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a b s t r a c t

Anion exchange monolithic chromatography is increasingly becoming a prominent tool for plasmid DNA
purification but no generic protocol is available to purify all types of plasmid DNA. In this work, we
established a simple framework and used it to specifically purify a plasmid DNA model from a clarified
eywords:
rocess optimisation
nion exchange
onolithic chromatography

lasmid DNA

alkaline-lysed plasmid-containing cell lysate. The framework involved optimising ligand functionali-
sation temperature (30–80 ◦C), mobile phase flow rate (0.1–1.8 mL/min), monolith pore size (done by
changing the porogen content in the polymerisation reaction by 50–80%), buffer pH (6–10), ionic strength
of binding buffer (0.3–0.7 M) and buffer gradient elution slope (1–10% buffer B/min). We concluded that
preferential pcDNA3F adsorption and optimum resolution could be achieved within the tested conditions
by loading the clarified cell lysate into 400 nm pore size of monolith in 0.7 M NaCl (pH 6) of binding buffer

e NaC
cDNA3F followed by increasing th

. Introduction

Anion-exchange chromatography (AEC) remains one of the most
rominent methods in plasmid DNA (pDNA) purification due to its
apid separation, easy sanitisation, no organic solvent requirements
nd wide selection of available stationary phases [1]. In terms of
uality and recovery, consistent results have been achieved at dif-
erent scales [2]. AEC is based on the interaction between negatively
harged phosphate groups of plasmid and positively charged sta-
ionary matrix [3]. A buffer containing sodium chloride salt can be
sed as the eluting buffer and a gradient elution can be performed
t a specific slope (% eluting buffer/min) for optimum resolution [4].
olecules with lower charge densities should elute first followed

y high negatively charged molecules, a trend, which is attributed
o plasmid chain length and conformation [5].

The purification of large biomolecules, such as plasmids is
bstructed by the performance of conventional chromatographic

upports with a small particle pore diameter. Most of these
hromatographic supports are geared towards high adsorption
apacities of small molecules such as proteins and peptides. In
olumns packed with such particles, plasmids greater than 100 nm
dsorb predominantly on the outer surface of the particles and this
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leads to low binding capacities [6]. A monolith is a continuous phase
consisting of a piece of highly porous organic or inorganic solid
material. The most essential feature of this support is that all the
mobile phase is forced to flowthrough its large pores. As a conse-
quence, mass transport is steered by convection; reducing the long
diffusion time required by particle-based supports [7]. The pore
size of the monolith plays an important role in providing spaces
for both ligand attachment and plasmid mobility. Based on a pre-
vious study, it is speculated that bimodal pore sizes of 0.008 and
0.5 �m can provide the optimum condition for ligand coupling,
plasmid binding and plasmid retention [8]. The pore size of the
monolith can be altered by varying the composition of the reac-
tants and porogens. One of the most studied monolithic materials
is silica based monolith which has been reported in [9–11]. Sil-
ica based monolith has been used in analytical chromatography
and resulted in a significantly short processing time compared to
conventional packed bed column [12]. Another type of monolithic
material is polymethacrylate based monolith which is the type
of chromatographic column used in this work. Polymethacrylate
monoliths are especially useful for large-scale purification of large
biomolecules owing to its enhanced mass transfer properties, pres-
sure and flow, specific permeability, morphological and structural
stability [13].
To optimise the ligand coupling on polymethacrylate, crucial
parameters such as temperature, reaction time and pH can be
optimised. Generally, the ligand coupling rate increases with tem-
perature according to the Arrhenius equation [14]. At high pH
values, the epoxy group of polymethacrylate is more reactive than
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hat at low pH values. However, the maximum pH value is limited
y the ligand stability which in most cases affected by deactiva-
ion, leaching and aggregation. Using high ionic strength binding
uffers can also improve the ligand coupling on polymethacrylate
ut extra care has to be taken when using highly ionic binding
uffers since they may lead into disruption of the covalent linkage
f the polymethacrylate or monolith shrinkage.

