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Abstract: Supramolecular three-dimensional self-assembly of nonlamellar lipids with fragments of the protein
immunoglobulin results in a bicontinuous cubic phase fragmented into nanoparticles with open water
channels (cubosomes). The structure of the diamond-type cubic nanopatrticles is characterized experimentally
by freeze—fracture electron microscopy, and it is mathematically modeled with nodal surfaces emphasizing
the fluid-like undulations of the cubosomic interfaces. Based on scaling-up and scaling-down approaches,
we present stable and intermediate-kind nanoparticles resulting from the cubosomic growth. Our results
reveal the smallest stable diamond-type cubosomic entity that can serve as a building block of more complex
nanostructured fluid drug delivery vehicles of therapeutic proteins. The evidence presented for lipid-bilayer
undulations in the surface region of the protein/lipid cubosomes could have important consequences for
possible applications of these hierarchically organized porous nanoparticles.

Introduction patterns of complex cubic topologies occur in biological systems

Controlling fluid-phase nanopatterning via hierarchical self- (three-dimensional (3D) cubic membranes in echinoids, stratum
assembly and pattern formation in nanostructured fluids are orneum, mitochondria, and prolamellar body) as well as in self-
currently problems of fundamental significance for innovations &SSembly _sulg;mqlecul_ar systems with enhanced surface-to-
in soft-matter nanotechnolody? Owing to their versatile ~ Volume ratio:>"=" Bicontinuous cubic phases (BCPs) formed
structural organization, nanostructured complex fluid networks

and dispersions of amphiphiles enable soft-matter applications () Discher, B- M. Won, v.-¥.: Ege, D. S Lee, J: @1 Bates, . S.; Discher,

. E.; Hammer, D. ASciencel999 284 1143-1146.

in advanced pharmaceutical formulations and delivery systems,(10) Douglas, T.; Young, MNature 1998 393 152—155.

membrane-based materials, biocatalysis, self-assembly gels, anét!
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by amphiphiles in water are complex fluid systems with a high vesicles, polymersomes, vesosomes, nanotubules, etc).’Spicer
degree of symmetry and a periodic nanochannel organi- has recently reviewed the advances in and the prospective
zation2528-33 They permit nanoencapsulation of drétg®and applications of cubosomes.

synthesis in confined spaé&@BCPs can serve as carriers of While the entrapment of biomolecules in host supramolecular
various protein®37-46 (including water-soluble recombinant cubic lipid systems at low hydration levels has received
proteins of therapeutic intere¥tf>as well as templates to guide  considerable attentici;28.353944.47-49 the mechanism of nucle-

or orient the growth of nanostructures, biomolecular scaffolds, ation and growth of a stable cubosome at high hydration as
or protein crystald325424750 The labyrinthine water-channel  well as the destiny of the smallest stable cubosomic entity upon
networks in biocompatible amphiphilic cubic assemblies have the encapsulation of protein macromolecules has not been
been characterized by aqueous channel diameters between 3 arabdressed in a bottom-up investigation. The formation of
7 nm at full hydratiorg”-50 proteocubosome carriers, stable at high hydration levels in

