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Resumo alargado

A terapia genética tem-se destacado como uma das opc¢Oes mais promissoras para o
tratamento de doencas genéticas e adquiridas. Para isso, o DNA plasmidico
recombinante (pDNA) deve ser recuperado de extratos complexos cuja composicao
compreende uma alta diversidade de biomoléculas que partilham caracteristicas e
propriedades semelhantes. Além disso, estas biomoléculas podem causar
imunogenicidade, aquando da administracido, sendo a sua remocao um pré-requisito
fundamental na preparacao de pDNA estéavel, de alta pureza e biologicamente ativo para
aplicacao terapéutica. Consequentemente, a purificacio de pDNA é um processo muito
dispendioso para a industria farmacéutica, e apresenta também um grande impacto para
o ambiente, devido ao uso de solventes organicos e sais. Para responder a este desafio e
isolar o pDNA de extratos complexos, é proposta uma alternativa promissora, baseada
no uso de nanotubos de carbono (CNTSs). Devido a sua versatilidade, os CNTs tém sido
amplamente explorados em diversas areas, sendo que, as suas propriedades tnicas,
como o tamanho, forma, estrutura, biocompatibilidade e elevada afinidade por
biomoléculas levaram a que nos altimos anos tenham também ganho muita relevancia

para aplicacoes bioldgicas.

Neste ambito, o presente trabalho descreve o desenvolvimento de um método eficaz para
isolar o pDNA a partir de um lisado complexo de Escherichia coli, utilizando nanotubos
de carbono de paredes multiplas (MWCNTS) para capturar proteinas e outros acidos

nucleicos contaminantes, como RNA e DNA genémico (gDNA).

Primeiramente, foram avaliados diferentes diametros de MWCNTSs (<10 nm, <10/20
nm, 20/40 nm, 60/100 nm), paralelamente a realizacdo de ensaios de screening de
adsorcao e de desorcao de RNA. Misturas de RNA e pDNA foram também preparadas
de forma a estudar a potencial seletividade na separacao destas duas biomoléculas por
parte dos MWCNTSs. A captura de outros contaminantes foi avaliada através da aplicacao
de amostras mais complexas provenientes de lisado de E. coli aos MWCNTs, seguida pela
quantificacao das proteinas e do gDNA presentes na amostra. Para reduzir ainda mais o
impacto ambiental desta tecnologia, a possibilidade de reciclagem e reutilizacdo dos
MWCNTs foi também estudada. Os resultados deste trabalho evidenciaram a capacidade
dos MWCNTs em capturar com alguma seletividade o RNA de amostras complexas,
possibilitando a clarificacao rapida do pDNA. Os resultados também demonstraram que

0os MWCNTs podem reduzir a quantidade de impurezas no primeiro ciclo de extracao,
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reduzindo cerca de metade das proteinas, e reduzindo também significativamente os
niveis de gDNA em solucdao, com uma taxa de recuperacao de 86% de pDNA. Apds 3
ciclos consecutivos, a pureza do pDNA soluvel aumentou significativamente. Por tltimo,
e de forma a averiguar a biosseguranca na utilizacdo dos MWCNTs, foi avaliada também
a sua toxicidade em linhas celulares humanas, ao longo de 48 h. Através deste ensaio,
ficou comprovado que os MWCNTSs nao apresentam qualquer toxicidade para as linhas

celulares usadas, nomeadamente fibroblastos humanos.

Assim, os resultados obtidos demonstram que foi possivel desenvolver um método

simples, eficiente e confiavel para a purificacao rapida de pDNA.

Palavras-chave

Biofarmacos; DNA plasmidico; Extracao de fase solida; Nanotubos de carbono; RNA;

Separacao de acidos nucleicos.
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Abstract

Gene therapy is raising as one of the most promising options for treating genetic and
acquired disorders. However, recombinant plasmid DNA (pDNA) must be recovered
from complex extracts with a diversity of biomolecules that share similar characteristics
and properties. Moreover, those biomolecules can cause immunogenicity, and their
removal is a fundamental prerequisite in preparing high-purity, stable, and biological
active pDNA for therapeutic application. To respond to this challenge and isolate pDNA
from complex extracts, a promising alternative is proposed, based on using carbon
nanotubes (CNTs). In recent years, biological applications of CNTs have been explored,
motivated by their interesting size, shape, structure, biocompatibility, and high affinity

for biomolecules.

In this work, an effective method to isolate pDNA was developed, using multi-walled
carbon nanotubes (MWCNTS) to capture proteins and other contaminating nucleic acids,
like RNA and genomic DNA (gDNA). MWCNTs with different diameters were evaluated,
while mixtures of RNA and pDNA were prepared to address the selectivity of the
material. The results of this work evidenced the ability of MWCNTs to capture RNA from
complex samples, enabling the clarification of pDNA. The results also demonstrated that
MWCNTs can reduce the amount of impurities in the first cycle of extraction, reducing
about half of the proteins, and significantly reducing the levels of genomic DNA in
solution, with a pDNA recovery rate of 86%. When performing up to three consecutive

cycles, the purity of soluble pDNA can be significantly improved.

To further reduce the environmental impact of this technology, the possibility of
recycling CNTs has also been confirmed, as well as it was assured the safety on their use
by verifying the biocompatibility of this material. Thus, attained results demonstrate the
development of a simple, efficient, and reliable method for rapid purification of pDNA

biopharmaceuticals.

Keywords

Biopharmaceuticals; Carbon nanotubes; Nucleic acids isolation; Plasmid DNA; RNA;

Solid-phase extraction
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1. Introduction

1.1. Nanotechnology and nanomaterials

The physicist Richard P. Feynman first suggested the concept of Nanotechnology during
a lecture entitled "There's Plenty of Room at the Bottom" in 1959 [1]. He envisioned the
possibility of rearranging atoms and molecules individually to create new and improved
materials. Since then, scientists have been making progress in this area, and nowadays,
it is undeniable the impact of nanotechnology in different fields, due to the possibility of

developing a wide variety of materials at nanoscale with enhanced properties.

While the definition of "nanotechnology" is not consensual, according to the National
Nanotechnology Initiative, nanotechnology can be referred to as the understanding,
design, and development of structures whose size has been engineered at the nanometric
scale [2]. These nanomaterials must have at least the dimension between 1 and 100 nm
and be developed by top-down or bottom-up engineering of individual components.
Owing to their unique properties, nanomaterials are expected to provide solutions to
challenges in a wide range of fields, from biomedical applications to environmental
sciences, increasing, therefore, our quality of life [3,4]. In fact, the use of nanotechnology
for medical proposes has grown exponentially, accompanying the considerable
technological advance, with the primary goal of successful testing and clinical approval
of several nanomaterials [5]. Among these nanomaterials with potential on biomedical
approaches, carbon nanotubes (CNTs) are increasingly gaining popularity as potential

drug carriers [6—9], therapeutic agents [10—13], and diagnostic tools [14—16].

1.2. Carbon nanotubes

A new field of nanotechnology was further developed, in 1991, when the Japanese
scientist Sumio Iijima and his coworkers reported the preparation of CNTs by using an
arc-discharge evaporation method [17]. This new carbon allotrope sparked much
attention from scientists due to their inherent unique properties such as high surface
area, high aspect ratio (length to diameter), and ultralight weight [18]. CNTs are
composed of graphene sheets rolled up to form tubular, needle-shaped structures with
size in nanometric scale in diameter and several millimeters in length. Because each
atom of carbon has three neighborhoods, CNT has a strong bond between C-C atoms (sp2

hybridization), making them very stable against deformations [18,19].
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1.2.1. Classification and properties

Carbon nanotubes can have one or multiple graphene wall sheets, and therefore they can
be classified as single-walled CNTs (SWCNTs) or multiple-walled CNTs (MWCNTs)

(Figure 1).

SWCNT

MWCNT

Figure 1 - Carbon nanotube structure according to the number of sheets.

SWCNTs are composed of a single graphene sheet with a diameter that comprises

between 0.4 and 40 nm, whereas MWCNTs are composed of two to several sheets

forming concentric cylinders with an interlayer distance of 0.35 nm, with diameters from

2 to 100 nm. Table 1 shows the main differences between SWCNTs and MWCNTs [19].

Table 1 - General properties of SWCNTs and MWCNTs (adapted from [20]).

SWCNTs
Single layer of graphene
A catalyst is required for synthesis

Bulk synthesis is difficult

More defect during functionalization but easy to
improve

Purity is poor
Less accumulation in body

Easy characterization and evaluation

MWCNTs
Multiple layers of graphene
Can be produced without catalyst

Bulk synthesis is easy

Less defect but difficult to improve

Purity is high
More accumulation in body

Difficult characterization and evaluation
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Another way that CNTs can be classified is based on the variations of tubular structures
caused by the mode that molecule wraps into a cylinder form. Scientists working in the
field have come up with a mathematical based nomenclature to describe the chiral vector.
The chiral vector determines the two equivalents lattice sites, which when joined result
in a nanotube, defining the circumference [20,21]. This classification is based on a pair
of indices (n, m), which are sufficient to define any particular SWCNT. The values of n
and m can be found by merely counting the hexagons that separate the Cy vector,
following the unity vector a! first, and then a2[19]. For a better understanding, Figure 2
represents a schematic diagram of the basic parameters that define the structure of a
CNT. Thus, nanotubes with a chiral vector (n, 0) are defined as zigzag nanotubes, as they
exhibit a zigzag pattern of atomic configuration along the circumference (Figure 2a). The
armchair nanotubes are represented in Figure 2c. These occur when the chiral vector is
(n, n), and, in this case, the atoms form a pattern of an armchair throughout the
circumference. All other nanotubes are defined as chiral nanotubes and have a chiral
vector (n # m and n # 0), as represented in Figure 2b [22]. This nomenclature (n, m) is
not just useful to identify and designate CNTs, but it can be related, to a certain extent,
with the conductivity properties of the resulting CNT. Hence, when n—m is a multiple of
3, then the nanotube is described as 'metallic' or highly conducting nanotubes, and if not,
then the nanotube is a semi-metallic or semiconductor [20]. Indeed, the electronic
structure of CNTs has been studied theoretically, and the correlation with experimental
studies has demonstrated the optical, electrical, and mechanical properties [23]. One
example is the use of CNTs composites as solar cells. In 2009, Tung and co-workers
developed graphene/CNT composites for high-performance transparent conductors and
demonstrated their application in organic solar cell technology with an inexpensive and

massively scalable methodology [24].

s
L . ;3
Yok 2

Figure 2 - Schematic diagram showing how a sheet of graphene is rolled to form a CNT with

different chirality (a: Zigzag; b: Chiral; c: Armchair).
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Because of their structural differences, SWCNTs and MWCNTSs may have some variation
in properties. Due to the multi-layer nature, MWCNTs have an outer wall that, apart
from shielding the inner nanotube of chemical interactions, also gives high tensile
strength properties. Moreover, carbon nanotubes also have a sp2 hybridization between
the individual carbon bonds. This bond is stronger than the sp3 bond found in diamond,
and theoretically, SWCNTs can even have tensile strength hundreds of times stronger
than steel [20]. Also, due to the sp2 hybridization, each carbon is bound to three
neighborhoods; thus, the fourth valence atom remains free in each unit, and these free
electrons are delocalized over all atoms, providing excellent electrical and thermal
conductivity properties. As a result of the strong bonds between carbons, CNTs can also

withstand high temperatures [18].

Another great feature of CNTs is their elasticity. Studying CNTs under TEM and exposing
them to great axial compressive forces has shown that these materials can bend and twist
without damaging the nanotube, returning to the original form. Although, due to the
defects in nanotubes structure (defects in atomic vacancies or resulting from
rearrangement of the carbon bonds), CNTs elasticity has a limit, and under very powerful
forces, it is possible to deform the shape of a nanotube temporarily. Table 2 shows the

structural basis and main properties of SWCNT and MWCNT [20].
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Table 2 - Structural basis of SWCNTs and MWCNTs.

Properties SWCNTs MWCNTs References
Armchair, zigzag or chiral Graphite sheets are
arrangement. arranged in concentric
Structure ) ) ) [25]
Single graphite sheet is layers

rolled round itself.

. . Semiconducting or . .
Electrical properties . Semiconducting [26]
metallic

. Inner tubes: 1-3nm
Diameter range 0.4-2 nm [27], [28]
Outer tubes: 2-100 nm

Lower strength than Stronger compared to
Strength [29]
MWCNTs SWCNTs

1.2.2. Synthesis and purification of CNTs
For the synthesis of CNTs various techniques are available, depending on carbon or
energy source. Commonly, the production methods of SWCNTs and MWCNTs comprise
three procedures: the carbon arc-discharge technique [30], the laser-ablation technique
[31], and the chemical vapor deposition (CVD) technique [31]. The basis of these
methods is the same, to form an individual or group of carbon atoms that can recombine
to produce carbon nanotubes. Arc-discharge and laser-ablation are considered high-
temperature techniques and were the first ones used to synthesize CNTs. Nonetheless,
these techniques are not able to control the nanotube length, diameter, alignment,
purity, density, and orientation of CNTs with accuracy; therefore, they have been

substituted by low-temperature preparations (<800°C), like CVD [20].

