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HIGHLIGHTS

It was shown the effect of inorganic electrolytes and surfactants on MS2 aggregation,
dispersion, and capsid disassembly.

The hydrodynamic diameter and the {-potential of PCV2 empty capsid were measured to be
22+1 nm and —41+4 mV respectively.

The local ¥ potential of the PCV2 surface indicates the ‘mosaic’ way of the charge

distribution on the capsid surface.

ABSTRACT

To understand virus stability in aqueous solutions, the colloidal nanostructure and properties of
amodel virus, the MS2 bacteriophage, have been investigated by studying the effect of the addition
of electrolytes and various colloidal surfactants to its water solution at physiological conditions.
The charge of the virus particles influences their colloidal properties. It was found that the C-
potential value is reduced from —35 mV to —10 mV in 0.01M CaCl; and 0.1M NacCl solutions as
well as at higher electrolytes concentrations, while the size of the MS2 aggregates was about
600 + 900 nm with individual particles of size around 30 nm also recorded. The 2 : 1 electrolyte
causes destabilization of MS2 bacteriophage particles in an aqueous solution at a lower
concentration. The addition of cationic, anionic, and non-ionic colloidal surfactants below and
above critical micelle concentration to MS2 bacteriophage suspension caused the destabilization

of MS2 particles. We also investigated the capsid’s surface of another virus, PCV2, using dynamic
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light scattering and laser Doppler electrophoresis. The hydrodynamic diameter and the C-potential
of PCV2 empty capsid were found to be equal to 22+ 1 nm and —41 +4 mV (using Ohshima
approximations). The electrostatic potential of the surface was measured using acid-base probes
and found to be equal to —91 + 3 and +14 + 2 mV for positively and negatively charged probes
respectively, which indicate the ‘mosaic’ way of the charge distribution on the surface, similar to
MS2’s surface studied previously. Our data provide new information about the virus surface, the

complex process of virus aggregation-disaggregation and virus capsid disassembly.

Keywords: MS2 bacteriophage; PCV2 capsid; hydrodynamic diameter; zeta-potential; surface
electrostatic potential; charge distribution on capsid surface.

1. Introduction
In our previous investigation [1] we have shown that (i) the hydrodynamic diameter and the -
potential of MS2 bacteriophage particles at the concentration of 5x10*! particles per mL and ionic
strength 0.03 M were 30 nm and —34 mV (using Ohshima approximations) respectively, using the
dynamic light scattering method and electrophoresis; (ii) the electrostatic potential, ¥, of MS2

capsid was =50 mV or +10 mV, depending on the molecular probes, which show the ‘mosaic’ way
of the charge distribution on the MS2 surface and (iii) the surface of the MS2 virus was hydrophilic
in solution. The effect of adding salts (NaCl and CaClz) on the aggregation of MS2 suspension
was also studied.

The aim of the present investigation is (i) to analyze the colloidal stability of MS2 bacteriophage
in aqueous solutions by the combination of electrophoretic and dynamic light scattering in the
presence of various colloidal surfactants and compared to the influence of salts (NaCl and CaCl,),
which can help in practical formulations for virus inactivation, (ii) to investigate the capsid surface
of another virus, porcine circovirus type 2 (PCV2), and to obtain the information about the virus
size and distribution of surface charge estimating the local electrostatic potential of the surface ¥
, (ili) to compare the surface properties of MS2 phage and PCV2 as VLP to find a similarity of the

viruses’ behaviour in aqueous solutions and a possible way of their destruction.

1.1. MS2 bacteriophage and PCV2 virus

MS?2 is an icosahedral bacteriophage infecting Gram-negative bacteria (Escherichia coli) [2-5]
and consisting of a protein outer layer (capsid) and encapsulated internal 3569 nucleotides long
single-stranded RNA genome partly bound to the capsid [6-8]. The genomic RNA contains one

maturation protein and 89 dimers of the coat protein, which self-organize in a shell structure. The
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diameter of the capsid is about 28 nm and its thickness is about 2.5 nm. The diameter of the pores
in the capsid wall is around 1.1 nm [9]. More detailed information about MS2 bacteriophage can
be found in our recent paper [1]. In particular, the isoelectric point of MS2 phage is about 2.2-3.9
and at pH < 4 MS2 particles are not stable for aggregation; MS2 bacteriophage is commonly used
as surrogates to evaluate pathogenic virus behaviour in natural aquatic media and as a quantitative
marker for the effectiveness of antiviral and antiseptic agents. It is mentioned that the
electrophoretic mobility of MS2 is systematically negative and the magnitude of the
electrophoretic mobility decreases with increasing salt concentration as a result of the screening
of the virus charge by the ions present in the electrolytic medium.

Porcine circoviruses (PCV) are a group of four single-stranded DNA viruses that are non-
enveloped with a nonsegmental single-stranded DNA genome [10]. PCVs are members of the
genus Circovirus which can infect pigs. The viral capsid of PCV type 2 (PCV?2) is icosahedral and
it is approximately 20 nm in diameter [11].

In [12] the authors reported the 2.3-A crystal structure of the PCV2 consensus sequence
(PCV2CYS) virus-like particle. The crystal structure provides the first atomic description for the
Circovirus family. Molecular Dynamics (MD) and hybrid Molecular Dynamics/hydrodynamics
modelling [11] show that the capsid is stable in water solution at room temperature and ion
composition similar to physiological conditions. The results of MD simulations of PCV2 viral
capsid were presented in [13] investigating the ion distribution on the inner surface of the capsid's
wall. Local regions highly occupied by chloride ions were found despite a largely uniform
electrostatic potential everywhere on the surface [13]. The regions are located close to the cracks
between the capsid proteins that are formed when the capsid is destabilized and thus could initiate
the collapse of the capsid [13]. This happens if these regions are depleted of the negatively charged
groups (chloride ions or phosphate groups of the genome). The results of MD simulations
demonstrated the connection between the number of ions inside a PCV2 empty capsid and its
stability [14], an analysis that cannot be done experimentally due to insufficient resolution. It was

also found that the chloride ions play a key role in the stability of the capsid [14].

