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A B S T R A C T

Mobile and stationary phase actors were investigated in order to identiy conditions or eective capture o
minute virus o mice (MVM), a potential adventitious contaminant in biomanuacturing, using anion exchange
membrane chromatography (AEX). The initial study was conducted or Membrane A or a range o eed con-
ditions using bovine serum albumin (BSA) as a model protein mimicking acidic host-cell proteins (HCPs)
competitive or virus binding. The eects o pH (6–8), salt concentration (0–150 mM NaCl) and level o BSA
(0–10 g/L) were systematically investigated. It was ound that higher BSA concentration has the most negative
impact on MVM binding ollowed by the increased conductivity o the eed solution. The eect o pH on MVM
binding is also detected but has a less impact compared to other two actors in the range o eed conditions
investigated. In addition to Membrane A, three other AEX membranes (Membrane B, C and D) were investigated
or MVM binding at a selected eed condition. Based on properties o the membranes investigated, it was ound
that ligand charge density has the most signicant impact on MVM binding perormance o AEX membranes rom
stationary phase perspective.

1. Introduction

The purication omonoclonal antibodies (mAbs) and other protein-
based therapeutics routinely begins with a capture chromatography step
[1,2], ollowed by chromatographic polishing steps including anion
exchange (AEX), cation exchange (CEX), or hydrophobic interaction
chromatography (HIC) [3–5]. In agreement with ICH Q5A [6], at least
two viral clearance steps with orthogonal mechanisms are recom-
mended by the Drug and Food Administration (FDA) [7]. Virus clear-
ance steps may include low pH or detergent virus inactivation, AEX
chromatography or virus removal, and virus retentive ltration
[4,8–11]. Manuacturers must demonstrate an adequate overall viral
saety prole prior to obtaining regulatory approval or product
licensure.

AEX chromatography typically binds negatively charged virus par-
ticles as well as impurities such as host cell proteins (HCPs) and host cell
DNA. In mAb purication, AEX is typically run in a fowthrough mode at
neutral pH because mAbs tend to have basic isoelectric points (pIs) and

are positively charged. Virus spiking studies using parvovirus minute
virus o mice (MVM) and retrovirus xenotropic murine leukemia virus
(xMuLV) are commonly used, to model potential adventitious viruses as
well as endogenous virus in Chinese hamster ovary cell culture, widely
used in the production o recombinant proteins [1,11]. MVM is an
adventitious virus that historically contaminated biomanuacturing
processes [12].

The virus clearance capability o AEX media makes use o the act
that the apparent pIs o some viruses such as MVM and xMuLV are acidic
at ~ 6.0 [3,4,9–11,13] and become negatively charged under neutral
buer conditions. Thereore, virus bind to the positively charged AEX
ligands o quaternary and primary amines under those conditions.
However, competitive binding o other negatively charged impurities
(HCPs and DNA) to the positively charged ligands could occur [3,4].
Depending on the level o impurity in the eed solution, competitive
binding can potentially lead to a reduction in viral clearance. As a result,
virus clearance could be aected by the presence o impurities in eed
streams.
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The charges on HCPs and virus particles as well as on protein ther-
apeutics depend on solution pH and conductivity [14–16]. Conductivity
o the eed solution aects electrostatic interaction signicantly as high
conductivity (or ionic strength) reduces electrostatic interaction due to
the screening eect.

Primary and quaternary amines are common AEX ligands. The
strength o electrostatic interaction depends strongly on the magnitude
o the charges on the positively charged ligands and negatively charged
impurities. As a weak base, the charge on the primary amine (–NH2) is
aected by its pKb value and buer pH. In addition, primary amine is
both a donor and acceptor or hydrogen bonding interaction in addition
to the electrostatic interaction. Quaternary amine (-NR4+ or Q) cannot
orm hydrogen bonds with other unctional groups. The charge on the
quaternary amine remains approximately the same or a broad range o
solution pH and conductivity.

