
M
p

M
a

b

a

A
R
R
A
A

K
I
c
M
P
P
R

1

s
o
p
i
c
i
i
i
i
(
<

i
s
o
a
s
b
i
[

0
d

Journal of Chromatography A, 1218 (2011) 5273– 5278

Contents lists available at ScienceDirect

Journal  of  Chromatography  A

jou rn al h om epage: www.elsev ier .com/ locat e/chroma

onolith-based  immobilized  metal  affinity  chromatography  increases
roduction  efficiency  for  plasmid  DNA  purification

in  Jae  Shina,  Lihan  Tanb, Min  Ho  Jeonga,  Ji-Heung  Kima, Woo-Seok  Choea,∗

School of Chemical Engineering, Sungkyunkwan University, Suwon 440-746, South Korea
Department of Chemical and Biomolecular Engineering, National University of Singapore, 10 Kent Ridge Crescent 117576, Singapore

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 18 February 2011
eceived in revised form 3 June 2011
ccepted 8 June 2011
vailable online 17 June 2011

a  b  s  t  r  a  c  t

Immobilized  metal  affinity  monolith  column  as  a new  class  of  chromatographic  support  is  shown  to
be  superior  to  conventional  particle-based  column  as  plasmid  DNA  (pDNA)  purification  platform.  By
harnessing  the  affinity  of  endotoxin  to copper  ions  in  the  solution,  a  majority  of  endotoxin  (90%)  was
removed  from  the  alkaline  cell  lysate  using  CuCl2-induced  precipitation.  RNA  and  remaining  endotoxin
were  subsequently  removed  to below  detection  limit  with  minimal  loss of pDNA  using  either mono-
lith  or  particle-based  column.  Monolith  column  has  the  additional  advantage  of feed  concentration  and
eywords:
mmobilized metal affinity
hromatography (IMAC)
onolith column

article-based column
lasmid DNA purification

flowrate-independent  dynamic  binding  capacity  for  RNA  molecules,  enabling  purification  process  to
be  conducted  at high  feed  RNA  concentration  and  flowrate.  The  use  of monolith  column  gives three
fold  increased  productivity  of pDNA  as  compared  to  particle-based  column,  providing  a  more  rapid  and
economical  platform  for pDNA  purification.

© 2011 Elsevier B.V. All rights reserved.

NA dynamic binding capacity

. Introduction

Plasmid DNA (pDNA) vaccine consists of circular and double
tranded extra chromosomal DNA encoding specific gene of one
r more protein antigens [1].  In the host cells, the production of
rotein antigens induces humoral (antibody) and cellular (T cell)

mmune responses [2].  Plasmid DNA vaccines, compared to the
onventional vaccines, have potential advantages such as eliminat-
ng the risk of viral infections via vaccination process and life-long
mmunity against several diseases in a single dose [3].  The qual-
ty of pDNA for therapeutics has to meet regulatory specifications
n terms of purity, homogeneity and potency (>95% supercoiled
sc) pDNA, undetectable RNA on agarose gel electrophoresis and
0.1 EU/�g plasmid by LAL assay for endotoxin) [4].

pDNA purification using affinity precipitation (with compact-
ng agents such as spermine [5] and spermidine [5,6] or high
alt concentration such as 2.5 M ammonium sulfate [7]) and vari-
us chromatography procedures (e.g. size, charge, hydrophobicity,
ffinity-related chromatography) [8] have been reported. The
caling up to an industrial process scale for conventional particle-

ased column chromatography, however, has some disadvantages

ncluding high pressure drop, low flowrate and channeling flow
9]. Besides for macromolecules such as pDNA and RNA, the access

∗ Corresponding author. Tel.: +82 31 290 7344; fax: +82 31 290 7272.
E-mail address: checws@skku.edu (W.-S. Choe).

021-9673/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2011.06.040
to intraparticle pores of particle-based column is restricted by the
large size of macromolecules, hence resulting in low binding capac-
ity and throughput as the interaction between the target molecules
and immobilized metal ions occurs mainly on the external particle
surface of the chromatographic support [10].

