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Abstract

Liquid chromatography plays a central role in process-scale manufacturing of therapeutic plasmid DNA (pDNA) for gene therapy and
DNA vaccination. Apart from its use as a preparative purification step, it is also very useful as an analytical tool to monitor and control pDNA
quality during processing and in final formulations. This paper gives an overview of the use of pDNA chromatography. The specificity of
pDNA purification and the consequent limitations to the performance of chromatography are described. Strategies currently used to overcome
those limitations, as well as other possible solutions are presented. Applications of the different types of chromatography to the purification
of therapeutic pDNA are reviewed, and the main advantages and disadvantages behind each technique highlighted.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

In the last two decades, the purification of plasmid DNA
(pDNA) molecules became a routine procedure in laboratory
and industrial environments. First, the introduction and ex-
pansion of recombinant DNA technology as a general molec-
ular biology tool increased the demand for laboratory-scale
protocols for the isolation of pDNA. Likewise, the more re-
cent developments in therapeutic approaches, such as DNA
vaccination and gene therapy have fostered the development
of large-scale pDNA purification processes. Briefly, DNA
vaccines based on genes can provide immunity against major-
killers, such as malaria[1] while gene therapy relies on the
introduction of one or more functional genes as a way of
preventing, treating or curing genetic defects, such as cys-
tic fibrosis, or acquired diseases like cancer and AIDS[2].
Although the therapeutic genes can be transported by sev-
eral types of viral vectors[2], pDNA vectors have been con-
sidered to be safer, simpler to use and easier to produce on
a large-scale[3,4]. The consequent use of pDNA vectors in
pre-clinical and clinical trials of gene therapy and DNA vacci-
nation has increased the need for large amounts of highly pure
pDNA with a therapeutic or pharmaceutical-grade pDNA.

1.1. Physical–chemical characteristics of pDNA
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also be found in cell lysates. The linear form results from
chemical/enzymatic cleavage of the phosphodiester bonds in
opposite DNA strands, denatured forms exhibit a conforma-
tion where the hydrogen bonding between complementary
strands at certain locations has been disrupted and oligomers
are a consequence of homologous recombination[7].

1.2. Biosynthesis and primary isolation

Plasmids are biosynthesised by autonomous replication in
Escherichia coli, a bacterium with a history of safe use in the
bio-industry as a producer of many recombinant proteins. Al-
though several techniques can be used to disruptE. colicells,
and hence, release pDNA molecules (<1% dry cell mass), the
most widely used method is alkaline lysis[8] or variations
thereof[9]. Alkaline lysis relies on the disruption of cells at
high pH with NaOH and in the presence of SDS, followed
by the release and denaturation of genomic DNA (gDNA),
cell wall material and most of the cellular proteins. Although
SC pDNA isoforms also unwind as a consequence of the
alkali-promoted hydrogen bond disruption, if the pH is main-
tained below 12.5, anchor base pairs remain which prevent the
complete separation of complementary strands. These anchor
bases serve as nuclei for the complete renaturation of pDNA
molecules during a subsequent neutralisation step[10]. If cell
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Plasmids are covalently closed, double stranded, D
olecules. Those intended for therapeutic applica

ontain human or non-human genes, and are very largMr
106, sizes in the�m range) when compared with prote

5]. Each strand of a pDNA molecule is a linear polyme
eoxyribonucleotides linked by phosphodiester bonds. T
hosphate groups are negatively charged for pH > 4[6]. The
inding of the two anti-parallel DNA strands around e
ther and around a common axis originates the classic
anded double helix structure, which is stabilised by Wat
rick hydrogen bonds between AT and GC base pairs a
tacking forces[6]. The inside of the double helix is high
ydrophobic due to the close packing of the aromatic b
he helix axis of pDNA can also be coiled in space, form
higher order molecule named supercoiled (SC) pD
fraction of a population of pDNA molecules can a

xist in a non-supercoiled or open circular (OC) form. O
ariants, such as linear, denatured or oligomeric pDNA
ysis is carried out at a pH above 12.5, or if local pH extre
re present in solution, the plasmid anchor base pairs
e lost resulting in irreversibly denatured pDNA forms t
ontain large regions of single stranded material. After
ysis step, the solution is neutralised with potassium ace
hich precipitates SDS together with denatured gDNA
ellular debris. Different operations can remove this ins
le material, whereas the majority of pDNA remains in
upernatant. During these manipulations care should be
o avoid shear-induced cleavage of genomic DNA (gDN
hich may result in small fragments that will not aggreg
he resulting clarified alkaline lysate typically contains p

eins, RNA, lipopolysaccharides (LPS), gDNA fragments
ess than 1% (w/w) pDNA.

The subsequent recovery and purification of pD
olecules from the clarified cell lysate may involve sev

echniques. Molecular biologists developed a range of
ient lab-scale protocols, which use operations, such as
entrifugation or solvent extraction[11]. Although routinely
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used for obtaining pDNA for research applications, many of
these protocols cannot be scaled-up or use reagents, such as
phenol, ethidium bromide, CsCl or animal derived enzymes
that are not compatible with the recommendations of regu-
latory agencies for the manufacturing of therapeutics[12].
Further disadvantages include limited capacity, low recovery
and high cost. It is in this context that liquid chromatography
stands as a central purification technique, both at laboratory
and process-scale.

2. The role of chromatography in pDNA purification

2.1. Overview

Liquid chromatography is central in process-scale manu-
facturing of therapeutic pDNA (Fig. 1). The overall process
must deliver a pDNA product, which meets quality speci-
fications set or recommended by regulatory agencies, such
as the Food and Drug Administration (FDA) and the Euro-
pean Agency for the Evaluation of Medical Products (EMEA)
[4]. Typically, a final bulk pDNA should be free from host
gDNA (<0.05�g/�g pDNA), host proteins (undetectable),
RNA (undetectable) and endotoxins (<0.1 EU/�g pDNA)[4].
Additionally, more than 90% of the pDNA should be SC,
s sfer-
r f
e om-
p s

F
o

of toxic shock syndrome if present in large enough quantities
in vivo [13]. Furthermore, endotoxins may dramatically re-
duce transfection efficiencies in various cell lines and display
cytotoxic effects on mammalian cells[13].

Although attempts have been made to include chro-
matography after cell lysis, it is generally included after
the impurity load and the process volume has been re-
duced by clarification and concentration operations, respec-
tively (Fig. 1) [14]. The role of chromatography is then
to remove those cellular host components (RNA, proteins,
gDNA fragments, endotoxins) and non-SC pDNA variants,
which are virtually impossible to remove by other unit op-
erations (Fig. 1) [4]. Chromatographic modalities, such as
size-exclusion (SEC), anion-exchange (AEC), hydrophobic
interaction (HIC), reversed-phase (RPLC), ion-pair reversed-
phase (RPIPC), thiophilic adsorption (TAC) and affinity
(AC) have been integrated, singly or combined, into several

Table 1
The use of chromatography in processes for the manufacturing of therapeutic
pDNA

Process Description References

I Isopropanol pp [16,17]
Ammonium acetate pp
Polyethylene glycol-8000 pp

I

I

I

V

V

AEC 2
HIC

VII CaCl2 pp [23]
AEC 1
AEC 2

VIII Conditioning with 2 M (NH4)2SO4 [24]
SEC
TC
AEC

Abbreviations:pp, precipitation; SEC, size-exclusion chromatography; EB-
AEC, expanded bed anion-exchange chromatography; RPLC, reversed-
phase chromatography; RPIPC, ion-pair reversed-phase chromatography;
ince this isoform is thought to be more effective at tran
ing gene expression than other variants[4,5]. The removal o
ndotoxins is particularly important, since these LPSs c
onents of theE. coli cell wall [13] can produce symptom
ig. 1. The role of liquid chromatography in process-scale manufacturing
f therapeutic pDNA.

H
c

SEC
Ethanol pp

I RNase digestion [18]
Bag Filtration
EB AEC

II Isopropanol pp [19]
Ammonium acetate pp
Isopropanol pp
RPIPC

V Isopropanol pp [20]
Ammonium sulphate pp
HIC
Dialysis

RNase digestion [21]
Diafiltration
AEC
RPLC

I RNase digestion [22]
AEC 1
IC, hydrophobic interaction chromatography; TAC, thiophilic adsorption
hromatography.
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Table 2
Current limitations of pDNA chromatography and possible solutions

Specificities of pDNA separations and consequent limitations Solutions

Physical and chemical similarities between impurities and pDNA Reduce impurity load prior to chromatography
Poor selectivity due to competition
Co-elution of impurities in pDNA pools

High viscosity of feed solutions Avoid small beads
Increase in pressure drop Dilute feed streams
Low linear flow rates and throughput Use expanded beds

Large pDNA size, large size of highMr RNA, small pore size Compaction of pDNA
Small diffusion coefficients and hence poor internal mass transfer Decrease bead size
Broad peaks, low recovery Use beads with “superpores” or “tentacles”
Small flow rates, long separation times Use formats, such as membrane layers and monoliths
Poor capacity for pDNA due to lack of accessibility Pre-digestion of highMr RNA with RNase

Use micropellicular stationary phases

processes for the manufacture of therapeutic pDNA (Table 1)
[12]. Liquid chromatography is also very useful as an analyt-
ical tool to monitor manufacturing and control pDNA quality
during processing and in the final formulations (Fig. 1). This
type of analysis is fundamental to guarantee the production of
a consistent product that meets the desired specification[15].

If the purpose is to purify pDNA at lab-scale for gen-
eral molecular biology applications, it is possible to choose
between a number of commercially available disposable
gravity-flow or “spin” chromatographic columns[25]. High-
throughput and automated protocols and procedures that use
these column cartridges are also becoming available, en-
abling the processing of multiple samples while minimising
hands-on preparation time and reducing the risk of sample
mix-ups[26].

2.2. Limitations of pDNA chromatography and possible
solutions

The separation and purification of pDNA by chromatog-
raphy is faced with a number of limitations (Table 2), which
are related to the structural nature of the available stationary
phases, and of the molecules involved–pDNA and associated
impurities.