1.2. Virus stability in aqueous solutions

From the colloid chemistry point of view viruses in solution can be described as a self-assembled
lyophilic colloidal system. The particles are formed spontaneously through a self-assembling process.
The main characteristics of lyophilic colloids are (i) that dispersed particles have a strong affinity to the
dispersion medium resulting from the formation of hydrogen bonds; (ii) they are reversible; (iii) their

aggregative and kinetic stability can be estimated.


https://en.wikipedia.org/wiki/Circovirus
https://en.wikipedia.org/wiki/Pig

The interfacial interactions of nanoparticles and the aggregation of aqueous dispersions are
described by the classical Derjaguin—Landau—Verwey—Overbeek (DLVO) theory that quantifies
the balance between the van der Waals interactions and the electrostatic interactions. As a first
approximation, the interfacial interactions of spherical virus nanoparticles such as MS2 have been
modelled within the DLVO paradigm when investigating the deposition of viruses onto mineral
surfaces. DLVO-like interactions have also been successful in describing the bacteriophage PRD1
[15]. However, the complex interactions implicit in these systems often cannot be described using
such models where a synergistic combination of steric and electrostatic interactions must be
invoked [15]. In a more general context, DLVO theory itself is an approximation not intended for
universal application [15].

It should be noted that several environmental factors affect virus—virus interactions and their
aggregation state, such as salt concentration, its type (monovalent, divalent), and the presence of
natural organic matter [16]. Also, pH- triggered MS2 bacteriophage aggregation was found [16]:
the composition of the virus influences its electric charge, resulting in a wide range of isoelectric
points. The electrical charge of the particles influences their colloidal properties.

It was noticed [17] that virus aggregation—disaggregation is a complex process and predicting
the behaviour of any individual virus is difficult under a given set of environmental conditions
without actual experimental data. The authors also mention that these aggregates may behave very
differently compared to those formed in suspension by the manipulation of pH and salt
concentration in the laboratory [17]. For example, viruses like MS2 adopted similar strategies for
stability against aggregation, including the net negative charge in natural water conditions and
using polypeptides that form loops extending from the surface of the protein capsid for
stabilization. In natural systems, dissolved organic matter can adsorb to and effectively
functionalize the nanoparticle’s surface, affecting the fate and transport of these nanoparticles [17].

In [18] the authors reported that they manipulated the concentrations of several common media
components, including salt, protein, and surfactant, as well as pH, over environmentally and
physiologically relevant ranges while quantifying the viability of model viruses in droplets of the
media. Also, they noted [18] that the physical behaviour of viruses, such as forming aggregates
and partitioning at the air—liquid interface, resulting from changes in droplets’ characteristics may
also affect inactivation.

It was found [15] that in LiCl, NaCl, and KCI electrolyte solutions, the aggregation of MS2
could not be caused within a reasonable kinetic time frame, and the MS2 solution was stable even
at salt concentrations larger than 1.0 M. It has been reported [15] that even at high Ca®

concentrations, diffusion-controlled aggregation was not achieved. However, in our previous
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investigation [1] and in the discussion of the present study we found some peculiarities of the
influence of NaCl and CaCl; salts on the colloidal stability of MS2.

Cationic, anionic, and non-ionic colloidal surfactants are applied in daily life as liquid soaps,
dish detergents, and antimicrobials in many cleaning products. The non-ionic surfactants are used
in many processed food and drink products. Therefore, the fundamental understanding of the
colloidal interactions between virus particles and colloidal surfactants will help in practical

formulations for virus inactivation.

1.3. Acid-base molecular probes used for estimating the electrostatic potential W of the
nanoparticles’ surface

The investigation of nanoparticles’ surface can be carried out using acid-base molecular probes
(indicator dyes) of various charge types, sizes, and structures. Their acid-base properties (pKa) and
spectral characteristics are very sensitive to the microenvironment in an aqueous solution
containing nanoparticles. The electrostatic potential of the surface ¥ is estimated using the

electrostatic theory describing protolytic equilibria in lyophilic colloidal dispersions.
The key characteristic of a pH-dependent indicator dye H;R* dissolved in media containing

nanoparticles is the so-called ‘apparent’ dissociation constant, pKZ, as defined by equation (1) [1,
19, 20]:
[HjR*]

pK; = pHw + log ———— =,
[Hj_1R*™]

1)

where the ratio of the equilibrium concentrations of HjR? and Hj-1R?*? is determined UV-Vis
spectroscopically; the pHw values utilized in calculations characterize only the bulk phase and are
measured with a glass electrode. Hence, pK; value is an ‘instrumental’ parameter that can be
observed as a constant of the two-phase equilibrium between the nanoparticle surface and the bulk
phase. In general, some fraction of indicator species can remain in the bulk phase. To ensure
complete binding, ionic indicators with a charge opposite to that of the particle’s surface can be

used.

According to the electrostatic theory, the apparent value pK: of an indicator under conditions
of complete binding depends on the transfer activity coefficients, y,, and the electrostatic potential
of the surface [1, 19, 20]:

pKZ = pK) + Iog(Wij_le,llwyﬂij) — WF/(2.303RT) , (2)



where pK;' —the pK, value in water; y, — the activity coefficients of the species from water to

the surface; y — the electrostatic potential of the surface where molecular probes are located; F —
the Faraday constant; R — the gas constant; T — the absolute temperature. The agreed notation of

the first two terms in equation (2) is pK!, the ‘intrinsic’ constant. The physical sense of pK! can
be expressed as pK?2 of the molecular probes at ¥—0.
Compared to the values in pure water the following pKa differences are calculated:
ApK? = pKZ — pK) = Iog(Wy:“j_le_llwyg‘ij) - WF/(2.303RT), (3)

The so-called ‘medium effect’ is specified by interfacial solvation and electrostatic effect [1, 19,
20].
Equation (3) can be converted into the formula for the estimation of the electrostatic surface

potential:
v =59 % (pKi—pKZ),inmV at 25°C (4)

Thus, it is relevant to investigate (i) the colloidal stability of MS2 bacteriophage in aqueous
solutions at additions of various colloidal surfactants and (ii) the PCV2 capsid surface by using
dynamic light scattering (DLS) method, laser Doppler electrophoresis, and acid-base probes to

estimate the local electrostatic potential of the surface ¥ .

2. Experiment
2.1. Production and purification of MS2 phage and PCV2 capsid

The bacteriophage MS2 (ATCC 15597-B1) and its host Escherichia coli (E. coli) strain C-3000
(ATCC 15597) were obtained from American Type Culture Collection (ATCC), followed by their
propagation, expression, and purification as described below. For the MS2 phage production and
purification were used CaCl, (USP grade), MgCl> (analytical grade), TRIS (ultrapure), and NaCl
(analytical grade) from Melford Laboratories, UK. All chemicals were used without additional
purification.

Bacteria E. coli were cultured in Lennox L Broth medium (Melford Laboratories) at 37°C and
infected with MS2 phage at middle log-phase. The lysate was centrifuged at 10,000 g for 15 min
to remove cell debris after complete lysis of the bacteria. MS2 from the supernatant was
concentrated using an Amicon Ultra-15 centrifugal filter unit containing Ultracel 100 kDa
membrane and then centrifugated again at 100,000g at 4°C for 4 h to pellet the phage particles
[21].



