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The methods used to concentrate enteric viruses from water have remained largely unchanged for nearly 30
years, with the most common technique being the use of IMDS Virozorb filters followed by organic flocculation
for secondary concentration. Recently, a few studies have investigated alternatives; however, many of these
methods are impractical for use in the field or share some of the limitations of this traditional method. In the
present study, the NanoCeram virus sampler, an electropositive pleated microporous filter composed of
microglass filaments coated with nanoalumina fibers, was evaluated. Test viruses were first concentrated by
passage of 20 liters of seeded water through the filter (average filter retention efficiency was =99.8%), and then
the viruses were recovered using various salt-based or proteinaceous eluting solutions. A 1.0% sodium
polyphosphate solution with 0.05 M glycine was determined to be the most effective. The recovered viruses were
then further concentrated using Centricon Plus-70 centrifugal ultrafilters to a final volume of 3.3 (*£0.3
[standard deviation]) ml; this volume compares quite favorably to that of previously described methods, such
as organic flocculation (~15 to 40 ml). The overall virus recovery efficiencies were 66% for poliovirus 1, 83%
for echovirus 1, 77% for coxsackievirus B5, 14% for adenovirus 2, and 56% for MS2 coliphage. In addition, this
method appears to be compatible with both cell culture and PCR assays. This new approach for the recovery
of viruses from water is therefore a viable alternative to currently used methods when small volumes of final

concentrate are an advantage.

Waterborne viruses are transmitted by the fecal-oral route
upon ingestion of water contaminated with the excreta of hu-
mans and other animals. There are many human pathogenic
viruses that are associated with waterborne illnesses, including
the enteroviruses (polioviruses, echoviruses, and coxsackievi-
ruses), adenoviruses, and caliciviruses (noroviruses) (29). Al-
though enteric viruses are usually present in low densities in
water, they may still pose a significant health risk, since the
infectious dose for many viruses is quite low (~10 to 100 virus
particles) (24). Such low numbers are difficult to detect in
water; therefore, it is necessary to concentrate viruses to higher
densities from large volumes of water so that they may be
successfully detected using cultural or molecular assays.

The VIRADEL (virus adsorption and elution) procedure
has been the most commonly used method to recover and
concentrate enteric viruses from water (3) for decades. It in-
cludes a primary step to concentrate viruses from large vol-
umes of water using adsorptive media (filters), followed by
virus elution from the filters. During the primary concentration
step, water samples are passed through and the viruses are
adsorbed to a microporous filter. The electropositive 1IMDS
filter (CUNO Inc., Meriden, CT) is the most commonly used
filter for the concentration of viruses from water.

The positively charged NanoCeram virus sampler (Argonide
Corporation, Sanford, FL) is a less expensive alternative. This
is a nonwoven pleated cartridge depth filter that is composed
of microglass filaments (0.6 wm in length) coated with nano-
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alumina (AIOOH) fibers (~2 nm in diameter by ~250 nm in
length) derived from the mineral boehmite. NanoCeram filters
have an extensive surface area (~500 m?%/g) due to the nano-
alumina coating and an effective pore size of approximately 2.0
pm. The high surface area coupled with the relatively high
isoelectric point (pI range = 8 to 9) confers a strong electro-
positivity to the filter surface. Karim et al. (21) found that the
NanoCeram filter was able to concentrate poliovirus 1 from
large volumes of water with an efficiency comparable to those
of several currently available electropositive filters, including
IMDS (both cartridge and disc configurations) and Seitz fil-
ters.

The most commonly used eluting solution for the recovery
of viruses from filters is beef extract (approximate pH of 9.0 to
9.5). It may be used at a range of concentrations (e.g., 1.5% to
3.0%) (4, 7, 8, 17, 21, 23, 25, 26, 27) and with glycine, an
amphoteric amino acid (exhibiting both acidic and basic prop-
erties due to the presence of carboxylic acid and amine func-
tional groups), to provide buffering (3, 14, 21, 23, 26, 27, 38).
Beef extract solutions have been used to elute viruses from
both electronegative (10, 32, 34) and electropositive (8, 21, 26,
37) cartridge filters, in addition to glass wool filters (15, 23, 28).
Nonetheless, beef extract contains substances that can inter-
fere with molecular assays, such as reverse transcriptase PCR
(RT-PCR) (1). An eluent which is compatible with both cell
culture and molecular assays is therefore desirable.

A number of inorganic chemicals have also been evaluated
for their ability to elute viruses from filtration media. Tween 80
is a nonionic detergent that decreases the surface tension of
water, allowing for the accommodation of nonpolar functional
groups in the aqueous environment. It has been used as a
component of eluting solutions to enhance virus desorption
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from microporous filters (12, 34, 39) and ultrafilters (18, 19,
31). Inorganic salt-based solutions can be used to disrupt the
hydrophobic interactions between viruses and filter surfaces.
Chaotropic salts are able to elute poliovirus 1 (12) and MS2
coliphage (9) from filters more efficiently than antichaotropic
salts. The addition of a nonionic detergent, such as Tween 80,
to chaotropic salt solutions further increases poliovirus 1 elu-
tion (36).

