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Abstract

Understanding of the colloidal interactions of Norovirus particles in aqueous medium could 

provide insights on the origins of the notorious stability and infectivity of these widespread viral 

agents. We characterized the effects of solution pH and surfactant type and concentration on the 

aggregation, dispersion, and disassembly of Norovirus virus-like particles (VLPs) using dynamic 

light scattering, electrophoretic light scattering, and transmission electron microscopy. Owing to 

net negative surface charge of the VLPs at neutral pH, low concentrations of cationic surfactant 

tend to aggregate the VLPs, whereas low concentrations of anionic surfactant tend to disperse the 

particles. Increasing the concentration of these surfactants beyond their critical micelle 

concentration leads to virus capsid disassembly and breakdown of aggregates. Non-ionic 

surfactants, however, had little effect on virus interactions and likely stabilized them additionally 

in suspension. The data were interpreted on the basis of simple models for surfactant binding and 

re-charging of the virus capsid. We used zeta potential data to characterize virus surface charge 

and interpret the mechanisms behind these demonstrated surfactant-virus interactions. The 

fundamental understanding and control of these interactions will aid in practical formulations for 

virus inactivation and removal from contaminated surfaces.

Introduction

We report and analyze data on the colloidal interactions of Noroviruses as soft nanoparticles 

in water using common colloidal characterization techniques such as dynamic light 

scattering (DLS) and transmission electron microscopy (TEM). The colloidal state of virus 

particles under various conditions is an aspect of virus behavior that complicates 

disinfection,1 so we have investigated the behavior of Norovirus-like particles in the 

presence of different classes of surfactants. Norovirus poses a major threat to public health 

and is also considered a potential bioterrorism hazard due to the acute and debilitating 

symptoms of infection.2 Noroviruses are composed of a protein capsid that encases a single-

stranded RNA core. 180 major capsid proteins (VP1) form dimers, which then assemble into 

a T=3 icosahedron ranging between 30–38 nm in diameter.3,4 As a gastroenteric virus, 

Norovirus is stable in nature at a wide range of pH levels and therefore can be present as 

dispersed particles or aggregates with varying sizes.5 Norovirus also has astounding 

persistence with the ability to withstand a wide range of temperatures, pH levels, and 
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chemical treatments in the environment.6 It can remain on dry surfaces for weeks without 

losing significant infectivity.7 Because of the extreme resistance properties that Noroviruses 

possess, they fail to respond to neutralizing methods effective against most other 

pathogens.8–11 Norovirus requires more potent disinfection strategies and longer contact 

times in comparison to other foodborne pathogens.12 Studies have shown that virus 

aggregates help sustain and may even enhance infectivity by shielding viruses on the inside 

of aggregates from virucidal treatments.13,14 Virus aggregation at different pH values and 

ionic strengths has been well documented in relation to membrane filtration processes,15–18 

but less research has been conducted to elucidate the impact of surfactant type and 

concentration on virus particle aggregation and subsequent deactivation.19–21

Virus-like particles (VLPs) are a useful alternative to viable Noroviruses for studying 

particle surface properties and interactions.22,23 During their preparation, Norovirus major 

capsid protein is produced in a separate expression vector and spontaneously assembles into 

the virus capsid structure without infectious RNA inside.3,22 Because the VLPs lack internal 

RNA that can contribute to particle stability and interactions, VLPs have not been 

considered as suitable substitutes for viable viruses in disinfection studies.24 It has been 

shown that the method used to purify viruses and VLPs also has an impact on virus-virus 

interactions.25,26 Instead VLPs may be used as predictors of virus capsid interactions in the 

presence of differing solution chemistries and possible vaccine agents.27,28 Norovirus VLPs 

have been used to study conformational capsid changes that facilitate disassembly over a 

range of pH levels and temperatures,23, 29–32 and virus surface charge has been previously 

shown to govern particle behavior.33 The assembly and disassembly of Norovirus VLPs has 

been shown to mostly involve stable protein dimers, intermediates containing about 11 

dimers, and complete capsids composed of 90 dimers.34 The P domain of the major capsid 

protein, which forms protrusions on the capsid, is involved in the interactions that form 

stable dimers, and the S domain is involved in the interactions between dimers to form the 

icosahedral structure.35 The capsid protrusions may contribute to VLP stability by adding 

rigidity to the particles.36

Because the outermost layer of Norovirus is the protein capsid, its aggregation behavior will 

have similarities to that of general proteins. Protein interactions are complex and can be 

influenced by electrostatic double-layer forces, van der Waals forces, hydration, and steric 

forces.37 The complexity of protein interactions arises from the characteristic and diverse 

amino acid compositions that produce hydrophobic, hydrophilic, anionic, and cationic 

regions on the protein.38 Slight differences in the sequences of the virus capsid proteins 

result in perceptible differences in virus susceptibility to certain disinfectants,39 so 

understanding virus surface properties is especially important. The factors and interactions 

related to protein aggregation have been extensively investigated40 as they have relevance to 

food processing41 and drug development and delivery.42,43 We use this knowledge and 

similar experimental techniques to characterize virus aggregation and dispersion.44 

