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Mixtures of dimyristoyl-phosphatidylcholine (DMPC), dimyristoyl-phosphatidylglycerol (DMPG) and dihexanoyl-
phosphatidylcholine (DHPC) in aqueous solutions spontaneously form monodisperse, bilayered nanodiscs (also
known as “bicelles”) at or below the melting transition temperature of DMPC (Ty, ~23 °C). In dilute systems
above the main transition temperature Ty, of DMPC, bicelles coalesce (increasing their diameter) and eventually
self-fold into unilamellar vesicles (ULVs). Time-resolved small angle neutron scattering was used to study the
growth kinetics of nanodiscs below and equal to Ty, over a period of hours as a function of temperature at two
lipid concentrations in presence or absence of NaCl salt. Bicelles seem to undergo a sudden initial growth phase
with increased temperature, which is then followed by a slower reaction-limited growth phase that depends on
ionic strength, lipid concentration and temperature. The bicelle interaction energy was derived from the colloidal
theory of Derjaguin and Landau, and Verwey and Overbeek (DLVO). While the calculated total energy between
discs is attractive and proportional to their growth rate, a more detailed mechanism is proposed to describe the
mechanism of disc coalescence. After annealing at low temperature (low-T), samples were heated to 50 °C in
order to promote the formation of ULVs. Although the low-T annealing of samples has only a marginal effect on
the mean size of end-state ULVs, it does affect their polydispersity, which increases with increased T, presumably
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driven by the entropy of the system.

Published by Elsevier B.V.

1. Introduction

The structure of bilayered discoidal micelles—also known as
“bicelles”—has been proposed in aqueous solutions containing
mixtures of long-chain [e.g., dimyristoyl-phosphatidylcholine
(DMPC), dimyristoyl-phosphatidylglycerol (DMPG)] and short-chain
(or detergent-like) [e.g., dihexanoyl-phosphatidylcholine (DHPC)] lipids.
Bicelles, for example, have been extensively used as magnetically
alignable substrates (at temperatures between 30 and 50 °C) for eluci-
dating the structure of membrane-associated proteins by nuclear mag-
netic resonance (NMR) spectroscopy [1-6]. Initially, these nano-sized
discs (nanodiscs) were thought to make up the magnetically alignable
morphology. However, subsequent small angle neutron scattering
(SANS) [7,8] and cryogenic transmission electron microscopy [9,10] ex-
periments determined that the magnetically alignable morphology was
most likely composed of perforated lamellae or interconnected, elongat-
ed bilayered ribbons. Nevertheless—as determined by SANS—nanodiscs
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do exist at low temperature (<20 °C), wherein the planar disc region is
mostly composed of long-chain gel lipids and the high-curvature disc
rim is occupied by short-chain L lipids (or detergents) [3-5, 11-18].
Although nanodiscs are not magnetically alignable, their importance is
no less than that of the perforated lamellae, since they are the precursors
to nano-sized, low-polydispersity, self-assembled unilamellar vesicles
(ULVs), which can serve as delivery vehicles for therapeutics and as
imaging probes [12,19].

Several theoretical models have been proposed regarding the forma-
tion of ULVs from planar membranes, many of which are based on the
system's curvature energy. It was determined that the membrane's
charge density can affect its bending rigidity, elastic modulus of Gaussian
curvature and its spontaneous curvature, leading to the formation of ULVs
[20]. Some studies also have indicated that the introduction of a charged
lipid can induce perforations and defects in the lipid bilayer [21]. With the
exception of a few studies, most models describe the ULV bilayer as a uni-
form membrane, where the molecular inhomogeneity of the bilayer's
inner and outer leaflets is not taken into consideration [22,23].

The transformation of nanodiscs into ULVs as a function of increas-
ing temperature has been proposed to take place in three stages:
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(1) nanodiscs grow in size by coalescing with each other; (2) at some
point, nanodiscs become unstable because of insufficient amounts
of the short-chain lipid or detergent covering the nanodisc's rim; and
(3) the enlarged nanodiscs fold onto themselves forming stable ULVs
[10,12,18,19]. The nanodisc-to-ULV transition as a function of in-
creasing temperature is triggered by the migration of short-chain
lipids from the disc's rim to its planar region (due to increased mis-
cibility with the long-chain lipids) [24], causing the rim line tension
to increase, which then drives the nanodiscs to coalesce and even-
tually to self-fold into ULVs in order to reduce the possibility of ex-
posing hydrocarbon chains to water. The proposed model has been
corroborated by a series of SANS studies that looked at the effect of
charge density, salinity and thermal path on the end-state ULV mor-
phology [25]. However, it was also found that self-assembled ULVs
could be obtained, even at low temperatures (i.e., far below the
melting transition temperature of the long-chain lipid, Ty;), suggesting
that the growth and self-folding processes of nanodiscs could take
place when the long-chain (DMPC) and short-chain (DHPC) lipids are
in different phases (i.e., gel and L, respectively). A recent study also
showed that bilayered ribbons formed prior to ULV formation in weakly
charged systems (high-salinity systems), and that the time for such
a transformation was on the order of hours [26]. These latest observa-
tions suggest that nanodiscs, although they form consistently, may not
be thermodynamically stable. Here we are interested in addressing
the following questions: 1) what conditions dictate nanodisc growth,
and at a given temperature do they grow up to a certain size prior to
transforming into ULVs; and 2) how does the rate of disc growth de-
pend on lipid concentration, charge density, salinity and temperature?
An understanding of these two issues will enable us to better control
the self-assembling process of this system.

