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CH-1015 Lausanne, Switzerland

*S Supporting Information

ABSTRACT: Three-dimensional (3D) phospholipid monolayers at hydrophobic surfaces
are ubiquitous and found in nature as adiposome organelles or in man-made materials such
as drug delivery systems. However, the molecular level understanding of such monolayers
remains elusive. Here, we investigate the molecular structure of phosphatidylcholine (PC)
lipids forming 3D monolayers on the surface of hexadecane nanodroplets. The effects of
acyl chain length, saturation, and number of acyl tails per lipid were studied with
vibrational sum frequency and second harmonic scattering techniques. We find that 1,2-
dihexadecanoyl-sn-glycero-3-phosphocholine (DPPC) lipids form tightly packed mono-
layers. Upon shortening the tail length to 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC) and 1,2-dilauroyl-sn-glycero-3-phosphocholine (DLPC), more gauche defects are
observed. Monolayers of unsaturated 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)
and single acyl chained 1-palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine (lyso-PC)
contain more disorder. Despite these variations in the packing, the headgroup orientation
remained approximately parallel to the nanodroplet interface. Remarkably, the lyso-PC
uniquely forms more diluted and “patchy” 3D monolayers.

■ INTRODUCTION

Phospholipid monolayers are omnipresent in nature and play
irreplaceable roles in atmospheric and biological sciences. In
living organisms, phospholipid monolayers are found in
adiposomes, also known as lipid droplets.1,2 Lipid droplets
have been discovered as organelles that regulate the lipid and
fat metabolism in eukaryotic cells. Such organelles are covered
by a phospholipid and protein rich monolayer that serves as a
regulating barrier between the hydrophobic nonpolar lipid core
and aqueous cytosol solution.1,2 Additionally, phospholipid
monolayers on synthetic systems are also of great interest in
bioengineering applications and drug delivery.3 Due to their
significant physiological relevance, direct bioengineering
impact, and fundamental scientific interests, phospholipid
monolayers are widely studied, most often on idealized planar
air/water interfaces with a relatively high lateral pressure. On
these systems, X-ray and neutron diffraction,4−8 sum frequency
generation,9−13 Brewster angle14 and fluorescence15 micros-
copies, as well as pressure−area isotherms13,16 and molecular
dynamics (MD) simulations17−20 have been employed to
elucidate the macroscopic and molecular level properties of
lipid monolayers. Although phospholipid monolayers at the air/
water interface resemble the structures found in the alveoli,19,21

the findings of these reports cannot be directly applied to
processes occurring at the buried nanoscopic hydrophobic/
aqueous solution interfaces that one finds in adiposomes and
lipid bilayer membranes. A liquid nanometric hydrophobic
phase will alter lipid interactions and/or lipid packing. As such,

phospholipid monolayers at hydrophobic/water interfaces
should systematically be investigated.
Herein, we utilize hexadecane nanodroplets as a model

system for adiposomes and study the structure and
conformation of zwitterionic phosphatidylcholine (PC, see
Figure 1A for chemical structure) lipids, with different tail
length, saturation, and number of tails, as these are the most
abundant lipids in cell membranes and at the surface of lipid
droplets.22 A combination of vibrational sum frequency
scattering (SFS) spectroscopy and second harmonic scattering
(SHS) is used to probe both the lipid headgroup and tail
regions along with the orientational order of hydrating water
molecules around the lipid head groups in these 3D lipid
monolayer systems.
Sum frequency generation (SFG) is a vibrational coherent

spectroscopy that measures the combined infrared and Raman
spectrum of molecules in noncentrosymmetric environments,
such as interfaces.23,24 Combining SFG with light scattering,
SFS, provides molecular level information on nano- and
microscopic droplet and particle interfaces by probing the
vibrational spectrum of interfacial molecules.25,26 Due to the
inherent sensitivity to noncentrosymmetry, the alkyl chain
conformation of the interfacial molecules can be probed by the
amplitude ratio of the symmetric (s)-CH2 stretch (d+) and the
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s-(CH3) stretch (r
+) modes (d+/r+).27,28 An all-trans alkyl chain

