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An integrated process for purifying a 6.1 kilo base pair (kbp) plasmid from a clarifiedEscherichia colicell lysate based on an ultra/diafiltrati
tep combined with polymer/polymer aqueous two-phase system and a new type of chromatography is described. The proces
volume reduction (ultrafiltration) and buffer exchange (diafiltration) of the clarified lysate using a hollow fibre membrane sys

oncentrated and desalted plasmid solution is then extracted in a thermoseparating aqueous two-phase system, where the contam
nd proteins) to a large extent are removed. While the buffer exchange (diafiltration) is necessary in order to extract the pla
xclusively to the top phase, experiments showed that the ultrafiltration step increased the productivity of the aqueous two-phase
actor of more than 10. The thermoseparated water phase was then subjected to a polishing step using lid bead chromatography.
new type of restricted access chromatography beads, here with a positively charged inner core that adsorbed the remaining R

nert surface layer prevented adsorption of the plasmid DNA thus passing in the flow-through of the column. Differently-sized plas
n the range of 2.7–20.5 kbp were also partitioned in the aqueous two-phase system. Within this size range, all plasmid DNA was
xtracted to the top phase. The complete process is free of additives and easy scalable for use in large scale production of plasm
verall process yield for plasmid DNA was 69%.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Over the last couple of years there has been an increasing
emand for plasmid DNA to be used as gene therapy vec-

ors[1]. The plasmid vector offers a promising delivery sys-
em that is considered to be safer for gene therapy than viral
ectors[1]. The low content of plasmid DNA (0–3%) inEs-
herichia colicells and its similarity in size and charge prop-
rties to major contaminants like RNA and genomic DNA

� This work was carried out at the Swedish Center for Bioseparation.
∗ Corresponding author. Tel.: +46 46 222 9607; fax: +46 46 222 4611.
E-mail address:per-erik.gustavsson@tbiokem.lth.se

P.-E. Gustavsson).

makes the purification process for plasmid DNA a challe
ing task. The purification of plasmid DNA is thus usua
accomplished by a sequence of three to four different p
cation steps depending on the level of purity required[2–5].
Another issue to be considered is the low transfection
ciency of plasmid-based vectors compared to viral vec
probably requiring milligram quantities of plasmid DNA f
each treatment[1]. Thus, there is a demand for a scaleable
cost-effective process that can handle the purity requirem
and quantity needed for plasmid-based vectors.

Plasmid DNA production usually begins with cultivati
of transformedE. coli cells followed by cell lysis using th
well-established alkaline lysis method[1–5]. This lysis how
ever, leaves the plasmid mixture in a dilute form and in

021-9673/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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presence of high salt concentration, a complicating factor
for further plasmid DNA purification. A volume reduction
step accompanied with a buffer exchange is therefore com-
monly used. This can be achieved with a number of differ-
ent techniques, e.g. precipitation methods using isopropanol
[2] and poly(ethylene glycol)[1]. The following purification
step typically focuses on the removal of contaminants such
as RNA, genomic DNA, endotoxins and proteins from the
plasmid DNA solution. In this area, many techniques, e.g.
chromatography[1–6], precipitation with polycations[7] or
spermidine[8], tangential flow filtration[9–11]and aqueous
two-phase system[12,13]have proven to be successful.

Previously, Kepka et al. showed that an EO50PO50/
Dextran T-500 aqueous two-phase system could to a high
extent reduce contaminants such as RNA and proteins in a
desalted clarified lysate without any loss of plasmid DNA
[13]. The EO–PO copolymer (Breox PAG 50 A 1000) con-
sists of 50% (w/w) ethylene oxide groups and 50% (w/w)
propylene oxide groups that are randomly distributed within
the polymer chain. The EO–PO copolymer has thermosep-
arating properties, i.e. after formation of the two aqueous
phases, the top phase rich in the EO–PO copolymer, is recov-
ered and when heated over its cloud point (CP) temperature
the top phase separates into one water phase and one poly-
mer phase[14–16]. The advantage of this system is that the
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and proteins. This results in a negative chromatography step
where the target molecule passes the column while the con-
taminants are specifically retained by the chromatography
material.

In this work, we propose a three-step process that is suit-
able for the large scale purification of plasmid DNA from a
clarified alkaline lysate. The process starts with a volume re-
duction (ultrafiltration) and a buffer exchange (diafiltration)
of the alkaline lysate with the hollow fibre membrane system.
Contaminants (RNA and proteins) in the desalted and con-
centrated lysate are then significantly reduced in the follow-
ing aqueous two-phase system. The thermoseparated water
phase is then purified by lid bead chromatography to fur-
ther remove the contaminants, resulting in a purified plasmid
DNA fraction. Differently-sized plasmid DNA in the range of
2.7–20.5 kbp were also partitioned in the aqueous two-phase
system.

2. Experimental

2.1. Instruments, columns and chromatography media

All chromatography experiments were performed us-
ing ÄKTAexplorer 10 controlled by UNICORN 4.11 soft-
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lasmid DNA can be isolated in a polymer free water ph
hat is suitable for subsequent purification steps. The aqu
wo-phase system was able to concentrate the target pl
our times. The present thermoseparating polymer/poly
queous two-phase system has also proven to be suita
cale-up in the purification of a recombinant protein[17].

