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C
ompartmentalization in biological
systems and formation of cubic and
tubular membrane architectures in

diverse cell types and organelles1�4 are
currently stimulating the research on meso-
porous particles of sophisticated shapes
and channel organizations.5�14 Structural
knowledge about the dynamics of complex
protein/lipid assemblies accelerates the
progress in amphiphile nanoarchitectonics
and helps to improve the design of syn-
thetic nanomedicine carriers.15�17 In this
perspective, the latest concepts and princi-
ples, underlying the biomembrane organi-
zation, structural dynamics (deformation,
curving, shape transitions, fusion/fission),
elasticity, kinetic traps, interaction with
guest molecules, and response to external

stimuli,18�31 offer unexploited possibilities
for the creation of self-assembled lipid- and
macromolecule-based nanostructured ma-
terials with incorporated functionality (e.g.,
photoreceptor cells, neuroprotective de-
vices, theranostics targeting, nanoarchitec-
tonics, etc.).32�51

While the techniques for establishing
equilibrium structural packing of proteins
in lipid cubic membrane templates have
been well recognized,52 the experimental
methods for real-time investigation of
the structural pathways, transformation
dynamics, and nonequilibrium arrested
phases in soft lipid and amphiphile nano-
systems53�63 are yet in development.
Millisecond time-resolved (TR) structural in-
vestigations of the dynamics of DNA-driven
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ABSTRACT Membrane shapes, produced by dynamically as-

sembled lipid/protein architectures, are crucial for both physiological

functions and the design of therapeutic nanotechnologies. Here we

investigate the dynamics of lipid membrane�neurotrophic BDNF

protein complexes formation and ordering in nanoparticles, with the

purpose of innovation in nanostructure-based neuroprotection and

biomimetic nanoarchitectonics. The kinetic pathway of membrane

states associated with rapidly occurring nonequilibrium self-as-

sembled lipid/protein nanoarchitectures was determined by milli-

second time-resolved small-angle X-ray scattering (SAXS) at high resolution. The neurotrophin binding and millisecond trafficking along the flexible

membranes induced an unusual overlay of channel-network architectures including two coexisting cubic lattices epitaxially connected to lamellar

membrane stacks. These time-resolved membrane processes, involving intercalation of discrete stiff proteins in continuous soft membranes, evidence

stepwise curvature control mechanisms. The obtained three-phase liquid-crystalline nanoparticles of neurotrophic composition put forward important

advancements in multicompartment soft-matter nanostructure design.
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membrane processes54 have been initiated in parallel
with the progress in X-ray scattering studies of protein
solutions.64�66

Presently, the state-of-the-art highly brilliant TR
small-angle X-ray scattering (SAXS) is expected to
reveal the protein-induced transient changes in the
membrane curvature in real time and the kinetics of
short- and long-lived intermediate states in the mem-
brane transformations. Such high resolution experi-
ments may provide insights into temporary-living
structures upon protein trafficking and membrane
deformations, which are not accessible via steady-state
microscopy imaging. Moreover, the rate constants of
rapid complexation processes can be estimated from
the sequence of dynamic roentgenograms.54 Despite
the importance of the molecular details, the structural
and kinetic pathways by which soft lipid nanochannel-
based carriers11,14,30 may entrap a neurotrophic pro-
tein and may interact with a lipid membrane, in order
to transport the beneficial molecule, have not been
elucidated yet. The role of membrane curvature in the
nanostructure and nanoparticle (NP) interactions with
interfaces is another fundamental problem of ongoing
interest.31

Here we investigate in real time the structural path-
way andmorphological changes occurring upon none-
quilibrium rapid-mixing binding of brain-derived
neurotrophic factor (BDNF) (Figure 1a) to bilayer mem-
brane vesicles and lipid architectures of nanochannel
organization (Figures 1b�d). The protein dimensions
[length∼4 nm; diameter∼3 nm] are comparable with

