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Abstract

Poloxamer 188 (P188), a poly(ethylene oxide)-b-poly(propylene oxide)-6-poly(ethylene oxide)
triblock copolymer, protects cell membranes against various external stresses whereas
polyethylene oxide (PEO; 8,600 g/mol) homopolymer lacks protection efficacy. As part of a
comprehensive effort to elucidate the protection mechanism, we used surface plasmon resonance
(SPR) to obtain direct evidence of binding of the polymers onto supported lipid bilayers. Binding
kinetics and coverage of the P188 and PEO were examined and compared. Most notably, the PEO
exhibited comparable membrane association to that of the P188, evidenced by comparable
association rate constants and coverage. This result highlights the need for additional mechanistic
understanding beyond simple membrane association to explain the differential efficacy of P188 in
therapeutic applications.
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Introduction

Poloxamers are non-ionic, amphiphilic triblock copolymers consisting of two hydrophilic
poly(ethylene oxide) (PEO) blocks flanking a central hydrophobic poly(propylene oxide)
(PPO) chain. By varying the length of PEO and PPO, a broad spectrum of poloxamers are
available!, allowing a wide range of biomedical applications including thermosensitive
hydrogels?, drug delivery carriers34, and membrane permeation enhancers for
chemotherapy®6. Among these variants, Poloxamer 188 (P188) has gained great attention as
a cell membrane stabilizer, due to its ability to protect cell integrity from various cell
membrane stresses. P188 has an average molar mass of 8400 g/mol and contains PEO and
PPO blocks with approximately 75 and 30 repeat units, respectively (often referred to as
PEO75-PPO3g-PEO7s5), which translates to 80 wt% of the more hydrophilic PEO. /n vivo
administration of P188 to dystrophic mice has been shown to improve recovery from acute
cardiac failure” and protect skeletal muscles from mechanical stress®. Also, P188 improved
recovery from myocardial infarction® and cardiac arrest in pigsl®. At the cellular level, P188
significantly attenuated damage from mechanical stress'1, high-dose irradiation2, ischemia/
hypoxia reperfusion injury314 and traumatic brain injury.

Despite the observed efficacy as a membrane protection agent, the underlying mechanism of
the P188 interaction with the membrane and its protection is not yet clear. As an effort to
explore the protective mechanism, the effect of copolymer architecture was investigated in a
dystrophic mouse model® and an Jn vitro cellular assay with model PEO-PPO diblock
copolymers!’. Increasing the hydrophobicity of the PPO block through incorporation of a
polar tert-butyl end group significantly enhanced protection efficacy at fixed PPO and PEO
length, implying the possible anchoring of the hydrophobic portion of the polymer to the
membrane?®. Besides the end group, the hydrophobicity can be modulated by PPO length,
which has an optimal range to provide sufficient membrane protection efficacy. No
membrane protection was achieved by polymers with PPO length under a threshold value,
whereas an excessively long PPO block size led to micelle formation, which limited further
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enhancement of protection efficacy. Also, when a set of copolymers with fixed PPO length
and end group were compared, membrane protection efficacy improved with increasing PEO
lengthl’. In contrast, 8600 g/mol PEO homopolymer, a molecular weight comparable to
P188 but without a hydrophobic block, exhibited poor protectionl’. Overall, both PPO and
PEO clearly play a role in membrane protection, but the mechanisms involved with the
block copolymer-membrane association, including membrane interaction kinetics, remain to
be fully elucidated.

