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Abstract 

Development of cell-specific RNAi delivery vectors based on  
poly(ß-amino ester)s with therapeutic applications 

 

RNAi technology has gained rapid promise for its potential therapeutic application for diseases 

caused by abnormal gene overexpression. Although RNAi delivery strategies have been widely 

studied and developed, concerns about their safety, cell-specificity and efficiency delivering prompts 

the development of alternative delivery methodologies capable of efficiently drive RNAi-based nucleic 

acids to the target cells in a safe manner. Recently, newly developed poly(β-amino ester)s (pBAEs) 

have emerged as an interesting choice for nucleic acid delivery due to their low toxicity, high 

biocompatibility, and simple chemical formulation. Here, we present an extended family of pBAEs that 

incorporate terminal oligopeptide moieties, containing both positive and negative amino acids, able to 

condense RNAi-based nucleic acids into discrete nanoparticles. Furthermore, we demonstrated that 

pBAE backbone hydrophobicity has a deep effect in the resulting polyplexes formulations. With this 

new approach, we have obtained delivery formulations with increased RNAi packaging capacity, 

stability, and transfection efficiency. In addition, in vitro and in vivo results have demonstrated that 

careful control of the pBAE oligopeptide composition is a powerful strategy to efficiently deliver nucleic 

acids in a cell-type dependent manner. These delivery vectors have specially shown great promise for 

difficult-to-transfect cells. For instance, pBAE formulations using a combination of arginine and 

aspartic acid oligopeptides were able to efficiently and simultaneously deliver anti-OCT3/4 siRNA, 

anti-NANOG siRNA, and RUNX2 plasmid to Dental Pulp Pluripotent Stem Cells in order to promote 

their osteogenic differentiation. At in vivo level, it has been found that a combination of lysine- and 

histidine- modified pBAEs was able to preferentially deliver siRNA to endothelial cells from the 

vasculature with low off-target effects.  

Finally, polyplexes have been further optimized to selectively deliver RNAi-based nucleic acids via 

receptor-mediated endocytosis in order to selectively target diseased cells, while avoiding healthy 

cells populations from the same tissue. In vivo results demonstrated that the targeted delivery system 

proposed here was able to efficiently regulate gene expression in inflamed endothelial cells from 

atherosclerotic mice model, obtaining a promising therapeutic effect.  

In conclusion, this thesis demonstrates that careful control of the composition of pBAE-nucleic acid 

formulations allows the fabrication of stable, specific and efficient delivery systems, resulting in 

promising delivery vectors that can be easily adapted for specific therapeutic applications. 
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Resumen 

Development of cell-specific RNAi delivery vectors based on  
poly(ß-amino ester)s with therapeutic applications 

 

Los ARNs de interferencia han demostrado tener un potencial terapéutico muy prometedor para el 

tratamiento de enfermedades debidas a la desregulación génica. Se han estudiado y desarrollado 

distintas técnicas de liberación de ARNs, sin embargo, las dudas sobre su seguridad, especificidad 

celular y eficiencia de transfección hacen necesario el desarrollo de metodologías de liberación 

alternativas, capaces de conducir de forma selectiva y segura los ARNs de interferencia hasta su 

diana. Recientemente, formulaciones poliméricas basadas en poly(β-amino ester)s (pBAEs) han 

surgido como una prometedora alternativa para la liberación de ácidos nucleicos, debido a su baja 

toxicidad, alta biocompatibilidad y simple formulación química. Concretamente, en este trabajo, se ha 

sintetizado una nueva familia de pBAEs que incorpora diferentes oligopéptidos catiónicos y 

aniónicos, capaces de condensar ARNs en partículas con tamaños nanométricos. Además, se ha 

demostrado que variando la hidrofobicidad de su estructura, se obtienen formulaciones poliméricas 

con distintas propiedades biofísicas. Considerando todos estos factores, se han diseñado sistemas 

de liberación de ARNs con una mayor capacidad de almacenamiento, estabilidad y eficacia de 

transfección. Además, se ha observado que controlado la composición oligopeptidica de los pBAEs 

es posible formular poliplejos con una elevada especificad celular, tanto a nivel in vitro como in vivo. 

Consecuentemente, estos nuevos sistemas de liberación muestran un elevado potencial para el 

tratamiento de líneas celulares difíciles o delicadas de transfectar. Por ejemplo, la combinación de 

pBAEs modificados con arginina y ácido aspártico forman poliplejos capaces de liberar 

eficientemente y simultáneamente anti-OCT3 / 4 siRNA, anti-NANOG siRNA y RUNX-2 plásmido 

sobre Dental Pulp Pluripotent Stem Cells, mejorando su diferenciación osteogénica. Por otra parte, a 

nivel in vivo, se ha observado que la combinación de pBAEs modificados con lisina e histidina forma 

poliplejos capaces de liberar preferencialmente ácidos nucleicos sobre células endoteliales de la 

vasculatura. 

Finalmente, los poliplejos se han optimizado con el fin de liberar ARNs mediante endocitosis 

mediada por receptor sobre células enfermas, evitando efectos no deseados sobre las células sanas 

del mismo tejido. Mediante un ensayo in vivo utilizando un modelo de ateroesclerosis en ratón, se ha 

demostrado que el sistema de liberación diseñado es capaz de regular la expresión génica sobre 

células endoteliales inflamadas. 

En conclusión, esta tesis demuestra que un cuidadoso diseño en la formulación de los poliplejos 

de ARN permite la fabricación de sistemas de liberación estables, específicos y eficientes, dando 

como resultado, vectores de liberación adaptables en función de la su aplicación terapéutica. 
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Resum 

Development of cell-specific RNAi delivery vectors based on  
poly(ß-amino ester)s with therapeutic applications 

 

Els ARNs de interferència han demostrat tenir un potencial terapèutic molt prometedor  per tractar 

malalties causades per  desregulació gènica. S’han estudiat i desenvolupat diferents tècniques 

d’alliberació d’ARNs, tot i així, els dubtes sobre la seva seguretat, especificitat cel·lular i eficiència de 

transfecció fan necessari el desenvolupament de metodologies d’alliberació alternatives, capaces de 

conduir de forma específica i segura els àcids nucleics fins a la seva diana terapèutica. Recentment, 

formulacions polimèriques basades en poly(β-amino ester)s (pBAEs)  han sorgit com una opció per 

l’alliberació d’àcids nucleics degut a la seva baixa toxicitat, alta  biocompatibilitat i formulació química 

simple. Concretament, en aquest treball, s’ha desenvolupat una nova família de pBAEs incorporant-

los-hi en els seus extrems oligopèptids formats per aminoàcids catiònics i aniònics, capaços de 

condensar ARNs tot obtenint partícules amb mides manomètriques. A més, s’ha demostrat que 

variant la hidrofobicitat de la seva cadena central, s’obtenen formulacions polimèriques amb diferents 

propietats biofísiques. Tenint en compte les característiques prèviament descrites, s’han dissenyat 

sistemes d’alliberació d’ARNs amb una major capacitat d’emmagatzematge, estabilitat i eficàcia de 

transfecció. A més, s’ha observat que jugant amb la composició oligopeptidica dels pBAEs és 

possible controlar la seva especificitat cel·lular, tant a nivell in vitro com in vivo. Conseqüentment, 

aquets nous sistemes d’alliberació mostren un elevat potencial pel tractament de línies cel·lulars 

difícils o delicades de transfectar. Per exemple, la combinació de pBAEs modificats amb arginina i 

àcid aspàrtic formen poliplexes capaços d’alliberar eficientment  anti-OCT3/4 siRNA, anti-NANOG 

siRNA i RUNX2 plasmid en Dental Pulp Pluripotent Stem Cells, millorant la seva diferenciació 

osteogènica. Per altra banda, a nivell in vivo, s’ha observat que la combinació de pBAEs modificats 

amb lisina i histidina forma poliplexes capaços d’alliberar preferencialment àcids nucleics sobre 

cèl·lules endotelials de la vasculatura.  

Finalment, s’han optimitzat les nanopartícules amb la finalitat d’alliberar ARNs mitjançant 

endocitosis mediada per receptor sobre cèl·lules malaltes evitant efectes no desitjats sobre les 

cèl·lules sanes del mateix teixit. Mitjançant un assaig in vivo utilitzant un model d’ateroesclerosis en 

ratolí, s’ha demostrat que el sistema d’alliberament dissenyat és capaç de regular l’expressió  gènica 

en cèl·lules endotelials inflamades.  

En conclusió, aquesta tesi demostra que un disseny acurat en la formació dels poliplexes d’ ARNs 

permet la fabricació de sistemes d’alliberació estables, específics i eficients, donant com a resultat, 

vectors d’alliberació fàcilment adaptables en funció de la seva aplicació terapèutica.  
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Introduction: RNAi delivery vectors 
This chapter discusses the current status of RNAi therapy in clinical applications, 

highlighting therapeutic methodologies and their delivery approaches. 

Nowadays, RNAi is changing the way we treat diseases, however its efficacy in 

in vivo applications is limited due to the lack of delivery systems. In this thesis, 

special interest was focused on the development of delivery strategies based on 

polymeric vectors to overcome current delivery limitations.   

1.1 Introduction 

The term of “gene therapy” become a revolutionary way for the treatment of a wide range of genetic 

and acquired diseases. Mainly, gene therapy is a technique that uses nucleic acids to treat or prevent 

diseases instead of traditional approaches, including, drugs or different surgery procedures [1,2]. 

Therefore, instead of focusing on treating the symptoms of the disease, gene therapy is able to treat 

the genetic roots of the disease. In the future, this technique may allow doctors to treat a disorder by 

inserting genes into a patient’s, correcting the errors from the endogenic gene.  

All of these concepts arose initially in early 1960’s when it was demonstrated that foreign nucleic 

acids could be introduced permanently, stably, functionally and heritably into mammalian cells [3]. 

With the arrival of recombinant DNA techniques, cloned genes were used to demonstrate that foreign 

genes could be used to correct genetic defects or mutations in mammalian cells [4]. After that, in late 

1970’s, transfection techniques were combined with selection systems for cultured cells and 

recombinant DNA technology [4]. And in early 1980’s, retroviral vectors that are able to transfer genes 

into mammalian cells were developed. All these experiments proved the feasibility of transferring 

small genetic material into the genome, providing a potential therapeutic approached to treat genetic 

diseases. Therefore, during these years, gene therapy experienced an exponential growth. However, 

it is important to remember that in 1999 the worst case scenario for gene therapy became a reality, 

where the tragic death of Jesse Gelsinger occurred during a clinical assay [5]. After that, it was not 

until 2003 when China become the first country to approve the first gene therapy product for clinical 

use, Gendicine™ [6,7]. 
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Figure I-1 Timeline highlighting important milestones of gene therapy from 1928 to the present (source: The Journal of Gene 

Medicine). 

Nowadays, more than 2400 clinical trials are currently underway worldwide, with miles of patients 

enrolled, showing remarkable therapeutic benefits, where different genetic strategies have been used 

(source: www.wiley.co.uk/genmed/clinical). Generally, gene therapy has been classified depending on 

the methodology applied to treat the disease [8–10].  

• Gene supplementation or correction: supplementation of damaged gen with functional 

copies of functional genes.  

• Gene augmentation: to introduce a novel gene into the cell, in order to produce a novel 

function that is not exist in this cell or increase their expression. 

• Gene silencing: this approach consists in the delivery of interfering RNA (RNAi) to 

induce post-transcriptional gene silencing by specific degradation of messenger RNA 

(mRNA).  

Over the past decade, RNAi-based therapeutics have witnessed an explosion of interest due to 

their ability to efficiently control genome expression. For instance, RNAi is able to silence the post-

transcriptional expression of specific target genes in order to prevent protein transcription [11], 

showing great potential in biomedical therapeutic applications for diseases caused by abnormal gene 

overexpression. In addition, usually RNAi-based nucleic acids act in the cell cytoplasm, avoiding 

intracellular barriers than other therapeutic genes have to reach, such as plasmidic DNA, making 

them more efficient [12].  

Commonly, different types of endogenous/exogenous RNAs have been used to control gene 

expression, such as microRNA (miRNA), short interfering RNAs (siRNAs), short hairpin RNAs 

(shRNAs), and Dicer substrate RNAs (dsiRNAs). Each of these systems acts through different 

mechanisms, differing in their possible therapeutic potential and pharmacological complexity[13]. 
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Although shRNA or dsiRNAi have been described, they are rarely used in current clinical trials due to 

their complexity[14,15]. 

Thus, currently, siRNA and miRNA are the most broadly used in therapeutic applications due to 

simplicity of manufacturing and well-described mechanism of action. They are characterized by the 

double-stranded of RNA formed by 20-25 pair bases of amino acid and they are generally distributed 

in both phylogenetic and physiological terms. The major difference between them is the way to 

downregulate the expression of specific target mRNAs. Where, siRNA binds completely to the target 

mRNA and the miRNA binds to the target mRNAs through partial complementary base pairing. 

Consequently, miRNA can have multiple mRNA targets, allowing the treatment of complex multigene 

diseases, such as cancers and neurodegenerative disorders, which require modulation of multiple 

pathways for effective treatment [16]. In contrast, siRNA only acts just in one target mRNA. Apart from 

this difference, they present similar silencing mechanism, as is explained in Figure I-2.  

 

Figure I-2 Interference RNA pathways. dsRNA (either transcribed or artificially introduced) is processed by a specialized 

ribonuclease (RNase) III-like enzyme named Dicer in the cytoplasm into a smaller dsRNA molecule, known as the siRNA. The 

siRNA interacts with and is loaded with RNA-induced silencing complex (RISC). The endonuclease argonaute 2 (AGO2) 
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component of the RISC cleaves the passenger strand of the siRNA. In contrast the antisense strand remains associated with 

the RISC, which guide the RISC to its target mRNA. After that, siRNA completely binds to the target mRNA, which is cleaved 

by AGO2 protein (left side of the figure).  miRNA: Transcription of miRNA gene is carried out by RNA polymerase II in the 

nucleus to give primary miRNA (pri-miRNA), which is double-stranded stem-loop structure. Then, pri-miRNA is cleaved by 

Drosha to form pre-miRNA. The pre-miRNA is transported by Exportin 5 to the cytoplasm where it is processed by Dicer into 

miRNA duplex of 18–25 nucleotides. The miRNA is loaded into the RISC where the passenger strand is discarded. In contrast 

the antisense strand remains associated with the RISC, which guide the RISC to its target mRNA through partially 

complementary binding. Finally, the target mRNA is inhibited via translational repression, degradation or cleavage (right side of 

the figure) [17]. 

Taking in account all these proprieties, the discovery of RNAi motivated new efforts for clinical 

therapeutic use. Since RNA was identified by Craig Mello and Andrew [18], many RNAi therapeutic 

approaches have revealed great potential. The first clinical trial of siRNA therapeutics was initiated in 

2004 and microRNA therapeutics was initialed in 2013 [19]. To date, a wide range of RNAi-based 

dugs have been identified, reaching various stages of clinical trials [17,20]. Most of them are focus to 

cancer [21–23], infectious diseases [24,25], genetic disorders [26,27], cardiovascular diseases [28], 

ocular/retinal disorders [29–31], and antiviral disease [20,32], as shown Figure I-3. 

 

Figure I-3. Clinical trials distribution using siRNA and miRNA as a therapeutic RNAi. (source: clinicaltrials.gov). 

However, the number of RNAi studies that reach advanced clinical trials is far from the values 

expected, where only 10 RNAi-based dugs are in phase II/III (Table I-1). The reason for that is the 

lack of efficient delivery systems for RNAi. It has been described that RNAi present low stability and it 

is rapidly identified by immune system and degraded by nucleases, limiting their therapeutic 

applicability [43].  
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Table I-1 Current advanced clinical trials. RNAi-based drugs in Phase II and Phase III [17]

Drug Chemistry / 
formulation Route Disease Phase Refs 

PF-04523655 
(PF-655) 

Naked siRNA, O-
methylated IVT AMD, DME II [30,31] 

QPI-1002* 
(I5NP) 

Naked siRNA, O-
methylated IV AKI 

DGF II 
Source: Quark 

Pharmaceuticals, 
Inc. USA. 

QPI-1007 Naked siRNA, O-
methylated 

IVT 
NAION 

Glaucoma III 
Source: Quark 

Pharmaceuticals, 
Inc. USA. 

TKM-080301 
(TKM-PLKI) siRNA/SNALP IV 

Solid tumors, 
HCC, NET, ACC 

lymphoma 
II/III [33] 

Atu027 siRNA/LIPOPLEX IV 
Pancreatic 

cancer 
I/II [34] 

SYL040012 Naked siRNA Eye drops 
Ocular 

hyertension, 
glaucome 

II [35,36]  

SYL1001 Naked siRNA Eye drops 
Ocular pain Dry 
Eye Syndrome 

II [37] 

Patisiran 
(ALN-TTR02) 

siRNA/lipid particle, 
ApoE 

IV 
TTR-mediated 
Amyloidosis 

III [26,38] 

siGI2D-
LODER 

siRNA/miniature PLGA 
device 

Intratumoral 
Pancreatic 

cáncer 
II [39] 

Miravisen 
AntimiR, antisense 

oligodeoxynucleotide 
LNA, PS 

SC 
Hepatitis C 

infection 
II [40–42] 

 

Recently, improvements in RNAi synthesis have been used to stabilize siRNA or miRNA, making 

them more resistant to external degradation and less prone to immune recognition. For instance, it 

has been reported that a simple chemical modification in the 2ʹ-position of the ribose and substitution 

of phosphorothioate linkages protect siRNAs from nuclease digestion and prolongs their half-life [44]. 

Moreover, 2ʹ-modifications can also be used to prevent recognition by innate immune receptors and 

overcome off-target effects. Regardless of the improvements in RNAi stability, RNAi efficiency has 

been increased by playing with RNAi structure modifications, such as LNA and unlocked nucleic acid 

[45]. These modifications introduce chemical asymmetry into duplex siRNA by blocking the passenger 

strand entry and promote RISC loading of the guide strand [46]. Taking into account these 

modifications, among others that have not been described, current modified RNAi molecules are more 

stable in physiological medium, however usually not enough to be therapeutically useful.  

Despite RNAi stability, RNAi delivery presents other drawbacks that need to be addressed. For 

instance, RNAi molecules are too large and negatively charged to cross the lipid bilayer and enter to 

the cells. Only some chemically modified small single strand RNAi, such as anti-miRNA, has been 

reported to be able to cross cellular membranes[47]. However, once small single-strand RNAi are in 

the cell cytosol, they remain trapped inside of the endosome[48], limiting their therapeutic efficiency. 

Besides, modified RNAi is not able to be delivered in a tissue-specific-manner, giving high number of 

off-target effects over other cells lines o tissues [49]. 
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To overcome these limitations, a delivery strategy to promote efficient and safe RNAi delivery to the 

right target cells is required. Therefore, an accurate evaluation of a series of parameters, such as the 

type of therapeutic nucleic acids (large DNA or small RNAi), target cells, and administration route, is 

needed for each therapeutic application (Figure I-4). 

 

Figure I-4. Mainly requirements to design a RNAi delivery system. Therapeutic gene: A large type of nucleic acids with 

potential therapeutic function are now available. This includes plasmidic DNA, oligonucleotids, and a broad series of small non-

coding nucleic acids. Target cell/tissue: Delivery vector have to be designed to exclusively target specific cells or tissues, 

avoiding other cells lines. Administration route: Describes the way to reach the final tissue, which is going to play a key role 

for delivery vector design.  

The administration route is one of the most important parameter, because it limits the final 

approach. Currently, two different delivery strategies have been described, local and systemic 

delivery. Local delivery may overcome some of the limitations associated with systemic 

administration, and may allow the use of simple formulations and lower doses, resulting in higher 

bioavailability due to the simple accessibility to the target tissue. Usually, local delivery has been 

explored for the treatment of solid tumors, skin disease, and eye disease [50,51]. For instance, a 

combination of polyplexes with hydrogel matrixes or scaffolds have demonstrated a positive effect 

against cancer [52–54]. Then, scaffolds have been used to protect and control RNAi-based nucleic 

acids release, obtaining a therapeutic effect at the specific target.  



 Chapter I – Introduction: RNAi delivery vectors 

9 

However, for a wide range of diseases such as, cardiovascular, infectious or some cancers, RNAi 

molecules have to be delivered systemically in a tissue-specific manner. For this purpose, a long 

circulating delivery system is generally the most effective mechanism. Usually RNAi-based nucleic 

acids are delivered via intravenous, intraperitoneal, or oral administration. Nevertheless, as previously 

discussed, systemic delivery presents several limitations. Once delivery vectors are injected into the 

bloodstream, they have to avoid protein interactions and protect their therapeutic cargo from 

enzymatic degradation and immune system. In addition, delivery vectors should overcome different 

biophysical barriers, avoid non-target tissue clearance and phagocyte recognition [55]. 

Nevertheless, systemic delivery is taking advantage over local deliver during the last years. For 

example, before 2008, only 1 out of 8 new RNAi clinical candidates was systemically administered, 

while in 2012 at least half of newly developed RNAi-drugs were systemically administered [49,56], 

and currently 70% of advanced clinical trials were systemically administrated. These data suggest 

that important improvements in delivery strategies for systemic delivery have been developed, 

approaching them to ideal delivery strategy.  

Typically, there are two different types of vectors: viral and non-viral. Initially, viruses were widely 

used to develop efficient vectors for the delivery of therapeutic genes [57–69]. Viruses present high 

rate of transfection due to thousands of years of evolution. However, they present several issues, 

such as limited packaging capacity, high large-scale production costs, poor target-selectivity, and 

safety risks [70,71]. Despite its commonly described limitations, viral vectors are rarely used in RNAi 

therapy, because periodic RNAi administrations are needed in in order to efficiently treat a disease. It 

has been descried that several administrations of viral vectors can cause immunological response, 

limiting their applicability.   

Alternatively, non-viral vectors have attracted increasing attention in the past two decades because 

they offer many advantages over viral systems. Some of these advantages are their simple large-

scale production, stability and low immunogenicity after periodic administrations [72,73]. Therefore, 

non-viral vectors have been increasingly explored as safe and effective alternatives that are easier to 

prepare and can deliver large payloads of nucleic acids, which it is the key to design an effective 

RNAi delivery strategy. Nowadays, non-viral vectors for RNAi delivery can be classified in three 

groups: lipid-based delivery systems, polymeric-based delivery systems, and conjugated-based 

delivery systems, as shown Figure I-5 [73,74]. 



Chapter I – Introduction: RNAi delivery vectors  

 10 

 

Figure I-5 Chemical structure of non-viral vectors currently used. Lipids-based carriers (Liposomal formulation typically used 

a mixture of cationic lipid and neutral lipid in their formulation): 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), 3,[N-(N1,N-dimethylethylenediamine)-

carbamoyl]cholesterol (DC-chol), 1,2-Distearoyl-sn-glycero-3-phosphocholine (DSPC), 1,2-Dioleoyl-sn-glycero-3-

phosphoethanolamine (DOPE), and Cholesterol. Polymeric-based carriers: Poly(l‑lysine), polyethylenimine (PEI), poly[(2-

dimethylamino) ethyl methacrylate] (pDMAEMA), carbohydrate-based polymers such as chitosan and β-cyclodextrin-containing 

polycations, polyamidoamine (PAMAM) dendrimers, and degradable poly(β-amino ester)s polymers. Conjugate-based 
carriers: Dynamic PolyConjugate (DPC) and triantennary N-acetylgalactosamine (GalNAc) [74]. 

Lipid-based vectors are among the most widely used non-viral nucleic acid carriers for in vivo 

applications [75–80]. Lipid nanoparticles are formed spontaneously by electrostatic and hydrophobic 

interactions between hydrophobized polycations and nucleic acids. Typically, cationic lipids, such as 

DOTMA, are characterized structurally by three components: the polar head-group, a hydrophobic 

chain, and a linker between these two regions [81]. Tailoring polar and hydrophobic domains of 
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cationic lipids large libraries of lipids can obtain, such as DOSPA, DOTAP, DMRIE, and DC-

Cholesterol. In addition, neutral lipids, such as DOPE or Cholesterol, have been included in liposomal 

formulations as ‘helper lipids’ in order to enhance transfection efficiency and stability [82]. Currently, 

lipid-based vectors are being used in different clinical trials, such as stable nucleic-acid particle 

(SNAP). For instance, Silence Therapeutics has developed a SNAP-based formulation, which consist 

of a cationic lipid, a helper lipid, and PEG-lipid targeting the protein kinase N3 in patients with 

advanced solid cancer [83]. However, some concerns about their safety have arisen after toxicity of 

certain lipid formulation has been reported [84–86].  

Cationic polymers are an attractive alternative to lipid-base formulations. Polyplexes are formed by 

electrostatic interactions between the positive charge groups of polycations and nucleic acids. 

Poly(l‑lysine) (PLL) [87] and polyethylenimine (PEI) [88] are the first polymers and the most 

commonly used as gene delivery vectors. Chemical structure of PEI polymer provides high 

transfection efficiency, high nucleic acid condensation, and high endosomal escape. However, it is 

reported that PEI induces high cytotoxicity. Further studies demonstrated that PEI cytotoxicity strongly 

depends on its structural proprieties, specially of their molecular weight [89] and their linear versus the 

branched forms [90]. Nevertheless, in order to improve safety and efficacy, other polymers have been 

studied, such as poly(amidoamine) dendrimer (PAMAM) [91], chitosan [92,93], poly(β-amino ester) 

(PAE) [94–96], among others. For example, cyclodextrin polymer-based nanoparticle was the first 

used targeted nanoparticle for siRNA delivery in clinical assays for cancer treatment [21].  

Taking advantage of lipidic and polymeric vectors, combinations of both have been reported in 

order to create systems that combine the best of each delivery vectors. For instance, the combination 

of hydrophobic hexadecylated PEI with different lipids is able to maintain gene silencing for longer 

periods of times in in vitro assays [97]. Furthermore,  mixtures of lipidic and polymeric formulations, 

also known as lipidoids, exhibit promising results of RNAi delivery in vitro and in vivo assays [98,99]. 

On the other hand, conjugate-based RNAi delivery system is the newest approach in RNAi delivery 

field. Several promising formulations have been designed though covalent attachment of delivery 

ligands to RNAi-based drugs, such as carbohydrates, peptides, and polyamines [100]. Currently, the 

most clinically advanced formulations are Dynamic PolyConjugates (DPCs) and triantennary N-

acetylgalactosamine (GalNAc), which commonly are used to target hepatocytes [101]. However, in 

order to target others organs than liver using conjugate-based delivery systems is still challenging. 

Among of promising RNAi delivery systems have been developed during the last years, showing 

promising in vitro and in vivo efficiencies. Currently, lipid-base formulations are the most used in 

clinical trials, however cytotoxic effects have been reported after several administrations. 

Furthermore, a recent study has demonstrated that around 70 % of RNAi taken up by cells is not able 

to escape from the endosome, limiting their therapeutic utility [102]. In order to overcome these 

drawbacks, polymer-based nanoparticles are being developed, showing less cytotoxic effects and 

better endosomal scape.  
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Within the polymer-based vectors, poly (β-amino ester)s (pBAEs) are an interesting choice due to 

their low toxicity and high biocompatibility [94–96,103]. pBAEs were discovered by David M. Lynn at 

2000 as a safe alternative to previously existing polymeric vectors [94]. These polymers possess 

highly sought characteristics, such as simple synthesis and easily chemically modifications, as shown 

Figure I-6.  

 

Figure I-6. Poly (β-amino ester)s (pBAEs) chemical structure.  

PBAEs backbone is characterized by repeating ester groups that are biodegradable through 

hydrolysis and esterases in the cell cytoplasm. Therefore, pBAEs cytotoxicity is low due to the 

accumulation in cell cytoplasm is reduced and the resulting products derived from hydrolysis are not 

toxic. Moreover, the presence of protonable amines in their structure allows improved endosomal 

escape of complexes due to the proton sponge effect [104].  

Taking these proprieties into account, different types of poly(β-amino ester)s have been formulated 

and used successfully in a number of therapeutic applications including vaccination [105], gene 

therapy for cancer and ophthalmology [106–108], gene silencing [109,110] and stem cell modification 

[111,112]. However, current pBAEs present some drawbacks that have to be further improved when 

they are used for systemic delivery, such as stability or tissue targeting. 

Previously in our group, a new family of pBAE has been synthetized in order to overcome such 

limitations. Particularly, end-capping groups were modified using different positive amino acid 

moieties, such as arginine, lysine, and histidine. Results demonstrated that oligopeptide-modified 

pBAE achieve better cellular viability and higher transfection efficacy than previously chemically end-

modified pBAE, however their stability under physiological is still challenging [96]. 

Then, the main objective of this thesis is the development of efficient strategy to specifically 
drive therapeutic nucleic acids to desired tissue or target cells, avoiding current off-target 
effects. Polymers based on pBAEs have been used due their high biodegradability and low toxicity 

compared to current non-viral vectors. Taking into account their easy synthesis and manipulation, the 

effect of structural modifications has been explored to design a specific formulation depending on the 

needs of their final target. 
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In order to achieved the main objective, the following goals were proposed:  

• To develop and characterize a library of poly(β-amino ester)s with different oligopeptide 

terminations in order design  safe, efficient, and cell-specific polyplexes. (Chapter II). 

• To evaluate the ability of new cell-specific polymers to efficiently deliver RNAi into 

difficult-to-transfect cell types, such as Dental Pulp Pluripotent Stem Cells (DPPSCs) 

(Chapter III). 

• Increase the RNAi polyplexes stability and nucleic acids packaging capacity considering 

their in vivo applications (Chapter IV). 

• To evaluate the ability of new stable and cell-specific polymers to preferentially deliver 

siRNA to endothelial cells (Chapter V). 

• To develop a targeted nanoparticle formulation to deliver therapeutic RNAi (anti-miR712) 

to diseased cells, avoiding healthy cells from the same tissue (Chapter VI).  
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1.2 Content of this Dissertation 

Poly(β-amino ester) polymers are promising candidates for RNAi delivery since they possess a high 

degree of biocompatibility, low toxicity, and high transfection efficiency. In addition, pBAE structure 

allows simple modifications, paving the way to the design-tailored polymer formulations in function of 

their final therapeutic application, making them effective delivery vectors for future clinical 

development. Thus, different pBAE chemical modifications are presented in this work to overcome 

common delivery vectors limitations, such as cell-targeting and stability in physiological media.  

First, modification of pBAE termini groups are explored using different cationic and anionic 

oligopeptide moieties to efficiently condense RNAi into discrete nanoparticle with tuneable surface 

charge, in order to design a cell-specific polymer formulation (Chapter II). This study investigates the 

relationship between oligopeptide moiety formulation and cell-specificity. 

Chapter III goes a step further exploring the use of our previously developed and characterized 

delivery system in osteogenesis. Through a collaboration with Dr. Maher Atari Laboratory from 

Universitat Internacional de Catalunya (UIC) in Barcelona, our end target was to improve the 

differentiation of Dental Pulp Pluripotent Stem Cells (DPPSC)s towards an osteoblast cell line to 

develop bone regenerative therapies, by silencing OCTA ¾ and NANOG pluripotency genes and 

overexpressing key osteogenic genes.  

Although the design of cell/tissue specific polyplexes is a key factor to avoid off-targets effects, the 

stability of the pBAEs in physiological media also have a direct influence on its therapeutic efficiency. 

Chapter IV seeks to explore how to develop a stable, efficient, and tissue specific family of poly(β-

amino ester)s playing with their hydrophobicity. As a result, we developed a wide range polymers 

combining different oligopeptides formulations with different pBAE backbone structures, which their 

composition differs from traditional cationic polymers for their enough stability and functionality, 

making them closer for in vivo applications. 

Chapter V is focused in the optimization and evaluation of these newly developed stable and cell-

specific pBAEs to preferentially deliver siRNA to endothelial cells from mice vasculature. This work 

was mainly performed at Coulter Department of Biomedical Engineering at Georgia Institute of 

Technology and Emory University in Atlanta (USA) in collaboration with Dr. Hanjoong Jo laboratory.  

The last part of this thesis is centered to specifically deliver RNAi-based nucleic acids to diseased 

cells from tissue. Some disease only occurred in certain cell populations, such as atherosclerosis, 

limiting the use of our previously designed cell-specifics polyplexes. Currently, targeting delivery 

represents a promising approach to overcome this limitation. Then, in Chapter VI targeted polyplexes 

based on previous designed pBAEs were formulated. In collaboration with Dr. Hanjoong Jo 

laboratory, our designed targeted polyplexes were used to deliver a therapeutic RNAi (anti-miR712) to 

inflamed endothelial cells from the vasculature in order to treat atherosclerosis disease.   
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Design of efficient and cell-specific delivery vectors 
using poly(β-amino ester)s 

 

This chapter describes the synthesis of extended family of pBAEs that incorporate 

terminal oligopeptide moieties synthesized from both positive and negative amino 

acids. Polymer formulations of mixtures of oligopeptide-modified pBAEs are 

capable of condensing RNAi into discrete nanoparticles. In addition, we have 

demonstrated that efficient delivery of nucleic acids in a cell-type dependent 

manner can be achieved by careful control of the pBAE formulation, making them 

a powerful strategy for developing delivery systems for future RNAi therapy 

applications. 

2.1 Introduction 

As previously discussed in chapter I, RNAi therapy emerged a valuable tool for the therapeutic 

treatment for many diseases, becoming a new paradigm in medicine with enormous therapeutic 

potential [1]. However, the lack of safe, specific, and efficient delivery vectors is the principal handicap 

of this field, which limit their applicability.  

One of the biggest obstacle are the different barriers that RNAi-nanoparticles have to overcome 

until it reach their target mRNA [2]. Beside stability barriers, efficient RNAi delivery to the target cell is 

also a challenging proses. Cellular entrance of RNAi nanoparticles most often occurs thought 

endocytosis. After that, endocytosed RNAi nanoparticles are entrapped in membrane-bound 

endocytic vesicles, which fuse with early endosome and become increasingly acidic, where RNAi 

nanoparticles have to scape in order to be therapeutic. Then, the development of strategies to 

overcome the intracellular barriers that delivery vectors have to overcome, also has attracted much of 

the work investigating the mechanism of synthetic delivery methods [3]. 

First, delivery vectors have to efficiently bind to the negatively-charged cell membranes and get 

internalized. Because polyplexes are held together electrostatically and typically present highly 

positively charged surfaces, the nature and the extent of their surface charge condition not only their 

interaction with the cell surface but also with other charged surfaces. Indeed, vector interactions with 

proteins and glycosaminoglycans (GAGs) found in the extracellular matrix or the cell surface may 

interfere with the interactions between polyplexes and the cell surface, resulting in decreased delivery 

efficiency [4–6]. Tailoring of the surface properties of the delivery vehicles, especially the surface 

charge, may significantly influence the way they interact with the cell surface and ultimately influence 

their performance [7][8][9]. Coating of the surface of polyplexes with hydrophilic polymers, such as 

polyethylene glycol (PEG) [10,11] or poly[N-(2-hydroxypropyl)methacrylamide] (pHPMA) [12–14], may 
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significantly alter the surface charge of the vector. The addition of such polymer coatings forms a 

physical barrier around the polyplexes that provides steric stabilization and protection from unwanted 

interactions, but may also hamper the required interactions for cellular uptake. In addition to polymer 

conjugation, another promising approach is the formation of ternary complexes by shielding the 

peripheral cationic charges with layers of anionic polymers, such as polyacrylic acid [9] or hyaluronic 

acid [15]. Controlled addition of anionic polymers on pre-formed polyplexes results in the formation of 

a negatively charged shell that may improve the disadvantages of their strong cationic charge, such 

as cytotoxicity and non-specific binding to physiological molecules. Recently, it was demonstrated that 

electrostatic coating of nucleic acid nanoparticles prepared from poly(β-amino ester) is a simple and 

effective method to modify the function and the toxicity of nanoparticles and may have the potential to 

promote tissue-specific RNAi and gene delivery [16,17]. 

Poly(β-amino ester) polymers are 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 [18]. 

 

Figure II-1 Synthesis of pBAEs by Michael-type addition reaction.  

Since different backbone structures can be ease designed, Anderson et. al. synthetized a large 

family of 2350 structurally unique pBAEs using high-throughput combinatorial chemistry [19,20]. 

Results showed that polymer structure have a direct influence to RNAi or DNA binding ability and 

delivery efficiency, finding that C32 polymer structure was one of the best formulations [21]. In 

addition, targeting ligands or endosomolytic moieties can be easily incorporated in the polymer 

backbone using different conjugation or polymerization techniques. Their use allows a high degree of 

flexibility in the final polymer formulation, which can be tuned for particular purposes [22–24]. 

Previously in our group, we developed a family of poly(β-amino ester) polymers with oligopeptide-

modified termini that has proven high gene delivery and excellent biocompatibility. Previous results 

have demonstrated that tailored formulations of different cationic oligopeptide-terminated poly(β-

amino ester) polymers are capable of rendering nanoparticles with specific features, obtaining a 

different intracellular localization. For instance, when pBAE was end-caped with arginine peptide 

previous results demonstrated arginine-modified poly(b-amino ester)s showed preferential localization 

around the perinuclear region, while complexes formed with poly(b-amino ester)s end-modified with 

lysine or histidine oligopeptides were preferentially observed in the cytoplasm or around the cellular 

membrane, respectively [25].  
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Taking into account previously observed oligopeptide-modified pBAE features, in this chapter, we 

have expanded the use of oligopeptide end-modification by exploring the use of mixtures of cationic 

and/or anionic oligopeptide-modified pBAE as delivery systems for RNAi therapy. As a result, we 

have developed formulations of anionic and/or cationic pBAE polymer mixtures as a simple method to 

tailor the surface charge of the resulting nanoparticles in order to avoid non-desired proteins 

interactions, while maintaining their ability to mediate efficient gene silencing. Consequently, wide 

family of polyplexes with different oligopeptide formulation have been designed, which may be used to 

delivery vector customization in function of their therapeutic application. Therefore, their easy 

adaptability makes them a promising alternative to transfect challenging cells lines, such as stem 

cells. In the next chapter, newly formulated positive/negative oligopeptide mixture have been tested to 

deliver siRNA into Dental Pluripotent Stem Cells.  

Then, the main objective of this chapter is the development of a family of polymers (pBAEs) with 

different formulation strategies, which are able to efficiently condense RNAi into discrete nanoparticle 

with tuneable surface charge proprieties, in order to design a cell-specific and cell-efficient polymer 

formulation. 

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

• Synthesis and biophysical characterization positive and negative oligopeptide end-modified 

pBAEs. 

• Study of GFP knockdown efficiency and viability using newly designed positive and negative 

oligopeptide pBAE in different cells lines.  

• Determination of beneficial effects in terms of cell-specificity and transfection efficiency of 

newly developed oligopeptide end-modified pBAEs. 

  



Chapter II – Design of efficient and cell-specific delivery vectors using pBAEs 

 30 

2.2 Materials and Methods 

2.2.1 Materials 

Reagents and solvents used for synthesis were purchased from Sigma Aldrich and Panreac. CR3 

(H-Cys-Arg-Arg-Arg-NH2), CK3 (H-Cys- Lys-Lys-Lys-NH2), CH3 (H-Cys-His-His-His-NH2), CD3 (H-

Cys-Asp-Asp-Asp-NH2) and CE3 (H-Cys-Glu-Glu-Glu-NH2) peptides were obtained from GL 

Biochem (Shanghai) Ltd with a purity of at least 98%. Derivatization kit (AccQ-TagTM Ultra) was 

obtained from Waters and Amino acid standard H was purchased from Sigma Aldrich. Silencer RNA 

against Green Fluorescent Protein (GFP) was obtained from Thermo Scientific Dharmacon. HeLa-

GFP and MDA MB321 cell lines were obtained from Cell Biolabs and all of them 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 and 0.1 mM MEM Non-Essential Amino Acids 

(NEAA). 

2.2.2 Synthesis of pBAEs polymers 

Poly(β-amino ester)s were synthesized following a two-step procedure, described in the literature. 

