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Tobacco mosaic virus particles can be rapidly assembled into
3D-domains by capillary flow-driven alignment at the triple
contact-line of an evaporating droplet. Virus particles of ~
150 A diameter can be resolved within individual domains at
the outer rim of the ‘“coffee-ring” type residue by atomic
force microscopy. The crystalline domains can also be probed
by X-ray microdiffraction techniques. Both techniques reveal
that the rod-like virus particles are oriented parallel to the
rim. We further demonstrate the feasibility of collection of
hk0 reflection intensities in GISAXS geometry and show it
allows calculating a low-resolution electron density projection
along the rod axis.

The evaporation of droplets on a wetting surface results in mass
transport to the air-interface.' The “coffee-ring” effect designates
capillary-flow driven deposition of particles at the pinned
contact-line of such droplets.! Researchers have exploited the
coffee-ring effect for evaporation-induced self-assembly (EISA)
of hierarchical structures based on various types of colloidal and
biological particles.”® Self-assembled thin layers and particles
with well-defined shapes have been characterized in small
volumes by imaging techniques such as TEM, SEM, AFM
(transmission electron, scanning electron and atomic force
microscopy).”'? Yet, methodologies to structurally characterize
fibrous supramolecular assemblies of anisotropic soft particles
(e.g. filamentous virus particles) have been lacking so far. Such
objects bear interesting potential for industrial and
biotechnological purposes as they can serve as templates for the
assembly of functional materials."® Hence, our aim is developing
methods to probe higher-order structures in fragile, coffee-ring
induced self-assemblies. Here we show that the coffee-ring effect
can be exploited to rapidly self-assemble and align tobacco
mosaic virus (TMV) particles into crystalline domains.

TMV is a plant-virus forming filamentous structures.'* The
~2.1 MDa, rod-like TMV particles have a length of ~3000 A, and
a ~180 A diameter with a ~40 A cylindrical cavity."> The TMV
structure has been refined by X-ray fiber diffraction to 2.9 A for

ss highly oriented colloidal sols.'® '7 Yet higher order crystallites,
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suitable for atomic level structure determination, were not
obtained. Here, we report local microscopic evidence for the
coffee-ring induced self-assembly of TMV particles into pm-
scale crystalline domains, as demonstrated by AFM imaging and
raster X-ray microdiffraction.'® Our results suggest that the
coffee-ring effect could allow exploring the conditions of
spontaneous structure formation of filamentous virus particles in
small volumes.

Evaporation of a ~3 nM TMV solution droplet on a wetting
glass substrate results in a ~70 um wide coffee-ring. (Fig. 1 and
Supporting Information)

AFM imaging of the boundary-zone shows TMV rods lying
flat on the substrate surface, with their long axis parallel to the
exterior rim. (Fig. 2A,B) The diameter of an individual rod is
determined as 187 (+85; ¢) A from the horizontal extension of a
single rod. (Fig. 2B). We could image individual domains at a
higher spatial resolution in the boundary-zone of a ~44 nM TMV
droplet residue. (Fig. 2C,D) The processed image reveals lines
due to highly packed TMV particles.'” (Fig. 2D) The cross
section shown in Fig. 2E corresponds to the dark blue lines in
Fig. 2D. Over 23 peak-to-peak distances, the average regularity
spacing is 150.7 (= 15.4; o) A. This value is characteristic of
highly packed TMV particles® and also agrees with electron
microscopy (EM) shadow-casting measurements which reported
a spacing of 150 (+8) A.*! (Supplementary Information)

We used X-ray microdiffraction in transmission-geometry to
map the residue with 4 pm raster-steps (Fig. 1,3,53). Data reveal
an apparent fiber-texture with the local fiber-axis (c-axis) parallel
to the boundary-zone (Fig. 1,S3) and with domains displaying
homogeneous fiber-axis (c-axis) orientation (Fig. 3B,S3) at its
rim. Thus the X-ray data support the AFM data (Fig. 2A-E) and
contrasts with optical microscopy observations that suggested a
normal orientation of the TMV particles at the 3-phase contact-
line of the evaporating droplet.”? These domains show up to three
layer-lines (n=3,6,9). As the microbeam moves away from the
rim boundary into the bulk, powder-like texture is appearing as
evidenced by a bending of the layer-lines into arcs, presumably
due to a randomization of fibrous domains. (Fig.3B and
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Supporting Information) We propose that the oriented domains
result from rod-alignment at the boundary zone owing to weak
convective forces, as suggested for P-type fibroin-domains
prepared using a similar droplet deposition procedure.® Local
variations of layer-lines peak intensities suggest the presence of
substructures within crystalline domains, which cannot be
resolved by the 4-um step raster-scan (Fig. S4,S5). The
dimensions of these domains coincide with those of the domains
observed by AFM. (Fig. 2C,D)