Binding capacity could be aected by the ligand type and the charge
density o the ligand as well as other stationary properties such as pore
size, porosity and pore-size distribution. In particular, the relative size o
the solute to that o the pore aects the accessibility o the ligands to the
solute molecules o dierent sizes. Due to the variation in geometry
between dierent adsorptive membranes, there could have intrinsic
dierences in the partitioning o the solute particles between the mobile
and stationary phases. Given this interplay between many variables, it is
expected that robustness or virus binding can vary, between AEX
membranes. There have been no study investigating systematically the
robustness o both the mobile and stationary phase properties on virus
clearance during AEX chromatography.

The purpose o this study was to understand the eects omobile and
stationary phases on the robustness o virus binding rom our com-
mercial AEX membranes A, B, C, and D. Dierent operating conditions
typically encountered in purication processes were tested. MVM, a
parvovirus was used as a model because variable degrees o parvovirus
removal were observed in previous studies [9,17]. Robustness was hy-
pothesized to be aected by two groups o variables: eed/mobile phase
attributes (pH, salt concentration, and impurity level represented by
BSA) and stationary phase attributes (ligand type, ligand density, pore
size, porosity and possibly other membrane properties). Here virus
removal perormance was investigated varying the pH, ionic strength,
and impurity concentration. Based on the observed data, a phenome-
nological model was developed to demonstrate the interaction behavior
between the variable parameters and binding o the virus. During the
rst part o the study, bovine serum albumin (BSA, pI 5.4) was used as a
model acidic HCP [18] to investigate the eect o HCP level on MVM
binding using Membrane A. Membrane A was more broadly used by
biopharmaceutical industry compared to other three membranes. One
eed condition that exhibited the highest sensitivity to MVM binding or
membrane A was selected or the investigation o three additional
commercial AEX membranes B, C and D. The second part o the study
ocused on conrming the ndings in antibody containing eed solutions
with dierent levels o impurities rom their actual manuacturing
processes.

2. Experimental approaches

2.1. Design of chromatographic experiments

Design o Experiments (DOE) provides an eective way or selecting

experimental conditions and generating prediction models [19,20]. The
eects o eed conditions including pH (6, 7, 8), salt concentration (0,
50, 150 mM NaCl) and the level o competition in terms o the BSA
concentration (0, 1, 10 g/L) on MVM binding in 50 mM tris buer were
investigated initially with AEX Membrane A. The eed streams were
spiked with 7.5 logs/mL (copies by qPCR) MVM. A custom DOE to
determine the impacts o pH, conductivity (as measured by the NaCl
concentration) and BSA levels was perormed or a total o 14 eed
conditions. All runs were conducted in duplicate with a xed fowrate o
2 mL/min.

Membrane A-D were tested using an AKTA FPLC (GE Healthcare,
Piscataway, NJ) with Unicorn sotware version 5.3. Membranes were
wetted, and equilibrated as described earlier [4]. The eed volumes in
the range o 1–20 mL to reach the same BSA loading density per mem-
brane volume (MV) were used. The fowthrough, washing and elution
ractions were collected separately. Each membrane was rst equili-
brated in adsorption buer (eed buer) or 10 min beore use. Ater
loading, the membrane was then washed with the same volume o the
adsorption buer, ollowed by elution using the elution buer (eed
buer with 1 M NaCl). Protein concentrations in dierent ractions were
determined using UV absorbance at 280 nm based on a standard curve.
MVM titers were determined by median tissue culture inective dose
(TCID50) assay. The log reduction value (LRV) o the virus particles was
calculated using the ollowing ormula:

LRV = log
CMVM,feed

CMVM,flowthrough
(1)

where CMVM,feed and CMVM,f lowthrough are the MVM titers in the eed
and fow-through ractions. It is important to point out that the LRV
values refect the binding strength oMVM in the context o fowthrough
AEX.

2.2. Material and methods

Membranes Commercially available AEX membranes were pur-
chased rom manuactures. Table 1 shows the properties o the mem-
branes including membrane materials, membrane volume o the scale-
down models used and ligand type.