pH can greatly alter the monolith charge density and thereby
ffect the success of the plasmid purification [8]. In this work, differ-
nt pH values were tested for optimal plasmid purification. Effect
f pH on the overall plasmid charge and ligand charge densities
as analysed by Zeta potential analyser. Plasmid purity, recovery

nd peak resolution are coherently influenced by chromatographic
esidence time [8]. Residence time can be altered by manipulating
uffer flow rate and column length. Generally at low flow rates
nd high column lengths, separation will be more efficient due
o an increase in retention time of the solute of interest. At low
ow rates however, the peak width may be broadened resulting in

ow plasmid recovery and low resolution. Therefore, an optimisa-
ion of buffer flow rate is necessary and a mathematical study can
e carried out to assess the trade-off between plasmid purity and
ecovery [15].

. Materials and methods

Ethylene glycol dimethacryalte (EDMA) (Mw 198.22, 98%), gly-
idyl methacrylate (GMA) (Mw 142.15, 97%), cyclohexanol (Mw
00.16, 99%), 1-dodecanol (Mw 186.33, 98%), AIBN (Mw 164.21,
8%), MeOH (HPLC grade, Mw 32.04, 99.93%), DEA (Mw 73.14, 99%)
ere purchased from Sigma–Aldrich. NaCl (Amresco, Mw 58.44,

9.5%), agarose (Promega), SDS (Amresco, Mw 288.38, 99.0%),
a2CO3 (SPECTRUM, Mw 105.99, 99.5%), Tris (Amresco, Mw 121.14,
9.8%), EDTA (SERVA, Mw 292.3, AG), EtBr (Sigma, Mw 394.31,
0 mg/mL), 1 kbp DNA marker (BioLabs, New England), Wizard plus
V Maxipreps (Promega).

.1. Model plasmid vaccine

E coli DH5� carrying plasmid measles vaccine (pcDNA3F) was
rovided by Dr. Diane Webster of School of Biological Sciences,
onash University, Australia.

.2. Cell line propagation

10 �L of transformed cells (E. coli DH5�-pcDNA3F) was cultured
n LB–agar–ampicillin plate at 37 ◦C overnight. A single E. coli DH5�-
cDNA3F colony was picked from the LB–agar–ampicillin plate
nd subcultured with 250 mL of LB media containing 100 �g/mL
mpicillin and 0.5% (v/v) glycerol at 37 ◦C overnight under 200 rpm
haking. Subsequently, 2 mL of the culture was inoculated into
000 mL medium containing 100 �g/mL ampicillin and 0.5% (v/v)
lycerol. The fermentation was run at 37 ◦C under 200 rpm shaking
nd was harvested at 15 h post inoculation.

.3. Preparation of E. coli DH5˛-pcDNA3F cleared lysate

5 g of frozen E. coli DH5�-pcDNA3F bacterial cell paste were
hawed at 37 ◦C and resuspended in 50 mL of 0.05 M Tris–HCl,
.01 M EDTA, pH 8 buffer. The resuspended cells were homoge-
ously mixed with 50 mL of lysis solution (0.2 M NaOH, 1% SDS)
or 5 min by gently swirling the mixture. Neutralisation was per-
ormed by the addition of 75 mL 3 M CH3COOK at pH 5.5 to the
ysed cell suspension for 5 min. The mixture of pDNA-containing
leared lysate and the precipitated impurities, mainly gDNA were
eparated by centrifugation at 4600 rpm for 30 min.
matogr. B 878 (2010) 2719–2725