Finite nanoparticles of BCPs, recognized as cubosdthes, €Xcess aqueous phase, has recently been repéreed] the
should interact with the biological environment and with sites functionalization of lipid cubic phases by synthetic lipids has
for targeting through their complex interfaces involving the been proposed in relation to biomedical applicatiéhs.
inherent open nanofluidic channels. The role of the cubosomic ~ Experimental daf& have indicated that proteocubosomic
surface essentially increases in nanotechnology applications,nano-objects could be created by fragmentation of a bulk cubic
where the fragmentation and dispersion of a bulk amphiphilic (lipid/protein/water) phase, which generates cubosoth&s?®
liquid-crystalline phase into nanoparticlé®3 generates ahuge ~ Here we investigate in detail the diamond-type (D-type) cubic
3D fluid interface of a hierarchical organizati#? The porous supramolecular structure of functionalized cubosomic assem-
interface architecture with a controllable channel size presentsblies. They were created by full hydration of the amphiphile
advantages for controlled release and uptake applications, agnonoolein (MO) mixed with a synthetic lipid with a triethyl-
the number of nanochannels available to interact with biological €neglycol spacer in the reactive polar headgroup (MTEG),
media in cubic mesostructures is essentially greater than thatfollowing by encapsulation of protein (Fab fragments of
in other nanocompartment systems (hexosomes, spongosomesnmunoglobulin). The cubic liquid-crystalline organization of
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the fully hydrated systems was determined by means of
synchrotron X-ray diffraction. By means of freeziacture
electron microscopy we analyzed the supramolecular structure
modifications induced by the guest biomolecules (MTEG lipid
and Fab protein) incorporated into the host cubic lattice. This
approach permitted us to identify the architectures revealing the
protein-directed patterning of the cubosomic topologies and their
scaling-down to nanosized entities. The aim was to characterize
the smallest cubosomic structural unit (nanocubosome) built-
up from D-type cubosomic nanochannels. We investigated
theoretically the mechanism by which a diamond-type cubo-
somic nano-object takes shape.

Methods

Supramolecular Structure Modelization. Cubosomic surfaces were
modeled here as nodal surfaces using the recently introduced method
of so-called “handmade” structurg®>3In our own implementation of
this method, we generated a diamond-type structure that consists of 7
x 7 x 7 unit cells. From this large box, only the nodes that are within
a sphere of a given radius were selected. The center of the sphere
coincided with the center of the X 7 x 7 box. The second step was
to construct the Gaussian distribution function for every nNd&Ve
used the following expression for the Gaussian distribution:

— )2 —_v)2 _ )2
exp( (x— %) +(y2$2y.) RGREY PP

wherex;, yi, andz are the coordinates of the nodes aslthe standard
deviation. The value dadis equal for all nodes. It was chosen to fit the
sine function using Gaussian distributions. In our case, when the 7

7 x 7 box was scaled in the range froml to 1 in thex, y, andz
directions, the value of = 0.0495 was obtained. In a third step, we
chose the surface that is closest to the minimal surface when the
“handmade” structure is periodic. For all presented nodal surfaces, the

(52) Jacob, M.; Andersson, $he nature of mathematics and the mathematics
of nature Elsevier: Amsterdam, 1998; pp 19225.

(53) Andersson, S.; Larsson, K.; Larsson, M.; Jacob, Bibmathematics:
Mathematics of biostructures and biodynamié&dsevier: Amsterdam,
1999: pp 13+162.
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Figure 1. “Bottom-up” mechanism of the 3D growth of a cubosomic nano-object represented by nodal surfaces that form diamond-type skeletons of
nanochannels. Note that the cubosome, generated from a curved lipid bilayer, adopts only discrete sizes upon growth. The latter is determiteiddly geom
constraints for preservation of the lipid bilayer integrity in the cubic lattice skeleton. The presented stages of cubosomal nanostructucergspwtitc
to(@N=1; (b)N=5; (c)N=17; (d)N = 29; (e)N = 71; (f) N = 147; and (g)N = 191 (whereN is the number of nodes (repeat volumes) in the
nano-object).

total sum of the Gaussian distribution functions was set to be equal to Results and Discussion
cm = 7.8255 €y is the constant by which we selected the nodal surface

that is closest to the minimal one). This yielded periodic nodal surfaces Here,'usmg nodal surfaces_, we reconstruct -a bottom-up
inside the diamond-type cubosomes. mechanism of growth of a diamond-type cubic network of

Sample Preparation. We used monoolein (MO: Sigma, purity ~adueous channels starting from a curved lipid bilayer nucleus
>99.5%) as a main nonlamellar lipid component, an@d84-(p- (nanOVESiC|e). The diameter of the curved |Ip|d bilayer unit
maleimidophenyl)butaroylamino]-3,6-dioxalogty2,3-distearyl glyceryl (Figure 1a) corresponds to the sum of the thickness of two lipid
pL-ether (MTEG; Northern Lipids Inc., purity-99.5%) served as a  bilayers and the diameter of one aqueous nanochannel. The
guest ether lipid with a triethylene glycol moiety in the polar group. presented nanovesicle has a diameter of 8.8 nm. We generated
Aqueous phase was prepared with 0.1 M NaCl ancf M phosphate diverse cubosomic nanostructures as a function of the number,
buffer (pH 7). The lipids MO and MTEG were mixed in chloroform at N of repeated elementary unit volumes (nodes) in the growing
a molar ratio 98/2, and the solvent was evaporated under nitrogen gas, 5 channel network (see the section, Supramolecular Structure
flow during at least 4 h. The lyophilized dry lipid mixture was hydrated