Model lipid membranes have been used to investigate the polymer protection mechanism at
the molecular levell8. P188 prevented POPC/POPG/PLPC liposome degradation from
peroxidation stress while a five-fold greater concentration of 8.6 kDa PEQ relative to P188
was required to obtain a similar protective effect'9. By measuring water hydration dynamics
on the surface and intrabilayer of DOPC liposomes, P188 was found to weakly adsorb on the
liposome surface, whereas approximately 100 times the concentration of 8.6 kDa PEO was
needed to achieve a similar level of interaction?0. As measured by a surface force apparatus,
8 kDa PEO did not adsorb to myelin?! or DMPC bilayers,22:23 whereas P18821 and 20 kDa
PEO?2:24 did bind. When 8 kDa PEO was injected for ~10 min, it did not adsorb to a DOPC
bilayer as measured by a quartz crystal microbalance at concentrations of 0.1 — 20 wt%?2>.
When a C1gH3;7 tail was attached to a 5 kDa PEO, binding occured?8. For 2.5 kDa PEO, the
critical hydrophobic tail length required for binding to phosphatidylcholine supported
bilayers and vesicles was determined to be C1,2’. Similarly, in surface plasmon resonance
measurements with spherical vesicles adsorbed to a gold surface, 2.5 kDa PEO-C1 did not
appreciably bind, whereas PEO-C1, bound slightly and PEO-C44 bound substantially.
Molecular dynamics simulations suggest that the hydrophilic PEO blocks of P188 adsorb at
the lipid-water interface while hydrophobic PPO penetrates into the lipid bilayer28.
Although the previous studies provide some information, direct evidence as to whether P188
and PEO adhere to the lipid membrane is still lacking. One study used a microcantilever to
directly observe P188 adhesion on a supported lipid bilayer?®, but PEO homopolymer was
not tested.

A suitable method to obtain direct evidence of polymer adhesion on a lipid bilayer is surface
plasmon resonance (SPR) spectroscopy. As a highly surface sensitive, real-time, and label-
free method30:31, SPR has been used to investigate molecular interactions on surfaces
including protein-protein32, antimicrobial peptide-lipid bilayer33:34, protein-polymer35-37,
and polymer-substrate combinations38-41, In the commonly used prism-coupled (also known
as Kretschmann) configuration, the surface plasmon (SP) is excited on an outer surface of a
thin metal film by an evanescent wave produced by total internal reflection of p-polarized
light on the inner metal-glass interface30 (Fig. 1). At the resonance, the propagation constant
of the evanescent wave is matched with that of the SP, resulting in maximum energy transfer
between the incident light and the SP. In our case (fixed angle of incidence and
polychromatic incident light), this is manifested as a distinct dip in the wavelength spectrum
of a reflected wave (Fig. 1D). As the propagation constant of the SP and thus resonance
wavelength are dependent on the refractive index of the medium probed by the SP field,
real-time monitoring of changes in the bulk medium or molecular transport near the metal
surface, including the binding kinetics, is possible.
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In this work we used SPR to directly detect polymer binding on a supported lipid bilayer
(SLB), which is a simple model system widely used to mimic a cell plasma membrane?*2. We
employed a single-component glycerophospholipid SLB to measure P188 and 8.6 kDa PEO
(hereafter referred to as merely PEO) binding kinetics and extent of binding. This direct
measurement serves as a valuable technique to elucidate the protection mechanism. Most
notably, we find that the PEO homopolymer exhibits membrane association comparable to
that exhibited by triblock P188, which highlights the need to consider other mechanisms of
interaction beyond simple hydrophilic-hydrophobic interactions to explain the differential
efficacy in physiological applications.

Materials and methods

Materials

Poloxamer 188 (Pluronic F68; P188) was generously provided by BASF (Wyandotte, MI).
PEO homopolymer with molecular weight 8600 g/mol (PEQ) was purchased from EMD
Millipore (Billerica, MA). Dispersities of P188 and PEO were 1.07 and 1.06, respectively,
based on size exclusion chromatography using tetrahydrofuran as eluent. Salts for buffer
solution (sodium chloride, potassium chloride, calcium chloride, magnesium chloride and 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES); all bioreagent grade), bovine
serum albumin (BSA; purity > 98%), and chloroform (purity > 99%) were purchased from
Sigma. 16:0-18:1 1-palmitoyl-2-oleoyl-sr-glycero-3-phosphocholine (POPC) were
purchased from Avanti Polar Lipids (Alabaster, AL). The chemical structures of P188, PEO,
and POPC are shown in Figure 2.

