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A B S T R A C T   

Ceramides and diacylglycerols are groups of lipids capable of nucleating and stabilizing ordered lipid domains, 
structures that have been implicated in a range of biological processes. Previous studies have used fluorescence 
reporter molecules to explore the influence of ceramide acyl chain structure on sphingolipid-rich ordered phases. 
Here, we use small-angle neutron scattering (SANS) to examine the ability of ceramides and diacylglycerols to 
promote lipid domain formation in the well-characterized domain-forming mixture DPPC/DOPC/cholesterol. 
SANS is a powerful, probe-free technique for interrogating membrane heterogeneity, as it is differentially sen
sitive to hydrogen’s stable isotopes protium and deuterium. Specifically, neutron contrast is generated through 
selective deuteration of lipid species, thus enabling the detection of nanoscopic domains enriched in deuterated 
saturated lipids dispersed in a matrix of protiated unsaturated lipids. Using large unilamellar vesicles, we found 
that upon replacing 10 mol% DPPC with either C16:0 or C18:0 ceramide, or 16:0 diacylglycerol (dag), lipid 
domains persisted to higher temperatures. However, when DPPC was replaced with short chain (C6:0 or C12:0) 
or very long chain (C24:0) ceramides, or ceramides with unsaturated acyl chains of any length (C6:1(3), C6:1(5), 
C18:1, and C24:1), as well as C18:1-dag, lipid domains were destabilized, melting at lower temperatures than 
those in the DPPC/DOPC/cholesterol system. These results show how ceramide acyl chain length and unsatu
ration influence lipid domains and have implications for how cell membranes might modify their function 
through the generation of different ceramide species.   

1. Introduction 

The liquid-ordered (Lo) membrane phase is a unique state of matter 
that arises from a preferential interaction between cholesterol and either 
sphingolipids or saturated phospholipids (Ipsen et al., 1987). In the 
presence of unsaturated phospholipids, Lo phases can coexist with 
disordered liquid (Ld) phases over a broad range of composition and 

temperature (Marsh, 1788; Heberle and Feigenson, 2011). The appear
ance of Ld+Lo phase separation in model membranes that mimic the 
composition of eukaryotic plasma membrane outer leaflets has generally 
helped shed light on observations of lipid rafts in living cells (Simons 
and Ikonen, 1997). In particular, rafts are thought to be ordered lipid 
domains enriched in cholesterol and sphingolipids that are stabilized by 
a network of hydrogen bonds (Slotte, 2016; Sodt et al., 2015). The small 
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(nanoscopic) size and transient lifetime of ordered domains in resting 
cells has fueled an ongoing debate regarding the physicochemical ori
gins of membrane rafts (Levental et al., 2020). Whether these domains 
are a manifestation of Ld+Lo phase separation (Feigenson, 1863), critical 
fluctuations (Veatch, 2022), a microemulsion (Allender et al., 2020), or 
some other mechanism remains an open question. 

Although the canonical raft models are understandably based on the 
most abundant classes of plasma membrane lipids (i.e., ternary mixtures 
of high-melting and low-melting phospholipids together with choles
terol), minor plasma membrane lipid components can have a profound 
influence on raft behavior. A prime example are ceramides, a diverse class 
of sphingolipid metabolites that are among the most hydrophobic bio
molecules found in nature (Kolesnick et al., 2000). Similar to cholesterol, 
ceramides can selectively partition into ordered lipid phases to minimize 
their interaction with water (Wang and Silvius, 2003; Huang and Fei
genson, 1999). As shown in Fig. 1A, the relatively small hydroxyl head
group of ceramide, together with its sphingoid backbone and long acyl 
chains, produce a structure that is highly suited for interactions with or
dered lipid domains. Under certain conditions, ceramides can reach 
concentrations of up to 10 mol% in ordered phases (Hannun, 1996) and 
may have a greater propensity than cholesterol to associate with ordered 
phases (Wang and Silvius, 2003; Ali et al., 2006). The association between 
ceramides and ordered lipid phases is known to stabilize lipid domains 
(Goñi and Alonso, 2009), but in turn excludes cholesterol from these 
domains (Grassmé et al., 2002; Zhang et al., 2009). 

