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Abstract

The current study explores the possibility of using a polyethyleneglycol(PEG)–ammonium sulphate aqueous two-phase system (ATPS) as
an early step in a process for the purification of a model 6.1 kbp plasmid DNA (pDNA) vector. Neutralised alkaline lysates were fed directly
to ATPS. Conditions were selected to direct pDNA towards the salt-rich bottom phase, so that this stream could be subsequently processed
by hydrophobic interaction chromatography (HIC). Screening of the best conditions for ATPS extraction was performed using three PEG
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olecular weights (300, 400 and 600) and varying the tie-line length, phase volume ratio and lysate load. For a 20% (w/w) lysat
est results were obtained with PEG 600 using the shortest tie-line (38.16%, w/w). By further manipulating the system compos

his tie-line in order to obtain a top/bottom phase volume ratio of 9.3 (35%, w/w PEG 600, 6%, w/w NH4)2SO4), it was possible to recov
00% of pDNA in the bottom phase with a three-fold increase in concentration. Further increase in the lysate load up to 40% (

his system resulted in a eight-fold increase in pDNA concentration, but with a yield loss of 15%. The ATPS extraction was integr
IC and the overall process compared with a previously defined process that uses sequential precipitations withiso-propanol and ammoniu
ulphate prior to HIC. Although the final yield is lower in the ATPS-based process the purity grade of the final pDNA product is hig
hows that it is possible to substitute the time-consuming two-step precipitation procedure by a simple ATPS extraction.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The development of molecular therapies such as non-viral
ene therapy and DNA vaccination have increased the need

or high quantities of highly purified plasmid DNA (pDNA)
1,2]. One of the bottlenecks of pDNA manufacturing lies in
he purification. Although standard molecular biology proto-
ols are available[3], these are not suitable at large-scale[4].
n addition they frequently use toxic reagents that should not
e used in the purification of therapeutic products. These con-
traints have led to an increase in research directed towards
he development of alternative methods for the downstream
rocessing of pDNA.

∗ Corresponding author. Tel.: +351 253604386; fax: +351 253678983.
E-mail address:jcmarcos@quimica.uminho.pt (J.C. Marcos).

Aqueous two-phase systems (ATPS) constitute an inte
ing alternative since several features of early processing
can be combined in only one operation and phase env
ment is non-toxic for biomolecules. A number of recent
erences describe the use of ATPS for the extraction of p
from cell lysates[5–8]. A thermoseparating ATPS made
(50% ethylene oxide–50% propylene oxide)/dextran has
developed for the purification of a 6.1 kbp pDNA from
desalted alkaline lysate[8]. The promising results obtain
in this study (100% pDNA recovery with 80 and 58% R
and protein removal respectively) prompted the autho
develop an integrated purification process which comb
the thermoseparating ATPS with membrane filtration
chromatography[7]. The more conventional polyethyle
glycol (PEG)/salt (K2HPO4) [5,6] ATPS was used to stud
the partial purification of an 8.5 kbp pDNA vector from

021-9673/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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Fig. 1. Process flow sheet describing two alternative routes for the intermediate purification of plasmid DNA prior to preparative hydrophobic interaction
chromatography (HIC). The precipitation-based process concentrates and pre-purifies pDNA by precipitation withiso-propanol and ammonium sulphate
respectively, while the ATPS-based process uses a single extraction step (abbreviations: ATPS – aqueous two-phase system, pp – precipitation).

neutralised alkaline lysate[5]. Results showed that by vary-
ing PEG molecular weight, pDNA could be directed towards
the top (MW < 400) or bottom phase (MW > 400).

