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Abstract 16 

 17 

Two virus propagation methods (in broth and on double agar overlay) and three purification 18 

procedures (PEG precipitation, centrifugal diafiltration and CsCl density gradient centrifugation) 19 

were comparatively evaluated using MS2 and P22 bacteriophages as model viruses.  The 20 

prepared stocks were characterized in terms of electrophoretic mobility as a function of pH, 21 

particle size distribution, surface tension components and overall hydrophobicity of the virus, as 22 

well as the percentage of infectious and total virus recovered.  The obtained data were used to 23 

rank the purification methods according to six criteria of likely practical relevance.  Regardless 24 

of the purification method applied, virus propagation in broth media resulted in higher purity 25 

virus stocks as the growth on double agar overlay introduced difficult-to-remove residual agar.  26 

CsCl density gradient centrifugation gave the highest quality bacteriophage suspensions, 27 

recovered infectious P22 at least as efficiently as the other two purification methods and 28 

selected for intact P22 virions over damaged ones.  The impurities remaining in the virus 29 

suspension after PEG precipitation and centrifugal diafiltration broadened the size distribution 30 

and interfered with electrophoretic mobility measurements. The residual impurities had a major 31 

impact on the free energy of virus-virus interfacial interaction (the quantitative measure of virus 32 

hydrophobicity/hydrophilicity) leading to an incorrect determination of P22 bacteriophage as 33 

hydrophilic. The trends in measured physicochemical properties can be rationalized by 34 

considering impurity-coated virions as permeable soft particles. 35 

 36 

1. Introduction 37 

 38 

Viral contamination of the water supply is a common cause of waterborne diseases worldwide 39 

(Fong and Lipp, 2005; Gall et al., 2015; Sinclair, Jones, and Gerba, 2009).  Combined and 40 

sanitary sewer overflow events, illicit discharge to storm water systems and septic system 41 

failures can lead to a release of viruses into environment, posing a threat to public health 42 

(Arnone and Walling, 2007; USEPA, 2001).  Comprehensive studies of viruses’ interactions with 43 

various natural and engineered surfaces are essential for understanding the mechanisms that 44 

control virus transport and fate in various environmental media (e.g. water, air, soil) and viruses’ 45 

ability to pass engineered barriers (e.g. in water treatment plants and air filtration units).  The 46 

dependence of such interactions on surface properties necessitates a thorough 47 

physicochemical characterization of viruses.  However, viruses directly harvested from host 48 
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bacteria or human cell lines are stored in growth media containing impurities such as host cell 49 

debris, soluble microbial products (e. g. DNA, proteins), and incomplete virions, all of which can 50 

confound physicochemical characterization of viruses.  Virus purification methods include 51 

density gradient centrifugation (Cromeans, Kahler, and Hill, 2010; Shi et al., 2016; Torres-52 

Salgado et al., 2016; Wong et al., 2012), precipitation (e.g. with polyethylene glycol) (Cromeans 53 

et al., 2010; Nguyen et al., 2011; Tanneru, Rimer, and Chellam, 2013; Tong et al., 2012), direct 54 

diafiltration (Armanious et al., 2016b; Gutierrez et al., 2009), dialysis (Langlet et al., 2008a; 55 

Michen et al., 2012) as well as ultracentrifugation (Attinti et al., 2010) and chromatography 56 

(Farkas, Varsani, and Pang, 2015; Monjezi et al., 2010).  The first three methods (see 57 

Supplementary material (SM), Figure S1) are broadly used in studies on virus fate and transport 58 

in the environment and were chosen for evaluation in the present work. 59 

 60 

Density gradient centrifugation can be of two general types: rate-zonal centrifugation and 61 

isopycnic centrifugation.  Sucrose and CsCl are commonly used to prepare density gradient 62 

materials.  Rate-zonal centrifugation separates viruses primarily based on differences in size 63 

and mass, which result in different sedimentation rates; in this method, a virus sample is layered 64 

as a narrow band on the top of a continuous density gradient. In contrast, isopycnic 65 

centrifugation separates viruses based solely on differences in the density rather than size and 66 

a virus sample could be either overlaid on or placed under a prepared density gradient.  Both 67 

rate-zonal and isopycnic centrifugation methods could effectively separate viruses from 68 

impurities by forming a band that contains only the target virus.  Certain viruses (e.g. 69 

herpesvirus (Pertoft, 1970), rotavirus (Chen and Ramig, 1992), human respiratory syncytial 70 

virus (Gias et al., 2008)), however, may lose infectivity during density gradient centrifugation.  71 

Virus precipitation with polyethylene glycol (PEG) relies on PEG acting as an “inert solvent 72 

sponge” that sterically excludes viruses from the solvent and causes them to precipitate from 73 

the growth medium (Atha and Ingham, 1981; Lewis and Metcalf, 1988).  Other growth medium 74 

components including metals (Prussin, Marr, and Bibby, 2014), proteins (Prussin et al., 2014) 75 

and DNA (Hammerschmidt, Hobiger, and Jungbauer, 2016) can be co-precipitated.  PEG 76 

removal by dialysis is time-consuming due to the low diffusivity of PEG (Cantor and Scopes, 77 

1994) and, possibly, its complexation with other components of the virus stock solution (Kleiner, 78 

Hooper, and Duerkop, 2015).  Centrifugal diafiltration uses ultrafiltration membranes for a size-79 

based separation of virions from other components of the growth medium.  A pressure-driven 80 

process, diafiltration is faster than dialysis. In addition, diafiltration concentrates and purifies 81 

viruses in one batch process minimizing virus loss whereas conventional dialysis only purifies 82 
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the virus.  Two major drawbacks common to dialysis and diafiltration are possible virus 83 

aggregation (Dika et al., 2013a) and retention of impurities with the molecular weight larger than 84 

the pore size of the dialysis or diafiltration membrane. 85 

 86 

Viruses propagated and purified by different methods may exhibit different adsorption 87 

(Armanious et al., 2016a), aggregation (Dika et al., 2013a; Nguyen et al., 2011) and 88 

electrokinetic (Dika et al., 2013a) behaviors.  The differences are likely caused by the residual 89 

impurities, either in the dissolved phase or associated with virions (Michen and Graule, 2010).  90 

Using quartz crystal microbalance measurements, Armanious et al. showed that bacteriophage 91 

