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ABSTRACT: Biological molecules and molecular self-assem-
blies are promising templates to organize well-defined inorganic
nanostructures. We demonstrate the ability of a self-assembled
three-dimensional crystal template of helical actin protein fila-
ments and lipids bilayers to generate a hierarchical self-assembly
of quantum dots. Functionnalized tricystein peptidic quantum
dots (QDs) are incorporated during the dynamical self-assem-
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bly of this actin/lipid template resulting in the formation of crystalline fibers. The crystal parameters, 26.5 x 18.9 x 35.5 nm?>, are
imposed by the membrane thickness, the diameter, and the pitch of the actin self-assembly. This process ensures the high quality of
the crystal and results in unexpected fluorescence properties. This method of preparation offers opportunities to generate crystals

with new symmetries and a large range of distance parameters.
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enerating new physical properties using the crystallization of
Gnanoparticles (NPs) is highly challenging.'~” The design of
such new materials with unexpected physical properties is thus
the major motivation in the investigation of new strategies for
controlling the crystallization of nanoparticles. It is now possible
to produce NPs having a variety of specific optical, electronic, or
magnetic properties. The couplings between their individual
properties come from various interactions such as electrostatic
or magnetic field, absorption dipole, wave function overlap, and
so forth. The emergence of collective properties arising from such
couplings has been demonstrated in the case of one-dimensional
(1D) chains of NPs or two-dimensional (2D) assemblies.>*® In
particular, the collective optical properties of such ensemble have
been mainly attributed to the close vicinity between nanoparticles.”
The fabrication of 3D crystalline organizations with well-defined
characteristic lengths could permit to extend the coupling far
away from the first neighbors so that delocalized eigenstate
are expected to appear as observed with 3D crystal of atoms."
Moreover, as the coupling strength strongly depends on the NPs
interdistance, the spatial organization of NPs, the extension, and
the quality of this order should govern these new properties.'"
Colloidal crystallization from a homogeneous suspension of
spherical objects is the most effective process to produce 3D cubic
structures.’® NPs surface functionalization has been extensively
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developed in order to improve the quality of the crystal and tune
the NPs interdistance. This can be achieved by surfactants, poly-
mers, and biomolecules. Recently, double strand DNA interac-
tions have successfully demonstrated the unique possibility to
modulate the NPs interdistance.'”"> Another strategy for NPs
crystallization is based on their incorporation within three-
dimensional crystal templates. Biological molecules' and molec-
ular self-assemblies are promisinlg templates to organize well-
defined inorganic nanostructures.'' This approach offers oppor-
tunities to generate crystals with new symmetries and a larger
range of distance parameters. An alternative strategy consists
in exploitin% three-dimensional (3D) templates to synthesize
NPs in situ.'* This elegant promising method opens access to
crystals with new symmetries that are hardly accessible from
isotropic NPs but is restricted to NPs obtained in mild con-
ditions excluding for example the versatile core—shell semicon-
ductive NPs such as fluorescent QDs. Our strategy is to incorporate
the NPs during the self-assembling process of a dynamical
template that imposes the symmetry of the emerging NPs
crystal (Scheme 1).
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Scheme 1. Mechanism of QDs inclusion during the dynamical self-assembly of the 3D template”

# Cationic vesicles (black), actin monomer (red), and quantum dots (green) are mixed in a capillary (a) and slowly self-organize into centimeter long
fibrils (b). The building up of the crystal results from a three-step sequence (c): (i) the electrostatic adsorption of anionic CCCSSSD peptide 1 quantum
dots QD and actin proteins onto the cationic membranes; (ii) the actin polymerisation and (iii) the rupture of cationic vesicles by adhesion onto the

anionic filaments.

Here, we describe the preparation of a self-assembled 3D
crystal template of helical actin protein filaments embedded w1th1n
lipid bilayers (Figure 1). Functionalized peptidic quantums dots"
(QDs) are incorporated during the self-assembling of the template
(Scheme 1). This process ensures the high quality of the crystal
and results in specific fluorescence properties.