Sodium polyphosphates (NaPP) are inorganic polyanionic
salts that are highly electronegative due in large part to the
numerous phosphate groups comprising these molecules. This
acts to reduce the zeta potential of surfaces exposed to the
NaPP solution, resulting in an increase in the net negative
charge of the surfaces. This in turn increases electrostatic
repulsion, thus dispersing microorganisms and other parti-
cle types and facilitating virus desorption (35). NaPP are
available in polymer chains ranging from two (pyrophos-
phates) to 17 or more units. Commercially available NaPP is
heterogeneous and contains a mixture of chain lengths. Re-
cently, NaPP salts coupled with Tween 80 have been used to
elute viruses, bacteria, and protozoa from hollow-fiber ul-
trafilters (18, 19, 31).

Depending on the filter utilized, the volume of the eluate
can range from ~420 ml (e.g., with ultrafilter membranes,
NanoCeram filters) to upward of 1.6 liters (e.g., with IMDS
filters) (8, 18, 21). Therefore, a secondary concentration step
may be necessary to reduce the volume prior to assay. Organic
flocculation is used for the secondary concentration step fol-
lowing elution with beef extract (22), typically yielding a virus
concentrate with a volume of 15 to 40 ml. Alternatively, Cen-
tricon Plus-70 centrifugal filters (30-kDa cutoff; Millipore, Bil-
lerica, MA) have been used to concentrate ®X174 and MS2
coliphages from 70 ml to approximately 2 ml (18).

In the current study, a positively charged filter was used in
combination with a polyphosphate-based elution buffer fol-
lowed by secondary concentration using an ultrafiltration
method in order to minimize the final concentrate volume.

MATERIALS AND METHODS

MS2 coliphage propagation and assay. MS2 bacteriophage (ATCC 15597-B1)
and its host, Escherichia coli (ATCC 15597), were obtained from the American
Type Culture Collection (ATCC; Manassas, VA). The MS2 coliphage was prop-
agated monthly as described previously (40). This technique generally results in
an MS2 stock culture of =10'° PFU/ml. No variations were observed in the MS2
cultures over the course of the study. The MS2 was assayed on tryptic soy agar
(TSA; EMD Chemicals, Darmstadt, Germany) plates using the double overlay
plaque-forming method (2).

Virus propagation and assay. Adenovirus 2 (AV-2; ATCC VR-846), echovirus
1 (EV-1; ATCC VR-31), and coxsackievirus BS (CV-B5; Faulkner, ATCC VR-
185) were also obtained from the American Type Culture Collection (Manassas,
VA). Poliovirus 1 (PV-1; strain LSc-2ab) was obtained from the Department of
Virology and Epidemiology at the Baylor College of Medicine (Houston, TX).
Adenovirus 2 was maintained on PLC/PRF/5 (primary liver carcinoma; ATCC
CRL-8024) cell line monolayers with minimal essential medium (MEM; modi-
fied with Earle’s salts; Irvine Scientific, Santa Ana, CA) containing 10% fetal
bovine serum (FBS; HyClone, Logan, UT), 100 mM sodium pyruvate (Mediat-
ech Inc., Manassas, VA), and 1 mM glucose (Mediatech Inc., Manassas, VA) at
an incubation temperature of 37°C with 5% CO,. Echovirus 1, coxsackievirus BS,
and poliovirus 1 were maintained on BGM (Buffalo green monkey kidney;
obtained from Dan Dahling at the United States Environmental Protection
Agency, Cincinnati, OH) cell line monolayers with MEM containing 5% calf
serum (CS; HyClone Laboratories, Logan, UT) at an incubation temperature of
37°C with 5% CO.,.

Viruses were propagated by inoculating cell monolayers. Following the obser-
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vation of =90% destruction of the monolayer, the cell culture flasks were frozen
(at —20°C) and thawed (at 37°C) three successive times to release the viruses
from the host cells. The suspension was then centrifuged (1,000 X g for 10 min)
to remove cell debris, followed by precipitation with polyethylene glycol (PEG;
9% [wt/vol]) and sodium chloride (5.8% [wt/vol]) performed overnight at 4°C (6).
The viruses were then centrifuged (15,300 X g for 30 min at 4°C). After resus-
pension of the virus pellet in phosphate-buffered saline (pH 7.4; Sigma-Aldrich,
St. Louis, MO), a Vertrel XF extraction was performed at a 1:1 ratio to promote
monodispersion of the virus and the removal of lipids (centrifugation at 1,900 X
g for 15 min at 4°C) (6). The top aqueous layer containing the virus was carefully
removed using a pipette and then filtered using a syringe filter (prewetted with
2 ml of 1.5% beef extract) with a pore size of 0.22 pm (Millex; Millipore,
Bedford, MA). The viruses passed through the filter and were collected in sterile
tubes and stored at —80°C until use.

