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The effects of lipid charge and head group size on liposome partitioning by detergents is an important con-
sideration for applications such as liposomal drug delivery or proteoliposome formation. Yet, the solubilization
of mixed-lipid liposomes, those containing multiple types of lipids, by detergents has received insufficient at-
tention. This study examines the incorporation into and subsequent dissolution of mixed-lipid liposomes com-
prised of both egg phosphatidylcholine (ePC) and egg phosphatidic acid (ePA) by the detergent Triton-X100
(TX). Liposomes were prepared with mixtures of the two lipids, ePC and ePA, at molar ratios from 0 to 1, then
step-wise solubilized with TX. Changes in turbidity, size distribution, and molar heat power at constant tem-
perature throughout the solubilization process were assessed. The data suggest that the difference in lipid shapes
(shape factors = 0.74 and 1.4 [1,2]) affects packing in membranes, and hence influences how much TX can be
incorporated before disruption. As such, liposomes containing the observed ratios of ePA incorporated higher
concentrations of TX before initiating dissolution into detergent and lipid mixed-micelles. The cause was con-
cluded to be increased mismatching in the bilayer from the conical shape of ePA compared to the cylindrical
shape of ePC. Additionally, the degree to which ePA is approximated as conical versus cylindrical was modulated
with pH. It was confirmed that less conical ePA behaved more similarly to ePC than more conical ePA. The
understanding gained here on lipid shape in liposome incorporation of TX enables research to use in vitro li-
posomes that more closely mimic native membranes.

1. Introduction of proteins into the membranes. Disruption of the liposomes via

detergent is commonly referred to as liposome solubilization. There is an

Previous work in our lab utilizes the membrane protein Photosystem I
(PSD) [3-7] found in plants, algae, and photosynthetic bacteria to initiate
charge-separation upon illumination. To increase the photoactivity of
PSI, we require methods to incorporate this protein into liposomes,
which are similar to the protein's native environment. A common method
used for the insertion of large membrane proteins such as PSI into lipo-
somes is detergent-mediated reconstitution [8-10]. In this method, li-
posomes are saturated with detergent molecules (at detergent-to-lipid
mass ratio Rs,,) to disrupt lipid-lipid interactions and ease incorporation

optimum stage of liposome disruption for protein incorporation, depen-
dent on the detergent-to-lipid ratio (D:L), beyond which liposomes are
fully disrupted into micelles containing a mixture of lipid and detergent
molecules (at detergent-to-lipid mass ratio Rys,) [11-14]. Previous
research has investigated a wide range of interactions between lipids,
like phosphatidylcholine (PC), phosphatidic acid (PA), and phosphati-
dylglycerol (PG), and detergents, like Triton X-100 (TX), dodecyl
maltoside, octyl glucoside, and cholamidopropyl dimethylammonio
propanesulfonate both experimentally [15-21,8], and using
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computational molecular dynamic simulations [22,23]. Amongst these, a
common mechanism has been elucidated that describes detergent-lipo-
some interactions in a three-stage model [12,24,25]. This model is ex-
plained in detail in Section 2.3.

Despite extensive knowledge on single lipid and single detergent
mixtures, little is known about how mixtures of lipid types in mixed-
lipid liposomes influence detergent solubilization. Insights into these
interactions will better enable protein reconstitution into liposomes
that more closely resemble native membrane lipid mixtures in order to
enhance protein stability and function [10]. One system of mixed-lipid
liposomes made of 16:0PC and 16:0PG has been solubilized with bile
salt [21], yet more systems need to be understood.

In this study, we examine interactions of the detergent, TX, with
mixed-lipid liposomes made with varying ratios of egg PC (ePC) and egg
PA (ePA) lipids. These lipids were chosen because they have been used to
successfully incorporate PSI into mixed-lipid liposomes with a fixed 9:1
ratio of ePC:ePA [26]. Despite initial success there is need to utilize
higher ratios of ePA to more closely mimic the charge composition of the
cyanobacterial thylakoid membrane in which PSI is located [27].

