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Confirmation of virus filter integrity is crucial for ensuring the safety of biological products. Two main
types of virus filter defects may produce inconsistent and undesirable performance in virus removal:
improper pore-size distribution across the membrane; and specific damage, such as tears, broken fibers,
or pinholes. Two integrity tests are performed on each individual filter manufactured by Asahi Kasei
Medical to ensure the absence of these defects prior to shipment. In this study, we verified that typical
usage of Planova™ BioEX filters would not improperly shift the pore-size distribution. Damage occurring
during shipment and use (e.g., broken fibers or pinholes) can be detected by end-users with sufficient
sensitivity using airewater diffusion based leakage tests. We prepared and tested filters with model
pinhole defects of various sizes to develop standard acceptance criteria for the leakage test relative to
porcine parvovirus infectivity logarithmic reduction values (LRVs). Our results demonstrate that pinhole
defects at or below a certain size for each effective filter surface area have no significant impact on the
virus LRV. In conclusion the leakage test is sufficiently sensitive to serve as the sole end-user integrity
test for Planova™ BioEX filters, facilitating their use in biopharmaceuticals manufacturing.
© 2015 Asahi Kasei Medical CO., LTD. Published by Elsevier Ltd on behalf of The International Alliance for

Biological Standardization. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Fractionated plasma products and biopharmaceuticals, such as
recombinant proteins and monoclonal antibodies, are playing an
increasingly important role in human medicine [1,2]. However, the
starting material for these products carries the risk of contamina-
tion by viruses and other pathogens. In order to ensure patient
safety, regulations and guidelines for removing viruses have been
enacted and proposals have beenmade for the implementation and
validation of virus removal and inactivation methods [3e8]. The
respective strengths and limitations of various virus inactivation
and removal methods have been the subjects to continuous dis-
cussion among both regulators and manufacturers of
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biopharmaceuticals in the last few years. Virus filtration, also
known as nanofiltration, is a gentle, nonspecific, andwidely applied
process that removes virus particles from solutions based on size
exclusion properties that do not alter the functional and antigenic
characteristics of most proteins [9e12]. Planova™ BioEX filters
(manufactured by Asahi Kasei Medical, Co., Ltd., Japan) are
composed of membranes of hollow fibers made of hydrophilic
modified polyvinylidene fluoride (PVDF). PVDF is used to produce
membranes for ultrafiltration [13], nanofiltration [14], and hemo-
dialysis and is recognized for its mechanical strength [15].

Performing integrity tests (ITs) on virus filters both before and
after nanofiltration is very important for confirming filter integrity
and for supporting claims of virus removal. Several IT methods have
been developed for virus filters [10,11,16e19]. For example, in the
case of Planova™ cellulose filters, a post-use test using gold colloid
particles can be used to assess improper shifts in membrane pore-
size distribution. Although highly effective, this gold particle test
(GPT) has the drawback of being destructive, and therefore, it
cannot be performed prior to using the filter in the process setting.
Thus, other testing strategies that are both accurate in assessing
e International Alliance for Biological Standardization. This is an open access article
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membrane pore-size distribution and are efficient, robust, and user
friendly must be considered.

Virus filters are verified as having the specified pore-size dis-
tribution and to be free from other defects before shipment to end-
users. Several pore-size distribution ITs, such as the bubble point
(BP) method, are conducted through routine sampling during the
spinning of hollow-fiber membranes. In addition, each Planova™
BioEX filter is subjected to a pressure hold test and a leakage test
[10,16]. End-user ITs conducted before use of the filter in the pro-
cess stream must be non-destructive and should not require
specialized solutions or set-up that would compromise the quality
of the biopharmaceutical product or be difficult to perform. ITs for
detecting improper shifts in pore-size distribution may not be
required if the filter has physical and chemical properties that are
sufficiently robust to withstand the filtration conditions used. On
the other hand, any damage occurring during shipment and use is
likely to result in gross defects larger than the micron scale,
including hollow fiber breakage. Pre- and post-use ITs performed
by the end-user are needed to detect such damage. Typical large
gross defects should be easily detectable by visual inspection;
however, it is also important to consider the risk of hard-to-detect
defects that may impact virus retention capacity.

Many approaches exist for detecting the presence of post-
shipping gross defects. Methods using particles and bacteria to
detect artificially produced and actual defects in the micrometer-
scale range in ultrafiltration membranes have been reported
[20,21]. For virus removal filters, original and modified leakage
tests based on airewater diffusion are commonly used and regu-
larly evaluated [10,16,19]. Methods involving binary gases and
water/organic solvent mixtures have also been developed [22e24].
The approach we follow, known as the “single-point forward/
diffusive flow test” [10,16,19], is relatively simple and can be used to
detect micrometer-size gross defects.

In this report, we demonstrate the resistance of Planova™ BioEX
filters to improper shifts in pore-size distribution and the mainte-
nance of virus removal capacity even after harsh conditionings. We
also discuss the use of an air/water diffusionebased leakage test as
an IT for detecting gross defects associated with pinhole damage to
the membrane, and we demonstrate the relationship between
pinhole size and detection using air/water diffusion-based leakage
tests and virus removal. Finally, the use of the leakage test as the
only end-user IT for Planova™ BioEX filters is discussed.

