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Resumen  

El primer capítulo revisa los aspectos más importantes de los vectores poliméricos usados 

en terapia génica. Este tipo de terapia envuelve la introducción de material genético en 

células específicas para el tratamiento de ciertas enfermedades, usando vectores que 

median la internalización celular de los ácidos nucleicos y los protege de la degradación. 

Dentro de los vectores que han mostrado resultados prometedores se encuentran los 

polímeros catiónicos sintéticos, los cuales presentan ventajas como mayor seguridad, 

procesos sencillos de fabricación y posibilidad de modificar su estructura. La 

poli(etilenimina) (PEI) y el poli(metacrilato de 2-(dimetilamino) etilo) (PDMAEMA) se han 

destacado en este contexto debido a su alta eficiencia de transfección; sin embargo, su 

carácter no biodegradable y citotoxicidad asociada han limitado sus aplicaciones. Para 

superar estas desventajas, varios investigadores han estudiado la implementación de 

estrategias como la PEGilación, la copolimerización con segmentos hidrófobos y el uso de 

arquitecturas ramificadas, las cuales han mostrado reducir significativamente la toxicidad 

y aumentar la eficiencia de transfección. Además, estas modificaciones estructurales 

pueden realizarse empleando métodos sintéticos, como polimerizaciones controladas y 

acoplamientos selectivos, que permiten diseñar moléculas con propiedades bien definidas.   

 

El segundo capítulo describe la síntesis y caracterización de una serie de copolímeros 

compuestos por metoxi-polietilenglicol y un bloque hidrófobo de poli(caprolactona-co-

carbonato de propargilo) injertado con segmentos de PDMAEMA o PEI lineal (lPEI) de 

bajo peso molecular, empleando una combinación de polimerización por apertura de anillo, 

química click y polimerización radicalaria por transferencia de átomo. De esta manera se 

obtuvieron materiales con diferentes densidades de injerto y longitudes del segmento 

hidrófobo. Siguiendo la ruta sintética planteada, se logró sintetizar copolímeros de injerto 

basados en PDMAEMA con una estructura y composición target, mientras que para los 

copolímeros compuestos por lPEI, se obtuvieron densidades de injerto menores a las 

esperadas. Estos materiales se auto-ensamblaron en medio acuoso para formar partículas 

cargadas positivamente con tamaños promedio entre 150 y 380 nm.  
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El tercer capítulo cubre la formación y caracterización de los complejos copolímero/ADN, 

variando parámetros como la relación nitrógeno/fósforo (N/P) y la matriz de complejación. 

Los estudios de habilidad de condensación mostraron que todos los copolímeros de 

PDMAEMA pudieron complejar las moléculas de ADN a relaciones N/P Ó 1, sin importar 

las condiciones empleadas, mientras que los copolímeros de lPEI, necesitaron relaciones 

N/P de 7 a 20, dependiendo de su composición y la solución de complejación. En el caso 

de los materiales compuestos por PDMAEMA, las mediciones de tamaño de partícula y 

potencial zeta indicaron la formación de complejos cargados positivamente con tamaños 

inferiores a 300 nm, los cuales son adecuados para la internalización celular. Por su parte, 

los complejos basados en lPEI exhibieron cargas superficiales negativas o neutras con 

diámetros hidrodinámicos por debajo de 500 nm. Estas propiedades podrían generan 

restricciones para la entrega efectiva del ADN. 

 

El cuarto capítulo describe la citotoxicidad in vitro de los copolímeros de injerto y la 

eficiencia de transfección de los poliplejos resultantes, empleando como controles lPEI 25 

kDa y PDMAEMA 20 kDa. Los copolímeros fueron menos citotóxicos que los 

homopolímeros control en células L929, exhibiendo una mayor viabilidad celular al reducir 

la longitud del segmento hidrófobo y la cantidad de injertos catiónicos. Los poliplejos 

formados a partir de los copolímeros de PDMAEMA fueron más eficientes en la entrega 

de ADN que los policationes estándar en células HEK-293, sin afectar su viabilidad. Por 

su parte, los complejos basados en los copolímeros de lPEI exhibieron una baja eficiencia 

de transfección, incluso usando altas concentraciones de polímero y relaciones N/P. En 

general, los copolímeros compuestos por segmentos hidrófobos largos y mayor densidad 

de injerto presentaron un mejor desempeño. En especial, el material denominado como 

PP6D5 mostró las características más prometedoras para su aplicación como agente de 

transfección de ADN, tanto en ensayos in vitro como in vivo. Esta tesis representa el punto 

de partida para futuras investigaciones relacionadas con el diseño racional de estructuras 

injertadas basadas en polímeros catiónicos que puedan presentar mejores propiedades y 

desempeño para su aplicación como sistemas de entrega de genes.  

 

Palabras clave:  Terapia génica, vectores poliméricos, copolímeros de injerto catiónicos, 

PDMAEMA, PEI, transfección de ADN.    

 

 



Resumen and Abstract  XI 

 

 

 

 

 

 

Abstract  

The first chapter reviews the most important aspects of the polymeric vectors used in gene 

therapy. This type of therapy involves the introduction of genetic material into specific cells 

to treat certain diseases, using vectors that mediate the cellular internalization of nucleic 

acids and protect them from degradation. Synthetic cationic polymers have shown 

promising results as gene vectors, due to their advantages such as higher safety, simple 

fabrication process and modifiable structure. Poly(ethyleneimine) (PEI) and poly(2- 

(dimethylamino)ethyl methacrylate) (PDMAEMA) have been highlighted in this context due 

to their high transfection efficiency; however, the non-biodegradable character and 

associated cytotoxicity have limited their applications. To overcome these disadvantages, 

several researchers have studied the implementation of strategies such as PEGylation, 

copolymerization with hydrophobic segments and the use of branched architectures, which 

have demonstrated to significantly reduce the toxicity and increase the transfection 

efficiency. In addition, these structural modifications can be perform using synthetic 

methods, such as controlled polymerizations and selective coupling reactions, which allow 

the design of molecules with well-defined properties. 

 

The second chapter describes the synthesis and characterization of copolymers composed 

of methoxy poly(ethylene glycol) and a hydrophobic block of poly(ὑ-caprolactone-co-

propargyl carbonate) grafted with low molecular weight PDMAEMA or linear PEI (lPEI), 

using a combination of ring opening polymerization, click chemistry and atom transfer 

radical polymerization. In this way, materials with different grafting densities and lengths of 

the hydrophobic segment were obtained. Following the proposed synthetic route, the 

synthesis of graft copolymers based on PDMAEMA with target structure and composition 

was achieved, while for copolymers composed of lPEI, lower grafting densities than the 

target ones were obtained. These materials could self-assembled in aqueous medium to 

form positively charged particles with average sizes between 150 and 380 nm. 
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The third chapter covers the formation and characterization of the copolymer/DNA 

complexes with different nitrogen/phosphorus (N/P) ratios and complexation matrices. The 

study of the condensation ability showed that all PDMAEMA copolymers were able to 

complex the DNA molecules at N/P ratios Ó 1, regardless of the used conditions, while lPEI 

copolymers required N/P ratios from 7 to 20, depending on their composition and the 

complexation solution. In the case of the materials composed of PDMAEMA, the 

measurements of particle size and zeta potential indicated the formation of positively 

charged complexes with sizes below 300 nm, which are suitable for cellular uptake. On the 

other hand, the lPEI based complexes exhibited negative or neutral surface charges with 

hydrodynamic diameters below 500 nm. These physicochemical properties could generate 

restrictions for the effective delivery of DNA. 

 

The fourth chapter describes the in vitro cytotoxicity of graft copolymers and the 

transfection efficiency of the resulting polyplexes, using 25 kDa lPEI and 20 kDa 

PDMAEMA as controls. The copolymers were less cytotoxic to L929 cells than the control 

homopolymers, exhibiting higher cell viability by reducing the length of the hydrophobic 

segment and the amount of cationic grafts. Polyplexes formed from PDMAEMA copolymers 

were more efficient in the delivery of DNA in HEK-293 cells than the standard polycations, 

without affecting the cell viability. On the other hand, the complexes based on lPEI 

copolymers exhibited a low transfection efficiency, even using high polymer concentrations 

and N/P ratios. In general, copolymers composed of long hydrophobic segments and higher 

grafting density showed a better performance. In particular, the material PP6D5 showed 

the most promising features for its application as DNA transfection agent, for both in vitro 

and in vivo assays. This thesis represents the starting point for future research related to 

the rational design of grafted structures based on cationic polymers that may have 

improved properties and performance for their application as gene delivery systems. 

 

Keywords:  Gene therapy, polymeric vectors, cationic graft copolymers, PDMAEMA, PEI, 

DNA transfection.  
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Introduc tion  

 

In the last decades, cancer has become a growing public health problem, leading the 

causes of death worldwide. In Colombia, according to the report of Chronic 

Noncommunicable Diseases of the National Health Observatory, 307.437 new cases of 

cancer were registered between 2010 and 2014. In addition to cancer, diseases associated 

with hereditary factors such as hypertension, diabetes mellitus and Alzheimer, although 

they present high incidence levels, are just treated to avoid their symptoms because of the 

lack of effective treatments.1, 2 

 

Gene therapy is one of the most promising alternatives for the treatment of these diseases 

and for the improvement of the living conditions of the patients.3 In this method, the 

therapeutic genetic material is released in target cells, correcting the loss of a function by 

a mutation or expressing the product of a physiologically deficient gene. Gene therapy 

begins with the identification of the disease-causing gene, followed by cloning of the healthy 

gene, which is loaded into a carrier. Carriers must have the ability to pass cell membranes 

and release the genetic material to produce a specific protein.4 

 

The use of carriers, so-called vectors, is essential because free nucleic acids exhibit low 

chemical stability due to their enzymatic degradation and elimination by the phagocytic 

system.5 Consequently, the selection of the vector is one of the key parameters that 

determines the efficacy of gene therapy. These devices should accomplish several 

requirements such as biocompatibility, solubility in aqueous media, nanometric size, low 

cytotoxicity and high transfection efficiency.6 

 

In the beginning of gene therapy, retroviruses and adenoviruses were used as carriers. 

These viral vectors, despite possessing high transfection efficiency, also have several 

limitations such as toxicity and immunogenicity. The production of these devices is 

complicated, mainly on large scale, which is a requirement for clinical application. These 
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limitations have motivated the development of vectors such as synthetic cationic polymers 

capable of condensing nucleic acid molecules through electrostatic interactions and 

forming particles that protect the genetic material.7 The performance of the synthetic 

vectors depends on the structure, composition and molecular weight of the polymeric 

materials, as well as the size and charge of the aggregates formed with the nucleic acids. 

 

Poly(ethyleneimine) (PEI) is the most commonly used cationic polymer for gene delivery 

and is considered as the "gold standard". PEI has a high density of protonable amine groups 

that improve its transfection efficiency. However, its non-biodegradability character and 

high cytotoxicity, specially at high molecular weights, have limited its translation to clinical 

applications.8 On the other hand, as an effective alternative, poly(2-(dimethylamino)ethyl 

methacrylate) (PDMAEMA), despite presenting similar disadvantages, can be synthesized 

through controlled polymerization methods, allowing the formation of materials with control 

molecular weight and defined architecture, which can attenuate its toxicity.9   

 

Due to the efficiency of PEI and PDMAEMA as nucleic acids vectors, numerous studies 

focus on reducing their toxicity while improving their transfection activity have been carried 

out. The synthesis of non-linear architectures and their copolymerization with hydrophobic 

segments have been highlighted as useful strategies; several researches have 

demonstrated that this type of structures have a better capacity for cellular uptake and a 

significant decrease in the cytotoxicity.10, 11 

 

In this research, a novel type of gene delivery agent was developed based on biocompatible 

copolymers composed of methoxy poly(ethylene glycol) (mPEG) and a hydrophobic block 

of poly(ὑ-caprolactone-co-propargyl carbonate) (P(CL-co-MPC)) grafted with low molecular 

weight PDMAEMA or PEI segments. With the use of several short cationic segments 

distributed along the hydrophobic backbone, it was expected to reduce the cytotoxicity of 

the resulting vectors, maintaining a high transfection efficiency. Well-defined copolymers 

with a target composition and a tailored structure were achieved, using controlled 

polymerization methods and effective coupling reactions. The influence of the structural 

characteristics of these materials, as molecular weight, hydrophobic/hydrophilic ratio and 

grafting density, on the physicochemical properties of the complexes formed with DNA was 

evaluated, as well as their performance as gene vectors in terms of in vitro transfection 

efficiency and cytotoxicity. 



 

 
 

1.  Development of gene vectors based on 
synthetic polymers 

1.1 Vectors in gene therapy 12 

Gene therapy is an experimental method for treating acquired or inherited diseases that 

involves the replacement or suppression of defective genes, through the transfection of 

nucleic acids in specific cells. Generally, the genetic information is encoded in a plasmid, 

although other forms of DNA or RNA can be used. The main requirement for the therapeutic 

use of these substances is their delivery in the target cellular compartments. Thus, nucleic 

acids must overcome a series of extra and intracellular barriers, which is not achieved by 

free DNA/RNA due to their rapid enzymatic degradation.5 For this reason, the use of 

delivery systems, called vectors, is essential (Figure 1-1).13 

 

 

Figure 1-1: Extra and intracellular barriers for nucleic acid delivery13 

 

The delivery systems can be classified as viral and non-viral vectors. The viral carriers 

consist of recombinant viruses, in which therapeutic nucleic acids are inserted into the 

genome and the infection route is used for their transfection; in this case, the expression of 

genes that lead to replication and toxicity is avoided, suppressing the regions coding for 

these functions. Although these vectors allow great transfection efficiencies, they also 
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present several limitations associated to their toxicity and severe immune response, as well 

as, low DNA loading capacity and complicated production processes that have restricted 

their application in gene therapy.14 The non-viral vectors are gene delivery systems formed 

by the combination of nucleic acids with cationic lipids, called lipoplexes, or with cationic 

polymers, also called polyplexes. These cationic materials are assembled with nucleic acids 

to form particles that facilitate their cell internalization via endocytosis (Figure 1-2).15 

 

 

Figure 1-2: Viral and non-viral vectors used in gene delivery16, 17 

 

Cationic lipids have been used as transfection agents given their capacity for cellular 

internalization and destabilization of endosomes. After cell uptake, they neutralize the 

charges of the complex, due to a reorganization of the phospholipids, causing the release 

of DNA in the cytoplasm.3 These materials are composed of a cationic head bonded to a 

hydrophobic segment through a linker. The cationic head can be monovalent or multivalent, 

depending on the number of amine groups.18 In this application, the most used cationic 

lipids are shown in Figure 1-3: N-[1-(2,3-dioleyloxy)propyl]-N,N,N-trimethyl-ammonium 

chloride (DOTMA), 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP), 

dioctadecylamido-glycylspermine (DOGS) and 2,3-dioleyloxy-N-[2(sperminecarboxamido) 

ethyl]-N,N-dimethyl-1-propanaminium trifluoroacetate (DOSPA).19 Several modifications in 

the nature and density of the cationic groups and the hydrophobic segment have been 

studied to improve their performance; however, problems such as low specificity, instability 

against some components of the blood, generation of immune response and the need of 

auxiliary lipids have limited their use as vectors.20  
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Figure 1-3: Chemical structures of some cationic lipids used for gene transfection 

 

1.1.1 Types of nucleic acids  

Plasmid DNA (pDNA) and small interfering RNA (siRNA) are the most recurrently studied 

nucleic acids (Figure 1-4). pDNAs are double-stranded circular molecules that have a 

standard size between 4-10 kilobase pair, coding for the expression of specific proteins. In 

addition, pDNA present advantages such as greater stability, ease of handling and lower 

cost compared to the other types of nucleic acids. They have also been used in the 

development of vaccines for diseases such as malaria and acquired immunodeficiency 

syndrome.21 Nevertheless, it has been demonstrated that the transfection efficiency of 

pDNA is lower because the molecules must also cross the nucleus membrane. For this 

reason, several modifications have been studied to improve their cellular internalization and 

subsequent gene expression, such as the production of new topologies (e.g. supercoiled), 

the use of new promoters and the generation of plasmids without antibiotic resistance 

genes.20 
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siRNAs are short double-stranded molecules composed of 21-23 nucleotides, which 

selectively degrade complementary sequences of messenger RNA, inhibiting their 

translation to protein.5 This interference process occurs in the cytoplasm, which makes 

these systems more versatile than pDNA, eliminating the need to carry the genetic material 

to the nucleus. They can also be chemically synthesized and do not integrate into the 

genome, offering greater safety. Nevertheless, the use of this type of nucleic acid has some 

disadvantages as the suppression of non-target genes and recognition by 

immunoreceptors, which lead to alterations in gene expression and response of the innate 

immune system.22, 23 In addition, considering their size, the stability of the resulting 

polyelectrolytes is lower due to the reduction in the entropic component for complex 

formation.5 

 

 

Figure 1-4: Main types of nucleic acids used in gene therapy24, 25 

 

1.1.2 Gene therapy of cancer  

Different strategies have been explored in the gene therapy of cancer such as gene 

suppression and replacement, induction of cell death, inhibition of transcription factors and 

stimulation of the immune response against tumors, which have achieved significant 

anticancer effects.26-29 Due to the limitations of viral and lipid systems, the study of 

polymeric vectors for the treatment of this disease has attracted great attention. Many 

researches aim for a better understanding of the characteristics of polyplexes that enable 

their crossing though the systemic and cellular barriers and the efficient delivery of the 

genetic material into cells. As shown in Table 1-1, several polymeric vectors have been 

applied in the transfection of nucleic acids in clinical trials, showing promising results as an 

alternative for the treatment of cancer. 
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Table 1-1: Polymeric vectors in clinical trials for the gene therapy of cancer 

Polymeric vector  Nucleic acid  Type of cancer  
Phases of clinical 

trials  

Transferrin-
polylysine 
(AVET)30 

IL-2 Melanoma 
First polymer-based 
human gene therapy 

study 

PEI20, 30 
Diphtheria toxin A 

pDNA, H19 
promoter 

Bladder cancer, multiple 
myeloma, lymphoma 

IIb (bladder), II 
(myeloma and 

lymphoma) 

PEG-PEI-
Cholesterol20, 30 

IL-12, CYL-02 
Ovarian cancer, pancreatic 

adenocarcinoma 
I 

LODER polymer31 KRAS Pancreatic cancer II 

Transferrin-PEG-
Cyclodextrin30 

siRNA anti-MMR2 Solid tumors I 

 

Advances in the gene therapy of cancer and other genetic diseases depend on the 

development of polymeric materials capable of vectorize the DNA or RNA with reduced 

toxicity and immunogenicity; this can be achieved by controlling their structure, 

composition, architecture and molecular weight. 

 

1.2 Polymeric vectors  

In recent years, some cationic polymers have been studied as non-viral vectors in the 

treatment of diseases such as cystic fibrosis, human immunodeficiency virus and cancer.32-

34 These vectors are safer systems due to their lower immunogenic risk, in addition, they 

can be obtained by simpler synthetic processes and their structure is modifiable.35 These 

materials contain amine functional groups that can be partially protonated at physiological 

pH, allowing their electrostatic interaction with nucleic acid molecules (Figure 1-5).  

 

 

Figure 1-5: Formation of polymeric vectors for DNA transfection36 
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The formation of polymer/DNA complexes is achieved by the spontaneous aggregation of 

polycationic and polyanionic chains. Depending on the stoichiometric ratio of charges, this 

process can lead to the formation of separate phases or nanostructures colloidally stable. 

When a non-stoichiometric ratio is used, the formation of a stable colloidal system is favored 

due to the excess of charge on the complexes which prevents additional aggregations.37 In 

aqueous solution, the chains of polycations and polyanions are surrounded by an electrical 

double layer containing counterions and co-ions. When the complex is formed, this double 

layer partially disintegrates, producing the release of the ions to the medium and 

consequently, a positive change in the entropy of the system. This phenomenon makes 

complexation an entropically favored process.38 

 

The polymeric vectors can be obtained from natural sources or produced by synthetic 

procedures. Biopolymers such as chitosan, gelatin, dextran, cellulose and cyclodextrins, 

conveniently modified, have been reported as gene carriers. Although, these materials are  

biocompatible and biodegradable, their low solubility in aqueous medium and poor 

transfection efficiency, make them less suitable compared to synthetic polymers.8  

 

Upon the use of synthetic cationic polymers, the drawbacks formerly described for natural 

carriers have been overcome. It is in part due to the possibility of controlling their properties 

by using target synthesis procedures. Therefore, a synthetic vector can be homopolymer 

or copolymer, present different molecular architectures (linear, grafted, star-shaped) and a 

desired molecular weight. Similarly, the macromolecules can be decorated with functional 

groups, biomolecules or other polymeric segments that endow the vectors the pursued 

characteristics.39 The most reported synthetic polymers as gene vectors include poly-L-

lysine (PLL), poly(amidoamine)s (PAAs), poly(amino-co-ester)s (PAEs), PDMAEMA and 

PEI. The general characteristics of the first three polymers are shown in Table 1-2. Given 

the disadvantages of these polymers such as toxicity, low transfection efficiency or 

difficulties in the synthesis process, the use of more versatile polymers such as PEI and 

PDMAEMA has become necessary.  
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Table 1-2: General characteristics of synthetic cationic polymers used for gene transfection 

Polymer  Structure  Characteristics  

PLL 

 

 
 

- Homopolymer of the amino acid L-lysine 
- Formation of complexes with DNA 
- Low transfection efficiency due to the poor 
escape ability from endosomes8 

PAAs 

 

 
 

 
- Cationic polymers with tertiary amino groups 
- Biodegradable and soluble in aqueous media 
- Highly cytotoxic at high molecular weights 
- Unstable complexes with small nucleic acids 
such as siRNA8, 40 
 

PAEs 

 
 

 
 

 

- Polyesters with amino groups 
- Biodegradable 
- High transfection efficiency 
- Low reactivity, making difficult their chemical 
modification41 

1.2.1 Vectors based o n PDMAEMA 

Vectors based on PDMAEMA have attracted great attention because of their good 

transfection efficiency and easy release of the nucleic acids inside the cell. The amine 

groups of this polymer are partially protonated at physiological pH (pKa ~7.5), which allow 

their interaction with DNA/RNA.42 Generally, PDMAEMA is synthesized by controlled 

radical polymerization methods, such as atom transfer radical polymerization (ATRP) or 

reversible addition-fragmentation chain transfer (RAFT)  (Figure 1-6). 

 

 

Figure 1-6: Chemical structure of PDMAEMA 

 

Characterizing the performance of PDMAEMA homopolymers on the transfection efficiency 

of nucleic acids has been the purpose of several investigations. Features of the system 

such as molecular weight, particle size of the polyplexes, pH, temperature and 
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polymer/plasmid ratio (expressed as N/P ratio) have been assessed.43 For linear 

PDMAEMA, it has been determined that increasing the molecular weight of the polymer 

enhances its transfection efficiency, but also increases its cytotoxicity.44 Synatschke et al.45 

compared the performance of PDMAEMA samples with three different architectures: linear 

and star-shaped of three and five arms with different molecular weight. According to their 

results, the cytotoxicity decreased at low molecular weights and when the number of arms 

increased. However, the best transfection efficiencies were obtained for high molecular 

weight polymers. According to this study, PDMAEMAs with a branched structure and 

intermediate weights (over 20 kDa) present the best results as gene vectors. Although 

homopolymers exhibit a good transfection activity, their toxicity is still a critical concern. 