SPR chip preparation

Polished BK7 glass substrates (Schott, Malaysia) were coated with 1.5 nm of titanium
adhesion layer and 50 nm gold layer using thermal evaporation in vacuum. Then, 10 + 1 nm
of silica film was grown on top of the gold film using atomic layer deposition*3 (Savannah
ALD system, Cambridge NanoTech, USA) from ozone and tris(dimethylamino)silane
precursors at 180 °C. Prior to the SPR experiment, SiO,-coated chips were treated with O,
plasma (100 W) for 2 min or with UV-ozone (UVO-Cleaner 42; Jelight, USA) for 30 min to
clean and oxidize the silica surface for reproducible formation of the SLB. The cleaned SPR
chips were stored in a vacuum before use. For control SPR experiments, gold-coated SPR
chips without top SiO, layer were used. The gold surface of these chips was also cleaned by
UV-ozone treatment for 30 min prior each measurement.

Liposome and polymer solution preparation

Unilamellar vesicles were prepared by the extrusion method. Lipids dissolved in chloroform
were first placed under a mild flow of argon to allow evaporation of the chloroform,
followed by drying in a desiccator for at least 1 h to remove any residual solvent. The
resulting dry lipid film was then hydrated in physiological buffer (140 mM NaCl, 5 mM
KCI, 2.5 mM CaCly, 2 mM MgCl,, and 10 mM HEPES) by stirring overnight at room
temperature. The hydrated solution was extruded 49 times at room temperature using an
Avanti Mini-Extruder fitted with a 100 nm polycarbonate filter. The unilamellar vesicles
were diluted to 1 mg/mL. P188 and PEO were dissolved in the physiological buffer to 0.15,
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1.5, and 4.5 mM concentrations and filtered before making the SPR measurements to
remove any possible aggregates in the solution. BSA was also dissolved in the buffer at a
concentration of 1 mg/mL.

SPR measurements

We employed a spectroscopic SPR sensor based on the Kretschmann configuration of
attenuated total reflection developed at the Institute of Photonics and Electronics (Prague,
Czech Republic). The sensor was capable of reading the SPR signal from six independent
channels addressed separately by the microfluidic system (Fig. 1A). The temperature of the
sensing head was kept constant at 25°C or 37°C with +0.01 °C precision throughout the
measurement. The angle of incidence was adjusted to observe the resonance minimum of
reflectance at 780 nm when water was in contact with the SiO,-coated chip. Under these
conditions, the sensor sensitivity, S, is approximately 5980 nm/refractive index unit (RIU)*4.
The instrument was turned on at least 30 min before the measurement to stabilize the
temperature of the sensor head and the lamp. After installing the cleaned SPR chips to the
sensor, degassed distilled water followed by physiological buffer were injected onto the chip
surface until a stable baseline was obtained (i.e., spectral shift changes less than 0.5 nm for
15 min). The lipid bilayer was formed by sequentially injecting 1 mg/mL POPC unilamellar
vesicles, physiological buffer, water and buffer. After successful lipid bilayer formation,
P188 or PEO solution was injected for 45 min and washed out with buffer for 30 min. For
certain chips, 1 mg/mL BSA solution was injected for 10 min after lipid bilayer formation to
examine the surface coverage. No polymer was injected when the BSA was used. 20 uL/min
flow rate was maintained throughout the measurement, except for the injection of POPC
vesicles, where the flow rate was 5 uL/min. After each measurement, all fluidic channels
were cleaned with 0.1M sodium hydroxide, 0.5% Triton X-100, and distilled water. 57
independent measurements were performed with freshly prepared SPR chips.

