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ABSTRACT: Enrichment of viruses is essential for making
high dose viral stocks for vaccines and virus-related research.
Since the widely used ultracentrifugation for concentrating
viral stock requires ultra-high speed rotation, it easily destroys
the activity of some viruses, for instance, hepatitis c virus
(HCV), which has a fragile structure and low virus titer. We
introduce a novel method to concentrate HCV virus in stock
by using a hierarchically self-organized monolithic nanoporous
membrane made by stepwise anodization. The pores at the top
part of the membrane have very regular sizes that are suitable
for the perfect filtration of the virus particles in the stock. On the other hand, the remaining part has large pores that maintain
high flux and mechanical strength of the membrane under the high pressure (up to 10 bar). The enrichment efficiency of HCV in
crude stocks by using the membrane became over 91%, which is four times higher than that (∼22%) obtained by conventionally
used centrifugation. A very high efficiency results from the perfect filtration and no damage to the virion particles during the
enrichment process, whereas significant damage to the HCV occurs during centrifugation. The hierarchically self-organized
monolithic nanoporous membrane could be effectively employed for concentrating various fragile viruses in stocks, for instance,
rabies virus and human immunodeficiency virus in addition to HCV virus.
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■ INTRODUCTION

Viruses such as human immunodeficiency virus (HIV), severe
acute respiratory syndrome (SARS) coronavirus, and avian
influenza virus (type H5N1) are the major pathogens that cause
the serious diseases of acquired immune deficiency syndrome
(AIDS), SARS, and acute respiratory distress syndrome
(ARDS). To develop therapeutic agents or vaccines against
these viruses, virus cultivation should be a prerequisite.
However, viral yields (or titers) generated from in vitro
cultivation vary greatly depending on the viruses. For
picornaviruses, such as poliovirus, the plaque forming unit
(pfu) could reach ∼1011 pfu/mL.1 On the other hand, poorly
growing viruses, for instance, hepatitis c virus (HCV), often
yield less than 102 focus-forming units (FFU)/mL.2

For a virus with lower titers, its enrichment in stocks is
required for basic research and vaccine developments. For
instance, high titer virus is needed for the investigation of the
virus proliferation cycle. Inoculation of virion particles of more
than 5 multiplicity of infection (5 MOI) per cell is needed to
make simultaneous infection of cells more than 99%.3

Moreover, highly concentrated virus stocks are recommended
for storage and delivery of vaccines to patients, which are
required to be cold or frozen.

Virion particles have often been enriched (or concentrated)
by filtration through an ultrafine filter (Amicon Ultra:
Millipore) or by ultracentrifugation of viral stocks.3 However,
a significant loss of virions by leakage through the membrane
and the deterioration of virus infectivity through virus damage
during ultracentrifugation prevent the effective enrichment of
virus stocks. Therefore, it is of the utmost importance to
develop a facile and effective method (or system) to
concentrate virus stocks without loss and damage of the virus.
In this study, we chose HCV as a model virus for virus

enrichment, since its viral titer is very low and it is labile in
culture media.4 HCV causes various liver diseases such as
hepatitis, liver cirrhosis, and hepatocellular carcinoma.5 The
understanding of the HCV life cycle and pathogenesis has been
hampered by the lack of finding a satisfactory culture system.6

Although the HCV cell culture system has been developed
recently, the in vitro cultivation system produces low-titer
infectious virions.7 Therefore, HCV in stocks should be
enriched for the development of drugs and vaccines against
infectious HCV. Enrichment of HCV in stocks has often been
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achieved by precipitation of virion particles in a cell culture
medium through centrifugation at an ultra-high speed (for
instance, 36 400 rpm),8,9 but the efficiency of HCV enrichment
is quite low.
We hypothesize that a low efficiency arises mainly from a loss

or damage of HCV virions during ultra-high speed
centrifugation. Once a filtration process via nanoporous
membranes is employed, the damage to the virus is effectively
prevented and the efficiency would be increased. For this
purpose, various nanoporous membranes can be used, for
instance, track-etched polycarbonate (PC) membranes, com-
mercially available anodic aluminum oxide (AAO) membranes,
and block copolymer membranes.10−24