2. Material and methods

2.1. Harsh conditioning of Planova™ BioEX filters

Planova™ BioEX (0.001 m2 or 0.01 m2) filters were conditioned
by filtering 1000-mL solutions of either low pH (pH 2: hydrochloric
acid aqueous solution) or high pH (pH 10: sodium hydroxide
aqueous solution) at high temperature (40 �C) under a filtration
pressure of 392 kPa (3.92 bar, 56.9 psi) for 12 h (the solution was
recirculated and filtered multiple times during the experimental
period), after which the filter was flushed with an excess of purified
water (100 L/m2). Control filters were usedwithout any of the harsh
conditioning described above.

In this report, all pressures are indicated as the filter inlet gauge
pressure (above ambient atmospheric pressure), and the permeate
side would have ambient atmospheric pressure only.

2.2. Virus propagation and virus removal study

Porcine parvovirus (PPV, 90HS strain, Japanese Association of
Veterinary Biologics, Tokyo, Japan) was propagated in PK-13 cells
(ATCC #CRL-6489) at 37 �C in Dulbecco's modified Eagle's medium
(DMEM) supplemented with 3% (v/v) fetal bovine serum. At first
sign of the death of inoculated host cells, the medium was
exchanged with serum-free DMEM. The supernatant (containing a
high titer of serum-free PPV) was collected, centrifuged at 1710 � g
for 20 min at 4 �C, and then filtered through a 0.45-mm filter to
remove the cell debris. This virus stock was titrated and stored
at �80 �C until use [25,26].

The PPV stock was spiked into human polyclonal IgG (Veno-
globulin®-IH, Japan Blood Products Organization, Japan). For
harshly conditioned filters (0.001 m2), the final virus-load sample
was comprised of 0.5% (v/v) PPV stock suspension in 30 mg/mL
human IgG/0.1 M sodium chloride aqueous solution. For pinhole
filters, the final virus-load sample was comprised of 0.5% (v/v) PPV
stock suspension in 30 or 1 mg/mL human IgG/0.1 M sodium
chloride aqueous solution. Due to experimental limitations, the
experiments using filters with a large effective surface area (1.0, 4.0,
and 0.1 m2) were conducted at the lower human IgG concentration,
whereas tests of filters with 0.1-m2 pinholes were conducted at
both IgG concentrations and analyzed as a series of experiments. As
a clear relationship between virus removal rate and a pinhole size
of 0.1 m2 was observed at both IgG concentrations, it was deter-
mined that protein concentration does not affect the virus removal
rate and filtration flux.

After pre-filtration with Planova™ 35N filters (Asahi Kasei
Medical, Ltd.) at 50 kPa (0.50 bar, 7.3 psi) for the purpose of
obtaining mono-dispersed PPV particles, virus filtration experi-
ments were conducted under 196-kPa (1.96 bar, 28.4 psi) dead-end,
constant-pressure filtration at 25 �C. The virus titer was determined
by hemagglutinin assay and was quantified as the 50% tissue cul-
ture infectious dose (TCID50), determined by the method of Reed
and Muench using PK-13 cells [27]. For the harshly conditioned
filters (0.001 m2), the initial titer of the virus load solution (after
pre-filtration with Planova™ 35N) was set between 105.7 and 106.0

TCID50/mL, and the filtration volume was 105 L/m2, with permeate
collection for analysis at the 100e105 L/m2 fraction. For the pinhole
filters (0.1, 1.0, and 4.0 m2), the initial virus titer of the virus load
solution (after pre-filtration with Planova™ 35N) was set to 106.2,
106.0, or 106.7 TCID50/mL, and the filtration volumewas 5 L/m2, with
permeate collection for analysis at the 2e3 L/m2 fraction. The
TCID50 was measured using the same method. Virus (PPV)
removability was expressed as the logarithmic reduction value
(LRV), or PPV LRV.

2.3. Gold particle test

Harshly conditioned Planova™ BioEX (0.01 m2) filters and
control filters receiving no pretreatment were subjected to the GPT
[28,29]. Test solution containing colloidal gold particles (diameter
of approximately 20 nm; Asahi Kasei Medical, Ltd.) was prepared as
directed and filtered using 98-kPa (0.98 bar, 14.2 psi) dead-end
constant-pressure filtration at 25 �C. The filtration volume was
1.0 L/m2, and the permeate (0.5e1.0 L/m2 fraction) was collected
and the absorbance was assayed at 530 nm (UVeVIS spectropho-
tometer, UV2450, Shimadzu, Japan). Gold particle removability was
expressed as LRV.

