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Abstract

Experimental and numerical results for bindingAedes aegypti densonucleosis virus (AeDNV) using anion and cation exchange membranes
are presented. AeDNV particles are adsorbed by anion and cation exchange membranes providing the virus particles and membranes are
oppositely charged. Q membranes which are strongly basic anion exchangers were the most effective. Dynamic and static capacities for Q
membranes were found to be similar. A numerical model is proposed which assumes a log normal pore size distribution. By estimating the
required parameters from static binding experiments, the model may be used to calculate the breakthrough curve for virus adsorption.
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. Introduction

Virus capture is critical in a number of applications. In
ene therapy and vaccine production, large-scale purifica-

ion of virus vectors is often essential. In the manufacture of
iopharmaceuticals, validation of virus clearance is critical.
iruses are generally 5–300 nm in size. Many virus particles
re larger than DNA and other biomolecules.

Packed-bed chromatography has been used for virus clear-
nce[1–4] as well as virus purification[5–8]. In packed-bed
hromatography, the solute in a feed solution is transported
etween the resin particles (usually spherical) by convective
ow. Since chromatographic particles are usually porous, the
ajority of the binding sites are located on the surface of the

nternal pores. To reach these pores, the solute must diffuse
rom the bulk feed solution across a liquid film layer at the
article surface and into the pores. Next, the solute diffuses
y “pore diffusion” through the pores and attaches to binding
ites on the pore surface[9].

Berthold et al.[1] investigated ion exchange and affin-
ty chromatography for clearance of model viruses. Valdés
t al. [2] investigated the removal of sendaivirus, HIV-IIIb,

∗

Human herpesvirus I, Human poliovirus type II and cani
parvovirus using protein A affinity chromatography. Robe
et al. [3] obtained 104 clearance of enveloped Sindbis viru
and non-enveloped hepatitis A virus by metal chelate affi
ity chromatography. Kim et al.[4] studied various model
viruses and a number of different removal methods. For
Sepharose resin based chromatography, 1.5–2.5 log rem
of bovine herpes virus, bovine viral diarrhoea virus, muri
encephalomyocarditis virus and porcine parvovirus we
obtained.

Although these studies indicate the feasibility of viru
removal by packed-bed chromatography, packed bed ch
matography suffers from a number of limitations. The pre
sure drop across the bed is generally high and tends to incr
during operation due to media deformation. Pore diffusion
often slow leading to increased processing time and poss
degradation of fragile biological product molecules[10–14].
Scale up of packed beds is often difficult. Further, pack
beds have been shown to display very low dynamic capa
ties for virus particles[15–17], leading to underutilized beds
as most of the binding sites in the resin pores are not use

Stacks of adsorptive membranes, as novel chroma
graphic supports, may overcome these limitations. Adso
tive microporous membranes have surface functional gro
Corresponding author. Tel.: +1 970 491 5276; fax: +1 970 491 7369.
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membrane pores; thus, transport of the solute to the binding
sites occurs predominantly by convection, rather than pore
diffusion. Thus the processing time can be greatly reduced.
The pressure drop for flow through adsorptive membranes
is significantly lower than for packed beds, as the flow path
is much shorter, even for a stack of multiple membranes.
Importantly, handling and scale-up of ready-to-use mem-
brane devices is much easier than packing and scale-up
of packed beds[9,10,18,19]. Thus adsorptive membranes
may be ideally suited for virus capture and purification.
Though previous researchers have considered capture of large
biomolecules such as plasmid DNA and proteins, relatively
few systematic studies report results for virus capture using
ion exchange membranes.

Yang et al.[20] recently showed that for Q Sepharose
beads, the dynamic capacity of a large protein molecule
(thyroglobulin, 20 nm diameter) decreased rapidly with flow
rate while that of a small protein molecule (�-lactalbumin,
3.5 nm diameter) was less sensitive to flow rate. By contrast,
for Q membranes, the dynamic capacity for large proteins
was the same as the static capacity. Knudsen et al.[21] also
showed that for packed beds, due to hindered pore diffusion,
the dynamic capacity is a strong function of flow rate for
resin particles. However, anion exchange membranes exhib-
ited a flow rate independent dynamic capacity over a large
range of flow rates for binding of DNA and host cell pro-
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We have chosen to investigate the binding of AeDNV since
this virus is of practical significance and is a good model
virus for studying binding to anion and cation exchange mem-
branes. AeDNV is a parvovirus that infects theAedes aegypti
mosquito. TheAedes aegypti mosquito is a carrier of viruses
that are human pathogens which cause dengue and yellow
fever. Consequently development of an AeDNV vector may
find important applications in integrated vector-borne disease
control programs against human pathogens such as dengue
and yellow fever[25].

