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Abstract

Gene therapy has attracted increasing interest over the past few decades as a highly
promising therapeutic technique to provide new treatments for a large number of
inherited and acquired diseases. However, despite all efforts in this area, the devel-
opment of a safe and effective delivery of nucleic acids remains a principal challenge
to its application in the clinic. In this sense, non-viral vectors have emerged and offer
a number of advantages, including facile production, stability, low immunogenicity
and toxicity, and higher capacity to carry nucleic acids compared to viral vectors.
Nevertheless, current non-viral delivery systems continue far less efficient than vi-
ral ones. Among non-viral vectors, cationic polymers have emerged as a promising

group for gene delivery.

This thesis is focused on the development of a new and more efficient polymeric non-
viral vector based on poly(S-amino ester) (PBAE) and poly[2-(dimethylamino)ethyl
methacrylate] (PDMAEMA). The poly[2-(dimethylamino)ethyl methacrylate]-block-
poly(B-amino ester)-block-poly[2-(dimethylamino)ethyl methacrylate] (PDMAEMA-
b-PBAE-b-PDMAEMA) block copolymers were prepared by copper(I)-catalyzed
Huisgen azide-alkyne cycloaddition (CuAAC). Their ability to condense and de-
liver DNA was assessed, firstly, for PDMAEMAgggo-b-PBAEz000-b-PDMAEMAgno
and PDMAEMA 3400-b-PBAE3000-b-PDMAEMA3)09 block copolymers in order to
study the influence of molecular weight of PDMAEMA segment in transfection
capacity. In vitro transfection activity was assessed in HelLa and COS-7 cell
lines and showed higher activity for polyplexes based on block copolymer pre-
pared with PDMAEMA segment with lower molecular weight (PDMAEMA3(00-b-
PBAE3p00-b-PDMAEMA3q00). In addition, comparing PDMAEM A3(0-b-PBAEz00-
b-PDMAEMAgnp0-based polyplexes transfection results with two of the most
used standard transfection reagents, branched PEI 25,000 g.mol'1 (bPEI»5000) and
TurboFect™, revealed higher activity in both cell lines used. However, results also
showed that both block copolymer/DNA complexes induced some cytotoxicity for
higher nitrogen/phosphate (N/P) ratios. It was hypothesized that could be due to
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the residual amounts of copper used during copolymers preparation. To overcome
this issue, block copolymers were then prepared by Michael addition reaction (with-
out the need of metal catalysts). In this phase, three block copolymers were prepared
differing the molecular weights of central segment (PDMAEMA 3000-b-PBAE3000-
b-PDMAEMA 3000, PDMAEMA 3000-b-PBAEgq00-b-PDMAEMA 3000, PDMAEMAsqgo-b-
PBAE12000--PDMAEMA3009). The cell viability after incubation with copoly-
mer/DNA complexes was also assessed in HeLa and COS-7 cell lines, resulting in a
notorious increase of cell viability in high N /P ratios. Moreover, in vitro transfection
assays revealed high transfection activities for all block copolymer tested. From these
results, it was concluded that PDMAEMA3zgo-b-PBAE12000-b-PDMAEMA 3000/ DNA
complexes was the best formulation, showing an increase in transfection activity
between 40-fold to 60-fold compared with transfection standard reagents, bPEly5000
and TurboFect™. When compared with the most promising block copolymer syn-
thesized by CuAAC, the PDMAEMA 3009-b-PBAE12000-b-PDMAEMA 3 revealed an
increase of transfection activity of 5-fold and 9-fold in COS-7 and HeLa cell lines,
respectively.

The results presented in this thesis demonstrate that the combination of PDMAEMA
and PBAE in a single material disclose interesting physicochemical and biological

characteristics making it a very promising material suitable for gene delivery.



Resumo

A terapia génica tem atraido um grande interesse nas tltimas décadas como sendo
uma técnica altamente promissora para novos tratamentos de um vasto ntimero de
doencas hereditarias e ndo hereditdrias. Contudo, apesar de todos os esfor¢os nesta
area, o desenvolvimento de uma entrega segura e efectiva continua a ser o principal
desafio para a sua aplicagdo na clinica. Neste sentido, surgem os vectores nao-virais
que oferecem algumas vantagens, como por exemplo, a facil produgéo, estabilidade,
baixa imunogenicidade e toxicidade, e grande capacidade de transportar acidos nu-
cleicos quando comparados com os vectores virais. Todavia, os actuais sistemas de
entrega ndo-virais continuam muito menos eficientes que os virais. Entre os vectores
ndo-virais, os polimeros catidnicos tém surgido como um grupo promissor para a

entrega de genes.

O foco desta tese é o desenvolvimento de um novo e mais eficiente vec-
tor polimérico ndo-viral de base poli(ester B-amino) (PBAE) e poli(metacrilato
de etilo-2-dimetilamino) (PDMAEMA). Os copolimeros de bloco poli(metacrilato
de etilo-2-dimetilamino)-bloco-poli(ester B-amino)-bloco-poli(metacrilato de etilo-2-
dimetilamino) (PDMAEMA-b-PBAE-b-PDMAEMA) foram preparados por cicload-
icdo de Huisgen azida-alcino catalizada por cobre (I) (CuAAC). A sua habilidade
para condensar e entregar DNA foi avaliada, primeiramente, para os copolimeros de
bloco PDMAEM Aggoo-b-PBAE3000-b-PDMAEMAgy00 € PDMAEMA 3000-b-PBAEs3000-
b-PDMAEMA3p0 de modo a estudar a influéncia do peso molecular do seg-
mento PDMAEMA na capacidade de transfec¢do. A actividade da transfecgdo
in vitro foi avaliada nas linhas celulares HeLa e COS-7 e os poliplexos prepara-
dos com o copolimero com segmento de PDMAEMA com menor peso molecu-
lar (PDMAEMA300-b-PBAE3000-b-PDMAEMA3)00) revelaram ter uma maior activi-
dade. Além disso, comparando os resultados da transfeccdo dos poliplexos de
base PDMAEMA 3000-b-PBAE3000-b-PDMAEMA300) com dois dos mais utilizados
padrdes de reagentes de transfec¢do, a PEI ramificada 25,000 g.mol’1 (bPEI»5000)

e o TurboFect™  revelaram uma maior actividade em ambas as linhas celulares
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utilizadas. Contudo, os resultados mostraram também que ambos os complexos
copolimero/DNA induziam alguma citotoxicidade para maiores razdes azoto /
fosfato (N/P). Foi hipotetizado que talvez se devesse as quantidades residuais
de cobre utilizado aquando da preparacdo dos copolimeros. Para ultrapassar
esta questdo, os copolimeros de bloco foram preparados através de reaccdo de
adicdo de Michael (sem a necessidade de uso de catalizadores metélicos). Nesta
fase foram preparados 3 copolimeros de bloco diferindo os pesos moleculares do
segmento central (PDMAEMA 3000-b-PBAE3000-b-PDMAEMA 3000, PDMAEMA3000-b-
PBAEgqo0-b-PDMAEMA 3000 € PDMAEMAsqg0-b-PBAE12000-b-PDMAEMAs0q0). Apés
a incubagdo dos complexos copolimero/DNA a viabilidade celular foi também avali-
ada nas linhas celulares HelLa e COS-7, resultando num dramaético aumento da vi-
abilidade celular nas altas razdes de carga copolimero/DNA. Além disso, os en-
saios de transfeccdo in vitro revelaram grande actividade de transfec¢do para to-
dos os copolimeros de bloco testados. A partir destes resultados, concluiu-se que
a melhor formulagdo era para os complexos de base PDMAEMA30-b-PBAE2000-
b-PDMAEMA3(), revelando um aumento na actividade de transfeccdo entre 40
a 60 vezes superior comparado com os reagentes de transfeccdo padrdo, bPEIys50o
e TurboFect™. Quando comparado com o copolimero de bloco mais promissor
preparado através de CuAAC, o copolimero de bloco PDMAEMA 3009-b-PBAE12000-
b-PDMAEMA 3009 revelou um aumento da actividade de transfeccdo de 5 e 9 vezes
superior nas linhas celulares COS-7 e HeLa, respectivamente.

Os resultados presentes nesta tese mostram que a combinacdo do PDMAEMA e
PBAE num tnico material revela caracteristicas fisico-quimicas e bioldgicas interes-

santes, fazendo deles promissores materiais para entrega de genes.
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Motivation and Objectives

Over the last decades, the use of nanotechnology approaches for gene deliv-
ery, namely nanocarrier systems, has been extensively studied in several areas of
medicine. Indeed, the use of the genetic material with no protection in the body
can raise problems related mainly to premature degradation, bioavailability, and
consequently, fairly efficiency. In this context, it has been reported in the literature
different types of gene carriers: viral and non-viral-based. Both have advantages
and disadvantages associated. Viral-based carriers have a higher efficiency, however,
they present several drawbacks regarding to immunogenecity, difficulty to large pro-
duction, low loading capacity and high costs of production. The non-viral-based
systems, generally, not struggle with these problems but, in return, they have low
transfection efficiency and undesirable cytotoxicity. Among them, polymeric-based
non-viral vectors have a great potential due to ease and fine tune their physicochem-

ical properties.

Poly(B-amino ester) (PBAE) and poly[2-(dimethylamino)ethyl methacrylate]
(PDMAEMA) are two of the most extensively investigated cationic polymers as
gene carriers. PBAE is a hydrolytically biodegradable and biocompatible polymer
that can be synthesized by Michael addition reaction between primary amine or
bis(secondary amine) and diacrylates. PBAE contains easily hydrolyzable esters
linkages in their backbone resulting in bis(8-amino acid) and diol fragments. The
physicochemical properties of the PBAE, such as charge density, water solubility,
crystallinity, and degradation profile, can be adjusted to meet the specific require-
ments of several applications due to the wide range of amines and diacrylates avail-
able as monomers buildings. On the other hand, PDMAEMA could be prepared by
a free radical polymerization (FRP) process or by a well-controlled manner through
reversible deactivation radical polymerization techniques (RDRP). The use of RDRP
techniques permits not only the total control over polymer structure but also poly-
mer functionality, which is impossible by FRP techniques. In spite of both polymers-

based polyplexes have relevant values of transfection efficiency, it is not yet enough
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to pass to a clinical phase. Thus, it is of prime importance the development of alter-
native polymeric non-viral vectors that enable the high gene expression to be used
efficiently and safely in clinical phase.

This PhD aimed to: (i) the development of novel cationic and biocompatible block
copolymers based on PBAE and PDMAEMA; and ii) its use as a non-viral gene

delivery system.

15t phase: Synthesis of PDMAEMA-b-PBAE-b-PDMAEMA

PDMAEMA PBAE PDMAEMA-b-PBAE-b-PDMAEMA

2" phase: Evaluation of PDMAEMA-b-PBAE-b-PDMAEMA as gene delivery system

Schematic representation of the work.
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Thesis Outline

The main goal of this PhD project was the development of an efficient non-viral

vector based on a biocompatible poly[2-(dimethylamino)ethyl methacrylate]-block-

poly(B-amino ester)-block-poly[2-(dimethylamino)ethyl methacrylate] block copoly-

mers using a straightforward synthetic route. The PhD dissertation is organized in

tive chapters:

Fe(0)/cunr R Br
R-Br + _— A
IPA/H,0, 25°C
Cholesterol o o o 0
R~ Polyethylene glycol
Ethyl a-bromoisobutyrate

S 7%

M/M,=1.1-1.3

Chapter 1 presents an overview on the importance
of polymeric non-viral based gene vectors. In this
chapter, special focus is given to the gene carriers
based on responsive polymers poly(B-amino ester)
and poly[2-(dimethylamino)ethyl methacrylate].

For block copolymer preparation, poly(f-amino
ester) was synthesized according to the litera-
ture procedures and poly[2-(dimethylamino)ethyl
methacrylate] by a new catalytic system known
as SARA ATRP. Chapter 2 describes the syn-
thesis of well-defined poly[2-(dimethylamino)ethyl
methacrylate] under mild reaction conditions us-
ing Fe(0)/Cu(Il) based atom transfer radical poly-
merization. ATRP of 2-(dimethylamino)ethyl
methacrylate was also extended to synthesis of
functional bio-relevant polymers with cholesterol
and poly(ethylene glycol) segments.
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XVIII

CONCLUSION

Chapter 3 reports the synthesis and characteriza-
tion (physicochemical and biological) of a novel
dual pH- and temperature-responsive polycationic
tri-block copolymer (poly[2-(dimethylamino)ethyl
methacrylate]-block-poly(B-amino ester)-block-
poly[2-(dimethylamino)ethyl methacrylate])
prepared by copper(I)-catalyzed Huisgen azide-
alkyne 1,3-dipolar cycloaddition click chemistry
approach. The preliminary studies for the use of
these new block copolymer as a plasmid DNA
carrier was assessed.

Chapter 4 introduces a new and ’‘green’ procedure
based on Michael addition reaction for poly|[2-
(dimethylamino)ethyl methacrylate]-block-poly(B-
amino  ester)-block-poly[2-(dimethylamino)ethyl
methacrylate] preparation. It also discusses the
influence of the molecular weight of poly(B-amino
ester) in physicochemical properties on the block
copolymer/nucleic acid complex in in vitro trans-
fection assays, and how these parameters can be
used to tune the mentioned properties.

Chapter 5 presents the most relevant conclusions
from this PhD research, along with further rec-
ommendations on future work and some final re-
marks.
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Chapter 1 Introduction

1.1 Controlled delivery systems

1.1.1 Drug delivery systems

Human pharmaceutical treatments started decades or even centuries ago (for ex-
ample, aspirin in 1828)%. These treatments required repeated administrations to
maintain the drug level in the body. Despite the effectiveness of the treatments,
drug concentration in the body alternates between therapeutic and sub-therapeutic
drug levels between administrations. The difficulty to control the drug concentra-
tion within the therapeutic window for a long period of time constitute one of the
most important drawback of the conventional way of drugs administration. In this
sense, it was developed the so-called drug delivery systems (DDS) where features,
such as, the rate and period of time of release can be controlled to reach therapeu-
tic level and enhance the treatment performancez. Folkman and Long, in 19642,
were the pioneers using silicone rubber as a carrier for sustained delivery of low
molecular weight compounds in animal tests. After that, and until today, thousands
of papers have been reported dealing with this area*®. The use of a DDS aims
to promote an efficient delivery of a biologically active compound maintaining the
drug concentration in the body within therapeutic level. This goal is achieved using
drug carriers, normally polymers (both synthetic and natural) whose physicochemi-
cal properties could be tailored in order to improve the DDS efficiency. The use of a
good DDS present several advantages, such as, the bioavailability of the drug (con-
trolling the therapeutic payload), the extension of the duration of delivery, protection
the drug from biochemical degradation and overcoming solubility issues (mainly for
hydrophobic drugs)?. However, DDS disadvantages are also well-known, particu-
larly the potencial toxicity of the materials used to produce the carriers and the high

cost of final formulations.

Currently, one of the the main focus/challenge in research on DDS is the tar-

geted delivery to specific cells/tissues in response to selected biomarkers in order to

enhance the effectiveness of the treatments?19,
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1.1.2 Gene delivery systems

Gene therapy emerged as a promising method to treat or to eliminate the causes of
disease whereas most drug-based approaches only treat symptoms’. This strategy
could be mainly useful to treat some inherited and acquired diseases involving ge-
netic factors, such as hemophilia, muscular dystrophy, cystic fibrosis, wound healing,
cancer, cardiovascular, neurological and infectious diseases’®. The concept of gene
therapy arose during the late 1960s and early 1970s with recent acquired knowl-
edge from in vitro transformation of mammalian cells using a virus-based method
and with the advent of recombinant DNA technology®*!#. The in vitro and in vivo
demonstration of the possibility of efficient phenotype correction turned gene ther-
apy a broadly accepted approach to correct genetic defects and diseases, opening
the door to studies in human patients’®. The basic concept of gene therapy is the
delivery and transfer of genetic material into specific cells of the patient to alter the
expression of existing genes, that will result in either a cure or a slowdown in the
progression of the disease!®. To reach these goals, gene therapy requires technolo-
gies capable of gene transfer, in a safe and effective mode, into a wide variety of
cells™1% The gene delivery systems, known as vectors, should overcome a number
of barriers in order to promote an efficient gene delivery into target cells">.

The first approved clinical study in gene therapy began in 1989, by Rosenberg'?,
where it was studied the first gene-marking protocol of tumor-infiltrating lympho-
cytes. In 1990, with Blaese'l8, it was approved the first clinical trial using a therapeutic
gene that was introduced in peripheral blood T lymphocytes of patients with severe
combined immunedeficiency. Since that period, numerous human genes, directly as-
sociated with diseases states, and different types of vector, available to carrier those
genes, have been studied and assessed. However, until nowadays, the safety and/or
efficiency of the different gene delivery systems remain the major challenges for their
translation to the clinic phase (Figure [L.1)).

Glybera® (uniQure), in 2012, became the first gene therapy treatment approved

for clinical use in Europe by European Comission?%21

. Glybera was developed for
the treatment of lipoprotein lipase deficiency. The first commercial treatments are

expected to be conducted in the first half of 2015 in Germany and the price of a

4
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Phases of Gene Therapy Clinical Trials k)

Phase | 59.2% (n=1230)
Phase I/1l 19.3% (n=400)
@ Phase |l 16.7% (n=346)
@ Phase I1/11l 1% (n=20)
Phase Ill 3.6% (n=75)
@ Phase IV 0.1% (n=2)

Single subject 0.1% (n=3)

The Journal of Gene Medicine, © 2014 John Wiley and Sons Lid www.wiley.co.uk/genmed /clinical

Figure 1.1: Gene therapy clinical trials in different phases in 2014 (provided by the Journal
of Gene Medicine!?)

complete treatment will be close to €1.0 million"42,

1.1.2.1 Therapeutic agents and gene delivery vectors

In gene therapy strategies, there are two main components, the carrier (gene deliv-
ery vector) and the therapeutic agent (nucleic acids). Concerning the therapeutic
agent, one of the most widely studied is the plasmid DNA (pDNA) containing ther-
apeutic transgenes. However, RNA interference (RNAi) strategies have been also
explored recently for this purpose, mainly small interfering RNAs (siRNAs), mi-
croRNAs (miRNAs), short hairpin RNAs (shRNAs), piwi interacting RNAs (piR-
NAs) and antisense oligonucleotides (ASOs). Although having common properties,
pPDNA and RNAI face different delivery challenges as a result of differences in the
size and stability of the formed nucleic acid complexes and in the location and mech-
anism of action??. Regarding gene delivery vectors, they can be generally divided
into viral and non-viral ones (Table[1.1)?*. Non-viral vectors can be divided into two
main groups: physical-based methods (mainly electroporation, microinjection and
hydrodynamic injection) and chemical-based vehicles (mainly lipid- and polymer-
based)Z.

The main differences between viral and non-viral vector will be discussed below.

1.1.2.2 Viral gene delivery vectors

Viral vectors, as suggested by the name, are systems derived from viruses. They can

be divided in two main groups: integrating and non-integrating vectors. Integrat-

5
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Table 1.1: Gene delivery vectors.

Viral vectors | Non-viral vectors

| Physical methods Chemical-based vehicles
Adenovirus Electroporation Lipid-based
Adeno-associated virus
Lentivirus Microinjection Polymer-based
Retrovirus
Herpes simplex virus | Hydrodynamic injection
Pox virus

ing vectors insert the transgene into the recipients genome, while non-integrating
normally form an extrachromosomal genetic element’?. Integrating vectors hold the
promise of efficient and lifelong expression of the deficient gene product. On the
other hand, a transient but also efficient gene transduction can be reached with non-

integrating viral vectors™>.

Examples of integrating vectors are gamma-retroviral
vectors that are used to transduce actively dividing cells and lentiviral vectors that
transduce actively dividing and non-dividing cells. As non-integrating vectors ex-
amples, there are adenoviral vectors and adeno-associated virus that are typically
used to transduce quiescent or slowly dividing cells!d. Viral vectors are the most
effective vectors for gene transferl?, especially for primary cells??. The choice of a

particular vector includes many factors, such as packing capacity, its host range, its

gene expression profile or its tendency to elicit immune responses (Table [1.2)15.

Table 1.2: Some examples of viral gene delivery vectors

1311626

Adenovirus Adeno-associated Vaccinia virus
virus
Genome dsDNA ssDNA dsDNA
Infection/tropism Dividing and non- Dividing and non- Dividing and non-
dividing cells dividing cells dividing cells
Host genome interaction Non-integrating Non-integrating Non-integrating
Transgene expression Transient Potential long lasting Transient
Packing capacity 7.5 kb 4.5 kb 25 kb
Retrovirus Lentivirus Herpesvirus
Genome ssRNA+ ssRNA+ dsDNA
Infection/tropism Dividing cells Dividing and non- Dividing and non-
dividing cells dividing cells
Host genome interaction Integrating Integrating Non-integrating
Transgene expression Long lasting Long lasting Potential long lasting
Packing capacity 8 kb 8 kb >30 kb

Concerning therapeutic agents, the most

6

commonly RNA viral vectors are de-
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rived from retroviruses and can be classified into oncoretroviruses, lentiviruses, and
spuma viruses. Regarding DNA viral vectors, the most common are adenovirus,

adeno-associated virus and herpesvirus Lol

Retroviruses were the first vectors used in gene therapy clinical trials but, over the
years, they have been losing importance due to a not random insertion pattern, pre-

ferring the first introns of genes and transcriptional start sites?’.

Actually, aden-
oviruses has been the most commonly used vector in the clinic trials’®. The main
advantages of this type of vector are: the possibility of carrying a larger DNA load
(but still small to accommodate the genes required for certain clinical applications);
to be able to infect non-dividing cells; to have a high efficiency of transduction and a
high level of gene expression (although this is temporary and decay relatively fast)?’.
Indeed, viral vectors are highly efficient as gene carriers, however they have some
weaknesses, namely concerning safety issues. They can cause host immune and
inflammatory reactions and they have the potential to form replication-competent
virions, as well as to induce tumorigenic mutations and generate active viral par-
ticles through recombination. They present also problems related to large-scale
manufacture, insert-size limitation of foreign transgenes and expensive production
costs?#2%2%, Recently, strategies that reduce pathogenicity and immunogenicity, pro-
mote site-specific integration and allow regulation of transgene expression have been

developed and showed to improve their safety concerns?>.

1.1.2.3 Non-viral gene delivery vectors

Non-viral vectors emerged as an alternative to viral ones in cases of viral delivery
is problematic or when it is necessary repeated administrations (increasing the risk
of an immune response to a viral antigen). Despite being less efficient than viral
vectors, non-viral vectors offer several important advantages, such as: low immuno-
genicity or inflammatory reactions; no insert-size limitation; absence of endogenous
virus recombination; construction flexibility; facile fabrication; low production cost;
and reproducibility?*?Y. As referred above, non-viral vectors can be sub-divided in
two main groups: physical- or chemical-based methods’®. However, as physical-

based methods have inefficient gene transfection, the chemical-based methods are

7
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the most used. Some advantages of chemical-based non-viral vectors are that they
could be produced in relatively large amounts and can be designed to be negligibly
antigenic, presenting minimal toxic or immunological problems compared to viral

ones ™,

Therefore, lipid- and polymer-based complexes formed with nucleic acid
have been successfully used to transfer different types of nucleic acids. Until the
delivery of the nucleic acid at the target site, complexes need to overcome various

extracellular and intracellular barriers!? (Figure .

Complex formation Extracellular barriers Intracellular barriers

o Cell internalization;
S : . ?5 Endolysosomal escape;
Pttt bbb bttt + y A~ Nuclear transport;
w Efﬁci;antl unpacking;
Cationic ) /\ on-toxic.
polymer or Iipidﬂ Nuclelc .
acid

Polymer or lipid / ’ (
nucleic acids Kg

N
\
1
\
(‘polyplex’ or ‘lipoplex’) - Easy administration; N /I
7

complex
- Serum stability;

- Avoid liver and spleen / \
Protection of DNA; clearance;
Packing of large DNA plasmids - Robusteness/stability;
Ease fabrication; - Targetability to specific cells;

) U °
Inexpensive synthesis; - Infection of non-dividing cells; ’\ /

Facile purification. - Safety;
- Non-immunogenic;
- Non-pathogenic.
pathog Nucleus

Figure 1.2: Main challenges to be taken into consideration in the design of non-viral vectors.

Following, cationic lipid-based and cationic polymer-based non-viral vectors will

be discussed in more detail.

1.1.2.3.1 Cationic lipids

The use of cationic lipids for nucleic acids delivery began in the middle of 1980s°!
A large variety of different cationic lipids have been synthesized to be used as gene
carrier, however, in spite of tidy rational design, the efficiency of transfection re-
mains far away comparatively to viral counterparts®2. Cationic lipids are amphiphilic
molecules constituted by a hydrophilic and positively charged headgroup linked by
a spacer (linker) to a hydrophobic lipid anchor (Figure 25728. The three compo-

nents influence the final structure of the cationic lipid%, although it is the charged

8



Chapter 1 Introduction

headgroup that governs transfection efficiency?®. The nature (structure and shape
of cationic headgroup) and charge density are the two of the main headgroup char-
acteristics that can be used to improve the design of efficient cationic lipids. Some
examples of headgroups of cationic lipids are: quaternary ammoniums; primary, sec-

ondary, tertiary amines; guanidiniums; heterocyclics; amino acids and peptides#>,

Hydrophobic domain
headgroup bond

Figure 1.3: Representative structure of a typical cationic lipid (N-[1-(2,3-dioleyloxy)propyl]-
N,N,N-trimethylammonium chloride (DOTMA)).

The polar hydrophilic headgroups interact electrostatically with the negatively
charged phosphate groups of the nucleic acids and during the self-assembly process,
nucleic acids enwrap with the amphiphilic molecules in a multilamellar fashion. The

complexes formed are known as lipoplexes®*? (Figure .

O -
- RO

Liposome Nucleic acid Lipoplex

Figure 1.4: Cationic lipids forming micellar structures called liposomes. Liposomes are
complexed with nucleic acids to create lipoplexes.

The structure of cationic lipid influences the packing of the plasmids. It is known,
that the larger the hydrophilic headgroup the greater is the trend of the cationic lipid
to form micelles instead of vesicles 2. The lipoplex assembly remains to be clarified.
The nature of its early interaction with the cell surface has been explained as depen-
dent of electrostatic interactions, before entry into the cells. The major disavantadges
of their application in vivo are the low transfection efficacy when compared to viral
vectors, as mentioned above, relative colloidal instability and high susceptibility to-

wards clustering in circulation®?.
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1.1.2.3.2 Cationic polymers

Cationic polymers have attracted growing interest to gene material delivery due
to relative facility to fine tune their physicochemical properties using a portfolio of
strategies (by varying the chemical composition, molecular weight, or architecture),
which can provide multiple functions®’. In general, the positive charges of cationic
polymers (nitrogen atoms) interact electrostatically with the negative charges of nu-
cleic acids (phosphate groups) forming polyelectrolyte complexes particles generally
denoted by polyplexes (Figure [I.2). These interactions should be enough to protect
genetic material from nucleolytic enzymes but, at the same time, to allow an efficient

delivery of the genetic material into target site.

Actually, despite many efforts, the low gene transfection efficiency and the cyto-
toxicity of the polymeric-based non-viral vectors have greatly limited their clinical
applications. The lack of efficiency is, apparently, due to a deficient of capacity to
overcome some of the many extra- and intracellular gene delivery obstacles* (Figure
[1.2). It is known that cationic polymers induce cytotoxicity, however, its mechanism
remains not yet fully understood?. It is thought that cytotoxicity may be related
with the molecular weight and the cationic charge density, which are key param-
eters for the interaction with cell membranes, and as a consequence, for causing

cell damage??3

. To address the improvement in transfection efficiency and cyto-
toxicity various modifications in cationic polymers have been explored, including
the introduction of poly(ethylene glycol) (PEG), specific targeting moieties (for in-
stance, sugar molecules, antibodies, aptamers, growth factors, vitamins, transferrin,

and hormones)2?30:34

or hydrophobic segments?’. From these different strategies,
the modification with hydrophobic segments has displayed promising results®’. It is
believed, that the hydrophobic chains affect not only the interaction with cell mem-
brane (favoring endocytosis mechanisms) but also, all gene delivery process (that
includes, increased physical encapsulation of genetic materials, enhanced binding to
cell membrane, promotion of complex charge inversion, facilitation of gene dissoci-
ation from polycation carriers, alleviation of serum inhibition, effects on cytotoxicity
and targeting-specificity)??. From its first application as non-viral vector in 1965
)35

by Vaheri and Pagano (using diethylaminoethyl functionalized dextran)*>, a large
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range of cationic polymers have been used. Among them, chitosan, poly(L-lysine)
(PLL), poly[2-(dimethylamino)ethyl methacrylate] (PDMAEMA), poly(ethylenimine)
(PEI) and, more recently, poly(B-amino ester) (PBAE) have been the most stud-
ied polymers in this application®#3¢37. Branched PEI (25,000 g.mol!) (bPEl,s5000)
has been considered the gold standard due to its relatively high transfection effi-
ciency®®. However, it exhibits serious limitations due to its toxicity®”. Some com-
mercial polymer-based transfection reagents are already available in the market. Ex-
amples included TurboFect™ (Fermentas), FuGENE® HD (Promega), iN-fect™ (JH
Science), TransIT® (Mirus), GenJet™ (SignaGen® Laboratories), jetPEI™ (PolyPlus
Transfection™), among others, varying depending the type of therapeutic agent
used and the type of assay (for example, in vitro, in vivo, or high throughput screen-
ing). In this project, bPEI»5009 and TurboFect™ will be used for comparison purposes

(Chapters [3land

1.2 Poly(B-amino ester)

1.2.1 Brief historical background of poly(8-amino ester)

Poly(B-amino ester)s, a class of biodegradable cationic polymers, were firstly pre-
pared by Chiellini in 1983%". These polymers were based on poly(amidoamine)s de-
veloped in 1970 by Ferruti*!, which contain tertiary amines in their backbones and
can be synthesized by simple Michael addition reaction. However, the interest in the
use of poly(B-amino ester)s rised significantly after its use as transfection reagent
at Langer Lab in 200044, The synthesis of this polymer can easily be accomplished
without: the preparation of specialized monomers; the use of stoichiometric amounts
of coupling reagents, or amine protection strategies prior to polymerization*2,

In fact, poly(B-amino ester) approach exhibited a particularly attractive basis for
the development of new polymer-based transfection vectors for several reasons: the
polymers contain the required positive charges to complex genetic material; readily
degradable linkages (by hydrolysis of ester bonds in the polymer backbones may
increase the biodegradability and biocompatibility); and several structures could be

synthesized directly from commercially available compounds allowing, in an very

11
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easy way, the possibility to tune polymer properties (for example, buffering capac-
ity)42.
Besides being used as transfection vector, PBAEs has been also applied in others

43744 45046

biomedical areas, such as delivery systems for drugs or proteins®=>**, magnetic

47/48 49(50

resonance imaging agents®~*°, or as scaffolds for tissue engineering

1.2.2 Synthesis and main physicochemical properties of poly(S-

amino ester)s

The PBAEs are easily synthesized by the conjugate addition of a primary amine
or bis(secondary amine) and a diacrylate, in a one-step reaction without any side
products that needed to be removed through further purification steps. It can be

prepared without solvents, catalysts, or complex protecting group strategies**=".

i i )J\/\/\)L
\)k )J\/JF R2—> © T ©

(o} (0]
o (o]
\)J\ )K/ U e wo Yo o
N oo = R/NMN\R R/ \R
n

Figure 1.5: Strategies to synthesize poly(B-amino ester)s. The synthesis occurs by the conju-
gate addition of primary (a) or bis(secondary amine) (b) to diacrylates.

Depending on the excess of monomers during the synthesis, PBAEs can be tai-
lored to have either amine- or diacrylate-terminated chains=>>>.

The synthesis can be carried out either neat (solvent free) or in anhydrous or-
ganic solvents to mitigate hydrolytic degradation during synthesis*#*%, Generally,
experiments using solvents occur at lower temperature and over long periods of
time compared to solvent-free formulations. Table summarizes some different
strategies for the synthesis of PBAE and the obtained properties such as molecular
weight, polydispersity index (D), solvent solubility or yield.

The most common solvents used are dimethylsulfoxide (DMSO), chloroform
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(CHCl3), or dichloromethane (CH,Cl,)°%. However, others solvents have also been
used, such as methanol, N,N-dimethylformamide (DMF) or N,N-dimethylacetamide
(DMA)>%01%63 The solvent used has influence on the final molecular weight of the
PBAE. For example, the use of CH,Cl, typically yields higher molecular weight
polymer compared to THF#4.

On the other hand, solvent-free polymerizations maximize monomer concentra-
tions, thus favoring the intermolecular addition over intramolecular cyclization reac-
tion®®. The absence of solvent also allows rising temperature resulting in a higher
reaction rate and a lower viscosity of the reacting mixture, assisting to compensate
the higher viscosity found on the solvent-free systems. The combination of an in-
crease in monomer concentration and reaction temperature results in a reduction in
the reaction time®. The solvent-free reactions also allows the generation of higher
molecular weight polymers and the solvent removal step during purification pro-
cesgRi64

After polymerization, PBAE is precipitated, in cold diethyl ether, hexaneZ,

ether® or ethyl ether®® and/or then dried under vacuum®”¢>. Frequently, PBAEs
are immediately used or stored in cold conditions (4 °C>%60%67, ( °C62, or -20 °CO87V),
Some PBAEs should be also kept airproof due to its strong moisture absorption abil-

ity and easy degradation”!.

Concerning the biodegradation and biocompatibility, generally PBAEs have been
shown to possess low cytotoxicity and good biocompatibility#%°2=>0Li72 - Different
studies have suggested that PBAEs are significantly less toxic than other available

L2lex Nevertheless, the increase of the num-

cationic polymers, such as, PEI and PL
ber of carbons in the backbone or side chain is associated to the increase of cy-
totoxicity”®. PBAE degrade under physiological conditions via hydrolysis of their
backbone ester bonds to yield small molecular weight and biologically inert deriva-
tives (B-amino acids)*#*1=>7% Some results revealed that the degradation rate of
PBAEs is highly dependent on the hydrophilicity of the polymer, wherein the more

hydrophilic the polymer is, the faster the degradation process”>/°.

In Table [1.4| are summarized the main characteristic of PBAEs which make them

a promising polymeric non-viral vector for gene delivery.
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Table 1.4: Summary of the main characteristics of poly(B-amino ester)s which make them a
promising gene carrier.