Viral titrations for PV-1, EV-1, and CV-B5 were performed using 10-fold
serial dilution plaque-forming assays described by Bidawid et al. (5). Host cell
monolayers in 6-well tissue culture plates (Corning Inc., Corning, NY) were
rinsed twice with 0.025 M Tris-buffered saline (0.32 liters TBS-1 [31.6 g/liter
Trizma base, 81.8 g/liter NaCl, 3.73 g/liter KCl, 0.57 g/liter Na,HPO,-anhydrous]
in 3.68 liters ultrapure H,O) and then inoculated with 0.1-ml volumes of 10-fold
serial dilutions (in duplicate) of the virus stock and incubated at 37°C for 1 h to
allow for virus adsorption to the cells. Following this incubation period, 3 ml of
a molten solution of MEM containing 1.5% Bacto agar (Becton, Dickenson and
Co., Sparks, MD), 2% FBS (HyClone Laboratories, Logan, UT), 1 M HEPES
buffer (Mediatech Inc., Manassas, VA), 7.5% sodium bicarbonate (Fisher
Scientific, Fair Lawn, NJ), 10 mg/ml kanamycin (HyClone Laboratories, Lo-
gan, UT), 100X antimycotic (HyClone Laboratories, Logan, UT), and 200
mM glutamine (Glutamax; HyClone Laboratories, Logan, UT) was added as
an overlay to each well and allowed to solidify. The plates were then incu-
bated at 37°C with 5% CO, for 2 days for PV-1 and EV-1 and 5 days for
CV-BS. Following this incubation, the agar overlays were removed and the
cell monolayers were stained with 0.5% (wt/vol) crystal violet (Sigma-Aldrich,
St. Louis, MO) dissolved in ultrapure water and mixed 1:1 with 95% ethanol.
The plaques (clearings in the cell monolayer) were counted to enumerate
infectious viruses.

AV-2 titrations were performed using the Reed-Muench method (30) to
determine the tissue culture infectious dose that affected 50% of the wells
(TCIDs). Serial 10-fold dilutions of the virus sample were assayed in 96-well
tissue culture plates (Nunclon, Roskilde, Denmark) containing monolayers of
PLC cells and 100 pl of MEM containing 2% CS with incubation at 37°C with 5%
CO,, as before. Ten wells were inoculated with 50 pl of each dilution. This
number of wells was used to ensure adequate precision of the assay. Maintenance
medium (25 pl of MEM containing 2% CS) was added to each well every third
day for the duration of the assay to maintain the integrity of the monolayer. Each
well was checked every day for 12 days for viral cytopathogenic effects (CPE).
The greatest dilution in which more than 50% of the wells were positive was used
to determine the virus TCIDs,/ml.

Primary virus concentration using NanoCeram cartridge filters. Presterilized
electropositive NanoCeram VS2.5-5 virus filters (Argonide Corporation, San-
ford, FL) were used during the course of the method development. Tucson
municipal tap water was dechlorinated via passage through an Amway activated
carbon block filter (Amway, Ada, MI) prior to its use in this study and analyzed
for pH and total dissolved solids (TDS). The average values were pH 7.65 (=
0.24) and 337 mg/liter (£25 mg/liter). Total organic carbon was less than 1
mg/liter. Initially, 19 liters of water was added to a stainless steel pressure vessel
(Alloy Products, Waukesha, WI). Approximately 10® PFU (for PV-1, EV-1, and
CV-BS5) or 10® TCIDs, (for AV-2) of each virus (in separate experiments) was
added to a separate liter in a polypropylene beaker and mixed using a stir bar for
15 min. The 1-liter suspension was then added to the pressure vessel to bring the
final test water volume to 20 liters, which was mixed thoroughly for an additional
15 min. To determine the influent titer, three 15-ml samples were collected from
the 20-liter volume for assay.

Positive pressure was applied to the vessel using N, gas at approximately 2.5
Ib/in? to achieve a flow rate of 2.5 liters/min for the seeded water through the
NanoCeram filter. Effluent samples (1 liter) were collected after the passage of
5, 10, and 15 liters of the test water through the filter to determine the amount
of virus retained by the filter.

Elution of viruses from NanoCeram filters. Several test eluting solutions (see
Table 2) were used in this study, including both salt-based (e.g., phosphate salts,
chaotropic salts such as Nal) and proteinaceous (e.g., beef extract) solutions.
Buffering agents (e.g., glycine) and dispersants (e.g., Tween 80, NaPP) were also
components of some of the solutions tested. The pH of the eluting solutions was
adjusted to either 7.5 or 9.3, and then the solutions were autoclaved prior to the
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TABLE 1. Virus retention efficiencies for the NanoCeram filters