Arc-discharge method is based on the energy transfer resulting from the interaction of
two graphite electrodes and plasma and is widely used because it is the easiest way to
synthesize CNTs, specially if the intended applications do not demand high structural
accuracy. In this method, direct current is passed through the chamber, followed by the
chamber pressurization and heating to approximately 4000 K. About half of the
evaporated carbon solidifies on the cathode (negative electrode) tip in this procedure,
and a deposit forms at a rate of 1 mm/min, whereas the anode (positive electrode) is
consumed. The main advantage of arc-discharge technique is the ability and potential for
the production of a large quantity of nanotubes [18]. On the other hand, as previously
mentioned, the main disadvantage of this method is the limited control over the

alignment (i.e., chirality) of the created nanotubes, which is essential for their
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characterization and role. Additionally, this method mainly produces MWCNTs and
requires a catalyst precursor (nickel, cobalt, and/or iron) to produce SWCNTs, and

therefore purification of the final product is essential [20].

Laser ablation uses as energy source laser pulses that vaporizes a graphite target in a high
temperature chamber. As described in the arc-discharge method, for the SWCNT
production it is necessary to add metal particles as a catalyst to the graphite targets.
Many parameters can influence the properties of CNTs synthesized by laser ablation
method, such as the structural and chemical composition of the target material, the laser
properties, the chamber pressure, among others [18]. The main advantage of this
technique is the relatively high yield of CNTs synthesis, with low metallic impurities since
metal particles tend to evaporate once the nanotube is closed, whereas the main
disadvantage is that the obtained nanotubes are not necessarily straight and can have
some branching. Also, the ablation method is not economically advantageous because it

encompasses a need for great lasers power [18,22].

Chemical vapor deposition is one of the standard methods for the production of CNTs.
There are many different CVD types, but for large scale synthesis of CNTs, catalytic
chemical vapor deposition (CCVD) is the most widely used. It uses hydrocarbons like
methane, benzene, or acetylene as carbon source, while high temperature provides
enough energy for the decomposition of hydrocarbons over metal catalysts to form CNTs.
As compared with laser ablation, CVD is an economically practical method for large-scale
and produces high purity CNTs with an easier control of the reaction course. In Table 3

are presented the major differences between these techniques [18].
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Table 3 - Comparison of the three major techniques for CNT synthesis.

Arc-discharge Chemical vapor Laser ablation
method deposition method
Yield Rate >75% >75% >75%
SWCNT or MWCNT Both Both Both
. i Simple, low
. . . Relatively high .
Simple, inexpensive, . temperature, high
. . purity, room- .
Advantages high-quality purity, large-scale
temperature . .
nanotubes . production, aligned
synthesis .
growth possible
. Method limited to the )
High temperature, Synthesized CNTs are
. . . . lab-scale, crude
Disadvantages purification required, . . usually MWNTs,
product purification
tangled nanotubes . defects
required

During the synthesis, different MWCNTs and SWCNTs proportions and different
diameters of nanotubes are produced. These factors lead to a problem since CNTs
strongly interact with each other through van der Waals forces and have a tendency to
occur in bundles. Even if CNTs of close diameter are produced, they frequently have
widely different chirality. Besides, CNTs also have many impurities, consisting of
graphene sheets, metal catalysts, amorphous carbon, and small fluorenes [18].
Therefore, methods to remove impurities and to further differentiate and isolate
SWCNTs from MWCNTs, or CNTs of a particular chirality, had to be developed.
Depending on the technique used for CNTs synthesis, there are different methods and
procedures for the purification. The main steps that all purification procedures have to
follow encompasses the deletion of large graphite particles and aggregates with filtration,
dissolution in appropriate solvents to eliminate metal residues of the catalyst precursor
(acid cleaning and thermal annealing), and fullerenes (use of organic solvents) [32,33].
In order to separate and remove amorphous carbon clusters, microfiltrations and
chromatography are the most commonly used methods [20]. For the separation of
SWCNTs by chirality, the methods used include density-gradient centrifugation
combined with surfactant wrapping and gel chromatography [33].
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1.2.3. Functionalization of CNTs
As referred, after the procedure of CNTs synthesis, the final sample comprises a mixture
of CNTs with different diameters, lengths, and chirality properties. Additionally, many
metallic impurities are found in the sample. Furthermore, due to their hydrophobic
nature, nanotubes tend to agglomerate, forming bundles in most biocompatible solvents,
therefore limiting their biomedical applications [34]. In order to solve these problems,
functionalization emerges as the most effective approach. It is a chemical or physical
modification process where desired functional groups or drug molecules are introduced
onto the surface of CNTs. Besides being able to achieve high homogeneity, decrease
toxicity, increase dispersibility and solubility, this process also allows other particular

uses, like using CNTs for analytical purposes or as sensors [35].

There are multiple approaches for surface functionalization of CNTs, classified into two
different methods: covalent or noncovalent functionalization. In covalent
functionalization, chemical reactions are carried out, creating new chemical bonds and
altering the original nanotube structure. This reaction will lead to the change of carbon
sp2 hybridization to sp3 hybridization, causing the loss of the m-conjugation system of
the graphene layer responsible for most of the optical, electrical, and thermal properties
of CNTs [34]. Despite this drawback, covalent functionalization has given scientists the
possibility to manipulate these structures that otherwise would be unattainable,
providing an opportunity to develop CNTs with different characteristics, for different

purposes through stable attachment of functional groups [36].

Noncovalent functionalization of CNTs is less robust and less controlled than covalent
functionalization but provides an alternative way of tuning CNTs without affecting their
structural integrity [35]. The responsible forces for the adsorption of molecules are —n
interactions, hydrogen bonds, and electrostatic interactions between the nanotube and
the adsorbed molecule. As a result, noncovalent functionalization ensures the sp2-
hybridized six-membered ring network and the extended m-conjugation, maintaining the
physical, electric, thermal, and optical properties of CNTs. On the other hand, weaker
interactions between CNTs and the functional groups come at the cost of a possible
functional group detachment by pH modifications, temperature, or solvent change. This
also could be an advantage as weaker bonding means that a reversible functionalization
is possible, opening new doors for their use in biomedical applications [34]. Using this
strategy, several molecules have been successfully adsorbed onto the surface of CNTs,
such as small molecules like pyrene or porphyrin derivates [37], surfactants like sodium
dodecyl sulfate or tween-20 [38], or biomolecules. Indeed, different biological molecules

and macromolecules can be bound to the nanotubes, like polypeptides, phospholipids
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[39], proteins [37], and nucleic acids [40]. Although a relatively unexplored area,
bridging biological systems with CNTs is gaining biomedical research attention because
of their promising pre-clinical possibilities [34]. In 2017, the research group of Tran
described a method to immobilize DNA on the CNTs network to develop a DNA-based
sensor to detect influenza A virus [41]. In 2011, Cuicui and co-workers explored the
CNTs-protein interactions, through theoretical and experimental approaches, to
investigate the interactions of SWCNTs with human serum proteins and observed a
competitive binding of these proteins with different adsorption capacity. They also
unveiled that the binding of blood proteins onto the surface of CNTs can significantly
alter their cellular pathways and reduce cytotoxicity for these protein-coated SWCNTs

[42].

1.2.4. Applications of CNTs
As anticipated before, perfect CNTs present some incredible features as high aspect ratio,
high surface area, high tensile strength, low mass density, high heat conductivity, poor
chemical reactivity, and high electron activity. However, while the properties described
before are excellent per se, many of these nanoparticles can form secondary structures
such as ropes, fibers, and thin films, all with their specific properties [19,22]. In the last
years, many studies have suggested that these properties make CNTs potential
candidates for an infinite variety of applications. Below are encompassed some of the

main CNTs applications described in the literature [33]:
e Specialized materials.

e Batteries and energy devices, mainly including Li batteries, supercapacitors, solar

cells, and materials for hydrogen storage.
e Sensors, including electrochemically based sensors and biosensors.

e Drug delivery.

1.2.4.1. Biomedical applications
The capacity of CNTs to be conjugated with different molecules or compounds
like polymers, proteins, and nucleic acids, and their needle shape that permits them to
cross biological membranes and access cells in an affordable way, makes these structures

very interesting in the biomedical field. Nonetheless, three barriers need to be overtaken
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in order to maximize their potential in biomedicine: functionalization, pharmacology,

and toxicity of CNTs [20].

The lack of solubility in aqueous media is one of the main disadvantages of CNTs.
Due to their highly hydrophobic surface, CNTs tend to form bundles and aggregate, and
to overcome this problem, researchers have been modifying their surface, functionalizing
CNTs with hydrophilic molecules to enhance their solubility and dispersibility,
improving their biocompatibility [34]. Another barrier with CNTs is pharmacokinetics.
Their biodistribution and pharmacokinetics depend on their physicochemical
characteristics, like shape, size, chemical composition, aggregation, solubility, and
functionalization. Thus, a deep understanding of the CNTs properties is required in order
to modulate their distribution in the organism, after administration [20]. Also, the
functionalization process can also help CNTs to gain more targeted delivery routes,
enhancing their biomedical features. Another critical barrier is CNTs toxicity, which can
also be influenced by various factors, being the size one of the most relevant ones.
Particles under 100 nm have potentially harmful properties such as toxicity to the lung,
escape from the normal phagocytic defenses, modification of protein structure, and
activation of inflammatory and immunological responses [3]. However, the results of
CNT toxicologic assays found in the literature seem to be somehow contradictory. In
general, water-insoluble CNTs showed that they could induce a higher cytotoxicity,
especially the ones presenting smaller sizes. In 2011, Cuicui research group explored
CNTs-protein interactions, through theoretical and experimental approaches, to
investigate the interactions of SWCNTs with human serum proteins and observed a
competitive binding of these proteins with different adsorption capacities. They also
unveiled that the binding of blood proteins onto the surface of CNTs can significantly
alter their cellular pathways and reduce cytotoxicity for these protein-coated SWCNTs.
Interestingly, through noncovalent binding of Bovine Fibrinogen (BFG), CNTs did not
demonstrate toxicity, whereas non-functionalized CNTs showed approximately 40% of

cytotoxicity [42].

Regarding the application of CNTs for diagnosis purposes, Richard and co-
workers have studied the functionalization of MWCNTSs by adsorption of amphiphilic
gadolinium (III) chelate obtaining a stable paramagnetic contrast agent (CA) that could

be used magnetic resonance imaging [43].

On the other hand, many reports have studied CNTs either as drug carriers and
delivery systems, to facilitate the treatment of many devastating pathologies, like cancer
and neurodegenerative diseases. Taghavi research team used the tubular structure of

nanotubes to attach RNA, thus modulating the expression of specific genes, achieving
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cancer cell death. They functionalized SWCNTs with AS1411 aptamer as a ligand to target
tumor cells and with DOX and small interfering RNA (siRNA) molecules to perform
chemotherapy and gene therapy. The result of this study was an increased cell death in a
model of human gastric cancer when compared to the individual CNT-based treatments
or with free DOX [44].

Although CNTs have some inconveniences that need to be overcome, the
versatility of CNTs for biomedical applications is enormous. They can be used as a
theragnostic tool, combining the disease detection and treatment capacity at the same
time. Also, these structures can be used in diagnosis as efficient biosensors or CA for non-
invasive imaging, and at the same time, increase the lifetime of drugs in the organism,
facilitate their direct delivery to target tissues. All this makes CNTs an auspicious system,

with an enormous application potential.

1.3. Biopharmaceuticals

Biopharmaceuticals (or biologics) are therapeutic products manufactured from
biological sources like human cells, animals, or microorganisms and include protein-,
nucleic acid-, and cell-based products [45]. Unlike traditional drugs synthesized by
chemical processes, biopharmaceutical products result from biological processes, in
which cells or organisms are genetically modified to produce molecules of interest [46].
Over the past years, biopharmaceuticals are pushing the frontiers of science and
research, and its industry has provided significant value to society with the development
of several innovative therapeutics. Indeed, since the production of recombinant human
insulin in 1982, biopharmaceuticals have revolutionized health care, changing the
paradigm of life-threatening diseases that were medically untreatable [47]. From 2014
to 2018, 155 biopharmaceutical products have received approval in the United States and
European Union, across a wide variety of disease areas, corresponding to 52% of

genuinely new products on the market [48].

Through proteins, antibodies, cells, and gene-based products, biopharmaceuticals can
successfully treat diseases by demonstrating biological activity and performing specific
functions. Compared with chemical drugs, biopharmaceuticals have higher selectivity
and low non-specific toxicity, but they also have a higher cost [46]. Biotechnological
processes used in biopharmaceuticals production are complex and costly to design,
develop, construct, and operate. However, an increase in biotechnology research is being

incorporated into the largest pharmaceutical companies to improve and optimize the

process [49].
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From the identification of drug targets and receptor molecules to find the appropriate
strategies for producing biological molecules, several fields must work together and
interact to develop a biopharmaceutical process. Following these steps, the production
yield and product characteristics are optimized, and the biomolecule is expressed
recombinantly. The whole process needs to be reproducible and feasible in the technical-
economic aspect, and the therapeutic molecule needs to meet the specified quality to
enter the market [49]. It is of the utmost importance that the biopharmaceutical product

meets the standards set by regulatory agencies to have practical value [45].

To respond to the current increase in product demand, there is a necessity for the
development of less expensive products increasing their competitiveness. Thus,
innovation in technological tools as well as production processes are to be pursued to

improve the production process [50].

