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bstract

The creation of a commercially viable and a large-scale purification process for plasmid DNA (pDNA) production requires a whole-systems
ontinuous or semi-continuous purification strategy employing optimised stationary adsorption phase(s) without the use of expensive and toxic
hemicals, avian/bovine-derived enzymes and several built-in unit processes, thus affecting overall plasmid recovery, processing time and eco-
omics. Continuous stationary phases are known to offer fast separation due to their large pore diameter making large molecule pDNA easily
ccessible with limited mass transfer resistance even at high flow rates. A monolithic stationary sorbent was synthesised via free radical liquid poro-
enic polymerisation of ethylene glycol dimethacrylate (EDMA) and glycidyl methacrylate (GMA) with surface and pore characteristics tailored
pecifically for plasmid binding, retention and elution. The polymer was functionalised with an amine active group for anion-exchange purification
f pDNA from cleared lysate obtained from E. coli DH5�-pUC19 pellets in RNase/protease-free process. Characterization of the resin showed

unique porous material with 70% of the pores sizes above 300 nm. The final product isolated from anion-exchange purification in only 5 min
as pure and homogenous supercoiled pDNA with no gDNA, RNA and protein contamination as confirmed with DNA electrophoresis, restriction

nalysis and SDS page. The resin showed a maximum binding capacity of 15.2 mg/mL and this capacity persisted after several applications of the
esin. This technique is cGMP compatible and commercially viable for rapid isolation of pDNA.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Orthodox particulate stationary phases for chromatographic
eparation are prepared by packing micrometer sized porous
articles into a column. Separation of biomolecules occurs in
he pores of the particles; therefore, the rate of separation is
iffusion limited, hence the rate can be increased only at the
xpense of lower separation quality. The purification of large
iomolecules, such as pDNA is weighed-down by the perfor-
ance of conventional chromatographic supports with a small

article pore diameter. Most of these chromatographic supports
re geared towards high adsorption capacity of proteins with size

ess than 5 nm [1]. In columns packed with such supports, pDNA
ith size greater than 100 nm adsorb predominantly on the outer

urface of the particles. Consequently binding capacities are
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n the order of tenths of mg pDNA/mL support compared to
00 mg/mL reported for proteins [2]. Also Ghose et al., 2003 [3]
bserved from confocal microscopy that about 81% of the inter-
al surface area of a conventional support with pore diameter
0 nm was unutilised after its application for plasmid purifica-
ion. Relatively low flow rates together with low capacity result
n low productivities and low time yields.

Continuous stationary phases are essential tools for biosep-
ration and biotransformation, thereby establishing position in
iotechnology as adsorbent for the purification of biomolecules.
hese materials are characterised by low mass transfer resis-

ance. Thus, all applications involving large molecules exhibit in
rinciple better performance compared to conventional beaded
edia. A monolith is a continuous phase consisting of a piece
f highly porous organic or inorganic solid material. The
ost essential feature of this support is that all the mobile

hase is forced to flow through its large pores [4]. As
consequence, mass transport is steered by convection;

dx.doi.org/10.1016/j.jchromb.2007.02.050
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educing the long diffusion time required by particle-based
upports. Chromatographic separation process on monoliths
s therefore virtually not diffusion-limited. The large pores
f these monoliths allow penetration of pDNA molecules
o the internal surface area; facilitating the accessibility of
DNA molecules by the internal active sites of the resin
nd minimizing pressure drop [5]. There exists generally a
rade-off between pressure drop and binding capacity as increas-
ng pore size decreases binding capacity (decreasing surface
rea) and decreasing pore size increases pressure drop. Dif-
erent types of monolithic supports currently available are
ryogels from polyacrylamide [6,7], emulsion-derived mono-
iths [8], polymethacrylate based polymers synthesised by free
adical polymerisation induced thermally [8–13] or by radia-
ion [14], silica columns manufactured as single blocks by a
ol–gel process [15,16], silica xerogels [17], monoliths pre-
ared from compressed polyacrylamide gels [18,19], polymer
onoliths prepared through metathesis [20], monoliths pre-

ared from carbon microspheres [21,22], carbon monoliths
21], cellulose-based monoliths [23], superporous agarose gel
24], poly vinyl alcohol [25], polyacrylamide-coated ceramics
26] and rolled woven fabrics [27]. Polymethacrylate mono-
ithic supports are optimal adsorbents for pDNA separation.
hese adsorbents can be engineered to have large pore diam-
ters thus no significant impedance to convective mass transport
s expected. They can easily be modified by functionalising
ith an anion-exchange, hydrophobic interaction or affinity

