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Abstract

PEO-PPO-PEO triblock copolymers have opposing effects on lipid membrane integrity- they can
behave either as membrane sealants or as membrane permeabilizers. To gain insights into their
biomembrane activities, the fundamental interactions between a series of PEO-based polymers and
phospholipid vesicles were investigated. Specifically, the effect of copolymer hydrophobicity on
its ability to prevent liposomes from peroxidation was evaluated, and partitioning free energy and
coefficient involved in the interactions were derived. Our results show that the high degree of
hydrophilicity is a key feature of the copolymers that can effectively protect liposomes from
peroxidation and the protective effect of the copolymers stems from their adsorption at the
membrane surface without penetrating into the bilayer core. The origin of this protective effect
induced by polymer absorption is attributed to the retardation of membrane hydration dynamics,
which is further illustrated in the accompany study on dynamic nuclear polarization (DNP)-
derived hydration dynamics?.
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1. Introduction

The triblock copolymers composed of hydrophilic poly(ethylene oxide) (PEO; A) and
hydrophobic poly(propylene oxide) (PPO; B) in an A-B-A architecture are a class of
nonionic, surface-active amphiphilic macromolecules. They are known under the generic
name poloxamer and the trademarks Pluronic® or Synperonic®. Owing to their
biocompatible and amphiphilic nature, these copolymers have, over the past several decades,
found widespread applications in medicine as detergents or emulsifiers in pharmaceutical
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formulations?, carriers of poor water-soluble drugs3, sealants for injured cell membranes?
and permeation enhancers in cancer chemotherapies®, etc. In particular, studies have found
that P188, a poloxamer in the form of PEOgy-PPO,7-PEOgqy with fairly large hydrophilic
PEO blocks compared to its hydrophobic PPO counterpart, is capable of inhibiting
thrombosis® and protecting cell membranes from various physicochemical insults® 7-9,
Conversely, P181, another poloxamer in the form of PEO,-PPO3,-PEO, with a similar
length for the PPO block as P188 but much smaller PEO blocks, is incapable of inhibiting
thrombosis and sealing wounded cell membranes. It, however, exhibits ionophoric
activities1?, can facilitate the permeation of relatively large molecules across lipid
bilayers!l, and can further act as chemosensitizing agents in cancer treatments!2, It is
intriguing that these seemingly opposite biological effects can come from the interactions of
the same family of triblock copolymers with biological cell membranes. However, no clear
relationship between the architecture and biomedical functionality of these copolymers has
been established thus far, given the lack of a thorough understanding of intermolecular
interactions of cell membranes with these copolymers.

Recently, using giant unilamellar vesicles (GUVSs) under osmotic stress as model systems,
we have proposed a two-state transition mechanism which involves an adsorption (1) state
and an insertion (I1) state to elucidate the fundamental interactions between poloxamers and
phospholipid membranes!3. We find that while poloxamers in state | act to protect lipid
vesicles from leaking due to the loss of membrane integrity, their insertion into the lipid
bilayer (state I1) disturbs lipid packing, thus enhancing membrane permeability. Moreover,
our results suggest that the transition from surface adsorption to membrane insertion is
driven by hydrophobicity of the copolymer, which provides seemingly opposite biomedical
applications of PEO-PPO-PEO triblock copolymers, either as cell membrane preservers or
as accelerators for drug intake by drug resistance tumor cells.

