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Abstract

Perfluoroalkyl acids (PFAAS) are persistent environmental contaminants resistant to biological
and chemical degradation due to the presence of carbon-fluorine bonds. These compounds exhibit
developmental toxicity /7 vitro and /n vivo. The mechanisms of toxicity may involve partitioning
into lipid bilayers. We investigated the interaction between perfluorobutane sulfonate (PFBS), an
emerging PFAA, and model phosphatidylcholine (PC) lipid assemblies (i.e., dimyristoyl-,
dipalmitoyl- and distearylphosphatidylcholine) using fluorescence anisotropy and Langmuir
monolayer techniques. PFBS decreased the transition temperature and transition width of PC
bilayers. The apparent membrane partition coefficients ranged from 4.9 x 102 to 8.2 x 102. The
effects on each PC were comparable. The limiting molecular area of PC monolayers increased and
the surface pressure at collapse decreased in a concentration-dependent manner. The
compressibility of all three PCs was decreased by PFBS. In summary, PFBS disrupted different
model lipid assemblies indicating potential for PFBS to be a human toxicant. However the effects
of PFBS are not as pronounced as those seen with longer chain PFAAS.
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INTRODUCTION

Perfluoroalkyl acids (PFAAS) represent an emerging class of persistent organic pollutants in
the environment. Large quantites of perfluorinated compounds, in particular perfluoroalkyl
sulfonamides, were produced industrially from perfluorooctanesulfonyl fluoride (POSF) for
a wide range of purposes, including stain-repellant fabrics, lubricants, surfactants and fire-
fighting materials. The perfluorinated chain of POSF-based chemicals, like other
perfluorinated compounds, renders the compound resistant to chemical and biological
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degradation; furthermore the perfluoroalkyl chain is both hydrophobic and lipophobic.2 The
polar head group of PFAAs and perfluorosulfonamides confers excellent surfactant
properties. The perfluoroalkyl sulfonamides are metabolized to the corresponding sulfonates
either in the environment or in animals.3# These compounds are bioaccumulative and have
been detected in water,® soil,® animals” and humans.8-10 Understanding the toxicity of
PFAAs remains an important issue because of their widespread use and persistence.

Many PFAAs exhibit toxicity in humans and other animals. Several of these compounds are
shown in Figure 1A. In particular, perfluorooctane sulfonate (PFOS) has been shown to
display developmental toxicity. Decreased survival rates, birth rates and delayed sexual
maturation were observed in rats, mice and monkeys exposed to PFOS.11:12 Some studies
suggest that PFOS interacts with peroxisome proliferator-activated receptor (PPAR).13.14
We have previously suggested that neonatal mortality caused by PFOS may result from its
partitioning into lipid assemblies,2>-17 which is consistent with previous studies.18:1° Due to
their toxicity and environmental concern the use of perfluorooctanesulfonyl chemicals was
replaced by the shorter perfluorobutanesulfonyl-based chemicals; 20 the main degradation
product is perfluorobutane sulfonate (PFBS). The decreased length of the perfluoroalkyl
chain was proposed to increase elimination and decrease bioaccumulation,20-21

Limited information is available regarding the toxicity of PFBS. In undifferentiated PC12
cells at 24 hours, PFBS did not affect DNA synthesis or lipid peroxidation at any
concentration investigated.2? After 4 days of PFBS exposure an increase in lipid
peroxidation was seen. In contrast, PFOS and PFOA decreased DNA synthesis and
increased lipid peroxidation. Inhibition of gap junction communication in liver and kidney
cells was not seen with PFBS;23 the ECx values for PFOS and perfluorohexane sulfonate
(PFHS) in the same assay were 30 .M and 37 M, respectively. The lowest observable
effect level (LOEL) for PFBS in a transactivation assay was 150 pM for murine PPARa and
30 uM for human PPARa. The corresponding LOELS for PFOS were 90 M and 30 pM,
respectively.

