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Abstract 20 

 21 

This paper examines the recovery of enteric adenovirus HAdV 40 by crossflow 22 

ultrafiltration and interprets recovery values in terms of physicochemical interactions of 23 

virions during sample concentration.  Prior to ultrafiltration, membranes were either 24 

blocked by calf serum (CS) or coated with a polyelectrolyte multilayer (PEM). HAdV 40 25 

is a hydrophobic virus with a point of zero charge between pH 4.0 and pH 4.3.  In 26 

accordance with prediction by the extended Derjaguin-Landau-Verwey-Overbeek 27 

theory, pre-elution recovery of HAdV, 𝑟𝑝𝑝𝑝, from deionized water was higher with the 28 

PEM-coated membranes (𝑟𝑝𝑝𝑝𝑃𝑃𝑃= 74.8 ± 9.7%) than with CS-blocked membranes (𝑟𝑝𝑝𝑝𝐶𝐶  = 29 

54.1 ± 6.2%). With either membrane type, the total virion recovery after elution, 𝑟𝑝𝑝𝑝𝑝, 30 

was high in both deionized water (𝑟𝑝𝑝𝑝𝑝𝑃𝑃𝑃 = 99.5 ± 6.6%; 𝑟𝑝𝑝𝑝𝑝𝐶𝐶  = 98.8 ± 7.7%) and tap 31 

water (𝑟𝑝𝑝𝑝𝑝𝑃𝑃𝑃 = 89 ± 15% and 𝑟𝑝𝑝𝑝𝑝𝐶𝐶  = 93.7 ± 6.9%). The nearly 100% recoveries suggest 32 

that the polyanion (sodium polyphosphate) and surfactant (Tween 80) in the eluent 33 

disrupt electrostatic and hydrophobic interactions between the virion and the 34 

membrane.  Addition of ethylenediamine tetraacetic acid (EDTA) to the eluent greatly 35 

improved the elution efficacy (𝑟𝑝𝑝𝑝𝑝𝐶𝐶  = 88.6 ± 4.3%; 𝑟𝑝𝑝𝑝𝑝𝑃𝑃𝑃 = 87.0 ± 6.9%) from surface 36 

water even when organic carbon concentration in the water is high (9.4 ± 0.1 mg/L).  37 

EDTA likely disrupts cation bridging between virions and particles in the feed water 38 

matrix or the fouling layer on the membrane surface.  For complex water matrices, the 39 

eluent composition is the most important factor for achieving high virion recovery.  40 

  41 
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Importance 42 

 43 

This study presents results of the first comprehensive physicochemical characterization 44 

of HAdV 40, an important human pathogen. The obtained data on HAdV 40 surface 45 

properties enabled rigorous modeling to understand energetics of virion-virion and 46 

virion-filter interactions. This is the first evaluation of crossflow filtration for concentration 47 

and recovery of HAdV 40 and the first study where HAdV 40 is recovered by crossflow 48 

filtration from practical water matrices. We demonstrate high HAdV 40 post-elution 49 

recoveries from ultrapure water (99%), tap water (~91%), and high carbon content 50 

surface water (~84%).  These results are significant because of the very low adenovirus 51 

recoveries that have been reported to date for other methods.  We interpret recovery 52 

data in terms of specific interactions and design the eluent composition accordingly to 53 

maximize HAdV 40 recovery.  54 
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1. Introduction 55 

 56 

Pathogenic microorganisms cause many waterborne diseases, and the World Health 57 

Organization reports that water supply contamination leads to 842,000 deaths annually 58 

(1).  Along with caliciviruses (e.g. norovirus), enteroviruses (e.g. poliovirus, 59 

coxsackievirus, echovirus), and Hepatitis A viruses, human adenovirus (HAdV) is one of 60 

the viral pathogens in EPA contaminant candidate lists 3 and 4 and is the second-61 

leading cause of childhood gastroenteritis worldwide (2-4).  Most cases of adenovirus-62 

associated gastroenteritis stem from HAdV serotypes 40 and 41 (5), which are relatively 63 

resistant to environmental stressors (e.g. they survive longer in the environment than 64 

poliovirus, Hepatitis A virus, and fecal indicator bacteria (6)) and treatment with UV 65 

irradiation (7).  Monitoring HAdV 40 and 41 levels is essential to better understand their 66 

fate in the environment and treatment systems, and eventually to prevent HAdV 67 

outbreaks.  However, the low concentrations of HAdV in various natural waters,101 to 68 

104 genome copies (GC) per liter in river and lake water (8-10) and 103 to 105 GC/L in 69 

wastewater treatment effluent (11, 12), make detection challenging and highlight the 70 

importance of sample concentration for rapid and reliable virus detection. 71 

 72 

VIRADEL (virus adsorption-elution), the standard method for virus concentration, 73 

includes adsorption of virions on either electropositive or electronegative filters and 74 

subsequent elution of the adsorbed virions.  Although recoveries by VIRADEL depend 75 

on the specific filter and eluent and vary greatly as a function of water composition, 76 
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recoveries of adenoviruses are low relative to other viruses.  For example, Gibbons et 77 

al. reported high recoveries of coliphages (96%) and noroviruses (100%) but very low 78 

recoveries of HAdV 41 (< 3%) when concentrating viruses from sea water using a 79 

NanoCeram filter and 3%wt beef extract as the eluent (13).  In another study, the 80 

coxsackievirus B5 recovery from tap water was 72%, whereas the recovery of HAdV 2 81 

from the same water was only 39% (14).  Low recoveries of adenovirus may occur 82 

because fibers associated with each penton base of the capsid facilitate the physical 83 

entrapment of virus particles in the filter matrix (13, 14). McMinn achieved relatively high 84 

recovery of HAdV 40 with 1MDS filter (VIRADEL method) but the standard deviation 85 

was also high (49 ± 32%) (15). 86 

 87 

Another virus concentration method, crossflow ultrafiltration (also called tangential flow 88 

filtration), relies on size exclusion, rather than adsorption, to concentrate virions during 89 

filtration and might give higher recoveries than the VIRADEL method.  An ultrafiltration 90 

(UF) membrane with pores smaller than the virion allows passage of water and low 91 

molecular weight compounds while maintaining virions in the recirculating retentate 92 

stream.  The crossflow should minimize membrane fouling and virion deposition onto 93 

the membrane.  Yet, significant virion deposition on membranes in crossflow 94 

ultrafiltration system is still observed (16-19).  Similar to VIRADEL, elution of virions that 95 

adsorb to the UF membrane may be accomplished using reagents such as sodium 96 

polyphosphate (NaPP) and Tween 80 to disrupt electrostatic and hydrophobic 97 

interactions between virions and the membrane (18, 20, 21).  UF can concentrate a 98 

variety of viruses including bacteriophages (e.g. MS2 (20, 22), 𝜑X174 (20, 23), P22 99 
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(19)) and human pathogenic viruses (e.g. poliovirus (16, 24), echovirus (18), and 100 

norovirus (25)). 101 

 102 

Crossflow filtration has three major advantages over VIRADEL: (1) lower cost of UF 103 

membranes compared to VIRADEL filters, (2) simultaneous concentration of multiple 104 

types of pathogens, and (3) removal of small compounds that may inhibit qPCR 105 

analysis.  However, a fraction of the virions may still adsorb on the membrane to 106 

decrease recoveries (26).  To enhance recovery, UF membranes are typically coated 107 

with proteinaceous solutions (e.g. calf serum) to block potential virion adsorption sites 108 

and reduce virion adhesion (16, 17, 20, 21).  However, long coating times and possible 109 

contamination during storage and transportation will limit the application of calf serum 110 

blocked (CS-blocked) membranes for rapid or field sampling (27).  In a previous study, 111 

to improve virion recovery during crossflow UF, we coated membranes with a 112 

polyelectrolyte multilayer (PEM) film prepared via rapid (<1 h) layer-by-layer adsorption 113 

of polycations (chitosan, CHI) and polyanions (heparin, HE).  Compared with traditional 114 

