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The assembly of nanometer-sized building blocks into complex morphologies is not only of
fundamental interest but also plays a key role in material science and nanotechnology. We show that
the shape of self-assembled superstructures formed by rod-like viruses can be controlled by tuning the
attraction via the depletion interaction between the rods. Using non-adsorbing polymers as a depleting
agent, we demonstrate that a hierarchical unidimensional self-organization into crystalline clusters
emerges progressively upon increasing depletion attraction and enhanced growth kinetics. We observe a
polymorphic change proceeding from two-dimensional (2D) crystalline monolayers at weak depletion to
one-dimensional (1D) columnar fibers at strong depletion, via the formation of smectic fibrils at
intermediate depletion strength. A simple theory for reversible polymerization enables us to determine
the typical bond energy between monomeric units making up the smectic fibrils. We also demonstrate
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Introduction

The ability to control the shape and symmetry of structures formed
through self-assembly processes is of fundamental importance in
fabricating highly-ordered nano- and micro-structures."” The large
diversity of morphologies emerging from such superstructures
finds applications in photonics,®™ electronics,®” sustainable
energy,®'° drug delivery'""> and bioengineering.">'* Finding
ways to guide nanoparticle self-assembly into mono- and multi-
layer structures, bundles, tubes, spherical or polyhedral shells,
and more complex geometries has been one of the most pursued
research themes in nanoscience. One of the main driving forces
for studying controlled nanoparticle self-assembly is the many
applications in nanotechnology ranging from tunable optical
properties,'>'® anisotropic electron transport,’”'® to functional
surface topography.’®*® Among such complex architectures, uni-
dimensional (1D) fibers and bidimensional (2D) superlattices
composed of rod-shaped building blocks are of particular interest
in view of their intrinsic anisotropic properties. For example,
fibers of 1D aligned carbon nanotubes, obtained from various
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structure-formation of anisotropic nanoparticles for use in nanotechnology and functional materials.

spinning techniques, exhibit high mechanical stiffness and out-
standing electrical performance.*”** Moreover, 2D long-ranged
crystalline monolayers of inorganic nanorods, obtained usually
by template or catalyst driven growth, can be used for generating
surface plasmonics or piezoelectricity, or for creating photonic
crystals.>*’

Contrary to spherical nanoparticles, reports on controlled
self-assembly of rod-shaped particles are scarce, and no clear
indications of polymorphisms in their self-assembled structures
have been adequately demonstrated so far. In view of this, we
address the following two questions. First, what variety of
ordered anisotropic superstructures can be expected if we were
able to systematically tune the interparticle forces in a colloidal
suspension of rods? And more specifically, is it possible to
define a pathway enabling us to control the shape of these
self-assembled objects from predominantly unidimensional
(fiber-like) to bidimensional (disk-shaped) without compromis-
ing their long-range crystalline order? For this purpose, the
depletion interaction*® appears to be a suitable and versatile
mechanism for controlling particle interaction, as the range and
strength of depletion interaction are determined by the polymer
size and concentration, respectively.”> We will show that introducing
tunable depletion interactions with a suitable range indeed leads to
a high degree of controlled self-assembly generating a wide variety
of crystallite morphologies without the need to use microscale
confinements® or interfacial effects.*"*>

This journal is © The Royal Society of Chemistry 2019
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It is well known that adding non-adsorbing polymers to
colloidal suspension provides an efficient method to induce
effective particle-particle attraction that can direct hierarchical
organization processes.**° Experimental and theoretical studies
on model systems of rod-like particles such as fd viruses have
established that the experimental conditions are such that the
formation of partially-ordered structures, such as nematic tactoids,
membranes and their stacks, as well as twisted ribbons®”"°
are strongly favored. These depletion-driven self-assembled
morphologies have been obtained using high molecular-
weight depletants such as Dextran (molecular weight, M, =
500000 g mol ™ ; radius of gyration, R, ~ 21 nm), whose size is
larger than the particle diameter. This results in the virus rods
self-assembling into super-structures with predominant liquid-
like or short-ranged positional order in at least two spatial
directions.>”*™**> However, in order to fully benefit from the
morphology effect in terms of enhanced anisotropic properties of
the resulting materials, highly ordered structures with crystalline,
i.e. long-ranged positional order are required.*>°

