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Abstract

Bio-templating has emerged as a very promising Gaagr to produce inorganic materials
organized into well-defined architectures. In thaper, we combined both biochemistry and
physical approaches to control the size and 2Drizgtion of metallic nanoparticles (NPs).
We used self-assembled Tomoto Bushy Stunt Virus atmdptavidin 2D crystals as
biotemplates for the growth of silver NPs by thermagaporation. On the one hand, the
tuneable arrangement of the virus superlatticesr®tin unprecedented opportunity to control
the NPs organization. On the other hand, 2D pratgiatals allow the formation of perfectly
periodic NPs arrays, with a sub-10 nm lattice patemand a very narrow NPs size
distribution. These two UHV-compatible biotemplatdow the formation of organized NPs
assemblies over long distance, which are stabletove.

Keywords
Biotemplating, thermal evaporation, Tomoto Bushyr®Virus, Streptavidin protein, metallic
nanoparticles.

1. Introduction
The control over the spatial organization of nabgeots is one of the prominent

challenges of nanosciences. The fabrication of &fatized assembly of metallic, oxide or
semiconductor nanoparticles (NPs) is attractingreiasing attention because of the
technological potential that arises from the cdndfocluster interactions. Indeed, the design
of 2D-organized NPs assembly with well defined emwvnent and inter-particle distances
offers an unique opportunity to tune the overatigarties of the materials’
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Bottom-up fabrication techniques are being explobedause they provide the ability to
control the organization of materials on smalleiglé scales that top-down methods. Among
the bottom-up techniques, the spontaneous orgamzabf chemically-prepared NPs

controlled via weak surface interactions, is a métbf choice to form well-defined nano-
arrays®. The possibility to pattern NPs by using vaporgghdeposition on vicinal surfaces is
also frequently utilized". More recently, the bio-nanofabrication has emérgs a very

encouraging approach to produce inorganic materiatganized into well-defined

architectures’. Several self-assembled structures derived frootogical systems such as
DNA °, viruses’, ferritin &, or two dimensional protein crystals® have been used as
biotemplates to induce the formation of NP arragswever, because of the ultra-high
vacuum (UHV) conditions required by the fabricatiohNPs using physical methods (i.e.
thermal evaporation? or pulsed laser depositioff*°..), chemically-prepared NPs are
generally used on biological nanostructured sudatre the present work, we used 2D self-
organized Tomoto Bushy Stunt Viruses (TBSV) andemtvidin 2D crystals, as

nanopatterned substrates for the growth of metidllis by thermal evaporation. These UHV-
compatible biotemplates are a promising alternativete to produce and control self-
assembled NP patterns over long distance, sincsigdiynanofabrication methods allow a
very fine control over the quantity and the flux déposited matter or eventually the

composition of multi-element particles.

2. Experimental section

The 2D arrays of TBSV virus are obtained usingriethod known as the microdrop on
mica '®*® This technique is perfectly adapted to the faftiim of 2D organization of
macromolecules like viruses. Its principle is siept consists in depositing, on a sheet of
mica, one micro-drop of a diluted solution contagqviruses to which a condensing medium

were added.



TBSV were stored as high concentration (19 mg/mii&€ and diluted to an appropriate
concentration immediately before use. Compact TBS¥d to obtain the 2D arrays was
diluted in sodium acetate 20 mM buffer, pH = 5.9@% 50 mM, CaCJ 10 mM. Solutions of
viruses in the compact form were prepared withedght concentrations from 0.1 to 0.4
mg/ml.

Ammonium molybdate solutions in the 5% to 10% cotiaion range were prepared as a
condensing medium to promote the 2D crystallisabbthe TBSV virus. Equal volume of
diluted virus solutions and ammonium molybdate sohs are then mixed. A drop of 5 pl of
the mixed solution is then deposited on a cleafasarof a freshly cleaved mica sheet. The
size of the sheet was 4x4 mne. a little larger than the diameter of the TEM grif¢ectron
microscopy grids were obtained by using the canaplica technique. The transfer of the
carbon replica was made on commercial 200 meshecapjuls.

Streptavidin 2D crystals were produced by modifyihg protocol proposed by Scheurietg
al. °: 50 pl of 10mM Tris-HCI, pH = 7.5, 150 mM NaClffer solution was injected in a
Teflon well of 3.5 mm in diameter. A 0.5 pl of @il mixture containing Biotin-LC-DPPE
(Long Chain — Dipalmitoyl-PhosPhatidyl-Ethanolam)ineDOPC (DioleOyl-Phosphatidyl-
Choline) in 1 to 4 molar ratio and chloroform / her in 1 to 1 molar ratio was then
deposited at the surface of the Teflon well to fdhma lipid monolayer (Fig 1a). From the
lateral well, 5 ul of the solution was removed gsan syringe and replaced by 5 ul of a
solution containing the streptavidin at a concemnaof 100 pg/ml. Incubation overnight at
4°C allowed the adsorption of protein to the lipidnolayer and subsequent growing of the
2D crystals. For TEM observations, the sample veagmatively stained with 1% uranyl acetate

solution and dried in air.