Reagents Tris and sodium chloride (biotechnology grade) were
purchased rom G-Biosciences (Saint Louis, MO). Sodium hydroxide
(ACS grade, ≧98%), hydrochloric acid (6 mol/L), and Spectra/Por® 1–5
Standard RC Dry Dialysis Trial Kits (Spectrum® Laboratories) were
purchased rom VWR (Radnor, PA). Sodium phosphate dibasic
(ReagentPlus®, ≥99.0 %) and sodium phosphate monobasic mono-
hydrate (ACS reagent, ≥98 %) were purchased rom Sigma-Aldrich (St.
Louis, MO). Bovine serum albumin (BSA) was purchased rom Lee Bio-
Solution (Maryland Heights, MO). DNase or quantitative PCR was
purchased rom Promega (Madison, WI). iTaq universal SYBR green
supermix was purchased rom Bio-Rad (Hercules, CA), QIAquick PCR
purication kit was purchased romQiagen (Germantown, MD), TOPO®
TA Cloning® Kit or Sequencing was purchased rom Lie Technologies
(Carlsbad, CA), and One Shot™ TOP10 Chemically Competent E. coli
was purchased rom Thermo Scientic (Waltham, MA).

Feed Streams Buers containing 50 mM Tris and 0, 50 or 150 mM
NaCl were prepared initially. The pH o the buers was then adjusted by
titrating 2 M HCl into the above prepared buers to reach targeted value
o 6, 7 and 8. Proteins in the eed streams include BSA and human IgG1

Table 1
Properties o membranes investigated.
Membrane Membrane A Membrane B Membrane C Membrane D

Base Membrane Material Polyethersulone Stabilized Reinorced Cellulose Stabilized Reinorced Cellulose Polyacrylamide Composite
Membrane Volume (mL) 0.86 0.08 1.0 0.2
Ligand Type Quaternary

Amine
Primary Amine Quaternary

Amine
Quaternary
Amine
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(mAb A and mAb B). mAb A, puried ater Protein A capture chroma-
tography and AEX polishing steps, and mAb B, puried ater Protein A
capture chromatography only, were provided by AstraZeneca (Gai-
thersburg, Maryland, U.S.). Both mAbs have a pI o ~ 8.0. The HCP
concentration in the more puried mAb A was less than 100 ppm
whereas in less puried mAb B was in the order o ~ 500 ppm. These
concentrations were measured by the same assay based on a proprietary
HCP ELISA method. An ultraltration/dialtration (UF/DF) step was
used to prepare the eed stream to 50 mM tris buer at pH 7 with 50 mM
NaCl. The targeted mAb concentration ater UF/DF was 10 g/L. The
mAb eed concentration as well as eed volume were used to adjust the
membrane loading density investigated.

Charge Density Measurement Surace charge densities and volume-
based charge densities were obtained rom manuacturers or mem-
branes B and C. The volume-based charge densities o membrane A and
D were determined by titration method, as described below. Membranes
were initially rinsed by deionized (DI) water or 30 min. These mem-
branes were then soaked in 0.1 M NaOH solution overnight. Ater that,
membrane samples were washed again by the DI water until the pH o
the solution reached 7. Thereater, membranes were immersed in 2 M
NaCl overnight to exchange the OH– ions with Cl- ions (both being
counter ions to the positively charged amine groups in the membranes).
The solutions ater the ion exchange were then titrated using 0.01 M HCl
to determine the number o OH– ions being exchanged. The charge
density is dened as the number o OH– ions per unit membrane volume
[3]. The corresponding surace charge densities were derived rom the
volume charge densities except or Membrane D which has a 3-D matrix
structure.

Membrane Porosity Determination To determine the porosity o
membranes investigated, lysozyme was used as a tracer as described
elsewhere [21]. Experiments were conducted using 50 mM Tris con-
taining 250 mM NaCl at pH 8. Lysozyme was dissolved in the buer to
reach 2 g/L concentration. Membranes were initially equilibrated with
the buer solution without the protein or 30 min. A total o 10 mL o
prepared lysozyme solution was then injected and efuent was moni-
tored by UV absorbance at 280 nm. The injection experiment perormed
at 5 dierent fow rates in the presence and absence o membranes.
Lysozyme retention volume was calculated based on the average value
rom experiments with ve fow rates, all within the recommended
operation range by manuacturers. The porosity is determined as the
percentage o the pore volume to the membrane volume.