the lipid membrane thickness. BDNF, as a member of
the neurotrophin family, is studied as a pro-survival
signaling molecule of strong ongoing interest for
synaptic repair, neuroregeneration, and treatment of
psychiatric disorders.67�70 The neurotrophin-BDNF lev-
els are reduced under pathological conditions (stroke,
depression, schizophrenia, post-traumatic stress disor-
der, amyotrophic lateral sclerosis, multiple sclerosis,
Alzheimer disease, etc.).67�69 Consequently, the pro-
tein needs to be locally administered67 to the relevant
target sites in the central nervous system with the
purpose to compensate its deficiency. Whereas the
biochemical mechanisms of the BDNF action require
activation of its membrane receptors,67,69 the structur-
al basis of the neurotrophin potentiation and the
dynamics of the membrane processes related to its
trafficking upon local administration have not been
previously studied. The reported here novel neurotro-
phin/lipid architectures, shaped in nanoparticles of
ordered three-phase self-assembled inner structures
with multiple compartments and stepwise interfacial
curvatures, as well as the membrane-nanoparticle
structural transitions (studied with exceptional spatial
and temporal resolutions) are significant in the context
of nanotechnology-based neuroprotective strategies
and interaction of soft membranes with rigid protein
shapes.

RESULTS AND DISCUSSION

Choice of Biomimetic Amphiphilic Compositions. Lipid as-
semblies were created with a multicomponent lipid

Figure 1. Neurotrophin BDNF binding at vesicular membrane/water interfaces, or loading in high-curvature lipid tubes,
induces protein-modulated membrane curvature changes. The self-assembled nanosystem involves (a) neurotrophin BDNF
(amultivalentmacroionwith a net positive charge Z=þ9e (basic amino acidsmarked in red color) andpredominantlyβ-sheet
conformation (protein structure displayed using the pdb code: 1BND)); (b) aqueous channels of tubular lipid assemblies for
neurotrophin confinement; and vesicular membranes (c,d) (initial state shown in Figure 4a). The curvature of the lipid/water
interfaces depends on the coverage of bound proteins. A “side-on” orientation of the BDNF molecules corresponds to low-
membrane-curvature particles (c), whereas a crowded state of protein molecules in an “edge-on” orientation at the lipid
membrane interfaces (d) may induce a high-curvature cubic membrane structure.
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system allowing for a composition-mediated interfa-
cial curvature tuning. The chemical composition com-
prised the natural lipid molecule eicosapentaenoic
acid (EPA), which was studied as a representative ω-3
polyunsaturated fatty acid of therapeutic importance
for theneurodegenerativeandneuropsychiatricdiseases.71

EPA was incorporated in membranous structures of
monoolein (MO), a lipid with a propensity to form
bicontinuous liquid crystalline architectures preserving
the protein structure.6,11,50,51 An essential property of
the polyunsaturated fatty acid, as a negative-curvature
lipid, is that it promotes the formation of membrane
fusion intermediates and inverted nonlamellar phases.
EPAmay regulate themembrane elasticity andmay favor
the bending of the lipid bilayer leaflets toward destabi-
lization of the flat membranes. It imparts a negative
charge to the artificially designed membrane interfaces.
In vivo, EPA may potentiate the neurotrophin BDNF
activity by influencing also its signaling pathway.71

The created nanoscale lipid membrane assemblies
ofmonoolein and EPAwere sterically stabilized against
aggregation by PEGylation. The coverage by PEG
chains was kept minimal. Every component of the lipid
mixture, as well as the PEGylated derivative (V1000),
gave a contribution to the spontaneous curvature of
the self-assembled system, which was studied in a
dispersed state in large excess of aqueous phase.

Real-Time Monitoring of the Millisecond Structural Changes
Occurring upon Formation of Lipid Membrane�Protein BDNF
Liquid Crystalline Architectures. The performed time-
resolved structural study exploited the advantages
of highly brilliant synchrotron SAXS measurements
coupled to a rapid-mixing stopped-flow technique as
schematically presented in Figure 2. The dynamic
membrane processes were comprehensively studied
at temporal resolution of 4 ms, which represents a
state-of-the-art methodological advance.

