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ABSTRACT

The aim of this work was to synthesize and characterize well-defined cationic
copolymers for gene delivery applications via reversible deactivation radical
polymerization (RDRP) techniques. It was also a goal of this study to evaluate the
differences in the reaction rate and control over the polymerization of methyl acrylate
(MA) by supplemental activator and reducing agent atom transfer radical
polymerization ~ (SARA  ATRP), when using tetrahydrofuran (THF), 2-
methyltetrahydrofuran (2-MeTHF) or cyclopentyl methyl ether (CPME).

Two main sets of well-defined block copolymers for gene delivery assays were
synthesized: poly((3-acrylamidopropyl)trimethylammonium chloride)-based
(PAMPTMA-based) copolymers, with emphasis on poly(ethylene glycol)as-b-PAMPTMA,
(PEG4s-b-PAMPTMA,), via SARA ATRP, and poly(2-aminoethyl methacrylate
hydrochloride)-based (PAMA-based) polymers, with emphasis on PEG4s-b-PAMA\ block
copolymers, via activators regenerated by electron transfer (ARGET) ATRP with slow
feeding of ascorbic acid (AscA) as the reducing agent. The different copolymers were
tested in COS-7 cell line. All PAMPTMA-based copolymers showed no transfection
efficiency. It was postulated that these unexpected results could be due to different
reasons: (i) the inability of the polyplex to enter in the cell; (ii) the unsuccessful
unpackaging of the polyplex; (iii) the possible cytotoxicity of the polymer. In contrast,
the PEGss-b-PAMA, samples showed promising results, having high transfection
efficiencies, especially in the presence of serum. Moreover, for PAMA-based samples, it
was possible to establish important correlations involving the advantages using of PEG
in the polyplex composition.

In order to fulfill the second purpose of this project, the activity of the metallic
catalytic system [CuBr2]o/[MesTREN]o/Cu(0) was evaluated for the polymerization of MA
at 30 °C, using solvents that belong to the same family but have different polarities,
namely THF, 2-MeTHF or CPME. The kinetic results showed no significant differences
between the reaction rates, regardless of the solvent mixture used, as well as a close
agreement between the experimental and theoretical molecular weights. However, the
evident loss of control observed for high monomer conversions raised concerns over the
stability of the system. Further investigation was done through chain-extension
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experiments, where the presence of dead chains was confirmed by the existence of a
macroinitiator shoulder in each SEC trace of the extended PMA-Br samples.
Nevertheless, the percentage of dead chains was in the range expected for a SARA ATRP
system. Further studies were performed by UV spectroscopy aiming to observe eventual
differences in the reduction of CuBr> between the different solvent mixtures
investigated for the SARA ATRP of MA. However, for all the systems studied, an
unexpected increase in the maximum absorbance peak and a successive shift to smaller
wavelengths was evident during the reaction time. Further studies are required in order

to establish a better understanding of the data obtained.



RESUMO

O objetivo deste trabalho foi sintetizar e caracterizar copolimeros catiénicos bem-
-definidos para aplica¢Oes de entrega de material genético através de técnicas de RDRP.
Foi também um objetivo deste estudo a avaliacdode diferencas na velocidade de reacdo
e controlo sobre a polimerizacdo de MA por SARA ATRP, quando se utiliza THF, 2-MeTHF
ou CPME.

Dois conjuntos principais de copolimeros em bloco bem-definidos foram
sintetizados para os ensaios de entrega de genes: copolimeros de base PAMPTMA, com
énfase nos copolimeros em bloco PEGa4s5-b-PAMPTMA,, via SARA ATRP, e polimeros de
base PAMA, com énfase nos copolimeros em bloco PEGas-b-PAMA,, via ARGET ATRP
com adicdo lenta de AscA como agente redutor. Os diferentes copolimeros foram
testados na linha celular COS-7. Todos os copolimeros de base PAMPTMA ndo
mostraram qualquer eficiéncia de transfecdo. Teoriza-se que estes inesperados
resultados possam ser devidos a diferentes motivos: (i) a incapacidade do poliplexo
entrar na célula; (ii) a descarga sem éxito do poliplexo; (iii) a eventual citoxicidade do
polimero. Contudo, as amostras de PEGas-b-PAMA, evidenciaram resultados
promissores, tendo elevadas eficiéncias de transfecdo, especialmente na presenca de
sérum. Mais ainda, com as amostras de base PAMA foi possivel estabelecer correlagdes
importantes relativas as vantagens da utilizagdo de PEG na composi¢do do poliplexo.

De modo a cumprir o segundo propdsito deste trabalho, a atividade do sistema
catalitico metalico [CuBr2]o/[MesTREN]o/Cu(0) foi avaliada para a polimerizacdo de MA
a 30 °C, usando solventes que pertencem a mesma familia, mas que tém polaridades
diferentes, nomeadamente THF, 2-MeTHF ou CPME. Os resultados cinéticos ndo
apresentaram diferencas significativas entre as velocidades de reacdo,
independentemente da mistura de solventes usada, havendo uma grande proximidade
entre os pesos moleculares tedricos e experimentais. Contudo, a perda evidente de
controlo observada a altas conversdes de mondmero levantou duvidas sobre a
estabilidade do sistema. Outras investigacdes foram feitas através de extensbes de
cadeia, onde a presenca de cadeias mortas foi confirmada pela existéncia de um ombro
de macroiniciador em cada trago de SEC das amostras estendidas de PMA-Br. Todavia,
a percentagem de cadeias mortas estava dentro do espectavel, para um sistema SARA
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ATRP. Estudos posteriores foram feitos com espectroscopia UV com o objetivo de
observar eventuais diferencas na reducdao de CuBr2 entre as misturas de solventes
investigadas para o SARA ATRP do MA. Porém, para todos os sistemas estudados,
verificou-se uma inesperada subida do pico de maxima absorvancia, assim como um
desvio sucessivo deste para comprimentos de onda menores, durante o tempo de
reacdao. De modo a melhor compreender os dados obtidos, estudos posteriores serao

necessarios.
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NOMENCLATURE

V1, NMR
M, SEC
M,
Mw
kp2PP
ka
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Degree of protonation
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Theoretical number-average molecular mass
Theoretical mass-average molecular mass
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Deactivation rate constant
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Termination rate constant

Temperature
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GOALS, MOTIVATION AND RESEARCH IMPACT

Reversible deactivation radical polymerization (RDRP) methods have emerged as
excellent tools for macromolecular engineering, since they allow a precise control over
the polymer features (e.g., molecular weight, composition, topology and architecture)
[1]. Atom transfer radical polymerization (ATRP), which uses a metal/ligand catalytic
complex to mediate the polymerization, is one of the most robust and versatile RDRP
methods [2]. Recently, eco-friendly conditions were developed for the polymerization
of two promising cationic monomers by ATRP related chemistries: (3-acrylamidopropyl)
trimethylammonium chloride (AMPTMA), by supplemental activator and reducing agent
atom transfer radical polymerization (SARA ATRP) [3] and 2-aminoethyl methacrylate
hydrochloride (AMA), by activators regeneration by electron transfer (ARGET) ATRP [4].
Agueous medium and low catalyst loading are attractive features of these systems,
considering the preparation of polymers for biomedical applications. Therefore, the aim
of this work is to use the eco-friendly ATRP systems reported in the literature for the
polymerization of both AMPTMA and AMA to design new well-defined copolymers that

can be used as non-viral vectors for gene delivery applications (Figure 1).

L
- -
o o ¥ + 4
bl El * + *
L/ + & +
pe %\ s+ - ”
¢ DNA compie: .t -~ +
ATRP + + T+ ot
+ + " + oy
+7 *e M
+

Transfected ce

Figure 1 - Schematic representation of the strategy followed in this work.

Under the light of “Green Chemistry”, there has been a tendency to develop
efficient systems that produce a lesser CO2 footprint, when compared to conventional
systems. Since solvents tend to produce the biggest waste in chemical processes [5], the
search for greener options is a key aspect to reduce the footprint produced by chemical
processes. Tetrahydrofuran (THF) isa well-known, widely used and toxic organic solvent.
Cyclopentyl methyl ether (CPME) and 2-methyltetrahydrofuran (2-MeTHF) are two
greener candidates that could replace THF in some reaction systems. Previous work has

demonstrated the advantage of using a CPME/ethanol(EtOH)/H20 = 70/28/2 (v/v/v)
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solvent mixture for the SARA ATRP of methyl acrylate (MA) [6]. Based on this knowledge,
in this work, the differences between the use of THF, CPME and 2-MeTHF as co-solvents
were also studied in the synthesis of poly(MA) (PMA) via SARA ATRP.

This work is expected to have an important impact on two different areas: the
design of new polymers for polyplexes that are used in one of the most promising
therapeutics strategies, gene delivery, and the development of new reaction systems

that are greener by eliminating the need for use of toxic solvents as THF.
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1 LITERATUREREVIEW

1.1 GENE DELIVERY SYSTEMS

For a vast array of diseases, gene therapy aims to offer medical treatments, or
preventions, by gene transfer into specific cells of the patient [7]. The proper
identification of the genetic roots of specific diseases has been the subject of intensive
research, as the identification of the gene causing the disease turns the prevention
and/or treatment easier. While standard treatments are merely capable of acting on the
symptoms, gene therapy aims to act directly on the source of the problem, not only
treating symptoms, but also potentially eliminating the cause of the disease [7, 8]. In
some cases, such as cancer therapies, the treatment only requires a short-term gene
expression. However, for most genetic diseases (acquired or inherited) a long-term gene
expression is vital in order for the treatment to be effective [9]. As an example, the first
clinical studies involving gene transfer beganin 1990 for the treatment of the adenosine
deaminase (ADA) gene for patients with Severe Combined Immunodeficiency due to
Adenosine Deaminase Deficiency (SCID) [10]. After years of research, on May 2016 it
was announced that the European Commission has approved GSK’s Strimvelis™, as the
first ex-vivo stem cell gene therapy to treat patients with ADA-SCID [11]. From this
example, it is clear that gene therapy is one among the greatest medical revolutions of
this century.

Throughout the years, extensive research has been done in order to develop viable
gene delivery systems, known asvectors. Important efforts have been made in order to
find an efficient, tunable/controllable, non-toxic and with a favorableimmune response,
delivery vector [8]. There are different types of gene delivery vectors for somatic cells,
either viral or non-viral. In spite of the numerous systems available, the success of the
gene therapy application ultimately depends on the delivery of the genetic material

through the cell membrane into the cell nucleus [12].

Viral vectors
The main activity of a virus is to self-replicate. In order to do this, it carries its
genome from one host cell to another, entering the new targetcell nucleus and initiating

the expression of its genome [8]. Viral gene-transfer systems are based on adapted-
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viruses, where part of the virus genome is replaced with a therapeutic gene and some
areas are removed in order to derange its replication and make the viral vector safer [7,
8, 12]. Despite the fact that the viral approach has been known to provide the most
efficient transfection rates [7] and successful gene therapy systems [12], there are
several safety concerns. In short, viral vectors have high immunogenicity and the
potential to generate a replication-competent virus during manufacturing or after
administration to patients, despite all possible safety measures. Moreover, viral vectors
have an inherit transgenic?! capacity size and, since they require a genome modification,
they are also difficult to manufacture [7, 8, 12]. As an example, retroviral vectors are
one of the most frequently employed systems in gene therapy [12]. Relevant

information on viral vectors can be found in some dedicated reviews [9, 12, 13].

Non-viral vectors

Non-viral gene-transfer system is the generic designation of all the physical and
chemical systems that are not virus-based [12]. The major advantage of non-viral
systems is that they can be accurately designed to have specific physicochemical
properties, which can potentially improve their biological interaction, especially with the
development of advanced polymerization methods (e.g., RDRP) [14]. Moreover, non-
viral vectors have no insert-size limitation, have high availability, are easier to
manufacture and are much less immunogenic than viral vectors [12]. In short, these
systems are more flexible than their viral counterparts, in spite of their possible
cytotoxicity and low transfection efficiency [8].

To facilitate the entrance of the genetic material into the cell, several physical
methods could be used (e.g., naked DNA, electroporation or DNA particle bombardment
by gene gun). In non-viral physical gene delivery systems, the genetic material is
delivered due to a momentary penetration into the cell membrane caused by the use of
either mechanical, electrical, ultrasonic, hydrodynamic or laser-based energy [12].

Chemical non-viral vectors are usually nanosized complexes that result from the
complexation of the negatively charged nucleic acid with cationic polymer. This

polycation may be a cationic liposome/micelle or a cationic polymer, forming lipoplexes

1 Transgene — the gene delivered by the vector.
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or polyplexes, respectively, when bound to the genetic material [12]. Compared to
liposomes, most cationic polymer gene delivery vectors possess lower transfection
efficiencies. Nonetheless, polymers form complexes with a narrow particle size
distribution, are more stable against the action of nuclease and their hydrophilicity can
be easily tuned by copolymerization [15].

When designing gene delivery vectors, it is relevant to understand the different
barriers preventing a successful gene delivery [16]. Unlike a virus, which has naturally
evolved functions to surpass each obstacle, non-viral vectors must be designed
accounting for all the different extracellular andintracellular obstacles [8]. The difficulty
inimproving the efficacy of non-viral polymeric vectors remainsassociated to the scarce
understanding of how polymeric vectors could overcome each intracellular obstacle. In
addition, there is still much to learn in regards to the actual contribution of the
physicochemical properties to an efficient intracellular transfection [17]. Besides the
need to synthesize a safe, stable, non-toxic, non-immunogenic and non-pathogenic non-
viral vector, a few design criteria must be considered when designing synthetic vectors.
These include: DNA protection, the ability to pack large DNA plasmids, ease of
administration and fabrication, serum stability, targetability to specific cell-types, cost-
effective synthesis, easy purification, efficient cellular internalization, endolysosomal
escape, nuclear transport, efficient unpackaging and infection of non-dividing cells [8].
Typically, a vector is designed to overcome one or more specific barriers (e.g.,
aggregation when in circulation, protein binding, etc.) [17].

The subject of this study is non-viral synthetic gene delivery vectors, which will be

further explored in the following section.

1.1.1 Cationic polymers as non-viral gene delivery vectors

Due to their physicochemical properties, cationic polymers have attracted
increasing attention as potential candidates for biomedical applications. This is
especially relevant considering gene delivery, since the positive charges of cationic
polymers allow electrostatic interactions between the nucleic acid (anionic -
phosphates along the nucleic acid backbone) and the polymer, forming the so-called

polyplexes [18-20] (Figure 2). Each polyplex particle is often formed by several nucleic
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acid molecules and polymer chains (Figure 2). Additionally, the positive charges on the
particle surface provide nucleic acid protection ensuring the stability of the polyplex [8];
however, an excess of cationic charges on the polyplex surface could contribute to the

cytotoxicity of the system [16].
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Figure 1 - Schematic representation of the formation of a polyplex.

Recently, Yanan Yue and Chi Wu [17] have examined four critical and underrated
points for the success of the intracellular processing of the polyplex. One of those topics
is that free cationic polymer chains in a solution mixture of DNA and polymer seem to
be responsible for gene transfection, while the polycationic chains forming the
polyplexes only act as the protectors of the genetic material. Another debated
parameter is whether the “proton sponge” ? could legitimately explain the high
transfection ratings of some pH-responsive polymers (e.g., polyethylene imine - PEI).

