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Abstract—Synthesis methods and initial surface property characterizations are reported for two sulfur-containing phosphonolipids
related structurally to dipalmitoyl phosphatidylcholine (DPPC), the major lung surfactant glycerophospholipid. Sulfur linkages in
these compounds affect molecular interactions relative to ester linkages, and are structurally resistant to cleavage by phospholipases.
The SO2-linked analog synthesized here had increased adsorption and improved film respreading compared to DPPC, while reach-
ing very low surface tensions (61mN/m) in cycled interfacial films on both the Wilhelmy balance and the pulsating bubble surfac-
tometer. This compound appears to have potential utility as a component in future phospholipase-resistant synthetic exogenous
surfactants for treating clinical forms of inflammatory lung injury.
� 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Pulmonary surfactant, a complex mixture of glycero-
phospholipids and biophysically active proteins in the
alveolar airsacs, is essential for normal respiratory func-
tion in air-breathing animals.1,2 Lung surfactant is defi-
cient in premature infants with the respiratory distress
syndrome (RDS), and can become inactivated or dys-
functional during inflammatory acute lung injury
(ALI) and the acute respiratory distress syndrome
(ARDS). Life saving therapy with animal-derived exo-
genous surfactant drugs is now available for premature
infants with RDS, and is being extended to patients with
clinical lung injury syndromes.1 However, significant
interest remains in developing new, active synthetic lung
surfactants with high inhibition resistance for therapeu-
tic applications, particularly for adult and pediatric pa-
tients with severe ALI/ARDS.
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During inflammatory lung injury, endogenous phospho-
lipases are released that can degrade lung surfactant
glycerophospholipids. One approach to designing novel
synthetic surfactants involves the use of phospholipase-
resistant structural analogs of dipalmitoyl phosphatidyl-
choline (DPPC), the major glycerophospholipid in
mammalian pulmonary surfactant.1,3–6 Analog com-
pounds can be synthesized not only to be resistant to
phospholipase activity, but also to have potentially im-
proved surface active properties compared to DPPC.
Our prior work has reported on a highly active diether
phosphonolipid analog of DPPC (designated DEPN-8,
compound 1) and its use in synthetic surfactants.3,6

The present study reports the synthesis of two sulfur-
containing phosphonolipid analogs (compounds 2 and
3, Fig. 1), along with preliminary assessments of their
Figure 1. Structure of diether (1) and sulfur-containing phosphono-

lipid analogs (2 and 3) related to DPPC.
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surface active properties in spread surface films at the
air–water interface and in aqueous dispersions. Com-
pared to the ester group, sulfur linkages have the poten-
tial to significantly alter molecular packing and
interactions at the interface and in the aqueous phase
in addition to providing resistance to endogenous
phospholipases.
2. Results and discussion

2.1. Synthetic chemistry

The sulfur-containing lipids were prepared as shown in
Schemes 1 and 2. Commercially available 1-thioglycerol
was converted to the 1-S-hexadecyl-rac-thioglycerol (4)
by the alkylation with hexadecyl bromide in alcoholic
KOH (95%). The primary hydroxyl group was selec-
tively tritylated (TrCl, Et3N), producing known7 alcohol
5 in 93% yield. The remaining hydroxyl group of 5 was
alkylated with hexadecyl bromide to yield 6 in 94%
yield. The trityl group was cleaved with (pTSA) in
95% aq methanol to provide alcohol 7, a known com-
pound,8 which could be smoothly oxidized to the corre-
sponding sulfone 8 with MCPBA prior to installation of
the phosphono head group.

The phosophonocholine head group was then installed
through a previously established protocol as shown in
Scheme 2.6 Final isolation and recrystallization afforded
lipids 2 and 3 in 48% and 59% yields, respectively. Se-
lected synthetic procedures and characterization data
are given in the References and notes section.9 Although
a number of phosphatidylcholines with sulfur-linked
fatty alkyl chains are known,8,10–21 including some com-
pounds with thioether linkages,8,20,21 lipids 2 and 3
represent the first examples of thioether- or sulfone-con-
taining phosphonocholine derivatives.
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Scheme 2. Reagents and conditions: (i) PCl5, CHCl3; (ii) Et3N, CHCl3;

(iii) Me3N, CHCl3/CH3CN/iPrOH, 2 days, 60�C. Yields over all steps:

2: 48%; 3: 59%.
2.2. Biophysical properties of sulfur-containing lipids 2
and 3

The biophysical properties of the S-lipid 2 and the SO2-
lipid 3 were examined in comparison to DPPC and to 1
(DEPN-8) by several methods. Surface films spread to
a uniform high initial concentration of 15Å2/molecule
were studied on a Wilhelmy balance to highlight
respreading behavior,1,22,23 and adsorption to the air–
water interface was measured for surfactant dispersions
in a dish with a stirred subphase to minimize diffusion
resistance.24 Surface pressure–area isotherms on the Wil-
helmy balance showed that both sulfur-containing ana-
logs 2 and 3 had improved film respreading compared
to DPPC and diether 1 on cycle 2/1 (Table 1). SO2-lipid
3 also had improved film respreading compared to
DPPC and 1 on cycle 7/1 (respreading for 2 could not
accurately be defined for cycle 7/1 because of substantial
isotherm shape changes that occurred after cycle 3). If
cycle number was not considered, spread films of all four
compounds (1–3 and DPPC) had maximum surface pres-
sures of 72mN/m on the Wilhelmy balance at 23 �C. In
studies on dispersed lipids, compounds 2 and 3 had in-
creased adsorption surface pressures compared to 1
and DPPC at 0.25 and 5min (Table 1).