2.4. Model pinhole filters

A krypton fluoride (KrF) excimer laser was used to make single
pinholes in individual fibers, and this work was performed by L.P.S.
Works Co., Ltd. (Tokyo, Japan). Briefly, a Planova™ BioEX hollow
fiber was positioned such that irradiation by the KrF excimer laser
would penetrate through one surface of the BioEX hollow fiber and
produce a single pinhole. Each pinhole fiber was then crafted into a
filter of 0.001 or 0.01 m2 effective surface area using normal hollow
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fibers to complete the filters. For pinhole filters with an effective
surface area of 0.1, 1.0, and 4.0 m2, the pinhole fiber was set deep in
the normal hollow-fiber bundle and crafted into the filter. The
presence of only one single-pinhole fiber in each filter was assured
during the assembly step of the filter.

After finishing a series of flow-rate tests, the hollow fibers from
a subset of filters with an effective surface area of 0.1 m2 or smaller
were recovered from the pinhole filter and the pinhole fiber was
identified. The pinhole was observed under a scanning electron
microscope (Fig. 1a), and the diameter of the pinhole was
measured. The pinhole was smaller on the inner surface of the
hollow fiber. Therefore, in this paper, the “pinhole diameter” is
taken to be the diameter of the pinhole on the inner surface, as
depicted in Fig. 1b. The relationship between pinhole size, leak
value, and PPV LRV was then determined.

2.5. Pinhole size determination based on the water overflow rate

In this section, we explain the pinhole associatedwater overflow
rate and discuss it together with the critical flow model equation.
The appropriateness is examined further in the Discussion section.

We used water overflowing from the filter permeate side outlet
nozzle as a surrogate for airflow across hollow-fiber membranes
with normal pores and pinhole defects. The airflow volume across
the membrane displaces a proportional volume of water on the
filter permeate side. Therefore, the water overflow rate was used to
obtain data to estimate the size of the pinhole defect.

The permeate side of the filter was filled with air-saturated
water at 25 �C under ambient atmospheric pressure, and then
compressed air was applied to the feed side of the filter at 343 kPa
(3.43 bar, 49.7 psi). After a stabilization period, the water overflow
rate was measured. The water overflow rate was determined for
both normal-pore and pinhole-containing filters, and the difference
was taken as the flow attributable to the pinhole.

The actual data were proportional to the pinhole radius square.
Thus, the data were modeled using the following methods. The
Fig. 1. (a) Pinhole (3.2 mm) on the inner surface of a hollow fiber, as observed by
scanning electron microscopy. (b) Schematic representation of an artificially created
pinhole on the surfaces of a Planova™ BioEX hollow fiber.
maximum-weight air flow rate from a single pinhole defect, Wmax,
is described by Eq. (1) (adapted from Ref. [30], section 10e19
“Critical flow nozzle” for air: equation (10e33)). The application of
this equation will be addressed in more detail in the Discussion
section.

Wmax ¼ C1CA2p1
. ffiffiffiffiffi

T1
p

(1)

where C1 represents the dimensional constant; C represents the
coefficient of discharge (dimensionless; discharge coefficient for
critical flow nozzles in general, the same as that for subsonic noz-
zles [30]); A2 represents the cross-sectional area of the pinhole; p1
represents the absolute pressure inside the hollow fiber; T1 rep-
resents the absolute temperature in the hollow fiber; and Wmax
represents the maximum-weight airflow rate (kg/min).

By holding the experimental conditions constant at 343 kPa
(gauge pressure; 3.43 bar, 49.7 psi) and 25 �C, Wmax can be con-
verted to the volumetric airflow rate, Qair (mL/min) at 25 �C under
ambient atmospheric pressure. Likewise, the constants C1 and C
along with the square root of T1 can be reduced to a constant. Our
experimentally created pinhole can be assumed to be circular in
shape. The cross-sectional area A2 can be expressed using the
pinhole radius.

Thus, the airflow through the pinhole, Qair (mL/min), is pro-
portional to the product of the cross-sectional area of the pinhole
and the absolute inlet pressure. The water overflow rate, Qwof (mL/
min), is also proportional to the product of the right side of Eq. (2):

QwoffQairfkpr2 � Pabs (2)

where k represents a coefficient; r represents the pinhole radius
(mm); and Pabs represents the absolute pressure (Pgauge
[343] þ 101.3) (kPa).

The model curve was made using the above quadratic equation
for approximating the relationship between the pinhole-associated
water overflow and the actual pinhole size measured by scanning
electron microscopy.

2.6. Leak value (Lv) measurement

The volume of water overflowing from the pinhole filter was
converted to the Lv using a Planova™ Leak Tester (PLT-AM10, Asahi
Kasei Medical, Co., Ltd., Tokyo, Japan). For filters with an effective
surface area of 0.1, 1.0, and 4.0 m2, the permeate side was filled with
air-saturated water at 25 �C under ambient atmospheric pressure,
and the leak test was performed using the PLT instrument ac-
cording to the manufacturer's instructions (i.e., for BioEX filters,
pressure: 343 kPa (3.43 bar, 49.7 psi); charge: 300 s; Lv defined as
pressure increase, Pa/5 s). The PLT is designed to measure the water
overflow attributable to airflow through a filter caused by diffusion
from normal pores and bulk flow from pinholes. The increase in the
pressure of the air chamber outside the filter is determined using a
highly sensitive differential pressure sensor [31,32]. The relation-
ship between water overflow rate and Lv was determined using
various pinhole-containing and normal filters.