T
C dapted

S verageMr
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–1000
0–90
0b
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A.

Poor selectivity and co-elution are problems directly at-
tributable to the physical and chemical similarities between
impurities and pDNA (Table 3). This problem can be partially
tackled by reducing the impurity load prior to chromatog-
raphy, using a number of operations (Table 4). Chromato-
graphic processes can then advantageously explore some
differences in properties, such as charge, molecular size and
hydrophobicity.

The highMr of pDNA and nucleic acid impurities (Table 3)
originates high viscosity in solutions with a high content
of these solutes[39]. For instances, the viscosity of an
alkaline lysate may reach 15–60 MPa, depending on the
shear rate[40]. For chromatography carried out in a con-
ventional packed bed mode, high viscosity may translate
into high-pressure drops, and consequently, limit the range
of linear flow rates available and throughput. This problem
can be alleviated by diluting the process feed, by avoid-
ing the use of chromatographic particles with small diam-
eters or by carrying out chromatography in the expanded bed
mode.

Diffusion coefficients of pDNA in solution are signif-
icantly lower when compared with those of protein[41].
This reflects not only the differences in mass between pDNA
and most proteins, but also differences in size and structure.
able 3
haracterisation of nucleic acids and other components in anE. coli cell (a

pecies Different species/cell A

ater 1 0.01

ucleic acids
Genomic DNA 1a 2.8×
Transfer RNA 40 28
Ribosomal RNA 3 500
Messenger RNA 400–800 66
Plasmid DNA 1 330

roteins 1100 8–2
ndotoxins 10
mall molecules and ions 800–2000 <
a Rapid growingE. coli cells have on average four molecules of gDN
b A pDNA molecule with an average 5 kb is considered.
from[27])

× 10−3 Observations

–

Polyanionic, highly fragmented, single/double stran
Polyanionic, single stranded
Polyanionic, single stranded
Polyanionic, single stranded

Polyanionic, double stranded, isoforms compact

Anionic, cationic, neutral, hydrophobic, hydrophil
Anionic, lipidic part

–
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Table 4
Unit operations used to reduce impurity load before chromatography

Operations References

Filtration through
Diatomaceous earth [28]
Cellulose acetate [29]
Nitrocellulose [30,31]

Tangential flow filtration [32–34]
RNase digestion step [18,35]
High temperatures (≈70◦C) [29]
Hot Mg2+ treatment [36]

Precipitation with
Isopropanol (0.6, v/v) [14,35]
Polyethylene glycol (PEG) [14,16,17]
Compaction agents (e.g. spermine, spermidine) [37]
Chaotropic salts (e.g. LiCl, KAc and NH4Ac) [14]
Divalent alkaline earth metal ions [23,38]

Effectively, most proteins are globular, measuring 2–10 nm
across[42] while plasmids display a micron-sized (>0.2�m)
structure, which is intermediate between a flexible coil and a
rigid interwound structure[41]. The typical diffusion coeffi-
cient of SC pDNA is of the order of 10−8 cm2/s, while that of a
protein with equivalent mass is one order of magnitude larger
[42]. The larger nucleic acid impurities are also characterised

Table 5
Static and dynamic (†) binding capacity of pDNA on commercial anion-exchan

Stationary phase Bead size (�m) Pore size (�m) es

Beads
Q-Sepharose Big Beads 200 n.a.

Q-Sepharose Fast Flow 90 0.19
90 0.19

Q-Sepharose High Performance 34 n.a.

Streamline QXL 200 n.a.

Q Hyper D 80 0.30
60 0.30
60 0.30
50 0.30
20 0.30
10 0.30

Fractogel EMD DEAE 40–90 0.80

M

M

C
C

C

by small diffusion coefficients. In chromatography, these low
diffusion coefficients will result in low internal mass transfer,
a situation that is clearly worsened by the fact that the pores
of most stationary phases have not been engineered to han-
dle such large macromolecules. The limitations in internal
mass transfer result in broad peaks and low recovery[43].
Furthermore, the consequent need to use small flow rates and
shallow gradients leads to long separation times[43].

Contamination of the pDNA peak or pool can also re-
sult from constraints in the diffusion of macromolecules in
the particle pores. For example, the slow diffusion of RNA
molecules through the pores may retard these molecules
enough to contaminate pDNA fractions. The pDNA peak can
also be contaminated with impurities that would normally
elute earlier.

One of the most reported drawbacks of pDNA chromatog-
raphy is poor capacity of stationary phases for pDNA binding,
as illustrated by the anion-exchange capacity data collected
from the literature and listed inTable 5. This limitation re-
sults from an inadequacy of the pores of most stationary
phases (<0.2�m) [53], originally designed to bind proteins,
to accommodate macromolecules like pDNA[35]. A confo-
cal microscopy visualisation of pDNA in Q-Sepharose XL
[54] and DEAE Streamline[55] anion exchangers confirmed
this by revealing that pDNA adsorbs mainly in an outer layer
40–90 0.80

Poros 50 HQ 50 <0.80
50 <0.80

onoliths
DEAE-CIM – 0.01–4

embranes

Mustang-Q – 0.8

– 0.8
– 0.8

ell microcarrier
ytopore 230 30

apacity data for proteins is shown for comparison.
ge adsorbents

Capacity (mg/ml) pDNA (kb) Referenc

pDNA Protein

0.7 70 4.8 [44]

1.3 120 4.8 [44]
0.72† 120 5.9 [33]

2.5 70 4.8 [44]

3 >110 4.8 [44]

1.2 n.a. 3.5 [45]
2 ∼106 3.5 [45]
3.3† ∼106 7.1 [46]

>5.3† ∼90 5.9 [33]
5.4 ∼85 3.5 [45]

10.0 ∼90 3.5 [45]

2.45† 100 5.9 [33]
2.0† 100 7.1 [46]

∼10.0 60 3.5 [47]
2.12† 60 5.9 [33]

10.0 n.a. n.a. [48]
10.0 56 6.1 [49]
15.0† 56 6.3 [50]
6.0† 56 4.5 [51]

∼31 n.a. 4.8 [52]
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of the beads. Studies with anion-exchanger beads of dif-
ferent size further showed the existence of an inverse cor-
relation between bead radius and pDNA static[44,45] and
dynamic[46] binding capacity, thus confirming that adsorp-
tion is mainly superficial. This suggests that capacity can be
improved simply by decreasing bead size[54]. The capac-
ity of chromatographic beads for pDNA may also depend on
surface topography or “roughness”[46,55,56].

The diffusion and capacity limitations can both be partially
overcome either by compaction of pDNA or by increasing
the size of pores in stationary phases. The first strategy re-
lies on the use of multivalent cations or compaction agents
that decrease repulsion between DNA phosphates, and thus,
condense pDNA molecules from an elongated coiled state
to a compacted globular state[37]. For instances, by using
the cationic compaction agents spermidine and spermine, the
capacity of the Q-Sepharose (Amersham Biosciences) an-
ion exchanger for pDNA increased by as much as 40%[57].
This increase was attributed to an easier access of pDNA to
pores and also to a closer packing of pDNA on the surface
of the adsorbent, and it was found to work best at low ionic
strength[57]. The condensation of DNA molecules may ad-
ditionally account for a more homogeneous behaviour during
chromatography, ultimately leading to sharper peaks, higher
yields and increased selectivity. For instances, use of PEG
p rom
a o-
n vity
[
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i ed by
c n-
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superporous agarose beads (25–75�m pore diameters), such
as the ones described by Gustavsson and Larsson are used
[60].

High accessibility to binding sites and reduction in internal
mass transfer limitation are also characteristic of monolithic
supports and adsorptive membranes, making them attrac-
tive for pDNA chromatography[48–51,62,63]. Monoliths
(Bia Separations) are single pieces of porous material char-
acterised by a highly interconnected network of channels
(0.01–4�m) [48], while the adsorptive membranes devel-
oped by Pall have characteristic 0.8�m pores[49]. The im-
proved static capacity for pDNA binding in anion-exchange
monoliths and membranes (Table 5) clearly confirms the ad-
vantage of “superpores”.

Surface topography can also be engineered with tentacle-
like structures that protrude from the surface and enable
pDNA to be captured more densely at the particle exterior
[46]. This is the case for instances of Streamline QXL, which
is characterised by long dextran chains coupled to an agarose
matrix. In this case one of the best relationships between static
capacity and bead diameter has been reported (3 mg/ml for
200�m beads;Table 5).

The internal mass transport problem can also be eliminated
by using non-porous, micropellicular beads[43]. These sta-
tionary phases are characterised by a core of fluid-impervious
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rior to AEC with Q-Sepharose increased recovery f
s little as 20–80%[58], while the use of a 2 M amm
ium sulfate buffer during SEC resulted in high producti

24,53].
The use of stationary phases engineered to accom

ate “superpores” or convective through pores (>0.2�m)
s another strategy that may partially solve the pDNA
acity/diffusion problem[59]. “Superporosity” not only im
roves the access of pDNA to the internal voids but may
llow convective pore flow to take place, and conseque

mprove internal mass transfer[60,61]. For instances, one
he highest figures reported for pDNA binding capacit
nion-exchange beads (∼10 mg/ml)[47] has been obtaine
ith the support Poros (Applied BioSystems), charac

stic of the so-called perfusion chromatography. This
anced capacity was attributed to the penetration of the p
olecules into the large 0.6–0.8�m “superpores” which ar

haracteristic of the Poros architecture[46,61]. A further ad-
antage of perfusion chromatography is the claimed a
ration of separations 10–100 times relative to convent
PLC.
Experiments carried out with the anion-exchange cel

rocarrier Cytopore (30�m pore diameter) yielded a pDN
apacity of 1240 mg/g (∼31 mg/ml), approximately one o
er of magnitude higher when compared with the capac
onventional chromatographic supports[52]. This extraordi
ary capacity is associated with a deep penetration of p

nto the “superpores” of Cytopore beads as demonstrat
onfocal microscopy[53]. Although the Cytopore media ca
ot be used in chromatography due to poor mechanica
ility [53], similar capacity figures are likely to be obtaine
aterial covered by a thin adsorptive layer. Although t
urface area is low, these supports present very favou
ass transfer properties and allow a fast and high-reso

eparation of double stranded DNA molecules[43]. Volumet-
ic capacity, however, remains low.

