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ABSTRACT 

 

Waterborne enteric viruses are transmitted via the fecal-oral route and have been 

isolated from various types of water ranging from sewage to tap water.  Water matrices 

characterized by low levels of organic material (e.g. clean surface water and tap water) 

contain fewer numbers of viruses than sewage and wastewater effluents.  A number of 

methods have been developed to concentrate, elute (recover), and re-concentrate viruses from 

water.  The goal of this dissertation is two-fold. An extensive review of the literature is 

provided in Appendix A that focuses on method development in the three aforementioned 

areas.  A review of this detail has not been conducted in over two decades, and as such will 

contribute to the fields of water quality and environmental virology.  Second, a novel and 

inexpensive method for the concentration of viruses (MS2 coliphage, poliovirus 1, echovirus 

1, Coxsackievirus B5, and adenovirus 2) is presented in Appendix B.  The method uses a new 

electropositive filter (comprised of nanoalumina fibers) for the capture of viruses from 20-L 

volumes of dechlorinated tap water.  Average filter retention efficiencies for each of the 

viruses was ≥ 99%.  Viruses that are adsorbed to filters must then be recovered (eluted).  A 

number of inorganic solutions were evaluated for this purpose, the most effective being a 

moderately alkaline (pH 9.3) glycine buffered-polyphosphate solution.  Secondary 

reconcetration of the eluates was performed using an optimized ultrafiltration method 

(Centricon Plus-70, Millipore, Billerica, MA), and achieved final concentrates volumes of 

3.3 ± 0.3 mL.  Total method efficiencies meeting the project recovery goal of ≥ 50% 

were obtained for each of the tested viruses except for MS2 coliphage at high input titers 

(45 ± 15%) and adenovirus 2 (14 ± 4%).  Appendix C provides the Standard Operating 
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Procedures, sample calculations, and detailed data for the experiments conducted.  

Appendix D details the steps taken towards optimizing the secondary concentration 

procedure in effort to meet the 50% recovery goal.                          
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INTRODUCTION 

 
Problem Definition 

Waterborne diseases are still a major problem in the world today, causing millions 

of deaths each year. While water treatment has significantly reduced waterborne disease 

in the United States, it is still estimated that 19.5 million cases occur annually (Reynolds 

et al. 2008).  The majority of waterborne viruses are transmitted via the fecal-oral route, 

including the enteroviruses (e.g., echoviruses and Coxsackieviruses), adenoviruses 

(Types 40 and 41), human caliciviruses (noroviruses), and hepatitis A virus, among 

others. Illness is initiated upon ingestion of these microorganisms from contaminated 

water sources.  Exposure to low numbers (1 to 10 infectious units) may lead to virus 

replication within the digestive tract and infection (Haas et al. 1993). A wide variety of 

clinical outcomes have been documented ranging from asymptomatic carrier states to 

life-threatening gastroenteritis, meningitis, febrile illness, paralysis, and acute hepatitis 

(Moe 2002).   

As these viruses are excreted in high numbers within fecal matter by infected 

persons (106 per gram of excreta), they are subsequently present in elevated numbers in 

raw sewage water (Gerba et al. 1975; Gerba et al. 1978).  Leakage from nearby sewer 

lines or septic tanks into potable groundwater supplies was likely the cause of an 

outbreak of gastroenteritis and hepatitis A in Texas that sickened dozens of local 

residents (Hejkal et al. 1982).  Alternately, exposure to enteric viruses via recreational 

waters (e.g., lakes) and swimming pools frequented by people actively shedding 

infectious virus can also lead to illness (Liang et al. 2006).  In the latter scenario, 
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however, viruses are often present in lower numbers, making their detection difficult 

(Farrah et al. 1976).  Therefore, a concentration step must be implemented whereby large 

volumes of water ranging from hundreds to thousands of liters are passed through filters 

to capture the microorganisms.  Waterborne bacteria and parasites are physically 

entrained within these filters due to their larger size (micron-scale).  In contrast, viruses 

are much smaller (nano-scale). Therefore, their concentration occurs largely via 

electrostatic and hydrophobic interactions with the filter surface as they generally exhibit 

a net negative surface charge in aqueous systems (Gerba 1984).   

A variety of filter devices have been evaluated over the course of several decades 

for their capacity to concentrate enteric viruses and include gauze pads (Coin 1967), 

ultrafilters (Polaczyk et al. 2008), glass wool (Lambertini et al. 2008), and 

electronegative (Gerba et al. 1978) and electropositive pleated filters (Sobsey et al. 1981).  

While these devices have proven effective for the capture of viruses from water, several 

are either impractical for application with more turbid natural surface waters (e.g., 

ultrafilters), or are costly (e.g., 1MDS electropositive filter, CUNO, Meriden, CT, ~$180 

each).  Both electronegative and electropositive filters are widely used today; however, 

electronegative filters are not ideal for large-scale water sampling as they require 

acidification of the water and the addition of mutivalent cationic salts to the water prior to 

filtration (Wallis et al. 1972).   

Viruses adsorbed during the concentration step must then be recovered, or eluted, 

from the filter.  This is most commonly achieved by application of an eluting solution 

directly to the filter followed by a holding time during which viruses are released from 
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the filter and into solution.  The most commonly used solution, which is currently 

recommended in the Standard Methods for the Examination of Wastewater (American 

Public Health Association 2005), is beef extract at a concentration of 3% (w/v) (pH 9.0 to 

9.5). While effective, beef extract contains a number of proteinaceous substances that 

interfere in molecular detection processes (e.g., polymerase chain reaction).  Other 

solutions have been assessed including glycine buffer (Goyal et al. 1980) and chaotropic 

salts (Farrah et al. 1981); the latter has shown efficacy in disrupting hydrophobic bonds 

between viruses and filter surfaces.   

 When the 1MDS filter is used, the elution process generates approximately one-

liter of eluent solution containing recovered virus.  While this volume is ample, the viral 

concentration of the solution in plaque forming units per mL (PFU/mL) may not be 

sufficient to ensure detection, particularly if the water contains low viral numbers.  

Therefore, recovered eluates (primary eluates) require further concentration to smaller 

volumes so that higher numbers of virus per unit volume are available for subsequent 

detection by traditional cell culture infectivity assays and/or modern molecular detection 

techniques.  

Unfortunately, rapid low cost methods employing electropositive filters have been 

lacking for the detection of enteric viruses in water. Therefore, development of an 

inexpensive and efficient system for concentrating, eluting, and re-concentrating 

pathogenic viruses from drinking water and surface waters remains necessary. 
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Dissertation Format    

This dissertation is comprised of four appendices.  Appendix A contains a 

comprehensive review article manuscript that will be submitted for publication, and also 

serves as the literature review for this dissertation.  It details the methods used for the 

primary concentration, recovery (elution), and secondary concentration of viruses from 

water that have been developed and modified over the past four decades.  Appendix B is 

a second, research-based manuscript entitled “A Novel and Inexpensive Method for the 

Concentration and Recovery of Enteric Viruses from Water”, which describes a newly 

developed method for the concentration, recovery, and re-concentration of viruses from 

de-chlorinated tap water.  Data is presented on five separate viruses varying in physico-

chemical surface characteristics.  Appendix C is a full compilation of the data obtained 

over the three-year course of research, as well as data not incorporated into the 

manuscript comprising Appendix B.  Sample calculations and explanations thereof are 

also provided in Appendix C, as well as the Standard Operating Procedures developed 

for the method.  Appendix D details the troubleshooting and optimization(s) that took 

place during development of the secondary concentration protocol, as such features are 

generally not included in published manuscripts.   
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PRESENT STUDY 

 

This dissertation contains four appendices.  A summary of each appendix follows 

detailing the major findings over the course of research. 

The manuscript in Appendix A provides a detailed literature review of the 

methods developed over the course of four decades to concentrate, recover, and re-

concentrate viruses from a wide variety of water matrices.  While two informative 

reviews have been published over the past ten years, they either fail to provide detailed 

analyses of method development and incorporation of modifications, or are not inclusive 

of the more recent, significant improvements and findings that have been published 

during the past five to six years (Wyn-Jones and Sellwood 2001; Fong and Lipp 2005).  

The review in Appendix A specifies the evolution of methods employed to capture, 

recover, and re-concentrate viruses from water. Factors affecting the adsorption of 

viruses to both negatively- and positively-charged filters are also detailed.  Viruses 

adsorbed to filter surfaces must be eluted in order to quantify the method recovery 

efficiency.  Several organic and inorganic solutions have been evaluated for this purpose.  

Review findings indicate that the recovery of viruses following adsorption is highly 

variable, with laboratory strains of viruses demonstrating markedly different recoveries 

from one study to another.  As with adsorption, there are a number of factors contributing 

to this phenomenon which have been consistently observed in dozens of research studies.  

Eluted viruses generally must be re-concentrated to obtain concentrations suitable to meet 

the detection limits for cell culture and/or molecular analysis such as polymerase chain 
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reaction (PCR).  The methods for re-concentration are varied and particular to the process 

initially employed for elution.  However, some have not proven compatible with 

subsequent molecular assays (e.g., PCR) due to the presence of interfering substances.  

The methods to remove these inhibitors are also discussed.  While primary concentration 

methods have largely determined that the use of positively-charged filters is most ideal 

(as they have demonstrated effective capture of a broad range of virus types), elution and 

secondary concentration methods still require a great deal of research due to the 

biological variability of viruses and the consequential difficulties reported for their 

elution and secondary concentration.                  

Appendix B is a second manuscript describing a newly developed method based 

on the VIRADEL (virus adsorption-elution) technique to concentrate viruses from water.  

Five viruses in total were tested: MS2 coliphage (an enteric virus surrogate), three 

enteroviruses (poliovirus 1, echovirus 1, and Coxsackievirus B5), and adenovirus 2 (a 

respiratory strain).  A new, electropositive nanoalumina fiber filter (NanoCeram) was 

evaluated as the primary virus concentrator with 20-L of dechlorinated tap water.  Several 

inorganic solutions were investigated for their ability to recover viruses from the filter 

using MS2 coliphage as the test organism.  Two-tailed t-tests were performed to compare 

sample means with the significance level (α) set at 0.05.  A 1.0% (w/v) sodium 

polyphosphate + 0.01 M phosphate + 0.05 M glycine buffer solution (pH 9.3) proved the 

most effective relative to additional solutions assessed for MS2 elution (P < 0.05), and 

was subsequently evaluated with the other test organisms.  Secondary concentration of 

viral eluates from the NanoCeram filter was performed using the Centricon Plus-70 
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ultrafilter (30 kiloDalton-kDa molecular weight cutoff; Millipore, Billerica, MA).  The 

overall project goal of 50% recovery was achieved for all viruses tested except for MS2 

(high titer input) and adenovirus 2.       

The Standard Operating Procedures for the method, the experimental formulae 

and sample calculations, and the data for each of the 20-liter volume experiments appear 

in Appendix C.  A number of concentration, recovery, and secondary concentration 

methods were attempted, but their lack of efficacy was demonstrated early on and they 

were not pursued further.  These data are presented to provide a detailed picture of the 

method development.  In addition, Appendix C will provide a permanent data record of 

the research project that can be readily accessed when needed.    

Appendix D details the steps taken to optimize the secondary concentration 

method employing the Centricon ultrafilter (described in the Appendix B manuscript).  It 

discusses the challenges encountered during development of the ultrafiltration-based re-

concentration protocol, and the steps taken to address those issues.  The data is presented 

to illustrate how the implemented optimizations enhanced the secondary concentration 

and total method efficiencies for the viruses examined during the course of the research.  
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ABSTRACT 

 Enteric viruses are a cause of waterborne disease worldwide, and low numbers in 

drinking water can present a significant risk of infection.  Because drinking water 

contains low levels of viruses, large volumes (100 to 1,000 liters) of water are usually 

sampled. The VIRADAL (virus adsorption-elution) method using microporous filters is 

most commonly used today for this purpose. Negatively-charged filters require the 

addition of multivalent salts and acidification of the water sample to effect virus 

adsorption, which can make large-volume sampling difficult.  Positively-charged filters 

require no pre-conditioning of samples, and can concentrate viruses from water over a 

greater pH range than electronegative filters.  The most widely-used electropositive filter 

is the Virosorb 1MDS.  Ultrafilters concentrate viruses based on size exclusion rather 

than electrokinetics, but are impractical for field sampling or processing of turbid water.  

Elution (recovery) of viruses from filters following concentration is performed with 

organic (e.g. beef extract) or inorganic solutions (e.g. sodium polyphosphates).  Eluates 

are then re-concentrated to decrease the sample volume to enhance detection methods 

(e.g., cell culture infectivity assays and molecular detection techniques).  While the 

majority of available filters have demonstrated high virus retention efficiencies, the 

methods to elute and re-concentrate viruses have met with varying degrees of success due 

to the biological variability of viruses present in water.   
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1. INTRODUCTION 

 The presence of enteric viruses in water is always a potential threat to public 

health, particularly for children, the elderly and chronically ill persons who are especially 

vulnerable to infection (Reynolds et al. 2008).  Enteric viruses are a highly diverse group 

and include the enteroviruses, caliciviruses (noroviruses), several strains of human 

adenoviruses, and hepatitis A virus, among numerous others.  The primary symptom 

resulting from infection is acute gastroenteritis characterized by nausea, vomiting, and 

diarrhea, although systemic infections including myocardiopathy, aseptic meningitis, 

respiratory infections, and conjunctivitis are also possible (Moe 2002).  Infected persons 

shed large numbers of infectious viruses in the feces which can subsequently be detected 

in raw sewage.  The presence of enteric viruses has been documented in a variety of 

aquatic environments including natural surface waters (Chapron et al. 2000), groundwater 

(Keswick and Gerba, 1980; Keswick et al. 1982), drinking water (Keswick et al. 1984), 

estuarine water (Rao et al. 1986), and seawater (Wetz et al. 2004).  However, such water 

sources have relatively fewer numbers of pathogenic enteric viruses per unit volume in 

comparison to raw sewage or wastewater effluents.  This is of particular importance since 

exposure to as few as 1 to 10 infectious viral units is capable of causing illness (Haas et 

al. 1993).  Therefore, the detection of viruses generally requires the sampling of large 

water volumes on the order of at least 100 to 1000 liters (Grabow, 1968; Farrah et al. 

1976).   
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In order to assess the occurrence of viruses in water, it has long been recognized 

that the best methods will be those that are simple, rapid, inexpensive, and consistent 

(Hill et al. 1971; Wallis et al. 1979).  While a number of techniques have been developed 

and refined, it has proven difficult to achieve the detection of all relevant virus types over 

the spectrum of water quality matrices that exist in nature and human-constructed 

facilities.  The objective of this review is to discuss the primary concentration, elution, 

and secondary concentration methods that have been developed over the past several 

decades in an effort to enhance the detection of pathogenic enteric viruses in water by 

traditional cell culture and molecular techniques.   

2. EARLY CONCENTRATION TECHNIQUES 

A number of small-scale methods were developed during the mid- to late 20th 

century for the concentration of enteric viruses (Table 1).  Aqueous polymer two-phase 

separation employed liquid-liquid partitioning to stimulate movement of viruses from 

water samples to an organic solution [e.g., dextran and polyethylene glycol (PEG)].  

Although a number of research groups including Shuval et al. (1967, 1970) reported 

promising results as indicated in a review by Hill et al. (1971), the method was 

troublesome due to the minimal sample volumes that could be processed (usually ~1 L) 

and the reported inhibition of some echovirus and Coxsackievirus strains (Grinrod and 

Cliver 1969).  Hydro-extraction is a method which requires placement of the water 

sample into a dialyzing bag.  Its volume is subsequently reduced by a hydrophilic agent 

surrounding the bag (usually PEG) that extracts water from the sample.  While Shuval et 
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al. (1967) reported a recovery efficiency of 40-50%, there were several problems 

associated with the procedure.  In addition to viruses, toxic substances present in the 

water samples were also concentrated in the remaining aqueous volume which resulted in 

cell culture toxicity.  PEG was also found to counter-dialyze and contaminate the water 

sample.  Poliovirus was concentrated from various water sources using soluble ultrafilters 

composed of sodium alginate (Gartner 1967; Nupen 1970).  The filters were subsequently 

dissolved in sodium citrate to recover the virus, and then applied to cell culture infectivity 

assays for detection.  These filters proved ideal for low turbidity waters, but samples 

required pre-treatment by passage through a membrane filter for more turbid natural 

waters.  This resulted in a loss of solids-associated viruses (Gartner 1967), while their use 

with sewage water resulted in clogging of the filter (Nupen 1970).  Ultracentrifugation 

was also attempted (Cliver 1965), but the method had little practical value due to the 

elevated cost of equipment, the ability to process only small water volumes, and 

excessive processing times (Hill et al. 1971).  Although aqueous polymer two-phase 

separation, hydroextraction, soluble ultrafiltration, and ultracentrifugation worked well 

for bench-scale water quality experiments, they were not feasible for processing large 

volumes of water (Grabow 1968; Rao and Labzoffsky 1969). 

Adsorbents such as polyelectrolytes, precipitable salts, and ferric oxides have also 

been evaluated.  Co-polymer maleic anhydride-based electrolytes were investigated for 

their capacity to remove viruses from distilled water (Johnson 1967), sewage, and 

streams receiving sewage effluents (Grinstein 1970).  Wallis et al. (1970) investigated the 

virus retention capacity of “sandwiched” insoluble polyelectrolyte layers (cross-linked 
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isobutylene maleic anhydride copolymers, Monsanto Co., St. Louis, MO) from tap water.  

When preceded by an AP 20 fiberglass prefilter pad (Millipore, Billerica, MA), the 

polyelectrolyte layers adsorbed poliovirus 1 efficiently (≥ 90%) over a wide pH range 

(5.0 to 8.4).  A comprehensive review by Hill et al. (1971) describes additional studies 

employing polyelectrolytes, but indicates that their inefficient virus adsorption from 

turbid waters would result in increased equipment costs due to the need for sample pre-

filtration.  Pre-formed flocs of precipitable salts including aluminum hydroxide 

[Al(OH)3], aluminum phosphate (AlPO4), and calcium phosphate (CaHPO4) effectively 

concentrated several enterovirus types including poliovirus 1 (Mahoney strain) and 

echovirus 7 (Wallis and Melnick 1967b).  However, adenovirus only adsorbed to 

Al(OH)3 and reovirus concentration was not achieved with any of the salt precipitates 

evaluated.          

Grab sample collection was one of the earliest approaches to evaluating viral 

presence in water, but proved most ideal for sewage containing high viral loads (Kelly, 

1953; Melnick et al. 1954; Gravelle and Chin, 1961).  The method was deemed only 

partially quantitative and impractical, however, for water sources containing few viruses 

(e.g., natural surface waters and tap water) (Grabow 1968).  Gauze pads comprised of 

cotton fibers were employed for the concentration of poliovirus from large volumes of 

water (5,000 - 8,000 L) originating from well and surface supplies during an epidemic in 

Paris, France (Coin 1967).  However, the method proved to be primarily qualitative as it 

was difficult to determine the total volume of water that had passed through the material 

and the proportion of viruses that had been adsorbed relative to the actual numbers 
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present in the surrounding waters (Coin 1967; Grabow 1968; Hill et al. 1971).   In 

addition, the efficiency of cotton as a virus adsorbent was believed to be poor due to its 

large porosity which resulted in higher flow rates (Rao and Labzoffsky 1969).  Later 

research by Liu et al. (1971) involved the design and construction of a flow-through 

gauze sampler for water-based field studies.  While the sampling and recovery 

procedures were relatively simple and the device inexpensive and effective in sampling 

large volumes of water, viruses suspended in tap water adsorbed poorly compared to 

viruses in seawater.  The addition of sodium chloride (NaCl) salt to the tap water greatly 

increased the ability of poliovirus to adsorb to the cotton fibers.  

3. ELECTRONEGATIVE FILTER MEDIA 

3.1 Membrane Filters 

The use of membrane filters to concentrate viruses began to increase as they had a  

greater potential to process large volumes of water, and their use was less cost prohibitive 

than methods such as zonal ultracentrifugation (Anderson et al. 1967; Stevenson 1967).   

The ability of membrane filters to recover viruses from aqueous suspensions was first 

reported by Metcalf (1961), who found that cellulose nitrate HA membranes (Millipore) 

retained influenza viruses despite the pore size exceeding that of the viruses.  It was later 

discovered that coating the cellulose nitrate membranes with proteinaceous or gelatin-

based substances enhanced virus passage through the membrane as reactive sites were 

occupied by the coatings (Cliver 1965).  Attempts to utilize the cellulose nitrate HA 

Millipore membrane (0.45 µ pore size) as an enteric virus concentrator were realized by 
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the addition of low molarity concentrations of sodium chloride (NaCl) and magnesium 

chloride (MgCl2) to sample waters (Table 2) (Wallis and Melnick 1967a; Rao and 

Labzoffsky 1969).  Adsorption of these salts to the cellulose nitrate membrane during 

passage facilitated the attachment of poliovirus 1 via salt-bridging, with lower 

concentrations of divalent MgCl2 required relative to the greater amounts of monovalent 

NaCl.  Wallis and Melnick (1967a) adjusted the suspension medium to pH 5 (similar to 

the isoelectric point of poliovirus 1, Mahoney strain), which also enhanced the adsorption 

capacity.  Using McIlvaine’s Buffer (0.05 M Na2HPO4
 . 7H20, pH 7.0), Berg et al. (1971) 

concentrated poliovirus 1, reovirus 1, Coxsackievirus B3, and echovirus 7 from relatively 

clean raw waters with high efficiencies.  However, the presence of organic materials 

ranging from moderate levels in clean surface waters to high levels in sewage, led to less 

efficient concentration.  This was attributed to the preferential adsorption of the organic 

‘membrane coating components’ that allowed for the viruses to pass through the filter 

and into the filtrate (Wallis and Melnick 1967c; Berg et al. 1971).  Even tap waters have 

small quantities of dissolved organic materials (largely humic acids) that can clog 

primary adsorbent filters during the passage of large volumes (Farrah et al. 1976b).  

Placement of a clarifying filter (e.g., Millipore AP 25 prefilter pads) ahead in series with 

the cellulose nitrate Millipore membranes alleviated this obstacle, thereby enhancing the 

adsorption of viruses from 500 mL volumes of raw lake water (Rao and Labzoffsky 

1969).  The use of pre-filtration to remove suspended organic solids, combined with the 

addition of trivalent aluminum salts [AlCl3, Al2(SO4)3] to tap water samples facilitated 

the adsorption of enteroviruses to cellulose nitrate membrane filters (Wallis et al. 1972a).  
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Trivalent salts were favorable since much less was needed when compared to MgCl2.  

The use of these salts, however, required acidification of the samples prior to the addition 

of salt due to the formation of insoluble aluminum hydroxide gels that form at pH values 

of 5 and higher.  

The ability of both insoluble polyelectrolyte layers (PE 60) and membrane filters 

(Millipore HA) to process test waters at higher flow rates than previously reported 

prompted the development of a field sampling device designed to filter large volumes of 

water (Wallis et al. 1972b) that would become the model for subsequent studies (Farrah 

et al. 1976).  Since the primary adsorbent filter was subject to clogging, a series of pre-

filters and resins were used to reduce turbidity and remove organic matter from the water.  

Processing 400 gallons of water resulted in a buildup of particulate matter (largely silts) 

on the clarifiers and subsequent clogging of the filters used for virus adsorption.  Hill et 

al. (1972) also sought to determine the efficacy of membrane filtration (Millitube MF 

cartridge filter) in the concentration of low levels of poliovirus 1 from 100-gallon 

volumes of tap water.  No virus was detected in the filtrate (effluent) when the water 

samples were pre-conditioned with Ca2+ or Mg2+ cations (500 µg/ml and 1,200 µg/ml, 

respectively).  It was later demonstrated that the mere acidification of 100-gallon tap 

water samples to pH 4.0 via a simple injector eliminated the need for salts to facilitate 

virus adsorption to the filter surface (Sobsey et al. 1973).  This treatment was more 

effective for an epoxy-fiber glass filter (Cox) in comparison with the HA cellulose nitrate 

filter (Millipore).  In addition, the placement of a K27 wound fiberglass depth filter 

(Carborundum Co., Lebanin, IN) in series with the Cox filter eliminated the need for a 
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clarifying device.  An all-inclusive instrument served each of the necessary functions for 

conditioning the waters prior to sampling including a fluid proportioner for pH 

adjustment and maintenance of the ionic strength by the addition of salts to the sample 

water (Hill et al. 1974).  Fitted with a concentrator of choice (e.g., Cox epoxy fiberglass, 

Millipore cellulose nitrate membrane, or K27 fiberglass depth filter), the device 

facilitated the concentration of Coxsackieviruses A9 and B1, reovirus 1, and poliovirus 1 

with minimal loss as demonstrated by periodic assessment of effluent samples.  This 

pump system, used in conjunction with the Balston epoxy fiberglass filter, was capable of 

concentrating viruses from 100-gallon volumes of potable water (Jakubowski et al. 

1974).  Cellulose nitrate membranes (Millipore), the epoxy-fiberglass Cox filter, the K27 

fiberglass depth filter + Cox filter in series, and the Balston epoxy-fiberglass devices 

were compared by a number of parameters including size, cost, and their general 

advantages and disadvantages (Jakubowski et al. 1975).  Combined with their housings, 

the Millipore and Cox filters were the bulkiest and exhibited the greatest initial costs; the 

Balston filter was the smallest and least expensive of the four.  While the Millipore 

membrane filter had been the most researched up until the publication of the article, it 

had proven very fragile, and was subject to clogging during the experiments.  The Cox 

filter was more durable, but bulky and subject to leaking.  The series filter device (K27 + 

Cox) was capable of removing interfering substances yet exhibited the lowest flow rate. 

