AIChE

Effects of Solution Conditions on Virus Retention by the Viresolve® NFP Filter
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Virus filtration can provide a robust method for removal of adventitious parvoviruses in
the production of biotherapeutics. Although virus filtration is typically thought to function by
a purely size-based removal mechanism, there is limited data in the literature indicating that
virus retention is a function of solution conditions. The objective of this work was to _exam-
ine the effect of solution pH and ionic strength on virus retention by the Viresolve® NFP
membrane. Data were obtained using the bacteriophage $X174 as a model virus, with reten-
tion data complemented by the use of confocal microscopy to directly visualize capture of
fluorescently labeled $pX174 within the filter. Virus retention was greatest at low pH and
low ionic strength, conditions under which there was an attractive electrostatic interaction
between the negatively charged membrane and the positively charged phage. In addition,
the transient increase in virus transmission seen in response to a pressure disruption at pH
7.8 and 10 was completely absent at pH 4.9, suggesting that the trapped virus are unable to
overcome the electrostatic attraction and diffuse out of the pores when the pressure is
released. Further confirmation of this physical picture was provided by confocal microscopy.
Images obtained at pH 10 showed the migration of previously captured phage; this phenom-
enon was absent at pH 4.9. These results provide important new insights into the factors
governing virus retention using virus filtration membranes. © 2015 American Institute of
Chemical Engineers Biotechnol. Prog., 31:1280-1286, 2015
Keywords: virus filtration, pressure disruption, retention, electrostatic interactions,
bioprocessing

virus sorption,® the level of virus aggregation,” and/or the
formation of protein-virus complexes.8 For example, Hira-
saki et al.” observed a loss in virus retention by the Planova

Introduction

Viral clearance is an essential part of the downstream pro-

cess in the production of nearly all biopharmaceuticals. Viral
contamination can occur through engineered cell lines, con-
taminated raw materials or media, and the manufacturing
environment. Multiple processing steps are used to ensure
inactivation and/or removal of all viruses, with the specifics
depending upon the nature of the biological product and the
risks inherent in the manufacturing process.' Current efforts
typically employ a virus filtration step using membranes
with ~20 nm pore size. These virus filters provide a robust
method for virus removal that complements virus inactiva-
tion (e.g., low pH hold) and adsorptive processes (e.g., ion
exchange and affinity chromatography) used in the produc-
tion of monoclonal antibody products.'>

Although virus filtration is typically thought to provide a
purely size-based viral clearance,”’ several studies have
shown that virus retention is a function of solution pH,2 salt
concentration,™* and even the type of ions.”® These effects
are commonly attributed to differences in the contribution of
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filter in the presence of Tween 80, which the authors attrib-
uted to a reduction in available sites for virus capture. Luka-
sik et al.® found a similar reduction in virus retention with
several other filters upon addition of Tween or urea, which
they attributed to a reduction in hydrophobic interactions
between the virus and the membrane surface. Oshima et al.?
obtained significant removal of pp7 (a model bacteriophage)
by the Pall DV50 membrane when using ultrapure water, but
this largely disappeared when the phage were suspended in
Dulbecco’s phosphate buffered saline (PBS). In contrast,
Yokoyama et al.” found very high removal of human parvo-
virus B19 when using 0.3 M glycine but minimal removal
when the virus was suspended in water or PBS. The reason
for the very different dependence on buffer is unclear. Virus
removal was also a function of solution pH, with maximum
removal when the virus was essentially uncharged (i.e., near
the isoelectric point of the virus at pH 6). There is also
strong evidence for the role of electrostatic interactions on
virus clearance using depth filtration.*

Woods and Zydney'® and Dishari et al.'' have shown that
confocal microscopy can provide important insights into the
key phenomena governing virus capture during virus
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filtration. This includes both the decline in virus retention
seen in some virus filtration experiments'? as well as the
transient jump in virus transmission seen in response to a
disruption in the filtration process.'” In particular, Dishari
et al."" developed a novel two-dye approach to visualize the
capture of viruses before and after a disruption in the filtra-
tion pressure.