CS blocking, the PEM-coated membranes showed higher recovery of bacteriophage 115 

P22 from both DI water and a membrane bioreactor effluent (19). 116 

 117 

Despite the need for improved HAdV concentration and recovery, crossflow UF has not 118 

been comprehensively evaluated for this application.  Pei et al. employed crossflow UF 119 

to recover viruses including HAdV 2 from tap water, but they coupled this process with 120 

VIRADEL.  These authors reported 42.4% recovery of HAdV 2 by VIRADEL only, 121 
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whereas they did not determine the recovery of HAdV 2 in crossflow UF (22). Skraber et 122 

al. determined the recovery of MS2, 𝜑X174 and poliovirus in crossflow UF.  They also 123 

processed environmental samples containing HAdV, but they did not know the initial 124 

concentration of HAdV and thus could not determine HAdV recovery (23).  Nestola et al. 125 

reported HAdV 5 recovery from pre-filtered virus stock after virus harvest (28). Rhodes 126 

et al. examined recoveries of multiple viruses including enteroviruses, 𝜑X 174 and 127 

HAdV 41 from tap and river water by crossflow ultrafiltration; post-elution recoveries of 128 

HAdV 41 were 69.4 ± 12.4% from tap water and 55.8 ± 7.9% from river water while pre-129 

elution recoveries were not reported (29). The authors concluded that in addition to size 130 

exclusion, other factors have an impact on the virus recovery process. 131 

 132 

Characterization of adenovirus physicochemical properties is important for designing 133 

efficient methods for their concentration. Point of zero charge (PZC) values of 134 

adenoviral serotypes are available for HAdV 2 (PZC = 3.5 to 4.0 (30)) and HAdV 5 (PZC 135 

~ 4.5 (31)) but not for the enteric HAdV 40 and HAdV 41.  Moreover, no studies quantify 136 

the surface energies of HAdV 40 and HAdV 41 virions. Recently, Wong et al. computed 137 

the extended Derjaguin-Landau-Verwey-Overbeek (XDLVO) interaction energies of 138 

HAdV 2 (30), but the calculations used surface energy parameters of surrogates. 139 

 140 

The goal of the present work is to improve HAdV recovery from water. We build on our 141 

earlier experimental and modeling study (19) to pursue two specific objectives: 1) 142 

elucidate specific physicochemical mechanisms that control HAdV 40 adhesion to a 143 
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membrane surface and 2) evaluate crossflow UF for concentration and recovery of 144 

HAdV 40 from several water matrices.  We employ two types of membranes to examine 145 

the effects of membrane properties on virion recovery.  The approach includes 146 

comprehensive physicochemical characterization of HAdV 40, evaluation of virion-virion 147 

and virion-membrane interactions using the XDLVO, and crossflow filtration tests with 148 

feed waters spiked with HAdV 40.  The premise of the study is that understanding virion 149 

interactions can guide process design for improving pre-elution and post-elution 150 

recoveries.  151 
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2. Materials and Methods 152 

 153 

2.1. Reagents and water samples 154 

 155 

All reagents were of ACS analytical grade or higher purity. Heparin (sodium salt), 156 

chitosan (medium molecular weight), calf serum, ethylenediaminetetraacetic acid 157 

(EDTA, 0.5 M in H2O), diiodomethane, sodium chloride and sodium polyphosphate 158 

(NaPP) were purchased from Sigma-Aldrich (St. Louis, MO).  Tween 80 was obtained 159 

from Fisher, and glycerol was purchased from J.T. Baker (Center Valley, PA).  All 160 

solutions were prepared using deionized water (DI) water with a resistivity of 18.2 161 

MΩ⋅cm (Barnstead NANOpure System, Dubuque, IA). 162 

 163 

Tap water was supplied by the East Lansing-Meridian Water and Sewer Authority (East 164 

Lansing, MI) and used immediately after collection.  Samples of surface water were 165 

collected from Lake Lansing at the boat ramp in Lake Lansing Park-South (Haslett, MI) 166 

in October 2013 and April 2014. Surface water samples were filtered through 0.45 μm 167 

membranes (mixed cellulose esters, Millipore, Billerica, MA) immediately after 168 

collection, stored at 4 oC and used within one week.  All samples were characterized in 169 

terms of pH (Orion 3-Star Plus meter, Thermo Electron Corp., Waltham, MA), 170 

conductivity (Orion 550 conductivity meter, Thermo Electron Corp., Waltham, MA), total 171 

organic carbon (TOC) content, and concentrations of key cations. The TOC in each 172 

https://www.google.com/search?biw=1280&bih=699&q=Billerica+Massachusetts&stick=H4sIAAAAAAAAAOPgE-LSz9U3MKoyLjMtUuIAsUuqqjK0tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcUA5Ax-ikQAAAA&sa=X&sqi=2&ved=0ahUKEwirlOXq1c7MAhVlxoMKHV2PCp8QmxMIhAEoATAS
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water sample was measured at least in triplicate (OI Analytical model 1010 analyzer, OI 173 

Analytical, College Station, TX).  Concentrations of cations (Na+, K+, Mg2+, and Ca2+) 174 

were determined by inductively coupled plasma mass spectrometry (iCAP Q quadrupole 175 

ICP-MS, Thermo Scientific, Waltham, MA). 176 

 177 

2.2. Human adenovirus 40: Propagation, purification and characterization 178 

 179 

HAdV 40 (ATCC® VR-931™, Manassas, VA) was purchased from ATCC and 180 

propagated in A549 cells.  The concentration of propagated virus, as measured by 181 

quantitative real-time polymerase chain reaction (qPCR), was 109 to 1010 GC/mL for all 182 

propagated batches.  Virions were further purified using CsCl density-gradient 183 

centrifugation following the protocol described by Mautner (32).  The Supplemental 184 

Material (SM) file gives a detailed description of virus growth and purification 185 

procedures. HAdV 40 is a human pathogen and should be manipulated following 186 

Biosafety Level 2 (BSL-2) criteria. 187 

 188 

HAdV 40 from the purified stock was used in all virion characterization tests.  The 189 

hydrodynamic diameter of the virion was determined by dynamic light scattering (DLS, 190 

90 Plus, Brookhaven Instruments Corp., Holtsville, NY), and the 𝜁-potential of the virion 191 

was calculated from phase analysis light scattering (ZetaPALS, Brookhaven 192 

Instruments Corp., Holtsville, NY).  To study the effect of pH on the aggregation state 193 
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and 𝜁-potential of HAdV 40 virion, the solution pH was adjusted by the addition of NaOH 194 

and HCl, and a 1 mM NaCl solution served as the background electrolyte at all pH 195 

values except 7.6.  The pH of an unbuffered NaCl solution could not be stabilized at pH 196 