A typical process for the production of pDNA includes
cultivation of anEscherichia colihost, followed by alkaline
lysis and a number of purification steps[4]. Since the com-
plexity of alkaline lysates can severely compromise fixed-bed
chromatographic operations, pre-purification steps are usu-
ally necessary. For instances, in a process (Fig. 1) based on
hydrophobic interaction chromatography (HIC) which has
been described for the large scale purification of a pDNA[9],
three steps are needed after alkaline lysis and before feeding
the HIC column: (i) precipitation of pDNA withiso-propanol,
(ii) re-dissolution of pDNA precipitate in an appropriate
buffer and (iii) precipitation of proteins, RNA and endotox-
ins with ammonium sulphate ((NH4)2SO4). This last step
further acts as a suitable conditioning step since the salt type
((NH4)2SO4) and concentration (2–2.5 M) in the final pDNA-
containing supernatant match the optimal requirements for a
HIC feed. In the current study we explore the possibility of
using a PEG–salt ATPS to replace the three early processing
steps (Fig. 1). In this PEG–salt system, (NH4)2SO4 is used
instead of the more classical K2HPO4. Thus, if conditions
are selected such that pDNA is directed towards the salt-rich
bottom phase, this stream can be injected directly in the HIC

column. A 6.1 kbp pDNA was used as a model molecule
and screening of the best conditions for ATPS extraction
was performed using three PEG molecular weights (300, 400
and 600) and varying the tie-line length, phase volume ratio
and lysate load. An adequate system and extraction condi-
tions were then selected and tested in order to assess its
feasibility as a replacement of the two pre-purification steps.
Further purification by HIC was tested in order to check the
compatibility of the ATPS bottom phase with the chromato-
graphic operation. Yield and purity in terms of contaminants
RNA, protein and endotoxin were evaluated in the final
preparation.

2. Experimental

2.1. Chemicals

PEG 300, 400 and 600 were obtained from Sigma (St.
Louis, MO, USA). Ammonium sulphate and potassium
acetate were from Merck (Darmstadt, Germany). All the
other reagents used were of analytical grade. The 6050 bp
(base pairs) ColE1-type plasmid pVAX1/lacZ, designed by
Invitrogen (Carlsbad, CA, USA) for the development of
DNA vaccines, was used as a model plasmid. This vector
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contains the human cytomegalovirus (CMV) immediate-
early promoter, the BGH polyadenylation sequence, a
kanamycin resistance gene, a pMB1 origin (pUC-derived),
a multiple cloning site, a T7 promoter/priming site and a
reporter (�-galactosidase) gene.E. coli DH5� from Invit-
rogen was used as the host strain.

2.2. Plasmid production

Escherichia colicells harbouring plasmid pVAX1/lacZ
were cultivated overnight (A600≈ 3.0) in 1000 ml shake flasks
containing 250 ml of Luria Bertani medium supplemented
with 30�g/ml of kanamycin (Sigma, St. Louis, MO), at
37◦C and 180 rpm. Growth was suspended at late log phase
(≈1.5 g/l dry cell weight). Plasmid was then isolated from
cells as previously described in reference[5] The final
plasmid-containing lysate (≈34 ml), obtained from 0.38 g
of cells, was stored at−20◦C until further processing with
ATPS as described below (sub-Section2.4).

2.3. Characterization of aqueous two-phase systems

Binodal curves were determined by titration according to
Albertsson[10]. Small amounts of water were added to sev-
eral biphasic systems of defined composition until a one phase
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2.5. Precipitation with iso-propanol and ammonium
sulphate

For comparative purposes, the pDNA-containing lysates
were subjected to sequential precipitations withiso-propanol
and ammonium sulphate, instead of being processed by aque-
ous two-phase extraction.

According to a previously established methodology[9],
the pDNA present in 8 ml of neutralised lysate was pre-
cipitated by adding 0.7 volumes ofiso-propanol (90 min
at 4◦C). Plasmid containing pellets obtained by centrifu-
gation at 10,000×g (20 min at 4◦C) were re-dissolved in
3.5 ml of 10 mM Tris–HCl buffer (pH 8.0). Next, solid ammo-
nium sulphate was dissolved in the pDNA solution up to a
concentration of 2.5 M. After 15 min of incubation on ice,
precipitated proteins and RNA were removed by centrifuga-
tion at 10,000×g (for 20 min at 4◦C). The pDNA-containing
supernatant was then loaded directly onto the preparative HIC
column.