To further verify this model of interactions between poloxamers and lipid membranes, we
investigated the fundamental interactions of lipid membranes with a series of the triblock
copolymers having different hydrophobicity by dynamic light scattering (DLS) and
isothermal titration calorimetry (ITC). Specifically, we employed DLS to evaluate the effect
of poloxamer hydrophobicity on its ability to protect liposomes from peroxidation and ITC
to distinct the two models of polymer-membrane interactions—membrane insertion vs.
membrane adsorption. It is well-known that lipid peroxidation, /n7 vivo, plays a key role in
many pathological processes, including both inflammatory and degenerative diseases,
ionizing radiation injury, chemical and drug toxicity, and some metabolic defects.} It can
induce severe biomembrane dysfunctions at the cellular levell® and alter the chemical
structures of polyunsaturated lipids at the molecular level, which subsequently leads to
changes in lipid bilayer physical properties, such as permeability, integrity, curvature and
fluidity6-18, Here using lipid peroxidation—a biological process closely associated with cell
membrane disruption19-20—as a stress source to disrupt unilamellar lipid vesicles, we
explored the effect of hydrophobicity of a series of poloxamers on their ability to preserve
membrane integrity by protecting liposomes from peroxidation. We find that polymers that
are effective protectors of liposomes from peroxidation do not share any common structural
features other than the fact that they are all highly hydrophilic; highly hydrophobic
copolymers, on the other hand, do not show active protection for the membrane. In addition,
the results from the ITC measurement reveal that none of the examined hydrophilic
polymers exhibits appreciable heat exchange during the titration as the hydrophobic
polymers do, indicating that there is no apparent partitioning of hydrophilic polymers to
lipid membranes within our experimental timescale. Thus, the combination of DLS and ITC
results confirms our hypothesis that the protective effect of poloxamers on the structural
integrity of lipid membranes stems from polymer adsorption at the membrane surface.

Biomacromolecules. Author manuscript; available in PMC 2013 June 21.
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2. Experimental Details

Materials

1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-
glycero-3-(phosphor-rac-(1-glycerol)) (sodium salt) (POPG) and 1-palmitoyl-2-linoleoyl-sr+
glycero-3-phosphocholine (PLPC) were purchased from Avanti Polar Lipids (Alabaster,
AL). The radical generator, 2, 2"-azobis(2-amidinopropane) hydrochloride (AAPH),
polyethylene glycol with a molecular weight of 8000 g/mol (PEG-8K) as well as
ethylenediamine tetrakis(propoxylate- block-ethoxylate) tetrol (poloxamine 1107) were
purchased from Sigma-Aldrich Chemical Co. Poloxamer 188, 181, 333 and 335 were
generous gifts of the BASF Corporation. Detailed information of the polymers is listed in
Table 1 and Scheme 1. All chemicals were used without further purification. Ultra-pure
water (resistivity = 18 MQ cm) was obtained from a Milli-Q UV Plus system. (Millipore
Inc., Bedford, MA).

The copolymer stock solution of 500 M and PEG-8K stock solution of 1 wt% (~1250 M)
were prepared by adding polymers and ultra-pure water to plastic tubes containing magnetic
stir bars and then leaving them to mix on a stir plate overnight to ensure complete
dissolution. Following degassing under vacuum, polymer stock solutions were diluted to
desired concentrations. As the rate of AAPH-induced radical formation is constant only for
the first few hours, AAPH solutions were freshly prepared before each experiment.

Liposome Preparation

Large unilamellar vesicles (LUVs) made from a 6:3:1 mixture of POPC-PLPC-POPG for
studies of lipid peroxidation and LUVs of pure POPC for ITC measurements were prepared
via the freeze-thaw extrusion method.22: 23 Initially, phospholipids in chloroform were dried
under ultra-pure argon to re-disperse lipids over the wall of the glass vial. After being kept
under vacuum for at least 1 h, the dry lipids were rehydrated in ultra-pure water to a desired
concentration and then mixed vigorously by vortexing at room temperature for 1 h to
emulsify the lipid mixture. Following that, the LUV solution was completely frozen in a
dry-ice/ethanol bath for ~1 min and then gently thawed in warm water (< 50°C) for ~30 s.
This freeze-thaw process was repeated at least five times. Then the solution was extruded 19
times through a polycarbonate filter having a pore size of ~100 nm in diameter to form
LUVs. The typical diameter of the LUVs, determined by DLS, was centered at ~100 nm
with a standard deviation of ~30 nm. Liposomes were stored at 4 °C in a refrigerator and
were good for use within two weeks of their formation.

Polymer-containing POPC liposomes for ITC measurements were prepared as described
above except that polymers were present during the formation of lipid vesicles.