First, an acrylate-terminated polymer was synthesized by addition reaction of primary amines with 

diacrylates (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. NMR spectra were 

recorded in a 400 MHz Varian (Varian NMR Instruments, Claredon Hills, IL) and methanol-d4 was 

used as solvent. 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. Molecular 

weight determination was conducted on an HPLC Elite LaChrom system (VWR-Hitachi) equipped with 

a GPC Shodex KF-603 column, 6,0 mmID x 150mm, and THF as mobile phase. The molecular weight 

was calculated by comparison with the retention times of polystyrene standards. 

2.2.2.1 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 1:2,5 molar ratio in dimethyl sulfoxide (DMSO). The 

mixture was stirred overnight at room temperature and the resulting polymer was obtained by 

precipitation in a mixture of diethyl ether and acetone at 7:3 (v/v) ratio. 

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, 0.06 mmol) dissolved in DMSO (2 mL) and a 

solution of H-Cys-Arg-Arg-Arg-NH2 (CR3) (0.11 g, 0.15 mmol) in DMSO (1 mL) were mixed and 

stirred overnight at room temperature. End-modified polymer R3C-C32-CR3 was obtained by 

precipitation and dried under vacuum. 
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Table II-1 summarizes the quantity of different oligopeptides needed to synthetize the new family of 

cationic- and anionic- end-modified pBAEs from 0.15 g of C32 polymer. 

Table II-1. Summary of the quantity of different oligopeptides to synthetize the PBAEs studied. 

 MW (g/mol) Quantity (mg) Quantity (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 

CD3·HCl 501.92 75.29 0.15 

CE3·HCl 544.00 81.6 0.15 

 

- C32-CR3 

IR (evaporated film): n = 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-CH2-CH2-CH2-), 1.56 (br, -CH2-CH2-CH2-CH2-OH), 1.39 (br, -N-(CH2)2-CH2-(CH2)2-OH). 

- C32-CK3 

IR (evaporated film): n = 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). 

- C32-CH3 

IR (evaporated film): n = 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). 
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- C32-CD3 

IR (evaporated film): n = 720, 799, 830, 954, 1028, 1131, 1199, 1403, 1468, 1588, 1677 (C=O, from 

peptide amide), 1731 (C=O, from ester), 2940, 3368 (N-H, O-H) cm-1 

1H-NMR (400 MHz, MeOD, TMS) (ppm): δ = 4.56-4.44 (br, NH2-C(=O)-CH-NH-C(=O)-CH-NH-C(=O)-

CH-NH-C(=O)-CH-CH2-), 4.19 (br,NH2-CH-CH2-S), 4.00 (t, CH2-CH2-O), 3.34 (t, CH2-CH2-OH), 2.98 

(dd, -CH2-S-CH2), 2.57-2.48 (t, -CH-CH2-COO-), 2.40 (br, -N-CH2-CH2-C(=O)-O), 1.60 (br, -O-CH2-

CH2-CH2-CH2-O), 1.38 (br, -CH2-CH2-CH2-CH2-OH), 1.20 (br, -N-(CH2)2-CH2-(CH2)2-OH). 

- C32-CE3 

IR (evaporated film): n = 720, 799, 830, 955, 1030, 1131, 1199, 1403, 1542, 1675 (C=O, from peptide 

amide), 1731 (C=O, from ester), 2865, 2940, 3340 (N-H, O-H) cm-1 

1H-NMR (400 MHz, MeOD, TMS) (ppm): δ = 4.25-4.21 (br, NH2-C(=O)-CH-NH-C(=O)-CH-NH-C(=O)-

CH-NH-C(=O)-CH-CH2-), 4.15 (br,NH2-CH-CH2-S), 4.00 (t, CH2-CH2-O), 3.34 (t, CH2-CH2-OH), 2.95 

(dd, -CH2-S-CH2), 2.57-2.44 (t, -CH-CH2-CH2-COO-, -CH-CH2-CH2-COO-, -CH-CH2-CH2-COO-), 2.21 

(br, -N-CH2-CH2-C(=O)-O), 1.60 (br, -O-CH2-CH2-CH2-CH2-O), 1.38 (br, -CH2-CH2-CH2-CH2-OH), 

1.23 (br, -N-(CH2)2-CH2-(CH2)2-OH). 

2.2.3 Nanoparticle formation and biophysical characterization 

Polymer:siRNA complexes at different weight ratios were prepared by mixing equal volumes of 

siRNA at 0.01 µg/µL with polymers at different concentrations in AcONa buffer solution (25 mM, pH 

5.5). C32-CR3 at 200:1 weight ratio is shown as an example: 4 µL of siRNA (0.25 µg/µL) was diluted 

in 96 µL of acetate buffer to obtain a final concentration of 0.01µg/µL. 2 µL of C32-CR3 (100 µg/µL) 

was diluted in 98 µL of acetate buffer to obtain a final concentration of 2 µg/µL. Then, siRNA 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.  

2.2.3.1 Gel retardation assay 

To perform siRNA retardation assay, different polymer:siRNA (w/w) ratios was added over agarose 

gel (2.5% of agarose w/v) in Tris-Acetate-EDTA (TAE) buffer containing ethidium bromide (1 µg/mL). 

Finally, samples were run for 1 hour at 80V (Apelex PS 305, France) and siRNA bands were 

visualized by UV irradiation. 

2.2.3.2 Dynamic Light Scattering (DLS) 

Particle size and surface charge measurements of the complexes were determined by Dynamic 

Light Scattering (DLS) at room temperature with a Zetasizer Nano ZS (Malvern Instruments Ltd, 

United Kingdom, 4-mW laser) using a wavelength of 633 nm. Measurements were carried out mixing 

200 µL of complexes in AcONa buffer solution (25 mM, pH 5.0) with 3 mL of PBS 1x buffer solution 

(pH 7.4). Results were plotted as mean and standard deviation of triplicates analysed by intensity. 
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2.2.3.3 Buffering Capacity 

The buffering capacity of end modified pBAEs was determined by acid-base titration. Briefly, 50μL 

of polymer at 100 mg/mL was dissolved in 5 mL with 150 mM NaCl at final concentration of 1mg/mL. 

Then, solution pH was adjusted to pH 10 with 0.1 M NaOH. The titration curve was performed by 

addition of 10 μL aliquots of 0.1 M HCl and pH was measured after each addition with pH meter 

(Crison Basic 20+, Crison Instruments). This step was repeated until pH solution was stabilized at pH 

2.  

2.2.4 Transfection of cells with siRNA silencing of green fluorescent protein with siRNA-

siGFP 

Cellular transfection was carried out using siGFP in MDA MB231 and HeLa GFP cells. Cells were 

seeded in 96-well plates at 8,000 cells/well and incubated overnight to roughly 80% confluence prior 

to performing the transfection experiments. Polymer:siRNA complexes were prepared as described 

previously at 200:1 ratio with AcONa buffer (25mM, pH 5.0). Cells were washed with PBS 1x and 

siRNA complexes, containing 5 pmol of siGFP, were added at a final concentration of 50nM in serum 

free medium. Then, cells were incubated for 3 h at 37°C in 5% CO2 atmosphere. After 3h, the 

remaining complexes were removed and replaced with 100 µL of DMEM supplemented with 10% 

FBS, 1% Glutamine and 1% Streptomycin/Penicillin. Polyplus Interferin was used as positive control 

of transfection, and untreated cells were used as negative control. 

Silencing of GFP using polymer:siRNA complexes was measured using flow cytometry (BD 

LSRFortessa cell analyser). Before, cells were trypsinized with 60 µL of trypsin and fixed with 100 µL 

of paraformaldehyde (PFA) at 1% and 100 µL of completed medium. A total of 2000 cells were 

analysed per sample, and fluorescence gating was determined using samples receiving no treatment 

and treated with commercial polymer (PolyPlus Interferin). Finally, the data was analysed by BD 

LSRFortessa cell analyser software. 

2.2.5 Cellular uptake of fluorescently labelled siRNA with different oligopeptide 

formulations 

Cellular transfection was realized using labelled siRNA (AF546) in MDA MB231 and HeLa GFP 

cells. Transfection assay was performed in the same manner than previous explain. After 3h, the 

remaining complexes were removed and cells were trypsinized with 60 µL of trypsin and fixed with 

100 µL of paraformaldehyde (PFA) at 1% and 100 µL of completed medium.  

2.2.6 Cell viability assay 

The influence of siRNA complexes on cell viability was determined using the MTS assay (CellTiter 

96® AQueous One Solution Cell Proliferation Assay, Promega Corporation, USA) at 48 h post-

transfection as instructed by the manufacturer. Briefly, transfection assay was performed as earlier 

described. Forty-eight hours later, the medium was removed, cells were washed with PBS 1x and 

complete medium supplemented with 20% MTS reagent (v/v) was added. Then, cells were incubated 
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at 37ºC and absorbance was measured every 30 minutes using plate reader (Elx808 Biotek 

Instruments Ltd, USA) until appropriate absorbance values were obtained. 

2.2.7 Amino acid analysis 

Amino acid analysis was carried out using nanoparticles loaded with siRNA, as previously 

explained. 500 µL of nanoparticles using different polymer mixtures at 200:1 weigh ratio were 

prepared in order to analyse the polymer composition in the resulting nanoparticles. Nanoparticles 

were filtrated using Amicon Ultra-0.5 centrifugal filters with a membrane of 30 kDa to remove free 

polymer, this is polymer that did not form nanoparticles. Nanoparticles were washed twice using PBS. 

Afterwards, purified nanoparticles were mixed with milli-Q water and 12 M HCl solution containing 1% 

phenol a volume ratio nanoparticle/HCl/milli-Q water 33/50/17 for hydrolysis. Next, mixtures were 

added into 20 mL vial and inserted in the oven for hydrolysis during 22 hours at 120ºC. After 

hydrolysis, samples were placed in UPLC vials and evaporated under a stream of nitrogen. Then, 

each sample was resuspended in 200 µL of 0.1M HCl solution containing 0.147 mg/mL Norvaline as 

internal standard. Prior to analysis, samples were derivatized by mixing 20 µL of each sample with 60 

µL of borate buffer and 20 µL of amino acid derivatizing reagent (AccQ•Tag Ultra Derivatization Kit). 

The resulting mixture was vortexed, incubated for 1 minute at room temperature and finally incubated 

for 10 minutes at 55ºC. Finally, the samples were analysed by UPLC following the manufacturer 

instructions. 

2.2.8 Statistical analysis 

Statistical analyses were carried out with Graph-Pad Prism (GraphPad Software). All error bars 

reported are SD unless otherwise indicated. Pairwise comparisons were performed using one-way 

Student t-tests. Differences between groups were considered significant at P values below 0.05 (* p < 

0.05, ** p < 0.01, *** p < 0.001) 
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2.3 Results and discussion 

2.3.1 Synthesis of oligopeptide-modified pBAEs 

A new family of bioinspired polymers based on oligopeptide-modification of poly(β-amino ester)s 

have been designed for efficient RNAi delivery. In order to study the influence of oligopeptide 

composition on transfection efficiency, viability and cell-specificity, oligopeptide-modified poly(β-amino 

ester)s were synthesized and biophysically characterized. 

Firstly, synthesis of end-modified poly(β-amino ester) polymers was performed via a two-step 

procedure, as similarly described in materials and methods (Figure II-2). 

 

Figure II-2. Synthesis scheme of Poly β-Amino esters. C32 polymer was obtained by addition of the amine to the diacrylate.  

Acrylate-terminated C32 intermediate polymer was obtained by conjugate addition of 5-amino-1-

pentanol (32) to 1,4-butanediol diacrylate (C) using a slight excess of 1,4-butanediol diacrylate 

[26][25]. Polymerization was confirmed by 1H-NMR. In addition, polymer molecular weight was 

corroborate using HPLC-SEC and the resulting C32 polymer had an apparent 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. Moreover, the average 

molecular weight was further confirmed by 1H-NMR, and an average molecular weight of 

approximately 2000 g/mol was obtained. The obtained average molecular weight and polydispersity 

distributions are in good agreement with the polymer molecular weight achieved in previous studies at 

the working ratio 1:1.2 (amine-to-diacrylate) [27]. 

Based on previous data, it was found that chemical-modifications of C32 polymer improved gene 

transfection. However, previously described end-capping structures based on primary amines or 

synthetic structures presented some cytotoxicity effects [28]. Then, in order to overcome this 

limitation, we proposed to modify C32 polymer using natural end-capping, as is shown in Table II-2.  
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Table II-2 Oligopeptide-moieties used for poly(β-amino ester)s  end-capping. 

Poly (β-amino ester)s R Oligopeptide 

Arginine modified pBAEs, 

R3C-C32-CR3 
SH-Cys-Arg-Arg-Arg-CONH2 

 

Lysine modified pBAEs, 

K3C-C32-CK3 
SH-Cys-Lys-Lys-Lys-CONH2 

 

Histidine modified pBAEs, 

H3C-C32-CH3 
SH-Cys-His-His-His-CONH2 

 

Aspartate acid modified pBAEs, 

D3C-C32-CD3 
SH-Cys-Asp-Asp-Asp-CONH2 

 

Glutamate acid modified pBAEs, 

E3C-C32-CE3 
SH-Cys-Glu-Glu-Glu-CONH2 

 
 

C32 polymer was further modified using oligopeptide moieties via addition of the thiol group of 

cysteine-terminated cationic and anionic oligopeptides to the acrylate-terminated end-groups of C32 

polymer, as is shown in Figure II-3.  

 

Figure II-3. Structure and synthetic scheme of oligopeptide-modified pBAEs. The synthesis was carried out in DMSO solvent, 

at room temperature with stirring and overnight. R terminal can be arginine-, lysine-, histidine-, glutamic acid- and aspartic acid- 

oligopeptide.		
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Oligopeptide-terminated pBAEs were characterized in terms of molecular structure by 1H-NMR and 

FT-IR. The chemical structure of new oligopeptide-modified pBAEs was confirmed by the 

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

moieties. Both 1H-NMR and FT-IR spectra were in good agreement with the expected synthesized 

structures and signals from both C32 and the modifying moieties could be observed (materials and 

methods).  

Resulting polymers can show different behavior according to their chemical structures. It can be 

observed that lysine contains primary amine, arginine contains a guanidinium group and histidine 

contains tertiary amines. Primary amine and guanidinium group can be easily protonated at acid pH, 

but tertiary groups needed more acid environment to be protonated. However, all of these polymers 

have the same structure and only change the side chain of the oligopeptide.  In addition, the main 

difference between anionic oligopeptides is the extra methylene in the side chain of the glutamic acid 

residues in E3C-C32-CE3, which may confer a slightly higher hydrophobic character than in D3C-

C32-CD3. Glutamate and aspartate end-modified pBAEs side chains have a pKa of 4.07 and 3.86, 

respectively. Therefore, these polymers are negatively charged at psychological pH (7.4). In this case, 

these polymers cannot be used to condense RNAi because these have the same charge than RNAi. 

However, these polymers can provide several advantages when are combined with cationic end-

modified pBAEs, as previously it has been explained in the introduction. For instance, anionic 

modified pBAEs may be able to interact with cationic end-modified pBAEs to balance pBAEs charge 

and improve encapsulation efficiency of nucleic acids. Furthermore, anionic modified pBAEs (also 

combined with cationic modified-pBAEs) can play an important role in complex destabilization inside 

of cell, improving nucleic acids release.  

2.3.2 Nanoparticle formation and biophysical characterization 

Once oligopeptide-terminaed pBAE have been synthetized using positive and negative peptides, 

they usability was tested. In order to characterized the ability of newly developed polymers to perform 

polyplexes, different biophysical assays were performed. Polymers formulations were characterized 

by agarose gel retardation and Dynamic Light Scattering (DLS).  

First of all, nanoparticles were formed by mixing polymer dissolved in DMSO with siRNA in acetate 

buffer. When polymers are dissolved in acetate buffer at pH 5.0, these are protonated and are able to 

interact with negatively charged siRNA by electrostatic forces. Then, these complexes were mixed 

with PBS at pH 7.4, which contributes to nanoparticle formation due to the hydrophobicity of the 

central polyester chain.  
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2.3.2.1 Agarose gel electrophoresis retardation assay 

The siRNA-binding capability of the newly synthesized poly(β-amino ester)s polymers was 

evaluated by agarose gel electrophoresis at different polymer-to-siRNA ratios (w/w), ranging from 

10:1 to 400:1 (Figure II-4).  

 

Figure II-4. Gel retardation assay of oligopeptide-terminated PBAES using siGFP siRNA at various weigh ratios. 

Polymer:siRNA complexes were prepared at different ratios (w/w) ranging from 1:10 to 1:400. Polyplexes were freshly prepared 

prior the assay and loaded into 2,5% agarose gel containing ethidium bromide and was run 1h hour at 80V. 

Arginine- and lysine-terminated poly(β-amino ester)s, C32-CK3 and C32-CR3, showed complete 

siRNA retardation at 50:1 pBAE-siGFP ratios. In contrast, when siRNA was complexed with histidine-

terminated polymers, C32-CH3, polymer-siGFP ratios of 300:1 or higher were required to impede 

siRNA mobility. Then, histidine-terminated pBAE does not fully complex siRNA between studied 

ratios. Histidine chemical structure is composed of tertiary amines. In contrast, lysine and arginine are 

formed by primary and secondary amides, which are readily protonated compared to tertiary amides. 

Therefore, lysine- and arginine- terminated pBAEs are able to condense more siRNA than histidine 

complexes.  

In addition, complexes prepared with both aspartic and glutamic acid-modified poly(β-amino 

ester)s, C32-CD3 and C32-CE3, revealed no gel retardation. As previously commented, these results 

suggest that although the pBAE polymeric chains possess tertiary amines, the negative charges 

originated from aspartic or glutamic acid residues make complexation unfavourable. 
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2.3.2.2  Buffering capacity of oligopeptide modified pBAE 

Poly(β-amino ester)s possesses high endosomal buffering capacity, which facilitates the 

endosomal escape of the complexes via the hypothetical proton sponge effect [29], as commented in 

Chapter I. Oligopeptide modified poly(β-amino ester)s synthetized differ in composition of amino 

groups, providing us an opportunity to compare the influence of buffering capacity and proton sponge 

behaviour in physiological environment. In order to evaluate the buffering effect, titration curves of 

positive and negative oligopeptide-modified pBAE, were performed as described in materials and 

methods. 

 

Figure II-5. Proton sponge effect. Titration curve of end modified PBAEs at 1 mg/mL. A solution of polymer (1mg/mL of 

polymer) in 5 mL of 150mM NaCl was titrated to pH 10 until pH 2 with 0.1M HCl. Control refers to titration of a solution that 

does not contain polymer.  

The highest buffering capacity was observed with histidine-terminated poly(β-amino ester), which 

demonstrated high buffering in the pH range between 7.5 and 5.3. Lysine, aspartic acid and glutamic 

acid modified poly(β-amino ester)s presented suitable buffering capacity until pH 5.9. In contrast, 

poly(β-amino ester)s end-capped with arginine oligopeptides only showed limited buffering capacity in 

the range between 7.4 and 6.4. Since all polymers come from the same acrylate-terminated pre-

polymer C32, the additional buffering capacity observed res from tertiary amine from pBAE backbone. 

In the negative control, no buffering capacity was observed, therefore DMSO without polymer does 

not have buffering capacity.  

In general, polymers having tertiary amines in their structure show higher buffering effect at the 

endosomal pH range between 5.0 and 7.5, like histidine-terminated pBAEs, which causes an increase 

in osmotic pressure that results in disruption of the endosome [29]. Therefore, histidine-terminated 

poly(β-amino ester)s can play an important role in polymer formulations for acids nucleic delivery.  
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2.3.2.3  Determination of the nanoparticle size and zeta potential of complexes via Dynamic 

Light Scattering 

In gel retardation assay, we have determined the minimum polymer:siRNA ratio able to fully 

condense siRNA. The next step towards characterizing RNA complexation with oligopeptide-modified 

pBAEs is to determine the size of the resulting complexes. Ideally, complexes should be obtained as 

discrete nanoparticles with average diameters comprised between 100 and 400 nm, which are 

suitable for cellular uptake. Particle size analysis using DLS is used to obtain the average 

hydrodynamic radius of the polymer:siRNA complexes. In addition, complexes are further 

characterized by measuring their zeta potential in order to determine the charge on the surface of the 

nanoparticles.  

The first step was to determine the optimal conditions for nanoparticle formation, then a gradient of 

polymer-siRNA complexes was performed. Therefore, 100:1, 200:1 and 300:1 ratios were analyzed 

by DLS using freshly prepared complexes of arginine-, lysine- and histidine- modified poly(β-amino 

ester)s (Figure II-6), which are able to condense nucleic acids as previously observed in Figure II-4. 

 

Figure II-6. Biophysical characterization of oligopeptide-modified pBAEs. Average hydrodynamic diameter (a) and zeta 

potential determination (b) of pBAE:siRNA nanoparticles prepared at 100:1, 200:1 and 300:1 polymer:siGFP ratio (w/w) with 

different oligopeptide-modified pBAE polymers determined by DLS. Results are shown as mean and standard deviation of 

triplicates analysed by intensity. 
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The average hydrodynamic diameter of particles obtained upon complexation of siRNA with 

oligopeptide-modified pBAEs ranged from 200 nm to 500 nm depending on the nature of the 

modifying amino acid and the ratio. In general, nanoparticles showed the smallest hydrodynamic 

diameters at 200:1 ratios. Interestingly, nanoparticles prepared from polymers modified with arginine-

containing oligopeptides, C32-CR3, showed little size variation, ranging from 310 to 386 nm, when the 

polymer/siRNA ratio was increased. In contrast, complexes made of lysine-bearing polymers, C32-

CK3, showed a greater size heterogeneity depending on the pBAE/siRNA ratio. On the other hand, 

end-modified poly(β-amino ester)s with histidine-oligopeptide presented a higher particle size at 200:1 

polymer:siRNA ratio or higher.  

Zeta Potential results showed that the w/w ratio of pBAE:siRNA had a deep influence on the 

resulting surface charge of the complexes. In general, it was observed that zeta potential increased at 

higher pBAEs:siRNA ratios. The highest zeta potential at the lower polymer:siRNA ratio was obtained 

for Lysine end-modified pBAE achieving a positive zeta potential of 10mV at 100:1 ratio. For ratios 

greater than 200:1 (polymer/siRNA), all tested polymers resulted in complexes having a positive 

surface charge, except for histidine-modified poly(β-amino ester)s. The presence of tertiary amines in 

its chemical structure makes that side chain pka lower than lysine and arginine amino acids, therefore 

this polymer requires a more acidic environment for obtaining a protonated structure that is able to 

condense siRNA.  

With the purpose of obtaining nanoparticles with positive or even slightly negative charged 

surfaces, as previously discussed, 200:1 polymer:siRNA ratio is needed as Figure II-6 is shown. 

Moreover, at this ratio complexes present a size average between 200 nm and 300nm, except H3C-

C32-CH3. However, histidine residues provide high buffering capacity to further enhance endosome 

escape. Therefore, a combination of different cationic pBAEs would be a good strategy to improve 

siRNA transfection.  

2.3.3 Tailoring of the size and the zeta potential of nanoparticles using positively-charged 

oligopeptide-modified pBAEs 

According to the previous results, the average hydrodynamic diameter and the zeta potential of 

pBAE/siRNA nanoparticles showed a high dependence on the chemical nature of the modifying 

amino acid. In order to determine whether the properties of the pBAE/siRNA particles could be further 

tailored by incorporating different oligopeptide/amino acid chemistries in the polyplexes, mixtures of 

different oligopeptide-modified pBAE polymers were used to complex siRNA and the physicochemical 

properties of the resulting particles were determined by DLS (Figure II-7). 
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Figure II-7. Average hydrodynamic diameter and zeta-potential distributions of pBAEs mixtures modified with cationic 

oligopeptides. All particles were prepared at a pBAE/siRNA ratio of 200:1 (w/w).  

The use of binary formulations of different oligopeptide-modified pBAEs had a significant influence 

on the size and zeta potential of the resulting nanoparticles, while the polydispersity index was 

maintained low. Mixtures of arginine- and histidine-modified pBAEs resulted in negatively charged 

nanoparticles with an intermediate average hydrodynamic diameter, when compared to nanoparticles 

obtained from arginine or histidine-modified polymers alone, 351 nm vs. 255 and 481 nm, 

respectively. In contrast, nanoparticles obtained from a mixture of lysine- and histidine-modified 

pBAEs resulted in positively charged complexes with an average hydrodynamic diameter of nearly 

400 nm. Interestingly, when arginine- and lysine-modified pBAEs were combined with siRNA, 

positively charged (12 mV) nanoparticles below 300 nm in diameter were obtained.  

2.3.3.1.1 Tailoring of the size and the zeta potential of nanoparticles using positively- and 

negatively-charged oligopeptide-modified pBAEs 

Although poly(β-amino ester) polymers end-modified with oligopeptides bearing either aspartic or 

glutamic acid residues were not able to complex siRNA per se at w/w ratios up to 400:1 pBAE/siRNA, 

these negatively-charged pBAE polymers were mixed with other positively-charged pBAE polymers in 

order to obtain nanoparticles with varying size and zeta potential, similarly as shown in Figure II-7. 

Different weight-to-weight ratios of cationic and anionic oligopeptide-modified pBAEs were formulated 

with siRNA and the physicochemical properties of the resulting nanoparticles were determined using 

dynamic light scattering measurements. First, different formulations of lysine-modified pBAE, as the 

cationic polymer, and glutamic acid-modified pBAE, as the anionic polymer, at ratios ranging from 

95:5 to 50:50 (w/w) were complexed with siRNA and the average hydrodynamic diameter and zeta 

potential were determined (Figure II-8). 
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Figure II-8. Average hydrodynamic diameter and zeta-potential distributions of nanoparticles prepared from siGFP and 

CK3/CE3 polymer at different C32-CK3 and C32-CE3 proportions.  All complexes were prepared at a pBAE/siRNA ratio of 

200:1 (w/w). 

Experimental determination of the nanoparticle size revealed that the average hydrodynamic 

diameter remained approximately constant at 200 nm for ratios up to 70:30 (w/w) cationic/anionic 

mixtures. However, the zeta potential of complexes obtained at ratios up to 70:30 cationic/anionic 

showed a significant increase with increasing presence of anionic oligopeptide-modified pBAEs in the 

formulation, i.e. from 7.3 mV for 95:5 ratio to 12.6 mV for 70:30 ratio. In contrast, when the ratio of 

cationic/anionic pBAE formulations was increased to 50:50 (w/w) resulted in nanoparticles having a 

significantly greater average hydrodynamic diameter, exceeding 500 nm and a positive zeta potential 

of 5.1 mV, suggesting that complexation was destabilized.   

To further assess the binding ability of mixtures of cationic- / anionic- oligopeptide modified pBAEs 

at 70:30 ratio, agarose gel retardation assay was carried out, as shown Figure II-9. 

 

Figure II-9. Gel retardation assay of positive/negative oligopeptide-terminated PBAES 7:3 (w/w) using siRNA. Polymer:siRNA 

complexes were formed at different ratio from 1:10 (w/w) to 1:400 (w/w). Nanoparticles was realized using lysine as positive 

oligopeptide end-modified pBAEs and acid aspartic as negative oligopeptide end-modified pBAEs. Polyplexes were incubated 

at room temperature for 30 minutes, each sample was loaded into 2,5% agarose gel containing ethidium bromide and was run 

1h hour at 80 V. 
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Gel retardation assay showed a fully siRNA complexation at ratios higher than 50:1, obtaining a 

similar behaviour than lysine oligopeptide-modified pBAEs. Then, these results suggest a favourable 

complexation when anionic modified pBAE was mixed with cationic modified pBAE. 

Then, in order to evaluate the effect of the amino acid nature on the physicochemical properties of 

other cationic/anionic formulations, the size and zeta potential was determined in siRNA-nanoparticles 

obtained from lysine- (CK3) and arginine- (CR3) modified pBAEs, as cationic polymers, and glutamic 

acid- (CE3) and aspartic acid- (CD3) modified pBAEs, as anionic polymers, at a cationic/anionic ratio 

of 70:30 (Figure II-10).  

 

Figure II-10. Average hydrodynamic diameter and zeta-potential distributions of nanoparticles prepared from siGFP and 

cationic and anionic oligopeptide-modified pBAEs mixtures at a fixed cationic/anionic ratio of 70:30 (w/w). All complexes were 

prepared at a pBAE/siRNA ratio of 200:1 (w/w). Results are shown as mean and standard deviation of triplicates. 

Results shown in Figure II-10 revealed that the chemical composition of the oligopeptide end-

modifying groups had a dramatic effect on the physicochemical properties of the resulting 

nanoparticles. Polyplexes prepared with lysine-bearing oligopeptides, CK3/CE3 and CK3/CD3, 

presented particles with an average hydrodynamic radius of approximately 220 nm and a zeta 

potential greater than 12 mV. In contrast, polyplexes prepared with arginine-bearing oligopeptides, 

CR3/CE3 and CR3/CD3, resulted in larger nanoparticles with an average hydrodynamic radius of 

approximately 400 nm and negative zeta potentials.  

2.3.3.2 Amino acid analysis of different polyplexes formulations 

In order to ensure that the chemical composition of the formulation mixture was maintained upon 

complexation of siRNA, nanoparticles obtained from the different formulations were analysed by 

amino acid analysis (Table II-3).    
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Table II-3. Analysis of the amino acid composition of polyplexes prepared with different mixtures of poly(β-amino ester) 

polymers.  

 

Analysis of the chemical composition of the nanoparticles after purification revealed that the ratio of 

cationic and anionic poly(β-amino ester) polymers was maintained in the particles upon complexation. 

Therefore, these results suggest that the difference in zeta potential may necessarily derive from the 

different packing distribution of siRNA with cationic and anionic pBAE polymers. Since both cationic 

and anionic oligopeptide-modified poly(β-amino ester) polymers were obtained from the same 

diacrylate precursor, C32, the experimental differences in surface charge distribution are probably 

attributed to the chemical nature of the end-modifying amino acid residues and their different 

interactions with the phosphate groups of the siRNA backbone. It has been earlier described that 

guanidinium-phosphate interactions may be stronger and more directional than ammonium-phosphate 

interactions, suggesting that guanidinium groups may be more effective as phosphate complexing 

moieties [30]. Therefore, we hypothesize that when arginine-modified poly(β-amino ester) polymer is 

formulated with an anionic poly(β-amino ester) polymer to complex siRNA, the higher affinity of the 

guanidinium groups towards phosphate groups may affect the distribution of poly(β-amino ester) 

chains in the nanoparticle structure, leaving the amino acid residues of the anionic pBAE chains more 

exposed to the surface of the nanoparticle and resulting in lower zeta potential values. In contrast, in 

cationic/anionic mixtures of lysine- and glutamic acid- or aspartic acid-modified poly(β-amino ester) 

polymers, the ammonium groups of lysine residues may favour both  cationic pBAE - anionic pBAE 

and cationic pBAE - siRNA interactions, resulting in a more random distribution of polymer chains, 

which may leave more lysine residues exposed on the nanoparticle surface, resulting in a greater zeta 

potential.  

To conclude, our results indicate that formulation of mixtures of cationic and anionic poly(b-amino 

ester) polymers have the potential to tune the surface of the resultant RNAi polyplex formulation. We 

suggest that this tunability may be a powerful strategy to control electrostatic interactions between the 

polyplex formulation and physiological media, making them a promising vector for future therapeutic 

applications. 
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2.3.4 Silencing efficiency of siRNA delivered using mixed formulations of oligopeptide-

modified pBAEs 

In order to evaluate the influence of the amino acid nature of oligopeptide-modified poly(β-amino 

ester) polymers on gene silencing efficiency, two different cell lines stably expressing green 

fluorescent protein, MDA-MB-231/GFP and Hela-GFP cells, were transfected with anti-GFP siRNA 

(siGFP) using different pBAE formulations. Silencing efficiency was evaluated by measuring the 

decrease in cell fluorescence determined by flow cytometry. GFP silencing of different formulations of 

oligopeptide-modified poly(β-amino ester)s was compared to a commercially available transfection 

reagent, Polyplus Interferin®,  as shown in Figure II-11. 

A) 

 

B) 

 

Figure II-11. Knockdown efficiency using different oligopeptide-modified pBAEs. (a) Gene silencing of MDA-MB-231-GFP and 

Hela cells transfected with different pBAE polymer nanoparticles. MDA-MB- 231-GFP and Hela-GFP cells were transfected with 

siGFP at a final concentration of 50 nM of siGFP/well and were determined after 48 h by flow cytometry. Results are shown as 

mean and standard deviation of triplicates. Statistical significance was determined using positive control cells as control group. 

*p < 0.05, ** p < 0.01, *** p < 0.001. (b) Light and confocal laser scanning microscopic images of MDA MB 231 cells: using 

arginine end-modified PBAEs carriers with siGFP at 50nM: (I) cells untreated, (II) cells transfected with Interferin (positive 

control) and (III) cells transfected using C32-CR3 polymer at  a final concentration of 50 nM of siGFP. 

  



 Chapter II – Design of efficient and cell-specific delivery vectors using pBAEs 

47 

Transfection of MDA cells with nanoparticles prepared from oligopeptide-modified poly(β-amino 

ester)s and siGFP resulted in efficient and specific silencing of green fluorescent proteins, when 

compared to negative and scrambled control. In general, oligopeptide-terminated poly(β-amino 

ester)s achieved a higher reduction in cell fluorescence than the commercially available control 

reagent, ~20% vs. ~40% respectively, except for polymers modified with oligopeptides containing 

histidine, aspartic acid or glutamic acid. These results correlate well with the low complexation 

efficacy observed in the gel retardation assays (Figure II-4), suggesting that these oligopeptide-

modified poly(β-amino ester)s were not able to complex siRNA. Interestingly, formulations prepared 

from mixed oligopeptide-terminated poly(β-amino ester)s showed high gene silencing efficiency, 

approximately 80% reduction in cell fluorescence, even if one of the oligopeptide-terminated poly(β-

amino ester) did not result in cell transfection per se. Interestingly, arginine-modified poly(β-amino 

ester)s with anionic modified  poly(β-amino ester)s complex present a negative surface charge, as 

previously demonstrated, however this formulation present a high silencing efficiency.  

In contrast to MDA cells, a greater silencing heterogeneity was observed when Hela cells, which is 

a hard to transfect cell line, were transfected with oligopeptide-modified poly(β-amino ester) 

formulations. Nanoparticles prepared from single oligopeptide-modified poly(β-amino ester) polymers 

did not promote greater GFP silencing than commercial positive control. However, when different 

oligopeptide-modified pBAE polymers were formulated with siGFP, significantly higher silencing 

efficiencies were achieved in some cases. In the case of cationic pBAE mixtures, formulations 

prepared with histidine- and either arginine- or lysine-bearing pBAE polymers showed superior GFP 

knockdown, when compared with commercially available transfection reagent, i.e. 35% (CR3/CH3) 

and 44% (CK3/CH3) vs. 49%. In contrast, formulations prepared with mixtures of arginine- and lysine-

bearing pBAE polymers showed poor silencing efficiency in Hela cells. Interestingly, when mixtures of 

cationic and anionic pBAE polymers were used, only formulations that had arginine-modified pBAEs 

achieved significantly superior gene silencing than positive control, independently of the amino acid 

chemical nature of the anionic pBAE polymer. On the contrary, pBAE formulations containing lysine-

modified pBAE as the cationic polymer were less efficient than the commercial control, resulting in a 

cell fluorescence decrease of approximately 30%. 

2.3.4.1 Cellular uptake of siRNA delivered using mixed formulations of oligopeptide-modified 

pBAEs 

In order to determine which polymer formulation was more efficient at delivering siRNA, cellular 

uptake of a fluorescently-labelled nucleic acid delivered using different formulations of poly(β-amino 

ester) polymers was quantified. Briefly, MDA MB 231 and HeLa-GFP cells were incubated with 

nanoparticles prepared from different pBAE formulations containing AlexaFluor 546 labelled siRNA 

and the fluorescence of cells resulting from nanoparticle uptake was determined by flow cytometry 

(Figure II-12). 
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A) 

 

 
B) 

 

Figure II-12. Cellular uptake of fluorescently-labelled particles prepared from AF546-labeled siRNA and different oligopeptide-

terminated poly(β-amino ester) formulations. a) MDA MB 231 cells and b) HeLa-GFP cells. Cells were transfected at siRNA-F 

(AlexaFluor 546) expression was determined after transfection by flow cytometry and plotted as percentage of positive cells 

multiplied by the GeoMean fluorescence of the positive population. Results are shown as mean and standard deviation of 

triplicates. Statistical significance was determined using positive control cells as control group. *p < 0.05, ** p < 0.01, *** p < 

0.001. 

Analysis of cells incubated with fluorescently-labelled complexes showed differential uptake 

depending on the poly(β-amino ester) formulation for both cell lines. In general, MDA MB 231 cells 

showed greater cell uptake when compared with HeLa-GFP cells, confirming that HeLa-GFP cells 

were more difficult to transfect. For MDA MB 231 cells, oligopeptide-terminated pBAEs showed higher 

levels of cellular uptake than Polyplus Interferin control, except for nanoparticles prepared from 

histidine-, glutamic acid- and aspartic acid-terminated polymers, which already showed no GFP 

silencing (Figure II-11). Complexes prepared with arginine- or lysine-modified poly(β-amino ester)s or 
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mixtures thereof showed the highest levels of cellular uptake, achieving a cell fluorescence up to 14 

fold higher than cells transfected with the commercial control. Interestingly, cationic/cationic and 

cationic/anionic pBAE formulations resulted in more modest cellular uptake, ranging from 1.5 to 4-fold 

higher cellular fluorescence, when compared to the commercial transfection agent. These results 

suggest that despite showing better silencing efficiency (Figure II-12), mixtures of pBAE polymers 

resulted in lower cellular uptake, suggesting that probably endosomal escape or unpacking features 

was more efficient than in particles prepared from single pBAE polymers. 

When the cell uptake of pBAE polymers was evaluated in HeLa-GFP cells, different cellular 

fluorescence was observed depending on the amino acid nature of the oligopeptides used for pBAE 

end-modification. As similarly observed in MDA MB 231 cells, nanoparticles prepared from histidine-, 

glutamic acid- and aspartic acid-modified pBAE polymers alone showed almost negligible cell uptake. 

Interestingly, cationic/cationic pBAE mixtures showed significantly greater cell uptake when histidine-

modified pBAE was present in the formulation mixture, achieving 3.5 and 4-fold higher cell 

fluorescence for CR3/CH3 and CK3/CH3 mixtures respectively, when compared to the commercial 

control. Cationic/anionic poly(β-amino ester) mixtures showed greater cellular uptake than their 

constituting oligopeptide-modified polymers alone, reaching up to 3.4-fold higher cell fluorescence 

than commercial control.  

Interestingly, our results do not suggest a clear trend between cellular uptake and the silencing 

efficiency and the zeta potential of nanoparticles in both cell lines, suggesting that charge balancing of 

the nanoparticles due to the introduction of anionic polymers may not necessarily result in fewer 

nanoparticle-cell membrane interactions. These results suggest that the chemical composition and 

the charge distribution rather than the zeta potential alone may have a deeper influence in cell uptake, 

as it naturally occurs in capsidated viruses, whose surfaces are decorated with different ionizable 

amino acids that are responsible for interactions between viruses and various structural components 

of the cell [31]. Our group and others have recently shown that appropriate choice of the end-

modifying group of poly(β-amino ester) polymers or even mixtures of two or more differently 

terminated poly(β-amino ester)s may confer cell-specific gene delivery properties [25,32,33]. Other 

authors have described the coating of pre-fabricated polyplexes with anionic polymers or lipids to 

produce ternary polyplexes, as a way to engineer the surface charge of polyplexes and control the 

tissue specificity of the resulting particles [9,16,34]. However the use of mixtures of cationic and 

anionic poly(β-amino ester) polymers to form nanoparticles in the presence of siRNA, is in our opinion 

new and represents a more simple and attractive procedure to tailor the surface of the nanoparticles 

and control their silencing efficiency in a cell dependent manner. 
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2.3.5 Cell viability assessment of cells transfected with formulations of oligopeptide-

modified pBAEs 

The next step was to assess the biocompatibility of oligopeptide-modified pBAE polymers as 

delivery materials for gene silencing applications, the viability of MDA MB 231 and Hela cells was 

determined after transfection with different poly(β-amino ester) polymeric formulations. Cell viability 

was determined at 48 hours post-transfection using the MTS assay (Figure II-13).  

