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Resumo

Os microRNAs (miRNAs) tém sido estudados relativamente a sua funcao de regulacao
da expressao génica a nivel pos-transcricional, pensando na possibilidade de estabelecer
novas estratégias de tratamento. O pré-miRNA-29 é a forma precursora do microRNA-
29, um pequeno RNA nao codificante que desempenha um papel importante no
silenciamento génico, e que estd envolvido em varios mecanismos celulares,
nomeadamente nas doencas neurodegenerativas. Para considerar a aplicacao
terapéutica, sao necessarios processos de producao eficientes e economicamente viaveis
para obter estes biofarmacos, assegurando a sua integridade, pureza, estabilidade e
bioatividade. Assim, neste trabalho é proposto um método de purificagdo utilizando
suportes cromatograficos a base de Liquidos I6nicos (ILs). Os ILs sao descritos como
compostos i6nicos que apresentam um ponto de fusdo inferior a 100 °C, e sdo
normalmente compostos por catioes organicos e assimétricos e de anides organicos ou
inorganicos. Estes compostos podem ser selecionados e desenhados de acordo com as
suas propriedades, tais como polaridade, densidade e viscosidade para alcangar uma
maior eficicia no que diz respeito a sua aplicacdo na purificacdo e estabilizacao dos
acidos nucleicos. A aplicacdo de liquidos i6nicos suportados (SILs) na purificacdo do
RNA ¢ altamente inovadora e pode levar ao estabelecimento de métodos de purificagao
vantajosos.

Neste trabalho, o SIL estudado resultou da modifica¢ao de silica com o cloreto de 1-(3-
aminopropil)imidazol, sendo denominado SilPrImPrACIl. Inicialmente, foi realizado um
estudo das melhores condi¢des experimentais, em termos de pH e forca idnica, para
promover a ligacao e eluicio do RNA. Além disso, com o objetivo de desenvolver um
desenho experimental, foram otimizados fatores-chave a 3 niveis, sendo eles a massa
injetada de RNA, a concentracao de NaCl no passo de ligacao, e a concentracao de NaCl
no passo de eluicdo, utilizando o Central Composite Design (CCD) como modelo. A
anélise estatistica dos resultados mostrou que este modelo nao era o mais adequado para
a otimizacdo da purificacao do pré-miRNA-29b, no entanto, foram efetuadas analises
adicionais para compreender a influéncia dos fatores estudados na recuperacao, fator de
purificagdo e remocao de impurezas. Assim, foi possivel estabelecer algumas condigdes
que levaram a uma recuperacao relativa de 35,1% e um fator de purificacao de 1,55. Além
disso, relativamente aos niveis de impurezas, verificou-se que o processo foi capaz de
remover 78% das proteinas e 70% do gDNA presente na amostra inicial, provando a

eficacia deste SIL para a purificacado do RNA e particularmente do pré-miRNA-29b.
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Abstract

MicroRNAs (miRNAs) have been studied regarding their biological role in gene
expression regulation at post-transcriptional level, envisioning the establishment of new
treatment strategies. Pre-miRNA-29 is the precursor form of microRNA-29, a small non-
coding RNA that plays an important role in gene silencing, and proved to be involved in
several cellular mechanisms, namely in neurodegenerative diseases. To consider the
therapeutic application, efficient, and economically feasible manufacturing processes are
required for obtaining these biopharmaceuticals, assuring their integrity, purity,
stability, and bioactivity. Thus, in this work it is proposed an alternative purification
method using Ionic Liquids (ILs)-based chromatographic supports. ILs are described as
ionic compounds that present a melting point below 100 °C and are normally composed
of large and asymmetric organic cations and organic or inorganic anions. These types of
compounds can be tailored in terms of their properties, such as polarity, density, and
viscosity to achieve their effectiveness regarding the purification and stabilization of
nucleic acids. The application of Supported ILs (SILs) in RNA purification is highly

innovative and can lead to the establishment of advantageous purification methods.

Herein, the SIL under study resulted from the functionalization of silica with the 1-(3-
aminopropyl)imidazole chloride, which was named as SilPrImPrACI. First, a screening
of the best experimental conditions, in terms of pH and ionic strength, to promote
binding and elution of RNA was carried out. Moreover, in order to develop an
Experimental Design, key factors were optimized at 3 levels, using the Central Composite
Design (CCD) as model. The statistical analysis of the results showed that this model was
not the best fit for the optimization of the purification of pre-miRNA-29b, however
further analysis was carried out in order to understand the influence of the factors
studied in the recovery, purification factor and removal of impurities. Thus, it was
possible to establish some conditions conducting to a recovery and purification factor of
35.1% and 1.55, respectively. Furthermore, it was verified that the process was able to
remove 78% of proteins and 70% of gDNA present in the initial sample, proving the

effectiveness of this SIL for the purification of RNA and particularly the pre-miRNA-29b.

Keywords

Pre-miRNA-29b, supported ionic-liquids, chromatography, design of experiments.

10



11



Table of Contents

Chapter 1 - INtrOAUCHION ... ..eicciiiieiieiciie et e ettt e e steesete e e eeaeesaaeessaaeessaeesssaessssaeessseennns 1
11, NUCIEIC ACIAS .evevienrieieiteieeteteteetee ettt sttt e sbe st st ne b snneas 1
1.1.1. Nucleic acids-based therapeutics .........ccceevueeeeieeeiiieeeiieeereeecee e eeeeeevee e 3
3 B2 T 8\ NP 3
1.2.1.  Coding and Non-coding RNAS.........ccccceerrierriiereiieieieieeseeessseeesseesssnessssnessnns 4
1.3.  Small RNA ProdUCHON .....eeevriiiiiiieiniieeeiieeete et esite et e e steeesaeessaeessereessaneessnnes 7
1.3.1. Chemical SYNTHESIS ....uiiiriiiiieiieieiiecieeceere et re e e sae e e saeeeesaaaees 7
1.3.2.  In vitro transcription (IVT) ..cccciieiieiiiieirieeeitecsre ettt ssre e sae e ae e 7
1.3.3. Recombinant RINA .........ooo ittt e e e e aa e e e e aae e e e e aaaaeaas 8
1.3.4.  RNA biosynthesis in Rhodovulum sulfidophilum........cc.cccceevuiiriiiiniieernnennnnen. 9
1.4. RNA purification by Chromatography ..........cccccoeveiiiiniiniiniiieeeeeeeeeeeee 9
1.4.1.  Size exclusion chromatography (SEC)......cccccevvueiriieiniieiniieenieeenieeesieessveeenne 10
1.4.2.  Ion-exchange chromatography (IEC) .......cccccoovieiriieiniiieiniiieinieeenieeenieesseeeenne 11
1.4.3.  Hydrophobic interaction chromatography (HIC) .......cccccevvieriiiriiensennieneenne. 11
1.4.4. Reverse-phase chromatography (RPC) .....c.ccceeveriiiriiiniieniienienreeneeereeeeeee 12
1.4.5.  Affinity chromatography (AC) .....ccceeeeieeeiiieeeiieeeiieeecreeeeeesree e reeeeaeeesvaeenns 12
1.5.  Supported Ionic liquids (SILS) ...ccueeeeureerrreeeireeeiieeeieeeesreesiseeescreeessseeessseesssseeenns 14
1.5.1.  Brief introduction Of IS ........ccceeeiiiieeeiieee e eeeieeeeceerreeeeeerreeeeeenaeeeens 14
1.5.2.  Biocompatibility Of TS ....ccceeeiiieiiiieciieeccreeccee e vee e ae e e aee e 15
1.5.3.  SILs as Chromatographic MatTiCes........cccceeerurieiiriireeeeeiieeeeecreeeeeceeeeeeeaneeeens 16
1.5.3.1. Silica Supported Ionic Liquids (SSILS) ...ccueeeeeeeeeieercireeeieeeeieeeeieeeeveeeeeneens 18
1.5.3.2. Polymeric Supported Ionic Liquids (PSILS) ...cccecevureerieciieeeecireeeeecieeeeeeeeee 19
1.6.  Experimental design in chromatography.........cccccoeeeiieiieeiiiieiccieeecceeeeceee, 19
) SR T5 DR O 10 :1 110 o) 740 D 1CS) o4 o W SRS 19
1.6.2.  Experimental DeSIZN ......cccccouiiiiiiiiiiiieiiiecccitee e cee et e e e e aaae s 20
1.6.3.  Factorial designs ......c.ceoiieiiiiiiiiiieieeeeeeetee ettt 21
1.6.4.  Plackett-Burman design .........ccocueeviiriiriieniieerieeieeteeieeete et 22

12



1.6.5.  Central Composite deSign........ceceeruiiriiiriiieniieerieeieete ettt 22

1.6.6.  BOX-Behnken deSign .......ccccciieiiieiiiiiiiiecieecteeccte e eee e saee e s aneesvae e vaeeas 23
1.6.7. MiXtUIE AESIZM ..uiiieiieieiieeeiieecieeecte e et e e e e eeteeesaeeestaeesseaeessaeessaeeessaeesssnaens 23
1.6.8.  Liquid chromatography (LC) optimization ..........cccceeevveeevieercieenieeeniieeeeenenn. 24
Chapter 2 — GLobal AIMS .....coccuiiiiiieiciieecee ettt re e re e e sere e e saae e s aaeesaaeesanaas 25
Chapter 3 — Materials and methods.........cccceevueeieiiiieiieccieeceeccree e 26
LT TV £ (<) w F=1 KT RO 26
LT TV (=Y 1 o Lo Yo [ RO 28
L7025 RN 5 ¢o Yo L1 (i 5 1o ) ¢ WUUUUUR RSO 28
3.2.2.  Low molecular weight RNA eXtraction.........ccceceeeeeveeeeieeesreeesneessneessnneesnnens 28
3.2.3.  Chromatography aSSaYS.......cccceeveerrrierniieernieeniieensreessreesssreesssseesssseessseeessnnes 29
3.2.4.  ColUMN IreZENETATION ...ccvieeiiieiieeieeieeeie et eeee et este et e e e s sae e s e e e saeessaesaeenseans 30
3.2.5.  Urea-PAGE analysiS.......ccccevieiriiiiniiieniiieinieessieessreessreessireessaneessseessaeesaneas 30
3.2.6.  Experimental design for optimization of pre-miR-29 purification................. 30
3.2.7.  Protein quantification.......cocceieviieieiiieiiiiieiecceccrecee e 32
3.2.8.  gDNA quAntification ....cccueeeieeiieiieeeeeeeeee ettt 32
Chapter 4 — Results and diSCUSSION ......ccccueeiriieiiiiieiiiiieirieecrre e eesreesseeeseaeessraeesanees 34
4.1. Initial screening of optimal conditions for pre-miRNA-29b purification........... 34
4.1.1. Screening at PH O...ccccveiiiiiriiieeeiiteeeeiteeeeeree et e e s srre e e e st e e e s ssreeesssaseaees 34
4.1.2.  SCreening At PH 7. .uuviiiiiiiieiecieeectte ettt e s rre e s e sare e e s ara e e s e saaae e e nanes 37
4.1.3.  Screening at PH 8 ....ccoiiiiiiiiiiieeccteeecteee e aa e e e e 39
4.1.4.  FiNAl SCIEENING .....uvviiiiiiiieeiciiie ettt e et e s e erre e e s eare e e s s aae e s e e anaaeesnnns 42
4.2. Design of Experiments (DOE)......cccoeievieieiiiiieiiieeciiecceeecereeecreeeseneeevneeeeeaeesennes 44
4.2.1.  Model validation and reproducibility .........cccceceiieiieiiieiiiiiieeeeeceee e 50
4.3. Final optimizZation .........coiceiiiiiiiiiiieecceee e eeee e e s ae e e s e saaee e e e 51
Chapter 5 — Conclusions and future perspectives.........ccccceeeeeuieeereiieeeeecieeeeeeeeeeeeeeens 53
Chapter 6 — BiblIOZraphy ........ccoicciiiiiieiiieeceeee ettt e e ee e e e s eaa e e s e eaaeeeeeanes 55

13



14



List of Figures

Figure 1 - The elements constituting both DNA and RNA molecules: A) The five
nitrogenous bases divided in purines (A, G) and pyrimidines (U, T, C). B) The two
pentoses that constitute RNA (a-D-ribose) and DNA (2-deoxy-a-D-ribose). C) Phosphate

group, common to both molecules (Adapted from [20]). ..ccccceervvierivieiriieeniieerieenieenn. 2
Figure 2 — General classification of RNAs (adapted from [14, 21])...cccccceervieerviennnnn. 4
Figure 3 - Biogenesis and mechanism of action of miRNA (adapted from [12])............ 7

