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a b s t r a c t

A method for flow-through purification of viruses and virus like nano-particles using a combination of
binding and size-exclusion chromatography was developed. This technique relies on minimizing the
external surface area per unit volume available for virus binding by increasing the mean diameter of the
beads used in the column. At the same time the impurity binding capacity of the column is maximized
by utilizing beads with multiple functionalities of the optimum size. Purification of different types of
viruses and virus-like-particles could be achieved using this technique. Flow-through purification of
eywords:
urification
nfluenza
irus
ano-particle

on exchange

influenza virus using this technique yielded virus recoveries greater than 70–80% coupled with impurity
removal greater than 80%. Finally an approach to optimize and facilitate process development using
this technology is presented. Since the impurity binding occurs via a non-specific mechanism and virus
recovery is achieved through reduced surface area, the technique is not limited to specific types of viruses
and offers the potential as a universal purification tool.
hromatography

. Introduction

Improving virus recovery, minimizing validation requirements
nd fast tracking purification are major downstream processing
hallenges in the vaccine industry. These challenges have gained
ignificant importance in recent times due to pandemic outbreaks,
accination on a large scale and newer upstream technologies
o produce viruses. Current industry approaches to purify vac-
ines include gradient centrifugation, tangential flow filtration and
ind/elute chromatography. Gradient centrifugation has tradition-
lly been the workhorse of this industry and has come to be
nown as the most cumbersome and rate limiting unit-operation in
accine production. Gradient centrifugation provides pure, concen-
rated product but suffers from drawbacks such as poor scalability,

atch operation, low yields and loss of infectivity [1–3]. Although
fforts have been made to make this process more continuous
nd improve product recoveries [4–8] the variability in yields for
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different viruses, high capital and operational costs and rigorous
validation requirements associated with this process are good rea-
sons to develop technologies to replace this unit operation.

Chromatography is an emerging alternative being considered
for this application. Most known chromatography techniques for
virus purification are based on a bind and elute mode of operation
using anion exchange [9], affinity [10] or pseudo-affinity resins [11].
For anion exchange based purification the virus and impurities are
bound to the media and then selectively eluted using a salt gradi-
ent. However, since the size of viruses is generally larger than the
pores of commercially available resins they bind only to the exter-
nal surface of the beads (Fig. 1) which results in poor virus capacity.
Common approaches to improve capacities include use of smaller
beads [12], beads with extenders [13], membranes [14] and emerg-
ing technologies such as monoliths [15,16]. All these approaches are
geared towards increasing the available surface area for binding the
virus. But they come with inherent drawbacks such as increased
impurity binding to the media and larger pressure drops across the
resin columns. Further the virus needs to be carefully eluted from
the media using a salt gradient so as to ensure minimal contamina-
tion by co-eluting impurities such as host cell proteins (HCP) and
host cell DNA (HC-DNA). This gradient fractionation leads to either

poor yield or purity of product.

These drawbacks of bind and elute chromatography can be over-
come if the media is able to selectively bind impurities while the
virus passes through. Flow-through chromatography is commonly
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ig. 1. Nature of virus versus protein binding to chromatography resins. Virus bind-
ng is limited only to the external surface of resins whereas proteins bind to both
he external and internal surfaces of resins.

sed for trace impurity removal from monoclonal antibody feed
treams [17,18]. It has several advantages over bind and elute
ode of operation such as operational convenience, minimal use

f buffers, continuous mode of operation, high productivity, high
urity and high product recoveries. Using chromatography resins
hat bind to both the target molecule and impurity in a flow through

ode would result in a significant loss of product. In the case of
arge biomolecules such as viruses, the binding is limited to the
xternal surface area of the bead but is still significant. To achieve
ow-through separation of large particles such as nano-particles
nd DNA which are similar in size to viruses researchers have pro-
osed synthesizing charged beads with an inert surface layer [19] or
oating charged beads with a neutral coating [20]. This would allow
omplete recovery of large particles due to exclusion by the smaller
ores of the non-binding neutral surface layer while allowing diffu-
ion of smaller impurities such as host cell protein into the internal
harged surface of the bead. However, investigation of such beads in
ur laboratory through dynamic binding experiments (results not
ublished) suggested that that neutral coatings as thin as 2 �m can
ause considerable diffusional resistance for impurities to access
he internal binding surface of the beads. This is partly because
he initial concentration gradient across the inert boundary layer is
hallow due to the non-binding surface. Hence this type of separa-
ion necessitates extremely large residence times or long columns
engths thereby limiting its practical application in a flow-through

ode of operation. An alternate approach to minimize the loss of
roduct due to binding to the external surface of the resins is by
educing the available surface area for binding. This can be accom-
lished by increasing the size of the beads used in a column which
ould in turn reduce the external surface area per unit volume. For

xample, as seen from the following equation:

n1

n2
= A1

A2
= D2

D1

here n1 and n2 are the number of virus particles bound to beads

f two different sizes. A1 and A2 are the external surface area per
nit volume due to beads of two different diameters D1 and D2.