 
Figure II-13. Cell viability of MDA-MB231 and Hela cells transfected with siGFP and different poly(β-amino ester) formulations. 

Cell viability was determined at 48 hours by MTS assay and plotted as percentage of viable cells relative to a control of 

untreated cells. Negative control represents untreated cells; scramble control corresponds to an siRNA scrambled control 

delivered using C32-CR3 polymer; positive control is the commercial transfection agent Polyplus Interferin; CR3/CH3, 

CK3/CH3 and CR3/CK3 are mixtures of cationic polymers at 1:1 ratio (w/w); CR3/CE3, CK3/CE3, CR3/CD3 and CK3/CD3 are 

mixtures of cationic/anionic polymers at 7:3 ratio (w/w). Results are shown as the mean and standard deviation of triplicates. 

Statistical significance was determined using positive control cells, *p < 0.05, ** p < 0.01, *** p < 0.001. 

Viability of MDA MB 231 and Hela cells transfected with nanoparticles prepared with oligopeptide-

modified poly(β-amino ester) polymers was generally superior than cells treated with positive control, 

Interferin. In general, HeLa-GFP cells showed greater cell viability when compared to MDA MB 231 

cells transfected with the same pBAE formulations, which probably reflects the fact that cellular 

uptake was lower in HeLa-GFP cells, as shown in Figure II-12. Similarly, nanoparticles prepared from 

poly(β-amino ester) polymers end-modified with histidine, glutamic acid or aspartic acid showed 

remarkably high cell viabilities, however these values were probably the result of the low transfection 

efficiencies shown by these polymers. Interestingly, some formulations of cationic/cationic polymers, 

such as CR3/CH3 and CK3/CH3, or cationic/anionic polymers, such as CR3/CE3 and CR3/CD3, 

which were highly efficient at silencing GFP expression, also showed remarkable cell viabilities 

greater than 80%, or even 95% in some cases, such as for mixtures of lysine- and histidine-modified 
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pBAE polymers (CK3/CH3). Despite these remarkably favourable cytocompatibility, exceptions of 

lower cell viabilities were also observed especially in complexes prepared with mixtures containing 

lysine-modified pBAE polymers, such as CR3/CK3, CK3/CE3 and CK3/CD3, which resulted in a cell 

viability comprised between 40 and 55% relative to commercial control.  

Recent studies have shown that introduction of negative charges mitigate the toxicity commonly 

associated with the high density of positive charges of polyplexes [35,36]. Then, we have observed 

amino acid-related correlation between zeta potential and cell viability. As previously commented, 

mixtures of lysine-modified and negatively-charged pBAE polymers formed nanoparticles with positive 

zeta potential, which present lower cell viabilities. In contrast, particles having negative zeta potential, 

which were obtained from arginine-modified and negatively-charged pBAE polymers, CR3/CD3 and 

CR3/CE3 mixtures, resulted in excellent cell viability.  
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2.4 Concluding remarks 

The results of this chapter show that RNAi polyplexes can be designed in a cell-specific way using 

different combinations of oligopeptides-end modified pBAE. We observed that surface charge of 

polyplexes can be tuned by varying their oligopeptide compositions, obtaining a powerful strategy to 

control their interaction with physiological media.  

To reach this aim, in this chapter, different C32 polymer were modified using positive amino acids 

(arginine, lysine, and histidine) and negative amino acids (aspartic acid and glutamic acid). After that, 

newly oligopeptide-modified pBAE demonstrated to efficiently encapsulate nucleic acids as particles 

of nanometric size. Formulation of siRNA with pBAE polymers modified with positively-charged 

oligopeptides resulted in efficient siRNA complexation, as observed by gel retardation assay and 

dynamic light scattering. In addition, it was observed that mixtures of pBAE polymers resulted in 

complexes with tuneable features, indicating that polymer formulation may be a versatile strategy to 

control the properties of nanoparticles. However, RNAi complexation was not achieved when pBAE 

polymers modified solely with negatively-charged oligopeptides were used. Nevertheless, their 

mixtures with either arginine- or lysine-modified pBAE polymers resulted in discrete nanoparticle 

formation. We observed that accurate formulation of positively- and negatively-charged pBAE 

polymers allowed control of nanoparticle composition and features, especially zeta potential, which 

could be fine-tuned depending on the amino acid nature of pBAE polymers and their mixture 

composition. 

Taking in account all the previously reported features, newly developed pBAEs were used to deliver 

a functional RNAi. In vitro experiments demonstrated that cationic- or mixtures of cationic- with 

cationic- or anionic- oligopeptides polyplexes achieved good GFP knockdown efficiencies comparable 

to a commercial transfection reagent in MDA MB 231 cells. In contrast, greater silencing 

heterogeneity was observed in HeLa-GFP cells, which formulations prepared with histidine- and either 

arginine- or lysine-bearing pBAE polymers showed superior GFP knockdown than positive control. In 

addition, highly GFP silencing was obtained using a mixture of arginine- and glutamic acid- bearing 

pBAE.  

In contrast, a trend between cellular uptake and the silencing efficiency was not clearly observed. 

These results suggest that nanoparticle-cell membrane interactions could be controlled by controlling 

oligopeptide composition, modulating their cell uptake. However, high uptake is not related with 

silencing efficiency and therefore polyplexes have to be designed to obtain a modest cellular uptake 

with high silencing efficiencies, such as mixtures of cationic- / anionic- oligopeptide modified pBAEs.  

Finally, we observed that the introduction of negative charges mitigates the toxicity commonly 

associated with the high density of positive charges of polyplexes, as previously discussed in the 

introduction. Nanoparticles with positive zeta potential present lower viability values compared to 

nanoparticles with slightly negative surface charge. Particularity, we observed amino acid-related 

correlation between zeta potential and cell viability, confirming these results. 
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In conclusion, we have developed a new strategy to design cell-specific and cell-efficient RNAi 

delivery vectors that differs from common methodologies using oligopeptide-modified pBAEs. Their 

easy manipulation and formulation using a combination of synthetic polymer and natural peptides, 

give them a promising potential inside of medical field. Therefore, in the next chapter, we are going to 

explore the use of newly developed polymers to carefully control gene expression of difficult-to-

transfect and delicate cell line, such as stem cells.  
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In vitro applications of oligopeptide modified C32  
poly(β-amino ester)s for controlling stem cells 

differentiation  
  

This chapter describes the usefulness of oligopeptide-modified C32 polymers in 

regenerative medicine, specifically to improve osteogenic differentiation. In this 

study, oligopeptide-modified pBAEs were used to simultaneously control different 

key osteogenic genes, such as OCT3/4, NANOG, and RUNX2 to cells from the 

dental pulp with pluripotent-like characteristics (DPPSC) in order to promote and 

accelerate their osteogenic differentiation. Results indicate that co-delivery 

strategy of different nucleic acids using a specific oligopeptide-moiety may be a 

safe and a quick option for the improvement of DPPSC osteogenic 

differentiation. 

3.1 Introduction 

As previously discussed in chapter II, oligopeptide-end modified C32 polymers present high 

transfection efficiencies, biodegradability and biocompatibility. In addition, playing with their 

oligopeptide composition, nanoparticles can be designed in a cell-specific manner [1]. Taking into 

account all of these proprieties, these newly developed polymers are attractive for a wide range of in 

vitro applications that currently present a powerful potential in the field of regenerative medicine. For 

instance, one of the major focus points is to generate healthy bone for the replacement of diseased or 

missing bone tissue [2,3].  

Nowadays, many strategies have been developed to create bone constructs, including different 

cell-based techniques, bioactive materials [4–7] and various growth factors [3,8]. Cell-based therapies 

for bone repair based on differentiation of stem cells have experienced substantial advances in recent 

years and represent a promising approach for the generation of bone. For example, recombinant 

vectors derived from adenovirus, retrovirus and lentivirus were widely used for this purpose during the 

last years [9,10], obtaining several successful in vitro, ex vivo and in vivo strategies. However, bone 

regeneration is a proses where gene expression is continually changing. Then, the use of RNAi 

therapies may be required, which it is limiting viral delivery strategies due to RNAi therapies may 

require repeated administration regimens in order to maintain regulation of target gene expression. 

Consequently, polymeric vectors are taking a great advantage over viral vectors, as previously 

discussed in Chapter I. Recently, pBAEs have been used in different therapeutic applications, such as 

stem cell modification [11] or osteodifferentation [12]. 
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Harnessing pBAE holds great promise to deliver RNAi in a safety way, we applied our previously 

designed polymers to improve and/or accelerate osteogenic differentiation using a new adult stem cell 

population from the human third molar dental pulp described by Atari et al. [13,14] (this work was 

carried out in colaboration with Maher Atari laboratory from Universitat Internacional de Catalunya).  

These cells, called dental pulp pluripotent-like stem cells (DPPSC), express pluripotency markers, 

such as OCT3/4, LIN28, SOX2 and NANOG until late passages [15], as shown in Figure III-1. 

Moreover, DPPSCs show chromosomal stability and have the ability to differentiate into cells from the 

three embryonic layers [13].  

 

Figure III-1. Characterization and cellular morphology of (DPPSCs) by in vitro expansion. Morphology of DPPSCs at different 

passages (P5, P10 and P15). (B) Analysis of DPPSC immuno- phenotype by confocal microscopy shows the expression of 

SSEA4 PE together with OCT3/4 FITC or NANOG FITC [16]. 

It has been shown that DPPSC have higher capacity to differentiate into bone tissue than other 

dental pulp stem cells, and they are able to grow, attach and differentiate using different biomaterials 

[17] . Therefore, DPPSC may be a promising candidate cell population for bone tissue engineering 

approaches.  

Despite their attractiveness, it has been demonstrated that, after osteogenic induction of stem cells, 

cultures retain an undifferentiated population of cells expressing OCT3/4 and NANOG transcription 

factors, which maintain their high proliferative potential [18,19]. Although the expression of 

pluripotency transcription factors, such as OCT3/4 and NANOG, is essential during cell differentiation 

[20], residual expression impedes complete differentiation into osteocytes [16,21]. This phenomenon 
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can limit their clinical applications. Therefore, a fine-regulation of pluripotent genes may be a powerful 

way to improve osteogenic differentiation.  

Apart from pluripotent genes, there are a wide range factors that may play an important role to 

control the stem cell behaviour in bone regeneration. Osteogenic differentiation is modulated by the 

constitutive expression of certain transcription factors that are rapidly degraded and are strongly 

involved in the regulation of bone development, such as RUNX2, SOX9 and Osterix [22–25]. 

Specifically, RUNX2 is an essential regulator of bone development, controlling the expression of a 

number of key target genes and different pathways during the osteogenic differentiation [24]. It has 

been shown that forced expression of RUNX2 in non-osteoblastic cells induces expression of multiple 

osteoblast-specific genes and upregulates osteoblastic differentiation [26]. However, RUNX2 inhibits 

the late stage of osteoblast maturation, restricting their positive function to the early differentiation 

stage in the process of osteoblast development. Moreover, it has been reported that prolonged 

overexpression of RUNX2 may generate adverse effects, such as severe osteopenia and bone 

fractures [27,28]. 

It should be noted that efficient bone engineering may not be solely achieved by expression of a 

single transcription factor. However, the orchestrated expression of a selection of key proteins or 

transcription factors, which can specifically control gene expression, may result in clinically useful 

osteogenesis. In this sense, gene and RNAi therapy may be an alternative way to enhance bone 

healing. To achieve this, safe, efficient, and non-toxic delivery system is crucial in order to deliver 

therapeutic RNAi and plasmidic DNA without altering others gene pathways that can harm the 

differentiation process. Then, in this work our previously described pBAEs have been personalized 

playing with their oligopeptides formulation to deliver nucleic acids to DPPSCs in a safer and efficient 

way that current used delivery vectors.  

Therefore, the main objective of this chapter is to design a safer way to accelerate the osteogenic 

differentiation process in a new pluripotent-like population of adult stem cells using pBAE polymers as 

RNAi and gene delivery method. After 7 days of osteogenic differentiation, DPPSC were transfected 

with poly(β-amino ester)s containing plasmid DNA vectors to induce transient overexpression of 

RUNX2 and, simultaneously, the cells were transfected with siRNAs to silence the OCTA3/4 and 

NANOG pluripotency genes. After that, osteogenic advanced markers, such as ALP, COL1 and OSN, 

and more bone functional activity were analyzed in order to corroborate their osteogenic improvement 

or acceleration.   
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In order to achieve this objective, the following tasks were proposed: 

• Identification of top performing formulations of oligopeptide-modified pBAEs to efficiently 

deliver large and small nucleic acids to DPPSCs. 

• Determine gene up- or downregulation after nucleic acid delivery using our previously 

selected oligopeptide formulation in undifferentiated and differentiated DPPSC.  

• Determination of osteogenic key markers to corroborate DPPSC osteogenic acceleration 
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3.2 Materials and Methods 

3.2.1 Materials  

Reagents and solvents used for polymer synthesis were purchased from Sigma-Aldrich and 

Panreac. Oligopeptide moieties used on the polymer modification (H-Cys-Arg-Arg-Arg-NH2, H-Cys- 

Lys-Lys-Lys-NH2, H-Cys-His-His-His-NH2 and H-Cys-Asp-Asp-Asp-NH2) were obtained from GL 

Biochem (Shanghai) Ltd with a purity of at least 98%. Polyplus Interferin and Lipofectamine 2000 

transfection reagents were purchased from VWR and used according to manufacturer instructions. 

For Knockdown of OCT3/4 was performed using ON-TARGETplus Human POU5F1siRNA SMART 

Pool (L-019591-00), knockdown of NANOG using ON-TARGETplus Human NANOG siRNA SMART 

Pool (L-014489-00) and scramble siRNA control using ON-TARGETplus Non-Targeting Control Pool 

(D-001810-10), all of them obtained from Thermo GE Dharmacon. Labelled siRNA (AllStars Neg. 

siRNA AF 546) for uptake experiments was purchased from Qiagen. For plasmid transfection, RUNX2 

gene overexpression was obtained using RUNX2 plasmid ((Myc-DDK-tagged)-Human runt-related 

transcription factor 2) from OriGene and pmaxGPF from Amaxa was used as a scramble control. MTT 

assay kit (Sigma-Aldrich) was used for viability studies. 

3.2.2 Synthesis of oligopeptide end-modified pBAEs (C32 polymer) 

Poly(β-amino ester)s were synthesized following a two-step procedure, described in previous 

papers [29] and in Chapter II. Briefly, acrylate-terminated C32 intermediate polymer was obtained by 

conjugate addition of 5-amino-1-pentanol to 1,4-butanediol diacrylate during 24 h at 90⁰C. Then, 

oligopeptide-modified pBAEs were obtained by end-capping modification of the resulting acrylate-

terminated polymer with thiol-bearing oligopeptides at 1:2,5 molar ratios in dimethyl sulfoxide (DMSO) 

[1,30]. 

3.2.3 Patient selection 

Healthy human third molars extracted for orthodontic and prophylactic reasons were selected from 

3 different patients of different sexes and ages (14–20 years old). The extraction procedure was kept 

simple to prevent tooth damage. Dental pulp tissues used for these experiments were obtained with 

informed consent from donors. All experiments were performed in accordance with the guidelines on 

human stem cell research issued by the Committee on Bioethics of the UIC Barcelona with the study 

code: BIO-ELB-2013-03. 

3.2.4 Isolation, culture and osteogenic induction of DPPSC  

The teeth were cleaned using gauze soaked in 70% ethanol. The tissues from the dental pulp were 

disaggregated by digesting them with collagenase type I (3 mg/mL; Sigma) for 60 minutes in a bath at 

37°C. Afterwards, cells were cultured in 150 mL flasks, which were coated one hour before seeding 

with 100 ng/mL fibronectin, in DPPSC medium at 37°C in a 5% CO2 incubator. DPPSC medium 

consists of 60% Dulbecco’s modified Eagle’s medium (DMEM)-low glucose (Life Technologies) and 

40% MCDB-201 (Sigma) supplemented with 1X selenium-insulin-transferrin-sethanolamine (SITE; 
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Sigma), 1X linoleic acid-bovine serum albumin (LA-BSA; Sigma), 10-4 M ascorbic acid 2-phosphate 

(Sigma), 100 units of penicillin/1000 units of streptomycin (PAA), 2% fetal bovine serum (FBS; 

Sigma), 10 ng/mL hPDGF-BB (R&D Systems) and 10 ng/mL EGF (R&D Systems). To propagate 

DPPSC, cells were detached at 30% confluence by adding 0.25% trypsin-EDTA (Life Technologies) 

and then reseeded at the proper density (100 cells/cm2). 

For the osteogenic induction, DPPSC from passage 6 were seeded on 24 well plates at 5×103 

cells/cm2 during 21 days with the following osteogenic medium: RPMI 1640 (Sigma) containing 10% 

FBS (Biochrom), 10 mM β-glycerol phosphate (Sigma-Aldrich), 50 μM L-ascorbic acid (Sigma-

Aldrich), 0.01 μM dexamethasone and 1% penicillin/streptomycin solution. The medium was changed 

every 3 days. 

3.2.5 Polymer formulation / oligopeptide moiety selection using pmaxGFP and labelled-

siRNA in DPPSC 

At 7 days of osteogenic induction, polymer screening of end-modified oligopeptide pBAEs was 

carried out using pmaxGFP plasmid and fluorescent siRNA (AF546). Plasmid transfection was 

performed with polyplexes prepared as described previously at 50:1 w:w ratio with AcONa buffer (25 

mM, pH 5.0). Cells were washed with PBS 1x and pmaxGFP complexes were added at a final 

concentration 0.95 µg/mL working with serum-free medium. After 3 h of incubation, the remaining 

complexes were removed and replaced with osteogenic medium. GFP expression was analyzed at 48 

hours post-transfection by flow cytometry. Lipofectamine 2000 was used as positive control of 

transfection following the manufacturer instructions, and untreated cells were used as negative 

control. siRNA uptake screening was carried out using polyplexes prepared at 200:1 w:w ratio with 

AcONa buffer (25 mM, pH 5.0). As before, cells were washed with PBS 1x and siRNA-labelled 

(AF546) complexes were added at a final concentration of 50 nM working with serum-free medium. 

After 2 h of incubation, the remaining complexes were removed and uptake fluorescence was 

analysed by flow cytometry. For siRNA particles, Polyplus Interferin was used as positive control of 

transfection following the manufacturer instructions and untreated cells were used as a negative 

control. 

3.2.6 Transfection of DPPSC using siNANOG, siOCT3/4 and pRUNX2 

As before, at day 7 of the osteogenic induction, transfections were carried out using the top-

performing polymer formulation, C32-R/D. siRNA polyplexes were performed at 200:1 polymer/siRNA 

ratio and plasmid polyplexes were performed at 50:1 polymer/plasmid ratio using AcONa buffer 

(25mM, pH 5.5), as previously is explained (Supporting Data). Cells were washed with PBS 1x and 

polyplexes were added. siRNA transfection was performed working at a final concentration of 50 nM, 

plasmid transfection was carried out at 0.95 µg/mL and the co-transfection of siRNA-plasmid was 

performed at 25 nM and 0.48 µg/mL, respectively. At 3 h post-transfection, the remaining complexes 

were removed and replaced with osteogenic medium. Scramble siRNA and scramble plasmid were 

used as a negative control in all experimental conditions following the same procedure of transfection. 
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3.2.7 Immunocytochemical staining 

The pluripotent state of DPPSC was studied before osteogenic induction and pBAE transfections. 

Cells were fixed with 4% paraformaldehyde (BD Biosciences) (1h at RT), incubated with 1% Tween 

20 (20 min at RT) to increase permeability and then blocked with 6% FBS (45 min at RT). The slides 

were incubated overnight at +4°C with primary antibodies against NANOG (1:100, Abcam) and 

OCT3/4 (1:50, Santa Cruz Biotech.). After washes, both samples were treated with the secondary 

antibodies Alexa 568 anti-rabbit IgG (1:500, Life Technologies) and Alexa 488 anti-mouse IgG (1:500, 

Santa Cruz Biotech.) respectively for 60 min at 37°C. Between each step, the slides were washed 

with Perm/Wash 1X (1:200, BD Biosciences). The cells were examined by confocal fluorescence 

microscopy. 

3.2.8 RNA isolation, RT-PCR and qRT-PCR 

Total RNA was extracted by TRI Reagent® (Molecular Research Center, Inc.) from undifferentiated 

DPPSC (day 0) and differentiated DPPSC at day 9, 15 and 21 of osteogenic differentiation following 

the manufacturer’s instructions. After RNA quantification, 2 µg of RNA aliquots were treated with 

DNase I (Life Technologies) and reverse-transcribed using Transcriptor First Strand cDNA Synthesis 

Kit (Roche) following the manufacturer’s instructions. RT-PCRs were performed using the primers 

listed in Table III-1 for the amplification of OCT3/4, NANOG, ALP, COL1, OCN and GAPDH cDNAs. 

The resulting amplicons were resolved by agarose gel electrophoresis. Quantitative RT-PCR was 

performed using the CFX96 thermocycler (Bio-Rad). 50 ng of cDNA of undifferentiated DPPSC (day 

0) and differentiated DPPSC at day 9, 15 and 21 of osteogenic differentiation were used. cDNA 

samples were amplified using specific primers (Table III-1) and SYBR Green Supermix (Bio-Rad 

Laboratories, Inc.). The expression levels of the genes of interest (OCT3/4, NANOG, RUNX2, ALP, 

COL1, OCN and OSN) were normalized against the housekeeping gene GAPDH. The relative 

expression levels were normalized to DPPSC at day 0 cDNAs, which was assigned as 1. All analyses 

were performed using the 2-ΔΔCT method [31] and 3 technical replicates. 

Table III-1 Primers sequences used in this chapter for qPCR analysis. OCT-3/4, octamer-binding transcription factor 4; 

NANOG, NANOG homeobox; ALP, alkaline phosphatase; COL1, type I collagen; OCN, osteocalcin; OSN, osteonectin; RUNX2, 

Runt-related protein 2; GAPDH, glyceraldehyde-3-phosphate dehydrogenase. 

Primer 
Accession 

Number 
Forward Sequence Reverse Sequence 

OCT 3/4 MM_002701 5’-GTGGAGAGCAACTCCGATG -3’ 5’-TGCAGAGCTTTGATGTCCTG -3’ 

NANOG MM_024865 5’-CAGAAGGCCTCAGCACCTAC -3’ 5’-ATTGTTCCAGGTCTGGTTGC -3’ 

ALP MM_000478 5’-CCGTGGCAACTCTATCTTTGG -3’ 5’-GCCATACAGGATGGCAGTGA -3’ 

COL1 MM_000088 5’-CCCTGGAAAGAATGGAGATGAT -3’ 5’-ACTGAAACCTCTGTGTCCCTTCA -3’ 

OCN MM_199173 5’-AAGAGACCCAGGCGCTACCT -3’ 5’-AACTCGTCACAGTCCGGATTG -3’ 

OSN MM_001309444 5’-ATCTTCCCTGTACACTGGCAGTTC- 3’ 5’- CTCGGTGTGGGAGAGGTACC-3’ 

RUNX2 MM_001146038 5’-AGCAAGGTTCAACGATCTGAGAT -3’ 5’-TTTGTGAAGACGGTTATGGTCAA -3’ 

GAPDH MM_002046 5’-CTGGTAAAGTGGATATTGTTGCCA-3’ 5’-TGGAATCATATTGGAACATGTAAAC-3’ 
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3.2.9 Bone functional assays: Alkaline phosphatase (ALP) and Alizarin Red S staining 

Pre-transfected DPPSC at day 7 of osteogenic induction, and transfected DPPSC cultures at day 

21 of osteogenic induction were fixed with 4% paraformaldehyde (BD Biosciences) for the ALP and 

Alizarin Red S staining’s. Alkaline Phosphatase Staining Kit (CosmoBio) detects the ALP activity in 

blue, and Alizarin Red S staining (Sigma) stains the calcium minerals red. Both staining was used 

according to de manufacturer’s instructions. The biomineralization staining’s (ALP and Alizarin Red S) 

were quantified by Image J software. 

3.2.10 Cell viability assay (MTT) 

Polymer toxicity was measured using MTT assay (Sigma-Aldrich) at 48 hour post siRNAs 

transfection and 21 days after osteogenic differentiation according to the manufacturer’s instructions. 

MTT assay measures the activity of living cells via mitochondrial dehydrogenase activity. Briefly, MTT 

stock solution (5 mg/mL) was added to each culture well, being assayed to equal one-tenth of the 

original culture volume and incubated for 3 h. After that, DMSO was added in an amount equal to the 

original culture volume. Finally, the cell viability was determined by measuring the absorbance at 570 

nm, and subtracting background absorbance at 690 nm. 

3.2.11 Short-comparative genomic hybridization (sCGH) 

Undifferentiated DPPSC (day 0) and differentiated DPPSC at days 9, 15 and 21 of osteogenic 

differentiation (N=3) were analysed by sCGH as described in Rius M. et al. [32]. sCGH is an 

aneuploidy screening that allows the detection of chromosome imbalances generated by aberrant 

segregation and structural differences for fragments larger than 10–20 Mb. Briefly, 15-20 single cells 

from a homogeneous culture of each sample were collected and amplified using degenerate 

oligonucleotide-primed PCR (DOP-PCR). Then, whole genome amplification products were 

fluorescently labelled by nick translation. Test DPPSC DNA were labelled in Red-dUTP, whereas 

reference DNA (47, XXY) was labelled with Green-dUTP. After nick translation, reference and test 

DNA were mixed in equimolar proportions and ethanol precipitated. Finally, hybridization was 

performed on normal male (46,XY) metaphase spread. The capture of metaphases was performed 

with an epifluorescence microscope and an average of 12 metaphases per sample was captured and 

evaluated using Isis CGH software (MetaSystems). The ratio between red and green fluorescence is 

1:1 when there is the same proportion of reference and test DNA. The thresholds used to diagnose 

losses and gains were 0.8 and 1.2, respectively. This procedure was performed by an external 

service (Universitat Autònoma de Barcelona). 

3.2.12 Statistical analysis 

Statistical analyses were performed with SPSS Statistics version 21.0 (IBM). All the quantitative 

data are presented as mean and standard deviation (SD). The results were analysed by applying the 

two-way analysis of variance test or ANOVA test for multiple factors. Confidence intervals were fixed 

at 95% (P<0.05).   
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3.3 Results and discussion 

In order to enhance and accelerate osteo-differentiation in DPPSC, gene expression of key genes 

was regulated using an appropriate delivery vector. In this case, previously developed cell-specific 

oligopeptide end-modified pBAEs (C32 polymer) polymers were used [30]. C32 polymer synthesis 

and oligopeptide end-capping modification was carried out as previously discussed in Chapter II. 

Positive- and negative- oligopeptides were used to further modify C32 polymer. Then, oligopeptide-

modified pBAEs were used to efficiently condense large and small nucleic acids, such as plasmid and 

siRNA’s (Figure III-2). 

 
Figure III-2. Oligopeptides end-modified pBAEs were used to co-deliver siRNA and plasmids in DPPSCs. a) Chemical structure 

of new family of synthetized oligopeptide end-modified poly(β-amino ester)s.  R terminal can be arginine-, lysine-, histidine- and 

aspartic acid- oligopeptide. b) Average hydrodynamic diameter and zeta-potential distributions of C32-R/D polymer using 

siRNA or plasmid as nucleic acids. Average size and zeta potential were determined by Dynamic Light Scattering and 

Nanoparticle Tracking Analysis. Scale bar: 100 nm. c) Surface composition of polyplexes play a crucial role in cell-specify 

interaction formed by electrostatic interactions between polymer and nucleic acids. 

As is well known, oligopeptide composition plays an important role in the final polyplexes 

physicochemical properties, obtaining a wide family of polyplexes with different characteristics and 

behaviours. Therefore, hydrodynamic size and surface charge were analysed by DLS using plasmid 

or siRNA’s as a nucleic acid, as shown in Table III-2. 
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Table III-2 Average hydrodynamic diameter and zeta potential of pBAE:plasmid and pBAE:siRNA nanoparticles by DLS. 

Results are shown as mean and standard deviation of triplicates analysed by intensity. 

Polymer 
Plasmid siRNA 

Size (nm) Z-potential (mV) Size (nm) Z-potential (mV) 

C32-CR3 195 ± 3 19 ± 1 323 ± 35 -0,3 ± 3 

C32-CK3 146 ± 13 20 ± 1 211 ± 20 9,1 ± 1 

C32-R/H 350 ± 38 10 ± 1 351 ± 55 -8 ± 1 

C32-K/H 198 ± 2 22 ± 2 390 ± 60 10 ± 1 

C32-R/K 127 ± 25 12 ± 6 279 ± 30 12 ± 1 

C32-R/D 368 ± 53 4 ± 1 359 ± 67 -16 ± 1 

C32-K/D > 1000 - 235 ± 24 13 ± 3 

 

As Table III-2 showed, the average hydrodynamic diameter of polyplexes obtained using siRNA or 

plasmid DNA as nucleic acid ranged from 200 to 400 nm and the surface charge of the resulting 

polyplexes ranged between -10 mV and +20 mV. Interestingly, more differences were observed when 

siRNA was used as nucleic acid in terms of surface charge. In contrast, when plasmid was used as 

nucleic acid, positive surface charge was observed in all the oligopeptide formulations. These results 

corroborate previous reported results, where C32 polymers were used to efficiently delivery plasmids 

[30] and siRNA [1].  

3.3.1 C32-R/D polymer formulation shows the highest cell-specificity to DPPSC to delivery 

nucleic acids 

Based on previous results, pBAE end-modification with different oligopeptides can confer cell-

specificity in different cells types[1]. Then, an important step was focused on the identification of the 

top-performing polymer formulation in order to achieve optimal co-delivery of nucleic acids in DPPSC. 

Therefore, screening analysis of end-modified pBAEs was performed using GFP reporter plasmid and 

fluorescently-labelled siRNA. For plasmid screening, cells were incubated with nanoparticles 

containing pmaxGFP plasmid and GFP expression was analysed by flow cytometry and confocal 

laser scanning microscopy at 48hours post-transfection, as shown in Figure III-3-A and Figure III-3-C. 
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Figure III-3. Arginine/aspartic acid- modified pBAEs present the highest cell-specificity and transfection efficiency to DPPSCs in 

order to deliver plasmids. A) Screening of EGFP expression was evaluated in differentiated DPPSC using different 

oligopeptide-modified pBAE formulations and plasmid encoding GFP gene (pmaxGFP). GFP expression was determined after 

48 h by flow cytometry and plotted as a percentage of GFP-positive cells multiplied by the GeoMean fluorescence of the 

positive population. Statistical significance was determined using positive control cells as control group. *P< 0.05, ** P < 0.01, 

*** P< 0.001. B) Top performing polymer formulation was used to transfect a functional plasmid encoding RUNX2 gene. 

RUNX2 expression was analysed at 48h post-transfection by qPCR. Statistical significance was determined using positive 

control cells as control group. *P< 0.05, ** P < 0.01, *** P< 0.001. C) Confocal laser scanning microscopic images of DPPSC 

cells using pmaxGFP plasmid and different oligopeptide end-modified PBAEs. Scale bars: 200 µm. 

Transfection analysis using pmaxGFP plasmid showed differential GFP protein expression at 48-

hour post-transfection depending on the oligopeptide termini (Figure III-3-A). In general, mixtures of 

arginine or lysine oligopeptides with aspartic acid or histidine presented a greater GFP expression 

than polyplexes prepared with either arginine- or lysine-modified pBAEs alone. Among all the tested 

formulations, the formulation composed by arginine- and aspartic acid-terminated polymer (C32-R/D) 

was identified as the top-performing formulation under these conditions. C32-R/D was able to 

transfect 60% of DPPSC, achieving a 2.3-fold increase in GFP expression, compared to commercial 

control (lipofectamine 2000). Furthermore, when this top-performing formulation was employed to 

transfect cells with functional RUNX2 plasmid, the levels of RUNX2 mRNA determined by RT-qPCR 

were more than 2000 times higher than cells transfected with lipofectamine 2000 (Figure III-3-B), 

confirming the great efficacy of this formulation for DPPSC cells.  

Once C32-R/D seems to be a promising formulation for plasmid delivery, siRNA screening was 

carried out using AlexaFluor 546-labelled siRNA in DPPSCs in order to check if this polymer 

formulation is able to efficiently deliver small RNA. Firstly, cells were transfected at different siRNA 

doses in order to determine the optimal siRNA concentration, ranging from 25 nM to 100 nM, as 

shown in Figure III-4.  
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Figure III-4 Dose curve of siRNA concentration in DPPSC cells using C32-R/D polymer. DPPSC cells were transfected with 

siRNA-F at different concentrations, ranging from 25nM to 100nM. Fluorescence expression was determined 2 hours post-

transfection by flow cytometry and plotted as percentage of positive cells multiplied by the GeoMean fluorescence. Statistical 

significance was determined using positive control cells as control group. *P< 0.05, ** P < 0.01, *** P< 0.001 

Higher uptake fluorescence was observed at higher siRNA doses. Particularity, significant cell 

uptake working at siRNA concentrations of 50 nM or higher compared to commercial reagent. 

However, we have already described that some cytotoxic effects were noted at siRNA concentrations 

higher than 75 nM [1]. Then, 50 nM was selected to efficiently deliver siRNA’s to DPPSCs. 

After that, DPPSC were transfected using mixtures of different oligopeptide end-modified pBAEs in 

order to corroborate if arginine- / aspartic acid- mixture is still the top-performing formulation. Then, 

cells were transfected during 2 hours and fluorescence was analysed by flow cytometry, as shown in 

Figure III-5.  

 

Figure III-5 Arginine/aspartic acid- modified pBAEs present the highest cell-specificity and transfection efficiency to DPPSCs in 

order to deliver siRNA. Uptake experiment using labelled siRNA was carried out in DPPSCs at final concentration of 50nM 

using different oligopeptide end-modified poly(β-amino ester)s. Fluorescence expression was determined 2 hours post-

transfection by flow cytometry and plotted as percentage of positive cells multiplied by the GeoMean fluorescence. Statistical 

significance was determined using positive control cells as control group. *P< 0.05, ** P < 0.01, *** P< 0.001. 
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Interestingly, cellular uptake results using different oligopeptide-modified pBAE formulations 

showed less dependence on oligopeptide nature than for GFP transfection. Figure III-5 shows that all 

the tested polymer formulations presented more than 4-fold increase in cellular uptake than the 

commercial reagent, Polyplus Interferin. As for plasmid transfection, oligopeptide mixtures presented 

higher siRNA uptake than arginine- or lysine- pBAEs alone. Lysine-/histidine- and arginine-/aspartic 

acid-modified pBAE formulations were the top performing polymer formulations achieving a 62.4% 

and 62.0% of transfection, respectively. Therefore, C32-R/D was identified as the top performing 

formulation for the delivery of both siRNA and plasmid DNA. 

Based on these results, it can be concluded that a mixture of positively- and negatively-charged 

oligopeptides promoted a preferential delivery both siRNAs and plasmids to DPPSC. This result 

corroborates with Chapter II data were mixtures of positively- and negatively-charged oligopeptides 

are one of the best formulations in terms of transfection efficiency. Moreover, the presence of 

negatively-charged oligopeptides (aspartic acid) decreases the overall charge of the polyplexes, thus 

decreasing their cytotoxicity [33]. 

3.3.2 Silencing of pluripotent genes improves the expression of osteogenic markers in 
DPPSC differentiation 

In order to evaluate the effect of the pluripotent genes OCT3/4 and NANOG on the osteogenic 

differentiation of pluripotent-like adult stem cells, OCT3/4 and NANOG expression was silenced using 

C32-R/D polymer formulation in both undifferentiated and initial differentiated stage (day 7 of 

differentiation) DPPSC cells. Silencing efficiency was evaluated by measuring the decrease of the 

pluripotency markers at 48h post-transfection and at the end of the osteogenic induction. 

3.3.2.1 Silencing the pluripotency in undifferentiated DPPSC 

DPPSC showed expression of OCT3/4 and NANOG in their undifferentiated stage. To further 

characterize the change of the pluripotency markers during the osteogenic process, RNA was isolated 

at days 0, 7, 15 and 21 of the DPPSC osteogenic differentiation. qRT-PCR demonstrated a 

progressive decrease of OCT3/4 during the process and a rapid downregulation of the NANOG 

expression during the first week of differentiation, which was maintained throughout the differentiation 

process. However, at the end of the osteogenic process, low levels of these pluripotency markers still 

remained (Figure III-6).  
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Figure III-6 Expression profile of pluripotent genes during osteogenic differentiation. Nanog and OCT3/4 expression were 

evaluated at days 7, 15, and 21 of osteoblast differentiation respect undifferentiated DPPSC (Day 0). The relative value for 

undifferentiated DPPSC (Day 0) was considered 1. *P <0.05 respect Day 0. 

Figure III-6 indicates that the levels of OCT3/4 and NANOG decrease during the osteogenic 

differentiation of DPPSC. However, some expression of these markers still remains at the end of the 

differentiation process. It has been described that a potentially undifferentiated population of cells can 

be may remain, maintaining their high proliferative potential but impeding a complete differentiation 

into osteocytes [16,21].  

To verify the silencing efficiency of the pluripotency genes by siRNAs, transfection with different 

combinations of siRNAs was performed to silence OCT3/4 and NANOG in undifferentiated DPPSC, 

as is shown in Figure III-7. 

 

Figure III-7. Silencing the pluripotency genes in undifferentiated DPPSC.A) NANOG and OCT3/4 knockdown using siRNA-

C32-R/D polyplexes in undifferentiated DPPSC at final concentration of 10nM. Results were evaluated by qRT-PCR at 48h post 

transfection respect Scramble siRNA. The relative value for Scramble siRNA was considered 1. *P <0.05 respect Scramble 

siRNA; #P <0.05 respect siOCT3/4-Nanog. B) Knockdown of OCTA3/4 and NANOG. Results were evaluated by RT-PCR at 

48h post transfection and scramble siRNA control was used as negative control.  
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qRT-PCR analysis showed that OCT3/4 and NANOG expression decreased after 48h post-

transfection when compared with the scramble siRNA control. In addition, the simultaneous silencing 

of OCT3/4 and NANOG reached the lowest levels of both pluripotency markers (Figure III-7). 

Interestingly, independently if the silencing was targeted at one or both pluripotent genes, a decrease 

in both genes was observed.  

It have been described by Chambers et al. that NANOG is expressed in OCT3/4-deficient embryos, 

and NANOG overexpression does not revert the differentiation program of ESC triggered by OCT3/4 

down-regulation [34]. They observed that NANOG is not just a downstream version of OCT3/4; 

indeed, NANOG and OCT3/4 work in concert to support stem cell potency and self-renewal [34,35]. 

Then, our results also confirmed that there is a co-expression and a genetic interaction between these 

two pluripotency markers in DPPSC.  

3.3.2.2 Silencing the pluripotency in differentiated DPPSC 

Once we corroborate that OCTA3/4 and NANOG could be modulated using our designed 

polyplexes in undifferentiated DPPSC, they are used to treated differentiated DPPSC into bone-like 

tissue during 21 days. At day 7 of the differentiation, cells were transfected with siRNAs to reduce the 

expression of the pluripotency genes and improve the osteogenic process. The silencing efficiency of 

OCT3/4 and NANOG genes was confirmed by RT-PCR at 48h post-transfection (Figure III-8).  

 

Figure III-8. NANOG and OCT3/4 knockdown using siRNA-C32-R/D polyplexes in differentiated DPPSC. Pluripotent OCT3/4 

and Nanog gene expression were controlled by siOCT3/4 and/or siNanog delivery at 7 days of osteogenic differentiation in 

DPPSC. Pluripotency markers were analysed at gene level at 48h post-transfection. Scramble siRNA was used as negative 

control. 

Results showed high silencing of NANOG gene using siOCT3/4 and/or siNANOG compared to 

scramble control. Moreover, OCT3/4 was reduced only after siOCT3/4 delivery, remaining stable after 

siNANOG delivery. These results further corroborate Chambers et al. results were NANOG gene may 

be a downstream version of OCT3/4.  

