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Abstract

Experimental and numerical results for binditgles 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 ¢
oppositely charged. Q membranes which are strongly basic anion exchangers were the most effective. Dynamic and static capacities for
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.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Human herpesvirus |, Human poliovirus type Il and canine
parvovirus using protein A affinity chromatography. Roberts
Virus capture is critical in a number of applications. In et al.[3] obtained 16 clearance of enveloped Sindbis virus
gene therapy and vaccine production, large-scale purifica-and non-enveloped hepatitis A virus by metal chelate affin-
tion of virus vectors is often essential. In the manufacture of ity chromatography. Kim et al4] studied various model
biopharmaceuticals, validation of virus clearance is critical. viruses and a number of different removal methods. For Q-
Viruses are generally 5-300 nm in size. Many virus particles Sepharose resin based chromatography, 1.5-2.5 log removal
are larger than DNA and other biomolecules. of bovine herpes virus, bovine viral diarrhoea virus, murine
Packed-bed chromatography has been used for virus clearencephalomyocarditis virus and porcine parvovirus were
ance[1-4] as well as virus purificatiofb—8]. In packed-bed  obtained.
chromatography, the solute in a feed solution is transported  Although these studies indicate the feasibility of virus
between the resin particles (usually spherical) by convective removal by packed-bed chromatography, packed bed chro-
flow. Since chromatographic particles are usually porous, the matography suffers from a number of limitations. The pres-
majority of the binding sites are located on the surface of the sure drop acrossthe bedis generally highand tendstoincrease
internal pores. To reach these pores, the solute must diffuseduring operation due to media deformation. Pore diffusion is
from the bulk feed solution across a liquid film layer at the often slow leading to increased processing time and possible
particle surface and into the pores. Next, the solute diffusesdegradation of fragile biological product molecu]@8—-14}
by “pore diffusion” through the pores and attaches to binding Scale up of packed beds is often difficult. Further, packed
sites on the pore surfa¢@]. beds have been shown to display very low dynamic capaci-
Berthold et al.[1] investigated ion exchange and affin- ties for virus particle§15-17] leading to underutilized beds
ity chromatography for clearance of model viruses. ¥ald as most of the binding sites in the resin pores are not used.
et al.[2] investigated the removal of sendaivirus, HIV-llib, Stacks of adsorptive membranes, as novel chromato-
graphic supports, may overcome these limitations. Adsorp-
* Corresponding author. Tel.: +1 970 491 5276; fax: +1 970 491 7369,  tiVe microporous membranes have surface functional groups
E-mail address: wickram@engr.colostate.edu (S.R. Wickramasinghe). ~ attached to the internal pores. The feed is pumped through the

0021-9673/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.chroma.2005.06.089