In order to promote dense self-assembled structures with
crystalline order short-ranged depletion attractions are required
favoring small inter-rod distances, s. This effect can be achieved
using a non-adsorbing polymer of small molecular weight (PEG,
M,, = 8000 g mol '; Ry ~ 4 nm) added to a suspension of fd
virus. The key-point here is that corresponding polymer coil has
about the same size as the virus diameter, 2-R;, ~ d = 7 nm.
Taking advantage of the micrometer length of fd virus we are
able to analyze the structures formed by these filamentous rods at
the single particle scale using fluorescence optical microscopy.*>**
We then investigate the detailed morphology of the virus-based
superstructures upon varying both the depletion strength (osmotic
stress tuned by polymer concentration) and rod volume fraction,
while keeping the polymer size fixed thus ensuring the rod-rod
interactions to be short-ranged.

Results and discussion

The experimental results are presented in Fig. 1. Here, we demon-
strate that subtle morphological changes occur in a hierarchical way
upon increasing the depletion strength. At low polymer concen-
tration, when the depletion attraction is weak, the rods tend to
aggregate side-by-side™ thus minimizing their excluded volume.
This results in the formation of 2D plate-shaped crystallites. These
platelets have well-developed hexagonal facets (Fig. 1a) and are
composed of a single layer of hexagonally packed aligned viral
rods with a protruding needle-like defect located at the core.*®
The core-defect acts as a steric deterrent preventing the platelets
to stack on top of each other.

Enhancing the depletion attraction causes an increase in the
density number p, of plate-shaped nuclei and a simultaneous
decrease of the platelet diameter (D = 1-2 pm) as well as a
length reduction of the central core defect (Fig. 1b and Fig. S2,
ESIY). This results in a decrease of the average platelet diameter
D with increasing the depletion strength (Fig. S3, ESI{), since
po oc 1/D* as dictated by particle mass conservation.
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Upon increasing the depletion strength, the self-assembly
process speeds up considerably resulting in much shorter typical
growth times. Pushing the depletion strength even further we
observe a high population of small platelets (of about D ~ 1 pm).
Without a detectable central defect preventing their clustering,
the small platelets begin to stack up and finally self-assemble into
smectic-B like fibrils in which each layer represents a small
hexagonal platelet with a width of about one rod length (Fig. 1c).
This quasi-1D morphology referring to the overall resulting
shape of the self-assembly can be interpreted as the result of
fast-growing hexagonal platelets reversible polymerizing into
smectic filaments. Clearly, the effective depletion attraction
acting between platelets promotes face-to-face stacking in order
to maximize the free volume available to the polymer.> In order
to estimate the typical bond energy between monomeric plate-
lets making up a smectic fibril, we invoke a simple reversible
polymerization model described in detail in the ESL{ This
theory assumes the length distribution of the smectic fibrils
to result from a dynamical equilibrium between associating and
dissociating plate monomers. At the low fibril concentrations
probed in experiment, the fibrils are essentially non-interacting
and their stationary length is chiefly determined by the reversible
bonding of individual colloidal platelets undergoing Brownian
motion. This reversible aggregation process is the central ingredient
of this simple theoretical association model, which provides an
analytical prediction of the fibril length distribution that can be
compared to experimental results depicted in Fig. S4a (ESIT). From
the exponential tails of the measured length distributions, we
estimate a typical bonding energy between monomeric platelets of
about 10 k3T and a typical ‘bonding volume’ of effective range of
attraction of about 8-10 times the polymer volume. The ‘bonding
volume’ which can be interpreted as the bonding range times the
platelet area is considerably less than the volume ~ R* R, with R the
radius of a flat plate one would naively obtain from free-volume
theory® if the face-to-face bonding was entirely due to ideal deple-
tion attractions. Complicating factors such as thermal corrugation
of the plate surface (due to fluctuations of the rods around their
centers of mass), electrostatic interactions and semi-flexibility of the
filamentous virus rods may account for the strongly reduced bond
energy but these effects are notoriously difficult to capture within a
simple, tractable model. The model also predicts the equilibrium
constant of the fibril association and dissociation reactions to be
quite large, suggesting fibril dissociation events to be much less
frequent than bonding events, in particular for the longer fibrils.
This finding is consistent with the fact that processes involving
fibrils breaking up are difficult to observe experimentally, in
particular at the low fibril concentrations explored here.