The structural pathway of neurotrophin-lipid com-
plexation was determined in real time for a lipid
membranous system that mimics the coexistence of
diverse vesicular and tubular shapes existing in living
matter.1 The starting state, to which the neurotrophin
was administered in order to simulate exogeneous pro-
tein injection to cellular barriers and vital pores, involved
vesicular bilayer membranes (Figures 1 and 4a) and a
small amount of lipid architectures with hexagonally
packed channels (Figure S1, Supporting Information). In
terms of membrane curvature, this initial system of lipid
bilayers and tubular monolayer leaflet structural ele-
ments represented kinetically stabilized nonequilibrium
dispersion of nanoparticles (Figures S2 and S3, Support-
ing Information). The membrane structures were in a
liquid-crystalline fluid phase state and were subjected to
stopped-flow rapid mixing with neurotrophic protein
solutions (Figure 2). The purpose was to experimentally
examine in real time how the signaling protein BDNF
influences the membrane structural dynamics, through
formation of transient or stable protein�lipid architec-
tures, which may induce remodeling of the membrane
interfaces relevant to physiological function or initiation
of nanocrystallization.

Sequences of SAXS patterns revealing the dynamics
of the structural events and the evolution of the
membrane architectures occurring upon rapid mixing
of water-soluble protein molecules and flexible mem-
brane structures are presented in Figures 3 and S4
(Supporting Information). The millisecond-range ki-
netic pathway was determined by analysis of up to
670 SAXS frames recorded in programmed sequences
of rapid-mixing shots (see the detailed description of
the methods and Figure S4, Supporting Information).
The acquired dynamic SAXS patterns revealed that the
protein macromolecules were quickly trafficked from
the solution phase into the membranous structures,
enabling the entrapment of BDNF in a bound state. The
data analysis indicates that peaks of an inverted hex-
agonal HII-phase are present up to t∼200 ms from the
beginning of the SAXS measurements (see also Figure
S4, Supporting Information, frame 14 of the SAXS scan).
The emerging first lamellar peak results from the
arrangement of protein�lipid complexes into onion
lamellar structures. A lamellar phase forms at t ∼190
ms (see Figure S4, Supporting Information, frame 10)
with Bragg peaks positioned at q1 = 0.088 Å�1 and q2 =
0.176 Å�1. Protein-induced formation of cubic mem-
brane intermediates is provoked at t ∼120 ms (see
Figure S4, Supporting Information, frame 8). Bragg
peaks of two types of bicontinuous cubic lattices are
detected (Figure 2, Figure S4, Supporting Information).
The flat lamellae are progressively transformed into a
cubic membrane architecture, which stably dominates
the system at t > 57 s.

Conceptually, the investigated dynamic self-assembly
processes at the membrane interfaces are suggested

Figure 2. Schematic presentation of the principle of the
rapid-mixing stopped-flow setup coupled to in situ struc-
tural SAXS measurements. The synchrotron SAXS patterns
are recorded with 4 ms resolution using a 2D detector.
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Figure 3. (a) Time-resolved SAXS patterns showing the kinetic pathway of neurotrophin binding and trafficking along
the membrane/water interfaces. The membrane structural dynamics are studied by performing sequential rapid-
mixing stopped-flow shots, during which SAXS frames are acquired with exposure time of 4 ms. Every shot of rapid
mixing involves 75 frames recorded in a geometrical progression. (b) Selected frames of the TR-SAXS scan revealing
the key dynamic membrane structures (see the text) induced by neurotrophin binding: curve 1, free protein; curve 2,
unloaded lipid system at t = 0 ms; curves 3�7 correspond to the SAXS frames at t = 7, 93, 211, 224, and 657 ms; and
curve 8 is recorded at t = 130 s. (c) Fitting of the experimental data (curve 8 of panel (b)) by coexisting cubic and lamellar
structures. The fits for the cubic membranes (observed in (a)) determined bilayer thicknesses in the range from 4.11 to
4.20 nm.

A
RTIC

LE



ANGELOV ET AL. VOL. 8 ’ NO. 5 ’ 5216–5226 ’ 2014

www.acsnano.org

5220

to involve at least three stages: (i) fast electrostatic
binding of the positively charged protein molecules to
the flexible, negatively charged membrane interfaces
accompanied by charge neutralization (rate constant
k1); (ii) dynamic formation of intermediate onion
lamellar states with modified membrane curvatures
and rapid assembly of nanostructured protein/lipid
complexes (rate constant k2); (iii) relatively slow remo-
deling of the kinetically trapped shapes toward equi-
librium structures of more ordered or aggregated
states (rate constant k3). While stage (i) may occur on
the time scale of microseconds and is not directly
detectable as a structural change in the SAXS patterns,
the millisecond TR-SAXS appears to be an excellent
tool for the investigation of stage (ii) of the membrane
shaping, thus leaving stage (iii) for structural measure-
ments over seconds. Here, the kinetic pathways pre-
sented in Figures 3 and S4 (Supporting Information)
characterize the rapidly evolving sequence of inter-
mediate architectures resulting from the membrane
curvature changes induced upon protein entrapment
in the lipid phase.