2.4. Synthesis and amino functionalisation of poly(GMA–EDMA)
monolithic column

The monolith was prepared via free radical co-polymerisation
of EDMA and GMA monomers. EDMA/GMA mixture was com-
bined with alcohol-based bi-porogen solvents in the proportion
20/10/60/10 (GMA/EDMA/cyclohexanol/1-dodecanol) making a
solution with a total volume of 2 mL. AIBN (1% weight with respect
to monomer) was added to initiate the polymerisation reaction.
The polymer mixture was sonicated for 15 min and sparged with
N2 gas for 15 min to expel dissolved O2. The mixture was gen-
tly transferred into a conical 0.8 cm × 4 cm polypropylene column
(BIORAD) sealed at the bottom end. The top end was sealed with
a parafilm sheet and placed in a water bath for 18 h at 60 ◦C. The
polymer resin was washed to remove all porogens and other soluble
matters by flowing through the column with methanol for 20 h at
room temperature. The polymer was washed with deionised water
at 0.3 mL/min for 60 min followed by a solution containing 17 mM
DEA, 20 mM Na2CO3 and 3 mM NaCl at 0.1 mL/min for 20 h in a 60 ◦C
waterbath. The resulting functionalised polymer was washed with
deionised water.

2.5. Preparation of suspended poly(GMA–EDMA) particles for
Zeta potential analysis

Suspended poly(GMA–EDMA) particles for Zeta potential analy-
sis was prepared by dispersion polymerisation. A 50 mL mixture of
GMA, EDMA, cyclohexanol, 1-dodecanol (20:10:60:10 v/v respec-
tively) and 0.15 g AIBN was prepared at room temperature in a
shake flask. The polymer mixture was sonicated for 15 min and
sparged with N2 gas for 15 min. The top end was sealed with a
parafilm sheet and placed in an incubater for 24 h at 60 ◦C under
300 RPM shaking. The polymerised poly(GMA–EDMA) was trans-
ferred into a shake flask containing 200 mL methanol for 15 h at
200 rpm. At this stage, most of the polymer existed as finely sus-
pended particles (<1 �m). The suspended polymer was centrifuged
and resuspended in a 50 mL solution containing 25 mM Tris–HCl,
2 mM EDTA and 0.005 M NaCl at pH 8.

2.6. Chromatographic purification of pcDNA3F

The conical column containing 2 mL of functionalised mono-
lithic resin was connected and configured to BIORAD HPLC system.
Before the chromatography was performed, column equilibration
was done with buffer A (25 mM Tris–HCl, 2 mM EDTA, 0.2 M NaCl,
pH 7) at 0.6 mL/min until a constant UV baseline was achieved.
1 mL of clarified cell lysate was diluted (0.5×) with buffer A and
applied at 0.6 mL/min. A washing step was done with 15 column
volumes (CVs) buffer A at 0.6 mL/min to completely remove the
unbound and weakly retained molecules especially proteins. The
elution of pcDNA3F was done by mixing buffer A with buffer B
(25 mM Tris–HCl, 2 mM EDTA, 1.0 M NaCl, pH 7) at 4% B/min. Col-
umn cleaning was performed by washing the column with 50 CVs
of a solution containing 0.5 M NaOH and 2 M NaCl followed by 50
CVs of 70% EtOH solution. The column was then regenerated with
10 CVs of buffer B.

2.7. Plasmid DNA qualitative and quantitative analyses

Standard pcDNA3F was prepared using Wizard plus SV Max-
ipreps according to the manufacturer’s instructions (Promega). The

concentration of the plasmid was determined via UV absorbance at
260 nm. An absorbance value of 1.0 unit measured at 260 nm repre-
sents 50 mg/L double stranded DNA. Nature and size of the plasmid
were determined by ethidium bromide agarose gel electrophoresis
using 1 kbp DNA ladder. The gel was made up of 50× diluted TAE
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Fig. 1. Diethylamine densities measured at different functionalisation temperatures
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at least be 137 nm. In a real application, the monolith pore size
is much larger than the plasmid. This is to compensate with the
high mobile phase flow rate and different molecules that exist in
the clarified plasmid-containing cell lysate. To optimise the mono-
nd incubation periods. Ligand densities were calculated based on the difference in
ry weights of the polymer before and after functionalisation was performed. Func-
ionalisation was done at 2 h (rhombus), 5 h (square) and 24 h (triangle) of incubation
eriods between 30 and 80 ◦C.