Influent titer  Effluent titer

. No. of Virus retention
Virus . (log¢/20 (log,0/20 o
trials  jiers + SD)  liters + sp) (% = SD)
MS?2 coliphage 31 8.08 = 0.36 <4.38 = 0.93 >99.8 + 0.59
Poliovirus 1 (PV-1) 4 732 +0.03 <4.22*+0.00 >99.92 * 0.01
Echovirus 1 (EV-1) 5 7.87 £0.08 <4.22*+0.00 >99.98 = 0.00
Coxsackievirus B5 4 8.29 = 0.07 <4.43 =0.41 >99.991 = 0.00
(CV-B5)
Adenovirus 2 4 831012 <3.82**£0.00 >99.997 = 0.00
(AV-2)

“ Detection limit.

experiments, with the exception of solutions containing 1.0% (wt/vol) Na-
polyphosphate (Sigma-Aldrich, St. Louis, MO), which were autoclaved first (to
prevent the formation of precipitates). MS2 coliphage was used as a surrogate for
enteric viruses in the elution evaluation experiments. To assess the adequacy of
MS?2 as a surrogate, PV-1 was used for comparison in a smaller subset of elution
experiments. Following the primary virus concentration on the filter, the test
eluting solution was added to the housing unit until the filter was completely
immersed (~420 ml). The unit was then resealed and inverted 10 times, followed
by a hold time of 15 min at room temperature. The unit was inverted 10
additional times, followed by another 15-min hold at room temperature. After
the unit was inverted another 10 times, the eluting solution was passed through
the filter under positive pressure (N, gas) into a sterile polypropylene bea-
ker. The eluate was then added again to the filter housing unit with a 1-min hold
time (14) and then passed through the filter and collected in the same beaker.
The pH of the final eluate was immediately adjusted to 7.0 to 7.2 using 1 M HCI
(dropwise), and the volume was measured.

Secondary virus concentration using Centricon Plus-70 centrifugal filters.
The Centricon Plus-70 ultrafilter (30-kDa cutoff; Millipore, Billerica, MA) was
utilized to further concentrate the eluted viruses. The device was prewetted by
adding 70 ml of Nanopure H,O, followed by centrifugation (1,900 X g for 8 min).
The unit was inverted and centrifuged (800 X g for 2 min) to collect the
remaining water, which was then discarded. A 70-ml volume of the NanoCeram
filter eluate was added to the Centricon filter and concentrated via centrifugation
(1,900 X g for 8 min). The viral concentrate was collected via inversion of the
filter and further centrifugation for 2 min at 800 X g. An additional 70-ml volume
of Nanopure H,O was processed through the same ultrafilter (1,900 X g for 8
min), and then the concentrated viruses were extracted by inversion of the filter
and centrifugation at 800 X g for 2 min. The average volume of secondary
concentrates measured 3.3 * 0.3 ml. The 350-ml volume remaining from the
primary concentration step was not concentrated further. An additional one or
two 70-ml volumes can be processed using the same Centricon filter, yielding a
comparable recovery efficiency (data not shown). However, since the approxi-
mate 3.3-ml volume is more than enough for subsequent assays, one concentra-
tion step was chosen to reduce the amount of time and labor required.

When 1.0% (wt/vol) NaPP was used as the eluting solution, the secondary
concentrates of AV-2 required a desalting step (to remove ~99% of salts) due to
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toxicity observed with the PLC cell line (this was not necessary for the BGM cell
line monolayers). The original Centricon concentrate was collected from the
filter and resuspended in 70 ml of Nanopure H,O and then processed through
the same filter (1,900 X g for 8 min) and collected once more via centrifugation
(800 X g for 2 min). Following this, the viruses on the filter were eluted further
using an additional 70-ml volume of H,O, as before.

Sample preparation and assay. All nonviral contaminants were removed using
a preblocked (with 2 ml of 1.5% beef extract) Millex syringe filter with a pore size
of 0.22 pm (Millipore, Bedford, MA). The samples were then aliquoted into
1.5-ml volumes in cryogenic vials and stored at either —80°C (human viruses) or
4°C (MS2 coliphage) until quantitative infectivity assays were performed.

MS2 coliphage assays were performed using 10-fold serial dilutions and the
double agar overlay method (2). Human viruses were quantified using either the
10-fold serial dilution plaque-forming assay on BGM cells (for PV-1, EV-1, and
CV-B5) or the Reed-Muench (TCIDs,) method on PLC cells (for AV-2) as
described previously.

PCR detection of poliovirus. One-step reverse transcriptase PCR (RT-PCR)
followed by nested PCR as described by Rodriguez et al. (33) was used to
determine if the primary concentrate and the secondary concentrate contained
any PCR-inhibiting substances. The PCR products (bands of 195 and 105 bp)
were visualized via gel electrophoresis (33). The 195-bp RT-PCR product is not
always observed with PV-1-positive samples; therefore, the more sensitive nested
PCR assay (105-bp product) was performed following the RT-PCR.