Figure 4 - Schematic representation of ionic liquid based aqueous biphasic system...15
Figure 5 - Immobilized ILs in stationary phases: (A) and (B) Ionic liquids immobilized
via their cations or anions; (C) and (D) zwitterionic immobilization; (E) co-
110000010) 3180z XuTe) s o) i 10) o 1 lrrZ8K <10 J AP 17
Figure 6 - Representative scheme of full factorial design (A) and fractional factorial
design (B) (Adapted from [O1]). coccceeirvieiniieiieerieecieeere et esre e re e sneees 21
Figure 7 - Representation of the three design points of Central Composite Design
(Adapted frOIm [O1]). ccveeeeieiereiieeieeecie ettt e s sre e s see e s saae e s ssaeesssaeesssaeesssaaens 22
Figure 8 - Representative scheme of Box-Benheken Design (Adapted from [91])...... 23
Figure 9 - Calibration curve obtained for the protein quantification, using BSA
Y £21 016 F21 4 LT RR RO RR 32
Figure 10 - Calibration curve obtained from the analysis of gDNA standards in a range
of concentrations from 0.005 t0 50 NE/UL.......eeeerireeiieeeeieeeireeceree e e e e ceee e areeeenees 33
Figure 11 — Representation of the chemical structure of SilPrImPrAClI support. ....... 34
Figure 12 - Chromatograms representing the binding and elution profile at pH 6 and
respective UREA-PAGE electrophoresis. .........coocueeveerierieenieeeeieeeesteeeee e 36
Figure 13 - Chromatograms representing the binding and elution profile at pH 7 and
respective UREA-PAGE Gel electrophoresis. ........ccceerieereenieniennienieneeeeceeeeeeeeeens 38
Figure 14 - Chromatograms representing the binding and elution profile at pH 8 and
respective UREA-Page Gel electrophoresis. .......cccccvieiieciieeiiciiieecccieeececiee e eeecvee e 40
Figure 15 - Chromatograms representing the binding and elution profile at pH 7.5 and
respective UREA-PAGE Gel electrophoresis. .......cccuveeeieciieeiicciieeeccieeeeeieeeeecveeeeeens 43
Figure 16 - Three-dimensional response surface plot of interactions of variables
binding, elution and loaded mass of RNA and its effect on the percentage of relative
recovery response. One parameter for each graph is at a hold value, corresponding to the
central point of the absent variable. ..........cccoooiiriiiiiiniiiee e 48
Figure 17 - Three-dimensional response surface plot of interactions of variables
binding, elution and loaded mass of RNA and its effect on the purification factor
response. One parameter for each graph is at a hold value, corresponding to the central

point of the absent variable. ..........ccuuiiiiiiiiicce e 49

15


file:///C:/Users/sergi/Desktop/Purification%20of%20pre.docx%23_Toc125418274
file:///C:/Users/sergi/Desktop/Purification%20of%20pre.docx%23_Toc125418274
file:///C:/Users/sergi/Desktop/Purification%20of%20pre.docx%23_Toc125418274
file:///C:/Users/sergi/Desktop/Purification%20of%20pre.docx%23_Toc125418274
file:///C:/Users/sergi/Desktop/Purification%20of%20pre.docx%23_Toc125418275
file:///C:/Users/sergi/Desktop/Purification%20of%20pre.docx%23_Toc125418276
file:///C:/Users/sergi/Desktop/Purification%20of%20pre.docx%23_Toc125418277
file:///C:/Users/sergi/Desktop/Purification%20of%20pre.docx%23_Toc125418279
file:///C:/Users/sergi/Desktop/Purification%20of%20pre.docx%23_Toc125418279
file:///C:/Users/sergi/Desktop/Purification%20of%20pre.docx%23_Toc125418280
file:///C:/Users/sergi/Desktop/Purification%20of%20pre.docx%23_Toc125418280
file:///C:/Users/sergi/Desktop/Purification%20of%20pre.docx%23_Toc125418281
file:///C:/Users/sergi/Desktop/Purification%20of%20pre.docx%23_Toc125418282
file:///C:/Users/sergi/Desktop/Purification%20of%20pre.docx%23_Toc125418282
file:///C:/Users/sergi/Desktop/Purification%20of%20pre.docx%23_Toc125418283
file:///C:/Users/sergi/Desktop/Purification%20of%20pre.docx%23_Toc125418283
file:///C:/Users/sergi/Desktop/Purification%20of%20pre.docx%23_Toc125418284
file:///C:/Users/sergi/Desktop/Purification%20of%20pre.docx%23_Toc125418285
file:///C:/Users/sergi/Desktop/Purification%20of%20pre.docx%23_Toc125418285
file:///C:/Users/sergi/Desktop/Purification%20of%20pre.docx%23_Toc125418286
file:///C:/Users/sergi/Desktop/Purification%20of%20pre.docx%23_Toc125418286
file:///C:/Users/sergi/Desktop/Purification%20of%20pre.docx%23_Toc125418287
file:///C:/Users/sergi/Desktop/Purification%20of%20pre.docx%23_Toc125418287
file:///C:/Users/sergi/Desktop/Purification%20of%20pre.docx%23_Toc125418288
file:///C:/Users/sergi/Desktop/Purification%20of%20pre.docx%23_Toc125418288
file:///C:/Users/sergi/Desktop/Purification%20of%20pre.docx%23_Toc125418289
file:///C:/Users/sergi/Desktop/Purification%20of%20pre.docx%23_Toc125418289
file:///C:/Users/sergi/Desktop/Purification%20of%20pre.docx%23_Toc125418289
file:///C:/Users/sergi/Desktop/Purification%20of%20pre.docx%23_Toc125418289
file:///C:/Users/sergi/Desktop/Purification%20of%20pre.docx%23_Toc125418290
file:///C:/Users/sergi/Desktop/Purification%20of%20pre.docx%23_Toc125418290
file:///C:/Users/sergi/Desktop/Purification%20of%20pre.docx%23_Toc125418290
file:///C:/Users/sergi/Desktop/Purification%20of%20pre.docx%23_Toc125418290

Figure 18 - Representative chromatograms for the validation of the method. ........... 50
Figure 19 - Representative chromatogram of the final assay for the purification of pre-

miRNA-29b and respective UREA-PAGE Gel electrophoresis. .......c.ccceeceeeerneenneennnnens 51

16


file:///C:/Users/sergi/Desktop/Purification%20of%20pre.docx%23_Toc125418291
file:///C:/Users/sergi/Desktop/Purification%20of%20pre.docx%23_Toc125418292
file:///C:/Users/sergi/Desktop/Purification%20of%20pre.docx%23_Toc125418292

17



List of Tables

Table 1 — General characterization of DNA vs RNA (Adapted from [5]). ..ccccceeveveennnnen. 1
Table 2 - Applications, advantages and disadvantages of various screening and
optimization models of experimental design (FFF: Full Factorial Design; FrFD:
Fractional Factorial Design; PBD: Plackett-Burman Design; CCD: Central Composite
Design; BBD: Box-Behnken Design; MD: Mixture Design)........ccceceveeeeveeeceeencreeencnnenn. 20
Table 3 — Factors and respective low, medium, and high values for the optimization of
pre-miRNA-29b PUTrifiCation. ......ccccuiieiiiiieciieccieeccre e sae e e sae e e 31
Table 4 — Central Composite Design runs and obtained responses (A: loaded mass of
RNA, B: [NaCl] in binding, C: [NaCl] in elution, R1: percentage of relative recovery, R2:
PUTIfICAtiON TACLOT). .uiiiiiiiiiiieiiiieecie ettt e s re e s saa e e s saaeesraeesaaeesanaenans 44
Table 5 — ANOVA table for Central Composite Design model (R1: percentage of relative
recovery response; R2: purification factor reSponse). .......ccccceeeeveeecreecceeeecieeeeceeeennen. 46
Table 6 - Protein and gDNA quantification in the initial sample, binding step, and

Lo LR (0] 4 1] () T USRS 52

18



19



List of Acronyms

ABS
AC
AEXC
BBD

CCD
circRNA
DNA
DVB

E. coli
FFD
FrFD

gDNA

HIC

HPLC

IEC

IL

IVT
IncRNA
MD
miRNA
mRNA
ncRNA
PBD
pDNA
piRNA
pre-miRNA
pri-miRNA
PSILs

RdV

RISC

RNA

Adenine

Aqueous Biphasic System

Affinity Chromatography

Anion Exchange Chromatography
Box-Benheken

Cytosine

Central Composit Design

Circular RNA

Deoxyribonucleic Acid
Divinylbenzene

Escherichia coli

Full Factorial Design

Fractional Factorial Design
Guanine

Genomic DNA

Hydrophobic Interaction Chromatography
High-Performance Liquid Chromatography
Ion Exchange Chromatography
Ionic Liquid

In Vitro Transcription

Long non-coding RNA

Mixture Design

Micro RNA

Messenger RNA

Non-coding RNA
Plackett-Burman Design

Plasmid DNA

Piwi-interacting RNA

miRNA precursor

Primary miRNA

Polimeric Supported Ionic Liquids
Rhodovulum sulfidophilum
RNA-induced silencing complex

Ribonucleic Acid

20



RNase
rRNA
SEC
SILs
siRNA
snoRNA
snRNA
SSILs

VBC

Ribonuclease

Ribosomal RNA

Size Exclusion Chromatography
Supported Ionic Liquids
Short-interfering RNA

Small Nucleoar RNA

Small Nuclear RNA

Silica Supported Ionic Liquids
Uracil

Vinylbenzyl Chloride

21



22



Chapter 1 - Introduction

1.1. Nucleic Acids

Nucleic acids, deoxyribonucleic acid (DNA) and ribonucleic acid (RNA), are natural
biopolymers of nucleotides that store, encode, transmit and express genetic information
[1]. DNA is composed of a phosphate and a 2-deoxy-a-D-ribose sugar backbone and the
nitrogenous bases adenine (A), cytosine (C), guanine (G), and thymine (T), while RNA
has a a-D-ribose sugar backbone and another base, uracil (U), instead of T, as described
in Table 1. Notice that nitrogenous bases can be classified into two classes: purines, that
include adenine and guanine, and pyrimidines, which include cytosine, thymine and
uracil (Figure 1). The combination of the nitrogenous base, sugar and phosphate group
are called nucleotide, which is the repeating unit of the nucleic acids, linked together by
phosphodiester bonds. In DNA, single stranded chains can form double helix structures
when hybridizing to complementary sequences, following the Watson-Crick base-pairing
rules (A:T, G:C) [2, 3].

DNA and RNA play crucial roles in diverse biological events, thus it is unsurprising that
there are already about 17 nucleic acid-based biopharmaceutical products approved by
Food and Drug Administration (FDA) or/and the European Medicines Agency (EMA).
These approved drugs comprise a variety of DNA and RNA agents with different
functions, which can either directly act on the pathogenic target gene or in a target
messenger RNA. Regarding gene therapy application, therapeutic nucleic acids can be
also used for gene silencing or activation therapy at the post-transcriptional level.
Compared with traditional drugs that act at a protein level, nucleic acid-based
biopharmaceuticals have obvious advantages of having high specificity, high efficiency,

and long-term effect [4].

Table 1 — General characterization of DNA vs RNA (Adapted from [5]).

Characteristics DNA RNA
Type of sugar Deoxyribose Ribose
Presence of 2°-OH group No Yes
Bases Purines A G A G
Pyrimidines C,T c,uU
Nucleotides joined b
phosphodies{(er bond\g Yes Yes
Double or single stranded Double Single
Secondary structure Double helix Variable

Stability Stable Easily degraded
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Figure 1 - The elements constituting both DNA and RNA molecules: A) The five nitrogenous bases
divided in purines (A, G) and pyrimidines (U, T, C). B) The two pentoses that constitute RNA (a-D-ribose)
and DNA (2-deoxy-a-D-ribose). C) Phosphate group, common to both molecules (Adapted from [2]).



1.1.1. Nucleic acids-based therapeutics

Gene therapy is regarded as a potential revolution in medicine since it is focused on
treating or eliminating the causes of disease, whereas most current treatments are
focused to treat the symptoms. EMA defines a gene therapy medicinal product as a
product that contains an active substance that consists of a recombinant nucleic acid
used in or administered to human beings to regulate, repair, replace, add, or delete a
genetic sequence; or its therapeutic, prophylactic or diagnostic effect relates directly to
the recombinant nucleic acid sequence it contains, or to the product of gene expression
of this sequence [6, 7]. Essentially, this form of therapy involves the use of nucleic acids
such as DNA, mRNA, microRNA, small interfering RNA, and also antisense
oligonucleotides in the treatment, cure, or prevention of diseases by delivery of a
functional therapeutic gene as a substitute for the defective or missing endogenous
counterpart or by reducing the levels of a harmful defective gene product [8, 9].

Gene therapy can take place either ex vivo or in vivo. In the ex vivo approach, cells are
removed from the patient for transfection with the therapeutic nucleic acid, and the
therapeutic entity comprises the engineered cells, offering the advantages of more-
efficient gene transfer and the possibility of cell propagation to generate higher cell
doses. Although, it is mostly patient-specific because of cell immunogenicity and is more
expensive because of the manufacturing and quality control that cell manipulation
implies. On the other hand, in vivo gene therapy involves direct administration of the
gene by transfer vectors to patients, conferring a reduced cost [6].

For a long time, gene therapy was ineffective because of immune reactions, off-target
effects, developmental obstacles, and mutagenesis, but recently has emerged as one of
the most significant innovations in the pharmaceutical sector. Cancer is the most studied
disease reaching to clinical trials, followed by genetic, cardiovascular, and infectious
diseases [10]. As gene therapy is becoming more notorious, how to effectively
manufacture and administer gene products is a major challenge, which is being

addressed.

1.2. RNA

The general properties of RNA molecule were already described, but it should be noted
that RNA is often characterized as an unstable molecule, which is partially due to the free
hydroxyl group on the 2’-carbon atom of the ribose sugar, highly susceptible to
degradation under alkaline conditions. Although RNA is usually single stranded, short
complementary regions can pair and form secondary structures. These RNA secondary
structures are often called hairpin-loop or stem-loop structures and are determined by

the base sequence of the nucleotide chain. The formation of secondary structures plays a



significant role in RNA function, and for this reason RNA molecules have the tremendous
potential for alternative functions and, almost without exception, it acts throughout
proteins’ interactions [5]. RNA molecules are responsible for a variety of functions within
the cells, such as, carrying coding instructions for polypeptide chains from DNA to a
ribosome, incorporation of amino acids into polypeptide chains, processing, and
assembly of rRNA, translation, gene expression regulation, among others [5, 11]. The
types of RNA molecules involved in these processes can be divided into coding and non-

coding RNAs (Figure 2), which will be discussed further in the next chapters [12, 13].

<| Coding |—| mRNA |

miRNA

tRNA
<
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Figure 2 — General classification of RNAs (adapted from [17, 21]).