In order to gain insight into the low temperature (below T;) growth
of nanodiscs, and its effect on ULV morphology above Ty, time-resolved
SANS studies were performed using a phospholipid mixture composed
of DMPC, DHPC and DMPG. The growth of nanodiscs was investigated as
a function of temperature, on samples of two lipid concentrations in the
presence and absence of salt. Nanodisc growth after dilution at T<T),
was observed and can partially be described by the Derjaguin and
Landau, and the Verwey and Overbeek (DLVO) theory [27,28]. ULV
terminal size is correlated with the size of the nanodiscs from which
they were formed, giving an indication of the nanodisc aggregation
number. The data show that the terminal ULV size strongly depends
on lipid concentration, but is practically independent of the final size
of the nanodiscs that were annealed at different Ty, neqr

2. Material and methods
2.1. Sample preparation

Lipids (i.e., DMPC, DMPG, DHPC) were purchased from Avanti Polar
Lipids (Alabaster, AL) and used without further purification. Samples of
a fixed molar ratio ([DMPC]/[DMPG]/[DHPC]=50/0.5/15) were pre-
pared in D,O and two NaCl concentrations (i.e., [NaCl]=0 mM and
3 mM), at an initial total lipid concentration (Cp,) of 20 wt.% following
a previously reported procedure [19], and were stored at 4 °C. The
molar ratio of lipids is chosen based on the previous studies where the
nanodisc-to-vesicle transformation formed robustly [11,12,19,25,26].
Prior to SANS experiments, the 20 wt.% samples were diluted to a Cj, of
1 and 0.3 wt.% at 4 °C using the corresponding buffers (0 or 3 mM)
and stored at 4 °C for ~10 h. Subsequent to this, the samples were
transferred to the sample stage of the SANS instrument, which was
pre-equilibrated at each annealing temperature, Tynnea (=10, 17
and 23 °C), at which point data collection was initiated. The sample
temperature should increase to the preset Tgnneq immediately because
of the small sample amount (<0.5 mL), It should be noted that the
first SANS data set was obtained 10-20 min after a change in tempera-
ture (i.e., from 4 °C to 10, 17 or 23 °C). As a result, the growth of

nanodiscs in the first 20 min of each Typeq (i.€., 10, 17 or 23 °C is not
reported).

SANS data were then collected at each T as a function of “annealing”
time over 10-15 min of intervals. The final step involved heating each
sample to 50 °C (conducted in a preheated oven) for >4 h. The end-
state ULVs at 50 °C were also characterized by SANS.

2.2. SANS

SANS experiments were performed using the CG-2 SANS instru-
ment, which is located at ORNL (Oak Ridge National Lab, Oak Ridge,
TN). An incident neutron beam with a wavelength (\) of 4.75 A, two
sample-to-detector distances (4 and 18.5 m), and a detector offset of
20 cm were used to cover a range of scattering vectors, q[= 4 sin(4
where 6 is the scattering angle] from 0.0035 AT to 0352\ 1 All
two-dimensional data were circularly averaged with respect to the
beam center to yield a one-dimensional intensity profile, which was
then put on an absolute scale (cross section per unit volume) using a
standard procedure. The resultant intensity, I(q) as a function of g can
be written as follows:

1@~ {IF@PS@) + e, ()

where ¢ is the volume fraction of the aggregates; F(q) is the form factor
amplitude; S(q) is the structure factor which describes the inter-particle
interaction between the aggregates in solutions; I, is the incoherent
scattering which was determined from the plateau of the scattering
data at high g, and which was then subtracted from the individual re-
duced data sets. Raw data were corrected for sample transmission, am-
bient background (blocked beam), and empty cell scattering (signal
from an empty sample cell) and then put on the absolute scale using
the known scattering cross-section of a silica standard. The neutron
data collected at the two sample-to-detector distances were then
spliced together. Data corrections were conducted using the data reduc-
tion program (in IGOR-Pro) developed at NIST (National Institute of
Standards and Technology) Center for Neutron Research [29]. Hayter
and Penfold [30,31] described an analytical expression for S(q) by solv-
ing the Ornstein-Zernike equation with the mean spherical approxima-
tion. This method accounts for the electrostatic repulsive interactions
between charged particles, and is determined using the total lipid con-
centration, the solvent's dielectric constant, the surface charge density
of the lipid bodies, and the ionic strength of the solution. S(q) was
used when fitting the data from charged ULVs and nanodiscs, with the
exception of the very dilute and [NaCl]-doped systems, where S(q) is as-
sumed to be unity, and is therefore not required. However, it should be
noted that the Hayter-Penfold S(q) is derived based on spherical geom-
etry. For discoidal or vesicular aggregates, the true volume occupied by
the aggregates and the real Coulombic interactions are normalized and
simplified. As a result, the average charge numbers of the aggregates
may not be accurate. However, the model was capable of capturing
the main feature of the particular interactions.

The amplitude of the form factor, F(q) was determined using the Core
Shell Disk (CSD) and Polydisperse Vesicle (PV) models for bicelles and ULV,
respectively [29]. A detailed description of both models can be found in
the supporting information or references elsewhere [7,26]. The CSD
model describes the lipid bilayer as having an outer hydrophilic region,
representing the lipid head groups, and an inner hydrophobic region,
representing the acyl chains, which are sandwiched between the hydro-
philic regions. The bilayer thickness was determined to be 5045 A,
consistent with previous reports [32]. During the fitting procedure,
the scattering length densities of D;0 (Psowent), the hydrophobic
core (Pnydrophobic) and the hydrophilic shell (ppyaropniic) were constrained
to the calculated and literature values x 1076 A=2, —43x 1077 A=2and
3.3x107% A2 respectively [11,33]. The core radius and the shell thick-
ness were obtained from the best fits to the data.
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The PV model describes a spherical shell made up of a single bilay-
er, wherein a constant neutron scattering length density is assumed
for the lipid bilayer (ppiayer=3.2x10"" A~2). This is justified on the
basis that there is a sharp contrast (i.e., interface) between the D,0
and the lipid, such that the sharp interface between these two fea-
tures is well-described by a square well distribution. The shell thick-
ness was constrained between 25 and 35 A. The ULV inner radius
was assumed to follow a Schulz distribution with a polydispersity, p
defined as the ratio of standard deviation, o to the average vesicle ra-
dius, R, (i.e., p=0/R,). Both R, and p were obtained from the best fits
to the data.

