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Dynamics in the smectic phase of stiff viral rods
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We report on the dynamics in colloidal suspensions of stiff viral rods, called fd-Y21M. This mutant filamentous

virus exhibits a persistence length 3.5 times larger than the wild-type fd-wt. Such a virus system can be used as a

model system of rodlike particles for studying their self-diffusion. In this paper, the physical features, such as rod

contour length and polydispersity have been determined for both viruses. The effect of viral rod flexibility on the

location of the nematic-smectic phase transition has been investigated, with a focus on the underlying dynamics

studied more specifically in the smectic phase. Direct visualization of the stiff fd-Y21M at the scale of a single

particle has shown the mass transport between adjacent smectic layers, as found earlier for the more flexible rods.

We could relate this hindered diffusion with the smectic ordering potentials for varying rod concentrations. The

self-diffusion within the layers is far more pronounced for the stiff rods as compared to the more flexible fd-wt

viral rod.
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I. INTRODUCTION

Self-organization of Brownian particles is a subject of

fundamental interest since it deals with the most simple path-

way for forming structured materials. Anisotropic particles

with hard core interactions play an important role in this

field because the shape anisotropy can lead to self-assembled

materials with a hierarchy of ordering: the liquid-crystal states.

For these mesophases, one aims for the connection between

the macroscopic properties and the microscopic features of the

constituents. Onsager was the first to make such a connection

in his seminal theoretical paper [1], showing how slender

hard rods undergo a transition from the isotropic liquid phase

to the nematic phase with a long-ranged orientational order

of the rods. This work was expanded for the transition from

the nematic to the smectic or lamellar phase, in which rods

are organized in regular spaced layers, still possessing liquid

ordering within the layer [2,3]. Besides, this one-dimensional

positional order, simulations [4–9], and experimental studies

[10–14] revealed that transitions to more ordered states

exhibiting two- and three-dimensional long-ranged positional

orders can also be realized. For particles with hard core

interactions, these transitions are driven by entropy. Since this

entropic gain is directly related to the accessible free volume,

dynamics studies at the single particle level provide funda-

mental information for understanding the physical behavior of

mesophases of rodlike particles. In literature, only few studies

where dynamical phenomena are tracked at the scale of the

individual anisotropic particles are known. Sofar, the most

versatile rodlike model systems have been the filamentous

bacteriophages fd-wt [12,15–17]. These biological rods have

an aspect ratio larger than 100, and each virus is essentially

identical to each other in diameter and contour length, allowing

for the formation of the smectic phase [13]. Recently, we have

visualized the dynamics in this smectic phase at the scale of

the single particle [12,16]. By tracking the individual viruses
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using fluorescence microscopy, it was found that self-diffusion

mainly occurs via a jumping-type diffusion process, where

viruses jump between adjacent smectic layers overcoming

the interlayer energy barrier. In contrast, the diffusion within

the smectic layers is much reduced. Thus, after the nematic-

smectic (N-Sm) phase transition, the diffusion anisotropy
D‖

D⊥

increases, where D‖ and D⊥ are the diffusion rates parallel and

perpendicular to the long axis rods (or equivalently, normal to

the smectic layers), respectively.

This dynamical behavior of rods in the smectic phase was

very surprising since the smectic structure is thought to be a

regular stacking of slabs exhibiting two-dimensional liquidlike

order. Thus, it was expected that the rods would diffuse within

the layers rather than jump across the energy barrier that sets

the layers. Although simulations also display the jumping

dynamics of the rods, they show that D‖ and D⊥ are in the

same range of values [9,18,19]. More precisely, experiments

[20,21] and simulations [8,9,22] of thermotropic liquid crystals

indicate that D⊥ becomes faster than D‖ shortly after the

N-Sm transition, in this case, with decreasing temperature.

It should be noted, however, that the aspect ratio between

length L and thickness d of these systems was always at least

one order of magnitude smaller than for fd-wt. In addition,

it should be considered that fd-wt is relatively flexible. The

location of the different phases depends on the main features

of the rods, such as the aspect ratio [23], the charge [24],

and the flexibility [25–27]. We, therefore, conjecture that such

rod parameters could play a major role in the dynamics of

filamentous virus suspensions.

Very recently, Barry and co-workers reported the liquid-

crystalline properties of the viral mutant fd-Y21M, which has a

single point mutation in the amino-acid sequence of the major

coat protein compared to fd-wt [28]. Due to this mutation,

the persistence length of the rod is 3.5 times larger than the

persistence length of the fd-wt virus, while the aspect ratio is

assumed to be the same. The authors found that the increased

stiffness caused the isotropic-nematic transition to be located

exactly at the value predicted by Onsager’s theory [1,28]. Thus,

fd-Y21M is an ideal model system of rigid rods for studying the
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effect of stiffness on the phase behavior and on the underlying

dynamics of rodlike particles.