Lipid Peroxidation Procedures

Lipid peroxidation of POPC-PLPC-POPG vesicles (25 wM in lipid concentration) was
induced by peroxyl radicals, generated by degradation of the azo compound AAPH (15 mM)
at 37 °C under UV irradiation (A = 254 nm) in a quartz cuvette for 30 min. AAPH is a
water-soluble free radical generator that undergoes thermal/UV-irradiation decomposition to
yield N5 plus two alkyl radicals, which then react with oxygen to form two peroxyl
radicals?4 25 (Scheme 2). It has been demonstrated that the intermediate and end products of
lipid peroxidation—hydroperoxide lipids and cleaved-lipids— drastically affect the size and
structural integrity of lipid vesicles due to changes in the cross-section area of its lipid tails
and solubility.18 Given that, here the protective effect of the polymers was evaluated by
monitoring changes in size and size distribution of the LUVs in the presence of the polymers
(125 M for the copolymers and 625 M for PEG-8K) before and after lipid peroxidation.

Biomacromolecules. Author manuscript; available in PMC 2013 June 21.
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Dynamic Light Scattering

To evaluate the degree of liposome peroxidation, changes in size and size distribution of the
LUVs were monitored by DLS (PD2000DLS Precision Detectors, Franklin, MA). Before
mixing the LUV dispersion with AAPH and the polymers, the AAPH and polymer solutions
were filtered through Whatman syringe filters with pore sizes of ~200 nm in diameter to
remove dust particles. DLS measurements were performed at 25°C with an apparatus of
standard design, equipped with a 150-mW He-Ne laser providing light of 800 nm. Scattered
light from the sample was analyzed at an angle of 90° from the incident beam. The
correlation analysis gave directly diffusion coefficients of the vesicles, from which
diameters of the LUVs were calculated using the Stokes-Einstein relationship. The LUVs
were diluted 500-fold with water before measurements, and scattering data were taken for
15 min. To check for reproducibility, experiments with different batches of vesicles were
repeated at least three times.

Isothermal Titration Calorimetry

ITC was performed using the VP type instrument produced by MicroCal Inc. (Northampton,
MA) at 25°C. Typically, 300 pl of the LUV dispersion was loaded into the titration syringe,
and 1.4 ml of a polymer solution was loaded into the titration cell. The reference cell was
filled with Milli-Q water. Before titration, both the titrant and the sample were degassed
using the MicroCal Thermalovac sample degassing equipment. The titration was controlled
by VPViewer 2000 ITC software. During the measurements, the first 1 il LUV dispersion
was injected without taking into account the corresponding heat because the initial injection
was subject to large errors due to the diffusion of solutions across the syringe tip during the
pre-titration equilibration period. Following that, a series of 10 .l of LUV dispersion was
injected into the sample cell and the corresponding characteristic heat resulted from the
interactions between polymers and lipid membranes was integrated, yielding the heat of
partitioning, 4, of each injection.

For ITC measurements, two protocols were used: (1) uptake experiments in which POPC
LUV dispersion was injected into a polymer solution; (2) release experiments in which
polymer-containing POPC LUV dispersion was injected into water. The combination of
these two protocols allows us to obtain thermodynamic parameters of the polymer-liposome
interactions, namely, the partition coefficient, K; and the molar enthalpy of partitioning, AH.
In addition, comparison of the results obtained from the two protocols allows us to gain
insights into polymer distribution across lipid membranes and to distinguish whether the
polymers permeate through the bilayer membranes to access the liposome interior within our
experimental timescale.26 1t should be noted that while the ITC measurements used LUVs
with different lipid compositions from those used in the DLS experiments, that is, POPC in
ITC vs. POPC-PLPC-POPG (6:3:1) in DLS, the control ITC experiment with POPC-PLPC-
POPG LUVs indicates that the changes in acyl chain desaturation and the headgroup type do
not affect the way of the polymers partition to the lipid membrane. (see Supporting
Information S-Figure 2)

To analyze ITC data, the model suggested by Heerklotz for partitioning of surfactants into
lipid membranes was used.2” Briefly, the partition coefficient K is defined in terms of mole
fractions26:

P, W
K= @)
(Pp+L) - (P, — Py)

where W=55.5 M is the molarity of water, and L and Pare the lipid and polymer
concentrations, respectively. The subscripts zand & represent the total polymer and the
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polymer partitioned in the membrane. The normalized heat g, resulted from the
interaction between the total amount of lipids and polymers during the injection is expressed
as:

) 0Py P
Gobs=AH - X?yr'a_Pf(l“X;yl)' AL PV tqai ()
o, 1 K - (P+L)+W

where

= +
oL 2 2. K2 (P+L2+2-K-W- (L - P)+W?

oP, 1 K-(P+L) - W

=—+ :
OPr 2 5. K2 (P+LP+2-K-W-(L— P)+W?

