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Virus contamination in human therapeutics is of growing concern as more therapeutic products
from animal or human sources come into the market. All biopharmaceutical processes are required
to have at least two distinct viral clearance steps to remove viruses. Most of these steps work
well for enveloped viruses and large viruses, whether enveloped or not. That leaves a class of
small non-enveloped viruses, like parvoviruses and hepatitis A, which are not easily removed
by these typical steps. In this study, we report the identification of trimeric peptides that bind
specifically to porcine parvovirus (PPV) and their potential use to remove this virus from process
solutions. All of the trimeric peptides isolated completely removed all detectable PPV from
buffer in the first nine column volumes, corresponding to a clearance of 4.5-5.5 log of infectious
virus. When the virus was spiked into a more complex matrix consisting of 7.5% human blood
plasma, one of the trimers, WRW, was able to remove all detectable PPV in the first three
column volumes, after which human blood plasma began to interfere with the binding of the
virus to the peptide resin. These trimer resins removed considerably more virus than weak ion
exchange resins. The results of this work indicate that small peptide ligand resins have the potential
to be used in virus removal processes where removal of contaminating virus is necessary to
ensure product safety.

1. Introduction

The removal of viruses, pathogenic microorganisms, and
toxins is an important problem in the growing area of human
therapeutics. Every year, more therapeutic products are produced
from animal, human, or cell culture sources (1), and these
sources contain an inherent risk of viral contamination. Thera-
peutic products from human blood plasma, antibodies, albumin,
and factor VIII, just to name a few, could be infected with
human immunodeficiency virus (HIV), hepatitis B, B19 virus
(formally known as parvovirus B19), SARS coronavirus, or one
or more emerging viruses that have yet to be identified (2). Cell
cultures are often contaminated with retrovirus particles, belong-
ing to the family of viruses that include HIV (3). Cell culture
lines often used in the production of human antibodies may
contain viruses such as murine parvovirus (MVM) or cytome-
galovirus (4). While this contamination has been greatly reduced
since the requirement of strict characterization of cell culture
lines and the careful screening of human plasma donors (3),
the risk of low levels of contamination still exists.

The FDA requires that any process that uses materials from
living sources must have two viral clearance steps to lower the
risk of contamination (5). These steps must demonstrate a
distinct mechanism of virus clearance and achieve a minimum
of 4 log removal, or 99.99%. There are two broad categories
for viral clearance, inactivation and removal (6). Inactivation
is often performed toward the beginning of the purification of
a therapeutic and could involve a lowering of pH or heating of

the product. Both of these processes work well against enveloped
viruses, but caution must be taken to not harm the desired protein
product. Virus removal is often done at the end of a process
and most commonly involves nanofiltration of the final product
directly before formulation. Nanofiltration works well for viruses
of large size. However, small viruses like parvoviruses are often
of approximately the same size as the protein product, making
it difficult to separate them by filtration (2). Complete removal
of small non-enveloped viruses with 20 nm pore size filters has
been accomplished, but there is significant fouling of these
small-pored membranes that can lead to reductions in production
rates (7, 8). Filtration of parvoviruses has been improved by
flocculation of the virus particles through addition of cationic
polymers (9) or amino acids (10), which allows the use of larger
pore membranes that do not foul as quickly. Virus removal can
also be accomplished using functionalized membrane surfaces.
Quaternary amine groups have been attached to membrane
surfaces to facilitate the removal of viruses through an ion
exchange mechanism (11-13). Viral clearance validation may
be achieved by conducting spiking experiments on normal
process steps used in the purification of a therapeutic (i.e.,
chromatography columns, precipitation) (14), but care should
be taken if a chromatography step is to be used concurrently as
a viral clearance step and a protein purification step. If both
the virus and the protein bind to the resin, it is possible for
viruses to accumulate in the column. Without proper cleaning,
the virus may elute from the column in subsequent batches and
contaminate the therapeutic product (14).

Affinity adsorption is rarely used to remove viruses from
process streams because the most common affinity ligands for
viruses are antibodies. Antibodies are expensive to produce,
often cannot withstand the harsh conditions required for the
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cleaning of process equipment, and carry an inherent risk of
being contaminated with viruses in their own right (3). However,
affinity adsorption has been applied to the reduction of infectious
prions from blood (15, 16), and a small peptide ligand has been
found to remove staphylococcal enterotoxin B, a small toxin,
from E. coli lysate (17). Small peptides are more robust than
antibodies, and they are also less expensive and can be
chemically synthesized, eliminating the risk of virus contamina-
tion. Peptides can handle the cycling of production and cleaning
much better than antibodies, and by using small peptides, there
is no three-dimensional structure that may be destroyed during
processing. In this work, several trimeric peptides have been
discovered that remove PPV from phosphate buffered saline
containing as high as 7.5% human blood plasma. The peptides
were found when a synthetic, solid-phase combinatorial library
was screened for ligands that bind to porcine parvovirus (PPV).
Solid-phase libraries allow screening directly on the chromato-
graphic support that will be used as the separation media and
have been successful in the discovery of many affinity peptide
ligands (18-21). The discovered peptides can completely
remove any detectable PPV from PBS and completely remove
any detectable PPV from the first 3 column volumes when 7.5%
human plasma is present. This work demonstrates that small
peptides may offer a novel and effective method for removing
viruses from complex mixtures.