1.2.1. Coding and Non-coding RNAs

mRNA is a type of RNA that codes for proteins and can correct gene expression defects
or abnormalities by exogenous introduction of mRNA, or, in case of vaccination, the
mRNA expressing antigen can make the body produce antibodies and activate immune
response. This molecule has an enormous potential in life science and biomedical fields
as it can facilitate personalized medicines and allow patients to produce their own
therapeutic proteins, surpassing some limitations associated to currently used
recombinant proteins. Additionally, once the target is identified, the discovery and
design of mRNA drugs are almost pragmatic. For example, mRNA vaccines allowed us
to respond much quicker to the COVID-19 pandemic as their production is much faster
and more flexible than the production of the traditional vaccines. Moreover, a single
mRNA can express multiple proteins at the same time, which provides unique

convenience for the development of multiprotein combination therapy [4, 14, 15].



Gene expression is an essential mechanism required for all biological processes, and its
regulation has a certain importance since it defines development and homeostasis of all
cells and tissues [16]. This regulation is highly dependent on several RNAs, known as
non-coding RNAs [17] (figure 2), which can be divided into housekeeping and regulatory
ncRNAs [18, 19]. Housekeeping ncRNAs are abundantly and ubiquitously expressed in
cells to primarily regulating generic cellular functions, and include rRNAs, tRNAs, small
nuclear RNAs (snRNAs) and small nucleolar RNAs (snoRNAs). The tRNAs are
ubiquitous nucleic acid entities that are one of the most abundant non-coding RNA
molecules. They are a fundamental component of the translation machinery, responsible
for the delivery of amino acids to the ribosome to translate the genetic information in an
mRNA template-directed manner into a corresponding polypeptide chain [20]. Other
important housekeeping ncRNA is rRNA, which is a key component of the ribosome. The
snRNAs are important in RNA splicing and snoRNAs in RNA modifications [21].
Regulatory ncRNAs are usually considered as key RNA, functioning as regulators of gene
expression at epigenetic, transcriptional, and post-transcriptional levels. This class of
ncRNAs includes piRNA, IncRNA, circRNA, siRNA and miRNA [21, 22]. PIWI-
interacting RNAs (piRNAs) are a class of small RNAs that are 24—31 nucleotides in
length. They possess 2”-O-methyl modification sites at the 3° terminus and are
processed from single-stranded precursor transcripts expressed from intergenic regions
termed piRNA clusters via a Dicer-independent mechanism. When associated with PTWI
proteins, which constitute a germline-specific subclass of the Argonaute family, they
form effector complexes known as piRNA-induced silencing complexes, which repress
transposons via transcriptional or post-transcriptional mechanisms and maintain
germline genome integrity [23, 24].

Small interfering RNAs (siRNAs) are 20-25 nt in length, structurally comprising two
strands. Both strands have their 3”- and 5" -ends oriented oppositely with free phosphate
groups at the 5”-ends and 2-nucleotide overhangs at the 3”-ends. The main function of
this class of ncRNA is the cleavage of mRNA and consequently gene silencing [21, 25].
Circular RNAs (circRNAs) were discovered as a special novel type of endogenous non-
coding RNAs and represent a research hotspot in the field. Unlike linear RNAs that are
terminated with 5’ caps and 3’ tails, circRNAs form covalently closed loop structures
with neither 5'—3’ polarities or polyadenylated tails. These are molecules with a wide
range of sizes, ranging from 100 nt to over 10,000 nt. circRNAs are the circularization
product from splicing events, and can be generated from exons, introns, intergenic
regions, untranslated regions (UTRs) or even tRNAs [21, 26].

Long non-coding RNAs (IncRNAs) are a family that are usually longer than 200 nt, which

regulate various developmental and physiological processes. For example, IncRNAs can



modulate transcription, epigenetic modifications, protein/RNA stability, translation,
and post-translational modifications by interacting with DNA, RNAs and proteins [27,
28]. Micro RNAs (miRNAs) are the shorter non-coding regulatory RNAs with
approximately 19-25 nt and derived from hairpin precursors. miRNAs are small, single-
stranded, and endogenously encoded; their peculiarity of tissue-specific expression
converges in the regulation of various biological processes in more accurate way via
specific complementary binding to target mRNA, and results in either mRNA
degradation (perfect binding) or translational suppression (imperfect binding). The
biogenesis of miRNAs involves a complex process with multiple steps (Figure 3), starting
by the transcription carried out by the RNA polymerase II (pol IT). Under the catalysis of
pol II, pri-miRNA is transcribed. Subsequently, pri-miRNA binds to diGeorge syndrome
critical region protein 8 (DGCRS8) and is then processed in nucleus to form pre-miRNA
with hairpin structure, through the cleavage by Drosha. When pre-miRNA is exported to
cytoplasm by Exportin-5, is further processed by DICER, resulting the miRNA duplex.
miRNAs assemble with the mammalian Argonaute (Ago) family of proteins into an
effector complex known as the RNA-induced silencing complex (RISC). By interacting
with Ago proteins, one strand of the resulting duplex is associated with the RISC that is
a nuclease complex. The miRNA-RISC complexes target specific mRNA through perfect
or imperfect complementary binding to the 3'untranslated regions (3'-UTRs), leading to
degradation of mRNA or translation repression. Furthermore, it is known that miRNAs
can regulate a high number of target mRNAs and, conversely, a given mRNA can contain
target sites for many miRNAs [12, 29, 30].

These classes of ncRNAs can be potential biomarkers and may be directly involved in the
pathogenesis and progression of various diseases, like cancer and Alzheimer’s disease.
For that reason, the recognition of the importance of functional ncRNAs in physiological
and pathological conditions, especially the discovery of miRNA and siRNA-mediated
post-transcriptional gene regulation and RNA interference mechanisms, has

revolutionized life sciences and biomedical research [19, 29-33].
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Figure 3 - Biogenesis and mechanism of action of miRNA (adapted from [29]).

1.3. Small RNA production
1.3.1. Chemical Synthesis

This method is ideal when it comes to produce oligonucleotides shorter than 10
nucleotides, as these cannot be efficiently produced by the T7 system, but is suitable for
relativity short oligomers, up to 80 nt. The synthesis involves four main steps, first the
5 -hydroxyl protecting group of the nucleotide that is bound to the solid support is
removed to allow the 5”-hydroxyl to be attacked by the activated 3" -hydroxyl group of
the incoming nucleoside phosphoramidite monomer in the second step or coupling step.
In the third step, unreacted 5 -hydroxyl groups are blocked from participating in
subsequent reactions to avoid synthesis of side products. The fourth, and last step, the
unstable phosphite triester formed during the coupling step is converted to a stable
species by an oxidation step, and the whole cycle can be repeated to obtain the desired

length of the oligonucleotide polymer [34, 35].

1.3.2. Invitro transcription (IVT)

In vitro transcription is the most common method used for synthesizing RNA molecules.
It utilizes a DNA template with a promoter sequence for T7 RNA polymerase, which is
the most extensively studied and widely used, followed by a sequence encoding the target
molecule. The enzyme binds the template at the promoter region and starts the RNA
synthesis. The elongation of the RNA chain is finalized when the enzyme drops off 3”-

end of the DNA template. In vitro synthesis can be efficient, resulting in milligrams of



RNA sample, but a high yield depends on several factors, for example, the type of
nucleotides located immediately downstream of the T77 promoter. The transcript should
start from at least one guanosine residue, but having two or three consecutive Gs is
better. The RNA sequence can be adjusted, by simply introducing the respective changes
into the DNA template [36, 37].

1.3.3. Recombinant RNA

The chemical and enzymatic or in vitro methods mentioned before are the most
frequently used to produce RNAs efficiently. However, some limitations must be
overcome, like the constrains regarding the large-scale production of RNA or complex
purification procedures. Actually, several purification protocols to remove the
contaminants, such as impurities of plasmid DNA template, enzymes, nucleotides,
chemicals, salts, or buffers (common reagents used in chemical and enzymatic synthesis)
must be employed. The presence of these impurities can lead to non-targeted gene
silencing, which is associated with a decrease in therapeutic effectiveness and restricts
the implementation of these RNAs in pre-clinical or clinical trials [38, 39]. To overcome
this problem, recombinant expression of RNA in different microorganisms have
emerged. The expression of RNA, in vivo, follows the principle that a recombinant
plasmid encoding the target RNA is introduced into a host cell, which is then grown in
appropriate conditions. The host transcription machinery will synthesize the RNA of
interest, which will accumulate in the cytosol. At the end of the process the cells are
pelleted, lysed and the RNA is purified by standard chromatographic techniques.
Recombinant RNA expression has been mostly achieved using Escherichia coli as host,
once it can be grown easily and economically and many plasmids and strains are
available, but the possibility of using different expression hosts has already started to be
explored. Thus, lately, some strategies emerged to produce stable RNAs in E. coli, for
example, circular RNA aptamer [40], a transfer RNA scaffold [41], and a human pre-
miRNA-27b [42]. The production in E. coli is quick and efficient, and a large number of
plasmids is available, however, it is necessary to perform cell lysis and extraction, which
is time-consuming because it involves a certain number of complex steps. Another step
down is the possible release of endotoxins, which can lead to the contamination of the
target biomolecule and toxicity in vivo. The final consideration is that this bacteria
expresses several endonucleases, which make difficult to maintain the integrity of the
target RNA [33, 39]. For these reasons, other bacteria were also described as alternative
hosts for production of RNAs.



1.3.4. RNA biosynthesis in Rhodovulum sulfidophilum

In our research group, the use of Rhodovulum sulfidophilum to produce recombinant
RNA has been compared with E. coli. The study revealed that even being necessary
several purification steps to obtain RNA from intracellular fractions of E. coli, it
produced higher quantity of RNA in shorter culture time, while the use of R.
sulfidophilum as an expression host could drastically simplify the downstream processes
due to RNA secretion ability [30, 35, 41]. The marine bacteria R. sulfidophilum is a
Gram-negative bacteria and cells divide by binary fission under anaerobic conditions in
the presence of light or under aerobic conditions in the dark [43, 44]. This bacteria is
non-pathogenic and presents several advantages over E. coli, such as the capacity of
secretion of nucleic acids directly to the culture medium and the absence of detectable
host RNases in the extracellular medium [44, 45]. The research group of Kikuchi was the
first to describe the production of an RNA aptamer in R. sulfidophilum, and later, our
research group was able to produce human pre-miRNA-29b in the same host [39]. The
study was carried out by growing the transformed cells in dark-aerobic conditions, and
the production was performed during 72h, which is a longer culture time than the
established for E. coli (8h). The RNA levels were monitored during fermentation and the
results showed that the maximum level of extracellular pre-miRNA-29b was 182 ng/L at
40h and the intracellular quantity was about 358 ug/L at 32h, which is an excellent result
since the maximum level of intracellular production matches the exponential phase of
extracellular production. On the other hand, results suggest that after intracellular pre-
miRNA-29b production, this RNA is targeted to R. sulfidophilum secretory pathway,
thus explaining why the peak for the extracellular pre-miR-29b accumulation is attained
after the maximum levels of intracellular pre-miR29b, and at 40 h of fermentation, the
intracellular levels of pre-miRNA-29b are low, enhancing the fact that the majority of the
intracellular production in the first 32 h of fermentation is processed by R. sulfidophilum
secretory machinery. Shortly, this method allowed the intra and extracellular production
of human pre-miRNA-29b with high yields, proving to be an interesting substitute to the
usual methods. Moreover, this research demonstrate that this biomolecule can be
produced by recombinant technology which allows further studies in the production of

natural pre-miRNA molecules in the biomedical field [39].

1.4. RNA purification by chromatography

Liquid Chromatography is based on the principle that molecules present in a mixture can
be applied onto a stationary phase, and a mobile phase promotes the flow and separation
of the different molecules, depending on the interaction with both phases [46]. Molecules

with a high interaction with stationary phase will move through the system at a lower



velocity than those that interact preferentially with the mobile phase. The most
conventional physical configuration is column chromatography, in which the stationary
phase is packed or molded into a column, through which a mobile phase is pumped. The
sample to be separated is introduced into one end of the column and the various
components of the sample travel at different velocities through the column and are
subsequently detected and collected at the other end. There are several types of liquid
chromatography that are used, mainly differing in the type of stationary phase. For
instance, ion-exchange chromatography (IEC) is based in the net charge of the molecule,
hydrophobic interaction chromatography (HIC) in hydrophobicity, affinity
chromatography (AC) in the biological function and specific interactions and size
exclusion chromatography (SEC) relates with the size and shape of the biomolecule for

separation [47].

1.4.1. Size exclusion chromatography (SEC)

The basic principle of this method is to use porous materials to separate macromolecules
based on their differences in molecular sizes. In this chromatography technique, the
matrix is constituted of inert molecules with defined size pores. The sample solution,
containing molecules of different dimensions, is passed continuously with a constant
flow rate through the column. Molecules larger than pores cannot permeate into gel
particles, and they are not retained in the matrix. Thus, these larger molecules pass
through spaces between porous particles and move rapidly through the column. On the
other hand, the molecules smaller than the pores are diffused slowly into pores, and as
molecules get smaller, they leave the column with proportionally longer retention times.
Dextran, agarose, and polyacrylamide are some examples of materials used in SEC [46].
SEC has also accompanied the advances in RNA purification. With this technique it is
possible to separate the components of a mixture of RNAs based on their molecular size
and is the simplest type of chromatography for the purification of oligonucleotides. SEC
has contributed as a polishing step in removing salts from short oligoribonucleotides by
HPLC. This additional desalting step prevents cytotoxic effects from trace by-products
of synthesis or trace solvents which may carry over from purification. However, SEC-
based methods still require several time-consuming preparatory steps, such as
phenol/chloroform extractions to remove proteins followed by desalting and sample
concentration [38]. Puglisi and co-workers developed SEC-based purification schemes
using fast performance liquid chromatography (FPLC) systems that allowed the efficient
elimination of unreacted nucleotides, enzymes, short abortive transcripts, and the high
molecular weight pDNA template from the desired RNA product. These approaches were

performed under non-denaturing conditions, which allows the exclusive separation of
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monomeric RNA from oligomerized RNA, and avoided harsh precipitation steps that
may cause RNA aggregation and degradation [48]. In addition, this technique has been
explored as an alternative method to preparative denaturing PAGE in purifying

homogeneous-length RNA obtained by in vitro transcription [49].

