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Section S1: P22 propagation and purification procedures 
 

P22 was propagated and initially purified using methods adapted, with certain 

changes, from Shen et al. [1].  Briefly, P22 stock was grown by inoculating 30 mL 

of Salmonella enterica serovar Typhimurium LT2 (provided by Prof. Joan B. 

Rose, MSU) in tryptic soy broth.  After overnight incubation bacterial host cells 

were lysed by adding 0.1 mL of lysozyme (50 mg/mL) and 0.75 mL EDTA (0.5 

M). The culture was then centrifuged for 10 min at 4000 rpm and the supernatant 

was filtered through a 0.45 μm cartridge filter to remove cell debris.  

 

To purify P22, P22 stock was first centrifuged at 27,000 × g for 90 min at 4 ℃ to 

pellet P22 virions.  These P22 phages were then resuspended in 1-2 mL buffer 

(10 mM MgCl2 and 10 mM Tris, pH =7.6) by gentle nutation overnight.  P22 

suspension was further purified by a CsCl density step gradient (steps from the 

bottom up: 1.6 g/cm3 CsCl, 1.4g/cm3 CsCl, 25% sucrose cushion, (modified from 

[2]). P22 suspension was then added to the top and a phage band was obtained 

by ultracentrifugation at 30,000 rpm (in a AH-650 rotor, Sorvall) and 18 oC for 3 h. 

The band was collected by side puncture of the tube with a syringe. CsCl was 

removed by dialysis against 1mM NaCl with at 4 oC. 
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Section S2: PEM selection 
 
Based on a review of published literature on antiadhesive PEMs (described in the 

Introduction section of the main manuscript), HA/CHI, HA/PAH, HE/CHI and 

HE/PAH films were deposited on UF membrane.  (PAA/PAH films are not highly 

permeable.)  Contact angle of water with the resulting surfaces and water 

permeabilities were measured.  From a limited set of data it appeared that HE-

containing films were more hydrophilic than corresponding PEMs with HA.  We 

also examined the effect of a range of polyelectrolytes (and calf serum) on qPCR 

analysis.  A P22 solution (~ 3·108 plaque forming units (PFU) per mL) was 

prepared by diluting 1 mL of P22 stock with deionized (DI) water.  One mL of 

0.12 mg/mL solutions of HE, PAA, poly(styrene sulfonate), CHI and PDADMAC, 

and 1 mL of a 0.24 mg/mL calf serum solution were seeded with 0.1 mL of the 

P22 solution.  The pH of each resulting solution was adjusted to 6.3 (similar to 

the feed pH during filtration).  The final concentration of polyelectrolyte and calf 

serum in each solution were 0.11 and 0.22 mg/L respectively, which is 100-fold 

higher than the concentration we would expect if we backflushed modified 

membranes and collected all the polyelectrolyte and calf serum in with 100 mL of 

solution.  The P22 concentration in these samples was determined using the 

same methodology as for the filtration samples.  As Fig. S2 shows, 2 polycations 

out of 3 significantly inhibit DNA extraction or qPCR whereas most polyanions 

had no effect on qPCR results.  PAH completely annihilated any fluorescence 

signal and as a consequence P22 could not be detected in samples containing 

PAH.   

  



© 2014. This manuscript version is made available under the CC-BY-NC-ND 4.0 license 
http://creativecommons.org/licenses/by-nc-nd/4.0 
 

4 
 

Section S3: P22 extraction and quantification 
 

Within 24 h of the filtration experiment, MagNA Pure Compact System (Roche) 

was used to extract P22 DNA from 390 μL grab samples into 100 μL eluates.  