The relationship between the cationic polymer characteristics (e.g. structure, etc.)
and the biophysical properties of the polyplex formed have been subject of intense
research[8, 12, 17, 21]. Factors like charge density, length of the side chain, charge type,
molecular weight, charge spacing along the side chain or hydrophobicity could affectthe
interaction of the polycation with the plasmid, with direct consequences on their
biophysical properties [16, 21]. For example, the increase of the polymer’s molecular
weight, leads to the increase of the net positive charge density, allowing a tighter DNA
binding and the formation of a more stable complex [12]. Nevertheless, the strong

binding and efficient DNA condensation are not enough for an efficient transfection,

2 “proton sponge” - designation for the effect of an increase of osmotic pressure inside an endolysosome
caused by the continuous protonation of amines on polymer chains, an influx of counter ions and
ultimately the burst of the endolysosome.
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since tight binding can difficult the unpackaging and, therefore, an efficient delivery of
the gene and transfection [8]. Moreover, long polycationic chains tend to have higher
cytotoxicity [17]. It is, therefore, necessary to find a proper balance between the
properties of the cationic polymer and the features necessary for the application. More
detailed information on this topic can be found in the literature [21].

As previously mentioned, for gene therapy applications it is vital to maximize
transfection efficiency and minimize cytotoxicity. To this end, since the first gene
transfection reporting the use a polycation vector [22], the systematic study of new
cationic polymers with different physical/chemical characteristics has been
overwhelming and ever-growing [23]. In the scope of this work, only a few relevant
examples will be discussed. More in depth information can be found in [23] and [16].

Off-the-shelf polymers like PEI [24] and poly-I-lysine (PLL) (Figure 3) are amongst
the most extensively studied polymers, having been known to produce some of the most
promising transfection results [25]. Cationic polysaccharides, mainly chitosan
derivatives and cationic polymers based on dextran-spermine, have also been studied
in gene deliveryapplications. Chitosan, for example, has excelledin drug delivery essays,

and has been shown promising results in gene delivery [25].
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Figure 3 — Chemical structure of PLL and PEI.

PEl is a cationic polyamine with a high pH-buffering capacity [26] that is
commercially available in two main architectures: linear and branched (Figure 3). PEI-
based structures have been widely studied since their first report in 1995 [27]. In spite
of the proven high transfection efficiency [28], likely related to its “proton sponge”
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effect [26], PEI also presents a high cytotoxicity (highly influenced by the chain length
and the topology [17]). Furthermore, this polymer has poor in vivo stability due to a
short circulation time and high aggregation, since PEI easily interacts with blood cells
and serum proteins [25]. Another disadvantage of using PEl for gene delivery
applications is that commercially available PEls are typically polydisperse and have a
poorly-defined composition, requiring further modifications, if a more controlled
structure is required [14].

PLL (Figure 3) was one of the first cationic polymers to be reported for gene
delivery applications [22]. With lysine repeating units that provide a biodegradable
character [25], PLL is a positively charged linear polypeptide [29]. The maindisadvantage
of the usage of PLL is that its polyplexes are rapidly bound to plasma proteins and easily
cleared from circulation, diminishing the transfection efficiency [25]. The relationships
between the structure of PLL and the transfection activity were studied in detail [29].

Poly((2-dimethylamino)ethylmethacrylate) (PDMAEMA, Figure 4) based polymers
have been described to have excellent transfection efficiency [30], probably due to their
endossomal destabilization property and the ability to dissociate from DNA in the
cytosol [31]. At physiological pH (7.4 in the cytosol [32]), PDMAEMA its slightly
protonated since it has an average pKa of 7.5, behaving as a proton sponge [31].
However, even though it is a promising non-viral gene deliveryvector, cytotoxicity issues
[33] prevent PDMAEMA to be an optimal solution. Although PDMAEMA has typically a
less transfection efficiency than PEI, the synthesis and characterization of well-defined
PDMAEMA is well described in the literature, which allows PDMAEMA to be a model for
the assessment of the connections between the chain structure and function in gene
delivery applications [17]. On this matter, the synthesis of linear, 3-arm and 5-arm star-
shaped PDMAEMA via ATRP was reported [34]. Recently, the synthesis of a well-defined
PDMAEMA via SARA ATRP under mild condition was reported [35]. The same group also
reported a novel triblock copolymer of PDMAEMA-b-poly(B-amino ester)-b-PDMAEMA

to be a promising polymeric non-viral vector [19].
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Figure 4 - PDMAEMA chemical structure.

An attachment of poly(ethylene glycol) (PEG) to the polymer (PEGylation), for
example, has been used as a solution to prevent plasma protein binding and to increase
half-life circulation of the complex. Hence, PEGylation decreases cytotoxicity, increases
transfection efficiency [12] and improves the in vivo stability of the polyplex [36].
Moreover, it has been known to protect the therapeutic payload from proteins [37].

Studies were made with copolymers with a tertiary amine methacrylate and with
PEG, where PEG produced a proven beneficial effect on the ability to the copolymers to
bind with DNA and to produce stable and compact polyplexes [38]. Interesting results in
these studies were that: a PDMAEMA homopolymer produced better transfection than
the control PLL; PEG-based copolymers, while increasing the hydrophilicity of the
polyplex, had poorer transfection rates due to a loss in the ability of the polyplex to
penetrate into the cells, likely related to the steric stabilization effect of a PEG corona
[38]. More recently, another group also reported PEGylated PDMAEMA well-defined
copolymers via reversible addition-fragmentation chain transfer (RAFT) polymerization
[36]. The main purpose was to evaluate the effect of PEG architecture and molecular
weight on the cytotoxicity and gene delivery efficacy. The ability of the polymers tested
to complex and release DNA were not significantly affected by changes in the PEG
topology, as opposed to the relevant effect that the PEG architecture had on the
polyplexes size and zeta potential [36].

Another relevant group of non-viral polymeric vectors are the pH-sensitive,
membrane-disruptive polymers [17, 32]. Acid-responsive membrane disruptive
polymers, like poly(2-propylacrylic acid) (PPAA), have been designed aiming for an
endosomal release that mimics the one of viruses [17]. PPAA has been used, with

remarkable results, alongside a cationic DNA/(1,2-dioleoyl-3-methylammonium-
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propane) (DOTAP) lipoplexes [39]. Alternatively, pH-responsive polymers, like
poly(amidoamine) (PAA), could also be potentially interesting for gene delivery
applications [23].

In stimuli-responsive polymers (e.g., PEl, PPAA, etc.) the interaction with the
nucleic acids could be changed as a response to small variations in the external
environment (e.g., temperature, pH), making them potentially interesting to gene
delivery applications [32]. This ability to alter the interaction with the nucleic acid could
be the key to improve transfection efficiency, since the introduction of a stimuli-
responsive segment in the vector could improve release at targetsite, while maintaining
a strong/protective binding during transport [32]. In this work, two stimuli-responsive
monomers were used, 2-(diisopropylamino)ethyl methacrylate (DPA, pH-responsive)
and N-isopropylacrylamide (NIPAAM, temperature-responsive), to synthesize
copolymers of PAMPTMAn-co-PDPAn and PAMPTMAn-co-PNIPAAM .

Poly(2-(diisopropylamino)ethyl methacrylate) (PDPA) is a pH-responsive polymer
with a pKa of 6.2 [40]. As other pH-responsive polymers, DPA-based polymers have
attracted increasing attention for gene delivery applications [41].

N-isopropylacrylamide (NIPAAM) is a temperature-responsive monomer. When in
solution, poly-NIPAAM (PNIPAAM) is hydrophilic at temperatures below its lower critical
solution temperature (LCST) and endures an entropy-driven transition to a hydrophobic
structure at temperatures above its LCST resulting in an insoluble aggregate. [42] LCST
for PNIPAAM has been reported to be in range of 30-35°C [42], yet it is frequently
described to be at 32°C in pure water [32]. The closeness of the LCST of PNIPAAM to the
normal body temperature as well as the possible fine tuning of this value, are the two
main reasons that justify the broad interest on this polymer during the past decades
[43]. Changing the solvent mixture is probably the simplest way to change the thermal
response of PNIPAAM. Other ways include salt addition, copolymerization with other
monomers or variation of the solution pH. [42] Nevertheless, adding an organic solvent,
for example, is not the ideal solution for biomedical applications due to toxicity issues.
It has been reported that LCST increases as the molecular weight and polymer
concentration decreases [44], meaning that the LCST can be tuned to a temperature
closer to the human body temperature by simply decreasing the molecular weight of

the polymer or controlling the polymer concentration. The addition of either more
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hydrophilic or hydrophobic co-monomers is a another approach to tune the LCST of
PNIPAAM-based copolymers [32]. Moreover, a PNIPAAM-based copolymer could
potentially be interesting for gene delivery applications since it reduces the need of
cationic charges in the polyplex [32].

The two  cationic monomers used in this work were (3-
-acrylamidopropyl)trimethylammonium chloride (AMPTMA) and 2-aminoethyl
methacrylate hydrochloride (AMA). PEGas-Br was used as macroinitiator for several
PEGas-b-PAMPTMA- and PEG4s-b-PAMA block copolymers.

AMPTMA is a quaternary ammonium salt [45]. As a cationic hydrophilic monomer,
AMPTMA has been used in combination with NIPAAM [43, 46, 47], exhibiting potential
to be used as drug delivery systems [48], microcarriers for cell proliferation [49] and as
gene delivery vectors [43]. To the extent of the research made, AMPTMA has only been
used in gene delivery applications in combination with NIPAAM for the synthesis of
PNIPAAM-b-PAMPTMA block copolymers intended for the delivery of siRNA. The highest
transfection efficiencies were obtained for shorter charged blocks [43].

AMA is a pH-responsive monomer with a pKa of 8.8, significantly higher than the
pKa of the poly(AMA) homopolymer (pKa = 7.6), being both unstable under basic
conditions (pH > 9) [50]. Chemical degradation of PAMA occurs under basic conditions
(pH > 9) [50]. Due to the presence of primary amino groups, PAMA has a cationic
behavior at physiological pH, being able to bind to negatively charged nucleic acids [51].
PAMA homopolymers synthesized via ATRP have been used as potential DNA vaccine to
dendritic cells, pointing to the low cytotoxicity of the PAMA homopolymers and good
transfection efficiency either with or without serum [52]. PEGylated PAMA block
copolymers synthesized via ATRP have been previously employed for the delivery of
heparin [53], oligonucleotids [54], DNA in dendritic cells [51] and small interfering RNA
(siRNA) [55], exhibiting promising results. Tang et al [51] showed that there is a clear
correlation between the length of the PAMA block and both the physicochemical
properties of the polyplex and the interaction with dendritic cells. Recently, the
synthesis of PAMA via ARGET ATRP under mild conditions was reported [4]. To the
extent of the research made, PAMA-based copolymers have never been reported for

DNA delivery in COS-7 cells.
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1.2 REVERSIBLE DEACTIVATION RADICAL POLYMERIZATION (RDRP)

In order to prepare reliable and effective therapeutic products, itis vital to ensure
that the synthesized materials have homogeneous properties with well-controlled
architectures and narrow molecular weight distribution [16].

Common polymerization methods, namely free radical polymerization (FRP),
feature alack of control over the polymers structure and molecular weight [56] and by
using them it is almost impossible to perform a proper functionalization of the
synthesized polymers. FRP is commonly employed in large-scale production of polymers.
It is a versatile technique that allows the polymerization of a vast array of monomers
under mild reactions conditions. Despite the advantages, the polymer chain growth is
extremely fast (~1s) in FRP systems, which difficult any control over the polymer
structure [56]. The control over the molecular weight is not possible due to termination
and chain transfer reactions occurring throughout the polymerization, which causes a
broad molecular weight distribution [56].

During the past two decades, new polymerization techniques have been
developed, namely RDRP (formerly known as “controlled/living” radical polymerization,
CLRP), allowing good control over the polymers properties (structure, architecture,
topology, composition and molecular weight) [1], while using mild experimental
conditions. The basic principle of this type of polymerization techniques is to maintain
the concentration of radicals extremely low during the polymerization. At low
concentration of active radicals, the termination reactions would be neglected and the
resulting polymers would have high chain-end functionality. This is achieved through an
equilibrium between active (propagating radicals) and dormant species (Scheme 1),
which is characteristic of all RDRP polymerization systems, along with an extremely fast

initiation allowing a simultaneous start of all the polymer chains [1].

k
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Scheme 1 - General RDRP equilibrium between active and dormant species.
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There are different RDRP techniques, being the maindifference between them the
way that the dynamic equilibrium is regulated. Typically, there is an agent (X in Scheme
1) that rapidly exchanges between active and dormant species to afford the controlled
growth (with propagation rate constant, kp) of the polymer chains. This equilibrium is
regulated by activation and deactivation rate constants, respectively ks and kg [1, 2].

RDRP can be applied to a wide range of monomers with diverse functionalities,
offering the possibility to prepare controlled (1.01 < ® = Mw/Mn < 1.50) and complex
polymeric structures [1] (Figure 5) for different applications. Moreover, polymers
synthesized through RDRP can be easily functionalized with different pendant groups,
that could be further modified, allowing the preparation of block copolymers with
controlled compositions (Figure 5) [57]. Note that the polymer structures also include

homopolymers, which can also have different architectures.
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Figure 5 — Examples of different polymer structures that can be produced using RDRP techniques: (a) copolymer
composition; (b) architecture.

One of the most used RDRP techniques for the synthesis of these complex
structures is the ATRP [2]. In this work, two variations of ATRP were used: the
supplemental activator and reducing agent (SARA ATRP) and the activators regenerated

by electron transfer (ARGET ATRP).

1.2.1 Atom transferradical polymerization

As previously mentioned, ATRP is on the most used RDRPs technique that allows
the preparation of polymers with controlled molecular weight, low molar mass
dispersity (p = Mw/Mn), complex architectures and high chain-end functionality [1, 2].
The control of the polymerization is achieved by reversible cycles of

activation/deactivation of alkyl halide polymer chains, caused by a metal/ligand catalytic
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complex (Scheme 2). A transition metal species (M+") able to increase its oxidation state,
a ligand (L) and a halogen counterion able to form a covalent or ionic bond with the
metal center arethe coreof any successful ATRP catalytic system. An alkyl halogen bond
(Pn-X) is homolytically cleaved (at a rate constant ki) by the metal catalyst/ligand
complex in the lower oxidation state (Mt"/L), resulting in a higher oxidation state metal
halide complex (M¢"**Xm/L) and a radical (P»®). The radical Pn"is then able to propagate
(at rate constant kp), to terminate by either coupling or disproportionating (at rate
constant ki) or to be reversibly deactivated (at rate constant kg). Even though
termination reactions are possible, they are minimized due a shift of the equilibrium
towards the dormant species caused by the accumulation of the higher oxidation state
metal halide complex, in the beginning of the polymerization (persistent radical effect —

PRE) [1, 2].

k

k M
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Scheme 2 - General scheme of the ATRP equilibrium.

ATRP has been successfully mediated by a variety of metal catalysts, however
complexes of copper with nitrogen-based ligand, for example, are possibly the most
efficient catalytic systems for a broad range of monomers. The main advantages of the
ATRP technique over other RDRP systems are the commercial availability of the
necessary reagents and simplicity of the procedures. [1] Styrenes, (meth)acrylates,
(meth)acrylamides and acrylonitrile are typical monomers successfully polymerized
using ATRP [2]. Another advantage of these systems is that the absolute amount of
metal catalyst can be decreased without affecting the rate of polymerization, but not
indefinitely since the equilibrium could be disrupted [1].