B. Han et al. / J. Chromatogr. A 1092 (2005) 114—124 115

membrane pores; thus, transport of the solute to the binding We have chosento investigate the binding of AeDNV since
sites occurs predominantly by convection, rather than porethis virus is of practical significance and is a good model
diffusion. Thus the processing time can be greatly reduced. virus for studying binding to anion and cation exchange mem-
The pressure drop for flow through adsorptive membranesbranes. AeDNV is a parvovirus that infects theles aegypti
is significantly lower than for packed beds, as the flow path mosquito. Theledes aegypti mosquito is a carrier of viruses
is much shorter, even for a stack of multiple membranes. that are human pathogens which cause dengue and yellow
Importantly, handling and scale-up of ready-to-use mem- fever. Consequently development of an AeDNV vector may
brane devices is much easier than packing and scale-ugfind important applications in integrated vector-borne disease
of packed bedg$9,10,18,19] Thus adsorptive membranes control programs against human pathogens such as dengue
may be ideally suited for virus capture and purification. and yellow fevef25].
Though previous researchers have considered capture oflarge  AeDNV is a parvovirus very similar in size to minute
biomolecules such as plasmid DNA and proteins, relatively virus of mice (MVM). MVM is a FDA recommended model
few systematic studies report results for virus capture using parvovirus frequently used for validation of virus clearance.
ion exchange membranes. Validation of parvovirus clearance is particularly problem-
Yang et al.[20] recently showed that for Q Sepharose atic. Further since AeDNV is stable above and below its
beads, the dynamic capacity of a large protein molecule isoelectric point, by adjusting the pH of the feed stream
(thyroglobulin, 20 nm diameter) decreased rapidly with flow above and below the isoelectric point of the virus, binding of
rate while that of a small protein molecule-{actalbumin, negatively and positively charged virus particles using anion
3.5 nm diameter) was less sensitive to flow rate. By contrast, and cation exchange membranes may be investigated. Many
for Q membranes, the dynamic capacity for large proteins enveloped viruses such as human influenza virus and murine
was the same as the static capacity. Knudsen g Hlalso leukemiavirus (also a FDA model virus for validation of virus
showed that for packed beds, due to hindered pore diffusion,clearance) are not stable at their isoelectric point. Thus bind-
the dynamic capacity is a strong function of flow rate for ing ofthese viruses by cation and anion exchange membranes
resin particles. However, anion exchange membranes exhib-can not be investigated.
ited a flow rate independent dynamic capacity over a large
range of flow rates for binding of DNA and host cell pro-
teins (Chinese hamster ovary cell protein, or CHOP). Further, 2. Materials and methods
the breakthrough capacities of ion-exchange membranes are
often comparable in magnitude to ion exchange resins. 2.1. Production of AeDNV particles
In a recent study, Teeters et §R2] determined the
capacity of commercially available anion-exchange mem-  AeDNV particles were produced using a cell culture
branes (Mustang-Q membranes, Pall BioPharmaceuticalstechnique and mosquito larvae. In the cell culture method,
Pensacola, FL) for purification of plasmid DNA. Unlike AeDNV particles were produced by transfecting the
anion-exchange resins, the dynamic capacity of the mem-albopictus cell line C6/36 with pUCA, an infectious clone
branes was found to be independent of flow rate over a largecontaining the AeDNV genoni@6]. The C6/36 cell line was
range of flow rates. Further, the membrane capacity wasgrown at 28 C in Leibovitz's L-15 medium supplemented
found to be 10 mg mt?, twice the capacity reported by Levy ~ with 10% fetal bovine serum and 1% penicillin-streptomycin
et al.[23] for highly porous resins and five times greater than (Invitrogen Co., Carlsbad, CA). The pH was 7.4. Transfec-
the capacity for 1um particleg22,23]. tion was performed in T-75 flasks with cells 80% confluent.
Heber et al[24] studied binding of-7 kb long supercoiled = The media was changed 8 to 18 h post transfection to remove
DNA using Mustang Q ion exchange membranes. They alsothe pUCA plasmid. Four days post transfection the T-75
compared results for membranes and resins. They found thaflasks were frozen and thawed three times then centrifuged
the dynamic capacity depended on flow rate for membranesat 3750 rpm for 15min at 4C to remove cellular debris.
and resins as the DNA elongated at higher flow rates. Never-AeDNV patrticles produced by the cell culture technique are
theless, the membranes exhibited a higher dynamic capacityreferred to as virus in growth medium.
than resin particles. AeDNYV particles were also produced by exposing newly
These studies demonstrate that adsorptive membrane$atchedi. aegyptilarvae to transducing particles by introduc-
may be ideally suited for virus capture. Here we have inves- ing them into previously infected water containing AeDNV
tigated the feasibility of adsorption dfedes aegypti den- [27]. The larvae were grown in 2& water that contained
sonucleosis virus (AeDNV) particles using Sartobind (Sar- a 50/50% mixture of tetra fin goldfish flakes and mouse and
torius AG, Gttingen, Germany) anion and cation exchange rat food at a concentration of 0.5 mg/mL water. Pupae and
membranes. AeDNV is a mosquito specific parvovirus (non- mosquitoes were removed by centrifugation at 3750 rpm for
enveloped, single-stranded DNA virus). The virus particles 15min at 4£C. The virus water solution was then filtered
are about 20 nm in size, icosahedral in shape with an isoelec-through a 0.22um filter (Millipore, Bedford, MA). AeDNV
tric point (@) of 5.6. The virus is stable over the pH range particles produced using mosquito larvae are referred to as
1-12. AeDNYV in water.
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2.2. RT-PCR assay lon exchange membranes consisting of strong and weak anion
and cation exchange groups were obtained from Sartorius

Arealtime-PCR (RT-PCR) based assay was used to deter-AG. Table 1gives details of these regenerated cellulose mem-
mine the virus titre in the infective solutions as AeDNV does branes. The membrane modules consisted of 15 flat sheet
not show cytopathic effects. The primers and probe were des-membranes, 25 mm diameter, 2¢% thick and nominal pore
igned within a conserved region of the viral NS1 gene. Primer size larger than gm. The total membrane surface area was
Expres® oligo design software (Applied Biosystems, Foster 75 cnf. All membranes were tested using two feed streams:
City, CA) was used to design forward primer: CAT ACT ACA virus particles suspended in growth medium obtained by cell
CATTCG TCCTCCACAA, reverse primer: CTT GCT GAT  culture and virus particles suspended in water obtained using
TCT GGT TCT GAC TCT T, and TagMan Probe: FAMCCA mosquito larvae. Experiments were conducted at different
GGG CCA AGC AAG CGC CTAMRA. The reaction was feed pH values by adding HCI or NaOH.