Each extract was then analyzed by qPCR in triplicate following the protocols 

described by Masago et al.[3] PCR mixtures (20 μL) contained 5 μL of extracted  

DNA sample, 2 μL each of forward and reverse primers (5 μmol/μL), 0.3 μL of 

Taqman Probe (10 μmol/L), 10 μL of PCR master mix (LightCycler 480 Probes, 

Roche) and 0.7 μL of water.  qPCR was performed using the LightCycler 1.5 

system (Roche).  Primer and probe sequences used in this study have been 

described previously [3] and qPCR conditions were the same as the ones 

described in this previous study [3]. qPCR mixtures were heated at 95°C for 10 

min prior to 45 cycles of 95°C for 10 s, 60°C for 20 s and 72°C for 10 s. Finally 

mixtures were cooled for 30 s at 40°C.  To prepare a standard curve linking 

qPCR crossing-point (CP) values with numbers of P22 DNA copies, P22 DNA 

standards were prepared following the method described by Xagoraraki et al. [4]. 

DNA concentration in the standards ranged from 0.2⋅102 copies/µL to 0.2⋅109 

copies/µL. 

 

Addition of carrier RNA to sample: Effect of DNA extraction/detection 

 

qPCR analysis of the sample of P22 spiked in DI water and extracted using 

Roche’s MagNA Pure resulted in higher crossing point (CP) value than expected.  

This phenomenon (higher CP value for DNA material extracted from “clean 

samples” using MagNA Pure compared to environmental samples) had also 

been observed by us earlier and was attributed to the adsorption of virions and 

DNA to the magnetics beads and other components of the MagNA Pure 

instrument.  We proposed adding carrier RNA to the sample before the extraction 

step.  Carrier RNA had been used previously to increase DNA extraction 

efficiency [5].  In Table S1 we show the results of tests we performed to 

determine the optimal amount of carrier RNA to add to filtration samples. 
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Carrier RNA (obtained from Qiagen) solutions were prepared at a concentration 

of 1 mg/mL in PCR grade water or at a concentration of 0.01mg/mL in viral lysis 

buffer (buffer AVL from Qiagen) and amount ranging from 5 µL to 15 µL of carrier 

RNA solution were added to 385 µL of P22 suspension in DI water samples.  

Samples were extracted using MagNA Pure instruments and qPCR was run in 

triplicate. 

 

The lowest CP value, corresponding to the highest P22 concentration detected, 

was obtained for tube number 3, which corresponds to the addition of 10 µL of 

carrier RNA at 1 mg/mL in qPCR grade water.  Ten microliters of carrier RNA (1 

mg/mL) were added to all samples used in this study before DNA extraction. 



© 2014. This manuscript version is made available under the CC-BY-NC-ND 4.0 license 
http://creativecommons.org/licenses/by-nc-nd/4.0 
 

6 
 

Section S4: Calculation of the energy of interaction between P22 
bacteriophage and membrane surfaces using the extended Derjaguin-
Landau-Verwey-Overbeek (XDLVO) theory 
 

The XDLVO theory predicts the energy of interaction between particles and a 

surface by taking into consideration Lifshitz-van der Waals (LW), electrostatic 

double layer (EL) and Lewis acid-base (AB) forces [6, 7].  The total energy of 

interaction between a particle and a plane surface can be written as [7, 8] 

 

U XDLVO = U LW +U EL +U AB , (1) 

where UXDLVO is the total energy of interaction, ULW is the van der Waals 

interaction energy, UEL is the electrostatic interaction energy and UAB is the Lewis 

acid-base interaction energy.  Each of these terms can be expressed as a 

function of the separation distance (

 

d) using the following equations [7]: 
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where LW
γ , +

γ  and _
γ  are the surface tension parameters of immersion liquid 

(the + and - superscripts correspond to the electron acceptor and electron donor 

components of the surface tension, respectively), 

 

γ p
LW , 

 

γ p
+ and 

 

γ p
_ are the surface 

tension parameters of the particle, 

 

γ s
LW , 

 

γ s
+ and 

 

γ s
_ are the surface tension 

parameters of the planar surface, 

 

rp  is the particle radius, and 

 

ζp  and 

 

ζs are the 

zeta potentials of the particle and the surface.  The minimum equilibrium cut-off 

distance, 

 

y0, was assigned a value of 0.16 nm [9].  For other symbols, 

 

εrε0 is the 

dielectric permittivity of water, 

 

κ  is the inverse of the Debye length and 

 

λ  is the 

characteristic decay length of Lewis acid-base interactions in water (0.6 nm) [9]. 
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The surface tension parameters of the P22 phage and membrane surfaces were 

determined using the extended Young equation (5) after measuring the contact 

angle of three probe liquids with known surface tension parameters. 