Very few in vivotoxicity studies of PFBS have been performed. The 3M Company
conducted a two-generation study of PFBS toxicity in rats, and found no reproductive
toxicity.24 The doses of PFBS ranged from 30 to 1000 mg/kg body weight/day. In contrast
PFOS caused reproductive toxicity?® and developmental neurotoxicity2 in rats at a 3.2 and
3 mg/kg body weight/day, respectively. The half-life of PFBS was reported to be 4.7 hours
in male rats, 7.42 hours in female rats, 95 hours in male monkeys, 83 hours in female
monkeys and 13 — 46 days in humans by 3M; 2% in contrast, PFOS had a half-life of 7 days
in male rats,2” 110 or 130 days in monkeys (females or males, respectively),28 and 1751
days in humans.2® The shorter half-life for PFBS compared to PFOS is likely due to its
lower affinity for serum albumin, which facilitates urinary excretion of PFBS.30-32

In this study we investigated the partitioning of PFBS into model lipid assemblies using
fluorescence anisotropy and Langmuir monolayer studies. We used phosphatidylcholines
(PC)s of varying chain lengths (Figure 1B) as models for lipid bilayers and pulmonary
surfactant. As PFBS has been suggested to be less toxic than PFOS, we proposed that this
decreased toxicity is a result of decreased lipid assembly partitioning.

EXPERIMENTAL METHODS

Chemicals

1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC), and 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) were
purchased from Avanti Polar Lipid (Alabaster, AL, USA). The structures are shown in

J Phys Chem B. Author manuscript; available in PMC 2013 August 23.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Oldham et al.

Page 3

Figure 1B. PFBS was obtained as the potassium salt from Fluka (Buchs, Switzerland, Lot#
396293/1). 1,6-Diphenyl-1,3,5-hexatriene (DPH) and 1-(4-trimethylammoniumphenyl)-6-
phenyl-1,3,5-hexatriene (TMA-DPH) were obtained from Molecular Probes (Eugene, OR,
USA). Tetrahydrofuran (THF), ethanol, chloroform, hexanes and 2-propanol were purchased
from Fisher Scientific (Pittsburgh, PA, USA) and were HPLC grade. Purified water was
obtained from a MilliQ system at a resistivity greater than 18 MQ - cm.

Fluorescence anisotropy measurements

Phospholipids (1 mL, 1 mM solution in chloroform) and fluorophore (2 L, 1 mM in THF)
were combined, concentrated and dried under high vacuum. The resulting phospholipid-
fluorophore films were then hydrated with 1 mL purified water for 1 hour above the melting
temperature of the respective phospholipid.33:34 Large unilamellar vesicle (LUV)
suspensions were obtained by extruding the MLV suspensions ~15 times through a double-
stacked polycarbonate membrane filter (pore size: 200 nm) using a LiposoFast extruder
(Awvestin Inc., British Columbia, Canada) above the melting temperature of the respective
phospholipid. The LUV suspensions were diluted 100-fold with an aqueous solution of
PFBS to give final PFBS concentrations of 0 to 12 mM. Fluorescence anisotropy
measurements were performed using a LS55 Luminescence Spectrometer from PerkinElmer
(Shelton, CT, USA). The temperature was controlled with a Fisher Scientific Isotemp 3016D
(Pittsburgh, PA, USA). The excitation and emission wavelengths were 350 nm and 452 nm,
respectively.32:36 Both the excitation and emission slit-widths were 10 nm.

The LUV solutions were equilibrated at temperatures of 40 °C (DMPC), 52.5 °C (DPPC) or
67.5 °C (DSPC). After 15 minutes the samples were cooled to 10 °C (DMPC), 22.5 °C
(DPPC) or 37.5 °C (DSPC) at a rate of 0.2 °/minute with stirring. The temperature of the
main fluid-gel phase transition (Ty,), the transition width (AT,,) and the onset and offset of
the transition were determined from plots of absolute fluorescence anisotropy (<r>) as a
function of temperature. The apparent partition coefficient K of PFBS between the lipids
bilayers and the bulk aqueous phase was estimated using equation 11819

RT%, K

=M=, (1
AH, 555+C, K @

—AT,
where ATy, is the change in melting temperature upon addition of PFBS, R is the gas
constant, Ty, o is the melting temperature of hydrated lipids, AHy, is the phase transition
enthalpy (22.78, 36.59, and 44.46 kJ/mol for DMPC, DPPC, and DSPC, respectively),37 Cq
is the PFBS concentration, and C,_is the lipid concentration (107> M).