2. Materials and Methods

2.1. Materials. Phosphate buffered saline (PBS) containing
0.01 M phosphate, 0.138 M NaCl, and 0.0027 M KCl, pH 7.4
was purchased from Sigma (St. Louis, MO), and human blood
plasma was a donation from the American Red Cross (Rockville,
MD). Amino acids, phenol red, sodium carbonate, sodium
phosphate, glucose, calcium chloride, sodium chloride, potas-
sium chloride, and magnesium sulfate were purchased from
Sigma-Aldrich (St. Louis, MO) or Fisher Scientific (Waltham,
MA). Eagles Minimum Essential Media (EMEM) was purchased
from Quality Biologicals (Gaithersburg, MD). MEM vitamins,
sterile PBS, trypsin, gentamicin, and glutamine, all for cell
culture, were purchased from Invitrogen (Carlsbad, CA).

2.2. Virus Propagation and Titration. The porcine par-
vovirus (PPV) NADL-2 strain was titrated and propagated on
porcine kidney (PK-13) cells, which were a gift from the
American Red Cross (Rockville, MD). The PK-13 cells were
maintained and the PPV propagated as described in Heldt et al.
(22) using complete media, which consisted of EMEM supple-
mented with 2 mM glutamine, 1x gentamicin, and 10% non-
heat-inactivated fetal calf serum (Hyclone, Logan, UT). Upon
propagation of the virus, the cell culture flasks were frozen at
-20 °C and thawed at room temperature. The cells were then
scraped from the flask, and the solution was clarified by
centrifugation at 3000 rpm for 10 min in an IEC Centra CL2
centrifuge (Thermo Electron, Waltham, MA). This solution was
then stored at-80 °C until further use.

Radioactive PPV was prepared by metabolically incorporating
a radiolabel during propagation by addition of35S methionine
and cysteine to the cell culture media. This was done by seeding
the cells at 6× 105 cells per 75 cm2 flask. The next day, the
flask was infected with 103 MTT units of PPV in 1 mL of PBS.
An MTT unit was defined as the concentration of virus where
50% of the cells were considered viable, as determined by the
metabolic cleavage of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide salt (MTT) as previously described (22).
The MTT concentration can be observed optically and quantified
by spectrophotometry. The flasks were placed in the incubator

at 5% CO2, 37 °C, and 100% humidity for 1 h. At this time, 5
mL of complete media was added to the flask, which was
returned to the incubator. The next day, the media was removed
from the flask and starvation media was added, which contained
the same amino acids and essential nutrients as the EMEM,
except for methionine. The cells were exposed to 5 mL of this
starvation media for 1.5 h, and then EasyTag Protein Labeling
mixture (Perkin-Elmer, Waltham, MA) was added to a final
concentration of 50µCi/mL. The cells were frozen at-20 °C
when approximately 90% cytopathic effect was observed,
usually after 4-5 days. Virus purification was done by CsCl
gradient centrifugation, as described elsewhere (22), after which
solutions were dialyzed against PBS for 3 days at 4°C, stored
at 4 °C, and used within 2 weeks.

All infectivity measurements were made using the MTT
assay, which previously has been correlated to a TCID50 (50%
tissue culture infectious dose), a common method for the titration
of infectious viruses (22).

2.3. Primary Screening of Library. A solid-phase combi-
natorial trimer library was made by Peptides International
(Louisville, KY) using the divide-couple-recombine technique
(23) on Toyopearl Amino 650 EC (Tosoh Bioscience, Mont-
gomeryville, PA). The library had an alanine and 2 mini-PEG
spacer arms [Toyopearl resin-Ala-(COCH2-(OCH2CH2)2-NH)2-
X-X-X], where X is any naturally occurring amino acid except
cysteine or methionine. The library was swelled in 20%
methanol in DI water overnight and then buffer exchanged with
PBS three times, with the last buffer exchange being overnight.
Ten milligrams of dry library was taken and mixed with 50%
human blood plasma in PBS for 1 h.35S-Labeled PPV was
added to the library at 10,000 CPM (about 1× 10-3 µCi) and
allowed to equilibrate for about 1.5 h. The library was then
placed in a disposable 10 mL fritted column (Bio-Rad Labo-
ratories, Hercules, CA). The beads were washed with PBS
followed by PBS containing an additional 1 M NaCl or KCl
until no radioactivity could be detected from the wash. The
beads were washed again in PBS to remove excess salt and
then put into 20 mL of 1% low melt agarose (Bio-Rad
Laboratories, Hercules, CA). This was poured onto a 160 mm
× 180 mm GelBond (BioWhittaker Inc, Walkersville, MD) and
allowed to dry for 3 days. Kodak BioMax MR Film (Kodak,
Rochester, NY) was placed onto the dried gel for 10 days and
developed with a Konica Medical Film Processor (Tokyo,
Japan). A proprietary ligand found by the American Red Cross
that binds to PPV (positive control) and a negative control of
Amino 650M were used as markers to line up the film and the
gel for visualization of radioactive beads. Positive beads were
excised from the gel, boiled in water for 10 min each, and
vortexed and the water changed for a total of three repeats to
remove the agarose and the bound PPV from the beads. The
beads then were sent to the Texas A&M Protein Laboratory
(College Station, TX) for sequencing by Edman degradation.