Recently, monolith-based chromatography suitable for separa-
tion and purification of macromolecules is developed [11–13].  In
a monolith column, due to high porosity, the pressure drop is low
and stationary phase structure is intact even at a high flowrate [14].
Moreover, the separation and purification process based on convec-
tive flow can result in flow-independent resolution and dynamic
binding capacity even for macromolecules [15,16].  Using CaCl2 pre-
cipitation and a combination of monolith-based anion exchange
and hydrophobic interaction chromatographic procedures, separa-
tion of scpDNA from impurities such as open circular (oc) pDNA,
genomic DNA (gDNA), RNA and endotoxin was achieved [12]. The
purification of pDNA harboring lacO nucleotide sequences from
pDNA lacking lacO was also enabled in a single unit operation using
LacI based peptide-monolith construct [13].

In our previous study, CuCl2-induced precipitation followed by
Cu2+-iminodiacetic acid (IDA) based immobilized metal affinity
chromatography (IMAC) were conducted to purify pDNA from its
contaminants in the batch binding mode [17]. In brief, pDNA, RNA

and endotoxin were precipitated by free Cu2+ ions from alkaline
cell lysate while the majority of other impurities remain in the
supernatant. After pDNA and RNA were transferred into bulk solu-
tion by adding EDTA to the precipitates, RNA could be selectively

dx.doi.org/10.1016/j.chroma.2011.06.040
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:checws@skku.edu
dx.doi.org/10.1016/j.chroma.2011.06.040
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aptured by Cu2+ ions immobilized on the IDA particles, enrich-
ng pDNA in the unbound fraction. It was shown that RNA and
ndotoxin were completely removed from alkaline cell lysate with-
ut significant loss of pDNA. The interaction of nucleic acids with
mmobilized Cu2+ ions is based on affinity between exposed aro-

atic nitrogen bases in the nucleic acids and the metal ions [18].
ence, pDNA where aromatic nitrogen bases were hidden within

he double stranded helical structure did not show affinity to the
mmobilized metal ions while single stranded RNA with exposed
romatic nitrogen bases exhibited interaction with the metal ions.

However, the purification of pDNA in the chromatographic
ode would be indispensable for efficient large scale operation.

ince RNA is the major contaminant in the alkaline cell lysate
ollowing the CuCl2-induced clearance of the majority of endo-
oxin, this study first investigated the dynamic binding capacity of
NA molecules to metal affinity monolith or particle-based column
sing feedstock solutions with or without the co-presence of pDNA
t different feed concentrations and flowrates and assessed the RNA
emoval efficiencies and pDNA productivities in pDNA purification
rocess at various chromatographic separation conditions.

. Experimental

.1. Materials

The particle-based and monolith IMAC columns used were
iTrap Chelating HP column (GE Healthcare, 17-0408-01) and CIM

DA disk monolithic column (BIA separation, 217.3010), respec-
ively. Reagents used were tris (Applichem, A2264.1000), sodium
hloride (Duksan, SEE0-32201), agarose (Promega, DV3125), ethid-
um bromide solution (Fluka, 46067), 1 kb plus 100 bpDNA ladder
Mbiotech, 10103), low MW DNA ladder (New England Biolabs,
3233S) and gel loading dye blue 6× (Biolabs, B7021). Baker’s yeast
NA (R6750), endotoxin removal solution (E4274), cupric chloride
ihydrate (C3279), imidazole (I2399) and EDTA disodium dihydrate
E5134) were from Sigma. SnakeSkin Dialysis Tubing with a nomi-
al MWCO  of 3.5 kDa (68035) was supplied by Perbio Science, and
ndofree DNA Maxi purification kit (12362) by Qiagen.

.2. Fermentation and alkaline cell lysis

DH5-� mutant harboring plasmid pcDNA3.1D, a 7.3 kb high
opy plasmid (100–200/cell) which contains 1.8 kb dengue fever
ntigenic gene (NS3), was kindly provided by Bioprocessing
echnology Institute (Singapore). Cells were grown on 12 g/l
east extract (Conda Pronadisa, 1702.00), 6 g/l tryptone (Conda
ronadisa, 1612.00), 5 g/l glucose (Sigma, G8270), 6 g/l K2HPO4
Aldrich, 221317) and 0.48 g/l MgSO4 (Sigma–Aldrich, M7506)
sing 250 ml  shake flasks in a shaking incubator (50 ml  culture vol-
me, 16 h, 37 ◦C, 250 rpm). Cell lysate was obtained using alkaline
ell lysis procedures as described previously [19].