The complex interaction between ceramide, cholesterol, and other 
raft-forming lipids is becoming a topic of increasing interest, as an un
derstanding of their physicochemical properties is of central importance 
for defining the potential biological roles of lipid rafts (Cremesti et al., 
2002; Kinnunen et al., 1994). For example, ceramides have been shown 
to participate in a wide range of cellular processes taking place at the 
membrane, including protein function (Kolesnick et al., 2000), signaling 
(Mathias et al., 1998; Stancevic and Kolesnick, 2010), and cell apoptosis 
(Li et al., 2006; Huang et al., 2011; Pushkareva et al., 1995). Moreover, 
the differential tissue expression of various ceramide synthases points to 
different membrane behaviors associated with particular ceramide acyl 
chains (Laviad et al., 2008). 

Several studies have found that ceramides can displace cholesterol 
from sphingolipid-rich ordered phases, essentially modifying membrane 
fluidity by forming ceramide-rich gel domains (Maula et al., 2015; Pinto 
et al., 2011; Nybond et al., 2005; Megha et al., 2007). In most of these 
studies, lipid phase behavior was interrogated through the use of fluo
rescent reporter molecules, which can in some cases, perturb the local 

membrane environment (Ackerman et al., 2013). In this work, we used 
small-angle neutron scattering (SANS), an essentially probe-free tech
nique capable of detecting nanoscopic lipid domains (Pencer et al., 
2007; Heberle et al., 2013). Specifically, we used SANS to report on the 
clustering of saturated lipids in the presence of different ceramide and 
diacylglycerol species. Diacylglycerols (Fig. 1B) are structurally similar 
to ceramides but lack the ability to hydrogen bond. We chose a 
glycerophospholipid-based lipid composition to reduce backbone 
hydrogen bonding, thus allowing us to better compare the effects of 
ceramide and diacylglycerol acyl chains. Our experimental strategy was 
to replace 10 mol% of the saturated lipid in the prototypical ternary 
domain-forming composition DPPC/DOPC/Chol (37.5/37.5/25) with 
various species of ceramide or diacylglycerol differing in fatty acid chain 
length and degree of unsaturation, resulting in a quaternary mixture 
with sufficient amounts of saturated lipid and cholesterol to inhibit the 
formation of ceramide-rich gel domains (Veatch and Keller, 2003; 
Boulgaropoulos et al., 2012; Castro et al., 2009; Pinto et al., 2013). 

2. Results 

We collected SANS data from extruded large unilamellar vesicle 
(LUV) samples in which the average neutron scattering length density 
(NSLD) of the lipid bilayer was matched to the surrounding water, but 
where the average NSLDs of the saturated and unsaturated lipid species 
were not matched to each other. In such a sample, any excess coherent 
scattering above the flat incoherent background is the result of a 
nonrandom lateral spatial arrangement of saturated and unsaturated 
lipids (i.e., lipid clustering) on length scales accessible to the SANS 
technique (i.e., domains of greater than ≈ 5 nm) (Heberle et al., 2013). 
We compared samples doped with protiated ceramide (cer) or diac
ylglycerol (dag) species to a baseline mixture devoid of the dopant. The 
baseline composition was DPPC/DOPC/Chol (37.5/37.5/25, by mole 
fraction), a well-characterized mixture that phase-separates into coex
isting liquid-ordered (saturated-rich, Lo) and liquid-disordered (unsa
turated-rich, Ld) domains below ≈ 32 ∘C (Veatch and Keller, 2003). In 
each sample, 10 mol% of the saturated lipid DPPC was replaced by a cer 
or dag of different acyl chain length and/or degree of unsaturation, 
while keeping the overall average NSLD of the mixture constant 
(Heberle et al., 2013). Using this experimental approach, we maintained 
a constant molar ratio of cholesterol, cer/dag, and high-melting tem
perature lipid, which has been shown to be a critical modulator of phase 
behavior in ceramide containing mixtures (Pinto et al., 2013; Castro 
et al., 2009; Silva et al., 2009). The use of DPPC (rather than sphingo
myelin) in the baseline mixture avoids bias toward domain stabilization 
by hydrogen bonding between the sphingoid backbone of ceramide and 
that of sphingomyelin lipids (Maula et al., 2015; Jaikishan and Slotte, 
2013). 

Previous work using a sphingolipid-based, raft-forming ternary 
mixture suggested that some ceramides with long acyl chains can form a 
ceramide-rich gel (Lβ) phase at low cholesterol concentrations (Castro 
et al., 2009). We used a cholesterol concentration (25 mol%) that is 
significantly higher than the ceramide concentration (10 mol%) to 
minimize the possibility of Lβ formation. Additionally, because the 
ceramide and diacylglycerol species are protiated, any induced gel do
mains would have an NSLD similar to the protiated bulk phase, and thus 
changes in scattering can be directly correlated to changes in the clus
tering of deuterated DPPC-rich Lo phase. 