Monolayer studies at the air-water interface

All experiments were performed on Langmuir-Blodgett apparatus (Minitrough System 4,
KSV Instruments Ltd., Finland) with a Teflon-coated trough (782 x 75 x 5 mm) and two
hydrophilic Delrin barriers that were compressed symmetrically. The surface pressure was
measured by the Wilhelmy plate method using a platinum plate (perimeter: 39.24 mm;
height 10 mm). The subphase consisted of 150 mM NacCl, 1.5 mM CacCl, dihydrate and
PFBS (0, 0.1, 1.0 or 10 mM) in purified water. Following pouring of the subphase, the
trough was heated to 37 °C and equilibrated for 15 minutes. The barriers were compressed
and surface-active impurities removed from the air-water interface with vacuum. The lipids
(50 L of a 1.662 mM solution in hexanes: 2-propanol = 9: 1, v//) were slowly spread over
the subphase. The solvents were allowed to evaporate before the barriers were compressed
at a constant speed of 10 mm/min (7.5 cm2/min). Limiting molecular areas were calculated
by extrapolating the linear region of the isotherm in the solid phase to zero surface pressure.
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RESULTS

Fluorescence Anisotropy

The ability of PFBS to partition into DMPC, DPPC, and DSPC bilayers was measured using
fluorescence anisotropy. The fluorophores DPH and TMA-DPH were used as previously
described.1>-17 These fluorophores were chosen because their position within lipid bilayers
has been well characterized. DPH positions itself closer to the middle of the bilayer than
TMA-DPH.38 Thus differences in the fluorescence anisotropy between DPH and TMA-DPH
vesicles are indicative of the location of PFBS in the lipid bilayer. The plots of fluorescence
anisotropy versus temperature are shown in Figure 2. PFBS had concentration-dependent
effects on the transition temperature (T,), the width of the transition and the magnitude of
fluorescence anisotropy, a measure of lipid bilayer fluidity, in both the liquid-crystalline and
gel phases of all three PCs.

Fluorescence anisotropies of all three PCs in the gel phase and liquid-crystalline phase
changed, depending on the PFBS concentration and fluorophore employed, indicating
changes in bilayer fluidity. In the liquid-crystalline phase, PFBS caused concentration-
dependent increases in fluidity for all three PCs with both fluorophores (Fig. 2). The gel
phase was less sensitive to the addition of PFBS with DPH as fluorophore (Fig. 2A-C), as
only DPPC showed a small change in fluidity in this phase (Fig. 2B). In contrast fluidity
increased to a greater extent for all three PCs when the fluorophore was changed to TMA-
DPH (Fig. 2D-F). In the liquid-crystalline phase pronounced fluidity increases were
observed for each of the PCs, with the greatest change occurring for DSPC (Fig. 2F). In
contrast to experiments with DPH as fluorophore, increases in fluidity were observed in the
gel phase for all the PCs with TMA-DPH as fluorophore.

The Ty, values, normalized to the Ty, of the pure phospholipids, as a function of PFBS
concentration are shown in Figure 3. With both DPH and TMA-DPH as the fluorophore, all
three PCs showed a reduction in Ty, with increasing concentrations of PFBS. The relative
reductions in T, of DSPC and DPPC were comparable. At PFBS concentrations of 3 mM or
greater, the relative reduction in melting temperature for DMPC was greater than for DPPC
and DSPC, with DPH as the fluorophore. With TMA-DPH, the relative decrease in Ty, was
greater for DMPC than DPPC and DSPC, which were comparable with each other. Thus the
reduction in Ty, did not show a clear dependence on PC chain length. The absolute change in
Tm was used to calculate apparent partition coefficients for PFBS for each lipid, according
to Equation 1; these results are summarized in Table 1. The apparent partition coefficients
were comparable and ranged from 4.9 x 102 to 8.5 x 102; with either probe the apparent
partition coefficient observed for DSPC tended to be larger compared to DMPC or DPPC.

