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The stability of functionalized nanoparticles generally results from both steric and electrostatic interactions. Viruses
like bacteriophageMS2 have adopted similar strategies for stability against aggregation, including a net negative charge
under 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 nanoparticle
surfaces, affecting the fate and transport of these nanoparticles. We used time-resolved dynamic light scattering to
measure the aggregation kinetics of a model virus, bacteriophage MS2, across a range of solution chemistries to
determine what factors might destabilize viruses in aquatic systems. In monovalent electrolytes (LiCl, NaCl, and KCl),
aggregation of MS2 could not be induced within a reasonable kinetic time frame, and MS2 was stable even at salt
concentrations greater than 1.0 M. Aggregation of MS2 could be induced in divalent electrolytes when we employed
Ca2þ. This trend was also observed in solutions containing 10 mg/L Suwannee River organic matter (SROM) reference
material. Even at Ca2þ concentrations as high 200 mM, diffusion-controlled aggregation was never achieved,
demonstrating an additional barrier to aggregation. These results were confirmed by small-angle X-ray scattering
experiments, which indicate a transition from repulsive to attractive interactions between MS2 virus particles as
monovalent salts are replaced by divalent salts.

1. Introduction

Viruses represent an important class of pathogenic nanoparti-
cles in aquatic systems that are responsible for the vastmajority of
water-borne diseases. Because of this, viruses pose a challenge in
removal and disinfection processes for drinking water suppliers.
In environmental engineering, common means of disinfection
have been chemical transformations and filtration. Only recently
have studies focused on the importance of biophysical interac-
tions between viruses and interfaces1-3 which can be exploited as
a method of disinfection or virus removal.

In the field of environmental engineering and science, the usual
starting point for describing interfacial interactions of environ-
mental nanoparticles is classical Derjaguin-Landau-Verwey-
Overbeek (DLVO) theory that quantifies the balance between van
der Waals interactions and electrostatic interactions. With the
exception of a few cases,4 DLVO theory on its own is insufficient
and often requires extensions to include contributions from other
interactions like Lewis acid-base interactions or steric interac-
tions.5 As a first approximation, the interfacial interactions of
spherical virus nanoparticles such as bacteriophage MS2 have
been modeled within the DLVO paradigm when modeling

deposition of virus to mineral surfaces,3 and DLVO-like interac-
tions have also been successful in describing bacteriophage
PRD1.6 However, the complex interactions implicit in these
systems often cannot be described using such models. For
example, simple implementations of DLVO cannot adequately
model microbial interactions at solid interfaces because of the
heterogeneous polymer layers extending from cell membranes
where synergistic combinations of steric and electrosteric inter-
actions must be invoked.7,8 Despite recent advances in describing
the electrostatics of viruses andmicroorganisms byaccounting for
electrophoretic softness of these particles by Duval et al.,9 it is
clear that their structural complexities severely complicate exact-
ing quantitative models describing interfacial interactions. In
many cases, an appropriate electrostatic model is probably not
enough. For example, using the total interaction energyprofile for
deposition of virus onto flat plates as a baseline model, Penrod
et al.10needed to apply expressions for steric interaction energies
that consisted of both a repulsive osmotic energy term to account
for the water exclusion around polymers protruding from the
virus surface and a repulsive elastic energy that is due to the
compression of these polymers and their loss of configurational
entropy.
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In a more general context, DLVO theory itself is an approxi-
mation not intended for universal application. Within the para-
digm of DLVO, one considers only electrostatic and van der
Waals interactions and treats these interactions as if they were
separable and, moreover, expresses each of these interactions in
an approximate form. Themean field description of electrostatics
implicit in DLVO cannot treat systems with strong electrostatic
interactions (such as high surface charge densities and multiva-
lent ions).11-16 In such systems, effects from ion correlations,
for example, can lead to counterintuitive phenomena such as like-
charge attraction in polyelectrolytes,17-19 as well as some of
the intervirus interactions described here. A number of helpful
reviews have recently been published.20-23

Several recent studies have demonstrated the importance of
electrostatic interactions in the specific situation of adsorption of
viruses to solid interfaces. For deposition of MS2 onto both bare
silica and organic matter-coated silica, Yuan et al.3 showed that
an increasing ionic strength resulted in increasing deposition rates
due to the high degree of charge screening. Additionally, Herath
et al.24 showed that as the pH of a solution approached the
isoelectric point (IEP) of specific viruses, microfiltration mem-
branes rejected a greater percentage of virus particles in solution.
The authors speculated that this phenomenon was probably due
to a higher degree of virus-virus aggregation resulting from
weakened electrostatic interactions at the IEP. By measuring
decreases in the mean apparent diffusion coefficient of virus
suspensions with decreasing pH values using dynamic light
scattering (DLS), Langlet et al.2 confirmed that virus-virus
aggregation resulted fromdecreases in the strength of electrostatic
repulsive interactions as the IEP of the virus was approached.

