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palavras-chave

Resumo

Biofarmaco, DNA plasmidico, cancro da mama, terapia génica, liquidos
idnicos, purificacdo, sistemas aquosos bifasicos.

O presente trabalho reporta a utilizacdo de um processo a montante e a jusante
para a producdo de acido desoxirribonucleico plasmidico (ADNp) modelo com
potencial aplicacdo em terapia genética, com especial aplicacdo no tratamento
de cancro de mama. Apo0s a producao, estudaram-se sistemas aquosos bifasicos
(SAB) como técnica de purificacdo e recuperacdo de ADNp. O SAB composto
pelo liquido idnico (LI) brometo de tetrabutilfosfonio ([P4444]Br) € o sal citrato
de potéssio (CsHsK307-H20) foi identificado como o sistema mais promissor
tendo em vista a sua capacidade para promover o isolamento de ADNp com
elevada pureza. O comportamento de particdo de ADNp e &cido ribonucleico
(ARN) mostrou que para concentragdes mais baixas de sal e LI, ambas as
classes de 4cidos nucleicos exibem uma tendéncia para serem,
preferencialmente, particionadas para a fase inferior do SAB, rica em sal. No
entanto, e através da otimizacdo da concentracdo de ambos 0s componentes
formadores de fase, no ponto de mistura de 25% (m/m) de [Pa4]Br e 25%
(m/m) de CsHeK307-H2O, 0 ADNp foi seletivamente recuperado na fase rica
em sal com elevada pureza. O ADNp foi recuperado principalmente na sua
isoforma superenrolada, e o conteldo em proteinas totais foi reduzido em 13%
guando comparado com a amostra de lisado bacteriano. Além disso, verificou-
se gque o ADNp purificado apresenta a capacidade de conferir resisténcia a
ceélulas de Escherichia coli ap6s a transformagdo por choque térmico, o que
vem reforcar que este é purificado com elevada integridade e numa forma
funcional.

De uma forma global, foi desenvolvida uma tecnologia promissora baseada em
SABs contendo LIs para a purificacdo de ADNp a partir de lisados bacterianos,
na qual a presenca do LI é responsavel pelo melhoramento da pureza do ADNp
em comparagdo com alguns sistemas convencionais. Estudos futuros deverdo
compreender a avaliagdo da atividade biolégica do ADNp purificado, bem
como a avaliagdo dos niveis de endotoxinas, visando a obtencdo de ADNp com
potencial aplicagdo em terapia genética.
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keywords

abstract

Biopharmaceuticals, plasmid DNA, breast cancer, gene therapy, ionic liquids,
purification, aqueous biphasic systems

This work reports the development of an upstream and downstream process to
recover a model plasmid DNA (pDNA) with potential application in gene
therapy, particularly targeting breast cancer. After the pDNA production,
aqueous biphasic systems (ABS) were investigated to as a recovery and
purification technique. The ABS composed of the tetrabutylphospnium bromide
([P4444]Br) ionic liquid (IL) and potassium citrate salt (CsHsK3sO7-H2O) was
identified as the most promising system promoting the isolation of pDNA with
high purity. The partitioning behaviour of pDNA and ribonucleic acid (RNA)
showed that for low concentrations of salt and IL, both classes of nucleic acids
exhibit a tendency to be preferentially partitioned toward the bottom phase,
mainly enriched in potassium citrate salt. However, and by properly
engineering the concentration of both phase-forming components, at the
mixture point composed of 25 wt% of [Pau4]Br and 25 wit% of K3;CesHsOy,
pPDNA was selectively recovered in the salt-rich phase with high purity. It was
observed that pDNA is mostly recovered in its supercoiled isoform, and that the
content of total proteins was reduced by 13% in comparison with the bacterial
lysate sample. Also, purified pDNA exhibited the ability to confer resistance to
Escherichia coli cells after heat-shock transformation, further supporting that it
is purified with high integrity and functionality.

Overall, a promising IL-based ABS technology for the purification of pDNA
from bacterial lysates was developed in this work, in which the presence of IL
seems to be responsible for upgrading the pDNA purity over some conventional
systems. Envisaging the production of pDNA for gene therapy, future work
should comprise the evaluation of the biological activity of purified pDNA and
the assessment of endotoxin levels.
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1. Introduction

1.1 Breast Cancer landscape
1.1.1 Incidence, mortality, and epidemiology

Cancer is a complex disease involving several signaling pathways, and despite the rising
knowledge of cancer biology, its treatment is still a challenge due to the numerous altered
metabolic activities in cancer cells." Cell metabolism can lead to cancer in different scenarios:
when nutrients are unregulatedly absorbed and used opportunistically, when metabolite-controlled
genetic regulation is altered, or even when metabolites interfere with the microenvironment.?
According to some studies, the growing susceptibility to cancer in households suggests a genetic
basis for the occurrence of malignant diseases.® Therefore, it is expected that the incidence of
cancer in the population will increase due to the heritability of many cancers, which will be
reflected in higher mortality rates.>* Cancer incidence and mortality have been growing among the
general population, becoming a global burden for society and the most important barrier against
life expectancy worldwide in the 21* century. Figure 1 shows how this disease affected the
worldwide population in 2020, with 19.3 million new cases of cancer and 9.9 million deaths. Asia,
being the continent with more than a half of the global population, accounts for 49.3% of the total
cancer cases and 58.3% of the cancer mortality.*

Incidence Mortality
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Middle Eastem Africa
Norhem ). LL Sauem 7.2% Americas
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Americas
Middle Eastes 14.2%
20.9% oWn:sl em | | $ourll:\em
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19.3 million 9.9 million
new cases deaths

Figure 1. Pie charts representation of the distribution of all-cancer incidence (left) and mortality (right) cases
according to world area for both sexes in 2020. Information taken from Bray and co-workers.*

Throughout life, the breast tissue undergoes a variety of changes; thus, it is not surprising
that the breast cancer (BC) has become the most common malignancy among women.®> This
common female cancer has a high incidence rate around the world, accounting for 2.3 million new
cases (11.7%) and 6.9% of deaths of all cancers.* According to these data taken from
GLOBOCANS, there is the need to prioritize the prevention and therapy in order to control cancer
with early detection methods and improved alternative treatments. To provide a comprehensive
biological aspect of BC, Table 1 lists controllable and uncontrollable risk factors of BC, as well as



preventive measures. Even though some factors are beyond control, like gender and age, there are
lifestyle changes that help preventing cancer, namely the adoption of a healthy life based on regular
physical activity and healthy eating plans.

Table 1. Factors that influence BC and its prevention. Information taken from the Jordan Breast Cancer

Program.’
Risk Factors
Uncontrollable risks factors Controllable risks factors
Female gender Giving birth (having children decreases incidence)
Age (particularly after 40 years) No breastfeeding
Genetic factors Using hormone therapy (for birth control and menopause)
Early menarche (before 12 years) Eating processed and fatty food
Late menopause (after 55 years) Lack of regular physical activity
Exposure to radiation Obesity

Prevention

Regular physical activity

Maintain a healthy weight

Limiting alcohol intake

1.1.2 Molecular mechanisms involved in cancer onset and progression

BC, the most common malignancy in women worldwide, is classified from a heterozygous
population of breast diseases, which develops in tumours and can be of invasive origin if not
treated.>® Most BC are sporadic, that is, individuals without a genetic predisposition encounter an
aberration in the genome of hereditary cancers. In addition to these defects in inherited genetic
material, mutations and epigenetic inactivation from other mechanisms also occur.” In the context
of non-genetic risk factors, BC can be caused by a woman's personal life, which represents 85% of
the cases without inherited mutations from family history.® However, it should be emphasized that
BC is based on its hereditary susceptibility and sporadic occurrences of its development. All of
them have somatic genetic abnormalities, which have been identified in several genes, whose
expression can be upregulated.>*® Thus, BC is closely related to defects in damaged DNA repair
systems or defects in cell cycle checkpoints. This causes the DNA to undergo changes that, when
not repaired, increase the susceptibility to this type of cancer due to the genetic defect. Some of the
DNA damage response genes, like BRCAL, BRIT-1 and PARP-1, are commonly inactivated
through mutation or epigenetic modification.> Genetic disorders associated with complex signaling
pathways, which allow tumor cells to prevent programmed cell death, can lead to the development
of cancer where genetic therapies combined with chemotherapies arise as possible therapeutics.*

Gene expression influences the responses of the immune system that play an important role
in the remodeling of breast tissue. Immune cells capable of rejecting the tumour, namely T
lymphocytes, are not as present in breast cancer as compared to other cancers, and thus the immune
system can provide evidence for the progression of BC, being relevant for molecular therapy.** A
novel biomarker for identifying breast cancer is mammaglobin-A (MAM-A), which is a breast
cancer—associated antigen with high tissue specificity and highly expressed in cancer cells.



Considering that this protein is overexpressed in 40% to 80% of primary breast cancers, it is
suggested that the development of MAM-A-based vaccine therapies targeting the immune system
may be relevant for BC prevention.**** Since it represents a potentially secreted protein, MAM-A
can be easily detected in serum, showing a superior clinical utility in relation to other solid tumor
markers. Accordingly, it is important to denote that the deregulation of the mammaglobin gene is
associated with a specific therapeutic vulnerability of the tumor.’® Breast cancer is an example of
the interaction between the immune system and the tumor in the breast, thus facilitating gene
therapy with an introduction of DNA vaccine.'® In general, MAM-A DNA-based vaccines have
demonstrated significant clinical impact in the immune system of patients with BC, highlighting its
promising potential outcomes as an effective and safe therapy.™

1.1.3 Currently available therapeutic strategies for breast cancer

The area of research for the treatment of cancer has been intensive, in a way that is
necessary to investigate what type of gene, proteins or signaling pathways are associated with the
development of cancer cells, and thus being relevant to cancer prognosis. The most common
treatment for BC is surgery, which is complemented by radiotherapy, chemotherapy and hormone
therapy, as presented in Figure 2. However, there are still challenges to overcome in the
development of drugs, such as their undesirable side effects, low bioactivity, high dosage and
immunogenic response.*’
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Figure 2. Breast cancer therapies. Adapted from the Qatar Biomedical Research Institute.®

In-depth knowledge of the link between cancer cells and the immune system has led to the
formulation of biopharmaceuticals through specific targets, such as epigenetically and genetically
abnormal molecules, for a more efficient strategy in the treatment of cancer. Among current
therapies, biopharmaceuticals such as monoclonal antibodies (mAbs) and non-antibody proteins,
coupled with small molecule pharmaceuticals, stand out, allowing an efficient control of the
progression of various cancers and significantly improving the overall survival of patients.
Biopharmaceuticals have emerged as an alternative treatment being successfully applied in disease
control, prevention, and diagnosis, such as the case of vaccination and gene therapyzo, addressed
below in section “1.2 Biopharmaceuticals”.



More accurate strategies are linked to specific cancer cell biomarkers for enhanced
detection and early classification of breast cancer, which hold great promise in the development of
targeted therapies. Some biomarkers have already been discovered as targets for novel drugs, like
estrogen receptor (ER), progesterone receptor (PR), human epidermal growth factor 2 (HER2)
receptor, vascular endothelial growth factor (VEGF) and Ki-67.'® Traditional biopharmaceuticals
have been successfully applied in treating breast cancer, although they do not consider the
heterogeneity of individual patient responses. An individualized treatment, such as personalized
medicine, would be the most appropriate to overcome certain adverse effects.>*’ Furthermore, the
quality of these drugs requires fundamental clinical efficiency to combat the needs of each
treatment, from their manufacture to formulation and delivery.’

1.2 Biopharmaceuticals

Biopharmaceuticals are a class of biologic medicinal products, such as proteins or nucleic
acids, obtained from biological sources, such as animals (including humans), plants or
microorganisms, often involving the technology of recombinant DNA.? Unlike chemically
synthesized drugs, biopharmaceuticals are structurally complex macromolecules, which can pose
challenges in their manufacturing processes. Nonetheless, they are generally regarded as effective
therapeutic agents due to their high selectivity, specificity, and low nonspecific toxicity.?>!