7.6, so a solution of 10 mM Tris-HCl and 1 mM EDTA (the recommended buffer for the 197 

storage of purified HAdV 40 (32)) was used as the background electrolyte. 198 

 199 

Transmission electron microscopy (TEM) was used to image HAdV 40.  A few drops of 200 

purified virus stock were applied to a carbon-coated Formvar grid (Ted Pella, Redding, 201 

CA). Sample was rested on the grid for 1 min and washed away by drops of water. 1% 202 

uranyl formate was then used to stain the grid and excess stain was removed by filter 203 

paper. Grid was dried prior to TEM imaging.  Images were recorded using a JEM-204 

2200FS (JEOL, Tokyo, Japan) microscope with an in-column energy filter operated at 205 

200 kV and equipped with a Direct Electron DE-20 camera. 206 

 207 

The surface energy of HAdV 40 was determined using a protocol described previously 208 

(19).  Briefly, a virion lawn with ~ 7 layers of virions was prepared on a 30 kDa 209 

polyethersulfone membrane (Omega, Pall Corp., East Hills, NY) by filtering purified 210 

virion stock through the membrane.  The virion-coated membrane was dried at room 211 

temperature until the water contact angle on the virion lawn plateaued, indicating 212 

formation of a monolayer of strongly bound water that resists evaporation.  Contact 213 

angles of three probe liquids (DI water, glycerol and diiodomethane) on the virion lawn 214 
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were then measured with a goniometer (model 250, ramé-hart, Succasunna, NJ) using 215 

the sessile drop method to determine surface energy components of HAdV 40. 216 

 217 

2.3 XDLVO energy of virion-virion and virion-membrane interactions 218 

 219 

XDLVO energy profiles were calculated (see SM, section S6, for details) using the 220 

surface properties (charge and energy) of HAdV 40 and membranes. Membranes were 221 

characterized in our previous study (19). 222 

 223 

2.4. Membrane preparation 224 

 225 

Prior to modification, polyethersulfone membranes (Omega, Pall Corp., East Hills, NY) 226 

with a molecular weight cutoff of 30 kDa were soaked in 0.1 M NaOH for 3 h and then in 227 

DI water for 24 h at 4 oC with water exchange after 12 h, as recommended by the 228 

manufacturer.  To coat the membrane with a PEM, 1 mg/mL HE and 1 mg/mL CHI 229 

solutions were prepared in 0.15 M NaCl and adjusted to pH 5 using 1 M HCl and 1 M 230 

NaOH.  Both polyelectrolyte solutions were stored at 4 oC until use. The surface of the 231 

polyethersulfone membrane was alternately exposed to each polyelectrolyte solution for 232 

5 min with a 1 min DI water rinse between exposures.  The deposition was initiated with 233 

the negatively charged HE.  Alternating deposition of HE and CHI continued until 4.5 234 

bilayers were obtained with HE as the outmost (terminal) layer.  To block a membrane 235 
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with calf serum, the membrane was placed in a crossflow filtration cell, and 500 mL of 236 

5% (v/v) calf serum was circulated over the membrane overnight at 1.0 L/min at room 237 

temperature with no pressure applied across membrane.  After blocking, the membrane 238 

was rinsed with DI water twice at the same rate for 10 min.  The PEM-coated and CS-239 

blocked membranes were characterized in terms of charge and surface energy as 240 

described earlier (19). 241 

 242 

2.5. Virus concentration and recovery tests 243 

 244 

Virions were recovered from DI water, tap water and surface water.  Prior to recovery 245 

experiments, 1 L water samples spiked with 1 mL of HAdV 40 stock (virion 246 

concentration of ~106 to 107 GC/mL in the diluted solution) were recirculated in the 247 

filtration system without a membrane and with the permeate port blocked. The virus 248 

concentration in the feed tank was quantified after 1 hour of recirculation (approximate 249 

time needed for filtration) and compared with that in the feed initially. No difference in 250 

virus concentration was observed, indicating that no loss of virion to the filtration 251 

apparatus.  The SM shows the schematic of the crossflow filtration apparatus (Figure 252 

S3).  The membrane was placed in the crossflow cell (CF042P, Sterlitech, Kent, WA) 253 

and compacted for 90 min at 40 psi (~ 276 kPa).  A 1 L water sample was spiked with 1 254 

mL of HAdV 40 stock (resulting in the virion concentration of ~106 to 107 GC/mL in the 255 

diluted solution) and 5 mL was collected to quantify virions in feed sample. 996 mL 256 

remaining sample was pressurized using compressed N2 gas and delivered to the 257 

membrane cell using a peristaltic pump (model 621 CC, Watson Marlow, Wilmington, 258 
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MA) at 2.0 L/min.  A digital flow meter (101-7, McMillan, Georgetown, TX) monitored the 259 

crossflow rate.  The transmembrane pressure was maintained at ~ 20 psi (~ 138 kPa) 260 

and continually monitored by a pressure transducer (0.5-5.5 V output, Cole Parmer, 261 

Vernon Hills, IL).  The ratio of the crossflow flux to the initial permeate flux, 𝐽𝑐𝑐/𝐽𝑝, 262 

ranged from 5∙103 to 6∙103.  Permeate was collected into a flask placed on a digital 263 

balance (Adventurer Pro AV8101C, Ohaus, Parsippany, NJ), and the permeate mass 264 

was recorded in real time to calculate the flux.  The data from the pressure transducer, 265 

digital flow meter and digital balance were transmitted to the computer via a data 266 

acquisition module (PCI-6023E/SC-2345, National Instruments, Austin, TX). Filtration 267 

was stopped when 900 mL were filtered. The remaining 100 mL of the retentate were 268 

analyzed for virus content so that pre-elution recovery could be calculated. 269 

 270 

After filtration, virions were eluted off the membrane using eluent containing 0.01% 271 

NaPP and 0.01% Tween 80 (pH 6.5).  For virion concentration and recovery from lake 272 

water, another eluent containing 0.01% NaPP, 0.01% Tween 80 and 0.01% EDTA (pH 273 

7) was also employed.  Elution was performed at a crossflow rate of 2.0 L/min with no 274 

transmembrane pressure applied.  Feed, permeate, retentate and eluate were all 275 

analyzed for virion concentration.  Samples were also taken during membrane 276 

compaction to ensure that virions did not contaminate the feed water prior to the 277 

experiment. 278 

 279 



© 2016. This manuscript version is made available under the CC-BY-NC-ND 4.0 license 
http://creativecommons.org/licenses/by-nc-nd/4.0 
 

15 
 

2.6 Virus quantification and recovery 280 

 281 

DNA of HAdV 40 in water samples was extracted with a MagNA Pure Compact System 282 

(Roche Diagnostics USA, Indianapolis, IN) immediately after sample collection.  qPCR 283 

was used to determine HAdV 40 concentration (see SM, section S2, for a description of 284 

qPCR procedures).  Possible effects of organic compounds in the feed water on virion 285 

quantification by qPCR were evaluated by performing inhibition tests.  Virion pre-elution 286 

recovery (𝑟𝑝𝑝𝑝), post-elution recovery (𝑟𝑝𝑝𝑝𝑝) and log removal (𝐿𝐿𝐿) were calculated 287 

using the following equations: 288 

𝑟𝑝𝑝𝑝 = 𝐶𝑟𝑉𝑟
𝐶𝑓𝑉𝑓

, (1) 