Electrostatic interactions in water medium strongly influence general colloidal particle 

behavior, including that of viruses. Non-enveloped viruses have been extensively modeled as 

soft, porous colloids45,46 with three shells of charge density, including the protein capsid, 

capsid-bound RNA, and free RNA.47,48 Because of the porosity of some virus capsids, the 

charge of internal RNA has a significant effect on their apparent isoelectric point and 
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therefore would also influence virus stability and binding behavior. Capsid porosity 

complicates the use of zeta potential as a means of describing particle surface charge even in 

the absence of internal RNA.47 Here we use zeta potential data to evaluate the effect of 

surfactant-altered apparent capsid charge on Norovirus capsid aggregation, dispersion, and 

disassembly.

Naturally-occurring surface-active molecules such as proteins that behave as surfactants49 

and saponins50 have been shown to exhibit significant bactericidal and virucidal behavior. 

These surfactants provide motivation to study the interactions between virus particles and 

various classes of surfactants to elucidate possible mechanisms of deactivation or 

stabilization. Surfactants concentrated above their critical micelle concentration (CMC) in 

aqueous solution form micellar aggregates, which can vary depending on the molecular and 

electrolytic solvent environment. Surfactant binding to folded or unfolded proteins can 

influence micelle formation by the development of surfactant-protein structures in addition 

to free micelles.51,52 Some micelles have the ability to entrap and solubilize other molecules 

or particles.53 Bound surfactants can modify the apparent surface charge of nanoparticles54 

and therefore influence the interactions and aggregation of these particles in solution. 

Because proteins are electrostatically diverse and possess hydrophobic, hydrophilic, anionic, 

and cationic regions, they can bind both anionic and cationic surfactants strongly. 

Surfactants with charged head groups can alter the effective surface charge of surfaces or 

particles by shielding opposite charges or adding charge to a hydrophobic site.55 The high 

surface activity of surfactants allows them to dictate protein stability and interactions.

We use Norovirus VLPs as a model system of specific practical relevance to study 

surfactant-imposed colloidal interactions of virus capsids. These VLPs are from a GII.4 

Houston strain (Houston/TCH186/02) of Norovirus that has not yet been characterized by 

crystallography. The diameter of the VLPs is assumed to be close to that of the GI.1 

Norwalk strain, which has been characterized at 38.0 nm in diameter.3 The intact virus strain 

contains a genome 7559 base pairs in length and is infectious to humans.56 We selected one 

common and widespread anionic, cationic, and nonionic surfactant to represent each 

surfactant type. We used sodium dodecyl sulfate (SDS) as an anionic surfactant because of 

its common use in hand soaps, dish detergents, and other household products. We selected 

cetyltrimethylammonium bromide (CTAB) as a cationic surfactant because of its use as an 

antimicrobial in many cleaning products. The nonionic surfactant was Tween 20 

(polysorbate 20), which is extensively used in many processed food and drink products 

(which eventually may also be carriers for Noroviruses). For varying concentrations of each 

of these surfactants, we use DLS to determine the sizes of particles in solution and analyze 

each peak of intensity distributions to represent either virus aggregates, dispersed viruses, or 

disassembled virus capsids. We then present electrophoretic light scattering (ELS) data and 

compare it to the theoretically calculated capsid charges to explain the mechanisms behind 

each observed colloidal behavior. Finally, we confirm the presence of VLP aggregation, 

dispersion, and disassembly with TEM images and describe the impact that each behavior 

makes on virus infectivity, persistence, and disinfection.
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Results and discussion

Dynamic light scattering (DLS) characterization of virus aggregation state at varying pH

We used DLS to measure the size of particles present in VLP suspensions in phosphate-

buffered saline (PBS). The VLPs concentration was fixed, while pH, surfactant type, and 

surfactant concentration were varied. For the surfactant effect studies, SDS, CTAB, and 

Tween 20 were each added individually at concentrations ranging from 0.01% to 0.5% by 

weight. All of the suspensions containing surfactant were produced at pH 7.4. These data 

were used to determine whether the VLPs were aggregated, dispersed, or disassembled at 

each pH or surfactant concentration. We also used ELS to measure the zeta potential of 

particles present in VLP suspensions with varying pH and surfactant concentrations below 

0.05%. Micelles would interfere with the measurement of VLP zeta potential, so higher 

surfactant concentrations were excluded. These data were used to correlate the electrostatic 

properties of the particles with their interactions observed by DLS. Finally, we used TEM to 

view aggregated, dispersed, or disassembled VLPs under selected surfactant conditions.