Doubling the diameter of beads used in a column could lead to
drop in virus binding by 50%. Therefore, as seen in Fig. 2, as the
Fig. 2. Flow-through purification of viruses using columns with small and big beads.

size of the beads increases, the number of virus particles bound to
the column decreases, thus resulting in increased recovery.

While the external surface area per unit volume decreases with
increase in bead size the internal surface area available for impurity
binding is not expected to decrease significantly as this is sev-
eral orders of magnitude greater. Thus impurities such as host cell
protein can be bound to the column in normal dynamic binding
mode without any external diffusion limitations as in the case of
coated beads. Larger beads could result in the impurities requiring
additional time to penetrate into the beads and hence a nominal
increase in the residence time in the column. However, good impu-
rity removal along with improved virus recovery could be achieved
by optimizing the bead size and processing time.

In this study the above proposed theory was verified using
virus like nano-particles and live viruses. Flow-through purifica-
tion of influenza virus from an impure feed was demonstrated. The
effect of parameters such as bead size, bead functionality and feed
throughput were evaluated. Finally a method to optimize such a
purification was proposed. While this paper is geared towards virus
purification this concept could be used for purifying any particle
larger than the pore size of a bead.

2. Materials and methods

2.1. Materials

Chromatographic beads of various sizes and functionality were
obtained from GE Healthcare. The beads used in the study included
neutral beads of Sephraose FF (90 �m); anion exchange (AEX)
beads of Q Sepharose HP (34 �m); Q Sepharose FF (90 �m) and
Q Sepharose Big Beads (200 �m); cation exchange (CEX) beads

of SP Sepharose FF (90 �m); SP Sepharose Big Beads (200 �m)
and hydrophobic interaction (HIC) beads of Phenyl Sepharose FF
(90 �m) and Phenyl Sepharose Big Beads (200 �m). Bovine serum
albumin (BSA) was obtained from Sigma–Aldrich Corporation.
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SA-coated latex particles (100 nm) were obtained from Post-
ova analytics (Z-PS-POS-009-0,100). Buffers for chromatography
xperiments were prepared using DI water from a MilliQ® water
urification system and molecular biology grade salts obtained
rom Fischer Scientific or Sigma–Aldrich. All buffers were filtered
sing a 0.2 �m Stericup® filters (EMD Millipore) prior to use.

.2. Virus production and feed preparation

.2.1. Bacteriophage �6
Pure bacteriophage �6 was first grown in Pseudomonas

seudoalcaligenes cells and purified using cesium gradient ultracen-
rifugation to obtain a highly concentrated stock solution. In brief, P.
seudoalcaligenes were first incubated in cell culture medium until
t reached the appropriate cell density. Following this step, the cells

ere inoculated with a host culture of �6 to achieve a MOI (multi-
licity of infection) of 0.5 and incubated overnight. The cell debris
as then pelleted and the virions eluted from the debris by ultra-

entrifugation at 12,000–16,000 × g using 40 mM Tris buffer with
50 mM NaCl and 10 mM MgCl. The virions were further purified
nd concentrated using cesium gradient and then dialyzed into Tris
uffer to remove any cesium from the solution. The purified con-
entrated stock solution of �6 with a final concentration of 0.5%
SA was aliquoted and stored at −80 ◦C before further use.

A feed solution for chromatography experiments was pre-
ared by spiking the bacteriophage stock solution (stock titer of
1.1 × 1012 pfu/ml) into about 600 ml of PBS to achieve a final �6

oncentration of about 108–109 pfu/ml. To determine if presence of
roteins affected the virus recovery BSA was also added to the feed
olution to achieve a final concentration of 0.18 mg/ml determined
y UV spectroscopy.

.2.2. Human influenza virus-type B
Approximately 200 ml of feed containing human influenza virus

ype B was grown using standard mammalian cell culture tech-
iques in MDCK cells. Initially, eight T150 flasks were seeded with
bout 2.0 × 107 cells/flask in 10% FBS DMEM. After 24 h, the media
n the flasks was changed to 1% FBS in DMEM and the cells were
nfected with influenza virus type B strain B/Lee/40 (ATCC # VR-
535) which was tissue culture adapted to growth in MDCK cells.
he flasks were then incubated at 37 ◦C in 5% CO2 for 5 days until
omplete CPE (cytopathic effect) was observed. The culture was
ubsequently centrifuged at 2500 RPM and the supernatant was
ltered through a 0.45 �m membrane filter (Millipore Corpora-
ion) to remove cell debris and stored at 4 ◦C until further use.
his neat clarified cell culture supernatant with an average virus
iter of 64 HAU/ml was directly used as feed for chromatography
xperiments without any further processing.