Additionally, PC is a relevant test lipid because it is commonly used
in in vitro applications, and it is a nonionic phospholipid that is the most
abundant lipid in the majority of cell membranes [16]. Here, the in-
clusion of PA represents the negatively charged lipid fraction, which
typically composes 10-20% of the lipids in in vivo membranes [28].
From a physical chemistry standpoint, these lipids are interesting be-
cause the shape of ePC is cylindrical in the bilayer and the shape of ePA
is conical in the bilayer under physiological conditions [29]. The shape
factor, which is the hydrocarbon volume divided by the optimal head
area and the critical chain length, of each of these lipids is 0.74 and 1.4,
respectively [1,2,29]. Furthermore, the degree of ionization of the PA
head group can be easily modulated with pH [30-32]. The ionization
changes the volume of the counterions associated with the PA head
group, and therefore the cone angle of the lipids in the bilayer. The
shapes, structures and ionization potentials of PC and PA are shown in
Fig. 1. The lipids are representatively depicted with two acyl chains that
each consist of an 18-carbon chain and 1 unsaturated bond (18:1),
which is one of the main fatty acids present in naturally occurring ePC
and ePA (Table S1). In addition to the successful use of ePC and ePA in
reconstituting PSI mentioned above [26], naturally occurring lipids
were selected because they better simulate the heterogeneity of in vivo
membranes, which contain many lipids types and a diverse assortment
of fatty acid chains. To our knowledge, no systematic study of detergent
solubilization with ePC and ePA mixed-lipid liposomes at varying
headgroup ratios has been performed.

Using absorbance spectrometry, dynamic light scattering, and iso-
thermal titration calorimetry, we identified D:L ratios at which phase
transitions occur for detergent reconstitution of ePC:ePA mixed-lipid li-
posomes. We observed the TX concentration at Ry, and Ry, significantly
increases when the concentration of ePA in the liposomes is greater than
25%. The difference in lipid shape provides explanation: ePA lipids,
which have conical molecular shapes, form defect-rich bilayers that fa-
cilitate greater incorporation of TX. Conversely, ePC lipids have cylind-
rical shapes that favor increased areas of contact with adjacent lipids and
result in a lower probability of TX insertion. Additionally, we examined
the influence of headgroup charge on TX solubilization of ePA mem-
branes and determined that a more negative net charge results in de-
creases in TX concentration at Ry, and Ry, We further apply the shape
model to explain that as negative charges increase, there is a concomitant
increase in counter-ions that increases the effective head group size and
decreases mismatch in the ePA bilayer.

2. Materials and methods
2.1. Materials

Potassium phosphate, sodium sulfate, and potassium sulfate were
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Fig. 1. (a) Chemical and shape structures of phosphatidylcholine (PC) and (b)
phosphatidic acid (PA) lipids are shown overlaying the ionization potential of
the lipids with pK, =1 ( ), PKe =4 ( ), pPKq = 8 (——). Due to the
nature of the lipid head groups, the overall lipid shape of PC approximates a
cylinder and that of PA approximates a cone. Increasing pH along the pK, curve
increases the net negative charge of the lipids, and thus the number of counter
ions associated with the head group. This changes the shape of PA lipids from
more to less conical.

purchased from Fisher Scientific to prepare aqueous buffer solutions of
25 mM KH,PO,4-KOH pH 7, 50 mM Na,SO,4, 50 mM K,SO, in ultrapure
de-ionized water. Lipid derivatives from chicken eggs of phosphati-
dylcholine (ePC) and phosphatidic acid (ePA) were purchased from
Avanti Polar Lipids, Inc. as powders with purity greater than 99%.
Additionally, powder lipids, 1,2-dipalmitoyl-sn-glycero-3-phosphoch-
line (16:0PC) and 1,2-dipalmitoyl-sn-glycero-3-phosphate (sodium salt)
(16:0PA), were also purchased from Avanti Polar Lipids, Inc. at greater
than 99% purity. 16:0PC and 16:0PA are purified lipids of the pre-
dominant fatty acid chain in egg of both PC and PA. The detergent,
Triton X-100 (< 3% polyethylene glycol), was purchased from
Sigma-Aldrich, as was chloroform (99.8% pure) used to solvate the
lipid powders. All compounds were used without further purification.
Fig. 1 shows some basic properties of the lipids PC and PA. The fatty
acid saturation distribution of ePC and ePA derivatives is within 1.5%
deviation identical, as seen in Table S1.