1.4.2. Ion-exchange chromatography (IEC)

IEC is a technique based on electrostatic interactions between charged groups and an
oppositely charged solid chromatographic material. Such interactions are reversible by
changing the pH or ionic strength of the mobile phase. Positively charged matrices
adsorb negatively charged compounds, being named anion-exchange matrices. On the
other hand, matrices with negatively charged groups are known as cation-exchange
matrices and adsorb positively charged molecules [46, 50]. Both cation and anion
exchangers can be classified as either weak or strong exchangers. Weak cation
exchangers are comprised of weak acid that gradually loses its charge as the pH decreases
(e.g. carboxymethyl groups), while strong cation exchangers are comprised of a strong
acid that is able to sustain its charge over a wide pH range (e.g. sulfopropyl groups) [50].
Anion-exchange chromatography (AEXC) is an extremely popular technique, especially
in plasmid purification. It takes advantage of the polyanionic nature of DNA, due to the
presence of phosphate groups on the nucleic acid backbone and is therefore,
conveniently captured on a resin derivatized with positively charged functional groups
[51]. Furthermore, anion exchange matrices are also described to have some inherent
hydrophobicity which favors oligonucleotides separation. The AEXC selectivity for
oligonucleotides was found to be based on molecular size and sequence and the success
of separating double and single-stranded nucleic acids relies on the distinct hydrophobic
behaviors of the G-C, and A-U base pairs. Additionally, it has the advantage of displaying
simplicity on the operations, since it is performed in mild aqueous conditions without

the use of hazard and high cost eluents, at low to moderate operating pressures [38].

1.4.3. Hydrophobic interaction chromatography (HIC)

Hydrophobic interaction chromatography (HIC) is a key bioseparation technique at
laboratory, preparative and industrial scales. HIC takes advantage of biomolecular
hydrophobicity and promotes separation based on hydrophobic interactions between
immobilized hydrophobic ligands and non-polar regions of biomolecules. In an aqueous
rich environment, retention of polar biomolecules is promoted at high salt
concentrations, driven by the displacement of ordered water molecules around the

biomolecules and the ligands, which then increases the entropy of the environment,
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attracting the non-polar groups onto the stationary phase. In terms of elution, it occurs
by decreasing the salt concentration of the mobile phase which weakens the hydrophobic
interactions. Regarding nucleic acids, HIC takes advantage of the higher hydrophobicity
of single stranded nucleic acids that show a high exposure of the hydrophobic aromatic
bases when compared with double stranded nucleic acids. In this case, the hydrophobic
bases are packed and shielded inside the helix and thus, interaction with the support is
greatly reduced. On the other hand, the high content of single strands in RNA and gDNA
impurities enables hydrophobic interactions to take place [52, 53]. This technique is
often used because of the minimal requirement of solvents and the structural damage to
the biomolecules as their activity is maintained, despite the complex mechanism
involved in the interaction. However, the requirement of high concentrations of salt, is
viewed as a disadvantage due to the associated costs and environmental impact,
especially regarding the industrial application of this method. The temperature, pH, and
salts can have a significant impact on HIC retention and selectivity, but by optimizing

these conditions, separation can be efficient [50].

1.4.4. Reverse-phase chromatography (RPC)
Reversed-phase chromatography (RPC) is usually based on hydrophobic interactions

between the non-polar solute and a non-polar stationary phase. Elution of solutes occurs
in decreasing order of polarity or increasing hydrophobicity [54]. However, when the
target molecules are polar, which is the case of nucleic acids, reverse-phase principles
are achieved by adding amphiphilic organic ions to the mobile phase. These ions
establish ionic interactions with the target molecules, forming hydrophobic non-polar
ion pairs that bind to reverse-phase resins. RPC can be used to purify supercoiled
plasmid DNA from crude cell lysates and from anion exchange chromatography eluates
[55]. Low molecular weight RNA and linear and open circular plasmid forms are usually
well separated from the late eluting sc plasmid DNA. Endotoxins and gDNA remain
bound to the column and are removed after sanitizing the column with NaOH. The need
to use organic solvents and mixtures to elute plasmid molecules in RPC constitutes a

significant disadvantage [53, 55].

1.4.5. Affinity chromatography (AC)

Affinity chromatography (AC) is used for the purification of enzymes, hormones,
antibodies, nucleic acids, and specific proteins [46]. Although the early definition was
related to the interactions like that occurring in many biological systems, such as the

binding of an enzyme with a substrate or of an antibody with an antigen, the meaning of
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the affinity concept, in biomolecule separation context, has undergone evolutionary
changes over the years, especially to answer to the challenges of purifying new
biomolecules with clinical and therapeutic interest [51]. Since its discovery, affinity
chromatography has grown to include a wide variety of ligands for analytical and
preparative applications, however the biological origin of some of these ligands is viewed
as a limitation, since these ligands tend to be fragile and associated with low binding
capacity. For this reason, the design of synthetic ligands, which would combine the
selectivity of natural ligands with high capacity and durability of synthetic systems, is an
emerging area for improving affinity chromatography. The specific interactions
occurring between ligand and target molecules can be the result of either electrostatic
and/or hydrophobic interactions, van der Waals forces and hydrogen bonding. Because
of this diversity of possible interactions, the elution step can be performed specifically,
using a competitive ligand, or non-specifically, by changing the pH, ionic strength, or
polarity, depending on the matrix and the chemical characteristics of biomolecules [51].
AC has been applied to RNA purification processes, based on the natural biorecognition
occurring between RNA and amino acids. Histidine and arginine have been used as
affinity amino acid ligands, and their ability to isolate different RNA species
demonstrated multipurpose applicability in molecular biology analysis and RNA
therapeutics preparation, highlighting the potential contribution of these methods to
overcome the challenges of RNA purification [56]. However, one of the most used affinity
chromatography strategies is the oligo(dT) for mRNA purification, based on the
nucleotide base pairing specificity of adenine with thymine. This type of AC, allows
mRNA purification directly from a biological sample or from previously isolated total
RNA. Additionally, it is a simple and reliable method, and is, therefore, a frequent choice
over other methods [38]. The specific nature of the underlying biomolecular interactions
is a major advantage of affinity chromatography since it results in a high selectivity and
high resolution. In general, in a single step, affinity chromatography can offer immense

advantages over other less selective and time-consuming multi-step procedures [38, 56,

57].
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1.5. Supported Ionic liquids (SILs)

1.5.1. Briefintroduction of ILs

Ionic liquids (ILs) are organic salts composed of large and asymmetric organic cations
and organic or inorganic anions, presenting a melting temperature below 100 °C. It is
estimated that there are more than a thousand of possible formulations of ILs, in which
hundreds of those are chemically and physically well-known and characterized. Due to
their ionic nature, ILs present two outstanding properties: negligible volatility and non-
flammability. Because of these two characteristics, ILs have received a “green”
connotation. Besides these characteristics, there are other properties such as
biodegradability and biocompatibility that should be additionally considered when ILs
are used. Ionic liquids are employed as advanced fluids in separation, extraction and
purification techniques for the isolation and analysis of various products [58, 59], and
this enormous potential is often due to structural diversity and adjustable properties.
Application of ionic liquids as an environmentally friendly method in extraction
processes has been proposed, taking into consideration the importance of clean and
green manufacturing. Ventura and co-workers have extensively reviewed the ionic
liquid-based extraction processes of different bioactive compounds, including biomass
active compounds, amino acids, fats, essential oils, vitamins, saponins, carotenoids and
more complex molecules such as nucleic acids, proteins, enzymes, and antibodies [60].
ILs can be also used as forming phase component of aqueous biphasic systems (ABS).
ABS are formed by the combination of two water-soluble compounds, such as two
polymers, a polymer and a salt/IL, or two salts/ILs in aqueous media, and where above
a given concentration, they become immiscible with the formation of two-phases [61].
ABS extraction is a more compatible and sustainable method compared with traditional
liquid-liquid extraction in which volatile and hazardous organic solvents are employed.
In IL-based ABS, hydrophobic or hydrophilic ionic liquids are used with another phase
forming component for phase formation. Additionally, this method provides a
technically simple, energy-efficient, easily scalable, mild, and non-toxic separation
method for product recovery. There is a large availability of cations and anions that can
be used to synthetize the ILs with the desired properties (e.g., unlike polymers and salts,
the hydrophobicity of ILs can be tailored). ABS composed of carbohydrates and ILs
constitute the most environmentally friendly class of ABS. The two-phase separation
depends on the solubility of carbohydrate and do not require inorganic salts. In this
system, the hydrophilic IL salt-out the less water-soluble carbohydrates and remains
present as the lower phase.

IL-based ABS have been mostly studied for the extraction of various biomolecules

including amino acids, peptides, DNA, enzymes, and proteins. Figure 4 shows the
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partition of a biomolecule, such as RNA for instance, in two phases: an IL rich phase and

a salt rich phase [58, 62-64].
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Figure 4 - Schematic representation of ionic liquid based aqueous biphasic system.

1.5.2. Biocompatibility of ILs

As mentioned above, biocompatibility and toxicity should be considered when it comes
to biological applications, since the unstable nature of biomolecules makes them
vulnerable to denaturation that causes subsequent loss in bioactivity. Thus, the toxicity
of ILs have been investigated prior their use during the manufacturing and storage of
biopharmaceuticals, such as peptides, cytokines, antibodies, vaccines and nucleic acids.
It has been found that nontoxic ILs can be prepared by selecting biocompatible organic
cations and inorganic anions [65]. It is widely accepted that the head group of the cation
has a deciding role in the toxicity and longer side chains have the most negative effect on
cells. Therefore, toxicity can be decreased by either reducing the hydrophobicity of the
side chain by shortening long alkyl chains, preferentially four carbons or less, or by
introducing polar functional groups into the IL cations. In addition to the strong side-
chain effect, the chemical structure of the cationic group also has a significant effect on
the toxicity. Usually, imidazolium, pyridinium and quinolinium head groups have shown
stronger toxicological effects than morpholinium, which is the head group that has been
found to be the least toxic. In the other hand, the toxicological effects of anions are not
very significant, however hydrophobic, and most fluorinated species are quite
appropriate for nontoxic ILs. Despite the discoveries made recently, it is important that
the biological compatibility of ILs should be defined in the context of their specific target
applications [65, 66]. Being this role particularly relevant for the stabilization of
biopharmaceuticals. The stabilization of three-dimensional structures of biomolecules
during manufacturing and storage is the priority for biopharmaceutical engineering

since the structures determine their functions and biological activities [67]. ILs have
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been proven to significantly enhance the thermal stability of proteins [68, 69], protect
their three-dimensional structure [70], inhibit protein aggregation or unfolding [71],
prevent proteins from contacting with denaturants [72] and maintain the activity of
enzymes [73].

Additionally, ILs have been used as constituents of liquid mobile phases. There has been
studies demonstrating that the use of ILs in separation techniques, particularly in HPLC
as additives of mobile phases, with the goal of surpassing the negative effect of free
silanol groups on the long retention time of analytes, can lead to a decrease in the number
of organic solvents and additives used, as well as to decrease the energy consumption by
increasing the speed of analysis without compromising the analytical performance or

even improving it [74, 75].

1.5.3. SILs as Chromatographic Matrices

ILs have been also used as stationary phases, bound to silica for instance, and are named
as supported ionic liquids (SILs). In 1985, Moreira and Gushikem used silica gel
functionalized with 3(1-imidazolyl)propyl groups to adsorb and pre-concentrate metal
ions from ethanol solutions, having been the first use of ILs combined with silica [76].
ILs were first applied as stationary phases in gas liquid chromatography and later in
HPLC and Thin Layer Chromatography (TLC). The incorporation of ILs in stationary
phases allows specific interactions with target compounds, which results in high
extraction efficiencies and selectivity while reducing the amount of hazardous organic
solvents traditionally used [59, 74, 77].

In general, stationary phases play a crucial role in separation science because they are
responsible for retention and elution of analytes. There are characterized by several
factors, for example, silanol activity, hydrophobicity, ion exchange capacity, presence of
metal impurities and steric properties. Lately, there has been a demand for producing
new stationary phases for liquid chromatography, to improve column efficiency,
permeability, and stability. SILs are among the most important branches in the IL field.
SILs can include both the immobilization of ILs onto silica materials and the attachment
of ILs onto polymer matrices. Moreover, SILs can be immobilized in different ways,
requiring interactions between the IL (anion and/or cation) and the support material or
functional group, and, although it can be argued that ILs once bound to a solid support,
no longer constitute a true IL, the unique properties of ILs still remain in SILs. Initially,
most imidazolium-based ILs stationary phases were prepared via coating IL layers on
the support surfaces without chemical bonds. However, the driving of a mobile phase can

disarrange IL films when they flow through physically adsorbed ionic liquid membranes,
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and then render them unstable. The concept of SILs covalently linked onto a stationary
phase has propelled an advance in separation technologies. Such SILs have been used in
solid-phase extraction (SPE), liquid chromatography (LC), gas chromatography (GC)
and capillary electrochromatography (CEC), gas capture, and mass spectrometry [78,
791

In theory, there are five ways to immobilize ILs in stationary phases: with only one
cation; one anion; zwitterionic, and co-immobilization of ions, as shown in the figure
below [80].

O ©® o ®
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Figure 5 - Immobilized ILs in stationary phases: (A) and (B) Ionic liquids immobilized via their cations or

anions; (C) and (D) zwitterionic immobilization; (E) co-immobilization of ions [78, 81].