igand depending on the type of purification technique to be
mployed. They are resistant to pH, non-toxic and economi-
ally favourable to synthesize. The flexibility and the ease to
ailor their pore and surface characteristics to the target pDNA

olecule through alteration in synthesis conditions makes
hem more attractive. This present study explores the synthe-
is and characterization of customized poly(GMA-co-EDMA)
atrix with surface and pore distribution tailored distinc-

ively for pDNA binding, retention and elution. The prospect
f 2-chloro-N,N-diethylethylamine hydrochloride (DEAE-Cl)
ctivated methacrylate monolith for single-stage fast anion
xchange pDNA purification was investigated. The effect of
onic strength of the mobile phase on the plasmid size in
elation to the co-purification of contaminants is also con-
idered. Mathematical evaluation of the pressure drop across
he methacrylate monolithic bed employing nodal analysis is
resented.

. Materials and methods

.1. Materials

EDMA (Mw 198.22, 98%), GMA (Mw 142.15, 97%), cyclo-
exanol (Mw 100.16, 99%), 1-dodecanol (Mw 186.33, 98%),
IBN (Mw 164.21, 98%), MeOH (HPLC grade, Mw 32.04,
9.93%), DEAE-Cl (Mw 172.10, 97%) were purchased from

igma–Aldrich. NaCl (Amresco, MW 58.44, 99.5%), agarose
Promega), SDS (Amresco, Mw 288.38, 99.0%), Na2CO3
SPECTRUM, Mw 105.99, 99.5%), Tris (Amresco, Mw 121.14,
9.8%), EDTA (SERVA, Mw 292.3, AG), EtBr (Sigma, Mw
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94.31, 10 mg/mL), 1 kbp DNA marker (BioLabs, New Eng-
and), Wizard plus SV Maxipreps (Promega).

.2. Methods

.2.1. Synthesis of methacrylate monolith and DEAE-Cl
unctionalisation of the epoxy groups

The methacrylate monolith was prepared via free radical liq-
id porogenic co-polymerisation of EDMA as the crosslinker
nd GMA as the functional monomer. EDMA/GMA mix-
ure was combined with an alcohol-based bi-porogen solvent
n the proportion 20/20/50/10 (GMA/EDMA/cyclohexanol/1-
odecanol) making a solution with total volume 10 mL. AIBN
1% weight with respect to monomer) was used to initiate the
olymerisation process. The polymer mixture was sonicated for
0 min and sparged with N2 gas to expel dissolved O2. 5 mL
f the mixture was gently transferred into a 12 cm × 1.5 cm
olypropylene column (BIORAD) sealed at the bottom end. The
op end was sealed with a rubber bung and placed in a water bath
or 18 h at 50 ◦C. The remaining was polymerised under similar
ondition in a similar column for characterization. The poly-
er resin was washed to remove all porogens and other soluble
atters with methanol in a soxhlet extractor for 20 h and dried

t 70 ◦C. The polymer was washed with 0.5 M Na2CO3, 1.0 M
aCl, pH 11.5 followed by 50 g/L solution of DEAE-Cl and the

eaction was allowed to proceed for 15 h at 60 ◦C. The result-
ng resin was washed with DI water for 30 min and dried at
0 ◦C. The ligand density was found to be 1.85 mmol DEAE-
l/g resin according to the procedure outlined by Lindero et
l., 2005 [28]. Reaction schemes for the synthesis and DEAE-
l functionalisation of the poly(GMA-co-EDMA) monolith are

hown in Fig. 1.

.2.2. Preparation of clarified lysate from concentrated cell
aste

Concentrated frozen cells of E. coli DH5�-pUC19 were
hawn and resuspended by adding 50 mL of 0.05 M Tris–HCl,
.01 M EDTA, pH 8 buffer to 5 g of bacterial cell paste and
ortexing till a uniform suspension was obtained. The resus-
ended cells were contacted and homogenously mixed with the
ame volume of lysis solution (0.2 M NaOH, 1% SDS) for 3 min.
eutralization was performed by the addition of an equal vol-
me of 3 M CH3COOK at pH 5.5 to the lysed cell suspension.
his neutralisation step causes renaturation of pDNA through

ts persistent anchor base pairs under the set pH condition. After
ently mixing for 2 min, the mixture of pDNA-containing lysate
nd the precipitated impurities, mainly gDNA were separated to
btain a clarified lysate. This clarification step was conducted
y centrifugation at 4600 × g for 20 min. The resulting clarified
lkaline lysate typically contains pDNA, proteins, RNA, trace
ragments of gDNA and lipopolysaccharides.
.2.3. Standard plasmid preparation: maxiprep
Standard pDNA purification from the bacterial cell was

erformed with Wizard plus SV Maxipreps according to the
anufacturer’s instructions (Promega).
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Fig. 1. (A) Polymerisation reaction between ethylene glycol dimethacrylate
(EDMA) and glycidyl methacrylate (GMA). Reaction was carried out with
cyclohexanol/dodecanol porogen at 50 ◦C for 18 h. (B) Reaction of 2-chloro-
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,N-diethylethylamine hydrochloride functionalisation of epoxy groups on
DMA/GMA polymer. Reaction was carried out at 60 ◦C for 15 h.