The width of the liquid-to-gel transition, a measure of the cooperativity of the lipid bilayer,
was also affected by PFBS concentration. The magnitude of this effect varied between the
three PCs, as shown in Figure 4. With DPH as the fluorophore, all three PCs showed similar
transition widths up to 3 mM; at higher concentrations DMPC exhibited a broader transition
than DPPC and DSPC. When TMA-DPH was used, the transition width for DMPC was
greater than DMPC and DSPC at concentrations of 1.5 mM or higher. The widths for DMPC
and DSPC were comparable at PFBS concentrations up to 3 mM. At 6 mM PFBS the rank
order of the transition width was DMPC > DPPC > DSPC.

Disruption of phospholipid monolayers at the air-water interface

The effect of PFBS on the behavior of the three lipids was studied at the air-water interface.
Compression isotherms were obtained on a subphase consisting of 150 mM NaCl, 1.5 mM
CaCl, and increasing PFBS concentrations at 37 °C. These conditions have been used
previously in studies of pulmonary surfactants, as they reflect ion concentrations found in
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alveoli.3%40 Representative compression isotherms are shown in Figure 5. Changes in
limiting molecular area, which represents the minimum surface area per molecule, area at
collapse and pressure at collapse were determined from the average of three compression
isotherms and are summarized in Table 2.

For DMPC the shape of the isotherms was not affected by PFBS. At mean molecular areas
of 110 A2/molecule, the surface pressure increased from < 0.3 mN/m (no PFBS) to 7 mN/m
(10 mM PFBS). The limiting molecular area, area at collapse and pressure at collapse were
also affected in a concentration-dependent manner. For example, the limiting molecular area
increased from 75.3 A2/molecule for pure DMPC to 102 A2/molecule with 10 mM PFBS in
the subphase. Likewise the area at collapse increased from 48.3 A2/molecule to 57.9 A%/
molecule, while the pressure at collapse decreased from 47.2 mN/m to 29.6 mN/m.

DPPC exhibits a liquid-expanded (LE-LC) to liquid-condensed (LC) transition at
approximately 55 A2/molecule. This transition was shifted towards a smaller molecular area
with 0.1 mM PFBS in the subphase, and was completely eliminated at concentrations of 1
mM and 10 mM PFBS. As with DMPC, the limiting molecular area and area at collapse
increased with increasing PFBS concentration, while the pressure at collapse decreased. At
an area of 110 A2/molecule, the surface pressure increased from < 0.3 mN/m in the absence
of PFBS to 7 mN/m with 10 mM PFBS. The pressure at collapse decreased from 50.4 mN/m
to 29.3 mN/m, the area at collapse increased from 37.1 to 48.5 A2/molecule, and the limiting
molecular area increased from 59.1 AZ/molecule to 94.1 A2/molecule over the same
concentration range.

Pure DSPC underwent a transition to the liquid phase at 100 A%/molecule on the NaCl/
CaCl, subphase. At 0.1 mM PFBS, this transition was eliminated. Unlike DMPC and DPPC,
the area at collapse was comparable over the entire concentration range. The limiting
molecular area decreased from 61.2 A2/molecule at 0 mM PFBS to 49.4 AZ/molecule at 10
mM PFBS, which is also in contrast to DMPC and DPPC. The pressure at collapse,
however, did decrease from 69.1 mN/m to 51.3 mN/m over the range of 0 to 10 mN PFBS in
the subphase. The surface pressure at 110 A2/molecule increased with increasing PFBS
concentration, as seen with DMPC and DPPC.

