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From determining the optical properties of simple molecular crystals
to establishing the preferred handedness in highly complex verte-
brates, molecular chirality profoundly influences the structural,
mechanical and optical properties of both synthetic and biological
matter on macroscopic length scales”. In soft materials such as
amphiphilic lipids and liquid crystals, the competition between local
chiral interactions and global constraints imposed by the geometry of
the self-assembled structures leads to frustration and the assembly of
unique materials*®. An example of particular interest is smectic
liquid crystals, where the two-dimensional layered geometry cannot
support twist and chirality is consequently expelled to the edges in a
manner analogous to the expulsion of a magnetic field from super-
conductors’'’. Here we demonstrate a consequence of this geometric
frustration that leads to a new design principle for the assembly of
chiral molecules. Using a model system of colloidal membranes'', we
show that molecular chirality can control the interfacial tension, an
important property of multi-component mixtures. This suggests an
analogy between chiral twist, which is expelled to the edges of two-
dimensional membranes, and amphiphilic surfactants, which are
expelled to oil-water interfaces'>. As with surfactants, chiral control
of interfacial tension drives the formation of many polymorphic
assemblages such as twisted ribbons with linear and circular topolo-
gies, starfish membranes, and double and triple helices. Tuning
molecular chirality in situ allows dynamical control of line tension,
which powers polymorphic transitions between various chiral struc-
tures. These findings outline a general strategy for the assembly of
reconfigurable chiral materials that can easily be moved, stretched,
attached to one another and transformed between multiple confor-
mational states, thus allowing precise assembly and nanosculpting of
highly dynamical and designable materials with complex topologies.

In experiments on chiral self-assembly, we used a two-component
mixture consisting of 880-nm-long rod-like fd viruses and the non-
adsorbing polymer Dextran. In aqueous suspension, fd viruses alone
have purely repulsive interactions". Adding non-adsorbing polymer
to a dilute isotropic suspension of fd rods induces attractive inter-
actions by the depletion mechanism and leads to their condensation
into colloidal membranes, which are equilibrium structures consisting
of one-rod-length-thick, liquid-like monolayers of aligned rods'
(Fig. 1a). Despite having different structures on molecular length
scales, the coarse-grained properties of colloidal membranes are identical
to those of conventional lipid bilayers. However, unlike their amphiphilic
counterparts, colloidal membranes do not form vesicles and are instead
observed as freely suspended disks with exposed edges. Here we invest-
igate the behaviour of these exposed edges in a manner analogous to
previously studied liquid-liquid domains embedded in lipid bilayers'* .
For our experiments, it is essential that fd viruses are chiral, that is, a pair
of aligned viruses minimizes their interaction energy when they are
slightly twisted with respect to each other in a preferred direction. The
strength of chiral interactions can be continuously tuned to zero through
either genetic or physical methods'*"” (Supplementary Fig. 1).

Before investigating chiral membranes, we determined the edge
structure of a membrane composed of simpler, achiral rods using three
complementary imaging techniques, namely two-dimensional (2D) and
three-dimensional (3D) polarization microscopy and electron micro-
scopy. The local tilting of the rods within a membrane was determined
using a 2D LC-PolScope, which produces images in which the intensity
of each pixel represents the local retardance of the membrane'® (Fig. 1d).
Such images can be quantitatively related to the tilting of the rods away
from the layer normal (the z axis). Rods in the bulk of a membrane are
aligned along the z axis, and it follows that 2D LC-PolScope images
appear black in that region (Fig. le). By contrast, the bright, birefringent
ring along the membrane’s periphery reveals local tilting of the rods
(Fig. 1e and Supplementary Fig. 2). For achiral rods, this indicates that a
membrane has a hemi-toroidal curved edge (Fig. 1b, ¢). By comparison
with an untilted edge, a curved edge structure lowers the area of the rod—
polymer interface, thus reducing interfacial tension, at the cost of
increasing the elastic energy due to a twist distortion. This hypothesis
is confirmed by visualizing the 3D membrane structure using electron
tomography, which shows that the viruses’” long-axis transitions from
being parallel to the z axis in the membrane bulk to being perpendicular
to the z axis and tangential to the edge along the membrane periphery
(Fig. 1d and Supplementary Fig. 3). For achiral viruses, the spontaneous
twist at the edges is equally likely to be clockwise or anticlockwise.
However, the 2D LC-PolScope records only 2D projections of the
birefringence map and thus cannot distinguish between these two pos-
sibilities. For this reason, we used a 3D LC-PolScope®, which reveals
that achiral rods are equally likely to tilt in either direction, thus con-
firming the spontaneously broken chiral symmetry at the edge of an
achiral membrane (Fig. 1f-h and Supplementary Fig. 4). Simulations of
hard, achiral spherocylinders and depletant molecules provide addi-
tional verification that interfacial effects alone cause spontaneous twist-
ing of achiral rods at the membrane’s edge (Supplementary Fig. 5).