The MS2 pellet was resuspended in a buffer solution containing 50 mM TRIS (pH = 7.5),
150 mM NaCl, 5 mM MgClz, and 5 mM CaCl,. The initial ionic strength of obtained MS2 solution
was 0.18 M.

The working suspensions of MS2 phages were kept at 4 °C before use.

PCV2 capsid protein (CP) was purified as previously described [12]. Briefly, a codon-
optimized gene for the capsid protein (GenBank: JF504708) was synthesized (DNA 2.0, Menlo
Park, Ca). The 41 amino acids at the N-terminus were removed and the remaining portion was
cloned into a Top10/pET100 vector. The resulting gene product possesses a hexahistidine and a
thrombin cleavage site at the N-terminus and amino acids 41-231 of PCV2b. Plasmid was
transformed into Escherichia coli BL21(DE3) Star strain (Invitrogen). Cells were grown at 37°C
till mid-log phase, the temperature was reduced to 20°C, and expression was induced by the
addition of 300 uM isopropyl-p-d-thiogalactoside for less than 16 hours. Cells were suspended in
20 mM N-cyclohexyl-3-aminopropanesulfonic acid [CAPS] (pH = 10.5), 0.5 M NaCl, 50 mM
imidazole (pH = 10.5), 0.2 mM phenylmethylsulfonyl fluoride [PMSF], 4 mM B-mercaptoethanol
[B-Me], and 20 units of benzonase [EMD4Biosciences]), and lysed using sonicating. The lysate
was centrifuged for 30 min at 4°C, 16,000g. Nucleic acid was precipitated using a 2 %
streptomycin sulfate cut. CP was purified using nickel-nitrilotriacetic acid (Ni-NTA) resin
(Qiagen) according to the manufacturer's protocol, dialyzed overnight in lysis buffer containing
20 mM CAPS (pH = 11.1) and supplemented with 200 mM L-Arg (pH = 11.1). CP was
concentrated to 50 mg/mL, flash frozen in N2(l), and stored at —80°C. Protein concentration was
determined using the method of Gill and von Hippel [22].

Virus-like particles (VLP) were assembled as previously described [23]. Briefly, CP was diluted
to 3 mg/mL in the storage buffer. Capsids were assembled using a 1:1 ratio of CP to 12 %
polyethylene glycol (PEG) 3350, 5 % isopropanol, and 0.6 M ammonia citrate (pH = 5). VLPs
assemble and form crystals in this condition after two days of incubation at 4°C. Centrifugation at
14,000g for 10 min at 4°C pelleted the crystals. Crystals were suspended and dissolved in 0.3 M
4-(2-hydroxyethyl)-1-piperazinepropane sulfonic acid (HEPPS), pH = 9.0, 0.6 M NaCl, and 5 mM
-mercaptoethanol (B-Me) and processed through a HiPrep 16/60 Sephacryl S-500 HR column
(GE Healthcare Life Sciences) equilibrated with 20 mM HEPPS pH 9.0, 0.6 M NaCl, and 5 mM
B-Me. The elution, a single peak, was concentrated to 0.2 mg/mL using a 100-kDa MWCO
ultrafiltration device (Pall Corporation). VLP condition was assessed using negative stained
electron microscopy. Briefly, 3 ul of the sample was applied to recently glow-discharged carbon-

coated 400-mesh copper grids (catalog number 01814-F; TedPella), stained with 2 % uranyl



formate, and imaged using a JEOL JEM-1230 microscope operating at 120 kV equipped with a
Gatan US-4000 charge-coupled device.

2.2. Infectivity analysis

Infectious MS2 phages were counted by plaque analysis method using the double-agar-layer
technique. Ten-fold serial dilutions of the MS2 stock solutions were made to the appropriate
dilution in the LB medium. Concentrations of infective MS2 phage were measured as the number
of plague-forming units per mL (PFU/mL). The final concentrations of purified phages were 10
PFU/mL and 10%° PFU/mL.

The infectivity analysis was used for the estimation of PFU with an error of 102. With each step
of purification and concentration, the PFU increased confirming the presence of concentrated and
viable phage.

The MS2 amount (10 PFU/mL) was also quantified using the Lowry method and expressed in
mg protein per mL [21, 24]. The total protein concentration according to this method was 16.5+0.6

mg/mL. The estimated total molecular weight of a single MS2 was 3.6x10° g/mol [25].

2.3. Materials, procedure and methods of preparing colloidal samples

The samples of the indicator dyes were of high-purity grade. The colloidal surfactants were
cetyltrimethylammonium bromide (CTAB) and Triton X-100 (TX-100), 99.0 % from Sigma;
sodium n-dodecylsulfate (SDS) 99.0 % from Vekton. The surfactants were used without further
purification. The chemical formulas of cationic, anionic and non-ionic surfactants and their critical

micelle concentration (cmc) at 25 °C are given below respectively:

+ —
C16H3sN(CH3)3Br ¢ = 8x10-4 M:; N-C12H250S05 Na*, cmc = 9x10-° M
C‘Hs cH
CH;?*CHZ*("Z*CGH“*O*(CHZ*CHZ*O)XH
CH,  CH,

, Where x = 9-10; cmc = 2.2x10* M.
The standard NaOH aqueous solution was kept protected from the atmosphere. Aqueous
hydrochloric, phosphoric and acetic acids; sodium chloride and borax were of analytical grade.
Suitable pH values of the working solutions used for the pK? measurements were provided by
acetate, phosphate, and borate buffer solutions. All solutions were prepared with double distilled

water (18.2 MOhmxcm at 25°C). Stock solutions of the dyes were prepared using water as solvent.



The working solutions for pK. measurements were prepared by mixing in 10 mL volumetric

flask appropriate aliquots of indicator dyes, buffer components, sodium chloride to keep constant
ionic strength (4.5x10°M) and 0.05 mL PCV2 suspension (200 times dilution, protein
concentration is 0.001mg/mL).

The Vis-absorption spectra were measured using a spectrophotometer Hitachi U-2000 against
solvent blanks. The pH measurements were performed using an ESL-63-07 glass electrode and an
Ag/AgCI reference electrode in a cell with liquid junction (1 M KCI) at 25.0 = 0.1°C, using a
potentiometer P 37-1; a pH-meter pH-121 served as a nil-instrument. The standard deviation of
pH values is £(0.01-0.02). The cell calibration was performed using standard buffers (pH = 1.68,
4.01, 6.86, and 9.18) at 25°C.