The 2D superlattices are then transferred to a égltuum chamber in order to grow metal

nanoparticles. The synthesis of Ag nanoparticlestde®en made by thermal evaporation. The
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silver atoms are deposited at a pressure clos@tonbar during evaporation. The source was
a Knudsen type cell containing high purity Ag pedleeated at 990°C. The typical deposition
rate, measured by using a quartz balance, wasn@in. The substrate.¢. Cu grid and the

2D superlattices on carbon film) was held at roempgerature. In order to stabilize the 2D
superlattices of NPs, a 3 nm layer of amorphoy®Alas depositeth situ on the top of the

film. The silver amount deposited onto the 2D ¢, also called nominal thickness, is
equivalent to the thickness of a continuous lalere the nominal thickness was 0.75 nm and

0.3 nm on TBSV and streptavidin biotemplates reispely.

3. Resultsand discussion
3.1  2D-organization of virus on mica surface
Tomato Bushy Stunt Virus (TBSV) is a spherical plaimus that belongs to the family of
Tombusviridae.The diameter of TBSV in the compact form is 32 nifig( 2a) *°. The
evaporation of the drop containing TBSV and conaensnedium (ammonium molybdate
solution), can lead to the formation of TBSV 2D erattices. The driving forces of viruses
ordering are capillary forces at the fluid / aiteiriaces. The thermodynamic stability of self
assembly of the viruses results in a competitidméen the shielding of the surface charges
(i.e. the quantity of condensing medium) and the kinetithe evaporation rate. Ammonium
molybdate is a polar reagent which neutralizesstiméace charges of the viruses. Therefore
with an appropriate concentration of ammonium maate (see experimental section), self
organization reaction occurs on the mica surface.
For 0.2 mg/ml TBSV concentration and 5% ammoniumlybaate concentration, stable
compact hexagonal structures are formed over largas (Fig. 2b). Typical sizes of the self-
organized domains are about a few microns (up tprb®. The unit cell parameter of the 2D
crystal is imposed by the diameter of the virus aad measured to be 335.5 nm on the

power spectrum of the TEM image. This value is aryvgood agreement with the one



expected in case of a 2D close packed hexagonallattice constituted of spheres of 32 nm
in diameter.

The evaporation kinetics was controlled by modifythe degree of humidity of the ambient
conditions in which experiments were carried out Wave evidenced that the close packed
hexagonal phase transform into a square structurénifh evaporation rate. The square
structure has the same unit cell parameter thahéitagonal structure (Fig. 2c) and can also
be observed over several microns large areas. giase transition emphasizes the high
sensitivity of self assembly processes to extepambmeters, since a small increase of the
kinetic of evaporation lead to the formation of atastable structure with a non-compact 2D
arrangement.

For intermediate evaporation rate, the structurthef2D superlattices consists in a mixing of
the hexagonal and square structures (Fig. 2d).cobgistence of the two phases induces the
presence of disordered areas and many crystal tdefébese latter are implied in the
mechanisms of structural transformation betweenccabd hexagonal structures. The same
kind of transition is commonly observed in pure atetand alloys which exhibit phase
transitions from face centred cubic to hexagonak8Dctures or the reverée

By varying the virus concentration while keepinge ttsame ammonium molybdate
concentration, we change the surface charge ot¥ithses. It is then possible to modify the
symmetries of the 2D superlattices. For 0.1 mg/EV concentration, oblique and open
hexagonal superlattices are formed (Figs. 2e ahdT2ke size of the organized domains is
relatively small compared to the one obtained witd 0.2 mg/ml TBSV concentration :
between 400 to 800 nws few microns. If these latter configurations canbetconsidered as
long-range ordered structures, they are very emagmg because their stabilisation over large
areas would enhance the potential of TBSV for loglating. More particularly, the open

hexagonal TBSV superlattice could then serve @&bagraphic nano-mask.