Before partitioning the plasmid DNA solution in t
O50PO50/Dextran T-500 aqueous two-phase system, th
ess of salts from the alkaline lysis has to be removed by
alting step. Previously, this was accomplished by size e
ion chromatography[13]. In this work we have used hollo
bre membranes to accomplish both a concentration (u
ltration) and a buffer exchange (diafiltration) of the plas
ontaining lysate, prior to the partitioning in the aqueous
hase system. It was envisaged that by using a concent
tep prior to the partitioning, the aqueous two-phase sy
hould be able to accommodate a higher throughput in t
f processed plasmid DNA quantity.

Previously, the optimized EO50PO50/Dextran T-500 aque
us two-phase system removed 80% of total RNA and 60

otal protein in the desalted lysate[13]. However, remainin
ontaminants were still left in the plasmid DNA solution
roblem we have addressed in this work. Therefore, lid
hromatography was chosen as a polishing step after the
hase partitioning. Lid beads is a new type of restricted ac
hromatography beads, in this study with an anion-exch
igand, that can effectively discriminate between the plas
NA and its contaminants, mainly smaller molecules
NA and proteins[6]. The beads have an inert surface la
ith a pore size too small to allow the plasmid DNA to

er the positively charged inner core that will adsorb R
r

are (GE Healthcare, Uppsala, Sweden). Agarose gel
rophoresis was performed on a Hoefer HE 33 Mini horizo
ubmarine unit powered by an EPS 301 supply (GE He
are). MiniQ column (PE 4.6/50), MonoS column (HR 5
K 16/20, HR 5/5 and HR 5/10 columns were obtained f
E Healthcare. Sepharose HP was kindly provided by
ealthcare. A Quixstand benchtop system and all hollo
re membrane cartridges for ultra/diafiltration were obta

rom GE Healthcare.

.2. Chemicals

The polymer Breox PAG 50 A 1000 (EO50PO50,
r = 3900) was obtained from International Specialty Ch

cals (Southampton, UK). Dextran T-500 (weight-aver
olecular mass,Mw = 500,000) was purchased from G
ealthcare. Na2HPO4 (pro analysis) was obtained fro
erck Eurolab (Stockholm, Sweden). The bicinchoninic

BCA) protein assay kit was acquired from Pierce (Ro
ord, IL, USA). Ampicillin and RNase were purchased fr
igma (St. Louis, MO, USA). Peptone and yeast extract

rom BD Microbiology Systems (Sparks, MD, USA). T
kbp DNA ladder was obtained from MBI Fermentas (
ius, Lithuania) and the supercoiled DNA ladder (2–16 k

rom Invitrogen (Groningen, The Netherlands).

.3. Cultivation

E. coli TG1 cells harboring the plasmid pUC
2.686 kbp) having an insert of thedmgA and demA
enes from aStreptococcus dysgalactiaestrain (AJ243529
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3.433 kbp)[18] was provided by GE Healthcare. The plasmid
is referred to as pJV4 later on in the text.E. coli TG1 cells
harboring the plasmid pUC 18 (2.686 kbp) were obtained
from MBI Fermentas andE. coli MM 294 cells harboring
the plasmid pLUP 212 (20.5 kbp), were a kind gift from Dr.
Mats Hansson (Department of Biochemistry, Lund Univer-
sity) [19].

The E. coli cells were precultivated overnight (37◦C,
175 rpm) in 10 ml of 2× YT medium (16 g/l peptone, 5 g/l
NaCl, 10 g/l yeast extract and 100 mg/l ampicillin). One-ml
volumes of the preculture were inoculated in 2 l baffled shake
flasks each containing 500 ml 2× YT medium and 100 mg/l
ampicillin. The bacterial cells were grown overnight (37◦C,
175 rpm).

2.4. Alkaline lysis

A modified alkaline lysis method was used[2]. The
overnight cell cultures were harvested by centrifugation at
9000 rpm in a Sorvall SLA 3000 rotor for 10 min (4◦C) and
the supernatants were carefully removed. The cultivations
gave approximately 9 g cell pellet/l medium. Eighteen grams
of the bacterial pellet was resuspended by gentle vortexing
in 130 ml suspension buffer (61 mM glucose, 50 mM EDTA,
10 mM Tris–HCl, pH 8). After the cells were completely re-
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The membrane was incubated overnight in 0.5 M NaOH. The
NaOH solution was then removed by washing the membrane
with distilled water (50◦C). Finally, 500 ml NaOCl solu-
tion (100 ppm) was circulated for 1 h through the membrane
and then extensively washed with distilled water (50◦C) and
room temperatured water.