MS2 purified by PEG precipitation adsorbs on poly-L-lysine surface to a lesser extent than MS2 92 

purified by diafiltration (Armanious et al., 2016a).  Such differences can be understood by 93 

elucidating physiochemical properties of viruses grown and purified via different protocols.  94 

Using dialysis, PEG precipitation and density gradient centrifugation, Dika et al. showed that 95 

size and charge of MS2 and MS2-like particles were affected by the choice of the purification 96 

method (Dika et al., 2013a).  The effects of growth and purification protocols on other important 97 

physicochemical properties such as isoelectric point, surface tension, and hydrophobicity have 98 

not been explored and are the focus of the present work. 99 

 100 

The goal of this study was to comparatively evaluate several commonly used methods of virus 101 

propagation (in broth and on double agar overlay) and purification (CsCl density gradient 102 

centrifugation, PEG precipitation, and centrifugal diafiltration) in terms of their impact on key 103 

physicochemical properties of viruses. MS2 and P22 bacteriophages were employed as model 104 

microorganisms. The two bacteriophages are often used as surrogates for human enteric 105 

viruses (Bae and Schwab, 2008; Dawson et al., 2005; Masago, Shibata, and Rose, 2008; Pasco 106 

et al., 2014) and differ significantly in terms of size and hydrophobicity. MS2 is small and 107 

hydrophilic while P22 is larger and slightly hydrophobic.  (Published data on MS2 hydrophilicity 108 

are inconsistent (Chattopadhyay and Puls, 1999; Dika et al., 2015; Dika et al., 2013b; Heldt et 109 

al., 2017)). Particle size distribution, electrophoretic mobility, isoelectric point, surface tension 110 

components (apolar, electron donor and electron acceptor) and the overall virus hydrophobicity 111 

were determined for virus stocks prepared using different combinations of growth and 112 

purification methods. The characterization data were used to compare and rank the purification 113 

methods according to six criteria of potential practical relevance. 114 

 115 
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2. Material and Methods 116 

 117 

2.1 Reagents 118 

 119 

All reagents were of analytical grade or higher purity.  Sodium chloride, calcium chloride 120 

dihydrate and polyethylene glycol (MW 6,000 Da) were purchased from Sigma-Aldrich.  Cesium 121 

chloride, magnesium chloride (anhydrous) and sucrose were obtained from VWR and Tris base 122 

was purchased from Fisher Scientific.  Tryptone, agar and yeast extract were purchased from 123 

BD biosciences.  Luria broth was purchased from DOT Scientific. 124 

 125 

2.2 Virus propagation and purification methods 126 

 127 

Bacteriophage MS2 was purchased from ATCC (ATCC 15597-B1) and propagated both on 128 

double agar overlay (recommended by ATCC) and in liquid broth with Escherichia medium 129 

(ATCC medium 271) and Escherichia coli strain C3000 (ATCC 15597) as the host.  130 

Bacteriophage P22 and its host, Salmonella enterica subsp. enterica serovar Typhimurium 131 

strain LT2, were provided by Dr. Kristin Parent (Michigan State University).  In contrast to MS2, 132 

P22 was propagated only in broth (Luria broth (LB)).  The detailed description of the two 133 

propagation procedures is provided in SM, section S1.  Figure 1 schematically outlines the three 134 

purification methods evaluated in this work.  Each purification method is described in detail in 135 

SM, section S2.  Table 1 lists nine sample types evaluated in this study as well as the 136 

nomenclature used to denote the samples. 137 

 138 
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 139 

Figure 1: Three purification methods evaluated in this study: CsCl density gradient centrifugation, PEG precipitation, and centrifugal 140 

diafiltration.  See SM for detailed descriptions of each purification method. 141 
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Table 1: Nomenclature used to describe MS2 and P22 stocks produced using different 142 

combination of propagation and purification methods. 143 

 144 

Preparation Phage Propagation medium Purification method 

“MS2-agar-CsCl” 

MS2 

Double layer agar 

CsCl 𝜌-gradient centrifugation  

“MS2-agar-PEG” PEG precipitation 

“MS2-agar-DF” Centrifugal diafiltration 

“MS2-broth-CsCl”  

E. coli broth 

CsCl 𝜌-gradient centrifugation  

“MS2-broth-PEG” PEG precipitation 

“MS2-broth-DF” Centrifugal diafiltration  

“P22-broth-CsCl”  

P22 Luria broth 

CsCl 𝜌-gradient centrifugation 

“P22-broth-PEG”  PEG precipitation 

“P22-broth-DF” Centrifugal diafiltration 

 145 

2.3 Hydrodynamic diameter and electrophoretic mobility measurements 146 

 147 

Malvern Zetasizer Nano-ZS was used to measure both the hydrodynamic diameter (𝑑ℎ) and the 148 

electrophoretic mobility (𝜇) of virions.  Hydrodynamic diameter was measured by dynamic light 149 

scattering and 𝜇 was determined by phase analysis light scattering. Prior to virus size and 150 

charge characterization, each purified stock was filtered using 0.22 µm filter.  The hydrodynamic 151 

diameter and electrophoretic mobility were measured as functions of pH, which was adjusted 152 

using NaOH and HCl.  For all pH except pH 7.6, the background electrolyte was 1 mM NaCl 153 

solution.  The pH of 1 mM NaCl solution could not be stabilized at pH 7.6 by adding NaOH or 154 

HCl only; instead, Tris-MgCl2 buffer (10 mM Tris, 10 mM MgCl2) was used as the background 155 

solution at this pH. 156 

 157 

2.4 Surface tension and hydrophobicity determination 158 

 159 

Apolar, electron donor and electron acceptor components of the surface tension as well as the 160 

overall hydrophobicity of viruses purified by different methods was determined using the 161 

protocol described in our previous work (Pasco et al., 2014; Shi et al., 2016).  Briefly, to prepare 162 

a virus lawn, purified virus stock was filtered through a 50 kDa ultrafiltration membrane.  The 163 

membrane coated with a multilayer cake of virions was dried at room temperature until the 164 

water contact angle on the membrane stabilized.  Contact angles of three probe liquids (water, 165 
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glycerol and diiodomethane) on the virus lawn were then measured using sessile drop method.  166 