Usually, ILs are immobilized onto supports via their cation or anion and the respective
counterion is free, as shown in figure 5 A and B. Their counterions are liable to suffer an
exchange when a mobile phase includes ion species, which can be an advantage because
of the ability to change the surface properties but may be a disadvantage when it comes
to the stability of the column during an assay [80, 81]. To avoid this issue of lose the
counterion, zwitterionic immobilization could be a solution, given that in this case, both
cations and anions are linked by covalent bonds, figure 5 C and D. Another way is to co-
immobilize both anion and cation, figure 5 E, which can enhance stability during the use
of different buffers in the mobile phase. This copolymerized ionic liquid phase facilitates
multiple interactions with the analytes, originating from the multifunctional groups,

including long alkyl chain, imidazolium, and benzene sulphonate moieties [82].
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1.5.3.1.  Silica Supported Ionic Liquids (SSILs)

Silica is one of the most used stationary phases in HPLC chromatography due to the large
surface area, and high thermal and mechanical stability. A great advantage of using silica
is that a wide range of selectivity can be achieved since it can be easily modified by the
immobilization of different compounds to silanol groups. In contrast, one important
disadvantage of silica-based materials occurs upon the analysis and separation of basic
compounds. In this case, strong interactions can be established between these
compounds and the free residual silanol groups at the surface of these supports, limiting
the effective separation. This shows how crucial it is to perform the appropriate
modification of the surface of the stationary phase. Hence, it is highly important to know
all the possible chemical routes and identify the best options for the immobilization of a
certain ligand. One of the most attractive properties of SSILs is their potential for multi-
modal retention properties, being capable to interact with analytes through different
mechanisms, such as hydrophobic, electrostatic, and hydrogen bonding, depending on
the IL nature [75, 78].

Imidazolium IL-based stationary phases display good retention behavior due to the
potential to interact with solutes through multiple interactions. Qiu and coworkers [83]
were one of the first groups to show the application of N-methylimidazolium chloride in
a silica stationary phase. It was used for the separation of a mixture of common inorganic
anions by anion-exchange chromatography, and it was concluded that the stationary
phase presented more than anion-exchange characteristics, for instance, it allows the
establishment of reverse phase interactions, showing multi-modal behavior. Later, Yang
and coworkers [84] studied the differences between 1-methylimidazolium chloride and
2-methylimidazolium chloride functionalized silicas for mixed-mode chromatography
application. Nucleosides, nucleobases, water-soluble vitamins, sulfonamides, and
saccharides were separated by hydrophilic chromatography, while inorganic anions were
separated by anion exchange chromatography. For both chromatographic methods, the
SSILs matrices presented good performance. The use of pure alkyl stationary phases has
some disadvantages, such as low compatibility with highly aqueous eluent and
insufficient selectivity towards more polar solutes. Moreover, C18 and C8 continue to be
the most used support phases in reverse-phase liquid chromatography. Furthermore,
Zhang and co-workers [85], synthesized novel stationary phases based on modified
alkylimidazoliums to form polar-embedded phases, which have lower hydrophobicity
compared to C18 and are notable for their stability in aqueous media, improved

performance in separation of polar compounds, and higher selectivity.
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1.5.3.2. Polymeric Supported Ionic Liquids (PSILSs)
Regarding the polymeric supported ILs (PSILs), imidazole and pyridine groups have

been the most used ILs in the functionalization process [77]. The first work in this field
was published in 2009 by Fontanals and coworkers [86], where N-methylimidazolium
trifluoroacetate was functionalized onto a VBC-DVB (vinylbenzyl chloride-
divinylbenzene) co-polymer. This novel IL-polymer was used as an SPE (Solid-Phase
Extraction) sorbent for the extraction of ten pharmaceutical products from water
samples, which are emerging pollutants in the environmental field. Such polymer-based
material have been studied increasingly, however most of them are still focusing on small
molecules, metals separation, and gas separations for analytical methods [87]. Currently,
it is yet essential to design novel PSIL-based supports for the separation and purification
of high value biomolecules, such as proteins and nucleic acids [78]. Alves and co-workers
[88] synthetized a new PSIL from Sepharose CL-6B containing a 3-(10-carboxydecyl)-2-
methylbenzothiazol-3-ium bromide as a ligand for protein purification. The main goal of
this work was to evaluate the individual contribution of the azolium functional group in
an affinity or multi-modal relationship with standard proteins. This important work has
shown the potential application of multi-modal IL-based ligands for the separation and
purification of proteins. For the separation of three types of nucleic acids, namely
ribosomal RNA, small RNA, and genomic DNA from a complex bacterial lysate in just
one step, our research group used a macroporous-based chromatographic support
(Toyopearl® AF-Epoxy-650M), and performed its functionalization with 1-methyl-3-

propylimidazolium chloride, since this IL presented a multi-modal behavior [89].

1.6. Experimental design in chromatography

1.6.1. Quality by Design
Quality by design (QbD) is defined as a systematic approach that begins with predefined

objectives and emphasizes product and process understanding and process control,
based on sound science and quality risk management [90].

Quality has been given importance by all regulatory agencies of pharmaceutical products
and it means customer satisfaction in terms of service, product, and process. Features
like performance, trustworthiness, robustness, user-friendly, and service ability must be
built into the product and such product should be free from imperfections (e.g.
impurities) [91]. The principles of QbD have been used to advance product and process
quality in every industry. Because of the need for effective pharmaceutical drugs with

safety profiles, industries are currently investing a large quantity of their capital for the
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drug discovery and process development, in order to design quality products, with high

consistency in their manufacturing process to deliver the proposed products [92].

1.6.2. Experimental Design

Experimental design is a structured, organized method for determining the relationships
between factors capable of directly affecting the process and the output of that process.
Moreover, this is a method for achieving process knowledge through the establishment
of mathematical relationships between process inputs and outputs [90]. It is used to
optimize several operating conditions of various processes and improve
chromatographic separation performance. Ideally, several factors have a simultaneous
effect on a process. Nevertheless, identification and optimization of significant factors as
a function of experimental design is most effective to achieve a competent result by fewer
experimental trials, so one or several predetermined factors are deliberately manipulated
to perceive their influence on the experimental outcome. Based on the experimental goal,
the designs can be classified into two categories: screening designs or optimization
designs, also known as response surface designs [90, 93, 94].

The most used screening designs are Plackett-Burman design (PDB) and Fractional
Factorial design (FrFD), whereas Full Factorial design (FFD), Box-Behnken design
(BBD), Central Composite design (CCD), and Mixture design (MD) are some examples
of commonly used optimization designs [95-98]. In table 2, are listed some of the

characteristics of this types of designs.

Table 2 - Applications, advantages and disadvantages of various screening and optimization models of
experimental design (FFF: Full Factorial Design; FrFD: Fractional Factorial Design; PBD: Plackett-Burman
Design; CCD: Central Composite Design; BBD: Box-Behnken Design; MD: Mixture Design).

Types ‘tggl(;lcz f)lr(:: Advantages | Disadvantages Ref.
Suitable for a Can estimate all wriliﬁ;r;l?nrggsﬁl
FFD small number of ?ffeCtS a.nd the increase with Y [96]
f interactions of .
actors each factor the %rowmg of
actors
Interactions Only considers a
between factors d 1 }il £
can be Needs a sma sma number o
FrFD negligible. or number of main effects and [97]
thegfaitors, are experiments lower order
too high interactions
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g . Needs avery | Only studies the
creening and )
PBD small number main effects of [o1]
robustness test .
of experiments factors
Determines the
optimal levels Considers
CCD Optimization of factors by extreme [104, 105]
including conditions
central point
e Alternative to .
BBD Optimization CCD Not sequential | [104, 105]
The sum of the
proportions of .. Factors cannot
all the Can optimize change
MD components of | the formulation | . 8 [08]
. independently of
a mixture must components
each other
always be equal
t0 100%

1.6.3. Factorial designs
This category includes FFD and FrFD. In FFD, all combinations at all levels of all factors

are tested at least one time, because of that, exists the advantage of being capable of
estimating all the main effects and the interactions of each factor. On the other hand, the
total number of experiments will increase with the increased number of factors, so it is
more suitable for the cases including few factors [93]. EL-Shorbagy research group used
a two-level FFD to optimize a high-performance liquid chromatography method for the
determination of two drugs used for the treatment of hepatitis C, sofosbuvir and
ledipasvir [99]. In this case, the design was suitable due to the low number of factors.
The other factorial design is the FrFD, which only requires a fraction of all combinations,
so that it can be used when the number of factors is larger [100]. Its application is often
associated to the implementation of a following optimization design, like CCD or BBD,

to assure that factors being screened have a real significant contribution to these
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Figure 6 - Representative scheme of full factorial design (A) and fractional factorial design (B) (Adapted
from [93]).
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responses. For instance, Teglia and co-workers [100], developed a gas chromatography
method using an FrFD and CCD for the determination of residual solvents in
pharmaceuticals. In this work [100], three significant factors were selected from six
factors, by an FrFD and were optimized using a CCD. The experiment runs were reduced
from 64 to 24 compared with FFD. Thus, this reported method successfully separated

the analytes in study with higher resolution in a shorter period of time.

1.6.4. Plackett-Burman design

PBD represents one of the most used screening designs, being employed in two different
manners. First, as a screening design, it is used for the recognition of the most important
factors among a high number of factors [101]. For instance, Liu and co-workers took
advantage of this characteristic to select three key factors from five analysis parameters
for BBD optimization, which have important effects on the signal area and resolution of
seven chelating agents [102]. Second, PBD is used for ruggedness or robustness studies
during method validation. Furthermore, the main advantage is the evaluation of many
factors with the smallest number of experiments, nevertheless, it is only used to estimate
the main effects of the factors since it does not take interactions among factors into

account [102].

1.6.5. Central Composite design

CCD is a common and effective optimization design involving three design points: two-
level FFD or FrFD points, central points, and star points [103]. This takes advantage of
containing the two-level FFD or FrFD, which can be preliminary implemented to access
the factors, however, it requires more central points, and it considers extreme conditions,

which could lead to an increase of experiments or unsatisfactory results [104, 105].

O TFFactorial point

*7 * * Star point
Central point
* ® P

Figure 7 - Representation of the three design points of Central Composite Design
(Adapted from [93]).
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1.6.6. Box-Behnken design

BBD is another optimization design, but unlike CCD, the BBD does not examine the
extreme factor combinations. Therefore, BBD shows its unique advantage of fewer
experimental runs than CCD for the same number of factors. Nevertheless, BBD has the
disadvantage that the design is not sequential, as a consequence, the experimental results
of the previous batch are almost useless for the next batch of experiments, and each batch
of experiments should be redone [104, 105]. The application of BBD should be
contemplated for systems with more than two factors where the optimum value is known

to stay in the middle of the factor ranges [101].
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Figure 8 - Representative scheme of Box-Benheken Design
(Adapted from [93]).

1.6.7. Mixture design

MD is utilized when a few factors are subject to conditions where the sum of the
proportions of all components of a mixture is 100%. It differs from other optimization
designs because the response produced is a function of the proportions of each
component. The applications of MD mainly focus on the optimization of the organic
solvent ratio for the extraction of organic compound and the mobile phase composition
in chromatographic processes [106]. For instance, if there are a mixture of 3 components
such as methanol, acetonitrile and water in a mobile phase it is possible to fix one the
components when the other two are changed. Then, for this particular design, its plane

area becomes a triangular plane in the three-dimensional factor space [101].
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1.6.8. Liquid chromatography (LC) optimization

LC is an important branch of chromatography and takes liquid as mobile phase to
separate different components in the stationary phase. Considering that the factors such
as mobile phase pH, buffer concentration, flow rate, column temperature, loaded sample
will have a great impact on separation, the application of DoE in LC has great advantages
[93]. Narenderan and colleagues [107], used DoE for the validation and optimization of
a stability-indicating liquid chromatography/mass spectrometry method to identify the
major oxidative degradation products in pemetrexed, which is an antitumor drug, and it
is crucial to monitor its concentration in human plasma. In this study, flow rate,
percentage of acetonitrile in mobile phase, and buffer pH were investigated with BBD
and was considered a credible and sensitive method with good results. In another study,
Sharma and collaborators [108], wanted to determine 10 impurities in tenofovir
alafenamide fumarate tablets, and for this, they developed an ultra-performance LC
analytical method. Then, to identify the significant factors, including column
temperature, the proportion of tetrahydrofuran in organic solvent, and the proportion of
mobile phase B at the end of the first gradient, a PBD was applied. Additionally, to
optimize the process, a BBD was used to get a good resolution and short retention time
of tenofovir alafenamide fumarate peak. In our research group, [109], a DoE was
successfully develop for the purification of pre-miRNA-29 by a new O-phospho-L-
tyrosine affinity chromatography strategy. A BBD was used to identify optimum
conditions in the separation process. The key factors selection was based on the three
most critical factors that affect the chromatography process, being these the column
temperature, binding and elution conditions and the responses were relative recovery
and purity. The group obtained satisfactory results, being the final values of recovery and
purity, 84.24% and 26.61%, respectively. Optimization is undoubtedly a necessity when
it comes to the speed of implementation of the chromatographic method. Additionally,
the ability to obtain results is increased and the error that exists when optimizing by trial

and error is decreased.
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Chapter 2 — Global Aims

Considering the therapeutic potential of microRNAs, it is in high demand the
development of efficient purification processes. Thus, developing new strategies for
microRNA production with high purity degree and biologically active is extremely
required. One of the strategies might be the use of the recombinant production of these
biomolecules using prokaryotic hosts, such as Rhodovulum sulphidophilum. The
expression system R. sulfidophilum DSM 1374 allows the production of human pre-miR-
29b with a straightforward recuperation process of low molecular weight RNA. In here,
the goal is not to produce high quantities of RNA but rather to optimize its purification,
while preserving the biological active form. Therefore, in this work it was used a novel
purification strategy, based on multimodal chromatography, by using supported ionic
liquids (SILs) to purify the pre-miR-29b, in order to assure that the prerequisite for high
purity of biopharmaceuticals from regulatory agencies is met.