MVM Production and Purifcation Minute virus o mice (MVM) is a
representative parvovirus that can inect Chinese Hamster Ovary (CHO)
cell culture. The initial stock o the MVM (ATCC® VR1346™) was
purchased rom American Type Culture Collection (Manassas, VA). A
urther production and purication oMVMwere perormed based on an
adapted protocol rom literature [22]. In-house produced MVM stocks
typically have a titer o ~ 10.5–11.5 logs/mL measured by qPCR. The
overall HCP concentration in the virus stock was determined to be less
than 0.4 g/L. During MVM spiking studies, the targeted virus titer is 7.5
logs/mL (qPCR) using less than 100 μ L o the virus stock or a 20–60 mL
eed stream. As a result, the HCP concentration rom the virus stock in
the eed is low, on the order o 10-4-10-5 g/L. More details on the pro-
duction and purication o our in-house produced MVM virus stock is
described in a previous publication [8].

2.3. MVM titration assays

Quantitative PCR (qPCR) qPCR method was used to quantiy the
number o copies o viral genomes in virus stock and eed stream by a
Bio-Rad CFX ConnectTM Real Time System (Hercules, CA) with Bio-Rad
CFX Manager sotware. The standard curve was made by qPCR ampli-
cation o serial diluted recombinant plasmid ranging rom 101-109
copies/mL. Three repeats were done to plot the standard curve, with 95
% condence limit and a mean ± 0.5 log considered as an acceptable
criterion. More details on the qPCR protocol can be ound in an earlier

publication [8].
TCID50 Assay Viral titer o the eed and the ltrate was determined

by TCID50 assay. Briefy, the indicator cell line NB324K was donated
rom Peter Tattersall at Yale University. The cells were seeded into 96-
well plate to reach a desired confuency o 20–50 %. The samples
were diluted in serial 10-old dilutions with the seeding medium. Each
dilution was inoculated onto one column (6-wells) at 100 µL/well. The
negative control wells were inoculated with the same seeding medium.
Plates were incubated in 5 % CO2 incubator at 37 ◦C. Ater ten days, all
the wells were inspected under microscope or cytopathic eect (CPE).
Two replicates were done or each sample. Spearman-Kärber method
[23] was used or calculation o TCID50 titer. More details on the TCID50
assay can be ound in our previous publication [24].

Large Volume Plating (LVP) Assay LVP assay was also perormed or
the fowthrough samples when no CPE was observed with the TCID50
assay. The indicator cells were cultured in a 96 well plate ollowing the
same procedure as or TCID50 assay. The samples were diluted three
times with the seeding medium by mixing 14 mL o seeding medium
with 7 mL o the samples. Each diluted sample was transerred into 50
mL disposable polystyrene reservoir and mixed well. Finally, each
sample was inoculated onto 96 wells at 200 µL/well. Plates were
returned to 37 ◦C, 5 % CO2 incubator. Ater ten days, all the wells were
inspected under microscope or CPE eect. The virus titer was calculated
based on the mode D rom previous work [25] i virus-induced changes
are observed in only a ew wells o the LVP (less than15 % o all wells). I
no virus - induced changes are observed or a sample, the virus titer is
determined by the Poisson distribution at the 95 % condence limits
[26]. Standard error Se and the condence limit C (C = ± 2 Se) were
calculated or each assay. More details on the LVP assay cab be ound in
our previous publication [24].

2.4. Statistical analysis

A phenomenological model using JMP sotware rom SAS Institute
(Cary, NC) was developed to understand the virus clearance (LRV) with
regard to conductivity, pH and the HCP concentration (represented by
BSA) in the eed.