Although track-etched PC membranes have high selectivity
due to uniform pore size, they show very low flux due to low
pore density and long separation layer.13 Commercially
available AAO membranes give high flux, but they show low
selectivity due to nonuniform pore size. To design nanoporous
membranes for excellent virus enrichment in stocks, the pore
size should be uniform and smaller than the diameter of virion
particles. They should also exhibit high flux, excellent
selectivity, sterilizability, and long-term filtration stability. To
achieve these requirements, inorganic membranes with superior
mechanical and thermal stabilities than polymer-based mem-
branes are required. Also, the monolithic nanoporous structure
shows excellent mechanical stability. The top layer in the
membrane should have uniform pore size for perfect filtration
of viruses in stocks, and the channel length should be short to
provide high flux. The remaining layer should have larger pore
sizes and long enough channel length to provide excellent
mechanical strength without sacrificing high flux.
Yamaguchi et al. prepared a hierarchically nanoporous

structure by adding mesoporous silica into an AAO
membrane.14,15 Though this membrane had a hierarchical
nanoporous structure, the filtration layer was too thick (5−20
μm). Previously, we prepared a nanoporous composite
membrane with a diameter of ∼15 nm and uniform pore size
based on block copolymer self-assembly, followed by placing it
on a commercially available microfiltration membrane.16−19

This membrane showed high flux and excellent selectivity for
the filtration of human rhinovirus.16 However, this composite
membrane could not be used for effective enrichment of virion
particles due to poor mechanical strength under the high
pressure and many fabrication steps including floating of the
film. Besides, nanoporous membranes with monolithic
structure are more suitable than a composite membrane for
better mechanical stability of the membrane.
Some research groups fabricated membranes with hierarch-

ical nanoporous structures based on phase inversion of a block
copolymer in a nonsolvent.20−24 However, the membranes
occasionally contained large sized pores and thus could not be
used for enrichment of virion particles. The biggest problem is
that the polymeric nanoporous membranes do not show
sterilizability, which is an essential step in enrichment of the
viruses in stock, because the concentrated virus stock should
not contain any microorganisms such as bacteria and viruses.
However, polymeric nanoporous membranes are not stable
under the high temperature and pressure needed for
sterilization.
Here, we fabricate a hierarchically self-organized monolithic

nanoporous membrane by sequential anodization of aluminum.
It has ideal structure for filtering and concentrating some
viruses, because of high flux, excellent selectivity, long-term

stability, and sterilizability. While both a commercial AAO
membrane (e.g., Anodisc) and the membrane employed in this
study show hierarchically structured nanopores, the former has
a broad pore size distribution in the skin layer. On the other
hand, the latter shows very uniform pores in the skin layer. This
is because two different but constant applied potentials during
anodization were used to fabricate small and uniform pores on
preexisting large pores. With this membrane, HCV virions in
stocks are effectively concentrated without a loss of virus
infectivity. On the other hand, when the most frequently used
method, filtration with an ultrafiltration membrane (Amicon
Ultra: Millipore) followed by ultracentrifugation, is employed
for the concentration of HCV viruses in stock, the efficiency of
concentrating HCV virus is very low (∼22%) due to loss of
viruses and significant damage in virus infectivity.