AeDNV is a parvovirus very similar in size to minute
virus of mice (MVM). MVM is a FDA recommended model
parvovirus frequently used for validation of virus clearance.
Validation of parvovirus clearance is particularly problem-
atic. Further since AeDNV is stable above and below its
isoelectric point, by adjusting the pH of the feed stream
above and below the isoelectric point of the virus, binding of
negatively and positively charged virus particles using anion
and cation exchange membranes may be investigated. Many
enveloped viruses such as human influenza virus and murine
leukemia virus (also a FDA model virus for validation of virus
clearance) are not stable at their isoelectric point. Thus bind-
ing of these viruses by cation and anion exchange membranes
can not be investigated.
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eins (Chinese hamster ovary cell protein, or CHOP). Fur
he breakthrough capacities of ion-exchange membrane
ften comparable in magnitude to ion exchange resins.

In a recent study, Teeters et al.[22] determined th
apacity of commercially available anion-exchange m
ranes (Mustang-Q membranes, Pall BioPharmaceut
ensacola, FL) for purification of plasmid DNA. Unli
nion-exchange resins, the dynamic capacity of the m
ranes was found to be independent of flow rate over a
ange of flow rates. Further, the membrane capacity
ound to be 10 mg mL−1, twice the capacity reported by Le
t al.[23] for highly porous resins and five times greater t

he capacity for 15�m particles[22,23].
Heber et al.[24] studied binding of∼7 kb long supercoile

NA using Mustang Q ion exchange membranes. They
ompared results for membranes and resins. They foun
he dynamic capacity depended on flow rate for membr
nd resins as the DNA elongated at higher flow rates. N

heless, the membranes exhibited a higher dynamic cap
han resin particles.

These studies demonstrate that adsorptive memb
ay be ideally suited for virus capture. Here we have in

igated the feasibility of adsorption ofAedes aegypti den-
onucleosis virus (AeDNV) particles using Sartobind (
orius AG, G̈ottingen, Germany) anion and cation excha
embranes. AeDNV is a mosquito specific parvovirus (n
nveloped, single-stranded DNA virus). The virus parti
re about 20 nm in size, icosahedral in shape with an iso

ric point (pI) of 5.6. The virus is stable over the pH ran
–12.
. Materials and methods

.1. Production of AeDNV particles

AeDNV particles were produced using a cell cult
echnique and mosquito larvae. In the cell culture met
eDNV particles were produced by transfecting theA.
lbopictus cell line C6/36 with pUCA, an infectious clon
ontaining the AeDNV genome[26]. The C6/36 cell line wa
rown at 28◦C in Leibovitz’s L-15 medium supplement
ith 10% fetal bovine serum and 1% penicillin-streptomy

Invitrogen Co., Carlsbad, CA). The pH was 7.4. Trans
ion was performed in T-75 flasks with cells 80% conflu
he media was changed 8 to 18 h post transfection to re

he pUCA plasmid. Four days post transfection the T
asks were frozen and thawed three times then centrif
t 3750 rpm for 15 min at 4◦C to remove cellular debri
eDNV particles produced by the cell culture technique

eferred to as virus in growth medium.
AeDNV particles were also produced by exposing ne

atchedA. aegypti larvae to transducing particles by introd
ng them into previously infected water containing AeD
27]. The larvae were grown in 28◦C water that containe
50/50% mixture of tetra fin goldfish flakes and mouse

at food at a concentration of 0.5 mg/mL water. Pupae
osquitoes were removed by centrifugation at 3750 rpm
5 min at 4◦C. The virus water solution was then filter

hrough a 0.22�m filter (Millipore, Bedford, MA). AeDNV
articles produced using mosquito larvae are referred
eDNV in water.
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2.2. RT-PCR assay

A real time-PCR (RT-PCR) based assay was used to deter-
mine the virus titre in the infective solutions as AeDNV does
not show cytopathic effects. The primers and probe were des-
igned within a conserved region of the viral NS1 gene. Primer
Express® oligo design software (Applied Biosystems, Foster
City, CA) was used to design forward primer: CAT ACT ACA
CAT TCG TCC TCC ACA A, reverse primer: CTT GCT GAT
TCT GGT TCT GAC TCT T, and TaqMan Probe: FAMCCA
GGG CCA AGC AAG CGC CTAMRA. The reaction was
performed in 96-well format skirted v-bottomed polypropy-
lene microplates (MJ Research, Inc., Waltham, MA) with
optical caps (Applied Biosystems, Foster City, CA).