2.6. Aqueous two-phase systems

Two-phase systems containing 4.5% (w/w) EO50PO50,
4.5% (w/w) Dextran T-500 and 50 mM Na2HPO4 or 2.5%
(w/w) EO50PO50, 9% (w/w) Dextran T-500 and 50 mM
Na2HPO4 were made up by weighing appropriate amounts
from a 25% stock solution of Dextran and a 100% EO50PO50
stock solution in 10 ml graded test tubes. Fifty millimolar
Na2HPO4 was used as the buffer salt, and added to the sys-
tem from a 1 M stock solution. Finally, the concentrated and
desalted alkaline lysate was added to obtain a final weight
of 10 g. The system was mixed carefully until all polymers
were dissolved and phase separation was accomplished by
centrifugation (1600×g, 10 min) at room temperature (pri-
mary system). The volumes of the top and bottom phase
were determined and the phases were isolated in separate
containers. The top phase was placed in a water bath at
55◦C for 3 min, followed by 2 min centrifugation (1600×g)
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uspended, 281 ml of lysis buffer (0.2 M NaOH, 1% (w
DS) was added while stirring gently with a magnetic sti
o assure a complete mixing, the gentle stirring was co
ed for 10 min at room temperature. A volume of 211 ml c
4◦C) neutralization buffer (3 M potassium acetate, pH
as added to the lysate. The solution was kept on an
ath under magnetic stirring for 20 min. A white precipit
as formed containing SDS, genomic DNA, proteins and
ebris. The precipitate was then removed by centrifuga

n a Sorvall SLA 1500 rotor at 4◦C (30 min at 10,000 rpm
he supernatant was then carefully transferred to a fresh
nd stored at 4◦C for short time until further processin
wo alkaline lysis procedures were done in parallel e
ime (two times 18 g) thus giving a total volume of 1
leared lysate.

.5. Membrane filtration

A Quixstand benchtop system with polysulphone
ow fibre cartridges with anMr cut-off of 100,000, 300,00
nd 500,000, all with an inner lumen diameter of 0.5
nd a total membrane area of 650 cm2 were used for ul

ra/diafiltration of the clarified alkaline lysate. The numbe
bres in each cartridge was 140. Washing and equilibra
f the hollow fibre membrane cartridge was performed as
mmended by the supplier. Clean water flux was determ

o 750 ml/min, which corresponds to a shear rate of app
ately 5000 s−1. The permeate flow rate when recirculat
ater was 200 ml/min. After each ultra/diafiltration cycle,
embrane was cleaned in place by circulation of 500 ml

illed water (50◦C), followed by 500 ml 0.5 M NaOH (50◦C).
o obtain a water phase (thermoseparated water phas
concentrated polymer phase (thermoseparated EO50PO50

hase).

.7. Synthesis of anion-exchange beads having a
on-charged surface (lid beads)

The synthesis of the restricted access beads is bas
method described by Bergström et al.[20] and Berg et a

21].
The synthesis of Q-Sephacryl S-500 HR beads hav

on-charged surface was performed as described by Gu
on et al.[6]. The synthesis briefly involved the followin
teps:

1) Allylation of Sephacryl S-500 HR beads.
2) Bromination and hydrolysis of an outer layer of the a

lated beads.
3) Bromination and trimethylamine reactions of the in

allyl groups of the beads.

The ion capacity of the produced lid beads was determ
o be 59�mol Cl−/ml gel by titration as previously describ
6].

The synthesis of EDA–Sephacryl S-500 HR beads ha
non-charged surface was performed in the same way, e

hat the ion-exchange ligand trimethyl ammoniumchlo
Q) here was replaced by the ligand ethylene diamine (E
he ion capacity of the produced lid beads was determ

o be 73�mol Cl−/ml gel.
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2.8. Polishing of thermoseparated water phase by lid
bead chromatography

Anion-exchange beads having a non-charged surface
(lid beads) were packed into a HR 5/5 column to a final
bed volume of 1 ml. The column was integrated with an
ÄKTAexplorer 10 system and equilibrated with 1 mM EDTA,
25 mM Tris–HCl, pH 8. Thermoseparated water phase from
the aqueous two-phase system was applied to the column at
a flow rate of 0.25 ml/min. After washing all unbound ma-
terial of the column, the adsorbed contaminants were eluted
with 2 M NaCl, 1 mM EDTA, 25 mM Tris–HCl, pH 8 at a
flow rate of 0.25 ml/min. All of the eluate was collected in
0.5 ml fractions. The plasmid containing fractions (visual-
ized by agarose gel electrophoresis) were pooled and sub-
jected to further analysis by analytical anion-exchange chro-
matography. After the purification process the column was
cleaned in place with 0.5 M NaOH containing 20% ethanol
followed by distilled water and elution buffer at a flow rate of
0.25 ml/min.

2.9. Agarose gel electrophoresis

Gel electrophoresis was performed on 0.7% (w/v)
agarose gels (Duchefa, Haarlem, The Netherlands) in TBE
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tify the total plasmid DNA content during the process. More-
over, the group separation method allowed faster analysis
compared to the MiniQ analysis due to its non-interactive
mode.

For the ion-exchange chromatography analysis, the MiniQ
column was integrated to an̈AKTAexplorer 10 system
and equilibrated at 0.4 ml/min with 0.5 M NaCl, 25 mM
Tris–HCl, pH 8. Samples (100�l), incubated with RNase
(≈100�g/ml) for 15 min prior to the chromatography run,
were injected and elution carried out by applying a gradi-
ent from 0.5 M NaCl to 0.8 M NaCl in 18 column volumes.
The chromatography runs were monitored at 260 nm. After
the run the area under the plasmid peak was calculated. The
plasmid content was then calculated by using the relation-
ship 50�g plasmid/ml = 1 AU [22], taking into account the
volume of the phase and dilutions.