■ EXPERIMENTAL SECTION
Preparation of the Hierarchically Self-Organized Monolithic

Nanoporous Membranes. A hierarchically self-organized mono-
lithic nanoporous membrane was fabricated by stepwise anodization.
An aluminum sheet (99.999%, 1 mm thickness) was electropolished in
the mixture of perchloric acid and ethanol (1:4 v/v) at 7 °C and 20 V.
Anodization was carried out for 16 h in 0.1 M phosphoric acid aqueous
solution under an applied potential of 195 V. At the end of the first
anodization, pore widening was carried out for 4 h at 30 °C in 0.1 M
phosphoric acid. Then, the voltage was dropped to 30 V to prepare
smaller pores.25−29 After a further widening process for 5 h, anodizing
at 30 V was conducted in oxalic acid (0.3 M) at 10 °C for various
times. Aluminum was removed using CuCl2 aqueous solution. The
fabricated aluminum oxide layer was protected by poly(vinyl chloride)
film during the chemical etching. Then, the aluminum oxide barrier
layer was opened with inductively coupled plasma etching with BCl3
gas for 110−130 s at a flow of 75 sccm, a pressure of 5.0 mTorr, a bias
power of 200 W, and a source power of 300 W. Morphology of the
nanoporous membrane was investigated by field emission scanning
electron microscopy (FESEM, Hitachi S-4800) that operated at 3 keV.

Cell Culture and Enrichment of HCV in Stock. The human
hepatoma cell line Huh 7.5.1 cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM; Invitrogen) supplemented with
10% fetal bovine serum (FBS; HyClone), penicillin, and streptomy-
cin.30 Infectious HCV was produced by the electroporation of Huh
7.5.1 cells with in vitro-transcribed HCV RNA. After three days,
cultured media were harvested at every 12 h.

The culture media (5 mL) of each HCV infected cell in 100 mm
plates was collected and filtered by 0.2 μm syringe filter to remove any
cell debris. The volume of media (100 mL) was reduced about one
quarter with an ultrafiltration membrane (Amicon Ultra 100K) under
centrifugation at a low rotating speed (3300 rpm). Then, the
centrifuged media (27 mL) was loaded onto a 20% sucrose cushion
in an ultracentrifuge tube. The HCV particles were enriched by
centrifugation at 36 400 rpm for 4 h at 4 °C in a Beckman SW45Ti
rotor. The pellet was washed by phosphate buffered saline (PBS) and
resuspended in 1.0 mL of DMEM. The filtering process for the
enrichment was performed by using the hierarchically self-organized
monolithic nanoporous membrane (area of 2 cm2) with a skin layer
with a thickness of 100 nm at 4 °C and ΔP = 3 bar under a dark
environment, and 100 mL of original HCV virus supernatant was
enriched to 1 mL.

Flux Measurement. Water flux was measured at various pressures
(ΔP) from 1 to 4 bars at room temperature by using an amicon stirred
cell. The area of the hierarchically self-organized monolithic
nanoporous membrane was 2 cm2. Pressure was applied by nitrogen
gas controlled with a regulator and barometer. The amount of the
ejected water was automatically weighed every 5 s. A homemade flux
cell with stainless steel was used for water flux at high pressure (say 10
bar).

Determination of HCV Titer (ICC). For fluorescence microscopic
analysis, Huh 7.5.1 cells on gelatin coated 25 mm glass were fixed in
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4% paraformaldehyde for 10 min and then permeabilized by 0.01%
Triton X-100 in PBS for 2 min. HCV infected hepatocytes were
analyzed using an HCV core antibody. Each glass was incubated with a
blocking solution (1% bovine serum albumin (BSA) in PBS) at room
temperature for 30 min, followed by an additional incubation with
monoclonal antibody against core (1:400 dilution; Fisher Scientific).
After washing three times with PBS, specific binding was detected with
Alexa 488-labeled anti-mouse IgGs (Molecular Probes; 1:200
dilution). The foci of HCV positive cells were counted using a
fluorescence microscope and software.
Quantification of HCV RNA. Total RNAs were extracted using

Trizol-LS solution according to the manufacturer’s instruction.
Complementary DNAs to the HCV were synthesized using Takara
Reverse transcriptase according to the manufacturer’s protocol.31

Quantification of viral RNA was done by a Biorad IQ5 multicolor real-
time PCR detection system by using two-step RT-PCR and SYBR
Green detection. RNA copy number was calculated by using cycle
threshold values.