.3. CuCl2-induced precipitation prior Cu2+-IDA based IMAC

To 30 ml  of alkaline cell lysate, powdered CuCl2 was added to
 final concentration of 0.75 M,  incubated on the mixer at 30 rpm
or 15 min  and centrifuged (19,000 × g for 1 min). After washing
he precipitate with 30 ml  (2 × 15 ml)  of Tris buffer (20 mM Tris,
H 7), 30 ml  of 50 mM EDTA in Tris buffer was added to the pre-
ipitate. 20 ml  of the resulting supernatant was dialyzed against

ris–NaCl buffer (20 mM  Tris, 0.75 M NaCl, pH 7) using SnakeSkin
ialysis Tubing (12–16 h) and concentrated using Amicon Ultra-15
entrifugal Filter Units with a nominal MWCO  of 3 kDa (Millipore,
FC900324). The dialyzed solution was filtered with 0.2 �m Min-
 1218 (2011) 5273– 5278

isart NML  from Sartorius (16534-K) prior to CIM IDA disk monolith
or HiTrap Chelating HP column loading.

2.4. Dynamic binding capacities for RNA molecules in various
feedstock solutions using monolith and particle-based columns

Both CIM IDA disk monolithic column (comprising 3 disks of
0.34 ml  volume per disk) and HiTrap Chelating HP column (1 ml)
were washed with water (2 × 5 column volume (CV)), charged
with 100 mM CuCl2 (5 CV), washed with water (2 × 5 CV), and
equilibrated with Tris–NaCl buffer (2 × 10 CV). Baker’s yeast RNA
was stripped of endotoxin using endotoxin removal solution. The
purified RNA devoid of endotoxin (<0.05 EU/ml) was dissolved in
Tris–NaCl buffer to give RNA concentrations in the range of 0.05, 0.1,
0.5, 1.0 and 2.0 mg/ml. RNA solutions were processed at flowrate of
0.5, 1, 2, 3, 6 and 9 ml/min for CIM IDA disk monolith column, and
0.5, 1, 2 and 3 ml/min for HiTrap Chelating HP column using a FPLC
system (Bio-Rad, 760-2266) equipped with UV detector at 260 nm
for continuous monitoring of RNA content in the flow-through.

The above procedures were repeated for cocktail solution (con-
taining pDNA from Endofree DNA purification kit (<0.05 EU/ml)
and purified RNA) and partially purified alkaline cell lysate with
222 EU/mL endotoxin (using CuCl2-induced precipitation followed
by EDTA resolubilization and dialysis against Tris–NaCl buffer) at
1 ml/min feed flowrate. In both cases, pDNA at concentrations of
0.016 and 0.002 mg/ml  co-existed with RNA at concentrations of
1.0 and 0.1 mg/ml, respectively.

RNA molecules bound to the columns for various feedstock
solutions were eluted using 500 mM imidazole. The amount of
eluted RNA was  quantified by agarose gel densitometry method as
described in Section 2.5.1, and termed as dynamic binding capacity
of RNA.

All experiments were performed in duplicates and the results
averaged.

2.5. Analytical methods

2.5.1. Plasmid DNA (pDNA) and RNA analysis
Standard pure pDNA or RNA was quantified at 260 nm by UV/Vis

spectrophotometer (WPA Biowave-2, Biochrom, 80-3003-75). 1 or
2% agarose gel electrophoresis was conducted in TAE buffer (40 mM
Tris–acetate, 1 mM EDTA, pH 8) using Mupid 2-plus (Advance,
AD110) at 100 V for 25 min. Denatured loading samples were pre-
pared prior to mixing with 6× loading dye as follows: 20 �l analyte,
150 �l formamide (Junsei, 377F0440, 98.5, v/v%)and 30 �l water
were mixed, heated for 5 min  at 95 ◦C, and immediately chilled on
ice for 5 min  in order to eliminate the effects of secondary RNA
structure and base pairing on RNA electrophoretic mobility. The gel
(containing 0.01% ethidium bromide) was then imaged by GelDoc-
It Imaging System (UVP, 97-0139-04) and pDNA or RNA quantified
with purified pDNA or Baker’s yeast RNA as standard, respectively,
using VisionWorksLS software equipped with the imaging system.