The Brilliant® multiplex QPCR master mix (Stratagene,
La Jolla, CA) was used as the RT-PCR master mix. Each well
consisted of 4�L of unknown sample or standard control
DNA pUCA plasmid, 0.3�L of 0.002 mmol/L dye, 9.7�L
master mix, 2�L of 0.05 mmol/L forward primer, 2�L of
0.05 mmol/L reverse primer, and 2�L of 5 × 10−3 mmol/L
probe. The thermal cycling conditions were: stage 1, 50◦C
for 2 min, stage 2, 95◦C for 10 min, stage 3, 95◦C for 15 s,
stage 4, 60◦C for 1 min and then stages 3 and 4 repeated 39
times. All reactions were performed in the Opticon 2 DNA
Engine (MJ Research, Inc., Waltham, MA). All samples were
analyzed three times and average results are reported. The
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Ion exchange membranes consisting of strong and weak anion
and cation exchange groups were obtained from Sartorius
AG. Table 1gives details of these regenerated cellulose mem-
branes. The membrane modules consisted of 15 flat sheet
membranes, 25 mm diameter, 275�m thick and nominal pore
size larger than 3�m. The total membrane surface area was
75 cm2. All membranes were tested using two feed streams:
virus particles suspended in growth medium obtained by cell
culture and virus particles suspended in water obtained using
mosquito larvae. Experiments were conducted at different
feed pH values by adding HCl or NaOH.

Membranes were initially rinsed with TE buffer
(10 mmol/L Tris, 1 mmol/L EDTA, pH 7.0) at a flow rate of
1 mL/min. Next 10–50 mL of feed suspension was introduced
at a flow rate of 1 mL/min. The membranes were then washed
using 5–25 mL of TE buffer at a flow rate of 1 mL/min.
Next the bound virus particles were eluted using 5–25 mL
0.5 mol/L NaCl solution at a flow rate of 1 mL/min. The virus
titre in the permeate was determined by collecting 100�L
samples for RT-PCR analysis at regular intervals. Finally the
membranes were regenerated using 25–50 mL 1 mol/L NaCl
solution. The membranes were stored wet in a 1 mol/L KCl
solution containing 20% ethanol.

Static binding capacity and association rate experiments
were conducted by cutting Q membranes into small pieces
of surface area 25 cm2. These membranes were incubated
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ccuracy of the PCR assay was determined by analyzi
amples of the same infective solution and found to be w
0.5 log units.
A RT-PCR based method was used for the quantifica

f AeDNV virus since more conventional biological ass
re not straightforward[28]. The quantitative RT-PCR ass

s a rapid, sensitive and efficient way to compare sam
hough similar results could be obtained with naked v
enomic DNA, when batches of AeDNV prepared from
ulture or mosquito larvae as described in the manuscrip
xposed to pancreatic DNase prior to RT-PCR, there is
r no reduction in signal. Also RT-PCR on pellet fracti
fter ultracentrifugation under conditions that should p
irus particles indicates that most of the DNA is pelle
hese results give us confidence that we are measuring

rom virus particles in these preparations rather than D
rom plasmid transfections or replicative forms.

.3. Ion exchange experiments

All ion exchange experiments were conducted in tripli
t 20◦C. All results represent the average of the three r

able 1
etails of ion exchange membranes

embrane pKa Functional groups

11 R–CH2–N+–(CH3)3

9.5 R–CH2–N–(C2H5)2

1 R–CH2–SO3
−

4.5 R–COO−
n 20 mL of water containing AeDNV (produced us
osquito larvae) at pH 7.0. The suspension was gently s
t 290 rpm at 28◦C. The change in virus titre in the susp
ion was determined by removing 100�L samples at regula
ntervals for RT-PCR analysis.

. Model description

Several models have been proposed to predict b
hrough curves for membrane chromatography. Suen
tzel [29] developed a model to predict the breakthro
urves for affinity membranes. This model is modified h
n order to describe the observed breakthrough of AeD
sing ion exchange membranes.

.1. General model

The membranes used contain a pore size distribution
her the pores are not straight but follow a tortuous
hrough the membrane. In addition the pores are inter
ected. It is assumed that the pore size distribution ca

Membrane charge Comments

pH < 11, positive Strongly basic anion exchang
pH < 9.5, positive Weakly basic anion exchange
pH > 1, negative Strongly acidic cation exchan
pH > 4.5, negative Weakly acidic cation exchang
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described by the log normal distribution. The effects of pore
tortuosity and connectivity are combined into a tortuosity
parameter,τ. For straight non connected pores,τ = 1. In gen-
eralτ > 1. It is also assumed that a pore may be described by
a single diameter,d.

Fig. 1 shows a schematic of a typical membrane pore.
The axial direction,z, is from the top to the bottom surface
of the membrane, i.e., feed solution with velocityV0 and
virus concentrationxF, flows in at the axial positionz = 0. A
differential volume of height dz at positionz is taken as a
control volume. The velocity of the liquid phase at position
z is Vz. The pore diameter isd (radiusr) and the membrane
thickness isH. Since the pores are not straight, the real length
of the liquid flow path isτH.