2.6. Hydrophobic interaction chromatography (HIC)

Plasmid DNA in the solutions obtained after aqueous
two-phase extraction or after sequential precipitation with
iso-propanol and ammonium sulphate was further purified
by preparative HIC as described previously[9], except that
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ystem was obtained. The final composition of the system
hen calculated and taken as a binodal point. Tie-lines
efined by determining the composition of ammonium
hate and PEG in the top and bottom phases of system
defined total composition. Ammonium sulphate conce

ion was determined by measuring the conductivity of e
hase at 25◦C after adequate dilution. The correspond
alt concentration was then determined from a calibra
urve constructed with salt standards of known conce
ions. PEG concentration was determined by refractom
fter correcting for the contribution of ammonium sulph
ie lines lengths (TLL) were calculated according to the

owing formula:

LL (%, w/w) =
√

�P2 + �C2

here�P is the difference between PEG concentration
he two phases and�C is the difference between ammoniu
ulphate concentration of the two phases.

.4. Aqueous two-phase extraction

ATPS were prepared in 15 ml graduated tubes with
cal tips by mixing adequate amounts of water, ammon
ulphate,E. coli lysate and PEG, up to a total weight of 5
he components were mixed by tube inversion and the
hases separated by centrifugation at 3000×g for 10 min.
he larger volumes needed for further processing by pr
tive hydrophobic interaction chromatography were prep

n a similar way by mixing a total amount of 20 g of comp
ents in 50 ml graduated tubes.
henyl Sepharose 6 Fast Flow was used instead of
utanedioldiglycidylether Sepharose 6FF. This replace
f matrix did not cause any modification on the per
ance of the separation. A XK 16/20 column (Amersh
iosciences, Uppsala, Sweden) was packed with Ph
epharose 6 Fast Flow gel (Amersham Biosciences)
14 cm height. The column was connected to a FPLC

em (Amersham Biosciences) and equilibrated with 1
mmonium sulphate in 10 mM Tris–HCl (pH 8.0) at a fl
ate of 1 ml/min. Plasmid samples (500�l) were then injecte
t the same flow rate. Isocratic elution was carried out
.5 M ammonium sulphate in 10 mM Tris–HCl (pH 8.
nd the absorbance was continuously measured at 26
fter elution of unbound species in the flowthrough p

pDNA) at 1.5 M salt, the ionic strength of the buffer w
ecreased (Tris–HCl 10 mM, pH 8.0) in a step mode in o

o elute bound species. The pDNA-containing fractions w
ollected and analysed for contaminants and plasmid.

.7. Agarose gel electrophoresis

Samples from top and bottom phases were analyse
orizontal electrophoresis in 1% agarose gels in TAE b
40 mM Tris base, 20 mM acetic acid and 1 mM EDTA,
.0) in the presence of 0.5�g/ml ethidium bromide. Th
yperladder I molecular weight marker used was from

ine (Randolph, MA, USA). The gels were run at 60 V
5 min and then analysed and photographed using th
ocumentation software EagleSight 3.2 from Stratagen
olla, CA, USA).
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2.8. Plasmid quantification

Plasmid in the two phases was quantified by HPLC using
a hydrophobic interaction chromatography analytical col-
umn according to the method developed by Diogo et al.
[11]. Briefly, a 4.6 mm× 10 cm HIC Source 15 PHE PE
column from Amersham Biosciences (Uppsala, Sweden)
was connected to a HPLC system (Merck Hitachi, Darm-
stadt, Germany) and equilibrated with 1.5 M ammonium
sulphate in Tris–Cl 10 mM pH 8.0. Twenty microlitres of
a sample appropriately diluted in the equilibration buffer
were injected and eluted at 1 ml/min. All pDNA isoforms
(supercoiled, open circular, linear) eluted at a salt con-
centration of 1.5 M as a single peak. After that, the salt
concentration was kept to 0 M ammonium sulphate during
0.5 min in order to elute the bound species. The column
was then again equilibrated to 1.5 M ammonium sulphate
during 5.5 min. The absorbance was recorded at 260 nm.
The plasmid pVAX1-lacZ was quantified through a calibra-
tion curve constructed with standards of the model plasmid
(5–50�g/ml).