The dynamic surface activity of the sulfur lipids was
examined further at environmental conditions relevant
for the lungs in vivo on a pulsating bubble surfactometer
(37 �C, 20cycles/min, 50% area compression).25 Meas-
urements of minimum surface tension on this instrument
have been shown in multiple studies to provide a phys-
iologically relevant assessment of overall lung surfactant
activity that combines effects from both adsorption and
dynamic film compression.1 Pulsating bubble measure-
ments indicated that lipid 3 had overall dynamic surface
activity approaching that of 1 at the surfactant concen-
tration studied (2.5mg/mL) (Fig. 2). The dynamic sur-
face activity of 2 on the pulsating bubble was
significantly less than that of 3 (Fig. 2). This reduced
activity on the bubble apparatus for 2 is presumably re-
lated to the lower maximum surface pressures found in
isotherms of spread surface excess films of this com-
pound during cycles 1–3 on the Wilhelmy balance
(Table 1 legend). Finally, as reported in a number of prior
studies (see Ref. 1 for review), the surface tension lower-
ing ability of DPPC was substantially worse on the pul-
sating bubble apparatus (Fig. 2) than on the Wilhelmy
balance (Table 1). This reduced activity for DPPC in
bubble experiments is due to its extremely poor adsorp-
tion when dispersed in the aqueous phase.

Although specific molecular mechanisms were not stud-
ied here, the fact that the newly synthesized SO2-lipid 3
had interfacial activity approaching or exceeding that of
compound 1 is significant. A synthetic exogenous surf-
actant containing 1 plus 1.5% by weight of mixed bovine
lung surfactant proteins (SP)-B and C has recently been
shown by our group to have extremely high surface
activity that is fully maintained in the presence of phosp-
holipase A2.

6 This synthetic surfactant (1+1.5% SP-B/C)
also had high resistance to biophysical inhibition by
plasma proteins and cellular lipids, which can be present



Table 1. Respreading ratios, maximum film surface pressures and adsorption surface pressures for sulfur-containing lipids 2 and 3 relative to DPPC

and diether lipid 1

Compound Wilhelmy balance measurements Adsorption measurements

Film respreading

cycle 2/1

Film respreading

cycle 7/1

Maximum film

surface pressure

(mN/m)

Surface pressure at

0.25min (mN/m)

Surface pressure at

5min (mN/m)

DPPC 28.3 ± 0.3 48 ± 0.3 72 0 1.2 ± 0.2

DEPN-8, 1 19.5 ± 1.0 33.1 ± 1.5 72 0 7.2 ± 0.5

SO2-Lipid, 3 14.3 ± 0.7 21.6 ± 0.4 72 20.0 ± 0.0 30.3 ± 1.3

S-Lipid, 2 0.2 ± 0 — 72 (cycles 4–7) 8.7 ± 1.3 30.7 ± 3.2

Data are mean ± standard error for n = 3–5 experiments. Films were spread to 15Å2/molecule on a Wilhelmy balance (compression ratio 4.35:1, rate

5min/cycle, 23�C). Maximum surface pressure for 2 was significantly less (�51–56mN/m) for cycles 6 3. Respreading is based on the area (arbitrary

units) between compression curves 1, 2 or 1, 7.22,23 An area of 0 between compressions indicates complete respreading, and larger areas indicate less

respreading. For adsorption, surfactants were added at time 0 to a dish with a stirred subphase, and surface pressure was measured with a hanging

Wilhelmy slide (2.5mg surfactant phospholipid/40mL of subphase, 37�C).1,24
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Figure 2. Minimum surface tension as a function of time for sulfur-

containing lipids compared to DPPC and 1. Surface tension at

minimum bubble radius was measured as a function of time of

pulsation on a bubble surfactometer (37 �C, 20cycles/min, 50% area

compression, 2.5mg phospholipid/mL) for surfactant dispersions in

0.15M NaCl. Data are mean ± standard error for n = 3–5 experiments.

Data for DPPC are adapted from Ref. 6.
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in the alveoli during inflammatory lung injury (ALI/
ARDS).6 Initial biophysical assessments of sulfur-con-
taining analogs in the present paper did not address
their properties and interactions with lung surfactant
proteins or related synthetic peptides. Studies are cur-
rently in progress to assess the surface active properties
of the SO2-lipid 3 in combination with purified bovine
SP-B, SP-C, and mixed SP-B/C to more fully define its
potential utility as a component in synthetic exogenous
lung surfactants for possible use in ALI/ARDS.
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