The MiniQ analysis was also used to quantitate the RNA in
the samples by performing a second run of the sample with-
out addition of RNase. In this case the relationship 40�g
RNA/ml = 1 AU was used[22]. The column was periodi-
cally cleaned in place with subsequent 2 ml injections of 1 M
HCl, 2 M NaCl, 2 M NaOH and 2 M NaCl at a flow rate of
0.1 ml/min.

As previously described, size exclusion chromatography
is able to separate DNA from RNA by compaction of RNA
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uffer (0.089 M Tris–borate, pH 8, 2 mM EDTA) conta
ng 15�g/ml ethidium bromide (Quantum Biotechnologi
arlsbad, USA) and was run at 60 V for 60 min. The aga
el was analyzed and photographed using the gel docu

ation software AlphaImager 2200 v5.5 from Alpha Innot
San Leandro, CA, USA).

.10. Protein analysis

Protein concentration was measured by the BCA
ein assay kit according to the manufacturer’s instructi
ach sample was compensated for the presence of

ering substances by using samples from reference sy
evoid of proteins. These reference systems were pre
y replacing the desalted alkaline lysate with 5 mM sod
hosphate buffer, pH 7 in the aqueous two-phase sy
rocess. In the case of protein measurements on e

rom the lid bead chromatography step, adsorption b
1 mM EDTA, 25 mM Tris–HCl, pH 8) and elution buff
2 M NaCl, 1 mM EDTA, 25 mM Tris–HCl, pH 8) were us
s blanks.

.11. Chromatography analysis

The recovery and purity of plasmid DNA after each pu
ation step was determined by ion-exchange chromatog
nalysis on a MiniQ column (PE 4.6/50)[13] or by size exclu
ion chromatography on a 5 ml Sepharose HP column (g
eparation[13]). The MiniQ analysis gave information abo
NA content and different plasmid isoforms. Group sep

ion analysis was used as a complementary method to
n the presence of 2 M ammonium sulphate[5,13]. In this
tudy, a 5 ml Sepharose HP column was integrated t

¨ KTAexplorer 10 system and equilibrated at 2 ml/min w
M ammonium sulphate, 10 mM EDTA, 100 mM Tris–H
H 7. A 1.5-ml sample was injected on the column and
luted nucleic acids were monitored by UV absorbanc
60 nm. The column was periodically cleaned in place
istilled water, 0.5 M NaOH containing 20% ethanol, d

illed water and re-equilibrated with 2 M ammonium s
hate, 10 mM EDTA, 100 mM Tris–HCl, pH 7 at a flow ra
f 0.5 ml/min.

. Results and discussion

.1. Integrated process

In earlier work, it has been shown that plasmids
e completely recovered in a thermoseparating EO50PO50/
extran T-500 aqueous two-phase systems[13]. In this work
e propose an integrated process for purification of pla
NA from E. coli cultivations based on this system (Fig. 1).
he process starts with a desalting and concentrating
f the alkaline lysate using cross-flow membrane filtrat
he desalted and concentrated sample is then purified

hermoseparating aqueous two-phase system where th
or contaminants (RNA and proteins) to a large extent
emoved. The thermoseparated water phase from the
us two-phase system is then finally subjected to a polis
tep using lid bead chromatography. The results from th
elopment of each step in this process are presented b
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Fig. 1. Flow scheme for the integrated process of plasmid purification from
E. coli cells.

3.2. Cross-flow membrane filtration

Before extraction of the plasmids from an alkaline lysate
in the EO50PO50/Dextran T-500 aqueous two-phase system,
a desalting step is required. The reason being that the high
salt concentration in the alkaline lysate (≈1 M KAc) disturbs
the extraction of the nucleic acid species to the top-phase
in the aqueous two-phase system. Previously, the desalting
step was accomplished by desalting chromatography[13].
From a large scale point of view, desalting is a tedious and
time-consuming step. A viable alternative is to use cross-
flow membrane filtration[9–11,23]. Cross-flow membrane
filtration is a fast and convenient method for desalting a
sample, while at the same time allowing concentration of
the sample.

F n mod ce
o

In this study, a polysulphone hollow fibre cross-flow mem-
brane was used. The hollow fibre has a unique structure,
lacking the macrovoids (large pores) normally found in the
membrane substructure of other commercially available hol-
low fibres. The lack of macrovoids in its substructure makes
the membrane capable of withstanding pressures over 4 bar
and increases the long term stability and reliability of the
membrane[24]. At the same time, these membranes have
very sharpMr cut-off-curves, allowing a very precise sepa-
ration between different molecules. Cross-flow membranes
withMr cut-off between 100,000 and 500,000 were tested for
their capability to concentrate the alkaline lysate. For evalu-
ation purposes, two alkaline lysis batches, one containing a
2.6 kbp plasmid and the other one containing a 11.5 kbp plas-
mid, were concentrated using cross-flow membranes withMr
cut-off -values of 100,000, 300,000 and 500,000. Recovery
and plasmid topology were studied after every experiment,
but no differences could be observed between the different
plasmids and cross-flow membranes (results not shown). Re-
covery was constant around 95% with the final 5% eluting
in a single wash step. Plasmid topology was measured both
by analytical chromatography and laser induced capillary
gel electrophoresis, performed by PlasmidFactory (Bielefeld,
Germany). No effect on the amount and topology of the plas-
mid DNA could be noticed. Interesting to note is that the
a ged
d ther
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t
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m ed
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t ess.
T e of
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t g
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u step
2 cess
ig. 2. Experimental set-up for the ultrafiltration (A) and the diafiltratio
f a clarified alkaline lysate.
e (B) of the cross-flow membrane filtration step for desalting and conntration