2.9. Protein quantification

Total protein in both phases was quantified using the
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2.10. Endotoxin analysis

Endotoxin contamination was assessed by using the
kinetic-QCL Limulus amoebocyte lysate (LAL) assay kit
from Biowhittaker (Walkersville, MD, USA) according to the
manufacturer instructions. The detection level for the method
used here was 0.005 EU/mL.

3. Results and discussion

3.1. Effect of polymer molecular weight

PEG molecular weight of 300, 400 and 600 were used to
assess the influence of this factor in partition and purifica-
tion of the plasmid in the PEG–(NH4)2SO4 systems. These
systems were prepared with a composition closer to the bin-
odal as possible and with a phase volume ratio of approx-
imately 1.0. The lysate load was 20% (w/w). Agarose gel
electrophoresis (results not shown) indicates that pDNA and
RNA accumulate in the top phase of systems prepared with
PEG 300 and PEG 400. However in systems prepared with
PEG 600 pDNA accumulates in the bottom phase whereas
RNA remained in the top phase. These results were confirmed
by quantification of pDNA in both phases (Table 1). The
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radford method[12]. In order to reduce interference fro
TPS components, adequate dilutions of the samples
erformed and read against blanks with the same dilu
nd prepared as follows. First, a mixture of the buf
sed in the preparation of the lysates was prepared
xactly the same final composition: 12.5 ml of TE bu
50 mM glucose, 25 mM Tris–HCl, 10 mM ethylenediam
etra-acetic acid (EDTA), pH 8.0) plus 12.5 ml of a p
hilled 200 mM NaOH, 1% (w/v) sodium dodecyl sulph
SDS) solution plus 9.4 ml of a solution of 3 M potassi
cetate, 11.5% (v/v) glacial acetic acid. Then, bottom

op blank samples were obtained by preparing aqueous
hase systems with the same PEG–salt composition
eplacing theE. coli alkaline lysate with the three-buff
ixture. Concentrations were determined from a cali

ion curve using bovine serum albumin (BSA, Sigma
tandard in distilled water. Previously it was confirmed
imilar calibrations curves are obtained using either
iluted phases or distilled water as solvent (unpublis
esults).

able 1
ffect of PEG molecular weight on the partition and purification of pla

ystem Phase [Plasm

EG 300 (24%, w/w) Top 20.9
NH4)2SO4 (18%, w/w) Bottom 0
EG 400 (22%, w/w) Top 15.2

NH4)2SO4 (17%, w/w) Bottom 0
EG 600 (20%, w/w) Top 0

NH4)2SO4 (15%, w/w) Bottom 21.6

ysate composition: [pDNA] = 53.7�g/ml, [Protein] = 209.9�g/ml; lysate
act that pDNA yields lower than 100% were obtained in
hree systems studied indicates some loss to the interp
his partitioning behaviour of pDNA is similar to what h
een previously found in PEG–K2HPO4 systems with 2.7
.1 and 8.5 kbp plasmids[5]. Although the plasmid size an
alt composition are different, the factors governing part
re apparently the same. It can be concluded that at le
EG–(NH4)2SO4 and PEG–K2HPO4 systems, plasmid siz
oes not influence partition, as opposed to what happen
roteins. On the other hand the salting out effect of the
alts ((NH4)2SO4 and K2HPO4) is very similar. In PEG–sa
ystems the partition of biological macromolecules is d
ined mainly by two factors: the salting-out ability of the s
hase and the exclusion limit of the polymer phase. Bri

f the type and concentration of salt in the bottom phas
ppropriate to diminish the interactions between water

he macromolecule, this will be directed to the upper pha
ong as there is sufficient space to accommodate the solu
act it is well known that in solutions of large linear polym
net is formed limiting the molecular weight of the molecu