2.4. Size and electrophoretic mobility ({-potential) measurements

The measurements of MS2 hydrodynamic size and {-potential were performed at 25°C by
dynamic light scattering (DLS) method and laser Doppler electrophoresis using Zetasizer Nano
ZS analyzer, He—Ne red laser, wavelength 633 nm (Malvern Instruments, UK), equipped with
Dispersion technology and light scattering software.

In the instrument various algorithms are used to analyze the correlation function G(t) of the
scattered intensity, the cumulants and the distribution analyses. The cumulants analysis is a single
exponential fit to the autocorrelation function, giving the value of the polydispersity index (PdlI)
as a criterion for the width of the distribution, but not the size distribution or the Z average. The
calculations for these parameters are defined in the ISO standard documents 13321 and 22412.
The distribution analysis uses a multiple exponential to fit the correlation function to obtain the
distribution of particle sizes but it does not provide the Pdl value. In this method, PdlI is not
required because the obtained distributions, based on the number of peaks, can be used to estimate
the polydispersity of the system. The first-order result from a DLS experiment is the intensity
distribution of particle sizes. The intensity distribution is weighted according to the scattering
intensity of each particle fraction. The volume and number distributions demonstrate the total
volume and the number of particles in various-size bins, respectively.

Regarding the scattering angle, Malvern Company took into account all the points that could be
associated with it. The Zetasizer Nano ZS measures the intensity of scattered light at an angle of
173° due to conventional factors row.

In these experiments, the viral concentration ranged from ~ 5x10*! to 5x10%2 PFU/mL to obtain
enough signal from the Zetasizer instrument. Usually, the solutions were not filtered before use.

However, special experiments of size and {-potential measurements were conducted where the
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solutions were filtered through a 0.22 pm nylon membrane syringe filter to be sure that the not
filtered samples do not influence the results. For size and electrophoretic mobility, the
measurements were obtained using three independent experiments with triplicate or more

measures in each to ensure the reproducibility of the measurements.

3. Results and discussion

3.1. The measurements of size and zeta-potential of MS2 bacteriophage by DLS method and laser
Doppler electrophoresis showing aggregative stability of MS2 bacteriophage suspension

3.1.1. The effect of adding inorganic electrolytes

The main characteristics of colloidal particles in solutions are their size and surface potential,
in particular, the {-potential, as they allow to predict the aggregative and kinetic stability of the
colloids, the coagulation process, the binding of substrate by surface, etc. At present such
information for different kinds of colloidal particles is available for many systems, however, the
knowledge on the size and {-potential of biological nanoparticles, such as viruses, is much less
complete [15-18]. The work [26] demonstrates that stability and electrohydrodynamics of MS2
and VLPs differ according to different purifications and the last ones are a so-far overlooked key
matter of concern when evaluating physicochemical properties of virus surfaces for predicting
their behaviour in aquatic media. Such important information can be used to determine whether
the virus particles will be aggregated, dispersed or disassembled at each pH, inorganic electrolytes
or surfactant concentrations, etc. In the following, we present the investigation of these parameters
using the DLS method and laser Doppler electrophoresis. The {-potential of the particle can be
obtained using an equation, which was proposed initially in a complete form by Henry and later
expressed by Ohshima. A detailed description of the approximations for {-potential is given in our
paper [1].

The influence of inorganic 1 : 1 and 2 : 1 electrolytes (NaCl and CaCl,) on the stability of MS2
bacteriophage suspension was examined in our previous investigations [1]. We have shown that
varying the ionic strength of MS2 solution (5x10! particles per mL) by NaCl in wide range
(9x10~*+ 0.8 M) did not change the particle’s hydrodynamic size significantly. The hydrodynamic
diameter of individual particles for all NaCl concentrations was 30 nm by intensity; 25 nm by
volume; 20 nm by number. The size of the aggregates was ~600 nm by intensity; ~700 nm by
volume. After two weeks at 4 °C the size of the aggregates in the same solutions increased to ~900
nm, but individual particles were also recorded with a size of ~30 nm. For the {-potential
measurements at varying ionic strength by NaCl, we obtained the following results [1]. In the

range of NaCl concentration from 0.06 to 0.8 M only one peak was recorded on the distribution
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curve at ~ -9 mV. We relate this peak to MS2 aggregates of 600 nm size. However, the peak at ~
—35 mV observed in the range of 0—-0.03 M NaCl concentrations corresponded to individual
particles disappearing. Thus, the aggregative stability of the system was reduced at increasing
NaCl concentration due to the neutralization of the MS2 bacteriophage surface.

We also varied the ionic strength of the MS2 solution (5x10*2 particles per mL) by CaCl, from
9x10* M to 0.01 M [1]. The size of the individual particles and the existing aggregates were 33
and 450 nm by intensity respectively. The change of salt concentration in a wide range did not
influence significantly the hydrodynamic size of the individual particles but increased the fraction
of MS2 aggregates. The influence of CaCl; salt on the {-potential value was expected because of
the larger cation charge compared to the one-one electrolyte NaCl. For example, the {-potential
was about —10 mV both at 0.01 M CaCl; and at 0.1 M NaCl concentrations which is explained by
the enhancement of the screening of the surface charge by Ca®*.

It should be noted here that the virus particles have protrusions and are porous, so it is not
expected that they precisely follow DLVO theory [15].

3.1.2. The effect of additions of various colloidal surfactants

In this investigation, we have studied the influence of adding various widespread colloidal
surfactants by the measurements of size and {-potential of MS2 bacteriophage by DLS method and
laser Doppler electrophoresis. The chemical formulas of cationic, anionic, and non-ionic
surfactants and their cmc are presented in section 2.3. These surfactants are commonly used in
daily life. For example, SDS as the anionic surfactant is used in liquid soaps, dish detergents, and
other household products; CTAB (cationic surfactant) as an antimicrobial in many cleaning
products; the non-ionic surfactants are extensively used in many processed food and drink products
as well as in detergents. Consequently, the fundamental understanding and control of colloidal
interactions between virus particles and surfactants will aid in practical formulations for virus
inactivation and their removal from surfaces.

The antiviral effect depends both on the virus and the structure of the antimicrobial compounds
as it was shown in the work [27]. For example, the antiviral activity of CTAB was impaired in
acid pH and with an increase of the ionic strength because of viral aggregation, in particular, the
MS2 aggregation. This could explain why MS2 was not affected by environmental factors.

The impact of SDS above the CMC on the electrophoretic mobility of MS2 phage was examined
[28] and it was shown that the absolute electrophoretic mobility of the MS2 particles remained
unchanged.
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It is well known that colloidal surfactants can stabilize nanoparticles, for example by forming
mono- or bilayers on the surface [29], or, on the contrary, colloidal surfactants can destabilize the
solution of nanoparticles interacting with its surface [20]. Such processes depend on the charge of
nanoparticles’ surface, their nature and type, and the concentration of surfactants (below or above
cmc).

