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Abstract

In this paper, which is part of a collection in honor of Noel Clark's remarkable career on liquid
crystal and soft matter research, we present examples of biologically inspired systems, which form
liquid crystal (LC) phases with their LC nature impacting biological function in cells or being
important in biomedical applications. One area focuses on understanding network and bundle
formation of cytoskeletal polyampholytes (filamentous-actin, microtubules, and neurofilaments).
Here, we describe studies on neurofilaments (NFs), the intermediate filaments of neurons, which
form open network nematic liquid crystal hydrogels in axons. Synchrotron small-angle-x-ray
scattering studies of NF-protein dilution experiments and NF hydrogels subjected to osmotic stress
show that neurofilament networks are stabilized by competing long-range repulsion and attractions
mediated by the neurofilament's polyampholytic sidearms. The attractions are present both at very
large interfilament spacings, in the weak sidearm-interpenetrating regime, and at smaller
interfilament spacings, in the strong sidearm-interpenetrating regime. A second series of
experiments will describe the structure and properties of cationic liposomes (CLs) complexed with
nucleic acids (NAs). CL-NA complexes form liquid crystalline phases, which interact in a
structure-dependent manner with cellular membranes enabling the design of complexes for
efficient delivery of nucleic acid (DNA, RNA) in therapeutic applications.
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1. Introduction

The experiments described in this invited paper were designed in order to enable a
fundamental understanding of (i) the interactions in filamentous protein assemblies in
charged systems and (ii) the structures of cationic liposome-nucleic acid complexes. The in
vitro studies of filamentous protein assembly are inspired by the formation of structures,
both relatively static and highly dynamic, observed in the cell cytoskeleton, in particular, the
cytoskeleton of axons and dendrites [1-7]. Recent studies have focused on understanding
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network and bundle formation of biological polyampholytes (containing both positive and
negative charge residues) including filamentous actin, [8-16] microtubules, [17-21] and
neurofilaments. [22-27] These three filamentous proteins constitute the major protein
fraction in the cytoskeleton of neurons. Their persistence lengths range from very large of
order millimeters for rigid microtubules to about one micron for semi-flexible filamentous
actin and to around 100 nm to 150 nm for flexible neurofilaments. As we describe below
this large difference in the biopolymer rigidity leads to quite different hierarchical self-
assembled structures for these different filamentous systems.

In studies on microtubules (MTs), 25 nm scale overall negatively charged rigid nanotubes,
experiments show that the charge of the counterion modulates the forces between MTs. [17]
Unexpectedly the studies reveal a transition from finite-sized 3D bundles (for counterion
charge 3+ to 5+) to sheet-like 2D bundles with divalent counterions (see schematic in Fig.
1). Current theories of bundling do not predict the transition from 3D to 2D bundles for like-
charged polyelectrolyte rods in the presence of counterions, and the discrepancy between
experiment and theory is an area, which remains to be better understood. [28-31] The 3D
bundles of MTs, with in-plane hexagonal symmetry observed in small-angle-x-ray-
scattering (SAXS) studies, are reminiscent of freely suspended columnar phases of discotic
liquid crystals studied by Noel Clark and collaborators in the early 1980s. [32, 33]

One series of experiments, which we describe (in section 2.) will be on studies of phase
behavior and interfilament interactions in neurofilament networks, which under
physiological conditions tend to form highly oriented nematic liquid crystal (LC) hydrogels.
[22, 23, 25, 27] (Neurofilaments are a class of intermediate filaments expressed in vertebrate
neurons.) Aside from the importance of understanding the phase behavior of filamentous
proteins derived from the cell cytoskeleton both under equilibrium and out-of-equilibrium
conditions (e.g. in assembling buffers containing GTP or ATP), such studies will also
contribute to our understanding of polyelectrolyte physics, an important subfield of soft
condensed matter, where much remains to be understood.