DLS data can be represented as intensity, volume, or number distributions of the particle 

size. We determined that with the concentration of VLPs and surfactants used, the intensity 

distribution gives an accurate representation of the relative amount of dispersed or 

aggregated VLPs remaining in solution after each treatment. For the intensity of scattered 

light, I~r6, so a VLP that is 40 nm in diameter will scatter about 90,000 times more light 

than a micelle or protein that is 6 nm in diameter. For our VLP and surfactant mixtures, all 

DLS data are presented as plots of the intensity distributions because the concentration of 

surfactant micelles in solution is high enough to scatter light proportional to the amount 

scattered by dispersed VLPs or aggregates. Micelles would be the only particles represented 

in a volume distribution, where V~r3. Details of these calculations are presented in Methods. 

The corresponding DLS correlation function data are presented in the Supplementary 

Information.

Because the capsid protein dimers are very similar in size to surfactant micelles, the proteins 

and micelles overlap in the same peak in the intensity distributions. Therefore these peaks 

cannot be used to determine the relative amounts of capsid protein dimers produced from 

VLPs by each treatment. Instead we evaluate the presence or absence of peaks attributed to 

dispersed or aggregated VLPs to determine the efficacy of each additive to disrupt the 

particles. Also, because most samples in this study are polydisperse, the algorithms used by 

the DLS software to determine exact particle size are not precise. The same particle may be 

reported by the software as slightly different in size in separate measurements. We therefore 

use ranges of particle sizes to define three categories of peaks in the DLS distributions 

presented here. A peak in the region of 5–10 nm most likely arises from surfactant micelles, 

capsid protein dimers, or both; a peak in the region of 30–70 nm represents disperse VLPs; 

and a peak above 100 nm indicates the presence of VLP aggregates. The data shown in Fig. 

1 demonstrate that the VLPs are well dispersed at low and high pH, while aggregation is 

prevalent at pH values close to the isoelectric point of the capsid proteins (pH~4.5). Some 

aggregation is present at neutral pH due to lower magnitude of surface charge compared to 

low pH. This slight aggregation accounts for broader peaks for mostly dispersed viruses at 
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70–80 nm. We analyze further these observations in terms of protein charge and aggregation 

state after presenting the effects of surfactants on VLP interactions.

Norovirus integrity and aggregation in the presence of nonionic, cationic, and anionic 
surfactants

The behavior of VLPs at varying concentrations of added nonionic surfactant, Tween 20, is 

shown in Fig. 2. The nonionic surfactant shows little impact on the state of the virus in 

suspension. A peak indicating the presence of dispersed VLPs exists for each concentration 

used, and no significant amounts of aggregated VLPs are present. A peak indicating the 

presence of a micelle or capsid protein dimer emerges at all Tween 20 concentrations greater 

than 0.05%. However the addition of cationic surfactant, CTAB, had a large effect on VLP 

behavior, stability, and integrity as shown by the DLS data in Fig. 3. These data indicate 

much more vigorous and diverse effects induced by this surfactant. Peaks representing 

particle aggregates are present at all concentrations below 0.5%, and peaks indicating the 

presence of surfactant micelles and/or capsid protein dimers are observed at all 

concentrations above 0.01%. Peaks representing dispersed viruses are observed at 

intermediate CTAB concentrations of 0.05% and 0.1%. Finally, the data for VLP behavior in 

the presence of varying concentrations of the anionic surfactant, SDS, are plotted in Fig. 4. 

Peaks representing the dispersed virus are present at all concentrations below 0.5%, and 

micelle or capsid protein dimer peaks are present at all concentrations above 0.01%. 

Significant aggregate peaks appear at concentrations of 0.05% and 0.1%, which reduce to a 

small aggregate peak at 0.5%.

These data reveal multiple mechanisms behind the action of these surfactants on the virus 

dispersions. Norovirus VLPs behave similarly at all concentrations of Tween 20 studied, 

with a distinct peak representing intact and dispersed particles at each concentration. The 

critical micelle concentration (CMC) of Tween-20 is 0.005%,57 and a micelle or protein 

peak is observed above 0.01%. This discrepancy is probably due to the low concentration of 

micelles at CMC. The peak of species of diameter < 10 nm most likely represents only 

surfactant micelles because the peak representing dispersed viruses is present consistently at 

all concentrations and does not appear to be reduced due to virus loss by capsid disassembly. 

