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ABSTRACT 

 

Crossflow membrane filtration is emerging as a concentration method for the recovery 

and detection of viruses in large volumes of water.  To increase virus recovery, an 

ultrafiltration membrane is usually “blocked” with a proteinaceous solution or a chemical 

dispersant.  This proof-of-concept study explores a novel approach using controlled and 

rapid (<1 h) layer-by-layer adsorption of polyelectrolytes to form an anti-adhesive, 

sacrificial layer on the membrane surface.  Compared to membranes blocked with calf 

serum (CS), membranes coated with polyelectrolyte multilayer (PEM) films show 

significantly higher pre-elution recoveries of P22 bacteriophage from both deionized 

water (80% vs 27% recovery) and from MBR effluent (47% vs 35% recovery) under high 

crossflow conditions. Calculations of virus-membrane interaction energies confirm that 

the higher recoveries with PEM-coated membranes are due to their higher charge and 

hydrophilicity relative to CS-blocked membranes. The high pre-elution recovery from 

simple water matrices with PEM-coated membranes might eliminate the need for elution 

and backflushing steps, thus reducing both the time required for pathogen concentration 

and the volume of the final sample.  The proposed methodology can be used to guide 

the rational design of membrane surfaces with controllable adhesion properties with 

respect to a broad range of viruses and other pathogens.  
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1. INTRODUCTION 

 

Efficient pathogen detection in drinking and recreational water is vital for preventing 

disease outbreaks.  Because waterborne pathogens are present in low concentrations, 

a fast and reliable concentration step is crucial for their detection.  Currently available 

sample concentration technologies exhibit highly variable virus recoveries that can be 

unacceptably low, poorly reproducible or both (see below).  This problem frequently 

prohibits definitive association of waterborne viruses with specific disease outbreaks 

and confounds outbreak prevention efforts.  Development of a sample concentration 

method that ensures fast and predictably high recovery of viruses from drinking water is 

vital for their timely and reliable detection. 

 

Crossflow filtration with hollow fiber membranes, an emerging technique for 

concentrating various waterborne pathogens [1-13] including viruses [1-4, 8, 10, 11], 

offers several advantages over traditional pathogen concentration methods.  First, 

membranes with an appropriate pore size simultaneously concentrate various microbial 

pathogens [5-7, 9] without concentrating molecular toxins and low molecular weight 

inhibitors of quantitative polymerase chain reaction (qPCR) [14].  Second, crossflow 

decreases membrane fouling and results in increased permeate flow and filter life [15].  

Third, in contrast to filtration in a dead-end geometry, crossflow minimizes virus-

membrane contact so that more microorganisms remain suspended in the retentate 

throughout the concentration process, facilitating recovery [14]. 

 

The EPA-approved VIRADEL (VIRus ADsorption-ELution) method [16] for virus 

concentration includes filtration of a water sample through a positively [10, 16-18] or 

negatively [16, 18, 19] charged microfilter.  During the filtration, viruses adsorb onto the 

filter, and are later eluted using a high pH solution of beef extract and/or glycine (Fig. 1).  

If necessary, addition of a flocculant to the eluate can precipitate viruses to further 

reduce the volume of the concentrate [16].  However, the VIRADEL method often gives 

low or poorly reproducible recoveries [20].  For example, Virosorb 1-MDS, the only 
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electropositive VIRADEL filter recommended by EPA, adsorbed less than 35% of the 

indigenous Escherichia coli phages in sewage-spiked tap water, and the eluate 

contained only 12% of the phages [17].  The VIRADEL method is also sensitive to 

various water constituents; indeed, norovirus recovery was 92% from deionized (DI) 

water but only 19% from surface water [18].  In addition, highly adhesive viruses such 

as human adenovirus (HAdV) [21], give recoveries as low as 0.02% from surface water 

[10],  and norovirus recoveries can also be low (3.6% ± 0.6% from tap water and 12.2% 

± 16.3% from river water) [22].  To increase recovery, several studies explored 

ultracentrifugation [23], centrifugal ultrafiltration (UF) [24], and flocculation-redissolution 

[25]. However these methods could become impractical for large volume (up to 1,000 L) 

samples: ultracentrifuges and centrifugal ultrafiltration devices have a low volume 

capacity whereas flocculation-redissolution requires repeated replacement of the 

microfilter when collecting the flocculate. 

 

Crossflow filtration can give recoveries equal to or better than those with VIRADEL for a 

range of viruses in various types of water [10, 11].  Additionally, the large membrane 

surface area in hollow fiber cartridges and the use of crossflow to mitigate fouling [15] 

allow rapid concentration of high-volume samples [7-9, 11, 13, 26].  Covering or 

“blocking” the membrane surface with a layer of proteins (e. g. beef extract [3, 4], CS 

[4], or bovine serum albumin [4]) is crucial to improve virus recovery during crossflow 

filtration (Fig. 1).  These blocking procedures usually employ complex mixtures of 

macromolecules of various molecular weights to cover virus adsorption sites and 

possibly minimize virus passage through the membrane filter [5-7, 10, 11, 27].  Although 

the term “blocking” has also been used to describe treatment with low molecular weight 

compounds such as sodium polyphosphate (e.g., 600 Da [6, 9]) and glycine (75 Da)), 

their effect is most likely limited to the prevention of virus adsorption to the membrane 

surface and does not include true pore blockage.  The blocking step can be time 

consuming (e.g., overnight deposition of a protein layer), and a membrane blocked with 

proteins might be prone to contamination during storage and transport [6].  In addition, 

for certain viruses such as HAdV or norovirus recovery values remain low and can be 

highly variable. For example, in one study HAdV and norovirus recoveries from surface 
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water were on average 5% and less than 1% respectively while JC polyomavirus 

recoveries from surface water varied from 13 to 33% [10]. Francy et al. report median 

recovery of only 0.007% for avian influenza virus in samples collected from great lake 

beaches using the NanoCeram filter 1 [28]. The recovery of noroviruses from river water 

was lower than 0.95% using ultrafiltration [29], and less than 3% of human adenovirus 

41 was recovered from seawater using positively charged alumina nanofiber cartridge 

filters [30]. 