1.3.1. Biopharmaceutical production
A straightforward approach of the main steps and the challenges that constitute the
biopharmaceutical production process is described in the following topics. The
manufacturing of biopharmaceuticals encompasses two main stages: the upstream and
downstream processing [49] (Figure 3). Upstream processing comprises all the steps
required to produce a compound by biotechnological means, which includes the cell line
selection, culture media formulation, establishment of cultivation parameters (pH,
temperature, and oxygen concentration), cultivation type (submerged, solid-state, batch,
fed-batch, continuous, etc.), followed by inoculation, small scale cultivation, and
manufacturing scale cultivation [49]. Then, downstream processing includes all the steps
required to isolate and purify the target molecule from the production source, up to a
point where the pre-established end-product specifications are met. This includes cell
lysis (if required), refolding (if required), initial recovery, purification, and polishing [51].
Due to the process complexity and high purity required for biopharmaceuticals,

downstream processing usually takes 60%-90% of the total production costs [52].

Over the years, a significant progress has been achieved by optimizing the upstream
processing. Upstream depends mostly on biological limits and can be improved without
a significant increase in costs. However, downstream processing was initially designed
for small scale processes and thus lower amounts of product. By increasing the feed
volumes entering the facilities of downstream processing the equipment reaches its
physical limits, therefore resulting in an increase of processing time, material

consumption and costs. The type and concentration of impurities can amplify the already
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existing problem. Hence, new approaches for optimized strategies and technology are

necessary [47].
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Figure 3 - Common upstream and downstream procedure used in biopharmaceutical
manufacture.

1.3.1.1. Upstream processing

The main objective of the recombinant production of biopharmaceuticals is undoubtedly
to optimize the product yield, in the upstream stage. The higher product concentration
is usually associated to fewer steps in the downstream processing operations, thus
reducing the costs [45]. Depending on the expression system chosen, different unit
operations can be selected. Over the last years, upstream processing observed significant
progress mainly due to increased cell culture understanding [50]. In the upstream stage,
the most important aspects to be developed are the cell line used, media composition,
operation strategy (batch, fed-batch, continuous cultivation, etc.), bioreactor design,
process monitoring (pH, dissolved oxygen, temperature, nutrient concentrations, etc.),
and product analytics (DNA detection, aggregates, endotoxins, lipopolysaccharide, virus,

host cell protein concentration, etc.) [49].

Biopharmaceutical products are usually produced by microbial (e.g. E. coli or yeasts) or
mammalian cells. However, there is a trend towards using mammalian-based expression
systems, since there is an increase in the percentage of biomolecules that require

posttranslational modifications, particularly glycosylation [45,50].
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1.3.1.2. Downstream processing
Recovery, separation, and purification of products are essential in bioprocess
engineering, since fermentation broths and cell cultures are complex, comprising an
aqueous mixture of cells, with soluble extracellular or intracellular products [52]. Due to
the high purity required for biopharmaceuticals, downstream processing is possibly the
most challenging stage of biopharmaceutical manufacturing. Thus, to design an efficient
downstream process, it is crucial to select the most appropriate techniques, optimize
their performance, and combine them in a rational way to maximize yield and purity in
the smallest number of steps [53]. Despite the lack of a universal purification strategy,
the experience accumulated over the years with different bioproducts can be manifested

into a general guideline of operations [47]:

1. Remove the most plentiful impurities first (i.e., separate cells from the culture
medium first).

2. Remove the easiest and injurious impurities in early stages.

3. Make the most challenging and most expensive separations last (i.e., push
chromatography toward the end of the downstream processing).

4. Select processes that exploit the most significant differences in the properties of
the product and impurities (i.e., separate large from small, cationic from anionic,
hydrophilic from hydrophobic, etc.).

5. Select processes that exploit different separation driving forces (i.e., do not use

the same unit operation in a row).

Ultimately, the number and type of operations depend on the final use of the bioproduct.
For instance, industrial enzymes usually require a purity of 80 to 90%, whereas for
diagnostic proteins the required purity should be at least 95%, and a purity higher than
99.9% is often required for therapeutic applications [45]. Downstream processing can be
divided broadly into three different stages: recovery, primary isolation, and polishing
[47]. The first stage, recovery, aims to remove solids, release the product, and reduce the
volume. Common operations are filtration, centrifugation and sedimentation [45]. The
second stage, primary isolation, is the first line of purification, where the goal is to reduce
the volume further and remove most impurities with properties different from those of
the product. In this step, operations like solvent extraction, adsorption, precipitation,
and ultrafiltration are commonly performed [47]. The final polishing section aims to
remove the remaining impurities and unwanted forms of the product. Chromatography
and adsorption are essential methods to accomplish the production of highly pure

products [52]. One important factor that significantly affects the downstream train is

15



Rapid and selective capture of nucleic acids using carbon nanotubes

the location of the product during the production stage. Due to the need of cell disruption
to recover intracellular products, more unit operations are usually required than that of
extracellular products, leading to a higher amount of impurities. An additional solid-
liquid separation is required for an intracellular product to remove the cellular debris
produced due to cell disruption. In this case, the supernatant is then kept for further
processing. For extracellular products, after cell removal, the supernatant can be purified

directly since it is a less complex sample [47].

Being the recovery step the main focus of this study, will be addressed in more detail in

the next topics.

1.4.Intermediate recovery
The starting point of intermediate recovery is usually a complex lysate stream in which
the product is diluted, and this process has the primary objective of further purify and
concentrating the biopharmaceutical product [45]. This complex lysate contains a
significant fraction of genomic DNA (gDNA), large amounts of RNA and proteins, which
together correspond to more than 90% of the total mass of solutes that remain in the
clarified lysates. The contaminants should be substantially cleared in order to end up
with a solution where more than 50% of the solutes are biopharmaceutical products [47].
Once this goal is achieved, the burden imposed on the last stage of the downstream
process related to high-cost unit operations (typically chromatography) will be
significantly reduced [50]. The clarified lysate entering the intermediate stage can be
processed by several unit operations including membrane filtration, liquid-liquid
extraction, precipitation, and adsorption. The choice of technique is usually dictated by

the nature of the product, with minimal losses of product activity [45].

1.4.1. Membrane processing
Compared with other methods, membrane-based separations are a cost-effective,
environmentally friendly, and straightforward method. This method is one of the most
popular operations to reduce the volume and concentrate the sample [45]. The
membrane itself acts like a selective barrier that separates two-phases and restricts the
passage of some biomolecules or compounds larger than the pore size while allowing the
passage of the smaller molecules [50]. Apart from the simplicity of this method, a wide

range of membranes are commercially available for any specific process need.

Membrane separation was initially performed with a perpendicular feed through the
membrane. This operation mode is prone to deposition and blockage of particulate in the
pores of the filter and consequently reducing the permeate flow. An alternative solution

is to flow the feed stream tangential to the membrane surface, providing enough sheer
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force and avoiding particles to settle on or within the membrane structure [52]. However,
tangential flow still suffers from two recurrent problems, concentration polarization, and
membrane fouling. Concentration polarization results from the buildup of tangentially
flowing stream near the membrane surface, increasing the local concentration leading to
a gel layer formation. Though this layer is mainly aqueous, it can form physical and
chemical bonds between the different solutes. Therefore, extra resistance is formed,
leading to a reduction of the filtration flow rate, increasing the rejection of
macromolecules. A series of physical and chemical processes can then be used to clean
the gel layer and fully restore filtration fluxes [45]. On the other hand, fouling is
characterized by a series of events that collectively lead to material deposition on the
membrane surface. This phenomenon can lead to complete blockage of membrane pores
in a way that the permeation flux is reduced beyond reasonable. Contrary to
concentration polarization, fouling is an irreversible phenomenon and leads to

membrane deterioration [47].

1.4.2. Precipitation
Precipitation is an effective method that allows the separation of biological products from
complex media. The operation typically involves the addition of a precipitation agent
(salts, organic solvents, nonionic polymers, polyelectrolytes, metallic ions, and affinity
ligands), which decreases the solubility of solutes down to a point where self-association
of molecules, aggregation, and precipitation set in [45,47]. This method is more effective
as a concentration process rather than a purification one; therefore, precipitation is
typically used early in the isolation of a biological product, reducing the volume to be
processed [45]. Although it is easy to scale up the process, precipitation has some crucial
drawbacks too. First, most of the equipment necessary to implement the process at a
large-scale are costly, and on the other hand, the redissolution of sediments containing

the bioproduct may be challenging to accomplish [47,50].

1.4.3. Liquid-Liquid extraction
Liquid-liquid extraction is a well-known process in the chemical and biotechnological
industry, and for many years it was used to isolate biomolecules using solvents like
phenol, chloroform, and isoamyl alcohol to remove impurities from lysates [47]. This
type of extraction is advantageous since it is possible to remove most impurities by
exploring the differential partitioning of bioproducts and impurities between two
immiscible phases: the feed phase (usually aqueous), which contains the product, and
the extractive phase (solvent) [52]. Aqueous two-phase systems (ATPS) are also
attractive for industrial implementation owing to the ease of scaling and relatively

simplistic equipment and facility demands [45].
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Despite that, most liquid-liquid extraction methods are incompatible with safety
standards required for biopharmaceuticals production, mostly due to the toxic nature of
the solvents involved. In recent years, efforts have been made to replace those solvents
for materials with unquestionable safety profiles, like water-soluble polymers and a
series of salts [47]. However, the large amounts of polymers and salts that have to be
added to the process streams, makes this technology more expensive. Another
shortcoming is that, in most cases, the bioproduct will be diluted, requiring the addition

of a subsequent concentration step [54].

1.4.4.Adsorption
Adsorption uses solid particles, which can interact preferentially with certain impurities
compared to the bioproduct, to reduce the amount of contamination present in the
sample [47]. Many interactions can occur in a given adsorption method, such as van der
Waals forces, electrostatic, hydrophobic interactions, to more specific covalent bonding.
In most cases, the adsorbent particles are porous and with large surface areas to permit

full adsorption of impurities and thus originate high binding capacities [55].

Two main methods for promoting contact between the process stream and the adsorbent
particles are fixed bed or batch adsorption. In fixed bed, the particles are packed in a
column, and the process stream is pumped until the capacity of the bed for the target
impurities is used. The bound impurities are then eluted from the adsorbent particles by
washing out the column with an appropriate buffer. Following an adequate washing and
cleaning, the bed is equilibrated with the adsorption buffer and is ready for another
adsorption cycle [56]. In batch adsorption, the adsorbent is added to a tank that contains
the sample to be treated. After allowing adsorption of the solutes, solids are separated
(e.g., by centrifugation or filtration), leaving the unbound target molecule behind in the

clarified liquid [57].

Although the discrimination of some contaminants is challenging to achieve with
conventional, low-cost adsorbents, improved selectivity can be attained by designing
adsorbents with affinity ligands specific for certain impurities classes. On the other hand,
the need to engineer the given specificity of adsorbents makes this process more

expensive [47].

1.4.4.1. Solid-phase extraction (SPE)
SPE is a sample preparation technique in which preconcentration, extraction, and clear-
up procedures are simultaneously performed to achieve fast and efficient purification
without using volatile and hazardous organic solvents [58,59]. This extraction procedure

allows the removal of contaminants from biological [60], environmental, clinical [61],
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food, and beverage samples [62]. Other uses of SPE include storage of micro-pollutants
from environmental samples [63], desalting proteins and sugar samples [64],
derivatization [65], concentration of pigments, and changing solvents [66]. Besides,
several SPE procedures are recommended as Environmental Protection Agency (EPA)

methodologies [58].

SPE has played a crucial role in sample preparation in recent decades, replacing the
traditional liquid-liquid extraction (LLE) [67]. The principle of SPE is similar to that of
LLE, consisting of loading a solution onto a solid-phase capable of retaining the target
analyte, washing away undesired components, or vice-versa [67—69]. As illustrated in
Figure 4, the basic SPE procedure consists of four consecutive steps. First, the solid
sorbent should be conditioned/equilibrated using an appropriate solvent (usually the
same solvent as the sample) to enable the wetting of packing material and possible
removal of impurities contained in the sorbent. The second step is the loading step,
where the sample is injected, and the separation occurs. During this step, the analytes
are concentrated on the sorbent, enabling some purification of the sample. In the third
step, the solid-phase washing is done, employing an appropriate solvent with a low
elution strength to eliminate matrix components that have been retained by the solid
sorbent without displacing the analytes. The final step comprises the elution of the
analytes of interest and the regeneration of the matrix by an appropriate solvent [58],
[68].

Conditioning /
Equilibration Loading Washing Elution

/ /

Figure 4 - Common SPE procedure, comprising conditioning, loading, washing, and elution.
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Compared to LLE, SPE is faster and less labor-intensive while extracting a wide range of
organic analytes from a large variety of samples, achieving high extraction efficiency and
not forming emulsions. One other significant advantage is that the analytes adsorbed
onto the solid-phase can be prevented from degradation and thus be stored for a certain
period without any change in their concentration or identity [69]. The research group of
Telepchak reported that SPE is more selective than LLE, although this statement is
somehow controversial since other authors have pointed out that SPE suffers from a lack
of selectivity [61]. SPE procedures often require several steps becoming cumbersome and
time-consuming [69]. Thus, several materials have been designed to act as a sorbent, and
some other sample-preparation methodologies such as solid-phase dynamic extraction
(SPDE), micro-extraction by packed sorbent (MEPs), matrix solid-phase dispersion
(MSPD), stir-bar sorptive extraction (SBSE), solid-phase micro-extraction (SPME),
automated headspace dynamic solid-phase extraction, and dispersive solid-phase

extraction (d-SPE) have been developed as new branches of SPE technique [58,67].

This last extraction procedure, d-SPE, has received much attention, and it is the method
chosen to develop this work. The difference between this procedure and basic SPE is that
sorbent is dispersed in the sample solution, and thus contact surface between the analyte
and sorbent increases dramatically, resulting in increased extraction efficiency and
reduced extraction time [70]. As shown in Figure 5, extraction of an analyte is achieved
by adding a certain amount of sorbent particles to the sample. After adsorption,
nanoparticles are collected via centrifugation or by an external magnet (when using
magnetic particles). In the next step, extracted analytes are desorbed in a suitable solvent

and then quantified using an appropriate analytical instrument.