Fig. 2 shows SANS curves for the ceramide-free baseline sample as 
well as samples where 10 mol% of the DPPC was replaced by either 
C18:0-cer or C18:1-cer. At 15 ∘C, the ceramide-free sample (blue curve) 
shows a characteristic peak at ≈ 0.005 Å−1 resulting from lateral 
segregation of the deuterated and protiated lipid components, consistent 
with previous observations (Pencer et al., 2005). The coherent scattering 
peak is markedly reduced upon raising the temperature to 25 ∘C, and is 
completely lost by 35 ∘C, suggesting a well-mixed fluid bilayer, consis
tent with published phase diagrams for this mixture (Veatch and Keller, 

Fig. 1. Structures of (A) ceramide (cer) and (B) diacylglycerol (dag). In contrast 
to the glycerol backbone of phospholipids, the sphingoid backbone of ceram
ides is both a hydrogen bond donor and acceptor. 
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2003). Partial replacement of DPPC with C18:0-cer (orange curve) in
creases the scattering intensity relative to the baseline mixture at all 
temperatures, indicating that this lipid induces greater segregation of 
DPPC from the other lipids. In contrast, C18:1-cer (red curve) abolishes 
coherent scattering at all temperatures, suggesting that this lipid causes 
DPPC to mix with the other lipids. 

To quantitatively compare the influence of the different ceramide 
species on lateral lipid heterogeneity, we calculated the Porod invariant, 
Q, from the SANS data as described in the Experimental Procedures. 
Given the contrast scheme, an increase (decrease) in Q reflects stronger 
(weaker) lateral segregation of saturated and unsaturated lipids, that is, 
a change in the propensity of the ordered lipid DPPC to cluster. Here and 
throughout, we use the shorthand language that increased Q corre
sponds to a dopant that stabilizes domains, while decreased Q corre
sponds to domain destabilization. Fig. 3 shows Q plotted against acyl 

Fig. 3. Domain stabilization or destabilization by ceramide depends on the 
structure of its N-acyl chain. The normalized Porod invariant, Q, is correlated to 
the acyl chain length of different saturated and unsaturated (open circles and 
open triangles, respectively) ceramides and diacylglycerols (blue and orange, 
respectively) at (a) 15 ∘C, (b) 25 ∘C, and (c) 35 ∘C. Species above the horizontal 
black line stabilize domains relative to the baseline lipid mixture, while those 
below the line destabilize domains. The horizontal gray lines denote one 
standard deviation derived from replicate experiments of the baseline 
composition. 

Fig. 2. SANS reveals the effects of membrane additives on domain stability. 
SANS data at 15 ∘C (a), 25 ∘C (b), and 35 ∘C (c) for the lipid mixture DPPC/ 
DOPC/Chol 37.5/37.5/25 in the absence of ceramide (-cer, blue curve), or with 
10 mol% of DPPC replaced by either C18:0-cer (orange curve), or C18:1-cer 
(red curve). C18:0-cer stabilizes domains as indicated by an increase in SANS 
intensity relative to the baseline, while C18:1-cer destabilizes them. Close to 
physiological temperature (c), C18:0-cer induces domain formation in the 
uniform baseline lipid mixture. 
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chain length for various saturated and unsaturated (open circles and 
triangles, respectively) ceramides and diacylglycerols (blue and orange 
symbols, respectively) at (a) 15 ∘C, (b) 25 ∘C, and (c) 35 ∘C. Of the eleven 
species investigated, only three (i.e., C16:0-cer, C18:0-cer, and C16:0- 
dag) were found to stabilize domains and, as shown in Fig. 3c, induce 
domains in an otherwise uniform mixture at 35 ∘C. In contrast, domains 
were destabilized by dopants with short saturated chains (C6:0-cer and 
C12:0-cer), long saturated chains (C24:0-cer), or by an unsaturated 
chain of any length (C6:1-cer, C18:1-cer, C24:1-cer, and C18:1-dag).  
Fig. 4. 

Considering only the ceramide species, the hierarchy for propensity 
to stabilize domains is as follows: C18:0 ≈ C16:0 > no ceramide 
≈ C12:0 > C24:0 ≈ C24:1 ≈ C18:1 ≈ C6:1 > C6:0. At all temperatures 
studied, C6:0-cer was found to be most strongly destabilizing to do
mains, even more so than its unsaturated counterpart. Comparison of 
chain-analogous ceramides and diacylglycerols in Fig. 3 shows a slightly 
greater propensity for diacylglycerol species to stabilize domains 
(compare e.g., C16:0-cer and C16:0-dag). However, introduction of a 
domain suppressing feature such as chain unsaturation negates the 
stabilizing contribution of the backbone (compare e.g., C18:1-cer and 
C18:1-dag). 