Characteristics of poly(8-amino ester)s suitable for gene carrier

Easy synthesis and commercially available monomers

Facile tune structure using different monomers or easy post-modification chemistry

Absence of byproducts

Good buffer capacity (endossomal escape)

pKa between 5.5 and 7.4 (physiological values)

Easy degradation (hydrolysis of ester bounds in the polymer backbones) into nontoxic byproducts

1.2.3 Combinatorial libraries - a fast and efficient way to evaluate

different poly(B8-amino ester)s

A fast and efficient way to study relationships between structure and function in a
particular material that could be prepared with different reagents is to use com-
binatorial libraries. Due to promising preliminar results of PBAEs as non-viral
vectors, Langer’s research group reported a parallel approach for the synthesis
of hundreds of PBAEs with different structures and the application of these li-
braries to a rapid and high throughput identification of new transfection reagents
and structure-function trends. For this purpose, major contributions have been re-
ported22R3R00 275778 not only exploring the possible structure/function rela-
tionships, but also imposing an assortment of monomers (amines were denoted by
numbers and acrylates by latin alphabet letters) used in order to facilitate cataloging
the different PBAEs (Table [1.5 and Tables and (Appendix [A)).

The first initial library screening was reported in 2001 by Lynn®!. 140 Different
PBAEs from 7 diacrylates and 20 amines were prepared with molecular weights be-
tween 2,000 and 50,000 g.mol'l. From this pool polymers, C93 (M,, = 3,180 g.mol’l)
and G28 (My, = 9,170 g.mol'l) revealed transfection levels 4-8 times higher than con-
trol experiments employing PEI. At same time, it was observed that for transfection
efficiency, high molecular weight was not a relevant parameter. This work was then
completed in 2003 by Akinc®”, where biophysical properties and the ability of each
polymer/DNA complex to overcome important cellular barriers to gene deliver were
investigated. As previous experiments showed, complexes formed from polymers
C93 and G28 revealed higher levels of internalization compared to “naked” DNA,

displaying 18- and 32-fold more internalization, respectively. In contrast, the major-
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Table 1.5: Schematic representation of the most used diacrylates and amines cataloged by
Langer lab to prepare PBAEs®22357167,

Diacrylate

/YO\/\/\OJK/

¢ 1,4-butanediol diacrylate
\)}\O/\Oﬂo)}\/
= 1,4-cyclohexanediylbis(methylene) diacrylate
/ﬁ‘/o\/\/\/oﬁ(\
] 1,5-pentanediol diacrylate
Amine
NH,
28 Ho/\/\/
4-amino-1-butanol
2 Ho TN N,
3 5-amino-1-pentanol
K\N/\/\NH2
N/
93

3-(1H-imidazol-1-yl)propan-1-amine

ity of the polyplexes were found to be uptake-limited. Regarding diameter and zeta
potential, out of 10 polymer/DNA complexes with the highest internalization rates,
all had diameters lower than 250 nm and 9 had positive zeta potentials. By mea-
suring the cellular pH through fluorescence-based flow cytometry, it was possible
to investigate the lysosomal trafficking of the polyplexes. The results demonstrated
that complexes based on polymers C93 and G28 were found to have close to neu-
tral pH values, indicating that they were able to avoid acidic lysosomal trafficking.
In the same year, Akinc® studied the effect of polymer chain end-group, polymer
molecular weight and polymer/DNA ratios on in vitro gene delivery. For this pur-
pose, 12 different structures were synthesized based only in two different PBAE (C28
prepared from 1,4-butanediol diacrylate and 1-aminobutanol and E28 prepared from

1,6-hexanediol diacrylate and 1-aminobutanol) (Figure [1.6).

These structures were prepared by varying diacrylate/amine stoichiometric ra-
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Cc28

OH OH

Figure 1.6: Chemical structure of PBAEs C28 and E28.

tios, resulting in PBAEs with either acrylate or amine end-groups and having molec-
ular weights ranging from 3,350 to 18,000 g.mol™'. Polymers were then tested, using
high throughput methods, at 9 different polymer/DNA ratios between 10/1 (w/w)
and 150/1 (w/w). Concerning terminal groups, it was found that amino-terminated
polymers transfected cells more effectively than acrylate-terminated polymers. None
of the acrylate terminated PBAEs mediated appreciable levels of transfection activ-
ity under any of the assessed conditions. These findings suggest that end-chains of
PBAE have crucial importance in transfection activity. Concerning molecular weight
effect, highest levels of transfection occurred using the higher molecular weight sam-
ples of both amine-terminated C28 (M, ~ 13,100 g.mol’l) and E28 (M, ~ 13,400
g.mol ). Regarding the optimal polymer/DNA ratios for these polymers, it was ob-
served a markedly difference, 150/1 (w/w) for C28 and 30/1 (w/w) for E28. These
results highlighted the importance of polymer molecular weight, polymer/DNA ra-
tio, and the chain end-groups in gene transfection activity. Moreover, it has found
the fact that two similar polymer structures, differing only by two carbons in the
repeating unit, have different optimal transfection parameters emphasizing the use-
fulness of library screening to perform these optimizations for each unique polymer
structure. Meanwhile, in 2003, Anderson=? described, for the first time, a high-
throughput and semi-automated methodology using fluid-handling systems for the
synthesis and screening of a library of PBAEs to be used as gene carrier. A crucial
feature of these methods was that the whole process of synthesis, storage, and cell-
based assays were performed without removing reaction solvent (DMSO). By using
these methods, it was possible to synthesize a library of 2350 structurally unique
PBAEs in a single day and then test those as transfection reagent at an impressive

rate of ~1,000 per day. Among PBAEs tested, it was identified 46 polymers that
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transfect in COS-7 cells as good as or better than PEI. The common characteris-
tic among them was the use of a hydrophobic diacrylate monomer. Moreover, in
the hit structures mono- or dialcohol side groups and linear, bis(secondary amines)
are over represented. From data obtained with this library, Anderson®”, in 2004,
continued his study developing a new polymer library of more than 500 PBAEs
using monomers that led higher transfection efficiency in the previous studies and
optimizing their polymerization conditions. The top performing polyplexes were
assessed by using in vitro high-throughput transfection efficiency and cytotoxicity
assays at different nitrogen/phosphate (N/P) ratios. As previously observed, the
most promising polymers are based on hydrophobic acrylates and amines molecules
that possess hydroxyl groups in their structure. Among those, C32 stood out due to
higher transfection activity with no associated cytotoxicity. The efficiency to deliver
DNA was evaluated in mice after intra-tumoral (i.t.) and intra-muscular (i.m.) injec-
tion. The results revealed important differences. While by i.t injection C32 delivered
DNA ~4-fold better than jetPEI®, a commercial polymeric non-viral vector, by i.m.
administration transfection was rarely observed. C32 was then assessed for delivery
in cells in culture and xenografts derived from androgen-sensitive human prostate
adenocarcinoma cells (LNCaP) of plasmid DNA that carries the gene for the A seg-
ment of the diphtheria toxin (DT-A DNA). DT-A inhibits protein synthesis resulting
in cell death””. Recently, it has been used in targeted tumor treatment due to its pos-
sibility of conjugation to ligands or antibodies of specific growth factor receptors or
antigens overexpressed on cancer cell surface®). Results showed that DT-A DNA was
successfully delivered and the protein expressed in tumor cells in culture. In human
xenografts, the growth was suppressed in 40% of treated tumors. The fact of C32 is
non-toxic and it is able to transfect efficiently tumors locally and transfects healthy

muscle poorly turned it as a promising carrier for the local treatment of cancer®’.

From here, a panoply of results based in PBAE combinatorial library appeared. In
2005, Anderson®?, prepared a new library of 486 second-generation PBAE based on
polymers with 70 different primary structures and with different molecular weights.
These 70 polymers were synthesized using monomers previously identified as com-

mon to effective gene delivery polymers. This library was then characterized by
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molecular weight of polymers, particle size, surface charge, optimal polymer/DNA
ratio and transfection efficiency in COS-7 cells of polymer/DNA complexes. Re-
sults showed that from 70 polymers with primary structures, 20 possess transfection
activities at least about the same of Lipofectamine®2000, one of the most effective
commercially available lipid-based transfection reagents. Results also revealed that,
in general, the most effective polymers/DNA complexes had <150 nm of particle size
and a positive surface charge. Among them, the 2 most effective PBAEs complexed
with DNA in smallest particle sizes, 71 nm (C32) and 79 nm (J]J28), and have positive
surface charge (over 10 mV). Interestingly, the 9 most effective polymer structures
involved the use of amino alcohols, and the chemical structure of the 3 best per-
forming PBAEs (C28, C32 and ])28) differs by only one carbon. These results show
a convergence in chemical structure of the best performing polymers and suggest
a common mode of action providing a framework for the design of efficient gene

delivery systems.

In 2006, Green®!, synthesized, on a larger scale and at a range of molecular
weights, the top 486 of 2350 PBAEs previously assessed? and studied their abil-
ity to deliver DNA. These PBAEs were tested, firstly, on the basis of transfection
efficacy in COS-7 cells in serum-free conditions, and then, the 11 of best-performing
PBAEs structures were further analyzed. The transfection conditions were optimized
in human umbilical vein endothelial cells (HUVECs) in the presence of serum. In this
study, the influence of the factors like polymer structure and molecular weight, and
biophysical properties of the polyplexes (such as, particle size, zeta potential, and
particle stability throughout time) were studied. The results showed that many of
the polyplexes formed have identical biophysical properties in the presence of buffer,
but, when in the presence of serum proteins these properties changed differentially,
influencing the transfection activity. Concerning to the size, the results showed that
in spite of all vectors condensed DNA into small particles below 150 nm in buffer,
only a few, such as C32, J]32 and E28, formed small (~200 nm) and stable particles in
serum. C32, J]32 and E28 revealed also high transfection activity both in the absence
of serum in COS-7 cell line as in the presence of serum in HUVEC cell line. More-

over, C32 transfected HUVECs in the presence of serum significantly better than
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jetPEI® and Lipofectamine® 2000. The 3 mentioned PBAEs share a nearly identical
structure. The acrylate monomers of these polymers, C, JJ, and E, differ by only
their carbon chain lengths (4, 5, and 6 carbons, respectively). Similarly, amines 20,
28, and 32 differ also by only the length of their carbon chain (3, 4, and 5 carbons,
respectively). For example, polymers prepared with the same acrylate monomer (C)
in which it was varied the length of the carbons chain of the amine monomer re-
sulted in an increased transfection efficacy (C32 (5 carbons) > C28 (4 carbons) > C20

(3 carbons) (Figure of these polymers-based polyplexes.
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Figure 1.7: Chemical structure of PBAEs C20 (a), C28 (b) and C32 (c).

Interestingly, this study reinforced C32 as the lead PBAE vector and revealed
other potential two, JJ28 and E28, which previously showed to be poor vectors.
On the other hand, C28 and U28, previously recognized as an efficient transfec-
tion reagent, were found to transfect inefficiently HUVEC cells in the presence of
serum. By constructing a new library of end-modified PBAE, this research line was
continued”® in order to understand the structure-function relationship of terminal

modification of PBAE in transfection activity. For this purpose, it was used 12 dif-
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ferent amine capping reagents to end-modify C32, D60 and C20. The choice of these
3 PBAEs was based in their transfection activity: C32, the most effective; D60, an
effective transfection reagent with a significantly different structure from C32; and,
C20, a relatively poor transfection reagent but with similar structure to C32 differing
only in the length of the carbon chain of the amine monomer. The results showed
that some PBAEs-based vectors (C32-103 and C32-117 (Figure [1.8)) were able to de-
liver DNA by approximately two orders of magnitude higher than unmodified C32,
PEI (25,000 g.mol!) or Lipofectamine®2000, and, at levels comparable to adenovirus
with high level of infectivity (multiplicity of infection = 100). Once again, it was
demonstrated that small structural changes greatly influence the characteristics of
gene delivery systems, from biophysical properties (such as, DNA binding affinity,
particle size, intracellular DNA uptake) to final protein expression. From these 3
polymers assessed, C20 was the one who transfected cells much less effectively, al-
though it has seen a remarkably improvement with end-modifications. As expected
polyplexes based on C32-103 and C32-117 (Figure revealed cellular uptake up
to five-fold compared to unmodified C32 and, consequently, higher transfection ef-

ficiency. Interestingly, and in a general way, terminal modifications of C32 with
(a) 0 ;
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Figure 1.8: Chemical structure of PBAEs C32-103 (a) and C32-117 (b).

primary alkyl diamines were more effective than those with PEG spacers, revealing

that a degree of hydrophobicity at the chain ends is an added value for these poly-
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mers. Another interesting fact in terminal modification of C32 was that at least a
three carbon spacer between terminal amines is necessary to obtain an efficient gene
delivery. For example, results showed that C32-103 transfection activity is 130- and
300-fold higher than PBAE C32-102 on the COS-7 and HepG2 cell lines, respectively.
As the molecular weight was the same, this result demonstrated the critical role of

the chain ends in transfection activity.

In order to better understand the role of the chain ends in transfection efficiency
a new library of end-modified C32 was synthesized by Zugates®? in 2007 using 37
different amine molecules to afford PBAE with different chain ends. In a general
way, it was observed that polymers end-capped with hydrophilic amine end groups
containing hydroxyls or additional amines led to higher transfection efficiency. On
the other hand, terminal-modifications with hydrophobic amines containing alkyl
chains or aromatic rings proved to be much less effective. Concerning cytotoxicity,
terminal modification with primary monoamine reagents (independently of func-
tional group extending from the amine, such as aromatic, alkyl, hydroxyl, secondary
and tertiary amines, and imidazoles functionalities) do not appear to induce any
significant cytotoxicity. In contrast, polymers end-capped with primary diamine
molecules induced cytotoxicity and were dependent of the spacing between amines
and the degree of hydrophobicity®?. The results showed that, in general, cytotoxicity
increased with the increase of the size of the alkyl chain of the amine monomers
or the degree of hydrophobicity of the terminal. These significant cell toxicity ef-
fects, in large part, could explain the decreasing of the transfection activity of most
primary diamine-ended PBAEs at the higher polymer/DNA ratios. The additional
charge, in combination with increased hydrophobicity, may be especially harmful to
the cell membranes, since both properties are known to disrupt lipid bilayers. Re-
garding to polyplexes size, PEG-terminated polymers (C32-121 to C32-124) and most
polymers terminated with monoprimary amine molecules originated larger particles
(between 150 and 220 nm) and weak DNA binding®®. In contrast, polymers end-
capped with primary diamine molecules, except C32-121 and C32-122, condensed
DNA in smaller particles (between 85 to 130 nm). Polymers terminated with alkyl

primary diamine molecules have shown the highest DNA binding affinity and as-
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semble into the smallest polyplexes. Therefore, these results confirmed the impor-
tance of the end-modification of PBAEs on transfection efficiency. The research was
then complemented by preparing a new polymer library of end-chain modified C32s
to prove that hydrophilic amines containing hydroxyl or additional amine groups
are the most effective capping agents””. Firstly, the polyplexes were tested in vitro
and results showed, in general, that polymers with hydrophilic terminal groups con-
taining primary or tertiary amines were the most effective, while, those ones with
a hydrophobic end group containing either an alkyl chain or an aromatic ring pre-
sented the lowest transfection levels. Moreover, it was demonstrated that the amine
end-group play an important role on the optimum polymer/DNA ratio. In general,
primary diamine-capped polymers reached high quantity of DNA delivery at much
lower polymer/DNA ratios compared to mono-amine-ended polymers. For exam-
ple, C32-108-based polyplexes transfected cells at the same level but at ~5-fold lower
polymer/DNA ratio (20/1 vs. 100/1) than C32-based polyplexes. After intraperi-
toneal (i.p.) administration in mice, in vivo results revealed significant gene delivery
and sustained protein expression after 1 week. All end-capped C32 polymers, except
C32-87, revealed to be more effective than C32 and jetPEI® in whole-body scans.
Interestingly, top performers end-capped polymers (C32-103, -116, and -117 (Figure

1.9) ) seems apparent convergence in structure.

All PBAE had primary diamine molecules chain ends that contain a three-carbon
spacer between amine functionalities differing in the degree and pattern of substi-
tution at the interior carbons. The C32-103, -116, and -117 PBAEs (Figure differ
slightly in end-group compound but displayed different transfection levels in sev-
eral organs. (C32-117 transfected 5- to 65-fold more efficiently in bladder, spleen,
and kidney than C32-103 and -116-based polyplexes. On the other hand, C32-103
and C32-116-based polyplexes transfected 7-fold more in the prostate than C32-117.
These results demonstrated that subtle structural differences at the chain ends con-
duct to significant effects on the organ distribution of polymer/DNA complexes
highlighting the critical importance of end-modification of PBAE in gene delivery
area. This suggests that C32 end-modification may be a useful strategy in the design

of targeted delivery systems allowing the attachment of the targeting agent and, at

23



Introduction Chapter 1

(a) o o
HzN/\/\H/W‘/O\/\%/\O)k/\N/\)LO/\}/\/O\[(\H/\/\NHZ
(b) A
HQN/X\HWOV\P\O)}\/\N/\AKO/%V OT\H/><\NH2

(c)
HEN/(/\H/\[VO\/\%/\OJK/\N/\/U\O/\J/\/O\H/\H/\)\NH*

HO

Figure 1.9: Chemical structure of end-modified PBAEs C32-103 (a), C32-116 (b) and C32-117
(©).

the same time, not compromising transfection ability. The in vivo results also showed
that C32 end-capped polyplexes led to higher expression levels compared to unmod-
ified C32 (4- to 12-fold) and jetPEI® (over 1-fold) in several abdominal organs after
i.p. injection. On the other hand, when administered by intravenous (i.v.) route the
levels of gene expression was lower compared to levels attained after i.p. administra-
tion. The only striking difference was an improvement in lung delivery by C32-117-
based polyplexes over C32- ones, but significantly lower than mediated by jetPEI®.
One possible explanation for these results may be the serum stability of the poly-
mer/DNA complexes. The high concentration of serum proteins present after i.v. in-
jection may unfavorably interacts with polyplexes lead to limit the gene delivery. The
promising results of C32-103-, C32-117- and C32-122-based polyplexes led to further
investigation in three different cell lines of human stem cells (human adipose-derived
stem cells (hADSCs), human embryonic stem cell-derived cells (hESCds) and bone

marrow-derived human mesenchymal stem cells (hMSCs))®. The results revealed
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a low cytotoxicity and high transfection activity profile. The polyplexes based on
these end-modified polymers exhibited good transfection efficiency in hMSCs (27%,
C32-122, 20/1 (w/w), 6 ug DNA per well), hADSCs (24%, all three end-modified
polymers showed a similar transfection profile, 30/1 (w/w), 3 ug DNA per well)
and hESCds (56%, C32-122,20/1 (w/w), 3 ug DNA per well), with high cell viability
(87-97%) achieved in all cell lines tested. When compared to Lipofectamine®2000,
the end-modified PBAE-based polyplexes showed significantly higher levels of gene
delivery efficiency. This study including these 3 end-modified PBAEs (C32-103, C32-
117 (Figure and C32-122 (Figure was once again extended in order to study
the delivery of plasmid DNA containing the gene that encodes vascular endothe-
lial growth factor (pVEGF) gene®* into hMSC and hESdC cells in order to promote
angiogenesis when these tranfected cells were grafted into target tissues. Both cell
lines treated with these polyplexes demonstrated good cell viability, hVEGF produc-
tion and engraftment into target tissues. C32-122-based polyplexes revealed to be
the best formulation inducing 2- to 4-fold-higher vessel densities after 2 weeks of
s.c. implantation of scaffolds (seeded with stem cells transfected by C32-122 poly-
plexes (containing pVEGF) than control cells or cells transfected by Lipofectamine®
2000 with the same plasmid. Moreover, it was also observed that after 4 weeks of
the i.m. injection of C32-122/pVEGF into mouse ischemic hind limbs an enhanced
angiogenesis and limb salvage was found while reducing muscle degeneration and
tissue fibrosis®*. Additionally, Sunshine®, in 2009, confirmed that the end-group
of the polymer can be used as a regulator for cell-type specificity since these small
conjugated molecules modulated the gene delivery efficacy of these polymers in a
cell-type-specific manner. Different amine-capped C32-based polyplexes were tested
in 6 types of cell lines (african green monkey kidney fibroblast-like cells (COS-7),
human cervical cancer cells (HeLa), human hepatocellular carcinoma cells (HepG2),
human primary endothelial cells (HUVECs), murine dendritic cells (DC 2.4) and hu-

man mesenchymal stem cells (hMSC)) revealing different levels of gene expression.
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Figure 1.10: Chemical structure of end-modified PBAE C32-122.

Jere et al.%® prepared 16 different PBAEs from poly(ethylene glycol) diacrylate
and y-aminopropyl-triethoxysilane varying the amine/acrylate ratios. In vitro stud-
ies in 293T and HelLa cells revealed that both transfection activity and cell viability
increased with the increase of amine/acrylate ratio, from 0.7/1 to 6/1 ratio. Other
interesting result was the uniform pattern of the transfection in the absence and in
the presence of serum in culture medium. The most promising PBAE, prepared
with 6/1 amine/acrylate ratio and with 16,000 g.mol!, demonstrated high gene de-
livery efficiency and low cytotoxicity when compared to PEI (25,000 g.mol!) and
Lipofectamine®. These polyplexes also showed good DNA condensation, even at

low PBAE/DNA weight ratio (10/1), resulting into small particle (~133 nm).

In 2011, Sunshine et al.®” developed a new 320-member polymer library of end-
modified PBAEs. The influence in gene delivery efficiency of small changes to the
side chains, backbones, and end-groups of the polymers was assessed in vitro (COS-7
cell line). In general, it was observed that increasing hydrophobicity of the backbone
and side chain of the polymer tended to enhance transfection efficiency. Though,
an interesting fact is that the increased hydrophobicity of the backbone reduces the
requisite for a hydrophobic side chain, and, likewise, an increased hydrophobicity of
the side chain reduced the requisite for a hydrophobic backbone. These observations
indicate that there might be some optimal hydrophobicity /hydrophilicity balance
for polymeric-based gene delivery. The best formulations exhibited higher transfec-
tion efficiency (~3-fold increased luminescence and ~2-fold increased transfection
percentage) than that obtained with commercially available non-viral alternatives,
FuGENE® HD and Lipofectamine® 2000. The work was extended® to assess the
gene delivery efficiency and toxicity of the combinatorial library of PBAEs in reti-
nal pigment epithelial (ARPE-19) cells. Ten formulations exceeded 30% of trans-
fection efficiency. The polyplexes prepared with the polymer 1-(3-aminopropyl)-4-
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methylpiperazine end-modified PBAE (synthesized from 1,5-pentanediol diacrylate
and 5-amino-1-pentanol (JJ32) at 60/1 w/w polymer/DNA ratio) showed lower cy-
totoxicity and higher transfection efficiency (44%) than the obtained for PEI (25,000
g.mol’l) (8%), Lipofectamine® 2000 (26%) and X-tremeGENE HP DNA (22%). Sub-
retinal injection of the lyophilized polyplexes resulted in 1.5+0.7 x103-fold and
1.1+1x10-fold increased green fluorescent protein (GFP) expression in neural retina
and the retinal pigment epithelium/choroid, respectively, compared to injection of
DNA alone. In order to prove that uptake and transfection of linear PBAE-based
polyplexes were dependent on polymer end-group structure, but largely indepen-
dent of polyplexes physicochemical properties the work was complemented®. An
array of linear PBAEs differing in small changes in side chain, backbone and termi-
nal group of the polymers were synthesized, characterized and assessed their gene
delivery efficacy. Regarding to in vitro transfection efficiency of the PBAE-based poly-
plexes in COS-7 cell line, their uptake and transfection ranged between 0-95% and
0-93% of cells, respectively, depending on the basic PBAE structure and the terminal
modifications tested. The 5 best polymers achieved higher uptake and transfection
efficacy with less toxicity than bPEI control. PBAE acrylate-terminated revealed to
be dramatically less efficacious than corresponding small molecule amine-containing
end-capped versions, in terms of uptake (1-3% vs. 75-94%) and transfection efficacy
(0-1% vs. 20-89%). Nevertheless, there are minimal differences between the obtained
polyplexes in terms of particle size, zeta potential, polymer buffering capacity, DNA

retardation in gel electrophoresis and cytotoxicity.

In 2011, Tzeng et al.?V tested different end-modified PBAEs-based polyplexes for
gene delivery in primary glioblastoma (GB) and GB tumor stem cells. The best for-
mulations revealed low non-specific cytotoxicity and transfection activities of up to
60% in the presence of serum. Interestingly, some PBAEs revealed high transfection
efficiency in healthy cells and poor in GB cells while others affected only GB-derived
cells and little or nothing the healthy cells. These results show potential for numer-
ous strategies for GB treatment through gene therapy, either using targeted delivery
mediated by PBAE structure or using plasmids with differential expression in differ-

ent cell types. The polyplexes remained stable in normal serum medium and could
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also be lyophilized and stored for at least 3 months without loss of efficacy, expand-
ing their practical and clinical potential. This work was then extended in 20121
for siRNA delivery into hard-to-transfect human mesenchymal stem cell (hMSC).
The results showed that cystamine-terminated PBAEs-based polyplexes caused the
most knockdown, with the best formulation achieving 91% knockdown 20 days post-
transfection, suggesting that cystamine facilitates especially effective siRNA delivery
to hMSCs. Then, the results were validated by transfecting hMSCs with siRNA
against B-cell lymphoma-like protein 2 (Bcl-2), an inhibitor of osteogenesis, that re-
sulted in an enhanced osteogenesis over 4 weeks compared to control. The work
was complemented in 2013%% in order to assess the influence in gene delivery of 70
PBAEs-based polyplexes to treat human brain cancer. In addition, nucleic acids with
different structures and sizes, such as, siRNA and linear and circular DNAs (from
1.8 to 26 kb) was also evaluated. The most promising formulations delivered DNA
with 90% of efficiency in primary human glioblastoma cells with low (<10%) non-
specific cytotoxicity, which is much better than that obtained with Lipofectamine®
2000 and X-tremeGENE HP. In what concerns to siRNA delivery, best performer
complex caused up to 85% knockdown in these cells while maintaining high viability.
The results, from a single dose, persisted for one month and knockdown was higher
than the observed for Lipofectamine® 2000. An interesting remark was that the
polymer molecular weight was a determining factor of transfection efficacy for some
of the polymer structures, however in other structures has no influence on gene de-
livery efficacy. Another important result that confirmed a previous work?! revealed
that PBAE end-modified with a reducible cystamine functional group greatly im-
proved siRNA delivery but, in general, decreased DNA delivery compared with non-
reducible counterparts. These encouraging preliminary results using PBAE libraries
to achieve an efficient and specific vector for GB treatment led to an increased in-
terest by researchers. Guerrero-Cazeres et al.”? tested different end-modified PBAEs
for delivery pDNA into primary culture of brain tumor initiating cells (BTICs) in
3-D oncosphere. In vitro studies revealed that PBAE C28 end-modified with 1-(3-
aminopropyl)-4-methylpiperazine (Figure was the most effective polymer in all

four primary culture BTICs assessed. After local injection in the mouse GB models,
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the polyplexes prepared with this end-modified polymer revealed an increased dif-
fusion capacity and selectivity for tumor cells relative to healthy cells. Moreover, it
was showed that after lyophilization process these vectors remained fully functional
and efficient even after storage during 2 years at -20 °C. These data demonstrated
the enormous potential to translate this nanoparticle technology into clinical context.
This work was extended in a malignant glioma model to evaluate the efficacy of a
therapeutic strategy involving herpes simplex virus type I thymidine kinase (HSV-tk)
and the prodrug ganciclovir (GCV)?*. Different end-modified PBAEs were tested to
efficiently deliver the plasmid DNA containing the HSV-tk gene (pHSV-tk). Again,
the 1-(3-aminopropyl)-4-methylpiperazine end-modified C28 PBAE (Figure [1.11) was
the most effective PBAE. These PBAE/pHSV-tk polyplexes revealed the capacity to
kill, in combination with GCV exposure, approximately 100% of cancer cells in two
rat glioma cell lines (rat nitrosourea induced gliosarcoma cells (9L) and rat glioma
cells (F98)) tested. PBAE/pHSV-tk polyplexes efficiently transfected (~70%) the re-
ferred cell lines had being observed a local activation of the non-toxic pro-drug GCV
into a cell-killing drug (cytotoxicity metabolite). After using one single PBAE/pHSV-
tk polyplexes infusion via convection-enhanced delivery combined with systemic
administration of GCV in rats with malignant 9L glioma model no signs of neuro-
toxicity or paralysis were observed and, at the same time, a significant increase in
animal survival was registed. Curiously, this 1-(3-aminopropyl)-4-methylpiperazine
end-modified C28 PBAE (Figure also revaled high transfection activity in hard-
to-transfect human triple negative breast cancer cells (MDA-MB 231) compared to
other end-modified PBAEs®.
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Figure 1.11: PBAE prepared from 1,4-butanediol diacrylate and 4-amino-1-butanol (C28)
post-polymerization modified with 1-(3-aminopropyl)-4-methylpiperazine (blue).

In 2013, Eltoukhy et al.?® developed 80 amine-end modified PBAE terpoly-
mers with random structure (Figure [1.12) incorporating hydrophobic alkyl side

29



Introduction Chapter 1

chains. The top-performing polymer-based polyplexes exhibited significantly en-
hanced transfection efficiency in HeLa cells compared to Lipofectamine® 2000. The
results also showed that the inclusion of alkyl side chains in PBAEs-based polyplexes
promoted the stability and resistance to aggregation under physiological conditions.
Moreover, the results showed that, at high DNA concentrations and under physio-
logical pH and ionic strength conditions, these hydrophobic PBAE terpolymers, but
not PBAEs without alkyl side chains, were able to facilitate interactions with PEG-
lipid conjugates and DNA to yield stable particles that maintained their transfection

capacity for several hours.
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Figure 1.12: Example of a terpolymer PBAE prepared from one diacrylate and two diferent
amines (amine 1 and amine 2).

The efficiency of delivery for different nucleic acids was also evaluated for differ-
ent PBAEs highlighting the importance of these combinatorial libraries. For example,
Keeney?/, in 2013, synthesized and tested 18 different PBAEs with different backbone
and end-group chemistries for Ubc driven minicircle DNA delivery. Among them,
tew PBAEs-based polyplexes had the ability to efficiently deliver minicircle DNA in
vitro in human embryonic kidney 293 and mouse embryonic fibroblasts cells at levels
comparable or even superior to Lipofectamine® 2000. In vivo results showed that,
after i.p. injection, PBAE-based polyplexes formulation led to ~2-fold higher pro-
tein expression compared to minicircle DNA alone, which by itself have high level
of transgene expression. Another study, also in 2013%, proposed the design of an
array of PBAEs to be used as tumor protein p53 (TP53) gene carrier. In vitro results
in p53-mutant human lung carcinoma cells (H446) showed that two of the top candi-
dates presented good expression of exogenous protein p53 with functional activity

(induction of apoptosis, induction of protein p21 and accumulation of cells in sub-
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G1 cell cycle phase). Moreover, after intratumoral injection of subcutaneous H446
xenografts, polyplexes carrying TP53 gene caused marked tumor growth inhibition.

Other interesting study based on combinatorial PBAEs libraries concerned the
evaluation of DNA binding and gene delivery efficiency relationship”®. For this
purpose, several PBAEs with different molecular weights and polymer end-groups
were synthesized. The in vitro transfection results in human breast and brain cancer
cells indicated that binding constant (M) of PBAE and DNA was biphasic (Hill plot
associated with a negative and a positive cooperativity phase) and it had optimal
values for transfection efficacy in the range of 1 - 6 x 10* M1, However, in spite
of binding constant in this range was required, alone was not sufficient for an
effective transfection. It was demonstrated that this range of binding affinity can
be independently tuned by PBAEs structure, such as, adding single carbons to the
backbone or side-chain structure, varying terminal groups and/or molecular weight

control.

After this brief review on the use of combinatorial libraries to evaluate PBAEs as
vector, it can be concluded that very small differences in their structures lead to dif-
ferent transfection activity in different types of cells. Thus, from these combinatorial
studies, it is possible to select the PBAE structure from an easy and fast way that

best fits a particular application.

1.2.4 Polymer architecture

Concerning to the polymer architecture, PBAE can be synthesized as linear, hyper-
branched or dendritic forms Figure [1.13]

PBAE dendrimer structure was synthesized for the first time in 2002* and had
been developed and studied since then'®71%% However, to the best of our knowl-
edge, its application as gene carrier has not yet been explored. As linear structure
had been extensively covered throughout in this literature review, this section will
be focused in PBAE-based transfection reagent with hyperbranched structure.

Hiperbranched PBAE has been synthesized since 2002°?, but only in 2005, in two

independent research studies by Zhong”® and Wu®, it was used for the first time
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Figure 1.13: Some examples of different structures of PBAE: (a) linear, (b) hyperbranched
and (c) dendrimer-like.

as non-viral gene carriers to deliver plasmid DNA.

Zhong et al.’® prepared different hyperbranched PBAE structures by re-
acting different amines (N-methylethylenediamine, 1-(2-aminoethyl)piperazine,
(aminomethyl)piperidine) with diacrylates (ethylene glycol diacrylate and 1,4-
butanediol diacrylate). The polymers presented a degree of branching of approx-
imately 0.30 and demonstrated interesting properties to be used as gene carrier, such
as, water-solubility, degradability in physiological conditions, high buffering capaci-
ties between pH 5.1 and 7.4, ability to condense plasmid DNA into small-sized and

positively surface charged complexes. In vitro studies in COS-7 cell line revealed
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good levels of transfection activity even in presence of serum and no (or low) cyto-
toxicity. The highest transfection level was observed in polyplexes based on polymer
prepared with 1,6-hexanediol diacrylate and 1-(2-aminoethyl)piperazine. The values

were higher than or at least comparable to polyplexes based on PEI or PDMAEMA.

Wu et al.1% developed a hyperbranched PBAE based on trimethylol-propane tri-
acrylate and 1-(2-aminoethyl)piperazine. The molecular structure had secondary and
tertiary amines in the core and primary amines in the periphery, similar to PEI The
polymer was then complexed with pDNA forming stables polyplexes. The in vitro
transfection studies were assessed in COS-7 and human embryonic kidney (HEK
293) cell lines and revealed comparable transfection efficiency and lower cytotoxi-
city when compared to polyplexes prepared with PEI (25,000 g.mol!). This study
was then extended in 2006 to understand the effect of terminal amine groups of
PBAE based on 1-(2-aminoethyl)piperazine and 1,4-butanediol diacrylate for DNA
delivery. Surprisingly, in this case, it was found that amino-end groups had no effect
on the hydrolysis rate, cytotoxicity, DNA condensation capability, and in vitro DNA
transfection activity of the hyperbranched PBAE.

In 2009, Chew et al.*¥7 studied the effect of hydrophilic spacers on branched
PBAE-based polyplexes. The polymers were synthesized from three types of
trimethylolpropane ethoxylate triacrylates (with three, seven or fourteen ethyleneoxy
groups) and 1-(2-aminoethyl)piperazine. The polymer degradation study revealed
that it depends on the spacer length and pH. After 14 days, the PBAE degraded
more rapidly at pH 7.4 than pH 5.0, and PBAE based on triacrylate with four-
teen ethyleneoxy groups degraded faster than one prepared with triacrylate with-
out ethyleneoxy groups. Concerning cytotoxicity assays in rat fibroblasts cell line
(CRL 1764), all polymers were found to induce lower cytotoxicity than bPEI (25,000
g.mol?), that increased with the spacer length. On the other hand, transfection
assays suggested weaker capacity to transfect when compared to bPEI. This work
was expanded to study the effect of the different amines of hyperbranched PBAE

on transfection activity %,

The triacrylate monomer (trimethylolpropane triacry-
late) was fixed and different amines (1-(2-aminoethyl)piperazine, 1-(3-aminopropyl)

imidazole, N,N-dimethylenediamine and hydrazine) were used in polymerization.
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All synthesized hyperbranched PBAE polymers presented low cytotoxicity and the
polyplexes based on polymers prepared with N,N-dimethylenediamine showed bet-
ter condensation of pDNA and stability at pH 7.4, and higher transfection activity
when compared with bPEI (25,000 g.mol ).