SPR data analysis

As the polymer molecules are soluble in the buffer and are much smaller than the
wavelength of the SP, the change of the effective refractive index of the solution of polymer
molecules in buffer can be expressed using effective medium approximation. The Maxwell-
Garnett approximation for the effective dielectric constant of the medium e, containing a
volume fraction Zpyymerof polymer with permittivity &, is*:

2fpolymer(€p —€,)+ €,+ 2e,,

8€ﬁ=8mf

polymer(em

o))

- E‘p) + £, +2e,,

In terms of refractive index, this can be in our case (/jolymer = 1.465, Mpyfrer~ 1.33 at A =
750nm) further simplified as Arggr= Nefr= Moufter + (Mpolymer = /buffer) polymer- The validity
of this approximation is confirmed by the linear dependence depicted in Figure 4B. /lpolymer
= 1.465 for both P188 and PEO (assumed to be the same as that of Pluronic 123 and
Pluronic F127; /ipolymer Was reported by the manufacturer at 589 nm at 20 °C). In the case
where no polymer molecules are bound to the sensor surface, the spectral SPR shift Ris
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linearly proportional to the concentration of the polymer and thus n.zis given by the
following equation:

R=3S (npolymer - nbuffer)f polymer 2

where Sis the sensor sensitivity to bulk refractive index changes. /yffer Was derived from
the relationship R = Spufter— Muater) *°, Where Ris the spectral shift upon water-buffer
solution exchange and aygger = 1.33.

The Kkinetic curves were fitted using MATLAB according to the Langmuir one-to-one
model*’ assuming no dissociation (this assumption is discussed in Results and Discussion.):

—k [A]

RO =R, [1 —e 3)

where Rmnax IS the maximum binding signal, 4; is the association rate constant, and [A]g is
the polymer concentration.

The surface coverage I' (number of polymers per unit area) was calculated using the
following equation?:

= dpolymer(npolymer B nbuffer) ( 4)
- dnldc

polymer

where apolymer IS the effective thickness of the polymer and dii/dc of polymer is the
differential refractive index increment. dpojymer Was determined from the SPR response
using /olymer = 1.465 and surface sensitivity (change of resonance wavelength induced by
unit change of refractive index in layer with thickness of 1 nm on top of the SLB) calculated
by rigorous coupled wave analysis (RCWA)*8. anldc was measured with a Wyatt differential
refractometer (OptiLab rEX) and found to be dn/dc = 0.135 and 0.128 mL/g for P188 and
PEO in water, respectively, at 25 °C.

Results and Discussion

Prior to the study of polymer adhesion, a supported lipid bilayer was formed on an SiO,
surface via vesicle rupture. We used POPC, one of the most abundant lipids in mammalian
cell membranes, to form a model lipid membrane®. Key processes of the bilayer formation
are vesicle adhesion, rupture, and spreading through hydrophobic fusion of bilayer edges*2.
Vesicle saturation on the surface is often required for successful bilayer formation#2. Once
the vesicle ruptures, the remaining processes occur rapidly, presumably because the
hydrophobic bilayer edge catalyzes cascading liposome rupture and bilayer spreading®-1.
Vesicle rupture occurs on a limited set of hydrophilic substrates such as mica®2, glass®3, or
Si0,%*, which provide enough vesicle-substrate interaction to increase membrane stress near
the rim of the contact area®. In contrast, vesicles adhere intact on a bare gold surface®6.
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Hence, we used the bare gold surface as the control and compared the SPR signal induced
by the POPC vesicles on top of SiO,-coated vs. bare gold surface. When POPC liposomes
were injected onto the gold surface, the surface was rapidly saturated and remained
unchanged upon subsequent solution exchanges, indicating that liposomes were strongly
adhered without rupturing or detaching (Fig. 3A). Note that the spectral shift change upon
solution exchange between buffer and water (on bare gold: 8.9 + 0.1 nm; on liposome: 11.3
+ 0.2 nm), is due to the change in bulk refractive index, not to changes in the vesicles. In
contrast to gold, the SiO5 surface induced noticeable changes throughout the measurement
(Fig. 3B). Spectral shifts quickly increased for the first 15 min and gradually rose to 80 nm
during liposome injection. Upon buffer wash, the spectral shift slowly decreased to 70 nm
caused by the removal of loosely bound liposomes. Solution exchange from buffer to water
induced a drop-off in the SPR signal. As the inside of a vesicle is filled with buffer,
exchanging the outside environment to water exposes the vesicle to hypo-osmotic stress,
which aids vesicle rupture. The system was re-equilibrated with buffer, which causes the
change of bulk refractive index while the SLB formed by ruptured vesicles remain adhered
to the surface. Experiments at 37 °C yielded similar results (Fig. S1), and the final spectral
shift was 18.4 + 2.8 nm at 37 °C.