uffer (242 g Tris base, 57.1 mL acetic acid, 9.305 g EDTA), stained
ith 3 �g/mL ethidium bromide and run for 2 h at 66 V. The gel
as photographed with a gel analyser (BIORAD, Universal Hood

I, Italy). The hydrodynamic size distribution and electrokinetics
ehaviour of plasmid and functionalised poly(GMA–EDMA) as well
s their interactions at different conditions were assessed using
etasizer and Zeta potential analyser according to the manufac-
urer’s instructions (Malvern Instruments).

. Results and discussion

.1. Effect of temperature on rate of ligand functionalisation

The dependency of DEA and poly(GMA–EDMA) coupling on
eaction temperature can be checked using Arrhenius equation.

= Ae−Ea/RT (1)

here k is the effective ligand coupling rate (mol/s) obtained
y measuring ligand densities every minute for 1 h, A is total
umber of DEA and poly(GMA–EDMA) collisions (mol/s), Ea is acti-
ation energy of poly(GMA–EDMA)–DEA (J/mol), R is gas constant
8.314 J/mol K), and T is temperature (K). Taking ln of Eq. (1) yields
he following equation:

n k =
(−Ea

R

)
1
T

+ ln A (2)

By fitting Eq. (2) into experimental data, the correlation fac-
or (R2) was calculated as 0.99, A value was 8.235 × 1013 mol/s and
ctivation energy for ligand coupling was 1.24 × 105 J/mol.

At high temperatures, the ligand functionalisation rate was high
eading to a shorter reaction time and vice versa (as seen in Fig. 1).
t very high temperatures however, the monolith pore structures
ecame uneven leading to reduced binding capacities and reso-

ution. In this study we found that the optimum temperature for
igand functionalisation was at 60 ◦C.

.2. Optimisation of mobile phase flow rate

During chromatography, the movement of plasmids through
onolith is influenced by diffusion, adsorption and convection of

lasmids inside the monoliths. These factors are related to lin-
ar velocity of mobile phase as suggested by the Van Deemter
quation. By running plasmid samples at different flow rates, the
eight equivalent to theoretical plate (HETP) can be calculated and

sed to determine the optimum flow rate. As depicted in Fig. 2,
he optimum linear velocity is at 0.6 m/min which is equivalent
o a volumetric flow rate of 0.6 mL/min. Under this condition, the
esulting chromatographic peaks are sharp, symmetrical and band
roadening is minimised. At flow rate <0.6 mL/min, plasmids spend
matogr. B 878 (2010) 2719–2725 2721

more time in the monolith and start to diffuse out from the cen-
tre to the edges thus leading to band broadening and reduced
chromatographic efficiency. At flow rate >0.6 mL/min, band broad-
ening are more complicated. Besides the differences in residence
time between plasmids in mobile phase and plasmids in stationary
phase, Zochling et al. [16] suggested that band broadening occur-
ring at high flow rates is also attributed to the stretching of the
plasmid DNA caused by flow-induced shear stress [17]. Further to
the flow-induced elongational stress, fewer amounts of plasmids
are bound per unit area of the anion exchange surface thus resulting
in lower plasmid yields.

We also propose herein that, as a result of a very high flow rate-
induced shear stress, plasmids may become nicked thus leading to
lower supercoiled plasmid DNA yields [17,18]. Shear-induced plas-
mid elongational and degradation are complex events and current
understanding of the effects of shear rate on plasmid shapes does
not provide a final answer to these proposed phenomena. In view
of this, it is prudent to investigate the molecular mechanism of
effect of shear stress on plasmid shape and stability to better con-
trol the monolithic chromatography of plasmids and comply with
regulatory standards.