AH s the molar enthalpy of partitioning, that is, the molar heat resulting from transferring

the polymer from water to the lipid bilayer: AH=h}, — ky X,”* AH=h’, — i} - X" denotes the
total polymer mole fraction in the syringe. The term g,;is the molar heat of dilution of the
injectant, measured separately in a control experiment.

In the Heerklotz's model, the transmembrane distribution of the polymers can be estimated
using a fitting procedure of both permeable and impermeable models. Considering not all of
the polymers are

P>y P (3

Loy, L @

able to redistribute across the bilayer within our ITC experimental timescale, the total lipid
and polymer concentrations are replaced by their effective concentrations,

where ), and y, are the fractions of polymers and lipids involved in partitioning,
respectively. In the permeable model where all of the polymers are able to redistribute
across the bilayer, both y, and y,,equal to 1, regardless of the experimental protocols used.
In contrast, y, and y, have dissimilar values in the two experimental protocols in the
impermeable model, where the polymers cannot cross the lipid bilayer. Using the uptake
protocol, the injection of liposomes to polymer solutions results in a scenario where all
polymers are free to partition but only lipids in the outer leaflet of liposomes are accessible,
therefore, =1 but ), = 0.5. Using the release protocol, on the other hand, since both lipids
and polymers are partially trapped inside the inner leaflet of lipid bilayers y,, ), and equal
to 0.5, assuming the polymers distribute evenly in the bilayer. Thus, by substituting Egs. (3)
and (4) into the models and simultaneously fitting both the uptake and release data using
their y,, y, corresponding and values, the molar enthalpy of partitioning, A A, and partition
coefficient, K, can be obtained. Comparison of AHand K'in the uptake and release
experiments (they should be similar as the two processes are reversible) therefore allows us
to discern whether the lipid membranes are permeable to the polymer.

Biomacromolecules. Author manuscript; available in PMC 2013 June 21.



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

1duasnuey Joyiny vd-HIN

Wang et al.

3. Results

Page 6

Peroxidation of POPC-PLPC-POPG LUVs

POPC-PLPC-POPG LUVs were used in this study as a simplistic mimic of the cell
membranes.2” We deliberately did not include cholesterol, one of the major components of
biomembranes, to our lipid system as our rationale for keeping our lipid system as simple as
possible is to allow us to reasonably get at the mechanism of intermolecular interactions of
lipids with polymers. Because cholesterol can potentially affect both the process of lipid
peroxidation2® and membrane structure and properties??, its effect on polymer-membrane
interactions is complicated and will be discussed in a separated report.

Lipid peroxidation was accomplished using the water—soluble free radical generator, AAPH,
as a peroxidation initiator at 37°C under UV irradiation (A = 254 nm). Although not a
naturally occurring biomolecule, AAPH has been widely employed in studies of lipid
peroxidation.39-32 Indeed, this compound undergoes thermal decomposition at 37°C and,
upon UV irradiation, generates peroxyl radicals at a fast and, more importantly, constant
rate, thereby allowing for reproducible and quantitative analyses.33 34 In light of the
signatures of liposome peroxidation, that is, changes in the vesicle size and membrane
integrity18 27.35 here we evaluate the possible protective effect of a given polymer on
liposome peroxidation by monitoring changes in size and size distribution of the LUVs
before and after oxidation by DLS.