The compressibility of the lipids was calculated from the compression isotherms; the
compression moduli, smoothed for clarity, are shown in Figure 6. PFBS decreased the
maximum compressibility of DMPC from 108 mN/m to 52 mN/m. The compression moduli
of DPPC, in contrast to DMPC, were biphasic in the absence of PFBS due to the presence of
LE and LC phases. Biphasic compressibility curves are known in the literature.! The broad
peak at 30 A2/molecule corresponds to the LE phase, while the sharp peak at 50 A2
corresponds to the LC phase. With increasing PFBS concentration, this magnitude of this
peak decreased, indicating the loss of the LC phase. At 10 mM PFBS the maximum
compressibility was lowered to 47 mN/m. PFBS affected DSPC compressibility in a manner
similar to that of DMPC. The maximum compressibility decreased from 210 mN/m at 0 mM
PFBS in the suphase to 161 mN/m at 1 mM PFBS.

DISCUSSION

PFBS is an emerging persistent organic pollutant used to replace PFOS in a range of
consumer and industrial applications.2921 This change was necessitated by the observation
that PFOS is environmentally persistent and causes adverse reproductive health effects in
rodents and humans.11:1242 The neonatal toxicity of PFOS is a particular concernl1.12 and
may be a result of an interaction between PFOS and pulmonary surfactants. However, less is
known about the adverse effects of PFBS. Because of its structural similarity to PFOS,
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PFBS is likely to partition into lipid assemblies and potentially cause toxicity by similar
mechanisms. We investigated the interaction of PFBS with PC lipid assemblies, since PCs
are the major component of pulmonary surfactants. Furthermore, PC bilayers are frequently
used as model membranes.

The toxicity of PFAAs may be explained in part by their partition coefficients between lipid
assemblies and the bulk aqueous phase. PFOS1’ and PFOA® have been shown to readily
partition into PC lipid assemblies using fluorescence anisotropy experiments. In these
studies the addition of PFAAs decreased the transition temperature of various PCs. The
reduction in Ty, results from the incorporation of the perfluorinated tails of PFAASs into lipid
assemblies. From the reduction in Ty, of the bilayer, the apparent partition coefficients of
PFOS were calculated to be 4.4 — 8.8 x 10%.15 In the present study, the corresponding
apparent partition coefficients for PFBS were 100-fold smaller and ranged from 4.9 — 8.5 x
102. These values are comparable to the coefficients for the longer-chain hydrocarbon
surfactants octanoate and octanesulfonate.16:18 The partition coefficient of PFBS was
essentially independent of PC chain length, which has been seen previously with PFOS,
PFOA, and fluorinated anesthetics.151743 This difference in membrane partitioning between
PFOS and PFBS is, to some extent, consistent with previous work investigating the
partitioning of fluorinated surfactants in biological and environmental systems. For example,
Jones et al. found PFBS bound less to chicken or eagle serum proteins, as shown by
displacement of corticosteroids, than PFOS.32

The width of the phase transition of the three PCs was also increased by addition of PFBS.
At high concentrations (12 mM PFBS) the relative (Figure 4) and absolute transition widths
increased in the order DSPC > DPPC > DMPC. Only a few other studies have
systematically investigated the effect of persistent organic pollutants on model membranes
containing PCs with different hydrophobic tails. PFOS17 and PFOAL® have been shown in
fluorescence anisotropy and differential scanning calorimetry (DSC) studies to increase
transition widths of PCs with a similar rank order at higher surfactant concentrations. Non-
fluorinated small molecules, such as tamoxifen derivatives** and pyrethroid#® pesticides,
also showed the same order as the PFBS fluorescence experiments. Overall, the increase in
transition width of DMPC, DPPC, and DSPC indicates a loss of cooperativity in PFBS-
containing bilayers. The differences in the transition width between the three PCs under
investigation are due to an increase in van der Waals forces between the hydrophobic tails as
the PC chain length increases, resulting in an increase in cooperativity of the lipid bilayer
and overall smaller transition width, with the observed rank order DMPC > DPPC > DSPC.
The reduced cooperativity of DMPC bilayers compared to DPPC and DSPC also explains
the more pronounced effect of PFBS on T, of DMPC bilayers.