A separate series of experiments will be described (in section 3.), which are centered on
studies of cationic liposome-nucleic acid complexes, which spontaneously self-assemble to
form highly organized liquid crystalline phases of matter. [34-37] These nanometer scale LC
complexes have emerged as favored carriers of exogenous nucleic acids into cells both in
studies designed to understand the function of a specific sequence of nucleic acid (e.g. a
promoter sequence controlling gene transcription) and also in ongoing human gene therapy
clinical trials. [38]

2. Reconstituted neurofilaments: nematic liquid crystal hydrogels

Figure 2 displays an electron micrograph by Nobutaka Hirokawa showing a side view of the
cytoskeleton of the axon of a mouse neuron. [7] A vesicle may be seen attached via motors
to a single microtubule (MT, red arrow). The motors, in this case Kinesin, are transporting
the vesicle and its cargo (e.g. neurotransmitter precursor molecules) in order to deposit the
contents at a terminal synapse and enable nerve cell communication. We see in the image
that the MT is surrounded by a dense network of neurofilaments (NFs, red stars), which play
a major role in the structural stability of the axon. The micrograph also shows that
neighboring NFs appear to interact through their protruding sidearms. The sidearm
interactions between NFs in axons results in a well-defined average spacing between the
oriented NFs (Fig. 2, red star regions). From the micrograph it is clear that the sidearm
interactions are non-covalent because they have to locally “unzip and re-zip” as organelles,
with much large sizes compared to the NF-network mesh size, move through the network.
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Nevertheless, we still do not have a full understanding of the precise nature of the sidearm
interactions, which, in turn, impact the axon cytoskeleton stability.

Neurofilaments consist of three different molecular weight polypeptide subunits (Fig. 3 (a),
labeled NF-L (L = Low (or Light, 60 kDa); NF-M (M = Medium, 100 kDa); and NF-H (H =
High (or Heavy, 115 kDa)). Among the fractions only NF-L will assemble in the absence of
the other subunits and form stable filaments. The NF-M or NF-H subunits require the
presence of NF-L to form filaments. Purified NF subunits tend to spontaneously assemble to
form a 10 nm thick filamentous protein with highly charged C-terminal sidearms, which
extend away from the filament [39-41]. An electron micrograph by Aebi et al. [6] of an
isolated mature neurofilament clearly displaying protruding flexible sidearms can be seen in
Fig. 3 (b) together with a schematic sketch in Fig. 3 (c). For clarity the schematic shows
only one short NF-L C-terminal sidearm, which in the real system is the largest mole
fraction in heteropolymer NFs with mixed C-terminal sidearms. In buffer mimicking
physiological conditions, purified and re-assembled NFs may form an Onsager-like nematic
liquid crystal (LC) gel phase (labeled NG). This is seen in polarized microscopy images in
Fig. 3 (d) where the texture is characteristic of a nematic hydrogel with long-range
orientational order associated with the filamentous network. [22-27] The neurofilament
nematic gel phase, reconstituted in vitro, is a thermodynamically stable phase and at high
salt concentrations of order 150 mM (i.e. where the small Debye length ≈ 7.84 Å provides
efficient screening) the orientational ordering is due to an Onsager type ordering. Recent
experiments confirm the thermodynamic stability of this phase where as a function of
decreasing salt concentrations the nematic gel phase undergoes reversible transitions to an
isotropic gel followed by a new re-entrant liquid crystal gel phase. [27]

The NF C-terminal sidearms are intrinsically disordered polyampholytes (i.e. containing
both positive and negative charge) and network formation is mediated through interactions
between the unstructured sidearms (although the precise nature of the interactions is not
fully understood). [42, 43, 23, 25-27] In neurons the composition of the three NF subunits is
regulated over a narrow range (e.g., in mouse the mole fractions are approximately 7:3:2 for
NF-L:NF-M:NF-H) with incorrect compositions resulting in the disruption of the NF-
network and motor neuron diseases. [44, 45]

2.1 SAXS and phase behavior in neurofilament liquid crystal hydrogels reveal competing
interfilament repulsions and attractions in the weakly sidearm-interpenetrating regime at
large interfilament spacings