( )+−−+ ++=+  γγγγγγγθ ss
LWLW

s
TOT 2)cos1(  (5) 

 

γ AB = 2 γ +γ −  (6) 

 

γTOT = γ AB +γ LW  (7) 

In these equations, 

 

θ  is the contact angle for a given probe liquid, and the 

subscripts 

 

s and   correspond to the solid surface and the liquid probe, 

respectively. 

 

The free energy of interfacial interaction when immersed in water ( iwiG∆ ) can be 

determined using the following equation [9]: 

( ) ( )+−−+−+−+ −−+−−−=∆ wiwiwwii
LW
w

LW
iiwiG γγγγγγγγγγ 42

2
 (8) 
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Section S5:  Reproducibility of P22 recovery 
 

Blocking with CS is inherently poorly reproducible, so we expected the PEM-

coated membranes to show more reproducible recoveries than CS-blocked 

membranes.  We performed 15 filtrations under conditions that should lead to the 

highest recoveries (“low pJ ; high cfJ ” domain) with CS-blocked membranes, and 

14 filtrations under the same conditions with PEM-coated membranes. Figure S3 

illustrates the distribution of pre-elution and post-elution recoveries under these 

conditions for both membrane types.  The interquartile range (IQR, also called 

midspread) for pre- and post-elution recoveries are comparable for both types of 

membranes.  IQRs for pre-elution recovery distributions are 15% and 16% for 

CS-blocked membranes and PEM-blocked membranes respectively, whereas 

IQRs for post-elution recovery distributions are lower, 10% and 9%, respectively 

for CS-blocked and PEM-coated membranes.  We conclude that there is no 

significant difference in recovery reproducibility between the two types of 

membranes for this relatively simple matrix. 
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Section S6: Determination of crossflow and permeate fluxes used by 
Morales-Morales et al. [10] and Hill et al. [11-13] 
 

Morales-Morales et al.[10] reported concentrating pathogen from a 10 L sample 

using a permeate flow of 300 mL/min and a crossflow rate of 3600 mL/min in a 

Microza hollow fiber cartridge with 0.2 m2 membrane surface (model (AHP-1010). 

The permeate flux obtained by dividing the permeate flow by the membrane 

surface area was 1.5 L/(min·m2).  Pall Corporation, Microza’s manufacturer, 

reports on its website [14] that a crossflow rate of 724 L/h corresponds to a 

velocity of 1 m/s.  For a 3,600 mL/min crossflow rate the velocity was thus 0.3 

m/s, so the fluid volumetric flux is 0.3 m3/(m2·s) (or 18,000 L/(min·m2)) [15]. 

 

In 2005, Hill et al. [11] reported concentrating pathogen from 10 L tap water 

samples with a permeate flow of 800 mL/min and a crossflow rate of 900 mL/min 

using a Fresenius Hemaflow F80A hollow fiber filter with a membrane surface of 

1.8m2.  Again dividing the permeate flow by the membrane surface area gives a 

permeate flux of 0.44 L/(min·m2).  Ronco et al.[16] reported that the Hemaflow 

F80A cartridge contains 12,288 fibers, each with an inner diameter of 200 μm 

corresponding to a total crossflow cross-sectional area of 3.86·10-4 m2.  Thus, a 

crossflow rate of 900 mL/min corresponds to a crossflow volumetric flux of 2,300 

L/(min·m2). 

 

In 2007 and 2009, Hill et al. [12, 13] used a Fresenius F200NR hollow fiber 

cartridge with a crossflow rate of 1,700 mL/min and a permeate flow rate of 1,200 

L/min.  The membrane surface area was 2 m2, which corresponds to a permeate 

flux of 0.6 L/(min.m2).  The Fresenius F200NR was also described by Ronco et al. 