1.2.5 Poly(B-amino ester)-based polyelectrolyte multi-layers for

gene delivery

A recent and elegant approach for the use of PBAEs as gene carrier is based on the
production of polyelectrolyte multi-layers (PEMs) to promote a localized transfec-
tion directly in the affected area. The PEMs were fabricated by alternating PBAE and
pDNA layer-by-layer. Two main advantages of this method concern the procedure
used for film fabrication that is entirely aqueous and the fact that final thickness of
PEMSs is ultrathin (from ~10 nm to several hundred nm thick, depending on the
number of total layers). In addition, the modular nature of layer-by-layer assembly
can also be exploited to combine various layers of diverse therapeutic agents simul-
taneously or sequentially apart from DNA-cationic polymer combination’®.

The first time that PBAE-based PEMs were used for plasmid DNA delivery oc-

curred in 2004 by Lynn research group™’.

From this pioneer work, the research
group developed and tested various biomedical applications using the same method.
The PBAE employed in most of their studies was prepared from 1,4-butanediol di-

acrylate and 4,4’-trimethylenedipiperidine, referred by them as “polymer 1” (Figure

onNMNJOA%

Figure 1.14: Polymer 1 - PBAE prepared from 1,4-butanediol diacrylate and 4,4'-
trimethylenedipiperidine.

The first studies were addressed to design and development of PEMs structures
and the study of plasmid DNA release profiles. In the first one, Zhang et al.''V fab-
ricated, layer-by-layer, multilayered films with plasmid DNA encoding for enhanced

green fluorescent protein (eGFP) and polymer 1 onto the surfaces of planar silicon
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and quartz substrates with thickness up to 100 nm. The release of plasmid was
evaluated under physiological conditions. After 30 h upon incubation in phosphate-
buffered saline (PBS), pPDNA was completely released. Additionally, preliminary
transfection assays in COS-7 cell line revealed that the released pDNA is transcrip-

tionally viable and promotes the expression of eGFP.

The direct and localized delivery of pDNA by multilayered PEMs was analyzed
in vitro, by Jewell et al. for the first time in 2005, The polymer 1/DNA films
had eight bilayers and a thickness of approximately 100 nm, containing 2.7 (£ 0.8)

ug of DNA per cm?

. The films were placed directly on top of COS-7 cells during
48 h and in presence of serum in the culture medium. The cells were analyzed by
fluorescence microscopy and those localized under the PEMs film-coated portion of
the slides revealed transfection efficiency between 4.6% and 37.9% of the cells. On
the other hand, fluorescence was not observed in cells in uncoated portions of the
slides. In addition, by atomic force microscopy (AFM) it was observed that the PEMs
film topography undergoes significant structural rearrangements upon incubation,

exhibiting a surface with particles of polymer 1 and pDNA, that reorganized to form

polyplexes.

This work was then detailed by Fredin et al.'}? that have carried out a careful sur-
face analysis of erodible multilayered polyelectrolyte films. For this purpose, there
were prepared not only PEMs based on polymer 1 and plasmid DNA but also PEMs
based on polymer 1 and sodium poly(styrene sulfonate) (sPSS). The observed differ-
ences between these two materials in the topography, structures and erosion profiles
upon incubation in PBS at 37 °C were significant. PEMs based on sPSS showed a
gradual and well-controlled erosion process that occured in a top-down, surface-
oriented manner without creating significant roughness, pits, holes or cracks over
large micrometer-scale areas of the film, opposed to PEMs containing pDNA that
undergoes structural reorganizations to present surface-bound particles (~50 to 400
nm). Fredin et al.}1® continued the study and found out the possibility to manipu-
late the spinodal dewetting of these materials by varying chemical structure of the
polyamines (using polymer 1 and a poly(amido-amine)), film composition and the

conditions to which these materials were exposed. Taking advantage of this knowl-
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edge acquired by this research group about PEMs for pDNA delivery, Jewell et al. 114

studied the surface modification of stainless intravascular stents using these PEMs.
The stents were coated uniformly with a PEMs film having approximately 120 nm of
thickness (eight bilayers of polymer 1 and pDNA). The mechanical tests mimicking
the representative challenges encountered in the course of stent deployment, such as
balloon expansion, revealed that PEMs had good properties for this application (did
not peel, crack, or delaminate substantially from the surface after exposure). The
in vitro release of pDNA in phosphate buffer saline at 37 °C revealed a sustainable
profile for up to four days. The transfection activity in COS-7 cell line was confirmed
without the aid of additional transfection agents. These results were then explored
in in vivo assays using surface-modified inflatable embolectomy catheter balloons
with PEMs in the carotid arteries in rat model of ballon-induce arterial injury de-
veloped by Saurer et al.'% in 2011. Ultrathin PEMs based on polymer 1 and pDNA
encoding either eGFP or B-galactosidase was used to promote the localized tissue
transfection. The results revealed that polymer 1/pDNA films not only supported
all mechanical challenges associated to the insertion and inflation of these type of
balloons, but also had an efficient delivery of functional pDNA to the vascular wall.

Later, in 2013, Saurer et al. 11>

, continued the study, testing stents coated with tetram-
ethylrhodamine end-capped polymer 1/pDNA (encoding eGFP) PEMs to promote
uniform and localized in vivo delivery of pPDNA for vascular tissue. The in vivo trans-
fection assays were assessed in pig and rabbits (animal model widely used for the
pre-clinical evaluation and testing of drug- and gene-eluting stents) and revealed an
uniform transfection of sub-endothelial tissue in the arteries of pigs. Two days after
implantation, it was confirmed the expression of eGFP in the stented tissue in both
rabbits and pigs. In the same year, Bechler et al.}1® developed and tested in vivo the
catheter balloons coated with polymer 1/pDNA (encoding the J isoform of protein
kinase C (PKCJ)) films in a rat model of vascular injury. PKC/ is a regulator of apop-
tosis and other important cell processes that has been revealed to decrease intimal
hyperplasia in damaged arterial tissue when administered via perfusion using viral

vectors. The coated balloons were inserted into injured arteries for 20 min and 3

days after treatment, it was observed a high levels of PKCé expression in the tissue
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treated, confirming an efficient local delivery of pDNA of the PEMs. The results
also showed an efficient up-regulation of apoptosis and the production of mono-
cyte chemotactic protein 1 (MCP-1) by PKCJ expression. After 14 days, a reduction
of ~60% of intimal hyperplasia was observed in arterial tissue compared to those
treated with balloons coated with films without plasmid vectors.

After that, another interesting biomedical applications based on this method was

reported. In 2009, Saurer et al.7

reported polystyrene microspheres (~6 um) pre-
senting erodible DNA-containing multilayered films on their surfaces. The micropar-
ticles were prepared by using alternating and iterative cycles of particle suspension,
centrifugation and resuspension in solutions of polymer 1 and pDNA, as shown in
Figure The smooth and uniform film of microparticles coating sustained the re-
lease of transcriptionally active DNA into PBS at 37 °C during approximately three
days. The in vitro transfection activity of the microparticles coated with polymer
1/pDNA films was assessed in COS-7 cell line and the ability of these particles to be
internalized by phagocytic cells was evaluated in murine macrophage cell line (P388

D1). These results demonstrated that these particles could be used to transport and

deliver pDNA into phagocytic cells of the immune system.

Remove 1) Rinse and Remove 1) Rinse and
Centrlfuge supernatant resuspend Centnfuge supernatant resuspend
—_—
2) Pass through 2) Pass through
syringe syringe

Polycatlon Polyanion

- Polycation PEM

microsphere

Figure 1.15: Preparation of microspheres based on multilayered polyelectrolyte films
(adapted from17).

Another interesting approach is the use of this method to coat microneedles.
Again, Saurer et al.1®, in 2010, coated microneedles alternating polymer 1/DNA or
sodium poly(styrene sulfonate) (sPSS)/ribonuclease (RNase) A-R9 films to the skin
treatment. The ultrathin, uniform, and defect-free film coating eroded and conse-

quently released DNA or protein when incubated in PBS at 37 °C or when inserted
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into porcine cadaver skin. These microneedles were able to reach and transfer DNA
or protein to a depth of ~500 to 600 ym. These results opened the door to the de-
livery of different agents of interest in the contexts of vaccine and transdermal drug

delivery or a range of other biomedical applications.

In order to tune the release of pPDNA, Flessner et al. U2 4n 2011, developed PEMs
that promote rapid release of pPDNA by incorporating poly(acrylic acid) (PAA) into
polymer 1/pDNA PEMs. The ’tetralayers” of polymer 1/PAA/polymerl/pDNA
tilms eroded more rapidly (~3-6 h) in PBS at 37 °C than PEMs prepared with "bi-
layers” of polymer 1/pDNA (~2-3 days) and could be used to further fast release
of pDNA from surfaces. The results also demonstrated that PAA-containing films
released approximately half the amount of pDNA (4 ug) as compared to polymer
1/DNA films (8 ug). The data also suggested different physical erosion profiles of
these PEMs that could be correlated with the significant differences in DNA release
profiles. The authors also compared the results with PEMs fabricated with bilay-
ers of linear PEI and pDNA and tetralayers of PEI/PAA/PEI/DNA. Again, PAA-
containing films released DNA faster and completely (~3 h) than PEMs based on
PEI/pDNA films (not release significant quantity of DNA for up to ~40 h). These
results indicated that incorporation of PAA can also be used to tune and to speed
up the release of pDNA from PEMs based on cationic polymers making them signif-

icantly more stable.

In 2012, Bechler et al.12Y demonstrated in vitro, using fluorescence-based tech-
niques, that both polymer 1 and pDNA were released all together (~58% of DNA
was co-localized with polymer) during film erosion, and both film components were
internalized by cells growing in the vicinity of the PEMs. For this purpose, polymer
1 was post-polymerization end-functionalized with the fluorescent probes tetram-
ethylrhodamine or Oregon Green 488. This approach permitted simultaneous char-
acterization of polymer 1 and pDNA films erosion in solution and cellular internal-
ization of PEM components providing information about the behaviors and locations

of polymer 1.

From 2013, other research groups!?/!22 began to use PBAE/pDNA PEMs for

121

gene delivery. Li““* coated an electrospun polymer 1 with PEMS based on 1-(3-
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aminopropyl)-4-methylpiperazine end-capped PBAE (prepared with 1,4-butanediol
diacrylate (C) and 4-amino-1-butanol (28)) and pDNA films. The in vitro release of
the DNA was studied over 24 hours and it was observed a high exogenous gene
expression (~60-80% transfection activity) in primary human glioblastoma 319 cell
line. Comparing two different substrates (polymer 1 or a blend of polymer 1 with
polycaprolactone (PCL)), the substrates based only on polymer 1 demonstrated to
be induce less cytotoxicity and more cell attachment. The combination between
electrospun and PEMs based on PBAEs revealed a promising strategy to deliver
DNA from a surface.

DeMuth et all??, developed and tested a PLLA microneedles coated with
PEMs based on polymer 1 or PBAE prepared with 4,4’-trimethylenedipiperidine
(amine not numbered in PBAE library) and 1,6-hexanediol diacrylate (E) and
pDNA that act as a tattoo. These 'multilayer tattoo’ DNA vaccines promoted
local, continuous and sustained release of polyplexes and adjuvants molecules
(that amplify the immune response) from multilayer tattooing in the skin from
days to weeks manipulating the film composition. These skin-implanted vaccine
multilayers were tested against a human immunodeficiency virus (HIV) antigen.
The results showed immune responses comparable to electroporation (a method
known to improve performance of DNA vaccines and currently considered a gold
standard for experimental DNA vaccine potency) and enhanced memory T-cell
generation in mice. An ex-vivo assay in macaque (non-human primate) skin showed
a 140-fold higher gene expression when compared to intradermal naked DNA
injection. In addition, it was observed that these multilayer vaccine microneedles
can be stored during weeks at room temperature in a dry-state without loss of
efficiency. This polymer film tattoing technique might be the alternative for an

efficiency delivery of DNA by a self-administrable and pain-free skin-patch platform.

1.2.6 Poly(B-amino ester)-based copolymers

Despite the first poly(B-amino ester)-based copolymer were described in 20032, its

use for gene delivery only emerged in 2007°% and to date the literature is very
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scarce. The first copolymers based on PBAE used as gene carrier resulted from
end-modification of PBAEs with PEG through a combinatorial library study (see
Section 1.2.3. Combinatorial libraries - a fast and efficient way to evaluate different poly(p-
amino ester)s). Among different PBAEs tested, it was seen that PBAE prepared from
1,4-butanediol diacrylate and 5-amino-1-pentanol and posteriorly end-modified with
PEG-bis-amine (C32-122) had good gene delivery efficiency®?. This result was also
confirmed in other combinatorial libraries studies®>%2. Recently123, C32-122 was
used to study the role of Niemann-pick C1 protein (NPC1) in the regulation of en-
docytic mechanisms influencing nanoparticle trafficking into the cell. The NPC1 is a
lysosome membrane involved in various cellular mechanisms (such as, mediates traf-
ficking of cholesterol and in the endosomal escape). The results of the transfection
activity of C32-122 PBAE-based polyplexes in NPC1-deficient cells resulted in a dra-
matic reduction in internalization and transfection efficiency. These polyplexes used
cholesterol and dynamin-dependent endocytosis pathways to enter into cells and
these were found to be seriously compromised in cells with absence of NPC1. How-
ever, when compared with jetPEI® or Lipofectamine® 2000, the absence of NPC1
demonstrated no influence on DNA uptake. Surprisingly, the results showed an
enhanced gene uptake (~3-fold) and transfection activity (~10-fold) of PBAE-based

polyplexes in stably overexpressing the human NPC1 in chinese hamster ovary cells.

Recently, nanoparticles based on two different PBAE-based copolymers, PEI-b-
PBAE and PEG-b-PBAE were used to co-deliver two types of siRNA (Snail siRNA
and Twist siRNA) and paclitaxel (PTX). After i.v. administration in 4T1 pulmonary
metastatic mice model it was observed a high accumulation and retention of siRNAs
and PTX in tumor area. Moreover, 21 days after administration, the results revealed
that a combination between Snail and Twist siRNAs and PTX led, simultaneously, to

great inhibition of the tumor growth and metastasis’4*.

Other type of PBAEs composed of y-aminopropyl-triethoxysilane (APTES) and
poly(ethylene glycol) diacrylate (PEGDA) were developed and studied in a combina-
torial mini-library varying amine/diacrylate ratios during polymerization process®.
These polymers were then assessed for gene delivery in 293T and HeLa cell lines in

the presence of and absence of serum. From the screening of mini-library, it was ob-
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served that in both cell lines, cell viability and transfection efficiency were increased
with the increase of amine/acrylate weight ratio, from 0.7/1 to 6/1 APTES/PEG. In
addition, the transfection pattern revealed uniform both in absence as in presence of
serum. The polyplexes based on PBAE prepared from amine/acrylate ratio of 6/1,
with average size of 133 nm, revealed high transfection activity and low cytotoxicity

compared to Lipofectamine and PEI (25,000 g.mol ™).

1.3 Poly[2-(dimethylamino)ethyl methacrylate]

PDMAEMA was recently reviewed as gene carrier>’

covering the main aspect that
can influence transfection efficiency, such as molecular weight, polyplex size, pH,
ionic strength, temperature, viscosity, polymer/plasmid ratio, the presence of sta-

bilisers.

1.3.1 Synthesis and main physicochemical properties of poly[2-
(dimethylamino)ethyl methacrylate]

PDMAEMA, a dual-responsive polymer (temperature and pH), has been widely

1254127

used in gene delivery area since its first use as a gene transfection system

in 1996 by Cherng’?®. PDMAEMA can be prepared by radical polymerization based
methods (Figure [1.16).

Radical
polymerization

o/\/N\ g !

0O @]
2-(Dimethylamino)ethyl methacrylate
(DMAEMA) Poly[2-(dimethylamino)ethyl methacrylate]
(PDMAEMA)
e " ™~

Figure 1.16: Schematic representation of poly[2-(dimethylamino)ethyl methacrylate]
(PDMAEMA) by radical polymerization.

van de Wetering et al.1?%, in 1999, compared toxicity and the transfection

activity of polyplexes based on PDMAEMA with other cationic polymers: poly|[3-
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(dimethylamino)propyl methacrylate] (PDMAPMA); poly[2-(dimethylamino)ethyl
methacrylamide] (PDMAEMAmM); poly[3-(dimethylamino)propyl = methacry-
lamide] (PDMAPMAm); poly[2-(trimethylamino)ethyl methacrylate chloride]
(PTMAEMA); poly[2-(diethylamino)ethyl methacrylate] (PDEAMA) and poly[2-
(dimethylamino)ethyl acrylate] (PDMAEA). It was found that PDMAEMA had a
higher transfection efficiency, but also, the highest cytotoxicity comparing to the
other cationic polymers assessed. However, nowadays, PDMAEMA has been gener-
ally referred to possess low cytotoxicity and good biocompatibility®”. Nevertheless,
polymers with high molecular weights induce more cytotoxicity than those with
low molecular weights even though, the resulting polyplexes are smaller and more
efficient. The primary mode of toxicity has been reported to be induced by cellular

125

membrane destabilization Also, to circumvent the low degradation profile,

PDMAEMA was designed with reducible/cleavable bonds!2%13 (Figure [1.17).
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Figure 1.17: An example of a PDMAEMA with cleavable bonds. The disruption is caused by
the reduction of disulfide bonds (adapted from'U).

In Table[1.6|are summarized the main characteristics of PDMAEMA, which make

it a promising polymeric non-viral vector for gene delivery.
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Table 1.6: Summary of the main characteristics of poly[2-(dimethylamino)ethyl methacry-
late].

Characteristics of poly[2-(dimethylamino)ethyl methacrylate] suitable for gene carrier

Easy synthesis and commercially available monomer

Possibility to control over polymer structure (such as molecular weight and architecture)
Lack of byproducts

Good buffer capacity (endossomal escape)

pKa between 5.5 and 7.4 (physiological values)

Lower cytotoxicity (half maximal inhibitory concentration (ICsp) = ~40 pg/ml)

1.3.2 Polymer architecture

PDMAEMA, like PBAE, can be synthesized with different structures, such as, linear,
star-shaped, highly-branched or comb/brush-shaped (Figure [1.18).

o
O
- Bk

/§ /§
\ \

Figure 1.18: Some examples of different structures of PDMAEMA: (a) linear, (b) star-shaped
and (c) comb/brush-shaped.

(a) (b)

Star-shaped PDMAEMAs were introduced for the first time as gene delivery sys-
tem by Georgioul3!' in 2004. In this study, star-shaped PDMAEMAs were coupled
with ethylene glycol dimethacrylate. From star-shaped prepared, varying degree of
polymerization (DP) of the arms from 10 to 100, it was observed that transfection
efficiency decreased with the increase of the DD, being the best results obtained for
stars with arms having DP equal to 10. In 200634, the study was extended in order
to investigate the influence of the different star polymers structures (heteroarm, star
block, and statistical star) based on PDMAEMA (DP 15) and poly(methacrylic acid)
(PMAA) (DP 5). Regarding their cytotoxicity, all star-shaped polymers induced lower
cytotoxicity compared to DMAEMA star homopolymer and SuperFect®. Among
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the different star-shaped polymers tested, the PDMAEMA ;5-star-PMAA5 ampholyte
was the one that provided higher transfection efficiency, although lower than the
value observed for SuperFect® at its optimal conditions. Recently!®?, the differences
in gene delivery efficiency between a linear, a highly-branched and a star-shaped
PDMAEMA vectors have been compared. For all structures tested, no differences
in capacity to compact DNA and cellular uptake efficacy were observed. However,
regarding transfection efficiency, star-shaped polymers demonstrated to be better
than other PDMAEMAs structures. When compared to branched PEI, star-shaped
PDMAEMA reached almost similar levels of transfection efficiency. An interesting
fact was the observation that, for both PEI and PDMAEMA, linear structure revealed
lower transfection efficiency when compared to its branched structures. Concern-
ing to cytotoxicity, highly branched and linear PDMAEMAs were the most cytotoxic
structures. Moreover, in general, star-shaped PDMAEMA-based polyplexes induced
lower cytotoxicity than linear, branched or star-shaped PEl-based ones. Other study
that evaluates the influence of the linear and star-shaped PDMAEMAs with different
molecular weights (from 16,000 to 150,000 g.mol ™) on the cytotoxicity and transfec-
tion efficiency was designed by Synatschke in 2011%%%, A mini-library of linear and
star-shaped topology with 3- or 5-arms was developed. Results showed that at a
given molecular weight, the cytotoxicity decreased with the increasing number of
arms. Surprisingly, for all topologies a negligible transfection efficiency for poly-
mers with molecular weight below 20,000 g.mol! was observed. The comparison
of transfection efficiency among different architectures assessed was difficult to es-
tablish due to high variance of results. But, concerning star-shaped polymers, the
results showed that the transfection efficiency is not necessarily improved with an
increase of molecular weight. Considering both cytotoxicity and transfection activ-
ity, it was concluded that polymers with a branched topology and an intermediate

molecular weight were the most promising candidates as gene delivery carriers.
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1.3.3 Poly[2-(dimethylamino)ethyl methacrylate]-based copoly-

mers

In recent years, the use of PDMAEMA-based copolymers with different structures
has been widely used for gene delivery??¥13>°139 Preparation of copolymers based
on PDMAEMA has been one of the strategies adopted to reduce its cytotoxicity
without sacrificing the transfection efficiency®”. Among the most studied structures,
poly(ethylene glycol)-block-poly[2-(dimethylamino)ethyl methacrylate] has been one
of the most used!4"14% For example, Lin et al.1%>, prepared PEG-PDMAEMA block
copolymers with or without an acid-labile linkage between PEG and PDMAEMA
blocks. The copolymers prepared with acid-labile linkage revealed higher trans-
fection efficiency than PEG-PDMAEMA and PDMAEMA homopolymer. In addi-
tion, polyplexes based on PEG-PDMAEMAs copolymers presented lower cytotoxic-
ity and higher particle stability than those prepared with PDMAEMA homopolymer.
However, studies showed that in spite of a reduction in cytotoxicity by using PEG-
PDMAEMA copolymers, the transfection efficiency decreased most probably due to
the steric stabilization effect of a PEG corona*®. This weakness was mitigated by in-
troducing a hydrophobic segment, such as PCL, between the PDMAEMA and PEG
blocks. The results showed an enhancement of about 15 times on transfection effi-
ciency of PEG-PCL-PDMAEMA comparing to PEG-PDMAEMA copolymers'*”. Lin
et al.'*® studied the effect of structural differences in transfection efficiency of blocked
and grafted PEG-PCL-PDMAEMA copolymers. In vitro and in vivo results revealed
that PEG-block-(PCL-graft-PDMAEMA)-based polyplexes have higher transfection ef-
ticiency comparing to PEG-block-PCL-block-PDMAEMA-based ones. The results also
showed that polyplexes prepared with grafted copolymer have higher zeta poten-
tial, which could explain the higher efficiency (probably greater cellular uptake and
endosome escape ability). Other interesting study was developed by Lim et al.1%
that prepared a poly(DMAEMA-co-N-vinyl-2-pyrrolidone) (VP)-block-PEG-galactose
copolymer. This copolymer was complexed with plasmid DNA and the particles
were coated with KALA, a cationic pH sensitive and endosomolytic peptide, in or-
der to generate a positively charged surface. The results revealed that the inclusion

of PEG segment and galactose moiety increase the transfection activity, with values
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close to that obtained with Lipofectamine® Plus, even in the presence of serum. The
inclusion of a reducible linking agent inside the copolymer chain has been shown to
decrease the cytotoxicity of the materials. For instance, it was recently demonstrated
that the inclusion of dibromomaleimide-based linking agent in statistical copolymers
of oligo(ethylene glycol)methyl ether and DMAEMA reduced significantly its cyto-
toxicity when compared to non-reducible ones. Moreover, it was also showed that
the inclusion of this reducible linking agent did not affect the transfection activity
being observed comparable values for reducible and non-reducible copolymers’".
In 2009, Xu et al.®l, compared the transfection efficiency of comb-shaped copoly-
mers prepared by long hydroxypropyl cellulose backbones and short PDMAEMA
side chains with high molecular weight PDMAEMA homopolymers. The comb-
shaped copolymer-based polyplexes revealed higher transfection activity and lower
cytotoxicity than the ones prepared with high molecular weight homopolymers. x
Yu et al.’>? synthesized hyperbranched multiarm PDMAEMA-based copolymers
with hydrophobic cores of poly[3-ethyl-3-(hydroxymethyl)-oxetane] (PEHO) and as-
sessed the influence of topological architectures of these copolymers in transfec-
tion activity. PEHO-g-PDMAEMA revealed better transfection activity comparing
to PDMAEMA homopolymer and branched PEI. Results also showed that for high
degrees of branching (DB) of PEHO cores, higher transfection efficiency of PEHO-
g-PDMAEMA-based polyplexes was observed. Interestingly, it was found that this
DB-dependence was not related with the buffering capacity, DNA binding ability
or cytotoxicity, but rather associated with the self-assembly ability of the copoly-
mers with pDNA. Copolymers with higher DB condense more efficiently pDNA
into smaller polyplexes, which can protect it more efficiently from enzymatic degra-
dation and may facilitate their uptake by cells. Table [1.7| presents some examples of
PDMAEMA-based copolymers used as transfection reagent.
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Table 1.7: Examples of copolymers based on PDMAEMA used as gene carrier.

Copolymer Architecture Cargo Ref.
PDMAEMA-b-PCL-b-PDMAEMA Linear siRNA and paclitaxel 122
PEG-b-PDMAEMA-b-PEG Hyperbranched pDNA 145
PEG-b-P(CL-co-DLLA)-g-PDMAEMA Comb siRNA 154
PCL-b-PDMAEMA Dendritic pDNA U0
PHEMA-b-PDMAEMA Brush pDNA L6
PHEMA-b-PDMAEMA-b-PEG-b-PDMAEMA-b-PHEMA  Linear pDNA —
P(DMAEMA-co-NVP)-b-PEG Linear pDNA 149
Lignin-b-PDMAEMA Hyperbranched pDNA 158
PVP-¢-PDMAEMA-b-PMMA Comb pDNA 189

1.4 Reversible deactivation radical polymerization

1.4.1 Radicalar methods

Free radical polymerization (FRP) is a widely versatile type of polymer chain growth.
It is a robust method that can be applied in a large variety of monomers and it is less
sensitive to solvents (e.g., tolerant to protic compounds, such as water) or presence
of impurities (stringent purification of reagents is not required)!). FRP method is

mainly composed by 3 steps: initiation, propagation and termination (Table[I.8).

Table 1.8: Free radical polymerization main steps.

Reaction E|

Initiation I — 2R*
R*+M — P;°

Propagation P,*+M — P, ;°

Termination P,* + P,,* — Pyyn
pP,*+P,* —P,+P,

Where I represents the initiator, R® the initial radical, M
the monomer and P* the polymer growing chain' ToT]167]

Initiation step is started with the production of radicals R® resulting from the ho-
molytic decomposition of the initiator. The radical will react with a monomer unit,
initiating the chain propagation. A succession of rapid (~ 1 s) monomer additions
allows the polymer chain to growth in a step known as propagation. The polymer-

ization process ends with termination steps, when a bimolecular reaction occurs in-
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volving radicals, by combination or disproportionation, resulting in the deactivation

of the radical propagating chain ends!®l.

1.4.2 Problems

The average lifetime of propagation chain is in the range of 1 s wherein hundreds of
monomer units are added to the generated radical before the termination process'®%.
Because this step is so fast, the possibility of implementing a process of design and
synthesis of well-controlled complex macromolecular architecture (macromolecular
engineering), in order to improve the polymer properties (such as, controlled molec-
ular weight, polydispersity index, composition or macromolecular architecture), is
not feasible under this conditions. Furthermore, the addition of other monomers
or functionalization groups, to produce pure block copolymers or end-functional

polymers, respectively, is also unattainable!¢316%,

1.4.3 Reversible deactivation radical polymerization

Reversible deactivation radical polymerization (RDRP) emerged as a method to over-
come the main limitations of conventional FRP, including, poor control over the
molecular weight, molecular weight distribution (dispersity), composition, topology,

165

architecture and chain-end functionalities“*>. The concept of living polymerization

1661167 where block

came up for the first time in the middle of the 1960s by Szwarc
copolymers were prepared with controlled compositions using anionic polymeriza-
tion technique. The RDRP methods have been extensively studied since 1995 and sig-
nificant progresses have been achieved’®®. The basic principle involving RDRP tech-
niques is the dynamic equilibrium between growing radicals and dormant species
based on a fast and reversible activation/deactivation equilibrium of the growing
radicals (keeping its concentration very low during the polymerization)1*”. Compar-
ing to FRP, one major difference is the nature of the steady state concentration of
radicals, that in RDRP results from ratio of the rate of activation and deactivation
processes, and for FRP it is the balance between initiation and termination rates. As

the initiation step in RDRP systems is very fast compared to propagation, polymer

chains grow approximately at the same timel”Y. Moreover, in RDRP the number of
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polymer growing chains is much higher compared with FRP and the rates of termi-
nation and chain transfer to monomer per chain are much lower than in FRP, making
the impact of termination negligible reactions’!. These differences allow the synthe-
sis of polymers with well-defined topology, composition and functionality, as well as
the synthesis of block copolymers, which are not possible through FRP. The polymer
molecular weight increases linearly with the conversion and the polymers possess
active chain-ends (livingness), which allow being reinitiated with further monomer

supply or functionalized with functional molecules or even other macromolecules!?!
(Figure [1.19).

Br

>

Br —— Br
%} monomer 1
{:} monomer 2
£3 functional molecule

Figure 1.19: Examples of the modification possibilities from active chain-ends of the poly-
mers prepared by RDRP.

1.4.3.1 Main RDRP methods

Depending on the strategy used to mediate this dynamic equilibrium, the main
RDRP techniques can be divided in two main groups: reversible activation/deacti-
vation of radicals (persistent radical effect) or reversible chain transfer (degenerative

transfer process - DT) (Table[1.9).

Table 1.9: Main RDRP methods168170172

Stable Free Radical Polymerization (SFRP)

o Nitroxide-Mediated Polymerization (NMP)
Persistent Radical Effect Metal Catalyzed Reversible Deactivation Radical Polymerization
o Atom Transfer Radical Polymerization (ATRP)

o Single Electron Transfer Living Radical Polymerization (SET-LRP)

Degenerative Transfer Process (DT)
Degenerative Transfer e Reversible Addition-Fragmentation Chain Transfer (RAFT)
e Jodide/Reverse Iodide Transfer Polymerization (ITP/RITP)

The common concept is that reactive growing radical species is transiently and
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reversely converted into the dormant state via the formation of the covalent termi-
nall®® In persistent radical effect methods the steady state is established by balanc-
ing activation and deactivation rates. During the activation step in persistent radical
effect the growing radicals are formed by atom exchange and, consequently, as the
activation step itself generates a propagating radical. Therefore, the use of a conven-
tional radical initiators is not required“??Y, In degenerative transfer, the initiation
is slow and termination is fast with a steady state of growing radicals. The constant
rate of propagation is lower than the constant rate of chain transfer between the ac-
tive radicals and dormant species®® 7l The concentration of chain transfer agent
(CTA) is much larger compared to radical initiators. In this sense, the chain transfer
agent acts as the dormant species. Thus, the CTA structure and its suitability to the
monomer that is being polymerized plays an important role in the quality of the

control achieved in the degenerative processes methods*¢*170.

In the degenerative transfer, the most studied methods are: reversible addition-
fragmentation chain transfer (RAFT) polymerization and iodine/reverse iodine
transfer polymerization (ITP/RITP) (iodine atom transfer). The persistent radical
effect category can be subdivided in two main techniques: stable free radical poly-
merization, also known as nitroxide-mediated polymerization (NMP); and metal cat-
alyzed reversible deactivation radical polymerization which includes atom transfer
radical polymerization (ATRP) and single electron transfer living radical polymer-

ization (SET-LRP)1/0d68:172

Among all RDRP tecnhiques, ATRP is one the most commonly explored method
due to its efficiency, simplicity, high tolerance to monomer functionality and com-

164173 Ag it is a metal cat-

mercial availability of required initiators and catalysts
alyzed RDRP method, and as the name suggests, the catalyst plays an important
role, and therefore, it has been investigated the use of various catalysts such as iron,
ruthenium, copper, and other metals on polymerization'’#. The combination of tran-
sition metal and ligand has strong influence in the catalytic features of the complex.
Therefore, the development and study of the transition metal complexes for ATRP

methods has been the subject of a large number of studies *.
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1.4.3.2 Atom Transfer Radical Polymerization

The concept of ATRP is based on the generation of a fast transition metal complex
that mediates the equilibrium between dormant (macroinitiators P,,-X, where X rep-
resents a halogen or pseudohalogen) and active species (macroradical, P*). A lower
oxidation state transition metal complex (Mt" /L where Mt™ represents the transition
metal species in oxidation state m and L is a ligand) activates the dormant species
acting as an activator to intermittently form growing radicals (P,*®). The deactivator
or persistent radical is represented by the transition metal complexes in the higher

oxidation state coordinated with halide ligands X-Mt"+1 /1, (Scheme .

kact
P -X + MWL ~——— P, + X-Mt™I/L

kdeact U k
M \\t

K, PP,

Scheme 1.1: General mechanism of ATRP.

In the ATRP systems, research has been focused to assess several transition metal
complexes in an attempt to perform the polymerization of a large range of monomers
functionalities. The metal halide and ligand compose the transition-metal complex.
The role of the ligand around the center metal is important in the solubility of the
complex in the reaction medium as well as in the reactivity of the redox reaction via
the adjustment of the redox potential of the metal}*#17>. The copper based complexes
with nitrogen-based ligands are the most often used in ATRP. The unavoidable rad-
ical - radical termination process accompanied ATRP mechanism, resulting in the
build up of small excess of X-Cu(Il)/L deactivator (persistent radical effect)17°.

Among ATRP techniques, different variations exist, such as activators regener-
ated by electron transfer (ARGET), initiators for continuous activator regeneration
(ICAR), electrochemically mediated ATRP (eATRP), supplemental activator and re-
ducing agent (SARA) ATRP and photochemically mediated ATRP. The development
of these ATRP variations allowed the reduction of the amounts of transition metal

complexes to tiny quantities (<100 ppm) in the presence of various reducing agents

1777178 1797180 diz2

(including zero-valent metals , organotin complexes , ascorbic acid“*Z, glu-
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cosel” or sulfites?®1182) The metal contamination of the resultant polymers is one

of the most significant disadvantages of the ATRP techniques. This aspect is crucial

on polymers that will be used in biomedical and electronic applications.