.2.3. Human influenza virus-type A
Feed containing human influenza virus type A was grown in

DCK cells in a manner similar to that discussed above. In brief, fifty
150 flasks were first seeded at 10% confluency of MDCK cells in 10%
BS DMEM. After 2–3 days, once the cells were 80–90% confluent,
he media in the flasks was changed to DMEM without serum and
he cells were infected with influenza virus type A/WS (H1N1 strain,
TCC # VR-1520) which was tissue culture adapted to growth in
DCK cells. The flasks were then incubated at 33 ◦C in 5% CO2

or 3 days until complete CPE was observed. The supernatant was
ubsequently centrifuged at 2500 RPM, filtered through a 0.45 �m
embrane filter to remove cell debris and stored at −80 ◦C until

urther use.

To prepare feed for the chromatography experiment the frozen

irus stock in DMEM was first thawed at 4 ◦C overnight. The stock
as then transferred into 50 mM Tris buffer at pH 8 or 50 mM

odium phosphate buffer at pH 7.2 using 10 KD Centricon (EMD
1218 (2011) 3973–3981 3975

Millipore) centrifugal membrane devices. This buffer exchanged
stock solution was used as feed for flow-through experiments.
The average titers of influenza virus, total protein and host cell
DNA (HC-DNA) in the final feed were 3840 HAU/ml, 274 �g/ml and
3 �g/ml respectively.

2.3. Chromatography

A single type of chromatographic bead or a combination of beads
were flow packed in Omnifit columns (DIBA Industries, diameter
– 0.66 cm) to volumes of 0.5–2.4 ml, depending on the exper-
iment. Before using the columns for flow-through experiments
the columns were qualified by acetone pulse method to ensure
that they had good HETP and an asymmetry between 1.1 and 1.7.
Flow-through experiments were performed manually using posi-
tive displacement pumps (Mighty-Mini, Scientific Systems Inc. or
Watson Marlow). The pump and tubing were first sanitized using
20% ethanol and then flushed with water and column equilibra-
tion buffer. The virus feed was subsequently passed through the
column pre-equilibrated in equilibration buffer and fractions were
collected downstream of the column into eppendorf® tubes. Pre-
liminary experiments to determine virus recovery were performed
in dynamic mode by flowing feed through the columns at a constant
flow rate of 1 ml/min, where as later experiments to optimize impu-
rity removal were performed at 5 min residence time per media
type in the column. No significant change in virus recovery was
observed due to changes in flow rates.

2.4. Analytical methods

2.4.1. Bacteriophage �6 concentration
Concentration of bacteriophage �6 was determined using a

plaque assay [17]. In brief, the �6 samples were serial diluted and
the added to a suspension of P. pseudoalcaligenes bacterial cells. The
dilution was then plated on solid growth medium and incubated at
25 ◦C for 24 h until it formed plaques. The number of plaques were
manually read and used to back calculate the original concentration
of �6 in the samples.

2.4.2. Influenza virus concentration
Flu virus break-through and recovery was measured by hemag-

glutinin assay (HA) using standard protocol, described previously
[21,22]. In brief, serial two fold dilutions of samples in PBS were
incubated in chicken blood (Biomerieux) or rooster blood (Lampire
biological products) for a period of 2 h at room temperature. The
plates were visually read to determine the dilution at which the
final agglutination was observed. This dilution was noted as the
HA titer (HAU) per 50 �l of sample and was used to calculate the
HAU/ml. Any variability in data due to change in blood type or qual-
ity was minimized by performing assays at a normalized hematocrit
and further normalizing the data to a internal flu standard that was
assayed along with the samples in every plate.