performed in 96-well format skirted v-bottomed polypropy- Membranes were initially rinsed with TE buffer
lene microplates (MJ Research, Inc., Waltham, MA) with (10 mmol/L Tris, 1 mmol/L EDTA, pH 7.0) at a flow rate of
optical caps (Applied Biosystems, Foster City, CA). 1 mL/min. Next 10-50 mL of feed suspension was introduced

The Brilliant® multiplex QPCR master mix (Stratagene, ata flow rate of 1 mL/min. The membranes were then washed
La Jolla, CA) was used as the RT-PCR master mix. Each well using 5-25mL of TE buffer at a flow rate of 1 mL/min.
consisted of 4L of unknown sample or standard control Next the bound virus particles were eluted using 5-25 mL
DNA pUCA plasmid, 0.3.L of 0.002 mmol/L dye, 9.7uL 0.5 mol/L NaCl solution at a flow rate of 1 mL/min. The virus

master mix, .L of 0.05 mmol/L forward primer, L of titre in the permeate was determined by collecting 100
0.05 mmol/L reverse primer, andu2. of 5 x 10~3 mmol/L samples for RT-PCR analysis at regular intervals. Finally the
probe. The thermal cycling conditions were: stage 1560 membranes were regenerated using 25-50 mL 1 mol/L NaCl
for 2min, stage 2, 95C for 10 min, stage 3, 95C for 15s, solution. The membranes were stored wet in a 1 mol/L KCI

stage 4, 60C for 1 min and then stages 3 and 4 repeated 39 solution containing 20% ethanol.

times. All reactions were performed in the Opticon 2 DNA Static binding capacity and association rate experiments

Engine (MJ Research, Inc., Waltham, MA). All samples were were conducted by cutting Q membranes into small pieces

analyzed three times and average results are reported. Thef surface area 25cm These membranes were incubated

accuracy of the PCR assay was determined by analyzing 12in 20mL of water containing AeDNV (produced using

samples of the same infective solution and found to be within mosquito larvae) at pH 7.0. The suspension was gently stirred

=+ 0.5 log units. at 290 rpm at 28C. The change in virus titre in the suspen-
A RT-PCR based method was used for the quantification sion was determined by removing 1@0 samples at regular

of AeDNV virus since more conventional biological assays intervals for RT-PCR analysis.

are not straightforwarfP8]. The quantitative RT-PCR assay

is a rapid, sensitive and efficient way to compare samples.

Though similar results could be obtained with naked viral 3. Model description

genomic DNA, when batches of AeDNV prepared from cell

culture or mosquito larvae as described in the manuscriptare  Several models have been proposed to predict break-

exposed to pancreatic DNase prior to RT-PCR, there is little through curves for membrane chromatography. Suen and

or no reduction in signal. Also RT-PCR on pellet fractions Etzel [29] developed a model to predict the breakthrough

after ultracentrifugation under conditions that should pellet curves for affinity membranes. This model is modified here

virus particles indicates that most of the DNA is pelleted. in order to describe the observed breakthrough of AeDNV

These results give us confidence that we are measuring DNAusing ion exchange membranes.

from virus particles in these preparations rather than DNA

from plasmid transfections or replicative forms. 3.1. General model

2.3. lon exchange experiments The membranes used contain a pore size distribution. Fur-
ther the pores are not straight but follow a tortuous path

Allion exchange experiments were conducted in triplicate through the membrane. In addition the pores are intercon-
at 20°C. All results represent the average of the three runs. nected. It is assumed that the pore size distribution can be

Table 1

Details of ion exchange membranes

Membrane Ka Functional groups Membrane charge Comments

Q 11 R-CH-N*—(CHs)3 pH <11, positive Strongly basic anion exchanger
D 9.5 R-ChH—N—(GHs)» pH <9.5, positive Weakly basic anion exchanger