. Applications of chromatography in pDNA
urification

.1. Size-related chromatography

.1.1. Size-exclusion chromatography
Size-exclusion chromatography (SEC) has been e

ively used to purify pDNA (Table 6). Earlier experiment
id not yield significant results due to the lack of station
hases adequate for the separation of nucleic acids with
olecular mass (Mr) and complex conformations[64,65].
his situation changed with the introduction of rigid a
ighly porous composite polyacrylamide/dextran statio
hases.

Sephacryl S-1000 (Amersham Biosciences) is on
he stationary phases most widely used in SEC of pD
14,16,17,64,66–70]. This stationary phase presents an
lusion limit of 20 kbp for linear DNA and 400 nm for sph
cal particles. SEC with Sephacryl S-1000 is reporte
e simple, inexpensive and reproducible, yielding millig
mounts of highly pure SC pDNA from a partially pu
ed E. coli lysate. Independently of the pDNA target
hromatograms obtained after feeding clarified lysate
ephacryl S-1000 columns are always characterised b
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Table 6
Size-related chromatography of pDNA

Type Stationary phases Supplier References

SEC Sephacryl S-1000 Amersham Biosciences [16,17,64,66–70]
Sephacryl S-500 Amersham Biosciences [18]
Superose 6B Amersham Biosciences [67,69,71]
Sepharose 6 FF Amersham Biosciences [24]
Zorbax GF 250 Agilent Technologies [72]
Fractogel TSK Merck [73]

SLC Asahipak GS-310 Asahi Chemical [74]

well-separated peaks. The first peak is usually broad and non-
Gaussian, and may contain a leading shoulder. This large peak
harbours all forms of DNA present in the lysate: gDNA, lin-
ear, denatured, OC and SC pDNA. Fractions corresponding
to the leading edge of the peak are enriched in highMr gDNA,
pDNA multimers and OC pDNA. Subsequent fractions con-
tain essentially pDNA with the latest fractions particularly
rich in the SC isoform. The ability of Sephacryl S-1000 to
fractionate OC and SC pDNA is illustrated inFig. 2, which
presents a superimposition of chromatograms obtained after
injection of OC and SC pDNA standards in a 30 cm column.
The fractionation of the isoforms present in the first peak was
found to be dependent on the pDNAMr. With small pDNA
(4.4 kbp) the isoforms partially overlap, whereas for sizes
above 10 kbp the separation is complete[69]. It has been
claimed that the OC form elutes earlier than the SC form
because of steric hindrance[69]. Several authors reported
that pDNA yields of 80–90% are obtained, when using a low
pDNA concentration (0.5–1.0�g/ml) in the feed[64,68,70].
In this case, gDNA can even be distinguished as a leading
shoulder. In the case of lysates with higher pDNA concen-
trations (2–4�g/ml) [64], this gDNA shoulder is no longer
distinguishable. Whichever the case, it is always necessary
to take appropriate cuts and discard the front part of the peak
in order to obtain pDNA free from measurable amounts of
g

F uper-
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u

This overlapping between gDNA and pDNA was also re-
ported, when processing highMr plasmids[75].

The second peak in Sephacryl S-1000 chromatograms cor-
responds to smallMr molecules, such as oligonucleotides,
RNA and proteins. A third peak corresponding to lowMr
RNA is sometimes obtained. In the case of lysates exten-
sively contaminated with RNA, some overlapping can occur
between the DNA and RNA peaks with the consequent de-
crease in yield[75]. Chromatography with Sephacryl S-1000
is lengthy and up to 200–300 min may be necessary to com-
plete a run, when using a standard low-pressure column. This
drawback can be partially overcome by operating columns
at a medium pressure of 20 bar, the maximum tolerated by
Sephacryl S-1000[69]. Although, in this case, pDNA elution
was complete in 45 min, isoform separation was poor.

Another widely used SEC media for pDNA purification is
Superose 6B (Amersham Biosciences)[67,69,71]. This sta-
tionary phase has a much lower size-exclusion limit for DNA
(450 bp) when compared with Sephacryl S-1000. However,
since the Superose 6B beads are more resistant to pressure,
elution of pDNA can be achieved in only 20 min at much
higher concentrations[69]. Nevertheless, a preliminary treat-
ment of the lysate with RNase is essential to avoid overload-
ing of the column. Additionally, it is very difficult to remove
gDNA and non-SC isoforms with this support. This proce-
d e the
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DNA. Yields close to 70% can be obtained in this case[67].

ig. 2. Size exclusion chromatography of open circular (OC) and s
oiled (SC) standards (8�g) of a 2.7 kb pDNA in a Sephacryl S-1000 c
mn (30 cm× 1 cm). Flow rate, 0.5 ml/min; injection volume, 1 ml; eluti
uffer, 10 mM Tris, 1 mM EDTA, 100 mM NaCl; pH 8.0 (D.M.F. Prazer
npublished results).
ure was later optimised in order to increase even mor
esolution and the elution time[71]. In that case, the elutio
f plasmids with different sizes (4.12–150 kbp) was achie

n approximately 8 min. Furthermore, the pDNA retent
olume was not affected significantly by size. Due to the
roved resolution of the pDNA peak, the capacity of the
mn for pDNA was greatly improved. A comparative stud

he performance of Sephacryl S-1000 and Superose 6 sh
hat both stationary phases were able to resolve a 4.
DNA and gDNA, from lowerMr impurities[67]. From this
oint of view, the performance of Superose 6 was supe
ince better process yields were obtained with higher
ates. However, Sephacryl S-1000 was better at reso
DNA isoforms. Although, the differences in pore diam

er between Sephacryl S-1000 and Superose 6 (400 v
0 nm) would also make Sephacryl S-1000 better at re

ng intact gDNA from pDNA, the separation was poor a
ot reproducible. This was attributed to shearing and br
ge of gDNA during alkaline lysis, an operation, which
sually difficult to control[67].
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SEC with Sephacryl 500 (Amersham Biosciences) has
also been included as the final polishing step in a process for
the production of therapeutic pDNA. A clear separation be-
tween pDNA and RNA molecules previously digested with
RNase was obtained[18]. Simultaneously, the pDNA was
exchanged into a buffer more appropriate for gene therapy
applications[18].

The selectivity for pDNA versus RNA has been drastically
increased by combining the use of Sepharose 6 Fast Flow
(Amersham Biosciences) with an elution buffer with high
ammonium sulfate concentrations (>1.5 M)[24,53]. This has
been attributed to a different compacting effect of ammonium
sulphate on pDNA and RNA. More than one-third of the col-
umn volume could be loaded per run, resulting in an unusually
high productivity for a SEC step.

SEC with the high performance Zorbax GF250 media is
rapid (6 min for pDNA elution) and pDNA is obtained free
from RNA and proteins but a pre-digestion with RNase is
required to avoid the overlapping of the RNA and DNA peaks
[72].

Fractogel TSK (Merck), a SEC matrix made of hy-
drophilic vinyl polymers which has very good mechanical
properties[73], combines high capacity with high resolution
for pDNA purification. As for the case of Sephacryl S-1000,
a column of Fractogel TSK is claimed to separate SC pDNA
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rities, such as protein and RNA were not detected in the final
pDNA pool, but residualE. coli gDNA exceeded the level
required for a recombinant pharmaceutical. Plasmid potency
was found to be comparable to a reference standard.

3.1.2. Slalom chromatography
Slalom chromatography (SLC) is a non-typical, size-

related chromatographic technique that can be used for
pDNA purification[74]. The method was first developed with
columns packed with HPLC microbeads (diameter <20�m)
and eluted at relatively fast flow rates (>0.3 ml/min)[74].
SEC[76] and reversed-phase[77] HPLC columns have both
been used for SLC. The technique is only applicable to large
DNA molecules (>5 kbp) that, unlike what is expected for
SEC, elute in order of increasing molecular size. Although the
precise separation mechanism is still not clearly understood,
hydrodynamic effects probably play the most important role.
What is known is that the use of a fast flow rate originates a
steep flow rate gradient in the narrow open spaces between the
microbeads, which causes DNA molecules to extend. Since
larger DNA molecules have longer reorientation times, pas-
sage between particles takes longer. Results showed that the
retardation occurred on the basis of DNA length and not mass.
In fact, OC forms were retarded to only half of the extent
in comparison with linear forms of the same size. Solvent
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rom impurities and other pDNA isoforms. The method, h
ver, is highly time-consuming. Interestingly, and contra
he results obtained by Vo-Quang et al.[69], the overlappin
etween the SC and OC isoforms was found to be highe
larger pDNA (26.5 kbp) when compared with a smaller

4.4 kbp).
All systems described above enable the recovery of pD

ith a quality adequate for molecular biology applicatio
n most of the studies reviewed, however, pDNA purity
valuated only by agarose gel electrophoresis and restr
nalysis. The possibility of including SEC with Sepha
-1000 in a process for the purification of therapeutic pD
as evaluated more thoroughly by rigorous monitoriza
f impurities, such as endotoxins and gDNA[16,17]. In

he process described (process I inTable 1), pDNA was
solated, pre-purified and concentrated prior to SEC by
uentially performing alkaline lysis, isopropanol precip

ion, ammonium acetate precipitation, PEG-8000 preci
ion and filtration. The compacting effect of PEG resu
n a more homogeneous behaviour of pDNA during the
equent SEC step[58]. A typical Sephacryl S-1000 elutio
rofile, with a 51% yield, was obtained: a first peak wit

eading shoulder of gDNA followed by pDNA fractionat
o some extent in the SC and OC circular isoforms. Pro
eproducibility, a characteristic which reassures regula
gencies that the process is well controlled, was prove
uperimposing chromatograms from three separate runs[17].
he large differences inMr between the pDNA used (3× 106)
nd endotoxins (104 to 3× 105), together with the fraction
tion range of Sephacryl S-1000 (105 to 108) resulted in a
000–8000-fold reduction in the endotoxin load[17]. Impu-
iscosity, temperature, particle size and flow rate were
ound to be important.

