Hybrid lipid/block copolymer vesicles display broad phase coexistence region
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Abstract

The fluidity and polar environment of ~100 nm hybrid vesicles combining
dipalmitoylphosphatidylcholine (DPPC) and poly(1,2-butadiene)-block-polyethylene oxide (PBd-
PEO, average molecular weight 950 g/mol) were studied upon vesicle heating using the
fluorescence spectroscopy techniques of DPH anisotropy and laurdan generalized polarization
(GP). These techniques indicated PBd-PEO membranes are less ordered than solid DPPC, but
slightly more ordered than fluid DPPC or dioleoylphosphatidylcholine (DOPC) membranes. We
find the DPH anisotropy values are less than expected from additivity of the components’
anisotropies in the fluid phase mixture of DPPC and PBd-PEO, inferring that DPPC strongly
fluidizes the PBd-PEO. We use transitions in DPH anisotropy and laurdan GP to create a
temperature/composition phase diagram for DPPC/PBd-PEO which we find displays a
significantly broader solid/fluid phase coexistence region than DPPC/DOPC, showing that DPPC
partitions less readily into fluid PBd-PEO than into fluid DOPC. The existence of a broad
solid/fluid phase coexistence region in DPPC/PBd-PEO vesicles is verified by Forster resonance
energy transfer results and the visualization of phase separation in giant unilamellar vesicles
containing up to 95% PBd-PEO and a single phase in 100% PBd-PEO vesicles at room
temperature. These results add to the limited knowledge of phase behavior and phase diagrams of
hybrid vesicles, and should be useful in understanding and tailoring membrane surface architecture
toward biomedical applications such as drug delivery or membrane protein reconstitution.
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1. Introduction

Hybrid vesicles, formed using amphiphilic block copolymers and lipids, combine the
advantageous properties of both components and have gained the interest of the scientific
community in recent years. While phospholipids are inherently biocompatible, block copolymers
offer increased mechanical stability [1,2] and chemical diversity due to their tunable nature. These
unique characteristics of hybrid vesicles make them desirable for potential applications in drug
delivery and membrane protein reconstitution. Utilization of such hybrid vesicles for these
applications requires an understanding of the membrane surface structure (i.e. the presence or
absence of lipid- and polymer-rich phases), which may impact their efficacy towards the intended
function. For example, it has been shown that phase-separated liposomes had an increased
efficiency in escaping the endosome for intracellular delivery of cargo [3,4]. Similarly, the activity
of certain membrane proteins reconstituted in lipid membranes has been shown to be dependent
on bilayer surface heterogeneity [5—8]. Therefore, it is essential to understand and tune the surface
morphology of biomembranes for potential biomedical applications.

It is well established that lipid mixtures can demonstrate temperature and composition
dependent phase separation driven by the hydrophobic thickness mismatch between different
phases. Accordingly, an extensive body of work exists using methods including fluorescence
microscopy [9], 2H NMR [10], differential scanning calorimetry (DSC) [11], and fluorescence
spectroscopy [12,13] to map the phase diagrams of lipid mixtures. In some recent studies, similar
investigations have demonstrated the existence of separate lipid- and polymer- rich phases in
hybrid vesicles [2,14—-18]. However, the discussion on these phases has been limited to certain
compositions and temperatures except for the work of Dao et al. [15] and Chen and Santore [2],
which respectively present an apparent phase diagram for a 1-palmitoyl-2-oleoyl-glycero-3-
phosphocholine (POPC)/polyethylene oxide-polydimethylsiloxane-polyethylene oxide (PEO-
PDMS-PEO) copolymer mixture and a partial range of solid to fluid phase transition temperatures
for a mixture of dipalmitoylphosphatidylcholine (DPPC) and a PDMS-PEO copolymer. Formation
of hybrid giant unilamellar vesicles (GUVs) formed with polybutadiene-polyethylene oxide (PBd-
PEO) block copolymers has demonstrated that certain combinations of the lipids DPPC or POPC
with PBd-PEO can display either separate lipid- and polymer-rich domains, or a homogeneous
membrane [14,16,19]. PBd-PEO hybrid membranes have also been shown to extend the functional
lifetime of an incorporated membrane protein [20]. When used to form hybrid nano-sized vesicles,
PDMS-based copolymers have been reported to form stable nanodomains at certain temperatures
[21], but such behavior has not yet been fully explored for membranes containing polybutadiene-
based copolymers. Thus, there exists an ongoing need to systematically investigate the phase
behavior of lipid/polymer mixtures.

Development of a temperature/composition phase diagram mapping the behavior of hybrid
vesicles formed using DPPC and poly(butadiene)-block-poly(ethylene oxide) (PBd-PEO) is



therefore presented here. DPPC is a fully saturated lipid with a main solid-to-fluid phase transition
temperature (Tmid) of ~41°C [11]. The PBd-PEO block copolymer used here had an average
molecular weight of 950 g/mol (Bd(600)-EO(350)). This polymer is expected to demonstrate
relatively fluid behavior across the range of temperatures explored due to the low glass transition
temperature of its hydrophobic block [22]. Fluorescence spectroscopy and microscopy are
combined to map the phase behavior of hybrid vesicles composed of DPPC and PBd-PEO. To
construct an apparent temperature/composition phase diagram for DPPC/PBd-PEO vesicles,
delimiting temperatures of large unilamellar vesicles are determined using the fluorescent probes
diphenylhexatriene (DPH) and laurdan. Phase behavior is further evaluated by examining the
efficiency of Forster resonance energy transfer (FRET).