1.4.3.2.1 Challenges - SARA ATRP as polymerization technique for biomedical
applications

Despite the advances and remarkable advantages of ATRP prepared materials,
there are some limitations that remain to be overcome. The main issue, as previ-
ously mentioned, is the residual content of metal complex in the product. Besides
cytotoxicity issue, other concerns, such as, product color, environmental legislative
conformity, process complexity and cost need also to be considered'®®. Thus, new
challenges emerge aiming to develop new catalytic systems employing lower concen-
tration of toxic catalysts and new polymerization systems using eco-friendly solvents
and commercial available products.

Therefore, SARA ATRP, which uses zero-valent transition metals?®18% a5 both
reducing agents and supplemental activators, has been one of the most used new
ATRP technique. When Cu(0) is used, it slowly generates radical and Cu(I)X by
a supplemental activator, and it slowly regenerates Cu(I)X species as a reducing
agent!®. In addition, this method can be performed using environmentally friendly
solvents/solvent mixtures (such as alcohol or alcohol/water mixtures) at room tem-
perature!®®. Therefore, the development of this polymerization technique emerges
as a promising RDRP technique to prepare tailor-made and well-controlled polymers

for biomedical applications.

1.4.3.2.2 RDRP and macromolecular engineering

RDRP, and in particularly ATRP, as mentioned above, is used as a method to
prepare tailor made polymers being a powerful tool in the control of polymer struc-
tures consequently providing specific characteristics to the end products. Moreover,
the complete control in polymer synthesis allows to obtain complex and very well-
defined architectures. Additionally, the initiator used in ATRP method can provide
specific end-groups on the polymer chain(s) (Figure [1.20). Generally, with a func-

tional initiator one chain-end of the polymer is an alkyl halide, whereas the other
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187

can be a predetermined functional group“®“. These features turn possible the easy

preparation of functional polymers, for example, with structures and combination of

polymers, that are otherwise inaccessible using FRP methods®®.

e e o
Xu¢%&>”%&

O

o 0
FA iyt bl
o o o é

/N\ /N\
Figure 1.20: Examples of functional RDRP initiators (a) and two examples of PDMAEMA
synthesized from these functional initiators.

1.4.4 Click chemistry

1.4.4.1 General considerations

The advent of RDRP allowed the controlled polymerization of functional monomers
or end-funcionalized polymers. However, in spite of recent advances in RDRP meth-
ods that have facilitated access to (co)polymers with well-defined and complex ar-
chitectures with precise functional groups, some interesting macromolecules are not
possible to be synthesized by these robust polymerization techniques requiring post-
polymerization modification methods. Some of these post-polymerization reactions
are frequently inefficient and can conduct to side reactions with other groups within
the polymer!®. Because of that, it was necessary to develop versatile and specific
chemical reactions that can facilitate access to nearly any polymeric structure rather

by the simplest, cleanest, and more effective means possible®%1°0,

Accordingly,
these reactions, denominated as click chemistry reactions, are also characterized by

high yields with little or no by-products, tolerance of a broad range of functional
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P92 1 addition, there are also

groups, and by their mild reaction conditions
known to require simple or no purification procedure of the product, use easily
accessible reagents, insensitive to water or oxygen, require no solvent or a benign
one (like water) or an easily removed solvent and go rapidly to full conversion?1:23,
The combination of click chemistry reactions with RDRP methods has been partic-
ularly profitable for exploring complex structure materials with unique properties
while oversimplify their preparation. These procedures allowed the preparation of
(co)polymers with advanced macromolecular topologies and increased functionality
obtaining materials with unique properties. Some examples of click chemistry reac-
tions are copper(I)-catalyzed and strain-promoted azide-alkyne cycloadditions, thiol-
ene reactions and Diels-Alder cycloadditions. Among them, Huisgen 1,3-dipolar cy-

cloaddition of alkynes to azides and Michael additions click reactions are two of the

most studied 1821241195

1.4.4.2 Copper-catalyzed azide-alkyne cycloaddition

Copper-catalyzed Huisgen 1,3-dipolar cycloaddition of terminal alkynes to azides,
also known as, copper-catalyzed azide-alkyne cycloaddition (CuAAC) (Figure [1.21),
is a well-established and most representative approach of click chemistry??%1%¢, The
utility of the CuAAC has been demonstrated for the synthesis and modification of
polymers with a wide range of composition, functionality, architecture, and intended
purposel271%,

The copper catalyst dramatically increases the rate of the azide-alkyne cycload-
ditionP#1931% Indeed, in the absence of a proper catalyst the reaction is fairly slow
because alkynes are poor 1,3-dipole acceptors. On the other hand, in the presence
of copper (I), that can bind to terminal alkynes, the reaction becomes very fast, ef-
ficient and regioselective?’. Some of the advantages of the CuCAAC are that can
be performed at room temperature in various solvents and it is tolerant to several
functional groups“?. In addition, azide-based click reactions has particular interest
because azide group is easy to introduce into macromolecules having halogen chain

ends without dramatically changing their physicochemical properties’“°.

One of the most important feature of the CuA Ac reaction is its unique bioorthog-
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H reduction 0
— elimination [Cu] [Cu]
L ER . !
N—N=N
2/ —

Figure 1.21: Proposed mechanism for copper-catalyzed Huisgen 1,3-dipolar cycloaddition.
[Cu] denotes a copper fragment that varies in the number of ligands and oxidation states
(adapted from?).

onality, since the alkyne and azide are not biologically present and do not react with
biological functionalities. This issue has special interest for site-specifically attaching
biomolecules, such as peptides, proteins, polysaccharides, and even entire viruses
and cells™®3.

The combination of ATRP and CuAAC was firstly reported independently in
2005 by Hest and Opsten“X, Weichenhan“%? and Matyjaszewski?"?, and become very
popular due to the fact that both reactions can be catalyzed by the same copper
complexes. The most popular approach of click living ATRP chain end resulting in
the conversion of the living R-halide (such as, R-Br or R-Cl) chain end into R-N3 by

nucleophilic substitution before a CuAAC reaction can be conducted!®!2% (Figure

1.22).

Ro

[\

R /N (1) R /N (2) R, /N

1 1 1

Figure 1.22: Schematic representation of the transformation of a halide chain-end into azide
(1) and subsequent CuAAC reaction with alkyne-functionalized molecules (2).

This azidation procedure is generally carried out using a wide excess of NaN3
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in N,N-dimethylformamide (DMF) and, requires high temperature in the case of

chloride-terminated polymers2+1°L,

1.4.4.3 Michael addition

The Michael addition reaction, named for Arthur Michaels, belongs to a larger class
of conjugate additions and consists in a nucleophilic addition between a carbanion
(or another nucleophile) and an &,B-unsaturated carbonyl compound4%>2%_ This
addition leads to the formation of C-C bonds. A schematic Michael addition reaction

is represented in Figure [1.23]

©
Nu: O u Nu O
UM (1) Q (2)
— —
/\
R B\a R RPN R RTPY R
H-ZA 5

Figure 1.23: General schematic representation of the Michael addition reaction.

The nucleophile is an electron-withdrawing group, such as acyl or cyano groups,
and attacks Cg resulting in an enol or enolate intermediate (carbanion) (step 1).
Normally, this carbanion collapses and the C, is protonated (step 2). The substituents
on the nucleophile known as a Michael donor while substituents on the activated

alkene are the Michael acceptor?”®.

The Michael addition reaction has been used for polymerization reactions due to
mild conditions reactions needed, a high functional group tolerance, a large variety
of polymerizable monomers and functional precursors with a favorable reaction rates
and high conversions?®. Some examples of polymers synthesized by this method
are: poly(amido amine); poly(amino ester); poly(ester sulfide); poly(imido sulfide);
poly(aspartamide); poly(enone sulfide); poly(imido ether); poly(amino quinone) or
poly(enamine ketone)2%. And recently, it has been applied for post-polymerization

modifications and coupling of biological and synthetic polymers®2207:208,
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1.5 Final remarks

To sum up the information contained in this introduction, it is crucial the design and
the development of more efficient and safe gene carrier. For this purpose, polymer-
based vectors appear as a promising carriers. Their low immunocytotoxicity and
facility to tune their properties by facile synthesis procedures make them attractive
materials for gene delivery. However, their transfection activity are still significantly
lower when compared to viral vectors. Moreover, some polymers present some cy-
totoxicity.

In this direction, the subsequent chapters include the experimental approaches
and results regarding the development of a new copolymer based on PDMAEMA
and PBAE, two of the most used cationic polymers in gene therapy. The main pur-
pose is to validate the hypothesis that the combination of both polymers would be
advantageous for gene delivery. The influence of PBAE segment in transfection ac-

tivity would be the last focus of the work.
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2.1 Abstract

Atom transfer radical polymerization (ATRP) of 2-(dimethylamino)ethyl methacry-
late (DMAEMA) with mixed transition metal catalytic system consisting of Fe(0) and
small amounts of CuBr,/PMDETA (N,N,N’,N”,N”-pentamethyldiethylenetriamine)
in water-isopropanol mixtures at 60 °C and 25 °C is reported and compared with
commonly used CuBr/PMDETA-mediated ATRP systems. The obtained kinetics
of polymerization showed that, in addition to the environmental attractiveness of
this catalytic system, Fe/Cu mixed transition metal mediated ATRP of DMAEMA
monomer provides a significantly improved control of polymer chain growth, form-
ing PDMAEMA of low dispersity values at several conversions. The controlled
character of ATRP of DMAEMA was confirmed by the linear increase of molec-
ular weights with monomer conversion, narrow molecular weight distributions,
and re-initiation/chain extension experiments. The molecular structure of the ob-
tained polymer(s) was confirmed by 'H nuclear magnetic resonance spectroscopy
and matrix-assisted laser desorption ionization time-of-flight mass spectroscopy. The
developed system for ATRP of DMAEMA was also extended to synthesis of func-

tional bio-relevant polymers with cholesterol and poly(ethylene glycol) segments.

2.2 Introduction

Reversible deactivation radical polymerization (RDRP)*# emerged in the mid-1990s
to overcome major limitations of conventional free radical polymerization, such as
poor control over the molecular weight, molecular weight distribution (dispersity),
topology, composition, architecture and chain-end functionalities. One of the most
often used methods to prepare a wide range of polymers with controlled molecu-
lar architecture is atom transfer radical polymerization (ATRP). ATRP is based on
creation of a fast transition metal-complex-mediated equilibrium between dormant
(macroinitiators P,-X, where X represents a halogen or pseudohalogen) and active
species (macroradical, P*). The dormant species are activated by a lower oxidation
state transition metal complex (Mt" /L, where Mt" represents the transition metal

species in oxidation state m and L is a ligand), acting as an activator to intermittently
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form growing radicals (P,*), and transition metal complexes in the higher oxidation
state, coordinated with halide ligands X-Mt"*1/L that act as the deactivator or per-
sistent radical. The reverse reaction (k;,,.;) occurs when the deactivator reacts with

the propagating radical to re-form the dormant species and the activator (Scheme

7).

kact
P -X + MWL ~——— P + X-Mt™IL

kdeact U k
M \\t

K

p Pn'Pn

Scheme 2.1: General mechanism of ATRP.

Several transition metals have been used in ATRP, including Cu, Ru, Fe, Ni, Mo,
and Os. Copper-based catalysts are the most broadly applied and are presently su-
perior in terms of performance and cost!®*. However, an intensive research has been
carried out in order to address environmental regulations/requirements, focused on
diminishing the total amount of transition metals used in an ATRP to ppm levels>".
This is particularly important since the need for low levels of metal contamination
in the final product presents challenges of complete removal of the metal from the

polymer!!

. Therefore, it is of primary importance to develop and understand the
use of versatile catalysts systems that can be selected for well-controlled polymeriza-
tion of a wide variety of monomers, are environmentally friendly (i.e., use non-toxic
metal(s)/solvent(s)), are sustainable, employing common low cost metals, and when
targeting biomedical applications.

Shortly after the development of ATRP, successful Fe-based ATRP systems were
reported'#® as was the use of zero-valent metals to reduce the higher oxidation

state metal complex and increase the rate of reaction'*

. This procedure has re-
ceived increasing attention and, recently, the use of mixed transition-metal catalysts
involving zero-valent metals (Fe(0), Zn(0) and Mg(0)) as initial activators together
with very small amounts of CuBr,/MegTREN (tris[2-(dimethylamino)ethyl]amine)
or CuBr,/PMDETA (N,N,N’,N”,N”-pentamethyldiethylenetriamine) as deactivator

complexes has been reported for ambient temperature ATRP of methyl acrylate!>7,

methyl methacrylate!® and styrene>.
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The use of the RDRP method to prepare tailor made polymers has been proved

118‘,19

to be a powerful too . Here, the synthesis of stimuli-responsive polymers for

biomedical applications can serve as a good example?’2/

. Dual-responsive poly-
mers based on poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA) are among
the most used, mainly in the gene delivery area“®>L, due to their lower cytotoxi-
city and higher transfection efficiency compared to poly(ethyleneimine) (PEI)“%%3,
considered as a standard for this purpose. PDMAEMA has also been used as the hy-
drophilic segment in amphiphilic block copolymers to stabilize micellar systems in
water®®, The temperature® and pH-responsive character'® of PDMAEMA are par-
ticularly useful for the preparation of responsive micellar structures in biomedical

applications®>?.

The first synthesis of PDMAEMA by ATRP, reported in 19984, was carried
out in polar media and room temperature to form polymers with low disper-
sity (D). PDMAEMA has also been polymerized via ATRP in aqueous media*!
and in bulk*?. Further studies on ATRP of DMAEMA in methanol-water mix-
tures have shown that improved chain growth control can be achieved when

4 are used as

p-toluenesulfonyl chloride*® and chloroacetylated pB-cyclodextrins®
initiators. More recently, DMAEMA has been polymerized at high temperatures
with CuBr and PMDETA, forming polymers with narrow molecular weight
distributions**¢.  However, the kinetic data using PMDETA as a ligand that
was scarcely reported in the literature did not show any significant differences
between the dispersities of polymers prepared with several amine based lig-
ands (2,2"-bipyridine (bpy), N,N,N’,N’-tetramethylethylenediamine (TMEDA),
N,N,N’,N”,N”-pentamethyldiethylenetriamine (PMDETA) or 1,1,4,7,10,10-
hexamethyltriethylenetetramine (HMTETA)).

Block copolymers with PDMAEMA segments are of interest for biomedical use'®.
ATRP of DMAEMA initiated from poly(ethylene glycol) (PEG) initiators has been
proposed due to the compatibility of PEG with biological systems**#”. The ATRP
of DMAEMA initiated with hydrophobic macroinitiators, such as with poly(n-butyl
methacrylate)*®, poly(fluorene)*? and polycaprolactone (PCL), has also been stud-

ied, typically forming block copolymers with broad molecular weight distributions.
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Cholesterol (CHO) based initiators were used for the preparation of the PDMAEMA-
based self-assembled system in gene carrying applications, due to the combination
of the cationic nature of PDMAEMA and the lipid nature of cholesterol®). However,
ATRP of DMAEMA using a cholesteryl-2-bromoisobutyrate initiator has not yet been
reported.

In this Chapter, the influence of solvent and temperature on the kinetics of ATRP
of DMAEMA with a PMDETA /CuBr catalyst was evaluated as it provides a facile
procedure for the preparation of PDMAEMA-based block copolymers suitable for
self-assembled structures. However, considering the relevance of PDMAEMA for
biomedical applications, the overall objective was to identify an alternative ATRP
catalytic system for polymerization of DMAEMA, based on a more biocompatible
catalyst system comprising Fe(0) and very low amounts of CuBr, deactivator. ATRP
of DMAEMA was initiated using initiators of biomedical relevance, such as PEG and
cholesterol. In this work, the successful ambient temperature ATRP of DMAEMA in
a mixture of alcohol-water with Fe(0)/CuBr, /PMDETA catalyst under mild reaction

conditions, relevant for some biomedical applications, was reported.

2.3 Experimental

2.3.1 Materials

DMAEMA (Aldrich, 98%) was passed over a sand/alumina column before use in
order to remove radical inhibitors. Copper(I) bromide (CuBr) (Fluka, +98%), cop-
per(Il) bromide (CuBr;) (Acros, +99% extra pure, anhydrous), deuterated chloroform
(CDCl3) (Euriso-top, +1% TMS), 2-propanol (IPA) (Fisher Chemical), tetrahydrofu-
ran (THF) (Fisher Chemical), ethyl 2-bromoisobutyrate (EBiB) (Aldrich, 98%), PS
standards (Polymer Laboratories) (Acros, 99%, ~70 mesh), PMDETA (Aldrich, 99%),
HMTETA (Aldrich, 97%), iron powder (Fe(0)), cholesterol (CHO) (Sigma-Aldrich,
95%), a-bromoisobutyryl bromide (BBiB) (Aldrich, 98%) and magnesium sulfate
(Sigma-Aldrich, +97%) were used as received. Milli-Q water (Milli-Q®, Millipore,
resistivity >18 M() cm) was obtained by reverse osmosis. High-performance liquid

chromatography (HPLC) THF (Panreac, HPLC grade) was filtered under reduced
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pressure before use. Dichloromethane (DCM) (Fisher Scientific, +99.6%) was dried
and distilled over calcium hydride. Poly(ethylene glycol) monomethyl ether (mPEG)
(Aldrich, M, 5,000 g.mol!) was dried by azeotropic distillation with toluene. Triethy-
lamine (TEA) (Sigma-Aldrich, 96%) was distilled and stored over molecular sieves.
4-Dimethylaminopyridine (DMAP) (Sigma-Aldrich, +99%) was recrystallized from
toluene. MegTREN®Y and bromo-telechelic mPEG macroinitiator (mPEG-Br)> were

synthesized according to procedures described in the literature.

2.3.2 Methods

2.3.2.1 Synthesis of cholesteryl-2-bromoisobutyrate (CHO-Br)

Cholesteryl-2-bromoisobutyrate was synthesized through an adaption of the synthe-
sis of Br-PEG-Br in the literature®. 4-Dimethylaminopyridine (4.5 g, 37.5 mmol),
dry dichloromethane (50 mL) and triethylamine (3.5 mL, 25 mmol) were placed into
a 500 mL flask. A solution with 2-bromoisobutyryl bromide (7.7 mL, 62.5 mmol)
and dry dichloromethane (50 mL) was added dropwise. When the addition was fin-
ished, a solution of cholesterol (CHO) (4.8 g, 12.4 mmol) and dry dichloromethane
(250 mL) were added dropwise over a period of 30 min, in a dry ice bath. The re-
sulting solution was further refluxed under nitrogen. After 24 h, there was a yellow
dispersion, which was further washed with sodium chloride saturated aqueous so-
lution. Magnesium sulphate was then added, and the final solution was filtered and
concentrated. The cholesteryl-2-bromoisobutyrate (CHO-Br) product was recovered
by precipitation in ethanol, leading to a white precipitated that was collected and
dried in vacuum. The crude product was purified by recrystallization in ethyl ac-

etate/ethanol (95/5, v/v). The 'H NMR and FTIR-ATR spectra are shown in Figures
and [B.2| (Appendix B - Supporting Information), respectively.

2.3.2.2 Typical procedure for the [Fe(0)]o/[CuBr]lo/[PMDETA], = 1/0.1/1.1 catalyzed
ATRP of DMAEMA

A typical procedure for the [CuBr]o/[PMDETA]y = 1/1 catalyzed ATRP of
DMAEMA was followed as reported in the literature®>.
A mixture of DMAEMA (6.0 mL, 35.61 mmol), Fe(0) (44.2 mg, 0.79 mmol) and CuBr»
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(17.7 mg, 0.079 mmol) was placed in a Schlenk tube reactor. The sample was first
stirred and then frozen in liquid nitrogen. Subsequently, a mixture of EBiB (154.3
mg, 0.79 mmol), PMDETA (150.8 mg, 0.87 mmol), IPA (5.4 mL) and Milli-Q water
(0.6 mL) (previously bubbled with nitrogen for about 15 minutes) was added, under
nitrogen atmosphere, to the reactor. The Schlenk tube reactor containing the reaction
mixture was deoxygenated with four freeze-vacuum-thaw cycles and purged with ni-
trogen prior to being placed in a pre-heated oil bath at the reaction temperature with
magnetic stirring. Aliquot samples were taken during the polymerization using an
airtight syringe and purging the side arm of the Schlenk tube reactor with nitrogen.
The samples were analyzed by 'H NMR spectroscopy to determine the monomer
conversion and by SEC to determine the molecular weight and molecular weight
distribution of the polymer samples. PDMAEMA was precipitated in n-hexane, re-
dissolved in THF and passed through a silica column to remove the metal catalysts.
The sample was concentrated under reduced pressure and then re-precipitated in

n-hexane. The final product was obtained by drying overnight under vacuum at 40

°C.

2.3.2.3 Size exclusion chromatography

Size-exclusion chromatography (SEC) analysis was performed using high perfor-
mance size-exclusion chromatography (HPSEC); Viscotek (ViscotekTDAmax) with
a differential viscometer (DV); right-angle laser-light scattering (RALLS, Viscotek);
low-angle laser-light scattering (LALLS, Viscotek) and refractive index (RI) detec-
tors. The column set consisted of a PL 10 mm guard column (50 x 7.5 mm?) fol-
lowed by one Viscotek T200 column (6 ym), one MIXED-E PLgel column (3 pm)
and one MIXED-C PLgel column (5 ym). A HPLC dual piston pump was set with
a flow rate of 1 mL.min"'. The eluent (HPLC THF) was previously filtered through
a 0.2 ym filter. The system was also equipped with an on-line degasser. The tests
were conducted at 30 °C using an Elder CH-150 heater. Before injection (100 uL), the
samples were filtered through a poly(tetrafluoroethylene) (PTFE) membrane with
0.2 ym pore. The system was calibrated with narrow PS standards. The dn/dc
of PDMAEMA in THF was assumed to be 0.084 mL.g™, in accordance with previ-
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ously reported data®*. The number-average molecular weight My, sec) and D of the
synthesized polymers were determined by multidetector calibration using OmniSEC
software version: 4.6.1.354. For PDMAEMA block copolymers, M,, sgc and D values
were determined by conventional calibration with PS standards between 1,820 and

96,000 g.mol .

2.3.2.4 Nuclear magnetic resonance spectroscopy

400 MHz 'H nuclear magnetic resonance (NMR) spectra of samples of the reac-
tion mixture were recorded on a Bruker Avance III 400 MHz spectrometer, with a
5 mm TXI triple resonance detection probe, in CDCl; with tetramethylsilane (TMS)
as an internal standard. Conversion of monomers was determined by integration of

monomer and polymer peaks using MestReNova software version: 6.0.2-5475.

2.3.2.5 Matrix-assisted laser desorption ionization time-of-flight mass spec-

troscopy

The PDMAEMA samples were dissolved in THF at a concentration of 10 mg.mL"!
for the matrix-assisted laser desorption ionization time-of-flight mass spectroscopy
(MALDI-TOF MS) analysis and 2,5-dihydroxybenzoic acid (DHB) and a-cyano-4-
hydroxycinnaminic acid (HCCA) were used as the matrix. The dried-droplet sample
preparation technique was used to obtain 1/1 ratio (sample/matrix); an aliquot of
1 uL of each sample was directly spotted on the MTP AnchorChip TM 600/384 TF
MALDI target, Bruker Daltonik (Bremen, Germany) and, before being dried 1 uL of
matrix solution in THF was added and the sample was allowed to dry at room tem-
perature to allow matrix crystallization. External mass calibration was performed
with a peptide calibration standard (PSCII) for the range 700-3,000 (nine mass cali-
bration points); 0.5 uL of the calibration solution and the matrix previously mixed in
an Eppendorf tube (1/2, v/v) were applied directly on the target and allowed to dry
at room temperature. Mass spectra were recorded using an Autoflex III smartbeam
MALDI-TOF-MS mass spectrometer Bruker Daltonik (Bremen, Germany) operating
in the linear positive ion mode. Ions were formed upon irradiation by a smartbeam

laser using a frequency of 200 Hz. Each mass spectrum was produced by averaging
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2,500 laser shots collected across the whole sample spot surface by screening in the
range m/z 1,500-17,850. The laser irradiance was set to 35-40% (relative scale 0-100)
arbitrary units according to the corresponding threshold required for the applied

matrix systems.

2.3.2.6 Fourier transform infrared spectroscopy

Infrared attenuated total reflection (FTIR-ATR) spectroscopy (Jasco, model 4000, UK)

was performed at 64 scans and with a 4 cm™! resolution between 500 and 3,500 cm™.

2.4 Results and discussion

The first report on ATRP of DMAEMA employed CuBr complexed
with ~ various nitrogen based ligands: 2,2"-bipyridine, = PMDETA,
1,1,4,7,10,10-hexamethyltriethylenetetramine (HMTETA) and N,N,N’,N’-
tetramethylethylenediamine (TMEDA)*. = Due to its commercial availability
and relatively low cost, PMDETA remains an attractive ligand for ATRP and,
recently, this ligand has been used for the synthesis of PDMAEMA based polymeric

materials®240oL

However, no kinetic data were reported, and in most cases, the
polymerizations were stopped at low conversions to avoid significant deviation from
the living character.

Figure 2.1 presents the kinetics of ATRP of DMAEMA performed at 60 °C in the
presence of THF or IPA solvents.

The results show that reasonable control over molecular weight was achieved
when THF was used as the solvent. However, monomer conversion was limited to
approximately 55% and it was not possible to decrease the final value of D even for
polymer samples taken at low conversions, as reported by other authors for the same
reaction system*>. When IPA was used as solvent the initial rate of polymerization
was higher than that in THF, but final monomer conversion in IPA was nearly com-
plete. For both solvents, the deviation from the linear behavior of the In[M]y/[M]
vs. polymerization time curve indicates that the concentration of active chains was

strongly reduced, suggesting that termination is taking place during polymerization.

In THE this deviation from the living character starts at lower conversions (40-50%)
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Figure 2.1: (a) Kinetic plots of conversion and In[M]y/[M] vs. time and (b) plot
of number average molecular weights (M, sgc) and D (My/M,;) vs.  conversion (%)
for ATRP of DMAEMA at 60 °C. Conditions: [DMAEMA]y/[solvent] = 1/1.25 (v/v);
[DMAEMA]y/[EBiB]g/[CuBr]o/[PMDETA] = 50/1/1/1 (molar), in THF or IPA.

as compared to IPA (60-70%). This is concurrent with the increase of the D values

with the monomer conversion (Figure [2.1] (b)).
SEC traces of PDMAEMA prepared in IPA at 60 °C at different reaction times

(and, thus, at different conversions) are provided in Figure
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Figure 2.2: SEC traces of PDMAEMA samples taken at different reaction times. Conditions:
[DMAEMA]y/[IPA] = 1/1.25 (v/v); [DMAEMA]y/[EBiB]o/[CuBr]o/[PMDETA] = 50/1/1/1

(molar); T = 60 °C.

The overlap of the trace tailing for higher retention volumes suggests that there
is a significant contribution of chain breaking reactions, which can explain the pro-
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gressive increase in the D values as monomer conversion increases.

It has been reported that the addition of small amounts of water to a CuBr-
catalyzed ATRP in IPA media can improve the level of control attained in polymer-
ization and significantly decrease the D values™. Additionally, it has been suggested
that an increase in the rate of ATRP of DMAEMA in the presence of water could
reduce undesired Cu(I)-catalyzed transesterification reactions of DMAEMA with al-
cohols, avoiding the need of use of high temperatures=®. Therefore, the effect of
using 10% of water in IPA medium at 60 °C and 25 °C was evaluated (Figure
and Figure respectively). The results confirmed that the presence of water can
effectively increase the polymerization rate at 60 °C, but a decrease in the D values

could only be achieved when the polymerization temperature was reduced to 25 °C.

In addition, a catalytic system based on Fe(0) was studied as an alternative for
ATRP of DMAEMA using CuBr. The use of zero-valent metals, namely Fe(0), in
the presence of small amounts of CuBr; deactivator for ATRP under ambient tem-
perature conditions using different solvents was previously reported for different
monomers18 but, to the best of our knowledge, there are no reports available in
the literature regarding DMAEMA. The stringent control reported with this catalytic
system combined with the attractive environmental characteristics of water/alcohols
media suggests that this may be an interesting system for the ATRP of monomers
that are used in biomedical applications, since iron is a biocompatible metal and,
thus, polymer purification processes are less demanding and the alcohol-based sol-

vent media is preferable.

In Figure the results of the ATRP of DMAEMA mediated with the Fe/Cu
mixed transition metal system and CuBr/PMDETA alone is compared (60 °C in
IPA/H,0O media). The kinetic plots show that when water was added to the CuBz-
mediated ATRP, the rate of polymerization significantly increased, but deviates sig-
nificantly from optimum control, leading to formation of polymers with high D val-
ues. Interestingly, when the same solvent and temperature conditions were applied
on the ATRP of DMAEMA catalyzed by Fe(0)/CuBr,/PMDETA, higher monomer

conversion and low D values were observed.

The effect of ATRP temperature on the livingness of polymerization was also ex-
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Figure 2.3: (a) Kinetic plots of conversion and In[M]y/[M] vs. time and (b) plot of num-
ber average molecular weights (M, sgc) and D (My,/M,;;) vs. conversion (%) for ATRP of
DMAEMA at 60 °C in IPA /H,0. Conditions: [DMAEMA]/[IPA]/[H,0] =1/0.9/0.1 (v/v);
[DMAEMA]y/[EBiB]y/[CuBr]y or [Fe(0)]o/[CuBr;]y)/[PMDETA] = 45/1/(1 or 1/0.1)/(1 or
1.1) (molar).

amined (for both catalytic systems - CuBr and Fe(0)/CuBry). Figure [2.4| presents the
kinetic data of the ATRP of DMAEMA in IPA/H,O (9/1 (v/v)) at room temperature

using these catalysts.
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Figure 2.4: (a) Kinetic plots of conversion and In[M]o/[M] vs. time and (b) plot of num-
ber average molecular weights (M, sgc) and B (My,/M,,) vs. conversion (%) for ATRP of
DMAEMA at 25 °C in IPA/H,0. Conditions: [DMAEMA],/[IPA]/[H,0] =1/0.9/0.1 (v/v);
[DMAEMA],/[EBiB]o/[Fe(0)]o/[CuBr;]y or [CuBr]yg)/[PMDETA] = 45/1/(1/0.1 or 1/(1.1 or
1)) (molar).

For both systems, as expected, there was a very significant decrease in the poly-
merization rate. Moreover, an induction period was also observed, which delayed

the progress of the polymerization. For the Fe(0)/CuBr; catalytic system, the induc-
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tion period is slightly higher than one hour, as indicated by the inset graph in Figure
This period was significantly longer for the CuBr-catalyzed system, leading, in
combination with the much slower polymerization rate, to very long polymeriza-
tion times. After the induction period, a linear dependence of the In[M]y/[M] on
the polymerization time was observed, and low D values could be observed at all
conversions. The lower D values, when compared to the polymerizations that were
carried out at higher temperatures, indicate that an improved level of control over
PDMAEMA chain growth was achieved. The rate of polymerization with the Fe(0)-
based catalytic system was more than ten times faster than for the CuBr mediated
system, achieving nearly full conversion of DMAEMA in only a few hours, while
forming PDMAEMA with low D values. In fact, for the Fe(0)-mediated DMAEMA's
ATRP, very low D values were obtained even for monomer conversions as high as
93%, which suggests that deviations from ”“living” polymerization conditions are

negligible.

Figure also highlights the fact that the Fe(0)-based catalyst system signifi-
cantly improved the level of control over the chain growth process when compared
to the CuBr/(THF and IPA) systems (Figure [2.I), which are typically reported in
the literature®#%°1 for the preparation of PDMAEMA segments. This is indicated
by the linearity of the conversion and narrow molecular weight distribution curves
(compare Figures [2.2| and after the induction period, and the fact that polymers
displaying low dispersities are obtained even at high conversions. The observed
induction period may be attributed to the significant rate of deactivation at the be-
ginning of the polymerization due to the presence of Cu(Il), whereas the deviation
from linearity in CuBr systems at high monomer conversion reflects a significant
decrease of active species®”. Improved control in Fe(0)/CuBr, supplemental activa-
tor and reduction system allowed achieving low dispersities at all conversions and
significantly decreased the tailing observed in molecular weight distribution curves
(Figure 2.5). In addition to excellent control over reaction kinetics, the low cost and
environmental attractiveness of the materials used provide a great opportunity for
preparing PDMAEMA-based materials with well-defined structure under industri-

ally relevant conditions.
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Figure 2.5: SEC traces of PDMAEMA samples taken at different reac-

tion times. Conditions: [DMAEMA]y/[IPA]/[H, O] = 1/09/01 (v/v);
[DMAEMA],/[EBiB]o/[Fe(0)]o/[CuBr2]o/[PMDETA] = 45/1/1/0.1/1 (molar); T = 25
°C.

Since HMTETA has been suggested to be an excellent ligand for ATRP of
DMAEMA®!, the effect of this ligand in the Fe(0)/CuBr,/IPA/H,0 polymerization
system at 25 °C was further evaluated. Additionally, the use of lower amounts of
ligand was also evaluated. Figure shows that the use of either HMTETA or
PMDETA as ligands has little effect on the kinetics of ATRP of DMAEMA under

these reaction conditions.
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Figure 2.6: (a) Kinetic plots of conversion and In[M]y/[M] vs. time and (b) plot of num-
ber average molecular weights (M, sgc) and D (My,/M,;) vs. conversion (%) for ATRP of
DMAEMA at 25 °C in IPA/H;0. Conditions: [DMAEMA]y/[IPA]/[H,O0] =1/0.9/0.1 (v/v);
[DMAEMA]y/[EBiB]o/[Fe(0)]o/[CuBr2]o/[ligand] = 45/1/1/0.1/x (molar).
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The commercial availability of PMDETA makes this ligand a more suitable choice.
It is also noteworthy that the use of very low amounts of the ligand provides accurate

control over the ATRP of DMAEMA, and may be further optimized.

2.4.1 'H NMR and MALDI-TOF analyses

The  molecular  structure = of  PDMAEMA  obtained  using  the
[Fe(0)]o/[CuBr2]o/[PMDETA] catalyst system in isopropanol/water (9/1 (v/v))
at 25 °C was characterized by 'H NMR and MALDI-TOF MS analyses. Figure
presents the 'H NMR spectrum of the PDMAEMA samples. The peaks observed at
4.07 ppm (e) (2H, -OCH,CH;,N-), 2.58 ppm (f) (2H, -OCH,;CH,N-), 2.35-2.20 ppm
(g) (6H, -N(CH3),), 2.00-1.75 ppm (c) (2H, -CCH,C-) and 1.00-0.80 ppm (d) (3H,
-CCH3Br) are in agreement with the expected PDMAEMA chemical structure®.
Additionally, the methyl (CH3CH,O-) protons (a) from the EBiB initiator at 1.42
ppm can be observed in Figure 2.7|which allows one to estimate the number-average
molecular weight. On the basis of the integral ratio of peaks f and a, M,, = 7,745
g.mol! was calculated. The amount of active chain ends could not be determined
from 'H NMR analysis, since the protons in the PDMAEMA unit adjacent to the Br
chain end do not have a distinct signal that allows integration as a single unit.