.2. Charge-related chromatography

.2.1. Anion-exchange chromatography
Anion-exchange chromatography (AEC) remains on

he most used techniques for pDNA capture, purification
uantitation (Table 7), as it offers the advantages of ra
eparation, no solvent requirement, sanitisation with so
ydroxide and a wide selection of process-grade statio
hases[33]. It relies on the interaction between negativ
harged phosphate groups in the DNA backbone and
ively charged ligands on the stationary phase[35]. A salt
radient is employed to displace the different nucleic a

hat should elute in order of increasing charge density, a p
rty, which in turn is a function of chain length and con
ation[4]. In some cases, base sequence and compo
ffect the elution pattern of nucleic acids in anion exch
rs [88]. Several inversions in retention time as a func
f chain length were attributed to a higher AT content of
ore retarded molecule[43]. This correlates with nucle
cid bending at polyA sequences that may induce altera

n the overall conformation of the molecule and hence i
harge density[6].

When using AEC to separate pDNA, the clarified lys
eed should always be loaded at a sufficiently high salt
entration (typically >0.5 M NaCl) to avoid an unnecess
dsorption of low charge density impurities, such as
r RNA, oligonucleotides and proteins. Under these
itions, a significant amount of impurities elute in the fl



M.M. Diogo et al. / J. Chromatogr. A 1069 (2005) 3–22 11

Table 7
Charge-related chromatography of pDNA

Type Stationary phases Supplier References

AEC (analytical) Nucleogen-DMA-4000 Macherey-Nagel [78]
DEAE-NPR, Tosoh [79]
DEAE-5PW Tosoh [79]
DEAE-PS-DVB Non-commercial [80]
DMAE-LiChrospher Merck [17]
Poros HQ, QE, PI PerSeptive Biosystems [20,35,81,82]

AEC (preparative) QIAGEN QIAGEN [83]
Protein-Pak DEAE 8HR Waters [84]
Protein-Pak DEAE 5PW Waters [85]
Gen-Pak FAX Waters [85]
Mono Q-Sepharose Amersham Biosciences [29]
HI-Load Q-Sepharose Amersham Biosciences [29]
Q-Sepharose Big Beads Amersham Biosciences [14]
Q-Sepharose XL Amersham Biosciences [23]
Q-Sepharose FF Amersham Biosciences [33,35]
Q-Sepharose Amersham Biosciences [86]
Source15Q, 30Q Amersham Biosciences [23,24]
Poros HQ, PI PerSeptive Biosystems [21,33,47]
Fractogel DEAE Merck [33]
Q Ceramic HyperD F BioSepra [33]
Q Sephacryl S500 HR Non-commercial [87]
Streamline QXL Amersham Biosciences [44]
DEAE Streamline Amersham Biosciences [18]
CIM monoliths Bia Separations [48]
Mustang-Q membranes Pall [49–51]

through and capacity can be fully exploited for pDNA ad-
sorption[33,78]. Molecules with a high charge density, such
as pDNA isoforms, highMr RNA and gDNA are retained
and subsequently eluted by increasing the ionic strength of
the mobile phase. Many AEC stationary phases display poor
separation selectivity towards pDNA and impurities (highMr
RNA, pDNA concatamers, gDNA, non-SC pDNA isoforms,
endotoxins) due to their similar binding affinities. In the case
of gDNA, separation will be even more difficult to accom-
plish if alkaline lysis generates fragments with sizes closer to
pDNA size[5]. This lack of selectivity makes purification of
pDNA very difficult to achieve in a single AEC step[89]. In
most cases a second chromatographic step is needed to meet
the required purity (check processes V to VIII inTable 1) or
pre-purification steps are required (Table 4). For instances, a
recent example describes the combined use of calcium chlo-
ride precipitation and tangential flow filtration to improve the
ratio of pDNA to RNA from 0.042 (w/w) to 2.57 (w/w) prior
to AEC[33].

The Protein-Pak DEAE 8HR polymer-based column (Wa-
ters) allowed the purification of up to 5 mg of total, biologi-
cally active pDNA in a single 50-min run, without exceeding
the capacity of the column[84]. A preparative Protein-Pak
DEAE 5PW column (Waters) was also able to deliver 7.5 mg
of total pDNA in a single, 1-h run[85].

xten-
s n
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columns on the small and large-scale purification of pDNA
showed that both columns were able to separate SC and OC
isoforms[29]. With the Mono Q-Sepharose column however,
pDNA larger than 8 kbp could not be eluted and backpres-
sure developed. In opposition, the Hi-load Q-Sepharose col-
umn could be loaded with very large pDNAs and was able
to handle very large volumes (equivalent to 0.5–2.0 l of bac-
terial culture) without causing development of backpressure.
Other Q-Sepharose-based media, such as Q-Sepharose Big
Beads[14,66], Q-Sepharose XL[23], Source 15Q[23,24]
have been tested for the preparative purification of therapeu-
tic SC pDNA. The use of Q-Sepharose Big Beads made it
possible to proceed directly from cell lysis to AEC and then
to SEC to obtain a high quality/purity pDNA[14]. A reduc-
tion in the dielectric constant of buffers by incorporation of
alcohols, such as isopropanol or ethanol has been shown to
improve binding selectivity for pDNA and RNA[86].

Process questions related to the preparative purification
of SC pDNA, using Q-Sepharose Fast Flow (FF) have been
addressed, using 1, 10 and 40 ml columns[35]. The smaller
column was first used to establish and optimise the separa-
tion. Fig. 3 presents a typical chromatogram obtained after
loading an RNase-treated clarified lysate. The characteris-
tic flowthrough peak harbouring lowMr RNA and proteins is
followed by pDNA isoforms (denatured, OC and SC) that are
s tion
o ong
a
f learly
p rms
Q-Sepharose (Amersham Biosciences) has been e
ively used for AEC of pDNA (Table 7). This strong anio
xchanger is made of 6% highly cross-linked agarose p
les derivatised with quaternary amino groups. A comp
on of the performance of Mono Q- and Hi-load Q-Sepha
electively eluted with a shallow salt gradient. The interac
f gDNA with the Q-Sepharose FF column was very str
nd could only be removed after NaOH treatment[35]. Con-

ormation and the consequent charge/shape relation c
lays an important role in the separation of pDNA isofo
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Fig. 3. Plasmid DNA purification by anion-exchange chromatography in a
1 ml Q-Sepharose column (5 cm× 0.5 cm). Flow rate: 1 ml/min; feed: 1 ml
of a clarified lysate, containing 22�g of a 2.7 kb pDNA; washing and elution
buffers: 10 mM Tris, 1 mM EDTA, pH 8.0 with NaCl at the concentrations
shown by the dashed line. Peaks corresponding to the supercoiled (SC), open
circular (OC) and denatured (D) pDNA isoforms are identified (reprinted
with permission from[35]).

[43,88]. The stronger binding of the more compact SC pDNA
can be attributed to its higher overall, charge density relative
to the other isoforms[29,78,84]or to a better fit and interac-
tion with ligands within the stationary phase pore curvatures
[78].

Scale-up (10 and 40 times) was straightforward, and con-
sistent results were obtained in terms of yield, purity, quality
and elution profiles. Independently of the scale, gradient used
to elute pDNA and loading, an average yield of 62± 8% of SC
pDNA was obtained[35]. A dynamic capacity of 40�g SC
pDNA/ml support was determined, whereas the capacity re-
ported for human serum albumin is 120 mg/ml gel[35]. This
low capacity was attributed to the fact that only a small frac-
tion of the internal pore volume (exclusion limits≈1900Å)
is accessible to the long (≈3700Å) and thin (≈113Å) SC
pDNA molecules[35].

Anion-exchange perfusion chromatography with the “su-
perporous” stationary phase Poros PI/M has been carried out
at a process-scale[21]. A pDNA yield of 80% was obtained
when loading a filtered lysate, containing 5 g of SC pDNA
onto a 3.6 L column. Separation factors of 2, 5.3, 22.1 and 283
were obtained for gDNA, protein and RNA and endotoxins,
respectively[21].

A recent report describes the evaluation of a range of com-
mercial anion exchangers for their ability to resolve total
p
t g at
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i pu-
r %),
r cale
m

acryl
S with
q effec-

tively discriminates between RNA and pDNA[87]. A dis-
tinguishable feature of the beads is a thin (2–3�m) outer
layer devoid of ion-exchange groups. The pores in this layer
prevent the large pDNA molecules from coming into con-
tact with the charged interior, while RNA and proteins read-
ily pass through the pores and adsorb. A pDNA purification
strategy was developed which uses a first column packed with
these restricted access beads and a second, normal, AEC col-
umn. The procedure removed 99.5% of the RNA and 96% of
proteins and yielded 89% of pDNA[87].

Several AEC columns in pDNA purification kits such as
the one from Qiagen are based on DEAE-modified resins
[25,83]. The Qiagen resin consists of defined silica beads
with a particle size of 100 m, large pore size and a hydrophilic
surface coating. The Qiagen resins allow a tight binding of
pDNA molecules. Thus, while at lower ionic strength (<1.0 M
NaCl) the proteins and RNA are washed away, pDNA elutes
only at high salt conditions (1.6 M NaCl, pH 7.0)[83]. The
selection of double stranded pDNA molecules and any single-
stranded DNA is also claimed. AEC with Qiagen resins has
also been used at pilot scale (7-l column packed with 2.8 kg
of resin) as part of a process used for various clinical phase
I/II manufacturing runs[83]. A disadvantage of the process
is the need to use RNase A during alkaline lysis.