In addition to the effects on phase transition temperature and transition width, PFBS
increased the fluidity of all three PCs investigated. In the liquid-crystalline phase and, with
some exceptions (see Fig. 2A and 2C), the gel phase fluidity increased, as indicated by a
decrease in fluorescence anisotropy upon addition of PFBS. In previous studies PFOS1” and
PFOAL5 increased membrane fluidity in the gel phase but decreased fluidity in the liquid-
crystalline phase. PFOS also caused a concentration-dependent increase in cell membrane
fluidity in HL-60 leukemia cells and alveolar macrophages.1’ Both the fluorescence
anisotropy and /n vitro cell culture experiments used 100 to 1000-fold lower concentrations
than the PFBS concentrations used in this study. The decreased fluidizing effect of PFBS
compared to PFOS and PFOA has also been seen in flow cytometry experiments.46

Taken together, our findings suggest that PFBS partitions into the lipid bilayer and, as
indicated by its more pronounced effect on fluorescence anisotropy in the DPH-TMA
experiments, is located near at the lipid-water interface. Analogous to other anionic, small
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molecules, the sulfonate group most likely interacts with the positively charged
trimethylammonium part of the phosphatidylcholine head group,*” and the perfluorobutyl
chain is expected to align itself vertically with the hydrophobic tails within the lipid
assemblies.*849 The disruption of lipid assemblies by PFBS results in the generation of free
volumes in the interior of the lipid bilayer4’ (i.e. the chains of DPPC are twice as long as
PFOS and four times as long as PFBS). To maximize van der Waals interactions within the
hydrophobic core of the bilayer, the hydrophobic tails of the PCs undergo trans-gauche
isomerization and incorporate chain bends; these changes disrupt the long-range order of the
bilayer. In addition, Inoue and co-workers have proposed that the negatively charged head
groups, such as sulfonate or carboxylate groups, repel each other, causing disruption of the
packing within the lipid bilayer. This disruption results in a decrease of the transition
temperature.

The combination of ionic interactions and free volumes not only explain the decrease in T,
but also the increase in the transition width and the increase in fluidity. PC bilayers consist
of domains of similar size and shape, resulting in a sharp peak for the main phase transition
of fully hydrated PCs.50-52 Incorporation of PFBS can potentially reduce the size of
domains and, as a result, increase the number of domains, thus causing a decrease in T, and
a broadening of the main phase transition. This may be due to preferential positioning of
PFBS, similar to other small molecules, at the interface of these domains, resulting in more
ramified domain borders. Furthermore, lateral phase separation into PFBS-poor and PFBS-
rich domains may occur in PFBS-containing PC bilayers. This lateral phase separation can
conceptually be compared to the bulk phase separation of fluorocarbons and hydrocarbon
liquids? and the nonideality of mixing of micelles of fluorocarbon and hydrocarbon
surfactants.53

In addition to studies with PC bilayers, analysis of PC monolayers at the air-water interface
may provide important information about PFBS neonatal toxicity, as DPPC is the major
component of pulmonary surfactant, and PFBS, like the structurally related PFOS,54-56 may
be present in amniotic fluid. Similar to model bilayers, PFBS also disrupted PC monolayers
at the air-water interface. The limiting molecular area, maximum pressure, area at collapse
and compressibility were all affected by PFBS which suggests that PFBS partitions into
these PC monolayers and alters their behavior at the air-water interface. From a
toxicological point of view, the decrease in maximum pressure is noteworthy because it
indicates that PFBS inhibits the action of pulmonary surfactants, which can lead to alveolar
collapse.