At the highest depletion attraction the growth kinetics
speeds up dramatically resulting in the rods self-assembling
into columnar bundles (Fig. 1d). In these structures, there is no
layered organization along the main axis of the fiber but the
hexagonal crystalline structure transverse to the bundle director n
is preserved. The time required for the self-assembly processes, or
growth time, is reduced dramatically when the growth morphology
changes from the predominantly bidimensional platelets to the
unidimensional fibers and bundles.
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Dimensionality of the self-assembled superstructures
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Fig. 1 Overview of morphological and dimensional changes in self-assemb
attraction. The kinetic processes determining the typical growth time for

Inter-rod attraction

led structures formed by rod-like fd viruses driven by increasing depletion
the various structures speeds up considerably with increasing inter-rod

attraction. The self-assembled morphology changes from (a) hexagonal platelets composed of a one-rod thick monolayer of aligned fd rods with a
central core defect (indicated by a white arrow), to (b) small hexagonal platelets and their stacks. When the attraction increases further, the rods self-
assemble into (c) smectic-B like fibrils composed of small polymerized platelet monomers, and then to (d) columnar fibers. The fluorescently labeled
viruses in the DIC/fluorescence overlaid images show that the rods are aligned parallel to the main axis n of the cluster (black double arrow). Scale bars,

5 pum for (a) and 1 pm for (b—d). (e) Phase diagram as a function of the rod (C;

4-wt) and polymer (Cpgg) concentrations, where the typical growth time z is

also indicated. At each phase boundary, a gradual change of morphology occurs rather than a sharp transition.

Throughout the range of cluster morphologies observed, the
typical growth time varies by more than six orders of magnitude,
taking up days for large platelets to form, a few minutes for the
smectic fibrils, down to milliseconds for the fast formation of
columnar fibers. Apart from the intrinsic rod-rod attraction,
kinetics play an important role in templating the self-assembled
structures obtained. In view of the ultrafast growth process,
we expect the formation of columnar bundles to be strongly
marked by non-equilibrium effects, as columnar structures
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composed of long rods usually do not emerge from thermo-
dynamic considerations.?** In all the observed superstructures,
the orientation of the rods (n) remains parallel to the main
axis of the crystallite, as evidenced from the presence of a
small fraction of virus rods labelled with a red fluorescent dye
(Fig. 1) and using a full-wavelength retardation plate (Fig. S1,
ESIt). The absence of any detectable particle self-diffusion
within the clusters (Movies S1 to S5, ESIt) is consistent with
the long-range positional order along the direction normal to

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 SAXS data of the different virus-based self-assembled superstructures obtained by varying the concentration of PEG depletant (Cpeg). The initial
virus concentration is set at 10 mg mL™%. (a) SAXS spectra characteristic of hexagonal long-ranged positional order with the presence of sharp 100 and
110 Bragg reflections. The virus concentration within the self-assembled clusters, referred to as the local concentration, is calculated from the 2D
swelling law associated with a hexagonal ordering of long rods*® for a given (100) peak position. (b) Osmotic pressure (IT) obtained from the PEG
concentration®® as a function of inter-rod distance, s = (4n/\/§)qmg*‘. The fit (black curve) is based on the model of Yasar et al.*” described in the ESI.+

n observed by small-angle X-ray scattering (SAXS) experiments
(Fig. 2).