.2.4. Characterisation of polymer resin
The monolith inside the column was pushed out carefully,

ried at 70 ◦C for 15 h and cut into disc-size pieces with a
lade. The porous properties in the dry state were studied by
g intrusion porosimetry, using a micrometrics Hg porosime-

er (Autopore III, USA). The specific surface area of the resin
as determined using Micromeritics ASAP 2020 instrument,
SA via nitrogen adsorption/desorption isotherm. A piece of

he monolith was placed on a sticky carbon foil that was attached
o a standard aluminium specimen stub. The sample was vapour
eposited with gold using a sputter coater (Dynavac, model SC
50, Australia). Microscopic analysis of the sample was car-
ied out using a high resolution field emission scanning electron
icroscope (JEOL JSM-6300F, Japan) at a voltage of 15 kV.

.2.5. Anion-exchange purification of pDNA
BIORAD polypropylene column 12 cm × 1.5 cm containing

mL of DEAE-Cl functionalised monolithic resin was con-
ected with a movable adaptor and configured to BIORAD
PLC system. Chromatographic purification of pDNA was per-
ormed using 25 mM Tris–HCl, 2 mM EDTA, 0.2 M NaCl, pH
.1 as buffer A and 25 mM Tris–HCl, 2 mM EDTA, 1.0 M NaCl,
H 8.1 as buffer B. Prior to the purification experiment, the col-
mn was equilibrated with 3 CV of buffer A. To reconnoitre
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proper chromatographic condition, 20 �L of sample of the
larified lysate was diluted (×0.5) with buffer A and applied
t 1 mL/min. After washing the unbound and weakly retained
olecules with buffer A, the ionic strength of buffer A was lin-

arly and stepwisely increased by mixing proportionally buffer
with buffer B and bound species were eluted.

.2.6. Quality and purity of pDNA samples
The purity and concentration of pDNA samples were deter-

ined spectrophometrically at 260 nm and 280 nm. Optical
ensity of 1.0 measured at 260 nm with light path of 1 cm
epresent 50 mg dsDNA/L. Absorption measurements taken at
avelengths of 260 nm and 280 nm were used to determine

he purity of pDNA based on the ratio OD260/OD280 which
s expected to be within 1.7–1.9 to indicate the sample is free
f protein contamination. Nature and size of pDNA were deter-
ined by EtBr agarose gel electrophoresis using a 1 kbp DNA

adder. Gel was made up in ×50 dilution of TAE buffer (242 g of
ris base, 57.1 mL CH3COOH, 9.305 g of EDTA), stained with
�g/mL EtBr and run at 66 V for 2 h. The resulting fraction-
ted nucleic acid gel is visualised and photographed (BIORAD,
niversal Hood II, Italy).

.2.7. Column sanitation and regeneration procedure
Column cleaning was performed by washing the column with

00 CVs of a solution containing 0.5 M NaOH, 2 M NaCl and
0% EtOH followed by another 400 CVs of only 10% EtOH
olution. The column is then regenerated with 400 CVs of 25 mM
ris–HCl, 2.0 M NaCl, pH 8.1 and equilibration was performed
ith the appropriate starting buffer until a constant UV baseline
as obtained.

. Results

.1. Dependency of pDNA size on ionic strength of binding
uffer

The sizes of standard pDNA samples under different condi-
ions of ionic strength of binding buffer were determined using
mastersizer (Malvern 2000, Australia). The ionic strength of

he binding buffer was increased by increasing sodium chloride
oncentration thus increasing [Na+] in solution. Plasmid DNA
tock solution in TE buffer (25 mM Tris–HCl, 2 mM EDTA, pH
.1) was analysed for conformational changes under different
onic strength of the binding buffer. The average D[4,3] read-
ngs for 5 runs of pDNA samples are 126 nm, 190 nm and 207 nm
n the buffer with NaCl concentrations of 1.0 M, 0.5 M and
M, respectively (Fig. 2; Table 1). The data obtained revealed