The first biopharmaceutical ever introduced in the market was human insulin in 1982, with
the Humulin® trade name, for therapeutic use in diabetes mellitus. This drug was genetically
engineered through the expression host Escherichia coli (E. coli), which is recognized as the most
widely used microbial species in the biotechnology industry for large-scale production of proteins,
especially non-glycosylated proteins.?? Later in 1998, the first monoclonal antibody
biopharmaceutical, trastuzumab for the treatment of HER2-positive metastatic breast cancer, was
approved by the Food and Drug Administration (FDA). This milestone is intimately linked to the
discovery of more specific cancer cell biomarkers, whereby enhanced approaches knowing the
occurrence, development and prognosis of cancer will originate more effective treatments.™
Recently, in 2020, the Nobel Prize in Chemistry was awarded to Emmanuelle Charpentier and
Jennifer Doudna who discovered the CRISPR/Cas9 genetic scissors for genome editing. This
revolutionizing idea starts by cutting a specific part of the DNA sequence with a programmable
engineering guide RNA, allowing advances in cellular engineering, personalized medicine and
promising clinical therapeutics.?® Another great achievement was the development of prophylactic
messenger RNA vaccines against the severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), which were the first to receive emergency use authorization to combat the COVID-19
pandemic.?

Figure 3 represents the evolution of biopharmaceuticals approvals profile since 1989 until
2018, in the European Union (EU) and United States of America (USA). Even though the
biopharmaceutical industry is currently dominated by protein-based biopharmaceuticals, products
based on nucleic acids (gene therapies, DNA or RNA vaccines, antisense oligonucleotide (ASOs),
small interfering RNAs (siRNA), aptamers and modified RNA molecules) are being increasingly
used, showing that they can have a high impact and prominent roles in the biopharmaceutical
industry.®
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Figure 3. Number of biopharmaceutical approvals in USA and EU region over the indicated periods.?®

Biopharmaceutical innovation continues to rise in different categories, not being an
exception the breakthrough in genetic therapy, which despite has not progressed as much as other
classes in the approvals in USA and EU, there is a major interest in their manufacture. Several
examples of products based on nucleic acids, its therapeutic indications as well as the approval date
are presented in Table 2.%

Table 2. Trade name, product and therapeutic indication of nucleic-acid-based biopharmaceuticals and gene
therapy products approved by regulatory agencies in EU and USA by the end of July 2018.
Information taken from Walsh.?

Trade Name Descrintion Therapeutic Approval
(Product) P indication date/Location
Teasedi® A 20-nucleotide single-stranded Hereditary
. g oligonucleotide manufactured by transthyretin 2018 (EV)
(inotersen) . . . T

direct chemical synthesis amyloidosis
oo A o e
ne (Zr(')vrs;[/lg:—r:(; ) modified to express the human Retinal dystrophy 2017 (USA)

P y RPE65 gene
Splr?raza® _An 18—nu_c|eot|de antisense Spinal muscular 2017 (EV)
(nusinersen oligonucleotide manufactured by atroph 2016 (USA)

sodium) direct chemical synthesis Py

Exond)_/s 51® Chemwally synthesm_ed antisense Duchenne muscular 2016 (USA)
(eteplirsen) oligonucleotide dystrophy
Im_Iyg|c® Engineered herpes S|mpl_ex virus 2015 (EU &

(talimogene type 1 capable of producing GM- Melanoma

USA)

laherparepvec) CSF

Kynamro® . . . -
(mipomersen Chemwally synthe3|z_ed antisense Familial ' 2013 (USA)

. oligonucleotide hypercholesterolemia
sodium)
Macugen® Synthetic PEGylated Neovascular, age- 2006 (EV)
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To overcome the cost related to the application of these biopharmaceuticals in the
marketplace, an emerging trend is the application of biosimilars. These biopharmaceuticals must
accomplish the same clinical significance in terms of safety, purity, and potency of the original
products whose patent has expired, being thus obtained at a lower cost.” To reach the sales market,
this type of medicines must undergo several tests that guarantee their therapeutic equivalence to the
brand name drug, becoming an officially approved version.? Hence, the major benefit of
biosimilars include the increased availability of the therapy that can balance the healthcare
expenditure.?® These therapeutic drugs received an abbreviated drug review and a licensing route in
2010, which was part of the Patient Protection and Accessible Assistance Act. As a result, it is
expected that the number of the approval of these blockbusters will increase in the next years,
considering that these drugs started to receive regulatory approval by the European Medicines
Agency (EMA) in Europe since 2006.%’

Notably, the breakthroughs of technologies have facilitated the market of biotechnology
products that encompass their manufacturing, formulation, and delivery. It is a multibillion-dollar
industry due to innovative biopharmaceuticals frequently launched targeting a wide range of
diseases.?*® Between the years 1989 and 2012, these biotechnology products grew worldwide in
sales, coming up with US$163 billion.? This can be reflected on the biopharmaceutical
registrations and approvals in the USA and the EU, with a total of 212 by the end of 2014.% In
2017, only the ten best-selling biopharmaceutical products could generate sales of over $80 billion,
representing 44% of the total biopharmaceutical product revenues.?

1.2.1 Plasmid DNA-mediated gene therapy

Biopharmaceuticals based on plasmid DNA (pDNA) are considered a useful molecular tool
that support gene therapy and DNA vaccination interventions.?® Gene therapy consists in the
alteration of gene expression of the gene of interest in the form of pDNA, allowing the down-
regulation or replacement of mutated genes.' A plasmid, schematically represented in Figure 4, is a
part of the circular DNA (cDNA) that reproduces mainly in bacterial species, and it is helpful in
cloning genes, rearranging them,?® and in the process of producing a great amount of DNA or
proteins in the laboratory. When the desired gene is inserted into the plasmid, it can express the
gene product in animal cells without further manipulation.*® Plasmids can occur in different
isoforms, namely the supercoiled (sc), open circular (oc) and linear (In). Normally, plasmids are
supercoiled, characterized by automatically occurring in DNA induced by helical stresses, forming
twists into the double helix. Both DNA strands are intact and continuous in the sc isoform, but
relaxation of the double helix achieved by a nick or break in one or in both strands will originate,
respectively, the oc and In pDNA isoforms. The most biologically active morphologic isoform is
the sc pDNA, often preferred for therapeutic applications due to its highest transfection
efficiency.® The other types of isoforms are seen as impurities since they are less efficient in
inducing gene expression than sc plasmids.*
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Figure 4. Schematic representation of a pDNA constituted by promotor, ori sequence and the inserted gene
of interest.

The beneficial effects of pDNA in therapeutics were first reported in the 1990s, following
the discovery that it led to a protective and specific cytotoxic T lymphocyte (CTL) response.®
Considering the involved mechanism, this technology can be further employed in a wide range of
applications, such as infectious diseases and cancer.®* The implementation of pDNA in human
therapeutics foreseeing the production of defective proteins involves different steps, starting with
the identification of the gene or genes related to the disease, followed by manufacturing and
formulation of recombinant pDNA, ultimately allowing the administration of the therapeutic gene
of interest.®*® If we increase the medicinal range of gene therapy applications, it is possible to
formulate a valid vaccine. Consequently, the clinical applications of a DNA vaccine can be well
structured in order to become viable, and not just by the qualities of the demonstrations in animal
models.*

Through the application of a pDNA, in the form of a vaccine, it is possible to code
antigenic proteins that activate both humoral and cellular immune response with the help of CTL,
helper T cells and antibodies.*® In turn, the dendritic cells, antigen-presenting cells, are efficiently
activated by harbouring T cells that recognize the antigens expressed in the tumour. Therefore, the
induction of T cell immunity leads to the possibility of developing vaccines against cancer.®” Also,
this type of vaccine will express the tumour-specific antigens and after a long-term period, it will
generate memory cells in the immune system. Therefore, DNA vaccines are a reliable and valuable
form of antigen-specific immunotherapy, being safer, stable and easily produced, than other types
such as protein-based vaccines.*®* Furthermore, FDA confirms that DNA vaccines are purified
plasmid of bacterial preparations able to fight a pathogen, through an immune response.®® The
overall mechanism behind pDNA vaccination is shown in Figure 5.
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Figure 5. Immune system activation induced by DNA vaccines. Adapted from Lopes et al.3

DNA vaccines encode the antigen of interest that whenever expressed in host cells, will
stimulate cell-mediated immunity improving the protective effect.***® These biotechnology-based
vaccines have brought up new opportunities to prevent many non-infectious diseases, such as
cancer, being successfully exemplified by the case of the human papilloma virus (HPV) vaccine
which is currently applied in preventing cervical cancers.” These noteworthy strategies of genetic
engineering contribute to an improved therapeutic potential, and such effectiveness relies on a
prolonged duration of action with high targeting, making it more biologically localized.?**
Therefore, it is necessary to choose an adequate procedure for efficient purification to preclude the
generation of unnecessary variants of pDNA.*

Foreseeing the commercialization of these products, they must receive regulatory approval
from regulatory agencies, such as the FDA in the USA and EMA in Europe. Alternative procedures
established individually on product and process development are subject to an open discussion and
approval by the referred entities. To guarantee that the quality of pDNA products meet their
specifications, it is necessary to implement analytical methodologies capable of describing the
product in its fullness until the end of its processing.*

To minimize the impact of the immunogenicity of the vaccine while guaranteeing their
efficacy, regulatory agencies have established acceptable levels regarding impurities derived from
pDNA manufacturing bioprocesses. Given the guidance of the FDA, it is important to ensure that
in the development of vaccine manufacturing there are certain quality criteria to produce a product
that is consistently safe, pure, effective, and potent. Specifically, the purity proportion of sc pDNA
isoform must be higher than 80%, requiring a final purity of 97% of the final pDNA product.*** A
pPDNA purification process must be able to isolate the most biologically active isoform (sc pDNA)
by eliminating unwanted cellular components that lack the ability to induce an immune and
biological response. Hence, as shown in Table 3, established acceptable levels for major
contaminants include: levels of genomic DNA (gDNA) lower than 10 ng of gDNA/ug of pDNA,;
endotoxins should not exceed 0.1 endotoxin unit (EU/ug) of pDNA; host cell proteins and RNA
must be undetectable. It is necessary to keep those guidelines in mind, particularly regarding



endotoxins, as they can produce symptoms of toxic shock syndrome, decrease transfection
efficiency and exhibit cytotoxic effects.**

Table 3. Criteria for prophylactic DNA vaccines given by FDA. Information taken from Sousa et al.**

Product Recommendation
sc pDNA > 80%
gDNA < 10 ng of gDNA/ug of pPDNA
Endotoxins < 0.1 EU (endotoxin unit)/ug of pPDNA
Host cell proteins and RNA Undetectable
Final 97%

According to the World Health Organization (WHO) guidelines, pDNA is regarded as a
promising molecular strategy for which no serious adverse reactions or major concerns have been
reported after administration.*® In addition, the use of toxic solvents (e.g. chloroform, phenol) as
well as molecular biology materials used in plasmid isolation (enzymes derived from animals such
as ribonuclease or lysozyme and process leachables), should be avoided or maintained according to
the permitted daily exposure (PDE) in pharmaceutical products.”* That said, several features
affecting the efficacy must be considered when designing a DNA vaccine.® However, additional
information has been accounted for the manufacture, activity and safety of the DNA vaccine in
order to enhance the expertise in DNA-based products. The importance of this guidance by the
FDA is to ensure consistency in product regulation, making the manufacturing of these products
more safe, pure and potent in experimental approaches.*?

These improved vaccines need a special attention in developing countries, where traditional
vaccines are not affordable for everyone.®® The DNA-based vaccine technology offers many
advantages such as high stability; are easier to handle; have a relatively low-cost; are non-
infectious; lead to the expression of antigens in their native form and efficiently generate immune
cells; provide immunization and long-term immunity, thereby reducing the number of doses of
vaccines required; raise both cellular and humoral immunity; are safer, and thus cause less side-
effects; and are easier to reproduce for similar systems used for a broad spectrum of diseases.***®

1.2.2 Manufacturing technologies of plasmid DNA biopharmaceuticals

Pharmaceutical companies need to guarantee the conduct for a safely and effective
production through the guidance from the International Organization for Standardization (ISO) and
from the International Society of Pharmaceutical Engineers (ISPE).*® The general manufacturing
process of biopharmaceuticals, sketched in Figure 6 for pDNA, comprises two main stages, the
upstream and downstream processes.*’
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Figure 6. Schematic representation of the experimental procedures performed in this thesis.