Observing the temperature- and composition-dependent properties of DPH fluorescence
anisotropy and laurdan generalized polarization (GP) values has been previously established as a
method to map phase diagrams of lipid mixtures [12,23,24], but to the best of our knowledge has
not been applied for this purpose to lipid/copolymer mixtures. Additionally, fluorescence
microscopy is used to visualize domain formation in micron scale GUVs. The results presented
here suggest the phase diagram for DPPC/PBd(600)-PEO(350) indeed consists of coexisting solid
and fluid phases below the main phase transition temperature of the DPPC, and fluidizes above
this temperature.  These results for DPPC/PBd-PEO vesicles are also compared to
DPPC/dioleoylphosphatidylcholine (DOPC) vesicles, which display a broad solid/fluid
coexistence region. DOPC in the fluid phase is poorly miscible with solid DPPC. PBd-PEO and
DPPC would be expected to demonstrate similarly poor miscibility due to the disordered nature of
PBd-PEO at room temperature. We will show that phase separation is observed across a greater
range of compositions and temperatures for DPPC/PBd-PEO than DPPC/DOPC, and greater
deviations from ideal mixing behavior are also observed within hybrid lipid/copolymer
membranes.

2. Materials and Methods

2.1. Materials

Dipalmitoylphosphatidylcholine  (DPPC), dioleoylphosphatidylcholine (DOPC), 1,2-
dilinoleoylphosphatidylcholine (18:2 PC) and 1,2-dilinolenoylphosphatidylcholine (18:3 PC), 1,2-
dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (NBD-
DPPE) and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl)
(Rh-DOPE) in chloroform were purchased from Avanti Polar Lipids Inc. Poly(1,2-butadiene)-
block-poly(ethylene oxide) (PBd-PEO) diblock copolymer with an average molecular weight of
950 g/mol (P41807C-BdEO, Bd(600)-b-EO(350), PDI = 1.06) was purchased from Polymer
Source Inc. 1,6-diphenyl-1,3,5-hexatriene (DPH) was purchased from Acros Organics. 6-
dodecanoyl-2-dimethylaminonaphthalene (laurdan) was purchased from AdipoGen Life Sciences.
Texas Red DHPE was purchased from Biotium. All water used for experiments was purified with
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a Barnstead Nanopure System (Barnstead Thermolyne, Dubuque, IA) and had a resistivity >17.8
MQ-cm.

2.2. Preparation of Hybrid Large Unilamellar Vesicles (LUVs)

DPPC and PBd-PEO stock solution aliquots at 25 mg/mL in chloroform were stored at -20 °C.
To achieve appropriate molar ratios of lipid and polymer mixtures (varying from 100 mol% DPPC
to 100 mol% PBd-PEO), calculated volumes of stock solutions were combined in clean glass vials.
Chloroform was evaporated under a gentle stream of N2 to form a uniform dried lipid/polymer thin
film. The vials were then kept under vacuum for 4-24 hours to remove any residual solvent. The
lipid/polymer film was rehydrated to a total lipid+polymer concentration of 2 mg/mL using 20
mM Tris-HCI, 100 mM NaCl (pH 7.4) buffer. The hydrated lipid/polymer mixture was heated to
50-55 °C and then extruded through a 0.1 um polycarbonate membrane using a mini extruder
(Avanti). The temperature of the syringe-extruder assembly was maintained above the lipid phase
transition temperature during this step. After extrusion, a dilute solution of hybrid vesicles (100X)
was used to analyze size distribution using dynamic light scattering.

2.3. Fluorescence Anisotropy and Generalized Polarization Measurements

Phase behavior of the hybrid vesicles with temperature was studied using fluorescence
anisotropy (r) of the fluorophore DPH. Hybrid vesicles at a concentration of 0.14 mg/ml were
incubated with 5 pL of 200 uM DPH stock solution in ethanol for 45 minutes in the dark. This is
a lipid:probe ratio of roughly 30:1. The anisotropy curve observed with a lipid:probe ratio of 500:1
in hybrid vesicles containing 60% PBd-PEO was consistent with that observed at a lipid:probe
ratio of 30:1 (Figure S6). Fluorescence anisotropy was measured using a JASCO
spectrofluorometer from 16°C to 70 °C at an interval of 2 °C. To obtain DPH anisotropy values,
samples were measured at least 5 times at each temperature before ramping to the next
temperature; reported DPH anisotropy values are the averages of these measurements. Each vesicle
sample was heated only once and used to generate a single anisotropy or GP plot. The sample
cuvette was incubated at each temperature for 3 minutes before taking the measurement. The
excitation wavelength was 360 nm and the anisotropy value was measured at 440 nm. DPH
anisotropy values are calculated using a ratio of the difference in the parallel and perpendicular
light intensity of the emission to the total intensity of the excitation light as shown in Equation (1),
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In order to track the fluidization of the membrane with temperature, least squares regression
was used to fit observed anisotropy values to a sigmoidal function (Equation (2)). rmax, Imin, n, and



Tmia are the maximum anisotropy value, minimum anisotropy value, a fitting parameter, and the
inflection point of the sigmoidal function respectively. rmax and rmin establish the upper and lower
limits of the anisotropy curve. A and B introduce a quadratic baseline to the function, which may
better capture any asymmetry in the anisotropy curve with respect to temperature in the vicinity of
Tmid for the mixture [25,26].

_ Tmax — Tmin
r(T) = 1 4+ e(T-Tmia)n
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This approach was also used to evaluate the fluidity indicated by DPH anisotropy for
DPPC/DOPC, DPPC/18:2 PC, and DPPC/18:3 PC LUVs (prepared as in Section 2.2), providing
a comparison to lipid systems for the phase behavior of hybrid DPPC/PBd-PEO LUVs. The Tmid
values observed were relatively independent of vesicle type and preparation (Figure S4 and Table
S1).