In the Lv model calculation, the amount of gas (provided by the
water overflow rate) and the inner volume of the air in the PLTwere
substituted into the “ideal gas law”:

P ¼ nRT
V

(3)

where P represents the absolute pressure of the gas; V represents
the volume of the gas; n represents the quantity of the gas
(measured in moles); R represents the ideal (or universal) gas



Table 1
Virus removability after exposure of filter to harsh conditions.

Harsh stress conditioning (12 h at 392 kPaa) PPV LRVb (n ¼ 4)

pH Temperature (�C)

Controlc �5.17
�5.50
�5.50
�5.17

2d 40 �5.00
�5.50
�5.50
�5.17

10e 40 �5.00
�5.50
�5.50
�5.17

a 392 kPa (3.92 bar, 56.9 psi).
b PPV LRV: porcine parvovirus logarithmic reduction value.
c Control filters were used without any harsh conditioning.
d Hydrochloric acid aqueous solution.
e Sodium hydroxide aqueous solution.
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constant, 8.31 (L kPa K�1 mol�1); and T represents the absolute
temperature of the gas.

In determining the Lv using the PLT, “equivalent inner volume”
refers to the total volume of any bulk air in the space between the
filter permeate side and the differential pressure sensor, including
air in the tube line and filter housing. The equivalent inner volume
would be underestimated. In case of an extremely large air volume
from a large pinhole could not be held in the filter housing, and
thus, a portion of the air would escape before the Lv measurement
step. This would lead to a higher Lv than the model calculation.

2.7. Determining the size of the smallest recognizable pinhole

Here, we describe how the size of the smallest recognizable
pinhole was determined under the standard Lv acceptance criteria.
Fig. 2 shows the relationship between Lv value deviation, standard
acceptance criteria, and smallest recognizable pinhole size. In this
study, we set the standard acceptance criterion to 4 SDs of themean
value for normal, non-defective filters. This criterion gives a prob-
ability of a false failure (i.e., a non-defective filter is misjudged as
being defective) of approximately 3/100,000. Because a pinhole
filter is identical to a normal filter except for the pinhole defect, we
assume that the SD of a pinhole filter Lv should be the same as that
of a normal filter.

The probability of a false pass (i.e., a defective pinhole filter is
misjudged as non-defective) was set as follows. Considering the
discrimination of false pass and false fail under same probability
setting (defined as no overlap for normal-filter mean þ4SD and
pinhole-filter mean �4SD), the smallest size pinhole for which the
entire mean ±4SD lies above the Lv cutoff was designated as the
smallest recognizable pinhole. This value can be back-calculated
using the pinhole-filter Lv. The “smallest pinhole to fail” the
leakage test is considered to be the “largest pinhole size to pass” the
leakage test, defining the boundary between filters recognized as
normal (pass) or having a pinhole (fail).

3. Results

3.1. Effect of harsh conditioning on pore-size distribution

Table 1 shows the virus removability of 0.001-m2 Planova™
BioEX filters after exposure to harsh conditioning. Tests were
conducted on four individual filters for each condition. All PPV LRV
Fig. 2. Schematic illustration of the relationship between leak value (Lv) deviation,
standard acceptance criteria, and size of smallest recognizable pinhole.
data exceeded the detection limit (�5.00 ~ �5.50), demonstrating
that harsh conditioning of the filters before virus challenge did not
affect virus removability.

Larger area Planova™ BioEX filters (0.01 m2) were also exposed
to the same harsh conditioning. Each of these filters was then used
to filter solutions of colloidal gold. The control filters showed gold
particle LRVs of 2.23 and 2.19, whereas the LRVs of filters subjected
to low- and high-pH harsh conditioning were 2.25 and 2.26 and
2.30 and 2.37, respectively (Table 2). These LRV data were similar
and did not exceed the upper detection limit of the LRV assay,
indicating that they are quantitatively comparable.

3.2. Water overflow rate and pinhole size

Thewater overflow rate attributable to pinholes was plotted as a
function of pinhole diameter (Fig. 3). The experimentally observed
pinhole-attributable portion of the water overflow value was pro-
portional to the square of the pinhole diameter.

3.3. Lv determinations for various filters

Fig. 4 shows the relationship between Lv and water overflow
rate. Normal filters showed a range in inherent Lv caused by air
diffusing through the normal pores, in accordance with the differ-
ence in the total effective surface area. The Lvs of pinhole filters
Table 2
Gold particle removability, confirmation of no shift in proper pore size distribution
after exposure of filter to harsh conditions.

Harsh stress conditioning (12 h at 392 kPaa) Gold particle LRVb (n ¼ 2)

pH Temperature (�C)

Controlc 2.23
2.19

2d 40 2.25
2.26

10e 40 2.30
2.37

a 392 kPa (3.92 bar, 56.9 psi).
b Gold particle LRV: gold particle logarithmic reduction value.
c Control filters were used without any harsh conditioning.
d Hydrochloric acid aqueous solution.
e Sodium hydroxide aqueous solution.