The manufacturing of biopharmaceuticals can be divided in the upstream process,
involving the fermentation of a microorganism to produce pDNA, followed by the downstream
process that comprises the recovery of the plasmid and its subsequent separation from host
impurities through purification techniques.*®

The upstream processing requires the growth of a microbial host, usually the bacterium E.
coli, and depends on several parameters such as the bacterial strain, culture media, and growth
parameters. Reaching ideally established and well-controlled conditions, it is possible to obtain the
desired biopharmaceutical by large-scale bioreactors.*® Depending on the needs of a given product,
bioreactor systems are used for bulk production in different hosts. After the successful production
of biopharmaceuticals using bioreactors by fermentative processes, the recovery of the cells or the
supernatant, depending on the location of the products of interest, can be achieved through
centrifugation or membrane filtration.*” To ensure minimal contaminants while maximizing pDNA
purification, it is necessary to consider certain factors such as the type of process (batch, fed batch,
perfusion or continuous culture), temperature, pH, oxygen supply control, sterilization of materials
and equipment used.

The second stage is the downstream processing, entailing purification procedures often
involving highly selective chromatographic techniques. This stage combines several steps to
remove all types of impurities, whether they are related to the host cell (host cell proteins, gDNA,
among others), to the product itself (aggregates, fragments, cut pDNA species) or due to the type of
process used (e.g., buffers, leached ligands, antifoam). Three main stages are usually considered,
namely the initial recovery that separates cells from the supernatant, the main purification stage in
which removal of most of contaminants is accomplished, and the polishing step that removes the
remaining contaminants, ultimately allowing to obtain a highly pure bioproduct.*®

1.2.2.1 Upstream stage

The upstream process starts by identifying the gene of interest, followed by preparation of
recombinant pDNA, and its introduction to the selected host for production. This step implies
several considerations about what type of microorganism is most suitable and which culture
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conditions are able to achieve the optimal production of pDNA.”® The selection of the host
organism depends on the type and the intended use of the product of interest. The value of
microbial systems has been increasing, becoming a well-known and established workhorse
organism in the laboratory for biopharmaceuticals production.***° Advances in molecular biology
tools and in the recombinant DNA field allowed the heterologous expression using bacterial
systems, like E. coli, and has become the most used fermentation system. The main advantages of
E. coli encompass its simpleness, easiness of use, cost-effectiveness, and ability to grow to high
cell densities, revealing however some drawbacks related to the presence of endotoxins,**® shown
in Table 4.

Table 4. The advantages and disadvantages of Escherichia coli as a host for biopharmaceuticals production.
Information taken from Baeshen et al.?? and Walsh.5!

Advantages Disadvantages

High DNA yields Aggregations of heterologous proteins intracellularly

Lack to perform post-translational modifications (particularly

High-density cultures glycosylation) of proteins

Fast growth Kinetics Lipopolysaccharide surface (generation of endotoxins)

Cost-effectiveness

Easy scale-up process

During the fermentation process, it is important to ensure a balance between environment
and integrity of the biosynthesized pDNA, achieved by uncovering new types of fermentation
protocols and media formulation, optimized plasmid backbones and rationally engineered E. coli
strains. Such modifications can impact the final plasmid quality since operational parameters may
compromise its stability and copy number.>? It was demonstrated by Silva et al.*® that despite the
higher pDNA vyields by fermentation, the cell physiology and plasmid stability were compromised.
This study points out to the importance of ensuring a proper balance between yield and stability of
produced pDNA.*

A typical fermentation experiment to produce pDNA was shown by Gongcalves et al.>
After the transformation of the E. coli strain with the desired plasmid, a pre-inoculum culture is
prepared on a rich medium supplemented with the appropriated antibiotic (kanamycin). Cells are
grown until reaching the early exponential phase — ODsoo (optical density at 600 nm) ~ 1.5. In
batch fermentation, the complex medium is autoclaved in the bioreactor adding glucose and
kanamycin separately. Then, the reactor is inoculated with the pre-inoculum envisaging an initial
ODesoo 0f 0.1. The air vessel provides a flow rate of 1 VVM (volume of gas/volume of medium per
min) and dissolved oxygen set-point is controlled at 30 % using an agitation cascade. Fed-batch
fermentation starts with the complex medium and glucose. Upon exhaustion of glucose, this
operation continues by adding exponentially more nutrient feed. After that, it is possible to
calculate the feed rate and, within 24 hours, an increase of the temperature up to 42 °C is observed.
In all fermentations, parameters like pH, necessity of antifoam, the carbon source levels, among
others, are controlled.* The general pDNA upstream processes is represented in Figure 7.
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Figure 7. Schematic representation of pPDNA production in E. coli.

E. coli has become the most popular choice in the field of biopharmaceuticals since its
clinical success in the 1980’s for manufacturing and commercialization of insulin. In addition to its
prominent role for the production of protein-based biopharmaceuticals (more than 60% of approved
products are obtained from E. coli), this microorganism can be successfully applied in producing
bacterial pDNA for application in gene therapy and DNA vaccination.>* Although E. coli provides
an important role in the biopharmaceutical industry for host cell engineering, it is necessary to
assign the best design of all technological processes to attain high production levels of pDNA of
superior quality.>*> Therefore, to achieve high amounts of pDNA, it is required to improve the
final cell concentration and the average number of copies of the plasmid. For that, it is necessary to
obtain a low percentage of the major contaminants in the E. coli lysate like RNA, denatured gDNA,
proteins, endotoxin (lipopolysaccharide associated with Gram-negative bacteria), and bacterial
proteins, among other forms of DNA, that are less effective in purification processes.*°6
Considering the information mentioned above, an optimized upstream process toward high yields
of pDNA with minimal amount of impurities will have an impact in subsequent downstream
processes, allowing more economical, reliable and simpler purification methods to be
developed.*®®’

1.2.2.2 Downstream stage

The downstream processing of pDNA is initiated after the growth of plasmid-containing
cells by bacterial fermentation and comprises all the steps required for recovery and purification of
the product of interest. The disintegration of the cell membrane allows the release of all the
intracellular components, including pDNA,***® and is usually performed by chemicals, originating
a lysate that will need further processing to eliminate contaminants such as cell debris (cell walls,
organelles, among others), host cell proteins, gDNA and RNA.*®* A schematic representation of
different steps of downstream processing of pDNA, as well as techniques commonly used to assess
purity and quality of pDNA, is shown in Figure 8.

First described by Birnboim and Doly in 1979,%° alkaline lysis of plasmid-containing cells
is achieved with lysozyme solution and an alkaline sodium dodecyl sulfate (SDS) solution (0.2 N
NaOH, 1% SDS). Afterwards, to precipitate chromosomal DNA without interfering with the
plasmid, a high salt solution (3 M sodium acetate, pH 4.8) is added, leading to the formation of an
insoluble network. The mixture is then subjected to a centrifugation or filtration step that allows the
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separation of pDNA from the precipitate enriched in E. coli gDNA, host cell proteins and lipid
contaminants. Lastly, it is possible to recover the plasmid-containing supernatant that will be
further treated with ethanol precipitation envisaging the removal of water-soluble contaminants.®
Other works by Prazeres et al.** and Li et al.>® have reported additional processing steps using
precipitation methods before chromatography. These pre-purification steps employ an initial
nucleic acids precipitation step with isopropanol, followed by centrifugation (10,000 x g, during 20
min at 4 °C); then, the nucleic acids-enriched pellets are treated with 10 mM Tris—HCI (pH 8.0) and
ammonium sulfate up to a concentration of 2.5 M, thereby allowing the removal of some RNA
impurities and proteins.*>> In addition to alcohols (isopropanol and ethanol), the removal of
impurities can also be achieved by ammonium acetate, polyethylene glycol or calcium chloride,
making size exclusion chromatography and anion-exchange chromatography proper only as a
polishing step, being preceded by other high-performance chromatographic step.®? Ultimately, it is
important to maintain a uniform distribution of pH to prevent the denaturation of the plasmid. Also,
care should be taken to avoid chromosomal DNA and RNA fragmentation before the generation of
the cleared lysate; otherwise, the plasmid would be significantly contaminated.*®*
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Figure 8. Downstream processing of pDNA encompassing cell disintegration, pDNA recovery processes,
capture and polishing purification steps, as well as quality control techniques generally applied to
assess pDNA integrity, purity and yield.

The desired plasmid represents only less than 3% (w/w) of the bacterial extract, and after
lysis it is surrounded by biomolecules with similar physicochemical properties and structural
characteristics. Therefore, the following procedures for eliminating these impurities are considered
one of the main issues faced in the purification of pDNA. Over the years, several techniques have
been employed in the purification of pDNA, such as chromatography and liquid-liquid extraction
(LLE) using aqueous biphasic systems (ABS).%¢62

Chromatographic purification processes are commonly applied due to their superior
selectivity, leading to high purity levels and high yields. The most used techniques are affinity
chromatography (AC), ion exchange chromatography (IEX), hydrophobic interaction
chromatography (HIC) and gel filtration, also known as size-exclusion chromatography (SEC).*
Some of those approaches have been studied for the purification of DNA with promising results,
either as single-step strategies or included in multi-step purification procedures, listed in Table 5.
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Table 5. Overview of chromatographic strategies for DNA purification (NR — Not Reported).

Chromatography types Biomolecule Purity Yield
Anion-exchange chromatography® pDNA NR 72%
Anion-exchange chromatography®* pDNA 97.1% 47%

13.4% 91.1%

Hydrophobic interaction chromatography®

(Two different processes) PDNA 988% 685%
Hydrophobic interaction chromatography® pDNA 100% 95%

Size-exclusion chromatography®’ mcDNA 98.1% 66.7%
Triple-helix affinity chromatography® pDNA NR 50%

Phenyl-boronic acid chromatography® pDNA 25 (I::(:rgi;ation 93-96%

Anion-exchange chromatography (AEC) uses chemical properties to separate the
negatively charged species from the positive charges. Since DNA is a polyanionic molecule
negatively charged due to phosphate groups, it binds to resins with positively charged functional
groups.® Thus, it is expected that the molecules initially eluted are of lower surface charge density,
followed by molecules that have high net charge.” It is a technique that is less time-consuming,
requires sanitization with sodium hydroxide and has a wide option of industrial media. However, a
drawback involves the costs associated with this type of chromatography and, most relevantly, the
inability of large molecules to penetrate the porous beads.®® Successful purifications of pDNA was
achieved using AEC,* in which DNA was displaced from the column by increasing the salt
concentration in the elution buffer.®®"

Another strategy used for DNA separation is HIC, where the sample normally binds to the
column with a high salt limit that will interact with the water molecules, reducing the solvation of
the solution, forming hydrophobic regions that, consequently, are absorbed by the HIC column.
The sample in the column is eluted by decreasing the salt gradient, because the less salt the more
hydrophobic the molecule will be, and as a result, molecules will be eluted by increasing order of
hydrophobicity.” HIC takes advantage of the high hydrophobicity character of single-stranded
pDNA and other nucleic acids impurities with high content in single strands.%® Separation by HIC
includes an equilibration step that prepares the stationary phase by using a salt buffer, usually
ammonium sulfate that helps to reduce protein and endotoxin content. Then, after the sample is
applied and binding to the column, elution occurs by decreasing the salt concentration for
separating the pDNA isoforms. Finally, the regeneration of the stationary phase with NaOH is
required for the removal of strongly bound molecules. The absorbance of the plasmid-containing
fractions can be measured at 260 nm.®®"? This strategy has been used for successful purification of
DNA vaccines against rabies.®

Size-exclusion chromatography (SEC) is a technique that requires column calibration and
depends on the macromolecule size or hydrodynamic volume in relation to the average size of the
packaging pores.” In a SEC column the molecules that elute first are the ones with high molecular
weight, followed by those with lower molecular weight over time.” Translating to the separation of
the pDNA, the larger plasmid is eluted faster than a plasmid with low molecular weight that is
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more retained in the column.®* For this separation, an appropriate stationary phase should be
considered for the elution of nucleic acids. Sephacryl S1000 has been reported to be a simple,
reproducible and inexpensive stationary phase for obtaining pure pDNA from E. coli lysates.”

Affinity chromatography (AC) separates different components of the sample according to
their biological interactions or individual chemical structure.®>’® By eliminating additional steps,
this method is highly selective, allowing improvements in the yield, and thus assuring quality in
therapeutic biomolecules.®® The preparation of the column and the conditions to be used depend on
the molecular and physicochemical properties of the target biomolecule, as well as the
thermodynamic nature of interactions. The elution process can be accomplished specifically and
non-specifically, respectively, due to addition of a competitive ligand or by changing the
composition (ionic strength, pH, among others) of the mobile phase. Noteworthy, modern
approaches have enable the use of selective ligands of non-biological origin, which combine a
stronger selectivity with high capacity and durability of synthetic systems.®*" Strategies involving
AC have been described for purifying pDNA, namely based on triple-helix affinity
chromatography (THAC)® when an immobilized oligonucleotide recognizes specific sequences
present on DNA; or protein-DNA’" where a protein immobilized on the matrix specifically
recognizes a DNA motif.*?