In a first simple approach,'® we used lipid multilayers as a
template to insert water-soluble functionalized QDs of opposite
charge. Hydrophobic CdSe/ZnS quantum dots were first func-
tionalized with a short CCCSSSD heptapeptide 1 bearing three
cysteins as an anchor to the ZnS surface sequence and a
C-terminal aspartic acid as anionic function according to our
previous described protocols (Supporting Information 1).">"”
As a result of attractive Coulombic interactions, a lamellar order
is obtained with a spacing forced by the QD diameter (mean
hydrodynamical diameter 941 nm)."*> Meanwhile, the in-plane
order is lost, as indicated by disordered 2D corrugations. In order
to recover the in-plane ordering, we included extraneous objects
providing additional well-defined length scales and compatible
with the lamellar structure. In these respects, the most promising
objects in hand are biomolecules. Because we aim at achieving in-
plane order, two length scales are required therefore actin
microfilament appears to be the most appropriate choice. This
biopolymer self-assembles from a globular monomer (43 kDa,
~5 nm diameter) into a left-handed helix with cross-section

having a thick (8 nm) and a thin (6 nm) axes. These two length
scales are closed to the diameter of the QD used in our first
structure, and microfilaments should therefore be compatible with
the lamellar phase reported above. The shape of the cross-section
results in an effective modulation of the projected width with a
35 nm pitch. In addition, it has been shown that actin microfila-
ments can self-assemble on contact with lipid bilayers, leadin§
either to paracrystal formation'® or multilayered structures.'
Therefore, we chose the actin microfilaments to enhance the
ordering of the QD-lipid phase, first investigating the 3D template
self-assembly and then optimizing the QDs incorporation.

The template (Figure 1) was prepared by the addition of
monomeric actin to DMTAP/DMPC (1:9) small unilamellar
vesicles, and polymerization buffer was gradually added after
30 min. The morphology observed by polarization microscopy
reveals a centimeter long, strongly birefringent fiber (Figure 1a).
This structure is obtained after a few days because of the slow
mixing of the components in the capillary. Fiber diffraction by
SAXS experiments exhibits Bragg peaks that can be interpreted
as the sum of a 2D lattice and the vertical diffuse scattering
(Figure 1b). The hk plane of the 2D lattice is centered with
systematic extinction for h + k = 2n + 1 with cell dimensions
a=25nmand b =38 nm. Here b is very close to half of the helical
pitch of F-actin and a is approximately twice the thickness of a
superlayer made of one bilayer (4 nm) of lipids and one monolayer
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Figure 1. Structural characterization of the 3D actin/lipid crystal template composed of F-actin microfilaments layers alternating with lipid membranes
and obtained by mixing DMTAP/DMPC (1:9) small unilamellar vesicles (20 mg/mL), G-actin (12 #mol/L) and gradually complementing by F-buffer.
(a) Morphologies observed by polarization microscopy. (b) Fiber diffraction observed by SAXS experiments performed with a 1.5 m sample—detector
distance at IDO2@ESREF and the corresponding peak indexations in a centered rectangular lattice superimposed to the (1,0,1) diffuse scattering due to
pair interactions between F-actin microfilaments. (c) Electron density projection on the (a,b) plane reveals peristaltic oscillation of the phosphate head-
groups (yellow-red) and actin helical pitch (blue-green). (d,e) Schematic views of the structure. Strong electrostatic interactions between anionic
microfilaments and cationic lipids results in large undulations of the lipid bilayers. Red wedges indicate the freeze fracture plane. (f) Freeze fracture
electron microscopy between the lipid bilayers shows two perpendicular corrugations. Actin microfilaments are drawn as a scale reference. (g) Schematic

sketch of the 3D organization.

