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a b s t r a c t

The potential application of a hydrogel-based strong anion-exchange (Q) membrane to purify plasmid
DNAs was evaluated. The maximum binding capacity of plasmid DNA was estimated to be 12.4 mg/ml of
membrane volume with a plasmid recovery yield of ∼90%. The effect of the inherent properties of plasmid
DNA, membrane adsorbent, and the ionic environment on membrane performance was systematically
investigated. Plasmid DNAs with smaller tertiary structure tended to have a better recovery than those
with larger tertiary structure. Environmental Scanning Electron Microscopy (ESEM) revealed that the
hydrogel structure is more porous on one side of membrane than the other. Membrane pre-treatment
ydrogel
nion-exchange membrane
hromatography
embrane pre-treatment

nvironmental Scanning Electron
icroscopy (ESEM)

significantly improved pore distribution and increased membrane porosity resulting in a better adsorp-
tion, recovery, and higher flux. The selection of proper operating pH led to further improvement. The
relative contribution of these factors to improve membrane chromatography of plasmid DNAs was ana-
lyzed using statistical modeling. It was found that the adsorption of plasmid DNA was mainly affected
by the available adsorptive area associated with membrane porosity, whereas the recovery of plasmid
DNAs was mainly affected by the environmental pH.
. Introduction

Since the pioneering study of Wolff et al. [1] expressing trans-
enes that were inserted on a plasmid DNA, there has been a rapid
dvancement of plasmid-based gene therapy and DNA vaccine
evelopment [2–4]. Plasmid DNA therapy is proven to be relatively

nexpensive and safe to administer. In addition, plasmid DNAs have
igher stability at ambient temperature than conventional viral
accines and this is considered as an important advantage during
ong-term storage [4,5]. However, due to its inherently low infec-
ion efficacy, a relatively large dose of plasmid DNA is required
6,7] typically in the order of a few milligrams for a full treat-

ent of a patient [5,8]. Currently, there are several plasmid DNA

accines marketed or under clinical evaluation for the treatment
f cancer, infectious and autoimmune diseases. The demand of
harmaceutical-grade plasmid DNAs will be soaring if they prove
o be clinically effective [4]. Therefore, an efficient industrial-scale
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bioprocessing technology for the production and purification of
pharmaceutical-grade plasmid DNAs is needed.

Amongst the numerous available methods for plasmid DNA
purification, chromatographic techniques are widely adopted
because they provide high resolution, use only chemicals that
are generally considered safe, and are easily scalable [4,5,7]. The
most commonly used method is anion-exchange chromatography
which is based on the reversible interaction between negatively
charged plasmid DNA and the positively charged chromatographic
media [5,9,10]. The application of conventional resin-based anion-
exchange chromatography, however, results in low adsorption
because the small pores in the resin restrict access to near-micron-
sized plasmid DNAs (>0.2 �m). Resins were originally optimized
for the purification of nano-sized biomolecules such as proteins
(2–10 nm) [7,11–13]. It was shown by confocal microscopy that
plasmid DNA adsorption only occurred on the outer surface of the
resin and this greatly reduced the binding capacity of the resin
beads [14]. Of the 10–100 g of plasmid DNA loaded per litre of

resin, only 0.2–2 g could bind [5]. Thus, a substantial amount of
chromatographic resin is needed to purify milligrams of plasmid
DNA. In addition, it is time-consuming and labour-intensive to
pack, clean, and regenerate the chromatographic column [5,15].
Studies have also shown low recovery or irreversible binding of

dx.doi.org/10.1016/j.jchromb.2011.01.017
http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
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lasmid DNA to some chromatographic resins [12,13], either due
o the small pore size or strong interaction with the resin mate-
ial.

Anion exchange membrane chromatography offers a promising
lternative to the conventional resin-based column chromatogra-
hy for large-scale purification. It does not involve packing and
leaning procedures associated with resin-based chromatogra-
hy. Most importantly, it allows a rapid convective transport of
iomolecules through the large pores (∼2 �m), in contrast to the
iffusive transport through the small pores of the resins (∼0.2 �m)
16]. Therefore, a higher rate of mass transfer is possible even at
igh flow rates [12,16–18]. The large pore size of the membrane
lso allows better accessibility and greater surface area utilization,
hus resulting in a higher binding capacity. Anion-exchange mem-
ranes were shown to surpass at least ten fold the counterpart
esins in binding capacity on a per volume basis [19]. The scale-
p of membrane chromatography is straightforward because the
inding capacity is directly proportional to the available membrane
urface area, while the scale-up of resin-based chromatography is
ore challenging.
Several studies reported the use of membranes to produce ther-