mount of supercoiled plasmid DNA remained unchan
uring the complete process. This is confirmed by ano
xperiment where purified plasmid DNA was concentr
o 4.5 mg/ml without affecting the plasmid DNA quality.

In the proposed purification process of the 6.1 kbp p
id, a membrane with aMr cut-off of 100,000 was select
ecause of the slightly shorter processing time.Fig. 2shows

he experimental set-up for the membrane filtration proc
o demonstrate the plasmid purification process, a volum
l clarified lysate was first concentrated approximately

imes (ultrafiltration mode,Fig. 2A). The purpose of choosin
he ultrafiltration mode as the first step was to reduce the
me of the low salt buffer needed in the diafiltration step (
below), which concomitantly means a reduction in pro
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Fig. 3. The extraction of plasmid DNA (6.1 kbp) and RNA in aqueous two-
phase systems as visualized by agarose gel electrophoresis. System com-
position: (a) 4.5% EO50PO50/4.5% Dextran T-500, 50 mM Na2HPO4 and
(b) 2.5% EO50PO50/9% Dextran T-500, 50 mM Na2HPO4. All samples are
diluted 10 times. (a) Lane 1: UF/DF lysate; lane 2: EO50PO50 phase; lane
3: Dextran phase; lane 4: thermoseparated water phase; lane 5; thermosep-
arated EO50PO50 phase. (b) Lane 1: Sc DNA ladder; lane 2: empty; lane 3:
UF/DF lysate; lane 4: EO50PO50 phase; lane 5: Dextran phase; lane 6: ther-
moseparated water phase; lane 7: thermoseparated EO50PO50 phase. UF/DF
lysate: ultrafiltrated and diafiltrated lysate. The plasmid band corresponds to
linear, open circular, supercoiled and denatured plasmid DNA (from top to
bottom).

time. In the second step, a buffer exchange was performed on
the concentrated lysate (diafiltration mode,Fig. 2B). Since
the aqueous two-phase system has proven to be sensitive to
a high salt concentration, it was important to achieve a sam-
ple with conductivity similar to the 5 mM sodium phosphate
buffer (≈700�S/cm). In a first attempt, a diafiltration step
with 4 lysate volumes of buffer was tested (800 ml). The di-
afiltrated sample with a conductivity of 5 mS/cm was then
partitioned in a 4.5% EO50PO50/4.5% Dextran T-500 aque-
ous two-phase system, and it was found that some plasmid
DNA partitioned to the bottom phase (data not shown). How-
ever, by using 8 lysate volumes of buffer (1.6 l), the lysate
obtained a conductivity low enough (≈1 mS/cm) to not dis-
turb the partitioning of the plasmid DNA to the EO50PO50
phase in the aqueous two-phase system (see lane 2 inFig. 3a).
This was followed by a further concentration of the desalted
lysate (200 ml) to a volume of 90 ml (ultrafiltration). In con-
clusion, the volume of the lysate was reduced approximately
11 times compared to the start volume (Table 1[b]). A sample
containing 580�g plasmid DNA per ml in the desired buffer
could thus be obtained in one straightforward process step
(Table 1). It should however be noted that this concentrated al-
kaline lysate sample not only contains concentrated amounts
of plasmid DNA, but also contains RNA and other contam-

T
O

U

inants, resulting in a viscous solution because of the high
concentration of nucleic acids, of which the target molecule,
plasmid DNA, only constitutes a minor part. However, a sig-
nificant reduction of low molecular mass contaminants was
observed. It was calculated that approximately 80% of total
proteins were removed by the membrane filtration process.
Also, a reduction of low molecular mass (LMM)-RNA was
observed in the chromatography analysis. The operational
transmembrane pressure (TMP) controls the ratio of perme-
ate flow over retentate flow and was here kept constant during
all experiments (12 psi or 0.9 bar) giving a permeate flow of
on average 35 ml/min (initial permeate flow was 43 ml/min).
The whole membrane step for processing of 1 l lysate was
thus completed in approximately 1 h. After the cross-flow
filtration process, the membrane was rinsed by re-circulating
100 ml of 5 mM sodium phosphate buffer pH 7 through the
membrane (permeate outlet closed) for 10 min. Plasmid anal-
ysis on the washing solution (Table 1) showed that some plas-
mid (≈11%) could be recovered in this solution. As can be
seen fromTable 1the mass balance is only 89% in this step.
The reason for this is most likely that some plasmid DNA
is still attached to the membrane, probably by hydrophobic
interaction, and washed out in the cleaning step. Also, the
somewhat lower yield (78%) for the 6.1 kbp plasmid com-
pared to the yield for the 2.6 and 11.5 kbp plasmids (95%,
s that
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verview of cross-flow membrane filtration step