The use of AEC for the quantitation of pDNA has been de-
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DNA from RNA, high capacity and robustness[33]. Frac-
ogel DEAE operated under optimised conditions (loadin
.63 M NaCl, elution with linear gradient to 1 M NaCl) w

dentified as the best anion exchanger in terms of pDNA
ity (100%), dynamic capacity (2.45 mg/ml), recovery (94
obustness and reproducibility required for the large-s
anufacture of therapeutic pDNA.
A new type of anion-exchange beads made of a Seph

-500 HR matrix (Amersham Biosciences) derivatised
uaternary amine groups has been described which
cribed in numerous publications ([17,20,35,78-82]; Table 7).
n earlier experiments, an HPLC macroporous Nucleo
MA-4000 column (Macherey-Nagel) was reported to s
rate RNA and gDNA from pDNA, which eluted as a p
onsisting of 95% of the SC isoform[78]. Total pDNA analy
is in the context of pDNA manufacturing has been desc
ore recently with anion exchangers, such as Poros HQ[66],
oros QE[35], Poros PI[20,81,82]and DMAE-LiChrosphe

17].
Although unable to resolve OC, SC and lineari

DNA, the Poros columns are suitable for the assess
f purity and total pDNA quantitation in process soluti

20,35,66,81,82]. Interestingly, the Poros QE column w
ble to separate native and denatured forms of pDNA—
enatured form eluted after the total pDNA peak, with s
artial overlapping[35]. This extra retention of denatur
DNA was attributed to non-specific interactions of the
osed hydrophobic aromatic bases in denatured pDNA

he very hydrophobic polystyrene-divinylbenzene (PS-D
oros matrix. This interaction is less intense in the case o

ive pDNA, where hydrophobic bases are shielded insid
ouble helix. Although a hydrophilic polymer (PEI) is us
s a coating in the Poros material, this may not compl
hield the hydrophobic nature of the matrix[35].

The separation and quantitation of OC and SC
orms has been achieved with DEAE-NPR and DE
PW (Tosoh) columns[79]. The presence of nanogra
f OC pDNA could be determined within 30 min[79]. A
uch faster analysis of pDNA isoforms was obtained w
non-porous, micropelicular DEAE anion exchanger b
n highly cross-linked PS-DVB particles[80]. The very
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favourable mass transfer properties of this type of supports
allowed the resolution of different pDNA isoforms within less
than 3 min.

Anion-exchange expanded bed chromatography (AE-
EBC) is an efficient alternative to packed bed AEC. In EBC a
stationary phase made of dense particles of a defined size dis-
tribution is fluidised by a mobile phase directed upwards to
form a stable bed[56]. The consequent increase in the extra-
particle void volume makes it possible to process the high
viscosity solutions characteristic of pDNA separations with
high-throughput but without the build up of high-pressure
drops[39]. Furthermore, under certain circumstances, an ex-
panded bed can process a feed with small particulate material,
and thus, it may be possible to by-pass some clarification and
concentration operations[4].

Streamline QXL (Amersham Biosciences) was used for
the primary purification of pDNA from a crude cell lysate by
AEC in expanded bed mode[39]. The loading of the column
with more than one sedimented volume of feed led to parti-
cle aggregation and to the collapse of the bed, resulting in a
decrease in the yield and purity of the pDNA-containing frac-
tions. To avoid this problem a precipitation with isopropanol
was carried out which reduced significantly the amount of
host impurities, the viscosity of the streams and the volume
of the feed. In this case, no media aggregation or channelling
w ntly.
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concluded that the use of weakly derivatised structures seems
to be the best option for DNA purification as it enhances the
capacity without increasing the sensitivity to inter-particle
cross-linking[56]. Despite the initial success of the applica-
tion of AE-EBC for pDNA purification, the authors claim that
the technique is currently not sufficiently robust to encourage
widespread industrial application[56].

Fast pDNA separations can be obtained by reducing
the mass transfer resistance within the pores/channels of
super-porous matrices[48]. High-performance membranes
[49–51,62,63] and monolithic columns[48] have been
described as a good option to achieve this purpose. A
Mustang-Q chromatography capsule (Pall), containing a
polyether sulfone membrane with quaternary amine groups
and wound around a cylindrical core was used to capture
pDNA from a dilute lysate (1.52 g of pDNA in 71 l)[51].
After washing with a 0.6 M NaCl buffer, pDNA was eluted
with 1.2 M NaCl. Around 95% of pDNA were recovered in
a 7.25 l pool, representing a 10-fold concentration in pDNA.
The overall duration of the step was 35 min and purity of the
pDNA was estimated to be between 85 and 90%.

An RNase-free process designed to purify pDNA from an
alkaline lysate by performing AEC on a CIM (Convective In-
teraction Media)-DEAE monolith (Bia Separations) has been
described[48]. RNA was found mostly in the flowthrough
w hen
a on and
t ity of
p l re-
g rtness
o min)
[

3

( ive
f g-
r e to
t oi-
e ns of
c f the
D f the
s -
c as-
i s act
l sites
[ een
t NA
[ n the
r AC.
A n the
p es
i e
p also
f
s pu-
as observed, and recovery yields increased significa
owever, the authors found no advantages in perform
EC in expanded mode. The large-scale purification of th
eutic pDNA by AEC in expanded bed mode was also te
sing DEAE Streamline (Amersham Biosciences)[18]. The
rocess developed included only scaleable unit opera
uch as a bag filtration step designed to deliver a clar
ysate feed for expanded bed AEC (process II inTable 1).
lthough the clarity of the bag filtration feedstock is insu
ient for conventional packed bed AEC, it was ideally su
or an operation in expanded bed mode. After elution,
DNA was further purified and buffer exchanged by SE
ield a pharmaceutical-grade product.

The realisation that AE-EBC of pDNA is hampered
lack of suitable adsorbents has prompted the desi

ew small (20–40�m in diameter) high-density (>3.7 g/cm3)
rototype EBC beads for the capture of very large biol
al molecules[46]. These materials, obtained by functio
lizing beads made of a stainless steel core encased

hin layer of 6% agarose, with DEAE and PEI, posse
uch higher dynamic binding capacities (25–70-fold hig

or pDNA when compared with other 200�m commercia
BC supports. In opposition to the PEI-beads, the dire
EAE-linked beads that lead to high capture of pDNA w

ew operational difficulties were considered a signific
mprovement over the commercial AE-EBC supports.
EI-linked beads, however, exhibited severe sensitivi

nter-particle bridging by nucleic acid polymers, gave
ecoveries and proved to be difficult to regenerate. In
ighly charged polymers, such as PEI, are well known

heir ability to condense nucleic acids[56]. In this way, it was
hile pDNA eluted as a sharp peak. The pDNA quality, w
ssessed by agarose electrophoresis, restriction digesti

ransformation experiments, was comparable to the qual
DNA isolated with a commercial Qiagen kit. Successfu
eneration was demonstrated and the characteristic sho
f the monolith resulted in a fast separation (approx. 7

48].

.2.2. Hydroxyapatite chromatography
The naturally occurring inorganic material Ca10(PO4)6

OH)2 known as hydroxyapatite (HA) is particularly effect
or pDNA purification[90–93]. Hydroxyapatite chromato
aphy (HAC) operates by mixed-mode ion exchange du
he inclusion of both positively and negatively charged m
ties. Nucleic acids are assumed to bind to HA by mea
oordination bonds between the phosphate moieties o
NA backbone and the calcium sites on the surface o
tationary phase[93]. Most of the protocols for DNA purifi
ation using HA call for elution with a gradient of incre
ng phosphate concentration. In fact, the phosphate ion
ike a competing agent for the stationary phase binding
93]. The method is able to differentiate rather well betw
he most important impurities that elute earlier and pD
90,93]. The presence of urea has a strong influence o
etention and elution behaviour of the nucleic acids in H
s urea concentration is raised, the difference betwee
hosphate elution molarities of pDNA and RNA becom

ncreasingly large[92]. This effect is probably due to th
artial denaturation of nucleic acids by urea. HAC was

ound to be useful on resolving different isoforms[93]. A
ignificant disadvantage of HAC in the context of pDNA
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rification is that acetate ions from cell lysis interact with HA
causing dissolution of the medium[90]. To avoid this problem
pDNA-containing lysates, are previously treated by precip-
itation, desalting, diafiltration or dialysis. Alternatively, the
cell lysate can be acidified by a mineral acid in the presence
of an inorganic salt, rather than by acetate buffer[90]. In this
way, the resulting clarified lysate can be directly loaded onto
the HA column.

The possibility of purifying pDNA from a lysate by using
HA in continuous annular chromatography (CAC) has been
studied in comparison with a conventional HA batch column
[93]. The quality of pDNA obtained by the two methods was
similar, but scale-up of CAC is direct and straightforward.

3.3. Hydrophobicity-related chromatography

Chromatographic operations that explore hydrophobicity
have been tested for the separation and purification of pDNA.
A number of these applications is listed inTable 8.

3.3.1. Reversed-phase liquid chromatography
Retention in reversed-phase liquid chromatography

(RPLC) of nucleic acids is attributed to hydrophobic interac-
tions between the aromatic hydrophobic bases and hydropho-
bic ligands in the matrix. Bound molecules are eluted by in-
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pDNA purification, a good separation of the three isoforms
was obtained with an optimised gradient (0.05 M NaCl/ml,
28–30◦C). Improved separation of the SC isoform from the
linear and OC forms was achieved at relatively low temper-
atures. However, since the column could not be operated at
high pressure, 13–14 h were needed to complete a run and
large peak volumes were thus unavoidable. When using these
conditions, the SC isoform eluted at the lowest salt concen-
trations together with a small amount of the OC isoform. The
OC and the linear form of the pDNA and the gDNA were
mainly eluted in the last portion of the peak, at higher salt
concentrations. The factors regulating the elution of tRNAs
from RPLC columns have led to the conclusion that the or-
der of elution is governed also by the secondary and tertiary
structures[94]. This also seems to be the case for pDNA iso-
forms. However, the authors did not explain in what way the
structural differences in pDNA isoforms affect the elution
behaviour.