conformation gives rise to d+/r+ ≪ 1, whereas alkyl chain
gauche defects result in d+/r+ ≥ 1. SHS is a nonresonant
second-order nonlinear optical technique that has been utilized
to probe the orientational ordering of interfacial water
molecules along the surface normal.26,29−32 Here, it is
employed to probe PC monolayer induced changes in the
orientational directionality of the water molecules along the
surface normal as compared to bulk water.33 In what follows,
we first report the phospholipid surface structure as a function
of acyl tail length, comparing DPPC (16:0; 16 carbon long acyl
tails:0 unsaturated bonds), DMPC (14:0), and DLPC (12:0),
and the influence of unsaturated bonds at the lipid tails (DOPC
(18:1)) as well as the single-tailed lipids (lyso-PC (16:0)) on
the molecular structure of lipids at the surface of oil
nanodroplets. Then, we show the lipid headgroup hydration
and the corresponding PO2

− vibrational resonance spectra of all
tested lipids. Finally, we discuss the unique behavior of lyso-PC
that forms a diluted and discontinuous monolayer that keeps
the hydration shells in contact with the surface of oil
nanodroplets.

■ RESULTS AND DISCUSSION

Figure 1B displays the SFS spectra of different lipid monolayers
on the d34-hexadecane oil nanodroplet (∼100 nm in radius, see
Materials and Methods) in D2O. The C−H stretch band region
(2800−3000 cm−1) is measured for solutions containing 1 mM
DPPC, DMPC, or DLPC lipids. (1 mM lipid concentration was
recently shown to form a saturated 3D monolayer for DPPC
lipids.33) The spectra are composed of the symmetric (s)-CH2
stretch (∼2850 cm−1, d+), the s-CH3 stretch (∼2879 cm−1, r+),
and the antisymmetric (as)-CH3 stretch (∼2965 cm−1, r−)
vibrational modes, along with the s-CH2-Fermi resonance
(∼2905 cm−1, d+FR), the s-CH3-Fermi resonance (∼2937 cm−1,
r+FR), and the as-CH2 stretch modes (∼2919 cm−1, d−). The
3D monolayer of DPPC lipids was recently characterized. A
liquid condensed-like monolayer with acyl chains in an all-trans
conformation was shown to be formed for a 1 mM lipid
concentration, with a projected molecular surface area of ∼48
Å2 per lipid.33 As can be seen from the figure, a different
chemical structure of the lipids gives rise to a change in the

intensities of the s-CH2 stretch (d+) and s-CH3 stretch (r+)
modes, whereas the other vibrational resonances remain almost
the same. From DPPC to DLPC, the d+ peak gradually
increases in intensity, while the r+ resonance gradually loses
some intensity as the acyl tails become shorter in length. The
d+/r+ amplitude ratios are ∼0.0 ± 0.2 for DPPC (the same as in
ref 33), 0.6 ± 0.2 for DMPC, and 1.15 ± 0.2 for DLPC. This
change suggests that the degree of gauche defects in the
phospholipid monolayer increases with a decrease in the tail
length. Interestingly, almost two decades ago, the completely
reversed trendthat shortening lipid acyl tails decreases the
amount of gauche defectswas shown for the monolayers of
the very same lipids at the planar carbon tetrachloride (CCl4)/
H2O interface.35,36 The discrepancy arises because CCl4 can
penetrate the acyl tail groups of the lipid monolayer, as it is a
small hydrophobic molecule. This will promote the presence of
gauche defects and more so for longer acyl tail lipids than
shorter ones. In sharp contrast, hexadecane molecules do not
display the same behavior. Indeed, the DPPC monolayers are
shown to only slightly disturb the hexadecane oil phase.33