 

 
Figure 1: Targeted benefits of the proposed virus concentration approach based on 

polyelectrolyte multilayer coatings (right column) in comparison with two 

other methods: VIRADEL (left column) and ultrafiltration with a membrane 

“blocked” by calf serum (middle column). Green dots represent viruses, 

yellow dots represent calf serum that is blocking membrane pores, and 

the membrane coating consisting of alternating blue and red layers 

represents polyelectrolyte multilayer. 
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To overcome these challenges we propose coating UF filters with specially designed 

PEM films [31, 32].  PEM deposition is in effect controlled membrane blocking that 

employs alternating adsorption of two oppositely charged polymers. PEMs can form 

quickly (in less than 1 h) and reproducibly [33].  Several studies described anti-adhesive 

PEM coatings on various surfaces [34-37], including membrane filters [38-41], to 

decrease the adsorption of proteins [34, 35, 38-41], mammalian cells [34, 36, 42], or 

bacteria [36, 37, 43]. Various polyelectrolytes have been used to prepare anti-adhesive 

coatings.  By coating a polypropylene microfiltration membrane with a PEM composed 

of poly(dimethyldiallylammonium chloride) and poly(acrylic acid), Meier-Haack and 

Muller [40, 41] achieved a 10-fold decrease in the amount of human serum albumin 

irreversibly adsorbed during filtration.  Mendelsohn et al. showed that murine fibroblast 

cell adhesion on a surface was completely eliminated by coating the surface with ten 

poly(allylamine hydrochloride)/ poly(acrylic acid)  bilayers [34, 42].  Lichter et al. 

demonstrated that a poly(allylamine hydrochloride)/ poly(acrylic acid)  coating on a 

titanium alloy decreases bacterial adhesion (S. epidermis and E. coli) by almost two 

orders of magnitude [43].  PEMs built using natural polypeptides and polysaccharides 

have been of particular interest in the field of biomedicine.  Richert et al. used 

hyaluronic acid and chitosan (CHI) to form PEM films that decreased rat chondrocyte 

adhesion by more than 90% and bacterial adhesion (E. coli) by approximately 80% [36].  

Poly(L-lysine)/alginate films and films built out of heparin (HE) and CHI also 

demonstrated anti-adhesive properties for fibroblast cells and E. coli, respectively [37, 

44]. Although PEMs were employed to create ordered virus monolayers [45, 46], no 

studies examined virus adhesion to PEM-modified surfaces or applied PEMs to prevent 

virus adsorption or to enhance recovery for virus concentration and detection. 

 

In addition to low and poorly reproducible recoveries, the long duration of the sample 

concentration step remains a bottleneck in virus detection.  For example, concentrating 

100 L of tap water to 400 mL takes 2 h with a hollow fiber cartridge, and further volume 

reduction to a few mL [9] for qPCR analysis requires another 1 to 3 h [9].  Because virus 

concentrations of less than 1 genomic copy per 100 L of water represent a significant 
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risk of illness [47], virus monitoring often requires testing up to 1,000 L for drinking water 

[16].  Increasing transmembrane pressure can, in principle, increase filtration rate. 

However this may exacerbate membrane fouling, alter virus recovery and offset the 

gains in the permeate flux.  To overcome this limitation we propose to operate the 

membrane at a high transmembrane pressure and increase retentate crossflow rate to 

maintain a high permeate flux while limiting fouling to a manageable level. 

 

In summary, this work aims to improve virus concentration by membranes and has two 

specific objectives: 1) to design highly controllable anti-adhesive membrane coatings 

and assess their performance in terms of virus recovery and rate of concentration; 2)  to 

evaluated how crossflow rate and permeate flux affect virus rejection, recovery, and rate 

of concentration with CS-blocked and PEM-coated membranes. 
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2. MATERIALS AND METHODS 
 

2.1. Reagents and water samples 
 

Lysozyme (from chicken egg white), ethylenediaminetetraacetic acid (EDTA), calf 

serum, heparin (sodium salt), chitosan (medium molecular weight), diiodomethane and 

sodium polyphosphate (NaPP) were purchased from Sigma-Aldrich.  Tween 80 (Fisher), 

tryptic soy broth (Becton, Dickinson) and glycerol (J.T. Baker) were used as received. 

Deionized water was used in all experiments unless specified otherwise.  A 25 L MBR 

effluent sample was collected from the Traverse City wastewater treatment plant 

(Traverse City, MI) as a grab sample, which was stored at 4°C and used within 2 weeks 

of collection.  Total organic carbon (TOC) contents of MBR effluent sample were 

determined using a TOC analyzer (model 1010, O I Analytical). 
 

2.2. P22 bacteriophage: surface energy, zeta potential, size and morphology 

 

Bacteriophage P22 (provided by Prof. Joan B. Rose, MSU) is a non-enveloped, double 

stranded DNA (dsDNA) tailed phage that has been used to study dsDNA virus 

assembly [48-51] and as a surrogate for human viruses to understand their fate in the 

environment [52, 53].  P22 has an icosahedral head with a diameter of 60 nm and a 

short tail [54].  Procedures for P22 propagation are described in the Supplementary 

Content (SC) file (see section S1). P22 stock suspension (~ 3·1010 plaque forming units 

per mL) was stored at 4°C.  One liter of water was spiked with 1 mL of P22 stock on the 

day of the filtration. 

 

To characterize the surface properties of P22 virions, they had to be separated from 

other components present in the stock, i. e. tryptic soy broth components and host 

bacteria cell debris.  In this study, P22 was purified using CsCl density gradients. 