In this paper, we, therefore, compare the location of the

N-Sm phase transition of fd-Y21M and fd-wt and determine

the self-diffusion behavior of these viral rods. We first focus on

the specific features of fd-Y21M and its effect on the location

of the N-Sm phase transition. Then we employ fluorescence

video microscopy to study the self-diffusion in the lamellar

mesophase. We show that the diffusion between the layers

takes place by discrete jumps as for fd-wt, resulting in a

diffusion anisotropy D‖/D⊥ ≫ 1. Contrary to fd-wt, this

anisotropy decreases after the N-Sm phase transition due to the

fact that the self-diffusion within the smectic layers is much

more pronounced compared to the case of the more flexible

viruses. Because the smectic range is found to be wider for

stiff viruses, the effect of rod concentration on the dynamics

of the smectic phase has also been studied.

II. EXPERIMENTAL PART

Using standard biological procedures, large quantities of

fd-Y21M and fd-wt bacterioviruses were grown and were

purified using the Escherichia coli (E. coli) XL1-Blue strain

as the bacterial host. In this paper, the ionic strength has

been fixed at I = 20 mM by a dialysis of both virus suspen-

sions against a Tris(hydroxymethyl)aminomethane-HCl-NaCl

buffer at pH = 8.2. After dialysis, the virus suspensions were

ultracentrifuged at about 200 000 g for 3 h. The supernatant

was discarded, and the viruses were resuspended in the same

buffer. We performed experiments on four different concen-

trations of fd-Y21M: one in the nematic phase close to the

N-Sm transition ([N] = 89.9 ± 0.5 mg/ml) and three in the

smectic phase ([Sm1] = 93.8 ± 0.9 mg/ml, [Sm2] = 96.7 ±

1.0 mg/ml, and [Sm3] = 98.9 ± 0.5 mg/ml). For fd-wt, two

concentrations were investigated: one in the nematic phase

close to the N-Sm transition ([N] = 110 ± 2.0 mg/ml), and

one in the narrow smectic range ([Sm] = 115 ± 2.0 mg/ml).

Concentrations of the virus suspensions were determined using

absorption spectroscopy with an optical density (OD) for

a 1-mg/ml virus solution of OD269 nm
10 mm = 3.84 and 3.63 for

fd-wt and fd-Y21M, respectively [28]. The smectic phase

was evidenced by its iridescence observed by illumination

of the sample with white light and was confirmed by optical

microscopy using differential interference contrast (DIC).

Video fluorescence microscopy has been used to monitor

the dynamics of individual labeled colloidal rods in the

background of the nematic and smectic mesophases formed by

identical but unlabeled rods, where about 1 fd rod out of 105 has

been labeled with the dye Alexa-488 (Invitrogen), according

to a previously published protocol [15]. The colloidal scale

of the fd virus enables the imaging of individual rods by

fluorescence microscopy as well as smectic layers by DIC

microscopy [16]. Individual fluorescently labeled viruses were

visualized using an inverted microscope (Zeiss Axiovert)

equipped with a high-numerical-aperture (NA) oil objective

(100× PlanFluor NA 1.35) and a mercury lamp. Images were

collected with a high sensitivity electron-multiplying-CCD

camera (Hamamatsu C9100) operating in a conventional

mode. Acquisition times were kept at a minimum of 51 ms

in order to reduce blurring effects, while almost all the movies

had a duration of about 25 s. Usually, some loss of particles

is evidenced after about 10 s of tracking due to both diffusion

of particles out of the focus plan and photobleaching of the

fluorescent dyes labeled on the viruses.

For the transmission electron microscopy (TEM) observa-

tions, diluted virus suspensions of about 10−3 mg/ml were

deposited onto freshly glow-discharged 200-mesh Formvar-

carbon-coated grids (purchased from Agar) and were allowed

to settle for 1 min. Grids then were blotted, briefly were

rinsed with distilled water, and were stained with 2% uranyl

acetate stainer for 1 min. Again, grids were blotted, were rinsed

with distilled water, and were observed with a Hitachi H-600

microscope operating at 75 kV. Images were recorded with an

Advanced Microscopy Techniques digital video camera type

CCD camera.