𝑟𝑝𝑝𝑝𝑝 = 𝐶𝑟𝑉𝑟+𝐶𝑒𝑉𝑒
𝐶𝑓𝑉𝑓

, (2) 

𝐿𝐿𝐿 = 𝑙𝑙𝑙10 �
𝐶𝑓+𝐶𝑟
2𝐶𝑝

�. (3) 

where 𝐶𝑐, 𝐶𝑝, 𝐶𝑝, and 𝐶𝑝 represent virion concentrations in feed, retentate, eluate and 289 

permeate samples, respectively, and 𝐿𝑐,  𝐿𝑝, 𝐿𝑝,  𝐿𝑝 are the volumes of these samples. In 290 

calculating the 𝐿𝐿𝐿 (eq. (3)), the virus concentration in feed was calculated by 291 

averaging the initial concentration of HAdV 40 in feed prior to filtration and the 292 

concentration of the virus in retentate after filtration: 𝐶𝑐��� = 1
2
�𝐶𝑐 + 𝐶𝑝�. Thus the reported 293 

virus removal (𝐿𝐿𝐿) is the value averaged over the entire filtration process. 294 

 295 
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3. Results and Discussion 296 

 297 

3.1 Characteristics of source waters 298 

 299 

Table 1 provides water quality parameters for the DI water, tap water, and Lake Lansing 300 

water (sampled in spring and fall).  The biggest differences among the waters are 1) 301 

much lower values of TOC, conductivity and cation concentrations in DI water and 2) 302 

high TOC and Ca2+ concentrations in the Lake Lansing water samples. 303 

 304 

3.2 Physicochemical properties of HAdV 40: Size, 𝜻-potential and surface charge 305 

density 306 

 307 

Coliphages commonly serve as surrogates for human viruses (33).  However, studies 308 

on virus removal and adsorption show that coliphages (e.g. MS2 (34, 35), 𝜑X174 (34, 309 

35), and PRD1 (34)) are not suitable models for HAdV.  Moreover, unique properties of 310 

serotypes 40 and 41 of enteric HAdV (e.g. the presence of short and long fibers on the 311 

capsid (36, 37), fastidiousness in cell culture (38-40) (though cultivation improvement 312 

was reported with modified host cell line (41, 42)), and difficulty of isolation (40, 43)) 313 

make them different from other HAdV serotypes.  This uniqueness makes detailed 314 

characterization of HAdV 40 and 41 necessary.  Aggregation state and 𝜁-potential as 315 

functions of pH were reported for HAdV serotype 2 (30), but not for HAdV 40.  In this 316 
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study, we measured HAdV 40 size by dynamic light scattering and compared these data 317 

with the results of TEM imaging. We also determined the 𝜁-potential and surface charge 318 

density of the virion as functions of pH. 319 

 320 

[Table 1] 321 

[Figure 1] 322 

 323 

Based on TEM images (e.g. Figure 1), the diameter of HAdV 40 is ~ 80 nm.  Figure 2 324 

shows the number-based hydrodynamic diameter distribution of HAdV 40 as a function 325 

of pH, and Table 2 summarizes the hydrodynamic diameters over a wide range of pH 326 

values.  At pH 5.8 (unadjusted), pH 6.7 and pH 7.6, the number-based average 327 

hydrodynamic diameters of HAdV 40, �̅�𝐻𝐻𝐻𝑉ℎ , ranged from 94 ± 3 nm to 102 ± 9 nm, 328 

which agrees with typical size values reported earlier for HAdV of different serotypes 329 

(44-46).  The small increase in the hydrodynamic diameter relative to the diameter 330 

determined by TEM could stem from fibers on the HAdV 40 surface (30, 47) that we do 331 

not take into account when estimating HAdV 40 diameters from TEM images.  Such 332 

fibers should, however, decrease particle diffusivity in light-scattering experiments.  333 

Additionally, shrinkage of HAdV 40 during negative staining may decrease the 334 

diameters observed in TEM images (48).  The polydispersity index of the particle 335 

diameters in the HAdV 40 suspensions at pH 5.8, 6.7, and 7.6 was 0.06 to 0.07, 336 

indicating minimal aggregation.  However, between pH 4.0 and 4.7 both average size 337 
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and polydispersity increased, consistent with aggregation.  Aggregates up to 1 µm in 338 

size appeared at pH 4.0 and 4.3 in several measurements.  In contrast to aggregation 339 

between pH 4.0 and 4.7, at pH 2.8 the virion hydrodynamic diameter is only 112 ± 20 340 

nm, suggesting minimal aggregation.  This is consistent with studies showing that the 341 

enteric adenovirus remains infective in the acidic conditions in the gut (49, 50). A high 342 

positive 𝜁-potential at low pH (Figure 3) probably minimizes aggregation.  At pH 9.7 the 343 

average hydrodynamic diameter of HAdV 40 (80 ± 5 nm) was significantly lower than 344 

values measured at pH values from 5.8 to 7.6 and close to the size determined by TEM 345 

imaging.  A previous study observed inactivation of adenovirus after liming (51, 52), and 346 

the reduced size at pH 9.7 may stem from virus degradation.  Size reduction at pH 10 347 

also occurred with HAdV 2 (30). 348 

 349 

[Figure 2] 350 

[Table 2] 351 

 352 

Figure 3 present the virion 𝜁-potentials determined from electrophoretic mobilities (see 353 

SM, Figure S9) using an approximate expression derived by Ohshima (53); the 354 

expression provides an accurate (<1% error) estimate for ζ-potentials for arbitrary 355 

values of 𝜅𝜅, where 𝜅 is the radius of the virion and 𝜅 is the Debye-Hückel parameter 356 

(see SM, section S9).  Due to the large virion diameters, Smoluchowski’s expression for 357 
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electrophoretic mobility, applicable for 𝜅𝜅 ≫ 1, is not accurate. Thus, we used 358 

Ohshima’s expression. 359 

 360 

The 𝜁-potential increased from -22.0 mV to -30.5 mV when the pH increased from 5.8 to 361 

7.6.  The negative surface charge on the virion likely minimizes aggregation, but  for 362 

several measurements in this pH range some aggregates (300 to 350 nm, 1.2 ± 0.5% of 363 

the total population) appeared, possibly as an artifact of the dialysis process (32).  364 

Relatively small absolute values of the 𝜁-potential between pH 4.0 and 4.7 probably 365 

allow for the extensive aggregation described above.  366 

 367 

As Figure 3 shows, the PZC of HAdV 40 particles is between pH 4.0 and 4.3.  Favier et 368 

al. predicted the theoretical PZC of each major capsid protein of HAdV 40 using their 369 

primary sequences and showed that the PZC values of hexon, penton base, long fiber 370 

protein and short fiber protein were ~ 6.7, 5.8, 7.5 and 7.8, respectively (49).  All of 371 

these values  are higher than the HAdV 40 PZC we determined, which is consistent with 372 

prior observations that the PZC of an intact virion is lower than the PZC values of its 373 

structural protein components (54).  PZC values were reported to be in the 3.5 to 4.0 374 

range for HAdV 2 (30) and 4.5 for HAdV 5 (31), consistent with the low PZC of HAdV 375 