2.3. Zeta potential

Within 30 min of sample preparation the Zeta potential, { was
measured using a Malvern Zetasizer 3000HSA. The zeta potential was
measured in triplicate, and the averages of the results were used for
modeling purposes.

3. Results and discussion
3.1. Bicelle growth

The effects of ionic strength ([NaCl] =0, 3 mM), total lipid concentra-
tion (Cp=0.3, 1 wt.%) and temperature (T=10, 17 and 23 °C) on the
growth of bicelles was investigated using SANS. As shown in Fig. 1, the
SANS results illustrate three general patterns, all of which point to the
presence of nanodiscs. For small, non-interacting nanodiscs (e.g.,
1 wt.% [NaCl] =3 mM sample at Tgppeq =10 and 17 °C) the SANS curve
contains a low-q plateau region, followed by a gradual transition from
q~ 2 to g~ * (slope of the data), and finally the incoherent background.
For interacting nanodiscs (e.g., 1 wt.% [NaCl]=0 mM), an extra broad
peak due to the structure factor S(q) is observed at g<0.02 A~'. The
S(q) results from the high charge density on the particles and is de-
scribed by the Hayter-Penfold model (in Material and methods section).
The best-fit parameters from this model are revealed in supporting infor-
mation. The third SANS pattern is characterized by a continuous g2 de-
pendence replacing the low-q plateau region, suggesting the presence
of a large planar aggregates, most likely large discs (e.g., [NaCl]=
3 mM, 23 °C). As aresult, the best fit radii of these large discs are not par-
ticularly accurate.

As the annealing period increases, there are two changes that
manifest themselves in the SANS data: (1) there is an increase in in-
tensity, I (not shown in Fig. 1 due to the rescaling of the data); and
(2) a shift of the broad peak (i.e., fingerprint for interacting objects),
when present, to lower g values (indicated by the arrow in Fig. 1(a).
The increase of the low-q intensity is related to an increase of the av-
erage bicelle size, which can be determined by fitting the data with
the CSD model (solid lines in Fig 1), while a shift in the peak position
toward low g indicates an increased interparticle distance between
discs. Since the CSD model assumes monodisperse discs, the good
agreement between the data and the best fits implies that at any
given time, the growth of nanodiscs is reasonably uniform,
supporting the notion that the discs grow by fusing with each other.
This initial uniformity of nanodiscs in size is not well yet understood,
but indicates a preferred size of the discs at high Cy, (i.e., energetically
instead of entropically driven). In the case of the [NaCl]=3 mM at
23 °C sample [Fig. 1(b) and (d)], weak oscillations are observed in the
SANS data when the sample is annealed for periods >1 h, a feature
presumably related to the onset of the nanodisc-to-ULV transition,
making it difficult to fit the data with the CSD model.

For the most part, nanodisc growth is observed in all samples and at
all temperatures studied. Average nanodisc radii, <R;> as a function of
annealing time for the samples at different temperatures are shown in
Fig. 2. Several interesting observations are noted: (1) the initial size
(ie., ~20 min after increasing the temperature from 4 °C) of the

nanodiscs is larger in lower Cj, (i.e., 0.3 wt.%) samples at a given Tapnear;
and (2) in the case of same Cj, samples, the initial nanodisc size is larger
in the higher Tyuneq Samples, implying that within the first 15-20 min
nanodiscs grow quickly at an elevated Tgneq. These observations dem-
onstrate the instability of nanodiscs both upon dilution and increasing
Tannear- It is known that DHPC has a higher solubility (in the form of
free monomers) than DMPC, and dilution effectively lowers the concen-
tration of the free monomers in solution, extracting DHPC from the
nanodiscs. However, the system is expected to reach a new equilibrium
after >10 h at 4 °C. The nanodiscs continue to grow over a period of
several hours at a given Tgpeq. This growth is also due to the continuous
depletion of DHPC from the disc's rim. In both cases, the growth rate is
believed to be dictated by the degree of deficiency of the rim DHPC.
Under this DHPC depleted condition the discs coalesce as soon as they
collide with each other. Further depletion of DHPC may lead to the
micelle — vesicle transition, which has also been observed in cationic
and anionic surfactants mixtures, with micelle — vesicle transition
rates on the order of ms [34,35]. It should be pointed out, however,
that it is not clear whether or not the growth mechanisms are the
same for the different systems.

To evaluate the bicelle growth rate, the planar area (i.e., 21 <R;>?)
of bicelles is plotted as a function of annealing time for the different
conditions (Fig. 2). Fig. 2(a) and (b) indicate that the bicelle growth
rate (slope) at 17 and 23 °C is dictated more by Tappea than Cp—
although the final sizes of the discs differ at different Cj,. Neverthe-
less, at a Tgppeq 0f 10 °C, the growth rates are remarkably different be-
tween the 0.3 and 1.0 wt.% samples [Fig. 2(c¢) and (d), respectively],
namely the 0.3 wt.% nanodiscs grow significantly faster.

In the presence of NaCl, the structure factor accounting for
Coulombic interparticle interactions is negligible, and can thus be set
approximated to 1. With regard to the salt effect, a significant increase
is found in the disc radii from 0 to 3 mM, as a result of charge screening.
Nanodisc growth rate also increases at a given Cj,. It should be noted
that the Tgpnea =23 °C SANS curves (Fig. 1) do not plateau in the low
q region, implying the presence of large discs, resulting in large uncer-
tainties regarding the radii of nanodiscs at this temperature. The
Debye screening length, kK~ ' of a solution containing a monovalent
salt can be estimated as 32 A [36,37], where S is the molarity of the
s 1 \/% ; .
salt, yielding a k="' of 56 A and >270 A for the mixtures of 3 and
0 mM [NaCl], respectively—assuming the complete dissociation of
Na* from DMPG. The increased size and growth rate are presumably
the result of a higher collision frequency between nanodics, because of

the small k1.