Sample Volume
(ml)

Plasmid
concentration
(mg/ml)

Plasmid
mass
(mg)

Plasmid
yield
(%)

Alkaline lysate 1000 0.067 67 100
UF/DF lysate 90 0.58 52 78
Washing solution 100 0.073 7 11

F/DF: ultrafiltrated and diafiltrated.
ee above) is puzzling. This however might be due to
he 6.1 kbp plasmid is produced in more different isofo
ompared to the 2.6 and 11.5 kbp plasmids. One or mo
hese isoforms might then interact with the membrane
eading to a reduction in plasmid yield. The membrane
ration method used is a well known technique and com
ially standard systems capable of handling more than
f lysate are now available[24] making it a good choice t
omplement the aqueous two-phase system.

.3. Thermoseparating aqueous two-phase systems

After desalting and concentration of the plasmid D
ample by the cross-flow hollow fibre membrane filtra
tep, partial removal of major contaminants (i.e. RNA
roteins) was accomplished by the aqueous two-phase

em. Two-phase systems are known to be able to have a
apacity, handle large volumes and to reduce the proces
me of the sample[25], i.e. a further concentration of t
lasmid DNA sample was accomplished in this step.

Two systems composed of 4.5% (w/w) EO50PO50,
.5% (w/w) Dextran T-500, 50 mM Na2HPO4 (4.5/4.5) and
.5% (w/w) EO50PO50, 9% (w/w) Dextran T-500, 50 mM
a2HPO4 (2.5/9), respectively were used for this study[13].
he difference between these systems is that the latte
higher removal efficiency of contaminants and is also

o concentrate the plasmid DNA sample to a higher de
ompared to the first system[13]. The systems were pr
ared (4.5/4.5 and 2.5/9) and after phase separation (pr
ystems), the EO50PO50 phase was isolated in a separate c
ainer. The EO50PO50 phase was then heated over its cl
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Table 2
Overview over the extraction of 6.1 kbp plasmid DNA in the aqueous two-phase system step

Sample Plasmid
mass (mg)

Yield (%)
plasmid DNA

RNA mass (mg) Protein mass (mg) Concentrating
effect (V0/VTT)

UF/DF lysate (4.5/4.5) 4.2 47 4.4
Thermoseparated water phase (4.5/4.5) 4.2 100 19 2.5 1.6
UF/DF lysate (2.5/9.0) 3.2 36 3.4
Thermoseparated water phase (2.5/9.0) 3.2 100 2 1.0 3.9

V0: volume of UF/DF lysate;VTT: volume of thermoseparated water phase; UF/DF: ultrafiltrated and diafiltrated.

point (55◦C), causing the polymer phase to separate into two
new phases (thermoseparated system), one water phase and
one dense polymer phase. The phases were analyzed by elec-
trophoresis on ethidium bromide stained agarose gels (Fig. 3a
and b). From the agarose gel electrophoresis it can be seen
that a full recovery of plasmid DNA to the thermoseparated
water phase can be achieved in both systems. This was con-
firmed by chromatography analysis (Table 2), also showing
complete recovery of the plasmid DNA to the thermosepa-
rated water phase in both systems (4.5/4.5 and 2.5/9).

By moving a long a tie-line, a decrease of the top phase
volume can be achieved. Thus, a further concentration of
the plasmid DNA and a reduction of sample volume were
achieved in the 2.5/9 system compared to the 4.5/4.5 sys-
tem. It can be visualized from the agarose gel electrophoresis
(Fig. 3b) and from the chromatography results (Table 2) that
even at very high concentrations of plasmid DNA (2.1 mg/ml)
the plasmid DNA still partitions exclusively to the thermosep-
arated water phase in the 2.5/9 system. From this it can be
concluded that the aqueous two-phase system comprising of
EO50PO50 and Dextran T-500 can be used for extraction of
plasmid DNA at high DNA concentrations. By applying an
ultrafiltration step prior to the partitioning in the aqueous two-
phase system, the lysate volume was reduced 11 times which
gave an increase of the productivity of the aqueous two-phase
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to a decrease in amount of LMM-RNA and therefore a rela-
tive higher presence of high molecular mass (HMM)-RNA.
The aqueous two-phase system has proven to be efficient in
removing HMM-RNA to the bottom phase[13]. In the cur-
rent work, this leads to a high efficiency removal of RNA as
illustrated by comparingFig. 6a and b.