In order to evaluate the enhancement of the osteogenic differentiation after silencing of pluripotent 

genes using the anti-OCT3/4 and anti-NANOG siRNA, RNA was isolated at day 21 of the osteogenic 

induction and key osteogenic markers, such as ALP, COL1 and OCN, were analysed (Figure III-9-A). 

In addition, a key osteogenic gene, RUNX2, was further analysed (Figure III-9-B). 
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Figure III-9. OCT3/4 knockdown accelerates the expression of the osteogenic markers. A) RT-PCR of osteogenic markers 

ALP, COL1 and OCN at the end of the osteogenic differentiation (day 21) were analysed. B) After siRNA’s delivery, RUNX2 

expression was analysed at 48h post transfection (day 9) and at the end of the osteogenic differentiation (day 21) respect 

undifferentiated DPPSC (Day 0). The relative value for undifferentiated DPPSC (Day 0) was considered 1. *P <0.05 respect 

Scramble siRNA.  

RT-PCR (Figure III-9-A) showed higher expression of the majority of the osteogenic markers in the 

siRNA-transfected cells than in the scramble siRNA control cells. Moreover, the levels of ALP and 

OCN were greater in the siOCT3/4 transfected cells. On the other hand, the relative expression of 

RUNX2 (Figure III-9-B) indicated that there was an up-regulation of this gene at 48h post-transfection 

(day 9 of osteogenic differentiation) in the cells with the silenced pluripotency genes. In fact, RUNX2 

levels remained higher in these cells than in cells transfected with the scramble siRNA control. This 

phenomenon was maintained until the end of the osteogenic induction. Furthermore, the siOCT3/4 

transfected cells achieved higher levels of RUNX2 than cells transfected with either siNANOG alone 

or both siOCT3/4 and NANOG. For this reason, we hypothesized that the silencing of OCT3/4 

combined with the expression of RUNX2 may be promising strategy in order to further improve the 

osteogenic differentiation of DPPSC. 

3.3.3 Co-delivery of siOCT3/4 and pRUNX2 accelerates the osteogenic differentiation of 

DPPSC while maintaining high cell viability 

During the first week of the osteogenic induction, the proliferation and the first stages of stem cells 

differentiation occur. This process corresponds with an increase of some pluripotency markers that 

are later downregulated. A critical factor in osteogenic gene therapy is the timing of RUNX2 gene 

delivery into the cells. The early stage of the osteogenesis (pre-osteoblastic cells) is the most active 
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period of bone formation and it occurs during the first week of differentiation [36,37]. Some studies 

suggest that RUNX2 promotes the proliferation of osteoblasts in the early stage, but inhibits 

osteoblast differentiation and blocks osteoblast maturity in the late stage, leading to osteopenia and 

fragility [27,28]. Thus, the optimal time for delivery the exogenous RUNX2 plasmid and silencing 

OCT3/4 gene should be at day 7 of the osteogenic differentiation. Therefore, transient expression of 

both anti-OCT3/4 and pRUNX2 plasmid was conducted at day 7, because after 72 hours the plasmid 

and the siRNA are typically degraded.  

3.3.3.1 Co-delivery of siOCT3/4 and pRUNX2 

Thus, DPPSC were transfected with C32-R/D polymer using pRUNX2 plasmid and/or anti-OCT3/4 

siRNA at day 7 of osteodifferentation. In these experiments, negative control was transfected with 

both scramble plasmid (i.e. pmaxGFP plasmid) and scramble siRNA, as shown in Figure III-10. 

 

Figure III-10. Viability and efficiency of single and double transfections in DPPSC during the osteogenic differentiation. A-B) 

Relative expression of the pluripotency gene OCT3/4 and the osteogenic gene RUNX2 after pRunx2 and siOCT3/4 single and 

double transfections in DPPSSC at day 9 (48h post transfection), 15, and 21 of osteogenic differentiation respect 

undifferentiated DPPSC (Day 0). The relative value for undifferentiated DPPSC (Day 0) was considered 1. Scramble control 

(pMaxGFP-siRNA) was used as a negative control. *P<0.05 respect Scramble Control.  

RNA was isolated at different osteodifferentiation time points, particularly at days 9, 15 and 21, 

observing a different OCT3/4 and RUNX2 expression during the bone induction in the transfected 

cells. Particularly, OCT3/4 levels decreased in all transfected cells along the differentiation progress. 
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However, pRUNX2-siOCT3/4 transfection had the lowest expression levels at each time point. 

Moreover, pRUNX2 transfected cells showed a rapidly OCT3/4 downregulation at day 15, but it was 

the only population with certain OCT3/4 expression at the end of the process (Figure III-10-A). On the 

other hand, RUNX2 expression was downregulated in OCTA3/4 knockdown cells and was over-

expressed in the pRUNX2 and pRUNX2-siOCT3/4 transfected cells (Figure III-10-B).  

3.3.3.1.1 OCT3/4 knockdown and pRUNX2 over-expression accelerates the osteogenic 

differentiation 

Once efficient co-delivery of siOCTA3/4 and pRUNX2 was confirmed, different osteogenic markers, 

such as ALP, COL1 and OSN, were studied in order to evaluate the quality of osteogenic induction at 

day 9, 15, and 21 of cell differentiation (Figure III-11). In addition, functional osteogenic activity was 

evaluated at day 21of differentiation by ALP and Alizarin Red S staining (Figure III-11-E-F). 

 

Figure III-11. Co-delivery of siOCT3/4 and pRUNX2 accelerates osteogenic differentiation of DPPSC. Scheme of the 

osteogenic process in DPPSC with recognizable stages of the osteogenic differentiation. B-D) Changes in the expression of 

osteogenic markers ALP, COL1 and OSN after DPPSC transfections respect undifferentiated DPPSC (Day 0) were analysed at 

days 9, 15, and 21 of osteogenic differentiation. The relative value for undifferentiated DPPSC (Day 0) was considered 1, 
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Scramble Control was used as a negative control. *P<0.05 respect Scramble Control. E) ALP activity observed in blue by an 

ALP staining before transfection, day 7 of osteogenic induction, (E1) and at the end of the osteogenic induction (E2-E5). F) 

Images of mineralization in red by Alizarin Red S staining before transfection, at day 7 of osteogenic induction, (F1) and after 

21 days of osteogenic differentiation (F2-F5). Scale bars: 200 µm. 

In general, raising levels of ALP were observed during the osteogenic differentiation in all 

transfected populations. However, pRUNX2-siOCT3/4-treated cells were the only condition with 

detectable ALP expression at 48 hours post transfection (day 9) (Figure III-11-B). In addition, similar 

behaviour was observed when COL1 and OSN levels were analysed. Cells transfected with pRUNX2-

siOCT3/4 showed a significant increase of COL1 and OSN expression at day 15 and day 21 of osteo-

differentation respect to other conditions (Figure III-11-C-D). 

The functional osteogenic activity of the transfected cells after the osteogenic induction (day 21) 

was evaluated by ALP and Alizarin Red S staining’s (Figure III-11-E-F). Representative images from 

bone-like transfected DPPSC showed that pRUNX2, siOCT3/4 and pRUNX2-siOCT3/4 transfected 

cells had more ALP activity and mineralization than the control cells transfected with pGFP plasmid 

and scramble siRNA. In addition, ALP and Alizarin Red quantification revealed that pRUNX2-

siOCTA3/4 treated cells present more than 2-fold expression than scramble control. 

Then, this results corroborate that RUNX2 upregulates osteoblastic gene expression and promotes 

osteogenesis[32]. It was demonstrated that pRUNX2 transfected cells exhibited increased 

osteoblastic gene expression and produced significantly higher quantities of mineralized matrix 

compared to the control cells. However, RUNX2 transfection alone was not sufficient to promote and 

accelerate the osteogenic process. Therefore, the co-transfection of DPPSC with pRUNX2 and 

siOCT3/4 showed a significantly higher expression of osteogenic markers (ALP, COL1 and OSN) and 

an earlier expression of some of these genes. Moreover, doubly transfected cells resulted in a higher 

matrix mineralization and ALP activity at the end of the differentiation process. Therefore, the 

administration of pRUNX2 and siOCT3/4 at day 7 of the osteogenic differentiation seems to allow the 

improvement and the acceleration of this process. 

3.3.3.1.2 Cell viability and genetic stability study of DPPSC siOCTA 3/4 and/or pRUNX2 

delivery 

Transfection of cells using synthetic vectors could present some cell toxicity, which may limit their 

use for future therapeutic approaches. Furthermore, in regenerative medicine field is essential use a 

non-toxic delivery vectors because these can alter genetic behaviour of cells, altering their genetic 

stability. Therefore, viability of DPPSC cells after transfection with both pRUNX2 plasmid and/or anti-

OCT3/4 siRNA was determined using the MTT assay, as shown Figure III-12.  
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Figure III-12 Cell viability assay after siOCTA3/4 and/or pRUNX2 delivery using C32-R/D polymer. MTT assay was performed 

at day 21 of the osteogenic process. Scramble Control were used as negative control. *P<0.05 respect Scramble Control. 

After 21 days of differentiation, cell viabilities greater than 70% were observed in all transfections. 

Transfection with both nucleic acids, pRUNX2-siOCT3/4, resulted in lower cell viability than cells 

transfected with either pRUNX2 plasmid or anti-OCT3/4 siRNA alone, 73% vs 87% vs 100% 

respectively. However, cell viability of double transfection was not statistically different than viability 

observed for cells transfected with the double control, i.e. pGFP and scramble siRNA. Similar cell 

viability values were observed for control cells transfected with pGFP plasmid and scramble siRNA, 

suggesting that the differences in cellular viability derived osteogenic differentiation process 

(Figure III-12). Previous results using the same oligopeptide-modified pBAEs showed cellular 

viabilities higher than 80%, and even 90%, in different cells types [1,30], proving themselves as 

excellent transfection agents. Therefore, these results may suggest that delivery vector is not altering 

the cellular viability. 

However, stem cells are known to acquire genomic changes due to their genomic instability. 

Therefore, genomic integrity of stem cells before and after any treatment should be monitored 

carefully in basic research and clinical trials [38]. Then, to further characterize if delivery system or 

gene regulation can affect DPPSC behaviour, possible genetic alterations were studied. The short-

CGH allowed the detection of all the characteristic aneuploidies in each sample analysed. We 

evaluated the genetic stability of DPPSC before the osteogenic differentiation (Day 0), 48h post 

double DPPSC transfection (Day 9) and during the osteogenic process of double transfected DPPSC 

(Days 15 and 21). 47, XXY control samples (labelled in green) and DPPSC samples (labelled in red) 

were co-hybridized onto 46, XY metaphases, as shown in figure Figure III-13. 
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Figure III-13. pRunx2-siOCT3/4 transfections with modified-pBAEs do not induce genetic instability of DPPSCs during 

osteogenic differentiation Fixed limits summary of 47, XXY control samples (labelled in green) and pRunx2-siOCT3/4 DPPSC 

samples (labelled in red) co-hybridization onto 12 normal metaphases (46, XY) in triplicate. A) sCGH from undifferentiated 

DPPSC (day 0 of differentiation); B) sCGH from 48h post transfected DPPSC (day 9 of differentiation). C) sCGH from DPPSC 

at day 15 of differentiation. D) sCGH from DPPSC at day 21 of differentiation. Losses in the Y chromosome dosage were due 

to the female donors.  

Transfection of DPPSC using oligopeptide-modified pBAEs did not show chromosome aneuploidies 

or imbalances in a summary of short-CGH with fixed limits (Figure III-13-A). Moreover, DPPSC 

maintained a normal chromosome dosage after transfection with pRUNX2-siOCT3/4 using modified-

pBAEs at 48h post-transfection (Figure III-13-B) and until the end of the osteogenic induction 

(Figure III-13-C-D). There were only losses in the Y chromosome dosage (labelled in green) due to 

the female donors. 

Therefore, these results suggest that previously developed carries are able to deliver therapeutic 

nucleic acids to challenging cells lines, such as stem cells, having a therapeutic effect without 

cytotoxic effects. Specifically, arginine- /aspartic acid- oligopeptide formulation was used due to their 
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efficient co-delivery of RNAi and plasmidic DNA. Moreover, as previously have been reported in 

chapter II and further corroborated in this chapter, arginine- /aspartic acid- oligopeptide mixture 

present slightly negative surface charge, which is able to avoid usual cytotoxic effects that high 

positive polyplexes present.  
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3.4 Concluding remarks 

In this chapter, we have demonstrated the great potential of previously developed polymers inside 

of regenerative medicine. Taking in account all the oligopeptide-modified pBAEs features, we are able 

do co-deliver large and small nucleic acids to stem cell line in efficient and safety way, obtaining a 

promising therapeutic effect.  

Due to the wide range of therapeutic applications, nanoparticle delivery systems have to be 

optimized for each study. As previously discussed in Chapter II, nanoparticle surface composition of 

pBAEs plays a key role and can be modulated varying with their oligopeptide composition. In this 

case, DPPSC polymer screening revealed that a mixture of positively- and negatively-charged 

oligopeptides promoted a preferential delivery both siRNAs and plasmids. Specifically, a mixture of 

arginine- /aspartic acid- oligopeptides at 70:30 weigh/weight ratio was identified as the top performing 

polymer formulation in terms of transfection efficiency and viability, obtaining more than 60% of 

transfection using both RNAi or plasmid and viabilities higher than 80-90%. Therefore, newly 

developed polymers are able to administrated high doses of therapeutics nucleic acids drugs in a 

safety way.  

Once polymer formulation was selected, this was used to silencing undifferentiated population of 

cells expressing OCT3/4 and NANOG transcription factors that limits their osteogenic differentiation. 

Efficient OCTA3/4 and NANOG knockdown was observed in undifferentiated and differentiated 

DPPSC cells at 48 hour post-transfection. Consequently, ALP, COL1 and OCN osteogenic markers 

expression were increased in OCTA3/4 and/or NANOG knockdown DPPSC. Particularly, levels of 

ALP and OCN were greater in the siOCT3/4 transfected cells. In addition, it has been confirmed that 

RUNX2 expression, that is an essential regulator of bone development, was further enhanced in 

OCT3/4 knockdown DPPSC. Therefore, we hypothesized that the silencing of OCT3/4 combined with 

the expression of RUNX2 may be promising strategy in order to further improve and/or accelerate the 

osteogenic differentiation of DPPSC. 

First of all, we confirmed that significant OCTA3/4 knockdown and RUNX2 overexpression was 

observed when pRUNX2 and siOCTA3/4 was delivered at day 7 of DPPSC osteodiffrentation. These 

results corroborate the potential of newly developed oligopeptide-modified pBAE, specifically C32-

R/D, due to there are able to be therapeutically useful delivering different types of nucleic acids at the 

same time and in a simple administration.  

Furthermore, a robustly osteogenic acceleration was observed in DPPSC after pRUNX2 and 

OCTA3/4 delivery, where a promising increase an earlier expression of osteogenic markers, such as 

ALP, COL1 and OSN, were obtained. In addition, higher matrix mineralization and ALP activity at the 

end of the differentiation process was observed. 

Additionally, it has been confirmed that non-cytotoxic effect has been observed using our 

developed delivery vectors to enhance DPPSC differentiation. MTT assay demonstrated that delivery 
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vector is not altering the cellular viability and genetic stability analysis showed that transfection with 

modified pBAEs did not induce chromosomal instability.  

Thus, we can conclude that, the combination of stem cells and biocompatible polymers to 

deliver/silencing specific genes may be a powerful technique to improve and accelerate bone tissue 

regeneration approaching them to different clinical applications. Moreover, these results confirm that 

newly developed delivery vectors could have a promising potential due to their biocompatibility and 

their easy manipulation to be designed for each therapeutic application. 

Once they in vitro usability and compatibility were demonstrated, the next chapter goes and step 

further exploring oligopeptide-modified pBAEs stability having in mind their in vivo applications.   
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Development of stable polyplexes using  
poly(β-amino ester)s for efficient RNAi delivery 

 
Despite their promising results in in vitro assays, their stability in physiological 

mediums represents one of the major historical limitations of these polymers. 

Then, in this chapter, different modifications in the pBAE structures have been 

explored to overcome stability limitation. Recent studies have demonstrated that 

hydrophobicity plays a key role to control electrostatic interactions of plasma 

proteins with nanoparticles, making them more stable and effective. Results show 

that a slight increase in the polymer hydrophobicity increases their siRNA 

packaging capacity, stability, and transfection efficiency. Therefore, newly 

designed hydrophobic polymers present great potential as RNAi delivery vectors. 

4.1 Introduction 

During the last year’s greats efforts were focused to develop stable RNAi-based drugs using 

different chemical modifications in their structure, increasing their lifetime in plasma conditions [1–3]. 

However, as previously discussed in Chapter I, the use of naked nucleic acids is still limited because 

of they are rapidly degraded by RNases and basically eliminated by kidney [4]. Furthermore, if siRNA 

reaches target cells, it lacks the mechanism to enter to the cytoplasm. On the other hand, 

hydrophobic modifications using linear fatty acids, cholesterol or alkyl chains have been conjugated to 

RNAi in order to enhance delivery and endosome entrance [5]. However, this approach does not 

solve the lack of targeting. Furthermore different biomaterials have been used as delivery vectors, 

such as liposomes, cationic polymer, polymersomes, cell-penetrating peptide, and inorganic 

nanoparticles [6–10]. Typical synthetic vectors, such as poly(amido amine)s (PAA), polyethylenimine 

(PEI), chitosan or poly(l-lysine) (PLL) have been further improved to effectively deliver RNAi [11,12]. 

Despite their promising results in vitro, they are not efficient enough in order to obtain specific and 

efficient therapeutic delivery for in vivo applications.  

In the previous chapters, a new strategy to deliver RNAi in a cell-specific manner using different 

oligopeptide-modified poly(β-amino ester)s has been developed. Results have showed that using a 

combination of natural oligopeptides during the polyplexes formation we are able to fine-tune 

polyplexes surface composition, designing a powerful mechanism to design highly cell-efficient and 

cell-specific polymeric carriers [13–15]. Promising results have been obtained using this newly 

developed approach in in vitro systems, however, they present low efficiency when are used in 

physiological media. Then, despite their attractiveness, they possess limited in vivo stability, which 

hampers their further development in clinical applications.  
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Taking into account the current status of delivery systems, this chapter describe an overview of 

different strategies in order to overcome oligopeptide-modified pBAEs stability limitations, obtaining a 

stable and cell-specific RNAi delivery vector. 

For instance, recently it has been described that shielding the surface of pBAE-RNAi polyplexes 

using hydrogel matrix is a promising way to stabilize the resulting formulation [16]. For instance, 

oligopeptide-modified pBAEs were combined with a hydrogel scaffold based on polyamidoamine 

(PAMAM) dendrimer cross-linked with dextran aldehyde, which is able to protect them from 

degradation, obtaining a promising local delivery strategy to treated solid tumours [16]. However, this 

technique con not be used for systemic delivery, limiting their applicability in a wide range of 

therapeutic applications.  

 Alternatively, coating of polyplexes with reactive hydrophilic polymers has also shown both lateral 

and steric stabilization, resulting in nanoparticles with greater circulation times in vivo [17,18]. 

However, such strategies generate a shielding around the nanoparticle that hampers the formation of 

protein corona, which has lately shown to be beneficial for controlling uptake into specific cell types 

[19]. In order to exploit the benefits of protein corona, it is required to generate protein-resistant 

pBAE-siRNA nanoparticles capable of maintaining their physicochemical properties in complex 

media. In addition, nanoparticle surface composition is essential to describe their cell-entrance 

mechanism. It is already described that highly positive surface charge shown a different 

biodistribution than slightly negative nanoparticle surface charge. However, nowadays the potential of 

such protein-nanopaticle surfaces composition due to their protein corona interaction lacks of general 

method of characterization [20]. Furthermore, polymer modification of pBAEs has been widely 

explored and, as a result, controlled fine-tuning of the physicochemical properties of the nanoparticles 

has been reported [21]. In general, hydrophobization of polymers leads to increased stability of 

polyplexes, favouring the interactions between nanoparticles and the plasma proteins [22]. An 

increase of polymer hydrophobicity conduces to reduce or control protein absorption to polyplexes 

surface, making them more resistant to reach their final target or protect their RNAi-based drugs. 

Serum is one of the main causes that inhibit transfection efficiency of the resultant polyplex or limit 

their stability [23]. Recently, it is described that amphiphilic polycations, such as Pluronic, were 

combined to other polymers, making them capable of forming stable complexes in plasma conditions 

[24]. 

 In addition, it is already described that an increase in the polyplex hydrophobicity is able to 

enhance packaging capacity of nucleic acids, reducing their nanometric size [12,23,25]. Besides 

electrostatic forces, hydrophobicity play a key role to the complex formation between pBAEs and 

RNAi-drug. Optimized hydrophilic/hydrophobic polymer are enough to condense higher RNA quantity 

increasing polyplex density. Furthermore, adding hydrophobic moieties to polymers formulations 

increase polyplex-cell affinity to biological lipid membranes, improving their transfection efficiency in 

different cells lines [26]. Cholesterol moieties are expected to enhance cellular transfection due to 

their high affinity with lipid parts of cell membrane[12]. As example, a higher binding affinity to bone 
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marrow stromal cells was observed when palmitic acid is added to PEI due to their hydrophobicity 

increment [27]. 

Therefore, in this chapter, we explored different poly(β-amino ester)s structures playing with their 

hydrophobicity in order to enhance their stability, packaging capacity and transfection efficiency. 

Mainly, previously described pBAEs (C32 polymer) [28] were further modified using different aliphatic 

amine chains, such as hexylamine, hexadecylamine, and cholesterol. As a result, we developed a 

wide range of stable natural-synthetic pBAE able to protect RNAi-drug from physiological media that 

maintain their cell-specificity proprieties. Then, their composition differs from traditional cationic 

polymers for their enough stability and functionality, making them closer for in vivo applications.  

Therefore, the main objective of this chapter is to increase pBAE stability playing with their 

backbone structure in order to obtain stable and cell-specific polymer formulation taking in mind their 

in vivo applications.  

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

• Synthesis and biophysical characterization of a wide library of hydrophobic/hydrophilic pBAE.  

• Stability study of newly synthetized pBAEs in physiological medium. 

• Study of GFP knockdown efficiency and viability using stable polymer formulations, 

determining the effect of polymer hydrophobicity and oligopeptide composition. 

• RNAi delivery study using the top-stable and efficient polymers modified with different 

oligopeptides in serum conditions. 
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4.2 Materials and Methods  

4.2.1  Materials  

Reagents and solvents used for polymer synthesis were purchased from Sigma-Aldrich and 

Panreac. Oligopeptide moieties used for polymer modification (H-Cys-Arg-Arg-Arg-NH2, H-Cys-Lys-

Lys-Lys-NH2, H-Cys-His-His-His-NH2, H-Cys-Glu-Glu-Glu-NH2 and H-Cys-Asp-Asp-Asp-NH2) were 

obtained from GL Biochem (Shanghai) Ltd with a purity higher than 98%.  For in vitro studies, silencer 

GFP siRNA (AM4626) was used for EGFP knockdown and ON-TARGETplus non-targeting control 

pool (D-001810-10) as scramble siRNA control, all of them were obtained from Thermo GE 

Dharmacon. Labelled siRNA (AllStars Neg. siRNA AF 546) for uptake experiments was purchased 

from Qiagen. Polyplus Interferin reagent was purchased from VWR and used according to 

manufacturer instructions.  

4.2.2 Synthesis of C32, C6, and C16 polymers 

Acrylate-terminated polymers were synthesized by addition reaction of primary amines to 1,4-

butanediol diacrylate (at 1:1.1 molar ratio of amine:diacrylate). C32 polymer was synthetized following 

a procedure described by Lynn et. al.[28]. Briefly, 5-amino-1- pentanol (3.44 g, 33 mmol) and 1,4-

butanediol diacrylate (7.93 g, 40 mmol) were polymerized under magnetic stirring at 90 ºC for 24 h.  

- C32 polymer 

1H-NMR(400MHz, DMSO-d6, TMS) (ppm): δ =6,32 (d, CH2=CH-), 6,16 (d, CH2=CH-), 5,94 (d, 

CH2=CH-), 4.12 (br, CH2-O-C(=O)-CH=CH2), 4.01 (t, -CH2-CH2-O-), 3.35 (t, CH2-CH2-OH), 2.65 (br, -

CH2-CH2-N-), 2.34 (br, -N-CH2-CH2-C(=O)-O), 1.63 (br, -O-CH2-CH2-CH2-CH2-O), 1.35 (br, - CH2-

CH2-CH2-CH2-OH), 1.22 (br, N-(CH2)2-CH2-(CH2)2-OH). 

C6 polymer was carried out by conjugate addition of different ratio of hexylamine / 5-amino-1-

pentanol to 1,4-butanediol diacrylate using a slight excess of diacrylate (at 1:1.1 molar ratio of 

amine:diacrylate). Briefly, C6-100 polymerization was performed using hexylamine (0.845 g, 8.3 

mmol) and 1,4-butanediol diacrylate (2.0 g, 9.1 mmol). C6-50 polymerization was performed using 5-

amino-1-pentanol (0.426 g, 4.1 mmol), hexylamine (0.422 g, 4.1 mmol) and 1,4-butanediol diacrylate 

(2.0 g, 9.1 mmol). C6-25 polymerization was performed using 5-amino-1- pentanol (0.639 g, 6.2 

mmol), hexylamine 0.232 g, 2.1 mmol) and 1,4-butanediol diacrylate (2.0 g, 9.1 mmol). All 

polymerizations were carried out under magnetic stirring at 90 ºC for 24 h. Polymers were 

characterized by 1H-NMR using Chloroform-d as a solvent. 
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Table IV-1. Molar ratio of hexylamine/5-amino-1-pentanol of different C6 polymerizations. 

Polymer 
Molar Ratio (Hexylamine/5-

amino-1-pentanol) 
Molar Ratio 

(Amine/Diacrylate) 
1,4-butanediol 

diacrylate 
5-amino-1- 
pentanol 

hexilamine 

C6-100 1/0 1/1.1 9,1 - 8,3 

C6-50 0.5/0.5 1/1.1 9,1 4,1 4,1 

C6-25 0.25/0.75 1/1.1 9,1 6,2 2,1 

 

- C6-100 polymer 

1H-NMR(400MHz, Chloroform-d, TMS) (ppm): δ =6,45 (d, CH2=CH-), 6,18 (d, CH2=CH-), 5,88 (d, 

CH2=CH-), 4.15 - 4.05 (br, CH2-O-C(=O)-CH=CH2), 3,99 (t, -CH2-CH2-O-), 2.62 (br, -CH2-CH2-N-), 

2.32 (br, -N-CH2-CH2-C(=O)-O), 1.71 - 1.53 (br, -O-CH2-CH2-CH2-CH2-O), 1.36 - 1.12 (br, - CH2-CH2-

CH2-CH2-OH, N-(CH2)2-CH2-(CH2)2-OH), 0.83 (t, CH2-CH2-CH3). 

- C6-50 polymer 

1H-NMR (400MHz, Chloroform-d, TMS) (ppm): δ =6,40 (d, CH2=CH-), 6,10 (d, CH2=CH-), 5,83 (d, 

CH2=CH-), 4.18 (br, CH2-O-C(=O)-CH=CH2), 4,09 (t, -CH2-CH2-O-), 3.62 (t, CH2-CH2-OH), 2.78 (br, -

CH2-CH2-N-), 2.45 (br, -N-CH2-CH2-C(=O)-O), 1.83 - 1.60 (br, -O-CH2-CH2-CH2-CH2-O), 1.40- 1.18 

(br, - CH2-CH2-CH2-CH2-OH, N-(CH2)2-CH2-(CH2)2-OH), 0.88 (t, CH2-CH2-CH3). 

- C6-25 polymer 

1H-NMR(400MHz, Chloroform-d, TMS) (ppm): δ =6,40 (d, CH2=CH-), 6,12 (d, CH2=CH-), 5,83 (d, 

CH2=CH-), 4.19 (br, CH2-O-C(=O)-CH=CH2), 4,09 (t, -CH2-CH2-O-), 3.61 (t, CH2-CH2-OH), 2.78 (br, -

CH2-CH2-N-), 2.45 (br, -N-CH2-CH2-C(=O)-O), 1.80 – 1.57 (br, -O-CH2-CH2-CH2-CH2-O), 1.40- 1.18 

(br, - CH2-CH2-CH2-CH2-OH, N-(CH2)2-CH2-(CH2)2-OH), 0.88 (t, CH2-CH2-CH3). 

C16 polymer was carried out by conjugate addition of different ratio of hexadecylamine / 5-amino-1-

pentanol to 1,4-butanediol diacrylate using a slight excess of diacrylate (at 1:1.1 Molar ratio of 

amine:diacrylate). C16-50 polymerization was performed using 5-amino-1-pentanol (0.426 g, 4.1 

mmol), hexadecylamine (1.1 g, 4.1 mmol) and 1,4-butanediol diacrylate (2.0 g, 9.1 mmol). C16-25 

polymerization was performed using 5-amino-1- pentanol (0.639 g, 6.2 mmol), hexadecylamine (0.550 

g, 2.1 mmol) and 1,4-butanediol diacrylate (2.0 g, 9.1 mmol). Polymerizations were carried out under 

magnetic stirring at 90 ºC for 24 h. Polymers were characterized by 1H-NMR using Chloroform-d as a 

solvent. 

Table IV-2. Molar ratio of hexadecylamine/5-amino-1-pentanol of different C16 polymerizations 

Polymer 
Molar Ratio (Hexylamine/ 

5-amino-1-pentanol) 
Molar Ratio 

(Amine/Diacrylate) 
1,4-butanediol 

diacrylate 
5-amino-1- 
pentanol 

Hexadecylamine 

C16-50 0.5/0.5 1/1.1 9,1 4,1 4,1 

C16-25 0.25/0.75 1/1.1 9,1 6,2 2,1 
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- C16-50 polymer 

1H NMR (400 MHz, Chloroform-d, TMS) (ppm): δ =6,40 (d, CH2=CH-), 6,12 (d, CH2=CH-), 5,83 (d, 

CH2=CH-), 4.18 (br, CH2-O-C(=O)-CH=CH2), 4,09 (t, -CH2-CH2-O-), 3.61 (t, CH2-CH2-OH), 2.74 (br, -

CH2-CH2-N-), 2.41 (br, -N-CH2-CH2-C(=O)-O), 1.88- 1.15 (m, - CH2-CH2-CH2-CH2-OH, N-(CH2)2-CH2-

(CH2)2-OH, -O-CH2-CH2-CH2-CH2-O, -CH2-(CH2)14-CH3), 0.85 (t, CH2-CH2-CH3). 

- C16-25 polymer 

1H NMR (400 MHz, Chloroform-d, TMS) (ppm): δ =6,40 (d, CH2=CH-), 6,12 (d, CH2=CH-), 5,83 (d, 

CH2=CH-), 4.18 (br, CH2-O-C(=O)-CH=CH2), 4,10 (t, -CH2-CH2-O-), 3.62 (t, CH2-CH2-OH), 2.76 (br, -

CH2-CH2-N-), 2.41 (br, -N-CH2-CH2-C(=O)-O), 1.79- 1.18 (m, - CH2-CH2-CH2-CH2-OH, N-(CH2)2-CH2-

(CH2)2-OH, -O-CH2-CH2-CH2-CH2-O, -CH2-(CH2)14-CH3), 0.83 (t, CH2-CH2-CH3). 

4.2.3 Synthesis of Cchol polymers 

Cchol polymers were synthetized by esterification of hydroxyl groups from C32 polymer with acid-

modified cholesterol (cholesterol-COOH). However, firstly Cholesterol-COOH was synthetized by 

esterification of succinic anhydrous and cholesterol hydroxyl group. Briefly, Cholesterol (5g), succinic 

anhydride (5g), and a catalyst amount of 4-dimethylaminopyridine were dissolved in anhydrous 

pyridine (10 mL) and tetrahydrofuran (10 mL) and the resulting mixture was refluxes for 24 hours. 

After that, pH from the reaction was adjusted to 1-2 with hydrochloric acid solution (2 M) under ice 

cooling. Once pH was adjusted, the product was filtrated, collected and washed with distilled water 

until pH>5. The precipitate was recrystallized in ethyl acetate/ethanol system and dried under vacuum 

to obtain a pure white needle-like cholesterol succinate product, also called acid-modified cholesterol 

(Cholesterol-COOH). Figure IV-1 summarize Cholesterol-COOH chemical structure and synthesis. 

Final structure was corroborated by 1H-RMN. 

 

Figure IV-1. Cholesterol succinate synthesis. 

Once Cholesterol-COOH was synthetized, Cchol-50 polymer was polymerized by esterification of 

50% of hydroxyl groups mixing C32 polymer (0.3 g, 0.14 mmol) and Cholesterol-COOH (0.242 g, 0.49 

mmol). Cchol-25 polymer was polymerized by esterification of 25% of hydroxyl groups mixing C32 

(0.3 g, 0.14 mmol) and Cholesterol-COOH (0.121 g, 0.25 mmol). Cchol-12.5 polymer was 
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polymerized by esterification of 12.5 % of hydroxyl groups mixing C32 (0.3 g, 0.14 mmol) and 

Cholesterol-COOH (0.061 g, 0.12 mmol). All the polymerizations were carried out during 48 hours in 

tetrahydrofuran (THF). When esterification was completed, dicyclohexyl urea salt (DCU) were formed. 

Then, DCU salts were removed by filtration and THF was removed by rotavaporation. Finally, 

polymers were characterized by 1H-NMR using Chloroform-d as a solvent.  

Table IV-3. Different percentage of C32 polymer esterification using Cholesterol-COOH 

Polymer C32 (mmol) 
Cholesterol-COOH 

(mmol) 
C32 (g) 

Cholesterol-COOH 
(g) 

Cchol-50 0,14 0,49 0,3 0,242 

Cchol-25 0,14 0,25 0,3 0,121 

Cchol-12,5 0,14 0,12 0,3 0,061 

 

- Cchol-50 polymer 

1H-NMR (400MHz, Chloroform-d, TMS) (ppm): δ =6,40 (d, CH2=CH-), 6,12 (d, CH2=CH-), 5,83 (d, 

CH2=CH-), 5.37(s, -C=CH-C-), 4.69 – 4.55 (m, -O-CH(-C-)2) 4.19 (br, CH2-O-C(=O)-CH=CH2), 4,09 (t, 

-CH2-CH2-O-), 3.62 (t, CH2-CH2-OH), 2.76 (br, -CH2-CH2-N-), 2.60 (t, -O-C(=O)-CH2-CH2-C(=O)-O), 

2.42 (br, -N-CH2-CH2-C(=O)-O), 2.36 – 2.24, (m, from cholesterol), 2.09- 0.94 (m, - CH2-CH2-CH2-

CH2-OH, -O-CH2-CH2-CH2-CH2-O, N-(CH2)2-CH2-(CH2)2-OH, from cholesterol), 0.86 (dd, from 

cholesterol), 0.67 (s, -CH-(CH2)2). 

- Cchol-25 polymer 

1H NMR (400 MHz, Chloroform-d, TMS) (ppm): δ =6,40 (d, CH2=CH-), 6,12 (d, CH2=CH-), 5,83 (d, 

CH2=CH-), 5.37(s, -C=CH-C-), 4.72 – 4.51 (m, -O-CH(-C-)2) 4.19 (br, CH2-O-C(=O)-CH=CH2), 4,09 (t, 

-CH2-CH2-O-), 3.62 (t, CH2-CH2-OH), 2.76 (br, -CH2-CH2-N-), 2.60 (t, -O-C(=O)-CH2-CH2-C(=O)-O), 

2.43 (br, -N-CH2-CH2-C(=O)-O), 2.35 – 2.22, (m, from cholesterol), 2.11- 0.89 (m, - CH2-CH2-CH2-

CH2-OH, -O-CH2-CH2-CH2-CH2-O, N-(CH2)2-CH2-(CH2)2-OH, from cholesterol), 0.86 (dd, from 

cholesterol), 0.67 (s, -CH-(CH2)2). 

- Cchol-12,5 polymer 

1H NMR (400 MHz, Chloroform-d, TMS) (ppm): δ =6,41 (d, CH2=CH-), 6,12 (d, CH2=CH-), 5,83 (d, 

CH2=CH-), 5.37(s, -C=CH-C-), 4.66 – 4.55 (m, -O-CH(-C-)2) 4.18 (br, CH2-O-C(=O)-CH=CH2), 4,09 (t, 

-CH2-CH2-O-), 3.61 (t, CH2-CH2-OH), 2.76 (br, -CH2-CH2-N-), 2.60 (t, -O-C(=O)-CH2-CH2-C(=O)-O), 

2.43 (br, -N-CH2-CH2-C(=O)-O), 2.31, (m, from cholesterol), 2.09- 0.89 (m, - CH2-CH2-CH2-CH2-OH, -

O-CH2-CH2-CH2-CH2-O, N-(CH2)2-CH2-(CH2)2-OH, from cholesterol), 0.86 (dd, from cholesterol), 0.67 

(s, -CH-(CH2)2). 
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4.2.4 Synthesis of oligopeptide-modified pBAE polymers  

In general, oligopeptide-modified pBAEs were obtained by end-modification of acrylate-terminated 

polymer with thiol-terminated oligopeptide at 1:2.5 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 (7:3 v/v).  

All the polymerizations were modified using arginine as oligopeptide in order to study their 

stability/transfection efficiency. After that, the top performing polymer formulations (C6-50 and Cchol-

50) were further modified using arginine, lysine, histidine, aspartic acid and glutamic acid peptides. 

The different oligopeptide modifications were confirmed by 1H-RMN. C32 oligopeptide modifications 

have already described by Segovia et al. [14].  

- C6-50-CR3 

1H-NMR(400MHz, Methanol-d4, 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), 0.88 (t, CH2-CH2-CH3). 

- C6-50-CK3 

1H-NMR(400MHz, Methanol-d4, 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), 0.88 (t, CH2-CH2-CH3). 

- C6-50-CH3 

1H-NMR(400MHz, Methanol-d4, 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), 0.88 (t, CH2-CH2-CH3). 

- C6-50-CD3 

1H-NMR(400MHz, DMSO-d6, TMS) (ppm): δ = 4.56-4.44 (br, NH2-C(=O)-CH-NH-C(=O)-CH-NH-

C(=O)-CH-NH-C(=O)-CH-CH2-), 4.19 (br,NH2-CH-CH2-S), 4.00 (t, CH2-CH2-O), 3.34 (t, CH2-CH2-OH), 

2.98 (dd, -CH2-S-CH2), 2.57-2.48 (t, -CH-CH2-COO-), 2.40 (br, -N-CH2-CH2-C(=O)-O), 1.60 (br, -O-



Chapter IV – Development of stable polyplexes using pBAEs for efficient RNAi delivery 

99 

CH2-CH2-CH2-CH2-O), 1.38 (br, -CH2-CH2-CH2-CH2-OH), 1.20 (br, -N-(CH2)2-CH2-(CH2)2-OH), 0.88 (t, 

CH2-CH2-CH3). 

- Cchol-50-CR3 

1H NMR (400 MHz, Methanol-d4,TMS): δ = 5.40(s, -C=CH-C-), 4.54 – 4.33 (m, -O-CH(-C-)2, NH2-

C(=O)-CH-NH-C(=O)-CH-NH-C(=O)-CH-NH-C(=O)-CH-CH2-), 4.29-4.09 (br, CH2-O-C(=O)-CH=CH2), 

4,09 (t, -CH2-CH2-O-), 3.60 (t, CH2-CH2-OH), 3.40-2.76 (m, -CH2-CH2-N-, NH2-C(=NH)-NH-CH2-, -

CH2-S-CH2, from cholesterol and peptide), 2.63 (t, -O-C(=O)-CH2-CH2-C(=O)-O), 2.38 – 2.25, (m, 

from cholesterol), 2.12- 0.99 (m, - CH2-CH2-CH2-CH2-OH, -O-CH2-CH2-CH2-CH2-O, N-(CH2)2-CH2-

(CH2)2-OH, from cholesterol and peptide), 0.90 (dd, from cholesterol), 0.74 (s, -CH-(CH2)2. 