Surface tension components of each virus (𝛾𝑣
𝐿𝑊, 𝛾𝑣

+, 𝛾𝑣
−) were obtained by substituting 167 

measured contact angles and known surface tensions of probe liquids into the Young-Dupré 168 

equation (van Oss, 2006): 169 

(1 + cos 𝜃)𝛾𝑙
𝑇𝑂𝑇 = 2 (√𝛾𝑣

𝐿𝑊𝛾𝑙
𝐿𝑊 + √𝛾𝑣

+𝛾𝑙
− + √𝛾𝑣

−𝛾𝑙
+) (1) 

where 𝜃 is the contact angle of the probe liquid on the virus lawn, 𝛾𝑇𝑂𝑇 is the total surface 170 

energy, while 𝛾𝐿𝑊, 𝛾+ and 𝛾− are Lifshitz-van der Waals (i.e. apolar), electron acceptor, and the 171 

electron donor components of surface energy.  Subscripts 𝑙 and 𝑣 refer to the probe liquid and 172 

the virus, respectively.  The right hand side of eq. (1) represents the work of adhesion of a 173 

probe liquid to a lawn of viruses.  The free energy of interfacial interaction between two virions 174 

immersed in water (Δ𝐺𝑣𝑤𝑣) was calculated using eq. (2) (van Oss, 2006): 175 

Δ𝐺𝑣𝑤𝑣 = −2 (√𝛾𝑣
𝐿𝑊 − √𝛾𝑤

𝐿𝑊)

2

− 4 (√𝛾𝑣
+𝛾𝑣

− + √𝛾𝑤
+𝛾𝑤

− − √𝛾𝑣
+𝛾𝑤

− − √𝛾𝑣
−𝛾𝑤

+) (2) 

and used as a quantitative measure of hydrophobicity of the virus in question. A virus is 176 

hydrophobic when Δ𝐺𝑣𝑤𝑣 < 0 (van Oss and Giese, 1995).  The absolute value of Δ𝐺𝑣𝑤𝑣 177 

indicates the degree of hydrophobicity (or hydrophilicity, when Δ𝐺𝑣𝑤𝑣 > 0) of the virus. 178 

 179 

2.5 Virus recovery  180 

 181 

To evaluate the recovery in terms of the total virus count (i. e. count of genome copies) and in 182 

terms of infectious virus count, 200 mL of the initial bacteriophage stock was purified and 183 

concentrated to ~ 2 mL with one of the three methods described above.  Enumeration of viruses 184 

in the original stock and the purified sample was performed using double layer plaque assay (to 185 

obtain infectious virus recovery) and quantitative polymerase chain reaction, qPCR (to obtain 186 

total virus recovery).  The sequences of primers and probe as well as qPCR parameters were 187 

described in our previous study (Pasco et al., 2014). The virus recovery, 𝑟, is given by: 188 

𝑟 =
𝐶𝑝𝑉𝑝

𝐶𝑜𝑉𝑜
 

(3) 

where 𝐶𝑝 and 𝐶𝑜 are virus concentrations (PFU/mL or DNA copies/mL) in the purified sample 189 

and the initial sample, respectively, while 𝑉𝑝 and 𝑉𝑜 are volumes of these samples. 190 

 191 

  192 
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3. Results  193 

 194 

3.1 Effects of the virus propagation method on size and electrophoretic mobility 195 

measurements for purified virus stocks: Tests with MS2 bacteriophage 196 

 197 

3.1.1 Effect of the propagation method on the particle size measured for the purified MS2 stock 198 

 199 

MS2 propagated either on double layer agar or in broth was purified by one of the three 200 

methods: CsCl density-gradient centrifugation, PEG precipitation, and centrifugal diafiltration 201 

(Table 1).  To evaluate the effect of the propagation method on virus physicochemical 202 

properties, we compared results obtained with MS2 stocks purified by the same method, but 203 

propagated differently.  Figure 2 shows intensity-based size distribution of MS2 in the storage 204 

solution (1 mM NaCl; pH 5.5 to 6.0, unadjusted) for MS2 grown on agar or in broth and purified 205 

by one of the three methods.  Values and corresponding error estimates of the average 206 

hydrodynamic diameter (𝑑ℎ), polydispersity index and half width at half maximum (HWHM) of 207 

virus suspensions in the storage solution were determined for each preparation (see SM, Table 208 

S1). 209 

 210 

In MS2-broth-CsCl, 𝑑ℎ was 26.9 ± 0.1 nm matching the individual virion size obtained by TEM 211 

(27 nm (Strauss and Sinsheimer, 1963)).  The small HWHM (~ 9 nm) indicates that the virus 212 

suspension is close to monodisperse.  MS2-agar-CsCl had higher 𝑑ℎ (~ 32 nm) and HWHM (~ 213 

15 nm) and included an additional small peak (3.1% of the intensity) at ~ 2 to 5 μm.  Because 214 

the purification method was the same (CsCl density gradient centrifugation), the broadening of 215 

the size distribution was an effect of propagation on agar. 216 

 217 

The same trend was observed for PEG-purified samples. In MS2-agar-PEG, 𝑑ℎ was 32 nm with 218 

HWHM of ~ 15 nm, both larger than those for MS2-broth-PEG (𝑑ℎ   28 nm; HWHM ~ 11 nm).  219 

For the same purification method, 𝑑ℎ, polydispersity index and HWHM values for agar-220 

propagated MS2 were all higher than the corresponding values for broth-propagated MS2 (see 221 

SM, Table S1).  We tentatively attribute the broadening of the main peak to the presence of 222 

impurities introduced during MS2 propagation on the double agar overlay.  223 
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  224 

Figure 2: Particle size distribution of purified MS2 stock produced by two different propagation 225 

methods - in broth and on double layer agar overlay - and purified by a) CsCl density gradient 226 

centrifugation, b) PEG precipitation and c) centrifugal diafiltration.  Background solution: 1 mM 227 

NaCl; pH 5.5 to 6.0.  228 
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Regardless of the purification method, all MS2 suspensions obtained by propagation in broth 229 

were characterized by a single peak in the particle size distribution. In contrast, bimodal size 230 

distributions were measured for some MS2-agar-CsCl and MS2-agar-PEG preparations and for 231 

all MS2-agar-DF preparations.  If a bimodal size distribution was obtained, the same virus stock 232 

was filtered once or multiple times through a 0.1 μm pore size membrane and additional size 233 

measurements were conducted. An extra filtration step eliminated the peak corresponding to 234 

large particles in the MS2-agar-CsCl preparation. Surprisingly, in MS2-agar-DF and MS2-agar-235 

