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Filamentous viruses such as fd and M13 are highly charged rodlike polyelectrolytes. In this study,
we employ fd virus to test the recent prediction of charge inversion@Nguyen, Rouzina, and
Shklovskii, J. Chem. Phys.112, 2562 ~2000!#. Light scattering measurements show bundle
formation and resolubilization of fd viruses when MgCl2 was added from 0 to 600 mM. The
effective charge of fd was studied by measuring their electrophoretic mobility using a filament
tracking method uniquely suited for the system. Monte Carlo simulations were performed under
canonical ensemble to predict the charge distribution around the rodlike virus. Charge inversion,
which has been suggested theoretically to accompany with bundle resolubilization, was not
observed in either experiments or simulations. A modified analysis of force balance is called upon
to account for these new findings. ©2004 American Institute of Physics.
@DOI: 10.1063/1.1822912#

I. INTRODUCTION

In aqueous solutions, polyelectrolytes~PE! are sur-
rounded by their counterions. These counterions mediate
electrostatic interactions between the PE. The distribution of
the counterions around them has been studied by applying
the Counterion Condensation~CC! theory,1,2 Monte Carlo
simulations,3 or by solving the Poisson–Boltzmann~PB!
equation.4 The results of these theoretical studies predict that
the counterions are condensed in a very thin layer around the
PE surface. A short range attractive force between the like
charged PE due to correlations of counterions is predicted to
induce aggregation of PE.5–8 Experimentally, bundle forma-
tion induced by multivalent counterions has been observed
for a variety of cylindrical PE such as DNA,9–11 F-actin,12

and the filamentous phages M13 and fd.13

Aggregates of PE can redissolve when counterions are
added in excess. Such a phenomenon has been shown and
referred to as resolubilization.9,13–15 The recent theoretical
treatment by Nguyenet al.16 provides an explanation as fol-
lows. Due to strong lateral correlations, which are underes-
timated in the CC theory and the PB equation, counterions
condense within a thin layer surrounding the PE and form a
structure similar to a Wigner Crystal on the PE surface.8,17

The counterions screen the charge on the PE and thus de-
crease the repulsion between PE. When the repulsive force is
surpassed by the attractive force, aggregation occurs. At the
neutralization point, the surface charge of the PE is totally
neutralized and the repulsive force drops down to zero. After
neutralization, the counterion charge surpasses the charge of
the bare PE and the net charge of PE changes its sign. This
effect is called charge inversion. The magnitude of inversed
charge increases with the counterion concentration, leading
to increased repulsion. When the repulsive force between PE
dominates again, resolubilization is observed. Note that

terms interchangeable to charge inversion have been used in
the literature, such as charge reversal9 and overcharging.18,19

To avoid mixed terminology, only the term charge inversion
is used for the remaining of this paper.

Charge inversion has been observed in molecular-
dynamics simulations and experiments on DNA and some
other colloidal biopolymers.20–22 Until now, however, there
is no clear experimental evidence to show that bundle res-
olubilization is caused by charge inversion. Therefore, we set
out to directly measure the effective charge for filamentous
phage fd, which undergoes bundle formation and
resolubilization13 in a practically attainable concentration
range of divalent metal ion salt, i.e., 0–600 mM MgCl2 .

In this paper, we study the effective charge of fd viruses
by electrophoresis measurements and Monte Carlo simula-
tions. Bacteriophage fd, which is very stable against changes
in ionic strength and temperature, is a suitable model
biopolyelectolyte for studying changes of PE charge during
bundle formation and resolubilization. For the purpose of
this study, an fd virus is a charged rod with length of 880 nm
and diameter of 6.6 nm. The surface of an fd virus consists of
;2700 copies of a major coat protein that covers the single
stranded circular DNA at the interior. Each copy of coat pro-
tein contributes up to 4 net negative charges on the virus
surface. After being screened by counterions, the effective
charge Q of an fd virus in the solution is related to the elec-
trophoretic mobilitym as Q5mf, where f is the orientation
averaged hydrodynamic drag coefficient on the virus when it
moves in solution.