NA from anE. colialkaline lysate using ATPS

L) Plasmid yield (%) [Protein] (�g/mL)

78.0 77.2
0 0

59.2 110.2
0 0
0 52.4

88.4 0

0% (w/w).
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that could accommodate on it. The space available for other
molecules is known as excluded volume and decreases with
the increase in molecular weight of the polymer. According
to the Hofmeister series the salting-out ability of PO4

3− is
higher than SO42− but that of K+ is lower than of NH4+. How-
ever, in the K2HPO4 solution the fraction of PO43− should
be low and HPO42− should have less salting-out ability than
the former ion. This should give an overall similar salting out
effect.

Protein quantification in each phase further showed that
proteins, like RNA, partition exclusively to the top phase
(Table 1). This behaviour has been previously observed with
low molecular weights PEG–salt systems[13]. According to
the preliminary results reported in this sub-section, PEG 600
systems were selected for further studies.

3.2. Effect of tie-line length

The effect of tie-line length on the partition and purifica-
tion of pDNA was studied by using a PEG 600 ATPS with a
20% (v/v) lysate load. Systems with four distinct composi-
tions were selected and the tie-line lengths were calculated by
determining the composition of the upper and bottom phase
(Fig. 2). After pDNA partitioning, quantitative results were
obtained by analysing both phases (Table 2). As before, pro-
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Fig. 2. Phase diagram with binodal (�) for the PEG 600–(NH4)2SO4 system
at room temperature. Systems were prepared with compositions correspond-
ing to four different tie-lines with lengths (w/w) equal to 38.13% (�), 49.38%
(�), 59.01% (�) and 65.89% (©).

(18.3%)–K2HPO4 (17.4%)[13]) points to a tie-line length of
around 50 %w/w, thus supporting the substantial reduction
of the plasmid yield.

Accordingly to this results a tie-line length of 38.16 was
selected for further studies.

3.3. Effect of phase volume ratio

The first steps of any purification process should com-
bine high yields with a concentration of the target molecule.
In ATPS this could be easily achieved by reducing de vol-
ume of the phase where the target compound is collected
relatively to the feed volume. In the present case this means
increasing the top/bottom phase volume ratio. This proce-
dure will only work as long as the limit of solubility of the
target compound is not attained and exceed in the accommo-
dating phase. To test the feasibility of this approach in the
current process, several PEG 600 systems with increasing
phase volume ratio and with compositions along the optimal
(shortest) tie-line (38.16%, w/w, length) were prepared. The
partition and purification results were evaluated for a 20%
(w/w) lysate load (Table 3). The concentration of pDNA in
the bottom phase increased with the phase volume ratio. This
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ein accumulated in the top phase for all tie-line leng
hile pDNA accumulated in the bottom phase. Howe

he yield decreased with the increase in tie-line length
he higher tie-line length, no pDNA was detected in ei
hase. An increase in the tie-line length corresponds

ncrease in the concentration of salt on the bottom ph
ue to this higher salting-out ability of the bottom pha
DNA will be forced to move to the upper phase. Howe
ue to the excluded volume effect of PEG 600, accumula

n the top phase is prevented and pDNA trapped in the i
hase as a precipitate. Visual inspection confirms an inc

n the precipitated material at the interphase and sup
his hypothesis. This could also be a reasonable explan
or the relatively low yields previously obtained in the P
20%)–K2HPO4 (20%) systems reported by Ribeiro et
5]. Although there is no available data in the literature
he tie-line length of the system used then, the highes
ine length reported (41.5 %w/w, for a composition of P

able 2
ffect of tie-length on the partition and purification of plasmid DNA fro

ystem Tie-line length Phase

EG 600 (20%, w/w) 38.16 Top
NH4)2SO4 (15%, w/w) Bottom
EG 600 (22%, w/w) 49.38 Top