3. Results and discussion

3.1. The effects of feed condition and BSA concentration on MVM
clearance

The AEX chromatographic runs with Membrane A based on the
custom DOE as shown in Table 2 were perormed or a total o 14 eed
conditions with 1 repeat. The LRVs on the ourth column were

Table 2
LRV or the AEX DOE Experiments with Membrane A.
Variables Response
pH NaCl (mM) BSA (g/L) LRV (logs)

(TCID50)
LRV (logs)
(LVP)

7 50 0 ≥ 2.75 ± 0.17 ≥ 4.71 ± 0.13
6 150 1 0.08 ± 0.23 N/A
6 0 0 ≥ 2.42 ± 0.18 ≥ 4.38 ± 0.18
8 50 10 0.09 ± 0.21 N/A
7 0 10 0.27 ± 0.22 N/A
8 0 1 ≥ 3.08 ± 0.10 ≥ 5.04 ± 0.08
7 0 0 ≥ 3.17 ± 0.14 ≥ 5.13 ± 0.11
7 0 1 2.25 ± 0.20 N/A
8 150 1 0.83 ± 0.25 N/A
6 50 1 1.59 ± 0.23 N/A
7 150 1 0.33 ± 0.25 N/A
8 150 0 1.75 ± 0.25 N/A
8 0 0 ≥ 3.08 ± 0.13 ≥ 5.04 ± 0.08
8 50 1 ≥ 3.25 ± 0.17 5.07 ± 0.13
8 0 0 ≥ 3.33 ± 0.10 ≥ 5.04 ± 0.13
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calculated based on the TCID50 assay rom both the eed and fow-
through ractions. When no inective virus particle was detected in the
fowthrough raction, the assay detection limit was used in the calcu-
lation and the “≥” sign used to indicate that the LRV is larger or equal to
the value calculated. Table 2 shows the eed conditions including pH,
NaCl concentration in mM and BSA concentration in g/L, and the cor-
responding LRVs or MVM clearance. When no virus was detected with
the TCID50 assay, additional LVP assay was perormed. These LRVs are
then listed in the th column.

When the BSA concentration is 10 g/L or when the salt concentration
is 150 mM, signicant virus breakthrough was observed with LRV less
than 1 except or one condition with a LRV o 1.75. BSA is a model HCP
that binds competitively to prevent MVM binding as both are negatively
charged in a solution above pH 6. A 10 g/L o BSA concentration could
saturate the binding sites on the AEX membranes leading to a dramatic
reduction in LRV to less than 0.5. On the other hand, the eect o 150
mM NaCl concentration without any BSA in the eed solution on virus
binding is not as dramatic since the conductivity o the eed solution is
still relatively low at ~ 19 mS/cm. Higher conductivity leads to a
stronger charge screening eect and a weaker electrostatic interaction.
When 150 mM NaCl is combined with some BSA (1 g/L), the impact on
virus binding is more signicant. In 6 o the 14 conditions, complete
virus retention based on the assay detection limit was observed where
conditions are avorable or MVM binding (low conductivity and low
competition).

The LRVs rom TCID50 assay as a unction o pH, NaCl and BSA
concentrations using JMP do not t well with a linear unction. As a
result, a second-order polynomial t was carried out resulting an
empirical equation (2) describing the relationship between LRV and the
three independent variables:

LRV =  0.75+ 1.33 × ΔpH  2.57 × %salt  3.23 × %BSA 0.12 × ΔpH

× %salt+ 0.98 × ΔpH × %BSA 1.93 × %salt × %BSA 0.61
× (%salt)2 + 0.31 × (%BSA)2

(2)
where ΔpH = pH7;%salt = CNaCl75

75 ;%BSA = CBSA5
5 with CNaCl and

CBSA representing the concentrations o NaCl in mM and BSA in g/L in
the eedstream respectively. Fig. 1 illustrates the correlation between
predicted LRV and actual measurements with TCID50 assay with R2 ~
0.98. Statistical ANOVA analysis shows that only the rst-order salt and
BSA concentration coecients and the (salt)2 coecient are statistically
signicant with P values less than 0.05 as shown in Table 3. The rst-
order coecients o the empirical relation (2) indicate that increasing
pH enhances MVM binding, increasing BSA and NaCl concentrations has
a stronger negative impact on MVM binding at the rst order. One
conrmation experiment was perormed with the condition pH = 7,
CNaCl= 50 mM, CBSA= 1 g/L. The predicted LRV is 2.33 logs close to the
actual measured value o 2.75 logs. The second conrmation experiment
was perormed with the condition pH = 7, CNaCl = 150 mM, CBSA = 0.5
g/L. The predicted LRV is 0.97 logs in good agreement with the
measured value o 1.00 logs.

Fig. 1. The correlation between the predicted LRVs and TCID50 inectivity
assay measured LRVs or the DOE experiments with Membrane A.

Table 3
Signicance o the regression coecient in terms o P-values obtained rom
ANOVA analysis.
Variable Terms P Ratio Prob > P

pH 7.02 0.0381*
CNaCl (mM) 10.9 0.0165*
CBSA (g/L) 11.6 0.0143*
pH × CNaCl 0.72 0.429
pH × CBSA 2.98 0.135
CNaCl × CBSA 4.57 0.0765
CNaCl 2 8.54 0.0266*

*P-value less than 0.05 indicates model terms are signicant.

Fig. 2. The eects o pH on MVM binding at three dierent salt concentrations (let) and BSA concentrations (right) in the eed streams or Membrane A.
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Fig. 2 plots the eects o pH on LRV or MVM binding at three
dierent pH levels or three NaCl concentrations (let) and three BSA
concentrations (right). LRV increases with the increase o pH or all
three salt concentrations. This is due to the act that the charge on MVM
particle becomes more negative as the pH increases resulting in a
stronger electrostatic interaction with the positively charged quaternary
ammonium ion ligand which does not vary signicantly with the change
o pH. Fig. 2 also shows that the increase o LRV with pH is more sen-
sitive to NaCl concentration at 50 mM compared to other two salt con-
ditions. This is due to the act that at higher salt concentration o 150
mM, the LRVs at all pH conditions are dominated by the weakened
electrostatic interaction. At salt concentration o 50 mM, the increase in
MVM charge with pH also contributes to the increase in LRV. The
variation o LRV as a unction o pH at three dierent BSA levels exhibits
similar trend as shown on the right-hand panel o Fig. 2. The increase o
BSA concentration in the eed dramatically reduced the LRV. At 10 g/L
BSA, the LRV is reduced to almost zero. At 1 g/L BSA eed solution, LRV
has the most apparent increases with the increase o pH. In the absence

o BSA in the eed stream, no virus breakthrough was observed or all
three pH conditions.

Fig. 3 shows the eect o salt concentration on MVM binding at three
pH conditions (let panel) and at three BSA concentrations (right panel).
It is apparent that the increase o salt concentration in the eed reduces
MVM binding or all the conditions. It seems that solution conductivity
has a stronger eect than the eect o pH change on MVM binding in the
tested range. This can be inerred rom equation (2) where the rst-order
coecient or the salt concentration is higher than the corresponding
value or pH and that second-order salt concentration term is also sta-
tistically signicant, the only higher order term with P value less than
0.05.

Fig. 4 shows the eect o BSA concentration on MVM binding at
dierent pH conditions (let-panel) and at three dierent salt concen-
trations (right-panel). It can be seen at both panels, the reduction in
MVM binding is more dramatic as BSA concentration in the eed in-
creases indicating that acidic HCPs in the eed can have a signicant
eect on virus binding. It can also be inerred rom Equation (2) that the

Fig. 3. The eects o salt concentration on MVM binding at three dierent pH values and levels o competition measured by BSA concentrations in the eed streams
or Membrane A.