Details of the two purification procedures – one used to prepare P22 suspensions for 
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filtration tests and another used for measurements of virus size, charge, and surface 

energies – are provided in the SC file (see section S1).  

 

To measure the surface energy of P22, the P22 stock purified by the CsCl gradient 

method was filtered through a 30 kDa polyethersulfone membrane (Omega, Pall) to 

deposit the equivalent of ~14 layers of the virus on the membrane surface.  The virus 

lawn was dried at room temperature and the water contact angle on the virus lawn was 

measured as a function of time until a plateau value was reached [55, 56] characteristic 

of the formation of a monolayer of strongly bound water that resists evaporation [57]. 

The plateau value for the P22 lawn persisted for approximately 1 h, which is consistent 

with what was reported for protein surfaces [57].  Once the plateau value was reached, 

contact angles of 3 probe liquids were measured using the sessile drop method (model 

250 goniometer, ramé-hart) to determine the surface tension parameters of hydrated 

P22 bacteriophage. 

 

The virus size distribution in the purified stock was measured by dynamic light 

scattering (90 Plus, Brookhaven Instrument Corp.) at pH 6.  The ζ -potential of P22 was 

determined based on its electrophoretic mobility using phase analysis light scattering 

(ZetaPALS, Brookhaven Instrument Corp.) in 1 mM NaCl and at pH 6. 

 

Transmission electron microscopy (TEM) images of P22 bacteriophage were recorded 

using a JEM-2200FS (JEOL) microscope equipped with an in-column energy filter 

operated at 200kV and a Gatan Multiscan camera with 1024ˣ1024 resolution  To 

prepare the sample, several drops of purified virus stock were applied on the carbon-

coated Formvar grid.  The sample was then stained by uranyl acetate and dried in a 

desiccator before imaging. 
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2.3. Crossflow concentration apparatus 
 

The schematic of the crossflow concentration unit is shown in the SC file (Fig. S1).  

Briefly, a high-pressure peristaltic pump (model 621 CC, Watson-Marlow) drew the 

solution from the pressurized feed vessel (Alloy Products Corp.) to the membrane 

filtration cell (CF042, Sterlitech), where the membrane surface area exposed to the feed 

was 41 cm2.  The permeate was collected in an Erlenmeyer flask positioned on an 

electronic mass balance (Adventurer Pro AV8101C, Ohaus) interfaced with a data 

acquisition computer.  The transmembrane pressure varied from ~0.5 bars (7 psi) to 

~2.8 bars (40 psi).  An inline flowmeter (101-7, McMillan) was used to record the 

crossflow velocity. 

 

2.4. Membrane preparation and characterization 

 

Based on literature on adhesion to polyelectrolyte-coated surfaces [34-44] and a limited 

set of preliminary data on permeability, hydrophilicity, and qPCR inhibition by 

polyelectrolytes (see SC, Fig. S2), we selected (HE/CHI)4.5 as the most suitable PEM 

film to modify membranes for enhanced virus concentration.  Prior to modification, a 

polyethersulfone (PES) UF membrane (OMEGA 30 kDa, Pall) was submerged for 24 h 

in 1 N NaOH and thoroughly rinsed with deionized water.  The membrane was then 

either blocked with CS or coated with a PEM film.  For CS blocking, the membrane was 

loaded in the crossflow filtration cell, and 500 mL of 5% CS solution was circulated over 

the membrane surface for 16 to 18 h with no pressure differential across the membrane.  

The filtration unit was then rinsed twice with DI water for 10 min.  To coat a membrane 

with a PEM film, the membrane was placed in a custom-made holder and the 

membrane surface was alternately exposed to HE solution (1 mg/L, pH 5) and CHI 

solution (1 mg/L, pH 5) for 5 min with a 1-min rinse with DI water in between each 

exposure.  The total number of deposited bilayers was 4.5, where the last half layer was 

HE. Both HE and CHI solutions also contained 0.15 M NaCl.  Membranes were 

prepared immediately prior to virus concentration by filtration. 
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The ζ -potential of the membranes was measured using an electrokinetic analyzer (BI-

EKA, Brookhaven Instrument Corp.) at pH 6.  Membrane hydrophilicity was 

characterized by measuring water contact angles using the sessile drop method.  At 

least 3 different membranes were used for each analysis.  Contact angles of 

diiodomethane and glycerol were also measured to determine the surface tension 

parameters of the hydrated CS-blocked and the PEM-coated membranes using the 

same procedure that was employed to characterize the surface tension of the hydrated 

P22 bacteriophage.  The plateau values of water contact angle on CS-blocked and 

PEM-coated membranes persisted for approximately 1 h and 2 h, respectively. Water 

permeabilities of coated membranes were determined before and after membrane 

compaction (see section 2.7) by measuring the permeate flux at a transmembrane 

pressure differential of ~ 2.76 bars (40 psi). 

 

2.5. Concentration procedure 
 

The membranes were first compacted by filtering DI water at ~2.76 bars (40 psi) for 90 

min to ensure that steady state permeate flux was reached and that membranes did not 

undergo further compaction during virus concentration tests.  Filtration of 1 L of the DI 

water spiked with 1 mL of P22 stock solution was then performed to reduce the volume 

to 250 mL.  The ratio of the crossflow flux to the initial permeate flux, pcf JJ / , ranged 

from 1,500 to 11,100.  Crossflow flux was regulated from 6,800 to 26,800 L/(min·m2), 

which corresponded to Reynolds numbers from 400 to 1,700. 