hat at low ionic strength, pDNA molecules are loosely inter-
ound supercoils, while plectonemic superhelices are formed

n higher ionic concentration. Plasmid DNA is a highly charged
olymer, so the electrostatic repulsion of negatively charged
DNA helices opposes folding and formation of close contacts

etween charged regions. However, counterions shield the neg-
tive charge of pDNA and hence decrease the repulsion between
harged segments. Consequently, the geometry of supercoiled
DNA changed at different ionic conditions. High concentration
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Fig. 2. Dependency of plasmid size on ionic strength of binding buffer. Ionic
strength of the binding was increased by increasing concentration of NaCl from
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Fig. 3. Cumulative pore volume and differential pore volume against pore diam-
eter of the monolith composed of 20/20/50/10 GMA/EDMA/cyclohexanol/1-
dodecanol using mercury intrusion porosimeter. The plot shows a modal pore
diameter of 300 nm existing in the matrix and a total pore volume of 0.95 mL/g.

Fig. 4. SEM picture for the monolith composed of 20/20/50/10
G
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M → 0.5 M → 1.0 M. The D[4,3] values obtained are 207 nm, 190 nm and
26 nm for 0 M, 0.5 M and 1.0 M, respectively. (�) 0 M NaCl, (�) 0.5 M NaCl
nd (�) 1.0 M NaCl.

f metal ions in the pDNA solution resulted in the shrinking of
he pDNA molecules; thus reducing plasmid size.

.2. Characterization and performance of methacrylate
onolithic resin

.2.1. Porosimetry and surface characterization
Pores analysis of the resin showed a unimodal pore size dis-

ribution with a maximum occurring pore diameter of 300 nm.
his value shows a suitable pore diameter for use as a stationary
hase for pDNA binding and retention considering the plas-
id size under the binding buffer conditions. The total pore

olume obtained is 0.95 mL/g and this value represents a good
olding and retention capacity of the monolith (Fig. 3). About
0% of the pores within the matrix have diameters greater than
00 nm. The BET surface area of 15.7 m2/g obtained from nitro-
en adsorption–desorption isotherm at 77 K shows the existence
f relatively few mesopores within the matrix in comparison with
acropores. SEM reveals porous network structure of the poly-
er matrix. Picture shows large pores existing within the matrix

iving a pictorial confirmation of the pore behaviour obtained
Fig. 4).
.2.2. Analytical chromatography
Different concentrations of the plasmid standards were

repared using Wizard Plus SV Minipreps according to the

m
D
i

able 1
lasmid DNA size analysis in different ionic strength of binding buffers TE (25 mM

DNA sample pDNA size
D[4.3] (nm)

Resin Pore size (nm), ligand density

UC19 + TE + 0 M NaCl 207 poly(GMA-co-EDMA) + DEAE-Cl,
UC19 + TE + 0.5 M NaCl 190 poly(GMA-co-EDMA) + DEAE-Cl,
UC19 + TE + 1.0 M NaCl 126 poly(GMA-co-EDMA) + DEAE-Cl,

ynamic binding capacities were determined using poly(GMA-co-EDMA) + DEAE-
MA/EDMA/cyclohexanol/1-dodecanol. The picture shows large through-
ores of the monolith and the network structure of the polymerised feed stock.
icture was obtained at ×20,000 magnification and 15 kV operating voltage.
anufacturer’s instructions and 5 �L of each injected in the
EAE-Cl functionalised resin to create a calibration curve. Sim-

lar chromatographic features were obtained for the different

Tris–HCl, 2 mM EDTA, pH 8.1)

(mmol/g) �Pavg (MPa) Binding capacity (mg/mL)

1 mL/min 3 mL/min

300 nm, 1.85 mmol/g 45.8 12.10 11.12
300 nm, 1.85 mmol/g 36.3 15.20 13.81
300 nm, 1.85 mmol/g 19.1 10.32 8.94

Cl resin with pore size 300 nm and ligand density 1.85 mmol/g.
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Fig. 5. Anion-exchange chromatography of pDNA obtained using Wizard plus
SV Maxipreps kit. Stationary phase: DEAE-Cl functionalised methacrylate
monolith with active group density 1.85 mmol DEAE-Cl/g resin and modal pore
size 300 nm. Chromatographic conditions—Buffer A: 25 mM Tris–HCl, 2 mM
EDTA, 0.2 M NaCl pH 8.1; Buffer B: 25 mM Tris–HCl, 2 mM EDTA, 1.0 M
NaCl, pH 8.1; Sample: 5 �L of cleared cell lysate. Flow rate, 1 mL/min. Gradi-
ent elution, 0–0.325 M for 102 s and step elution, 0.325–0.75 M for 78 s. Peaks 1
and 2 represent open circular and supercoiled pDNA, respectively. Inset shows
EtBr agarose gel electrophoresis of the pDNA fractions. Analysis was performed
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sing 1% agarose in TAE × 1 buffer, 3 �g/ml EtBr at 66 V for 2 h. Lane M is
kbp DNA ladder; lanes 1 and 2 represent open circular and supercoiled pDNA,

espectively.