NH4)2SO4 (17%, w/w) Bottom
EG 600 (24%, w/w) 59.01 Top

NH4)2SO4 (19%, w/w) Bottom
EG 600 (26%, w/w) 65.89 Top

NH4)2SO4 (21%, w/w) Bottom

ysate composition: [pDNA] = 53.7�g/ml, [Protein] = 209.9�g/ml; lysate
lialkaline lysate using ATPS

[Plasmid] (�g/mL) Plasmid yield (%) [Protein] (�g/mL)

0 0 52.4
6 88.4 0
0 0 93.8
9 66.7 0
0 0 92.0
5 28.9 0
0 0 78.8

0 0

0% (w/w).
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Table 3
Effect of phase volume ratio on the partition and purification of plasmid DNA from anE. colialkaline lysate using ATPS

System Phase ratio (v/v) Phase [pDNA] (�g/ml) pDNA yield (%) [Protein] (�g/ml) Protein/pDNA (�g/�g)

PEG 600 (20%, w/w) 1.1 Top 0 0 72
(NH4)2SO4 (5%, w/w) Bottom 21.6 80.6 0 0
PEG 600 (26%, w/w) 1.5 Top 0 0 69.4
(NH4)2SO4 (12%, w/w) Bottom 29.8 94.4 0 0
PEG 600 (30%, w/w) 3.0 Top 0 0 76.2
(NH4)2SO4 (9%, w/w) Bottom 49.1 100.6 18.4 0.37
PEG 600 (34%, w/w) 6.2 Top 0 0 84
(NH4)2SO4 (7%, w/w) Bottom 90.4 100.9 27.6 0.31
PEG 600 (35%, w/w) 9.3 Top 0 0 85.8
(NH4)2SO4 (6%, w/w) Bottom 143.9 107.2 11.7 0.08

Tie-line length: 38.16% (w/w); lysate composition: [pDNA] = 53.7�g/ml, [Protein] = 209.9�g/ml; lysate load: 20% (w/w).

means that the pDNA does not truly partitions between the
phases. Rather, pDNA behaves as being insoluble in the top
phase, and accumulates in the bottom phase as long as its
solubility limit is not exceeded. Thus, its concentration in the
bottom phase increases with an increase in the phase vol-

ume ratio. Although some protein also appears in the bottom
phase for the highest phase volume ratio, contamination does
not exceed 0.08�g protein per�g of pDNA. Given the high
yields obtained and the almost three-fold concentration of
the pDNA relatively to the initial lysate, further studies were

Table 4
Effect of lysate load on the partition and purification of plasmid DNA from anE. colialkaline lysate using ATPS

Lysate load (%, w/w) Phase [pDNA] (�g/ml) pDNA yield (%) [Protein] (�g/ml) Protein/pDNA (�g/�g)

20 Top 0 0 38.8
Bottom 102.0 113.3 5.85 0.06

30 Top 0 0 70.4
Bottom 136.2 100.8 12.0 0.09

40 Top 0 0 71.2
Bottom 307.8 85.4 35.9 0.12

ATPS composition: PEG 600–35% (w/w), (NH4)2SO4–6% (w/w); tie-line length: 38.16% (w/w); phase ratio: 9.3 (v/v); lysate composition:
[pDNA] = 39.4�g/ml, [Protein] = 222.7�g/ml.

