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Abstract 

Gene therapy and DNA vaccination currently hold great potential for treatment and prevention 

of genetic and acquired diseases. Although DNA vaccines offer a number of potential advantages over 

traditional vaccination strategies, including the stimulation of B- and T-cell responses, improved 

vaccine stability and the absence of any infectious agent, the large-scale manufacturing of plasmid 

DNA (pDNA) is still an unresolved bottleneck, especially on the downstream side. 

An alternative and cost effective chromatographic process based on multimodal ligands is 

being developed to address the problematic isolation and purification of pDNA molecules. Multimodal 

chromatography uses small synthetic organic ligands, allowing exploring different forms of interaction 

between the stationary phase and the solutes in the feed stream. 

In this thesis, the possibility of using a cationic multimodal ligand (CaptoTM adhere) to remove 

RNA impurities from E. coli lysates and/or to isolate supercoiled (sc) pDNA isoforms from open 

circular (oc) pDNA is explored. In an initial approach, the optimal binding/elution conditions were 

evaluated by microscale experimentation. More specifically, a high-throughput screening was 

performed in multi-well plates equipped with membranes. The selected conditions were further tested 

and tuned in a 1 mL packed column, using as feed streams pure pDNA, an artificial mixture of purified 

pDNA and RNA, and E. coli lysates. Using a step-wise elution method with NaCl, it was possible to 

obtain a baseline separation of oc and sc pDNA isoforms present in pre-purified plasmid-containing 

samples and in more complex feed streams, particularly pDNA and RNA mixtures and E. coli lysates.  
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Resumo 

Atualmente, a terapia genética e a vacinação com DNA detêm um grande potencial no 

tratamento e prevenção de doenças genéticas e adquiridas. Apesar das vacinas de DNA oferecerem 

potenciais vantagens face às estratégias de vacinação tradicionais, incluindo a estimulação da 

resposta das células B e T, o melhoramento da estabilidade da vacina e a ausência de qualquer 

agente infecioso, a produção de DNA plasmídico em larga escala é ainda um problema por resolver, 

principalmente a sua purificação. 

Um processo cromatográfico alternativo baseado em ligandos multimodais está a ser 

desenvolvido para solucionar a problemática do isolamento e purificação deste tipo de moléculas de 

DNA. A cromatografia multimodal usa pequenos ligandos orgânicos sintéticos, permitindo explorar 

diferentes formas de interação entre a fase estacionária e os solutos na corrente de alimentação. 

Nesta tese, foi explorada a possibilidade de usar um ligando multimodal catiónico (CaptoTM 

adhere) para remover RNA de lisados de E. coli e/ou isolar as duas isoformas presentes no DNA 

plasmídico. Numa abordagem inicial, foram avaliadas as condições de adsorção/eluição ótimas em 

placas de múltiplos poços equipadas com membranas. As condições selecionadas foram depois 

testadas e aperfeiçoadas numa coluna comercial com 1 mL, usando como correntes de alimentação 

plasmídeo puro, uma mistura artificial de DNA plasmídico e RNA purificados, e lisados de E. coli. 

Usando uma eluição em degrau com NaCl, foi possível separar as duas isoformas de DNA 

plasmídico, não só nas amostras com plasmídeo purificado mas também nas misturas artificiais de 

plasmídeo com RNA e nos lisados de E. coli. 
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1. Introduction 

1.1  Gene Therapy 

The concept of gene therapy was introduced during the 1960s and early 1970s after the 

isolation of a specific group of bacterial genes from DNA and the complete chemical synthesis of the 

gene for yeast alanine transfer RNA. These discoveries, combined with the progresses toward the 

biochemical characterisation of human genetic diseases and the function and structure of DNA, 

supported the idea of using exogenous DNA to replace defective DNA on these types of 

syndromes [1]. 

Currently, gene therapy can be defined as the delivery of new genetic material, through gene 

delivery vectors, into somatic cells of a patient in order to promote a therapeutic effect. This effect can 

be accomplished by gene addition, correction or knockdown. The vectors can be administered either 

in vivo or ex vivo [2, 3]. In an in vivo protocol, the gene transfer vector is directly injected into the 

patient, whereas on an ex vivo therapy the genetic modification is performed on cells isolated and 

purified from the patient that are then re-infused [2].  

Rosenberg et al. [4] did the first translation from the laboratory to a human gene therapy 

clinical trial, in 1989, at the Division of Cancer Treatment of the National Cancer Institute, in Bethesda. 

On this clinical trial, the objective was the introduction of a bacterial gene coding for the resistance to 

neomycin, via retroviral transduction, into human tumour-infiltrating lymphocytes (TIL), to define the in 

vivo distribution and survival of these cells, since the treatment with TIL can mediate the regression of 

metastic melanoma in approximately half of the treated patients This study demonstrated the 

feasibility and safety of retroviral gene transduction for human gene therapy. Also, it gave an insight 

on the design of TIL with improved antitumor potency and contributed to the use of genetically 

modified lymphocytes for the gene therapy of serious inherited diseases [4, 5].  

The first therapeutic trial took place shortly after, in 1990, and was carried out in two girls with 

a form of severe combined immune deficiency (SCID) characterised by adenosine deaminase 

deficiency (ADA) [6]. Investigators isolated T lymphocytes (T-cells) from the patients, expanded them 

ex vivo and modified these cells using retroviral transduction of the ADA gene and finally re-infused 

the cells into the patients. This allowed the normalisation of the number of blood T cells and of the 

humoral immune responses. The results from the phase I trial demonstrated that gene therapy was 

safe and effective and that patients treated with gene-modified cells can derive clinical benefit from a 

gene therapy treatment, since the integrated vector and ADA gene expression in T cells persisted 

after two years [2, 6]. 

The 1990s were a decade of a growing number of clinical trials with almost 500 new trials 

approved worldwide [5]. One of the most remarkable advances was done on the use of genetically 

engineered DNA to trigger both humoral and cellular immune responses. This discovery on the early 

1990s led to what we know today as DNA vaccines [7]. However, the occurrence of a death in 1999 

due to a staggering reaction to an adenoviral vector and the development of a leukaemia-like illness 

derived from retroviral insertional oncogenesis, in 2002, slowed clinical progress [5].   
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Despite these setbacks, until July 2015, 2210 gene therapy clinical trials have been reported 

all around the world [8]. Figure 1.1 shows the diseases addressed by those trials.  

 
Figure 1.1: Indications addressed by gene therapy clinical trials approved worldwide between 1989 and July 
2015. The percentages are relative to a total of 2210 clinical trials (adapted from [8]) 

Analysing Figure 1.1 it is possible to conclude that the majority of approved clinical trials 

addresses cancer diseases (n=1415), followed by monogenic diseases (n=209) and cardiovascular 

(n=175) and infectious diseases (n=174). 

Cancer is one of the major causes of mortality worldwide, which explains the research interest 

translated in the high number of clinical trials in gene therapy. Several types of cancer have been 

addressed on the trials, namely lung, gynaecological, skin, urological, neurological and gastrointestinal 

tumours [5]. Four different strategies have been applied to treat cancer: the insertion of tumour 

suppressor genes, immunotherapy, oncolytic virotherapy and gene directed enzyme pro-drug therapy 

(GDEPT) [9].  

The first strategy relies on the fact that tumour suppressor genes, from which p53 is the most 

commonly used, code for proteins that are responsible for the capture of damaged DNA and/or are 

involved in cell apoptosis [5]. Another strategy is the use of immunotherapy to amplify the humoral 

and/or cellular reactions to tumour antigens since these reactions are weakened on cancer patients. 

This can be done using naked DNA vaccines and intra-tumoural injection of vectors encoding 

cytokines or major histocompatibility molecules. Also, it is possible to use vaccination with genetically 

engineered tumour cells that express immunostimulatory molecules, with recombinant viral vectors 

encoding tumour antigens, with host cells engineered to express tumour antigens or tumour-derived 

RNA [5, 9]. On oncolytic virotherapy, viruses capable of targeting and replicating within the tumour 

cells are used to cause tumour cell lysis [9]. Finally, GDEPT consists on the introduction of genes that 

encode enzymes that convert prodrugs into cytotoxic drugs [5]. 

In the case of inherited monogenic diseases, the main objective of the trials is the replacement 

of the defective gene by a functioning one on stable stem cells, assuring the permanence of the 
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correction. The most common inherited diseases are cystic fibrosis, SCID and chronic 

granulomatous [5, 9]. 

Finally, clinical trials on cardiovascular diseases have addressed mostly therapeutic 

angiogenesis (formation of new blood vessels) to increase blood flow to ischaemic regions through the 

application of genes from the fibroblast growth factor (FGF) and vascular endothelial growth factor 

(VEGF) families [5, 9]. 

1.2  Delivery vectors 

In gene therapy, the insertion of new genetic material into the host cells is done through the 

use of delivery vectors. There are two groups of delivery vectors – viral and non-viral – and both have 

to fulfil different functions, including the delivery of genes into the target cells and their nucleus, protect 

the genetic material against gene degradation and ensure the gene transcription in the cell. They have 

also to guarantee a safe and efficient gene transfer and stable and sufficient gene expression [10]. 

Despite the fact that most of the running clinical trials use viral vectors for delivery, namely 

adenovirus and retrovirus (n=926), concerns about its safety and small capacity for therapeutic DNA 

gave rise to the use of new vectors with a non-viral origin [8, 9]. The main advantages of these new 

vectors are their low toxicity and immunogenicity in transfected cells, their ability of repeated 

application and their unlimited clone capacity [10]. 

 
Figure 1.2: Vectors used in gene therapy clinical trials between 1989 and July 2015. The percentages refer to a 
total of 2210 approved clinical trials (adapted from [8]). 

1.2.1 Viral vectors 

The use of viral vectors relies on the capacity of viruses to introduce their DNA into the host 

cells with high efficiency. Therefore, it is possible to genetically engineer a vector of viral origin by 

introducing the therapeutic gene of interest into the virus and delete their essential genes for 

replication, assembling, or infection. Since these vectors lose their ability to reproduce into the host 
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cells, it is necessary to create a specialised cellular line, called packaging cell line (PCL), engineered 

to replace a function of a deleted viral gene and for the production of recombinant viruses [10]. 

There are two main classes of viral vectors - non-lytic and lytic – based on their different 

strategies for replication and survival. The non-lytic viruses include retroviruses and lentiviruses and 

are characterised by the production of virions from the cellular membrane of an infected cell, leaving 

the host cell intact, whereas lytic viruses, from which human adenovirus and herpes simplex virus 

families are examples of, destroy the infected cell after replication and virion production. Other aspects 

that have to be taken into account when selecting a viral vector are the size of the genetic material to 

be transduced, the duration of gene expression desired and the ability of the host cells to be virally 

transduced ex vivo and re-infused to the patient [10, 11]. 

Clinical trials using these vectors are currently being conducted worldwide. In 2003, China 

became the first country to approve a gene therapy based product for clinical use. GendicineTM, an 

adenovirus coding for protein p53 has been applied as a tumour suppressor in thyroid cancer, and 

was developed by SiBiono Gene Tech Co [8, 12]. On Europe, the first gene therapy product 

authorised by EMA for marketing purposes was Glybera, developed by Amsterdam Molecular 

Therapeutics and commercialised by UniQure, in 2012. Glybera is an adeno-associated viral vector 

engineered to express lipoprotein lipase in the muscle tissue for the treatment of severe lipoprotein 

lipase deficiency, characterised by severe or multiple attacks of pancreatitis [12, 13]. UniQure is also 

currently involved on the development of other gene-based therapies for the treatment of haemophilia 

A and B, Parkinson’s disease, congestive heart failure, acute intermittent porphyria and sanfillipo B 

[14]. 

1.2.2 Non-viral vectors 

The use of viral vectors for gene therapy raised some problems (namely, the endogenous 

virus recombination, oncogenic effects and unexpected immune response) that were circumvented 

with the introduction of new vectors with a non-viral origin. The easiest way of DNA transfection is 

through the injection of naked plasmid DNA (pDNA) into the tissue (skeletal muscle, liver, thyroid, 

heart muscle, urological organs, skin and tumour) or on a vessel from the systemic system [15]. 

Wolf et al. [16] performed the first report of uptake and extended in vivo expression of 

transgenes inserted on a plasmid injected into the leg muscle of mice, in 1990. The fact that the mice 

continued to express the heterologous proteins 60 days after injection, suggested potential therapeutic 

applications of this delivery mechanism. Since then, intramuscular injection of pDNA for gene therapy 

and design of DNA-based vaccines has been a growing field of research [17].  

However, the transfection efficiency of these methodologies is affected by the rapid 

degradation by nucleases in the serum and clearance by the mononuclear phagocyte system. To 

outcome this problem, several physical methods and synthetic delivery vectors have been developed. 

Among the physical methods there is the use of electroporation - the application of controlled electric 

field to facilitate cell permeabilisation - and gene gun -the shooting of gold particles coated with DNA 

directly through the cell membrane into the cytoplasm or even the nucleus [15]. These methods are 
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not very suitable for humans as they are for small animals; hence, synthetic delivery vectors were 

designed based on the use of lipids, liposomes, polymers and inorganic nanoparticles [18].  

For a pDNA vector to be used with a therapeutic purpose it has to be carefully designed, 

avoiding sequences that can be toxic and segments that can cause problems for the manufacturing 

process, in addition to the several requirements that they have to meet. The prerequisites indicate that 

the plasmid backbone should contain a constitutive, inducible, or tissue-specific promoter with potent 

transcriptional activity - a transcription terminator, elements for optimised mRNA processing and 

translation (like Kozak sequence and polyadenylation), prokaryotic origin of replication (ori) to be able 

to reproduce in bacterial hosts and a selection marker, usually a gene that encodes for antibiotic 

resistance, for vector amplification in bacteria. The use of antibiotic resistance genes and selection 

markers is the main drawback on pDNA usage for therapeutic applications, as they cause a safety 

problem by causing inflammatory reactions in vivo [19]. The only selection marker allowed by 

regulatory agencies, as the FDA, is the kanamycin resistance (kanR) gene due to its lower activity 

spectrum [19, 20]. 

The therapeutic success of the delivery vector is highly dependent on its transfection efficiency 

and this parameter has proved to be strongly dependent of the size of the vector. This should be kept 

at minimum, with ranges between 3 and 12 kbp, excluding the gene of interest. Studies conducted to 

evaluate the influence of plasmid size in transfection efficiency have shown that for larger plasmids, 

both the transfection efficiency and the expression of the transgene are lower [21]. Yin et al. [22] 

performed a systematic study on the effect of plasmid size on promoter/enhancer activity in transient 

transfection assays and concluded that gene expression declined as a function of the vector size and 

that the higher decrease in reporter gene activity occurred when a 5.1 kb plasmid was increased to 

5.75 kb. These observations can be explained by the better ability that small DNA fragments have to 

overpass the barriers to enter the cell nucleus [19]. 

Deletion of non-essential regions within the plasmid backbone has proved to be also important 

in vector stability and minimizes the integration events that can lead to dissemination of prokaryotic 

recombinant DNA in patients [19]. Moreover, unmethylated CpG sequences that are present in certain 

plasmids are recognised by the Toll-like receptor 9 (TLR9), which leads to an adjuvant effect through 

the activation of the innate immune system, which can be useful for vaccination purposes [19, 23]. 

Several investigators have demonstrated that the injection of pDNA containing selected genes from 

pathogens can elicit a protective immune response, which led to the investigation on the use of pDNA 

vaccines against many infectious diseases including hepatitis B and C, AIDS, malaria and 

tuberculosis [17]. However, when the vector is intended for therapeutic purposes, the stimulation of 

the immune system is not beneficial and thus deletion of prokaryotic sequences will result in a safer 

vector [19, 23]. Despite the fact that the lack of genetic integration and the absence of specific immune 

response to the plasmid itself look like a drawback for gene therapy applications, plasmids can be 

maintained episomally and transcribed for extended periods of time prior to being eliminated. This 

property makes the use of DNA-based vaccines very attractive where transient transgene expression 

is desired such as in cardiac revascularisation. Here, the use of a plasmid encoding for vascular 
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endothelial growth factor (VEGF) has been shown to promote revascularisation in ischemic limbs and 

hearts of patients receiving the treatment [17]. 