2.2. Liposome preparation

Lipid powders were suspended in chloroform, then mixed at the
desired mass-to-mass ratios and aliquoted in small glass flasks. The
chloroform was completely evaporated overnight in a vacuum de-
siccator to form a thin lipid film on the flask walls. For the mixed-lipid
liposome samples, the lipids were mixed together in inorganic solvent
at the appropriate ratios prior to solvent evaporation. All lipid films
were hydrated at 20 mg/mL in potassium phosphate buffer pH7.2
(25 mM KH,PO4-KOH pH 7, 50 mM NaySO,4, 50 mM K5SO,). Vials were
vortexed on low with a Fisher Scientific analog vortex mixer and heated
10 °C above the known phase transition temperature for 10 min to form
multi-lamellar vesicles (MLVs) [33]. MLV solutions were put through 4
freeze-thaw cycles between —20 °C and room temperature. The stock
lipids were mixed and diluted to 4 mg/mL with potassium phosphate
buffer at pH 4.6, 7.2, or 10.2 for use. The liposomes were extruded
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Fig. 2. Demonstration of morphological

Abs 400 nm

changes in detergent solubilization of lipo-
somes observed throughout turbidity mea-
surements with absorbance spectrophotometry
recorded at 400nm. In Stage I (left panel),
detergent incorporates into lipid leaflets of the
liposomes until the bilayer is saturated (Rsap)-
In Stage II (middle panel), increasing D:L leads
to shrinking of liposome diameter and forma-
tion of detergent and lipid mixed-micelles.
Stage III (right panel) is initiated with com-
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using an Avanti Mini-Extruder system outfitted with a Whatman Nu-
clepore Track-Etch membrane (model 800309). All samples were ex-
truded at room temperature. The lipid solution was passed 31 times
through the membrane apparatus outfitted with 100 nm pore filters to
form large unilamellar vesicles (LUVs). LUVs were used in subsequent
experiments the day they were prepared.

2.3. Absorbance spectrophotometry

The composition-dependent equilibrium transition of liposomes in
the presence of varying detergent concentrations can be described fol-
lowing a three-stage model. This model describes morphological
changes that occur as the lipid bilayer is disrupted (solubilized) into
micelles [8,9,13,14]. The stages of detergent-liposome interactions are
depicted in Fig. 2. They are labeled (I) saturation (or onset of solubi-
lization), (II) partial solubilization, and (III) full solubilization. The
morphological changes are illustrated schematically moving along the
graph with increasing detergent concentration (x-axis) and the ob-
served absorbance using spectrophotometry (y-axis). Stage I is signified
by partitioning and insertion of detergent monomers into the liposomal
bilayer, which results in swelling of the liposomes and a concomitant
increase in light scattering measured with a spectrophotometer. In
Stage II, there is coexistence of detergent monomers, liposomes, and
micelles containing a mixture of lipid and detergent molecules. Stage II
is seen with decreasing observed absorbance. In Stage III, there is a
complete dissociation of liposomes into mixed lipid-detergent micelles
in which further detergent addition does not influence observed ab-
sorbance, thus Stage III is marked by a baseline absorbance. Saturation
(Rsap) is the mass ratio of detergent to lipid at the maximum detergent
concentration that liposome bilayer's can incorporate before mixed li-
pid-detergent micelles begin forming. It is seen as the transition point
from Stage I to Stage II. Liposome solubilization (R) is the mass ratio
of detergent to lipid at the point of complete disruption of all lamellar
phases. It is seen as the transition point from Stage II to Stage IIL.
Previous studies indicate that the most successful protein incorporation
occurs during the second stage of detergent-mediated solubilization
[8,10,26]. It is, therefore, relevant to map these transitions. The de-
tergent concentration necessary for the onset of each stage is influenced
by lipid-lipid interactions within the bilayer, and lipid interactions with
the surrounding aqueous environment. Variable lipid characteristics,
such as charge, head group size, and length and degree of saturation of
fatty acid chains, can be selected to influence membrane properties and
solubilization [34].