When viewed with optical microscopy, a membrane’s edge shows
pronounced thermal fluctuations, the analysis of which yields the line
tension, y.r; which is the energetic cost required to move rods from the
membrane interior to the periphery'>*"** (Fig. 2a). A typical fluc-
tuation spectrum for an achiral edge is shown in Fig. 2b. In the regime
of small wavevector, ¢, the mean square Fourier amplitudes, (a,f}, are
independent of g, allowing us to extract the effective line tension,
Veff = kBT/(aqz) (ref. 12), where kg is the Boltzmann constant and T
is the temperature. In the large-q limit, fluctuations scale as 1/g> and
are therefore substantially suppressed relative to those of a simple
interface. One possible explanation is that fluctuations are suppressed
as aresult of a quasi-one-dimensional (quasi-1D) nematic phase at the
edge, which is a direct consequence of rod tilting (Fig. le). At large
wavelengths, the elastic energy required to deform the quasi-1D
nematic phase is negligible and the fluctuations are dominated by
the line tension. With decreasing wavelength, there is an increasing
energetic penalty associated with bending the quasi-1D nematic phase,
resulting in the suppression of fluctuations.
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Next we demonstrated that the chirality of the constituent rods
controls the magnitude of y.¢ The global constraints imposed by
the 2D membrane topology are fundamentally incompatible with local
twisting (chiral interactions) between constituent rods, leading to the
expulsion of chirality from the bulk of the membrane” (untwisting of
rods). It follows that introducing chirality raises the energy of rods in
the membrane bulk while simultaneously lowering the energy of rods
close to the edge, where they are free to twist and satisfy chiral inter-
actions. Therefore, we propose that there are two contributions to the
effective line tension, Ypare and Yenira, SUCh that Yesr = Yoare = Vehirab
where Y, is the line tension of a membrane edge composed of achiral
rods and }auira is the chiral contribution to the line tension'®*. To
Measure Vy,re aNd Yopira independently, we used the temperature depend-
ence of fd chirality (Supplementary Fig. 1). We measured }qye at high
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Figure 1 | Edge structure of membranes
assembled from an achiral mixture of wild-type
and Tyr21Met fd phages. a, Differential
interference contrast (DIC) image of a colloidal
membrane. b, Illustration of colloidal membrane
indicating that its edge adopts a surface-tension-
minimizing curved profile, forcing rods to twist
locally. For clarity, the aspect ratio of rods has been
reduced. ¢, Cross-section shown in b. d, Electron
micrograph of a membrane directly visualizing the
curved edge profile (Supplementary Fig. 3). e, 2D
LC-PolScope birefringence map of two
membranes. The bright band associated with the
edges indicates local rod tilting (Supplementary
Fig. 2). f, 3D LC-PolScope image composed of an
array of conoscopic microimages, each sampling
the local orientation of the rods. In each
microimage, the displacement of the dark spot
away from the centre determines the local tilting of
the rods with respect to the layer normal (the z axis;
Supplementary Fig. 4). g, h, Sections of 3D LC-
PolScope images of two edges with clockwise

(g) and anticlockwise (h) twists, respectively,
illustrating the broken chiral symmetry found at
the edge of achiral membranes. Scale bars, 5 pm
(a, e-g, h); 0.2 um (d).

temperature (60 °C), where rods are achiral (ya,;a1 = 0) and, therefore,
Vet = Vbare (Fig. 2¢). Decreasing the temperature increases the strength of
chiral interactions, resulting in a smaller y.gvalue and demonstrating that
chirality indeed reduces line tension (Fig. 2c). Temperature-dependent
chiral contributions (Ycphiral(T) = —Vet(T) + Vbare) Were converted into
a function that depends on the chiral wavevector, g, using measure-
ments of the temperature dependence of the cholesteric twist
(Supplementary Fig. 1). Notably, measurements of )y, at different
depletant concentrations collapse onto a universal curve (Fig. 2d), con-
firming that the two contributions to Y. are uncorrelated. Our data
show that chirality can reduce the line tension by as much as 450k T
per micrometre of edge length (Fig. 2d). To test this hypothesis inde-
pendently, we measured Y. for membranes composed of the
Tyr21Met mutant fd virus. By contrast with wild-type fd virus, the
chirality of this mutant fd virus is temperature independent (Sup-
plementary Fig. 6). We find that y.¢ for the Tyr21Met mutant mem-
branes is temperature independent over the entire measurement range,
unambiguously demonstrating chiral control ofline tension and ruling
out any intrinsic temperature effects.