lasmid concentrations. A representative chromatogram for the
lasmid samples is shown in Fig. 5. The similar characteristic
eatures of the chromatograms are: a peak at 1.50 min which
orresponds to 25 mM Tris–HCl, 2 mM EDTA, pH 8.1 buffer
ashing and peaks 1 and 2 showing the presence of open circular

A260/A280 = 1.84) and supercoiled (A260/A280 = 1.89) plasmid
orms at 4.09 and 4.40 min average retention time, respectively.
he retention time of the supercoiled plasmid was usually in the

ange 4.38–4.42 min. The DEAE-Cl functionalised resin was
ound to be very suitable in the quantification of total super-
oiled pDNA. A five point calibration curve was generated for
upercoiled plasmid quantity in 260 nm UV absorbance response
nits (Fig. 6).

.2.3. Dynamic binding capacity analysis
The influence of different [Na+] on dynamic binding capacity

f the standard pDNA obtained from Wizard plus SV Maxipreps
as studied using the DEAE-Cl functionalised methacrylate

esin. As shown in Table 1, the dynamic binding capacity
ncreased (from 12.10 mg/mL to 15.20 mg/mL at 1 mL/min and
1.12 mg/mL to 13.81 mg/mL at 3 mL/min) with increasing
Na+] (from 0 M to 0.5 M); representing decreasing pDNA size
from 207 nm to 190 nm). This observation can be explained
y the increasing accessibility of the pDNA molecules by the
nner active surfaces of the resin, thereby increasing interaction
nd retention. The results commensurate with decreasing pres-
ure drop as pDNA molecules are decreasing in size and are

herefore unable to block the pores existing in the resin matrix.
bservation of pDNA capacity increase was recently reported
n the use of compacting agents [29]. Further increase in [Na+]
o 1.0 M decreased pDNA size to 126 nm as expected but gave a

d
a

DNA and the UV response units (1 RU = 5.16 �g of Sc pDNA). Plasmid sam-
les were obtained from Wizard plus SV Maxiprep. Retention time was found
o be independent of plasmid concentration according to the inset.

ower dynamic binding capacity of 10.32 mg/ml and 8.94 mg/ml
t 1 mL/min and 3 mL/min, respectively. This conflicting result
s ascribed to the low binding performance associated with high
esin pores size to pDNA size ratio; most plasmid molecules pass
hrough the resin unbounded, thus resulting in reduced contact
ime and binding capacity at a very low pressure drop.

.2.4. Single-stage purification of pDNA from clarified
ysate: preparative chromatography

Plasmid DNA, a polymer of deoxyribonucleotides is anionic
two negatively charged phosphate groups per one base pair)
ver a wide range of pH and can therefore be isolated using
EAE-Cl functionalised resin which is a positively charged
atrix. Fig. 7 shows the resulting chromatogram for the direct

apture of pDNA from the cleared lysate. The chromatogram
hows co-purification of protein and RNA contaminants result-
ng from the electrostatic binding between the positively charged
atrix and negatively charged RNA and protein molecules exist-

ng with the target pDNA molecules in the cleared lysate. Bound
NA, proteins and pDNA molecules were eluted, respectively,
s peaks 3, 4 and 5. Peak elution of the molecules is in order
f increasing anionic charge density, a property which is in turn
function of size and conformation for a specific molecule.

ure supercoiled pDNA fraction (A260/A280 = 1.87) was col-
ected from peak 5 as revealed by the inserted EtBr agarose gel
lectrophoresis picture. Endotoxins, mainly lipopolysaccharides
ontain exposed hydrophobic groups and are therefore unable
o interact with the anion-exchange resin; hence form part of the
ow-through.