Other RPLC protocols for pDNA purification are based on
the use of more hydrophobic C18 silica beads. In one of the
examples reported, ammonium sulphate was used to precip-
itate the majority of RNA and proteins prior to RPLC[102].
This procedure, however, yielded a pDNA pool with about
25% RNA contamination because the column was not able
to preferentially elute pDNA and RNA. A LiChrosorb RP18
H om
m
g al
R as
r xpo-
s re-
s
e orm
f ega-
t ation
o ction
w e SC
p DNA
s case
o ffer-
e he re-
t he
reasing order of hydrophobicity, a property that is defi
y characteristics, such as base composition, chain le
nd secondary structure[95]. In this way, nucleic acids o

ncreasing size will be retained longer in RPLC. On the o
and, the presence of AT-rich locations which usually f
ingle stranded regions within DNA molecules, leads to
osure of the bases to the ligands, and thus, to an incre

he hydrophobic interaction strength[43]. This hypothesis i
onsistent with the fact that single-stranded oligonucleo
ind more tightly to RPLC matrices than double-stran

ragments of the same size[95]. The exposition of the hy
rophobic bases also explains the higher retention tim
artially denatured DNA molecules.

A RPLC-5 column (Ashland Chemical Co.) was succ
ully used for the purification of tRNAs, oligonucleotide
NA fragments [78] and pDNA [94]. In the case o

able 8
ydrophobicity-related chromatography of pDNA

ype Stationary phases

PLC Adogen 464
LiChrosorb RP18
PRP-∞
Poros R1
Poros R2

PIPC PolyFlo

IC 1,4-Butanediol diglycidyl ether-Sepharos
Butyl-6PW/Octyl-6PW
Source 15PHE
TSKgel Butyl-NPR

AC 2-Mercaptopyridine-Sepharose 6 FF
Supplier Referen

Ashland Chemical Co. [94]
Merck [95]

Hamilton [96]
PerSeptive Biosystems [97]
PerSeptive Biosystems [21]

Puresyn [19]

Non-commercial [20,98]
Pharmacia [99]
Amersham Biosciences [100]

Tosoh Biosep LLC [101]

Non-commercial [24]

PLC-RPLC column (Merck) could separate SC pDNA fr
ost impurities found in crude cell lysates (low-Mr RNA,
DNA fragments and linear pDNA) but not from ribosom
NA [95] As expected for RPLC, single stranded DNA w

etained more than double-stranded DNA due to the e
ition of the hydrophobic bases. In opposition with the
ults obtained by Best and co-workers[94], the SC pDNA
luted after the OC and linear isoforms. The SC isof

raction is expected to elute later in RPLC, since its n
ive torsional constraints, known to cause local denatur
f the DNA, render the bases more accessible to intera
ith the stationary phase. The broadness obtained for th
DNA peak also suggests a separation of different SC p
pecies on the basis of their supercoiling number. In the
f the separation of RNA, the authors claimed that the di
nce between ribose and deoxyribose also influences t

ention behaviour, thus differentiating RNA from DNA. T
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technique was used both for analytical and preparative pur-
poses.

Another RPLC–HPLC technique for pDNA purification
uses the PRP-∞ media (Hamilton)[96]. The column can be
used to separate RNA from DNA present in a bacterial cell
lysate, since the DNA is adsorbed onto the column whereas
the RNA is eluted.

Reversed-phase perfusion chromatography with the “su-
perporous” stationary phases Poros has been included in pro-
cesses for the purification of therapeutic pDNA[21,97]. In
one of the applications, a Poros 50 R1 (PerSeptive Biosys-
tems) column was used[97]. A crucial step in the process is
an ammonium sulphate precipitation prior to RPLC, which
decreases gDNA contamination to less than 1%. After equi-
librating the column with an acetate buffer saturated to 80%
with ammonium sulfate, the pDNA solution is loaded. Wash-
ing and pDNA elution are carried out with the same buffer
supplemented with 2.85 and 11.7% ethanol, respectively. Af-
ter RPLC, AEC is used as a final polishing step.

In the second application (process V inTable 1), RPLC
with Poros R2/M (PerSeptive Biosystems) was carried out
at a process-scale[21]. The column was loaded with an
anion-exchange pDNA pool (with pH adjusted to 8.5 and
isopropanol to 1.2%), containing 3.2 g of SC pDNA onto
a 7.0 l column. After extensive washing, a gradient of iso-
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Fig. 4. Plasmid DNA purification by hydrophobic interaction chromatogra-
phy in a column (20 cm× 1.6 cm) packed with 334 ml of Sepharose CL-6B
derivatised with 1,4 butanediol diglycidyl ether. Flow rate, 10 ml/min; feed,
60 ml of a lysate previously purified by precipitation with 2.5 M ammo-
nium sulphate, containing 4981�g of a 6.7 kb pDNA; washing and elution
buffers, 10 mM Tris/HCL, pH 8.0 with ammonium sulphate at the concen-
trations shown by the dashed line. Peaks corresponding to total pDNA (T
pDNA) and impurities (I) are identified. (M.M. Diogo, unpublished results).

endotoxins and other pDNA isoforms. When compared with
AEC and SEC, the biological activity of pDNA purified by
PolyFlo chromatography consistently demonstrated a sig-
nificantly increased ability to transform competentE. coli
cells. The high affinity of the column towards the highly hy-
drophobic lipid A component of endotoxins (50000 EU/ml
packed resin) resulted in a 200,000-fold reduction down to
3.3–6.6 EU/mg pDNA. Furthermore, bound endotoxins did
not co-elute with pDNA and were removed only during regen-
eration with 0.5 M NaOH. This is an important result, since
the similar charge of pDNA and endotoxins prevents the use
of AEC as a single-step procedure for efficient removal of
this impurity. The authors claimed that whether used alone
or in combination with other operations, RPIPC is sufficient
to generate therapeutic pDNA consistent with cGMP manu-
facturing guidelines.

3.3.3. Hydrophobic interaction chromatography
The purification of pDNA by hydrophobic interaction

chromatography (HIC) explores differences in hydropho-
bicity between pDNA, single-stranded nucleic acid impu-
rities and endotoxins[101,103]. Experiments carried out
with Sepharose CL-6B (Amersham Biosciences) derivatised
with a mildly hydrophobic ligand (1,4-butanediol digly-
cidyl ether), proved that is possible to separate native SC
p ies
( der
n M
o ol-
u the
p ct
t cked
a pho-
b her
h igher
ropanol from 1.2 to 11.2% was performed. A SC pD
raction eluted at 4% isopropanol with a yield of 77%. S
ration factors of 14.1, >30, >10 and 194 were obtaine
DNA, protein and RNA and endotoxins respectively[21].

.3.2. Reversed-phase ion-pair chromatography
Reversed-phase ion-pair chromatography (RPIPC)

on-pairing modifiers in the mobile phase to alter select
nd allow separation of charged solutes. The stationary p

s hydrophobic but the mobile phase consists on a hyd
anic eluent, containing an amphiphilic ion and a small,
rophilic counterion[43]. When charged solutes bind to
mphiphilic ion its hydrophobicity effectively increases
ome cases, this is an absolute requirement for the bi
f the solute to the stationary phase. One of the most w
sed ion pair agents in the case of nucleic acids is trie
mine. Therapeutic SC pDNA was purified from cell lysa
t pilot scale by RPIPC, using a non-porous, inert, poly
atrix PolyFlo (Puresyn)[19]. Chromatograms showed t
lution of low-Mr RNA in the void volume. After washing th
olumn with a buffer containing acetonitrile, high-Mr RNA,
igh-Mr gDNA and non-monomeric forms of pDNA elut
s a single peak. A second gradient elution with high con

rations of acetonitrile yielded a peak containing a majorit
onomeric SC pDNA. Similar chromatographic results w
btained regardless of whether pDNA was purified from 1
r 100 g of cell paste. At each scale, more than 90% of th
DNA was recovered after chromatography. The proces
onsidered to be reproducible in terms of chromatogram
ields. The final pDNA contained undetectable or accep
race levels of impurities, including RNA, protein, gDN
DNA from the more hydrophobic nucleic acid impurit
RNA, gDNA, oligonucleotides, denatured pDNA) un
on-denaturing conditions[103]. In the presence of 1.5
f ammonium sulphate, total pDNA eluted in the void v
me whereas impurities eluted later, well separated from
DNA peak (Fig. 4). This behaviour is explained by the fa

hat pDNA molecules have the hydrophobic bases pa
nd shielded inside the double helix, and thus, the hydro
ic interaction with the HIC media is minimal. On the ot
and, single stranded nucleic acids impurities show a h
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exposure of the hydrophobic bases, and thus, interact with the
hydrophobic ligands[103]. Other cellulose- and Sepharose-
based HIC materials have also been found to promote the
binding of poly A, denatured DNA or viral RNA[104]. The
nature of the ligands and the dependency of salt suggest that
these separations are based on hydrophobic interactions as
well [104]. As described for RPIPC[19], the highly hy-
drophobic endotoxins are also retained longer in a HIC col-
umn when compared with pDNA[20,81,98].

The HIC support obtained by derivatization of Sepharose
CL-6B with 1,4 butanediol diglycidyl ether was included in
a process for the purification of a cystic fibrosis gene ther-
apy vector (pCF1-CFTR) of clinical grade[98]. The method
developed included alkaline cell lysis followed by a precipi-
tation with ammonium sulphate and HIC. The HIC yield was
70% and the quality of the recovered pDNA met all regula-
tory standards. Further work with a pDNA vaccine against ra-
bies demonstrated the feasibility of scaling-up the process 60
times with no loss in pDNA quality and gains in yield (95%)
[20,81]. Subsequent biological activity studies and protec-
tion experiments in mice showed that the experimental vac-
cine displays immunogenic activity and potency similar to,
or higher, than that of the vaccine prepared using a commer-
cial purification kit[20]. Both small and large scale processes
showed a run-to-run consistency of the HIC step even after
s
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hydrophobic nucleic acids impurities present in samples pro-
cess streams. The column was capable of handling heavily
contaminated samples (<5% pDNA), without the need of us-
ing any sample pre-treatment. Replicate analysis of pure and
impure samples containing pDNA yielded standard deviation
values lower than 2% and the detection limit of the method
was determined to be near 1�g/ml. The method stood as a
good alternative to other less robust quantitative analytical
techniques, such as capillary electrophoresis or HPLC based
on AEC or RPLC principles.

