers above 
each bar represent the average percentage of GFP positive cells. Results are shown as mean and standard 
deviation of triplicates. Statistical significance was determined using B3 polymer as control group. * 
p<0.05, ** p<0.01, *** p<0.001 b) Fluorescent images of GFP expression in COS-7 cells, (i) control 
cells, (ii) GeneJuice, (iii) B3, (iv) R3C-C32-CR3, (v) K3C-C32-CK3, (vi) H3C-C32-CH3, (vii) R/H, 
(viii) K/H, (ix) R/K. 

Data shown in figure 4.5 demonstrate that transfection of COS-7 cells with 

oligopeptide-modified poly(β-aminoester)s and a plasmid encoding green fluorescent 

protein (GFP) revealed different gene expression efficiencies depending on the structure 

of poly(β-aminoester)s and the nature of the end-capping moieties. Polyplexes prepared 

with poly(β-aminoester)s end-modified with histidine oligopeptides, H3C-C32-CH3, 

showed low levels of GFP expression, achieving less than 1% of GFP-positive cells.  

Lysine-terminated poly(β-aminoester)s showed a modest increase in transfection 

efficiency, however this increase was not statistically significant when compared to 

earlier described poly(β-aminoester)s. In contrast, poly(β-aminoester)s bearing arginine 

terminations were significantly more efficient at transfecting cells than similar polymers 

terminated with lysine or histidine residues. Arginine- and lysine-modified pBAEs 
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showed a 36% and 14% increase in GFP expression, when compared to B3 polymer, 

respectively. 

In addition to single end-modified poly(β-aminoester)s, results demonstrated that 1:1 

(w/w) mixtures of arginine-, lysine- or histidine-modified poly(β-aminoester)s achieved 

higher transfection efficiencies than B3 control and than oligopeptide-modified 

polymers per se. Specially, mixtures of arginine-histidine (R/H 1:1) and lysine-histidine 

(K/H, 1:1) poly(β-aminoester)s showed the highest GFP expression of all tested 

polymer combinations, resulting in 81% and 60% increase in transfection efficiency 

relative to B3 control, respectively. In contrast, combination of arginine- and lysine-

modified (R/K 1:1) poly(β-aminoester)s achieved only slightly higher values of GFP 

expression, when compared with B3 control, indicating that superior transfection is not 

always achieved via polymer formulation. Therefore, accurate formulation of poly(β-

aminoester) mixtures is required in order to synergistically combine polymer-specific 

features, similarly as previously described for lipid formulations for gene delivery 53,54. 

It is highly remarkable that the high transfection efficiencies achieved for arginine-

modified poly(β-aminoester)s correlated well with the optimal physicochemical 

properties observed for their polyplexes, i.e. highly positively charged particles with an 

average hydrodynamic diameter around 100 - 200 nm 52,55. However, increased 

transfection may not be only explained by the physicochemical properties of the 

particles, since polyplexes obtained from lysine-modified poly(β-aminoester)s showed 

similar features and had similar transfection levels as positive controls. Moreover, 

polyplexes prepared from mixtures of arginine-histidine (R/H) poly(β-aminoester)s 

showed large size with nearly neutral zeta-potential and presented the highest 

transfection efficiency. Increased transfection is likely to be a consequence of increased 

endosomal escape, rather than increased cellular uptake, since poly(β-aminoester)s end-

capped with histidine presented considerably high buffering capacity (as shown in 

figure 4.2). This is supported by the fact that when lysine-terminated poly(β-

aminoester)s were formulated with histidine-terminated poly(β-aminoester)s, which 

possess high buffering capacity, increased gene expression levels were observed.  
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4.2.5 Cellular Uptake of Fluorescently Labeled Polyplexes 

In order to explain the differences in GFP expression, the cellular uptake of complexes 

formed with oligopeptide-modified poly(β-aminoester)s was quantified by flow 

cytometry and followed via fluorescent microscopy. For the quantification of cellular 

uptake, cells were transfected with polyplexes containing a TAMRA-labeled non-

coding oligonucleotide instead of pGFP plasmid and subsequently analyzed by flow 

cytometry. For fluorescent microscopy visualization, fluorescein-labeled poly(β-

aminoester)s were used to complex TAMRA-labeled oligonucleotide. The resulting 

fluorescently-labeled polyplexes were incubated with COS-7 cells, which were 

immediately fixed and stained with DAPI after transfection (Figure 4. 6). 
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Figure 4. 6 Assessment of Cellular Uptake of Oligopeptide-Modified Poly(β-aminoester)s on COS-7 
Cells using Fluorescently-Labeled Polyplexes. a) Cellular uptake quantification performed by flow 
cytometry. b) Fluorescent images of COS-7 cells transfected with fluorescently labeled polyplexes.  (i) 
control cells, (ii) B3, (iii) R3C-C32-CR3, (iv) K3C-C32-CK3, (v) H3C-C32-CH3, (vi) R/H, (vii) K/H, 
(viii) R/K. Red: DNA oligonucleotide labeled with texas red/cy3, Green: poly(β-amino ester)s labeled 
with fluoresceine, Blue: nuclei stained with DAPI. Results are shown as mean and standard deviation of 
triplicates. Statistical significance was determined using B3 polymer as control group. * p<0.05, ** 
p<0.01, *** p<0.001  
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Results shown in figure 4.6a demonstrated that polyplexes prepared with poly(β-

aminoester)s bearing arginine- or lysine-moieties or their mixtures, R3C-C32-CR3, 

K3C-C32-CK3 and R/K showed high cellular uptake. However, only R3C-C32-CR3 

showed a significant increased in cellular uptake compared to B3 polymer control. 

These results of cellular uptake correlate well with the high transfection efficiencies 

achieved with these formulations. Moreover, R3C-C32-CR3 polymer showed the 

highest gene transfection efficiency of the other single-modified pBAEs.  

Remarkably, a notable increase in gene expression was observed with just three repeats 

of arginine at both termini of polymer chains. This increase is likely to be caused by an 

increase in cellular uptake and especially due to increased preferential perinuclear 

localization of DNA particles, as shown by fluorescence microscopy. It has been 

described that oligoarginine peptides comprised between 9 and 15 arginine units have 

been described in the literature to mediate transfection by increasing cellular uptake and 

nuclear trafficking. 56,57. Moreover, it has been suggested that R9-R15 peptides have an 

optimal length capable of adopting an appropriate confirmation that induces cell entry 

via a poorly understood mechanism, whereas either shorter or longer poly-arginines 

show a partial or even complete reduction in transfection efficiency 358. In addition, 

oligoarginine modification with hydrophobic moieties has shown to increase the 

efficiency of transfection significantly, probably due to the formation of supramolecular 

micellar structures, which promote multivalent interactions between oligoarginines and 

the cell surface 59. Furthermore, surface decoration of PAMAM and poly-lysine 

dendrimers with arginine residues has proven to be a successful strategy to improve 

gene expression considerably 60,61. 

In contrast, complexes prepared with poly(β-aminoester)s bearing histidine-moieties, 

CH3, R/H and K/H,  showed a significant lower cellular uptake than B3 control. 

However, mixtures of histidine- and either arginine- or lysine-terminated poly(β-

aminoester)s, R/H and K/H, showed a significant increased in cellular uptake compared 

to histidine-modified pBAEs, H3C-C32-CH3. The lowest cellular uptake obtained with 

H3C-C32-CH3 correlate well with the low levels of gene expression achieved. 

Interestingly, mixtures of R/H and K/H showed the highest levels of gene expression 

(figure 4.5a), this fact support what we said previously, increased transfection is likely 

to be a consequence of increased endosomal escape, rather than increased cellular 

uptake, since formulations containing histidine presented considerably high buffering 
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capacity, which resulted in more efficient escape of the endosomal compartment and/or 

more efficient release of the plasmid. These results correlate well with the literature, 

where incorporation of histidine moieties to polymeric structure enhances gene 

transfection, such as polylysine partially substituted with histidine residues 8,62–64.  

Interestingly, results in figure 4.6b indicated that complexes formed from single 

oligopeptide-modified pBAEs showed different cellular distribution depending on their 

compositions. For instance, arginine-modified pBAEs showed preferential localization 

around the perinuclear region, while complexes formed with poly(β-aminoester)s end-

modified with lysine or histidine oligopeptides were preferentially observed in the 

cytoplasm or around the cellular membrane, respectively. Complexes prepared with 

mixtures of oligopeptide-modified pBAEs also showed different cellular localization 

depending on their chemical nature. Similarly as observed for arginine-modified 

pBAEs, mixtures of arginine-histidine (R/H 1:1) pBAEs showed high perinuclear 

localization. In contrast, mixtures of lysine-histidine (K/H 1:1) pBAEs did not show any 

visually appreciable difference respect to lysine-modified poly(β-aminoester)s alone 

and were mainly observed in the cytoplasm. Interestingly, complexes obtained from 

mixtures of arginine-lysine (R/K 1:1) poly(β-aminoester)s showed both cytoplasmic and 

perinuclear localization, suggesting that the properties of each oligopeptide-modified 

pBAEs are additive. This is of great interest for the design of tailored complexes having 

specific features, such as preferential intracellular localization or enhanced endosomal 

escape.  Therefore, tailored polymer formulations may be regarded as surrogate of viral 

psedotyping for synthetic vectors in order to control gene expression and preferential 

cellular localization. Although sophisticated cationic polymers bearing multiple 

functionalities to increase gene delivery have been described 65–67, little research has 

been developed in the area of polymer formulations for more efficient gene delivery 
68,69.  

4.2.6 Cell Viability of Cos-7 Cells after Transfection with Oligopeptide-

Terminated pBAEs 

In order to evaluate the effect of oligopeptide end-modification on the cytocompatibility 

of these materials, the cytotoxicity of oligopeptide-terminated was assessed by 

evaluating cell viability using the MTS assay at the endpoint of a transfection 

experiment, GeneJuice and B3 were used as positive controls. Transfection-mediated 
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cytotoxicity was expressed as percentage of cell viability relative to untreated cells 

(Figure 4. 7).  

 

 Figure 4. 7 Cell Viability Levels of Cells after Transfection with Poly(β-aminoester)s Measured 
using the MTS Assay.Viability was determined at 48 hours post-transfection and plotted as percentage 
of viable cells relative to a control of untreated cells. Results are shown as mean and standard deviation of 
triplicates. Statistical significance was determined using GeneJuice as control group. * p<0.05, ** p<0.01, 
*** p<0.001 

Transfection of COS-7 cells with GeneJuice resulted in cellular viabilities above 85%, 

which is in good agreement with the expected values provided by the supplier. In 

contrast, cells transfected with B3 poly(β-aminoester)s control presented substantial 

cytotoxicity, resulting in a viability reduction of approximately 90%, when compared to 

untreated cells. Oligopeptide-modified poly(β-aminoester)s showed considerably less 

cell toxicity after transfection than diamine-terminated B3 polymer. In general, cells 

transfected with oligopeptide-modified poly(β-aminoester)s presented cell viabilities 

above 75%. Interestingly, the mixture of lysine- and histidine-terminated poly(β-

aminoester)s (K/H) showed the lowest levels of toxicity, achieving a 98% of cell 

viability after transfection, even at high concentration rates and prolonged incubation 

times. 

4.2.7 Transfection of Different Cell Lines using Oligopeptide-Terminated pBAEs 

Given the excellent results obtained for gene expression and cell viability levels of 

COS-7 cells transfected with the above described oligopeptide-modified poly(β-
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aminoester)s, the top performing polymers were selected to assess their gene delivery 

properties in a panel of five different cell lines (Figure 4. 8). Based on the previous cell 

transfection experiment (Figure 4.5), arginine-modified poly(β-aminoester)s (R3C-C32-

CR3) and three mixtures containing 1:1 combinations of arginine-, lysine- and histidine-

modified poly(β-aminoester)s were chosen as the most promising polymers for 

transfection comparison in different cell lines.  

 

Figure 4. 8 Five Cell Lines Transfected with pmaxGFP and Different Poly(β-aminoester)s.GFP 
expression was determined after 48 h by flow cytometry and plotted as percentage of GFP-positive cells 
multiplied by the mean fluorescence of the positive population. Results are shown as mean and standard 
deviation of triplicates. Statistical significance was determined using B3 polymer as control group. * 
p<0.05, ** p<0.01, *** p<0.001 

From the results obtained in figure 4.8, COS-7 cells showed the highest permissiveness 

to transfection as a result of the high GFP expression observed. For A549 cells, B3 

poly(β-aminoester)s showed notable GFP expression, when compared to GeneJuice, 

indicating that poly(β-aminoester)s may be a better transfection agent than GeneJuice 

for this cell type. In contrast, DNA complexes prepared with arginine-modified or a 

mixture of arginine- and lysine-modified (R/K) poly(β-aminoester)s provided 

significantly lower levels of GFP expression than B3 control. Interestingly, transfection 

of A549 cells with mixtures of either arginine- or lysine-modified poly(β-aminoester)s 

and histidine-modified poly(β-aminoester)s (R/H or K/H) was significantly enhanced, 

achieving respectively 2.4-fold and 1.9-fold increases in GFP expression, compared to 

B3 polymer. HeLa cell line, which is typically regarded as a hard to transfect cell line, 

showed only modest to low GFP expression when transfected using both B3 poly(β-
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aminoester)s and GeneJuice. Similarly, complexes prepared from a mixture of arginine- 

and lysine-modified poly(β-aminoester)s did not result in significantly greater GFP 

expression. However, arginine-modified poly(β-aminoester)s and a mixture of lysine- 

and histidine-modified poly(β-aminoester)s showed a notable increase in transfection 

efficiency, resulting in 2.9-fold and 3.6-fold increase in gene expression, when 

compared to B3 control. Interestingly, up to 9-fold higher levels of GFP expression 

were observed in this cell line, when pGFP plasmid was complexed using a mixture of 

arginine- and histidine-modified poly(β-aminoester)s. The fibroblast cell line (NHDF) 

was the less permissive cell line to transfection in view of their low transfection levels 

achieved for all tested polymers, when compared with the other cell lines. However, 

arginine-modified poly(β-aminoester)s and an arginine- and lysine-modified (R/K) 

poly(β-aminoester)s mixture were able to greatly enhance transfection, resulting in 3.7-

fold and 4.1-fold increase in GFP expression respectively, relative to transfection levels 

achieved with B3 control poly(β-aminoester). Ultimately, HaCaT cells were evaluated 

for plasmid GFP transfection using the newly synthesized poly(β-aminoester)s. 