2.4.3. Total protein concentration
Total protein concentration which was representative of the

host cell protein (HCP) content in the samples was determined
by bicinchoninic acid (BCA) assay [23] using Pierce BCA assay kit
(Thermo Scientific). Samples were incubated in BCA reagent at 60 ◦C
for 30 min and read for change in absorbance at 562 nm using a plate
reader from Beckmann Coulter or Tecan Systems. The protein con-
centration was determined against a calibration curve established
using BSA as standard, over a range of 5–250 �g/ml.
2.4.4. DNA concentration
Host cell double stranded DNA (HC-DNA) concentration was

measured by a florescent assay using Quant-iTTM Picogreen assay
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Fig. 3. Recovery of BSA coated latex particles form 90 �m and 200 �m Q Sepharose
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Fig. 4. Breakthrough and total recovery of bacteriophage �6 from a solution of �6
and BSA processed in a flow-through mode at a flow rate of 1 ml/min via 0.5 ml
resin columns, each containing beads of a different size (a) nature of the virus break-
through curve for [�] neutral 90 �m Sepharose FF, [�] 90 �m Sepharose Q FF and
[�] 200 �m Sepharose Q big bead columns. The lines are only a guide for the eye.

�6 titer in the flow-through of the control beads instantly reached
nion exchange beads and neutral 90 �m Sepharose FF control beads.

it from Invitrogen [22]. HC-DNA containing samples were incu-
ated with Picogreen reagent for 5 min at room temperature and
hen read using a plate reader at an excitation wavelength of
85 nm and emission wavelength of 565 nm. Concentration was
etermined against a calibration curve generated using Herring
perm DNA as a standard, over a range of 0.5 ng/ml to 2000 ng/ml.

. Results and discussion

.1. Static binding test of virus-like particles

Preliminary experiments to demonstrate proof of concept were
one by studying static binding of BSA coated latex nano-particles
o anion exchange (AEX) beads of two different sizes. BSA coated
atex nano-particles make a good model for viruses since they have
ize and charge similar to common viruses such as influenza virus
nd herpes simplex virus [24–28]. AEX beads of 90 and 200 �m size
nd neutral beads of 90 �m size were separately gravity packed in
olumns to a volume of 5 ml and transferred into 7 ml lidded test
ubes. The tube with neutral 90 �m beads was used as control to
ccount for non-specific binding to the plastic tube and base matrix
nd dilution in the void volume of the beads. BSA coated latex parti-
le solution (1.38 ml, 25 mg/ml, 1.4 × 1013 particles/ml) in PBS was
dded to each of the resin samples. The resin-particle mixture was
otated overnight, the beads were allowed to settle and absorbance
f the particles in the supernatant was measured using UV spec-
roscopy at 280 nm. The concentration of the nano-particles in the
upernatant was determined by UV absorbance using a calibration
urve of different concentrations of the nano-particles. The per-
entage normalized recovery of BSA coated latex nano-particles
t the end of the experiment was calculated using the following
quations:

normalized recovery = (Cf/CI)bead

(Cf/CI)control
× 100

here CI and Cf are the initial and final concentration (particles/ml)
f the supernatant in the tubes. As seen in Fig. 3, the recovery of BSA
oated nano-particles from 200 �m AEX beads was ∼33% greater
han 90 �m AEX beads verifying that increase in bead size can be

sed to reduce virus binding per unit volume of beads and thereby

mprove its recovery in a flow through mode.
(b) Total virus titer in the flow-though pool (measured in PFU) obtained from the
90 �m control Sepharose FF, 90 �m Sepharose Q FF and 200 �m Sepharose Q big
bead columns.

3.2. Flow-through recovery of viruses

While the static binding studies described earlier provided proof
of principle it was necessary to determine if this concept could be
extended to recovery of live viruses in a dynamic mode. To evaluate
this, the dynamic binding of two different viruses namely bacterio-
phage �6 and influenza virus B/Lee/40 was studied in flow-through
mode using AEX columns packed with beads of different sizes.

3.2.1. Bacteriophage �6
The recovery of bacteriophage �6 from a model feed stream

prepared as described in Section 2.2.1 was evaluated as follows.
Feed (200 ml, 400 column volumes (CV)) containing bacteriophage
�6 (5.9 × 108–1.1 × 109 pfu/ml) and BSA (0.18 mg/ml), was pro-
cessed through 0.5 ml columns containing 90 �m or 200 �m anion
exchange (AEX) beads and 90 �m neutral-control beads at a flow
rate of 1 ml/min. The flow-through from the columns was collected
in 10 ml fractions and the titer of �6 in these fractions was plot-
ted against the CV of feed processed to obtain the breakthrough
curve for �6. As seen from the breakthrough curves in Fig. 4a, the
feed solution concentration suggesting negligible binding to these
beads. The virus breakthrough curves for the 200 �m and 90 �m
AEX beads reached the feed concentration only at ∼150 CV and
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Fig. 5. Breakthrough and total recovery of influenza virus-type B (Flu-B) from a
crude cell culture supernatant processed in a flow-through mode via 1 ml resin
columns each containing beads of a different size at a flowrate of 1 ml/min (a) nature
of the virus breakthrough curve for [�] neutral 90 �m Sepharose FF, [�] 34 �m
Sepharose Q HP, [�] 90 �m Sepharose Q FF and [�] 200 �m Sepharose Q big bead
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olumns. The lines are only a guide for the eye. (b) Total virus titer in the flow-
hough pool obtained from the 90 �m control Sepharose FF, Sepharose QFF, 34 um

Sepharose HP, 90 �m Sepharose Q FF and 200 �m Sepharose Q big bead columns.