The objective of this study was to examine the effect of
solution pH and ionic strength on virus capture using the
Viresolve® NFP parvovirus filter, a highly asymmetric com-
mercially available virus filter sold by EMD Millipore. Data
were obtained with the bacteriophage $X174 using plaque
forming assays to evaluate the degree of virus retention dur-
ing both constant pressure experiments and in filtration runs
with a pressure disruption. For pressure disruption experi-
ments, confocal images were obtained using phage labeled
with different fluorescent dyes to separately visualize the
phage that were in the challenge solution before and after
the pressure disruption. These results provide important
insights into the physical phenomena controlling virus reten-
tion in the Viresolve®™ NFP parvovirus filter.

Materials and Methods

Membranes

Viresolve® NFP membranes were provided by EMD Milli-
pore (Bedford, MA) in a flat sheet (single layer) format.
Small circular disks were cut from the sheet using a spe-
cially designed cutting device in our laboratory.

Bacteriophage

Experiments were performed with bacteriophage $X174
(ATCC-13706-B1™), obtained from the American Type
Culture Collection (ATCC, Manassas, VA), as a model par-
vovirus. Luria-Bertani (LB) media was prepared by mixing
10 g L' Bacto™ Tryptone (BD-211705), 5 g L™ ' Bacto
Yeast extract (BD-212750), and 10 g L' NaCl in deionized
water. The pH was adjusted to 7.5 using NaOH, and the
media was then autoclaved and stored in a sterilized cabinet
until use. The $X174 were propagated in the host E. coli C
obtained from the E. coli Genetic Stock Center at Yale Uni-
versity (New Haven, CT) following the protocol developed
previously.11 E. coli were grown in LB media (35°C) in an
exponential growth phase, corresponding to an optical den-
sity between 0.3 and 0.4. The $X174 was then added to the
E. coli suspension and incubated at 35°C for 5 h with gentle
shaking. The resulting suspension was centrifuged at
3500 rpm at 4°C at least three to four times to remove the
lysate/debris. The supernatant containing the ¢$X174 was
decanted and stored at 4°C until use.

Zeta potential measurements

The membrane zeta potential was evaluated from the
measured streaming potential as described elsewhere.'
Potassium chloride (VWR, Randor, PA), sodium carbonate
(EMD Millipore, Billerica, MA), sodium bicarbonate (EMD
Millipore, Billerica, MA), acetic acid (EM Industries, Gibbs-
town, NJ), sodium acetate trihydrate (Sigma Aldrich, St.
Louis, MO), citric acid monohydrate (Fisher Scientific, Fair
Lawn, NJ), and disodium hydrogen phosphate (Amresco,
Solon, OH) were used to prepare buffered salt solutions. The
solution ionic strength was adjusted using KCI, with pH
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adjusted using HCl (EM lindustries, Gibbstown, NJ) or KOH
(EM Industries, Gibbstown, NJ) as needed. The solution con-
ductivity was measured using a Thermo Orion Conductivity
meter (Thermo Scientific, Waltham, MA). All buffers were
prefiltered through Supor-200 membrane (pore size 0.2 pm)
(Pall, Port Washington, NY) under vacuum to remove any
large particles or undissolved solids immediately prior to
use.

Ag/AgCl electrodes were prepared using Ag wires (1 mm
dia). The wires were straightened, lightly sanded, placed in
concentrated nitric acid for 10 s, and rinsed with DI water.
The cleaned Ag wire and a reducing electrode (steel wire)
were each placed in separate beakers containing 1 M KCI. A
Kimwipe was used as a salt-bridge between the beakers. The
two wires were then connected to a DC power source with
the current maintained approximately at 20 mA for 20 min.
A uniform Ag/AgCl coating was formed over the silver
wire. The electrodes were stored in 0.5 M KCI solution
when not in use.