For biopharmaceutical applications, the predominant strategy for purification relies on
liquid chromatography, which is a competent high-resolution analysis method.® Nevertheless, the
main difficulty at this stage is the fact that pDNA shares some features with the contaminants from
lysate extracts, and also because of the available chromatographic matrices that have low
selectivity towards pDNA. Over the years, several attempts were made to improve the diffusion of
these molecules or the ability for binding to chromatographic supports. These complications arise
from the size, shape and conformation of the biomolecules, making it difficult to efficiently achieve
their separation.”® That said, non-chromatographic operations, such as membrane-based
separations, aqueous biphasic systems (ABS) and precipitation, are being studied as an alternative
to the chromatographic operations, given that they are generally simpler and more cost-effective
technologies. ABS is an attractive alternative that allows clarification and partial purification in a
single stage.*”™ It is considerably important that these processes consider the balance of regulatory
agencies guidance on purity, potency, safety and efficacy.*

1.3 Aqueous Biphasic Systems

ABS are a type of LLE, which is formed by mixing two aqueous solutions of different
components above certain concentrations. Almost 50 years after being described for the first time
(1896),2° Per-Ake Albertsson in the mid-1950s® proposed their use as an alternative technique for
the separation of biological macromolecules. After that, several combinations to create ABS,
namely polymer-polymer, polymer-salt and ionic liquid (IL)-salt, were described.?®® From this
point further, several studies demonstrated the potential of ABS for the separation and purification
of proteins,®* antibodies®® and nucleic acids (pDNA).2

ABS possess advantages over conventional water-organic solvent systems for
purification,®” namely the low interfacial tension that contributes to a rapid and efficient mass
transfer. The application of ABS for the large-scale recovery of biomolecules offers promising
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opportunities in the field of biotechnology because it is a scalable technology, energy-efficient,
characterized by simple operations, requires simple apparatus and can hold high biomass load.®*®’
Moreover, it can combine the continuous operation mode with the biocompatibility and
environment-friendly features due to the ABS high content of water, being thus particularly
suitable for the separation of labile molecules such as nucleic acids. This technique includes other
advantages such as the easiness in process integration and low toxicity afforded by the phase-
forming components if properly designed.®®

The phenomenon underlying phase separation relies on the thermodynamic equilibrium and
conformation of the compounds, such as polymers and salts, as well as their surroundings causing
the interactions in the two phases. The basis of the biomolecule migration is in the selective
distribution of substances caused by their intrinsic (e.g., hydrophobicity/hydrophilicity,
conformational characteristics) and extrinsic properties (e.g., ionic strength, molecular weight, pH).
The manipulation of these parameters makes these systems very powerful in contrast to other
separation techniques. Partitioning can be manipulated so that a certain interaction becomes
predominant to isolate the target compound in one of the phases, while promoting migration of
impurities to the opposite phase. However, the partitioning mechanism is complex and, particularly
for large molecules, it is difficult to predict. Currently, there is still no pre-optimized model with
the conditions already determined for the purification of a known biomolecule.®® The most
important aspects for this purification method are low interfacial tension and high-water content
that preserves the biological activity of biomolecules converting it to a mild method.3387

In order to determine the separation of the phases, a phase diagram is constructed,
providing information on the volume and composition of each phase. This diagram comprises a
curve, the binodal curve, above which a biphasic system is obtained, whereby below this curve a
monophasic system is obtained. The general composition is represented on the axes of the
respective phase diagram. In the biphasic region, the composition of the mixture is given by the
overlapping values in the binodal curve and in the equilibrium tie line, that is, the line that connect
the composition values of the two phases in equilibrium. A representation of a phase diagram of
ABS is provided in Figure 9.2 The tie-line length (TLL) provides information on the difference in
composition between the coexisting phases, useful to appraise the performance of the system. This
parameter also allows to work on the phases’ volume to allow the bioproduct concentration.®®
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Figure 9. Representation of a hypothetical phase diagram of a system consisting of two polymers. Tie line is
described by the composition values of two phases in equilibrium (top phase, T, and bot phase, B).
The critical point (C) corresponds to the identical compositions of the two phases. The overall
system composition is represented by the M point. Adapted from Asenjo et al.®

The most popular system is composed of poly(ethylene glycol) (PEG) and dextran (Dex),
allowing and ABS that almost does not depend on pH, salt content and temperature.® PEG-Dex
systems are composed of two polymers that differ in physical and chemical properties, and
therefore define the partitioning of the desired component to the phase to which they have a higher
affinity. Although the recurrent success of these polymers, the high-cost associated to dextran is a
relevant drawback, which has led to the application of other polymers such as ethylene
oxide/propylene oxide copolymers (EOPO),* poly(propylene glycol) (PPG),%* poly(ethylene oxide
sulphide) (PEOS)®, and even biopolymers.** Other alternatives include the use of salts, like
citrate,” phosphate®® and sulfate®” in polymer-salt systems. These systems generally exhibit lower
costs and lower phase viscosities, making them easier to manipulate on a larger scale with a shorter
time for phase separation. The main drawback of these systems has been their low selectivity in the
partition of nucleic acids.2®® These systems are constituted by a more polar salt-rich phase, the
bottom phase, and a less polar (hydrophobic) phase that generally is majorly enriched in PEG, the
top phase. The isolation of a bioproduct in one of these phases is achieved by manipulating the type
of ions and the consequent ionic strength in the salt phase, by changing the average molecular
weight of the polymers or by introducing an additional salt into the system, such as NaCl.%

The possibility of recycling and reusing polymers in new stages of purification will allow
decreasing costs and the environmental footprint of ABS. To support recycling and the use of low-
cost agents, PEG-salt systems were employed due to their low viscosity and, consequently, shorter
time for phase separation. The PEG can be reused directly from the final phase to another system
with an extension of 50-90%, depending on the nature of the feed. However, to obtain the PEG-
phase without impurities, processes such as deproteinization, desalination by ultrafiltration and
extraction of PEG from the phase with an organic solvent, followed by evaporation, have been
used.” In addition to polymers, phosphate and sulfate salts increase the load in wastewater
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treatment,®® which is not advantageous. Therefore, it will be important to use only salts without
these associated problems.

ABS can also be applied as a pre-purification step before chromatography, being able to
reduce the volume of the process stream as well as the load of contaminants by clarifying,
concentrating, and purifying the target biomolecules directly from the crude material. As
represented in Table 6, some studies have reported the application of ABS for the partial
purification and enrichment of pDNA.¥ It is noteworthy that the highest yields, ranging between
78 % to 100 %, belongs to systems composed of PEG and salt. However, despite the remarkable
yields, we cannot conclude about the performance of the systems since most of these works do not
address pDNA purity.

Table 6. Representative examples of the application of ABS for the isolation and purification of pDNA (NR

— Not reported).
ABS composition Purity Yield
24% (w/w) PEG 400 - 18.5% (w/w) sodium citrate 99%
PDNA® B NR
26.5% (w/w) PEG 600 - 18% (w/w) sodium citrate 78%
15% (w/w) PEG 300, 22% (w/w) dipotassium hydrogen
98 0,
PDNA phosphate (25 °C) NR 80%
pDNA® 35% (w/w) PEG 600 and 6% (w/w) (NH4)2SO, NR 100%

pDNA®  75% (w/w) sodium citrate and 25% (w/w) ammonium sulfate ~ 17.2% 91.1%

4.5% (w/w) EOsoPOso, 4.5% (w/w) Dextran T500 and 50 mM
pDNAM  Na,HPO, or 2.5% (W/w) EOsoPOso, 9% (W/w) Dextran T500 NR 69%
and 50 mM NaHPO4

ABS is a well-developed extraction technique capable of promoting the integration of
clarification, concentration and partial or total purification of pDNA in a single step. Thus, there is
the need to identify more promising and cost-effective ABS for such a purpose.

1.3.1 lonic liquids

By definition, ionic liquids (ILs) are organic salts with melting temperatures below 100 °C,
composed of a large organic cation and a smaller inorganic or organic anions conferring them an
asymmetrical ionic structure and lower temperatures of crystallization.°%'% Figure 10 shows some
cations and anions usually found in ILs.
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Figure 10. Most common cations and anions that constitute 1Ls.1%

Due to their ionic nature, ILs present negligible vapor pressure and non-flammability,
being also characterized by high chemical and thermal stabilities. However, one of the most
interesting properties of ILs is their tunable character, achieved by the possibility to combine
several anions and cations. As a result, physico-chemical properties of ILs can be adjusted to meet
the requirements of specific applications.'® Also, aqueous solutions of ILs exhibit improved
solvation performance, being responsible for advanced extractions and separations.'® As phase-
forming components of ABS and if properly engineered, ILs present the ability to tailor the phases’
polarities, allowing to overcome the limited polarity range of polymer-based ABS.'* Furthermore,
ILs display a stabilizing role over pDNA,*® which justifies their application in various methods for
the purification of nucleic acids. Several approaches for pDNA extraction include liquid-liquid
extraction with magnetic ionic liquids (MILs),'%" buffered ionic liquids (BILs)*® or hydrophobic
ionic liquids (HILs).'* Solid supports chemically modified with ILs, named supported ionic liquids
(SILs), were recently investigated as chromatographic stationary phases for the purification of
nucleic acids.*'®*! Nevertheless and although the potential of ABS as a purification tool % IL-
based ABS have been scarcely studied for the purification of nucleic acids,*? and thus will be the
target of study in this work.

The application of ILs as phase-forming components of ABS was first reported by
Gutowski et al.'® using 1-butyl-3-methylimidazolium chloride ([C;mim]CI) and potassium
phosphate (K3PO4).™® The possibility of using ILs in ABS formation was then investigated in
purification applications, which is mainly due to their advantages over polymer-polymer-based
systems, including low viscosity, quick phase separation and tailored extraction efficiency.*****> Up
to date, IL-based ABS have been successfully applied for the extraction of a wide range of
compounds, including proteins,**®**” pharmaceuticals''®**® and nucleic acids.**?

The chemical structure of ILs exerts an important role with respect to their effect on
separations. It is also possible to control the polarities and phase affinities by changing the ions in
ABS, whereby ILs act as adjuvants.*?° Due to the low quantity of ILs required in these cases, these
processes tend to be more sustainable, and ABS formation is generally easier.*?®*?! All these
systems require however an optimization of the processes in order to improve the IL-based ABS
purification technique.’*® Despite their powerful effects on separation processes, some concerns on
IL-salt ABS have been highlighted, particularly by the high concentrations of inorganic salts that
may damage the biomolecules being purified, not being a more acceptable option for the

environment either.'? Salts often used are based on phosphates, sulfates and carbonate anions'?,
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raising environmental issues. Therefore, less toxic and biodegradable organic salts such as citrate,
tartrate and acetate'®*'® have been introduced in IL-based ABS, among others compounds like
carbohydrates'?®*?” or amino acids.'?#*%

Although the number of publications dealing with IL-based ABS is constantly evolving,
the number of reports addressing the reuse of ILs is still low. This shortage of studies on reusability
is mainly due to economic and environmental aspects that limit its potential.”** However and
considering the applicability of ILs at an industrial scale, it is necessary to take these aspects into
consideration and to guarantee that they are ‘‘green solvents’’. Although ILs do not pollute the
atmosphere due to their lack of volatility, they manage to contaminate the aquatic environment as
most of them are miscible with water. Thus, improved resources are needed for its economically
accessible recovery without damaging the environment, solving problems such as biodegradation
and toxicity.”**¥ These impacts underscore the importance of recovering, regenerating, removing,
and reusing these salts and other phase-forming components, especially the IL as it is usually the
most expensive one, requiring additional steps that provide new directions in the formation of ABS
with ILs.* Over the years, there has been a growing interest in the wide applicability of ILs due to
the development of biocompatible ILs, as well as in the development of suitable purification
techniques.*** However, when facing the IL biocompatibility challenge with biomolecules, the
specific target application must be considered, leading the environmental requirements by
ecotoxicological tests and understanding the potential health hazards complying with certain
requirements, 3313

In 2012, the work by Huang and Huang'®*® claimed a relatively good extraction
performance on yeast DNA using the ABS formed by [Bmim][BF4]-KH:PO., as judging by the
improvements achieved in the absorbance ratios at 260 and 280 nm (Azso/Azso). More recently,
Freire’s group**? addressed the extraction of RNA and DNA from a bacterial lysate using
biocompatible phase-forming components, namely PPG with a molecular weight of approximately
400 g/mol (PPG 400) and ILs formed by the cholinium cation and different acidic amino acids as
anions, namely aspartate, glutamate, arginine, and lysine. The presence of aspartate and glutamate
anions revealed to be of critical importance for preserving the integrity of RNA and enhancing their
thermal stability. As RNA is preferentially partitioned towards the IL-rich phase in ABS composed
of cholinium-based ILs with PPG 400 (20-20% w/w), these systems were proposed by the authors
as integrated extraction-preservation methodologies for bacterial RNAs. To reinforce the
sustainability of this strategy, it was additionally demonstrated that both phase-forming
components could be reused up to three times without negative impacts in the extractive and
stabilization performance. Despite the remarkable stabilization and extraction of RNA, its purity is
not as high as it should be for some applications.*'? Thereby, further studies on IL-ABS will allow
improvements in the purification performance of such systems in terms of different phase-forming
components, pH or mixture points.