Fig. 3. Correlation between water overflow rate attributable to the pinhole and
pinhole size. The pinhole-associated water overflow rate (mL/min) was calculated by
subtracting the water overflow rate of a normal (intact) filter from the water overflow
rate of a pinhole filter.

Fig. 5. Relationship between virus removal rate and pinhole diameter. The arrowhead
means the value exceeded the logarithmic reduction value (LRV) upper detection limit.
Open circles, 0.1-m2

filter; closed green triangles, 1.0-m2
filter; and closed red squares,

4.0-m2
filter. The solid line indicates the curve fit (approximating a power function) for

the 0.1-m2
filter actual plot data. The dotted lines indicate extrapolation to the 1.0- and

4.0-m2
filters using the above approximation.
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were larger than those of normal filters having the same effective
surface area. Moreover, Lvs of several pinhole size spread wide on
the curve. The real data showed an excellent correlation with the
model calculation, regardless of the presence of a pinhole in the
filter. Thus, the conversion of pinhole-attributable water overflow
rate to Lv is quantitative.
3.4. Relationship between pinhole diameter and virus removal rate

The correlation between pinhole diameter and virus removal
rate was also investigated, and Fig. 5 summarizes the relationship
between these parameters. The PPV LRV of points marked with an
upward arrow was higher than the detection limit. Pinholes <2 mm
had PPV LRVs �5.5. Viruses likely pass through the artificially
generated micron-sized pinhole defect, but the permeate flow
through the defect is too small compared with the overall permeate
flow to measurably impact the LRV. For 0.1-m2 Planova™ BioEX
Fig. 4. Correlation between leak value (Lv) and water overflow rate. Circles, 0.1-m2

filter; triangles, 1.0-m2
filter; squares, 4.0-m2

filter. Open symbols indicate normal
filters, and closed symbols indicate pinhole filters. Curve indicates the model calcu-
lation for filter Lv as a function of water overflow rate.
filters, a decline in PPV LRV was observed beginning at around
3 mm, and the reduction in LRV increased in magnitude with
increasing pinhole diameter. For filters with larger effective surface
areas, the impact on PPV LRV was less than that for the 0.1-m2

Planova™ BioEX filter. This is most clearly seen in Fig. 5 for pinholes
between 8 and 9 mm, where the PPV LRV is 3.3 for a filter with an
effective surface area of 0.1 m2 and 5.0 for filters with effective
surface areas of 1.0 and 4.0 m2. Therefore, single pinhole defects
have less of an impact on the LRV of filters with larger effective
surface areas. The fitted curve (approximating a power function) for
the 0.1-m2 Planova™ BioEX filter actual plot data is indicated as a
solid line. The data were then extrapolated to 1.0- and 4.0-m2

Planova™ BioEX filters (broken lines) for modeling the PPV LRV.
These extrapolations were based on the following assumption:
under the same constant-pressure operating conditions, the num-
ber of virus particles that leak through the pinhole is the same and
is independent of the filter's effective surface area. The total
permeate volume increases with increasing effective surface area.
Therefore, the concentration of virus in the permeate solution
should decrease in an inverse proportional manner. Some actual
data followed these lines. It is possible to evaluate the impact on
virus removability by determining the size of the defect, in microns.
3.5. Normal-filter Lv deviation and standard acceptance criteria

Table 3 summarizes the mean and SD of the measured Lv for
filters of each effective surface area. The end-user standard Lv
Table 3
Standard leak value (Lv) acceptance criteria for leakage test using the Planova leak
tester.

Effective surface
area (m2)

Lv (Pa/5 s) Standard Lv acceptance
criterionb (Pa/5 s)

Meana Standard deviationa

0.1 6 3 �18
1.0 153 24 �249
4.0 463 60 �703

a From data on intact filters (no pinholes).
b Standard Lv acceptance criterion determined by adding four standard de-

viations (4SD) to the mean value for normal, non-defective filters.
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acceptance criteria for 0.1-, 1.0-, and 4.0-m2 Planova™ BioEX filters
were �18, �249, and �703 Pa/5 s, respectively. The process for
determining the standard acceptance criteria was described in the
Material and methods section and summarized in Fig. 2.

3.6. Size of the smallest recognizable pinhole in the leakage test

Fig. 2 explains our approach for setting the standard acceptance
criteria and determining the smallest recognizable pinhole for the
leakage test as an end-user IT. Fig. 6aec show the size of the
smallest recognizable pinhole for 0.1-, 1.0-, and 4.0-m2 Planova™
BioEX filters under each standard acceptance criterion, respectively.
The calculated model curve in Fig. 6a shows the predicted mean Lv
for pinholes of various diameters in a 0.1-m2 Planova™ BioEX filter.
The predictedmean Lv is based on the correlation between the data
depicted in Figs. 3 and 4. The mean Lv þ4SD (i.e., the standard
acceptance criterion) for the non-defective filter was 18 Pa/5 s
(Table 3). The size of the smallest recognizable pinhole for the
leakage test is thus estimated at approximately 1.4 mm. This pinhole
diameter is indicated by an arrowhead in Fig. 6a.