On the basis of the research described above, we hypothesize
that factors beyond electrostatics can influence virus-virus
interactions and affect aggregation. These factors might include
changes in ionic strength, the presence ofmultivalent cations, and
in natural aquatic systems the presence of natural organic matter
(NOM). For example, previous studies have shown multivalent
cations can induce nonspecific attractions between like-charged
polyelectrolytes such as DNA,25-27 and filamentous phages,19

and for F-actin, the structure and dynamics of the condensing
ions have been directly investigated.17,18 Furthermore, deposition
of microbes onto solid interfaces can be enhanced in the presence

of divalent cations due in part to cation bridging of extracellular
polysaccharide polymers or charge neutralization through cation
complexation to carboxylate functionalities.4,8,28 To effectively
determine the solution conditions and their degree of influence on
the stability of the bacteriophage, MS2, sensitive time-resolved
dynamic light scattering (TR-DLS) is an appropriate experimen-
tal method. By employing TR-DLS, we studied the aggregation
kinetics of dilute MS2 suspensions under different experimental
conditions. In other research, TR-DLS has been employed to
measure the aggregation kinetics of suspensions such as metal
oxide nanoparticles,28-30 fullerenes,4 and other important nano-
particles.31With state-of-the-art instrumentation, the small size of
MS2 and the low solution concentrations do not pose a problem
for detection or for resolving kinetics within the appropriate
temporal window. On the basis of the results from these studies,
the mechanism of aggregation can be postulated and the appro-
priate model for describing particle-particle interaction can be
suggested. Inclusive with this TR-DLS study is the complemen-
tary synchrotron-based small angle X-ray scattering (SAXS)
experimental results of MS2 suspensions over a range of solution
conditions. On the basis of these sensitive studies, the second
osmotic virial coefficient of MS2 at different solution chemistries
can be determined, providing us with a clear indication of the
conditions under which attractive or repulsive forces dominate
virus-virus interactions.

The objective of this paper is to study a broad range of
environmental factors that control the stability ofMS2 in aquatic
systems and compare those results against conventional descrip-
tions for particle interaction. To this end, we investigated the
influence various cations have on the stability of both bare MS2
and MS2 coated with SROM. Particle stability measurements
commonly require measurements of particle aggregation that
occurs when interactions become attractive. However, the ap-
pearance of aggregation does not need to be coincident with the
onset of attractions. To examine the onset of attractive interac-
tions between virus particles, we use synchrotron-based small-
angle X-ray scattering to quantitatively measure the transition
fromrepulsive to attractive interactions betweenMS2particles, as
specific solution conditions are systematically varied. The results
of this prototypical system will inform our understanding of the
complex balance of interactions (electrostatic, van derWaals, and
steric interactions) responsible for controlling virus stability in
aquatic systems.

2. Materials and Methods

2.1. MS2 Preparation and Plaque Forming Unit (PFU)
Assay. BacteriophageMS2was replicated and purified following
a modified procedure of Kitis et al.32 A tryptic soy broth solution
(TSB) was prepared via addition of 3 g of TSB to 100 mL of
deionizedwater (18.2MΩ cmDI,Millipore) and later autoclaved.
Escherichia coli cells were grown in this TSB solution as its culture
medium for approximately 3 h under incubation conditions
(37 �C). The E. coli suspension was inoculated with MS2 when
the optical density reached 1.0 at 420 nm.The solutionwas further
incubated under the same conditions for an additional 24 h. For
purification ofMS2, the viral solutionwas centrifuged to separate
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viruses from larger E. coli cellular debris. The supernatant was
collected and filtered using a 0.2 μm low-protein binding track-
etched polycarbonate membrane (Whatman Nucleopore) to re-
move material larger than 200 nm. Following this, an additional
filtration stepwas conducted using a 0.05 μm low-protein binding
track-etched polycarbonate membrane (Whatman Nucleopore)
for removal of smaller particles. The resulting filtrate contained
MS2, nutrients, microbial products, and very small debris, and
this was removed by ultrafiltration. For ultrafiltration, a 100 kDa
membrane was used in conjunction with a Millipore ultrafiltra-
tion unit. This unit was continuously fedwith a previously filtered
and autoclaved 1.0 mM NaCl solution with a 5:1 ratio of NaCl
solution to viral solution. The viral suspension was therefore
purified when all the contaminants smaller than ∼100 kDa were
removed through the membrane while the viruses were concen-
trated inside the unit. A laminar flow hood was used to prevent
contamination at every step of the process.

MS2 enumeration was performed following the double-agar
layer procedure.33 For each sample taken, successive dilutions
were prepared to produce a quantifiable solution. The Petri dishes
were incubated at 37 �C for 16 h, and the plaques formed due to
the inoculation of MS2 on E. coli were counted in every dilution.
Only the samples that had from 20 to 300 plaques were finally
taken into consideration for PFU determination.