3.3. Optimisation of pore size

The chromatographic resolution of plasmid DNA significantly
depends on the active surface accessibility. In this case the active
surface is actually the monolith pore surfaces. The channels should
be large enough to allow penetration of large plasmid DNAs
(>100 nm) and at the same time to separate other impurities of
smaller sizes (<100 nm). If the pore size is too small, not only
the resolution is poor but also the back pressure is high too. The
first step to determine the optimum pore size of the monolith for
plasmid purification is to measure the hydrodynamic size of dou-
ble stranded supercoiled plasmid DNA by dynamic light scattering
method. Based on the size of the plasmid, the monolith pore size
can then be formed according to methods described by Danquah
and Forde [19]. Further optimisation of pore size can be done for a
greater plasmid resolution by fine tuning the amount of porogen in
the monolith preparation.

Based on Fig. 3, the mean hydrodynamic diameter of the model
plasmid pcDNA3F as measured by the Zetasize analyser (Malvern
Instruments) is 137 nm. Therefore, the monolith pore size should
Fig. 2. Effect of flow rate on column efficiency. Buffer A (25 mM Tris–HCl, 2 mM
EDTA, 0.2 M NaCl, pH 7). Buffer B (25 mM Tris–HCl, 2 mM EDTA, 1.0 M NaCl, pH 7).
Sample: 0.5 mL of clarified alkaline-lysed cell lysate. Washing, 30 CVs of buffer A;
gradient elution, 4% B/min.
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Fig. 3. Hydrodynamic size distribution of plasmid pcDNA3F. Mean size is ∼137 nm
in 25 mM Tris–HCl, 2 mM EDTA and 0.005 M NaCl at pH 8.
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ig. 4. Effect of porogen:monomer ratio on plasmid resolution. Flow rate
.6 mL/min. Buffer A (25 mM Tris–HCl, 2 mM EDTA, 0.2 M NaCl, pH 7). Buffer B
25 mM Tris–HCl, 2 mM EDTA, 1.0 M NaCl, pH 7). Sample: 0.5 mL of clarified alkaline-
ysed cell lysate. Washing, 30 CVs of buffer A; gradient elution, 4% B/min [19].

ith pore size for plasmid pcDNA3F purification, different porogen
ontents in monolith preparation were tested. The effects of poro-
en on plasmid resolution and monolith pore size are shown in
igs. 4 and 5.

In general, smaller pore size results in the solute not entering
he pores thus larger pore size is needed to cater for both ligand
ttachment and plasmid mobility. A decreasing trend of plasmid
etention with increasing porogen content is observed in Fig. 4.
his can be explained by analysing the internal structures of the
onolith in Fig. 5. At 40% porogen, the modal pore diameter is
15.7 nm which is vaguely smaller than pcDNA3F. As a result of
his internal resistance, the plasmids may take longer time to pass
hrough the pores by flow-induced elongational stress and may co-
lute with other molecules of smaller size. Fractions of the plasmids
ay remain within the pores or elute at a later time thus resulting

ig. 5. SEM photographs of poly(GMA–EDMA) polymerised at different porogen:mon
EDMA/GMA) of 40/60; porogen concentrations of 40%, 60%, 70% and 80%; polymerisation

icroscopic analysis was performed at 15 kV. POR:porogen.
matogr. B 878 (2010) 2719–2725

in lower plasmid yield and band broadening as depicted in Fig. 4.
At 80% porogen, the modal pore size is 875.6 nm which is 8 times
larger than the size of pcDNA3F. At this point, plasmid resolution
may become less dependent on monolith pore size and therefore
depends solely on buffer gradient elution for separation. It is also
important to note that at a substantially large pore size, the surface
area is greatly reduced thus resulting in a lower binding capacity.
This affects the overall positive charge density of the matrix which
in turn affects the electrostatic interaction and plasmid separation.
In this study, the optimum monolith pore size for pcDNA3F reso-
lution occurs at 65% porogen. This value corresponds to a pore size
of approximately 400 nm according to Danquah and Forde [19].