In this work, the stages of solubilization with the detergent, TX,
were determined for equillibrated liposomes. TX dilutions were pre-
pared at 2.4-120 mg/ml and added to aliquots of liposomes in duplicate
at detergent to lipids (D:L) ratios of 0-6 w/w. These were mixed 10

times using a pipette, and equilibrated at room temperature for 30 min.
The final lipid concentration of all aliquots were 3.2 mg/ml. The ab-
sorbance of the lipid-detergent emulsions was measured at 400 nm
using a Thermo-Scientific NanoDrop 2000C spectrophotometer at room
temperature. Accompanying NanoDrop 2000 software was used in the
UV-vis mode to do a full spectrum sweep between 190-840 nm to ob-
serve any sample placement issues, such as air bubbles, and record the
absorbance at 400 nm. Three measurements were taken for each sample
and averaged for a final absorbance at each D:L ratio. The data was then
normalized to an initial liposome absorbance of 1. This procedure was
replicated three times for each lipid composition and pH. The average
of multiple runs was graphed with standard deviations to determine the
affinity of detergent to each lipid composition and pH. Liposome sa-
turation (Rsa:) and solubilization (Rs,) were determined from the re-
sulting absorbance versus D:L solubilization curves. Ry, was de-
termined at the peak of the curve. Ry, was defined to be the first D:L
less than or equal to the average of the last three data points plus
standard deviation of 0.007. 0.007 was determined to be the instrument
and samples margin of error by performing repeated measurements on
the same sample.

2.4. Dynamic light scattering

Dynamic light scattering (DLS) was used to monitor a change in the
size distribution of pure lipid liposomes and fully solubilized mixed-
micelles. Samples were prepared in the same manner as for absorbance
spectrometry with either no TX or at TX concentrations that resulted in
detergent-to-lipid ratios above Ry, determined in absorbance experi-
ments. Emulsions were given approximately 30 min to equilibrate prior
to measuring the diameter and distribution in a Wyatt Technology
DynaPro NanoStar fixed angle dynamic light scattering instrument.
10 uL samples at 3.33 mg lipid per ml were measured at 20 °C for 20
acquisitions of 10 s each. Samples were made in triplicate for each lipid
mixture and buffer. The data was fit with the standard isotropic sphere
model at optimal resolution and averaged over the independent pre-
parations.

2.5. Isothermal titration calorimetry

To observe the binding affinity of detergent with liposomes and
assess the change in enthalpy as the surfactant partitions lipid mem-
branes, isothermal titration calorimetry (ITC) is considered a preferred
method [35,36]. Following the protocol of Heerklotz et al. [37],
adapted by Nirromand et al. [38], the characteristic heat signal under
TX titration into preformed liposomes was observed using a VP-ITC
instrument manufactured by MicroCal Inc. (Northampton, MA). To
prepare samples, 4 mg/ml extruded liposomes and 154 mM TX solution
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were degassed under reduced pressure with constant stirring for
10 min, slightly below the experimental temperature, at 23 °C. Fol-
lowing degassing, the calorimeter sample cell and injector-syringe
chamber were loaded with 1.4 mL of the liposome solution and 300 pL
of the detergent solution. A series of TX injections were made at 30
minute intervals following this sequence: 2.0, 3.0, 3.0, 3.0, 3.0, 4.0, 2.0,
3.0, 3.0, 2.0, 4.0, 4.0, 4.0, 4.0, 2.0, 3.0, 4.0, 3.0, 4.0, 3.0, 3.0, 3.0, 7.0,
4.0, 5.0, 5.0, 6.0, 4.0, 6.0, 4.0, 7.0, 6.0, 5.0, 7.0, 13.0, 10.0, 20.0, 22.0,
25.0, 25.0, 30.0 uL. This series of injections was chosen to optimize
enthalpic data in regions of interest, i.e. near Ry, and Ry,. The change
in applied heat to maintain a constant sample cell temperature was
recorded and analyzed using VPViewer program. Integration of the heat
signal describes the change in enthalpy for each injection.