- Cchol-50-CK3 

1H NMR (400 MHz, Methanol-d4,TMS): δ = 5.40(s, -C=CH-C-), 4.42 – 4.30 (m, -O-CH(-C-)2, from 

peptide), 4,25-4.05 (m, CH2-O-C(=O)-CH=CH2, -CH2-CH2-O-), 3.60 (t, CH2-CH2-OH), 3.55-2.75 (m, -

CH2-S-CH2, CH2-CH2-N-, NH2-CH2-(CH2)3-CH-, from cholesterol and peptide), 2.62 (t, -O-C(=O)-CH2-

CH2-C(=O)-O), 2.36 – 2.24, (m, from cholesterol), 2.10- 0.99 (m, - CH2-CH2-CH2-CH2-OH, -O-CH2-

CH2-CH2-CH2-O, N-(CH2)2-CH2-(CH2)2-OH, from cholesterol and peptide), 0.90 (dd, from cholesterol), 

0.74 (s, -CH-(CH2)2. 

- Cchol-50-CH3 

1H NMR (400 MHz, Methanol-d4,TMS): δ = 8.6-7.0 (m -N(=CH)-NH-C(=CH)-), 5.41(s, -C=CH-C-), 4.75 

– 4.49 (m, -O-CH(-C-)2, from peptide), 4.20-4.08 (m, CH2-O-C(=O)-CH=CH2, -CH2-CH2-O-), 3.60 (t, 

CH2-CH2-OH), 3.55-2.70 (m, -CH2-S-CH2, CH2-CH2-N-, from cholesterol and peptide), 2.62 (t, -O-

C(=O)-CH2-CH2-C(=O)-O), 2.32, (m, from cholesterol), 2.19- 0.93 (m, - CH2-CH2-CH2-CH2-OH, -O-

CH2-CH2-CH2-CH2-O, N-(CH2)2-CH2-(CH2)2-OH, from cholesterol), 0.93-0.86 (dd, from cholesterol), 

0.74 (s, -CH-(CH2)2. 

- Cchol-50-CD3 

1H NMR (400 MHz, DMSO-d6, TMS): δ = 5.33(s, -C=CH-C-), 4.42 – 4.05 (m, -O-CH(-C-)2, CH2-O-

C(=O)-CH=CH2, -CH2-CH2-O-, from peptide), 3.63 (t, CH2-CH2-OH), 3.51-2.63 (m, -CH2-S-CH2, CH2-

CH2-N-, -O-C(=O)-CH2-CH2-C(=O)-O, from cholesterol and peptide), 2.28 – 2.19, (m, from 

cholesterol), 2.05- 0.89 (m, - CH2-CH2-CH2-CH2-OH, -O-CH2-CH2-CH2-CH2-O, N-(CH2)2-CH2-(CH2)2-

OH, from cholesterol), 0.84 (dd, from cholesterol), 0.65 (s, -CH-(CH2)2. 

- Cchol-50-CE3 

1H NMR (400 MHz, DMSO-d6, TMS): 1H NMR (400 MHz, DMSO-d6, TMS): δ = 5.33(s, -C=CH-C-), 

4.44 – 4.06 (m, -O-CH(-C-)2, CH2-O-C(=O)-CH=CH2, -CH2-CH2-O-, from peptide), 3.63 (t, CH2-CH2-

OH), 3.50-2.62 (m, -CH2-S-CH2, CH2-CH2-N-, -O-C(=O)-CH2-CH2-C(=O)-O, from cholesterol and 
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peptide), 2.27 – 2.18, (m, from cholesterol), 2.05- 0.89 (m, - CH2-CH2-CH2-CH2-OH, -O-CH2-CH2-CH2-

CH2-O, N-(CH2)2-CH2-(CH2)2-OH, from cholesterol), 0.84 (dd, from cholesterol), 0.65 (s, -CH-(CH2)2. 

4.2.5 Biophysical characterization of oligopeptide end-modified pBAEs  

Polyplexes were performed mixing equal volume of pBAEs and nucleic acids in acetate buffer at 

their appropriate concentration. For C32 polyplexes 25 mM AcONa buffer was used, for C6 

polyplexes 12.5 mM AcONa buffer was used, and for Cchol polyplexes 8.3 mM AcONa buffer was 

used. Briefly, pBAE stock solutions in DMSO (100 mg mL-1) were diluted at proper concentration to 

obtain the desired polymer–RNAi weight/weight ratio. pBAE was added to a solution of RNAi, mixed 

with pipetting for a few seconds and incubated at room temperature for 10 min. Then, the resulting 

nanoparticles were characterized by agarose retardation assay and Dynamic Light Scattering (DLS).  

To assess RNAi retardation, different RNA-to-polymer ratios (w/w) between 10:1 until 400:1 were 

studied. pBAE-RNA complexes were freshly prepared and added to wells of agarose gel (2.5 %, 

containing 1 µg ml-1 ethidium bromide). Samples were run at 80 V for 45 min (Apelex PS 305, France) 

and visualized by UV illumination.  

Size and surface charge were determined by DLS (Malvern Instruments Ltd, United Kingdom, 4-

mW laser). Polyplexes were performed as previously described. After 10 min of incubation at room 

temperature, 100 µL of nanoparticles were diluted with 900 µL of PBS 1x for further hydrodynamic 

size and Z-potential analysis.  

4.2.6 Polymer stability study 

Arginine-modified polyplexes using C32, C6-100, C6-50, C6-25, C16-50, C16-25, Cchol-50, Cchol-

25, and Cchol-12.5 backbone were prepared as previously described and used for stability studies. 

100 µL of polyplexes were precipitated in 900 µL of PBS 1X. Then, size and polydispersity were 

determined using Dynamic Light Scattering (DLS) at different time points. In contrast, Z-potential were 

analyzed at the beginning and the end of the stability study. C32-CR3 polymer was used as a control 

group. 

4.2.7 In vitro screening of newly developed hydrophilic/hydrophobic polymer using MDA 

MB 231  

EGFP silencing screening using siRNA against GFP was performed using newly 

hydrophilic/hydrophobic polymer formulations (C32, C6-100, C6-50, C6-25, C16-50, C16-25, Cchol-

50, Cchol-25, and Cchol-12.5) in MDA MB 231 cell line. siRNA transfection was performed with 

polyplexes prepared as previously described, using AcONa buffer (25-8.3 mM, pH 5.0). Briefly, MDA 

MB 231cells were seeded on 96-well plates at 10000 cells/well (DMEM, containing 10 % fetal bovine 

serum, 100 units mL-1 penicillin, 100 µg mL-1 streptomycin, 0.1mM MEM Non-Essential Amino Acids 

(NEAA), 2mM glutamine) and incubated overnight to roughly 80% confluence prior to performing the 

transfection experiments. Firstly, screening of polyplexes were performed at different polymer:siRNA 

w/w ratios using serum-free medium and added to cells at a final RNAi concentration of 50 nM. After 
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that, a different siRNA concentrations, ranging from 50 nM to 12.5 nM, were studied using all the 

polymeric formulations at 50:1 polymer:siRNA ratio. In both case, cells were incubated with 

nanoparticles during 2 h at 37 ºC in 5% CO2 atmosphere. After that, polyplexes were removed and 

replaced with completed medium. GFP expression was analyzed at 48-hour post-transfection by flow 

cytometry (BD LSRFortessa cell analyzer). Polyplus Interferin was used as a transfection reagent 

control and untreated cells as a negative control. 

4.2.8 Cellular uptake assay 

siRNA labelled with AF555 was used for siRNA uptake experiment. MDA-MB 231 cells were 

seeded in 96 well plate at 10000 cell/ well. After 24 hours, uptake experiment was carried using 

different arginine-modified hydrophilic/hydrophobic polymer formulations. Briefly, polyplexes were 

performed as previously described using fluorescent siRNA. Then, cells were incubated with 

polyplexes at 50:1 ratio and final siRNA concentration of 50 nM during 2 h using serum free medium. 

After that, nanoparticles were removed, cells were washed twice with PBS 1X and collected according 

to the standard protocols (fixed using 1 % of paraformaldehyde) for flow cytometry analysis. Polyplus 

Interferin was conducted following manufacturer instructions and used as a positive control.  

4.2.9 Cell viability assay 

Immortalized MDA MB 231 cells were grown in 96-well plates at an initial seeding density of 10000 

cells/well in 200 µL growth medium. Cells were grown for 24 h, transfected with different polymer 

formulations at final concentration of 50 nM (at 50:1 polymer:siRNA ratio) during 2h using serum free 

medium. Then, nanoparticles were removed, cells were washed once with PBS 1X and completed 

medium was added. 48 h post-transfection, the medium was removed, cells were washed with PBS, 

and complete medium supplemented with 20% MTS reagent (v/v) was added. Cells were incubated at 

37 ºC, and absorbance was measured at 490 nm using a microplate reader (Elx808 Biotek Instrument 

Ltd, USA). Cell viability was expressed as a relative percentage compared with untreated cells. 

4.2.10 In vitro screening of oligopeptide-modified C6-50 and Cchol-50 polymers in 

presence of serum 

Transfection efficiency of our new oligopeptide end-modified C6-50 and Cchol-50 were studied in 

presence of serum. Briefly, MDA MB 231 cells were grown in 96-well plates at an initial seeding 

density of 10000 cells/well in 200 µL of growth medium, obtaining 80% of confluence prior to 

transfection. Then, cells were transfected using different oligopeptide end-modified pBAE at final 

siRNA concentration of 50 nM (at 100:1 polymer :siRNA w/w ratio). Polyplexes were incubated during 

48 h. Then, the medium was removed, cells were washed with PBS 1X, cells were fixed using 1% of 

paraformaldehyde and analyzed by flow cytometry. Polyplus Interferin was conducted following 

manufacturer instructions and used as a positive control. Non-transfected cells and scramble siRNA 

were used as a negative control. 
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4.2.11 Transfection efficiency of stable polymers at different time points 

Transfection efficiency of C32-CR3, C6-50-CR3, and Cchol-50-CR3 at different time points (0, 24, 

48, and 120h) in presence or absence of FBS were determined in MDA MB 231 cells. Briefly, 100 µL 

of nanoparticles condensing siGFP were performed at different time points and incubated in 

completed or serum free medium at 37 ºC. After that, polyplexes were used to knockdown GFP 

expression using MDA MB 231 cells. Cells were seeded in 96 well plate at initial seeding density of 

10000 cells/well in order to obtain an 80% of confluence prior to perform the transfection. Then, cells 

were transfected using different polyplexes in completed medium and 48 h post-transfection GFP 

expression was analyzed by flow cytometry.  

4.2.12 Statistical analysis 

Statistical analyses were carried out with Graph-Pad Prism (GraphPad Software). All error bars 

reported are SD unless otherwise indicated. Pairwise comparisons were performed using one-way 

Student t-tests. Differences between groups were considered significant at p values below 0.05 (* p < 

0.05, ** p < 0.01, *** p < 0.001). 



Chapter IV – Development of stable polyplexes using pBAEs for efficient RNAi delivery 

103 

4.3  Results and discussion 

Efficient RNAi delivery is one of the major historical limitations inside of RNAi therapy. As it has 

been introduced in Chapter I, different strategies to deliver RNAi-based drugs have been employed, 

however most of them are not effective enough for in vivo applications. 

In chapter II, we observed that we are able to design cell-specific nanoparticles playing with their 

oligopeptide formulation resulting in fine tuning of their superficial composition. Moreover, we showed 

a direct effect between their oligopeptide composition, transfection efficiency, and viability. 

Specifically, we observed that by mixing positive and negative oligopeptides (C32-R/D) it was 

possible to obtain less cytotoxic polyplexes, maintaining their transfection efficiency. In addition, 

playing with their oligopeptide formulation, polyplexes with different surface charge have been 

obtained. Taking into account all of these proprieties, we hypothesized that controlling the 

nanoparticle surface composition could be a promising strategy to control their protein corona, 

increasing their stability for in vivo applications.  

To assess if new pBAE formulations are stable in the presence of serum (FBS), the silencing 

efficiency of different oligopeptide-modified pBAE formulations was compared at different serum 

percentages, ranging from 0% to 10%, in MDA MB 231 cells. Silencing efficiency was evaluated by 

measuring the decrease in cell fluorescence by flow cytometry, as previously explained in materials 

and methods (Figure IV-2).  

 

Figure IV-2 Gene silencing of MDA-MB-231-GFP cells transfected with different pBAE polymer nanoparticles. Cells were 

transfected with siGFP at a final concentration of 50 nM of siGFP/well at different percentatge of FBS. Their fluorescence was 

determined after 48 h by flow cytometry. Results are shown as mean and standard deviation of triplicates.  
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As previously observed in Chapter II, oligopeptide-modified pBAE polymers present greater GFP 

knockdown than positive control (commercial reagent) when serum free medium was used. However, 

it can be observed that the overall efficiency of pBAE formulations was decreased in the presence of 

serum proteins. Arginine-modified pBAE obtain the best silencing efficiency, reaching 40% of GFP 

knockdown. In contrast, when serum free medium was used, at least an 80% of GPF knockdown was 

observed. In addition, results demonstrated that siRNA particles prepared from mixtures of cationic 

and anionic or cationic and cationic pBAE polymers were not able to increase silencing efficiency 

compared to single cationic pBAEs formulations, suggesting that serum proteins interact or 

destabilize polyplexes formulations making them less efficient.  

These preliminary results indicate that although formulation of cationic and anionic pBAEs may be a 

powerful strategy to identify cell-specific formulations, further stabilization may be required for in vivo 

applications. Thus, in this chapter, we were focused on enhancing the previously described poly(β-

amino ester)s making them more efficient for in vivo applications. Therefore, different polymer 

backbone structures have been studied.  

4.3.1 Synthesis and Biophysical characterization of newly stable oligopeptide end-

modified pBAEs  

Polymer backbone structure plays a key role to control polyplexes behavior in terms of stability and 

transfection efficiency [23]. Then, poly(β-amino ester)s with different hydrophobicity were synthesized 

and biophysically characterized. Polymerization of newly stable pBAE was performed following the 

same methodology previously described [28]. However, in this study, pBAE polymers with different 

hydrophobicity were obtained combining three different monomers: 1,4-butanediol diacrylate, two 

different hydrophobic alkylamines, hexylamine or hexadecylamine, and 5-amino-1-pentanol, which 

was used as the hydrophilic amine (Figure IV-3). The hydrophobicity of the resulting polymer (C6 and 

C16) was controlled by molar stoichiometry of hydrophilic/hydrophobic amine, as shown 

Figure IV-3(i).  
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Figure IV-3. Synthesis of hydrophobic pBAE polymers. i) A combination of different hydrophobic amines (A and B) with a 

hydrophilic amine (C) were used for the synthesis of new family of pBAEs. Different stequiometry of hydrophobic/hydrophilic 

amine was used in combination with diacrylate at 1:1.1 ratio, obtaining a wide range of various polymer hydrophobicity. ii) 

PBAEs were further modified with different oligopeptide moieties.  R’’ terminal can be arginine-, lysine-, histidine-, glutamic 

acid- and aspartic acid-oligopeptide. iii) Different oligopeptide-end modified pBAEs were obtained. 

An acrylate-terminated polymer intermediate was obtained by conjugate addition of 

hydrophilic/hydrophobic amine to 1,4-butanediol diacrylate using a slight excess of diacrylate. C32 

polymer was synthetized as previously described by Lynn et. al [28]. Briefly, acrylate-terminated C32 

intermediate polymer was obtained by addition of 5-amino-1-pentanol to 1,4-butanediol diacrylate. In 

contrast, a new family of hydrophobic polymers (C6-100, C6-50, C6-25, C16-50, and C16-25) was 

polymerized by combining different ratios of 5-amino-1-pentanol and hydrophobic amines, as 

previously explained in materials and methods. The hydrophobicity of the resulting polymer (C6 and 

C16) was controlled by the molar stoichiometry of hydrophilic and hydrophobic amines, as shown 

Figure IV-3-i. For example, C6-50 polymer was obtained using a stoichiometric proportion of 5-amino-

1-pentanol/hexylamine and a slight excess of 1,4-butanediol. The resulting polymers were 

characterized in terms of molecular structure by 1H-NMR. The chemical structure of C6- or C16-
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containing polymers were confirmed by the decrease of –CH2-OH signals from the 5-amino-1-

pentanol monomer and the presence of signals typically associated with the methyl group (-CH3) from 

hexylamine or hexadecylamine. At higher percentage of hydrophobic amine, during pBAE 

polymerization, methyl signal increased and –CH2-OH signals decreased. Moreover, molecular weight 

was determined using HPLC-SEC obtaining an average molecular weight of 2000-2500 g/mol 

(relative to polystyrene standards). 

On the other hand, hydrophobicity of C32 polymer was further enhanced conjugating carboxylic 

acid-modified cholesterol (Chol-COOH). Cchol polymers were obtained by esterification of previously 

synthetized C32 polymer with carboxylic acid-modified cholesterol at different molar ratios, as shown 

Figure IV-4. As previously, the resulting polymers were characterized in terms of molecular structure 

by 1H-NMR. 

 

Figure IV-4. Synthesis of Cchol polymer. C32 polymer was esterified using succinic modified cholesterol. Different ratios of 

Chol-COOH were added to C32 polymer in order to obtain a wide range of hydrophobic/hydrophilic Cchol polymer. 

Esterification was carried out during 24 hours in THF at 4ªC. 

Then, cholesterol percentage in the Cchol polymeric backbone was confirmed by the decrease of –

CH2-OH signals from the 5-amino-1-pentanol monomer and the presence of signals typically 

associated with cholesterol, such as terminal methyl from aliphatic chain –CH-(CH3)2, C3 from Chol-

COOH, and C6 from Chol-COOH. At higher percentage of cholesterol in pBAE backbone –CH2-OH 

signals were decreased and cholesterol signals were increased. Moreover, molecular weight was 

determined using HPLC-SEC obtaining an average molecular weight of 2000-3000 g/mol (relative to 

polystyrene standards). 

Once the different backbone polymers were synthetized and characterized, the end-acrylate groups 

of the different newly synthetized polymers (C32, C6-100, C6-50, C6-25, Cchol-50, Cchol-25, Cchol-

12.5, C16-50, and C16-25) were further modified using different oligopeptide moieties, such as 

arginine-, lysine-, histidine-, aspartic acid- or glutamic acid-oligopeptides. Oligopeptide modification 
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was carried out using thiol-end reaction with cysteine-ended oligopeptides (Figure IV-3). Finally, 

polymer modifications were analysed by 1H-NMR. The chemical structures of new oligopeptide-

modified pBAEs were confirmed by the disappearance of typical acrylate signals and the presence of 

signals associated with amino acid moieties. 1H-NMR spectrum of end-oligopeptide modified C32 

polymer was in agreement with previously published data[14]. 

4.3.2 Biophysical characterization of oligopeptide end-modified pBAEs  

Once a new family of polymers have been synthetized, their ability to condense RNAi-drugs into 

discrete nanoparticles was studied. Firstly, polymer - nucleic acid binding capability was analyzed by 

gel retardation assay working at different polymer/nucleic acid weight ratios, ranging from 10:1 to 

400:1. Polymers obtained by stoichiometric ratios of hydrophobic/hydrophilic amine and further end-

modified with arginine were analyzed by gel retardation assay as a representative formulation of each 

hydrophobic modifications. Moreover, previously described C32-CR3 polymer was used as a control 

(Figure IV-5). 

 

Figure IV-5. Agarose gel retardation assay of newly hydrophobic pBAEs using siGFP siRNA at various weight ratios. 

Polymer:siRNA complexes were prepared at different ratios (w/w) ranging from 1:10 to 1:400. An intermediate hydrophobicity 

range, stequiometry hydrophobic/hydrophilic ratio, of different alkyl side chains was selected. Polymers were compared with 

previously well characterized C32 polymer. Polyplexes were freshly prepared prior the assay and agarose gel containing 

ethidium bromide loaded into 2,5% and was run 1 h at 80 V. 

Polyplexes formed with C32-CR3 polymer revealed complete siRNA encapsulation at ratios higher 

than 50:1, while at ratios lower than 50:1 free siRNA was observed, as previously reported [13]. In 

contrast, newly synthetized hydrophobic pBAEs presented siRNA retardation at lower ratios than 

C32-CR3 polymer. C6-50-CR3 and C16-50-CR3 polymers showed full siRNA retardation at ratios 
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higher than 10:1. In addition, Cchol-50-CR3 polymer, a slight fluorescence was observed at ratios 

lower than 25:1, suggesting that RNA complexation was not fully completed. However, for ratios 

higher than 25:1, Cchol-50-CR3 polymer is able to fully condense RNAi. These results suggest that 

polymers modified with hydrophobic chains present higher complexation capacity, making them a 

good candidate for furthers studies.  

Once polymer/siRNA ratios were determined, polyplexes were further characterized using DLS. 

Hydrodynamic size and zeta potential of the resulting polyplexes were determined and summarized in 

the Table IV-4. For this study, polyplexes were prepared at 100:1 polymer:siRNA ratio and, as before,  

arginine moiety was used as the oligopeptide end-modifying moiety. Nevertheless, C32 polymer was 

formulated at 200:1 polymer:siRNA ratio, since this formulation required higher polymer:siRNA ratio to 

condense siRNA, as previously it has been described in Chapter II [13].   

Table IV-4. Characterization of arginine-modified hydrophobic PBAE polymers using siRNA. Size, Z-Potential, and 

Polydispersity were determined using dynamic light scattering (DLS). Results are shown as mean and standard deviation of 

triplicates. 

Pendant groups 
Percentage of 
modification 

Hydrophobicity Size Z-Potential PDI 

Cholesterol 50 +++ 112 ± 11 15,7 ± 2,4 0,154 ± 0,023 

25 ++ 59 ± 3 16,9 ± 1,6 0,166 ± 0,042 

12,5 + 113 ± 9 17,1 ± 2,1 0,184 ± 0,008 

Hexadecylamine 50 +++ 267± 21 17,9 ± 0,9 0,201 ± 0,076 

25 ++ 289± 37 15,1 ± 1,8 0,232 ± 0,074 

Hexylamine 100 +++ 184± 10 18,2 ± 1,3 0,111 ± 0,012 

50 ++ 111± 6 17,2 ± 2,2 0,156 ± 0,017 

25 + 68 ± 7 19,1 ± 0,5 0,266 ± 0,041 

5-amino-1-pentanol 100 - 222 ± 19 18,5 ± 1,8 0,202 ± 0,038 

 

Polyplexes obtained using C32-CR3 as a polymer (5-amino-1-pentanol amine) showed a particle 

average size of 220 nm with positive zeta potential, +18.5 mV. In general, dynamic light scattering 

analyses showed that some of newly developed polymers were able to achieve smaller nanoparticles 

than C32 polymer. while maintaining their positive surface charge. For example, the most promising 

formulations were able to perform nanoparticles with hydrodynamic size ranging from 60 to 120 nm. 

In addition, low polydispersity indexes were observed in the resulting polyplexes were observed. 

However, polyplexes obtained using hexadecylamine pBAE presented considerably greater size, 

around 300 nm, maintaining a positive surface charge. Therefore, an increase of hydrophobicity due 

to the modification of backbone polymer is able to reduce the size of the resultant nanoparticle, with 

exception of hexadecilamine modification, maintaining their positive surface charge, which has been 

classically associated with higher packaging capacity[23].   
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4.3.3 Stability effect of different hydrophobic modifications 

Prior to transfection efficiency analysis, the influence of the modifying hydrophobic group on the 

stability of the resulting nanoparticles was evaluated in order to select the most stable polymer 

formulation. Stability of different hydrophobic modifications was determined using arginine as 

oligopeptide. Briefly, nanoparticles were freshly prepared using hydrophobized pBAEs and siRNA and 

their size was evaluated as a function of time. Size of siRNA nanoparticles was determined using DLS 

over the course of 24 hours. Moreover, initial and final nanoparticles surface charge was determined, 

as shown Figure IV-6.  

 

Figure IV-6. Effect of hydrophobic/hydrophilic ratio side chains on polyplex stability. Freshly polymer:siRNA complexes were 

prepared at 100:1 w/w ratios using siRNA. Arginine oligopeptide madification was used in order to compare the different 

polymers. Polyplexes were prepared in acetate buffer and incubated with PBS 1X.  Size (A), polydispersity(B), and Z-potential 

(C) were determined using Dynamic Light Scattering at different time points. 

Results showed that basic poly(β-amino ester), C32 polymer, described by Lynn et al. and further 

end-modified with arginine oligopeptides exhibited low stability, reaching a size greater than 1000 nm, 

revealing a high degree of nanoparticle aggregation, i.e. average hydrodynamic diameter greater than 

1000 nm, after a 2 hour incubation in PBS. However, an increase in particle diameter did not affect 

nanoparticle surface charge. This result indicated that this polymeric formulation is able to completely 

condense the nucleic acids inside of the polyplex, but it is not sufficiently to maintain its nanometric 

proprieties. In order to solve this limitation, an increase in polymer hydrophobicity was studied using 
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our hydrophobized polymers. Interestingly, results show that a slight increase in polymer 

hydrophobicity yields an important enhancement in nanoparticle stability. Results showed that C6 

polymer modified with 25% of hexylamine (C6-25) was able to maintain the size of the resulting 

nanoparticles below 250 nm up to 22 hours. Moreover, particles prepared with C6 polymer modified 

50% of hexylamine (C6-50) were able to maintain a discrete nanometric size and a positive surface 

charge for more than 24 h in PBS. In contrast, nanoparticles obtained from 100 % hexylamine- 

modified polymer (C6-100) presented greater stability than C32 polymer, but lower than 25% and 

50% modified C6 polymer. C6-100 polyplexes were stable for approximately 2 hours, maintaining a 

particle size of 200 nm. Therefore, these results suggest that the hydrophobicity of polymer backbone 

plays a major role in the stability of the resulting nanoparticle. Similarly to hexylamine modification, 

poly(β-amino ester)s were modified using cholesterol (Cchol polymer). As previously discussed, Cchol 

polymer was synthesized with different degrees of esterification using carboxylic acid- modified 

cholesterol, at 50% (Cchol-50), 25% (Cchol-25), 12.5% (Cchol-12.5), and 0% (C32). Results showed 

that 25% and 50% of cholesterol modification presented greater stability than 12.5%, maintaining 

particle size below 300 nm for up to 22 h. In addition, nanoparticles containing 50 % of cholesterol 

remained smaller than polyplexes with 25 % of cholesterol after of incubation in physiological medium 

for 22 hours. Moreover, formulations with lower percentage of cholesterol than 25% did not present a 

significant improvement in their stability. Finally, modification of hexadecylamine at 50% and 25% was 

not able to further increase the stability of polyplexes in PBS. However, their surface charge remained 

positive due to their ability to efficiently condense siRNA.  

Taking into account the different biophysical proprieties, it can be observed that such nanoparticles 

that presented a smaller initial size are more stable than larger nanoparticles. Their ability to 

condense nucleic acids in smaller nanoparticles in more efficient manner than previously developed 

C32 polymer, suggests that new hydrophobic polymers may exhibit higher stability in physiological 

conditions. In addition, these results suggest that nanoparticle composition plays a key role in 

nanoparticle-medium interactions. It is well described that hydrophilic polyplexes present larger 

number of protein interactions than hydrophobic formulations. For instance, studies using n-iso-

Propylacrylamide/ n-tert-Butylacrylamide copolymer nanoparticles has shown a well described 

correlation between nanoparticle core hydrophilicity and protein absorption, which describes their final 

protein corona  [29]. Therefore, it can be concluded that a similar correlation was observed here, 

showing that an increase in hydrophobicity is sufficient to dramatically improve polyplexes packaging 

capacity and stability in physiological medium. 
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4.3.4 Slightly hydrophobic polyplexes increase siRNA delivery  

In order to study the hydrophobicity contribution in different pBAEs formulations, EGFP knockdown 

was determined using anti-GFP siRNA in GFP-expressing MDA MB 213 cells. Silencing efficiency 

was evaluated by measuring the decrease in cell fluorescence by flow cytometry. GFP knockdown of 

different hydrophobic/hydrophilic poly(b-amino ester)s was compared to previously described C32 

polymer and commercial reagent, Polyplus Interferin, as shown in Figure IV-7.  

 

Figure IV-7. GFP silencing efficiency is increased using slightly hydrophobic polymer formulations. MDA MB 231 cells were 

transfected with siRNA against GFP protein using polymers with different degree of hydrophobicity (C32, C6-100, c6-50, C6-25, 

C16-50, C16-25, Cchol-50, Cchol-25, and Cchol-12,5). Transfection were carried out in serum free medium and GFP 

expression was determined at 48-hour post-transfection by flow cytometry. Different polymer:siRNA  ratios (A) and siRNA 

concentration at 50:1 ratio were studied (B). Results are shown as mean and standard deviation of triplicates. Statistical 

significance was determined using positive control cells as control group. *p < 0.05, **p < 0.01, ***p < 0.001. 

As it has been already described, an increase in polyplex hydrophobicity results in an increase of 

packaging capacity and transfection efficiency[23]. In this report, transfection efficiency of different 

polymer:siRNA ratios was tested (Figure IV-7-A). As is expected using C32-CR3 polymer, at lower 
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polymer:siRNA ratio (50:1) transfection efficiency is reduced, remarking that optimal C32 

polymer:siRNA ratio is 200:1[13]. In contrast, the opposite behavior was observed using 

hydrophobized polymers. Hexylamine-, hexadecylamine- or cholesterol- modified pBAEs achieved the 

highest reduction in cell fluorescence at low polymer:siRNA ratios, as is shown in Figure IV-7-A. 

Incorporation of hydrophobic moieties on the pBAE structure may increase nanoparticle interaction 

with cell membrane and subsequent entry into the cytoplasm [30].  It is well known, that amphiphilic or 

hydrophobic compounds show a high affinity for biological lipid membranes. In the case of polyplexes, 

their interaction should enhance polyplexes abortion on the cell membrane, which may ultimately 

favor cellular uptake. For example, it has been described that the addition of palmitic acid, oleic acid, 

cholesterol, pendant hexyl or dodecyl chains to the polyplexes formulations enhances endocytosis 

and, in consequence, increase the transfection efficiency[31,32] 

Once the most effective polymer/RNAi ratio was confirmed, a siRNA dose curve was performed 

(Figure IV-7-B) in order to determine the most efficient polymer formulation. As is expected, 

knockdown efficiency of C32-CR3 polymer is limited at 50 nM. Then, when siRNA concentration was 

decreased, C32-CR3 polyplexes were not able to silence GFP expression in MDA MB 231 cells. In 

contrast, C6-50 and C6-25 polymers are capable of maintaining reduced GFP expression at a siGFP 

concentration as low as 12,5 nM. Fully hexylamine-modified pBAEs presents a limited transfection 

efficiency, showing a similar behavior than C32-CR3 polymer. On the other hand, polyplexes 

prepared with C16 polymers showed limited GFP knockdown when siRNA concentration is reduced. 

Finally, slight modification of pBAE backbone with cholesterol was able to silence more than 70% of 

GFP expression at 12,5 nM. However, silencing efficiency using highly modified pBAE-cholesterol 

(Cchol-50 and Cchol-25) is limited at 25 nM.  

We can conclude that slightly hydrophobized polymers are capable of condensing siRNA more 

efficiently using lower polymer:RNAi ratios and their hydrophobic component is able to efficiently 

interact with cell membrane promoting their cellular entrance. Specifically, stoichiometric mixture of 5-

amino-1-pentanol/hexylamine (C6-50 polymer) is the most promising candidate in terms of 

transfection efficiency/stability. 

4.3.5 siRNA uptake using different synthetized hydrophobic/hydrophilic polymers 

siRNA uptake was carried out in order to determine which polymer formulation is able to deliver 

more efficiently nucleic acids into the cells. For this study, different arginine-modified 

hydrophobic/hydrophilic polymers were tested. Briefly, polyplexes were obtained using different 

polymers and AF555-labeled siRNA at 50:1 ratio. MDA MB 231 cells were incubated with 

nanoparticles during 2 hours and the resulting cellular fluorescence was determined by flow 

cytometry.  
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Figure IV-8. Cellular uptake of newly developed hydrophobic polymers using labeled siRNA. MDA MB 231 cells were 

transfected using siRNA-F (AlexaFluor 555) at 50 nM. 2 hours after transfection, fluorescence was determined by flow 

cytometry and plotted as percentage of positive cells multiplied by the GeoMean fluorescence of the positive population. 

Results are shown as mean and standard deviation of triplicates. Statistical significance was determined using positive control 

cells as control group. *p < 0.05, **p < 0.01, ***p < 0.001. 

Uptake analysis of cells incubated with fluorescent polyplexes showed differential behavior 

depending on the hydrophobic/hydrophilic amine used for poly(β-amino ester) polymerization. 

Polyplexes prepared using C32-CR3 polymer at 50:1 ratio show lower siRNA uptake than commercial 

reagent, which is in agreement with the observed knockdown. However, it has been previously 

reported that polyplexes make at 200:1 polymer:siRNA ratio present higher uptake than commercial 

control [13]. Thus, we can conclude than 50:1 polymer:siRNA ratio is not able to fully condense 

nucleic acids using C32 polymer. Polymer formulations containing hexylamine or hexadecylamine in 

their backbone showed the highest levels of cellular uptake, achieving a 2 to 3-fold higher 

fluorescence than previously described C32 polymer and positive control. These results corroborated 

that hydrophobic groups enhance cellular entrance. 

In contrast, cholesterol-modified polymers showed a lower siRNA uptake than hexylamine and 

hexadecylamine polymers, obtaining a similar cellular uptake than C32-CR3 polymer and Polyplus 

Interferin. These results suggested that cholesterol-modified polyplexes were able to efficiently 

escape from endosome after endocytosis due to their high levels of GFP knockdown. Consequently, 

cholesterol-containing polyplexes may interact with the endosome membrane and promote their 

endosomal escape. Therefore, we can conclude that polyplex uptake efficiency could be controlled 

playing with their hydrophobic modification. 
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4.3.6 Cytotoxicity of newly stable polymers  

Highly efficient polymer formulations present some degree of cell toxicity due to their large capacity 

to cell-entry, which may limit their further use as RNAi delivery vehicle [33]. Then, different polymer 

formulation factors have to be considered in order to avoid cytotoxicity problems. A polymeric 

formulation capable of delivering nucleic acids without changing the cell behavior is required. In this 

work, we evaluated the influence of hydrophobized pBAE formulations in cell viability. To determine 

the toxicity, silencing assay using siRNA was carried out in MDA MB 231 cells and viability was 

analyzed at 48-hour post-transfection by MTS assay. Polyplexes were freshly prepared at 50:1 

polymer:siRNA ratio and cells were transfected at 50 nM siRNA concentration.  

 

Figure 6. Cell viability study of effect of different hydrophobic/hydrophilic formulations, measured 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 against Polyplus 

Interferein as control group. *p < 0.05, **p < 0.01, ***p < 0.001.  

Cell viability results did not show any non-significant differences between the hydrophobized 

pBAEs and C32-CR3 polymer and commercial Polyplus Interferin polymer. Results showed that all 

the formulations were able to efficiently knockdown GFP expression with cell viabilities greater than 

80%. Moreover, scramble control showed the same behavior than hydrophobic modified pBAE. These 

results suggest that hydrophobized PBAEs have low toxicity effects, maintaining a high transfection 

efficiency.   

4.3.7 Oligopeptide-end modification of C6-50 and Cchol-50 polymers 

Based on the previous results, stoichiometric hexylamine / 5-amino-1-pentanol amine (C6-50) and 

Cholesterol/5-amino-1-pentanol (Cchol-50) polymers were chosen as the most promising polymers 

due to their high silencing efficiency, stability in physiological medium, and low cytotoxicity. 

Consequently, C6-50 and Cchol-50 were further modified with different oligopeptide moieties. 

Tailoring the oligopeptide composition allows to obtain polyplexes with controlled surface properties, 
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which has been shown to confer cell-specificity in different cells lines, as previously demonstrated in 

Chapter II. Therefore, the next step is to confirm if cell-specific proprieties can be incorporated to our 

newly stable polymers. 

To reach this aim, C6-50 and Cchol-50 polymers were further modified using positive and negative 

oligopeptides and biophysically characterized by DLS, as shown Figure IV-9. 

 

Figure IV-9. Biophysical characterization of oligopeptide end-modified C6-50 and Cchol-50 polymers. A) Average size, B) 

polydispersity, C) and zeta potential were determined by dynamic light scattering (DLS). Polyplexes were prepared using 

siRNA and different end-modified pBAE C6-50 and Cchol-50 polymers at 100:1 w/w ratio. 200:1 w/w ratio was used for C32 

polymer. Results are shown as mean and standard deviation of triplicates.  

As previously observed in Table IV-4,  hydrodynamic size of most of the oligopeptide modified C6-

50 and Ccho-50 polymers present smaller size than previously C32 polymers. In addition, in all the 

cases where C6-50 and Cchol-50 polyplexes size is smaller than C32 polymers, they present a 

positive surface charge. However, we observed that arginine- /aspartic acid- mixture is not able to 

form nanometric nanoparticles. We supposed that an increase of polymer hydrophobicity may 

reorganize the final polyplexes surface oligopeptide composition, obtaining a non-stable formulation. 

As before, these results suggest that newly developed polymers present high capacity to condense 

RNAi-based drugs, making them a promising delivery vector for RNAi therapy, where loading capacity 

is a key to be pharmacologically useful.  
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4.3.8 EGFP silencing in MDA MB231 using new hydrophobic polymers in FBS conditions  

To assess conditions in complex media, transfection screening was performed in medium 

supplemented with FBS. In order to evaluate their behavior and efficiency, freshly prepared 

nanoparticles using different oligopeptide moieties combinations were compared with previously 

characterized C32 polymer using MDA MB 231 as a cell line. GFP fluorescence was determined at 48 

hour post-transfection by flow cytometry, as shown in Figure IV-10.   

 

Figure IV-10. EGFP silencing efficiency was determined using different stable end-modified oligopeptide pBAEs (C32, C6-50 

and Cchol-50) in MDA MB 231 cell line. A) Cells were transfected with siGFP at a final concentration of 50 nM of siGFP/well 

using completed medium.  Fluorescence was analysed 48h post-transfection by flow cytometry. Results are shown as mean 

and standard deviation of triplicates. Statistical significance was determined using different oligopeptide-modified C32 polymer 

as control group. * p<0.05, ** p<0.01, *** p<0.001. B) Fluorescent images silenced MDA MB 231 cells using different polymer 

formulations (C32-CR3, C6-50-CR3, Cchol-50-CR3) at 50 nM. Fluorescence was analyzed at 48-hour post-transfection. 

Different silencing behavior of GFP knockdown using the different oligopeptide-modified C32, C6-

50, and Cchol-50 polymers was observed. As previously noticed, C32 transfection efficiency in serum 

conditions is limited, obtaining low levels of GFP knockdown due to their low stability in serum 

conditions. C32-CR3 polymer showed the highest efficiency, obtaining a 30% of GFP silencing 
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compared with negative control. However, hydrophobized polymers, such as C6-50, showed higher 

levels of GFP silencing than C32 polymer. 80% of silencing was observed in all the oligopeptide 

formulations, with the exception of nanoparticles solely formulated with histidine-, aspartic acid- and 

glutamic acid-modified pBAEs. In addition, oligopeptide-modified C6-50 achieved a similar reduction 

in cell fluorescence than commercial reagent polymer, achieving 80% of fluorescence reduction. 

Furthermore, all siRNA complexes prepared with different oligopeptide end-modified Cchol-50 

polymers showed a high GFP silencing, with the exception of histidine-, aspartic acid- and glutamic 

acid- oligopeptides. In addition, oligopeptide mixtures of arginine- with histidine- or glutamic acid- 

presented the highest GFP silencing in MDA MB213 cells, reaching 85-90% of GFP knockdown.  