Interestingly, this cell line showed better transfection efficiency using Genejuice rather 

than B3 polymer, which may indicate that HaCaT cells are barely transfectable by 

poly(β-aminoester)s. However, complexes prepared with arginine-terminated poly(β-

aminoester)s and a mixture of arginine- and lysine-modified poly(β-aminoester)s 

demonstrated high transfection efficiencies on this cell line, resulting in 14.3-fold and 

11.2-fold increase in GFP expression respectively, when compared to B3 control. In 

contrast, polymer mixtures prepared from either arginine- or lysine-modified poly(β-

aminoester)s and histidine-modified poly(β-aminoester)s showed similar levels of GFP 

expression to B3 polymer. 

In summary, selected poly(β-aminoester)s formulations showed differential gene 

expression levels depending on the cell line, which revealed that the chemical 

composition of poly(β-aminoester)s had a deep effect on transfection. Moreover, certain 

correlations between cell-specific gene expression and both the composition and surface 

characteristics of the resulting polyplexes could be deduced. In this regard, keratinocyte 

(HaCaT) and dermal fibroblast (NHDF) cell lines, but not A549 or HeLa cell lines, 

showed high levels of gene expression only with polyplexes having a remarkable 

positive charged and containing arginine-modified poly(β-aminoester)s in their 
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composition. In contrast, lung epithelial cells (A549) were only efficiently transfected 

with formulations containing histidine-terminated poly(β-aminoester)s, which resulted 

in rather large (above 400 nm) and barely charged polyplexes. Furthermore, transfection 

specificity was more obvious in cervix epithelial (HeLa) cell line, as only polyplexes 

prepared from arginine- and histidine-modified poly(β-aminoester)s showed high gene 

expression levels. These results suggest that fine tunning of the chemical composition 

and both the size and the surface charge of polyplexes may be a powerful strategy to 

target gene expression to specific cell lines. Although the exact mechanism, i.e. 

preferential cellular uptake, endosomal escape or nuclear trafficking, that benefits from 

poly(β-aminoester)s formulation to mediate cell-specific increased gene expression is 

not clear, our hypothesis is that both the surface characteristics and composition play a 

major role on cellular uptake by specifically interacting with the cell surface. It has been 

recently reported that different types of human cells show wide variations in their zeta 

potential values. 70,71 This difference is presumably attributed to differences in the 

biochemical composition of the cell plasma membrane. In this regard, it is likely that 

depending on the glycosaminoglycan nature and structure of cells 72,73, certain polyplex 

features may be more suitable to interact with the cell surface and subsequently mediate 

internalization in a more efficient way. Therefore, tailored polymer formulations may be 

regarded as a surrogate of viral pseudotyping for synthetic vectors in order to control 

gene expression and cell-specificity. Nonetheless, it is likely that the composition of 

polyplexes influences other gene delivery processes to some extent, such as both 

endosomal escape and nuclear trafficking. 

4.3 CONCLUDING REMARKS 

From the previous experiments it can be concluded:  

Different oligopeptide-moieties consisting of basic aminoacids, like arginine, lysine and 

histidine, were successfully conjugated to the diacrylate-terminated pBAEs, obtaining a 

new family of bioinspire polymers. This new family of oligopeptide-modified pBAEs 

were able to condense DNA into discrete nanoparticles with average size between 200-

400nm and average zeta potentials ranging from negative to positive. Characterization 

of oligopeptide-modified poly(β-aminoester)s polyplexes revealed that the chemical 

nature of the capping aminoacids had a great influence on the final physicochemical 
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properties of the resulting nanoparticles and ultimately determined their gene delivery 

properties.  

In vitro experiments indicate that polymer formulations described here were capable of 

efficiently delivering nucleic acids specifically to cells without the need to introduce 

ligand-mediated mechanism. Moreover, the high transfection efficiency achieved with 

mixtures of oligopeptide-modified pBAEs, indicates that formulation of two or more 

polymer may be a powerful strategy to increase gene delivery properties. 

The excellent cell viabilities obtained after transfection with oligopeptide-modified 

pBAEs, suggest that their rich oligopeptide functionality, and probably their 

degradation products, behave in ways that are more biocompatible to cells. 

Selected poly(β-aminoester)s formulations showed differential gene expression levels 

depending on the cell line, which revealed that the chemical composition of poly(β-

aminoester)s had a deep effect on transfection efficiency. 

Fluorescence images revealed that oligopeptide-specific features, such as perinuclear 

localization for arginine oligopeptides, are maintained when formulated with other 

oligopeptide-modified polymer, suggesting that the properties of each oligopeptide-

terminated poly(β-aminoester)s are additive. This is of great interest for the design of 

tailored complexes having specific features, such as preferential intracellular 

localization or enhanced endosomal escape. Therefore, accurate formulation of poly(β-

aminoester) mixtures is required in order to synergistically combine polymer-specific 

features. 
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4.4 EXPERIMENTAL SECTION  

4.4.1 Synthesis of Oligopeptide End-Modified pBAEs 

In general, oligopeptide-modified pBAEs were obtained by end-modification of 

acrylate-terminated polymer C32 with thiol-terminated oligopeptide at 1:2.1 molar ratio 

in dimethyl sulfoxide. The mixture was stirred overnight at room temperature and the 

resulting polymer was obtained by precipitation in a mixture of diethyl ether and 

acetone (1:1). 

The following synthetic procedure to obtain tri-arginine end-modified pBAE polymer, 

C32-CR3, is shown as an example:  A solution of C32 (0.15 g, 0.075 mmol) dissolved 

DMSO in (2 mL) and a solution of Cys-Arg-Arg-Arg-CONH2 · 4HCl (CR3, 0.11 g, 

0.15 mmol) in DMSO (1 mL) were mixed and stirred overnight at room temperature. 

End-modified polymer CR3-C32-CR3 was obtained by precipitation in a mixture of 

diethyl ether and acetone (1:1).  

The amounts of different oligopeptides used to synthetize the new family of 

oligopeptide-end modified pBAEs are summarized (Table 4. 2). 

Table 4. 2 Amounts of Different Oligopeptides Needed to Synthesized the New Family of 

Oligopeptide-end Modified pBAEs. This amouts are used with 0,15 g of C32 polymer. 

 

R3C-C32-CR3 

IR (evaporated film): ν = 721, 801, 834, 951, 1029, 1133 (C-O), 1201, 1421, 1466, 

1542, 1672 (C=O, from peptide amide), 1731 (C=O, from ester), 2858, 2941, 3182, 

3343 (N-H, O-H) cm-1 

1H-NMR (400 MHz, CD3OD, TMS) (ppm): δ = 4.41-4.33 (br, NH2-C(=O)-CH-NH-

C(=O)-CH-NH-C(=O)-CH-NH-C(=O)-CH-CH2-, 4.11 (t, CH2-CH2-O), 3.55 (t, CH2-

CH2-OH), 3.22 (br, NH2-C(=NH)-NH-CH2-, OH-(CH2)4-CH2-N-), 3.04 (t, CH2-CH2-N-

), 2.82 (dd, -CH2-S-CH2), 2.48 (br, -N-CH2-CH2-C(=O)-O), 1.90 (m, NH2-C(=NH)-NH-

(CH2)2-CH2-CH-), 1.73 (br, -O-CH2-CH2-CH2-CH2-O), 1.69 (m, NH2-C(=NH)-NH-

Oligopeptides! Mw (g/mol)! m (mg)! mmol!
CR3.4HCl! 734.56! 110.18! 0.15!
CK3.4HCl! 650.52! 97.58! 0.15!
CH3.4HCl! 677.42! 101.61! 0.15!
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CH2-CH2-CH2-), 1.56 (br, -CH2-CH2-CH2-CH2-OH), 1.39 (br, -N-(CH2)2-CH2-(CH2)2-

OH). 

K3C-C32-CK3 

IR (evaporated film): ν = 721, 799, 834, 1040, 1132, 1179 (C-O), 1201, 1397, 1459, 

1541, 1675 (C=O, from peptide amide), 1732 (C=O, from ester), 2861, 2940, 3348 (N-

H, O-H) cm-1 

1H-NMR (400 MHz, CD3OD, TMS) (ppm): δ = 4.38-4.29 (br, NH2-(CH2) 4-CH-), 4.13 

(t, CH2-CH2-O-),3.73 (br,NH2-CH-CH2-S-),  3.55 (t, CH2-CH2-OH), 2.94 (br, CH2-

CH2-N-, NH2-CH2-(CH2)3-CH-), 2.81 (dd, -CH2-S-CH2), 2.57 (br, -N-CH2-CH2-C(=O)-

O), 1.85 (m, NH2-(CH2)3-CH2-CH-), 1.74 (br, -O-CH2-CH2-CH2-CH2-O), 1.68 (m, 

NH2-CH2-CH2-(CH2) 2-CH-), 1.54 (br, -CH2-CH2-CH2-CH2-OH), 1.37 (br, -N-(CH2)2-

CH2-(CH2)2-OH). 

H3C-C32-CH3 

IR (evaporated film): ν = 720, 799, 832, 1040, 1132, 1201, 1335, 1403, 1467, 1539, 

1674 (C=O, from peptide amide), 1731 (C=O, from ester), 2865, 2941, 3336 (N-H, O-

H) cm-1 

1H-NMR (400 MHz, CD3OD, TMS) (ppm): δ = 8.0-7.0 (br -N(=CH)-NH-C(=CH)-) 

4.61-4.36 (br, -CH2-CH-), 4.16 (t, CH2-CH2-O-), 3.55 (t, CH2-CH2-OH), 3.18 (t, CH2-

CH2-N-, 3.06 (dd, -CH2-CH-), 2.88 (br, OH-(CH2)4-CH2-N-), 2.82 (dd, -CH2-S-CH2-), 

2.72 (br, -N-CH2-CH2-C(=O)-O), 1.75 (br, -O-CH2-CH2-CH2-CH2-O), 1.65 (m, NH2-

CH2-CH2-(CH2)2  -CH-), 1.58 (br, -CH2-CH2-CH2-CH2-OH), 1.40 (br, -N-(CH2)2-CH2-

(CH2)2-OH). 

4.4.2 Preliminary Studies for Transfection Protocol Optimization with 

Oligopeptide-Modified pBAEs 

4.4.2.1 Evaluation of optimal polymer-to-DNA ratio 

In order to achieve maximal transfection efficiency, different polymer:DNA weight 

ratios (w/w) were evaluated, ranging from 25:1 to 70:1. Cellular transfection was 

carried out using pGFP plasmid on cos-7 cells. Briefly, cells were seeded on 96-well 

plates at 10,000 cells/well and incubated overnight to roughly 80% confluence prior to 
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performing the transfection experiments. PBAEs–DNA complexes were prepared as 

earlier described using pGFP plasmid at different polymer-to-plasmid ratios. Polyplexes 

were diluted in serum-free DMEM medium and added to cells at a final plasmid 

concentration of 0.6 µg pGFP/well. Cells were incubated for 3 h at 37°C in 5% CO2 

atmosphere. Subsequently, cells were washed once with PBS and complete DMEM 

medium was added. At 48 hours post-transfections GFP expression was directly  

analyzed by fluorescence microscopy imaging (Figure 4. 9) 

 

Figure 4. 9 COS-7 Cells Transfected with Different Polymer/DNA Ratios using Arginine-modified 
pBAEs at 0.6µg DNA/well. GeneJuice and B3 (50:1) were used as positive controls. GFP expression was 
determined by flow cytometry and plotted as percentage of GFP-positive cells multiplied by the mean 
fluorescence of the positive population. Results are shown as mean and standard deviation of triplicates. 
Statistical significance was determined using GeneJuice as control group. * p<0.05 ** p<0.01 

Results showed in figure 4.9, demonstrated that polyplexes prepared with arginine-

modified pBAEs at ratios higher than 25:1 showed high levels of GFP expression 

compared to GeneJuice and B3 positive controls. Given significant high GFP 

expression was obtained at 50:1 polymer:DNA ratio, this formulation was used as the 

optimal polymer/DNA ratio for oligopeptide-modified pBAEs.  

4.4.2.2 Evaluation of optimal DNA concentration per well 

In vitro assessment of transfection efficiency and cytotoxicity was performed on COS-7 

cells, using a plasmid pGFP complexed with arginine-modified pBAEs at 50:1 weight 

ratio. Different concentrations of DNA/well were evaluated to achieve high GFP 

expression and high cell viabilities. Briefly, COS-7 cells were seeded on 96 well plates 

at a density of 10,000 cells per well, and incubated overnight to roughly 80-90% 

confluence prior to conducting the transfection experiments. Polymer/DNA polyplexes 

were prepared as described previously in chapter 2, with AcONa buffer (25mM, pH 
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5.0). Polyplexes were diluted in serum-free DMEM médium and added to cells at 

different concentrations per well (from 0.2µg to 0.8µg). Cells were incubated for 3 h at 

37°C in 5% CO2 atmosphere. Then, cells were washed  with PBS and complete 

médium was added. GFP expression or cell viability was evaluated at 48 hours post-

transfection by flow cytometry or MTS assay, respectivel (Figure 4. 10). 