of aligned in phase F-actin microfilaments (8 nm). On the basis
of this, a simple and natural structural model is proposed
(Figure 1d) where the unit cell perpendicular to the lipid bilayer
is composed of two such superlayers, the helical phase of the
F-actin microfilaments being sr-shifted between adjacent super-
layers. The electron density variations along the F-actin micro-
filaments are vanishing so that both (1,1) and (0,2) peak intensities
are very low. The electron density map (Figure 1c) constructed
from SAXS intensity distributions is in agreement with micro-
filament localization and membrane corrugations of our model.
High-resolution SAXS profiles (Supporting Information S6)
show an additional diffuse scattering peak which is shifted to
small angles during the lipid chain melting transition from the L
gel (9=0.052 A™") to the L,, fluid chain state (= 0.049 A™"). A
similar shift, also observed in DNA/DMTAP/DMPC phases, has
been unambiguously attributed to the lateral dilatation of the
DNA superlattice.”>*" By analogy, this diffuse scattering is attri-
buted to pair interactions between adjacent microfilaments that
correspond to alocal order along ¢ without positional long-range
order freeze fracture electron microscopy observations confirm
the above model by showing egg box membrane deformations
with perpendicular directions of undulation and spatial periods of
3S and 15 nm (Figure 1f). The former corresponds to an un-
dulation of the bilayer imposed by the periodic longitudinal
variation of the apparent thickness of microfilaments (Figure 1e).
The latter reflects the local lateral arrangement along ¢ of actin
microfilament cross sections in the plane perpendicular to actin
microfilaments (Figure le) with the (1,0,1) indexation of the
diffuse scattering peak (Figure 1b).

To prepare QD crystals, hydrophilic QDs were added to the
actin on contact with lipid biliayers by taking advantage of the
slowness of the self-assembling process. The QDs were first
functionalized with a negatively charged peptide 1'>'” so that
they can interact with the cationic membranes. The anionic actin
proteins (6 nm diameter) and functionalized QDs (8 nm dia-
meter) were homogeneously mixed before addition to vesicles
suspension (scheme 1). Since both polyanions (actin and QDs)
are attracted to the cationic lipid membranes during the self-
assembling of template, one can expect that the insertion of QDs
should not destabilize the 3D organization. Many experiments
were performed varying parameters such as the membrane surface
charge, the concentration ratio QDs/actin, and the F-buffer con-
centration. The best experimental conditions were identified to
improve the reproducibility (10 samples) as followed (Figure 2a):
the actin polymerization buffer was not necessary in order to ob-
serve actin polymerization as previously observed under cationic
lipid monolayers.'® The surface charge has to be increased with a
lipid mixture DMTAP/DMPC (2:8). The observation of a 3D
order is very sensitive to a low QDs concentration (1 #mol/L)
since an increase to 2.5 umol/L generates a less ordered phase
(Figure 3) composed of QDs chains embedded within lipid
bilayers and actin filaments. The formation of actin—QDs—lipids
complexes required two days and the samples are stable more
than one month at room temperature when they are stored in
capped capillaries (Figure 2b).

Regarding their structural analysis, the composite phase con-
sists of strongly birefringent macroscopic fibers and exhibits an
intense green fluorescence (Figure 2¢,d). Powder diffraction obtained
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Figure 2. Structural characterization of the 3D crystal composed of quantum-dots embedded within F-actin microfilaments layers alternating with lipid
membranes obtained by contact between 15 uL of DMTAP/DMPC (2:8) small unilamellar vesicles (20 mg/mL), 120 uL of a solution of G-actin
(12 umol/L), and a solution of functionalized quantum dots (1 #mol/L). (a) Sample preparation by contact between the two colloidal solutions (actin/
QDs and vesicles) in a capillary (sketch not at the scale). (b) Optical observation by digital camera illuminated by white light (left) and UV light (right).
(¢,d) Morphologies observed by fluorescence and polarization microscopy. (e) Powder diffraction observed by SAXS experiments performed with a 3 m
sample—detector distance at SWING@SOLEIL and the corresponding peak indexations in a 3D centered orthorhombic lattice. The HWHM of the
Bragg peaks (<0.004 A™") shows a positional order larger than 3000 A. (f) Schematic view of the structure. Strong electrostatic interactions between
anionic microfilaments and cationic lipids results in large undulations of the lipid bilayers. Red wedge indicates the freeze fracture plane. (g) Electron
density projection on the (a,b) plane reveals quantum dots localization (red) and aliphatic chain oscillation (cyan). (h) Freeze fracture electron
microscopy between the lipid bilayers shows one kind of corrugation. Actin microfilaments are drawn as scale reference. (i) Schematic sketch of the