Although SPE origins are as old as chromatography, this extraction method remains a

dynamic field, with a flux of research far from concluded [70].
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Extraction Separation Desorption Separation

Figure 5 - Representation of d-SPE operation steps, including extraction, separation,

desorption, and separation.

1.4.4.1.1. CNTs as adsorbents in SPE
CNTs have gained attention on SPE due to their remarkable structure and exceptional
adsorption properties [71]. Because of these characteristics, CNTs are promising
candidates for acting as adsorption material to remove or recover dyes, heavy metals,
proteins, and nucleic acids [60]. To date, to separate and purify molecules, several steps
have to be performed, like extraction, precipitation, concentration, and purification,
among others. So, it becomes essential to focus on exploring efficient, accurate, sensitive,
selective, and easy-to-operate sample purification techniques [59]. In all cases, the
development of these SPE-CNTSs undergoes a series of steps until it is optimized. Diverse
factors affect the previous stages, like the type and quantity of CNTs used, the influence
of pH, sample volume, buffer type, and concentration of the binding and elution

solutions, among others [59].

Two types of nanotubes can be considered according to their use in SPE: as-grown (also
known as pristine) and functionalized CNTs. As-grown nanotubes can be considered all
CNTs that were obtained from synthesis and posterior purification. Because they are
ready to use as sorbent, these are easy to use, although they also possess some
disadvantages [59]. As-grown CNTs possess nonpolar bonds and high aspect-ratio and
are thus insoluble in most organic solvents and aqueous solutions, resulting in a higher
tendency to aggregate. Considering this, the use of these nanotubes impose some
limitations [72]. Moreover, as-grown CNTs have inert walls with lack of functionalized
groups, and the dominant interactions between pure CNTs and the molecules of interest
are weak, mainly hydrophobic and 7-7t interactions, which make this type of CNTs to
present low extraction capability and poor selectivity to diverse types of molecules [59].

Surface modifications can overcome these challenges.
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As referred, functionalization of CNTs can occur by forming covalent bonds through
chemical reactions with particular agents or forming noncovalent bonds through

physical adsorption processes.

Table 4 summarizes all functionalization methods and the major advantages and
disadvantages of the corresponding method. Although the chemical method can provide
useful functional groups onto the CNT surface, this process has two drawbacks. Firstly,
a functionalization reaction creates a large number of defects that can alter the properties
of CNTs and, in some extreme cases, can fragment CNTs into smaller pieces. Secondly,
the process is more complex and comprises several steps, and the use of strong acids and

oxidants are not environmental friendly [73].

Table 4 - Chemical methods vs physical methods in CNTs functionalization

Damage to

Method Principle Easy to use

CNTs
Hybridization of C
Sidewall atoms from sp2 to \% x
Chemical sp3
method
Defect
Defect transformation v v
van der Waals
Polymer wrapping forces, m— X %
7t stacking
Physical .
Surfactant Physical
et adsorption adsorption X v
Endohedral .
method Capillary effect x x

An alternative is the use of noncovalent functionalization. The tunning of CNT surface
can be achieved by polymer wrapping with polystyrene [74]; by employing surfactants to
enhance dispersibility and other properties of CNTs, using for example polyoxyethylene
octylphenylether (Triton X-100) [75]; or by endohedral method, for example, by the

insertion of inorganic nanoparticles like, C¢o, Ag, Au, and Pt into the tubes [76].

The type of strategy used is intrinsically related to the analyte to be recovered and the
sample matrix in which the analyte is solubilized. Nevertheless, the state of the art
indicates that functionalization (both by chemical and physical strategies) seems to be
the future of this approach, since it allows the attachment of functional groups with

directed selectivity for some specific molecules [59].
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1.5. Gene therapy

Gene therapy has long been fascinating scientists, clinicians, and the general public for
its potential to treat and prevent a wide range of diseases. Over the past two decades, the
clinical applications of gene-based therapy have been investigated for the treatment of
pathologies such as cardiovascular and neurodegenerative diseases, osteoporosis, and

cancer [77,78].

Gene therapy is characterized by the intentional modulation of gene expression in
specific cells to correct disease-causing mutations. This modulation is performed by
inserting exogenous nucleic acids such as plasmid DNA (pDNA), messenger RNA
(mRNA), small interfering RNA (siRNA), microRNA (miRNA), or antisense
oligonucleotides [77,79]. However, as simple as the concepts sound, numerous barriers
have to be overcome, from the development of safe and effective delivery vectors to
improved stability and reduced immunogenicity of nucleic acids, numerous barriers and

challenges have to be surpassed [78].

1.5.1. Strategies of gene therapy
Currently, two general strategies can be used in gene therapy: ex vivo and in vivo
approaches (Fig. 6) [80]. In the ex vivo approach, patient's somatic cells are
therapeutically modified outside the body in a laboratory and restored to the patient. The
main advantage of ex vivo gene therapy includes specificity, safety, and lack of immune
response. Also, in the ex vivo procedure, it is possible to select and analyze the modified
cells [77,80,81]. In the strategy named in vivo, the nucleic acid is administered directly
into the patient bloodstream or introduced directly into a localized area to target specific
tissue. In vivo approaches have a significant advantage over ex vivo, since it avoids the
cumbersome and costly process of removing cells from the patient, manipulating the

cells in vitro, and returning the genetically modified cells to the patient [77,80].
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In vivo gene therapy Ex vivo gene therapy

Target cells
Delivery
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Figure 6 - Representation of ex vivo and in vivo approaches in gene therapy.

Independent of the overall strategy, to improve the efficiency and specificity of the gene
transfer, a vector has to be chosen. An expression cassette package will be inserted into
this viral or non-viral vector containing the genetic sequences to be delivered [80].
Although ~70% of gene therapy clinical trials carried out so far have used modified
viruses such as retroviruses, lentiviruses, adenoviruses, and adeno-associated viruses
(AAVs), several limitations are associated with viral vectors, including carcinogenesis,
immunogenicity, broad tropism, limited DNA packaging capacity and difficulty of vector
production [82]. Thus, non-viral gene therapy arises with the potential to control many
of these limitations, particularly concerning safety. For instance, synthetic 'vehicles' tend
to have lower immunogenicity than viral vectors, and patients do not have pre-existing
immunity, as is the case with some viral systems. Non-viral vectors also can deliver larger

genetic payloads and are typically easier to synthesize than viral vectors [82].

Together, the choice of vector, the design of the expression cassette, and the coding

sequences of the gene determine the resulting gene expression.

1.5.2. Nucleic acid-based therapy
Since the world first approved gene therapeutic Gendicine, nucleic acids-based therapies
have had a major impact on the pharmaceutical industry [79]. Over the last years, a series
of pivotal discoveries have made this possible, from the decoding of the human genome
that unlocked several critical molecular pathways, to the discovery and understanding of
several RNA types with complex functions. Today, more than 2,000 clinical trials of

nucleic acid therapies are underway [83].
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Figure 7 - In vivo delivery of nucleic acids using non-viral vectors.

1.5.2.1. DNA-based therapies
Plasmid DNA is highly negatively charged, a double-stranded DNA molecule composed
of genes of interest and can be used to express mRNA or proteins for gene therapy. The
success of the medicinal use of genes depends, first, on the efficiency of pDNA delivery
method used and the expression of the administered gene in the target cells. To reach
target cells, DNA has to overcome a series of defense barriers and mechanisms that act

together to clear exogenous DNA molecules [84] (Fig.7).

1.5.2.2. mRNA-based therapies
mRNA has been studied as a potential alternative to DNA-based gene therapy for
expression of therapeutic proteins in vivo. Although less stable, mRNA has less
immunogenicity, does not require nuclear localization for expression, and no potential

mutagenesis occurs from genomic integration [82].
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1.5.2.3. RNAi-based therapies
RNAi involves the pairing of a short RNA sequence with endogenous mRNA target,
leading to highly specific degradation, and can regulate gene expression through a post-
transcriptional gene silencing mechanism. The constituent members of RNAi
therapeutics mainly include siRNA and miRNA. siRNA have a great therapeutic potential
since has the ability to silence nearly any targeted gene after introduction into cells.
miRNAs are endogenously synthesized and promote mRNA degradation and

translational inhibition [80,82].

1.5.3. Challenges of pDNA downstream processing
Several unit operations have to be arranged to purify plasmid biopharmaceuticals, with
the primary goal of removing impurities associated with the recombinant organism used
for production, in order to reach the acceptable quality, considering the therapeutic
application purposed. For numerous reasons, this process undertakes several challenges,
mostly due to the diversity of solutes derived from the producer organism (usually E.
coli) [85]. Since most E. coli-derived impurities share several properties with pDNA, it is
expected that these impurities behave, to some extent, in a similar way to the plasmid.
For example, RNA and gDNA molecules have identical charge to pDNA, and the
molecular weight of gDNA and pDNA may also be comparable. These similarities can
compromise the selectivity of operations that attempt to explore charge and size
differences for separation purposes [86]. Hence, plasmids and E. coli impurities are
likely to compete and copurify with each other. One solution to these problems is to focus
on properties that differ between plasmids and impurities, like hydrophobicity. The
differences found here are intimately linked to the fact that plasmids are essentially
double-stranded, while RNA and fragmented gDNA are, for the most part, single-
stranded or are present in a denatured form. This offers the possibility to explore
interactions with and between exposed bases for separation purposes, expecting to
achieve a significant reduction of impurities [47]. By exploring these molecular
differences and combining them with MWCNTSs powerful adsorption capacity, this study
proposes a method for the capture and pre-purification of nucleic acids, establishing a

technology that can highly support and facilitate the final purification of plasmid DNA.
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2. Objectives

The primary purpose of this study is to develop a simple and efficient method for the pre-

purification of plasmid DNA from E. coli lysate sample based on the unique adsorptive

properties of as-grown MWCNTSs. Herein, selectivity between different nucleic acid

species is intended. For that, the structural differences between impurities, like RNA and
gDNA, and pDNA will be explored, such as the exposure of RNA and gDNA bases that,

in theory, will interact more with MWCNTs surface, displaying more affinity towards

carbon nanotubes than pDNA.

To achieve an effective isolation method, a series of tasks were designed:

1.

Evaluate different MWCNTs diameters to study the best adsorption strategy. It is
also intended to develop an effective strategy to elute and regenerate MWCNTs
for the MWCNTS reuse.

Study the affinity and selectivity of MWCNTSs towards pDNA and RNA.

Control the reduction of impurities in the sample after MWCNTSs extraction, to

assess the method performance.

Assess pDNA stability after isolation, and perform additional cytotoxicity of
MWCNTs, to evaluate their safety.

Develop a simple, rapid, and more eco-friendly way to isolate pDNA for further

purification.
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3.Materials and Methods

3.1. Materials

For dispersive solid-phase extraction of nucleic acids, different MWCNTs were kindly
provided by Doctor Claudia Gomes Silva (Faculty of Engineering of the University of
Porto). MWCNTs properties are further described in Table 5. The reagents used in the
different adsorption experiments were ammonium sulfate ((NH,).SO,), Tween-20
(Cs58H114046), sodium hydroxide (NaOH), sodium dodecyl sulfate (SDS), sodium chloride
(NaCl) commercialized by Panreac (Barcelona, Spain), and

tris(hydroxymethyl)aminomethane (Tris) from Merck (Darmstadt, Germany).

Table 5 - General MWCNTs characteristics.

Model oD Length Purity ASH SSA
MWCNT- <10 7-15nm >5um >97% <3 wt% 250~500m?2/g
MWCNT-
10-20nm >5uUm >97% <3 wt% 100~160m?2/g
<10/20
MWCNT-
20-40nm >5um >97% <3 wt% 80~140m2/g
20/40
MWCNT-
60-100nm >5Um >97% <3 wt% 40~70m2/g
60/100

(OD - Outer diameter; SSA — Specific surface area; ASH — ash content.)

For E. coli DH5a bacteria growth, the reagents used were “Luria-Bertani” (LB) agar from
Pronalab (Mérida, Mexico), tryptone and yeast extract from Bioakar (Beauvais, France),
glycerol from Himedia, dipotassium hydrogen phosphate (K.HPO,) from Panreac
(Barcelona, Spain), potassium dihydrogen phosphate (KH.PO,) from Sigma-Aldrich (St.
Louis, Missouri, EUA) and kanamycin antibiotic from Thermo Fisher Scientific Inc.

(Waltham, EUA).

For nucleic acids extraction, the reagents used were guanidine thiocyanate, N-
Lauroylsarcosine sodium salt, sodium citrate, and isoamyl alcohol, from Sigma-Aldrich
(St. Louis, Missouri, USA), isopropanol from Thermo Fisher Scientific Inc. (Waltham,
USA), and -mercaptoethanol from Merck (Whitehouse Station, USA). For plasmid DNA
extraction, the NZYMaxiprep kit from NZYTech Genes and Enzymes (Lisbon, Portugal)
was used. For alkaline cell lysis it was used solution A comprising Tris from Merck
(Darmstadt, Germany) and EDTA from Sigma-Aldrich (St. Louis, Missouri, USA);
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solution B with NaOH and SDS from Panreac (Barcelona, Spain); and solution C with
potassium acetate from Panreac (Barcelona, Spain). For nucleic acids visualization in

electrophoresis, Green-Safe reagent was used from Grisp (Porto, Portugal).