40. 376 

 377 

[Figure 3] 378 
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 379 

At pH values where virions aggregate, the measured 𝜁–potential is that of an aggregate 380 

of virions, and not a single virion. In this case, we calculated virion 𝜁–potentials using an 381 

expression developed by Makino and Ohshima (55); the expression connects the 382 

surface charge density of a particle with its 𝜁–potential, diameter, and Debye length 383 

(see SM, section S10). The calculation assumed that surface charge density is an 384 

intensive property and does not depend on the aggregation state of the virion in the 385 

same solution. 386 

The average 𝜁-potential of HAdV 40 in tap water (pH 7.5 to 8.0) was -17.7 mV, which is 387 

much smaller than the 𝜁-potential (-30.5 mV) of HAdV 40 in a buffered solution with a 388 

similar pH (pH 7.6).  The difference could stem from specific adsorption of divalent or 389 

multivalent ions onto virions in tap water. 390 

 391 

3.3 Surface energy components of HAdV 40 392 

 393 

To determine the surface energy components of HAdV 40, we applied the procedure we 394 

developed previously for examination of P22 bacteriophage (19).  The technique 395 

includes measuring the contact angles of several liquids on a lawn of virions. As Table 3 396 

shows, the apolar surface energy component (𝛾𝐿𝐿) of HAdV 40 was 41.6 mJ/m2, a 397 

value typical for biological materials (56).  The electron donor (𝛾−) and electron acceptor 398 

(𝛾+) components of surface energy were 14.7 mJ/m2 and 0.01 mJ/m2, respectively, 399 
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making the polar component of HAdV 40 surface energy, 𝛾𝐻𝐴 = 2�𝛾+𝛾− , equal to 0.84 400 

mJ/m2.  Very small values of 𝛾+ were also reported for tobacco mosaic virus (56), 401 

bacteriophage P22 (19) and multiple proteins (56), suggesting that this is a common 402 

characteristic of proteins and non-enveloped viruses.  Based on values of 𝛾𝐿𝐿, 𝛾+ and 403 

𝛾− for water and HAdV 40, the calculated polar adhesion energy between HAdV 40 and 404 

water is 79.7 mJ/m2 which is insufficient to overcome the energy of cohesion of water (-405 

102.0 mJ/m2).  As a result, virion-virion interactions for HAdV 40 in water have a 406 

negative interfacial free energy (∆𝐺𝑣𝑣𝑣 = -30.4 mJ/m2), so HAdV 40 is hydrophobic. 407 

 408 

3.4. XDLVO energy profile of virion-virion interfacial interaction in aqueous media 409 

 410 

Several studies suggest that the classic Derjaguin-Landau-Verwey-Overbeek theory 411 

does not accurately predict the interaction between colloids and various surfaces in 412 

aqueous media because the calculations do not account for acid-base interactions that 413 

dominate at short separation distances (57, 58).  In the present study, we employ the 414 

extended DLVO model to evaluate virion-virion and virion-membrane interfacial 415 

interactions.  Inputs to the model include the surface characteristics of HAdV 40 (see 416 

sections 3.2 and 3.3) and membranes (19). 417 

 418 

[Figure 4] 419 

 420 
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Figure 4 shows XDLVO energy profiles of virion-virion interfacial interactions at different 421 

pH values.  For all pH values except 7.6, the calculations were performed for HAdV in 1 422 

mM NaCl. For pH 7.6, size and zeta potential values used in XDLVO calculations were 423 

for virions in the recommended buffer (1 mM EDTA + 10mM Tris). For pH values > 5.8, 424 

the height of the energy barrier increases with pH with the sole exception of pH of 7.6.  425 

The deviation from the trend is due to the different background solution used (10 mM 426 

Tris and 1 mM EDTA instead of 1 mM NaCl; see section 3.2).  Negligible aggregation of 427 

virions for pH ≥5.8 is due to the high energy barrier (from 24.5 kT to 52.6 kT).  At pH 4.7 428 

where the energy barrier is 8.0 kT, significant aggregation occurs.  At pH 4.0 and pH 4.3, 429 

the energy barrier decreases to below 1.2 kT leading to further aggregation.  Due to the 430 

high positive 𝜁-potential (29.4 mV) at pH 2.8, the energy barrier is 20.7 kT and the virion 431 

suspension is stable. 432 

 433 

3.5 XDLVO energy of virion-membrane interfacial interaction in membrane feed 434 

solutions: DI water and tap water. 435 

 436 

XDLVO calculation of virion-membrane interactions in DI water were performed for an 437 

ionic strength of 0.2 mM; this is the approximate ionic strength determined from 438 

conductivity measurements of DI water spiked with HAdV 40 stock.  However, the 439 

streaming potential of the membrane could only be measured in 1 mM NaCl electrolyte, 440 

so this value was used to approximate the membrane charge in the HAdV-spiked DI 441 

water.  The approximation is reasonable because the electrophoretic mobility of virions 442 
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measured in DI water (-1.65 ± 0.19 µm∙S-1∙V-1∙cm; pH 5.8) and in 1 mM NaCl solution (-443 

1.72 ± 0.48 µm∙S-1∙V-1∙cm; pH 5.8) were not statistically different. 444 

 445 

At separation distances > 5 nm, van der Waals or electrostatic interactions dominate the 446 

XDLVO energy of interfacial interaction between HAdV 40 and membranes in both DI 447 

and tap water (see SM, Figures S7 and S8).  However, as the separation distance 448 

increases, the magnitude of each interaction decreases. The magnitude of van der 449 

Waals interaction energy, for example, decreases to less than 0.5 kT as the separation 450 

distance increases to approximately 15 nm. Over a shorter range (from the minimum 451 

equilibrium cut-off distance of ~ 0.16 nm to 0.7 nm), however, the acid-base interaction 452 

energy is significantly greater than both van der Waals and electrostatic interaction 453 

energies.  In 1 mM NaCl at pH=5.8 (unadjusted), the PEM-coated membrane is 454 

negatively charged (𝜁 = -7.0 ± 3.0 mV (19)).  Due to the hydrophilicity of the PEM as 455 

well as a repulsive electrostatic interaction between the virion and the membrane 456 

surface, the secondary minimum in the membrane-virion interaction energy profile is 457 

shallow (-4.2 kT) (Figure 5A, solid line).  The same membrane carries a positive charge 458 

(𝜁 = 5.6 ± 0.4 mV) in tap water.  The charge reversal could stem from specific 459 

adsorption of various cations from tap water onto the membrane surface, and a similar 460 

charge reversal occurred with latex particles as the solution ionic strength increased (59, 461 

60).  For the membrane-virion interaction energy profile in tap water, electrostatic 462 

attraction coupled with van der Waals attraction at large separation distances and a 463 

predominant repulsive acid-base interaction at small separation distances yields a -10.3 464 

kT secondary minimum at the separation distance of 3.2 nm (Figure 5A, dashed line).  465 
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This secondary minimum may lead to reversible adsorption of HAdV 40 onto the 466 

membrane surface during tap water filtration. 467 

 468 

[Figure 5] 469 

 470 

Even though the PZC of bovine serum albumin, a major component of calf serum, is in 471 

the 4.7 to 5.6 range (61-63), CS-blocked membranes in 1 mM NaCl solution at pH=5.8 472 