Our findings raise the possibility that at sufficiently low temperatures
the chiral contribution to interfacial energy could dominate the bare
line tension, lowering the energetic cost of creating edges and leading to

Figure 2 | Chiral control of effective line tension, .. a, DIC images, taken
1 s apart, illustrating the fluctuations of the membrane’s edge. Scale bar, 5 pm.
b, Fluctuation spectrum ((aq ) versus ¢q) plotted for three different
temperatures. For small g, (a,’) is 1ndependent of g and inversely proportional
to the effective line tension, Y. = kBT/(aq ). For large g, the suppressed
fluctuations are independent of depletant concentration (osmotic pressure)
and sample temperature (fd chirality) and scale as 1/¢*. Red lines are fits using
equation (3) (Methods). ¢, Y. extracted from the low-g regime, plotted for a
range of sample temperatures (fd chirality) and Dextran concentrations
(osmotic pressures). In the achiral limit at 60 °C, Ychira = 0 and Ypare =
Increasing the Dextran concentration increases Jp,re. Decreasing the
temperature reduces )g because pira increases. The red lines of fixed slope are
guides to the eyes illustrating the universal scaling of g with chirality. d, Ychiral
as a function of the twist wavevector, g, (measured in the cholesteric phase), for
various depletant concentrations. The temperature dependence of gy is
extracted from Supplementary Fig. 1. The red curve is quadratic fit to the data:
Vehiral = quz. Error bars, s.d.; n = 10.
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Figure 3 | Transition of a 2D disk into 1D twisted ribbons. a, A temperature
quench reduces the line tension, inducing a transition of the 2D membrane into
1D twisted ribbons (Supplementary Movie 1). b, The stability diagram indicates
regions of phase space where ribbons and membranes are observed as a function
of temperature (chirality) and Dextran concentration (cpexiran)- The boundary
indicates the temperature above which no stable or metastable ribbons are

observed at a given Dextran concentration. ¢, An overlaid phase contrast (red)/
fluorescence (green) image of a stable ribbon containing a low volume fraction of

their spontaneous formation. In this respect, we expect chirality to have
a role similar to that of amphiphilic surfactants in oil-water mixtures.
Such surfactants lower surface tension and lead to the formation of
excess interfaces through the assembly of microemulsions. To invest-
igate this possibility, we quenched a membrane assembled atlow deple-
tant (Dextran) concentration from the high-temperature achiral phase.
With decreasing temperature, fluctuations of the membrane edge
become more pronounced, indicating that 7. is decreasing.
Eventually the edge becomes unstable, resulting in a remarkable poly-
morphic transition in which twisted, ribbon-like structures grow along
the entire periphery of the disk, generating a starfish-shaped membrane
(Fig. 3a and Supplementary Movie 1). This polymorphic transition is
reversible; with increasing temperature, the starfish membrane col-
lapses back into a disk. The stability diagram indicates that 1D twisted
ribbons are stable at low Dextran concentrations and low temperatures
(small p,re values and large ycpira values), whereas flat 2D membranes
are stable for large }p,e values or small g,y values (Fig. 3b). DIC
microscopy reveals the overall structure of the ribbons, such as their
pitch and width (Fig. 3a); fluorescence microscopy shows the liquid-like
dynamics of single rods within the assemblage (Fig. 3¢ and Sup-
plementary Movie 2); and 2D LC-PolScope imaging quantitatively
determines the local tilt of the rods (Fig. 3d). A schematic representation
of the twisted ribbons based on this information, indicating inhomo-
geneous tilting of the rods within a ribbon, is shown in Fig. 3e. Such data
are in agreement with recent theoretical predictions®.