The rate of virus accumulation in the liquid within the
control volume for a differential time dt is dx πr2 dz. The rate
of accumulation depends on: (1) convection into the control
volume from positionz, (Vx)z πr2 dt wherex is the concen-
tration of the virus at positionz, mol/m3; (2) convection out
of the control volume from positionz + dz, (Vx)z + dx πr2 dt;
(3) axial diffusion into the control volume from positionz,
−(E∂x/∂z)z πr2 dt, whereE is the diffusion coefficient of the
virus; (4) diffusion out of the control volume at positionz + dz,
−(E∂x/∂z)z + dz πr2 dt; (5) the change of virus concentration
in the liquid within the control volume due to adsorption onto
ion exchange sites on the pore surface,R πr2 dzdt, whereR
i the
n tra-
t

and
S n,

V

rate
e im-

plification as it is likely virus adsorption involves interactions
with more than one ligand. Further the ligands are unlikely
to act totally independently. Given the large size of virus
particles, steric hindrance effects are likely to lead to many
unavailable binding sites. In assuming Eq.(1) we are imply-
ing that a second order reversible rate expression will give
an empirical description of the rate of adsorption and deso-
prtion of virus particles. Eq.(1) provides no information on
the mechanism of adsorption. The rate constants for adsorp-
tion and desorption areka andkd. Consequently,

R = ∂cVS

∂t
= kaxcS − kdcVS (2)

where cs and cvs represent the concentration of free ion
exchange groups and the concentration of the virus–ion
exchange group complex. The total number of ion exchange
sites or maximum capacity of the membrane is given bycl
where,

cl = cS + cVS (3)

Notecs, cl andcvs are all based on the pore surface area
and have units of mol/m2.

According to the mass conservation law,

dx πr2dz = (Vx)z πr2 dt − (Vx)z+dz πr2 dt(
∂x

) (
∂x

)

t
a

a

3

f the
m nges

ane.
z z

s the rate of virus adsorption. In the 3rd and 4th terms
egative sign indicates that diffusion is from high concen

ion to low concentration.
It is assumed that adsorption of the virus V onto the lig

on the membrane pore surface is given by the equatio

+ S ↔ VS (1)

Eq. (1), which represents a second order reversible
xpression with a Langmuir isotherm, is clearly a major s

Fig. 1. Schematic diagram of a membrane pore.
− E
∂z z

πr2 dt + E
∂z z+dz

πr2 dt

−(kaxcS − kdcVS) πr2 dzdt (4)

Dividing both sides of Eq.(4) by dtdz and taking the limi
s dt and dz go to zero,

∂x

∂t
= −∂(Vx)

∂z
+ ∂(E(∂x/∂z)z)

∂z
− (kaxcS − kdcVS) (5)

Assuming the velocityV and virus diffusion coefficientE
re independent of positionz, Eq.(5) simplifies to,

∂x

∂t
= −V

∂x

∂z
+ E

∂2x

∂z2 − (kaxcS − kdcVS) (6)

.2. Boundary conditions

Fig. 2is a schematic representation of the top surface o
embrane. At this surface, the virus concentration cha

Fig. 2. Schematic representation of the top boundary of the membr
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sharply due to axial mixing, i.e., virus concentration in the
aqueous phase change fromxF to x0. At the top surface of the
membrane,

0 = VxF − Vx0 + E

(
∂x

∂z

)
0

atz = 0, t > 0 (7)

Fig. 3shows the bottom boundary of the membrane. The
bottom boundary condition is,

0 =
(

dx

dz

)
τH

atz = τH, t > 0 (8)

3.3. Initial conditions

At t = 0, the virus concentration in all the membrane pores
is zero; the concentration of virus–ion exchange group com-
plex on all the pore surfaces is also zero; and the free ion
exchange group concentration is equal to the maximum con-
centration of ion exchange groups. Thus,

x = 0 att = 0 (9)

cVS = 0 att = 0 (10)

c

r
R uid
a virus
a lation
w The
m erical
s ntra-
t as a
f ined
b t
t eters
t curve
f

F brane.

Fig. 4. Variation of the virus titre in the permeate with permeate volume.
The feed consisted of virus particles suspended in growth medium at pH 7.0.
The feed flow rate was 1.0 mL/min. Results are shown for C, D, Q and S
membranes.

4. Results

Experimental breakthrough curves at a feed pH of 7.0 are
given inFigs. 4 and 5.Fig. 4gives results for AeDNV particles
suspended in growth medium whileFig. 5 gives results for
AeDNV particles suspended in water. In these figures the
virus titre in the permeate is plotted as a function of permeate
volume. As can be seen Q and D membranes successfully
adsorb virus particles from both growth medium and water.
However, few virus particles bind to C and S membranes for
both feed streams at pH 7.0.