Even at high concentrations, Tween 20 does not appear to disassemble Norovirus VLPs and 

may even serve to stabilize them in a well-dispersed, single-virus form.

CTAB has a different effect on VLPs depending on its concentration. Aggregates are present 

at low concentrations because of heterocoagulation between the surfactant molecules and 

VLPs. The CMC of CTAB in PBS has been measured at 0.034 wt%.58 At surfactant 

concentrations above CMC, we observe the appearance of a peak in intensity indicating the 

presence of micelles or capsid protein dimers. The disappearance of both dispersed VLP 

peaks and aggregate peaks at high concentrations of CTAB indicates that this cationic 

surfactant can disassemble the VLPs above its CMC. This VLP disassembly suggests that 

CTAB micelles have the ability to disrupt interactions between proteins within the capsid 

structure and solubilize capsid protein dimers. It is likely that the surfactant molecules 

assemble around the protein dimers to form a larger micelle-like structure including the 

dimers. During this de facto solubilization process, the capsid proteins may partially unfold 
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and reveal more hydrophobic regions. As the concentration of CTAB micelles increases, 

more VLPs and VLP aggregates are broken apart and solubilized. The appearance of 

dispersed VLP peaks above CTAB CMC may be attributed to full capsid recharging and 

electrostatic repulsion between positively charged virus particles with adsorbed CTAB 

molecules, which we discuss further in the next section.

The anionic surfactant, SDS, also has a distinctly varying effect on VLPs depending on its 

concentration. SDS adsorption to the capsid surface will increase the apparent magnitude of 

the VLP net negative surface charge by binding to cationic areas on the surface, which 

causes increased electrostatic repulsion and dispersion at low concentration. The intensity 

peaks for particles of large diameter seen at SDS concentrations greater than 0.01% may 

represent aggregates that form as partially unfolded capsid proteins with exposed 

hydrophobic regions stick together. The CMC of SDS in pure PBS is about 0.13%,58 and the 

peak for particles of diameter 5–10 nm is detected at 0.1% SDS. Therefore this peak most 

likely represents dimerized proteins from disassembled capsids. VLPs in solution may also 

alter the CMC of SDS, so micelles may form at lower concentration than in pure PBS. A 

lower CMC would enable virus disassembly and capsid protein solubilization at a lower 

SDS concentration than expected.

We observed that the nonionic surfactant, Tween 20, induced VLPs stabilization at all 

concentrations studied. Many processed food products contain Tween 20 (polysorbate 20) as 

an emulsifier or stabilizer, so the results lead to the unexpected conclusions that common 

food additives similar to Tween 20 may actually contribute to the persistence of Noroviruses 

and perhaps other foodborne viral pathogens. Norovirus VLPs have potential use as 

vaccines, so these results indicate why nonionic surfactants such as Tween 20 could also be 

successful candidates for nontoxic vaccine excipients.27 Conversely, both charged 

surfactants studied were able to disassemble VLPs at high concentration and solubilize them 

in surfactant micelles. These strong ionic surfactants are therefore good candidates for virus 

cleaners and disinfectants. Their differences in behavior at low concentration need to be 

considered in the context of specific applications and are discussed in more detail in 

subsequent sections.

Evaluation of the electrostatic interaction contributions to virus dispersion state

The data for the aggregation state of VLPs at varying pH and surfactant concentrations point 

out that many of the observed effects are a result of the charging of the capsids and their 

electrostatic interactions in water medium. To interpret the results we evaluated the capsid 

charge on the basis of its peptide sequence and dissociation properties. The capsid surface 

charge of the VLPs was calculated based on the number of charged amino acids within the 

capsid protein and their respective pKa
59 values using a modification of the Henderson-

Hasselbach equation.

(1)
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In eqn (1), the summation in the first term is done over the number of negatively charged 

residues of different types, niA, and the second term accounts for the sum of the pH-

dependent positively charged residues, niB. The pH at which this charge equals zero is the 

theoretical isoelectric point (pI) for the virus capsid. Above the pI, the capsid has a net 

negative charge due to a higher number of negatively charged amino acids, and below the pI 

the capsid has a net positive charge due to a higher number of positively charged amino 

acids. The above formula provides a reasonable estimate of the protein charge and 

interactions in solution.40, 59

Significant changes in surface charge of proteins and colloids can be induced by altering the 

solution pH or adding charged surfactant. The theoretical capsid charge as a function of pH 

shown in Fig. 5(a) proves that the Norovirus capsids have a net negative surface charge at 

low pH, and a net positive surface charge at high pH. This theoretical capsid charge curve 

predicts that the isoelectric point of the major capsid protein is around 4.5. We see a similar 

trend in the calculated capsid charge, which is determined from measured zeta potential and 

also shown in Fig. 5(a). We converted zeta potential to capsid charge using the Grahame 

equation,53

(2)

where σ is the surface charge density, ε0 represents vacuum permittivity, ε represents the 

relative permittivity of water, k is the Boltzmann constant, T the temperature, and ρi 

represents the ion density. Ion density is defined by a Boltzmann distribution,53