Chiral self-assembly produces structures that combine seemingly
divergent properties of high elasticity and fluidity. To demonstrate these
properties, we trapped two opposite sides of a flat disk with a dual-beam
optical trap and applied an extensional force, causing the transition from
a stretched disk into a twisted ribbon (Fig. 3f and Supplementary Movie
3). This mechanically induced disk-to-ribbon transition is reversible; on
removal of the optical trap, the highly elastic ribbon relaxes back into its
original shape. Furthermore, using optical tweezers it is possible to
change the architecture of the chiral assemblages systematically, allow-
ing new pathways for assembling nanomaterials with highly complex
topologies. For example, two ends of a linear twisted ribbon are easily
joined together to assemble a closed, ring-like polymeric structure. The
disk-to-ribbon transition is tightly coupled to the assemblage topology
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fluorescently labelled rods (Supplementary Movie 2). d, LC-PolScope image
indicating rod tilting that penetrates from the edge of the ribbon towards its
centre. The intensity at each pixel is proportional to sin®(6), where 0 is the local
rod tilt angle away from the image plane. e, Schematic structure of twisted
ribbons as deduced from optical microscopy. f, A 2D colloidal membrane is
trapped with a dual-beam optical trap and stretched, inducing the transition to a
1D twisted ribbon (Supplementary Movie 3). Red circles indicate moving traps
and green circles indicate fixed traps. Scale bars, 2 pm.

(Fig. 4d). On increasing the temperature, all linear ribbons transform
into achiral disks (Supplementary Movie 4), whereas closed, ring-like
ribbons remain twisted owing to the constraint imposed by the ring
topology (Supplementary Movie 5).

The chiral assembly pathways described here are hierarchical, open-
ing up the possibility that simple changes on microscopic (angstrom)
length scales can be used to control structures on macroscopic
(millimetre) length scales®*. At the smallest relevant length scale,
each virus is assembled from DNA that is coated with thousands of

Figure 4 | Hierarchical self-assembly: from isolated viruses and metastable
disks to singly and doubly twisted ribbons. a, In the ribbon region of the
phase diagram in Fig. 3b, fd viruses condense into metastable, self-limited disks.
On longer timescales, these disks coalesce and form 1D twisted ribbons.

b, Image of a single ribbon that has collapsed into a toroid. ¢, Doubly twisted
ribbons are assembled by wrapping around each other two singly twisted
ribbons with a well-defined phase difference (Supplementary Fig. 8).

d, Directed assembly of a ring-like supramolecular polymer from a linear
twisted ribbon using optical tweezers. e, f, Single point mutation of the major
coat protein permits microscopic control of ribbon chirality. Wild-type fd virus
assembles into left-handed ribbons (e), whereas the Tyr21Met fd virus forms
right-handed ribbons (f), as demonstrated by the z-stack series of 2D LC-
PolScope images. Scale bars, 2 pm.
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copies of the major coat protein. At the mesoscopic length scale,
attractive depletion interactions condense dilute, rod-like viruses into
self-limited, metastable, mesoscopic colloidal disks whose diameter is
approximately one twist penetration length'>***”*® (Fig. 4a). Once
assembled, mesoscopic disks themselves experience mutual attractions,
resulting in lateral coalescence and formation of twisted doublets. On
longer timescales, this coalescence process continues, producing
ribbons with complex topologies and multiple branching points (Sup-
plementary Fig. 7). The length of these ribbons can reach macroscopic
(millimetre) dimensions. This hierarchical assembly process describes
a robust synthesis of ribbons that behave as supramolecular polymers
and can assemble into even more-complex structures at higher levels of
hierarchy, such as toroids (Fig. 4b). Under certain conditions, ribbons
also wrap around each other to produce a great variety of double- and
triple-helical structures (Fig. 4c and Supplementary Fig. 8). A challenge
associated with hierarchical assembly pathways is to control the final
macroscopic assemblage by specific modification of relevant micro-
scopic parameters. Previous work showed that even a single amino-
acid mutation of the major coat protein can alter the microscopic
chirality of individual viruses'>. We used this finding to demonstrate
that such amino-acid exchange propagates across all hierarchical levels,
switching the ribbon handedness and allowing for microscopic control
of macroscopic ribbon chirality (Fig. 4e, f).

We have shown that the chirality of the constituent molecules can be
used to tune the line tension associated with the exposed edge of a
colloidal monolayer membrane. The potential of hierarchical chiral
self-assembly is demonstrated by assembling reconfigurable materials
with unique mechanical properties and complex topologies that can
easily switch between multiple polymorphic forms>-*°.