2.5.2. Endotoxin analysis
Endotoxin detection reagents used were Pyrochrome Chro-

mogenic Endotoxin Testing (C1500), Control Standard Endotoxin
(EC010) and LAL Reagent Water (WP1001) from Cape Cod Incorpo-
rated. The samples for endotoxin analysis were prepared in sterile
polystyrene culture tubes (BD Falcon, 352052). Each sample was
mixed with pyrochrome reagent and incubated at 37 ◦C for 30 min

prior to UV absorbance reading at 405 nm using a microplate reader
(Molecular Devices, EMax). Endotoxin concentration was calcu-
lated from endotoxin standard curve using SoftMax Program 4.6
according to manufacturer’s instructions.
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ig. 1. RNA dynamic binding capacities at various feed concentrations for monolith
©)  and particle-based (�) columns at 1 ml/min feed flowrate.

. Results and discussion

Following CuCl2-induced precipitation, 90% of endotoxin (from
246 to 222 EU) was removed from alkaline cell lysate (Table 1).
s RNA was the major remaining contaminant in the result-

ng processing liquor, RNA binding characteristics to monolith or
article-based Cu2+-charged metal affinity column under differ-
nt feed concentrations and flowrates were studied to identify the
ptimal condition for pDNA purification.

.1. Dynamic binding capacity of RNA

.1.1. Effect of feed concentration on dynamic binding capacity
rofiles of RNA

In order to investigate the dynamic binding capacity of
NA molecules to Cu2+-charged IDA monolith and conven-
ional particle-based columns at various feed concentrations
0.05–2.0 mg/ml), purified baker’s yeast RNA designated as Solution

 was used.
The dynamic binding capacity profiles of RNA obtained with

he Solution I for both monolith and particle-based columns are
hown in Fig. 1. As feed RNA concentration is increased for particle-
ased column, higher dynamic binding capacity of RNA molecules

s shown prior to reaching a plateau of 1.65 mg  RNA/ml resin at
eed concentration of 1.0 mg  RNA/ml feed, while the dynamic bind-
ng capacity (average 1.20 mg  RNA/ml resin) is independent of RNA
eed concentration for monolith column.

The different trend in RNA dynamic binding capacities for
article-based and monolith-based columns could be due to two
actors: the different characteristics of chromatographic supports
e.g. pore and/or channel size) between both columns, and the
xcluded-volume effect of RNA molecules. Most of the conventional
article-based chromatographic supports are typically constructed
rom particles with intraparticle pore diameter of 30–400 nm,  and
ence macromolecules such as RNA with a size of 100 nm to over
00 nm in diameter could not effectively make use of the binding
ites available in the pore region [20]. As the concentration of RNA in
eedstock solution increases, however, RNA molecules tend to form

ore compact structure in order to reduce negative charge repul-
ion between neighboring RNA molecules (i.e. excluded-volume
ffect) [21]. Hence, as RNA concentration in the feedstock increases,

he compacted RNA molecules facilitate the access to pore-ligand as
ell as surface-ligand, giving rise to the dynamic binding capacity

ncrease for particle-based column. Ta
b
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Fig. 3. RNA dynamic binding capacities (in terms of (a) mg/ml resin or (b) nmol/ml
resin) for monolith (M)  or particle-based (P) columns at 0.1 (low) and 1.0 (high)
mg  RNA/ml feed in various feedstock environments: pure RNA solution (Solution
ig. 2. RNA dynamic binding capacities at various feed flowrates for monolith (�,
)  and particle-based (�, �) columns at 0.1 and 1.0 mg  RNA/ml feed, respectively.