The structural conformation of the plasmid is another important aspect of DNA vector that can 

influence their transfection efficiency [19]. Three different pDNA conformations – compact supercoiled 

(sc), relaxed open circular (oc) and linearised – were studied in order to determine the most 

physiologically active conformation for gene delivery [24]. Remaut et al. have compared these 

conformations in transfection studies and concluded that the transfection efficiency was independent 

on the DNA topology when the three isoforms were directly microinjected into the nuclei of the cells 

with the same intranuclear concentration. However, when using pDNA-containing lipoplexes or when 

the injection of pDNA was done on the cytosol, sc pDNA resulted in higher transfection efficiency. As 

the amount of pDNA that reaches the nucleus is determined by the amount of pDNA that arrives in the 

cytosol, it was possible to conclude that sc pDNA is more efficiently released from the lipoplexes when 

compared to oc and linearised pDNA. Also, when comparing the microinjection of comparable 

concentration of the three isoforms directly into the cytosol, it was concluded that sc pDNA was more 

stable and could diffuse faster though being easier to reach the cell nucleus [24]. The fact that sc 

pDNA isoform is the most physiologically active conformation led to the existence of guidance 

documents from FDA claiming that therapeutic pDNA vectors to be used in a phase I clinical trial 

should present a minimum homogeneity of 80% in sc pDNA [20]. 

As a consequence of the concerns regarding the safety of non-viral vectors, plasmids partially 

or totally devoid of prokaryotic elements have been developed [23]. Darquet et al. [25], in 1997, 

developed the first vector totally devoid of prokaryotic elements by producing supercoiled recombinant 

circular DNA molecules called minicircles. These molecules do not contain either the prokaryotic origin 

of replication or antibiotic resistance genes, both having been eliminated during site-specific 

recombination [23]. More recently, other types of vectors completely free of prokaryotic elements, 

linear dumbbell-shaped expression cassettes, are being developed using one of two methods: linear 

double-stranded DNA molecules generated in vitro either by polymerase chain reaction (PCR) 

amplification or by endonuclease processing from plasmids. In the case of PCR amplification from 

plasmids, the PCR product is end-protected by ligation with oligonucleotide hairpins (ODN) [23]. The 

endonuclease processing technique has been used by Mologen AG pharmaceutical company, which 

has developed a minimalistic immunogenic defined gene expression vector (MIDGE), were plasmids 

containing the expression cassette of interest, are digested by restriction endonuclease and the ends 

are ligated with ODN hairpin and DNA is purified by anionic exchange column chromatography [23]. A 

recent phase I clinical trial has been approved by FDA in October 2013, using a MIDGE containing a 

tumour necrosis factor for gene transfer in skin metastases of melanoma [8]. 

1.3  Plasmids in therapeutics 

Ulmer et al. [26] were responsible for the first publication of pre-clinical protection by a DNA 

vaccine against challenge by an infectious agent, in 1993. They injected plasmid DNA into mice, which 

resulted in the generation of cytotoxic T lymphocytes (CTLs) specific for conserved viral antigens. 

These CTLs can respond to different strains of virus so their production allowed the protection from a 
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subsequent challenge with a heterologous strain of influenza A virus, measured by decrease viral lung 

titres, inhibition of mass loss, and increased survival [26].  

Since this study, many other were performed in order to demonstrate the efficacy and 

immunological mechanisms of DNA vaccines for a variety of types of diseases, including infectious 

diseases, cancer, autoimmunity and allergies. Clinical trials of DNA vaccines are in progress for many 

diseases, as shown in Table 1.1 [27]. U.S. National Institutes of Health [28] have registered 842 

studies using DNA vaccines, including plasmid constructs used as a prime for boosting other types of 

vaccines. 
Table 1.1: Diseases for which DNA vaccines have entered clinical trials (adapted from Wahren et al. [27]). 

Infectious Diseases Cancer Other 

Human immunodeficiency virus 

Influenza (seasonal, pandemic) 

Malaria 

Hepatitis B 

Seasonal Acute Respiratory Syndrome 

Marburg 

Ebola 

Human Papilloma Virus 

West Nile Virus 

Dengue 

Herpes Simplex Virus 

Measles 

Cytomegalovirus 

B-cell lymphoma 

Prostate 

Breast 

Melanoma 

Ovarian 

Cervical (Precancerous In Situ) 

Hepatocellular 

Bladder 

Lung 

Sarcoma 

Renal Cell 

Lymphoplasmacytic lymphoma 

Colorectal 

Type I Diabetes 

Ashtma 

Up to date, several DNA vaccines have been licensed for veterinary applications, including an 

equine vaccine for West Nile Virus in 2005, a salmon vaccine against infectious hematopoietic 

necrosis virus in 2005, and a therapeutic canine vaccine for melanoma in 2010. Plasmid DNA 

encoding Growth Hormone Releasing Hormone delivered with electroporation was licensed in 2007 

for pigs as a gene delivery application [27].  

However, there are no human vaccines licensed to date due to the strong human immune 

responses in early phase clinical trials [27]. The trials started on 1998 with HIV-infected individuals 

and proved that DNA vaccination generated immune responses against early HIV protein [29]. 

Actually, a plasmid DNA vaccine against cytomegalovirus (CMV) is in a phase III trial [30] for 

hematopoietic cell transplant recipients. This vaccine consists of two plasmids expressing CMV 

antigens that give rise to strong antibody responses in the infected individuals and showed to reduce 

viremic episodes, decrease the occurrence of detectable viremia, and to lengthen the period before 

the onset of viremia [27].  

Due to the uncontrollable Ebola epidemic that arose in West Africa in 2014, a Phase I safety 

and immunogenicity testing of two DNA vaccines, one vaccine encoding Ebola virus Zaire and Sudan 

glycoproteins (EBO) and one encoding Marburg virus glycoprotein (MAR), was approved by the 

National Institutes of Health in the US. The results showed that, given separately or together, both 
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vaccines were well tolerated and elicited antigen-specific humoral and cellular immune responses, 

accelerating the development of more potent Ebola vaccines [31, 32]. 

The possibility of using DNA vaccines in cancer diseases has also being study, namely when 

cancers result from infection with virus, like human papilloma viruses (HPV) and hepatitis B virus 

(HBV). In these cases, it is possible to target viral proteins and by preventing infection, to decrease the 

incidence of the related cancer [27]. Once infection has occurred, it may still be possible to protect 

against the development or progression of cancer by targeting oncoproteins that are responsible for 

the transformation of infected cells into tumour cells. This strategy has been used in patients with high-

grade cervical lesions due to HPV with promising results [27, 33].  

1.4  Plasmid DNA production 

 Plasmid DNA is commonly produced in Escherichia coli (E. coli) cells, followed by a 

downstream process for its purification [34]. The process for manufacturing plasmid DNA starts with 

the construction and selection of appropriate expression vectors and production microorganisms, 

followed by the selection and optimisation of the fermentation conditions, in what is called the 

upstream processing. Then, after the cells are grown, the downstream processing takes place through 

isolation and purification of the product of interest [35]. The two stages of process development are 

represented in the flow sheet for the large-scale purification of supercoiled plasmid DNA below (Figure 

1.3). 

 
Figure 1.3: The two stages processing – upstream in blue and purification in red – of plasmid DNA process 
development (adapted from [35]). 

The vector design and the host choice must consider the demands for achieving the most 

efficient, reproducible, robust, scalable, and economical production of clinical grade pDNA, which 

often results in large-scale production and needs to anticipate some of the recurrent obstacles during 

fermentation and downstream processing [36]. Since pDNA accounts only for 0.5-5% of E. coli dry cell 

weight, depending on plasmid size and copy number, the main goal in the upstream stage is the 

maximisation of pDNA production, which can be accomplished in two different ways, either by 

improving the final cell concentration or by increasing the average plasmid copy number [37, 38]. The 
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second strategy has been achieved through the use of a temperature up-shift, addition of 

chloramphenicol, amino acid starvation or limitation and reduced growth rates [37].  

Furthermore, the influence of a well-developed fermentation process together with a well-

defined host strain can improve the yield of pDNA and reduce the amount of contaminants, such as 

RNA, denatured genomic DNA (gDNA), proteins, and lipopolysaccharides [35, 37]. Currently, mainly 

E. coli K-12 strains are used for pDNA manufacturing, as they are non-pathogenic, well known, 

regulatory accepted, environmentally non-persistent and simply cultivated in bioreactors. Other strains 

that have been used for industrial and pharmaceutical purposes are DH5α, DH5, DH10B, JM109, XL-

1 Blue, JM108. Specific host-plasmid combinations may show unexpected effects, whereby it is 

always necessary to perform a host screening for the chosen plasmid. However, there are some 

features that the host should fulfil like efficient growth behaviour, a high plasmid yield (volumetric and 

specific) and a high percentage of sc pDNA [34]. 

To obtain a fermentation inoculum of reproducible quality it is mandatory to generate, 

characterise and maintain a standardised cryo-conserved cell bank. A two-tiered cell banking system 

consisting on a first-level MCB (master cell bank) and a second-level WCB (working cell bank) is 

usually used. After plasmid transformation on the chosen E. coli strain and clone screening to select a 

single colony is used to grow an MCB. Following growth at around 37 ºC, the culture prepared from 

the selected clone is supplemented with 10-15% of glycerol and aliquoted into cryovials (n=200). 

These cryovials should be cooled at -80 ºC at approximately 1 ºC/min to minimize the cellular damage 

and to maximize viability. The vials in the MCB provide the seed stock for the generation of the 

second-level WCB (n=200), where each vial of WCBs will constitute the starting inoculum for a single 

production batch [34, 38].  

After the pre-culture, the cell culture is transferred into a bioreactor where the plasmid is 

produced. The fermentation media composition is essential to obtain a high plasmid yield with the 

desired quality as well as a high cell density. The basic nutrients in the media – carbon, nitrogen and 

mineral sources – are used to promote growth and sustain biomass while providing the necessary 

components for plasmid amplification. These nutrients should be added through a synthetically 

defined culture medium without using complex medium compounds in order to guarantee batch 

consistency [38]. Although batch-mode fermentation is an option for pDNA production due to its simple 

execution and short duration, high cell density cultivation in fed-batch allows to reach higher cell 

densities and plasmid yields and as been preferred for industrial purposes. The fundamental principle 

of high-cell density cultivation is based on the assumption that increase of cell density maximizes the 

plasmid yield. The cell density is measured by optical density units (OD600nm) or dry or wet cell mass 

per unit culture volume and presents a typical final value between OD600nm = 100-200, corresponding 

to a dry cell mass of 30-60 g/L [34, 38]. Listner et al. [36] reported the production of 17.8 mg/L.OD600nm 

using a fed-batch system with a defined medium at 37 ºC using E. coli DH5a as host and a plasmid 

derived from pV1Jns [38]. 

After fermentation, the cells are harvested at mid to late exponential phase, since this usually 

corresponds to the highest plasmid titers. However, harvest on the stationary phase has been used as 

a way to reduce the intracellular RNA content despite the fact that it can cause plasmid relaxation. The 
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most used harvest operations in the biotechnology industry are centrifugation, tangential flow filtration 

(TFF), rotary drum filtration, and depth filtration [38]. 

1.5  Plasmid DNA downstream processing 

After fermentation, the downstream processing starts with the recovery of cells from the broth 

by centrifugation or microfiltration: Next, cells are disrupted in order to release the cellular contents. 

After cell disruption, clarification and concentration take place using high-volumetric capacity and low-

resolution operations to remove cell debris and structurally unrelated impurities, such as proteins and 

low molecular weight nucleic acids, while concentrating the pDNA for the purification step. On the last 

step of purification, chromatography is used to separate sc pDNA from structurally related impurities 

like oc and linear pDNA, gDNA, high molecular weight RNA and endotoxins [35].  

The possibility of DNA vaccination and gene therapy for therapeutic purposes, raised a 

growing interest on plasmid DNA, which required the optimisation of, not only of the upstream 

processing, but mainly the used purification and formulation strategies that should allow a generic and 

cost-effective production of pDNA at large scale [39]. In order for the obtained product to have a 

pharmaceutical application, it has to be analysed and submitted to a strict quality control 

recommended by several regulatory agencies (Table 1.2). These tests should be performed before 

initiation of Phase I clinical trials to analyse parameters as general safety, purity and identity of the 

DNA products [20]. 
Table 1.2: Recommended assays and specifications for control and release testing of plasmid DNA products 
(adapted from  [20, 34, 38]). 

Parameter Method Suggested specifications 

Purity UV-scan (220-320 nm), A260/A280  1.8-1.95 

Proteins BCA (bicinchoninic acid) assay, SDS-PAGE < 1% 

RNA Agarose gel electrophoresis Undetectable 

gDNA 
Agarose gel electrophoresis, southern blot,  

real time-PCR 
< 1% 

Endotoxins LAL (Lymulus amebocyte lysate) assay 40 EU/mg plasmid 

Microorganisms Bioburden test, sterility test < 1 CFU 

Homogeneity AEC-HPLC, agarose gel electrophoresis > 80% sc pDNA 

Identity Restriction endonucleases 
Conformance to the plasmid 

restriction map 

Potency Cell transfection According to application 

1.5.1 Primary Isolation and Intermediate Recovery 

In cellular disruption all the intracellular components, like RNA, pDNA, gDNA, endotoxins and 

proteins, are released. There are several developed protocols for cellular disruption (Figure 1.4), 

which are chosen considering the target biomolecule and the type of bacteria. Due to the sensitivity of 

pDNA and gDNA molecules to shear and to the high viscosity of the lysates, cellular disruption 

presents itself as the first critical step in the downstream processing of plasmid DNA [35, 40].  
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Figure 1.4: Cellular disruption methods (adapted from [40]). 

Carlson et al. [41] evaluated different mechanical cell disruption techniques to extract plasmids 

from bacterial cells, namely sonication, nebulisation homogenisation, microfluidisation and bead 

milling having obtained the best results for bead milling and microfluidisation, with 74% recovery of 

intact plasmid molecules when 50% of the cells were disrupted and 35% with 65% cell disruption, 

respectively. From the total plasmid released, 94% and 80%, respectively for bead mill and 

microfluidiser, were supercoiled after disrupting the cells For the other methods, substantial plasmid 

degradation was registered with recoveries of sc pDNA below 10% [35, 41]. The low cell disruption 

yields makes these techniques unsuitable for a large-scale production of pDNA [35]. 

The most used procedure for cell disruption for plasmid recovery has been the alkaline lysis, 

first described by Birnboim and Doly [42]. This process was designed to disrupt cells and to 

irreversibly denature gDNA and proteins, making them precipitate together with cell debris and other 
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impurities. Alkaline lysis is a combination of three different operations – lysis, neutralisation and 

clarification [38]. 

On the lysis step, an alkaline lysis solution with a detergent, like NaOH/SDS, is added to the 

cell-containing solution. This allows the breakage and solubilisation of cell membranes, by eliminating 

interfacial, non-covalent interactions between proteins and lipids, promoting the irreversible 

denaturation of proteins and nucleic acids different from plasmids. The pH raise promotes the 

cleavage and irreversible separation of the complementary strands of gDNA. Although the 

complementary strands of the double-stranded plasmid DNA are also separated, a certain number of 

nucleotides in the plasmid molecule always remain paired, as long as the pH is kept below 12.2-12.4, 

allowing its complete renaturation back to its supercoiled structure during the neutralisation step. A 

good homogenisation of the solution is very important to guarantee the uniform distribution of pH 

around the full volume. However, the rapid increase in the viscosity of the solution due to the 

denaturation of gDNA, turns this process into a complicated task [38].  

After lysis, the lysate is neutralised with an acidic solution, typically a chilled solution of 

potassium acetate (5 M acetate and 3 M potassium). This step promotes the precipitation of host cell 

impurities, including cell debris, denatured cytoplasmic and membrane-associated proteins, and 

gDNA, after which a unit operation like centrifugation, at a laboratorial scale, or depth filtration, at an 

industrial scale, can be used. The result is the removal of the precipitate from the lysate, allowing 

obtaining a clarified solution. However, this clarification has to be performed in a careful manner in 

order to reduce the release of proteins, lipopolysaccharides (LPS) and gDNA fragments from cell 

debris and precipitates [38]. The removal of LPS is particularly important since they can cause 

symptoms of toxic shock syndrome and reduce the transfection efficiency in various cell lines and 

display cytotoxic effects [43].  

Although at this stage most of the gDNA is denatured and precipitated, large amounts of 

proteins and RNA remain and must be removed in subsequent steps. Plasmid DNA represents only 

2% (w/w) of the total nucleic acids in clarified E. coli lysates so its concentration and further 

purification is achieved in the subsequent purification steps – intermediate recovery [35]. Although 

several attempts have been made to include chromatography after cell lysis, the best strategy is to 

reduce impurity load and process volume before subjecting samples to chromatography [43]. The 

main objective of the intermediate recovery is to obtain a solution where plasmid is more than 50% of 

all solutes in order to reduce the burden imposed on the high-performance and high-cost unit 

operations, such as chromatography. To achieve this objective, several unit operations can be 

combined, such as tangential flow filtration, precipitation, aqueous two-phase systems, and 

adsorption [38]. 