3D organization.

by SAXS experiments exhibits Bragg peaks that can be indexed in
an orthorhombic lattice (table in Supporting Information S8 and
Figure 2e) with the three lattice parameters of a = 35.5 nm, b =
26.5 nm, and ¢ = 18.9 nm. Only the (k) peaks satisfying to
h + k + 1 =2n (with n an integer) were observed. This is in
agreement with a body-centered orthorhombic lattice. These cell
parameters are closed from that of the actin/lipid template alone
suggesting that the hybrid QD/actin/lipid organization derives
from the template structure. The large changes in the relative
peak intensities confirm that the QD is embedded in the unit cell.
Because the QD electron density is much larger than the one of
organic template, the observed X-ray diffraction mainly finds its
origin from the QD superstructure and gives access to the quality
of the QD crystal. The sharpness of the Bragg peaks demon-
strates the long-range positional order of QDs in the crystal
(Figure 2e). The hydrophilic QDs can only be located in the
channels delimited by two adjacent lipid membranes and two
neighboring actin filaments. QDs are expected to be located in
contact with the thinner part of the channel that is defined by the

actin filament helix (Figure 2f) in order to reduce Coulomb
repulsions between anionic QDs and actin. The QDs are not
close to each other in the unit cell because this would produce an
additional diffuse scattering due to pair interactions between
disordered QDs as observed in the presence of a large excess of
QDs (Figure 3c,d). The QDs localization is confirmed by electron
density reconstruction (Figure 2g). Complementary freeze frac-
ture electron microscopy images (Figure 2h) exhibit only one
mode of membrane undulations with a repetition distance of
around 35 & 5 nm, which is induced by the helical modulation of
the actin filaments along the a direction. The magnitude of the
membrane undulation is enhanced by the QDs locations which
are precisely located in the groove of the filaments (Figure 2f).
Thus QDs have been incorporated within a template during its
self-assembling process (Scheme 1). The three-dimensional
order of the template is preserved during the inclusion of the
QDs and results in a three-dimensional crystal of QDs (Figure 2i).
When the concentration ratio between the QDs and the actin in
solution is increased, one can observe a hybrid lamellar phase

5446 dx.doi.org/10.1021/nl203216q [Nano Lett. 2011, 11, 5443-5448


http://pubs.acs.org/action/showImage?doi=10.1021/nl203216q&iName=master.img-003.jpg&w=501&h=330

Nano Letters

300 pm

Log(intensity)

T T T T T
005 010 015 020 025 0.30)

qiA!

Figure 3. (a,b) Morphologies observed by fluorescence and polarization microscopy. (c) Powder diffraction (blue) observed by SAXS experiments
performed at SWING@SOLEIL. Quantum dots/lipids complexes (Supporting Information 9) and actin/lipids complexes (Supporting Information 7)
are shown for comparison. (d) Fiber diffraction observed by SAXS experiments performed with a 3 m sample—detector distance at SWING@SOLEIL.

(&) Schematic sketch of the 3D organization.

including chains of close-packed QDs forced by the presence of
actin (Figure 3).