2.4. Chromatography to Verify Screening Results.Peptide
resins were synthesized on Toyopearl Amino 650M resin (Tosoh
Bioscience, Montgomeryville, PA) by Peptides International
(Louisville, KY) and were packed into disposable PIKSI
columns (ProMetic Biosciences Ltd, Cambridge, England) with
a total of 0.5 mL of settled resin in PBS per column. A Rainin
(Oakland, CA) 8-channel peristaltic pump was used to add a
solution of PPV supernatant in either PBS or 7.5% human blood
plasma in PBS, at a rate of 0.1 mL/min. Ten 0.5 mL fractions
were collected and tested for infectivity using the MTT assay
and compared to the titer of the starting material before addition
to the column.
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2.5. Acetylated Control. The acetylated control was made
by the acetylation of Toyopearl Amino 650M resin. About 50
mL of settled resin was added to a sintered glass funnel and
allowed to drain. The resin was washed three times with 100
mL of 0.1 M NaOH. The resin was then washed with deionized
water until the pH was below 8. The resin was placed into three
separate 50 mL conical tubes and 30 mL of 0.5 M sodium
acetate was added to each tube followed by end-over-end
rotation for 10 min. A 100% excess of acetic anhydride (Riedel-
de Haen, Germany), which amounted to a total of 755µL, was
dissolved into 3 mL of acetone, and 1.2 mL of the solution
was added to each conical tube. The tubes were mixed for 2 h.
The resin was then returned to the sintered glass funnel and
washed three times with 100 mL of DI water, four times with
100 mL of 0.5 M NaOH, and finally at least 10 times with 100
mL of DI water, until the pH of the rinse was below 8. The
acetylation was confirmed by taking 50µL of acetylated resin,
50 µL of Toyopearl Amino 650M resin, and 50µL of DI water
and adding two drops of ninhydrin reagent, 2% solution (Sigma,
St. Louis, MO). After 1-2 min the resins were observed for
color change; the acetylated resin and the DI water remained
yellow, whereas the amino resin turned purple.

3. Results and Discussion

3.1. Library Design. Many hexameric peptide ligands have
been found that can purify proteins (19, 24, 25) and toxins (17).
Each of these peptide ligands were selected from a hexamer
library, which contains over 34 million different combinations,
when 18 of the 20 naturally occurring amino acids are used for
library production. It would take a tremendous amount of effort
to screen all of these sequences, and it is not necessary when
purification is the intended use of the ligand. In general, a
purification ligand is useful if it can bind over 90% of the target
protein and is specific enough to produce an eluted protein that
is 80-90% pure, but for virus removal, the goal is reduction of
g99.99% of a virus, which is at femtomolar to picomolar
concentrations. To improve the possibility of finding a ligand
that can accomplish this, a trimeric library was designed and
screened. This library contained only 5832 different sequences
and could be screened many times over to compare different
screening conditions. Further, by screening the entire library,
there was a greater probability that one or more strongly binding
ligands would be found, which would not necessarily occur with
a hexamer library.

A spacer arm of two sets of two ethylene glycol units
separated by a peptide bond (26) (designated AEEA-AEEA by
Peptides International) was added to the library to increase the
chances of finding a peptide ligand that bound to a conserved
area on the virus surface. This spacer arm separated the peptide
approximately 15 Å from the undisclosed spacer on the
Toyopearl resin. It has also been shown that hydrophilic ethylene
glycol does not bind proteins and makes a flexible yet inert
spacer arm that allows movement of the ligand, improving
binding (27-29). A surface map of PPV shows that there are
canyons on the surface of the virus that are approximately 15
Å in depth (30), and so the spacer arm was designed to allow
the peptide to reach into the depths of the canyons. For most
non-enveloped viruses, it is accepted that the conserved amino
acid sequences are located in the depth of these canyons because
these are often the location of the receptor binding sites.

3.2. Primary Screening.The library beads were originally
blocked with 50% human blood plasma before the virus was
added. This blocked any of the peptides that had a high affinity
for plasma proteins before the addition of PPV to the library.