The increase in limiting molecular area for DMPC and DPPC is consistent with this
interpretation as the presence of PFBS molecules in the monolayer is expected to increase
the limiting molecular area. In contrast, DSPC showed a decrease in the limiting molecular
area, which maybe be associated with the more solid-like character of DSPC-based
monolayers. Specifically, only DSPC monolayers exhibited maximum compressibilities
greater than 150 mN/m, a value that is considered to indicate a solid monolayer.>” PFOS has
been shown to partition more efficiently into DPPC in the LE state than in the LC state.
DPPC and DMPC exist in a more expanded state under the conditions of this study, which
may explain why PFBS more effectively increases the limiting molecular area of DPPC and
DMPC monolayers compared to DSPC monolayers. The decrease in the limiting molecular
area of PFBS-containing DSPC monolayers suggests that PFBS-DSPC interactions result in
a more close packing. Indeed, there are reports that the anionic character of surfactant may
influence the closeness of packing. Sodium dodecyl sulfate (SDS), for example, increases
the order of the chains in neutral, zwitterionic DMPC monolayers,®8 but inhibits close
packing in charged DMPG monolayers.%® However, in-depth studies of the PFBS
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partitioning into PC monolayers and PFBS-PC interactions at the air-water interface are
needed to confirm this hypothesis.

The interactions between phospholipids and PFOS and PFOA at the air-water interface have
been previously described*® and are comparable to the effects of PFBS on DPPC
monolayers at reported in this study, although the concentrations of PFOS and PFOA used
were 100-fold lower than those used for PFBS. DPPC monolayers exhibited a higher
limiting molecular area in response to increasing PFOA or PFOS concentrations. For
example, at 0.1 mM PFOS the limiting molecular area increased from 53.0 A2 for pure
DPPC to 63.0 A2, The maximum compressibility decreased from 191.2 for pure DPPC to
145.9 mN/m with 0.1 mM PFOS in the subphase; PFOA caused a similar decrease in
maximum compressibility. The LE/LC transition was eliminated with 0.01 mM PFOS or 0.1
mM PFOA, whereas 1 mM PFBS was required to abolish this transition. The compression
studies with PFOS and PFOA were performed on a pure water subphase at 13 °C to 20 °C,
so the results cannot be quantitatively compared to this study.

Similar to the fluorescence anisotropy experiments, two orders of magnitude higher
concentrations of PFBS were necessary to elicit the changes seen with PFOS. This finding
can be explained with differences in the equilibrium air-water interface partitioning reported
for PFOS and PFBS. Based on published bulk water to air-water interface partitioning
coefficients (1871 M~1 for PFOS and 40.4 M~ for PFBS®0), the number of PFBS molecules
at the air-water interface increases approximately 10- and 72-fold when increasing the PFBS
concentration from 0.1 to 1 and 10 mM, respectively. A much lower bulk solution
concentrations of PFOS are needed to obtain similar numbers of PFOS molecules at the air-
water interface. For example, the number of PFOS molecules at 0.1 mM, the highest PFOS
concentration used in the study by Matyszewska et al.,8 is estimated to be comparable to
the number of PFBS molecules at the air-water interface at 10 mM in the present study. In
other words, two order of magnitude higher bulk concentrations of PFBS are needed to
achieve a similar number of PFBS and PFOS molecules at the air-water interface and, thus,
cause a comparable effect of PC monolayers at the air-water interface.

CONCLUSION

In this work we measured the ability of PFBS to partition into various lipid assemblies as
models for cell membranes. PFBS effectively partitioned into lipid bilayers and monolayers
consisting of PCs, the major component of pulmonary surfactants. From the depression in
transition temperature of PC vesicles we calculated partition coefficients for PFBS; these
values were two orders of magnitude less than PFOS or PFOA. Furthermore PFBS disrupted
the cooperativity of model PC bilayers and reduced the maximum surface pressure achieved
by PC monolayers; these effects indicate a potential inhibitory effect of PFBS on pulmonary
surfactant. However, the PFBS concentrations required for disruption of lipid assemblies are
several orders of magnitude higher than PFOS due to differences in the bulk water to lipid-
water and air-water interface partitioning. Thus PFBS is less likely to exhibit the same
adverse health effects as PFOS, albeit at much higher concentrations.
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Chemical structures of (A) selected PFAAs and (B) phosphatidylcholines.
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Fluorescence anisotropy as a function of temperature for PC — PFBS mixtures.
Representative plots from at least three experiments are shown. The liquid-crystalline and
gel phases are indicated by arrows. DPH was used as the probe for (A) DMPC - PFBS, (B)
DPPC - PFBS and (C) DSPC - PFBS. TMA-DPH was used as the probe for (D) DMPC —
PFBS, (E) DPPC - PFBS and (F) DSPC — PFBS. The samples were cooled at a rate of 0.2
°C/min, as indicated by the arrows.
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Figure 3.