peutic plasmid DNAs with a high purity but at relatively low
ield [17,20,21]. For economic reasons, both recovery and yield are
mportant aspects that should be maximized to fully realize the
dvantage of membrane chromatography. Employing membrane
hromatography, a higher yield of plasmid DNA can be achieved
ith fewer number of processing steps. It is generally unacceptable

o have a recovery lower than 70% in any single step of a large-scale
roduction process [9]. Some studies of plasmid DNA purifica-
ion using anion-exchange membrane addressed these problems.
eeters et al. [19] used different salts and compaction agents to
educe the charge density and the size of plasmid DNA in an
ttempt to improve recovery, however, optimal recovery was in
he range of 63–76% only. Tseng et al. [22] tried to improve plasmid
NA recovery by reducing the binding strength between plasmid
NA and the ion-exchange membrane with various alcohols and
haotropic salts in the washing buffer. They concluded that recov-
ry was hampered by the irreversible binding of plasmid DNA to the
embrane support. It is noteworthy that the membrane support

n these two studies was polyethersulfone polymer, which makes
he membrane partially hydrophobic. Plasmid DNAs are known
o adsorb strongly onto hydrophobic chromatography resins [23].
hus irreversible binding of plasmid DNA to the membrane sup-
ort was implicated for these polyethersulfone-based membranes.

rreversible binding was also observed in another study employing
he polyethersulfone-based ion-exchange membrane [22]. It was
herefore suggested that efforts to improve plasmid DNA recovery
hould focus on the design of membranes employing hydrophilic
urfaces [19,22].

The objective of this work is to explore the potential applica-
ion of a hydrogel-based strong anion-exchange membrane for the
urification of plasmid DNA. The membrane used in this study is
composite material incorporating functionalized hydrogel onto

he polypropylene membrane support. The hydrophilic hydro-
el completely encases the membrane support upon swelling,
hich provides a hydrophilic surface. It is proposed that the
ydrophilic surface has a higher affinity for the highly ionized DNAs
han the previously used (polyethersulfone-based) ion-exchange

embranes. The combined effects of the inherent properties of
lasmid DNA, membrane adsorbent, and the influence of the

onic environment were systematically studied using the strong

nion-exchange membrane. Although the application of a weak
nion-exchange hydrogel membrane was reported previously [20],
o the best of our knowledge, this is the first study of employing
hydrogel-based strong anion-exchange membrane for plasmid
NA purification.
B 879 (2011) 564–572 565

2. Materials and methods

2.1. Preparation of plasmid DNA

Escherichia coli cells harbouring pUC19 (2.7 kb) [24], pET20b(+)
(3.7 kb) [25] and pFlag-PalB (6.4 kb) [26] plasmids, respectively,
were grown overnight in Luria–Bertani (LB) media supplemented
with 50 �g/ml ampicillin at 37 ◦C. Cells were harvested by cen-
trifuging the overnight culture at 4000 × g for 10 min. MaxiPreps
kit (Bio Basic, Inc., Markham, Ontario, Canada) was used to purify
plasmid DNA from the harvested cells. The plasmid DNA feed for
membrane chromatography experiments was prepared by dilut-
ing the purified plasmid DNA to 50 �g/ml in the loading buffer at
a desired pH. In each experiment, 2 ml of the diluted plasmid DNA
sample was loaded onto the membrane.

2.2. Buffers for plasmid DNA loading, washing, and elution

The loading and washing buffers were 50 mM Tris–HCl, and the
elution buffers contained either 0.8 M or 2 M NaCl in addition to
50 mM Tris–HCl. All buffers were prepared in 18 M� deionized
water and adjusted to pH 7, pH 8, or pH 9.