3.2  2D-organization of Ag nanoparticles on TBSV superlattices

The 2D TBSV superlattices are then used as tenspléte the growth of metal
nanoparticles. The growth of the particles is earout by depositing metallic vapour phase
under high vacuum condition by thermal evaporatibhe growth was made at room
temperature in order to avoid the alteration of tlrase shape and sub-nanometer nominal
thickness was chosen in order to form separateddarlsee experimental section). Silver was
chosen because it has a high surface mobility eteoom temperature and the deposition
rate was low to promote the organization of the NRe deposited Ag vapour phase on
hexagonal (Fig. 3a) and square (Fig. 3b) TBSV dafimes. The silver atoms which come
from the vapour phase are fixed on topographicailghemically privileged sites and form
nanoparticles on the surface of the viruses. Betiah have shown the presence of such sites
on enzymatic proteir$. On TBSV, at room temperature, the diffusion of #&gms is limited
and the viruses act as barriers preventing theeatioh of additional clusters within the free
space between the viruses. Therefore several Afeckiare observed on each virus and form
a decoration pattern. These decoration patternsodape the symmetry of the TBSV
superlattice and their defects. It is thereforesgue to easily observe the virus superlattice
even on a non-stained sample. As an example, aa& aéidpcation is observed in the square
superlattice on fig 3b.

. 2° using cryo-

The precise 3D shape of TBSV has been determinedragnayoet al
electron microscopy (cryo-TEM) and single partiatalysis technique. TBSV has a spherical
overall shape with all the symmetries of the icesthn (T3 icosahedral symmety. The
capsid protein is formed by protruding domains bitimg 5-fold (pentagonal) and 6-fold
(hexagonal) symmetries. Consequently, the cavithaicenter of a hexagon (or pentagon) is
also at the center of a larger hexagon (pentagomdd by the surrounding cavities. Figs. 3d

and 3e show the projection of the TSBV along tharid 6-fold symmetry axes respectively.

Each decoration pattern formed by the NPs is cleniatic of the shape and orientation of the
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underlying virus. Fig. 3¢ shows that the decorapatterns are mostly centred pentagon or
centred hexagon. The comparison between the demogatterns and 3D shape of the TBSV
allow the identification of the nucleation sites ierh correspond to the cavities formed by
protruding domains of the TBSV capsid. Ag nanopkes are situated at the centre and the
vertexes of a pentagon (in blue on fig. 3d) or galgen (in red on fig. 3e). The nanopatrticle
size varies from 3 to 5.5 nm which is in good agreet with the size of the cavities (~ 5.7
nm) and the inter-particle mean distance correspdodhe distance between these cavities.
We note that there is significant interest in buiddsuch hybrid nanosystems which bridge
the inter-particle distance, in order to exploie timteresting electron transport and optical
phenomena present in 3-D assemblies of discretal mahoparticles>* On the one hand,
this work demonstrates that vapour phase deposttiperiments are an interesting approach
to study TBSV, or other single molecules, with melgi their capsid symmetries, orientation
and self-organization properti€s. On the other hand, these results show that 2B sel
organized TBSV can be used as a biotemplate to torder high vacuum conditions, long-
range ordered decoration patterns of metallic gadi Nevertheless, due to the random
orientation of the viruses on the substrate, theoddion patterns are not identical from a
virus to another. Strictly speaking, even if thedable arrangements over long distance of
TBSV are very interesting for biotemplating applicas, perfectly periodic NPs patterns
cannot be expected with such randomly oriented cutds. This limitation could be
overcome by controlling the orientation of the wees, which unfortunately remains

challenging.
3.3  2D-organization of Ag nanoparticles on streptavidin 2D crystals

Proteins that are known to form perfect 2D crystate very attracting fabrication
platforms for templating ordered nanoparticle asray. For that purpose, we have selected

the streptavidin proteins which easily form 2D tays when deposited on flat surfaces.



Highly ordered streptavidin 2D crystals on biotatgd lipid monolayers are produced at the
air/water interfacé® and are transferred, thanks to capillary forcesa@00 mesh Cu TEM
grids covered by a thin carbon film (Fig. 1a). AMbright field image of the 2D crystals in
negative staining is shown in Fig. 4a. From the @ospectrum of the image, shown in the
inset, the mean distance between the streptaviditeips is found to be 6.1 nm and
consequently, the unit cell parameters of the ednsquare structure of streptavidin 2D
crystal are: a = b =85 0.2 nm andy = 90+ 1°. These values are very close to the ones
determined by Scheuringt al. using atomic force microscop¥. The streptavidin is a
tetramer protein: it has 4 biotin bonding siteFwo are occupied by linkage to the lipid layer
and the two other are free and can be functior@liEer this purpose, Nanogold® labelling
reagent from the Nanoprobes Inc. company was usecbnsists in a reactive sulfo-N-
hydroxy-succinimido functionality incorporated indgoligand on a 1.4 nm size diameter gold
NP. The sulfo-N-hydroxy-succinimido chain has acHjereactivity towards primary amines
and can form covalent bonds with any proteins Ingaan accessible primary amine as it is

the case for the streptavidin protein in our expental conditions (fig. 1b).