AllMS2 solutions used in subsequent experimentswere created
from concentrated stock solutions (ca. 1012 PFU/mL for DLS
measurements and ca. 1015 PFU/mL for the SAXS measure-
ments). For studies in the absence of NOM,MS2 stock solutions
were prepared at pH 5.5 ( 0.2. For the studies on the effects of
natural organic matter on MS2 stability, MS2 stock solutions
were added to a solution of Suwannee River organic matter
purchased from the International Humic Substance Society
(IHSS, St. Paul, MN). All SROM solutions were doubly filtered
through 0.2 μm syringe filters (Whatman). The concentrations of
SROM solutions expressed as milligrams of organic carbon (OC)
per liter were determined via high-temperature oxidation
(Shimadzu 5000). Suspensions of SROM-coated MS2 were
allowed to equilibrate at pH 4.8( 0.2 for a minimum of a couple
of hours. The differences in pH for bare MS2 suspensions and
SROM-coatedMS2 suspensionswere chosen for themaintenance
of a constant eletrophoretic mobility of the particles between
solution conditions.

2.2. ElectrophoreticMobilityMeasurements.The electro-
phoretic mobilities of theMS2 nanoparticles were measured with
a Malvern Instruments Zetasizer-ZS (Malvern Instruments).
Solutions of nanoparticles (ca. 1011 PFU/mL) were prepared at
the appropriate ionic strength and titrated with aqueous NaOH
made from a standardized solution (Aldrich) and filtered through
a 0.2 μm syringe filter (Whatman) to remove any dust or parti-
culates that might interfere with these measurements. Titrations
were performed using a Malvern Instruments MPT-2 autotitra-
tor, and measurements were taken using a folded capillary cell
(Malvern Instruments). Titrations covered a range from pH 3 to
12withmeasurements taken at increments of roughly 0.5 pHunit.
The isoelectric point is defined in this work as the pH at which the
electrophoretic mobility is zero. Electrophoretic mobility was
measured at different pH values in solution with a fixed ionic
strength of 1 mM.

2.3. Calcium Titration of SROM and MS2. Titration of
SROM from the IHSS was conducted by the addition of a Ca2þ

standard solution to suspensions of SROM that had been pre-
pared as discussed above. As a control, titration of filtered DI
water byCa2þwas first conducted. The volume ofDIwater tested
was 150mLat an initial pHof∼5.9. The calcium concentration in
solution was measured using a calcium combination electrode
(Denver Instruments, catalog no. 0222617). From the manufac-
turer’s specifications, the detection limit of this electrode ranged

from 0.02 to 40000 ppm (5 � 10-7 to 1 M). Titration was
conducted by the addition of a 0.001 M Ca2þ standard. The
solution was continuously stirred, and the electrode response was
recorded after the solution was stabilized with the addition of the
titrant (∼20 s). Twomeasurements were taken after each addition
of Ca2þ to the solution (0.1-0.5 mL) and averaged prior to data
reduction. The titration was ended when the Ca2þ concentration
of the solutionwas∼0.00015M.For the sakeof completeness, the
titration ofSROMwas conducted in solutionswith differentTOC
concentrations (5, 12.5, 25, and 37.5 mg/L). A second set of
experiments for SROM titration and control experiment was
conducted following the same protocol described above, but with
previous degassing ofDIwaterwithN2 for 30min prior toSROM
solution preparation. A third set of experiments for SROM
titration was conducted following the procedure described above,
butwith the addition ofKCl at a final concentration of 20mMfor
the purposes of ionic strength. MS2 was titrated with Ca2þ

following the procedure described above. The concentrations
of MS2 for the two conditions tested were 2.1 � 1012 and 1.1 �
1012 PFU/mL in 30 mL of solution.

2.4. Aggregation Kinetics Experiments. We employed a
single-detector light scattering unit (ALV-CGS-3, Langen) to
make all DLS measurements. The ALV-CGS-3 compact goni-
ometer system employs a 22 mWHeNe laser (Uniphase) provid-
ing a single-frequency output with a wavelength of 632.8 nm, an
ALV-proprietary optical fiber-based detector, and an avalanche
photodiode single-photon detector. Samples were held in a ther-
mostated index matching quartz vat filled with toluene doubly
filtered through 0.02 μm filters (Anotop 25, Whatman). The
sample temperature was ca. 22 �C but more importantly never
varied by more than 0.5 �C during one run.

Borosilicate culture tubes (Fisher) where used as sample cuv-
ettes. Prior to any experiments, the cuvettes were soaked in
cleaning solution (Extran MA01, Merck) overnight, rinsed with
DIwater (18.2MΩ, USFilter Purelab Plus), and dried in an oven
before use. A new cuvette was used for each DLS measurement.
All sample preparation took place in a class 100 trace metal clean
vertical laminar flow hood (Air Clean Products 600). For sample
preparation, the MS2 stock solutions were diluted to the appro-
priate concentration (ca. 1010 to 1011 PFU/mL) with 0.2 μm
doubly filtered DI water and adjusted to the required pH with
0.2 μm filtered NaOH or HCl.

To induce aggregation, the appropriate amount of electrolyte
stock solution, filteredwith 0.1μmfilters (Anotop-25,Whatman),
was added to the vial containing a known volume (ca. 1.0 mL) of
MS2 sample. The solution was given a brief shake and quickly
inserted into the index matching vat. Dynamic light scattering
measurements were started immediately. The time required for
the first DLS measurement was generally less than 15 s and was
accounted for during data reduction.