To verify that a single lipid bilayer was formed, we calculated the associated spectral shift
with the RCWA model#8 using a refractive index of 1.45%7 for the 4 nm thick lipid layer. The
estimated spectral shift (17.3 nm) was close to the experimentally observed value (18.4 + 2.8
nm), thereby supporting that a single lipid bilayer was formed on the SiO» surface. The 1.1
nm difference between the estimated vs. observed spectral shift translates to a discrepancy of
0.007 RIU (ca. 0.5% error). We also assessed the surface coverage of the lipid bilayer
utilizing the fact that BSA does not adhere on this surface®® but does adhere to bare Si0,%°.
At pH 7, the SiO5 surface is negatively charged® and allows the BSA to bind via
electrostatic interaction®®. However, a zwitterionic surface such as POPC lipid resists BSA
adhesion2. As shown in Figure 3C, when the BSA was injected after bilayer formation,
little BSA adhered on the surface after buffer wash (spectral shift: 0.35 + 0.16 nm),
indicating that lipid bilayer covered essentially the entire SiO, surface. On the other hand,
significant BSA binding (spectral shift: 13.9 + 0.1 nm) was observed on the bare SiO,
surface, in line with previous observations®®. In this way we confirmed that a single lipid
bilayer with nearly complete coverage was formed.

Because SPR spectroscopy probes subtle variations in refractive index near the surface,
polymer concentration-dependent bulk refractive index changes should be taken into account
to enable the accurate measurement of binding kinetics. We used a bare SiO, surface to
measure bulk refractive index changes at different P188 concentrations (Fig. 4A). When
P188 was injected over a bare SiO, surface, the spectral shift increased abruptly, within 3
min, and remained constant during subsequent polymer injection. After a buffer wash, the
spectral shift dropped to almost zero (0.48 £ 0.19 nm) regardless of the polymer
concentration, indicating that the P188 does not adhere to the bare SiO5 surface. The same
behavior was observed with PEO. We confirmed that the abrupt spectral shift arises from the
bulk refractive index change based on the calculated spectral shift associated with each
polymer concentration as described by Eq.2 (Fig. 4B). As mentioned previously, the SiO,
surface is negatively charged (i.e., deprotonated) at pH 7. PEO was reported to adhere onto a
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protonated SiO, surface, mediated by hydrogen bonding®2:63, Thus, we conclude that P188
and PEO do not adhere onto the SiO, surface at pH 7 due to the lack of hydrogen bonding
sites on the SiO, surface. These results imply that we can use the SiO, surface as a reference
substrate. We note here that the P188 does not form any micelles over the concentration
range used in this study, as confirmed by small-angle neutron scattering and dynamic light
scattering measurements (Figs. S2 and S3).

We explored the binding behavior of P188 and PEO by injecting the polymers over the
bilayer and monitoring spectral shift changes (Fig. 5). At all test concentrations, the spectral
shift with a lipid bilayer was higher than that with the bare SiO, surface. In other words,
there is significant binding of P188 and PEO on the lipid bilayer. Remarkably, the PEO
showed comparable adsorption (spectral shift: 2.0 + 1.6 nm at 4.5 mM after wash) to P188
(spectral shift: 1.5 + 1.1 nm at 4.5 mM after wash). This finding conflicts with the common
assumption that PEO does not bind to lipid bilayers. When the polymers were injected for
45 min and washed with buffer solution for 30 min, an abrupt decrease due to the bulk
refractive index change was followed by a spectral shift that remained constant at a value
higher than that observed from the reference surface. We further examined the adsorbed
amount of polymer before (ARjnjection) @nd after (ARyash) washing with buffer solution,
where AR is the difference between the spectral shift from the lipid bilayer and SiO, surface
(Fig. 6). AR\yash increases linearly with ARjpjection With a slope near unity, implying that the
adsorbed polymers mostly remain after washing. Although the slope is smaller than one, we
suspect that this reflects a bulk refractive index mismatch between the SPR channels, which
is an experimental bias that is difficult to avoid. The refractive index mismatch is also
evident in the plot of AR vs. time (Fig. 7). The sudden signal decrease at 45 min nearly
matches in magnitude the abrupt increase right after the injection, indicating that the
discontinuity likely derives from an insufficient bulk refractive index correction. Thus, we
further corrected the data by shifting down the 0-45 min data by the amount of the residual
mismatch to obtain the association rate constant.