III. RESULTS AND DISCUSSION

Although the persistence length of fd-Y21M has been

measured to be 3.5 times higher than the one for the fd-wt virus

[28], less is known about the polydispersity and contour length

of fd-Y21M. From negative staining TEM images (Fig. 1), we

obtained a contour length distribution for fd-Y21M, which is

centered around 〈L〉 = 917 nm, whereas, a similar procedure

applied to fd-wt gives an average value of 〈L〉 = 888 nm. This

value for fd-wt is in agreement with the previous published

value, which is 〈L〉 = 0.88 ± 0.03 µm [29]. The amino-acid

mutation of the coat proteins does not only influence the

rigidity of the rod, but also influences its contour length, by

an increase of about 3%. Even if the virus contour length is

mainly fixed by the size of its DNA [30], which is expected to

be similar for both viruses, it has been reported that the amino-

acid mutation in fd-Y21M significantly affects the symmetry

of the coat protein arrangement [31], which, therefore, could

be at the origin of the slight change observed in the contour

length [32]. The use of the XL1-Blue host E. coli strain for the

growth of the bacteriophages is supposed to produce highly

monodisperse filamentous viruses [33]. The polydispersity σL

is defined by the relative standard deviation of the Gaussian

distribution: σL = (〈L2〉 − 〈L〉2)1/2/〈L〉, where the brackets

indicate a statistical average. The numerical fit of the main

peak of the virus contour length distribution (Fig. 1) gives

σ fd-Y21M
L = 2.1% and σ fd-wt

L = 1.4%. Note that these two

values have not been deconvoluted from the measurement

error, which is estimated to be around 1%. Consequently, we

consider no significant difference (including the error bars) in

the measured polydispersity of both viruses. Furthermore, the

existence of longer viruses with a contour length centered on

1820 and 1764 nm for fd-Y21M and fd-wt, respectively (Fig. 1)

is noteworthy. These lengths correspond to the formation of

viral dimers. These double-length particles contain two phage

genomes, i.e., two single stranded DNA molecules [34], and

their probability of presence is around 1/10 compared to the

normal viral form (Fig. 1).

The weak polydispersity of both viruses allows for the

formation of the smectic phase, which is certainly not

destabilized by the presence of viral dimers, which are easily

accommodated in the layer spacing. Interestingly, the N-Sm

phase transition of the stiff fd-Y21M occurs at a lower

concentration compared to fd-wt, which is consistent with
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FIG. 1. Uranyl acetate negative stained virus images obtained

by TEM (the scale bars correspond to 100 nm) and distributions

(performed on 156 measurements for both viruses) of the virus

contour length for (a) fd-wt and (b) fd-Y21M. The insets correspond

to a focus on the main distribution peak, which has been fitted by a

Gaussian function (solid lines) to provide the average value and the

standard deviation of the virus contour length.

the phase behavior observed at the isotropic-nematic phase

transition [28] and with theoretical predictions [25,27]. More-

over, the smectic phase is obtained with a larger concentration

range than fd-wt [35]. Using DIC microscopy imaging, we

confirmed earlier findings [36] that the smectic layer spacing

of fd-wt is 0.89 µm, i.e., equal to the contour length of the

virus. In contrast, a clear difference is observed between

the fd-Y21M length (Lvirus = 0.92 µm) and the interlayer

distance (Llayer = 0.96 µm) over the full concentration range

studied here. This increase in the smectic layer spacing

with increasing rod stiffness is in qualitative agreement with

theoretical predictions [26,27].

In the following, we will study to what extent the dynamics

of the rods is affected by the higher rigidity. This influence can

be observed directly in Fig. 2(a), which shows the overlay of

the DIC image of the smectic phase of fd-Y21M and the trace

of a labeled virus tracked by fluorescence microscopy. This

trace and the corresponding trajectory in Fig. 2(b) display

the diffusion of the particle through the smectic layers in

quasiquantized steps of one layer spacing and a clear diffusion

within the layer, which was not observed for fd-wt [12,16].

Time

FIG. 2. (Color) (a) Overlay of the DIC image and the trajectory

of a virus tracked by fluorescence microscopy in the smectic phase

([fd-Y21M] = 96.7 mg/ml). The trace clearly shows the jumps

between adjacent smectic layers and the self-diffusion occurring

within the layers. The scale bar represents 2 µm. (b) Displacement

corresponding to the particle tracked in (a), in the directions parallel

(z, in red) and perpendicular (x, in black), to the normal to the smectic

layers.