 

Copolymerization is one of the main strategies used to reduce the toxicity and increase the 

transfection efficiency of the vectors based on PDMAEMA. Several studies have been 

reported, including its copolymerization with segments of PEG, poly (2-hydroxyethyl 

methacrylate) (pHEMA), poly (N-vinylpyrrolidone) (PVP) and hydroxypropyl cellulose 

(HPC). PEGylation is a widely used strategy to enhance the biocompatibility and stability of 

gene vectors. PEG is a protective hydrophilic segment that prevents undesirable 

interactions with blood components or other biomolecules, additionally, it confers greater 

colloidal stability to polyplexes.30, 46 Previous reports indicated that PEGylation of 

PDMAEMA led to a reduction in its cytotoxicity, whereas its transfection efficiency was 

weakened, as a result of the lower cellular uptake of the polyplexes.47 In contrast, in a study 

conducted by Jiang et al.48 vectors obtained from pHEMA-g-PDMAEMA exhibited better 

performance than the corresponding PDMAEMA homopolymer, with a concomitant 

reduction of its toxicity. Similar results were obtained for the copolymerization of PDMAEMA 

with PVP and HPC.49, 50   

 

The copolymerization of PDMAEMA with hydrophobic aliphatic polyesters, such as poly(Ů-

caprolactone) (PCL) and polylactide (PLA), which are distinguished for being biocompatible 

and biodegradable, and thereby, are approved by the food and drug administration (FDA) 

for biomedical applications, has also been studied as an alternative to obtain safer vectors 

with improved transfection efficiency.51, 52 Moreover, the resulting amphiphilic materials can 

self-assemble with the DNA/RNA to form nanoparticles as micelles. Guo et al.53 reported 

the synthesis of PCL-g-PDMAEMA copolymers, which self-assemble to form core-shell 

nanoparticles that simultaneously encapsulated paclitaxel and DNA. These nanoparticles 
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showed in vitro transfection efficiencies comparable to Lipofectamine, a cationic lipid-based 

formulation commonly used in transfection experiments, but, did not show any significant 

reduction in the cytotoxicity. The coating of PCL-g-PDMAEMA nanoparticles with 

poly(glutamic acid)-g-mPEG chains (PGA-g-mPEG) was reported by Huang et al.54 as 

strategy to reduce the toxicity and improve the stability of the complexes formed with DNA.  

 

In another study, Zhu et al.55 synthesized PDMAEMA-b-PCL-b-PDMAEMA triblock 

copolymers, as precursors of micellar vehicles for the co-delivery of paclitaxel and siRNA. 

Their results suggested that the copolymerization of PCL with low molecular weight 

PDMAEMA segments decreases the cytotoxicity of the vectors, as deduced from Figure 1-

7. Additionally, the polymeric micelles improved the gene silencing efficiency compared to 

25 kDa branched PEI and 20 kDa PDMAEMA homopolymers. A similar behavior was 

observed by Yue et al.56 who employed nanoparticles based on mPEG-b-PCL-b- 

PDMAEMA as pDNA vectors. Their findings corroborated that the introduction of the PCL 

segment significantly increases the transfection efficiency. 

      

Figure 1-7: A. Formation of polyplexes loaded with paclitaxel. B. Cytotoxicity of PDMAEMA-b-PCL-

b-PDMAEMA micelles in MDA-MB-435-GFP human breast cancer cells. Cells were treated for 24 

hours and metabolic activity was measured (n=3). Polymer 1, Polymer 2 and Polymer 3 refer to 

different molar ratios of the monomers in DMAEMA/CL/DMAEMA constituent blocks (2.7/3.6/2.7; 

5.8/3.6/5.8 and 9.1/3.6/9.1, respectively)55 

           

In addition to copolymer composition, molecular architecture has also been described to 

contribute to the performance of gene vectors, as pointed out by Lin et al.10 In their study, 

block and graft copolymers containing segments of mPEG, PCL and PDMAEMA were 

A B 
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compared in their application as siRNA carriers. Their results showed that graft copolymers 

have higher cellular uptake compared with the corresponding block materials. This trend 

was attributed to the higher values of zeta potential of the nanoparticles obtained from the 

graft copolymers, that indicate a higher surface charge density. A similar copolymer, 

mPEG-b-PCL-g-PDMAEMA (PECD), was synthesized by Guo et al.11 to obtain micellar 

nanoparticles for the delivery of plasmids encoding for both, luciferase and green 

fluorescent protein (GFP). They obtained better transfection efficiencies than PEI and 

Lipofectamine in HepG2 cells (Figure 1-8). Likewise, Qian et al.57 reported the synthesis of 

star-shaped copolymers composed of PLA and PDMAEMA for their evaluation as vehicles 

for the co-delivery of RNA and doxorubicin (Dox). Their results showed that the transfection 

efficiency of the resulting micellar nanoparticles depended on the molecular architecture: 

copolymers with the highest number of branches exhibited the highest efficiencies. 

 

    

 

Figure 1-8: A. Schematic representation of PECD/pDNA complexes preparation. B. In vitro 

transfection efficiency of PECD nanoparticles complexed with pDNA (Luciferase) at various N/P 

ratios. C. Fluorescence images of cells transfected with PECD/pDNA complexes (GFP) at N/P=10 

(Scale: 30 ɛm). Composition of the copolymers: PECD1: mPEG45-P(CL104-co-(BMPCL-g-

PDMAEMA11)4); PECD2: mPEG45-P(CL104-co-(BMPCL-g-PDMAEMA23)4); PECD3: mPEG45-

P(CL104-co-(BMPCL-g-PDMAEMA39)4)11 

A B 

PECD1 PECD2 PECD3 PEI 

C 
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1.2.2 Vectors  based on PEI  

PEI is the most studied synthetic cationic polymer in the gene transfection field due to its 

high efficiency and ability to escape from endosomes. This polymer can be synthesized in 

the linear form (IPEI), which only contains secondary amines  or in the branched form (bPEI) 

that contains primary, secondary and tertiary amino groups (pKa ~7) (Figure 1-9).8, 58  

 

 

Figure 1-9: Chemical structures of linear and branched PEI 

 

The use of PEI homopolymers in the transfection of nucleic acids has been the subject of 

several investigations, which have shown that increasing the molecular weight augments 

the transfection efficiency, but also increases the cytotoxicity.59, 60 While increasing the 

molecular weight and the number of branches seem to allow the formation of more stable 

polyelectrolyte complexes with DNA molecules, when lPEI is used as vector, the release of 

the nucleic acids is favored, making the delivery process more effective.32 Despite the 

efficiency of PEI as gene carrier, its non-degradable nature and associated cytotoxicity 

have limited its translation to clinical applications.14 

 

Copolymerization of PEI with hydrophilic biocompatible segments, such as PEG, dextran 

and chitosan has also become an efficient approach to overcome its toxicity. Merdan et 

al.61 found that PEGylation of PEI reduced the interaction of the resulting polyplexes with 

plasma proteins and erythrocytes, increasing their biocompatibility. Comparable results 

were reported by Mao et al.62 who found that the polyplexes obtained from PEI-g-PEG 

copolymers presented longer circulation times and lower toxicity than PEI, while 

transfection efficiency depended on the length of the PEG chains and their grafting density. 

Fischer et al.63 investigated the properties of dextran-g-PEI copolymers, finding that dextran 

segments increased the ability to complex the DNA and stabilize the resulting polyplexes; 

besides, materials with low toxicity were obtained. The synthesis of PEI-chitosan 

copolymers for the formation of DNA complexes has also been reported. These materials 
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showed greater transfection efficiencies and lower cytotoxicity than PEI/DNA complexes, 

furthermore, a reduction in the interaction with erythrocytes was observed.64  

 

Copolymerization of PEI with biodegradable hydrophobic segments has also proven to be 

a useful strategy to improve the properties of these systems. Given their biodegradable 

character, the introduction of PCL or PLA provides safer vectors, particularly at long-term. 

Cao et al.65 obtained micelles based on PCL-b-lPEI as siRNA and Dox vectors for human 

liver cancer cells. These materials exhibited high transfection efficiency and controlled 

release of the drug. Likewise, micellar nanoparticles based on PEI-g-PCL copolymers 

(PEC) with different molecular weight applied in the delivery of pDNA and Dox have been 

reported; the resulting complexes showed low cytotoxicity in HepG2 cells at a N/P ratio of 

10, as can be deduced from the cell viability values presented in Figure 1-10. According to 

Qiu et al.66 these copolymers presented better transfection efficiency than 25 kDa PEI. 

 

 

 

Figure 1-10: A.  Structure of PEC copolymers. B. Viability of HepG2 cells after the addition of 

increasing concentrations of PEC complexed with DNA at a N/P ratio of 10 (4 h of incubation, n=6)66 

 

The incorporation of PEG segments has also improved the performance of the PEI-based 

carriers. Endres et al.67 reported the synthesis of mPEG-b-PCL-b-lPEI triblock copolymers 

and their application as siRNA vehicles. Their results indicated a better transfection 

efficiency when short segments of PEG were used. Zheng and Liu et al.68-70 obtained 

micelles based on PEI-g-PCL-b-PEG branched copolymers, finding that the length of the 

A 

B 
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polymer segments and the grafting density affected the properties of the complexes formed 

with both, DNA and siRNA. They established relationships between the copolymer 

composition and the transfection efficiency, as shown in Figure 1-11; furthermore, the effect 

of the N/P ratio on each studied composition was analyzed. The synthesis of PEG-b-(PCL-

g-PEI)-b-PCL copolymers for the formation of micelles was applied for the co-delivery of 

siRNA and Dox. The findings of this research showed that the nanoparticles can effectively 

deliver these substances, inhibiting the growth of multidrug resistance tumors, specifically 

Dox-resistant breast cancer cells.71 

 

         

Figure 1-11: A.  Conformation of hy-PEI-g-PCL-b-PEG polyplexes. B. Transfection efficiency of the 

polymers as function of the N/P ratio evaluated in human melanoma cells (MeWo) using pDNA 

containing the luciferase reporter gene68 

 

Copolymers containing PLA as a hydrophobic segment have also been reported. In the 

research conducted by Coulembier et al.,72 nanoparticles based on PEI-g-PLA with a high 

cell penetration were obtained, showing their potential as gene delivery systems. Similarly, 

Gaspar et al.73 studied the co-delivery of DNA and Dox by using micelles composed of 

poly(2-ethyl-2-oxazoline)-b-poly(L-lactide)-g-bioreducible PEI (PEOz-b-PLA-g-PEI-SS), 

these nanoparticles showed a favorable cellular uptake and expression of genes encoding 

for firefly luciferase and GFP, in both, in vitro and in vivo assays. 

 

A B 
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1.3 Synthesis of cationic graft copolymers with 

biocompatible  and biodegradable  segments  

 

1.3.1 Synthesis of graft  copolymers  

Graft copolymers are branched macromolecules consisting in a main chain (backbone) and 

randomly distributed polymeric side chains (grafts) with different chemical composition.74 

This type of copolymers can be synthesized by three main methods, known as ñgrafting toò, 

ñgrafting fromò and ñgrafting throughò. In the grafting to (or grafting onto) approach, the 

backbone and the grafts are prepared separately and then attached by complementary 

functional groups using different coupling techniques, such as click chemistry. The 

branching sites can be introduced in the backbone either by post polymerization 

reactions or by copolymerization of the main backbone monomer with a comonomer with 

the desired functional group. In the grafting from method, a preformed backbone containing 

initiation sites, i.e. a macroinitiator, is used to polymerize the second monomer, and thus, 

forming the side chains. The number of grafts can be adjusted by controlling the number of 

active sites generated along the backbone, assuming that each site can initiate the 

polymerization. In the grafting through (or macromonomer method), preformed 

macromonomers forming the branches are copolymerized with a regular monomer to 

produce the backbone. The number of branches can be generally controlled by the ratio of 

the molar concentrations of the macromonomer and the comonomer (Figure 1-12).75, 76 

 

 

Figure 1-12: Main methods for the synthesis of graft copolymers77 



Chapter 1 17 

 

The copolymerization of synthetic cationic polymers with biocompatible and biodegradable 

segments, such as PEG and PCL, has demonstrated to be a powerful approach to obtain 

safer and efficient gene delivery systems, as discussed above. However, the introduction 

of these segments should be carried out using synthetic methods that guarantee the 

production of materials with a defined structure and composition. For example, the 

synthesis of well-defined PCL is typically achieved by ring opening polymerization (ROP),78 

while controlled radical polymerization methods, such as ATRP, allow the preparation of 

PDMAEMA chains with controlled molecular weight and architecture.79 

 

The synthesis of graft copolymers containing PCL segments is challenging because this 

polymer is prone to degradation with increasing temperature, and in presence of acids and 

bases. Thus, mild reaction conditions are required to guarantee the integrity of these 

segments. A pioneer research carried out by Emrick et al.,80 demonstrated that a click 

reaction between an alkyne and an azide is a suitable synthetic strategy for grafting different 

moieties to biodegradable polymers. In this research, PCL-g-PEG was synthesized using 

Ŭ-propargyl-ŭ-valerolactone copolymerized with Ů-caprolactone (CL) via ROP. The 

resulting acetylene groups were subsequently used to graft azide terminated PEG, using 

the click reaction catalyzed by CuSO4.5H2O and sodium ascorbate. Based on Emrick's 

work, several authors have used this method to obtain graft copolymers composed of PCL 

and polycationic segments, such as PDMAEMA and PEI. 

 

1.3.2 Ring opening polymerization  

ROP has proven to be an efficient method for the synthesis of aliphatic polyesters and 

polycarbonates, allowing the formation of materials with tailored properties.78 This type of 

polymerization can be applied to cyclic monomers with functional groups susceptible to the 

nucleophilic attack by the initiator. A wide variety of cyclic monomers can be polymerized 

by this method, including lactones and cyclic carbonates. ROP is thermodynamically 

favored by the loss of ring tension, in the case of rings composed of 3-8 atoms, such as 

CL.81 The rings containing carbonates moieties have an additional effect that favors the 

polymerization due to the increase in the rotational freedom of this group in the resulting 

linear chains.82 

 



18 Graft Copolymers based on PDMAEMA and PEI 

 
There are three main mechanisms in ROP: cationic, anionic and coordination-insertion. The 

coordination-insertion mechanism has become the most versatile strategy, considering its 

best results in the synthesis of high molecular weight polymers with low dispersity and 

defined structure.83 In this method, metal-based catalytic systems, such as aluminum, iron, 

zinc and tin alkoxides and carboxylates are used. The most widely used catalyst for the 

preparation of aliphatic polyesters is tin (II)-ethylhexanoate (Sn(Oct)2), due to its easy 

handling, high activity and solubility in common organic solvents.84 The general mechanism 

is shown in Figure 1-13, using Sn(Oct)2 as catalyst in the presence of an alcohol and CL as 

monomer. Initially, in the coordination step, Sn(Oct)2 reacts with the alcohol to form a tin(II) 

alkoxide complex, followed by the complexation of the cyclic monomer. Then in the insertion 

step, the nucleophilic attack by the alkoxide on the coordinated monomer occurs, followed 

by the opening of the ring by the cleavage of the acyl-oxygen bond and insertion of the 

monomer. Finally, chain extension proceeds until complete monomer conversion.85 

    

 

Figure 1-13: Mechanism for the ROP of Ů-caprolactone catalyzed by Sn(Oct)2
85
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1.3.3 Atom transfer radical polymerization  

ATRP is a versatile method that allows controlling the molecular weight and dispersity of 

polymers, being a highly reproducible polymerization technique. An ATRP process requires 

the addition of an initiator that contains a transferable atom or group (an alkyl halide is 

commonly used). A coordination compound obtained in situ by reacting a transition metal 

compound (that can undergo a redox reaction, such as copper(I) halides) with a ligand is 

required as a catalyst. ATRP can be applied for the polymerization of most of the vinyl 

monomers to produce homopolymers and copolymers.86 

 

In ATRP, the generation of free radicals involves a reversible oxidation-reduction process 

of an organic halide catalyzed by the metallic compound. The metal must be able to expand 

its coordination sphere and increase its oxidation number. The transition metal complex is 

responsible for the homolytic cleavage of the C-X bond in the alkyl halide, which generates 

a change in the oxidation state of the metallic species. The generated free radical can be 

propagated with vinyl monomers, terminated by conventional mechanisms of radical 

reactions such as combination or disproportionation, or can be reversibly deactivated to 

form a polymer chain terminated on a C-X bond, that can subsequently be activated and 

reacted with other monomer molecules. The reaction has a living character when the rate 

constant of activation (kact) is smaller than the corresponding deactivation constant (kdeact).79 

The general mechanism of the ATRP reaction is depicted in Figure 1-14, using 2-(2-

azidoethoxy) ethyl bromoisobutyrate as initiator, 2-(dimethylamino)ethyl methacrylate 

(DMAEMA) as monomer and CuBr complexed with 2,2ǋ- bipyridyl (Bpy) as a catalyst. 

 

 

Figure 1-14: General mechanism for the ATRP of DMAEMA87 
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1.3.4 Click chemistry  

Click chemistry has become an efficient method for the design of several macromolecular 

architectures, such as grafted or star-shaped copolymers, because it allows the preparation 

of complex structures from the coupling of smaller molecules. The great interest that click 

reactions have advocated is caused by their advantages, such as regioselectivity, high 

yields, mild reaction conditions and simple isolation of the product. A series of reactions 

belong to click chemistry, including 1,3-dipolar and Diels-Alder cycloadditions, ring-opening 

of strained heterocycles, reactions of the carbonyl group of the non-aldol type and addition 

to carbon-carbon multiple bonds, all of them very favorable from the thermodynamic point 

of view.88  

 

The 1,3-dipolar cycloaddition between azides and alkynes is an effective tool for polymer 

modification. This reaction is characterized by the high tolerance to a wide variety of 

functional groups and solvents, moderate reaction temperatures and high selectivity. The 

1,3-dipolar cycloaddition is specially used in the functionalization of aliphatic polyesters, 

which requires mild conditions. To achieve grafted structures through this reaction, the 

segments to be coupled (grafting to approach) must be functionalized, in a previous stage, 

with azide an alkyne groups.89  

 

The azide-alkyne click reaction is catalyzed by metallic species, commonly Cu(I). In this 

type of reaction, known as copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC), azides 

are used as 1,3-dipoles and alkynes as dipolarophiles. These functional groups are stable 

and can be introduced into polymers by different methods. On the other hand, the catalyst 

can be generated by the direct addition of Cu(I) salts with a ligand or by the reduction of 

Cu(II) salts. Under these conditions, the reaction can be performed at room temperature 

and is regioselective, producing 1,4-disustituted 1,2,3-triazoles.90 The mechanism of the 

reaction is shown in Figure 1-15. The formation of a copper acetylide complex has been 

proposed as the beginning of the catalytic cycle induced by the presence of a base in the 

reaction medium, that generates the deprotonation of the alkyne. In aqueous media, copper 

coordination lowers the pKa of the alkyne CïH bond, making deprotonation possible without 

the addition of a base. Subsequently, the coordination of the azide occurs, which promotes 

the nucleophilic attack of the terminal nitrogen atom of the azide on the substituted carbon 

of the acetylene generating a metallocycle, which after a process of ring contraction and 

protonation, releases the triazole and regenerates the catalyst.91 
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Figure 1-15: Proposed catalytic cycle for CuAAC91 

1.3.5 Synthesis of cationic copolymers by  ROP and CuAAC  

The synthesis of copolymers based on PCL and PDMAEMA using a combination of ROP 

and CuAAC has been reported in several researches. In the work of Mespouille et al., PCL-

b-PDMAEMA block copolymers were synthesized following a direct method, in which 

alkyne terminated PCL, an ATRP initiator functionalized with azide groups and DMAEMA 

were reacted at the same time using a sole catalyst for both, click reaction and the ATRP, 

in this case CuBr/Bpy.92 The preparation of graft copolymers has been reported by Darcos 

et al. using a three-step procedure that included the synthesis of poly(Ŭ-propargyl-Ů-CL-co-

Ů-CL) via ROP, synthesis of azide terminated PDMAEMA by ATRP and copper-catalyzed 

click reaction between these two precursors.93 In another study, PDMAEMA-g-PCL 

copolymers were synthesized using PCL terminated in alkyne groups and a copolymer 

composed of DMAEMA and a methacrylate functionalized with azide groups. 

Subsequently, these two precursors were coupled by 1,3-dipolar cycloaddition using CuBr 

complexed with Bpy as a catalyst.94  
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On the other hand, graft copolymers based on PCL and PEI have been synthesized by 

several authors via CuAAC. Liu et al. described the synthesis of low molecular weight PEI 

functionalized with azide groups for the formation of PEI chains with reducible disulfide 

bonds. The preparation of the functionalized PEI was carried out by the coupling of 

activated azidopropanol.95 The synthesis of PEG-b-(PCL-g-PEI)-b-PCL copolymers using 

a combination of ROP and click chemistry has also been reported. First, PEG-b-P(Ŭ-ClŮ-

CL-b-Ů-CL) block copolymer was synthesized by ROP for the subsequent conversion of Cl 

into azide by their reaction with NaN3, the resulting material was finally reacted with alkyne 

terminated PEI using the click cycloaddition.71 Zhang and co-authors synthesized PEG-

P(N3CL-CL) copolymers via ROP and then, attached low molecular weight PEI 

functionalized with alkyne groups through click chemistry to obtain a series of 

biodegradable polymers with different molecular weight applied in the delivery of 

microRNA.96   

 

1.4 Aims and obje ctives  

The overall goal of this thesis is to contribute to the development of novel gene vectors 

through the synthesis of biodegradable and biocompatible copolymers grafted with low 

molecular weight cationic polymeric segments. Specific objectives are proposed to 

accomplish this goal. These include: 

 

Á Establish the experimental conditions required for the synthesis of copolymers 

based on methoxy poly(ethylene glycol) and a hydrophobic block of poly(ὑ-

caprolactone-co-propargyl carbonate) grafted with poly(2-(dimethylamino)ethyl 

methacrylate) or poly(ethyleneimine) chains, using a combination of ring opening 

polymerization, azide-alkyne click reaction and atom transfer radical polymerization. 

 

Á Study the influence of the structural characteristics of the graft copolymers, as 

molecular weight, hydrophobic/hydrophilic ratio, and grafting density, on their ability 

to condense DNA and the physicochemical properties of the resulting polyplexes. 

 

Á Determine the relationship between the composition of the copolymers and their 

cytotoxicity and ability to transfect HEK-293 cells, using the plasmid pEGFP-N1 as 

a reporter gene. 
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Briefly, chapter 1 reviews general aspects of the vectors used in gene therapy with focus 

on the development of copolymers based on PDMAEMA and PEI applied as gene delivery 

systems. Chapter 2 describes the synthesis and characterization of two series of graft 

copolymers based on PDMAEMA and PEI. Chapter 3 deals with the formation and 

characterization of the copolymer/DNA complexes, describing the physicochemical 

properties of the polyplexes obtained at different conditions. Chapter 4 covers the in vitro 

assessment of the cytotoxicity of the free copolymers, as well as their transfection capability 

using standard conditions for adherent cells (Figure 1-16).  

 

 

Figure 1-16: Structure and content overview of the thesis 

 

 

 

 

 

 

 





 

 
 

2.  Grafting of Poly(2-(dimethylamino)ethyl 
methacrylate) and Linear 
Poly(ethyleneimine) to biodegradable block 
copolymers  

Abstract   

A series of copolymers composed of mPEG and a hydrophobic block of poly(ὑ-

caprolactone-co-propargyl carbonate) grafted with PDMAEMA or lPEI segments was 

synthesized by combining ring opening polymerization, azide-alkyne click reaction and 

atom transfer radical polymerization. Copolymers with varying hydrophobic/hydrophilic ratio 

and grafting density were obtained and characterized by Fourier Transform Infrared, 

Nuclear Magnetic Resonance, Gel Permeation Chromatography and Differential Scanning 

Calorimetry. Kinetic studies demonstrated the controlled/living character of the employed 

polymerization methods. Graft copolymers based on PDMAEMA with target composition 

and tailored structure were achieved, while in the case of copolymers based on lPEI, a 

lower grafting efficiency was obtained. Dynamic Light Scattering and Transmission Electron 

Microscopy proved the formation of assemblies when the graft copolymers were directly 

dissolved in water. Due to their structure, this type of materials are promising candidates 

as drug and gene delivery agents. 

