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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 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 pDNA isoforms from open circular 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 standard 
commercial 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 with 
more complex feed streams, particularly pDNA and RNA mixtures and E. coli lysates.  

 
Keywords: gene therapy, DNA vaccines, plasmid DNA, E. coli lysates, multimodal 

chromatography. 
Abbreviations: AEC – anion-exchange chromatography; bp – base pair; CV – column volume; 

HIC – hydrophobic interaction chromatography; oc – open circular; pDNA – plasmid DNA; sc –
supercoiled; SEC – size-exclusion chromatography. 

Introduction 
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 [1]. 
Currently, gene therapy can be defined as the 
delivery of new genetic material, through gene 
delivery vectors, administrated in vivo or ex vivo, 
into somatic cells of a patient in order to promote 
a therapeutic effect either by gene addition, 
correction or knockdown [2,3]. 
There are two groups of delivery vectors – viral 
and non-viral – that have to fulfill 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 [4].  

The use of viral vectors for gene therapy 
raised some safety problems, which 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 
pDNA into the tissue (skeletal muscle, liver, 
thyroid, heart muscle, urological organs, skin and 
tumour) or to a vessel from the systemic system 
[5]. 

Plasmid DNA is commonly produced in E. 
coli, followed by a downstream process for its 
purification. The process for manufacturing pDNA 
begins with the construction and selection of 
appropriate expression vectors and producing 
microorganisms, followed by the selection and 
optimization of the fermentation conditions, in 
what is called the upstream processing. After 
fermentation, the downstream processing starts 
with the recovery of cells from the broth by 
centrifugation or microfiltration, followed by its 
disruption in order to release the cellular 
contents. After cell disruption, clarification and 
concentration, through high-volumetric capacity 
and low-resolution operations, are performed 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 - the most active pDNA isoform - from 
structurally related impurities like oc and linear 
pDNA, gDNA, high molecular weight RNA and 
endotoxins [6,7].  

Several chromatographic methodologies have 
been applied either for the purification of pDNA 
and/or to isolate the sc isoform from oc, namely 
AEC [8,9,10], HIC [11,12] and SEC [7,13].  

The goal of this thesis is to address the 
problematic recovery of sc pDNA by developing 
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an innovative and cost effective process based 
on multimodal ligands. Multimodal 
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 
[14,15].  
The studied ligand was CaptoTM adhere 
(Figure 1), which presents N-benzyl-N-methyl 
ethanolamine in its structure. This ligand, allows 
electrostatic interactions, hydrogen bonding and 
hydrophobic interactions between the mobile and 
the stationary phase, being the main advantages 
its high capacity and productivity and its wide 
operational window of pH and conductivity [15].  

	
Figure 1: 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 [15]). 

The aforementioned ligand was 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 was used as model pDNA 
molecule. As a first approach, the optimal binding 
and elution conditions were determined by high-
throughput screening using 96-well microplates 
equipped with membranes. The selected 
conditions were 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 was tested to 
evaluate the resin’s ability to separate both 
isoforms. Then, more complex feed streams were 
injected, namely artificial mixtures of pDNA and 
RNA, and E. coli lysates, either before or after 
precipitation with isopropanol. Furthermore, 
samples treated with RNAse were injected to 
evaluate the effect of the size of RNA impurities 
in the multimodal chromatography purification 
process.  

Materials and Methods 
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 sterilization 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, and incubated 
overnight at 37 ºC and 250 rpm. The next day, the 
appropriate volume of inoculum to obtain an optical 
density of 0.15 in 250 mL of LB medium, measured at 
600 nm, 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 (SLA 3000 
rotor). The cell pellets obtained were stored at -20 ºC 
until further processing.  

Primary purification 
Cells were lysed using a modification of the 

alkaline method described by Birnboim et al. [16]. The 
volume of buffer P1 was calculated to concentrate the 
solution to an OD600nm=60, taking into account the final 
OD600nm and volume of the respective celular growth 
(Vcg), following the equation 1. In the subsequent steps 
an equal volume of buffers P2 and P3 was used.  

𝑉!! = 𝑉!! = 𝑉!! =
𝑂𝐷!""!"×𝑉!"