Despite exhibiting the highest flow rate, the Balston filter’s cadmium-coated center posts 

were subject to corrosion under the acidic conditions required for virus adsorption with 

aluminum salts.  Nevertheless, it proved effective in the simultaneous concentration of 
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four enterovirus types from varying water matrices (Guttman-Bass and Nasser 1984), and 

the concurrent adsorption of both enteroviruses and Salmonella from surface water 

(Rolland and Block 1980).    

Employing the Wallis-Melnick virus concentrator model (Wallis et al. 1972b) 

with previously incorporated modifications (Sobsey et al. 1973), Farrah et al. (1976a) 

sought to investigate potential replacements for the epoxy-fiberglass-asbestos Cox filter 

as the flow rates tended to decrease rapidly due to clogging as larger water volumes were 

sampled.  The larger surface area of the pleated glass fiber melamine-impregnated epoxy 

Filterite filter (Filterite Corp., Timonium, MD) allowed for processing of seven times the 

volume of tap water relative to the Acropor (Ann Arbor, MI), Millipore, and Cox filters.  

The Filterite device also exhibited higher flow rates (5 to 40 liters per minute), 

particularly when preceded by a K27 clarifying prefilter.  Similar to other previously 

investigated electronegative filters, the adsorption of viruses to the Filterite filter was 

enhanced in the presence of trivalent Al3+ salts.  The filter could also be reused after 

treatment with 0.1 N NaOH to remove the residual organic material and inactivate 

residual viruses.  In addition to tap water, the Filterite filter could effectively retain 

polioviruses present in turbid estuarine water at an average flow rate of six gallons per 

minute (Payment et al. 1976), with virus retention efficiencies ranging from ~75% (no 

sample pre-conditioning) to 100% (sample acidification to pH 3.5 + 0.05 M AlCl3).  

Further testing of a pleated Filterite filter with in-line acid/salt injectors confirmed its 

ability to rapidly process large volumes of tap water, seawater, and secondary treated 
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sewage, as well as to resist clogging relative to Balston tube filters and Millipore flat-disk 

membrane filters (Gerba et al. 1978).   

The tendency of membrane filters to clog, coupled with the rising costs of pleated 

cartridge filters (e.g. Filterite filters), prompted the further evaluation of alternative 

electronegative virus adsorbent materials.  In an effort to build a low-cost concentrator, 

Sarette et al. (1977) employed negatively-charged glass powder (Sovirel Glass Co., 

France) for the adsorption of poliovirus 1 in a Pyrex glass column apparatus (Table 2).  

Micro-fiberglass filter disks produced by several manufacturers were mostly found to 

adsorb poliovirus 1 efficiently, although pre-filtration was required for at least one model 

(Payment and Trudel 1979).  Payment and Trudel (1988) later tested wound fiberglass 

depth filters (Diamond filter tubes, Filterite Corp., Timonium, MD) in an effort to find a 

low cost alternative to the pleated Filterite filter.  Two 1-µm wound fiberglass filters 

placed in series adsorbed poliovirus 1 with the same efficiency (> 99%) as a 3-µm wound 

fiberglass filter placed first in series with a 0.2 µm pleated Filterite filter. 

Although the pleated Filterite filter represented significant progress due to its 

ability to process large water volumes rapidly, new electropositive filters were becoming 

increasingly available for enteric virus concentration.  During much of this time, most 

studies used Filterite filters as a negatively-charged model for comparison with the new 

positively-charged concentrators, or to further elucidate the factors affecting virus 

adsorption to filter surfaces.  These studies are discussed in other sections of this review.  

Nevertheless, the need remained for an inexpensive method using electronegative filters 
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to concentrate both enteric viruses and bacteriophages from large volumes of water due 

to the elevated costs associated with positively-charged filters.  However, acidifying 

water samples (pH 3.5) to enhance virus adsorption reportedly inactivated coliphages 

(Goyal et al. 1980).  It was later discovered that pre-incubating both laboratory and 

indigenous (originating from saw sewage) strains of bacteriophages in 0.1 M manganese 

chloride (MnCl2) minimized the inactivation upon exposure to acidified water samples 

(pH 3.5, final MnCl2 concentration = 0.0001 M), allowing for the adsorption of PRD1 

and MS2 to Filterite filters at efficiencies of 96.3% (± 2.1%) and ≥ 99.9%, respectively 

(Scott et al. 2002).   

The implementation of advanced molecular detection techniques has seen a 

renewed interest in the development of adsorption-elution methodologies incorporating 

low cost, negatively-charged Millipore cellulose nitrate membrane filters (0.45 µm).  

Millipore membranes recovered 80% of seeded poliovirus 1 from 100-L samples (pH 3.5, 

0.5 mM AlCl3), compared to granular activated carbon columns (74%) for the eventual 

detection by reverse-transcriptase polymerase chain reaction (RT-PCR) (Jothikumar et al. 

1995).  Myrmel et al. (1999) slightly modified this procedure in order to concentrate 

human caliciviruses on Millipore membranes.  Pre-conditioning the water samples to pH 

5 with the addition of MgCl2 resulted in the strongest PCR amplification signal, 

demonstrating the importance of primary concentration parameters for optimal virus 

detection using molecular methods.       

Several enterovirus concentration procedures were evaluated using Millipore 

nitrocellulose membranes, a second electronegative filter (NM04701 020SP, CUNO, 
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Meriden, CT), and the 1MDS Virosorb positively-charged filter (Hsu et al. 2007). 

Detection by Most Probable Number-RT-PCR (MPN-RT-PCR) and real-time RT-PCR 

revealed that the most effective concentration methods employed the nitrocellulose 

membrane (Millipore) or the electronegative NM04701 020SP membrane (CUNO) 

coupled with an acid rinse (0.5 mM H2SO4) to filter the viruses.  While the results from 

Hsu et al. (2007) were contrary to theoretical expectations that the electropositive filter 

would adsorb viruses more readily from clean water, this was not the outcome as the 

positively-charged 1MDS filter adsorbed enteroviruses poorly from the surface waters 

evaluated.  However, this may have been due to the pre-conditioning of the water 

samples conducted in this study prior to filtration (pH 3.5, 50 mM MgCl2), which is 

normally not performed prior the processing of samples using electropositive filters.  

Acidification and the addition of divalent salts would impart a positive electrical double 

layer around the negatively-charged virus particles, leading to electrostatic repulsion with 

the positively charged filter surface.     

4. ELECTROPOSITIVE FILTER MEDIA 

Electrophoretic studies by Kessick and Wagner (1978) demonstrated that various 

types of adsorptive media were negatively charged in the pH range from 2 to 7, and that 

most exhibited very low isoelectric point values (average pI = 2).   The negative charge 

of most viruses at neutral pH required the addition of polyvalent salts and/or HCl to pre-

condition the water samples, thus imparting a positive charge to the filter to enhance the 

concentration of viruses.  Field sampling equipment required expensive injector devices 
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to enhance viral adsorption, although Payment and Trudel (1980) did develop a relatively 

low-cost device for this purpose.  The conditioning of water could be tedious and 

unreliable due to the need to predict salt and/or acid requirements when dealing with the 

spectra of water quality present in both natural and treated waters.  Positively-charged 

filter media thus presented an alternative to complications associated with the use of 

highly electronegative virus adsorbents.   

Poliovirus 1 was effectively concentrated from tap water using positively charged 

asbestos-cellullose filters (Seitz-grade S, Milldale, CT) and cellulose-diatomaceous earth 

“charge-modified” resin filter disks (50S and 60S, Zeta Plus-CUNO, Meriden, CT) with 

no requirement for salt addition (Table 2) (Sobsey and Jones 1979).  Viruses adsorbed 

most efficiently in the pH ranges between 5.5 and 7.5 for the 50S filter and between 3.5 

and 6.0 for the 60S filter, while the Seitz S filter adsorbed nearly 100% of the virus from 

pH 3.5 to 9.0.  The Filterite filter was also evaluated, adsorbing 93% of the virus at pH 

3.5, but an increase in pH of the water sample to 5.5 resulted in a substantial reduction in 

the filter’s ability to adsorb viruses in the absence of excess H+ and multivalent salts. The 

results of the Sobsey and Jones study (1979) supported the idea that electrostatic forces 

were instrumental in virus-filter interactions due to the correlations between zeta 

potential(s) [i.e. electrokinetic potential(s)] measured for the electronegative and 

positively-charged adsorptive materials, and the retention efficiencies measured for each 

filter. 
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4.1 In-situ Charge Modification of Electronegative Adsorbent Materials  

Although electronegative filters had originally proven effective in the removal of 

viruses from water, their use required either acidification of or the addition of polyvalent 

salts to water before concentration, which was impractical for large volume sampling.  

Several research groups led efforts to enhance the adsorption capacity of negatively-

charged surfaces to alleviate the need for pH or ionic strength adjustments of the test 

waters.  A study by Zerda et al. (1985) demonstrated the ability of silica particles charged 

modified with primary amines, quaternary amines, and carboxyl groups to adsorb various 

enteroviruses and bacteriophages.  The adsorption was found to correlate strongly with 

the pH of the dispersion medium (as it determines the ionization states of the adsorbents 

and the viruses).  As reported in previous literature (Gerba et al. 1984), the isoelectric 

point (pI) of the viruses was also significant factor in their attraction to the charge-

modified silica surfaces.  Viruses with a low pI (e.g., MS2, pI = 3.9) adsorbed to all three 

modified surface types at pH 4, which is near its pI.  Increasing the pH of the medium, 

however, increased the negative net surface charge of MS2 and enhanced its adsorption 

to the positively charged primary amine and quaternary amine surfaces.  Poliovirus 1 

(Brunhilde strain, pI = 7.1) was also evaluated.  At pH 4, its net surface charge was 

positive as the pH of the surrounding media was well below the virus isoelectric point.  

Thus, the virus preferentially adsorbed to the negatively-charged carboxyl-modified silica 

surface.  As the medium pH surpassed the isoelectric point for poliovirus 1, the virus 

acquired a negative net surface charge and adsorbed more readily to the positive charge-

modified silica surfaces.   
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Previously, insoluble metallic salts including aluminum and magnesium had been 

observed to adsorb a number of virus types (Wallis and Melnick 1967c; Vilagines et al. 

1982).  Farrah and Preston (1985) were able to form in situ precipitated flocs of ferric and 

aluminum hydroxides within and on cellulose filters.  Once dried, the modified filters 

were able to efficiently adsorb poliovirus 1 and MS2 coliphage relative to untreated 

filters at pH values of 5 and 7; adsorption was ineffective at pH 9 on both surfaces types.  

A subsequent study employing the same in situ precipitation method evaluated several 

Filterite electronegative systems and a broader spectrum of metallic salts (Toranzos et al. 

1986).  Flat disk, depth, and pleated microporous filters that were charge-modified were 

able to efficiently adsorb considerably greater numbers of enteroviruses and 

bacteriophages from 20-L dechlorinated tap water volumes than non-modified control 

filters.  The most effective combination of salts tested was ferric chloride with either 

aluminum or magnesium chloride.  However, the percentage of virus adsorbed varied 

according to the filter type and the pH of the tap water.  Epoxy fiberglass filters (Filterite) 

and G25 fiberglass prefilters (Fisher Scientific, Waltham, MA) soaked in an aqueous 

solution of cationic polymer (e.g., polyethyleneimine) and then air-dried were more 

effective at adsorbing viruses from water than the fiberglass surfaces alone (Preston et al. 

1988).  However, the stability of these charged-modified filters was less than two weeks, 

making them less ideal for long-term storage prior to use.   

A low-cost cation-coated filter method (Table 2) was developed for the 

concentration of noroviruses (NV) from dechlorinated tap water (Haramoto et al. 2004). 

Several electronegative filter types including cellulose nitrate HA filters (47 mm, 
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Millipore) pre-coated with Al3+ ions adsorbed poliovirus 1 more efficiently from water 

than filters that did not receive the coating.  Application of the Al3+ coating to a larger 

HA membrane (293 mm) allowed for the processing of large volumes of tap water (100 

to 532 liters).  Noroviruses (genotypes 1 and 2) were detected by TaqMan PCR in 4.1% 

and 7.1% of the 98 samples collected, respectively.  The surface area (518 cm2) of the 

293-mm HA filters was much higher than that of the typically used 47-mm filters (9.6 

cm2), decreasing the likelihood of clogging due to adsorption of dissolved organic 

materials in the water samples.  The Al3+ cation method was also used to concentrate 

noroviruses, enteroviruses, adenoviruses, and Torque Teno viruses from river water 

receiving wastewater effluents for eventual detection by integrated cell culture-

polymerase chain reaction (ICC-PCR) (Haramoto et al. 2005).  However, the samples 

collected were much smaller (0.5 L) than for the tap water study (Haramoto et al. 2004) 

as such contaminated surface waters are characterized by higher viral loads.  In addition, 

the processing of smaller volumes of surface water minimizes the potential for adsorption 

interference by dissolved organic matter.  While the Al3+ cation-coated filter method is 

promising and inexpensive, it would likely necessitate a pre-filtration step to process 

large volumes of natural surface water typified by low numbers of viruses and high levels 

of organic material.         

4.2 Glass Wool 

Oiled sodocalcic glass wool is an adsorbent material capable of concentrating 

viruses from water due to its net positive charge and hydrophobicity (Vilagines et al. 
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1993).  Large volumes of water can be processed without pre-conditioning (i.e., addition 

of multivalent salts and H+) with exceptions (Albinana-Gimenez et al. 2009a; Albinana-

Gimenez et al. 2009b), and the glass wool is considerably less expensive than alternative 

electropositive filter media (e.g., Virosorb 1MDS).  As glass wool filters are generally 

prepared in-house (usually by packing into stainless steel holders), they can be used in 

varying mass quantities and compacted to a desired bulk density.  While many 

adsorption-elution studies have reported the virus retention efficiencies of various types 

of filtration media, those using glass wool have largely provided the elution (recovery) 

and secondary concentration efficiencies only.  The recovery of poliovirus 1 (75%) 

following concentration with glass wool (Vilagines et al. 1993) compared to the 25.5% 

achieved by Menut et al. (1993) was attributed to the difference in the amount of glass 

wool used (50 g versus 5 g, respectively).  A multi-laboratory collaborative study 

assessing the reproducibility of using glass wool to recover poliovirus 1 from drinking 

water and sea water reported elution efficiencies of 72% and 75%, respectively 

(Vilagines et al. 1997).  The adsorption efficiencies were not reported for these earlier 

studies employing glass wool, nor have they explicitly been stated in subsequent 

publications.    

Glass wool has thus largely been employed as part of an inexpensive and effective 

adsorption-elution methodology for monitoring the presence of viruses in several water 

matrices. Enterovirus detection via RT-PCR following adsorption to electronegative glass 

powder and glass wool revealed that the latter adsorbed greater amounts of organic 

material present in treated wastewater, resulting in subsequent assay inhibition not 
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observed with the glass powder samples following secondary concentration (Gantzer et 

al. 1997). The inhibition of molecular techniques following the enhanced adsorption of 

organic matter (particularly humic acids) to positively-charged media has been reported 

previously (Abbaszadegan et al. 1993; Kopecka et al. 1993).  Seasonal monitoring of 

group A rotaviruses and enteroviruses in raw wastewater using glass wool for 

concentration saw the detection of viral  RNA in 11% of the samples each year of the 

study applying RT-PCR (van Zyl et al. 2004) and 42.5% using nested-PCR (Ehlers et al.  

2005), respectively.   

Gassiloud et al. (2003) compared the concentration of feline calicivirus F9 (FCV 

F9) and poliovirus 1 (PV-1) from tap water using an electropositive membrane (Zetapore 

NM047-01-045 SP) and glass wool, followed by both quantitative PCR and traditional 

cell culture infectivity assays for detection (Gassiloud et al. 2003).  Membrane filtration 

facilitated a much greater recovery of infectious FCV F9 (75%) than the glass wool 

method (0.5%), with only a 5.3% recovery of the genome, indicating that FCV F9-glass 

wool interactions were unfavorable.  Group A rotaviruses were successfully detected 

using nested PCR in 6.5% of the drinking water samples filtered through glass wool (van 

Zyl et al. 2004) and enteroviruses were found in 18.7% of the finished water samples 

using nested-PCR for their detection (Ehlers et al. 2005).  Several serotypes of 

Adenoviruses (including 2, 40, and 41) were also detected in 5.3% of the drinking water 

samples using conventional nested PCR followed by real time-PCR (van Heerden et al. 

2005).   Lambertini et al. (2008) reported a range of mean recoveries of several enteric 

viruses listed on the U.S. Environmental Protection Agency’s Contaminant Candidate 
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List (CCL) from glass wool seeded with tap and/or well water samples (10 L to > 1,500 

L) using quantitiative PCR (qPCR) for all of the viruses, and ICC-PCR to determine the 

presence of infectious poliovirus (Lambertini et al. 2003).    

Surface waters have also been monitored using sodocalcic glass wool for group A 

rotaviruses (van Zyl et al. 2004), enteroviruses (Ehlers et al. 2005), and adenoviruses 

(van Heerden et al. 2005). More recently, Albinana-Gimenez et al. (2009a, 2009b) found 

that pre-conditioning of tap water samples to pH 3.5 resulted in better recoveries of 

adenoviruses and JC polyomaviruses from glass wool filters, but did not apply this 

technique to 50-L tap and river water samples as it was deemed impractical.  

Adenoviruses and JC polyomaviruses were efficiently concentrated from river water 

samples using glass wool (10 L to 50 L) for detection by real-time PCR. Glass wool 

therefore presents a viable and inexpensive option for the concentration and recovery of 

several enteric virus types from a broad spectrum of water matrices.  It is also compatible 

for use with molecular detection techniques.   

4.3 Virosorb 1MDS   

The Virosorb 1MDS filter (CUNO, Meriden, CT) has been extensively researched 

for over thirty years, and recommended as an electropositive method for virus 

concentration by multiple agencies and organizations (Fout et al. 1996; American Public 

Health Association 2005). The electropositive surface-modified fiberglass-cellulose 

Virosorb 1MDS pleated cartridge filter (0.2 µm) was evaluated relative to the Zeta Plus 

50S filter disks (47 mm, CUNO) and the Filterite filter in small (3.8 L) and large volume 
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experiments (1,000 L) (Sobsey and Glass 1980).  The 50S Zeta Plus filter and the 

Filterite filter adsorbed poliovirus 1 equally well in the small volume experiments, 

supporting previous findings that water samples processed without pre-conditioning with 

the electropositive Zeta Plus 50S disk yielded similarly high virus adsorption efficiencies 

relative to Filterite (Table 2).  Adsorption efficiencies were also compared for the 1 MDS 

filter (single sheet thickness and double sheet thickness), Zeta-Plus 50S, and Filterite as a 

function of tap water pH.  The Zeta-Plus filter exhibited the greatest virus adsorption 

capacity relative to the 1MDS (both single and double sheet), although all three media 

adsorbed ≥ 80% of poliovirus between pH 3.5 and 7.5, with the efficiency declining as 

pH increased beyond this range.  The trend of decreasing poliovirus 1 adsorption in more 

alkaline tap water was later observed by Melnick et al. (1984), who recommended a pH 

adjustment to neutral for samples prior to processing with Virosorb 1MDS filters.  This 

was explained in part by the electrophoretic mobility of the filter materials (Sobsey and 

Glass 1980).  Virosorb 1MDS is slightly more electronegative than the Zeta-Plus 50S – 

with both types becoming more negatively-charged as the water pH increases.  The 

adsorptive capacity of Filterite becomes markedly reduced above pH 3.5, which has 

previously been reported (Sobsey and Jones 1979).  Sobsey et al. (1981) reconfirmed the 

capability of the electropositive 1MDS Virosorb filter to adsorb poliovirus 1 efficiently 

from both large (1000-L) and small (1.3-L) water volumes at ambient tap water pH levels 

(7.5) without the addition of salts or acidification of the sample relative to the Filterite 

filter at pH 3.5 with the addition of MgCl2.  However, the small volume experiments 

revealed that echovirus 1 and reovirus 3 were more efficiently adsorbed by the Filterite 
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filter under acidic conditions with added MgCl2 (99% and 100%, respectively), with 

reovirus 3 also demonstrating 100% adsorption without salt addition.  Both filter types 

were able to process volumes of tap water at high flow rates (90 L/min), and 

accommodate storage at 4°C without substantial loss of viruses.  A marked difference was 

observed in their capacity to filter secondary sewage before clogging occurred (Rose et 

al. 1984). Filterite (nominal pore size of 3.0 ± 0.45 µm) was capable of processing 19 L 

of secondary sewage compared to 1MDS (nominal pore size of 0.2 µm), which could 

only filter 11 liters unless preceded by a clarifying filter (15 L). 

The 1MDS filter method has proven to be an effective tool for helping to 

determine the viral etiologic agents responsible for outbreaks of gastrointestinal illness. 

The 1MDS and Filterite filters were employed to establish the cause of an outbreak of 

gastroenteritis and infectious hepatitis in Georgetown, Texas (Hejkal et al. 1982).   

Coxsackieviruses B2 and B3, and hepatitis A virus antigen were detected from two of the 

tested wells using the 1MDS filter, while no viruses were recovered from the same wells 

sampled with the Filterite filter.  The 1MDS filter has since been used to successfully 

concentrate pathogenic enteric viruses from contaminated waters suspected in several 

outbreaks of acute gastroenteritis (Beller et al. 1997; Fong et al. 2007; Anderson et al. 

2003; Parshonikar et al. 2003), as well as to confirm the presence of enteric viruses in 

groundwater in both the United States (Abbaszadegan 1999; Borchardt 2007; Borchardt 

2003; Fong et al. 2007) and Canada (Locas 2007; Locas 2008).  
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4.4 NanoCeram  

Although Virosorb 1MDS has consistently demonstrated efficient virus 

adsorption from a range of water quality types for both small and large volumes, it is 

costly (~$180 USD in 2009).  It is also relatively ineffective for the concentration of 

viruses from seawater, most likely due to the higher salt concentrations and pH levels 

relative to freshwater.  The electropositive NanoCeram filter (Argonide, Sanford, FL) has 

recently become available as a low cost alternative (~$40 per unit).  Similar to both the 

Filterite and 1MDS filters, NanoCeram is a pleated cartridge filter.  It is composed of a 

non-woven matrix of microglass fibers (0.6 µm in length) coated with boehmite-derived 

nanoalumina fibers (~2 nm in diameter by ~250 nm in length).  The nanoalumina 

(AlOOH) coating confers an extensive surface area to the NanoCeram filter (~500 m2/g), 

resulting in an effective pore size of ~2 µm. 

The retention efficiency of poliovirus 1 (105 PFU) from dechlorinated tap water 

(100 L) using the NanoCeram filter measured 84% (± 9%) (Karim et al. 2009).  This 

adsorption efficiency is comparable to previously published reports for poliovirus 1 

adsorption from large volumes of tap water using the 1MDS filter (Sobsey and Glass 

1980; Sobsey et al. 1981), although NanoCeram (12.7 cm) is roughly half the size of 

1MDS (25.4 cm).  Karim et al. (2009) also found that the NanoCeram filter capably 

adsorbed poliovirus 1 over the pH range of 6.0 to 9.5, relative to the 1MDS filter which 

demonstrates a substantial decrease in retention capacity above pH 7.5 (Sobsey and Glass 

1980).  This is likely attributed to the high isoelectric point of nanoalumina (~9.0), which 
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would maintain an electropositive charge in aqueous systems characterized by slight to 

moderate alkalinity.  Similar to Karim et al. (2009), poliovirus 1 was also efficiently 

captured by the NanoCeram filter in a separate study at neutral pH with no addition of 

salts (Bennett et al. 2010).  Bennett et al. (2010) also found that the MS2 coliphage 

adsorption efficiency from de-ionized water using NanoCeram (88 ± 5%) was 

comparable to that measured with 1MDS under neutral conditions with no added salts (85 

± 8%).  However, both electropositive filters demonstrated lower adsorption efficiencies 

compared to the electronegative nitrocellulose Opticap filter, which efficiently captured 

MS2 coliphage (> 99%) from artificial seawater (0.1 M MgCl2).  Coliphage Qβ (a 

norovirus surrogate) and adenovirus 41 were also evaluated for adsorption to NanoCeram 

from several water matrices as detected using RT-PCR (Gibbons et al. 2010).  While both 

virus types were efficiently adsorbed to the NanoCeram from both finished water and 

natural seawater (> 95%), a decrease in retention efficiencies was measured with source 

water (53 ± 29%) for Coliphage Qβ and adenovirus 41 (81 ± 2.4%).  In separate 

experiments using the plaque assay detection method, the adsorption of Coliphage Qβ to 

the NanoCeram was still highest when concentrated from finished water and seawater 

(both > 99%), relative to 80%  (± 12%) from source water.  This may have been due to 

the turbidity (3.1 NTU) and dissolved organic content (4.87 mg/L) of the source water, 

which were higher than for the finished water (0.07 NTU, 2.34 mg/L) and seawater (2.4 

NTU).  There may have been preferential adsorption of the organic material to the filter, 

or enhanced association of the viruses with the organic solids.            
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5. ULTRAFILTRATION (MOLECULAR FILTRATION) 

 Ultrafiltration is a viable alternative to the use of adsorption-elution methods 

since it is based on size exclusion rather than electrostatic interactions between 

electronegative viruses and negative- or positively-charged filter surfaces (Table 1).  