3. Discussion 

Using SANS we investigated the effect of ceramide or diacylglycerol 
structure on the lateral organization of phosphatidylcholine bilayers 
exhibiting Ld+Lo phase separation. While many studies have focused on 
the competition between cholesterol and ceramide in sphingomyelin- 
rich domains (Maula et al., 2015; Sot et al., 2008; Castro et al., 2009), 
we used a system of glycerophospholipids to restrict hydrogen bonding 
contributions (Slotte, 2016), thereby emphasizing the role of the N-acyl 
chain. Our baseline composition presents domains with moderate 
amounts of cholesterol (25 mol%) (Veatch and Keller, 2003). We 
observe changes in DPPC clustering at low ratios of ceramide:saturated 
lipid, which are devoid of gel phases owing to the cholesterol content 
(Castro et al., 2009). In agreement with previous studies, we find the 
following rank order of structural features that influence lateral orga
nization: chain unsaturation > chain length > backbone structure. 

3.1. Ceramide chain unsaturation suppresses domains 

All unsaturated ceramide species studied here promote the mixing of 
saturated and unsaturated lipid components. Structurally, the small 
polar headgroups of ceramides and diacylglycerols result in conical lipid 

shapes that destabilize lamellar phases (Epand, 1985). Moreover, 
cis-double bonds introduce kinks in the acyl chains that further decrease 
molecular packing efficiency and limit van der Waals interactions be
tween adjacent acyl chains (Marsh, 1999). Regardless, monolayer and 
fluorescence studies have shown that unsaturated ceramide species 
favorably interact with condensed phases (Wang and Silvius, 2003; 
Dupuy and Maggio, 2014; Maula et al., 2015; Pinto et al., 2011). As a 
result of their molecular structures, ceramides and diacylglycerols seek 
out ordered domains as a means to shelter their large hydrophobic 
moieties from the aqueous phase, analogous to the “umbrella model” in 
the case of cholesterol (Huang and Feigenson, 1999). We find that 
incorporation of cer or dag species containing chain unsaturations de
stabilizes domains, presumably by lowering domain order and thus 
reducing the difference in order between Lo and Ld phases. 

Interestingly, at 15 ∘C (Fig. 3a) all of the unsaturated lipids that we 
studied appear to suppress lateral phase separation to approximately the 
same degree. As noted in previous work (Maula et al., 2015; Pinto et al., 
2011), the location of the cis-double bond is a critical factor in deter
mining the extent of lipid domain destabilization. As shown in Fig. 3a, 
comparing C6:1-cer species with equivalent chain length and unsatu
ration, the centralized double bond of C6:1(3)-cer destabilizes domains 
to a greater degree than the distal double bond of C6:1(5)-cer. This trend 
is recapitulated in comparison of two ω-9 fatty acid-containing ceram
ides, where the more centrally located double bond of C18:1-cerΔ9c 

abolished domains at a lower temperature than C24:1-cerΔ15c (Fig. 3b). 
It has previously been shown that the highly asymmetric acyl chains 

of C24:1-cer can induce interdigitated phases in mixed lipid membranes 
(Pinto et al., 2008; Nyholm et al., 2010). Interdigitation might minimize 
packing constraints and stabilize domains containing long unsaturated 
ceramide chains. At 15 ∘C (Fig. 3a), all unsaturated acyl chain ceramides 
produce vesicles with approximately 40% of the total scattering Q of the 
system with no ceramide. Increasing the temperature to 25 ∘C (Fig. 3b) 
results in a lesser decrease in Q for C24:1-cer compared to the other 
unsaturated ceramides, suggesting a greater resistance of the 
C24:1-cer-containing domains to thermal disruption. Our data supports 
an additional contribution, such as interdigitation, as a mechanism to 
stabilize phases by limiting packing constraints. The effect of interdig
itation is also evidenced by the greater ability of C24:1-cer to form gel 
domains in bilayers (Pinto et al., 2008) compared to monolayers (Dupuy 
and Maggio, 2014). 