The obtained results showed that the protein�lipid
complexation occurs through two parallel processes
evidenced by (i) the growth of onions from the initial
bilayers present in the lipid mixture, and (ii) the
HII-phase peaks vanishing, which characterizes the
structural rearrangement of the tubular monolayer
lipid population after protein coupling (see also Figure
6 below). The existence of two different kinetic pro-
cesses is not surprising considering that the protein
entry, diffusion, and complexation into the interior of
the aqueous channels of the highly curved lipid tubes
should be associatedwith different free energy barriers
as compared to the protein surface binding to lower-
curvature vesicular membranes. Moreover, binding of
the positively charged proteinmolecules to the anionic
groups of the lipid/water interfaces changes the head-
groups hydration. Generally, lipid headgroup condensa-
tion by multivalent counterions leads to dehydration.

The decreased hydration in the lipid system in
response to the protein loading is expected to favor
the formation of curved membrane structures. Indeed,
the obtained SAXS data demonstrate that the protein
intercalation in the lipid lamellae and the lateral repul-
sion between the charged proteins provoke interfacial
trafficking events, which enable a fast rearrangement
of the flat membranes into 3D cubic-membrane archi-
tectures involving aqueous channels (see Figures 4b,c
and 5). The Bragg peak positions in Figure 3b specify a
perfect epitaxial relationship between the bicontinu-
ous cubic double diamond Pn3m (q110= 0.085 Å�1) and
the onion (qonion= 0.085 Å�1) structures. The estimated
cubic lattice parameter after protein upload (aD =

10.45 nm) suggests protein confinement in the aqu-
eous channel network. It is remarkable that the cubic
lattice needs short times for self-assembly (∼120 ms)

because it nucleates and grows from preformed onion
membrane intermediates. Thus, the time between the

Figure 4. Cryo-TEM images of (a) initial lipidmembranes before
BDNF administration, (b) three-phase nanostructure stably form-
ed throughout the BDNF upload in nanocarriers, and (c) BDNF-
loaded diamond-type cubosome nanoparticle. The blue line in
(b) indicates thedomainboundariesbetween the inner L,D, and
G mesophases: L, lamellar LR; D, bicontinuous cubic double
diamondPn3m; andG,bicontinuouscubicgyroid Ia3d structure.
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first emergence of the second cubic peak and the
second lamellar peak was just about 70 ms.

A bigger bicontinuous cubic lattice emerged in a
coexistence with the diamond cubic Pn3m and the
lamellar structures at t∼ 450ms of the kinetic pathway. A
best fit of the SAXS data was obtained with a gyroid Ia3d
structure of a lattice parameter aG = 19.19 nm. The
determined epitaxial ratio between the two cubic lattice
parameters is aG/aD = 1.83. The kinetics analysis, per-
formed on the basis of the TR-SAXS patterns, suggests
that the gyroid nanophase growth reduces the amount of
onions and bilayer membrane fragments in the system.
The cubic double diamond Pn3m peak intensities remain
visibly constant (Figure S4, Supporting Information).

Three-Phase Nanoarchitectures Resulting from Dynamic Pro-
tein Assembly with the Membrane Interfaces and Discrete Jumps
of Curvature. Key events of the nanostructured particle
transition pathway occurred also at the following times
determined by TR-SAXS: (i) the intensities of the cubic
lattice peaks (Pn3m (D) and Ia3d (G)) considerably
prevailed over the Bragg peaks of the lamellar structure
at t ∼ 27 s (Figure S4, Supporting Information); (ii) the
larger Ia3d (G) cubic lattice dominated over the Pn3m
(D) cubic structure at the final stage (Figure S4, Sup-
porting Information, last frames) as a result of the
protein trafficking and complexation at themembrane
interfaces. Figure 4b shows a cryo-TEM image of a three-

phase (L/D/G)multicompartmentnanoparticle as a steady
state reached in themembrane structural transformation.
The neurotrophin BDNF loading produces also diamond
(D) type cubosome nanoparticles as equilibrium liquid
crystalline nanostructures (Figure 4c). The entire variety of
intermediate states of the investigated kinetic pathway
can only be precisely resolved by TR-SAXS (see Figure S4,
Supporting Information).