2.3. Membrane material, pre-treatment, and characterization

The developmental hydrogel-based strong anion-exchange (Q)
membranes (25 mm in diameter) were provided by Natrix Sep-
arations Inc. (Burlington, Ontario, Canada). The membrane was
made by incorporating 3-acrylamidopropyl-trimethylammonium
chloride (ATPAC) functionalized hydrogel polymer onto the mem-
brane support. The crosslinking percentage ranged from 9% to 12%.
Typical mean dynamic BSA binding capacity is 200 mg/ml of mem-
brane volume at a 10% break through value. The 25 mm disk has
a membrane volume of 0.09 ml. The two sides of the membrane
differ in their surface texture, with one side being rougher than
the other. We thereafter refer to it as the rough side or the smooth
side, respectively. The membrane was pre-treated by soaking in
a loading buffer for either 0.5 h (as recommended by the manu-
facturer) or 16 h at room temperature prior to its use. Based on the
test results using various soaking times, 16 h was selected to ensure
that the hydrogel would swell to its full potential. Both sides of the
membrane were characterized by Environmental Scanning Elec-
tron Microscope (ESEM, ElectroScan Model E-3, FEITM, Hillsboro,
USA) before and after pre-treatment.

2.4. Batch adsorption and desorption

Small membrane pieces with a cross-sectional area of 0.4 cm2

and the plasmid pFlag-PalB were used in the batch experiments.
The membrane sheets were added to the plasmid DNA solutions
(up to 180 �g/ml in a loading buffer at pH 8) in 1.5-ml micro-
centrifuge tubes and the mixtures were allowed to equilibrate for
16 h at ambient temperature in a shaker incubator at 250 rpm.
After incubation the plasmid DNA concentration of the liquid phase
was measured. The amount of plasmid DNA adsorbed onto the
membrane was determined by an overall mass balance, and it was
expressed as micrograms per cross-sectional membrane sheet area
(cm2). The batch experiments were conducted in triplicate. Using
the Metropolis–Hastings algorithm [29], the adsorption data were
analyzed to evaluate the parameters of the Langmuir isotherm (Eq.
(1)).
q = qmaxKc

1 + kc
(1)

where q is the amount of plasmid DNA adsorbed onto the mem-
brane (�g/cm2), c is aqueous concentration in equilibrium with
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he solid phase (�g/ml), qmax is the maximum adsorbed plasmid
NA capacity (�g/cm2), and K is the Langmuir equilibrium constant

ml/�g). The unbound plasmid DNA was washed off by the wash-
ng buffer (pH 8), and the elution of the adsorbed plasmid DNAs

as carried out by placing the membrane with adsorbed plasmid
NAs in 1-ml elution buffer containing 0.8 M NaCl (pH 8). Desorp-

ion was conducted at ambient temperature in a shaker incubator
t 250 rpm for 16 h after which no further desorption was observed.

.5. Membrane chromatography

Membrane chromatography in this study was conducted using
laboratory-scale (10 ml) stirred cell (Millipore, Billerica, USA),
hich was pressurized by nitrogen to 172 kPa (25 psi) to drive the
ow of the plasmid DNA solution across the membrane. For each
xperiment, a single layer of the pre-treated membrane was over-
aid in the stirred cell. The membrane was oriented in two different

ays, either with the rough side or the smooth side upward fac-
ng the flow. Plasmid DNA solution at 2 ml was loaded onto the

embrane and was pressure-driven through the stirred cell. Upon
oading onto membrane plasmid DNA is subject to four possible
utcomes, i.e. (1) flow through the membrane, (2) adsorb onto the
embrane reversibly, (3) adsorb onto the membrane irreversibly,

nd (4) be rejected by the membrane so that the plasmid DNA
emains at the frontal side of the membrane. The amount of plasmid
NA adsorbed onto the membrane was determined by an overall
ass balance using Eq. (2)

Ads = PL − PR − PFT

PL
× 100% (2)

here PL is the amount of plasmid DNA loaded to the membrane,
R is the amount of plasmid DNA rejected by the membrane, PFT

s the amount of plasmid DNA flowing through un-adsorbed, and
PL − PR − PFT) is the amount of plasmid DNA adsorbed onto the

embrane. After loading the plasmid DNA, the membrane was
ashed with 2 ml of washing buffer, followed by a two-step elution
ith elution buffers containing 0.8 M and 2 M NaCl. The percent-

ge recovered from the membrane was calculated using Eq. (3) as
ollows.

Rc =
∑

iPEi

PL
× 100% (3)

here PEi is the amount of plasmid DNA eluted in the ith elution
raction, and

∑
iPEi is the total amount of plasmid DNA recovered

rom the membrane during the elution. The irreversibly adsorbed
lasmid DNA onto the membrane was determined by the difference
etween the total amount of adsorbed plasmid DNA and the eluted
mount using Eq. (4)

AdsI = PAds −
∑

iPEi

PL
× 100% (4)

here PAds (=PL − PR − PFT) is the total amount of plasmid DNA
dsorbed onto the membrane, PAds −

∑
iPEi

is the amount of plas-
id DNA irreversibly adsorbed onto the membrane, and the rest of

he variables are the same as those in Eqs. (2) and (3). The experi-
ents were replicated for each plasmid DNA at pH 7, pH 8, and pH

.