However, ultrafiltration requires more costly equipment, and is generally not feasible for 

field sampling relative to the VIRADEL techniques, and can require additional operator 

training.  There are several ultrafiltration methodologies currently in use that differ 

principally by the type of flow currents generated within the apparatus to effectively 

facilitate the separation of particles by their molecular weights.  These include tangential 

flow (cross flow) and dead-end ultrafiltration.  Tangential flow filtration (cross flow 

filtration) is a process during which the water sample feed is rapidly directed tangentially 

along the surface of the hollow fiber membranes.  The rapid flow across the membranes 

creates a pressure differential, forcing any particles smaller than the molecular weight 

cutoff along with some feed solution through the membrane and into a filtrate holding 

container.  The swift cross-flow also prevents the build-up of foulants and clogging of the 

membranes.   The proper selection of a molecular weight cutoff (MWCO) should ensure 

a minimal loss of virus into the filtrate; several are available, and range from 5,000 

MWCO [5 kiloDaltons (kDa)] to 100,000 (100 kDa).  Viruses and other particles that are 

larger than the MWCO, and thus cannot pass through the membranes (and into the 

filtrate, or effluent) are retained in the feed solution, which is re-circulated through the 

device until a desired concentrate volume is achieved.    
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 The earliest ultrafiltration methods operated via reverse osmosis and employed 

flat, asymmetrical cellulose acetate membranes with specified molecular weight cutoffs 

that were subject to random incidences of viral penetration (Sweet et al. 1971; Sorber 

1972).  A significant loss of poliovirus 1 was observed following the passage of samples 

through the interior of hollow fiber cellulose acetate membranes lacking a non-permeable 

skin in contact with the feed solution (Belfort et al. 1975).  Hollow fiber ultrafilters 

comprised of asymmetric polysulphone fibers were later found to be superior to cellulose 

acetate membranes as they were less vulnerable to pH and temperature variations, 

bacterial degradation, and the loss of viruses due to the dense inner skin lining that was in 

direct contact with the sample feeds (Belfort et al. 1976).  Hollow fiber ultrafilters have 

since been principally comprised of polysulphone or polyacrynitrile materials, although 

these fibers generally require pre-treatment to prevent the substantial loss of viruses due 

to adsorption.  Organic solutions (e.g., calf serum, glycine, and beef extract) and sodium 

polyphosphates have been successfully employed for this purpose (Berman 1980; Hill et 

al. 2005).  Alternately, pre-filtration of samples using a 5 µm filter alleviated the need for 

pre-blocking, and resulted in high recoveries of poliovirus 3 (99%) and echovirus 11 

(100%) following ultrafiltration (Garin et al. 1993).  

 Although the concentration of viruses during ultrafiltration does not occur via 

electrostatic interactions, viruses may still become adsorbed to the ultrafilter membranes 

via van der Waals interactive forces and/or hydrophobic bonding.  Therefore, the 

recovery of viruses from ultrafilters usually cannot occur simply by flushing the retentate 

volume remaining in the apparatus following concentration.  Solutions capable of 
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interfering with virus-membrane interactions have been employed in a reverse flow 

configuration (backflushing) to enhance the recovery of viruses.  Jansons and Bucens 

(1986) found that the addition of 10% beef extract to the retentate followed by 

backflushing gave the highest recovery of poliovirus 1 from groundwater processed 

through Amicon DC30EM ultrafilters (Amicon Corp., Danvers, MA).  Several other 

solutions have been utilized to aid in virus recovery from ultrafilters including varying 

concentrations of glycine (Berman et al. 1980; Winona et al. 2001; Olszewski 2005), 3% 

beef extract (Garin et al. 1993), alternating solutions of 0.1 HNO3 and 0.1 M NaOH 

(Soule et al. 2000), and sodium polyphosphates (Hill et al. 2009; Polaczyk 2008; Hill et 

al. 2005; Hill et al. 2007).  

Two-liter tap water samples seeded with poliovirus 1, hepatitis A virus, and a 

bovine strain of rotavirus were effectively concentrated in a primary step using a 

tangential flow Minitan system (Millipore) (Soule et al. 2000).  Following secondary 

ultrafiltration, 5.6% of the tap water samples were positive for enteric viruses using RT-

PCR, including samples collected at the homes of children ill with rotaviral 

gastroenteritis.  Winona et al. (2001) compared hollow fiber ultrafiltration and tangential 

flow concentration methods using poliovirus 2 and phages T1 and PP7 seeded in 2-L 

volumes of tap, ground, and surface waters.  While both systems performed similarly 

well, different elution strategies were required.  Optimal recoveries of phages PP7 and 

T1, and poliovirus 2 were obtained from ground and surface waters when the hollow 

fibers were pre-blocked with 5% fetal bovine serum (FBS) and then eluted with 0.05 M 

glycine (pH 7 or 9).  Processing of groundwater using the tangential flow system also 
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produced efficient virus recoveries (5% FBS block, 0.05 M glycine with recirculation) of 

61% (± 19%, T1 phage), 72% (± 20%, PP7 phage), and 43% (± 10%, poliovirus 2). 

However, higher recoveries were obtained using the hollow fiber concentrator system 

with groundwater and the same elution protocol.  Elution efficiencies measured 87% (± 

3%) for T1 phage, 88% (± 23%) for PP7 phage, and 90% (± 10%) for poliovirus 2.  The 

hollow fiber and tangential flow methods previously developed by Winona et al. (2001) 

were scaled up in order to conduct large volume (100 L) experiments with the same 

viruses (Olszewski 2005).  Again, the hollow fiber system provided greater recoveries of 

all three virus types in a more consistent manner than the tangential flow arrangement.  

The costs associated with the hollow fiber ultrafilters were lower than the tangential flow 

apparatus by several thousands of dollars.  The hollow fiber system also demonstrated a 

greater potential for portability to the field than the bulky, stainless steel housings 

required for the tangential flow ultrafiltration.  The hollow fiber ultrafiltration system was 

further evaluated using small and large volume samples from storm and drainage ditches 

spiked with phage PP7 as an internal standard (Rajal et al. 2007).  Using real time 

TaqMan PCR and plaque assay methods, phage PP7 detection was greatly enhanced by 

the recirculation of a 0.05 M glycine eluting solution.  However, they found that pre-

blocking of the filters with calf serum as performed in previous studies reduced the virus 

recovery efficiency; the problem was alleviated by replacing the plastic feed container 

with a stainless steel vessel containing mixing impellers.        

  Although ultrafiltration is an effective concentration method that generally 

yields high recoveries of diverse virus types, it has not transferred as readily to the field 
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similar to the aforementioned methods employing charged filters.  Tangential flow and 

vortex flow systems are largely laboratory-based procedures using immobile equipment 

and instruments that would be cumbersome and impractical to transport quickly to the 

field.  These issues can potentially be overcome by the use of dead-end hollow fiber 

ultrafiltration.  In contrast to the configuration of tangential flow systems where an 

eluting aid is added to the dead end retentate volume and recirculated back across the 

ultrafilter, dead-end ultrafiltration processes the sample feed through the ultrafilter once.  

An eluting aid is added to the retentate as with tangential flow, but it is not recirculated 

through the system.  The set-up is less awkward to transport, and easier to construct on-

site. While published studies have reported the use of the dead-end configuration to study 

the concentration of bacteria, Smith and Hill (2009) evaluated several disposable 

ultrafilters in this configuration to concentrate multiple microbial classes from water.  

Using the REXEED 35S ultrafilter (Asahi Kasei Corp., Tokyo, Japan), the recoveries of 

MS2 coliphage from 100 L volumes of tap water, and tap water amended with surface 

water measured 57% (± 7.7%) and 73% (± 13%), respectively. 

6. VIRUS ELUTION (RECOVERY) 

 As previously described, a number of highly efficient methods have been 

developed to concentrate viruses from water. The VIRADEL (virus adsorption-elution) 

method is the most common, and is based on electrostatic interactions between 

electronegative viruses and either negatively- or positively-charged filters in aqueous 

systems.  Alternately, the process of ultrafiltration separates viruses from other particles 
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present in a water sample feed according to their molecular weights.  As these methods 

are mechanistically different, the recovery of viruses following concentration occurs by 

different means.  Virus adsorption to filters is governed by several energy contributions 

including repulsive double layer-van der Waals attractive forces (as postulated by the 

Derjagiun-Landau-Verwey-Overbeek (DLVO) theory of colloid stability) and 

hydrophobic interactions among others (Gerba 1984).  Therefore, the elution of viruses 

from filter surfaces has been most successful with solutions capable of disrupting these 

interactions.  A number of organic and inorganic solutions at varying pH levels have been 

assessed for this purpose.  In the case of ultrafiltration viruses captured via size exclusion 

rather than electrokinetics, yet their adsorption to the membranes has been frequently 

implicated in lower than expected recoveries.  Several solutions have been successfully 

employed as additives to the retentate volume in ultrafilters to enhance the elution and/or 

backflushing efficiency.  Despite the high recovery levels that have been reported by 

various research groups, the elution efficiency of viruses from both filter cartridges and 

ultrafilters remains highly variable.         

6.1 Organic Solutions 

6.1.1 Glycine 

 Glycine has been in use for several decades to recover viruses following primary 

concentration.  An amphoteric amino acid, glycine exhibits both acidic and basic 

properties imparted by its α-carboxyl (pKa1 = 2.34) and α-ammonium (pKa2 = 9.60) 

functional groups.    The acid dissociation constant of the α-ammonium functional group 
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combined with the isoelectric point of glycine (pI = 5.97) indicates that glycine exhibits 

both a high buffering capacity and a strong net negative charge under alkaline conditions.  

Glycine was initially employed as an eluting solution because it was free of the 

‘membrane coating components’ characteristic of proteinaceous eluting solutions (e.g. 

beef extract and calf serum) that could clog smaller filters used for secondary 

concentration (Wallis et al. 1972a).  The recommended solution pH was extremely 

alkaline (pH = 11.5), and varying levels of virus inactivation were reported (Table 3).  

Metcalf et al. (1974) stated that short-term exposures (up to 10 minutes) before pH 

adjustment to neutral did not inactivate poliovirus, with a 5% loss observed after 20 

minutes (Metcalf et al. 1974).  In contrast, a 50% decrease in poliovirus titer was reported 

following a three-minute exposure period to pH 11.5 glycine-NaOH buffer (Jakubowski 

et al. 1975).  Upon exposure to a high pH solution, a negative charge would be imparted 

to the filter surface, creating unfavorable conditions for viruses to remain adsorbed as 

they also carry a net negative charge.  Nevertheless, a number of studies showed that 

increasing the alkalinity of glycine resulted in greater enterovirus and bacteriophage 

recovery efficiencies from several types of negatively-charged filters (Wallis et al. 1972a; 

Jakubowski et al. 1975; Farrah et al. 1976a; Sarrette et al. 1977; Goyal et al. 1980) and 

electropositive filters comprised of different materials (Sobsey and Jones 1979; Logan et 

al. 1980).  This trend was not observed, however, for other virus types including 

adenoviruses and reoviruses which exhibited inactivation above pH 10 (Sobsey et al. 

1980b).  Varying concentrations of glycine continued to be used, however, as elution aids 
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in ultrafiltration systems at pH values of 7.0 and 9.0 (Winona et al. 2001; Olszewski et al. 

2005; Rajal et al. 2007). 

 As mentioned previously, one of the principle issues with the VIRADEL method 

is the broad range of virus elution efficiencies that are obtained.  Wallis et al. (1972a) 

achieved ˃90% elution using 0.05 M glycine (pH 11.5) of poliovirus 1 (LSc2ab strain) 

from negatively-charged Millipore HA nitrocellulose membranes adsorbed from tap 

water, relative to the much lower efficiencies obtained by Jakubowski and colleagues 

(1975) of 38.5% (Wallis et al. 1972a; Jakubowski et al.  1975). Both groups filtered tap 

water with similar levels of total dissolved solids (TDS); however, the membrane 

diameters were different (27 mm and 293 mm, respectively) and the sample volumes 

were substantially different as Wallis et al. (1972a) employed 10-mL samples relative to 

380 L used in the later study.  The decrease in the elution efficiency was most likely 

attributable to the increase in the sample volume, a trend that has since been observed 

(Singh and Gerba 1983).  The elution efficiency of polioviruses from electronegative 

Filterite filters (fiberglass melamine-impregnated paper with epoxy) using alkaline 

glycine solutions has also proven variable, but less so than with the nitrocellulose 

Millipore filters.  Most studies have reported mean elution efficiencies for poliovirus 1 

ranging from 60 to 70%, despite varying sample volumes and sample water sources 

(Farrah et al. 1976a; Farrah and Bitton 1978; Sobsey and Jones 1979; Sobsey and Glass 

1980).  Farrah et al. (1977a) reported an elution range of 31% to 97% using 0.05 M 

glycine (pH 10.5), yet the average of 69% does fall within the previously stated range of 

60% to 70%.  Coliphages were also efficiently recovered with glycine at pH levels of 
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11.0 (64.7%) and 11.5 (53.9%) following the concentration of secondary sewage using a 

Filterite filter (Goyal et al. 1980).   

The elution of viruses from positively-charged filter media using glycine gave 

similar recoveries compared to those observed with the Filterite filters.  Mean poliovirus 

elution efficiencies of 67% and 60% were reported from cellulose-diatomaceous earth 

“charge modified” resin filters (Zeta Plus 50S, 0.75 µm porosity) in separate studies 

(Sobsey and Jones 1979; Sobsey and Glass 1980), with a decrease in porosity (Zeta Plus 

60S, 0.45 µm porosity) resulting in a lower virus recovery of 42% (Sobsey and Jones 

1979).  A similar recovery from the Zeta Plus 60S filter using 0.05 M glycine (pH 10) 

was observed for T2 phages of 41.7% (Logan et al. 1980).  The elution efficiency was 

only 40% for MS2 seeded into secondary sewage and adsorbed to Zeta Plus 50S filters, 

which was likely due to virus association with suspended solids (Goyal et al. 1980).  

Virosorb 1MDS (surface-modified fiberglass and cellulose mixtures) in both single-sheet 

and double-sheet configurations demonstrated 51% and 62% recoveries of adsorbed 

polioviruses, respectively, when eluted with glycine at pH 11.0 (Sobsey and Glass 1980). 

Although the elution of viruses using glycine solutions appeared to be fairly consistent 

among different filter types, it was more effective at extreme pH values that can cause 

substantial viral inactivation.  This can be particularly problematic for waters containing 

low numbers of virus, which prompted ongoing research into alternative recovery 

solutions.  
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6.1.2. Beef Extract        

The use of beef extract to facilitate virus elution following primary concentration 

has been in practice for over four decades (Table 3).  Early studies reported variable 

recoveries of several enteroviruses with 3% (w/v) beef extract under different 

experimental conditions.  Rao and Labzoffsky (1969) eluted 53% to 123% of 

polioviruses adsorbed to Millipore HA filters from raw waters using 3% beef extract.  

Sonication, in conjunction with beef extract elution, later recovered 100% of poliovirus 1, 

Coxsackievirus B5, and reovirus 1, and 90% of echovirus 7 adsorbed to Millipore HA 

filters.  It was also demonstrated early on that increasing the alkalinity of beef extract 

from pH 6 to 8, as well as the contact hold time between the eluting solution and the filter 

to at least 30 minutes, resulted in greater virus recoveries (Rao et al. 1972).  However, the 

use of beef extract fell out of favor for several years as it was comprised of proteins that 

would preferentially adsorb to reactive filter sites during adsorption-elution secondary 

concentration methods (Wallis et al. 1972a).   

Although glycine (0.05 M) was used for a number of years to elute viruses from 

filters, its optimum efficacy at extreme alkaline pH values had the potential to cause virus 

inactivation beyond short exposure times.  In contrast, beef extract solutions of varying 

concentrations are capable of eluting several virus types at moderate alkaline pH 

conditions (pH 9.0 to 9.5) from negatively- and positively-charged filter adsorbents 

following the concentration of viruses from water quality matrices ranging from 

dechlorinated tap water to primary sewage.  Studies seeking to evaluate several solutions 
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for their ability to recover enteroviruses adsorbed to electronegative Filterite filters from 

40 to 50 mL volumes of dechlorinated tap water revealed that 3% beef extract (pH 9) 

eluted from 75% (Farrah and Bitton 1978) to 92% (Farrah and Bitton 1979) of poliovirus 

1; echovirus 1 and Coxsackievirus B3 were also efficiently recovered at levels of 98% 

and 97%, respectively (Farrah 1979).  Farrah and Bitton (1979) further demonstrated the 

ability of 3% beef extract (pH 9) to consistently recover poliovirus 1, echovirus 1, and 

Coxsackievirus B3 from several electronegative membrane filters (Acropor-acrylic 

copolymer, Millipore, Filterite, and Zeta Plus C-10-cellulose diatomaceous earth) at 

efficiencies of ≥ 90%, with the exception of poliovirus 1 from Zeta Plus C-10 filters 

(76%) (Farrah and Bitton 1979).  The simultaneous concentration of Coxsackieviruses 

A9 and B1, echovirus 7, and poliovirus 1 from tap water (5 L) using Balston filters 

(epoxy-fiberglass), followed by elution with 3% beef extract (pH 9.0) gave an average 

recovery of 78%, with poliovirus 1 eluted the most efficiently (87%) and echovirus 7 the 

least efficiently (72%) (Guttman-Bass and Nasser 1984).  A mixture of these four viruses 

was then seeded into tap water, wastewater, seawater, and two different surface water 

samples which all varied according to pH, chemical oxygen demand (COD), and 

conductivity.  The samples were filtered as just described, and were recovered in the 

eluates at efficiencies ranging from 73% (± 7%, wastewater) to 107% (± 20%, seawater).        

Viral elution using beef extract has proven more inconsistent among the variety of 

positively-charged filters and for different virus types.  A solution of 0.3% beef extract 

with 0.05 M glycine (pH 9.5) recovered poliovirus 1 more efficiently (66%) from 1 MDS 

filter sheets than 0.05 M glycine (pH 11.0) alone (54%) in a small volume study (3.8 L) 
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(Sobsey and Glass 1980), whereas the same beef extract solution recovered 86% and 62%  

of poliovirus 1 adsorbed to 1MDS and Filterite filters from 1000-L volumes of tap water, 

respectively (Sobsey et al. 1981). The trend of more efficient poliovirus 1 elution relative 

to those observed for echovirus 1 and reovirus 3 using a 0.3% beef extract with 0.05 M 

glycine solution (pH 9.5) from Filterite and 1MDS filters (Sobsey et al. 1981) was also 

observed in a later study employing the same filters to assess the recovery of the 

aforementioned viruses from raw surface and finished waters from a treatment plant 

(Sobsey and Glass 1984). 

Beef extract has been mandated for use by the U.S. Environmental Protection 

Agency to facilitate virus recovery from filters following sample collection (Fout et al. 

1996).  Dahling (2002) performed several modifications of the E.P.A.’s Information 

Collection Rule elution procedure to determine the most effective strategy for use with 

the 1MDS filter, finding that two separate filter washings (total volume = 3200 mL) using 

1.5% beef extract with an overnight hold at room temperature resulted in the highest 

virus recovery.  However, an overnight hold is not practical for rapid virus detection, and 

smaller eluate volumes are preferable to better achieve virus concentration.  A 

comparison of 1.5% and 3.0% beef extract solutions for the recovery of poliovirus 1 from 

both 1MDS and MK filters (molded waste fibers coated with melamine resin) revealed 

that recovery was best achieved with the 3.0% solution (Ma et al. 1994).  Karim et al. 

(2009) later evaluated several elution strategies to recover poliovirus 1 adsorbed to 

NanoCeram filters (nanoalumina fibers) from 100 liters of deionized tap water using 

1.5% beef extract with 0.05 M glycine (pH 9.0). Two washings with hold times of one 
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minute and 15 minutes, respectively, resulted in a mean recovery of 77% following 

secondary concentration of the eluates.  The same elution strategy (without secondary 

concentration) was later employed to assess the recovery of MS2 coliphage and 

poliovirus 1 adsorbed to the Virocap capsule (containing NanoCeram adsorbent material) 

from 20-L volumes of deionized water and artificial seawater (Bennett et al. 2010).  MS2 

coliphage seeded in both water types was more readily recovered from the ViroCap 

device.  Higher recoveries were measured for polioviruses adsorbed from deionized water 

using the 1MDS filter, and the elution was more efficient from the ViroCap following 

concentration from artificial seawater.  The NanoCeram filter was further evaluated using 

3.0% beef extract (pH 9.5) and the soy-based OptimaRE (pH 7.0) eluting solutions re-

circulated with a peristaltic pump to recover adenovirus 40 adsorbed from 40-L volumes 

of seawater (Gibbons et al. 2010).  The elution efficiencies were poor (<1%) when using 

OptimaRE, and the 3% beef extract solution recovered only 4.5% of the adenoviruses 

(real-time PCR units).  In contrast, noroviruses were eluted effectively using 3% beef 

extract both alone (111 ± 28%) and when amended with 0.1% Tween 80 (119 ± 26%).  

Further, Gibbons et al. (2010) compared the elution efficiencies of adenovirus 40 and Qβ 

male-specific coliphages (norovirus surrogate) from 40-L volumes of seawater, source 

water, and finished water, reconfirming the low recovery of adenovirus (2.5, 2.4, and 

1.4%, respectively), and the high recovery observed for noroviruses from seawater with 

Qβ recoveries measuring 96, 34, and 35%, respectively.        

 The elution of coliphages from filters using moderately alkaline beef extract 

solutions has also been well studied as they are subject to inactivation under low and high 
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pH conditions.  Goyal et al. (1980) reported that coliphages (MS2, φX174, T2, and T4) 

adsorbed from tap, sewage, and distilled waters to electropositive Zeta Plus 50S filters 

were eluted more capably using 3% beef extract than 0.05 M glycine (Goyal et al. 1980).  

High elution rates were also achieved for MS2 and T2 from Zeta Plus 50S filters with 

1.0% beef extract (112% and 99%, respectively) and 3.0% beef extract (112% and 108%, 

respectively), with recoveries ˃100% attributed to the disruption of viral aggregates 

(Logan et al. 1980).  A further increase in the beef extract concentration from 3% to 4% 

(with 0.5 M NaCl) also provided more consistent recovery of the coliphages MS2 and f2 

concentrated using electropositive surface-modified perlite filters, although it was 

necessary to process the eluant volume twice through the filters for maximum recovery 

(Singh and Gerba 1983).   The recovery of naturally occuring coliphages using a drop-by-

drop elution strategy (3.0% beef extract-1 M HCl, pH 9.0) from several varieties of in 

situ charge-modified polyelectrolyte filters was more recently evaluated (Borrego et al. 

1991).  The elution efficiencies of the coliphages seeded with sewage into dechlorinated 

tap water ranged from 1.6% to ˃100%, and varied substantially according to the filter 

composition.  An eluting solution comprised of 5% beef extract with 0.1% Tween 80 also 

effectively recovered 78% of MS2 and 79% of PRD1 first pre-incubated in MnCl2, and 

adsorbed to Filterite filters under acidic conditions that would normally inactivate 

coliphages (Scott et al. 2002).              

 Beef extract has proven an effective eluting solution for enteric viruses and 

coliphages adsorbed to charged filter surfaces and ultrafilters from a spectrum of water 

quality matrices.  Nevertheless, the molecular detection methods (e.g., PCR) currently 
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used are sensitive to the presence of organic inhibitors (i.e., humic and fulvic acids) 

naturally present in waste, surface, and tap waters (Farrah et al. 1976b; Sobsey and Glass 

1984; Sobsey and Hickey 1985).  When employed to elute viruses from filters, the 

heterogenous organic composition of beef extract further contributes to the levels of these 

inhibitors.  The methods subsequently developed to re-concentrate the beef extract 

eluates (e.g., organic flocculation) simultaneously collect these inhibitory organic 

materials, which must be removed prior to molecular analysis (Abbaszadegan et al. 1993; 

Schwab et al. 1995).  The elimination of molecular inhibitors necessitates further steps 

for virus concentration which may result in additional losses, prompting ongoing research 

into alternative eluting solutions that do not present such problems for investigators.       

6.2 Inorganic Solutions 

6.2.1 Sodium Hydroxide 

 A technique recently developed by Katayama and colleagues (2002) utilizing 

electronegative nitrocellulose membranes (Millpore HA) addresses both elution and the 

removal of organic inhibitors (Katayama et al. 2002).  Following the primary 

concentration of drinking water or seawater sample(s) seeded with poliovirus, the filters 

were initially rinsed with 0.5 mM H2SO4 to remove the Mg2+ cations and organic 

materials which are both capable of inhibiting PCR.  The elution of viruses was then 

achieved by a second washing with 1 mM NaOH (pH 10.5 to 10.8), followed by 

immediate neutralization using 50 mM H2SO4 and 100x Tris-EDTA buffer (pH 8.0) 

(Table 4).  The method eluted 95% of polioviruses from drinking water and from 82% to 
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95% from seawater, compared to the standard method (1MDS filter, beef extract pH 9.5) 

which recovered 50% of viruses from tap water and 6% from seawater for detection by 

reverse-transcriptase PCR.  While this method was effective, the pre-conditioning 

requirement to achieve concentration makes it more ideal for small-volume sampling of 

waters characterized by high viral loads (e.g., surface waters receiving wastewater 

effluents).  It has since been utilized to confirm the offshore transport of human enteric 

viruses from groundwater to coral reefs (Futch et al. 2010), and to assess the prevalence 

of human noroviruses and Torque Teno viruses in a variety of water sources in Brazil 

(Victoria et al. 2009; Diniz-Mendes et al. 2008).  