Re-initiation experiments were performed to evaluate the livingness of
PDMAEMA chains prepared with the Fe(0)/CuBr,/PMDETA catalyst system in
IPA/H0 at 25 °C. Low molecular weight tailing observed in SEC curves with in-
creasing monomer conversion was attributed to the loss of bromine chain ends (that
increases with high conversions) (Figure . Therefore, re-initiation of PDMAEMA
was carried out using samples taken at different monomer conversions, 57% and
88%, to evaluate the effect of polymerization time on retained chain end function-
ality. Figure presents the SEC traces of original and re-initiated PDMAEMA
samples.

The results show that PDMAEMA samples could be re-initiated, but not com-
pletely. The estimated percentage of re-initiation was calculated to be 77% and 65%,
respectively, on the basis of ratio of the RI signals area, for samples taken at 57% and

88% of monomer conversion. Therefore, the fraction of polymers successfully re-
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Figure 2.7: 'H NMR spectrum (CDClz, 400 MHz) of PDMAEMA (M, sgc = 11,239
Conditions: [DMAEMA]y/[IPA]/[H,O] = 1/09/0.1 (v/v);

g.mol'l, b = 1.21).
[DMAEMA],/[EBiB]y/[Fe(0)]o/[CuBr;]o/[PMDETA] = 45/1/1/0.1/1.1 (molar); T = 25 °C.
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Figure 2.8:
version values and of products of further reinitiation of those samples.
25 °C; for PDMAEMA macroini-

[DMAEMA]/[IPA]/[H0O] = 1/0.9/0.1 (v/v); T
tiator preparation: [DMAEMA]y/[EBiB]o/[Fe(0)]o/[CuBr;]o/[PMDETA] = 45/1/0.1/1/1.1
(molar) (samples taken at 57% and 88% conversions); for reinitiation experiments:
[DMAEMA]y/[PDMAEMA]y/[Fe(0)]o/[CuBr;]o/[PMDETA] = 225/1/0.1/1/1.1 (molar).
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initiated decreased with the conversion values at which PDMAEMA macroinitiators
were taken. This result corroborates the idea that the increasing tailing observed in
the SEC curves obtained for PDMAEMA with higher monomer conversion is related
to the loss of active chain ends functionality as the reaction progresses. It should
be further noted that PDMAEMA'’s re-initiation occurred at an extent that is signifi-

cantly greater than that for other reported systems>.

In MALDI-TOF MS experiments, two types of matrices, HCCA and DHB, were
tested but only the latter gave a clearly resolved spectrum (Figure 2.9).
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Figure 29: MALDI-TOF MS (a) in the linear mode (using DHB as matrix)
of PDMAEMA-Br; (b) Enlargement of the MALDI-TOF MS from m/z 1,900 to
2,700 of PDMAEMA-Br. Conditions: [DMAEMA],/[IPA]/[H,O] = 1/0.9/0.1 (v/v);
[DMAEMA]y/[EBiB]y/[Fe(0)]o/[CuBr;]o/[PMDETA] = 45/1/0.1/1/1.1 (molar); T = 25 °C.
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The MALDI-TOF MS of PDMAEMA-Br in the linear mode with m/z ranging from
1,500 to 8,000 and its enlargement of the 1,900-2,700 range are shown in Figure
(a) and (b), respectively. As expected, the series of main peaks are separated
by an interval corresponding to a DMAEMA repeating unit (157.21 mass units).
Regarding the m/z values, the identified peaks present a loss of HBr in the poly-
mer structure which has been reported in MALDI-TOF MS of acrylate-based poly-
mers produced by ATRPY¢2 The highest intensity peak (m/z 2,156.6) corresponds
to a DP = 13 DMAEMA repeating units polymer (EBiB + (DMAEMA), — HBr =
195.05 + 157.21 x 13 — (1.01 + 79.90) = 2,157.87).

2.4.2 Preparation of high molecular weight PDMAEMA

The Fe(0)-mediated ATRP catalyst system in IPA/H,O at room temperature was
further used to prepare high molecular weight PDMAEMA. Figure presents the
kinetic profile of ATRP of DMAEMA targeting a DP of 500.
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Figure 2.10: (a) Kinetic plots of conversion and In[M]y/[M] vs. time and (b) plot of num-
ber average molecular weights (M, sgc) and D (My,/M,;) vs. conversion (%) for ATRP of
DMAEMA at 25 °C in IPA/H;0. Conditions: [DMAEMA]y/[IPA]/[H,0] =1/0.9/0.1 (v/v);
[DMAEMA]y/[EBiB]y/[Fe(0)]o/[CuBr;]o/[PMDETA] = 500/1/1/0.1/1 (molar).

As expected, comparing with low targeting DPs (Figure 2.4 and Figure 2.6), the
rate of polymerization is significantly decreased, by about a factor of 20. Moreover,
the induction period increased to approximately 5 h compared to the induction pe-
riod of 1.4 h observed for a DP of 45. However, after 30 h the monomer conversion

reached 47%, and a PDMAEMA of approximately M,, = 186,000 g.mol'1 was ob-
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tained. These results demonstrate that this catalyst system can be used to prepare
high molecular weight PDMAEMA at reasonable monomer conversions. The final
dispersity (D = 1.41) is higher than that for the low molecular weight PDMAEMA,
but it is still an acceptable result, if one considers the very high monomer to initiator
ratios that were used in this polymerization.

The molecular weight distributions, determined from SEC analysis, for both DP
45 and DP 500 polymerizations are compared in Figure and provide evidence
of the possibility to use this catalytic system to prepare PDMAEMA'’s segments with

narrow My, distributions over a wide range of molecular weight values.
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Figure 2.11: Molecular weight distribution for PDMAEMA samples obtained with
Fe(0)/CuBr, /PMDETA in IPA /H,O at 25 °C for DP 45 and 500.

24.3 DMAEMA ATRP initiated with biocompatible mPEG and
CHO segments

The utility of the ATRP of DMAEMA mediated by Fe(0)/CuBr,/PMDETA in
IPA/H,O was expanded by use of a hydrophilic, biocompatible mPEG-Br initia-
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tor and a hydrophobic, CHO-Br initiator. It should be noted that ATRP initiated
with mPEG-Br was carried out at 50 °C, since the initiator is poorly soluble in IPA
at 25 °C. The procedure used to prepare the CHO-Br initiator was an adaptation
from a PEG-Br synthesis method used in the published literature®® and is provided
in the Appendix B - Supporting Information in addition to 'H NMR (Figure and
FTIR-ATR (Figure spectra.

The kinetics using mPEG and cholesterol based initiators is presented in Figure

2.12)
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Figure 2.12: (a) Kinetic plots of conversion and In[M]y/[M] vs. time and (b) plot of number
average molecular weights (M,, sgc) and D (My,/M,,) vs. conversion (%) in IPA/H,0O using
mPEG-Br or CHO-Br as ATRP initiators. Conditions: [DMAEMA]y/[IPA]/[H,O] =1/0.9/0.1
(v/v); [DMAEMA]y/[initiator]y/[Fe(0)]o/[CuBr;]o/[PMDETA] =90/1/1/0.1/1 (molar).

The kinetics of both polymerization reactions indicate that the polymerizations
proceed with only small deviations from linear kinetics. The induction period seems
to be negligible for ATRP of DMAEMA on the mPEG-Br initiated experiment, which
can be attributed to the higher reaction temperature. Comparing mPEG-Br initiated
DMAEMA ATRP with the reaction initiated with EBiB carried out at 60 °C using the
Fe(0)/CuBr; catalytic system (Figure [2.3), mPEG-Br provides an enhanced level of
control of ATRP over the full range of monomer conversion. However, towards the
end of the polymerization, D increased slightly to values close to 1.30. The ATRP
of DMAEMA initiated from CHO-Br proceeds at a slower rate than the reaction
initiated with mPEG-Br. This observation can be attributed to the lower temperature
used and to the lower solubility of CHO-Br in the reaction medium. The poor CHO-

Br solubility was expected to lead to poor initiation efficiency and it may explain the
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much higher M,, values that were determined by the SEC of samples taken during
this polymerization, as shown in Figure (b).

In spite of the solubility issues, ATRP of DMAEMA initiated with PEG-Br or
CHO-Br displayed the characteristics of well-controlled copolymerization using the
much more environmentally friendly catalytic system and a solvent medium than
the systems traditionally used for ATRP. Figure compares the molecular weight
distribution of the PDMAEMA initiated with EBiB with those of the polymers initi-
ated with mPEG-Br and CHO-Br. The curves support the narrow molecular weight

distribution obtained with this catalytic system for any of the products.

"""" EBiB-PDMAEMA, Mn = 14,000 g.mol'l, BD=113
PEG-PDMAEMA, Mn = 10,000 g.mol'l, D=136
——— CHO-PDMAEMA, Mn = 48,000 g.mol'l, D=1.23

1x10° 10x10° 100x10° 1x10°

My SEC

Figure 213: SEC traces of PDMAEMA using mPEG-Br, CHO-Br or EBiB as
ATRP initiators. Conditions: [DMAEMA]y/[IPA]/[H,O] = 1/0.9/0.1 (v/v);
[DMAEMA]p/[initiator]y/[Fe(0)]o/[CuBr;]o/[PMDETA] =90/1/1/0.1/1 (molar).

'H NMR analysis of the polymers was carried in order to compare the integrals
of the macroinitiator with those of PDMAEMA. Figure presents the 'H NMR
spectra of PEG-PDMAEMA (A) and CHO-PDMAEMA (B) prepared at 25 °C with
the Fe(0)/CuBr, /PMDETA catalyst system. As mentioned above, relative intensities
of the signals at 4.07 ppm (a), 2.58 ppm (b), 2.35-2.20 ppm (c), 2.00-1.75 ppm (d) and
1.10-0.80 ppm (e) are in agreement with the expected PDMAEMA chemical structure
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and are visible in both spectra.
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Figure 2.14: 'H NMR spectrum (CDClz, 400 MHz) of PDMAEMA-based polymers: (A)
mPEG-b-PDMAEMA and (B) CHO-PDMAEMA. Conditions: [DMAEMA],/[IPA]/[H,0]
=1/0.9/0.1 (v/v), [IDMAEMA],/[initiator]y/[Fe(0)]o/[CuBr;]o/[PMDETA] = 90/1/1/0.1/1
(molar).

In the 'H NMR spectrum of PEG-PDMAEMA (Figure (A)), the sharp sig-
nal at 3.65 ppm (f) was attributed to the ethylene protons of the ethylene glycol
(-O(CH3),0-) and the signal at 3.35 ppm (g) belonged to methyl protons of a CH30-
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unit in PEG. In the 'H NMR spectrum of CHO-PDMAEMA (Figure (B)), the
signals at 5.45 (f) and 1.85 (g) ppm correspond to -CH=C- and (CH3),-C- units of
the cholesterol initiator, respectively (Appendix B - Supporting Information). Since,
mPEG’s number-average molecular weight is known, 5,000 g.mol! (DP 113), the av-
erage number DP of the PDMAEMA segment on the basis of 'H NMR analysis is
estimated to be 89, giving a final product of M, = 19,000 g.mol™?. Integration of
cholesteryl and PDMAEMA signals (respectively, (f) and (a)) gives an estimation of
the number-average molecular weight of CHO-b-PDMAEMA as 109,653 g.mol™!. Dif-
ferences from the values estimated based on the SEC system can be attributed to the
difficulty of comparing PDMAEMA and cholesteryl segments due to the very low

intensity of 'H signals of cholesteryl segments.

The kinetic parameters obtained for the different catalytic systems and conditions

used for the DMAEMA'’s polymerizations are summarized in Table 2.1

The results presented in Table2.1|evidence that, independently of the polymeriza-
tion conditions (solvent and temperature), when compared to CuBr, the Fe(0) / CuBr»-
mediated catalyst system allows the DMAEMA’s ATRP to reach very high conver-
sions, while affording PDMAEMA with low D values. Polymerization control de-
creased for the preparation of high molecular weight PDMAEMA with PEG and
CHO segments, but still with acceptable D values.

Table 2.1: Molar mass and D of PDMAEMA obtained by ATRP (monomer/solvent ratio 1:1
(V/v)).

ATRP system Molar ratio Solvent T (°C) Conv. (%) M'E] b

DMAEMA /EBiB/CuBr/PMDETA 50/1/1/1 THF 60 52 6,185 1.45
DMAEMA /EBiB/CuBr/PMDETA 50/1/1/1 IPA 60 92 12,499 157
DMAEMA /EBiB/CuBr/PMDETA 45/1/1/1/1 IPA/ qug 60 96 12,078 147
DMAEMA /EBiB/CuBr/PMDETA 45/1/1/0.1/1.1 IPA/HO 60 83 10,325 1.25
DMAEMA /EBiB/Fe(0)/CuBr, /PMDETA 45/1/1/01/11 IPA/H,O! 60 96 14,035 1.22
DMAEMA /EBiB/Fe(0)/CuBr, /PMDETA 45/1/1/0.1/11 IPA/H,O! 25 93 14,016 1.13
DMAEMA /EBiB/Fe(0)/CuBr,/HMTETA 45/1/1/0.1/11 IPA/H,O! 25 90 14,499 1.14
DMAEMA /EBiB/Fe(0)/CuBr,/JHMTETA 45/1/1/0.1/01 IPA/H,O! 25 89 15,877 1.10
DMAEMA /EBiB/Fe(0)/CuBr, /PMDETA 500/1/1/0.1/1.1 IPA/H20b 25 47 185,635 1.41
DMAEMA /mPEG-Br/Fe(0)/CuBr,/PMDETA 90/1/1/0.1/1.1 IPA/H,O! 50 96 19,282 1.28
DMAEMA /CHO-Br/Fe(0)/CuBr,/PMDETA  90/1/1/0.1/1.1 IPA/HZOb 25 81 47,716  1.23

e mol!

bIPA/water =9/1(v/v)

“monomer/solvent = 1/2 (v/v)
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2.5 Conclusions

To conclude, it was reported on the ATRP of DMAEMA, using the environmen-
tally friendly Fe(0)-mediated catalytic system, containing residual amounts of cop-
per and economically attractive PMDETA ligand in isopropanol/water medium. The
PDMAEMA obtained had relatively narrow molecular weight distribution. When
compared to the conventionally used CuBr-mediated catalyst system, the new cat-
alytic system resulted in greater polymerization rates, higher monomer conversion,
and significantly lower dispersity values at all conversions. Improved control was
achieved when the polymerization temperature was decreased from 60 °C to 25 °C,
while maintaining reasonable polymerization rates; no significant differences were
found when HMTETA was used as the ligand. The Fe(0)/CuBr,/PMDETA catalyst
system could be further used to prepare high molecular weight PDMAEMA and
biorelevant PEG-b-PDMAEMA and CHO-b-PDMAEMA polymers of narrow molec-

ular weight distributions.
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3.1 Abstract

This Chapter reports the synthesis of a new cationic triblock copolymer based on
poly[2-(dimethylamino)ethyl methacrylate] (PDMAEMA) and poly(B-amino ester)
(PBAE) from different polymerization strategies. For the first time, it is proposed a
triblock copolymer based only on cationic segments, aiming a high biocompatibility,
enhanced buffering capacity and stimuli-responsive character in a single structure.
The new block copolymer successfully condensed the plasmid DNA (pDNA) into
nanosized (< 200 nm) polyplexes. The polyplexes were tested as non-viral gene
delivery systems in two different cell lines revealing ~4-fold and ~6-fold (in HeLa
cells), and ~11-fold (in COS-7 cells) higher transgene expression than branched PEI
(25,000 g.mol!) and TurboFect™, respectively. These results show that the new
block copolymer PDMAEMA-b-PBAE-b-PDMAEMA is a promising candidate to be

used as a polymeric non-viral vector.

3.2 Introduction

In the past two decades, cationic polymers have attracted increasing attention for
biomedical applications™. This growing interest is closely related to the fact that
these polymers, with high density of positive charges, have been considered as a
safer alternative to viral vectors for nucleic acid delivery’*. As examples of the most
used cationic polymers for gene delivery are chitosan, poly(L-lysine), polyethylen-
imine (PEI), poly[2-(dimethylamino)ethyl methacrylate] (PDMAEMA) and, more re-
cently, poly(B-amino ester) (PBAE)%. Although much effort have been placed in the
development of new synthetic polymeric non-viral vectors, generally they do not
possess the transfection activity of the viral vectors®.

PDMAEMA, a dual-responsive polymer (temperature and pH), has been widely

used in the gene delivery area™™

since its first use as a gene transfection system
in 1996 by Cherng”. Since then, several studies were performed to evaluate dif-
ferent aspects on the transfection efficiency of this polymer, such as, the role of
molecular weight, polyplex size, and transfection parameters as pH, ionic strength,

temperature, viscosity, polymer/plasmid (N/P) ratio, and the presence of stabiliz-
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erst’. Among these, the molecular weight has been considered as one of the most
important aspects on transfection activity?’*12. It has been reported that PDMAEMA
with higher molecular weight leads to smaller polyplexes that are more efficient in
transfection. Neverthless, it is also showed to be more cytotoxic than polymers with
low molecular weight!V. In the last two decades, efforts have been made to prepare
PDMAEMA with controlled structure and low dispersity (D) using reversible deac-
tivation radical polymerization (RDRP) methods'*!€. In Chapter [2 was reported the
synthesis of PDMAEMA by atom transfer radical polymerization (ATRP) under mild
reaction conditions and using biological relevant initiators, based on poly(ethylene

glycol) (PEG) and cholesterol.

Poly(B-amino ester) (PBAE) is a recently explored synthetic, hydrolytically

17118

biodegradable and biocompatible polymer as gene carrier*~*°. This polymer can

be easily synthesized by a Michael addition reaction between primary amine or

bis(secondary amine) monomers and diacrylates'®4?.

PBAE contains easily hy-
drolyzable esters linkages in their backbone resulting in bis(8-amino acid) and diol
fragments1718, The physicochemical properties of the PBAE, such as charge density,
water solubility, crystallinity, and degradation profile, can be synthetically adjusted
to meet the specific requirements of several applications due to the wide range of
amines and diacrylates available as monomers buildings?’. One of the most studied
PBAE is the one prepared from 1,4-butanediol diacrylate and 5-amino-1-pentanol,

usually referred as C32, due to its excellent biocompatibility and both in vitro and in

vivo high DNA transfection activity'”.

Recently, the use of copolymers combining polymers with different properties
has been explored in order to achieve novel targeted gene delivery systems?!. The
combination of PDMAEMA and PBAE opens the possibility of using a unique poly-
mer as a non-viral carrier with high positive charge density and stimuli-responsive
properties. Moreover, the introduction of PBAE may bring to the polymeric structure
improved degradability characteristics and, consequently, enhanced biocompatibil-
ity. As mentioned above, the molecular weight and chain lenght of a cationic poly-
mer have a significant effect on transfection activity, namely in the cellular uptake,

endosomal escape, DNA unpacking and nuclear internalization, and mainly, in the
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produced cytotoxicity®42. Thus, introducing a degradable cationic segment in mid-
dle of the polymeric chain may permit to obtain materials with a low cytotoxicity
associated with a high gene delivery capacity.

In this Chapter, it is proposed a simple method for the synthesis of the first
entirely cationic triblock copolymer based on stimuli-responsive PDMAEMA and
C32-based PBAE segments. The cationic block copolymer PDMAEMA-b-PBAE-b-
PDMAEMA was assessed as a plasmid DNA delivery system in HelLa and COS-7
cell lines and compared with the gold standard for polymeric gene carriers, the
branched PEI (25,000 g.mol!), and with a commercial linear cationic polymeric non-

viral vector, the TurboFect™, in order to demonstrate its suitability for gene delivery.

3.3 Experimental

3.3.1 Materials

5-amino-1-pentanol (Alfa Aesar, 97%), 1,4-butanediol diacrylate (Alfa Aesar, +99%),
propargylamine (Sigma-Aldrich), copper (II) bromide (CuBrp) (Acros, +99% extra
pure, anhydrous), 2-(2-chloroethoxy)ethanol (Sigma Aldrich, 99%), polystyrene (PS)
standards (Polymer Laboratories), (Acros, 99%, ~70 mesh), PMDETA (Aldrich, 99%),
iron powder (Fe(0)), a-bromoisobutyryl bromide (Sigma Aldrich, 98%), sodium azide
(Panreac, 99% PS), 2-propanol (Fisher Chemical), THF (Fisher Chemical), ethyl ac-
etate (Fisher Chemical), diethyl ether (Fisher Scientific)) DMSO (Acros Organics,
+99.8%, extra pure), deuterated chloroform (CDCl3) (Euriso-top, +1%TMS) and deu-
terium oxide (D,0O) (Euroiso-top, +99.9%D), Dulbecco’s Modified Eagle’s Medium -
high glucose (DMEM-HG) (Sigma-Aldrich), resazurin sodium salt (Sigma-Aldrich),
DL-dithiothreitol (Sigma), tris-phosphate (Sigma), ethylenediaminetetraacetic acid
(EDTA) (Sigma-Aldrich), magnesium chloride (MgCl,) (Sigma), glycerol (Sigma),
Triton™ X-100 (Sigma), bovine serum albumin (BSA) (Sigma), boric acid (Sigma-
Aldrich), D-luciferin sodium salt (Synchem, 99%), DC™ Protein Assay (Bio-Rad),
plasmids encoding luciferase DNA (pCMV.Luc) (Vical), TurboFect™ (a kind gift
from Thermo Scientific), PEI (branched, M,, 25,000 g.mol™) (Sigma), Hoechst (Sigma-
Aldrich), nucleic acid labeling kit Label IT®Cy5™ (Mirus Bio Corporation), Ficoll®
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400 (Sigma-Aldrich), bromophenol blue (Sigma-Aldrich), sodium dodecyl sulfate
(SDS) (Sigma-Aldrich) were used as received. Triethylamine (Sigma Aldrich, +99%)
was dried over CaH,, distilled and stored over molecular sieves. DMAEMA (Aldrich,
98%) was passed over a sand/alumina column before use in order to remove the
radical inhibitor. Milli-Q water (Milli-Q®, Millipore, resistivity >18 MQ cm) was
obtained by reverse osmosis. High-performance liquid chromatography (HPLC)
tetrahydrofuran (THF) (Panreac, HPLC grade) was filtered under reduced pres-
sure before use. Dichloromethane (DCM) (Fisher Scientific, +99.6%) was dried
and distilled over calcium hydride. Triethylamnine (TEA) (Sigma-Aldrich, 96%)
was distilled and stored over molecular sieves. 4-Dimethylaminopyridine (DMAP)
(Sigma-Aldrich. +99%) was recrystallized from toluene. 2-(2-Azidoethoxy)ethyl bro-
moisobutyrate (N3EiBBr) was prepared according to the procedure described in Ap-
pendix B - Supporting Information.

3.3.2 Methods

3.3.2.1 Synthesis of poly[2-(dimethylamino)ethyl methacrylate]-block-poly(p-
amino ester)-block-poly[2-(dimethylamino)ethyl methacrylate]

Synthesis of a,w-acrylate-poly(B-amino ester) through Michael addition reaction. 5-amino-
1-pentanol (1.5 g, 14.54 mmol) was weighed into an opaque vial and 1,4-butanediol
diacrylate (3.20 mL, 17.45 mmol) was added. A teflon-coated stir-bar was added,
the vial was sealed with a teflon-lined screw-cap, and the reaction was placed in a
pre-heated oil bath at 90 °C with stirring. After 24 h, the reaction was cooled down
to room temperature, precipitated and washed three times with cold diethyl ether.
Polymer was dried overnight at 40 °C under vacuum. Polymer was stored at -20 °C
until use.

Synthesis of a,w-alkyne-poly(B-amino ester) through Michael addition reaction. 1 g (0.31
mmol) of a,w-acrylate-poly(B-amino ester) (M, ymr = 3,212 gmol!), and 85.74 mg
(1.56 mmol) of propargylamine were dissolved in 1 mL of dry DMSO. The reaction
was carried out overnight under magnetic stirring (300 rpm) at room temperature.
Afterwards, the polymer was precipitated and washed three times with cold diethyl

ether. Polymer was dried overnight at 40 °C under vacuum. Polymer was stored at
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-20 °C until use.

Typical procedure for the synthesis of a-azide-poly[2-(dimethylamino)ethyl methacrylate] by
atom transfer radical polymerization (DP = 45) - [Fe(0)]o/[CuBr,]o/[PMDETA]y = 1/0.1/1.1.
a-Azide-poly[2-(dimethylamino)ethyl methacrylate] was prepared according to the a
previously reported procedure in Chapter 2l The synthesis of 2-(2-azidoethoxy)ethyl
bromoisobutyrate (N3EiBBr) is described in Appendix B - Supporting Information. A
mixture of DMAEMA (6.0 mL, 35.61 mmol), Fe(0) (44.2 mg, 0.79 mmol) and CuBr,
(17.7 mg, 0.079 mmol) was placed in a Schlenk tube reactor. The sample was first
stirred and then frozen in liquid nitrogen. Subsequently, a mixture of N3EiBBr (221.7
mg, 0.79 mmol), PMDETA (150.8 mg, 0.87 mmol) and isopropanol/water mixture
(9/1, v/v) (6 mL) (previously bubbled with nitrogen for about 15 minutes) was
added, under nitrogen atmosphere, to the reactor. The Schlenk tube reactor contain-
ing the reaction mixture was deoxygenated with three freeze-vacuum-thaw cycles
and purged with nitrogen. The Schlenk tube reactor was placed in a pre-heated bath
at 25 °C with stirring (700 rpm) for 2 hours. After the reaction was stopped, the
sample was precipitated in cold hexane, dialyzed against distilled water (dialysis

membrane, molecular weight cut off (MWCO) = 1,000 g.mol™!) and then lyophilized.

Typical procedure for the preparation of tri-block copolymer poly[2-(dimethylamino)ethyl
methacrylate]-block-poly(B-amino  ester)-block-poly[2-(dimethylamino)ethyl methacrylate]
(PDMAEMA-b-PBAE-b-PDMAEMA) by copper(I)-catalyzed azide-alkyne cycloaddition
click chemistry. a,w-Alkyne-PBAE (M, ymr = 2,700 g.mol, 100 mg, 0.04 mmol) and
an-azide-PDMAEMA (M,, ymr = 8,300 g.mol'l, 763 mg, 0.09 mmol) were placed in
a Schlenk tube reactor with 5 mL of isopropanol previously bubbled with nitrogen
for 15-20 minutes. PMDETA (22.3 mg, 0.128 mmol) and CuBr (18.5 mg, 0.128 mmol)
were dissolved in 2 mL of isopropanol and then added to the Schlenk tube reactor.
The mixture was deoxygenated with three freeze-vacuum-thaw cycles and purged
with nitrogen. The Schlenk tube reactor was placed in a pre-heated bath at 50 °C
with stirring (700 rpm) during 48 hours. The product was precipitated into cold ethyl
ether and then dialyzed against dry THF (dialysis membrane MWCO 3,500 g.mol™!)
during 24 hours. After concentration by rotary evaporation, the mixture was precip-

itated into methanol. The final product was dried overnight under vacuum at 40 °C.
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Block copolymer was storage at -20 °C until use.

3.3.2.2 Size exclusion chromatography

The chromatographic parameters of the samples were determined using high perfor-
mance size exclusion chromatography (HPSEC; Viscotek (Viscotek TDAmax)) with
a differential viscometer (DV); right-angle laser-light scattering (RALLS, Viscotek);
low-angle laser-light scattering (LALLS, Viscotek) and refractive index (RI) detectors.
The column set consisted of a PLgel 10 ym guard column (7.5 x 50 mm) followed
by one Viscotek T200 column (6 #m), one MIXED-E PLgel column (3 ym) and one
MIXED-C PLgel column (5 ym). HPLC dual piston pump was set with a flow rate

of 1 mL.min’!

. The eluent (THF) was previously filtered through a 0.2 um filter.
The system was also equipped with an on-line degasser. The tests were done at 30
°C using an Elder CH-150 heater. Before the injection (100 uL), the samples were
filtered through a polytetrafluoroethylene (PTFE) membrane with 0.2 ym pore. The
system was calibrated with narrow PS standards. The number-average molecular

weight (M,, sec) and D of synthesized polymers were determined by multidetectors

calibration using OmniSEC software version: 4.6.1.354.

3.3.2.3 Nuclear magnetic resonance spectroscopy

'H NMR (400 MHz) spectra of reaction mixture samples were recorded on a Bruker
Avance III 400 MHz spectrometer, with a 5-mm TXI triple resonance detection probe,
in CDCl3 or D,O with tetramethylsilane (TMS) as an internal standard. Conversion
of monomers was determined by integration of monomer and polymer signals using

MestReNova software version: 6.0.2-5475.

3.3.2.4 Fourier transform infrared spectroscopy

Fourier-transform infrared attenuated total reflection (FTIR-ATR) spectra were ac-
quired in the range of 500-4000 cm™, using a JASCO 4200 FTIR spectrophotometer
(Jasco, Japan) equipped with a single horizontal Golden Gate ATR cell, at 128 scans

and with a 4 cm™! resolution.
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3.3.2.5 Atomic absorption spectroscopy

An atomic absorption spectrometer 3300 (Perkin Elmer, USA) flame atomic absorp-
tion spectrometer was used for the analysis of residual copper content. The copper
hollow cathode lamp was run under the conditions suggested by the manufacturer
(current: 4.0 mA). Also, the wavelength (324.8 nm) and the bandwidth of the slit (0.7
nm) had conventional values. The flame composition was: acetylene (flow rate: 2.0
L.min) and air (flow rate: 10.0 L.min!). Aspiration flow rate was 5.0 L.min™!. At

least, eight measurements were taken for each sample.

3.3.2.6 Polymer buffering capacity

Potentiometric titration curves of polymers were obtained in Milli-Q water 3.5 (Ap-
pendix B - Supporting Information). The initial polymer solutions contain a fixed
amount of mass (25 mg) in a volume of 40 mL. Initially, the pH of the solution was
acidified with 2.35 mL of 1% HCI aqueous solution. The solution was then titrated
with 25 uL aliquots of 0.1 M NaOH. Titration curve of Milli-Q water (without the
presence of polymer) was used as background control. Measurements were taken
using a Crison Basic 20 pH meter (Crison, Allela, Spain). Buffer capacity was calcu-
lated using two different methodologies: by taking the ratio of total protons buffered
between pH 7.4 and 5.5 to the total amines of the polymer, and by taking the ratio of
protons buffered between 7.4 and 5.5 to total polymer mass. For pK, determination,
a correction of experimental errors during titration was carried out according a pre-
viously reported methodology?* (see corrected potentiometric titration curves in Fig-
ure (Appendix B - Supporting Information). Based on corrected curve, plots of the
degree of protonation of the amine groups («) according pH variation (Figure Ap-
pendix B - Supporting Information) was estimated using equation a(pH) = {[amine];.V; -
[NaOHIg amine(PH)-Vaine (PH) + [NaOHIo zoater (PH).Viaarer (PH)}/ {[amine];. V), where
[NaOH], denotes the nominal concentration of added NaOH (after correction) and
V the total volume of the solution at a given point of titration, and the subscripts,
amine, water, and i represent, respectively, the amine titration measurement, the wa-
ter titration measurement, and the initial condition of the titration experiments. The

pK,; was determined for a(pH) = 0.5.
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3.3.2.7 Matrix-assisted laser desorption ionization time-of-flight mass spec-

troscopy

For the matrix-assisted laser desorption ionization time-of-flight mass spectroscopy
(MALDI-TOF MS) analysis, the PBAE sample was dissolved in THF at a concen-
tration of 20 mg.mL"! and 2,5-dihydroxybenzoic acid (DHB) was used as the ma-
trix. The dried-droplet sample preparation technique was used to obtain 1/1 ratio
(sample/matrix); an aliquot of 2 uL of sample was directly spotted on the MTP An-
chorChip TM 600/384 TF MALDI target, Bruker Daltonik (Bremen Germany) and,
before the sample dried, 2 L of matrix solution in THF was added and the sample
was allowed to dry at room temperature to allow matrix crystallization. External
mass calibration was performed with a peptide calibration standard (PSCII) for the
range 700-3000 (nine mass calibration points), 0.5 uL of the calibration solution and
matrix previously mixed in an Eppendorf tube (1/2, v/v) were applied directly on
the target and allowed to dry at room temperature. Mass spectra were recorded
using an Autoflex III smartbeam MALDI-TOF-MS mass spectrometer Bruker Dal-
tonik operating in the linear positive ion mode. Ions were formed upon irradiation
by a smartbeam laser using a frequency of 200 Hz. Each mass spectrum was pro-
duced by averaging 2500 laser shots collected across the whole sample spot surface
by screening in the range m/z 421-5030. The laser irradiance was set to 35-40% (rel-
ative scale 0-100) arbitrary units according to the corresponding threshold required

for the applied matrix systems.

3.3.2.8 Thermogravimetric analysis

Thermogravimetric analysis (TA Instruments, Q500, USA) were carried out, in du-
plicate, from room temperature up to 600 °C, at a 10 °C.min"! heating rate, under a

dry nitrogen atmosphere (at 40 mL.min™) using approximately 5 mg of the sample.

3.3.2.9 Biological activity

The biological activity and cytotoxicity of the complexes prepared with the cationic
block copolymers PDMAEMA-b-PBAE-b-PDMAEMA and pCMV.Luc were evalu-

ated in the HeLa (human epithelial cervical carcinoma) and COS-7 (african green
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monkey kidney fibroblast-like) cell lines. Subculturing procedures for these cells are

described in Appendix B - Supporting Information.

Preparation of polymer-DNA complexes (polyplexes). Polymers were dissolved in Milli-Q
water and mixed with 1 ug of pCMV.Luc at the desired polymer/DNA (N/P, +/-)
charge ratio. The mixture was further incubated for 15 min at room temperature.

Complexes were used immediately after being prepared.

Cell viability assay. Cell viability under the different experimental conditions was
assessed, in parallel experiments, by a modified Alamar Blue assay>. Forty-seven
hours post-transfection, cells were incubated with DMEM containing 10% (v/v)
Alamar blue dye, prepared from a 0.1 mg/mL stock solution of Alamar Blue. After
1 hour incubation period at 37 °C, the absorbance of the medium was measured
at 570 nm and 600 nm in SPECTRAmax PLUS 384 spectrophotometer (Molecular
Devices, USA). Cell viability was calculated, as percentage of the non-transfected
control cells, according: (Aszg-Agpp) of treated cells x 100 / (Aszo-Aggo) of control

cells.