SC and OC isoforms of pDNA ranging from 4 to 30 kbp
were successfully resolved in a TSKgel Butyl-NPR analyti-
cal column (Tosoh)[101]. The hydrophobic ligand is a butyl
group, attached to a non-porous methacrylate backbone. Due
to the predominantly hydrophilic nature of pDNA, very high
salt concentrations (3 M of ammonium sulphate) were re-
quired to bind the pDNA onto the resin surface. A reverse
salt gradient was used to elute the OC and SC isoforms se-
quentially. The separation of the isoforms was attributed to
the increased exposition of hydrophobic bases as a conse-
quence of the underwinding of the SC form. Larger pDNA
molecules required a lower salt concentration to bind to the
column and eluted later, when using the same salt concentra-
tion. A third peak that eluted after the OC and SC forms was
identified through light scattering as a concatameric form of
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A pDNA purification process was developed on the b

f HIC performed with Butyl-6PW (Tosoh) and Octyl-6P
Tosoh) hydrophobic columns used in tandem[99]. Columns
quilibrated with a high salt concentration (2.0 M ammon
ulphate) were fed with a clarified lysate. The first colu
dsorbed protein and RNA but not pDNA. The pDNA, c

aining eluate of this column was fed to the second col
t the same salt concentration in order to bind pDNA
DNA. The columns were then disconnected and pDN

he second column was eluted by decreasing the salt co
ration. The pDNA-containing eluate was further purified
EC. According to agarose gel electrophoresis analys
igh purity SC pDNA fraction was obtained. In comparis
any impurities were present in a pDNA fraction obtai
y means of AEC alone. The capacity of the Octyl-6 PW
mn for pDNA was around 1.1 mg/ml and a recovery y
f 90% was obtained.

HIC has also been used analytically for the monitoring
ontrol of pDNA quality. Sepharose CL-6B derivatised w
,4-butanediol diglycidyl ether was successfully used fo
eparation of pDNA isoforms in the presence of 1.5 M
mmonium sulphate[10]. Native pDNA (SC + OC) elute

n the flowthrough followed by denatured pDNA. The
atured form was retained longer in the column due to
rophobic interactions of large stretches of single-stra
NA with the support. Analytical HIC has been descri

ecently for the assessment of purity and quantificatio
DNA in process solutions[100]. A HPLC Phenyl Sepharo
olumn (Amersham Biosciences) was used for the rapid
ration (7 min) of total double-stranded pDNA from m
DNA. The resolution was found to increase with a decr
n the flow rate in a way that was dependent on the tem
ure but not on pDNA size. On the other hand, the resolu
lso increased with the temperature in a way that was d
ent on the flow rate. The pDNA isoforms could be analy

n less than 7 min at 1 ml/min for plasmids up to 30 kbp.

.3.4. Thiophilic adsorption chromatography
The name HIC was first introduced to describe salt

iated separations of proteins on weakly hydrophobic
rices [105]. Later, however, all types of interactions t
ake place in the presence of high concentrations of salt
egrouped as: thiophilic adsorption chromatography (TA
lectron donor-acceptor chromatography (EDAC) and H
pDNA purification process with three chromatograp

teps (SEC–TAC–AEC), which includes TAC was rece
roposed[24] (process VIII inTable 1). First, the pDNA
resent in a clarified cell lysate is separated from RNA
EC in group separation mode using Sepharose 6 Fast

Amersham Biosciences) and in the presence of 1.5
ore of ammonium sulphate. In contrast with typical S

olumns could be loaded with more than 30% of the
mn volume and yields consistently higher than 90% w
btained with no significant dilution. Furthermore, lin
ow rates can be as high as 80 cm/h and bed heigh
ow as 25 cm. The subsequent TAC step explores th
ective interaction of molecules with aromatic thioether
nds, containing a vicinal sulfur in the presence of h
oncentrations of an anti-chaotropic salt. A column pac
ith a thioether-type adsorbent based on 2-mercaptopyr
oupled to Sepharose 6 FF and equilibrated with 2 M
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ammonium sulphate was able to retain SC pDNA but not
OC pDNA. SC pDNA could be eluted both by decreasing the
ammonium sulphate concentration on the mobile phase or by
performing a gradient to 2 M NaCl in the buffer containing
ammonium sulphate. Since some impurities co-eluted with
SC pDNA when applying the gradient to lower conductivity,
elution by a gradient to 2 M of NaCl was chosen. In fact,
trace amounts of protein, RNA and endotoxins could not be
eluted by the addition of this salt even if the concentration of
NaCl was increased to saturation (∼3 M). These impurities
had to be removed from the chromatography medium by de-
creasing the ammonium sulphate concentration. The authors
speculate that the aromatic ring structure of the ligand could
participate in intercalating hydrophobic (� �) type of inter-
action with the SC, double helix form of pDNA, as proposed
for topoisomerases[24]. They also proposed that the sulfur
atom participates with an electron donating (charge transfer)
role in interaction with specific nucleotides. The fact that it is
possible to elute pDNA from the column with a NaCl gradient
indicates the presence of ion-pair interactions. The binding
capacity of the column was over 1 mg SC pDNA/ml resin and
the step yield was 70%[24]. The last step of the process con-
sists on the concentration and polishing of the sample using
the AEC with the Source 30Q resin (Amersham Biosciences).
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A repetitive target sequence is chosen in order to provide mul-
tiple hybridisation positions of the oligonucleotide with the
pDNA [108]. Triple-helices are stable at acidic pH values
close to cytosine’s pKa (4.8), since protonation of cytosines
in the oligonucleotide are required. Thus, the frequency and
the distribution of the CG-C+ triplets within the target se-
quence have a strong influence on the pH stability of the
triplex [106]. Acidic cell lysates provide an adequate envi-
ronment for the formation of stable triple-helices. Triplexes
are also stabilised at high salt concentrations, since cations
shield coulombic repulsion between the sugar-phosphates.

Two reports describe the capture of pDNA directly
from bacterial cell lysates by formation of a triple-helix
with a 20-base long biotinilated oligonucleotide attached to
streptavidin-coated magnetic beads[114,115]. The first pa-
per describes the potential of the technique for the enrichment
and screening of recombinant DNA libraries. However, the
method was found to be time-consuming, since the two steps
of oligo immobilisation and triple-helix formation were per-
formed separately over a period of 3 h[114]. In the second pa-
per, the authors proved that the two steps can be performed at
the same time, requiring only 15 min. Several plasmids were
isolated and found to be suitable for the digestion with spe-
cific restriction enzymes. Although, attractive for lab-scale
applications, magnetic beads are not suited for process-scale
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.4. Affinity-related chromatography

Chromatographic operations based on affinity interac
etween pDNA or impurities with specific ligands imm
ilised in stationary phases have not been used exten

or pDNA purification. Nevertheless, a few relevant ap
ations have been described in the literature, which de
entioning (Table 9).

.4.1. Triple-helix affinity chromatography
Triple-helix affinity chromatography (THAC) is bas

n the formation of a triplex between an oligonucleo
ovalently linked to a chromatographic matrix, and a
ific duplex sequence in the target pDNA[107,108]. The
est characterised triplex forms when a homopyrimi
ligonucleotide strand binds to the major groove o
omopurine–homopyrimidine duplex DNA through the
ation of Hoogsteen hydrogen bonds: thymine (T) re
ises adenine (A) to form TA-T triplexes, and protonated

osine (C+) recognises guanine (G) to form CG-C+ triplexes
106–108,113]. The formation of the triplex is generally slo

able 9
ffinity-related chromatography of pDNA

ype Stationary phases

HAC Oligo-Sephacryl S1000
Oligo-HiTrap NHS

DNA-AC Zinc finger-glutathioneS-transferase-gluth
MAC Iminodoacetic acid (IDA) resin charged w
ndoAC Polymyxin B-Sepharose
Supplier Referne

Non-commercial [106,107]
Non-commercial [108]

epharose Non-commercial [109]
II) [110]

Non-commercial [112,113]

perations.
A scalable THAC was developed for integration into a

ot scale DNA production process[108]. Polypyrimidine se
uences [(CTT)7, (CT)11, (CCT)7] were covalently attache

o a HiTrap-NHS column (Amersham Biosciences). Colu
ere equilibrated with a high concentration of NaCl and u

o purify plasmids, containing the corresponding seque
(GAA)17, (GGA)15, (GA)25]. Plasmid binding via triple
ormation was slow (2 h, RT). Plasmid elution was car
ut by raising pH to 9.0 in order to deprotonate cytosi
nd thus, dissociate the triple helix. The best results wer

ained with a 21-mer oligonucleotide (CTT)7 attached to vi
(CH2)12 linker [108]. The yield decreased when incre

ng the percentage of cytosines in the third strand bec
G-C+ triplets are destabilised by the presence of adja
G-C+ [108]. Another interesting conclusion was that a
er oligonucleotide gives a higher capture efficiency
32-mer[115]. Yields were also higher when longer tar

ouble strands (51 versus 21 nucleotides) were used to
riplexes with a 21-long recognition oligonucleotide[108].
his result was attributed to the higher number of poss
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hybridisation positions for the first case. After optimisation of
several parameters, the best yield obtained was around 50%.
Another interesting observation is that the purified fraction
contained a higher percentage of SC pDNA than the starting
material. Other authors[114] have reported an opposite be-
haviour, probably indicating that the preferential binding of
a specific isoform might be a function of the target sequence
or position on the plasmid[106]. Plasmid purified in one step
from a cleared lysate by using this method appeared as a sin-
gle peak in HPLC analysis. No RNA was found by agarose
gel electrophoresis and gDNA and endotoxin contamination
was decreased by two orders of magnitude. The authors also
showed that the performance of the process could be im-
proved by inserting THAC into a DNA purification process
involving classical purification steps. In this case, it would be
possible to obtain pDNA with very lowE. coli gDNA levels
(0.01%) and with endotoxin levels suitable for intravenous
injection. This production process would yield high-quality
pharmaceutical-grade pDNA for human clinical trials.