This paper is organized in the following order. In Sec. II,
we describe experiments using electrophoresis in free solu-
tion in order to detect the effective charge of fd viruses. In
Sec. III, we describe the method of Monte Carlo simulations
in order to predict the charge distribution around the fd virus
treated as a cylinder with discrete charges distributed on the
surface. In Sec. IV, we show and discuss the results of ex-
periments and Monte Carlo simulations. In Sec. V, we de-
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scribe an alternative mechanism to explain our results. In
Sec. VI, we draw an overall conclusion.

II. MEASUREMENT OF EFFECTIVE CHARGE

A. Preparation of fd virus

fd virus was prepared by following the standard protocol
using E. Coli K-38 as host bacteria, and purified by centri-
fuging at 130 000 g~27 k RPM using a BECKMAN SW-28
rotor! for 48 hours in CsCl gradient. The purified virus was
dialyzed against a 5 mM imidazole buffer at pH 7.0. The
dialysis buffer was replaced with a fresh one at least twice
over 48 hours. Concentration of fd viruses is determined by
measuring absorbance at 269 nm using an ultraviolet~UV!
spectrophotometer~SHIMADZU UV-1601! with an extinc-
tion coefficient ofe53.84 mg21

•cm2. Quartz cuvettes with
1.5 ml volume and 1 cm path length are used for the con-
centration measurements.

The viruses were labeled by rhodamine succinimidyl es-
ter, a kind gift from Paul A. Janmey, University of Pennsyl-
vania Medical School, and stored in a 5 mM imidazole
buffer, pH57.0. The dye molecules were added at a low
concentration on the order of micromolar and the ratio of
rhodamine molecule added in order to label the virus coat
protein was 1:1. The unreacted dye was removed by sedi-
menting the viruses and resuspending the pellet with the imi-
dazole buffer. The extent of labeling was found to be;1:10
of dye/coat protein molecules. Due to the low ratio of label-
ing, no detectable effects on the mobility of fd viruses were
expected. The mobility of unlabeled fd viruses were mea-
sured by DELSA 440SX~Coulter!, which is a commercial
instrument for measuring zeta potential and mobility of col-
loids and polymers. However, we found that DELSA 440SX
does not work well at extremely high salt concentrations, due
to aggregates of salt and polymers generated near the elec-
trodes.

B. Electrophoresis

A single molecule tracking method was used to measure
the electrophoretic mobility of labeled fd viruses. Experi-
ments were performed using a Nikon Eclipse E800 epifluo-
rescence microscope with a 1003 oil immersion objective
lens. Figure 1 shows a schematic of the assembly of a sample
chamber, followed by a snapshot image of a few fd viruses.
Briefly, a thin layer of 831024 mg/ml virus solution was
confined between a cover slip and a glass slide. Two oppos-
ing sides were sealed with vacuum grease, allowing easy
adjustment of sample thickness to;10 mm. A drop of 3%
agarose previously dissolved in the virus buffer by heating
was applied on each end to seal the sample chamber and in
the meantime form an electric bridge between the sample
and a silver~Ag! wire electrode on either end. The combina-
tion of the Ag electrodes and the embedding gel in our ex-
perimental setup prevented the aggregation of salt, thus en-
abling us to measure the mobility of fd at high counterion
concentrations. Both the microscope slide and the cover slip
were incubated in the virus buffer with 1.5 mg/ml BSA for at
least 1 h before use so that the viruses do not stick to the
glass surfaces. The error caused by electro-osmotic effect is

reduced by averaging the motion of the viruses over the
sample thickness. A detailed assessment concerning accuracy
of the measurement and how the setup was further optimized
is described in a separate publication.23

Video segments of the viruses moving under the electric
field were recorded by a Cool-Snap CCD camera~Roper
Scientific, New Jersey! at the rate of 5 frames per second.
Image acquisition and analysis were performed usingMETA-

MORPH software~Universal Imaging Co., Indianapolis!. The
velocity of a single virusv5Dx/Dt was obtained by track-
ing its trajectory, whereDt is the time interval between the
first and last frame, andDx is the displacement of the virus
along the direction of the electric field overDt. By tracking
a number of trajectories, a velocity distribution for viruses at
a certain counterion concentration was obtained. The veloc-
ity histogram follows a Gaussian distribution@Figs. 2~a! and
2~b!#. The average velocity is that of the directed motion
under the electric field and Brownian diffusion accounts for
the width of the peak. The electrophoretic mobility is deter-
mined bym5 v̄/E, wherev̄ is the average velocity.