After incubation with PPV, the beads were washed to remove
any nonspecifically bound virus. One screening run was washed
in 1 M NaCl and yielded a total of 24 positive beads from about
10,000; another screening run was washed in 1 M KCl and gave
a total of 9 positive beads. Only those positive beads that had
a large signal to size ratio (i.e., a small bead that gave a large
signal), as determined by visual inspection, were chosen for
sequencing. The results of the returned sequences are shown in
Table 1. To better determine the significance of the different
chemical groups, the amino acids were counted and compared
to their probability of random occurrence (Table 2). A random
occurrence was determined as the number of amino acids in
the chemical group divided by the number of different amino
acids in the library and then multiplied by the total number of
amino acids found from the sequencing. For example, there are
five different aliphatic amino acids, so the random number of
aliphatic amino acids is calculated by dividing 5 amino acids
the by the 18 different amino acids used in this study, and the
result multiplied by the 48 total amino acids in the 16 trimers
found by screening. This gives the random occurrence of
aliphatic amino acids of 13.3 indicated in Table 2. If the number
of amino acids from a certain chemical group was close to the
random occurrence number, then it was suspected that the
chemical group was just randomly found and may have little
to do with the binding of the virus. However, if the number
was much higher than that expected to occur randomly, then
that group was considered to be significant in the binding of
the virus.

Table 2 shows the importance of basic amino acids in the
binding of PPV and, to complement this, the lack of acidic
groups associated with ligands found to bind to PPV. The results
show that positive charges are important for the binding of virus.
This is an expected result because canine parvovirus, a related
parvovirus, has an isoelectric point of 5.3 (31), leaving it
negatively charged at physiological pH, which corresponded to
the conditions used in the screening studies. There was a random
distribution of aromatic and aliphatic groups with seven
sequences that contained aromatics and seven sequences that
contained aliphatics. The sequences were then categorized
into the following: those containing an aromatic amino acid,
those containing an aliphatic amino acid, and those containing
neither. Since all but one sequence contained a basic group, all
sequences chosen for further screening contained a basic amino
acid. From these categories, five sequences were chosen for
additional screening using column chromatography: WRW and
KYY, which contain aromatics; RAA, which contains an
aliphatic; and KHR, which contains a histidine. Also, KKK and
KRR were combined to form KRK, which contains basic
residues.

3.3. Column Chromatography.The resins were packed into
disposable columns and tested for breakthrough of PPV in the
eluent using infectivity as the enumeration method. First, cell
culture supernatant containing PPV was diluted with PBS to a
final titer of about 6-7 log (MTT/mL) (approximately a 1:100

Table 1. Peptide Sequences Found from Primary Screening

wash sequence

1 M NaCl KNY AKL
WRW KTF
KKK VWR
KGK RAA
KYY KRR
FVV

1 M KCl FRH KHR
KAA RTG
RQQ
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to 1:10 dilution) and was filtered through a 0.22µm filter. Virus
spiking studies should not be carried out at a dilution more
concentrated than 1:10, as the virus solution, which contains
contaminants from the cell culture from which it was created,
may start to interfere with the virus clearance mechanism (3).
However, the larger the initial viral load, the better the
opportunity to validate a high degree of virus clearance. Virus
clearance was calculated in accordance with the expression

The PPV breakthrough curves were determined by pumping
virus-spiked solutions onto the peptide columns at 0.1 mL/min.
Fractions equivalent to 1 column volume were collected, for a
total of 10 column volumes, and the amount of PPV in the
flowthrough fractions was determined. The results are plotted
in Figure 1 as the percentage of the detectable PPV as a function
of column volume. Presenting the results in terms of a
percentage of the detectable clearance automatically accounts
for the different initial virus titers of the various batches analyzed
in these experiments.

In PBS, all of the resins were able to clear completely the
detectable virus available in the solutions, as shown in Figure
1. This is in contrast to the amino resin control (with no peptides,
which is considered a weak ion-exchange resin) that was not
able to remove any significant amounts of PPV from PBS.
Clearly, the peptides were responsible for the binding of the
virus, and nonspecific binding to the resin surface was ruled
out.

The small peptide resins have the ability to remove viruses
from simple solutions such as water, suggesting potential
application to water treatment. In fact, microfiltration is being
considered as an alternative to chlorine treatment of water
supplies (32), but the method suffers from many of the same
difficulties as nanofiltration for therapeutic processes. Small
viruses, like hepatitis A virus, which has a diameter of 27-32
nm (33), and norovirus, with a diameter of 30-40 nm (34), are
able to pass through many nanofiltration and all microfiltration
membranes. These viruses are shed in the feces of infected
humans and are common contaminants of water supplies. Small
peptide ligands theoretically could be placed on microfiltration
membranes to improve virus removal without the need to use
membranes of small pore size which often cause fouling (8)
and may require high back pressures.

To challenge the peptides for their ability to remove PPV
under therapeutic processing conditions, virus-spiked 7.5%
human blood plasma was used. A 7.5% human blood plasma
solution contains about 5 mg/mL of protein, which is ap-
proximately the amount of protein that can be found in a
therapeutic protein product. There are two general viral clearance
steps in a monoclonal antibody production process, i.e., a low

pH step after cell harvest and a nanofiltration step before or
during formulation (35). If effective, small peptides theoretically
could be used on membranes on the nanofiltration step at the
end of the process. All of the peptides were challenged with
protein loads similar to those that would be found at this phase
of the purification process.