S 1 R-Ch-SG;~ pH>1, negative Strongly acidic cation exchanger
C 4.5 R-COO pH>4.5, negative Weakly acidic cation exchanger
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described by the log normal distribution. The effects of pore plification asitis likely virus adsorption involves interactions
tortuosity and connectivity are combined into a tortuosity with more than one ligand. Further the ligands are unlikely

parameters. For straight non connected pores; 1. In gen- to act totally independently. Given the large size of virus
eralt> 1. Itis also assumed that a pore may be described bypatrticles, steric hindrance effects are likely to lead to many
a single diameted. unavailable binding sites. In assuming [Eb) we are imply-

Fig. 1 shows a schematic of a typical membrane pore. ing that a second order reversible rate expression will give
The axial directiong, is from the top to the bottom surface an empirical description of the rate of adsorption and deso-
of the membrane, i.e., feed solution with velocity and prtion of virus particles. Eq(1) provides no information on
virus concentrationg, flows in at the axial position=0. A the mechanism of adsorption. The rate constants for adsorp-
differential volume of height dat positionz is taken as a  tion and desorption arg andky. Consequently,
control volume. The velocity of the liquid phase at position

- . . . a
z1is V,. The pore diameter ig (radiusr) and the membrane R = ;VS = kaxcs — kdevs (2)
thickness ig1. Since the pores are not straight, the real length d
of the liquid flow path iscH. where cs and cys represent the concentration of free ion

The rate of virus accumulation in the liquid within the €exchange groups and the concentration of the virus—ion
control volume for a differential timerds dv 72 dz. Therate ~ exchange group complex. The total number of ion exchange
of accumulation depends on: (1) convection into the control Sites or maximum capacity of the membrane is giverrby
volume from positior, (Vx), 72 dr wherex is the concen- ~ where,
tration of the virus at positiog, mol/n; (2) convection out

of the control volume from position+ dz, (V) + g 772 dr; f=cstovs 3)

(3) axial diffusion into the control volume from positian Notecs, ¢; andcys are all based on the pore surface area
—(Edx/dz). mr? dr, whereE is the diffusion coefficient of the  and have units of mol/fa

virus; (4) diffusion out of the control volume at positio dz, According to the mass conservation law,

—(Edx/dz), + 4. w2 dr; (5) the change of virus concentration 9 2 2

in the liquid within the control volume due to adsorption onto @ 77°dz = (Vx) 77 dt — (V) y.g 70 dr

ion exchange sites on the pore surfakerr? dzdr, wherer, ox ) ox )

is the rate of virus adsorption. In the 3rd and 4th terms the —\Eo; ) mrtde+ E*Z o dr

negative sign indicates that diffusion is from high concentra- ¢ et

tion to low concentration. —(kaxcs — kdeys) mr? dzdr (4)
Itis assumed that adsorption of the virus V onto the ligand

S on the membrane pore surface is given by the equation, Dividing both sides of Eq(4) by drdz and taking the limit

V+4+S< VS 1) as d and ¢ go to zero,
ax _a(vx) | (E(@x/d2),)

Eq. (1), which represents a second order reversible rate — (kaxcs — kdcvs) ®)

expression with a Langmuir isotherm, is clearly a major sim- o 9z 9z
Assuming the velocity’ and virus diffusion coefficient
VoXe are independent of positian Eq. (5) simplifies to,
z=0 2
ox 0x 0°x
K Ligand - =—V—+ E_— — (kaxcs — kdcvs) (6)
E.(—). ot 0z 9z
oz V.x,
i l 3.2. Boundary conditions
Change in liquid phase  dlx, Fig. 2is a schematic representation of the top surface of the
_ _ dz membrane. At this surface, the virus concentration changes
Change from adsorption Rz
. Y z+dz Vc)xl-‘
H
2 l l & =0
\ .
ox Change in liquid phase  dx Ligand
Ezﬂ]:(jz Dardz VeiaXnae ¢ I X ‘ dz
3 d X Change from adsorption 7
h l Z z=tH T y 2=dz
i
VerrSor )t . l
VaXE i e e

Fig. 1. Schematic diagram of a membrane pore. Fig. 2. Schematic representation of the top boundary of the membrane.
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sharply due to axial mixing, i.e., virus concentration in the 108
aqueous phase change frogto xg. At the top surface of the .
membrane, =105t
e
0x Z
O=Vxp— Vxo+ E{ — atz=0, t>0 @) E ot
BZ 0 3
Fig. 3shows the bottom boundary of the membrane. The % 107
bottom boundary condition is, =
0 3 3
dx 0 1 2 3 4
0= (— atz=1tH, >0 (8) Permeate volume (mL)
dZ tH

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.