THA batch adsorption was later described by Schluep et al.
[106]. The triplex-forming oligonucleotide 5′-TCT TCT TTC
CTC TTT, was immobilised by its 5′-end on hydrazide func-
tionalized Sephacryl S-1000 (20 kbp exclusion limit) chro-
matographic beads via a hydrophilic 16 atom spacer arm.
Due to the size-exclusion limit of the support, about 34%
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access and mobility of the fusion protein within the Sepharose
matrix.

3.4.3. Immobilised metal affinity chromatography
Immobilised metal affinity chromatography (IMAC) has

been recently applied to pDNA purification, using an imin-
odiacetic acid (IDA) resin charged with Cu(II)[110]. The
resin was found to bind exposed purine bases in solution. In
this way, denatured DNA and RNA bind to the IMAC column
whereas the pDNA is not retained.

3.4.4. Boronate affinity chromatography
One of the few differences between RNA and DNA which

can serve as a basis of separation is the presence of a vic-
inal 2′,3′ cis-diol at the 3′ end of RNA molecules[111].
Boronate ligands (e.g.m-aminophenylboronic acid) bound
to chromatographic matrices are able to recognise and bind
RNA molecules via this feature, which is absent from the de-
oxyribose backbone of DNA. Boronate affinity chromatogra-
phy (BAC) has been used essentially in applications in which
RNA is the desired product (e.g. ribozyme science and rRNA
probe methods). Although, the use of BAC has not been de-
scribed in the context of pDNA purification, its application as
a way of reducing the RNA content in pDNA-containing clar-
ified or pre-purified lysates should be straightforward[111].
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f the ligands are expected to be accessible to the
id [106]. Several batch adsorption experiments were

ormed, using pure pDNA. A bead capacity of 28�g/ml for
DNA and pDNA yields up to 62% were obtained. Isolat
f pDNA from clarified lysates with an efficient removal
NA, gDNA and protein was also successful. Furtherm
certain enrichment of the SC pDNA form was observe
garose gel electrophoresis. Again, this type of prefere
inding might be a function of the target sequence or ta
osition in the plasmid[106].

.4.2. Protein–DNA affinity chromatography
Protein–DNA interactions have also been explore

ffinity chromatography of pDNA. A bi-functional prote
as prepared by fusing a zinc finger (ZF) DNA binding
ain with glutathioneS-transferase (GST) as the N-termi
omain[109]. The ZF protein is a consensus sequence
rotein that binds to the sequence 5′-GGG-GCG-GCT-3′,
hile the GST domain is able to bind to matrix imm
ilised glutathione. In this way, a complex can be form
etween a target pDNA, containing the recognition sequ
nd glutathione-Sepharose. The protein–pDNA comp
an then be recovered from glutathione-Sepharose by
etitive elution with reduced glutathione buffer. The auth
roved that this protein-based affinity linker was able
istinguish between plasmids containing the recognitio
uence and pUC19, even though this later plasmid cont
DNA sequence with a 7-bp homology with the recogni

equence[109]. Furthermore, the referred ligand was a
ble to isolate pDNA directly from clarified cell lysates. T
elatively low yield obtained was attributed to the restric
.4.5. Polymyxin B affinity chromatography
Polymyxin B is a cationic polypeptide antibiotic that h

bactericidal activity against gram-negative bacteria.
ctivity is based on the ability to disorganize the ba
ial cell wall due to the specific interaction of polymyx

with the lipidic structure of endotoxins (Lipid A)[116].
his ability has been explored by affinity chromatogra
ith polymyxin B linked to Sepharose to significantly
uce endotoxin contamination (200–100,000-fold) in pD
olutions[112,113]. However, poor yields were obtained
consequence of non-specific ionic interactions betw

DNA and polymyxin B[112]. Another disadvantage
he technique is related with the neuro- and nephroto
ty of polymyxin B and stimulation of monocytes to relea
nterleukin-1[116].

. Selection of chromatographic techniques

The selection of one or more chromatographic techni
or the purification of SC pDNA is determined by the nat
nd distribution of the residual impurities and contamina
s well as by the anticipated pDNA dosage[117]. Table 10
hows the main advantages and disadvantages of the s
hromatographic techniques presented and their applica
n the context of pDNA purification processes.

SEC is a unique method for pDNA purification becau
ffers the possibility of separating these molecules from h
nd low-molecular-mass nucleic acids impurities in the s
tep (endotoxins, RNA, oligonucleotides, proteins, geno
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Table 10
Advantages and disadvantages of chromatographic modes for pDNA separation and purification

Type Advantages Disadvantages Applications

SEC Separates endotoxins, gDNA, high- and low-Mr

RNA, oligonucleotides, proteins
Low feed volumes and concentrations Final polishing step
Long chromatographic runs for high
resolution media

Group separation
Fractionates pDNA isoforms Endotoxin removal

Product dilution Isoform fractionation
Limited scale-up at a manufacturing scale

AEC Concentration of pDNA Resolution of SC pDNA from gDNA, other
isoforms and multimers is difficult

pDNA capture
Rapid and simple pDNA concentration
Efficient removal of low charge density impurities Co-elution of pDNA with endotoxins and

highMr RNA
quantitation

Some stationary phases separate pDNA isoforms
Low capacity
Elution of pDNA in high salt

HAC HA is a naturally occurring material Elution of pDNA in high
phosphate concentrations

pDNA capture
Separates several impurities from pDNA

Acetate ions cause dissolution of the
stationary phase

Separates pDNA isoforms

RPLC and RPIPC Elution of pDNA in a volatile solvent Loss of pDNA integrity pDNA capture
Separates several impurities from pDNA Safety concerns related to the use of solvents quantitation
Separates pDNA isoforms Long chromatographic runs

HIC Separates endotoxins and single stranded nucleic acids In some cases pDNA is eluted in high salt pDNA or impurity capture
Some stationary phases separate pDNA isoforms In some cases pDNA elutes in the flow

through and is diluted
pDNA concentration

Mild mobile phases quantitation
Rapid chromatographic runs

TAC Separates pDNA from impurities and isoforms Elution of pDNA in a highly concentrated
salt solution

pDNA capture
Concentration of pDNA pDNA concentration

THAC Highly specific Expensive pDNA capture
One step purification Low versatility pDNA concentration
Concentration of pDNA Low capacity

Polymyxin B Specificity Non-specific binding of pDNA Endotoxin removal
Toxicity of polymyxin B

DNA and non-SC pDNA isoforms). In the case of pharma-
ceutical applications, SEC is also a very useful method to
exchange the product into an appropriate formulation buffer
and to remove any contaminating salts and/or residual met-
als allowing for the careful control of counter-ion in the final
drug. It can be used to obtain small amounts of pDNA for
Phase-I and Phase-II clinical trials with a single chromato-
graphic step[117]. Typical disadvantages of SEC include
restricted loading (<2% column volume), loss in resolution
at higher loading and a significant dilution of the pDNA prod-
uct with the consequent requirement of a final concentration
step. Furthermore, high resolution is usually obtained at the
expense of very long run times. Due to these characteristics,
SEC is typically chosen as the last step in a pDNA purification
process. An interesting exception has been reported recently
where a high loading (30%) SEC step with Sepharose 6 FF
is used prior to TAC and AEC[24].

AEC media bind pDNA strongly due to the high charge
density of these molecules. The technique is very rapid and
simple, allowing for the injection of high feed volumes and
for the elution of highly concentrated pDNA. AEC is ideal for
removing oligoribonucleotides and some proteins. Although,
AEC of pDNA has been limited by the low capacity of station-
ary phases available commercially, a significant number of

efforts have been directed towards the design of stationary
phases (e.g. “superporous” beads, monoliths, membranes)
more appropriate to handle large pDNA molecules. Further-
more, the isolation of the SC isoform from other pDNA
variants has been described a number of times. However,
several types of highMr, negatively charged molecules, such
as pDNA concatamers, RNA, gDNA, non-SC pDNA iso-
forms and LPS, often smear across the SC peak. Co-elution of
pDNA and LPS is particularly critical if a therapeutic appli-
cation is envisaged. This lack of selectivity decreases binding
capacity for pDNA and results in poor resolution and purity.
Nevertheless, the use of RNase to degrade host RNA and in-
crease resolution, which was once mandatory, has now been
abandoned in a number of processes that resort to other pre-
purification strategies. Another limitation of AEC is related
to the necessity of removing the high salt load following chro-
matography. In summary, AEC is particularly useful as a first
step for pDNA capture and purification, but its weakness in
terms of selectivity usually calls for subsequent chromato-
graphic steps.

RPLC of pDNA generally requires a number of pre-
purification operations, since RPLC by itself is not capable
of delivering a pure product. When using RPLC for pDNA
purification, a loss of pDNA structural integrity can arise
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from the addition of organic solvents to the mobile phase.
Furthermore, many of the organic solvents are toxic, volatile
or even explosive, and thus, special measures must be taken
to guarantee the safety of personal and facilities[12]. Ad-
ditionally, when processing pDNA, long elution times and
diluted fractions are generally obtained. The fact that pDNA
is sometimes obtained in a volatile solvent may be advan-
tageous, since it allows the formulation of the final product
using routine post-chromatographic methods (rotary evapo-
ration, lyophilization) that do not induce alterations of the SC
structure[19].

HIC of pDNA constitutes an advance over the more com-
mon AEC. In fact, HIC is able to separate pDNA from LPS,
denatured gDNA, RNA and denatured pDNA. Furthermore,
separation of pDNA isoforms is possible with some station-
ary phases. An advantage of HIC over RPLC is the use of
less harsh mobile-phases that do not cause denaturation of
biomolecules. If conditions are used that promote pDNA
binding, HIC becomes a high-throughput method that is com-
patible with high load and high concentration of pDNA.
However, since the hydrophobicity of pDNA is very small,
binding to stationary phases requires the use of high salt that
must then be removed from the final pDNA pool with an
additional operation.

Affinity chromatography is a powerful technique for the
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S o al-

low the industrial production of pDNA for therapeutic appli-
cations will become more important in years to come, since a
large expansion in the market is expected with the emergence
of the first clinically successful pDNA vectors.
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