3.4. Extraction of different sizes of plasmid DNA in
aqueous two-phase systems

The plasmid vectors that today are under gene therapy
clinical trials can vary between 2 and 200 kbp in size de-
pending on what target it is developed for[26]. This re-
quires a robust purification process that can handle plas-
mid DNA of varying sizes. Two additional plasmids (2.7 and
20.5 kbp) were therefore partitioned in an aqueous two-phase
system comprising of 2.5% (w/w) EO50PO50, 9.0% (w/w)
Dextran T-500 and 50 mM Na2HPO4 to investigate the size
impact on partitioning. The plasmid containing lysates were
desalted on PD10 columns (GE Healthcare) prior to the par-
titioning in the two-phase systems. As can be seen from
Fig. 4a and b, both plasmids are completely recovered in
the thermoseparated water phase. By protein measurements
(BCA analysis) it was determined that the total protein con-
tent could be reduced by approximately 80% for both the 2.7
a the
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ystem by 11 times (see above). This shows that the pr
ivity of plasmid purification by the aqueous two-phase
em is to a large extent dependent on volume capacity r
han plasmid quantity in the lysate. The concentrating e
n the 2.5/9 system was 3.9 (Table 2). Thus, the total volum
eduction of the plasmid containing lysate by the comb
ion of membrane filtration and aqueous two-phase sy
as 43 times.
After extraction of the plasmid DNA in the aqueo

wo-phase systems, the concentration of contaminants
nalyzed. As can be seen fromTable 2, the 4.5/4.5 syste
emoved 43% of the proteins and 60% of RNA from the p
id containing lysate. However, by moving along the tie-

n the aqueous two-phase diagram, the phase ratio in th
ary system can be changed and a more efficient remov

an be obtained. Thus, the 2.5/9 system was able to re
1% of the proteins and 94% of RNA from the plasmid D
ample (Table 2). The high value for RNA removal (94%) c
eem inconsistent with earlier presented results (80%)[13].
his can be explained by the use of the cross-flow ho
bre membrane (Mr cut-off 100,000) in this study. This lea
nd 20.5 kbp plasmid DNA. This flexible behaviour of

ig. 4. The extraction of plasmid DNA and RNA in a system compose
.5% EO50PO50/9% Dextran T-500 and 50 mM Na2HPO4. Extraction of
a) the 2.7 kbp plasmid DNA, and (b) the 20.5 kbp plasmid DNA. (a) L
: Sc DNA ladder; lane 2: UF/DF lysate; lane 3: EO50PO50 phase; lane 4
extran phase; lane 5: thermoseparated water phase; lane 6: thermose
O50PO50 phase. The plasmid band corresponds to multimeric forms, li
pen circular and supercoiled plasmid DNA (from top to bottom). (b) L
: UF/DF lysate; lane 2: EO50PO50 phase; lane 3: Dextran phase; lane

hermoseparated water phase; lane 5: thermoseparated EO50PO50 phase.
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two-phase system makes it a suitable system for purification
and concentration of plasmid DNA in the range at least from
2.7 to 20.5 kbp.

3.5. Polishing of plasmid DNA sample by lid bead
chromatography

After the aqueous two-phase system process a polish-
ing step is necessary to remove residual contaminants. The
6.1 kbp plasmid DNA in the thermoseparated water phase
is highly concentrated (≈2 mg plasmid/ml) and has a signifi-
cantly reduced contaminant level. It was therefore considered
suitable to use a negative chromatography step, i.e. adsorption
of contaminants while plasmid DNA pass in the flow-through
of the column. Previously, negative chromatography has been
used for plasmid purification in hydrophobic interaction chro-
matography mode[4] and in anion-exchange chromatogra-
phy mode[6]. Due to the low salt concentration of the ther-
moseparated water phase (≈5 mM) it was considered more
suitable to use the anion-exchange chromatography mode.
Recently, a new matrix suitable for RNA removal has been
developed[6]. The chromatography matrix is produced to
combine both anion-exchange and size exclusion principles.
These beads have a positively charged core that enables RNA
and negatively charged proteins to adsorb. The inert surface
l re-
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ture the plasmid DNA to obtain a concentrating effect[6].
In this work, we have chosen to only use the first, restricted
access column, since the concentrating effect has been ac-
complished by the previous two steps (membrane filtration
and aqueous two-phase system). If only the first column is
used, the lid beads in this column need to have a high contam-
inant capture efficiency to avoid contamination of the final
product, the plasmid DNA. In the present study, the high
capture efficiency of the lid beads was ascertained by two
actions. First, a low salt concentration of the plasmid DNA
solution avoids shielding of ionic interactions between the
contaminants and the positively charged ligands on the lid
beads. Secondly, the capture efficiency for contaminants by
the anion-exchange ligand was increased by replacing the
formerly used Q-ligand[6] with a different ligand, ethylene
diamine, which has two positive charges per ligand molecule
compared to the Q-ligand that has only one. This increases
the local charge density on the matrix allowing a stronger
binding of the contaminants, even in the presence of salts,
enabling the capture of smaller RNA molecules.