Time-resolved dynamic light scattering was used to measure
the intensity of the autocorrelation function of dilute virus
nanoparticle suspensions at varying ionic compositions employ-
ing bothmonovalent (NaCl, LiCl, andKCl) and divalent (CaCl2)
electrolytes over a range of concentrations. All light scattering
measurements were conducted by employing the detector posi-
tioned at a scattering angle of 90� from the incident laser beam.
The detector signal was fed into the correlator, which accumu-
lated each autocorrelation function for 5-15 s. The intensity-
weightedhydrodynamic radiusof thenanoparticle aggregateswas
calculated by nonlinear least-squares fitting of the second-order
cumulants (ALV software). The measurements were performed
over time periods from 10 min to 14 h because appropriate
analysis of time-resolved DLS data requires approximately a
30% increase in the hydrodynamic radius.4,28 This provides
adequate data for derivation of the aggregation kinetics of doub-
let formation since the effective doublet hydrodynamic radius has
been reported tobe∼1.4 times the primaryparticle hydrodynamic
radius.(33) Adams, M. Bacteriophages; Interscience Publishers: New York, 1959.
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2.5. Light Scattering Data Reduction. Initial nanoparticle
aggregation kinetics were determined by monitoring the increase
in RH with time:30,31

dRH

dt

� �
t f 0

�k11N0 ð1Þ

That is, the product of aggregation rate constant k11 and nano-
particle number concentration N0 is proportional to the slope of
theRH versus time graph for tf 0.After the initial slope had been
normalized to nanoparticle concentration, the inverse stability
ratio (1/W) can be determined from the ratio of the measured
aggregation rate constant, k, to the maximum aggregation rate
constant, kfast:

1

W
¼ k

kfast
ð2Þ

As shown in earlier papers,30,34 we can determine 1/W without
determining the absolute rate constants, because the ratio of the
initial slope of theRHversus time graph to that in the fast regime is
proportional to k/kfast:

1

W
¼

dRH

dt

� �
t f 0

dRH

dt

� �
t f 0:fast

ð3Þ

The attachment efficiency, R, otherwise known as the inverse
stability ratio, 1/W, is used to quantify the aggregation kinetics of
colloidal systems. Attachment efficiencies are calculated by nor-
malizing the measured k11 by the diffusion-limited aggregation
rate constant (k11)fast determined under favorable aggregation
conditions.30

R ¼ k11

ðk11Þfast
ð4Þ

The attachment efficiencyR, ranging from0 to1, is the probability
of an irreversible attachment resulting from the collision of two
colloidal particles.

2.6. Small-Angle X-ray Scattering. MS2 stock solutions
were prepared as described above. For SAXS experiments,
samples were prepared over the MS2 concentration range
of 0.5-16 mg/mL, or 7.9 � 1013 to 2.5 � 1015 PFU/mL. CaCl2
concentrations of 1-50 mM (Aldrich) were selected to determine
the salt concentration necessary to induce a net attractive MS2
interaction. NaCl (Aldrich) concentrations with the same ionic
strength were prepared to investigate the effect of salt valence. All
samples were titrated to pH6.1 in 1mMNaCl (Aldrich) . Samples
were hermetically sealed in 1.5 mm diameter quartz capillaries.
To minimize path length differences due to capillary size poly-
dispersity, capillaries with the same thickness were chosen after
measurement using a Nikon Eclipse E600 POL light microscope
at 4� magnification.

Small-angle X-ray scattering experiments were performed on
beamline 4-2 at the Stanford SynchrotronResearchFacility (Palo
Alto, CA) and beamline 12-ID-Cat at the Advanced Photon
Source (Argonne, IL). For the Stanford Synchrotron Research
Facility experiments (incident X-ray wavelength λ = 1.1271 Å),
the scattered radiation was collected using a MAR Research
(Evanston, IL) charge-coupled device (CCD) camera (pixel size
of 79μm� 79μm).For theAdvancedPhoton Source experiments
(incident X-ray wavelength λ = 1.033 Å), the scattered intensity
was collected using a MAR Research 2D mosaic CCD detector
(pixel size of 79 μm � 79 μm).

2.7. SAXSDataReduction. Similar secondvirial coefficient
measurements using X-rays have been conducted on DNA35and
lysozyme36 in salt solutions. Following these methods, we extra-
polate the low-Q region [Q= (4π/λ) sin θ, where λ is the incident
X-ray wavelength and 2θ the scattering angle] of the small-angle
diffraction spectra to the origin (Q = 0) to obtain the second
osmotic virial coefficient,A2.A2 is the first-order correction to the
van’t Hoff law [Π/cRT = 1/M þ A2F = ... (terms of order F2),
where Π is the osmotic pressure, c is the MS2 concentration in
grams per cubic centimeter, R is the ideal gas law constant, M is
the molecular weight ofMS2, and T is the absolute temperature].
Therefore, the osmotic pressure can be higher or lower than the
ideal case, signifying a net repulsion or attraction between parti-
cles, respectively.