[16]  The cartridge contained 13,824 fibers, each with an inner diameter of 200 

μm, which corresponded to a total cross-sectional area of 4.24·10-4 m2.  We thus 

determined that a crossflow rate of 1,200 L/min corresponds to a crossflow 

volumetric flux of 3,900 L/(min.m2). 
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Supplementary Content: LIST OF FIGURES 
 

Figure S1 Crossflow filtration apparatus. 
 

Figure S2 Inhibition of qPCR by various polyelectrolytes and calf serum. The 
effect is shown for the case of qPCR measurements of P22 
concentration.  Error bars indicate the standard deviation interval 
(n=3). 
 

Figure S3 Relative frequency of occurrence of P22 (a) pre-elution and (b) 
post-elution recoveries from DI water under the operational 
conditions optimized to maximize P22 recovery ( > 6,400). 
Number of experiments: n= 15 for CS-blocked membranes and 
n=14 for PEM-coated membranes. 
 

Figure S4 P22 removal from DI water by CS-blocked and PEM-coated 
membrane at various ratios. 
 

Figure S5 Filtration conditions: average permeate and crossflow fluxes, used 
for P22 recovery with CS-blocked membranes and PEM-coated 
membranes. n=27 for CS, n=22 for PEM.  In contrast to Fig. 2, this 
graph presents values of permeate flux averaged over the 
duration of the filtration experiment rather than over the first 
minute. 
 

Figure S6 Fouling resistance as a function of crossflow to permeate flow 
ratios employed to concentrate1 L of P22-seeded DI water to 250 
mL of retentate.  The experiment employed CS-blocked and PEM-
coated membranes, and the fouling resistance is the average 
value over the duration of the experiment. 
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Supplementary Content: LIST OF TABLES 
 

  
Table S1 Effect of carrier RNA addition on crossing point (CP) value 

obtained by qPCR. 
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Figure S1: Crossflow filtration apparatus. 
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Figure S2: Inhibition of qPCR by various polyelectrolytes and calf serum. The 

effect is shown for the case of qPCR measurements of P22 

concentration.  Error bars indicate the standard deviation interval 

(n=3.) 
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Figure S3: Relative frequency of occurrence of P22 (a) pre-elution and (b) 

post-elution recoveries from DI water under the operational 

conditions optimized to maximize P22 recovery ( > 6,400). 

Number of experiments: n= 15 for CS-blocked membranes and 

n=14 for PEM-coated membranes. 
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Figure S4: P22 removal from DI water by CS-blocked and PEM-coated 

membrane at various ratios. 
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Figure S5: Filtration conditions: average permeate and crossflow fluxes, used for 

P22 recovery with CS-blocked membranes and PEM-coated 

membranes. n=27 for CS, n=22 for PEM.  In contrast to Fig. 2, this 

graph presents values of permeate flux averaged over the duration of 

the filtration experiment rather than over the first minute. 
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Figure S6: Fouling resistance as a function of crossflow to permeate flow ratios 

employed to concentrate1 L of P22-seeded DI water to 250 mL of 

retentate.  The experiment employed CS-blocked and PEM-coated 

membranes, and the fouling resistance is the average value over the 

duration of the experiment. 
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Experiment / 
Tube # 

Volume introduced (µL)  

Sample Carrier RNA in 
water (1 mg/mL) 

Carrier RNA in 
buffer (0.01 mg/mL) 

PCR grade 
water 

Total CP value 

1 385 0 5 10 400 19.81|± 0.22 

2 385 0 10 5 400 19.66 ± 0.01 

3 385 10 0 5 400 19.18 ± 0.03 

4 385 0 15 0 400 19.63 ± 0.12 

5 385 0 0 15 400 23.62 ± 0.02 

 

Table S1: Effect of carrier RNA addition on crossing point (CP) value obtained by qPCR. 
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