■ RESULTS AND DISCUSSION

Performance of Membrane. A hierarchically self-organ-
ized monolithic nanoporous membrane was prepared by
continuous stepwise anodization of aluminum, as shown in
Figure 1. First, large pores used as a supporting layer of the
membrane were fabricated on an aluminum sheet by
anodization at a high potential (Figure 1a).32−36 Since the
pore size was ∼450 nm, it was much larger than the diameter of
HCV virus. Thus, to perfectly filter HCV viruses, smaller pores
than the diameter of HCV virus (∼50 nm) have to be prepared.
These smaller pores are fabricated by applying a low voltage of
30 V on the preformed larger pores (Figure 1b). The thickness
of the skin layer with smaller pores is easily controlled by
varying the anodizing time. After removing the aluminum
substrate by chemical wet-etching with copper chloride, the
barrier layer touching the aluminum substrate was removed by
dry-etching to avoid unwanted pore widening of the skin layer.
The skin (or top) layer of the membrane was used for the
filtration of the viruses in stocks. Thus, a hierarchically self-
organized monolithic nanoporous membrane has smaller pores
in the top layer and larger pores in the remaining membrane
(Figure 1c,d).
Figure 2 gives SEM images of the hierarchically self-

organized monolithic nanoporous membranes after various
anodization times of the second anodization step. The pore size
and thickness of the supporting layer are fixed as 450 nm and
70 μm, respectively. While the pore size of the skin layer was
the same (23 ± 2 nm), the thickness of the skin layer decreased
from 500 to 100 nm with decreasing anodization time from 18
to 4 min. The hierarchically self-organized monolithic nano-
porous membrane has higher pore density and more regular
pore size compared with commercially available membranes, for

instance, AAO membrane and track-etched PC membrane (see
Figure S1 in the Supporting Information). Because the
diameter of an HCV virus particle is ∼50 nm, HCV would
be completely filtered by the hierarchically self-organized
monolithic nanoporous membrane.
Figure 3 gives plots of flux (J) versus applied pressure (ΔP)

for the hierarchically self-organized monolithic nanoporous
membranes having various thicknesses of the skin layer. The
flux data for a commercially available PC membrane was added
for the reference. Here, the thickness of the skin layer (hskin)
was changed, while the pore size in the skin layer was kept the
same. Also, the pore size and thickness of the supporting layer
(hsupport) were fixed. The flux of a nanoporous membrane with
hskin of 250 nm was 1200 Lm−2h−1 at ΔP = 3 bar, which is 12
times higher than that (100 Lm−2h−1) of the commercial track-
etched PC membrane.
To investigate the mechanical stability of the membrane

under high pressure (e.g., 10 bar), we performed a water flux
experiment by increasing pressure up to 11 bar. For this
purpose, we fabricated a homemade stainless steel membrane
housing. As shown in the inset of Figure S2a, Supporting
Information, the flux of deionized water increased linearly with
ΔP. This indicates that the hierarchically nanoporous structure
of the membrane is well maintained even at ΔP ∼ 11 bar. To
provide a direct evidence of mechanical stability of the
nanoporous membrane after a flux experiment at higher ΔP,
we observed, via SEM, the membrane surface after the flux
experiment. We do not find any crack on the surface of
membrane, as shown in Figure S2b, Supporting Information.

Figure 1. Schematic for the fabrication of a hierarchically self-organized monolithic nanoporous membrane. (a) Large pores are fabricated and used
as a supporting layer. (b) The skin layer with small and regular pores is sequentially prepared on preexisting large pores. (c) The hierarchically
structured nanoporous membrane is obtained after removal of the barrier layer. (d) Stereoscopic view of hierarchically self-organized monolithic
nanoporous membrane.