.6. Analytical methods

The NanoDrop spectrophotometer (Thermo Scientific,

ilmington, USA) was used to measure the plasmid DNA concen-

ration at 260 nm. The absorbance was converted to concentration
ng/�l) using the Beer–Lambert equation, A = E × b × c, where A
s the absorbance, E is the extinction coefficient, b is the path
ength, and c is the concentration. In addition to the spectroscopic
Fig. 1. Batch adsorption isotherm of pFlag-PalB (6.4 kb) on strong anion-exchange
membrane in loading buffer of pH 8.

analysis, some plasmid DNA samples were also analyzed by gel
electrophoresis for comparison. To perform the analysis, samples
were loaded to a 1% agarose gel for electrophoresis at 100 V for
60 min. Then, the gel was stained with ethidium bromide and
visualized with a UV transilluminator. The image of the gel was
taken by a digital camera, and the intensity of each band was
scanned and quantified using an image processor (Image J soft-
ware from National Institutes of Health, http://rsbweb.nih.gov/ij/).
Using these quantified data, the percentages of the rejected and
recovered plasmid DNAs were estimated. The molecular size of
the tertiary structure of plasmid DNAs was determined based on
the electrophoretic mobility.

3. Results and discussion

3.1. Batch adsorption and desorption

The selection of the chromatographic material for the economic
production of pharmaceutical-grade plasmid DNA is generally
based on the adsorption capacity and reversibility. Therefore, the
maximum binding capacity and the ability to reversibly bind plas-
mid DNAs from the hydrogel membrane were investigated in a
series of batch experiments. The adsorption isotherm of pFlag-
PalB is shown in Fig. 1. The maximum amount of plasmid DNA
adsorbed onto the membrane (qmax) and the Langmuir equilibrium
constant (K) were found to be 227 �g/cm2 (12.4 mg/ml membrane
volume) and 7.4 × 10−2 ml/�g, respectively. It is noteworthy that
the maximum uptake capacity per membrane volume is 6 times
higher than that of a resin [5]. It is also notable that the maximum
uptake capacity per cross-sectional membrane sheet area for plas-
mid DNA of similar linear size was much higher than that of the
membranes used in previous studies [19,27]. Reversible binding of
plasmid DNA was assessed by eluting the adsorbed plasmid DNA
from the membrane in a batch mode. Results from previous chro-
matographic experiments performed with a gradient elution using
buffer containing 0–2 M NaCl have shown that an elution buffer
containing at least 0.6 M NaCl was needed to elute plasmid DNA
from the membrane, and a salt concentration of more than 0.8 M
NaCl did not improve recovery. Experiments were also performed
with a step-wise elution scheme, where an elution buffer contain-
ing 0.8 M and 2 M NaCl was used stepwise to see if further elution

is possible beyond 0.8 M NaCl. It appears that the majority of the
plasmid DNA was eluted with a buffer containing 0.8 M NaCl and
further elution with 2 M NaCl did not improve recovery. There-
fore, an elution buffer containing 0.8 M NaCl was chosen to desorb
plasmid DNA from the membrane in subsequent work. The aver-

http://rsbweb.nih.gov/ij/
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ig. 2. ESEM images of (a) the rough side of dry membrane, (b) the smooth side o
oaked membrane, (e) rough side of 16-h soaked membrane and (f) smooth side of

ge recovery was ∼90%. The unrecoverd plasmid DNA might be
hysically entrapped within the polymeric support as the hydro-
el shrinks in solution of high ionic strength that is used to elute
lasmid DNAs, or irreversibly adsorbed onto the membrane due
o non-specific interaction caused by the high ionic strength of
he elution buffer. Despite an incomplete desorption, the average
ecovery from the hydrogel membrane was substantially higher
han the previously reported recoveries at 63–76% using various
lution buffers containing salts and compaction agents [19]. It is
ostulated that the high adsorption and desorption are the inher-
nt property of the present hydrogel-based membrane adsorbent.
he batch adsorption experiments were carried out by incubating
embrane and plasmid DNA in the loading buffer for 16 h, which
as long enough for the hydrogel-based membrane to completely

ncase the hydrophobic membrane support and develop a more
orous structure with a greater accessible adsorptive area (Fig. 2e
nd f).