Dye Reagent Concentrate and bovine serum albumin (BSA), both from Bio-Rad
(California, EUA), were used for protein quantification. For real-time quantitative PCR
(qPCR) assays, Maxima® SYBR Green/Fluorescein qPCR Master Mix Kit from Thermo
Fisher Scientific Inc. (Waltham, EUA) was used. The primers for these experiments were
5’ACACGGTCCAGAACTCCTACG-3’ (forward) and 5'-
CCGGTGCTTCTTCTGCGGGTAACGTCA-3" (reverse), from Stabvida (Caparica,
Portugal). The pDNA quantification was carried out by analytical chromatography, using

a CIMac™ pDNA 0.3 mL analytical column from Bia Separations (Slovenia).

For human dermal fibroblasts (hFIB) culture it was used the “Dulbecco’s Modified
Eagle’s Medium/Nutrient Mixture F-12” (DMEM-F12) from Sigma-Aldrich (St. Louis,
Missouri, USA), fetal bovine serum (FBS) from Gibco, Life Technologies (EUA), and
penicillin-streptomycin from Grisp (Porto, Portugal). The cytotoxicity assay was

performed with the Cell Proliferation Kit I (MTT) from Merck (Darmstadt, Germany).

All solutions were prepared with Ultrapure reagent-grade water, purified with a Milli-Q
system from Millipore (Billerica, MA, USA).

3.2. Methods

3.2.1. E. coli growth and nucleic acids production
RNA and pDNA used in this study were obtained from a culture of E. coli DH5a strain,
previously transformed with the plasmid pBHSR1-RM containing the human sequence
of pre-miR-29b. For the assays where cell lysate was required, E. coli DH5a strain with
6.07-kb pcDNA3-FLAG-p53 Addgene plasmid 10838 containing human sequence of p53
was used. Initially, E. coli was inoculated in LB-agar medium supplemented with 50
pug/mL of kanamycin, and the growth occurred at 37 °C overnight. Pre-fermentation was
carried out by transferring some colonies to shake flasks containing 125 mL of Terrific
Broth medium (12 g/L tryptone, 24 g/L yeast extract, 4 mL/L glycerol, 0.017 M KH,PO,,
0.072 M K.HPO,), supplemented with kanamycin 50 ug/mL. The E. coli growth occurred
at 37 °C, 250 rpm, until an optical density at 600 nm (ODsoo) of around 2.6 was achieved.
The following equation was used to calculate the pre-fermentation volume needed to

start fermentation at an ODggo 0f 0.2:
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Vfrom pre—fermentation = (Vpre—fermentation + errmentation) X 0Dfermentation/ODpre—fermentation

To measure the OD, a spectrophotometer Pharmacia Biotech Ultraspec 3000 UV/Visible
(Cambridge, England) was used. Bacterial growth was kept for 8 h or 16 h, if RNA (with
low molecular weight) or pDNA, were required. Cells were recovered by centrifugation

at 3900 g for 10 minutes at 4 °C, being the pellets stored at -20 °C.

3.2.2.Plasmid DNA extraction
For the recovery and extraction of pDNA, NZYMaxiprep kit was used, according to the
protocol provided by the manufacturer. Briefly, the bacterial pellet corresponding to 100
mL of E. coli culture was resuspended in 12 mL of Buffer M1, containing RNase A, by
vigorous vortexing. As pDNA is an intracellular product, cell lysis had to be performed.
Hence, 12 mL of Buffer M2 was added, and homogenization was performed by gently mix
by inverting the tube. After 5 minutes of incubation at room temperature, the
neutralization step was carried out by adding 12 mL of pre-cooled Buffer M3, and the
bacterial suspension was carefully homogenized. The lysate was then centrifuged for 30
min at 20,0009 at 4 °C. If the supernatant still contained suspended matter,
centrifugation was repeated for 15 min. Meanwhile, the NZYTech column was
equilibrated with 6 mL of Buffer MEQ. After centrifugation, the supernatant was
transferred to the equilibrated NZYTech column. In this step, DNA binding occurred,
and the contaminants are eliminated by washing the column with 32 mL of Buffer MW.
For the elution of pure pDNA, 15 mL of Buffer ME was added and pDNA was recovered
into new tubes. Eluted pDNA was then precipitated with 10.5 mL of isopropanol,
followed by careful homogenization and 15 minutes of incubation on ice. Then, a
centrifugation was performed at 15,0009 for 30 minutes, at 4 °C. The supernatant was
discarded, and DNA pellet was washed with 5 mL of 70% ethanol. The centrifugation was
repeated at 15,000¢ for 15 minutes, at 4 °C. Carefully, ethanol was removed entirely, and
the pellet was left to dry at room temperature. For DNA reconstitution, the DNA pellet
was dissolved in 1 mL of Buffer TE (10 mM Tris-HCI and 1 mM EDTA pH 8.0). The final
pDNA sample was quantified using a NanoPhotometer (IMPLEN, United Kingdom). The
integrity and purity of the sample were evaluated by agarose gel electrophoresis and at

the end, the DNA samples were stored at -80°C.

3.2.3.Low molecular weight RNA extraction
RNA extraction and isolation were performed by the method of acid guanidinium

thiocyanate-phenol-chloroform. After thawing the E. coli cells pellet, a solution of 0.8 %
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NaCl was used for resuspension, followed by centrifugation at 6000g, for 10 minutes, at
4 °C. The supernatant was discarded, and the resultant pellets were resuspended with 5
mL of solution D (4 M guanidinium thiocyanate, 0.025 M sodium citrate pH 7, 0.5 %
sodium N-lauroylsarcosinate, and 0.1 M B-mercaptoethanol) and incubated in ice for 10
minutes. At this point, fragmentation of DNA occurs, minimizing its presence in the
aqueous phase. After, 0.5 mL of 2 M sodium acetate pH 4 and 5 mL of phenol were added
to the suspensions, being carefully homogenized at each step. Then, 1 mL of a mix of
chloroform/isoamyl alcohol (49:1) was added, followed by vigorous shaking and
incubation in ice for 15 minutes. The suspensions were centrifuged at 10000g for 20
minutes, at 4 °C. Extraction is achieved at this stage, and two aqueous phases are formed,
being the upper phase enriched in RNA while the bottom phase is enriched in DNA. So,
the upper phase must be very carefully transferred to new tubes, avoiding DNA
contamination. 5 mL of isopropanol was added to the aqueous phase, and RNA samples
were incubated in ice to promote RNA precipitation. Centrifugation was then
accomplished at 10000g for 20 minutes at 4 °C. After discarding the supernatant, a
second precipitation is done. RNA pellets were dissolved in 1.5 mL of solution D, and
then 1.5 mL of isopropanol, followed by centrifugation at 10000g for 10 minutes at 4 °C.
The supernatant was discarded, and resultant pellets were washed through resuspension
in 2.5 mL of 75% ethanol in DEPC water, followed by incubation of the samples at room
temperature for 10-15 minutes to dissolve possible residual traces of guanidinium.
Centrifugation at 10000g for 5 minutes at 4 °C was performed, and the resulting pellet
was dried for 5-10 minutes at room temperature. Finally, RNA pellets were dissolved in
1 mL of DEPC treated water and incubated at room temperature for 10-15 minutes to
complete solubilization. The concentration of RNA was measured in the Nano
Photometer (IMPLEN, United Kingdom), and the integrity of the samples was verified

by agarose gel electrophoresis, being the samples stored at -80 °C until use.

3.2.4.Total Nucleic acids extraction
For initial screening assays with both RNA and pDNA, nucleic acids extracts from E. coli
cells were used. Pellets were resuspended in 5 mL of solution D, dissolving the cellular
membrane. The lysis tubes were then incubated in ice for 10 minutes, followed by
centrifugation at 16000g for 30 minutes at 4 °C. To precipitate nucleic acids, 5 mL of
isopropanol was added to the supernatant. The tubes were then incubated in ice for 30
minutes and then centrifuged at 16000¢g for 20 minutes at 4 °C. After discarding the
supernatant, the pellet was washed and dried by adding 2.5 mL of 75 % ethanol-DEPC to

each tube, followed by room temperature incubation for 10 minutes. Centrifugation at
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16000g for 5 minutes at 4 °C was performed, the supernatant was discarded, and pellets
were air-dried for 10 minutes. Pellets were dissolved in 2 mL of DEPC treated water and
incubated in a 60 °C water bath for 10 minutes and finally centrifuged at 16000g for 30
minutes at 4 °C, being the supernatant recovered. The concentration of nucleic acids was
measured in the Nano Photometer (IMPLEN, United Kingdom), and the integrity of the

samples was verified by agarose gel electrophoresis, being the samples stored at -8o °C.

3.2.5.Cell lysate extraction
A modified alkaline lysis method was used to perform cell lysis and recover a lysate
sample containing a complex matrix comprising, pDNA, gDNA, RNA and proteins. Thus,
E. coli cells pellet was resuspended in 10 mL of solution A (50 mM Tris-HCl, and 10 mM
EDTA at pH 8.0) followed by the addition of 5 mL of solution B (200 mM NaOH and 1%
(w/v) SDS). Then, samples were incubated for 5 minutes at room temperature to
promote cell lysis. To neutralize the samples, 5 mL of solution C (3 M potassium acetate
at pH 5.0) was added, followed by incubation on ice for 20 minutes. After, the tubes were
centrifuged twice at 20 000g for 30 minutes at 4 °C to eliminate significant cell debris,

some gDNA, and proteins, the supernatant was stored at -80 °C until further use.

3.2.6.Dispersive solid-phase extraction of RNA using MWCNTSs
D-SPE was mainly applied to capture RNA from complex E. coli lysates using as-grown
MWCNTs. Several strategies had to be optimized until an efficient method was

discovered. Figure 8 represents the full process developed in this work.
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Figure 8 - Schematic of d-SPE procedure.

This method comprises three main steps:

e The equilibration step, where 1 mg of as-grown MWCNTSs were equilibrated using

an appropriated equilibration buffer. The equilibration step was followed by 20
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minutes of agitation and posterior centrifugation at 8000¢g for 2 minutes to
remove the aqueous phase. Also, the sample to be extracted was diluted with the
same equilibration buffer.

e The adsorption step, where the sample to be extracted was applied in the
MWCNTs. The mixture was kept at room temperature, in agitation, for 20
minutes to allow nucleic acid adsorption onto MWCNTs. Then, another
centrifugation at 8000¢g for 2 minutes was performed to separate the solid-phase
from the aqueous phase (supernatant). The supernatant was stored for further
analysis, namely for measuring the absorbance in the Nano Photometer
(IMPLEN, United Kingdom) and run an agarose gel electrophoresis. This analysis
allowed the evaluation of the adsorption behavior.

e The regeneration step, where a regeneration buffer was applied to solid-phase
MWCNTs to remove the remaining bound species. This mixture was agitated for
20 minutes and then centrifugated at 8000¢g for 2 minutes to remove the aqueous
phase. To ensure the total removal of regeneration buffer, three washes were
performed on the MWCNTSs with deionized water. Finally, MWCNTSs were air-

dried for 24 hours and stored for further use.

Different sample composition and buffers were used in the course of this work. Their

composition and purpose are explained in the “Results” section.

3.2.7.Agarose gel electrophoresis

Nucleic acids analysis, regarding the evaluation of the identity and relative purity of
different samples was continuously performed by agarose gel electrophoresis in 1 %
agarose gel. Nucleic acids were stained in the gel with 0.012 pL/mL of Green Safe, and
electrophoresis was run at 120 V for 30 minutes in TAE buffer (40 mM Tris base, 20 mM
acetic acid, and 1 mM EDTA, pH 8.0). The gels were visualized under ultraviolet (UV)
light exposure in the Uvitec Cambridge with a UV chamber (UVITEC Cambridge,
Cambridge, United Kingdom).

3.2.8. Circular Dichroism spectroscopy
Circular Dichroism (CD) experiments were performed to assess the stability of pDNA
after the extraction procedure. CD was done in a Jasco J-815 spectropolarimeter (Jasco,
Easton, MD, USA), using a Peltier-type temperature control system. CD spectra were
acquired at a constant temperature of 20 °C using a scanning speed of 50 nm/min, with

aresponse time of 1 second over wavelengths ranging from 210 to 320 nm. The recording
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bandwidth was 1 nm with a step size of 1 nm using a quartz cell with an optical path
length of 1 mm. Three scans were measured per spectrum to improve the signal-to-noise

ratio, and the spectra were smoothed using the smooth tool in OriginPro 2018 software.

3.2.9.Plasmid DNA assessment
The purity and recovery of pDNA were evaluated using a CIMac™ pDNA 0.3 mL
analytical column. First, it was performed a calibration curve using as standard a p53-
encoding pDNA, previously isolated and purified with the NZYMaxiprep kit from E. coli.
Different standards with concentrations ranging from 5 to 150 pug/mL were prepared and
injected onto the monolithic column, to determine the calibration curve, as shown in

Figure 9.
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Figure 9 - Calibration curve obtained from the injection of pDNA standards with

concentrations in the range of 5 to 150 g/mL.