The streaming potential device consisted of two Plexiglas
chambers. A 25 mm membrane disk was placed between the
chambers and secured with an O-ring. Ag/AgCl electrodes
were inserted into the chambers with the tips about 1 mm
away from the membrane. The chambers were carefully
filled with buffer solution at the desired pH. The feed port of
one chamber was connected to a pressurized feed reservoir
filled with additional buffer solution with the exit port of the
other chamber directed to waste. The electrodes were con-
nected to a Keithley 2000 multimeter (Cleveland, OH) to
measure the streaming potential (£,) as a function of trans-
membrane pressure (AP) between 14 and 35 kPa (2-5 psig)
using an Ashcroft digital pressure regulator. The apparent
zeta potential, C,,,, was calculated from the slope (dE,/dAP)
using the Helmholtz—Smoluchowski equation:

Ao [ dE,
Capp = 20 ( ) (D

e06r \dAP

where u and A, are the viscosity (kg m ' s ') and conduc-

tivity (S m_l) of the buffer solution, respectively, & is the
permittivity (A? s*/m’. kg) of vacuum, and ¢, is the dielectric
constant. The experiments were run in triplicate at each pH.

Fluorescent labeling

Fluorescent dyes Cy5 and SYBR Gold were purchased
from Sigma-Aldrich and Life Technologies, respectively.
Cy5 labeling of bacteriophage was done according to the
protocol described previously.'' The bacteriophage solution
was first concentrated to 4 X 10' pfu mL™" by centrifuga-
tion at 3800 rpm using a spin-concentrator with an Ultracel
100 kDa membrane (EMD Millipore, Billerica, MA) and
then buffer exchanged into 0.1 M NaHCO; (pH 8.5). Nearly
1 mL of the phage solution (pH 8.5) was added to one bottle
of solid Cy5 (~0.2-0.3 mg), and allowed to react for 1 h,
with 1 min of vortexing at every 10 min. The labeled phage
were thoroughly washed with at least 100 diavolumes of
0.1 M NaHCOj; buffer (around 15 wash cycles) using the
spin-concentrator to remove any free (unreacted) dye.

The SYBR Gold labeling protocol was developed based
on published literature for labeling bacteriophage iEPS5.1*
About 10 mL of a $X174 suspension with concentration of
10'° pfu mL~" was buffer exchanged and concentrated to
1 mL (10" pfu mL™") phage in 1X TAE buffer (MediaTech,
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Manassas, VA) using a spin concentrator. 1 pl. of SYBR
Gold (10* X) dissolved in DMSO was added to the phage
suspension. The solution was vortexed and allowed to react
at room temperature for 20 min in the dark. Residual free
dye was removed from the reaction mixture using 100 diavo-
lumes of 1X TAE buffer. The labeled phage were stored at
4°C and diluted before use.

Virus filtration

Virus filtration experiments were conducted with single
layers of the Viresolve® NFP membranes housed directly in
a 47 mm diameter stainless steel filter holder (EMD Milli-
pore Corp., Bedford, MA) without any additional support
layer. These asymmetric membranes were used with the
shiny side (i.e., skin-side) down as per the manufacturer’s
recommendation. This allows the more open support region
to act as a “depth filter” protecting the skin layer from foul-
ing.15 Acetate (pH 4.9), PBS (pH 7.8), and carbonate (pH
10) buffers were prepared with DI water as per established
procedures. Bacteriophage suspensions were added to the
appropriate buffer, ultrasonicated for 45 min, and then prefil-
tered through a syringe filter housing a 0.2 pm cellulose ace-
tate membrane immediately before being added to a 1-L
feed reservoir, which was connected to the filter holder by
plastic tubing. The reservoir was air-pressurized, with the
pressure controlled at 210 kPa (30 psi) using an Ashcroft
pressure regulator. Approximately 1 mL filtrate fractions
were collected in centrifuge tubes. For the pressure release
experiments, ~12 mL of unlabeled phage was challenged
through the membrane, the pressure was released for about
10 min (no transmembrane pressure), and then the filtration
was resumed for another 12 mL at 210 kPa.