Breakthrough curves for the S membrane at a feed pH
of 3.5 are shown inFig. 6. As can be seen the virus titre in
the growth medium and water are quite different. Adsorption
of AeDNV is observed for viruses in water. However, no
adsorption is observed for viruses in growth medium.Fig. 7
gives breakthrough curves for the C membrane at a feed pH
of 4.7. The initial virus titre in the growth medium and the
water was similar. For both feed streams it appears only a
little non specific binding of AeDNV particles occurs.

Based on the results ofFigs. 4–7, Table 2 gives the
dynamic capacity of the membranes. The breakthrough vol-
ume was defined as the volume of feed solution that resulted

F me.
T e feed
fl anes.
S = cl att = 0 (11)

By solving Eqs.(2), (3) and (6)–(11)using the fourth orde
unge-Kutta method, the concentration of virus in the liq
nd adsorbed on to the membrane can be calculated. The
ssociated parameters needed for the numerical simu
ere obtained from the static binding capacity results.
embrane associated parameters needed for the num

imulation were obtained from SEM images. The conce
ion of virus in the exit stream from the membrane module
unction of time, i.e., the breakthrough curve, can be obta
y averaging the concentration atz = τH for all the pores a

he bottom surface of the membrane. Using these param
he model may be used to determine the breakthrough
or virus particles.

ig. 3. Schematic representation of the bottom boundary of the mem
ig. 5. Variation of the virus titre in the permeate with permeate volu
he feed consisted of virus particles suspended in water at pH 7.0. Th
ow rate was 1.0 mL/min. Results are shown for C, D, Q and S membr
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Fig. 6. Variation of the virus titre in the permeate with permeate volume
for S membranes. The feed consisted of virus particles suspended in growth
medium and water at pH 3.5. The feed flow rate was 1.0 mL/min.

in the permeate virus titre being 10% of the feed titre. The
dynamic capacity of the membrane is given as the number of
virus particles bound to a membrane surface area of 75 cm2.
Manufacturer’s values for adsorption of BSA and lysozyme
are also included. As can be seen the highest binding capacity
is obtained for Q membranes loaded with viruses in water.
Consequently we studied this system further by determining
static binding data.

Fig. 8 gives the static binding results for Q membranes
with a surface area of 25 cm2 (or 0.69 mL) in 20 mL of water
containing virus particles. The left hand sidey-axis gives
the virus titre in solution (denoted as open triangles) as a
function of time while the right hand sidey-axis gives the
number of virus particles adsorbed per mL of membrane
volume (denoted as crosses). The number of virus particles
adsorbed onto the membrane was determined from the dif-
ference between the feed titre and the residual virus titre in
solution. Based on these results the static binding capacity
for Q membranes was determined. The result is also given in
Table 2. The static binding capacity for Q membranes, incu-
bated with viruses in water was determined at the same feed
titre as used in the corresponding dynamic experiment shown
in Fig. 5. In Table 2binding capacities are given in units of
virus particles per 75 cm2 of membrane surface area in order
to compare the results to the protein binding capacities given

F ume
f rowth
m

ig. 7. Variation of the virus titre in the permeate with permeate vol
or C membranes. The feed consisted of virus particles suspended in g
edium and water at pH 4.7. The feed flow rate was 1.0 mL/min.
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Fig. 8. Static adsorption results for Q membranes. The membrane surface
area was 25 cm2. Membranes were incubated in 20 mL of water containing
virus particles at pH 7.0. The suspension was gently stirred at 290 rpm at
28◦C. The left hand sidey-axis gives the virus concentration in solution as a
function of incubation time while the right hand sidey-axis gives the number
of bound virus particles per mL of membrane volume. The continuous curve
gives the Langmuir fitting results.

by the manufacturer. InFig. 8 however, the units are virus
particles adsorbed per volume of membrane. The membrane
modules used in this work had a surface area of 75 cm2 and a
volume of 2 cm3 as given by the manufacturer. Consequently,
conversion between the units inTable 2andFig. 8is routine.

Fig. 9gives the adsorption isotherm for binding AeDNV to
Q membranes. Results are plotted as the number of virus par-
ticles adsorbed per membrane volume versus the virus titre
in solution (shown as open triangles).Fig. 9 was generated
by incubating 25 cm2 of Q membrane in 20 mL of water con-
taining virus particles. Initial virus titres ranged from 104 to
108 viruses/�L at pH 7. The experiment was run for 24 h until
equilibrium was reached. The temperature during adsorption
was 28◦C.