(3)

where ρ0i represents the density of ion i at the VLP surface, ρ∞i represents the density of ion 

i in the bulk liquid, zi represents the valence of ion i, e represents the electron charge, and ψ0 

represents the VLP surface potential. The zeta potential equals the surface potential when 

the slipping plane is located at the particle surface, but this potential is often used as an 

approximation of surface potential as it can be easily measured.60 For simplicity and 

because we are mainly interested in trends in surface charge as a function of pH and 

surfactant concentration, we approximated the VLP surface potential in eqn (3) with the 

measured zeta potential. These data suggest that the isoelectric point of the VLPs is about 

4.9. Calculated and theoretical capsid charges differ by approximately an order of magnitude 

likely due to assumptions in the model that the surfaces of the particles are hard spheres. 

Norovirus particles have protrusions and are slightly porous, so they will not precisely 

follow DLVO theory. Also, theoretical capsid charge is calculated for the entire capsid 

protein, much of which is not part of the exposed surface, and thus is likely overestimated. 

By comparing these capsid charge trends with the diameter of particles as a function of pH 

as shown in Fig. 5(b), it is straightforward to correlate the capsid charge to the VLP 

aggregation. Net capsid charge is lowest in magnitude, and the measured size is highest 
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(obviously resulting from virus aggregation) around the isoelectric point. Net capsid charge 

is highest in magnitude, and the measured particle size is closest to that of individual VLPs 

farther away from the isoelectric point. These observations indicate that high capsid charge 

facilitates electrostatic repulsion between particles that results in dispersed VLPs, and low 

capsid charge reduces electrostatic repulsion between particles that results in VLP 

aggregation by van der Waals and hydrophobic attraction. Thus, the VLPs exhibit a behavior 

common to many colloidal particles and their behavior and stability can be conveniently 

interpreted on this basis.

We now apply colloidal fundamentals in interpreting how the apparent capsid charge of the 

VLPs is altered by the addition of charged surfactant. To demonstrate charged surfactant 

adsorption onto the capsid surface, we measured the zeta potential of VLPs in the presence 

of different concentrations of CTAB or SDS. We converted this zeta potential into charge 

density using eqns (2) and (3), then interpreted the difference between the charge density at 

each surfactant concentration and the charge density without surfactant as the number of 

charges that were added as a result of surfactant adsorption. Surfactant molecules that adsorb 

could add a charge or neutralize an opposite charge on the capsid. Both mechanisms result in 

a loss of one net surface charge. Therefore we assumed that each charge added or subtracted 

corresponds to the adsorption of one surfactant molecule.

The estimated amount of charged surfactant adsorbed onto VLPs as a function of surfactant 

concentration is shown in Fig. 6. The addition of oppositely-charged surfactant, CTAB, 

reduces the magnitude of the zeta potential at low concentration. At concentrations higher 

than about 0.005%, the amount of CTAB adsorbed on the VLPs is high enough to reverse 

the sign of the apparent capsid zeta potential. We fit the adsorption data of CTAB onto the 

VLP surfaces with a simple Langmuir-type adsorption isotherm,

(4)

where Γ represents mass adsorbed per area, Γmax represents mass adsorbed per unit area at 

saturation, kads represents the adsorption constant, and C represents the surfactant 

concentration in the bulk liquid. We used the surface area of a sphere of diameter 35 nm to 

approximate the available surface area for surfactant adsorption on the capsid. Because 

CTAB has positive charge and the capsid has a net negative charge at pH 7.2, the magnitude 

of the surface charge density first decreases with CTAB adsorption, then increases as the 

surface becomes saturated. These surfactant-induced changes in VLP surface charge could 

well describe the particle behaviors shown in Fig. 3. The decrease in magnitude of apparent 

capsid charge at low CTAB concentration explains the presence of large particle aggregates 

observed in Fig. 3. As the CTAB concentration is increased, we begin to observe the 

presence of dispersed particles. An increase in magnitude of the effective positive surface 

charge by more CTAB adsorption likely enables this re-dispersion process.

The charge shift data for SDS plotted in Fig. 6 indicate a much weaker adsorption likely 

resulting from hydrophobic interactions (as the SDS has the same sign of charge as the 
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capsid). We used a linear adsorption isotherm (eqn (5)) to model the binding of some SDS 

molecules onto the VLP surface.