in excess aqueous buffer phase of Fab fragments of human chrompureMOdelization)' . . .
The 3D cubosomic structures modeled in Figure—gb

immunoglobulin (Jackson ImmunoResearch Laboratories Inc.). A self- -
assembly lipid/protein system was generated via repeated vortexing"€Present selected stages in the growth of the nanochannel

and incubation cycles (20 min each) at 3¢. The samples were  architecture, starting from a single nanovesicle and building-

equilibrated and stored at°€. up a cubosomic assembly from up to hundreds of nodes. Figure
Freeze-Fracture Electron Microscopy. For freeze-fracture elec- 1 reveals that some of the growing scaffolds (e.g., thode=at

tron microscopy (FF-EM), the samples were quenched using the 71 and atN = 191) involve protrusions, resulting in unstable

sandwich technique and liquid-nitrogen-cooled propane. Using this |ipid membrane configurations. For a pattern of aqueous

technique, a cooling rate of 10 000 K'ss reached, avoiding ice crystal  pnangchannels to be stable upon cubosomal growth, the generated

formation and artifacts possibly caused by the cryo-fixation process. - hosomic surfaces should not be terminated by closed water

P b ap 29 andN = 147, whereN = 29 yields the first stable lipid

JED-9000 freeze-etching equipment, and the exposed fracture planesb_ . . . ; .
were shadowed with Pt for 30 s at an angle of-25° and with C for ilayer configuration described internally by a diamond-type

35 s (2 kKV/60-70 mA, 1 x 10°5 Torr). The replicas produced this ~ Periodic surface.

way were cleaned with concentrated, fuming HN@r 24 h, followed We explore the advantages of high-resolution FFZEM?®

by repeated agitation with fresh chloroform/methanol (1:1 v/v) at least for direct visualization of the internal structure of 3D cubosomic
five times. The replicas cleaned this way were examined using a JEOL

i (54) (a) Sternberg, B.; Hong, K.; Zheng, W.; PapahadjopoulosBibchim.
100 CX electron microscope. _ Biophys. Actal998 1375 23-35. (b) Torchilin, V. P.; Lukyanov, A. N.;
Image Analysis.3D reconstructions from raw FF-EM images were Gao, Z.; Papahadjopoulos-SternbergPBoc. Natl. Acad. Sci. U.S.2003

realized by using the software SPIP (The Scanning Probe Image (55) 1T0Q ﬁ_(l)_?&so‘lé- Levchenko. T. S R " R Volodina. N
. R . orchilin, V. P.; Levchenko, T. S.; Rammohan, R.; Volodina, N.;
Processor) from Image Metrology. The module 3D Visualization Studio Papahadjopoulos-Sternberg, B.; D'Souza, G.Féoc. Natl. Acad. Sci.

was used in the image processing. U.S.A.2003 100, 1972-1977.
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Figure 2. 3D reconstructions of freezdracture electron microscopy images of a chemically functionalized cubic lipid membrane MO/MTEG (MO is
monoolein and MTEG is a double-chain synthetic lipid;8{4-(p-maleimidophenyl)butaroylamino]-3,6-dioxalogty2,3-distearyl glycerybL-ether). The

cubic structure was assembled at full hydration in excess aqueous buffer phase. (a) Raw image showing the presence of undulations in the Ginplex fluid
cubic membrane. (b) Fourier-filtered image corresponding to the underlying matrix structure of the cubic liquid-crystallineffaeare section.