By fitting the data shown inFig. 9 to the single-solute
Langmuir isotherm model (Eq.(2) with the left hand side
equal to 0) the values ofKD andcl were determined. Using
these values ofKD and cl , and the expressionKD = kd/ka,
the data shown inFig. 8 were fit to the Langmuir kinetic

F rface
a ning
v
1 s
c

model (Eq.(2)) in order to determine the rate constants
ka and kd [29]. The rate constants were found to be
ka = 0.14 (mol/L)−1 s−1 andkd = 2.9× 10−5 s−1 andcl was
found to be 8.62× 10−12 mol/m2. The Langmuir fit is shown
as a continuous curve inFigs. 8 and 9.

Fig. 10compares the experimental and numerical break-
through curves for Q membranes loaded with virus parti-
cles in water. In the simulation, viruses were assumed to
be suspended in water at pH 7. In order to solve the set
of partial differential Eqs.(2), (3) and (6)–(11), informa-
tion about the membrane and the interactions between the
virus and ion exchange groups is needed. The membrane
pore size distribution is characterized using a log normal dis-
tribution. The log normal pore size is given by the following
equation,

n(r) = n0 exp

{
−

[
log (r/3)

log 3

]2
}

(12)

wheren0 is the number of pores at the maximum in the distri-
bution function, which was estimated from SEM images to be
2× 106 cm−2. The tortuosity parameter was also estimated
from SEM images of the membrane and found to be 1.4. Dur-
ing the simulation, Eq.(12)was discretized into a number of
pore size ranges. An average pore size is used to describe each
r ed by
t irus
p using
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f ined
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ig. 9. Adsorption isotherm for Q membranes. The membrane su
rea was 25 cm2. Membranes were incubated in 20 mL water contai
irus particles at pH 7.0. Initial virus titres in solution ranged from 104 to
08 viruses/�L. Experiments were run for 24 h at 28◦C. The continuou
urve gives the Langmuir fitting results.
ange. The percentage of pores in a given range is obtain
he fitted lognormal distribution. The concentration of v
articles leaving a given pore size range was calculated
qs.(2), (3) and (6)–(11). Then the average concentration
irus particles in the permeate was calculated by integr
he exit concentration of virus particle over the membrane
ace. During the simulation, the physicochemical param
or virus adsorption to ion exchange groups were obta
rom the static binding results as described above. The
iffusivity was estimated from Stokes-Einstein equatio
e 3.5× 10−12 m2 s−1. It can be seen fromFig. 10that the
umerical results correctly give the shape of the experim
reakthrough curve.

ig. 10. Comparison of experimental and numerical results. Experim
esults are for virus particles suspended in water at pH 7 pumped thro
embranes at 1 mL/min.
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5. Discussion

Figs. 4 and 5indicate that Q and D membranes are suc-
cessful in adsorbing AeDNV particles. As shown inTable 1,
the pKa of the ion exchange groups for both membranes is
much higher than 7.0. Consequently at a feed pH of 7.0, the
ion exchange groups will be positively charged. Since the
pI of AeDNV is 5.6, the virus particles will have an over-
all negative charge thus virus particles will be adsorbed by
electrostatic interaction.

The two cation exchange membranes (S and C) did not
adsorb a significant number of virus particles at a feed pH
of 7.0. As can be seen fromTable 1, at pH 7.0, the ion
exchange groups of both membranes are negatively charged.
Since AeDNV particles also have an overall negative charge
at pH 7.0, little adsorption is expected. This result suggests
that if the feed pH were adjusted such that the virus and
ion exchange groups were oppositely charged, adsorption of
virus particles should occur.

Breakthrough experiments were conducted using S mem-
branes at a feed pH of 3.5. At this pH the ion exchange groups
of the membrane will be negatively charged while the virus
particles will have an overall positive charge.Fig. 6indicates
that virus particles are adsorbed from water. However, little
virus adsorption is observed from growth medium.

Selecting a feed pH at which the ion exchange groups on
t ticles
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and lysozyme (pI 11, MW 14,300)[32]. The static capacity
is determined by the manufacturer by incubating the mem-
brane in 10 mmol/L potassium phosphate buffer at pH 7.0
containing 2 mg mL−1 of protein. The next two columns give
the number of virus particles adsorbed from growth medium
and water in dynamic adsorption experiments. The dynamic
capacity is given as the number of virus particles adsorbed
onto a membrane area of 75 cm2 in order to be consistent with
the capacity for protein binding reported by the manufacturer.
The final column gives the number of virus particles adsorbed
onto a Q membrane in static adsorption experiments. Again
75 cm2 membrane surface area has also been used as the
basis, in order to compare static and dynamic capacities.
These values represent the dynamic and static capacity of
the membranes under the experimental conditions tested.