Data on the removal of PPV from this complex mixture using
the peptides are presented in Figure 2. All of the resins tested,
except for KHR, were able to remove all of the detectable PPV
in the first column volume. All of the resins had a breakthrough
of PPV before the fifth column volume. It is believed that the
proteins found in human blood plasma also began to nonspe-
cifically bind to the peptides at this point, leaving less peptide
available for specific binding to PPV. There may be a way to
improve the selectivity of the virus over the plasma proteins
by optimization of the chromatography process through changes
in peptide density or buffer ionic strength.

The amino control resin had the ability to bind to some of
the PPV and remove it from solutions. In the first two column
volumes in PBS and 7.5% human blood plasma, the amino
control achieved about 1 log clearance. This is not surprising,
as anion exchange columns are often tested for their ability to
clear viruses (35). It has been shown that a Q-Sepharose column
was able to clear 3 log of PPV when loaded at pH 6.5 (36) and
as high as 5 log of MVM when loaded in Tris buffer at pH 8.0
(14). This follows the trend that increasingly basic solutions
will make the virus surface more negatively charged, which
would cause increasingly stronger binding of the virus to an
anion exchange column. The control in our experiments was a
weak ion-exchange resin at pH 7.4, which showed clearance
lower than that seen with the Q-Sepharose columns, as would
be expected.

An increase in binding of virus over time was found with
the amino control resin both in the presence and absence of
human blood plasma (Figures 1 and 2). The PPV solution used
in the experiments was cell culture supernatant that had been
clarified by low-speed centrifugation and filtered through a 0.22
µm filter, and so the solution contained cellular debris. Since
the amino control is a weak ion-exchange resin, it is possible
that the resin was binding the cellular debris, and the virus then
bound to the debris on the resin, as many proteins in host cell
proteins are known to be negatively charged and removed by
anion exchange (35). Since the amino resin has a high positive
charge density, it is also possible that these cellular proteins
may denature onto the surface, as has been suspected in ion
exchange purification (37, 38) and is known to happen when
proteins adsorb to surfaces (39). Protein denaturation was also

Table 2. Chemical Characterization of Sequences

amino acid type randoma actualb

aliphatic 13.3 11
cyclic imino 2.7 0
imidazole 2.7 2
basic 5.3 21
aromatic 8.0 9
hydroxy 5.3 2
amide 5.3 3
acidic 5.3 0

a The number of amino acids expected from a random distribution of
amino acids in 16 trimeric peptides.b The number of each type of amino
acid that was present in the 16 trimeric peptides.

log clearance) -log(virus detected after clearance step
total virus load ) (1)

Figure 1. Binding of trimeric peptides to PPV in PBS. All ligands
were able to bind 100% of the detectable PPV. The amino control,
which is a weak ion-exchange resin, was able to clear less than 1% of
the detectable PPV. Columns were run in duplicate, and the error bars
represent the detectable clearance of each column.
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a possibility, as this was observed in the purification of tumor
necrosis factor-R using an ion exchange column (37). The longer
these host cell proteins are retained on the column, the greater
the potential for protein denaturation, and this may provide
different binding sites for the virus. Virus binding to host cell
proteins is confirmed by the fact that when highly purified virus
suspensions containing less than 100µg/mL of total protein are
used in resin challenge, the amino control resin binds no more
than 1 log of PPV even after 10 column volumes (data not
shown). Viruses are also known to easily aggregate (40), and
so the presence of denatured protein could become a new
binding surface for the virus.

The trimer KHR was able to achieve 4 logs clearance in the
first column volume but still left in solution 3 log (MTT/mL)
of virus. This peptide column showed the same decrease in viral
clearance in the first three column volumes seen with the other
peptide resins, but in subsequent column volumes, it exhibited
an increase in detectable clearance. This latter behavior was
only seen in the amino control resin and not the other peptide
resins. It is suspected that this resin may be causing denaturation
of proteins in solution as discussed above, but this issue was
not examined further. This resin was just discarded as one of
the lead candidates, as its performance as a viral clearance ligand
was unacceptable.

The trimers WRW, KRK, RAA, and KYY all exhibited
breakthrough of PPV in the presence of plasma proteins after
the first three column volumes (Figure 2). There was no
detectable cooperative binding observed for these resins in the
flowthrough fractions tested. Of these resins, only WRW was
able to completely clear all detectable PPV in the first three
column volumes from 7.5% human blood plasma. With
optimization of the peptide density and spacer length, this resin

may be able to clear PPV in all nine column volumes of
challenge solution containing 7.5% human blood plasma. Human
blood plasma also contains many different proteins, and only
one or two may be interfering with the binding of PPV. For
example, if albumin is the predominant protein binding to the
resin, then the peptide may be able to clear PPV very well from
a solution that contains other proteins but not albumin. In this
case, WRW has the potential to be used effectively for final
purification of a pure protein with excellent removal efficiency.