In addition to DPH anisotropy measurements, which indicate the fluidity of the membrane, the
generalized polarization (GP) of laurdan provides information on the hydration of the membrane.
Hybrid vesicles at a molar concentration of 0.1 mM were incubated with 5 uL of 200 uM laurdan
stock solution in ethanol for 1 hour, yielding a lipid:probe ratio of 500:1. GP of the laurdan probe
was measured for temperatures between 4° C and 70 °C at an interval of 2 °C with an incubation
time of 3 minutes at each temperature. Steady-state emission spectra from vesicle samples were
collected at these temperatures between 380 nm — 500 nm upon excitation at 340 nm. Laurdan GP
values are calculated using the difference in emission intensities at 440 and 490 nm and indicate
the overall solvation of the membrane according to Equation (3),
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Least squares regression was used to fit observed GP values to a sigmoidal function (a modification
of Equation (2) replacing the terms rmax and rmin With GPmax and GPmin, respectively):

Gpmax - GPmin
1+ e (T—Tmig)n

GP(T) = + GP,;y, + AT + BT? (4)

2.4. Temperature Dependent Forster Resonance Energy Transfer (FRET)

Fluorescent probes NBD-DPPE and Rh-DOPE were included in the hybrid vesicles at 0.1
mol% and 2 mol% respectively. Both probes combined form a FRET pair with NBD-DPPE as
donor and Rh-DOPE as the acceptor. Hybrid vesicles were diluted to a final concentration of 0.1
mM prior to fluorescence measurements. Steady-state fluorescence emission spectra of the donor,
NBD-DPPE, was recorded in the presence (F), and absence (Fo) of the acceptor Rh-DOPE at
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temperatures between 4 °C and 70 °C. Samples were excited at 460 nm and the emission spectra
were measured between 500 and 650 nm. NBD emission intensities were evaluated at 534 nm
when calculating F and Fo. This experiment was also carried out as described above using
DPPC/DOPC LUVs (prepared as in Section 2.2).

The fluorescent probes DPH (donor) and Rh-DOPE (acceptor) were also used as a separate
FRET pair in hybrid vesicles at 0.2 mol% and 1 mol%, respectively. A stock solution of 200 uM
DPH in ethanol was added to a 0.1 mM LUYV suspension to achieve the desired concentration and
allowed to incubate in the dark for 45 minutes prior to fluorescence measurements. The volume of
ethanol added was always less than 0.25% of the total diluted vesicle preparation. DPH was excited
at 360 nm and its emission intensity recorded at 430 nm.

2.5. Preparation of Giant Unilamellar Vesicles (GUVs)

Giant unilamellar vesicles (GUVs) were prepared by electroformation. The desired amounts
of DPPC, PBd-PEO, and Texas Red DHPE stocks in chloroform were combined in a clean glass
conical vial and diluted to a final concentration of 0.5 mg/mL in 2:1 chloroform:methanol (by
volume). A custom built electroformation chamber consisting of parallel platinum electrodes in a
polytetrafluoroethylene housing was used. 25 pL of the stock solution was spread over each
electrode using a gastight Hamilton syringe, and a gentle stream of N2 was used to dry the
electrodes. The chamber was placed under vacuum for 2-24 hours to remove any residual solvent.
Glass coverslips were then fixed in place with vacuum grease over the chamber openings. The
sealed chamber was filled with water and placed over a water bath of 50-55 °C. A function
generator was connected to the electrodes. Vesicle formation was carried out at 3 V, using a
frequency of 10 Hz for 30 minutes, 3 Hz for 15 minutes, 1 Hz for 7.5 minutes, and 0.5 Hz for 7.5
minutes. The chamber was then allowed to cool to room temperature prior to collection of GUVs.
GUVs were stored in a plastic conical tube and imaged within 2 hours. A small aliquot of GUVss
was added to an imaging chamber formed by a glass slide, silicone spacer, and no. 1.5 coverslip.
Fluorescence microscopy images were collected using a Nikon Eclipse 801 equipped with a 60x
oil immersion objective.

3. Results and Discussion

3.1. Fluorescence anisotropy and generalized polarization measurements

The fluorescent probes 1,6-diphenyl-1,3,5-hexatriene (DPH) and 6-dodecanoyl-2-
dimethylaminonaphthalene (laurdan) were used to evaluate the phase behavior of hybrid
dipalmitoylphosphatidylcholine (DPPC)/polybutadiene-block-polyethylene oxide (PBd-PEO)
LUVs. Both DPH and laurdan partition strongly into LUV membranes [27,28] and provide insight
regarding local membrane properties. LUVs were formed by extrusion and had average diameters
ranging from 80-120 nm as measured by dynamic light scattering (Table S3). The compositions
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reported are mole percentages, unless otherwise specified.

DPH fluorescence anisotropy values depend strongly on the fluidity of the membrane into
which DPH is incorporated, with high anisotropy values corresponding to a more solid, ordered
membrane and low values to a more fluid, disordered membrane [12]. DPH steady state
fluorescence anisotropy (DPH anisotropy) values were obtained across a range of temperatures
crossing the main phase transition of DPPC, corresponding to the transition from an ordered solid
phase to a disordered fluid phase [29]. These results are shown in Figure 1A for LUVs for a range
of DPPC/PBd-PEO compositions. When measured across this range of temperatures DPH
anisotropy behaved as a sigmoidal function, decreasing slowly far below and above the main phase
transition of DPPC and rapidly in between. As a general trend, incorporating increasing amounts
of PBd-PEO shifted this inflection point to lower temperatures, as expected due to the low glass
transition temperature of PBd-PEO [22]. DPH anisotropy curves were also observed to be
reversible with temperature (Figure S5) suggesting the temperature ramp rate used was
appropriate.