(unadjusted) carry a weak positive charge (𝜁 =3.0 ± 2.0 mV) (19).  The small positive 473 

charge on these membranes may stem from other components in calf serum such as 474 

bovine IgG (PZC range from 7.5 to 8.3 (64)).  The XDLVO energy profile for the 475 

interaction of an HAdV 40 virion and a CS-blocked membrane shows a -48.2 kT 476 

secondary minimum at a separation distance of 2.4 nm (Figure 5B, solid line), which 477 

suggests deposition of a significant amount of virion. 478 

 479 

In tap water, the 𝜁-potential of CS-blocked membranes was 2.8 ± 1.0 mV, similar to that 480 

in 1 mM NaCl.  Compared with experiments in 1 mM NaCl, the reduced negative charge 481 

of HAdV 40 in tap water (see Figure 3) leads to lower virion-membrane electrostatic 482 

attraction, and the depth of the secondary minimum in tap water is only -7.9 kT for 483 

interactions of the virion and the CS-blocked membrane (Figure 5B, dashed line). 484 

 485 
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3.6 Virus recovery from DI water 486 

 487 

Pre-elution virion recovery (see eq. (1)) after crossflow UF of DI water spiked with 488 

virions was significantly greater with a PEM-coated membrane (74.8 ± 9.7%) than with a 489 

CS- blocked membrane (54.1 ± 6.2%).  The higher recovery likely stems from the 490 

negative charge and hydrophilicity of the PEM-coated membrane (19).  However, the 491 

<100% recovery indicates that some virion adsorption takes place on the PEM-modified 492 

membrane even though the secondary minimum in the XDLVO energy profile is shallow 493 

(Figure 5A, solid line).  This adsorption may stem from microscale attraction (56, 65), 494 

whereas XDLVO theory describes only macroscopic interactions. For example, in 495 

experiments on B. cepacia adhesion Hwang et al. reported bacterial adhesion in the 496 

absence of a secondary minimum in the XDLVO energy profile and suggested the 497 

adhesion stems from cell appendages such as pili and flagella (66). HAdV 40 fibers, 498 

which consist of long, thin shafts terminated with globular knobs, may extend beyond 499 

the characteristic length of macroscopic repulsion (~ Debye length) to achieve 500 

microscopic attraction between a virion and a membrane.  Interactions such as those 501 

between electron donor sites on the fiber knob and electron acceptor sites on the 502 

membrane may overcome the macroscopic repulsion and lead to local attraction.  503 

Debye lengths for HAdV 40 at different pH values in 1 mM NaCl (see SM, Table S2) are 504 

smaller than the length of both longer and shorter fibers (~ 30 nm and ~ 18 nm, 505 

respectively (36)) on HAdV 40.  In HAdV-spiked DI water, the Debye length is ~ 23 nm 506 

(see SM, Table S2) still smaller than 30 nm HAdV fibers.  Other possible explanations 507 

for the incomplete pre-elution recovery with PEM-coated membranes include local 508 



© 2016. This manuscript version is made available under the CC-BY-NC-ND 4.0 license 
http://creativecommons.org/licenses/by-nc-nd/4.0 
 

26 
 

electrostatic attraction due to charge heterogeneity and the presence of non-XDLVO 509 

interactions (e.g. bridging by multivalent cations). 510 

 511 

[Figure 6] 512 

 513 

The relatively low virion recovery from DI water after crossflow UF with CS-blocked 514 

membranes likely stems from the secondary minimum in the XDLVO energy profile 515 

(Figure 5B, solid line).  The secondary minimum is sufficiently deep (-48.2 kT) to 516 

capture virions with an average thermal energy of ~ 0.5 kT (67).  The fact that pre-517 

elution recovery after crossflow UF is higher with PEM-coated membranes than with 518 

CS-blocked membranes is consistent with our previous findings for crossflow filtration of  519 

bacteriophage P22 in DI water, where PEM-coated membranes gave significantly 520 

higher pre-elution recovery (80%) than CS-blocked membranes (30%) (19). 521 

 522 

After filtration, we eluted virions to increase recovery.  For both PEM-coated and CS-523 

blocked membranes, eluents containing 0.01% NaPP and 0.01% Tween 80 give high 524 

post-elution recoveries (see eq. (2)) of 99.5 ± 6.6% for PEM-coated membranes and 525 

98.8 ± 7.7% for CS-blocked membranes.  During elution, adsorption of NaPP on the 526 

membrane likely increases the negative charge on the surface to enhance electrostatic 527 

repulsion between the negatively charged virion and the membrane.  Additionally, 528 

Tween 80, a nonionic surfactant, should minimize hydrophobic interactions between the 529 

membrane surface and adsorbed virion.  Thus, both NaPP and Tween 80 could help 530 

release the virion from the membrane. 531 
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 532 

The relatively high feed concentration of adenovirus (~106 to 107 GC/mL) in our study 533 

may lead to a higher recovery and a smaller variance than filtration of lower virion 534 

concentrations because at high concentrations the virion may saturate sorption sites.  535 

However, we had to use a relatively high virion concentration to accurately quantify the 536 

low concentration of virions in the permeate (and further quantify both virion removal 537 

and the fraction of the virion adsorbed on the membrane).  The HAdV 40 removal was 538 

high with both CS-blocked membrane (𝐿𝐿𝐿 up to 2.17) and PEM-coated membrane 539 

(𝐿𝐿𝐿 up to 4.64), so the permeate concentration was much lower than the feed 540 

concentration. 541 

 542 

3.7 Virus recovery from tap and surface water 543 

 544 

We also evaluated the HAdV 40 recovery from tap water and from lake water collected 545 

in two different seasons.  Because organic molecules in surface waters may inhibit 546 

qPCR detection of virions, (68, 69) we initially performed inhibition tests (see SM, 547 

section S5 for details).  Briefly, DI, tap and surface water samples were spiked with 548 

HAdV 40 from the stock suspension, viral DNA was extracted, and the virion 549 

concentration in each water matrix was determined by qPCR.  Consistent with minimal 550 

qPCR inhibition, we observed no differences in virion concentrations in the three water 551 

matrices. 552 
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 553 

[Figure 7] 554 

 555 

With tap water, we saw no statistically significant difference in pre-elution virion 556 

recovery after crossflow UF with PEM-coated membranes (40.5 ± 9.9%) and with CS-557 

blocked membranes (38.3 ± 9.3%).  Based on XDLVO predictions for CS-blocked 558 

membranes (Figure 5B), the pre-elution recovery from tap water should be higher than 559 

from DI water.  However, the opposite occurred – for CS-blocked membranes, the 560 

average pre-elution recovery from tap water was ~ 16% lower than from DI water 561 

(Figure 6).  The discrepancy suggests that non-XDLVO effects (e.g. steric interactions 562 

(70) or Ca2+ bridging (71)) should be considered.  Another possible cause for the 563 

discrepancy is virion adsorption to dissolved and suspended species present in the tap 564 

water (TOC = 1.1± 0.1 mg/L) and on the membrane surface.  Permeate flux declined ~ 565 

15% to 20% during crossflow UF of tap water (see SM, Figure S4) suggesting the 566 

formation of a fouling layer on the membrane surface. 567 

 568 

The pre-elution recovery from tap water after crossflow UF with the PEM-coated 569 

membrane was ~ 34% lower than from DI water (Figure 6).  In addition to the possible 570 

effects described above for the CS-blocked membranes, charge reversal of the PEM 571 

membrane in tap water may decrease the pre-elution recovery.  Pre-elution recovery 572 

from tap water has a larger variance, ranging from 30% to 50% for both types of 573 