It should be underlined that the cubic lattice does
not form directly from the tubular HII structure. The
latter consists of curved lipid monolayer leaflets that
must first rearrange into lipid bilayer building blocks
before being able to assemble into a bicontinuous
cubic membrane. Figure 5 shows cryo-TEM images
demonstrating stages of the neurotrophin BDNF-
induced vesicle-to-cubosome transition that occurs in
the lipid nanoparticles upon interaction with the protein.

Kinetics of Quantitative Neurotrophin Uptake by Membra-
nous Nanoassemblies. The time dependence of the scat-
tering intensities (Figure S4, Supporting Information)
of the protein-entrapping lipid membrane assemblies
vs the scattering of the free protein (BDNF) at a chosen
wave vector (q) range was used for estimation of
the protein percentage trafficked from the injected
aqueous solution into the lipid membrane structures.
The result is presented in Figure 6. Thus, our TR-SAXS
investigation established that 82% of the injected

Figure 5. Cryo-TEM images demonstrating long-lived intermediate states of the bilayer membrane vesicle-to-cubic
membrane transition upon neurotrophic protein trafficking at the lipid/water interfaces and loading in nanochannel-type
lipid nanoparticles. The sizes of the bicontinuous cubic and onion-lamellar domains inside the nanoparticles are determined
by the quantity of the uploaded protein.
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protein was entrapped in lipid membranous nanostruc-
tures and at membrane interfaces within the first sec-
ond from its administration (see the plateau level in
Figure 6). This kinetic result provides a newproof for the
high efficiency of the monoolein-based cubic mem-
brane systems and nanoparticles for protein upload,
which has previously been attempted with enzymes
only under static conditions.72 We found that the
formation of the ordered Pn3m, LR, and Ia3d phases is
triggered at protein loading percentages of about 35,
40, and 70%, respectively (see the diagrams in Figure 6).

The performed TR-SAXS study provided experimen-
tal evidence, at exceptional spatial and temporal re-
solution, for the induction of transient curvature
alterations in the lipid membrane architectures upon
protein (BDNF) anchoring and loading into the nano-
channel network systems. The kinetic pathway revealed
the occurrence of two parallel structural transformation
processes with different rate constants corresponding
to increasing (vesicular mixture f onion f cubic/
lamellar/cubic three-phase nanoparticle) or decreasing
interfacial curvature (inverted hexagonal f onion f

cubic/lamellar/cubic three-phase nanoparticle) transi-
tions. We established that (i) bound BDNFmay increase
the curvature of flat membrane structures, and (ii)
reduce the curvature of the tubular (HII-phase) lipid
structures. As a result, the fluid lipidmembranes change
their shape and structural organization in response to
the neurotrophin binding and trafficking along the

lipid/water interfaces (Figure 7). It should be taken into
account that the lipid bilayers are of a flexible nature,
while the neurotrophic protein has a relatively stiff
β-sheet conformation (Figure 1a). Thus, the lipid/water
interfaces adopt states of continuously changing curva-
tures, which most properly fit to the protein conforma-
tion and charges under the dynamic conditions of
protein crowding (Figure 1d).

The proposed here structural methodology en-
abled in situ monitoring of the generation of complex
membrane topologies and nanoarchitectures, in which
the neurotrophic protein dynamically modified the
membrane curvature through mechanisms that in-
volve interplay of both lipid and BDNF contributions.
It is essential to evoke that the bicontinuous cubic
membrane architectures are generated by repeated
saddle-shape bilayer membrane elements forming
intertwined networks of channels.1�4,13 Our structural
study shows that this channel network architecture ap-
pears to be the most favorable membrane state for the
BDNF trafficking. In addition, cubicmembranes havebeen
demonstrated to represent function-related shapes in cells
and tissues.1,29 Theyhave fundamental significance for the
membrane protein crystallization.50,52 Because highmem-
brane curvatures are inherent for trafficking inter-
mediates,22 it could be suggested that the obtained
BDNF-loaded cubicmembrane assembliesmay constitute
a potentially efficient multicompartment nanosystem for
delivery of neurotrophins.