(5)

A linear isotherm describes systems where the adsorbent has low affinity for the surface or 

where the concentration of adsorbent is low. We assumed that the affinity of SDS for the 

VLP surface is low at pH 7.2 because the capsid already has a net negative surface charge. 

Due to micellization, SDS concentrations in the bulk liquid may never become high enough 

to reach high surface adsorption density. Even low SDS adsorption to the VLP surface 

causes an increase in magnitude of apparent surface charge. Particle dispersion at low SDS 

concentration shown in Fig. 4 is facilitated by electrostatic repulsion resulting from this 

increased magnitude of apparent surface charge. Finally, adsorption data for Tween 20 are 

not included because the addition of nonionic surfactant does not induce a significant change 

in measured zeta potential and apparent surface charge.

Overall, the data prove that many of the aqueous VLP interactions reported here depend on 

the apparent surface charge of the virus capsids. As we observed while varying pH 

variations and adding charged surfactant, virus aggregation tends to occur where the 

magnitude of surface charge is low, and conversely, virus dispersion is facilitated by a high 

magnitude of capsid surface charge and resultant electrostatic repulsion. A decrease in 

magnitude of the apparent surface charge suppresses the electrostatic repulsion between the 

dispersed virus particles in solution and subsequently enables their aggregation. Surfactant 

adsorption to the VLP surface can have multiple origins. For charged surfactants, the head 

group can bind to an opposite charge on the capsid surface. This mode of adsorption implies 

a fixed number of surfactant binding sites on the capsid at each pH, which will result in 

charge neutralization at the right (typically very low) surfactant concentration. In addition, 

for all classes of surfactant, the hydrophobic tail can adsorb to hydrophobic regions on the 

capsid surface. This type of adsorption does not imply a fixed number of binding sites and 

will result in additional charges on the surface in the case of charged surfactants. The head 

groups of all classes of surfactants can also bind to polar regions on the capsid surface, or 

any combination of these modes of adsorption can occur. We also obtained data on the 

combined effects of pH and surfactant, which illustrate complex, but expected trends, and 

are briefly introduced in Figs. S2 and S3 of the Supplementary Information.

We could also observe directly these patterns of VLP behaviors using electron microscopy. 

TEM images of each type of system mentioned above are shown in Fig. 7. Dispersed VLPs 

without surfactant are shown in Fig. 7(a), and intact VLPs in the presence of a low 

concentration of SDS are shown in Fig. 7(b). A low concentration of CTAB induces the 

formation of large aggregates ranging from about 0.2 to 1 μm in size formed by intact 

capsids, which are illustrated in Fig 7(c). These aggregates are separated by areas free of any 

single VLPs. At high SDS concentration VLP disassembly occurs, and intact capsids are no 

longer distinguishable, as seen in Fig. 7(d). The three potential mechanisms observed after 

surfactant addition to VLP solutions are summarized in Fig. 8. These mechanisms include 
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capsid disassembly due to protein dimer solubilization in surfactant micelles, capsid 

recharging by surfactant adsorption leading to VLP aggregation, and capsid recharging by 

surfactant adsorption leading to VLP dispersion and possible blocking of binding receptors. 

We discuss the biological implications of these results in the next section.

General discussion and conclusions

Based on our results evaluating the aggregation state of Norovirus VLPs in the presence of 

different classes of surfactants, we conclude that positively-charged surfactants at low 

concentrations reduce the magnitude of the apparent capsid surface charge enough to induce 

particle aggregation for capsids with a net negative surface charge. Negatively-charged 

surfactants at low concentrations increase the magnitude of the apparent capsid surface 

charge and enhance electrostatic repulsion between the particles. As the concentration of 

charged surfactant is increased beyond its CMC, the micelles can solubilize capsid protein 

dimers and therefore disassemble the capsid structure. Thus the surfactants are efficient in 

disrupting the virus structure only above their CMC, an important finding that should be 

taken into account when formulating virus cleaning and disinfectant systems with 

surfactants. Surfactant micellization results in the ability of strong surfactants to disrupt 

interactions between virus capsid proteins and solubilize individual proteins or dimers. Mild 

nonionic surfactants can slightly increase repulsion between particles, reducing aggregation 

and adsorption to surfaces. As mild nonionic surfactants are commonly used in stabilizing 

food and drink products, our data suggest that their addition to such products may have the 

undesired potential consequence of stabilizing virus contaminants as well.