In addition, GFP knockdown was determined by confocal microscopy analysis using arginine-

modified polymers, as shown Figure IV-10-B. Results showed a direct concordance with previous 

data, showing the highest levels of GFP knockdown when cells are transfected with C6-50, C6-25 and 

Cchol-50 polymers. In contrast, previously developed C32 polymer showed lower silencing effect than 

hydrophobic formulations. Therefore, these results indicate that C6-50 and Cchol-50 polymers might 

be a promising vector to be used as a nucleic acid carrier in presence of plasma-proteins, making 

them an interesting candidate for in vivo delivery. 
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4.3.9 Stability/transfection efficiency study of C32, C6-50, and Cchol-50 in presence or 

absence of serum  

Finally, in order to further confirm the transfection efficiency in the presence of plasma proteins of 

formulations containing C6-50, Cchol-50 and C32 polymers, a dual experiment was performed where 

stability and transfection efficiency were compared. Polyplexes were incubated in either serum-free or 

serum-containing medium for different time points. The resulting polyplexes were used to knockdown 

GFP expression in MDA MB 231 cells, as shown in Figure IV-11. 

 

Figure IV-11. Transfection/Stability study of C32, C6-50 and Cchol polymer at different time points. Polyplexes were freshly 

prepared at different time points (120h, 48h, 24h, and 0h) and incubated without (A) or with serum (B). Polyplex efficiency were 

analyzed for their capacity to knockdown GFP expression in MDA MB 231 cells. Fluorescence was analyzed 48h post-

transfection by flow cytometry. Results are shown as median and standard deviation of triplicates. Statistical significance was 

determined using C32 polymer as control group. * p<0.05, ** p<0.01, *** p<0.001 
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Serum free stability experiment (Figure IV-11-A) showed an efficient EGFP silencing of polyplexes 

prepared with C32, Cchol-50 and C6-50 polymers, and at least a 70% knockdown effect was 

achieved, when polyplexes were freshly prepared and readily used for cell transfection (time point 

0h).  In addition, polyplexes were incubated during 24h, 48h and 120 h in serum free medium. Results 

showed that knockdown effect of C32 nanoparticles was reduced, showing a 50 % silencing effect at 

24 hours, 40% at 48 hours and no silencing after pre-incubation for 120 hours. In contrast, C6-50 

polyplexes incubated in serum free medium were able to maintain an 70% of GFP silencing at 48 

hours.  On the other hand, Cchol-50 polyplexes showed a 70% of GFP silencing at 24 hours, 

remaining at 60% of silencing after pre-incubating for 48 hours. However, in all the cases, polyplexes 

efficiency was dramatically decreased after 120 hours of incubation in serum free medium, obtaining 

a moderate 15% of knockdown using C6-50 polymer.  

Different stability/transfection behavior was observed when polyplexes were incubated in the 

presence of serum proteins. As previously demonstrated, hydrophobized pBAEs present higher 

transfection efficiency than C32 polymer, reaching more than 70% GFP silencing compared to 50% 

obtined with C32 polymer. As previously demonstrated, C32 polyplexes presented a limited stability, 

then C32 silencing efficiency is dramatically decreased when polyplexes are incubated with medium 

containing serum proteins (figure 8-B). In contrast, hexylamine modified polymers showed a 

significant GFP knockdown when nanoparticles were incubated in complete medium, obtaining a 50% 

of silencing at 24 hours, 40% of silencing at 48 hours, and 10 % of decrease at 120 hours. Lower 

stability/transfection was observed using cholesterol modified pBAE. Cchol-50 polymer is able to 

efficiently deliver siRNA in the presence of serum, but when nanoparticles were incubated in serum 

proteins their efficiency was reduced, showing only a 20% of GFP knockdown after 24 hours and a 

10% of silencing at 48 hours. As previously discussed, intrinsic polyplexes formulation could control 

protein corona absorption, making a C6-50-CR3 a good candidate to protect and efficiently deliver 

siRNA in in vivo applications. 
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4.4 Concluding remarks 

Previously in Chapter II and III, it has been described that playing with the oligopeptide 

formulations, cell-specifics delivery vectors can be designed. We observed that a mixture of arginine- 

/aspartic acid- oligopeptide present a preferential delivery over DPPSCs in an efficient and safety 

way, obtaining a promising therapeutic effect. Nevertheless, their usability in in vivo systems is limited 

due to their limited stability. Consequently, this chapter was focused to enhance polymer stability of 

our previously designed polymers maintaining their cell-specificity proprieties. To reach this aim, not 

all the strategies that are been used to stabilize nanoparticle formulations can be used. In our case, 

we studied how the stability can be modulated playing with polyplexes hydrophobicity. 

Different pBAEs were synthetized using different hydrophobic structures, such as hexylamine, 

hexadecilamine, and cholesterol, and further modified using oligopeptide formulations. New 

developed polymers are able to condense RNAi into discrete nanoparticles maintaining their positive 

surface charge, presenting smaller hydrodynamic size than previously C32 polymer, in exception of 

hexadecilamine hydrophobic modification. In addition, gel retardation assay demonstrated that slightly 

increase of polymer hydrophobicity increase nucleic acid packaging capacity. These results suggest 

that biophysical proprieties of the resultant polyplexes formulations can be modulated playing with 

pBAEs hydrophobicity, promoting higher packaging capacity, which is required in order to design a 

pharmacological useful delivery system.  

In addition, stability experiments demonstrated that polyplexes formulated with hexylamine (C6-50 

and C6-25) or cholesterol (Cchol-50 and Cchol-25) exhibited higher stability in physiological 

conditions, remaining stable more than 24 hours. We observed that the most stable polyplexes 

correspond with the polyplexes with smaller hydrodynamic size and high packaging capacity.  

Once stable polymer formulations have synthetized, their functionality was checked at in vitro level. 

Higher GFP knockdown was observed using our newly developed polymers than previously described 

C32 formulation. For instance, C6-50 polymer is able to knockdown GFP gene expression at the 

same level than C32 polymer, working at 12,5 nM instead of 50 nM and using less quantity of 

polymer. These results corroborates previous biophysical results, where newly hydrophobic polymers 

present higher RNAi packaging capacity than C32 polymers.  

Taking account all the previously reported features, hexylamine/5-amino-1-pentanol amine (C6-50) 

and cholesterol/5-amino-1-pentanol (Cchol-50) polymers were chosen as the most promising in terms 

of silencing efficiency, stability in physiological medium, and cytotoxicity.  

After that, C6-50 and Cchol-50 polymers were tested in in vitro assays using completed medium 

(10% FBS). Results demonstrated that newly developed formulations are able to efficiently deliver 

RNAi to MDA MB 231 cells in serum containing medium, obtaining around 70-90% of GFP 

knockdown in most of the oligopeptide formulations. However, a clear cell-specificity was observed 



Chapter IV – Development of stable polyplexes using pBAEs for efficient RNAi delivery 

121 

between the different oligopeptides formulations, confirming that previously cell-specificity observed in 

Chapter II, remain in our newly developed C6-50 and Cchol-50 polymers.  

Furthermore, stability/transfection efficiency study using arginine- as oligopeptide moiety 

demonstrated that C6-50-CR3 polymer is able to protect and efficiently deliver RNAi-drugs after 48 

hours of incubation in physiological medium (without FBS), achieving an 80 % of GFP knockdown. 

Moreover, a 50 % of GFP knockdown was observed when C6-50 polyplexes were incubated 24 h in 

serum supplemented medium (with FBS). In contrast, less transfection efficiency was observed when 

arginine-modified Cchol-50 polymer was used. 

Then, we can conclude that newly developed polymers present higher transfection efficiency, 

packaging capacity and stability than previous developed pBAEs. Specifically, C6-50 polymer seems 

to be a promising delivery systems that can be used for in vivo applications. Therefore, in the next 

Chapter, oligopeptide composition of C6-50 polymer have been optimized in order to preferentially 

deliver RNAi to endothelial cells from mice vasculature.  
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Lysine/histidine oligopeptide-modified pBAEs 
preferentially deliver siRNA to endothelial cells of 

vasculature 
 

Once polymer stability limitation has been solved, C6-50 polymer have used to 

drive a therapeutic siRNA dose to endothelial cells from vasculature. Results 

showed that using a combination of stable vector with a fine-design oligopeptide 

formulations we were able to selectively deliver siRNA to endothelial cells avoiding 

off-target effects. Lysine- / histidine- oligopeptide mixture (C6-50-K/H) was 

identified as a top performing polymer from in vitro screening and C6-50-K/H was 

used to deliver siICAM-2 to vasculature in C57BL/6 mice. Results demonstrated 

that we designed a new strategy to deliver RNAi-based nucleic acids in a cell-

specific-manner that differs from current used mechanisms. 

5.1 Introduction 

In the previous chapter, it was demonstrated that incorporation of hydrophobic moieties during 

pBAE polymerization is an effective strategy to overcome nanoparticle stability limitations. 

Particularly, pBAE backbone composition have been improved playing with their 

hydrophobicity/hydrophilicity ratio during their polymerization. The lead candidate from this screening 

(C6-50 polymer) demonstrated to remain effective after more than 48 hours of serum proteins 

incubation, making them a promising candidate for in vivo applications. Moreover, newly designed 

C6-50 polymer present higher packaging efficiency, cell delivery and endosome entrance, than 

previously reported C32 polymers [1–3]. Nevertheless, the in vivo RNAi delivery using pBAEs 

nanoparticles needs to be studied in order to evaluate the applicability of this novel family of stable 

pBAEs. In this project, a first proof of concept was carried out using this new generation of polymers 

in collaboration with Biomedical Engineering Department (BME) at Georgia Institute of Technology 

and Emory University (Atlanta, USA). We were focus to specifically and efficiently deliver a 

therapeutically dose of RNAi-based nucleic acids to endothelial cells (ECs) from the vasculature, 

which is well-known that plays an important role in wide ranges of diseases[4–6].  

Currently, at least 30 RNAi-vascular drugs have been tried in clinical trials, using different delivery 

systems or naked siRNA [7,8]. However, current RNAi therapies are limited due to endothelial cells 

are difficult to be transfect due to their functionality [9,10]. Furthermore, their distribution around all the 

organism makes RNAi-based nucleic acids delivery more challenging.  
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Current bibliography showed different approaches in order to deliver siRNA drugs to endothelial 

cells, using chemically modified RNAi, cationic lipids or polyplexes [11–13]. As it has been explained 

in Chapter I, improvements in RNAi synthesis makes them more stable and resistant to external 

degradation[14]. However, they are not able to overcome intracellular barriers. On the other hand, 

cationic lipids are widely used in this field. However, periodic administration at high doses (7-8 mg/kg) 

are required in order to obtain a therapeutic effect [11,15–18]. To our knowledge, only a low molecular 

weight 7C1 lipid-polymer hybrid, described by Dahlman et al., has been reported to efficiently deliver 

siRNA to endothelial cells[19]. Others studies have demonstrated that some lipidoids are able to 

reduce hepatic gene expression after siRNA administration, while they present low knockdown 

efficiency over other tissues[20–22]. However, it has been described that lipidic/lipidoids nanoparticles 

can produce several toxicity after successive administrations, limiting their therapeutic effect [23,24]. 

They present high affinity to deregulate certain cell populations of the immune system, such as 

macrophages and T lymphocytes, after intravenous administration [25]. Lipid-like particles interact 

with critical enzymes, such as inhibition of protein kinase C (PKC), which may be associated elicit 

cytokine response. It is already described that high levels of IL6 (interleukin-6), CXCL2 (C-X-C motif 

chemokine ligand 2), and CCL2 (chemokine (C-C motif) ligand 2) cytokines were observed in lung, 

spleen or liver after lipoparticles administration [24]. Moreover, lipoplexes can alter or modify cellular 

behaviour, which include transmembrane pores and cell dysfunction [23,26]. In addition, is already 

described that when lipidic formulation reach the target cells, their lack of efficient scape delivery. 

Recent studies demonstrated that 70% cytoplasm internalized liposomes containing RNAi-drug are 

not able to disrupt and scape from the endosome, driving the resultant RNAi-drugs to 

exosome/lysosome pathways. Therefore, less than 30% of therapeutic RNAi become therapeutic [27].  

To overcome these limitations, the use of our newly design oligopeptide-modified C6-50 polymer 

formulations could be a promising way due to their attractiveness in terms of biodegradability, 

biocompatibility, and endosomal scape efficiency [2,3,28]. Unpublished results have been showed 

lower cytokine response of our oligopeptide-modified pBAEs in comparison with different lipidic 

nanoparticle, making them a safer candidate for RNAi-drug delivery. Furthermore, as previously 

commented in Chapter I and II, playing with pBAEs oligopeptide composition and backbone structure, 

endosomal scape limitations can be reduced or avoid. Polymers with tertiary amines in their structure 

have been shown to facilitated the proton effect phenomena, showing a buffering effect at the 

endosomal pH range between 5.0 and 7.5, which causes an increase in osmotic pressure that results 

in disruption of the endosome [29]. Previously, published results have demonstrated that using pBAE 

oligopeptide composition knowledge we are able to design an efficient polyplex in terms of cellular 

uptake and endosomal scape [2,3]. 

In addition, the easy adaptability and flexibility to design a pBAEs with different oligopeptide 

compositions can be used to target pBAEs nanoparticles due to it is still a challenge to be address. 

Nowadays, nanovectors have been modified with cell-targeting ligands to enhance their preferentiality 

to specific cell-line. Targeting has been achieved by adding antibodies or peptides to the nanoparticle 

surface [30–32]. However, this methodology shows some limitations in in vivo applications due to their 
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cost, limited time life, and potential immunogenicity. However, recent studies have shown that small-

molecule modifications or specific peptide composition may change the nanoparticle properties, 

showing a preferential link mechanism with the cell membrane making them tissue-specific [32]. 

Nanoparticles become internalized into cells by energy-dependent mechanisms [33] due to their 

surface composition and their protein corona. When nanoparticles are placed in plasma, biological 

proteins show a constant interaction with proteins, forming a protein corona, which plays an important 

role in nanoparticle biodistribution [34]. Then, understand the protein corona behaviour could be a 

promising way to further control of our developed nanoformulations. In our group, we have already 

described that is possible to control the passive rates of DNA payloads by varying the protein corona 

composition [35]. Moreover, preliminary data demonstrated that playing with the nature of the 

nanoparticle in terms of size and chemical composition, we can preferentially control the type of 

proteins that are adsorbed on the nanocarrier surface, obtaining a clear relation between the particle 

chemical composition and the type of corona formed. For example, using lipidic formulations it has 

described that preferential tissue distribution can be accomplished by the synthesis of lipophilic-siRNA 

conjugates synthetized using different chain fatty acids through modulating their interaction with high- 

density lipoprotein (HDL) or with low density lipoprotein (LDP), obtaining a preferential distribution to 

specifics organs [36]. In addition, global surface can also be modified to promote cell-specificity. For 

example, high positive nanoparticles, such as PEI polymers, can exhibit unfavorable interaction with 

erythrocytes and activate adaptive immune responses [37,38]. Recently, it has been demonstrated 

that the protein corona composition can be controlled by natural functionalization of nanomaterials, 

optimizing their rational design and improving their cell –specific preferential delivery [39].  

Taking in account previous results obtained in Chapter II and III, we hypothesized that using our 

developed oligopeptide-end-modified pBAEs is possible to design tissue-specific nanoparticles for in 

vivo applications playing with their oligopeptide formulations [1]. Therefore, controlling their 

oligopeptide composition by combining different cationic or cationic and anionic peptides, could be a 

promising strategy to define a specific protein corona to lead them to precise cell lines. 

Thus, the main objective of this chapter is the proof of concept of our newly developed deliver 

polymers for in vivo applications. Particularly, we designed a cell-specific polymer formulation able to 

condense high quantity of RNAi-drug to obtain a final therapeutic effect over endothelial cells from the 

mice vasculature. 

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

• In vitro design of polyplexes oligopeptide composition in order to achieve a preferential 

delivery to endothelial cell line form vasculature 

• Ex-vivo RNAi-drug delivery to abdominal aorta in C57BL/6 mice using top-performing 

polymer formulation and labelled siRNA in order to corroborate polyplexes endothelial-

specificity. 
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• In vivo siICAM2 delivery using endothelial-specific polyplexes. ICAM2 expression was 

determined in endothelial and in smooth muscle cells from vasculature.  

• Biodistrubution study of siICAM-2 using C6-50-K/H polymer after IV administration.   
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5.2 Materials and Methods  

5.2.1 Materials  

Reagents and solvents used for polymer synthesis were purchased from Sigma-Aldrich and 

Panreac. Oligopeptide moieties used on the polymer modification (H-Cys-Arg-Arg-Arg-NH2, H-Cys- 

Lys-Lys-Lys-NH2, H-Cys-His-His-His-NH2 and H-Cys-Asp-Asp-Asp-NH2) were obtained from GL 

Biochem (Shanghai) Ltd with a purity of at least 98%. For in vitro studies, labelled siRNA (AllStars 

Neg. siRNA AF 546) for uptake experiments was purchased from Qiagen. ON-TARGETplus Non-

targeting Control Pool (D-001810-10) used as scrambled siRNA control was obtained from Thermo 

GE Dharmacon. Polyplus Interferin reagent was purchased from VWR and used according to 

manufacturer instructions. For in vivo studies, siRNA against ICAM-2 with forward sequence 5’-

AGGACGGUCUCAACUUUUC-3’ and reverse sequence 5’-GAAAAGUUGAGACCGUCCU-3’ and 

siRNA luciferace negative control were used, all of them were obtained from AXOlabs. All, the in vivo 

studies were performed using C57BL/6 mice. RNA extraction was carried out using Directzol RNA kit 

from Genesee Scientific, cDNA reaction was performed using Applied Biosystems cDNA kit and 

cDNA quantification was analyzed using SYBER green from Affymetrix. 

5.2.2 Synthesis of oligopeptide-modified C6 polymer 

Synthesis of newly stable poly(β-amino ester)s was performed via a two-step procedure, as 

similarly described in chapter III. C6 polymer was synthesized using a stoichiometric mixture of 5-

amino-1-pentanol and hexylamine with slightly excess of 1.4-butanodiol diacrylate at 1:1.1 molar ratio. 

Briefly, C6-50 polymerization was performed mixing 5-amino-1- pentanol (0.426 g, 4.1 mmol), 

hexylamine (0.422 g, 4.1 mmol) and 1,4-butanediol diacrylate (2.0 g, 9.1 mmol) under magnetic 

stirring at 90 ºC for 24 h. Chemical structure of resulting acrylate-terminated polymers C6-50 polymer 

was evaluated by 1H-NMR and IR, as previously reported [1].  

Oligopeptide-modified pBAE were obtained by end-modification of acrylate-terminated polymer (C6-

50) 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 (7:3). C32 and C6 polymer were modified using arginine, lysine, 

histidine, aspartic acid and glutamic acid peptides. The different oligopeptide modifications were 

confirmed by 1H-RMN, as previously reported [1].  

5.2.3 Endothelial cell-specific polymer formulation screening 

Polymer screening of end-modified oligopeptide C6-50 polymer was carried out using fluorescent 

siRNA (AF555) in endothelial, smooth muscle cells, and immune cells. 80000 cells were seeded onto 

12 well plate 24 hours prior transfection. RNAi polyplexes were performed as described previously, at 

100:1 w:w ratio with AcONa buffer (12.5 mM, pH 5.0). Uptake analysis of immortalized mouse 

endothelial cells (iMAEC) and smooth muscle cells (SMC) were carried out following the same 
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procedure. Adherent cells were transfected with polyplexes during 2 hours. Then, polyplexes were 

washed twice using PBS 1x and harvest using trypsin. Finally, trypsin was removed by centrifugation 

and cells were resuspended using PFA at 1% for flow cytometry analysis. Cells in suspension, such 

as immune cells (THP-1), were collected by centrifugation during 5 min at 1000 rpm after polyplex 

transfection. Then, cells were resuspended and washed twice using PBS 1x. Finally, cells were 

resuspended with PFA 1% for flow cytometry analysis. Untreated cells were used as a negative 

control of cell fluorescence.  

5.2.4 In vitro delivery of siICAM-2 

iMAECs cells were grown in 12-well plates at a seeding density of 80000 cells/well in 1000 µL 

growth medium (DMEM, containing 10% fetal bovine serum, 100 units mL-1 penicillin, 100 µg mL-1 

streptomycin, 0.1mM MEM Non-Essential Amino Acids (NEAA), 2mM glutamine, and 50 µg mL-1 

ECGS (bovine brain extract 1%)). Cells were grown until 80-90% of confluence prior to siICAM-2 

delivery. Cells were transfected using C6-K/H polymer and siICAM-2 at different siRNA 

concentrations, ranging from 10nM until 100nM. At 48 hour post-transfection, the medium was 

removed, cells were washed with PBS, and collected for qPCR analysis. Scrambled siRNA was used 

as a negative control of ICAM-2 knockdown at 50 nM.  ICAM-2 expression was normalized to 

scrambled control and plotted as percentage of gene silencing.  

5.2.5 Inflammatory markers remain constant after siICAM-2 delivery  

VCAM-1, TNF-alpha, and MCP-1 inflammatory markers were analysed at gene level in iMAECs 

after siICAM-2 delivery. As previously described, cells were seeded at initial density of 80000 

cells/wells and cultured until 80% of confluence. Then, cells were transfected using C6-K/H and 

siICAM-2 at different siRNA concentrations. At 48-hour post-transfection, cells were collected, RNA 

was extracted, and inflammatory markers were analysed by qPCR. 18S gene was used as a 

housekeeping gene. Results were normalized to non-treated cells.  

5.2.6 Preparation of nanoparticles solution for in vivo IV injection 

siRNA polyplexes were performed mixing equal volume of siRNA at 0,5 µg/µL with poly(β-amino 

ester)s  at 37.5 µg/µL in AcONa buffer solution  (12.5 mM, pH 5.5). Mixture was mixed by pipetting 

during few seconds. After 10 min of incubation at room temperature, 200 µL of nanoparticles were 

precipitated in 1800 µL of HEPES at 10 mM with 5.4 mg/mL of sucrose. After that, the nanoparticles 

were lyophilized and resuspended with 120 µL of RNA/DNA free water in order to be injected by tail 

vein injection according to the IACUC protocol. 

5.2.7 In vivo animal experiments 

Five-week-old female C57BL/6 mice were used for each condition. All procedures used in animal 

studies were conducted at Emory University and they were approved by the Institutional Animal Care 

and Use Committee (IACUC).   
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5.2.8 Ex vivo delivery of labelled siRNA to vasculature  

Abdominal aorta was extracted from C57BL/6 mice following the Institutional Animal Care and Use 

Committee (IACUC) protocol. Mice were sacrificed using CO2 camber and perfused with saline 

containing heparin (10 U/mL) via the cava vein. Abdominal aorta was isolated and carefully cleaned of 

periadventitial fat. Aortas were maintained in PBS 1X at 4ºC until their use.  

Labelled nanoparticles were prepared as previously described in AcONa buffer and concentrated 

by lyophilization. Then, 0.3 mL of lyophilized nanoparticles at 200 nM were injected through the 

abdominal aorta. After that, aorta was incubated with the remaining nanoparticles during 1 hour at 

37ºC and 5% CO2. Then, abdominal aorta was washed twice using PBS flushing and fixed in 4% 

paraformaldehyde. After that, samples were opened for en-face microscopy analysis. Finally, samples 

were counter-stained using DAPI and mounted on glass slides using fluorescence mounting medium 

(Dako). Samples were imaged using a Zeiss-LSM 510 META confocal microscope (Carl Zeiss).  

For histology staining, PFA fixed samples were placed in OCT medium and frozen at -80ºC. 

Histology sections at 8 µm was carried out using Leica Cryostat CM3050S. Then, samples were 

cleaned twice using PBS 1x and were counter-stained using DAPI. Finally, samples were mounted on 

coverslip using fluorescence mounting medium (Dako). Samples were imaged using a Zeiss-LSM 510 

META confocal microscope (Carl Zeiss).  

5.2.9 Isolation of endothelial enriched RNA 

At 48-hour post-injection endothelial enriched RNA from the carotids was extracted as described by 

Nam et. al. [40]. Briefly, mice were killed by CO2 inhalation according to Emory University’s IACUC 

protocol and perfused with saline containing heparin (10 U/mL) via the left ventricle after severing the 

inferior abdominal aorta. LCA and the right common carotid artery (RCA) were then isolated and 

carefully cleaned of periadventitial fat. Then, the carotid lumen was quickly flushed with 150 µL of 

QIAzol lysis reagent using a 29-gauge insulin syringe in Eppendorf tube. The eluate was snap-frozen 

in liquid nitrogen for posterior RNA extraction. Moreover, media and adventitia was snap-frozen in 

liquid nitrogen, pulverized by mortar and pestle, and lysed with QIAzol lysis reagent (300 µL). 

5.2.10  siICAM-2 biodistribution study 

At 48-hour post-injection, ICAM-2 expression was analysed in lung, liver, spleen, thymus, heard, 

and kidney. Briefly, 120 µL of polyplexes condensing siICAM-2 or siCONTROL were injected to 

C57BL/6 mice by tail vein injection at 2 mg/kg. At 48-hour post-injection, mice were killed by CO2 

inhalation according to Emory University’s IACUC protocol and perfused with saline solution. Organs 

were collected and snap-frozen in liquid nitrogen. After that, organs were crashed and lysed with 

QUIzol for posterior RNA extraction and qPCR analysis. ICAM-2, PECAM-1, CD45, and 18S genes 

were analyzed by qPCR. 18S was used as a housekeeping gene.  
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5.2.11 RNA isolation and qPCR analysis 

Total RNA obtained from carotids and organs were extracted and purified using Direct-zol™ RNA 

Kits according to the manufacturer’s instructions. Briefly, RNA with QiaZol were mixed with equal 

volume of Ethanol and the mixture was loaded to a column of silica filters.  The RNA binds selectively 

to the silica matrix and can be washed before eluting in RNase-free water. Before eluting the RNA, 

DNase digestion was performed during 15 minutes at room temperature, and then the filter was 

washed three times before elution of the desired RNA. The amount and purity of RNA was 

determined by NanoDrop 1000 Spectrophotometer following the manufacturer’s instructions.  Then, 

RNA was reverse-transcribed using High-Capacity cDNA Reverse Transcription Kit (Applied 

Biosystems) following the manufacturer’s instructions. Finally, gene expression was determined by 

RT-PCR using the primers listed in Table V-1 for the amplification of ICAM-2, 18S, CD45, PECAM-1 

and SM22a cDNAs. Genes of interest were normalized against the 18S housekeeping gene. All 

analyses were performed using the 2-ΔΔCT method and 3 technical replicates. 

Table V-1. Primers sequences used for qPCR analysis. 

Primer Forward Sequence Reverse Sequence 

18S 5’-AGGAATTGACGGAAGGGCACCA-3’ 5’-GTGCAGCCCCGGACATCTAAG-3’ 

mPECAM1 5’-GCTGGTGCTCTATGCAAGC-3’ 5’-ATGGATGCTGTTGATGGTGA-3’ 

mSM22a 5’-CCTTCCAGTCCACAAACGAC-3’ 5’-GTAGGATGGACCCTTGTTGG-3’ 

mCD45 5’-CTTCAGTGGTCCCATTGTGGTG-3’ 5’-TCAGACACCTCTGTCGCCTTAG-3’ 

mICAM2 5’-GACGGTCTCAACTTTTCCTGCC-3’ 5’-CCATTTGGTTGTCCTGCATCGG-3’ 

mMCP-1 5’- GTGCTGACCCCAATAAGGAA-3’ 5’- TGAGGTGGTTGTGAAAAGA-3’ 

mVCAM1 5’-ACTTGTGCAGCCACCTGAGATC-3’ 5’-GCTATGAGGATGGAAGACTCTGG-3’ 

mTNF-alpha 5’-CGAATTTTGAGAAGATGATCCTG-3’ 5’-TGCTGGGAAGCCTAAAAG-3’ 

 

5.2.12  Statistical analysis 

Statistical analyses were carried out to assess significant differences between experimental groups. 

Pairwise comparisons were performed using one-way Student t-tests. Differences between groups 

were considered significant at P values below 0.05 ( * p < 0.05, ** p < 0.01, *** p < 0.001) 
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5.3 Results and discussion 

Natural-synthetic polymers designed in Chapter III have been used to efficiently deliver RNAi-drugs 

to endothelial cells. C6-50 polymer formulation was selected due to their promising results based on 

transfection/stability ratio, from a large family of synthetized hydrophobic/hydrophilic pBAEs [1]. 

Previously, we have been reported that C6-50 polymer is an improve version of C32 polymer, where a 

slightly hydrophobic modification to pBAEs backbone structure was carried out. This modification 

demonstrated to avoid destabilization of the resulting nanoparticles in physiological conditions, 

obtaining a stable polymeric formulation. Then, an improvement in stability is translated in an increase 

in blood circulation time and reduce their non-specific interactions with circulating proteins or blood 

cells, making these nanoparticles more efficient to reach their target tissue. In addition, the 

incorporation of hydrophobic moieties in gene delivery carriers has been described to increase 

nanoparticle interaction with cell membrane and subsequent entry into the cytoplasm [41]. 

Furthermore, previously published data demonstrated that nanoparticles with appropriate oligopeptide 

composition is a key factor to obtain a cell-efficient transfection [3,2,42]. It is already described that 

nanoparticle surface composition is the main factor to predict or control their protein corona, that is 

the responsible of cell or tissue targeting. Then, in this chapter hypothesize that playing with different 

oligopeptide combinations could be a promising strategy to control their final nanoparticle specificity, 

as shown in Figure V-1. 

 
Figure V-1. Structure and synthetic scheme of new stable oligopeptide-modified poly(β-amino ester) polymers. C6-50 

synthesis was carried out by stoichiometric reaction of 5-amino-1-pentanol/hexylamine to 1,4-butanediol diacrylate using a 

slight excess of diacrylate. Further oligopeptide modifications of end-modified C6-50 polymer was performed by thiol reaction. 

R terminal can be arginine-, lysine-, histidine-, glutamic acid- and aspartic acid-oligopeptide. Polyplexes with different surface 

proprieties were obtained combining different oligopeptide-moieties.  

Then, different polymers formulations were performed combining different oligopeptide moieties. 

Hydrodynamic size and surface charge of the resulting polyplexes using single oligopeptide-moiety or 

mixtures of different cationic- / cationic- and cationic-/anionic- oligopeptide were characterized using 

siICAM2 as a nucleic acid. Nanometric size (below 200 nm) and positive surface charge was 

observed using positively or mixtures of different positively-charged oligopeptides moieties. In 
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contrast, bigger polyplexes size were observed using mixtures of positively- and negatively-charged 

oligopeptides, limiting their stability. However, positive zeta potential was observed, indicating efficient 

condensation of RNAi. The obtained average size and zeta potential are in good agreement with the 

results achieved in Chapter IV, when siGFP was used as nucleic acid.  

5.3.1 Lysine- / histidine- modified C6-50 polymer formulation shows preferential 

endothelial cell delivery 

As stated before, previous results revealed that the chemical composition of oligopeptides has a 

dramatic effect on the features of the resulting polyplexes, which ultimately determines cell specificity 

[2,3]. In order to select endothelial-specific polymer formulation, screening of different oligopeptide-

modified poly(β-amino ester) polymers was performed using labelled siRNA in different cell lines. 

Particularly, endothelial cells (iMAECs), smooth muscle cells (SMC), and immune cells (THP-1) were 

used for this study. Cells were transfected using different oligopeptide-modified pBAE containing 

fluorescent siRNA. Finally, fluorescence was determined by flow cytometry as shown in Figure V-2. 

 

Figure V-2. Cellular uptake of fluorescently-labelled particles prepared from AF555-labelled siRNA in iMAEC, SMC and THP-1 

cells. These cells were transfected with siRNA-F at final concentration of 20 nM using different oligopeptide-modified poly(β-

amino ester)s in order to select the top performing polymer formulation. Fluorescence expression was determined after 

transfection by flow cytometry and determined as a percentage of positive cells multiplied by the Median fluorescence.  

Uptake analysis showed differential specificity profiles for each cell line depending on the poly(β-

amino ester) oligopeptide formulation. Lysine containing polyplexes present a preferential uptake into 

mouse endothelial cells (iMAECs). Mixtures of lysine with histidine or aspartic acid end-modified 

pBAE showed the highest levels of cellular uptake, achieving up to 2-fold increase respect to arginine-

containing formulations. In general, SMC present a greater cellular uptake compared to endothelial or 

immune cell line, confirming that SMC cell line was more permissive. Arginine-modified pBAE showed 

higher uptake on SMC than formulations containing lysine, achieving the highest cellular transfection 

using arginine/histidine mixture. Finally, immune cells (THP-1) present lower cellular uptake than 

iMAECs and SMC. Interestingly, the results shown that the highest uptake for immune cells 

corresponds to arginine-modified polymers. Is already described that nanoparticles with relative high 

surface charge present a preferential delivery to endothelial or smooth muscle cells due to their 

interaction of cationic polymer with proteoglycans of the cell membrane [43]. In contrast, negative 
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charged particles, such as siRNAs, are highly recognized by phagocytic cells. Oligopeptide-modified 

pBAEs surface charge range from 10 mV to 20 mV, making them less efficient to transfect THP-1 

cells. Therefore, THP-1 presented a low or insignificant uptake transfection efficiency compared to 

iMAECs or SMC using any of oligopeptide combinations, validating that pBAE are not recognized by 

cells from immune system. 

Therefore, we can conclude that lysine-/histidine- or lysine-/aspartic acid- end-modified poly(β-

amino ester)s present a preferential transfection efficiency of iMEACs over SMC and THP-1 cells. 

However, we have chosen lysine- / histidine- modified C6-50 polymer formulation due to the stability 

concerns previously detected using lysine- / aspartic acid- modified C6-50 polymer formulation.  

In order to confirm preferential endothelial specificity, ex vivo uptake was performed using different 

cationic oligopeptide mixture of lysine-, arginine-, and histidine- modified pBAE. Polyplexes were 

performed using labelled siRNA and injected through the abdominal aorta from C57BL/6 mice at 200 

nM. After that, aorta was incubated with the remaining nanoparticles during 1 hour. Aorta histology 

was performed and the fluorescence was determined by confocal microscopy (Figure V-3).  

 

Figure V-3. Ex vivo screening of different polymer formulations were carried out in abdominal aorta using labelled siRNA at 

200nM. Aorta histology technique allow to observe C6polyplex localization at higher resolution. Images were taken using 

confocal microscopy. 

Aorta histology was carried out in order to specifically study nanoparticle localization. As Figure V-3 

showed, arginine-containing formulation had the highest fluorescent uptake in the abdominal aorta, 

but this formulation not present endothelial specificity, as previously observed in Figure V-2. High 

fluorescence levels were observed in endothelial and smooth muscle cells. Furthermore, lysine- or 

arginine- and histidine-modified pBAEs mixture rendered lower uptake ex vivo than the cellular uptake 

observed in in vitro assays. Interestingly, these oligopeptide formulations correspond to the less 

efficient to transfect endothelial cells (Figure V-2), this can suggest that the polyplexes were not able 

to cross the endothelial cell layer. Then, they are not able to reach smooth muscle cells, where these 
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polymers present high transfection efficiency. In contrast, as previously observed in in vitro polymer 

screening, lysine-/histidine- modified polymers showed a preferential delivery to endothelial cells 

compared to SMC. In addition, labelled siRNA administrated without carrier (negative control) is not 

able to transfect any cell line, corroborating that nanovector is needed to obtain an efficient cell 

transfection. Thus, we conclude that we have developed lysine- / histidine- modified C6-50 polymer 

formulation which shows preferential endothelial cell delivery. 

In order to further characterized their endothelial specificity en-face analysis was carried out using 

C6-50-K/H polymer, as shown in Figure V-4. 

A)  

 
 

 

      B)      
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Figure V-4 Labeled siRNA delivery using C6-K/H polyplexes in aorta ex vivo C57/BL6 mice. A) En face imaging studies shown 

preferential endothelial delivery using C6-K/H polymer. Nanoparticles were administrated through the abdominal aorta at 200 

nM. Images were taken using Confocal microscopy. Labelled siRNA alone was used as a negative control. B) 3D 

reconstruction of abdominal aorta after labelled siRNA injection using C6-K/H polymer.  
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One hour after C6-K/H polyplex injection, en-face confocal imaging of abdominal aorta endothelium 

showed significant fluorescence signals from fluorescent siRNA, as shown in Figure V-4-A. Z-stack 

images showed a preferential delivery to endothelial cells, avoiding the transfection of SMC, 

demonstrating EC-specific delivery. Therefore, this strategy of passive targeting reduces non-specific 

side effects to non-desired tissues. Then, we can conclude that playing with oligopeptide formulation 

we are able to control their protein corona interaction, designing a personalized polymer formulation in 

function their final target.  

5.3.2 C6-K/H polymers efficiently deliver siICAM-2 in iMAECs without cytotoxic effects. 

We demonstrated preferential endothelial cell-specificity using lysine- / histidine- modified C6-50, to 

test the application of this polymer to deliver functional RNAi. We carried out a gene silencing assay 

using a siRNA targeted towards the EC-specific gene marker ICAM-2 (siICAM-2) in iMAECs. Briefly, 

cells were incubated with C6-50-K/H polymer at different siICAM-2 or siSCR (scrambled non-targeting 

siRNA) concentrations, ranging from 10 nM to 100 nM.  ICAM-2 expression was determined at the 

mRNA level by qPCR at 48-hour post-transfection (Figure V-5).  

 

Figure V-5 Efficient and safety siRNA delivery in iMAECs.  siICAM-2 dose curve using C6-K/H polymer formulation in iMAECs. 

ICAM-2 expression was determined 48 h post-transfection by qPCR. Statistical significance was determined using siLUC 

control as control group. *p < 0.05, **p < 0.01, ***p < 0.001.  

A depended dose curve response of ICAM-2 expression was obtained, reaching a 70% of ICAM2 

knockdown at siICAM-2 concentrations of 20 nM or higher. ICAM-2 silencing was compared using 

siSCR at 50nM (scrambled control). 

However, most of the delivery vectors used to vascular diseases produce side-effects, such as 

inflammation. Consequently, cellular behaviour is altered changing their phenotype or compromising 

their function after gene delivery treatment. Usually, when inflammation occurs in the vasculature is 

usually observed by the infiltration of leukocytes in the tissue[5,44]. Therefore, delivery vehicles 

capable of minimizing inflammatory effects are crucial to treat vascular diseases. In vitro level, 
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different inflammatory markers, such as vascular cell adhesion molecule 1 (VCAM-1), tumor necrosis 

factor alpha (TNF-alpha) and monocyte chemoattractant protein-1 (MCP-1), were analysed in 

response to different siICAM-2 concentrations. 

 

Figure V-6 Efficient and safety siRNA delivery in iMAECs.  Different inflammatory expression markers (VCAM-1, TNF-alpha 

and MCP1) were analysed by qPCR at different polymer:siRNA concentrations. Statistical significance was determined using 

untreated cells as control group. *p < 0.05, **p < 0.01, ***p < 0.001. 

Figure V-6 reveals that no significant differences of early inflammatory markers (VCAM-1 and TNF-

alpha) were observed. Moreover, late inflammatory markers, such asMCP1, remained stable. 

Furthermore, cell morphology remained stable working at high siRNA doses.  

At this point, we could conclude that C6-50-K/H polymer demonstrated efficient and safer gene 

knockdown in iMAECs cell line using siICAM-2 as a RNAi-drug. Firstly, C6-50-K/H polymer was able 

to reduce 70% of ICAM-2 expression at 20 nM in presence of serum, suggesting that C6-50-K/H-

siICAM-2 are able to enter by endocytosis and scape from endosomal pathway, giving them a high 

therapeutic value. Furthermore, results showed that inflammatory markers, such as VCAM-1, TNF-

alpha and MCP1, remain stable after ICAM-2 knockdown. Therefore, results suggest that newly 

natural-synthetic delivery vectors are able to present efficient nucleic acid delivery with low cell 

cytotoxicity. 
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5.3.3 C6-K/H polymers efficiently deliver siICAM-2 to endothelial cells in vivo. 

Once in vitro and ex vivo studies demonstrated efficient cell-specificity and delivery of siRNA using 

C6-50-K/H nanoparticles, animal studies were performed to determine the effectiveness of this 

formulation for in vivo gene silencing. In this case, siICAM-2 was used [45] in order to downregulate 

ICAM-2 gene, which plays an important role in endothelial cells and immune system [46,47]. C6-50-

K/H polymer formulation was used as a vehicle to selectively deliver siICAM-2 in endothelial cells, 

avoiding its delivery to other cells types.  