Figure 6. Time dependence of protein loading in lipid nanoarchitectures determined from analysis of the TR-SAXS sequence
detailed in Figure S4 (Supporting Information). The rate constant of protein uptake in nanoparticles is determined to be
4.447 s�1. The protein loading efficiency increases up to 82% within milliseconds after the protein injection. Abbreviations:
HII, inverted hexagonal structure; LR, lamellar bilayer structure; D, bicontinuous cubic double diamond (Pn3m); and G,
bicontinuous cubic gyroid (Ia3d) structures.
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Recently, Zabara et al.6,45 have reported the recon-
stitution of a pore-forming transmembrane protein
OmpF (the outermembrane protein F) in a bicontinuous
cubic lipid phase and in an inverted hexagonal lipid
phase under equilibrium conditions. These studies have
emphasized that the protein OmpF, reconstituted at
concentrations in the range from 0.1 to 0.5 wt %, retains
its functional activity in the bulk lipidmesophases.More-
over, no evidence for structural phase transitions of the
host liquid-crystalline lipid matrices has been found by
X-ray diffraction measurements performed at such
membrane protein concentrations.6,45 Indeed, the con-
centration of the reconstituted membrane protein
should be higher in order to provoke the nucleation of
membrane protein crystals in the lipid mesophase ac-
companiedbya cubic-to-lamellar phase transition under
the influence of appropriate crystallization screen.52

Our work suggests that the water-soluble signaling
protein BDNF, because of its nonflexible β-sheet con-
formation, appears to be a modulator of the mem-
brane curvature at the millisecond time scale. The
neurotrophin is capable to induce bicontinuous cubic

phase architectures (characterized by nanochannelled
network topologies) upon uploading in supple-
membrane carriers. The protein transfer from the aque-
ous surrounding into the lipid membrane assemblies
may be as high as 82%. Taking into account that BDNF
may considerably alter the interfacial curvature upon
binding to lipidmembranes, the initial liquid crystalline
state of the carriers, to which the neurotrophin has to
be administered in order to produce BDNF-loaded
cubosomes, should certainly be different from a bicon-
tinuous cubic lipid phase architecture. Here, unilamel-
lar lipid membrane vesicles of a chosen biomimetic
composition were proven as suitable starting building
blocks for the “bottom-up” assembly of protein-loaded
multicompartment cubic lipid nanoparticles.

CONCLUSION

The obtained here structural findings provide sub-
stantial biophysical experimental support to the recent
concepts about the role of proteins in modulating
transient and sustained membrane curvatures.18�22

Highly charged locally administered pro-survival neu-
rotrophic proteins provoke changes in the membrane
topology, which may lead to altered performance of
functions and unexploited trafficking pathways. A hy-
pothesis can be raised that the neurotrophin BDNF, under
the recommended conditions of local delivery,67 may act
not only throughbiochemical signalingpathwaysbut also
as a curvature-modulating molecule. Therefore, perspec-
tive strategies for treatment of neurodegenerative and
neuropsychiatric disorders should consider targeting of
neuronal plasticity, survival, and synaptic regeneration
through a combination of both biochemical (intra-
cellular signaling) and physical (membrane curvature
and membrane elasticity) mechanisms.
On the other hand, the efficient protein loading in

the multicompartment lipid nanocarriers and the me-
sostructure formation, achieved within milliseconds,
suggest a perspective way toward nanocrystallization73

via membranous assemblies. The reported millisecond
kinetics of protein loading revealed the sequence of
mesostructure formations preceding the nucleation.
The protein-triggered cubosomic membrane assem-
blies comprise a highly hydrated shell and an internal
normal-type bicontinuous cubic lattice domain, which is
epitaxially connected to a lamellar core. These mem-
brane architectures enable up to 82% protein upload.
On the basis of these results, a unified approach for
protein loading and ordering in nanostructured lipid
carriers can be proposed toward advancement inmem-
brane and amphiphile nanoarchitectonics.