C. Static light scattering

90° static light scattering were performed using a Perkin-
Elmer LS-5B luminescence spectrometer. The excitation and
emission wave length were set to 365 nm~3 nm slit! and 375
~3 nm slit! nm, respectively. Scattering intensity was re-
corded when the reading reached a steady state following the
addition of a stock solution of 3 M MgCl2 .

FIG. 1. ~a! Schematic representation of the experimental setup for electro-
phoresis. The cover slip is 22322 mm. A 5 V potential drop was applied
across the sample over two Ag–AgCl electrodes each buried in a 3% agar-
ose gel in buffer solution, thus generating an electric field of 2.27 V•cm21.
~b! A fluorescence image of single fd viruses labeled with rhodamine suc-
cinimidyl ester.
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III. MONTE CARLO SIMULATIONS

By taking into account the interaction between the coun-
terions, we use Monte Carlo~MC! simulations to study the
effective charge of fd viruses at different ionic strengths. In
MC simulations an fd virus was modeled as an infinitely
long cylinder of diameterd56.6 nm with discrete negative
charges on the surface of the rod. The four negative charges
contributed by one major coat protein of fd form a square of
10 Å on each side.24 The packing of subunits has a period-
icity of 3.3 nm along the fd axis. This model for fd is more
realistic than considering the rod to be a uniformly charged
line for CC theory and other analytical treatments. The sol-
vent water was treated as a dielectric continuum with permit-
tivity of e580 at temperatureT5300 K. The mobile ions
and virus charges are considered as point charges ofqi

5zie, each with an effective hydrated diameterdi .24 di is
set to be 4 Å for allzi521 ions including the coions and the
negative charges on fd. For divalent and monovalent counte-
rions, the values ofdi are chosen to be 6 and 5 Å, respec-
tively. The interaction between these spheres can be written
as

Ui j 5
qiqj

4pe0er i j
1kBTS di1dj

2r i j
D 12

, ~1!

wherer i j 5ur i2r j u is the distance between the ionsi and j.
Periodic boundary conditions were applied in the direc-

tion of the fd axis, and the calculations have been performed
in a cylindrical simulation box with length of 3.3 nm, which
reflects the periodicity of subunit packing, and diameter of
40 nm, which is sufficient to enclose all counterions affected
by the virus segment. Thus, only a cylindrical segment with
charge of240e was included in the simulation box. The
amount of divalent counterions and monovalent coions were
set according to their bulk concentrations. To keep the charge
neutrality of the system, 40 extra monovalent counterions
were added. The total number of ions was kept constant to
make an NVT ensemble for the simulation system. A Lekner
summation method25,26 was applied to calculate the long-
range electrostatic interaction from other cells. The system
was pre-equilibrated by;106 MC steps before collecting
data for statistics. In each MC step, a mobile ion was ran-
domly selected and then assigned a random walk. The prob-

ability of accepting a random walk follows the Metropolis
Algorithm.27 After pre-equilibration, a new distribution was
collected after each 104 MC steps.

IV. RESULTS AND DISCUSSION

As shown by the light scattering data in Fig. 2, MgCl2

induces bundle formation in the concentration range of
60 mM,CMgCl2

,400 mM. A sharp increase in scattering in-
tensity, which occurs immediately when CMgCl2

.60 mM, in-
dicates the formation of fd bundles. A sharp decrease of scat-
tering intensity near CMgCl2

5400 mM is attributed to the
resolubilization of fd bundles. In the bundle formation re-
gion, fd bundles were observed using fluorescent microscopy
@see Fig. 2~c!#. Beyond that region, single viruses were de-
tected as shown in Fig. 1~b!. Since the fd bundles tend to
adhere to the glass slides, filament tracking can only be per-
formed beyond the range of bundle formation. Typical veloc-
ity distributions of single viruses are presented by histograms
in Fig. 2, with MgCl2 concentration at 2 mM~a! and 600
mM ~b!, respectively.