 

 

Figure 4. 10 COS-7 Cells Transfected with Arginine-modified pBAEs and pGFP at Different DNA 
per Well. Polyplexes were prepared at 50:1 polymer/DNA ratio. GeneJuice was used as positive control 
(0.6 µg DNA). a) GFP expression was determined by flow cytometry at 48 hours post-transfection, and 
plotted as percentage of GFP-positive cells multiplied by the mean fluorescence of the positive 
population. b) Cell viability was determined at 48 hours post-transfection, and plotted as percentage of 
viable cells relative to a control of untreated cells. Results are shown as mean and standard deviation of 
triplicates. Statistical significance was determined using GeneJuice as control group. * p<0.05, ** p<0.01 

Results showed that a higher DNA concentration per well, GFP expression increased, 

achieving significant increase in GFP expression at 0.6 µg DNA per well, when 

compared to GeneJuice. Moreover, high cell viabilities were obtained with all DNA 

concentrations tested, over 70% cell viability. Given the high transfection efficiency and 

high cell viabilities obtained with 0.6 µg DNA per well, this concentration was choose 

as the optimal for next experiments. 

4.4.3 GFP Transfection and Flow Cytometry 

Cellular transfection was carried out using pGFP plasmid in HaCaT, hnDf, cos-7, A549 

and HeLa cells. Briefly, cells were seeded on 96-well plates at 10,000 cells/well and 

incubated overnight to roughly 80% confluence prior to performing the transfection 

experiments. Polymer/DNA complexes were prepared as earlier described, in chapter 2, 

using pGFP plasmid at a 50:1 polymer-to-plasmid ratio. Polyplexes were diluted in 

serum-free DMEM medium and added to cells at a final plasmid concentration of 0.6 µg 
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pGFP/well. Cells were incubated for 3 h at 37°C in 5% CO2 atmosphere. Subsequently, 

cells were washed once with PBS and complete DMEM medium was added. Cells were 

harvested after 48 hours and analyzed for GFP expression by flow cytometry. GFP 

expression was compared against a negative control (untreated cells) and GeneJuice® 

as positive control. 

Transfection conditions for GeneJuice® control was previously optimized (Chapter 3, 

3.4.8) and GeneJuice/pGFP ratio of 3:1 (v/w) was found the best optimal formulation. 

Briefly, 300 µL serum free DMEM medium and 5.4 µL of GeneJuice were mixed 

thoroughly by vortexing and incubated at room temperature for 5 min. Then, 30 µL of a 

plasmid solution at concentration of 0.06 µg/µL in acetate buffer at 25 mM was added 

in to the mixture, mixed gentle by pipetting and incubated at room temperature for 15 

min. Finally, 100 µL of the resulting solution were added to each well achieving a final 

concentration of 0.6 µg pGFP/well.  

4.4.4 Quantification of Cellular Uptake Studies 

In order to quantified the cellular uptake of fluorescently-labeled polyplexes, COS-7 

cells were transfected with complexes prepared with oligopeptide-modified poly(β-

aminoester)s and TAMRA-labeled oligo-DNA. The fluorescent oligonucleotide was a 

20 base pair long oligonucleotide labelled with TAMRA dye at the 3’ end (5’- CAG 

CGT GCG CCA TCC TTC CC/36-TAMSp/-3’). 

Briefly, cells were seeded on 96-well plates at 10,000 cells/well and incubated 

overnight to roughly 80% confluence prior to performing the transfection experiments. 

pBAEs/oligoDNA were prepared at 200.1 weight ratio by mixing equal volume of 

oligoDNA at 0.01 µg/µL with polymers at final concentration of 2 µg/µL in AcONa 

buffer solution (25 mM, pH 5.5). OligoDNA was added over polymer solution and was 

mixed by pipetting, followed by vortexing for 5 seconds and was incubated at room 

temperature for 30 minutes. Polyplexes were diluted in serum-free DMEM medium and 

added to cells at final concentration of 50nM/well. Cells were incubated for 3 h at 37°C 

in 5% CO2 atmosphere. Subsequently, cells were washed with PBS and fixed and 

subsequently analyzed by flow cytometry.  
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4.4.5 Fluorescence Microscopy of Cellular Uptake  

In order to study the intracellular distribution of new end-modified pBAEs, COS-7 cells 

were transfected with dually labelled-nanoparticles, which were obtained from 

fluorescein-labelled polymers and a TAMRA-labeled oligoDNA. The new oligopeptide-

modified pBAEs were mixed with 10 wt. % of fluorescein-labelled polymer (B3) and 

the resulting mixture was used to form complexes with the TAMRA-labelled 

oligoDNA.  

Briefly, polymer:siRNA complexes at 200:1 weight ratio were prepared by mixing 

equal volume of oligoDNA at 0.01 µg/µL with polymers at final concentration of 2 

µg/µL in AcONa buffer solution (25 mM, pH 5.5). OligoDNA was added over polymer 

solution and was mixed by pipetting, followed by vortexing for 5 seconds and was 

incubated at room temperature for 30 minutes. Polyplexes were diluted in serum-free 

DMEM medium and used at a final concentration of 50nM.  Cells were seeded at 

30,000 cells/well on microscope slides placed in 24-well plates. Cells were incubated 

for 3 h at 37°C in 5% CO2 atmosphere. Subsequently, cells were washed three times 

with PBS, stained and mounted with Vectashield mounting medium containing DAPI 

and were viewed in a fluorescence microscope (Zeiss Axiovert 200M). Each fluorescent 

stain was analysed with the corresponding filter. Blue excitation filter (420-495 nm) 

was used for green fluorescence, green excitation filter (510-560 nm) for the red 

fluorescence and the UV excitation filter (315-400 nm) for the blue fluorescence.  
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5 Oligopeptide-Terminated Poly(β-aminoester)s for Highly 

Efficient siRNA Delivery and Intracellular Localization 

Dosta, P., Segovia, N., Ramos, V. & Borrós, S. Nanoformulation of Oligopeptide-

terminated Poly(β-aminoester)s for Efficient siRNA Delivery (in preparation) 

5.1 INTRODUCTION 

In the previous chapter, a new family of oligopeptide-modified poly(β-aminoester)s for 

efficient DNA delivery has been developed. Results have demonstrated that the use of 

biomimetic strategies may be a powerful tool towards the design of highly efficient 

synthetic vectors, which may find application in new therapeutic applications where 

transient expression would be preferred, such as tissue engineering 1,2, stem cell 

generation 3 or ex vivo genetic modification of target cells followed by re-implantation 
4. However, despite the development of plasmid constructs for long-term and/or tissue-

specific transgene expression 5,6, viral vectors are likely to remain the preferred choice 

in the near future as evidenced by the number of ongoing clinical trials 7. 

Synthetic vectors are likely to have a better chance of reaching clinical development in 

the field of RNA interference, where the requirements for the delivery of short 

sequences of RNA, such as siRNA and miRNA, are less challenging. As described in 

chapter 1, RNAi does not require nuclear access for effective gene expression 

regulation, which reduces the number of cellular barriers that vectors are required to 

overcome, favoring the use of synthetic formulations. In addition, clinical development 

of RNAi therapies may require repeated administration regimens in order to maintain 

regulation of target gene expression, which may limit the use of viral delivery systems 

due to the risk of developing neutralizing antibodies. These requirements make 

synthetic vectors a more attractive delivery system since they entail greater safety for 

clinical application and easier large-scale production. This is evidenced by the fact that 

synthetic delivery systems for RNAi-based drugs in clinical trials exceed those based on 

viral vectors 8. 

Harnessing RNAi holds great promise for the treatment of a wide range of diseases and 

has prompted the development of a wide range of delivery strategies, which are being 

clinically tested as part of RNA-based drugs 9. Local delivery of naked siRNA or 
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chemically-modified siRNA has shown promising results, especially in easily accessible 

and/or locally restricted tissues, such as ocular, epidermal and pulmonary tissue 10,11. 

However, the widest application of RNAi therapeutics requires systemic delivery and 

therefore much effort has been concentrated in the development of formulations that are 

compatible with parenteral administration. A wide variety of natural and synthetic 

nanocarriers based on lipids, polymers (e.g., polyethylenimine, dendrimer, 

cyclodextrin), and inorganic materials (e.g., carbon nanotubes, quantum dots, gold 

nanoparticles) have been experimentally evaluated for siRNA delivery, and some of 

them, mainly proprietary formulations of solid lipid nanoparticles, liposomes and 

polymers, have entered clinical evaluation 8,9,12–16. Polymeric carriers have received 

significant attention due to their versatile nature and in vivo success in gene expression 

studies. Branched polyethylenimine (PEI) has been probably the most commonly used 

polymeric carrier for siRNA delivery 17,18, however high toxicity concerns associated 

with it limit its use and have prompted the development of more biodegradable 

polymeric alternatives 19,20.  

A promising approach lies in the use of polymeric delivery vehicles that are both 

efficient and biodegradable, such as the oligopeptide-modified poly(β-aminoester)s 

described in chapter 5. However, siRNA delivery may not be necessarily feasible using 

pBAE polymers that have been optimized for DNA delivery. Some researchers have 

tried to achieve siRNA-mediated knockdown by using pBAE formulations optimized 

for DNA delivery conjugated to solid particles or scaffolds 21,22. Other researchers have 

investigated specific architectures or mechanisms to develop pBAE-based siRNA 

delivery polymers 23–25. It has been recently found that for pBAEs, the polymer 

properties should be tuned for successful delivery of nucleic acids of various sizes and 

structures 26,27. Different nucleic acids may possess different biophysical properties and 

their interaction with polymer chains may vary. Therefore, there is a need to explore 

how polymer properties should be adapted for the successful delivery of different types 

of nucleic acids. The ability to deliver both DNA and siRNA (or miRNA) would allow 

both up- and downregulation of a target gene, expanding the range of potential 

therapeutic applications. 

The main objective of this chapter is to evaluate the ability of the new family of 

oligopeptide-modified poly(β-aminoester)s developed in chapter 4 to encapsulate 
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siRNA, and study the influence of their different formulations in siRNA delivery. In 

order to achieve this objective different tasks were proposed: 

1. Determination of the biophysical properties of siRNA-nanoparticles. 

2. Determination of the influence of oligopeptide composition on siRNA delivery 

and cell viability in two cancer cell lines.  

5.2 RESULTS AND DISCUSSION  

5.2.1 Nanoparticle Formation and Biophysical Characterization 

Given that both DNA and siRNA have anionic phosphodiester backbones, they can 

interact with cationic polymers by electrostatic interactions. However, it was not 

possible to extrapolate the findings from DNA complexation with oligopeptide-

modified pBAEs obtained in the last chapter, since the size and the molecular 

topography are different. DNA is a molecule ~200 times larger in size than siRNA and 

it has a circular, supercoiled structure, whereas siRNA’s structure is similar to a short, 

stiff rod 29. Therefore, the oligopeptide-modified pBAE polymers developed in the 

previous chapter and their experimental conditions need to be adapted for their use in 

siRNA delivery systems. 

5.2.1.1 Gel retardation assay  

Similarly as performed in plasmid DNA condensation, agarose gel retardation assays 

were performed in order to study the capability of the new oligopeptide-modified 

pBAEs to bind and condense siRNA into discrete nanoparticles. B3 polymer was used 

as polymer control and different polymer/siRNA weight ratios (w:w) were evaluated 

ranging from 10:1 to 400:1 (Figure 5. 1). 
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Figure 5. 1 Gel Retardation Assay of Oligopeptide-pBAEs/siRNA Polyplexes. Polyplexes were 
formed using oligppeptide-modified pBAEs with siGFP, at indicated polymer:siRNA weight ratios 
(w:w); and loaded into an agarose gel containing ethidium bromide to asses siRNA mobility by 
electrophoresis. B3  was used as control only with siGAPDH. 	  

Figure 5.1 revealed that complexes prepared with B3 polymer required high polymer-

to-siRNA ratios, up to 150:1, in order to fully condense siRNA. In contrast, pBAE 

polymers terminated with lysine or arginine oligopeptides showed full siRNA 

complexation at polymer-to-siRNA ratios as low as 50:1. Similarly as observed in the 

case of plasmid DNA complexation (4.2.3.1), modification of pBAE termini with 

histidine-containing oligopeptides resulted in insufficient siRNA complexation at the 

studied ratios. These results indicate that poly(β-aminoester)s containing arginine or 

lysine oligopeptides significantly improved polymer-to-siRNA ratios required for 

efficient siRNA complexation, when compared to amine-modified pBAE polymers.  

These results follow the same trend observed for plasmid condensation described in 

chapter 4 (figure 4.3). 

5.2.1.2 Preliminary studies to optimize gene silencing assay 

In order to evaluate the optimal polymer/siRNA ratio, polyplexes prepared from 

arginine-modified pBAEs and siGFP, were formulated at different polymer/siRNA 

ratios, and were used to silence green fluorescence protein (GFP) using a specific anti-

GFP siRNA (siGFP) in a breast cancer cell line that stably expressed GFP, 

MDAMB231-GFP. At 48 hours post transfection EGFP knockdown was analyzed by 

flow cytometry. Moreover, cell viability assay was assessed using MTS assay at the 

endpoint of the transfection experiment (Figure 5. 2). 
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Figure 5. 2 Preliminary Studies to Optimize Polymer/siRNA Ratio.  MDAMB231-GFP cells were 
transfected with CR3/siGFP polyplexes formed at different weight ratios (w/w), at final concentracion of 
50nM of siRNA/well. CR3: 3RCC32CR3. Results are shown as mean and standard deviation of 
triplicates. Statistical significance of EGFP expresion values and cell viability values was determined 
using INTERFERin as control group for each cell line. * p<0.05, ** p<0.01, *** p<0.001. 

Results obtained in figure 5.2, showed that polyplexes prepared at polymer/siRNA ratio 

of 200:1 and 100:1 achieved the highest silencing efficiency, yielding an 80% and 75% 

decrease in EGFP expression respectively, when compared to untreated cells. 

Polyplexes prepared at lower ratios (50:1) showed only a 30% decrease in EGFP 

expression when compared to untreated cells, this could be attributed to inefficient 

siRNA complexation into discrete nanoparticles, and therefore a decrease in the cellular 

uptake. These results indicate that for siRNA delivery higher polymer-to-siRNA ratios 

(200:1) are necessary to achieve efficient siRNA transfection compared to DNA 

transfection (50:1) and this difference can be observed also by gel retardation assay. 