The phase diagram of reconstituted neurofilaments in buffer may be mapped out using
polarized and bright field microscopy. [23, 27] For NF-LM neurofilaments (comprised of
NF-L and NF-M subunits) reconstituted at increasing NF-M/NF-L ratios in buffer
containing 86 mM NaCl, the samples are in the NG phase at high wt% total protein. [23] The
gel behavior is seen under bright field optical microscopy with the presence of asymmetric
interfaces, which indicate that the network has elasticity and resists flow. As the NF-LM
gels are diluted in the NG phase to low wt% total protein, the nematic gel swells until a
dilution limit is reached, beyond which a transition to a two-phase nematic gel and isotropic
sol (Is) phase is observed. This transition is around 1.3 ± 0.2 wt% protein for the NF-L
homopolymer but increases with the addition of NF-M sidearms to ≈ 2.3 ± 0.2 wt% protein
at NF-L/NF-M = 65/35 (wt/wt). [23] This composition-dependence of the onset of two-
phase behavior is an indication that attractive interfilament interactions are more important
at high NF-M sidearm grafting densities and begin preventing hydrogel swelling earlier
along the dilution lines at increasingly larger protein concentrations. In contrast, for NF-LH
neurofilaments (comprised of NF-L and NF-H subunits) reconstituted ay increasing NF-H/
NF-L ratios in buffer containing 86 mM NaCl, polarized microscopy shows that for grafting
densities larger than 10 wt% the NF-H sidearms de-stabilize the NG phase upon dilution for
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protein concentrations less than 1.5 +/− 0.2 wt% leading to the isotropic gel phase with
randomly oriented filaments coexisting with the sol phase. [23]

Quantitative synchrotron small-angle-x-ray scattering (SAXS) data along protein dilution
lines in reconstituted NF mixtures indicate that the sidearms play an essential role in
controlling the interfilament interactions at interfilament distances much larger than the
filament thickness. [23] We show in Fig. 4 SAXS data of NF-LM and NF-LH
neurofilaments assembled in buffer containing 86 mM NaCl. The SAXS profiles enable a
measurement of the average spacing (d) between neurofilaments from the position of the
maximum in the correlation peak q = 2π/d (Fig. 4). At the intermediate NF-M grafting
density of NF-L/NF-M = 85/15 (wt/wt) the peak position of the SAXS profiles (Fig. 4, Left)
are seen to shift to lower q values as the NG phase is diluted with decreasing protein
concentration. The 3.3 wt% and 2.6 wt% samples are in the 1-phase NG region and the 1.8
wt% and 1.1 wt% samples are just above and well below the transition boundary to the 2-
phase (NG plus Is) region, respectively. Over the dilution range in the one-phase NG phase,
we see that the interfilament spacing increases from d = 41.9 +/− 2 nm at 3.3 wt% to d =
52.3 +/− 2 nm at 2.6 wt% and finally to d = 62.9 +/− 4 nm at 1.8 wt% (near the maximum
swelling limit). In the 2-phase region at 1.1 wt% the maximum swelling limit (with excess
buffer expelled from the NF gel) is at d = 69.8 +/− 4 nm. In contrast, at a high grafting
density of NF-L/NF-M = 65/35 (wt/wt) the SAXS peak position from NF-LM filaments is
nearly fixed (Fig. 4, Middle), varying only slightly between d = 44 nm and d = 48 nm, over
the same range of protein concentrations with no gel swelling below protein concentrations
≈ 2.3 +/− 0.2 wt% (the 1.7 wt% and 1.0 wt% samples are in the 2-phase NG plus Is region).
This limiting spacing in samples with expelled excess buffer is an unambiguous indication
of interfilament attractions at large spacings, which are much larger than the filament
diameter.