In order to minimize the cytotoxicity of the polymer, it is necessary to use systems
inherently as non-toxic as possible and have an adequate purification process.
Throughout the years, ATRP has been evolving in order to minimize the metal

concentration, aiming for “greener” polymerization systems [56]. Minimizing the copper
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content, while maintaining a good control over the polymerization, can be achieved by
the continuous in situ regeneration of the activator complex [58]. Extensive research has
been done in order to develop polymerization systems that use low amounts of metal
catalyst and that provide mild reaction conditions, while maintaining a precise control
over the polymers dispersity. On this matter, different ATRP variations have been
proposed: ARGET ATRP [59, 60], SARA ATRP [61, 62], initiators for continuous activator
regeneration (ICAR) ATRP [59] and electrochemically mediated ATRP (eATRP) [63, 64].
Recently, a metal-free ATRP system was also reported [65, 66].

ATRP can be carried out either in bulk, in solution or in a heterogeneous system
(ex.: emulsion, suspension). The need of a solvent is especially relevant in cases where
the polymer is insoluble in its monomer. For a library of monomers ATRP has been
carried out in solvents like diphenyl ether [67], dimethyl formamide (DMF) [68] and
dimethyl sulfoxide (DMSQO) [69]. Studies were even performed comparing the influence
of several solvents in the performance of the polymerization system (e.g., pure H20,
DMF, acetone, THF, EtOH in the ATRP of NIPAAM) [70]. Solvent choice is dependent
upon chain transfer to solvent and interactions between the solvent and the catalytic
system, that should be minimal. The polarity of the selected solvent must be also
considered, since polar solvents tend to provide faster and less controlled
polymerizations [2]. A tendency to search for ATRP systems using “greener” solvents has
increased, with more frequent reports of aqueous solvent mixtures (or pure agueous
systems [71-73]) or even isomers of known organic solvents, like THF [3, 4, 6, 71]. In this
work, the influence of the solvent mixture on the polymerization features was studied
trough SARA ATRP of MA using “THF-like” solvents.

The following sections present more detailed information on the polymerization
techniques used in this work (SARA and ARGET ATRP) for the preparation of the gene

delivery block copolymer.

Supplemental activator and reducing agent ATRP
The mechanism of RDRP in the presence of zero valent metals, namely Cu(0), has
been known as SARA ATRP (Scheme 3) and it has been well-described by the

Matyaszewki’s group [58].
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Scheme 3 - General mechanism of the SARA ATRP mediated by Cu(0) and Cu(ll)%.

In the SARA ATRP mechanism, as it can be seen on Scheme 3, zero-valent metals
[62] (e.g., Cu(0) [3], Fe(0) [74]) or inorganic sulfites (e.g. Na25204) [75], are used as both
reducing agents and supplemental activators. When Cu(0) is used as a SARA agent, there
is a in situ slow regeneration of the Cu(l)X species by the reduction of Cu(ll)X2, [76]. In
addition, the SARA agent is also able to directly activate alkyl halide chains. However,
this activation is a contributing reaction (being the main activator the Cu(l)X) as occurs
in the normal ATRP process [58]. SARA ATRP has already been used for the
polymerization of several monomers in different solvent mixtures, including water [72,
74].

Previous work demonstrated that the SARA ATRP technique, in mild reaction
conditions, was able to offer a good control in the polymerization of AMPTMA. The
system used as a solvent was either water or ethanol/water mixtures at room
temperature (25 °C) with a catalytic system composed of Cu(0) wire, small amounts of

CuCl; and MesTREN in excess [3].

Activators regenerated by electron transfer ATRP

The ARGET ATRP could be advantageous over other ATRP systems when
considering biomedical applications (or industrialization) since it allows the use of lower
amounts of metal catalyst (concentration of catalystin comparison to the concentration
of monomer) to achieve control over the polymerization [59, 71]. In this ATRP variation,
a reducing agent (e.g., ascorbic acid, AscA) is used in excess for the continuous
(re)generation of the activator species (Cu(l)) (Scheme 4) [1]. Unlike SARA ATRP, in
ARGET ATRP the reducing agent does not activate alkyl halides.
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Scheme 4 - General mechanism of the ARGET ATRP.

ARGET ATRP has been successfully implemented in agueous medium [71], and, as
an example, has provided good control over acrylates and styrene polymerization using
only 50 ppm and 10 ppm of Cu catalyst [77], respectively, as well as well-defined block
copolymers [1]. Recently, a straightforward ARGET ATRP system was described for the
polymerization of AMA under mild reaction conditions, using a slow feeding of AscA [4].
The reaction could be done in alcohol/water mixtures or even pure aqueous system,
which would be favorable considering biomedical applications. Therefore, this

knowledge was used for the preparation of PEG-b-PAMA block copolymers, in this work.
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2 CATIONICCOPOLYMERS FOR GENE DELIVERY

2.1 ABSTRACT

The aim of this work was to design well-defined cationic copolymers for gene
delivery applications via RDRP techniques. PAMPTMA-based copolymers and PAMA-
-based polymers were prepared by SARA ATRP and ARGET ATRP, respectively, under
eco-friendly conditions. The transfection ability of the copolymers was tested using COS-
7 cell line. No transfection efficiency was observed for the PAMPTMA-based samples,
which could be attributed to an inexistent interaction between the polyplex and the cell,
an incapacity for the genetic material to be freed from the polyplex or even a high
cytotoxicity of the polymer. Nonetheless, the PEG4s-b-PAMA samples showed promising
results for gene delivery applications. Its transfection efficiencies, especially in the
presence of serum, were higher than the gold standard (PEI) for several N/P ratios
(PAMA103 with serum: 5/1, 10/1, 25/1; PEGas-b-PAMA111 withserum: 50/1, 75/1, 100/1).
From the comparison of the results between a PEGylated PAMA-based sample and a
PAMA homopolymer, it was also possible to observe the advantage of incorporating PEG

in the structure of a non-viral gene delivery vector.

2.2 |INTRODUCTION

Designing an efficient gene delivery vector with low toxicity and high transfection
efficiency is a puzzling task. A non-viral synthetic gene delivery vector has to have well-
controlled properties and be as non-toxic, as biocompatible, as stable and as robust as
possible [8]. Recent progress in RDRP techniques have provided essential tools for the
synthesis of new polymeric gene vectors with tailor-made compositions, architectures
and functionalities [78].

Several cationic monomers have already been used for gene delivery applications
[78]. Likewise, different stimuli responsive monomers have been used in copolymers as
non-viral gene delivery vectors [14, 18, 32]. Moreover, high levels of positive charge at
the surface of a polyplex have been known to lead to non-specific interactions with

several biological components (e.g., plasma proteins, fibrinogen, erythrocytes).
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Therefore, a polymeric non-viral vector that is able to bind to DNA without requiring a
high level of polycation could be advantageous. In order to stabilize the polyplex,
macromolecules like PEG, transferrin and poly(N-[2-
-hydroxypropyllmethacrylamide) have been used [32]. The incorporation of
hydrophobic chains have also been proven to increase transfection efficiency of cationic
gene delivery vectors [79].

In this work, novel cationic copolymers PEG4s-b-PAMPTMA, PAMPTMA-co-PDPA,
PAMPTMA-co-PNIPAAM and PAMPTMA-co-PMA were synthesized via SARA ATRP, as
well as PEGas-b-PAMA via ARGET ATRP.

2.3 EXPERIMENTAL

2.3.1 Materials

2,2'-Azobis(2-methylpropionitrile)  (AIBN, 98%, Aldrich), AMA (> 95%,
Polysciences), AMPTMA (solution 75 wt. % in H»O, Aldrich), AscA (Sigma-Aldrich),
copper(ll) bromide (99.999%, Aldrich), copper (ll) chloride (97%, Aldrich), D20 (99.9%,
Cambridge Isotope Laboratories), ethyl a-bromoisobutyrate (EBiB, 98%, Sigma Aldrich),
ethyl a-bromophenyl acetate (EBPA, Alfa Aesar), ethyl 2-chloropropionate (ECP, 97%,
Aldrich), EtOH (Panreac, 99.5%), isopropanol (Fisher Scientific), methanol (MeOH, Fisher
Scientific), and water (HPLC grade, Fisher Scientific) were used as received.

MA (Acros, 99% stabilized), was passed through a sand/alumina (basic, Fisher
Scientific), column before use in order to remove the radical inhibitor.

DPA (Aldrich, 97% stabilized), was passed over a sand/alumina column before use
in order to remove the hydroquinone inhibitors.

Purified water (Milli-Q®, Millipore, resistivity >18 MQ.cm) was obtained by reverse
osmosis.

Metallic copper (Cu(0), d = 1 mm, Alfa Aesar) was washed with HClin MeOH and
subsequently rinsed with MeOH and dried under a stream of nitrogen following the
literature procedures [80].

MesTREN [81] and TPMA [82] were synthesized as reported in the literature and
their structures were confirmed by 'H NMR (Appendix A, Figure A 3 and Figure A 4).
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PEG-Brand Br-PEG-Br were synthesized and their structures confirmed by *H NMR
(Appendix A, Figure A 1 and Figure A 2).

NIPAAM was recrystallized from hexane.

2.3.2 Techniques

Polymers number-average molecular weights (Mn>¢) and dispersity (p = Mw/Mh»)
were determined by using a size exclusion chromatography (SEC) system equipped with
an online degasser, a refractive index (RI) detector and a set of columns: Shodex OHpak
SB-G guard column, OHpak SB-804HQ and OHpak SB-802.5HQ columns. The polymers
were eluted at a flow rate of 0.5 mL/min with 0.1 M Na2S04 (aq)/1 wt% acetic
acid/0.02% NaNs at 40 °C. Before the injection, the samples were filtered through a
polytetrafluoroethylene (PTFE) membrane with 0.45 pum pore. The system was
calibrated with five narrow poly(ethylene glycol) standards and the polymers M, and
D were determined by conventional calibration using the Clarity software version
2.8.2.648.400 MHz 1H NMR spectra of reaction mixture samples were recorded on a
Bruker Avance Ill 400 MHz spectrometer, with a 5-mm TIX triple resonance detection
probe, in D20. Conversion of monomers was determined by integration of monomer
NMR signals obtained before and after the reaction as occurred using the MestRenova
software version: 10.0.1-14719.

Fourier transform infrared attenuated total reflection (FTIR-ATR) spectroscopy
was performed using a Jasco, model 4000 UK spectrometer. The samples were analyzed
with 120 scans and 4 cm™ resolution, between 600 and 4000 cm™.

Atomic absorption spectroscopy (AAS) was performed on a Perkin
Elmer (Model 3300, USA) to evaluate the content of residual copper catalyst in the
purified polymers.

All gene delivery essays were performed by Daniela Santo in Center for
Neuroscience and Cell Biology (CNC). Procedures used to obtain the main results can be

found in Appendix D.
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2.3.3 Procedures

Procedure for the synthesis of PEG4s-Br macroinitiator

DMAP (1.83 g, 15.0 mmol, recrystallized in toluene) was dissolved in DCM (10 mL,
distilled from CaH2) in a vial. Upon dissolution, TEA (1.04 g, 10.0 mmol) was added to
the vial. The reaction mixture was transferred to a 250 mL three-neck round-bottom
flask equipped with a condenser dropping funnel, gasinlet/outlet and a magnetic stirrer
bar. The mixture was cooled to 0 °C and BBiB (5.75 g, 25.0 mmol), dissolved in DCM (10
mL), was added, followed by a dropwise addition of a solution of PEO (20.0 g, 10.0 mmol,
dried by azeotropic distillation) and DCM (50 mL) to the reaction mixture during 1h
under N2. The temperature was increased to room temperature and the reaction was
allowed to proceed with stirring (600 rpm) for 18h. The filtered solution was
concentrated under reduced pressure, precipitated in cold diethyl ether and dried under
vacuum. The dried mixture was dissolved in absolute ethanol, stored overnight to
recrystallize and the product was filtered, washed with cold diethyl ether and dried in
vacuum.

The PEG4s-Br obtained was analyzed by aqueous SEC and *H RMN spectroscopy to

evaluate the success of the functionalization (Appendix A, Figure A 1).

Procedure for the synthesis of Br-PEG3g00-Br macroinitiator

Previously freeze-dried OH-PEG3000-OH (25 g, 8.3 mmol) and DCM (300 mL,
distilled from CaH:) were added to a three-neck round-bottom flask equipped with a
magnetic stirrer bar. Upon dissolution, TEA (3.5 g, 33.3 mmol) was added to the flask
and the reaction mixture was cooled to 0 °C and purged with nitrogen. BBiB(19.2 g, 83.3
mmol) was added dropwise to the reaction mixture during 1h. The temperature was
increased to room temperature and the reaction was allowed to proceed with stirring
(600 rpm) overnight. The filtered solution was concentrated under reduced pressure,
precipitated in cold diethyl ether and dried under vacuum. The dried mixture was
dissolved in water (pH 8-9) and extracted with DCM. The organic layer was collected and

dried overnight over MgSQOa4. The solution was filtered and the DCM was removed under
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reduced pressure. The Br-PEG-Br was recovered by precipitation in cold diethyl ether
and dried under vacuum.
The Br-PEG-Br obtained was analyzed by aqueous SEC and 'H RMN spectroscopy

to evaluate the success of the functionalization (Appendix A, Figure A 2).

Typical procedure for the synthesis of PEG4s-b-PAMPTMA47 by SARAATRP

PEG4s-Br (181.2 mg, 91 umol) and water (2.2 mL) were added to a 10 mL round
bottom Schlenk flask equipped with a magnetic stirrer bar. Upon dissolution, CuCl; (6.1
mg, 45 umol), MesTREN (24.2 uL, 91 pmol) and AMPTMA (0.9 mL, 3.6 mmol) were added
to the flask, followed by a Cu(0) wire (/=10 cm; d = 1 mm). The Schlenk flask was then
sealed with a glass stopper, deoxygenated with freeze-vacuum-thaw cycles and purged
with nitrogen. The reaction was allowed to proceed under stirring (600 rpm) at room
temperature (25 °C). Samples were collected after 50 min and analyzed by aqueous SEC
to determine the molecular weights and dispersity, and by *H NMR spectroscopy to
determine the monomer conversion. The reaction mixture was dialyzed (cut-off 3500)
against deionized water for a minimum of 3 days. The pure copolymer was recovered by
freeze-drying and the content of residual copper was determined by atomic absorption.

Kinetic studies were conducted using the same typical procedure, but samples

were collected throughout the reaction, at predetermined reaction times.

Typical procedure for the SARA ATRP of AMPTMA

AMPTMA (2.0 mL, 7.26 mmol), a solution of CuCl; (2.9 mg, 22 umol) and MesTREN
(10 mg, 44 umol) in water (2.4 mL) and a solution of ECP (9.9 mg, 73 p umol) in EtOH
(2.0 mL) were added to a 10 mL Schlenk flask equipped with a magnetic stirrer bar. A
Cu(0) wire (/=10 cm; d = 1 mm) was added to the Schlenk flask, which was sealed with
a glass stopper, deoxygenated with three freeze-vacuum-thaw cycles and purged with
nitrogen. The reaction was allowed to proceed with stirring (ca. 700 rpm) at room
temperature (25 °C). The reaction mixture samples collected were analyzed by *H NMR
spectroscopy in order to determine the monomer conversion, and by aqueous SEC to
determine the molecular weights and dispersity of the polymers. The final reaction
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mixture was dialyzed (cut-off 3500) against deionized water. The pure copolymer was

recovered by freeze-drying.