1.5.2 Final Purification 

The aim of the final purification step is to obtain the sc pDNA with the specifications 

recommended by regulatory agencies described in Table 1.2. Despite the fact that the solution 

obtained after the intermediate recovery stage is enriched in pDNA, it is still necessary to remove 

plasmid variants, like oc and denature forms, and possible contaminants, such as gDNA, RNA and 
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LPS, that might not have been totally removed on the previous purification steps. Despite some pDNA 

characteristics, like its awkward shape, its large molecular weight and size, and small diffusion 

coefficients, that cause chromatographic difficulties at the level of mass transfer and binding capacity, 

this is still the most used methodology to perform the final purification of plasmid biopharmaceutical 

products [38]. The chromatographic process for pDNA purification depends on the differences in 

properties that will be explored like the following [43]: 

• Size-related – size-exclusion chromatography (SEC), slalom chromatography (SLC); 

• Charge-related – anion-exchange chromatography (AEC), hydroxyapatite chromatography 

(HAC); 

• Hydrophobicity-related – reversed-phase liquid chromatography (RPLC), reversed-phase 

ion-pair chromatography (RPIPC), hydrophobic interaction chromatography (HIC), thiophilic 

adsorption chromatography (TAC); 

• Affinity-related chromatography – triple-helix affinity chromatography (THAC), protein-DNA 

affinity chromatography, immobilised metal affinity chromatography (IMAC), boronate 

affinity chromatography (BAC), polymyxin B affinity chromatography. 

 

Several chromatographic strategies have been applied for the manufacture of therapeutic 

pDNA, either singly or combined. The selection of the chromatographic process through which the 

pDNA product is obtained should consider the nature and distribution of the residual impurities and 

contaminants and the quantity of pDNA in the feed stream [43]. Some advantages, disadvantages and 

applications of AEC, HIC and SEC are presented in Table 1.3. 

Besides their purification use, liquid chromatography is also an important analytical tool to 

monitor manufacturing and control pDNA quality during processing and to assure that the final 

formulation fills the requirements of regulatory agencies [43].  

However, chromatographic processes face a number of limitations related to the structural 

nature of the available stationary phase, poor selectivity and co-elution of pDNA and impurities de to 

theirs physical and chemical similarities. This problem can be partially overcome by reducing the 

impurity load prior to chromatography, using a higher number of unit operations on the intermediate 

recovery. Also, the high viscosity in solutions with a high content of high molecular weight pDNA and 

nucleic acids impurities, can cause high-pressure drops and, consequently, limit the range of linear 

flow rates available. A way to circumvent this situation is by diluting the process feed stream, avoid the 

use of chromatographic particles with small diameters, use alternative adsorbents (monoliths or 

membranes that allow convective transport) or use an expanded bed mode when performing the 

chromatographic method [43].  
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Table 1.3: Advantages and disadvantages of chromatographic modes for pDNA separation and purification 
(adapted from [43]). 

Type Advantages Disadvantages Applications 

AEC 

Concentration of pDNA; 

Rapid and simple; 

Efficient removal of low charge 

density impurities; 

Some stationary phases 

separate pDNA isoforms. 

Difficult resolution of sc pDNA 

from gDNA, other isoforms and 

multimers; 

Co-elution of pDNA with 

endotoxins and high molecular 

weight RNA; 

Low capacity; 

Elution of pDNA in high salt. 

pDNA capture; 

pDNA quantification. 

HIC 

Separates endotoxins and single 

stranded nucleic acids; 

Some stationary phases 

separate pDNA isoforms; 

Rapid chromatographic runs. 

In some cases pDNA is eluted 

in high salt; 

In some cases pDNA elutes in 

the flow-through and is diluted. 

pDNA or impurity 

capture; 

pDNA quantification. 

SEC 

Separates endotoxins, gDNA, 

high- and low-molecular weight 

RNA, oligonucleotides, proteins; 

Fractionates pDNA isoforms; 

Mild mobile phases; 

Low feed volumes and 

concentrations; 

Long chromatographic runs for 

high resolution media; 

Product dilution; 

Limited scale-up at a 

manufacturing scale. 

Final polishing step; 

Group separation; 

Endotoxin removal; 

Isoform fractionation. 

 

As the method applied during this thesis relies on the separation of oc and sc pDNA isoforms 

either from pure samples and E. coli lysates, in the following subchapters chromatographic methods 

that allow the separation of these two topoisomers will be addressed. 

1.5.2.1 Anion-exchange chromatography 
Ion-exchange chromatography (IEC) separates molecules on the basis of differences in their 

net surface charge, which is a combination of their overall charge, charge density and surface charge 

density, and is dependent on the molecule structure and chemical environment [44]. Anion-exchange 

chromatography (AEC) is one of the most used methodologies for pDNA capture, purification and 

quantification, as it allows a rapid separation with no solvent requirement, sanitisation with sodium 

hydroxide and a wide selection of process-grade stationary phases [43, 45]. This chromatographic 

process relies on the interaction between the negatively charged phosphate groups in the backbone of 

DNA and RNA and the positively charged ligands, like tertiary and quaternary amines, in the stationary 

phase [38, 43, 46].  

The chromatographic run starts with the loading of the feed stream obtained after the 

intermediate recovery, containing pDNA, at an ionic strength equivalent to 0.4-0.5 M NaCl. The high 
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ionic strength will avoid the binding of impurities with a lower charge density than pDNA, such as low 

molecular weight RNA, oligonucleotides, and proteins. These compounds are washed out in the flow-

through without compromising the column binding capacity for pDNA. Then, an increasing salt 

gradient, usually of NaCl, is applied to selectively displace the pDNA, high-molecular weight RNA, and 

gDNA that bind to the resin due to their higher net charge. In this context, the difference between the 

sizes of the different species is particularly important, since the larger is the molecule, the more 

phosphate groups it presents, which allows the establishment of a stronger interaction with the anion-

exchange groups and a later elution [38]. 

Nucleic acids spatial conformation is another important aspect since supercoiling or 

compaction can decrease the size of the molecules, increasing their charge density. This is a 

reasonable explanation for why the binding of supercoiled plasmid isoforms to anion exchangers is 

stronger than the binding of open circular pDNA [38, 46, 47]. The main disadvantage of anion-

exchanger chromatography is the co-elution of pDNA with gDNA and RNA since the binding strength 

of pDNA is very similar to the one of these species, whether because of their size or because of 

conformational changes [38, 43]. 

One way to reduce the amount of high-molecular RNA that binds to the anion-exchange 

column is the sample treatment with RNase. The enzymatic cleavage of RNA will prevent its binding to 

the column and therefore it will be eluted in the flow-through, avoiding the co-elution of RNA with the 

plasmid, improving the separation capacity of this type of chromatography [38]. 

Currently, there is a high variety of matrixes used for pDNA capture by AEC, such as packed 

beds of conventional and superporous beads, monoliths and membranes [43]. Zhang et al. [48] used 

an anion-exchange membrane chromatography capsule, Mustang Q from Pall Corporation, to capture 

pDNA directly from a clarified alkaline lysate. The results showed that a significant amount of 

impurities was removed during loading and washing, at 0.5 M and 0.6 M NaCl, respectively, while 

plasmid elutes as a single peak at high salt, 1.2 M NaCl. This method allowed the recovery of 95% of 

the loaded plasmid with an increase of 10-fold on its concentration. However, it was not possible to 

remove all the RNA, gDNA and endotoxins [38]. Branovic et al. [49] used a short monolithic column 

(CIM® DEAE from BIA Separations) for the purification of pDNA from a clarified lysate obtaining 

similar results to the previous experiment with RNA mostly found in the flow-through and pDNA eluted 

as a sharp peak for high salt concentrations [43]. The use of superporous anion-exchange agarose 

beads and quaternary amine ligands for the capture of pDNA from an RNase-treated alkaline lysate 

was reported by Tiainen et al. [50]. The column equilibration was performed at 0.4 M NaCl, allowing 

the washing of the majority of low molecular weight RNA, and the pDNA was eluted at 2 M NaCl [38]. 

There are also commercial purification kits that rely on anion-exchange systems, like the one 

from QIAGEN (Germany). The QIAGEN resin consists of defined silica beads with a particle size of 

100 µm, a large pore size, and a hydrophilic surface coating. The large surface area allows dense 

coupling of the DEAE groups at which pDNA remains tightly bound until a high salt concentration 

(1.6 M NaCl) is reached. The RNA, proteins and endotoxins are washed away at ionic strengths 

inferior to 1 M NaCl. The main disadvantage of this kit is the use of RNase A during alkaline lysis [51, 

43]. 



 16 

1.5.2.2 Hydrophobic interaction chromatography 
The purification of pDNA by hydrophobic interaction chromatography (HIC) explores 

differences in biomolecules hydrophobicity [43]. This technique is an ideal next step when samples 

have been subjected to ammonium sulphate precipitation, used for intermediate recovery, or after 

separation by ion exchange chromatography. In both cases, the samples contain a high salt 

concentration and can be applied directly to the HIC column without additional preparation. The 

elevated salt levels increase the interaction between the hydrophobic components of the sample and 

the chromatography medium [52]. 

HIC has been successfully applied for pDNA purification from single-stranded nucleic acid 

impurities and endotoxins [38, 43, 53] and on the separation of pDNA isoforms [38, 43, 54, 55]. For 

the separation of pDNA from higher hydrophobic impurities (RNA, denatured gDNA, oligonucleotides 

and endotoxins), high concentrations (1.2-1.6 M) of salting-out salts, such as ammonium sulphate or 

sodium citrate are applied on the HIC runs. The higher hydrophobic character of these impurities when 

compared to pDNA is due to their single-stranded nature, which results on a higher exposition of their 

aromatic bases that will interact with the hydrophobic ligands. Regarding LPS, the fact that it is mostly 

constituted by lipid A gives it a strong hydrophobic character [38]. 

 
Figure 1.5: The Hofmeister series with anions and cations arranged in terms of theirs water affinity and according 
to their effects on the solubility of macromolecules in aqueous solutions (adapted from [56]). 

Although pDNA is a hydrophilic molecule due to the shielding of hydrophobic bases inside the 

double helix and exposition of sugar-phosphate chains that are available to establish hydrogen bonds 

with the surrounding water molecules, this character can be modified by increasing the ionic strength 

of a kosmotropic salt in the mobile phase [38]. These salts are represented on the Hofmeister series 

(Figure 1.5) ordered from strongly to weakly hydrated and present stabilizing and salting-out effect on 

proteins and macromolecules [56]. 

The use of high kosmotropic salts concentration has been explored in several studies for 

pDNA purification and pDNA isoforms separation. Bo et al. [54] reported a method where, not only 

host contaminants, but also oc pDNA could be removed from sc pDNA. They manage to obtain a 75% 

pDNA recovery on HIC and observed an increase in sc pDNA recovered directly related with the 

concentration of salt used (98%, 91%, 77% for 3, 2.5 and 2 M ammonium sulphate, respectively). No 

residual endotoxins, gDNA, RNA and protein were detected after purification [54]. Freitas et al. [56] 

used sodium citrate as the mobile phase and, even though the obtained samples presented a smaller 

HPLC purity (80% when 1 M sodium citrate is used) when compared to samples eluted with 

ammonium sulphate (96 and 90% for elution buffers with 2.5 and 2 M ammonium sulphate, 

respectively), its environmental impact is significantly lower than the one presented by ammonium 

sulphate, which could be advantageous from a large-scale processing point of view. However, the 

purification using this method is not sufficient to obtain the impurity content reduction recommended 
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by the regulatory agencies for pDNA quality, which forces the use of a second chromatographic 

method for reaching a highly pure product [56].  

1.5.2.3 Size-exclusion chromatography 
Size-exclusion chromatography (SEC) is used to separate molecules according to their 

differences in size as they pass through a SEC medium packed in a column, being larger molecules 

eluted earlier during the chromatographic run whilst smaller molecules have a residence time inversely 

correlated to their size, being eluted at a higher volume [38, 57].  

SEC methods are characterised by elution patterns depending on the access of molecules to 

the chromatographic matrix pores. Typical matrices present pores smaller than pDNA molecules, 

which explains that this biomolecules present a lower residence time, being eluted earlier during the 

chromatographic run. Unlike AEC or HIC, the molecules do not bind to the stationary phase, which 

makes that the used buffer does not affect the chromatographic resolution [38, 57].  

Although this type of chromatography is typically used for pDNA sample desalting, buffer 

exchange and removal of RNA and small solutes, it has also been studied for separation of pDNA 

isoforms [35, 38, 43, 58].  

In the case of desalting and buffer exchange the adopted methodology is straightforward, the 

column is equilibrated with the desired buffer, the plasmid-containing feed is loaded and the desired 

buffer is used to elute the different species. The obtained chromatogram presents a first peak of 

excluded plasmid species followed by a well-separated peak of buffer and salt components [38]. 

For fractionation of different DNA molecules, the adequate SEC support has to be selected. An 

elution pattern consisting in exclusion of high molecular weight nucleic acids, including gDNA and 

pDNA, and retention in the column of low molecular weight impurities, such as RNA, proteins and 

endotoxins was reported using Superose 6 and Sephacryl S1000 as stationary phase, both from 

Pharmacia Biotech. Sephacryl S1000 has an exclusion limit of 20 kbp for linear DNA and loading of 

pDNA containing samples into columns with this stationary phase results in two resolved peaks being 

DNA forms, such as gDNA, oc, sc and linear pDNA and denatured DNA, eluted in the first peak. 

However, analysing the collected samples it can be observed that the latest fractions of this peak are 

enriched in sc pDNA, being thus obtained a separation of this DNA form. This support is characterised 

by yields close to 70% for recovery of sc pDNA being the best results obtained with injection of low 

pDNA concentration samples. Regarding the Superose 6, it presents a significantly lower exclusion 

limit for DNA (450 bp) than the one shown by Sephacryl S1000, and its application for pDNA 

separation during SEC methods results in runs of 20 minutes compared to the 200 to 300 minutes 

needed for Sephacryl S1000, being observed separation of pDNA from low molecular weight 

impurities that are retained in the support. Superose 6 allows the injection of more concentrated 

samples of pDNA, however, the separation of gDNA and oc pDNA from sc pDNA is more difficult [35, 

43]. 

To use SEC for pDNA purification, small loading volumes and low flow rates should be used to 

improve the separation. Since that separation is favoured by small impurity content of loaded samples, 

this method is usually recommended as a final polishing step during downstream processing of 

pDNA [35]. 
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1.6  Multimodal chromatography 

Multimodal chromatography, or mixed-mode chromatography, relies upon at least two different 

types of interactions between the solute and the stationary phase. These different modes of action can 

act independently or in concert. Electrostatic interactions are commonly involved, but hydrogen 

bonding and hydrophobic interactions can be significant. The strength of these individual interactions 

depends on the target molecule and on the overall process conditions [59, 60]. 

The first report on the use of multimodal chromatography was performed by Melander et al. 

[61] in 1989. They synthesized a silica-based anion-exchanger stationary phase that also displayed 

characteristics of hydrophobic interaction chromatography for protein separation [61]. In the same 

year, McLaughlin et al. [62] reported the use of other chromatographic matrices based upon a rigid 

support such as cellulose, agarose, polyacrylamide or silica gel that included modifications to 

introduce a specific functionality onto the surface of the support for mixed-mode chromatography of 

nucleic acids. Often this functionality characterizes the chromatographic modality, but the solutes 

introduced to such a stationary phase experience multiple types of interaction [62].  

The preparation of the multimodal chromatography media can be performed in mainly three 

different ways (Figure 1.6). The first approach (stochastic) relies on the introduction of two or more 

different interactions independently on the matrix. This provides a very efficient way to study the 

influence of a second interaction because in this construction the ratio of the different groups can be 

gradually modified. However, the homogeneity of the medium and the 3D interactions cannot be 

guaranteed. On the multimodal ligand approach, the different interactions promoting groups are 

connected via a scaffold, resulting in a well-defined 3D structure, and in which the stoichiometric ratio 

between the groups is fixed. Finally, it is possible to use a responsive material that, according to 

medium conditions like temperature and pH, exhibits different primary interactions [60]. 

 
Figure 1.6: Schematics showing examples of creating a multimodal medium or column based on different 
preparation methods (adapted from [60]). 

The chromatographic purification of biomolecules is typically performed with two or more 

steps, leading to a time-consuming issue. Multimodal chromatography offers new solutions in 

purification workflows by widening the window of operation in circumstances where traditional media 

are not as effective as desired. Such circumstances may be encountered, for example, when the 
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loading conductivity of the sample is too high for traditional ion exchange media, when there is a need 

to reduce the number of purification steps, or when the selectivity of traditional media is insufficient to 

provide the required purity [60]. 