3. Results and discussion
3.1. Turbidity evidence of mixed-lipid liposome disruption by TX

Turbidity changes in liposome solutions were quantified using op-
tical absorbance with spectrophotometry at 400 nm at varying mass
ratios of D:L for mixed-lipid vesicles with varying ratios of ePC and ePA.
In this technique, absorbance decreases with decreasing particle size,
and increases with increasing particle size (see Section 2.3). The curve
is used to determine Rg,, at the D:L ratio of the highest absorbance and
Rso1 at the D:L ratio initiating a baseline absorbance. As the initial
amounts of detergent are added to the liposomes, detergent monomers
penetrate the bilayers. In the lowest D:L ratio (0.12), the TX con-
centration is an order of magnitude above the detergent critical micelle
concentration of 0.15 mg/ml in pure water. In Fig. 3, the curve shapes
for mixtures of ePC and ePA are characteristic of general detergent
association and break-down of liposomes. Here, the D:L ratios (Rs,c and
Rsop) that characterize the stages of solubilization are much lower for
liposomes containing only ePC lipids, and are higher for liposomes
containing any amount of ePA lipids. The intra-liposome mixing of li-
pids was confirmed with differential scanning calorimetry (Figure S1).
In liposomes containing a mixture of both lipids, the D:L ratios at which
the stages of solubilization occur are most similar to that of ePA-only
liposomes. Additionally, the normalized absorbance at 400 nm in Stages
I and II are also markedly higher for all ePA-containing samples than for
ePC alone. In Stage III, the normalized absorbance is similar for all
samples, marking the complete conversion of liposomes into mixed
micelles. We also note that the liposomes had a similar starting dia-
meter, as shown in Table 1. The average diameter of the stage III mixed-
micelles was similar for all lipid compositions (Table 1 and Figure S2).
These results confirm that liposomes were completely solubilized by TX
detergent, but do not describe or provide evidence of changes of dia-
meter during the process of detergent solubilization.

Fig. 4(a) shows the detergent to lipid ratios at peak liposomes
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saturation, Rgy,, for the mixed-lipid liposomes (see Section 2.3). Rgy is
plotted as a function of lipid composition with increasing percentage of
ePA; the remaining is ePC. In Fig. 4, mixed-lipid liposomes containing
only 25% conical ePA lipids incorporate nearly twice as much TX as
cylindrical ePC liposomes alone. 50% ePA incorporates a similar con-
centration of TX as 25% ePA, whereas 75% and 100% ePA liposomes
reach Ry, with even more TX.

In Fig. 4(b), Ry, is displayed for each lipid composition in Fig. 3.
This is the ratio of detergent to lipid at the first point that liposomes are
completely solubilized into mixed-micelles. Ry, is higher for 100% ePA
than 100% ePC (0% ePA). Additionally, error bars are standard de-
viations and do not include instrumental or systematic error.

The difference in D:L ratios for saturating and solubilizing liposomes
can be explained by the shape of each lipid. As seen in Fig. 1, ePC has a
cylindrical shape and ePA has a conical shape. In the liposomes, of the
order of 100 nm, the lipids interact as in a planar bilayer [23]. The
cylindrical ePC lipids form a bilayer with cylinders stacked side-by-side
with little space for TX to insert. Thus ePC liposomes reach R, and Ry
at low D:L ratios with little increase in normalized absorbance at Rg,..
Conversely, ePA lipids have a conical shape that form gaps between the
phospholipid heads in bilayers that more easily accept TX [1,39]. ePA-
only liposomes reach Ry, and Ry, at the highest D:L ratios and a high
normalized absorbance at Ry, This shows there is significant swelling
as TX is incorporated into ePA bilayers, and that ePA bilayers can take
on more TX before disrupting into mixed-micelles. Mixed-lipid lipo-
somes, with at least 25% or more conical ePA, have openings for TX to
more easily incorporate into the bilayer resulting in liposomes behaving
more similarly to ePA-only than ePC-only.

3.2. ITC evidence of mixed-lipid liposome disruption by TX

To gain understanding on the influence of ePA and ePC on TX so-
lubilization, isothermal titration calorimetry (ITC) was performed. ITC
was used to monitor the partition of detergent into bilayers, as well as
the formation of mixed-micelle structures as detergent is titrated into a
solution with pre-formed liposomes. The equilibrated processes of sa-
turation and solubilization release and absorb net heat that were ob-
served through changes in compensation heating power (Ap) required
to maintain a fixed temperature. In Fig. 5, these transitions were ob-
served for 100:0, 75:25, 0:100 ePC:ePA liposomes. 75:25 ePC:ePA
mixed-lipid liposomes were chosen to observe if a similar trend in R,
and Ry, at the low ePA concentration existed with ITC as with absor-
bance measurements in Section 3.1. The top row, shows the raw data of
Ap applied during each injection of TX, which is always followed by an
equilibration period. The injection volumes were varied to optimize the
resolution in the R, region, as seen in previously published protocols
[37,38]. The heat power curves throughout the titration exhibited the
same characteristic solubilization shape, starting with a positive Ap

Abs 400 nm

Fig. 3. Turbidity changes in mixed-lipid
ePC:ePA liposomes at 100:0 (s),75:25 (s),
50:50 (e), 25:75 (s), and 0:100 (s) were in-
duced by TX detergent addition and measured
using absorbance spectrometry at 400 nm.
Data-point connecting lines are shown as
guides to the eye. The solubilization curves for
liposomes containing more than 25% ePA
reached a higher absorbance and were shifted
right compared to ePC-only liposomes.