Similar analyses were performed for 1.0- and 4.0-m2 Planova™
BioEX filters, returning values of approximately 4.6 and 13.1 mm,
respectively (Fig. 6b and c). As shown in Fig. 6b, pinholes much
larger than the smallest recognizable pinhole size fit the model
calculation poorly. However, this phenomenon would only occur
with a pinhole that is very large relative to the smallest
Fig. 6. (a) Smallest recognizable pinhole size estimated based on the standard acceptance cri
leak value (Lv) as a function of pinhole diameter. Bar indicates ±4SD of the filter Lv. Horizon
normal filter data, and open circles indicate pinhole filter data. Closed yellow circles indicat
based on the standard acceptance criterion for 1.0 m2 Planova™ BioEX filters. (c) Smallest rec
Planova™ BioEX filters.
recognizable pinhole size described in section 2.6 and should not
affect the smallest recognizable pinhole size estimation. The size of
the smallest recognizable pinhole would thus be predicted to in-
crease with increasing effective surface area.

3.7. Estimation of the impact of smallest recognizable pinhole size
on virus removability

To estimate how the size of the smallest recognizable (in other
words, the “largest allowable”) pinhole impacts virus removability,
each predicted smallest recognizable pinhole diameter was evalu-
ated according to the virus removal relationship shown in Fig. 5.
The detection of gross defects using this IT can be correlated with
the filter's virus clearance. In the cases of 0.1- and 1.0-m2 effective
surface area filters having the largest allowable pinhole size, the
PPV LRV was predicted to exceed the upper detection limit (�5.5).
In the case of a 4.0-m2

filter with a pinhole, a slight decline in PPV
LRV was predicted, but the PPV LRV still remained high (4.7).
Table 4 summarizes the estimated PPV LRV for each predicted
smallest recognizable pinhole diameter for each effective surface
area.

4. Discussion

In this work, we demonstrated that pinhole defects, at or below
a certain size for each effective surface area, have no significant
terion for 0.1-m2 Planova™ BioEX filters. Curve indicates the model calculation for filter
tal line indicates standard acceptance criterion setting. Closed yellow triangles indicate
e predicted Lv and pinhole diameter. (b) Smallest recognizable pinhole size estimated
ognizable pinhole size estimated based on the standard acceptance criterion for 4.0-m2



Table 4
Standard leak value (Lv) acceptance criteria and estimation of the impact on virus
removability.

Effective surface
area (m2)

Standard Lv
acceptance
criterion (Pa/5 s)

Smallest recognizable
pinhole size
(diameter, mm)a

Estimated
PPV LRVb

0.1 �18 1.4 �5.5
1.0 �249 4.6 �5.5
4.0 �703 13.1 4.7

a The “smallest recognizable pinhole size” for the leakage test is also considered
the “largest pinhole size to pass” the leakage test.

b The PPV LRV of filters considered intact is �5.5 (PPV LRV: porcine parvovirus
logarithmic reduction value).
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impact on virus LRV. We used the water overflow rate to determine
the pinhole size. The model curve was constructed using a
quadratic equation for approximating the relationship between the
pinhole-attributable portion of the water overflow and the actual
pinhole size as measured by scanning electronmicroscopy. It is well
known that for virus filters with a normal pore size distribution and
pore size (on the order of less than approximately 100 nm) that are
pre-wetted with water, the BP value in water exceeds approxi-
mately 300 psi (2 MPa). At pressures below the BP, air will migrate
though the liquid (water) within the pore structure of a wetted
filter, in accordance with Fick's law of diffusion [10,16,19]. In
contrast, in the case of a filter with a micron-sized pinhole defect,
the air can pass through the pinhole as bulk flow, even at pressures
below the integral filter BP. Moreover, an inlet pressure of 343 kPa
(3.43 bar, 49.7 psi) is significantly higher than the downstream
(permeate side of the filter) pressure, so the airflow through any
pinhole can be considered choked flow (i.e., critical flow) [22,30].
Under these conditions, the airflow from a single pinhole defect can
be modeled as a critical flow nozzle for air (see Material and
methods section; Eq. (1): adapted from Ref. [30], section 10e19
“Critical flow nozzle,” equation (10e33)).

Fig. 3 shows the model curve fit to the pinhole-attributable
portion of the actual water overflow. These phenomena satisfied
the critical flow nozzle for air model described above and in the
Material andmethods section. Moreover, the airflow rate andwater
overflow rate are proportional to the pinhole cross-sectional area
(Material and methods section; Eq. (2)). Under the experimental
conditions used in this study (343 kPa [3.43 bar, 49.7 psi], 25 �C),
the relationship between pinhole diameter, D (mm), and water
overflow, Qwof (mL/min), is approximated and can be expressed as
follows:

D ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Qwof

0:03905

r
: (4)

Fig. 4 shows the correlation between observed Lv and water
overflow rate. The pinhole Lv data included data for filters with
various pinhole sizes (including unrecognizable pinholes). There-
fore, the Lv of “normal filters” for different filter sizes are clustered,
whereas for the same filter sizes, the values for filters with pinholes
are distributed over a wide range. For some filters with unrecog-
nized pinholes, the Lv was close to the normal value.