The corrected binding kinetic curves were fit with a simple one-to-one binding model (lipid
+ polymer = lipid-polymer complex)** (Fig. 8). The fitting quality was not dramatically
improved with a transport-limited model or a model with two bound states (Fig. S4). Since
desorption of P188 or PEO was negligible during washing (maximum change of 0.1 nm over
during 25 min), the dissociation rate constant was assumed to be zero and only association
was considered in the initial binding phase. The association rate constant (4;) of P188 was
0.15 + 0.12 M~1s71 and that of PEO was 0.18 + 0.18 M~1s71, These &; values for P188 and
PEO on the POPC bilayer are much smaller than typical & values for specific interaction
between an antibody and an antigen: k,~ 10° — 108 M~1s~164,

In addition to the binding kinetics, we calculated the coverage of polymers on the lipid
bilayer according to Equation 4 based on the values of AR,sh. The coverage is presented in
Table 1 in two ways — the number of polymers per unit area and the number of lipids per
polymer molecule — and illustrated schematically in Figure 9. Note that the difference
between the surface coverage of P188 and PEO is not statistically significant based on
multiple independent experiments (Fig. S5).
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Taken together, both P188 and PEO adsorb slowly but extensively on the POPC lipid bilayer.
Evidence that PEO binds on the lipid bilayer implies that initial contact of P188 would be
mediated by the PEO blocks, which form 80 wt% of this triblock copolymer. Individual
P188 molecules will assume a Gaussian coil conformation, with the hydrophilic PEO being
exposed to the aqueous environment. Thus, it is reasonable to assume that as a P188
molecule approaches the bilayer the PEO blocks first make contact with lipid head groups.
In other words, the P188 and PEO both interact with the lipid bilayer via initial PEO contact,
which would explain the comparable binding. The interaction of the PEO blocks in
Poloxamers has been reported in several molecular dynamics simulations?8:65, After initial
contact, the PEO blocks likely remain in close proximity to the lipid head groups positioning
the overall P188 molecule for subsequent insertion of the hydrophobic PPO block into the
lipid tail region®8, as suggested by previous studies using Poloxamers with long PPO
chains®. In the case of PEO, which lack hydrophobic repeat units, the molecule most likely
remains in a hydrated state near the lipid head groups on the surface of the membrane. In
both cases, the binding strength of P188 and PEO was strong enough to resist desorption
from the lipid bilayer under a 20 uL/min flow of buffer solution.

PEO may bind to the membrane surface via interaction of ether oxygen atoms with
positively charged quaternary ammoniums in the lipid heads®8. The oxygen in PEO is
known to carry a slight negative charge, which enables the molecule to trap positive metal
ions such as lithium, sodium, and potassium89. Also, the oxygen can interact with positively
charged lysine, stabilizing the helix structure in PEO-protein conjugates,’? suggesting a
similar mode of interaction may be operative with the lipid bilayer. More work, possibly
including atomistic molecular simulations, would be needed to support this hypothesis. A
recent study by atomistic molecular dynamics simulation suggests that the PEO may weakly
adsorb onto lipid membrane via hydrogen bonding of the terminal hydroxyl groups of the
PEO to the membrane.”?