Hence, the main objective of this work is to develop an experimental design for the
chromatographic process involved in the purification of pre-miRNA-29b, by taking
advantage of the multimodal interactions that occur between this molecule and an ionic
liquid-based ligand immobilized onto a silica support (SilPrImPrACl).

In order to fulfill this purpose, the following assignments have been made:

e Evaluation and understanding of binding and elution profile of pre-miRNA-29b
at different levels of pH and ionic strength.

e Development of an experimental design, establishing the key factors and their
range of values to optimize them, according to the initial screening.

e Perform a final assay, in order to assess the recovery and purity of pre-miRNA-
29b.

e Evaluate the quality of the target molecule by quantifying the levels of impurities.
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Chapter 3 — Materials and methods

3.1. Materials

For solid culture media preparation, the following reagents were used: yeast extract, D-
glucose anhydrous (C¢H1.0¢), and sodium chloride (NaCl) from Thermo Fisher Scientific
Inc. (Waltham, USA), polipeptone, and magnesium chloride (MgCl,) from Acros
(Waltham, USA), LB-Agar from Oxoid (Waltham, USA), zinc sulfate heptahydrate
(ZnS0,.7H,0) and manganese chloride tetrahydrate (MnCl..4H.0) , both from Sigma
Aldrich (St. Louis, USA), and iron sulfate heptahydrate (FeSO,.7H.O) from Thermo
Fisher Scientific Inc. (Waltham, USA). For liquid culture media preparation the
following reagents were used: tryptone, polipeptone, yeast extract, sodium chloride,
potassium dihydrogen phosphate (KH.PO,), and D-glucose anhydrous (CsH:-06) from
Thermo Fisher Scientific Inc. (Waltham, USA), dipotassium hydrogen phosphate
(K.HPO,) from Panreac AppliChem (Barcelona, Spain), magnesium sulfate
heptahydrate (MgS0O,.7H.O) from Labkem (Barcelona, Spain), calcium chloride
dihydrate (CaCl,.2H,0), and ammonium sulfate ((NH,).SO,) from Panreac (Barcelona,
Spain), and kanamycin from Thermo Fischer Scientific Inc. (Waltham, USA). For the
extraction of low molecular weight RNA, it was used N-lauroylsarcosine sodium salt
(Sarcosil), guanidine thiocyanate, sodium citrate, and isoamyl alcohol, all from Sigma-
Aldrich (St. Louis, Missouri, USA), f-Mercaptoethanol from Merck (Whitehouse Station,
USA), chloroform, phenol, and isopropanol from Thermo Fisher Scientific Inc.
(Waltham, USA). Chromatographic assays were carried out by using phosphate buffers
that are prepared with dipotassium hydrogen phosphate (K.HPO,) from Panreac
(Barcelona, Spain), potassium dihydrogen phosphate (KH,PO,) from Sigma-Aldrich (St.
Louis, Missouri, USA) and sodium chloride (NaCl), acquired from Panreac (Barcelona,
Spain). Milli-Q water treated with diethyl pyrocarbonate (DEPC) with a concentration of
0.01%, was used to prepare these buffers. The chromatographic support used in this
work was silica beads functionalized with the ionic liquid 1-(3-aminopropyl)imidazole
chloride, previously synthetised by our group, in the scope of the PUREmiRSILs project.
The urea-PAGE gel was prepared with urea from Acros (Waltham, USA), acrylamide,
tetramethylethylenediamine (TEMED), ammonium persulfate (APS), Tris-Borate-EDTA
(TBE) buffer and formamide for sample preparation. For protein quantification it was
used a Dye Reagent Concentrate and bovine serum albumin (BSA), both purchased from
Bio-Rad (California, EUA). For real-time quantitative PCR (qPCR) assays, performed to
quantify the gDNA, a Maxima® SYBR Green/Fluorescein qPCR Master Mix Kit from
Thermo Fisher Scientific Inc. (Waltham, EUA) was used. The primers for these assays
were 5’ACACGGTCCAGAACTCCTACG-3’ (forward) and 5'-
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CCGGTGCTTCTTCTGCGGGTAACGTCA-3’ (reverse), both acquired from Stabvida
(Caparica, Portugal).
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3.2. Methods

3.2.1. RNAs Production

RNA was obtained from a culture of Rhodovulum sulfidophilum (RdV) transformed with
the pBHSR1-RM plasmid containing the sequence of human pre-miRNA-29b. RdV was
cultured in a solid medium composed of 5 g/L of yeast extract, 10 g/L of glucose, 20 g/L
of NaCl, 10 g/L of polypeptone, 4.10 g/L of MgCl,, 15 g/L of agar, 1 mg/L of ZnSO,.7H.0,
10 mg/L of MnCl..4H.0O, 10 mg/L of FeSO,.7H.0, supplemented with 50 ug/mL of
kanamycin for 48h. Hereafter, pre-fermentation and fermentation were performed using
a culture media composed of 10 g/L of tryptone, 5 g/L of polypeptone, 0.6 g/L of yeast
extract, 30 g/L of NaCl, 4 g/L of K.HPO,, 1 g/L of KH.PO,, 5% (v/v) of glucose, 1% (v/v)
of MgSO0,.7H.0, 1% (v/v) CaCl,.2H,0, 1% (v/v) of (NH,).SO,, 0.1% (v/v) of TES and 0.1%
(v/v) of a 50 mg/L kanamycin stock. The medium/O. ratio was established as 1:5. To
start the pre-fermentation process, inoculum was transferred from the solid medium to
the Erlenmeyer flask and left in an orbital shaker for approximately 27 h until it reaches
an optical density (OD) of 2.6, at 600 nm. After pre-fermentation, the volume needed to
start the fermentation with an OD of 0.3 was transferred to other Erlenmeyer flask where

fermentation took place. This volume was calculated by the equation below:

0D (fermentation) X V (fermentation)
OD (pre — fermentation) — OD (fermentation)

V (pre — fermentation needed) =

To measure the OD during process, a spectrophotometer Pharmacia Biotech Ultraspec
3000 UV/Visible (Cambridge, England) was used.

The fermentation process was kept for approximately 72 h and then the medium was
centrifuge at 4 °C and 3900 g, for 10 min to obtain cell pellets which were stored at -20
°C. Moreover, since RdV can produce the biomolecule extracellularly, the resulting liquid

medium was also stored at -20 °C.

3.2.2. Low molecular weight RNA extraction

For RNA extraction, it was used the acid guanidinium thiocyanate-phenol-chloroform
method. Firstly, cell pellets were thawed at room temperature and resuspended with
0.8% NaCl solution, followed by centrifugation at 6000 g, 4 °C, for 10 min. The
supernatant was discarded and 5 mL of D solution (4 M guanidinium thiocyanate, 0.025
M sodium citrate pH 7, 0.5% sodium N-lauroylsarcosinate and 0.1 M f-
mercaptoethanol) was added. After an ice incubation for 10 min, 500 pL of 2 M sodium
acetate pH 4 and 5 mL of phenol solution were added to the lysis tubes, with careful

homogenization at each step. The lysate consists of RNA, DNA, proteins, and cellular
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debris. Afterwards, 1 mL of chloroform/isoamyl (49:1) acid mixture was added, followed
by vigorous shaking. Then, it was incubated for 15 min in ice, followed by a centrifugation
at 10000 g, at 4 °C, for 20 min. Phase separation of the sample occurred when
phenol/chloroform was added, due to the different densities. In addition, the pH 4 of the
added buffer, allowed an effective separation between the nucleic acids. This allows the
formation of 3 phases: the upper aqueous phase rich in RNA, the interphase rich in DNA
and the bottom organic phase enriched in proteins, lipids, and cell debris. Therefore, the
following step consisted in transferring the maximum volume of the upper phase into a
new tube, very carefully to avoid DNA contamination. Into this new tube, it was added 5
mL of isopropanol to the RNA enriched phase for its precipitation. After homogenization
and centrifugation at 10000 g, 4 °C, for 20 min, supernatant was discarded, and 1.5 mL
of D solution and 1.5 mL of isopropanol were added. Once again, a centrifugation was
performed at 10000 g, 4 °C, for 10 min and the supernatant was discarded. Afterwards,
2.5 mL of 75% ethanol in DEPC treated water was added and incubation at room
temperature for 10-15 min took place followed by centrifugation at 10000 g, 4 °C, for 5
min. After a final discard of the supernatant, the pellet was dried at room temperature
for 5-10 min before being resuspended with 1 mL of DEPC treated water and incubated
for 10-15 min at room temperature. The integrity of RNA samples was evaluated by
agarose gel electrophoresis and concentration was measured in the Nano Photometer
(IMPLEN, United Kingdom).

3.2.3. Chromatography assays

Chromatographic assays to study the separation of pre-miR-29 from other RNAs were
performed in the equipment AKTA Pure with the software UNICORN™ 6.3 (GE
Healthcare Biosciences, Uppsala, Sweden). The support (SIL) under evaluation was
spherical silica functionalized with the IL 1-(3-aminopropyl)imidazole chloride, the
SilPrImPrACl. This support was packed in a HiScale 16 column (Cytiva, Sweden) with 16
mm diameter x 10 mm of height. For this, the support was dispersed in Milli-Q water
and then added to de column until it reached about 1 cm of height, being extremely
important to avoid drying the matrix during this process.

For each chromatographic assay, the column was equilibrated with 10 mM phosphate
buffer (pH 6-8), previously filtered and sonicated, using a flow rate of 1 mL/min. After
equilibration, samples of RNA extracted from RdV, with concentrations from 600 pg/mL
to 1000 pg/mL, were independently injected using a 100 uL loop. Completed the binding
step, several steps of increasing salt concentration from 1 M up to 2 M of NaCl in 10 mM
phosphate buffer were applied in order to analyse different retention patterns and

eventual RNA species separation. Different binding and elution conditions were
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screened in these assays, namely the working pH values that ranged from 6 to 8, the
amount (ug) of loaded RNA sample and the NaCl concentration used to perform the
elution steps. All experiments were performed at room temperature and the absorbance
of eluted species was continuously monitored at 260 nm. The fractions regarding the
elution peaks were recovered and further desalted with concentrators Vivaspin 10000
KDa (Vivascience) until reaching about 100 pL, being lastly analysed by urea-PAGE gel

electrophoresis and using other quantification methods.

3.2.4. Column regeneration

Column regeneration is crucial to ensure the reproducibility between assays and
maintaining high separation performance of these supports. For that, 3 column volumes
of a solution of 0.1 M of sodium hydroxide (NaOH) were added to the support to remove
any residues of bound RNA samples, followed by 3 column volumes of a solution of 0.5
M of HCI for maintaining the counterion (Cl-) in the matrix. After the solutions were

added, the column was washed with DEPC treated water in large volumes.

3.2.5. Urea-PAGE analysis

Urea-PAGE was performed in order to verify if the separation conditions used in the
chromatographic assays were able to properly separate the pre-miR-29 from the rest of
the RNA extract. Gels were prepared by firstly mixing 7.2 g of urea, 5 mL of MilliQ-Water
and 1.5 mL of 10x TBE Buffer (0.89 M tris base, 0.89 M boric acid and 0.02 M
ethylenediaminetetraacetic acid disodium salt 2-hydrate (EDTA)), followed by heating
at 40 °C. Afterwards, 5 mL of acrylamide was added to the mixture, followed by the
addition of 25 uL. of TEMED and 100 pL of PSA to initiate the polymerization process.
Once the polymerization of the gels has occurred, a pre-run was performed at 133 V for
15 min to wash the wells. Samples were prepared by mixing 10 uL of RNA containing
sample and 10 pL of formamide followed by heating at 60 °C, for 5 min. Then, 15 uL of
each sample was injected into the wells. Electrophoresis was run at 133 V for 60 min. For
the visualization of nucleic acids, the gel was incubated with 0.01% of Green Safe in TBE
buffer (Porto, Portugal) and it was further revealed using ultraviolet (UV) light exposure

in the Bio-Rad equipment using the ChemiDoc software.

3.2.6. Experimental design for optimization of pre-miR-29

purification

The Central Composite Design (CCD) was used as model for the optimization of pre-
miRNA-29b purification. The factors studied were the loaded mass of RNA, NaCl
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concentration in the binding step and NaCl concentration in the elution step, based on
the pH screening performed (Table 3). Each variable was coded by letters A, B and C, and
each one had 3 levels: -1, 0 and 1. The software used was Design Expert (version 13), and
it generated 20 experiments to be performed, and finally, two responses were
established: the percentage of relative recovery (R1) and the purification factor of pre-
miRNA-29b (R2). The percentage of relative recovery was obtained by measuring the
intensity of the band of the pre-miRNA-29b of the peak of interest relatively to the
intensity of the same band in the initial sample. The purification factor is a ratio between
the purity of the pre-miRNA-29b in the peak of interest and in the initial sample. The
purity was calculated by measuring the intensity of the band of pre-miRNA-29b
relatively to all the bands present in the analyzed lane. To measure the intensity of the

bands, it was used the Image Lab 5.2.1 software (Bio-Rad, Hercules, California, USA).

Table 3 — Factors and respective low, medium, and high values for the optimization of pre-miRNA-29b

purification.
Levels
Code Factor Low Medium High
-1 0 1
Loaded mass
A 60 8o 100
of RNA (ng)
[NaCl] (M) in
10 mM
B 1.1 1.3 1.5
phosphate
buffer pH 7.5
[NaCl] (M) in
10 mM
C 1.6 1.8 2
phosphate
buffer pH 7.5
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3.2.7. Protein quantification

Bradford Protein Assay was used to quantify total protein content in both RNA initial
samples and in the purified fractions. A calibration curve was constructed, using BSA as
standard protein with the following concentrations: 0, 0.2, 0.5, 1, 2, 3, 4, 5 and 6 ug/uL.
Thus, each sample was quantified in triplicate using 159 uL of Milli-Q water, 1 uL of
sample and 40 pL of Bio-Rad Protein Assay Dye Reagent Concentrate. Then, the
absorbance of the plate was read at 595 nm, thereby allowing the calculation of the

amount of protein in the samples using the calibration curve below.
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Figure 9 - Calibration curve obtained for the protein quantification, using BSA standards.