PEG, the second peak (~ 0.2 to 1 μm) persisted through multiple filtrations through the 0.1 μm 236 

filter.  We attribute the peak to the components of the agar - the only additional substance used 237 

in the double agar overlay procedure in comparison with the broth-based growth. 238 

 239 

Although agar gel had been removed from the virus harvest by centrifugation and filtration, agar 240 

molecules such as agarose (> 150 kDa) and agaropectin (< 20 kDa) (Armisén and Gaiatas, 241 

2009) or their aggregates could remain in the stock and re-aggregate.  Indeed, gel-like 242 

aggregates were observed by naked eye in the UF concentrate during MS2-agar-DF.  The 243 

aggregates likely formed from smaller agar molecules that passed the 0.1 μm filter and were 244 

concentrated along with the virus during the purification step.  Such re-aggregation of agar 245 

molecules has been reported previously (Armisén and Gaiatas, 2009).  In the course of each 246 

size distribution measurement with post-ultrafiltration samples we observed a continual increase 247 

in the intensity of the peak within 0.2 to 1 μm range.  248 

 249 

Particle size distributions of virus-free control samples were also measured.  Controls were 250 

prepared by following all the steps in the agar propagation method except for the inoculation by 251 

MS2.  After the harvest, a virus-free solution was purified by either PEG precipitation or 252 

diafiltration to obtain control-agar-PEG and control-agar-DF samples, respectively.  Broad size 253 

distributions ranging from 10 nm to 5 μm were measured in both controls (see SM, Figure S2); 254 

this observation confirmed the presence of agar-derived molecules and their aggregates in the 255 

virus-agar-PEG and virus-agar-DF samples. 256 

 257 

  258 
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 259 

Figure 3: Electrophoretic mobility as a function of pH for MS2 propagated by two different 260 

methods (in broth or on double layer agar overlay) and purified by a) CsCl density gradient 261 

centrifugation, b) PEG precipitation or c) centrifugal diafiltration.  Empty and filled symbols 262 

correspond to measurements in 1 mM NaCl background electrolyte and in Tris-MgCl2 buffer, 263 

respectively.  264 
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3.1.2 Effect of the propagation method on the electrophoretic mobility measured for the purified 265 

MS2 stock 266 

 267 

In a separate set of tests, the electrophoretic mobility, 𝜇, of MS2 prepared by six different 268 

protocols (Table 1) was measured as a function of pH (Figure 3).  The mobility measured for 269 

MS2-agar-CsCl in the storage solution (1 mM NaCl; pH 5.5 to 6.0, unadjusted) was -3.0 ± 0.1 270 

µm cm·s-1·V-1, the same as for MS2-broth-CsCl samples.  Negative 𝜇 for MS2-agar-PEG and 271 

MS2-agar-DF were only slightly more negative than corresponding mobilities measured for 272 

MS2-broth-PEG and MS2-broth-DF in the storage solution, but the difference increased 273 

significantly at pH < 4.  The IEP of MS2 was ~ 3.6 in MS2-broth-CsCl and MS2-broth-DF and ~ 274 

2.9 in MS2-broth-PEG. In MS2-agar-PEG and MS2-agar-DF, the electrophoretic mobility was 275 

measured to be negative over the entire pH range from 2 to 10 so that the IEP was not 276 

observed. 277 

 278 

As in the case with size data, the trends in the dependence of electrophoretic mobility with pH 279 

could be affected by agar-based impurities.  We hypothesize two mechanisms for such 280 

interference. First, agaropectin, which is a non-gelling fraction of agar, could contribute a 281 

spurious signal. Agaropectin is a highly charged anionic polysaccharide with acidic side-groups 282 

such as ester sulfate, D-glucuronic acid, and pyruvic acid in the repeating unit (agarobiose, 283 

which is a disaccharide made up of D-galactose and 3,6-anhydro-L-galactopyranose) 284 

(Nussinovitch, 1997).  Indeed, high negative charge was measured in control-agar-PEG and 285 

control-agar-DF samples, which contained no viruses, over the entire pH range from 2 to 10 286 

(see SM, Figure S3).  Second, agaropectin could potentially coat the virus to impart a strong 287 

negative charge to its surface.  This explanation is consistent with the divergence of 288 

electrophoretic mobility values measured for agar-propagated and broth-propagated samples at 289 

pH < 4 where the viral capsid is protonated  (Michen and Graule, 2010; Penrod, Olson, and 290 

Grant, 1995). 291 

 292 

For MS2-agar-CsCl, the IEP could be determined (~ 2.9) but was lower than the IEP (~ 3.6) 293 

measured for MS2-broth-CsCl (Figure 3a).  It appears that CsCl density gradient centrifugation 294 

is capable of separating MS2 from agar impurities but the separation is incomplete.  The 295 

presented results show that in comparison with double layer agar overlay, broth-based 296 

propagation introduces less contamination that interferes with size and charge measurements of 297 

bacteriophages.  298 
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 299 

Figure 4: Particle size distribution (a, c) and electrophoretic mobility (b, d) of broth-propagated MS2 (a, b) and P22 (c, d) stocks 300 

purified by CsCl density gradient centrifugation, PEG precipitation and centrifugal diafiltration.  Data for MS2 partly overlaps with data 301 

shown in Figures 2 and 3 and is included here to facilitate data analysis.  Empty and filled symbols in (b) and (d) correspond to 302 

measurements in 1 mM NaCl background electrolyte and in Tris-MgCl2 buffer, respectively.  Vertical lines mark sizes of MS2 (a) and 303 

P22 (c) virions as determined by TEM. 304 
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3.2 Effects of the virus purification method on size and electrophoretic mobility 305 

measurements for broth-propagated viruses: Tests with MS2 and P22 bacteriophages 306 