Another factor governing adsorption is molecular weight. While PEO 8600 g/mol adhered to
the lipid bilayer, PEO 2100 g/mol did not exhibit any appreciable binding signal at 4500 pM
(Fig. S6); the SPR spectral shift from PEO 2100 g/mol on the lipid bilayer was almost the
same as that from PEO 2100 g/mol on the bare SiO, surface. This result indicates that the
binding of PEO 2100 g/mol to the lipid bilayer is minimal, considering that PEO 8600 g/mol
exhibited ca. 1 nm of binding signal even at 150 pM (ca. 14% mass concentration of the
PEO 2100 g/mol at 4500 uM). The result is in line with previous studies using a surface
force apparatus?1-24 that reported PEO interaction with lipid bilayer when the PEO
molecular weight was higher than 20 kg/mol, although the threshold molecular weight for
interaction was higher than what we observed here, i.e., between 2100 and 8600 g/mol (this
discrepancy is discussed later in this section). The molecular weight dependence could be
explained by configurational entropy: the higher molecular weight PEO suffers less entropic
loss than its lower molecular weight counterpart when adhered to the lipid bilayer24.

Excellent surface sensitivity of the SPR method enabled the study of binding of P188 and
PEO. To the best of our knowledge, this is the first experimental evidence that PEO binds to
a supported lipid bilayer membrane at a comparable level to that of P188. Previous studies
reported little or no binding of PEO to bilayer when no alkyl tail was present in the PEO
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molecule. Adhesion of P188 and PEO on POPC liposomes was negligible from a pulse-field
gradient NMR (PFG-NMR) study, when the polymer:lipid ratio was 0.02:172. Based on the
SPR results here, the s of the P188 and PEO obtained from SPR are small. Therefore, a
higher polymer to lipid ratio would be needed to observe detectable binding. In this SPR
study, the estimated polymer to lipid molar ratio is 6:1 at 150 uM polymer concentration.
From equation (3), when the polymer:lipid ratio is 0.02:1, it requires ca. 10 days to obtain
comparable SPR signal to the one obtained in the case of 6:1 ratio. Although there would be
possibilities of a curvature effect or different sensitivity between the SPR and PFG-NMR,
we expect that it would take a long time (i.e., order of several days) to observe detectable
binding with PFG-NMR experiments with a low polymer:lipid ratio.

In the case of supported lipid bilayers, a microcantilever was used to probe the P188 binding
to a POPC membrane2®. The microcantilever signal reached a plateau within ~3 min,
whereas the SPR signal in current study did not plateau within the timescale of the
experiment (~45 min). Thus, the observed binding kinetics in the microcantilever study were
significantly faster than the current case. One difference between the microcantilever and
SPR instruments is that the microcantilever surface can bend upon molecule binding on the
surface, which might provide more space between the lipid on the surface, resulting in more
polymer binding on the surface. PEO did not adhere on the lipid membrane when probed by
QCM?2 and surface force apparatus?124. Polymer was injected for 10 min in the QCM
experiment in contrast to our SPR experiment, in which the polymer injection was for 45
min. Insufficient polymer injection might result in a weak binding signal. In the surface
force apparatus, the two lipid bilayers approach to each other when polymer is sandwiched
between the lipid bilayers. Because the apparatus measures force between two approaching
surfaces, there is a chance that the bound polymer might be detached and not detected by the
force measurement, which might have caused the discrepancy in PEO molecular weight
threshold for binding to the lipid bilayer.

Although both P188 and PEO bind to the SLB, only P188 exhibits cell membrane
protection; PEO showed poor protection efficacy at the same concentration in an /n vitro
cellular assayl’. This suggests that the differential protection efficacy cannot be solely
explained by the extent of polymer binding, implying that the additional insertion of the
PPO block plays a key and enabling role. The SLB used in this study is a single component
phosphatidylcholine lipid, whereas the cell membrane consists of many types of lipids
including phosphatidylserine and phosphatidylinositol, as well as non-lipid components such
as cholesterol and proteins’3. Another difference between the SLB and cell membrane is the
lateral diffusion of the lipid. The lateral diffusion of the SLB (~ 1.8 pm?/sec) is around 6
times slower than that of a free-standing lipid31:74 or lipid in a cell membrane, due to the
interaction with the substrate. Moreover, membrane curvature is present in the cellular
studies but absent in the current planar SPR assays. In addition, penetration depth
differences between P188 and PEO might lead to different biological response or membrane
tension/fluidity changes to cope with external membrane injuries. The factors noted here
could collectively lead to the differential protection efficacy of the two polymers. In this
study, we found that molecular adsorption alone is most likely not the essential mechanism
of cell membrane protection.
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Conclusion