Typical procedure for the synthesis of PAMPTMA-co-PNIPAAM by SARA ATRP

ECP (6.8 L, 53 umol), water (1.3 mL) and EtOH (1.3 mL) were added to a 10 mL
round bottom Schlenk flask equipped with a magnetic stirrer bar. Upon dissolution,
CuCl2 (3.6 mg, 27 umol), MeeTREN (14.2 pL, 53 umol), AMPTMA (146 mg, 530 umol) and
NIPAAM (600 mg, 5.3mmol) were added to the flask, followed by a Cu(0) wire (/=10 cm;
d =1 mm). The Schlenk flask was then sealed with a glass stopper, deoxygenated by
freeze-vacuum-thaw cycles and purged with nitrogen. The reaction was carried out
under stirring (600 rpm) at room temperature (25 °C). A sample was collected after 18h
and analyzed by aqueous SEC to evaluate the molecular weights and dispersity, and by
1H NMR spectroscopy to determine the monomer conversion. The reaction mixture was
then dialyzed (cut-off 3500) against deionized water for a minimum of 3 days. The pure
copolymer was recovered by freeze-drying. The copolymers were analyzed by 1H NMR
spectroscopy to determine degree of polymerization and molecular weight. The content
of residual copper was determined by atomic absorption.

Similar procedures were followed for the synthesis of PAMPTMA-co-PDPA and
PAMPTMA-co-PMA by SARA ATRP (Appendix A).

Typical procedure for the ARGET ATRP of AMA

AMA (0.5 g, 2.9 mmol), CuBr2 (3.2 mg, 14 umol), TPMA (16.6 mg, 57 umol) and
EBPA (7 mg, 29 umol) were dissolved in water (1.43 mL). The mixture was added to a 10
mL round bottom Schlenck flask, equipped with a magnetic stirrer bar, and purged with
nitrogen for 20 min. The flask was placed in a water bath at 35 °C and a deoxygenated
AscA solution (43 mM) was continuously injected into the reaction medium using a
syringe pump (KDS Scientific, Legato 101) at the rate of 1 uL/min. The reaction was
stopped after 5.5 h and a sample was collected for *H NMR spectroscopy in order to
determine the monomer conversion, and for aqueous SEC to determine the molecular
weight and dispersity of the polymer. The final reaction mixture was dialyzed (cut-off
3500) against deionized water and the polymer was obtained after freeze-drying. A
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sample of the pure polymer was then analyzed by *H NMR spectroscopy in order to
determine polymer degree of polymerization, and by aqueous SEC to determine
molecular weight and dispersity. The content of residual copper was determined by

atomic absorption.

Typical procedure for the FRP of AMA

AMA (0.5 g, 2.9 mmol) was dissolved in water (1 mL) and IPA (0.4 mL). The mixture
was added to a 10 mL round bottom flask, equipped with a magnetic stirrer bar, and
purged with nitrogen for 20 min. AIBN (47.1 mg, 29 umol) was added to the flask and
the mixture was purged with nitrogen for another 5 min. The flask was placed in an oil
bath at 60 °C and allowed to react overnight. The reaction mixture was analyzed by H
NMR spectroscopy in order to determine the monomer conversion, and by aqueous SEC
to determine the molecular weight and dispersity of the polymer. The final reaction
mixture was dialyzed (cut-off 3500) against deionized water and ethanol and the
polymer was recovered by freeze-drying. A sample of the pure polymer was analyzed by
1H NMR spectroscopy in order to determine the polymer degree of polymerization, and

by aqueous SEC to determine the molecular weight and dispersity.

Typical procedure for the synthesis of PEGss-b-PAMA163 by ARGET ATRP

AMA (0.5 g, 2.9 mmol), CuBrz (2.1 mg, 10 umol), TPMA (11.1 mg, 38 umol) and
PEGa4s-Br (38.2 mg, 19 umol) were dissolved in water (1.43 ml). The mixture was added
to a 10 mL round bottom Schlenck flask, equipped with a magnetic stirrer bar, and
purged with nitrogen for 20 min. The flask was placed in a water bath at 35 °C and a
deoxygenated AscA solution (43 mM) was continuously injected into the reaction
medium using a syringe pump (KDS Scientific, Legato 101) at the rate of 1 uL/min. The
reaction was stopped after 5.5 h, and a sample was collected for 'H NMR spectroscopy
in order to determine the monomer conversion, and for aqueous SEC to determine the
molecular weight and dispersity of the copolymer. The final reaction mixture was

dialyzed (cut-off 3500) against deionized water and the copolymer was recovered by
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freeze-drying. The content of residual copper was determined by atomic absorption. The

chemical structure of the pure copolymer was confirmed by 'H NMR spectroscopy.

Acid-basetitration of PAMA-based samples

A 10 mg of polymer sample was dissolved using a magnetic stir bar in 10 mL of
deionized water. The temperature was adjusted to either 25 °C or 37 °C using a water
bath. The pH of the solution was adjusted to 2.6 using a 1% HCl solution (pH = 1). Then
followed a stepwise addition of a 0.1M NaOH solution (pH =12.8), 10 uL per addition,

until a pH = 11 was reached. The pH was recorded to obtain a titration profile.

2.4 RESULTS AND DISCUSSION

2.4.1 PEGas-b-PAMPTMA and PAMPTMA-b-PEG72-b-PAMPTMA block copolymers

AMPTMA is a cationic hydrophilic monomer that has been used in combination
with NIPAAM [43, 46, 47], having shown potential to be used as drug delivery systems
[48], as microcarriers for cell proliferation [49] and as gene delivery vectors for the
delivery os siRNA [43], showing promising results. In this work, new PEG4s5-b-PAMPTMA,
and PAMPTMAn-b-PEG72-b-PAMPTMA\ block copolymers with different molecular
weights were synthesized by SARA ATRP in aqueous medium at room temperature
(Figure 6). The aim was to study the influence of the length of the cationic segment and
the presence of PEG on the biological activity of the block copolymers. Bromine-
terminated PEG (MnNMR=2000; PEGas-Br) was used as the macroinitiator (first block of

the copolymer) for the SARA ATRP of AMPTMA.
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Figure 2 - Typical synthesis of PEGas-b-PAMPTMA, via SARA ATRP.
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Firstly, in order to understand the evolution of the molecular weight during the
polymerization, kinetic studies were performed. Figure 7 shows the kinetic plots

obtained for a typical chain extension of PEG4s5-Br with AMPTMA.
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Figure 7 - (a) Kinetic plot of In[M]o/[M] vs. time (min) and (b) plot of number-average molecular weight (M,5t€) and »
(Mw/Ms) vs. monomer conversion (the dashed line represents theoretical molecular weight at a given conversion) for
the SARA ATRP of AMPTMA initiated by PEGss-Br in water at 25°C. Reaction conditions: [AMPTMA]o/[PEG4s
Br]o/[CuCl2]o/[MesTREN]o/Cu(0) wire =57/1/0.5/1/Cu(0) wire: /= 10cm; d = 1 mm; V solvent = 3.2 mL.

High monomer conversion was reached after 30 minutes (Figure 7 (a)).In addition,
the experimental number-average molecular weights were in good agreement with the
predicted values and the polymer presented low dispersity (p = 1.2) throughout the
reaction. These results indicate that the SARA ATRP allowed a good control over the
molecular weight of the block copolymers.

After the kinetic studies, different polymerizations were conducted, targeting
different DP values of the AMPTMA segment. The reaction mixtures were purified by
dialysis against water to remove traces of copper catalyst and the pure polymers were
recovered by freeze-drying. Figure 8 presents a typical 'H NMR spectrum of a PEGas-b-
PAMPTMA47 block copolymer, which confirms the success of the reaction. The
determination of the DP of the copolymer was possible due to the integration of a
macroinitiator peak and a polymer peak in the 'H NMR spectrum of the pure sample (in

blue, Figure 8). The same procedure was used for all the block copolymers synthesized.

-29-



Chapter 2 | Cationic copolymers for gene delivery

HDO b o
, C c e
’(/o\/\)\o ?I
a b 45 o
d HN
g
h
180 i
——t— @ .
j—h—1
| e
. Cl
J
de
‘ 614Jr\ /‘" —
— — ' Do
i j fh 1.7 5.9
K\ s 1y \ )] & (ppm)
u‘} J ‘L,a /\J e i

A B St e S S S T e R S S —— R e e e e S——

35 3.2

2 28
& (ppm)

Figure 8 - 400 MHz *H NMR spectrum, in D20, of a pure PEGa4s-b-PAMPTMA4; sample (MpSEC = 15.9 x103; » = 1.10)
obtained by SARA ATRP. Reaction conditions: [AMPTMA]o/[PEGas-Br]o/[CuCl;]o/[MesTREN]o/Cu(0) wire =
40/1/0.5/1/Cu(0) wire:1 =10 cm; d = 1 mm; V solvent = 3.2 mL

Table 1 presents different PEG4s-b-PAMPTMA\ block copolymers synthesized,
showing the success of the purification process, as judged by the very low concentration
of copper present in the pure copolymers (given that, for example, for GDO1 the initial
amount of CuCl; is 12500 ppm, in respect to the monomer). This is a critical factor
considering biomedical applications, due to the known toxicity of copper that could
potentially reduce cell viability. Other PEG4s-b-PAMPTMA, samples were synthesized
that were not tested in gene delivery assays due to either their general properties
(Appendix B, Table B1) not being considered relevant in comparison to the ones

presented in Table 1, or the synthesis not being successful.

Table 1 - General properties of the PEG4s-b-PAMPTMA, block copolymers.

Sample code

DPpamprma* (n) M NMRx 103 M,€x 103 »p [Cu]l (ppm) % charge (molar) **
GDO1 47 11.8 15.9 1.10 9.7 51.1
GD02 31 8.3 12.6 1.11 8.0 40.8
GDO03 15 5.0 9.6 1.10 9.5 25.0
GD18 54 131 19.6 1.10 7.6 54.5
GD20 100 22.6 27.3 1.10 10.5 69.0

* determined by *H NMR

** 94 charge (molar) =n / (n+45) x100
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Aiming to study the influence of the PEG segment position in the copolymer chain,
two PAMPTMAR-b-PEG72-b-PAMPTMA block copolymers were synthesized in this work
(Table 2).

Table 2 - General properties at 40 minutes of PAMPTMA-b-PEG7,-b-PAMPTMA, SARA ATRP reaction time.

Sample Molar ratio  Monomer conversion (%) Mnthx103
GD21 100:1 90 21.7

GD22 50:1 20 5.0

In gene delivery testing a control is needed for a correct understanding of the
cellular response. The control samples used were a PAMPTMA30 homopolymer (M, =
6.0 x 103; [Cu] = 78.4 ppm) and the PEG-Bras (M\*MN =2.0 x 103), which represent both
polymeric segments present on the block copolymer. In the assays using COS-7 cells
there was no transfection neither for the control samples, nor for the samples in Table
1. However, the results from the assays were not conclusive since there was high cell
viability and all cationic block copolymers were able to form polyplexes. Presumably:
(a) the polyplex was not able to enter in the cell and no interaction occurred; (b)
deficient release of the gene cargofrom the polyplex; (c) the polymer could be cytotoxic.
From this, it could be potentially interesting to study whether the introduction of amore
hydrophobic block to counteract the positive charges of the PAMPTMA block could
improve the behavior of the PAMPTMA-based samples in gene delivery assays.

Due to the negative transfection results obtained for the PEGas-b-PAMPTMA,
samples the PAMPTMAn-b-PEG72-b-PAMPTMA block copolymers were excluded from

further testing.

2.4.2 PAMPTMA-based random copolymers

Aiming to test whether a more hydrophobic block was needed to counteract the
positive charges of the PAMPTMA block, alternative PAMPTMA-based random
copolymers were prepared using the same SARA ATRP system. The hydrophobic
monomers used were NIPAAM, DPA and MA to prepare the following copolymers:

PAMPTMA-co-PNIPAAM, PAMPTMA-co-PDPA and PAMPTMA-co-PMA.

-31-



Chapter 2 | Cationic copolymers for gene delivery

Based on a previous report showing the success of PAMPTMA-b-PNIPAAM block
copolymers for the in vitro transfection in Hela cells [18], a different system was
designed using the same monomers. The random copolymer was synthesized using
SARA ATRP by starting the polymerization with both monomers present on the reaction
mixture (Figure 9). NIPAAM is a well-known temperature-responsive polymer. It is
water-solube at temperatures below its lower critical solution temperature (LCST),
which isaround 32 °C. Above its LCST, PNIPAAM colapses [46]. Hence, upon preparation
of the polyplexes (r.t. - room temperature) the copolymer prepared should be soluble
in the water solution, allowing the contact between the cationic segments and the DNA
plasmid. After the polyplex formation, the copolymer should colapse when in contact

with the cells at 37 °C, releasing the DNA plasmid from the copolymer.
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Figure 9 - Typical synthesis of PAMPTMA,-co-PNIPAAM, by SARA ATRP.

PDPA is a well-known pH-responsive polymer with a pKa around 6.2, that was also
introduced in one copolymer aiming to provide a hydrophobic component in the non-
viral PAMPTMA-based vector (Figure 10). PDPA has been studied as a co-monomer for
the synthesis of folic acid-functionalized block copolymers by ATRP for gene delivery

applications, showing good potential [41].
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Figure 3 - Typical Synthesis of PAMPTMA-co-PDPAr, by SARA ATRP.

-32-



Chapter 2 | Cationic copolymers for gene delivery

PMA is a hydrophobic polymer often used as model compound for the
development of ATRP systems. Recently a SARA ATRP method was developed for the
preparation of star-shaped PMA-b-PAMPTMA in ethanol/water mixtures [83], for
biomedical applications. Using that knowledge, and despite the very different nature of
both PAMPTMA and PMA, in this work a linear random PAMPTMA-co-PMA copolymer

was prepared (Figure 11).
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Figure 4 - Typical synthesis of PAMPTMA,-co-PMA, by SARA ATRP.

The general properties of the PAMPTMA-based random copolymers synthesized

are summarizedin Table 3.

Table 3 - Summary of PAMPTMAy-co-PNIPAAM, (GD24), PAMPTMAm-co-PDPA, (GD25) and PAMPTMAm-co-PMA,
(GD26) general properties.