F
(
p
U

ig. 3. Analytical HIC-HPLC analysis of (a) neutralised lysate, (b) bottom pha
35%, w/w PEG 600, 6%, w/w (NH4)2SO4, 38.16%, w/w tie-line length, phase
erforming a control (no lysate) aqueous two-phase extraction with a similar
V absorbance at 260 nm was used to monitor the chromatography runs.
se obtained after aqueous two-phase extraction of pDNA from the alkaline lysate
ratio 6.2, v/v and 20%, w/w lysate load) and (c) bottom phases obtained after
ATPS. The sharp peak at 0.76 min corresponds to pDNA. Sample volume 20�l.
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conducted with a PEG 600 and (NH4)2SO4 composition of
35 and 6% w/w respectively, which corresponds to a tie line
length of 38.16% (w/w) and a phase volume ratio of 9.3 (v/v).

3.4. Effect of lysate load

In the experiments described in the previous sections, a
lysate load of 20% (w/w) was used. An increase on this lysate
load would be advantageous since larger feed volumes could
be processed by the ATPS. However the concomitant increase
in the amounts of both pDNA and contaminants in the sys-
tems could result in a decrease of performance of the ATPS,
if limits of solubility are exceeded. A set of experiments was
then carried out by varying the lysate load up to 40% (w/w).
The system selected in the previous section was used for these
studies. The results are shown inTable 4. Although the con-
centration of pDNA on the bottom phases increased with the
load almost eight-fold relatively to the concentration in the
initial lysate, an increase in protein contamination was also
observed. In addition, the pDNA yield decreased and pre-
cipitated material could be observed in the bottom phases of
systems with 30 and 40% (w/w) lysate load. This material is
most certainly protein that has exceeded its limit of solubility,
but some pDNA could also co-precipitate.

In view of the previous results, the system more appropri-
ate to be used as a preliminary step is the one which uses a
l vol-
u val of
c learly
b n in
F d
b host
D s a
s is of
a two-
p nt of
i es
t
h ttom
p lysis
o

Fig. 4. Agarose gel electrophoresis analysis of pDNA-containing samples.
Lane 1: alkaline lysate; lane 2: supernatant obtained after ammonium sul-
phate precipitation; lane 3: bottom phase obtained after aqueous two-phase
extraction; lane 4: pDNA pool obtained after processing the ammonium sul-
phate supernatant by preparative HIC; lane 5: pDNA pool obtained after
processing the salt-rich bottom phase by preparative HIC. M: molecular
weight markers.

3.5. Integration of ATPS with HIC

In order to test the feasibility of substituting the sequen-
tial precipitations by an aqueous two-phase extraction, the
integration of these two procedures with a final HIC purifi-
cation was compared (Fig. 1). For the extraction step a lysate
load of 20% (w/w) in a system composed of 34% (w/w)
PEG 600 and 7% (w/w) (NH4)2SO4, (tie-line length 38.16%,
w/w and phase ratio 6.2, v/v) was used. The system with the
higher phase volume ratio (9.3, v/v) was not selected because
even for a 20 g system in a 50 ml tube the volume of bot-
tom phase was too low for HIC processing. Furthermore,
higher volumes of ATPS were not suitable for processing
at a small laboratory scale. However given the good results
also obtained with the ATPS selected for further HIC pro-
cessing, it is expected that results could provide conclusions
regarding the suitability of the ATPS extraction. The same

T
C ary pre-purification and concentration steps in a HIC-based plasmid DNA purification
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P Protein
reduction
(%)

Protein/pDNA
(�g/�g)

[Endotoxins]
(EU/mL)

Endotoxin
reduction (%)

Endotoxin/
pDNA
(EU/�g)