3.2.8. gDNA quantification

For quantitative analysis of gDNA present in both RNA initial samples and in the purified
fractions, 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.
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Figure 10 - Calibration curve obtained from the analysis of gDNA standards in a range of

concentrations from 0.005 to 50 ng/uL.

gPCR reaction was prepared to contain: 1 uL of the sample, 1.2 pL of each specific primer
(forward primer - 5 ACACGGTCCAGAACTCCTACG-3’; and reverse primer - 5'-
CCGGTGCTTCTTCTGCGGGTAACGTCA-3’) used to amplify a 181-bp fragment of the
16S rRNA gene, 10 pL of Maxima® SYBR Green/Fluorescein qPCR Master Mix (2X) and
6.6 uL 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.
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Chapter 4 — Results and Discussion

4.1. Initial screening of optimal conditions for pre-miRNA-
29b purification

The intermediate support (SiPrCl) functionalized with 1-(3-Aminopropyl)imidazole
(SilPrImPrACl) was the studied support. In order to understand the binding and elution
pattern of pre-miRNA-29b in the SilPrImPrACl support (Figure 11), several conditions
were studied, namely by adjusting the ionic strength and pH values of the studied buffers,
in order to determine the electrostatic interactions occurring in this process. These
interactions are mainly promoted by the charged group in the cation, since RNA
molecules have negative charge. However, it is important to notice that this type of
support is multimodal, and can promote other interactions, for this reason it is very
important to test a range of pH values and salt concentrations to analyze the differences
between them. From a previous work performed in the group, it was inferred that by
using this chromatographic support, an excellent separation between DNA and RNA was
accomplished, when a 10 mM K.HPO,/KH.PO, buffer solution at pH 8.0 was used for
the binding step and a 1.5 M NaCl in 10 mM K.HPO,/KH.,PO, at pH 8.0 was used for the
elution of RNA. Not only the ionic strength could influence the binding and elution
profiles of RNA, but also the pH value of the buffers could be a key factor for establishing
such interactions. Thus, a first screening of pH values was performed. The SilPrImPrACI
support was packed in a chromatographic column and tested on AKTA Avant equipment
to evaluate the effect of pH on the retention of RNA.

Cl
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Figure 11 — Representation of the chemical structure of SilPrImPrACl support.

4.1.1. Screening atpH 6

The chromatographic assays performed at pH 6 are represented in Figure 12. Since it was

observed that the binding was very effective at pH 6 the elution of the desired RNA was
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carried out with a higher ionic strength than was initially foreseen. By observation of the
chromatograms and respective gel of Figure 12, it is noticeable that RNA elution only
occurs when high concentrations of NaCl are used. From the chromatograms
represented in Figure 12 it is possible to observe the presence of two peaks, but only the
peak P2 is relevant in terms of RNA concentration values. However, the purity of pre-
miRNA-29b is not significant, as confirmed by the electrophoresis. Thus, by using these
conditions, at pH 6, no selectivity is achieved for the pre-miRNA-29b, regarding the
separation from other RNA species, since most of RNA is only eluted when 2 M or higher
concentrations of NaCl are used. With this, it can be concluded that this is not the best
condition to develop a purification process for the target molecule, the pre-miRNA-29b,
since higher salt concentrations in the process are not advantageous since the time spent
later to remove it from the samples is longer, and if not removed correctly it can influence
further analysis, and the purity of the final sample would be compromised by the quantity

of impurities present.

—UV (mAU)

—— Conductivity (mS/cm)
A — — [NaCl] (% Elution Buffer) P2 - 2.5M
140 180 100
1209 160 90
L140 [0
100 -
k120 [
80 Las
100
60 L 50
80
40
40
60
30
20 L4 [ =
Y F20 |10
J Y 1 T T 0 Lo
0 10 20 30 40 50 60

Volume (mL)

35



B —— UV (mAU)
—— Conductivity (mS/cm)

— — NaCl (% Elution Buffer) P2 -2.5M
40 T T i i e ~180 100
I
1 | L
120 i 160 | 90
1 - 80
100 P1-1.875M - 140
___________ L7
120 9
80 L 60
100
- 50
60 |50
L 40
l I 60
40 [ 3
20 - r40 L2o
F20 |
0 10
T T T 0 -0
0 10 20 30
Volume (mL)

Pre-miRNA-29b

Figure 12 - Chromatograms representing the binding and elution profile at pH 6 and respective UREA-
PAGE electrophoresis (Chromatogram A: P1 — Gradient from o to 1.75 M of NaCl and then a step
performed at 2.5 M of NaCl; Chromatogram B: Stepwise gradient at 1.875 M of NaCl and 2.5M of NaCl).
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4.1.2. Screening at pH 7
To improve the selectivity for pre-miRNA-29b with the SilPrImPrACl ligand, additional

screening assays were performed at pH 7, and the resulting chromatograms are
presented in Figure 13. Unlike the experiment at pH 6, it was not verified the need for
increasing the ionic strength to values higher than 2 M to achieve RNA elution. However,
when using these conditions, higher number of steps to separate the target molecule from
the impurities were used, what is not desirable, because although it is not detectable in
the electrophoresis gel, it might occur the loss of part of the pre-miRNA-29b during the
process, which leads to compromised recovery and purity. From chromatograms A and
B (Figure 13), it can be observed that at concentrations of 1.4 M and 1.5 M, respectively,
the UV peaks at 260 nm are not defined and have negative values, which may represent
a nonspecific interaction of the sample with the matrix and can be minimized by
changing the concentration of NaCl in this step or reducing the number of steps.
Nevertheless, this salt gradient and pH 7 resulted in an increased retention of pre-
miRNA-29b, proving that electrostatic interactions, and other interactions occurring
between the ligand and the target molecule are favored and are stronger between 1.1 M
and 1.7 M, also reinforcing the multimodal behavior of the ligand. For this reason, and
by comparing with the results at pH 6, it can be noticed that the pH and the concentration
of NaCl have a direct influence in the retention of the target molecule, and even the
impurities (mainly RNA species). Further studies at pH 8 are detailed in the next topic,
following the screening study, in order to draw final conclusions about the retention

behavior of the target molecule with different pH values.
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Figure 13 - Chromatograms representing the binding and elution profile at pH 77 and respective UREA-

PAGE Gel electrophoresis. (Chromatogram A: P1 — First peak performed at 1.1M; P2 — Second peak

performed at 1.4M; P3 — Third peak performed at 1.6M and P4 — Fourth peak performed at 2M of NaCl;

Chromatogram B: P1 — First peak performed at 1.1M; P2 — Second peak performed at 1.5M; P3 — Third

peak performed at 1.7M and P4 — Fourth peak performed at 2M of NaCl).
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4.1.3. Screening at pH 8

To infer if there are additional differences between binding and elution profiles at
different pH values, the following chromatographic assays were studied at pH 8.
Theoretically, by using a higher pH value than those studied in the previous experiments,
the interaction of pre-miRNA-29b with the SIL would behave differently, in this case it
could be anticipated a weaker interaction with the ligand, which would lead to a lower
retention time and a complete elution of RNA species. As a result, it was studied a

maximum NaCl concentration of 1.5 M, as it can be seen in figure 14.
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Figure 14 - Chromatograms representing the binding and elution profile at pH 8 and respective
UREA-Page Gel electrophoresis. (Chromatogram A: P1 — First peak performed at 0.825M; P2 — Second
peak performed at 1.05M and P3 — Third peak performed at 1.5M; Chromatogram B: P1 — First peak
performed at 1M; P2 — Second peak performed at 1.5M).

By observing the Figure 14, the initial thesis is, in fact, confirmed. Two assays were
performed, where in the first (A) three elution steps were tested and in the second (B),
only two steps. Despite this, there are no significative differences in the purification of
pre-miRNA-29b and its separation from the other RNA species. Thus, these binding and
elution conditions do not allow the desired degree of purification. This is additionally
confirmed by the electrophoresis gel, where it can be observed that, on one hand, a
significant amount of pre-miRNA-29b is lost throughout the process, as it is not bound
onto the column in the first step (low recovery yield), and second hand, the purification
of the pre-miR-29b was not achieved, as visualized in P3 (chromatogram A) and P2
(chromatogram B) electrophoretic analysis, where different bands of other RNAs are still
present. Furthermore, it is clear that the pH has a great influence on the retention since
an increase in the pH of the buffer from 6.0 to 8.0 significantly decreased the retention
of the pre-miRNA-29b. At pH 8, there are no retention visible of this molecule which
ends eluting with the other impurities, showing no selectivity when compared with
previous studies in our research group. For example, using a carbonyldiimidazole
monolith modified with agmatine, it was possible to successfully separate the pre-
miRNA-29 using a stepwise gradient, being verified the elution of the majority of RNAs
at 1.75 M NaCl and the pre-miRNA-29 at 2.5 M at pH 9.5. This pH value offers a higher
retention of pre-miRNA-29 in this support, showing the differences in interactions
between the agmatine and the SIL used in this work [110]. Additionally, the group was

also able to separate pre-miRNA-29b from other RNAs with an increasing NaCl
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concentration at pH 8, from 280 mM (elution of RNA species) to 360 mM (elution of
pre-miRNA-29) using the L-arginine-Sepharose 4B support.

Overall, working in this range of pH from 6 to 8, showed that pH has a strong influence
in pre-miRNA-29b binding and elution behavior due to the different interactions that
can occur between the molecule and the SIL, proving the multimodal characteristic of
these types of support. It is noticeable that at a lower pH the interactions are stronger,
which suggests favored electrostatic interactions but also the occurrence of other non-
covalent interactions. On the opposite, at pH 8, the lack of retention capacity
demonstrate that such electrostatic interactions are much weaker, and others occur less

often.
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4.1.4. Final pH Screening

As it was disclosed so far, the binding and elution conditions are crucial for an optimum
separation and purification of pre-miRNA-29b. Since the use of high salt concentrations
can be a disadvantage for preserving the RNA integrity and stability, it was thus decided
to use a maximum of 2 M NaCl for RNA elution. Regarding the pH value, and taking into
account the previous screening results, a value between 7 and 8 would be potentially
advantageous, considering the retention profiles and nonspecific interactions. Hence,

the chromatographic conditions used herein were a pH value of 7.5 and a concentration

of 2 M NaCl for the elution (figure 15).
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Figure 15 - Chromatograms representing the binding and elution profile at pH 7.5 and respective
UREA-PAGE Gel electrophoresis. (Chromatogram A: P1 — First peak performed at 1M; P2 — Second
peak performed at 1.5M and P3 — Third peak performed at 2M; Chromatogram B: P1 — First peak
performed at 1M; P2 — Second peak performed at 1.3M and P3 — Third peak performed at 2M).

By analyzing the chromatograms and the respective gel in figure 15, it was verified that
the results were as expected. It can be noticed that upon using a NaCl concentration of
1.5 M for the first elution step (Peak 2, chromatogram A) or 1.3 M (Peak 2, chromatogram
B) the nonspecific interactions that occurred at pH 7 were in this case reversed and the
pre-miRNA-29b is more retained, being eluted in the last peak, which is the desirable.
Nevertheless, the profile for the separation of the target molecule from the other RNA
species is quite similar to the assays performed at pH 7. Additionally, it is visible in the
assays performed at pH 7.5, and also at pH 7.0, that when higher concentration of NaCl
was used in the binding step (P1) it is possible to remove a higher portion of the
impurities, what can be important for the purification of the target molecule.

Afterwards, with this screening results, it is proposed an experimental design with three

factors to optimize purification of pre-miRNA-29b.
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4.2. Design of Experiments (DoE)

After performing the initial screening of pH and NaCl concentration in the binding and
elution steps, an experimental design was then proposed for the optimization of the pre-
miRNA-29b purification process, maintaining the pH value at 7.5. The analysis of the
Central Composite Design (CCD) model resulted in 20 experiments, in which it was
obtained as results recovery values from 21% and 100%, and purification factors from
0.39 to 6.66 (Table 4). There are some recovery values that exceed the maximum

theoretical value (100%), which could be due to sample contamination.

Table 4 — Central Composite Design runs and obtained responses (A: loaded mass of RNA, B: [NaCl] in

binding, C: [NaCl] in elution, R1: percentage of relative recovery, R2: purification factor).