SAXS data for NF-LH gels reveal qualitatively different behavior for interfilament
interactions when NF-M sidearms are replaced by NF-H sidearms. [23] Fig. 4 (Right) shows
that, upon dilution of the NG gel phase, for the intermediate NF-H grafting density of NF-L/
NF-H = 80/20 (wt/wt), the correlation peak in the SAXS data shifts to lower q ranging from
0.17 Å−1 (d = 36.9 +/− 2 nm) to 0.115 Å −1 (d = 54.6 +/− 2 nm) in going from the 4.3 wt %
to the 2.6 wt % sample. The peak is seen to be absent for the 1.9 wt% sample, while
polarized microscopy shows the sample to be in the NG phase. This indicates that the
filaments are still moving further apart upon dilution but that filament undulations are
broadening and weakening the peak. Along this dilution line the 1.5 wt % sample is a typical
example in the isotropic gel (IG) plus sol (IS) 2-phase region, which shows enhanced SAXS
but no clear correlation peak. The lack of a clear SAXS correlation peak, even in the 1-phase
region just above the NG to IG transition, means that cryogenic TEM (which does not distort
structure and would yield accurate interfilament spacings) would be required to characterize
the dilution behavior of NF-LH gels in this very dilute regime. Similar behavior is observed
along other NF-LH dilution lines with increasing NF-H up to NF-L/NF-H = 70/30 (wt/wt).
[23] Thus, in contrast to the behavior observed for NF-LM filaments in excess buffer, where
a high NF-M sidearm grafting density leads to strongly attractive nematic gels in buffers
containing 86 mM NaCl, NF-LH hydrogels in the same buffer, with NF-H sidearm
composition larger than 10 wt%, results in sufficiently large repulsive interfilament
interactions to destabilize and transform the nematic gel to an isotropic gel phase. The
transition should be expected to occur when the interfilament spacing becomes either of the
order of the persistence length of NFs or the contour length of the purified and reconstituted
filaments ≈ 200 nm. [26] Cryo-TEM studies of the interfilament spacings in the transition
regime would clarify the origin of the NG to IG transtions.
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The observed maximum swelling limit for NF-LM nematic hydrogels in excess buffer is a
reflection of a competition between repulsive interactions, which dominate in the 1-phase
(NG) region, and attractive interfilament interactions, which are dominant in the 2-phase
(NG + Is) region. Furthermore, the SAXS data For NF-LM nematic gels (Fig. 4, Left and
Middle), show that the optimal equilibrium spacing in excess buffer decreases from d ≈
69.8 +/− 4 nm for (NF-L/NF-M = 85/15, wt/wt) to d ≈ 46 +/− 2 nm for (NF-L/NF-M =
65/35, wt/wt) reflective of the enhanced interfilament attractions with increased NF-M
grafting density. The origin of the repulsions is screened electrostatic interactions of the
flexible and undulating NF-filaments. [46-49] Because the van der Waals attraction [50] is
expected to be negligible at these large spacings (i.e. where the wall-to-wall spacing
between filament rods is ≈ 3.6 +/− 0.2 nm), we conclude that the attractions most likely
originate in the interactions between NF-M sidearms; in particular, between anionic/cationic
groups of apposing sidearms brought into contact due to the neurofilament backbone
undulations. These attractions, in the weak sidearm-interpenetrating regime at large
spacings, compete with and balance the repulsive electrostatic interactions between
filaments. [23]

2.2 SAXS-osmotic pressure experiments reveal the presence of short-range attractions
between interpenetrating sidearms in neurofilament liquid crystal hydrogels

Aside from the observed attractions at large interfilament spacings, force measurements of
neurofilament hydrogels, subjected to osmotic pressure, have revealed the existence of
attractions at much shorter spacings. [25] With increasing pressure near physiological salt
conditions (150 mM, 240 mM) NF-LH gels, comprised of NF-L and NF-H subunits, have
been observed to undergo, above a critical pressure P > Pc ≈ 104 Pa, an abrupt non-
reversible transition from an expanded-network to a condensed-network with strong sidearm
interpenetration (Fig. 5a). In contrast, NF-LM gels remain in a collapsed state for P < Pc and
only for low ionic strengths (40 mM, 70 mM) show an expanded isotropic gel phase at P <
Pc and the transition to the condensed-network state at P > Pc (Fig. 5b). Interestingly, the
NF-LMH network, comprised of the three subunits with near in vivo axon compositions
(7:3:2 molar ratio for NF-L:NF-M:NF-H), exhibits the same expanded-network to
condensed-network transition observed in NF-LH hydrogels (Fig. 5c).

The expanded-network to condensed-network transition, seen in SAXS as an abrupt
decrease in interfilament spacing over a small pressure range near Pc, is a clear signature of
the onset of attractions between anionic and cationic residues in the strong sidearm-
interpenetrating regime overwhelming the longer ranged electrostatic repulsions between
neurofilaments. This observed behavior is consistent with an electrostatic calculation of
interpenetrating polyampholyte chains with short-range attractions between oppositely
charged amino acid residues on neighboring sidearms. [25] Thus, the SAXS-osmotic
pressure technique allows one to quantitatively probe inter-filament forces in NF hydrogels,
in particular, the onset of attractions, and differentiate between distinct roles of NF-M and
NF-H sidearms in regulating inter-filament interactions and spacings, both at very low and
high osmotic pressures mimicking the crowded environment in neuronal processes.