At t=0, the virus concentration in all the membrane pores
is zero; the concentration of virus—ion exchange group com- 4. Results
plex on all the pore surfaces is also zero; and the free ion
exchange group concentration is equal to the maximum con-  Experimental breakthrough curves at a feed pH of 7.0 are

3.3. Initial conditions

centration of ion exchange groups. Thus, giveninFigs. 4 and 5Fig. 4gives results for AeDNV particles
suspended in growth medium whilég. 5 gives results for
x=0 att=0 9) AeDNV particles suspended in water. In these figures the
virus titre in the permeate is plotted as a function of permeate
cvs=0 att=0 (10) volume. As can l_)e 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
cs=c¢ atr=0 (1)

both feed streams at pH 7.0.

. . Breakthrough curves for the S membrane at a feed pH
By solving Eqs(2), (3) and (6)—(11Jising the fourth order of 3.5 are shown irrig. 6. As can be seen the virus titre in

Runge-Kutta method, the concentration of virus in the liquid : o X

-~ the growth medium and water are quite different. Adsorption
and adsorbed on to the membrane can be calculated. The virus : : .

of AeDNV is observed for viruses in water. However, no

associated parameters needed for the numerical simulation o ; . .

. NP ) adsorption is observed for viruses in growth meditrig. 7
were obtained from the static binding capacity results. The .

. .~ gives breakthrough curves for the C membrane at a feed pH
membrane associated parameters needed for the numeric L2 o .
. . i . of 4.7. The initial virus titre in the growth medium and the
simulation were obtained from SEM images. The concentra- L :
. L . water was similar. For both feed streams it appears only a
tion of virus in the exit stream from the membrane moduleasa . e .
: : . ; little non specific binding of AeDNV patrticles occurs.

function of time, i.e., the breakthrough curve, can be obtained Based on the results dfigs. 47 Table 2 gives the
by averaging the concentrationzt tH for all the pores at gs. 9

the bottom surface of the membrane. Using these parameteréjynm‘nIC capacity of the membranes. The breakthrough vol-

the model may be used to determine the breakthrough curveume was defined as the volume of feed solution that resulted

for virus particles.

3
& z
(E _)m —dz V 2
& H—dz N~z 2
i >
H <
z=tH-dz B
Ligand =
@
Change in liquid phase dx7 E
dz -
Change from adsorption ~ JQ_
l z=tH
y Permeate volume (mL)
@it
Vaxpg

Fig. 5. Variation of the virus titre in the permeate with permeate volume.
The feed consisted of virus particles suspended in water at pH 7.0. The feed
Fig. 3. Schematic representation of the bottom boundary of the membrane.flow rate was 1.0 mL/min. Results are shown for C, D, Q and S membranes.



Table 2

Summary of virus binding results

Static capacity

Membrane Dynamic capacity

pH  Virus
charge

Membrane

Virus in water
6.2x 100 viruses (4.36< 10~4mg)

Virus in medium

Virus in water

Protein (mg)

charge

>1.36x 10 viruses (9.5% 10~> mg)
>1.36x 10 viruses (9.5% 10~> mg)

>2.7% 10 viruses (1.96< 10~4 mg)
>1.54 10° viruses (1.08< 105 mg)

0

60 (5.3910'7 molecules) BSA

Positive

Negative

7.0
7.0

45 (4.0410"" molecules) BSA

Positive

Negative

60 (2.5310'8 molecules) Lys

Negative
Negative

Negative
Positive

7.0

0

>3.9¢ 108 viruses (2.74 10 mg)

0

35
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45 (1.8910' molecules) Lys

Negative

Negative
Positive

7.0
4.7

Negative

1010

08T —_‘;ﬁ|

—&— Permeate (Medium)

= Feed (Medium)

61
10° Feed (Water) —&— Permeate (Water)

Virus titer (Viruses/uL)

0 1 2 3 4 5 6
Permeate volume (mL)

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 cm
Manufacturer’s values for adsorption of BSA and lysozyme
are alsoincluded. 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 ¢nfor 0.69 mL) in 20 mL of water
containing virus particles. The left hand sigeaxis gives
the virus titre in solution (denoted as open triangles) as a
function of time while the right hand sidgeaxis 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 resultis 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 cfrof membrane surface area in order
to compare the results to the protein binding capacities given

108 1

108

104

—— Permeate (Medium)
—8— Permeate (Water)

Feed

T

Virus titer (Viruses/uL)

0 1 2 3
Permeate volume (mL)