The acid-base elution strategy was also used with an Al3+-coated nitrocellulose 

filter method and TaqMan PCR to detect from 88% to 109% of polioviruses adsorbed 

from varying volumes of MilliQ water, and 82% to 99% of viruses adsorbed from 500 

mL and 1-L volumes of tap water, respectively (Haramoto et al. 2004).  Compared to 

other VIRADEL methods, the cation-coated filter method (Al3+) followed by acid-base 

elution consistently recovered higher levels of the seeded poliovirus and human 

noroviruses from MilliQ, tap, and river water as detected by real-time PCR (Haramoto et 

al. 2009), and enteroviruses from raw water samples analyzed by most probable number-

RT-PCR (MPN-RT-PCR) and real-time PCR (Hsu et al. 2007).  The method is 

inexpensive and effective for use with both traditional cell culture and molecular assays, 

but more research is needed to further evaluate its efficiency for recovering low numbers 

of viruses adsorbed from large water volumes.         
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6.2.2 Sodium Polyphosphates 

 Sodium polyphosphates (Na-PP) are strongly anionic, long-chain polymer 

dispersants that have been used to enhance the simultaneous recovery of viruses and 

other microbial classes from ultrafilter membranes (Table 4).  When 0.01% (w/v) Na-

polyphosphate was added to the bulk water volumes prior to sample processing (10-L tap 

water), followed by retentate collection and elution of the membranes with 0.01% 

Tween-80, ˃100% of infectious MS2 coliphages were detected by plaque assay (USEPA 

Method 1602); backflushing did enhance recovery further, but not significantly (Hill et 

al. 2005).  A subsequent study further evaluated the Hill et al. (2005) method, but with 

lower numbers of virus (MS2 coliphage and echovirus 1) seeded into 100-L tap water 

volumes (amended with 0.01% Na-PP) and a further focus on the elution (with 0.1% 

Tween 80, 0.01% Na-PP and 0.001% Antifoam A) rather than backflushing, which 

requires more technical expertise to perform with ultrafilters (Polaczyk et al. 2008).  A 

recovery of 84% of MS2 was reported using the backflushing procedure (with 0.5% 

Tween 80, 0.01% Na-PP and 0.001% Antifoam A) following large-volume processing, 

which was lower than that reported by Hill et al. (2005), but it did measure higher than 

the elution procedure which only recovered 53% of coliphages.  In contrast, 49% of 

echovirus 1 was recovered using elution relative to backflushing (37%) as detected by 

real-time PCR.  The more simple elution strategy (using 0.01% Tween 80, 0.01% Na-PP 

and 0.001% Antifoam A) was able to recover averages of 120% (± 22%) and 86%  (± 

13%) of MS2 and φX174, respectively, seeded into 100-L tap water samples collected 

from eight U.S. cities (Hill et al. 2007).  
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6.3 Chaotropic Agents 

 In addition to the DLVO forces (repulsive double layer-van der Waals attractive 

forces) that govern the adsorption of viruses to filters, hydrophobic interactions have also 

been suggested to play a significant role (Farrah et al 1981; Gerba 1984).  Chaotropic 

agents disrupt the structure of water to allow for the accommodation of hydrophobic 

functional groups.  These include salts, organic acids, and unionized detergents (e.g., 

Tween-80).  In contrast, antichaotropic salts (e.g. Na2HPO4) enhance the structure of 

water, resulting in an environment that is less energetically favorable for hydrophobic 

compounds, thereby promoting their sequestration (Gerba 1984).  Farrah et al. (1981) 

investigated several chaotropic and antichaotropic agents for their ability to elute 

poliovirus 1 from nitrocellulose membranes (Millipore) and electropositive Zeta Plus C30 

filters (diatomaceous earth-anion exchange resin, CUNO).  Their findings suggested that 

virus-filter interactions are affected by the solution pH.  Neither chaotropic nor 

antichaotropic agents were able to elute viruses at pH 4 as both filter and viruses are 

oppositely charged and electrostatic forces pre-dominate.  At pH 9.5, the filter and 

viruses are both negatively-charged, therefore, virus-filter interactions are largely 

hydrophobic.  These results demonstrated that the chaotropic agents tested (e.g., 

trichloracetic acid and Tween-80) promoted high elution efficiencies from both filter 

types at pH 9.5 where hydrophobic interactions predominate.  The most commonly used 

is Tween-80, which has been employed as an eluting solution additive in several studies 

to lessen the hydrophobic interactions between viruses and filters to promote elution 

(Rajal et al. 2007; Holowecky et al. 2009; Smith and Hill 2009).     
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7. SECONDARY CONCENTRATION METHODS 

 Secondary concentration of primary viral eluates is generally performed to reduce 

the volume that will be assayed using traditional cell culture and/or molecular assay 

techniques (e.g., reverse transcriptase-PCR). Ideally, the method should be rapid, 

efficient (no loss of viruses), simple, inexpensive, and able to achieve a desired 

concentrate volume ample for subsequent detection methods.   

7.1 Early Methods 

7.1.1 Aqueous Polymer Two-Phase Separation 

Early secondary concentration methods included those originally developed for 

the primary concentration of viruses from water (Table 5).  Hill et al. (1972) used the 

previously described aqueous polymer two-phase separation method to re-concentrate 

low numbers of polioviruses seeded into 100-gallon volumes of estuarine water, 

achieving a final concentrate volume of ~24 mL and a total virus recovery efficiency 

ranging from 42% to 97% (Hill et al. 1972).  However, the use of aqueous polymer two-

phase separation for secondary concentration was short-lived due to the tediousness and 

time-consuming nature of the method as an overnight period was required.   

7.1.2 Aluminum Hydroxide Precipitation-Hydroextraction  

A two-step procedure employing aluminum-hydroxide precipitation followed by 

hydroextraction was also developed for the secondary concentration of glycine eluates 

(Farrah 1977a) as the adsorption of viruses to aluminum hydroxide flocs had been 
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previously demonstrated (Wallis and Melnick 1967d).   Following neutralization of the 

eluates (1,600 mL), aluminum chloride was added to a final concentration of 0.003 M, 

and then neutralized again with 1 M sodium carbonate to produce flocs.  Flocs obtained 

both by settling and centrifugation were resuspended three times in equal volumes of 

fetal calf serum (2%) and glycine (0.05 M, pH 11.5) and subsequently centrifuged to 

extract the viruses adsorbed to the flocs.  PEG (polyethylene glycol)-hydroextraction of 

the floc eluates in dialysis bags (4°C) further reduced the concentrate volume to 20 mL, 

and the concentrates were dialyzed once more against phosphate-buffered saline. Twelve 

400-L samples of estuarine waters receiving sewage effluent underwent secondary 

aluminum hydroxide precipitation-hydroextraction, and revealed mostly the presence of 

indigenous polioviruses (47%) and echoviruses types 1 (23%) and 5 (30%).  A 

subsequent study by Gerba and colleagues (1978) also employed the aluminum 

hydroxide precipitation-hydroextraction procedure, recovering 52% of seeded 

polioviruses from 472 to 1,000 liters of tap water, 53% from 378 liters of seawater, and 

50% from 19 to 190 liters of secondary sewage. However, a round-robin investigation of 

poliovirus recovery methods later revealed that the aluminum hydroxide precipitation 

followed by hydroextraction demonstrated a wide range of recovery efficiencies for both 

low input experiments (0% to 67%) and high input experiments (0% to 18%) (Melnick et 

al. 1984).  This variation, in addition to the advent of organic flocculation for the 

secondary concentration of beef extract eluates, and the time-consuming nature of 

hydroextraction further demonstrated the impracticality of the method for the rapid and 

efficient detection of viruses from water. 
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7.1.3 Adsorption-Elution 

 Viral eluates can be further concentrated by performing an additional adsorption-

elution step using microporous filters.  Wallis et al. (1970) adjusted 0.05 M borate eluates 

(pH 9, 200-mL) containing poliovirus to pH 8, then filtered the solution first through a 

Tween-80 treated AP 20 clarifying pad (90 mm) followed by passage through an 

untreated 0.45 µm cellulose ester membrane filter (Millipore) for adsorption.  A ten-mL 

volume of 2% casein-Tris buffer (pH 7.5) was recirculated twice through the Millipore 

filter to recover the adsorbed polioviruses, achieving a 75% overall recovery and a 1000-

fold volume reduction relative to the initial sample volume of 10 liters.  The method was 

then applied to concentrate polioviruses filtered from 300 gallons of swimming pool 

water (initial virus seeded into 17,000 gallons) on insoluble polyelectrolyte filters and 

eluted as previously described.  However, only 41% of polioviruses were recovered on 

average from the swimming pool water when corrected for the reduction after overnight 

inactivation.  As the entire original water sample (17,000 gallons) was not filtered, it 

proved difficult to determine the true efficiency of the method.   

 Wallis et al. (1972) later determined that glycine-based eluates (0.05 M, pH 11.5) 

could be reconcentrated via adsorption-elution following acidification to pH 4.0 to 4.5, 

and the addition of AlCl3 to a final concentration of 0.0005 M.  The passage of eluates 

through cellulose membranes facilitated virus adsorption, and elution was carried out 

(after washing of the membranes with saline to remove excess Al3+) using a small volume 

of glycine (0.05 M, pH 11.5) that further concentrated the viruses.  Performing this 
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process several times over was purported to recover 100% of the adsorbed viruses; 

however, the viruses were not mono-dispersed prior to experiementation.  The secondary 

concentration method was applied following the processing of 500 gallon volumes of tap 

water through 293-mm cellulose membranes (Millipore) and initial recovery with 0.05 M 

glycine (pH 11.5)  The total method efficiencies ranged from 88% to 94% of the original 

input viruses recovered.          

 During primary concentration, the suspended organic solids naturally present in 

water can reduce the ability of filters to effectively adsorb viruses due to preferential 

adsorption.  As elution occurs, they are simultaneously recovered with the viruses, 

therefore adsorption-elution reconcentration methods are also vulnerable to the presence 

of these materials.  Sobsey et al. (1973) deduced that these virus-interfering components 

are largely anionic organic compounds, and that the addition of AlCl3 (final concentration 

of 0.005 M) to eluates prior to the reconcentration step alleviated the problem to allow for 

enhanced virus adsorption.  The processing of 100-gallon tapwater samples seeded with 

poliovirus through K27-Cox filters and subsequent elution with pH 11.5 glycine buffer 

produced 1-L eluates.  The eluates were adjusted to pH 3.5 and amended to a final 

concentration of 0.0005 M AlCl3, and then filtered through a series of Cox filters (47 mm 

diameter, 5- and 0.45 µm porosity) which were subsequently washed with pH 3.5 saline 

to remove the excess Al3+ ions.  The adsorbed viruses were then eluted with 7 mL of pH 

11.5 glycine buffer.  After pH adjustment to neutral and the addition of NaCl to maintain 

isotonicity, a final concentrate volume of 10 mL was obtained, achieving a 40,000-fold 

concentration relative to the original 100 gallon tap water sample.  The overall virus 
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recovery efficiencies ranged from 48% to 95%, with low virus input experiments 

generating total recoveries ≥ 92%, and high input trials recovering fewer viruses (≤ 63%).               

 The method developed by Sobsey et al. (1973) was slightly modified in an effort 

to reconcentrate low numbers of poliovirus from tap water (12 to 22 PFU / 1,900 L) using 

cellulose membrane filters (293 mm, Millipore) and borosilicate glass microfiber-epoxy 

resin tube filters (Balston) (Jakubowski et al. 1975).  To achieve secondary adsorption, a 

1-µm porosity filter was added to the Cox series (47 mm diameter, 5- and 0.45 µm 

porosity), and two 7-mL portions of glycine buffer (pH 11.5) were used for the recovery 

to achieve a final concentrate volume of 20 mL.  The method efficiencies ranged from 

25% to 50% and 25% to 80% when the Millipore membranes and Balston tubes were 

used for the primary concentration, respectively.  The use of adsorption-elution for 

secondary concentration sufficiently aided in the detection of low multiplicities of 

polioviruses in large water volumes, which was confirmed during the early development 

of a highly sensitive and consistent standard method to detect viruses in 1,900-L sample 

volumes (Hill et al. 1976).  

 As positively-charged filters were increasingly used for the primary concentration 

of viruses from water, they were also investigated for their ability to reconcentrate viral 

eluates.  Zeta Plus 50S filters were compared to Cox filters for the secondary 

concentration of poliovirus (388 PFU average) seeded in 378 liters of tap water.  Alkaline 

glycine eluates (1-L, pH 11.5) were adjusted to pH 6, passed through Zeta Plus 50S 

filters, and eluted with two 7.5-mL volumes of glycine (pH 10.0).  Secondary recovery 
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efficiencies averaged 22.5% with the Zeta Plus filters, in comparison to 4% for the 

electronegative Cox filter when used according to the Standard Methods, and 2% for the 

Cox filter when pH adjustments used for the Zeta Plus filter were applied (Sobsey and 

Jones 1979).  The pre-conditioning of eluates by the addition of AlCl3 and acidification 

was not necessary to obtain high recoveries when using electropositive filters for 

secondary concentration, simplifying the method considerably.  Shields et al. (1985) 

developed a modified concentration method for enteroviruses that used an electronegative 

filter (Filterite) for primary filtration and trichloroacetic acid to elute, in addition to a 

positively-charged 47-mm Seitz S filter for secondary reconcentration.  The two eluting 

solutions tested during reconcentration were casitone (3%, pH 9) and fetal calf serum (pH 

9.0), which recovered collective averages of 54% and 43% of four enterovirus types, 

respectively.  An alternative secondary concentration method was utilized to detect 

indigenous coliphages in chlorinated and unchlorinated treatment plant effluents (Shields 

et al. 1986).  The water samples were prefiltered (AP20), passed through three layers of 

electropositive 1MDS filter disks (90 mm), and eluted using 40 mL of 1 M NaCl-0.05 M 

imidazole buffer (pH 7).  The reconcentration was performed by passage of the eluate 

through a Seitz S filter (47 mm) to adsorb the coliphages, which were subsequently 

eluted with 10 mL of 4% beef extract with 0.1% Tween 80 (pH7).  Overall, 26% of 

naturally-occurring coliphages were recovered and detected using Escherichia coli B host 

lawns, and 63% with E. coli C-3000 lawns.   
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7.2 Organic Flocculation 

 While secondary adsorption-elution methods were able to concentrate viruses 

sufficiently for their detection by traditional cell culture assays, the increased use of beef 

extract solutions to elute viruses necessitated the development of alternative 

reconcentration methods.  Beef extract had been demonstrated to coat membranes and 

occupy reactive sites, allowing viruses to pass through and into the filtrate (Cliver 1965).  

Katzenelson and colleagues (1976) showed that a combination of chemical and physical 

interactions could facilitate the secondary concentration of poliovirus 1 in 450-mL beef 

extract eluates (Katzenelson et al. 1976).  Acidifying 3% beef extract to pH 3.5 increased 

the H+-ion concentration substantially, thereby decreasing the length of the repulsive 

double layer surrounding the particles in solution and encouraging coagulation.  A 

subsequent 30-minute period of slow stirring then stimulated physical particle-particle 

interactions and the formation of virus-protein flocs, which could then be centrifuged 

(3,000 x g, 10 min) and the pellet redissolved in 7.5 mL of 0.15 M Na2HPO4 by pipetting.  

The addition of several antibiotics, and the final pH adjustment to neutral gave a final 

concentrate volume of ~15 mL.  This process, termed organic flocculation, achieved 

recoveries ranging from 60% to 91%, compared to 30% to 47% recovery with the glycine 

buffer reconcentration method developed by Hill et al. (1976).  It also had a greater 

capacity to reconcentrate viruses from waters characterized by higher levels of organic 

matter than the secondary adsorption-elution technique, which generally exhibited low 

recoveries in such waters.   
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However, organic flocculation does not concentrate all viruses equally well.  A 

comparison of the organic flocculation efficiencies for a simian strain of adenovirus (SV-

11), mouse parvovirus, and reovirus 3 resulted in recoveries of 68%, 42%, and 22%, 

respectively (Sobsey et al. 1980b).  This may have been caused by viral inactivation at 

low pH, or inconsistent adsorption to flocs due to the varying physico-chemical surface 

properties of the viruses tested.  Inconsistencies in organic flocculation recoveries were 

later validated among the three types of enteroviruses, including variations evident at the 

strain level (Morris and Waite 1980).  A series of experiments, during which 0.3% beef 

extract with 0.05 M glycine mock eluates from both Filterite and 1MDS filters were 

seeded with echovirus 1 and reovirus 3, showed that organic flocculation was a less 

efficient secondary concentration method for these viruses (Sobsey et al. 1981).  The 

recovery of echovirus 1 was 74% from the 1MDS filter mock eluates in contrast to 20% 

measured for Filterite eluates.  Reovirus 1 recoveries were exceptionally low at 6% 

(1MDS) and < 0.1% (Filterite).  The substantial loss of infectivity observed was likely 

due to the virus exposure to extreme acidity (pH 3.5) during organic flocculation, since 

viruses were added to the eluates just before the procedure, and very few viruses were 

detected in the supernatants and the flocs.  In order to correct for the differences in 

experimental conditions that might account for the range of efficiencies reported using 

the organic flocculation method, Guttman-Bass and Nasser (1984) developed a method 

for the simultaneous concentration of four representative enteroviruses from the four 

major groups: Coxsackievirus A9, Coxsackievirus B1, echovirus 7, and poliovirus 1.  

Pooled antibodies specific to any group of the three were added to samples prior to cell 
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culture inoculation to ensure that only one viral strain was being quantified at a time.  

Organic flocculation recovered from 80% (echovirus 7) to 99% (Coxsackievirus B1) of 

the viruses seeded into tap water (5 L) and processed through the Balston filters.  When 

the four viruses were simultaneously seeded into five different water matrices (e.g., 

surface water and wastewater) and processed as just mentioned, the organic flocculation 

recoveries ranged from 70% (wastewater) to 98% (lake water).                        

 A study comparing the electronegative Filterite filter and the positively-charged 

1MDS filter for the concentration of high input poliovirus from 1,000 L of tap water 

further revealed the variation of virus recovery from organic flocs (Sobsey and Glass 

1980).  During the organic flocculation of two separate volumes of 1.5% beef eluates 

(Filterite), 95% and 99% of polioviruses adsorbed to the flocs as determined by assaying 

of the supernatants, and 52% and 100% of the viruses were recovered from the flocs after 

resuspension with Na2HPO4, respectively.  The polioviruses eluted from the 1MDS filter 

demonstrated floc adsorption efficiencies of 99% for both trials, with 65% and 72% 

recoveries measured from the flocs.  Since it was shown that most of the polioviruses did 

adsorb efficiently to the flocs, the loss of virus may have been due to the partial removal 

of the pellet during aspiration of the supernatant.  The overall method efficiencies relating 

the poliovirus titers in the final resuspended floc concentrates to the original titers added 

to the 1000-L sample volumes measured 34% and 48% for the Filterite and 1 MDS 

filters, respectively.  On average, the 1MDS filter adsorbed more polioviruses, and 

elution was also higher from these filters relative to the Filterite concentrators. This most 

likely contributed to the greater overall recovery observed for the 1MDS method.   
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Organic flocculation has also been evaluated for virus reconcentration after 

sample processing using positively charged glass wool filters.  The overall concentration 

efficiencies following inoculation of poliovirus 1 into 400 L and 1000 L tap water 

samples were 72% and 62%, respectively (Vilagines et al. 1993).  Poliovirus 1 was also 

recovered relatively efficiently from surface water (63%) and treated wastewater (57%) 

using organic flocculation.  Five other viruses passed through glass wool filters in 100 L 

tap water volumes further demonstrated moderate secondary recovery efficiencies of 62% 

(echovirus 11), 75% (Coxsackievirus B2), 72% (Coxsackievirus B4), 65% (rotavirus SA-

11), and 71% (poliovirus 2).   

7.3 Modified Organic Flocculation 

 The organic flocculation secondary concentration method developed by 

Katzenelson et al. (1976) underwent modifications to correct for the varying capacity of 

powdered beef extract lots to form heavy precipitates (Hurst et al. 1984).  The addition of 

ferric chlorides to beef extract solutions that would not flocculate sufficiently was found 

to facilitate the formation of flocs that enhanced virus recovery (Payment et al. 1984).  

Dahling and Wright (1986) evaluated several potential materials that could enhance the 

recovery of viruses from beef extract eluates.  The addition of Celite filter aid, T-21 

silicate, and aluminum sulfate to several brands of powdered and paste beef extract 

solutions (3%) resulted in comparable recoveries of poliovirus 1, echovirus 7, and 

Coxsackievirus A9.  However, the Celite filter aid (diatomaceous silica) was deemed 

more effective relative to the other test materials as it resuspended more readily, was 
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autoclavable, and formed more structured pellets upon centrifugation.  Ma et al. (1994) 

compared organic flocculation (Katzenelson et al. 1976) to the modified method (Dahling 

and Wright 1986) employing a diatomaceous earth filter aid for the secondary recovery 

of polioviruses seeded in 378 liters of tap water and passed through electropositive MK 

filters.  The modified diatomaceous earth method was more effective when used with 

1.5% beef extract solutions, while the classic organic flocculation procedure recovered 

more viruses when used with 3% beef extract.  Most recently, the celite method was 

utilized with modifications to concentrate polioviruses from 1.5% beef extract with 0.05 

M glycine eluates derived from NanoCeram filters (Karim et al. 2009).  The combined 

recovery efficiencies following secondary concentration for poliovirus 1, Coxsackievirus 

B5, and echovirus 7 were 54%, 27%, and 32%, respectively.   

 Modifications of the standard organic flocculation technique have also proven 

necessary to address viral inactivation, which can occur at the extreme acidic pH value of 

3.5 recommended by the method.  Shields and Farrah (1986) recovered >100% of 

coliphages (MS2, φX174, and T3) using 2:1 solutions comprised of 80% (w/v) 

ammonium sulfate with 10% beef extract to form flocs at pH 7, compared to a 1% 

recovery average gained with organic flocculation.  Poliovirus 1, echovirus 5, and 

Coxsackievirus B5 were also concentrated at considerably higher efficiencies using 

ammonium sulfate flocculation.  While effective, the sizable quantity of beef extract 

required (10%) could be rather costly.  Further optimization of the method ascertained 

that a minimum concentration of 50% (w/v) ammonium sulfate was required to achieve a 

100% recovery of poliovirus 1 when used with a 1% beef extract solution (Payment and 
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Trudel 1987).  Beef extract eluates (1%) amended with 50% (w/v) ammonium sulfate 

also achieved high recoveries of poliovirus 1 (88%), coxsackievirus B4 (88%), and 

Simian rotavirus SA-11 (97%), of which the latter had previously exhibited 65% 

recovery using the organic flocculation method (Vilagines et al. 1993). 

7.4 PCR Inhibition 

As previously mentioned, humic substances naturally present in water are 

captured by filters during primary concentration and recovered with viruses during 

elution.  When highly proteinaceous beef extract solutions are employed for virus elution 

and subsequently undergo secondary concentration, both viruses and proteins form part 

of the resultant flocs and are resuspended in the final concentrates.  This has proven 

problematic for molecular detection techniques currently in use (e.g., RT-PCR) to detect 

the presence of viruses in water as organic substances have been demonstrated to inhibit 

the enzymes necessary for genomic amplification (Schwab et al. 1993). This trend has 

been observed more frequently following primary concentration using electropositive 

filters (Abbaszegan et al. 1993; Kopecka et al. 1993; Gantzer et al. 1997).  Therefore, 

methods have been developed to remove these inhibitory substances from secondary 

concentrates.  Abbaszedegan et al. (1993) evaluated spin chromatography using several 

types of resins to assess their capacity to remove organic inhibitors from secondary 

groundwater concentrates.  It was found that a combination of Sephadex G-100 spun 

columns (Pharmacia, Stockholm, Sweden) and Chelex-100 chelating ion-exchange resins 

(Bio-Rad Laboratories, Hercules, CA) were most effective, allowing for the successful 
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amplification of the 149-base pair target sequence (103 PFU poliovirus per reaction) in 

each of the ten sample concentrates tested.     

 As further evaluation of the spin chromatography method demonstrated only a 

15% recovery of 14C-labeled poliovirus, an alternative method to remove organic 

inhibitors was developed employing ultracentrifugation and solvent extraction techniques 

(Fout et al. 2003).  The concentrates were generated by passing groundwater through 

1MDS filters followed by elution using non flocculating beef extract, and reconcentration 

by the celite method developed by Dahling and Wright (1986).  Ultracentrifugation of the 

concentrates through a sucrose pad achieved an 80% recovery of the seeded polioviruses, 

but removal of the inhibitors was not observed for the concentrate samples from all of the 

test sites.  Therefore, an organic solvent extraction technique was implemented to further 

remove the remaining inhibitors, followed by a second round of ultracentrifugation 

(Microcon-100 concentrators pre-coated with 0.1% bovine serum albumin) to further 

concentrate the samples which led to a 74% recovery of seeded polioviruses.  This 

method has since proven effective for the removal of organic inhibitors from 1MDS and 

NanoCeram filter concentrates originating from tap and river water samples (Karim et al. 

2009). 