250
 (1) 

The cells harvested at the end of cellular growth 
were resuspended in P1 buffer (50 mM glucose, 25 
mM Tris-HCl, 10 mM EDTA base, pH 8) resorting to 
vortex. Alkaline lysis was performed adding the 
appropriate volume of P2 buffer (0.2 N NaOH, 1%(m/v) 
SDS). The mixture was gently homogenized and left to 
rest at room temperature for 10 minutes. To stop cell 
lysis and neutralize the mixture, the appropriate 
volume of P3 (5M potassium acetate, acetic acid) was 
added. After gentle homogenization, the tubes were 
placed on ice and left to rest for 10 minutes. The 
mixture was then centrifuged at 4 °C for 30 minutes at 
13000 rpm in a Sorvall RC 6 centrifuge (SS-34 rotor) to 
remove cell debris, gDNA and proteins. The 
supernatant was transferred into new tubes and 
subjected to an additional centrifugation. Plasmid in 
the supernatant was precipitated after a 2 hours 
incubation period at -20°C with 0.7 volumes of pure 
isopropanol in centrifuge tubes. After this period, the 
mixture was centrifuged at 12000 rpm and 4°C for 30 
min in a Sorvall RC 6 centrifuge (SS-34 rotor). After 
centrifugation, the supernatant was discharged and the 
pellets were left to dry overnight at 4°C. Next morning, 
the pellets were resuspended in 10 mM Tris-HCl pH 8, 
1 mM EDTA pH 8 and pooled in a single centrifuge 
tube. The DNA rich solution was conditioned to 2.5M of 
ammonium sulfate by dissolution of appropriate 
amount of salt, homogenized and left to rest for 15 min 
on ice. Precipitated proteins were removed by 
centrifugation in an Eppendorf centrifuge 5417R for 30 
min at 13000 rpm and 4°C. The supernatant was 
collected into a 15 mL Falcon tube. 

Hydrophobic interaction chromatography 
Hydrophobic interaction chromatography was 

performed using a column with inner diameter of 10 
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mm (Tricorn 10/100, GE Healthcare) packed with 10 
mL of Phenyl Sepharose 6 Fast Flow resin (GE 
Healthcare) connected to an ÄKTApurifier100 system 
(GE Amersham) under the control of UNICORN 5.11 
software (GE). The mobile phase consisted on 
mixtures of buffer A (1.5 M ammonium sulphate in 10 
mM Tris-HCl pH 8, 1 mM 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 
Amersham). 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 3.4.2 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 2 CV at 0% 
B. The first and second steps were performed at, 
respectively at 0% B and 100% B (1 mS/cm) during 3 
CV each. 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 Amersham). 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).  

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 Amersham) under the control of UNICORN 5.11 
software (GE). 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 3.4.2 
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 Amersham). 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).  

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. 
The first step of this screening was the addition of 

200 µL of resin at 20% (v/v) on the 96 well-plate 
equipped with a filter membrane (Multiscreen®-HV 96 
well-plates), followed by filtration and remove of the 
waste in a filter-to-waste configuration. For resin 
equilibration, 200 µL of adsorption buffer was added to 
the filter plate, which was incubated for 15 minutes at 
velocity 7 in a Shaker-Incubator Stat Fax-2200 at room 
temperature, and then the liquid is filtered to waste. 
This step was repeated three times. After this step, 
200 µL of sample was put on the filter plate, followed 
by at least 30 minutes of incubation with agitation at 
velocity 7 and room temperature. After the incubation, 

the unbound sample was filtered in a DirectStackTM 

mode to a collection plate (Greiner UV-Star® 
96 well 

plates). The last step was the addition of 200 µL of 
elution buffer to the filter plate, after which the plate 
was incubated for 30 minutes with a level 7 of agitation 
at room temperature and then the liquid was filtered in 
a DirectStackTM 

mode to a collection plate. Both 
collection plates were measured at 260 nm in a 
Spectramax Spectrophotometer.  

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 Amersham) under the 
control of UNICORN 5.11 software (GE). 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 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 Amersham). 
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.  

Agarose gel electrophoresis 
Agarose gels were prepared with 1% (w/v) agarose 

(Fisher Scientific) in TAE buffer (40 mM Tris base, 20 
mM acetic acid and 1 mM EDTA, pH 8) and loaded 
with samples mixed with a 6X loading buffer (40% 
(w/v) sucrose, 0.25% (w/v) bromophenol blue), using 
NZYDNA ladder III (NZYTech) as molecular weight 
marker. Horizontal gel electrophoresis was performed 
with 1% TAE buffer (40 mM Tris base, 20 mM acetic 
acid and 1 mM EDTA, pH 8) at 100 V for 60 minutes 
and 120 V for 90 minutes for small or 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).  