Data analysis and statistics. The ability of the NanoCeram filter to effectively
concentrate (the filter retention efficiency) (Table 1) each of the viruses studied
was calculated by comparing the total number of viruses measured in the effluent
samples by the total number present in the influent samples, i.e., 100 X [1 —
(number of viruses in effluent samples/number of viruses in influent samples)].
The elution (virus recovery) efficiency from the filter for each eluting solution
(Table 2) was determined by comparing the number of viruses recovered from
the filter (the primary concentrate) to the number of viruses originally adsorbed
(the influent titer minus the effluent titer) to the filter, i.e., 100 X (number of
viruses in eluate/number of viruses adsorbed to the filter) (see also Table 3). The
secondary concentration efficiency (Table 4) was determined by comparing the
number of viruses in the Centricon concentrate to the number of viruses found
in 70 ml of the primary concentrate (the 420-ml filter eluate), i.e., 100 X (number
of viruses in secondary concentrate/number of viruses in 70 ml primary concen-
trate).

In order to determine the overall method efficiency for each of the viruses
tested (Table 5), the number of viruses in the secondary concentrate was com-
pared with an equivalent volume from the original 20-liter influent sample (i.e.,
70 ml/420 ml total eluate concentrated using Centricon filter = 3.3 liter/20 liter
total influent). The number of viruses in the secondary concentrate was then
divided by the number of viruses from the equivalent volume of the influent and
then multiplied by 100. The standard deviations for all of the efficiencies were
also calculated for each set of experiments.

A two-tailed Student ¢ test was used to compare the virus recovery efficiencies
between experiments conducted with various elution buffers (Table 2). Differ-
ences were considered significant if the resultant P value was =<0.05.

TABLE 2. Recovery of MS2 coliphage from NanoCeram filters using various eluting solutions

Eluting solution® pH No. of Influent titer Eluate titer Elution efficiency
trials (log;/20 liters + SD) (log;(/420 ml = SD) (% + SD)
A (3% beef extract) 9.3 2 7.99 £ 0.17 7.49 = 0.07 34+ 18
B (Gly) 9.3 3 8.12 = 1.57 537235 0.4 =05
C (3% beef extract + Gly) 9.3 2 7.57 £0.33 6.63 = 0.31 12+1
D (PB + Gly) 9.3 2 7.67 = 0.07 7.07 £0.01 26 £5
D (PB + Gly) 7.5 3 793 £1.23 731+ 1.13 247
E (PB + Gly + 0.3% Tween 80) 9.3 2 748 £ 1.55 7.06 = 1.58 37x2
F (1.0% NaPP + PB + Gly) 9.3 5 8.14° = 0.46 7.90 = 0.45 57*3
F (1.0% NaPP + PB + Gly) 7.5 2 7.83" = 0.02 7.23 =0.09 26 =4
F (1.0% NaPP + PB + Gly) 9.3 3 4.58° = 0.02 4.51 = 0.06 86 £9
G (0.1% NaPP + PB + Gly) 9.3 3 7.82 =0.16 7.41 =0.21 40x7
H (0.6 M Nal + PB + Gly) 9.3 2 8.17 = 0.38 6.59 = 0.67 3x2

“ Gly, 0.05 M glycine; PB, phosphate buffer (3.8 mM Na,HPO,, 6.5 mM KH,PO,); NaPP, sodium polyphosphate.

> High (~10® PFU) influent titer.
¢ Low (~10* PFU) influent titer.



VoL. 77, 2011

TABLE 3. Virus elution efficiencies (primary concentration) from
NanoCeram filters using the 1.0% NaPP elution buffer”
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TABLE 5. Overall method efficiencies for virus concentration and
recovery using NanoCeram filters along with Centricon ultrafilters

No. of Influent titer ~ Eluate titer Elution
Virus tri;ﬂs ) (log,0/20 (log,/420 efficiency
liters = SD) ml = SD) (% * SD)
MS2 coliphage 5 8.14 £ 0.46 7.90 = 0.45 57+3
(~108 PFU)
MS2 coliphage 3 458 £0.02 4.51 *£0.06 86 +9
(~104 PFU)
Poliovirus 1 (PV-1) 4 732 +0.03 7.15*0.05 69 £ 8
Echovirus 1 (EV-1) 5 7.87 £0.08 7.99 £0.14 134 £27
Coxsackievirus BS 4 829 +0.07 814004 72x13
(CV-B5)
Adenovirus 2 (AV-2) 4 831 +0.12 7.88 =£0.05 39 +13

“ Solution F from Table 2 at pH 9.3.

RESULTS

MS?2 coliphage served as the enteric virus surrogate for the
initial assessment of the NanoCeram filters. The mean virus
retention efficiency for MS2 is shown in Table 1 (>99.8%).
The NanoCeram filters were subsequently evaluated using
PV-1, EV-1, CV-BS5, and AV-2. The ability of the filters to
concentrate these viruses was similarly high, with >99.9% re-
tention (Table 1). The filter efficiencies are reported as
>99.8% for all of the viruses tested, because cither no virus
was recovered from the effluent in any of the experiments (i.e.,
with PV-1, EV-1, and AV-2, for which the detection limit was
used to calculate the filter efficiency) or the virus was not
detected in the effluent in at least one of the experiments (i.e.,
with MS2 and CV-BS5, for which the detection limit was used in
the calculation for some of the filters).