pfu assay

Bacteriophage concentrations were determined using a pla-
que forming unit (pfu) assay.'' Hard agar plates were pre-
pared by pouring 10 g L™' Difco Agar (BD-214530) in LB
media after autoclaving the media for 40 min. Phage samples
were appropriately diluted with DI water to obtain easily
countable plaques (typically between 2 and 50 plaques/
plate). Soft agar (4 g L~" Difco Agar in LB media) was
liquefied by heating in a microwave. 100 pL of the phage
samples were then mixed with 200 pL of E. coli suspension
and 900 pL of melted soft agar, and the resulting suspension
was poured onto the hard agar plates. The plates were incu-
bated for 8 h at 35°C before manually counting the number
of plaques.

Confocal laser scanning microscopy

Confocal images were obtained after a virus filtration run
with a pressure disruption. The membrane was first chal-
lenged with 12 mL of Cy5-labeled phage at 210 kPa; the
pressure was released for ~10 min; the feed reservoir was
emptied, washed, and refilled with a suspension containing
the SYBR Gold labeled phage. The system was then re-
pressurized to 210 kPa, and the filtration was continued for
an additional 12 mL.

Virus filtration membranes were imaged with an Olympus
Fluoview™ 1000 confocal laser scanning microscope
(Olympus American Inc., New Jersey). Membranes were cut
into small pieces (1.5 cm X 1 cm) and mounted on separate
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glass slides. The membranes were wet with a small drop of
10% glycerol, covered with a glass coverslip, and sealed
using nail-polish. The membrane specimen was placed over
a 100X oil objective lens (Numerical Aperture, NA = 1.25).
The Cy5 and SYBR Gold dyes were excited with 488 nm
(blue) and 610 nm (red) lasers, respectively, and imaged at
emission wavelengths of 510 and 670 nm, with the zoom
magnification of the lens set at 2.0. Optical cross-sectioning
was done at 0.3-um intervals, with images at multiple x-y
planes stacked to reconstruct a z-image through the depth of
the membrane using the Olympus Fluoview™ software.
Viresolve® NFP membranes (thickness of 140 pm) were
scanned from both sides (flipping the membrane in the
microscope) since the maximum working distance of the oil
objective lens is about 80 pm. The two acquired images
were subsequently combined to generate a scan through the
full depth of the membrane.

Results and Analysis

Typical data for retention of the bacteriophage $X174 by
the Viresolve® NFP membrane during a constant pressure fil-
tration experiment performed at a pressure of 210 kPa (30
psi) are shown in Figure 1. The results are plotted as the log
reduction value:

CFeed

LRV — _loglg (Cﬁllrate) (2)

where the ¢$X174 concentrations in the filtrate and feed
solutions were determined by the plaque forming assay. The
x-axis is the cumulative volumetric throughput, defined as
the cumulative filtrate volume (V) divided by the membrane
cross-sectional area (A). Data were obtained at a feed con-
centration of ~2 X 107 pfu mL™' with the $X174 sus-
pended in acetate (pH 4.9), phosphate (pH 7.8), and
carbonate (pH 10) buffers, respectively. In each case, the
buffer concentration was 1 mM with the total ionic strength
adjusted using KClI to either 13 mM (left panel) or 40 mM
(right panel). The use of low buffer concentrations (<10%
of the total salt) minimized any effects associated with the
specific buffer type used in each experiment. The small pro-
cess volumes (<10 L m~ %) were used to minimize the vol-
ume of phage required in each experiment and to minimize
artifacts associated with membrane fouling; the filtrate flux
remained nearly constant throughout the constant pressure
filtration, varying from ~7.7 X 10° m s ! (280
L m 2 h") at the start of the experiment to 6.4 X 10°°
m s~ ' (240 L m™? h™") after filtration of about 10 mL (~8
L m~?). The flux was also independent of solution pH and
ionic strength (variations of <*10%).