Figure 2. (a) Top and (b−d) cross-sectional SEM images of the
hierarchically self-organized monolithic nanoporous membranes
prepared by different anodization times (min) of the second
anodization step: (b) 18; (c) 9; (d) 4.
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From Figure 3, J of all of the membranes increased linearly
with ΔP. Also, at a given ΔP, J is inversely proportional to hskin
(see the inset of Figure 3 at ΔP = 3 bar). The result is easily
explained by the Hagen−Poiseuille equation for a membrane
with cylindrical pores.37

ε
ητ

= Δ ∝ Δ
J

d P
h

P
h32

pore
2

where ε is the porosity of the film, η is the viscosity of water, τ
is the tortuosity of the pore, h is the thickness of the membrane,
and dpore is the diameter of pores. J of the supporting layer is ∼4
times larger than that of the skin layer. This is because the pore
size in the supporting layer is much larger (at least 20 times)
than that in the skin layer, even though the thickness of the
supporting layer is ∼700 times larger than that of the skin layer.
Thus, the total flux is determined by the flux through the skin
layer. Since dpore, ε, η, and τ in the skin layer are identical for all
the membranes employed in this study, J is inversely
proportional to hskin (see Section 3 in the Supporting
Information).
Since the cleanness of a membrane prior to virus enrichment

becomes very important to prevent contamination or damage
to a virus by other biological pollutants, we performed a
sterilization test by placing the membrane into a sterilizer
maintained at 125 °C for 20 min. From SEM images of the
nanoporous membrane before and after the sterilization (Figure
S3 in the Supporting Information), the membrane exhibits
excellent sterilizability because of using inorganic nanoporous
membranes.
Enrichment of HCV. We used a hierarchically self-

organized monolithic nanoporous membrane with a skin layer
of 100 nm for the enrichment of HCV in stocks. Because of the
hydrophilic surface of AAO membrane with a water contact
angle of ∼30o, a little fouling was observed during the
enrichment of HCV. The experimental details are described
in the Experimental Section. Each concentration of HCV was

measured with immunocytochemistry (ICC) analysis by
counting the number of the foci (see Figure S4 of Section 5
in the Supporting Information). Therefore, in this study, only
infectious HCV was counted. The efficiency of the HCV
enrichment in stocks by the hierarchically self-organized
monolithic nanoporous membrane and conventionally used
centrifugation method is summarized in Figure 4. We used 100

mL (4.95 × 104 FFU/mL) of the original HCV supernatant.
After this supernatant was filtered through the hierarchically
self-organized monolithic nanoporous membrane, the remain-
ing volume was reduced to 1 mL of supernatant. The infectious
concentration of a hundred-fold enriched HCV was 4.62 × 106

FFU/mL (thus, the efficiency of 93.3% (average = 91.3%)). On
the other hand, when the centrifugation method was used, the
concentration of infectious HCV was 1.19 × 106 FFU/mL (thus,
the efficiency of 24.0% (average = 22.0%)). Therefore, the

Figure 3. Plot of flux (J) versus applied pressure of the hierarchically self-organized monolithic nanoporous membranes having various thicknesses of
the skin layer. Flux data for a track-etched PC membrane was added for the reference. Inset is plot of J at 3 bar versus 1/hskin.

Figure 4. Efficiency of the infectious HCV enrichment in stocks by the
hierarchically self-organized monolithic nanoporous membrane and
conventionally used centrifugation method. p is the correlation
coefficient.
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efficiency of infectious HCV enrichment by hierarchically self-
organized monolithic nanoporous membrane is four times
higher than the centrifugation method.
Now, we consider why the centrifugation method gives low

efficiency of HCV enrichment. Because we measured the
infectious efficiency, two possibilities should be considered: the
loss of HCV viruses and damage to HCV viruses during
enrichment. The centrifugation method consists of two steps,
as described in the Experimental Section. The first is to make
the preconcentrated supernatant by using an ultrafiltration
membrane (Amicon Ultra) under the centrifugation at a low
rotating speed (3300 rpm). During this step, the volume of
original supernatant (100 mL) in stocks is reduced to ∼27 mL.
The second step is to pelletize the HCV virion particles in the
preconcentrated supernatant with ultracentrifugation at a very
high rotating speed (36400 rpm). Then, HCV virus pellets are
resuspended in 1 mL of media to make a high titer.
To check whether some HCV viruses existed in each