It was shown [30] that owing to the net negative surface charge of the Norovirus virus-like
particles (VLPs, i.e., virus capsids) 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 [30]. Non-ionic
surfactants, however, had little effect on virus interactions and likely stabilize them additionally
in suspension. It is very important to note that the surfactants are efficient in disrupting the virus
structure only above their cmc, because the micelles can solubilize the capsid protein dimers and
therefore disassemble the capsid structure as explained in [30]. However, the authors note that the
reported data [30] are obtained with reconstituted virus capsids, which are likely to be less stable
than the native RNA-containing virus assemblies. Therefore, the charge and aggregation state of
real Noroviruses are likely to be similar to the reported ones, the natural virus particles may be
more stable against surfactant-driven disassembly. We remark that the MS2 phage as studied in
the present work contains the RNA genome inside the capsid.

In [31] the authors posed a question: are proteins denatured by monomeric surfactant molecules,
micelles, or both? They have highlighted the role of micelles, rather than monomers in promoting
both protein denaturation and the formation of higher-order structures. Also, it was reported [32]
that the cationic surfactant (didodecyldimethylammonium bromide) above cmc (0.016 mM) can
deactivate SARS-CoV-2 in as little as 5 s.

As we have shown before [1] using molecular probes the local electrostatic potentials of the
MS2 capsid are —50 mV and +10 mV, which show the ‘mosaic’ way of the charge distribution on
the surface. Thus, the cationic surfactant cetyltrimethylammonium bromide (2x10* M, below
cmc) and anionic surfactant sodium n-dodecylsulfate (2x103 M below cmc) were added to MS2
solution at the concentration 5x10! virus particles per mL. Qualitative observations of these
systems showed the following (Fig. 1). The opalescence and turbidity of the solution were
observed in the case of CTAB addition as well as Tyndall effect was demonstrated. During two
days the turbidity was preserved, but no visible sedimentation. At SDS addition to the MS2
solution the opalescence and turbidity of the solution were not observed, no Tyndall effect and

during two days the turbidity did not appear. Thus, the local positive electrostatic potential on the
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MS2 surface is not significant enough for negatively charged ions of colloidal surfactant to

influence dispersion stability.

a b
Fig. 1. MS2 solution at concentration 5x10*! virus particles per mL with the addition of surfactants.

(@) 2x10* M (below cmc) cationic surfactant cetyltrimethylammonium bromide. (b) 2x103 M
(below cmc) anionic surfactant sodium n-dodecylsulfate.

We further continued the quantitative measurements of these systems by the DLS method and
laser Doppler electrophoresis. The data on hydrodynamic diameter and {-potential distribution of
MS?2 solution at the concentration 5x10*! virus particles per mL are presented in Tables 1-4 and
in the Supplementary Materials as Figures S1-S4.

These data confirm visual observations (Fig. 1). No significant changes in size and {-potential
at SDS addition to MS2 solution (Tables 3, 4 and Supplementary Materials, Fig. S2, S4) compared
to the data without any additions [1]. In the case of 2x10* M CTAB addition, in the {-potential
distribution the peak near —10 mV appeared related to the aggregation of virus particles because
of the neutralization of negatively charged MS2 surface and its hydrophobization compared with
inorganic electrolytes (Supplementary Materials, Fig. S3).

For a more detailed study of the influence of colloidal surfactant on MS2 solution stability, we
have experimented with varying the concentration of the cationic and anionic surfactant (below
and above cmc) by DLS method and laser Doppler electrophoresis.

The effect of adding cationic surfactants

The data on hydrodynamic diameter and {-potential with varying CTAB concentration in the
range 1x107° =+ 1x10~2 M are collected in Tables 1, 2 and in Figures S5, S6 of the Supplementary
Materials. When cmc value was achieved in the MS2 solution, clear aggregation is observed
(Tables 1, 2). The size of particles was dramatically increased and {-potential potential changed
sign and became positive. For example, we observed earlier the recharge of the surface in the

system consisting of negatively charged silica nanoparticles after covering by a bilayer of cationic
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surfactant [29], but in this case, the system was stable. In the present investigation, the bilayer of
cationic surfactants on the capsid was not formed because at CTAB concentration below cmc the
{-potential potential stays negative (Table 2) although the evaluated quantity of CTAB is about
1x10~* M to form bilayer on the virus surface at 5x10*2 MS2 particles per mL. Also, at such CTAB
concentration, the colloidal stability of MS2 solution was lost to some extent because the
opalescence and turbidity of the solution were observed (Table 1). The cationic surfactant at
concentrations below cmc may reduce the magnitude of the apparent capsid surface charge enough
to induce the beginning of MS2 particle aggregation [30] (Table 2, { =-35 and —10 mV). Above
cmc the micelles can solubilize capsid protein dimers and therefore disassemble the capsid
structure (Table 2) [30].

Table 1. The hydrodynamic diameter of MS2 particles at 5x10'? particles per mL (200-fold
dilution of the initial suspension 10%° pfu concentration) at the addition of cationic surfactant
CTAB to suspensions and polydispersity index, Pdl (average Pdl value lies in the range 0.08 +
0.7)at 25 °C

Diameter/nm

c(CTAB)/M by intensity by volume | by number Pdl

| Peak 1l Peak
0 34+1 1000+2 | 27+1 22+1 0.34+0.01
1x10°° 34+1 740+7 | 271 22+1 0.36 £ 0.03

1x104" 34+1 600+1 |27=%1 23+1 0.40 + 0.04
1x10-%" 1000+1]160+3 |1200+3 |[70+3 0.53 +0.02
1x10-%" 7109 | — 1100+7 |180+6 0.37 £ 0.04

“The opalescence and turbidity of the solution were observed

Table 2. Electrophoretic mobility (0.1 pmcm/Vs) and C-Potential values (£3 mV) of MS2
particles in aqueous solution at 5x10% particles per mL (200-fold dilution of the initial
concentration 10%° pfu at 1 = 9x10% M") at the addition of cationic surfactant CTAB to

suspensions, 25 °C

Electrophoretic mobility ¢ ImV ¢/ mv ¢/ mv
/ umem/Vs by Smoluchowski | by Huckel by Ohshima
c(CTAB)/M (f =1.5) (f=1 (variable f)
I I I I I I
Peak Peak Peak Peak | Peak | Peak | Peak | I Peak

0 -1.9 —24 —-36 -34

1x10° —2.0 —0.2 —25 -3 —38 —4 -35 —4

1x10~* -2.0 —0.5 25 —7 -38 | -10 -35 -10
1x10°3 +1.8 +23 +34 +32
1x102 +2.8 +35 +53 +46
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* lonic strength of virus solution after dilution. At additions of surfactant ionic strength is increased by corresponding

surfactant concentration (below cmc) and by cmc value (after micelles forming).