Shown in Figure 1 is the DLS analysis of POPC-PLPC-POPG LUVs in the presence of 15
mM AAPH before and after UV-irradiation. The average hydrodynamic radius of the LUVs
after extrusion was ~50+30 nm and no changes in the size and size distribution of the LUVs
were observed after mixing the vesicles with the AAPH solution. After exposing the LUV
dispersion to UV light for 10 to 15 min, the average hydrodynamic radius of the vesicles
increased to ~65+£50 nm. As the first step of the peroxidation of polyunsaturated fatty acid
tails (slightly bend chains) leads to the formation of intermediate hydroperoxide lipids, the
preferential orientation of the hydrophilic hydroperoxide group to the membrane-water
interface leads to the fatty acid tails highly bended and thus to the expansion of the bilayer
area.1® 3% Indeed, K. A. Riske et al.3> have found that a 0.5% peroxidation of lipids is
enough to cause noticeable size changes of lipid vesicles. Therefore, increases in vesicle size
and size distribution here indicate that the peroxyl radical-induced degradation of
unsaturated lipids has occurred. Given that the cleavage of the carbon chain near the initial
position of the double bound at the final step of lipid peroxidation causes membrane
disruptionl8, the complete loss of scattering signals from the original LUVs upon 20 min
irradiation indicates that lipid peroxidation occurs thorough at this experimental condition
and all of the original LUVs are disrupted by free radicals.

Effects of polymers

In our evaluation of the possible protective effects of the various polymers, we used a
protocol with a UV exposure of 30 min, 10 min longer than our control experiment, to
ensure that adequate time has been given for the peroxyl radical-induced degradation of
polyunsaturated lipids to reach completion if the vesicles were in the absence of the
polymers but under otherwise identical experimental conditions.

We tested six polymers, which can be roughly divided into two groups based on their
hydrophobicity: PEG 8K, P1107 and P188 belong to the hydrophilic group; P335, P333 and
P181 belong to the hydrophobic group. Detailed information of each polymer is listed in
Table 1. Figure 2 presents the DLS analysis of POPC-PLPC-POPG LUVs in the presence of
AAPH and hydrophilic polymers before and after UV exposure. Results from two time
points are shown for all polymers examined: immediately after the introduction of the
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polymers and after 4 h of incubation of lipid vesicles with the polymers; comparison of the
two allows us to gauge if possible protective effects can be enhanced with exposure time to
polymers. As shown in Figure 2a and c, both PEG-8K and P1107 appear to provide
immediate protection for the LUVs from oxidation without incubation; this protective effect
remains the same after 4 h of incubation (Figure 2b and 2d), as evidenced by no significant
changes in the average size and size distribution of the LUVs. Although P188 did not show
any protective effects without incubation (Fig. 2e), it provided similar protective effects as
those of P1107 and PEG-8K after 4 h of incubation with the LUVs (Figure 2f).36 It is
interesting to note that these three protective polymers are different in architecture, total
molecular weight and molecular weight of either the PEO or the PPO block (see Table 1 and
scheme 2), but they are all rather hydrophilic. Indeed, many pre-clinical studies have shown
that all three polymers are able to seal injured cell membranes’: 37- 38 and protect cells from
various physicochemical insults® 3%-42, However, it still remains unclear as to what drives
these polymers with rather different architectures to exhibit similar protective effects on cell
membranes, and how one can design polymers to be more effective in this role of cell
membrane preservation. Our results here suggest that at the molecular level, the overall
hydrophilicity of the three polymers might be the driving force for their protective effects on
membrane integrity.

It should be noted that all of the aforementioned experiments were performed in the
presence of excess polymers, that is, the molar ratios of polymer vs. lipid are 5 and 25 for
the copolymers and PEG-8K, respectively. To examine the effect of polymer concentration
on their effectiveness in protecting liposomes from peroxidation, reduced molar ratio of 2.4
and 1 for P188 vs. lipid were tested. Figure 3 shows the DLS analysis of POPC-PLPC-
POPG LUVs in the presence of AAPH and P188 after 4 h incubation, examined at 3
different polymer-to-lipid molar ratios. As can be seen, P188 provides complete protection
at a polymer ratio of 5, much less effective protection at a ratio of 2.4 and no protection at
all at a ratio of 1. A similar concentration-dependence protective trend is also observed in
the case of P1107 and PEG-8K (see Supporting Information S-Figure 1), indicating that the
protective effects of the polymers are indeed concentration-dependent.