Fig. 4. The eects o level o competition measured by BSA concentrations on MVM binding at three dierent pH values and salt concentrations in the eed streams
or Membrane A.
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rst-order coecient or BSA is the largest among the other two rst-
order coecients. Thereore, during AEX virus binding, the HCP level
in the eed may have the strongest eect, ollowed by the conductivity o
the eed solution and nally the eed pH in the range o conditions
investigated here. From above results or Membrane A, the binding
variability is most noticeable when the condition at pH 7, 50 mM NaCl
and 1 g/L BSA. This is also the condition at which the LRV remains high
yet with observable virus breakthrough or Membrane A. As a result, this
condition is used or the subsequent studies to investigate the eects o
membrane type on MVM binding.

3.2. Comparison of AEX Membrane performance for MVM binding

Four anion exchange membranes (Membranes A, B, C, and D) were
investigated side-by-side or MVM binding at the selected eed condition
o pH 7 with 50 mM NaCl and 1 g/L BSA. Virus loading density was kept
similar or all the membranes at ~ 8.8 logs (qPCR) MVM per mL o
membrane volume (MV). The eed volume or each membrane was
dierent depending on the individual membrane volume. It was ~ 20
mL or Membrane A (MV 0.86 mL) and Membrane C (MV 1.0 mL), 1 mL
or Membrane B (MV 0.08 mL) and 2 mL or Membrane D (MV 0.2 mL).
The TCID50/LVP assay was used to determine the virus titers.

Fig. 5 shows the LRVs or the 4 dierent AEX membranes investi-
gated. Since no virus breakthrough rom TCID50 assay was observed in
the fowthrough ractions rom the Membranes B, C, and D, the LRVs

shown in Fig. 5 are rom LVP assay in the fowthrough ractions rom
these three membranes. Virus breakthrough was detected or Membrane
A resulting in a relatively low LRV. To better understand the peror-
mance dierences in MVM binding between these AEX membranes, the
pore structure and charge densities were compared. Table 4 lists surace
and volume charge densities, pore sizes and porosities o these mem-
branes. It can be seen that the pore size o Membrane A lies between
those o Membrane D and Membrane C. The porosity o Membrane A is
similar to that o Membrane C. These results indicate that pore size and
porosity are not the major causes or the low LRV observed or Mem-
brane A. However, the charge density o Membrane A is signicantly
lower than those o Membrane B, Membrane D and lower than that o
Membrane C. This suggests that charge density could signicantly
impact the perormance o MVM binding. This observation agrees with
the previously proposed stoichiometric displacement (SD) model [27]
and the later improved steric mass action model (SMA) [28]. Both
models indicate that the binding capacity o an ion-exchange medium is
directly correlated with the number o ligands or charges available on
the medium. It is clear that charge density is more critical or MVM
binding at the same virus loading challenge or the membranes inves-
tigated. This is particularly true or MVM binding since MVM particle
sizes are in the range o 18–24 nm, much smaller than membrane pore
sizes. For large virus particles, pore size and porosity may become more
important.

3.3. MVM binding with mAb feed streams

MVM binding or mAb A and B were investigated using two AEX
membranes, Membrane A and Membrane D with the lowest and highest
charge density respectively. Both mAbs were buer exchanged to the
buer matrix o 50 mM Tris at pH 7 with 50 mM NaCl as investigated
previously. Two mAb concentrations were used at 1 g/mL and 10 g/mL
to achieve dierent antibody loading densities o approximately 23–25
and 230–250 mg/mL MV respectively. In addition, a second set o ex-
periments or Membrane D with mAb loading density o~ 1000 mg/mL
MV were also tested as this membrane demonstrated a much higher
binding capacity compared to those o other membranes investigated.

Fig. 6 shows the LRV or MVM binding during AEX run with Mem-
brane A or twomAbs at two dierent protein loading densities o 23 and
230 mg/mL MV. TCID50 assay was used to determine the eed and fow-
throughMVM titers. For more puriedmAb A, the LRV reached over 5 at
both loading densities. No virus breakthrough was observed in the

Fig. 5. Comparison o MVM binding measured by LRV or 4 commercially
available anion exchange membranes under 50 mM Tris buer at pH 7 with 50
mM NaCl. The eed contains 1 g/L BSA and ~ 7.5 logs (qPCR) MVM per mL o
eed volume (equivalent to ~ 8.8 logs per mL o membrane volume).