3.2. Ceramide chain length tunes domain stability 

Earlier studies identified that trends in the membrane behavior of 

Fig. 4. Synthesis of C6:1-cer species.  
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ceramides are correlated with the length of their N-acyl chains, and that 
a matched hydrophobic thickness maximizes van der Waals interactions 
to stabilize gel-like phases (Carrer and Maggio, 1999; Karttunen et al., 
2009). In contrast, it has also been shown that progressive chain 
asymmetry and mismatch of bilayer thickness decreases the miscibility 
transition temperature (i.e., destabilizes sterol-sphingolipid ordered 
domains) (Maula et al., 2015; Nybond et al., 2005). Our results align 
well with existing literature in identifying C16:0-cer as the most domain 
stabilizing ceramide species in mixtures where ordered phases are 
enriched in palmitoyl chains. (Pinto et al., 2011), (Pinto et al., 2013; 
Maula et al., 2015; Silva et al., 2007; Megha, 2004; Megha et al., 2007) 

Ceramides have been shown to have a greater affinity for ordered 
phases than does cholesterol (Wang and Silvius, 2003; Dupuy and 
Maggio, 2014; Ali et al., 2006). For example, multiple studies have 
shown that matching N-acyl length ceramides (C16:0-cer and C18:0-cer) 
are able to efficiently out-compete cholesterol for association with or
dered lipids (Megha, 2004; Maula et al., 2015; Sot et al., 2008; Alanko 
et al., 2005; Boulgaropoulos et al., 2012). Given our neutron contrast 
matching scheme (described in Materials and Methods), an increase in 
the total scattering Q can be attributed to increases in either or both of 
two interdependent modes: (i) a greater area fraction of ordered do
mains (ad); and (ii) greater contrast (Δρ) due to stronger partitioning of 
DPPC between the ordered domains and bulk disordered phase. Based 
on increased total scattering, our data show that these chain-matched 
species are most effective in promoting clustering of the saturated 
DPPC lipids. This stabilizing effect is very pronounced and results in the 
formation of ordered lipid domains in what would otherwise have been 
a homogeneous mixture at near-physiological temperature (Fig. 3c). 

Highly asymmetric ceramide species induce disordering of saturated 
lipids to varying degrees. Very long-chain ceramides (C24:0-cer) pos
sesses a strong negative curvature and the ability to interdigitate. These 
features can promote tubule formation at high ceramide concentrations 
(Pinto et al., 2011; Levin et al., 1985; Jiménez-Rojo et al., 2014), though 
we do not observe any evidence of tubulation at 10 mol% ceramide. As a 
consequence of their ability to perturb molecular packing, condensed 
phases composed of very long-chain ceramides are less ordered and 
exhibit complex melting behavior (Maula et al., 2015). At a 1:1 stoi
chiometry of saturated lipid:ceramide and 10 mol% cholesterol, (Maula 
et al., 2015) found that C24:0-cer promotes membrane order, albeit less 
so compared to C16:0-cer or C18:0-cer (Maula et al., 2015). In the 
current study, we used a higher proportion of saturated lipid and 
cholesterol (a saturated lipid:ceramide molar ratio of 2.75:1 and 25 mol 
% cholesterol) and found that C24:0-cer destabilizes saturated lipid 
clusters. The discrepancy between this and previous results can be 
rationalized by the lower capacity of POPC/PSM/Chol/Cer 
(60/15/10/15) to shelter ceramide from the aqueous phase, compared 
to DOPC/DPPC/Chol/Cer (37.5/27.5/25/10). The limited shielding 
capacity of the former mixture forces a closer association between the 
ceramide and saturated lipid. We further note that of all the lipid species 
we identified as destabilizing lipid domains (i.e., those beneath the 
horizontal line in Fig. 3), the composition with C24:0-cer was the least 
responsive to temperature. Although C24:0-cer decreases the ability of 
DPPC to cluster, the ordered phase that it forms is rather stable, possibly 
due to its ability to interdigitate (Levin et al., 1985). 