3.1.1. DLVO theory model

In this section, normalized DLVO potentials [27,28] are used to
understand nanodisc growth based on the method developed by
Sabin et al. for liposomes of similar size [38]. Although the very initial
growth of nanodiscs was not attainable (<20 min at Tappear), the first
measured SANS data will be used to determine the nominal initial
disc size. The stability ratio, W is defined as the ratio of growth rate
constants in the rapid regime (k;), implying that almost all collisions
between particles lead to the formation of larger particles, and in the
slow regime (k) the implication is that collisions are only partially ef-
fective. Because the system is composed of particles of similar size W
is expressed as [28]:

W =k, /k (2)

A larger W value indicates higher aggregate stability, and vice
versa. The rate constant of higher ionic strength (i.e., [NaCl]=
3 mM) samples is assumed to be k;, (i.e., W=1), since the growth
rate of nanodiscs did not increase in the case of [NaCl]=6 mM
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Fig. 1. SANS data and best-fits to the data (solid lines) at 10 °C (grey), 17 °C (blue) and 23 °C (purple) for: (a) [NaCl]=0 M; G, =1 wt.%; (b) [NaCl]=3 mM or 1 wt.%; (c) [NaCl]=
0 M; C;,=0.3 wt%; and (d) [NaCl]=3 mM and C;,=0.3 wt.%. SANS data were collected at different times, from tiyjgias t0 tana. The CSD model was used to fit the data. Changes in the
SANS data represent changes in bicelle size. Data was gathered over a period of 4 h for Tgnpeq =17 °C and 23 °C, and over a period of 24 h for the slower growth at Typneq =10 © C.
The SANS data (in the y-direction) are shifted vertically by arbitrary factors for better viewing the data.

(data not shown). Another approximation is to assume that the in-
teractions between nanodiscs are the same as those between spher-
ical particles. Although geometry is an important determinant of
attractive and repulsive energy between particles, the equations
are applicable to non-spherical open ULV clusters [39] and therefore
should give a satisfactory approximation for disc-shaped bicelles. As
a result, the total interaction energy, E between two nanodiscs is
approximated as the sum of the van der Waals attractive energy, V,
and the double-layer repulsion energy, Vi of two polyion spheres
as follows:

E(x) = V() + Vg(x) ()

The attractive energy as derived by Hamaker can be expressed in
the form of Eq. (4) [27,28], while the repulsive energy is expressed
by Eq. (5) as follows [40]:

CAaf 12 1\ A [x(x+2d)
VA(X)fﬁQm x+d+d)+6m (x+d)? o
V(%) = 2mege, (a + AW” exp|—k(x—24)), ()

where A is the Hamaker constant, a is the nanodisc mean radius and
used as described in [38], x is the surface-to-surface distance between
bicelles, d is the double-layer thickness, & is the vacuum permittivity,
& is the relative permittivity of the media, A is the Stern layer thick-
ness [taken as the radius of a hydrated sodium ion (A=7.9 A)], ¢ is
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Fig. 2. Average bicellar radii (obtained from best-fits to the data shown in Fig. 1 using the CSD model) as a function of time for the following conditions: (a) [NaCl]=0 mM at Typpeq =17
and 23 °C; (b) [NaCl]=3 mM at Typpe=17 and 23 °C. At 10 °C samples were monitored over an extended period of time due to the slower growth kinetics in the case of both (c) 0 and
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the surface potential and is approximated by the Zeta potential ¢, and
K is the reciprocal Debye length.

W is used in a semi-empirical fashion to determine A by adjusting
it, in order to minimize its associated errors, as follows:

T B E

W {(u +2a)? xp k,,Tdu ©
- TM exphdu
5 (u+2a)? k, T
6u* + 13u + 2a°

— bt Mt 7

pw) 6u? + 4ua @
x—2a

u=""% (®)
Table 1

where kj, is the Boltzmann constant and T is the absolute temperature.
Once the Hamaker constants were determined, the DLVO attractive
energy, E was calculated using Eqs. (3)-(5), including the initial
values for all variables. E was then normalized by dividing by k,T.

Table 1 shows the growth rates, measured ¢, calculated A and
DLVO potentials at the Stern layer. The trend of ¢ increasing with in-
creased salt concentration has been reported in liposomal systems at
low ionic strengths [41]. The calculated values of A (1x107 '] to
5x107'9]) are higher than reported by Sabin et al. for liposomes
(1x1072'J to 7x1072° ) [41], but lower than the values reported
by Ahmed and Jones for the liposomes used in their study (up to
7x107 '8 ]) [42]. Growth rate is also found to be positively correlated
with the absolute DLVO potentials at the Stern layer, which indicates
attraction (negative) between nanoparticles, a result consistent with
the fact that nanodiscs are observed to grow under all of the condi-
tions studied.

Parameters used for model development which resulted in Hamaker constants and DLVO potentials at the Stern layer (A=7.9 A). The attractive DLO potential at the Stern layer is

higher for systems with faster rates of disc growth.