Nanoparticles of siICAM-2 or siCONTROL (2mg/kg) were injected by intravenous administration in 

C57BL/6 mice as a single dose. At 48-hour post-injection, ICAM-2 levels from vasculature, such as 

carotids, were analysed by qPCR. siCONTROL was used as a negative control of silencing as shown 

in Figure V-7. 

 

 
 
 
 

 

 
Figure V-7. C6-50-K/H polymer formulation present preferential siICAM-2 delivery to endothelium cell line. A) siICAM-2 and 

siCONTROL were administrated at 2mg/kg by intravenous injection using C6-K/H polymer in mice, which were sacrifed after 2 

days post-injection. 48 hours post-injection endothelial enriched fraction (intima) and SMC enriched fraction (leftover) were 

extracted and analyzed by qPCR. B) ICAM-2 expression level was analysed in carotids, comparing the endothelial layer (rich in 

endothelial cells) with the leftover (rich in SMC). Statistical significance was determined using respective scramble controls as 

control group. *p < 0.05, **p < 0.01, ***p < 0.001.C) Expression of ICAM-2 was determined by qPCR in left carotid (Carotid 1) 

and in right carotid (Carotid 2). Statistical significance was determined using respective scramble controls as control group. *p < 

0.05, **p < 0.01, ***p < 0.001. 

ICAM-2 expression from endothelial cell layer and smooth muscle cells was evaluated. To obtain 

either EC-specific or SMC-specific lysates, at 48h post-injection, right and left carotids were isolated 

and were flushed with Qiazol to isolate the media lysate (EC-enriched) followed by the isolation of 

A) 

B) C) 

ECs Left Over
(SMC)

48 h post-injection

siICAM-2-C6-K/H NP’s 
administration
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SMC-specific lysates (the remaining adventitia). ICAM-2 expression in the intima (EC-enriched) and 

leftover (SMC-enriched) were analysed at gene level (Figure V-7-A). The results showed a significant 

55% knockdown of ICAM-2 expression in EC-enriched fraction, whilst no significant reduction was 

observed in SMC-enriched samples. Moreover, SMC-enriched samples presented lower ICAM-2 

expression than EC-enriched samples, confirming that the ICAM-2 is overexpressed in endothelial 

cells (Figure V-7-C). Thus, these results confirm the therapeutic use of newly developed polymers, 

which are able to efficiently decrease ICAM-2 expression in a simple dose of 2 mg/kg. Moreover, 

results showed a similar silencing in both the RCA and LCA (more than 50 %), corroborating efficient 

gene knockdown in endothelial cells from the main arteria’s (Figure V-7-D). These results suggest 

that nanoparticles are distributed around all the organism, decreasing ICAM2 expression of ECs.  

Finally, to further corroborate these results, quality controls of endothelial elution using cell-type 

markers were analysed. Endothelial marker (PECAM-1), smooth muscle cells marker (SM22a) and 

immune marker (CD45) were determined.  

 

Figure V-8  Quality criteria of endothelial enriched layer was determined analysing PECAM-1 as endothelial marker, SM22a as 

a smooth muscle cell marker and CD45 as immune marker. 

As shown in Figure V-8, high PECAm-1 levels and low SM22-a levels in endothelial enriched 

samples were found (Intima). In contrast, low PECAM-1 levels and high SM22-a were observed in 

SMC enriched samples (LO). In addition, low CD45 levels were observed in all conditions due to non-

lymphoid infiltration after 48h post-injection, confirming the purity of our EC-rich and SMC-rich 

samples. 
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5.3.4 Reduction of ICAM-2 expression was detected in highly vascularized organs 

There is a wide range of factors that play an important role in order to determine nanoparticle 

distribution. These include polyplex biophysical proprieties properties such as size, shape, and 

surface charge, the route of administration or the final protein corona. The last one, polyplex – protein 

interactions, is one of the most important factors that compromise their biodistribution [48–50].Thus, 

biodistribution of EC–specific C6-50- K/H polymer formulation was studied. As previously described, a 

single dose of nanoparticles containing siICAM-2 or siCONTROL were injected at 2 mg/kg and ICAM-

2 levels were determined at 48 hours post-injection in lung, spleen, thymus, kidney, heart and liver.  

A) 
 

 

 

 

 

 

 

 

 

 

B) 

 
Figure V-9. ICAM-2 organ biodistribution. A) ICAM-2 mRNA levels in different organs at 48 h post-injection of siICAM-2 after IV 

administration at 2 mg/kg (n=5). Statistical significance was determined using respective scramble controls as control group. *p 

< 0.05, **p < 0.01, ***p < 0.001. B) Endothelial marker (PECAM-1) and immune marker (CD45) mRNA expression in different 

organ. 

After IV administration, endothelial-specific polyplexes are distributed around all the tissues and 

organs. Curiously, polyplexes were strongly taken up by the vascular endothelium from the lung, 

heard, and kidney, which they are high vascularized organs. Results demonstrated that at 48-hour 

post-injection, ICAM-2 expression was reduced in these organs. In contrast, no significant ICAM-2 

reduction was observed in spleen and thymus, which ICAM-2 is also highly expressed (Figure V-9-A). 
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ICAM-2 gene also play an important role in in lymphocyte recirculation by blocking LFA-1-dependent 

cell adhesion [51], which are highly expressed in these organs. To further understand these results, 

PECAM-1 (endothelial marker) and CD45 (immune cell marker) were analysed in different organs 

(Figure V-9-B).  Interestingly, significant ICAM-2 silencing was observed in endothelial rich and low 

CD45 organs, such as lung or kidney. However, no significant ICAM-2 reduction was observed in 

CD45 rich and low PECAM-1 organs, such as thymus or spleen. Then, these results suggest that C6-

50-K/H formulation present a selective delivery to endothelial cell line, while avoiding recognition by 

immune system.  

Therefore, in this chapter we demonstrated that lysine- / histidine- oligopeptide mixture present a 

preferential RNAi delivery to endothelial from mice vasculature. Resultant positive surface charge and 

oligopeptide composition of siICAM2-polyplexes are able to transfect vascular ECs, deliver their 

nucleic acids, and have therapeutic effect.  
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5.4 Concluding remarks 

In the previous chapters the efforts were focused to developed a stable, efficient, and tissue-

specific delivery system based on poly(β-amino ester)s. In this chapter, all of these proprieties were 

used to evaluate the applicability of this novel family of polymers in in vivo applications. At this point, 

we were focus to specifically and efficiently deliver a therapeutically dose of RNAi-drug to endothelial 

cells from the vasculature. 

In order to design a endothelial-specific polymer formulation, screening of different oligopeptide-

modified poly(β-amino ester) polymers were performed using iMAECs. Results demonstrated that 

lysine/histidine oligopeptide mixture preferential delivers siRNA to ECs, avoiding others cells lines 

such as SMC and immune cells. To further confirm they endothelial specificity, ex vivo delivery was 

carried out using aorta arteria form C56BL/6 mice. Results corroborate previous in vitro results, 

obtaining a preferential delivery to endothelial cells, avoiding the transfection of SMC. 

After that, lysine- / histidine- modified C6-50 polymer (C6-50-K/H) was used to deliver a functional 

siRNA (siICAM2) at in vitro and in vivo level. C6-50-K/H polymer was able to efficiently knockdown 

ICAM-2 expression in iMAECs without cytotoxic effects. This result suggests that previously 

formulated polyplexes are able to enter by endocytosis and efficiently scape. Once efficient ICAM-2 

knockdown was observed in vitro studies, polyplexes were tested in C56/BL6 mice. In vivo results 

demonstrated a significant ICAM-2 knockdown effect, reducing more than 55% of gene expression, in 

endothelial cells from carotids compared to negative control. In contrast, no significant reduction of 

ICAM-2 was observed in leftover samples (SMC), confirming the endothelial preferentiality of our 

newly designed polymer formulation.  

In addition, biodistrubution studies demonstrated that C6-50-K/H formulation present a selective 

delivery to endothelial cell line, while avoiding recognition by immune system. Curiously, ICAM-2 

reduction was observed in high vascularized organs, such as lung, heard, and kidney. In contrast, not 

significant ICAM2 silencing was observed in thymus and spleen, which ICAM-2 is also highly 

expressed due to their role in immunity system. 

We can conclude that newly synthetized polymers are a promising delivery strategy to specifically 

deliver RNAi to specific tissue. In this chapter, we demonstrate that controlling polyplexes surface 

composition, we are able to define a specific protein corona, which plays a key role in order to design 

a cell-specific delivery vector. As a proof of concept, in this chapter, we observed that lysine-/histidine 

oligopeptide mixture seems to present the optimal proprieties to target endothelial cells from the 

vasculature obtaining low off-target effects over others cells lines.  

Therefore, current developed nanoparticles can have a potential therapeutic use for preventive 

treatments. However, in order to only treat disease cells, the current developed nanoparticles have to 
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be further improve. In the next chapter, targeted nanoparticles have been designed in order to 

specifically deliver RNAi to diseased cells o tissues.  
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Targeted delivery to inflamed endothelium using  
VHKP-decorated poly(β-amino ester)s 

 
Nanoparticle engineering for efficient delivery and specific of RNAi-drugs to 

diseased tissue is currently a vital research area, which may ultimately catalyse the 

translation of these systems into clinical evaluation. Here, we have developed a 

new methodology to incorporate targeting moieties to our previously developed 

pBAEs in order to deliver therapeutic RNAi in a receptor-mediated manner. Newly 

decorated pBAEs vectors present a simple design and manipulation, making them 

excellent candidates for gene therapy assays that can be used for a wide range of 

applications. In collaboration with Biomedical Engineering Department (BME) at 

Georgia Institute of Technology and Emory University (Atlanta, USA) we have 

designed a targeted formulation capable of achieving preferential delivery of RNAi-

drugs to inflamed endothelial cells (ECs). Specifically, we have successfully 

demonstrated the potential of this approach using an atherosclerosis disease 

model. 

6.1 Introduction 

In Chapter II, it has been demonstrated that polyplexes functionalization using different 

oligopeptides moieties has a direct effect in their cellular specificity and delivery efficiency. 

Furthermore, pBAEs chemical structure combining an optimal ratio of hydrophilic / hydrophobic 

amines present a clear outcome in their loading capacity, stability and cellular entrance efficiency. 

Then, when previously developed stable and cell-specific polyplexes are administered into systemic 

circulation, these are distributed in the organism and specific cell lines are preferentially targeted, as 

previously demonstrated in Chapter V. Although important advances in the preferential cell-specificity 

or biodistribution of polyplexes have been solved, there are some drawbacks that are currently out of 

our capabilities. For example, some diseases occur only in certain cell subpopulations or in specific 

localizations. In these scenarios, delivery systems have to be further optimized to selectively deliver 

RNAi-drugs to diseased cells, while bypassing healthy cells and tissues to avoid off-target effects. A 

common early manifestation in diseased cells and tissues, which may be exploited to differentiate 

diseased cells from healthy cells, is inflammation. Targeting to inflamed tissues can be potentially 

achieved using delivery systems that exploit specific features of the diseased cells. Inflammation-

targeted delivery of RNAi should achieve high drug concentration locally at the site of inflammation 

with minimal exposure to of healthy tissues. To demonstrate the potential of such inflammation-

responsive vectors, a suitable model for inflammation is needed. Atherosclerosis is a suitable model 

to study preferential targeting to inflamed cells, since only a subpopulation of cells suffer 
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inflammation, inflammation occurs in the endothelial layer of the vasculature, which is easily 

accessible for systemically administered RNAi vectors, and the molecular mechanisms of 

inflammation are well known. 

In this chapter, we have focused in the development of an inflamed-specific RNAi delivery vector in 

an atherosclerotic model in collaboration with Prof. Hanjoong Jo from Biomedical Engineering 

Department (BME). As previously commented, atherosclerosis only occurs in certain regions of the 

vasculature. Hence, polyplexes have to be designed to specifically deliver therapeutic RNA-drugs to 

atherosclerotic areas. 

 Atherosclerosis is a vascular inflammatory disease affecting arterial blood vessels due to a chronic 

inflammatory response. In its early stage, it involves the overexpression of cellular adhesion 

molecules, which are expressed on the vascular endothelium. Specifically, intercellular adhesion 

molecules (ICAMs) and vascular cell adhesion molecules (VCAM-1) induce adhesion and 

transendothelial migration of different inflammatory cells, such as monocytes and T lymphocytes, to 

the endothelium cell layer of vasculature[1]–[3]. Infiltration leads to recruitment of monocytes-

macrophages, which are transformed to foam cells. Finally, the formation plaque occurs, which is 

essentially composed by fibrous tissue containing smooth muscle cells. Over time plaque gradually 

impinge on the arterial vessel lumen and impede blood flow, as is shown in Figure VI-1. 

 

Figure VI-1Stages of Atherosclerosis disease [4]. 

Different causes have been correlated to endothelial dysfunction, which it is the first manifestation 

of this disease. For example, hypertension [4] [5], hypercholesterolemia [7], low HDL-cholesterol [8], 

and diabetic patients [9] have been associated as the main cardiovascular risk factors. Additionally, 

the vasculature is exposed to a large number of biomechanical stimuli from blood flow profiles, which 

have demonstrated to contribute to atherosclerosis disease. Regions of disturbed flow (d-flow), such 

as arterial branches, bifurcations and curvatures are well-known to form atherosclerotic plaques due 
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to endothelial cell inflammation, while regions with stable flow (s-flow) are associated with regions 

where atherosclerosis rarely occurs [10], as shown Figure VI-2. 

 

 

Figure VI-2. Effects of shear stress on the arterial wall. Schematic representation of how biomechanical forces can modify ECs 

phenotype.  (1) Correspond to stable flow and (2) correspond to disturbed flow. (1) contribute to maintenance of the 

physiological properties of the ECs and (2) contribute to endothelial dysfunction, causing EC death and reducing their 

physiological functions [11] 

Shear stress can influence to endothelial cell behavior by inducing different signaling pathways that 

can modify their phenotype, losing their functionality, as shown Figure VI-2. It is well known that 

dysfunctional ECs have a different gene expression profile compared to quiescent, healthy ECs, 

these genetic changes include an increase in inflammatory and pro-atherogenic genes. Different in 

vitro and in vivo models have been characterized to examine the  relationship between shear stress 

and gene expression profile of ECs (Figure VI-3) [12], [13]. 

s-flow       d-flow 

 

Figure VI-3. In vitro model of shear stress in EC using cone-and-plate viscometer. S-flow contribute to maintain ECs phenotype 

(ECs are lined to flow direction) and d-flow induce ECs dysfunction (ECs are disorganized). 
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When ECs are exposed to d-flow, these activate a different cell-signaling pathway that rapidly 

modify gene and protein expression. Firstly, shear stress produces a physical deformation of 

endothelium cell surface and consequently the cell cytoskeleton. Then, the mechanotransduction is 

produced by the conversion of mechanical force to biochemical signalling modifying different cell 

pathway behaviours [11], [14]. Therefore, different mechanosensitive genes could be a promising 

target to design artheroprotective therapies. For example, s-flow upregulates some antiatherogenic 

genes, such as Klf2, Klf4 and eNOS, while d-flow is responsible of proatherogenic genes, such as 

VCAM-1 and matrix metalloproteinases [15]–[17].  

Emerging evidence indicates that similar behaviour was observed at RNAi (microRNA, siRNA, anti-

miRNA) level, which are able to efficiently regulate gene expression, showing another potential way to 

design efficient atherosclerosis treatments. Recently, different studies have demonstrated this 

potential and a wide range of mechano-sensitive miRNA, which are upregulated or downregulated in 

flow-dependent conditions, have been characterized. miR-10, miR-19a, miR23b, and miR-101 are 

antiatherogenic microRNAs, which are further increased in s-flow or decreased by d-flow in 

endothelial cells. In contrast, miR-17-92, miR-92a, miR-663, miR-712, and miR-205 are 

proatherogenic miRNAs, which are increased in d-flow and decreased in s-flow conditions [18]. 

Recently, miR-712 has demonstrated to inhibit atherosclerosis in in vitro and in vivo assays. miR-712 

is increased in d-flow areas, decreasing TIMP3 gene, which plays a key role in endothelial 

inflammation and atherosclerosis. Moreover, it has been demonstrated that anti-miR-712 is able to 

target and decrease miR712 levels, making it a promising RNAi approach to be used as a therapeutic 

treatment [19].  

Previous studies have shown that naked anti-miR-712 delivered via subcutaneous injection (at 5 

mg/kg, twice a week) reduced miR712 levels and increased TIMP3 target gene [19], obtaining a 

promising therapeutic effect. Nevertheless, high off-targets effects were observed in healthy tissues 

due to anti-miR712 is distributed throughout the entire body. Therefore, in order to address these 

limitations, our novel pBAEs were used to selectively drive RNAi-drugs to diseased ECs. 

Recently, pBAEs have been used to deliver plasmid DNA and/or siRNA in a specific cell manner in 

in vitro and in vivo assays [20]–[24], as previously have been reported in Chapter III and Chapter V. 

We have described that oligopeptide composition can modulate nanoparticle protein corona, 

controlling their biodistribution and cell specificity. Furthermore, pBAE oligopeptide formulations were 

designed to increase cell-entrance and endosomal scape efficiency [24], [25]. However, oligopeptide-

modified pBAEs cannot differentiate between dysfunctional and healthy ECs per se, and preferential 

delivery to d-flow arteries while avoiding the s-flow areas is difficult to achieve by just adjusting the 

oligopeptide composition of the vectors. For this reason, a more specific mechanism that may exploit 

a specific feature in dysfunctional ECs is required.  

Nowadays, targeted delivery represents a promising way to overcome this limitation. Peptides, 

proteins or chemical ligands have been link to nanoparticle surface in order to increase their 

selectivity [12], [26]–[28]. Therefore, the combination of an active cell targeting against diseased ECs 



Chapter VI - Targeted delivery to inflamed endothelium using VHKP-decorated pBAEs 

159 

using well-studied ligands and an efficient pBAE formulation could be an excellent strategy to drive 

specifically RNAi-based drugs to diseased cells, specifically to d-flow areas. To take advantage of 

both approaches, we hypothesized that targeted delivery using targeting peptides could drive pBAE 

polyplexes to dysfunctional ECs and an optimized oligopeptide pBAE composition could enhance 

their endosomal delivery once the target cell is reached.  

However, design or selection a cell-specific targeting peptide is still challenging. In endothelial 

dysfunction, it has been reported that a wide range of cell surface target molecules are overexpressed 

in d-flow conditions, such as VCAM-1 protein. Specifically, VCAM-1 protein is an inflammatory marker 

that is widely used as cellular receptor due to its easy accessibility and well-designed ligands [29]. For 

example,  VHPK peptide is an optimized  protein sequence that shows high affinity to VCAM-1 

membrane receptor [30], [31]. Therefore, VHPK targeting peptide was selected and incorporated into 

our previously developed pBAE formulation.  

Considerable efforts have been directed toward rational surface modifications and coatings to link 

targeting peptides. Commonly, poly (ethylene glycol) (PEG) has become the most widely-used 

approach in clinical applications due to its safety and biocompatible profile, versatility, low 

inmunogenicity, and its present low non-specific toxicity. However, alternative polymers to control 

polyplex pharmacokinetics have been described, such as poly [N -(2-hydroxypropyl)methacrylamide] 

(pHPAM)  [32], [33], poly(vinylpyrrolidone) (PVP) [34] or styrene-co-maleic acid/anhydride [35], shown 

in Figure VI-4. 

 

Figure VI-4 Different coating strategies can be used to shield the polyplexes surface. A) poly (ethylene glycol) (PEG), B) 

poly(vinylpyrrolidone) (PVP), C) Poly [N -(2-hydroxypropyl)methacrylamide] (pHPAM), and D) styrene-co-maleic 

acid/anhydride. 

All of them possess several specific proprieties. In this work, we have selected pHPMA polymer as 

a coating due to its simple formulation and adaptability to our final application. pHPMA have been 

formulated using amino-reactive groups, which are used to bind the coating with polyplex structure by 

covalently bonds [33], [36]. In addition, amine-reactive groups can be modified to selective bind 

targeting peptides. For example, in this study, 1-(2-Aminoethyl)maleimide was used to link VHKP 

peptide to pHPMA coating formulation. Then, pHPAM coating played a dual role decreasing protein 
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interaction with polyplex formulation, making them more stable and minimizing their cell non-

specificity, and as a linker of pBAE formulation and VHPK peptide. 

Therefore, the main objective of this chapter is to develop a targeted-delivery to inflamed 

endothelial cells using VHPK-targeted pBAEs. Where the therapeutic anti-miRNA, called anti-miR-

712, is used in order to design a promising atherosclerosis treatment.  

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

• Design and characterize VHPK targeted nanoparticles based on pBAEs. 

• Therapeutic anti-miR712 delivery to inflamed endothelial cells by ligand-receptor 

mechanism using VHPK targeted polyplexes. 

• In vivo determination of miR712 knockdown and TIMP3 gene recovery, in 

atherosclerosis mice model, using VHPK targeted polyplexes. 

• Biodistribution study of VHPK targeted polyplexes after IV administration. 
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6.2 Materials and Methods  

6.2.1 Materials  

Reagents and solvents used for polymer synthesis were purchased from Sigma-Aldrich and 

Panreac. Oligopeptide moieties used on the polymer modification (H-Cys-Arg-Arg-Arg-NH2, H-Cys- 

Lys-Lys-Lys-NH2, H-Cys-His-His-His-NH2 and H-Cys-Asp-Asp-Asp-NH2) were obtained from GL 

Biochem (Shanghai) Ltd with a purity of at least 98%. VHPK peptide (VHPKQHRGGSKGC) was 

obtained from GenScript with a purity of at least 98%. 

For in vitro studies, labelled anti-miR (Cy3™ Dye-Labeled Anti-miR™ Negative Control #; 

AM17011) and Anti-miR™ miRNA Inhibitor Negative Control #1 (AM17010) were used for uptake 

experiments and they were purchased from ThermoFisher. In addition, anti-miR-712 and pre-miR-712 

were purchased from Qiagen and used to knockdown or overexpress miR712 expression. 

Oligofectamine™ Transfection Reagent was purchased from Invitrogen and used according to 

manufacturer instructions. 

 For in vivo studies, anti-miR 712 was used as a therapeutic gene and anti-miR-SCR was used as 

scramble control. All, the in vivo studies were performed using C57BL/6 mice obtained from Jackson 

Lab. 

6.2.2 Synthesis of oligopeptide-modified C6-50 polymer 

As previously reported, C6-50 polymer was synthesized using a stequiometric mixture of 5-amino-

1-pentanol and hexylamine with slightly excess of 1.4-butanodiol diacrylate at 1:1.1 molar ratio [23]. 

Reaction was carried out under magnetic stirring at 90ºC for 24h and the resulting chemical structure 

was analysed by 1H-NMR and IR. As previously have been determined, C6-50 polymer average 

molecular weight range between 2000-2500 g/mol (relative to polystyrene standards) by HPLC-SEC.  

After that, oligopeptide-modified C6-50 polymer were obtained by end-modification of acrylate-

terminated polymer at 1:2.1 molar ratio. Arginine-, lysine-, histidine-, aspartic acid-, and glutamic acid- 

were used as oligopeptides. The mixture was stirred overnight at room temperature, and the resulting 

polymer was obtained by precipitation in a mixture of diethyl ether and acetone (7:3). The different 

oligopeptide modifications were confirmed by 1H-NMR and IR [23]. 

6.2.3 Synthesis of pHPMA-TT copolymer 

pHPMA-TT co-polymer was carried out by free radical polymerization using  N-(2-

hydroxypropyl)methacrylamide (HPMA) [37] and (Ma-acap-TT) [38] as monomers. 

6.2.3.1 HPMA monomer 

N-(2-hydroxypropyl)methacrylamide (HPMA) monomer was synthesized by acylation of 1-

aminopropan-2-ol with methacryloyl chloride using anhydrous sodium hydrogen carbonate 
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(NaHCO3). Na HCO3 was used as a base to quench HCl byproduct obtained during the HPMA 

synthesis. The reaction was stirred in order to ensure that two phases formed by NaHCO3 and 

organic DCM solvent were vigoroused mixed. The reaction was carried out at -20ºC and the final 

product was recrystallized from Et2O:MeOH (3:1). Chemical structure analysed by 1H-RMN was in 

concordance with previously described HPMA structure by Ulbrich et al. [37]. 

 

Figure VI-5. Synthesis of HPMA monomer. 

1H-NMR (200 MHz, CDCl3, TMS) (ppm): δ = 6.63 (s, 1H, NH), 5.71 (s, 1H, H- 3ii), 5.32 (t, 1H, H-3i), 

3.91 (m, 1H, H-6), 3.70 (d, 1H, OH), 3.46 (dq, 1H), 3.13 (m, 1H),1.94 (s, 3H, H-1), 1.16 (d, 3H, H-7) 

IR (ATIR) ν = 659, 824, 845, 914, 1001, 1053, 1088, 1117, 1142, 1232, 1263, 1331, 1427, 1553, 

1614, 1653, 2933, 2976, 3275, 3306 cm-1 

6.2.3.2 Ma-acap-TT monomer 

Ma-acap-TT monomer was synthesized in two steps. Firstly, Ma-acap-OH intermediated was 

obtained by acylation of aminocaproic acid with methacryloyl chloride in aqueous NaOH, in a 

procedure known as the Schotten-Baumann reaction (highly exothermic reaction). Then, Ma-acap-OH 

was recrystallized twice using EtOAc:Et2O. The intermediated Ma-acap-OH chemical composition 

was confirmed by 1H-RMN and the results were in concordance with with previously described Ma-

acap-OH structure by Subr et al. [38].  

Once Ma-acap-OH intermediated was synthetized, Ma-acap-TT was obtained by acylation of 2-

thiazoline-2-thiol (TT) with the free carboxylic group of Ma-acap-OH using dicyclohexylcarbodiimide 

(DCC) and a catalytic amount of 4-dimethyl-aminopyridine (DMAP) in THF, as shown Figure VI-6. The 

reaction was confirmed by the formation of white crystalline precipitate N,N’-dicyclohexylurea salt 

(DCU). Then, DCU salt was removed by filtration and the final product was recrystallized using Et2O. 

Chemical structure analysed by 1H-RMN was in concordance with previously described HPMA 

structure by Subr et al. 

 

 

Figure VI-6 Synthesis of Ma-acap-TT monomer. 
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1H-NMR (200 MHz, CDCl3, TMS) (ppm): δ = 5.86 (s, 1H, NH), 5.67 (s, 1H, H-3ii), 5.31 (t, 1H, H-3i), 

4.58 (t, 2H, H-13), 3.29 (m, 6H, H-5, H-9, H-12), 1.97 (s, 3H, H-1), 1.80 – 1.30 (m, 6H, H-6 H-7 H-8) 

IR (ATIR) ν = 677, 717, 878, 933, 1005, 1039, 1150, 1232, 1279, 1356, 1387, 1549, 1605, 1651, 

1697, 2855, 2930, 3284 cm-1 

Once monomers have been synthetized, pHPMA-TT copolymer have been polymerized by 

Reversible Addition-Fragmentation Chain Transfer (RAFT) reaction [39]. Briefly, HPMA (3.0 g, 20.9 

mmol), Ma-acap-TT (0.7 g, 2.3 mmol) and AIBN (0.59 g, 3.6 mmol) were dissolved in dry DMSO (25.3 

g, 17.1 mL) and the resulting solution was placed in a reaction vessel. The reaction mixture was 

purged with Ar, sealed and placed in a water-bath. The polymerization was carried out at 60 ºC for 6h. 

The copolymer was isolated by precipitation in a mixture of acetone:Et2O (3:1) and dried under 

vacuum until constant weight, yielding 2.9 g of a pale yellow solid (polymerization yield of 78%). 

Chemical structure and molecular weight was determined by 1H-RMN The content of TT groups in the 

copolymers was determined from the absorption values at λ = 305 nm, resulting a 9 % molar. . 

 

Figure VI-7 Synthesis of hydrophilic co-polymer coating containing amine-reactive groups.  

6.2.4 Synthesis of 1-(2-Aminoethyl)maleimide modified pHPM-TT copolymer  

(0.25 g, 1.59 mmol) pHPMA-TT co-polymer, (15.57 mg, 0.057 mmol) 1-(2-Aminoethyl)maleimide, 

and (0,017g,  0.17 mmol) trimethylamine were dissolved in DMSO and the reaction was carried out 

during 12 hours at room temperature. Polymer was precipitated in acetone:Et2O (1:1) and dried under 

vacuum. Maleimide modification was corroborated and characterized by 1H-RMN. The 1-(2-

Aminoethyl) maleimide modified TT groups in the polymers was determined from the absorption 

values at λ = 305 nm.  
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Figure VI-8 Modification of TT-group of pHPMA-TT copolymer using amino-maleimide. 

6.2.5 VHPK-targeted nanoparticles formation and biophysical characterization 

VHPK targeted polyplex were performed following a three-step procedure. Firstly, C6-50 polyplexes 

were carried out as previously have been described in the literature [23]. Briefly, polyplexes were 

formulated mixing equal volume of polymer and nucleic acids in acetate buffer (12.5 mM, pH 5.5) at 

100:1 w/w ratio. Polyplexes were mixed by pipetting for a few seconds and incubated at room 

temperature for 10 min. After that, polyplexes nanoprecipitation were performed adding the 

polyplexes to PBS 1x at 1:2 ratio. Secondly, hydrophilic-coating was carried out using pHPMA-TT or 

maleimide-modified pHPMA-TT co-polymers. Where, HPMA-TT polymer was used as a coating and 

amino-maleimide-modified pHPMA-TT was used also as a linker of polyplexes and VHPK peptide. 

Then, in both cases maleimide-modified pHPMA-TT or pHPMA-TT co-polymers at 100 mg/mL were 

added directly to previous polyplexes at final percentage weight of 6,25%. The resulting formulation 

was mixed by pipetting and incubated at room temperature for 30 minutes. Finally, VHPK peptide was 

conjugate to maleimide-modified pHPMA coated polyplexes at 1:10 maleimide:VHPK ratio. The 

resultant formulation was incubated during 30 minutes at room temperature.  

Size and surface charge were determined by Zetasizer Nano ZS (Malvern Instruments Ltd, United 

Kingdom, 4-mW laser). Polyplexes characterization were performed after each nanoparticle formation 

step.  

6.2.6 Oligopeptide formulation screening in endothelial cell line (iMAECs) using C6-50 

polymer 

Polymer screening of different oligopeptide end-modified pBAEs using labelled anti-miR was 

carried out in iMAECs. 80000 iMAEC cells were seeded in 12 well plate 24 hours prior uptake 

screening to obtain a 80% of cell confluency. Briefly, polyplexes formation were performed as 

previously have been described, using AcONa buffer (12.5 mM, pH 5.0). Then, iMAEC cells were 

transfected at final labelled anti-miR concentration of 200 nM during 2 h. Transfections were carried 

out using serum containing medium. After that, polyplexes were washed twice using PBS 1x and cells 
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were fixed using PFA 1% for flow cytometry analysis. Untreated cells and labelled anti-miR without 

carrier conditions were used as a negative control and oligofectamine reagent was used as a positive 

control following the manufacture instructions.  

6.2.7  In vitro miR-712 knockdown efficiency using C6-K/H polymer  

Mouse TNF-alpha treatment was used to obtain inflamed endothelium model in iMAECs and 

miR712 expression was regulated by anti-miR 712 delivery using C6-K/H polymer formulation. Briefly, 

80.000 cells were seeded 24 hours to anti-miR transfection to obtain an 80% of confluence prior to 

transfection. Then. iMAECs were pre-treated using mouse TNF-alpha during 2 hours (before anti-miR 

transfection) in order to overexpress VCAM-1 receptor. Anti-miR-712 was delivered using C6-K/H 

polymer at different concentrations, ranging from 50 nM to 200 nM. Transfections were carried out 

with and without serum proteins. 48 hours post-transfection, miR712 and miR15a levels were 

analyzed by qPCR. Scramble anti-miR were used as a negative control.  Statistical significance was 

determined using scramble control as control group. *p < 0.05, **p < 0.01, ***p < 0.001. 

6.2.8 Cellular uptake of labelled anti-miR using VHPK nanoparticles  

Cellular uptake was realized using labelled anti-miR-Cy3 in iMAECs. Previously, cells were pre-

treated with 3 ng/mL of mouse TNF-a during 2 hours to overexpress VCAM-1 membrane-receptor, 

obtaining a well-described inflamed cell model. 

Nanoparticle formulation was performed in the same manner than previous explain. Different 

pHPMA co-polymer quantities were combined to C6-K/H polyplex in order to determine the optimal 

pHPMA proportion, ranging from 3.12 % to 200 %. Similarly, different VHPK peptide:C6-K/H-pHMPA 

ratios were studied, ranging from 1:1 to 100:1. Polyplexes formation were carried out as previously 

have been explained and incubated during 2 hours in iMAECs. After 2 h, the remaining complexes 

were removed and cells were trypsinized with 100ul of trypsin and fixed with 200 µL of 

paraformaldehyde (PFA) at 1% and 200 µL of completed medium for flow cytometry analysis. 

Oligofectamine was used as a positive transfection control and anti-miR-SCR was used as negative 

control. Statistical significance was determined using scramble control as control group. *p < 0.05, **p 

< 0.01, ***p < 0.001. 

6.2.9 In vitro miRNA Knockdown using VHPK nanoparticles  

In vitro therapeutic anti-miR study was developed using TNF-alpha treated iMAEC cells. VHPK 

peptide dependent delivery was determined using VHPK- targeted or non-targeted nanoparticles at 

gene level. For this study, C6-K/H, C6-K/H-pHPAM, and C6-K/H-pHPAM-VHPK nanoparticles were 

used to deliver anti-miR-712. miR712 and their target gene (TIMP3) expression were determined at 

48 hours post transfection at gene level by qPCR. Anti-miR-SCR was used as scramble control. 

Statistical significance was determined using scramble control as control group. *p < 0.05, **p < 0.01, 

***p < 0.001. 
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6.2.10 In vivo animal experiments using atherosclerosis mouse model 

More than five-week-old female C57BL/6 mice were used for each condition. All procedures used in 

animal studies were conducted at Emory University and they were approved by the Institutional 

Animal Care and Use Committee (IACUC). 

Mouse Partial Carotid Ligation (PCL) Surgery technique was used to obtain a well-described in vivo 

atherosclerosis model. PCL is a model of acutely induced disturbed flow, leading to rapid endothelial 

dysfunction and atherosclerosis [12]. Briefly, anaesthesia was induced by intraperitoneal injection to 

C57BL/6 mice. Then, surgery area was disinfected. LCA was exposed by blunt dissection. Three of 

four caudal branches of LCA (left external carotid, internal carotid, and occipital artery) were ligated, 

as shown Figure VI-9. The incision was then closed. Finally, mice were monitored until recovery in a 

chamber[12]. 

 

Figure VI-9. Partial ligation of left common carotid artery (LCA) reduce and induce oscillatory blood flow. A) Three of the four 

branches were ligated, while leaving the superior thyroid artery open. B) Ultrasound technique was used to determine flow 

velocity profiles, revealing that partial ligation induces flow reversal in LCA during diastole. (Adapted from Nam et. al.)[12] 

Once PCL was conducted to induce disturbed flow in LCA, flow velocity and direction of LCA and 

RCA were determined by high resolution ultrasonography. Results showed in Figure VI-9 

demonstrated that blood flow velocity during systole is decreased. In addition, reverse blood flow was 

observed during diastole in LCA, However, flow in the right common carotid artery (RCA) remains 

unchanged after ligation. These results are in concordance with previously described PCL model by 

Nam et. al.[12].  

6.2.11 Preparation of nanoparticles solution for in vivo IV injection 

Anti-miR polyplexes were performed following a three-step procedure previously explained. In order 

to administrate 1 mg/kg of anti-miR by tail vein injection, 100 µL of anti-miR at 0,5 µg/µL were mixed 

with 100 µL of C6-K/H polymer at 25 µg/µL in AcONa buffer solution (12,5mM, pH 5.5). After 10 min 

of incubation at room temperature, 200 µL of nanoparticles were precipitated in 2 mL of HEPES at 

10mM with 5,4 mg/mL of sucrose.  
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Finally, nanoparticles were lyophilized overnight. Prior to systemic administration, lyophilized 

nanoparticles were resuspended with 120ul of RNA/DNA free water in order to be injected by tail vein 

injection according to the IACUC protocol. 

6.2.12 Isolation of endothelial enriched RNA from carotids 

As previously have been described [12], 48 hours post-injection endothelial enriched RNA from the 

carotids was extracted. Briefly, mice were killed by CO2 inhalation according to Emory University’s 

IACUC protocol and perfused with saline containing heparin (10 U/mL). Left common carotid artery 

(LCA) and the right common carotid artery (RCA) were rapidly isolated and cleaned. Immediately, the 

carotid lumen was quickly flushed with 150 µL of QIAzol lysis reagent. The eluate was snap-frozen in 

liquid nitrogen for posterior RNA extraction. Moreover, media and adventitia was snap-frozen in liquid 

nitrogen, pulverized by mortar and pestle, and lysed with QIAzol lysis reagent (300 µL). 

6.2.13 Anti-miR-712 biodistribution study 

48 hours post-injection mice were killed by CO2 inhalation according to Emory University’s IACUC 

protocol and perfused with saline solution. Immediately, organs were collected and snap-frozen in 

liquid nitrogen. Prior to RNA extraction, the organs were crashed and lysed with QUIzol for 

subsequent RNA extraction. miR712, miR15, TIMP3, PECAM-1, and CD45 genes expression were 

analyzed in lung, liver, spleen, thymus, heard, and kidney. 

6.2.14 RNA isolation and qPCR analysis 

Total RNA was extracted and purified using Direct-zol™ RNA Kits according to the manufacturer’s 

instructions. Briefly, RNA with QiaZol was mixed with equal volume of ethanol and the mixture was 

loaded to a column of silica filters. The RNA binds selectively to the silica matrix and can be washed 

before eluting in RNase-free water. Before eluting the RNA, DNase digestion was performed during 

15 minutes at room temperature, and then filter was washed three times before to eluted desired 

RNA. RNA quantity was determined by NanoDrop 1000 Spectrophotometer following the 

manufacturer’s instructions. After that, 10 µL of total RNA obtained from carotids or 500 ng of RNA 

from different organs were reverse-transcribed using High-Capacity cDNA Reverse Transcription Kit 

(Applied Biosystems) following the manufacturer’s instructions. Finally, qPCR using SYBR was 

performed to determine mRNA expression of TIMP3 gene from different organs. In addition, TIMP3, 

PECAM-1, SM22-alpha, and CD45 were analysed from carotids. Analysis study of the genes of 

interest were normalized against the 18S housekeeping gene. All analyses were performed using the 

2-ΔΔCT method and 3 technical replicates. 

Moreover, 10 µL of total RNA obtained from carotids or 500 ng of RNA from different organs were 

reverse-transcribed using miScript II RT Kit following the manufacturer’s instructions. Finally, qPCR 

using SYBR was performed to determine miR712 and miR15a from different organs and carotids. As 

previously, fold change between LCA and RCA were determined. U6 miRNA was used as a 
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housekeeping gene and the specific miRNA primers were purchased from Qiagen. All analyses were 

performed using the 2-ΔΔCT method and 3 technical replicates. 

Table VI-1 Primers sequences used for qPCR analysis. 