 307 

3.2.1 Effect of the purification method on the particle size measured for broth-propagated MS2 308 

and P22 stocks 309 

 310 

When evaluating the effects of virus purification procedures, P22 and MS2 bacteriophages were 311 

propagated in liquid broth to avoid the interference of impurities from agar.  Figure 4 shows the 312 

size distribution and electrophoretic mobility of broth-propagated MS2 and P22 purified by three 313 

different methods.  As mentioned in section 3.1, MS2 size in MS2-broth-CsCl samples in the 314 

storage solution was measured to be ~ 27 nm with low HWHM (~ 9 nm) indicating a stable 315 

suspension of monodisperse MS2 virions.  MS2-broth-DF had a similar 𝑑ℎ (~ 30 nm), but a 316 

significantly (𝑝 < 0.01) higher HWHM (~ 16 nm).  The broadening of the main peak and 317 

appearance of the additional peak could be due to the presence of cell debris and microbial 318 

products retained by diafiltration membrane. 319 

 320 

In the MS2-broth-PEG samples at the same pH, 𝑑ℎ was similar (~ 28 nm) with a slightly higher 321 

HWHM (~ 11 nm) than in MS2-broth-CsCl.  The 𝑑ℎ value is close to the size determined by 322 

TEM (27 nm) and smaller than MS2 average diameters reported in two other studies that also 323 

employed PEG precipitation to purify this phage (40 nm (Nguyen et al., 2011) and 40 to 60 nm 324 

(Dika et al., 2013a)).  The higher accuracy of our measurement is likely due to the removal of 325 

virus-associated PEG by chloroform extraction and dialysis (see SM, section S2.2); this 326 

additional step in the purification protocol should reduce the amount of PEG adsorbed on the 327 

viral capsid. 328 

 329 

Figure 4c illustrates the effects of the three purification methods on the hydrodynamic diameter 330 

of bacteriophage P22.  In the storage solution, the P22-broth-CsCl preparation had 𝑑ℎ of ~ 68 331 

nm and with a HWHM of ~ 23 nm.  The individual P22 virion size determined by TEM imaging 332 

was ~ 54 nm (Pasco et al., 2014).  The 14 nm difference between the two values of 𝑑ℎ (54 nm 333 

and 68 nm) could stem from the tail structure of P22, which impacts its diffusivity (Baltus et al., 334 

2016; Pasco et al., 2014).  A higher 𝑑ℎ (~ 78 nm) and HWHM (~ 46 nm) were measured for P22 335 

in P22-broth-PEG corroborating the hypothesis of PEG adsorption onto the capsid.  Indeed, the 336 
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10 nm difference between the two values of 𝑑ℎ (78 nm and 68 nm) could be due to a layer of 337 

PEG, a 6,000 Da molecule with ~ 3.1 nm radius of gyration (Holyst et al., 2009).  The size 338 

distribution for P22-broth-DF (𝑑ℎ ≅ 91 nm; HWHM at 75 nm) was bimodal although the 339 

secondary peak (3 μm to 6 μm) was very minor.  340 

 341 

For both MS2 and P22 in the storage solution, monodispersed virus suspensions with very 342 

narrow size distributions were always obtained after purification by the CsCl density gradient 343 

centrifugation.  Values of 𝑑ℎ as a function of pH for both bacteriophages with each purification 344 

method are shown in SM (Figure S5).  As pH decreased, severe aggregation of MS2 was 345 

observed in all sample preparations (SM, Figure S5a).  Larger aggregates (up to ~ 20 μm) were 346 

observed after PEG precipitation, while CsCl density gradient centrifugation and centrifugal 347 

diafiltration resulted in relatively small aggregates (4 to 6 μm).  In comparison with MS2, the 348 

largest P22 aggregates detected as pH decreased were ~ 4 µm with CsCl density gradient 349 

purification (SM, Figure S5b).  For measurements at pH 7.6, Tris-MgCl2 buffer was used as the 350 

background solution.  At this pH, the size distribution of P22 had a single narrow peak at ~ 70 351 

nm, close to the size measured in 1 mM NaCl at pH 5.5. In contrast, 𝑑ℎ for MS2 in Tris-MgCl2 352 

buffer, pH 7.6 depended on the choice of the purification method. MS2-broth-CsCl preparations 353 

had  𝑑ℎ of 29 nm, which was very close to the size obtained by TEM. MS2-broth-DF and MS2-354 

broth-PEG preparations, however, had 𝑑ℎ values of ~ 45 nm and ~ 59 nm, respectively.  These 355 

larger averages could be explained by impurities that may aggregate in the higher ionic strength 356 

(~ 25 mM) of the Tris-MgCl2 buffer.  The difference further underscores the advantage for CsCl 357 

density gradient centrifugation as the purification method. 358 

 359 

3.2.2 Effect of the purification method on the electrophoretic mobility measured for broth-360 

propagated MS2 and P22 stocks 361 

 362 

MS2 bacteriophage: electrophoretic mobility and IEP 363 

 364 

Figure 4b presents electrophoretic mobility, 𝜇, of MS2 as a function of pH.  In the storage 365 

solution, MS2 has electrophoretic mobility of -2.6 ± 0.1 µm·s-1·V-1·cm when purified by 366 

centrifugal diafiltration.  Dika et al. (Dika et al., 2011; Dika et al., 2013b) and Langlet et al. 367 

(Langlet et al., 2008a) reported similar MS2 electrophoretic mobilities in NaNO3 and at the same 368 

pH of 5.6 for MS2 purified by dialysis, a method closely related to diafiltration.  Regardless of 369 
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the purification method, a less negative electrophoretic mobility was recorded in the Tris-MgCl2 370 

buffer (pH 7.6); the difference can be attributed to electric double layer compression at the 371 

higher ionic strength of the buffer.  The IEP of MS2 was reported to range from 2.2 to 4.0 372 

depending on the solution chemistry (Michen and Graule, 2010).  In our study, IEP of MS2 was 373 

~ 3.6 for both MS2-broth-DF and MS2-broth-CsCl preparations in 1 mM NaCl; this value is in 374 

agreement with the results reported in other studies where MS2 was purified by similar methods 375 

(CsCl density gradient centrifugation (Penrod et al., 1995), diafiltration (Gutierrez et al., 2009), 376 

and dialysis (Dika et al., 2011)).  No significant differences in 𝜇 were observed for pH > 5.6 377 

among the three purification methods.  At lower pH values, MS2-broth-PEG had a lower value 378 

of 𝜇 than MS2 purified by the other two methods and, therefore, had a significantly lower IEP (~ 379 