2.1 Introduction  

Cationic polymers have been widely investigated in the biomedical field because of their 

ability to form complexes with different types of biomacromolecules (nucleic acids and 

proteins) through electrostatic interactions.8, 97 PDMAEMA and lPEI have been highlighted 

in this context as efficient nucleic acid delivery systems due to their high transfection and 

capacity to escape from endosomes.44, 98 PDMAEMA is usually synthesized using 

controlled polymerization methods, such as ATRP, allowing the formation of structures with 



26 Graft Copolymers based on PDMAEMA and PEI 

 
controlled molecular weight and defined architecture.99 On the other hand, lPEI is typically 

obtained by cationic ROP of 2-oxazolines and the subsequent hydrolysis of the resulting 

polymers; this method allows the preparation of well-defined materials with narrow molar 

mass distributions.100 Although materials based on high-molecular-weight cationic polymers 

are more efficient as gene carriers, they are associated with low biodegradability and 

cytotoxic effects, which limit their therapeutic applications.9, 101 

 

Several strategies have been studied to overcome the disadvantages of these cationic 

polymers, including their copolymerization with biocompatible and biodegradable 

segments.67, 102 Modification with PEG have demonstrated to enhance their biocompatibility 

and stability in biological systems as a result of a charge shielding effect.103 The introduction 

of biodegradable segments, such as PCL, is a useful approach to improve their non-

biodegradability and reduce the cytotoxicity.52 

 

PCL segments are typically synthesized by ROP, which allows the formation of well-defined 

materials. However, modifying PCL becomes difficult because of the lack of pendant 

functional groups, a process that is required for the preparation of polymers with grafts or 

star-shaped architectures.104 The copolymerization of aliphatic polyesters with 

functionalized cyclic carbonates has emerged as an alternative approach for the chemical 

modification of these materials.105, 106 In particular, cyclic carbonates with alkyne or azide 

groups are interesting because they can be reacted via click chemistry.107, 108 CuAAC is a 

suitable and versatile method for the attachment of different molecules to polyesters 

because of its high selectivity, quantitative yields and mild reaction conditions, which 

prevent their degradation.89 CuAAC click reaction can also be readily combined with 

methods such as ATRP because both reactions exhibit tolerance to a wide variety of 

functional groups and involve the use of copper complexes as catalysts.109 

 

In this chapter, the synthesis and characterization of novel biocompatible and 

biodegradable block copolymers grafted with low molecular weight PDMAEMA or lPEI 

segments with different hydrophobic/hydrophilic ratios and grafting densities are described. 

CL and 5-methyl-5-propargyloxycarbonyl-1,3-dioxan-2-one (MPC) were copolymerized via 

ROP by using mPEG as an initiator to obtain copolymers with a desired number of pendant 

propargyl moieties, which were subsequently used to link the cationic chains by CuAAC. In 

the case of PDMAEMA based copolymers, a combination of CuAAC and ATRP was 
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performed to obtain the final materials. Kinetics studies were also carried out to verify the 

controlled/living character of polymerizations. Finally, the size, surface charge and 

morphology of the aggregates obtained from the direct dissolution of the graft copolymers 

in water were analyzed. 

  

2.2 Experimental section  

 

2.2.1 Materials  

Reagents and solvents were purchased from Sigma-Aldrich unless otherwise indicated. 

mPEG (Mn = 2000) and MPC were dried at 50 °C for 24 h. CL (Alfa Aesar) was dried with 

calcium hydride at room temperature for 48 h and distilled under reduced pressure before 

use. Triethylamine was dried and stored in molecular sieves. DMAEMA (Alfa Aesar) was 

passed through a column packed with basic alumina and used immediately. Toluene and 

tetrahydrofuran (THF) were dried by refluxing with sodium under argon atmosphere prior to 

distillation. Anhydrous N,N-dimethylformamide (DMF) and poly(2-methyl-2-oxazoline), Ŭ-

benzyl, ɤ-azide terminated (PMeOx-N3, Mn = 5000) were obtained from Sigma. All other 

reagents and solvents were used without further purification. 

 

2.2.2 Characterization  

Fourier Transform Infrared (FT-IR) was performed on a Shimadzu IR Prestige-21 

instrument by using a film of the sample placed on KBr windows. Raman spectra were 

recorded using a Thermo Scientific DXR Raman Microscope equipped with an excitation 

laser at 532 nm or 780 nm with a power level of 20 mW. The laser beam was focused on 

the polymer sample using a 50x objective. 1H and 13C Nuclear Magnetic Resonance (NMR) 

spectra were obtained with a Bruker Avance spectrometer operating at 400 and 100 MHz, 

respectively, by using CDCl3 and CD3OD as solvents. Chemical shifts (ŭ) were expressed 

in parts per million (ppm) and referenced to solvent signals. Elemental analyses were 

performed on a Thermo Scientific analyzer Flash 2000. The molecular weight and dispersity 

of copolymers were determined with Gel Permeation Chromatography (GPC) by using a 

Merck Hitachi liquid chromatograph equipped with a Phenogel column (5 ɛm, 300 × 7.8 

mm) and an L-7490 refractive index detector. THF was used as a mobile phase at a flow 

rate of 0.7 mL/min at room temperature, and polystyrene standards were used for 

calibration. Differential Scanning Calorimetry (DSC) analysis was carried out on Mettler 
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Toledo DSC 1, measurements were obtained under nitrogen atmosphere by heating the 

samples from room temperature to 100 °C, followed by quenching to -60 °C and a second 

heating cycle from ī60 ÁC to 120 ÁC with a rate of 10 °C/min. The midpoint of the first 

endothermic transition from the second heating scan was considered as the glass transition 

temperature (Tg), the maximum of the endothermic peak as the melting temperature (Tm) 

and the associated peak integration as the melting enthalpy (ȹHm). Graft copolymers were 

directly dissolved in PCR-Grade water at a concentration of 1 mg/mL and equilibrated for 

24 h. These dissolutions were analyzed by Dynamic Light Scattering (DLS) and zeta (ɕ) 

potential at 25 °C using a Zetasizer Nano ZS equipped with a He-Ne laser (ɚ = 633 nm). All 

measurements were repeated three times. The morphology of the resulting aggregates was 

imaged by Transmission Electron Microscopy (TEM) in a JEOL 1400 plus microscope. 5 

µL of the sample (0.5 mg/mL) were deposited on Formvar-carbon coated grids. After 10 

min, excess solution was wicked off with a filter paper and another 5 µL of sample were 

transferred. Grid was allowed to dry overnight. 

 

2.2.3 Synthesis of MPC  

This reaction was performed in accordance with procedures previously reported.110, 111 2,2-

bis(hydroxymethyl) propionic acid (10 g, 74.5 mmol) and KOH (4.5 g, 80.2 mmol) were 

dissolved in dry DMF (60 mL) and stirred at 100 °C for 2 h. After the reaction was cooled 

down to room temperature, propargyl bromide (10 mL, 89.8 mmol) was added dropwise, 

and the mixture was stirred at 45 °C. After 72 h of the reaction, the mixture was filtered and 

concentrated to remove the excess propargyl bromide and DMF. The residue was dissolved 

in dichloromethane and extracted three times with distilled water. The organic phase was 

dried with anhydrous MgSO4 and filtered. Dichloromethane was removed through rotary 

evaporation, and the product propargyl 2,2- bis(hydroxymethyl)propionate (P-bisHMP) was 

further dried under vacuum. Ethyl chloroformate (9.7 mL, 101.5 mmol) was added to a 

solution of P-bisHMP (8.7 g, 50.5 mmol) in dry THF (130 mL) at 0 °C in a sealed vessel 

purged with argon. This mixture was stirred for 30 min, and triethylamine (14.1 mL, 101.2 

mmol) was added dropwise. The reaction was stirred in an ice bath for 2 h and then at room 

temperature for 48 h. The mixture was filtered and concentrated under reduced pressure. 

The crude product was purified through several recrystallizations from THF/diethyl ether to 

yield MPC as white crystals (yield: 61.7%).  

 



Chapter 2 29 

 

1H NMR (400 MHz, CDCl3): ŭ = 1.35 (s, 3H, -CH3), 2.51 (t, 1H, -CſCH), 4.22 (d, 2H, -

C(CH3)-CH2-), 4.71 (d, 2H, -C(CH3)-CH2-), 4.77 (d, 2H, -CH2-CſCH). 13C NMR (100 MHz, 

CDCl3): ŭ = 17.4 (-C(CH3)-CH2-), 40.2 (-C(CH3)-CH2-), 53.7 (-CH2-CſCH), 72.7 (-C(CH3)-

CH2-), 76.0 (-CH2-CſCH), 76.4 (-CH2-CſCH), 147.4 (-C-C(O)-O-), 170.5 (-O-C(O)-O-). 

Calculated analysis for C9H10O5: C: 54.55; H: 5.09; O: 40.36. Found: C: 54.79; H: 5.17; O: 

40.04. 

 

2.2.4 Synthesis of mPEG -b-P(CL-co -MPC) copolymers  

mPEG-b-P(CL-co-MPC) copolymers with different molar feed ratios of monomers were 

synthesized through ROP. In a typical procedure, mPEG (1 g, 0.5 mmol) was dissolved in 

dry toluene (5 mL) in a round-bottom flask, and toluene was distilled completely to remove 

residual water. This procedure was repeated three times. CL (3.176 mL, 30 mmol), MPC 

(0.693 g, 3.5 mmol), Sn(Oct)2 (81 ɛL, 0.25 mmol) and dry toluene (27 mL) were added to 

this vessel. The flask was sealed and purged with argon. The reaction was placed in an oil 

bath at 110 °C and stirred for 50 h. After polymerization, the mixture was cooled down to 

room temperature. The product was dissolved in dichloromethane and isolated through 

successive precipitations by using cold diethyl ether and methanol. The copolymer was 

filtered and dried under vacuum (yield: 91.4 %). For kinetic studies, the samples were 

withdrawn from the reaction mixture at different times and immediately analyzed through 

1H NMR to determine monomer conversion.  

 

Signals for mPEG45-b-P(CL55-co-MPC5): 1H NMR (400 MHz, CDCl3): ŭ = 1.27 (s, -C(CH2)2-

CH3), 1.37 (q, -CH2-CH2-CH2-), 1.64 (q, -CH2-CH2-CH2-), 2.29 (t, -C(O)-CH2-), 2.49 (t, -

CſCH), 3.36 (s, CH3-O-), 3.63 (s, -CH2-CH2-O-), 4.05 (t, -CH2-O), 4.19-4.32 (m, -C(O)-O-

CH2-), 4.7 (d, -CH2-CſCH). 13C NMR (100 MHz, CDCl3): ŭ = 17.4 (-C(CH2)2-CH3), 24.5 (-

CH2-CH2-CH2-), 25.5 (-CH2-CH2-CH2-), 28.3 (-CH2-CH2-CH2-), 34.2 (-C(O)-CH2-), 46.6 (-

C(CH2)2-CH3), 52.7 (-CH2-CſCH), 59.1 (CH3-O-), 64.1 (-CH2-O), 65.0 (-CH2-C(CH3)-CH2-), 

68.2 (-CH2-C(CH3)-CH2-), 70.5 (-CH2-CH2-O-), 71.9 (-CH2-CſCH), 75.3 (-CH2-CſCH), 

154.8 (-C(O)-O-CH2-), 171.7 (-C(CH3)-C(O)-O-), 173.5 (-C(O)-CH2-CH2). FT-IR (KBr, cm-

1): 1734 (ɜC=O), 3260 (ɜCſCH). All other copolymers were characterized in the same manner. 
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2.2.5 Synthesis of 2-(2-azidoethoxy) ethyl bromoisobutyrate   

This reaction was performed in accordance with procedures described in previous 

studies.92, 112 Sodium azide (6.3 g, 96.9 mmol) was added to a solution of 2-(2-chloroethoxy) 

ethanol (2.5 mL, 23.7 mmol) in distilled water (18 mL). The mixture was refluxed for 24 h. 

After the reaction was cooled down to room temperature, the solution was treated with HCl 

(5%) and then extracted with ethyl acetate. The organic phase was dried with anhydrous 

MgSO4. Ethyl acetate was removed through rotary evaporation, and the product 2-(2-

azidoethoxy) ethanol was passed through a basic alumina column. In a round-bottom flask, 

2-(2-azidoethoxy) ethanol (2.7 g, 20.6 mmol), triethylamine (5.6 mL, 40.2 mmol) and dry 

THF (18 mL) were stirred for 15 min. Then, 2-bromoisobutyryl bromide (3.8 mL, 30.7 mmol) 

was added dropwise at 0 °C. The reaction was stirred in an ice bath for 1 h and then at 

room temperature for 48 h. The resulting mixture was filtered, and THF was removed under 

reduced pressure. The crude product was dissolved in dichloromethane and extracted with 

a saturated solution of NaHCO3. The organic phase was dried, and the volatiles were 

removed at a reduced pressure. The product was purified through column chromatography 

(silica gel, hexane:ethyl acetate 18:2) to yield 2-(2-azidoethoxy) ethyl bromoisobutyrate 

(N3EiBBr) as colorless oil (yield: 67%).  

 

1H NMR (400 MHz, CDCl3): ŭ = 1.92 (s, 6H, -C(CH3)2), 3.36 (t, 2H, -CH2-N3), 3.67 (t, 2H, -

CH2-CH2-N3), 3.73 (t, 2H, -CH2-O-), 4.31 (t, 2H, -C(O)-O-CH2-). 13C NMR (100 MHz, CDCl3): 

ŭ = 32.1 (-C(CH3)2), 52.1 (-CH2-CH2-N3), 57.2 (-C(O)-O-CH2-), 66.4 (-C(CH3)2), 70.2 (-CH2-

CH2-N3), 71.6 (-CH2-O-), 173.0 (-C(O)-O-CH2-). Calculated analysis for C8H14N3O3Br: C: 

34.3; H: 5.04; O: 17.13; N: 15. Found: C: 34.78; H: 5.15; O: 16.64; N: 14.9. 

 

2.2.6 Synthesis of PDMAEMA -N3 

Azide terminated PDMAEMA (PDMAEMA-N3) was synthetized by ATRP using N3EiBBr as 

an initiator. In a typical protocol, N3EiBBr (62 mg, 0.22 mmol), N,N,Nǋ,Nǋǋ,Nǋǋ-

pentamethyldiethylenetriamine (PMDETA) (92 µL, 0.44 mmol), DMAEMA (2 mL, 11.88 

mmol) and anisole (2 mL) were added to a Schlenk tube. The system was purged with 

argon and deoxygenated by three freezeïpumpïthaw cycles. Then, CuBr (32 mg, 0.22 

mmol) was added and the system was degassed by two additional freezeïpumpïthaw 

cycles. Polymerization was allowed to proceed at 60 °C for 24 h, under argon atmosphere. 

The reaction product was passed through a column packed with basic alumina to eliminate 
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copper residuals and purified by precipitations using cold hexane. Finally, the copolymer 

was filtered and dried under vacuum (yield: 87.2%).  

 

Signals for (PDMAEMA)40-N3: 1H NMR (400 MHz, CDCl3): ŭ = 0.79-1.12 (m, -C(CH3)-CH2), 

1.76-1.99 (m, -C(CH3)2 + C(CH3)-CH2-), 2.28 (s, -N(CH3)2), 2.57 (t, -CH2-CH2-N), 3.41 (t, -

CH2-CH2-N3), 3.66 (t, CH2-O-), 3.70 (t, -CH2-CH2-N3), 4.05 (t, -CH2-CH2-N), 4.26 (t, -C(O)-

O-CH2). 13C NMR (100 MHz, CDCl3): ŭ = 16.7 (-C(CH3)-CH2), 18.5 (-C(CH3)2), 44.7 (-

C(CH3)-CH2), 45.1 (-C(CH3)2), 45.8 (-N(CH3)2), 54.1 (-CH2-N3), 57.1 (-CH2-CH2-N), 57.2 (-

C(CH3)-CH2), 63.0 (-CH2-CH2-N), 177.3 (-C(O)-O-CH2). FT-IR (KBr, cm-1): 1730 (ɜC=O), 

2106 (ɜN3), 2769 and 2823 (ɜCH3). All other polymers were characterized in the same 

manner. 

 

2.2.7 Synthesis  of  mPEG-b-P(CL-co -(MPC-g-PDMAEMA)) 

copolymers  

Á Grafting to approach  

mPEG-b-P(CL-co-(MPC-g-PDMAEMA)) copolymers were synthetized through click 

chemistry in the grafting to method. Briefly, mPEG-b-P(CL-co-MPC) (100 mg, 0.02 mmol, 

mean number of alkyne groups: 3), PDMAEMA-N3 (459 mg, 0.07 mmol) and Bpy (9 mg, 

0.06 mmol) were dissolved in dry THF and the mixture was degassed with argon for 20 

min. Then, CuBr (3 mg, 0.02 mmol) was added, under argon atmosphere. The vessel was 

sealed, and the reaction was stirred at 40 °C for 72 h. The product was passed through a 

basic alumina column after dilution, purified by precipitations using cold hexane and dried 

under vacuum (yield: 83.5%).  

 

Signals for mPEG45-b-P(CL18-co-(MPC-g-PDMAEMA40)3): 1H NMR (400 MHz, CDCl3): ŭ = 

0.78-1.20 (m, -C(CH3)-CH2-), 1.28 (s, -C(CH2)2-CH3), 1.40 (q, -CH2-CH2-CH2-), 1.66 (q, -

CH2-CH2-CH2-), 1.79-2.16 (m, -C(CH3)2 + C(CH3)-CH2-), 2.30 (t, -C(O)-CH2- + -N(CH3)2), 

2.58 (t, -CH2-CH2-N), 3.40 (s, CH3-O-), 3.66 (s, -CH2-CH2-O-), 3.88 (t, -CH2-CH2-triazole), 

4.07 (t, -CH2-O + -CH2-CH2-N), 4.21-4.35 (m, -C(O)-O-CH2-), 4.57 (t, -C(O)-O-CH2-), 5.26 

(d, -O-CH2-triazole ), 7.74 (s, triazole). FT-IR (KBr, cm-1): 1109 (ɜC-O-C), 1728 (ɜC=O), 2770 

and 2820 (ɜCH3).  
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Á Grafting from approach  

mPEG-b-P(CL-co-(MPC-g-PDMAEMA)) copolymers were synthesized through a 

combination of CuAAC and ATRP in the grafting from method. The same catalytic complex 

was employed for both reactions (CuBr/Bpy). In a typical procedure, mPEG-b-P(CL-co-

MPC) (0.5 g, 0.054 mmol, mean number of alkyne groups: 5), N3EiBBr (92 mg, 0.329 mmol) 

and Bpy (34 mg, 0.218 mmol) were dissolved in dry THF and degassed with argon for 20 

min. Then, CuBr (10 mg, 0.07 mmol) was added under argon atmosphere. The vessel was 

sealed, and the mixture was stirred at 40 °C. After 48 h of reaction, DMAEMA (1.37 mL, 8.1 

mmol) was added under argon atmosphere, and temperature was raised to 60 °C. 

Polymerization was allowed to proceed for 24 h. The resulting mixture was diluted with THF 

and passed through a column packed with basic alumina. The copolymer was recovered 

through precipitation with cold hexane and filtration. Then, it was diluted in THF, purified via 

dialysis against deionized water (dialysis membrane, molecular weight cutoff (MWCO): 

3500 g/mol) and freeze dried (yield: 79.5%). For kinetic studies, the copolymer samples 

were withdrawn from the reaction mixture at different times. The conversion of DMAEMA 

was determined using the 1H NMR spectra.  

 

Signals for mPEG45-b-P(CL55-co-(MPC-g-PDMAEMA28)5): 1H NMR (400 MHz, CDCl3): ŭ = 

0.78-1.08 (m, -C(CH3)-CH2-), 1.21 (s, -C(CH2)2-CH3), 1.35 (q, -CH2-CH2-CH2-), 1.62 (q, -

CH2-CH2-CH2-), 1.74-1.96 (m, -C(CH3)2 + C(CH3)-CH2-), 2.27 (t, -C(O)-CH2- + -N(CH3)2), 

2.56 (t, -CH2-CH2-N), 3.35 (s, CH3-O-), 3.62 (s, -CH2-CH2-O-), 3.84 (t, -CH2-CH2-triazole), 

4.03 (t, -CH2-O + -CH2-CH2-N), 4.19-4.26 (m, -C(O)-O-CH2-), 4.53 (t, -C(O)-O-CH2-), 5.22 

(d, -O-CH2-triazole ), 7.71 (s, triazole). 13C NMR (100 MHz, CDCl3): ŭ = 16.7 (-C(CH3)-CH2), 

18.5 (-C(CH3)2), 24.5 (-CH2-CH2-CH2-), 25.5 (-CH2-CH2-CH2-), 28.3 (-CH2-CH2-CH2-), 34.1 

(-C(O)-CH2-), 44.7 (-C(CH3)-CH2), 45.7 (-N(CH3)2), 57.1 (-CH2-CH2-N), 57.2 (-C(CH3)-CH2), 

63.0 (-CH2-CH2-N), 64.1 (-CH2-O), 70.5 (-CH2-CH2-O-), 173.5 (-C(O)-CH2-CH2), 177.3 (-

C(O)-O-CH2). FT-IR (KBr, cm-1): 1152 (ɜC-O-C), 1731 (ɜC=O), 2770 and 2821 (ɜCH3). All other 

copolymers were characterized in the same manner. 

 

2.2.8 Synthesis of lPEI -N3 

Azide terminated lPEI (lPEI-N3) was obtained by the acidic hydrolysis of PMeOx-N3 (Mn = 

5000), according to procedures found in literature.100, 113 Briefly, PMeOx-N3 (0.5 g, 0.1 

mmol) was dissolved in a 5 M HCl aqueous solution (10.4 mL) and the mixture was refluxed 

at 100 °C for 24 h. After cooling, the sample was dried under reduced pressure, and the 
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resulting residue was dissolved in deionized water, and added with 2.5 M NaOH solution to 

achieve a basic medium (pH>8). The precipitate was filtered and recrystallized from 

deionized water. Finally, the product was dissolved in methanol and precipitated using cold 

diethyl ether. After filtration, the polymer was dried under vacuum (yield: 91.3%). 

 

Signals for (lPEI)58-N3: 1H NMR (400 MHz, CD3OD): ŭ = 2.78 (s, -NH-CH2-CH2-), 3.94 (s, 

C6H5-CH2-), 7.26-7.40 (m, C6H5-CH2-). FT-IR (KBr, cm-1): 1137 (ɜC-N), 2105 (ɜN3), 3267 

(ɜNH). 

2.2.9 Synthesis of mPEG -b-P(CL-co -(MPC-g-lPEI)) copolymers  

mPEG-b-P(CL-co-(MPC-g-lPEI)) copolymers were synthetized by click chemistry using the 

grafting to approach. Briefly, mPEG-b-P(CL-co-MPC) (90 mg, 0.0097 mmol, mean number 

of alkyne groups: 5), lPEI-N3 (70%, 255 mg, 0.068 mmol) and PMDETA (30 µL, 0.14 mmol) 

were dissolved in a mixture of THF/methanol (1:1 v/v) and degassed with argon for 10 min. 