We have demonstrated direct evidence of P188 and PEO adsorption to supported lipid
bilayers using SPR spectroscopy. The superior sensitivity of SPR enabled the quantitative
detection of polymer binding to the lipid membrane. Remarkably, PEO showed comparable
binding as P188, contrary to a common belief and multiple alternative experimental results
that the PEO homopolymer barely interacts with lipid membranes. This study necessitates
explanation for differential membrane protection efficacy of P188 and PEO other than
molecular adsorption alone.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

(A) Schematic representation of the SPR experiment; (B,C) Pairs of flow channels for the
same polymer concentration were used: one with a bare SiO, surface (B) and the other
supporting a lipid bilayer (C); (D) Resonance wavelength shift upon polymer binding (black
- bare SiO5 surface, red - with a lipid bilayer, and blue - with bilayer and adhered
copolymer).

Langmuir. Author manuscript; available in PMC 2019 June 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Kim et al.

(A) g

(B) Ho’f\/o)“"‘

195

Figure 2.
Chemical structure of (A) P188, (B) PEO, and (C) POPC lipid.
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Figure 3.
Spectral shift upon liposome injection on (A) gold or (B) SiO5 surface. (C) Spectral shift

upon bovine serum albumin injection on lipid bilayer or bare SiO, surface. Change of
solution is indicated by background color change. All measurements were conducted at
25°C.
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(A) Spectral shift upon injection of P188 at various concentrations over a bare SiO, surface.
(B) Comparison of spectral shift at 45 min in (A) (red) and estimated spectral shift based on
bulk refractive index of P188 solution (black). The measurements were performed at 25°C.
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Spectral shift upon P188 and PEO adhesion on lipid bilayer at concentrations of 150, 1500,
and 4500 puM. Filled symbols indicate polymers on lipid bilayer and open symbols indicate
polymers on bare SiO, surface. The measurements were done at 37°C.
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Figure 6.
Adsorbed amount of (A) P188 and (B) PEO before (ARjnjection) and after (ARyash) washing

with buffer solution. ARjpjection and AR\yash Was taken as the spectral shift at 45 min and 95
min in Figure 5, respectively. Solid lines are linear fits with intercept set to zero. Slope of the
dotted line is 1.
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Page 22

Binding kinetic curves of (A) P188 and (B) PEO. AR is the spectral shift after bulk refractive

index correction.
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Figure 8.
Binding kinetic curves (symbols) fit to the Langmuir one-to-one binding model (solid

curves): (A) P188, (B) PEO.
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Figure 9.
Schematic representation of adhered amount of (A) P188 and (B) PEO on lipid bilayer. A

blue circle denotes single polymer chain with diameter scaled to the radius of gyration of
P188 and PEO (ca. 3 nm for both polymers) assuming random coil conformations. The
number of the circles is proportional to the number of lipid molecules per polymer listed in
Table 1.
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Table 1

Surface coverage of P188 and PEO on lipid bilayer.
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Concentration (UM) Effective thickness (nm) | Number of polymers per unit area (hm=2) | Number of lipids per polymer

P188 0.08 £0.07 0.005(4) 261

150
PEO 0.30+0.11 0.02(2) 65
P188 0.28£0.23 0.02(0) 71

1500
PEO 0.73+0.34 0.05(4) 26
pP188 0.36 £0.27 0.02(6) 55

4500
PEO 0.50 +£0.38 0.03(7) 38
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