In our previous GUV study pertaining to osmotic stress'3, we have proposed that the more
hydrophobic the polymer, the more rapid the polymer is able to insert into the lipid
membrane. As PEG-8K, P1107 and P188 are highly hydrophilic polymers (even though
P188 and P1107 still have amphiphilic properties), they are unlikely to insert into lipid
membranes within our experimental timescale. Therefore, our data suggest that the
protective effect of these polymers stems from the accumulation of the polymers at the
vesicle surface, but not from their insertion into the bilayer. To test this hypothesis, we
compare the protective effect of these three hydrophilic polymers with those of three
hydrophobic polymers—P335, P333 and P181—that are known to be able to insert into lipid
membranes. Figure 4 shows the DLS analysis of POPC-PLPC-POPG LUVs in the presence
of AAPH and P335, P333 and P181 before and after UV exposure. In these cases, after UV
irradiation, even though some vesicles might still remain in the solution—with the exception
of P181 without incubation where all of the liposomes are completely broken up by free
radicals—our DLS analyses depict a significant decrease in scattering intensity, a moderate
reduction in the average vesicle sizes, and a remarkable broadening in the vesicle size
distribution, indicating that lipid peroxidation actually occurred, but in an incomplete
fashion. At present, the exact changes in liposomes due to the presence of these polymers
are not completely clear as end products of lipid peroxidation can exist in a variety of forms
like micelles, soluble lipid species, or even aggregates with different structures*3, and the
presence of polymers capable of inserting into lipid membranes further complicates the
matter. However, one clear conclusion that can be drawn from these results is that none of
hydrophobic copolymers, P335, P333 and P181, can actively protect liposomes from
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peroxidation as do the hydrophilic copolymers, PEG-8K, P1107 and P188. Our results thus
point to the overall hydrophilicity of the polymer being one of the key properties that an
effective membrane resealing polymer should possess.

ITC measurements

To ascertain that the protective capability of the hydrophilic polymers is due to their
association and adsorption at the surface of the vesicles, and the lack thereof for the
hydrophobic polymers stems from their insertion into the membrane bilayer within our
experimental timescale, we have employed ITC to compare the interactions of these two
groups of polymers with lipid vesicles. As is well-known, ITC is a sensitive technique for
investigating the binding/partitioning affinity and thermodynamics involved in
intermolecular interactions.** It has been widely used to monitor interactions between
surfactants and lipid membranes as the partitioning of surfactant molecules to lipid
membranes is generally accompanied by a consumption or release of heat. If there is no
apparent partitioning of surfactant molecules to lipid bilayer membranes, no heats of
interactions would be expected during titration.*®

Shown in Figure 5 are the calorimetric data from the isothermal titration of 15 mM POPC
liposome dispersions into 50 .M P188, 50 .M P1107, and 250 .M PEG-8K solutions at
25°C. In all three cases, each titration of the LUVs into the polymer solution only produced
a very small exothermal heat flow, and this residual effect was independent of the amount of
LUVs injected throughout the entire titration process. Earlier work has shown that such a
small, constant exothermal heat flow is the heat of dilution of the liposomes in the polymer
solution. It has been reported that poloxamers cannot be incorporated into lipid bilayers in
the gel phase due to the tight lipid packing.’ Here, as POPC liposomes are in the fluid-
phase at 25°C (T, = -2°C) which principally permits the incorporation of poloxamers, the
absence of heat of partitioning of the polymers to lipid membranes confirms that there is no
polymer insertion into the membrane over our experimental timescale. This is not too
surprising, especially for PEG-8K, as it has been demonstrated that there is no direct
collision of PEG homopolymers with phospholipid membranes due to the existence of a
depletion layer (~1 nm) between the surface of lipid vesicles and the bulk polymer aqueous
phase.#”49 Since the hydrophobic PPO block in both P188 and P1107 only represents a very
small portion of the entire polymer chain, it would be energetically favorable to have the
PPO block shielded by the PEO blocks rather than to have it exposed to the water/liposome
interface. Therefore, it is reasonable that both P188 and P1107 appear to present a similar
behavior at membrane surfaces as PEG does.