00 CV respectively. Also, the initial breakthrough titer at 20 CV for
he 200 �m beads was ∼1 log greater than the 90 �m beads. These
bservations suggest that AEX beads of both sizes bind the virus;
owever the 90 �m beads have higher virus capacity. The total virus
ecovery from each column was calculated from the area under the
reakthrough curves and is shown in Fig. 4b. As expected the total
irus recovery from the column containing 200 �m beads was one
og greater than that of the 90 �m beads.

.2.2. Human influenza virus-type B
The recovery of influenza virus strain B/Lee/40 from crude feed

ontaining all cell culture impurities and additives such as HCP,
C-DNA, fetal bovine serum (FBS), non-essential amino acids was
valuated for 34 �m, 90 �m or 200 �m anion exchange (AEX) beads
nd 90 �m neutral-control beads. For this, 10 ml (10 CV) of crude
eed was processed through 1 ml columns of each bead size at

flow rate of 1 ml/min. 1 ml aliquots of the flow through from
ach column was collected and assayed to determine the break-
hrough curve for influenza virus strain B/Lee/40, shown in Fig. 5a.
he area under the breakthrough curves was used to calculate the

otal recovery of virus from each column and is shown in Fig. 5b.
or the volume of feed processed, the 34 �m bead column showed
egligible breakthrough of virus, the 90 �m bead column showed

nitial breakthrough of virus at 10 CV, whereas the 200 �m beads
1218 (2011) 3973–3981 3977

showed instant breakthrough of virus and reached feed concentra-
tion by 10 CV giving an overall yield of 56%. Since the 200 �m AEX
bead column had 2–6 times smaller surface area than the 34 �m
and 90 �m AEX bead column it had very poor virus capacity which
resulted in the much higher virus recoveries for the amount of feed
processed through the columns. Processing larger amount of feed
through the columns would improve the virus yields from all three
AEX columns as observed for bacteriophage �6; however, since the
200 �m bead column had an earlier virus breakthrough the overall
yield from these beads will always be greater.

The results of the dynamic tests for both viruses are in accor-
dance with the static binding studies. Both studies show the
expected trend of increase in virus recovery with bead size due
to decrease in surface area. It may be noted that the influenza virus
strain B/Lee/40 breakthrough curve for the 200 �m AEX column
reached the feed concentration much earlier than the bacterio-
phage �6. This might be due to the large amount of impurities
such as host cell protein, DNA and cell culture additives in the crude
influenza feed that could compete for available sites on the surface
of the bead causing earlier virus breakthrough. This effect may not
be prominently seen for the 34 �m and 90 �m AEX bead columns
over the amount of feed processed because of their considerably
higher surface area that can dilute the effect. It can also be noted
that the overall recovery of the influenza virus is lower than that
for �6. This could be an effect of the difference in sizes between
the two viruses, limited amount of feed processed, or the lower
influenza B virus titers used for this study.

The size of bacteriophage �6 is ∼78 nm [29] and that of influenza
virus is ∼80–120 nm [30]. This small difference in the size may not
be significant enough to account for the lower influenza virus recov-
ery observed in the study. Therefore, the most possible cause for
the lower virus recovery should be the lower amount of feed pro-
cessed. The effect of throughput has been further elaborated upon
in Section 3.4. Based on the above studies it may be understood that
depending on the size of the virus, the virus titer, throughput and
competition due to impurities the recovery of the virus may vary.
However, for a particular virus the virus capacity of the bead and
the virus recovery is governed by the external surface area per unit
volume which in turn is determined by the size of the bead.