L-ascorbic acid (30 mg, 0.17 mmol) was added and the mixture was purged with argon for 

another 10 min. Then, CuBr (9 mg, 0.06 mmol) was added under argon atmosphere. The 

vessel was sealed, and the reaction was stirred at 40 °C for 5 days. The copolymer was 

recovered through precipitation with cold diethyl ether and filtration. Subsequently, the 

product was diluted in a mixture of THF/methanol and dialyzed against deionized water 

(MWCO: 3500 g/mol) to remove the catalyst and the unreacted lPEI. Finally, the copolymer 

was freeze dried (yield: 82.2%). 

 

Signals for mPEG45-b-P(CL55-co-(MPC-g-lPEI58)2): 1H NMR (400 MHz, CD3OD): ŭ = 1.29 

(s, -C(CH2)2-CH3), 1.42 (q, -CH2-CH2-CH2-), 1.67 (q, -CH2-CH2-CH2-), 2.35 (t, -C(O)-CH2-), 

2.50 (s, -CſCH), 2.66-3.02 (m, -NH-CH2-CH2-), 3.38 (s, CH3-O-), 3.66 (s, -CH2-CH2-O-), 

3.84 (s, C6H5-CH2-), 4.09 (t, -CH2-O), 4.20-4.26 (m, -C(O)-O-CH2-), 5.35 (s, -O-CH2-

triazole), 7.31-7.41 (s, C6H5-CH2-), 8.09 (s, triazole). FT-IR (KBr, cm-1): 1108 (ɜC-O-C), 1656 

(ɜNH), 1724 (ɜC=O), 3277 (ɜNH). All other copolymers were characterized in the same manner. 
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2.3 Results and discussion  

 

2.3.1 ROP of CL and MPC initia ted with  mPEG 

The cyclic carbonate MPC was prepared in a two-step reaction that involved the formation 

of the propargyl ester P-bisHMP and its subsequent cyclization in the presence of ethyl 

chloroformate as previously reported (Figure 6-1).110, 111 mPEG-b-P(CL-co-MPC) 

copolymers (designated as PPxMy) were synthesized via the ROP of CL and MPC by using 

mPEG (2000 g/mol, confirmed by MALDI-ToF MS analysis) as an initiator and Sn(Oct)2 as 

a catalyst (Figure 2-1). Polymerizations were carried out at 110 °C in toluene ([CL]0 + 

[MPC]0 = 1.25 M) at different molar feed ratios of monomers and a specific reaction time to 

obtain a set of copolymers with a target molecular weight of the PCL segment and a 

predetermined number of acetylene moieties (Table 2-1). 

  

 

Figure 2-1: Synthesis of mPEG-b-P(CL-co-MPC) copolymers 

 

Table 2-1: ROP of CL and MPC initiated with mPEG 

Entry  Sample  
Molar feed 

ratio a 

Time b 

(h) 
Average composition c 

Mn
c (NMR) 

(kg/mol)  
Mw/Mn

d 

1 PP3M3 1/30/5/0.5 48 mPEG45-b-P(CL24-co-MPC3) 5.3 1.35 

2 PP6M3 1/60/5/0.5 50 mPEG45-b-P(CL56-co-MPC3) 9.0 1.32 

3 PP3M5 1/30/7/0.5 48 mPEG45-b-P(CL25-co-MPC5) 5.8 1.28 

4 PP6M5 1/60/7/0.5 50 mPEG45-b-P(CL55-co-MPC5) 9.3 1.30 

5 PP3M9 1/30/11/0.5 52 mPEG45-b-P(CL30-co-MPC9) 7.2 1.32 

6 PP6M9 1/60/11/0.5 52 mPEG45-b-P(CL56-co-MPC9) 10.2 1.31 

 

a Molar feed ratio of mPEG/CL/MPC/Sn(Oct)2. b Polymerization time to obtain the desired 

composition. c Estimated by 1H NMR (mPEG initiator Ὀὖ = 45, confirmed by MALDI-ToF MS). d 

Determined by GPC (eluent: THF, flow rate: 0.7 mL/min, standards: polystyrene) 
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The formation of these materials was studied through FT-IR, Raman and NMR. The FT-IR 

spectra of mPEG-b-P(CL-co-MPC) copolymers showed the characteristic peak of the 

carbonyl group at 1734 cm-1 and a band at 3260 cm-1 corresponding to the C-H stretching 

of the acetylene group of carbonate units, indicating that CL and MPC were copolymerized 

(Figure 2-2A). The copolymerization of MPC was also analyzed by Raman spectroscopy, 

where the bands corresponding to CſC and C=O stretching vibrations were clearly 

displayed at 2130 and 1725 cm-1, respectively (Figure 6-2). In FT-IR, the CſC stretch 

usually appears as a weak band in the region of 2250 - 2100 cm-1, but in this case, the 

stretch was only detected in Raman, probably due to the low content of MPC in the 

copolymers. 
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Figure 2-2: FT-IR spectra of A. mPEG45-b-P(CL55-co-MPC5). B. mPEG45-b-P(CL55-co-(MPC-Br)5). 

C. mPEG45-b-P(CL55-co-(MPC-g-PDMAEMA28)5)     

 

As shown in Figure 2-3, 1H NMR spectra presented the signals attributed to the methylene 

groups of mPEG and PCL. The copolymerization of MPC was deduced by the 

disappearance of the methylene resonances of the carbonate ring (ŭ = 4.22 and 4.71 ppm) 

and the appearance of a multiplet at 4.19ï4.32 ppm.114 This copolymerization was also 

corroborated by a slight shift to the lower field of the methyl signal in the linear structure (ŭ 

= 1.27 ppm) and the appearance of a resonance due to acetylenic protons (ŭ = 2.5 ppm). 

The formation of these copolymers was further confirmed by 13C NMR spectroscopy, as 
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depicted in Figure 2-7A. The degree of polymerization (Ὀὖ) of CL and MPC was estimated 

from the 1H NMR spectra by comparing the integral of the signal at 3.6 ppm (methylene 

protons of mPEG: CH2-CH2- O-) with the signals at 1.6 ppm (methylene protons of CL: -

C(O)-CH2-CH2-CH2-CH2-) and 4.7 ppm (methylene protons of MPC: -CH2-CſCH). The 

average composition and the number average molecular weight (Mn) found through this 

analysis are listed in Table 2-1. 
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Figure 2-3: 1H NMR spectrum of mPEG45-b-P(CL55-co-MPC5)   

 

The characterization of the resulting copolymers by GPC was used to determine the 

molecular weight distribution and the increase in molecular weight. These analyses were 

only applied as a semiquantitative tool, because the measurements were performed with 

polystyrene standards, which significantly differ from the synthesized structures, causing 

deviations in the molecular weight values. GPC analyses of PPxMy showed the shift of the 

copolymer peak to an earlier elution with respect to mPEG because of the increase in 

molecular weight. As shown in Figure 2-4, monomodal molecular weight distributions with 

dispersities between 1.28-1.35 were obtained (Table 2-1).  
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Figure 2-4: GPC traces of mPEG, mPEG45-b-P(CL25-co-MPC5) (PP3M5) and mPEG45-b-P(CL25-co-

(MPC-g- PDMAEMA28)5) (PP3D5) 

 

Á Kinetic stud y of the ROP  

The copolymerization of CL and MPC was also characterized by determining the evolution 

of the copolymer composition and the monomer conversion along the reaction. For this 

purpose, two monomer mixtures with molar fractions of CL and MPC in the feed (fCL/fMPC) 

of 0.8/0.2 and 0.5/0.5 ([mPEG]0/[CL]0/[MPC]0/[Sn(Oct)2]0 = 1/25/6/0.5 and 1/25/25/0.5) were 

polymerized in toluene at 110 °C. An aliquot of the reacting solution was withdrawn at 

certain times and analyzed by 1H NMR.   

 

Figure 2-5 shows the conversion of the comonomers with reaction time for both monomer 

fractions. When the molar fraction was 0.8/0.2 (Figure 2-5A), CL was converted faster than 

MPC; however, the conversion of MPC increased when its molar fraction was raised to 0.5 

(Figure 2-5B). Nevertheless, at each sampling time, the conversion of both monomers was 

comparable. These results suggested that CL and MPC presented a similar reactivity, 

leading to the formation of random copolymers. This behavior agreed with the findings of 

Albertsson and Eklund,115 who studied the copolymerization of CL and 1,3-dioxan-2-one 

(TMC). Their results showed that these monomers also had a similar reactivity when 

Sn(Oct)2 was used as catalyst.  
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Figure 2-5: Monomer conversion as function of polymerization time for the ROP of CL and MPC. 

Initial molar fractions fCL/fMPC: A. 0.8/0.2. B. 0.5/0.5 

 

The conversion of the monomer was fitted to a first-order kinetic model, giving the plots 

presented in Figure 2-6. In([M]0/[M]t) was linearly correlated with reaction time, indicating 

that the concentration of the active propagating species remained constant during the 

reaction and the polymerization rate was only dependent on the monomer concentration. 

This tendency also suggest a negligible contribution of termination reactions, supporting 

the living characteristics of the performed ROP.116 From the slope of the linear plots, the 

polymerization rate constants (k) were determined as 0.069 h-1 and 0.035 h-1 for fCL/fMPC of 

0.8/0.2 and 0.5/0.5, respectively. These values revealed that the overall polymerization rate 

is faster by decreasing the molar feed ratio of MPC. 
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Figure 2-6: Semilogarithmic plots of ln([M]0/[M]t) as function of polymerization time for the ROP of 

CL and MPC 

 



Chapter 2 39 

 

The formation of random copolymers between CL and MPC was further confirmed using 

13C NMR spectroscopy. The region corresponding to the carbonyl carbons of the repeating 

units was analyzed to determine the distribution of both monomers in the copolymer 

structure. Four carbonyl signals were distinguished in the 13C NMR spectra (Figure 2-7A), 

which were attributed to the sequences of CL and MPC shown in Figure 2-7B. The signals 

of the sequences CL-CL, MPC-CL and CL-MPC indicated the formation of a random 

structure, taking into account that the remaining signal (ŭ =171.7 ppm) corresponds to the 

carbonyl carbon adjacent to the propargyl moiety. These results also suggested that the 

carbonate units were individually distributed in the PCL backbone, since the signal of the 

sequence MPC-MPC (around 154.4 ppm) was not found in these spectra.115, 117 

 

180 160 140 120 100 80 60 40 20 0

180 175 170 165 160 155 150

CL-MPCMPC-CL

CL-CL

q

p
o

n
ml kj

i

h

b

a

p

m
n

i

h

ppm

l

gb

q

o

k
jf

e

d
c

ba

g
f

e
d

c

A

  

Figure 2-7: A. 13C NMR spectrum of mPEG45-b-P(CL55-co-MPC5). B. Structure and chemical shifts 

from 13C NMR spectra for the different sequences of CL and MPC present in the copolymer mPEG-

b-P(CL-co-MPC) 

 

2.3.2 Grafting of PDMAEMA to mPEG-b-P(CL-co -MPC)    

 

Á Grafting  from approach versus grafting  to approach  

mPEG-b-P(CL-co-(MPC-g-PDMAEMA)) copolymers were synthesized by grafting 

PDMAEMA to mPEG-b-P(CL-co-MPC) through the combination of azide-alkyne click 

reaction and ATRP. Initially, grafting to and grafting from approaches89 were compared to 

select the most suitable conditions. In both cases, N3EiBBr was used as an ATRP initiator 
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and synthesized in a two-step reaction that involved the substitution of chloride from 2-(2-

chloroethoxy) ethanol by NaN3 and the acylation of the resulting alcohol with 2-

bromoisobutyryl bromide (Figure 6-3).92, 112 

 

In the grafting to method, preformed and purified PDMAEMA-N3 was linked to mPEG-b-

P(CL-co-MPC) backbone through the alkyne groups via click chemistry. Firstly, a 

PDMAEMA-N3 homopolymer was synthesized through ATRP at 60 °C by using N3EiBBr as 

an initiator, CuBr/PMDETA as a catalyst and anisole as a solvent (Figure 6-4).92, 118 

Secondly, the CuAAC reaction was performed in THF at 40 °C. CuBr complexed with Bpy 

was selected as catalyst in accordance with previously described methods.109 The reaction 

was monitored by sampling periodically and analyzing the product through 1H NMR to 

determine the time needed to achieve a complete click reaction. The composition of the 

copolymer at different reaction times was estimated through the integration of resonances 

at 3.6 and 2.6 ppm that corresponded to the methylene protons of mPEG and PDMAEMA, 

respectively. The reaction was completed after 72 h, i.e. all alkyne groups had reacted with 

PDMAEMA-N3 after this time (Figure 6-5). 

 

In the grafting from approach, N3EiBBr initiator was initially bounded to alkyne moieties on 

mPEG-b-P(CL-co-MPC) copolymer via the CuAAC reaction, and then DMAEMA was 

added in the same vessel for its polymerization via ATRP. For both reactions, CuBr/Bpy 

was employed as a catalyst. Firstly, click reaction was performed at 40 °C by using THF as 

solvent to form a macroinitiator. An aliquot of the reaction mixture was taken to determine 

the progress of the reaction through 1H NMR. The conversion of the alkyne groups to 

triazole was monitored from the integration ratio between the methylene protons of mPEG 

at 3.6 ppm and the methyl protons adjacent to bromine of the ATRP initiator at 1.9 ppm. 

After 48 h, a complete click reaction was achieved (>99% conversion of propargyl groups 

to triazole), and DMAEMA could be added to the same vessel for its polymerization after 

temperature increased to 60 °C. Ὀὖ of PDMAEMA was estimated using the same signals 

described above for the grafting to process (Figure 6-5). The increase in reaction time 

observed with the grafting to method for the cycloaddition process can be attributed to the 

steric hindrance generated by the chains of PDMAEMA-N3 that only contain one terminal 

group to react with the propargyl moieties. Although both methods allowed a complete click 

reaction and a target composition, the grafting from approach required a shorter reaction 
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time and a simpler synthesis setup under similar experimental conditions. Thus, the grafting 

from method was selected to synthesize a series of copolymers with different compositions. 

 

Á Kinetic stud y of the ATRP  

The ATRP of DMAEMA with the grafting from methodology was further kinetically studied 

for two different molar feed ratios ([PPxMy]0/[N3EiBBr]0/[CuBr]0/[Bpy]0/[DMAEMA]0 = 

1/6/1.3/4/150 and 1/4/1.3/4/90). Polymerizations were carried out as described before. 

Small aliquots were taken from the reaction medium at selected time intervals and analyzed 

through 1H NMR to monitor monomer conversion (Figure 2-8A). The living character of 

polymerization was confirmed on the basis of the linear increase in ln([M]0/[M]t) with reaction 

time (Figure 2-8B), indicating a first-order kinetic behavior. No induction period was 

observed in these plots, suggesting that the initiating species were formed rapidly, which 

allowed the simultaneous growth of all PDMAEMA chains. This tendency is typical for 

controlled radical polymerizations as have been described in the ATRP of DMAEMA from 

different macroinitiators and with CuBr-based catalysts.99, 119 The rate constants (k) 

revealed a faster polymerization rate when the molar feed ratio of DMAEMA was increased. 
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Figure 2-8: A. Monomer conversion as function of polymerization time for the ATRP of DMAEMA. 

B. Semilogarithmic plots of ln([M]0/[M]t) as function of polymerization time for the ATRP of DMAEMA 

 

Á Synthesis of target graft copolymers  

A series of mPEG-b-P(CL-co-(MPC-g-PDMAEMA)) copolymers (designated as PPxDy) 

with a defined composition was synthesized via the grafting from approach. Initially, PPxMy 

copolymers (Table 2-1, Entry 1-4) were transformed into mPEG-b-P(CL-co-(MPC-Br)) via 

a click reaction with N3EiBBr. Subsequently, the resulting materials were used as 
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macroinitiators for the polymerization of DMAEMA via ATRP in the same pot without any 

purification step (Figure 2-9). With this route, materials composed of a PCL backbone with 

molecular weights close to 3 and 6 kg/mol and a target number of PDMAEMA grafts (3 or 

5) with a controlled molecular weight were synthesized (Table 2-2). 

 

 

Figure 2-9: Synthesis of mPEG-b-P(CL-co-(MPC-g-PDMAEMA)) copolymers 

 

The reaction to obtain mPEG-b-P(CL-co-(MPC-Br)) macroinitiators was allowed to proceed 

until the complete conversion of alkyne groups to triazole was detected through FT-IR and 

1H NMR. In the FT-IR spectra, the band of the alkyne group stretching at 3260 cm-1 

disappeared because of its coupling with the ATRP initiator (Figure 2-2B). This reaction 

was further confirmed through 1H NMR. The resonance at 2.5 ppm corresponding to 

acetylene protons disappeared, and a new signal at 7.8 ppm assigned to triazole protons 

was observed. Additionally, methylene protons belonging to the carbonate units shifted 

from 4.7 ppm to 5.3 ppm after triazole formation. Likewise, the signals of the two methyl 
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groups adjacent to the bromine atom of the ATRP initiator could be observed at 1.9 ppm 

(Figure 2-10). The integration ratio of the signal of the methylene protons of mPEG and the 

methyl protons adjacent to the bromine atom of the initiator was used to quantitatively 

characterize the reaction between alkyne groups and N3EiBBr for producing triazole rings. 

 

Table 2-2: Synthesis of graft copolymers based on PDMAEMA by combining CuAAC and ATRP 

Sample  
Molar feed 

ratio a 
Average composition b 

Mn
b (NMR) 

(kg/mol)  
Mw/Mn

c 

PP3D3 1/4/1.3/4/90 mPEG45-b-P(CL24-co-(MPC-g-PDMAEMA28)3) 19.3 1.28 

PP6D3 1/4/1.3/4/90 mPEG45-b-P(CL56-co-(MPC-g-PDMAEMA28)3) 23 1.25 

PP3D5 1/6/1.3/4/150 mPEG45-b-P(CL25-co-(MPC-g-PDMAEMA28)5) 29.2 1.27 

PP6D5 1/6/1.3/4/150 mPEG45-b-P(CL55-co-(MPC-g-PDMAEMA28)5) 32.6 1.19 

 

a Molar feed ratio of PPxMy/N3EiBBr/CuBr/Bpy/DMAEMA. b Estimated by 1H NMR (Ὀὖ of each 

PDMAEMA graft assuming that all chains grew simultaneously). c Determined by GPC (eluent: THF, 

flow rate: 0.7 mL/min, standards: polystyrene) 
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Figure 2-10: 1H NMR spectrum of mPEG45-b-P(CL55-co-(MPC-Br)5) macroinitiator 

 

The FT-IR spectra of the graft copolymers formed after DMAEMA polymerized from mPEG-

b-P(CL-co-(MPC-Br)) macroinitiators displayed two new bands at 2821 and 2770 cm-1 

attributed to the C-H bond of the -N(CH3)2 group, which are characteristic bands of 

PDMAEMA (Figure 2-2C).120, 121 In the 1H NMR spectra shown in Figure 2-11, the signals 
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attributed to the protons of each segment of the copolymer were observed, and the 

resonances of methyl and methylene protons of PDMAEMA grafts and triazole rings were 

found. Signals of vinyl protons were no longer visible (5-6 ppm), which indicates the 

absence of residual monomer. The integration of the peaks at 3.6 ppm (methylene protons 

of mPEG: CH2-CH2-O-) and 2.6 ppm (methylene protons of PDMAEMA: CH2-CH2-N) was 

used to estimate the Ὀὖ of PDMAEMA. The reaction was stopped upon reaching 93% 

conversion of the monomer to obtain copolymers with a similar degree of polymerization. 

The formation of these materials was further confirmed by 13C NMR spectroscopy, as 

shown in Figure 6-6. The GPC traces of the resultant copolymers revealed the shifting to 

lower retention times because of the increase in molecular weight with respect to the 

polymeric precursors (Figure 2-4), whereas the polymer chain distribution remained 

monomodal with dispersities comparable to the corresponding backbones (Table 2-2). 
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Figure 2-11: 1H NMR spectrum of mPEG45-b-P(CL55-co-(MPC-g- PDMAEMA28)5) 

 

2.3.3 Grafting of lPEI to  mPEG-b-P(CL-co -MPC) 

mPEG-b-P(CL-co-(MPC-g-lPEI)) copolymers were synthesized via click chemistry by 

grafting lPEI-N3 to mPEG-b-P(CL-co-MPC) backbones, using the grafting to approach. Only 

this approach was evaluated since a commercial polymer previously modified with azide 

groups (PMeOx-N3) was employed. Firstly, lPEI-N3 was obtained through the acidic 

hydrolysis of PMeOx-N3 (Mn = 5000) at 100 °C, using an excess of aqueous HCl (Figure 2-
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12). These conditions allowed the complete hydrolysis of the acyl side groups, producing 

well-defined lPEI-N3 chains.100  

 

 

Figure 2-12: Synthesis of lPEI-N3 from the acidic hydrolysis of PMeOx-N3 

 

FT-IR and 1H NMR spectroscopy were used to verify the complete conversion of PMeOx-

N3 to lPEI-N3 (>99% conversion was expected under the used experimental conditions). 

The FT-IR spectra showed the disappearance of the band corresponding to the carbonyl 

group of the side chains, as well as a new broad band around 3260 cm-1, characteristic of 

the secondary amine stretching of lPEI. The peak at 2105 cm-1 was retained, indicating that 

the azide groups remained intact after the acidic hydrolysis (Figure 2-13B). The presence 

of the azide group was corroborated by Raman spectroscopy, where the band 

corresponding to N3 symmetric stretch was displayed at 1289 cm-1 (Figure 6-7).  
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Figure 2-13: FT-IR spectra of A. mPEG45-b-P(CL55-co-MPC5). B. (lPEI)58-N3. C. mPEG45-b-P(CL55-

co-(MPC-g-lPEI58)2) 
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The 1H NMR spectra confirmed the cleavage of all side groups by the complete 

disappearance of the signal at 2.1 ppm corresponding to the methyl groups of PMeOx-N3, 

as depicted in Figure 2-14. The analyses by 13C NMR were not determined due to the 

overlapping of the carbon resonance of the repeating units with the solvent signal. The 

average molecular weight of the resulting linear PEI chains was 2.6 kDa, considering the 

Mn of the PMeOx-N3 precursor (5 kDa).   
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Figure 2-14: 1H NMR spectra of A. P(MeOx)58-N3. B. (lPEI)58-N3 

 

Subsequently, lPEI-N3 chains were coupled to PPxMy backbones (Table 2-1, Entry 3-6) via 

click chemistry to obtain a series of mPEG-b-P(CL-co-(MPC-g-lPEI)) copolymers 

(designated as PPxLy). The CuAAC reaction was performed in a mixture of THF/methanol 

at 40 °C, by using CuBr complexed with PMDETA as a catalyst and L-ascorbic acid as a 

reducing agent to prevent the oxidation of Cu(I) species (Figure 2-15). With this route, 

copolymers composed of PCL backbones of 3 and 6 kDa bearing 2 or 3 lPEI grafts were 

obtained. As shown in Table 2-3, conversion of propargyl moieties to triazole was 

uncomplete, even using long reaction times (up to 5 days) and a greater density of alkyne 

groups. With the PPxMy copolymers containing 3 kDa PCL, the coupling of the lPEI chains 

did not improve with the increase in the number of alkyne groups; therefore, two graft 

copolymers with similar composition were produced (PP3L2). This low grafting efficiency 

could be attributed to the complexation of lPEI to copper species through their multiple 

amine groups, reducing the accessibility of copper sites for alkyne coordination, in 
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combination with the steric hindrance generated by the polymeric chains of lPEI that only 

contain one terminal azide group to react with the propargyl moieties.96, 122 Similar low 

grafting efficiencies of PEI using click chemistry have been previously reported.96, 123  

 

 

Figure 2-15: Synthesis of mPEG-b-P(CL-co-(MPC-g-lPEI)) copolymers 

 

Table 2-3: Synthesis of graft copolymers based on lPEI by CuAAC 

Sample  
Molar feed 

ratio a 

No. 

alkyne  

Conv. 

triazole b 

(%) 

Average composition b 

Mn
b 

(NMR) 

(kg/mol)  

PP3L2 1/7/6/12/24 5 40 mPEG45-b-P(CL25-co-(MPC-g-lPEI58)2) 11.1 

PP3L2* 1/11/10/20/40 9 22.2 mPEG45-b-P(CL30-co-(MPC-g-lPEI58)2) 12.4 

PP6L2 1/7/6/12/24 5 40 mPEG45-b-P(CL55-co-(MPC-g-lPEI58)2) 14.5 

PP6L3 1/11/10/20/40 9 33.3 mPEG45-b-P(CL56-co-(MPC-g-lPEI58)3) 18 

 

a Molar feed ratio of PPxMy/lPEI-N3/CuBr/PMDETA/L-Ascorbic Acid. b Estimated by 1H NMR 

 

The structure and composition of PPxLy copolymers were determined by FT-IR, Raman 

and 1H NMR. The FT-IR spectra displayed two new bands at 3277 and 1656 cm-1 attributed 

to the secondary amine groups of lPEI, as well as the characteristic peak of the carbonyl 

group of PCL at 1724 cm-1. The loss of the azide band, in both FT-IR and Raman spectra, 

indicated that unreacted lPEI-N3 was released during the dialysis process and pure graft 

copolymers were obtained (Figure 2-13C and Figure 6-7). The copolymerization of lPEI 
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was corroborated by 1H NMR, as depicted in Figure 2-16, where the resonances 

corresponding to the protons of each segment were found, including the signals of the 

triazole rings at 8.1 ppm and the methylene protons belonging to lPEI chains at Ḑ2.8 ppm. 