3.4. Effect of NaCl in binding buffer on plasmid retention and
binding capacity

When a clarified plasmid-containing bacterial lysate is loaded
into an anion exchange monolithic column, a strong competition
occurs between plasmids and negatively charged impurities for
the anion exchange matrix. This leads to reduced plasmid bind-
ing capacity and low plasmid recovery during elution. One way
of minimising the adsorption of lower charged impurities onto the
matrix is by increasing the ionic strength of binding buffer by means
of increasing NaCl concentration. Theoretically, the optimum NaCl
concentration of binding buffer can be defined as the point where
all impurities carry zero net surface charge leaving only plasmids
with net negatively charged surface. Under this circumstance, the
monolith internal surface area can be fully utilised for plasmid
adsorption.

To obtain the relative surface charge of a particle, we measured
the Zeta potential of the particles which is defined as the electric
potential at a particular distance off the particle surface called the
hydrodynamic slip plane [20]. According to Fig. 6, plasmid pcDNA3F
remains negatively charged at 2 M NaCl whilst proteins and RNAs
are neutralised at 0.25 and 1.0 M NaCl respectively. We predicted
that at a NaCl concentration of ∼1.0 M in loading buffer, majority
of the plasmids would stay within the monolith matrix leaving all
impurities especially proteins and RNA in the flowthrough. We also
hypothesised that plasmid yield would not be affected considering
the same amount of sample loaded into the monolith. To verify
these hypotheses, four chromatographic runs were performed at
0.3, 0.4, 0.5 and 0.7 M NaCl in loading/binding buffer. The elution
step was initiated at 5 min post loading by gradient elution up to
1.0 M NaCl at 4% B/min. The chromatograms of the analyses are
shown in Fig. 7. Generally the retention time was high at low ionic

strength of binding buffer and vice versa. A decreasing trend of RNA
yield with increasing ionic strength of binding buffer was observed
between 0.3 and 0.7 M NaCl. RNA adsorption was virtually elimi-
nated at 0.7 M which was slightly lower than the predicted value
of 1.0 M.

omer ratios. Polymerisations were carried out with a constant monomer ratio
temperature of 60 ◦C; AIBN concentration of 1% (w/w) with respect to monomers.
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ig. 6. Effect of buffer’s ionic strength on the Zeta potential of pcDNA3F and
oly(GMA–EDMA)–DEA. Base buffer (25 mM Tris–HCl, 2 mM EDTA, 0 M NaCl, pH
). Each data point represents the average of three replicates.

The trend of plasmid yield however, did not quite agree with
he hypothesis since plasmid yield seemed to decrease slightly
ith increasing NaCl concentration in binding buffer. This trend can

e explained from the condensation theory which postulates that
pon neutralisation of negatively charged phosphate groups in the
NA backbone, the repulsive forces are weakened thus allowing the
NA to collapse into compact forms [17,21]. We also propose that at
high ionic strength of binding buffer, the amount of plasmid DNA
ound per unit area of the anion exchange surface is reduced due to
ecreased electrostatic attraction exerted by the matrix surface. As
result of this compaction, the effective hydrodynamic diameter of

he DNA is decreased and the loosely retained molecules can easily
owthrough the monolith pores.

.5. Optimisation of gradient elution
In ion exchange monolithic chromatography, the major mech-
nism that contributes to plasmid separation is attributed to size
xclusion and close vicinity electrostatic interaction between the