.3. Evaluation of pressure drop across the monolithic bed
mploying multi-nodal analysis
Comparative pressure drop estimation was carried out for
ifferent porous monolithic media. The pressure drop across
monolithic bed is dependent on the type of porous media,
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Fig. 7. Anion-exchange chromatographic purification of pDNA from E. coli
DH5�-pUC19 cleared lysate using 5 mL DEAE-Cl functionalised methacry-
late monolith with active group density 1.85 mmol DEAE-Cl/g resin and modal
pore size 300 nm. Chromatographic conditions—Buffer A: 25 mM Tris–HCl,
2 mM EDTA, 0.2 M NaCl, pH 8.1; Buffer B: 25 mM Tris–HCl, 2 mM EDTA,
1.0 M NaCl, pH 8.1, flow rate; 1 mL/min. Peaks 1, 2, 3, 4 and 5 represent load-
ing, washing, RNA, protein and pDNA, respectively. Inset shows results from
EtBr agarose gel electrophoresis of pDNA fractions. Analysis was performed
using 1% agarose in TAE × 1 buffer, 3 �g/mL EtBr at 66 V for 2 h. Lane M is
1
o
p

c
a
h
i
w
n
f
G

F
e

F
n

c
b
p

b
t
i
e
p
1
h
a
p

kbp DNA ladder; lanes 1 and 2 represent supercoiled pDNA and linear pDNA
btained from EcoRI cleavage at the sequence GAATTC of the supercoiled
DNA. Gel picture reveals no band for contaminants.

hannel size and network structure. Two types of porous media
re considered; the first (Fig. 8) is a monolithic structure made of
omogeneous pores having equal diameters with channels not
nterconnected and the second (Fig. 9) is a monolithic structure
ith non-uniformity in pore structure with channels intercon-

ected. Methacrylate monolithic resins synthesised via thermal
ree radical liquid porogenic copolymerisation of EDMA and
MA show pore structure similar to the latter. They have a

ig. 8. A monolithic structure made of homogeneous pores having equal diam-
ter with channels not interconnected.
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ig. 9. A monolithic structure with non-uniformity in pore structure with chan-
els interconnected.

ombination of both identical and non-identical structure
etween nodes with pore interconnectivities. Hence, the entire
orous structure is heterogeneous.

Let assume the same flow rate is applied to both structures,
oth structures have similar voidage with equal pore volume and
hat the pore volume existing in a nodal plane Ni is negligible. Ds
s the pore diameter of the first porous media, Dj a pore diameter
xisting in the second porous media and �Pk

i (k = 1, 2) is the
ressure drop across Ni−1 and Ni nodal planes for porous media
and 2. Considering the first structure, pores of the same length
ave the same pore volume and since nodal planes are considered
t the same intervals the pressure drop between successive nodal
lanes is the same. For m number of nodal planes,

P1
1 = �P1

2 = . . . = �P1
i = �P1

i+1 = . . . = �P1
m = �P1

m+1

(1)

onsequently, the total pressure drop �P1 over the bed is given
y;

P1 = �P1
1 + �P1

2 + · · · + �P1
i + �P1

i+1 + · · · + �P1
m

+�P1
m+1 =

i=m+1∑
i=1

�P1
i = (m + 1)�P1

i (2)

otal pore volume for a unit node to node interval, Vp1 existing
n pore media 1;

p1 = n(m + 1)
πD2

s

4
(3)

or the second structure, pore diameters between nodes are dif-
erent so the pressure drops are different for any two consecutive
odal planes. Liquid flowing through this structure can randomly
witch through the nodal planes from one pore to the other.
P2
1 �= �P2

2 �= . . . �= �P2
i �= �P2

i+1 �= . . . �= �P2
m �= �P2

m+1

(4)
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uniformity. It is obvious that for 0 < ξ < 1 the parallel type
non-uniform structure gives a higher pressure drop in compari-
son to the structure with uniform pore size distribution. For ξ ≥ 1,
the parallel type non-uniform structure gives a lower pressure
4 M.K. Danquah, G.M. Forde / J

onsequently, the total pressure drop �P2 over the bed is given
y;

P2 = �P2
1 + �P2

2 + · · · + �P2
i + �P2

i+1 + · · · + �P2
m

+�P2
m+1 =

i=m+1∑
i=1

�P2
i (5)

otal flow-through in media 2 is equal to the sum of the individ-
al flows in all the pores. Dij represents the diameter of the jth
ore entering the ith nodal plane. Total pore volume for a unit
ode to node interval, Vp2 existing in pore media 2;

p2=π

4

⎛
⎝j=n∑

j=1

D2
1j + D2

2j+· · · + D2
ij + · · · + D2

mj + D2
(m+1)j

⎞
⎠

= π

4

j=n∑
j=1

i=m+1∑
i=1

D2
ij (6)

ince the total pore volume for structures 1 and 2 are the same,
p1 = Vp2

(m + 1)
πD2

s

4
= π

4

j=n∑
j=1

i=m+1∑
i=1

D2
ij ⇒ n(m + 1)D2

s

=
j=n∑
j=1

i=m+1∑
i=1

D2
ij (7)

ressure drop of a laminar flow through a cylindrical pore can
e computed using the Hagen–Poiseuille equation. Application
f Hagen–Poiseuille equation on structure 1 gives;