The virus retention was essentially constant throughout the
virus filtration experiments. There was no evidence of any
LRV decline, although this phenomenon might well occur at
much larger throughput.'® Data are not shown for V/A <2
L m~? since the measured phage concentrations under these
conditions were reduced by dilution of the filtrate samples
by the liquid hold-up volume from within the filter holder."!
Note that the LRV seen in Figure 1 are significantly lower
than those reported in the literature for the Viresolve® NFP
filter since these experiments were performed with a single
layer of membrane; the commercial NFP filters use 3 layers
of the PVDF membrane in series providing approximately
three times the LRV.'> The LRV in the lower ionic strength
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Figure 1. Log reduction values (LRV) during constant pressure filtration of the bacteriophage ¢X174 through Viresolve® NFP mem-
branes at 210 kPa at pH 4.9, 7.8 and 10 at ionic strengths of 13 mM (left panel) and 40 mM (right panel).

solution (left panel) are a strong function of solution pH,
with the greatest virus retention seen at pH 4.9 and the low-
est seen at pH 10. The effect of solution pH was much less
pronounced in the 40 mM ionic strength solution (right
panel). The virus LRV at pH 4.9 decreased from 3.5 = 0.3 in
the low ionic strength solution to 2.8 £0.2 in the 40 mM
solution, consistent with the greater shielding of electrostatic
interactions in the higher ionic strength solution. In contrast,
virus retention at pH 7.8 and pH 10 were nearly independent
of the solution ionic strength (LRV =2.5* 0.3 in both the
13 and 40 mM ionic strength solutions). LRV data at higher
ionic strength (190 mM) showed an even weaker dependence
on solution pH, with the LRV =2.0 = 0.5 for pH between
4.9 and 10 (data not shown).

To understand the effects of solution pH and ionic
strength on the retention of the bacteriophage ¢X174, the
zeta potential of the Viresolve® NFP membrane was deter-
mined from streaming potential measurements. The stream-
ing potential data at each pH were highly linear, with 12
values > 0.98, allowing the apparent zeta potential to be cal-
culated directly from Eq. (1). Results are plotted in Figure 2
as a function of the solution pH; the error bars on the indi-
vidual data points represent plus/minus one standard devia-
tion for the three repeat measurements. The apparent zeta
potential was negative at all measured pH values, with {,p,
going from —7.7 mV at pH 2.7 to —14 mV at pH 10. The
surface charge of $X174 has been measured by chromatofo-
cusing,'” electrophoretic mobility,'® and capillary isoelectric
focusing,'” with most values of the isoelectric point around
pH 6.6.%° Thus, the $X174 will be negatively-charged at pH
7.8 and 10, but will have a significant positive charge at pH
4.9. As a result, there should be an attractive electrostatic
interaction between the $pX174 and the Viresolve® NFP
membrane at pH 4.9, which likely explains the increased
retention seen in Figure 1 at this pH and low ionic strength.

Previous work by Dishari et al.'' showed that a disruption
in the filtration process (in this case a short period with no
applied pressure) caused a significant increase in virus trans-
mission through the Viresolve® NFP membrane at pH 10. A
series of “pressure disruption” experiments were performed
to evaluate the effects of solution pH and ionic strength on
this phenomenon. In each case, the filtration was performed
at a constant pressure of 210 kPa (30 psi) for a cumulative
filtrate volume of ~7 L m % The transmembrane pressure
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Figure 2. Zeta potential of Viresolve® NFP membrane as a
function of pH.

Error bars represent plus/minus one standard deviation in
repeat experiments.

was then released, with no filtration for a period of 10 min,
after which the transmembrane pressure was reapplied and
the filtration continued at 210 kPa for another 7 L m™ 2. Fil-
trate samples were taken periodically to evaluate the LRV,
with the results summarized in Figures 3 and 4 for high and
low ionic strength (190 and 13 mM), respectively. In each
case, the multiple symbols at the different pH represent data
from replicate experiments performed using different mem-
brane samples obtained from the same lot of membrane.