3. Cationic liposome-nucleic acid complexes: liquid crystals with medical

applications

The discovery of liposomes (spherical lipid assemblies) by A. D. Bangham during the early
1960s was a landmark event, which precipitated intense interest in the scientific community.
[51] Because of their similarities to biological membranes, they are used in model studies of
cell-cell interactions. Furthermore, their encapsulation properties led rapidly to their use as
chemical carriers and liposomes will continue to have a major impact in the medical field as
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drug and gene carriers. [52] In more recent times cationic liposomes (CLs) have emerged as
highly prevalent carriers for transferring nucleic acid (DNA, RNA) into cells for gene
therapy and medical therapeutics. [53-56] Currently over one hundred clinical trials are
ongoing worldwide, which utilize cationic liposomes as the gene carrier to address a range
of medical conditions from cystic fibrosis to cancer. [38, 57]

Viral-based methods of gene delivery are important and efficient but they also have, on
occasion, led to undesirable severe immune responses and cancers in patients. [58-60]
Synthetic carriers (or vectors) are of interest because of their ease of use, their non-
immunogenicity in comparison to viral vectors, and the potential of transferring large pieces
of DNA, including entire genes (containing coding and noncoding domains) and regulatory
sequences, into cells. [61, 62] In contrast viral capsids limit the transfer of genes to
complementary DNA (i.e. DNA synthesized from mRNA, which excludes noncoding
introns). However, transfection efficiency (TE, a measure of the ability of the carrier to
deliver an exogenous gene followed by expression) remains low compared to viral vectors
and only a significant further increase in our knowledge of the interactions between CL-
DNA complexes and cells will result in optimization of TE. [54-56] Indeed determining the
precise structural nature of CL-DNA complexes [34-37, 63] is crucial because it will
naturally lead to a better understanding of the interactions between complexes and cellular
membranes. [64, 65]

Studies using synchrotron x-ray scattering have led to the discovery of four distinct
structures observed in CL-DNA complexes. [34-36, 66] The first two structures described
are shown schematically in Fig. 6 (Top) and include a multilamellar phase with DNA layers
sandwiched between cationic bilayer membranes (LαC), [34] and an inverted hexagonal
structure with DNA encapsulated within cationic lipid monolayer tubes (HII

C). [35] The
lamellar CL-DNA complex may be viewed as a “hybrid” phase of matter, namely, a 2D
smectic phase of DNA chains coupled to lipid bilayers, which form a 3D smectic phase. On
large enough length scales (which has not been achieved experimentally) the 2D smectic
lattice is expected to melt into a 2D nematic phase of DNA chains due to dislocations.
[67-69]

One may understand the shapes assumed by the membranes of CL-DNA complexes by
considering the Helfrich elastic curvature energy of lipid membranes per unit area F/A = 0.5
κ (C - Co)2 + κG C1C2 [70-72]. Here, C = C1 + C2 is the mean curvature and C1C2 the
Gaussian curvature, with C1 = 1/R1 and C2 = 1/R2 the curvatures along the “1” and “2” axes
(with R1, R2 the membrane radii), Co the spontaneous curvature, and κ and κG the
membrane bending and Gaussian moduli, respectively. The “shape” of the lipid molecule, in
its local membrane environment, determines the spontaneous curvature of the membrane
Co.[50, 70-72]

The first term in the elastic energy measures the cost of curvature deviations away from Co.
Thus, for large enough κ compared to thermal energies, lipids with a cylindrical shape such
as 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), with head group area approximately
equal to the tail area (Co = 0), tend to assemble into lamellar lipid-bilayer structures with C
= 0 in order to minimize elastic costs. Similarly lipids with an inverse cone shape like 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), with head group area less than the tail
area (Co < 0), tend to assemble into inverse micellar structures with C < 0. For example, the
first lamellar LαC phase to be described consisted of a lipid mixture of cationic 1,2-
dioleoyl-3-trimethylammonium-propane (chloride salt) (DOTAP) mixed with neutral
DOPC, and both lipids have a cylindrical shape (i.e. Co = 0). [34] Similarly, the initial
studies of inverse hexagonal HII