The experimental results obtained here indicate that for
Q membranes, about twice as many AeDNV particles were
adsorbed from water compared to growth medium. For S
membranes, no virus particles were adsorbed from the growth
medium but virus particles were absorbed from water. For
virus particles in water (grown using mosquito larvae), the
concentration of dissolved amino acids and proteins is very
low compared to virus particles suspended in growth medium
[33]. At pH 7.0, a large number of the amino acids present will
be negatively charged. These amino acids could compete with
the virus particles for positively charged binding sites on the
m the
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he C membrane carry an opposite charge to the virus par
s difficult as the pKa and pI of the ion exchange groups a
irus particles are similar. Experiments were conducte
feed pH of 4.7. At this pH virus particles are expecte

arry an overall positive charge. Further about 60% of
on exchange groups are expected to be negatively cha
evertheless little adsorption is observed for virus part
uspended in growth medium and water. Since the surfa
eDNV particles is likely to contain a number of groups t
ave different pKavalues, for a feed pH within 1 pH unit of th
I of the entire virus particle, the virus particles may be o
lightly positively charged. Further at pH 4.7, only about 6
f the binding sites on the membrane are negatively cha
robably explaining the lack of significant virus adsorpti

AeDNV particles are particularly robust. The partic
emain viable over a pH range of 1–12. Consequently dep
ng on the pI of the virus and the other charged species s
s amino acids that may be present, by adjusting the
H it may be possible to maximize adsorption of AeD
article and minimize adsorption of other charged spe
hile this approach is feasible for other parvoviruses s

s minute virus of mice (MVM), an FDA model parvovir
30], it is unlikely to work for pH sensitive viruses such
nfluenza virus[31].

The results of the breakthrough experiments are sum
ized inTable 2. The first column gives the membrane tes
hile the next three columns give the feed pH and the sig

he net charge of the virus and ion exchange groups at the
H. The next column gives the manufacturer’s stated s
apacity for bovine serum albumin (BSA, pI 4.9, MW 67,000
.

embrane surface leading to lower virus adsorption from
rowth medium compared to water. Similarly at pH 3.5, m
f the amino acids will be positively charged. These positi
harged amino acids could compete with virus particle
egatively charged binding sites on the membrane leadi

ittle binding of virus particles. In addition, albumin pres
n the fetal bovine serum that is added to the growth med
as a pI of 4.9. Therefore, it can also compete with AeD
articles for binding sites.

The experimentally determined dynamic capacities g
n Table 2are several orders of magnitude less than the m
acturers stated values for the static protein binding capa
eDNV particles are about 20 nm in size which is much la

han BSA and lysozyme. Thus it is likely that smaller po
n the membrane are not accessible to virus particles an
teric hindrance effects lead to lower binding capacities. F
able 2, it also can be seen that for Q membranes incub
ith virus water solutions, the dynamic capacity is with

actor of 2.5 of the static capacity.
The focus of the present work was the determinatio

reakthrough curves for AeDNV. Nevertheless we have
nvestigated elution of virus adsorbed on to Q membra
he experimental results indicate that the virus part
dsorbed on to membranes can be effectively eluted
ecovered by using 0.5 mol/L NaCl solution.

Design of a practical adsorptive membrane module
irus adsorption will require optimization of the membra
ore size and pore size distribution in order to maximize v
inding[34]. Pores that are smaller than the diameter o
irus particles, 20 nm for AeDNV, are unavailable for vi
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binding. Thus ion exchange groups in these pores will be
wasted. The presence of very large pores could result in a
radial virus concentration gradient within the pores which in
turn could lead to early breakthrough of virus particles. This
in turn will result in the entire module capacity not being
used. The maximum pore-size that does not lead to the for-
mation of radial concentration gradients may be estimated
from the ratio of the characteristic time for radial diffusion
within the pore to the characteristic time for adsorption of
virus particles. The characteristic time for radial diffusion,
τD, is given by,

τD = R2
p/E (13)

whereRp andE are the pore radius and diffusion coefficient
of the virus particle. The characteristic time for adsorption
depends on the reaction mechanism. The characteristic time
for adsorption of virus may be approximated by[34,35],

τR = 1

(kRmax)
(14)

where k is the second order rate constant for adsorption
(see Equation (1)) andRmax is the maximum virus binding
capacity (mg/mL). The ratioτD/τR is the second Damk̈ohler
number, DaII [34,35]. DaII much less than one indicates that
radial concentration gradients are negligible.

ence
t n the
r racter
i rate
d um
f dent
o the
r tion.

t
f n is
g
n tic
a res.

s
c -
d )
w
u
o ed to
t
t s are
n

m-
b sing

T
D

τ

0 3

the model developed here. InFig. 10, experimental results are
shown for a total permeate volume of 20 mL while model pre-
dictions are shown for a permeate volume up to 30 mL. As
can be seen, in the range 15–20 mL, the agreement between
the experimental and calculated results is not as good as
in the range 0–15 mL permeate. Experimental results were
not obtained for permeate volumes higher than 20 mL, since
in practical applications the process will not be run to bed
exhaustion.