Decrease in T, of PCs as a function of PFBS concentration. Relative melting temperature is
defined as Tyn/Tp o, with (A) DPH and (B) TMA-DPH as the fluorophores.
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Relative phase transition widths for DMPC, DPPC, or DSPC with (A) DPH and (B) TMA.-

DPH as the fluorophore.
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Figure 5.

Representative compression isotherms (from three replicates) for (A) DMPC (B) DPPC and
(C) DSPC in the presence of increasing concentrations of PFBS. The compression isotherms
were obtained at 37 °C on a subphase consisting of 150 mM NaCl and 1.5 mM CacCl,, with
a compression rate of 10 mm/min (7.5 cm2/min). PCs were added as a solution in 9: 1 (v: v)
hexanes: ethanol, which was allowed to evaporate before compression. The LE-to-LC
transition for DPPC is shown with an arrow. Control isotherms were obtained by addition of
blank solvent to PFBS-containing subphases followed by compression. Only the control for
the 10 mM PFBS subphase, which gave the highest surface pressure change upon
compression, is shown on each graph.
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Compression modulus curves for (A) DMPC (B) DPPC and (C) DSPC in the presence of 0
mM PFBS (blue), 0.1 mM PFBS (red), 1 mM PFBS (green) and 10 mM PFBS (purple).
Compression modulus is calculated as —A drt/dA. Each curve represents the average of three

compression experiments.
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Table 1

Partition coefficients for PFBS and PCs

The values were determined from Equation 1.

Lipid K (DPH)x 102 K (TMA-DPH) x 102
DMPC 4.9 6.6
DPPC 6.6 5.7
DSPC 82 85

J Phys Chem B. Author manuscript; available in PMC 2013 August 23.

Page 17



Page 18

Oldham et al.

9TT+2T19T €0FETS SCF+.'8¢ TEF VoY AW 0T

90T ¥2°09T TT+8729 CT+6'S¢C 8'€F 2SS AW T
odsa

TOT*¥'L6T Y0¥ .99 9TF06¢ ST*071S NWT0

TLFT0Te 60FT69 90+0/¢ 8V +2T19 AW 0

9CFGI Z0F€E6L 80+ 358y EVYFTV6 AW 0T

Y'TF¥09 90F0¢y 0T¥90V V'1F¥'68 AW T
Oddd

¢'8 %566 90+ T8y 60+ ..E €C¢F0T9 NWT0

¥'TFL20T €TF¥0S A WA ZCFT6S AW 0

9T+0¢S 9'0F9'6¢ 9T¥6'LS T+20T AW 0T

ST+6'T8 E0FETY L'T+8T1S 0T +1¥'S8 AW T
JodINa

LT*G00T €0F 09 90F687 €TF08L AW T0

TSFLL0T [AVExAVA4 TT¥€E8Y §CFeSGL AW 0

(w/Nw) Anpaissaadwiod winwiixely  (wy/Nw) esdejjoo Je aanssaid  (8]ndsjow/;y) 8sdejjod e ealy  (8]ndsjow/,y) eade sejnosjow Buniwi  uonesusouod  pidi

"SUOINRAUSIU0I SG-4d 1uaiayip Bulureluod saseydans
Buisn paplodal swaylos! uoissalduiod woiy paureiqo Aljigissaidwod wnwixew pue ainssaid asde]jod ‘asde]|od 1e vae ‘eale Jejndsjow Buniwi

UOI1RIIUBIU0I Sg-d JO UoIIaUNy B Se s1akejouow Dd JO Sialaweled
¢?olqel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

J Phys Chem B. Author manuscript; available in PMC 2013 August 23.