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

PROTEAN® 
Tetra System (Bio-Rad). The analysed 

samples were prepared by mixing 20 µL of sample 
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 µL) in a 12% acrylamide gel, prepared from 
a 40% acrylamide/bis-acrylamide stock (29:1) from 
Bio-Rad, and ran at 90 mV with running buffer (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.  
The gels were then submitted to Coomassie and 

silver staining and scanned using a GS-800 calibrated 
densitometer, from Bio-Rad.  

Results 
High-throughput screening of the optimal 

binding and elution conditions 
To determine the optimal binding and elution 

conditions, not only purified pDNA was used on 
the micro-well tests, but also purified RNA. This 
allowed to have an idea of how both nucleic acids 
will behaviour when mixed together and run on a 
standard column. The concentration of pDNA 
used was 3.8 µg/mL and the purified RNA was 

diluted on a 1:4 ratio.  
Several binding conditions were tested, using 

different ionic strengths for three salts: NaCl, 
(NH4)2SO4 and Na3C6H5O7. The ionic strength of 
each solution was calculated according to 
equation 2.  

𝐼 =
1
2

𝐶!𝑧!!
!

!!!

 (2) 

Where Ci is the concentration of ith ion in the 
solution and zi is its charge.  

For NaCl, ionic strengths between 0 and 1 M 
were tested, which corresponds to the same 
range of concentrations, and elution was 
performed with buffer B (Figure 2). It is not clear 
whether it is possible to totally separate the 
pDNA from the RNA. However, it looks like the 
RNA is eluted at lower concentrations of NaCl, 
since it starts to appear in the FT plate earlier 
than the pDNA. For example, for a concentration 
of 750 mM of NaCl, part of the RNA does not 
bind to the resin, whereas all the pDNA appears 
on the elution plate. 

	
Figure 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 amount of nucleic acids in the FT, which did not bind to the resin, and the red bars 
represent the elution fractions.  

In order to simultaneously test the influence of 
NaCl in the elution and of other salts in binding, 
and conclude which type of forces, electrostatic 
or hydrophobic, had more relevance on the 
tested resin, an experiment was designed using 
ionic strengths between 1.2 and 6 M for 
(NH4)2SO4 (400 mM < [(NH4)2SO4] < 2 M) and 1.4 
and 6M for Na3C6H5O7 (250 mM < [Na3C6H5O7] < 
1 M) for binding and a consecutive elution with an 
increasing gradient of NaCl (Figure 3). 

Regarding the binding of both nucleic acids to 
the resin, it does not seem be to affected by 
higher ionic strengths provided by ammonium 
sulphate and sodium citrate. In fact, the amount 
of pDNA and RNA that appears in the FT plate is 
not significant compared to the one present in the 
sample. 

As for the elution, a solution using NaCl with a 
concentration of 500 mM is not sufficient to elute 
neither the pDNA or de RNA. In fact, the pDNA is 

eluted almost totally with a solution of 1 M, 
whether only approximately half of the RNA is 
eluted at this concentration. For elutions at higher 
concentrations, both nucleic acids appear on the 
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.  

Overall, it is possible to conclude that the 
electrostatic forces are predominant over the 
hydrophobic ones since the elution is done 
through an anion exchange system with NaCl. 
However, for the binding there is an equilibrium 
between the two forces, otherwise the binding 
would not happen at high concentrations of salt. 
For the scale-up, it was decided to proceed the 
experiments using only NaCl for binding and 
elution in a 1 mL commercial column.  
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Figure 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 an increasing gradient of sodium chloride. The bars 
correspond to the feed percentage on the FT (blue) and of fractions eluted with 500 mM (red), 1 M (green), 1.5 M 
(purple) and 2 M (orange) of NaCl. 	

Separation of pDNA topoisomers 
In order to try to separate the pDNA 

topoisomers, several experiments using linear 
gradients were performed. The obtained 
chromatograms presented two distinct but not 
separate peaks. Based on the percentage of B 
presented in those peaks, 42.2% and 44.6%, 
respectively, a new step-wise method was created. 
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 using pure plasmid diluted 
1:4, which led to a final concentration of 6,2 µg/mL. 
Two attempts were done to optimize the method 
throughout which the oc and sc pDNA were fully 
separated. This attempts consisted on the 
changing of the length of the first step, 10 and 5 CV 
(Figure 4). 