3.3. Purification of influenza virus

Virus purification technology should provide both high virus
recovery and good impurity removal. To determine whether use
of bigger beads could provide satisfactory impurity removal in
addition to good virus recoveries, the flow-through purification of
influenza virus type A/WS (H1N1 strain) was studied. For this study
separate columns containing, 90 �m AEX beads (0.8 ml, Control),
200 �m AEX beads (0.8 ml, Prototype-1), 200 �m AEX-CEX beads
(1.6 ml, Prototype-2), 200 �m AEX-HIC beads (1.6 ml, Prototype-
3) and 200 �m AEX-CEX-HIC beads (2.4 ml, Prototype-4) were
challenged with impure feed of influenza virus type A/WS (H1N1
strain), prepared as described in Section 2.2.3. AEX columns with
additional CEX and HIC beads were also tested with the expecta-
tion that they would offer greater impurity clearance by capture of a
wide variety of host cell proteins with different isoelectic points (pI)
and hydrophobicity. Columns with more than one bead type con-
tained equal proportions of the different beads packed one below
the other in the sequence mentioned above. To determine whether
layering the different beads as opposed to mixing them randomly
had an effect on the results of the experiment an additional col-
umn containing 200 �m AEX-CEX-HIC beads (2.4 ml, Prototype-5)

mixed randomly together was also tested. The column with 90 �m
AEX beads served as the control for the experiment.

The impure influenza feed was processed through the columns
at 0.16 ml/min which corresponds to a 5 min residence time per
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Fig. 6. Nature of the breakthrough of (a) influenza virus type-A (Flu A) and (b) total
protein, processed in flow-through mode via [�] 90 �m AEX beads (0.8 ml, Control),
[�] 200 �m AEX beads (0.8 ml, Prototype-1), [�] 200 �m AEX-CEX beads (1.6 ml,
Prototype-2), [♦] 200 �m AEX-HIC beads (1.6 ml, Prototype-3), [x] 200 �m AEX-
CEX-HIC beads (2.4 ml, Prototype-4) and [©] 200 �m mixed AEX-CEX-HIC beads
(2.4 ml, Prototype-5) columns from an impure feed stream containing the virus,
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typically greater than the pores of the bead [31–33], thereby allow-

T
T
p

CP and HC-DNA in 50 mM Tris buffer at a fixed residence time of 5 min through
he AEX beads in the column.

ead type in the column. To imitate typical throughputs in a chro-
atographic process a total of 50–67 ml of feed was processed

hrough each column which corresponds to 28–62 CV depending on
he size of the column used. The flow-through from the columns
as collected in 1 ml fractions and assayed for concentration of

irus, total protein and HC-DNA to determine the break-through
urve for both virus and impurities. The area under the virus break-
hrough curve was used to calculate the virus recovery whereas the
rea above the impurity break through curve was used to calculate
he impurity clearance.
As expected, it can be seen in Fig. 6a that the virus breaks through
he 200 �m bead columns earlier than the 90 �m beads which
ranslates into the higher virus recoveries seen in Table 1. On the

able 1
otal yield of influenza virus-type A (Flu-A), total protein clearance and total HC-DNA clear
ool volume of 42 ml.

Type of column % Flu-A recovery % Total protein clearance % DNA clearance

Control 57 82 82
Prototype-1 80 72 62
Prototype-2 72 81 54
Prototype-3 72 84 72
Prototype-4 71 86 62
Prototype-5 67 88 76
1218 (2011) 3973–3981

other hand the total protein breakthrough of the 90 and 200 �m
AEX bead columns (Control and Prototype-1) are comparable, as
seen in Fig. 6b. The protein removal by the 200 �m AEX beads is
∼10% lower than the 90 �m AEX beads as seen in Table 1. This may
be due to greater diffusion resistance encountered by the protein to
access the internal surface area of the larger beads. However this is
not a significant decrease and can be negated by minimal increase
of residence time in the column or by using beads with larger pores.
Further it can be noted that the addition of CEX and HIC beads to the
columns reduces the total protein breakthrough and improves the
total protein clearance. As seen in Table 1 the total protein clear-
ance by Prototypes 3, 4 and 5 exceeds the clearance of the 90 �m
bead column. This improvement however is most likely due to the
removal of a different segment of the host cell proteins that do
not bind to the AEX beads. In addition it may be noted that the
improvement in impurity removal with addition of CEX and HIC
beads is only 15–20% for this feed stream, suggesting that there
may be only a small population of these proteins that can bind to
the beads under these buffer conditions. Hence equal volumes of
CEX and HIC beads may not be required to remove these impurities
allowing use of a smaller column size. Also considering the fact that
the buffer conditions used in this study was most conducive to only
AEX beads, optimizing buffer conditions for the bead mixture may
further help improve total protein clearance.