.2. Membrane chromatography
.2.1. Plasmid tertiary structure
Previous studies [21,28–31] have shown that the recovery of

lasmid DNA with a small tertiary structure was often higher
han that with a large one. The tertiary structure of plasmid DNA
embrane, (c) the rough side of 0.5-h soaked membrane, (d) smooth side of 0.5-h
oaked membrane. All at 300× magnification.

does not depend solely on their primary structure, but also on the
degree of supercoiling. The tertiary structures of three plasmid
DNAs with different molecular sizes, namely pET20b(+) (3.7 kb),
pFlag-palB (6.4 kb) and pUC19 (2.7 kb), were compared by gel elec-
trophoresis. Then, the effect of tertiary structures was related to
membrane chromatography performance under identical operat-
ing conditions. As shown by the gel electrophoresis results carried
out at pH 8 (Fig. 3a), pET20b(+) had the smallest tertiary structure,
followed by pFlag-PalB, and pUC19 has the largest tertiary struc-
ture. The average recovery of pET20b(+), pFlag-PalB, and pUC19
at pH 8 from the 16-h soaked membrane was 89%, 75%, and 65%,
respectively (Fig. 3b), which follows the order of their tertiary struc-
tural sizes from the smallest to the largest. Plasmid DNAs with a
small tertiary structure have a short hydrodynamic radius so that
they will be less restricted by the pores of the membranes. Plasmid
DNA with smaller tertiary structure tends to have a lower surface
charge density than plasmid DNA with a large tertiary structure,
thus forming a fewer number of interactions. The experimental
results of this study and other previous studies [21,28–31] are con-

sistent in terms of the observation of higher recovery associated
with small plasmid size using anion-exchange membrane chro-
matography. From a bioprocessing viewpoint, it will be desirable
to use plasmid DNA with a small tertiary structure as the vector for
gene therapy and DNA vaccines.
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ig. 3. (a) Gel electrophoresis of pET20b(+) (lane 4), pFlag-PalB (lane 5) and pUC19
H 8 with 16-h soaking of the membrane.

.2.2. Surface texture and membrane orientation
Orientation is another important consideration since the hydro-

el membrane used in this study differed in surface texture.
o assess the effect of membrane orientation, the membrane
as placed with either the “rough” or “smooth” side upward

nd employing the plasmid pET20b(+). The membrane was pre-
quilibrated for 0.5 ht as recommended by the manufacturer. As
etermined previously, membrane performance is dependent on
lasmid size, since small plasmids yield higher recovery. The plas-
id pET20b(+), a relatively small molecule in comparison to the

ther plasmids used in this study, was chosen because it is expected
o minimize the effect of plasmid size on membrane performance.
herefore, any difference seen in membrane performance will be
ore reflective of membrane orientation.
Table 1 summarizes membrane performance for pET20b(+).

here was significantly more plasmid DNAs adsorbed and recov-
red if the membrane was oriented with the rough side upward in
he chromatographic unit. The average rejection of pET20b(+) by
he rough and smooth side was 20.5% and 68.0%, respectively. The
ifference in rejection was also confirmed by gel electrophoresis.
s shown in Fig. 4, the band corresponding to rejected plasmid
NA with the rough side up was very faint as compared to the band

ntensity of the plasmid DNA feed (Fig. 4a); whereas the band corre-
ponding to the rejected DNA with the smooth side up was almost
s bright as the band intensity of the plasmid DNA feed (Fig. 4b).
he image-processing software, Image J, was used to determine the
ercentage of rejection and recovery by analyzing the band intensi-
ies of the samples loaded onto the gel. The results were consistent
ith those obtained by spectrophotometric analysis (Table 1). The

wo sides of the membrane were visualized under ESEM (Fig. 2),
nd the difference in surface porosity was revealed. The rough side
f the membrane was more porous than the smooth side and there-
ore it provided a larger accessible area for plasmid DNA adsorption.
his was consistent with the better plasmid capture when using
he rough side up. The flux of the plasmid DNA solution across the

embrane was also significantly higher with rough side upward in
he chromatographic unit. The larger accessible area on the rough
ide of the membrane would reduce the extent of rejection, thus
ess plasmid DNAs would accumulate at the frontal membrane
urface which would otherwise restrict the flow of the processing

olution.