0.5 1 1.5 2

Detergent to lipid ratio (D :
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Table 1
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Diameter of ePC:ePA mixed-lipid liposomes without TX and mixed-micelles with TX in Stage III of solubilization. This confirms a similar starting size for all lipid

compositions and complete dissolution of liposomes at a higher D:L ratio than R

ePC:ePA Sample 100:0 75:25

50:50 25:75 0:100

Liposome d (nm) 121.7 = 3.5 120.0 = 2.7
Mixed-Micelle d (nm) 17.8 + 2.3 19.4 + 1.4

118.7 = 4.6 120.2 = 1.5 126.1 = 2.8
19.7 = 0.7 18.1 = 5.3 199 + 34

0.6 - S

0.4 ) °

(D : L)|Rsat
(D: L)‘RSol
{ J

Fig. 4. D:L ratio at (a) Ry, liposome satura-
tion, and (b) Ry, liposomes solubilization, for
L4 mixed ePC and ePA lipid liposomes. Values
were obtained via absorbance spectro-
photometry (s) and isothermal titration ca-
° lorimetry (s). Results are displayed as % ePA,
® and the remainder is % ePC. Any amount of
ePA observed increases the D:L ratio at Ry, and
Rso1- The effect of PA is non-linear. As a percent
increase, R, and R, increase more for low %
ePA levels and then the effect does not increase
as much for high % ePA levels.

0 50 100 0
% ePA

endothermic region (Stage I), followed by a negative Ap exothermic
region (Stage II), and lastly, a small, positive Ap endothermic region
(Stage III), barely or not reached for 25 and 100% ePA samples due to
chamber volume limitations. Stages I, II, and III mentioned here cor-
respond to the stages described by the absorbance solubilization curve,
shown in Fig. 2. In Stage I, Ap for both 25 and 100% ePA liposomes was
higher and the stage persisted over more TX titrations than for 100%
ePC liposomes. This corresponds to observations made in Sections 3.2
and 3.3 in which higher concentrations of TX are required to transition
to Stage II. As the time-based injections varied in volume, it is useful to

50 100
% ePA

look at D:L throughout the titrations in the bottom row of Fig. 5.

In Fig. 5(bottom row), raw heat power data was used to calculate
the heats of injection per mole of TX as a function of D:L on a weight
basis. The D:L transitions for R, were determined after the highest Q
peak started to monotonically decrease. For R, a logistic function with
a linear offset, y = A|1 — %_M + ¢, was fit to the monotonic portion

l1+e o
of the data starting at the inversion point (minimum) in the forth

quadrant. Ry, was found at y = 0 of the resulting fit. For 100:0, 75:25,
and 0:100 ePC:ePA, R, is 0.30, 0.40, and 0.46 w/w D:L, and Ry, is
1.92, 2.70, and 2.55w/w D:L. The data is shown in Fig. 4 for

1000 ePC:ePA 7525 ePC:ePA O: 100 ePC:ePA Fig. 5. Isothermal titration calorimetry for so-

Time (h)

lubilization of preformed liposomes with step-
wise titrations of TX. Liposomes made with
(left to right) 100:0, 75:25, and 0:100 ePC:ePA.
5 10 15 (top) Raw data of compensation heat power,
Ap (ucal/s), versus time in hours. (bottom)

0 5 10 15 0 5 10 15 O
] [

Heats of injection, Q (kcal/mol TX), versus D:L
ratio (w/w). The solid lines are again a guide
to the eye. The ITC data show that the response
to TX titration of mixed lipid liposomes con-
taining 25% ePA is more similar to that of
100% ePA than 0% ePA.
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comparison to the absorbance results. These values are at slightly
higher than absorbance spectrometry observations in Section 3.1.
Nevertheless, the trend of both absorbance and ITC data sets are the
same, in which pure ePC reaches R, and Ry, at the lowest D:L of all the
samples. Also, the R, and Ry, values of 25% or more ePA lipids are
closer to that of ePA-only samples.