C phases consisted of cationic liposomes of DOTAP and
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DOPE (with weight fraction of DOPE between 0.7 and 0.85) where the membrane mixture
has a negative spontaneous curvature Co < 0. [35]

The Helfrich elastic energy also predicts that cone shaped lipids with head group area larger
than tail area (Co > 0) usually assemble into spheroidal or rod-like micellar structures with C
> 0. Indeed, experiments show that when DNA is complexed with mixtures of DOPC and
custom synthesized lipid MVLBG2, a highly charged (16+) multivalent cationic lipid, a
novel hexagonal complex is stabilized in a narrow range of composition ≈ 25 mol %
MVLBG2. [36] In this novel dual lattice structure, termed HI

C, hexagonally arranged rod-
shaped lipid micelles (with C > 0) are surrounded by DNA, which, in turn, form a
continuous substructure with honeycomb symmetry (Fig. 6 Bottom right).

The Gaussian curvature term in the Helfrich elastic curvature energy implies that in addition
to the shapes described above (sheets and cylinders), which have C1C2 = 0, lipids with a
positive Gaussian modulus κG > 0 will tend to form saddle-splay shaped membranes with
negative Gaussian curvature C1C2 < 0. [70-74] (This is in contrast to lipids with κG < 0,
which prefer to form spheres with positive C1C2 > 0.) Examples are lipid-water systems
forming bicontinuous cubic phases. [73, 74] As we describe below novel cationic Gyroid
cubic phases complexed with short RNA molecules have been recently described. [37, 75]

Before leaving this section we should point out that comprehensive theoretical treatments on
the thermodynamic stability of CL-DNA complexes, which, in addition to the membrane
elasticity, incorporate the electrostatic effects between oppositely charged membranes and
anionic DNA, have been carried out [76-79] and are consistent with experiments. The
experimental discovery of the novel lamellar phase of lipid-DNA complexes motivated
theoretical discoveries by Tom Lubensky and C. O'Hern and independently Leo Golubovic
and M. Golubovic on the possible existence of entirely new “sliding phases” of matter with
the ground state consisting of a mixed columnar-lamellar phase in which the lipid forms a
regular smectic phase and the DNA forms a periodic aligned columnar lattice with a
periodic row sandwiched between pairs of lipid bilayers. [67-69] At higher temperatures
positional coherence between DNA columns in adjacent layers could be lost but without
destroying orientational coherence of DNA columns between layers. Or both positional and
orientational coherence between layers could be lost. Theory indicates that the
orientationally ordered but positionally disordered “sliding” phase can exist and that there
can be a phase transition between it and the columnar phase. This remarkable phase of
matter remains to be discovered in the laboratory.

3.1 Cationic liposome/short-interfering-RNA complexes in gene silencing

The discovery of RNA interference (RNAi) as a post-transcriptional gene silencing pathway
has recently led to research on cationic liposome nucleic acid complexes in order to silence
aberrant genes. The finding that short strands of dsRNA (21-25 bp, with 2-nucleotide 3′-
overhangs) termed siRNA enabled sequence specific gene silencing in mammalian cells has
led to numerous research groups utilizing the pathway more broadly in studies of functional
genomics. [80-85] Cationic liposomes offer the potential to deliver siRNA for both
functional genomics and therapeutic silencing of aberrant genes. [86, 87]

Recent studies reported on the development of a novel double gyroid cationic lipid cubic
phase, which incorporates short functional siRNA molecules within its two water channels
(Fig. 7, Left). Synchrotron SAXS data displayed in Fig. 7 (Right) has confirmed the inverse
bicontinuous cubic structure for these CL-siRNA complexes. [37]

The significance of the gyroid cubic phase is that the lipids of the bicontinuous structure
with C1C2 < 0, when brought into contact with apposing membranes, are expected to rapidly
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fuse because such a process leads to the formation of membrane pores, which also have
negative Gaussian curvature interfaces. The results of the study are consistent with the
hypothesis that the cubic phase-siRNA complex, upon cell entry via endocytosis, escapes
the endosome by punching holes in the surrounding membrane leading to efficient
cytoplasmic delivery of siRNA and sequence-specific gene silencing. [37]