Figure 3 shows a comparison of experimental measure-
ments, CC theory prediction, and MC simulation results on
electrophoretic mobility of the fd virus. In Fig. 3~a!, the fd
mobility is measured at CMgCl2

up to 60 mM, which is
slightly lower than the threshold for bundle formation. Mo-
bility of fd at NaCl concentrations up to 200 mM are shown
in Fig. 3~b!.

By considering the PE as a linear array of point charges
with spacingb, Manning developed a two variable approxi-
mation to calculate the net chargeqnet of PE and predicted
the PE mobility as:1

m5
qnet

900phb
u ln kbu, ~2!

wherek is the inverse of the Debye screening length, andh
is the solution viscosity. At low MgCl2 concentrations, the
theoretical prediction agrees well with the experimental re-
sults. However, when CMgCl2

.20 mM experimental data
show lower mobilities than predicted. Because the viscosity
of the medium is practically constant when CMgCl2
,60 mM,28 a lower mobility indicates a smaller net charge.
Thus, there are more counterions condensed around the vi-
ruses than theoretically predicted. The CC theory does not fit
well to the experimental data taken at high divalent counter-
ion concentrations. This marked discrepancy is due to the
fact that the theory ignores the correlations between counte-
rions, the effect of which becomes stronger with increasing
counterion concentrations.16

By taking into account the interaction between counteri-
ons, MC simulations yield results consistent with the experi-
mental data. In the MC simulations, values of integrated
chargeQI , which is normalized by the surface chargeQS of
a bare virus around the viruses at different counterion con-
centrations, were calculated. The results are shown in Fig. 4.
Taking the value of the integrated charge at the distance of
1.80 nm~3 times the diameter for divalent counterions! away
from the rod surface as the effective charge of fd virus, we

FIG. 2. Light scattering intensities for an fd virus solution following sequen-
tial additions of MgCl2 . Insets:~a! Velocity distribution at CMgCl2

52 mM
with v̄53.9660.42mm•s21; ~b! CMgCl2

5600 mM with v̄50.29
60.42mm•s21, ~c! A fluorescence image of the fd virus bundles taken at
100 mM MgCl2 .
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calculated the mobility of fd usingm5(Q/Q0)m0 , whereQ0

is the effective charge of the rod at CMgCl2
50, and m0

523.34mm•cm•V21
•s21 is the mobility of fd virus mea-

sured by experiments.
Both simulation and experimental results indicate that

bundle formation occurs prior to the total neutralization of
the fd charge. At CMgCl2

560 mM, which is the threshold
concentration for bundle formation,m520.6360.18
mm•cm•V21

•s21. The mobility bears the same sign as that
for CMgCl2

50 mM but its magnitude is reduced by 82%. In
contrast, up to 200 mM NaCl causes only a 67% mobility
decrease, which is not large enough to induce bundle
formation.12,13 It could be concluded that aggregation of PE
occurs when counterions partially neutralize the fd charge to
such a large extent that the repulsion between like charged
viruses is surpassed by the attractive force.

The attractive force, which causes bundle formation, is
induced by correlated nonuniform counterion distributions
near the PE surfaces.6–8,29–31Two possible mechanisms lead-

ing to a nonuniform distribution of counterions along the
longitudinal axis of PE have been suggested:~i! Thermal
fluctuation of counterions on the PE surface causes instanta-
neous variations in charge distribution along the PE axis,
which intercorrelate on parallel PEs and lead to an attractive
force.7,29,30 In the thermal fluctuation picture the attractive
force increases with temperature;6 ~ii ! counterions may be
longitudinally arranged on PE surfaces, forming a Wigner
crystal. The arrangement of the counterions on two opposing
PEs correlate to induce attractive force.6,8 In the Wigner
crystal picture, Grønbech-Jensenet al. show that the attrac-
tive force decreases with temperature~asT22).6 The Wigner
crystal can survive to ambient temperature and has been ob-
served in experiments, in which one-dimensional~1D!
charge density waves along PE axis in actin bundles have
been observed using x-ray scattering.31 Therefore, the short
range spatial correlation in counterion positions is primarily
responsible for the attractive interaction.