As shown in Figure 1A, DPH anisotropy values for pure PBd-PEO LUVs do not have the
characteristic sigmoidal curve with increasing temperature. This suggests the absence of a phase
transition within the observed temperature range, although DPH anisotropy still demonstrates
significant dependence on temperature due to an increase in membrane fluidity as the temperature
increases [30]. A similar temperature dependence has been previously observed in fluid palmitoyl-
oleoyl-phosphatidylcholine (POPC) vesicles [23] and observed by wus in pure
dioleoylphosphatidylcholine (DOPC) LUVs (Figure S1) above their main phase transition
temperatures.

The dependence of DPH anisotropy on temperature and composition in DPPC/PBd-PEO
LUVs also follows similar trends to those observed in DPPC/DOPC LUVs (Figure S1), measured
in order to have a comparison to a well-studied binary lipid system [10,12]. DPH anisotropy values
at temperatures below the inflection point vary more with composition in DPPC/DOPC vesicles
than in DPPC/PBd-PEO vesicles (from 0.28-0.10 and 0.28-0.20, respectively, at 16 °C as the mole
fraction of DPPC, xprrc, varies from 1 = 0). This suggests DOPC forms a much more fluid
membrane than PBd-PEO, despite the disordered state of PBd-PEO. Previous work has suggested
pure block copolymer membranes have a higher effective viscosity than pure lipid membranes, as
determined by comparing experimentally obtained lateral diffusion coefficients of both species to
theoretical predictions [31]. This could be attributed to increased drag at the block copolymer
bilayer midplane due to entanglements between the hydrophobic tails of copolymers in opposing
monolayers [32]. Indeed, DPH anisotropy values at temperatures above the inflection point vary
less with composition in DPPC/DOPC vesicles than in DPPC/PBd-PEO vesicles (from 0.02-0.03
and 0.02-0.05 respectively, at 70 °C as xpppc goes from 1 = 0). This suggests both fluid DPPC
and fluid DOPC form a more fluid membrane than PBd-PEO.



0% PBAPEQ
5% PBdPEOQ
10% PBAPEO
20%: PBAPED
40% PBAPEO
60% PBAPEO
80% PBJPEO
290% PB4PEO
95% PBAPEO
100% PBAPEO

0% PBAPEO

5% PBdPEO

10%: PBAPED
20% PBAPEO
40%: PBJPEO
60% PBJPEDO
B0% PBJPEO
90% PB4PED

Figure 1. A. Temperature dependence of DPH anisotropy (r) values in hybrid DPPC/PBd-PEO LUVs. Plotted points
correspond to measured data; lines show regressed fits to Equation (2), except for 95% and 100% PBd-PEO, as
Equation (2) could not be regressed for these compositions due to the lack of clear inflection point. Plotted lines for
95% and 100% PBd-PEO are not the result of any fit. B. The absolute values of the first derivative with respect to
temperature of the regressed DPH anisotropy curves. The onset and completion points of the sigmoidal curves were
evaluated as shown in the inset: the mean of the intersection with the baseline of lines tangent to the points of steepest
slope and of greatest curvature was taken as Tonset (green) or Teompietion (0range). The value of the midpoint temperature,
Tmig, Was obtained by regression of Equation (2). Inset sample composition is 0% PBd-PEO (100% DPPC).

To assess the onset (Tonset), inflection point (Tmid), and completion temperatures (Tcompletion) for



the sigmoidal portions of the curves, the observed anisotropy values at each composition were
regressed against Equation (2) (Figure 1A), directly giving Tmid. The derivative of Equation (2)
was evaluated with respect to temperature (Figure 1B). Because of the sigmoidal shape of the
DPH anisotropy curves, this yielded peak-shaped functions with baseline values corresponding to
the small slopes of the DPH anisotropy curves. The points at which the slope begins to deviate
sharply from and returns to its baseline values (i.e. the start and the end of the peak) correspond
Tonset and Teompletion. To determine these points, tangent lines were constructed along the peaks
shown in Figure 1B [33]. Representative tangent constructions are shown in Figure S9. The onset
and completion temperatures were taken to be the averages of the intersection of two left-side
tangents and two right-side tangents with the baseline of each peak respectively, analogous to the
procedure followed to find transition onset and completion temperatures using differential
scanning calorimetry (DSC). For pure DPPC LUVs, this yielded a phase transition width of ~5.5
°C and regression against Equation (2) yielded a Tmida of 41.4+0.2 °C (measured by the inflection
point in the sigmoidal fit), consistent with values obtained by DSC [11,30,34]. Statistical analysis
is discussed in the Supplementary Material.

Experimental DPH anisotropy values were compared to the theoretical values using a weighted
average, which we will refer to as ideal anisotropy, for different LUV compositions. Ideal
anisotropy values were calculated as a weighted sum of the anisotropy values for pure DPPC and
pure PBd-PEO LUVs (further discussed in the Supplementary Material). Deviations from ideal
anisotropy (4r/r) (Figure 2) were then calculated by dividing the difference between observed and
ideal anisotropy values by the ideal anisotropy value [35]. Such deviations from ideal anisotropy
could be the result of multiple factors. If both DPPC and PBd-PEO coexist within a single phase,
deviations from ideal fluidity would suggest the lipid and polymer interact extensively enough to
have a fluidizing or an ordering effect on each other. However, if separate DPPC-rich and PBd-
PEO-rich phases coexist, interactions with partitioned PBd-PEO or DPPC, respectively, in these
phases or contributions of the edges of phase-separated domains could also result in deviations
from ideal fluidity.