DPpamPTMA DP2nd % charge * [Cu]
Sample Mt x103 M\E¢x103
(n) monomer (M) (molar) (ppm)
PAMPTMAm-
11 101 1.9 -- -- 6 57.4
co-PNIPAAM,,
PAMPTMAm-
- - - 28.9 1.19 6 1.6
co-PDPA,
PAMPTMAm-
7 60 6.7 -- -- 11 35.1
co-PMAn

*% charge = (n/ (n+ m)) x 100

Several difficulties were faced during the characterization of the PAMPTMA11-co-
PNIPAAM01. Firstly, it was not possible to determine the DP of both segments by NMR
through the pure copolymer spectrum, since there were no isolated signals of the
initiator (ECP) (Figure 12). The DP value was then determined from the monomer
conversion. Despite being soluble in water, it was also not possible to fully characterize

the pure sample in terms of molecular weight and dispersity, since it did not properly
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elute in the SEC (aqueous). Several authors have also reported the same limitation when

analyzing PAMPTMA-b-PNIPAAM by SEC using different eluents [3, 84].
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Figure 5- 400 MHz 'H NMR spectrum, in D,0, of a pure PAMPTMA11-co-PNIPAAM101 sample (Mith = 1.9 x 103) obtained
by SARA ATRP. Reaction conditions: [AMPTMA]o/[NIPAAM]o/[ECP]o/[CuCl2]o/[MesTREN]o/Cu(0) wire =
10/100/1/0.5/1/Cu(0) wire:/ =10 cm; d =1 mm; V solvent = 3.2 mL

Another difficulty was that the percentage of cationic charge determined by the
ratio of the DP of both AMPTMA and NIPAAM (DP determined by the monomer
conversion; 10% cationic charge) did not match the one determined directly by the
integration of the NMR signals (6% cationic charge) of both polymeric segments in the
pure copolymer. It was considered as the most correct cationic charge the one
determined using the ratio of the integral of the polymer peaks in the 'H NMR spectrum
of the pure polymer (Figure 12) since the it allows the correct identification of the

signals.

The characterization of the PAMPTMAn-co-PDPAm copolymer presented some
difficulties as well, mainly due to the different solubility of both segments (PAMPTMA
and PDPA). Firstly, since PDPA is not soluble in pure water, the determination of the
monomer conversion was not possible, as there were no monomer peaks in the *H NMR
spectrum in D20. The AMPTMA monomer conversion was also impossible to determine,

since there were no isolated PAMPTMA peaks. However, after the purification of the
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copolymer, the addition of diluted HCI to the D20 was tested for the NMR analysis, since
PDPA is soluble in water at low pH (= 3). Figure 13 shows the NMR spectrum of the
random copolymer, whose charge density was estimated to be 6%, based on the ratio

of the signalsn and f, h, i, m.
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Figure 13 - 400 MHz *H NMR spectrum, in D20, of a pure PAMPTMA,-co-PDPA, sample (MnSEC = 28.9 x 103, p = 1.19)
obtained by SARA ATRP. Reaction conditions: [AMPTMA]o/[DPA]o/[EBiB]o/[CuBr2]o/[Me6TREN]o/Cu(0) wire =
10/100/1/0.5/1/Cu(0) wire:/ =10 cm; d =1 mm; H,O/IPA = 10/90 (v/v) with DPA/solvent = 1.

The characterization of PAMPTMA7-co-PMAeo was also problematic. Taking into
account that the preparation of the copolymer was done ina EtOH/H20 = 80/20 (v/v)
mixture, an attempt to prepare a similar NMR solvent was made, using D20 and EtOD.
Aiming for a better spectrum, another sample of the copolymer was analyzed by 1H

NMR spectroscopy using a EtOH/D20 = 80/20 (v/v) solvent mixture (Figure 14).
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Figure 14 - 400 MHz 'H NMR spectrum in 80/20 EtOD/D,0 of a pure PAMPTMAR-co-PMAm sample (Mnth = 6.7 x 103)
obtained by SARA ATRP. Reaction conditions: [AMPTMA]o/[MA]o/[EBiB]o/[CuBr2]o/[Me6TREN]o/Cu(0) wire =
10/100/1/0.5/1/Cu(0) wire:/ =10 cm; d =1 mm; H,O/EtOH = 20/80 (v/v) with MA/solvent =0.5

From the NMR of the reaction mixture, despite the poor solubility of PMA inwater,
it was possible to calculate both monomer conversions. From this data, as done for in
PAMPTMA-co-PNIPAAM, it was possible to estimate DP of each monomer, the
percentage of charge (% charge) and to calculate the theoretical molecular weight.

A FTIR of the PAMPTMA-co-PMA sample (Figure 15) showed that the copolymer
had, indeed, both PAMPTMA and PMA segments.

—— PMA-co-PAMPTMA
PAMPTMA
— PMA

f T T T
4000 3000 2000 1000

Wavelength (cm'1)

Figure 15 — FTIR spectra of PAMPTMA-co-PMA, PAMPTMA and PMA.
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Despite the fact that DPA and NIPAAM have potentially interesting properties and
were already used for gene delivery applications, all PAMPTMA-base random copolymer
samples tested negatively for transfection in gene delivery assays. It is important to
notice that the PAMPTMA-b-NIPAAM was reported [43] as a block copolymer and not a
random copolymer (like the one synthesized in this work) for the siRNA release and not
a DNA plasmid, as tested in this work. Also, the cell-line used was different (HT1080
instead of COS-7), which could radically change the results. Due to the poor
performance of the PAMPTMA-based copolymers for the targeted application, new

cationic copolymers were designed based on AMA.

2.4.3 PEGas-b-PAMAR block copolymers

AMA is a pH-responsive monomer with a pKs of 8.8 [50]. Due to the presence of
primary amino groups, PAMA has a cationic behavior at physiological pH, being able to
bind to negatively charged nucleic acids [51]. PAMA homopolymers synthesized via
ARTP have been used as potential DNA vaccine to dendritic cells, pointing to the low
cytotoxicity of the PAMA homopolymers and good transfection efficiency with or
without serum [52]. PEGylated PAMA block copolymers synthesized via ATRP have been
previously employed for the delivery of heparin [53], oligonucleotids (ONDs) [54], DNA
in dendritic cells [51] and smallinterfering RNA (siRNA) [55] with promising results. AMA
was also already used as a co-monomer with DMAEMA for gene delivery (DNA) in COS-
1 celllines [85]. The same co-monomers synthesized by RAFT were used in another study
for the in vitro delivery of DNA plasmids to COS-7 cell lines [86]. The reported results
revealed the high potential of PAMA-based polymeric vector for gene delivery
applications. Recently, the synthesis of PAMA via ARGET ATRP under mild conditions
was achieved [4]. The ARGET ATRP could be advantageous, since it allows the use of
lower amount of metal catalyst to achieve control over the polymerization. The reducing
agent used was AscA, which regenerates Cu(l) activator species in situ from oxidizable
stable Cu(ll) complexes. To the extent of the research made, PAMA-based polymers
synthesized via ARGET ATRP have never been used in gene delivery to COS-7. In this
work, PEGas-b-PAMA, block copolymers were synthesized by ARGET ATRP (in aqueous

medium, at 35°C with a slow feeding of AscA) with different DP target values of AMA
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(Figure 16 (a)), in order to optimize the cellular transfection. PAMA, homopolymers

were also synthesized to serve as control samples (Figure 16 (b)).
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o ‘(/O\/\}\ Br
;g:c CuBr,, TPMA, AscA (feeding) 0 "
@ +°~ho B d > °

n »
+ H,0, 35 °C, FRasca=43 nmol/min o
PEG4s5-Br
AMA NEdy HCI PEG4s-b-PAMA, NH HGI
(0]
e Br
2 o CuBr2, TPMA, AscA (feeding) ARG -
(b) J +n >
o o H20, 35 °C, FRasca=43 nmol/min o
]
EBPA 2
PAMA,
N, HEH "
AMA
NH,.HCI

Figure 16 - Typical synthesis of (a) PEG4s-b-PAMA, and (b) of PAMA, by ARGET ATRP.

The characteristic properties of the polymers synthesized are summarized in Table

Table 4 - General properties of the PAMA-based samples synthesized.

Cu
entry  Sample DPPAM  DPets Mathx  Ma"Rx  MaSECx (F[)pni;’x [Cu]
(n) (m) 103 103 103 103 %%+ (ppm)
1 GD29 163 45 24.7 28.9 349 114 3.3 2.7
2 GD27 111 45 18.0 20.4 206 109 50 0.9
3 GD28 63 45 10.6 124 244 109 100 17.6
4 GD31 40 45 7.2 8.6 137 118 167 73
5 GD30  103* - 17.4 o 232 112 50 15

6 GD32 156** -- Kk -k 26.0 1.15 -- --

*registered significant oscillations inthe NMR spectrum; the initiator signals intensity was too small compared to the
one of the polymer signal; DP estimated through monomer conversion.

**PAMA homopolymer synthesized by FRP; the average DP was estimated through the M,SEC,

*** [Culo (ppm) stands for the [Cu] in the reaction mixture. Note that this quantity could be minimized. However, a
larger amount than required was used to ensure good control over the polymerization.
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The molecular structure of the polymers was confirmed by 'H NMR spectroscopy

(Figure 17).
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Figure 17 - 400 MHz *H NMR spectrum, in D;0, of a pure PEG4s-b-PAMA111 sample (M\NMR = 20.4 x 103; M,5E€ = 20.6 x
103, p =1.09) obtained by ARGET ATRP. Reaction conditions: [AMA]o/[PEGas-Br]o/[CuBr2]o/[TPMA]o=100/1/0.5/1/2;
FRasca =43 nmol/min; V soivent = 1.43 mL; T=35°C.

As expected, the results indicated that the ARGET ATRP afforded a good control
over the block copolymers and homopolymer (Table 4, entries 1 to 5), as jugged by the
low dispersity values (9 < 1.2) and by the agreement between the MnfRMNand Mnthvalues.

The reaction mixtures were purified by dialysis against water to remove traces of
copper catalyst and the pure polymers were recovered by freeze-drying. The success of
the purification process is confirmed by the low concentration of copper (determined
by atomic absorption) in the pure polymers, which was significantly lower than the
concentration of copper in the reaction mixture (Table 4). A FRP polymerization of AMA
was also performed (metal-free sample), aiming to evaluate the influence of the copper
content in the cell viability.

Since PAMA has a pH-dependent protonation, the pKa of representative samples
was determined. This was done through the acid-base titration method [87] at similar
conditions to the ones used for the preparation of the polyplexes, using deionized water
as the solvent, at room temperature (25°C) or at 37°C. Since the polyplexes are prepared
at pH = 3, knowing the pKa of the PAMA-based polymer used allows a more precise
calculation of the percentage of protonation (% protonation or charge density - %
charge). Representative samples including one homopolymer and two copolymers (one
with the highest DP and another with the lowest DP), were tested at 37 °C. Another
PAMA-based block copolymer with an intermediate DP was tested at room

temperature.
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From the analysis of the titration curve (Figure 18 (a)), it is possible to observe that
there was a buffering effect at pH range around 4 — 9 for all the polymers and the
different the conditions tested. In systems where the sample acts as a buffer, the pKa
can be found when the overall degree of protonation (a) is 0.5. The degree of
protonation is the number of bound protons as a function of pH, and it ranges from 1 to
0, as the pH increases from the first inflection point of the titration curve to the second.
The inflection points of each titration curve were determined from the maximum values
of the first derivative of the titration curve [87]. According to the results of the titration

1-a

curve in Figurel9 (a), and considering pH = pK, + log,, (T)’ the pKa values were

determined and the average degree of protonation (Figurel9 (b)) was traced.

12 10
(a) (b)

2"d1p.=06s 2Mip.=9.26

10 - 2" p.=g8s 2" =914

1%t =482
|1*tip.=as3
15t1p. =438
15t1p. =424

T=37°C; PAMA3g

4 pK, = 6.62
— T=25°C; PEG45-b-PAMA111 %
5 | PKa=7.25
—— T=37°C; PEG45-b-PAMA163 pKq = 6.75
——— T=379C; PEG45-b-PAMAG3 pKy = 6.84 |
2 T T T T T T T T T 1
200 400 600 800 1000 0.0 0.2 0.4 0.6 0.8 1.0
V (0.1M NaOH, ul) a

Figure 18 - (a) Titration curves of the PAMA-based samples tested; (b) same titration curves asin (a) with the x-axis
expressed in terms of the average degree of protonation, a.

From Figure 18, it is possible to observe no significant differences between the
polymers tested at 37 °C. An increase in the pKi is, however, detectable with the

decrease in temperature (black curves in Figure 19). From the Henderson-Hasselbalch

equation, it is known that pH = pK, + loglo(%), where A" represents the non-

protonated species, and AH the protonated species. From this equation, the ratio of

non-protonated to protonated acid species allows the calculation of the percentage of

ionization (% ionization): % = 10PH=PKa) Similarly, the % charge can be calculated
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[AH] _ 1
Hl+[4"] ~ 1+10(PH-DPKa)

through the proportion of acid A that is protonated, as being 7

Hence, knowing the pKa of the sample and the pH of its solution, the % charge can be
determined. With this knowledge, and based on the results obtained, it can be expected
that all the PAMA-based samples were fully protonated (< 99.9% protonation) when in
a solution with pH = 3 (Appendix C, Table C 1).

2.4.4 Gene delivery results from PAMA-based polymers

The most promising gene delivery results from this work were the ones related to
the PEG4s-b-PAMA, and PAMA, samples (Table 4, previous section). In this section the
main results from the gene delivery assays are presented, as provided by Daniela Santo
in Center for Neuroscience and Cell Biology (CNC). The best results in gene delivery
assays were obtained for samples PEGas-b-PAMA111 (GD27) and PAMA103 (GD30), which
are displayed in this section. Procedures can be found in Appendix D.

Figure 19 shows the comparison between the effect of the N/P ratio and
composition of the polyplexes on the viability of COS-7 cells. Both samples tested
showed better cell viability that PEI (gold standard) for different N/P ratios3, both in the
presence or the absence of serum. However, in the absence of serum the PEGss-b-
PAMA111 block copolymer (Figure 19 (b)) showed better cell viability than the PAMA103
homopolymer (Figure 19 (a)) for the same N/P ratios. Moreover, it is interesting to note
that the higher the N/P ratio, the lower the cell viability without serum. However, the
cell viability seems to be higher in the presence of serum in both samples, for the same

N/P ratios.

3 N/P ratio: the ratio between the positive charges of the cationic polymer (N - amine) and the negative
charges from the nucleic acid (P —phosphate).
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Figure 19 - Effect of the N/P ratio and composition of polyplexes on the viability of COS-7 cells using (a) PAMA103 and
(b) PEGas-b-PAMA111.

The effect of the N/P ratio and composition of the polyplexes in their transfection
activity in COS-7 cell lines is presented on Figure 20. For one, PAMA103 samples (Figure
20 (a)), although performing better than PEl in the presence of serum (for N/P ratios <
50/1), also performed better than the PEGa4s-b-PAMA111 samples (Figure 20 (b)) for N/P
ratios < 25/1. It is also worth to note that while the PAMA103 showed good transfection
efficiency (similarly to PEI) in the absence of serum, no transfection is verified for higher
N/P ratios (> 50/1). When comparing the results from Figure 20 (a) with the ones from
Figure 20 (b), the PEGa4s-b-PAMA111 behaved better than the homopolymer, in the
presence of serum and for higher N/P ratios (= 50/1), being the transfection activity in
the absence of serum and form lower N/P ratios negligible. Hence, the comparison of
the assays of the block copolymer and the homopolymer seems to suggest that the
presence of PEG in the polymer structure canin fact increase the transfection activity in

the presence of serum.
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Figure 20 - Effect of the N/P ratio and composition of polyplexes on their transfection activity COS-7 cell lines using
(a) PAMA 103 and (b) PE645-b-PAMA111.
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Ethidium bromide (EtBr) is used as a fluorescent probe for the detection of DNA.
When bound to DNA molecules, the fluorescence emitted could be measured and
quantified in order to determine the accessibility of DNA. In gene delivery assays, it is a
measurement of DNA protection/binding to the polymer, meaning that the lower the
EtBr access, the better the DNA is protected/bound in the polyplex. From Figure 21, itis
clear that only in the homopolymer sample with N/P ratio 1/1 the DNA was sufficiently
available to interact with the ethidium bromide (EtBr) probe, where in both PEG4s-b-

PAMA, the DNA protection was high enough that no interaction occurred.
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Figure 21 - Accessibility of ethidium bromide to DNA of the different polyplexes prepared at different N/P ratios.