Furthermore, 3D monolayers have molecular structures that are
slightly different compared to planar interfaces.33

Physiologically relevant lipid monolayers consist of many
more types of lipids that are both saturated and unsaturated. As
lipid droplets are a hub for lipid metabolism,37 unsaturated
lipids as well as single-tailed lipid metabolites are also present in
the interfacial region.22 Figure 1C shows SFS spectra of the C−
H-stretch modes of 1 mM DOPC and 1 mM lyso-PC lipids on
the d34-hexadecane nanodroplets in D2O. The same above-
mentioned vibrational resonances are present in the spectra.
The d+ mode appears to be the dominant vibrational resonance
compared to the r+ mode in both spectra. The respective d+/r+

ratios are 1.5 ± 0.2 and 2.3 ± 0.2 for DOPC and lyso-PC,
respectively. Compared to two-tailed fully saturated lipids, these
larger d+/r+ values indicate even more gauche defects and thus
more disordered, liquid condensed/liquid expanded like
monolayers. Such disordered monolayers should form with
DOPC lipids due to the presence of methylene groups in each
acyl tail. It has been shown that experimentally probing
unsaturated lipids at planar interfaces in their natural form is
quite challenging.38 Here, however, the DOPC molecules at the
nanodroplet/aqueous solution interfaces are buried under

Figure 1. The effect of tail length on the lipid structure in a 3D monolayer. (A) The structure of phospholipids with PC headgroups. The lipid tail
groups are denoted as R1 and R2 and varied for different PC lipids. R1 is an −OH group for lyso-PC, and for all other lipids, R1 refers to −O−CO−
R2. The lipid headgroup is a zwitterion. The P−N direction is indicated. (B) SFS spectra in the C−H stretch region of 3D lipid monolayers on 2 vol
% d34-hexadecane nanodroplets in D2O with 1 mM lipids of DPPC (black), DMPC (red), and DLPC (blue). The SFS spectra were recorded in the
SSP polarization combination (S and P denote the polarization of the light, S - sum frequency, S - visible, and P - infrared). The spectral fits were
obtained using the procedure described in ref 34 (see also the Supporting Information for details). The symbols are normalized data points, and the
lines denote the fitted spectra. (C) SFS spectra of 3D monolayers of the same nanodroplets with 1 mM DOPC (brown) and 1 mM lyso-PC (green)
lipids in the C−H stretch region. Note that the DPPC spectrum is added for a direct comparison.
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water and presumably well-preserved from common reactive
oxygen species. As such, our reported DOPC spectrum can
serve as a good reference for future unsaturated lipid studies.
Additionally, the large d+/r+ ratio for lyso-PC results from the
altered aspect ratio between the PC headgroup and acyl tail
region. One can argue that such sizable differences in the tail
region d+/r+ ratios from ∼0 to ∼2.3 should also influence the
lipid headgroup structure. The s-PO2

− stretch peak has been
widely employed to probe the lipid headgroup orientation and
the H-bonding environment of the hydrated phospholipid
headgroup.39,40 As such, in what follows, we focus on the
spectral region of 1000−1180 cm−1 to probe the s-PO2

− stretch
mode of the lipids.
Figure 2A shows the SFS spectra of 3D monolayers of

DPPC, DMPC, DLPC, DOPC, and lyso-PC lipids recorded in
the phosphate stretch region. Two main spectral features at
∼1070 and ∼1100 cm−1 are observed and assigned to s-CO−
O−C stretch and s-PO2

− stretch modes for all tested lipids,
respectively. Such peak assignments agree with previous
reports.33,40,41 The s-PO2