Other studies have also found that higher polymer-to-siRNA ratios are necessary to 

condense siRNA compared to DNA 30,31. In addition, cell viability analysis was 

performed after transfection, and polyplexes prepared with arginine-modified pBAEs 

showed great cytocompatibility with cell viabilities greater than 70% for all tested 

conditions. Notably, when polymer/siRNA ratio was increased, the cell viability was 

decreased, this could be attributed with the increased transfection of cells at higher 

ratios, which is usually accompanied by some degree of cell toxicity. 

Given the high transfection efficiency and high cell viability achieved with polyplexes 

prepared at 200:1 weight ratio, this ratio was chosen as the optimal polymer/siRNA 

ratio. 
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5.2.1.3 Characterization of size and zeta potential of pBAE-SiRNA complexes by 

dynamic light scattering 

Since the polymer-to-siRNA ratio differed from that required for plasmid condensation, 

the complexation of siRNA with oligopeptide-modified poly(β-aminoester)s was  

assessed using dynamic light scattering. All the different poly(β-aminoester) 

formulations were prepared  at 200:1 polymer/siRNA weight ratio. B3 polymer was 

used a polymer control (Figure 5. 3). 

 

Figure 5. 3 Average Size Measurements and Zeta Potential were Determined by Dynamic Light 
Scattering. Polyplexes were prepared mixing different pBAEs with siGAPDH at different 
polymer/siRNA ratios (w:w) in AcONa buffer solution (25mM, pH 5.0) and  diluted in phosphate buffer 
saline. CR3: 3RCC32CR3, CK3: 3KCC32CK3, CH3: 3HCC32CH3. Results are shown as mean and 
standard deviation of triplicates. Statistical significance of size values was determined using B3 as control 
group. * p<0.05, ** p<0.01. 

Results obtained in figure 5.3, showed that polyplexes prepared with all pBAEs showed 

average hydrodynamic size between 200-500 nm with zeta potential ranging from 

negative to positive values. Polyplexes prepared with B3 and siRNA formed particles 

with an average size of approximately 400 nm and with positive zeta potential. Lysine-

modified pBAEs formed polyplexes considerably smaller than B3 control and with 

positive zeta potential. In contrast, arginine-modified pBAEs and histidine-modified 

pBAEs formed particles with similar size to B3, but with nearly neutral or negative zeta 

potential, respectively. Polyplexes prepared with mixtures of arginine-lysine (R/K) 

pBAEs formed particles with smaller size than B3 and with positive zeta potential. In 

contrast, mixtures of arginine-histidine (R/H) and lysine-histidine (K/H) pBAEs formed 
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polyplexes with similar size to B3 control, but with negative and positive zeta potential 

values, respectively. 

In summary, polyplexes prepared with arginine- or lysine-modified pBAEs were able to 

condense siRNA into discrete nanoparticles with average hydrodynamic diameters 

below 400 nm and with nearly neutral or positive zeta potential. In contrast, histidine 

modified pBAEs showed inefficient siRNA complexation, since high negative zeta 

potential was achieved. However, formulation of polyplexes containg histidine-

modified pBAEs can play an important role in silencing efficiency, given that these 

polymers possess a high buffering capacity, which may favor endosomal escape, as 

shown in chapter 4 (4.2.2).  

5.2.2 In Vitro Determination of Silencing Efficiency Using Oligopeptide-Modified 

pBAEs on Different Cancer Cell Lines.  

In order to determine the influence of oligopeptide-modified pBAEs on silencing 

efficiency and cell viability, different pBAE formulations were evaluated to silence 

green fluorescence protein (GFP) using a specific anti-GFP siRNA (siGFP) in two 

cancer cell lines that stably expressed GFP, MDAMB231-GFP breast cancer cell line 

and HeLa-GFP cervical cancer cell line. Previously, the transfection protocol was 

optimized and the optimal concentration of siRNA per well was established at 50 nM 

siGFP. Moreover, EGFP silencing was compared with cells treated with scrambled 

siRNA (scrRNA) as negative control to ensure the silencing specificity of siGFP 

(5.3.1). A commercial transfection reagent, INTERFERin® (Polyplus), was used as 

positive control and B3 polymer was used as polymer control. EGFP knockdown was 

analyzed by flow cytometry at 48 hours post-transfection and plotted as percentage of 

EGFP expressing cells (Figure 5. 4).  
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Figure 5. 4 In vitro Assessment of Gene Silencing on MDAMB231-GFP Cells and HeLa-GFP Cells 
Using Different pBAEs Formulations, at Final Concentration of 50 nM of siGFP per Well. 
Polymer/siRNA polyplexes were formed at 200:1 weight ratio (w/w) using siGFP. a) EGFP expression 
was analyzed at 48 h post-transfection by flow cytometry. Percentage numbers above each bar represent 
the average percentage of EGFP expression relative to the corresponding control of untreated cells. b) 
Microscopy images of MDAMB231-GFP cells at 48 h post-transfection. i) Untreated cells, ii) CR3 
(scrRNA), iii) INTERFERin, iv) B3, v) CR3: 3RC-C32-CR3, vi) CK3: 3KC-C32-CK3, vii) R/H, vii) 
K/H, and ix) R/K. Statistical significance of EGFP expression values was determined using INTERFERin 
as control group for each cell line. * p<0.05, ** p<0.001 
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Data shown in figure 5.4 demonstrate that transfection of cells with oligopeptide-

modified poly(β-aminoester)s and siGFP revealed different gene silencing efficiencies 

depending on the chemical nature of the end-capping moieties and the type of cell line. 

MDAMB231-GFP cells showed high permissiveness to transfection as a result of the 

high silencing efficiencies observed for all tested conditions. All different formulations 

of oligopeptide-modified pBAEs achieved higher silencing efficiencies when compared 

to INTERFERin® and B3 polymer, which achieved a 60% and 70% decrease in EGFP 

expression when compared to untreated cells, respectively. Arginine-modified and 

mixtures of arginine-histidine (R/H, 1:1 w/w), lysine-histidine (K/H, 1:1 w/w) and 

arginine-lysine (R/K, 1:1 w/w) pBAEs showed the highest GFP knock-down of all 

tested polymer combinations, resulting all of them in 80% decrease in EGFP 

expression, when compared to untreated cells. Interestingly, lysine-modified pBAEs 

polymers showed a 75% decrease in EGFP expression, when compared to untreated 

cells. 

The HeLa-GFP cell line showed less permissiveness to transfection, since lower 

silencing efficiencies were obtained for all tested conditions when compared to 

MDAMB231-GFP cell line. B3 polymer and mixtures of arginine-lysine (R/K) pBAEs, 

showed a modest gene silencing efficiency, achieving only a 26% and 29% decrease in 

EGFP expression, when compared to untreated cells, respectively. In contrast, 

INTERFERin achieved a 50% decrease in EGFP expression, when compared to 

untreated cells. Arginine- and lysine-modified pBAEs showed a 50% and 40% decrease 

in EGFP expression, when compared to untreated cells, respectively. Notably, when 

arginine- and lysine- were combined with histidine-modified pBAEs, R/H and K/H, an 

increase in silencing efficiency was obtained, achieving a 64% and 56% decrease in 

EGFP expression respectively, when compared to untreated cells. Remarkably, 

arginine- and lysine-modified pBAEs showed up to 1.9-fold and 1.6-fold increase in 

gene silencing, when compared to B3 polymer (basic amine-modified pBAEs). 

Interestingly, mixtures of arginine-histidine and lysine-hisitidine pBAEs achieved up to 

2.4-fold and 2.2-fold increase in gene silencing compared to B3 control. These results 

suggest that formulations containing oligopeptide-modified pBAEs enhance silencing 

efficiency when compared to basic structure of pBAEs. Moreover, polyplexes 

containing histidine moieties probably increase silencing efficiency due to increased 
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buffering capacity of the resulting polyplexes, resulting in more efficient endosomal 

escape, which has been described as crucial step for efficient siRNA delivery 32–34. 

In summary, selected poly(β-aminoester) formulations showed differential gene 

silencing levels depending on the cell line, which revealed that the chemical 

composition of poly(β-aminoester)s had a deep effect on transfection. This was also 

observed with plasmid DNA in the last chapter (4.2.7). All oligopeptide-modified 

pBAE formulations achieved a significant high silencing efficiency on MDAMB231-

GFP cells, when compared with a commercial reagent INTERFERin. In contrast, only 

arginine-histidine pBAEs showed a significant high silencing efficiency on HeLa-GFP 

cells, when compared with a commercial reagent. These results correlate well with the 

previous results obtained for HeLa cells transfected with DNA, where R/H mixture of 

pBAE polymers achieved the highest level of gene expression. This behavior observed 

also with siRNA corroborates that fine tunning of the chemical composition may be a 

powerful strategy to target gene silencing to specific cell lines. 

5.2.3 Cellular Uptake of Fluorescently-Labeled Polyplexes on Breast Cancer Cell 

Line 

In order to evaluate the cellular distribution of the different formulations of pBAEs on 

MDAMB231-GFP cell line, cells were transfected with polyplexes containing a 

TAMRA-labeled non-coding oligonucleotide. The resulting fluorescently-labeled 

polyplexes were incubated with cells, which were immediately fixed and stained with 

DAPI after transfection (Figure 5. 5).  
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Figure 5. 5 Fluorescent Images of Cellular Uptake of Oligopeptide-Modified (β-aminoester)s on 
MDAMB231-GFP Cells Using Fluorescently-Labeled Polyplexes. (i) Control cells, (ii) INTERFERin, 
(iii) B3, (iv) CR3: 3RCC32CR3, (v) CK3: 3KCC32CK3, (vi) R/H, (vii) K/H, (viii) R/K. Red: 
oligonucleotide labeled with texas red/cy3, Blue: nuclei stained with DAPI. 

Fluorescent microscopy images indicate that all different oligopeptide-modified poly(β-

aminoester)s formulations achieved higher cellular uptake compared to B3 and 

INTERFERin positive controls, since increased labeled-polyplexes can be observed. 

These results correlate well with the high silencing efficiencies achieved in last 

experiments on MDA-MB231-GFP cells. Moreover, MDA-MB231-GFP cells followed 

the same trend of cellular distribution observed on cos-7 cells in the last chapter, 5.5.4. 

Briefly, arginine-modified pBAEs and mixtures of arginine-histidine (R/H) pBAEs 

showed preferential localization around the perinuclear region. In contrast, lysine-

modified pBAEs and mixtures of lysine-histidine (K/H) pBAEs were preferentially 

observed in the cytoplasm. Interestingly, localization of polyplexes formed from 

mixtures of arginine-lysine (R/K) both in the cytoplasm and the perinuclear region, 

corroborate that properties of each oligopeptide-modified pBAEs are additive. 

i) ii) 

iii) iv) v) 

vi) vii) viii) 



CHAPTER 5 

	   120	  

5.2.4 Cell Viability of MDAMB231-GFP Cells and HeLa-GFP Cells after 

Transfection with the Different pBAEs Formulations  

In order to evaluate cytocompatibility of oligopeptide end-modified pBAEs, the cell 

viability of cells transfected with oligopeptide-terminated pBAE formulations was 

assessed using the MTS assay at the endpoint of the transfection experiment (Figure 5. 

6). 

 

Figure 5. 6 In vitro Assessment of Cell Viability on MDAMB231-GFP Cells and HeLa-GFP Cells 
Using Different pBAEs Formulations, at Final Concentration of 50nM of siGFP per Well. Cell 
viability assay was performed at 48 hours post-transfection using MTS assay. Viability was plotted as 
percentage of viable cells relative to a control of untreated cells. CR3: 3RCC32CR3, CK3: 3KCC32CK3, 
Results are shown as mean and standard deviation of triplicates. Statistical significance of cell viabilities 
values was determined using INTERFERin as control group for each cell line. * p<0.05, ** p<0.001, *** 
p<0.0001 

Results shown in figure 5.6 demonstrated that transfection with INTERFERin of both 

MDA-MB231-GFP and HeLa-GFP cell lines resulted in cellular viabilities greater than 

70% and 92% respectively, which is in good agreement with the expected values 

provided by the supplier. In contrast, both cell lines transfected with diamine-terminated 

pBAEs, B3, presented substantial cytotoxicity, resulting in a viability reduction of 

approximately 60% and 76%, when compared to untreated cells. In general, all different 

oligopeptide-modified pBAEs showed great cytocompatibility on both cell lines, 

achieving cell viabilities greater than 70%, except for lysine-modified pBAEs and 

mixtures of arginine-lysine pBAEs on MDAMB231-GFP cell line. The lower cell 

viabilities achieved with lysinine-modified pBAEs (CK3) and mixtures of arginine-
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lysine pBAEs (R/K) could possibly be attributed to the high permissiveness to 

transfection of MDAMB231-GFP cell line, since microscopy images of cellular uptake 

showed higher concentration of labeled polyplexes inside the cells. Interestingly, 

mixtures of arginine-histidine and lysine-histidine pBAEs showed significant high cell 

viability on MDAMB231-GFP cell line, resulting in cell viabilities higher than 90%. 

5.3 CONCLUDING REMARKS 

From the last experiments, the following concluding remarks can be summarized:  

In general, nanoparticles prepared with oligopeptide-modified pBAEs and siRNA 

showed similar features like nanoparticles prepared with the same polymers and DNA. 

In vitro experiments have demonstrated that for efficient siRNA delivery higher 

polymer-to-siRNA ratios (200:1 w/w) were necessary to achieve high transfections 

compared to DNA (50:1 w/w). This difference was also observed in gel retardation 

assay by evaluation of the nucleic acid binding capability of the new polymers.  

Regarding intracellular localization, fluorescence microscopy images showed similar 

features as it was observed in last chapter, such as perinuclear localization of arginine-

oligopeptides and cytoplasm localization for lysine-oligopeptides. 