 

Following the filtration, for both CS-blocked and PEM-coated membranes, viruses were 

eluted from the membrane using 0.01% Tween 80, 0.01% NaPP [6, 7].  The elution was 

performed with the membrane still in the filtration cell and at the same crossflow rate as 

during the filtration test, but with a retentate pressure of only ~0.17 bars (2.5 psi), which 

was due to the crossflow. Aliquots of the feed, retentate, permeate and eluate were 

stored at 4°C.  Samples were also taken during compaction with DI water to verify that 

no contamination was present before P22 was introduced.  A new membrane was used 
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for each filtration and the unit was disinfected with CIDEX (Advanced Sterilization 

Products) between filtration tests. 

2.6. Blocking law analysis 
 

A separate set of filtration tests was performed in the dead-end regime. P22-containing 

feed solution (1 L of DI water spiked with 1 mL of P22 stock) was filtered through CS-

blocked and PEM-coated membranes using an unstirred Amicon 8010 ultrafiltration cell 

connected to a pressurized feed vessel.  The permeate flux was recorded continuously 

for 1 h.  For each experiment the membrane was first compacted for 90 min with DI 

water. 

 

2.7. Measurements of P22 concentration and data analysis 
 

A MagNA Pure Compact System (Roche) was used to extract DNA of P22 

bacteriophage, and the P22 concentration in each sample was determined by qPCR 

(see SC: section S3).  In the case of MBR effluent samples, prior to DNA extraction 

retentate and feed samples were diluted with PCR grade water (Roche) so that TOC 

levels in those samples matched TOC levels in permeate samples.  

 

P22 log removal (𝐿𝐿𝐿), percentage of pre-elution recovery ( prer ), and percentage of 

post-elution recovery ( postr ) were calculated using the following equations: 

𝐿𝐿𝐿 = −𝑙𝑙𝑙 �𝐶𝑝
𝐶𝑓
�, (1) 

 𝑟𝑝𝑝𝑝 = 𝐶𝑟𝑉𝑟
𝐶𝑓𝑉𝑓

,
 

(2) 

𝑟𝑝𝑝𝑝 = 𝐶𝑟𝑉𝑟+𝐶𝑒𝑉𝑒
𝐶𝑓𝑉𝑓

. (3) 

where fC , pC . rC , and eC  are P22 concentrations in feed, permeate, retentate, and 

eluate samples, respectively, and fV , rV , and eV  are the volumes of these samples.  

Virus recovery and virus removal were plotted as a function of the pcf JJ /  ratio.  The 

relationships between pcf JJ / , on the one hand, and prer , postr  and 𝐿𝐿𝐿, on the other 
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hand, for the PEM-coated membranes and the CS-blocked membranes were 

statistically analyzed using the regression procedure of SAS software.  An interaction 

term (between pcf JJ /  and the type of membrane) was introduced in the regression 

model.  The software Minitab was used to statistically characterize the distributions of 

pre-elution and post-elution recoveries. 

 
2.8 Determination of the TOC content of MBR effluent samples 
 
To determine how filtration affected the TOC content of retentate and permeate 

samples, filtrations of MBR effluent were performed with a PEM-coated membrane and 

a CS-blocked membrane in conditions similar to the ones used in virus concentration 

tests (with the only difference that the filtration of MBR effluent with a CS-blocked 

membrane was performed at 40 psi instead of 20 psi), and TOC analysis was 

performed on feed, retentate and permeate samples.  Each sample was analyzed at 

least in triplicate.  Calibration standards and blanks were run for each set of 

measurements. 
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3. RESULTS AND DISCUSSION 
 

3.1. Size distribution of P22 bacteriophage 
 

Highly purified P22 stock was obtained using CsCl density gradients [58]. We 

operationally define a highly purified virus suspension as characterized by a DLS-

derived size distribution with a half width less than 1 nm. Based on the cumulative 

distribution determined by dynamic light scattering, the hydrodynamic diameter of P22 

in the storage buffer (1 mM NaCl, pH=6.0) was in the 68.3 to 69.8 nm range with the 

mean diameter of 68.8 nm (Fig. 2a).  The mean polydispersity index was 0.035 

indicating that P22 virions in the stock were nearly monodisperse.  The size of P22 

determined by TEM was 54 nm (Fig. 2b).  The difference in diameter obtained by DLS 

and TEM stems partly from P22 hydration during DLS measurements [59].  In addition, 

the assumed sphericity of 1 implicit in the DLS-based prediction is not exact because 

P22 is a tailed virus and has an icosahedral (and not spherical) head.  The size 

determined by TEM corresponds to the approximate diameter of the P22 head, whereas 

the DLS value is based on P22’s effective diffusion coefficient which is obviously 

impacted by the presence of the tail.  Moreover, TEM sample preparation may entail 

P22 shrinkage due to the surface tension forces produced when the stain layer dries 

[60]. 

 

3.2. Membrane permeability and fouling mechanisms 
 

The DI water permeabilities of PES, CS-blocked PES, and PEM-coated PES 

membranes after compaction are 280 ± 20, 90 ± 20, and 120 ± 30 L/(m2·h·bar), 

respectively.  Thus, the two modification methods yield membranes of similar 

permeabilities.  We applied blocking laws to P22 dead-end filtration data to interpret 

how feed components interact with CS-blocked and PEM-coated membranes.  The 

common characteristic equation for different fouling mechanisms is given by: 

𝑑2𝑡
𝑑𝐿2

= 𝑘 �
𝑑𝑡
𝑑𝐿
�
𝑛

 
(4) 
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where 𝐿 is the total filtered volume; 𝑡 is filtration time; 𝑘 is a constant; and 𝑛 is the 

blocking index equal to 2, 1.5, 1,or 0 for complete blocking, standard blocking, 

intermediate blocking, and cake filtration, respectively. As Fig. 3 (top) illustrates, cake 

filtration (𝑛 = 0) was clearly operative throughout most of the filtration test with PEM-

coated membrane. In contrast, the data for the CS-blocked membrane did not fit the 

equation with any of the four n values and seemed to correspond to negative 𝑛 that can 

be interpreted as a transition from one or more pore blocking mechanisms to cake 

filtration [61]. 