Chromatographic beads are not the most efficient way to
remove large particles from process streams. The viruses, having
a diameter on the same order of magnitude as the pore diameter,
have small diffusion coefficients in the pores of the beads, and
viruses quickly clog the pores. Consequently, the accessible
surface area of the beads is mainly associated with the outside
surface of the bead, and the inner pore surface is not available
for binding. Membranes have a better geometry for binding of
particles such as viruses, as there are not any diffusional
limitations. However, the screening of a combinatorial library
of peptides is difficult to do on a membrane surface. The SPOT
method, developed by Ronald Frank (41), is used to produce
peptide libraries on a cellulose membrane surface, but if done
manually, only several hundreds of peptides can be created in
2-3 days (42). This is a small library compared to the thousands
of peptides that can be screened on chromatographic beads. In
addition, the binding to a peptide on cellulose fibers may be
quite different from that observed on other membrane materials.
There are currently no large ligand libraries on any membrane
surface that is likely to be used for large-scale virus removal.
This study provides proof-of-concept that peptides have the
ability to remove viruses specifically. In the future, it may be
beneficial to change the geometry of the support for improved
access of all of the ligands to the viral particle, but currently
the bead geometry offers a better screening platform.

4. Conclusions

Small trimeric ligands that specifically bind to porcine
parvovirus were isolated from a solid-phase peptide library. In
PBS, 100% of detectable infectious virus was removed from
solution for every fraction that was tested, up to nine column
volumes. This demonstrates the potential of these peptides for
use in virus removal from samples of relatively simple composi-
tion, such as for water purification applications. In more complex
mixtures, such as 7.5% human blood plasma, peptide WRW
was able to remove all detectable infectious viruses in the first
three column volumes. This is impressive for a ligand that
contains only three amino acids, as most peptide ligands are a
minimum of six amino acids in length. Enhanced specificity
and binding affinity may be found using an increased number
of amino acids in the ligand, and this is currently being
examined. Tethering one or more of the ligands to a membrane
with more suitable geometry may improve virus removal
efficiency from complex mixtures. The ligands could also be
optimized for application to specific process streams, so that a
single ligand must only compete with one therapeutic protein,
thereby overcoming competitive binding and facilitating use as
an efficient virus absorbent.

Acknowledgment

The authors would like to thank Pathogen Removal and
Diagnostic Technologies (PRDT), a joint venture between the
American Red Cross and ProMetic BioSciences Inc., and the
NIH/NCSU Molecular Biotechnology Training Program for

Figure 2. Binding of trimeric peptides to PPV in 7.5% human blood
plasma. WRW was able to bind 100% of the detectable PPV in the
first 3 column volumes. After 9 column volumes, WRW was still able
to bind as much as the amino control. The amino control and acetylated
control are the same in each figure as a reference point for comparison
of the different peptide resins. Columns were run in duplicate, and the
error bars represent the detectable clearance of each column.

558 Biotechnol. Prog., 2008, Vol. 24, No. 3



funding. The authors also thank Drs. Dennis T. Brown and
Raquel Hernandez for their training in cell culture techniques.

References and Notes

(1) Huang, P. Y.; Peterson, J. Scaleup and virus clearance studies on
virus filtration in monoclonal antibody manufacture. InMembrane
Separations in Biotechnology; Wang, W., Ed.; Marcel Dekker: New
York, 2001; pp 327-350.

(2) Kempf, C.; Stucki, M.; Boschetti, N. Pathogen inactivation and
removal procedures used in the production of intravenous immu-
noglobulins.Biologicals2007, 35 (1), 35-42.

(3) Darling, A. Validation of biopharmaceutical purification processes
for virus clearance evaluation.Mol. Biotechnol.2002, 21 (1), 57-
83.

(4) Valdes, R.; Ibarra, N.; Ruibal, I.; Beldarrain, A.; Noa, E.; Herrera,
N.; Aleman, R.; Padilla, S.; Garcia, J.; Perez, M. Chromatographic
removal combined with heat, acid and chaotropic inactivation of
four model viruses.J. Biotechnol.2002, 96 (3), 251.

(5) Food and Drug Administration.Points to Consider in the Manu-
facture and Testing of Monoclonal Antibody Products for Human
Use;6U.S. Department of Health and Human Services: Rockville,
MD, 1997.

(6) Cai, K.; Gierman, T. M.; Hotta, J.; Stenland, C. J.; Lee, D. C.;
Pifat, D. Y.; Petteway, S. R., Jr. Ensuring the biological safety of
plasma-derived therapeutic proteins.Biodrugs2005, 19 (2), 79-
96.