METHODS SUMMARY

Wild-type and Tyr21Met fd viruses were purified according to previously published
protocols™. To reduce the number of longer viruses, which destabilize monolayer
structures such as colloidal membranes or twisted ribbons, virus suspensions were
cycled through isotropic-nematic phase coexistence. Only the isotropic portion of
the samples, enriched in shorter viruses, was used for experiments''. The polydis-
persity of viruses was quantified using gel electrophoresis (Supplementary Fig. 9). All
samples were prepared in a buffer containing 20 mM Tris and 100 mM NaCl at pH
8.0. Addition of the non-adsorbing polymer Dextran (relative molecular mass,
500,000; Sigma-Aldrich) induces condensation of rod-like viruses into either flat
colloidal membranes or various other chiral assemblages. The strength of chiral
interactions between rods was tuned either by changing the sample temperature
or by varying the ratio of wild-type fd virus to Tyr21Met fd virus in membranes
containing a mixture of the two'’. Optical microscopy data was taken with an
inverted microscope (Nikon TE-2000) equipped with DIC optics, a homemade
heating/cooling stage and a cooled charged-coupled-device camera (QImaging,
Retiga Exi). The 2D and 3D LC-PolScope imaging set-ups have been described
elsewhere'**. To prevent binding of viruses to surfaces, microscope slides and cover-
slips were cleaned and subsequently coated with a silane agent (3-(trimethoxysilyl)
propyl methacrylate, Sigma Aldrich) to which a polyacrylamide brush was polymer-
ized from methacrylate groups.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Virus stock solutions. Filamentous viruses were grown using standard biological
techniques that have been discussed elsewhere®'. The resulting virus suspensions
contain a low fraction of multimeric virus particles (dimers and trimers) with
longer contour lengths. Because high monodispersity in particle length is essential
for assembly of membranes and ribbons, the polydispersity was reduced by frac-
tionating the samples through the isotropic-nematic phase transition, as longer
viruses preferentially dissolve in the nematic liquid-crystalline phase. Suspensions
of fd viruses (2-8 ml) were prepared at isotropic-nematic phase coexistence. Only
the isotropic (top) portion of the sample, enriched in monomeric viruses, was used
for subsequent experiments. The fractionation was repeated once or twice to
obtain sufficiently monodisperse suspensions that reproducibly assemble into
colloidal membranes and ribbons. The polydispersity of virus suspensions was
quantified using gel electrophoresis of intact viruses. Approximately 20 pl of a
0.5mgml ™" virus solution was loaded into a 1.8% agarose gel and run at
1.4V em™ ! for approximately 8 h (ref. 31). The virus coat protein was dissolved
by immersing gels in 0.2M NaOH for 30 min, and the remaining DNA was
visualized with ultraviolet light after staining with ethidium bromide®!
(Supplementary Fig. 9). Only virus suspensions with a monodispersity greater
than 95% were used for experiments. For florescence microscopy, viruses were
labelled with florescent dyes as described previously®”. The wild-type fd virus was
labelled with Alexa 488-NHS ester (Invitrogen) and the Tyr21Met fd virus was
labelled with DyLight 546-NHS ester (Pierce). All samples were buffered in 20 mM
Tris, pH 8.0, to which 100 mM NaCl was added to screen electrostatic repulsion
between viruses. The concentration of the viruses was determined using absorp-
tion spectroscopy'’.

Tuning the twist of the cholesteric phase. The strength of chiral interactions
between viruses was quantified by measuring the pitch of a cholesteric liquid-
crystalline sample. Glass cylindrical capillaries, 0.7 mm in diameter (Charles
Supper Company), were filled with fd virus suspensions. For the cholesteric tex-
ture to develop properly, it was necessary to clean the capillaries in a hot detergent
solution (Hellmanex) after soaking them in 5 M NaOH. After equilibration for
several hours, the samples show a well-known fingerprint texture, seen by polar-
ization microscopy, that is characteristic of cholesteric liquid-crystalline phases'*'”
(Supplementary Fig. 1). The twist wavevector, go = 2m/P, was determined by
measuring the cholesteric pitch, P. Bulk samples were prepared at 100 mgml ™.
Previous work, as well as experiments described in Supplementary Fig. 4, indicate
that this is the effective virus concentration in membranes and ribbons''. We
assume that g is the same for bulk cholesteric phase and 2D membranes.