In most cases, the multiple interactions present on multimodal ligands will simultaneously 

influence the adsorption of the molecules. However, this phenomenon can be controlled, for example 

by eliminating the electrostatic interactions. By controlling pH, the degree of charges on the target 

biomolecule can be utilised to achieve either pure hydrophobic interactions or a mixture including also 

electrostatic forces. Using this approach, elution can be achieved by electrostatic repulsion and/or by 

reducing hydrophobic interactions [59]. 

Multimodal ligands offer an advantage comparing to single-mode analogues through their 

unique selectivity and their elution by charge variation. The hydrocarbyl amine is one of the most 

frequently used families of multimodal ligands. The amino group can serve as an active site for 

immobilisation and as a positively charged group for electrostatic interaction [63]. Johanson et al. 

introduced to these groups, hydrogen bonding groups in proximity of the ionic groups concluding that it 

could be beneficial for protein binding at high salt concentrations [64].  

One example of a multimodal medium with the referred groups is CaptoTM adhere (Figure 1.7) 

from GE Healthcare. The CaptoTM adhere ligand, N-benzyl-N-methyl ethanolamine, allows 

electrostatic interactions, hydrogen bonding and hydrophobic interactions between the mobile and the 

stationary phase. The main advantages are its high capacity and productivity and its wide operational 

window of pH and conductivity. Also, the use of multimodal ligands lead to savings in time and 

operating costs [60]. 

 
Figure 1.7: The design of the CaptoTM adhere ligand, N-benzyl-N-methyl ethanolamine. This ligand exhibits 
several possibilities for interaction with biomolecules. The most pronounced are electrostatic interaction, 
hydrogen bonding, and hydrophobic interaction, as shown by arrows: (A) for electrostatic interactions; (B) for 
hydrogen bonding; and (C) for hydrophobic interactions (adapted from [60]). 

This resin was designed for intermediate purification and polishing of monoclonal antibodies 

after a protein A capture step, in a two-step chromatographic process [60]. However, a recent report 

on pDNA purification by Matos et al. [65] describes the use of CaptoTM adhere to isolate pUC18 from a 

crude E. coli DH5α extract with a step-wise NaCl gradient. Pure pDNA could be obtained without 

protein and endotoxin contamination; the RNA fraction bound most strongly to the resin and could be 

eluted only at very high salt concentrations (2 M NaCl). The chromatographic separation behaviour 

was very robust between pH values 6 and 9, and the dynamic binding capacity was estimated to 

60 µg/mL resin [65]. 
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2. Background and objectives 
Gene therapy and DNA vaccination currently hold great potential for the treatment and 

prevention of genetic and acquired diseases. DNA vaccines offer a number of advantages over 

traditional vaccination, including the stimulation of both B- and T- cell responses, improved vaccine 

stability and the absence of any infectious agent. Although viral vectors are still preferred for cell 

transduction, with an efficient deliver of DNA to the cell nucleus, the possible integration of viral 

sequences to the receptor cells genome is a concern for the use of these vectors in therapeutic 

applications. The possible application of these technologies to human patients for the treatment or 

prevention of a specific disorder has supported the development of safe and efficient non-viral vectors.  

However, despite several improvements the large-scale manufacturing of non-viral vectors 

based on a pDNA technology, it is still an unresolved bottleneck, especially on the downstream side. 

In order to be used for therapeutic purposes, the pDNA will have to be purified in processes that allow 

the removal of RNA, host proteins, endotoxins and cell debris while ensuring a high pDNA recovery 

and minimal conversion of supercoiled from open circular, due to its higher biological activity.  

The goal of this thesis is to address the problematic recovery of pDNA by developing an 

innovative and cost effective process based on multimodal ligands. Multimodal ligands are small 

synthetic organic molecules that have unique selectivity and high efficacy for biomolecules purification. 

Compared with other types of chromatography, multimodal chromatography is particularly 

advantageous in its salt-independent adsorption and simple elution by charge repulsion. In fact, it is 

consider the solution for debottlenecking the downstream processing since it explores more than one 

form of interaction between the stationary phase and the solutes in a feed stream, namely ion 

exchange, hydrophobic interaction, charge transfer, hydrogen bonding and affinity interactions. 

In this work, the multimodal resin CaptoTM adhere will be evaluated for its ability to purify pDNA 

from key impurities such as RNA, gDNA, host cell proteins and endotoxins and/or to isolate sc pDNA 

isoforms from oc pDNA. Plasmid pVAX1-GFP, a 3.7 kb plasmid that harbours the gene coding for the 

reporter green fluorescence will be used as model pDNA molecule. As a first approach, the optimal 

binding and elution conditions will be determined by high-throughput screening using 96-well 

microplates equipped with membranes. The selected conditions will be further tested and tuned in a 

1 mL CaptoTM adhere column using different feed streams. As a starting point, pDNA pre-purified by a 

combination of HIC and SEC will be tested to evaluate the resin’s ability to separate both isoforms. 

Then, more complex feed streams will be injected, namely artificial mixtures of pDNA and RNA, and E. 

coli lysates, either before or after precipitation with isopropanol. Furthermore, samples treated with 

RNAse will be injected to evaluate the effect of the size of RNA impurities in the multimodal 

chromatography purification process. 
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3. Materials and methods 
The methods described in the sections below were performed using the reagents presented in 

Table 3.1, along with the manufacturer, grade and minimum purity. Current laboratory material was 

used for preparation, handling and storage. 

Table 3.1: Description of manufacturer, grade and purity of reagents used in the methods applied for plasmid 
production and purification in the present work. 

Reagent Manufacturer Grade Minimum purity 

Luria Bertani Broth (LB) Sigma molecular biology - 

NaOH Fisher Chemical p.a. 98.7% 

Kanamycin AMRESCO USP Ultra pure 

Glucose Fisher Chemical p.a. - 

Agarose Fisher Scientific for electrophoresis - 

Tris Eurobio for molecular biology - 

Acetic acid Fisher Chemical p.a. 99.8% 

EDTA Merck p.a. 98.0% 

Bromophenol blue Sigma for electrophoresis - 

Ethidium bromide solution Sigma - - 

HCl Liedel-de Häen p.a., ACS, ISO 37.0% 

SDS Merck for synthesis 90.0% 

Potassium acetate Acros Organics ACS 99.5% 

Isopropanol Sigma ACS 99.5% 

Ammonium sulphate Panreac ACS 99.0% 

NaCl Panreac p.a., ACS, ISO 99.5% 

Sodium Citrate Merck p.a., ACS, ISO 99.0% 

Sucrose Fisher Chemical p.a - 

TEMED National diagnostics for electrophoresis - 

DTT Sigma for molecular biology - 

Mercaptoethanol Merck for synthesis 98.0% 

APS Sigma 
for molecular biology, 

for electrophoresis 
98.0% 

Glycine Bio-Rad for electrophoresis - 

40% Acrylamide/Bis (29:1) Bio-Rad for electrophoresis - 

Ethanol Carlo Erba Reagents p.a. , ACS 99.9% 

Sodium thiosulphate Sigma ACS 99.9% 

Silver nitrate Sigma ACS 99.0% 

Sodium carbonate Sigma BioXtra 99.0% 

Formaldehyde  Panreac p.a., ACS 36.5-38.0% 

Glycerol Fisher Scientific USP 99.94% 

Laemmli buffer Bio-Rad for electrophoresis - 
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3.1  Plasmid 

The 3697 bp plasmid pVAX1-GFP [66] is derived from the DNA vaccine backbone pVAX1 

(Invitrogen, Carlsbad, CA) and contains the green fluorescent protein (GFP) reporter gene under the 

control of the human cytomegalovirus (CMV) immediate early promoter, the bovine growth hormone 

(BGH) polyadenylation sequence, a kanamycin resistance gene for selection in E. coli, and a pMB1 

origin (pUC derived) (Figure 3.1). 

 
Figure 3.1: Schematic representation of pVAX1-GFP. Kan promoter – kanamycin resistance gene promoter; Kan 
– kanamycin resistance gene; pUC origin – origin of replication; CMV promoter –cytomegalovirus immediate early 
promoter; GFP – green fluorescent protein; BGH polyA signal – bovine growth hormone polyadenylation 
sequence. 

3.2  Cell banks 

For the preparation of cell banks, 10 µL of a WCB of DH5α pVAX1-GFP previously existent on 

the laboratory was used to inoculate 5 mL of sterile LB medium supplemented with 30 µg/mL 

kanamycin in a 15 mL Falcon tube (VWR, PA, US). This solution was incubated at 37 ºC and 250 rpm, 

overnight. The next day, the appropriate volume of inoculum to obtain an optical density of 0.1, 

measured at 600 nm (OD600nm), was determined and centrifuged in a tabletop centrifuge (Eppendorf 

centrifuge 5417R) for 3 minutes at 6000 g. The obtained pellet was resuspended and inoculated on 

another 15 mL Falcon tube (VWR) containing 5 mL of sterile LB medium supplemented with 30 µg/mL 

kanamycin. The solution was incubated at 37 ºC and 250 rpm, until reaching mid-exponential phase, 

correspondent to an OD600nm of 1 to 1.2. At this stage, 20 cell banks were prepared by mixing 65 µL of 

bacterial growth with 35 µL of 50% (v/v) glycerol and stored at -80 ºC. 

3.3  Cellular growth and plasmid production 

To perform cellular growth, LB medium was prepared following manufacturer indications and 

pH was corrected to 7.2 by addition of 1 M NaOH, before thermal sterilisation at 121 ºC for 21 

minutes. The inoculum was performed in 30 mL of LB in 100 mL shake flasks, supplemented with 30 

µg/mL kanamycin, using 10 µL of one of the WCB prepared in 3.1, and incubated overnight at 37 ºC 
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and 250 rpm. The next day, the appropriate volume of inoculum to obtain an optical density of 0.15 on 

250 mL of LB medium, measured at 600 nm (OD600nm), was determined and centrifuged in an 

Eppendorf 5810R centrifuge at 6000 g for 3 minutes prior to cellular growth. The obtained pellet was 

then ressuspended and inoculated on 2 L shake flasks containing 250 mL of LB supplemented with 30 

µg/mL of kanamycin. Cells were incubated at 37 ºC, 250 rpm for 8 h after which the medium was 

centrifuged at 6000 g for 15 minutes in a Sorval RC 6 centrifuge with a SLA 3000 rotor. The cell 

pellets obtained were stored at -20 ºC until further processing.  

3.4  Plasmid DNA enzymatic digestion 

A digestion of the purified plasmid with the restriction enzyme EcoRI was performed to confirm 

the identity of the created banks. The plasmid only presents one restriction site for this enzyme at 753 

bp. 

The plasmid was purified using the High Pure Plasmid Isolation Kit (Roche, Basel, 

Switzerland) following the manufacturer’s protocol and its concentration was measured in a 

NanoValue Plus (GE Healthcare, Uppsala, Sweden) spectrophotometer. The volume equivalent to 1 

µg of plasmid was digested for 1 hour at 37 ºC with 3 U of enzyme, 2 µL of the corresponding reaction 

buffer (90 mM Tris-HCl, 10 mM MgCl2, 50 mM NaCl, pH 7.5, Promega), and 9.8 µL of sterile MilliQ 

water, making a total digestion volume of 20 µL. The digestion was then analysed by agarose gel 

electrophoresis (chapter 3.9) and the obtained result shows a single band at 3697 bp, as it was 

expected. 

3.5  Primary purification 

3.5.1 Alkaline Lysis 

The method for alkaline lysis performed in this work was based in the protocol described by 

Birnboim et al. [42]. The cells harvested at the end of cellular growth were ressuspended in P1 buffer 

(50 mM glucose, 25 mM Tris-HCl, 10 mM EDTA, pH 8) resorting to vortex. The pH of buffer P1 was 

previously corrected by addition of 1 M HCl. The volume of ressuspended cells was divided into 50 mL 

centrifuge tubes and the volume of P2 buffer (0.2 M NaOH, 1% (w/v) SDS) was added to each tube in 

a 1:1 ratio (v/v), in order to perform alkaline lysis of the cells. The mixture was gently homogenised 

and left to rest at room temperature for 10 minutes. To stop cell lysis and neutralize the mixture, the 

appropriate volume of P3 buffer (5 M potassium acetate, acetic acid) was added. After gentle 

homogenisation, the tubes were placed on ice and left to rest for 10 minutes. The volumes of P1, P2 

and P3 buffers (respectively VP1, VP2 and VP3) used in the steps above were calculated to concentrate 

the solution to an OD600nm=60, taking into account the final OD600nm and volume of the respective 

cellular growth (Vcg), following the equation 3.1. 

𝑉!! = 𝑉!! = 𝑉!! =
𝑂𝐷!""!"×𝑉!"

60
 (3.1) 

Immediately after neutralisation, the mixture was centrifuged at 4 ºC for 30 minutes at 13000 

rpm in a Sorvall RC 6 centrifuge to remove cell debris and some gDNA and proteins. The supernatant 
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was transferred into new tubes and subjected to an additional centrifugation at the same conditions in 

order to guarantee a better clarification of the alkaline lysate. 

3.5.2 DNA pre-purification 

The volume of clarified alkaline lysate obtained in 3.4.1 was measured and 0.7 volumes of 

pure isopropanol were added. The mixture was gently homogenised and distributed by 50 mL 

centrifuge tubes that were left to rest at -20 ºC for 2 hours to promote precipitation of nucleic acids. 

After this period, the mixture was centrifuged at 13000 rpm and 4 ºC for 30 minutes in a Sorvall RC 6 

centrifuge. After centrifugation, the supernatant was discharged and the pellet was left to dry overnight 

at room temperature. 

The pellets in each tube were ressuspended in 500 µL of 10 mM Tris-HCl pH 8, 1 mM EDTA 

pH 8 and pooled in a single tube centrifuge. A second passage with the some buffer was performed in 

each tube, in order to minimize DNA loss. 

The DNA rich solution obtained was conditioned to 2.5 M of ammonium sulphate by dissolution 

of appropriate amount of salt. Following homogenisation, solution was left to rest for 15 minutes on ice 

and then centrifuged in a tabletop centrifuge (Eppendorf centrifuge 5417R) for 30 minutes at 13000 

rpm and 4 ºC. The supernatant was collected into a 15 mL Falcon in order to be used on 

ÄKTApurifier100 system (GE Healthcare). 

3.6  Final Purification 

3.6.1 Hydrophobic interaction chromatography column preparation 

To prepare the HIC column, 10 mL of Phenyl Sepharose 6 Fast Flow resin (GE Healthcare) 

were washed with MilliQ water to remove any traces of ethanol, used as storage buffer by the 

manufacturer. The slurry was slowly added to a column with inner diameter of 10 mm (Tricorn 10/100, 

GE Healthcare), using a 2 mL Pasteur pipette. The addition of the slurry to the column was performed 

having special care to avoid formation of air bubbles in the packed volume. After all slurry was added, 

the column was closed with the top adjustable cap and connected to an ÄKTApurifier100 system (GE 

Healthcare). For the final packing the column was subjected to a continuous flow of MilliQ water 

starting with 1 mL/min for 5 CV, which was increased by 1 mL/min until 12 mL/min using a step-wise 

method with 5 CV/step. For column storage, 50 mL (5 CV) of 20% ethanol were passed through the 

column at 5 mL/min. The column was then disconnected from the system and stored at room 

temperature until further utilisation. 

3.6.2 Hydrophobic interaction chromatography 

Hydrophobic interaction chromatography was performed using the column prepared on 3.4.1 

connected to an ÄKTApurifier100 system (GE Healthcare) under the control of UNICORN 5.11 

software (GE Healthcare). The column was washed with MilliQ water until a conductivity inferior to 

0.054 mS/cm was reached and no variation on controlled parameters was observed. The mobile 

phase consisted on mixtures of buffer A (1.5 M ammonium sulphate in 10 mM Tris-HCl pH 8, 1 mM 
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EDTA pH 8) and buffer B (10 mM Tris-HCl pH 8, 1 mM EDTA pH 8) prepared by the system on a 2 mL 

Mixer M-925 Mixing Chamber (GE Healthcare). The absorbance of the eluate was continuously 

measured at 254 nm by a UV detector positioned after the column outlet. 

The column was equilibrated at 2 mL/min with 0% B for 2 CV (175 mS/cm). Then, 1 mL of 

sample obtained in 3.5.2 was injected into the column by washing the loop with 3 mL of buffer A. All 

unbound sample was washed out of the column in 5 CV at 0% B. The bound material was eluted with 

100% B (1 mS/cm) during 3 CV. The eluate was collected during the course of the chromatographic 

run in 1.5 mL fractions in a 2 mL eppendorf tubes positioned on a Frac-920 collector (GE Healthcare). 