Initial growth rate Zeta potential (measured) Hamaker Constant, A (calculated) E/kpT
A%/min my ] at Stern layer unitless
T=10°C
1 wt. %; 3 mM 93 2.8 1.82x10~1° —22.7
0.3 wt.%; 3 mM 14x10° 2.7 3.96x10° 10 —70.0
1 wt.%; 0 mM 39 25 1.36x107'° —15.8
0.3 wt.%; 0 mM 3.2x10% 23 2.55x10 19 —344
T=17°C
1 wt%; 3 mM 7.2x10? 2.8 221x1071° —27.3
0.3 wt.%; 3 mM 2.0x10° 2.7 2.96x101° —55.2
1 wt.%; 0 mM 2.8x10% 25 1.24x10~1° —143
0.3 wt.%; 0 mM 6.1x10% 23 1.65x10° 10 —25.5
T=23°C
1 wt%; 3 mM 1.4x10* 2.8 462x1071° —63.4
0.3 wt.%; 3 mM 2.7x10% 2.7 3.77x1071° —111.0
1 wt.%; 0 mM 3.8x10° 2.5 2.08x10° 19 —274
0.3 wt.%; 0 mM 47x10° 23 2.00x10° 1 —31.6
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Fig. 3 shows the calculated DLVO potential as a function of x at
Tannear=10, 17 and 23 °C. In each case, attractive forces dominate
because of the low ¢. As shown in the insets to Fig. 3, there is a
strong linear correlation between the growth rate of nanodiscs
and the DLVO potential at the Stern layer. Linear fits to the data ex-
trapolate to a zero growth rate at an attractive DLVO potential.
However, zero growth should only occur when the repulsive DLVO po-
tential exceeds the thermal energy (k,T). This could be attributed to two
possible reasons: (1) the aforementioned linear relationship may break
down at extremely low DLVO potentials; and (2) the fact that the
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interparticle potential is not the only factor dictating disc coalescence,
further confirms the notion that the quantity of DHPC present at the
nanodisc's rim plays an important role in its growth mechanism.

At all temperatures, disc growth rate is fastest for the G, =0.3 wt.%
with 3 mM [NaCl] sample. One reason for this is the lower attractive
energy, V4, as well as a rapid exponential decrease in the repulsive
energy, Vx with distance, i.e., increased ionic strength results in a de-
creased Debye length, consistent with the lower E value (Table 1).In ad-
dition, {'is larger at high Cj, (i.e,, 1.0 wt.%) at corresponding salinities,
presumably leading to an increase in Vg, and thus a diminished rate of
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Fig. 3. DLVO potentials, E/(k,T), as a function of disc separation at (a) 10 °C, (b) 17 °C and (c) 23 °C. The Stern layer thickness is 7.9 A and is marked with a solid vertical line. Inserts
to the figures show that nominal initial growth rate, measured by SANS, correlates well with DLVO potential calculated at the Stern layer thickness.
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growth. The overall lower content of DHPC in Cj,=0.3 wt.% samples
also induces instability in the nanodiscs. However, for all temperatures
the opposite can be said for the Cj, =1 wt.% sample with no salt.

3.1.2. Temperature dependence

The most common approach for studying the temperature depen-
dence of chemical reactions is the use of the Arrhenius equation,
where the natural logarithm of the rate constant and the reciprocal
absolute temperature are linearly related, as shown in Eq. (9):

k = ko exp(—Q/k,T), 9)

where Q is the activation energy and ky is the upper-limit rate
prefactor. Fig. 4 shows the temperature dependence of the rate con-
stant obtained from the initial linear portion of the disc growth
curve. The result indicates an Arrhenius-like temperature depen-
dence in the case of the 1 wt.% sample, while a strong deviation is
found in the 0.3 wt% sample data, implying that other temperature
dependent mechanisms are involved.

The trend observed indicates that the disc growth rate increases sig-
nificantly with increased thermal energy. However, important informa-
tion can be revealed through further analysis of the contributions from
ko and Q as a function of Cj, and salinity. Table 2 illustrates the calculated
ko and Q from Eq. (9). The fact that ko is higher in the case of 1 wt.% and
3 mM [NaCl] samples implies an overall higher disc collision frequency,
presumably due to a combination of a higher number density (Cj,=
1 wt.%) and a smaller Debye length ([NaCl] =3 mM). The obtained ac-
tivation energy, Q is similar to the average thermal energy ranging from
2.0 kJ/mol to 3.9 kJ/mol over the temperatures studied. In comparison
with the initial attractive energy between discs at the Stern layer thick-
ness calculated using DLVO theory—above 15 kT (Table 1), this result is
consistent with the observed initial fast growth of the discs. Moreover,
the fact that the Q value for 1 wt.% samples is higher than that for
0.3 wt.% samples, implies that nanodisc stability is greater when more
of the short-chain lipid (i.e., DHPC) is present within the disc.

3.2. Self-folding of nanodiscs

After a prolonged period of temperature annealing (i.e., 10, 17 and
23 °C) of the individual samples, all samples were heated to 50 °C
(Tsp) so that SANS measurements could be conducted to determine
the relationship between the final size of the nanodiscs and that of the
end-state ULVs. Fig. 5 shows that the scattering data of the Ts, samples
resemble those of ULVs shown in previous reports [7,11,19]. Moreover,
these data can be best fit using the PV model (see experimental proce-
dure section). The intensity oscillations observed along the curves and
their positions, reveal ULV polydispersity and their average size,

o 1wt% 0mM;R* =098
B 1wl%; 3mM; R =0.97

In(k) (A%hr)
h

k I i I i T X T
1 -
1T (K

1031

Table 2
Summary of ko and Q for disc growth under all conditions.

Cip (Wt%) [NaCl] (mM) ko (A%/min) Q (kJ/mol)

0.3 0 3.97x10% 2.05

0.3 3 1.66x10°"! 221

1 0 1.88x10% 3.51

1 3 1.40x 10" 3.86

respectively. Peak widths become broader with increased temperature,
indicating an increase in ULV polydispersity, p. It should also be noted
that SANS data obtained from [NaCl]=3 mM samples, which were
annealed at Typpeq =23 °C (Ty; of DMPC) show neither low-q plateaus
nor well-defined oscillations, resulting in best fits with larger uncer-
tainties, and where only the smallest possible average vesicle radius
<R,> is determined. This result can be rationalized by the fact that the
miscibility between DMPC and DHPC increases dramatically (both
lipids are now in the L, phase), causing DHPC to migrate away from
the disc rim, resulting in unstable nanodiscs due to the exposure of
the hydrophobic region to the aqueous phase. This instability mani-
fests itself in discs continuously coalescing throughout the annealing
process which lasted more than 5 h. Hence, even before the temper-
ature was increased to 50 °C, nanodiscs are present in a range of
sizes, and some had even self-folded into ULVs. This hypothesis is
consistent with the wide range of ULV sizes observed. Fig. 5 shows
SANS data of samples incubated at Tsq for 4 h, while Fig. 6(a) and
(b) shows the average vesicle radii, <R,> and p of the end-state
ULVs, respectively, obtained from the best fits to the SANS data
shown in Fig. 5.