The effect of adding anionic surfactants

The data on hydrodynamic diameter and {-potential with varying SDS concentration in the range
1x10° =+ 1x1072 M are collected in Tables 3, 4 and in Figures S7, S8 of the Supplementary
Materials. As we can see no significant change in the size and {-potential at SDS addition (below
and above cmc) to the MS2 solution compared to the data without any additions was observed [1].
The SDS had the same sign of charge as the MS2 capsid. Hereby, no influence of SDS monomers
or micelles on the stability of the MS2 virus was detected. The local positive electrostatic potential
on the MS2 surface was low by absolute value (+10 mV) [1] such that the electrostatic interactions
between these positively charged parts and negatively charged SDS monomers could cause an
insignificant increase in the magnitude of apparent surface charge. The SDS micelles also did not
interact with the MS2 virus and even they have repulsion from negatively charged MS2 surfaces
(Tables 3, 4).

Table 3. The hydrodynamic diameter of MS2 particles at 5x10'? particles per mL (200-fold
dilution of the initial suspension 10*° pfu concentration) at the addition of anionic surfactant SDS
to suspensions and polydispersity index, Pdl (average PDI value lies in the range 0.08 + 0.7) at
25°C

c(SDS)/M Diameter/nm Pdl
by intensity
[ Peak | 11 Peak by volume | by number
0 35+1[1000+2 |27+1 22+ 1 0.34+£0.01

1x10°° 33+11620+x7 |27+1 23+1 0.43 +0.02
1x10~* 33+1(780+7 |[27+1 23+1 0.43 +0.01
1x1073 33+1]700+x9 |27+1 23+1 0.43 +0.03
1x1072 36+112900+3|30+1 261 0.60 +0.02

Table 4. Electrophoretic mobility (0.1 pmcm/Vs) and C-Potential values (£3 mV) of MS2
particles in aqueous solution at 5x10'? particles per mL (200-fold dilution of the initial
concentration 10° pfu at | = 9x10~* M™) at the addition of anionic surfactant SDS to suspensions,
25°C

Electrophoretic mobility ¢ /Imv ¢/ mv ¢/ mv
c(SDS)/M [ umem/Vs by Smoluchowski | by Hickel by Ohshima
(f=15) (f=1 (variable £)
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| 1 | 1 | 11
Peak Peak Peak Peak Peak | Peak | Peak | I Peak
0 -1.9 — -24 — -36 — -34 -
1x107° -1.7 - -22 — -33 — -30 —
1x10* 2.2 -0.9 -28 -11 —42 -17 -39 -16
1x10°3 -2.0 -0.4 -26 -5 -39 — -36 -7
1x10°2 2.2 -0.2 -28 -1 -49 — -37 -1

* lonic strength of virus solution after dilution. At additions of surfactant ionic strength is increased by corresponding
surfactant concentration (below cmc) and by cmc value (after micelles forming).

The effect of adding non-ionic surfactants

The data on hydrodynamic diameter and (-potential at the addition of non-ionic surfactant Triton
X-100 above cmc are presented in Tables 5, 6 and in Figures 2, 3. Interesting to note that only in
this case particles with a size of about 6 nm by volume and by number which can be referred to
the size of non-ionic micelles (Fig. 2) were detected. Micelles would be the only particles
represented in a volume distribution, where V~ r3. At the same time from DLS data by intensity it
is observed the following picture for MS2 solution: the virus particles as monomers (~30 nm) and
aggregates (~900 nm). However, in Figure 2 we can see the redistribution of intensity peaks and
the aggregates are predominant compared to the MS2 solution without non-ionic additions.

The results of the measurements of the {-potential in the MS2 solution with non-ionic micelles
contained two peaks compared to the system without surfactant. The first peak was about —10 mV
and the second one was about —30 mV (Table 6, Figure 3). Here, such reduction of {-potential can
be caused by increasing the aggregation of MS2 virus under the influence of non-ionic micelles.
The second peak can be attributed to the monomers of MS2 bacteriophage. However, in the study
of surfactant-mediated Norovirus interactions [30] it was found that non-ionic surfactants below

and above cmc had little effect on virus interactions and likely stabilized them in suspension.

Table 5. The hydrodynamic diameter of MS2 particles at 5x10'? particles per mL (200-fold
dilution of the initial suspension 10™ pfu concentration) at the addition of non-ionic surfactant
Triton X-100 to suspensions and polydispersity index, Pdl (average PDI value lies in the range
0.08 +0.7)at 25 °C

¢(TX-100)/M Diameter/nm Pdl
by intensity
[ Peak | 11 Peak by volume | by number
0 34+1[1000+£2 |27+1 22+1 0.34 £ 0.01
1x102 30£1|940+9 |59+£05 |59+£05 |0.54+0.03
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Fig 2. Size distribution by number, volume, and intensity of MS2 solution at the concentration of

5x10%2 virus particles per mL (200-fold dilution of the initial suspension 10 pfu concentration)

at varying the non-ionic surfactant Triton X-100 concentrations: (a) 0; (b) 1x10-2 M.

Table 6. Electrophoretic mobility (0.1 pmcm/Vs) and C-Potential values (£3 mV) of MS2

particles in aqueous solution at 5x10'? particles per mL (200-fold dilution of the initial

concentration 10% pfu at 1 = 9x10* M) at the addition of anionic surfactant Triton X-100 to

suspensions, 25 °C

Electrophoretic mobility ¢ I'mVv ¢/ mv ¢/ mv
o(TX- [ umem/Vs by Smoluchowski | by Hickel by Ohshima
(f =1.5) (f=1 (variable f)
100)/M
! . ! . Vol I peak | 11 Peak
Peak Peak Peak Peak | Peak | Peak
0 -1.9 24 -36 -34
1x102 —0.6 -1 —7 —24 -11 | -35 -10 -33
4000007 2000001
3000001 150000+
g 2000001 & 100000t
3
= i
100000 500007
0 f i t 0 ¢ + t
0 100 0 100
¢ Imv ¢ /Imv
a b

Fig 3. ¢-potential distribution of MS2 aqueous solution at the concentration of 5x10'? virus
particles per mL (200-fold dilution of the initial suspension 10*° pfu concentration) using Ohshima
approximations at the addition of non-ionic surfactant Triton X-100 to suspensions: (a) 0; (b)

1x10-2 M. lonic strength is 9x10~* M.