© 2016. This manuscript version is made available under the CC-BY-NC-ND 4.0 license 
http://creativecommons.org/licenses/by-nc-nd/4.0 
 

29 
 

membranes.  Such variances likely stem from variations in tap water quality over 574 

several months of sample collection and tests. 575 

 576 

Surface water is a complex matrix containing naturally occurring organic and inorganic 577 

species, both dissolved and colloidal.  Pre-elution recoveries from surface water 578 

collected in the fall were ~ 40% with both PEM- and CS-coated membranes, which is 579 

similar to recoveries from tap water, but significantly lower than recoveries from DI 580 

water.  The TOC in surface water collected in the fall was 7.5 ± 0.2 mg/L.  For surface 581 

water, permeate flux declined more than 50% over 90 min of crossflow UF (see SM, 582 

Figure S4) with membranes of each type.  Foulants formed a cake layer and masked 583 

the anti-adhesive properties of the membrane surface leading to the deposition of 584 

virions on membranes.  Virions could also be adsorbed to various components of the 585 

feed water (e.g. humic acid, clay, silica particles) and co-deposited on the membrane. 586 

Post-elution recovery was higher for tap water (Figure 6B) than for surface water 587 

suggesting that fouling also decreased the effectiveness of the elution process.  588 

 589 

Many studies showed that divalent cations such as Ca2+ (30.3 ± 0.5 mg/L in fall surface 590 

water) enhance deposition of virions on natural organic matter via inner-sphere 591 

complexation with carboxyl groups on both surfaces (72, 73), and on clay and silica by 592 

screening the charge (74).  Calcium bridging could also occur between carboxyl groups 593 

on natural organic matter and on the HAdV 40 viral capsid (e.g. carboxylic groups on 594 

fiber knobs) leading to virion loss to the membrane surface. Bridging by other cations 595 
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may also occur (e.g. by iron (75), copper (76), and aluminum (77)).  In general, virion-596 

foulant interactions, rather than virion-membrane interactions, likely govern recovery in 597 

UF from complex waters.  This is consistent with the result that pre-elution recovery 598 

from surface water was not statistically different for the two membrane types (Figure 7). 599 

 600 

We also analyzed virion recovery from the surface water collected from the same lake in 601 

early spring after ice melted.  Flux decline also occurred for both membranes during 602 

filtration of spring surface water (see SM, Figure S4), and pre-elution recoveries with 603 

both membranes were ~20%.  Lower recovery from spring surface water compared to 604 

that from fall surface water could stem from higher concentrations of Ca2+ (41.1 ± 0.7 605 

mg/L) and TOC (9.4 ± 0.1 mg/L), see Table 1.  606 

 607 

Post-elution recovery with CS-blocked membranes was 61.0 ± 2.8% and 34.9 ± 10.1% 608 

for water samples collected in fall and spring, respectively. For PEM-coated 609 

membranes, post-elution yielded 62.4 ± 2.2% and 41.6 ± 2.0% recoveries for fall and 610 

spring samples.  Thus, virions adsorbed from surface water on both membranes were 611 

not eluted as effectively (Figure 7) as those adsorbed from DI or tap water (Figure 6) 612 

when using an eluent with NaPP and Tween 80 only. 613 

 614 

To increase the elution efficiency, we added 0.01 wt% EDTA to the eluent to complex 615 

Ca2+ (78).  EDTA (1 mM) is a component of the storage buffer for HAdV 40, so it should 616 
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not inactivate the virus (32).  With EDTA in the eluent, the post-elution recovery from 617 

spring and fall surface water, averaged over all PEM-coated and CS-blocked 618 

membranes, increased to 84.3 ± 4.5%.  The increased elution efficiency is consistent 619 

with the hypothesis that calcium binding decreases virion recovery from surface water. 620 

 621 

In a previous study we showed that a PEM consisting of a weak polycation and a strong 622 

polyanion disassembles as low pH (79).  Because HAdV 40 tolerates acidic conditions 623 

such a PEM could enable a simple additional processing step to improve the overall 624 

recovery: disassembling the PEM after elution could release trapped virions to 625 

potentially achieve 100% recovery. 626 

 627 

3.8 Virus removal 628 

 629 

As Figure 8 shows, in tests with HAdV 40-spiked waters of all types, virion removal (see 630 

eq. (3)) by PEM-coated membranes was typically an order of magnitude higher than 631 

removal by CS-blocked membranes.  However, the loss of 1% of virions to the 632 

permeate by CS-blocked membranes should not significantly decrease recoveries. 633 

 634 

[Figure 8] 635 

 636 
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The low 𝐿𝐿𝐿 by CS-blocked membranes might result from an uneven calf serum 637 

distribution on the membrane surface and incomplete blockage.  The blocking 638 

procedure involves recirculating calf serum solution over the membrane surface and 639 

may be viewed as poorly controlled membrane fouling. In contrast, coating a membrane 640 

with multiple layers of polyelectrolytes is inherently more reproducible. 641 

 642 

There was no consistent correlation between 𝐿𝐿𝐿 values and the extent of membrane 643 

fouling.  We showed recently that HAdV 40 removal does not simply correlate with the 644 

extent of fouling alone.  Pore blockage by humic acid could enhance the virion removal, 645 

whereas cake formation by silica colloids could decrease virion removal, and the 646 

opposing effects may be compensatory when both foulants are present (80).  Surface 647 

water contains colloids and organic macromolecules of a range of sizes, which may 648 

explain the similar 𝐿𝐿𝐿 values for surface and DI water.  649 
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4. Conclusions 650 

 651 

Physicochemical characterization of HAdV 40 showed that this relatively large virus 652 

(hydrodynamic diameter of 102.5 ± 8.6 at pH 7.6 in 10 mM Tris and 1 mM EDTA) is 653 

hydrophobic (∆𝐺𝑣𝑣𝑣= -30.4 mJ/m2) with a point of zero charge between pH 4.0 and pH 654 

4.3.  Extended Derjaguin-Landau-Verwey-Overbeek theory predicted that the 655 

hydrophilic and negatively charged (𝜁 = -7.0 ± 3.0 mV at pH 5.8 in 1 mM NaCl) PEM-656 

coated membranes should be advantageous for recovering HAdV from DI water in 657 

comparison with positively charged CS-coated membranes (𝜁 = 3.0 ± 2.0 mV at pH 5.8 658 

in 1 mM NaCl). 659 

 660 

We tested the validity of the XDLVO prediction in filtration experiments. Pre-elution 661 

recovery of HAdV from DI water (ionic strength of ~0.2 mM when spiked with HAdV 662 

stock) after crossflow UF was higher with PEM-coated membranes (𝑟𝑝𝑝𝑝𝑃𝑃𝑃= 74.8 ± 9.7%) 663 

than with CS-blocked membranes (𝑟𝑝𝑝𝑝𝐶𝐶  = 54.1 ± 6.2%).  Although pre-elution recovery 664 

was lower from tap water, for both PEM- and CS-coated membranes virion elution using 665 

an aqueous solution of sodium polyphosphate and TWEEN 80 was effective for both DI 666 

water (𝑟𝑝𝑝𝑝𝑝𝑃𝑃𝑃 = 99.5 ± 6.6%; 𝑟𝑝𝑝𝑝𝑝𝐶𝐶  = 98.8 ± 7.7%) and tap water (𝑟𝑝𝑝𝑝𝑝𝑃𝑃𝑃 = 88.8 ± 15.3% and 667 