The diffraction patterns obtained from spontaneously grown

TMV micro-crystals match the helical symmetry imposed by a
right-handed helix formed by RNA and the coat protein. (Fig.
3A) From the separation of the 3™ and 6" layer-lines, we derive a
helical pitch of 22.43 (+0.03; fwhm) A, a value close to that
determined by X-ray diffraction from oriented TMV sols (22.92
(£0.03) A).” The small difference in helical pitch (>0.5 A) is
likely to be ascribed to differences in the hydration level of the
TMV particles in crystallites and sols. Of note, a breakdown of
fiber symmetry is observed, as indicated by isolated reflections
and an asymmetric n=3 layer-line intensity profile. (Fig. 3A) The
raster-mapping furthermore reveals local variations in the c-axis
orientation, as well as in the number of observed layer-lines and
their associated diffuse scattering. Thus, the micro-diffraction
data indicates a loss of order at the edges of the crystallites.
That TMV-rods pack into 3D domains parallel to the rod-axis is
also deducible from X-ray microdiffraction patterns obtained in
low incidence angle reflection-geometry (GISAXS). (Fig. S2) In
this geometry, Bragg peaks are only observed when the
microbeam aims at a domain the boundary-rim. (Fig. S6)
Evidently, previous GISAXS experiments on TMV multilayers
with a 30 mm X-ray footprint'? did not allow resolving individual
domains of the size observed in the present study.

A selected pattern with a resolution limit of ~16 A was indexed
as the hkO-plane of a primitive hexagonal cell with a=b=172
(+0.5) A, y=120°. (Fig. 4B,C)

The a-axis agrees to the minimum distance between TMV-
rods determined by X-ray fiber diffraction,” which implies that
only one TMV microcrystal contributes to the observed
diffraction and generates the unit cell, in agreement with cryo-
TEM results.”> The pattern shown in Fig.4A-C therefore results
from the scattering of TMV-rods whose long axes are aligned
along the substrate plane. The hexagonal close packed (HCP)
lattice corresponds to a nearest neighbor distance of 149 (+0.4) A
(a*cos300), in excellent agreement with AFM measurements
(150.7 (£15.4) A — see above). The helical repeat (c-axis) of the
unit-cell is 67.3 (£0.1) A, as derived from the inter-peak distance
measured on the pattern shown in Fig. 3D. The cell thus roughly
corresponds to that reported for the biological unit of TMV in the
structure solved by fiber-diffraction (PDB ID: 2TMV). From the
radial width of the 2,2,0 reflection, we derive a particle size of
about 2300 A using Scherrer’s equation,”® a value which roughly
corresponds to 15 sheets of closely-packed TMV-rods. In that,
our results differ from those obtained on uncorrelated 2D-
assemblies or TMV-rafts generated by controlling the rod-
interactions by ions®’ or polymers®®,

In order to verify the goodness of our indexation and the
accuracy of the measured structure-factor amplitudes, we
computed low-resolution, projection electron-density maps using
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our subset of observed hkO structure-factor amplitudes and
calculated phases (F,, ¢.) generated from published TMV
structures (PDB entries: 2TMV, 20M3),16’ 2 We then compared
these maps to those generated using the same subset of calculated
structures factors amplitudes and phases (F., ¢.). In both maps,
the strongest contribution to the scattering comes from the
proteinacous shell of the virus. The RNA helix, around which the
latter wraps, and the solvent channels regions both display weak
electron densities. To evade phase bias as much as possible, 2F,-
F., ¢. and F-F, ¢, maps were produced (Fig. 4D). In both maps,
a significant positive electron density peak was observed in the
central channel of the TMV rod. The same observation was made
when calculated structures factors were derived from the
structure solved by cryo-TEM.” (Fig. S7) This difference, which
is likely at the origin of that observed between experimental (F,)
and calculated (F.) structures factors amplitudes (Fig. 4D), can