17



3.2. The measurements of size and ¢-potential of PCV2 capsid by DLS method and laser Doppler
electrophoresis

The hydrodynamic diameter and the -potential of PCV2 capsid particles were measured at their
concentration of 0.002 and 0.001 mg/mL protein concentration and ionic strength 9x10-3 and
4.5x103 M at 100- and 200-fold dilutions of the initial suspension respectively. The data are
collected in Tables 7 and 8. In Figures 4 and 5 the size distribution by intensity, volume, number,
and (-potential distribution of PCV2 aqueous solution using Ohshima approximations are
presented. The obtained results of the particle size by the DLS method show polydispersity (Pdl >
0.3) of the system at 100- and 200-fold dilutions of the initial suspension.

There are at least 3 types of PCV2 particles in solution: monomers, dimers, and aggregates
(Table 7). We assumed from the DLS data that monomers (hydrodynamic diameter, ds, about 17-
20 nm) with some number of dimers (dn ~ 30 nm) were predominant. Our assumption about the
dimers was based on the result from the literature [16] where it was shown that the virus dimers of
MS2 were detected by cryo-TEM image. The dilutions by 100- and 200-fold of the initial PCV2
suspension did not influence the hydrodynamic size of the virus particles. To compare these data
with previous MS2 results [1] where 50, 100, 200, and 400-fold dilution of the MS2 initial
suspension (protein concentration of MS2 initial suspension was 16.5 mg/mL) did not change the
hydrodynamic size of the individual particles and aggregates. The average hydrodynamic diameter
was on the first peak 30 nm by intensity; 20 nm by volume; and on the second peak 300 nm by
intensity; 500 nm by volume respectively. Thus, the monomers were predominant in the MS2
solution with some number of aggregates.

However, after the filtration of PCV2 suspension at 200-fold dilution and when the major
aggregates were separated, we obtained the hydrodynamic diameter of PCV2 particles on average
21 nm by intensity, volume, and number (Table 7). The given size of PCV2 was confirmed by the
literature data [11]. Such difference in the size of particles before and after filtration can be
explained by the high polydispersity of the system (when three types of aggregates take place) that
shifts the results of DLS on the side of increasing size and band broadening.

Table 7. The hydrodynamic diameter of PCV2 particles at various dilutions of the initial

suspension and polydispersity index, Pdl (average PdlI value lies in the range 0.08 + 0.7) at 25 °C

Diameter / nm

by intensity Pdl
[Peak | Il Peak | Il peak | Y Volume | by number

Dilution of PCV2
suspension
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1/100 301 | 25030 |5230+ 300
(80%) | (16 %) (4 %) 20+ 3 161 0.33+0.06
1/200 311 | 278 +£40 | 4590 + 300
(78%) | (18 %) (4 %) 21+2 14+1 0.39 £ 0.07
. 22+1
1/200 (filtered) (100 %) - - 21+1 192 0.39 £ 0.07
30 T 25
25 + by Number 20 &
20 t
by Volume 15 1
R 15 + 3
10 1
10 + by Intensity
5 - 57
o ‘ N ‘//P\\ ‘ /’\‘ ‘ o -~
1 10 100 1000 10000 10000
d, nm a

by Number

by Volume

by Intensity

100
d, nm

c

1000

Fig 4. Size distribution by number, volume, and intensity of PCV2 solution at various dilutions of
the initial suspension: (a) 1/100; (b) 1/200; (c) 1/200 (filtered).

The obtained (-potential values of the PCV2 capsid surface by laser Doppler electrophoresis

(Table 8, Fig. 5) are in good agreement with those for MS2 virus particles at neutral pH [1]. The

¢-potential of the MS2 virus particles was measured at their concentration of 5x10*! particles per

mL and ionic strength of 0.03 M. The values were found to be —29 or —34 mV (by Smoluchowski

or Ohshima approximations) respectively [1]. In the case of PCV2 capsid the C-potentials were
—41 and —22 mV (using Ohshima approximations) 100- and 200-fold dilutions respectively (Table

8). The PCV2 capsid surface was overall negatively charged and the values show that the virus

particles were colloidally stable and existed mainly as monomers.
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Table 8. Electrophoretic mobility (£0.2 umcm/Vs) and C-potential values (x4 mV) of PCV2
particles at various protein concentrations in aqueous solution at ionic strength 9x10-% and

4.5%x10-3 M respectively, 25 °C

A ¢/ mVv
D|Iut|(_)n of MS2 Electrophoretic G fmv : by C/m\_/
suspension / protein by Smoluchowski Hiickel by Ohshima

concentration mobility / pmem/Vs

(f =1.5) (f=1) (variable f)

1/100

0.002 ma/mL 2.3 30 45 41
1/200
0.001 ma/mL 12 15 -23 22

* In this case attenuator index was 11. It denotes no attenuation (full laser power), only high-scattering samples are

within acceptable limits.
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Fig 5. {-potential distribution of PCV2 aqueous solution using Ohshima approximations: (a) 1/100;
(b) 1/200, ionic strength 9x10-2 and 4.5x103 M.

0

3.2.1. The investigation of the PCV2 virus surface using acid-base indicator dyes: the estimation
of the electrostatic potential of the surface ¥ using pKa values of molecular probes

We have investigated experimentally the PCV2 capsid surface estimating its charge distribution
as in the case of MS2 bacteriophage in our previous investigation [1] using acid-base molecular
probes (indicator dyes) [19, 20].

The main equations describing the behaviour of the molecular probes in solutions containing
nanoparticles are given in Introduction (Eq. 1-4). In our case, we assumed that the molecular
probes were completely bound due to electrostatic interactions. However, it was difficult to verify
this fact for virus suspensions, in contrast to the micellar solutions of surfactants [19, 20]. In the

latter, it was very easy to vary the micelles concentration and to achieve the constant pK? values

of the indicator dyes as evidence of complete binding [19, 20].
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The electrostatic potential of the surface W can be estimated using the common formula (Eg.

4 in Introduction): W =59x(pK! — pK2), mV at 25°C [1, 19, 20]. The pK! value at the ionic
surface is often equated to the pK_ value of the same indicator bound by non-ionic or zwitterionic

surface where v — 0 or to thepK_' value in water [19]. We estimated the W values of the virus

surface using these three approaches. However, the obtained data show that the best approximation
of the pK value was the pK? value of the same indicator bound by a non-ionic surface. The

zwitterionic surface had a chameleon-like nature and the surface could be positively or negatively

charged [19]. The approximation of pK. value as pK' value in water was not sufficiently accurate

because it did not take into account the transfer activity coefficients (y,) of the corresponding
species from water to the surface (Eqg. 2 in Introduction).