EXPERIMENTAL SECTION
Materials and Lipid Nanosystem Preparation. Recrystallized pow-

der of 1-monooleoyl-rac-glycerol (MO, C18:1c9), D-R-tocopherol

poly(ethylene glycol) 1000 succinate (V1000) (waxy solid), and
cis-5,8,11,14,17 eicosapentaenoic acid (20:5) (oil phase) were
purchased from Sigma-Aldrich. Buffer solutions were prepared

Figure 7. Pathway of stepwise curvature changes occurring
upon dynamic ordering and assembly of neurotrophin BDNF
with flexible lipid membranes. The discrete jumps of curva-
ture, leading to nanochanneled architecture formation, are
determined by the rigid β-sheet structure of the neuro-
trophic protein molecules (represented as stiff cylinders).
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using Milli-Q water of resistivity 18.2 MΩ cm (Millipore Co.), the
inorganic salts NaH2PO4 and Na2HPO4 (p.a. grade, Fluka),
and 2,6-di-tert-butyl-4-methylphenol (BHT) as an antioxidant
(Sigma-Aldrich). Liquid crystalline membrane phases were self-
assembled from monoolein and eicosapentaenoic acid in ex-
cess buffer medium. It was considered that the eicosapentae-
noic acid (EPA), as member of the family of the ω-3
polyunsaturated fatty acids (PUFAs) may influence the bilayer
elasticity and favor the formation of flexible membrane nano-
structures. PEGylation was done by incorporation of a small
amount of the amphiphilic derivative V1000 in the lipid mixture.
The solvent was evaporated under flux of N2 gas. Nanostruc-
tured dispersions of lipid particles were obtained by themethod
of hydration of a dry lipid film followed by physical agitation of
the MO/EPA/V1000 system. Carrier-free human recombinant
brain-derived neurotrophic factor (BDNF) (13.5 kDa, pI = 10.5)
was purchased by R&D Systems and lysozyme (lyophilized
powder, L6876) from Sigma-Aldrich. A protein model of BDNF
(lysozyme),74,75 with nearly samemolecular weight and number
of cationic groups, was employed for development of the
methodology of the structural SAXS measurements.

Synchrotron Radiation Small-Angle X-ray Scattering Coupled to a Rapid-
Mixing Stopped-Flow Device. Rapid mixing of equal volumes
(100 μL) of lipid nanoparticles and protein solution was per-
formed by a stopped-flow apparatus SFM-400 (Bio-Logic, Claix,
France) mounted in the X-ray beam environment. The reactant
solutions were degassed. The scattering cell consisted of a
quartz capillary (1.5 mm diameter, wall thickness 10 μm). The
test of the quality of mixing and calibration of the stopped-flow
dead time were performed by the method described
elsewhere.59 The flow time used for rapid mixing of the two
reactant solutions was 50ms, during which the kinetic time was
equal to the dead time of the stopped-flow device (∼2.5 ms).
The kinetic time evolved above this dead time upon cessation of
the flow, and the first 4 ms SAXS frame was acquired during the
final phase of the flow corresponding to the earliest structural
signal accessible.

Small angle X-ray scattering experiments were performed at
the ID02 beamline61 of the European Synchrotron Radiation
Facility (Grenoble, France). The X-ray wavelength and sample-
to-detector distance were 0.1 nm and 1.5 m, respectively,
corresponding to an accessible q-range of 0.07 to 3.2 nm�1.
The time-resolved 2D SAXS patterns were recorded using a
high-sensitivity low noise CCD detector (FReLoN 4M) having an
active area of 100mm� 100mm, which was divided into 512�
512 pixels with 4 � 4 binning. The data acquisition sequence
was hardware triggered by the stopped-flow device. Each SAXS
pattern was integrated over 4 ms as defined by a tandem X-ray
shutter, and the readout time of the CCD detector was about
190 ms. The incident and transmitted beam intensities were
recorded simultaneously with every SAXS frame. The dead time
between the frames (∼190 ms) was filled by means of a
sequential data acquisition scheme in which the stopped-flow
mixing sequences were repeated many times, and the succes-
sive SAXS data acquisitions were progressively delayed in
steps of 4 ms. This scheme allowed to check the kinetic
reproducibility and robustness of the data and, in addition,
avoided the radiation damage that would have been a serious
problem in the case of continuous exposure to the X-ray beam
(4.7 � 1013 photons/sec). Steady-state SAXS patterns were
recorded using a flow-through capillary cell with data acquisition
time of 100 ms.