The collected fractions were analysed by agarose gel electrophoresis and the fractions containing 

purified pDNA and purified RNA were pooled separately in 50 mL Falcon tubes (VWR). 

For column storage the column was washed with MilliQ water until a conductivity inferior to 

0.054 mS/cm was reached and no variation on controlled parameters was observed, followed by the 

passage of 5 CV of 20% ethanol. The column was then disconnected from the system and stored at 

room temperature until further utilisation. 

3.6.3 Size exclusion chromatography 

For desalting the HIC purified nucleic acids, a size exclusion chromatography was performed 

using a 53 mL commercial column (HiPrepTM 26/10 Desalting, GE Healthcare) connected to an 

ÄKTApurifier100 system (GE Healthcare) under the control of UNICORN 5.11 software. The column 

was washed with MilliQ water until a conductivity inferior to 0.054 mS/cm was reached and no 

variation on controlled parameters was observed. The mobile phase consisted on 10 mM Tris-HCl pH 

8, 1 mM EDTA pH 8 (buffer A). The absorbance of the eluate was continuously measured at 254 nm 

by a UV detector positioned after the column outlet. 

The column was equilibrated at 8 mL/min for 1 CV (1 mS/cm). Then, 5 mL of sample obtained 

in 3.6.2 was injected into the column by washing the loop with 15 mL of buffer A. The entire sample 

was washed out the column in 0.8 CV. The eluate was collected during the course of the 

chromatographic run in 1.5 mL fractions in a 2 mL eppendorf tubes positioned on a Frac-920 collector 

(GE Healthcare). The collected fractions were analysed by agarose gel electrophoresis and the 

fractions containing desalted pDNA and desalted RNA were pooled separately in 50 mL Falcon tubes 

(VWR). 

For column storage, the column was washed with MilliQ water until a conductivity inferior to 

0.054 mS/cm was reached and no variation on controlled parameters was observed, followed by the 

passage of 5 CV of 20% ethanol. The column was then disconnected from the system and stored at 

4 ºC until further utilisation. 

3.7  High-throughput screening of CaptoTM adhere 

A high-throughput screening of the optimal/bonding conditions for CaptoTM adhere resin (GE 

Healthcare) was performed using a MultiScreen®
HTS Vacuum Manifold system from Millipore. There 

are two different configurations for this system that should be adopted according to the performed step 

and that are presented in Figure 3.2. 
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Figure 3.2: Different multi-well plates configurations for the MultiScreen®

HTS Vacuum Manifold system from 
Millipore. A) Filter-to-waste mode and B) DirectStackTM mode. 

As a first step, 200 µL of a suspension of resin (20% v/v) were added to each well of a 96 well-

plate equipped with a filter membrane (Multiscreen®-HV 96 well-plates), followed by filtration and 

removal of the waste in a filter-to-waste configuration. For resin equilibration, 200 µL of adsorption 

buffer were added to each well, the filter plate was incubated for 15 minutes at velocity 7 (1368 rpm) in 

a Shaker-Incubator Stat Fax-2200 at room temperature and the liquid was filtered to waste. This step 

was repeated three times to guarantee a good equilibration of the resin. Then, 200 µL of feed were 

added to the filter plate wells, followed by at least 30 minutes of incubation with agitation at velocity 7 

and room temperature. After incubation, the liquid (hereafter referred to as the flow-through, FT) was 

filtered in a DirectStackTM mode to a collection plate (Greiner UV-Star® 96 well plates) and kept for 

further analysis. Next, 200 µL of elution buffer were added to each well, the filter plate was incubated 

for 30 minutes with a level 7 of agitation at room temperature and the liquid was filtered in a 

DirectStackTM mode to a collection plate (Greiner UV-Star® 96 well plates). The absorbance at 260 nm 

of the liquid in both collection plates was finally measured in a Spectramax Spectrophotometer.  

3.8  Multimodal chromatography 

Multimodal chromatography was performed using a 1 mL commercial column (HiTrapTM 1 mL 

CaptoTM adhere, GE Healthcare) connected to an ÄKTApurifier10 system (GE Healthcare) under the 

control of UNICORN 5.11 software. The column was washed with MilliQ water until a conductivity 

inferior to 0.011 mS/cm was reached and no variation on controlled parameters was observed. The 

mobile phase consisted on mixtures of buffer A (10 mM Tris-HCl pH 8, 1 mM EDTA pH 8) and buffer B 

(2 M NaCl in 10 mM Tris-HCl pH 8, 1 mM EDTA pH 8). The absorbance of the eluate was 

continuously measured at 260 nm by a UV detector positioned after the column outlet. 

For the separation of oc and sc pDNA isoforms, the column was equilibrated at 1 mL/min with 

37.5% B for 5 CV (65 mS/cm). Then, 1 mL of sample, previously conditioned with 750 mM NaCl in 10 
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mM Tris-HCl pH 8, 1 mM EDTA pH 8, was injected into the column by washing the loop with 3 mL of 

37.5% B. All unbound sample was washed out of the column in 2 CV at 37.5% B. The first and second 

steps were performed at, respectively at 42.2% B (72 mS/cm) and 44.6% B (75 mS/cm) during 5 CV 

each. The eluate was collected during the course of the chromatographic run in 0.5 mL fractions in a 

1.5 mL eppendorf tubes positioned on a Frac-950 collector (GE Healthcare). After each run the 

column was re-equilibrated with 5 CV of 37.5% B. 

For the purification of E. coli lysates and artificial mixtures of RNA and pDNA, the used method 

was the same as the previously described, with the addition of a third step at the end of the 

chromatographic run at 100% (144 mS/cm) for 5 CV. It is noteworthy, that on some experiments 

besides the described sample conditioning, the samples were also digested with RNase before 

injection through its incubation at 38 ºC for 1 hour. 

A clean-in-place was performed after each 5 runs with 1 M NaOH for 15 minutes at a flow rate 

of 1 mL/min, followed by re-equilibration at 3.8 mL/min with 10 mM Tris-HCl pH 8, 1 mM EDTA pH 8, 

until the column effluent showed no variation of conductivity and pH. 

For column storage, the column was washed with MilliQ water until a conductivity inferior to 

0.011 mS/cm was reached and no variation on controlled parameters was observed, followed by the 

passage of 5 CV of 20% ethanol. The column was then disconnected from the system and stored at 

4 ºC until further utilisation. 

3.9  Micro-dialysis 

For desalting of the purified samples, 100 µL of peak fractions were collected into 0.5 mL 

eppendorf tubes. The tube caps were removed and the top of each tube was covered with a dialysis 

membrane with a thickness of 23 µm and 12000-14000 molecular weight cut-off (OrDial D14, Orange 

Scientific) that was kept in place with a rubber band. The tubes were inverted, assuring that all the 

solution was near the membrane, and placed floating on a beaker with 2 L of 10 mM Tris-HCl pH 8. 

The dialysis was performed for 24 hour at 4 ºC with agitation, after which 15 µL of desalted sample 

were analysed by gel electrophoresis, as described in chapter 3.9. 

3.10  Agarose gel Electrophoresis 

Horizontal gel electrophoresis was performed using an EPS 301 power supply (Amersham 

Pharmacia Biotech) and two electrophorese units (HE99X Max Horizontal Unit from Hoefer for large 

gels and a kuroGEL Miniplus 10 from VWR for small gels). The gels were prepared with 1% (w/v) 

agarose in TAE buffer (40 mM Tris base, 20 mM acetic acid and 1 mM EDTA, pH 8) and loaded with 

samples mixed with 6X loading buffer (40% (w/v) sucrose, 0.25% (w/v) bromophenol blue), using 

NZYDNA ladder III (NZYTech) as molecular weight marker. Gel electrophoresis was performed with 

1% TAE buffer at 100 V for 60 minutes and 120 V for 90 minutes for small and larger gels, 

respectively. Gels were stained in an ethidium bromide solution (0.4 µg/mL) and images were 

obtained with an Eagle Eye II gel documentation system (Stratagene). 
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3.11 SDS-PAGE 

Vertical gel electrophoresis was performed using a PowerPacTM Basic power supply (Bio-Rad) 

and a Mini-PROTEAN® Tetra System (Bio-Rad, Hercules, CA, USA). The analysed samples were 

prepared by mixing 20 µL of E. coli lysates with 5 µL of 1 M DTT and 25 µL of laemmli buffer from Bio-

Rad (277.8 mM Tris-HCl pH 6.8, 4.4% LDS, 44.4% (w/v) glycerol, 0.02% bromophenol blue) and 

denatured at 95 ºC for 10 minutes. Samples were then loaded (20 mL) in a 12% acrylamide gel, 

prepared from a 40% acrylamide/bis-acrylamide stock (29:1) from Bio-Rad, and ran at 90 mV using a 

running buffer composed by 192 mM glycine, 25 mM Tris, and 0.1% SDS pH 8.3. The molecular 

marker used in all gels was the Precision Plus ProteinTM Dual Color Standards, from Bio-Rad. 

Gels were firstly stained in an aqueous solution containing 0.1% Coomassie Brilliant Blue R-

250 in 30% ethanol and 10% acetic acid for 1 hour. De-staining was achieved by successively 

washing the gels with 30% (v/v) ethanol and 10% (v/v) acetic acid, until background colour 

disappeared. 

After de-staining, the gels were submitted to silver staining, starting with fixation with a solution 

of 30% (v/v) ethanol and 10% (v/v) acetic acid for 15 minutes. Afterwards, the first wash was 

performed with 30% (v/v) ethanol for 10 minutes and a second and third wash with MilliQ water for 10 

minutes. Then, the sensibilisation step took place for 20 minutes with 0.02% (v/v) of sodium 

thiosulphate, followed by a three times wash with MilliQ water for 30 seconds each. The staining with 

0.15% (v/v) of silver nitrate took place for 30 minutes, pursued by a wash with MilliQ water for 30 

seconds. The developer was prepared freshly before use with 3% (v/v) of sodium carbonate and 

0.05% (v/v) of formaldehyde and the reaction was stopped with a 5% (v/v) solution of acetic acid. It is 

noteworthy that all the incubations were performed at 20 ºC and 60 rpm. 

The stained gels were stored in MilliQ water and scanned using a GS-800 calibrated 

densitometer, from Bio-Rad. 
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4. Results and discussion 
Plasmid pVAX1-GFP, a 3.7 kb plasmid that harbours the gene coding for the reporter green 

fluorescence was used as model pDNA molecule throughout this work. Lysates containing the pDNA 

or solutions with purified pDNA were both used. The later were obtained by isolating and purifying 

pDNA from E. coli cells through alkaline lysis, isopropanol and ammonium sulphate precipitation, HIC 

and SEC. The growth curve for the E. coli strain used and the results from the HIC and SEC 

purification are shown in annexes I, II and III, respectively.   

4.1  96-well plate experiments 

A high throughput screening was performed in multi-well (96) plates equipped with a 

permeable membrane to determine the optimal binding and elution conditions of purified pDNA to 

CaptoTM Adhere Sepharose. These experiments were divided into three different groups according to 

the aim of the study: i) loading studies, to optimise the resin to pDNA ratio, ii) adsorption studies, to 

determine the most favourable binding conditions, including ionic strength and buffer composition and 

iii) elution studies, to optimise the recovery of pDNA.  

 Loading studies 4.1.1

Several conditions were tested to optimize the resin to pDNA ratio in the micro-well 

experiments. The pDNA fractions collected after HIC-SEC purification were pooled into three groups 

depending on their concentration: very low ([pDNA] < 5 µg/mL), low (5 µg/mL < [pDNA] < 10 µg/mL) 

and high ([pDNA] > 10 µg/mL). The final concentration for each pool was 3.7, 7.6 and 15.7 µg/mL, 

respectively, and further dilutions (1:5, 2:5, 1:2 and 1:1) were performed  with 10 mM Tris-HCl pH 8. 

Then, 200 µL of each solution were added to micro-wells containing either 20 µL or 40 µL of settled 

CaptoTM Adhere resin. The buffers used for binding and elution were 10 mM Tris-HCl pH 8 (buffer A) 

and 2 M NaCl in 10 mM Tris-HCl pH 8 (buffer B), respectively. All the experiments were performed in 

triplicate. The absorbance at 260 nm of the flow-through and of the elution buffer, each collected after 

30 minutes of incubation, are shown in Figure 4.1. 

 
Figure 4.1: Determination of the optimal ratio of CaptoTM adhere resin to pDNA. The absorbance at 260 nm of the 
flow-through (blue bars) and of the elution buffer (red bars) was measured after 30 minutes of incubation. A) 20 
µL of resin; B) 40 µL of resin. 
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The goal was to identify a ratio of resin to pDNA that would minimal losses of pDNA in the FT 

and maximize recovery of pDNA upon elution. According to data on Figure 4.1, almost all the 

conditions tested with 20 µL of resin led to pDNA losses in the flow-through (FT) liquid, with the 

exception of the “very low” concentration group. Consequently, it was decided to pursue the micro-well 

experiments using 40 µL of resin since the amount of pDNA that could be loaded to 20 µL of resin 

without loss to the FT was very limited. When using 40 µL of resin, pDNA recovery was maximum 

when using a 1:2 dilution of a sample from the “low” concentration group. Under these conditions, no 

losses were observed in the FT and most of the loaded pDNA (~100%) could be recovered on the 

elution plate. This dilution corresponds to a concentration of pDNA in the feed of approximately 

3.8 µg/mL and to a ratio of pDNA to resin of 19 ng pDNA/µL of resin. 

 Binding and elution studies 4.1.2

In order to develop a purification method for pDNA through multimodal chromatography, 

binding and elution studies were performed in the micro-well platform with purified pDNA and also with 

purified RNA. This information may provide an idea of how both nucleic acids will behave when mixed 

together and run on a standard column. The concentration of pDNA used was the aforementioned (i.e. 

3.8 µg/mL) and the purified RNA was diluted on a 1:4 ratio. 

Several binding conditions were tested, using different ionic strengths of three salts: NaCl, 

(NH4)2SO4 and Na3C6H5O7. The ionic strength of each solution was calculated according to equation 

4.1, where Ci is the concentration of ith ion in the solution and zi is its charge. 

𝐼 =
1
2

𝐶!𝑧!!
!

!!!

 (4.1) 

 

For NaCl, binding was tested with ionic strengths between 0 and 1 M and elution was 

performed with buffer B. The results are shown in Figure 4.2. 

 
Figure 4.2: Binding of A) pDNA and B) RNA to 40 µL of CaptoTM adhere resin at different concentrations of NaCl 
The blue bars represent the absorbance at 260 nm in the FT, and denotes the amount of nucleic acids that did 
not bind to the resin, and the red bars represent the absorbance of the elution fractions. 

Analysing the results, it is not clear whether it will be possible to completely separate pDNA 

from the RNA. Large errors are associated with the pDNA data obtained for lower concentrations of 

NaCl that make it difficult to draw definite conclusions. However, it is apparent that RNA emerges in 
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the FT at lower concentrations of NaCl when compared with pDNA. For example, for a concentration 

of 750 mM of NaCl, a significant amount of RNA is found in the FT, whereas all pDNA is recovered on 

the elution plate. 

In order understand the balance between electrostatic and hydrophobic interactions in the 

binding of nucleic acids to this multimodal resin, an experiment was designed to simultaneously test 

the effect of salting-out salts in the binding step and the influence of NaCl in the elution step. The 

salting-out salts selected for binding were ammonium sulphate and sodium citrate at ionic strengths 

between 1.2 and 6 M for (NH4)2SO4 (400 mM < [(NH4)2SO4] < 2 M) and 1.4 and 6 M for Na3C6H5O7 

(250 mM < [Na3C6H5O7] < 1 M). The elution was performed using a step-wise increase of NaCl from 

0 M in the adsorption to 0.5, 1, 1.5 and finally 2 M of NaCl. The absorbance at 260 nm of the FT plate 

and of the 4 consecutive elution plates was measured and the results are presented in Figure 4.3. 

 
Figure 4.3: Binding of A) pDNA and B) RNA to 40 µL of CaptoTM adhere resin for different concentrations of 
ammonium sulphate and sodium citrate followed by consecutive elution with increasing concentrations of sodium 
chloride. The bars correspond to the feed percentage on the FT (blue) and on fractions eluted with 500 mM (red), 
1 M (green), 1.5 M (purple) and 2 M (orange) of NaCl.  

The results show that the binding of both nucleic acids to the resin is not affected by the higher 

ionic strengths provided by ammonium sulphate and sodium citrate. In fact, the amounts of pDNA and 

RNA detected in the FT plate are not significant compared to the corresponding amounts initially 

present in the feed. This means that both nucleic acids bind under electrostatic (Figure 4.2 – binding 

at very low ionic strengths) and hydrophobic conditions (Figure 4.3 – binding at high ionic strengths). 