discarded supernatant after the enrichment, we performed ICC
analysis (Figure 5). As shown in Figure 5a,b, some HCV viruses
are indeed observed in both discarded supernatants obtained by

an ultrafiltration membrane under the centrifugation at a low
rotating speed (3300 rpm) and ultracentrifugation at a very
high rotating speed (36400 rpm), while the discarded
supernatant after filtering original stock by using the hierarchi-
cally self-organized monolithic nanoporous membrane does not
contain any HCV virus (Figure 5c).
However, the total amount of virus loss during each step of

centrifugation method is found to be very small (less than
∼2%), as shown in Table 1. This suggests that the low
efficiency obtained by centrifugation is not due to the
significant loss of HCV. Thus, we consider that the damage
to the viruses during centrifugation would be the main reason.
To check this possibility, we performed a real time polymerase
chain reaction (PCR) of RNA in HCV, and the results are
summarized in Table 2. The value obtained from real time PCR
represents the amount of RNA copies in the supernatant
regardless of infectivity of HCV viruses. As shown in Table 2,
the total amount of RNA copies of the concentrated
supernatants obtained by filtration with the hierarchically self-
organized monolithic nanoporous membrane is similar to that
obtained by centrifugation. On the other hand, the total

Figure 5. OM images of ICC experiment of discarded media treated human hepatoma cell line Huh 7.5.1 cells by various methods. (a) An
ultrafiltration membrane (Amicon Ultra) under the centrifugation at a low rotating speed (3300 rpm), (b) ultracentrifugation at a very high rotating
speed (36400 rpm), and (c) filtration by the hierarchically self-organized monolithic nanoporous membrane. Blue signal indicates the nucleus of
human hepatoma cells, while green is the cells infected by HCV.

Table 1. ICC Results of Enriched and Discarded HCV Supernatants by Using Centrifugation and Filtration with the
Hierarchically Self-Organized Monolithic Nanoporous Membranea

centrifugation

original supernatant after the first step after the second step

100 mL, 4.95 × 106 FFU concentrated supernatant 27 mL, 3.56 × 106 FFU (72.0%) 1 mL, 1.19 × 106 FFU (24.0%)
discarded supernatant 73 mL, 8.03 × 104 FFU (1.6%) 26 mL, 6.24 × 104 FFU (1.3%)

filtration with the hierarchically self-organized monolithic nanoporous membrane
concentrated supernatant 1 mL, 4.62 × 106 FFU (93.3%)
discarded supernatant 99 mL, 0 FFU (0.0%)

aVolume, total number of foci.
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amount of infectious HCV is remarkably decreased during
ultracentrifugation, as confirmed by the ICC result (see Table
1). We conclude that, though the amount of concentrated HCV
virus particles after enrichment by centrifugation is similar to
that obtained by filtration, severe damage to the HCV viruses
occurs during ultracentrifugation. This is because HCV viruses
could be easily damaged under the high pressure (or shear
stress) during the ultracentrifugation.

■ CONCLUSION
We fabricated a hierarchically self-organized monolithic nano-
porous membrane using stepwise anodization on an aluminum
sheet. The membrane consists of two layers: (1) a skin layer
with thin thickness and regular pore size for perfect filtration
and (2) a supporting layer with large pores for mechanical
strength and high flux. We demonstrated that this membrane
can be effectively used to concentrate HCV supernatant
without the loss and damage of viruses. The efficiency of the
concentration of HCV in stock was over 91%, which is greatly
enhanced compared with that (∼22%) obtained by the widely
used centrifugation. A large reduction in the infectious efficiency
obtained by centrifugation is due to the severe damage to HCV
under the high pressure (or shear stress) exerted on HCV
viruses during ultracentrifugation and pelletization. The
membrane also shows excellent sterilizability because it is
made of alumina. It could be effectively used in concentrating
various fragile viruses in stocks such as rabies virus and human
immunodeficiency virus in addition to HCV virus.
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