𝑟𝑝𝑝𝑝𝑝𝐶𝐶  = 93.7 ± 6.9%). The near 100% efficacy of elution indicates that polyanions and 668 

surfactants (e.g. sodium polyphosphate and Tween 80) in the eluent can disrupt 669 

electrostatic and hydrophobic interactions between the virion and the membrane.  Pre- 670 
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and post-elution recoveries from surface waters were significantly lower (𝑟𝑝𝑝𝑝𝐶𝐶  and 𝑟𝑝𝑝𝑝𝑃𝑃𝑃 671 

as low as ~ 21%; 𝑟𝑝𝑝𝑝𝑝𝐶𝐶  and 𝑟𝑝𝑝𝑝𝑝𝑃𝑃𝑃 < 65%) and showed no statistically significant 672 

difference between the two membrane types.  However, addition of EDTA to the eluent 673 

greatly increased the elution efficacy (𝑟𝑝𝑝𝑝𝑝𝐶𝐶  = 88.6 ± 4.3%; 𝑟𝑝𝑝𝑝𝑝𝑃𝑃𝑃 = 87.0 ± 6.9%), possibly 674 

by eliminating cation bridging between virions and other components of the feed water 675 

matrix in suspension or in the fouling layer on the membrane surface. 676 

 677 

Interestingly, the membrane choice is not very important for achieving high virion 678 

recoveries. In tap water, post-elution virion recovery is nearly 100% for both PEM- and 679 

CS-coated membranes despite the higher removal of virions with PEM-coated 680 

membranes (𝐿𝐿𝐿𝑃𝑃𝑃 = 2.82 ± 0.32 and 𝐿𝐿𝐿𝐶𝐶 = 1.96 ± 0.53 in tap water).  For more 681 

complex water matrices such as surface water, the composition of the eluent is the most 682 

important factor for achieving high virion recovery.  Evidently, the recovery of HAdV 683 

depends on its interactions with other components of the feed water (in suspension or 684 

deposited on the membrane surface as a fouling layer), and not on virion-membrane 685 

interactions.  An eluent that includes a polyanion (sodium polyphosphate), a non-ionic 686 

surfactant (Tween 80) and a chelating agent (EDTA) recovers HAdV effectively (~ 88%) 687 

even from high TOC (9.4 ± 0.1 mg/L) surface water. 688 

 689 
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Figure 1: Transmission electron microscopy image of HAdV 40. 
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Figure 2: Normalized number-based size distribution for HAdV 40 suspension as a 
function of pH.  Vertical red dashed lines indicate the average modal 
diameter (99 nm, see SM, Table S2) in the buffer recommended for the 
storage of purified HAdV 40 (10 mM Tris-HCl and 1 mM EDTA, pH 7.6). 
Vertical blue dash-dot lines denote the average HAdV diameter (~ 80 
nm) as determined by TEM. The SM shows size distribution for HAdV 40 
suspension in tap water (Figure S6). 
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Figure 3: ζ-potential of HAdV 40 as a function of pH. 
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 716 

 

Figure 4: XDLVO energy profile of virion-virion interfacial interactions in 1 mM NaCl a 

for HAdV 40 at different pH values. 
a For pH 7.6, size and zeta potential values used in XDLVO calculations were for virions in 

the recommended buffer (1 mM EDTA + 10mM Tris), and not in 1 mM NaCl. 
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 718 
A B 

    

Figure 5: XDLVO energy of interfacial interaction of HAdV 40 in aqueous media with A) a PEM-coated membrane and 

B) a CS-blocked membrane.  The energies were calculated from surface parameters determined at pH 5.8. 
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 721 
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Figure 6: Recovery of HAdV 40 with CS-blocked and PEM-coated membranes from A) HAdV-spiked deionized water 

and B) tap water. 
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Figure 7: Recovery of HAdV 40 from surface water after crossflow UF with CS-blocked membranes (A) and PEM-

coated membranes (B). 
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 729 
 730 

 

Figure 8: Removal of HAdV 40 by crossflow ultrafiltration with calf-serum blocked 

membranes and membranes coated by a polyelectrolyte multilayer. 
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 731 
 732 

Table 1: Water quality characteristics. 
  

Water source 
pH 

range 

Conductivity 

(μS/cm) 

TOC 

(mg/L) 

Cation concentration (mg/L) 

Na+ K+ Mg2+ Ca2+ 

Deionized water 5.7 to 6.0 n/a# n/a# 0.18 ± 0.00 0.02 ± 0.00 0.04 ± 0.00 0.06 ± 0.00 

Tap water 7.5 to 8.0 319.5 ± 27.6 1.1 ± 0.1 22.18 ± 2.33 9.32 ± 0.32 1.86 ± 0.09 24.37 ± 1.83 

Lake water (fall) 7.0 to 7.5 336.3 ± 12.7 7.5 ± 0.2 16.42 ± 2.53 10.91 ± 0.11 1.47 ± 0.03 30.33 ± 0.54 

Lake water (spring) 7.5 to 7.8 369.3 ± 32.0 9.4 ± 0.1 16.46 ± 2.60 11.54 ± 0.20 1.50 ± 0.03 41.09 ± 0.72 
 733 
# below detection limit. 734 

  735 
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 736 
 737 
Table 2: Size distribution parameters for HAdV 40 suspension at different pH values a. Shaded (gray) areas denote 

pH values where significant aggregation occurs. 

 738 

Water matrix 1 mM NaCl buffer b tap water 1 mM NaCl 

pH 2.8 4.0 4.3 4.7 5.8 6.7 7.6 7.5 to 8.0 9.7 

𝒅�𝑯𝑯𝒅𝑯𝒉  (nm) 112 ± 20 284 ± 99 238 ± 69 149 ± 3 94 ± 3 95 ± 3 103 ± 9 109 ± 14 80 ± 5 

Polydispersity 0.22 ± 0.06 0.31 ± 0.04 0.31 ± 0.01 0.10 ± 0.01 0.06 ± 0.01 0.07 ± 0.02 0.07 ± 0.01 0.11 ± 0.01 0.12 ± 0.03 

 739 

 740 

a Additional parameters - modal diameter and half width and half maximum – are given in the SM file (Table S3) 741 

b 10 mM Tris-HCl and 1 mM EDTA (buffer recommended for the storage of purified HAdV 40). 742 

 743 
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 744 

Table 3: Contact angles, calculated surface energy parameters and the 

           free energy of interfacial virion-virion interaction in water for HAdV 40. 

 745 

Contact angle 
with probe liquid (0) 

Surface energy parameters  
(mJ/m2) 

Free energy of 
interfacial virion-virion 

interaction in water,  

∆𝐺𝑣𝑣𝑣 (mJ/m2) H2O Glycerol DIM# 𝜸𝑳𝑳 𝜸+ 𝜸− 𝜸𝑯𝑨 𝜸𝑻𝑻𝑻 

68 ± 2 64 ± 1 36 ± 2 41.6 0.01 14.7 0.8 42.4 -30.4 

 746 

# diiodomethane. 747 

Note: corresponding surface energies and free energy of interaction values for CS-blocked and PEM-748 

coated membranes were reported in (19). 749 

 750 

  751 
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