All the results seem to suggest that PAMA-based samples have a good potential
as gene delivery vectors. PAMA homopolymer and PEG-b-PAMA block copolymers have
already been used for gene delivery [51, 52, 55].

PAMA homopolymers, synthesized by ATRP with well-defined chain length (DP =
45; 75; 150), showed good potential for DNA vaccine delivery to dendritic cells [52].
Moreover, the study from Weihang et all [52] reported a very low cytotoxicity of the
PAMA homopolymers tested with efficient transfection in vitro either in the presence
or the absence of serum. It is interesting to note that this study reported a dependence
of the cellular uptake of the DNA plasmid (increases with longer polymer chain lengths)
and intracellular release of the DNA plasmid (increases for shorter polymer chain
lengths) with the polymer chain length [52]. Tang et all had previously studied the ability
of a library of PEGas-b-PAMA block copolymers (MnPE¢ = 2000; DPpama = 19; 39; 75), also
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synthesized by ARTP, to condense and deliver DNA plasmids to DC 2.4 cells, where the
influence of the cationic block length on the polyplex properties was also evident [51].
This study showed increasing stability of the polyplexes against electrostatic
destabilization (by salt and heparin) and smaller average particle size with the increase
of the cationic block chain length. The same correlation was found for in vitro
transfection efficiency and cellular uptake: the longer the PAMA block chain length, the
more efficient the transfection and the cellular uptake. Besides, cytotoxicity was also
low, merely having a chain length dependent toxicity at high concentration (1 mg/mL).
However, the presence of PEG in these block copolymers seemed to decrease the
transfection efficiency [51] (when compared with the results from the homopolymer
[52]), which is the opposite of what was found for the PAMA103 and PEGas-b-PAMA111
polymers synthesized in this work (tested in the COS-7 cell line). In comparison with this
work, despite using different cell lines, it is worth to notice that the synthesis of the
PAMA-based polymers (by ARGET ATRP) was done in a far more ecofriendly reaction
conditions, using water as a solvent; also the purification process was simpler and with
fewer chemical waste.

More recently, the Cheng et all [55] reported the use of PEG113-b-PAMAgs
(synthesized by ATRP) for the delivery of siRNA either in vitro (in HeLa-Luc cells) and in
vivo. The results confirmed the potential of PAMA-based polymers to gene delivery
applications [55]. Similarly, Dufrese et al [54] also reported a library of copolymers using
both PEG and PAMA, but for the synthesis of oligonucleotide-based polyion complex
micelles (ODN-based PCIMs). Although promising, these reported results are not
comparable to the ones presented in this work, since the genetic material used is not
DNA. Nonetheless, it can again be said that the PEG4s-b-PAMA\ block copolymers here

reported were synthesized using more ecofriendly reaction conditions.

2.5 CONCLUSIONS AND FUTURE WORK

Well-controlled PEG4s-b-PAMPTMA\ and PEGas-b-PAMA, block copolymers were
synthesized under environmentally friendly conditions via SARA ATRP and ARGET ATRP,
respectively, and characterized in terms of molecular weight, dispersity, pKa and copper

content. Samples of interest were sent to gene delivery assays in which the PEGas-b-
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PAMA111 block copolymer produced the best transfection results, particularly in the
presence of serum.

It would be interesting to further characterize the PEG4s-b-PAMPTMA\ and PEGgss-
b-PAMA, particles in terms of their zeta potential to better understand why they failed

or succeeded in the cellular assays.
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3 INFLUENCE OF DIFFERENT “THF-LIKE” SOLVENTS ON THE PMA
SYNTHESIS BY SARAATRP

3.1 ABSTRACT

The activity of metallic catalytic systems can be significantly affected by the
polarity of the solvents. CPME and 2-MeTHF are two “THF-like” solvents that have been
used to replace THF in more ecofriendly polymerization systems. The aim of this work
was to study the differences in the reaction rate and control over the polymerization of
MA by SARA ATRP, when using THF, 2-MeTHF or CPME in solvent mixtures containing
water and EtOH. From the comparative results of the kinetic studies of the three
systems designed, no significant differences between the reaction rates were found,
regardless of the solvent mixture used. The theoretical molecular weights were in close
agreement with the experimental values. However, there was an increase of the PMA
dispersity for high monomer conversions when using either THF or 2-MeTHF in the
solvent mixture. The “living” character of the PMA-Br samples obtained from each SARA
ATRP system was confirmed by chain-extension experiments, which revealed the
presence of unreacted macroinitiator chains in the extended polymers. The
comproportionation of CuBr2/MesTREN with Cu(0) in the different solvent mixtures
investigated for the SARA ATRP was evaluated by UV-Vis spectroscopy. For all the
systems studied, an unexpected increase in the maximum absorbance peak and a
successive shift to smaller wavelengths was evident during the reactiontime, suggesting
the formation of different copper species. Further studies arerequired in order to clarify

the interpretation of the results obtained.

3.2 INTRODUCTION

There has been an important tendency to reduce the chemical related impact
whether in humans, or the environment. Since solvents are probably the biggest source
of waste in chemical processes [5], the introduction of ecofriendly solvents could be the
key to a more “Green Chemistry” [88]. A solvent-free chemical process would be ideal
in order to minimize solvent waste; however, in many cases, this is not possible [5]. As
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an alternative, water-based systems have been widely studied and proved effective for
many different applications [89]. However, water-based systems cannot always be used
(e.g., solubility issues) [5].

Tetrahydrofuran (THF) is a well-known and vastly used polar solvent, that is
miscible with water and easily absorbed by all means of exposure. Despite having a
relatively low toxicity, THF is corrosive to the eyes [90]. The general properties of THF
are summarized in Table 5 [91, 92], showing less stability than the other two “THF-like”
solvents, whose structures can be found in Figure 22 [91]. Extensive research was made
on the impact of the usage of THF either in the environment or in human health and
more information can be found in [90].

Cyclopentyl methyl ether (CPME) and 2-methyltetrahydrofuran (2-MeTHF) are
two promising green solutions for the replacement of THF [5, 91]. With a “THF-like”
structure (Figure 22), their general properties (Table 5) have attracted increasing

interest and proved to be effective at both industrial [5] and laboratorial [6] scales.

Table 5 — Some general physical properties of the organic solvents: THF, 2-MeTHF and CPME.

Solvent Boiling Density (at 25 Solubility in water Flashpoint Viscosity S:Del'ii:::i
point (°C) °C, g/mlL) (g/100 g at 23°C) (°C) (at 25 °C) .
(at 25 °C)
THF 65-67 0.89 oo -17.2 0.46 7.52
2-MeTHF 78-80 0.86 14 -12.0 0.60 6.97
CPME 106 0.86 1.1 -1 0.55 4.76
Tetrahydrofuran (THF)

Cyclopentyl methyl ether (CPME) 1 2-Methyltetrahydrofuran (2-MeTHF)
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Figure 22 - Chemical structure of the "THF-like" solvents used in this work: THF, CPME and 2-MeTHF.

2-MeTHF is an aprotic polar solvent obtained from renewable resources (e.g.,
furfural or levulinic acid, from corncobs) that has an encouraging environmental

footprint [5]. Moreover, 2-MeTHF is more stable than THF. Besides being an alternative
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to THF, 2-MeTHF can also replace DCM in some cases. More information on this solvent
can be found inthe literature [5].

CPME is a green alternative to several organic solvents, including THF [91].
Amongst its several important features, itis important to highlight that itis more stable
than THF and 2-MeTHF (resisting to peroxide formation), itis highly hydrophobic and it
is relatively stable under acidic and basic conditions. It has a low vaporization energy
and is less prone to explode than THF. More information on the solvent can be found in

the literature [91].

A previous study showed the success of the use of CPME as a green alternative to
other well-known solvents in the polymerization of MA, glycidyl methacrylate (GMA),
styrene (Sty) and vinyl chloride (VC) by SARA ATRP using different SARA agents [6]. With
this knowledge, the aim of this work was to investigate the eventual differences in the
reaction rate and control over the polymerization of MA by SARA ATRP, when using THF,
2-MeTHF or CPME. To this end, three reaction systems were designed, in which only the

main solvent was changed, and kinetic studies were performed.

3.3 EXPERIMENTAL

3.3.1 Materials

Copper(ll) bromide (99.9%, Aldrich), CDCl3(Euriso-top, +1%TMS), DMSO (Acros,
99.8+% extra pure), EBiB (98%, Sigma Aldrich), EtOH (Panreac, 99.5%), MeOH (Fisher
Scientific), THF (Sigma-Aldrich, inhibitor-free, +99.9%), CPME (Sigma—Aldrich, inhibitor-
free, anhydrous, +99.9%), 2-MeTHF (Sigma-Aldrich, inhibitor-free, anhydrous, +99.9%)
were used as received.

MA (Acros, 99% stabilized), was passed through a sand/alumina (basic, Fisher
Scientific), column before use in order to remove the radical inhibitor.

Purified water (Milli-Q®, Millipore, resistivity >18 MQ.cm) was obtained by reverse
osmosis.

THF (Panreac, HPLC grade) was filtered under reduced pressure before use.
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Metallic copper (Cu(0), d = 1 mm, Alfa Aesar) was washed with HClin MeOH and
subsequently rinsed with MeOH and dried under a stream of nitrogen following the
literature procedures [80].

MesTREN [81] was synthesized as reported in the literature and its structure was

confirmed by 'H NMR (Appendix A, Figure A 3).

3.3.2 Techniques

Polymers number-average molecular weights (Mn>¢) and dispersity (8 = Mw/Mn)
were determined by using high performance size exclusion chromatography HPSEC,
Viscotek (viscotek TDAmax) with a differential 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 Viscotek
Tguard column (8 mm) followed by one Viscotek T2000 column (6 mm), one MIXED-E
PLgel column (3 mm), and one MIXED-C PLgel column (5 mm). HPLC dual piston pump
was set with a flow rate of 1 mL/min. The eluent (THF) was previously filtered through a
0.2 mm filter. The system was also equipped with an online degasser. The tests were
done at 30 °C using an Elder CH-150 heater. Before the injection (100 mL), the samples
were filtered through a polytetrafluoroethylene (PTFE) membrane with 0.2 mm pore.
The system was calibrated with narrow PS standards. The dn/dc was determined as
0.063 mL/g for PMA, 0.105 mL/g for PVC, 0.087 mL/g for PGMA, and 0.185 mL/g for PS.
M3 and D of the synthesized polymers were determined by multidetectors calibration
using the OmniSEC software version: 4.6.1.354.

400 MHz 1H NMR spectra of reaction mixture samples were recorded on a Bruker
Avance Il 400 MHz spectrometer, with a 5-mm TIX triple resonance detection probe, in
CDCI3 with tetramethylsilane (TMS) as an internal standard. Conversions of the
monomer were determined by integration of monomer and polymer signals using
MestRenova software version: 10.0.1-14719.

The ultraviolet-visible (UV-Vis) studies were performed with a Jasco V-530
spectrophotometer. The analyses were carried in the 350 — 1100 nm range at room

temperature.
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3.3.3 Procedures

Typical procedure for SARA ATRP of MA

Water (0.03 mL), EtOH (0.42 mL) and Cu(ll)Brz (3.4 mg, 15 umol) were added to a
10 mL Schlenk flask equipped with a magnetic stirrer bar. Upon dissolution, MesTREN
(44.1 pL, 165 pumol), CPME (1.05 ml), EBiB (29.3 mg, 150 umol) and MA (3.0 mL, 33.3
mmol) were added, and next a Cu(0) wire (/=5 cm; d = 1 mm). The Schlenk flask was
then sealed with a glass stopper, deoxygenated with five to seven freeze-vacuum-thaw
cycles and purged with nitrogen. The reaction was carried out using at 30 °C. The kinetic
study was done collecting samples for SEC and *H RMN at pre-determined time periods.
THF SEC samples allowed the determination of the molecular weights and dispersity,
and 'H NMR spectroscopy was used to determine monomer conversion.

The same procedure was used for the other two reaction systems, replacing only
CPME by either THF or 2-MeTHF in order to access the differences between the

polymerization systems.

Typical procedure for chain extension of PMA-Br by SARA ATRP

A PMA-Br obtained from a typical SARA ATRP reaction was dissolved in THF and
passed through an alumina column to remove copper traces. Then, the polymer was
precipitated in water and dried under reduced pressure, until constant weight. The
PMA-Br (Mn%€¢ = 6.6 x 103, p = 1.09; 366.5 mg, 56 umol) was dissolved in DMSO (1.25
mL) in a 10 mL Schlenk flask equipped with a magnetic stirrer bar. Upon dissolution,
MesTREN (16.3 uL, 61 pmol), CuBr2 (1.2 mg, 6 pumol) and MA (2.5 mL, 27.8 mmol) were
added. The Cu(0) wire (/=5 cm; d =1 mm) was then added to the reaction mixture. The
Schlenk flask was sealed with a glass stopper, deoxygenated with five to seven freeze-
vacuum-thaw cycles and purged with nitrogen. The reaction was carried out at 30 °C.
SEC analyses allowed the determination of the molecular weights and dispersity, and H

NMR spectroscopy was used to determine monomer conversion.
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The same procedure was used for the other two reaction systems, replacing only

the PMA-Br obtained in CPME by either the one obtained in THF or in 2-MeTHF.

Typical UV-Vis spectroscopy study of Cu(ll)Br2 reduction

In a vial MesTREN (29.4 pL, 110 umol) was added to CuBr2 (2.2 mg, 10 umol),
followed by the addition of water (0.04 mL), EtOH (0.56 mL) and CPME (1.4 mL). A
magnetic stirrer bar was added and the vial was sealed. After overnight stirring, the
mixture was transferred to a UV-Vis cuvette, which was placed in the spectrometer for
spectra acquisition. The mixture was again transferred to a vial, purged with N; for 15
min. A Cu(0) wire (/=5 cm; d =1 mm), a magnetic stirrer bar and the purged mixture
were placed in the UV-Vis cuvette, which was sealed under nitrogen, isolated with
parafilm and placed in the spectrometer for spectra acquisition. The absorbance was
measured in different times (15, 30, 60, 90, 120, 180 and 240 min), being the mixture
under stirring (600 rpm) in a 30 °C water bath in between each spectra acquisition.

The same procedure was used for the two other reaction systems, replacing only
CPME by either THF or 2-MeTHF, in order to access differences in the

comproportionation of CuBr2/MesTREN with Cu(0) in the different solvent mixtures.

UV-Vis spectroscopy study of Cu(ll)Brz reduction during the SARA ATRP of MA

Water (0.025 mL), EtOH (0.35 mL) and Cu(ll)Brz (2.8 mg, 13 umol) were added to
a 10 mL tube Schlenk flask equipped with a magnetic stirrer bar. Upon dissolution,
MesTREN (36.7 uL, 138 umol), CPME (1.05 ml), EBiB (24.4 mg, 125 pumol) and MA (2.5
mL, 27.8 mmol) were added. The Schlenk flask was then sealed with a glass stopper,
deoxygenated with five to seven freeze-vacuum-thaw cycles and purged with Na.