4. Concluding remarks

Liquid crystal and soft condensed matter physics have had and will continue to have a large
impact on our understanding of interactions, phases, and distinct structures in biologically
related systems. For neurofilament networks it is becoming more clear that while the precise
nature of the non-covalent NF sidearm-sidearm interactions remains to be fully understood,
short-range electrostatic attractions between the opposite charges on the polyampholyte
sidearms, appear to be important. This is true not only in the regime where the sidearms are
forced to interpenetrate, but also in the weakly interpenetrating regime, in the absence of
osmotic pressure, where the undulating neurofilament backbone allows for close approach
of neighboring sidearms. We note that the attractions resulting from the interaction between
protruding intrinsically disordered NF-sidearms is a property of polyampholytes, not present
(in the absence of multivalent counterions) for those polyelectrolytes where the charged
units are either all positive or all negative.

As mentioned earlier one significant reason cationic liposome-nucleic acid complexes are
studied worldwide is because they are currently being employed in human clinical trials. In
an effort to develop an understanding of the chemical-physical parameters that control
transfection by cationic liposome carriers, transfection efficiency studies with complexes
with distinct structures are currently being carried out in numerous laboratories worldwide.
Indeed, intensive research in the last two decades has led to nonviral vectors, which are fully
competitive with engineered viral vectors for in vitro applications. For example, multivalent
lipid MVL5 (5+) synthesized [88] and characterized [65, 87] in our laboratory at Santa
Barbara has been recently commercialized and is currently marketed by Avanti Lipids, Inc.
[89]. When formulated as lamellar liquid crystal MVL5-siRNA nanoparticles, MVL5 may
be used in gene silencing applications (either for therapeutics or functional genomics
studies) with improved properties, including total gene silencing, lower non-specific gene
silencing, and lower toxicity, in comparison to standard commercial lipid transfection
reagents such as Lipofectamine 2000. The challenge for the future remains in developing
efficient nonviral vectors for in vivo applications (e.g. in blood) an area where engineered
viral vectors are far superior. Of course viral technology presents other challenges, in
particular, the possibility of severe immune reactions. In the final analysis, it appears almost
certain that, in addition to in vivo studies, developing efficient carriers of nucleic acids will
require further more comprehensive in vitro studies; for example, through live cell imaging,
which enable spatial-temporal mapping of intracellular complex pathways and their
interactions with cellular components.
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Figure 1.
Schematic of higher-order-assembly of microtubules in the presence of multivalent
counterions. (Left) Trivalent (spermidine [H3N+-(CH2)3-+NH2-(CH2)4-+NH3] and lysine3),
tetravalent (spermine [H3N+-(CH2)3-+NH2-(CH2)4-+NH2-(CH2)3-+NH3] and lysine4), and
pentavalent (lysine5) cations lead to the formation of 3D bundles with hexagonal in-plane
symmetry. (Right) Divalent cations [(Ba2+, Ca2+, Sr2+)] lead to the sheet-like 2D bundles
with linear, branched, and loop morphologies. Reprinted with permission from [17].
Copyright 2004, National Academy of Sciences, U.S.A.
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Figure 2.
Quick-frozen, deep-etched electron micrograph of a mouse nerve axon showing a
microtubule (MT, red arrow) with an attached vesicle moving along the MT track via
molecular motors. The MT is seen to be immersed in a network of Neurofilaments (NFs, red
stars). The NF-networks in vertebrate axons form a nematic liquid crystal hydrogel. The
scale in this micrograph can be seen by noting that the diameter of a MT is 25 nm. Reprinted
from [7], with permission from Elsevier.
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Figure 3.
(a) Gel electrophoresis (10% polyacrylamide in sodium dodecyl sulfate) of purified
neurofilaments (NFs) showing the three subunits (NF-L, MW = 60K; NF-M, MW = 100K;
NF-H, MW = 115K). NFs purified from bovine spinal cord according to the procedures
described in [23, 25, 27]. (b) Electron micrograph of a mature neurofilament (glycerol
sprayed/low-angle rotary metal shadowed on freshly cleaved mica). The sidearms are clearly
visible. The bar is 100 nm. (c) Schematic of a NF showing the sidearms of NF-H (blue), NF-
M (red), and NF-L (black) subunits containing 613, 514, and 158, amino acid residues
respectively. (d) A reconstituted NF mixture forming a strongly birefringent hydrogel
viewed between crossed polarizers shows the presence of nematic-like liquid crystalline
texture. Parts a and d reprinted with permission from [22]; part b reprinted with permission
from [6].
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Figure 4.
Synchrotron SAXS data of NF-LM and NF-LH neurofilaments assembled from NF-L and
NF-M (Left and Middle) and NF-L and NF-H (Right) subunits in 86 mM monovalent salt
and pH ≈ 6.8. Each figure shows data along dilution lines (with decreasing total protein
concentrations) for NF-L/NF-M = 85/15 (wt/wt), NF-L/NF-M = 65/35 (wt/wt) and NF-L/
NF-H = 80/20 (wt/wt). Reprinted from [23], with permission from the Biophysical Society.
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Figure 5.
(Top) End view of NF-LH, NF-LMH hydrogels undergoing a transition for P > Pc from an
expended-network to a condensed-network gel state with interpenetrating sidearm
polyampholyte chains. (Bottom) Pressure-interfilament distance curves for NF hydrogels
obtained using the SAXS-osmotic pressure technique. At ionic strengths 150 mM and 240
mM NF-LH (a) and NF-LMH (c) gels exhibit an expanded-network to condensed-network
transition for P > Pc ≈ 104 Pa, whereas NF-LM gels (b) are in a compressed state for P < Pc
and transition to the condensed state for P > Pc. (NG = nematic gel; IG = isotropic gel). At
low ionic strengths (40 mM and 70 mM) NF-LM gels are expanded isotropic gels at P < Pc
and transition to the condensed-network state at P > Pc. Reprinted in part with permission
from [25].