The SAXS experiments have been conducted at a fixed rod
concentration but at varying polymer concentration and depletion
strength. All SAXS spectra (Fig. 2a) display (100) and (110)
diffraction peaks, characteristic of local hexagonal rod packing.
The interaxial distance between the neighboring rods
s = (4n/V3)qi00"" can be directly obtained from the position
of the main diffraction reflection. There is only little variation
of the distance s (Fig. 2b) accompanying the vast morphological
changes observed throughout the same range of conditions.
Since the interaxial rod distance s probed by SAXS is about two
orders of magnitude smaller compared to the rod length /,
a 2D swelling law (g100 = -Croa™?) of the hexagonal lattice is

expected, with 7 = (81> Nt/ (\/§MW))0’5. From this, the local rod
concentration associated with the various
morphologies can be deduced. This gives a value of around
300 mg mL " for the platelets, 350-400 mg mL " for the smectic
fibrils, and 450-550 mg mL ™" for the columnar bundles (Fig. 2a).

The depletion interaction between the virus rods can be
accounted for by invoking a polymer-generated osmotic pressure
IT acting on the virus arrays. Here, one simply assumes that most
of the polymer is excluded from the virus-based superstructures.*®
Such models, described in the ESI, T have been successfully applied
to many charged rod-like particles,"”** and give an accurate
description of the experimental data as shown in Fig. 2b.

Fig. 3 displays the crossover from one self-assembled super-
structure to another in terms of the aspect ratio AR = 4/D of the
typical cluster morphology, with & and D indicating the height
and diameter of the superstructure measured parallel and
perpendicular to the rod director n, respectively. Throughout
the range of attractions, the diameter decreases from 20-30 um
for the platelets while reaching a minimum of around 0.9 pm
for the smectic fibers and columnar bundles (ESI,¥ Fig. S3
and S4). The height increases from one rod-length for single
platelets to 10-20 um for smectic fibers and columnar bundles

self-assembled
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Fig. 3 Morphological transition from 2D to 1D self-assembled structures
observed by enhancing the inter-rod attraction, in turn controlled by the
strength of the depletion interaction. The cluster aspect ratio AR, defined
as the dimension parallel to n (h; height) over the dimension perpendicular
to n (D; diameter) where n denotes the main axis of the cluster morphology,
is plotted (black and white squares) as a function of the depletant
concentration. Experimentally, the largest measurable length is around
20 um (the corresponding aspect ratio is indicated by a dotted line), since
longer fibrils no longer lie within the same focal plan. The red triangular
symbols represent the theoretical predictions from a simple reversible
polymerization theory describing the formation of smectic fibrils (see ESI),
and they show a good quantitative agreement with experimental data. The
typical bond energy between monomeric platelets within the smectic
fibrils is estimated to be about 10 kgT.

(ESL Fig. S3 and S4). Consequently, the aspect ratio AR of the
cluster morphology varies by almost three orders of magnitude
throughout the probed range of depletion strengths. This demon-
strates a high degree of shape-tunability of the self-assembled
clusters, while guaranteeing the long-ranged positional order within
the structures as demonstrated by the SAXS experiments.

Films of highly aligned smectic fibers can be obtained upon
applying weak shear flow, as shown in Fig. 4a. The degree of
alignment can be established from a 2D nematic order parameter
S = (2-cos’(f)) — 1) that we can extract from the orientational
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Fig. 4 Flow assisted alignment of smectic fibrils deposited on a glass substrate.
(@) DIC image of the smectic fibrils, whose main axes (n) are along the flow
direction. Scale bar, 10 um. (b) Fourier transform pattern of the DIC image in
(a), with the one-rod-thick smectic layer spacing indicated. (c) Distribution of
smectic fibril orientations fitted by a Gaussian function (red line), from which
the 2D orientational order parameter, S = (2-cos?(d) — 1) = 0.91, can be
obtained after numerical integration.