Fig. 7. Variation of the virus titre in the permeate with permeate volume
for C membranes. The feed consisted of virus particles suspended in growth
medium and water at pH 4.7. The feed flow rate was 1.0 mL/min.
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2x10° 121010 model (Eq.(2)) in order to determine the rate constants
6l 0® X % X x| ka and kg [29]. The rate constants were found to be
x 110" ka=0.14 (mol/LY s andkg=2.9x 10 °s 1 and ¢ was
A Solution

found to be 8.6 10~ mol/n?. The Langmuir fitis shown
as a continuous curve figs. 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
. . o of partial differential Eqs(2), (3) and (6)—(11)informa-
400 600 800 tion about the membrane and the interactions between the
Time (min) virus and ion exchange groups is needed. The membrane
pore size distribution is characterized using a log normal dis-

Fig. 8. Static adsorption results for Q membranes. The membrane surfacetribution The |Og normal pore size is given by the foIIowing
area was 25 ch1 Membranes were incubated in 20 mL of water containing equatioﬁ

virus particles at pH 7.0. The suspension was gently stirred at 290 rpm at
28°C. The left hand sidg-axis gives the virus concentration in solution as a
function of incubation time while the right hand siglaxis gives the number [ Iog (r/3)] 2

8x10°

= Langmuir fitting

X Membrane 9
1610

A aae

Virus adsorbed on membrane
(Viruses /mL)

2x10”

0 200

of bound virus particles per mL of membrane volume. The continuous curve p(r) = ngexpq —
gives the Langmuir fitting results.

log 3 (12)

by the manufacturer. Iiig. 8 however, the units are virus
particles adsorbed per volume of membrane. The membran
modules used in this work had a surface area of 75ama a

whereng is the number of pores at the maximum in the distri-
Sution function, which was estimated from SEM images to be
R asa 2 x 10 cm~2. The tortuosity parameter was also estimated
volume pf 2cm as given by t.he manufactur.er. Cpnsequently, from SEM images of the membrane and found to be 1.4. Dur-
conversion between the unitsTable 2andFig. 8is routine. ing the simulation, Eq(12)was discretized into a number of

Fig. Ql)jglves ths adsl?rptlon IISE[)tth(:]ermIr(])r blnd|gg AefD_NV 0 pore size ranges. An average pore size is used to describe each
Q Membranes. REsUlLs are piotied as the number ot virus par'range. The percentage of pores in a given range is obtained by
ticles adsorbed per membrane volume versus the virus titre

. luti h trianale&ia. 9 ted the fitted lognormal distribution. The concentration of virus
Il? ?r? ) llaor:ir(ls 20;\/ nﬁ]asf Oprin n:';n?]e?]gz'o rxvf S f%\clante:a en particles leaving a given pore size range was calculated using
tag;nir::;J vﬁusgparti(zzlez %iti:I virua'ls t?tres rangeod frgrr?”'lg - Eds(2), (3) and (6)-(11)Then the average concentration of

. ' ) L oVir rticles in th rmeate w Iculat integratin
108 virusesfLL at pH 7. The experiment was run for 24 h until uS paricles e permeate was calculated by integrating

I . . __the exitconcentration of virus particle over the membrane sur-
equilibrium was reached. The temperature during adsorpt|0nface During the simulation, the physicochemical parameters
was 28°C. ' ’

o I . for virus adsorption to ion exchange groups were obtained
By fitting the data shown itfrig. 9 to the single-solute f h o | . :
- ; . .Th
Langmuir isotherm model (Eq2) with the left hand side rom the static binding results as described above. The virus

. ) diffusivity was estimated from Stokes-Einstein equation to
equal to 0) the values &p andc| were determined. Using y d

h | o and dth O = ko fE be 3.5x 10712m?s~L. It can be seen frorfrig. 10that the
eseé values ORp andc, and € expressionp =kd/ka numerical results correctly give the shape of the experimental
the data shown irFig. 8 were fit to the Langmuir kinetic

breakthrough curve.

%]

=]

.E 10

=} 107 F A Experimental a 6

g 10

= 108 —— Langmuir fiting | FETEEEmEEEssEsssmssssEEmmmmmmmmmms

5"‘ —_ 5

= 10 .