The local ¥ values of the PCV2 particles were examined by molecular probes of various charge
types, sizes, and structures to compare with obtained {-potential of the virus particle and with
another virus, the MS2 bacteriophage. In the latter case, it was found [1], using molecular probes,
that the local electrostatic potentials of the MS2 surface were (-50 = 5) mV and (+10 £ 5) mV,
which indicates the ‘mosaic’ way of the charge distribution on the surface confirming our
computer simulation results [9, 33].

In general, the surface of the PCV2 capsid is negatively charged according to the data of laser
Doppler electrophoresis, and (-potential reflects this. However, the molecular probes of various
charge types, sizes, and structures in the solutions containing PCV2 particles could be bound by
the surface and could give more precise information about the local electrostatic potential. The
latter is always higher than the (-potential by the absolute value. It also provides more detailed

information about the virus’s surface.
We examined the pK? values of anionic (~0.9 nm, y -dinitrophenol) and cationic (>1.2 nm,

hexamethoxy red) indicators in a solution containing PCV2 particles with protein concentration
0.001 mg/mL and ionic strength 4.5x10-3 M (Table 9). The spectral and acid-base properties of
indicators are very sensitive to their microenvironment in aqueous solution [1, 19, 20].

In both cases, the maxima of the absorption spectra of indicator dyes in PCV2 solutions
coincided with those in aqueous solution. This is not typical for molecular probes bound by
charged nanoparticles in solutions [19, 20]. However, such behavior can be observed on the surface

of nanoparticles, if enough water molecules are adsorbed.

Comparing to the pK.' values in pure water the following pK; differences were calculated

ApK? (Eq. 3) (Table 9). They were +0.55 for the positive probe and —0.19 for the negative probe.
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This was the so-called medium effect that reflected the influence of solvation and electrostatic
influence on the acid-base properties of the molecular probes in solutions containing nanoparticles
according to Eq. 3 (see Introduction).

Table 9. The pK? and ApK? of indicators in PCV2 solution at concentration 0.001mg/mL and

ionic strength 4.5x10-2 M, and the estimated  value of capsid surface at 25 °C

Type of Indicator / charge oK "* ApKg =] pK, - Estimated
indicator type of acid-base pK: a pK:— | pKZ** | value from eq.
probe couple (+0.05) pK 4 (in mV)
Anionic y-Dinitrophenol
(~0.9 nm) (0/-) 5.03+0.03 | 5.22 -0.19 | +0.23 +14 +2
Cationic Hexamethoxy red
(>1.2 nm) (+/0) 3.65+0.05 | 3.10 +0.55 | -1.55 -91+3

* pK values of molecular probes were obtained under the same conditions as pK 2 values in the MS2 solution.
** pK! = pK? value of the same indicator bound by a non-ionic surface. The pK! values are 5.26 and 2.10 for y-

dinitrophenol and hexamethoxy red respectively [20].

The values of ApK? in the virus solutions were positive for positive probes, which is
characteristic for negatively charged surfaces and negative for negatively charged probes typical
for positively charged surfaces [1, 19, 20]. The ¥ values on average were —91 mV and +14 mV
respectively (Table 9), which indicates the ‘mosaic’ way of the charge distribution on the surface

(Fig. 6) as in the case of MS2 bacteriophage surface [1]. This mosaic character stems from the

distribution of the charged amino acid residues across the capsid (Fig. 6).




Fig. 6. Mosaic structure of the charge distribution on the PCV2 capsid surface. The anionic
glutamate and aspartate residues are colored blue, and the cationic lysine and arginine residues are

colored orange.

The sign of W for each probe allows us to suggest its localization on the capsid surface. The
inspection of the latter indicates several regions where positively or negatively charged residues
are grouped. We assumed them as probable places where the probe molecules could adsorb. They
are depicted in Fig. 7 for both probes. We emphasize that this is an illustration based on the results

of the experiment. It is not a product of docking or another computational modelling.

Fig. 7. Schematic assumed localisation of the positive, hexamethoxy red (left) and negative, y-
dinitrophenol (right) probes on the surface of the PCV2 capsid. The anionic glutamate and

aspartate residues are colored blue, the cationic lysine and arginine residues are colored orange

We found that the overall {-potential of the PCV2 capsid surface was negative, —41 (using
Ohshima approximations) at 100-fold dilution. However, using acid-base probes we have
experimentally detected patches of positive and negative charge on the surface (Fig. 6) and
demonstrated their impact on the binding of molecules to the capsid.

It is important that different indicator dyes give positive or negative W values in the same pH
range. That is, it is not the effect caused by varying pH, and this is a new result, possibly calling

for additional experiments and thinking.

4. Conclusions
We investigated experimentally using physical chemistry approaches the MS2 virus stability in
aqueous solutions about the effect of inorganic electrolytes and various colloidal surfactants in
water at physiological conditions.
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It was found that the C-potential value is reduced from —35 mV to —10 mV both at 0.01 M CaCl,
and at 0.1 M NaCl concentrations and higher electrolytes concentrations herewith the size of the
MS2 aggregates about 600 + 900 nm, but individual particles were also recorded with the size
around 30 nm.

The addition of cationic, anionic, and non-ionic colloidal surfactants below and above critical
micelle concentration (cmc) to MS2 bacteriophage solutions was investigated. The -potential
value was reduced upon the addition of cationic surfactant and even the surface recharge takes
place from —25 mV to +35 mV below and above cmc respectively as well as MS2 virus aggregation
was very clear above cmc of CTAB. The addition of anionic surfactant as monomers or in the form
of micelles did not show MS2 virus aggregation, dispersion, or disassembly. The presence of non-
ionic micelles increased bacteriophage aggregation and reduced the C-potential value. Thus, the
2 : 1 electrolyte at low concentrations, and additions of cationic and non-ionic micelles caused the
destabilization of MS2 bacteriophage particles in an aqueous solution.

We estimated the particle size and aggregation of porcine circovirus type 2 (PCV2) in solution
as well as the C-potential and the local electrostatic potential of the surface ¥ and it was compared
with those of MS2 bacteriophage.

The hydrodynamic diameter and the {-potential of PCV2 empty capsids were 22 nm and —41
mV respectively.

The estimation of the local electrostatic potential of the PCV2 capsid surface using molecular
probes (indicator dyes) showed two ¥ values: —91 and +14 mV, which indicated the ‘mosaic’ way
of the charge distribution on the surface similar to the case of MS2 bacteriophage in our previous
investigation [1]. The electrostatic potential of virus particles is concluded to be a reliable indicator
of the dispersion stability and the key to effective virus aggregation or/and disassembly through
the reduction of their ¥ values with coagulants.

Further investigation of such systems using obtained physicochemical data and findings can

provide an understanding of how to reduce viral infectivity.
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