On the contrary, monolith-based chromatographic supports
ith large channel size of 700–1000 nm allow full utilization

f the ligands on the chromatographic resin even at low feed
oncentration (with incompact structure of RNA), resulting in
oncentration-independent dynamic binding capacity for RNA
olecules [14,22]. Thus the enhanced process efficiency with the

se of monolith column is especially highlighted at low RNA feed
oncentration.

.1.2. Effect of feed flowrate on dynamic binding capacity profiles
f RNA

The effect of feed flowrate, one of the critical factors which
ould affect the dynamic binding capacity of RNA molecules to
u2+-charged IDA for monolith and conventional particle-based
olumns, was investigated with the use of Solution I.

Fig. 2 shows the dynamic binding capacity for RNA at dif-
erent feed flowrates from 0.5 to 9 ml/min for monolith column
nd 0.5–3 ml/min for particle-based column (which are up to
ecommended maximum flowrate by each provider). For the con-
entional particle-based column, it could be processed only at
ow feed flowrates due to bed compression at higher flowrates
23,24]. The dynamic binding capacities of RNA molecules are
etermined as follows: average 1.11 and 1.18 mg  RNA/ml resin
t 0.1 and 1.0 mg  RNA/ml, respectively for monolith column, and
verage 0.64 and 1.43 mg  RNA/ml resin at 0.1 and 1.0 mg  RNA/ml,
espectively for particle-based column in the flowrate range inves-
igated. The dynamic binding capacities of RNA molecules are
ndependent of feed flowrates when the feed RNA concentra-
ion is fixed for particle-based column. For monolith column,
he dynamic binding capacities of RNA molecules are found to
e flowrate-independent regardless of feed concentrations. The
ffect of flowrate on dynamic binding capacity of RNA molecules
n either monolith or particle-based column matrix is rarely
ound in the literature. For adsorption of scpDNA to particle-based
hromatographic supports (e.g. histidine-agarose chromatogra-
hy [25]), the dynamic binding capacity of pDNA molecules was
ound to decrease at higher feed flowrates. This is presumably due
o a combination of the extension of pDNA molecules (by high
owrate driven external hydrodynamic forces) [21] and shorter
ime allowed for pDNA to ligand interaction at high flowrate
hich enabled fewer molecules to access the ligands on the
esin (especially for the ligands in the intraparticle pores) [25].
n the other hand, adsorption of pDNA to anion-exchange DEAE

diethylaminoethyl) monolith column was reported to be flowrate-
ndependent from 120 to 335 cm/h for 39.4 kbp pDNA [26] and from
I)  ( ), cocktail solution (Solution II) ( ) and partially purified alkaline cell
lysate (Solution III) ( ).

500 to 1000 cm/h for 6.9 kbp pDNA [20]. The lack of flowrate depen-
dence could be explained by the large channel size for monolith
column which does not hinder pDNA to ligand interaction despite
the extension of pDNA at higher flowrates. However, for single-
stranded RNA, the extension of molecules at higher flowrates is
likely to be minimal due to the linear structure of RNA molecules
as compared to supercoiled pDNA molecules. This together with
the smaller molecular weight of RNA (and hence less affected by
the decrease in interaction time between RNA and the binding lig-
and as RNA can access the intraparticle pores with greater ease)
gives rise to flowrate-independent RNA dynamic binding capacity
regardless of types of chromatographic support.

3.2. Verification of RNA dynamic binding capacity in the
co-presence of plasmid DNA

To further investigate the influence of other molecules such as
pDNA and endotoxin on RNA dynamic binding capacity, three dif-
ferent feedstock solutions were prepared as follows: (1) purified
baker’s yeast RNA lacking endotoxin (Solution I); (2) cocktail solu-

tion comprising purified pDNA and RNA (Solution II); (3) partially
purified alkaline cell lysate mostly comprising pDNA and RNA fol-
lowing 90% removal of endotoxin via CuCl2-induced precipitation,
EDTA resolubilization and dialysis (Solution III). Fig. 3 shows the
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Table 2
RNA removal efficiencies (ε, mg  RNA/ml resin/h) from pure RNA solution using either monolith or particle-based column.