3.2.1. Effects of Cj, and salinity

In the absence of NaCl <R,> varies from approximately 100 A to
200 A as Cj, changes from 0.3 to 1 wt.%, a result that is practically inde-
pendent of Tynpeq [Fig. 6(a)]. This is consistent with the G, dependence
reported by several previous studies [7,11]. Nevertheless, this trend in
<R,> is not expected. Since the terminal size of nanodiscs is always
smaller for higher C, (i.e., 1 wt.%) samples at all Tgppeq (i€, 10,17 and
23 °C), we expected ULVs to follow the same trend if the discs were to
self-fold immediately after being heated to 50 °C. The current discrep-
ancy between the trend in <R,> and that in the final <R;> indicates
that fast disc coalescence (in 1 wt.% samples) may take place during
the slow increase of sample temperature in the 50 °C oven—this will
be discussed further in the following section.

With regard to the effect of salinity, <R,> increases at least by 50%
(from ~100 A to ~150 A) for the Cj,=0.3 wt.% sample and by 75%
(from ~200 A to ~350 A) for the Cj,=1 wt.% sample when the salt

® 03wt% O0M; R’ =088
B 03wt%;3mM; R =0.78

In(k) (A%hr)

> 1 L ! . 1 . |

3.40 3.44 3.48
1T (K7

3.52¢10°

Fig. 4. T dependence of disc growth rate (k) for: (a) 1 wt.% and (b) 0.3 wt.% at [NaCl]=0 M (circles) and 3 mM (squares).
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Fig. 5. SANS data and best-fits to the data (solid lines) of samples incubated at 50 °C for 4 h. (a) [NaCl]=0 M; C;,=1 wt%; (b) [NaCl]=3 mM; C,=1 wt%; (c) [NaCl]=0; C;,=0.3 wt’%;
(d) [NaCl]= 3 mM; Cj, = 0.3 wt%. The samples were annealed at Typeq = 10 (orange squares), 17 (green triangles) and 23 °C (blue diamonds), respectively, prior to being heated to 50 °C.

Intensities are scaled to allow for better viewing of the data.

concentration goes from 0 to 3 mM [Fig. 6(a)] at Tameq =10 and
17 °C. The observation of a larger <R,> with increased salt content
is a result of charge screening, which enhances the collision frequency
of nanodiscs, consistent with previous reports [25,43,44]. In the case
of 23 °C samples, <R,> values in the case of [NaCl]=3 mM are esti-
mated to be on the low side, due to the high uncertainty associated
with the best fit results (as mentioned previously), and are always
larger than those of the samples in the absence of NaCl. ULV polydis-
persity, p decreases with increased Cj, implying that more uniform
size ULVs are obtained at a higher C, a result that is currently not
well understood. Moreover, p increases with increased salinity, pre-
sumably due to an increased frequency of “effective collisions” which
result in “entropy-driven size” ULVs with greater polydispersities.

1000 — a
—& 3mM; 1 wt.%
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W 800— -e—3mM; 03wt%
3 —&—- 0mM; 0.3 wt.%
3
X 600+
>
5
o 400
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Annealing Temperature (°C)

3.2.2. Effect of Tannear

For both lipid concentration samples (Cj,=0.3 wt.% and 1 wt.%)
studied in the absence of NaCl, <R,> remains constant at the different
Tannear (1.€., 10, 17 and 23 °C). The fact that thermal history does not
affect the final ULV size seems to be inconsistent with a previous re-
port, where <R,>, at a given Cj, was found to be larger through a
slow temperature annealing process, where nanodiscs persisted
over longer periods of time at higher temperature [25]. As mentioned
in a previous section, this unexpected result is likely attributed to the
following kinetics: (1) the disc coalescence rate, r.; (2) the self-
folding rate, r;_y; and (3) the rate of increasing temperature, rr. The
fact that the first attainable <R;> data points for 1.0 wt.% samples
are 108 A [Fig. 2 (c)] and 135 A [Fig. 2(a)] at Tapnear= 10 and 23 °C,

0.40 - b
m 3mM; 1wt%
0354 O OmM;1wt%
e 3mM;0.3wt%
>, 0304 © OmM;0.3wt%
% 0.25 — }
[=%
@
D, 0.201 o
[=]
@ 015 ; * Q
Q
0.10 — -
0.05

T T T T
10 15 20 25
Annealing Temperature (°C)

Fig. 6. (a) Average ULV radii <R,> and polydispersities, p obtained from the best-fits to the data (50 °C) in Fig. 5. Cj;,=1 wt% (squares) at [NaCl]=0 (open) and [NaCl] =3 mM
(filled) and Cj, = 0.3 wt.% (circles) at [NaCl]=0 (open) and [NaCl]=3 mM (filled). The error bars are either smaller than the size of the symbols or as otherwise shown.
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respectively indicates that the system responds quickly to changes in
temperature. Although the disc growth rate slows down with time, it
is still present after the initial rapid growth period. For example, it
takes hours for discs annealed at 17 °C to increase by 30% in radius
[Fig. 2(a)], while such a change takes only minutes in samples
annealed at 23 °C. Hence, it is evident that the “effective collision”
rate increases dramatically with increased temperature, presumably
driven by the rim DHPC migrating into the DMPC bilayer, promoting
disc coalescence. Another kinetically controlling mechanism—
self-folding—described by rs_yis dictated by disc stability associated
with reduced membrane rigidity and an insufficient amount of rim
DHPC. In other words, a faster r,_sis anticipated for lower C;, samples
at a higher Typneq. Finally, the experimental rr can strongly affect rs_
resulting in a range of ULV sizes.