The thermoseparated water phase containing the plasmid
DNA was applied to the restricted access column packed with
lid beads (EDA–Sephacryl S-500 HR) having an ion capacity
of 73�mol Cl−/ml gel (Fig. 5). The eluate was collected in
fractions (0.5 ml) and analyzed with agarose gel electrophore-
s f
t ion
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a ml)
t vol-
u zed
o am
ayer around the positively charged bead will however
trict the access of the plasmid DNA. The plasmid DNA
herefore elute unretarded in the flow-through while the
aminants though very similar to the target molecule in ch
roperties, will be adsorbed to the beads. Previously, a
nd column packed with regular anion-exchange beads

ntroduced downstream to the first column in order to c

ig. 5. Chromatogram showing the polishing step of the thermosepa
arts indicated in the chromatogram: (a) loading of 3 ml thermosepara
he flow-through contains purified plasmid DNA. (b) Elution of adsorb

n 0.5-ml fractions. Conductivity is indicated with the hatched line. Th
lectrophoresis shows the eluted fractions obtained from the lid bead

n the chromatogram as follows. Lane 1: thermoseparated water phas
ater phase using lid bead chromatography. The polishing step is divtwo
ter phase from the 2.5% EO50PO50/9% Dextran T-500, 50 mM Na2HPO4 system
aminants (RNA and proteins) from the lid bead column. The eluate wated
matography run was monitored by UV absorbance at 260 nm. The a
atography. The numbers indicated in the figure corresponds to differactions
2–9: fraction 3-14; lane 10–17: fraction 15-30; lane 18–24: fraction 3.

is (Fig. 5, insert).Fig. 5 and Table 3show that most o
he plasmid DNA is recovered in the flow-through (fract
-14) while the RNA-peak (fraction 31-46) hardly conta
ny plasmid DNA. The plasmid containing volume (5.5

hus gives a small dilution effect compared to the start
me of 3 ml. The plasmid DNA fraction was then analy
n a MiniQ column for RNA content. The chromatogr
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Table 3
Overview of the lid bead chromatography step shown inFig. 6

Sample Plasmid mass
(MiniQ, mg)

Plasmid yield (%) Protein mass
(BCA, mg)

RNA mass
(MiniQ, mg)

Thermoseparated water phase (2.5/9) 3.2 1 2
Flow-through (fraction 4-14) 2.8 88 0.8 0
Eluate (fraction 15-36) 0.08 3 0.2 n.d.
Eluate (fraction 37-46) 0.04 1 0.2 n.d.

n.d.: not determined.

(Fig. 6c) shows that the plasmid DNA peak is completely
free of RNA compared to the starting material (thermosepa-
rated water phase,Fig. 6b). This can also be compared with
the membrane filtrated lysate depicted inFig. 6a. Thus, the
lid bead chromatography can be used for removal of residual
RNA in a thermoseparated water phase containing plasmid
DNA.

The higher capture efficiency of the EDA-ligand for
LMM-RNA compared to the previously used Q-ligand was
also confirmed by a separate experiment. In this experiment,
thermoseparated water phase was applied to a Q-Sephacryl
S-500 lid bead column (1 ml packed bed) and run under iden-
tical conditions as above. MiniQ analysis on the plasmid
DNA containing fractions showed that the lid bead column re-

F
w
c
p

moved 86% of the RNA in the thermoseparated water phase.
Thus, the EDA–Sephacryl S-500 lid beads are more efficient
for the removal of residual RNA in a thermoseparated water
phase than the Q-Sephacryl S-500 lid beads.

However, the plasmid fraction from the EDA–Sephacryl
S-500 column still contained some proteins (BCA-analysis,
Table 3). The possibility that these contaminating pro-
teins had a positive net-charge was investigated by re-
chromatographing the plasmid DNA fraction using a column
containing cation-exchange beads (MonoS). However, BCA-
analysis on the plasmid DNA fraction showed that the pro-
teins could still not be removed. Also, the possibility that
the capacity of the lid bead column was too low for an effi-
cient removal of proteins was also investigated. For this, the
ig. 6. Analytical anion-exchange chromatography of (a) 100�l lysate after the m
ater phase (100�l) from a system composed of 2.5% EO50PO50/9% Dextran
hromatography step. Conductivity is indicated with the hatched line. The ch
lasmid DNA; Oc: open circular plasmid DNA; pDNA: plasmid DNA.
embrane filtration step (ultrafiltration + diafiltration). (b) Thermoseparated
T-500, 50 mM Na2HPO4. (c) Plasmid fraction (100�l) after the lid bead
romatography run was monitored by UV absorbance at 260 nm. Sc: supercoiled
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plasmid fraction from the EDA–Sephacryl S-500 lid bead
column was re-chromatographed on a larger lid bead col-
umn (EDA–Sephacryl S-500, HR 5/10). However, analysis
for proteins in the new plasmid DNA fraction showed that
only 90% of the remaining proteins could be removed by
this procedure. Thus, using a larger lid bead column to in-
crease the capacity can only improve the removal efficiency
of proteins and not solve the problem entirely. The possibil-
ity to use a size exclusion chromatography step after the lid
bead column was also tested. For this experiment, the plas-
mid fraction from the first lid bead chromatography step was
re-chromatographed on an XK 16/20 column packed with
Sephacryl S-500 HR beads. After the group separation chro-
matography run the plasmid DNA fraction was analyzed for
protein content using the BCA-method. No proteins could be
detected with this method in the plasmid DNA fraction. It
can thus be concluded that the residual proteins in the plas-
mid DNA fraction can be removed by group separation chro-
matography on a Sephacryl S-500 column. Furthermore, with
this final polishing step, the plasmid DNA can be attained in
a suitable buffer for formulation purposes.

4. Conclusions
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