1.4 Scope and objectives

Cancer has been a rising burden worldwide, being ranked as a leading cause of death and
an important barrier in life expectancy. Estimates made by GLOBOCAN 2020 indicated
19.3 million of new cases and 9.9 million deaths caused by cancer worldwide. The most commonly
diagnosed cancer is female breast cancer, with 11.7 % of incidence of all cancer occurrences and
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6.9 % of mortality.* In order to combat these oncological diseases, several strategies using mAbs,
antisense oligonucleotides, gene therapy and vaccines have been introduced in the
biopharmaceutical field to improve human health.*®

Mammaglobin-A (MAM-A) is a specific breast protein that is highly overexpressed in
breast cancer cell lines and primary breast tumours. This change in expression is restricted to the
cells of the mammary epithelium, showing that it may represent an useful and relevant clinical
approach marker of breast cancer specific immunotherapy.'** Considering that this protein is
overexpressed in 40 % to 80 % of primary breast cancers, it is suggested that the development of
MAM-A-based vaccine therapies targeting the immune system may be relevant for BC
prevention.** Indeed, the evolution of pharmaceutical biotechnology has made possible to clone
relevant genes in pDNA and express them in human cells. Thus, pDNA has become widely
applicable in DNA vaccination and gene therapy strategies in humans. However, considering the
envisaged application in human therapeutics, these biopharmaceuticals must be of pharmaceutical-
grade and hence obtained free of contaminants.®

The adversity of an effective and safe vaccine lies in recognizing an economic method
that is capable of meeting the appropriate guidelines of regulatory authorities and that is
reproducible on a large scale.®® The manufacture of pDNA encompasses the upstream and
downstream processes, although the main bottlenecks are encountered in the last stage. Due to their
high selectivity, chromatography is generally used to separate pDNA from structurally related
impurities, demonstrating however some limitations in terms of the low stability of resins, high cost
of ligands and time demands, negatively affecting pDNA production.**”**® There is thus a need for
developing innovative purification technologies, within the best quality possible, for the unsettled
bottleneck of the pDNA purification improvement. LLE based on ABS, and particularly
comprising ILs due to their tailoring ability, may be considered as an alternative to purify pDNA.
IL-based ABS have great potential and versatility, complementing the downstream process with a
single operation, although they have not been widely studied for nucleic acids purification.

The main objective of this work consists in the development of novel IL-based ABS for the
purification of pVAX-GFP pDNA directly from bacterial lysates, aiming to upgrade pDNA vyields
and purities in a single-purification step. To accomplish this goal, intermediate aims were
designed: i) Optimization of the recovery of pDNA from E. coli cells using the alkaline lysis
method to define the number of processing steps that are required; ii) development and
characterization of IL-based ABS for the purification of pDNA from bacterial lysates; iii)
assessment of the structural stability and functionality of pDNA purified using the most promising
ABS. It should be remarked that although the model pVAX-GFP will be subject of study in this
thesis, the developed methodology are planned to be technologically flexible and readily applicable
to other targets. Ultimately, the developed technology will be applied to pING-
MAM, a pDNA vaccine prototype against mammaglobin-A with potential application in primary
breast cancers gene therapy.
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2. Materials and Methods

2.1 Materials

Different  reagents were used throughout the laboratory  experiments:
Tris(hydroxymethyl)aminomethane (Tris) was acquired from from Alfa Aesar (Massachusetts,
USA), HCI from Acros Organics (Geel, Belgium), agarose and Xpert Green DNA STAIN from
Grisp (Porto, Portugal), loading buffer solution from Takara (Shiga, Japan), DNA ladder marker
(NZYDNA Ladder IlI) from NZYTech (Lisbon, Portugal), D-glucose from AnalaR (Poole,
England), (Ethylenedinitrilo)tetraacetic acid (EDTA) and potassium acetate from Sigma-Aldrich
(Missouri, USA), Sodium Dodecyl Sulfate (SDS) and ammonium sulfate from Panreac (Barcelona,
Spain), and acetic acid and isopropanol from Fisher Chemical (New Hampshire, USA).

E. coli cultivation media were prepared using tryptone and yeast extract, both from Thermo
Fisher Scientific (Waltham, USA), NaCl and NaOH from Fisher (New Hampshire, USA), agar
from Grisp (Porto, Portugal) and kanamycin from Sigma-Aldrich (Missouri, USA).

Polymers, ionic liquids, sugars, and salts were investigated as agents for ABS formation.
PEG polymer with molecular weight (MW) of approximately 600 g-mol™ was obtained from Alfa
Aesar (Massachusetts, USA). The ILs tetrabutylphosphonium bromide ([Psss4]Br, 95 % purity), 1-
butyl-3-methylimidazolium bromide ([C.mim]Br, 98 % purity), 1-butyl-3-methylimidazolium
chloride ([Camim]ClI, 99 % purity), and 1-hexyl-3-methylimidazolium chloride (JCsmim]ClI, 98 %
purity) were obtained from lolitec (Heilbronn, Germany). Tetrabutylammonium bromide
([N4444]Br, 98 % purity) was obtained from Fluka (Munich, Germany). The chemical structures of
ILs investigated in this work are presented in Figure 11.
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Figure 11. Chemical structures of the ILs investigated in this work: (i) [Paaa]Br; (ii) [Naaa]Br; (iii)
[Cemim]Cl; (iv) [Camim]Br; (v) [Csmim]CI.

The salts used to form ABS were tripotassium phosphate (KsPOa, 97 % purity) from Alfa
Aesar (Massachusetts, USA) and tri-potassium citrate monohydrate (KsCsHsO7.H20, 99 % purity)
from Acros Organics (Geel, Belgium). The sugars studied were sorbitol (91.0-100.5 % purity) and
D(-)-fructose (98 % purity) obtained, respectively, from Fisher Bioreagents (Leicestershire, UK)
and Panreac (Barcelona, Spain).
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2.2 Production of pDNA by E. coli cultivation

E. coli cultivation was performed in Luria Bertani (LB) medium (10 g/L of tryptone, 5 g/L
of yeast extract, 10 g/L of NaCl, pH adjusted to 7.0 with 1 N NaOH). After autoclaving the mixture
for 25 min at 120 °C, E. coli cells were grown in 100 mL shake flasks containing 30 mL LB with
30 pg/ml of antibiotic for about 6 hrs at 37 °C and 250 rpm in an orbital shaker, until at least an
optical density at 600 nm (ODego) of 1 was attained. The cell culture volume required to inoculate
250 mL of LB medium with an initial ODsoo 0f 0.2 was determined resorting to equation (1).

ODesoor1 X Vpi = (Vpi + Verm) X InitialODsoorerm Eqg. (1)

where ODgoori and “Initial ODsgoorerm Stand for the optical density of the pre-inoculum (1) and the
optical density at which we want to start fermenting (0.2), while Ve and Veem stand for the volume
to be removed from pre-inoculum to start fermentation (30 mL) and the volume of fermentation
(250 mL), respectively.

The required volume of the pre-inoculum was placed in sterile 15 mL tubes and centrifuged
(4200 rpm, 10 min, room temperature). The pellet was added to the 250 mL LB supplemented with
30 pg/ml kanamycin, allowing the cells to grow overnight (15 hours) until the stationary phase
(ODgoo = 3.0). Finally, the cells were harvested by centrifugation at 6000 rpm (15 min, 4 °C) with
an SLA 3000 rotor in a Sorvall RC 6 centrifuge (Milford, MA, USA) and preserved in a - 20 °C
freezer until use.

2.3 Production of the pDNA lysate by alkaline lysis

The alkaline pDNA lysate was obtained resorting to the usage of 3 stock solutions, namely,
P1 (50 mM glucose, 25 mM Tris, 10 mM EDTA, pH adjusted to 8.0 with HCI 1 M), P2 (0.2 N
NaOH, 1 % (m/v) SDS) and P3 solution (5 M potassium acetate, 5.75 mL of acetic acid and
distilled water to make up 50 mL). The protocol for producing the alkaline lysate includes
successive steps intended to promote cell lysis and removal of some impurities, as reported by
Diogo et al.™*® Along the entire protocol, different samples named M1-M4, respectively with an
increasing number of processing steps were obtained. The first one (M1) only includes an alkaline
lysis step; in addition to the alkaline lysis step, sample M2 includes an additional buffer exchange
step for 10 mM Tris at pH 8; the third one (M3) includes the alkaline lysis and an
isopropanol/ethanol precipitation step; finally, sample M4 includes the alkaline lysis, precipitation
with isopropanol/ethanol and ammonium sulfate and a desalting step with PD-10 desalting columns
(GE Healthcare, Uppsala, Sweden). These samples (M1 to M4) were analysed by agarose gel
electrophoresis, and the most promising samples were then tested in ABS purification assays.
These assays allowed to identify how many processing steps are required, and consequently, what
is the requirement in terms of purity of the initial lysate sample suitable for the downstream
purification by ABS.

The pellet resulting from 250 mL of cells was resuspended in 8 mL of P1 solution by
vortex mixing. The total volume was divided into smaller centrifuge tubes (2 mL tubes). In each
tube, 400 pL of P2 solution (a total of 8 mL) was added to perform alkaline lysis followed by
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gentle homogenization. After an incubation at room temperature for 10 min, 400 pL of P3 solution
was added in each tube to stop lysis. Following a gentle homogenization and an incubation of 10
min on ice, the neutralized alkaline lysate was centrifuged in an SS-34 rotor at 13000 rpm and 4°C
for 30 min to remove cell debris and part of genomic DNA and host cell proteins. The supernatant
was placed into new tubes and centrifuged again in the same conditions. Until further processing,
the resulting pPDNA-containing lysate (= 24 mL with pH 5.0) must be stored at - 20 °C. Sample M1
ends in this step, being conserved at — 80 °C until use. Sample M2 additionally undergoes a buffer
exchange step using Vivaspin concentrators (10000 MWCO, Sartorius, Gottingen, Germany), in
other words, the DNA lysis buffer is replaced by 10 mM Tris-HCI pH 8.

The pDNA lysates were transferred into a conical tube, 8.4 mL of isopropanol (100% v/v)
were added, and the mixture was carefully homogenized. For the precipitation of all nucleic acids
(pDNA, RNA and traces of gDNA), the tubes were left to rest in ice for 2 h. The mixture was
divided into smaller tubes and centrifuged at 13000 rpm for 30 min at 4 °C. The supernatant was
discharged, the pellet washed with 100 pL of ethanol 70 % (v/v) and centrifuged again in the same
conditions. After removing all traces of ethanol, the plasmid containing pellet was resuspended in
100 pL of Tris-HCI (10 mM, pH 8.0) in each microcentrifuge tube, being this sample termed M3.
Finally, further processing of the sample included the addition of 2.5 M solid ammonium sulfate
((NH4)2S04). After 15 min of incubation on ice, precipitated proteins and RNA were removed by
centrifugation in the conditions described above. The pDNA-containing supernatant was then
placed into a new microcentrifuge tube (= 1 mL). The sample was subsequently desalted to remove
ammonium sulfate resorting to a PD-10 desalting column (GE Healthcare, Uppsala, Sweden)
according to the manufacturer’s instructions, and using 10 mM Tris-HCI buffer (pH 8.0) as the
elution buffer. Briefly, the column was initially washed with 15 mL of distilled water and
equilibrated with 20 mL of 10 mM Tris-HCI at pH 8. Afterwards, 1 mL of the sample was injected
and then, 10 mL of Tris-HCI was added to the column. Fractions of 1 mL were collected (10 mL in
total) and pooled according to the elution order. Lastly, the column was washed with 30 mL of
distilled water and conserved in ethanol 20 % (v/v). The sample obtained after desalting is named
M4. All samples M1-M4 were stored at - 80 °C until analysis by agarose electrophoresis.