As for the elution, and as expected from the binding experiments performed with NaCl (Figure 

4.2), a solution of 500 mM NaCl is not sufficient to elute both the pDNA and the RNA. However, the 

pDNA is eluted almost completely with a 1 M solution, whereas only approximately half of the RNA is 

eluted at this concentration. For elution at higher NaCl concentrations, both nucleic acids appear on 

the elution plates, being clear that RNA bound strongly to the resin since, for a concentration of 1.5 M 

NaCl, the amount of RNA present is practically the same or even higher than the one present on the 

elution with 1 M.  



 32 

Overall, it is possible to conclude that electrostatic forces predominate over hydrophobic 

interactions since the elution is accomplished through an anion exchange system with NaCl. Besides 

the presented results, another experiment using ammonium sulphate for binding and a two step 

elution, first with MilliQ water followed by 2 M NaCl, showed that nothing was eluted after the first step. 

However, for the binding there is an equilibrium between the two forces, otherwise the binding would 

not happen at high concentrations of salt. For column chromatography runs, it was decided to proceed 

the experiments using only NaCl for binding and elution in a 1 mL commercial column. 

4.2  Chromatographic behaviour of pure pDNA and RNA 

In order to determine the behaviour of the pDNA and RNA during column chromatography, a 1 

mL commercial column was used together with buffer A and B. The pure nucleic acids were diluted 4 

times, which led to a concentration of pDNA of approximately 6 µg/mL. Samples were further 

conditioned with NaCl to meet the conductivity of the equilibration buffer. 

 The first trials consisted on a gradient elution starting either with 0 M NaCl (0% B) or 750 mM 

NaCl (37.5% B). This second value was chosen since it was the one that revealed on the micro-well 

plates to be more promising on the separation of pDNA and RNA (Fig. 4.2). The length of the gradient 

was 20 CV and 12.5 CV, respectively, in order to maintain the gradient slope constant. The results 

obtained for pDNA are shown in figure 4.4. 

 
Figure 4.4: Multimodal chromatography of pure pDNA using a NaCl gradient elution in a 1 mL CaptoTM adhere 
column. 1 mL of purified pDNA was injected after column equilibration with 0% B (A) and 37.5% B (C). B) 
Agarose gel electrophoresis of 15 µL from fractions collected from A) with the ladder (lane L), feed (lane F), and 
the fractions corresponding to the marked peaks. D) Agarose gel electrophoresis of 15 µL from fractions collected 
from C) with the feed (lane F), the fractions corresponding to the marked peaks, and the ladder (lane L). (Buffer 
A: 10 mM Tris-HCl pH 8, B: 2 M NaCl in 10 mM Tris-HCl pH 8). 
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Figure 4.4 A shows the chromatogram for a gradient elution of pDNA from 0 to 100% of B, and 

presents three peaks. All fractions corresponding to these peaks were analysed by agarose gel 

electrophoresis, and as it can be seen in Figure 4.4B, pDNA is eluted on fractions 30 and 31, at a 

conductivity around 67 mS/cm and with a retention time of 15 minutes. The other two peaks are either 

due to protein impurities (or other non-nucleic acid impurity) or to changes in the conductivity, since no 

bands appear on the agarose gel. 

Since pDNA elutes at a conductivity higher than the one corresponding to 37.5% B, it is 

possible to equilibrate the column at this percentage of buffer B without loss of pDNA in the FT. This 

led to a lower retention time of 7 minutes, as shown in Figure 4.4 C. It is possible to observe a first 

peak, corresponding to the fractions 3-6 of the FT, that may be due to protein impurities or to 

conductivity difference between the sample and the running buffer, since once again no bands appear 

on the gel (Figure 4.4D).  

Looking more carefully to the chromatograms Figures 4.4 A and C, it is possible to observe 

that the pDNA peak is in fact two peaks eluting very close to each other on. Analysing the 

corresponding agarose gels (Figures 4.4 B and D), appear to be different isoforms of pDNA. An 

agarose gel analysis of fractions 30 and 31 (Figure 4.4 B) and of fractions 15 and 16 (Figure 4.4 D) 

provides an indication that the oc isoform is eluted earlier than the sc isoform. This observation 

prompted the execution of further experiments to attempt to separate the two chromatographic peaks 

through the application of a step-wise elution strategy (chapter 4.4). 

For the purified RNA, the same methodology used for pDNA was applied and the results are 

presented in Figure 4.5.  

 
Figure 4.5: Multimodal chromatography of pure RNA using a NaCl gradient elution in a 1 mL CaptoTM adhere 
column. 1 mL of purified RNA was injected after equilibration with 0% B (A) and 37.5% B (C). B) Agarose gel of 
15 µL from fractions collected from A) with the ladder (lane L), feed (lane F), and the fractions corresponding to 
the marked peak on A). D) Agarose gel electrophoresis of 15 µL from fractions collected from C) with the ladder 
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(lane L), the feed (lane F), and the fractions corresponding to the marked peak. In both agarose gels, it is possible 
to observe RNA in several fractions, which was expected due to the wider peak in the chromatograms. (Buffer A: 
10 mM Tris-HCl pH 8, B: 2 M NaCl in 10 mM Tris-HCl pH 8) 

The results obtained for the RNA show that it presents a wider peak compared to pDNA, 

probably due to the size heterogeneity. When the equilibration is done with 0% B (Figure 4.5 A), the 

retention time is approximately 15 minutes, and when the column is equilibrated with 37.5% B (Figure 

4.5 C), RNA is eluted after 7 minutes. On both RNA chromatograms, there is also a first peak on the 

FT, around fraction 3, that does not appear on the agarose gel and that can be due to protein 

impurities or to differences in conductivity between the sample and buffer. 

 As a result of the wider peak, RNA is present on a higher number of fractions, namely 

fractions 32 to 36 and fractions 17 to 21, respectively, on the agarose gels shown in Figures 4.5 C and 

D. The conductivity at which the RNA peak starts to elute is approximately 60 mS/cm and it goes until 

around 100 mS/cm. This fact is not very encouraging for the separation of pDNA from RNA, being 

necessary to perform more trials with both specimens to see how the competition for the ligands will 

affect their elution behaviour. 

4.3  Gradient separation of pDNA and RNA from a lysate mimetic 

In order to mimic a lysate composition, artificial mixtures of pDNA and RNA were prepared and 

chromatographic runs were conducted using the same methodologies described in section 4.2. The 

pDNA was used at the same concentration as in the aforementioned experiments, whereas the RNA 

was mixed on the sample at different proportions to the pDNA (1:0; 1:0.5; 1:1; 1:2). The buffers used 

were the same as in the previous experiences, with the exception that 1 mM of EDTA was added to 

prevent changes in the conformation of the pDNA isoforms, since its chelating capacity maintains 

nucleases inactive. Adsorption was thus performed using 10 mM Tris-HCl pH 8, 1 mM EDTA pH 8 

(buffer A) and elution was triggered with 2 M NaCl in 10 mM Tris-HCl pH 8, 1 mM EDTA pH 8 (buffer 

B).  

Once again, the chromatography methodology used relied on the equilibration of the column 

either with 0% B or with 37.5% B. However, in both experiments, the gradient length was kept 

constant and equal to 20 CV, which consequently translates into a decrease in the gradient slope of 

the second run (equilibration at 37.5% B). 
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Figure 4.6: A) Purification of artificial pDNA/RNA mixtures by multimodal chromatography using a NaCl gradient 
elution in a 1 mL CaptoTM adhere column equilibrated with 0% B. 1 mL of feed streams containing a mixture of 
pDNA and RNA were injected resulting in the chromatograms presented in blue (pDNA), red (pDNA+0.5RNA), 
green (pDNA+RNA) and purple (pDNA+2RNA). B)-E) Agarose gels of 15 µL from fractions collected during 
chromatographic runs presented in A). The numbers above peaks and on agarose gels correspond to the 
respective collected fractions. Gels are colour-numbered according to the respective chromatographic run. (Buffer 
A: 10 mM Tris-HCl pH 8, 1 mM EDTA pH 8; B: 2 M NaCl in 10 mM Tris-HCl pH 8, 1 mM EDTA pH 8). 

Starting the analysis by the results of the equilibration at 0% B, it is possible to observe in the 

chromatogram in Figure 4.6, a big peak, at around 7 mL, that had never appeared when testing the 

pure samples. This peak is due to the presence of EDTA on the adsorption buffer. This compound 

binds to the column during the equilibration phase and is dislodged when the conductivity starts to rise 

during the elution. This behaviour was verified by a mock run where no sample was injected (results 

not shown). 

Regarding the other peaks, it is once again possible to observe that two peaks appear during 

the elution of pDNA. This is evidence that a partial separation of the different pDNA isoforms, with oc 

being eluted earlier than the sc, might be achievable. However, it is not possible to have a complete 

certainty since, on the agarose gels, the same fraction does not always have an isolated isoform 

because during fractions collection with fixed-volume fractionation, the two peaks were mixed. 

Despite the fact that the RNA cannot be seen in the agarose gels due to its very low 

concentration, it is possible to observe an increasing wide peak with the increase of the amount of 

RNA in the sample at a retention time of 15 minutes. A complete separation of both nucleic acids is 

not possible since there is no baseline separation of both peaks. There is however evidence of some 

degree of purification.  

The main conclusion is that the RNA is eluted after the pDNA, which was not clear when the 

nucleic acids were injected separately. This is due to the characteristics of both nucleic acids and the 
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interactions that they perform with the resin, either electrostatic or hydrophobic. At the working pH, 

both RNA and pDNA are negatively charged and since CaptoTM adhere is a strong anion-exchanger, 

they will both bind to the resin. Due to its single stranded nature, RNA has its base groups more 

exposed, which turns its hydrophobic interaction with the resin stronger than the one that pDNA can 

establish due to its double stranded nature.  

 
Figure 4.7: A) Purification of artificial pDNA/RNA mixtures by multimodal chromatography using a NaCl gradient 
elution in a 1 mL CaptoTM adhere column equilibrated with 37.5% B. 1 mL of feed streams containing a mixture of 
pDNA and RNA, were injected resulting in the chromatograms presented in blue (pDNA), red (pDNA+0.5RNA), 
green (pDNA+RNA) and purple (pDNA+2RNA). B)-E) Agarose gels of 15 µL from fractions collected during 
chromatographic runs presented in A). The numbers above peaks and on agarose gels correspond to the 
respective collected fractions. Gels are colour-numbered according to the respective chromatographic run. (Buffer 
A: 10 mM Tris-HCl pH 8, 1 mM EDTA pH 8; B: 2 M NaCl in 10 mM Tris-HCl pH 8, 1 mM EDTA pH 8). 

The results obtained for an equilibration at 37.5% B are shown in Figure 4.7. The main 

difference between these chromatograms and the ones presented for 0% B is the absence of the 

EDTA peak. This behaviour was already expected because the high ionic strength of the equilibration 

buffer (750 mM NaCl) prevents the binding of EDTA to the resin. The high conductivity of the 

equilibration buffer is however not sufficient to inhibit the binding of the nucleic acids. This behaviour 

had already been observed in previously results using pure samples of both pDNA and RNA (section 

4.2). 

Unfortunately, it is again not possible to observe RNA on the agarose gels due to its low 

concentration. RNA is eluted after the pDNA double peak, as a wide peak that increases with the 

amount of RNA present in the mixture. Regarding the pDNA double peak, the agarose gels show a 

strong evidence that the two peaks corresponds to the separation of the oc and sc isoforms, since the 

first two fractions contain only oc and in the later fractions, the proportion of sc is higher, compared to 

oc. 
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Comparing both equilibration strategies, an equilibration at 37.5% B appears more 

advantageous as the run is shorter and the gradient is smoother, allowing a better fractionation of the 

isoforms. 

4.3.1 Pre-treatment with RNase 

One way to overcome the difficulty of separating the pDNA from RNA is to perform a digestion 

of the feed with RNase. This pre-treatment was applied to a sample were two parts of purified RNA 

were artificially mixed with one part of pure pDNA. The sample volume was then adjusted in order to 

obtain a pDNA concentration similar to the previous runs and a conductivity equal to the equilibration 

buffer. The sample was incubated for 1 hour at 38 ºC before being injected. The chromatographic 

methodology used was very similar to the previous ones, but with a shallower gradient slope. The 

gradient was set between  37.5% and 50% of B in 20 CV. 

  

 
Figure 4.8: A) Purification of artificial pDNA/RNA mixtures pre-treated with RNAs for 1 hour at 38 ºC by 
multimodal chromatography using a NaCl gradient elution in a 1 mL CaptoTM adhere column equilibrated with 
37.5% B. 1 mL of a feed stream containing a 1:2 mixture of pDNA and RNA was injected. B) Agarose gel of 15 µL 
from fractions collected during chromatographic runs presented in A). The numbers above peaks and on agarose 
gels correspond to the respective collected fractions. (Buffer A: 10 mM Tris-HCl pH 8, 1 mM EDTA pH 8; B: 2M 
NaCl in 10 mM Tris-HCl pH 8, 1 mM EDTA pH 8). 

As it is possible to conclude from Figure 4.8, the digestion of the sample with RNase allows 

the isolation of the pDNA from the RNA. RNase breaks the phosphodiester bond between the different 

RNA nucleotides that cannot bind to the resin and elutes in the FT, due to their smaller size and, 

consequently, lower charge density. On the contrary, pDNA binds to the column and is eluted in two 

resolved peaks when the concentration of salt starts to increase. Once again, it is possible to observe 

on the agarose gel that the oc isoform elutes first than the sc plasmid. Indeed, fractions 25 to 28 do 

not contain the sc isoform. This ability of CaptoTM adhere to separate the two pDNA topoisomers is 

explored on the next section. 

4.4  Separation of pDNA topoisomers 

 In order to separate the pDNA topoisomers, a new chromatographic method was designed 

based on the percentage of buffer B presented in the two peaks of Figure 4.8, namely 42.2% and 

44.6% of B, respectively. The buffers used were 10 mM Tris-HCl pH 8, 1 mM EDTA pH 8 (buffer A) 

and 2 M NaCl in 10 mM Tris-HCl pH 8, 1 mM EDTA pH 8 (buffer B). The first experiments were done 
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using pure pDNA diluted 1:4, which led to a final concentration of 6.2 µg/mL. Two trials were 

performed to optimize the separation of the oc and sc pDNA isoforms that only differ in the lengths of 

the steps, in particular the first elution step (10 against 5 CV). 

 
Figure 4.9: Separation of pDNA isoforms by multimodal chromatography using a step-wise elution with NaCl in a 
1 mL CaptoTM adhere column equilibrated with 37.5% B. The first step was performed at 42.2% B and the second 
at 44.6% B. 1 mL of feed streams containing pDNA diluted 1:4, were injected resulting in the chromatograms 
presented in A) and B). From A) to B) the number of column volumes used to wash unbound material was 
shortened from 4 CV to 2 CV, and the length of the first elution step was changed from 10 CV to 5 CV. The 
collected fractions were analysed by agarose gel electrophoresis in C) where the numbers above peaks and on 
agarose gels represent the collected fraction. (Buffer A: 10 mM Tris-HCl pH 8, 1 mM EDTA pH 8; B: 2 M NaCl in 
10 mM Tris-HCl pH 8, 1 mM EDTA pH 8) 

Considering the presented results, one can conclude that it is possible to fully separate the oc 

and sc isoforms of pDNA using a step-wise elution, being the oc isoform eluted at a NaCl 

concentration of 844 mM (42.2% B, 72 mS/cm) and the sc isoform at 892 mM NaCl (44.6% B, 

75 mS/cm). Also, it was possible to optimize the length of the first elution step, from 10 to 5 CV, and 

the length of the wash-out step from 4 to 2 CV, shortening the overall time of the method, without 

compromising the separation, as it can be concluded from Figure 4.9 C. Optimizing the method, it was 

also possible to reduce the retention time of both isoforms from 9 and 19 minutes to 7 and 12 minutes, 

respectively for oc and sc.  

The difference on the retention of both isoforms can be explained based on the charge density 

and hydrophobic character of the oc and sc isorforms. At the working pH, both isoforms are negatively 

charged and, since CaptoTM adhere is a strong anion-exchanger, both will bind to the resin. However, 

the sc isoform is more compact and possesses a higher charge density thus favouring its retention 

through electrostatic interactions. Furthermore, the supercoiling of the molecule can lead to the 
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exposure of the hydrophobic bases buried inside the double stranded pDNA enhancing the 

hydrophobic character of the sc isoform and favouring its retention through hydrophobic interactions. 