Short chain ceramides are known to have a significant disordering 
effect on biological membranes and are not known to induce acyl chain 
interdigitation. Our work closely mirrors that of (Megha et al., 2007), 
which studied the behavior of ceramides in brain sphingomyelin and 
reached similar conclusions regarding the influence of short-chain 
ceramides on domain stability. Though that study used a larger cer
amide mole fraction (18 mol%, compared to 10 mol% in the present 
study), the authors observed a slightly destabilizing effect on lipid rafts 
upon incorporation of C12:0-cer, which they attributed to the ability of 
the ceramide to displace cholesterol (Megha et al., 2007). Additionally, 
Megha et al. (2007) found C6:0-cer to be among the lipids with the 
greatest ability to destabilize ordered lipid domains, in agreement with 

the work of Nybond et al. (2005) and our findings (Nybond et al., 2005). 
Domain disordering by short-chain ceramides has been suggested to 
arise from perturbations to interfacial lipid packing caused by the short 
acyl chain (Nybond et al., 2005). Our results show that these short chain 
species do not provide sufficient favorable interactions to stabilize or
dered phases and thus result in significant membrane disorder, with 
C6:0-cer being the most domain destabilizing lipid of those studied here. 
Several studies have shown that C6:0-cer is also the most apoptotic 
ceramide species, which may be a consequence of this destabilization 
(Brown et al., 1999; Ogretmen, 2018; Kester et al., 2015; Shaw et al., 
2018). 

Work by Megha (2004) suggested a limited capacity of ordered 
phases to accommodate small-headgroup ceramide species (Megha, 
2004; Ali et al., 2006). This solubility limit results in a competition 
between cholesterol and ceramide that leads to the most favorable as
sociation, i.e., a gel phase enriched in ceramide and saturated lipid (Ali 
et al., 2006). The extent of the competition depends on the relative 
amounts of ceramide/cholesterol and the saturated lipid species. When 
the saturated lipid is in limited supply, even small amounts of ceramide 
are observed to displace cholesterol from ordered domains (Silva et al., 
2007; Castro et al., 2009; Boulgaropoulos et al., 2012). In biological 
membranes, the displaced cholesterol can be removed from the bilayer 
through various pathways (Lange and Steck, 2008). However, at fixed 
lipid compositions such as those found in model membrane studies, 
cholesterol is released and is then able to nucleate a liquid-ordered 
phase domain (Megha, 2004; Boulgaropoulos et al., 2012). Indeed, the 
formation of ceramide-rich gel domains surrounded by a 
cholesterol-rich liquid-ordered phase has been inferred from FRET and 
fluorescence anisotropy data (Silva et al., 2007; Pinto et al., 2013; 
Chiantia et al., 2006). Alternatively, at intermediate cholesterol con
centrations and with an abundance of saturated lipid (such as in this 
work), competition between cholesterol and ceramide results in the 
formation of an ordered phase composed primarily of saturated lipid, 
cholesterol, and ceramide (Busto et al., 2010), (Busto et al., 2014; Maula 
et al., 2015; Nyholm et al., 2010). This heterogeneous ordered phase 
may have unique physicochemical properties as it teeters between a 
cholesterol-rich (Lo, no long range order) and a ceramide-rich (Lβ, long 
range order) phase (Silva et al., 2009; García-Arribas et al., 2015), 
(García-Arribas et al., 2016; Megha, 2004). Future studies probing the 
physical properties of heterogeneous domains may be able to comment 
on the ability of cholesterol:ceramide mixtures to tune membrane bio
physical properties. 

3.3. Backbone structure is a secondary factor 

Ceramide and diacylglycerol are structurally similar; most notably, 
both possess a small polar headgroup. With their sphingosine backbone, 
ceramides are capable of both donating and accepting hydrogen bonds, 
in contrast to glycerides that can only accept hydrogen bonds. It is 
known that sphingolipid-rich condensed phases benefit from an inter- 
and intra-molecular hydrogen bonding network that is coordinated by 
the C4 trans-double bond of the base (Li et al., 2001; Jaikishan and 
Slotte, 2013; Löfgren and Pascher, 1977; Brockman et al., 2004). This 
suggests that ceramide’s ability to form hydrogen bonds promotes the 
formation and stabilization of ceramide-rich platforms in sphingolipid 
mixtures. 

From Fig. 3, a comparison of C16:0-dag to C16:0-cer in the absence 
of sphingomyelin shows that clustering of DPPC is enhanced by chain- 
equivalent diacylglycerols, compared to ceramides. However, the 
domain-enhancing feature offered by the diacylglycerol backbone is 
more than offset by the penalty of chain unsaturation (compare C18:1- 
dag to C18:1-cer in Fig. 3). This is in agreement with the findings of 
Megha (2004), who showed that C16:0-dag is most efficient in dis
placing cholesterol from ordered bilayers due to its enhanced packing 
efficiency (Megha, 2004). In addition, investigations by Sot et al. (2008) 
indicate that natural extracts of egg diacylglycerols destabilize 
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sphingomylein-rich phases, while egg ceramide is stabilizing (Sot et al., 
2008). In agreement with our data and the findings of others, it is likely 
that this observation is a result of the greater amount of saturated acyl 
chains in the ceramide extract (60%), compared to the diacylglycerol 
extract (40%), rather than a preference for one backbone structure over 
the other. 