For comparison purposes, pDNA was isolated using a commercial kit (NzyMiniprep,
Nzytech, Lisbon, Portugal) according to the manufacturer’s instructions.

2.4. Agueous Biphasic Systems
2.4.1 Phase Diagrams

The binodal curve of each phase diagram was determined through the cloud point titration
method at 25 °C (x 1 °C) and atmospheric pressure. The repetitive drop-by-drop addition of the
aqueous salt or carbohydrate solution to each polymer or IL solution was carried out until the
detection of a cloudy and biphasic solution, followed by the drop-by-drop addition of distilled
water until the detection of a monophasic region.'® In this way, the binodal curve is obtained with
the fractions read from the weight mass at the cloud point, being, subsequently, identified the
monophasic and biphasic regions.
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2.4.2 ABS preparation

The systems carried out in this work were established by using mixtures of polymer-salt and IL-salt
aqueous solutions. Each ABS was formulated with specific mixture points in the biphasic region of
the phase diagrams and prepared after recovering the pDNA from the bacteria. The systems were
prepared by mixing suitable amounts of 10 mM Tris-HCI at pH 8, PEG (different MW at different
concentrations) or IL, and salt or sugar in 1.5 mL microcentrifuge tubes, followed by the addition
of sample containing pDNA to a total weight of 1 g in the system.

Unless otherwise stated, all ABS components as well as the respective samples were
weighed, and in order to achieve equilibrium and guaranteeing the complete separation of the
phases, the systems were incubated for 5 min by tube inversion at room temperature (circa 22 °C).
Then, the systems were centrifuged at 5000 x g for another 5 min at room temperature to accelerate
phase separation. The phases were properly separated using a 2 mL syringe, and the resulting top
phase, bottom phase and precipitate phase were weighed. The top phase corresponding to the IL-
rich phase or polymer-rich phase, in IL-salt or polymer-salt systems, respectively, was submitted to
precipitation with ethanol 96 % (ratio 1:4, incubation at - 20 °C for at least 2 h). Afterwards, the
samples were centrifuged at 13 000 rpm for 30 min at 4 °C and re-suspended with 50 pL of 10 mM
Tris-HCI. The bottom phase corresponding to the salt phase in both IL-salt and polymer-salt
systems, was desalted and concentrated using Vivaspin concentrators (10000 MWCO, Sartorius,
Gottingen, Germany). The sample was concentrated to the volume around 50 - 100 pL using Tris
10 mM pH 8. In case of three-phase partitioning, the precipitate was isolated after removal of top
and bottom phases and resuspended in 50 puL of 10 mM of Tris-HCI (pH 8). Finally, the top,
bottom and precipitated phases were stored at - 80 °C for further analysis by agarose gel
electrophoresis.

2.4.3 PEG-based systems

PEG with MW of 600 g-mol*(PEG 600) was investigated for ABS formation. Along with
the use of PEG, the studied ABS were established by using tripotassium phosphate (KsPOa, 97 %
purity) and tri-potassium citrate monohydrate (KsCsHsO7.H20, 99 % purity). These components
were added according to the proportions demonstrated in Table 7.

Table 7. Types of PEG-salt systems investigated in this work and the corresponding concentration of each
phase-forming component.

Polymer (wt%o) Salt (wt%o)
25% PEG 600 15% KsPOq
30% PEG 600 15% K3CsHs07.H.0

2.4.4 1L-based systems

For the preparation of the IL-based ABS, the ILs studied were [P4]Br (95 % purity),
[Camim]Br (98 % purity), [Camim]Cl (99 % purity), [Csmim]CI (98 % purity), and [Na4444]Br (98 %
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purity). The purity was given by the suppliers and their chemical structures are shown in Figure 12.
IL-based ABS were formed in the presence of salts such as KsPO. (97 % purity) and
K3CeHs07.H20 (99 % purity) and/or sugars like sorbitol (91.0-100.5 % purity) and D(-)-fructose
(98 % purity). The concentration in IL-salt systems was 25 % for the IL and 15 % for salts, while
with sugars it was 30 % for IL and 40 % for sugars, as summarized in Table 8.

Table 8. Types of IL-salt/sugar systems investigated in this work and the corresponding concentration of
each phase-forming component.

lonic Liquid (wt%) Salt/Sugar (wt%o)

25% [P4444]Br 15% K3C6H507.H20
30% [P4444]Br 40% Frutose
30% [Pa444]Br 40% Sorbitol

25% [Csmim]Br 15% K3PO4

25% [Camim]Cl 15% KsPO4

25% [Cemlm]C| 15% K3P04
25% [N4444]Br 15% K3P04

2.5 Quality control of nucleic acids
2.5.1 Agarose Gel Electrophoresis

The integrity, identification and purity of nucleic acids were evaluated by horizontal gel
electrophoresis in 1 % agarose gels in the presence of DNA ladder marker (NZYDNA Ladder I,
Nzytech, Lisbon, Portugal). Gels were run at 120 V for 45 min with 1x TAE buffer in the presence
of 1.4 uL of Xpert Green DNA STAIN. 10x TAE stock solution was prepared using 2 M Tris base,
0.5 M EDTA, 1M glacial acetic acid at a pH of 8.0. Samples were mixed with a DNA 10x loading
buffer solution with a ratio of 10:1, for better visualization of the run.

2.5.2 DNA Quantification and Purity

After identifying the nucleic acids on an agarose gel, the quantity and purity of DNA were
evaluated, respectively, using Equations (2) and (3).1*° Absorbance was measured in a 96-well
microplate reader (Synergy HT, Biotek, USA) at different wavelengths in the ultraviolet region of
the spectra.

[DNA] = (Aze0 — Asz0) X Fait x 50 (ug/mL) Eq. (2)
Purity ratio = (Aze0 — As20) / (Azso — Aszo) Eq. (3)

where “Azs0”, “A2s0” and “Asx” refers to the absorbance at 260 nm, 280 nm and 320 nm,
respectively. “Fqii” represents the dilution factor associated to the sample analysed. According to
Gallagher and Desjardins™* the purity ratio within 1.8 to 2.0 indicates that the DNA solutions have
high purity. Absorbance at 260 nm is quantitative for where the DNA absorbs light most strongly
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and at 280 nm indicates the peak absorption of proteins. Absorbance at 320 nm reflects other types
of contaminants, particularly associated with dirty cuvettes or particles in solution.'*

2.5.3 Total Protein Quantification

Considering that the agarose electrophoretic analysis can only verify the presence of
nucleic acids, the content of the total proteins was determined resorting to the BCA (bicinchonic
acid) assay from ThermoFisher Scientific (Waltham, USA). Using bovine serum albumin (BSA) as
the standard, a calibration curve was prepared following the kit protocol recommendations and
within the working range of 5 - 250 pg/mL. A total of 100 pL of each standard or sample were
added to 2.0 mL of BCA reagent and incubated for 30 min at 60 °C. Afterwards, samples were
cooled down for 10 min and then the absorbance was measured at 562 nm.

2.5.4 Circular Dichroism

After developing a purification method, it is important to determine if it affects the stability
and integrity of the target biomolecule. In order to evaluate the conformational structure and
stability of pDNA, circular dichroism (CD) analysis were performed as previously described.'%
Briefly, the samples were measured at a constant temperature of 25 °C using a scanning speed of
100 nm-min”', with a response time of 4 s over wavelengths ranging from 210 to 300 nm. The
recording bandwidth was of 1 nm with a step size of 0.5 nm using a quartz cell with an optical path
length of 1 mm. Three scans were averaged per spectrum to improve the signal-to-noise ratio.
Measurements were performed under a constant nitrogen flow, which was used to purge the ozone
generated by the light source of the instrument.

2.5.5 Determination of E. coli transformation efficiency using purified pDNA

After the purification process, transformation efficiency of purified pDNA was determined
to evaluate if the purified pDNA maintained its integrity and structural stability, and hence, if it can
confer antibiotic resistance to bacterial cells. pPDNA purified using the most promising strategy was
used to transform E. coli cells (Nzy5a, Nzytech, Lisbon, Portugal) by the heat-shock method. To
this end, purified plasmid (0.005 pg) was added to 100 puL of chemically competent cells, the
suspension was left on ice for 20 min, and the heat shock was performed at 42 °C during 45 s.
After the heat shock, 800 uL of LB medium was added to the transformation mixture and it was
incubated at 30 °C, 250 rpm for 2 h under aerobic-dark conditions, to allow the expression of
antibiotic resistance gene. Different volumes of this culture were then plated on LB agar plates
containing kanamycin (30 pg/mL) and incubated aerobically at 37 °C for 24 h until the appearance
of colonies.'* A control experiment using pDNA isolated using a commercial kit was also
performed. The transformation efficiency (TE) was calculated by the following Equation (4).'*

TE = Colony number / Transformed DNA / Dilution Eq. (4)

where colony number refers to the number of colonies counted in the agar plates, the “transformed
DNA” represents the amount of DNA transformed expressed in pg and “Dilution” is the total
dilution of the DNA before plating.
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3. Results and Discussion

Considering that the downstream processing is the main limiting step in
biopharmaceuticals manufacturing, the main goal of this MSc thesis was the development of more
sustainable and cost-effective pDNA purification methods. To accomplish this goal, ABS were
implemented with the purpose of improving the purity and decreasing the costs behind the
purification processes. Overall, pDNA was produced by E. coli fermentation, and then subjected to
alkaline lysis using different processing steps aiming its recovery from the microorganism. The
isolation and purification of pDNA from the resulting bacterial lysate was then investigated by
ABS, where different phase-forming components were studied. Lastly, quality control of pDNA
purified using the most promising strategy was carried out through CD, by the determination of E.
coli transformation efficiency, and the assessment of the total protein content.

3.1 Production and recovery of pDNA

The production of pDNA was successfully achieved by fermentation of E. coli cells in LB
medium supplemented with kanamycin in shake-flasks. Subsequently, the next steps of this work
progressed towards recovering the plasmid by the alkaline lysis method. Thus, one of the initial
objectives of this work was to achieve an efficient procedure for the extraction of pDNA from
bacterial cells. First described by Bimboim and Doly,® the alkaline lysis method has been proved
to be highly efficient in the recovery of pDNA, and was therefore selected in this work. This
method consists of a selective denaturation of high MW chromosomal DNA (cDNA) at alkaline pH
while scDNA remains double-stranded. Moreover, it is quite simple and allows the recovery of
pDNA without denaturation within a pH range of about 12.0 - 12.5, and some low MW of RNA.

As described above (see section “2.3 Production of pDNA lysate by alkaline lysis™), four
different samples (M1-M4) with different processing steps were evaluated in the first stage of the
downstream process of pDNA, namely by the recovery of pDNA. Sample M1 was obtained by
processing E. coli cells containing pDNA. These cells are completely disrupted through the
introduction of an alkaline solution to denature and renature the mass of cDNA to form an
insoluble network. Simultaneously, the three majors contaminating macromolecules were co-
precipitated and removed by centrifugation, creating a supernatant with the pDNA and residual low
MW RNA. As shown in the agarose gel electrophoresis given in Figure 12, the typical profile of
the bacterial lysate sample obtained from E. coli includes two well-defined bands, a high MW band
(circa 3000 bp) that corresponds to pVAX-GFP, and a low MW band (below 400 bp)
corresponding to low MW (LMW) RNA. Specifically, it demonstrates that with the M1 sample, a
faint band corresponding to pDNA was obtained while the band corresponding to LMW RNA was
not well-defined. This pattern could be caused due to interferences caused by the lysis buffer and
other intrinsic contaminants on the electrophoretic run. To avoid the existing problems observed
with the M1 sample, particularly with the influence of sample buffer components on
electrophoresis, sample M1 was subjected to a buffer exchange step to 10 mM Tris-HCI pH 8,
obtaining the M2 sample. However, as shown in Figure 12, these problems persisted as the amount
of both pDNA and LMW RNA are low, and the definition of RNA band was not improved. As
such, new strategies were formulated which involved further processing steps, resulting in samples
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denominated by M3 and M4. All these samples were also analysed by agarose gel electrophoresis,
given in Figure 12.
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Figure 12. Agarose gel electrophoresis of representative samples (M1-M4) of the alkaline lysis method with
different processing steps. Blue: DNA ladder 11l marker; Green: Alkaline lysis (M1); Yellow:
Alkaline lysis with buffer exchange to 10 mM Tris pH 8 buffer (M2); Purple: Alkaline lysis and
isopropanol/ethanol precipitation (M3); Black: Alkaline lysis, alcohol precipitation, ammonium
sulfate precipitation and desalting, resulting in 10 fractions from the column PD-10 (M4).