We first want to determine the concentration dependence

of the ordering potentials in the smectic phase. Following the

method used in our previous paper [16], this is performed

by converting the probability function P (z) of finding a

particle at position z with respect to the middle of a layer

to the smectic ordering potential Ulayer(z) via the Boltzmann

law P (z) ∼ exp[−Ulayer(z)/kBT ]. To obtain the total ordering

potential, the particle distributions in a single layer are added

periodically to themselves at all integer numbers of layer

spacing Llayer [16]. All potentials can be best fitted with a

sinusoidal function Ulayer(z) = U0 sin(2πz/Llayer) as shown

in Fig. 3 by the dashed lines. Note that the distribution of

the particles is a convolution of the real distribution with a

function representing the smearing of the particle location due

to the limited experimental resolution (solid line in Fig. 3).

Such a function, the point spread function (psf), has been

obtained with immobile viruses fixed on the glass coverslip of

the sample under the same experimental conditions. The real

distribution is found by a deconvolution process, where we

obtain the test function for which the difference between the

exponential of our experimentally obtained potential and the
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FIG. 3. Ordering potential (raw data) for the three different

smectic concentrations corresponding to square, circle, and triangle

symbols by increasing rod concentration, respectively. The dashed

lines are fits to a sinusoidal potential. The solid line is the logarithm

of the function ln(psf) representing the smearing along the rod long

axis.

convolution of the smearing function with this test function

is at its minimum. Then, our final potential is given by the

logarithm of this test function, whose amplitude is shown in

Fig. 4(a).

The effect of the self-organization in smectic layers on

the diffusion of the rods can be characterized in several

ways. Since the jumping behavior dominates the dynamics,

we first measure the average residence time, i.e., the time a

rodlike particle stays within a given smectic layer without

jumping during the duration of the experiment. As can be seen

in Fig. 4(a), the concentration dependence of the residence

time matches the one of the smectic ordering potential. With

somewhat higher concentrations, the residence time seems to

effectively diverge to infinity.

To explore the effect of the smectic ordering potential on the

diffusion, the mean-square displacements (MSDs) of the virus

parallel and perpendicular, to the normal to the smectic layers

have been investigated, as shown in Fig. 5. The time evolution

of the MSDs given by 〈r2
i (t)〉 = Di t

γ provides the diffusion

exponent γ and the diffusion rate Di in the i direction. When

γ ≃ 1, the self-diffusion has a Brownian (diffusive) behavior,

while γ < 1 is characteristic of a subdiffusive regime. The stiff

fd-Y21M rods display diffusive behavior when only taking the

first 5 s into account. Only for the highest concentration, does

the perpendicular diffusion become subdiffusive, as shown

in Fig. 5. For fd-wt, the motion perpendicular to the long

axis is subdiffusive and becomes more diffuse after the phase

transition to the smectic phase, which is contrary to earlier

statements that the system is subdiffusive within the layer for

fd-wt [16]. From our data, the only signature we found for the

increase in the free accessible volume at the N-Sm transition

is the increase in diffusivity in the exponent γ (from 0.63 to

0.92, see Fig. 5) for the fd-wt system. Since the smectic range

is broader for the stiff rods, we can nicely observe that the

diffusivity within the layer decreases for higher concentrations

to γ = 0.76, approaching 0.5, which can be interpreted as a

dynamic signature for the proximity of a transition to a glassy

state.

It should be noted that the dynamics becomes subdif-

fusive for longer times (data not shown). We suspect this

(a)

(b)

(c)

=1

Virus

FIG. 4. (Color) Concentration dependence of the (a) amplitude of

the final smectic ordering potential obtained after the deconvolution

process (diamonds; see main text), virus residence time (squares), and

barrier jumping scaling times DN/DSm (triangles); (b) diffusion rates

parallel (squares) and perpendicular (triangles), to the normal to the

smectic layers; (c) ratio of diffusion parallel and perpendicular, to the

normal to the smectic layers. The solid symbols represent the results

for fd-Y21M, while the open symbols represent those for fd-wt. The

dashed lines at low and high concentrations indicate the N-Sm phase

transition for both fd-Y21M and fd-wt, respectively.

subdiffusive behavior to originate from the finite duration

of acquisition movies and loss of tracked particles with

time due to both diffusion out of the focus plan and

dye photobleaching (See Sec. II). However, to discriminate

whether or not such subdiffusive behavior is physical, specific

studies of long time diffusion have to be performed using

different experimental techniques, such as fast recovery after

photobleaching.