The LRV values in the high ionic strength solution were
essentially independent of solution pH; repeat runs at all
three pH values were nearly identical. In each case, the ini-
tial LRV was approximately 2.0 = 0.4, with a slight decline
over the first 6 L m ™~ (although this was not statistically sig-
nificant). The pressure release caused a sharp decline in
LRV, with the LRV obtained immediately after the pressure
release being close to zero (i.e., no virus retention). The
LRV gradually increased over the 7 L m 2, with the final
LRV being very similar to that obtained before the pressure
release. This recovery in LRV clearly indicates that the pres-
sure disruption caused no irreversible damage to the mem-
brane, consistent with results presented previously.'*'!
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Figure 3. Log reduction values (LRV) during pressure disrup-
tion experiments using the Viresolve® NFP mem-
branes at an ionic strength of 190 mM.

The dashed vertical line shows the point where the pressure
was released. Multiple symbols at each pH represent data from
replicate experiments.

Corresponding data at low ionic strength (13 mM) are
shown in Figure 4. The results at pH 7.8 and 10 are similar
to those seen in Figure 3, with the LRV values shifted up by
about 0.5-log both before and after the pressure release.
However, the situation is very different at pH 4.9. In this
case, the pressure release caused no measurable change in
the LRV; virus retention was essentially constant throughout
the entire filtration experiment even with the pressure disrup-
tion at a cumulative filtrate volume of V/A=6-8 L m 2.
These data suggest that the presence of electrostatic attrac-
tive interactions between the negatively charged membrane
and the positively charged virus at low pH and low ionic
strength eliminates the effects of a pressure disruption. This
behavior is discussed in more detail subsequently.

Additional insights into the effects of solution conditions
on virus retention during the pressure disruption experiments
were obtained using confocal microscopy. The Viresolve®
NFP membrane was first challenged with ~8 L m™? of the
Cy5-labeled (red) ¢$X174 bacteriophage, the pressure was
removed for ~10 min, and the membrane was then chal-
lenged with ~8 L m~ 2 of the SYBR Gold-labeled (green)
phage. Figure 5 shows confocal images of the lower half
(~80 pm) of the NFP membranes obtained after pressure
release experiments performed at pH 4.9 (left panel) and pH
10 (right panel). The middle and bottom panels represent the
single fluorescence channels showing emission at 510 and
670 nm, respectively, while the top panel provides an over-
lay of the two images. Note that the overlay is done auto-
matically within the Olympus Fluoview™ software (without
any manual alignment).

The images at both pH values show that the majority of the
$X174 are captured in a diffuse band, having two distinct
layers, located ~20 pm above the exit of the filter (120 pm
into the filter depth if measured from the upstream surface of
the filter). Similar results were seen in experiments performed
without a pressure disruption as shown in Dishari et al.'!
Virus capture at this particular location may reflect the grada-
tion in pore size within the Viresolve® NFP membrane. The
thickness of this band is somewhat greater at pH 4.9, with a
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Figure 4. Log reduction values (LRV) during pressure disrup-
tion experiments using the Viresolve® NFP mem-
branes at an ionic strength of 13 mM.

The dashed vertical lines show the points where the pressure
was released. Multiple symbols at each pH represent data from
replicate experiments.

much higher relative contribution from the Cy5-labeled (red)
phage. In addition, there is a very thin band right at the exit
of the Viresolve® NFP membrane. However, this band is
composed almost entirely of Cy5-labeled phage (present in
the challenge before the pressure disruption) for the experi-
ment performed at pH 10, while it is composed almost
entirely of the SYBR Gold-labeled (green) phage (present in
the challenge after the pressure disruption) at pH 4.9.