ig. 7. Effect of ionic strength of binding buffer on plasmid retention. Buffer A
25 mM Tris–HCl, 2 mM EDTA, 0.3–0.7 M NaCl, pH 7). Buffer B (25 mM Tris–HCl,
mM EDTA, 1.0 M NaCl, pH 7). Flow rate: 1.0 mL/min; sample: 1.0 mL of clari-
ed alkaline-lysed cell lysate; washing: 5 mL buffer A; gradient elution: 4% B/min.
aCl concentration in buffer A: 0.3 M (rhombus); 0.4 M (square); 0.5 M (triangle);
.7 M (circle). Inset shows ethidium bromide gel electrophoresis of different samples
aken at different peak elutions. Analysis was performed using 1% agarose in 100 mL
AE × 1 buffer, 0.5 �g/mL ethidium bromide at 65 V for 1.7 h. Lane M is 1 kbp DNA
adder; lanes 1 and 2 represent peaks 1 (RNA) and 2 (pcDNA3F) of the chromatogram;
ane S is standard Maxiprep pcDNA3F.
Fig. 8. Effect of buffer B gradient on plasmid resolution. Flow rate 0.6 mL/min. Buffer
A (25 mM Tris–HCl, 2 mM EDTA, 0.2 M NaCl, pH 7). Buffer B (25 mM Tris–HCl, 2 mM
EDTA, 1.0 M NaCl, pH 7). Sample: 0.5 mL of clarified alkaline-lysed cell lysate. Wash-
ing, 30 CVs of buffer A.

plasmid and ligand. Plasmid elution is done by increasing the ionic
strength (e.g. NaCl concentration) of the mobile phase. As discussed
previously, the presence of NaCl in a mobile phase reduces the effec-
tive net charge of both plasmid and ligand. NaCl also affects the
hydrodynamic size of plasmid and other impurities such as RNAs
and proteins. To effectively separate plasmid DNA from contam-
inating species, NaCl concentration was increased gradually and
each species was eluted from the column based on NaCl-induced
size compaction and reduced electronegativities. Fig. 8 shows the
effect of different NaCl (buffer B) gradient elutions on plasmid res-
olution. There is a general trend of increasing plasmid resolution
with decreasing buffer B gradient across the buffer B gradient range
tested. At 7 and 10%B/min, plasmid pcDNA3F and RNA appear as a
single peak. This indicates that the increase in NaCl concentration
is too abrupt and that the plasmid has too little time to separate
from RNA. At 5%B/min, pcDNA3F and RNA are scarcely separated
and pcDNA3F resolution is optimum at 3%B/min. It can also be seen
that at <3%B/min, there is no significant improvement in resolution
in addition to reduced plasmid yield. This is possibly due to a longer
retention time which results in plasmid diffusion, band broadening
thus lower plasmid yield.

Finding the right gradient of the eluting buffer proves to be
essential in the chromatographic purification of plasmid DNA and
the optimum buffer B gradient obtained in this study is plasmid-
size specific. According to Smith et al. [4], when a specific gradient
was used to elute a plasmid DNA of a different size, the resolution
was considerably varied. They were unable to find a generic elution
profile for plasmid DNA and discovered a size-dependent change
in relative elution rates. They conducted plasmids (3.0, 5.5, 7.6 kbp)
elution at different salt gradient slopes and measured the rela-
tive retention time (RRT) of supercoiled, linear and open circular
plasmids.

3.6. Optimisation of pH conditions

Another important variable that plays an important role in
ion exchange chromatography is pH condition of mobile phases.
In this work, we investigated the effect of pH (2–12) on Zeta
potential values of the monolith and plasmid DNA as well as on

plasmid resolution. Generally, the plasmid remained negatively
charged within the pH range tested (Fig. 9). Poly(GMA–EDMA)–DEA
monolith displayed positive net charge at pH < 9, zero charge at
pH 9, and negative charge at pH > 10. From these observations,
it can be hypothesised that the plasmid will not bind to the lig-
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Table 1
Plasmid–RNA resolution (Rs) at different chromatographic conditions.