Table 4
Membrane surace and volume charge densities, pore sizes and porosity or the
our membranes investigated.
Membrane Membrane

A
Membrane
B

Membrane
C

Membrane
D

Surface Charge
Density
(μeq/cm2)

0.61 18–22 2–5 N/A

Volume Charge
Density
(mmol/mL)

0.056a 0.65–0.80b 0.072–0.18b 1.0a

Pore Size (µm) 0.8 3–5 3–5 0.4
Porosity (%) 64 –* 62 85

*Porosity not measured; ameasured by this work; bobtained rom the
manuacturer.

Fig. 6. LRV or MVM binding during AEX run with Membrane A or both mAb
A and mAb B eed at two loading densities o 23 and 230 mg/mL MV in 50 mM
Tris buer at pH 7 with 50 mM NaCl.
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fowthrough ractions. For less puried mAb B, the LRV also reached
over 5 or the 23 mg/mL MV loading density indicating a high level o
virus binding. However, at a loading density o 230 mg/mL MV, MVM
breakthrough was observed and the LRV was reduced to 2.83 which
conrms the nding that HCPs in the eed solution aect MVM binding
to the AEX membrane, likely through competition or ligands.

Fig. 7 shows the LRV or MVM binding or Membrane D or both
mAbs at our dierent loading densities o 25, 100, 250 and 1000 mg/
mL MV in 50 mM Tris buer at pH 7 with 50 mM NaCl. For all the runs
except 1000 mg/mL loading density, LRV reached over 4 with no virus
detected in the fowthrough. The higher LRVs observed at 100 mg/mL
MV loading density resulted rom the higher virus titer in the eed
streams (8.5 logs/mL vs 7.5 logs/mL measured by qPCR). It indicates
that Membrane D has a highMVMbinding capacity, likely due to its high
ligand density and/or unique structure. For both mAb A and mAb B,
signicant virus breakthrough was observed at 1000 mg/mL MV. For
more puried mAb A, an LRV o 2.67 was obtained whereas or a less
puried mAb B, an LRV o 1.17 was obtained again arming the impact
o HCP impurity on MVM binding.

4. Conclusions

Among the mobile phase actors, pH, conductivity and the concen-
tration o BSA as a model HCP impurity, the eect o pH on MVM
binding was important but has a less impact compared to the level o
impurities and eed conductivity in the range o eed conditions
investigated.

O the stationary properties, pore size, porosity and charge density,
or the our AEX membranes investigated or MVM binding at the
selected eed condition, the charge density o the ligand (surace and
volume) correlates positively with the MVM clearance o AEX mem-
branes. Pore size and porosity o the membrane substrate do not appear
to aect MVM binding. This indicates that MVM binding is dominated
by the electrostatic interaction in agreement with the previous study and
the stoichiometric displacement (SD) model as well as the revised steric
mass action model (SMA). Finally, membrane A and membrane D with
the lowest and highest charge densities respectively investigated or
MVM binding with two mAb eedstreams with dierent concentrations
o HCP conrms that impurity level impacts the binding o MVM. This
result is consistent with the study using BSA as a model HCP. These
ndings are summarized in Fig. 8, which could be used to guide the
optimization o virus removal in protein purication processes, and also
in purication o virus vectors or gene therapy or vaccine purposes. The
let column and schematic indicate lowMVM binding condition whereas
the right column and schematic show the high MVM binding condition.
When optimizing MVM removal, a developer would rst select a
membrane with high surace charge density, but not limited by pore size
and porosity. Next, the developer would select a loading pH above MVM
pI o 6 but below the pI o product in a low salt buer so that virus is
captured and product is allowed to fow through the membrane. This
step should be perormed at the end o the purication train so that
competition rom acidic HCP with similar pI to MVM is minimum. These
principles can be applied to capture virus vectors such as adeno-
associated virus (AAV) and subsequently elute AAV in a high salt/
acidic buer.
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