Moreover, excellent cell viabilities were obtained after transfection with oligopeptide-

modified pBAEs, suggesting that these new delivery vectors have great potential for 

siRNA delivery. 
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5.4 EXPERIMENTAL SECTION  

5.4.1 Preliminary Studies to Optimized Silencing Assay 

In vitro assessment of gene silencing was performed on MDAMB231-GFP cells, which 

stably express green fluorescent protein (GFP), using an anti-GFP siRNA complexed 

with arginine-modified pBAEs at 200:1 weight ratio (w/w). Different concentrations of 

siRNA per well were evaluated to achieve high gene silencing. Briefly, MDAMB231-

GFP cells were seeded on 96 well plates at a density of 10,000 cells per well, and 

incubated overnight to roughly 80-90% confluence prior to conducting the transfection 

experiments. Polymer/siRNA polyplexes were prepared as described previously in 

chapter 2, with AcONa buffer (25mM, pH 5.0). Polyplexes were diluted in serum-free 

DMEM medium and added to cells at different concentrations per well (from 25nM to 

125nM). Cells were incubated for 3 h at 37°C in 5% CO2 atmosphere. Then, cells were 

washed with PBS and complete medium was added.  After 48 hours post-transfection 

cells were washed, fixed and analyzed for GFP silencing by flow cytometry. 

Moreover, EGFP silencing was compared with cells treated with scrambled siRNA 

(scrRNA) as negative control to ensure the silencing specificity of siGFP. Scrambled 

siRNAs are composed by random sequences that have no homology to any mammalian 

genes, therefore scrambled siRNA shall not interact with any mRNA sequence and the 

EGFP level should remain constant (Figure 5. 7). 
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Figure 5. 7 In Vitro Assessment of EGFP Silencing Efficiency on MDAMB231 Cells Using siGFP at 
Different Concentration of siRNA per Well. Polyplexes were formed with arginine-modified pBAEs 
and siGFP or scrsiRNA (at 200:1 weight ratio). a) EGFP silencing was analyzed after 48h post-
transfection by flow cytometry. Percentage numbers above each bar represent the average percentage of 
EGFP expression relative to a control of untreated cells.  b) Microscopy images at 48 hours post-
transfection. i) Untreated cells, ii) 50nM scrRNA, and iii) 50nM siGFP. Stastical analysis was performed 
with EGFP expression values, with siGFP, and 25nM was used as control groups.  

Data demonstrated that high silencing efficiency was achieved with all tested siRNA 

concentrations, and no significant difference was found. However, cell viability was 

decreased when increased siRNA concentration, which could be attributed to the 

transfection itself. Therefore, 50 nM was chose as the optimal siRNA concentration per 

well. Moreover, cells transfected with scrRNA using arginine-modified pBAEs did not 

show any silencing effect, however a slight increase in EGFP expression was observed 

at high siRNA concentrations. It has been reported that short interfering RNAs can 

induce unexpected and divergent changes in the levels of untargeted proteins in 

mammalian cells 28. 

5.4.2 In Vitro Transfection with Nanoparticles Encapsulating siGFP 

Cellular transfection was performed on MDAMB231-GFP cells and HeLa-GFP cells, 

both stably expressing green fluorescent protein (GFP), using anti-GFP siRNA (siGFP). 

Cells were seeded at a density of 10,000 cells/well on 96 well plates, and incubated 
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overnight to roughly 80-90% confluence prior to conducting the transfection 

experiments. Polymer/siRNA complexes were prepared as described previously in 

Chapter 2, using siGFP at a 200:1 weight ratio (w/w) with AcONa buffer (25 mM, pH 

5.0). Polyplexes were diluted in serum-free DMEM medium and added to cells at a final 

concentration of 50 nM per well. Cells were incubated for 3 h at 37°C in 5% CO2 

atmosphere. Then, cells were washed with PBS and complete medium was added. 

INTERFERin® polyplus was used as positive control and it was prepared following the 

instructions of manufacturer. For each well, 0.06 µg of siRNA was dilute in 50 µL 

serum-free DMEM medium and 1.5 µL of INTERFERin was added, immediately 

homogenized by vortexing for 10 seconds.  Transfection mix was incubated for 10 

minutes at room temperature to allow complex formation. Cells were washed with PBS 

and 125 µL of complete medium was added, and finally 50 µL of transfection mix was 

added and incubate for 3h at 37ºC in 5% CO2 atmosphere. Then, cells were washed with 

PBS and complete medium was added. After 48 hours post-transfection cells were 

washed, fixed and analyzed for GFP silencing by flow cytometry. GFP expression was 

compared to a negative control (untreated cells), and to INTERFERin® polyplus, a 

commercial transfection reagents, as positive controls by flow cytometry. 

5.4.3 Fluorescence Microscopy of Cellular Uptake  

In order to study cellular uptake and the intracellular distribution of end-modified 

pBAEs, MDAMB231-GFP cells were transfected with labeled nanoparticles, which 

were obtained from polymers and a TAMRA-labeled oligoDNA. Briefly, 

polymer/siRNA complexes at 200:1 weight ratio were prepared by mixing equal volume 

of oligoDNA at 0.01 µg/µL with polymers at final concentration of 2 µg/µL in AcONa 

buffer solution (25 mM, pH 5.5). OligoDNA was added over polymer solution and was 

mixed by pipetting, followed by vortexing for 5 seconds and was incubated at room 

temperature for 30 minutes. Polyplexes were diluted in serum-free DMEM medium and 

used at a final concentration of 50 nM.  Cells were seeded at 30,000 cells/well on 

microscope slides placed in 24-well plates. Cells were incubated for 3 h at 37°C in 5% 

CO2 atmosphere. Subsequently, cells were washed three times with PBS, stained and 

mounted with Vectashield mounting medium containing DAPI and were viewed in a 

fluorescence microscope (Zeiss Axiovert 200M). Each fluorescent stain was analyzed 

with the corresponding filter. Blue excitation filter (420-495 nm) was used for green 
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fluorescence, green excitation filter (510-560 nm) for the red fluorescence and the UV 

excitation filter (315-400 nm) for the blue fluorescence. 
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6 INCORPORATION OF siRNA-pBAEs NANOPARTICLES 

INTO HYDROGEL SCAFFOLDS FOR LOCAL SUSTAINED 

RELEASE IN BREAST CANCER 

Published as N. Segovia, M. Pont, N. Oliva, V. Ramos, S. Borrós, N. Artzi, Hydrogel 

Doped with Nanoparticles for Local Sustained Release of siRNA in Breast Cancer. 

Advanced Healthcare Materials. (2014) doi:10.1002/adhm.201400235 

6.1 INTRODUCTION 

In the previous chapter, the ability of the new family of oligopeptide-modified pBAEs 

to efficiently deliver siRNA in vitro in cancer cell lines was demonstrated. However, the 

in vivo siRNA delivery of this pBAEs nanoparticles needs to be studied in order to 

evaluate the applicability of this novel family of oligpeptide-modified pBAEs in RNA 

technology.  

Recently, new targets for RNAi-based cancer therapy have emerged, including specific 

RNAs targeting genes involved in proliferation, invasion, angiogenesis, metastasis and 

even chemo- and radiotherapy resistance 1–4. Although some of these RNAs are already 

being evaluated in clinical trials, the delivery of siRNA is still an obstacle that limits the 

use and fulfillment of RNAi clinical potential. Since systemic delivery is the common 

route of administration, much effort has been focused on the development of vectors 

capable of efficiently delivering therapeutic siRNAs into target cells 1,5–8. As it was 

discussed in the first chapter, systemic delivery of the therapeutic nucleic acid at the 

target cell is challenging due to vectors need to overcome different extracellular 

barriers. While in vitro performance of vectors has shown promising results, in vivo 

outcomes have been modest, highlighting the limitations of such systems.  

Local delivery of siRNA may overcome some of the limitations associated with 

systemic administration, with the intention of increasing anti-tumor activity and 

minimizing systemic toxicity 4,9–13. Several approaches based on local and sustained 

delivery of active agents through hydrogel matrixes have shown therapeutic benefits in 

vivo, like tumor growth inhibition in melanoma and breast cancer tumor models 14 and 

angiogenesis promotion within tissue defects 15.  
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The use of injectable or implantable hydrogel scaffolds to locally and sustainably 

deliver therapeutic siRNAs is a potential alternative to increase the applicability of 

RNAi technology in cancer therapy 15–18. Local administration of such systems, either in 

non-resectable tumors or in the tumor bed after surgical resection, in combination with 

adjuvant regimens may be a potential alternative to increase survival rates of cancer 

patients 19. Several hydrogel formulations based on chitosan 6,14 fibrin 20–22, hyaluronic 

acid 21,23, gelation 24 PEG 25  or collagen 26 among others have been used as scaffolds for 

sustained delivery of DNA- and siRNA-nanoparticles. Although such systems have 

proved the feasibility of local and sustained delivery of nucleic acids, there are still 

several issues that need to be addressed, such as low siRNA stability, low transfection 

efficiency and certain material-related toxicities.  

The high silencing efficiency and cell viability obtained with the new family of 

oligopeptide-end modified pBAEs, described in previous chapter; make them promising 

candidates for localized nucleic acid delivery. However, these polymers have limited 

applicability on their own as pBAEs are fast degrading via hydrolytic cleavage of ester 

bonds and thus cannot provide sustained delivery. We hypothesize that once the 

particles will be embedded in a scaffold, they will be protected, stabilized, and their fate 

may be determined by the programmed degradation rate of the scaffold, thus controlling 

siRNA release kinetics.  

A novel hydrogel formulation with tissue-specific adhesion properties was used as a 

scaffold for the embedding of siRNA-nanoparticles. This hydrogel formulation is based 

on poly(amidoamine)-Dextran aldehyde chemistry that has been earlier described 27. 

PAMAM:Dextran hydrogels can be easily obtained by spontaneous Schiff base reaction 

between aldehyde groups of oxidized dextran and terminal amines of PAMAM 

dendrimers (Figure 6. 1).  
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Figure 6. 1 Schematic Representation of Hydrogel Formation and Nanoparticle Incorporation. 
Dextran aldehyde and PAMAM dendrimer amine provides a cohesive gel through aldehyde-amine cross-
linking and adhesive interface created by a dextran aldehyde-selective reaction with tissue amines. 

This hydrogel formulation has proved to be fully compatible, easy to obtain, injectable 

and tunable, making it an attractive material for local drug delivery applications.  

The main objective of this chapter is to develop a hydrogel scaffold capable of 

achieving sustained release of therapeutic siRNA in a breast cancer model. In order to 

achieve this objective different tasks were proposed: 

1. Incorporation of siRNA-pBAE nanoparticles into PAMAM:Dextran hydrogel. 

2. In vitro release kinetics studies of siRNA when embedded in the hydrogel. 

3. In vitro determination of gene silencing with hydrogel embedded with siRNA- 

nanoparticles. 

4. In vivo determination of gene silencing, in a murine breast cancer model, using 

hydrogel embedded with siRNA-nanoparticles. 

6.2 RESULTS AND DISCUSSION 

6.2.1 Validation of Oligopeptide-end Modified pBAEs to Transfect MDA-MB-

231-GFP Cell Line with anti-GFP siRNA 

In order to determine the silencing efficiency of all pBAE formulations, gene silencing 

using different oligopeptide-modified pBAE polymers was evaluated in MDA-MB-

231/GFP cells. Previously, the transfection protocol was optimized and the optimal 
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concentration of siRNA per well was established at 25nM anti-GFP siRNA. 

INTERFERin® and Lipofectamine®, both commercial transfection reagents, were used 

as positive controls. EGFP knockdown was analyzed by flow cytometry at 48 hours 

post-transfection and plotted as percentage of EGFP expression (Figure 6. 2).  

 

 

Figure 6. 2 In Vitro Assessment of Gene Silencing and Cell Viability on MDAMB231-GFP Cells 
Using Different pBAEs Formulations, at Final Concentration of 25nM of siGFP/well. 
Polymer:siRNA polyplexes were formed at 200:1 mass ratio. a) EGFP expression was analyzed after 48h 
post-transfection by flow cytometry. Percentage numbers above each bar represent the average 
percentage of eGFP expression relative to a control of untreated cells. b) Cell viability assay was 
performed after 48h post-transfection using MTS assay. Viability was plotted as percentage of viable 
cells relative to a control of untreated cells. Results are shown as mean and standard deviation of 
triplicates. 

Data shown in figure 6.2a, indicate that all different formulations of oligopeptide-

modified poly(β-aminoester)s achieved higher silencing efficiencies, when compared to 

INTERFERin® and Lipofectamine® positive controls. Both arginine- and lysine-

modified pBAE polymers showed a 55% decrease in EGFP expression, when compared 

to untreated cells. Specially, mixtures of arginine-histidine (R/H 1:1 w/w) and lysine-

histidine (K/H, 1:1 w/w) poly(β-aminoester) polymers showed the highest GFP knock-

down of all tested polymer combinations, resulting in 62% and 60% decrease in EGFP 

expression respectively, when compared to untreated cells. In contrast, arginine-lysine 

(R/K 1:1 w/w) poly(β-aminoester)s showed a modest decrease in EGFP expression, 

42%, when compared to untreated cells. These results are in good agreement with the 

GFP silencing observed in the previous chapter (5.2.2) where a single anti-GFP siRNA 

and a higher siRNA concentration, 25 nM vs 50 nM, was employed. 
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Moreover, cell viability analysis after transfection was performed, revelaing that both 

positive controls, INTERFERin® and Lipofectamine®, showed high cell viability values, 

100% and 75% respectively, which were in good agreement with the expected values 

described by the supplier. In general, all different nanoparticle formulations based on 

oligopeptide-modified pBAE polymers showed excellent biocompatibility, achieving 

cell viabilities above 90%, except to lysine-modified pBAEs which showed some 

cytotoxicity (Figure 6.2b). 

6.2.2 Optimization of siRNA-Nanoparticles Incorporation into Hydrogel and 

Characterization of Doped Hydrogels 

Nanoparticle incorporation into hydrogel matrixes was performed via in situ loading of 

nanoparticles during gel formation to ensure that particles were homogeneously 

distributed within the hydrogel (as shown in figure 6.6b). In order to determine the 

effect of nanoparticle addition in the gelation time of hydrogel, different amounts of 

nanoparticles prepared from different oligopeptide-terminated pBAE polymers were 

added to hydrogel formulations and the gelation time was determined. In addition, the 

effect of the medium containing the nanoparticles was also studied, since pH may 

influence gelation time. Therefore, nanoparticles were prepared either in water or in 

acetate buffer at pH 5 and were added to hydrogel, and the gelation time of hydrogels 

was determined, as shown in Figure 6. 3.  