Despite no significant results being found when changing the buffer (M2, yellow), an
improvement of the intensity of the bands was observed in M3 (purple). This result indicates that
the addition of isopropanol/ethanol seems to improve the sample quality by removing some
impurities. Nevertheless, the observed results can be further improved in the sample M4 (black),
achieved by preforming a precipitation with both isopropanol/ethanol and ammonium sulfate,
followed by elution in the PD-10 column (lane 7 and 8) for ammonium sulfate removal. For every
10 mL eluted in PD-10 column it was possible to confirm that nucleic acids appear from the third
milliliter onwards. After elution of different fractions from the PD-10 column, these are analyzed
and pooled together, concentrating them to be treated as a single sample. With the increment of the
elution volume, the pDNA concentration of the aliquots starts to diminish. According to the
molecular weight marker it can be stated that the pDNA band stops running between 2500 bp and
3000 bp and the RNA band around 400 bp. In this way, the bands of pPDNA and RNA appear better
when subjected to the precipitation and washing steps with alcohols, that is, in sample M4.

The result from a pDNA-containing lysate volume of 50 mL followed the standard of lanes
in black in Figure 12. In addition to this volume, we had another working volume of larger calibre
bacterial lysate (250 mL). Despite the differences in the starting volume of cell culture, they
displayed the same elution profile, obtaining similar results (see Annex A).

Beyond electrophoresis, DNA concentrations and purity of all samples present in Figure 12
were evaluated through absorbance measurements, presented in Figure 13, providing insight of the
sample quality and its suitability. When the Azso/Azso ratio range is between 1.8 to 2.0 it is
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indicative of a pure dsDNA sample (which is the case with pDNA). The reduction of the ratio
means that the sample is contaminated by proteins (detection peak at 280 nm) and an increased
ratio is due to RNA contamination (2.1 means pure RNA ratio).
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Figure 13. DNA quantification (bars, blue) and purity (dots, orange) of samples resulting from the
application of alkaline lysis with different processing steps (M1, M2, M3 and M4) to the cell pellet
from a 50 mL culture volume of E. coli.

Even though the Azeo/Azso ratios should be interpreted with caution and complemented
with additional measurements (qualitative such as agarose electrophoresis, or quantitative such as
analytical chromatography*), they provide insights regarding the type of nucleic acid (dsDNA or
RNA) present as well as a rough indication of purity. Considering the data provided in Figure 13,
the samples M1, M2 and M3 possess a high concentration of DNA but present a very low purity
ratio which possibly indicates a set of contaminants, mainly proteins. Nevertheless, the purity ratio
in the sample M4, namely in samples 3 and 4 with higher content in nucleic acids, was improved
and can be explained by the extra step with ammonium sulfate precipitation, allowing the removal
of many proteins. Nonetheless, it can be seen some RNA contamination in the respective samples
in Figure 12. As for the identification of alcohols (ethanol and isopropanol), buffer components
(Tris) and other contaminants (such as lipopolysaccharides), they are not significantly detectable by
the UV-Vis light of the spectrophotometer.**

As mentioned above, molecular therapies require the use of large amounts of pDNA, so it
is necessary to have an efficient large-scale purification process.*® The information inherent to
improve DNA isolation can be met using processes with two-phase systems. According to the
nucleic acid profile in agarose electrophoresis and data given in Figure 12, it was decided to select
M3 and M4 samples for ABS partition studies.
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3.2 Partition of pDNA in ABS

The mandatory guidelines for biological product intended for human usage requires the
removal of impurities while maintaining the biological activity of the target product. Meanwhile,
the number of overall process steps should also be kept to a minimum to reducing the operation
costs.*> Considering this information, the following steps involved the application of ABS using
polymers, ILs, salts and sugars for the selective partition of pDNA.

3.2.1 Screening of ABS phase-forming agents for pDNA purification

In an initial stage, the ABS explored were composed of IL-salt since they have been proved
to be useful in separation process for biotherapeutics, like nucleic acids.*? Depending on the ABS,
these systems may be considered a novel and sustainable way to purify biomolecules for the
described unique properties in this thesis, benefiting from the economical and environment
aspects.’®'* |Ls, due to their tunable character, can comprise a wide variety of different
cations/anions and have their physicochemical properties adjusted to improve separations.’>1% As
a result and due to the ability to control such characteristics of ILs, numerous options for pDNA
isolation can be developed.

To evaluate the effect of the bacterial lysate sample on the ABS purification performance,
samples M3 and M4 were investigated. To accelerate phase separation of the systems, a
centrifugation step (5 min at 5000 g, room temperature) was performed. Then, the top phase
microcentrifuge tube (1.5 mL) was filled with ethanol 96 %, incubated at least 2 h at - 20 °C, and
the pellets were obtained by centrifugation at 10 000 rpm for 15 min at 4 °C and re-suspended with
50 uL of 10 mM Tris-HCI. The bottom phase was concentrated in Vivaspin concentrators, that
needed a washing step first and then introduced the bottom phase together with 5 mL of 10 mM of
Tris-HCI. The sample was removed when the volume is around 100 pL and, finally, washed again.
The precipitated phase was resuspended in 50 uL of 10 mM of Tris-HCI. For these two samples
studied (M3 and M4), two types of systems were evaluated, one consisting of IL-salt (25 wt% - 15
wt%, respectively) and the other of IL-sugar (30 wt% - 40 wt%, respectively). Such systems were
prepared to demonstrate the partition of DNA in ABS with different phase-forming components
with highly different salting-out ability, which will help us to understand which of the ABS will be
the most advantageous for the proposed goal. The combinations studied were [Paauq]Br —
K3CeHs07; [Comim]Cl — K3POgs; [Camim]Cl — K3POgs; [Camim]Br — K3POa, and [Pasas]Br —
Fructose; and [P4]Br — Sorbitol. The partition behaviour of DNA in such ABS is represented in
Figure 14 [A] for the sample M3 and Figure 14 [B] for the sample M4.

33



s [Py4sq]Br— [Cemim]Cl  [C;mim]Cl  [Cymim]Br [Py44]Br — [Py444]Br —
CgHsK;0, —~K;PO, —K;PO, —K;PO, Frutose Sorbitol

G LA EERE T S ES

5 (opmtig

PR

[A]

[Pyy44]Br — [Comim]Cl [C;mim]Cl [Cymim]Br [Pyy[Br  [Pyyq]Br
M4 C5H5K3O7 = K3PO4 — K3PO4 — Frutose — Sorbitol

(61—

Figure 14. Agarose gel electrophoresis of nucleic acids in the different ABS with M3 ([A]) and M4 ([B]). 20
pL of each sample were loaded in the corresponding well. Top and bottom phases and the
precipitate are represented as “t”, “b” and “p”, respectively.

Analysing the electrophoresis results of the phases of the systems performed with the M3
sample, a lack of reproducibility is noted, which may be due to interference caused by proteins,
being hard to observe the pDNA. On the other hand, the pDNA obtained in the [Psu]Br —
K3CsHsO7 system with sample M4 (Figure 14 [B]) is better identified, suggesting that the use of
ammonium sulfate allowed the removal of some proteins which were eliminated in the
chromatography step. Hence, the method which comprehends the adequate processes for an
efficient purification is M4, despite the additional step in the column PD-10.

Towards the analysed systems (orange), it was not possible to properly detect the pDNA
and RNA bands. Probably, either the treatment of the samples was not the most adequate
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(precipitation with ethanol and desalting/change of buffer) or maybe the components used to
formulate the systems in question denature the nucleic acids.

Beyond IL-salt systems, much effort was taken to investigate the IL - sugar systems (see
Annex B), since they are promising IL-ABS. However, due to the relatively low solubility of some
sugars and the fact that it is easier to manipulate the phases containing salt, it was decided to
continue the following studies with the [Ps4]Br — KsCegHsO7 ABS, further optimized in the next
chapter.

3.2.2 Optimization of pDNA purification using [Pa444]Br — CeHsK307

Preliminary trials identified [Pss44]Br-KsCeHsO7 as the most promising ABS, and therefore
it was selected to optimize the pDNA extraction process. With that in mind, the next assays were
developed for the M4 sample containing both pDNA and RNA. In the present system, the IL-rich
phase corresponds to the top phase (top), while the bottom phase (bot) is mainly composed of salt.
This type of system makes use of an IL and an organic salt, which, in general, presents a “greener”
separation as it works with biodegradable and non-toxic compounds, being friendly to the
environment.*”® Additionally, a system composed of polymer-salt reported in the literature®® was
studied in order to compare the selectivity of pDNA, namely by using PEG 400 and
CsHsNas07.2H,0.%

Initially, the phase diagram of the system under study was determined, allowing the study
of an array of different concentrations of the main components. The phase diagram was determined
to evaluate the concentrations of each of the components that lead to the formation of a two-phase
system, shown in Figure 15. As a result, aqueous solutions of K3CsHsO7°H,0O at = 62 wt% and
[Pasa4]Br at 80 wt% were individually prepared for the cloud point titration data previously
described forming the binodal curve.
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Figure 15. Phase diagram of [P4444]Br/KsCsHsO-7 system at room temperature (£ 22 °C).

35



According to several researchers'**® the IL [P44s4]Br contains an aliphatic cation with four
butyl chains with a high ability to form ABS with a wide range of salts. Table 9 gives the mixture
points used in the IL-salt system to determine the best concentrations for pDNA partition. Under all
tested conditions, the sample was always maintained at 15 %, and Tris-HCI was added to make up
1 g, the total mass of the system.

Table 9. Mixture points with the system [P444]Br-KsCsHsO7 studied in order to isolate pDNA.

[P1a44]Br (Wt%0) 20% 30% 40% | 20% 25% 30% 40% | 20% 30% | 20%

KsCsHs07 (Wt%) 20% 25% 30% | 40%

For a more direct perspective onto the effect of the concentration of each ABS component
on the selective partitioning of pDNA, the ABS described in Table 9 were prepared and each phase
was analysed by agarose gel electrophoresis, whose results are grouped in Figure 16 according to
the effect of IL and salt concentrations, respectively Fig. 16 [A] and 16 [B].
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Figure 16. Agarose gel electrophoresis of nucleic acids in ABS composed of [Paa]Br-KsCsHsO7, at
different concentrations, with 15 % of pDNA lysate. [A] and [B] represent, respectively, the effect
of IL and salt concentrations. 20 uL of each sample were loaded in the corresponding well. Top and
bottom phases and the precipitate are represented as “t”, “b” and “p”, respectively.

In general, most of the mixture points studied allow the recovery of pDNA in its sc
isoform, which is highly advantageous considering that this isoform is the most biologically active
for potential therapeutic applications. From the analysis of Figure 16 [A], as the IL concentration
increases (20 % salt), sScDNA band intensity decreases and ocDNA band increases, meaning that
there is a change in the isoforms of DNA. From the analysis of Figure 16, two general conclusions
can be drawn, which are related to the overall trend of nucleic acids partitioning as function of the
concentration of each ABS component: i) for lower concentrations of [Passs]Br-KsCsHsO7, both
pDNA and RNA tend to migrate to the bottom, salt-rich phase; ii) for higher concentrations of both
ABS components, either pDNA as RNA exhibit an increased tendency to precipitate at the
interface.

According to this information, it can be stated that the increase in the concentration of salt
causes the nucleic acids to move from the citrate-phase towards the precipitate phase, although the
pPDNA precipitation is less extent that with RNA, which may be explained by a higher
hydrophobicity associated to RNA. Therefore, there is selectivity in these systems, where ideally
RNA is completely precipitated and pDNA migrates to the ABS bottom phase.

By finely tuning the concentration of IL while maintaining constant the concentration of
salt, it was observed that RNA precipitates at the interface and pDNA is recovered in the bottom
phase. Given the high purity of the plasmid, it can be stated that the proteins move towards the
opposite phase of pDNA or precipitate at the interphase. This result shows an improvement of the
selectivity of the system for the mixture point 25 wt% of [P444]Br and 25 wt% of KsCsHsO- given
in Figure 16.