Chromatographic support Feed
concentration
(mg/ml)

Feed flowrate (ml/min)

0.5 1 2 3 6 9

Monolith column 0.05 – 0.085 – – – –
0.1  0.037 0.068 0.118 0.160 0.432 0.713
0.5  – 0.071 – – – –
1.0  0.038 0.083 0.143 0.220 0.403 0.572
2.0  – 0.109 – – – –

Particle-based
column

0.05 – 0.001 – – – –
0.1  0.022 0.036 0.078 0.108 – –
0.5  – 0.079 – – – –
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1.0  0.044 

2.0  – 

NA dynamic binding capacities for monolith and particle-based
olumns when these three RNA solutions with or without pDNA
nd small amount of endotoxin were applied to the columns at
wo different RNA feed concentrations (0.1 and 1 mg/ml) and a
xed flowrate of 1 ml/min. In Solution II, it was  found that RNA
inding to either monolith or particle-based Cu2+-IDA was  unaf-
ected by the presence of pDNA as shown in Fig. 3a. In Solution III,
owever, the apparent RNA dynamic binding capacities in terms
f mg  RNA/ml resin significantly increased for both monolith and
article-based columns compared with those of RNA molecules

n pure RNA (Solution I) and cocktail solutions (Solution II). RNA
olecules (average 300 nucleotides, 0.097 mg/nmol) in partially

urified alkaline cell lysate (Solution III) have twelve-fold larger
olecular weight than the Baker’s yeast RNA molecules (average

5 nucleotides, 0.008 mg/nmol) used for preparation of Solutions I
nd II (Fig. 4). Considering the significant difference in the molecu-
ar weight of two types of RNA, the apparent RNA dynamic binding
apacities exhibited for monolith and particle-based columns were
ecalculated in terms of molar dynamic binding capacities (i.e. nmol
NA/ml resin) as shown in Fig. 3b. In comparison of Fig. 3a and b,

t was found that molar RNA dynamic binding capacities for mono-
ith and particle-based columns decreased significantly when RNA
xisted together with pDNA and endotoxin as in the case of Solu-
ion III. Since pDNA was found not to interfere with the binding of

NA to Cu2+-IDA on both column matrices, this can be explained

n two aspects: (1) high molecular weight RNA molecules resid-
ng in Solution III are likely to occupy more of the Cu2+ligands per
NA molecule and hence result in less number of RNA molecules

ig. 4. The comparison of RNA molecular weight in various feedstock solutions ana-
yzed on 2% agarose gel electrophoresis. Lanes: 1, DNA marker (Mbiotech, 10103); 2,
NA  marker (New England Biolabs, N3233S), 3, pure RNA solution (Solution I, native

orm); 4, partially purified alkaline cell lysate (Solution III, native form); 5, pure RNA
olution (Solution I, denatured by hot formamide); 6, partially purified alkaline cell
ysate (Solution III, denatured by hot formamide).
0.097 0.150 0.252 – –
0.098 – – – –

captured per unit resin volume; (2) the presence of endotoxin (i.e.
approximately 10% of entrained endotoxin after partial purifica-
tion of the initial alkaline cell lysate) is envisaged to compromise
the metal ion binding sites available for RNA as endotoxin was
shown to have a higher affinity than RNA [19]. Taken together,
the RNA dynamic binding capacities are unaffected by the co-
presence of pDNA (i.e. Solution I vs. Solution II) but are dependent
on the RNA molecular weight and the presence of endotoxin (i.e.
Solution II vs. Solution III) for both monolith and particle-based
columns.

3.3. Overall efficiency comparison of monolith with
particle-based column procedure

The overall process efficiency for monolith and particle-based
columns was  determined by RNA removal efficiency (ε) defined as
the amount of RNA removed from feedstock per unit resin volume
per unit process time (i.e. MRNA/Vresin/tprocess, mg  RNA/ml resin/h)
with the use of 1000 ml  feedstock as a basis for calculation. Taking

 ̨ mg/ml  RNA in the feedstock as feed concentration,  ̌ ml/min as
feed flowrate, � mg/ml  resin as dynamic binding capacity and ı ml
as total process volume for monolith and particle-based columns,
MRNA, Vresin, tprocess and ε were computed as ı*˛, ı*˛/� , ı/ˇ/60 and
(60*ˇ*�)/ı, respectively.