Two types of defects may affect the removal capability of virus
filters: 1) improper pore size distribution, and 2) gross damage,
such as pinholes. These parameters should be evaluated by the end-
user for proper pore-size distribution and absence of gross defects
[10]. As prior to shipment, Planova™ BioEX filters are inspected by
the manufacturer for proper pore-size distribution using a new
pressure hold test, and the absence of defects is confirmed using an
air/water diffusion-based leakage test, the necessity of evaluating
pores size distribution and gross defects after shipment and usage
of the Planova™ BioEX filters by the end user have to be addressed.

Once a filter is shipped, no shift in pore-size distribution should
occur under usage conditions if the filter has sufficient mechanical
strength. PVDF hollow fibers reportedly exhibit mechanical per-
formance superior to that of polysulfone membranes [15]. The
cellulose membrane material used to make standard Planova™
virus filters has lower mechanical strength than PVDF, explaining
why the typical working pressure for these filters is limited to
98 kPa (0.98 bar, 14.2 psi), lower than that of Planova™ BioEX filters
[18]. To confirm the superior mechanical and chemical resistance
properties of the BioEX filters, filters were subjected to harsh
conditioning by filtration of either a low- or high-pH solution at
high temperature under a filtration pressure of 392 kPa (3.92 bar,
56.9 psi) for 12 h, conditions that exceed the typical operating
conditions (i.e., operating pressure of 196e343 kPa [1.96e3.43 bar,
28.4e49.7 psi]; operating pH of 4e8; operating temperature of
8e25 �C). All LRVs exceeded the upper detection limit in the virus-
spiking experiments (Table 1). These results are even more
conclusive after consideration of the complementary quantitative
GPT data, which confirmed that harsh conditioning does not lead to
a shift in the pore size distribution (Table 2). The BioEX filters
showed durable PPV LRV and GPT LRV responses even after harsh
conditioning (Tables 1 and 2), indicating the absence of a shift in the
pore-size distribution of the hollow fibers and that there is no risk
that virus removal capabilities will be compromised under typical
end-user filtration conditions. Therefore, end-users might not need
to check for proper pore-size distribution using methods such as
the GPT.

Several reports have discussed the complexation of virus par-
ticles by immunoglobulins [33,34]. Planova™ 35N (mean pore size:
35 nm) were used in our virus-spiking experiments as a pre-filter
for preparing single dispersed PPV particles in polyclonal human
IgG solution. We confirmed that the virus titers were nearly iden-
tical (within 0.2-log) before and after the Planova 35N pre-filtration
and that the titers did not change over time after pre-filtration.
These data indicate that complexation or aggregation of PPV par-
ticles was unlikely under our experimental conditions.

It is important to also consider the risk of underestimation of
the virus LRV decline. If a normal filter contains an undetectable
pinhole and virus breakthrough occurs, the LRV decline of
pinhole filter will be underestimated. We used a small virus
(PPV) to evaluate the effectiveness of virus removability. Small
viruses can pass through an undetectable pinhole more readily
than large viruses. In our study, the LRV of the normal filter was
set to the upper detection limit. Thus, there was no risk of
underestimation.

In the present study, a large volume (105 L/m2) was filtered
through the harshly conditioned filter not exhibiting any detectable
pinhole. Although a slight flux decay was observed under this
filtration condition (data not shown), there were no differences in
PPV LRV (Table 1). Due to experimental limitations, we used an
early stage of the filtration sample (2e3 L/m2) in our pinhole filter
PPV challenge experiment; we did not observe any flux decay
throughout the filtration. Therefore, we trust that our results were
appropriate for accurate evaluation of the impact of pinhole gross
defects on the PPV LRV, free of an effect of flux decay. However,
during nanofiltration of biological products in a production setting,
a filter may become blocked by proteins, thus lowering the
permeate flow rate. On the other hand, the rate of flow through a
recognizable pinhole is likely to remain the same, even when the
overall permeation rate decreases. Therefore, a large flux decay
during filtration might exacerbate the decline in the LRV for a
pinhole filter. Users should thus select the filtration conditions
keeping the degree of filtration flux decay as small as possible.
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The purpose of the leakage test is to detect gross filter defects,
such as broken fibers and pinholes that may have occurred as a
result of damage during shipping or filtration. Pinholes can be
detected by the BP method when evaluating a filter's compliance
with IT acceptance criteria by using the relationship between the IT
value and the virus LRV; however, the IT value must be obtained
quantitatively from a normal-integrity filter (without pinhole). If
the IT value of the normal filter were obtained using the water-
wetted BP method, in the case of a virus filter with a 20-nm
normal pore size, it would be necessary to pressurize the filter to
14.4 MPa (when substituting k cos q ¼ 1, water surface
tension ¼ 71.96 dyne/cm in the YoungeLaplace equation; BP
method principle). However, such an extremely high pressure
could disrupt the filter membrane structure and damage the filter
housing. A pressure of this magnitude also far exceeds the recom-
mended filtration pressure (i.e., 343 kPa [3.43 bar, 49.7 psi]). An
organic solvent with a lower surface tension might reduce the BP
pressure, but this would necessitate solvent change. Thus, this
method is not suitable for pre-use user integrity testing.