At temperatures below Tcompletion for LUVs containing ~20-80% PBd-PEO, DPH anisotropy
values generally demonstrate small positive deviations from ideal anisotropy, indicating a less
fluid membrane than expected. Assuming DPPC-rich solid and PBd-PEO-rich liquid phases
coexist below Tcompletion, these smaller deviations from ideal anisotropy are not the result of
extensive interaction of DPPC and PBd-PEO within one single phase. DPPC might be inducing
greater ordering of PBd-PEO by partitioning into the PBd-PEO rich phase and/or by interacting
with PBd-PEO partitioning into the DPPC-rich phase. It is also possible that deviations from ideal
behavior could be a result of increased ordering at the domain edges.
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Figure 2. Deviations from ideal anisotropy (4r/r) at select temperatures as a function of DPPC/PBd-PEO LUV
composition. Points were calculated as described in the text; dashed lines are cubic splines fit to calculated values.

Above Tcompletion, primarily larger, negative deviations from ideal anisotropy are observed,
indicating fluid DPPC may have a disordering effect on PBd-PEOQ. Indeed, above its Tmid, pure
DPPC displays a lower anisotropy value and greater fluidity than pure PBd-PEO at the same
temperatures. The presence of appreciable deviations from ideal anisotropy across this range of
temperatures also suggests DPPC and PBd-PEO are able to interact with each other, in turn
suggesting the existence of a single fluid phase above Tcompletion. While such trends are not as clear
above Tcompletion for DPPC/DOPC LUVs (Figure S7), which consist of a single fluid phase above
Teompletion [10], this may be due to the small difference in the fluidities of pure DPPC and pure
DOPC membranes above Tmid. A limited dependence of membrane fluidity on composition, and
thus weaker deviations from ideal fluidity, would therefore be expected. However, the greater
difference in the fluidities of pure DPPC and pure PBd-PEO at these temperatures might facilitate
the observation of greater deviations from ideal anisotropy.

For LUVs made with more than 90% PBd-PEO, Tmid values could not be resolved due to the
absence of clear inflection points in the anisotropy curves; measured anisotropy values for LUVs
with these compositions could not be regressed to the expression in Equation (2). In addition, Tonset
and Tcompletion could not be clearly resolved for LUVs containing more than 80% PBd-PEO. This
motivated the use of laurdan generalized polarization (GP) to provide further data for phase
diagram construction, including compositions for which onset, completion, and midpoint
temperatures could not be resolved using DPH anisotropy.
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Figure 3. A. Generalized polarization (GP) of laurdan, corresponding to membrane polarity, as a function of
temperature and vesicle composition. GP values were regressed against Equation (4), except for 100% PBd-PEO,
for which no regression could be completed due to the lack of inflection point. Plotted line for 100% PBd-PEO is



not the result of any fit. B. Absolute values of the derivatives of the regressed curves in A with respect to
temperature.

Laurdan GP values in DPPC/PBd-PEO LUVs were calculated using Equation (3). Laurdan
displays a red-shifted emission peak in more polar environments [24]. In the case of a lipid
membrane undergoing a solid-to-fluid phase transition, an increase in polarity is due to the increase
in membrane fluidity permitting increased hydration and thus increased polarity [24]. The
dependence of laurdan GP on temperature and vesicle composition indicated similar results to
those obtained by evaluating DPH anisotropy values as seen in Figure 3A. GP behaves as a
sigmoidal function of temperature. As greater amounts of PBd-PEO were incorporated, the
inflection point of the GP curves shifted to lower temperatures. No phase transition was evident
for the pure PBd-PEO membrane. The inflection point of the plot of GP versus temperature
corresponds to Tmid. Tmid values were evaluated by regression against a sigmoidal function
(Equation (4)). Tonset and Tecompletion Values were determined as described for DPH anisotropy values
(Figure S10). For 100% PBd-PEO LUVs, the observed GP values could not be regressed due to
the lack of a clear inflection point, so the plotted line in Figure 3A is included only to guide the
eye. Tmid, Tonset, and Tecompletion could be evaluated for compositions ranging from 0-95% PBd-PEO,
suggesting greater sensitivity of laurdan than DPH. A much broader transition was observed with
laurdan for the pure DPPC LUVs (~9.3 °C), as shown in Figure 3B, than when DPH was used as
the fluorescent probe. However, neither laurdan nor DPH has been found to significantly perturb
membrane phase transition behavior [36,37], suggesting this difference does not reflect a true
broadening of the phase transition. The Tcompletion values observed were approximately 3 °C higher
than those obtained from analysis of DPH fluorescence anisotropy.

3.2. Temperature dependence of FRET efficiency

To obtain further evidence regarding the presence or absence of separate DPPC-rich and PBd-
PEO-rich phases in LUVs, the efficiency of FRET between the donor 1,2-dipalmitoyl-sn-glycero-
3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (NBD-DPPE) and the acceptor 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (Rh-DOPE)
was evaluated. The Forster radius (Ro) of the NBD/Rh fluorophore pair is approximately 5 nm
[38]. Domains smaller than the Forster radius cannot be resolved by FRET and result in a FRET
profile indistinguishable from that of a randomly mixed membrane. NBD-DPPE has been found
to prefer the ordered phase in DPPC/DOPC/cholesterol mixtures [39], while Rh-DOPE partitions
preferentially into the disordered phase due to exclusion of its unsaturated acyl tails from the highly
ordered solid phase [40,41]. In the case of fluid/solid phase coexistence, NBD-DPPE and Rh-
DOPE would therefore be separated, reducing the efficiency of FRET. Additionally, attempts to
conjugate a fluorescent probe to PBd-PEO were unsuccessful, further motivating the use of Rh-
DOPE for FRET experiments. To account for the decrease in fluorescence emission intensity often
observed with NBD probes at increasing temperature, FRET efficiency was evaluated over a range
of temperatures as F/Fo, where F and Fo are the donor emission intensity in the presence and
absence of acceptor, respectively. FRET efficiency is thus 1-F/Fo [42]. Observed trends in F/Fo are
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the result of changes in the average proximity of NBD and Rh. For two fluorophores expected to
prefer different phases, a higher value of F/Fo (lower FRET efficiency) would be expected in the
case of separate domains. As the ordered phase transitions and the membrane mixes, F/Fo
decreases, resulting in a sigmoidal curve. Each F/Fo curve was fit with a smoothed cubic spline
and the inflection point of the curve was estimated visually to determine Tmid. Tmid corresponds to
the midpoint of the transition from ordered domains large enough to reduce FRET efficiency to
domains smaller than the Forster radius of the donor/acceptor pair.