Fig. 7 schematically describes the growth of nanodiscs prior to ULV
formation. The initial fast growth regime has two contributing fac-
tors: dilution (from 20 wt.% to the final Cj,) and increase in tempera-
ture (from 4 °C to Tgnnear). The former leads to the loss of DHPC to the
water phase, while the latter enhances the miscibility between DMPC
and DHPC. Both mechanisms effectively drive DHPC away from the
rim of the discs.

As the samples are annealing at 10, 17 or 23 °C, the discs continue
to grow at a slower rate, which is higher (i.e., a greater slope in Fig. 7)
at a higher Tgnneq- However, in the case of the lower Tgnpea (€.8.,
10 °C) sample, after it was heated to 50 °C the discs coalesced at
such a rate that they eventually caught up to those of the high-Tgnea
(e.g., 23 °C) sample if r;_fis slow enough. The same principle applies
to the lower Cj, samples (0.3 wt.%), except that in their case rs_y is
much faster (due to the smaller total amount of DHPC in the mixture)
and a lower collision frequency (due to lower number density of
discs), resulting in a smaller <R,>. The proposed scheme implies that
rs—shas to be fast enough in order to observe a meaningful correlation
between final <R;> and <R,>, which presumably can be achieved by in-
creasing the molar ratio of the long- to short- chain lipids, decreasing
the T), of the long-chain lipid, and reducing Cj,.

low-C,
<R ;
O: I, regime e Eg e
Fast self-

high-C),
I's.sFegime

T-jump _>
starts time

Fig. 7. Proposed growth kinetics of nanodiscs as a function of time in cases of low-Cj,
(magenta and orange) and high-Cj, (light purple and dark blue) at high (bold curves)
and low (narrow curves) Tynnear <Rg> increases fast initially, then slowly in the later
annealing regime. A wider size distribution of disc radii (bolder curves) at higher
Tanneat i expected due to entropy-driven coalescence. The earlier self-folding of
low-Cj, nanodiscs, compared to those at high-Cj, can be attributed to insufficient
amounts of DHPC at the disc's rim due to the loss of DHPC to solution.
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Polydispersity also increases with increasing Tynnea [Fig. 6(b)].
This result is anticipated because the final size distribution of
nanodiscs is broader at higher Ty,,eq; due to the formation of larger,
entropy-driven coalescing discs (Fig. 7). Although the current CSD
model provides reasonable best fitting results without the consider-
ation of polydispersity, the ULVs do however inherit the polydispersi-
ty of their nanodisc precursors. The same can be said for samples in
the presence of NaCl, where both <R,> and p increase with increasing
Tannea consistent with one of our previously published results [25].

3.2.3. Role of precursor bicelles in ULV formation

Since DMPC and DHPC have the same phosphatidylcholine
headgroup, to a first approximation the total surface area of a
nanodisc should be proportional to the number of molecules within
it. From the best fits, the average nanodisc radius, <R;> and shell
thickness, tgpey, the planar nanodisc surface area, which is presum-
ably composed of DMPC and DMPG mostly, is calculated as Agisc =
21 ((Rq) + tsnen/2)2. This average surface area of the final size discs
measured for each sample at each Tppear is then compared to the av-
erage surface area of the corresponding vesicle, which is calculated
as Avesicle =41 [(Ro)? + (Ri)?]). The ratio of Ayesicie t0 Agisc provides
an estimate of the aggregation number of final-sized discs to ULVs,
as listed in Table 3. As mentioned previously, the smaller nanodiscs
observed in the higher Cj, (i.e., 1 wt.%) samples result in larger
end-state ULVs than those of the lower Cj, (0.3 wt.%) samples. Disc
aggregation numbers to form one ULV are found in the range from >2
to 20. Interestingly, in the case of 0.3 wt.% samples, nanodisc growth
practically ceases after the annealing period and prior to self-folding.
In one occasion (Tgppeq =23 °C and [NaCl] =0 mM), Ayesicie/Adisc results
in avalue of 0.66, implying that the planar region of the nanodiscs might
contain a significant amount of DHPC, while ULVs are mostly composed
of DMPC and DMPG.

3.2.4. Reaction limited coalescence

Since the DHPC at the disc's rim stabilizes the nanodisc morphology,
it is presumed that only edge-to-edge collisions result in the discs
coalescing with each other (Fig. 8). This process continues until the
nanodiscs eventually become unstable and fold into ULVs. Nevertheless,
it should be pointed out that not all edge-to-edge collisions are effective
collisions. Generally speaking, the aggregation of colloids can be classi-
fied into two regimes: diffusion limited colloid aggregation (DLCA), and
reaction limited colloid aggregation (RLCA) [45]. DLCA describes the
cases where aggregation occurs immediately upon contact, in other
words, all collisions are effective. Thus its aggregation rate is limited
by the frequency of the collisions due to diffusion. In the case of RLCA,
the aggregation rate mainly depends on the frequency of effective colli-
sions [45-47].

Table 3

The average surface area of nanodiscs at the end of the annealing process and the
average surface area of vesicles formed after heating to 50 °C. The number of discs
necessary to form a single vesicle is given by Ayesicie/Adisc-

[NaCl]; Cyp Tjump  Disc surface area  Vesicle surface area  Ayesicie/Adisc
O (A (A%

0mM; 1wt%  10-50 (1.29-+0.05)x10° (1.42+0.10)x10° 11.0
17-50 (1.57+0.06)x10° (1.37+0.13)x10°  8.68
23-50 (5.33+0.08)x10° (1.27+0.15)x10°  2.39

3mM; 1wt% 10-50 (1.7240.06)x10° (3.41+0.1)x10° 19.8
17-50 (2.33+0.09)x10° (3.91+02)x10° 168
23-50 >1.83x10° >1.71x107 -

0mM; 03 wt.% 10-50 (2.46+£0.06)x10° (3.69+0.10)x10° 1.49
17-50 (2.88+0.09)x10° (3.54+0.09)x10°  1.22
23-50 (5.0+0.1)x10°  (3.90+0.09)x10°  0.66

3 mM; 03 wt% 10-50 (1.3040.06)x10° (6.6740.06)x10°  0.51
17-50 (6.8+0.1)x10° (8474+0.20)x10° 124
23-50 >2.44x10° >9.59x10° -
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Several indicators can be used to determine whether the system of
interest falls either in the DLCA or RLCA category. In this case, a high
activation energy, Q determined from the Arrhenius kinetics and a
high stability ratio, W imply that only a small fraction of collisions is
effective, evidence supporting the RLCA regime. Although the re-
quired edge-to-edge collision may play a role in lowering the effec-
tive collision rate, it does not explain, however, why the higher
coalescence rate is observed in lower Cj, samples—presumably attrib-
uted to unstable nanodiscs.