Two complimentary methods were used to tune the strength of chiral interac-
tions between fd viruses: genetic mutations of the major coat protein and physical
control of sample temperature. Most aspects of the wild-type fd virus phase
behaviour, such as the location of the isotropic-nematic phase transition, are
independent of temperature, as is expected for entropic suspensions of hard,
rod-like particles. An exception is that the wild-type fd virus persistence length
is weakly dependent on temperature®. Data shown in Supplementary Fig. 1 indi-
cates that decreasing temperature increases the strength of chiral interactions
between the viruses, as evidenced by the measurements of the cholesteric pitch'’.
Notably, the twist wavevector shows evidence of a second-order phase transition
from a high-temperature achiral phase to a low-temperature cholesteric phase. By
contrast with the temperature-dependent chirality of wild-type fd virus, the chirality
of Tyr21Met fd virus does not show any temperature dependence (Supplementary
Fig. 6).

An alternative control of chirality involves modifying the composition of the

major coat protein. For example, Tyr21Met fd virus, a mutant that differs from
wild-type fd virus by a single point mutation of the major coat protein, forms a
cholesteric helix with the opposite handedness'*. By controlling the ratio of wild-
type to Tyr21Met fd virus, it is possible to tune the chirality of the resulting sus-
pension'®. Such mixtures still form colloidal membranes, and fluorescence micro-
scopy indicates that the two components are uniformly dispersed on optically
resolvable length scales (~300 nm). We have used both temperature and genetic
methods to tune the chirality of the constituent rods.
Light microscopy sample preparation. Light microscopy chambers were
assembled using glass slides and coverslips (Goldseal, Fisher Scientific) with a
layer of unstretched Parafilm as a spacer. Glass slides and coverslips were coated
with an acrylamide brush to prevent non-specific binding of viruses to the glass
surfaces, by a procedure described elsewhere®. We mixed fd virus with the non-
adsorbing polymer Dextran (relative molecular mass, 500,000; Sigma-Aldrich) to
from membrane and ribbons samples. The virus concentration remained fixed at
10mgml™", and the Dextran concentration varied between 30 and 50 mgml ™" as
indicated in the main text. The samples, sealed using ultraviolet-cured glue
(Norland Optical) and stored at 4 °C, remained good for weeks to months.

Optical microscopy. Samples were characterized using a number of complimentary
optical microscopy techniques. Except those made using the 3D LC-PolScope, all
observations were made using a X100 oil-immersion objective (Plan Fluor; numerical
aperture, 1.3) on an inverted microscope (Nikon TE-2000). Images were recorded
with cooled charge-coupled-device (CCD) cameras (CoolSnap HQ, Photometrics,
or Retiga Exi, QImaging). The microscope was equipped with traditional polar-
ization optics, a DIC module, a fluorescence imaging module and 2D LC-Polscope
microscopy'®. For 3D PolScope measurements, we used a Zeiss Axiovert 200M
microscope with a Plan Apochomat oil-immersion objective (X63; numerical
aperture, 1.4) and a monochrome CCD camera® (Retiga 4000R, QImaging).

Sample temperature was tuned between 4 and 60 °C with a home-made Peltier
module equipped with a proportional-integral-derivative temperature controller
(ILX Lightwave LPT 5910). The temperature-controlling side of the Peltier device
was attached to a copper ring fitted around the microscope objective, which heats
or cools the sample through the immersion oil. A thermistor, placed in the copper
ring adjacent to the sample, enabled the proportional-integral-derivative feed-
back necessary to adjust the temperature. Excess heat was removed using a con-
stant flow of room-temperature water.
3D LC-PolScope microscopy. Membrane edges with left-handed and right-
handed twists appear indistinguishable when viewed with 2D LC-PolScope
because this technique provides only a 2D projection of the sample birefringence.
To determine the 3D orientation of rods, we used 3D LC-PolScope microscopy.
The 3D LC-Polscope extends the capabilities of the 2D LC-PolScope by placing a
microlens array in the image plane of the objective lens. The microlens array
generates a hybrid image consisting of a series of conoscopic microimages, each
probing a different spatial area in the image plane. Analysis of each conoscopic
microimage reveals the local birefringence as a function of the propagation direction
of transmitted light rays. Supplementary Fig. 4a illustrates the path of the optical rays
from the specimen plane to the back focal plane of the 3D LC-PolScope microlens
array. Rays shown in green and red pass perpendicularly through the membrane,
parallel to its optical axis, and experience no differential retardation. Rays shown in
black pass at an angle to the optical axis and are differentially retarded. Rays with the
same tilt angle in the specimen plane are focused at the same point in the back focal
plane of the objective. The array of microlenses, placed in the image plane of the
objective, refocuses these rays into a plane behind the microlens array. Behind each
microlens, an image of the objective’s aperture appears containing multiple cono-
scopic images, each specific to rays that have passed through a small region of the
specimen. For example, rays emanating from the region X of the sample fall onto the
microlens X'. Therefore, only rays that passed through X contribute to the cono-
scopic image behind X'. The same argument applies to rays passing through Y and
Y’, and so on.