DPPC/PBd-PEO LUVs containing large amounts of PBd-PEO (60-90%) demonstrated a
sigmoidal dependence of F/Fo on temperature (Figure 4), suggesting the coexistence of separate
DPPC-rich and PBd-PEO-rich phases, where ordered DPPC-rich domains decrease in size as the
temperature is increased. The inflection points of the F/Fo curves for these LUVs occur at
temperatures as much as 10 °C below the Tmid values indicated by DPH anisotropy and laurdan GP
curves. As mentioned above, the Tmid indicated by FRET represents the midpoint of the
temperature range across which ordered domains become too small to be resolved by FRET.
Pathak and London have previously reported discrepancies between values of Tmid observed with
FRET and DPH anisotropy in lipid mixtures. They attributed this to the longer-range nature of
FRET interactions (in comparison to DPH anisotropy, which reflects the immediate environment

of the probe) [38,43].

60% PBAPEO
B0% PBdAPEO
90% PBAPEO
60°% DOPC

Figure 4. Efficiency of FRET between NBD-DPPE (0.1 mol%) and Rh-DOPE (2 mol%) in DPPC/PBd-PEO and
DPPC/DOPC LUVs. Plotted lines are smoothed cubic splines fit to observed F/F, values.

FRET efficiency between NBD and Rh was also evaluated in DPPC/DOPC LUVs containing
60% DOPC (Figure 4) for comparison. While DPH anisotropy indicates a Tmid of 29 °C for LUVs
of this composition (Figure S1), FRET indicates a Tmia of ~26 °C. For LUVs containing the same
amount of PBd-PEO instead of DOPC, FRET indicates a similar Tmia of ~27°C (although DPH
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anisotropy indicates a higher Tmid for LUVs containing 60% PBd-PEO than for those containing
60% DOPC).

To further investigate the extent of domain coexistence in LUVs containing lower
concentrations of PBd-PEO, NBD-DPPE was replaced by DPH as the FRET donor to Rh-DOPE
(Figure 5). DPH is expected to partition equally between fluid and solid phases, and the DPH/Rh
pair has been reported to have a Forster radius of ~3.6 nm [38]. A sigmoidal F/Fo curve was
observed for LUVs containing 40% PBd-PEO, suggesting coexistence of DPPC-rich and PBd-
PEO-rich phases. The inflection point of this curve, corresponding to Tmid, was roughly 33.9 °C.
This 1s 4-5 °C below the Tmid indicated by DPH anisotropy and laurdan GP—in closer agreement
than the 8-10 °C difference between Tmid observed in our hybrid membranes with the NBD/Rh
FRET pair. Indeed, FRET pairs with smaller Forster radii, which can detect smaller domains,
report higher values of Tmid [38,43]. In relation to this work, the size of nanodomains in a
sphingomyelin/POPC/cholesterol mixture was inferred by comparing the efficiencies of FRET
between donor/acceptor pairs with different Forster radii [44].

e 10% PBAPEO
e 20% PBJPEO
40% PBdPEO

Figure 5. Efficiency of FRET between DPH (0.2 mol%) and Rh-DOPE (1 mol%) in LUVs made with 10 mol%, 20
mol%, and 40 mol% PBd-PEO between 4 and 50 °C. Plotted lines are smoothed cubic splines fit to each set of F/Fy
values.

Above Tmid, the low F/Fo values observed suggest DPPC and PBd-PEO mix to form a single
fluid phase, rather than demonstrating fluid-fluid phase separation (as has been reported for a
different lipid/copolymer mixture) [18]. The block copolymer used in this work is expected to have
a hydrophobic thickness of ~3 nm [45,46], comparable to that of a fluid lipid membrane.
Observation of a single fluid phase above Tmid 1s thus reasonable, as the hydrophobic thickness
mismatch between fluid DPPC and PBd-PEO is minimal.
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The sigmoidal shape of the F/Fo curve indicative of a phase transition is largely absent for
LUVs containing lower amounts of PBd-PEO (10% and 20%). LUVs containing lower amounts
of PBd-PEO have relatively little of the disordered phase, so it is likely that an appreciable amount
of Rh-DOPE may also partition into the ordered DPPC-rich phase. This would result in premature
quenching of the FRET donor and little change in FRET efficiency once the membrane eventually
transitions.

We additionally investigated the effect of Rh-DOPE on the observed Tmid in order to ensure
the discrepancy between Tmid values reported by FRET and DPH anisotropy/laurdan GP is not an
artifact from the probe incorporation in the hybrid bilayer. DPH anisotropy and laurdan GP were
used to assess Tmida in DPPC/PBd-PEO LUVs made with and without Rh-DOPE at the
concentrations used for the FRET experiments described above (Figure S8). DPH anisotropy and
laurdan GP reported an increase in Tmid of 0.5-1.3 °C upon inclusion of 1% Rh-DOPE, and 0.9-2.2
°C upon inclusion of 2% Rh-DOPE (Table S2), which cannot explain the much lower Tmid values
reported by FRET in comparison to DPH anisotropy/laurdan GP. Therefore, as discussed earlier,
it seems likely that the lower Tmia measured using FRET indicates the presence of nanodomains.