(7) Furuya, K.; Murai, K.; Yokoyama, T.; Maeno, H.; Takeda, Y.;
Murozuka, T.; Wakisaka, A.; Tanifuji, M.; Tomono, T. Implementa-
tion of a 20-nm pore-size filter in the plasma-derived factor VIII
manufacturing process.Vox Sang.2006, 91 (2), 119-125.

(8) Lute, S.; Bailey, M.; Combs, J.; Sukumar, M.; Brorson, K. Phage
passage after extended processing in small-virus-retentive filters.
Biotechnol. Appl. Biochem.2007, 47, 141-151.

(9) Wickramasinghe, S. R.; Han, B.; Carlson, J. O.; Powers, S. M.
Clearance of minute virus of mice by flocculation and microfiltration.
Biotechnol. Bioeng.2004, 86 (6), 612-621.

(10) Yokoyama, T.; Murai, K.; Murozuka, T.; Wakisaka, A.; Tanifuji,
M.; Fujii, N.; Tomono, T. Removal of small non-enveloped viruses
by nanofiltration.Vox Sang.2004, 86 (4), 225-229.

(11) Specht, R.; Han, B.; Wickramasinghe, S. R.; Carlson, J. O.;
Czermak, P.; Wolf, A.; Reif, O.-W. Densonucleosis virus purification
by ion exchange membranes.Biotechnol. Bioeng.2004, 88 (4), 465-
473.

(12) Zhou, J. X.; Tressel, T.; Gottschalk, U.; Solamo, F.; Pastor, A.;
Dermawan, S.; Hong, T.; Reif, O.; Mora, J.; Hutchison, F.; Murphy,
M. New Q membrane scale-down model for process-scale antibody
purification.J. Chromatogr. A2006, 1134 (1-2), 66.

(13) Phillips, M.; Cormier, J.; Ferrence, J.; Dowd, C.; Kiss, R.; Lutz,
H.; Carter, J. Performance of a membrane adsorber for trace impurity
removal in biotechnology manufacturing.J. Chromatogr. A2005,
1078 (1-2), 74.

(14) Norling, L.; Lute, S.; Emery, R.; Khuu, W.; Voisard, M.; Xu, Y.;
Chen, Q.; Blank, G.; Brorson, K. Impact of multiple re-use of anion-
exchange chromatography media on virus removal.J. Chromatogr.
A 2005, 1069 (1), 79.

(15) Gregori, L.; Lambert, B. C.; Gurgel, P. V.; Gheorghiu, L.;
Edwardson, P.; Lathrop, J. T.; MacAuley, C.; Carbonell, R. G.;
Burton, S. J.; Hammond, D.; Rohwer, R. G. Reduction of transmis-
sible spongiform encephalopathy infectivity from human red blood
cells with prion protein affinity ligands.Transfusion2006, 46 (7),
1152-1161.

(16) Gregori, L.; Gurgel, P. V.; Lathrop, J. T.; Edwardson, P.; Lambert,
B. C.; Carbonell, R. G.; Burton, S. J.; Hammond, D. J.; Rohwer, R.
G. Reduction in infectivity of endogenous transmissible spongiform
encephalopathies present in blood by adsorption to selective affinity
resins.Lancet2006, 368 (9554), 2226-2230.

(17) Wang, G.; Carbonell, R. G. Characterization of a peptide affinity
support that binds selectively to staphylococcal enterotoxin B.J.
Chromatogr. A2005, 1078, 98-112.

(18) Mondorf, K.; Kaufman, D. B.; Carbonell, R. G. Screening of
combinatorial peptide libraries: Identification of ligands for affinity
purification of proteins using a radiological approach.J. Pept. Res.
1998, 52, 526-536.

(19) Yang, H.; Gurgel, P. V.; Carbonell, R. G. Hexamer peptide affinity
resins that bind the Fc region of human immunoglobulin G.J. Pept.
Res.2005, 66, 120-137.

(20) Wang, G.; De, J.; Schoeniger, J. S.; Roe, D. C.; Carbonell, R. G.
A hexamer peptide ligand that binds selectively to staphylococcal
enterotoxin B: isolation from a solid phase combinatorial library.
J. Pept. Res.2004, 64 (2), 51-64.

(21) Gurgel, P. V.; Carbonell, R. G.; Swaisgood, H. E. Identification
of peptide ligands generated by combinatorial chemistry that bind
alpha-lactalbumin.Sep. Sci. Technol.2001, 36 (11), 2411-2431.

(22) Heldt, C. L.; Hernandez, R.; Mudiganti, U.; Gurgel, P. V.; Brown,
D. T.; Carbonell, R. G. A colorimetric assay for viral agents that
produce cytopathic effects.J. Virol. Methods2006, 135 (1), 56.

(23) Furka, A.; Sebestyen, F.; Asgedom, M.; Dibo, G. General-method
for rapid synthesis of multicomponent peptide mixtures.Int. J. Pept.
Protein Res.1991, 37 (6), 487-493.