 

Figure 6. 3 Gelation Time of Different pBAEs Nanoparticles Incorporated into PAMAM:Dextran 
Hydrogels. Arginine-, lysine- and histidine-modified pBAEs, CR3,CK3 andCH3, respectively;  
encapsulating siGFP were prepared in water and in acetate buffer and incorporated into PAMAM:Dextran 
hydrogels at different nanoparticles concentration. 

Results shown in figure 6.3 indicate that nanoparticles prepared in acetate buffer 

delayed hydrogel gelation time. These results suggest that acetate buffer solution 

(pH=5.0) may protonate the amines of PAMAM polymers (NH3
+), thus Schiff reaction 

between amine-aldehyde was less favored, resulting in increased gelation times. 
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Moreover, gelation time increased slightly at higher nanoparticle concentrations. This 

phenomenon may be attributed to a steric effect produced by nanoparticles, thus 

interfering the interaction between PAMAM and dextran-aldehyde. Therefore, water 

was found as the best condition to prepare siRNA-nanoparticles before hydrogel 

encapsulation. In view of these results, nanoparticles prepared in water at an 

NP/hydrogel ratio of 4.8µg/µL was chosen as the best condition to prepare nanoparticle-

loaded hydrogels. 

Next, all the different siRNA-nanoparticle formulations were freshly prepared in water 

and added to hydrogel formulations, and the gelation time of hydrogels was determined, 

as shown in Figure 6. 4 . 

 

Figure 6. 4 Gelation Time of Different Nanoparticles Formulations Incorporated into Scaffold. All 
diffenret nanoparticles were incorporated at NP/hydrogel ratio of 4.8µg/µL. Results are shown as mean 
and standard deviation of triplicates. Stastical significance of gelation timen values was determined using 
untreated hydrogel alone as control group.** p< 0.01, *** p<  0.001. 

Results shown in figure 6.4 demonstrate that all different pBAE nanoparticle 

formulations were successfully incorporated into PAMAM:Dextran hydrogels without 

any significant effect on gelation time. Interestingly, histidine-modified pBAEs 

nanoparticles (CH3) or mixtures containing histidine-modified pBAEs nanoparticles 

(R/H and K/H) showed a significant slight increased in gelation time. It is likely 

histidine-nanoparticle formulations can produce a major steric effect since nanoparticle 

formulations containing histidine-modified pBAEs polymers were larger in size, as 

shownd in chapter 5, figure 5.3. 

In order to evaluate the spatial distribution of the nanopoarticles in the scaffold, 

hydrogel scaffolds were visualized using fluorescence microscopy. Briefly, hydrogel 
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scaffolds were prepared using siRNA labeled with alexafluor-647 dye and fluorescein-

labeled PAMAM and visualized using an epifluorescence microscope, as showed in 

Figure 6. 5. 

 

Figure 6. 5. Microscopy Images of Hydrogel Scaffolds. All the different pBAEs-nanoparticles 
encapsulating siRNA were prepared in water at 200:1 weigth ratio (w/w), and were encapsulated into 
PAMAM:Dextran hydrogels. PAMAM is labeled with fluorescein (FITC) and siRNA is labeled with 
alexafluor-647 (Cy5). Hydrogel slides of 20µm. 

In figure 6.5, merged fluorescent images showed homogeneous distribution of 

nanoparticles inside the hydrogel. Notably, FITC-images of hydrogel doped with 

histidine-modified pBAE nanoparticles showed some spots with increase in fluorescein 

signal (labeled-PAMAM), which are colocalized with histidine-modified pBAEs 

nanoparticles in the hydrogel. This suggests a possible stronger electrostatic interaction 

between PAMAM with histidine-nanoparticles that may be favored by the negative zeta 

potential shown by siRNA-nanoparticles formulated with histidine-modified pBAE 

polymers.  

6.2.3 Nanoparticle Distribution inside the Hydrogel Matrix 

Given their excellent silencing efficiency, high biocompatibility and convenient 

gelation times of nanoparticles prepared with arginine-modified pBAs, this nanoparticle 

formulation was chosen for the next studies.  
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In order to evaluate the distribution of PAMAM, dextran-aldehyde and nanoparticles 

within the hydrogel, hydrogel scaffolds were prepared using fluorescently-labeled 

materials and visualized. First, hydrogels were prepared using dextran-aldehyde labeled 

with alexafluor-594 dye and the resulting scaffolds were examined using a magnifying 

glass to evaluate its homogeneous distribution. In addition, the spatial distribution of the 

building materials was assessed in more detail using fluorescence microscopy. Briefly, 

hydrogel scaffolds were prepared using siRNA labeled with alexafluor-647 dye and 

fluorescein-labeled PAMAM and visualized using an epifluorescence microscope 

(Figure 6. 6).  

 

Figure 6. 6 Images of Hydrogel Incorporating siRNA-Nanoparticles. a) Scaffold was design as a disc 
(6mm diameter, 3mm thick). b) Amplified fluorescent microscopy image of hydrogel doped with siRNA 
encapsulated into arginine-modified nanoparticles (1.2µg siRNA/100µl hydrogel), where PAMAM is 
labeled with fluorescein (green) and siRNA is labeled with Alexa Fluor-647 (red). Pore size is 45±6 µm. 

Visual analysis of the hydrogel scaffold prepared with alexafluor-594-labeled dextran-

aldehyde revealed a homogeneous color distribution, indicating that dextran was well 

dispersed within the hydrogel, as shown in figure 6.6a. A more in-detail analysis of 

hydrogel structure was achieved using fluorescence microscopy. In figure 6.6b, 

microscopy images of fluorescently labeled hydrogel loaded with fluorescently-labeled 

siRNA-nanopartilces showed co-localization of nanoparticles in the polymeric matrix 

along with particles distributed within the pores. These results suggest that in addition 

to the physical entrapment of the nanoparticles within the hydrogel matrix, chemical 

interaction between aldehyde groups from oxidized dextran and amine groups present 

on the nanoparticle surface takes place.  

6.2.4 In Vitro Release Kinetics Studies of siRNA when Embedded in the Hydrogel  

In order to understand the mechanisms that govern siRNA release kinetics from the 

scaffold, both nanoparticle and hydrogel degradation were studied. Fluorescein-labeled 

a)! b)!
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nanoparticles were incorporated into the hydrogel and then incubated in PBS at 37ºC for 

13 days. Nanoparticle degradation was followed by tracking the loss of fluorescence 

intensity over time, and stability was assessed by nanoparticle tracking analysis (NTA) 

as shown in Figure 6. 7.  

 

Figure 6. 7 In Vitro Degradation Profile of Arginine-Modified pBAEs Nanoparticles in Phosphate 
Buffer Saline 1X at 37ºC. Nanoparticles were labeled with fluorescein and degradation was predicted by 
tracking the loss of fluorescent intensity with time. Results are shown as mean and standard deviation of 
triplicates. 

Nanoparticles alone were fast degrading via hydrolytic cleavage of the ester groups of 

pBAE polymers. In the first 7 hours, approximately 60% of nanoparticles were 

degraded and full degradation occured by 24 hours, precluding these particles from 

clinical use. In contrast, the rate of nanoparticle degradation inside the hydrogel was 

significantly reduced. Nanoparticles release and degradation followed two phases. The 

first phase comprised of rapid release of approximately 50% of the particles, followed 

by a more sustained release reaching 100% after 12 days. The initial fast nanoparticle 

release results from the wash out of physically entrapped nanoparticles upon material 

swelling, providing the first bolus release. This is followed by sustained release of the 

particles upon hydrogel degradation, which is more gradual. This phenomenon indicates 

that immobilization of nanoparticles onto the hydrogel network was beneficial to 

nanoparticle stabilization, promoted by the caging and crosslinking effect of the 

oxidized dextran, which provided both steric and lateral stabilization of siRNA-pBAE 

polyplexes, similarly as described in earlier studies 20,28,29. 
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Once that nanoparticle stability was assessed, the influence of nanoparticle 

incorporation on hydrogel degradation kinetics was studied. Hydrogel degradation 

profiles were determined for hydrogels containing free siRNA or siRNA-nanoparticles, 

hydrogel-siRNA and hydrogel-NP-siRNA respectively. PAMAM:Dextran hydrogels 

degradation was followed by tracking the loss of fluorescence intensity with time using 

fluorescently-labeled dextran (Figure 6. 8).  

 

Figure 6. 8 In Vitro Degradation Profile of PAMAM:Dextran (6.25 %:5% (wt/v)) Hydrogel. 
Hydrogel was labeled with alexafluor 594 and degradation was predicted by tracking the loss of 
fluorescent intensity with time. Results are shown as mean and standard deviation of triplicates. 

Results in figure 6.8 demonstrated that hydrogel degradation was not affected by 

nanoparticle incorporation, since degradation for both hydrogel-siRNA and hydrogel-

NP-siRNA exhibited the same degradation kinetics. In the first 24 hours, hydrogel 

degradation was faster, reaching a 65% reduction in the fluorescence signal. After 24 

hours, hydrogel degradation slowed down and total hydrogel degradation was reached 

after 12 days.  

Finally, siRNA relase from either free siRNA or siRNA-nanoparticles embedded into 

hydrogel matrixes was determined by tracking the fluorescence intensity of 

fluorescently-labeled siRNA over time (Figure 6. 9). 
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Figure 6. 9 In Vitro Release Kinetics of siRNA. In Vitro release of alexafluor647-siRNA was performed 
in phosphate buffer solution 1X at 37 °C by following fluorescent intensity. Results are shown as mean 
and standard deviation of triplicates. 

The release profile of free uncomplexed siRNA from the scaffold showed rapid release 

of 90% of within 24 hours, which is in good agreement with other studies using similar 

scaffolds 16,17,30,31. Interestingly, these results were similar to the stability observed for 

siRNA-nanoparticles alone, where complete siRNA release occurred within 24 hours. 

 In contrast, siRNA-nanoparticles embedded in the scaffold showed a significantly 

slower release. In the first 24 hours, over 30% of siRNA was released, followed by 

more gradual release reaching 90% by day 6 of physically entrapped and covalently 

attached particles, respectively. The sustained release of siRNA suggests that siRNA 

release was delayed due to nanoparticle stabilization within the hydrogel matrix.  

6.2.5 Mechanism of siRNA Release in siRNA-Nanoparticles embedded in 

Hydrogel Scaffolds 

To understand the mechanism that controls the release of both uncomplexed- and 

complexed-siRNA from the scaffold, siRNA release versus hydrogel degradation was 

graphically represented. Uncomplexed siRNA encapsulated inside the scaffold showed 

fast siRNA release profile; by the time 55% of the hydrogel degraded, over 81% of 

siRNA was released from the scaffold in contrast to 33% of complexed-siRNA release. 

When over 60% of the hydrogel degraded, siRNA release kinetics was enhanced, due to 

the loss of hydrogel structural integrity (Figure 6. 10). 
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Figure 6. 10 In Vitro Correlation of siRNA Release with Hydrogel Degradation. Sustained release 
profile of nanoparticles encapsulated siRNA embedded into the hydrogel PAMAM:Dextran (6.25%: 5%, 
w/v). Results are shown as mean and standard deviation of triplicates. 

Given that hydrogel degradation profiles with and without siRNA were identical, the 

fast release obtained when uncomplexed-siRNA was incorporated to the hydrogel 

suggests that siRNA was only physically entrapped in the hydrogel, therefore it could 

easily diffuse out upon hydrogel swelling. In contrast, complexed-siRNA embedded in 

the scaffold showed a sustained release over a longer period of time compared with 

uncomplexed-siRNA, as result of: 1) higher stability of nanoparticles when embedded 

in the hydrogel matrix due to chemical interaction between the nanoparticles and the 

hydrogel matrix, 2) higher stability of siRNA when encapsulated by the nanoparticles 

that provides protection from degradation, and 3) polyplexes release now depend on 

their diffusion rate if unbound and chemical degradation kinetics when bound to 

dextran. Hence, the bi-phasic release of siRNA encapsulated in the particles and in the 

hydrogel suggests that during the first phase physically entrapped nanoparticles are 

quickly released upon polymer swelling, resulting in a fast release of siRNA in the first 

phase, followed by a second phase of release of the particles that are chemically bound 

to the hydrogel following imine bond cleavage between dextran aldehyde and 

nanoparticles surface amines.  

Additionally, the hydrogel protects the siRNA from degradation and in fact the siRNA 

remains complexed to the particle, which is critical for transfection (Figure 6. 11). 
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Figure 6. 11 Gel Retardation Assay of siRNA-Nanoparticles Released from PAMAM:Dextran 
Hydrogels (6.25%: 5%, w/v). First lane is naked siRNA and the other lanes are siRNA after hydrogel 
degradation at different time points. 

6.2.6 In Vitro Determination of Gene Silencing Efficiency of siRNA-

Nanoparticles Embedded in Hydrogel Matrixes Using a Breast Cancer Cell 

Line. 

In order to determinate the potential of scaffolds to deliver bioactive nanoparticles, gene 

silencing and cell viability studies were assesed in vitro on MDA-MB-231 breast cancer 

cell line stably expressing green fluorescent protein.  