In order to evaluate the relationship between fluorescent
properties and QDs organizations, we investigate fluorescence
spectra of different arrays of QDs (Figure 4a). Indeed, fluores-
cent properties of dyes are generally related to their aggregation
states.”” In the case of the 3D crystal of QDs, a fluorescence red
shift of around 13 nm (53 meV) is observed. This shift is only
obtained for the 3D crystal organization. The chemical environ-
ment composed of actins and lipids cannot explain such a shift.
Indeed only a slight red shift of 2 nm (8 eV) was observed for
chains of close-packed QDs embedded within membranes and
actin filaments (Figure 3). As a complementary control, QDs em-
bedded within bilayers'® exhibits the same fluorescence spectrum
than a suspension of isolated QDs. In the literature, a fluores-
cence red shift observed in linear chains® or 3D crystals®* of
close-packed QDs (interdistance below 2 nm) is attributed to
fluorescence resonance energy transfer (FRET) between QDs.
In the present case, FRET cannot explain the results because the
QDs interdistances are larger than 10 nm, which is much higher
than the Forster radius (5—7 nm).> Long range interactions
generating energy lowering as observed in bacterial photosyn-
thetic light harvesting systems>® can also give rise to such a fluo-
rescence red shift. Such behavior, called superradia.nce,27 has been
observed with QDs with an interdistance as long as 150 nm.® To
test this hypothesis, fluorescence spectra were recorded in
different area of the fiber. All spectra exhibit a fluorescence
intensity that is directly related to the fluorescence shift in the 3D
crystal area (Figure 4b,c). All spectra are the sum of two con-
tributions: one due to the isolated QD and the other one due to a

new fluorescent state. The contribution of the second one
increases linearly with the total intensity of the peak and there-
fore can be directly attributed to the emergence of a unique new
fluorescent state (Figure 4b,c and Supporting Information S10).
This new fluorescence state observed within the 3D array is
consistent with a superradiant emission that is characterized by
slight energy loss (<5%) due to the fluorescence wavelength and
a large increase (300%) of the fluorescence intensity.”**’ The
latter result illustrates the possibility to generate new optical
properties with larger interdistances between QD within an
ordered assembly.

Bottom-up methods are generally restricted to self-assembly
in solution where the 3D array symmetry is imposed by the shape
and the functionalization of nanoparticles.'"' The method re-
ported here describes the inclusion of the quantum dots occur-
ring during the self-assembling process of the bioorganic
template. By mixing slowly different bioorganic and inorganic
building blocks interacting through electrostatic interaction, we
demonstrate the formation of a very well-defined 3D crystal of
QDs. This strategy gives access to 3D arrays of nanoparticles
whose original low symmetry'® can reveal new physical proper-
ties. The fluorescence properties of the 3D crystals of quantum
dots demonstrate a direct effect of the nanostructuration of the
quantum dots within the crystal. The formation of 3D arrays of
nanoparticles could open new route toward optical materials that
are easily prepared by using self-assembling of vesicles, proteins,
and hydrophilic nanoparticles in aqueous environment. This
strategy could be extended to any kind of hydrophilic nanopar-
ticles with various morphologies. Furthermore, the range of
characteristic lengths can be extended by using another biological
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Figure 4. Emission spectra (ex = 405 nm) of varied quantum dots self-
organizations. (a) A red shift depending on the type of self-organization
is observed. The magnitude of the red shift is 13 nm (53 meV) in the case
of the 3D arrays of quantum dots whereas the shift is only 2 = 1 nm and
3 &£ 1 nm in the case of low dimension structures in presence or not of
actin. (b) Variation of fluorescence spectra of the 3D arrays of quantum
dots. All spectra are the sum of two contributions due to the individual
QD:s fluorescence (blue) and a new fluorescent state (green) of which
the respective intensities (green circles and blue diamonds of panel c)
strongly depend on the total fluorescence intensity. For comparison, all
intensities are normalized with respect to the maximal intensity (100).
Note that the fluorescence intensity increase is mainly due to this new
fluorescent state. All spectra and fits are shown in Supporting Informa-
tion 10.

polyelectrolyte (DNA, microtubules, polysaccharides, amyloids
fibers, and so forth) instead of actin filament.
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© Supporting Information. This section includes (1) ma-
terials and methods, (2) crystal structures of actin/lipid template
obtained from SAXS experiments, (3) TEM images of lipid/
quantum dots composite phase, and (4) raw fluorescence spectra
of QD/lipid/actin composite phase. This material is available
free of charge via the Internet at http://pubs.acs.org.
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