4.4.1 Column capacity for separation of oc and sc pDNA 

In order to validate the aforementioned method for isoforms separation and to test the capacity 

of the resin, several concentrations of pDNA were loaded into the column (3.1, 6.2, 12.4, 18.5, 24.7 

µg/mL), in triplicates, and adjusted at a conductivity equal to the equilibration buffer (around 65 

mS/cm). It is worth mentioning that for the pDNA concentration of 6.2 µg/mL, only a duplicate was 

performed (Figure 4.9 B).  

 
Figure 4.10: Effect of pDNA loading on the separation of isoforms by multimodal chromatography using a NaCl 
step-wise elution in a 1 mL CaptoTM adhere column equilibrated with 37.5% B. In all runs, the same method was 
used, with the first elution step performed at 42.2% B and the second elution at 44.6% B. 1 mL of feed streams 
containing pDNA purified through HIC-SEC was used in all runs with the following dilutions: A) [pDNA] = 3.1 
µg/mL, C) [pDNA] = 6.2 µg/mL, E) [pDNA] = 12.4 µg/mL, G) [pDNA] = 18.5 µg/mL and I) [pDNA] =24.7 µg/mL. B), 
D), F), H) and J) represent the agarose gels, after dialysis, of 15 µL of the fractions collected on A), C), E), G), I), 
respectively. Lane L corresponds to the ladder and lane F to the column feed. Gels are colour-numbered 
according to the respective chromatographic run, since triplicates for each dilution were performed (except for the 
[pDNA] = 6.2 µg/mL). So, the blue represents the first run for a certain [pDNA], the red the second and the green 
the third. In the case of the [pDNA] = 6.2 µg/mL dilution, only blue and red were used, for the first and second run, 
respectively. (Buffer A: 10 mM Tris-HCl pH 8, 1 mM EDTA pH 8; B: 2 M NaCl in 10 mM Tris-HCl pH 8, 1 mM 
EDTA pH 8) 
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Figure 4.10 (cont.): Effect of pDNA loading on the separation of isoforms by multimodal chromatography using a 
NaCl step-wise elution in a 1 mL CaptoTM adhere column equilibrated with 37.5% B. In all runs, the same method 
was used, with the first step performed at 42.2% B and the second at 44.6% B. 1 mL of feed streams containing 
pDNA purified through HIC-SEC was used in all runs with the following dilutions: A) 1:8 ([pDNA] = 3.1 µg/mL), C) 
1:4 ([pDNA] = 6.2 µg/mL), E) 1:2 ([pDNA] = 12.4 µg/mL), G) 3:4 ([pDNA] = 18.5 µg/mL) and I) 1:1 ([pDNA] =24.7 
µg/mL). B), D), F), H) and J) represent the agarose gels, after dialysis, of 15 µL of the fractions collected on A), 
C), E), G), I), respectively. Lane L corresponds to the ladder and lane F to the column feed. Gels are colour-
numbered according to the respective chromatographic run, since triplicates for each dilution, except for 1:4, were 
performed. So, the blue represents the first run for a certain dilution, the red the second and the green the third. In 
the case of 1:4 dilution, only blue and red were used, for the first and second run, respectively. (Buffer A: 10 mM 
Tris-HCl pH 8, 1 mM EDTA pH 8; B: 2 M NaCl in 10 mM Tris-HCl pH 8, 1 mM EDTA pH 8). 

Analysing the results it is possible to conclude that the step-wise elution method is very 

consistent for the elution of both isoforms since the oc peak is always collected on fractions 14 and 15 

and the sc peak in fractions 23 and 24. The isoforms present a retention time of 7 and 12 minutes, 

respectively for oc and sc. From figures 4.10 B, D and F, it is possible to conclude that there is a 

complete separation of the two topoisomers up to a concentration of pDNA in the feed of 12.4 µg/mL. 

However, for concentrations above 18.5 µg/mL, a slight band of oc appears on the agarose gels in 

lanes correspondent to the sc peak. This means that for high concentrations, the column is not able to 

fully separate oc from sc. 

Another conclusion to take is about the quantity of both isoforms. Despite they appear to be at 

similar concentration on the feed from the observation of the agarose gels, the peak on the 

chromatograms for the sc plasmid has a significant lower height than the peak for the oc. This is also 

possible to conclude on the agarose gels, where the band for the sc on the peak does not look so 

intense as in the feed. Since the mass of each isoform is directly related to the area of the peak, that 

area was calculated for each peak and Figure 4.11 was constructed. It is noteworthy that, for every 

case, it was considered that the first peak only corresponded to the oc and the second peak to the sc 

isoform, despite the presence of a few amount of oc that appears for higher concentrations.  
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Figure 4.11: Relation between the areas of the peaks for oc (blue) and sc (red) plasmid and the concentration of 
total plasmid in the feed. Blue: y = 9.0702x; R2 = 0.97652. Red: y = 9.9543x; R2 = 0.98928. 

As it is possible to conclude from Figure 4.11, the area of the oc and sc peaks is very similar to 

each other for all the concentrations of plasmid tested, which confirms that the purified pDNA as 

approximately 50% of each topoisomer. According to Figure 4.10, the height of the peaks is in fact 

different, but the areas are similar since the sc peak is wider. This means that if an agarose gel with all 

fractions was run, sc would appear in more fractions than oc. 

To study the binding capacity of the column and, at the same time, its capacity to separate the 

oc and sc isoforms, an even higher amount of pDNA was injected into the column using different loop 

sizes (1 mL, 2 mL and 5 mL), which correspond to a mass of pDNA of 24.7, 49.4 and 124 µg, 

respectively. The injected pDNA was not diluted and its conductivity was adjusted according to the 

column equilibration through the direct addition of NaCl. Since, as it was concluded from Figure 4.9 J, 

the separation for a concentration of 24.7 µg/mL was not complete, it was decided to extend the first 

step from 5 to 10 CV. Also, the wash of the loop was adjusted in function of the loop used in order to 

be always equal to three times its volume. The results are presented in Figure 4.12. 
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Figure 4.12: Effect of pDNA loading on the separation of isoforms by multimodal chromatography using a NaCl 
step-wise elution in a 1 mL CaptoTM adhere column equilibrated with 37.5% B. The feed streams consisted on 
different amounts of pDNA purified through HIC-SEC: A) 1 mL, B) 2 mL, C) 5 mL and the same method was used 
in all three runs. The first step was performed at 42.2% B and the second at 44.6% B and the length of the steps 
was 10 and 5 CV, respectively. D) represents the agarose gel, after dialysis, of 15 µL of collected fractions from 
A), B) and C) and the numbers above the lanes and the peaks correspond to the collected fractions. Lane L 
shows the ladder and lane F the column feed. (Buffer A: 10 mM Tris-HCl pH 8, 1 mM EDTA pH 8; B: 2 M NaCl in 
10 mM Tris-HCl pH 8, 1 mM EDTA pH 8). 

Regarding the binding capacity, it is possible to conclude from Figure 4.12 that it was not 

exceeded in any case since no plasmid was detected in the FT. This suggests that the capacity of the 

CaptoTM adhere resin for pVAX1-GFP is higher than 124 µg pDNA/mL of resin, which curiously is 

considerably higher than the capacity at 50% of breakthrough that Matos et al. determined for pUC18 

(2686 bp) for the same resin – 60  µg/mL [65] 

 In terms of isoform separation, for a loading of 24.7 µg/mL, the same results as in Figure 4.10 

I-J were obtained. For the 1 mL loop, the separation is not complete but it is very satisfactory and 

there is no elution of sc between the first and the second peaks, for this amount of pDNA, as it can be 

seen on fraction 24 in Figure 4.12 D). On this new method, since the first step was extended, the 

retention time of the sc isoform was 17 minutes.  

When the pDNA loading is increased to 49 µg/mL using the 2 mL loop, similar results were 

obtained, with the majority of oc being eluted on the first peak, and with a tiny fraction being eluted on 

the fraction correspondent to the sc peak. The retention time of both isoforms was increased due to 

the washing of the loop, which took 6 CV instead of 3 CV, to 9 and 19 minutes, respectively for oc and 

sc. 
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For the largest pDNA loading, 124 µg/mL (using the 5 mL loop), two peaks are visible on the 

chromatogram during the first elution step. Through the analysis of the fractions 38 and 40 on the 

agarose gel, it is possible to observe that, on fraction 38, a large amount of oc pDNA is eluted. 

However, on fraction 40, both pDNA isoforms are present in equal proportion, which means that the 

separation is not complete and some sc pDNA is lost together with oc in the first step. Also, on fraction 

57 it is possible to observe the two isoforms.  

The main conclusion of this study was that baseline separation of isoforms can be obtained 

when injecting feeds with total pDNA concentrations up to 49 – 124 µg/mL of resin. To determine the 

exact binding capacity of the column, frontal analysis could be performed in order to determine the 

breakthrough curve for different concentrations of plasmids.   

4.5  Purification of pDNA from E. coli lysates 

Several experiments using E. coli lysates were performed in order to analyse the possibility of 

separating both isoforms directly from a lysate, either before or after isopropanol precipitation, with a 

concomitant removal of the RNA and proteins. The chromatographic method used was the one 

designed for the separation of the pDNA topoisomers, which include column equilibration at 37.5% B, 

a first elution step at 42.2% B, a second elution at 44.6% B and a final stripping at 100% B in order to 

release everything that could still be bound to the resin. The buffers used were A: 10 mM Tris-HCl pH 

8, 1 mM EDTA pH 8 and B: 2 M NaCl in 10 mM Tris-HCl pH 8, 1 mM EDTA pH 8. The dry pellet 

obtained after isopropanol precipitation of lysates was re-suspended in buffer A and injected in the 

chromatographic column within three days. 

The collected fractions were analysed by agarose gels and SDS-PAGE. It is worth mention 

that SDS-PAGE gels were first subjected to Coomassie staining (results not shown) and then to silver 

staining since it was not possible to observe any bands on the gel after the Coomassie staining, which 

indicates that the protein content is very low. 

4.5.1 Step-wise gradient separation of pDNA and RNA from a lysate 
mimetic 

To evaluate if the step-wise method developed for the separation of pDNA topoisomers could 

be used for the purification of sc pDNA from lysates, a mimetic lysate based on different artificial 

mixtures of pDNA and RNA (1:0; 1:0.5; 1:1) was first used. From the results obtained in section 4.3, it 

is expected that RNA will be eluted on the stripping step since it was concluded that it was eluted after 

pDNA. The obtained results are presented in figure 4.13. 
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Figure 4.13: Purification of lysate mimetics by multimodal chromatography using a step-wise elution in a 1 mL 
CaptoTM adhere column equilibrated with 37.5% B. 1 mL of feed streams containing a mixture of pDNA and RNA, 
purified through HIC-SEC. A. Chromatograms obtained when injecting pure pDNA (blue) and mixtures of pDNA 
and RNA (1 pDNA:0.5RNA in red and 1 pDNA:1RNA in green). B) Agarose gel analysis of fractions (15 µL) 
collected during chromatographic runs shown in A). The numbers above peaks and on agarose gels correspond 
to the same fractions. Gels are colour-numbered according to the respective chromatographic run. (Buffer A: 10 
mM Tris-HCl pH 8, 1 mM EDTA pH 8; B: 2 M NaCl in 10 mM Tris-HCl pH 8, 1 mM EDTA pH 8) 

Analysing the results, it is possible to conclude that the isoforms separation is efficient when 

more complex feed streams are used since it is possible to observe on the agarose gel (Figure 4.13 B) 

that fraction 14 only has oc and fraction 23 sc pDNA. These fractions correspond to a retention time of 

approximately 7 and 12 minutes for oc and sc, respectively. It is noteworthy that the oc and sc peaks 

are consistent in every run, with an absorbance of 120 and 60 mAU, respectively, due to the fact that 

the amount of pDNA was always the same. 

 Concerning the RNA, it is once again not possible to observe it on the agarose gel due to its 

low concentration. However, looking at the chromatograms it is very clear that RNA is eluted on the 

last step, with a retention time of approximately 17 minutes, since the peak height increases from 

40 mAU to 120 mAU with the increasing of the amount of RNA spiked on the sample.  

These results show a promising outcome on the ability of CaptoTM adhere to separate not only 

the pDNA isoforms but also pDNA from other impurities. This fact supported the following experiments 

where E. coli lysates were directly injected into the column. 

4.5.2 Non-transformed E. coli DH5α lysate after isopropanol 

precipitation 

Initial control experiments were performed using lysates obtained from E. coli DH5α cells 

without pDNA. These cells were subjected to alkaline lysis and precipitation with isopropanol. The 

obtained lysate was then digested with RNase (1 hour incubation at 38 ºC) and diluted 100 times. This 

allows establishing the profile of the host impurities. In this case, the main impurities present are 

oligoribonucleotides, proteins and endotoxins.  

Another experiment was performed by spiking the former lysate (diluted 100 times) with 

purified pDNA, on a 1:4 proportion. This sample was also digested with RNase and the comparison 

between the two chromatographic profiles allows concluding about the behaviour of the plasmid. 
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Figure 4.14: Multimodal chromatography of lysates obtained from non-transformed E. coli cells using a step-wise 
elution in a 1 mL CaptoTM adhere column equilibrated with 37.5% B. 1 mL of lysate after precipitation with 
isopropanol, diluted 1:100 and digested with RNase for 1 hour at 38 ºC, from E. coli DH5α without plasmid (blue) 
and with the artificial addition of purified pVAX1-GFP (red) on a 1:4 proportion were injected. The first step was 
performed at 42.2% B, the second at 44.6% B and the third one at 100% B. B) and C) represents the agarose 
gels of A) and D) and E) the SDS-PAGE gels of A). Both gels are colour-numbered according to the respective 
chromatographic run. The numbers above the lanes and the peaks correspond to the collected fractions and lane 
L represents the ladder and F the column feed. (Buffer A: 10 mM Tris-HCl pH 8, 1 mM EDTA pH 8; B: 2 M NaCl in 
10 mM Tris-HCl pH 8, 1 mM EDTA pH 8) 

Analysing the two profiles, it is possible to conclude through the chromatograms that pDNA is 

eluted with a retention time of approximately 7 (fractions 14-15) and 12 minutes (fraction 24). In both 

chromatograms, it is possible to observe a high peak in the FT. This peak is much likely to correspond 

to the nucleotides of the digested RNA and to proteins that did not bind to the column. In fact, it is 

possible to observe on the SDS-PAGE gels (4.13 D) and E)) that on fraction 4 low molecular weight 

biomolecules are present; probably RNase, that presents a molecular weight of 13.7 kDa [67], 

oligoribonucleotides from the degraded RNA and other low molecular weight proteins. The absence of 

proteins with higher molecular weights is probably due to the fact that the majority of the host proteins 

has been hydrolysed or precipitated. 

As expected, no pDNA bands are observed on the gel of Figure 4.13 B). When pure pDNA is 

artificially added to the lysate obtained from non-transformed cells (Figure 4.13 C), it is possible to 

observe that the two plasmid isoforms present on the feed are eluted on fractions 15 and 24, 

respectively oc and sc. 

It is possible to observe on the chromatograms a fourth peak that cannot be visualised either 

on the agarose gels or on the SDS-PAGE. This peak can be due to the abrupt change in the 

conductivity from the second to the third step. 

It is considered that pDNA is in its pure state since no RNA can be seen on the agarose gels 

and no proteins are present on the SDS-PAGE gels after silver staining on other lanes than the FT.  
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4.5.3 Chromatographic profile E. coli DH5α pVAX1-GFP lysates 

After the first experiments with non-transformed cells, a lysate from E. coli DH5α containing 

the pVAX1-GFP was precipitated with isopropanol, resuspended in buffer and injected into the 

column. Before the injection, the sample was once again digested with RNase and diluted 100 times. 

The obtained results are present in Figure 4.15. 

 
Figure 4.15: Multimodal chromatography of a lysate obtained from transformed E. coli cells and precipitated with 
isopropanol using a step-wise elution in a 1 mL CaptoTM adhere column equilibrated with 37.5% B. 1 mL of E. coli 
DH5α pVAX1-GFP lysate, diluted 1:100 and digested with RNase for 1 hour at 38 ºC, was injected. The first step 
was performed at 42.2% B, the second at 44.6% B and the third one at 100% B. B) and C) represent the agarose 
gel and the SDS-PAGE of A), respectively. The numbers above the lanes and the peaks correspond to the 
collected fractions and lane L represents the ladder and F the column feed. (Buffer A: 10 mM Tris-HCl pH 8, 1 
mM EDTA pH 8; B: 2 M NaCl in 10 mM Tris-HCl pH 8, 1 mM EDTA pH 8). 