The insights on colloidal stability of viruses may also have importance to understanding 

their biological activity (Fig. 8). We hypothesize that the changes in the virus charge and 

aggregation could have a profound effect on virus infectivity. Virus particle disassembly by 

surfactant is likely to lead to complete loss of infectivity, which can also be severely 

disrupted by the dramatic apparent surface charge alteration and aggregation caused by ionic 

surfactant. Low concentrations of ionic surfactants (below CMC) are likely to disrupt the 

virus infectivity much less, while low to moderate amounts of mild nonionic surfactants 

such as Tween 20 are even likely to enhance virus dispersivity, while potentially increasing 

their infectivity to some extent. It should be noted, however, that the data reported here are 

obtained with reconstituted virus capsids, which are likely to be less stable than the native 

RNA-containing virus assemblies. While the charge and aggregation state of real 

Noroviruses are likely to be similar to the ones reported here, the natural virus particles may 

be more stable against surfactant-driven disassembly, contributing to the notoriously large 

ability for Norovirus to withstand cleanup and disinfection efforts.

The colloidal behavior of Norovirus revealed here should be considered when formulating 

disinfectants and cleaning agents. The types and concentrations of surfactants used to 

enhance rinsing of produce should be evaluated with regards to their CMC to determine the 

optimum concentration for a dispersion state that promotes effective Norovirus clearing. 

Dispersion state can also influence disinfectant efficiency, so surfactant selection based on 

colloidal interactions is important in maximizing the accessibility of virucides to virus 

particles. Capsid recharging by surfactants is also important in evaluating the effectiveness 
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of water membrane filtration processes. Surfactant adsorption may enhance the long-range 

dispersion of Noroviruses by protecting them from damage through the reversible formation 

of aggregates or enhancing particle stability through increased dispersion.

Overall, the characterization of the colloidal interactions, dispersion state, and integrity of 

the virus particles may provide valuable data in understanding pathogenicity trends and 

aiding in the development of strategies to prevent virus spread. Characterizing Norovirus 

behavior is especially important due to its unique resiliency in many different chemical 

environments. It appears that simple adjustments in the pH, salt conditions, and addition of 

common surfactants to cleaning and antiviral products can assist in preventing outbreaks and 

treating Norovirus as an infectious agent.

Experimental

VLPs and surfactants

All experiments were carried out with Houston Norovirus VLPs from genogroup GII.4. The 

VLPs were provided courtesy of R. Atmar (Baylor College of Medicine, Houston, TX). 

Sodium dodecyl sulfate (SDS, Sigma Aldrich), cetyltrimethylammonium bromide (CTAB, 

Sigma Aldrich, St. Louis, MO), and Tween 20 (Sigma Aldrich, St. Louis, MO) were used as 

surfactant additives. Unless otherwise indicated, all experiments were performed in 0.01 M 

PBS prepared by adding a PBS tablet (Sigma Aldrich, St. Louis, MO) to deionized water. 

pH adjustments were achieved by adding small aliquots of 0.1 M sodium hydroxide (Fisher 

Scientific, Pittsburgh, PA) or hydrochloric acid (Acros Chemical, Pittsburgh, PA).

TEM Images

For viewing under TEM, 100 μg ml−1 Norovirus VLPs in 0.15 M NaCl (Sigma Aldrich, St. 

Louis, MO) containing various surfactant concentrations were adsorbed onto nickel grids 

with a carbon support film (Ladd Research, Williston, VT). A droplet of VLP solution was 

applied to each grid for 2 minutes to allow for adsorption. Excess liquid was then removed, 

followed by 5–10 seconds of negative staining with 2% uranyl acetate. For the images in 

Fig. 7, the grid-mounted samples were imaged by field emission TEM using a 2010F 

S/TEM (JEOL, Tokyo, Japan) at 200 kV. For the images in Fig. 8, the grids were imaged by 

conventional TEM using a 2000FX S/TEM (JEOL, Tokyo, Japan) at 200 kV.

DLS measurements

Protein, micelle, VLP, and aggregate sizes were determined by DLS. VLPs were added to 

small volume cuvettes (40–70 ul) containing various surfactant concentrations in PBS to a 

final VLP concentration of 10 μg ml−1. After 30 minutes incubation at room temperature, 

each sample was measured in triplicate using a Zetasizer Nano ZS (Malvern Instruments) 

with a 10 mW He-Ne laser at 633 nm and a photodiode located 173° from the incident laser 

beam. Zetasizer software calculated a size distribution of particles in each sample from light 

scattering intensity data. Representative graphs of these size distributions for each surfactant 

conditions are presented. At least 3 replicates of measurements at each surfactant condition 

were obtained.
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Using the CMC and aggregation number61 of each surfactant and eqn (6), we calculated the 

number of micelles at each surfactant concentration:

(6)

where M = micelle concentration, Cs= total molar surfactant concentration, CMC = critical 

micelle concentration, and N = aggregation number. We then compared the relative signal 

that would be produced by volume and intensity distributions from micelles and VLPs using 

their respective diameters and concentrations in eqn (7) and eqn (8):

(7)

(8)

where RV = micelle to VLP ratio of signal from a volume distribution, dm = diameter of a 

micelle, dVLP = diameter of a VLP, CVLP = molar VLP concentration, and RI = micelle to 

VLP ratio of signal from an intensity distribution. We then related the ratios of 

concentrations and scattering signals for micelles and VLPs. For each surfactant, RI ≤ 1 and 

RV > 1. Based on these calculations, an intensity distribution expresses VLP behavior more 

accurately than a volume distribution because micelles scatter as much or less light than 

VLPs at each concentration.