pH 6 7 8 9 10
Rs 0.81 0.69 0.51 0 0
% Buffer B/min 1 3 5 7 10
Rs 0.73 0.85 0.43 0 0
% Porogen 50 60 65 70 80
Rs 0.52 0.75 0.89 0.65 0.6
Buffer A ionic strength (M) 0.3 0.4 0.5 0.7
Rs 0.9 1.06 1.03 1.15
ig. 9. Effect of buffer’s pH on the Zeta potential of pcDNA3F and
oly(GMA–EDMA)–DEA. Base buffer (25 mM Tris–HCl, 2 mM EDTA, 0 M NaCl,
H 7). Each data point represents the average of three replicates.

nd at pH > 9 thus will move along with other impurities in the
obile phase uncaptured considering that the net charge does

ot take into account localized charged region. Optimum plas-
id retention and resolution can be expected between pH 5

nd 6 at which the difference in the magnitude of Zeta poten-
ial between the ligand and the plasmid is maximum. To verify
hese hypotheses, we conducted an anion exchange purification of
lasmid-containing cell lysates at different pH values of the mobile
hases.

It can be seen from Fig. 10 that at pH 9 and 10, there is no
lasmid resolution since both plasmid and ligand are negatively
harged. In this case, plasmid forms part of the flowthrough and
o-elutes with the impurities namely RNA, nicked plasmids, pro-
eins and lipopolysaccharides. Plasmids are best resolved from RNA
t pH 6 as evident from Fig. 10 and Table 1. Under this pH value,
lasmids are high negatively charged and have a strong attraction
owards the positively charged anion exchange matrix thus higher
etention time. In addition to that, it is speculated that under the
ame pH condition, other impurities mainly RNAs, proteins, gDNAs

nd nicked plasmids are also negatively charged but their mag-
itudes are substantially lower than that of supercoiled plasmids.
s a consequence, plasmids and impurities can be separated during
aCl gradient elution in the order of increasing negative charge and

etention time. These trends of plasmid retention as a result of pH

ig. 10. Effect of pH on plasmid resolution. Flow rate 0.6 mL/min. Buffer A (25 mM
ris–HCl, 2 mM EDTA, 0.2 M NaCl). Buffer B (25 mM Tris–HCl, 2 mM EDTA, 1.0 M
aCl). Sample: 0.5 mL of clarified alkaline-lysed cell lysate. Washing, 30 CVs of buffer
; gradient elution, 4% B/min.

[
[
[
[
[

[

Rs = (T1 − T2)/0.5(W1 + W2), where T1: retention time of RNA (s), T2: retention time
of pcDNA3F (s), W1: peak width of RNA (s), W2: peak width of pcDNA3F (s). All Rs
values have p values <0.05.

conditions also agree with the studies done by Bencina et al. [22].
They studied the effect of pH of the mobile phase between 7 and
12. Retention of plasmids on a DEAHP (weak anion-exchanger) col-
umn significantly decreased at higher pH values. They concluded
that the decrease in plasmid retention was attributed to DEAHP
groups since the pH was not expected to significantly influence
the charge on the plasmids. In this study however, we found out
that the surface charge of both plasmid and anion exchange groups
were significantly affected by pH as evident from Fig. 9 and were
responsible for the plasmid retention.

4. Conclusions

This work describes the optimisation of process variables for
the purification of plasmid DNA (pcDNA3F) using anion exchange
monolithic chromatography techniques. This work concludes that
plasmid separation can successfully be achieved simply by opti-
mising ligand functionalisation temperature, mobile phase flow
rate, monolith pore size, buffer pH, ionic strength of binding buffer
and buffer gradient elution slope. Temperature greatly affects the
amount of ligands attached to the base monolith matrix and opti-
mum functionalisation can be carried out at 60 ◦C for 24 h. Sharp,
symmetrical and minimised band broadening can be achieved
at a mobile phase flow rate of 0.6 m/min. Preferential plasmid
adsorption and optimum resolution can be achieved by loading the
clarified alkaline-lysed plasmid-containing cell lysate into 400 nm
pore size of monolith in 0.7 M NaCl (pH 7) of binding buffer followed
by increasing the NaCl concentration to 1.0 M at 3%B/min.
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