Maula et al. (2015) characterized the influence of phytosphingosine 
and 2′-hydroxyceramide species on phase separation. In a 
sphingolipid-rich system, they determined that the additional hydroxyl 
group increases domain stability due to greater hydrogen bonding. 
However, elimination of the C4 trans-double bond in phytosphingosine 
and additional steric contributions from the -OH group, prevents the 
tight packing necessary for condensed phases (Maula et al., 2015). Based 
on the structure of diacylglycerol, which is devoid of hydrogen bond 
donors, it is reasonable to attribute its affinity for glycerophospholipid 
phases largely to its structural similarity (and therefore favorability to 
pack) as compared to ceramide. Still, further investigations are war
ranted to explore the phase behavior of various diacylglycerol species in 
a sphingolipid-containing raft-mimicking composition to better 
compare the influence of hydrogen bonding and backbone structure. 

4. Conclusions 

Using SANS from lipid vesicles that are models for membrane rafts, 
we observe differences in lipid clustering in the presence of ceramides 
and diacylglycerols of varying chain length and unsaturation. From the 
data we draw two main conclusions: (1) C16:0 and C18:0 ceramides 
stabilize ordered domains, in contrast to the destabilizing effect man
ifested by short (C6:0) or very long (C24:0) ceramides; and (2) mono
saturated ceramides of any chain length destabilize lipid clustering. 
Although the molecular structure of the lipid backbone and its hydrogen 
bonding abilities further stabilize lipid domains, its role is of lesser 
consequence. Our findings can be explained by a competition between 
cholesterol and ceramide in seeking shelter from the aqueous phase, 
thus producing domains that bridge the physicochemical properties of 
the gel- and liquid-ordered phases. 

5. Experimental 

5.1. Materials 

Lipids and cholesterol were dissolved in HPLC-grade chloroform to a 
known concentration and stored at - 80 ∘C. Ultrapure H2O was obtained 
from a High-Q purification system (Wilmette, IL) and D2O (99.9%) was 
purchased from Cambridge Isotopes (Andover, MA). Cholesterol was 
from Nu-Chek Prep (Elysian, MN). 1,2-dipalmitoyl-sn-glycero-3-phos
phocholine (DPPC), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 
1,2-dipalmitoyl-sn-glycerol (C16:0-diacylglycerol, C16:0-dag), 1-palmi
toyl-2-oleoyl-sn-glycerol (C18:1-diacylglycerol, C18:1-dag), N-hex
anoyl-D-erythro-spingosine (C6:0-ceramide, C6:0-cer), N-lauroyl-D- 
erythro-spingosine (C12:0-ceramide, C12:0-cer), N-palmitoyl-D-erythro- 
spingosine (C16:0-ceramide, C16:0-cer), N-stearoyl-D-erythro-spingo
sine (C18:0-ceramide, C18:0-cer), N-oleoyl-D-erythro-spingosine (C18:1- 
ceramide, C18:1-cer), N-lignoceroyl-D-erythro-spingosine (C24:0-cer
amide, C24:0-cer), and N-nervonoyl-D-erythro-spingosine (C24:1-cer
amide, C24:1-cer) were purchased from Avanti Polar Lipids (Alabaster, 
AL) and used as supplied. 

N-hex-3-enoyl-D-erythro-sphingosine (5) and N-hex-5-enoyl-D- 
erythro-sphingosine (7) were prepared according to the synthetic steps 
outlined in Scheme 4 following literature methods (Szulc et al., 2010; 
Camacho et al., 2013). Briefly, D-sphingosine (1) was converted to 
corresponding acetonide 3 by treating with 2-methoxy-1-propene (2) in 
the presence of a catalytic amount of pyridinium p-toluenesulfonate 
(PPTS) in refluxing toluene for 4 h (Szulc et al., 2010). The resulting 
D-sphingosine acetonide 3 and Et3N in CH3CN, on treatment with a 
solution of 1-hydroxybenzotriazole monohydrate (HOBt⋅H2O), 

trans-3-hexenoic acid or 5-hexenoic acid, and N-(3-dimethylaminopro
pyl)-N’-ethylcarbodiimide hydrochloride (EDCI.HCl) in CH2Cl2 at room 
temperature for 1 h resulted in the corresponding acetonide protected 
C6-ceramide analogs 4 and 6 in 72% and 75% yields, respectively 
(Camacho et al., 2013). Compounds 4 and 6 on reaction with catalytic 
amount of p-toluenesulfonic acid (PTSA) in MeOH at room temperature 
for 2 h afforded the corresponding N-hex-3-enoyl-D-erythro-sphingosine 
(5) and N-hex-5-enoyl-D-erythro-sphingosine (7), respectively, in quan
titative yields (Szulc et al., 2010). Both the compounds 5 and 7 were 
characterized on the basis of NMR and MS spectral data (DNS). 