3.3. Triton X-100 association with ePA as a function of pH and charge

The primary differences between ePC and ePA lipids are charge and
head group size and shape. This leads to different overall lipid shapes
and packing within bilayers. The ePA headgroup is smaller than the ePC
headgroup, as discussed above this lends to an overall conical shape of
ePA lipids and a cylindrical shape of ePC lipids. Since ePA, a charged
lipid, liposomes require a higher concentration of TX to solubilize than
ePC liposomes, the effect of the charge on solubilization was examined
by adjusting the pH, and thus, the lipid ionization, as depicted in Fig. 1.
Absorbance solubilization curves of 0:100 ePC:ePA liposomes at pH 6, 7
and 8 can be seen in Fig. 6. ePA liposomes at pH 8 are saturated and
solubilized at the lowest D:L ratio of the tested buffers. ePA liposomes at
pH 7 are saturated and solubilized at a higher D:L, and lastly, ePA li-
posomes at pH 6 are saturated and solubilzed at the highest D:L. The
absorbance curves shift to the right as the pH decreases for ePA lipo-
somes. Additionally, the absorbance maxima increases slightly with
decreasing pH. The change in peak absorbance at 400 nm compared to
the pristine extruded liposome is 0.58, 0.44, and 0.38 for increasing pH
from 6 to 7 to 8. This means that decreasing the pH allows the lipo-
somes to swell more before the onset of solubilization occurs. Ry, and
Rso) were determined as described above and are graphed in the inset of
Fig. 6. A roughly linear relationship is seen for Ry, and Ry, and as pH
increases, the D:L ratio required to achieve these states decreases. The
D:L ratios at Ry, and Ry, were approximately 1.8 times higher at pH 6
than at pH 8. As with mixed-lipid liposomes, the average diameter of
the prepared liposome and fully solubilized mixed-micelles was similar
(Table S2 and Figure S3).

Changes in D:L at Ry, and Ry, and changes in maximum absor-
bance of ePA at varying pH, show that ePA charge affects the interac-
tion of TX with the bilayers. The ionization potential in Fig. 1, shows
that at a lower pH, ePA is in a less negative state. At the lowest pH
observed, pH 6, the Ry, Rso and maximum absorbance of liposomes
was the highest measured. At this pH, ePA is less negatively charged
than at pH 7 and 8, and thus there are fewer counter-ions present in the
bilayer. The decrease in counter-ions makes the shape of ePA more
conical [40]. As discussed in Section 3.1, we see a strong correlation
between lipid shape and Rg,/Rso1, and here, the more conical ePA has
more mismatches in the bilayer. This enables higher concentrations of
TX to be incorporated in the liposomes before disrupting into mixed-
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micelles. Conversely, ePA at the highest pH observed, pH 8, is in a more
negatively charged state and has more counter-ions present. The in-
creased counter-ions lend to a less conical shape, which increases the
resistance to TX incorporation into the bilayer. Further, the solubili-
zation curve of ePC liposomes is also shown in Fig. 6. It is seen that the
cylindrical shape of the lipids in liposomes are saturated and solubilized
with less TX than conically shaped ePA lipids.

4. Conclusions

TX is a non-ionic amphiphilic molecule with a long hydrophilic
polyethylene oxide chain and a bulky aromatic hydrocarbon group. It
was incorporated into liposomes of varying compositions made of ePC
and ePA lipids. Absorbance spectrometry shows that ePC liposomes are
solubilized with significantly less TX than ePA-only and mixed-lipid
ePC:ePA liposomes at mass ratios of 25:75, 50:50, or 75:25. The TX
response of liposomes containing any amount of ePA tested here more
closely resembles that of 100% ePA than 100% ePC liposomes.
Additionally, during ITC, the heat power response to TX titration of
25% ePA liposomes more closely resembles 100% ePA than 100% ePC.
Thus, the influence of ePA, even at low concentrations, makes ePC li-
posomes less sensitive to disruption by TX.