− band at 1100 cm−1 is apparent for
all tested lipid samples, but the same vibrational resonance
arises at around 1090 cm−1 with a larger bandwidth for lyso-PC
(green curve). Moreover, the s-CO−O−C band of lyso-PC also
red shifts by ∼8 cm−1. Such peak shifts in the SFS spectrum
indicate that the lyso-PC lipids in the 3D monolayers
experience somewhat different interactions and a different
hydration environment compared to other PC lipids. In analogy
to previous observations,39,40 a ∼10 cm−1 red shift is a clear
indication of a more H-bond donor rich hydration environment
around the lyso-PC headgroup. The red shift in the s-CO−O−
C stretch peak can also be understood as arising from a
stronger H-bond donating hydration environment.42,43 That
these PO2

− and CO−O−C stretch modes are shifted and
widened suggests that not only the PC headgroup but also the
glycerol group of the lipids are well hydrated. Thus, for
monolayers consisting of the lyso-PC lipids, the hydrating water
molecules can penetrate further in between lipid molecules. In
order to further investigate the hydration environment and the

possible differences between lyso-PC and the other lipids, we
probe the 3D lipid monolayers with SHS measurements. The
SHS intensity reports on the orientational directionality of
water molecules along the surface normal in the interfacial
region.26,29,44

Figure 2B shows the SHS intensity of 3D monolayers with 1
mM DPPC, DMPC, DLPC, DOPC, and lyso-PC lipids on
hexadecane nanodroplets as well as bare hexadecane nano-
droplets in water. The 3D DPPC, DMPC, DLPC, and DOPC
monolayers all exhibit low SHS intensities (<0.55, highlighted
by the orange area in Figure 2b). Thus, these monolayers have
a small influence on the orientational order of water molecules
in the interfacial region. The same samples also yield negative
but small zeta-potential values, obtained from electrokinetic
mobility measurements (from −5 ± 6 to −8 ± 6 mV). The PC
headgroups are known to interact strongly with water,45,46 but
the charged phosphate and choline residues each orient water
in opposite directions.47,48 The lack of any significant SHS
intensity strongly suggests that the interfacial water molecules
align parallel to the nanodroplet surface on average, with a
minimum orientational order contribution toward the surface
normal, at least for fully covered monolayers. This water
alignment can only occur when the above-mentioned lipid
headgroup (P−N direction) orientation is preferentially away
from the surface normal. Such a lipid headgroup orientation
agrees with recent literature.16,33 In contrast, the bare oil
droplets (yellow bar), that are not covered with a monolayer,
show significant SHS intensity and are negatively charged (−50
± 6 mV, see also ref 49). Note that, although these results have
been reproduced numerous times, no satisfactory explanation
has been given for the origin of the negative charge.50

Nonetheless, charge induced orientational ordering in the
interfacial water layer has been demonstrated31,32 (with H
atoms of water pointing primarily toward the surface),51 and
here we measure the same behavior for the bare hexadecane oil
droplets.
Interestingly, the lyso-PC lipids show an intermediate

behavior: A significantly higher (∼3×) SHS intensity (green

Figure 2. Phosphatidylcholine (PC) lipid headgroup structure. (A) SFS spectra taken in the P−O stretch region of 3D monolayers on 2 vol % d34-
hexadecane nanodroplets in D2O with 1 mM lipids involving DPPC (black), DMPC (red), DLPC (blue), DOPC (brown), and lyso-PC (green).
The spectra are offset for clarity. The SFS spectra were recorded in the SSP polarization combination. The symbols are normalized data points, and
the lines indicate the fitted spectra. The dashed (gray) lines denote the s-PO2

− stretch peak positions, and the dotted (black) lines show the s-CO−
O−C stretch peak positions. The red arrows indicate the red shifts for lyso-PC lipids compared to other tested lipids. (B) The SHS intensities and ζ-
potential values of 3D monolayers consisting of DPPC (black), DMPC (red), DLPC (blue), DOPC (brown), and lyso-PC (green) lipids along with
pure hexadecane oil droplets (yellow) are plotted. The data report the SHS intensity in the PPP polarization combination at the scattering angle
(35−45°), that gives rise to the maximum intensity. The orange highlighted region shows that the SHS intensity reaches low values for all double-
tailed lipid samples.
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bar) that suggests substantial enhancement in the interfacial
water ordering as well as a more negative (−26 ± 6 mV) ζ-
potential value than the other PC monolayers are measured. In
addition to these SHS and ζ-potential variations, the red shifts
in the s-PO2