It is possible to observe on the chromatogram (Figure 4.15 A) four peaks with retention times 

of 2, 7, 12 and 17 minutes. The first peak appears on the FT with an absorbance of 2500 mAU and, 

analysing both the agarose gel and SDS-PAGE, one can conclude that it contains proteins (including 

RNAse) and oligoribonucleotides that did not bind to the column, similarly to what was observed for 

the lysate of non-transformed cells. Once again, the specimens that appear on the gel have a low 

molecular weight and do not appear in any other lane than the one correspondent to the FT, which 

means that there are no proteins binding to the resin. The presence of digested RNA will be proved 

afterwards in the analysis of the RNase effect. 

The second and third peaks correspond to oc and sc pDNA, respectively, as expected. 

However, in between there is a slight inflection on the UV baseline that turns out to be a mixture of 

both isoforms. This could have happened due to a change in the conductivity to higher values than the 

usual or to the amount of plasmid that is present on the lysate since its concentration is unknown. 
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The last peak appears on the last step and is due to the elution of RNA as seen in the agarose 

gel, on fraction 34. Considering that the sample was digested with RNase, this blur is probably RNA 

that was not digested and does not appear on the feed due to its low concentration. 

To analyse the effect of the precipitation with isopropanol after the alkaline lysis, the same 

experiment was done using this lysate. It was subjected to a lower dilution of 1:5, since this lysate is 

not yet concentrated, and incubated for 1 hour at 38 ºC with RNase. 

 
Figure 4.16: Purification of a lysate obtained from transformed E. coli cells by multimodal chromatography using 
a step-wise elution in a 1 mL CaptoTM adhere column equilibrated with 37.5% B. 1 mL of E. coli DH5α pVAX1-
GFP lysate after alkaline lysis, diluted 1:5 and digested with RNase for 1 hour at 38 ºC, was injected into the 
system. The first step was performed at 42.2% B, the second at 44.6% B and the third one at 100% B. B) and C) 
represent the agarose gel and the SDS-PAGE of A), respectively. The numbers above the lanes and the peaks 
correspond to the collected fractions and lane L represents the ladder and F the column feed. (Buffer A: 10 mM 
Tris-HCl pH 8, 1 mM EDTA pH 8; B: 2 M NaCl in 10 mM Tris-HCl pH 8, 1 mM EDTA pH 8). 

Analysing the resulting chromatogram, it is once again possible to observe four peaks on the 

(Figure 4.16 A) with retention times of 2, 7, 12 and 17 minutes. The first peak, that appears on the FT, 

with an absorbance of 2500 mAU, like on the first case, is only detected in the SDS-PAGE (Figure 

4.16 C) and represents proteins with a molecular weight between 30 and 10 kD and probably 

nucleotides from the digested RNA. It is noteworthy that before the precipitation with isopropanol the 

protein content is much higher considering the bands that appear in the SDS-PAGE, especially on 

fractions 4, 34 and 36, which confirms that isopropanol precipitates pDNA but the majority of the lysate 

proteins remain in solution. 

The peak collected on fraction 15, and that usually is representative of the oc isoform, is now 

lower and the concentration of this isoform is so low that it is almost imperceptible on the feed and 

does not appear on the lane correspondent to this fraction on the agarose gel (Figure 4.16 B). 

However, the third peak, that represents the sc isoform, is higher in this case, which means that the 



 48 

precipitation with isopropanol interferes with plasmid conformation, relaxing it. It is possible to observe 

this isoform on lanes correspondent to fractions 23 and 24.  

Finally, the last peak appears in this case, contains both proteins and RNA, which can be 

detected on both agarose gel and SDS-PAGE. On the agarose gel, it is again possible to conclude 

that the digestion was not complete, despite the fact that no RNA is present in the feed. On the SDS-

PAGE is possible to observe several bands on lanes corresponding to fractions 34 and 36. One 

possibility is the staining of RNA by silver allowing the visualization of this biomolecule on SDS-PAGE 

gels. RNA can present molecular weights between 6.6 and 577 kDa [68], which explains its 

distribution through all lane. Another option is that these bands can be representative of proteins that 

strongly bind to the column suggesting that, prior to the precipitation with isopropanol, these proteins 

remain in the lysate, which did not happen on the lysate after isopropanol precipitation.  

To evaluate the effect of RNase and also to test if a good separation of pDNA from RNA on 

lysates was possible, samples without RNase digestion were injected. Firstly, the lysate after 

isopropanol precipitation diluted 1:100 was run in the system and the results are presented below. 

 
Figure 4.17: Multimodal chromatography using a step-wise elution in a 1 mL CaptoTM adhere column equilibrated 
with 37.5% B. 1 mL of E. coli DH5α pVAX1-GFP lysate after isopropanol precipitation, diluted 1:100, was injected 
into the system. The first step was performed at 42.2% B, the second at 44.6% B and the third one at 100% B. B) 
and C) represent the agarose gel and the SDS-PAGE of A), respectively. The numbers above the lanes and the 
peaks correspond to the collected fractions and lane L represents the ladder and F the column feed. (Buffer A: 10 
mM Tris-HCl pH 8, 1 mM EDTA pH 8; B: 2 M NaCl in 10 mM Tris-HCl pH 8, 1 mM EDTA pH 8). 

Starting the analysis by the chromatogram on Figure 4.17 A, the same four peaks with the 

same retention time can be identified, although presenting different heights.  

It is evident that the first peak, on the FT, has a considerable lower height – around 600 mAU - 

than the previous FT peaks (2500 mAU). Looking at the agarose gel on Figure 4.17 B and the SDS-
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PAGE on Figure 4.17 C, it is clear that on the FT there are only proteins eluted. However, on the SDS-

PAGE the protein bands that used to appear on the lane correspondent to fraction 4 do not appear 

anymore, supporting that this band could be representative of RNase. On this gel, only proteins in a 

low concentration can be seen, which explains a part of the decreasing of the peak. Also, the fact that 

the sample is not digested makes that there are no nucleotides eluted on the FT, decreasing the peak 

and allowing the conclusion that part of the previously height of the peak was due to the RNA 

digestion, either because of RNase or oligoribonucleotides. 

The peaks correspondents to both plasmid isoforms present a similar behaviour, both on the 

chromatogram and on the agarose gel. However, looking to the SDS-PAGE it is possible to observe 

proteins of low molecular weight on fractions 14, 17 and 23. This means that when the sample is not 

digested with RNase there are proteins that bind to the column and elute with plasmid DNA, 

contaminating the product of interest.  

The main accomplishment of this experiment is on the analysis of fractions corresponding to 

the last peak. This peak is representative of RNA since its height increased from 500 mAU to more 

than 1000 mAU. On the agarose gel, it is possible to observe RNA only on the lanes that represent 

those fractions, which indicates that it is possible to separate pDNA and RNA directly from the lysates 

without compromising isoforms separation, as shown on lanes from fractions 14 and 23.  

Finally, the lysate directly from the alkaline lysis and without digestion was tested to see if it 

presented the same behaviour as the one after isopropanol precipitation.    

 
Figure 4.18: Multimodal chromatography using a step-wise elution in a 1 mL CaptoTM adhere column equilibrated 
with 37.5% B. 1 mL of E. coli DH5α pVAX1-GFP lysate after alkaline lysis, diluted 1:5, was injected into the 
system. The first step was performed at 42.2% B, the second at 44.6% B and the third one at 100% B. B) and C) 
represent the agarose gel and the SDS-PAGE of A), respectively. The numbers above the lanes and the peaks 
correspond to the collected fractions and lane L represents the ladder and F the column feed. (Buffer A: 10 mM 
Tris-HCl pH 8, 1 mM EDTA pH 8; B: 2 M NaCl in 10 mM Tris-HCl pH 8, 1 mM EDTA pH 8). 
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The results presented in Figure 4.18 are very similar to the ones presented before. However, 

the higher sample conductivity caused the elution some of the pDNA in the FT, as it is possible to 

observe on the agarose gel (Figure 4.18 B). Also on the FT, some proteins that did not bind to the 

resin were eluted as shown in Figure 4.18 C.  

Like on the previous case, the plasmid cannot be considered to be recovered on its pure state 

since on the SDS-PAGE it is possible to observe proteins of low molecular weight on the lanes 

correspondent to the fractions were the plasmid is eluted, 17-24. Regarding the plasmid conformation, 

once again it is possible to conclude that the precipitation with isopropanol relaxes the sc into oc, 

since the amount of sc is significantly higher than the oc before this step. In this case, this is translated 

by its elution in a wider peak on the first step and the rest on the second. The oc was all eluted on the 

FT. 

Finally, the RNA only appears on the fractions correspondent to the last step, allowing the 

conclusion that is also possible to separate RNA from both isoforms from lysates collected directly 

after alkaline lysis. 

Summing up, it is possible to separate RNA from pDNA without compromising the isoforms 

separation from E. coli lysates, either before or after isopropanol precipitation. However, the digestion 

of the samples with RNase appears to allow the recovery of the pDNA with a higher purity since no 

proteins are observed on the SDS-PAGE gels on lanes corresponding to the fractions were pDNA is 

eluted. 
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5. Conclusions and future work 
The main objective of the present work was the purification of pDNA from key impurities such 

as RNA, gDNA, host cell proteins and endotoxins and also to isolate sc pDNA isoforms from oc pDNA 

using a cationic multimodal ligand (CaptoTM adhere).  

First, a high-throughput screening was performed in multi-well plates equipped with 

membranes to determine the optimal binding and elution conditions. Those tests allowed the 

conclusion that the electrostatic forces were predominant over the hydrophobic ones since the elution 

was achieved through an anion-exchange system with NaCl. However, tests with other salts, like 

ammonium sulphate and sodium citrate, proved that there is an equilibrium between the two forces for 

adsorption of the biomolecules to the resin, otherwise they would not bind to the resin at high 

concentrations of salt. 

 For column chromatography, it was decided to proceed the experiments using only NaCl for 

binding and elution in a 1 mL commercial column where several feed streams were used with different 

degrees of complexity. The first attempts to separate pDNA isoforms were performed using pure 

pDNA that was obtained after bacterial cell growth, cell harvesting, alkaline lysis, precipitation with 

isopropanol and ammonium sulphate and hydrophobic interaction chromatography followed by 

desalting with size-exclusion chromatography. The goal was accomplished by using a step-wise 

gradient with NaCl (Buffer A: 10 mM Tris-HCl pH 8, 1 mM EDTA pH 8, Buffer B: 2 M NaCl in 10 mM 

Tris-HCl pH 8, 1 mM EDTA pH 8), with a first step at 42.2% B (844 mM NaCl) and a second at 44.6% 

B (892 mM NaCl), after equilibration of the column at 37.5% B (750 mM NaCl). Using as feed stream 

artificial mixtures of purified pDNA and RNA, a third step at 100% B (2 M NaCl) was added allowing 

the separation of these two species without compromising the separation of sc and oc pDNA. Finally, 

E. coli lysates were injected into the system, either before or after isopropanol precipitation, and either 

digested or not with RNase, in order to evaluate the influence of both specimens on pDNA purification. 

It was possible to conclude that, in all cases, the created method was able to separate pDNA isoforms 

from each other and also from RNA. However, the precipitation step with isopropanol has a significant 

influence on the relaxation of the plasmid from sc to oc, which results in a loss of product with 

therapeutic potential. The digestion with RNAse is important to achieve a higher purity of the product 

since fewer proteins are present on SDS-PAGE on the lanes containing the plasmid.  

To confirm the ability of the created methods to separate sc and oc pDNA and to purify pDNA 

from RNA and proteins, agarose gel electrophoresis and SDS-PAGE analysis were done. However, 

quantification of the amount of sc pDNA obtained should be performed as well as the determination of 

the product quality by LAL test, to calculate the amount of endotoxins, BCA assay, to determine the 

quantity of proteins that are eluted together with the sc pDNA, and real-time PCR, to evaluate the 

presence of gDNA that was not fully eliminate during the alkaline lysis step [20]. Also, the method 

robustness should be evaluated through the injection of different plasmids, analysing if an efficient 

isoforms separation was possible. 

Currently, HIC has been the preferred method for isoforms separation [54, 56]. However, 

multimodal chromatography offers an environmental advantage since it uses NaCl instead of 

ammonium sulphate. Provided that method efficacy and reproducibility is maintained at a large scale, 
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multimodal chromatography presents itself as an environmentally friendly alternative for pDNA isoform 

isolation.  

Regarding the production stage, an optimisation of the cell culture medium is advised to 

increase pDNA production. A possible alternative could be the utilisation of a richer growth medium or 

optimisation of culture in bioreactor. The alkaline lysis step should also be optimised in order to 

decrease the oc pDNA content. 

Finally, it would have been interesting to study different multimodal ligands, namely one with a 

higher hydrophobic content, and evaluate its ability to separate pDNA isoforms and/or to purify pDNA 

from RNA and other impurities. HEA HypercelTM would have been a possibility since it provides direct 

hydrophobic capture at lower concentrations of salt compared to HIC. Also, the existence of ionisable 

amine groups promote elution via electrostatic repulsion [69].   
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I. Cellular growth and pDNA identity 
The cellular growth curve (Figure I.1) was obtained by hourly measuring the optical density at 

600 nm (OD600nm) of a 2 L culture in shake flasks containing LB medium at 37 ºC and 250 rpm. 

 
Figure I.1: A) Growth curve of E. coli DH5α pVAX1-GFP in LB at 37ºC and 250 rpm. B) Representation of the 
exponential log phase of E. coli DH5α pVAX1-GFP in LB at 37ºC and 250 rpm. 

The analysis of the bacterial exponential log phase (Figure I.1 B) results in the determination 

of a maximum specific growth rate (µ) of 0.63 h-1 for the bacterial culture. Applying equation I.1 it is 

also possible to calculate the duplication time (g) as being equal to 1.2 h.  

𝑔 =
𝑙𝑛2
𝜇

 
(I.1) 

To confirm the plasmid identity, 2 mL of culture medium was collected at the end of cellular 

growth and pDNA was purified with a commercial purification kit (High Pure Plasmid Isolation Kit, 

Roche), followed by its digestion with EcoRI, an enzyme that only presents a restriction site for 

pVAX1-GFP. The obtained results were analysed by agarose gel electrophoresis (Figure I.2) 

confirming the identity of the plasmid since only one band appeared on the digested sample at 3697 

bp. 

 
Figure I.2: Agarose gel electrophoresis analysis of pDNA identity. Lane 1 – 7.9 µL of sample obtained after pDNA 
miniprep purification. Lane 2 – 20 µL of the Digestion of the miniprep with EcoRI. 
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II. Hydrophobic interaction chromatography 
After cell harvest and alkaline lysis, the pDNA was pre-purified through i) concentration by 

isopropanol precipitation; and ii) partial purification with 2.5 M ammonium sulphate precipitation. The 

first step of the final purification was to subject the obtained sample to hydrophobic interaction 

chromatography (HIC). A typical chromatogram is shown in Figure II.1. The fractions containing pDNA 

and RNA were pooled separately for further purification. The content of each fraction was analysed by 

agarose gel electrophoresis (Figure II.2). 

Figure II.1: Hydrophobic interaction chromatography using a step-wise elution in a 10 mL Phenyl Sepharose 6 
Fast Flow column equilibrated with 0% B (Buffer A: 1.5 M ammonium sulphate in 10 mM Tris-HCl pH 8, 1 mM 
EDTA pH 8; B: 10 mM Tris-HCl pH 8, 1 mM EDTA pH 8). 1 mL of pre-purified pVAX1-GFP was injected into the 
system. The first step was performed at 0% B and the second at 100% B. The numbers above the peaks 
represent the i.d. number of the collected fractions. 

 
Figure II.0.2: Agarose gel electrophoresis of the fractions collected during the chromatographic run presented in 
Figure II.1 (15 µL + 5 µL loading buffer + 10 µL MilliQ water). Lane F shows the feed that was injected into the 
column (5 µL + 5 µL loading buffer + 10 µL MilliQ water). 
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III. Size-exclusion chromatography 
For desalting the pDNA and RNA obtained from HIC, a size-exclusion chromatography (SEC) 

was performed as a polishing step. The chromatogram obtained is shown in Figure III.1. The fractions 

collected during the chromatographic run were analysed by agarose gel electrophoresis (Figure III.2). 

 
Figure III.1: Size-exclusion chromatography in a 53 mL HiPrepTM 26/10 Desalting column equilibrated with 10 
mM Tris-HCl pH 8, 1 mM EDTA pH 8. 5 mL of pVAX1-GFP after HIC were injected into the system. The numbers 
above the peaks represent the i.d. number of the collected fractions. 

 
Figure III.0.2: Agarose gel electrophoresis of the fractions collected during the chromatographic run presented in 
Figure III.1 (15 µL + 5 µL loading buffer).  