.2.3. Membrane pre-treatment and buffer pH
Chromatographic membranes are usually preserved and

hipped in a dehydrated state. According to the manufacturer’s
6), and (b) averaged percentage recovery of pET20b(+), pFlag-PalB and pUC 19 at

recommendation, the membrane should be pre-equilibrated in the
loading buffer for at least 0.5 h prior to use. However, it was noted
that the typical porous structure of hydrogel-based membranes
was under-developed after 0.5-h soaking and further swelling
and continual pore development were anticipated upon a longer
contact with the aqueous environment. Membrane pre-treatment
methods involving 0.5 h and 16 h soaking in the loading buffer were
compared for their effectiveness.

Environmental Scanning Electron Microscopy (ESEM) was used
to characterize both sides of the membrane in a wet state after 0.5-
h and 16-h soaking. As shown in Fig. 2, the dry and 0.5-h soaked
membranes were similar in structure. However, the porous struc-
ture changed significantly if the membrane was soaked for 16 h.
The pores were deeper, enlarged and more uniformly distributed
on both sides. The porous structure became more complex on
the rough side, where interconnected macropores have developed
within supermacropores (up to 200 �m). The enlargement in pores
would increase the accessible adsorptive area, thus resulting in less
intermolecular competition of the plasmid DNA for the membrane
binding sites. Also, the electrostatic repulsion of incoming plasmid
DNA by the previously captured material on the membrane was
expected to be minimized by the well developed porous structure,
resulting in a reduction in the amount of rejected plasmid DNA.
This could prevent, in turn, the possible formation of a filter cake
layer at the frontal side of the membrane, which would otherwise
lower the binding capacity and reduce the operational throughput.

The performance of membrane chromatography of various
plasmid DNAs using 0.5-h and 16-h treated membranes are sum-
marized in Fig. 5. The average adsorption of pET20b(+), pFlag-PalB,
and pUC19 by the 0.5-h soaked membrane was 73%, 68%, and
50%, respectively. The adsorption of pET20b(+) and pFlag-PalB was
improved to 96% if the membrane was soaked for 16 h. There was no
difference in the adsorption of pUC19 between 0.5-h and 16-h soak-
ing at pH 7, however, the adsorption was improved to 97% after 16-h
soaking at pH 8 and pH 9. The application of 16-h soaking resulted
in an almost complete adsorption (>96%) for plasmids having dif-
ferent size (Fig. 5), whereas the adsorption onto the 0.5-h soaked
membrane was dependent on the plasmid size. It is known that
the binding capacity of a membrane for plasmid DNA is strongly
dependent on the membrane’s available adsorptive area [12,21].

The adsorptive area is, in turn, dependent on the porosity of the
membrane. The improvement in membrane porosity and pore dis-
tribution with 16-h soaking (see Fig. 2) provided a larger adsorptive
area, which negated the size effect on adsorption observed after
0.5-h soaking and improved adsorption significantly.
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Table 1
Comparison of averaged percentage adsorption, averaged percentage recovery and flux of loading, washing and elution step between experiments using the rough side and
the smooth side of the membrane as the plasmid DNA loading surface for pET20b(+) at pH 8 with 0.5-h soaking of the membrane.

Membrane surface
texture

Avg. % adsorption Avg. % recovery Loading flux
(ml m−2 s−1)

Washing flux
(ml m−2 s−1)

Elution flux
(ml m−2 s−1)

Rough 79.5 ± 1.3 77.0 ± 1.6 8.4 ± 0.3 5.0 ± 0.2 67.9 ± 0.0
Smooth 32.0 ± 1.4 67.5 ± 0.7 4.1 ± 0.0 4.1 ± 0.0 5.1 ± 1.0

Fig. 4. Gel electrophoresis of samples taken from different steps of (a) experiment using rough side of the membrane as the plasmid DNA loading surface, and (b) experiment
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sing smooth side of the membrane as the plasmid loading surface. In both gel, la
fter loading and before washing, lane 4 is the frontal side of membrane before first
ane 6 is the frontal side of the membrane before second elution, lane 7 is the secon
ointed at the band corresponding to rejected plasmid DNA.