While the numerical results correctly give the shape of the
experimental breakthrough curve, deviations between the two
are observed. The actual quantitative agreement between the
experimental data and the Langmuir model may be deter-
mined by calculating the relative error defined as,

Relative error= (Experimental result− Langmuir fit)

Experimental result

× 100% (15)

The relative errors are between−91 and 40% for data
shown inFig. 8and−55 and 91% for data shown inFig. 9.
This poor quantitative agreement could be due to the accu-
racy of the RT-PCR assay used and the limited number of
experimental data points. However, although the deviation
between the experimental results and the Langmuir model are
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As the flow rate through the pores increases, the resid
ime for virus particles within the pores decreases. Whe
esidence time in the largest pores approaches the cha
stic time for adsorption, early breakthrough and a flow
ependent dynamic capacity will be observed. The maxim

eed flow rate, for which the dynamic capacity is indepen
f flow rate may be estimated by calculating the ratio of
esidence time to the characteristic time for virus adsorp

The mean residence time,τ, is given byV/Q whereV is
he total empty (pore) volume of the membrane andQ is the
eed flow rate. The characteristic time for virus adsorptio
iven by Eq.(14). The ratio ofτ/τR is the first Damk̈ohler
umber, DaI. Thus, DaI > 1 indicates that the characteris
dsorption time is less than the residence time in the po

Table 3gives the first and second Damköhler number
alculated using Eqs.(13) and (14)for the experiments con
ucted here. In Eq.(14), the product ofkRmax (0.00025 /s
as calculated based on the Q membrane results inFig. 5
sing the method described by Unarska et al.[36]. The value
f DaI indicates that the rate of adsorption is fast compar

he average residence time. Further the value of DaII indicates
hat radial concentration gradients within the larger pore
ot significant.

Fig. 10 shows that the breakthrough curve for Q me
ranes from virus water feed solutions may be predicted u

able 3
aI and DaII for AeDNV adsorption

D (s) τR (s) τ (s) DaI DaII

.4 3.1 43 14 0.1
-

ignificant, a similar level of deviation has been reporte
ther researchers[32]. Further the model prediction depen
pon fitting a Langmuir isotherm to the static binding dat
ore complex isotherm expression, containing more pa
ters could be used to better describe the actual bin
f virus particles to the ion exchange membrane[37–40].
owever, given the accuracy of the virus assay, usi
ore complicated adsorption expression is not justified.

equently, in keeping with early studies on adsorptio
arge biomolecules, the Langmuir isotherm is used
37–41].

The analysis presented here uses Eq.(6) to predict the
reakthrough curve for AeDNV in water loaded on to Q m
ranes. Thomas[42] solved Eq.(6) analytically by ignoring

he diffusion term. Suen and Etzel[29] used the Thoma
odel as a basis for comparison of the effects of param

uch as axial diffusion and association kinetics on the b
hrough curve. While the approach presented here is
ased on the Thomas model, there are some important d
nces. The model is being applied here to the breakthr
f virus particles. Though many studies have considered

ein binding and elution[10–14], few studies have consider
dsorption of virus particles.

The presence of a pore size distribution and variatio
embrane thickness can have a very significant effec

he dynamic capacity of adsorptive membranes[29]. Unlike
he Thomas model which assumes a uniform pore si
og normal pore size distribution is fitted to SEM image
he membrane. Consequently, the liquid velocity through
ores is not equal but depends on the pore size. In additi
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our model a tortuosity parameter is introduced to describe the
effects of pore tortuosity and connectivity. Tortuosities rang-
ing from 2 to 12 have been reported[43,44]. Further though
the effects of axial diffusion are likely to be minor under the
experimental conditions considered here, the axial diffusion
term is retained in Eq.(6)as it is likely to be significant under
some conditions.

The model presented here may be extended to calculate
virus adsorption from growth medium onto Q membranes.
In this case static adsorption data analogous to that shown
in Figs. 8 and 9will be required to determine the maximum
binding capacity and the rate constants for adsorption and
de-sorption. The model may further be extended to D and S
membranes. In this case, in addition to static adsorption date,
if the pore size distribution is different to Q membranes, SEM
data will also be required.

The analysis described here ignores the effects of other
components in the feed solution, such as amino acids that
could compete with the virus particles for ion exchange sites.
While the general mass transfer model is similar, incorpora-
tion of the effects of competitive binding will require the use
of a more complex multi-component adsorption model for
Eq. (2). Further, in order to estimate the additional parame-
ters needed for other components, experiments will have to be
conducted where the concentration of the competing species
is varied. This will be difficult for virus particles suspended in
g par-
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