5.2. Preparation of LUVs for small-angle neutron scattering (SANS) 

Large unilamellar vesicle (LUV) samples for SANS measurements 
were prepared as follows. Desired volumes of lipid and cholesterol stock 
solutions in chloroform were transferred to a glass vial using a glass 
syringe. Organic solvent was removed under a nitrogen stream with mild 
heating. Lipid films were then placed under vacuum for > 12 h to 
remove trace solvent. Dry lipid films were hydrated with a 34.5% (v/v) 
D2O/H2O mixture preheated to 45 ∘C and subsequently vortexed to 
generate multilamellar vesicles (MLVs). The MLV suspension was 
incubated at 45 ∘C for 1 h, followed by 5 freeze/thaw cycles between - 80 
and 45 ∘C. Samples were then sonicated at 60 ∘C for 1 min. Unilamellar 
liposomes were prepared using a miniextruder (Avanti Polar Lipids, 
Alabaster, AL) assembled with a single 50 nm diameter pore size poly
carbonate filter and heated to 45 ∘C. Final sample concentrations were 
10–20 mg/mL, allowing for sufficient water between vesicles to elimi
nate the interparticle structure factor. The resulting vesicles had an 
average diameter of 90 ± 10 nm as determined by dynamic light 
scattering. 

5.3. SANS data collection 

SANS experiments were conducted at the High Flux Isotope Reactor 
(HFIR) of the Oak Ridge National Laboratory (ORNL) using the CG-3 
BioSANS instrument (Heller et al., 2018). LUV suspensions were 
loaded into 1 mm path-length quartz cylindrical cells (Hellma USA, 
Plainview, NY) and mounted in a temperature-controlled holder with 
± 1 ∘C accuracy. Scattered neutrons were counted with 3He linear 
position-sensitive detector tubes (GE Reuter Stokes, Twinsburg, OH) 
assembled to form a 1 × 1 m (192 × 256 pixels) main detector, and a 
1 × 0.8 m (160 × 256 pixels) curved wide-angle “wing” detector. SANS 
data were collected with a single instrument configuration covering a 
total scattering range of 0.003 < q < 0.8 Å−1 using 6 Å wavelength 
neutrons (FWHM 15%) with the main and wing detectors at 
sample-to-detector distances of 15.5 m and 1.13 m, respectively. The 
tube closest to the beam of the wing detector was rotated out of the 
primary beam path by 1.4∘. Neutron beam collimation was defined by 
source and sample apertures (40 and 14 mm diameter, respectively) 
placed 17.5 m apart. No neutron guides or attenuators were used. The 
2D data were reduced and combined using the Mantid software package 
(Arnold et al., 2014). Data were corrected for detector pixel sensitivity, 
dark current and sample transmission, as well as background scattering 
from water. Reduced 2D data sets were azimuthally averaged to obtain 
1D SANS profiles of scattering intensity I vs. wavevector q, where q is a 
function of the neutron wavelength λ and scattering angle 2θ through 
the relationship q = 4π sinθ/λ. 

5.4. SANS analysis 

Data backgrounds were normalized by subtracting the slope of I(q) 
× q4 vs. q4 for q > 0.6 Å−1 from the data to correct for sample-to-sample 
variation in the flat incoherent background (Porod, 1951; Alava et al., 
2002). Following Pencer et al. (2006) data were then analyzed as 
model-independent quantities through the Porod invariant, Q: 
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Q =

∫

I(q)q2dq (1) 

To a first approximation, Q is related to the degree of phase sepa
ration and the difference in neutron scattering length density (i.e., the 
contrast) between the two phases as: 

Q ≈ ad(1 − ad)Δρ2, (2) 

where ad and (1 - ad) are the area fractions occupied by the domain 
and matrix phases, respectively, and Δρ is the contrast between the 
phases. The resulting Porod invariants were normalized as a fraction of 
the invariant of the non-doped lipid mixture at 15 ∘C, where phase 
separation is understood to be most robust. 
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