L5 =. A Experimental

E 300 = .
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5. Discussion and lysozyme (p11, MW 14,300)32]. The static capacity
is determined by the manufacturer by incubating the mem-
Figs. 4 and Sndicate that Q and D membranes are suc- brane in 10 mmol/L potassium phosphate buffer at pH 7.0
cessful in adsorbing AeDNV particles. As showrileible ], containing 2 mg mt? of protein. The next two columns give
the K, of the ion exchange groups for both membranes is the number of virus particles adsorbed from growth medium
much higher than 7.0. Consequently at a feed pH of 7.0, theand water in dynamic adsorption experiments. The dynamic
ion exchange groups will be positively charged. Since the capacity is given as the number of virus particles adsorbed
pl of AeDNV is 5.6, the virus particles will have an over- ontoamembrane area of 75€in order to be consistent with
all negative charge thus virus particles will be adsorbed by the capacity for protein binding reported by the manufacturer.
electrostatic interaction. The final column gives the number of virus particles adsorbed
The two cation exchange membranes (S and C) did notonto a Q membrane in static adsorption experiments. Again
adsorb a significant number of virus particles at a feed pH 75 cn? membrane surface area has also been used as the
of 7.0. As can be seen fromable 1 at pH 7.0, the ion basis, in order to compare static and dynamic capacities.
exchange groups of both membranes are negatively chargedThese values represent the dynamic and static capacity of
Since AeDNYV particles also have an overall negative charge the membranes under the experimental conditions tested.
at pH 7.0, little adsorption is expected. This result suggests The experimental results obtained here indicate that for
that if the feed pH were adjusted such that the virus and Q membranes, about twice as many AeDNV particles were
ion exchange groups were oppositely charged, adsorption ofadsorbed from water compared to growth medium. For S
virus particles should occur. membranes, no virus particles were adsorbed from the growth
Breakthrough experiments were conducted using S mem-medium but virus particles were absorbed from water. For
branes at afeed pH of 3.5. At this pH the ion exchange groupsvirus particles in water (grown using mosquito larvae), the
of the membrane will be negatively charged while the virus concentration of dissolved amino acids and proteins is very
particles will have an overall positive chargrég. 6indicates low compared to virus particles suspended in growth medium
that virus particles are adsorbed from water. However, little [33]. AtpH 7.0, alarge number of the amino acids present will
virus adsorption is observed from growth medium. be negatively charged. These amino acids could compete with
Selecting a feed pH at which the ion exchange groups on the virus particles for positively charged binding sites on the
the C membrane carry an opposite charge to the virus particlesnembrane surface leading to lower virus adsorption from the
is difficult as the 5 and @ of the ion exchange groups and growth medium compared to water. Similarly at pH 3.5, many
virus particles are similar. Experiments were conducted at of the amino acids will be positively charged. These positively
a feed pH of 4.7. At this pH virus particles are expected to charged amino acids could compete with virus particles for
carry an overall positive charge. Further about 60% of the negatively charged binding sites on the membrane leading to
ion exchange groups are expected to be negatively chargedlittle binding of virus particles. In addition, albumin present
Nevertheless little adsorption is observed for virus particles in the fetal bovine serum that is added to the growth medium
suspended in growth medium and water. Since the surface othas a pp of 4.9. Therefore, it can also compete with AeDNV
AeDNV particles is likely to contain a number of groups that particles for binding sites.
have different i, values, for a feed pH within 1 pH unit of the The experimentally determined dynamic capacities given
p! of the entire virus particle, the virus particles may be only in Table 2are several orders of magnitude less than the manu-
slightly positively charged. Further at pH 4.7, only about 60% facturers stated values for the static protein binding capacity.
of the binding sites on the membrane are negatively chargedAeDNV particles are about 20 nmin size which is much larger
probably explaining the lack of significant virus adsorption. than BSA and lysozyme. Thus it is likely that smaller pores
AeDNV particles are particularly robust. The particles inthe membrane are not accessible to virus particles and that
remain viable over a pH range of 1-12. Consequently depend-steric hindrance effects lead to lower binding capacities. From
ing on the @ of the virus and the other charged species such Table 2 it also can be seen that for Q membranes incubated
as amino acids that may be present, by adjusting the feedwith virus water solutions, the dynamic capacity is within a
pH it may be possible to maximize adsorption of AeDNV factor of 2.5 of the static capacity.
particle and minimize adsorption of other charged species. The focus of the present work was the determination of
While this approach is feasible for other parvoviruses such breakthrough curves for AeDNV. Nevertheless we have also
as minute virus of mice (MVM), an FDA model parvovirus investigated elution of virus adsorbed on to Q membranes.
[30], it is unlikely to work for pH sensitive viruses such as The experimental results indicate that the virus particles
influenza virugd31]. adsorbed on to membranes can be effectively eluted and
The results of the breakthrough experiments are summa-recovered by using 0.5 mol/L NaCl solution.
rized inTable 2 The first column gives the membrane tested, = Design of a practical adsorptive membrane module for
while the next three columns give the feed pH and the sign of virus adsorption will require optimization of the membrane
the net charge of the virus and ion exchange groups at the feegore size and pore size distribution in order to maximize virus
pH. The next column gives the manufacturer’s stated static binding[34]. Pores that are smaller than the diameter of the
capacity for bovine serum albumin (BSA,49, MW 67,000) virus particles, 20 nm for AeDNV, are unavailable for virus
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binding. Thus ion exchange groups in these pores will be the model developed here.fig. 10 experimental results are
wasted. The presence of very large pores could result in ashown for a total permeate volume of 20 mL while model pre-
radial virus concentration gradient within the pores which in dictions are shown for a permeate volume up to 30 mL. As
turn could lead to early breakthrough of virus particles. This can be seen, in the range 15-20 mL, the agreement between
in turn will result in the entire module capacity not being the experimental and calculated results is not as good as
used. The maximum pore-size that does not lead to the for-in the range 0-15mL permeate. Experimental results were
mation of radial concentration gradients may be estimated not obtained for permeate volumes higher than 20 mL, since