The differences in ePA and ePC interactions in liposomes with TX
are explained by lipid shape in Fig. 7. The structure of ePC lipids
consists of a mobile, zwitterionic phosphotidyl choline head group and
a combination of saturated and unsaturated fatty acid chains, as seen in
Fig. 1(a). The overall structure of the lipid is cylindrical. The liposome
size used here, which is greater than 100 nm in diameter, has little
curvature effect on the individual lipid interactions. This enables effi-
cient packing of cylindrical lipids, as seen in Fig. 7(first row). The
packing of cylinders increases the difficulty of TX to incorporate into
the liposome. This results in reduced swelling at Rg,, lower possible
incorporation of TX into bilayers, and liposomes that transition to
mixed-micelles at lower ratios of TX to lipid. Conversely, the structure
of ePA lipids is made up of a small, immobile phosphatic acid head
group and a combination of saturated and unsaturated fatty acid chains,
seen in Fig. 1(b). The generally accepted structure is conical [29],
which creates defects in the bilayer between neighboring conical lipids
and favors the incorporation of TX into the liposome bilayers,
Fig. 7(second and third rows). Easier incorporation of TX, allows the
liposomes to accommodate higher concentrations of TX and swell more
before disrupting into mixed-micelles. The influence of the conical ePA
shape also has a drastic effect on R, when ePA is mixed with ePC in
liposomes. The three ratios of ePC:ePA mixed-lipid liposomes observed
showed that the conical shape significantly enhanced the maximum
uptake of liposomes before disruption, Fig. 7(second row). While the
arrangement of ePC and ePA lipids within the bilayer is not yet known,

2 T T ‘

Abs 400 nm

Fig. 6. Turbidity changes in ePA liposomes at
pH 6 (), pH 7 (s), and pH 8 () and ePC lipo-
somes (s), induced by detergent addition and
measured using absorbance spectrometry at
400 nm. The solid lines are a guide to the eye.
Additionally, the D:L ratios at liposome sa-
turation (left inset) and solubilization (right
inset) for ePA at pH 6, 7 and 8. ePA liposomes
at pH 6 incorporated higher concentrations of
TX than at pH 8; additionally there was a linear
increase in Ry, and Rowith pH.
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Fig. 7. Illustration of the influence of lipid shape in the outer liposomes leaflet
on TX incorporation into varying lipid bilayers. In the first row, the cylindrical
shape of PC incorporates the lowest concentration of TX at Rs,c and R, In the
second row, addition of conical shape PA lipids into the PC bilayer promotes
incorporation of a higher TX concentration. In the fourth row, PA at pH 6 has a
more conical shape than pH 7 (third row), which enables uptake of higher TX
concentrations.

our data suggest the addition of even 25% conical lipid drastically in-
creases the density of defects in the bilayers and increases Rg, and
maximum swelling before bilayer disruption.

Additionally, we probed the influence of lipid charge in ePA on TX
solubilization by varying the pH. The net charge of ePA transitions from
—1 to —2 between pH 6 and 8, as seen in Fig. 1(b). TX absorbance
solubilization curves of ePA liposomes at pH 6, 7, and 8, seen in Fig. 6,
show that there is a linear relationship between charge and Rgui/Rsol-
More negatively charged ePA liposomes are saturated and solubilized at
lower D:L ratios. Decreased ease of detergent saturation and solubili-
zation in more negatively charged bilayers can be explained by in-
creased counter-ion affinity at the head groups, which alters the shape
of the lipids in the bilayers. PA is known to have a conical shape due to
the small phosphatidic acid head group. Addition of a counter-ion at
higher pH (i.e. pH 6 vs. pH 7, and pH 7 vs. pH 8) causes an increase in
head group size and makes the overall lipid shape less conical, as seen
in Fig. 7(third row). Less conical ePA lipids, pH 8, pack together more
tightly, which reduces insertion of TX into liposomes. Conversely, more
conical ePA lipids,like at pH 6, have more defects in liposome layers
that ease the incorporation of TX Fig. 7(fourth row). As discussed with
ePC liposomes, fewer defects in the bilayers result in a lower association
of TX monomers before liposomes begin restructuring into mixed-mi-
celles.

In summary, based on our results we found that a lipid shape model
can be used to explain detergent solubilization characteristics of single-
lipid and mixed-lipid liposomes, which is a necessary early step in
creating native-like liposomes that incorporate proteins for functional
purpose.
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