Zeta potential measurements

VLP electrophoretic mobility was determined by a Zetasizer Nano ZSP (Malvern 

Instruments) with a 10 mW HeNe laser at 633 nm and a photodiode located 173° from the 

incident laser beam. Zetasizer software calculated zeta potential from electrophoretic 

mobility using the Smoluchowski formula. The Smoluchowski formula was assumed to be a 

reasonable approximation because the Debye length in 0.01 M PBS is 0.76 nm, which is 

about 50-fold smaller than the VLP radius. VLPs were placed into a glass cuvette containing 

PBS solutions of varying pH or surfactant concentration to a final concentration of 5 μg ml−1 

and immediately measured to determine zeta potential before significant aggregation 

occurred. 0.1 M hydrochloric acid and sodium hydroxide were used for pH adjustments. 

Each sample was measured in triplicate.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Intensity distributions determined by DLS of Norovirus VLPs in PBS of varying pH. The 

peaks are matched to the schematic presentations of the types of detected species. Data sets 

are representative curves from 3 repeated measurements for each of 3 different samples at 

each pH.
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Fig. 2. 
Intensity distributions from DLS experiment of Norovirus VLPs in PBS media at pH 7.4 

containing 0.01%, 0.05%, 0.1%, and 0.5% Tween 20. The peaks are visually labelled with 

the schematic presentations of the types of detected species. Data sets are representative 

curves from 3 repeated measurements for each of 3 different samples at each concentration. 

The Norovirus VLPs remain stable and well-dispersed at all Tween 20 concentrations tested.
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Fig. 3. 
Intensity distributions from DLS experiment of Norovirus VLPs in PBS solutions at pH 7.4 

containing 0.01%, 0.05%, 0.1%, and 0.5% CTAB. Data sets are representative curves from 3 

repeated measurements for each of 3 different samples at each concentration. Norovirus 

VLPs aggregate in the presence of low concentrations of CTAB and disassemble at high 

CTAB concentrations.
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Fig. 4. 
Intensity distributions from DLS experiments of Norovirus VLPs in PBS at pH 7.4 

containing 0.01%, 0.05%, 0.1%, and 0.5% of anionic surfactant, SDS. The plots are 

representative data sets from 3 repeated measurements for each of 3 different samples at 

each concentration. Norovirus VLPs remain dispersed in the presence of low concentrations 

of SDS, while they first partially aggregate and then disassemble in the presence of high 

SDS concentrations.
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Fig. 5. 
Comparison of (a) theoretically evaluated capsid charge (curve) and capsid charge calculated 

from zeta potential measurements (points) and (b) diameter of VLPs or VLP aggregates at 

varying pH revealing capsid isoelectric point. The error bars represent the standard error of 

three measurements at each condition. Theoretical capsid charges at varying pH were 

calculated using a modification of the Henderson-Hasselbach equation (eqn (1)). There is a 

very good correlation between the virus capsid surface charge with pH and the aggregation 

behavior observed by DLS near the isoelectric point.
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Fig. 6. 
Calculated and modeled surfactant adsorption onto VLPs at varying surfactant concentration 

at pH 7.4. The amount of adsorbed surfactant was calculated by converting the measured 

zeta potential to charge density with the Grahame equation and then converting the change 

in charge density to number of surfactant molecules. Error bars represent the standard error 

of three measurements at each condition. The apparent virus capsid charge can be controlled 

by adding charged surfactant. Both simple adsorption models interpret adequately the 

amount of surfactant binding to the model viruses.
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Fig. 7. 
TEM images of GII.4 Norovirus VLPs in 0.15 M NaCl, including (a) intact and dispersed 

capsids without surfactant, (b) intact capsids stabilized by 0.01% SDS, (c) intact capsids 

aggregated by 0.01% CTAB, and (d) capsids disassembled by 0.5% SDS. The scale bars are 

equal to 200 nm.
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Fig. 8. 
Summary of the mechanisms responsible for Norovirus VLP behavior after exposure to 

three different surfactant types. TEM images represent VLPs stained with uranyl acetate 

after treatment with 0.5% CTAB (top), 0.01% CTAB (middle), and no surfactant (bottom).
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