s tentatively be ascribed to an increase in the salt concentration in

the central channel of the virus, as the result of water evaporation
at the contact line. Diffuse scattering on the layer lines is
indicative of lattice disorder and indicates local variability within
the crystallites. (Fig. S6) The presence of well defined bulk
domain boundaries (Fig. 3B) and of individual reflections in the
patterns (Fig. 3A,S4) excludes, however, the model of an ideal
paracrystal.®® It will be interesting exploring further whether 3D
order and resolution can be improved by an optimization of
parameters such as humidity, temperature, buffer concentration

s and speed of contact-line advancement. In addition, the use of X-

ray nanobeams®’ should allow probing smaller and therefore
possibly more ordered domains.

In conclusion, our work demonstrates the possibility of
filamentous virus crystallography from ultrasmall confined
sample volumes. We propose that micro/nano X-ray diffraction
techniques in conjunction with spontaneous crystallization using
the coffee-ring effect could allow exploring crystalline domain
formation in other fragile anisotropic macromolecular objects..

Experimental

More detailed information on the analytical and imaging
techniques as well as the analysis of the diffraction patterns are
provided in the Supplementary Information.
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Fig.1 Optical microscopy image of a cast TMV solution droplet with boundary zone due to the coffee-ring
effect. Selected diffraction patterns recorded in transmission-geometry with a ~1 pm X-ray beam within the
exterior rim show apparent fiber symmetry. The local orientation of the fiber-axes (black arrows)
corresponds to the orientation of the schematically depicted TMV rods.
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Fig.2 (A) AFM image of boundary zone revealing an assembly of TMV-rods imaged in air in tapping mode.
(B) Zoom of rectangular area in (A) used to determine the diameter of a TMV-rod from the distance of the
two crosses as 187 (£85) A. (C) Higher resolution AFM image and topography range of putative crystal of
TMV particles imaged using contact mode in air. The raw AFM image was flattened using a polynomial
function of 4™ order. (D) Image after processing of raw image (C) using the enhanced D?, operation
combined with histogram equalization procedure.'® The arbitrary topography range was scale from 0 to 1.
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Fig.2 (E) Cross-section of processed AFM image along dark blue line in (D) with normalized height values.
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Fig.3 (A) Selected diffraction pattern recorded in transmission geometry with "idealized" fiber axis indicated
by a dashed line and an arrow. The layer-lines are indexed for a 3; helical period. The upper inset shows the
asymmetric intensity profile along the n=3 layer-line. (see also Fig. S4) (B) Raster-diffraction scan with 4
um step-increments displayed as composite diffraction image with individual “pixels” limited in angular-
range to the n=+3/-3 layer lines. Zones of homogeneous orientation of patterns at the outer rim boundary
reveal two domains (I,II). (see also Fig.S3A-C) The overall orientation of the c-axes in each domain is
indicated by an arrow. Domain boundary lines are only guides-to-the eye. A transition to powder-texture as
evidenced by layer-line arcing is observed towards the edge of the domains.
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Fig.4 (A) R Low incidence angle reflection geometry (GISAXS) pattern. (B) Left: observed reflections
represented as circles scaled to F,=V I,; Right: reflections generated by centrosymmetric operation. (C)
Calculated structure factors -F.- represented as circles from PDB entry: 2TMV.® The same map is obtained
based on PDB ID: 20M3.% (Supplementary Information).
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Fig.4 (D) Electron density map, difference density map and composite map based on observed and
calculated structure factor amplitudes (F,, Fc) and phase angles (¢.). (Displayed as P; triclinic unit cell) The
calculated values were derived from TMV fiber diffraction data (PDB entry: 2TMV ®). Extra electron density

in the central channel visible in the Fo and difference density maps is indicated by a red arrow; blue:
electron density contoured at 0.80; green: positive difference electron density contoured at +20; red :
negative difference electron density contoured at - 2a0.
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