distribution of smectic fibrils (Fig. 4c). Typical values we found
are of about S = 0.90 (note that S = 1 indicates perfect alignment,
and S = 0 complete orientational disorder). This shows that these
self-assembled superstructures are strongly susceptible to external
orientation stimuli and can be readily shaped into macroscopically
aligned domains. The facile processability of these rod-based
superstructures opens perspectives for applications requiring
anisotropic stimuli-responsive materials with internal crystal-
line order.”'*1%31,50

Conclusion

In conclusion, we have described a tunable self-assembly process
of rod-like particles forming superstructures with an unprece-
dented control of their cluster morphology, effective dimension
and internal microstructure. In our system of filamentous fd virus
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rods mixed with PEG polymer, controlled self-assembly is achieved
through the use of tunable short-ranged depletion interactions
between the rods generated by the presence of non-adsorbing
polymer with typical size comparable to the rod diameter. A
systematic increase in the polymer concentration causes a number
of morphological transitions affecting the principal dimensionality
of the self-assembled structure. These range from isolated quasi-
bidimensional platelets and stacked oligomeric platelets at weak
depletion to unidimensional polymeric smectic fibrils, and colum-
nar fibers at strong depletion. These polymorphological changes
occur without compromising the long-ranged hexagonal crystal
order within the superstructures. The average inter-rod distance is
only weakly affected by the depletion strength. Simple thermo-
dynamic considerations enable us to predict the typical fibril
length and infer the typical bond energy between monomeric
platelets within these structures. Last but not least, we have
demonstrated the possibility of flow-assisted templating of such
anisotropic superstructures into highly aligned supported films
demonstrating a high degree of processability. By expanding the
spectrum of bottom-up approaches towards anisotropic nano-
particles we argue that depletion-driven rod suspensions display-
ing hierarchically-tunable morphogenesis constitute a promising
candidate for fabricating self-assembled structures for use in
devices depending on anisotropic stimuli-responsive materials.

Materials and methods
Virus stock suspensions

Wild-type fd bacteriophages were grown with ER2738 strain of
E. coli as host bacteria, and were purified according to standard
protocols.®! The fd-wt (wild type) viruses are rod-like particles,
monodisperse in size and shape, with contour length / =
880 nm and diameter d = 7 nm. In suspension, the virus rods
have been shown to behave as near-hard rods exhibiting a
well-defined liquid-crystalline phase behavior.**™*"* Virus
suspensions were extensively dialyzed against TRIS-NaCl-HCI
buffer (pH 8.2) at 110 mM of ionic strength, to ensure that the
electrostatic repulsion between viral particles is strongly
screened (Debye screening length, Ap = 0.9 nm). The rods were
subsequently concentrated using ultracentrifugation and redis-
persed at 30-35 mg mL " in the same buffer solution. The virus
concentration was determined using spectrophotometry at the
peak absorption wavelength of 269 nm with an optical density
of 3.84 cm®* mg~".>* Fluorescently-labeled virus batches were
separately prepared by conjugating Alexa Fluor 488-TFP ester
(Invitrogen) or Dylight550-NHS ester (ThermoFischer) to their
coat proteins. These labeled viruses were added in tracer
amounts (0.001% (w/w) to 0.1% (w/w)) to the non-labeled virus
batches for tracking by fluorescence microscopy.