A simple leakage visual test can be conducted under the lower
pressure of the membrane BP, and leaks can be detected visually as
a steady stream of air bubbles on the permeate side of the filter.
This type of test is suitable for detecting pinholes in filters with a
relatively small effective surface area. However, sensory evalua-
tions such as this are not easy to standardize and are thus
burdensome for operators in production of biologicals. Generally,
forward/diffusive flow is considered to correlate with virus reten-
tion. Here, we demonstrated that the PLT-determined Lv can be
correlated with Planova™ BioEX filter virus removal capability, as
discussed further below.

For integrity testing, it is necessary to consider the worst-case
situation for the observed Lv. We used filters containing a single
pinhole to model the presence of a gross defect. The gas flow rate
should be the same for filters of the same total cross-sectional
area, regardless of the number of pinholes. Thus, the Lv should
be the same for filters with a single large pinhole defect and
filters with multiple smaller pinhole defects having the same
total cross-sectional area. On the other hand, the rate of liquid
flowing through a pinhole is correlated with the biquadrate of
the pinhole diameter. Virus particles pass through the defect
along with proteins in solution. This means that virus particles
behave as a liquid. It has been reported that particle-containing
liquid flowing through a filter defect can be modeled according
to Hagen-Poiseuille flow [21,23,30]. Thus, a single large pinhole
has a larger effect on the flow of a virus-containing solution than
the sum of multiple small pinholes. A single large pinhole could
be considered as having a greater impact on virus LRV than
multiple small pinholes, assuming the same Lv is observed in
both cases. Therefore, it is reasonable to use filters containing a
single pinhole defect for experiments to model worst-case effects
of gross defects. Similar considerations have been reported for
laminar liquid flow [24] and turbulent-channel and orifice liquid
flow models [22]. In addition, decreases in flow rate toward the
end of the filtration process could be attributed to adsorption of
protein onto the filter surface, which would be expected to occur
uniformly over the entire surface, regardless of pore shape. Un-
der such conditions, small pinholes (including those that are
undetectable) may clog faster than large pinholes. From this
point of view, a single large pinhole would be considered the
worst-case scenario.

Because the filter Lv reflects the sum of the air diffusion through
wetted normal pores and the bulk airflow from pinhole defects, it
might be harder to discriminate very small defects in the case of
filters having larger effective surface areas. We therefore must
address the sensitivity and limitations of the leakage test standard
acceptance criteria. The PLT is designed to achieve sufficient
sensitivity to detect small leaks. The PLT is equipped with a sensi-
tive differential pressure sensor with an inner chamber of low air
volume. To obtain stable results, the filter's permeate side is filled
with air-saturated water [31,32]. However, it is known that the
results of forward/diffusive flow tests can be affected by a variety of
conditions. Therefore, it is important to use appropriate measure-
ment conditions, as described in themanufacturer's instructions. In
principle, other IT instruments could be employed to evaluate
similar pinhole leaks, but the conditions and criteria used should be
carefully chosen and individually confirmed.

The basis for setting the standard Lv acceptance criteria takes
into account the effective surface area of the filter (Fig. 2). The size
of the smallest recognizable pinhole depends on the filter type (i.e.,
a larger effective surface area filter requires a larger pinhole size for
recognition) (Fig. 6aec). In contrast, the impact of the same size
pinhole defect on the PPV LRV is predicted to diminish as the filter's
effective surface area increases (Fig. 5). Estimations of the impact
on virus removability for each type of filter are summarized in
Table 4. Whereas the decline in PPV LRV was small for the largest
filter (4.0 m2), the PPV LRV for filters of all sizes was�4.7. However,
the possibility of variation in the PPV LRV (generally ±0.5 log)
should also be considered.

The World Health Organization has reported that for human
plasma products, a robust, effective, reliable process should be able
to remove or inactivate a substantial number of virus particles
(typically 4 logs or more), be easy to model convincingly, and be
relatively insensitive to changes in process conditions [3]. Also, a
document from the European Medicine Agency mentions that viral
reductions on the order of 4 logs or more are indicative of clear
inactivation/removal effect of a particular test virus evaluated [5].
The extent of targeted virus removal may vary depending upon
specific medicinal products and operating procedures, as part of a
risk assessment exercise. Acceptance criteria would have to be
validated for each production process at the end-user's site.

In conclusion, under our experimental conditions, suitable virus
removal was achieved for filters that passed the leakage test. The
rate of detrimental shifts in pore-size distribution is negligible
under normal filtration conditions for PVDF hollow fibers. The IT
performed by the end user needs to cover only damage that may
have occurred post shipping or handling, such as tears, broken fi-
bers, or pinholes. Therefore, the leakage test and standard accep-
tance criteria described here are sensitive enough to be employed
as the only end-user IT for Planova™ BioEX filters.
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