Various eluting solutions (Table 2) were assessed for their
ability to recover MS2 coliphage from the NanoCeram filters
in preliminary tests. The average volume of the filter eluates
following the pH adjustment to neutral was 420 ml. Of the
eluting solutions tested, those containing the NaPP dispersant
along with phosphate buffer (3.8 mM Na,HPO,, 6.5 mM
KH,PO,; pH 7.5) and glycine (0.05 M) were the most effective,
with the 1.0% NaPP (solution F in Table 2) solution yielding a
significantly greater (P = 0.05) MS2 recovery than the 0.1%
NaPP solution (solution G). An alkaline 1.0% NaPP eluting
solution (pH 9.3) was more effective than the same solution at
pH 7.5 (57% versus 26%). A lower influent MS2 seed titer
(~10* versus ~10® PFU) also resulted in a higher elution
efficiency when using the 1.0% NaPP eluting solution (86%
versus 57%). The comparison experiments performed with
PV-1 yielded similar results (data not shown), indicating that

TABLE 4. Virus secondary concentration efficiencies using
Centricon ultrafilters

Virus No. of Secondary concn
trials efficiency (% *+ SD)

MS2 coliphage (~10% PFU) 2 75 =21
MS?2 coliphage (~10* PFU) 3 65+6

Poliovirus 1 (PV-1) 4 95 =*5

Echovirus 1 (EV-1) 3 61 =18
Coxsackievirus B5 (CV-B5) 4 109 = 11
Adenovirus 2 (AV-2) 4 33+14

Virus No. of Overall method
trials efficiency (% *+ SD)
MS?2 coliphage (~10% PFU) 2 45 £ 15
MS?2 coliphage (~10* PFU) 3 56+9
Poliovirus 1 (PV-1) 4 66 = 6
Echovirus 1 (EV-1) 3 83+ 14
Coxsackievirus B5 (CV-B5) 4 77 =11
Adenovirus 2 (AV-2) 4 14+4

MS2 was a reasonable surrogate for enteric viruses. The 1.0%
NaPP (solution F) at pH 9.3 was therefore used in all subse-
quent experiments with PV-1, EV-1, CV-B5, and AV-2 (Table
3). The elution efficiencies observed using this elution buffer
ranged from 39% for AV-2 to 134% for EV-1. Greater varia-
tion in the elution efficiency was observed between trials for
EV-1 (standard deviation of 27%) than for the other human
viruses tested (standard deviations ranging from 8 to 13%).

The viruses that were recovered from the NanoCeram filters
using the 1.0% NaPP eluting buffer were concentrated further
(to 3.3 ml = 0.3 ml) using Centricon Plus-70 ultrafilters. MS2
coliphage, PV-1, EV-1, and CV-B5 were concentrated by the
Centricon ultrafilters with virus recoveries of =61% (Table 4).
As with the virus elution from the NanoCeram filters, the
recovery of AV-2 was also lower for the secondary concentra-
tion step (33%).

The overall method efficiencies for the recovery of each virus
were determined by comparing the virus titers measured in the
secondary concentrates to the numbers of viruses originally
used to seed the 20 liters of dechlorinated tap water. The
method efficiency for each of the viruses tested is shown in
Table 5. Concentration efficiencies of =66% were achieved for
all of the human viruses tested with the exception of AV-2
(14%). Similar method efficiencies were found for both high-
seed-titer (~10® PFU) and low-seed-titer (~10* PFU) trials
with MS2 coliphage (45% and 56%, respectively).

The amplification results from the RT-PCR and nested PCR
assays are shown in Fig. 1. Although the primary PV-1 con-
centrate in the NaPP eluting solution did inhibit the PCR, this
inhibition was eliminated during the secondary concentration
step. To determine if the PCR was able to detect lower num-
bers of PV-1 in the presence of inhibition from NaPP, tests
were performed in which lower initial PV-1 titers (10 PFU and
10* PFU/liter versus 10° PFU/liter) were added to the NaPP
prior to the secondary concentration steps with the centrifugal
filters (Fig. 2). The seminested PCR product (105 bp) was
observed even with an initial virus titer of 10 PFU/liter of
eluting solution.

DISCUSSION

The VIRADEL method has been refined and modified over
several decades in an effort to enhance the concentration,
recovery, and detection of enteric viruses in water. Nonethe-
less, this method remains far from ideal due to variable virus
recovery efficiencies (20), fairly high final concentrate volumes
(~15 to 40 ml), and the presence of PCR-inhibiting substances
in the recovered virus concentrates (1).
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FIG. 1. Amplification using seminested reverse transcriptase PCR of poliovirus in primary and secondary concentrates. Lanes: 1 and 14, 1-kb
ladder; 2 and 3, poliovirus-positive control in nuclease-free water (seeded with 10* PFU/ml); 4 and 5, negative control (no virus); 6 and 7, poliovirus
in NaPP eluting buffer (seeded with 10° PFU/liter); 8 and 9, poliovirus recovered from the Centricon filter; 10 and 11, poliovirus recovered from
the Centricon filter after the water rinse (end product); 12 and 13, poliovirus recovered from the Centricon filter after a desalting step (necessary

for use with some cell culture lines).