Experimentally, A2 can be measured with X-rays since the
X-ray structure factor at the origin is related to the osmotic
pressure by the relationship S(c, Q = 0) = (RT/M)(∂Π/∂c)-1,
where S(c,Q=0) is the interparticle correlation function. This in
conjunction with the van’t Hoff law gives

PðQ ¼ 0Þ
Iðc,Q ¼ 0Þ ¼ 1

Sðc,Q ¼ 0Þ ¼ 1þ ð2MA2Þc ð5Þ

where P(Q=0) is the intraparticle form factor and I(c,Q=0) is
the [MS2]-normalized measured scattering intensity extrapolated
to the origin. Typically, the form factor which is proportional to
the Fourier transform of the particle electron density is difficult to
model. However, via comparison of SAXS spectra from samples
with different particle concentrations under identical solution
conditions [the same P(Q)], the nature of the interparticle inter-
action can be determined by the change in the low Q scatter-
ing intensity. For attraction (repulsion) between particles,A2< 0
(A2>0),which implies the lowQ scattering intensity, I(c,Q=0),
will increase (decrease) with an increasing particle concentration.

3. Results and Discussion

3.1. Electrokinetic Measurements. The electrophoretic
mobilities of the bareMS2 and SROM-coatedMS2nanoparticles
as a function of ionic strength were used to calculate the outer
surface potentials and electrophoretic softness using Ohshima’s
equation37 for soft particles . For solutions containing Naþ as a
supporting electrolyte (Figure 1a), the electrophoretic mobilities
of bare MS2 and SROM-coated MS2 became less negative with
an increasing ionic strength. This result is due to a higher degree of
screening of the applied electric field associated with the greater
concentration of dissolved ions. In both cases, screening becomes
limited at high ionic strengths, resulting in electrophoretic mobi-
lities asymptotically approaching a finite lower limit. This limiting
behavior results from an outer soft ion-permeable polymeric layer
attached to the core shell of theMS2 and the SROM-coatedMS2
nanoparticles.1,37 Fits to Ohshima’s equation were obtained for
electrophoreticmobility data only at ionic strengths above 10mM
with the fixed charge density and electrophoretic softness used as
fitting parameters. The electrophoretic softness, 1/λ, is described
in terms of length units where λ = (γ/η)1/2 and γ is the frictional
coefficient of the soft layer.37For bareMS2 inNaþ, 1/λ=2.3 nm,
and for SROM-coated MS2, 1/λ= 2.6 nm, confirming a greater
depth of polyelectrolyte layer imparted to the MS2 nanoparticles
by any additional SROM moieties adsorbed to the surface.

When the electrophoreticmobilities ofMS2 andSROM-coated
MS2 were measured in the presence of Ca2þ (Figure 1 b), the
electrophoretic mobilities reached zero at ca. 200 mM Ca2.

(34) Saleh, N. B.; Pfefferle, L. D.; Elimelech, M. Environ. Sci. Technol. 2008, 42
(21), 7963–7969.

(35) Qiu, X.; Andresen, K.; Kwok, L. W.; Lamb, J. S.; Park, H. Y.; Pollack, L.
Phys. Rev. 2007, 99.

(36) Bonnete, F.; Finet, S.; Tardieu, A. J. Cryst. Growth 1999, 196.
(37) Ohshima, H. Colloids Surf., A 1995, 103(3), 249–255.
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We hypothesize that this is due to a combination of charge
screening by the divalent cations and complexation of Ca2þ to
carboxylate moieties common to both the outer protein capsid of
MS2 and the SROM.1 Complementary titration data using a
calcium ion-selective electrode (ISE) support this hypothesis aswe
observed small deviations in the ISE signal when Ca2þwas added
to MS2 or SROM-coated MS2 suspensions.
3.2. Stability of MS2 and SROM-Coated MS2 in the

Presence of Monovalent Salts. We examined the stability of
MS2 and SROM-coated MS2 in solutions of monovalent salts
LiCl, NaCl, and KCl over a range from 10 mM to 1.0 M. Initial
concentrations of virus nanoparticles ranged from 5� 109 to 5�
1011 PFU/mL. For particles of the same radius, the diffusion-
controlled rate constant for monomer-/monomer aggregation
k11 = 8kBT/3η, where η is the solution viscosity and kBT is the
product of the solution temperature and Boltzman’s constant.
For aqueous solutions at 25 �C, the theoretical diffusion-con-
trolled rate constant for MS2-MS2 aggregation is 1.23 � 10-17

m3/s. On the basis of this and the integrated second order rate
equation, the theoretical half-life for aggregation of virus mono-
mers within the diffusion-controlled limit is ca. 37 s at an initial
virus concentration of 5 � 109 PFU/mL and 0.37 s at an initial
virus concentration of 5 � 1011 PFU/mL. At the lowest salt
concentrations, we did not expect to observe diffusion-controlled
aggregation and therefore chose particle concentrations so that
we could observe an appreciable degree of aggregation (Rt =
1.4R0) within a reasonable temporal window. We considered a

suspension stable if we could not observe aggregation under our
experimental conditions within a reasonable time frame.