 
(a) (b) 

 
 
Figure 2: Size distribution (a) and TEM image (b) of purified P22 bacteriophage. The 

size distribution is measured using dynamic light scattering. 
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(a) 

 
 

(b) 

 
Figure 3: Differential (a) and integrated (b) forms of blocking laws applied to flux 

decline analysis for CS-blocked and PEM-coated membranes during 

filtration of DI water spiked with P22 bacteriophage. The differential form 

is given by eq. (4). 
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Frequently, integrated forms of eq. (4) are employed to identify fouling mechanisms. For 

cake filtration (𝑛 = 0), the integrated form is given by a linear dependence of the inverse 

cumulative flow rate on the permeate volume. Figure 3 (bottom) illustrates a high quality 

fit to plots of 𝑡/𝐿 versus 𝐿 after filtering 5 mL of virus suspension through PEM-coated 

membranes, but only after filtering 32 mL of suspension through CS-blocked 

membranes.  (Filtration of one mL corresponds to one P22 bacteriophage, quantified as 

DNA copies, deposited per 1 µm2 of membrane.)  The larger volume required to achieve 

cake filtration with CS-blocked membranes suggests that P22 or other components (e.g., 

protein from host cells, DNA, small cell debris) not removed from the growth medium by 

centrifugation and filtration through a 0.45 µm filter can partially or fully enter pores in 

the CS layer. 

 

3.3. Surface properties of membranes and P22 bacteriophage 
 

While two papers reported that blocking a membrane with proteins had no [13] or a 

negative [8] effect on virus recovery, most researchers used CS or other proteinaceous 

solutions to block membranes for microorganism concentration by crossflow filtration [3-

7, 10, 11, 27].  Some of these studies suggest that treating the membrane with beef 

extract or CS solutions minimizes viral adsorption to the membrane [3, 4].  However, to 

our knowledge all evidence for such an effect is indirect and based on higher values for 

virus recovery.  Previous studies did not consider the specific interactions between the 

virus and the membrane. 

 

To quantify the anti-adhesiveness of the CS layer, we measured the surface energy and 

charge of the CS-blocked membrane.  Based on literature values of their ζ -potential 

and isoelectric point, at least 2 out of the 4 viruses in studies showing that CS or beef 

extract increased recovery [3, 4, 62] were negatively charged [63, 64].  (Isoelectric 

points for the other 2 viruses are not known.)  Therefore, we expected that CS renders 

the membrane surface negatively charged to make it more anti-adhesive.  However, 

CS-blocked membranes are slightly positively charged at pH 6 (ζ = 3 ± 2 mV).  
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Although the pI of BSA, the main component of CS, is 4.7 so the protein should have a 

slight negative charge at pH 6, the CS also includes components other than BSA that 

might preferentially deposit and give rise to the slightly positive charge of the CS-

blocked surface.  Blocking membranes with CS produced a hydrophilic surface ( wθ  = 23 

± 3°), which could suggest that CS inhibits virus attachment to the UF membrane by 

occupying adsorption sites.  

 

The PEM-coated membrane is negatively charged at pH 6 (ζ = -7 ± 3 mV) and 

considerably more hydrophilic ( wθ  = 13 ± 3°) than the CS-blocked membrane.  Given 

the negative charge of P22 at pH 6 (ζ = -17 ± 1 mV) and relative hydrophobicity of P22 

( wθ  = 55 ± 2°), we expect the PEM to exhibit stronger resistance to P22 adsorption than 

a CS layer.  As a precedent in this area, Hill et al. [6] and Polaczyk et al. [9] evaluated 

the efficiency of a 15-min blocking of 15-20 kDa UF membrane with a 600 Da NaPP 

solution.  Although surface charges were not measured, they hypothesized that 

deposition of the polyanion NaPP increased electrostatic repulsion between the 

membrane and microorganisms. Compared to overnight CS-blocking, NaPP “blocking” 

was faster and resulted in a similar recovery for MS2 bacteriophage [6, 9].  To further 

quantify the propensity of P22 to adhere to the CS-blocked and PEM-blocked 

membranes, we calculated the energy of bacteriophage-membrane interactions.
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Table 1: Measured contact angles, calculated surface energy parameters and free energy of interfacial 

interaction in water for P22 bacteriophage, CS-blocked membranes and PEM-coated membranes.  
# DIM = diiodomethane 

 

Material  
Contact angle  

with probe liquid (0) 
Surface energy parameters  

(mJ/m2) 
Free energy of interfacial 

interaction in water,  

iwiG∆ (mJ/m2) H2O Glycerol DIM#
      

P22 bacteriophage 55 ± 2  56 ± 6 34 ± 3 42.5  0.06 25.8 2.4 44.9 -6.3 

CS-blocked membrane 23 ± 2 28 ± 4 36 ± 3 41.6 1.6 43.9 16.6 58.2 17.7 

PEM-coated membrane 13 ± 3 18 ± 2 40 ± 2 39.6 2.6 46.2 22.0 61.6 18.7 

 

 

LWγ γ + γ − ABγ TOTγ
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3.4. Virus-membrane interaction energies 
 

Table 1 presents measured contact angles and calculated surface tension parameters 

for the membranes and P22 phage.  For both types of membranes and the P22 

bacteriophage, van der Waals components of surface tension, , are ~ 40 mJ/m2, a 

typical value for biological materials [57].  The two membrane surfaces have a negligible 

electron acceptor component of surface tension, +γ , and thus qualify as monopolar 

surfaces.  Moreover, both CS-blocked and PEM-coated membranes present a large 

electron-donor component of surface tension, −γ , and a positive free energy of 

interfacial interaction when immersed in water, iwiG∆  (see SC: section S4) and thus 

qualify as hydrophilic surfaces according to van Oss and Giese’s definition [65]. In 

contrast, the surface of P22 bacteriophage is characterized by a negative value of iwiG∆  

that points to the hydrophobicity of the virus. 