Primer Forward Sequence Reverse Sequence 

18S  5’-AGGAATTGACGGAAGGGCACCA-3’ 5’-GTGCAGCCCCGGACATCTAAG-3’ 

mPECAM1 5’-GCTGGTGCTCTATGCAAGC-3’ 5’-ATGGATGCTGTTGATGGTGA-3’ 

mSM22a 5’-CCTTCCAGTCCACAAACGAC-3’ 5’-GTAGGATGGACCCTTGTTGG-3’ 

mCD45 5’-CTTCAGTGGTCCCATTGTGGTG-3’ 5’-TCAGACACCTCTGTCGCCTTAG-3’ 

mTIMP3 5’-TCCCACCTCTCCACAAAGTT-3’ 5’-CACGGAAGCCTCTGAAAGTC-3’’ 

mVCAM1 5’-ACTTGTGCAGCCACCTGAGATC-3’ 5’-GCTATGAGGATGGAAGACTCTGG-3’ 

mTNF-alpha 5’-CGAATTTTGAGAAGATGATCCTG-3’ 5’-TGCTGGGAAGCCTAAAAG-3’ 

 

6.2.15 TIMP3 immunochemistry  

48 hours post anti-miR-712 administration, mice were euthanized using CO2 inhalation according 

to Emory University’s IACUC protocol and perfused with saline containing heparin. Not deeper 

perfusion was carried out in order to obtain a completely lung perfusion. After that, lungs were 

collected, washed twice in PBS 1x, and fixed using PFA 4% during more than 4 hours. Then, tissue 

was embedded in optimal cutting temperature (OCT) compound and was quick frozen in liquid 

nitrogen. Finally, resultant sample was stored at -80 ºC until immunochemistry analysis.  

Histology of OCT lung samples were performed using a thickness of 10 µm for TIMP3 

immunochemistry. Then, sections were washed using PBS 1x for 10 min, permeabilization buffer 

(0.25 % TritonX in PBS) was added during 20 min, samples were washed with PBS 1X, and 10% 

Donkey Serum in PBS 1X was added during 45 – 60 min. Immunohistochemical staining was carried 

out using anti-TIMP3 antibody (ab39185) at 1:100 dilution in Donkey Serum in PBS 1X overnight at 4 

ºC. After that, primary antibody was removed, samples were washed twice with PBS 1X, and goat 

anti-rabbit secondary antibody (sc-2004 from Santa Cruz) was added and incubated during 2-3 hours 

at 4ºC. Finally, secondary antibody was removed, washed twice with PBS 1x, and samples were 

imaged using a Zeiss LSM 510 META confocal microscope (Carl Zeiss).  

6.2.16 Western blot 

Western blotting was carried out over lung protein. Briefly, after lung completely perfusion, it was 

collected and incubated with RIPA buffer. Tissue was disrupted using TissueLyser LT from Qiagen. 

Then, samples were centrifuged during 10 min at 10000 rpm at 4ºC and the supernatant was 

collected and used for posterior western blotting analysis. 

Cell lysates (20 μg of protein) were loaded in 10% SDS-PAGE for protein separation. Then, 

proteins were transferred to a polyvinylidene difluoride membrane (Millipore) and probed using 

primary antibody following the standard western blotting method. TIMP3 (ab39185) and β-actin 



Chapter VI - Targeted delivery to inflamed endothelium using VHKP-decorated pBAEs 

169 

(A5316; Sigma-Aldrich) were used as primary antibodies and there were diluted at 1:1.000 using 

TBST 1X with 5 % of milk. Goat anti-rabbit antibody (sc-2004 from Santa Cruz) were used as 

secondary antibodies, and the membrane was developed using chemiluminescence detection. The 

intensities of the immunoreactive bands in the Western blots were quantified using the NIH IMAGE 

program. 

6.2.17 Statistical analysis 

Statistical analyses were carried out with Graph-Pad Prism (GraphPad Software). All error bars 

reported are SD unless otherwise indicated. Pairwise comparisons were performed using one-way 

Student t-tests. Differences between groups were considered significant at P values below 0.05 ( * p 

< 0.05, ** p < 0.01, *** p < 0.001) 
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6.3 Results and discussion 

Nanoparticle engineering to efficiently deliver RNAi-drugs to specific tissues is currently an 

emerging research area, which may overcome off-target limitations that have typically hampered 

clinical translation. In this chapter, we developed a new methodology that can be used for a wide 

range of therapeutic applications. We demonstrated that combining the proprieties of our previously 

described pBAEs (C6-50 family) [23] with a well described targeting peptide, it is possible to 

preferentially drive therapeutic RNAi-drugs to specific cell lines or tissues. In this project, C6-50 

polymer combined with VHPK targeting peptide were used to efficiently deliver therapeutic anti-

miRNA to inflamed endothelial cells, designing an efficient atherosclerosis treatment. 

To reach this aim C6-50 synthesis was carried out as previously reported in chapter III [24]. After 

that, C6-50 polymer was end-capped using our previously described oligopeptides moieties, obtaining 

a combination of artificial-natural carrier. As previously described, cell-efficient vectors may be 

modulated by tuning their oligopeptide composition. Therefore, prior to target our polyplexes, their 

oligopeptide composition was selected in order to design efficient polyplexes in terms of RNAi 

unpackaging and endosomal scape once their reach the target cells. Then, in order to determine this 

specific oligopeptide composition, polymer uptake screening using labelled anti-miRNA (anti-miR-

Cy3) was conducted in inflamed mouse endothelial cells (iMAECs), as shown in Figure VI-10.  

 

Figure VI-10 Cellular uptake of fluorescently-labeled particles prepared from AF555-labeled anti-miR in iMAECs. iMAECs were 

transfected with anti-miR-AF555 at final concentration of 200nM using different oligopeptide-modified poly(β-amino ester)s in 

order to select the top performing polymer formulation. Transfection was performed with complete medium. Fluorescence 

expression was determined 2 hours post-transfection by flow cytometry. Statistical significance was determined using positive 

control (oligofectamine) as control group. *p < 0.05, **p < 0.01, ***p < 0.001. 

Oligopeptide-modified polyplexes showed notable cellular uptake compared with Oligofectamine, 

indicating that newly designed pBAE presented higher cell-entrance capacity than commercial 

reagents. Lysine- / histidine- oligopeptide moiety at 1:1 ratio presented the highest cellular uptake in 

iMAECs, obtaining a 4-fold increase compared to commercial reagent (Figure VI-10). This data is in 
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concordance with previously polyplex screening using endothelial cell line, where siRNA was used as 

a nucleic acid (Chapter V) [24]. Therefore, these results suggest that lysine-/histidine- polyplexes 

exhibit an excellent cell-entrance and endosomal-scape when their reach inflamed endothelial cells.  

6.3.1 Formulation and biophysical characterization of VHPK targeted polyplexes  

Once lysine-/histidine- mixture was selected as top-performing oligopeptide composition, 

polyplexes were targeted using VHPK peptide in order to achieved a preferential delivery to inflamed 

endothelial cells, avoiding healthy ECs targeting. To reach this goal, polyplexes were fine-formulated 

in a three-step procedure and characterized by dynamic light scattering (DLS). Briefly, C6-50-K/H 

polyplexes were carried out mixing equal volume of polymer and anti-miRNA in acetate buffer, 

incubated 30 min at 25ºC, and nanoprecipitated in PBS, as previously explained in materials and 

methods section. In general, oligopeptide-modified C6-50 polymers present a discrete nanometric 

size, ranging from 60 to 250 nm, with a positive surface charge (Chapter III). For example, C6-50-K/H 

polyplexes present average size around 100 nm with a positive surface charge, 19.4 ± 1.0, when anti-

miRNA was used as nucleic acids (Figure VI-11).  

A) B) 

 

Figure VI-11. Biophysical characterization of anti-miRNA nanoparticles by Nanoparticle Tracking Analysis (NTA). A) 

Nanoparticle image using NTA. B) Nanoparticle concentration vs size distribution of C6-K/H-anti-miR polyplexes using NTA.  

Once anti-miRNA was condensed using C6-50-K/H polyplexes, these were coated using 

hydrophilic polymer (pHPMA-TT), which was further used as a linker between C6-50-K/H polyplexes 

and VHPK peptide, as is showed in Figure VI-12.  
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Figure VI-12: Preparation of targeted poly(b-amino ester) polymers. A)C6-50-K/H polyplexes were coated using a hydrophilic 

coating, pHPMA-TT. TT group from pHPMA-TT copolymer is able to react with amine group from polyplexes. B) C6-50-K/H 

polyplexes were coated using amino-maleimide modified pHPM-TT copolymer. TT group from amino-maleimide modified 

pHPMA-TT copolymer are able to react with amine group from polyplexes. Then, maleimide groups from amino-maleimide 

modified pHPMA-TT copolymer are able to react with thiol group from VHPK peptide.  

pHPMA-TT polymers present 2-thiazoline-2-thiol group (TT group) able to react with amine group 

from polyplexes, coating their surface (Figure VI-12-A). However, when targeting peptide was added, 

40% of TT groups from pHPMA-TT were further modified using 1-(2-Aminoethyl) maleimide, which 

was used as a linker of anti-miRNA-polyplexes with targeting peptides. Then, peptides containing 

cysteine amino acid can be linked to the surface of pHPMA-TT coated polyplexes via maleimide-thiol 

coupling reaction and the rest of TT groups (60 %) were used to react with amine group from 

polyplexes (previously explained in materials and methods). For polyplex –VHPK peptide reaction, 

slight excess of peptide was added to polyplexes solution in order to ensure a fully modification of 

maleimide reactive groups (Figure VI-12-B). 
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Polyplex pHPMA-TT coating and VHPK targeting were corroborated using DLS, as is shown in 

Table VI-2. 

Table VI-2. Characterization of targeted poly(b-amino ester) polymers.  Hydrodynamic size and zeta-potential of coated and 

non-coated C6-50-K/H polyplexes and targeted and non-targeted coated C6-50-K/H were determined by Dynamic Light 

Scattering. Results are shown as mean and standard deviation of triplicates 

 

Results showed that neutral average charge from pHPAM-TT polymer is able to decrease the 

positive surface charge of our polyplexes formulations from 19.4 mV to 6.0 mV, corroborating a 

successful polyplex coating. However, when VHPK peptide is added to coated C6-50-K/H polyplexes, 

surface charge of the resultant formulation is slightly increase from 6.0 mV to 8.1 mV. In contrast, 

polyplexes hydrodynamic size remain stable when pHPMA-TT coating or VHPK peptide were added, 

confirming the integrity of our polyplexes. 

6.3.2 VCAM-1 depended in vitro delivery using VHPK targeted nanoparticles 

Once VHPK targeted pBAE have been formulated and characterized, polyplexes were used to 

deliver RNAi-based drugs to turbulent blood flow areas, where endothelial cells are inflamed. Before 

to test our polymer formulations to in vivo mouse model, in vitro studies using immortalized mouse 

aorta endothelial cells (iMAECs) were carried out. Then, to overexpress endothelial inflammatory 

markers, such as VCAM-1, iMAECs were pre-treated using TNF-alpha at 3 ng/µL during 2 hours, as 

previously has explained in materials and methods and Figure VI-13 shown.  

 

Figure VI-13. VCAM-1 expression of TNF-alpha treated iMAECs. Cells were pretreated with 3 ng/mL of mouse TNF-alpha 

during 2 hours and VCAM-1 expression was analyzed by qPCR at 48 hours post-treatment. 
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 After TNF-alpha treatment, VCAM-1 inflammatory marker expression was increased in iMAECs. 

Results showed 4-fold increase of VCAM-1 marker compered to non-treated cells, corroborating that 

TNF-alpha is a well-known inducer of different inflammatory markers (Figure VI-13).  

Once VCAM-1 was induced, polyplexes were tested for their ability to specifically deliver anti-

miRNA to inflamed endothelial cells. Then, polyplexes condensing labelled anti-miRNA were used to 

study their VHPK receptor-mediated specificity in in vitro assays using inflamed iMAECs. Uptake 

experiment was carried out testing the behaviour of polyplexes with or without hydrophilic coating 

(pHPMA-TT) and polyplexes with or without VHPK targeting peptides, as is shown in Figure VI-14. 

 

Figure VI-14 VHPK dependent delivery using Cy3-anti-miRNA in TNF-alpha treated iMAECs. A) Uptake delivery assay was 

performed using labelled anti-miR at 200nM and the results were analysed at 2h post transfection using flow cytometry. (-) 

mean absence of polymer, coating or VHPK peptide. (+) mean presence of polymer, coating or VHPK peptide. (+++) mean a 

high excess of VHPK peptide (competing peptide).  Statistical significance was determined comparing coated nanoparticle as 

control group. *p < 0.05, **p < 0.01, ***p < 0.001. B) Confocal microscopy images were carried out over previous uptake 

experiment.  

Results showed that anti-miRNA alone is able to cross cell membrane, however in order to obtain a 

therapeutic effect high anti-miRNA doses are needed. Then, VHPK-dependent delivery assay was 

performed using C6-50-K/H polymer. Results demonstrated that non-coated nanoparticles (anti-

miRNA-C6-50-K/H polyplexes) present the highest uptake efficiency over iMAECs due to their ability 

to enter by endocytosis. Lysine- / histidine- formulations were previously designed to efficiently 

transfect endothelial cells, showing a promising cellular entrance and endosomal scape. As expected, 

when pHPMA-TT coating was added, polyplexes uptake decreased. However, when VHPK peptide 
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was added to pHPMA-TT coated polyplexes a significant uptake increase was observed, reaching a 

similar uptake values obtained by non-coated polyplexes. Then, these results seem to suggest that 

VHPK targeted polyplexes are able to enter by receptor-mediated endocytosis. Furthermore, to 

corroborate this hypothesis, a receptor-peptide competitive assay was carried out using an excess of 

VHPK peptide, incubating iMAECs with VHPK targeted nanoparticles and high excess of free VHPK. 

Results demonstrated a decrease of uptake efficiency due to in this case the entrance competition is 

between VHPK linked to nanoparticles and free VHPK in the medium.  

6.3.3 Anti-miR-712 delivery using VHPK nanoparticles to inflamed endothelial cells 

Once receptor-mediated endocytosis delivery of VHPK-coated-nanoparticles using labelled anti-

miRNA was observed, targeted polyplexes were used to deliver therapeutic anti-miRNA, such as anti-

miR-712.  

Firstly, anti-miR-712 dose curve was carried out, ranging from 50 nM to 200 nM, in order to 

optimize anti-miR712 concentration in in vitro assays. Screening was performed using non-coated 

and non-targeted polyplexes (C6-50-K/H polymer) in TNF-alpha pre-treated iMAECs. 48 hours post-

transfection, functional miR712 and control miR15a were analysed at gene level by qPCR 

(Figure VI-15).  

 

Figure VI-15. iMAECs were transfected with therapeutic anti-miR712 at different concentrations, ranging from 50nM to 200nM. 

A) miR712 expression was determined at 48 hours post-transfection by qPCR. B) miR712 expression was determined at 48 

hours post-transfection by qPCR. Statistical significance was determined using scramble control as control group. *p < 0.05, **p 

< 0.01, ***p < 0.001. 

A well-defined dose curve response was observed when anti-miR-712 concentration was 

increased, reaching a 90 % of miR712 knockdown efficiency working at 200 nM. In addition, non-

significant miR15a (control miRNA) knockdown effect was observed when anti-miR712 was delivered 

at different anti-miR712 concentrations, confirming the anti-miR712 specificity. Therefore, in order to 

obtain an efficient therapeutic response, anti-miR712 final concentration of 200 nM was selected.  
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After that, VHPK-depended delivery was analysed using anti-miR712 as nucleic acid. miR712 and 

TIMP3 levels were determined in iMAECs after anti-miR712 delivery using targeted and non-targeted-

polyplexes. In addition, non-coated polyplexes (C6-50-K/H polymer) was used as a positive control of 

transfection and scramble anti-miRNA delivered using VHPK targeted polyplexes was used as a 

negative control of silencing. miR712 and TIMP3 expression was analysed at 48 hours post-

transfection by qPCR, as Figure VI-16-A-B shown.  

 

Figure VI-16. VHPK dependent delivery using therapeutic anti-miR712 as a nucleic acid. A) miR712 levels were determined 

after 48 hours of anti-miR712 delivery using C6-50-K/H polymer (white bar) and coated C6-50-K/H with or without VHPK (gray 

bar). Anti-miR-SCR was delivered using VHPK targeted polymer and used as a negative control (black bar). Statistical 

significance was determined using scramble control as control group. *p < 0.05, **p < 0.01, ***p < 0.001. B) TIMP3 levels were 

determined after 48 hours of anti-miR712 delivery using C6-50-K/H polymer (white bar) and coated C6-50-K/H with or without 

VHPK (gray bar). Anti-miR-SCR was delivered using VHPK targeted polymer and used as a negative control (black bar). 

Statistical significance was determined using scramble control as control group. *p < 0.05, **p < 0.01, ***p < 0.001. 

Results from Figure VI-16-A further demonstrated receptor-mediated delivery using VHPK targeted 

polyplexes using anti-miR-712 as a therapeutic RNAi. C6-50-K/H polymers present high transfection 

efficiency due to their superficial oligopeptide composition, confirming previous uptake results 

(Figure VI-14). In contrast, when pHPMA-TT coating was added, polyplexes presented lower silencing 

efficiency than non-coated ones. However, when VHPK peptide was linked to pHPMA-TT coated 

polyplexes an increase of miR-712 knockdown was observed compared to non-targeted polyplexes. 

Then, we can confirm that targeted polyplexes enter by receptor-mediated endocytosis, avoiding 

unspecific cellular entrance that could compromise cell behavior.  

Once a significant reduction of miR712 levels was observed, TIMP3 gene expression was further 

analysed. As is expected, the basal level of TIMP3 gene was rescued when anti-miR-712 was 

delivered using VHPK targeted polyplexes, reaching at 2-fold increase compared to scramble control 

(Figure VI-16-B). In addition, a significant 1.5-fold increase was observed when anti-miR-712 was 
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delivered without VHPK, confirming that the small quantity of anti-miR-712 that enter by non-receptor 

mediated endocytosis have a therapeutic effect over iMAECs. However, no correlation was observed 

when anti-miR-712 was delivered using non-coated polyplexes (C6-50-K/H polymer), where TIMP3 

upregulation was not observed. These results are in concordance with previously reported data, 

where it was observed that high transfections efficiencies could compromise cells viabilities. Then, 

even through efficient miR712 knockdown was achieved, TIMP3 expression was not increased due to 

they play a key role in different cell inflammation pathways [40]. Then, these results confirm that the 

combination of therapeutic anti-miR-712 drug with well-designed VHPK targeted polyplexes is 

essential to obtain a powerful in vitro and in vivo arthrosclerosis treatment.  

6.3.4 VHPK-CCL-anti-miR-712 delivery to inflamed endothelium in d-flow regions in in vivo 

atherosclerotic mice model 

Once VCAM1-dependent delivery of anti-miR-712 was confirmed in in vitro model, the next step 

was to use VHPK-targeted-polyplexes to deliver anti-miR-712 to atherosclerosis in vivo model. Firstly, 

VCAM-1 inflammatory marker was overexpressed in left carotid from C57BL/6 mice by Partial Carotid 

Ligation (PCL), as previously explained in materials and methods. PCL surgery induce disturbed flow 

(d-flow) in the left carotid artery (LCA), while in the right carotid artery stable flow (s-flow) is present. 

In addition, VCAM-1 inflammatory marker is significantly expressed in d-flow naturally curved arteries. 

For example, the typical naturally pro-artherogenic zone is located in the aortic arch region, where 

VCAM-1 marker is significantly overexpressed in the lesser curvature (LC) region compared to 

greater curvature (GC) region[41].   

Briefly, PCL was conducted in 5-week-old 18 C57BL/6 mice following the IACUC protocol. 72 hours 

post-surgery, therapeutic anti-miR-712 was administrated by IV injection using pBAEs as carrier at 1 

mg/kg. Therapeutic anti-miR-712 was delivered using VHPK targeted and non-targeted polyplexes in 

order to determine their ligand-receptor specificity at in vivo level. Moreover, anti-miR-SCR was 

delivered using VHPK targeted polyplexes and used as a negative control. 48 hours post-

administration, miR712 levels and TIMP3 gene expression were determined in LCA and RCA by 

qPCR, as shown in Figure VI-17.   
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Figure VI-17. Selective and efficient anti-miR-712 delivery using VHPK targeted polyplexes to inflamed endothelium in d-flow 

regions of mice. At 3 days following partial carotid ligation, C56BL/6 mice were tail-vein injected with VHPK targeted polyplexes 

using anti-miR-712 (therapeutic RNAi) and anti-miR-SCR (control RNA) at 1 mg/kg. 48 hours post-injection mice were 

sacrificed and endothelial enriched RNA and was extracted from the RCA and LCA. Expression of miR-712 and its target gene 

TIMP3 were determined by qPCR in endothelial and smooth muscle cells enriched samples. A) PCL model. B) VCAM-1 

expression in PCL model mouse. Statistical significance was determined using RCA as control group. *p < 0.05, **p < 0.01, 

***p < 0.001. C) miR712 expression was analysed in endothelial enriched samples from RCA and LCA at 48 hours post-

injection in PCL mice model. Statistical significance was determined using anti-miR-SCR/RCA or anti-miR-SCR/LCA samples 

as control group. *p < 0.05, **p < 0.01, ***p < 0.001. D) miR712 expression was analysed in smooth muscle cells enriched 

samples from RCA and LCA at 48 hours post-injection in PCL mice model. Statistical significance was determined using RCA 

as control group. *p < 0.05, **p < 0.01, ***p < 0.001. 

First of all, VCAM-1 gene level was analysed at 48 hours post-ligation, obtaining a 3-fold increase 

in LCA compared to RCA (Figure VI-17-B). Results are in concordance with previously described 

data, where VCAM-1 expression was analysed at gene and protein level [31], [42], [43]. 

Once anti-miRNA was systemic administrated, miR712 levels were determined at 48 hours post-

injection in endothelial and smooth muscle cell enriched RNA samples from RCA and LCA. Based on 

gene level analysis, a 2.5-fold increase of miR712 expression was observed in the LCA compared to 

RCA enriched-endothelium when control anti-mir-SCR was injected (Figure VI-17-C). In contrast, a 
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non-significant increase of miR712 was observed in the leftover samples (SMC) from RCA and LCA 

(Figure VI-17-D). However, when anti-miR-712 was delivered using VHPK targeted polyplexes, a 

significant decrease of miR712 levels was observed in LCA endothelial-enriched samples compared 

to anti-miR-SCR injected mice, obtaining a similar miR712 expression levels than s-flow regions 

(RCA) (Figure VI-17-C). As previously noticed, non-significant reduction of miR712 level was 

observed between the leftover samples. Thus, these results could suggest that novel VHPK 

polyplexes are able to deliver anti-miR712 in a receptor-specific manner without affecting gene 

expression of others cells lines, such as smooth muscle cells. 

After that, TIMP3 gene levels was further studied in endothelial enriched and leftover samples, as is 

showed in Figure VI-18. 

  

Figure VI-18. Selective and efficient anti-miR-712 delivery using VHPK targeted polyplexes to inflamed endothelium in d-flow 

regions of mice.  A) TIMP3 expression was analysed in endothelial enriched samples from RCA and LCA at 48 hours post-

injection in PCL mice model. Statistical significance was determined using different conditions as control group. *p < 0.05, **p < 

0.01, ***p < 0.001. B) TIMP3 expression was analysed in smooth muscle cells enriched samples from RCA and LCA at 48 

hours post-injection in PCL mice model. Statistical significance was determined using RCA as control group. *p < 0.05, **p < 

0.01, ***p < 0.001. 

In order to recover TIMP-3 expression in d-flow regions, anti-miR-712 was delivered using VHPK 

targeted nanoparticles. In addition, VCAM-1 targeting was corroborated comparing anti-miR-712 

delivery using targeted or non-targeted polyplexes. As is expected, TIMP-3 expression was 

significantly reduced in LCA compared to RCA after PCL treatment when control anti-miR was 

injected, confirming the atherosclerosis in vivo model (Figure VI-18-A). In contrast, when anti-miR-712 

was delivered using VHPK targeted nanoparticles a 2-fold TIMP3 expression increase was observed 

compared to control anti-miRNA in LCA. Furthermore, results demonstrated that only the polymer 
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formulation targeted with VHPK peptide is able to recover TIMP-3 expression. In addition, similar 

TIMP3 levels were observed using anti-miR712 or anti-miR-SCR in RCA (Figure VI-18-A). Finally, 

TIMP-3 was not increased in LCA leftover samples compared to RCA using our promising VHPK 

targeted polyplexes. These results confirm that newly developed polyplexes present a preferential 

affinity to endothelial cells over other cells lines (Figure VI-18-B).  

To further corroborate these results, quality controls of endothelial elution using cell-type markers 

were performed. Endothelial marker (PECAM-1), smooth muscle cells marker (SM22a) and immune 

marker (CD45) were determined (Figure VI-19). 

 

Figure VI-19. Quality criteria of endothelial enriched layer was determined analysing PECAM-1 as a endothelial marker, 

SM22a as a smooth muscle cell marker and CD45 as immune marker. Statistical significance was performed between PCAM-1 

and SM22a markers. *p < 0.05, **p < 0.01, ***p < 0.001. 

High PECAm-1 levels and low SM22-a levels in endothelial enriched samples were found. In 

contrast, low PECAM-1 levels and high SM22-a were observed in media and adventitia samples (LO). 

In addition, low CD45 levels were observed in all conditions due to non-lymphoid infiltration after 120h 

post PCL surgery, confirming the purity of our EC-rich and SMC-rich samples. These results are in 

concordance with previously published data and with Chapter V [12].  
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6.3.5 VHPK-CCL-anti-miR-712 biodistribution profile  

After systemic administration polyplexes were distributed abroad of the organs. However, we 

hypothesized that our newly designed polyplexes preferably targets inflamed endothelial cells, 

avoiding off-targets effects over other tissue. For this study, VHPK targeted polyplexes were used to 

deliver therapeutic anti-miR712 and scramble anti-miRNA, which is used as a negative control, at 1 

mg/kg. 48 hours post-administration, miR712, miR15a (control gene) and TIMP3 expression were 

analysed from different organs in order to determine their biodistribution, as shown in Figure VI-20 

and Figure VI-21.  

 

Figure VI-20. anti-miR712 biodistribution was analysed determining the A) miR712 expression and B) miR15a expression in 

lungs, spleen, thymus, kidney, liver and heart by qPCR. Statistical significance was determined using respective scramble 

controls as control group (n=4-6 mice). *p < 0.05, **p < 0.01, ***p < 0.001. 

Data from Figure VI-20-A showed significant differences in miR712 expression comparing 

therapeutic and scramble anti-miRNA. Particularly, lung tissue present the highest miR712 

knockdown after anti-miR-712 administration compared to anti-miR-SCR control, obtaining a 55% of 

miRNA silencing using VHPK targeted nanoparticles. In addition, VHPK targeted polyplexes carrying 
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anti-miR-712 significantly decrease miR712 expression in spleen and kidney. In contrast, non-

relevant miR712 up- or downregulation was observed in thymus and heard using. Curiously, high 

variability of miR712 levels was observed in the liver, observing a non-significant difference between 

samples. In contrast, when anti-miR-712 was delivered using non-targeted polyplexes, non-significant 

miR712 downregulation was observed in spleen, kidney, thymus, liver and heart. However, miR712 

levels were slightly decreased in the lung, obtaining a 45% of miR712 silencing. 

To further corroborate these results, miR15a (control miRNA, non-targeted anti-miR712 gene) was 

analysed (Figure VI-20-B). Gene level analysis revel non-significant differences after 48h of anti-

miR712 administration compared to scramble anti-miRNA control. As previously have been observed 

in Figure VI-15, these results corroborated the anti-miR712 specificity.  

Once different miR712 expression profiles were observed, TIMP3 target gene expression was 

determined, as shown Figure VI-21. 

 

Figure VI-21. TIMP3 expression was determined after 48 hours post-administration of anti-miRNA712 in lungs, spleen, thymus, 

kidney, liver and heart by qPCR. Statistical significance was determined using respective scramble controls as control group 

(n=4-6 mice). *p < 0.05, **p < 0.01, ***p < 0.001. 

Results did not show upregulation of TIMP3 after anti-miR-712 administration using targeted 

polyplexes in spleen, thymus, and heard. However, a slight increase in TIMP3 was observed in kidney 

and liver. Interestingly, more than 4-fold increase was observed in lung tissue after anti-miR-712 

delivery using VHPK targeted polyplexes. In contrast, non-significant TIMP3 increase was observed 

when anti-miR712 was delivered non-targeted polyplexes. Therefore, these results suggest that our 

targeted polyplexes present a preferential delivery to lung tissue, that is well described to present high 

percentage of d-flow arteries.  
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6.3.6 TIMP3 expression is increased in lung tissue 

To confirm that TIMP3 overexpression was caused by the successful delivery of anti-miR712, 

TIMP3 gene expression profile in the lung was further supported at protein level by a Western blotting 

assay and Immunofluorescence. Briefly, VHPK targeted polyplexes condensing anti-miR-712 or anti-

miR-SCR were injected to five-week-old C57BL/6 mice by tail vein injection. 48 hours post injection 

mice were sacrificed using CO2 and left lung was collected for protein analysis by western blot and 

immunofluorescence, as is showed in Figure VI-22. 

 

Figure VI-22. Anti-miR-712 silences miR-712 and restores TIMP3 protein expression in lungs. A-B) Representative western 

blots show modulation of TIMP3 expression after 48h post-injection of anti-miR712 in lungs. Statistical significance was 

determined using respective scramble controls as control group (n=3 mice). *p < 0.05, **p < 0.01, ***p < 0.001. C) C57bl/6 mice 

were injected using K/H*VHPK*anti-miR712 or K/H*VHPK*anti-miR-SCR nanoparticles. Lung frozen sections obtained from 

these mice were used for immunofluorescence staining with antibody specific to TIMP3 shown in purple (n=3 mice). Negative 

control staining was performed without primary TIMP3 antibody.  

As predicted, western blot analysis showed that after anti-miR-712 delivery, TIMP3 protein level 

was significantly increased, compared to scramble anti-miRNA injected mice (Figure VI-22-A). To 

quantify TIMP3 protein expression ImageJ software was used, obtaining a 1.5-fold change once anti-

miR712 was delivered. For this study, beta-actin antibody was used to normalized TIMP3 expression.  
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In addition, TIMP3 immunofluorescence in lung arteries was carried out using TIMP-3 antibody. 

Results showed a slightly increase of fluorescence when anti-miR-712 was delivered compared to 

scramble anti-miRNA, agreeing with western blot analysis. To confirm immune assay specificity, a 

negative control using secondary antibody was carried out, where no fluorescence was observed. 

Therefore, these results suggest that anti-miR712 delivery using VHPK targeted polyplexes may 

rescue TIMP3 expression from d-flow endothelial cells.  

We can conclude that biodistribution studies are in concordance with previously observed data, 

which miR712 or TIMP3 expression are up- or downregulated when anti-miR712 is delivered using 

only VHPK targeted polyplexes. Particularly, miR712 is downregulated in lung, spleen, and kidney. 

However, only TIMP3 upregulation was observed in the lungs, obtaining a 4-fold increase at gene 

level and a significant 1.5-fold increase at protein level compared to scramble anti-miRNA control 

(Figure VI-21 and Figure VI-22). Lungs present a physiological function based on the fluid movement 

between the air space and the vascular system, witch’s plays an important role in wide range of 

diseases. Therefore, osmotic water permeability is especially high across the alveolar epithelia and 

endothelial cells[44], [45]. Then, endothelial cell layer from lung vasculature is constantly involved in a 

high shear stress atmosphere. Thus, we hypothesized that certain endothelial cell layer overexpress 

some inflammatory markers, such as VCAM-1. Consequently, miR712 level is downregulated and 

TIMP3 expression is upregulated when anti-miR712 was delivered using VHPK targeted polyplexes.  
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6.4 Concluding remarks 

We have formulated a simple design and efficient cationic polymer formulation based on poly(β-

amino ester)s to deliver RNAi-drugs in a cell-specific-manner in in vitro and in vivo systems. 

Previously cell-efficient pBAEs were further decorated using targeting peptides to improve their cell 

specificity in diseased cells. We observed that combining a well described RNAi-drug with a well-

described targeting peptide, our newly developed polyplexes shown a potential therapeutic effect in 

atherosclerosis disease.  

As discussed in previous chapters, endothelial efficient oligopeptide formulation was selected by in 

vitro screening, obtaining that lysine/histidine oligopeptide composition preferentiality delivers anti-

miRNA to endothelial cells, corroborating the results obtained in Chapter V. Lysine/histidine 

oligopeptide composition confer efficient cellular entrance and endosomal scape of anti-miRNA, 

making them efficient once polyplexes reach the target cells. 

Once lysine/histidine oligopeptide formulation was selected, VHPK targeted polymers were 

synthetized and corroborated using DLS. Results showed that neutral average charge from pHPAM-

TT polymer is able to decrease the positive surface charge of C6-50-K/H polyplexes from 19.4 mV to 

6.0 mV, corroborating a successful polyplex coating. However, when VHPK peptide is added to 

coated C6-50-K/H polyplexes, surface charge of the resultant formulation is slightly increased, from 

6.0 mV to 8.1 mV. Furthermore, hydrodynamic size remains stable when pHPMA-TT coating or VHPK 

peptide were added to C6-50-K/H polyplexes, confirming their structure integrity. 

After that, VHPK targeted polyplexes were used to deliver RNAi-based drugs to inflamed 

endothelial cells from the vasculature. Firstly, in vitro assay using inflamed endothelial cells 

demonstrated that polyplexes enter by receptor-mediated endocytosis when VHPK peptide was 

added to pHPMA-TT coated C6-50-K/H polyplexes. Results were confirmed at uptake level using 

labelled anti-miR and at functional level, using anti-miR712. 

 Once inflamed endothelial specificity was observed at in vitro level, targeted nanoparticles were 

used in in vivo atherosclerotic mouse. When therapeutic anti-miR712 was delivered using VHPK 

targeted C6-50-K/H polyplexes, miR712 expression was decreased in d-flow areas (inflamed ECs), 

while miR712 levels in s-flow areas (healthy ECs) remain stable. Interestingly, no therapeutic effect 

was observed when anti-miR712 was delivered without VHPK targeting peptide, corroborating their 

receptor-mediated targeting pathway. Furthermore, results demonstrated that miR712 target genes, 

such as TIMP3, are upregulated after anti-miR712 treatment in in vitro. 

 Finally, biodistribution studies are in concordance with previously observed data, which miR712 is 

up- or downregulated when anti-miR712 is delivered using only VHPK targeted polyplexes. 

Particularly, miR712 is downregulated in lung, spleen, and kidney. However, only TIMP3 upregulation 

was observed in the lungs, obtaining a 4-fold increase at gene level and a significant 1.5-fold increase 

at protein level. 
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These results suggest that we have developed efficient vectors based in poly(β-amino ester)s with 

promising characteristics to treated a wide range of diseases, such as atherosclerosis. Showing that 

active targeting and efficient release of RNAi-drug are a key factor to obtain a successful therapeutic 

advance.  
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Conclusions 
 

Efficient and safe RNAi delivery vectors based on poly(β-amino ester)s with the ability to 

preferentially drive nucleic acids in a tissue-specific-manner have been developed and described in 

this thesis.   

Firstly, polyplex cell-specificity features have been successfully achieved combining poly(β-amino 

ester)s with different mixtures of cationic and anionic oligopeptides formulations. 

• pBAE end-capping using different oligopeptide moieties were successfully synthetized and 

characterized. Biophysical analysis showed that pBAEs are able to condense RNAi-based 

nucleic acids into discrete nanoparticles with tuneable surface features, such as oligopeptide 

composition and net surface charge.  

• Higher cellular viability and silencing efficiency have been observed at in vitro level using 

mixtures of different oligopeptide formulations compared to commercial transfection reagents. 

• The results obtained using different oligopeptide modified pBAEs have shown that is possible 

to tailor the polyplexes physicochemical proprieties that control the efficiency and specificity of 

RNAi delivery vectors. This open the window to design formulations for specific therapeutic 

applications.   

In vitro proof of concept of this new delivery system in difficult-to-transfect and challenging cell lines 

has been performed. Specifically, Dental Pulp Pluripotent Stem Cells (DPPSC) gene expression has 

been regulated using oligopeptide-modified pBAE as RNAi delivery vector. 

• Arginine- / aspartic acid- oligopeptide formulation has been identified as top-performing 

polyplex formulation to efficiently co-deliver siRNA and plasmid DNA to DPPSCs. These 

polyplexes showed slightly negative surface charge allowing high rate of transfection without 

cytotoxicity, making them excellent vehicle to deliver high payloads of therapeutic nucleic acids. 

• Downregulation of pluripotent genes, such as OCTA 3/4 and NANOG, and upregulation of 

osteogenic key genes, such as RUNX2, improved and accelerated the expression of crucial 

osteogenic markers, becoming a powerful technique to enhance bone tissue regeneration. 
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Secondly, stable nanoparticles based on previously developed cell-specific oligopeptides pBAE 

formulations have been developed, characterized, and tested.  

• PBAE backbone has been modified using different hydrophobic structures, such as 

hexylamine, hexadecilamine, and cholesterol. Newly developed polymers are able to efficiently 

condense RNAi-based nucleic acids into smaller nanometric size than previously studied 

polymers, maintaining their surface charge tuneability.  

• RNAi packaging capacity can be modulated playing with pBAE hydrophobicity as have been 

demonstrated by gel retardation assay. Therefore, newly developed polymers present higher 

packaging capacity than C32 polyplexes.  

• Stability experiments demonstrated that polyplexes formulated with hexylamine or cholesterol 

exhibit improved stability, remaining stable for more than 24 hours in serum-containing 

medium. The most stable polyplexes correspond with the polyplexes with smaller 

hydrodynamic size and higher packaging capacity. 

• Greater GFP knockdown efficiency than C32 formulation has observed when newly 

oligopeptide-modified pBAEs polymers have been used in in vitro assays. In addition, stable 

polyplexes allowed efficient GFP silencing in serum-containing medium, while silencing 

efficiency of previous C32 polymers in serum-containing medium is reduced. 

• Stability and transfections studies have been demonstrated that hexylamine modified pBAE, 

called C6-50 polymer, is the most promising delivery formulation to be use for in vivo 

applications.  

As a proof of concept, cell-specificity and stability of our new developed polyplexes have been test 

to preferentially deliver siRNA to endothelial cells from vasculature.  

• In vitro assays demonstrated that lysine/histidine oligopeptide mixture preferential delivers 

siRNA to endothelial cells. In addition, efficient and safer gene knockdown has been achieved 

when a functional siRNA against ICAM-2 gene was used.  

• In vivo results showed significant ICAM-2 knockdown effect, and a reduction of more than 55% 

in gene expression was achieved in endothelial cells from carotids compared to negative 

control. In contrast, no significant reduction of ICAM-2 was observed in other tissues, 

confirming the endothelial preferentiality of our newly designed polymer formulation.  

• Biodistrubution studies further demonstrated that lysine/histidine oligopeptide mixture presents 

a selective delivery to endothelial cell line, which only ICAM-2 reduction was observed in high 

vascularized organs. 
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Targeted delivery has been presented as a promising alternative to achieve preferential delivery to 

inflamed endothelial cells from the vasculature, designing a potential atherosclerotic treatment. Then, 

RNAi polyplexes based on poly(β-amino ester)s have been modified and optimized for this propose.  

• Targeted pBAEs have been successfully synthetized using a reactive hydrophilic coating called 

pHAM-TT. Results showed that polyplex surface charge was decreased when hydrophilic 

coating was added. In contrast, polyplex surface charge was increased when VHPK targeting 

peptide was linked. 

• In vitro assay using TNF-a treated iMAECs demonstrated that nanoparticles enter the cells by 

receptor-mediated endocytosis when anti-miRNA was delivered using VHPK targeted 

nanoparticles. Uptake results were further corroborated using therapeutic anti-miR-712, where 

miR712 expression was decreased, recovering the expression of anti-atherogenic genes.  

• At in vivo level, specific delivery of anti-miR712 to inflame endothelial cells of atherosclerotic 

mice model using VHPK targeted nanoparticles have been achieved without unspecific delivery 

to healthy endothelial cells. In addition, anti-atherogenic gens have been recovered in inflame 

endothelial cells after anti-miR-712 delivery. Therefore, targeting delivery have been 

corroborated at in vitro and in vivo atherosclerotic models. 

• Biodistribution studies show that miR712 was downregulated in lung, spleen, and kidney when 

anti-miR-712 was delivered using VHPK-targeted nanoparticles. However, only anti-

atherosclerotic genes upregulation was observed in the lungs, obtaining a 4-fold increase at 

gene level and 1.5-fold increase at protein level. 
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