Sample preparation

Polyethylene glycol (PEG) of M,, = 8000 g mol ™ * (Sigma-Aldrich)
was used as a non-absorbing polymer with a radius of gyration
(Rg) of 4 nm in aqueous solution.”* All polymer-virus mixtures
were prepared in TRIS-NaCl-HCI buffer (pH 8.2) adjusted at
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110 mM of ionic strength, and injected into optical microscopy
cells. The cells were made by a glass slide and a coverslip
(initially cleaned with sulfochromic acid) separated by a Mylar
or Parafilm spacer, to obtain a cell thickness of about 100 um.
The cells were then sealed with UV-cured glue (NOAS81, Epotecny).
For the film of aligned smectic fibers, the samples were either
prepared by drop casting on a cover slip, or loaded and oriented in
the cell through capillary forces. Samples for small-angle X-ray
scattering (SAXS) experiments were prepared in cylindrical quartz
capillaries (diameter ~ 1.5 mm; Mark-Rohrchen), filled with
aqueous virus-polymer mixtures (~20 pl for each), and sealed
by flame. The capillaries were positioned vertically (gravity along
the main axis of a capillary) for about 4 weeks in order to induce
macroscopic phase separation through sedimentation of the self-
assembled structures at the capillary bottom.

Optical microscopy

Differential interference contrast (DIC) and epifluorescence
images were obtained using an inverted microscope (IX71,
Olympus) equipped with an oil-immersion objective (NA 1.4, x100
UPLSAPO), a mercury-halide excitation source (X-cite120Q, Excelitas),
and a fluorescence imaging camera (NEO sCMOS, Andor Technol-
ogy). To enable simultaneous acquisition of DIC and fluorescence
images, an optical splitter setup (Optosplit II, Cairn Research) was
used to divide each image into two channels thanks to a
dichroic beamsplitter and band pass filters. The images
obtained from both channels were then overlaid. The whole
imaging system was operated by computer-interface software
(Meta-Morph, Molecular Devices).

Small angle X-ray scattering (SAXS)

SAXS measurements were performed at the SWING beamline at
the synchrotron facility SOLEIL (Orsay, France) operating at a source
wavelength of 4 = 0.0995 nm. The diffraction pattern was recorded by
an AVIEX CCD detector, which was located in a vacuum detection
tunnel with a sample-to-detector distance of 1.49 m. Angular
integration was applied on the 2D SAXS pattern to obtain the
scattering intensity as a function of scattering vector modulus, q.
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I. SUPPLEMENTARY FIGURES

FIG. S1: Optical image of smectic fibers, where the sign of birefringence is verified with a full
wavelength retardation plate, located between crossed polarizers (P and A). The retarded optical
path results in fast (first order yellow) and slow (second order blue; marked by ~) axes in an
isotropic medium (magenta background). The arrows represent the direction of the fd rods aligned

parallel to the main axis (n) of the smectic fibers. Scale bar, 5 pm.
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FIG. S2: Size of the central protruding defect as a function of the platelet diameter. A linear
dependence is found, showing that the defect core reduces in size when the platelets become
smaller. The smallest platelets show no discernible protrusions (defect length equal to platelet

height) which enables them to stack on the top of each other forming smectic fibrils.
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FIG. S3: Crossover from a 2D to 1D cluster morphology at increasing inter-rod attractions con-

trolled by the PEG concentration (Cpgg) at a fixed rod concentration (Cfg—qe = 10 mg/mL). The

variation of the cluster diameter (empty rectangles) and height (empty circles) enables a distinction

between the different morphologies, as presented in Figure 3.
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FIG. S4: Distributions of (a) heights, h, and (b) diameters, D, of the smectic fibrils (blue and red)

and columnar bundles (green), for obtaining the mean values plotted in Figure S3. Inset: Log-lin

representation of the smectic fibril degree of polymerization k = h/¢, from which the fits (solid

lines) using Eq. 16 provide gpg = 2.7 and 3.4 for Cprg =50 and 70 mg/mL, respectively.



II. OSMOTIC PRESSURE FROM PEG SOLUTIONS (FIGURE 2B)

The osmotic pressure I, in atm, is estimated according to the osmotic stress methods
and is related to the PEG concentration C'ppg, in mg/mL, by using the following empirical
relation [1]:

I = —1.29G*T + 127.6G* + 2.0G (1)

with G = Cppg/(1000 — Cppe) and T the temperature, set at 22°C.