The calorimetric profiles exhibit entirely different features as the proportion of the PPO
block in a copolymer chain increases. Figure 6 shows the calorimetric data from the
isothermal titration of 15 mM POPC liposome dispersions into 100 M P181, 50 uM P333
and 50 M P335 solutions at 25°C. As can be seen, for all three copolymers, each injection
generates an endothermic heat flow that decreases with each injection. This decrease in heat
flow is due to the gradual depletion of the copolymer in the aqueous phase to partition to the
lipid bilayer phase. If the titration process was continued indefinitely, the heat flow would
eventually revert to that of the heat of dilution after all of the copolymers were partitioned to
the vesicles.*6 These decayed features in the calorimetric profiles, qualitatively point to a
different mechanism of interaction when hydrophobic polymers are involved. Comparing
the measured integrated heat with the one calculated using the equilibrium partitioning
model?%, assuming that the bilayer is impermeable to all three copolymers, the
thermodynamic parameters of AHand Kare derived, that is, AH = 5.8 kcal/mol and K=
2.77 x 10% for P181, AH=10.9 kcal/mol and K = 4.34 x 10* for P333, and AH = 9.7 kcal/
mol and K = 3.16 x 10* for P335. These results clearly demonstrate that P181, P333 and
P335 all insert into the liposomal membrane, rather than merely associated at the vesicle
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surface. The equilibrium partition model based on the assumption that the bilayer is
permeable to all three copolymers was also thoroughly tested, but no consistent results were
obtained (see S-table 1 in Supporting Information). Therefore, the consistent fit with the
impermeable model but not with the permeable model suggests that the three hydrophobic
poloxamers merely insert into the outer leaflet of the membrane rather than access the
interior of the vesicles over our experimental timescale.

4. Discussion

Lipid peroxidation is deleterious in many ways to biological cells.5% To avoid lipid
peroxidation, organisms generally launch both enzymatic and nonenzymatic antioxidant
defenses, which work either through neutralization of an oxidant or regeneration of other
molecules capable of reacting with the oxidant to block the process or to limit its damage.®!
As all poloxamers examined in this work share the same chemical moiety but exhibit
opposite effects regarding their ability to protect liposomes from peroxidation mainly due to
the difference in hydrophobicity, we argue that the antioxidant effect of the hydrophilic
polymers is not primarily because they work as radical scavengers, but rather due to their
specific interaction with lipid membranes afforded by their architecture. In fact, PEO-PPO-
PEO copolymers are relatively stable under our experimental conditions as the 1H NMR
spectra of P188 before and after oxidation (see Supporting Information S-Figure 4) do not
show any signature of polymer degradation other than the end hydroxyl group being
oxidized to the carboxyl group, which is not significant enough to protect liposomes from
peroxidation, considering that 15 mM free radical generators were used with only 50 M
copolymers in our systems.

To understand how polymer adsorption can lead to such a protective effect, the mechanism
of lipid peroxidation needs to be elucidated first. Lipid peroxidation is a free radical chain
reaction, which includes initiation, propagation and termination. The initiation step dictates
the entire oxidation rate and starts by a direct collision between free radicals and hydrogen
atoms in the bisallyl position in the acyl side chain of polyunsaturated lipids. As most free
radicals are generated in water, these radicals have to diffuse into the lipid bilayer to initiate
lipid peroxidation.>2 Accordingly, if a substance can affect lipid packing or membrane
fluctuation or the hydration shell of the lipid bilayer in a way that suppresses the diffusion of
free radicals, it plays the role of an indirect antioxidant to inhibit lipid peroxidation. In fact,
it has been demonstrated by Tirosh et al. that the addition of an extended hydration layer by
anchoring a PEG layer on the surface of lipid membranes protects the lipid bilayer against
oxidation damage.53 In their report, they claimed that the extended hydration layer worked
as a radical “freezing” layer as the free radicals “died” before they could pass through the
layer by diffusion.

Here, the combination of our DLS and ITC results shows that the mere adsorption of
hydrophilic poloxamers at lipid vesicle surfaces can effectively suppress lipid peroxidation,
whereas the insertion of the hydrophobic poloxamers cannot. One can argue that perhaps
P188 and P1107 work as antioxidants due to their ability to scavenge radicals, rather than
their adsorption at the membrane surface. If this were indeed the case, then all other
poloxamers, P181, P333 and P335, should be equally effective in protecting lipids against
oxidation as they share the identical chemical details. Our findings have indicated otherwise
and thus rules out the direct radical scavenger role of these copolymers. Our ITC data have
demonstrated that hydrophobic copolymers insert into the lipid bilayer, a process that
disturbs lipid packing, and thus enhances membrane permeability. It is therefore not difficult
to understand the ineffectiveness of these hydrophobic poloxamers in lipid peroxidation
inhibition. Hydrophilic polymers, on the other hand, have been found to adsorb at the vesicle
surface and are effective in suppressing lipid peroxidation. One would deduce from these
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observations that such polymer adsorption should either affect lipid packing or membrane
fluctuation in a way that reduces the access of free radicals into the membrane. In fact,
evidence provided in our accompanied H Overhauser Dynamic Nuclear Polarization
(ODNP) study indeed demonstrates that the hydrophilic polymers weakly adsorb at the lipid
membrane surface in a way that impede hydration dynamics both at the surface and in the
interior of the lipid bilayer, thereby suppressing the diffusion of free radicals into lipid
membranes without disrupting the lipid mobility and fluidity.