Although the diffusion within the smectic layer is substan-

tial for the stiff viral rods, the diffusion through the layers can

still be regarded as the diffusion of a Brownian particle in a

periodic potential. The range of concentrations in the smectic

phase supplies a range of ordering potentials for which the

theoretical predictions can be tested [37]

D‖ =
D‖,0

〈e−Ulayer(z)/kBT 〉〈eUlayer(z)/kBT 〉
= JD‖,0. (1)

Here, the brackets indicate the average over one period

of the smectic ordering potential. The diffusion coefficient in

the smectic phase can then be calculated taking D‖,0 as the

diffusion coefficient in the nematic phase close to the N-Sm
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FIG. 5. (Color) Log-log representation of the MSDs (a) parallel

and (b) perpendicular, to the normal to the smectic layers. The solid

and open symbols represent the results for fd-Y21M and fd-wt,

respectively. The solid lines represent the numerical fits by a power

law; MSD ∝ tγ .

phase transition and using Ulayer as plotted in Fig. 4(a). If

the correction J of the diffusion D‖,0 due to the fact that

the particles have to cross the potential barriers is valid,

then we should find that J
D‖,0

D‖
= 1. Indeed, we find good

agreement between the measured potentials and the parallel

diffusion rates using this approach since J
D‖,0

D‖
≃ 1 for all

concentrations; see triangles in Fig. 4(a) and the dotted line as

guides for the eye.

The diffusion coefficients parallel and perpendicular, to the

normal to the smectic layers, as summarized in Fig. 4(b),

enclose much physical information on the dynamical origin of

the location of the N-Sm phase transition and its dependence

on the flexibility. In particular, we notice two important

differences between fd-wt and fd-Y21M.

First, comparable diffusion rates are observed for both stiff

and flexible rods just before the N-Sm transition, despite the

fact that this takes place at much higher concentrations for

the flexible rods [Fig. 4(b)]. This nicely illustrates that the

positional entropy of the flexible rods is higher in the nematic

phase, and therefore, the phase transition is located at higher

concentrations.

Second, after the transition to the smectic phase, the ratio

in the diffusion parallel and perpendicular, to the normal to

the smectic layers
D‖

D⊥
, as plotted in Fig. 4(c), decreases in the

case of the stiff fd-Y21M, while it increases in the case of

fd-wt [16]. Although the ratio of parallel over perpendicular

diffusion is still higher than 1, contrary to what is observed

for the thermotropic liquid crystal [20,21] and simulations

[9,18,19], this behavior corresponds to what is expected

for a smectic A phase formed of two-dimensional liquid

layers.

Note that it is mainly the perpendicular diffusion, i.e., the

diffusion within the layer, which is reduced dramatically after

the N-Sm phase transition for the flexible rods as compared to

the stiff rods. It drops to an equivalent value as observed for

fd-Y21M but within a much smaller concentration range. At

only somewhat higher concentrations, will the system undergo

a phase transition to the columnar phase [12]. This very low

diffusion rate within the layer of flexible rods indeed hints that

the columnar phase is proximate. This seems to be a dynamical

signature for the fact that the smectic region is vanishing when

increasing the rod flexibility. The result that the smectic layers

are more densely packed for fd-wt compared to fd-Y21M could

also be a cause of the low parallel diffusion rate, since rods

will always partly penetrate neighboring layers, thus, being

frustrated in their diffusive motion by particles in the host

layer as well as the neighboring layers.

Flexibility cannot solely explain, however, why the dif-

fusion ratio is much higher than one even for stiff rods.

Here, it is important to note that most simulations and

thermotropic systems deal with particles with small aspect

ratios as compared to a virus system, such as fd-Y21M. With

the biochemical techniques available today, the variation in

both stiffness and aspect ratio should be feasible, in particular,

to test if the smectic region completely disappears with

increasing rod flexibility.

IV. CONCLUSIONS

The effect of flexibility on the location of the N-Sm

transition and the underlying dynamics was investigated. We

show that, according to theoretical predictions, the phase

transition occurs at higher concentrations when the rod

becomes more flexible and that the layer spacing Llayer is

increased for stiffer rods. The main difference we found

between the two viral systems is that the diffusion within the

layer is much more reduced after the N-Sm transition for the

flexible rods compared to the stiffer ones. This suggests that

the columnar phase, where perpendicular motion should be

quenched due to two-dimensional positional order, is favored

as the rod flexibility increases. The fact that, even for the stiffer

particles,
D‖

D⊥
≫ 1, in contrast with simulations and diffusion in

thermotropic liquid crystals, is probably connected to the very

high rod aspect ratio of the viral particles. It appears that the

diffusion within the layer is very fast and liquidlike (diffusive),

especially when the diffusion is scaled with the diameter of

the rod. For higher concentrations, the dynamics changes and

seems to become frozen: Such dynamical behavior is currently

under investigation for these highly dense states.
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[21] G. J. Krüger, Phys. Rep. 82, 229 (1982).

[22] Z. Zhang and H. Guo, J. Chem. Phys. 133, 144911 (2010).
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