III. MODEL OF THE OSMOTIC PRESSURE APPLIED ON HEXAGONAL FD
ARRAYS (FIGURE 2B)

In order to describe the osmotic pressure dependence of the charged viruses self-organized
in a hexagonal lattice, a cylindrical cell model has been employed. In this model, a fila-
mentous virus of bare radius r = 3.5 nm is surrounded by a cylindrical cell of diameter
s, the interaxial rod distance, to account for the electric double layer. This yields a long-
ranged electrostatic term I7.(s) of the the osmotic pressure, which is supplemented with a
short-ranged repulsive hydratation contribution I7;(s). Both follow the same mathematical

formulation and read up to leading order [2]:

(s) = I(s) + IIn(s) (2)

e = [k (555 ()]

- (5 m (3)]

Here Ky(z) and K;(z) are the cylindrical modified Bessel functions of the second kind,

where

and

and Ap = 0.9 nm is the Debye screening length at ionic strength I = 110 mM. We fix the
hydration repulsion length A, = 0.25 nm, according to the value found in literature [2, 3].
Upon fitting the data shown in Figure 2b, we obtain the values of both prefactors of Eqs. 3
and 4, A, ~ 175 atm > A, ~ 175 atm, which are consistent with those reported for DNA

2] and filamentous viruses [3].



IV. LINEAR REVERSIBLE POLYMERIZATION OF PLATELETS INTO SMEC-
TIC FIBRILS

Let us consider a simple dynamical equilibrium whereby Ny platelets (monomers) of thick-
ness ¢ reversibly assemble into oligomers representing smectic fibrils of order k = 1,2, 3, ..., Ny
and height h = kf. The formation and destruction of these k-mers is given by ‘chemical

reactions’ described by:

KA, = A, (5)
Kp

where A, denotes a k—mer of polymerization degree k, and K4 and Kp represent the
association and dissociation rate constants, respectively. The rate of change of the k—mer

concentration [Ag] reads
d[Ay]
dt

Dynamic equilibrium (d[Ag]/dt = 0) leads to the law of mass-action:

= KalAi]* = KplA] (6)

_ Ka o [A]
q = K—D - [Al]k (7>

K.

in terms of the equilibrium constant K.,. The statistical physics of chain formation driven
by simple attractive bonds between adjacent monomers has been analyzed in detail in Refer-
ences [4-6]. In the case of ideal non-interacting filaments, the law of mass-action translates
into a steady-state distribution py = [Ag] of k—mers (number of aggregates per unit volume)

taking the following form:
pr = p1(gp)*! (8)

with p; the concentration of monomers, i.e. free unbonded platelets. The key parameter is

the configuration integral ¢ of a single depletion-driven bond which is defined as:

0 kT < Upond
q= eXp(_ﬁUbond> (9)

Vov kBT > Ubond
Here, v,, refers to the typical bonding volume which, assuming no other attractions than
pure depletion, is expected to be of the order of the platelet surface times the depletion zone
width Ry, i.e. vy, ~ R?R,. Within this simple picture we find a monomer-only regime when

the thermal energy kT > Upona and pi/p1 | 1, whereas at low temperature kT < Upong @

broad distribution of k—mers appears. From the thermal volume of a single bond ¢ we can



also determine the equilibrium constant of the reaction Eq. (5) via

K _
Keq = K—g = (qp())k ! (10)

The normalization condition Zivil kpr = po guarantees conservation of the total number of
particles Ny with py the total monomer concentration. For gp; < 1 this leads to a closed

expression for the aggregate distribution:

_1(1 2 )’f
P q 14+ /1 +4qpo

From the average polymerization degree (k) we obtain the fibril aspect ratio (AR):

ok o

with R, the minimal plate radius.