The volume at which influenza virus breaks through column
Prototype-1 is approximately half that of the control column. This
suggests that the 90 �m AEX bead column binds approximately two
times the amount of virus as the 200 �m AEX bead column. This
observation is in line with the theory that the capacity of the beads
for molecules that bind only to their external surface area should
change according to the ratio of their diameter and is responsible
for the higher virus recovery from Prototype 1. The addition of CEX
and HIC beads appears to slightly decrease the virus recovery, as
seen for Prototypes 3–5. But this change is insignificant consider-
ing the fact that the product purity increases considerably over that
of the 90 �m AEX bead column, as seen in Table 1. The minimal loss
of virus suggests negligible interactions between the virus and the
CEX and HIC beads. This may be because the overall negative charge
of the virus at pH 8, at which the test was performed. Hence, for this
application small sized CEX and HIC beads could potentially be used
in combination with larger AEX beads. This would reduce residence
times, minimize the volume of CEX and HIC beads required, reduce
column size and help achieve better total protein clearance. Based
on the results shown in Table 1 it can be concluded that a combina-
tion of AEX and HIC beads may provide optimum impurity removal
while maintaining good virus recoveries.

The breakthrough curves of the HC-DNA follows a trend simi-
lar to that of the virus, as seen in Fig. 7. The volume at which DNA
breaks through the 200 �m AEX beads is approximately 50% that
of the 90 �m beads. This behavior of HC-DNA is due to their large
size similar to that of influenza virus. The average size of HC-DNA is
ing binding only to the exterior of the beads. As a result the overall
DNA clearance by Prototype-1 is lower than the control column as
seen in Table 1. In addition use of CEX and HIC beads did not appear

ance from an impure feed stream in 50 mM Tris buffer calculated for a flow-through

Impurity (ng protein/HAU) % Improved recovery % Improved purity

22
24 29
18 21 18
15 21 29
14 20 36
12 17.5 44
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ig. 7. Nature of the breakthrough of HC-DNA for the feed, columns and processing
onditions described in Fig. 6.

o improve the DNA clearance very much as it is not expected to
ave significant interactions with these bead types.

A possible approach to improve the DNA removal would to
reat the feed with nucleases such as Benzonase® (Merck KGaA)
rior to chromatography, as is done in most industrial processes.
enzonase® breaks down single and double stranded DNA into
maller fragments of 2–5 bp in length [34]. These would then likely
e removed by the flow-through process as their smaller size would
llow them to diffuse into the pores and bind to the internal surface
rea of beads in a manner similar to host cell protein.

Purification of influenza virus using bind and elute anion
xchange chromatography has been reported in the literature with
arying degree of success. Banjac M. and coworkers [16] have
emonstrated recovery of influenza virus of up to 35–50% (based
n HA activity) with reasonable protein removal and good DNA
emoval using anion exchange monolith columns. On the other
and Kalbfuss et al. [14] have shown that average virus recover-

es of up to 72% can be achieved using anion exchange membranes.
owever they only observed a moderate removal of host cell pro-

ein of c.a. 75% and no DNA removal. These studies illustrate that
here is a trade off between virus recovery and impurity removal
sing anion exchange chromatography in bind and elute mode.
irus recoveries can also be dependent on the properties of the
iral feed stream and the virus strain being purified. Hence to get
first hand account of the virus recovery from anion-exchange

hromatography in bind and elute mode, the influenza virus bound
o the 90 and 200 �m AEX beads (Control and Prototype-1) was
luted using a step gradient of 1 M NaCl. While step elution does
ot fractionate the virus from the impurities being eluted, it can
ffectively estimate the total virus recovery. The virus recoveries
ere ∼45 and 38% for the 90 and 200 �m AEX beads respectively
hich is much lower than the yields obtained for the same resins

n the flow-through mode. This result clearly demonstrates that
ow-through separation using bigger beads has an advantage over
ind and elute anion-exchange chromatography for purification of

arger bio-molecules.

.4. Optimization of virus recovery and impurity clearance for
rocess development

In a flow-through process virus recovery and impurity clear-

nce changes with the amount of feed that is processed through
he column. The virus recovery at smaller column volumes is poor
ut improves as the amount of feed processed through the column

ncreases. Conversely, impurity clearance is high at smaller col-
Fig. 8. Change in virus recovery and total protein clearance with feed throughput
for (a) Prototype-1, (b) Prototype-3 and (c) Prototype-5.

umn volumes and decreases with increase in throughput. Hence
during process development of a flow-through chromatographic
operation the throughput needs to be optimized to maximize yield
and purity of the product. In this section a simplistic approach to
perform such an optimization is suggested via the influenza virus
purification process discussed above.

The virus recovery at different volumes of feed processed
through the column prototypes was calculated from the area under
the curve in Fig. 6a. Similarly, the total protein clearance by these
columns at the corresponding throughputs was calculated using
the area above the break-through curve in Fig. 6b. While only the
optimization of Prototype-1, Prototype-3 and Prototype-5 is dis-

cussed in this section, a similar procedure could be adopted for the
remaining prototypes or any other application.