The biphasic system chosen to compare against the [Pa444]Br-KsCsHsO7 ABS performance
(this work) was with PEG 400 at a concentration of 24 wt%, CsHsNaz;O7.2H,0 at a concentration of
18.5 wt% and 10 wt% of lysate load, as reported by Rahimpour et al.¥*® According to the
investigators, these concentrations were the ideal conditions for maximum plasmid recovery
(around 99 %), with up to 68 % of RNA removal and a total protein removal (100 %).2° Figure 17
shows the agarose gel electrophoresis results for the phases of the ABS composed of PEG 400 and
CesHsNaz07.2H,0.
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Figure 17. Agarose gel electrophoresis of nucleic acids in ABS composed of PEG 400 (24 wt%), CsHsNasOy
(18.5 wt%), 10 wt% of pDNA lysate and 47.5 wt% of 10 mM Tris-HCI. 20 pL of each phase were
loaded in the corresponding well.

The pattern of nucleic acids performed in our laboratory demonstrate to be in accordance
with the work of Rahimpour et al,®® in which pDNA is preferentially partitioned towards the
bottom phase, with some traces encountered in the precipitated phase. On the other hand, RNA is
found in the bottom phase and in the precipitate. Even though the bacterial lysate sample used in
this work and that reported from Rahimpour et al.*® are different, the qualitative electrophoretic
analysis of the ABS developed in this work (25 wt% [P444]Br and 25 wt% Ks;CsHsO7) and that
from the literature (24 wt% PEG 400 and 18.5 wt% CsHsNazO7.2H,0) seem to indicate that the IL-
based system display an improved performance to promote the recovery of pDNA with higher yield
and purity.

In both systems presented (PEG-salt and IL-salt), pDNA prefers the bottom phase enriched
in the citrate salt. However, in the PEG-salt system, there is a higher precipitation of pDNA which
may be due to the collapse of nucleic acids in agueous solutions of PEG, having a lower solvent
ability for these biomolecules than ILs. In addition, DNA and RNA have a strong attractive
strength between them, and when DNA compacts, it segregates from the polymer molecules
resulting in the partition to the bottom phase and interface.®® In the IL-salt system, the IL cation has
a higher hydrophobicity which reduces this phase affinity for water, thus leading to the exclusion of
RNA and its preferential precipitation at the interphase.

According to the electrophoresis results, IL-based systems, when compared to the
literature, do not present RNA contamination at the chosen point. Therefore, the best results are
displayed by the ABS composed of [P4444]Br and KsCsHsO7 due to a more selective precipitation of
RNA, with a more effective isolation of pDNA in the bottom phase.

3.3 Quality control

The pDNA recovered in the bottom phase of the system formed by [Ps4]Br and
K3CsHsOy, at the mixture point of 25 wt% IL and 25 wt% salt, was analysed in terms of the total
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protein content, and conformation of pDNA and its transformation efficiency to assess whether it
maintains integrity and is functional activity. It was also analysed the pDNA sample obtained from
the lysis step, defined as M4, and the sample obtained with the Nyztech extraction Kkit.

3.3.1 Protein Quantification

The total protein quantification was measured through the bicinchoninic acid (BCA)
colorimetric method detecting a purple-colored reaction (562 nm) of the cuprous cation (Cu*') that
is nearly linear with the increase in protein concentration. For that purpose, a series of dilutions of a
model protein (BSA) was prepared in order to construct a standard curve with a working range of 5
- 250 pg/mL.**" Thus, it was possible to determine the protein concentrations of our pDNA
samples, which were initially unknown, through the obtained absorbance (see in Annex C). It was
analysed the pDNA sample from lysis (sample M4) and the bottom phase of the ABS (pDNA bot)
depicted in Table 10.

Table 10. Absorbance at 562 nm of pPDNA samples and respective protein concentration.

[BSA] % Protein
Abs (nm) (Mg/mL) Mass (1g) removal
Sample M4 0.228 43.69 0.0066 0
pDNA bot 0.207 37.86 0,0062 13.35

Through this method it was able to understand which phase of ABS was contaminated with
protein. Such data showed some contaminations in the pDNA-rich phase, only capable of removing
13.4 % of protein, which is still a concern about its availability for pharmaceutical applications. In
this sense, optimization of IL-based ABS to reduce proteins content is still needed.

3.3.2 Circular Dichroism

According to regulatory agencies, the most required plasmid isoform is supercoiled (sc),
which provides a perfect example of the combination of energy, structure, and function in
biomolecules. This preferential structure must be predominant over other unwanted conformations.
However, changes in the secondary structure of DNA can compromise the tertiary curvature
causing different degrees of supercoiling. Consequently, it can affect the quality of the final
product, narrowing all the processes inherent to its use.

Circular dichroism (CD) measurements allow the detection of small changes in DNA
structure and differentiating the different specific DNA arrangements. This technique differentiates
the absorption of circularly polarized light to the right from the left. Therefore, CD bands will be
affected by interactions between the planar bases, as well as between the base and the furanose ring
of the DNA molecule. The CD spectrum of pDNA is comparable to the typical spectrum of B-
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DNA (DNA with double helix), with positive bands at 220 and 270 nm and a negative band at 245
nm.**® CD spectroscopic experiments were performed with the objective of monitoring the pDNA
conformational structure to determine its stability.

The pDNA samples results provided in Figure 18 were obtained from the extraction using a

Nyztech kit (bDNA Kit), from the lysis (sample M4) and the pDNA resulting from the bottom
phase of the studied ABS (pDNA bot).
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Figure 18. Circular dichroism spectra of pDNA samples resulting from: the isolation using a commercial kit
(blue); the alkaline lysis method (M4, orange); the bottom phase of the ABS formed by [P444]Br (25
Wit%)/K3CsHs07 (25 wt%) system (grey).

The pDNA samples from lysis (both from the kit and from M4) demonstrate the expected
pDNA ellipticity, showing the two positive bands at 220 and 270 nm and one negative band at 245
nm. As for the bottom phase recovered from the [Psas4]Br (25 wt%) / KsCsHs07 (25 wt%) system,
it did not show any significant signal in its spectrum, possibly due to the low concentration of
PDNA, determined as 10.65 pL/mL in comparison with 58.60 pL/mL from the pDNA kit. Despite
not concluding about the bot phase results, it was possible to ensure the conformation of the pPDNA
structure resulting from the M4 lysis that was used in the described system. Future studies dealing
with higher concentrations of pDNA are needed to prove its stability after the ABS extraction step.

3.3.3 Determination of E. coli transformation efficiency

The determination of E. coli transformation efficiency using pDNA recovered from the
bottom phase was also evaluated to assess if pDNA was obtained in a functional active form. The
pDNA uptake by cells have the advantage of being a simple and cheap process, have high
transformation efficiency and enables the transfer of relatively large segments of DNA. However,
the bacterial transformation efficiency can be influenced by certain parameters, such as the
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incubation time of bacteria with the DNA, the pDNA concentration for the transformation mixture,
the temperature of incubation and the growth phase.'*

After the pDNA uptake of the E. coli competent cells, the number of colonies was counted
after growth on solid medium to provide the transformation efficiency (TE), which reflects pPDNA
viability. Table 11 demonstrates the number of colonies translated in TE for the pDNA from the
extraction kit (-DNA Kit) and the bottom phase of the [Pasus]Br (25 wt%) - KsCsHsO7 (25 wt%)
system (pDNA bot).

Table 11. Transformation efficiency of pDNA, respectively, from the bottom phase of the ABS composed of
[Pa444]Br (25 wt%) and K3CsHsO7 (25 wt%) and that from the application of a commercial Kit.

pDNA bot pPDNA kit
colonies 3 6
TE (cfu/ug) 120 000 240 000

The data provided refer to a total dilution of 0.005 pL of LB medium before plating. It
shows that the sample resulting from the extraction kit achieved twice as many colonies compared
to the ABS phase sample. This variation may be due to the dilution carried out or also to the
interference associated with the conformational form of pDNA in the salt-rich phase (Figure 18).
Nevertheless, the pDNA recovered from the ABS phase has proven its integrity by being
structurally effective and functional in conveying resistance to E. coli cells and allowing their
growth in medium containing antibiotic.

3.4. Conclusions and future perspectives

In this work, a novel downstream process using IL-based ABS was investigated to purify
pDNA from E. coli lysates. The first stage of this work dealt with the optimization of the number of
alkaline lysis processing steps able to obtain a sample suitable for application in ABS purification
experiments. As expected, the higher the number of processing steps, the higher amount of
impurities removed. It was observed that a sample comprising the alkaline lysis method, followed
by two successive washing steps with isopropanol and ethanol, and an ammonium sulfate
precipitation step followed by desalting with PD-10 gel filtration column (sample M4), was the
most suitable, and hence selected for ABS purification assays.

Among the components evaluated, the ABS constituted by [Pas]Br-KsCeHsO7
demonstrated promising results in initial experiments and after successive optimizations, it was
found that pDNA and RNA preferentially partitioned to the bottom, salt-rich phase, at low
concentrations of both components. On the other hand, for higher concentrations of salt and IL,
both classes of nucleic acids precipitated at the interface of the system. However, by properly
engineering IL and salt concentrations, at the mixture point 25-25 wt% 0f [P444]Br-KsCsHsOy, it
was found that RNA was selectively precipitated while pDNA was recovered with high integrity
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and purity in the bottom phase. Interestingly, pDNA is generally recovered in its sc isoform, the
most biologically active isoform. Based on these results, future work to optimize the ABS
performance should comprise systems composed oOf [Pss]Br and (NH.).SOs, the salt used in the
PD-10 gel filtration step, ideally avoiding the need of this step.

Partitioning of pPDNA and RNA was generally evaluated by agarose gel electrophoresis and
complemented by spectrophotometric analysis. However, future investigations by analytical
chromatography will allow to accurately determine the yield and purities of purified sc pDNA. As
analysed by agarose gel electrophoresis, the integrity of purified pDNA seems to be maintained
during the ABS purification process, although it was not possible to conclude about its structural
stability by CD. The low concentration of pDNA used for CD experiments may account for the
absence of signal. To overcome this problem, future experiments increasing the scale at which the
ABS is performed, and hence increasing the amount of purified pDNA will allow to draw more
rigorous conclusions by CD. Nevertheless, it should be remarked that the purified pDNA was able
to confer resistance to E. coli cells after transformation, supporting the fact that it is purified with
high integrity and is structurally stable.

In comparison with the initial bacterial lysate sample, it was observed that the total protein
content was reduced by 13 %. Future work comprising additional number of replicates are required
to confirm these values, and if required additional investigations must take place to reduce the
protein content in the purified pDNA. Aiming to certify that pDNA fulfils the acceptable
parameters for the regulatory agencies envisaging therapeutic applications, quantification of
endotoxin levels needs to be performed. The analysis of transfection efficiency and biological
activity in cell culture experiments of purified pDNA will contribute to ascertain the suitability of
the IL-based ABS strategy herein developed to manufacture pharmaceutically-grade pDNA for
gene therapy.

Overall, a promising IL-based technology for the purification of pDNA from bacterial
lysates was demonstrated in this work, in which the presence of IL seems to be responsible for
upgrading pDNA purity over other conventional ABS. However, the purification of pDNA was not
completely achieved, for which further investigation is still required. The next step should involve
the reduction of lysis processes involving ABS that are more effective in pDNA partitioning. In
addition, a stage of recovery of the salt-rich phase should be addressed, as well as the testing of
recovering the ABS phases. Moreover, additional investigations must take place to reduce the
protein content in ABS phases, while certifying the conformational structure of the biomolecule
and considering the acceptable parameters for the regulatory agencies.
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5. Annexes
Annex A

Figure 1A. Agarose gel electrophoresis of a pDNA resultant from an alkaline lysis from a 250 mL
of bacterial cell lysate, alcohol precipitation, ammonium sulfate precipitation and desalting,
resulting in 10 fractions from the column PD10 (M4).
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Annex B

[P4444]Br — Frutose [P 4444]Br — Sorbitol
DNA M4 pDNA Kit DNA M4 pDNA Kit

p—

Figure 1B. Agarose gel electrophoresis of the pDNA sample M4 (pDNA M4) and from the
extraction kit (pDNA Kkit), in IL — sugar systems, namely [Pas4]Br/Fructose and
[P4444]Br/80rbitol.
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Annex C
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Figure 1C. Calibration curve of total protein concentration by the BCA method.
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