1
v = n(m + 1)π

�P1D4
s

128ηL
(8)

pplication of Hagen–Poiseuille equation on structure 2 gives;

2
v = π

128ηL

j=n∑
j=1

�P1jD
4
1j + �P2jD

4
2j + · · · + �PijD

4
ij + · · ·

+�PmjD
4
mj + �P(m+1)jD

4
(m+1)j

= π

128ηL

j=n∑
j=1

i=m+1∑
i=1

�PijD
4
ij

ince the total pore volume existing in structures 1 and 2 are
onsidered the same, φ1

v = φ2
v

(m + 1)π
�P1D4

s = π
j=n∑i=m+1∑

�PijD
4
ij
128ηL 128ηL

j=1 i=1

⇒ n(m + 1)D4
s �P1 =

j=n∑
j=1

i=m+1∑
i=1

�PijD
4
ij (9)

ombining Eqs. (7) and (9) gives;
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∑j=n
j=1
∑i=m+1

i=1 (�Pij/�P1)D4
ij

D2
s
∑j=n

j=1
∑i=m+1

i=1 D2
ij

= 1 (10)

onsidering a single nodal plane (i = 1) of a non-uniform
ethacrylate monolithic structure which is bimodal (j = 2) with
odal pore diameters D1 and D2 in the ratioD1/D2 = ξ.
ssume the monolith has a structure of parallel type non-
niformity. The pressure drop analysis for this system is carried
ut in comparison with a monolith of uniform structure having
he same pore volume, single node (i = 1) and unimodal pore
iameter D0.

Pore volume equality for the two systems can be written as;

2
0 = D2

1

2
+ D2

2

2
= D2

1

2

(
1 + D2

2

D2
1

)
= D2

1

2

(
1 + 1

ξ2

)
(11)

pplying Hagen–Poiseuille equation to evaluate pressure drop
nd equalising results gives;

�P0D
4
0 = �P1D

4
1 + �P2D

4
2 (12)

or parallel type non-uniform structure, the total pressure drop
bove (�P1) and below (�P2) the nodal plane are the same;
ence �P1 = �P2 = �P

�P0D
4
0 = �P(D4

1 + D4
2) = �PD4

1

(
1 + D4

2

D4
1

)

= �PD4
1

(
1 + 1

ξ4

)
(13)

ombining Eqs. (11) and (13) gives;

�P0

�P
= 2

(
1 + 1

ξ4

)(
1 + 1

ξ2

)−2

(14)

ifferentiating Eq. (14) gives;

d(�P0/�P)

dξ
= 8ξ

(ξ2 + 1)2

(
ξ2 − ξ4 + 1

ξ2 + 1

)
(15)

he minimum value of (�P0/�P) occurs at ξ = 1
The dependency of pressure drop on media type is shown in

ig. 10 for the single node structure with parallel type non-
rop in comparison to the structure with uniform pore size dis-
ribution. The profile obtained shows that low pressure drop can
e obtained simply by modifying the pore size distribution. For
ethacrylate monolith, this can be achieved by altering syn-

hesis conditions, such as polymerisation temperature, reactant
ixture composition and heat transfer coefficients.
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Fig. 10. Dependency of the pressure drop on the media type for a structure with
parallel type non-uniformity. For 0 < ξ < 1 the parallel type non-uniform structure
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a reproducible and homogenous pore and surface structures,
the temperature during polymerisation should be controlled.
The possibilities of controlling the temperature differences
inside large moulds are very limited during polymerisation and

Table 2
Binding capacity of DEAE-Cl functionalised resin with pore size 300 nm and
ligand density 1.85 mmol/g measured at 1 mL/min in repeated loadings with
column regeneration

Number of loadings Binding capacity (mg/ml)

1 15.2
2 15.3
3 15.1
4 14.8
5 14.1

Resin washing and regeneration
6 15.4
ives a higher pressure drop in comparison to the structure with uniform pore
ize distribution. For ξ ≥ 1 the parallel type non-uniform structure gives a lower
ressure drop in comparison to the structure with uniform pore size distribution.