7.5 Ultrafiltration 

 Ultrafilters have also been used for the secondary concentration of eluates.  They 

are available in a variety of molecular weight cut-offs (MWCO), and separate particles 

according to size.  As eluates are passed through the filter either by centrifugation or 
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vacuum filtration, solution components smaller than the specified size parameter pass 

through and into the filtrate for disposal.  The captured viruses are then collected along 

with the small volume of retentate remaining in the ultrafilter, and thus are more 

concentrated than they were previously in the eluate.  The processing times for eluates 

also tend to be relatively short, averaging 10 to 15 minutes with many of the newer 

ultrafilter systems.  Although ultrafilters tend to be composed of inert materials (e.g 

polysulfonates), the loss of viruses still can occur via physical adsorption (i.e. van der 

Waals attractive forces) or embedding into membranes.  

 The early use of ultrafilters for secondary concentration proved advantageous 

over other secondary concentration methods (e.g. adsorption-elution) as samples required 

neither pH adjustment nor addition of multivaent cations.  Ultrafilters (MWCO 100,000) 

successfully reconcentrated indigenous bacteriophages from 1.5 L eluates (1% beef 

extract-0.05 M arginine) originating from small (65 L, Bio-Rad ultrafilters) and large 

volumes (100 to 200 L, Amicon hollow fiber ultrafilters) of surface water receiving 

wastewater effluents, achieving concentrate volumes ranging from 50 to 100 mL (Logan 

et al. 1980; Logan et al. 1981).  Markedly different recoveries were measured for 

poliovirus 1 and hepatitis A virus from polysulfonate ultrafilters despite their similarity in 

structure (10,000 MWCO, Minitan System, Millipore) (Divizia et al. 1989).  While the 

recovery of hepatitis A virus from 1-L seeded tap water volumes was 100% using 

secondary ultrafiltration (four membranes, 10-12 p.s.i., retentate:filtrate ratio of 6:7), 

poliovirus 1 recovery was exceedingly low (15%).  Pre-treatment of the polysulfonate 

membranes with 3% beef extract prevented absorption of the polioviruses into the 
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membranes, increasing the recovery to 100%, although processing times were increased 

significantly. 

 Ultrafiltration has become a more widely practiced method for the processing of 

eluates because viruses can be concentrated into very small volumes of solution, 

increasing the likelihood of detection by both cell culture and molecular techniques.  

Gilgen et al. (1997) applied ultrafiltration as the second step of a three-stage 

concentration methodology to detect multiple enteric virus types in river water samples 

using RT-PCR.  One-liter samples were pre-filtered using an AP 20 pad (Milllipore), and 

then passed through an electropositive membrane filter (0.45 µm, Zetapore, Millipore).  

A small volume (3 mL) of 1% beef extract with 0.05 M glycine eluent was used to 

recover the viruses, followed by reconcentration of two-thirds of the eluate volume down 

to 100 µL using a Centricon-100 microconcentrator (Amicon). Further concentration of 

the liberated viral RNA and RT-PCR to a 10 µL reaction volume yielded positive results 

in all six river water samples of enteroviruses, rotavirus, and small round structure virus 

genotype I (i.e., norovirus GI), and in 33% of the samples for small round structure virus 

genotype II (i.e., norovirus GII).  None of the samples tested positive for hepatitis A 

virus. 

 The VIRADEL method employing negatively-charged HA nitrocellulose filters 

(Millipore) and acid-base rinse steps to remove inhibitors and elute viruses also 

incorporated secondary ultrafiltration to achieve small volumes.  Seawater samples (2 L) 

collected from three separate locations and spiked with poliovirus 1 were reconcentrated 
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to final volumes of ~2 mL using the Centriprep Concentrator 50 (Nihon Millipore); the 

overall method efficiencies ranged from 61% to 73% as detected by RT-PCR (Katayama 

et al. 2002).   Two-liter river water samples from a system of rivers and streams receiving 

untreated sewage were processed according to Katayama et al. (2002), obtaining final 

concentrate volumes of 2 mL with the Centriprep Concentrator 50 (Diniz-Mendes et al. 

2008).  Torque teno virus DNA was subsequently detected in 92% of the water samples 

using real-time PCR.  The presence of noroviruses (I and/or II) in water samples of 

varying qualities, including treated sewage and chlorinated drinking water, has also been 

established following the ultrafiltration of samples as previously described (Katayama et 

al. 2002) in combination with semi-nested PCR (Victoria et al. 2009).       

Studies employing in situ Al3+-coated nitrocellulose filters for the primary 

concentration of viruses have also employed secondary ultrafiltration methods. Large 

volumes of tap water ranging from 141 to 505 liters were filtered during a 13-month 

period, rinsed with 4 L of 0.5 mM H2SO4 to remove inhibitors, and eluted with 200 mL 

of 1.0 M NaOH (Haramoto et al. 2004). Reconcentration followed with the Centriprep 

YM-50 ultrafilters, resulting in final volumes of ~0.9 mL.  Noroviruses (genotypes I and 

II) were detected using TaqMan PCR in 10.2% of the 98 water samples tested.  The Al3+-

coated filter method with acid-base elution and ultrafiltration for the reconcentration step 

was further utilized to assess the presence of several virus types in an urban river system 

(Haramoto 2005).  Surface water samples (500 mL) collected from six sites were 

concentrated to ~0.7 mL.  Real-time PCR detection revealed the presence of norovirus 
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genotypes I and II in 44% to 53% of the 64 collected samples, in addition to 

enteroviruses (9%), adenoviruses (45%), and torque teno viruses (5%).       

8. CONCLUSIONS 

 Although the methods to concentrate viruses from water have not changed 

substantially in several decades, they have undergone a number of modifications to 

increase the efficiency.  The use of electronegative filters to sample both large and small 

volumes of water has become fairly streamlined, but remains most ideal for the sampling 

of smaller volumes of water characterized by high viral loads as pre-conditioning remains 

a requirement.  In addition, coliphages and some enteric viruses (e.g., reoviruses) are 

susceptible to inactivation at the low pH levels required to facilitate virus capture.  The 

cation-coated filter method developed by Haramoto and colleagues (2004) does not 

require sample pre-conditioning, is simple to perform, and inexpensive.  However, more 

large-volume studies need to be performed to further evaluate the efficacy of the method.  

The electropositive 1MDS filter is the recommended concentrator for viruses from water 

(Fout et al. 1996), and has proven effective in the capture of etiologic agents implicated 

in several waterborne outbreaks.  However, it continues to be costly (~$180 U.S dollars).  

NanoCeram filters are significantly less expensive and able to capture viruses from 

several different water types including seawater, which has proven difficult to accomplish 

with the 1MDS filter.  Nevertheless, the NanoCeram filters require additional research to 

fully assess their capacity to retain a broader spectrum of viruses exhibiting different 

surface properties.  Ultrafiltration has been increasingly researched over the past decade, 
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particularly for the concurrent concentration of multiple microbial classes.  While it does 

remain a costly procedure, the development of field-based methods (e.g., dead-end 

ultrafiltration) shows a transition towards more practical use that requires neither 

extensive specialized training nor expensive equipment.  

 The ability to recover viruses following adsorption to filters remains highly 

variable. Organic and inorganic solutions, including surfactant additives (e.g., Tween-80) 

have been extensively researched, but a solution capable of eluting all pathogenic viruses 

from the abundance of filter types available has yet to be developed.  The biological 

variability of viruses, in terms of surface composition, net charge, and the tendency to 

form aggregates has contributed significantly to the differences measured in elution 

efficiency as markedly different recoveries have been observed even at the strain level.  

Glycine was used for many years to recover viruses, but demonstrated viral inactivation 

at its optimal alkaline eluting pH.  Beef extract is capable of elution at more moderate 

alkaline pH values, but secondary concentration methods (e.g., organic flocculation) 

require extremely acidic conditions to work properly which also can lead to the 

inactivation of acid-sensitive viruses.  In addition, the highly proteinaceous composition 

of beef extract may lead to the inhibition of molecular detection assays.  The acid-base 

rinse procedure by Katayama et al. (2002) that removes inhibitors and elutes targeted 

viruses, has the potential to alleviate these issues when used with electronegative 

nitrocellulose membrane filters.  The use of sodium polyphosphates has demonstrated 

high recovery efficiencies of viruses and other microorganisms from ultrafilter systems.  

The application of these highly anionic polymers to elute viruses from electropositive 
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filters and has demonstrated potential (Ikner, Soto-Beltran, Gerba, and Bright, 

unpublished).    

 Secondary concentration methods have proven vital to accurately discern the 

presence of viruses in water that may be very low in quantity.  As beef extract is the 

recommended eluting solution, organic flocculation (including modifications) will 

continue to see widespread use.  While the potential for organic inhibition of PCR 

methods remains an issue, inhibitor-removal techniques (Abbaszadegan et al. 1993; Fout 

et al. 2003) have provided the means for the continual use of beef extract and organic 

flocculation.  The utilization of ultrafilters for secondary concentration has been largely 

demonstrated with inorganic eluates.  Ultrafiltration has the advantage of producing very 

small concentrate volumes relative to organic flocculation in short periods of time (10 to 

15 minutes), but some models can be relatively expensive whereas organic flocculation 

merely requires pH adjustment and resuspension in a low molarity salt solution.  Clearly, 

there are both advantages and unfavorable aspects with these reconcentration methods, 

but they have demonstrated efficiency for use with a broad spectrum of water quality 

types.       

As the methods for virus capture, recovery, and reconcentration have developed, 

our understanding of the factors influencing each step has broadened significantly, often 

resulting in further modifications.  However, each additional adjustment to the overall 

process train, even when necessary, still has the potential to result in further loss of 

viruses along the way, whether due to their inactivation or irreversible adsorption.   While 



84 

 

the increased sensitivity of molecular detection methods has partially alleviated these 

issues, their inability to differentiate between infectious and inactivated viruses indicates 

that concentration and recovery methods should strive to maintain the viability and 

structural integrity of these pathogens in order to more accurately assess the potential 

risks to human health. 
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TABLE 1. Non-VIRADEL techniques for the concentration of viruses from water

Procedure Method References  Advantages Disadvantages 

 
Ultrafiltration  
      

 
Hollow fiber 
 
 
 
Tangential flow 
 
 
 
Dead end 

 
Berman et al. 1980; Soule et 
al.2000; Rajal et al. 2007 
 
 
Winona et al. 2001; Hill et al. 
2005;  Polaczyk 2008 
 
 
Smith and Hill 2009  

 
Pre-conditioning of water 
samples not necessary as virus-
filter interactions are based on 
size, not electrostatic interactions 
 
 
 
 
 

 
Equipment costs exceed other 
concentration methods 
 
Field sampling methods not 
standardized or rapid-response 
ready; samples must be brought 
back to the lab for processing 

 

Small-scale 
concentration 
techniques 

 

    

 
1. Soluble alginate 
membranes 
 
2. Aqueous two-
phase seperation 
 
3. Hydro-
extraction 
 
4. Precipitable 
salts, Fe-oxides,  
polyelectrolytes 
 
 
5. Ultra-
centrifugation 
 

 
1. Gartner 1967;  
Nupen 1970 
 
 
2. Shuval et al. 1967; 
Grinstein 1970 
 
3. Shuval 1967 
 
 
4. Wallis and Melnick 1967b; 
Wallis et al. 1970 
 
 

5. Cliver 1965 

 
1. Non-cytotoxic,  
no virus inactivation  
 
 
2. Low multiplicities of virus 
detected 
 
3. Moderate to high virus 
recovery 
 
4. Ability to process large water 
volumes 
 
 
5. Fractionation of  diverse virus 
types possible 

 
1. Clogging when used with  
turbid natural waters 
 
 
2. Inactivation of some virus  
strains observed 
 
3. Toxins present in water  
sample also concentrated 
 
4. Not applicable to all virus  
types due to surface variations  
an inactivation 
 
5. Cost-prohibitive 
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TABLE 2.  Comparison of adsorption methods used to concentrate viruses from water 

Filter 
Type 

Examples 
(composition) 

References Advantages Disadvantages 

 
Electronegative  
      
 

 

 

 

 

 

 

 

 

 

 
 

Millipore 
(cellulose nitrate) 
 
Cox 
(epoxy- fiberglass) 
 
Balston 
(epoxy-fiberglass) 
 
Filterite 
(epoxy-fiberglass) 
 
Fiberglass (wound) 
 
Glass powder 

Wallis and Melnick 1967a; 
Katayama et al. 2002 
 
Jakubowski et al.1975;  
Sobsey et al. 1980 
 
Jakubowski et al. 1975; Guttman-
Bass & Nasser 1984 
 
Gerba et al. 1978; Lukasik 2000 
 
Payment 1979; Payment 1988 
 
Sarrette 1977; Menut 1993 

Wide variety of pore  
sizes and assorted  
adsorbent materials  
available  
 
Disc and cartridge 
configuration options 
 
Relatively 
inexpensive 

Multivalent salts or 
acidification  
(pH = 3.5) 
required for virus 
adsorption, may lead to 
formation of precipitates, 
filter clogging, and virus 
inactivation due to low 
pH 
 
Vulnerable to seasonal  
water quality changes 
(e.g. variation in humic 
and fulvic acid levels) 
 

 
Electropositive 

 

      
 

Zeta Plus 
charge-modified 
 
In situ 

charge-modified 
 
Glass wool 
(oiled sodocalcic) 
 
1MDS Virosorb 

 
NanoCeram 
(nanoalumina) 

Sobsey et al. 1979; Goyal et al. 
1980 
 
Farrah et al. 1985; Haramoto 
2004 
 
Vilagines et al. 1993; Lambertini 
2008 
 
Sobsey et al. 1981;  Dahling 2002 
 
Karim et al. 2009;  
Gibbons et al. 2010 

Pre-conditioning of 
water samples not 
necessary 
 
Adsorb viruses at 
higher pH levels than 
negative filters 
 
Adsorption method 
standardized  
(USEPA VIRADEL 
Technique) 

Virus adsorption pH 
range may vary widely 
among available brands 
 
Vulnerable to seasonal 
water quality changes, but 
less so than 
electronegative filters 
 
Can be costly  
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TABLE 3. Most commonly used organic solutions for virus elution following  

                   primary concentration 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Eluting 
solution 

Concentration  References   Advantages  Disadvantages 

 
Glycinea  
      

 
0.05 M  
 

  
Wallis et al. 1972 
Goyal et al. 1980; 
Winona 2001 

 
Inexpensive, 
effective at low 
concentrations 

 
Virus inactivation 
due to extreme 
alkaline pH  

 
Beef 
Extract 
 

    
 

 
≤ 1% 
 
 

 
1.5% 
 

 
 
3%  
 
 
3% w/ glycine 

 
Sobsey & Glass 
1980; Sobsey et 
al.1981 
 
Dahling 2002;  
Karim 2009 
 
 
Goyal et al. 1980;  
Ma et al. 1994 
      
Lambertini et al. 
2008; Gibbons et al. 
2010  
 

 
Demonstrated 
recovery of  
diverse microbes 
adsorbed to various 
filter types 
 
Highly 
standardized 
 
Broadly  accepted 
methodology  

 
Potential for viral 
inactivation during 
organic 
flocculation 
(extreme acidic 
pH) 
 
Inhibition of 
molecular 
detection methods 
probable, removal 
of inhibitors 
required 
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TABLE 4. Most common inorganic solutions employed for virus recovery following   

primary concentration  

 

 

  

 

 

 

 

 

 

 

 

 

Eluting 
solution 

References  Advantages Disadvantages 

 

Sodium 
hydroxide 

 

 

 

 

 

Sodium 
polyphosphate 

    

 
Katayama et al. 
2002;  
Haramoto et al. 
2004  
 
 
 
Hill et al. 2005;  
Polaczyk et al. 
2008 

 
Can be used w/ 
electronegative filters 
 
 
 
 
 
Polyanionic 
dispersant; disrupts 
viral aggregates 

 
Has not been tested 
 w/ electropositive filters 
 
 
 
 
 
Must be used at very low 
concentrations when 
recovering simultaneous 
microbial classes 
(bacterial toxicity) 
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TABLE 5. Methods for secondary concentration of viral eluates 

 

 

Method  References  
General 
Advantages 

General 
Disadvantages 

 

Aqueous two-
phase separation 

 

 

 

Al-hydroxide 
precipitation- 
hydroextraction 

 

 

Adsorption- 
elution 

      

 
Hill 1972 
 
 
 
 
Gerba et al. 1978; 
Melnick et al. 1984   
 
 
 
Wallis et al. 1972;  
Sobsey & Jones 
1979  
 

 
Low 
multiplicities of 
virus detected 
 
 
Moderate to high 
virus recovery 
 
 
 
Concentrate 
volume is pre-
determined by 
operator 

 
Tedious,  
time-consuming 
 
 
 
Toxins present in 
water sample 
also concentrated 
 
 
Potential loss of 
virus 

 

  
 

Organic 
flocculation 

 

 

 

 

Modified organic 
floccualtion 

 

 

 

 

 

Ultrafiltration   
 

 
 
 
Katzenelson et al. 
1976;  Guttman-
Bass & Nasser 1984 
 
 
 
Payment et al.1984; 
Karim et al. 2009          
 
 
 
 
 
Logan et al. 1980; 
Gilgen et al. 1997   

 
 
 
Generally 
moderate to high 
recoveries 
 
 
 
Compensates for 
variation in 
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ABSTRACT 

 

The methods used to concentrate enteric viruses from water have remained largely 

unchanged for nearly 30 years, with the most common method being the use of 1MDS 

filters with organic flocculation for the secondary concentration. 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 L of seeded water through the filter (average filter 

retention efficiency was ≥ 99.8%) and then recovered using various salt-based or 

proteinaceous eluting solutions. A 1.0% sodium polyphosphate solution with 0.05M 

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 ml); this volume compares quite favorably to that of previously described methods 

(with final volumes of ∼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. This new method for the recovery of viruses from water 

therefore represents a viable alternative to current methods. 

 

 

 

 

 



118 

 

 

1. INTRODUCTION 

Waterborne viruses are largely transmitted by the fecal-oral route upon ingestion of water 

contaminated with the excreta of humans and other animals. There are many human 

pathogenic viruses that are associated with waterborne illness including the enteroviruses 

(polioviruses, echoviruses, and coxsackieviruses), adenoviruses, and caliciviruses 

(noroviruses) (Moe 2002). The primary symptom resulting from infection by these 

enteric pathogens is acute gastrointestinal illness, which may be characterized by 

vomiting and/or diarrhea, nausea, abdominal cramping, and fever (Hollinger and 

Emerson 2007; Wold and Horwitz 2007). 

Due to the lack of access to clean drinking water, waterborne diseases continue to 

be a substantial source of illness and death throughout much of the developing world, 

particularly in children (Cooney 2008).  It is estimated that 4 billion cases of waterborne 

diahrreal disease occurs each year, including rotavirus A gastroenteritis, which causes 

approximately 500,000 deaths each year in children under the age of five (Parashar et al. 

2003).  In contrast, the United States and other industrialized nations are equipped with 

highly effective water treatment infrastructure and strict drinking water regulations, 

which have resulted in a substantial reduction of waterborne disease outbreaks. 

Nevertheless, an estimated 19.5 million cases of endemic waterborne disease occur each 

year in the U.S. (Reynolds et al. 2008). Consumption of untreated groundwater and 

microbial contamination of distribution systems have been identified as potential sources 

for such cases, many of which go unrecognized or unreported (Craun et al. 2006).  

Although enteric viruses are usually present in low densities in water, they may 
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still pose a significant health risk since the infectious dose for many viruses is quite low. 

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 methods used to recover and concentrate 

enteric viruses from water have remained largely unchanged for nearly 30 years. The 

VIRADEL (virus adsorption and elution) procedure is the most commonly employed 

framework (American Public Health Association 2005). It includes a primary step to 

concentrate viruses from large volumes of water using adsorptive media (filters), 

followed by the application of an alkaline solution to elute (recover) the viruses.  

During the primary concentration step, water samples are passed through 

positively or negatively charged filters and viruses that are present adsorb to the filtration 

media. Viruses typically have a net negative surface charge in water due to their surface 

isoelectric point (pI). At pH levels below their pI, viruses carry a net positive charge; at 

pH levels above their pI, they carry a net negative charge. Electronegative filters are 

effective for virus concentration, but are not ideal for large-scale water sampling as either 

acidification of the water sample or the addition of multivalent cationic salts (e.g., Al3+) 

is required prior to filtration (Wallis et al. 1972a; Wallis et al. 1972b; Farrah et al. 1976; 

Gerba et al. 1978) Such pre-conditioning of the filters has resulted in the successful 

concentration of several virus types including enteroviruses, noroviruses, and 

adenoviruses (Haramoto et al. 2004; Haramoto et al. 2005). Nevertheless, positively 

charged filters remain the preferred method for virus concentration. Virus capture using 

electropositive filters occurs largely via electrostatic interactions, although hydrophobic 
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bonding and short range van der Waals forces also contribute to the total interaction 

energy (Gerba 1984). 

The electropositive 1MDS filter (CUNO Inc., Meriden, CT) is the most 

commonly used filter for virus concentration from water, but may be cost-prohibitive 

(~$180 per filter) for projects characterized by frequent sampling or continuous 

monitoring. The positively-charged NanoCeram Virus Sampler (~$40; Argonide 

Corporation, Sanford, FL) is a less expensive alternative. This is a non-woven pleated 

cartridge depth filter that is composed of microglass filaments (0.6 µm in length) coated 

with nanoalumina (AlOOH) fibers (~2 nm in diameter by ~250 nm in length) derived 

from the mineral boehmite. NanoCeram filters have an extensive surface area (~500 

m2/g) due to the nanoalumina coating and an effective pore size of approximately 2.0 µm. 

The high surface area coupled with the relatively high isoelectric point (pI range = 8 to 9) 

confers a strong electropositivity to the filter surface. Karim et al. (2009) found that the 

NanoCeram filter was able to concentrate poliovirus-1 from large volumes of water with 

an efficiency comparable to several currently available electropositive filters including 

1MDS (both cartridge and disc configurations) and Seitz filters.  

The elution (recovery) of viruses from such adsorptive media has presented 

unique challenges for researchers. Adsorption kinetics are affected by numerous factors 

including the virus surface properties (e.g., virus pI, the presence of a lipid envelope), the 

properties of the surrounding aqueous environment (e.g., ionic strength, pH), the presence 

of organic compounds, 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 
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(elution) of viruses from the filters. Viruses that are more electronegative adsorb more 

effectively to positively charged filter surfaces. This may subsequently impact the 

efficiency of their elution. Solutions consisting of various amino acids (e.g., glycine) and 

complex proteinaceous solutions (e.g., beef extract) have been used to elute viruses from 

filters.  

The most commonly used eluting solution for the recovery of viruses from filters 

is beef extract (∼pH 9.0 to 9.5). It may be used at a range of concentrations (e.g., 1.5% to 

3.0%) (Dahling 2002; Cashdollar and Dahling 2006; Karim et al. 2009; Berg et al. 1971; 

Goyal et al. 1980; Logan et al. 1980; Melnick et al. 1984; Ma et al. 1994; Lambertini et 

al. 2008) and with glycine, an amphoteric amino acid (exhibiting both acidic and basic 

properties due to the presence of carboxylic acid and amine functional groups), to provide 

buffering (American Public Health Association 2005; Fout et al. 1996; Sobsey et al. 

1981; Melnick et al. 1984; Ma et al. 1994; Lambertini et al. 2008; Karim et al. 2009). 

Beef extract solutions have been used to elute viruses from both electronegative (Farrah 

et al. 1976; Preston et al. 1988; Scott et al. 2002) and electropositive cartridge filters 

(Dahling 2002; Karim et al. 2009; Ma et al. 1994; Sobsey and Glass 1980), in addition to 

glass wool filters (Gassilloud et al. 2003; Lambertini et al. 2008; Menut et al. 1993). 

Nonetheless, beef extract contains substances that can interfere with molecular assays 

such as reverse transcriptase PCR (Abbaszadegan et al. 1993). 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 
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surface tension of water, allowing for the accommodation of non-polar functional groups 

in the aqueous environment. It has been used as a component of eluting solutions to 

enhance virus desorption from microporous filters (Farrah et al. 1981; Scott et al. 2002; 

Sobsey et al. 2004) and ultrafilters (Hill et al. 2005; Hill et al. 2007; Polaczyk et al. 

2008). Scott et al. (2002) recovered 79% of MS2 coliphage from negatively charged 

microporous filters using a 5% beef extract solution containing 0.1% Tween-80. Another 

study by Sobsey et al. (2004) reported optimal elution efficiencies of male-specific 

coliphages (e.g., MS2) adsorbed to 1MDS filters using 3% beef extract with 0.3% 

Tween-80 relative to those achieved using 3% beef extract alone or with 0.1% Tween-80.   

Inorganic salt-based solutions disrupt the hydrophobic interactions between 

viruses and filter surfaces. Chaotropic salts (e.g., NaI) enhance elution by altering the 

structure of water to better accommodate hydrophobic functional groups present on the 

surfaces of viruses. Chaotropic salts are able to elute poliovirus-1 (Farrah et al. 1981) and 

MS2 coliphage (Farrah 1982) 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 elution (Shields and Farrah 1983).  