The grafting density of the copolymer was calculated from the integral values of the peaks 

at 3.6 ppm and Ḑ2.8 ppm that correspond to the methylene protons of mPEG and lPEI, 

respectively (Table 2-3). From this calculation, it was determined that propargyl groups did 

not react completely with lPEI-N3 chains. This result was corroborated by NMR from the 

weak resonance at 2.5 ppm corresponding to the unreacted acetylenic protons and by 

Raman spectroscopy from the band at 2185 cm-1 corresponding to alkyne CſC vibration 

(Figure 6-7). The number of lPEI grafts in the copolymers was corroborated through the 

content of nitrogen atom determined by elemental analysis, as shown in Table 6-1. The 

resulting graft copolymers presented low solubility in the solvents in which GPC is typically 

performed, such as THF, so these analyses could not be determined. 
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Figure 2-16: 1H NMR spectrum of mPEG45-b-P(CL55-co-(MPC-g-lPEI58)2) 

 

2.3.4 Thermal analysis  of copolymers  

DSC is a widely used technique for studying the thermal behavior of polymers, that 

determines the energy absorbed or released by a sample during a thermal transition. In the 

development of new materials, it is a valuable tool for characterizing the structural changes 

that polymers undergo during a thermal treatment.124 Considering that variations on the 
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structure and composition of polymers are translated into distinctive thermal properties, the 

effect of MPC incorporation and the grafting of the cationic chains on parameters as glass 

transition and melting was investigated. For this purpose, the samples were heated from 

room temperature to 100 °C to erase their thermal history and then, quenched to ī60 ÁC to 

enable the detection of glass transitions. Subsequently, thermograms were collected from 

-60 to 120 °C at a heating rate of 10 °C/min. The plots were normalized to sample weight.  

 

The DSC thermogram of the mPEG macroinitiator showed one single endothermic peak 

that corresponds to its melting point at 52 °C and a Tg of approximately ī50 ÁC (Figure 6-

8). The thermograms for the heating of PPxMy copolymers showed one or two endothermic 

peaks dependent on the copolymer composition (Figure 2-17). A broad peak in the range 

of 25 ï 35 °C was attributed to the melting of PEG domains, as previously reported for PEG-

b-PCL copolymers.125, 126 PEG melting shifted to a lower temperature in the presence of the 

P(CL-co-MPC) segment, suggesting that its crystallization was suppressed. For PEG-b-

PCL copolymers, Nojima et al.127 explained that PCL crystallizes when is the dominant 

fraction, rejecting PEG from the crystal, which is accommodated in the amorphous layer 

between the lamellae. The detection of the Tg of the copolymers around -50 °C was enable 

by the quenching procedure. In all cases, a single melting peak associated with P(CL-co-

MPC) domains was observed in the range of 30 ï 45 °C with melting enthalpies between 

ī30 and ī46 J/g, as summarized in Table 2-4. The appearance of one melting peak also 

suggested the random distribution of MPC. Tm and ȹHm of P(CL-co-MPC) were dependent 

on the number of MPC units. A larger number of carbonate units decreased the melting 

temperature and the associated enthalpy, presumably because of a reduction of crystal 

thickness caused by the hindrance to crystal formation exerted by MPC. This trend has also 

been reported for the random copolymerization of functionalized cyclic carbonates with L-

lactide.108, 117, 128 
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Figure 2-17: DSC heating curves obtained for PPxMy copolymers 

 
Table 2-4: Thermal analysis of the synthesized polymers 

Sample  Tg
a (°C) Tm

a (°C) ȹHm
b (J/g)  

2kDa mPEG -50.2 52.1 -165.8 

PP6M9 -52.9 30.8 -37.3 

PP6M5 - 40.4 -42.8 

PP6M3 - 44.5 -45.8 

PP3M9 -49.5 30.8 -30.1 

PP3M5 -47.9 42.6 -39.3 

PP3M3 -53.1 44.9 -43.3 

20 kDa PDMAEMA 5 - - 

PP6D5 -25.1 - - 

PP3D5 -17.1 - - 

PP6D3 -44.1 37.8 -3.7 

PP3D3 -35.5 36.1 -1.8 

25 kDa lPEI -31.3 45.2 / 69.5 -5.1 / -6.3 

PP6L3 - 46.2 -15.4 

PP6L2 - 43.9 -31.8 

PP3L2* - 46.9 -18 

PP3L2 - 46.6 -25.5 

 
a Measured by DSC analysis at the second scan. b Calculated from the integration of the melting 

peak 
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The DSC traces of PPxDy copolymers and a 20 kDa PDMAEMA reference are illustrated 

in Figure 2-18A and, the values of Tg, Tm and ȹHm are summarized in Table 2-4. 

PDMAEMA, an amorphous polymer, exhibited a single glass transition at approximately 5 

°C, which is close to the reported values.129 The copolymers had a broad glass transition 

below 0 °C that did not correspond to PDMAEMA or mPEG indicating that hydrophilic 

segments were miscible. It was observed that the grafting of 5 PDMAEMA segments 

prevented the crystallization of mPEG-b-P(CL-co-MPC) and only the materials with the 

lowest grafting density of PDMAEMA (3 grafts) presented a cool crystallization around 10 

°C and a melting transition at approximately 37 °C. Therefore, even when its crystallization 

was hindered upon cooling, these molecules could rearrange to give crystalline domains 

once they recovered their mobility (after Tg). This behavior also confirmed the different 

grafting degree of PDMAEMA chains in the copolymers. 

 

The thermograms of the PPxLy copolymers and lPEI of 2.5 kDa are depicted in Figure 2-

18B. For lPEI, a glass transition around -31 °C was detected, in concordance with values 

previously reported.130 Additionally, lPEI exhibited two melting peaks at 45 °C and 69 °C 

attributed to different crystalline arrangements given by the presence of anhydrous and 

hydrated domains.131 The peak at 69 °C corresponds to the usual melting temperature 

reported in literature.100, 132 DSC traces of the graft copolymers showed the formation of 

crystalline regions with endothermic peaks around 46 °C and melting enthalpies between -

15 and -32 J/g. As shown in Table 2-4, the melting temperatures of PPxLy copolymers were 

higher compared to the corresponding PPxMy precursors due to the grafting of the cationic 

chains, suggesting an increment in the crystal thickness, possibly caused by the hydrogen 

bonding between the amine groups of lPEI and the other segments of the copolymer.133, 134 
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Figure 2-18: DSC heating curves obtained for A. PPxDy and B. PPxLy copolymers 

 

2.3.5 Self -assembly  of the graft copolymers in water  

Copolymers with hydrophobic and hydrophilic segments, known as amphiphilic 

copolymers, can self-organize in aqueous media to form nanostructures with potential 

application in fields as drug and gene delivery. These aggregates display different 

morphologies, including spherical micelles, rods or vesicles, depending on the architecture 

and molecular weight of the constituent segments.135 The self-assembly process is 

produced by the aggregation of the hydrophobic regions, as consequence of water addition, 

and the subsequent stabilization of these aggregates by the hydrophilic segments. From 
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the thermodynamic point of view, aggregate formation is favored by the reduction of the 

total free energy of the system, considering that hydrophobe-water interaction energy is 

minimized.136 

 

The assembly behavior of the graft copolymers in water was assessed by ɕ potential, DLS 

and TEM to determine the surface charge, particle size and morphology of the resulting 

aggregates. For these analyses, the graft copolymers were directly dissolved in water at a 

fixed concentration, avoiding the use of organic solvents. The ɕ potential values and 

average hydrodynamic diameters of the PPxDy and PPxLy assemblies are summarized in 

the Table 2-5. For all the copolymers, the ɕ potential measurements showed the formation 

of particles with positive surface charge, which increased with the number of cationic grafts. 

The length of the hydrophobic segment had a minor effect on this property. The lower 

values obtained for PPxLy copolymers could be related to the lower molecular weight of 

the cationic segments, compared to the PDMAEMA polycations. These shorter segments 

probably presented a higher miscibility with the PCL block, leading to a lower concentration 

of the cationic segment at the interface with water.  

 

Table 2-5: ɕ potential and hydrodynamic diameter of the particles formed in water from PPxDy and 

PPxLy copolymers 

Sample  ɕ potential (mV) Average size  (nm)  

PP6D5 16.1 ± 0.7 152.3 ± 5.6 

PP3D5 15.3 ± 0.5 208.7 ± 11.4  

PP6D3 11.1 ± 0.9 173.5 ± 13.2 

PP3D3 9.5 ± 0.5 223.6 ± 29 

PP6L3 8.0 ± 0.2 269.7 ± 38.5  

PP6L2 5.7 ± 0.8 301.0 ± 22.9 

PP3L2 4.8 ± 0.5 377.5 ± 28.3 

 
Data represent mean ± standard deviation (SD) 

 

The size distribution of the particles based on PPxDy copolymers was monomodal with 

average diameters between 152 and 224 nm (Figure 2-19A). These values were dependent 

on the copolymer composition, indicating that the formation of smaller particles was favored 

by using P(CL-co-MPC) segments of higher molecular weight (6 kDa). As shown in previous 

studies carried out in the research group, copolymers with longer hydrophobic segments 
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tend to aggregate at a lower concentration, leading to the formation of particles with fewer 

associated chains, and consequently, a smaller size.118 The number of PDMAEMA grafts 

had a minor effect, but in general, the hydrodynamic diameter was reduced with increasing 

the grafting density. Sizes between 60 and 150 nm have been reported for similar 

structures. In these studies, the particles were prepared by the nanoprecipitation technique, 

which involves the dissolution of the polymer in an organic solvent, such as THF or acetone, 

followed by the addition of the organic phase to aqueous medium.11, 54 The larger sizes 

found in this research could be caused by the direct dissolution of the copolymers in water. 

As have been described in previous studies, the method of preparation affects the 

mechanism of aggregate formation and the hydrodynamic interactions between aggregates 

and/or polymer chains.136 Munk137 explained that the bigger sizes obtained by the direct 

dissolution of bulk copolymers could be due to the poor swelling of the insoluble block, that 

hinders its mobility and disentanglement of the original domains. These domains may not 

breakup completely, increasing the size of the formed aggregates.    
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Figure 2-19: Particle size distribution determined for A. PPxDy and B. PPxLy copolymers in water. 

TEM images of the particles obtained by the direct dissolution of C. PP6D5 and D. PP6L3 in water 
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Similarly, the particles obtained from the self-assembly of PPxLy copolymers presented 

unimodal size distributions and average diameters between 270 and 377 nm (Figure 2-

19B). The differences between copolymers followed the same trends described for the 

PPxDy assemblies, although higher values were determined for this series of copolymers, 

probably due to particle aggregation, considering their lower ɕ potential. For similar 

structures based on low molecular weight PEI, diameters from 280 ï 560 nm have been 

determined, which are comparable to the values obtained in this work.66 TEM images 

showed the formation of spherical nanostructures with different sizes for the PPxDy graft 

copolymers, while in the case of the PPxLy copolymers, larger aggregates with multiple 

shapes were found (Figure 2-19C, D). The heterogeneity in size observed through this 

technique, particularly for the particles based on PPxLy, can be explained by the uneven 

polymer concentration after sample drying, as well as the dehydrated solid state of the 

particles, which can cause their aggregation, as previously reported.138, 139  

 

2.4 Conclusions  

A set of novel mPEG-b-P(CL-co-(MPC-g-PDMAEMA)) and mPEG-b-P(CL-co-(MPC-g-

lPEI)) copolymers were successfully synthesized through a combination of ROP, CuAAC 

and ATRP. The graft copolymers based on PDMAEMA were prepared following the grafting 

from approach, achieving target molecular weights and grafting densities, while for the lPEI-

based copolymers, synthesized by the grafting to method, low grafting efficiencies were 

obtained. Narrow molecular weight distributions were observed due of the controlled/living 

character of the employed polymerizations, as demonstrated in the kinetic studies. The 

proposed synthetic route proved to be efficient for the synthesis of well-defined PDMAEMA 

graft copolymers. From the thermal analysis, it was determined that the crystallinity of the 

mPEG-b-P(CL-co-MPC) backbone was affected from the different grafting degree of the 

cationic chains. These materials could self-assemble in water to form particles positively 

charged with sizes ranging from 150 and 380 nm. The characteristics of the resulting 

nanoparticles were dependent on the copolymer composition. While the surface charge 

was affected by the grafting density, the hydrodynamic diameter was dependent on the 

molecular weight of the hydrophobic segment, and the morphology by the length and nature 

of the cationic chains, although in general, was spherical. These trends could be useful for 

the design of copolymers with tailored properties applied as carriers of drugs and genetic 

material.    





 

 
 

3.  Formation of copolymer/DNA complexes 
and study of their physicochemical 
properties  

Abstract  

Graft copolymers/pDNA complexes were prepared using different N/P ratios and matrices, 

and characterized by Gel retardation assay, ɕ potential, Dynamic Light Scattering and 

Transmission Electron Microscopy to determine their physicochemical properties, such as 

DNA condensation ability, surface charge, particle size and morphology. PDMAEMA 

copolymers could fully condense the pDNA at N/P ratios of 1, regardless of their 

composition, forming particles with net positive surface charge and sizes below 300 nm. In 

the case of the lPEI copolymers, N/P ratios between 7 and 20 were required for DNA 

condensation, depending on the copolymer composition and the used matrix. The 

measurements of particle size and surface charge indicated the formation of polyplexes 

with hydrodynamic diameters below 500 nm and negatively or neutral charged surfaces. 

These results suggest that polyplexes formed by PDMAEMA copolymers could be suitable 

for gene delivery as they fulfill the requirements of size and surface charge needed for 

cellular uptake, while lPEI based complexes might have some limitations in the process of 

DNA transfection.   

3.1 Introduction  

The delivery of genetic material to specific cells and tissues has become a promising 

strategy for the treatment of several diseases.140 However, the lack of efficient and safe 

delivery systems remains as the main obstacle for the clinical application of gene therapy. 

Thus, the development of new vectors with improved performance is of paramount 

importance.141, 142 A successful carrier should fulfill several requirements such as solubility 
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in aqueous media, effective DNA condensation, nanometric sizes (<300 nm), stability under 

physiological conditions, high transfection efficiency and biocompatibility.5, 143  

 

Synthetic cationic polymers have attracted increasing attention in this context due to their 

ability to condense DNA molecules through electrostatic interactions and form stable 

complexes. Complex formation is a spontaneous process of aggregation between two 

oppositely charged chains, driven mainly by electrostatic interactions, although other types 

of interaction as hydrophobic forces or hydrogen bonds are also possible.144 In addition, 

complexation is driven by the gain in entropy, which is related to the release of counterions 

and water molecules from the dissolved polyelectrolyte chains.145 

 

Likewise, it is possible to control the characteristics of the resulting polyplexes from the 

structure and composition of the polymer. It has been demonstrated that properties as DNA 

condensation ability, particle size and surface charge, which significantly influence the 

cellular uptake and cytotoxicity, depend on the molecular weight, the 

hydrophobic/hydrophilic ratio and the architecture of the polycations.10, 143, 146 The 

modification of synthetic cationic polymers, as PDMAEMA and PEI, with hydrophilic PEG 

blocks can improve the colloidal stability of the polyplexes, especially in presence of serum 

proteins, due to its electrical neutrality and absence of functional groups, which reduce the 

absorption of proteins and prevent the aggregation. A PEG shell also decreases the surface 

charge of the complexes, enhancing their biocompatibility.147, 148 On the other hand, the 

introduction of PCL segments has demonstrated to increase the binding affinity between 

the polycation and DNA molecules through hydrophobic interactions, resulting in the 

formation of more compact complexes that are more easily internalized by cells.70, 149 

 

In this chapter, the DNA condensation ability of the synthesized graft copolymers in different 

matrices was evaluated, as well as the physicochemical properties of the resulting 

polymer/DNA complexes, including particle size, ɕ potential and morphology. Structural 

features of copolymers such as hydrophobic/hydrophilic ratio, molecular weight and grafting 

density were correlated to the characteristics of the polyplexes formed under transfection 

conditions, i.e., in presence of cell culture medium with and without serum. The results were 

compared with the homopolymers 20 kDa PDMAEMA and 25 kDa lPEI. These experiments 

were performed at the Chair for Process Biotechnology at the University of Bayreuth, 

Germany.   
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3.2 Experimental sectio n 

 

3.2.1 Materials  

Sigma-Aldrich was used as supplier, unless otherwise indicated. 25 kDa lPEI was from 

Polysciences. 20 kDa PDMAEMA-N3 was synthetized according to the procedure described 

in Chapter 2. Stock solutions of polycations were prepared by direct dissolution in ultrapure 

PCR-Grade water and allow to equilibrate for 24 h. 150 mM NaCl and 4-(2-hydroxyethyl)-

1-piperazineethanesulfonic acid (HEPES) buffered glucose (HBG, 20 mM HEPES, 5 wt % 

glucose, pH 6.0) solutions were prepared in Milli-Q water and sterilized by filtration (0.2 µm, 

cellulose acetate filters). Cell culture medium R10 (Roswell Park Memorial Institute (RPMI) 

1640 without glutamine (Biochrom AG), supplemented with 10 vol % fetal calf serum (FCS), 

2 mM L-glutamine, 100 IU/mL penicillin and 100 µg/mL streptomycin) was prepared in the 

laboratory. Opti-MEM (serum-free medium) was from Thermo Fisher Scientific.   

 

3.2.2 Plasmid   

pEGFP-N1 (4.7 kb, Clontech Laboratories, Inc.) encoding for the EGFP driven by the 

cytomegalovirus immediate early promoter was amplified in Escherichia coli using standard 

laboratory techniques and purified using the EndoFree Plasmid Kit (Giga Prep) from 

QIAGEN. Quality control: >80% supercoiled topology (agarose gel) and A260/A280 Ó 1.8. 

Purified plasmids were solubilized in PCR-water and stored at -20 °C. 

 

3.2.3 Preparation of copolymer/DNA complexes  

Polyplexes were prepared by mixing a predetermined amount of pDNA in the complexation 

solution, followed by the addition of a calculated volume of the polymer stock solution to 

achieve the desired N/P ratio (Nitrogen/Phosphate ratio). The mixture was vortexed and 

incubated for 20 min at room temperature. N/P ratios were calculated according to the 

Equation 3.1.150  

.Ⱦ0 ÒÁÔÉÏ 
А, ÐÏÌÙÍÅÒ ÓÔÏÃË ÓÏÌÕÔÉÏÎᶻ.  

АÇ Ð$.!zσ
 

 

Where [N] is the concentration of nitrogen residues in mM. 

 

(3.1) 
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3.2.4 Gel retardation assay  

Polyplexes were prepared by mixing 1 µg of pDNA in the indicated diluent (150 mM NaCl 

or HBG solution), followed by the addition of sufficient amounts of polycation stock solution 

to achieve different N/P ratios (Final volume: 50 µL). After 20 min of incubation, complexes 

were mixed with 5 µL of 6x loading buffer (60% glycerol, 10 mM Tris-HCl pH 7.6, 60 mM 

EDTA, 0.03% bromophenol blue) and loaded into the wells of agarose gels (1% w/v) pre-

stained with peqGREEN. Electrophoresis was performed for 90 min at 100 V in 1x Tris-

acetate-EDTA (TAE) buffer solution. DNA retardation was analyzed under UV light at 254 

nm. The experiment was performed twice for each material.   

 

3.2.5 Physicochemical ch aracterization of the polyplexes  

DLS and ɕ potential measurements were performed at 25 °C using a Zetasizer Nano ZS 

instrument. Polyplexes were prepared in a final volume of 200 µL, by diluting 15 µL of pDNA 

(1 mg/mL) in 150 mM NaCl or HBG solution, followed by the addition of the polycation stock 

solution to reach different N/P ratios. After 20 min of incubation, the hydrodynamic 

diameters were recorded (in intensity). Then, polyplexes were diluted 6-fold with Opti-MEM 

or R10 medium and their size and ɕ potential were monitored. Data are presented as the 

mean value ± standard deviation (SD) (Triplicates of two independent experiments).   

 

Polyplex morphology was determined by TEM in a JEOL 1400 plus microscope. Polyplexes 

were prepared and diluted in PCR-water as described for the DLS measurements. 5 µL of 

sample were deposited on Formvar-coated grids. After 10 min, excess solution was wicked 

off with a filter paper and another 5 µL of sample were transferred. Grid was allowed to dry 

overnight.  

 

3.2.6 Statistical analysis  

Data were analyzed using the software GraphPad Prism 5.0. n represents the number of 

independent experiments. The one-way ANOVA with Bonferroni t-test or the unpaired t-test 

were used to determine whether data groups differed significantly from each other. 

Differences were considered statistically significant for p values < 0.05.  
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3.3 Results and discussion  

 

3.3.1 DNA condensation ability  of the copolymers  

The ability of the graft copolymers to condense DNA molecules was evaluated by the gel 

retardation assay. At a certain polymer concentration, all molecules of DNA are complexed 

and cannot migrate when the electric field is applied in the gel electrophoresis. Hence, the 

N/P ratio required for the complete complexation of the plasmid can be determined. The 

experiments were performed in agarose gels stained with peqGREEN, which is considered 

a safer dye for nucleic acids detection compared to ethidium bromide.151 Polyplexes with 

different N/P ratios were prepared in two standard matrices used in transfection 

experiments (unbuffered 150 mM NaCl solution and HBG solution pH 6.0) to study the 

effect of the ionic strength of the medium on DNA complexation.  

 

Á Polyplexes based on PDMAEMA graft copolymers  

The images of the gels obtained with the polyplexes formed by PDMAEMA-based 

copolymers (PPxDy) are shown in Figure 3-1. The matrix and N/P ratios used in the 

experiments are indicated in the top of the figure. For all the copolymers, regardless of their 

composition and the matrix, a complete condensation of the pDNA was observed at N/P 

ratios Ó 1, while for the reference 20 kDa PDMAEMA, N/P ratios of 1 and 2 were required 

when the complexation solution was HBG and 150 mM NaCl, respectively (Figure 6-9). 