At CMgCl2
5450 and 600 mM, which are above the

threshold concentration for resolubilization, the virus mobil-
ity was measured to be practically zero~0.1160.18 and 0.13
60.18 mm•cm•V21

•s21, respectively!. The results of MC
simulations at the divalent counterion concentration of 600
mM only show charge neutralization when the distance from
the rod surface is larger than 1.2 nm. No charge inversion,
which would yield positive electrophoretic mobility, was ob-
served.

V. MECHANISMS FOR BUNDLE RESOLUBILIZATION

Most theoretical works on resolubilization give results of
charge inversion. The charge inversion theory of Nguyen and
Shklovskii, as introduced in Sec. I, can be successfully ap-
plied to colloidal particles with their counterions.21 Based on
an Ising-type mean-field model, Yu and Carlsson developed a
treatment to explain the counterion induced bundle formation
and resolubilization of F-actin.32 In their calculations, F-actin
is also expected to be charge inversed when the counterion
concentration is increased to a few hundred mM.33 However,

FIG. 3. Comparison of the electrophoretic mobility data with predictions
from CC theory and MC simulations. Solid line is prediction by Manning
CC theory. Filled circles are experimental results. Empty triangles are
Monte Carlo simulation results.~a! Mobility values at@MgCl2#<60 mM. A
detailed view of@MgCl2#<10 mM is shown in the inset.~b! Mobility values
at @NaCl# up to 200 mM.

FIG. 4. Distribution of the integrated charge as a function ofD, the distance
from the virus surface.QI is the integrated charge atD. Qs is the surface
charge of a bare fd virus. Curves from top to bottom represent CMgCl2

50,
0.2, 0.5, 1, 2, 5, 10, 20, 40, 60, and 600 mM, respectively. Note that the
predicted values of the normalized effective charge remain above the dashed
line drawn atQI50, indicating no charge inversion.
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our experimental results on fd show no charge inversion.
Thus, those theoretical predictions for resolubilization based
on the concept of charge inversion do not hold for the system
of fd with the presence of divalent counterions. Therefore, an
alternative theory is needed, which predicts both bundle for-
mation and resolubilization for a system of charged rods and
their counterions.

The calculations of Ha and Liu,7,34 in which charged
rods are simplified as linear charges screened by mobile
counterions provide partial theoretical explanation for the
resolubilization without invoking charge inversion. These au-
thors argue that the origin of an overall repulsive interaction
may be attributed to the screening effect of the added salt. At
extremely high ionic strengths, the added salt screens the
attractive force more effectively than the repulsive force,
since the screening length for the attractive force is half of
that for the repulsive force.30 Following Eq.~5! of Ref. 34, at
CMgCl2

5600 mM, a net repulsive interaction with free en-
ergy of 631024 kBT per surface charge is obtained and the
effective charge of the rod isQ50.028Q0 per surface
charge. Because each virus carries on the order of 10 000
surface charges, the barrier is about a fewkBT per virus,
which is high enough for the resolubilization to occur.

VI. CONCLUSION

In summary, we studied the effects of counterions on the
surface charge of fd viruses by measuring their electro-
phoretic mobility and by using Monte Carlo simulations. The
counterions screen the repulsive force by reducing the effec-
tive charge of the viruses. Bundles form when the viruses are
still negatively charged, albeit more weakly so. The fd mo-
bility measurements provide a direct evidence that the charge
inversion is not a prerequisite for the resolubilization of fd
virus bundles. Our finding is tentatively explained by an es-
timate following a recent theoretical work of Ha and Liu.34

More accurate numerical simulations or analytical treatments
on the interactions between the rods are needed, however, for
further understanding of the resolubilization mechanism.
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