Sodium polyphosphates (Na-PP) 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 Na-PP 

solution, resulting in an increase in the net negative charge of the surfaces. This increases 

electrostatic repulsion, thus dispersing microorganisms and other particle types and 

facilitating virus desorption (Sharma et al. 1985). Na-PP are available in polymer chains 
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ranging from two (pyrophosphates) to 17 or more units. Commercially available Na-PP is 

heterogeneous and contains a mixture of chain lengths. Recently, Na-PP salts coupled 

with Tween-80 have been used to elute viruses, bacteria, and protozoa from hollow-fiber 

ultrafilters (Hill et al. 2005; Hill et al. 2007; Polaczyk et al. 2008).  

Depending on the filter utilized, the volume of the eluent can range from ~420 ml 

(e.g., with ultrafilter membranes, NanoCeram filters) to upwards of 1.6 liters (e.g., with 

1MDS filters) (Dahling 2002; Hill et al. 2007; Karim et al. 2009). Therefore, a secondary 

concentration step may be necessary to reduce the volume further in order to meet the 

minimum detection limits for traditional cell culture infectivity assays and molecular 

assays (e.g., PCR). This is particularly important for drinking water and surface water 

samples that may have very few viruses. Organic flocculation is used for the secondary 

concentration step following elution with beef extract (Katzenelson et al. 1976), typically 

yielding a virus concentrate with a volume of 15 to 40 ml. Alternatively, Centricon Plus-

70 centrifigal filters (30 kDa cut-off; Millipore, Billerica, MA) have been used to 

concentrate ΦX174 and MS2 coliphages from 70 ml to approximately 2 ml (Hill et al. 

2007).                      

In this paper, we describe a new, less expensive method for the primary 

concentration (using NanoCeram filters), elution (with a novel Na-PP buffer), and 

secondary concentration (using Centricon Plus-70 centrifugal filters) of viruses from 

water.     
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2. MATERIALS AND METHODS 

 

2.1 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 propagated monthly in the following manner: approximately 0.3 ml 

of a log-phase culture [grown for 4 hours with agitation at 37°C in tryptic soy broth 

(TSB; EMD Chemicals, Darmstadt, Germany)] of host E. coli was added to 5 ml of 

molten tryptic soy agar (containing 1.0% agar) in a test tube. This was repeated for seven 

tubes. Next, a dilution containing approximately 1x105 PFU of MS2 was added to each of 

these agar overlays. The tubes were then vortexed gently to mix the cultures and poured 

onto the surface of tryptic soy agar (TSA; EMD Chemicals, Darmstadt, Germany) plates. 

The plates were gently swirled to cover the entire surface of the plates with the agar 

overlays. The overlays were then allowed to solidify at room temperature and the plates 

were incubated (inverted) for 24 hours at 37°C. Following incubation, 7 ml of sterile 

phosphate buffer (3.8 mM Na2HPO4, 6.5 mM KH2PO4; pH 7.5) was added to the top of 

the agar overlays and allowed to sit undisturbed for 2 hours at room temperature. The 

phosphate buffer was then removed from the plates using a sterile pipette and placed in a 

250 ml sterile centrifugation bottle. The viruses were purified by centrifugation (15,300 x 

g for 10 min at 4°C) to remove bacterial cellular debris, followed by filtration using a 

syringe filter (pre-wetted with 2 ml of 1.5% beef extract) with a pore size of 0.22 µm 
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(Millex; Millipore, Bedford, MA). The viruses passed through the filter and were 

collected in a sterile tube and stored at 4°C until use. This technique generally results in 

an MS2 stock culture of approximately ≥1010 PFU/ml. 

 To determine the titer (concentration) of the MS2 stock, the double-agar overlay 

method was used in which 0.1 ml of 10-fold serial dilutions of the virus stock were added 

to agar overlay tubes containing 0.3 ml of host E. coli and poured over TSA plates as 

before. After overnight incubation at 37°C, the coliphages were enumerated by counting 

plaques (circular clearings of the bacterial growth in the agar overlays) to determine the 

number of PFU of virus per milliliter of sample. 

 

2.2 Human virus maintenance 

 

Adenovirus 2 (ATCC#VR-846), echovirus 1 (ATCC# VR-31), and Coxsackievirus B5 

(Faulkner, ATCC# VR-185) were also obtained from the American Type Culture 

Collection (ATCC, Manassas, VA). Poliovirus 1 (strain LSc-2ab) was obtained from the 

Department of Virology and Epidemiology at the Baylor College of Medicine (Waco, 

TX). Adenovirus 2 (AV-2) was maintained on PLC/PRF/5 (primary liver carcinoma; 

ATCC# CRL-8024) cell line monolayers with minimal essential medium (MEM, 

modified with Earle’s salts; Irvine Scientific, Santa Ana, CA) containing 10% fetal 

bovine serum (FBS; Hyclone, Logan, UT), 100 mM sodium pyruvate (Mediatech Inc., 

Manassas, VA), and 1 mM glucose (Mediatech Inc., Manassas, VA) at an incubation 

temperature of 35°C with 5% CO2.  Echovirus 1 (EV-1), Coxsackievirus B5 (CV-B5), 
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and poliovirus 1 (PV-1) were maintained on BGM (Buffalo green monkey kidney; 

obtained from Don Dahling at the United States Environmental Protection Agency, 

Cincinnati, OH) cell line monolayers with MEM containing 5% calf serum (CS; Hyclone, 

Logan, UT) at an incubation temperature of 35°C with 5% CO2. 

 

2.3 Human virus purification 

 

Following observation of > 90% destruction of the cell monolayer by AV-2, PV-1, EV-1, 

or CV-B5, 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 (1000 x g for 10 min) to remove cell debris, followed by precipitation with 

polyethylene glycol (PEG; 9% w/v) and sodium chloride (5.8% w/v) performed overnight 

at 4°C (Black et al. 2009). The viruses were then centrifuged (15,300 x g for 30 min at 

4°C). After re-suspension 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) (Black et al. 2009). The top aqueous layer containing the virus was carefully 

removed using a pipette and then filtered using a syringe filter (pre-wetted with 2 ml of 

1.5% beef extract) with a pore size of 0.22 µm (Millex; Millipore, Bedford, MA). The 

viruses passed through the filter and were collected in sterile tubes and stored at -80°C 

until use.  
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2.4 Human virus titration 

 

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. (2003). Host cell monolayers in 6-well 

tissue culture plates (Corning Inc., Corning, NY) were rinsed twice with 0.025 M TRIS 

[0.32 L TBS-1 (31.6 g/L Trizma base, 81.8 g/L NaCl, 3.73 g/L KCl, 0.57 g/L Na2HPO4- 

anhydrous) in 3.68 L ultrapure H2O) 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 one hour 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, Logan, 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 incubated at 35°C with 5% CO2 for two days for PV-1 and EV-1, and five days 

for CV-B5. Following this incubation, the agar overlays were removed and the cell 

monolayers were stained with 0.5% (w/v) crystal violet (Sigma-Aldrich, St. Louis, MO) 

dissolved in ultrapure water and mixed 1:1 with 95% ethanol and the plaques (clearings 

in the cell monolayer) were counted to enumerate the infectious viruses. 

AV-2 titrations were performed using the Reed-Muench method (Payment and 

Trudel 1993) to determine the tissue culture infectious dose that affected 50% of the 
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wells (TCID50). 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 µl of MEM containing 2% CS with incubation at 35°C with 5% CO2 as before. 

Ten wells were inoculated with 50 µl of each dilution. Maintenance medium (25 ul 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. Wells were considered positive for AV-2 if they exhibited characteristic 

cytopathogenic effects (CPE). The greatest dilution in which more than 50% of the wells 

were positive was used to determine the virus TCID50/ml.   

      

2.5 Primary virus concentration using NanoCeram cartridge filters 

 

Pre-sterilized electropositive NanoCeram VS2.5”-5” virus filters (Argonide Corporation, 

Sanford, 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/L (± 25 mg/L). 

Initially, 19 L of water were added to a stainless steel pressure vessel (Alloy Products, 

Waukesha, WI). Approximately 108 PFU (for PV-1, EV-1, CV-B5) or 108 TCID50 (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 minutes to promote virus 

disaggregation. The one-liter suspension was then added to the pressure vessel to bring 
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the final test water volume to 20 L which was mixed thoroughly for an additional 15 

minutes. To determine the influent titer, three 15-ml samples were collected from the 20 

L volume for assay.  

Positive pressure was applied to the vessel using N2 gas at approximately 2.5 

pounds per square inch (psi) to achieve a flow rate of 2.5 L/min for the seeded water 

through the NanoCeram filter. Effluent samples (1 L) 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.  

 

2.6 Elution of viruses from NanoCeram filters 

 

Several test eluting solutions (Table 2) were included in this study, including both salt-

based (e.g., phosphate salts, chaotropic salts such as NaI) and proteinaceous (e.g., beef 

extract) solutions. Buffering agents (e.g., glycine) and dispersants (e.g., Tween-80, Na-

PP) 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 autoclaved prior to the experiments with the 

exception of solutions containing 1.0% w/v Na-polyphosphate (Sigma-Aldrich #305553, 

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. 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 re-sealed and inverted ten times, followed by a hold time of 15 



130 

 

 

minutes at room temperature. The unit was inverted ten additional times, followed by 

another 15 minute hold at room temperature. After inverting the unit another 10 times, 

the eluting solution was passed through the filter under positive pressure (N2 gas) into a 

sterile polypropylene beaker. The collected eluent was reapplied to the filter housing unit 

with a one-minute hold time (as per the U.S. Environmental Protection Agency’s 

Information Collection Rule) (Fout et al. 1996), then passed through the filter once again 

and collected in the same beaker. The pH of the final eluent was immediately adjusted to 

7.0 - 7.2 using 1M HCl (dropwise) and the volume measured. 

 

2.7 Secondary virus concentration using Centricon Plus-70 ultrafilters 

 

The Centricon Plus-70 ultrafilter (30 kDa cut-off; Millipore, Billerica, MA) was utilized 

to further concentrate the eluted viruses. The device was pre-wetted by adding 70 ml of 

nanopure H2O, followed by centrifugation (1,900 x g for 8 minutes). The unit was 

inverted and centrifuged (800 x g for 2 minutes) to collect the remaining water which was 

then discarded. A 70-ml volume of the NanoCeram filter eluent was added to the 

Centricon filter and concentrated via centrifugation (1,900 x g for 8 minutes). The viral 

concentrate was collected via further centrifugation for 2 minutes at 800 x g. An 

additional 70-ml volume of nanopure H2O was processed through the same ultrafilter 

(1,900 x g for 8 min) and then the remaining concentrated viruses were extracted by 

inversion of the filter and centrifugation at 800 x g for 2 minutes. The average volume of 

combined secondary concentrates (eluate + water rinse) measured 3.3 ± 0.3 ml. When 
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1.0% Na-PP (w/v) was used as the eluting solution, the secondary concentrates of AV-2 

required a de-salting step (following the manufacturer’s guidelines to remove ~99% of 

salts) due to toxicity observed with the PLC cell line. This was not an issue with the 

BGM cell line monolayers. 

 

2.8 Sample preparation and storage 

 

All non-viral contaminants were removed using a pre-blocked (with 2 ml of 1.5% beef 

extract) Millex syringe filter with a pore size of 0.22 µm (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. 

   

2.9 Virus assays 

 

MS2 coliphage assays were performed using ten-fold serial dilutions and the double agar 

overlay method as described previously. Human viruses were quantified using either the 

ten-fold serial dilution plaque-forming assay on BGM cells (for PV-1, EV-1, and CV-B5) 

or the Reed-Muench (TCID50) method on PLC cells (for AV-2) as described previously.  
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2.10 Data analysis and statistics 

 

The ability of the NanoCeram filter to effectively concentrate  each of the viruses  studied 

(the filter retention efficiency) 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 * (1 - (# in effluent / # in influent))] (Table 1). 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 less the effluent titer) to the filter  [i.e., 100 

* (# in eluent / # 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 eluent) [i.e., 100* (# in secondary concentrate / # in 70 ml primary concentrate)].  

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 compared with an 

equivalent volume from the original 20 L influent sample (i.e., 70 ml / 420 ml total eluent 

concentrated using Centricon filter ≅ 3.3 L / 20 L total influent). The number of viruses 

found 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 Student’s t test was used to compare the virus recovery efficiencies between 

experiments conducted with various elution buffers (Table 2). Differences were 
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considered significant if the resultant P value was ≤ 0.05. 

 

3. RESULTS 

 

MS2 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 

(reported as >99.8% since in some instances no viruses were detected in the filter effluent 

and thus the detection limit was used to calculate the retention efficiency). The 

NanoCeram filters were subsequently evaluated using PV-1, EV-1, CV-B5, and AV-2. 

The ability of the filters to concentrate these viruses was similarly high, with >99.9% 

retention efficiencies (Table 1).  

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 eluents following the pH adjustment to neutral was 420 ml. Of the eluting solutions 

tested, those containing the Na-PP dispersant along with phosphate buffer and glycine 

were the most effective, with the 1.0% Na-PP (solution F in Table 2) solution yielding a 

significantly greater (P ≤ 0.05) MS2 recovery than the 0.1% Na-PP solution (solution G). 

An alkaline 1.0% Na-PP eluting solution (pH 9.3) was more effective than the same 

solution at pH 7.5 (57% vs. 26%). A lower influent MS2 seed titer (4.58-log10 vs. 8.14-

log10 PFU) also resulted in a higher elution efficiency when using the 1.0 % Na-PP 

eluting solution (86% vs. 57%).  

The 1.0% Na-PP (solution F) at pH 9.3 was used in all subsequent experiments 
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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 variation 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% Na-

PP 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 ≥ 61% (Table 4). As with the virus elution from the 

NanoCeram filters, the recovery of AV-2 was also lower for the secondary concentration 

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 L 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%). 

Similarly high method efficiencies were found for both high seed titer (∼108 PFU) and 

low seed titer (∼104 PFU) trials with MS2 coliphage (45% and 56%, respectively). 

 

4. DISCUSSION 

 

The VIRADEL method has been refined and modified over several decades in an effort 

to enhance the concentration, recovery, and detection of pathogenic viruses in water. 
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Nonetheless, this method remains far from ideal due to variable virus recovery 

efficiencies (Hill et al. 2009), fairly high final concentrate volumes (∼15 to 40 ml) 

(American Public Health Association 2005), the presence of inhibiting substances in the 

recovered virus concentrates (Abbaszadegan et al. 1993), and the high cost of currently 

used filters. In the present study, the recently available and less expensive NanoCeram 

filter (~$40; Argonide, Sanford, FL) was evaluated for its ability to effectively 

concentrate viruses from water using a novel VIRADEL approach.  

In the present study, ≥99.8% all of the viruses tested were retained by the 

NanoCeram filters. Karim et al. (2009) likewise studied the retention efficiency of the 

NanoCeram filter by passing 100 L of dechlorinated tap water (flow rate of 5.6 ± 0.17 

L/min) seeded with 105 PFU of poliovirus 1. 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 (Wallis et al. 1979); nevertheless, in separate experiments conducted 

during the course of this study with PV-1 using a higher flow rate (5.7 L/min) and a 

higher volume of dechlorinated tap water (100 L), retention efficiencies similar to those 

presented in Table 1 were observed (96% ± 2%, n = 4). Gibbons et al. (2010) also found 

relatively high adsorption efficiencies for adenovirus 41 (97%) and Qβ coliphage (>99%) 

by NanoCeram filters from 40 L of dechlorinated finished waters processed at a high 

flow rate of 25 L/min. Both viruses were also recovered from seeded seawaters and 

source waters (40 L at 25 L/min) with an efficiency of >99% for seawater and 

approximately 80% for source waters. Nevertheless, the experiments described by Karim 
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et al. (2009) involved a lower initial poliovirus seed titer (∼105 PFU) than that of the 

present study (∼108 PFU), which might account for the difference in filter efficiencies.        

 Beef extract has been used successfully for the elution of viruses from other 

filtration media; however, solutions with 3.0% beef extract (both non-buffered and 

glycine-buffered) evaluated in the current study yielded relatively low recoveries of MS2 

coliphage from NanoCeram filters in comparison to the Na-PP-based buffers (Table 2). 

The aforementioned published studies evaluating NanoCeram filters have both used beef 

extract solutions for the virus elution step. Karim et al. (2009) 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 L (2 elutions x 500 ml) and a 

secondary concentrate volume of 80 ml (2 x 40 ml). Gibbons et al. (2010) utilized 3.0% 

beef extract with 0.1 M glycine (pH 9.5) for the recovery of adenovirus 41 (1.4% ± 0.6%) 

and Qβ 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% Na-PP with phosphate buffer and glycine, recovering 57% and 40% 

of MS2 coliphage, respectively. Hill et al. (2005) also reported high recoveries (82% to 

106%) using 0.01% or 0.1% Na-PP to elute MS2 from ultrafiltration membranes. The 

1.0% Na-PP solution (pH 9.3) used in the present study was successful in eluting MS2 

coliphage 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 
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1.0% Na-PP solution at pH 7.5 (P = 8x10-5), the 0.1% Na-PP solution (P = 0.002), and 

3% beef extract (P = 0.02). When a lower MS2 seed titer (∼104 versus ∼108 PFU) was 

adsorbed to the filters, a significantly greater (P = 0.0004) elution efficiency was 

observed with the 1.0% Na-PP 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% Na-PP solution, with ≥ 69% recovery for all viruses tested with 

the exception of AV-2 (39%). This included a high recovery rate of 134% (± 27%) for 

EV-1, likely due to the disruption of viral aggregates. Sobsey et al. (1981) found recovery 

efficiencies of EV-1 seeded in tap water and adsorbed to 1MDS filter media in small 

volume (1.7 L) and high volume (1000 L) experiments of 53% and 9%, respectively, 

when eluting with 0.3% beef extract + 0.05 M glycine at pH 9.5. Recovery efficiencies of 

echoviruses and Coxsackieviruses have also been reported in adsorption-elution studies 

utilizing charge-modified filters. Cationic polymer-modified filters eluted with 3% beef 

extract (pH 9.5) yielded 99% of adsorbed EV-1 and 104% of CV-B5 (Preston et al. 

1988). 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 (Farrah and Preston 1985). Recovery efficiencies of CV-

B5 from glass wool filters using 3% beef extract buffered with glycine (0.5 M) for elution 

ranged from 5% to 32% (Lambertini et al. 2008). The wide range of recovery values 

published for CV-B5 demonstrates that the compositions of both the adsorbent filter 
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media 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. (2010) 

for adenovirus 41. Adenovirus 2 and adenovirus 41 exhibit different physicochemical 

properties (e.g., capsid protein isoelectric point values) (Favier et al. 2004) which may 

affect their concentration and elution from filters.   

 A secondary concentration step was implemented in this study to further 

concentrate viruses eluted from the NanoCeram filters. The process of organic 

flocculation used for concentrating beef extract (proteinaceous) eluents typically results 

in secondary concentrate volumes ranging from 15 to 40 ml. CentriconPlus-70 ultrafilters 

were used in the current study to reduce the eluent volume from 420 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. (2007) reported a secondary concentration 

efficiency of 82% (± 26%) for MS2 using the same method. The secondary concentration 

of PV-1 and CV-B5 was highly effective (≥ 95%) as most of the viruses applied to the 

Centricon ultrafilter were recovered in the concentrates (Table 4). It is interesting to note 

that EV-1 had the highest primary elution efficiency, 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 also has penton protein fibers, which extend from the virus capsid. These may allow for 
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further interactions with the filter material and inhibit the recovery of the virus. 

The project goal of ≥50% virus concentration and recovery was achieved for PV-

1 (66%), EV-1 (82%), CV-B5 (76%), and MS2 coliphage (low influent titer) (59%) 

(Table 5). High titers of MS2 and AV-2 did not reach this goal, with efficiencies of 45% 

and 14%, respectively. Nevertheless, the low secondary concentrate volume (< 3.5 ml) 

achieved in the current study compares quite favorably against previously described 

methods in which similar efficiencies have been observed, but with much larger 

secondary concentrate volumes (from 5- to up to > 12-fold higher). The NanoCeram virus 

sampler, along with the elution and secondary concentration methods developed in the 

present study, represent a novel, relatively inexpensive 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, 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. 
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TABLE 1.  Virus retention efficiencies for the NanoCeram filters. 

Virus  
# of 
trials 

Influent titer 

(Log10/20L ± SDa) 

Effluent titer 

(Log10/20L ± SDa) 

Virus 

retention 
(% ± SDa) 

MS2 coliphage 31 8.08 ± 0.36 < 4.38 ± 0.93 > 99.8 ± 0.59 

Poliovirus 1 (PV-1) 4 7.32 ± 0.03 < 4.22b ± 0.00 > 99.92 ± 0.01 

Echovirus 1 (EV-1) 5 7.87 ± 0.08 < 4.22b ± 0.00 > 99.98 ± 0.00 

Coxsackievirus B5 
(CV-B5) 

4 8.29 ± 0.07 < 4.43 ± 0.41 > 99.991 ± 0.00 

Adenovirus 2 (AV-2) 4 8.31 ± 0.12 < 3.82b ± 0.00 > 99.997 ± 0.00 

 

a SD = Standard deviation 
b Detection limit 
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TABLE 2.  Recovery of MS2 coliphage from NanoCeram filters using various eluting solutions.  

Eluting Solution pH 
# of 
trials 

Influent titer 
(Log10/20L ±SDa) 

Eluent titer 
(Log10/420 ml ±SDa) 

Elution 
efficiency 

(% ± SDa) 

(A) 3% beef extract 9.3 2 7.99 ± 0.17 7.49 ± 0.07 34 ± 18 

(B) Glyb
 9.3 3 8.12 ± 1.57 5.37 ± 2.35 0.4 ± 0.5 

(C) 3% beef extract + Gly 9.3 2 7.57 ± 0.33 6.63 ± 0.31 12 ± 1 

(D) PBc + Gly 9.3 2 7.67 ± 0.07 7.07 ± 0.01 26 ± 5 

(D) PB + Gly 7.5 3 7.93 ± 1.23 7.31 ± 1.13 24 ± 7 

(E) PB + Gly + 0.3% Tw-80 9.3 2 7.48 ± 1.55 7.06 ± 1.58 37 ± 2 

(F) 1.0% Na-PPd + PB + Gly 9.3 5 (highe) 8.14 ± 0.46 7.90 ± 0.45 57 ± 3 

(F) 1.0% Na-PP + PB +  Gly 7.5 2 (highe) 7.83 ± 0.02 7.23 ± 0.09 26 ± 4 

(F) 1.0% Na-PP + PB + Gly 9.3 3 (lowe) 4.58 ± 0.02 4.51 ± 0.06 86 ± 9 

(G) 0.1% Na-PP + PB + Gly 9.3 3 7.82 ± 0.16 7.41 ± 0.21 40 ± 7 

(H) 0.6 M NaI + PB + Gly 9.3 2 8.17 ± 0.38 6.59 ± 0.67 3 ± 2 

 

a  SD = Standard deviation 
b  Gly = 0.05 M glycine 
c  PB = Phosphate buffer (3.8mM Na2HPO4, 6.5 mM KH2PO4) 
d Na-PP = sodium polyphosphate 
e High (∼108 PFU) or low (∼104 PFU) influent titer 
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TABLE 3.  Virus elution efficiencies (primary concentration) from NanoCeram 

filters using the 1.0% Na-PP elution buffer
a
.  

 
a  Solution F from Table 2 at pH 9.3 
b SD = Standard deviation 
c   High (∼108 PFU) or low (∼104 PFU) influent titer 
 

 

 

 

 

 

 

 

 

 

 

 

 

Virus  
# of 
trials 

Influent titer 
(Log10/20 L ± 

SDb) 

Eluent titer 
(Log10/420 ml ± SDb) 

Elution 
efficiency  

(% ± SDb) 

MS2 coliphage (high titerc) 5 8.14 ± 0.46 7.90 ± 0.45 57 ± 3 

MS2 coliphage (low titerc) 3 4.58 ± 0.02 4.51 ± 0.06 86 ± 9 

Poliovirus 1 (PV-1) 4 7.32 ± 0.03 7.15 ± 0.05 69 ± 8 

Echovirus 1 (EV-1) 5 7.87 ± 0.08 7.99 ± 0.14 134 ± 27 

Coxsackievirus B5 (CV-
B5) 

4 8.29 ± 0.07  8.14 ± 0.04 72 ± 13 

Adenovirus 2 (AV-2) 4 8.31 ± 0.12  7.88 ± 0.05 39 ± 13 
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TABLE 4.  Virus secondary concentration efficiencies using Centricon ultrafilters. 
   

Virus  # of trials 
Secondary concentration 

efficiency (% ± SDa) 

MS2 coliphage (high titerb) 2 75 ± 21 

MS2 coliphage (low titerb) 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 

 

a SD = Standard deviation 
b High (∼108 PFU) or low (∼104 PFU) influent titer 
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TABLE 5.  Overall method efficiencies for virus concentration and recovery using 

NanoCeram filters along with Centricon ultrafilters. 
   

Virus  
# of 
trials 

Overall method 
efficiency (% ± SDa) 

MS2 coliphage (high titerb) 2 45 ± 15 

MS2 coliphage (low titerb) 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 

 

a SD = Standard deviation 
b High (∼108 PFU) or low (∼104 PFU) influent titer 
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APPENDIX C: 

 

 

STANDARD OPERATING PROCEDURES 

 EXPERIMENTAL FORMULAE AND SAMPLE CALCULATIONS  

TABULATED DATA FOR ALL 20-L PRESSURE VESSEL EXPERIMENTS  
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1. STANDARD OPERATING PROCEDURES 

 

9/27/2007 
Version 2 of 2 

L.Ikner 

 

Primary Concentration (Filtration) and Recovery (Elution) of Seeded Enteric 

Viruses and Bacteria via Filtration of 20-Liter Volumes of Dechlorinated Tap 

Water, Using a Pleated Membrane Filter 

1. Connect inlet hose leading from nitrogen gas (N2) cylinder to inlet valve on 

stainless steel pressure vessel (20 liter capacity).  Connect outlet hose to outlet 

valve leading from pressure vessel.  The hose leading from the outlet valve on the 

pressure vessel will then connect to the “In” opening on the filter housing unit.  