5. Conclusions

In summary, the fundamental interactions between PEO-PPO-PEOQ triblock copolymers and
lipid membranes were investigated using DLS and ITC. Specifically, the effect of
hydrophobicity of the triblock copolymers on their ability to preserve the structural integrity
of lipid membranes by inhibition of lipid peroxidation was evaluated by DLS, and the
partitioning free energy and coefficient involved in polymer-lipid membrane interactions
were derived from ITC measurements. Our DLS studies show that highly hydrophilic
polymers are effective in protecting liposomes from oxidation and ITC measurements
indicate that the degree of hydrophobicity dictates the polymer-membrane interactions:
hydrophilic triblock copolymers only weakly adsorb at the membrane surface, whereas
hydrophobic triblock copolymers insert into the lipid bilayer. The combination of DLS and
ITC results thus indicates that the protecting effect of the triblock copolymers comes from
polymer adsorption, but not from polymer insertion, as the latter disrupts lipid packing and
enhances membrane permeability. Our findings help identify a key structural feature of
triblock copolymers necessary for their roles as cell membrane preservers. The new insights
of polymer-membrane interactions afforded by the current study should aid in the design of
novel polymeric cell membrane sealants and/or permeation enhancers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

DLS analysis of POPC-PLPC-POPG liposome size distribution before and after AAPH-

induced oxidation under UV irradiation as a function of time.
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DLS analysis of POPC-PLPC-POPG liposome size distribution () before and (---) after
oxidation. Liposomes incubated with (a) PEG-8K for 0 h; (b) PEG-8K for 4 h; (c) P11107
for 0 h; (d) P1107 for 4 h; (e) P188 for 0 h (f) P188 for 4 h. For PEG-8K, the molar ratio of
polymer vs. lipid is 25; whereas for the copolymers, the molar ratio of polymer vs. lipid is 5.
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DLS analysis of POPC-PLPC-POPG liposome size distribution (=) before and (:--) after
oxidation as a function of P188 concentration after 4 h incubation. The molar ratio of P188
vs. lipid is (a) 5; (b) 2.4; (c) 1.
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DLS analysis of POPC-PLPC-POPG liposome size distribution (=) before and (:--) after
oxidation. Liposomes incubated with (a) P335 for O h; (b) P335 for 4 h; (c) P333 for 0 h; (d)
P333 for 4 h; (e) P181 for 0 h (f) P181 for 4 h. The molar ratio of polymer vs. lipid is 5.
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Figure5.

ITC of (a) 50 uM P188 (b) 50 uM P1107 (c) 250 .M PEG-8K with 15 mM POPC
liposomes at 25°C. Upper panel: raw data from sequential injections. Lower panel: the
integrated heat per injection normalized with respect to the number of moles of POPC
injected. The small, constant, exothermic heat flows in all of the three profiles are similar to
the heat of dilution, in dicating that there is no partitioning of polymers into the lipid bilayer.
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ITC of (a) 100 wM P181 (b) 50 M P333 (c) 50 M P335 with 15 mM POPC liposomes at
25°C. Upper panel: raw data from sequential injections. Lower panel: the integrated heat per
injection normalized with respect to the number of moles of POPC injected. The solid lines
are the least-squares fits of the caloricmetric data with Heerklotz's partitioning model where
none of the three poloxamers permeates through the membrane on the experimental
timescale.
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Scheme 1.

Chemical structures of polyethylene glycol, poloxamer and poloxamine.
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Production of peroxyl radicals from the decomposition of AAPH.
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