These results showed that polyplex formation using the PPxDy graft polycations was not 

dependent of the nature of the diluent, unlike the homopolymer.   

 

This low N/P value indicates a strong binding interaction between the copolymers and 

pDNA. That was attributed to the combination of electrostatic and hydrophobic interactions, 

considering that the synthesized materials possess hydrophobic P(CL-co-MPC) segments, 

in addition to the cationic PDMAEMA chains. As have been described in previous studies, 

electrostatic and hydrophobic interactions are the main driving forces for polymer-DNA 

complexation. These interactions can be influenced by changes in the pH and ionic strength 

of the solution. For example, increasing the addition of salt ions, as NaCl, weakens the 

electrostatic interactions; this would explain the shift observed with the PDMAEMA 

reference to a higher N/P ratio by using 150 mM NaCl as complexation solution (Figure 3-

2).149, 152 In addition, it has been demonstrated that at higher salt concentration, the entropy 
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change associated with the release of counterions after complex formation is smaller 

compared with low ionic strength media.144 Copolymers with similar structure, reported by 

Guo et al.11, could retard the mobility of the plasmid at N/P ratios higher than 2, with no 

differences between the evaluated compositions. Similar results were described for PCL-

g-PDMAEMA and mPEG-b-PCL-b-PDMAEMA nanoparticles, demonstrating that this type 

of structure has a strong DNA-binding capacity.53, 56 

 

 

 

                    

               

Figure 3-1: Gel retardation assay for PPxDy/pDNA complexes at different N/P ratios (Each row 

starts with free pDNA (N/P = 0)) 

 

 

Figure 3-2: Effect of the ionic strength of medium on polymer-DNA complexation. (In this schematic 

representation, it is assumed that core-shell structures are formed in aqueous solution) 
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Á Polyplexes based on lPEI graft copolymers  

A N/P range from 0 to 20 was evaluated for the polyplexes formed by the lPEI-based 

copolymers (PPxLy) in both matrices. As shown in Figure 3-3, the DNA condensation ability 

of PPxLy copolymers was improved with increasing N/P ratio. With these materials a 

greater amount of polymer was needed to fully neutralize the pDNA, with N/P values 

ranging from 7-15 in HBG solution and from 15-20 in 150 mM NaCl solution. For the 

reference lPEI of 25 kDa, the plasmid mobility was retarded at N/P ratios of 2 and 3 for 

HBG and NaCl, respectively (Figure 6-9).  

 

 

 

                   

                               

                   

Figure 3-3: Gel retardation assay for PPxLy/pDNA complexes at different N/P ratios (Each row starts 

with free pDNA (N/P = 0)) 

 

The higher values exhibited by this series of graft copolymers, compared to the lPEI 

homopolymer and the PDMAEMA-based copolymers, were attributed to the lower 

molecular weight of the cationic segments (2.6 kDa each graft) and their lower grafting 

density, which decreased the charge density and, consequently, the electrostatic 
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interaction with pDNA. It has been pointed out that short polymer chains, that produce less 

electrostatically coupled polyelectrolytes, have a higher probability of dissociation and 

require usually a large excess to induce the condensation of large molecules as DNA.153  

 

In this case, the performance of the copolymers depended on their composition. The 

polymer with a greater number of grafts and a longer length of the hydrophobic segment 

required a lower N/P ratio. This is in concordance with the hypothesis that P(CL-co-MPC) 

block acts synergistically with the cationic segments strengthening the complexation 

through hydrophobic interactions with the pDNA.154 A similar trend was reported by Liu and 

coworkers69, who found that longer PCL segments and a higher grafting density enhanced 

the interactions between bPEI-g-(PCL-b-mPEG) copolymers and nucleic acids. Larger N/P 

ratios in a solution of NaCl (150 mM) as a medium indicated that the formation of this type 

of polyplexes is dependent on the ionic strength of the medium and is favored in the diluents 

with a lower ionic strength, as HBG. This trend agrees with previous reports for polyplexes 

based on poly(1,2-butadiene)-b-PDMAEMA and poly(hexamethylene guanidine 

hydrochloride)-b-PCL and can be explained on the basis of charge shielding.152 Matrices 

with low ionic strength exert a lower charge shielding effect, leading to stronger attractive 

interactions between the oppositely charged macromolecules, and therefore, the full 

complexation of the DNA can be achieved with smaller amounts of polymer (Figure 3-2).144 

Additionally, increasing the strength of the electrostatic interaction produces a more efficient 

counterion release, favoring the complexation from the entropic point of view.155    

 

3.3.2 ɕ potential of polyplexes  

ɕ potential is an important property, related to particle surface charge, that influences the 

cellular uptake and cytotoxicity of polyplexes. Positively charged particles are required for 

the attractive electrostatic interaction with cell membranes, and their subsequent 

internalization via endocytosis. It has been demonstrated that polyplexes with high values 

of ɕ potential are more cytotoxic, presenting disruptive interactions with the cell 

membranes.156, 157 For this reason, complexes with a moderated positive charge are ideal 

(around +10 mV).158 The conditions for polyplex formation and the evaluated N/P ratios for 

the ɕ potential measurements were chosen taking into account the transfection results 

described in Chapter 4. Only the conditions that led to a good transfection efficiency were 

considered, in order to save time and materials. Hence, the polyplexes containing the 

PPxDy copolymers were prepared in 150 mM NaCl solution, while for PPxLy copolymers, 
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HBG was chosen as matrix. After 20 min of incubation, these mixtures were diluted with 

Opti-MEM (serum-free cell culture medium) to mimic transfection conditions. Only the 

complexes based on PDMAEMA were further monitored after dilution with R10 (10% serum 

cell culture medium), instead of Opti-MEM.  

 

Á Polyplexes based on PDMAEMA graft copolymers  

The ɕ potential of the polyplexes composed of PDMAEMA copolymers was determined at 

different N/P ratios, after formation in 150 mM NaCl solution and their subsequent dilution 

with Opti-MEM (Figure 3-4). The ɕ potential values for all polyplexes increased with N/P 

ratio. PP6D5 and PP3D5 copolymers formed particles with positive surface at N/P ratios Ó 

3. These complexes presented the highest surface charge at the evaluated N/P range (p < 

0.05), due to their higher content of PDMAEMA, which increase the charge density and 

therefore, the DNA compaction ability. In addition, this type of structures could be more 

soluble in aqueous medium, providing a greater mobility to the PDMAEMA segments and 

favoring their orientation to the interface with water. These higher values might also 

increase the colloidal stability of the system, due to the repulsive forces between 

particles.143 For the copolymers with 3 grafts, a greater amount of polycation was required 

to compensate the charge of the pDNA with N/P ratios of 5 and 10 for PP6D3 and PP3D3, 

respectively. In the case of the polyplexes based on PP3D3, the charge remained near-

neutral even at N/P = 20, suggesting a lower binding affinity with DNA. A higher miscibility 

between the hydrophobic block and the cationic chains in PP3D3, and consequently, a 

decrease in the domain segregation, could explain this behavior.  

 

These measurements indicated higher N/P ratios to compensate the negative charge of 

DNA in comparison with the gel retardation assay (Figure 3-1). However, with the ɕ potential 

results, it is possible to observe the effect of the copolymer composition on plasmid 

complexation. Copolymers with a greater number of grafts and a longer length of the 

hydrophobic segment form polyplexes with higher binding affinity. In contrast to other 

studies carried out employing similar structures and N/P ratios, the higher ɕ potentials 

reported (+13 - +20 mV) are probably due to the use of water for polyplex dilution, instead 

of Opti-MEM, which contains approximately 120 mM NaCl.11, 54  
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Figure 3-4: ɕ potential of PPxDy/pDNA complexes at different N/P ratios after dilution with Opti-MEM 

(n = 2). * (p < 0.05) indicates values that differ significantly from those measured with the rest of the 

copolymers at the same N/P ratio. ns means no significant difference 

 

The average ɕ potential of the polyplexes based on the PDMAEMA homopolymer was in 

the range of +7 to +11 mV (Table 3-1). Comparing this reference with the copolymers with 

5 branches, a slight reduction in the surface charge was observed, attributed to the 

distribution of the PDMAEMA segments along the P(CL-co-MPC) backbone that decreased 

the charge density. For the copolymers with 3 grafts, a significant reduction was observed 

due to the lower content of PDMAEMA (p < 0.05).  

 

Table 3-1: ɕ potential of 20 kDa PDMAEMA/pDNA and 25 kDa lPEI/pDNA complexes at different 

N/P ratios 

Polymer  N/P 3 N/P 5 N/P 10 N/P 20 

20 kDa PDMAEMAa 7.3 ± 0.4 9.7 ± 0.6 10.7 ± 0.2 10.2 ± 0.9 

25 kDa lPEIa -18.8 ± 0.5  9.1 ± 0.3 11.9 ± 0.1 22.0 ± 0.4 

25 kDa lPEIb -5.6 ± 0.4 9.2 ± 0.8 12.0 ± 0.8 20.3 ± 0.6 

 
a Polyplexes were prepared in 150 mM NaCl solution and after 20 min diluted with Opti-MEM. b 

Polyplexes were prepared in HBG solution and after 20 min diluted with Opti-MEM. Data represent 

mean ± SD 

 

This decrease in surface charge is beneficial for the application of PPxDy copolymers as 

transfection agents since particles with lower cytotoxicity are produced. For the transfection 
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experiments, the amount of polymer needs to be adjusted to get net positive polyplexes. 

However, it has been demonstrated that further increases of the positive charge only lead 

to an increase in the cytotoxicity without improvements in the transfection efficiency. 44, 159  

 

The ɕ potential experiments were also performed in presence of serum, by diluting the 

PPxDy/pDNA complexes with R10 medium, a better model to simulate in vivo conditions. 

As shown in Figure 3-5, for all the copolymers and N/P ratios, negative surface charges 

were obtained, except for PP6D5 N/P = 20 with a value of +2.4 ± 0.7 mV. Copolymers with 

3 grafts reached ɕ potentials close to neutrality at the highest N/P ratio. The formation of 

complexes with negative surfaces was attributed to the binding of anionic serum proteins. 

These proteins could have a higher affinity for the polycation than the DNA and thus, 

displace the DNA from the polyplexes.160 In this case, the PEG coating seemed to be 

insufficient to prevent the absorption of the proteins, and consequently, significant changes 

in the physicochemical properties of the complexes were observed. This reduction in the ɕ 

potential of the polyplexes will probably lead to a reduction of their cellular uptake, as 

previously shown in other studies.161, 162  
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Figure 3-5: ɕ potential of PPxDy/pDNA complexes at different N/P ratios after dilution with R10 (10% 

serum) (n = 2). * (p < 0.05) indicates values that differ significantly from those measured with PP6D5 

at the same N/P ratio. # (p < 0.05) indicates values that differ significantly from those measured with 

PP3D5 at the same N/P ratio 
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Á Polyplexes based on lPEI graft copolymers  

The ɕ potential of the polyplexes formed by lPEI copolymers, using HBG as complexation 

solution, was measured as a function of the N/P ratio after dilution with Opti-MEM (Figure 

3-6). Although the surface charge increased with increasing N/P ratio, the average values 

remained negative for all the copolymers, except, for PP6L3 at the higher N/P ratios. At a 

N/P ratio of 60, the ɕ potential of the copolymers was close to neutrality, suggesting the 

obtaining of a colloidal dispersion with poor electrostatic stabilization. The increase in 

charge at high N/P ratios has been reported before for copolymers based on PEI and 

PCL.65, 66 The negative charges were attributed to the structure of PPxLy copolymers that 

contain cationic chains of low molecular weight that were unable to complex all DNA 

molecules or presented a weak binding strength, even with the introduction of P(CL-co-

MPC) segments for hydrophobic interaction and the use of high polymer concentrations. 

Another possible explanation is the assumption that DNA remained only at the surface of 

the particles, as previously described by Zheng and co-workers.68 In any case, these results 

suggest that a small fraction of the copolymer is complexing the pDNA, leaving free plasmid 

in the solution. In contrast to the data presented here, the formation of positively charged 

particles has been reported in other research conducted with similar structures and N/P 

ratios.66, 68  
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Figure 3-6: ɕ potential of PPxLy/pDNA complexes at different N/P ratios after dilution with Opti-MEM 

(n = 2). * (p < 0.05) indicates values that differ significantly from those measured with PP6L3 at the 

same N/P ratio 
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Comparing the results with the gel retardation assay (Figure 3-3), significantly higher N/P 

ratios were required for pDNA charge compensation. However, both experiments were 

consistent in the effect of the copolymer composition on DNA complexation: the copolymer 

with highest branching and longer P(CL-co-MPC) segment presented the highest binding 

affinity with DNA, confirming the combination of electrostatic and hydrophobic interactions 

in the process of polyplex formation.    

 

For 25 kDa lPEI, values between -19 and +22 mV were obtained, as depicted in Table 3-1. 

These results indicate that the drastic reduction of the molecular weight of lPEI in the graft 

copolymers significantly affected its DNA condensation ability. Further increases in the N/P 

ratio (>60) would lead to the formation of positively charged polyplexes. However, the 

excessive amount of free polymer might also increase the cytotoxicity. As previously 

observed for the PDMAEMA-based copolymers, the ɕ potential of the polyplexes in 

presence of serum was much lower than under serum-free conditions. Therefore, for the 

lPEI-based copolymers, no testing with serum was done, considering that only weak net 

positive charge was obtained for PP6L3 at N/P 60. 

 

3.3.3 Particle size and morphology of the polyplexes  

The average particle size and size distribution of the polyplexes (in intensity) were 

determined by DLS. This property, related to polymer-DNA binding affinity, also influences 

the cellular uptake and transfection efficiency of complexes. It has been demonstrated that 

particles with small and uniform sizes (<300 nm) are more easily internalized into cells and 

boost transfection efficiency.146, 163 For these measurements, the complexes were prepared 

using transfection conditions, as described in the ɕ potential section. The particle size was 

monitored in the complexation solution (150 mM NaCl or HBG solution, 20 min incubation) 

and after dilution with Opti-MEM. The dilution with R10 medium was only recorded for the 

PPxDy copolymers. Additionally, the morphology of the complexes formed in PCR-water 

was determined by TEM. Only PP6D5 N/P = 20 and PP6L3 N/P = 60 were evaluated due 

to the availability of the microscope. 

 

Á Polyplexes based on PDMAEMA graft copolymers  

The size of the polyplexes based on PDMAEMA copolymers at various N/P ratios was 

measured by DLS after 20 minutes of incubation in 150 mM NaCl solution. As shown in 
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Figure 3-7, for all the copolymers, the average hydrodynamic diameter of polyplexes 

became smaller as N/P ratio increased, reaching final values around to 200 nm at a N/P 

ratio of 20. This reduction might be due to the increase in the particle surface charge with 

the N/P ratio, which produces a more stable colloidal system (prone to less aggregation), 

as well as, a better DNA condensation ability at higher polymer concentrations (Figure 3-

8). This trend has been described before for PDMAEMA graft copolymers and nano-star 

with varied arm length and grafting density.11, 150 For the copolymers containing 5 grafts, no 

statistical difference was determined for the N/P ratios from 5 to 20, while for the materials 

with 3 branches, the differences were not significant at N/P ratios of 10 and 20. Comparing 

the investigated set of copolymers, PP3D3 complexes presented the largest average size 

at the evaluated N/P range, although only statistically significant at N/P 5. This could be 

related to the lower affinity of DNA for copolymers with short PCL segment and lower 

grafting density, leading to the formation of polyplexes with a loose structure. Likewise, this 

lower affinity could be attributed to the smaller gain in entropy associated to the reduction 

of the overall molecular weight of the PDMAEMA segment in this type of copolymer. The 

size of the polyplexes formed by similar structures, such as PCL-g-PDMAEMA and mPEG-

b-PCL-b-PDMAEMA, ranged from 100 ï 180 nm.54, 56 However these values are not directly 

comparable to the data obtained in this work, due to the different copolymer composition 

and conditions for polyplex formation (matrix, incubation time and pH). 
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Figure 3-7: Hydrodynamic diameter of PPxDy/pDNA complexes at different N/P ratios in 150 mM 

NaCl solution (n = 2). * (p < 0.05) indicates values that differ significantly from those measured with 

the rest of the copolymers at the same N/P ratio   
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Figure 3-8: Effect of the N/P ratio on the physicochemical properties of the polyplexes. The reduction 

in particle size at higher N/P ratios could be related to the lower tendency of the polyplexes to 

aggregation (In this schematic representation, it is assumed that core-shell structures are formed in 

aqueous solution) 

 

For 20 kDa PDMAEMA, larger hydrodynamic diameters in the range of 237 ï 451 nm were 

obtained at N/P ratios of 5, 10 and 20 (Table 3-2). These results suggest that the 

introduction of the P(CL-co-MPC) domains increases the binding affinity of DNA, and 

therefore, favors the formation of more compact complexes. In the case of 25 kDa lPEI, the 

size of the complexes prepared in 150 mM NaCl was between 460 and 671 nm (Table 3-

2); these larger diameters are due to polyplex aggregation, a typical behavior of this 

polycation in salt media, as has been reported in previous studies.152  

 

Table 3-2: Hydrodynamic diameter of 20 kDa PDMAEMA/pDNA and 25 kDa lPEI/pDNA complexes 

using different N/P ratios and matrices 

Polymer  Matrix  N/P 3 N/P 5 N/P 10 N/P 20 

20 kDa 

PDMAEMA 

150 mM NaCl 614.4 ± 24.0 451.1 ± 14.4 303.6 ± 11.0 236.5 ± 43.0 

NaCl + Opti-MEM 678.6 ± 7.7  452.7 ± 11.6  326.2 ± 14.2 223.9 ± 44.0 

25 kDa 

lPEI 

150 mM NaCl 666.1 ± 57.4  637.8 ± 37.8 671.4 ± 15.8 460.5 ± 55.5 

NaCl + Opti-MEM 732.3 ± 13.2 412.4 ± 32.5 430.7 ± 17.9 349.5 ± 23.1 

HBG 483.2 ± 17.4  343.5 ± 22.7 198.2 ± 13.4 112.4 ± 8.9 

HBG + Opti-MEM 542.4 ± 15.0 425.3 ± 10.5  258.3 ± 9.3 185.7 ± 4.0 

 
Determined by DLS. Data represent mean ± SD 

 

After dilution with Opti-MEM, the PPxDy based polyplexes presented comparable sizes to 

the ones obtained with NaCl solution, showing that serum-free medium does not disturb 
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the colloidal stability of the particles (Figure 3-9). As observed with NaCl, decreasing the 

N/P ratios led to the formation of larger complexes, with PP3D3 based polyplexes exhibiting 

the largest particles sizes. A possible reason for the higher values obtained for PP3D3 could 

be the tendency of the particles to aggregate given that their ɕ potential is close to neutrality 

(Figure 3-4).164 While the PDMAEMA homopolymer exhibited a similar behavior, the size of 

the 25 kDa lPEI-based polyplexes decreased with the addition of Opti-MEM due to the 

effect of dilution (Table 3-2).  
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Figure 3-9: Hydrodynamic diameter of PPxDy/pDNA complexes at different N/P ratios after dilution 

with Opti-MEM and R10 medium. The diameters obtained with 150 mM NaCl are given again just 

for comparison. * (p < 0.05) indicates values that differ significantly from those measured with 150 

mM NaCl solution at the same N/P ratio. # (p < 0.05) indicates values that differ significantly from 

those measured with Opti-MEM at the same N/P ratio     

 

On the other hand, after the addition of R10 (Figure 3-9), a significant increase in polyplex 

diameter was observed for all the structures due to the association of serum proteins, as 

previously discussed in the ɕ potential section.160, 165 Also it has been proven that negatively 

charged complexes are less fully condensed, leading to the formation of larger particles.166 
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Increasing the N/P ratio resulted in the formation of larger polyplexes for PP6D5 and 

PP3D3, while the polyplexes based on PP3D5 and PP6D3 showed the maximum sizes at 

N/P 10 and 20 (ns). In any case, the smallest diameters were achieved at N/P 5, where the 

particles exhibited the highest ɕ potential and therefore, the formation of aggregates was 

less likely (Figure 3-5). There was not a clear trend between the copolymer composition 

and the polyplex size, although PP3D3 displayed the smallest diameters at N/P 5 and 10. 

This finding could indicate a lower extent of association with serum proteins, possibly due 

to the lower positive charge of these type of complexes. The increase in size in presence 

of serum can reduce the cellular uptake of the polyplexes by the endocytic pathway and 

affect the transfection efficiency.167 The introduction of the mPEG segment into the structure 

of the copolymers might enhance the stability of the formed complexes, reducing their 

interactions with the components of serum and their negative effects in the transfection 

activity.30 The shape of the gene delivery vectors has demonstrated to affect important 

biological processes, including biodistribution, cellular internalization and cytotoxicity.168 

The morphology of the polyplexes was determined by TEM, using a sample of PP6D5 at 

N/P = 20, as shown in Figure 3-10A. Particles exhibited a spherical shape with average 

diameters close to 200 nm, which were consistent with the results obtained by DLS (Figure 

3-10B). In general, the self-assembly of amphiphilic copolymers with DNA leads to the 

formation of spherical nanostructures, as has been reported for polyplexes based on PVP-

g-PDMAEMA-b-PMMA, PEG-b-PnBA-b-PDMAEMA and PCL-g-PDMAEMA.49, 53, 169 
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Figure 3-10: A.  TEM images of the polyplexes formed by PP6D5 at N/P ratio of 20. Polyplexes were 

prepared in PCR-water. B. Particle size distribution of the polyplexes obtained with PP6D5 at N/P 

ratio of 20. Polyplexes were prepared in 150 mM NaCl solution 

A 
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Á Polyplexes based on lPEI graft copolymers  

The hydrodynamic diameter of the PPxLy-based polyplexes at different N/P ratios was 

determined after 20 minutes of incubation in HBG solution and then, after dilution with Opti-

MEM (Figure 3-11). In the HBG solution, increasing the N/P ratio led to the formation of 

smaller particles with average sizes between 200 and 300 nm at N/P = 60 (p < 0.05) (Figure 

3-8). A similar trend has been described before for bPEI-g-(PCL-b-PEG) copolymers.70 This 

reduction was attributed to the better condensation capacity of the pDNA upon rise of 

polymer concentration, as observed in the gel electrophoresis and ɕ potential experiments. 