3.3. DPPC/PBd-PEO phase diagram and comparisons to GUV behavior.

Tonset, Tmid, and Tcompletion Obtained from analysis of DPH anisotropy, laurdan GP, and FRET
experiments are summarized in Figure 6A. The Tcompletion line indicates the endpoint of solid/fluid
phase coexistence, i.e. the liquidus boundary. At temperatures above Tcompletion, solid/fluid phase
coexistence gives way to full fluidization of the membrane. The fact that the liquidus line is
relatively horizontal between 0% and 60% PBd-PEO suggests the possibility of a coexisting
DPPC-rich fluid phase with a PBd-PEO rich fluid phase above this line. Although we label this
region as one phase, i.e. F(L+P), based on analysis in the previous sections, this is actually still an
open question. The solidus boundary on the left side of the phase diagram has been sketched in to
mirror the weak partitioning of DPPC into the PBd-PEO-rich phase seen on the right side of the
liquidus line. Both DPH and laurdan results indicate a broad solid/fluid coexistence region (S(L)
+ F(P)) corresponding to solid DPPC lipid-rich and fluid PBd-PEO polymer-rich phases. The
liquidus line has the same shape when plotted with respect to the mass fraction of PBd-PEO (Figure
6B) which accounts for the possible impact of polymer polydispersity on the actual molar
composition.

For comparison, ideal phase transition temperatures for a range of compositions were also
sketched by calculating the freezing point depression of DPPC in an ideal mixture of DPPC and
PBd-PEO. The molal freezing point depression constant (cryoscopic constant) was calculated
based on an enthalpy of fusion of 8.7 kcal/mol [11] and a van’t Hoff factor of 0.5 to account for
registry of solid DPPC domains across the bilayer. The large difference in the shape of this line in
comparison to the Tcompletion and Tmid lines of DPPC/PBd-PEO is a further indication of the non-
ideality of the DPPC/PBd-PEO system.
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We would expect that the bottom side of the solidus boundary exists at a temperature well
below 0 °C as appropriate for PBd-PEO. Therefore, the Tonset line is not a solidus line. Indeed,
Lentz et al. [12] show a line under the liquidus line, and of the same shape, for DOPC/DPPC
membranes measured by DPH anisotropy and interpret it as well within the solid/fluid coexistence
region. Based upon their work, it appears that DPH is most sensitive to the fluidity change that
takes place in the membrane as it approaches and then crosses the solid/fluid to fluid boundary.
Laurdan GP appears to be behaving similarly, as the Tonset line closely follows the shape of the
Tcompletion line. In contrast, FRET analysis reveals a shift in solid-phase domain size which may be
why Tmia by FRET (purple stars) may not be following the downward trend of the liquidus line in
comparison to Tmid for the DPH anisotropy and laurdan GP results, which clearly follow that trend.

Representative fluorescence microscopy images of hybrid GUVs in room-temperature (22 °C
+ °2 C) water are shown in Figure 6C, corresponding to the labeled points in Figure 6A. GUVs
were formed at 50-55 °C and allowed to cool freely to room temperature (a process typically
requiring ~45 minutes) before being diluted into room temperature water and imaged. GUVs
containing as much as 95% PBd-PEO (Figure 6C) demonstrate clear phase separation indicated
by the partitioning of the fluorescently labeled lipid Texas Red DHPE away from solid DPPC-rich
(dark) and into fluid PBd-PEO-rich (bright) domains. GUVs containing small amounts of DPPC
display irregularly shaped dark domains characteristic of the solid DPPC-rich phase. 50% PBd-
PEO GUVs display dark DPPC-rich domains surrounded by bright, interconnected PBd-PEO-rich
stripes (Figure 6C) in approximately equal proportions consistent with the composition on the
phase diagram. Previous work studying hybrid lipid/block copolymer GUVs has suggested that at
> 50% DPPC such dark DPPC-rich stripes consist of the gel (Lp’) phase, while patchy domains
have been attributed to kinetic trapping of the ripple (Pp’) phase [2]. Pure PBd-PEO GUVs do not
demonstrate such phase separation, but instead appear to consist of a single fluid phase (Figure
6C). This is consistent with the absence of a phase transition indicated by DPH anisotropy and
laurdan GP within this temperature range.

The Hildebrand solubility parameter of the polymer hydrophobic block, poly(1,2)-butadiene
[47], is reported to be 15.9 (J/em®)!2. This solubility parameter is similar for alkanes, typically
ranging from ~14-16 (J/cm?)"? [48], suggesting the strong tendency for DPPC and PBd-PEO to
phase separate does not arise from a fundamental insolubility of the hydrophobic portions of the
two components with respect to each other. The PBd-PEO copolymer used in this work has an
average molecular weight of 950 g/mol, lighter than those previously studied throughout the
literature, which generally range from 1800 to at least 3800 g/mol [16,19,20]. While a smaller
hydrophobic mismatch would therefore be expected between DPPC and the lighter PBd-PEO used
in this work, as opposed to the heavier copolymers, an extensive two-phase coexistence regime is
still observed.
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Figure 6. A. A summary of the onset (Tonset), inflection (Trmia), and completion (Tcompiction) temperatures of the sigmoidal
curves indicated by DPH anisotropy, laurdan GP, and FRET between NBD-DPPE/Rh-DOPE or DPH/Rh-DOPE. All
data corresponds to DPPC/PBd-PEO vesicles unless otherwise indicated; dashed green line corresponds to
DPPC/DOPC vesicles. L and P indicate DPPC lipid-rich and PBd-PEO polymer-rich, respectively; S and F indicate
solid and fluid phases. Points obtained by analysis of DPH anisotropy are shown in blue, while points obtained by
analysis of laurdan GP are in orange; connecting lines are drawn to guide the eye and not the result of any applied fits.
Uncertainty values for 0% PBd-PEO DPH anisotropy data were determined by doubling the propagated standard
deviation error for Tmig from independent regression of data from 3 samples against Equation (2). All other error bars
represent twice the standard deviation error for the value of Thiq returned from regression of measured data from one
sample against Equation (2) or (4). For Tcompletion and Tonset, €rror bounds were determined as the difference between
the intersection of tangent lines to the points of steepest slope and of greatest curvature for the absolute value of the
first derivative of the anisotropy or GP values for each composition. For 0% PBd-PEO, this uncertainty was propagated
for 3 samples; for all other samples, plotted values represent data from one sample. Dotted gray line is an estimate of
the left side of the solidus line. B. Same data as presented in Figure 6A, but with respect to the mass fraction of PBd-
PEO instead of the mole fraction. C. Fluorescence microscopy images obtained at room temperature of GUV's labeled
with 0.25 mol% Texas Red DHPE, corresponding to the appropriate points on the dot-dashed line in A. Scale bars
represent 10 um.