. Discussion

.1. Effect of ionic strength on co-purification of
ontaminants

The effect of increasing ionic strength of binding buffer
an sufficiently be exploited as a strategy to avoid unnecessary
dsorption of low charge density impurities, such as low molec-
lar weight RNA and proteins. Under the condition of high ionic
trength of binding buffer, impurities gradually elute in the flow-
hrough and the entire capacity of the resin can be fully utilised
or pDNA adsorption. This would result in decrease in binding
f undesired proteins and RNA, hence gradual diminishing of
he RNA and protein peaks and increase in the pDNA concen-
ration and purity. Also a decrease in plasmid elution time and
ncrease in plasmid recovery with increasing ionic strength of
inding buffer could be realised.

.2. Effect of pH on pDNA binding and elution

Plasmid DNA is a large molecule and highly negatively
harged. Due to its size and charge, pDNA molecules inter-
ct with a positively charged resin through several binding
ites; hence the consequent interaction is very strong. The high
harge density associated with pDNA molecule enables its sta-
ility under variable pH. Therefore, any change that may be
bserved in chromatographic performance under variable pH
ystem almost certainly results from a change in property of
he adsorbent employed. Bencina et al. [30] observed the results
f pH variation employing three types of DNA: pDNA (pDNA
ize 5 kbp), lDNA (gDNA size 50 kbp), and gDNA with a broad

olecular weight distribution up to 200 kbp. They investigated

he effect of pH by changing the pH value of the mobile phase
etween 7 and 12. Retention of pDNA, lDNA and gDNA injected
n a DEAHP (weak anion-exchanger) column significantly

1

omatogr. B 853 (2007) 38–46 45

ecreased at higher pH values. This decrease in retention was
ttributed to DEAHP groups since the pH variation was not
xpected to significantly influence the charge on the DNA.
o confirm this, they conducted a similar experiment using
onolithic column containing QA group, which is a strong

nion-exchanger and do not change activity in the tested pH
ange. A comparison of DNA retention behaviour shows that
he displacer concentration required for DNA elution remains
imilar on QA columns over the entire pH range, while there is
drastic decrease in DEAHP columns for pH values above 8,

eaching no retention at pH 11.

.3. Economics and scale up consideration of methacrylate
onolith synthesis and application

On the basis of these results, the ion-exchange resin is well
uited for the purification of pDNA. The binding capacity of
5.2 mg/mL obtained for the resin is higher than that of any
ommercially available media. The binding capacity of cur-
ent commercially available adsorbents is between 0.26 and
.86 mg/mL. However, it is the economic viability of a resin
hat makes it more attractive for pDNA purification especially
n the commercial level. For comparison on economic grounds,
he estimated cost of the DEAE-Cl functionalised resin is US$
2 L−1 which is cheaper than other polymeric sorbents used
or anion-exchange chromatographic purification of pDNA. The
ost of functionalisation with DEAE-Cl ligand forms about
0% of the total cost as this requires energy cost to maintain
temperature of 60 ◦C. After several runs using the resin, it

resented the same retention capacity after regeneration thus
emonstrating durability and good physical resistance (Table 2).
he synthesis of large-volume uniform methacrylate monolithic
orbents is a very intricate process mainly because of the large
mount of exothermicity associated with the polymerisation
rocess causing a pronounced temperature non-homogeneity
hat significantly affects the structure. To obtain monoliths with
7 15.1
8 14.9
9 14.9
0 14.7
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herefore the temperature gradient is determined by the
xperimental conditions of reactant mixture composition, the
emperature of the water bath, heat transfer coefficients on either
ides of the mould, the shape of the mould and the diameter of
he mould. For a successful synthesis of large columns, experi-

ental conditions have to be optimally selected with minimum
xothermicity. In order to accomplish this, detailed knowledge
f the kinetics of the polymer configuration and heat transfer
echanism are vital.

. Conclusion

The unit operations of fermentation and lysis are vital stages
or the production and release of pDNA from a bacterial sys-
em. However, the incorporation of monolith affects the process
rom the filtration stage onwards by offering fast separation at
igh flow rate and through-put under a reduced number of unit
perations. This work utilised a methacrylate monolithic sor-
ent specifically tailored for direct capturing of the target pDNA
olecule. Characterization of the resin showed pore and sur-

ace properties for optimum binding and retention of the pDNA
olecule considering its dimension. The final product obtained

fter 5 min purification employing the resin was a supercoiled
DNA with no RNA or protein contamination and was found
o meet regulatory standards. The sorbent displayed the poten-
ial to reduce the number of unit operations required to capture
harmaceutical grade pDNA from greater than three to one-
tage purification. Scale-up and economic consideration show
hat this cost effective and cGMP compatible procedure can be
dvanced to the commercial level.
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