As expected, the copolymer PP6L3 formed the more compact complexes due to the 

stronger binding interactions with DNA (p < 0.05 at N/P 20 and 40).  
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Figure 3-11: Hydrodynamic diameter of PPxLy/pDNA complexes at different N/P ratios with HBG 

and after dilution with Opti-MEM. No significant differences were found after dilution with Opti-MEM 

 

Compared to the reference of 25 kDa lPEI (Table 3-2), a significant increase in the 

hydrodynamic diameter was observed for the copolymers, which was related to the lower 

molecular weight of the PEI segments (2.6 kDa per graft) and their poor DNA condensation, 
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that led to the formation of loose complexes.170 Majewski and co-authors171 explained the 

increase in the hydrodynamic diameter for negatively charged polyplexes as a 

consequence of the bridging between particles through single DNA molecules. For 

analogous structures containing low molecular weight PEI, sizes between 170 ï 330 nm 

have been reported at similar N/P ratios.66, 71   

 

After dilution with Opti-MEM, the diameters of the PPxLy-based polyplexes were 

comparable to the ones obtained in HBG solution (Figure 3-11), while for the lPEI reference, 

a significant increase was observed indicating some particle agglomeration (Table 3-2). As 

with HBG solution, higher N/P ratios resulted in reduced hydrodynamic diameters. Although 

the polyplexes presented charge neutral surfaces at a N/P ratio of 60 (Figure 3-6), the 

complexes reached their lowest sizes at this ratio. In this case, it seems that the PEG 

coating was more effective than with PDMAEMA copolymers, probably due to the 

combination of short cationic segments at low grafting density. Therefore, the colloidal 

stability of these systems was ascribed to steric PEG repulsion, as previously reported for 

similar structures.69, 172  

 

As shown in Figure 3-12A, complexes with different morphologies and sizes were observed 

through TEM imaging, revealing the formation of small particles, as well as larger 

aggregates. The tendency of PPxLy particles to aggregate was also observed for the 

copolymer without DNA (Figure 2-19). In other studies performed with mPEG-b-PCL-b-lPEI 

and PEG-b-(PCL-g-PEI)-b-PCL copolymers containing low molecular weight PEI, the 

formation of spherical nanoparticles with more uniform sizes was observed.71, 173 On the 

other hand, the DLS measurements showed monomodal particle size distributions (Figure 

3-12B). The differences in polyplex size and dispersity determined by DLS and TEM are 

presumably due to the fact that TEM detects the particles in a dry state, which can promote 

their aggregation, while DLS determines their hydrodynamic diameter in solution.174, 175 

Another possible reason could be the difference in the complexation solution. It has been 

demonstrated that HBG is a more suitable matrix for the preparation of polyplexes based 

on lPEI, since complexes with higher stability (less prone to aggregation) are produced.152  
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Figure 3-12: A.  TEM images of the polyplexes formed by PP6L3 at N/P ratio of 60. Polyplexes were 

prepared in PCR-water. B. Particle size distribution of the polyplexes obtained with PP6L3 at N/P 

ratio of 60. Polyplexes were prepared in HBG solution 

 

3.4 Conclusions  

Polyplexes based on PDMAEMA and lPEI copolymers were built at various N/P ratios, 

using standard matrices for transfection experiments, including cell culture medium. The 

physicochemical properties of the complexes, such as DNA condensation ability, surface 

charge, size and morphology, were evaluated considering their crucial role in cellular 

uptake and cytotoxicity. The gel retardation assay showed that PDMAEMA-based materials 

could effectively condense the pDNA at a N/P ratio of 1, regardless of the copolymer 

composition (length of the hydrophobic segment and grafting density) and the matrix. The 

lPEI graft copolymers required higher N/P ratios (ranging from 7 to 20), depending on their 

composition and the complexation solution. The obtained data indicated that formation of 

PPxLy/pDNA complexes was favored in diluents with lower ionic strength, due to the lower 

charge shielding.  

 

For all the copolymers, smaller complexes with higher surface charge (less negative for 

lPEI-based complexes) were obtained with increasing N/P ratio. In the case of PDMAEMA-

based complexes, particles with moderate positive charges and sizes below 300 nm were 

achieved. In the presence of 10 % serum, polyplex properties were modified, acquiring 

negative ɕ potential and larger sizes. On the other hand, complexes formed by lPEI 

copolymers presented negative or neutral ɕ potential with diameters below 500 nm. In 

A 
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general, the morphology of the evaluated polyplexes was spherical as shown by TEM, with 

PPxLy polyplexes showing tendencies to aggregation. 

 

The structure-property correlation showed that copolymers with a greater number of 

cationic grafts and longer hydrophobic segment (PP6D5 and PP6L3) presented a better 

capacity for DNA complexation, leading to the formation of polyplexes with a more compact 

structure and higher positive charge (Figure 3-13). This behavior was explained by their 

enhanced binding affinity with pDNA, considering their higher structural contributions for 

electrostatic and hydrophobic interactions. PDMAEMA-based polyplexes showed 

promising features as pDNA delivery vectors, taking into account their small sizes, that 

favor cellular internalization and their moderate positive surface, which can reduce the 

cytotoxicity. In contrast, the properties determined for lPEI-based complexes could 

indicated unfavorable interactions with both, DNA and cell membranes, which in turn would 

affect their transfection efficiency.     

 

 

Figure 3-13: Effect of the copolymer composition on the physicochemical properties of polyplexes. 

(In this schematic representation, it is assumed that core-shell structures are formed in aqueous 

solution) 

 

 

 





 

 
 

4.  In vitro cytotoxicity of the copolymers and 
study of their performance as in vitro DNA 
transfection agents  

Abstract  

The in vitro cytotoxicity and LD50 values of the graft copolymers were determined through 

the MTT assay in L929 cells. All the copolymers showed reduced cytotoxicity compared to 

the controls 25 kDa lPEI and 20 kDa PDMAEMA. Cell viability results revealed that lPEI-

based copolymers containing a shorter hydrophobic segment and a lower grafting density 

produce less cytotoxic effects at similar polymer concentrations. Then, these materials were 

tested as DNA transfection agents in HEK-293 cells, using EGFP as a reporter gene. The 

resulting transfection efficiency and cell viability were quantified by flow cytometry. 

Polyplexes formed by PDMAEMA copolymers presented better transfection efficiency at 

similar viability, than the conventional polycations 25 kDa lPEI and 20 kDa PDMAEMA. A 

larger hydrophobic segment and higher grafting of PDMAEMA favored the transfection 

efficiency, even in serum-containing media. For the polyplexes based on lPEI copolymers, 

a poor performance was obtained, attributed to the combination of low molecular weight 

lPEI segments at low grafting density. The best polymer found in this study (PP6D5) 

showed promising features for in vitro and in vivo applications as gene delivery vector.  

 

4.1 Introduction  

Gene therapy has become one of the most promising treatments for high-incidence 

diseases such as cancer and viral infections.3 For its successful application, the 

development of vectors that not only efficiently transport the genetic material, but also 

present biocompatibility, biodegradability, and low cytotoxicity is essential.6 Synthetic 

cationic polymers have demonstrated to be effective gene delivery systems, exhibiting 

advantages over viral vectors, such as a reduced immunogenicity, simpler manufacturing 
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processes and tailorable structure.14, 35 Along last decades, PEI has been the most 

commonly used polycation, and it is still considered as the ñgold standardò. Its high 

transfection efficiency is endowed by a high density of protonable amine groups. However, 

PEI has some weaknesses such as non-biodegradability and high cytotoxicity, especially 

at high molecular weight, which limit its clinical application.8, 176 

 

PDMAEMA is a cationic polymer synthesized via free radical polymerization, thus it can be 

obtained by controlled polymerization methods which enable a precise control of its 

molecular weight and architecture, allowing the synthesis of materials with a transfection 

capacity comparable to PEI.44, 177 While PDMAEMA possess some of the disadvantages of 

PEI, the development of vectors based on these polymers with improved biocompatibility 

and transfection activity is the focus of recent researches. For instance, their 

copolymerization with biodegradable polyesters, such as PCL, has demonstrated to be a 

suitable approach to obtain safer and efficient gene delivery agents. Moreover, the 

presence of PCL segments allows hydrophobic interactions of the gene vector with the cell 

membranes, producing polyplexes with enhanced cellular uptake and endosomal 

escape.11, 66 PEGylation of polycations has also been studied as an alternative to improve 

the biocompatibility, and the colloidal and chemical stability of their complexes with DNA, 

especially in presence of serum proteins. It has been found that the segments of PEG act 

as a shield, preventing undesirable interactions with blood components or other 

biomolecules.30, 46Unfortunately, this modification also decreases the transfection 

efficiency.47, 178 

 

In addition to copolymer composition, the molecular weight and architecture also play a key 

role in the performance of the polycations as gene delivery agents. Previous studies have 

found that increasing the molecular weight of a polymer improves the transfection 

efficiency, but it also results in a notorious cytotoxicity increase. This effect is related to the 

high charge density associated to long cationic chains that can cause disruptive 

electrostatic interactions with cell membranes.59, 159 Consequently, reducing the charge 

density seems to be a useful strategy to overcome the toxicity. In contrast, it has also been 

proved that non-linear architectures are more efficient and less cytotoxic than the 

corresponding linear polymers. In this context, star-shaped and grafted copolymers have 

become attractive structures for transfection studies.150, 179, 180 
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In this chapter, the in vitro cytotoxicity of the free copolymers was determined through the 

MTT assay, according to the standard ISO protocol with L929 cells. Then, the in vitro 

transfection efficiency of the synthesized materials was assessed in HEK-293 cells, using 

EGFP as a reporter gene. The influence of the structural characteristics of the copolymers, 

as molecular weight, hydrophobic/hydrophilic ratio and grafting density, on their 

performance as gene vectors was evaluated in cell culture medium with and without serum. 

All the results were compared with 25 kDa lPEI, a commercially available standard gene 

vector, and the homopolymer 20 kDa PDMAEMA. These experiments were performed at 

the Chair for Process Biotechnology at the University of Bayreuth, Germany. 

 

4.2 Experimental section  

 

4.2.1 Materials  

25 kDa lPEI was from Polysciences. 20 kDa PDMAEMA was synthetized according to the 

procedure described in Chapter 2. Stock solutions of polycations were prepared by their 

direct dissolution in ultrapure water. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) was dissolved in MEM Earleôs medium without L-glutamine and phenol red 

(Biochrom AG) and sterilized through 0.2 ɛm cellulose acetate filters. 150 mM NaCl and 

HBG solutions were prepared in ultrapure water and sterilized by filtration. The plasmid 

pEGFP-N1 (4.7 kb, Clontech Laboratories, Inc.) encoding for the EGFP was solubilized in 

ultrapure water after purification, and then, stored at -20 °C. Cell culture medium MEM10 

(MEM Earleôs without L-glutamine (Biochrom AG), supplemented with 10 vol % FCS, 4 mM 

L-glutamine, 100 IU/mL penicillin and 100 ɛg/mL streptomycin) and R10 (RPMI 1640 

without glutamine (Biochrom AG), supplemented with 10 vol% FCS, 2 mM L-glutamine, 100 

IU/mL penicillin and 100 µg/mL streptomycin) were prepared in the laboratory. Opti-MEM 

was from Thermo Fisher Scientific. Dulbeccoôs phosphate-buffered saline (DPBS) without 

Ca2+ and Mg2+ and trypsin/EDTA solution were from Lonza.  

 

4.2.2 Cells  

L929 cells (murine fibroblast, CCL-1, American Type Culture Collection (ATCC)) were 

maintained in MEM10 medium and HEK-293 cells (human embryonic kidney, CRL-1573, 

ATCC) in R10 medium, as recommended by the supplier. Cells were cultivated at 37 °C in 
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a humidified 5% CO2 atmosphere. All cells were grown in monolayer and were detached 

by treatment with trypsin/EDTA solution. 

 

4.2.3 In vitro  cytotoxicity assay   

The in vitro cytotoxicity of the free polymers was evaluated by the MTT assay in accordance 

to the protocol ISO 10993-5.181 L929 cells were seeded at a density of 1×104 cells per well 

in 96-well plates, 24 h before the experiment. The cell culture medium in each plate was 

replaced with 100 µL of polymer stock solutions in MEM 10 at different concentrations, and 

the cells were incubated for another 24 h. Then, the cell culture medium was discarded and 

50 µL of MTT solution in MEM Earleôs (1 mg/mL) was added to each plate. After 2 h, the 

medium was removed, and the formed crystals were dissolved in 100 µL of isopropanol. 

The absorbance was determined using a microplate reader at a wavelength of 580 nm 

(Genios Pro, Tecan). Three independent experiments with six replicates were conducted. 

Untreated cells, cultivated under similar conditions, were used as 100% viability control. 

The viability percentage was calculated according to Equation 4.1. 

 

6ÉÁÂÉÌÉÔÙ Ϸ
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Where Atreated is the absorbance related to the cells treated with the polymer and Ablank is 

the absorbance related to the untreated cells. 

 

4.2.4 In vitro  transfection efficiency  

The transfection experiments were performed following standard protocols for adherent 

cells previously reported.152 Briefly, HEK-293 cells were seeded into 6-well plates at a 

density of 2×105 cells per well 24 h before transfection. 200 µL of polyplexes with different 

N/P ratios were prepared as described in Chapter 3, but adjusting the amount of DNA 

added from a fixed polymer concentration. After 20 min, 1 mL of Opti-MEM was added, 

followed by vortexing and 10 min of incubation at room temperature. For the transfection in 

presence of serum, polyplexes were diluted with 1 mL of R10 medium instead of Opti-MEM. 

Then, the cell culture supernatant was aspirated and the polyplex mixture was added 

dropwise and distributed in the plate by gently rocking. After 4 h of incubation, the 

supernatant was replaced by fresh R10 medium and cells were incubated for another 48 h 

to allow gene expression. All experiments were conducted at least twice. 

(4.1) 
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To determine the transfection efficiency, EGFP expression was quantified by flow cytometry 

(Cytomics FC500, Beckman Coulter, 488 nm). For this analysis, cells were collected after 

washing with DPBS and detaching with trypsin/EDTA. Then, cells were centrifugated (200g, 

5 min), and resuspended in 500 ɛL of DPBS containing 1 ɛg/mL of propidium iodide (PI) to 

counterstain the dead cells. Cells were evaluated by scatter properties (forward and side 

scattering (FSC/SSC)) to select a region representing single, non-apoptotic cells 

(elimination of dead cells, debris and cellular aggregates). Negative controls (N/P = 0, i.e., 

in the absence of polycation, pDNA or both) were used to set the measurement parameters. 

The total cell population was analyzed for red fluorescence (620 nm, PI) to determine the 

overall viability, while the percentage of EGFP expressing cells (510 nm, EGFP) was 

measured in the non-apoptotic cell population. Transfected cells were further classified as 

low (1ï10 a.u.), middle (10ï100 a.u.) and high (>100 a.u.) producers. 

 

4.2.5 Statistical ana lysis  

Data are presented as mean ± SD and analyzed using the software GraphPad Prism 5.0. 

n represents the number of independent experiments. The lethal dose 50 (LD50), derived 

from the MTT results, was calculated with the software OriginPro 8.5. The one-way ANOVA 

with Bonferroni t-test or the unpaired t-test were used to determine whether data groups 

differed significantly from each other. Differences were considered statistically significant 

for p values < 0.05.  

  

4.3 Results and discussion  

 

4.3.1 In vitro  cytotox icity of the graft copolymers  

Cytotoxicity is one of the major limitations of cationic polymeric vectors. The accumulation 

of cationic charges at the cell surface or at the internal compartments inhibits the normal 

function of cells and can cause their death.167, 175 The cytotoxicity of the graft copolymers 

was determined by the MTT assay involving L929 cells, which is the cell line recommended 

for the evaluation of the in vitro cytotoxicity of medical devices by the international ISO 

standard.181 Cell viability was measured after 24 h of incubation with different polymer 

concentrations, and the results were compared with the homopolymers 25 kDa lPEI and 20 

kDa PDMAEMA. Only the free polymers were tested, considering than polyplexes tend to 

be much less toxic, as a result of the charge neutralization.182, 183 
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Á Cytotoxic ity of the graft copolymers based on PDMAEMA  

Concentrations from 0 to 0.25 mg/mL were used for the assessment of the in vitro 

cytotoxicity of the graft copolymers based on PDMAEMA (molecular weight of the total 

cationic segment: 13.2 or 22 kDa). As shown in Figure 4-1A, these materials affected the 

cell viability in a concentration dependent manner. For all the copolymers, low cytotoxicity 

was observed at concentrations below 25 ɛg/mL, while at the same concentration, 25 kDa 

lPEI dropped the cell viability around 7%. The LD50 was determined on the basis of these 

plots, which corresponds to the polymer concentration that causes toxicity for 50% of the 

treated cells.175 
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Figure 4-1: A. Cell viability as function of PPxDy concentration determined by the MTT assay in 

L929 cells. 25 kDa lPEI and 20 kDa PDMAEMA were used as references (n = 3). B. LD50 values 

determined for PPxDy graft copolymers (n = 3). *** (p < 0.001) indicates values that differ significantly 

from those measured with lPEI and PDMAEMA 

 

LD50 values ranging from 51 ï 64.5 ɛg/mL were obtained for the copolymers, while for lPEI 

and PDMAEMA, the doses were 12 and 39 ɛg/mL, respectively (Figure 4-1B). The lethal 

concentrations determined for the controls agree with previously reported values.9, 152 

These results showed that PPxDy copolymers significantly reduced the cytotoxicity 

compared to the homopolymers, despite their higher molecular weight (between 19.3 and 

32.6 kDa for the graft copolymers). Specifically, 5-fold and 1.6-fold reductions with respect 

to lPEI and PDMAEMA were determined, when they were compared with the less toxic 

copolymer (highest LD50), i.e. PP3D5. The reduced cytotoxicity can be attributed to the use 

of cationic segments of low molecular weight distributed in the P(CL-co-MPC) backbone, 

which decrease charge density, making the interaction with cell membranes less strong. 
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The introduction of biocompatible segments, such as mPEG and PCL,52, 184 in the structure 

could also reduce their cytotoxic effects, as has been reported for PCL-g-PDMAEMA 

copolymers coated with PGA-g-mPEG.54  

 

Regarding the differences between copolymers, PP6D5 and PP3D3 exhibited the highest 

cytotoxicity with no statistical difference between them. This result was unexpected 

considering previous reports for similar structures, such as PDMAEMA-b-PCL-b-

PDMAEMA and mPEG-b-(PCL-g-PDMAEMA).11, 55 These studies demonstrated that the 

cytotoxicity is affected by the molecular weight of the PDMAEMA segments, which in turn 

is related to the charge density.185 In this sense, PP3D3 should be the less cytotoxic 

material, since it possess the lowest molecular weight of the cationic segment (13.2 kDa) 

and the lowest ɕ potential (+9.5 ± 0.5 mV) (Tables 2-2 and 2-5). This irregularity could be 

caused by the presence of some impurities, although all copolymers were purified using 

the same methods.  

 

Á Cytotoxicity of the graft copolymers based on lPEI   

To evaluate the in vitro cytotoxicity of the graft copolymers based on lPEI, a concentration 

range between 0 and 1 mg/mL was used (Figure 4-2A) (molecular weight of the total 

cationic segment: 5.2 or 7.8 kDa). As expected, cell viability decreased with increasing 

polymer concentration. However, PPxLy copolymers gradually decreased viability, while 25 

kDa lPEI showed a sharp decline. Low cytotoxicity was detected for all the copolymers at 

concentrations below 20 ɛg/mL. At this concentration, the viability of cells dropped around 

12% with the lPEI homopolymer. 

 

In the determination of the LD50, values between 51 and 230 ɛg/mL were obtained (Figure 

4-2B). All the copolymers were less toxic than lPEI, showing 4, 12 and 19-fold reductions 

for each composition (PP6L3, PP6L2 and PP3L2, respectively). Comparable LD50 values 

were reported for bPEI-g-PCL (100 ï 390 ɛg/mL), which also depended on the copolymer 

composition.66 As with PDMAEMA copolymers, the reduction in the cytotoxicity was 

attributed to the distribution of low molecular weight cationic segments along P(CL-co-MPC) 

backbone. Some authors, working with similar structures, also ascribed this reduction to 

the shielding effect exerted by PEG.65, 186 Furthermore, the combination of biodegradable 

polyester segments and short lPEI chains could result in a decrease of the long-term 

toxicity. 
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Figur e 4-2: A. Cell viability as function of PPxLy concentration determined by the MTT assay in 

L929 cells. 25 kDa lPEI was used as reference (n = 3). B. LD50 values determined for PPxLy graft 

copolymers (n = 3). *** (p < 0.001) indicates values that differ significantly from those measured with 

lPEI  

 

Regarding the differences between copolymers, the use of fewer lPEI grafts and a shorter 

hydrophobic segment favored cell viability (p < 0.001), probably due to the decrease in the 

molecular weight and ɕ potential (Table 2-3 and 2-5), as has been reported for analogous 

materials.66 The higher content of lPEI chains significantly affected the cell viability. 

Compared to PDMAEMA-based materials, the lower cytotoxicity observed for this series of 

copolymers could be related to the smaller values of ɕ potential (Table 2-5), derived from 

the low molecular weight of the PEI segments, which has been demonstrated to possess 

low cytotoxicity, even at high concentrations.187  

 

4.3.2 In vitro  transfection efficiency of the graft copolymers  

The graft copolymers were tested as DNA transfection agents in HEK-293 cells, using 

standard procedures for adherent cells.152 HEK-293 is an established human cell line 

commonly used as a model for the evaluation of gene delivery systems.180, 188 The 

transfection efficiency was determined using EGFP as a reporter gene, considering its 

advantages such as easy detection by fluorescence, stability, low antigenicity and 

cytotoxicity; besides, this marker allows the selection/isolation of transfected cells, the 

quantification of transgene expression per cell, and also can be fused with therapeutic 

proteins.189, 190 In previous studies carried out in the research group, it was demonstrated 

that polymers containing PCL segments lead to a better transfection efficiency when the 

polyplexes are built in 150 mM NaCl in comparison with HBG solution (two commonly used 
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matrices for transfection experiments).152 For this reason, the polyplexes were formed in 

150 mM NaCl solution and then diluted with cell culture medium with and without serum. In 

the case of PPxLy complexes, HBG was also tested as complexation matrix. Cell viability 

and transfection efficiency (percentage of cells expressing the green fluorescent protein) 

were quantified by flow cytometry and the results were compared with 25 kDa lPEI and 20 

kDa PDMAEMA. Different parameters, such as N/P ratio and amount of polymer per well, 

were evaluated to find the best conditions for each material in terms of balance transfection-

cytotoxicity.   

 

Á Transfection efficiency of the PDMAEMA based polyplexes  

The first step in the evaluation of the PPxDy based polyplexes as gene delivery systems 

was the selection of suitable N/P ratios to perform the transfection in serum-free medium. 

Previous work carried out in the research group showed that adjusting the N/P ratio with 

the amount of pDNA while keeping constant the polymer concentration is a better approach 

to control the cell viability.191, 192 For this reason, a N/P range from 3 to 35 was evaluated 

using a constant amount of polymer per well (Figure 4-3). The polymer concentration was 

chosen considering the region of lower cytotoxicity obtained in the MTT graphs (Figure 4-

1).  