Connect a second hose leading from the “Out” opening of the filter housing unit 

to allow for controlled channeling of effluent/eluant into a designated receptacle 

(i.e. pre-sterilized polypropylene beaker for eluant).   

2.  Fill disinfected pressure vessel containing large stir bar with 18 liters (L) of de-

chlorinated tap water (Amicon carbon block filter).  Power on stir plate to 

stimulate circulation of water within the vessel.   

3. Collect a separate volume (~100 mL) of de-chlorinated tap water for pH and 

conductivity measurements.    

4. Dilute virus stock to desired titer (PFU/mL -- Plaque Forming Units per Milliliter) 

using 0.01 M Phosphate Buffer or 0% fetal bovine serum (FBS) MEM.  This 
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project aims for a concentration of 103 to 104 PFU/mL = 106 to 107 PFU/L = ~ 

2.00 x 107 to 108 PFU/20 L.   

5. Place desired titer into 2 L of de-chlorinated tap water in pre-designated beaker.  

Agitate vigorously on a stir plate for 20 to 30 minutes to promote disaggregation 

of viral particles before addition to pressure vessel.    

6. Add remaining two liters of de-chlorinated tap water containing disaggregated 

virus to pressure vessel containing 19-L of de-chlorinated tap water. Mix 30 

minutes more to ensure proper dispersion of virus throughout the pressure vessel.  

7. Collect triplicate samples (15-mL each) from the pressure vessel into sterile 50 

mL conical tubes for determination of input (influent) virus titer.   

8. Attach lid securely to seal pressure vessel.   

9. Add pre-sterilized pleated membrane filter to housing (either Argonide or 1-

MDS), then cap and tighten the unit.   

10. Attach outlet hose leading from pressure vessel to “In” opening on the filter 

housing unit.  Attach a second hose to the “Out” opening on the housing unit to 

channel effluent into designated 4-L polypropylene beakers.   

11.  Check all connections and hoses for secure fastening once more prior to applying 

pressure to unit.  Ensure pressure release valve on pressure vessel is closed. 

12. Turn valve handle on N2 gas cylinder to begin pressurizing the vessel.  Turn valve 

until desired pressure (2.0 – 2.5 psi) is read on pressure gauge located next to inlet 

valve on vessel.  Do not exceed 50 psi per manufacturer’s instructions.  
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13. Collect water leaving the filter housing unit in designated 4-L polypropylene 

beakers. 

14. Collect 1-L grab samples of water in sterile 1-L PP bottles after passage of liters 

5, 10, and 15 through the filter.  

15. Once pressure vessel has emptied, increase pressure slightly to push remaining 

water through filter housing. 

16. Turn pressure valve on N2 gas cylinder to “Closed” position. 

17. Open pressure relief valve on pressure vessel to release remaining gas safely from 

pressure vessel. 

18. Detach hoses connected to filter housing unit.  Unscrew cap to filter housing. 

19. Pour eluting solution of choice into filter housing until top of filter is reached (~ 

420 mL).   

20. Securely re-screw the cap onto the filter housing unit.  Seal the “In” and “Out” 

openings on the filter housing cap using Parafilm (SPI Supplies, West Chester, 

PA).  Invert the entire, sealed filter housing unit ten times.       

21. Allow filter housing containing eluting solution to sit at room temperature for 15 

minutes for enhanced removal of virus from filter surface.  Invert ten times more 

after 15 minutes.  Allow housing to sit at room temperature for another 15 

minutes (30 minutes total).  Invert ten times more after 30 minutes.   

22. Remove Parafilm from filter housing “In” and “Out” openings.   

23. When reattaching hoses to the unit, attach the outlet hose leading from the 

pressure vessel to the “Out” opening of the filter housing, with the hose leading 
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from the filter housing attached to the “In” opening.   This will allow for 

backflushing as the eluant fluid will flow the opposite direction back through the 

filter. 

24. Apply pressure to system until desired pressure is reached. 

25. Collect eluate into a sterile polypropylene beaker containing a magnetic stir bar.  

If beef extract is the eluting solution, also add several drops of Antifoam A 

(Sigma-Aldrich, St. Louis, MO) to prevent foaming. 

26. Turn off gas cylinder and adjust the pressure relief valve on vessel.   

27. Reopen the filter housing unit.  Pour the eluate back into the filter housing for a 

second passage through the filter.  Allow the eluant to have a one minute contact 

hold time with the filter. Repeat steps 22 through 24.  Collect eluate into the same 

beaker as indicated previously. 

28. Turn off gas cylinder and adjust the pressure relief valve on vessel.   

29. Immediately adjust pH of eluate to 7.0 – 7.2 using 1 N hydrochloric acid (HCl), 

making sure to stir the eluate continuously to prevent virus inactivation by acid 

addition.  

30. Disconnect filter housing and hoses from the pressure vessel.   

31. Discard spent filter. 

32.  Disinfect pressure vessel, outlet hoses, and filter housing unit according to 

project protocol “Disinfection of Stainless Steel Pressure Vessel, Outlet Hoses, 

and Filter Housings Used for Concentration and Recovery of Enteric Viruses and 

Bacteria”. 
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33. Add 25-mL of undiluted bleach to the 4-L polypropylene beakers containing 

effluent for inactivation of virus.  Discard after 30-minutes. 

34. Pre-block 0.22 µm pore size filters (Millex; Millipore, Bedford, MA) with 1-mL 

of 1.5% beef extract, pH = 7.2.  Use pre-blocked Millex filters to filter duplicate 

1.5-mL volumes of the following into properly labeled cryogenic vials: 

• triplicate influent samples  

• effluent samples collected at 5 L, 10 L, and 15 L 

• eluant at after pH adjustment to 7.0 – 7.2 

35.  Store filtered samples in the -80OC freezer (4th Floor Hallway, Building #90).  
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10/1/2009 
Version 1 of 1 

L.Ikner 
 

Secondary Concentration of Eluates by Use of the Centricon Plus-70, 30kDa 

Centrifugal Filter Device (Millipore Corporation) 

1.  Pre-wet the 30,000 molecular weight (30 kiloDalton) Centricon device by 

pipetting 70 mL of sterile Nanopure water into the sample filter cup.  Attach cap 

securely to sample filter cup, then place into filtrate collection cup.  

Counterbalance to ensure safe and proper centrifugation cycle. 

2. Centrifuge at 1,900 x g for 8 minutes using Beckman J2-21 (swinging bucket 

rotor).  The fluid will pass through the two ultrafilter cores into the filtrate 

collection cup. 

3. Remove Centricon Plus-70 unit from the centrifuge.  Detach cap from device, 

then the sample filter cup from the filtrate collection cup.  Dispose of the filtrate 

into a pre-designated beaker. 

4. Turn the concentrate/retentate cup upside down, and place on top of the sample 

filter cup.   

5.  Invert the unit quickly, then counterbalance. 

6. Spin at a speed of 800 x g to collect fluid remaining in filter core into 

concentrate/retentate cup.  If pre-wetting, dispose of water concentrated during 

this step.   
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7. Reattach sample filter cup to filtrate collection cup.  Pipette 70 mL of eluant (pH 

7.0-7.2) into pre-wetted sample ultrafilter cup.  Seal device with the cap.  

Counterbalance. 

8. Repeat steps 2 through 5. 

9. Spin at a speed of 800 x g to collect enteric virus concentrate into 

concentrate/retentate cup.    

10. Pass the concentrate volume through a sterile 0.22 µm Millex filter (Millipore, 

Bedford, MA) blocked with 1-mL of 1.5% beef extract, pH = 7.2 into an 

Eppendorf  tube.  

11. Reattach sample filter cup to filtrate collection cup.  Pipette 70 mL of sterile 

Nanopure water into sample ultrafilter cup for rinsing step to facilitate further 

removal of viruses.  Seal device with the cap.  Counterbalance. 

12. Repeat steps 2 through 5. 

13. Spin at a speed of 800 x g to collect enteric virus concentrate from water rinse 

into concentrate/retentate cup.    

14. Pass the concentrate volume through a sterile 0.22 µm Millex filter (Millipore, 

Bedford, MA) blocked with 1-mL of 1.5% beef extract, pH = 7.2 into an 

Eppendorf  tube.  

15. Measure and record the concentrate volume using micropipettors (P1000, P200, 

and P10).  Pipette concentrate into a properly labeled, pre-sterilized cryogenic 

vial. 
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16. Store filtered samples in the -80OC freezer.  Assay eluate concentrate and water 

rinse concentrates separately.  
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9/1/2008 
Version 1 of 1 

L. Ikner 
 

Disinfection of Stainless Steel Pressure Vessel, Outlet Hoses, and Filter Housings 

Used for Concentration and Recovery of Enteric Viruses and Bacteria 

1.  Connect inlet hose from nitrogen gas (N2) tank to inlet valve on pressure vessel.   

2.  Connect outlet hose to outlet valve on pressure vessel.  Connect other end of 

outlet hose to “In” opening on filter housing unit.  Connect a second hose to the 

filter housing unit at the “Out” opening, which will carry solution away from the 

unit.  Ensure that the “Out” hose is leading to the sink or an alternate receptacle 

capable of receiving fluids. 

3.  Fill stainless steel pressure vessel with 20 liters (L) of de-ionized (DI) water. 

4.  Add 250 milliliters (mL) of bleach to pressure vessel containing DI water    

       for disinfection of remaining virus. 

5.  Firmly close lid to pressure vessel to ensure a proper seal. 

6.  Open release valve on gas cylinder, and apply pressure at ~5 pounds per square   

inch (psi) to release bleach solution from pressure vessel through outlet  hoses and 

into the filter housing unit. Once housing unit has filled, cease application of 

pressure by closing the pressure release valve on the gas cylinder. 
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7. Mix bleach solution well in pressure vessel using a large stir bar and stir plate for 

30 minutes.  Allow bleach solution to also remain in contact with the outlet hoses 

and filter housing units during the 30 minute period.   

8. Open release valve on gas cylinder, and apply pressure at ~5 pounds per square   

inch (psi) to release bleach solution from pressure vessel through outlet hoses and            

the filter housing unit into the sink. 

9.  After bleach solution has been emptied, turn off gas valve on N2 gas cylinder.   

10.  Turn pressure release valve located between inlet and outlet valves on pressure    

vessel to ensure pressure buildup within vessel has subsided. 

11. Remove pressure vessel lid.  Inlet and outlet hoses can remain attached to   

pressure vessel. 

12.  Add 20-L of de-chlorinated tap water to pressure vessel. 

13.  Add 75-mL of 10% Sodium Thiosulfate (Na2S2O3) to pressure vessel    

containing de-chlorinated tap water for neutralization of residual bleach. 

14.  Mix well using a large stir bar and stir plate for 30 minutes.   

15.  Firmly close lid to pressure vessel to ensure a proper seal. 

16.  Open release valve on gas cylinder, apply pressure at ~5 pounds psi to release  

Na2S2O3 solution from pressure vessel through outlet hoses and the filter housing  

unit into sink. 
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17.  After Na2S2O3 solution has been emptied, turn off gas valve on N2 gas cylinder.   

18.  Turn pressure release valve located between inlet and outlet valves on pressure 

vessel to ensure pressure buildup within vessel has subsided. 

19.  Remove pressure vessel lid.  Inlet and outlet and outlet hoses should remain 

attached to pressure vessel. 

20.  Once more, add 20-L of de-chlorinated tap water to pressure vessel for rinsing of 

residual Na2S2O3 solution.  

21.  Mix well using a large stir bar and stir plate for 10 minutes.   

22.  Firmly close lid to pressure vessel to ensure a proper seal. 

23.  Open release valve on the gas cylinder, and apply pressure (5 psi) to release de-

chlorinated tap water from pressure vessel through outlet hoses and the filter 

housing unit into the sink. 

24.  After de-chlorinated tap water has been emptied, turn off the gas valve on N2 gas    

cylinder.   

25.  Turn pressure release valve located between inlet and outlet valves on pressure   

vessel to ensure pressure buildup within vessel has subsided. 

26.  Disconnect inlet and outlet hoses from pressure vessel.  

27.  Remove pressure vessel lid. 
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28.  Allow interior of pressure vessel, outlet hoses, and filter housing unit to air dry 

overnight. 
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2. EXPERIMENTAL FORMULAE AND SAMPLE CALCULATIONS 

Retention efficiency (%): a measure of how effectively the filter captures viruses 

during passage of a given volume of water during the primary concentration step.  

The primary concentration protocol is described in the Standard Operating Procedures 

under the section titled “Primary Concentration (Filtration) and Recovery (Elution) of 

Seeded Enteric Virus and Bacteria via Filtration of 20-Liter Volumes of De-chlorinated 

Tap Water, Using a Pleated Membrane Filter”.  The “retention efficiency” was calculated 

according to the following formula:    

= 1 – [Effluent viral titer (PFU in 20 L) / Input viral titer (PFU in 20 L)] x 100 

Sample calculation: 

= 1 – [(1.12 x 105 PFU) / (1.77 x 108 PFU)] x 100 = 99.94% 

Therefore, 99.94% of the seeded viruses were adsorbed onto the filter during primary 

concentration. 

 

Elution efficiency (%):  a measure of how effectively adsorbed viruses are recovered 

(eluted) from the filter during exposure to a given eluting solution.  The elution 

procedure is described in Concentration (Filtration) and Recovery (Elution) of Seeded 

Enteric Virus and Bacteria via Filtration of 20-Liter Volumes of De-chlorinated Tap 

Water, Using a Pleated Membrane Filter”.  In order to calculate the elution efficiency, the 

number of viruses attached to the filter following primary concentration is initially 
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assessed, as viruses that have passed through the filter and into the effluent flow cannot 

subsequently undergo elution: 

= Input viral titer (PFU in 20 L) - Effluent viral titer (PFU in 20 L) 

Sample calculation:  

= (1.77 x 108 PFU) - (1.12 x 105 PFU) = 1.768 x 10
8
 PFU 

Therefore, ~1.768 x 108 viruses remained adsorbed to the filter following passage of the 

seeded 20-L water sample.  These values are not listed in the data tables in Appendix D.  

Second, the number of viruses (PFU) in the eluate volume (e.g. 420 mL) is used to 

compute the “Elution Efficiency”: 

= [Eluate viral titer (PFU in 420 mL) / Viral titer attached to filter (PFU)] x 100 

Sample calculation: 

= [1.26 x 108 PFU / 1.768 x 108 PFU] = 75% 

Therefore, 75% of the viruses adsorbed to the filter were eluted, or recovered in the 

primary concentrate. 

 

Secondary Concentration Efficiency (%):  measured to assess virus recovery from 

the ultrafilter unit when 70 mL of eluate is processed followed by a 70 mL Nanopure 

water rinse for further recovery.  Viral eluates were further concentrated to achieve 

smaller volumes using Centricon Plus-70 ultrafilters (molecular weight cut-off, 30 kilo-
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Daltons) as described in the section of the Standard Operating Procedures titled 

“Secondary Concentration of Eluates by Use of the Centricon Plus-70, 30kDa Centrifugal 

Filter Device (Millipore Corporation)”.  Concentrates generated from the eluate and the 

water rinse were assayed and quantified separately.  The viral counts were then combined 

to determine the secondary concentration efficiency, which was calculated as follows: 

= [Combined viral titer of concentrates (PFU) / Viral titer in 70 mL of eluate] x 100 

Sample calculation: 

= [2.61 x 107 PFU in concentrates / 2.10 x 107 PFU per 70 mL eluate] x 100 = 124% 

According to the result, 124% of the viruses applied to the ultrafilter in the 70 mL eluate 

volume were recovered in the combined concentrate-water rinse volumes totaling 3.47 

mL (volumes not displayed in the tables).   

 

Total Method Efficiency (%):  relates the secondary concentration potential of the 

entire eluant volume (Total Recovery Estimate-PFU) to the input (influent) viral 

titer.  The “Total Recovery Estimate-PFU” is calculated as follows: 

= Combined viral titer of concentrates (PFU) x [(Total Eluent Volume / 70 mL)] 

Sample calculation: 

= 2.61 x 107 PFU in concentrates x [420 mL eluate / 70 mL eluate] = 1.57 x 10
8
 PFU 
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Therefore, if the entire 420 mL eluate volume was re-concentrated using the Centricon-

Plus 70 (30 kDa) ultrafilter, 1.57 x 108 of the viruses in the eluate would be recovered.  

The “Total Recovery Estimate” is then used to compute the “Total Method Efficiency”, 

which describes the total number of viruses recovered relative to the original influent 

(input titer) : 

= [Total Recovery Estimate (PFU) / Input viral titer (PFU in 20 L)] 

Sample calculation: 

 = [1.57 x 108 PFU / 1.77 x 108 PFU total in 20-L influent] = 88.70% 

Therefore, the efficiency of the method is 88.70%.   
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TABLE 1.  MS2 coliphage concentration and elution (Filter: NanoCeram-Argonide)   

Eluting 

solution 

(pH) 

Input  

titer 

(PFU) 

Effluent  

Titer* 

(PFU) 

Retention 

efficiency 

(%) 

Eluted  

virus 

(PFU) 

Elution 

efficiency 

(%) 

1.0% Na-pp-
PB-glycine 
    (9.3) 

6.6 x 107 2.6 x 104 99.96 3.9 x 107 59 

7.3 x 107 7.6 x 104 99.89 3.8 x 107 53 

5.5 x 108 < 3.3 x 103 > 99.9994 3.0 x 108 55 

 3.3 x 108 < 3.3 x 103 > 99.9990 2.0 x 108 59 

 5.8 x 107 < 3.3 x 103 > 99.994 3.5 x 107 60 

Average = 2.2 x 10
8**

 < 2.2 x 10
4
 > 99.97 ± 0.05 1.2 x 10

8
 57 ± 3 

 
3.7 x 104 -- -- 3.2 x 104 86 

4.0 x 104 -- -- 3.8 x 104 95 

 3.7 x 104 -- -- 2.8 x 104 76 

Average =  3.8 x 10
4***

 -- -- 3.3 x 10
4
 86 ± 9 

*: Detection limit for MS2 coliphage = < 3.3 x 103 PFU (< 1 PFU/mL)  
**: High input titer average 
***: Low input titer average 
 

 



171 

 

 

TABLE 1, continued.  MS2 coliphage concentration and elution (Filter: NanoCeram-Argonide)    

Eluting 

solution 

(pH) 

Input  

titer 

(PFU) 

Effluent  

titer 

(PFU) 

Retention 

efficiency 

(%) 

Eluted  

virus 

(PFU) 

Elution 

efficiency 

(%) 

0.1% Na-pp-
PB-glycine 
   (9.3) 

7.3 x 107 < 3.3 x 103 > 99.995 3.4 x 107 47 

8.9 x 107 7.3 x 104 > 99.92 3.4 x 107 38 

4.4 x 107 < 3.3 x 103 > 99.993 1.5 x 107 34 

Average = 6.9 x 10
7
 < 2.7 x 10

4
 > 99.97 ± 0.04 2.8 x 10

7
 40 ± 7 

PB-glycine  
(7.5) 

3.3 x 106 < 3.3 x 103 > 99.90 1.0 x 106 30 

4.3 x 108 6.40 x 104 99.98 1.1 x 108 26 

4.6 x 108 < 3.3 x 103 > 99.9992 7.6 x 107 17 

Average =  3.0 x 10
8
 < 2.4 x 10

4
 > 99.96 ± 0.05 6.2 x 10

7
 24 ± 7 

Glycine  
(pH 9.3) 

2.3 x 106 < 3.3 x 103 >99.85 < 4.50 x 102 0.02 

2.2 x 109 1.2 x 105 99.994 6.3 x 106 0.3 

 4.6 x 108 4.0 x 106 99.1 4.4 x 106 0.96 

Average = 8.9 x 10
8
 < 1.4 x 10

6
 > 99.7 ± 0.5 < 3.6 x 10

6
 0.4 ± 0.5 

  *: Detection limit for MS2 coliphage = < 3.3 x 103 PFU (< 1 PFU/mL)  
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TABLE 1, continued.  MS2 coliphage concentration and elution (Filter: NanoCeram-Argonide)    

Eluting 

solution 

(pH) 

Input  

titer 

(PFU) 

Effluent  

titer 

(PFU) 

Retention 

efficiency 

(%) 

Eluted  

virus 

(PFU) 

Elution 

efficiency 

(%) 

1.0% Na-pp-
PB-glycine 
   (7.5) 

7.0 x 107  6.7 x 104 99.90 2.0 x 107 28 

6.5 x 107 2.7 x 104 99.96 1.5 x 107 23 

Average = 6.8 x 10
7
  4.7 x 10

4
 99.93 ± 0.04 1.8 x 10

7
 26 ± 4 

PB-glycine-
Tween 80  

(9.3) 

2.5 x 106 < 3.3 x 103 > 99.8 8.8 x 105 35 

3.9 x 108 < 3.3 x 103 > 99.9991 1.5 x 108 38 

Average =  1.96 x 10
8
 < 3.3 x 10

3
 > 99.8 ± 0.1 7.5  x 10

7
 37 ± 2 

NaI-PB- 
glycine 
(pH 9.3) 

8.2 x 107  2.1 x 106 97.4 1.3 x 106 2 

2.7 x 108 < 3.3 x 103  > 99.998 1.2 x 107 4 

Average = 1.8 x 10
8
 < 1.1 x 10

6
 > 98.7 ± 1.8  6.7 x 10

6
 3 ± 2 

PB-glycine 
(9.3) 

4.2 x 107 < 3.3 x 103 > 99.992 1.2 x 107 29 

5.3 x 107 1.0 x 106 98.1 1.2 x 107 23 

Average = 4.8 x 10
7
 < 5.0 x 10

5
 > 99.0 ± 1.3 1.2 x 10

7
 26 ± 5 
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TABLE 1, continued.  MS2 coliphage concentration and elution (Filter: NanoCeram-Argonide)    

Eluting 

solution 

(pH) 

Input  

titer 

(PFU) 

Effluent  

titer 

(PFU) 

Retention 

efficiency 

(%) 

Eluted  

virus 

(PFU) 

Elution 

efficiency 

(%) 

3% beef extract 
(9.3) 

9.8 x 107 2.4 x 107 75.5 3.5 x 107 47 

1.3 x 108 5.6 x 104 99.96 2.7 x 107 21 

Average = 1.1 x 10
8
 1.2 x 10

7
 88 ± 17 3.1 x 10

7
 34 ± 18 

3% beef extract 
-glycine 
   (9.3) 

6.3 x 107 3.2 x 105 99.5 7.0 x 106 11 

2.2 x 107 4.3 x 105 98.0 2.6 x 106 12 

Average = 4.3 x 10
7
  3.8 x 10

5
 98.8 ± 1.0 4.8 x 10

6
 12 ± 1 

0.1% Na-pp 
PB-glycine 

(7.5) 
7.9 x 107 3.3 x 104 99.96 2.8 x 107 35 

PB-Tween 80 
(9.3) 

6.3 x 107 3.1 x 105 99.50 1.1 x 107 18 

PB-glycine-
Tween 80 (7.5) 

3.0 x 108 3.0 x 104 99.990 4.5 x 107 15 

PB 
(9.3) 

6.9 x 107 < 3.3 x 103  > 99.995 6.5 x 105 0.9 

PB 
(7.5) 

8.5 x 107 3.7 x 104 99.96 1.2 x 106 1 
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TABLE 2.  MS2 coliphage concentration and elution 

                   (Eluting Solution: 1.0% Na-pp-PB-glycine, pH = 9.3)    

 

Filter 

type 

Input  

titer 

(PFU) 

Effluent  

titer 

(PFU) 

Retention 

efficiency 

(%) 

Eluted  

virus 

(PFU) 

Elution 

efficiency 

(%) 

Sodocalcic glass 
wool 

1.2 x 107 9.0 x 106 25.0 1.4 x 105 4 

6.3 x 107 8.8 x 106 86.0 2.7 x 105 0.5 

Average = 3.8 x 10
7
 8.9 x 10

6
 56 ± 43 2.1 x 10

5
 2 ± 3 

ZetaCarbon- 
S Series 

1.1 x 108  4.5 x 106 95.9 1.1 x 106 1 

 

 

 

 

 

 

 

 

 



175 

 

 

TABLE 3.  Poliovirus 1 concentration and elution (Filter: NanoCeram-Argonide)   

Eluting 

solution 

(pH) 

Input  

titer 

(PFU) 

Effluent  

titer* 

(PFU) 

Retention 

efficiency 

(%) 

Eluted  

virus 

(PFU) 

Elution 

efficiency 

(%) 

 3.1 x 107 < 1.7 x 104  > 99.95 1.9 x 107 61 

0.1% Na-pp-
PB-glycine 

(9.3) 