2.9). 380 

 381 

P22 bacteriophage: electrophoretic mobility and IEP 382 

 383 

Figure 4d presents electrophoretic mobility, 𝜇, of P22 as a function of pH.  As was the case with 384 

MS2, regardless of the purification method, 𝜇, measured in Tris-MgCl2 (pH 7.6) was lower in 385 

magnitude than that in 1 mM NaCl (pH 5.5).  For P22-broth-DF and P22-broth-CsCl in 1 mM 386 

NaCl, the IEP of P22 was ~ 3.4, consistent with the IEP (3.3 to 3.4) measured by Fidalgo de 387 

Cortalezzi et al. for diafiltration-purified P22 in 15 mM NaCl (Fidalgo de Cortalezzi et al., 2014).  388 

In contrast to what was observed for MS2, the IEP of the P22-broth-PEG preparation was not 389 

lower but slightly higher (~ 3.7) than IEP values measured for P22-broth-CsCl and P22-broth-390 

DF.  The theoretical IEP of P22 calculated by ProtParam, an analysis software that calculates 391 

various physicochemical parameters for proteins was higher at ~ 5.0 (Parent et al., 2012).  For 392 

adenovirus, the theoretical IEP was also reported to be higher (5.2 to 5.6 (Mayer et al., 2015)) 393 

than the experimentally measured values (4.0 to 4.3 (Shi et al., 2016) , 3.5 to 4.0 (Wong et al., 394 

2012), 4.3 (Lu, Li, and Nguyen, 2016)).  The discrepancy may be due to a role of protein 395 

structure and viral genome, or to an interaction between the virus and other dissolved species in 396 

the virus stock.  Both of these factors may affect IEP of viruses and yet are unaccounted for in 397 

the theoretical determination of IEP. 398 

 399 

IEP shifts for PEG-purified bacteriophages: Possible reasons 400 

 401 

IEP shifts observed for PEG-purified bacteriophages may stem from PEG interactions with the 402 

virion.  A virus could be regarded as a permeable soft particle (Langlet et al., 2008b), with the 403 
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electrophoretic mobility partly dependent on the particle’s inner structure (i. e. genome and inner 404 

proteins). Having measured electrophoretic mobilities of intact MS2 and RNA-free MS2 at 405 

different ionic strengths, Dika et al. interpreted their results as stemming from the formation of a 406 

PEG coating on the MS2 capsid, which masked the inner structure of the bacteriophage and 407 

possibly reduced its permeability (Dika et al., 2013a). Such masking should make MS2 appear 408 

less negatively charged because of the low IEP value (~ 2.9) of the MS2 RNA (Dika et al., 2011; 409 

Langlet et al., 2008b)). Consistent with this interpretation, a higher IEP was measured in our 410 

study for P22-broth-PEG than for P22-broth-DF and P22-broth-CsCl.  The particle sizing data 411 

(10 nm increase in �̅�ℎ measured for P22-broth-PEG sample; see section 3.2) pointed to 412 

existence of an adsorbed layer on the P22 surface in P22-broth-PEG corroborating the above 413 

interpretation. 414 

 415 

As mentioned above, the decrease in permeability of PEG-purified MS2 should lead to an 416 

increase in its IEP.  Yet, in our study a lower IEP value was measured for MS2-broth-PEG than 417 

for MS2-broth-DF or MS2-broth-CsCl.  The result can be understood based on the particle size 418 

data, which presented no evidence of PEG adsorption to MS2 in MS2-broth-PEG samples.  419 

Post-treatment with chloroform likely removed the virus-associated PEG (see SM, section S2.2) 420 

and the internal structure of MS2 was not masked by the PEG coating and a increase in MS2 421 

IEP should not be expected.  422 

 423 

The observed decrease in MS2 IEP requires an explanation. The observation can still be 424 

rationalized in terms of changes in the internal permeability.  A neural polymer, PEG induces 425 

virion aggregation at lower pH (see SM, Figure S5a) while the aggregate structure affects 426 

hydrodynamic permeability and, therefore, electrokinetic properties of the aggregate (Langlet et 427 

al., 2008b). Homoaggregation of PEG-purified MS2 or its heteroaggregation with co-precipitated 428 

impurities should lead to a higher overall hydrodynamic permeability.  Indeed, much larger (~ 25 429 

μm) aggregates were detected at pH<4 in MS2-broth-PEG preparation than in MS2-broth-CsCl 430 

or MS2-broth-DF (< 6 μm) (see SM, Figure S5a). Higher phage permeability increased the role 431 

of RNA structure of MS2 in defining its electrokinetic behavior. The aggregation-induced 432 

increase in permeability can be a contributing factor in the IEP increase detected for PEG-433 

purified P22. Indeed, the size of P22 aggregates in P22-broth-PEG (up to 120 nm) was 434 

significantly smaller than in P22-broth-CsCl (~4 μm) and P22-broth-DF (~2.5 μm) samples.  435 

Smaller aggregate size should translate into smaller permeability and, therefore, smaller effect 436 
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of the internal virus structure on electrophoretic mobility. Because no published data could be 437 

found on the IEP on P22 DNA, in the P22 case the argument is purely speculative. 438 

 439 

3.3 Effects of the virus purification method on surface tension parameters and 440 

hydrophobicity of broth-propagated viruses: Tests with P22 bacteriophage 441 

 442 

We also evaluated the effect of the purification method on the values of surface tension 443 

components and the interfacial free energy (i.e. hydrophobicity) of P22.  For P22-broth-CsCl, 444 

these values were reported in our previous work and are used here for comparison (Pasco et 445 

al., 2014).  The apolar surface energy component (𝛾𝐿𝑊) was similar for all P22 preparations and 446 

was within the 41 to 43 mJ/m2 range (Table 2) typical for biological materials (van Oss, 2006).  447 

The purification procedure did have an effect on the polar surface energy components. For P22-448 

broth-CsCl, 𝛾− and 𝛾+ were 25.8 mJ/m2 and 0.06 mJ/m2, respectively, translating into the overall 449 

polar component, 𝛾𝐴𝐵 of 2.4 mJ/m2.  For P22-broth-PEG and P22-broth-DF, slightly negative 450 

values for √𝛾+ were obtained (~ -0.9 and ~ -0.5, respectively).  This may be explained by the 451 

presence of impurities that PEG precipitation and diafiltration failed to remove.   452 