 

The extended Derjaguin, Landau, Verwey and Overbeek (XDLVO) theory predicts 

secondary minima in the energy of the virus-membrane interaction at 3.8 nm for the CS-

blocked membrane (Fig. 4b).  Details on XDLVO calculations are given in SC (section 

S4). Due to attractive van der Waals and electrostatic interactions between CS-blocked 

membranes and P22, the secondary minimum (-6.1 kT) can be enough for a P22 virion 

to reversibly attach to the membrane surface despite not being able to overcome the 

repulsive barrier (400 kT) [66].  For the interaction energy between P22 and a PEM 

coated membrane (Fig. 4a), no secondary minimum was observed with separation 

distances less than 40 nm and the repulsive energy barrier was about 500 kT, indicating 

that attachment of P22 to this membrane is not efficient.  This XDLVO analysis only 

takes into account macroscopic phenomena, and adhesion of P22 to either surface 

could also occur through microscopic attraction to discreet electron acceptor sites on 

the membrane surfaces as well as through non-XDLVO interactions.

LWγ
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(a) (b) 

 

 

Figure 4: XDLVO energy profiles for the interaction of P22 bacteriophage with a PEM-coated membrane (a) and 

a CS-blocked membrane (b) at pH = 6 and in 1 mM NaCl. 
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3.5. Removal and pre-elution recovery of the virus 
 

P22 log removal values vary in the 3.9 ± 1.2 range for CS-blocked membranes and in 

the 4.1 ± 1.1 range for PEM-coated membranes (see SC: Fig. S4) showing no 

statistically significant difference between the two types of membranes.  Hydrodynamic 

conditions (i. e. pcf JJ / ) also do not affect P22 removal. These results confirm that both 

blocking by CS and coating by PEM ensure minimal loss of virus to the permeate during 

the Filtration step of the concentration process (Fig. 1). 

 

Figure 5 shows P22 recoveries in the retentate as a function of the pcf JJ /  ratio.  The 

pcf JJ /  ratio is important as it influences the transport of viruses to and, possibly, across 

the membrane [67].  Generally, higher permeate flows should increase both virus 

adhesion to the membrane and virus passage through the membrane.  In contrast, 

increasing the crossflow velocity decreases concentration polarization and facilitates 

virus removal from the membrane surface [15].  Pre-elution recovery with CS-blocked 

membranes ranges from 22% to 51%.  These values are comparable to results of a 

previous study with CS-blocked UF membranes where pre-elution recoveries were 38 ± 

22% for T1 phage and 45 ± 55% for PP7 phage [5];  we should note, however, that this 

prior study employed surface water that could foul the membrane significantly [2].  

When concentrating bacteriophage MS2 from tap water, Hill et al. [6] reported pre-

elution recoveries of 84 ± 13%.  This high recovery probably stems the addition of 0.1% 

NaPP, a negatively charged chemical dispersant thought to enhance charge repulsion 

between the membrane and viruses by altering the viruses’ ζ -potential [9].  Another 

contributing factor could be the low adhesiveness of MS2, a bacteriophage often used 

as a surrogate to obtain a conservative estimate of the ability of various barriers to 

remove viruses.
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Figure 5: Pre-elution and post-elution (see inset) recovery of P22 from DI water. 

Because there was no significant dependence of post-elution recovery on 

the value of , only the average recovery and the 90% confidence 

interval are reported.  

Number of experiments: n = 26 for CS-blocked membranes and n = 22 for 

PEM-coated membranes. 

 

P22 pre-elution recoveries with PEM-coated membranes range from 32 to 85%.  Over 

the entire range of filtration conditions (Fig. 5), PEM-coated membranes statistically 

outperform CS-blocked membranes in terms of P22 pre-elution recovery, but the 

improvement is most pronounced at higher pcf JJ /  ratios.  There is no significant 

difference between the two types of membranes in terms of the reproducibility of pre-

elution recovery when concentrating viruses from DI water (see SC: section S5, Fig. 

S3).  We attribute the observed higher pre-elution recovery to the PEM’s anti-

adhesiveness stemming from its negative charge [32]  and hydrophilicity [31].  Thus, the 

expected benefits (Fig. 1) of the PEM-based method are confirmed; indeed, coating by 

 

Jcf /Jp
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the PEM ensures that less virus remains unrecovered prior to the elution step of the 

concentration procedure than when the membrane is blocked by a layer of CS.  

 

Whether the improvement in pre-elution recovery with PEMs will be of the same 

magnitude for other viruses is not clear. P22 is a tailed virus, and the recorded 

recoveries may be a conservative estimate of recoveries to be expected for tail-less 

viruses.  At the same time, the concentration of viruses in the feed water in our 

experiments was relatively high, which normally leads to higher and less variable 

recoveries than in tests with lower feed concentrations. Because of very large P22 

removal values (up to LRV of 5.85; see Fig. S4) the feed concentration in this study had 

to be high to quantify the fraction of P22 lost to the permeate. 