(24) Kaufman, D. B.; Hentsch, M. E.; Baumbach, G. A.; Buettner, J.
A.; Dadd, C. A.; Huang, P. Y.; Hammond, D. H.; Carbonell, R. G.
Affinity purification of fibrinogen using a ligand from a peptide
library. Biotechnol. Bioeng.2002, 77 (3), 278-289.

(25) Gurgel, P. V.; Carbonell, R. G.; Swaisgood, H. E. Fractionation
of whey proteins with a hexapeptide ligand affinity resin.Biosepa-
rations 2001, 9, 385-392.

(26) Ohtsuka, K.; Uemura, K.; Nojima, T.; Waki, M.; Takenaka, S.
Immobiliation of RNase S-Peptide on a single-stranded DNA-fixed
gold surface and effective masking of its surface by an acridinyl
poly(ethylene glycol).Analyst2006, 131 (1), 55-61.

(27) Leckband, D. E.; Kuhl, T.; Wang, H. K.; Herron, J.; Muller, W.;
Ringsdorf, H. 4-4-20 anti-fluorescyl IgG Fab′ recognition of
membrane bound hapten: Direct evidence for the role of protein
and interfacial structure.Biochemistry1995, 34, 11467-11478.

(28) Soltys, P. J.; Etzel, M. R. Equilibrium adsorption of LDL and
gold immunoconjugates to affinity membranes containing PEG
spacers.Biomaterials2000, 21, 37-48.

(29) Weimer, B. C.; Walsh, M. K.; Wang, X. Influence of a poly-
ethylene glycol spacer on antigen capture by immobilized antibodies.
J. Biochem. Biophys. Methods2000, 45 (2), 211.

(30) Simpson, A. A.; Herbert, B.; Sullivan, G. M.; Parrish, C. R.;
Zadori, Z.; Tijssen, P.; Rossmann, M. G. The structure of porcine
parvovirus: Comparison with related viruses.J. Mol. Biol. 2002,
315, 1189-1198.

(31) Weichert, W. S.; Parker, J. S. L.; Wahid, A. T. M.; Chang, S.-F.;
Meier, E.; Parrish, C. R. Assaying for structural variation in the
parvovirus capsid and its role in infection.Virology 1998, 250 (1),
106.

(32) Ali, N. A.; Hasan, A. R.; Wong, L. Y. Development of a novel
aymmetric ultra low pressure membranes and a preliminary study
for bacteria and pathogen removal applications.Desalination2007,
206, 474-484.

(33) Vaidya, S. R.; Kharul, U. K.; Chitambar, S. D.; Wanjale, S. D.;
Bhole, Y. S. Removal of hepatitis A virus from water by polyacry-
lonitrile-based ultrafiltration membranes.J. Virol. Methods2004,
119 (1), 7-9.

(34) Sano, D.; Ueki, Y.; Watanabe, T.; Omura, T. Membrane separation
of indigenous noroviruses from sewage sludge and treated waste-
water.Water Sci. Technol.2006, 54 (3), 77-82.

(35) Shukla, A. A.; Hubbard, B.; Tressel, T.; Guhan, S.; Low, D.
Downstream processing of monoclonal antibodies-Application of
platform approaches.J. Chromatogr. B2007, 848 (1), 28.

(36) Kim, I. S.; Choi, Y. W.; Lee, S. R.; Woo, H. S.; Lee, S. Removal
and inactivation of viruses during manufacture of a high purity
antihemophilic factor VIII concentrate from human plasma.J.
Microbiol. Biotechnol.2001, 11 (3), 497-503.

(37) Li, M.; Wang, Y. S.; Li, W. J.; Su, Z. G. Stability of tumor necrosis
factor-alpha during ion exchange chromatography.Biotechnol. Lett.
2003, 25 (11), 905-908.

(38) Sugihara, A.; Senoo, T.; Enoki, A.; Shimada, Y.; Nagao, T.;
Tominaga, Y. Purification and characterization of a lipase from
Pichia burtonii.Appl. Microbiol. Biotechnol.1995, 43 (2), 277-
281.

(39) Oscarsson, S. Factors affecting protein interaction at sorbent
interfaces.J. Chromatogr., B: Biomed. Sci. Appl.1997, 699(1-2),
117.

Biotechnol. Prog., 2008, Vol. 24, No. 3 559



(40) Berkowitz, S. A.; Philo, J. S. Monitoring the homogeneity of
adenovirus preparations (a gene therapy delivery system) using
analytical ultracentrifugation.Anal. Biochem.2007, 362 (1), 16-
37.

(41) Frank, R. Spot-synthesis: an easy technique for the positionally
addressable, parallel chemical synthesis on a membrane support.
Tetrahedron1992, 48 (42), 9217.

(42) Reichl, U. Antibody epitope mapping using arrays of synthetic
peptides. InAntibody Engineering: Methods and Protocols; Lo, B.
K. C., Ed.; Humana Press Inc: Totowa, NJ, 2004; Vol. 248.

Received October 30, 2007. Accepted April 7, 2008.

BP070412C

560 Biotechnol. Prog., 2008, Vol. 24, No. 3