Table 2 shows the RNA removal efficiencies (ε) for monolith
and particle-based columns calculated at various feed concen-
trations and flowrates. For particle-based column, as RNA feed
concentration increases from 0.05 to 2.0 mg/ml and as flowrate
increases from 0.5 to 3 ml/min, ε increases proportionally. The high-
est value for ε (0.252 mg  RNA/ml resin/h) is obtained at RNA feed
concentrations above 1.0 mg/ml  and a feed flowrate of 3 ml/min.
This is attributed to the constant dynamic binding capacity (i.e.
1.65 mg  RNA/ml resin) above RNA concentration of 1.0 mg/ml  in
the feedstock (Fig. 1) and the reduction of process time with the
increase in the feed flowrate. For monolith column, the efficiency
of RNA removal is dependent mostly on feed flowrate and rel-
atively independent of feed concentration. The high values for
ε at 0.713 mg RNA/ml resin/h and 0.572 mg  RNA/ml resin/h are
obtained at feed flowrate of 9 ml/min for RNA feed concentra-
tion of 0.1 and 1.0 mg  RNA/ml, respectively. Thus monolith column
shows 2.3–6.6 fold higher value for ε over particle-based column
in the range of feed RNA concentrations and flowrates investi-
gated.

Finally, in order to assess the productivity of pDNA purification
processes employing either monolith or particle-based column,

alkaline cell lysate containing 0.010 mg  pDNA, 1.46 mg RNA and
2246 EU endotoxin was  prepared. Following the removal of 90% of
endotoxin by CuCl2-precipitation, EDTA resolubilization and dial-
ysis, the partially purified alkaline cell lysate containing 0.010 or
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.009 mg  pDNA, 1.46 mg  RNA and 222 EU endotoxin was  obtained
nd used as a feedstock for the column procedure using either
onolith or particle-based resin. The overall purification process

erformance is summarized in Table 1. Both monolith and particle-
ased column procedures shows high recoveries of pDNA (at least
90%) with successful removal of RNA and endotoxin below the
etection limit specified. The productivities of pDNA purifica-
ion defined as the amount of pDNA purified from feedstock per
nit resin volume per unit process time (i.e. MpDNA/Vresin/tprocess,
g pDNA/ml resin/h) were calculated to be 10.80 and 3.24 mg

DNA/ml resin/h for monolith and particle-based column proce-
ures, respectively, making the use of monolith column beneficial
nd ideal for large-scale pDNA purification process. The volumet-
ic flowrates of 0.5–3 ml/min for particle-based column in the
resent study correspond to 80–470 cm/h in terms of the linear
elocities, in a good agreement with those typically employed
or conventional particle-based columns (i.e. 100–300 cm/h) [20].
owever, the investigated volumetric flowrate range for monolith
olumn (i.e. 0.5–9 ml/min) is equivalent to the linear velocity range
30–480 cm/h), much lower than that (500–1000 cm/h) reported
t industrial scale [20]. Therefore, for the large scale use of mono-
ith column where the feed flowrate could be further increased,
he process efficiency of pDNA purification might be further
nhanced.

. Conclusions

This study proves that monolith-based chromatographic sup-
ort, which possesses lower mass transfer limitation and higher
hroughput than the conventional particle-based supports, is
dvantageous for purification of pDNA in terms of approxi-
ately three fold higher pDNA productivity (�) and RNA removal

fficiency (ε). Further processing steps may  be required to sep-
rate genomic DNA (gDNA) and/or pDNA isoforms prior to
btaining scpDNA of therapeutic grade. However, a combina-
ion of CuCl2-induced precipitation, EDTA resolubilization, dialysis

nd monolith-based Cu2+-IDA IMAC exhibits concentration-
ndependent efficient removal of RNA and endotoxin along with
omplete recovery of pDNA at high flowrate, and therefore provides
n economically viable new platform for pDNA purification.

[
[
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