 

3.6. Post-elution recovery and potential of PEMs as sacrificial coatings 
 

No permeation occurs during the elution procedure.  Post-elution recovery of P22 does 

not differ significantly between CS-blocked (99 ± 11%) and PEM-coated membranes 

(96 ± 9%).  These values for post-elution recovery are within the range typically 

reported for crossflow filtration of bacteriophages [4, 5, 7-9, 11, 27].  For example, Hill et 

al. [7] recovered 86 ± 13% of the ΦX174 phage and 120 ± 22% of MS2 phage from a 

100 L tap sample containing 0.01% NaPP.  The high post-elution recovery with both 

CS-blocked and PEM-coated membranes may reflect the simplicity of the water matrix 

or weak adhesion of P22 to surfaces.  We expect that with more adhesive viruses, 

recovery should decrease, and the competitive advantage of the PEM as a more anti-

adhesive surface should increase.  When 10-L surface water samples were 

concentrated by crossflow filtration followed by elution, Albinana-Gimenez et al. [10] 

observed post-elution recoveries of only 18.7% for polyomavirus, 5.06% for adenovirus 

and less than 0.95% for norovirus.  Anti-adhesive properties of PEM-coated 

membranes, evidenced by high pre-elution recoveries of P22, might help to improve the 

recovery of such “sticky” and difficult to concentrate human viruses. 
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Treating the PEM film as a sacrificial layer and removing it from the support using a 

backflush could also increase post-elution recovery.  Such removal will not affect the 

supporting UF membrane and should help to recover surface-associated viruses.  After 

the backflush, a new PEM layer can be deposited at the surface of the same support 

[68].  To implement such a procedure, however, electrolytes of the dissolved PEM 

should minimally interfere with qPCR.  Tests with select polyelectrolytes indicate that 

although some polyanions and most polycations interfere with qPCR analysis, there are 

polyanions and polycations that, at the concentration expected in backflush samples, do 

not inhibit qPCR or DNA extraction (see SC: Fig. S2). 

 

3.7. Hydrodynamic conditions – permeate ( pJ ) and crossflow ( cfJ ) fluxes 

 

Figure 6 illustrates the range of operational conditions employed in this work.  The pJ

values are the permeate fluxes averaged over the first minute of filtration.  For 

experiments conducted at lower transmembrane pressures (Fig. 6; “low pJ ” domain), 

plotted pJ  values also represent the average pJ  as minimal or no fouling occurred in 

these tests.  In experiments run at higher transmembrane pressures (Fig. 6; two “high 

pJ ” domains) fouling does occur, so average permeate fluxes are lower than the plotted 

initial values of pJ .  For comparison, Fig. 6 also shows pJ  values from earlier studies 

where crossflow membrane filtration was used to recover viruses and where values of 

both pJ  and cfJ  were available (see SC: section S6). 

 

Compared to earlier studies [4-7, 9, 11], we evaluated a relatively large range of 

operational conditions by varying both pJ  (2.0 to 8.6 (L/min·m2)) and cfJ  (6,800 to 

26,800 (L/min·m2)).  This allowed us to assess the virus concentration performance of 

CS-blocked and PEM-coated membranes under conditions optimal for either highest 

virus recovery or fastest sample concentration (Figures 5 and 6).  The highest recovery 

conditions belong to the “low pJ ; high cfJ  ”domain, while the fastest concentration 

conditions correspond to the “high pJ ; high cfJ ” domain (Fig. 6). 
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Figure 6: Filtration conditions in experiments on P22 concentration and recovery 

using CS-blocked and PEM-coated membranes. Number of tests: n=27 

for CS, n=22 for PEM. 
 

 

Under “high pJ ; high cfJ ” conditions where cfJ  is in the 20,400 ± 3,600 L/(min·m2) 

range, fouling decreases the concentration rate; for the CS-blocked membrane, the 

initial pJ  (averaged over the first minute of filtration) is 5.8 ± 0.3 L/(min·m2), whereas the 

pJ  averaged over the length of the filtration is 4.9 ± 0.3 L/(min·m2).  Similarly, for PEM-

coated membranes under the fastest concentration conditions, the initial pJ  is 7.2 ± 1.4 

L/(min·m2) and the average pJ  is 3.9 ± 0.6 L/(min·m2).  Thus the concentration rates 
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are similar for CS-blocked and PEM-blocked membranes, but the PEM may show 

somewhat more fouling due to a higher initial flux. 

 

With polysulfone membranes of similar MWCO (30 kDa) blocked with bovine serum, Hill 

et al. [6, 7, 11] obtained permeate flow rates between 0.4 and 0.6 L/(min·m2) with tap 

water samples at a transmembrane pressure of ~0.90 bars (13 psi.)  Morales-Morales et 

al. [5] reported a pJ of 1.5 L/(min·m2) at a transmembrane pressure of ~0.83 bars (12 

psi) for surface and tap water samples with a 50 kDa polyacrylonitrile membrane also 

blocked with CS.  By increasing both the transmembrane pressure and cross-flow rate 

we achieve significantly higher (~ 3-fold) rates of concentration.  The comparison is not 

direct, however, because  of different feed water matrices and different concentration 

ratios: the amounts of feed water filtered per cm2 of membrane were 4.9 mL for 

surface/tap water in the study by Morales-Morales et al. [5], 5.5 mL for tap water in the 

study by Hill et al. [69] versus 18.3 mL for DI water and MBR effluent in this study. 

 

3.8. Effect of pcf JJ / on virus recovery 

 

P22 pre-elution recovery by CS-blocked membranes does not significantly increase with 

an increase in pcf JJ /  (Fig. 3).  Others looked briefly at the dependence of virus 

recovery on hydraulic conditions [1].  Belfort et al. noticed no significant difference in 

poliovirus recovery by filtration through a non-blocked cellulose acetate membrane 

when tripling the crossflow rate; the comparison, however, was drawn between multiple 

filtrations at high flow rate and only one at a lower (by a factor of 3) crossflow rate [1].  

More recently, Polaczyk et al. [9] observed no statistical difference in recoveries of MS2 

phage and echovirus 1 when operating a membrane blocked with NaPP at two different 

permeate flow rates.  However, in their study, the permeate flow rate and crossflow rate 

were linked, and as a consequence the pcf JJ /  ratio changed only from 5,800 to 6,500. 