In the present study, the recently available and less expen-
sive NanoCeram filter (Argonide, Sanford, FL) was evaluated
for its ability to effectively concentrate viruses from water using
a new VIRADEL approach. The NanoCeram filter retained
=99.8% of all the viruses tested. Karim et al. (21) likewise
studied the retention efficiency of the NanoCeram filter by
passing 100 liters of dechlorinated tap water (flow rate of 5.6 *
0.17 liter/min) seeded with PV-1 (10° PFU). The virus was
retained by the filter with an efficiency of 84% (=9%). The
reason for the difference between the results of these two
studies is unclear. Higher flow rates often lead to a decrease in
the virus adsorption potential of filters (41); nevertheless, in
separate experiments with PV-1 using a higher flow rate (5.7
liters/min) and a higher volume of dechlorinated tap water
(100 liters), retention efficiencies similar to those presented in
Table 1 were observed in our laboratory (96% = 2%; n = 4
trials). Gibbons et al. (16) also found relatively high adsorption
efficiencies for adenovirus 41 (97%) and Qg coliphage (>99%)
by NanoCeram filters from 40 liters of dechlorinated finished
waters processed at a high flow rate of 25 liters/min. In addi-
tion, both viruses were recovered from seeded seawaters and
fresh source waters (40 liters at 25 liters/min) with an efficiency
of >99% for seawater and approximately 80% for source wa-
ters. Nevertheless, the experiments described by Karim et al.

195 bp —>
Kiosop —> (D e

(21) involved a lower initial poliovirus seed titer (~10° PFU)
than that of the present study (~10® PFU), which might ac-
count for the difference in filter efficiencies.

The elution (recovery) of viruses from adsorptive media has
presented several unique challenges for researchers. Adsorp-
tion kinetics are affected by numerous factors, including the
virus surface properties (e.g., virus pl, the presence of a lipid
envelope), the properties of the surrounding aqueous environ-
ment (e.g., ionic strength, pH), the presence of organic com-
pounds, and the zeta potential of abiotic surfaces in a given
system. Manipulation of one or more of these factors can lead
to the successful desorption (elution) of viruses from the
filters. Viruses that are more electronegative adsorb more
strongly to positively charged filter surfaces. This may sub-
sequently impact the efficiency of their elution. Solutions con-
sisting of various amino acids (e.g., glycine) and complex pro-
teinaceous solutions (e.g., beef extract) have been used to elute
viruses from filters.

Beef extract has been used successfully for the elution of
viruses from other filtration media; however, solutions with
3.0% beef extract (both nonbuffered and glycine buffered)
evaluated in the current study yielded relatively low recoveries
of MS2 coliphage from NanoCeram filters in comparison to
the NaPP-based buffers (Table 2). The aforementioned pub-

FIG. 2. Effect of virus concentration on amplification using seminested reverse transcriptase PCR. Lanes: 1 and 8, 1-kb ladder; 2 and 3,
poliovirus-positive control in nuclease-free water (seeded with 10 PFU/ml); 4 and 5, poliovirus from secondary concentrate (originally seeded with
10® PFU/liter in NaPP eluting buffer); 6 and 7, poliovirus from secondary concentrate (originally seeded with 10 PFU/liter in NaPP eluting buffer).
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lished studies evaluating NanoCeram filters have both used
beef extract solutions for the virus elution step. Karim et al.
(21) reported elution efficiencies for PV-1 (54% =+ 8%),
CV-B5 (27% = 17%), and echovirus 7 (32% * 8%) from
NanoCeram filters using 1.5% beef extract buffered with 0.05
M glycine (pH 9.0) with a primary concentrate volume of
approximately 1 liter (2 elutions X 500 ml) and a secondary
concentrate volume of 80 ml (2 elutions X 40 ml). Gibbons et
al. (16) utilized 3.0% beef extract with 0.1 M glycine (pH 9.5)
for the recovery of adenovirus 41 (1.4% * 0.6%) and Qg
coliphage (91% = 53%) from the NanoCeram filters with a
primary concentrate volume of approximately 500 ml.