Reversibility of the adsorbed plasmids was also assessed for
.5-h and 16-h soaked membranes. The highest recovery occurred
sing membranes after 16-h soaking for all three plasmid DNAs
Fig. 5). Upon soaking for 16 h, the hydrophilic hydrogel (shown
n Fig. 2) was able to completely encase the hydrophobic mem-
rane support, which reduced irreversible adsorption associated
ith hydrophobic interaction with the membrane support. There
as a much greater improvement in recovery of pUC19 with the
se of 16-h soaked membrane as compared to the other two plas-
id DNAs, suggesting that the pore size of the membrane impacted

he recovery of plasmid DNAs with a larger tertiary structure. The
ux through the membrane was significantly increased for all the
hree plasmid DNAs if 16-h soaked membranes were used (data
ot shown). For large-scale production, it is important to have a
igh throughput in addition to a high recovery and yield, and using
he rough side of 16-h soaked membrane to purify plasmid DNAs
ould fulfill these requirements.

Unlike adsorption where the capacity was mainly influenced by
he porosity of the membrane, desorption was also affected by the
lectric interaction between the strong anion-exchange hydrogel
nd plasmid DNA. It appears from the previous experiments that
lasmid DNA with a compact conformation would have a lower

verall surface charge density, which would result in less engage-
ent of the surface charges with the membrane and facilitate

ubsequent elution. However, the ionic environment would also
ffect the extent of interaction between the charged hydrogel and
lasmid DNA [28,29,32]. Therefore, reversibility was also compared
s DNA marker, lane 2 is plasmid DNA feed, lane 3 is the frontal side of membrane
n with elution buffer containing 0.8 M NaCl, lane 5 is the first elution flowthrough,

tion flowthrough and lane 8 is the third elution flowthrough. Arrow in both gels is

at various pH values (i.e. pH 7, pH 8, and pH 9). The highest recov-
ery of pET20b(+), pFlag-PalB, and pUC19 was 89%, 76%, and 77%,
respectively. The use of a chromatographic buffer at pH 8 resulted
in the highest recovery for pET20b(+) and pFlag-PalB,), whereas the
highest recovery of pUC19 was observed using a chromatographic
buffer at pH 9 (Fig. 5c). It is proposed that plasmid DNAs may have a
smaller tertiary structure (due to supercoiling) and/or a lower over-
all surface charge under these pH conditions, which would result
in less interaction with the membrane, thus in a higher recovery
as compared to other (less favourable) pH values. It appears that
the most favourable pH for reversibility varies with plasmid DNA,
therefore the operating pH should be carefully determined for each
individual plasmid. For an economic production of plasmid DNA,
irreversible adsorption should be kept at a minimum. It is notewor-
thy that the pH at which the least amount of irreversible adsorption
occurred was the pH where the highest recovery was observed
if 16-h soaked membrane was used (Fig. 6). Also, plasmid DNAs
with smaller tertiary structure had lower levels of irreversible
adsorption. Hence, factors affecting membrane porosity and DNA
charge density should be considered to minimize irreversible
adsorption for an economic production of pharmaceutical-grade
plasmid DNA.
It is important that plasmid DNA retains a supercoiled isoform
during the purification process. The biological activity of plasmid
DNAs is often associated with their topoisoforms [33,34], and the
supercoiled isoform is considered the desired one for therapeutic
applications [35]. To assess the isoforms distribution, gel elec-
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ig. 5. Comparison of the averaged percentage adsorption and recovery of (a)
ET20b(+), (b) pFlag-PalB and (c) pUC19 between experiments using 0.5-h and 16-h
oaked membranes at pH 7, pH 8 and pH 9.
rophoresis of the plasmid DNA samples was performed before and
fter membrane chromatography. As shown in Fig. 4, the majority
f the loaded plasmid DNAs was in the supercoiled isoform, and
his was maintained during the chromatographic procedure.

ig. 7. The relative contribution of membrane soaking time, pH of the buffer and the ori
UC19, and (d) the relative contribution of the above mentioned factors to plasmid adsor
Fig. 6. Percentage irreversible adsorption of (a) pET20b(+), (b) pFlag-PalB and (c)
pUC19 to the membranes that were either soaked for 0.5 h or 16 h at pH 7, pH 8 and
pH 9.
3.3. Factorial contribution to membrane performance