To around 10 mL Schlenck flask was added a magnetic stirrer bar and a Cu(0) wire
(/=5cm; d=1mm). The round Schlenk flask was sealed with an adapted UV-Vis cuvette
and purged with N2 for 15 min. Under N2 the reaction mixture was transferred to the
Schlenk flask sealed with the UV-Vis cuvette, which was placed in the spectrometer for

spectra acquisition. The absorbance was measured in different times (15, 30, 60, 90,
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120, 180 and 240 min), being the polymerization allowed to proceed under stirring (600

rpm) in a water bath (30 °C) in between each spectra acquisition.

3.4 RESULTSAND DISCUSSION

Aiming to access differences in the polymerization rate between the SARA ATRP
systems using solvents similar to THF, and based on a previously reported system
showing the success of a SARA ATRP of MA using a solvent mixture of CPME/EtOH/H20
=70/28/2 (v/v/v) [6], kinetic studies were performed. In these studies, the influence of

CPME was compared to THF and 2-MeTHF. The resultant kinetic plots can be found in

Figure 23.
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Figure 23 — (a) Kinetic plots of conversion and In[M]o/[M] vs. time (h) and (b) plot of nhumber-average molecular
weights (MnSE€) and D vs. monomer conversion (the dashed lines represent theoretical molecular weight at a given
conversion) for the SARA ATRP of MA in CPME/EtOH/H,0 = 70/28/2 (v/v/v) (red), THF/EtOH/H,0 = 70/28/2 (v/v/V)
(black) and 2-MeTHF/EtOH/H,O = 70/28/2  (v/v/v) (blue) at 30°C. Reaction conditions:
[MA]o/[EBiB]o/[CuBr2]o/[MesTREN]o/Cu(0) wire =222/1/0.1/1.1/Cu(0) wire: /=5 cm; d =1 mm; V solvent = 2 mL.

The kinetic plots from Figure 23 show that there were no significant differences
between the reaction rates obtained, regardless of the solvent mixture used. In this
case, it is not possible to ensure that the “THF-like” solvents can afford the same
polymerizations with different rates, since there was also EtOH and H20 in the solvent
mixture. It is known that water increases the reaction rate o ATRP reactions, due to high
catalyticactivity of Cu(l) in this solvent [74, 93]. However, it was not possible to compare
the “THF-like” solvents as pure in the polymerization solvents, since CPME does not
dissolve the deactivator catalytic system (CuBr2/MesTREN) [6]. Despite the similar

reaction rates, the systems with 70 % THF and 70 % 2-MeTHF showed increasing values
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of their dispersity (D) during the polymerization, in opposition to what was reported for
the case of CPME [6]. Besides the loss of control throughout the reactions for the solvent
mixtures containing 2-MeTHF and THF, Figure 23 (b) shows that the theoretical
molecular weights were in close agreement with the experimental values (with only
small deviation for the high monomer conversion in the case of THF). The increase on
the dispersity of the PMA-Br could indicate the loss of chain-end functionality for high
monomer conversions. Also, it is interesting to note that the maximum monomer
conversion achieved for the systems containing THF and 2-MeTHF was lower than the
one obtained using CPME (Figure 23 (a)). To confirm the hypothesis of the presence of
dead chains, chain extension reactions were designed using as macro-initiator purified
samples of PMA-Br obtained from each SARA ATRP system investigated. The molecular
structure and chain-end functionality of each macro-initiator was accessed by *H NMR

spectroscopy (Figure 24; Appendix E, Figure E 1 and Figure E 2).

cDCls f, e ,

| il b

75 7.0 6.5 6.0 55 50 45 40 35 30 25 20 1.5 1.0

0 (ppm)

Figure 24 - 400 MHz *H NMR spectrum, in CDCls, of a purified PMAgs sample (MRMN= 5.8 x 103; Msec =6.6 x 103; o =
1.09, monomer conversion = 84 %) obtained by SARA ATRP. Reaction conditions: [MA]o/[solvent] = 2/1 (v/v);

CPME/EtOH/H,0 = 70/28/2 (v/v/v); [MA]o/[EBiB]o/[CuBr2]o/[MesTREN]o/Cu(0) wire = 70/1/0.1/1.1/Cu(0) wire: | = 5
cm; d=1mm; Vsovent=2 mL; T =30°C.

All PMA-Br macroinitiators were obtained at around 80% of monomer conversion
(Table 6), since the kinetic studies suggested that the loss of control was significant at
around this value. Additionally, it is known that for very high monomer conversions (>
90%), it is expected an increase of the percentage of dead chain-ends [93, 94]. In that

case, probably it would not be possible to observe the difference between the systems.
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In Table 6 are summarized the general properties of each PMA-Br macroinitiator
synthesized. DP and percentage of functionalization (% functionalization) were

determined by the integration of 1H NMR signals.

Table 6 - General properties of the PMA-Br polymers used as macroinitiators in the chain extensions.

Entry  Sample “THF-like” Monqmer Dp** Mn”-‘ X MnN"_"R MnSE_C R % Funct.
solvent conversion{%) (n) 10% x103% x103 *ok ok
1 ML T12 CPME 84 65 5.4 5.8 6.6 1.09 79
2 ML T13 THF 77* 66 4.8* 5.8 7.3 1.05 84
3 ML T14 2-MeTHF 85* 60 5.3* 5.3 6.0 1.08 71

*The 'H NMR spectrum of the reaction mixture was contaminated, values presented are estimates;

**The DP was determined by the integration of the *H RMN signal ¢ and e of the pure macroinitiator samples;
***The % of functionality was determined by the integration of the *H RMN signal ¢ and g of the pure macroinitiator
samples.

The differences between the determination of the % functionalization (active
chain-ends) using different initiators NMR signals was accessed. The signal c (Figure 24)
was chosen, since it was less affected than the signal a by the influence of the polymer
signal,and moreintense than signalb. The presence of the signal gin the NMR spectrum
confirms the “living” character of the polymer. The same was verified for the remaining
two PMA-Br macroinitiators obtained by either the THF-containing or the 2-MeTHF-
containing SARA ATRP systems (Appendix E, Figure E 1 and Figure E2).

The NMR results (Table 6) suggested that the system based on 2-MeTHF afforded
PMA-Br with the lowest percentage of chain-end functionality, for similar monomer
conversions. However, it is important to analyze the results with caution, since the
determination of the % of functionality by NMR could be affected by errors due to the
very low intensity of the initiator signal, in comparison to the signal of the polymer (even
for low Mw polymers, as in this case). Therefore, chain extension experiments were
performed to confirm the “living” character of the PMA-Br samples synthesized. It is
worth to mention that all PMA-Br macroinitiators were extended inthe same conditions,
using dimethyl sulfoxide (DMSO) as the SARA ATRP solvent, to ensure that the results

could be comparable.
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For all cases, a shift of the SEC trace was observed. However, a small shoulder
corresponding to the macroinitiator in the PMA-Br extended SEC trace was also
observed (Figure 25), which points to the presence of some dead chains in the PMA-Br
macroinitiator. Similar results were found for all macroinitiators synthesized (Appendix

E, Figure E 3 and Figure E 4).

Chain-extended

PMA-Br
M €=39.8x 10°
M /M, =128
Macroinitiator
PMA-Br
M, *=6.6x 10’
M, /M, =1.09
T T T T T T T
16 18 20 22 24 26 28

Retention volume (mL)
Figure 25 - SEC traces of PMA-Br before and after chain extension with MA: macroinitiator obtained at 84% of
monomer conversion (green line) and extended polymer at 75% monomer conversion (blue line); macroinitiator -
[MA]o/[solvent] =2/1 (v/v) in CPME/EtOH/H20 =70/28/2 (v/v/v), with [MA]o/[EBiB]o/[CuBr2]o/[MesTREN]o/Cu(0) wire
=70/1/0.1/1.1/Cu(0) wire:/ =5 cm; d =1 mm at 30 °C; chain extension by SARA ATRP in DMSO with [MA]o/[solvent]

= 2/1 (V/V), [MA]O/[PMA-BI’]0/[CUBI’2]0/[|\/|EGTREN]o/Cu(O) wire = 500/1/0.1/1.1/Cu(0) wire: /=5 cm; d=1mm at 30
OC/ Vsolvent = 1.25 mL.

The general properties of the chain-extended PMA-Br polymers are summarized
in Table 7. To exclude the hypothesis that the apparent presence of dead chains could
be derived from an insufficient dissolution of the PMA-Br macroinitiator before the
chain extension, rather than due to the low % of functionality, a control reaction was
performed. In this chain-extension the macroinitiator was allowed to dissolved
overnight in a double amount of DMSO ([MA]o/[DMSO] = 1/1 (v/v), Vbowmso = 2.5 mL) to
ensure complete dissolution. Figure E 4 (Appendix E) shows that a similar shoulder on
the extended PMA-Br SEC trace, confirming that the dead chains are created during the
SARA ATRP of MA (macroinitiator for synthesis).
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Table 7 — General properties of the PMA-Br extended polymers.

Ent Macroinitiator * % dead chain % dead chain % dead chain M SEC x o
ry (eXpeCted)** * %k ¥ % %k %k k 10—3
ML T12
1 (CPME) 21 6.1 8.3 39.8 1.28
ML T13
2 1 13. 16.4 . 1.34
(THF) 6 3.8 6 335 3
3 MLT14 29 8.5 104 26.9 1.72
(2-MeTHF)
ML T14
4 (2-MeTHF) 29 6.9 8.0 27.2 1.95

*See Table 6;

**From the NMR results (see Table 6);

*** The % of dead chains was obtained through the areas of the SEC traces;
****The % of dead chain estimated trough SEC traces data treatment in MatLab.

The percentage of dead chains was estimated through the areas under the SEC
peaks of each extended polymer and the respective macroinitiator shoulder. Since there
were significant differences between the percentage of dead chains expected according
to the percentage of functionalization of each macroinitiator (Table 6) and the
percentage of dead chains determined from the SEC traces of the extended polymers
(Table 7), a MatLab data treatment was done to the SEC traces, in order to separate the
two distributions. From the normalization and integration of each peak in MatLab, no
significant differences were found between the percentage of dead chains (% dead
chains) obtained directly from the SEC traces integration (using the OmniSEC software)
and the one determined via MatlLab data treatment. With this, considering the noise in
the *H NMR spectra of the macroinitiators, it is possible that the % functionalization was
underestimated, due to the reasons previously pointed. Nonetheless, the presence of
dead chains was undeniable for all the macroinitiators synthesized. However, the values
were in the samerangeand in agreementto what is expected from a SARA ATRP process
[94].

UV spectroscopy is a helpful tool for the characterization of metallic catalytic
systems used in ATRP reaction, since it provides information about the speciation of the
metals (different oxidation states are characterized by the different absorbance

spectra). Therefore, in order to study the comproportionation of CuBr2/MesTREN with
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Cu(0) in the different solvent mixtures investigated for the SARA ATRP, UV spectroscopy
was used. In the CPME/H,0/EtOH = 70/2/28 (v/v/v) system (Figure 26) an increase in
the absorbance and a successive shift of the absorbance peaks to smaller wavelengths
was evident during the reaction time. This experiment was repeated 3 timesin order to

exclude malpractice errors, since the results were unexpected.

3.5
CPME/EtOH/H,O = 70/28/2 (viviv)
- Initial
3.0 4 Initial after 18h under stiring

Initial atfer 20h under stiring
- Initial after 22h under stiring

254 —— O0min
’;? —= 1 5:min
© 30 min
‘a')’ 2.0 60 min
8 —— 90 min
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[%2]
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<L 3
1.0 4
05\
0.0 oial . ;
400 600 800 1000
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Figure 26 - Comproportionation of CuBr,/MesTREN with Cu(0) in CPME/EtOH/H,0 = 70/28/2 (v/v/v) in the presence
of ligand excess, [CuBr2]o/[MesTREN]o/Cu(0) wire = 0.1/1.1/Cu(0) wire: / =5 cm; d = 1 mm, with [CuBr;] = 0.005
mmol/mL, at 30°C.

In Figure 26, the red dotted trace represents the spectrum measured with
Cu(ll)Br2, solvent mixture and MesTREN prior to oxygen removal or addition of Cu(0)
wire, in which the maximum absorbance was registered at 958 nm with a value of 1.86
a. u. After the spectrum measurement, the reaction mixture was left to stir overnight,
in order to verify whether or not the issue was a poor dissolution of the catalytic
complex. The green dotted line (Figure 26), with a maximum of absorbance of 2.21 a. u.
at 950 nm, clearly shows that at the time of the first spectrum measurement, the
Cu(ll)Brz was not completely dissolved in the reaction mixture. Aiming to verify if the
increase of absorbance previously registered was due to solvent evaporation (and
consequent concentration of the reaction mixture), two more spectrums were
measured within a 2-hour interval in between (yellow and blue dotted lines), during
which the stirring was maintained at 30 °C. Since the green, yellow and blue dotted lines
were virtually indistinguishable, it was possible to assume that the system afforded no
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significant solvent losses while the reaction mixture was inside the cuvette and isolated
with safe amounts of parafilm. With this information, the reaction mixture was purged
with N2 and the activated Cu(0) coil was added, resulting in the pink trace in Figure 26.
Since the absorbance curve increased (from a maximum of 2.19 a. u. to one of 2.33 a.
u., still at 948 nm), it was safe to reason that during the N2 purge a significant amount of
solvent was lost. However, as expected, a deviation of the wavelength for the maximum
absorbance peak was observed. The reaction was kept under stirring at 30°C and after
15 min another spectrum was measured (brown trace) in which a significant deviation
to lower wavelength values of the maximum absorbance point was registered, from 948
nm (2.33 a. u.) to 916 nm (2.64 a. u.). This increase in the absorbance and the shift in
the wavelength continued as the reaction proceeded.

These results were, as previously mentioned, unexpected since, usually, CuBrzis
reduced by Cu(0). Therefore, a decrease in the absorbance spectrum, maintaining the
same wavelength for the maximum absorption, was expected. In order to have an
additional confirmation that the procedure was done correctly, the reproduction of the
comproportionation of CuBr2in DMSO was performed. The results obtained (Appendix
E, Figure E 5) were in agreement with those reported [84], confirming that the
experimental procedure was being correctly performed. Therefore, comproportionation
studies were also done for the THF and 2-MeTHF-based systems.

Both systems, THF/H.O/EtOH = 70/2/28 (v/v/v) and the 2-MeTHF/H2O/EtOH =
70/2/28 (v/v/v), have also evidenced wavelength shifts and unexpected increases in the

maximum absorbance peak (Figure 27).
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Figure 27 - Comproportionation of CuBr./MesTREN with Cu(0) in (a) THF/EtOH/H,O = 70/28/2 (v/v/v) and (b) 2-
MeTHF/EtOH/H,0 = 70/28/2 (v/v/v) in the presence of ligand excess, [CuBr:]o/[MesTREN]o/Cu(0) wire =0.1/1.1/Cu(0)
wire:/ =5cm; d = 1 mm, with [CuBr;] = 0.005 mmol/mL, at 30°C.

However, for these systems, at a certain time of reaction, the maximum
absorbance started to decrease, suggesting a reduction of copper (see example on
Figure 27 (a) — lines light blue, pink and light green).