For the chromatographic experiments, the analytical column was first equilibrated with
95 % of 0.5 M NaCl in 100 mM Tris-HCIl pH 8.0 and 5% of 1 M NaCl in 100 mM Tris-HCI
pH 8.0. Subsequently, pDNA samples were injected, and it was applied a step gradient
of 1 M NaCl in 100 mM Tris-HCI pH 8.0 after 3 minutes. After sample elution, a washing
step was added by applying 95 % of 0.5 M NaCl in 100 mM Tris-HCl pH 8.0 and 5% of 1
M NaCl in 100 mM Tris-HCI pH 8.0 for 3 minutes. Regeneration of the column was

performed by adding 2 M NaCl in 100 mM Tris-HCI pH 8.0 for 2 minutes to remove
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bound substances from the stationary phase, and it was followed by re-equilibration of
the column with the appropriated counter-ion by applying 95 % of 0.5 M NaCl in 100
mM Tris-HCI pH 8.0 and 5% of 1 M NaCl in 100 mM Tris-HCI pH 8.0 for 6 minutes. The
chromatogram peaks in Figure 10 were integrated, allowing a correlation between peak
area and pDNA concentration. All samples were analyzed in triplicate, and the peak area

was averaged from those values.
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Figure 10 - Chromatographic profile of pDNA at different concentrations.

3.2.10. Plasmid DNA quality control

3.2.10.1.Total protein quantification
Bradford Protein Assay was used to determine the total protein concentration present in
the pDNA samples. Firstly, a calibration curve was designed, using BSA as standard
protein, in the linear range from 0.05 to 0.5 mg/mL. Then, Dye Reagent Concentrate
preparation was done by diluting 1 part of dye reagent and 4 parts of distilled, deionized
water, followed by filtration to remove particulate material. Each standard and sample
solution were quantified in triplicate using 10 pL of sample and 200 puL of Dye Reagent
Concentrate. The absorbance of the plate was evaluated at 595 nm, and the amount of

protein was calculated using the calibration curve represented in Figure 11.
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Figure 11 - Calibration curve obtained from BSA standards with a range of concentrations

from 0.05 to 0.5 mg/mkL.

3.2.10.2. Genomic DNA quantification
For quantitative analysis of gDNA present in the sample, qPCR was performed in 96-well
optical plates, using the Maxima® SYBR Green/Fluorescein qPCR Master Mix (2X)
(Thermo Fisher Scientific Inc.) in a CFX Connect™ Real-Time PCR Detection System
(BioRad). To quantify gDNA, a calibration curve was designed with gDNA concentrations
varying from 0.005 to 50 ng/uL. The calibration curve was obtained by a correlation
between the quantitation cycle (Cq) and the logarithmic of gDNA concentration (Figure

12).
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Figure 12 - Calibration curve obtained from gDNA standards with a range of concentrations

from 0.005 to 50 ng/ul.

qPCR reaction was prepared to contain: 1 pL of the sample, 1.2 puL each specific primer
(forward primer - 5’ ACACGGTCCAGAACTCCTACG-3’; and reverse primer - 5'-
CCGGTGCTTCTTCTGCGGGTAACGTCA-3’) were used to amplify a 181-bp fragment of
the 16S rRNA gene, 10 pL of Maxima® SYBR Green/Fluorescein PCR Master Mix (2X)
and 6.6 pl of nuclease-free water, to a final volume of 20 pL per reaction. The reaction
conditions were 95 °C for 10 min for initial denaturation, followed by 39 cycles of 95 °C
for 10 sec, 60 °C for 30 sec, and 72 °C for 15 sec. In the end, the samples were incubated
at 65 °C for 5 sec with an increment of 0.5 °C until 95 °C for the melting curves. All

reactions were completed in triplicate, and Cq values were averaged from the triplicate.

3.2.11. hFIB cell culture and cytotoxicity assay (MTT)
Normal human dermal fibroblasts (hFIB) were used for the cytotoxicity evaluation of
MWCNTs. Cells were cultured in DMEM-F12 medium (Sigma-Aldrich) supplemented
with 10 % (w/v) FBS heat-inactivated and 1 % (w/v) penicillin-streptomycin. Cell
Proliferation Kit I (MTT) assay was used to assess cytotoxicity effects of different
concentrations of as-grown <10 MWCNTs. hFIB cells at passages 10-20 were scattered
at a density of 1x104 cells per well in a 96-well plate, and after 24 h the cell culture

medium was replaced by a new medium. Then, 25 pg, 50 pg, and 100 ug of MWCNTSs
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were placed in each well. MTT was also performed at different time points, namely 24
and 48 h. So, after the incubation period, the medium was replaced by 100 pL of new
medium, and 10 pL of MTT labeling reagent was added. Cells were then incubated for 4
hours at 37 °C in a humidified atmosphere containing 5 % CO.. Following incubation,
the medium was removed, and 100 puL of dimethyl sulfoxide (DMSO) was added to each
well to dissolve MTT crystals, and the plate was placed in agitation for about 15 minutes.
The absorbance measurements were performed in a microplate reader at 570 nm. All
experiments were repeated in triplicate, and for positive control for cytotoxicity, cells

were treated with 70 % ethanol.

3.2.12. Statistical analysis
All cytotoxicity experiments were repeated three times using independent culture
preparations. The data are expressed as mean + standard error. Quantitative data were
statistically analyzed by One-Way Analysis of Variance (ANOVA), followed by Turkey’s

e

multiple comparison test. “*” indicates a significant difference versus untreated cells.
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CHAPTER 4
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4.Results and Discussion

4.1. Screening of adsorption conditions

Since the first aim for this dissertation was to capture RNA from E. coli lysates using
MWCNTs, it was necessary to explore the best conditions for the capture strategy. Hence,
it was designed a series of screening assays, in which was studied the vital conditions for
adsorption and desorption of RNA. First, different MWCNTSs diameters were tested, and
the conditions to exploit different interactions between MWCNTSs and RNA were also
addressed. The promotion of both electrostatic and hydrophobic interactions and the
evaluation of different MWCNTSs allowed observe the influence that these parameters

have in RNA capture and adsorption.

Aliquots containing 1 mg of as-grown MWCNTSs were prepared and equilibrated with the
appropriate buffer. When the promotion of electrostatic interactions was desired, the
equilibration stage was performed by applying 1 mL of 10 mM Tris-HCI pH 8 to
MWCNTs. On the other hand, when it was to establish hydrophobic interactions, 1 mL
of 1.5 M (NH,).SO, in 10 mM Tris-HCl pH 8 was applied to MWCNTs. The equilibration
step was followed by 20 minutes of agitation and posterior centrifugation at 8000g for 2
minutes, to recover equilibrated MWCNTS. A previously prepared low molecular weight
RNA (50 pg/mL) sample, diluted in equilibration buffer, was added to MWCNTSs in the
binding step. The mixture was kept at room temperature, in agitation, for 20 minutes to
allow nucleic acid adsorption onto MWCNTs. Then, the solid-phase was separated from
the aqueous phase and the absorbance of the aqueous phase was then measured to
quantify RNA not adsorbed to MWCNTs. This was repeated for the MWCNTSs with
different diameters to compare the adsorption performance of each one and study the

influence of different conditions on the interaction and adsorption of RNA.

Four types of MWCNTs were applied to extract RNA, promoting both electrostatic and
hydrophobic interactions in these initial experiments. As depicted in Figure 13, when
promoting electrostatic interactions, low RNA adsorption was achieved, for all MWCNTs
diameters. This phenomenon is because the MWCNTs surface is inert; hence,

electrostatic interactions between the RNA and MWCNTs surface are unattainable.
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Figure 13 - RNA adsorption onto MWCNTs with different diameters, when promoting

electrostatic interactions.

On the other hand, as shown in Figure 14, high RNA adsorption was achieved when
establishing conditions that mainly promote hydrophobic interactions. The results also
indicate that the adsorption capacity is higher in MWCNTSs with smaller diameters.
When comparing the adsorption percentage, it is possible to observe a significant
increase from 69% obtained with <10/20 MWCNTSs to 94% of adsorption capacity of <10
MWCNTs. This was expected since smaller diameter results in a higher surface area.
Moreover, when comparing these adsorption percentages with the values of specific
surface area (SSA) (Table 5) for each MWCNT, it is possible to see a clear correlation,
since <10/20 MWCNTs have a lower SSA of 100~160 m?/g in comparison with 250~500
m2/g of <10 MWCNTs.
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Figure 14 - Behavior of different diameter MWCNTs, promoting hydrophobic interactions
for RNA extraction.

To further study the effect of MWCNTs diameter on the adsorption of more complex
nucleic acid samples, the same conditions were used to promote hydrophobic
interactions but using a mixture of RNA and DNA as sample. Adsorption results from
the previous assay with only RNA, were also corroborated by the results obtained in the
agarose gel electrophoresis, since smaller MWCNTSs were able to capture more RNA from
the complex sample. As shown in Figure 15, the supernatant represented in F3 from
60/100 MWCNTs presents a higher amount of nucleic acids that were not adsorbed than
in F1, resulting from <10 MWCNTSs. More importantly, this result also demonstrated that
MWCNTs predominantly adsorbed RNA and only slightly interacted with DNA species,
since comparing F1, F2, and F3, there is a greater difference in the level of RNA
concentration that did not bind, but DNA species are equivalent in all samples. Actually,
under these conditions, the selectivity that was achieved with <10 MWCNTs clearly
suggests the potential of CNTs for the separation of different nucleic acids species. The
adsorption occurs when the hydrophobic RNA bases interact with the sidewall of the
MWCNT via ni-stacking. Since DNA is double-stranded and has a tightly packed structure
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with limited space availability of nitrogen bases, the interaction is not favored, resulting

in preferential interaction of MWCNTSs with RNA exposed bases.

It was clear at this point that MWCNTSs <10 and experimental conditions that mainly

promoted hydrophobic interactions were the ideal parameters to choose.

gDNA

pDNA

RNA

Figure 15 - Agarose gel electrophoresis of the supernatants recovered from MWCNTs
adsorption assay, representing not bound species. S - Initial sample containing total nucleic acids
(gDNA, pDNA and RNA); F1 — Supernatant recovered from <10 MWCNTSs; F2- Supernatant recovered from
20/40 MWCNTs; F3- Supernatant recovered from 60/100 MWCNTs.

4.1.1. Effect of ionic strength on RNA adsorption
Since ionic strength is an important aspect for promoting hydrophobic interactions, it
was increased the concentration of ammonium sulfate in equilibration/binding buffer to
verify its effect on the adsorption of RNA onto MWCNTs. For that, 2.5 M (NH,).SO, in
10 mM Tris-HCl pH 8 was used as equilibration/binding buffer for posterior comparison
with the previously used binding buffer, 1.5 M (NH,).SO, in 10 mM Tris-HCI pH 8. The
results showed that this increase in the concentration of ammonium sulfate did not
promote a significant increase in RNA binding (Figure 16), and therefore this option was
discarded. Also, as described in 1998 by Lamers and co-workers, ammonium sulfate has
a significant environmental impact since ammonium sulfate has a high eutrophication
potential and is, therefore, difficult to dispose of. Thus, using the lower ammonium
sulfate concentration was the best option either for the adsorption capacity and for the

environmental perspective.
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Figure 16 - RNA adsorption capacity for MWCNTs tested, at different ammonium sulfate
concentration in equilibration/binding buffer. Two different buffers were used: 1.5 M (NH,4)-SO, in
10 mM Tris-HCI pH 8 and 2.5 M (NH,4)>SO, in 10 mM Tris-HCI pH 8.

4.1.2. Maximum RNA adsorption capacity
Since the adsorption sites of MWCNTSs become saturated at a certain RNA level, this
assay was performed to find the maximum quantity of RNA that <10 MWCNTs could
capture. The experiment was carried out under the optimal adsorption conditions,
previously achieved. The results presented in Figure 17 suggest that the highest
adsorption capacity is approximately 175 mg RNA/g MWCNTs since when 200 pg of
RNA were applied, a significant percentage of RNA was not adsorbed (Figure 17 C).

Agarose gel electrophoresis also corroborates this result, as shown in Figure 18.
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Figure 17 - Determination of maximum RNA adsorption capacity of <10 MWCNTs. A- Sample
containing 150 pg of RNA; B- Sample containing 175 pug of RNA; C- Sample containing 200 pg of RNA. Values

were calculated with the data obtained from three independent measurements (mean + SD, n = 3).

175 ug 200 ug

Figure 18 - Agarose gel electrophoresis representing adsorption of RNA onto <10 MWCNTs,
for samples containing 150 pg, 175 pg, and 200 pg. Si-Initial RNA sample containing 150 pg; Fi-
Supernantant with non-adsorbed RNA; S2-Initial RNA sample containing 175 ng; F2- Supernatant with non-

adsorbed RNA; S3-Initial RNA sample containing 200 pg; F3- Supernatant with non-adsorbed RNA.

A comparison of this capture approach, using as-grown <10 MWCNTs for RNA

adsorption, with other reported methods was performed and is summarized in Table 6.
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Table 6 - An overview of reported methods to isolate and extract nucleic acids.

) Extraction Molecule Reference
Materials Method .
capacity (mg/g) adsorbed S
APBA attached-silica UV-visible
' 60 RNA [87]

microspheres spectroscopy
UV-visible

Poly(HEMA-co-VPBA) 16 RNA [88]
spectroscopy

PEI-FePO, PCR 61.88 DNA [89]
UV-visible

DES-mCS/MWCNTs 177.66 DNA [60]
spectroscopy
UV-visible

IL-Fe;0, 19.80 DNA [90]
spectroscopy
UV-visible .

As-grown MWCNTs 175 RNA This work
spectroscopy

Analyzing the literature data, it is verified that there are already some methods to isolate
and extract nucleic acids with different performances ranging from 16 mg/g to 177.66
mg/g. Although the diversity in performances, the extraction capacity does not differ
depending on the molecule adsorbed, but on the strategy used, since for both RNA and
DNA, there are systems with greater or lesser adsorption capacity. Indeed, MWCNTs
with the conditions optimized in this work show comparable or better extraction than

other published adsorbents.