As seen in Fig. 8 and Table 2 the virus recovery increases and
the impurity clearance decreases with throughput for all three
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Table 2
Change in the virus recovery and total protein clearance with feed throughput for prototypes 1, 3 and 5.

Prototype-1 Prototype-3 Prototype-5

CV % Flu recovery % Total protein clearance CV % Flu recovery % Total protein clearance CV % Flu recovery % Total protein clearance

20 45 86 10 26 95 10 38 95
26 58 82 20 61 88 15 59 91
35 69 78 30 74 83 20 69 88
50 78 73 37.5 79 81 27.9 78 85

80

p
c
t
t
p
c
o
i
h
a
m
r
c
a
a

1
u
4
o
i
t
p
s
t
i
3
l
5
u
h
a
d
r
m
c
o

4

e
o
p
a
f
c
b
r
r
a
d
b
D

[
[

[

[

[

[

[

[

62.5 82 71 38 80a

a Extrapolated from graph in Figs. 6 and 8.

rototypes. The point at which the virus recovery and impurity
learance curves meet signifies the optimum number of CV of feed
hat can be processed through the column in flow through mode. At
he optimum point of operation both the virus recovery and total
rotein clearance are maximized and corresponds to the most effi-
ient mode of operating the column. Below this point the product
btained would have less impurity but virus recovery would be
nefficient whereas beyond this point virus recoveries would be
igh but impurity removal would be inefficient. Hence operating
t this point would lead to most efficient and economical chro-
atographic separation. During process development the entire

ecovery and impurity curves do not need to be determined. One
an perform a small experiment to obtain the trends in the curves
nd then extrapolate them to obtain the tentative operating point
s shown for Prototypes 3 and 5.

It can be noted that the optimum operating point for Prototypes
, 3 and 5 increased from 75 to 83.3%, whereas the column vol-
mes of feed that were processed through them decreased from
5 to 32.5 CV. The shift in the optimum point of operation is in the
rder of increase in the impurity clearance by these columns shown
n Table 1. Higher impurity removal allowed larger volume of feed
o be processed through these columns. Although the CV of feed
rocessed through the columns decreased due to increase in the
ize of the columns from 0.8 to 2.4 ml, the overall volume of feed
hat was processed through the columns while maintaining high
mpurity clearance at the optimum operating point increased from
6 to 78 ml (extrapolated from Fig. 8c). Both these factors together

ead to more efficient chromatographic operation using Protoype-
. While the higher efficiency of Prototype-5 comes at the cost of
sing additional beads (HIC and CEX) this cost is negated by the
igher virus recovery, impurity removal, volume of feed processed
nd minimal post processing of product if required. The use of three
ifferent types of beads could be overcome by using mixed mode
esins. Since impurity clearance appears to hold the key to improve-
ent in efficiency, use of beads with higher capacity for impurities

ould potentially lead to both smaller columns and higher optimum
perating conditions thereby lowering the resin cost.

. Conclusions

The above study successfully demonstrates that virus can be
fficiently purified in a flow-through mode. Use of big beads with
ptimized diameters is a good way to minimize external surface
er unit volume in a column. This technique when optimized can
llow high recovery of virus without causing diffusion limitations
or impurity binding and hence does not compromise on impurity
learance or capacity. Virus recovery as high as 80% was achieved
y increasing the bead size to 200 �m. Theory and experimental
esults suggest that beads with larger diameter would result in
ecovery of virus greater than 80%. In addition total protein clear-

nce of up to 80–85% could be achieved using a combination of
ifferent beads. The total protein clearance can be further improved
y using mixed mode or tailor made resins. On the other hand HC-
NA clearance of only about half a log was achieved suggesting

[
[
[

a 32.5 83.3a 83.3a

that this technology does not provide adequate removal of whole
DNA. However this issue can be easily addressed by pre-treating the
feed with nucleases before processing it through the column so as
to allow satisfactory removal of DNA. Process optimization for the
flow-through virus purification process was straightforward and
provided insight for further improving the technique. While proof
of concept has been demonstrated in this article to reveal the poten-
tial of this technology, similar optimization of methods should be
considered for specific applications to achieve process improve-
ments. As this technique allows recovery of only unbound virions
under mild processing conditions the risk of loss of infectivity of the
virus being purified is low. Further, depending on the impurity load
the technology can be either used for early stage downstream pro-
cessing or final polishing step provided some virus loss is acceptable
at this stage. Given the ability to separate any nano-particle, simple
mode of operation, good performance, high throughput and scala-
bility this approach has the potential to be a universal purification
technique.
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