Another piece of evidence for the presence of unstable nanodiscs
in low Cj, samples, compared to high Cj, samples, is the small value of
Avesicles/Adisc (Table 3), indicating rapid self-folding and the formation
of ULVs. Similar results have been reported in DMPC/bile salt mixtures,
where increased dilutions (i.e., lower Cj, samples) of nanodiscs resulted
in smaller radii ULVs [18,48].

3.2.5. Applicability of DLVO model

The current application of DLVO theory is based on the observed
growth rate of nanodiscs. This approach is only valid when the ratio
of effective-to-actual collisions is practically invariant. However, in
the present case effective collisions are dictated by the availability
of the edge-stabilizer, DHPC, at the disc's rim, which happens to con-
tinuously vary as disc coalesce. This mechanism has been proposed in
literatures in light of theory [15] and experimental results [12,25].
Future SANS measurements on mixtures of deuterated DMPC and hy-
drogenated DHPC under a contrast-matched condition should be able
to verify this scenario. The equations describing the DLVO model
were derived based on the assumption of spherical aggregates [38],
where effective collisions are assumed to be isotropic. In the case of
nanodiscs, effective collisions are only expected to take place during
edge-to-edge collisions, which are of lower probability than isotropic
collisions.

Fractal models have been used to describe agglomeration, and it
was conlculded that Rg(t)ect!/%, where Ry is the radius of gyration
and dy is the fractal dimension of the resulting structure, obtained
from the decay slope of high-q scattering data. [45,46]. Lin et al. de-
scribed colloid agglomeration with diffusion and reaction limited
models, corresponding to W=1 and W>> 1 having fractal dimensions
of 1.8 and 2.1, respectively [46]. It should be noted that the current
system does not resemble a conventional DLCA or RLCA process for
two reasons. First, there is no coalescence (fusion) involved in regular
colloidal systems—resulting in a final morphology of a fractal dimen-
sion. However, the coalescence plays a crucial role in the DMPC/
DHPC/DMPG mixture in order to stabilize the nanodiscs. Second, un-
like the system in the study, the aggregation of colloidal particles con-
tinues with time in a typical RLCA and DLCA process. Therefore, the
analysis of fractal dimensions is not applicable in this study.

4. Conclusion

We report on the growth of nanodiscs in dilute lipid mixtures using
time-resolved SANS. The study was conducted as a function of Cj, (0.3
and 1.0 wt.%), salinity ([NaCl]=0 and 3 mM) and Tgneq (10, 17 and
23 °C). We have determined that the aggregation of these nanoparticles

is well-described by a non-fractal reaction limited colloid aggregation
(RLCA) coalescence. Nanodiscs of the current charge density ([DMPG]/
[DMPC]=0.01) continuously increase in size at lower temperatures,
implying that they are inherently metastable structures. This observa-
tion, although not new [26], has never been analyzed in the detail that
we have reported here. The growth of nanodiscs upon dilution (from
20 wt.% to 1 wt.% or 0.3 wt.%) and/or annealing temperature of 10, 17
or 23 °C (prior to self-folding) can be described as taking place in two
stages, i.e., fast and slow growth regimes. Analysis by DLVO theory,
based on the slow growth rate (as measured by SANS), provides a way
to better understand the interaction of nanodiscs. However, DLVO
theory does not account for the Cj,-dependent instability of the discs,
which presumably results from insufficient amounts of the rim stabiliz-
er, DHPC. An Arrhenius kinetic model is also applied to study the activa-
tion energy of the disc coalescence. Although a non-linear relationship
between In(k) and 1/T is found, the facts that the upper-limit k (i.e.,
ko) increases with Cy, and that the activation energy Q decreases with
Cyp, all agree reasonably well with the physical insights that we have
gained of this system through experiments described here.

Generally speaking, the observed growth rate of the nanodiscs
shows stronger temperature dependence than those associated with
either Cj, or salinity (except for samples at 10 °C). The fact that a
T-jump (from Typpeq to 50 °C) experiment shows only a marginal de-
pendence of <R,> on <R;>, indicates that in the case of high-C;, sam-
ples the disc coalescence rate is extremely fast upon increasing T,
while disc coalescence is limited for low-Cj, samples. This is rational-
ized by the presence of less stable nanodiscs, which self-fold much
faster in the case of lower Cj, samples due to insufficient amounts of
DHPC (migrating to the bilayered planar region) as temperature in-
creases, prohibiting the nanodiscs from growing further. This study
not only provides confirmation of an earlier hypothesis regarding the
growth of nanodiscs and the eventual formation of self-assembled
ULVs, but also lends insight in ways to design and control the size of
spontaneously forming nanodiscs or vesicles for possible future applica-
tions. However, because of the extended data collection times required
by SANS, the immediate increase of <R;> upon dilution was not acces-
sible. Future work will focus on the very early growth mechanism of
nanodiscs using dynamic light scattering and SAXS at synchrotron
sources.
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Fig. 8. Effective collision of discs in the edge-to-edge orientation. Loss of DHPC from the disc's edge (gray lipids) contributes to bicelle instability.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at http://

dx.doi.org/10.1016/j.bbamem.2012.11.002.
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