 

It was observed that the highest transfection efficiencies for all the copolymers were at N/P 

ratios of 5, 10 and 20, except for PP3D3, which showed a better performance at N/P ratios 

of 10, 20 and 35. The cell viability was also determined and ranged from 83 - 98%. The 

higher values required for PP3D3 could be related to the negative surface charge of the 

polyplexes at the lower N/P ratios, which restricted their cellular uptake (Figure 3-4). The 

same process was carried out for 20 kDa PDMAEMA (15 µg/well), showing the highest 

percentages of EGFP positive cells at N/P ratios of 5, 10 and 20 (Table 6-2). In the case of 

25 kDa lPEI (5 µg/well), which has been extensively studied, a N/P ratio of 20 was used for 

all the experiments, following reports carried out at the chair.152, 191   
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Figure 4-3: Transfection efficiency of PPxDy based polyplexes at different N/P ratios in HEK-293 

cells, using a constant amount of polymer per well (serum-free). In all cases, cell viabilities were 

above 83% (n Ó 2)  

 

However, the transfection was low in all cases, reaching a maximum around 40%, possibly 

due to insufficient polyplex concentration for the treated cell population. Consequently, to 

achieve a superior efficiency, the amount of polymer per well was gradually increase until 

values close to the LD50 (<50 µg/well), in order to improve the frequency of contact between 

complexes and cell surfaces. The chosen amounts of polymer were complexed with pDNA 

using the best N/P ratios determined in the previous assay. Figure 4-4 shows the behavior 

of the PPxDy based polyplexes with the variation of these parameters. The cell viability, 

amount of polymer/well and N/P ratios are indicated in the bottom of the figure. In addition, 

the transfected cells were classified as high, middle and low producers, which is related to 

the level of transgene expression according to the fluorescence intensity (low producers: 

fluorescence intensity between 1 and 10 a.u.; middle producers: fluorescence intensity 

between 10 and 100 a.u.; high producers: fluorescence intensity >100 a.u). For all the 

materials, the cell viability decreased at higher polymer concentrations and N/P ratios, 

indicating that increasing amounts of polyplexes and free polymer chains cause toxicity in 

the cells, possibly as a result of positive charge accumulation at the membrane and its 

subsequent destabilization.193 This is a common behavior in transfection experiments and 

has been also observed for nano-stars and amphiphilic copolymers based on PDMAEMA.53, 

150 The variation in the conditions also affected the distribution of low, middle and high 
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producers. In the case PP6D5 and PP6D3, increasing the amount of polymer/well and the 

N/P ratio resulted in an increment in the percentage of middle and high producers, while for 

PP3D3, the distribution was nearly constant at the different conditions. For PP3D5, it was 

difficult to observe these differences, since only N/P 5 produced a high transfection.    
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Figure 4-4: Transfection efficiency and viability of PPxDy based polyplexes at different polymer 

concentration and N/P ratio in HEK-293 cells (serum-free) (n Ó 2) 

 

Based on these plots, the best condition for each copolymer was selected, in terms of 

higher transfection efficiency and lower cytotoxicity. For example, the higher percentages 

of transfected cells for PP6D5 were presented at 5 different conditions (30 µg/well N/P 5, 

40 µg/well N/P 5, 40 µg/well N/P 10, 50 µg/well N/P 10 and 40 µg/well N/P 20) with no 

statistical significance between them; however, the cytotoxicity was lower at 30 µg/well and 

N/P 5. The same study was carried out for PDMAEMA (Table 6-2), while for lPEI, reported 

conditions were used (5 µg/well and N/P 20). As shown in Figure 4-5, an increase in the 

transfection efficiency of the copolymers was observed with respect to lPEI and PDMAEMA, 
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reaching values around 75% with viabilities above 84%. This improvement can be attributed 

to the introduction of hydrophobic segments and the use of a branched structure, which 

have proven to boost the transfection activity of cationic polymeric vectors.10, 11 The use of 

shorter PDMAEMA chains could also facilitate the release of DNA inside the cells. 

Furthermore, similar structures, as PCL-g-PDMAEMA and PDMAEMA-b-PCL-b-

PDMAEMA, have demonstrated to efficiently escape from endosomes after cellular 

internalization, enhancing the delivery of the DNA.53, 55  
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Figure 4-5: Transfection efficiency and viability of PPxDy based polyplexes in HEK-293 cells, using 

the best conditions determined in serum-free medium. 25 kDa lPEI and 20 kDa PDMAEMA were 

used as references (n Ó 2). # (p < 0.05) indicates values that differ significantly from those measured 

with lPEI. *** (p < 0.001) and ** (p < 0.01) indicate values that differ significantly from those measured 

with PDMAEMA  

 

Only the copolymers with 5 grafts were significantly different from lPEI, while these 

materials and PP6D3 had statistical difference compared to PDMAEMA. On the other hand, 

PP3D3 did not showed to enhance the efficiency respect to controls. Therefore, the best 

transfection results were achieved with the copolymers containing 5 branches, although the 

viability was higher for PP6D5 due to the use of a lower polymer concentration (flow 

cytometry data shown in Figure 6-10). By contrast, the copolymer composed of a short 

P(CL-co-MPC) segment and a lower amount of grafts (PP3D3) was the least efficient (p < 

0.01). According to these results, the transfection was favored by using long hydrophobic 
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segments and higher grafting density, this last parameter related to a total cationic segment 

of higher molecular weight. This behavior can be explained by the higher affinity between 

this type of structure and DNA, due to the increasing contributions of hydrophobic and 

electrostatic interactions, which led to the formation of more compact and stable polyplexes. 

This assumption is supported by the smaller particle size and the higher surface charge of 

the polyplexes formed from PP6D5 at similar conditions (Figure 3-4 and 3-9). Complexes 

with these properties are more easily internalized by the cells, and consequently, present 

better transfection capacity (Figure 4-6).44, 56  

 

 

Figure 4-6: Effect of the copolymer composition on the transfection efficiency 

 

For similar graft copolymers, Lin et al.10 reported a gene silencing efficiency around 80% at 

their best N/P ratios, which was comparable to results obtained with Lipofectamine 2000, 

while Guo et al.11 proved that mPEG-b-PCL-g-PDMAEMA based complexes presented 

much better transfection efficiency that the commercial standards Lipofectamine and 25 

kDa PEI at their optimal conditions. Both studies agree that the enhance efficiency is due 

to the higher cellular uptake and endosome escape ability of these types of structures. 
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Considering the positive results obtained with Opti-MEM, the transfections were also 

performed in presence of 10% serum (R10 medium), taking as a starting point the best N/P 

ratios and polymer concentrations determined in serum-free experiments. The presence of 

serum mimics better the in vivo behavior of the gene delivery systems and could indicate 

the blood compatibility of polyplexes.167 As shown in Figure 4-7, the conditions of superior 

transfection and viability were determined for each copolymer. For all cases, it was found 

that increasing the amount of polymer per well increased the transfection efficiency at a 

specific N/P ratio, indicating that a higher polyplex concentration was favorable. Although 

the cytotoxicity also increased, the viability remained above 83%. Moreover, these results 

showed that the transfection performed in presence of serum led to a lower cytotoxicity in 

comparison to serum-free medium at the same polymer concentration and N/P ratio. This 

improvement in the viability can be explained by the absorption and neutralization of free 

polymer chains by the serum proteins.167, 188 For the controls 25 kDa lPEI and 20 kDa 

PDMAEMA, the same conditions were used as with Opti-MEM. 
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Figure 4-7: Transfection efficiency and viability of PPxDy based polyplexes at different polymer 

concentration and N/P ratio in HEK-293 cells (10% serum) (n = 2) 
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Regarding the performance of the copolymers, up to 3-fold and 21-fold increases in the 

transfection efficiency were observed compared to IPEI and PDMAEMA, maintaining a 

viability above 85% (Figure 4-8). All the copolymers showed statistical difference compared 

to PDMAEMA, while PP6D5 was the only material that differed significantly to lPEI. 

Although the polyplexes built under similar conditions presented negative net charge and 

sizes around 500 nm (Figure 3-5 and 3-9), some of them could enter the cells and express 

the protein. The enhanced efficiency of the PPxDy copolymers might be due to the 

introduction of the PEG segment, which has been proven to increase the stability of the 

complexes in presence of serum.30 Another possible reason could be that the moderate 

positive surfaces of the PPxDy polyplexes limited the interactions with serum proteins.194  
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Figure 4-8: Transfection efficiency and viability of PPxDy based polyplexes in HEK-293 cells, using 

the best conditions in presence of 10% serum. 25 kDa lPEI and 20 kDa PDMAEMA were used as 

references (n = 2). ### (p < 0.001) indicates values that differ significantly from those measured with 

lPEI. *** (p < 0.001) and ** (p < 0.01) indicate values that differ significantly from those measured 

with PDMAEMA 

 

As with Opti-MEM, the polymer containing the highest number of PDMAEMA grafts and the 

longest length of the hydrophobic block presented a superior performance with 55% of 

transfected cells (p < 0.01), while the rest of the copolymers showed almost the same 

efficiency (ns) (flow cytometry data shown in Figure 6-11). Similar results have been 

described for star-shaped PDMAEMA polymers, where the stars with more arms showed a 
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higher efficiency, as well as for amphiphilic graft copolymers, where the PDMAEMA 

branches of higher molecular weight were more efficient and performed better than the 

control 25 kDa PEI.11, 195 Although the physicochemical properties of the polyplexes based 

on PP6D5 N/P 10 were not favorable for cellular internalization, they could enter into the 

cells and express the EGFP. The explanation will require further studies related to the 

cellular uptake mechanism of these type of structures.  

 

Compared to the serum-free process, a drop in the transfection efficiency of the polymers 

was detected when the experiments were carried out in presence of serum, as shown in 

Figure 4-9. This is a common behavior of the transfection agents, due to the interaction of 

the cationic chains with serum proteins, which causes negative effects in the 

physicochemical properties of polyplexes, as described in Chapter 3. The binding of these 

proteins to the polyplexes can hamper their interaction with the cell membranes and 

consequently, reduce the cellular uptake.161, 180 Authors as Abebe et al.175 attributed this 

reduction to the possible dissociation of the complexes through ion exchange reactions with 

the anionic species, leading to the release of the pDNA prior to the internalization of the 

polyplexes into cells. PP6D5 and PP3D3 were the only copolymers showing a comparable 

efficiency in both media. In this case, it seems that the PEG coating worked better, 

conferring a better stability to the polyplexes in comparison to the control polymers, which 

presented decreases in their transfection activity of 3 times for lPEI and 10 times for 

PDMAEMA (Figure 4-10).  
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Figure 4-10: Interaction of polyplexes and serum proteins using polymers with and without PEG 

coating 

 

Á Transfection efficiency of  the lPEI based polyplexes  

For the initial assessment of the lPEI-based copolymers as DNA delivery agents in serum-

free medium, polyplexes formed in 150 mM NaCl solution were tested at N/P ratios from 20 

to 50, using a constant amount of polymer per well (Table 4-1). As with the PPxDy materials, 

the polymer concentration was selected from the region of lowest cytotoxicity found in the 

MTT assay. The flow cytometry data showed that below 2% of the cells were transfected 

with the different polymers and N/P ratios. Due to these extremely low values, the 

complexation solution was changed to HBG, which has proven to work better for 

transfections based on lPEI, due to the its lower charge shielding effect that leads to 

stronger electrostatic interactions and therefore, the formation of smaller complexes that 

are more easily internalized by cells.152 Although the percentage of transfected cells slightly 

increased with HBG, the efficiency remained low (Ò 3%) (Table 4-1). For this reason, the 

amount of copolymer per well was directly risen twice and the N/P ratio was increased until 

60, using HBG as matrix for polyplex formation. Further increases in these parameters were 

not considered, as it would represent the use of an excessive amount of polymer, which is 

not suitable from the synthetic and biological point of view. 
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Table 4-1: Transfection efficiency of PPxLy based polyplexes at different N/P ratios in HEK-293 

cells, using a constant amount of polymer per well 

Conditions  Transfection efficiency (%)  

Polymer 

(µg/well)  

N/P 

ratio  

150 mM 

NaCl 
HBG  

PP6L3  

(20 µg) 

20 

30 

40 

50 

0.3 

0.3 

0.3 

0.2 

0.3 

0.7 

0.3 

0.5 

PP6L2 

(60 µg) 

20 

30 

40 

50 

1.1 

1.6 

1.3 

1.2 

1.1 

1.4 

1.6 

3.0 

PP3L2 

(95 µg) 

20 

30 

40 

50 

0.8 

0.5 

0.4 

0.6 

1.1 

0.8 

0.6 

1.7 

 
Polyplexes were formed in 150 mM NaCl or HBG and then, diluted with Opti-MEM. In all cases, cell 

viabilities were above 83% (n = 1)  

 

As shown in Figure 4-11, the percentage of EGFP expressing cells increased with the N/P 

ratio without affecting the viability, which remained above 90%. This enhancement was 

probably due to the reduction in polyplex diameter (Figure 3-11). The results indicated that 

the concentration of free polymer plays a key role in the process of DNA delivery. As have 

been reported for lPEI with different lengths and topologies, free polymer molecules 

promote important processes, such as cellular entry and endosome escape.187, 196 
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Figure 4-11: Transfection efficiency and viability of PPxLy based polyplexes at different N/P ratios 

in HEK-293 cells, using a higher polymer concentration (serum-free) (n = 2) 

 

Based on this plot, the most suitable conditions for transfection-viability were chosen for 

each copolymer and compared with the control 25 kDa lPEI, which was also prepared in 

HBG solution. Respect to lPEI, a significant decrease in the percentage of transfected cells 

was observed for the PPxLy based polyplexes, with values between 7 and 23%, even using 

high N/P ratios and polymer concentrations (Figure 4-12). Furthermore, the distribution of 

cells was completely shifted to the low producers. This poor performance was attributed to 

the use of low molecular weight PEI segments, which according to previous studies, present 

a low capacity to transfect cells.187, 197 Moreover, the measurements of ɕ potential suggested 

that the transfection capability could be compromised, considering the negative or near-

neutral surfaces of the polyplexes, that indicate a weak binding affinity between the 

copolymer and DNA and possibly, an incomplete complexation (Figure 3-6). Consequently, 

the transfection efficiency is reduced, since uncomplexed DNA can be degraded before 

reaching the nucleus. These negative surfaces also tend to decrease the interaction of the 

complexes with the cell membranes. The correlation between negative surface charge and 

low transfection was also found for PEI-g-PCL-b-PEG copolymers.68    
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Figure 4-12: Transfection efficiency and viability of PPxLy based polyplexes in HEK-293 cells, using 

the best conditions in serum-free medium. 25 kDa lPEI was used as reference (n = 2). *** (p < 0.001) 

indicates values that differ significantly from those measured with lPEI 

 

Even though the differences between copolymers were not statistical relevant, the maximal 

transfection efficiency was achieved with PP6L2 (flow cytometry data shown in Figure 6-

12). This can be ascribed to the larger hydrophobic segment respect to PP3L2, which favors 

the interactions with DNA molecules, as observed with the PPxDy copolymers, but also 

was related to the use of a larger amount of polymer per well, that increased the polyplex 

concentration. This last parameter could explain the difference with PP6L3, which was 

expected to present the best efficiency, considering its higher content of lPEI and smaller 

polyplex size. However, the same amount of polymer (120 µg/well) could not be used for 

PP6L3, taking into account its LD50 (~50 µg/mL), which was significantly lower than the 

other two structures. Similar trends have been observed for PEI-g-PCL and PEI-g-PCL-b-

mPEG complexes, where the copolymers with longer hydrophobic segments presented the 

highest transfection activity on HepG2 and HeLa/Luc cells, respectively.66, 69 The polyplexes 

based on PEI-g-PCL also exhibited lower transfection than 25 kDa PEI at the higher N/P 

ratios evaluated. Considering the low percentages obtained with Opti-MEM, the 

experiments in presence of serum were not carried out. 

 



Chapter 4 99 

 

4.4 Conclusions  

The in vitro cytotoxicity and transfection efficiency of the graft copolymers were assessed, 

using standard protocols and cell lines, to get an insight of their performance as DNA 

transfection agents. According to the MTT assay, the free copolymers were less cytotoxic 

to L929 cells than the controls 25 kDa lPEI and 20 kDa PDMAEMA, possibly due to the 

reduction in charge density, as consequence of the distribution of low molecular weight 

cationic segments in the P(CL-co-MPC) backbone. Furthermore, the introduction of mPEG 

and PCL blocks could enhance the biocompatibility and biodegradability of these 

structures. Only the copolymers based on lPEI presented a clear trend between their 

composition and their cytotoxicity: a shorter hydrophobic segment and a lower grafting 

density led to a higher cell viability. These results were attributed to the decrease in 

molecular weight, as well as the lower surface charge of the aggregates. In the case of the 

PDMAEMA-based copolymers, the in vitro transfection experiments revealed that these 

materials were more efficient in the delivery of pDNA in HEK-293 cells than the standard 

polycations 25 kDa lPEI and 20 kDa PDMAEMA at similar cell viability. These results 

proved that cationic branched architectures containing hydrophobic domains significantly 

improve the transfection activity. The copolymer composition affected the transfection 

behavior, showing that increasing the length of the hydrophobic segment and the grafting 

density enhance the efficiency without affecting the cell viability, even in the presence of 

serum. This outcome was in accordance with the physicochemical properties found for this 

type of polyplexes in Opti-MEM, which showed to be suitable for cellular internalization. As 

expected from the results obtained in Chapter 3, a poor transfection performance was 

obtained for the polyplexes based on lPEI copolymers, considering the low content and low 

molecular weight of the cationic segments, that were insufficient to promote cellular uptake 

and, the subsequent delivery of DNA. In order to improve the performance of these 

copolymers, the synthesis of structures with lPEI segments of higher molecular weight and 

grafting density is required. The DNA vectors prepared from PP6D5 were the more effective 

systems, promoting a high transfection activity and a reduced cytotoxicity, even in the 

presence of the obstructive effect of serum. This copolymer represents a promising DNA 

delivery agent for both, in vitro and in vivo applications. However, to confirm the applicability 

of these structures in the field of gene therapy, more cell lines, including hard-to-transfect 

cells, need to be tested (See Perspectives section for preliminary results in Jurkat cells).  





 

 
 

5.  Perspectives 

The graft copolymers developed in this work have shown the ability to successfully deliver 

DNA in vitro with a reduced cytotoxicity, using a model cell line. This contribution constitutes 

the first attempt carried out in the Macromolecules research group in the fabrication of DNA 

transfection agents and may become the starting point for the development of vectors with 

improved properties. Although the obtained results showed the potential of these materials 

in the gene delivery field, further studies are required to broad its applicability.  

 

The synthesis of similar copolymers with different lengths of the hydrophilic, hydrophobic 

and cationic segments, along with varying grafting densities, could give a more accurate 

idea of the effect of molecular composition on polyplex properties and their performance as 

transfection systems. For this purpose, the polymer with best efficiency and the trends 

found in this study can be used as references. In the case of the PDMAEMA-based 

copolymers, the versatility of the proposed synthetic route allows the achievement of these 

modifications easily. In addition, the insertion of targeting ligands for receptor-mediated 

endocytosis can be accomplished, using the click reaction as well. Furthermore, these 

studies could also determine the limits of molecular weight and grafting density that produce 

negative effects on the transfection-cytotoxicity balance. In the case of the copolymers 

composed of lPEI, the development of new synthetic pathways is necessary, taking into 

account that this polymer can interfere with the activity of the catalyst used in the click 

reaction, reducing the possibility of a quantitative coupling and therefore, the production of 

target structures. In this way, the molecular weight and amount of PEI grafts should be 

increased to verify the potential of these materials as gene delivery systems. 

 

New studies related to the aggregation behavior of the graft copolymers in aqueous medium 

must be carried out, using methods such as nanoprecipitation or solvent displacement, to 

obtain the polymer aggregates. Properties as hydrodynamic diameter or surface charge of 
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particles can significantly differ for each method and can positively impact the interaction of 

these systems with DNA molecules. The preparation of the polyplexes in matrices with 

different ionic strength and pH is also required to determine the effect of these parameters 

on their physicochemical properties. For example, the formation of the complexes based 

on PDMAEMA copolymers was not evaluated in the HBG solution, and possible changes 

in charge or size might have increased the transfection efficiency, as observed with lPEI. 

 

To confirm the applicability of these materials as transfection agents, the assessment of 

their biodegradability is required, in order to corroborate their long-term safety. Moreover, 

transfection experiments in different cell lines, including difficult-to-transfect cells, need to 

be performed. A deeper understanding of the mechanistic aspects involved in the delivery 

process, as cellular uptake, endocytic pathway and intracellular distribution of the 

polyplexes, will allow the design of vectors with key structural modifications to achieve an 

optimal DNA transfection efficiency.  

  

Initial transfection experiments in Jurkat cells (hard-to-transfect cells) using PP6D5-based 

complexes showed promising results in serum-free medium, as shown in Figure 5-1. These 

preliminary tests were performed at the Chair of Process Biotechnology at the University of 

Bayreuth, following the methods described by Riedl et al.191 Currently, new adaptations of 

the transfection procedure are being developed, in order to improve the efficiency and 

viability of these systems.   

 

 

Figure 5-1: Preliminary results of transfection efficiency and viability in Jurkat cells, using PP6D5-

based polyplexes (serum-free medium)  
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Figure 6-1: A.  1H NMR spectrum and B. 13C NMR spectrum of MPC monomer 

 

3500 3000 2500 2000 1500 1000 500

1725

In
te

n
s
it
y
 (

a
.u

.)

Raman shift (cm
-1
)

2130

ɜCſC ɜC=O 

 

Figure 6-2: Raman spectrum of mPEG45-b-P(CL55-co-MPC5) copolymer 
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Figure 6-3: A.  1H NMR spectrum and B. 13C NMR spectrum of N3EiBBr initiator 
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Figure 6-4: A. 1H NMR spectrum of (PDMAEMA)40-N3. Composition was determined from the 

integrals at 3.4 ppm (methylene protons of N3EiBBr: -CH2-CH2-N3) and 2.6 ppm (methylene protons 

of PDMAEMA: -CH2-CH2-N). B. 13C NMR spectrum of (PDMAEMA)40-N3 
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Figure 6-5: 1H NMR spectra of A. mPEG45-b-P(CL18-co-(MPC-g-PDMAEMA40)3) synthesized by the 

grafting to approach versus B. mPEG45-b-P(CL18-co-(MPC-g-PDMAEMA38)3) synthesized by the 

grafting from approach 
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Figure 6-6: 13C NMR spectrum of mPEG45-b-P(CL55-co-(MPC-g-PDMAEMA28)5) 
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Figure 6-7: Raman spectra of A. (lPEI)58-N3. B. mPEG45-b-P(CL56-co-(MPC-g-lPEI58)3)   

 

Table 6-1: Elemental analysis of the PPxLy copolymers 

Sample  Average composition a 
Element analysis  Number of 

lPEI grafts b C (%) H (%) N (%) 

PP3L2 mPEG45-b-P(CL25-co-(MPC-g-lPEI58)2) 57.49 9.72 14.96 1.9 

PP6L2 mPEG45-b-P(CL55-co-(MPC-g-lPEI58)2) 58.68 9.64 12.79 2.3 

PP6L3 mPEG45-b-P(CL56-co-(MPC-g-lPEI58)3) 58.14 9.72 15.16 3.4 

 
a Estimated by 1H NMR. b Estimated by the content of nitrogen 

 

-60 -40 -20 0 20 40 60 80 100 120

mPEG

Temperature (°C)

H
e

a
t 
fl
o

w
E

n
d

o

 

Figure 6-8: DSC heating curves obtained for mPEG (2000 g/mol) 
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Figure 6-9: Gel retardation assay for 20 kDa PDMAEMA/pDNA and 25 kDa lPEI/pDNA complexes 

at different N/P ratios (Each row starts with free pDNA (N/P = 0)) 
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Table 6-2: Transfection efficiency and cell viability of 20 kDa PDMAEMA based polyplexes at 

different polymer concentration and N/P ratio in HEK-293 cells (serum-free) (n Ó 2) 

µg of PDMAEMA 

per well  
N/P ratio  

Transfection 

efficiency (%)  
Cell viability (%)  

15 µg 

3 8.7 94.8 

5 25.6 ± 7.6 91.6 ± 5.0  

10 15.2 ± 1.0  90.4 ± 5.1 

20 13.0 ± 3.3 87.3 ± 5.4 

30 µg  

5 34.3 ± 1.3 71.6 ± 2.5 

10 24.6 ± 1.7 72.8 ± 0.4 

20 22.4 ± 2.9  73.3 ± 2.3 

 
Determined by flow cytometry. Data represent mean ± SD 

 

 

 

 

 

 

 

 

150 mM NaCl 
N/P ratio 
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Figure 6-10: Representative flow cytometry data after transfection of HEK-293 cells with PP6D5 

copolymer (30 µg/well, N/P 5). A negative control was used to set the measurement parameters 

(best conditions in serum free medium) 
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Figure 6-11: Representative flow cytometry data after transfection of HEK-293 cells with PP6D5 

copolymer (50 µg/well, N/P 10). A negative control was used to set the measurement parameters 

(best conditions in 10% serum) 
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Figure 6-12: Representative flow cytometry data after transfection of HEK-293 cells with PP6L2 

copolymer (120 µg/well, N/P 60). A negative control was used to set the measurement parameters 

(best conditions in serum free medium) 
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