We observed some small changes in the initial hydrodynamic
radius of MS2 and SROM-coated MS2 resulting from initial salt
concentrations. At the lowest salt concentrations, the hydrody-
namic radius for SROM-coatedMS2 was 18.1( 0.7 nm and that
of bareMS2 16.2( 0.1 nm, further indicating that the SROMwas
adsorbing to the surface of the MS2 nanoparticles. With increas-
ing salt concentrations, we observed a decrease in the initial
hydrodynamic radius for both sets of particles. Limiting hydro-
dynamic radii of 14.0 ( 0.1 and 14.5 ( 0.4 nm for MS2
and SROM-coated MS2, respectively, were observed at ionic
strengths above 500 mM. This decrease in RH with an increase in
salt concentration is due to screening of charged moieties within
the MS2 phage itself and the SROM polyelectrolyte. The effect
has also been documented by Rotureau et al.,38 who observed
increases in the diffusion coefficients for functionalized carbox-
ymethyldextran macromolecules with an increasing ionic
strength. Despite changes in the initial hydrodynamic radius with
an increasing ionic strength over the range of monovalent salt
concentrations that we employed, the hydrodynamic radius for
the particles measured at the beginning of each aggregation
experiment was equal to that at the end of each experiment within
experimental uncertainty. This is compelling evidence for the
superior stability of these virus nanoparticles. In fact, additional
laboratory experiments showed suspensions of MS2 nanoparti-
cles (1 � 1012 PFU/mL) in e1.0 M NaCl were stable against
aggregation for as much as 10 h.

In the case of conventional small particles destabilized through
increases in ionic strength, we expect to see increasing rates of
aggregation until diffusion-limited aggregation occurs. Within
the paradigm of DLVO theory, a rough measure of aggregation
tendency is given by the ionic strength at the crossover concen-
tration todiffusion-limited aggregation.This is commonly termed
the critical coagulation concentration (CCC) and results from
screening of electrostatic interactions to a point where at the
Debye length the balance of electrostatic repulsion forces and
attractive van der Waals forces equals zero. Under these sche-
matic conditions, a potential energy barrier to aggregation no
longer exists and each collision between virus monomer nano-
particles results in the formation of a dimer aggregate. From the
experimental results in monovalent salts up to the extremely high
concentrations that we employed and within our generous tem-
poral window, no CCC exists for MS2 and SROM-coated MS2,
indicating that simple DLVO theory is inadequate for modeling
virus-virus interactions. The failure of DLVO theory to effec-
tively model MS2 interfacial interactions is not surprising in light
of the surface charge heterogeneities associated with the protein
capsid. One additional intriguing possibility for the superior
stability of MS2 and SROM-coated MS2 in monovalent salt
solutions originates from steric interactions between MS2 and
SROM-coated MS2 particles. This is supported by the experi-
mentally determined softness layer of 2.3 and 2.8 nm forMS2 and
SROM-coated MS2, respectively. These steric interactions arise
from polypeptides that form loops at the capsid surface and have
been implicated in influencing the filtration of MS2.10

3.3. Aggregation ofMS2 andSROM-CoatedMS2 in the

Presence of Ca2þ. With the addition of CaCl2 to aqueous
suspensions of MS2 and SROM-coated MS2 under the same
experimental conditions that we employed for the monova-
lent salts, we were able to observe aggregation of the virus

Figure 1. (a) Electrophoretic mobility as a function of ionic
strength for MS2 in solution with and without SROM (10 mg/L
as TOC). The electrophoretic mobility data were fitted with
Ohshima’s equation for outer surface potential and particle soft-
ness (1/λ). The solid lines in panel a represent the best fit where
1/λ = 2.3 nm for bare MS2 and 1/λ = 2.6 nm for SROM-coated
MS2. (b) Electrophoretic mobility as a function of Ca2þ concen-
tration forMS2 in solutionwith andwithout SROM. Lines are for
guides only and do not represent a fit to a model prediction.

(38) Rotureau, E.; Thomas, F.; Duval, J. F. L. Langmuir 2007, 23(16), 8460–
8473.
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nanoparticles. Figure 2 shows a set of representative data from a
series of aggregation experiments for SROM-coated MS2. The
growth rate of the MS2 aggregates increases with an increasing
CaCl2 concentration following typical nanoparticle aggregation
behavior observed previously.29,39

Panels a and b of Figure 3 show plots of the log of the inverse
stability ratio as a function of the log.40 For both MS2 and
SROM-coated MS2, there are clear delineations between the
regions of favorable and unfavorable aggregation and the CCCs
for these suspensions are ca. 160 and 100 mMCa2þ, respectively.
We do note the calculated aggregation rate constants at the CCC
for both of these systems are below the theoretical diffusion-
controlled aggregation rate constant, but this has been observed
before for a similar experimental protocol.29 Despite the fact that
Ca2þ ionswere able to induce aggregation, the observedCCCs for
both systems are quite large compared to those from similar
experiments examining other types of nanoparticles and therefore
again indicate a significant degree of stability for MS2 suspen-
sions.