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,
D, IS given by,
™ = R3/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 timeRelative error=

for adsorption of virus may be approximated[By,35],

. 1
~ (kRmay

where k is the second order rate constant for adsorption
(see Equation (1)) anBmax is the maximum virus binding
capacity (mg/mL). The ratiep/zr is the second Danthler
number, Dg [34,35] Da; much less than one indicates that
radial concentration gradients are negligible.

As the flow rate through the pores increases, the residenc
time for virus particles within the pores decreases. When the
residence time in the largest pores approaches the characte
istic time for adsorption, early breakthrough and a flow rate
dependent dynamic capacity will be observed. The maximum
feed flow rate, for which the dynamic capacity is independent
of flow rate may be estimated by calculating the ratio of the
residence time to the characteristic time for virus adsorption.

The mean residence time, is given byV/Q whereV is
the total empty (pore) volume of the membrane ghid the
feed flow rate. The characteristic time for virus adsorption is
given by Eq.(14). The ratio ofz/r is the first Damkhler
number, Da Thus, Da> 1 indicates that the characteristic
adsorption time is less than the residence time in the pores.

Table 3gives the first and second Daitder numbers
calculated using Eq$13) and (14¥or the experiments con-
ducted here. In Eq14), the product ofkRnax (0.00025/s)
was calculated based on the Q membrane resulEsgn5
using the method described by Unarska ef3d]. The value
of Dg indicates that the rate of adsorption is fast compared to
the average residence time. Further the value gfiDdicates
that radial concentration gradients within the larger pores are
not significant.

Fig. 10shows that the breakthrough curve for Q mem-
branes from virus water feed solutions may be predicted using

TR (14)

Table 3

Da and Dg for AeDNV adsorption

D (S) Tr (S) 7 (s) Da Day
0.4 3.1 43 14 0.13

€

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,

(Experimental result- Langmuir fit)
Experimental result

x 100%

(15)

The relative errors are betweerd1 and 40% for data
shown inFig. 8and—55 and 91% for data shown Fig. 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
significant, a similar level of deviation has been reported by

tgther researchef82]. Further the model prediction depends

upon fitting a Langmuir isotherm to the static binding data. A
more complex isotherm expression, containing more param-
eters could be used to better describe the actual binding
of virus particles to the ion exchange membrd@é-40]
However, given the accuracy of the virus assay, using a
more complicated adsorption expression is not justified. Con-
sequently, in keeping with early studies on adsorption of
large biomolecules, the Langmuir isotherm is used here
[87-41]

The analysis presented here uses &(.to predict the
breakthrough curve for AeDNV inwater loaded onto Q mem-
branes. Thomal2] solved Eq(6) analytically by ignoring
the diffusion term. Suen and Etzp19] used the Thomas
model as a basis for comparison of the effects of parameters
such as axial diffusion and association kinetics on the break-
through curve. While the approach presented here is also
based on the Thomas model, there are some important differ-
ences. The model is being applied here to the breakthrough
of virus particles. Though many studies have considered pro-
tein binding and elutiofi.0—14] few studies have considered
adsorption of virus particles.

The presence of a pore size distribution and variation of
membrane thickness can have a very significant effect on
the dynamic capacity of adsorptive membrafgs. Unlike
the Thomas model which assumes a uniform pore size, a
log normal pore size distribution is fitted to SEM images of
the membrane. Consequently, the liquid velocity through the
pores is not equal but depends on the pore size. In addition, in
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