ok

Pr LS
Figure 3. (a) FF-EM image of a nanocubosome in a proteocubosome sample (MO/MTEG/Fab immunoglobulin fragments/buffer) at full hydration. The
inset (b) shows a selected area of the raw image (a), in which the image contrast was processed in order to remove the experimental shadows and to reveal
the contour of the nano-object. (c) 3D modelization of a spherical nanocubosome involving random undulations of the nodal surfaces. The igno-object
generated usinfyl = 2058 nodes to simulate the outer cubosome surface. It corresponds to an experimental nanocubosome with a radial section around 58
nm. (d) 3D reconstruction from image (b).

architectures of a double diamond type formed upon spontane-should be caused by local symmetry breakihigis remarkable
ous lipid/protein assembly in excess of agueous medium. Thethat these distortions are generated on continuous interfaces
proteocubosome dissection along a fracture plane shouldrather than on single or punctual defects in the cubic lattice.
elucidate the mechanism of protein nanoencapsulation andThe observed undulations of the 3D lipid membrane are typical
confinement in the triply periodic networks of fluid membranous for fluid-phase architectures. Such fluctuations imply that the
interfaces and, eventually, the respective location of the bio- aqueous nanochannels dynamically could open or close at
macromolecules with regard to the aqueous nanopores. Incubosomic interfaces, thus affecting the exchange of molecules
proteocubosome systems, in contrast to single-crystal cubo-between the cubosome interior and the excess aqueous reservoir.
somes? it could be anticipated that the self-assembly cubic ~ The internal proteocubosome nanostructure was investigated
organization may locally deviate from a “perfect” 3D crystal for the case of entrapment of water-soluble fragments (Fab) of
structure owing to the distortions caused by the entrapped proteinthe protein immunoglobulin in fully hydrated MO/MTEG cubic
macromolecules. assemblies. In this case, the macromolecular size (extended
The high-resolution FF-EM image in Figure 2a is compatible length ~7 nm) is larger than the cubosomic aqueous nano-
with an undulated cubic geometry that characterizes the internalchannel diameterY, = 3.6 nm). This steric incompatibility
structure of the functionalized 3D cubic membrane involving 2 may induce local perturbations of the overall cubic supra-
mol % of the synthetic lipid MTEG. Figure 2b presents the molecular organization. Indeed, we found that the superstructure
corresponding filtered image, which exposes the underlying of the proteocubosome sample is generated from cubosomic
periodic structure after removal of the high-frequency fluctua- nanodroplet substructures (nanocubosomes) of the kind pre-
tions. The comparison of the images in panels a and b of Figuresented in the FF-EM image in Figure 3a. The experimentally
2 indicates that the steric and hydration-induced modifications, established nanocubosome shapes do not appear with protrusions
introduced by the guest MTEG molecules, evidently cause of the lipid bilayer like those computed in Figure 1e,g. This
changes in the local curvature of the lipid bilayer. This results confirms that the cubosome formation favors only seledied
in a pattern with lipid bilayer distortions (Figure 2a), which as stable 3D nanostructure configurations.
reflect the dynamic nature of the composite bicontinuous cubic  Regarding the location of the entrapped protein macromol-
membrane. In the presence of guest biomolecules, the cubicecules in the supramolecular cubic structure, we suggest that
membrane architecture is no longer perfect as compared to the