Since all factors investigated herein appeared to be relevant
to membrane performance, it would be valuable to obtain the

entation of the membrane to plasmid recovery of (a) pET20b(+), (b) pFlag-PalB, (c)
ption of pET20b(+) to the membrane.
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ontributing level of each factor for any future improvement of
embrane design. Therefore, the relative contribution of vari-

us factors, including membrane orientation, membrane soaking
ime, and chromatographic buffer pH, to the performance of mem-
rane chromatography was determined using fractional factorial
nalysis. The results are summarized in Fig. 7. Note that the contri-
ution of each factor to the recovery was evaluated for all three
lasmid DNAs (Fig. 7a–c). However, a similar evaluation associ-
ted with the adsorption behaviour was evaluated for pET20b(+)
nly (Fig. 7d) since the experiments were performed at more
evels of the membrane orientation factor only for this plasmid
NA. Factorial design allows the determination of the effect of a
iven factor at several levels of the other factors so that the con-
lusions are valid over a range of experimental conditions [36].
he fractional factorial experiments comprised a 2 × 2 × 3 level
orientation × soaking time × buffer pH) design. The three-factor
nteractions were confounded; consequently the main effects and
he two-factor interactions were evaluated. Based on the analy-
is, the interactions between the factors were insignificant. The
ain effects “explained” 80% or more of the total variability.

vidently, the response at the “best” buffer pH was not depen-
ent on either the orientation of the membrane or the length
f soaking. In a similar vein, membrane orientation and soak-
ng time appeared to be independent variables with minimal
nteraction. For both pET20b(+) and pFlag-PalB, the effect of the
uffer pH on the recovery was significantly greater than that of
he membrane soaking time and membrane orientation. How-
ver, the effect of the buffer pH and membrane orientation on
he recovery of pUC19 was minor, as compared to the effect of
he membrane soaking time. One can conclude that the recovery
f plasmid DNAs with a small tertiary structure is mostly influ-
nced by the buffer pH, whereas the recovery of plasmid DNAs
ith a large tertiary structure is mainly dependent on the mem-

rane pore size. For the adsorption of plasmid DNAs (Fig. 7d),
he effect of membrane orientation was the greatest, followed by
he membrane soaking time, while the buffer pH has the small-
st effect. It is noteworthy that the combination of membrane
rientation and soaking time determines the available adsorp-
ive area of the membrane; therefore, the adsorption of plasmid
NAs was primarily dependent on the available adsorptive area of

he membrane. The result is consistent to previous observations
12,21].

. Conclusion

Membrane chromatography is promising to overcome sev-
ral major challenges associated with the large-scale production
f plasmid DNAs. In this study, a hydrogel-based strong anion-
xchange membrane with a high binding capacity was used to
emonstrate its potential applicability for plasmid DNA purifica-
ion. While the desired property in membrane chromatography
s reversible adsorption, rejection and irreversible adsorption of
lasmid DNAs can be frequently observed. Using the hydrogel-
ased membrane, the extent to which these undesirable events
ccurred was found to be dependent on various factors, includ-
ng the membrane porosity, the soaking time, the buffer pH and
he size of plasmid DNA tertiary structure. Porosity appears to
ave a major impact on performance. The more porous side of
he membrane would provide a larger accessible area for plasmid
NA adsorption, thus the rejection due to the restrictive membrane

ore size and the repulsion by the previously bound plasmid DNA
ould be minimized. In this study it was shown that the poros-
ty can be greatly increased by properly pre-treating the hydrogel

embrane. With the pre-treatment, pores were enlarged, well-
tructured, and evenly distributed so that the binding capacity for

[
[

[

[
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plasmid DNAs could be substantially enhanced. In addition, the
hydrophilic supermacroporous hydrogel could completely encase
the membrane support and the irreversible adsorption of plas-
mid DNAs to the hydrophobic membrane support was reduced.
The approach greatly reduced plasmid DNA loss associated with
the irreversible adsorption to the membrane support that is com-
monly observed for many commercially available anion-exchange
membranes. The tertiary structure of plasmid DNA, as determined
by the degree of supercoiling also had an effect. While the size
effect on the adsorption was negated by the enlargement of pores
by proper pre-treatment, but the size effect persisted for des-
orption. In general, a higher desorption was observed for small
plasmid DNAs. Buffer pH had a more pronounced impact on des-
orption behaviour of plasmid DNA than other factors because it
could potentially affect the size of the tertiary structure of plas-
mid DNA and/or surface charge density. Through a careful selection
of the operating pH, the recovery can be further improved. The
optimal pH appeared to be plasmid-dependent. The high convec-
tive flow through the supermacroporous structure of the hydrogel
membrane, as compared to the diffusive transport through the
interior of the resin beads, would be an important processing ben-
efit.
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