2.5 x 108 < 1.7 x 104  > 99.993 1.0 x 108 40 

1.5 x 107 < 1.7 x 104  > 99.8 2.0 x 107 133 

 1.5 x 107 < 1.7 x 104  > 99.8 1.2 x 107 80 

 7.6 x 106 < 1.7 x 104  > 99.7 1.3 x 107 171 

 2.5 x 107 < 1.7 x 104  > 99.93 2.3 x 106 9 

Average = 5.7 x 10
7
 < 1.7 x 10

4
 > 99.8 ± 0.1 2.8 x 10

7
 82 ± 60 

  *: Detection limit for poliovirus 1 = < 1.7 x 104 PFU (< 1 PFU/mL) 
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TABLE 4.  Poliovirus 1 concentration and elution (Filter: NanoCeram-Argonide)   

Eluting 

solution 

(pH) 

Input  

titer 

(PFU) 

Effluent  

titer* 

(PFU) 

Retention 

efficiency 

(%) 

Eluted  

virus 

(PFU) 

Elution 

efficiency 

(%) 

1.0% Na-pp-
PB-glycine 

(9.3) 

6.5 x 107 < 1.7 x 104 > 99.97 3.1 x 107 48 

1.8 x 107 < 1.7 x 104 > 99.91 4.3 x 106 24 

2.0 x 106 < 1.7 x 104 > 99.2 6.8 x 105 34 

 1.9 x 107 < 1.7 x 104 > 99.91 1.3 x 107 68 

 2.2 x 107 < 1.7 x 104 > 99.92 1.5 x 107 68 

 2.0 x 107 < 1.7 x 104 > 99.91 1.6 x 107 80 

 2.2 x 107 < 1.7 x 104 > 99.92 1.3 x 107 59 

Average =  2.4 x 10
7
 < 1.7 x 10

4
 > 99.8 ± 0.3 1.3 x 10

7
 54 ± 20 

  *: Detection limit for poliovirus 1 = < 1.7 x 104 PFU (< 1 PFU/mL) 
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TABLE 5.  Poliovirus 1 concentration and elution (Filter: NanoCeram-Argonide)   

Eluting 

solution 

(pH) 

Input  

titer 

(PFU) 

Effluent  

titer* 

(PFU) 

Retention 

efficiency 

(%) 

Eluted  

virus 

(PFU) 

Elution 

efficiency 

(%) 

1.5% beef 
extract-glycine 

(9.3) 

4.8 x 107 < 1.7 x 104 > 99.96 4.9 x 107 102 

5.6 x 107 < 1.7 x 104 > 99.97 6.6 x 107 118 

3.9 x 107  3.0 x 105 99.2 7.1 x 107 183 

 3.5 x 107 < 1.7 x 104 > 99.95 3.8 x 107 108 

Average =  4.5 x 10
7
 < 8.8 x 10

4
 > 99.8 ± 0.4 5.6 x 10

7
 128 ± 37 

  *: Detection limit for poliovirus 1 = < 1.7 x 104 PFU (< 1 PFU/mL) 
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TABLE 6.  Poliovirus 1 concentration and elution (Eluting Solution: 1.0% Na-pp-PB-glycine, pH = 9.3)    

Filter 

Type 

Input  

titer 

(PFU) 

Effluent  

titer* 

(PFU) 

Retention 

efficiency 

(%) 

Eluted  

virus 

(PFU) 

Elution 

efficiency 

(%) 

Sodocalcic glass 
wool 

1.1 x 108 8.2 x 107 25 1.1 x 108 393 

2.5 x 108 4.8 x 107 81 1.4 x 108 69 

Average = 1.8 x 10
8
 6.5 x 10

7
 53 ± 40 1.3 x 10

8
 231 ± 229 

ZetaCarbon- 
S Series 

3.5 x 107  3.1 x 106 91 1.2 x 105 0.4 

  *: Detection limit for poliovirus 1 = < 1.7 x 104 PFU (< 1 PFU/mL) 
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TABLE 7.  Poliovirus 1 concentration and elution (Eluting Solution: 0.1% Na-pp-PB-glycine, pH = 9.3)    

Filter 

Type 

Input  

titer 

(PFU) 

Effluent  

titer* 

(PFU) 

Retention 

efficiency 

(%) 

Eluted  

virus 

(PFU) 

Elution 

efficiency 

(%) 

Sodocalcic glass 
wool 

4.1 x 108 4.8 x 107 88 1.4 x 108 39 

1.8 x 107 8.8 x 105 95 2.4 x 105 1 

Average = 2.1 x 10
8
 2.4 x 10

7
 92 ± 5 7.0 x 10

7
 20 ± 27 

  *: Detection limit for poliovirus 1 = < 1.7 x 104 PFU (< 1 PFU/mL) 
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TABLE 8.  Echovirus 1 concentration and elution (Filter: NanoCeram-Argonide)   

Eluting 

solution 

(pH) 

Input  

titer 

(PFU) 

Effluent  

Titer* 

(PFU) 

Retention 

efficiency 

(%) 

Eluted  

virus 

(PFU) 

Elution 

efficiency 

(%) 

1.0% Na-pp 
-glycine 

(9.3) 

7.6 x 107 < 1.7 x 104 > 99.98 1.2 x 108 158 

7.4 x 107 < 1.7 x 104 > 99.98 1.2 x 108 162 

5.9 x 107 < 1.7 x 104 > 99.97 5.7 x 107 97 

Average =  7.0 x 10
7
 < 1.7 x 10

4
 > 99.98 ± 0.005 9.9 x 10

7
 139 ± 36 

  *: Detection limit for echovirus 1 = < 1.7 x 104 PFU (< 1 PFU/mL) 
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TABLE 9.  Coxsackievirus B5 concentration and elution (Filter: NanoCeram-Argonide)   

Eluting 

solution 

(pH) 

Input  

titer 

(PFU) 

Effluent  

Titer* 

(PFU) 

Retention 

efficiency 

(%) 

Eluted  

virus 

(PFU) 

Elution 

efficiency 

(%) 

1.0% Na-pp 
-glycine 

(9.3) 

2.1 x 108 < 1.7 x 104 > 99.992 1.3 x 108 62 

1.7 x 108 < 1.7 x 104 > 99.99 1.5 x 108 88 

1.8 x 108  1.1 x 105 99.94 1.3 x 108 72 

 2.4 x 108 < 1.7 x 104 > 99.93 1.5 x 108 63 

Average =  2.0 x 10
8
 < 4.0 x 10

4
 > 99.96 ± 0.03 1.4 x 10

8
 72 ± 13 

  *: Detection limit for coxsackievirus B5 = < 1.7 x 104 PFU (< 1 PFU/mL) 
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TABLE 10.  Adenovirus 2 concentration and elution (Filter: NanoCeram-Argonide)   

Eluting 

solution 

(pH) 

Input  

titer 

(PFU) 

Effluent  

Titer* 

(PFU) 

Retention 

efficiency 

(%) 

Eluted  

virus 

(PFU) 

Elution 

efficiency 

(%) 

1.0% Na-pp 
-glycine 

(9.3) 

1.8 x 107 < 6.7 x  103 > 99.96 3.0 x 106 16 

2.0 x 107 < 6.7 x 103 > 99.97 1.3 x 107 65 

1.5 x 108 < 6.7 x 103 > 99.996 8.0 x 107 53 

 2.1 x 108 < 6.7 x 103 > 99.997 6.6 x 107 31 

 2.4 x 108 < 6.7 x 103 > 99.997 8.0 x 107 33 

 2.6 x 108 < 6.7 x 103 > 99.997 8.2 x 107 32 

Average =  1.5 x 10
8
 < 6.7 x 10

3
 > 99.98 ± 0.02 5.4 x 10

7
 38 ± 18 

  *: Detection limit for adenovirus 2 = < 6.7 x 103 TCID50 (< 1 TCID50/mL) 
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TABLE 11.  Secondary concentration and total method recovery efficiencies (Centricon Plus-70, 30 kDa) 

                     (Eluting Solution: 1.0% Na-pp-PB-glycine, pH 9.3) 
   

Virus  

Input  

titer 

(PFU/20 L) 

Viral titer 

70 mL eluate 

(PFU) 

Viral titer of 

concentrate 

(PFU) 

Secondary 

concentration 

efficiency (%) 

Total 

Recovery 

Estimate 

(PFU) 

Total 

Method 

Efficiency 

(%) 

MS2 

coliphage 

(high titer) 

 

3.3 x 108 3.3 x 107 2.0 x 107 61 1.2 x 108 36 

5.8 x 107 6.0 x 106 5.4 x 106 90 3.2 x 107 55 

Average = 1.9 x 10
8
 2.0 x 10

7
 1.3 x 10

7
 75 ± 21 7.6 x 10

7
 45 ± 15 

MS2 

coliphage 

(low titer) 

 

3.7 x 104 5.3 x 103 3.1 x 103 59 1.9 x 104 51 

4.0 x 104 6.2 x 103 4.4 x 103 71 2.7 x 104 68 

3.7 x 104 4.7 x 103 3.0 x 103 64 1.8 x 104 49 

Average = 3.8 x 10
4
 5.4 x 10

3
 3.5 x 10

3
 65 ± 6 2.1 x 10

4
 56 ± 9 

Poliovirus 1 

1.9 x 107 2.2 x 106 2.1 x 106 95 1.3 x 107 68 

2.2 x 107 2.5 x 106 2.5 x 106 100 1.5 x 107 68 

 2.0 x 107 2.6 x 106 2.3 x 106 89 1.4 x 107 70 

 2.2 x 107 2.2 x 106 2.1 x 106 95 1.2 x 107 56 

Average =  2.1 x 10
7
 2.4 x 10

6
 2.3 x 10

6
 95 ± 5 1.4 x 10

7
 66 ± 6 
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TABLE 11, continued.  Secondary concentration and total method recovery efficiencies (Centricon Plus-70, 30 kDa) 

                                        (Eluting Solution: 1.0% Na-pp-PB-glycine, pH 9.3) 
   

Virus  

Input  

titer 

(PFU/20 L) 

Viral titer 

70 mL eluate 

(PFU) 

Viral titer of 

concentrate 

(PFU) 

Secondary 

concentration 

efficiency (%) 

Total 

Recovery 

Estimate 

(PFU) 

Total 

Method 

Efficiency 

(%) 

Echovirus 1 

 

7.6 x 107 2.0 x 107 1.2 x 107 60 7.3 x 107 96 

7.4 x 107 2.1 x 107 9.0 x 106 43 5.1 x 107 69 

 5.9 x 107 1.1 x 107 8.8 x 106 80 4.9 x 107 83 

Average = 7.0 x 10
7
 1.7 x 10

7
 9.9 x 10

6
 61 ± 18 5.8 x 10

7
 83 ± 14 

Coxsackievirus 

B5 

 

2.1 x 108 2.2 x 107 2.3 x 107 105 1.4 x 108 67 

1.7 x 108 2.5 x 107 2.4 x 107 96 1.4 x 108 82 

1.8 x 108 2.1 x 107 2.6 x 107 124 1.6 x 108 89 

 2.4 x 108 2.5 x 107 2.7 x 107 108 1.6 x 108 67 

Average = 2.0 x 10
8
 2.3 x 10

7
 2.5 x 10

7
 109 ± 11 1.5 x 10

8
 77 ± 11 

Adenovirus 2 

(TCID50) 

1.5 x 108 1.4 x 107 4.6 x 106 33 2.6 x 107 18 

2.1 x 108 1.2 x 107 5.4 x 106 45 3.2 x 107 15 

 2.4 x 108 2.9 x 107 4.1 x 106 14 2.4 x 107 10 

 2.6 x 108 1.4 x 107 5.5 x 106 39 3.2 x 107 12 

Average =  2.2 x 10
8
 1.7 x 10

7
 4.9 x 10

6
 33 ± 13 2.9 x 10

7
 14 ± 4 
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TABLE 12.  Summary of efficiencies for MS2, Poliovirus 1, Echovirus 1, Coxsackievirus B5, and  

Adenovirus 2 using the NanoCeram filter, 1% Na-pp-PB-glycine eluting solution, and Centricon Plus-70 

     

Virus 
Retention 

Efficiency (%) 

Elution 

Efficiency 

(%) 

Secondary 

Concentration 

Efficiency (%)  

Total Method 

Efficiency (%) 

MS2* > 99.97 ± 0.05 57 ± 3 75 ± 21 45 ± 15 

MS2** -- 86 ± 9 65 ± 6 56 ± 9 

Poliovirus 1 > 99.8 ± 0.3 54 ± 20 95 ± 5 66 ± 6 

Echovirus 1 > 99.98 ± 0.005 139 ± 36 61 ± 18 83 ± 14 

Coxsackievirus B5 > 99.96 ± 0.03 72 ± 13 109 ± 11 77 ± 11 

Adenovirus 2*** > 99.98 ± 0.02 38 ± 18 33 ± 13 14 ± 4 

   *: high input titer (108 PFU) 
**: low input titer (104 PFU) 
***: TCID50 
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APPENDIX D: 

 

OPTIMIZATION OF THE SECONDARY CONCENTRATION PROTOCOL   

USING THE CENTRICON PLUS-70 ULTRAFILTER 
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1. Rationale 

 Viral eluates are re-concentrated in order to reduce the volume which will be 

assayed by traditional cell culture and/or molecular methods (e.g. PCR).  A previous 

study by Hill et al. (2007) reported the successful use of Centricon Plus-70 disposable 

ultrafilters (30-kDa molecular weight cut-off, Millipore, Billerica, MA) to re-concentrate 

eluates containing MS2 and φX174 coliphages.  Recovery of MS2 and φX174 from the 

Centricon unit (secondary concentration efficiency) measured 82 ± 26 % and 86 ± 23%, 

respectively, while the total method efficiencies (viral titer following secondary 

concentration ÷ initial viral titer in original sample volume) were 97 ± 26% and 71 ± 

21%, respectively.  Concentration of 110 to 140 mL eluent volumes yielded concentrate 

volumes of 2.1 ± 1.2 mL.  A principal objective of the research detailed in the Appendix 

B manuscript of this dissertation was to achieve low final concentrate volumes on the 

order of several milliliters relative to the initial sample volume of 20 L.  Therefore, the 

Centricon Plus-70 ultrafilter was employed for secondary concentration during the course 

of this study. 

2. Pre-Blocking Experiments 

 A primary goal of the project was to achieve ≥ 50% recovery of the seeded input 

viral titer in the final secondary concentrate volume(s), termed the “Total Method 

Efficiency”.  However, early secondary concentration experiments fell far short of that 

goal regardless of the eluting solution employed to facilitate desorption of viruses from 

the filter (Table 1).  Recovery of the viruses applied to the ultrafilters was very low, as 
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indicated by the secondary concentration efficiencies.  Consequently, the total method 

efficiencies were also exceedingly insufficient. 

 Irreversible binding of viruses to ultrafilter membranes, which are chemically 

inert relative to charged membranes, has been previously reported.  Pre-blocking 

ultrafilters with proteinaceous solutions (e.g. calf serum) greatly lessens this phenomenon 

and prevents loss of virus.  Experiments were conducted to determine whether pre-

blocking of the Centricon membranes would result in greater recovery efficiencies.  The 

following solutions were evaluated: 2% bovine serum albumin (BSA), 5% calf serum 

(CS), 1.5% beef extract (BE), and sterile Nanopure water (inorganic control).  Seventy-

mL volumes (capacity of the Centricon Plus-70 unit) of each solution type were passed 

through the ultrafilters (according to the manufacturer’s recommended centrifugation 

settings) in duplicate (two Centricons each), and the concentrates were collected and 

discarded.  One-liter of 1.0% w/v Na-polyphosphate-PB-glycine eluting solution (pH 9.3) 

was seeded with 108 PFU (105 PFU/mL) of poliovirus 1 and subjected to a 30-minute 

holding period before pH adjustment to 7.0 to 7.2.  Seventy-mL volumes of the seeded 

solution were then added to the pre-blocked units and processed according to the 

manufacturer’s instructions.  The concentrates were collected, assayed, and quantified 

using BGM cell monolayers in six-well trays (Table 2).  Surprisingly, the results 

indicated that pre-blocking of the ultrafilter membranes with sterile Nanopure water led 

to greater virus recovery relative to the three proteinaceous blocking agents.  Although 

the standard deviation was greater, the use of Nanopure water as a potential blocking 

agent, or pre-wetting solution, was further investigated. 
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 Virus recovery form Centricon ultrafilters pre-blocked with sterile Nanopure 

water was then compared to recovery from “dry” Centricon filters that did not undergo 

blocking with any solution.   One-liter of 1.0% w/v Na-polyphosphate-PB-glycine eluting 

solution (pH 9.3) was seeded with 107 PFU (104 PFU/mL) of poliovirus 1 and held for 

30-minutes before pH adjustment to 7.0 to 7.2.  Seventy-mL volumes of the seeded 

solution were then added to the both pre-blocked and “dry” Centricons, and processed 

according to the manufacturer’s instructions.  Experiments were performed in duplicate.  

The concentrates were collected, assayed, and quantified using BGM cell monolayers in 

six-well trays (Table 3).  Re-concentration of the eluates with pre-wetted Centricon 

ultrafilters yielded greater virus recoveries compared to “dry” Centricon ultrafilters.  The 

results in Tables 2 and 3 led to implementation of a pre-wetting step for the Centricon 

units prior to re-concentration of viral eluates reduce loss of virus. 

3. Use of Different Eluting Solutions to Enhance Recovery from Ultrafilters 

 Nanopure water, 1.0% w/v Na-polyphosphate-PB-glycine eluting solution (pH 

9.3), and 0.1% beef extract solution (pH 7.2) were added to a Centricon ultrafilter (in the 

order listed) that had processed 70 mL of a mock eluent containing 106 PFU of poliovirus 

1 to determine whether the solutions enhance virus recovery from the unit (Table 4).  The 

findings of this experiment demonstrated that subsequent washings of the ultrafilter were 

capable of recovering more viruses.  Although Nanopure water was most effective (87% 

additional removal of viruses), this may have been due to it being employed as the first 
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rinse relative to the other solutions, as recovery decreased as 1.0% sodium polyphosphate 

and then 0.1% beef extract were employed.       

4. Adjustment of Centrifugation Settings 

 Despite use of the Centricon ultrafilters according to the manufacturer’s settings 

(3,500 x g, 15 minutes for sample concentration; 1,000 x g, 2 minutes for concentrate 

recovery), the average concentrate volume remained very low (avg. 0.2 mL) relative to 

those reported by Hill et al. (2005) of 2.1 mL ± 1.2 mL, who also used the 

aforementioned settings recommended by Millipore.  Experiments were then conducted 

to assess whether adjusting the centrifugation settings relative to the manufacturer’s 

recommendations would allow more fluid volume to remain within the ultrafilter coils 

following the sample concentration step, and enhance virus removal during concentrate 

recovery.  Preliminary experiments during which blank 70-mL volumes of 1.0% w/v Na-

polyphosphate-PB-glycine (pH 9.3) were filtered at different speed and time settings 

revealed that more fluid remained in the ultrafilter coils (ranging from 1.0 to 1.8 mL) 

after centrifugation for 8 minutes at 1,900 x g.   

5. Composite Experiments 

 Pre-wetting of the Centricon, an additional Nanopure water rinse to recover more 

viruses following eluate concentration, and the adjusted centrifugation settings were 

combined to assess whether these optimizations were indeed effective when used with the 

entire primary concentration (NanoCeram filtration) and elution methods (1.0% w/v Na-

polyphosphate-PB-glycine, pH 9.3).  This was especially important for the Adenovirus 2 
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results, as total method efficiencies averaged 5% prior to implementation of the protocol 

changes (pre-optimized data not shown).  Implementation of the optimizations enhanced 

secondary concentration efficiencies and total method recoveries for all of the viruses 

evaulated (Table 5).  The total method efficiency project goal of 50% was achieved for 

low titer (104 PFU) MS2 coliphage (56 ± 9%), poliovirus 1 (66 ± 6%), echovirus 1 (83 ± 

14%), and Coxsackievirus B5 (77 ± 11%). High titer (108 PFU) MS2 coliphage and 

adenovirus 2 total method efficiencies fell short of the 50% recovery goal, measuring 45 

± 15% and    14 ± 4%, respectively.  Conducting additional high titer MS2 experiments 

would have provided further insight into the precision of the data that was observed by 

only performing these experiments in duplicate.  The low adenovirus 2 efficiencies 

observed were likely attributed to either additional virus-filter interactions or steric 

hinderence resulting from the presence of unique penton fibers that extend from the 

nucleocapsid surface.  In addition to enhancing the secondary and total method 

recoveries, the combined concentrate volumes (eluate concentrate + water rinse) 

increased to 3.3 ± 0.3 mL relative to the previous concentrate volumes of ~200 µL.          
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Table 1. Secondary Concentration and Total Method Efficiencies for Poliovirus 1 (Pre-Optimization) 

Eluting 

Solution 

Input  

titer 

(PFU/20 L) 

Viral titer 

70 mL eluate 

(PFU) 

Viral titer of 

concentrate 

(PFU) 

Secondary 

concentration 

efficiency (%) 

Total 

Recovery 

Estimate 

(PFU) 

Total 

Method 

Efficiency 

(%) 

1.0% Na-pp-

PB-glycine 

(9.3) 

 

6.5 x 107 2.7 x 106 2.2 x 105 8.1 1.4 x 106 2.2 

1.8 x 107 5.3 x 106 2.8 x 105 5.3 1.8 x 106 10.0 

Average = 4.2 x 10
7
 4.0 x 10

6
 2.5 x 10

5
 7 ± 2 1.7 x 10

6
 6 ± 5 

0.1% Na-pp-

PB-glycine 

(9.3) 

 

3.1 x 107 3.0 x 106 7.1 x 105 23.7 4.6 x 106 14.8 

2.4 x 108 1.8 x 107 9.1 x 105 5.4 5.9 x 106 2.5 

Average = 1.4 x 10
8
 1.1 x 10

7
 8.1 x 10

5
 23 ± 13 5.3 x 10

6
 9 ± 8 
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Table 2. Pre-Blocking Experiments to Improve Secondary Concentration Efficiency  

              (Virus: Poliovirus 1; Eluting Solution Seeded: 1.0% Na-pp-PB-glycine, pH 9.3)        

             

Blocking 

Solution 

Initial  

titer 

(PFU/1 L) 

Viral titer 

70 mL eluate 

(PFU) 

Viral titer of 

concentrate 

(PFU) 

Secondary 

concentration 

efficiency (%) 

Sterile 

Nanopure H20 

 

7.5 x 108 5.3 x 107 2.4 x 107 45.3 

7.5 x 108 5.3 x 107 1.5 x 107 28.3 

Average = -- -- 1.95 x 10
7
 37 ± 12 

2% BSA 

 

7.5 x 108 5.3 x 107 6.0 x 106 11.3 

7.5 x 108 5.3 x 107 5.9 x 106 11.1 

Average = -- -- 5.95 x 10
6
 11 ± 0.14 

5% CS 

7.5 x 108 5.3 x 107 6.9 x 106 13.0 

7.5 x 108 5.3 x 107 7.8 x 106 14.7 

Average = -- -- 7.4 x 10
6
 14 ± 1 

1.5 % BE 

7.5 x 108 5.3 x 107 7.0 x 106 13.2 

7.5 x 108 5.3 x 107 7.3 x 106 13.8 

Average = -- -- 7.15 x 10
6
 13 ± 0.4 

 



194 

 

 

 

Table 3. Secondary Concentration Efficiencies Using Pre-Wetted and “Dry” Centricon Units  

               (Virus: Poliovirus 1; Eluting Solution Seeded: 1.0% Na-pp-PB-glycine, pH 9.3 

 

Eluting 

Solution 

Initial 

titer 

(PFU/1 L) 

Viral titer 

70 mL eluate 

(PFU) 

Viral titer of 

concentrate 

(PFU) 

Secondary 

concentration 

efficiency (%) 

“Dry” 

Centricon 

Units 

 

6.5 x 107 2.7 x 106 1.1 x 106 40.8 

6.5 x 107 2.7 x 106 9.3 x 105 34.4 

Average = -- -- 1.0 x 10
6
 38 ± 5 

Pre-Wetted 

Centricon 

Units 

 

6.5 x 107 2.7 x 106 3.0 x 106 111.1 

6.5 x 107 2.7 x 106 3.0 x 106 111.1 

Average = -- -- 3.0 x 10
6
 111 ± 0 

 

 

 

 

 

 

 



195 

 

 

 

Table 4.  Recovery Efficiencies of Poliovirus 1 from Centricon Ultrafilter by Use of Various Solutions 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Input 

titer  

(70 mL) 

Initial 

concentrate 

titer 

(PFU) 

Recovery 

efficiency 

% 

Nanopure 

H2O 

concentrate 

titer 

(PFU) 

Additional 

recovery 

efficiency 

% 

1.0% Na-

pp  

concentrate 

titer 

(PFU) 

Additional 

recovery 

efficiency 

% 

0.1% Beef 

Extract  

concentrate 

titer 

(PFU) 

Additional 

recovery 

efficiency 

% 

8.1 x 106 3.8 x 106 47 7.1 x 106 87 6.5 x 105 9 4.1 x 105 5 
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Table 5. Summary Table for Secondary Concentration and Total Method  

               Efficiencies after Optimization of the Centricon Protocol 

 

Virus 

Secondary 

Concentration 

Efficiency (%)  

Total Method 

Efficiency (%) 

MS2* 75 ± 21 45 ± 15 

MS2** 65 ± 6 56 ± 9 

Poliovirus 1 95 ± 5 66 ± 6 

Echovirus 1 61 ± 18 83 ± 14 

Coxsackievirus B5 109 ± 11 77 ± 11 

Adenovirus 2 33 ± 13 14 ± 4 

   *: high input titer (108 PFU) 
**: low input titer (104 PFU) 
***: TCID50 