. . ) . (56) Sadoc, J. F.; Mosseri, Reeometrical FrustrationCambridge University
single-crystal systems of pure monoolein. Anisotropic patterns Press: Cambridge, UK, 1999.
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they locate along the contact interfaces of the adjacent cubo-proteins of amphiphilic nature are able to adsorb or penetrate
somic nanodroplets (Figure 3a). The protein locations could be into the lipid bilayer and, thus, to alter the mean interfacial
attributed to a defect network that tessellates the cubic lattice curvature. Above a critical concentration, the guest protein could
into an array of nanocubosomes. Comparison of Figures 2 anddestabilize the host cubic lipid matrix and cause its transforma-
3a indicates the local cubic topology modifications resulting in tion into new phases. Such effects were reported, for instance,
protein-induced nanocubosomic patterns. The image analysiswith the protein cytochrome embedded in monoolein cubic
reveals that the structural distortions caused by the guest lipid mesophase¥:*3In contrast, the protein transferrin was fodhd
MTEG alone are not sufficiently significant to initiate the to induce swelling of the monoolein cubic lattice without
formation of a nanocubosome defect network in the generatedchanging the space group symmetry.
patterns. In contrast, the incorporated large proteins do induce Future studies should demonstrate the potential surface
network defects in the periodic 3D supramolecular organization, activity of therapeutic proteins of interest and their affinity to
which is the basis for the fragmentation of the bicontinuous associate to lipid headgroup/water interfaces, as this could result
cubic system into nanosized entities. in profound effects on the mean packing parameter and the cubic
Figure 3d presents an example of a nanocubosome reconimesophase stability. Because the amino acid sequence and
structed in three dimensions. The nanocubosome is modeled intertiary structural organization, determining eventual amphiphilic
Figure 3c as a spherical cubosome, in which we introduced properties, are specific for every protein, it could not be
random undulations of the lipid membrane surface. This speculated that the protein size is the principal factor that
permitted us to account for the experimentally established governs the accommodation of the macromolecule inside the
fluctuations of the curved lipid bilayers constituting the cubo- aqueous nanochannels or at the interface boundaries of intercon-
somic assembly. This approach represents the most realistilmected cubosomic nano-objects constituting the supramolecular
description yet available to model experimental cubosomic assembly. In addition to the steric parameters, the interfacial
architectures. It yields nanocubosome shapes and sizes coractivity of soluble proteins and their effect on the lipid hydration
roborating with the experimental results. In contrast, previous are important factors determining the partitioning of the protein
theoretical modelizatiofd>3refer principally to idealized solid ~ macromolecules between the aqueous phase and the interfacial
structures based on single-crystal cubic models and perfectregions. When the proteins are smaller than about2lbkDa
systems of aqueous channels. As a consequence, model cubaand they are of amphiphilic nature, it could not be guaranteed
somes with interrupted channels with protrusions (which do not that they will partition preferentially inside the aqueous pores
correspond to real situations) may come as output of the of the cubic supramolecular assembly, as they can show an
calculations for a given experimental cubosome size. The 3D affinity for the lipid bilayer.
fluctuations of the lipid bilayers constituting the cubosomic
vehicles, which are experimentally established and theoretically
modeled here, have not been previously taken into account. The investigated proteocubosome complex fluid includes
This detailed study of the structure of a proteocubosome dynamic 3D membranous nanostructures. By comparison to
carrier, involving a protein that exceeds the size of the water single-crystal cubosome systef3we established that these
nanochannels in the cubic lattice, revealed that the incorporatedsupramolecular proteocubosomic nanostructures are built-up
macromolecules induce 3D patterning of the overall cubic from fluctuating 3D bicontinuous cubic membranes enclosed
supramolecular architecture. Local frustrations by guest bio- in nano-object shapes. When the local fluctuations are large,
molecules do not necessarily imply that the lipid/protein cubic the inherent open nanochannels may disrupt or close, which
phase will be thermodynamically destabilized. General consid- will reduce the cubosome capacity for release or uptake of
erations on the influence of soluble proteins and hydration soluble molecules. This effect could be used for controlling the
(limited or full hydration) conditions on the cubic mesophase release and uptake processes. Our results elucidate the mech-
stability and phase transformations were presented in ref 37.anism by which a proteocubosomic object takes shape. Stable
Incorporated proteins may modify the mean packing parameterdiamond-type cubosome formation is associated only with
of the amphiphilic mixture. As a consequence, the lipid discrete sizes of the generated nanostructures. The smallest
monolayer curvature, the cubic lattice unit cell, and the stable cubosomic entity requires 29 nodes in order to realize a
associated aqueous nanochannel dimension and lipid bilayerdiamond-type nanochannel system.
thickness could be affected by the presence of the protein.
The location of a protein in the 3D self-assembled cubic
architecture will depend on its hydrophobicydrophilic balance
and its affinity for interaction with the lipid bilayer. Small  JA060082C

Conclusion
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