These shifts in the maximum absorbance point could be explained by the presence
of unidentified copper species in the mixture. Aiming to exclude the possibility of the
presence of CuCl species due to the interaction of the copper wire with a possible
contamination by the Cu(0) wire activation solution (HCI/MeOH = 30/70 (v/v)), the
system in Figure 26 was re-tested with mechanical activation of the copper wire, instead
of a chemical activation. The results obtained (Appendix E, Figure E 6) were similar to
the ones obtained with the chemical activation of Cu(0), suggesting that there was no
contamination of the solvent mixture in the original experiment (Figure 26).

A study of the comproportionation of CuBr2/MesTREN with Cu(0) in the presence
of MA and using EBIiB as the initiator of the SARA ATRP was also performed with the
CPME/H20/EtOH = 70/2/28 (v/v/v) solvent mixture (Figure 28) (real polymerization

conditions).
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Figure 28 - Comproportionation of CuBr,/MesTREN with Cu(0) in CPME/EtOH/H,0 = 70/28/2 (v/v/v) in the presence
of ligand excess, reaction conditions: [MA]o/[solvent] = 2/1 (v/v); CPME/EtOH/H.O = 70/28/2 (v/v/v);
[MA]o/[EBiB]o/[CuBr2]o/[MesTREN]o/Cu(0) wire =222/1/0.1/1.1/Cu(0) wire: /=5 cm; d =1 mm; Vsoivent = 1.25 mL, with
[CuBr;] =0.005 mmol/mL, at 30°C.

As Figure 28 clearly shows, even in polymerization conditions the behavior of the
system was similar to the one in Figure 26. To the extent of the research done, there
were no similar reported systems that could explain these results. Therefore, further

testing is required.

3.5 CONCLUSIONS AND FUTURE WORK

The three systems studied (THF, CPME and 2-MeTHF) presented similar
characteristics and polymerization rates on the SARA ATRP of MA, suggesting that both
CMPE and 2-MeTHF could be good substitutes of THF. In fact, CPME-based showed the
best results in terms of My control (o = 1.1) amongst the solvent mixtures investigated.
Comproportionation studies followed by UV-Vis spectroscopy revealed the formation
of, so far, unknown copper-based species, instead of a reduction of CuBr; by Cu(0),
which is characteristic of SARA ATRP systems. Further testing is then necessary.

The UV-Vis study of the comproportionation of Cu(ll)Brz in other volume ratios
and in the polymerization of MA using the THF/EtOH/H20 and 2-MeTHF/EtOH/H-0
system could potentially be interesting to better understand these results, as well as the

polymerization of a different monomer using the same three solvent systems in order
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get monomer insights about the speciation of the metal catalyst during the

polymerization.
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APPENDIX A

SUPPORTING INFORMATION FOR THE SYNTHESIZED MACROINITIATORS AND LIGANDS AND FOR
THE PROCEDURES USED IN CHAPTER 2: PEGs-BR *H NMR SPECTRUM; BR-PEG7,-Br 'H
NMR SPECTRUM; MESTREN *H NMR specTRUM; TPMA *H NMR SPECTRUM:; TYPICAL
PROCEDURE FOR THE SYNTHESIS OF PAMPTMA-co-PDPA AND PAMPTMA-co-PMA BY
SARAATRP

Omega-bromo poly(ethylene glycol) (PEG-Br) was obtained through
functionalization of PEG-OH (M, = 2000). The structure was confirmed by 'H NMR
spectroscopy (Figure A 1). The PEG-Br obtained did not elute in the aqueous SEC, despite

the fact that its precursor did.

CDCl; o b, c a,d

d
C
o)
X \ﬂo)‘\{sr
d

| N

T L T T 7T 7 T T

75 7.0 6.5 5.5 4.5 2.5 1.5 0.5

Figure A 1 - 400 MHz 1H NMR spectrum, in CDCl3 of a purified PEGas-Br (M, = 2000).

Alpha-omega-bis-bromo poly(ethylene glycol) (Br-PEG-Br) was obtained through
bi-functionalization of OH-PEG-OH (Mn»=3000), which had a monomodal M, evaluated
by aqueous SEC. Two bi-functionalizations were performed, ML0O2 and MLO3. The
structure was confirmed by 'H NMR spectroscopy (Figure A 2). Neither one of the Br-
PEG-Br samples obtained eluted in the aqueous SEC, despite the fact that their precursor

did.
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Figure A 2 - 400 MHz *H NMR spectrum, in D20 of a purified Br-PEG7,-Br (M, =3000).

MesTREN [81] and TPMA [82] were synthesized according to the literatureand the
structures were confirmed by *H NMR spectroscopy (Figure A 3 and Figure A 4).
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Figure A 3 - 400 MHz *H NMR spectrum, in CDClz of a purified MesTREN sample.
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Figure A 4 —400 MHz 'H NMR spectrum, in CDCl3 of a purified TPMA sample.

Typical procedure for the synthesis of PAMPTMA-co-PDPA by SARA ATRP

EBiB (12.4 uL, 84 umol), water (0.15 mL) and IPA (1.8 mL) were added to a 10 mL
round bottom Schlenk flask equipped with a magnetic stirrer bar. Upon dissolution,
CuBr2(9.4 mg,42 umol), MeeTREN (22.5 pL, 84 umol), AMPTMA (233 mg, 844 umol) and
DPA (2 mL, 8.4 mmol) were added to the flask, followed by a Cu(0) wire (/=10cm;d =1
mm). The Schlenk flask was then sealed with a glass stopper, deoxygenated by freeze-
-vacuum-thaw cycles and purged with nitrogen. The reaction was carried out under
stirring (600 rpm) at 30 °C. A sample was collected after 16 h and analyzed by aqueous
SEC to evaluate the molecular weights and dispersity and by *H NMR spectroscopy to
determine the monomer conversion. The reaction mixture was dialyzed (cut-off 3500)
against deionized water for a minimum of 3 days. The copolymer was recovered by
freeze-drying. Purified copolymer samples were analyzed by 'H NMR spectroscopy to
determine the degree of polymerization and molecular weight. The content of residual

copper was determined by atomic absorption.

Typical procedure for the synthesis of PAMPTMA-co-PMA by SARA ATRP

EBiB (32.6 L, 222 pumol), water (0.26 mL) and EtOH (1.6 mL) were added to a 10
mL round bottom Schlenk flask equipped with a magnetic stirrer bar. Upon dissolution,

CuBr2 (24.8 mg, 111 umol), MesTREN (59.3 uL, 222 umol), AMPTMA (612 mg, 2.2 mmol)
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and MA (2 mL, 22.2 mmol) were added to the flask, followed by a Cu(0) wire (/= 10cm;
d =1 mm). The Schlenk flask was then sealed with a glass stopper, deoxygenated by
freeze-vacuum-thaw cycles and purged with nitrogen. The reaction was carried out
under stirring (600 rpm) at 30 °C. A sample was collected after 16h and analyzed by
aqueous SEC to determine the molecular weights and dispersity and by 'H NMR
spectroscopy to determine the monomer conversion. The reaction mixture was dialyzed
(cut-off 3500) against deionized water for a minimum of 3 days. The copolymer was
recovered by freeze-drying. The pure copolymer samples were analyzed by *H NMR
spectroscopy to determine the degree of polymerization and molecular weight. The

content of residual copper was determined by atomic absorption.
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APPENDIX B

SUPPORTING INFORMATION FOR CHAPTER 2, SECTION 2.4.1. PEG45-B-PAMPTMA, AND
PAMPTMA,-B-PEG7,-8-PAMPTMA, BLOCK COPOLYMERS.

In Table B 1 are summarized the general properties of all the PAMPTMA-based
copolymers synthesized in this work that were not tested in gene delivery essays, either
due to high Mwshoulder in SEC traces, low monomer conversions or the properties of
the copolymer were unsuited (e.g., if DP was not significantly different). Samples GD07

to GD13 were kinetic studies.

Table B 1- General properties of the copolymers untested in gene delivery assays.

Entry Sample TargetDP/ - croinitiator _ VOnomer M"tr_] X M"lem M"S%c D
DP pamprma () conversion(%) 103 x103 x10°3

1 GDoa* 40/~ i 673 e - - -
2 GDOS* 25/ Br';ffj”' - - - - -
3 GDO6* 15/ Br';ffj”' - . - - .
4 GD14 36/18 PEGa4s-Br 49.7 5.7 5.8 10.0 1.19
5 GD15* 22/-- PEG4s-Br 14.2 2.6 - - --
6 GD16 57/17 PEGa4s-Br 22.6 4.7 5.6 8.0 1.21
7 GD17* 150/-- PEGa4s-Br 21.2 8.6 -- 9.7 1.24
8 GD19 150/--*** PEG4s-Br 87.1 29.0 SKEk - kkk -kEx

*unpurified sample;
**pimodal SEC distribution due to the macroinitiator; experiments failed, nofurther characterization was made;
***poor purification process; no further characterization was made.
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APPENDIX C

SUPPORTING INFORMATION FOR CHAPTER 2, SECTION 2.4.3. PEGys-8-PAMA, BLOCK
COPOLYMERS

Table C 1 - Percentage of charge for each of the PAMA-based sample tested.

Temperature

Entry Sample (°C) pKa pH * % charge **
1 PEG4s-b-PAMA111 25 7.25 3/4 99.99/99.94
2 PAMA3¢ 37 6.62 3/4 99.98/99.76
3 PEGa4s-b-PAMA¢3 37 6.84 3/4 99.98/99.85
4 PEGas-b-PAMA 163 37 6.75 3/4 99.98/99.82
*hypothetical pH of the solution containing the polymeric sample
** % charge = (1) x 100 = (omsre) X 100
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APPENDIX D

SUPPORTING INFORMATION FOR CHAPTER 2, SECTION 2.4.4. GENE DELIVERY RESULTS FROM
PAMA-BASED POLYMERS. GENE DELIVERY ASSAYS PROCEDURES.

Effect of the N/P ratio and composition of polyplexes on the viability of COS-7 cells.

GD27 polymer and bPEI were complexed with 1ug of pCMV-Luc at the indicated
N/P ratios. Cells were covered with 0.3 ml of serum-free medium or medium containing
10% FBS and the polyplexes were added. After an incubation for 4 h, the medium was
replaced with DMEM-HG containing 10% FBS and the cells were further incubated for
48 h. Cell viability was measured by an Alamar blue and it is expressed as a percentage
of untreated control cells. The results are representative of at least three independent
experiments.

The same procedure was followed for GD30 samples.

Effect of the N/P ratio and composition of polyplexes on their transfection activity
COS-7 cell lines.

GD27 polymer and bPEI were complexed with 1ug of pPCMV-Luc at the indicated
N/P ratios. The data is 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.

The same procedure was followed for GD30 samples.

Accessibility of ethidium bromide to DNA of the different polyplexes prepared at
different N/P ratios.

Polyplexes prepared with GD27, GD29, GD30 and containing 1ug of DNA, were
incubated with EtBr. 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 polyplexes (100% of EtBr
accessibility). The data is expressed as EtBr access (% of control) (mean + SEM, obtained
from triplicates). The results are representative of at least three independent

experiments.
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APPENDIXE

SUPPORTING INFORMATION FOR CHAPTER 3. INFLUENCE OF DIFFERENT “THF-LIKE”
SOLVENTS ON THE PMA SYNTHESIS BY SARA ATRP

cDCls £, d
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Figure E 1 - 400 MHz 'H NMR spectrum, in CDCl3, of a purified PMAss sample (MRMN =58 x 103 Mysec= 7.3 x 103; p =
1.05) obtained by SARA ATRP. Reaction conditions: [MA]o/ [solvent] = 2/1 (v/v); THF/EtOH/H.0 = 70/28/2 (v/v/V);
[MA]o/[EBiB]o/[CuBr2]o/[MesTREN]o/Cu(0) wire = 70/1/0.1/1.1/Cu(0) wire: / =5 cm; d =1 mm; Vsolvent =2 mL; T = 30
°C.

CDCl3 f, f
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Figure E 2 - 400 MHz *H NMR spectrum, in CDCls, of a purified PMAg sample (MRMN = 5.3 x 103 M€= 6.0 x 103; =
1.08) obtained by SARA ATRP. Reaction conditions: [MA]o/ [solvent] = 2/1 (v/v); 2-MeTHF/EtOH/H.0 = 70/28/2
(v/v/v); [MA]o/[EBiB]o/[CuBr2]o/[MesTREN]o/Cu(0) wire =70/1/0.1/1.1/Cu(0) wire:1 =5 cm; d = 1 mm; Vsoivent =2 mL;
T=30"°C.
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Figure E 3 - SEC traces of PMA-Br before and after the extension with MA: macroinitiator obtained with M,5EC x 103 =
7.3 (greenline) and extended polymer with M,SE¢x 103 = 33.5 (blue line); macroinitiator - [MA]o/ [solvent] =2/1 (v/v)
in THF/EtOH/H,0 =70/28/2 (v/v/v), with [MA]o/[EBiB]o/[CuBr,]o/[MesTREN]o/Cu(0) wire = 70/1/0.1/1.1/Cu(0) wire: /
=5 cm; d =1mm at 30 °C; chain extension by SARA ATRP in DMSO with [MA]o/[solvent] = 2/1 (v/v), [MA]o/[PMA-
Br]o/[CuBr2]o/[MesTREN]o/Cu(0) wire =500/1/0.1/1.1/Cu(0) wire: /=5 cm; d =1 mm at 30 °C, Vsovent = 1.25 mL.
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Figure E 4 - SEC traces of PMA-Br before and after the extension with MA: macroinitiator obtained with M,S€¢ x 103 =
5.7 (green line), extended polymer with M€ x 103 = 13.1 (blue line) and extended polymer with overnight stirring
of the macroinitiator in DMSO with M:E€ x 103 = 27.2 (black line); macroinitiator - [MA]o/ [solvent] = 2/1 (v/v) in 2-
MeTHF/EtOH/H,0 = 70/28/2 (v/v/v), with [MA]o/[EBiB]o/[CuBr2]o/[MesTREN]o/Cu(0) wire = 70/1/0.1/1.1/Cu(0) wire:
/=5 cm;d=1mm at 30 °C; chain extension by SARA ATRP in DMSO with [MA]o/[PMA-Br]o/[CuBr;]o/[MesTREN]o/Cu(0)
wire = 500/1/0.1/1.1/Cu(0) wire:/=5 cm;d = 1 mm at 30 °C, blue trace had [MA]o/[solvent] =2/1 (v/v), Vsolvent = 1.25
mLand black trace [MA]o/[solvent] = 1/1 (v/V), Vsolvent = 2.5 mL.
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Figure E 5 - Comproportionation of CuBra/MesTREN with Cu(0) in DMSO in the presence of ligand excess,
[CuBr2]o/[MesTREN]o/Cu(0) wire =0.1/1.1/Cu(0) wire:/ = 5cm; d = 1 mm, with [CuBrz] = 0.005 mmol/mL, at 30°C.
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Figure E 6 - Comproportionation of CuBr,/MesTREN with Cu(0) CPME/EtOH/H,0 =70/28/2 (v/v/v) in the presence
of ligand excess, [CuBr,]o/[MesTREN]o/Cu(0) wire =0.1/1.1/Cu(0) wire: /=5 cm; d = 1 mm, with [CuBr;] = 0.005
mmol/mL, at 30°C, with mechanical activation of the Cu(0) wire.
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