Transfection studies

- For luminescence evaluation of luciferase expression, HeLa (2x10* cells/well) or
COS-7 (3.5x10% cells/well) cells were seeded onto 48-well plates for 24 h prior to
incubation with polyplexes. Cells were used at 50-70% confluence and polyplexes
containing 1 ug of pCMV.Luc were added to cells previously covered with DMEM-
HG (without serum). After 4 h of incubation (in 5% CO, at 37 °C), the transfection
medium was replaced with DMEM-HG containing 10% (v/v) FBS and antibiotics,
and the cells were further incubated for 48 h to allow gene expression. The quan-
tification of luciferase expression in cell lysates was evaluated by measuring light
production by luciferase in a Lmax II 384 luminometer (Molecular Devices, USA).
Forty-eight hours post-transfection, cells were washed twice with PBS and 100 uL of
lysis buffer [1 mM dithiothreitol; ImM EDTA; 25 mM Tris-phosphate (pH 7.8); 8 mM
MgCly; 15% glycerol; 1% (v/v) Triton™ X-100] was added to each well. The protein

content of the lysates was measured by the DC™ Protein Assay reagent using BSA
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as a standard. The data were expressed as relative light units (RLU) of luciferase per
mg of total cell protein.

- For confocal laser scanning microscopy analysis of intracellular visualization of the
polyplexes, pDNA was labeled with the Label IT® Cy5™ labeling kit (Mirus Corp.,
USA) following to the manufacture’s protocols. HeLa cells were seeded at a density
of 35,000 cells per well and incubated for 24 h. Polyplexes prepared with Cy5-labeled
pDNA at N/P ratio of 25/1 were added to each well. After 4 h, cells were washed
with PBS buffer and the nuclear staining was done with the fluorescent dye Hoechst
333258 (1 ug.ml™) (Invitrogen Life Technologies, UK) for 5 min. The CLSM observa-
tion was performed using a Zeiss LSM 510 Meta microscope (Zeiss, Germany) with
Plan-Apochromat 63 x /1.4 oil DIC objective at excitation wavelengths of 408 nm for
Hoechst (blue) and 633 for Cy5 (far red).

3.3.2.10 Physico-chemical characterization of the polyplexes

Ethidium bromide intercalation assay. DNA condensation by PDMAEMA-b-PBAE-b-
PDMAEMA polyplexes was analyzed using an ethidium bromide (EtBr) exclusion
assay. Polyplexes were prepared and, after 15 minutes, 50 L of each sample was
transferred into a black 96-well plate (Costar, USA). Then, 50 uL of EtBr solution
was added to achieve a final EtBr concentration of 400 nM. Following 10 min of
incubation, fluorescence was measured in a SpectraMax Gemini EM fluorometer
(Molecular Devices, USA) at Agxec = 518 nm and A, = 605 nm. The fluorescence scale
was calibrated such that the initial fluorescence of EtBr (50 uL of EtBr solution were
added to 50 pL of Milli-Q water to achieve a final EtBr concentration of 400 nM) was
set at residual fluorescence. The value of fluorescence obtained with 1 ug of naked
DNA (control) was set as 100%. The amount of DNA available to interact with the
probe was calculated by subtracting the values of residual fluorescence from those

obtained for the samples and expressed as the percentage of the control.

Agarose gel electrophoresis assay. To evaluate the complexation of the DNA with
the copolymer an electrophoresis in agarose gel was performed. Polyplexes were

prepared and, after 15 minutes, 20 uL of each sample was added to 5 uL of loading
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buffer (15% (v/v) Ficoll® 400, 0.05% (w/v) bromophenol blue, 1% (w/v) SDS, 0.1 M
EDTA, pH 7.8). 20 uL of each blend were transferred to a 1% agarose gel prepared
in TBE solution (89 mM Tris-buffer (pH 8.6), 8 mM boric acid, 2.5 mM EDTA)
and containing 1 ug/mL of EtBr. The electrophoresis was set to 40 min at 80 mV.
Sample visualization takes place in a GelDoc® (BioRad®, USA) system using the
QuantityOne® program.

Dynamic light scattering and zeta potential analyses. Dynamic light scattering (DLS)
measurements were performed on a Zetasizer Nano-ZS (Malvern Instruments Ltd.,
UK). The particle size distribution (in intensity), average hydrodynamic particle size
average (z-average) and polydispersity index (PDI) were determined with Zetasizer
6.20 software. Measurements were made at 25 °C with a backward scattering angle
of 173 °. Zeta-potential measurements were performed using a Zetasizer Nano-ZS
(Malvern Instruments Ltd., UK), coupled to laser Doppler electrophoresis and
determined using Smoluchovski model. The polyplexes were prepared immediately
before analysis and three independent experiments were performed in triplicate for

size and zeta potential.

3.3.2.11 Statistical analysis

Data are presented as mean result & standard deviation (SD) and analyzed using
the IBM® SPSS® Statistics software (version 20). Statistical significance of diferences
between data was evaluated by one-way ANOVA using Bonferroni or Games-Howell

post-hoc tests. A p-value < 0.05 was considered as statistically significant.

3.4 Results and discussion

The PDMAEMA-b-PBAE-b-PDMAEMA cationic block copolymer was synthesized
via a four-step procedure as presented in Scheme Firstly, a,w-acrylate-PBAE
was synthesized by a Michael addition reaction between 5-amino-1-propanol and
an excess of 1,4-butanediol diacrylate (Scheme (@)). Acrylate-terminals were

further functionalized with propargylamine through a Michael addition reaction
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(Scheme (b)) to obtain a a,w-alkyne-PBAE homopolymer. PDMAEMA with
azide-terminal group was prepared by DMAEMA polymerization throughout ATRP
initiated process with N3EiBBr (Scheme (c)). The triblock copolymer, could
then be obtained by combination of «,w-alkyne-PBAE and a-azide-PDMAEMA us-
ing copper(I)-catalyzed azide-alkyne cycloaddition?®?”. In this work, two different
block copolymers were prepared: PDMAEMA3000-b-PBAE3000-b-PDMAEMA 3000 and
PDMAEMAgn00-b-PBAE3000-b-PDMAEM Agqp.
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Scheme 3.1: Synthesis of ABA type linear block copolymer via combining Michael addition
reaction, ATRP, and Cu-catalyzed click chemistry reactions: (a) Synthesis of &,w-acrylate-
PBAE by Michael addition reaction; (b) Terminal modification with propargylamine of «,w-
acrylate-PBAE by Michael addition; (c) Synthesis of PDMAEMA with azide-based initiator
through SARA-ATRP method; (d) Cu(I)-catalyzed Huisgen azide-alkyne 1,3-dipolar cycload-
dition reaction between a-azide-PDMAEMA and «,w-alkyne-PBAE.
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3.4.1 Synthesis of x-azide-PDMAEMA

a-Azide-PDMAEMAs were synthesized by ATRP according to Chapter [2 procedure.
A typical chemical structure analysis was assessed by 'H NMR (Figure and
FTIR-ATR (Figure spectra and its molecular weight distribution (Table 3.1) was
obtained from the SEC trace.
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Figure 3.1: '"H NMR spectrum (CDCl3, 400 MHz) of x-azide-PDMAEMA.

In Figure the signals observed at 4.07 ppm (2H, -OCH,CH,N-), 2.58 ppm
(2H, -OCHCH,N-), 2.35-2.20 ppm (6H, -N(CH3),), 2.00-1.75 ppm (2H, -CCH,C-)
and 1.10-0.80 ppm (3H, -CCH3Br) are in agreement with the expected PDMAEMA
chemical structure®®. In the FTIR-ATR spectra (Figure the absorption peak at
2,083 cm™! is assigned to the azide group of PDMAEMA. Additionally, the terminal
methylene protons originally from N3EiBBr initiator at 3.42 ppm in 'H NMR (Figure
can be used to estimate the number-average molecular weight. On the basis of
the integrals ratio of peaks z and s (Figure 3.1), M,, ymr = 8,298 g.mol ™! were calcu-
lated, whereas SEC analysis indicated a M, sec = 7,973 g.mol! and D = 1.07 (Figure
3.4). These results suggest that a well-controlled structure of a-azide-PDMAEMA
(N3-PDMAEMA) was successfully achieved.
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Figure 3.2: FTIR-ATR spectra of a,w-alkyne-poly(B-amino ester) (A), a-azide-poly[2-
(dimethylamino)ethyl methacrylate] (B) and polycationic block copolymer poly|[2-
(dimethylamino)ethyl methacrylate]-b-poly(B-amino ester)-b-poly[2-(dimethylamino)ethyl
methacrylate] (C). Peak (a) at 2083 cm™ is assigned to the azide group of PDMAEMA and
peak (b) at 3240 cm’! are assigned to the C-H stretch.

3.4.2 Synthesis and post-polymerization functionalization of

poly(S-amino ester)

The successful polymerization of acrylate-terminated PBAE and its post-
polymerization modification to «,w-alkyne-PBAE (Scheme (a and b) were con-
firmed by 'H NMR (Figure Appendix B - Supporting Information), SEC (Table 3.1)
and MALDI-TOF MS (Figure . For the a,w-acrylate-PBAE 'H NMR spectrum
(Figure [B.8|(A), Appendix B - Supporting Information), chemical shifts are in agreement
with the expected a,w-acrylate-PBAE chemical structure?”. The presence of the sig-
nals for terminal acrylate groups allows the evaluation of the number-average molec-
ular weight of the polymer. On the basis of the integral ratio of peaks d and j, M, Nnmr
was determined as 3,212 g.mol!. Regarding a,w-alkyne-PBAE, the successful syn-
thesis was confirmed by the disappearance of the signals at 5.81-5.88, 6.06-6.18, and
6.36-6.45 ppm, corresponding to the acrylate protons (Figure (B), Appendix B -
Supporting Information). For a,w-alkyne-PBAE, the number-average molecular weight

was calculated on the basis of the integral ratio of peaks d and k, obtaining a value
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for M, NnmMr = 2,719 g.mol'l. FTIR-ATR spectrum (Figure shows an absorption
peak at 3,240 cm™ (superimposed to -OH groups absorption), which can be assigned
to the C-H stretch. In addition, MALDI-TOF MS spectrum (Figure suggests the
presence of two alkyne terminal groups. As an example, the highest intensity peak
(m/z 911.91) corresponds to the two repeating units of the BAE containing the two
alkyne terminal unities (2 x alkyne terminal + (BAE), =2 x 154.19 + 2 x 301.38 =
911.14).

terminal repeating unit terminal
154.19 301.38 154.19

911.91 . $ o
_— /C\ﬁjj\o OTA/\/N\/TO Okﬁjc\i
1213.29
610.75
1514.65
. 30116 | 30138 [ 30136 |
1815.96

500 1000 1500 2000

Figure 3.3: Enlargement of the MALDI-TOF MS (using DHB as matrix) from m/z 500 to
2,000 of a,w-alkyne-PBAE in the linear mode.

3.4.3 Synthesis of PDMAEMA-b-PBAE-b-PDMAEMA  block

copolymers

PDMAEMA-b-PBAE-b-PDMAEMA  block copolymers were synthesized in iso-
propanol through copper(I)-catalyzed azide-alkyne cycloaddition (CuAAc) click re-
action between mono-azide functionalized PDMAEMA and a,w-alkyne-PBAE. A
typical chemical structure of PDMAEMA-b-PBAE-b-PDMAEMA was confirmed by
'H NMR (Figure (b)) and FTIR-ATR (Figure analyzes. The 'H NMR spec-
trum of PDMAEM Agggo-b-PBAEz000-b-PDMAEMAg o (Figure (b)) shows a signal
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(x) at 7.29 ppm, which can be assigned to the proton of the triazole ring, indicating
that the click reaction was well succeeded®. In spite of some overlap in the NMR
signals and taking into account the profile of SEC chromatograms, the efficiency of
the click chemistry reaction seems to be high. The disappearance of the absorp-
tion signals at 2,083 (a) and 3,240 (b) cm™ in the FTIR-ATR spectrum (Figure
of PDMAEMAgo-b-PBAE3z000-b-PDMAEMAg00, suggests the reaction of the alkyne
groups with the azide groups. In addition, a shift in the SEC traces (Figure
(a)) was observed towards higher molecular weight, confirming the formation of the

triblock copolymer.
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Figure 3.4: SEC refractive index traces overlay (a) and 'H NMR spectrum (D,O, 100 MHz) (b)
showing successful click reaction between a,w-alkyne-PBAE3ny and a-azide-PDMAEMAggno
to give PDMAEMAgOOO—b-PﬁAEgOOO-b-PDMAEMAgOOO.

In Table the molecular weight values obtained from NMR and SEC analyzes
of the homopolymers and the triblock copolymers, suggesting the success of the click
reaction, since the molecular weight of the copolymer is roughly the sum of the three
‘clickable’” segments.

During the click chemistry reaction a small amount of copper was used. There-
fore, before biological assays, the amount of remaining Cu in PDMAEMA-b-PBAE-
b-PDMAEMA after purification was determined by flame atomic absorption spec-

trometry. The results reveal a very low remaining amount of copper (0.05%).
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Table 3.1: Characterization of a-azide-PDMAEMA, a,w-alkyne-PBAE and PDMAEMA-b-
PBAE-b-PDMAEMA.

Polymer sample DP Mn,NMREI Mn,SECEI D

a,w-alkyne-PBAE3p00 8 2,700 2,800 3.30
w-azide-PDMAEMA 3000 21 3,600 3,000 1.28
w-azide-PDMAEMAgyoo 51 8,300 8,000 1.07
PDMAEMAgq0-b-PBAE3000-b-PDMAEMAgyyy - 18,900 14,900 3.94
PDMAEMA 3000-b-PBAE3000-b-PDMAEMA3p00 - 8,200 10,000 391

? Calculated from the integration of n-azide-PDMAEMA, «,w-alkyne-PBAE, and PDMAEMA-b-
PBAE-b-PDMAEMA;
b Determined by SEC in THF with polystyrene standards.

Thermogravimetric analysis of the PDMAEMA-b-PBAE-b-PDMAEMA was also
performed. Figure (Appendix B - Supporting Information) presents the ther-
moanalytical curves of a-azide-PDMAEMAgy 0 and PDMAEMAgggo-b-PBAE3000-b-
PDMAEMAgy 0. PDMAEMA shows two distinct degradation stages. The first one
up 300 °C corresponds to around 50% of the mass loss, followed by a second stage
at 400 °C involving the loss of the remaining mass. These temperatures are in agree-
ment with values available in the literature®Y. The block copolymer PDMAEMAggo-
b-PBAE3000-b-PDMAEMAgq presents a similar degradation profile compared to
PDMAEMAGgy, which suggest that the method used for the synthesis does not jeop-
ardize the thermostability of the final structure. Table (Appendix B - Supporting

Information) summarizes the important peak temperatures obtained for the polymers.

3.4.4 Polymer buffering capacity

The release ability of the complexed DNA at intracellular level is a critical parameter
for polymers intended to be used for the preparation of gene delivery systems. In
this context, endosomal swelling is a non-contact strategy required for endosomal es-
cape®3233, When internalized by endocytosis, polymers with high buffering capacity
prevent acidification of the endosome (by absorbing protons), which leads to passive
chloride ions (CI) influx into the endosome followed by osmotic swelling and even-
tually rupture of the endosome membrane with consequent cargo release to the cyto-
plasm. Cationic polymers, which contain secondary and tertiary amino groups, have

been shown to have the ability to buffer the endosome, acting as “proton sponge”,
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and enhancing the release process of materials to cytoplasm*322%, Thereby, potentio-

metric titration curves of polymers were carried out in order to evaluate their buffer

capacity (Figure [3.5).
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Figure 3.5: Potentiometric titration curves of a-azide-PDMAEMAgyy (black circles), a-
azide-PDMAEMA3q (grey circles), a,w-alkyne-PBAE3nq (white circles) and block copoly-
mers PDMAEMASOOO-b-P‘BAE3000—b—PDMAEMA8000 (black triangles) and PDMAEMAgOQQ-b-
PBAEzp00-b-PDMAEMA3q0 (grey triangles) in Milli-Q water. The x-axis label of the plot,
VNaoHn, denotes the total volume of added NaOH. Horizontal lines correspond to pH 5.5 and
7.4 which were used for buffer capacity analysis.

Using the titration curves, for each polymer, the buffering capacity (Table
was calculated using two different approaches: by taking the ratio of total protons
buffered between pH 7.4 and 5.5 to the total amines of the polymer; and by taking
the ratio of protons buffered between pH 7.4 and 5.5 to total polymer mass.

From Table it can be observed that buffer capacities for all polymer/copoly-
mers are substantially greater than the value reported for PEI (13-26%)°>%7. Re-
garding the homopolymers, a,w-alkyne-PBAE presents the greater buffer capacity,
when calculated per amine, and the smaller one, when compared per mass, than

n-azide-PDMAEMAs. These results could be explained by the differences in molec-
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Table 3.2: Buffer capacities and acid dissociation constant (pK;) values of synthesized block
copolymers PDMAEMA-b-PBAE-b-PDMAEMA and the corresponding homopolymers.

Polymer Buffer capacity pK: M, nmr
Per amine: Per mass: (g.mol’l)
protons buffered/ protons buffered/total mass
total amines (%)  (mmol of H*.gl)

a,w-alkyne-PBAEzgno 71.37 2.1 6.78 2,700

a-azide-PDMAEMA3qp9 51.17 3.0 6.47 3,600

a-aZide-PDMAEMAgooo 66.71 4.1 6.84 8,300

PDMAEMA3000-b-PBAE3000-b-PDMAEMA3000  65.19 3.8 6.68 8,200

PDMAEMAg0-b-PBAE3000-b-PDMAEMAggp0  59.03 3.6 6.85 18,900

ular weight of each repeating unit (both have only one amine group per repeating
unit). The repeating unit of the a,w-alkyne-PBAE has 301.38 g.mol™ of molecular
weight while a-azide-PDMAEMA has only 157.21 g.mol'l. Therefore, for the same
mass, &,w-alkyne-PBAE have less amine groups than a-azide-PDMAEMA decreas-
ing the buffer capacity when calculated based on mass of the polymer. This differ-
ence become most inconspicuous in block copolymers due to high contribution of
PDMAEMA relatively to PBAE in the final structure.

The pK, value obtained for the block copolymers PDMAEMA-b-PBAE-b-
PDMAEMA are in agreement with their cationic nature (with ionizable amine
groups). The values between 6.68-6.85 suggest that at a pH below their pK, (as
in endolysosomal pathway), the amine groups will be protonated inducing the en-
dosomal swelling and/or enhancing the interaction with the endosomal/lysosomal
membranes, which can be essential to induce membrane rupture and leakage of the
transported material to cytoplasm. For pH values higher than its pK,, the PBAE part
becomes hydrophobic (Figure [3.6).

Figure 3.6: Visual solubility at room temperature of a,w-alkyne-PBAE (left side) and
PDMAEMA-b-PBAE-b-PDMAEMA (right side) at the end of the titration (pH ~11). Orange
circles highlight insoluble &,w-alkyne-PBAE.
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In the block copolymer, the linkage of the PBAE with an hydrophilic segment
like PDMAEMA turns the copolymer stable in water even for high pH values (pH
> pKa).

3.4.5 Biological activity

The potential of the two developed block copolymers, PDMAEMA 3009-b-PBAE3000-
b-PDMAEMA3000 and PDMAEMAgo-b-PBAEz000-b-PDMAEMAgq0, to be used as
gene delivery vectors was analyzed. To further evaluate the performance of this
new cationic block copolymer as polymeric transfection agents, it was compared
with two others commonly used cationic polymers: PEI, considered as a gold stan-
dard for polymeric-based gene delivery systems®1%%8, and TurboFect™, a recent and

promising commercial linear cationic polymeric non-viral vector.

3.4.5.1 Bare polymer and polymer/pDNA complexes toxicity

Since the application of cationic polymers is usually associated with some cytotoxi-
city®?, preliminary cell viability studies were carried out in different cell lines, using
the Alamar Blue assay, to assess the toxicity of the developed block copolymers
(Figure[3.7). Cell viability was only significantly reduced for PDMAEMA-b-PBAE-b-
PDMAEMA concentrations higher than 25 ug.mL!, showing the potential of these
novel cationic block copolymers for biomedical applications, since their use in those
applications requires a much lower polymer concentration.

Regarding the cytotoxicity of the polymer/pDNA complexes, it was assessed in
two different cell types, HeLa and COS-7 cell lines (Figure 3.8). The obtained results,
for both cell lines, show that the toxicity of the polyplexes is dependent on their N/P
ratio and polymer composition, being observed a higher reduction on cell viability
for higher N/P ratios (Figure [3.8). For both block copolymers-based polyplexes
no significant cytotoxicity was observed, until 25/1 N/P ratio, for both cell lines.
Comparing the results in the two cell lines, it was observed slightly higher viability

with COS-7 cells than with HeLa cells, for both block copolymers-based polyplexes.
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Figure 3.7: Cell viability after 48 hours of incubation with the block copolymer
PDMAEMAgOOO-b-PlBAEgooo-b-PDMAEMAgOOQ in 3T3-L1 (a) and TSA (b) cell lines and
PDMAEMA3000-b-PIBAE;gOOO-b—PDMAEMA3000 in 3T3-L1 (C), TSA (d), HelLa (e) and COS-7
(f) cell lines. The data are expressed as percentage of cell viability with respect to the con-
trol corresponding to untreated cells (mean 4= SD, obtained from triplicates). Asterisks (xxx
p < 0.001, *x p < 0.01 and * p < 0.05) indicate values that differ significantly from those
measured in the positive control.
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Figure 3.8: Effect of the N/P ratio and composition of polyplexes on their cytotoxicity in
HeLa (a) and COS-7 (b) cell lines. The different block copolymers of PDMAEMA-b-PBAE-
b-PDMAEMA and branched PEI were complexed with 1 ug of pCMV.Luc at the indicated
polymer/DNA N/P ratios. TurboFect™ was used according to the manufacturer’s instruc-
tions. The data are expressed as percentage of cell viability with respect to the control
corresponding to untreated cells (mean + SD, obtained from triplicates). The results are rep-
resentative of at least three independent experiments. Asterisks (x*x p < 0.001, xx p < 0.01
and * p < 0.05) indicate values that differ significantly from those measured in the positive
control.

3.4.5.2 Transfection activity

The new cationic block copolymers were assessed as non-viral vectors for plasmid
delivery (Figure in HeLa and COS-7 cell lines. The transfection activity was
assessed by luciferase assay.

As illustrated in Figure 3.9 PDMAEMA-b-PBAE-b-PDMAEMA block copolymer-
based polyplexes have the ability to successfully deliver the plasmid DNA into HeLa
and COS-7 cells. Polyplexes prepared with the block copolymer PDMAEMA3(o-
b-PBAEzn00-b-PDMAEMA300 showed much higher transgene (luciferase) expres-
sion than that observed with those prepared with PDMAEMAgyy-b-PBAE;3000-b-
PDMAEMAGgny in both cell lines. This fact is probably due to a more favorable
structure of PDMAEMA3000-b-PBAE3000-b-PDMAEMA300-based polyplexes both to

interact with cells and to deliver genetic material inside them, consequently result-
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Figure 3.9: Effect of the N/P ratio and composition of polyplexes on their transfection ac-
tivity in HeLa (a) and COS-7 (b) cell lines. The different block copolymers of PDMAEMA-
b-PBAE-b-PDMAEMA and branched PEI were complexed with 1 pg of pCMV.Luc at the in-
dicated polymer/DNA N/P ratios. TurboFect'™ was used according to the manufacturer’s
instructions. The data are expressed as RLU of luciferase per mg of total cell protein (mean
+ SD, obtained from triplicates). The results are representative of at least three independent
experiments. Asterisks (xx* p < 0.001, ** p < 0.01) and cardinals (##Hp < 0.001, # p < 0.01
and # p < 0.05) indicate values that differ significantly from those measured with polyplexes
prepared with bPEI and TurboFect™, respectively.

ing in a higher biological activity. Therefore, the differences in length of chain of the
PDMAEMA revealed to have an important influence on transfection activity. Indeed,
it has been reported that polyplexes based on end-modified PBAE with different ter-
minal ends (such as, acrylates or amines) lead to a high variety of responses in terms

of gene delivery efficacy1%2%2,

Figure 3.9 also shows that the transfection activity of the generated polyplexes is
dependent on their N/P ratio, being the maximum transgene expression obtained
at the 25/1 N/P ratio, for HelLa cells, and at the 50/1 N/P ratio, for COS-7 cells.
Accordingly, the increase of the polyplexes N/P ratios, up to these N/P ratios val-
ues, resulted in an enhancement of the transfection activity, most probably due to an
increased coating/complexation of the pDNA by the polymer, facilitating the bind-
ing and uptake of the polyplexes by the cells (Figure [3.10). For N/P ratios higher
than 25/1, in HeLa cells, and 50/1, in COS-7 cells, it was observed a luciferase gene
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expression decrease that could be due to a stronger interaction between the block
copolymer and the pDNA, which could difficult the release of the genetic material

from the polyplexes, consequently reducing the transgene expression.

Figure 3.10: Confocal laser scanning microscopic images of HeLa cells transfected with poly-
plexes prepared with PDMAEM A3000-b-PBAE3z000-b-PDMAEMA39 at the 25/1 N/P ratio: (a)
blue fluorescent image of cell nucleus stained by Hoechst 333258; (b) red fluorescent image
of polyplexes prepared with pDNA labeled with Cy5; (c) differential interference contrast
(DIC); and (d) overlaying image of (a-c).

These results were compared with those obtained with branched PEI (bPEI)
(25,000 g.mol!), generally accepted as a gold standard non-viral vector presenting
high transfection efficiency®, and TurboFect™, a novel and promising formulation
described as an efficient and non-toxic non-viral vector for in vitro delivery of plas-
mid DNA. As illustrated in Figure 3.9|(a), for HeLa cells, polyplexes prepared at the
optimal N/P ratio (25/1) with PDMAEMA3(0-b-PBAE3z000-b-PDMAEMA 3009 exhibit
approximately 4-fold and 6-fold higher transfection activity than that observed with
the best formulation of polyplexes generated with bPEI (N/P 5/1) or TurboFect™,
respectively. Concerning the COS-7 cell line, polyplexes prepared at the optimal
N/P ratio (50/1) with PDMAEMA3(00-b-PBAEz000-b-PDMAEMA3 exhibit approx-
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imately 11-fold higher transfection activity than that obtained with the best formu-
lation of polyplexes generated with bPEI (25/1 N/P) or TurboFect™. These data
suggest that this new block copolymer is more effective as gene delivery system than
the current commercial polymeric non-viral vectors, which are considered excellent
transfection reagents.

Under the conditions leading to the highest luciferase gene expression
(PDMAEMA 3000-b-PBAE3000-b-PDMAEMA30090/ DNA, for both cell lines), the cell vi-
ability was not significantly affected (Figure 3.8). The high transgene expression and
the reduced toxicity obtained with this new polyplex formulation, opens the door
to a new and efficient non-viral gene delivery system. A very well-known relation-
ship between transfection activity and cytotoxicity, that in the case of polycations is
largely caused by the presence of a high charge density at the complex surface, is cru-
cial for the development of effective nucleic acid delivery systems*"*!. In addition,
cell viability and transfection assays were performed in HeLa cells using polyplexes
prepared with the PBAE and PDMAEMA homopolymers, with molecular weight of
12,000 and 20,000 g.mol™, respectively (Figure .
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Figure 3.11: Effect of the N/P ratio and composition of PDMAEMA 15000-, PBAE20000- and
PDMAEMA3000-b-P,BAEg,OOQ-b—PDMAEMA3ooo-based polyplexes on their cell Viability (a) and
transfection activity (b) in HeLa cell line. The different polymers were complexed with 1 ug
of pCMV.Luc at the indicated polymer/DNA N/P ratios. The data are expressed as RLU of
luciferase per mg of total cell protein (mean + SD, obtained from triplicates), for transgene
expression, and percentage of cell viability with respect to the control corresponding to
untreated cells (mean £ SD, obtained from triplicates), for cytotoxicity assay. The results are
representative of two independent experiments.
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The obtained results revealed that these homopolymers-based polyplexes
present a low biological activity when compared to PDMAEM A3(o-b-PBAEz00-b-
PDMAEMA30p-based complexes at the 25/1 N/P ratio. These results suggest that
the combination of PBAE and PDMAEMA in a single structure produces a new
material with improved transfection properties compared to the corresponding ho-

mopolymers.

3.4.5.3 Biophysical characterization of PDMAEMA-b-PBAE-b-PDMAEMA-based

polyplexes: protection of DNA, size and zeta potential

The physicochemical properties of the carrier systems have an important role on their
ability to mediate gene delivery into target cells, namely, the capacity to condense

and protect DNA, the size and the surface charge (zeta potential)*42.

In order to correlate transfection activity with physicochemical properties, poly-
plexes based on PDMAEMA 3400-b-PBAE3000-b-PDMAEMA30 were characterized.
As a first approach, to determine if the polyplexes were able to condense and protect
DNA, the EtBr intercalation and agarose gel electrophoresis assays were used. EtBr is
a monovalent DNA-intercalating agent whose fluorescence is dramatically enhanced
upon binding to DNA and quenched when displayed by higher affinity compounds
or by condensation of the DNA structure. Figure illustrates the accessibility of
EtBr to DNA carried by PDMAEMA 3000-b-PBAE3000-b-PDMAEMA3000-based poly-
plexes prepared at different N/P ratios.

As observed in Figure (b), EtBr fluorescence decreased with increasing the
N/P ratio of polyplexes, indicating that an increase in the amount of cationic block
copolymer led to a higher degree of DNA condensation and protection. The only
significant drop in EtBr access was observed when the N/P ratio of the polyplexes
goes from 5/1 to 10/1. The higher EtBr access registered in the 5/1 (N/P) ratio of
polyplexes may be explained by the fact that the amount of cationic block copolymer
was not enough to create a strong electrostatic interaction with the DNA, allowing
the intercalation of the small EtBr molecule due to the weak DNA condensation.
For the other N/P ratios of the polyplexes, only 10% of the carried DNA remained

accessible to the probe. These results are in accordance with those obtained in the
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Figure 3.12: Agarose gel electrophoresis (a) and accessibility of ethidium bromide to DNA (b)
of the PDMAEMA300-b-PBAE3000-b-PDMAEMA3000-based polyplexes prepared at different
N/P ratios. The amount of DNA available to interact with the probe was calculated by
subtracting the values of residual fluorescence from those obtained for the samples and
expressed as the percentage of the control. Control corresponds to free DNA in the same
amount as that associated with the complexes (100% of EtBr accessibility). The data are
expressed as EtBr access (% of control) and correspond to mean + SD of n = 9 (triplicates of
three independent experiments). Asterisk (x p < 0.05) indicates value that differ significantly
from those measured (with polyplexes prepared at 5/1 (N/P) ratio) in the positive control.

gel migration assay (Figure (a)), where it was observed a lower intensity of the
bands and a decrease in their running distance with increasing the N/P ratio of the

polyplexes.

Other two major aspects for transfection activity are the size and the zeta potential
of the polyplexes, which are dependent on the polymer/DNA ratio. Figure
depicts the particle size (a) and zeta potential (b) of polyplexes prepared at different
N/P ratios.

Polyplexes were formed by simple mixing of the cationic polymer and pDNA
in an aqueous solution, which allows the establishment of electrostatic interac-

tions between these two components, generating the polyion pairs. During the

131



PDMAEMA-b-PBAE-b-PDMAEMA: promising non-viral gene delivery system Chapter 3

(a) 1000 40, (b)

800 —( 30 —‘7
600 204
101 I
0

51 10/1 251 50/1
‘ N/P

400+

Particle size (nm)

Zeta potential {mV)

H*

200

H+*

i
51 1011 2511 5011 104

N/P

Figure 3.13: Particle size (a) and zeta potential (b) of PDMAEMA3000-b-PBAEz00-b-
PDMAEMAG3000/ DNA polyplexes. The polyplexes were prepared with 1 ug of pCMV.Luc
at the indicated polymer/DNA (N/P) ratios. The data are expressed as particle size in
nanometers (mean + SD, n = 6) and zeta potential in mV (mean + SD, n = 6). Two inde-
pendent experiments were realized in triplicate. Asterisks (* p < 0.05) indicate values that
differ significantly from those measured (with polyplexes prepared at 5/1 (N/P) ratio) in the
positive control.

formation process, most probably pDNA undergoes a phase transition from an ex-
tended to a globular structure, being condensed by PDMAEMA 3009-b-PBAE3000-b-
PDMAEMA 3 into nanosized polyplexes (Figure (@)). The size sharply de-
creased when the N/P ratio increased from 5/1 to 10/1. Further increases in the
N/P ratio above 10/1 appear to not have influence on the particle size. The higher
size (~725 nm) of polyplexes formed at the 5/1 N/P ratio is most probably due,
as described above, to the weak or insufficient electrostatic interactions established
between the block copolymer and pDNA, not being able to efficiently constrict/-
condense the polyplex. Effective gene delivery into the targeted cells through en-
docytosis depends on the size of the polyplexes*#2. It had been already reported
that a size of polyplexes in the order of 200 nm is important for efficient cellular
uptake via endocytosis in most cells*®, showing that our best polyplex formulation
(PDMAEMA3000-b-PBAE3000-b-PDMAEMA3000/DNA, N/P ratio of 25/1 for HeLa
cells and 50/1 for COS-7 cells) presents a mean diameter favorable to a successful
gene delivery process.

Figure (b) illustrates the zeta potential of polyplexes prepared at different
N/P ratios, showing that zeta potential is more positive with the increase of the
N/P ratios. In fact, increasing the amount of cationic polymer with respect to a

fixed amount of DNA resulted in an increase of the charge of the polyplexes due
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to the higher concentration of polymer on their surface. Some authors® consider
that this high concentration of polymer allows a higher degree of interaction and
destabilization of the cellular membrane, thereby facilitating cellular uptake of the
polyplexes. Alternatively, this polymer on the nanoparticle surface could destabilize
the endosomal membrane resulting in the release of the polyplexes into the cytosol?2.

Correlating these results with those obtained in the transfection activity studies,
it can be concluded that for the higher levels of transgene (luciferase) expression,
polyplexes have positive surface charge and a particle size around 170 nm, which
facilitates their interaction with target cells and their cellular internalization, conse-

quently promoting a high biological activity.