The conoscopic image of a single microlens focused on the bulk portion of the
membrane shows a radially symmetric distribution of the retardance that increases
away from the centre of the image (Supplementary Fig. 4b). In the centre, the rays
of light are aligned with the orientation of the viruses and the retardance is zero.
Away from the centre, the retardance increases because the rays of light become
tilted with respect to the orientation of the viruses. When the viruses are tilted with
respect to the optical axis, for example near the edge of the membrane, the radial
profile obtained from a conoscopic image becomes asymmetric and indicates local
tilting of the molecules. For colloidal membranes composed of an achiral mixture
of wild-type and Tyr21Met fd viruses, the viruses at the edge of a membrane are
found to twist in clockwise and anticlockwise directions with equal probability
(Supplementary Fig 4c—e).

Analysis of the 3D LC-PolScope retardance profile is used to determine the
concentration of viruses within a membrane, because the membrane birefringence
is proportional to the local rod concentration. It follows that the local retardance of
the membrane is given by R = AngdcSsin®(0)/sin(or), where 0 is the local tilting of
the rods, c is the concentration of rods within a membrane, d is the thickness of the
colloidal membrane, S is the local order parameter (assumed to be ~1), Ang, is the
specific birefringence of a fully aligned bulk sample of fd virus at unit concentra-
tion as determined by X-ray scattering experiments® and o is the orientation of the
rays of light as a function of the distance, r, to the centre of the conoscopic image.
This orientation is given by sin(a) = rNA/ryan, where rya = 3.9 pm is the size of
the conoscopic image, NA = 1.4 is the numerical aperture and n = 1.33 is the index
of refraction of the solvent. The fitting of this functional form to the retardance
profile yields a mean concentration of viruses in the bulk of the membrane of
c=103 = 10mgml~" (Supplementary Fig. 4f). Similar values where obtained by
an independent method that involves counting the number of fluorescently labelled
particles''. Finally, we also note that the concentration of the viruses does not
appreciably change with varying Dextran concentration (Supplementary Fig. 4g).
Measurement of the line tension. Line tension was measured by directly imaging
and analysing thermal fluctuations of the membrane’s edge with DIC optical
microscopy using well-established methods'?. Lower line tension indicates that
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less energy is required to place the particles at an interface, resulting in larger
fluctuations of the membrane’s edge. The conformation of the membrane’s edge is
described by h(x), the local height of the interface, where x is the lateral position
along the interface. The total length of the interface is

AN
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For small fluctuations (dh/dx = tan(0) = 0), the expression for the excess length of
the edge relative to a flat interface can be approximated as
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If line tension, 7, is the energetic cost per unit length of the edge, the free-energy

difference between fluctuating and straight edges is given by AF = yAL. Next we

decompose 0(x) into a Fourier series:

0(x)= Zq \/% a, cos (gx)