(11)

V. EFFECTIVE BOND ENERGY FOR SMECTIC FIBRILS

Let us assume the formation of platelets to follow some kind of diffusion-limited ag-
gregation (DLA) process which proceeds on a time-scale much shorter than the typical
polymerization time of the monomeric platelets. We further assume that the platelets are
all equal in size and have a radius R,, in which case the core defect protrusions that prevent
the platelets from binding together have vanished (Figure S2). The total number density of
platelets py formed is dictated by the total number of rods N, in the system, as conservation
of mass requires that p, o< poR2 (p. with p, the number density of rods within the crystalline
platelet, and p, the overall rod concentration. The number density of platelets then scales
as pg X ¢,/ P LR, in terms of the corresponding overall (“r”) and intraplatelet (“c”) volume
fractions ¢, /. ~ p,/.mr?l. The aggregate thermal volume Eq. (9) can then be expressed as
follows:
or

quNaf

with ¢. ~ 0.5 (corresponding to Crs_ =~ 400 mg/mL, see Figure 2a), ¢, ~ 0.01 (corre-

e_Ubond/kBT (13)

sponding to C'g_yr = 10 mg/mL) and inverse rod aspect ratio /¢ ~ 0.04. Here, we have
tacitly assumed the bond energy Uponq to be larger than the thermal energy kgT. The

former is expected to increase with depletion strength and we conjecture:

Ubond Upond
~ —Chpa—— 14
k,BT PEG Vpol ( )




in terms of the polymer (PEG) concentration Cfg ~ Puvyo renormalized to its overlap con-
centration. Here, vpo ~ %ng represents the typical depletant volume. From Eq. (12),taking
the monomer aspect ratio to be unity ¢/2R,, ~ 1 as experimentally observed, we infer that

the fibril aspect ratio scales as:

AR ~ 14 +/1+4gpo (15)

which enables a direct comparison with experimental data in Fig. 3. Values for ¢py in the
range from 2.7 to 3.4 can be extracted from the fibril length distribution p; in Eq. (11)
shown in Figure S4. To facilitate a fit with experimental data in the inset of Figure S4a, we
recast the distribution Eq. (11) in exponential form, i.e.:

x e < 2k ) (16)
X _
PRSP\ T T T T 490

which is justified for gpy > 1. We estimate the typical bonding energy between the polymer-

izing platelets in the smectic fibrils to be about Upenq ~ —10kgT with the typical bonding
volume between platelets lying in the range vpona ~ 8 — 100, Recalling Eq. (10) we can
estimate the ratio of the association and dissociation rate constants of the reaction Eq. (5),
leading to K 4/Kp ~ 3*~1. This suggests that for long filaments (k > 1) dissociation events
are much less frequent than bonding events, which is consistent with experimental findings

where fibril dissocation is not observed on the probed time scale.

VI. SUPPLEMENTARY MOVIES

The Supplementary Movies show time-stream DIC/fluorescence overlaid images acquired
simultaneously (See Methods) to monitor the dynamics of red fluorescent labeled viruses
trapped in the self-assembled structures (platelets, smectic fibrils, and columnar fibers) of
non-labeled viruses.

Movies S1-S2. Small hexagonal platelets displayed as individual objects (Movie S1) and as
face-to-face stacks (Movie S2), with edge-on view. In the platelets, the labeled single viruses
are aligned along the main platelet axis and exhibit no discernible self-diffusion along or
normal to the main rod direction. Brownian motion of the stacked platelets can be observed
in Movie S2. Scale bar, 1 pum.

Movies S3-S4. Side-view of smectic fibers. A single labeled virus rod (Movie S3) and a



labeled dimer virus (Movie S4) are incorporated within a single smectic-like layer (Movie
S3) and in two adjacent smectic-like layers (Movie S4). These labeled viruses are aligned
along the main cluster axis and do not show any self-diffusion along or normal to the rod
direction. Scale bar, 1 pm.

Movie S5. Side-view of a columnar bundle. A labeled single virus is incorporated and
aligns along the main axis of the bundle. This labeled virus does not show any self-diffusion

along or normal to the main rod direction. Scale bar, 1 pm.
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