A – – Not measured – –
98.3
73.4

p 97.7
43.8

A ength: tions
w 4. Com
t

ysate load of 20%. Although under these conditions the
me of feed processed is not large, a substantial remo
ontaminants is achieved. This can be observed very c
y inspecting the analytical HPLC chromatograms show
ig. 3. The neutralised lysate feed (Fig. 3a) is characterise
y the presence of a large amount of impurities (RNA,
NA and proteins), which elute after pDNA (0.76 min) a
eries of partially overlapping peaks. The HPLC analys
sample from the bottom phase obtained after aqueous
hase partitioning shows a drastic reduction in the amou

mpurities (Fig. 3b). This is even more striking, if one realis
hat the peaks eluting after pDNA peak (0.76 min) inFig. 3b)
ave also the contribution of components from the bo
hase ATPS, as demonstrated by the control HPLC ana
f this phase prepared without lysate (Fig. 3c).

able 5
omparison of ATPS and sequential precipitation steps as prelimin
rocess

rocess Sample [pDNA]
(�g/mL)

pDNA
yield (%)

[Protein]
(�g/mL)

TPS-based Top phase 0 0 63.40
Bottom phase 36.20 75.4 14.30
HIC pDNA pool 5.64 56.3 0.95

p-Based HIC feed 41.55 86.6 19.35
HIC pDNA pool 7.78 94.0 2.72

TPS composition: PEG 600-34% (w/w), (NH4)2SO4-7% (w/w); tie-line l
ere carried out with 0.7 (v/v)iso-propanol followed by 2 M (NH4)2SO

oxin] = 209 EU/ml. Lysate load (20%, w/w).
0.40 132 68.4 3.65
0.17 Not detected 100 0

0.47 204 51.2 4.91
0.35 0.083 99.9 0.017

38.16% (w/w); phase ratio: 6.2 (v/v); lysate load 20% (w/w). Precipita
position of lysate: [Protein] = 421.8�g/ml, [Plasmid] = 24�g/ml, [Endo-
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alkaline lysate was processed in parallel by the ATPS-based
and precipitation-based processes. Both processes were able
to substantially reduce the amount of impurities. The reduc-
tion in protein content was 98% in both cases (Table 5). RNA
clearance, as seen on an agarose gel was also similar (Fig. 4).
The reduction in the endotoxin load was slightly better when
using the ATPS (68 versus 51%,Table 5). However the pDNA
yield (75.4%) of the ATPS process was lower than what had
been found in the previous experiments. This is probably
due to the higher scale used and the different composition
of the lysate. The samples obtained by both methods were
then processed by HIC. Samples of the pDNA pool collected

F
p
t
p
t
L
t
a
i

were then analysed for pDNA and impurities (Table 5and
Fig. 4). The two preparative chromatograms were similar,
showing as characteristic features a first peak of non-retained
pDNA, a second broader peak of weakly retained species, and
a third peak obtained after running a reverse salt step gradient
(Fig. 5). Nevertheless, it should be kept in mind that compo-
nents of the ATPS are likely present in the second peak of the
chromatogram shown inFig. 5a), as also obtained by HIC-
HPLC analysis (Fig. 3c).

Although the yield is better in the preliminary steps and
chromatographic step with the precipitation method, the final
pDNA preparation has a high purity grade when obtained by
the ATPS method. However, it must be pointed out that the
HIC conditions used were not optimized for the ATPS sample
– this could be a reasonable justification for the low yields
obtained. Further optimization of the HIC step together with
the utilization of the ATPS optimized conditions should give
comparable yields.

Given its simplicity and the good results obtained this
seems to be a good alternative to replace the previous used
precipitation method.

4. Conclusions

This work shows that it is possible to substitute a three-
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hate. ATPS composition: PEG 600–34% (w/w), (NH4)2SO4-7% (w/w);

ie-line length: 38.16% (w/w); phase ratio: 6.2 (v/v); lysate load 20% (w/w).
ysate composition: [protein]=421.8�g/ml, [plasmid] = 24�g/ml, [endo-
oxin] = 209 EU/ml. The absorbance of the eluate was recorded at 260 nm
nd is shown by the full line. Ammonium sulphate concentration in the eluate

s shown by the dashed line.
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educe the yield by accumulation of pDNA in the interfa
n addition, pDNA could be concentrated almost three-
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