3.5 Conclusion

In the present Chapter, a strategy to prepare a new triblock copolymer composed of
poly(B-amino ester) and poly[2-(dimethylamino)ethyl methacrylate] was reported.
The combination of these two types of polycationic blocks made possible to achieve
a high buffer capacity associated to a low cytotoxicity profile and favorable physico-
chemical properties, resulting in an efficient in vitro pPDNA delivery. Polyplexes pre-
pared using PDMAEMA3(00-b-PBAEz000-b-PDMAEMA 3000 and pDNA have shown a
4- and 6-fold higher transfection activity in HeLa cells and a 11-fold higher transfec-
tion activity in COS-7 cells than the obtained with the best formulation of polyplexes
generated with bPEI or TurboFect™, respectively. Overall, these results show that
PDMAEMA 3000-b-PBAE3000-b-PDMAEMA 3000 block copolymer presents a great po-

tential as non-viral gene delivery system.
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4.1 Abstract

Polymeric-based non-viral vectors have been considered a promising strategy in
gene therapy area. Previously, in Chapter it was reported the use of a
new cationic block copolymer based on PDMAEMA and PBAE that revealed
high transfection efficiency. During these studies, however, it was also ob-
served that the new block copolymer induced significant levels of cytotoxicity
for high polymer/DNA ratios. In this chapter, it is designed a novel synthetic
procedure to prepare the poly[2-(dimethylamino)ethyl methacrylate]-block-poly(pB-
amino ester)-block-poly[2-(dimethylamino)ethyl methacrylate] (PDMAEMA-b-PBAE-
b-PDMAEMA) block copolymer without use of metal catalyst to link the different
segments. In addition, to better understand the influence of the PBAE block length
of PDMAEMA-b-PBAE-b-PDMAEMA block copolymer in transfection activity, three
different block copolymers were prepared varying the molecular weigth of this seg-
ment. Among those, the top polyplexes formulation revealed between 40- and 60-
fold higher transgene expression in HeLa and COS-7 cell lines than commonly used
polymeric non-viral vectors standards, branched PEI and TurboFect™. The new
procedure of synthesis allowed to reach a very low degree of cytotoxicity even for
high polymer/DNA charge ratios. These data show that the cytotoxicity previously
reported in Chapter 3| could results from the remaining copper catalyst of the click
chemistry reaction. The results reported in this chapter confirm the enormous po-

tential of this block copolymer as gene carrier.

4.2 Introduction

Gene delivery arose as a promising strategy to treat inherited and acquired dis-
eases involving genetic factors™. While most drug-based approaches only treat the
symptoms, the gene therapy aims to treat or to eliminate the causes of disease®.
In this sense, cationic polymers have attracted increasing attention in the past two
decades®®. The positive charges of these polymers interact electrostatically with
the negative charges of nucleic acids forming structures known as polyplexes. This

conformation should protects genetic material from nucleolytic enzymes and, at the
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same time, should allows an efficient unpacking and consequent delivery of the
genetic material into the target cells”. The main advantage of the use of polymeric-
based materials for gene delivery is the relative ease fine tuning of physicochem-
ical properties through, for example, controlling their molecular weight or archi-

tecture, or by varying their chemical composition®

. Some examples of the most
used cationic polymers as gene carriers are polyethylenimine (PEI), poly(L-lysine),
poly[2-(dimethylamino)ethyl methacrylate] (PDMAEMA), chitosan and, more re-
cently, poly(B-amino ester) (PBAE)?* 1. Particularly, PDMAEMA and PBAE have
been widely studied for this purposel?!3. In spite of many efforts to develop new
polymeric-based non-viral vectors, low gene transfection efficiency and cytotoxicity
concerns remains the main weaknesses to overcome to be used at clinical stage’. In
Chapter |3, PDMAEMA-b-PBAE-b-PDMAEMA block copolymers were prepared by
a copper-catalyzed alkyne-azide cycloaddition (CuAAC) reaction and the effect of
PDMAEMA segment in transfection activity was studied. The combination between
PBAE and PDMAEMA revealed a good conjugation in terms of gene transfection
activity. However, it was observed that polyplexes induced considerable cytotoxicity
for N/P ratios above 25/1. It was envisaged that this observation might be due to
the remaining copper catalyst from CuCAAC reaction. In fact, as ester bond of PBAE
is easily degraded in water environment, purification process of the block copolymer
is more difficult. The weak solubility of copper in organic solvents with low boil-
ing point for an easy removal at the end the reactions was another critical point in
purification process of the block copolymer prepared by CuAAc reaction (Chapter
B). In order to eliminate the potential copper contamination, this work proposes a
new method to prepare PDMAEMA-b-PBAE-b-PDMAEMA free of metal catalysts.
In addition, PDMAEMA-b-PBAE-b-PDMAEMA cationic block copolymers prepared
with different molecular weight PBAE segments were assessed as nucleic acid deliv-
ery systems in HeLa and COS-7 cell lines and compared with branched PEI (25,000
g.mol!) and TurboFect™, as previously done in Chapter |3, to demonstrate their

suitability for gene delivery.
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4.3 Experimental

4.3.1 Materials

5-amino-1-pentanol (Alfa Aesar, 97%), 1,4-butanediol diacrylate (Alfa Aesar, 99+%),
propargylamine (Sigma-Aldrich), copper (II) bromide (CuBrp) (Acros, +99% extra
pure, anhydrous), PS standards (Polymer Laboratories), (Acros, 99%, ~70 mesh),
PMDETA (Aldrich, 99%), iron powder (Fe(0)), 2-propanol (Fisher Chemical), diethyl
ether (Fisher Scientific), DMSO (Acros Organics, 99.8+%, extra pure), deuterated
chloroform (CDCl3) (Euriso-top, +1%TMS) and deuterium oxide (D,O) (Euroiso-top,
99.9%+D), Dulbecco’s Modified Eagle’s Medium - high glucose (DMEM-HG) (Sigma-
Aldrich), resazurin sodium salt (Sigma-Aldrich), DL-dithiothreitol (Sigma), tris-
phosphate (Sigma), ethylenediaminetetraacetic acid (EDTA) (Sigma-Aldrich), mag-
nesium chloride (MgCl) (Sigma), glycerol (Sigma), Triton™ X-100 (Sigma), bovine
serum albumin (BSA) (Sigma), D-luciferin sodium salt (Synchem, 99%), DC™ Pro-
tein Assay (Bio-Rad), plasmids encoding luciferase (pCMV.Luc) and green fluores-
cent protein (pCMV.gfp) DNA (Vical), TurboFect™ (kindly offered by Thermo Sci-
entific), polyethylenimine (PEI) (branched, M, 25,000 g.mol'l) (Sigma) were used
as received. DMAEMA (Aldrich, 98%) was passed over a sand/alumina col-
umn before use in order to remove the radical inhibitor. Milli-Q water (Milli-
Q®, Millipore, resistivity >18 MQ) cm) was obtained by reverse osmosis. High-
performance liquid chromatography (HPLC) tetrahydrofuran (THF) (Panreac, HPLC
grade) was filtered under reduced pressure before use. Dichloromethane (DCM)
(Fisher Scientific, +99.6%) was dried and distilled over calcium hydride. Triethy-
lamine (TEA) (Sigma-Aldrich, 96%) was distilled and stored over molecular sieves.
4-Dimethylaminopyridine (DMAP) (Sigma-Aldrich. +99%) was recrystallized from
toluene. 2-(2-Azidoethoxy)ethyl bromoisobutyrate (N3EiBBr) was prepared accord-
ing to the procedure described in Appendix B - Supporting Information.
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4.3.2 Methods

4.3.2.1 Synthesis of poly[2-(dimethylamino)ethyl methacrylate]-block-poly(p-
amino ester)-block-poly[2-(dimethylamino)ethyl methacrylate]

Synthesis of a,w-acrylate-poly(B-amino ester) through Michael addition reaction. «,w-
acrylate-poly(B-amino ester) was prepared according to a previously reported
procedure in Chapter Briefly, 5-amino-1-pentanol (1.5 g, 14.54 mmol) was
weighed into an opaque vial and 1,4-butanediol diacrylate (3.20 mL, 17.45 mmol)
was added. A Teflon-coated stir-bar was added, the vial was sealed with a Teflon-
lined screw-cap, and the reaction was placed in a pre-heated oil bath at 90 °C with
stirring. After 24 h, the reaction was cooled down to room temperature, precipitated
and washed 3 times with cold diethyl ether. Polymer was dried overnight at 40 °C

under vacuum. Polymer was stored at -20 °C until use.

Typical procedure for the synthesis of a-azide-poly[2-(dimethylamino)ethyl methacrylate] by
atom transfer radical polymerization (DP = 45) - [Fe(0)]o/[CuBrylo/[PMDETA]y = 1/0.1/1.1.
n-azide-poly[2-(dimethylamino)ethyl methacrylate] (x-N3-PDMAEMA) was pre-
pared according to a previously reported procedure in Chapter 2l The synthesis
of 2-(2-azidoethoxy)ethyl bromoisobutyrate (N3EiBBr) is described in Appendix B -
Supporting Information. A mixture of DMAEMA (6.0 mL, 35.61 mmol), Fe(0) (44.2 mg,
0.79 mmol) and CuBr; (17.7 mg, 0.079 mmol) was placed in a Schlenk tube reactor.
The sample was first stirred and then frozen in liquid nitrogen. Subsequently, a
mixture of N3EiBBr (221.7 mg, 0.79 mmol), PMDETA (150.8 mg, 0.87 mmol) and
isopropanol/water mixture (9/1, v/v) (6 mL) (previously bubbled with nitrogen
for about 15 minutes) was added, under nitrogen atmosphere, to the reactor. The
Schlenk tube reactor containing the reaction mixture was deoxygenated with three
freeze-vacuum-thaw cycles and purged with nitrogen. The Schlenk tube reactor was
placed in a pre-heated bath at 25 °C with stirring (700 rpm) for 2 hours. Afterwards,
the sample was precipitated in cold hexane, dialyzed against distilled water (dialysis

membrane, molecular weight cut off MWCO) = 1,000 g.mol ™) and then freeze dried.
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Synthesis of w-amine-poly[2-(dimethylamino)ethyl methacrylate]. 4 g (1.25 mmol) of
a-azide-poly[2-(dimethylamino)ethyl methacrylate] (a-N3-PDMAEMA) (M,, xnMRr =
3,200 g.mol ™), and 655.73 mg (2.5 mmol) of triphenylphosphine were dissolved in
20 mL of THF under N at room temperature overnight. Then, 10 mL of deionized
water was added to proceed for another 12 h. After removal of THF in a rotary
evaporator, the mixture was centrifuged to remove the precipitate. The solution was
dialyzed against deionized water with dialysis membrane (MWCO = 1,000 g.mol'l)

and then freeze dried.

Typical procedure for the preparation of tri-block copolymer poly[2-(dimethylamino)ethyl
methacrylate]-block-poly(B-amino  ester)-block-poly[2-(dimethylamino)ethyl methacrylate]
(PDMAEMA-b-PBAE-b-PDMAEMA) by Michael addition reaction. «,w-acrylate-PBAE
(M,, nmr = 12,000 g.mol'l, 85 mg, 0.007 mmol) and a-amine-PDMAEMA (M,, NMR
= 3,200 g.mol'l, 45.33 mg, 0.014 mmol) were dissolved in a solvent mixture of 1/1
(v/v) DMSO/THF and placed in a vial with a Teflon-lined screw-cap. The reaction
was performed at room temperature during 48 h. The resulting solution was precip-
itated and washed 3 times into cold ethyl ether and then dialyzed against dry THF
(dialysis membrane MWCO = 3,500 g.mol™!) during 24 hours. Block copolymer was

dried overnight at 40 °C under vacuum. Polymer was stored at -20 °C until use.

4.3.2.2 Size exclusion chromatography

The chromatographic parameters of the samples were determined using high per-
formance size exclusion chromatography HPSEC; Viscotek (Viscotek TDAmax) with
a differential viscometer (DV); right-angle laser-light scattering (RALLS, Viscotek);
low-angle laser-light scattering (LALLS, Viscotek) and refractive index (RI) detectors.
The column set consisted of a PLgel 10 ym guard column (7.5 x 50 mm) followed
by one Viscotek T200 column (6 ym), one MIXED-E PLgel column (3 ym) and one
MIXED-C PLgel column (5 ym). HPLC dual piston pump was set with a flow rate

of 1 mL.min’!

. The eluent (THF) was previously filtered through a 0.2 um filter.
The system was also equipped with an on-line degasser. The tests were done at 30

°C using an Elder CH-150 heater. Before the injection (100 uL), the samples were
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filtered through a polytetrafluoroethylene (PTFE) membrane with 0.2 ym pore. The
system was calibrated with narrow PS standards. The number-average molecular
weight (M,, sgc) and dispersity index (D) of synthesized polymers were determined

by multidetectors calibration using OmniSEC software version 4.6.1.354.

4.3.2.3 Nuclear magnetic resonance spectroscopy

400 MHz 'H NMR spectra of reaction mixture samples were recorded on a Bruker
Avance III 400 MHz spectrometer, with a 5-mm TXI triple resonance detection probe,
in CDCl3 or D,O with tetramethylsilane (TMS) as an internal standard. Conversion
of monomers was determined by integration of monomer and polymer peaks using

MestReNova software version 6.0.2-5475.

4.3.2.4 Fourier transform infrared spectroscopy

Fourier-transform infrared attenuated total reflection (FTIR-ATR) spectra were ac-
quired in the range of 500-4000 cm™, using a JASCO 4200 FTIR spectrophotometer
(Jasco, Japan) equipped with a single horizontal Golden Gate ATR cell, at 128 scans

and with a 4 cm™! resolution.

4.3.2.5 Biological activity

The biological activity and cytotoxicity of the complexes prepared with the cationic
block copolymers PDMAEMA-b-PBAE-b-PDMAEMA and pCMV.Luc were evalu-
ated in the HeLa (human epithelial cervical carcinoma) and COS-7 (african green
monkey kidney fibroblast-like) cell lines. Subculturing procedures for these cells are
described in Appendix B - Supporting Information.

Preparation of polymer-DNA complexes (polyplexes). Polymers were dissolved in Milli-Q
water and mixed with 1 ug of pCMV.Luc at the desired polymer/DNA (N/P, +/-)
charge ratio. The mixture was further incubated for 15 min at room temperature.

Complexes were used immediately after being prepared.

Cell viability assay. Cell viability under the different experimental conditions was

assessed, in parallel experiments, by a modified Alamar Blue assay'®. Forty-seven
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hours post-transfection, cells were incubated with DMEM containing 10% (v/v)
Alamar blue dye, prepared from a 0.1 mg/mL stock solution of Alamar Blue. After
1 hour incubation period at 37 °C, the absorbance of the medium was measured
at 570 nm and 600 nm in SPECTRAmax PLUS 384 spectrophotometer (Molecular
Devices, USA). Cell viability was calculated, as percentage of the non-transfected
control cells, according: (Asyp-Aggpo) of treated cells x 100 / (Aszo-Agpo) of control

cells.

Transfection studies

- For luminescence evaluation of luciferase expression, HeLa (2x10% cells/well) or
COS-7 (3.5x10% cells/well) cells were seeded onto 48-well plates for 24 h prior to
incubation with polyplexes. Cells were used at 50-70% confluence and polyplexes
containing 1 ug of pCMV.Luc were added to cells previously covered with DMEM-
HG (without serum). After 4 h of incubation (in 5% CO, at 37 °C), the transfection
medium was replaced with DMEM-HG containing 10% (v/v) FBS and antibiotics,
and the cells were further incubated for 48 h to allow gene expression. The
quantification of luciferase expression in cell lysates was evaluated by measuring
light production by luciferase in a Lmax II 384 luminometer (Molecular Devices,
USA). Forty-eight hours post-transfection, cells were washed twice with PBS and
100 uL of lysis buffer [1 mM dithiothreitol; ImM EDTA; 25 mM Tris-phosphate (pH
7.8); 8 mM MgCly; 15% glycerol; 1% (v/v) Triton™ X-100] was added to each well.
The protein content of the lysates was measured by the DC™ Protein Assay reagent
using BSA as a standard. The data were expressed as relative light units (RLU) of
luciferase per mg of total cell protein.

- For flow cytometry analysis of GFP expression, 8x10* and 14x10* HeLa and
COS-7 cells/well, respectively, were seeded in 12-well culture plates and, after 24 h
polyplexes containing 1 ug of pCMV.gfp were added to cells. After 4 h incubation
(5% COy at 37 °C), the transfection medium was replaced with DMEM-HG and
cells were further incubated for 48 h. Then, cells were washed twice with PBS
and detached with trypsin (2-3 min at 37 °C). After that, cells were washed and

resuspended in PBS, and immediately analyzed in a FACSCalibur flow cytometer
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(Becton Dickinson, NJ, USA). Live cells were gated by forward/side scattering from
a total of 20,000 events and data was analyzed using CellQuest software.

- For fluorescence microscopy analysis of GFP expression, 8x10% and 14x10* HeLa
and COS-7 cells/wel, respectively, were seeded in 12-well culture plates (previously
covered with a coverslip) and, after 24 h polyplexes containing 1 ug of pCMV.gfp
were added to the cells. After 4 h incubation (5% CO, at 37 °C), the transfection
medium was replaced with DMEM-HG and cells were further incubated for 48
h. Then, cells were washed twice with PBS, fixed with 4% paraformaldehyde, for
15 min at room temperature, and then mounted in Mowiol® mounting medium
(Sigma-Aldrich, MO, USA). The images (original magnification: x 20) were obtained
on an AxioCam HRc camera (Zeiss, Munich, Germany). Image acquisition was done

at the MICC Imaging facility of CNC.

4.3.2.6 Physico-chemical characterization of the polyplexes

Ethidium bromide intercalation assay. DNA condensation by PDMAEMA-b-PBAE-b-
PDMAEMA polyplexes was analyzed using an ethidium bromide (EtBr) exclusion
assay. Polyplexes were prepared and, after 15 minutes, 50 uL of each sample was
transferred into a black 96-well plate (Costar, USA). Then, 50 puL of EtBr solution
was added to achieve a final EtBr concentration of 400 nM. Following 10 min of
incubation, fluorescence was measured in a SpectraMax Gemini EM fluorometer
(Molecular Devices, USA) at Agxc = 518 nm and A, = 605 nm. The fluorescence scale
was calibrated such that the initial fluorescence of EtBr (50 uL of EtBr solution were
added to 50 pL of Milli-Q water to achieve a final EtBr concentration of 400 nM) was
set at residual fluorescence. The value of fluorescence obtained with 1 ug of naked
DNA (control) was set as 100%. The amount of DNA available to interact with the
probe was calculated by subtracting the values of residual fluorescence from those

obtained for the samples and expressed as the percentage of the control.

Agarose gel electrophoresis assay. To evaluate the complexation of the DNA with

the copolymer an electrophoresis in agarose gel was performed. Polyplexes were
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prepared and, after 15 minutes, 20 uL of each sample was added to 5 uL of loading
buffer (15% (v/v) Ficoll® 400, 0.05% (w/v) bromophenol blue, 1% (w/v) SDS, 0.1 M
EDTA, pH 7.8). 20 uL of each blend were transferred to a 1% agarose gel prepared
in TBE solution (89 mM Tris-buffer (pH 8.6), 89 mM boric acid, 2.5 mM EDTA)
and containing 1 ug/mL of EtBr. The electrophoresis was set to 40 min at 80 mV.
Sample visualization takes place in a GelDoc® (BioRad®, USA) system using the
QuantityOne® program.

Dynamic light scattering and zeta potential analyses. Dynamic light scattering (DLS)
measurements were performed on a Zetasizer Nano-ZS (Malvern Instruments Ltd.,
UK). The particle size distribution (in intensity), average hydrodynamic particle size
average (z-average) and polydispersity index (PDI) were determined with Zetasizer
6.20 software. Measurements were made at 25 °C with a backward scattering angle
of 173 °. Zeta-potential measurements were performed using a Zetasizer Nano-ZS
(Malvern Instruments Ltd., UK), coupled to laser Doppler electrophoresis and
determined using Smoluchovski model. The polyplexes were prepared immediately
before analysis and three independent experiments were performed in triplicate for

size and zeta potential.

4.3.2.7 Statistical analysis

Data are presented as mean result £ standard deviation (SD) and analyzed using
the IBM® SPSS® Statistics software (version 20). Statistical significance of diferences
between data was evaluated by one-way ANOVA using Bonferroni or Games-Howell

post-hoc tests. A p-value < 0.05 was considered as statistically significant.

4.4 Results and discussion

The PDMAEMA-b-PBAE-b-PDMAEMA polycationic block copolymer was synthe-
sized via a four-step procedure as presented in Scheme Firstly, a,w-acrylate-
poly(B-amino ester) was synthesized by a Michael addition reaction between 5-

amino-1-propanol and an excess of 14-butanediol diacrylate (Scheme (@))%
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PDMAEMA with azide-terminal group was prepared by DMAEMA polymerization
throughout ATRP initiated process with N3EiBBr (Scheme4.1| (b)). Azide-chain ends
were further modified through reaction with triphenylphosphine (TPP) (Scheme
(c)) to afford a a-amine-PDMAEMA homopolymer17. The triblock copolymer,
could then be obtained by combination of a,w-acrylate-poly(B-amino ester) and «-
amine-PDMAEMA using Michael addition reaction. In this work, three different
block copolymers were prepared varying the molecular weight of the PBAE seg-
ment: PDMAEMA3000-b-PBAE3z000-b-PDMAEMA3000, PDMAEMA 3000-b-PBAEgq00-b-
PDMAEMA 3000 and PDMAEMA 3000-b-PBAE12000-b-PDMAEMA 3.
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Scheme 4.1: Synthesis of ABA type linear block copolymer via combining Michael addi-
tion and ATRP reactions: (a) Synthesis of a,w-acrylate-PBAE by Michael addition reaction;
(b) Synthesis of PDMAEMA with azide-based initiator through SARA-ATRP method; (c)
Terminal modification of x-azide-PDMAEMA to a-amine-PDMAEMA,; (d) Michael-addition
reaction between a-amine-PDMAEMA and «,w-acrylate-PBAE.
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4.4.1 Synthesis and post-polymerization functionalization of

PDMAEMA

a-Azide-PDMAEMA was synthesized by ATRP according to the procedure de-
scribed in Chapter 2| and the post-polymerization end-modification to afford a-
amine-PDMAEMA was performed according a procedure reported in the litera-
ture”. The chemical structure analysis was assessed by 'H NMR (Figure and its
molecular weight distribution (Table was obtained by SEC.
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ppm

Figure 4.1: '"H NMR spectrum (CDCl3, 400 MHz) of x-azide-PDMAEMA.

The signals observed at 4.07 ppm (2H, -OCH,CH;N-), 2.58 ppm (2H, -
OCH,CH;N-), 2.35-2.20 ppm (6H, -N(CH3)), 2.00-1.75 ppm (2H, -CCH,C-) and
1.10-0.80 ppm (3H, -CCH3Br) are in agreement with the expected PDMAEMA chem-
ical structure’®. The estimative of the molecular weight of a-amine-PDMAEMA
was not possible through NMR spectroscopy (Figure (B)) because the signal of
the amine proton is not visible in the spectrum. Therefore, as the difference be-
tween a-amine-PDMAEMA and a-azide-PDMAEMA structure is minimal, x-azide-
PDMAEMA NMR spectrum (Figure (A)) was used to determine its molecular

weight. On the basis of the integrals ratio of peaks z and s, M,, ypyr = 3,200 g.mol'1
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were calculated, whereas SEC analysis indicated a M,, sgc = 3,400 gmol! and D =

1.34 (Figure 4.3). These results suggest that a well-controlled structure of x-amine-
PDMAEMA (NH;-PDMAEMA) was successfully achieved.

4.4.2 Synthesis of poly(S-amino ester)

The successful polymerization of a,w-acrylate-terminated PBAE (Scheme 4.1|(a)) was
confirmed by 'H NMR (Figure and SEC (Table analyzes. A typical a,w-
acrylate-PBAE 'H NMR spectrum is presented in Figure 4.2 and chemical shifts are

in agreement with the expected a,w-acrylate-PBAE chemical structurel®. The pres-

ence of the signals for terminal acrylate group allows the evaluation of the number-

average molecular weight of the polymer. The molecular weights of the three a,w-

acrylate-terminated PBAEs were determined on the basis of the integral ratio of

peaks d and j as described in Table
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Figure 4.2: I'H NMR spectrum (CDCl3, 400 MHz) of a, w-acrylate-PBAE.
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4.4.3 Synthesis of PDMAEMA-b-PBAE-b-PDMAEMA  block
copolymers

PDMAEMA-b-PBAE-b-PDMAEMA block copolymers were synthesized through
Michael addition between mono-amine functionalized PDMAEMA and «,w-acrylate-

PBAE in a mixture of DMSO/THF (50/50) to allow a proper dissolution of the ho-

mopolymers.
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Figure 4.3: 'H NMR spectrum (CDCls;, 400 MHz) (a) and SEC refractive index traces
overlay (b) showing successful Michael addition reaction between x-amine-PDMAEMA 349
and a,w-acrylate-terminated PBAE3n0 to give PDMAEMA3000-b-PBAEz000-b-PDMAEMA 3000
block copolymer.

The 'H NMR spectrum of PDMAEMA-b-PBAE-b-PDMAEMA (Figure (a)) shows
no signals at 5.81, 6.06-6.18, and 6.36-6.45 ppm, corresponding to the acrylate pro-
tons of w,w-acrylate-PBAE, confirming the success of the Michael addition reaction
between amine group of PDMAEMA and acrylate terminal group of PBAE. In ad-
dition, a shift in the SEC traces was observed toward higher molecular weight, con-
tfirming the formation of the triblock copolymer (Figure |4.3| (b)).

In Table |4.1) the molecular weight values obtained from NMR and SEC analyzes of
the homopolymers and the triblock copolymers were compared, suggesting a good
efficiency of the Michael addition reaction, since the molecular weight of the tri-block
copolymer is roughly the sum of the molecular weights of the three homopolymer

segments.
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Table 4.1: Characterization of x-amine-PDMAEMA, a,w-acrylate-PBAE and PDMAEMA-b-
PBAE-b-PDMAEMA.

Polymer sample DP M, nm Rﬂ M, sec lﬂ b

a-amine-PDMAEMA 3000 19 3,200 3,400 1.34
«,w-acrylate-PBAE300 10 3,200 3,500 1.95
«,w-acrylate-PBAEqggo 31 9,500 9,800 2.72
«,w-acrylate-PBAE 2000 39 11,900 13,100 3.29
PDMAEMA3000-b-PBAE3000-b-PDMAEMA3000 - 12,000 10,200 1.89
PDMAEMA3000-b-PBAEgppo-b-PDMAEMA3000 - 18,400 17,100 3.59
PDMAEMA3000-b-PBAE12000-b-PDMAEMA3000 - 20,800 18,900 3.35

# Calculated from the integration of w-azide-PDMAEMA, «,w-alkyne-PBAE, and PDMAEMA-b-
PBAE-b-PDMAEMA;
b Determined by SEC in THF with polystyrene standards.

4.4.4 Biological activity

The potential of the three developed block copolymers, PDMAEMA;jq00-
b-PBAE3n00-b-PDMAEMA300, PDMAEMA3000-b-PBAEg00-b-PDMAEMA3p00 and
PDMAEMA3000-b-PBAE12000-b-PDMAEMA3(0 to be used as gene delivery systems
was analyzed and compared with two others commonly used cationic polymers:
PEI, considered the gold standard for polymeric-based gene delivery systems#2%21
and TurboFect™, a recent and promising commercial linear cationic polymeric non-

viral vector. For comparison purpose, the most promising formulation achieved in

Chapter 3| was also used during the tests carried out here.

4441 Polymer/pDNA complexes toxicity

The cytotoxicity of polymer/pDNA complexes, was assessed in two different cell
types, HeLa and COS-7 cell lines (Figure [4.4).

The obtained results, for both cell lines, show that the toxicity of the polyplexes is
dependent on their N/P ratio and polymer composition, being observed a higher
reduction on cell viability for higher N/P ratios and for PEI-based polyplexes. For
the three block copolymer-based polyplexes a low level of cytotoxicity was observed,
until 100/1 N/P ratio, for both cell lines. Compared to previous data (Chapter [3),
where satisfactory results were observed until 25/1 N/P ratios, these results are a

significant improvement in the cell viability. Most probably, this promising data
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Figure 4.4: Effect of the N/P ratio and composition of polyplexes on their cytotoxicity in
HeLa (a) and COS-7 (b) cell lines. The different block copolymers of PDMAEMA-b-PBAE-
b-PDMAEMA and branched PEI were complexed with 1 ug of pCMV.Luc at the indicated
polymer/DNA N/P ratios. TurboFect™ was used according to the manufacturer’s instruc-
tions. The data are expressed as percetange of cell viability with respect to the control
corresponding to untreated cells (mean =+ SD, obtained from triplicates). The results are rep-
resentative of at least three independent experiments. Asterisks (xx* p < 0.001, x* p < 0.01
and * p < 0.05) indicate values that differ significantly from those measured in the positive
control.

may be directly related to the absence of copper in the synthetic procedure used.
These results emphasize the importance of green procedures in biomedical material

preparation and manipulation fields.

4.4.4.2 Transfection activity

The three cationic block copolymers were assessed as non-viral vectors for plasmid
delivery (Figure in HelLa and COS-7 cell lines.

As illustrated in Figure 4.5, all PDMAEMA-b-PBAE-b-PDMAEMA block copolymers-
based polyplexes have the ability to successfully deliver the plasmid DNA
(pDNA) into HeLa and COS-7 cells. In general, polyplexes prepared with
the block copolymer PDMAEMA3009-b-PBAE12000-b-PDMAEMA3p09 showed much

higher transgene (luciferase) expression than that observed with those prepared
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Figure 4.5: Effect of the N/P ratio and composition of polyplexes on their transfection ac-
tivity in HeLa (a) and COS-7 (b) cell lines. The different block copolymers of PDMAEMA-
b-PBAE-b-PDMAEMA and branched PEI were complexed with 1 g of pCMV.Luc at the in-
dicated polymer/DNA N/P ratios. TurboFect™ was used according to the manufacturer’s
instructions. The data are expressed as RLU of luciferase per mg of total cell protein (mean
=+ SD, obtained from triplicates). The results are representative of at least three independent
experiments. Asterisks (x*x p < 0.001 and ** p < 0.01) and cardinals (## p < 0.001 and
## p < 0.01) indicate values that differ significantly from those measured with polyplexes
prepared with bPEI and TurboFect™, respectively.

with PDMAEMA3000-b-PBAEs000-b-PDMAEMA 3000 and PDMAEM A 00-b-PBAEggoo-
b-PDMAEMA30. In spite of in COS-7 cell line PDMAEMA;300-b-PBAE12000-
b-PDMAEMAgzy00- and PDMAEMA;3000-b-PBAEgg-b-PDMAEMA3g0-based poly-
plexes have, generally, similar transgene expression, the high values of transgene ex-
pression of PDMAEMA 3000-b-PBAE12000-b-PDMAEMA3(00-based polyplexes in both
cell lines make them the more suitable and promising systems. This more suitable
structure of PDMAEMA3000-b-PBAE2000-b-PDMAEMA 3009-based polyplexes could
probably promote both the interaction with cells and the delivery of genetic mate-
rial inside them, consequently resulting in a higher biological activity. Therefore,
the differences in the length of the PBAE chain revealed to have a decisive influence
on transfection activity. In this respect, the arguments found in literature regarding
the influence of molecular weight of PBAE-based polyplexes in gene delivery effi-

ciency are contradictory. While some authors argue that different PBAE molecular
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weights lead to a high diversity of responses in terms of gene delivery efficacy??, oth-
ers claim that more important than molecular weight is their terminal chain ends4’.
Crossing these results with those obtained in Chapter |3, where it was evaluated
two PDMAEMA-b-PBAE-b-PDMAEMA block copolymers differing in the molecu-
lar weight of PDMAEMA segments, it was observed that molecular weight of both

segments significantly influence the transfection activity of polyplexes.

Figure also shows that the transfection activity of the generated polyplexes is
dependent on their N/P ratio, the maximum transgene expression being generally
obtained at the 100/1 N/P ratio for both cell lines. Surprisingly, it is a much high
value of N/P ratio when compared to the previous results presented in Chapter
(25/1 N/P). This result can be associated to the general lower cytotoxicity of these
new block copolymers even for higher N /P ratios in contrast with the higher toxicity

for N/P ratios above 25/1 of the synthesized block copolymers of Chapter

Comparing the three new block copolymers, the PDMAEMA3q00-b-PBAE2000-b-
PDMAEMA3 is the one that has higher biological activity in both cell lines, as
referred above. The enhancement of the transfection activity is most probably due to
the fact that polyplexes prepared with this block copolymer have a structure more
prone for gene delivery process (which include, the internalization by the endocytic
pathway, the release from the endosome, the release of genetic material to cytoplasm
and its translocation to the nucleus) resulting in a higher biological activity. For
N/P ratio of 150/1, in both cell lines, it was observed a decrease of luciferase gene
expression, which could be due to a stronger interaction between PDMAEM A 3000-b-
PBAE1000-b-PDMAEMA 3000 block copolymer and the pDNA. This fact can difficult
the release of the genetic material from the polyplexes inside of cells, consequently
reducing the transgene expression. Moreover, another reason can be the cytotoxi-
city observed for this N/P ratio. Indeed, cationic polymers with higher molecular
weights are reported to show better DNA binding, cellular uptake and transfection
activity, whilst low molecular weight cationic polymers show less cytotoxicity“*. The
results presented here suggest that the balance between molecular weight and cyto-

toxicity seems to be another important issue that influences the transfection activity.
The transfection activity of the block copolymers was compared to the obtained with
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branched PEI (bPEI) (25,000 g.mol™), generally accepted as a gold standard non-
viral vector presenting high transfection efficiency#, and TurboFect™, a novel and
promising formulation described as an efficient and non-toxic non-viral vector for in
vitro delivery of plasmid DNA. As illustrated in Figure 4.5 (a), for HeLa cells, poly-
plexes prepared at the optimal N /P ratio (100/1) with PDMAEMA3009-b-PBAE12000-
b-PDMAEMA (o exhibit approximately 60-fold and 50-fold higher transfection ac-
tivity than the best formulation of polyplexes generated with bPEI (N/P 10/1) or
TurboFect™, respectively. Concerning the COS-7 cell line, polyplexes prepared at
the optimal N/P ratio (100/1) with PDMAEMA3(0-b-PBAE12000-b-PDMAEMA 3000
exhibit approximately 40- and 50-fold higher transfection activity than that ob-
tained with the best formulation of polyplexes generated with bPEI (N/P 25/1) or
TurboFect™, respectively. These data confirm that the transfection effectiveness of
this new copolymer based on PBAE and PDMAEMA is much higher than the ob-
tained with current commercial polymeric non-viral vectors, which are considered

excellent transfection reagents.