After each data acquisition sequence, the obtained 2D
images were corrected for dark current, detector spatial re-
sponse function, etc., and normalized to absolute intensity unit.
Normalized 2D patterns were subsequently azimuthally aver-
aged to obtain the 1D scattering curves. Multiple patterns
(20�30) of the scattering background from the quartz capillary
and the solvent weremeasured and processed in the sameway,
averaged, and subtracted from the time-resolved data using the
SAXS Utilities software (www.sztucki.de/SAXSutilities/).

The millisecond kinetics pathways, monitored by the acqui-
sition of TR-SAXS during consecutive rapid-mixing shots, were
revealed by analysis of about 670 SAXS frames. The exposure
time of 4 ms represents a state-of-the-art feature in the

performed real-time investigation of the structural dynamics
of the soft-matter membranous systems.

SAXS Data Fitting and Analysis. Scattering from a Bicontinuous
Inverted Cubic Phase. The model of Clerc and Dubois-Violette76

and Garstecki and Hozyst77 was used to determine the structural
parameters of the double diamond inverted cubic lattice struc-
ture and the average water channel diameter,Dw. In this model,
the lipid bilayer thickness, L, in the cubic lipid membrane is
assumed to be a constant throughout. The intensity of the cubic
phase peaks is given by

I(q) ¼ c1
q2∑hkl

exp �(q � qhkl)
2

2σ2

" #
Ihkl (1)

where the peak positions are denoted by qhkl, the peak widths
for all peaks of the inverted cubic phase are considered to be the
same and described by σ. The cubic phase individual peak
intensities are given by Ihkl. The model scattering intensities are
defined as

Ihkl(L) ¼ Mhkl FS�hkl
sin[Rhklπ(h2þk2þl2)1=2L�]

Rhkl2π(h2þk2þl2)1=2

" #2

(2)

where L* = L/a is the dimensionless lipid layer thickness, a is the
unit cell parameter, FS*hkl is the dimensionless structure factor,
Mhkl is a multiplicity factor, and Rhkl are correction parameters
for a particular cubic lattice. Having done the fitting for L,
the value of Dw was determined from the relationship Dw =
0.707a � L. Our nonlinear least-squares fitting algorithm is
based on the known Levenberg�Marquardt method.

Cryogenic Transmission Electron Microscopy (Cryo-TEM). For cryo-
TEM studies, a sample droplet of 2 μL was put on a lacey carbon
film covered copper grid (Science Services, Munich, Germany),
which was hydrophilized by glow discharge for 15 s. Most of the
liquid was then removed with blotting paper, leaving a thin film
stretched over the lace holes. The specimens were instantly
shock frozen by rapid immersion into liquid ethane and cooled
to approximately 90 K by liquid nitrogen in a temperature-
controlled freezing unit (Zeiss Cryobox, Zeiss NTS GmbH,
Oberkochen, Germany). The temperature was monitored and
kept constant in the chamber during all the sample preparation
steps. After the specimens were frozen, the remaining ethane
was removed using blotting paper. The specimen was inserted
into a cryo transfer holder (CT3500, Gatan, Munich, Germany)
and transferred to a Zeiss EM922 Omega energy-filtered TEM
(EFTEM) instrument (Zeiss NTS GmbH, Oberkochen, Germany).
Examinationswere carried out at temperatures around 90 K. The
TEM instrument was operated at an acceleration voltage of
200 kV. Zero-loss-filtered images (ΔE = 0 eV) were taken under
reduced dose conditions (100�1000 e/nm2). The images were
recorded digitally by a bottom-mounted charge-coupled de-
vice (CCD) camera system (Ultra Scan 1000, Gatan, Munich,
Germany) and combined and processed with a digital imaging
processing system (Digital Micrograph GMS 1.8, Gatan, Munich,
Germany). The sizes of the investigated nanoparticles were in
the range or below the film thickness, and no deformations
were observed. The images were taken very close to focus or
slightly under the focus (some nanometers) because of the
contrast enhancing capabilities of the in-column filter of the
used Zeiss EM922 Omega. In EFTEMs, deep underfocused
images can be totally avoided.
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