These differences in capture profiles are likely due the differ-
ence in electrostatic interactions at the high and low pH. At pH
10, some of the phage that were initially captured in the
Viresolve® NFP filter are able to diffuse out of the pores when
the pressure is released.'™"" These (red) phage migrate deeper
into filter and are either captured near the filter exit (narrow
red band) or pass directly into the permeate (as seen by the
very low LRV immediately after the pressure disruption in Fig-
ures 3 and 4). In contrast, the images in Figure 5 suggest that
the red phage that were captured during the initial challenge
remain trapped during the pressure release, most likely due to
the attractive electrostatic interactions between the negatively-
charged membrane and the positively charged phage under
these conditions, thereby eliminating the increase in virus trans-
mission when the pressure is reapplied (Figure 4). The green
phage that are present in the challenge after the pressure release
are simply captured in the diffuse band within the depth of the
filter or in the fairly narrow band near the filter exit.

Discussion

The results presented in this study clearly demonstrate that
virus retention by the Viresolve® NFP membrane is a func-
tion of solution pH and ionic strength. In particular, virus
retention is increased by nearly 1-log by operating at low pH
(4.9) and low ionic strength (13 mM), conditions that lead to
significant attractive electrostatic interactions between the
negatively-charged membrane and the positively charged
$X174 (isoelectric point around pH 6.6). In addition, the use
of low pH and low ionic strength eliminated the spike in
virus transmission seen after a pressure disruption. These
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Figure 5. Confocal images of the lower half of the Viresolve® NFP membrane after a pressure release experiment. The membranes were
challenged with Cy5-labeled (red) phage for 8 L m 2 followed by SYBR Gold-labeled (green) phage after the pressure release.

The left and right images correspond to experiments performed at pH 4.9 and 10, respectively, both with 13 mM ionic strength. The individual panels show
results for: excitation of Cy5 (lower), excitation of SYBR Gold (middle), excitation of both dyes (upper).

are, to the best of our knowledge, the first published data
quantifying the effect of solution conditions on virus reten-
tion in response to a process disruption similar to that which
would occur when using multiple feed tanks, a final buffer
flush to recover residual product from the virus filter, or in
response to equipment error.

Woods and Zydney10 and Dishari et al.'' both attributed
the increase in virus transmission after a process disruption
to the diffusion of previously captured virus out of the pores,
allowing them to migrate deeper into and possibly through
the filter when the filtration is resumed. The data obtained at
pH 4.9 and 13 mM ionic strength suggest that attractive
electrostatic interactions can keep the virus “trapped” in the
pore, even in the absence of any positive filtration, thereby
eliminating the spike in virus transmission upon reapplica-
tion of the filtration pressure. This behavior was confirmed
by confocal microscopy, with data at high pH showing
migration of fluorescently labeled phage that were captured
during the initial challenge deeper into the filter after the
process disruption. This migration was not seen at low pH,

with the previously captured phage remaining in the same
location within the filter.

Virus filtration in downstream processing is typically done
after the primary purification step, e.g., after a Protein A
affinity column for initial capture/purification in the produc-
tion of monoclonal antibody products. But, different manu-
facturers perform virus filtration at different places in the
overall process relative to other (typically chromatography)
processing steps. The data obtained in this study clearly
demonstrate that the overall viral clearance and robustness of
the virus filtration step can be significantly improved by per-
forming the virus filtration at low pH, i.e., under conditions
where there are attractive electrostatic interactions between
typical viruses and the virus filtration membrane. It might
also be possible to further enhance the virus removal capa-
bilities, while minimizing adverse effects associated with
process disruptions, by designing virus filters with surface
charge characteristics that enhance the type of attractive
interactions seen in this work at pH 4.9 with the $X174 bac-
teriophage and the Viresolve® NFP membrane. However,
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this could create regulatory challenges since many down-
stream processes already use other methods (e.g., chromato-
graphic adsorption) based on electrostatic interactions that
would no longer be considered to function using an orthogo-
nal clearance mechanism. Future studies will be needed to
demonstrate the generality of this behavior with other virus
filters and with viruses having different surface charge (and
possibly hydrophobicity).
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