− and s-CO−OC stretch modes reflect a different
headgroup hydrating environment. These are rather unexpected
results. One can argue that a more diluted lyso-PC monolayer
with lower lipid number density potentially leaves some bare
hexadecane surface in direct contact with interfacial water
molecules. This would result in a high ζ-potential and high SHS
signal intensity by the phenomenological negative charge at the
bare oil surface. To test this hypothesis, we compared the SFS
spectral amplitude of the C−H stretch region (2800−3000
cm−1) for lyso-PC and DLPC 3D monolayers to estimate the
relative lipid number density (also taking the number of lipid
tail differences into account). Here, a DLPC monolayer serves
as a good reference, since it yields a similar d+/r+ ratio as lyso-
PC lipids while fully covering the oil surface, evident by the
very low SHS signal and small zeta potential values. An overall
∼35% decrease is observed for the total number of lipids in the
phospholipid monolayer for lyso-PC compared to the DLPC
(see Figure S1 and section S2 for further discussion). Such a
decrease in the total number of lipids clearly indicates that there
is an insufficient amount of lyso-PC lipids on the surface to
cover the entire hydrophobic oil surface, in agreement with the
proposed hypothesis. The resultant structures are illustrated in
Figure 3. Note that the tested lipid concentration is

substantially above the critical micelle concentration (cmc) of
lyso-PC (∼140 × cmc) in the sample solution. As a
consequence, there are more than enough lipid molecules in
the aqueous solution to cover the entire nanodroplet surface
(while micelles do not contribute to the SFS response52). As
such, the discontinuous 3D monolayers are in equilibrium with
the aqueous solution.
On the basis of these results, it is clear that the single-tailed

lipids demonstrate more gauche defects than the double-tailed
lipids (Figure 1) and introduce some degree of discontinuity in
the lipid monolayer which results in bigger hydration shells
around the lipid head groups (Figure 2A). They also
substantially alter the orientation order of the interfacial
hydration environment by forming a discontinuous monolayer
(Figure 2B). Single-tailed lipids are important and significant

constituents of the surface of naturally occurring lipid droplets
in eukaryotic cells.22 They (including lyso-PC) serve as diluting
agents in the phospholipid monolayer and possibly mediate the
accessibility to the nonpolar cores, i.e., the insertion and lateral
diffusion of perilipin protein (also known as lipid-droplet-
associated protein) or access of water-soluble enzymes.37

■ CONCLUSIONS

In summary, we measured the molecular structure of 3D
monolayers consisting of zwitterionic PC lipids including
DPPC, DMPC, DLPC, DOPC, and lyso-PC on hexadecane
nanodroplets using SFS and SHS. All tested saturated lipids
with shorter acyl tails than the DPPC display some gauche
defects in the acyl tail region. The degree of order in the acyl
tail is reduced for decreasing tail lengths and by introducing
unsaturated methylene bonds. Interestingly, this trend reverses
at hydrophobic/aqueous interfaces in which the hydrophobic
phase consists of small organic molecules, i.e., CCl4. Never-
theless, these alterations in the lipid tails appear to not
influence the lipid headgroup orientation along with the
orientational order of water molecules at the 3D monolayer
hydration. It is worth noting that the presented DOPC spectra
can serve as a benchmark for the molecular structure of
unsaturated lipids at the hydrophobic/aqueous interface.
Moreover, lyso-PC lipids show some unique properties in 3D
monolayers. Such lipids yield an enhanced orientational
ordering of interfacial water molecules via forming a
discontinuous monolayer that keeps the oil core in contact
with interfacial water molecules. These observations were
evident from the zeta potential measurements and SHS signal
intensity as well as the peak position and bandwidth of the s-
PO2

− stretch band. Our findings increase the fundamental
understanding of phospholipid monolayers at hydrophobic/
aqueous (liquid/liquid) interfaces. That enables the design of
new applied soft materials involving nanoscopic 3D monolayers
such as drug delivery systems. More importantly, this work
sheds some light on the functioning of physiological 3D lipid
monolayers, i.e., lipid droplets that help to paint a full molecular
picture of the biophysics of lipid monolayers.