6.2.6.1 Silencing efficiency of GFP expression with hydrogel embedded siRNA- 

nanoparticles  

To evaluate the silencing capacity of anti-GFP siRNA towards MDA-MB-231 breast 

cancer cells stably expressing green fluorescent protein was evaluated for hydrogels 

loaded with siRNA-nanoparticles, siRNA-nanoparticles alone or free siRNA entrapped 

in hydrogel. Polyplus, a commercial reagent, was used as a positive control, while 

negative controls included untreated cells and cells treated with hydrogels. GFP 

silencing efficiency was determined at 3 days post-transfection by flow cytometry and 

results were presented as percentage of EGFP expression (Figure 6. 12). 
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Figure 6. 12 In Vitro Assessment of Gene Silencing Efficiency with Hydrogels Embedded siRNA-
Nanoparticles on MDA-MB231-GFP Cells. Negative controls: untreated cells and hydrogel. 
NP(siRNA): Nanoparticles (CR3:siGFP at ratio 200:1 w/w) at concentration of 25nM siGFP/well; 
Hydrogel-NP(siRNA): Hydrogel doped with nanoparticles (CR3:siGFP at ratio 200:1 w/w); and 
Hydrogel+siRNA containing 2µg siRNA/disc. Positive control: Polyplus INTERFERin at siGFP 
concentration of 25nM/well. a) GFP silencing was analyzed after 72h post-transfection by flow 
cytometry. Percentage values above each bar represent the average percentage of EGFP expression 
relative to a control of untreated cells Results are shown as mean and standard deviation of triplicates. b) 
Microscopy images after 72h post-transfection of MDA-MB-231-GFP cells: (i) untreated cells, (ii) 
hyfrogel, (iii) hydrogel+siRNA, (iv) INTERFERin, (v) NP-siRNA, (vi) Hydrogel-NP-siRNA. Stastical 
significance of EGFP expression values was determined using untreated cells as control group. *p< 
0.05,** p< 0.001, *** p<  0.0001. 

Analysis of cell fluorescence revealed that incubation of GFP-expressing cells with 

hydrogels containing siRNA-nanoparticles achieved notable GFP silencing, up to 55% 

knockdown in fluorescence. However, gene silencing was not observed in hydrogels 

embedding uncomplexed siRNA, which confirmed that siRNA from nanoparticle-

hydrogel formulations was released in the form of active nanoparticles capable of 

transfecting cells. Knockdown efficiency of free nanoparticles in suspension was higher 

when compared to nanoparticles entrapped within the hydrogel matrix, 76% vs. 54% 

respectively. Taking into account that the siRNA released from nanoparticle-loaded 

hydrogels after 72 hours reaches approximately 70% of the total siRNA loaded in the 

scaffolds (see Figure 6.9), the obtained results are in good agreement with the amount 

of siRNA released and available in the culture medium.  
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6.2.6.2 Cell viability after transfection with hydrogel embedded siRNA- 

nanoparticles  

In order to evaluate the effect of hydrogel embedded siRNA-nanoparticles on the 

biocompatibility, the cytotoxicity of oligopeptide-terminated was assessed by 

evaluating cell viability using the MTS assay at the endpoint of a transfection 

experiment. The cytotoxicity of the best performing poly(β-aminoester)s based on their 

transfection efficiencies assessed in the previous experiment was assayed and compared 

against GeneJuice and arginine-pBAEs nanoparticles (NP) as controls. Transfection-

mediated cytotoxicity was expressed as percentage of cell viability relative to untreated 

cells (Figure 6. 13).  

 

Figure 6. 13 Cell Viability Assay at 72 Hours Post-transfection using MTS Assay. Cell viability was 
calculated as percentage of viable cells relative to a control of untreated cells. Results are shown as mean 
and standard deviation of triplicates. Stastical significance of cell viabilityvalues was determined using 
INTERFERin as control group. *p< 0.05. 

Assessment of cell viability after transfection revealed that hydrogels per se were highly 

cytocompatible since cells incubated with either hydrogel or hydrogel containing 

siRNA show cell viabilities greater than 85%, when compared to untreated cells. 

Hydrogel scaffolds containing siRNA-nanoparticles had satisfactory cell viability, over 

65%, when compared to untreated cells. The modest decrease in cell viability observed 

when hydrogels are loaded with siRNA-nanoparticles, compared with hydrogel or 

siRNA-pBAE nanoparticles alone may result from the transfection itself. Finally, 

siRNA encapsulated as free nanoparticles using either polyplus or arginine-modified 
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pBAE polymers showed a cell viability of approximately 75%, which is in good 

agreement with results described in chapters 5. 

6.2.7 In Vivo Silencing of Luciferase-Expressing Tumors Via Sustained Delivery 

of  siRNA from Hydrogel Scaffolds 

Once in vitro studies demonstrated the efficient delivery of siRNA from nanoparticles 

embedded in the scaffold, animal studies were performed to determine the effectiveness 

of in vivo gene silencing, using bioluminscence in xenograft mouse models of human 

breast cancer 32. Briefly, luciferase-expressing MDA-MB-231 tumor cells were injected 

into the mammary fat pad of SCID mice and tumors were allowed to develop. Once 

tumors reached a desired volume (around 150 mm3) fluorescently-labeled scaffolds 

loaded with siLuc-nanoparticles were implanted adjacent to the mammary fat pad 

tumor.  

In order to correlate hydrogel stability with luciferase silencing, hydrogel degradation 

was followed in vivo by tracking the fluorescent signal of fluorescently labeled-

hydrogel scaffolds. Hydrogel degradation was calculated from fluorescence signals in 

the region of interest located around tumor (Figure 6. 14). 

 

Figure 6. 14 In Vivo Degradation Profiles of PAMAM:Dextran Hydrogels. a) Fluorescently labeled 
scaffolds (Dextran labeled with TexasRed) were implanted in a murine breast cancer model and in vivo 
degradation profiles were followed by tracking the loss of fluorescence intensity with time. b) In Vivo 
degradation profiles were quantified converting the loss of fluorescent signal with time in weight loss. 
n=5 tumor implanted with hydrogel, where values are averages and standar desviation are error bars. 
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Figure 6.14 showed that hydrogel degradation of scaffolds with either uncomplexed 

siRNA or embedded siRNA-nanoparticles, Hy-siLuc and Hy-NP-siLuc respectively, 

showed the same profile. For hydrogels with embedded siRNA-nanoparticles, 

approximately 45% of the hydrogel scaffold was degraded in the first 72 hours. 

Interestingly, approximately 40% of the hydrogel remained in the tumor site at day 6, 

while hydrogels incubated in PBS were almost completely degraded at this time point 

(Figure 6.8). These results suggest that scaffolds were more stable in the tumor bed than 

in PBS solution. This phenomenon may be caused by the variation between in vitro 

PBS volume used (250 µL) compared with in vivo (< 250 µL), causing a delay in 

hydrogel degradation and therefore increasing scaffolds stability.  

In addition, silencing efficiency of luciferase expression was determined at different 

time points by bioluminescent imaging. To compare the sustained release effect of 

scaffolds on luciferase expression, a nanoparticle formulation, composed of siLuc and 

JetPEI (a commercial in vivo delivery agent), was used as positive control; and a 

glucose solution was used as negative control. Both controls were injected 

intratumorally. Tumor-associated luciferase expression was monitored over a period of 

6 days by injection of luciferin (Figure 6. 15).  

 

Figure 6. 15 In Vivo Silencing of Luciferase-Expressing Tumors using Hydrogel Scaffold Loaded 
with siLuc-Nanoparticles. a) Silencing of luciferase-expressing tumors was achieved after 24h post-
treatment and maintained until 6 days post-treatment. Negative control, tumor treated with 5% (w/v) 
glucose solution; Positive control,  tumor treated with siLuc encapsulated with a commercial reagent (Jet-
PEI, Polyplus) at dose of 10µg siRNA/tumor; and Hydrogel-NP-siLuc, tumor with hydrogel doped with 
nanoparticles encapsulated siLuc at dose of 10µg siRNA/tumor. b) Quantification of luciferase 
expression in tumors treated with siLuc. Statistical significance was determined between sets of 
measurements. * p< 0.05. 
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All mice maintained a healthy appearance after scaffold implantation and inflammation 

was not observed at the surgical site, suggesting that hydrogels did not exert any 

material-related toxicities.  

Results in Figure 6.15a and 6.15b show that hydrogel scaffold with embedded siLuc-

nanoparticles achieved higher luciferase knockdown for a longer period of time, when 

compared to positive control JetPEI. Tumors injected with a glucose solution did not 

show any effect on luciferase expression. Notably, hydrogel scaffolds with embedded 

siLuc-nanoparticles showed higher luciferase silencing after 24 hours, achieving a 50% 

reduction in luciferase signal, when compared to negative control. In contrast, JetPEI 

positive control showed only a 15% reduction in luciferase expression, when compared 

to negative control during the same period of time. Scaffolds were able to promote 

efficient and sustained luciferase silencing over the course of the study, reaching up to 

70% reduction in luciferase expression after 6 days. In contrast, nanoparticles (Jet-PEI) 

injected intratumorally achieved a maximum reduction in luciferase expression of 20% 

during the same period of time. Statistical analysis confirmed that reduction of 

luciferase expression achieved with hydrogel scaffold was significantly different 

compared to negative control and Jet-PEI (commercial reagent). These in vivo results 

confirmed that nanoparticles released from the scaffold were bioactive, allowing 

luciferase silencing over prolonged periods of time.  

In order to evaluate the correlation between hydrogel degradation and luciferase 

expression in tumors, hydrogel degradation was plotted against luciferase signal (Figure 

6. 16). 
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Figure 6. 16 Prolonged In Vivo Silencing of Luciferase-Expressing Tumors using Hydrogel Scaffold 
Loaded with siLuc-Nanoparticles. Relationship between luciferase expression in tumors and hydrogel 
degradation in mice treated with Hy-NP-si-Luc.  

Figure 6.16 indecates that in vivo hydrogel degradation showed good correlation with 

luciferase silencing, since release of siLuc-nanoparticles increased with hydrogel 

degradation. In the first 72 hours, hydrogel scaffolds were degraded approximately 43% 

and luciferase expression was reduced to 54%, when compared to negative control. 

After 72 hours, hydrogel degradation was increased, while luciferase expression was 

further decreased and maintained over time. The highest value of luciferase silencing 

coincided with the highest value of hydrogel degradation at day 6, achieving values 

over 70% and 60%, respectively. During the first six hours, high silencing effeciency 

was observed, where only 3% of hydrogel was degraded, possibly due to a burst release 

of physically entrapped siRNA-encapsulated nanoparticles from the scaffold. 

These results suggest that this new delivery method for siRNA offers the ability to 

achieve sustained release with great silence efficiency at the therapeutic site. Other 

reports have showed efficient in vivo knockdown only following two consecutive 

applications and when using commercial transfection reagents including Lipofectamine 

2000 33  or PEI 34 to improve cell uptake. In addition, other scaffolds did not achieve 

significant silencing efficiency after 7 days of scaffold implantation 15. Future work will 

examine the ability to further tune the release kinetics of the particles from the hydrogel, 

especially the initial rapid release, by tuning hydrogel formulation. Then, this versatile 

platform can be used to deliver specific siRNAs like EGFR, along with 

chemotherapeutic agents.  
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6.3 CONCLUDING REMARKS 

From the last experiments performed it can be concluded that: 

All nanoparticle formulations prepared from oligopeptide-modified pBAEs were 

successfully incorporated into PAMAM:Dextran hydrogels without major effects on 

gelation time. Particularly, nanoparticles formulated with histidine-modifed pBAEs 

showed a slight increase in gelation time due to possible competitive interactions 

between PAMAM-nanoparticles and PAMAM-Dextran. This suggests that 

nanoparticles features play an important role in hydrogel incorporation due to possible 

interaction within the polymeric matrix. 

In vitro siRNA release kinetic studies demonstrated that hydrogels with embedded 

siRNA-nanoparticles allow sustained release of siRNA over longer period of time than 

hydrogel with uncomplexed-siRNA.  Moreover, nanoparticle degradation slowed down 

due to nanoparticle stabilization within the hydrogel matrix. In addition, hydrogel 

degradation was not significantly affected by nanoparticle incorporation.  

In vitro transfection studies demonstrated that siRNA-nanoparticles remained bioactive 

after incorporation in the scaffold, because they maintained their transfection efficiency. 

Moreover, hydrogel with embedded siRNA-nanoparticles showed good cellular 

viabilities post-transfection indicating high biocompatibility of the scaffolds. 

In vivo results demonstrated that the delivery system proposed here was able to silence 

luciferase expression over a long period of time achieving higher silencing efficiency 

than a commercial in vivo transfection agent. Moreover, a good correlation between 

hydrogel degradation and luciferase silencing was observed. In addition, scaffolds 

showed good biocompatibility in vivo since all mice maintained healthy appearance 

after surgical implantation of the scaffolds. 
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6.4 EXPERIMENTAL SECTION 

All the experiments described in this chapter, unless otherwise noted, were performed at 

the Edelmanlab, in the Harvard-MIT Biomedical Engineering Center at Massachusetts 

Institute of Technology (MIT). All the pBAEs used to prepare the nanoparticles were 

the same used in the previous chapter, which were synthesized in our lab (Materials 

Engineering Group, GEMAT) at Institut Químic de Sarrià (IQS). 

6.4.1 Synthesis and Formation of PAMAM:Dextran Hydrogels 

The synthesis of dextran aldehyde as well as the PAMAM:Dextran hydrogel formation 

have been previously described 27. Briefly, generation five polyamidoamine (PAMAM) 

dendrimer with 25% amine surface groups was dissolved in water to obtain a 12.5 % 

(w/v) aqueous solution. Linear Dextran (10 kDa) was oxidized with sodium periodate to 

yield dextran aldehyde (50% oxidation of glucose rings, 2 aldehydes groups per 

oxidized glucose ring), which was also prepared as an aqueous solution (10%, w/v). The 

two homogeneous polymer solutions were mixed in equal volumes by pipetting and 

network formation occurred within seconds by Schiff-base reaction between the 

constituent reactive groups (aldehydes and amines). 

6.4.2 Formation of PAMAM:Dextran Hydrogels Doped with free siRNA and 

Hydrogel Doped with Nanoparticles Encapsulating siRNA 

PAMAM and Dextran aqueous solution were prepared as described before. In a sterile 

tube, PAMAM solution (40 µl, 15.6%, w/v) was mixed with an siRNA solution or with 

siRNA-pBAEs nanoparticle solution (20 µl in water, at the desired concentration of 

siRNA), by gentle pipetting.  Next, Dextran solution (40 µl, 12.5%, w/v) was added and 

mixed by pipetting and subsequently loaded into rubber mold sandwiched between two 

glass slides (6 mm diameter, 3 mm thick disk) to obtain hydrogel doped with free 

siRNA or hydrogel doped with siRNA encapsulated into the nanoparticles, respectively. 