4.2. Screening of conditions for the

desorption/regeneration strategy

To further characterize the potential application of <10 MWCNTs, desorption
experiments were carried out, as it was important to verify the possibility to recover the
adsorbed biomolecules. Firstly, a mild desorption medium was tested to protect the
structural integrity of RNA. For that, several buffers were evaluated. RNA with a
concentration of 175 ug/mL was adsorbed onto <10 MWCNTs in 1.5 M (NH,).SO, in 10
mM Tris-HCI pH 8.0, following the same protocol given previously. For the desorption
experiments, Tris-HCl 10 mM at pH 8, Tween-20 at 0.5% and 1% (v/v), and sodium
dodecyl sulfate (SDS) also at 0.5% and 1% (v/v), were evaluated. The results of RNA
behavior regarding the desorption from MWCNTs were analyzed by absorbance

measurement at 260 nm, and further calculation of desorption percentage.

The selection of the buffers for the desorption studies was based on the type of

interactions established between RNA and the MWCNTSs. As it was previously discussed,
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the hydrophobic conditions were the main driving force for RNA adsorption, thus, the
use of a decreasing ionic strength condition or the application of surfactants could be
possible strategies for desorption. Surfactants, as amphiphilic molecules comprising
both hydrophobic and hydrophilic moieties, could be able to compete with RNA by the
MWCNTs surface. Moreover, these aqueous solutions avoid the use of organic solvents,

thus making this method an eco-friendly one.

As represented in Figure 19, superior desorption was attained with surfactant solutions.
Nonetheless, in none of the buffers used, the desorption was higher than 20%. This
behavior can be explained on the basis of the strong interaction occurring, since the
hydrophobic bases of RNA establish effective m-mt interactions with st-cloud of MWCNTs

surface; thus, promoting more effective retention in carbon nanotubes.
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pH 8 0.5%

Desorption buffer

Figure 19 - RNA desorption with different buffers, namely, 10 mM Tris-HCl pH 8, SDS 0.5%, SDS
1%, Tween-20 0.5%, and Tween-20 1%.

Other strategies were also evaluated, namely by testing the inclusion of a washing step
with deionized water, represented in Figure 20, or the use of sonication, represented in
Figure 21. For the first experiment, all sizes of MWCNTSs were tested. After applying 10
mM Tris-HCI at pH 8, 1 mL of deionized water was added to MWCNTs and left for 20

minutes in agitation. For the sonication assay, the <10 MWCNTSs were tested, being
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subjected to different sonication times (5 min, 10 min, and 20 min). The results
presented show that neither the washing step nor the sonication step were efficient on
the RNA removal from MWCNTSs, being even less effective than surfactants. Moreover,
with the sonication strategy, it was verified some destabilization or degradation of
MWCNTs, difficulting separation between solid-phase and supernatant. Rossel and the
research team, in 2013, discovered that sonication treatment could substantially change
the sp2 structure of CNTs by introducing defect sites at their sidewalls, and consequently,
changing their aspect ratio [91]. In 2018, Arrigo and co-workers described that the
reduction of length of CNTs strongly influences the nanocomposite rheological behavior,
which progressively alters from solid-like to liquid-like as the CNT sonication time
increases [92]. This clearly evidenced that it was not an effective method for the recovery
of nucleic acids adsorbed onto MWCNTs.
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Figure 20 - RNA desorption from MWCNTs with different diameters, when applying 10 mM
Tris-HCl pH 8 with an additional washing step with deionized water.
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Figure 21 - RNA desorption when applying 10 mM Tris-HCI pH 8 with an additional sonication

step for 5, 10, and 20 minutes.

At this point, it was clear that a soft strategy was not enough to successfully desorb RNA
from MWCNTs, and the use of more effective but harsh conditions would imply the loss
of RNA stability. So, the focus of the work shifted from trying to capture RNA for further
use, to try to clarify pDNA, removing contaminants from a complex sample, including
RNA, as it was already known that ability of CNTs. Thus, more harsh strategies to
regenerate MWCNTSs were evaluated, expecting to achieve a suitable strategy to recycle
CNTs. Here, the degradation of RNA was not a concern since the aim was to regenerate

the nanotubes to enable more uses, making this method more cost-effective.

Firstly, 1 M NaOH was evaluated for one-step regeneration, as this is a commonly
established strategy for regeneration and sanitization of materials ([93]), but a two-step
strategy was then applied, since the results of one-step regeneration were not favorable.
The previously tested surfactants were used for the first regeneration step of this
approach since they were the most promising buffers for desorption. After centrifugation
and removal of the first buffer, 1 mL of 1 M NaOH was applied to MWCNTs and
homogenized for 20 minutes. After centrifugation and removal, the absorbance of the
aqueous phase was measured. The results in Figure 22 indicate a significant removal of
bound material from MWCNTs surface with this two-step regeneration strategy for all
surfactant buffers, all reaching near 100 % of desorption. Afterwards, a new adsorption

experiment was performed, with the regenerated MWCNTSs to verify if adsorption

51



Rapid and selective capture of nucleic acids using carbon nanotubes

occurred (after regeneration) and validate the regeneration protocol. The results in
Figure 23 demonstrate that adsorption of RNA after regeneration of MWCNTs is
maintained and the adsorption capacity is not significantly compromised, mainly when
using Tween-20 0.5% + 1 M NaOH as desorption strategy, as the second experiment

revealed an adsorption capacity of around 90%.

In general, Tween-20 0.5% with 1 M NaOH seemed to be the most promising

regeneration strategy and was used for the subsequent assays.
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Figure 22 - RNA desorption when applying 1 M NaOH as a single regeneration step or

combining this step with a second condition comprising the use of surfactants.
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Figure 23 - RNA adsorption capacity after MWCNTs regeneration through different

strategies.

4.3. Reuse of MWCNTSs

For potential applications, the reuse of an adsorbent is an essential factor to be reported.
Once completed the adsorption/ desorption strategy screening, it was time to improve
this technology and further reduce its environmental impact and reduce costs. Thus, the
possibility of recycle and reuse MWCNTs was assessed. After regeneration, MWCNTs
were recovered and used to capture RNA again. For this, the same strategy as the
previous assay was used, and a 1 mL. RNA sample, with a concentration of 175 pg/mL
was applied to MWCNTs. Figure 24 shows that the capture capacity is maintained with
a slight decrease after the second cycle and a higher loss after three cycles, where the
adsorption did not surpass the 50%. This loss of adsorption capacity can be related to
some loss of sorbent material resulting from all centrifugations and pipetting required.
Also, progressive oxidation of MWCNTs by 1 M NaOH could decrease RNA adsorption
capacity [94]. The oxidation phenomenon can lead to a rise of MWCNT hydrophilicity,
and consequently, a loss in RNA adsorption ability. In 2012, Doepke and collaborators
described the possibility of as-grown MWCNTSs suffer oxidation in a 1 M sodium
hydroxide solution. They also reported that the addition of polar groups during oxidation
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led to a significant change in MWCNTSs surface chemistry, and consequently, MWCNTs
shifted from hydrophobic to a hydrophilic surface [94].
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Figure 24 - RNA adsorption capacity when employing 1 mg of <10 MWCNTs for three
consecutive assays. Values were calculated with the data obtained from two independent measurements

(mean + SD, n = 2).

To evaluate the behavior of MWCNTS in a complex sample, experiments with an E. coli
lysate sample comprising a concentration of around 2800 pg/mL were performed. In
this case, the same MWCNTSs were used for three consecutive cycles with the application
of a new sample at the start of each run, and the results were analyzed by absorbance
measurement and agarose gel electrophoresis. This assay allowed the investigation of
MWCNTs adsorption performance through different runs and the study of selectivity
between RNA and pDNA in a complex matrix.
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Figure 25 - MWCNTs adsorption capacity when a complex E. coli lysate sample is applied for

three consecutive cycles.

As represented in Figure 25, MWCNTSs have the capacity of removing approximately half
of all lysate material in the first cycle, with a slight decrease in the second cycle,
maintaining almost the same capacity of adsorption through all three runs, thus
confirming a good stability of MWCNTs after regeneration, proving the effectiveness of
the strategy. With agarose gel electrophoreses (Figure 26), it was possible to see that even
in a complex matrix, MWCNTs have an apparent selectivity between RNA and pDNA,
since, in all three cycles, there is a significant difference between the initial sample
(Figure 26 S1, S2, and S3) and the final clarified sample (Figure 26 F1, F2, and F3), where
a significant amount of RNA was adsorbed, leaving pDNA in the aqueous-phase. This is
visible by comparing the band intensity, being verified that the pDNA bands are similar
between the initial samples and samples resulting from adsorption experiments, while

the RNA bands are significantly fainter after MWCNTSs adsorption.

Then, a different experiment was performed, using the same MWCNTs along the three
cycles, but regarding the sample it was first used the complex lysate and then the
supernatant resulting from the first cycle was applied in a second cycle, and the sample
resulting from the second cycle was applied in a third run. With this experiment, it was
possible to test the potential of a single batch of MWCNTs to thoroughly remove RNA
from a complex sample. By agarose gel electrophoresis (Figure 27), it is possible to see
that the procedure optimized in this work can be useful to substantially improve the

purity of the pDNA sample. Comparing with the initial sample (Figure 27 S1), it is clear
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the decrease on the intensity of the RNA band after each cycle. Thus, with only three
cycles, 1 mg of MWCNTSs, were able to capture all RNA present in E. coli lysate sample,
improving the pDNA purity.

The extraction of pDNA from E. coli cell lysate is already described in the literature. For
instance, in 2004, Kepka and co-workers developed an ATPS system [(50% ethylene
oxide—50% propylene oxide)—Dextran T 500] for the partitioning of the different nucleic
acids from E. coli lysate. This method enabled the recovery of the pDNA and a 54%
removal of total RNA from the sample. Then, an optimization was performed to reduce

the top-phase volume and the RNA removal efficiency was improved to 80% [95].

In comparison, and using our method based on MWCNTs, it was possible to completely
remove RNA from E. coli lysate sample without diluting pDNA and without using large
amounts of toxic solvents. Furthermore, depending on the intended application, the
strategy allows to include additional cycles, enabling to increase the final purity of the
pDNA. Nevertheless, further investigation is required to improve performance after

recycling and extend the lifetime of MWCNTSs to more runs.

pDNA

s

Si F1 2 Ss F3

First cycle Second cycle Third cycle

Figure 26 - Agarose gel electrophoresis of E. coli lysate before and after <10 MWCNTs
adsorption procedure for three independent cycles. Three independent assays were performed
(n=3). S1-Initial E. coli lysate sample for the first cycle with <10 MWCNTSs; F1-Sample containing non-
adsorbed species after first cycle on MWCNTSs; S2-Initial E. coli lysate sample for the second cycle with <10
MWCNTs; F2-Sample containing non-adsorbed species after second cycle on MWCNTSs; S3-Initial E. coli
lysate sample for the third cycle with <10 MWCNTSs; F3-Sample containing non-adsorbed species after third
cycle assay on MWCNTs.
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pDNA

Figure 27 - Agarose gel electrophoresis of E. coli lysate before and after <10 MWCNTSs
adsorption procedure for three consecutive cycles. Three independent assays were performed
(n=3). S1-Initial E. coli lysate sample for the first adsorption cycle with <10 MWCNTSs; Fi-Sample after first
cycle assay, comprising all solutes not adsorbed onto MWCNTs; F2-Sample after second consecutive cycle
assay comprising all solutes not adsorbed onto MWCNTSs; F3-Sample after third consecutive cycle assay

comprising all solutes not adsorbed onto MWCNTs.

4.4. Cytotoxic of MWCNTSs

Since in this work, the primary goal is to isolate pDNA for use as a biopharmaceutical
product, it is essential to test any cytotoxic effect that MWCNTSs might present since,
although not expected, some adsorbent material can remain in the sample. In this sense,
the colorimetric assay MTT was used to assess human fibroblasts (hFIB) viability in the
presence of MWCNTs in three different quantities, 25, 50, and 100 pg. By analyzing
Figure 28, it is confirmed that hFIB were maintained in culture in contact with MWCNTs
for 24h and 48h in which it was possible to verify that they did not induce any cytotoxic
effect on these cells. It is important to note that at 48h, for 100 pg of MWCNTs it is
possible to observe that cell viability was below the negative control, but since viability
was still above 80% it does not represent cytotoxicity. However, even if some residual
amount of CNTs remain in the pDNA sample, it would not be at a concentration this high,
which further confirms the safety of the material for this clarification/pre-purification

application.
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Figure 28 - Cellular viability by MTT assay of human fibroblasts after 24 (A) and 48 hours (B)
incubation with 25, 50, and 100 pg of as-grown <10 MWCNTs. The negative control (C-) comprised
untreated cells and positive control (C+) were treated with ethanol 70%. Viability percentage is expressed
relatively to the control cells. Values were calculated with the data obtained from three independent
measurements (mean + SD, n = 3). Statistical analysis was performed using “One-way ANOVA”. Significant
differences are indicated as: (ns = p > 0.05; **** p < 0.0001; *** p < 0.001; ** p < 0.01; * p < 0.05); and

determined with Tukey's multiple comparisons.