■ MATERIALS AND METHODS

Chemicals. Chemicals were used as received. Hexadecane
(C16H34, 99.8%, Sigma-Aldrich), d34-hexadecane (C16D34, 98%
d, Cambridge Isotope), 1,2-dihexadecanoyl-sn-glycero-3-phos-
phocholine (DPPC, 99%, Avanti), 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC, 99%, Avanti), 1,2-dilauroyl-sn-glyc-
ero-3-phosphocholine (DLPC, 99%, Avanti), 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC, 99%, Avanti), as well as 1-
palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine (lyso-PC,
99%, Avanti) were used as received. All aqueous solutions
were prepared with ultrapure water (H2O, Milli-Q UF plus,
Millipore, Inc., electrical resistance of 18.2 MΩ·cm) and D2O
(99.8% Armar). All sample solutions were prepared and stored
in glassware that was first cleaned with a 1:3 H2O2:H2SO4
solution, after which it was thoroughly rinsed with a copious
amount of ultrapure water.

3D Lipid Monolayers on Nanodroplets. Three-dimen-
sional lipid monolayers on nanodroplets in aqueous solution
were prepared with 2 v/v % n-hexadecane in H2O (for SHS) or
2 v/v % d34-hexadecane in D2O (for SFS) and 1 mM of the
preferred PC lipid according to the procedure described in refs
33 and 40. Briefly, the solutions were mixed with a hand-held

Figure 3. Proposed molecular picture. The schematics show the top-
down (top) and cross-section (bottom) views of a section of a single
nanodroplet. The left panels illustrate all of the double-tailed PC lipids
including DPPC, DMPC, DLPC, and DOPC that form a fully
saturated phospholipid monolayer. The right panels illustrate the
discontinuous phospholipid monolayer formed by the lyso-PC.
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homogenizer (TH, OMNI International) for 4 min above the
gel phase transition temperature of the chosen lipids. Then, the
sample solution was treated with an ultrasonic bath (35 kHz,
400 W, Bandelin) for the same duration. The resultant droplet
system was used as is for SFS measurements. It was diluted to
0.1 v/v % with ultrapure water for SHS measurements. The size
distribution and zeta-potential of the nanodroplets were
measured by dynamic light scattering and electrokinetic
mobility measurements (Malvern ZS nanosizer), respectively.
A general protocol for these measurements can be found
elsewhere.52 The nanodroplets used in this study had a mean
hydrodynamic diameter in the range 180−210 nm with a
polydispersity index (PDI) of less than 0.15. Specifically, the
diameters of the nanodroplets containing the 3D monolayers
prepared with DPPC, DMPC, DLPC, DOPC, and lyso-PC
were respectively 185, 210, 202, 180, and 198 nm. The
hydrodynamic diameters were calculated from the intensity
autocorrelation function with the optical parameters of the
materials taken from reference literature.
The stability of the nanodroplets was also investigated. The

bare oil droplets were stable over a time span of 1 or 2 days,
while the nanodroplets covered with the lipid monolayers
displayed a stability of at least several weeks if not a few
months. Nevertheless, all presented data was measured from
samples that were freshly prepared and were kept in sealed
cuvettes before and during the measurements. The entire
measurement procedure, including the sample preparation and
the SFS and SHS measurements, was performed in the time
frame of a day. Throughout this time, the sample solutions were
kept at ambient temperature, 23.5 ± 0.5 °C.
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