 453 

Table 2: Measured contact angles, calculated surface energy parameters and free energy of 454 

interfacial interaction when immersed in water for broth-propagated P22 bacteriophage as a 455 

function of the purification method. 456 

# DIM = diiodomethane 457 

 458 

Virus properties 

Purification method 

CsCl density gradient 

centrifugation 

PEG 

precipitation 

Centrifugal 

diafiltration 

Contact angle 

with probe liquid (0) 

H2O 55 ± 2 44 ± 5 45 ± 3 

Glycerol 56 ± 6 65± 4 61 ± 4 

DIM# 34 ± 3 34 ± 6 37 ± 3 

Surface energy 

parameters 

𝛾𝐿𝑊 42.5 42.5 41.1 

𝛾+ 0.06 - - 

𝛾− 25.8 52.9 46.6 

𝛾𝐴𝐵 2.4 - - 

𝛾𝑇𝑂𝑇 44.9 42.5 41.1 

Free energy of interfacial interaction 

in water, Δ𝐺𝑣𝑤𝑣 (mJ/m2) 
-6.3 38.1 29.8 
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 459 

 460 

  

 461 

Figure 5: Recovery of broth-propagated (a) MS2 and (b) P22 bacteriophages after purification by three different methods. 462 
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Concentrated concomitantly with the virus these impurities would be present within the virus 463 

lawn leading to errors in contact angle measurements.  This interpretation is consistent with the 464 

lower average water contact angle and the higher glycerol contact angle on P22 lawn formed 465 

from P22-broth-PEG and P22-broth-DF than from P22-broth-CsCl.  Indeed, some of the 466 

potential impurities (e.g. PEG, DNA) are hydrophilic substances with a negligible 𝛾+ (van Oss, 467 

2006).   468 

 469 

Based on the surface tension data reported in our previous work (Shi et al., 2016) and other 470 

studies (van Oss, 2006), a very small value of  𝛾+ is also a common characteristic of non-471 

enveloped viruses so that even a small error in contact angle measurements could lead to √𝛾+ 472 

<0.  Accordingly, when calculating the interfacial free energy, Δ𝐺𝑣𝑤𝑣, (eq. (2)), for P22-broth-473 

PEG and P22-broth-DF, 𝛾+ was assumed to be negligible.  For P22-broth-CsCl, P22 was found 474 

to be hydrophobic (Δ𝐺𝑣𝑤𝑣 < 0) whereas for the other two methods Δ𝐺𝑣𝑤𝑣 was calculated to be 475 

positive indicating that P22 is hydrophilic.  The results indicate that purification methods could 476 

have a dramatic impact on the hydrophobicity of viruses in the purified stock. 477 

 478 

3.4 Effects of virus purification on virus recovery: Tests with MS2 and P22 479 

bacteriophages 480 

The optimal growth-purification sequence should yield a virus stock that is pure, high titer and 481 

with virus infectivity preserved.  High recovery of intact viruses is especially important in the 482 

biopharmaceutical industry (e. g. in vaccine manufacturing).  To evaluate virus loss during 483 

different purification procedures, we determined infectious virus recovery (for both MS2 and 484 

P22) as well as the total virus recovery (for P22 only).  As shown in Figure 5, no significant 485 

differences (𝑝 > 0.5) were observed between recoveries of infectious MS2 and infectious P22 486 

with either CsCl density gradient centrifugation (62 ± 6% vs 59 ± 4%) or centrifugal diafiltration 487 

(63 ± 6% vs 60 ± 8%).  Thus, at least for MS2 and P22, virus recovery during density-based or 488 

size based purification is not sensitive to the virus type; this may not hold for viruses that lose 489 

infectivity at high ionic strengths typical in density gradient separations (~ 2.8 to 4.9 M in this 490 

study).  At the same time, a significant difference (𝑝 < 0.01) was observed for the PEG 491 

precipitation method where infectious MS2 recovery was 69 ± 7% while infectious P22 recovery 492 
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was only 36 ± 9%.  The result is expected for a solubility-based purification process that 493 

depends on the interactions of the precipitating agent (in this case – PEG) with the virus. 494 

 495 

In addition to the recovery of infectious virus, the total virus recovery (i.e. recovery of genome 496 

copies) was also evaluated for P22.  For P22-broth-PEG and P22-broth-DF preparations, total 497 

P22 recoveries were 33 ± 3% and 59 ± 8%, respectively, the values that were not statistically 498 

different (𝑝 > 0.6 and 𝑝 > 0.8, respectively) from infectious P22 recoveries by the same 499 

methods.  This suggests that PEG precipitation and centrifugal diafiltration recover infectious 500 

P22 simultaneously with inactivated P22. In the CsCl density gradient centrifugation method, 501 

however, one can expect a difference in density between intact (infectious) virions and 502 

damaged (non-infectious) ones.  Indeed, our results with this method showed significantly (𝑝 < 503 

0.01) higher recovery (59 ± 4%) of the infectious P22 than of P22 genome copies (38 ± 3%). 504 

 505 

4. Discussion 506 

Experiments with MS2 (see section 3.1) showed that double agar overlay growth introduces 507 

difficult-to-remove impurities that confound results of physicochemical characterization of the 508 

virus.  Therefore, the selected purification methods were assessed with MS2 and P22 509 

propagated only in broth.  We compared the purification methods in terms of several criteria 510 

including: the narrowness of the particle size distribution in the virus stock; accuracy 511 

electrophoretic mobility, IEP and hydrophobicity determinations, total and infectious virus 512 

recoveries, as well as the approximate time and cost of each purification procedure (Table 3).  513 

TEM images of MS2 (Hooker, Kovacs, and Francis, 2004) and P22 (Pasco et al., 2014) 514 

provided guidance for evaluating size measurement results: the proximity of the average 515 

hydrodynamic diameter to the size expected based on TEM and the narrowness of the size 516 

distribution were considered when ranking the purification methods.  Because there is no 517 

“standard” reference data on the electrophoretic mobility, IEP, surface energies or 518 

hydrophobicity of viruses, the removal of impurities that interfere with measurements of these 519 

virus characteristics was assumed to correlate with the quality of the virus size data.  The 520 

reproducibility of IEP measurements was a secondary consideration responsible for differences 521 

between size- and charge-based rankings.  Time and cost demands of each purification method 522 

were qualitatively evaluated based on the laboratory-based purification protocols employed in 523 

this study. 524 
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 525 

Table 3. Ranking of the three purification methods applied to broth-propagated viruses. A higher 526 

mark corresponds to better performance. 527 

a The lower ranking is based on the shift in IEP for viruses purified the PEG precipitation. 

b The higher ranking is based on the match of the IEP values measured for viruses purified 

by centrifugal diafiltration and CsCl density gradient centrifugation. 