 

In contrast, the pre-elution recovery of P22 with PEM-coated membranes significantly 

increases with an increase in pcf JJ / .  The recovery is 55 ± 15% for the fastest 
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concentration conditions (“high pJ ; high cfJ ” domain) and 71 ± 11% for the highest 

recovery conditions (“low pJ ; high cfJ ” domain).  Such high recoveries may render the 

elution step unnecessary.  Indeed this level of recovery is comparable to what might be 

obtained by other virus concentration methods that involve elution.  Post-elution 

recovery for both types of membrane is not affected by pcf JJ / . 

 

Several experiments with CS-blocked membranes were carried out with PFU counting 

as the detection method.  These tests showed trends similar to what we observed with 

qPCR; specifically, there was no statistically significant change in P22 pre-elution 

recovery as a function of hydrodynamic conditions (i.e. pcf JJ / ) [70].  Based on these 

results we conclude that high crossflow rates did not affect virus viability. 

 

3.9. Virus recovery from membrane bioreactor effluent 
 

To examine a more complex water matrix, we spiked the effluent from an MBR with P22 

and examined the phage recovery from this matrix.  The TOC content of the MBR 

effluent was 7.3 ± 1.0 ppm.  We expected that the higher TOC levels in the retentate 

samples would enhance P22 DNA extraction compared to P22 extraction from samples 

with lower TOC (feed and permeate).  Indeed the presence of organic matter in samples 

has been shown to increase virus extraction by the MagNA Pure Compact system - 

presumably by blocking adsorption sites on the surfaces of various system components 

such as pipette tips or magnetic particles to prevent the loss of P22 DNA due to 

adsorption [71].  As a consequence, any observed increase in recovery could be due to 

either a more efficient concentration step or only a more efficient DNA extraction and 

detection step.  For this reason, TOC levels in feed and retentate were adjusted to the 

TOC level in the permeate by dilution with PCR grade water. However, the differences 

between recoveries from samples with TOC adjusted and TOC not adjusted were not 

statistically significant for either CS-blocked or PEM-coated membranes [72].   
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Under the “highest recovery” conditions (low permeate flux, high crossflow flux), the pre-

elution recovery from MBR effluent by PEM-coated membranes (46.7 ± 7.8%) was 

statistically higher (90% confidence) than pre-elution recovery by CS-blocked 

membrane (34.9 ± 6.8%).  At the post-elution level there was no statistical difference 

between P22 recoveries from MBR effluent by CS-blocked membranes (88.8 ± 12.4%) 

and by PEM-coated membranes (87.8 ± 6.3%), which is also what was observed for DI 

water and was attributed to the weak adhesion of P22 to surfaces.  Under the “highest 

recovery” conditions the pre-elution recovery of P22 by PEM-coated membranes was 

lower on average for MBR effluent than for DI water, but the difference was not 

statistically significant.  The post-elution recovery by PEM membranes was not 

significantly affected by the type of water.  Thus, overall P22 removal was not 

significantly affected by the type of membrane or the type of water and the PEM-coated 

membranes maintained their advantage in terms of P22 pre-elution recovery when 

concentrating viruses from MBR effluent. 
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3.10. Potential for practical applications 
 

Preparation of membranes with a large surface area is critical for successfully scaling 

up the proposed sample concentration approach [73] and making it suitable for the  

detection of viruses in large volume samples.  PEMs have already been deposited on 

flat sheet membranes [74], tubular membranes [75], and hollow fibers [76] and various 

strategies such as spraying have been considered for coating large surface areas [73, 

77, 78].  The proposed approach could be scaled-up by depositing a PEM via 

alternating circulation of cationic and anionic polyelectrolyte solutions through a 

standard hollow fiber cartridge [5-7, 9, 11].  We have recently demonstrated the stability 

of PEMs in solutions with a wide range of compositions, including NOM and colloids at 

high concentration (300 mg/L) [68] and expect the films to be stable when challenged by 

waters of highly complex compositions.  Elution, back-flushing, and coating removal and 

regeneration could occur in situ by using appropriate solutions to flush the cartridge that 

includes a large membrane surface area (e.g. hollow fibers).  Other components of a 

scaled-up portable system would include a back-pressure valve for generating and 

controlling the transmembrane pressure and a bypass valve for regulating the crossflow 

rate.  When appropriate, the proposed PEM-based approach can be combined with the 

addition of chemical dispersant, such as NaPP, as described in several earlier studies 

[5-7, 9, 11] to further reduce virus attachment to the membrane surface and improve 

recovery; such a strategy may be particularly useful when concentrating large volumes 

of water of complex composition. 
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4. CONCLUSIONS 
 

The paper describes a conceptually novel membrane-based method of virus 

concentration to address the challenge of fast and reliable recovery of viruses from 

water.  Anti-adhesive membrane coatings based on polyelectrolyte multilayers were 

assessed in terms of virus recovery and rate of concentration from DI water and MBR 

effluent samples.  The coatings, formed by the layer-by-layer deposition method, 

required less than an hour to deposit and increased pre-elution recovery of P22 

bacteriophage from DI water up to 2-fold compared to membranes blocked with CS.  

Pre-elution virus recovery from the effluent of an MBR wastewater treatment plant also 

improved significantly as it increased from 35% for CS-blocked membrane to 47% for 

PEM-coated membranes. To gain mechanistic insight into virus adhesion to 

membranes, we measured surface energies of P22 bacteriophage and membrane 

surfaces and computed XDLVO virus-membrane interaction energies.  We showed that 

the observed higher pre-elution recoveries are consistent with the PEM’s anti-

adhesiveness that stems from the negative charge and hydrophilicity of the surface.  

The pre-elution recovery with PEM-coated membranes at high cross flow rates was 

>70%, which might eliminate the need for elution and backflushing steps, thus reducing 

both the time required for pathogen concentration and the volume of the final sample.  

The proposed methodology can be used to guide the rational design of membrane 

surfaces with controllable adhesion properties with respect to a broad range of viruses 

and other pathogens. 
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