A comparison between our most promising formulation PDMAEMA3go-b-
PBAE12000-b-PDMAEMA3000 (N/P 100/1) and the previously reported (Chapter
best formulation PDMAEMA 3400-b-PBAE3000-b-PDMAEMA3000 (N/P 25/1 and N/P
50/1, in HeLa and COS-7 cells, respectively) is represented in Figure As il-
lustrated in Figure a notorius improvement in transfection efficiency, in both
cell lines, was obtained with the new PDMAEMA 3000-b-PBAE12000-b-PDMAEM A3z0-
based polyplexes at N/P ratio of 100/1 when compared to that observed with the
formulation prepared with the copolymer synthesized previously (PDMAEMA3o-
b-PBAE3p00-b-PDMAEMA3000, CuAAC) at N/P 25/1, for HeLa cells, and 50/1, for
COS-7 cells. For HeLla cell line, this value reaches 9-fold increase, while for COS-
7 cells is 5-fold higher. The increase in transfection efficiency could be explained
not only by the increase in the molecular weight of the PBAE segment but also by
the decrease of toxicity of the new block copolymer for higher N/P ratio (Figure
[.6). The decrease of cytotoxicity using Michael addition reaction instead of CuAAC
click reaction in copolymer preparation is particularly clear with polyplexes pre-

pared at N/P ratio of 100/1 with the block copolymers PDMAEM A 300-b-PBAE3(00-
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Figure 4.6: Comparison between cell viability and best transfection activity results of
polyplexes based on PDMAEM A3zgo-b-PBAE3000-b-PDMAEMA3000 prepared from copper(I)l-
catalyzed azide-alkyne cycloaddition and, PDMAEMA3000-b-PBAE3000-b-PDMAEMA3000 and
PDMAEMA3000-b-PBAE12000-b-PDMAEMA3000 prepared from Michael addition reaction in
HeLa (a and c, respectively) and COS-7 (b and d, respectively) cell lines. The data are
expressed as RLU of luciferase per mg of total cell protein (mean + SD, obtained from trip-
licates). The results are representative of at least two independent experiments. Cardinals
(##H# p < 0.001 and # p < 0.01) indicate values that differ significantly from those measured
in the control (untreated cells) and asterisks (x* p < 0.01 and * p < 0.05) indicate values that
differ significantly from those measured with polyplexes prepared at 100/1 N/P ratio based
on PDMAEMA3000-b-PBAE12000-b-PDMAEMA3009 copolymer prepared through Michael ad-
dition.

In order to examine the effect of PDMAEMAgOOQ-b-P‘BAE12000—b—PDMAEMA3000 on
the percentage of transfected cells, flow cytometry (Figure £.7) and fluorescence mi-

croscopy (Figure analyzes were carried out, after cells transfection with poly-

159



Improvement of transfection efficiency of PDMAEMA-b-PBAE-b-PDMAEMA non-viral vector Chapter 4
plexes prepared with pGFP.
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Figure 4.7: Effect of N/P charge ratios of PDMAEMAg3000-b-PBAE12000-b-PDMAEMA3000-
based polyplexes on their transfection efficiency in HeLa and COS-7 cells evaluated by flow
cytometry. Asterisk (x p < 0.05) indicates values that differ significantly from those measured
with polyplexes prepared at 100/1 N /P ratio.

Flow cytometry analysis was used to evaluate the efficiency of transfection. The re-
sults obtained by this analysis (Figure show, in general, a good percentage of
transfected HeLa and COS-7 cells obtained with the PDMAEMA3(q0-b-PBAE12000-b-
PDMAEMA3000-based polyplexes for the tested N/P ratios. Comparing cell lines, it
was observed a higher percentage of transfected COS-7 cells than HeLa cells. This
result confirmed the differences detected in luciferase transgene expression, where it
was also observed a higher expression in COS-7 cell line than in HeLa cells. Surpris-
ingly, in COS-7 cell line a high percentage (72%) of transfected cells for polyplexes
prepared at 150/1 N/P ratio was also perceived in spite of the low cell viability. This
result indicates that despite the polyplexes at this N/P ratio induce high cytotoxicity,
the surviving cells are efficiently transfected. The best formulation (100/1 N/P ratio)
resulted in ~40% and ~60% of HeLa and COS-7 transfected cells, respectively.
Regarding the fluorescence microscopy study (Figure [4.8), it was observed once
again, differences in the number of GFP expressing cells between HelLa and COS-7
cell lines ((c) vs. (g) or (d) vs. (h)). For both cell lines, it was not observed any fluores-
cence in cells without treatment ((a) and (e)) and cells treated with only pCMV.gfp
((b) and (f)). The differences between the two distinct N/P ratios (25/1 (g) and
100/1 (h)) used is more evident in COS-7 cell line. Indeed, the number of transfected
cells observed with polyplexes prepared at 100/1 N/P ratio was very high, which
confirmed the results obtained by flow cytometry (Figure (b)).
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Figure 4.8: Effect of N/P charge ratios on their transfection efficiency evaluated by fluores-
cence microscopy in HeLa (a, b, ¢ and d) and COS-7 (e, f, g and h) cell lines. Represen-
tative fluorescence microscopy images: (a) and (e) cells without treatment; (b) and (f) cells
treated with only pCMV.gfp; (c) and (g) cells treated with 25/1 polyplexes; (d) and (h) cells
treated with 100/1 polyplexes. Cells without polyplexes treatment and cells treated with
only pCMV.gfp were used as controls.
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4.4.4.3 Physical characterization of PDMAEMA-b-PBAE-b-PDMAEMA-based

polyplexes: protection of DNA, size and zeta potential

The physicochemical properties of the polymeric-based systems play an important
role in their transfection efficiency into target cells. These include the ability to
condense and protect DNA, the size and the surface charge (zeta potential) of the

polymer/DNA complexes formed 242>,

Physicochemical properties of the polyplexes based on PDMAEMA3-b-
PBAE3z000-b-PDMAEMA3000, PDMAEMAgz000-b-PBAEggp0-b-PDMAEMA3000 and
PDMAEMA3000-b-PBAE 12000-b-PDMAEMA 3009 block copolymers were determined
in order to correlate them with transfection activity. Firstly, EtBr intercalation
and agarose gel electrophoresis assays were carried out to determine if pre-
pared polyplexes were able to condense and protect DNA. The monovalent
DNA-intercalating agent EtBr fluoresces dramatically upon binding to DNA and
quenches the fluorescence when displaced by condensation of the DNA structure
or by higher affinity compounds. Figure illustrates the accessibility of the
EtBr to DNA carried by PDMAEMA300-b-PBAEz000-b-PDMAEMA3000- (a and b),
PDMAEMA3000-b-PBAEgg0o-b-PDMAEMA3000- (¢ and d), and PDMAEMA3(g0-b-
PBAE1000-b-PDMAEMA300p-based (e and f) polyplexes prepared at different N/P

ratios.

Figure (b) shows a decrease of EtBr fluorescence with the increase of the N/P
ratio of polyplexes for all block copolymers assessed. The main explanation could
be related to the fact that higher amounts of block copolymer results in an increase
of positive charge that leads to a higher degree of interaction with negative charges
of DNA, which in turn leads to a higher degree of condensation and protection. In
general, as found in copolymer tested in Chapter |3, the significant drop in EtBr ac-
cess was observed when the N/P ratio of polyplexes shift from 5/1 to 10/1. This
result could indicate that the amount of cationic block copolymer in 5/1 polyplexes
was not enough to create electrostatic interactions that result in an efficient conden-
sation of pDNA, allowing the intercalation of the small EtBr molecule. For the other
polyplexes N/P ratios, the different block copolymers show that a very low amount

of the carried DNA was accessible to the probe. For 5/1 N/P ratio, it was also ob-

162



Chapter 4 Improvement of transfection efficiency of PDMAEMA-b-PBAE-b-PDMAEMA non-viral vector

(a) DNA 5/1 10/1 25/1 50/1 75/1 100/1

(b)

*
* " N
0

51 10/1 2561 501 75/1 100/

(C) DNA 5/1 10/1 25/1 50/1 7511 100/1

10+
*
% * * *
0 — T —_—

51 101 251 501 75/1 100/1
N/P

(e) DNA 5/1 10/1 25/1 50/1 7511 100/1

(U]

204

T =

511 10/1 251 5011 751 100/
N/P

3
8
5
g
-
2
w
5
é
S

Figure 4.9: Agarose gel electrophoresis and accessibility of ethidium bromide (EtBr) to DNA
of the PDMAEMA3000-b-P,BAEg()()O-b-PDMAEMAgooo- (a and b), PDMAEMA3()00-b-P,BAE9000-
b-P DMAEMA3000- (C and d) y and PDMAEMA3000—b—P‘BAE12000—b—PDMAEMA3OOQ-baSGd (e and
f) polyplexes prepared at different N/P ratios. (b, d and f). The amount of DNA available
to interact with EtBr was calculated by subtracting the values of residual fluorescence from
those obtained for the samples and expressed as the percentage of the control. Control
corresponds to free DNA in the same amount as that associated with the complexes (100%
of EtBr accessibility). The data are expressed as EtBr access (% of control) and correspond
to mean £ SD of n = 6 (triplicates of two independent experiments)). Asterisks (x p < 0.05)
indicate values that differ significantly from those measured with polyplexes prepared at
N/P 5/1 ratio.

served a decreasing of EtBr accessibility with the increase of the molecular weight of
the block copolymers. This result can be explained by a better and higher condensa-
tion of pDNA by cationic block copolymers with higher molecular weight at least for
polyplexes prepared at 5/1 N/P ratio. The data obtained in these EtBr accessibility
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assays are in accordance with those obtained in the agarose gel electrophoresis assay
(Figure 4.9/ (a)), where it was observed a lower intensity of the bands and a reduction
in their migration distance with increasing the N/P ratio of the polyplexes.

Size and the zeta potential of the polyplexes are two other major aspects that influ-
ences transfection activity. Figure retracts the particle size (a) and zeta potential
(b) of polyplexes prepared at different N/P ratios.
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Figure 4.10: Particle size (a) and zeta potential (b) of PDMAEMA;3000-b-PBAE3000-
b-PDMAEMA3000-, PDMAEMA3000-b-PBAEgo0-b-PDMAEMA3000- and PDMAEMA3000-b-
PBAE12000-b-PDMAEMA3000-based polyplexes. The polyplexes were prepared with 1 ug of
pCMV.Luc at the indicated polymer/DNA (N/P) ratios. The data are expressed as particle
size in nanometers (mean + SD, n = 6) and zeta potential in mV (mean + SD, n = 6). Two
independent experiments were realized in triplicate. Asterisks (* p < 0.05) indicate values
that differ significantly.

During polyplexes formation, electrostatic interactions are established between
cationic polymer and pDNA by mixing these two components in an aqueous so-
lution. From Figure it was observed that all PDMAEMA-b-PBAE-b-PDMAEMA
block copolymers tested were able to efficiently condense pDNA into nanosized (120-
180 nm) polyplexes. The entry into the cells, i.e., the endocytosis process, is known to
be dependent on the size of the polyplexes®*2>. For an efficient cellular uptake and
effective gene delivery in most cell types, the polyplexes should be in order of 200
nm?°. Our best formulation, the polyplexes based on PDMAEMA 3000-b-PBAE12000-
b-PDMAEMA 3 and prepared at 100/1 N/P ratio, presents a mean diameter of 170
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nm, which is favorable to a successful gene delivery process. The similar particle
size obtained for polyplexes prepared with block copolymers with different molec-
ular weights may be explained by the fact that at a given N/P ratio a maximum
condensation of DNA is reached and, consequently, from there on no significant
change in size is observed.

Figure (b) depicts the zeta potential ({) of polyplexes prepared at different N/P
ratios. The assessed three block copolymers-based polyplexes exhibited positive
zeta potential, with values ranging from 40 to 57 mV, showing the high content of
cationic block copolymer at the polyplex surface. This fact is in agreement with the
high level of DNA condensation observed for these polyplexes in the agarose gel and
EtBr intercalation assays (Figure £.9). Moreover, this positive surface charge is most
probably associated to a higher degree of interaction with the cellular membrane
promoting cellular uptake of the polyplexes!®. Additionally, the positive charges
could be involved in the destabilization of the endosomal membrane resulting in the
release of the polyplexes into the cytosol and consequently in an increase in their

biological activity?’.

The results presented in this study support the observation that polyplexes based
on PDMAEMA30-b-PBAE12000-b-PDMAEMA 3009 block copolymer with particle size
around 170 nm and a positive surface charge have the ability to interact with target
cells and induce their cellular internalization and release into the cytosol, conse-

quently promoting high levels of transgene expression.

4,5 Conclusion

In the present study, PDMAEMA-b-PBAE-b-PDMAEMA triblock copolymers were
prepared using a metal-free method to bind the PDMAEMA and PBAE segments.
This new synthesis procedure led to an improvement of cell viability in the pres-
ence of these materials compared to previous data reported in Chapter 3, Moreover,
high transfection efficiency was observed for higher N/P ratios, which are previ-
ously (Chapter [3) associated with low transgene expression and high cytotoxicity.

Among the different block copolymers synthesized with different molecular weight
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of PBAE segment, it was observed that polyplexes prepared using PDMAEMA3(o-
b-PBAE1000-b-PDMAEMA3000 and DNA at 100/1 N/P ratio have shown a 60-fold
and 50-fold higher transfection activity, in HeLa cells, and a 40-fold and 50-fold
higher transfection activity, in COS-7 cells, than the best formulations of polyplexes
generated with bPEI or TurboFect™, respectively. Comparing with the copolymer
previously synthesized (Chapter ), transgene expression increased of 5-fold and 9-
fold in COS-7 and HelLa cells, respectively. Overall, these results confirm the high
potential of the PDMAEMA3000-b-PBAE12000-b-PDMAEMA3(0 block copolymer as a

non-viral gene delivery system.
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5.1 Conclusions

Gene therapy provides great opportunity for treating a wide range of diseases from
genetic disorders to infections or cancer. To achieve a successful therapy, the de-
sign and development of proper gene carrier is one of the most important factors.
Polymer-based non-viral gene delivery systems have been extensively studied for
this purpose due to their facile tune structure using vast polymer chemistry strate-
gies. However, despite the great effort in this area, efficient polymer-based vectors

remain a major challenge.

To overcome this problem, it was proposed a combination of PDMAEMA and
PBAE, two of the most used cationic polymers in gene delivery, in a single material.
The totally cationic block copolymer would consist in a central segment of PBAE

with PDMAEMA as terminal segments (PDMAEMA-b-PBAE-b-PDMAEMA).

Thus, the first main aim of this thesis was to develop a new block copolymer
PDMAEMA-b-PBAE-b-PDMAEMA. In this direction, the homopolymers were syn-
thesized. While for PBAE was used a reported procedure described in the litera-
ture, for PDMAEMA (Chapter [2) was developed a new and more biocompatible and
environmentally-friendly catalytic system based on SARA ATRP method compris-
ing Fe(0) and very low amounts of CuBr; deactivator. In addition, the best reac-
tion performance occurred at room temperature in an alcohol-water solvent mixture.
The stringent control reported with this more biocompatible catalytic system com-
bined with the attractive environmental characteristics of alcohol-water media sug-
gests that this may be an interesting system to polymerize other monomers used in
biomedical applications. Moreover, the results demonstrated, not only a good con-
trol over the PDMAEMA structure concerning to molecular weight and dispersity,
but also the possibility to prepare PDMAEMA polymers initiated with biological

interest molecules such as cholesterol and PEG.

After homopolymer synthesis, the PDMAEMA-b-PBAE-b-PDMAEMA block
copolymers were prepared by copper(I)-catalyzed azide-alkyne cycloaddition
(CuAAC). A preliminary evaluation as pDNA carrier was also assessed in two dif-

ferent cell lines, HeLa and COS-7 cells. At this stage, it was also evaluated the
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influence of molecular weight of the PDMAEMA and, for this purpose, two dif-
ferent molecular weights were assessed (3,000 and 8,000 g.mol ). Surprisingly, the
results showed a great difference in transfection activity between PDMAEM Aggoo-
b-PBAE3000-b-PDMAEMAg09 and PDMAEMA300-b-PBAEz000-b-PDMAEMA3, re-
vealing the last one better transfection activity. These results highlight the crucial
role of the terminal modifications of PBAE on transfection activity. However, a criti-
cal issue was observed at this stage, the final block copolymers exhibited remaining
copper residues even after purification procedures. The easy degradability of PBAE
in water and the weak solubility of copper in organic solvents with low boiling point
(for an easy removal at the end of the reaction) make the efficient copper removal
extremely difficult. Thus, it has emerged the necessity to develop a new method to

prepare the copolymer without the need of any metal catalyst.

Accordingly, Chapter 4 encompasses the other two main objectives of the the-
sis: a new catalyst-free method for block copolymer preparation and the evalua-
tion of the influence of the molecular weight of the PBAE segment in the trans-
fection activity. Therefore and taking into account the results obtained in Chap-
ter 3, the molecular weight of the PDMAEMA was fixed for 3,000 g.mol! and
the molecular weight of PBAE segments was varied. Concerning to catalyst-free
block copolymer preparation, the modification of the terminal-ends of PBAE and
PDMAEMA allow to couple them by a metal-free method - Michael addition reac-
tion. These changes on the block copolymer method preparation allowed obtain-
ing higher cell viability results even for high N/P ratios (100/1) of the polyplexes.
Shortly, crossing the results obtained by the two methods of block copolymer prepa-
ration, it suggests that even residual amounts of copper induce some cytotoxicity.
Regarding to molecular weight influence of the PBAE segment on in vitro transfec-
tion activity, the results showed that the block copolymers with segments of the
PBAE with higher molecular weight (PDMAEMA3000-b-PBAEggp-b-PDMAEMA3000
and PDMAEMA 3400-b-PBAE12000-b-PDMAEMA3(0) have higher transfection activ-
ity compared to PDMAEMA3(00-b-PBAE3000-b-PDMAEMA3000. In addition, the re-
sults of transfection activity of PDMAEMA 300-b-PBAE12000-0-PDMAEMA 3009 block

copolymer when compared to bPElpsnpp or TurboFect™, the two most common
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used standard transfection reagents, shown to be between 40- and 60-fold higher.
Moreover, when this best formulation is compared to best formulation prepared by
CuAAC reaction it was observed, besides the decrease of toxicity for high N/P ra-
tios, an improvement in transfection activity around 5- and 9-fold in COS-7 and HeLa
cells, respectively.

To sum up, this PhD work allowed the development of a novel polymeric nucleic
acid delivery vector based on biodegradable PBAE and PDMAEMA. The obtained
results show improved in vitro transfection efficiency and high cell viability com-
pared to PEI, a gold standard for polymeric non-viral vectors, and a commercial
polymeric transfection reagent, the TurboFect™ in two different cell lines (COS-7

and HelLa cell lines).

5.2 Future work

The results presented in this project constitute an important basis to explore new
avenues in the area of polymeric vectors. Among several possibilities to continue the

work, the following ideas are considered to be of particular relevance:

e To continue the evaluation of the in vitro transfection assays will be of the
interest (such as, serum-containing cell culture medium transfection assays) in

order to evaluate the transfection activity in presence of proteins;

e To evaluate the polyplex stability (such as, against heparin replacement or
DNAse I agarose gel) as well as polyplex colloidal stability (i.e., in cell culture

medium);
e To evaluate the in vivo transfection capacity in an animal model;

e To assess the transfection activity of the PDMAEMA-b-PBAE-b-PDMAEMA-
based polyplexes as carrier of other nucleic acids, such as siRNA or microRNA.

In addition, a co-delivery of drug and nucleic acid could also be further studied;

e To evaluate in vitro and in vivo transfection activity of PDMAEMA-b-PBAE-b-

PDMAEMA-based polyplexes as carrier of a therapeutic gene.
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5.3 Final remarks

The work developed introduced a new area - gene therapy - in the group where I
have done this project (Polymer Research Group). The establishment of a transfec-
tion assay protocol for PDMAEMA-b-PBAE-b-PDMAEMA block copolymers-based
polyplexes was, perhaps, the most challenging difficulty that I needed to overcome.
Despite valuable help of Vectors and Gene Therapy research group of Center of Neu-
rosciences and Cell Biology at University of Coimbra, the scarce experience of the
group with polymeric vectors, the lack of information about the experimental proce-
dures in the literature, and the fact of pH-responsiveness of the used polymers made
it a demanding and laborious task. After all this process, the group gained a new

valence and can explore even further in this area.
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APPENDIX A

Acrylates/amines library

Table A.1: Schematic representation of amines cataloged by Langer lab.
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APPENDIX B

Supporting Information

The supplementary information of Chapters and [ will be presented in this
appendix.
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Figure B.1: '"H NMR spectrum (CDCl3, 400 MHz) and structural assignment of CHO-Br.
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Figure I'H NMR (CDCls, 400 MHz): 6 = 0.68 (s, 3H, cholesteryl CH3), 0.86 (d,
6H, cholesteryl CH3), 0.912 (d, 3H, cholesteryl CH3), 1.046 (s, 3H, cholesteryl CHj3),
0.95-2.00 (m, 28H, cholesteryl CH and CHj), 1.92 (s, 6H, (CH3),-C-Br), 2.37 (d, 1H,
CH=C-CH,), 4.66 (m, 1H, CH-O-COC(CH3),-Br), 5.39 (s, 1H, CH=C).

i

—— CHO
CHO-Br

T T T T T
3500 3000 2500 2000 1500 1000
Wavenumber (cm-')

Figure B.2: FTIR-ATR spectrum of cholesterol (black line) and cholesterol initiator (grey line).

Figure [B.2| FTIR-ATR (cm™): 3016-2782(C-H stretching), 1723 (ester, C=O stretch),
1463-1370 (C=C aromatic), 1280-1100 (ester, C-O stretch).

Synthesis of 2-(2-azidoethoxy)ethyl bromoisobutyrate (N3;EiBBr)
Azide end-terminal initiator 2-(2-azidoethoxy)ethyl bromoisobutyrate (N3EiBBr)

was synthesized based on the procedure described in the literature.

o NaNj o
HO Cl HO N

D s

Scheme B.1: Synthesis of 2-(2-azidoethoxy)ethyl bromoisobutyrate (N3EiBBr).
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1) Synthesis of 2-(2-azidoethoxy)ethanol. In a round bottom flask surmounted
by a reflux column were introduced 5 g of 2-(2-chloroethoxy)ethanol (40.14 mmol),
13.05 g of NaN3 (200.69 mmol) and 25 mL of distilled water. The mixture was
refluxed for 24h at 75 °C, then cooled down and treated with aqueous HCl solution
(1 mol.L™!). The aqueous solution was extracted by EtOAC and the organic solvent
was evaporated under reduced pressure. The final product was passed over a basic
alumina column. Yield: 90%. *C NMR (100 MHz, D,O, § (ppm) (Figure B.3): 50.23
(N3-CH3-), 60.38 (-CH,-OH), 69.12 (N3-CH,-CH»-0), 71.64 (O-CH,-CH,-OH).

a 0 d
HO/\b/ \C/\Na

T T T T T T T T T T T T T T T
80 75 70 65 60 55 50 a5 & 35 30 25 20 15 10 5 0

Figure B.3: 13C NMR spectrum (D,0O, 100 MHz) of 2-(2-azidoethoxy)ethanol.

2) Synthesis of 2-(2-azidoethoxy)ethyl bromoisobutyrate (N3EiBBr). In a round
bottom flask were introduced 4 g of 2-(2-azidoethoxy)ethanol (30.50 mmol), 8.5 ml
of NEt3 (61.00 mmol) and 17 ml of THFE. A solution of 4.15 ml of 2-bromoisobutyryl
bromide (33.55 mmol) in 17 ml of THF was added dropwise at 0 °C. After 48 h
at room temperature, insoluble ammonium salts were filtered off and the filtrate
was passed over a basic alumina column. The final product was recovered by
evaporation of THE. Yield: 74%. 'H NMR (400 MHz, CDCl3, 6 (ppm)) (Figure
B.A4): 1.95 (s, 6H, (CHs3),C), 3.39 (t, 2H, CH,N3), 3.70 (t, 2H, N3CH,CH,0), 3.76
(t, 2H, COOCH,CH,0), 4.35 (t, 2H, CH,OCO). 3C NMR (100 MHz, CDCl;, ¢
(ppm)) (Figure [B.5): 30.72 (C(CHz)y), 50.74 (N3-CH,-), 55.72 (-CH,-O-C(O)-), 65.01
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(C(CHs),-), 68.79 (N3-CHy-CH,-0), 70.17 (O-CH,-CHy-), 171.63 (O-C(O)-).

/a\/o\/d\ ¢
Ny 0
b ¢ e
Br
e
d cb a
I M_L\—__JL\_MA_—L
! [T !
6.0 58 56 54 52 5.0 48 46 44 42 40 38 36 34 32 %gm 28 26 24 22 20 18 16 14 12 1.0 08 06 04 02 0.0

Figure B.4: 'H NMR spectrum (CDCl;, 400 MHz) of 2-(2-azidoethoxy)ethyl bromoisobu-
tyrate.
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Figure B.5: 13C NMR spectrum (CDCl;, 100 MHz) of 2-(2-azidoethoxy)ethyl bromoisobu-
tyrate.
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Figure B.6: Potentiometric titration curves of w-azide-PDMAEMAgyy (white circles), a-
azide-PDMAEMA3 (grey circles), a,w-alkyne- PBAEz (black triangles) and block copoly-
mers PDMAEMAgooo-b-PlBAEgooo-b-PDMAEMAgOOO (white squares) and PDMAEMA3000-b-
PBAE3zn00-b-PDMAEMA3( (grey squares) in Milli-Q water. The initial polymer/copolymer
solutions were prepared to contain a fixed amount of mass (25 mg) in a total initial volume
of 40 mL. Initially, the pH of the solution was acidified with 2.35 mL of 1% HCI aqueous
solution. The solution was then titrated with 25 uL aliquots of 0.1 M NaOH. The x-axis label
of the plot, [NaOH], denotes the total concentration of added NaOH.The titration data for
pure water obtained under an identical set of conditions (black circles) are also shown for
reference. For correction of experimental errors, the original titration curves (Figure have
been shifted by constant factors with respect to water data using the procedure described in
literature?. Measurements were taken using a Crison Basic 20 pH meter.
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Figure B.7: Plots of the degree of protonation of the amine groups («) vs pH for the a-azide-
PDMAEMAGgo (black circles), a-azide-PDMAEMAg3qy (grey circles), a,w-alkyne-PBAEszqno
(white circles) and block copolymers PDMAEMAgqp-b-PBAE3z000-b-PDMAEMAgy (white
squares) and PDMAEMA3000-b-PBAEzp00-b-PDMAEMA3q (grey squares) in Milli-Q wa-
ter, estimated from the data shown in Figure using equation a(pH) = {[amine];.V; -
[NaOH]O,umine(pH)-Vamine(pH) + [NaOHO,water(PH)-Vwater(pH)/[amine]i-vi}r where [NaOH]0
denotes the nominal concentration of added NaOH (after correction) and V the total volume
of the solution at a given point of titration, and the subscripts, amine, water, and i repre-
sent, respectively, the amine titration measurement, the water titration measurement, and
the initial condition of the titration experiments.
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Figure B.8: 'H NMR spectrum (CDCl3, 400 MHz) of a,w-acrylate-PBAE (A) and a,w-alkyne-
PBAE (B).

Figure (A). 'TH NMR (CDClz, 400 MHz, (ppm)): 1.30-1.38 (2H, br,
NCH,CH,CH,CH,CH,OH), 1.42-149 (2H, br, NCH,CH,CH,CH,CH,OH),
1.53-1.60 (2H, b, NCH,CH,CH,CH,CH,OH), 1.65-1.77  (4H, br,
CH,CH;NCH,CH,(COO)CH,CH,CH,CH»(COOQ)), 2.35-2.46 (6H, br,
CH,CH,;NCH,CH>(COO)CH,CH,CH,CH,(COO) and NCH,CH,CH,CH,CH,OH),

2.68-2.81 (4H,  br, CH,CH,NCH,CH,(COO0)CH,CH,CH,CH,(COO0),
355365  (2H,  NCH,CH,CH,CH,CH,OH),  4.03-4.14  (4H,  br,
CH,CH,NCH,CH,(COO)CH,CH,CH,CH,(COO), 4.18-4.23 (br,

CH,(COO)CH=CH,), 4.31-438 (br, NCH,CH,CH,CH,CH,OH), 5.81-5.88 (d,
COOCH=CHj), 6.06-6.18 (dd, COOCH=CHy), 6.36-6.45 (d, COOCH=CH,).

Figure (B). 'H NMR (CDCl;, 400 MHz, § (ppm)): 1.31-1.38 (2H, br,
NCH,CH,CH,CH,CH,0H), 142-149 (2H, br, NCH,CH,CH,CH,CH,0H),
153160 (H, br, NCH,CH,CH,CH,CH,OH), 1.65-1.78 (4H, br,
CH,CH,NCH,CH,(COO)CH,CH,CH,CH,(COO)),  2.39-2.48 (6H,  br,
CH,CH,NCH,CH,(CO0)CH,CH,CH,CH,(COO) and NCH,CH,CH,CH,CH,OH),
270281 (4H, br, CH,CH,NCH,CH,(COO)CH,CH,CH,CH,(COO), 2.93-
299 (2H, (COO)CH,CH,NHCH,CCH), 341-345 (2H, CH,NHCH,CCH)
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3.54-3.66 (2H, NCH,CH,CH,CH,CH,0OH), 4.03-4.18 (4H, br,

CH,CH,NCH,CH,(COO)CH,CH,CH,CH,(COO)), 4.31-4.37 (br,
NCH,CH,CH,CH,CH,OH).
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Figure B.9: TGA weight loss curves of a-azide-PDMAEMA (short dashed line) and
PDMAEMA-b-PBAE-b-PDMAEMA (broken dashed line).

Table B.1: Characteristics quantities (average =+ standard deviation) of poly[2-
(dimethylamino)ethyl methacrylate] and poly[2-(dimethylamino)ethyl methacrylate]-b-
poly(B-amino ester)-b-poly[2-(dimethylamino)ethyl methacrylate] obtained from TGA data.

Sample Weight loss (°C)
Tsq, (°C) T199 (°C) Ton (°C)
x-Azide-PDMAEMA 226.76 £1.25 263.20 = 1.62 294.79 & 2.62

PDMAEMA-b-PBAE-b-PDMAEMA  212.77 £ 2.51 229.59 +1.36 229.35 + 1.26

Subculturing procedure for 3T3-L1, TSA, HeLa and COS-7 cell lines. 3T3-
L1 (mouse embryonic fibroblast cell line), TSA (BALB/c female mouse mammary
adenocarcinoma cell line), HeLa (human epithelial cervical carcinoma cell line) and
COS-7 (african green monkey kidney fibroblast-like) cells were maintained at 37 °C,
under 5% CO,, in Dulbecco’s modified Eagle’s medium-high glucose (DMEM-HG)
(Irvine Scientific, Santa Ana, CA) supplemented with 10% (v/v) heat inactivated fetal
bovine serum (FBS) (Sigma, St. Louis, MO), penicillin (100 U/mL) and streptomycin

(100 ug/mL). Both cell lines grown in monolayer and were detached by treatment
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with trypsin solution 0.25% (Sigma, St. Louis, MO). For biological activity studies,
2.0 x 10* HeLa cells were seeded in 1 mL of medium in 48-well culture plates, 24 h

before study, and used at 70% confluence.
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APPENDIX C

Comparative biocompatibility evaluation of poly(p-amino

ester) and poly[2-(dimethylamino)ethyl methacrylate]
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C.1 Introduction

Polycationic polymers have attracted increasing attention in the past decade for
biomedical applications, mainly as non-viral vectors for gene delivery®. The op-
timal polymer structure for gene delivery carrier should combine low cytotoxicity
with high transfection efficiency. In this work we compare the cell viability in two
different cell lines (3T3-L1 and TSA) for two broadly used polycationic polymers
in gene delivery: poly[2-(dimethylamino)ethyl methacrylate)] (PDMAEMA) and a
poly(B-amino ester) (PBAE).

C.2 Methods

PDMAEMA was synthesized and purified as previously described*. PBAE was syn-
thesized through Michael addition reaction between 5-amino-1-pentanol (1.5 g, 14.54
mmol) and 1,4-butanediol diacrylate (3.20 mL, 17.45 mmol) in dry acetone. After 24
h, the solution was dripped slowly and washed (3 times) into cold diethyl ether.
PBAE was dried under reduced pressure and then dried overnight at 40 °C under
vacuum. PBAE was stored at -20 °C until use. Cell viability was assessed by a mod-
ified Alamar Blue assay, as previously described” in two different cell lines (3T3-L1
(mouse embryonic fibroblast cell line) and TSA (BALB/c female mouse mammary
adenocarcinoma cell line)). Cell viability (as a percentage of control cells) was calcu-

lated according to the equation:

Cell viability = (Asyg — A600)/(Aé70 — Aéoo) x 100 (C.1)

where Asyg and Agg are the absorbances of the samples, and A’syp and A’spp those
of control cells, at the indicated wavelengths. Values of cell viability measured by
the Alamar Blue assay are expressed as a percentage of the untreated control cells

(mean & SD) obtained from three independent experiments with triplicates.
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C.3 Results

The cell viability assays reveal substantial differences between PDMAEMA and
PBAE in both studied cell lines. The PBAE shows low cytotoxicity, being observed
high levels of viability for both cell lines, even when incubated with high concentra-

tions of PBAE.

C.4 Discussion and conclusions

In this study we have shown that PBAE is much more biocompatible, even at high

concentrations, than PDMAEMA as indicated by the viability assays.

C.5 Acknowledgments

Rosemeyre Cordeiro acknowledges FCT-MCTES for her PhD fellowship
(SFRH/BD/70336/2010).
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APPENDIX D

Evaluation of the biocompatibility of
cholesterol-poly[2-(dimethylamino)ethyl methacrylate]

synthesized by atom transfer radical polymerization
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D.1 Introduction

The use of the reversible deactivation radical polymerization (RDRP) method to pre-
pare tailor made polymers has been proved to be a powerful tool in the synthesis of
polymeric structures to biological studies®®. In this work, we report the development
of a RDRP method for poly[2-(dimethylamino)ethyl methacrylate)] (PDMAEMA)
synthesis using mild conditions initiated with a cholesterol molecule. The viability

for in vitro applications of the polymer was evaluated in two different cell lines.

D.2 Methods

Cholesteryl-2-bromoisobutyrate and cholesterol-PDMAEMA (CHO-PDMAEMA)
were synthesized according to a previously reported method®. The final product
was characterized by proton nuclear magnetic resonance (!H NMR), size exclusion
chromatography (SEC) and in terms of their cytotoxicity, by a modified Alamar Blue
assay” in 3T3-L1 and TSA cells, 48 hours after incubation with the polymer. Values
of cell viability are expressed as a percentage of the untreated control cells (mean =+

SD) obtained from three independent experiments with triplicates.

D.3 Results

The 'H NMR spectrum and SEC trace confirms the well controlled structure of the
CHO-PDMAEMA polymer. The polymer also shows promising values of viability
in both cell lines studied (Table 1).

Table D.1: Cell viability after 48 h of incubation with the polymer. Values are expressed as a
% of control cell and SD are given in brackets.

Concentration (ug/mL)
0.1 0.5 2.5 5 10

3T3-L1 98.0 (5.3) 99.3 (5.3) 94.8 (6.7) 51.8(7.9) 585 (6.4)
TSA 947 (5.9) 90.0(8.2) 98.0 (6.0) 81.2(15.7) 36.6(23.5)

200



Appendix D  Evaluation of the biocompatibility of cho-PDMAEMA synthesized by ATRP

D.4 Discussion and conclusions

Results suggest a good control over of a CHO-PDMAEMA structure and good bio-
compatibility. In addition, the RDRP method used employs mild reaction conditions
and sustainable GlaxoSmithKline (GSK)-based solvents®. The method developed for
the polymer synthesis can be viewed an interesting and attractive solution for phar-

maceutical industry.

D.5 Acknowledgments

Rosemeyre Cordeiro acknowledges FCT-MCTES for her PhD fellowship
(SFRH/BD/70336/2010).
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