 528 

Criterion 

Method 

CsCl 𝝆 gradient 

centrifugation 

PEG 

precipitation 

Centrifugal 

diafiltration 

Narrow, monodisperse particle size 

distribution 
+++ ++ + 

Accurate determination of 

electrophoretic mobility, isoelectric 

point, and hydrophobicity 

+++ + a ++ b 

Recovery: total virus (genome copies) + + ++ 

Recovery: infectious virus ++ + ++ 

Rapid + + ++ 

Inexpensive + +++ ++ 

 529 

A survey of the presented data shows that in contrast to CsCl density gradient centrifugation 530 

and centrifugal diafiltration (density- and size- based purification methods, respectively), PEG 531 

precipitation (solubility based purification) affected size distribution, IEP and virus recovery 532 

differently for MS2 and P22.  Specifically, size distribution measured for MS2-broth-PEG was 533 

similar to that in MS2-broth-CsCl while P22-broth-PEG had higher 𝑑ℎ and much broader 534 

distribution than P22-broth-CsCl.  At pH < 4, large (up to ~ 25 μm) aggregates were observed in 535 

MS2-broth-PEG but very limited aggregation (~ 120 nm) was detected in P22-broth-PEG.  For 536 

MS2 a lower IEP (~ 2.9) was observed after PEG precipitation than in MS2-broth-CsCl and 537 

MS2-broth-DF (~ 3.6) while slightly higher IEP (~ 3.7) was measured for P22-broth-PEG in 538 

comparison with P22-broth-CsCl and P22-broth-DF (~ 3.4).  Finally, PEG precipitation gave 539 

significantly different (𝑝 < 0.01) recoveries for infectious P22 (69 ± 7%) and MS2 (36 ± 9%).  We 540 

hypothesize that solubility-based purification is generally virus-specific because of its 541 

dependence on interactions between the precipitating agent and the virus. 542 

 543 
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In summary, the highest purity virus stocks were produced by CsCl density gradient 544 

centrifugation, which consistently gave MS2 and P22 suspensions with single-band narrow size 545 

distribution.  In addition to high purity, CsCl density gradient centrifugation recovers infectious 546 

MS2 and P22 at least as efficiently as the other two purification methods and appears to select 547 

for intact virions (~ 59 ± 4% recovery of infectious P22) over damaged ones (~ 38 ± 3% 548 

recovery of total P22 genome copies).  PEG precipitation and diafiltration may be appropriate 549 

choices when some amount of residual impurities is acceptable. In comparison to the other two 550 

purification methods, PEG precipitation reduced the IEP for MS2 and slightly increased the IEP 551 

for P22; the shifts were tentatively attributed to a finite permeability of the virus/residual PEG 552 

aggregates.  PEG precipitation is, however, inexpensive and very simple to implement; as such, 553 

it may be the best method for applications where the remnant PEG is not a concern (e.g. due to 554 

its biological inertness).  Centrifugal diafiltration gave size and electrophoretic mobility data of 555 

quality close to that obtained with CsCl density gradient centrifugation, but with a much broader 556 

size distribution.  Compared with the other two methods, the main advantages of diafiltration are 557 

speed and high recovery of both infectious and total virus. 558 

 559 

5. Conclusions 560 

 561 

The study evaluated two virus propagation methods (in broth and on double agar overlay) and 562 

three purification procedures (CsCl density gradient centrifugation, PEG precipitation, and 563 

centrifugal diafiltration) in terms of their impact on the properties of resulting virus stocks.  The 564 

results of the physicochemical characterization of MS2 and P22 bacteriophages were found to 565 

depend on the choice of propagation and purification methods.  Particle sizing and 566 

electrophoretic mobility data for MS2 indicated that double agar overlay growth introduces 567 

difficult-to-remove impurities that confound virus size, electrophoretic mobility, and surface 568 

energy measurements.  Specifically, agar-propagated MS2 stock purified by PEG precipitation 569 

or centrifugal diafiltration (100 kDa) included large (~ 0.4 to 0.5 μm) aggregates that persisted 570 

through multiple cycles of post-filtration with a 0.1 μm nominal pore size membrane.  Further, 571 

the isoelectric point of MS2 in this preparation could not be determined as the bacteriophage 572 

remained electronegative even at pH 1.4.  CsCl density gradient centrifugation could remove 573 

most impurities but still gave a relatively broad MS2 size distribution. Regardless of the 574 

purification method, such interferences were not observed for MS2 propagated in E. coli broth.  575 
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Accordingly, the degree of bacteriophage purity achievable with each of the three purification 576 

methods was compared based on the data for MS2 and P22 propagated only in broth media.   577 

 578 

CsCl density gradient centrifugation produced virus suspensions of highest quality.  The 579 

impurities remaining in the virus suspension after PEG precipitation and centrifugal diafiltration 580 

broadened the size distribution and interfered with either electrophoretic mobility measurements 581 

or hydrophobicity characterization or both.  The impact on the free energy of virus-virus 582 

interfacial interaction determination was especially dramatic with P22 bacteriophage appearing 583 

hydrophilic in the presence of impurities and hydrophobic in better purified stocks. The three 584 

purification methods yielded similar recovery of infectious MS2 (60% to 70%). PEG precipitation, 585 

a solubility-based method, recovered P22 with a lower efficiency of ~ 36%, which was attributed 586 

to differences in PEG interactions with MS2 and P22.  Comparison of total and infections P22 587 

recoveries showed that CsCl density gradient centrifugation selected for intact P22 virions over 588 

damaged one.  Ultimately, the choice of the optimal purification procedure is a matter of tradeoff 589 

and should be made based on the intended application.  In making the selection, the demands 590 

for product quantity and quality (e.g. virus concentration and infectivity, tolerance for residual 591 

impurities) should be weighed against practical considerations such as the time and cost of 592 

virus purification. 593 
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