	 	

	

Figure 4: Multimodal chromatography using a step-wise elution in a 1 mL CaptoTM 
adhere column equilibrated with 

37.5% B (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 first step was performed at 42.2% B and the second at 44.6%. 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 volume of washing the 
unbound sample was shortened, from 4 to 2 CV, and the length of the first step was changed from 10 to 5 CV, leading 
to an optimization of the method without comprising the separation of the two isoforms. This conclusion is taken 
through the analysis of 15 µL of collected fractions on the agarose gel of both runs in C) were the numbers above 
peaks and on agarose gels represent the collected fractions. 

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 42.2% B and the sc 
isoform at 44.6% B. Also, it was possible to 
optimize the length of the first step, from 10 to 5 
CV, and the length of the wash of the unbound 
sample from 4 to 2 CV, shortening the overall time 

of the method, without compromising the 
separation, as it can be concluded from Figure 4 
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 oc and sc retention times can 
be explained with the availability of the phosphate 
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groups. At the working pH, these groups are 
negatively charged and, since CaptoTM adhere is a 
strong anion-exchanger, both isoforms will bind to 
the resin. However, when the pDNA goes from the 
oc to the sc state, it exposes its phosphate groups, 
conferring a stronger interaction between the sc 
pDNA and the resin than the oc.  

Purification of E. coli DH5α  without plasmid 
clarified lysate 

The first attempts of lysates purification were 
done using E. coli DH5α without plasmid. These 
cells were subjected to alkaline lysis and 
precipitation with isopropanol. The clarified lysate 
was then digested with RNase, through sample 

incubation for 1 hour at 38 ºC, and diluted 100 
times, allowing the establishment of the profile of 
the host organism without plasmid. In this case, the 
main impurities present are proteins and 
endotoxins.  

Another experiment using this type of cells was 
the artificial introduction of purified pDNA, on a 1:4 
proportion, on the clarified lysate, diluted 100 
times. This sample was also digested with RNase 
before injection for 1 hour at 38 ºC and the 
comparison between the two profiles allows 
concluding about the elution site of the plasmid 
(Figure 5). 

	 	 	
Figure 5: Multimodal chromatography using a step-wise elution in a 1 mL CaptoTM adhere column equilibrated with 
37.5% B (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). 
1 mL of clarified lysate, 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 pVAX-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. 

Analysing the two profiles, it is possible to 
conclude through the chromatograms that pDNA is 
eluted on fractions 14-15 and 24, which 
corresponds to a retention time of approximately 7 
and 12 minutes, respectively.  

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 RNA that was 
digested and to proteins that did not bound to the 
column. In fact, it is possible to observe on the 
SDS-PAGE gels (5 D) and E)) that on fraction 4 
proteins of low molecular weight are present.  

On the agarose gels, as expected, nothing 
appears on 5 B) since the cells were cultured 
without plasmid. When pure pDNA is artificially 
added to the sample, 5 C), it is possible to observe 
its two isoforms on the feed, that 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 visualized 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. 
Isopropanol and RNase effect on E. coli 

DH5α  pVAX-GFP lysates 
After the first experiments with cells without 

plasmid, a clarified lysate from E. coli DH5α pVAX-
GFP was injected into the column. Before the 
injection, the sample was once again incubated at 
38 ºC for an hour with RNase and diluted 100 times 
(Figure 6).  

It is possible to observe on the chromatogram 
(6 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 concerns to proteins that do not bind to the 
column, like it was expected after the analysis of 
the lysate of cells without plasmid. Once again, the 
proteins 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. Also, on this peak the result of the digestion 
of RNA is included, which will be proved when the 
analysis of the RNase effect.  
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Figure 6: Multimodal chromatography using a step-wise elution in a 1 mL CaptoTM 

adhere column equilibrated with 
37.5% B (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). 
1 mL of E. coli DH5α pVAX-GFP clarified 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. 

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.  