Here L is the length of the interface and the wavevector, g, is given by g = nn/L.
The energetic cost of the membrane conformation specified by Fourier amplitudes
a, is given by
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By invoking the equipartition theorem, it is possible to relate the line tension to
fluctuations of the interface:
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To measure (a,”) experimentally, we acquired a series of uncorrelated images of
the interfacial contour. To ensure optimal contrast, the DIC shear axis was always
perpendicular to the membrane’s edge. Under these conditions, intensity profile
cuts taken perpendicular to the edge could be fitted to a Gaussian, yielding the
conformation of the edge with subpixel accuracy. Each conformation is described
in terms of the Fourier amplitudes, a,. Averaging over a sufficient number of
uncorrelated images yields a fluctuation spectrum as shown in Fig. 2b, where
the mean square amplitudes, {a,), are plotted as functions of q. In the limit of
small g, (aqz) is independent of wavenumber as predicted by equation (2). As g
increases, the fluctuations are suppressed and scale as g~ 2. The entire fluctuation
spectrum can be quantitatively described by the following equation:
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The 1/q° regime can be obtained by including terms that are proportional to the
square of the gradient of ((x) in equation (1). This indicates that there is a bending
energy, K, associated with fluctuations of the interface, which might be related to
the existence of a thin, quasi-1D nematic phase located at the edge of the mem-
brane, where the rods are tilted and the layer’s smectic ordering is destroyed.
Laser tweezers. Colloidal membranes and ribbons are easily manipulated using
optical tweezers. The laser tweezer set-up was built around an inverted Nikon TE-
2000 microscope. A 1,064-nm laser beam (Compass 1064, Coherent) is time-
shared between two points by means of a pair of orthogonally oriented paratellurite
(TeO,) acousto-optic deflectors (Intra-Action). The laser is projected onto the
back focal plane of an oil-immersion objective (Plan Fluor X100, NA = 1.3) and
subsequently focused onto the imaging plane. Using custom LABVIEW software,
multiple trap locations were specified and used to stretch and manipulate mem-
branes and ribbons.

LETTER

Electron microscopy. For transmission electron microscopy, membranes were
assembled as described above but with the following differences. The monolayer
membranes are relatively small and only stable in solution; therefore, to keep them
intact throughout fixation and staining, we immobilized the membrane assemblies
by embedding them in 1% low-melting-temperature agarose (SeaKem; gelation
temperature, 25 = 5 °C), in 100mM NaCl, 20 mM Tris, pH 8.15, and 150 mM
sucrose as a cryoprotectant. Virus samples were mixed in 1.5-ml Eppendorf tubes
with fluid agarose at 30 °C and kept warm for 3-6 h to allow formation of relatively
large membranes as confirmed by light microscopy. Subsequently, a drop of the
fluid sample containing membranes was transferred into the 0.1-mm-high cavity
of an aluminium planchette for high-pressure freezing (Wohlwend), which was
then closed. Then the sample temperature was decreased to 4 °C for 30-45 min.
The gelled samples were rapidly frozen using a Leica HPM-100 high-pressure
freezer (Leica Microsystems). Using a Leica AFS-2 device, the frozen samples were
freeze-substituted at low temperatures (startingat —90 °C) over the course of three
days in a solution containing 1% osmium tetroxide (EMS), 0.5% anhydrous
glutaraldehyde (EMS) and 2% water in anhydrous acetone (AC32680-0010,
Fisher Scientific). After the temperature was raised to 4 °C, the sample was infil-
trated and embedded in EMbed 812-Resin (EMS). Ultrathin, 70-nm, sections were
collected on slot grids covered with Formvar support film and post-stained with
uranyl acetate (supersaturated solution) and 0.2% lead citrate, before inspection
on a FEI Morgan 268 transmission electron microscope with a 1k CCD camera
(GATAN) and on a 300-keV Tecnai F30 intermediate-voltage transmission elec-
tron microscope (FEI) with a 4k CCD camera (GATAN). For electron tomo-
graphy, we used 150-nm-thick sections that were coated with 10-nm colloidal
gold particles. Tilt series were recorded over an angular range of *+60° with 1°
increments on the Tecnai F30 using the microscope control software
SERTALEM™. Tomographic reconstructions were calculated with the IMOD soft-
ware using fiducial alignment and weighted back-projection®.

Computer simulations of the rod/polymer mixture. In the computational
model, the rods were represented as hard spherocylinders and the non-adsorbing
polymers (depletant) were modelled as ghost spheres, which act as hard spheres
when interacting with rods but can freely interpenetrate one another*. We per-
formed Metropolis Monte Carlo simulation with periodic boundary conditions.
The system contained 6,000 rods in a box with dimensions 140 X 140 X 50 (in
units of the rod diameter). A constant osmotic pressure was maintained by coup-
ling ghost spheres to a constant-chemical-potential bath through insertion and
deletion moves. The simulations thus sampled the Nyoaitsphere VT ensemble, where
Nioq is the number of rods, sphere is the sphere chemical potential and V is the
volume. The rod aspect ratio was 20, the ghost-sphere diameter was 1.5 and on
average there were about 520,000 spheres. Simulations were initialized with rods in
a monolayer, and Monte Carlo simulation was performed until rod density within
the membrane and rod orientations equilibrated. Rods at the membrane edge
twisted spontaneously regardless of the initial rod orientations in the membrane.
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