4.5. Selectivity between RNA and pDNA

To further evaluate the separation between RNA and pDNA additional experiments were
performed, also intending to analyze the influence that both RNA and pDNA have in
RNA capture by the MWCNTSs. For these experiments, RNA and pDNA mixtures were
prepared with final concentrations of 175 ug/mL (Figure 29 A), 350 pug/mL (Figure 29
B), and 500 pg/mL (Figure 29 C), but combined in three different ratios: 25% RNA/75%
pDNA; 50% RNA/50% pDNA; 75% RNA/25% pDNA. Through the analysis of agarose
gel electrophoresis, it was possible to observe that the concentration of both DNA and
RNA does not influence RNA capture, and even when a small concentration of RNA is
present in the sample, apparently pDNA does not adsorb onto MWCNTs, considering the
conditions in study. When using a mixed sample with a final concentration of 500 pg/mL
(Figure 29 C), it was tested the addition of a second cycle, since not all RNA was captured
in the first cycle due to its higher concentration. This second cycle proved to be effective
in removing additional RNA, contributing to greater clarification of the pDNA, without

compromising selectivity.
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25% RNA/75% 50% RNA/50% 75% RNA/25% 25% RNA/75% 50% RNA/50% 75% RNA/25%
DNA DNA DNA DNA DNA DNA

pDNA

25% RNA/75% DNA 50% RNA/50% DNA 75% RNA/25% DNA

Figure 29 - Agarose gel electrophoresis of RNA and DNA mixtures before and after <10
MWCNTs extraction procedure with three different ratios. A: 175 png/mL; B: 350 pg/mL; C:
500 pg/mL. Si-Initial sample; F1-Sample after first adsorption cycle, comprising all solutes not adsorbed
to MWCNTs; F2-Sample after second adsorption cycle comprising all lysate solutes not adsorbed to
MWCNTs.

The robustness and potential of MWCNTs adsorption capacity were demonstrated
through this experiment, since it was showed the possibility of being applied even to
more concentrated samples, as demonstrated with 75% RNA/25% pDNA ratio, without

losing selectivity.
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4.6. Quantification of pDNA

Another crucial aspect for the validation of this pDNA clarification procedure is to
understand if some pDNA unspecifically adsorbs onto the carbon nanotubes, as this
could represent the loss of pDNA and a decrease in its recovery yield. Although selectivity
has already been verified and analyzed by qualitative methods, it was essential to
quantify the fraction of pDNA that could be lost. Therefore, an assay was performed, with
the same conditions optimized before, but with a pDNA sample (Figure 30). For a more
accurate analysis and quantification of pDNA, an analytical chromatographic assay was
carried out, using the CIMac monolithic column. For this, a pDNA control sample with
175 ug/mL of concentration was injected onto the column, and the same sample was
subjected to the established adsorption protocol with MWCNTs, to further quantify the
pDNA that remains in the supernatant (not adsorbed pDNA). Through the analysis of
the peaks, it could be seen that there was a slight reduction in the peak size corresponding
to the pDNA after the clarification process. By integrating the peaks, it was possible to
obtain their areas and determine the quantity of pDNA lost. Table 7 shows the peak area
data, as well as the corresponding concentration. It is possible to verify that using
MWCNTs to clarify the pDNA sample, 86% of pDNA remains in the supernatant, while
13.9% of pDNA is adsorbed onto MWCNTs, representing some loss of pDNA. Compared
with other reported methods for isolation of pDNA, this approach shows similar or better
results when analyzing the percentage of pDNA recovered. Liu (2012) used gold
nanoparticles and graphene oxide for DNA isolation and reported a recovery of
approximately 80% of DNA during the procedure [96]. In a similar work, Chen and co-
workers reported a 31% of pDNA recovered when using hemoglobin modified magnetic
nanocomposites as a solid-phase adsorbent for isolation of pDNA [97]. Thus, considering
the efficiency in pDNA clarification, as-grown MWCNTs and the method here described

can be effectively used.
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Figure 30 - Representative chromatogram of pDNA after MWCNTs clarification procedure.
The peak with dark blue represents pDNA before clarification procedure and the peak with light green line

represents pDNA after clarification procedure.

Table 77 - Assessment of peak area and corresponding pDNA concentration.

Peak area [pDNA] (ug/mL)

Control pDNA 225.8 206

{\)/Rgg ;’Iif;er clarification by 195.8 178

4.7. The integrity of pDNA after the clarification

procedure
To assess the integrity and stability of plasmid DNA recovered from the MWCNTs

extraction procedure, a circular dichroism (CD) analysis was performed. For comparison
purposes, it was analyzed a pDNA control sample (purified by a commercial kit), and the
pDNA that was recovered from the supernatant (not bound species) of the adsorption
experiment done with MWCNTs. Figure 31 shows that both curves have similar shapes

with a negative band near 245 nm and two positive bands at 220 and 275 nm, which are
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the characteristics bands of DNA, corresponding to n- 7t base stacking and DNA helicity.
The results indicate that no significant alterations in the secondary structure of pDNA
occur, during the clarification process with CNTs. Hence, the extraction procedure does

not compromise pDNA integrity, allowing to maintain its native conformation.

10

CD (mdeq)

Before MWCNTs assay

After MWCNTs assay

T - T
250 300
Wavelength (nm)
Figure 31 - CD spectra from 210 to 320 nm, of pDNA before and after MWCNTSs extraction

assay. Dark blue line represents control pDNA before the extraction procedure and light blue line represents

pDNA after extraction procedure.

4.8. Clarified pDNA quality control
The E. coli lysate sample used in assays was not clarified, presenting a great diversity of
biomolecules, like RNA, gDNA, proteins, endotoxins, and other impurities. These
impurities represent more than 90% of the total mass of solutes and should be
substantially cleared from the sample, in order to recover pure pDNA. Hence, several
assays were performed to assess the capability of MWCNTSs to remove impurities and

clear up the pDNA sample.
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4.8.1.Total protein quantification
Itis reported that E. coli, the primary host for pPDNA production, comprises around 4300
protein-coding genes [98]. Given this diversity, the removal of these biomolecules must
be considered since they pose some risks and can induce immunogenic responses, upon
administration of biopharmaceuticals. In 2003, Wang’s research group demonstrated
that several peptides presented affinity and could bind non-covalently through
hydrophobic interactions to carbon nanotubes [99]. Since then, many studies have
shown the capability of CNTs to adsorb proteins. In this regard, quantification of protein
was performed through the Bradford protein assay on the clarified E. coli lysate after the
clarification procedure with MWCNTSs. The results suggested that a significant protein
capture is also obtained with as-grown MWCNTSs reducing by almost half the quantity of
proteins initially present in the lysate sample (Table 8). It was also tested the
performance of the same batch of MWCNTs for protein removal for three consecutive
assays, applying a new E. coli lysate sample at the start of each cycle, as it is represented
in Figure 32. The results are auspicious since MWCNTSs showed to maintain their

performance on reducing protein levels throughout all assays.

Table 8 - Total protein amount of the crude E. coli lysate and the clarified lysate after
MWCNTs capture procedure. Values were calculated with the data obtained from three independent

measurements (mean + SD, n = 3).

[Protein] (pg/mL)

Crude E. coli lysate 300

Clarified lysate after extraction 178
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Figure 32 - Protein adsorption capacity by <10 MWCNTs through three consecutive cycles.

Values were calculated with the data obtained from three independent measurements (mean + SD, n = 3).

4.8.2. Genomic DNA quantification
Genomic DNA in biopharmaceutical products always presented a concern for regulatory
agencies and the biopharmaceutical industry. The main apprehension here is that
residual fragments of foreign gDNA can be inserted into the genome of the patient [47].
In this regard, it is of the utmost importance to remove residual levels of this molecule
from the pDNA biopharmaceutical sample. If this reduction could be achieved since the
first clarification steps, would be of great advantage, as it would simplify the downstream
processing for further purification of pDNA. Quantification of gDNA present in the
clarified lysate and in the pDNA sample recovered from the clarification step with
MWCNTs was performed by qPCR. The results presented in Table 9 show that the
clarification procedure reduces approximately 6 times the gDNA concentration present
in E. coli lysate, going from 160 pg/mL in the initial lysate sample to 26 pg/mL after the
clarification procedure. Witek and research team (2006) reported a purification and
preconcentration of gDNA from E. coli cell lysate using photoactivated polycarbonate
microfluidic chips. After the recovery process capture efficiency of gDNA was estimated
to be 39% for 0.05 mg/ml E. coli cell suspension, and 85% when the cell suspension
concentration was set below 0.02 mg/ml [100]. In this work, through MWCNTs it was
obtained a gDNA reduction of approximately 84%. Despite being a clarification step, a
significant reduction of gDNA is achieved, what can greatly simplify the subsequent

purification stage.
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Table 9 - Quantity of genomic DNA on the crude E. coli lysate and in the clarified lysate after
MWCNTs procedure. Values were calculated with the data obtained from three independent

measurements (mean + SD, n = 3).

[gDNA] (ug/mL)

Crude E. coli lysate 160
Clarified lysate after MWCNTSs 26
4.8.3. Overall analysis of contaminants

Once completed the quantification and assessment of the major contaminants present in
the sample, a more global analysis was made. Through the AKTA Pure equipment, it was
performed several sample injections onto CIMac analytical column. For this assay, it was
again used the E. coli lysate as a sample, and three consecutive clarification cycles were
performed, with the same sample, to see the differences in chromatographic profile
between the initial sample and subsequential runs. Represented in Figure 33 are the
chromatographic profiles of the initial sample and three consecutive cycle samples. The
first peak comprises all contaminants present in the sample that do not interact with the
column. On the other hand, the second peak appears after applying the elution buffer
and includes some contaminants and pDNA. From the analyses of the chromatographic
profile, it is possible to verify that this extraction procedure has the potential to remove
a significant amount of impurities, not significantly altering the pDNA corresponding

peak throughout the three cycles.

After all quantification analyses, an estimate was made of the percentage of each studied
constituent of the lysate sample to help visualize the impact of this technology on
reducing contaminants. This representation is presented in Figure 34. After the
clarification procedure, all impurities are substantially cleared out, and a pDNA-
enriched sample is obtained. As Prazeres (2011) referred in his work, the intermediate
recovery step has the main objective of clarifying impurities to end up with a solution
where pDNA accounts for approximately 50% of all solutes, reducing the burden
imposed on the high-performance/high-cost unit operations [47]. Overall, this process
presents good efficacy since the percentage of pDNA in the clarified sample is around

50%.
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Figure 33 - Representative chromatogram of E. coli lysate before and after <10 MWCNTs

clarification procedure thorough three consecutive cycles.
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Figure 34 - Graphical representation of the estimated percentage of studied constituents

present in E. coli sample, before and after MWCNTSs clarification procedure.
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CHAPTER 5
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5.Conclusions and Future Perspectives

The demand for plasmid DNA for both gene therapy and vaccine development has been
immense. This exponential interest led to the necessity to develop efficient purification
strategies of these biomolecules to obtain them with total integrity, highly pure, and
biologically active. To respond to this challenge, carbon nanotubes were explored as a
new promising tool for clarification and pre-purification of pDNA. In this sense, multi-
walled carbon nanotubes were employed for solid-phase extraction in a complex matrix
sample. The goal was to extract impurities like RNA, proteins, and gDNA, leaving a
clarified pDNA sample, reducing the number of steps and time spent in downstream

processes.

First, RNA adsorption assays were carried out to understand the optimal conditions to
adsorb RNA. Experimental results suggest that the clarification process is associated
with the diameter of carbon nanotubes, since to the smaller diameter corresponded a
higher adsorption capacity. In this sense, MWCNTs with <10 nm of diameter were
chosen with the best adsorption capacity. Moreover, from the study of the mechanism of
interaction it was verified that RNA adsorption was mainly dependent on the
hydrophobic interactions between the nitrogen bases of RNA and the aromatic surface
of MWCNTs. This also led to preferred adsorption of single-stranded nucleic acids with
more available exposed bases, as is the case of RNA, in comparison to pDNA. For the best
performance of MWCNTSs and to gain economic advantages, regeneration and reusability
are key aspects to be evaluated. In this sense, a two-step desorption strategy was
established, based on the use of 1 M NaOH after Tween-20 0.5%, and the regeneration
and reuse of MWCNTSs was successfully achieved. MWCNTSs demonstrated good stability
and efficiency throughout three adsorption cycles. Most importantly, when a complex E.
coli lysate sample was applied, MWCNTs proved to have a great adsorption capacity even
in a complex matrix, adsorbing all RNA present in the sample, with only three cycles,
with no apparent pDNA capture. Actually, it was also verified that this methodology
allows the recovery of pDNA in a stable form and with high recovery yield. The MWCNTs
were also studied regarding their safety when in contact with a human cell line, and no
cytotoxic effects have been observed. To better address the purity level of pDNA, it was
studied the removal of other bacterial components that could cause immunogenicity, like
proteins and gDNA. With these assays, it was verified that the clarification procedure

could significantly reduce proteins in 41 % and gDNA in 84%.

Altogether, this work shows that as-grown MWCNTSs can be considered a promising

adsorbent for pDNA clarification. MWCNTs can be potentially used as a simple, efficient,
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and reliable method for pDNA isolation from bacterial lysates, removing a vast amount
of the major impurities present in the sample with a great adsorption capacity without

using any organic solvent.

Although the great potential demonstrated by MWCNTs, further studies are still
required. Thus, for future perspective, the work will focus on improving the desorption
and regeneration of the carbon nanotubes by finding a milder desorption strategy that
enables the recovery of RNA adsorbed with good integrity. It would also be interesting to
explore more specific interactions between CNTs and nucleic acids by functionalization

and conjugate this method with a possible delivery strategy.
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