On the basis of these results, Ca2þ ions appear to have a
substantial effect on destabilization of the SROM-coated MS2
and uncoated MS2 compared to monovalent cations. A similar,
albeit more dramatic, effect of Ca2þ ions on the aggregation
behavior of other nanoparticles has beenobservedbyChen et al.39

In their work, complexation of calcium to the high-molecular
weight organic polyelectrolyte, alginate, resulted in enhanced
aggregation of hematite nanoparticles. Enhanced aggregation
described aggregation that appeared to exceed the theoretical
diffusion-controlled limit; this would be predicted when calcium
cross-linking of alginate molecules formed a superstructure
instead of conventional aggregates. Calcium titration experiments
with SROM in our laboratory indicated a weak complexation of
Ca2þ by SROM similar to that found by Hering and Morel.41

Additionally, molecular modeling supports the experimental
evidence that Ca2þ forms complexes with natural organic
matter.40,42 In light of the low organicmatter concentrations used

in our experiments, we do not expect Ca2þ to have contributed to
any substantive cross-linking of SROM molecules. We propose
that the mechanism for virus aggregation in the presence of Ca2þ

ions involves charge neutralization and cation bridging due to
complexation of Ca2þ to negatively charged moieties on theMS2
surface. This is further supported by calcium titrations to MS2
suspensions in which we did observe calcium complexation. A
small additional degree of complexation to the SROM may
indeed result in the minor differences in CCCs observed for the
two suspensions because complexation by Ca2þ can lower the
overall surface charge and destabilize the virus nanoparticle.
Alternatively, complexation by Ca2þ may also induce changes
in the MS2 capsid which can affect important structural char-
acteristics such as polypeptide loops that would be responsible for
the steric stabilization of MS2 particles against aggregation.
Given the weak stability constants for complexation of Ca2þ to
MS2 that our titrations predict, either of these two mechanisms
might be responsible forMS2 aggregation and both are supported
by the high concentrations of Ca2þ that are required. The same
effect caused by structural changes may occur as the IEP ofMS2
is approached and may be responsible for aggregation of MS2 in
these cases as well.2,24 Structural changes of this nature might be
difficult to show given the difficulty in imaging MS2 at a
sufficiently high resolution. However, studies such as this are
necessary for the development of a clearer understanding of the
mechanism of MS2 aggregation.

Figure 2. Typical results from multiple TR-DLS experiments for
MS2 inaCaCl2 solution in thepresenceof10mg/LSROM(asTOC).

Figure 3. (a) Stability diagram for bareMS2 in aCaCl2 solution at
295K. [MS2]=8.2� 1010PFU/mL. (b) Stability diagramforMS2
in a CaCl2 solution in the presence of 10 mg/L SROM (as TOC) at
295 K. [MS2] = 8.2 � 1010 PFU/mL.

(39) Chen, K. L.; Mylon, S. E.; Elimelech, M. Enivron. Sci. Technol. 2006, 40,
1516–1523.
(40) Ahn, W. Y.; Kalinichev, A. G.; Clark, M. M. J. Membr. Sci. 2008, 309

(1-2), 128–140.
(41) Hering, J. G.; Morel, F. M. M. Environ. Sci. Technol. 1988, 22(10), 1234–

1237.
(42) Kalinichev, A. G.; Kirkpatrick, R. J. Eur. J. Soil Sci. 2007, 58(4), 909–917.
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3.4. Synchrotron-Based Small-Angle X-ray Scattering.

Small-angle X-ray scattering results confirm the existence of a
net attractive interaction between MS2 nanoparticles, with an
onset at high concentrations of Ca2þ. For 1 and 10 mM Ca2þ

(Figure 4a,b), there is a downturn in the spectra with an increase
in particle concentration. This is the scattering signature for
the existence of a net repulsive interaction and shows that such
repulsions are present at low divalent salt concentrations. The
trend is reversed for 50 mM Ca2þ (Figure 4c). The upturn
observed for concentrations greater than 50 mM Ca2þ is the
signature for attractive interactions and indicates that higher
calcium concentrations induce a net attraction between particles.
The importance of cation valence is apparent from comparison
withNaCl salt solutions.Unlike the 50mMCa2þwhich shows an
upturn with an increase in particle concentration signifying
attraction, NaCl with the same ionic strength still displays a
downturn implying marginally repulsive behavior between MS2
particles.

Quantitatively, I(c,Q=0) can be obtained by extrapolation of
the low-Q (Guinier) region which is well described by I(c, Q) =
I(c, 0)e - (QRg)

2/3, where Rg is the particle electric radius of
gyration. Therefore, analysis reduces to a linear fit of ln[I(c, Q)]
versus q2 to yield the intensity at the origin. By approximation of
the scattering intensity from the spectra with the lowest concen-
tration to be dominated by the particle form factor, i.e.,S(cmin,Q)
= 1, the second virial coefficient, A2, can be obtained using eq 5.
In this case, a positive slope indicates repulsion while a negative
slope indicates attraction.