Run A B C R1 R2
1 100 1.1 1.6 25 0.39
2 80 1.3 1.8 37 4.5
3 80 1.3 1.8 155 3.67
4 60 1.1 1.6 38 1.57
5 60 1.5 2 23 5.61
6 100 1.5 1.6 o o}
7 80 1.3 1.6 87 3.54
8 8o 1.3 1.8 140 3.58
9 8o 1.3 1.8 67 2.25

10 80 1.3 2 49 3-49
11 100 1.5 2 74 3.63
12 60 1.5 1.6 o (o}
13 8o 1.3 1.8 69 3.04
14 60 1.1 2 100 0.8
15 60 1.3 1.8 52 2.78
16 80 1.3 1.8 29 1.24
17 100 1.1 2 58 0.84
18 100 1.3 1.8 35 1.33
19 8o 1.1 1.8 62 1.46
20 80 1.5 1.8 21 6.66

The equations and the three-dimensional response surface plots Figure 16 (Recovery)

and Figure 17 (Purification Factor)), resulting from the 20 runs performed show the
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responses to the percentage of relative recovery (R1) and purification factor (R2) as a

function of the different factors:

R1 =56 —-2.10 (A) — 16.50 (B) + 15.40 (C)
R2 = 3.34 — 0.4570 (A) + 1.08 (B) + 0.8870 (C) + 1.19 (BC) — 1.65 (4%

By looking at the equations and the three-dimensional response surface plots for the
percentage of relative recovery (R1, figure 16) and the purification factor response (R2,
figure 17), it is possible to evaluate what are the main effects. The positive or the negative
value designates a positive or a negative effect on the response. In the case of the
percentage of relative recovery (R1), the loaded mass of RNA and the concentration of
NaCl on the binding step have a negative effect which means that higher values implicate
lower response, representing lower RNA recovery. The concentration of NaCl on the
elution step have a positive effect, which means that a higher response comes with a
higher concentration of this salt. On the other hand, only the loaded mass of RNA has a
negative impact on the purification factor response (R2). Furthermore, for recovery, the
model is linear, which shows that the interactions between factors are not significant,
that is, each factor acts independently, which was expected and advantageous for the
optimization process. If the factors acted in a dependent manner, for instance the
concentration of NaCl used for binding and elution steps, the information given, in terms
of recovery yield, would not be useful since the main goal of recovery is to collect the
maximum of pre-miRNA-29b at the peak of interest regardless of its purity. On the other
hand, for the purification factor, the model is quadratic, so it considers the interactions
between the concentration of NaCl in the binding and elution step. For instance, the
strongest interaction in the model is for NaCl concentrations in the binding and elution
step, positively influencing the purification factor. As expected, the model indicates that,
besides pH, NaCl concentration in binding and elution steps plays a crucial role in the
purification process, due to the fact that the interactions are more or less specific
depending on these factors. Changing the pH and salt concentration can influence the
surface charge of the ligand and the interactions with various types of RNA will be
altered, which in terms of selectivity and consequent purification of the pre-miRNA-29b
is very important. The loaded mass of RNA alone, when at an intermediate value, boosts
the purification factor to higher values, which in this case is the optimum value to work
with. This can be related to the specific amount of ligand present in the support and the
geometry of the column, for this reason it is important to consider that this optimal value
of loaded mass of RNA found herein, could not be the appropriate value in case of using

another column with a different shape or/and amount of chromatographic support. The

45



maximum column capacity relative to the pre-miRNA-29b is thus a dependent factor by
the column geometry and matrix characteristics, unlike when changing the NaCl
concentration of elution buffers, which remains independent. However, by altering
properties relatively to the interaction of the target molecule with the support, such as
the pH of the buffer, both the dependent and independent variables will be affected, and
additional optimization studies would be required. To better understand these equations
and the information given about the adjustment of the model to the two responses, it is
necessary to perform the ANOVA analysis and the fitting conditions. Analyzing table
ANOVA (Table 5) for the two responses (R1 and R2), the most important aspects to
evaluate are F-value, p-value, lack of fit, R2, adjusted and predicted R2, and adequate
precision. We notice that the Central Composite Design (CCD) fits in two different ways

to each of these responses.

Table 5 — ANOVA table for Central Composite Design model (R1: percentage of relative recovery response;

R2: purification factor response).

F- p- Lack Adjusted | Predicted | Adequate

Response . R2 .
value | value | of Fit R2 R2 precision

R1 1.02 | 0.4078 | 0.8937 | 0.1612 | 0.0039 -0.1577 3.7196
R2 7.24 | 0.0015 | 0.5574 | 0.7211 | 0.6215 0.4631 8.7944

For recovery, we noticed that this model is not significant due to the low F-value of 1.02,
and a p-value of 0.4078, which means that there is a 40.78% probability that the F-value
may be influenced by noise. The lack of fit is not significant, which is positive considering
that the desirable is that the values fit the model, in the case of the relative percentage of
recovery (R1), a linear model. As for the fit parameters, R2 describes the proportion of
the total variability explained by the model, in this case, 0.1612 (16.12%), the adjusted R2
represents the adjustment of the statistic to the size of the model, which means, unlike
R2, it considers only the factors and interactions that influence the response. In this case,
and because the model is not significant, the adjusted R2 assumes a low value, of 0.0039.
Finally, the predicted R2 evaluates the capacity of the model in the prediction of new data,
in this case, the value is -0.1577, which reveals the inability of the model to predict this
response (R1) adequately. The adequate precision is the ratio between signal and noise,
and a value greater than 4 is acceptable and desirable. In this case, it is 3.7196, which
represents an inappropriate signal. On the other hand, the analysis of the statistical data

in relation to the purification factor (R2) shows that the model is significant with an F-
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value of 7.24 and a p-value of 0.0015, that is, there is a probability of 0.15% of this F-
value is influenced by noise. The lack of fit assumes the value of 0.5574 and is not
significant, which, as previously mentioned, is desirable and proves that the quadratic
model fits into R2. The fit parameters show improvements in relation to the response
related to the relative percentage of recovery (R1), with an R2 of 0.7211, an adjusted R2 of
0.6215, which is in accordance with the significance of the model for this response, and
a predicted R2 of 0.4631. Finally, the signal-to-noise ratio is 8.7944, i.e., greater than 4,
which indicates an appropriate signal and proves that the model can be used to navigate
the design space. Overall, the model shows a distinguished fit for the two responses, one
being not significant (R1) and the other significant (R2). Therefore, in this study the
model is used, but it is not a reliable source of optimization for the relative percentage of
recovery and the purification factor.

In general, it is important to understand how to improve the design, namely by
performing a new screening using appropriate software, such as Design Expert, where
we could use another model more suitable for this screening such as Plackett-Burman
Design (PBD). In this case, since PBD only estimates the main effects of the factors and
does not take interactions among factors into account, it would be interesting to make an
overview of which factors can actually influence the chromatographic process, i.e., pH
and NaCl concentration used, the loaded mass of RNA, column pressure, column size,
retention time, flow rate and temperature. With such model, it could be then understood
which factors have the most influence on the process, and also, the ideal range of values
to work with these same factors. Then we could reapply the Central Composite Design
(CCD) with the new factors and analyze the results and consequently be able to validate
the model. Moreover, CCD model requires more center points, and it considers extreme
conditions, which could lead to an increase of performed experiments and/or
unsatisfactory results, which seems to be the case of this study. Box-Behnken Design
(BBD) is another possible model to be also considered in further studies, since unlike
CCD, the BBD does not examine the extreme factor combinations and has the additional
advantage of needing fewer experimental runs than CCD for the same number of factors.
Hence, the application of BBD should be contemplated for systems with more than two

factors where the optimum value is known to stay in the middle of the factor ranges [101].
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Figure 16 - Three-dimensional response surface plot of interactions of variables binding, elution and
loaded mass of RNA and its effect on the percentage of relative recovery response. One parameter for

each graph is at a hold value, corresponding to the central point of the absent variable.
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4.2.1. Model validation and reproducibility

In order to validate the method and verify the reproducibility of the column, the
chromatographic profiles of the six central points of the experimental design were used
since the conditions of equilibrium, binding, elution and loaded mass of RNA were
maintained. Therefore, all six chromatographic profiles showed similarity as can be seen
in Figure 18. It is important to notice that a regeneration step of the columns is
performed every 4 assays, being this crucial to ensure reproducibility between trials and
to maintain high separation performance of these supports. There are some variabilities
in the height of the peaks of chromatograms A and B, what can be explained by the
amount of sample that effectively eluted. This can possibly be associated with the
manipulation of the sample during its homogenization, due to a poorer regeneration or
due to discrepancies of mass transfer effects, for instance if there are small temperature
changes between these assays. Furthermore, it is possible to observe in Figure 18 that the
time of each assay is very similar, since the retention time does not fluctuate as much,
being this advantageous for further evaluating the accuracy of results. This proves the
reproducibility of the column and the potential of this method for pre-miRNA-29b

purification.
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Figure 18 - Representative chromatograms for the validation of the method. Conditions were maintained

in the six assays: loaded mass of RNA: 80 pug; [NaCl] in binding: 1.3 M; [NaCl] in elution: 1.8 M.
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4.3. Final optimization

Although the DoE model used herein is not very suitable for predicting the ideal range of
values that increases the response factors evaluated: the purification factor and specially
the percentage of relative recovery, because it was not significative, it was possible to
identify a range of values for each studied factors that were better for obtaining optimal
purification factors. This can be inferred by the analysis of the three-dimensional
response surface plots of the assays performed in the initial screening (Figures 16 and
17), where it was revealed that the interaction of NaCl concentration in the binding and
elution steps is potentially significant for the purification process. It was already evident
that a higher concentration of this salt in the first step is important to separate the pre-
miRNA-29b from the other RNA species, hence the conditions chosen in this final assay
were: 75 ug of loaded RNA, 1.5 M of NaCl in the binding step, and 2 M of NaCl in the
elution step. The representative chromatogram and electrophoresis can be seen bellow,

in figure 19.
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Figure 19 - Representative chromatogram of the final assay for the purification of pre-miRNA-
29b and respective UREA-PAGE Gel electrophoresis (P1 -First peak performed at 1.5M; P2- Second
peak performed at 2M).

As seen before, these conditions provided the removal of the majority of contaminants
and some separation of the target molecule, however, the amount of pre-miRNA-29b in
the first peak is still high, which resulted in 35.1% recovery, despite the high purification
factor of 1.55. Furthermore, it was important to determine the quality of the final sample,

by performing the quantification of protein and gDNA.
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Table 6 - Protein and gDNA quantification in the initial sample, binding step, and elution step.

Samples [Proteins] pg/uL [gDNA] ng/uL
Initial 0.087 6.34
Impurities fraction
. 0.057 3.13
(Binding Step)
Pre-miRNA-29b fraction
0.019 1.95

(Elution Step)

These results indicate that the conditions used herein were able to effectively reduce
most of the impurities throughout the process. By the analysis of Table 6, it is possible to
conclude that in the final sample of purified pre-miRNA-29b was possible to remove 78%
of proteins and 70% of gDNA. It is noticeable that most of these contaminants are eluted
in the first gradient step, which is desirable and proves the selectivity of the column
relatively to the pre-miRNA-29b. Notice that each sample had a different volume,
therefore, this percentage values were calculated based on the mass of proteins and
gDNA in each sample. Additionally, the fact that the column is able to separate
contaminants from the pre-miRNA-29b and thus reduce them in the final sample, is a
requirement for future therapeutic applications, and consequently a good indicator of
the method for the purification of biomolecules with therapeutic potential. In a
therapeutic point of view, this is very important since these contaminants can induce
immunogenic responses in patients, and in the case of gDNA, it is a concern that it can
be integrated into the genome of the patient [111]. Therefore, quantification and
reduction of possible contaminants in this type of samples is very important regarding
the therapeutic application, being thus proved that this SIL is highly efficient upon
removing the impurities from the pre-miRNA-29b. Regarding the low recovery yield
obtained herein, it is well known that chromatographic processes will sometimes give
lower recovery values specially if high purification factors are achieved, as in the case
shown in this last assay. Moreover, when high concentrations of NaCl concentrations are
used for the elution in the chromatographic steps it is more likely for losses of the target
molecule due to degradation and destabilization of native structure or the formation of

inactive aggregates and unfolded species that cannot be recovered from the column [112,

113].
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Chapter 5 — Conclusions and future

perspectives

In recent years, studies on biomolecules with therapeutic potential have been increasing,
however, efficient, and economically feasible processes to obtain these biomolecules
purified from impurities while still being active, are currently in high demand. Therefore,
in this work, we proposed a method using a novel ionic liquid (IL)-based
chromatographic support for the purification of pre-miRNA-29b. Primarily, a
binding/elution screening was done by changing the pH values from 6 to 8, and the RNA
species were eluted upon increasing concentrations of NaCl. It was verified that at pH 6
the binding of the RNA was quite strong towards the chromatographic support
(SilPrlmPrACl), and thus the elution was only possible by using a high salt concentration
and at pH 8. It was then concluded that a pH value between 7 and 8 would be ideal. With
this initial screening, an optimal pH value of 7.5 was chosen for further purification
studies and an experimental design was proposed with the recovery and purification
factor as responses. The selected factors were studied at three levels as: loaded RNA mass
(60 ug, 80 ug, 100pug), [NaCl] in 10 mM phosphate buffer at binding step (1.1 M, 1.3 M,
1.5 M), and [NaCl] in 10 mM phosphate buffer at elution stage (1.6 M, 1.8 M, 2 M). The
20 assays performed resulted in recovery values from 21% to 100%, and purification
factors from 0.39 to 6.66. The analysis of the results showed that the model is not robust
enough to make a reliable prediction of an optimal point for the optimization of the
purification process. Moreover, the choice of a particular chromatographic condition and
mode of operation should be conducted to be compatible with the overall process
purification as well as it should give an appropriate balance of recovery yield, final purity,
and product quality [114]. Therefore, it was chosen, within the range of values of the
factors studied, those that would increase the purification factor, namely by using a
loaded mass of 75 pug and [NaCl] in 10 mM phosphate buffer at binding and elution of 1.5
M and 2 M, respectively. A final assay was thus performed under these conditions and
recovery values of 35.1% and a purification factor of 1.55 were obtained. In addition, the
quantification of contaminants showed that the process removed about 78% of the
proteins present in the sample and 70% of the gDNA, what is a great result considering
the complexity of the initial sample and that only a purification step was used. It was also
possible, from six assays performed under the same equilibrium, binding, and elution
conditions, to prove the reproducibility of the column.

In summary, the supported ionic liquid in study, SilPrlmPrACl, showed to be suitable for
the purification of pre-miRNA-29b, however, in the future, it is necessary to understand

how to optimize the process with the help of a different experimental design model.
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Starting with screening, it would be important to perform a more quantitative rather
than qualitative screening, i.e., to study the influence of pH and NaCl concentration and
other factors that may influence both purification and recovery, such as loaded RNA
mass, column pressure, column size, flow rate, and temperature using a statistical model
such as Plackett-Burman Design. This way we would be able to see which factors really
influence the purification process, and a more reliable range of values. Afterwards, an
optimization model, such as Central Composite Design (CCD), could again be reapplied,
which would potentially be more robust for predicting an optimal working zone for the

purification of pre-miRNA-29b.
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