Safinya et al. Page 18

Liq Cryst. Author manuscript; available in PMC 2014 February 18.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 6.
The structure of three distinct cationic liposome (CL)-DNA complexes determined by
synchrotron small-angle x-ray scattering. (Top left) The structure of the lamellar LαC phase
of CL-DNA complexes with DNA sandwiched between lipid bilayers. The interlayer
spacing is d = δw + δm. (Top right) The structure of the inverted hexagonal HII

C phase of
CL-DNA complexes comprised of DNA coated with a lipid monolayer arranged on a
hexagonal lattice. (Bottom left) Molecular models of hexadecavalent lipid MVLBG2 (16+)
and monovalent lipid 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP, 1+). (Bottom
right) Schematic of the HI

C phase of CL-DNA complexes where the lipids consist of a
mixture of MVLBG2 and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC). The large
headgroup of MVLBG2 forces the lipid to assemble into cylindrical lipid micelles that are
arranged on a hexagonal lattice. The DNA rods are arranged on a honeycomb lattice in the
interstices of the lipid micelle arrangement. The interstitial space is filled by the headgroups,
water and counterions. Interestingly, the DNA forms a three-dimensionally contiguous
substructure in the HI

C phase, as opposed to isolated DNA rods and sheets of parallelly
arranged strands in the HII

C and LαC phases, respectively. Bottom images reprinted with
permission from [36]. Copyright 2006 American Chemical Society. Top images reprinted
with permission from [35].
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Figure 7.
(Left) The double gyroid lipid cubic phase incorporating functional short-interfering RNA
(siRNA) within its two (green and orange) water channels. This phase, labeled QII

G,siRNA, is
obtained for DOTAP/GMO-siRNA complexes with 1-monooleoyl-glycerol (GMO) molar
fractions (ΦGMO) of 0.75 ≤ ΦGMO ≤ 0.975. A lipid bilayer surface separates the two
intertwined but independent water channels. For clarity, the bilayer (which has a negative
Gaussian curvature C1C2 < 0) is represented by a surface (grey) corresponding to a thin
layer in the center of the membrane as indicated in the enlarged inset. (Right) Synchrotron
small-angle X-ray scattering data for DOTAP/GMO in 30 wt% water containing siRNA
molecules at ΦGMO = 0.75 (below) and at ΦGMO = 0.85 (above). The large number of
reflections for the QII

G,siRNA phase result from a body centered gyroid cubic structure with
space group Ia3d. Reprinted with permission from [37]. Copyright 2010 American Chemical
Society.
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