Of note, while DPH anisotropy and laurdan GP suggest DPPC/PBd-PEO bilayers display an
extensive solid/fluid phase coexistence region, it is difficult to visually determine whether the
inhomogeneity of hybrid GUVs containing smaller amounts of PBd-PEO (e.g. 5-10%) is due to
phase separation or to the uneven partitioning of Texas Red DHPE (perhaps into the grain
boundaries between regions of microcrystalline DPPC-rich solid phase). Indeed, pure DPPC
GUVs demonstrate visible inhomogeneity (Figure 6C), likely for the latter reason.

We also constructed a phase diagram for DPPC/DOPC from our anisotropy data for
comparison purposes (Figure S2) that is in good agreement with that of Lentz et al. [12], when
converted to the microviscosity scale used in their work (Figure S3). For DPPC/PBd-PEO LUVs,
Tcompletion decreases only slightly as up to 90% PBd-PEO is added to DPPC, then begins to drop
more rapidly as 95% PBd-PEO is approached. In contrast, for DPPC/DOPC LUVs Tcompletion
decreases only slightly as up to just 40% DOPC is added to DPPC, as shown in Figure S2. Beyond
this point, Tcompletion then decreases more rapidly as the amount of DPPC decreases for
DPPC/DOPC LUVs than for DPPC/PBd-PEO LUVs. Therefore, solid DPPC-rich domains coexist
with fluid PBd-PEO-rich domains across a larger range of compositions and temperatures than
with fluid DOPC-rich domains as shown in Figure S2. For example, DPPC/PBd-PEO membranes
contain coexisting solid and fluid phases across nearly all compositions at room temperature as
shown in Figure 6, compared to the narrower range of compositions for DPPC/DOPC (Figure S2).
Overall, this comparison shows that while DPPC and PBd-PEO can coexist within hybrid
membranes, DPPC partitions less readily into fluid PBd-PEO than into fluid DOPC. Despite this,
DPPC appears to have a measurable ordering effect on PBd-PEO based upon the positive deviation
from ideal DPH anisotropy discussed in Section 3.1. Moreover, the shape of the Tmia line for
DPPC/DOPC, shown in Figure 6A for comparison, follows the ideal freezing point depression line
remarkably more closely than for DPPC/PBd-PEO.
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We then replaced DOPC with a phosphatidylcholine lipid with two unsaturations in each chain
(18:2 PC) and subsequently with a lipid with three unsaturations in each chain (18:3 PC). For
mixtures of DPPC and polyunsaturated lipids (DPPC/18:2 PC and DPPC/18:3 PC), the Tcompletion
values indicated by DPH anisotropy are very similar to those observed for DPPC/DOPC (Figure
S2). Similar to the addition of DOPC, Tcompletion displays slight decreases as up to 40% of either
18:2 PC or 18:3 PC is added, then decreases more rapidly as more 18:2 PC or 18:3 PC is added.
This emphasizes the extensive nature of the DPPC/PBd-PEO phase coexistence region in
comparison to the phase behavior observed for mixtures of solely lipids.

4. Conclusions

A combination of fluorescence spectroscopy and microscopy was used to study fluidity and
construct a phase diagram for DPPC/PBd-PEO. Fluorescence spectroscopy was also employed to
study fluidity and outline a phase diagram for DPPC/DOPC, which was found to be in good
agreement with previously published phase diagrams [10,12]. This provided a basis for
comparison between the phase behavior of a hybrid lipid/block copolymer membrane and a well-
studied lipid system. The liquidus temperatures of DPPC/PBd-PEO display a generally similar
dependence on composition to those of DPPC/DOPC, with the liquidus temperature of the mixture
decreasing as the amount of the component with the lower phase transition temperature increases.
However, DPPC/PBd-PEO displays an expanded solid/fluid phase coexistence region and mixing
behavior that is less ideal in comparison to DPPC/DOPC. Solid DPPC partitions less readily into
the PBd-PEO-rich fluid phase than into the DOPC-rich fluid phase. While strong negative
deviations from ideal anisotropy show that that in the fluid region of the phase diagram, fluid
DPPC strongly enhances the fluidity of PBd-PEO. Moreover, in the solid-fluid coexistence region,
DPPC has a measurable ordering influence on PBd-PEO despite the weak partitioning of DPPC
into the PBd-PEO-rich phase. These behaviors reflect that PBd-PEO demonstrates greater fluidity
than a solid lipid membrane, but slightly lower fluidity than a fluid lipid membrane. The phase
information and diagram developed here may be useful for the design of hybrid biomembranes for
drug delivery vehicles or membrane protein reconstitution, given the importance of understanding
the membrane phase state for such applications.
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