As predicted by qualitative inspection of the SAXS data,
quantitative analysis confirms that increasing the divalent cal-
cium concentration decreases the level of interparticle repulsion

(Figure 4e), and above a threshold concentration, the inter-
action becomes attractive. At 50 mM Ca2þ, A2 < 0, showing
this calcium concentration is sufficient to induce a net attrac-
tion between the negatively charged MS2. This is close to the
same concentration at which aggregation was observed in the
TR-DLS experiments but below the CCC. Thus, by combining
DLS with synchrotron X-ray scattering, two techniques which
measure different aspects of the same phenomena at different
length scales, we are able to show that the existence of an
attractive interaction does not imply aggregation and that there
is a finite threshold of attraction strength before the onset of
aggregation.

When the interactions of MS2 are compared in monovalent
salts, even at 150mMNaþ the slope remains positive, indicating a
repulsive regime persists up to this sodium concentration. This
result confirms the superior stability of MS2 nanoparticles in the
presence of high concentrations of monovalent cations.

4. Conclusions

Here we investigated how solution conditions influence the
interfacial interactions of bacteriophage MS2 and contribute to
MS2 aggregation in aquatic systems. As MS2 captures the
essential characteristics of many infectious virus particles, its
aggregation is important to understand fully, especially since
the aggregation of pathogens may change both their infectivity
and filtration efficiency. While others have reported that the
protonation of acid functionalities that are associated with MS2
results in a decrease in surface charge and subsequent MS2
aggregation at the IEP, this is the first study to compare
contributions from monovalent and divalent cations as well as
organic matter.

Figure 4. (a-e) Experimentally measured SAXS intensities for MS2 in Ca2þ and Naþ salt solutions (a-d). A downturn in the low-Q
scattering profile with an increasing MS2 concentration implies inter-MS2 repulsion (a, b, and d), whereas an upturn (c) implies attraction.
(e) Resulting 1/S(Q=0) vs [MS2] for a given salt solution after extrapolation to obtain I(c,Q=0). The experimentally determinedA2 values
are extracted through a linear fit using eq 5.A2=2.34� 10-6molmLg-2 for 150mMNaCl and 6.41� 10-6, 3.51� 10-6, and-3.88� 10-6

mol mL g-2 for 1, 10, and 50 mM CaCl2, respectively.

D
ow

nl
oa

de
d 

by
 U

N
IV

 I
L

L
IN

O
IS

 U
R

B
A

N
A

 o
n 

Se
pt

em
be

r 
25

, 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 S

ep
te

m
be

r 
23

, 2
00

9 
| d

oi
: 1

0.
10

21
/la

90
22

90
t



H DOI: 10.1021/la902290t Langmuir XXXX, XXX(XX), XXX–XXX

Article Mylon et al.

Above theMS2 IEP at high concentrations ofmonovalent salts
where the Debye layer becomes less than 1 nm thick, electrostatic
repulsion between surface charges cannot be effective in stabiliz-
ing MS2 solutions against aggregation; however, MS2 nanopar-
ticles are kinetically inert against aggregation, and the second
osmotic virial coefficient remains positive for MS2 suspensions.
While the patchiness of surfaces charges may result in strong
localized regions of surface charge that might still stabilize MS2
particles even at high IS, on the basis of the crystal structure of
MS2, we speculate that structural features such as polypeptide
loops that extend from the protein capsid also contribute to the
stabilization of MS2 against aggregation through steric interac-
tions. The strength of these steric interactions probably depends
on many factors such as the surface density of the functionality,
the length of the functionality, and whether that functionality is
charged.For example, hematite nanoparticles functionalizedwith
a humic acid standard were also stabilized against aggregation
due to steric and electrosteric interactions,30 but aggregation in
these system could still be induced by simply adding more salt to
the solutions. The results presented here indicate that this is not
the case for MS2, and therefore, the unique stability of MS2 is
probably due to a more uniform distribution of functionalities on
the protein capsid when compared to humic acid standards
adsorbed to the surface of a metal oxide nanoparticle. In fact,
our results indicate that OM slightly destabilizes MS2 in the
presence of Ca2þ probably because it provides more functional-
ities with which Ca2þ can form a complex, potentially altering the
structure of the moieties responsible for stabilizing the virus.
Considering that MS2 virus nanoparticles are replicated within a
bacteria cell where the relative ionic strength is already fairly high,
the necessity of these structural features seems clear. Without
them, MS2 might aggregate irreversibly within the bacteria host
and therefore would be unable to propagate to infect others.

The situation in the presence of the divalent cations is more
complicated. As in the case of monovalent salts, aggregation of
MS2 is not observed until comparatively high concentrations of

salt are used. Our recent work focusing on deposition of MS2 on
environmental surfaces under environmentally relevant condi-
tions with a Ca2þ concentration of <1 mM43 found no aggrega-
tion was observed with such a low Ca2þ concentration. This is in
agreement with our aggregation work presented here.

At higher Ca2þ concentrations, MS2 aggregation is observed
using TR-DLS. Additionally, SAXS shows that the second
osmotic virial coefficient turns negative at the highest concentra-
tions of Ca2þ, indicating a crossover region from stable MS2
suspensions at low Ca2þ concentrations to unstable suspensions
at higher concentrations. There are a number of possibilities for
this that go beyond charge neutralization, including the existence
of ion correlations that induce attractions, as well as potential
structure changes in MS2 itself, induced by divalent cations.
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