The last peak appears on the last step and it is 
only seen on the agarose gel on the lane relative to 
fraction 34. By its position on the gel, it is possible 
to conclude that it is RNA. Since the sample was 

digested with RNase, this blur can be 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 dilution of 1:5, since before the 
precipitation with isopropanol the lysate is not yet 
concentrated and, though, the concentration of all 
specimens is lower, and incubated for 1 hour at 
38 ºC with RNase. 

   
Figure 7: Multimodal chromatography using a step-wise elution in a 1 mL CaptoTM 

adhere column equilibrated with 
37.5% B (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). 
1 mL of E. coli DH5α pVAX-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.  

Analysing the results, it is once again possible 
to observe four peaks on the chromatogram (7 A)) 
with retention times of 2, 7, 12 and 17 minutes.  

Once again, the first peak, that appears on the 
FT, with an absorbance of 2500 mAU, like on the 
first case, is only present on the SDS-PAGE (7 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 there are more 
proteins that appear on the feed and on fractions 4, 
34 and 36, which suggests that the isopropanol has 
an effect on the lysate proteins.  

The peak collected on fraction 15, and that 
usually is representative of the oc isoform, is lower 
before the precipitation with isopropanol 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 (7 B)). However, the third peak, 
that represents the sc isoform, is higher in this 
case, which means that the precipitation with 
isopropanol interferes with plasmid conformation by 
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, 
where the lysate is collected before the 
precipitation with isopropanol, 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 
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proteins on lanes corresponding to fractions 34 and 
36, like it was referred before. This suggests that, 
before the precipitation with isopropanol, some 
proteins remain in the lysate that can bind to the 
column, which did not happen on the clarified 
lysate.  

To evaluate the effect of RNase and also to test 
if a good separation from pDNA and RNA on 
lysates was possible, samples without RNase 
digestion were injected. Firstly, the clarified lysate 
diluted 1:100 was run in the system and the results 
are presented in figure 8. 

   
Figure 8: Multimodal chromatography using a step-wise elution in a 1 mL CaptoTM 

adhere column equilibrated with 
37.5% B (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). 
1 mL of E. coli DH5α pVAX-GFP clarified lysate, 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.  

Starting the analysis by the chromatogram (8 
A)) the same peaks as in the other cases are 
present with different heights but with the same 
retention time.  

It is evident that the first peak, on the FT, is 
lower than the other ones, from 2500 mAU to less 
than 1000 mAU. Looking to the agarose gel (8 B)) 
and SDS-PAGE (8 C)) it is clear that on the FT 
there are only proteins eluted. However, on the 
SDS-PAGE the intense band that used to appear 
on the lane correspondent to fraction 4 does not 
appear. 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.  

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 the same way that plasmid DNA, being 
eluted and 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, like it is 
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 clarified one. 

   
Figure 9: Multimodal chromatography using a step-wise elution in a 1 mL CaptoTM 

adhere column equilibrated with 
37.5% B (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). 
1 mL of E. coli DH5α pVAX-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.  
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The results presented in Figure 9 are very 
similar to the ones presented before. However, the 
raise on the sample conductivity eluted some of the 
pDNA to the FT, as it is possible to observe on the 
agarose gel (9 B)). Also on the FT some proteins 
that did not bound to the resin were eluted as 
shown in Figure 9 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 either clarified or directly from the 
alkaline lysates. However, the digestion of the 
samples with RNase allows obtaining the pDNA 
with a higher purity since the proteins are also 
eliminated.  

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/or 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 done 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 the scale-up, 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 and a second at 44.6% B, after 
equilibration of the column at 37.5% B. Using as 
feed stream artificial mixtures of purified pDNA and 
RNA, a third step at 100% B 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 clarification, to study 
the influence of isopropanol precipitation. Also, it 
was studied the influence of the samples digestion 
with RNAse. 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 [17]. 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 [11,12]. 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, multimodal chromatography presents 
itself as an environmentally friendly alternative for 
pDNA isoform isolation.  
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Regarding the production stage, an optimization 
of the cell culture medium is advised to increase 
pDNA production. A possible alternative could be 
the utilization of a richer growth medium or 
optimization of culture in bioreactor. The alkaline 
lysis step should also be optimized 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. CaptoTM MMC 
would have been a possibility since it presents a 
carboxylic group and thus its features partly 
resemble a weak cation exchanger, but also other 
types of interactions are involved, like hydrogen 
bonding, hydrophobic interactions and thiophilic 
interactions [15].  
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