The streptavidin / Nanogold® 2D crystals were tfamed into the growth chamber and
we used the same growth conditions as in the da§B88V. The Nanogold plays the role of
seeds for the growth of Ag NPs resulting in therfation of the 2D organized superlattice.
This method is very efficient since the particlesproduced very well the underlying
symmetry of the protein 2D crystal (Fig. 4b). Indethe same square symmetry is observed
on the power spectrum of the images 4a and 4b,hndocrespond to the stained-streptavidin
2D crystal and the NPs superlattice, respectiviign, the mean distance between particles is
only 6.1 nm. The degree of order of the NP arragiative to that of the underlying
biotemplate is actually much better than previousigorted***. This result highlights the
efficiency of chemical adsorption of the Nanogolt@#®elling reagent on the streptavidin 2D

crystal. Energy dispersive X-ray analysis confirntieel presence of both silver and gold in the
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NPs. The mean size of the particles is8@4 nm. This size distribution is very narrow (10
% polydispersity) compared to standard growth ofaparticles by thermal evaporation on
amorphous substrate (from 30 to 50 % polydispergfyending on growth conditiofi}. Up

to now, only post-synthesis flash laser annealiffg®r chemical synthesié allow the
fabrication of such monodisperse metallic NPs. N#sfeather is commonly observed when
vapour phase deposition techniques are performeal substrate with a periodic distribution
of privileged sites for the nucleatidff®. In these nanofabrication experiments, there is a
correlation between cluster spacing and cluster’8jandeed, silver atoms deposited onto the
area closest to a gold seed are likely to attacthivoseed. This capture area is called the
Voronoi polygon of the seed. As the gold seedeayaidistant to each other, their Voronoi
areas are identical thus leading to very narrow KiPs distribution. Further works are in
progress to understand and avoid the formatiomefldargest NPs observed on image 4b. As
on TBSV the ordered domains are about a microrelaogt this time the obtained square
pattern is perfectly periodic. Therefore, strepdavi/ Nanogold® 2D crystals offer a new

opportunity to control both the size and 2D-orgatian of inorganic NPs below the 10 nm

scale.

4. Conclusion

In this paper, we demonstrate how the use of biottey and physical approaches can lead
to the fabrication of 2D superlattices of metaNies. The mechanisms driving such organized
growth are all based on heterogeneous nucleatiba.gfowth of 3D metal NPs requires a

two-dimensional mobility of atoms on the surfaces lang as the energy of absorption is

larger than the energy of activation of diffusi@ioms can diffuse over large distances at a
given temperature. On a perfectly uniform surfalse,metal atoms diffuse until meeting other

atoms or existing NPs. They can then growth to fdrgger stable particles randomly

distributed on the surface: this is the homogenemudeation mechanism. Conversely, in



inhomogeneous nucleation, defects on the surfacehwiave higher energy of adsorption are
privileged sites for the nucleation.

In the case of viruses, nucleation takes plachercapsid cavities, whereas on streptavidin 2D
crystals the nucleation sites are formed by gragftiery small nanogold particles on the
streptavidin proteins during the preparation of #i2 crystal. Ag nanoparticles are then
formed under high vacuum conditions by thermal evagon process. All these 2D lattices of
nanoparticles can be protected from alteration bpoditing a thin layer of amorphous
materials and can then be used for fundamentalestumt applications since there are stable

over long period of time.
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a)

! popc b

! Biotin-LC-
DPPE
WX streptavidin Teflon

b)

6 Nanogold®

Teflon

Fig. 1. Schematic representations. (a) Formation of hatPeptavidin lattices on biotinylated

lipid monolayers. (b) Grafting of the streptavidwth Nanogold®.

Fig. 2: (a) TEM bright field image of TBSV viruses obsedvin cryo-electron microscopy.
2D superlattices formed by using a 0.2 mg/ml TB®Waentration : (b) hexagonal and (c)

square 2D superlattices obtained with ammonium bddte as a condensing medium. (d)
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Coexistence of the two structures exhibiting stagKaults. 2D superlattices formed by using

a 0.1 mg/ml TBSV concentration : (e) oblique andffen hexagonal 2D superlattices

Fig. 3: TEM bright field images of the decoration patgeobtained with 0.75 nm in nominal
thickness of Ag deposited on 2D TSBV : (a) hexafyjarad (b) square superlattices. (c)
Identification of the nucleation site of Ag NPsetcentred hexagonal and centred pentagonal

decoration patterns of particles are highlightedesh and blue respectively. Projections of the
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TBSV along the (d) 5-fold axis and (e) 6-fold agi®wing the nucleation sites of the Ag NPs

which correspond to the cavities of the virus capsi

Fig. 4: (a) TEM bright field image of the streptavidin negative staining (inset : power
spectrum of the image). (b) 2D superlattices of M@s obtained by depositing 0.3 nm in

nominal thickness of Ag on a 2D streptavidin / Ngold® lattice.
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