In the present study, the most effective recovery solutions
were comprised of either 1.0% or 0.1% NaPP with phosphate
buffer and glycine, recovering 57% and 40% of MS2 coliphage,
respectively. Hill et al. (19) also reported greater recoveries
(82% to 106%) using 0.01% or 0.1% NaPP to elute MS2 from
ultrafiltration membranes. The 1.0% NaPP solution (pH 9.3)
used in the present study was successful in eluting MS2 co-
liphage from the NanoCeram filters (57%). This recovery was
significantly greater (P = 0.05) than those achieved by any of
the other eluting solutions tested, including the 1.0% NaPP
solution at pH 7.5 (P = 8 X 107°), the 0.1% NaPP solution
(P = 0.002), and 3% beef extract (P = 0.02). When a lower
concentration of MS2 (~10* versus ~10% PFU) was adsorbed
to the filters, a significantly greater (P = 0.0004) elution effi-
ciency was observed with the 1.0% NaPP solution (86% versus
57%). The number of viruses present in real water samples
(from various sources) would likely be more reflective of this
lower influent titer.

The recovery of human viruses from the NanoCeram filters
was even more successful using the 1.0% NaPP solution, with
=69% recovery for all viruses tested with the exception of
AV-2 (39%). This included a greater recovery of 134%
(£27%) for EV-1, likely due to the disruption of viral aggre-
gates and a lack of precision of the assay. Sobsey et al. (38)
found recovery efficiencies of EV-1 seeded in tap water and
adsorbed to 1IMDS filter media in small-volume (1.7-liter) and
high-volume (1,000-liter) experiments of 53% and 9%, respec-
tively, when eluting with 0.3% beef extract plus 0.05 M glycine
at pH 9.5. Recovery efficiencies of echoviruses and coxsackie-
viruses have also been reported in adsorption-elution studies
utilizing charge-modified filters. Cationic polymer-modified fil-
ters eluted with 3% beef extract (pH 9.5) yielded 99% of
adsorbed EV-1 and 104% of CV-B5 (32). The same eluting
solution used in combination with cellulose filters coated with
ferric and aluminum hydroxide precipitates gave an average
recovery of 34% of echovirus 5 and 37% of CV-B5 (11). Re-
covery efficiencies of CV-BS from glass wool filters using 3%
beef extract buffered with glycine (0.5 M) for elution ranged
from 5% to 32% (23). The wide range of recovery values
published for CV-B5 demonstrates that the compositions of
both the adsorbent filter medium and the eluting solution
impact recovery.

The recovery of AV-2 (39%) in this study, though lower than
the recovery of the other viruses tested, was still much higher
than that measured by Gibbons et al. (16) for adenovirus 41.
Adenovirus 2 and adenovirus 41 exhibit different physicochem-
ical properties (e.g., capsid protein isoelectric point values)
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(13) which may affect their concentration and elution from
filters.

A secondary concentration step was used in this study to
further concentrate viruses eluted from the NanoCeram filters.
The process of organic flocculation used for concentrating beef
extract (proteinaceous) eluates typically results in secondary
concentrate volumes ranging from 15 to 40 ml. Centricon
Plus-70 ultrafilters were used in the current study to reduce the
eluate volume from 70 ml to <3.5 ml. In high-titer and low-
titer MS2 coliphage experiments, 75% (*=21%) and 65%
(£6%) of viruses applied to the Centricon ultrafilters were
recovered in the final concentrate volume, respectively (Table
4). Hill et al. (18) reported a secondary concentration efficiency
of 82% (£26%) for MS2 using the same method. The second-
ary concentration of PV-1 and CV-BS5 was highly effective
(=95%), as most of the viruses applied to the Centricon ultra-
filter were recovered in the concentrates (Table 4). It is inter-
esting to note that EV-1 had the highest primary elution effi-
ciency yet was recovered less capably from the Centricon
ultrafilters than the other enteroviruses tested. This may be
attributable to intermolecular interactions between EV-1 and
the material comprising the ultrafilter. AV-2, the largest of the
test viruses, displayed the lowest secondary recovery efficiency.
AV-2 has pentons (protein spikes) which extrude from the 12
vertices of the virus capsid (42). These may allow for further
interactions with the filter material and inhibit the recovery of
the virus.

The overall method efficiencies were =50% for PV-1 (66%),
EV-1 (83%), CV-B5 (77%), and MS2 coliphage (low influent
titer) (56%) but not for AV-2 (14%) (Table 5). The small
secondary concentrate volume (<3.5 ml) achieved in the
current study compares quite favorably against previously
described methods in which similar efficiencies have been ob-
served, but with much larger secondary concentrate volumes
(from 5- to up to >12-fold higher). Also, the secondary con-
centration step appears to be effective at removing any PCR-
inhibiting substances found in the NaPP eluting solution from
the viral concentrates. This is true even with virus concentra-
tions as low as 10 PFU/liter in the primary effluent (Fig. 2). The
NanoCeram virus sampler, along with the elution and second-
ary concentration methods developed in the present study, is a
new, less expensive concentration method for viruses from
water. This method is able to recover viral pathogens from
water with efficiencies at least equal to currently available
methods used for pleated microporous filters, with much lower
secondary concentrate volumes. This lower volume should
help to increase the efficacy of current detection methods by
allowing for the assay of very small volumes. In addition, this
method appears to be compatible with both virus cell culture
and PCR assays.
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