6.4.3 Pore Size Analysis 

Fluorescently-labeled dendrimer:dextran solutions were injected using a dual-barrel 

syringe into a mold to form a labeled-hydrogel disk doped with siRNA-nanoparticles. 

PAMAM aqueous solution containing 2% fluorescein-labeled dendrimer, (40 µl, 15.6%, 

w/v) was mixed with Alexafluor-647 labeled-siRNA-nanoparticle solution (20 µl). 

Dextran solution (40 µl, 12.5%, w/v) was loaded to the second barrel. Following 
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injection, the two solutions mix and form a gel. The gel was allowed to freeze overnight 

and then was cryosectioned (16 µm section) for visualization using fluorescence 

microscopy (LEICA DMRA2 epifluorescence microscope coupled with a Hamamatsu 

CA 4742-95 camera). Hydrogel pore size was determined using image analysis software 

(Fiji software) of the fluorescent images. 

6.4.4 In Vitro Release Study of Alexafluor647-Labeled siRNA from 

PAMAM:Dextran Hydrogel  

Hydrogel doped with free alexafluor-647-labeled siRNA or doped with Alexafluor-647-

labeled siRNA encapsulated into the nanoparticles were prepared as described before at 

a dose of 2 µg siRNA/disk. Disks were incubated with PBS solution in 48 well plates at 

37ºC for 10 days. At predetermined time points the supernatant was completely 

removed (250 µl) and replaced with fresh PBS solution (250 µl). The fluorescent signal 

of the labeled siRNA (siRNA-alexafluor-647) was used to quantify siRNA release. The 

percentage was calculated based on the amount released at a given time point relative to 

the amount loaded.  

6.4.5 In Vitro Degradation Study of Nanoparticles Encapsulated into the 

PAMAM:Dextran Hydrogels 

 Fluorescein-labeled nanoparticles were formed by mixing a pBAEs solution containing 

10% fluorescein-labeled pBAEs with siRNA (siGFP pool) as described before. 

Fluorescein nanoparticles were incorporated into the hydrogel as describe before at a 

dose of 2 µg siRNA/disk. Disks were incubated with PBS at 37ºC in 48 well plates for 

10 days. At predetermined time points the supernatant was completely removed (250 µl) 

and replaced with fresh PBS solution (250 µl). The fluorescent signal of the labeled 

nanoparticles (fluorescein) was used to quantify nanoparticles degradation. The 

percentage was calculated based on the amount released at a given time point relative to 

the amount loaded.  

6.4.6 In Vitro Degradation Study of PAMAM:Dextran Hydrogels 

Dextran was labeled with AlexaFluor-594 hydrazide (Invitrogen). Briefly, dextran (26 

mg) was dissolved in distilled water and Alexafluor-594 hydrazide (2 mg) was added to 

the solution. The mixture was stirred at room temperature overnight in the dark. The 

solution was dialyzed (2 kDa molecular weight cut-off) and lyophilized. Dextran 
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solutions containing 2% labeled dextran were used to obtain fluorescent hydrogels 

doped with free siRNA or nanoparticles encapsulated siRNA at a dose of 2 µg 

siRNA/disk. Disks were incubated with PBS at 37ºC in 48 well plates for 10 days, and 

at different time points the solution was removed (250 µl) and replaced with fresh PBS. 

The collected solutions were analyzed by measuring the fluorescence intensity of 

Alexafluor-594 using an excitation wavelength of 590 nm and emission wavelength of 

617 nm. 

6.4.7 In Vitro Degradation of Nanoparticles  

Nanoparticles encapsulated siRNA were prepared as described before and were diluted 

in PBS (1 ml) and analyzed by Nanoparticle Tracking Analysis (NTA) in our laboratory 

(GEMAT) at Institut Químic de Sarrià (IQS). This technique measures particle size and 

particle concentration by video tracking many individual particles simultaneously. 

Nanoparticle concentration was followed for three days at different time points and was 

indicative of nanoparticle degradation. 

6.4.8 In Vitro Release of Alexafluor-647-labeled siRNA from Nanoparticles 

Alexafluor-647 siRNA (2 µg) was encapsulated into the nanoparticles as described 

before. Nanoparticles were diluted in PBS (1ml) and were added to a dialysis bag with 2 

kDa molecular weight cut-off, and incubated at 37ºC for 3 days. The fluorescent signal 

of released labeled siRNA (siRNA-alexafluor-647) in 100 µl aliquots that were then 

replaced with PBS was used to quantify siRNA release. The percentage was calculated 

based on the amount released at a given time point relative to the amount loaded.  

6.4.9 In Vitro Transfection with Nanoparticles Encapsulated siGFP 

Cellular transfection was performed on MDAMB231 cells stably expressing green 

fluorescent protein (GFP) using anti-GFP siRNA (Accell siGFPpool, Thermo 

Scientific). Cells were seeded at a density of 10,000 cells/well on 96 well plates, and 

incubated overnight to roughly 80-90% confluence prior to conducting the transfection 

experiments. Polymer/siRNA nanoparticles were prepared as described before at a 

200:1 ratio with RNAse free water. Nanoparticles were diluted in serum free EMEM 

medium (ATCC) and added to cells a final concentration of 25 nM/well. Cells were 

incubated for 3 hours at 37ºC in 5% CO2 atmosphere. Subsequently cells were washed 

once with PBS and complete EMEM medium was added. Cells were harvested after 48 
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hours and analyzed for GFP silencing by flow cytometry. GFP expression was 

compared against a negative control (untreated cells), INTERFERin® Polyplus and 

Lipofectamine® RNAiMAX commercial transfection reagents as positive controls. 

6.4.10 In Vitro Transfection with Hydrogel Doped with Nanoparticles 

Encapsulated siGFP 

Cellular transfection was performed on MDA-MB-231 cells stably expressing green 

fluorescent protein (GFP) using anti-GFP siRNA (Accell siGFPpool, Thermo 

Scientific). Cells were seeded at a density of 50,000 cells/well on 24 well plates, and 

incubated overnight to roughly 80-90% confluence prior to conducting the transfection 

experiments. Polymer/siRNA nanoparticles were prepared and used as described 

previously. Hydrogel doped with free siRNA and hydrogel doped with nanoparticles 

encapsulated siRNA (Accell GFP pool) were formed as described before at a final 

concentration of 2 µg siRNA/disk. The disks were transferred to cell culture inserts (3 

µm pore size) while cells were seeded at the bottom. After washing with PBS once, 500 

µl of fresh completed medium was added to the wells and 300 µl of completed medium 

to the insert. Cells were harvested after 3 days and analyzed for GFP silencing by flow 

cytometry (BD LSRFortessa cell analyzer). GFP expression was compared to a negative 

control (untreated cells), and to INTERFERin® Polyplus (VWR) commercial 

transfection reagents as positive controls. 

6.4.11 Cell Viability Assays Post-transfection  

Cell viability assay of transfected cells were performed using the MTS assay (CellTiter 

96® Aqueous One Solution Cell Proliferation Assay, Promega Corporation, USA) at 48 

h post-transfection with nanoparticles and 3 days post transfection with the hydrogel as 

instructed by the manufacturer. Briefly, cells were transfected with Accell siGFP pool 

as previously described. At 48 hours or 3 days post-transfection, the medium was 

removed, cells were washed once with PBS and complete medium supplemented with 

20% MTS reagent (v/v) was added. Cells were incubated at 37ºC and absorbance was 

measured at 490 nm using a microplate reader (Varioskan™ Flash Multimode 

Reader,Thermo Scientific). Cell viability was expressed as relative percentage 

compared to untreated cells.  
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6.4.12 Mammary Fat Pad Tumor Models 

Tumors in the mammary fat pad were induced in SCID mice by inoculation of 

MDAMB231-Luc cells stably expressing firefly luciferase (Luc) (5x106 cells), 

suspended in 50 µl of HBBS solution into the mammary fat pad following a surgical 

incision. For determination of tumor growth, individual tumors were measured using 

caliper and tumor volume was calculated by:  

𝑻𝒖𝒎𝒐𝒓  𝑽𝒐𝒍𝒖𝒎𝒆   𝒎𝒎𝟑 =
𝒘𝒊𝒅𝒕𝒉×(𝒍𝒆𝒏𝒈𝒕𝒉)𝟐

𝟐  

Equation 6. 1 

Treatments began when tumor volume reached about 150mm3. All experimental 

protocols were approved by the MIT Animal Care and Use Committee and were in 

compliance with NIH guidelines for animal use. 

6.4.13 Treatment of Tumors with Anti-Luciferase siRNA 

In vivo gene silencing efficacy was determined in SCID mice mammary fat pad tumors 

after injection of anti-luciferase siRNA at a dose of 10 µg per tumor. Sterile solutions, 

passed through 0.2 µm filters, were used to prepare fluorescent PAMAM:Dextran 

hydrogels (2% Alexafluor594-Dextran) doped with nanoparticles, as described before, 

containing 10 µg of anti-Luc siRNA in the shape of disks (6 mm diameter, 3 mm thick). 

Disks were implanted next to the mammary fat pad tumor of anesthetized SCID mice. 

As a negative control 100 µl of 5% glucose solution was injected directly into the tumor 

and as a positive control 10 µg of anti-Luc siRNA was encapsulate with 1.6 µl JetPEI 

(VWR) in 100 µl 5% glucose solution and also injected intratumorally. Luciferase 

silencing was determined by bioluminescence measurements upon intraperitoneal (IP) 

luciferin administration using the Xenogen IVIS device. All experimental protocols 

were approved by the MIT Animal Care and Use Committee and were in compliance 

with NIH guidelines for animal use. 
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7 CONCLUSIONS 

The development of non-viral vectors based on poly(β-aminoester)s for efficient and 

safe nucleic acid delivery has been described in this thesis. Different strategies were 

evaluated to improve gene delivery in pBAEs structures. Poly(β-aminoester)s were 

synthesized by addition reaction of primary amines with diacrylates and subsequent 

end-capping modifications with different kinds of amine- and thiol-bearing moieties.  

Firstly, preliminary exploration of polycation structures for efficient gene delivery was 

performed. In vitro studies revealed that pBAEs end-capping with diamines, having low 

molecular weight, achieved good transfection efficiency comparable to a commercial 

transfection agent. In contrast, bioreducible pBAEs end-capped with diamines did not 

improve transfection efficiency, since fast dissociation of polyplexes contributed to 

decreasing the localization of DNA in the nucleus. Moreover, both non-bioreducible 

and bioreducible pBAEs end-capped with diamines showed high cytotoxicity. 

Interestingly, synthesis of scrambled pBAEs with oligopeptide moieties, based on 

arginine residues, showed higher transfection efficiency than a commercial agent, and 

superior cell viability, demonstrating that oligopeptide incorporation renders more 

biocompatibility than diamines. 

Secondly, a new family of oligopeptide-modified pBAEs containing basic amino acids, 

such as arginine, lysine and histidine, were successfully synthesized. The new family of 

pBAEs was able to condense both DNA and RNA into discrete nanoparticles. As a 

consequence of their rich oligopeptide functionality, these new materials are more 

cytocompatible to cells, resulting in excellent cellular viability and high transfection 

efficiencies.  

In general terms, in vitro experiments for DNA or siRNA delivery using oligopeptide-

moidied pBAEs showed the same behavior. High transfection efficiency in highly 

permissive cell lines was observed, in contrast transfection efficiency in less permissive 

cell lines was dependent on the nanoparticle formulation, revealing that chemical 

composition of pBAEs had a deep effect on transfection. Therefore, tailored polymer 

formulations may be regarded as a surrogate of viral pseudotyping for synthetic vectors 

in order to control gene expression and cell-specificity.  
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Furthermore, polymer formulations described here were capable of efficiently deliver 

nucleic acids specifically to cells in vitro without the need of introducing ligand-

mediated mechanisms. 

In addition, the use of selected oligopeptides in the poly(β-aminoester)s formulation 

leads to preferential intracellular localization of the particles, such as perinuclear 

localization for arginine oligopeptides, and cytoplasmatic localization for lysine and 

histidine oligopeptides. This is of great interest for the design of tailored nanoparticle 

formulations having specific intracellular localization. 

Finally, oligopeptide-modified pBAEs nanoparticles encapsulating siRNA were 

successfully incorporated into a bioadhesive hydrogel for local and sustained release of 

siRNA in breast cancer cells. 

Fluorescence microscopy images showed homogenous distribution of nanoparticles into 

the hydrogel matrix. Moreover, co-localization of siRNA-nanoparticles in the polymeric 

matrix was observed, demonstrating covalent binding in addition to physical entrapment 

of the nanoparticles within the hydrogel matrix. 

In vitro siRNA release kinetic studies demonstrated that hydrogels with embedded 

siRNA-nanoparticles allow sustained release of siRNA due to nanoparticle stabilization 

within the hydrogel matrix. Interestingly, a biphasic release profile was observed in 

hydrogels with embedded siRNA-nanoparticles. This phenomenon demonstrates that 

siRNA-nanoparticle were both physically and covalently entrapped in the hydrogel 

matrix, and therefore burst and sustained siRNA release was observed, respectively.  

In vitro transfection studies demonstrated that transfection efficiency of siRNA-

nanoparticles was maintained after incorporation in the scaffold, and excellent cellular 

viabilities were obtained post-transfection, indicating high biocompatibility of the 

scaffolds. 

Proof of concept of this new delivery system was performed in vivo in a human breast 

cancer model. Hydrogel scaffold loaded with siRNA-nanoparticles showed more 

prolonged high silencing efficiencies than a commercial transfection agent specifically 

designed for in vivo applications, and showed high biocompatibility since all mice 

maintained healthy appearance after surgical implantation of the scaffold.  
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The cell compatibility and tunability of the hydrogel scaffold together with the high 

transfection efficiency of the oligopeptide-modified poly(β-aminoester)s nanoparticles 

make it an attractive platform that can either complement or in some cases replace 

systemic delivery. 
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