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Abstract

We present new structures of soft-material thin films that augment the functionality of substrate-

mediated delivery systems. A hybrid material composed of phospholipids and block copolymers 

adopts a multilayered membrane structure supported on a solid surface. The hybrid films comprise 

intentional intramembrane heterogeneities that register across multilayers. These stacked domains 

convey unprecedented enhancement and control of permeability of solutes across micrometer-

thick films. Using grazing incidence X-ray scattering, phase contrast atomic force microscopy, and 

confocal microscopy, we observed that in each lamella, lipid and polymers partition unevenly 

within the membrane plane segregating into lipid- or polymer-rich domains. Interestingly, we 

found evidence that like-domains align in registry across multilayers, thereby making phase 

separation three-dimensional. Phase boundaries exist over extended length scales to compensate 

the height mismatch between lipid and polymer molecules. We show that microphase separation in 

hybrid films can be exploited to augment the capability of drug-eluting substrates. Lipid–polymer 

hybrid films loaded with paclitaxel show synergistic permeability of drug compared to single-

component counterparts. We present a thorough structural study of stacked lipid–polymer hybrid 

membranes and propose that the presence of registered domains and domain boundaries impart 

enhanced drug release functionality. This work offers new perspectives in designing thin films for 

controlled delivery applications.
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INTRODUCTION

There was a time when the cell membrane was perceived as an assembly of randomly 

distributed phospholipids and membrane proteins.1 However, extensive research on cell 

membranes has led to a change in such perception, and it is now widely acknowledged that 

cell membranes comprise local heterogeneities with distinct compositions and structures.2–6 

The lateral heterogeneities in cell membranes with tunable dynamic properties have been 

shown to engage in selective partitioning of membrane proteins such as K+,7 Na+,8 Ca+ ion9 

channels and linker for activation of T cells (LAT),10 regulating diffusion of proteins,10 and 

entry of viruses.11–13

Inspired by the functional roles of those local heterogeneities in cell membranes, self-

assembly structures that mimic in-plane segregated domains have been explored for a 

number of applications.14–17 A noteworthy approach is the mixing of phospholipids and 

amphiphilic block copolymers into a self-assembled complex. Beyond self-assembly of 

single type of amphiphiles that has been established,18–20 concurrent self-assembly of 

multiple amphiphiles has emerged as an approach to build more complex architectures with 

functionalities not achievable by single components.21–24 Upon certain conditions, lipid and 

polymer molecules self-organize into a mixed hybrid membrane in the form of vesicles,25–31 

monolayers at the air–water interface,16 or solid-supported bilayers32 where phase-separated 

domains are often found. In this study, we demonstrate that hybrid membranes self-assemble 

into phase-separated stacked domains on a solid support.

Interestingly, phase-separated domains in these biomimetic hybrid membranes resemble the 

lateral heterogeneities in cell membranes in terms of their functions: controlling the 

localization and diffusion rates of molecules embedded into the membranes,15,16,33 and 

controlling the entry of materials into cells.34 For example, Olubummo et al. demonstrated 

that polymer-functionalization of CdSe nanoparticles could guide the particles to selectively 

locate within polymer domains over lipid domains in a mixed lipid–polymer monolayer.15 In 

a similar vein, controlling fluidity of the lipid–polymer membrane was shown to direct the 

preferential insertion of membrane proteins into one domain over the other.16

Previous studies on lipid–polymer hybrid membranes have demonstrated the possibilities of 

the hybrids to serve as a new functional membrane platform. It is especially promising that 

the domains can be engineered to have the desired size, morphologies, and mechanical 

properties.35,36 Studies on hybrid membranes so far have been focused in two-dimensional 

single membranes.15,16,32,33,37 However, in nature there exists a wide variety of membrane 
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systems where the three-dimensional (3D) structure of lipid membranes mediates 

functionality and adaptability to external conditions.38,39 One interesting example is the 

stacked lipid membranes (thylakoids) in the chloroplast of plant cells. The lateral 

heterogeneity of thylakoid membranes40 denotes the nonrandom distribution of photo-

system II, light-harvesting complex II, photosystem I, and ATP synthase complexes in the 

thylakoids. It is speculated that these lateral heterogeneities stack up (and unstack) in 

registry as a response to changing environmental conditions (e.g., moisture and light)41,42 as 

a nature’s effort to optimize the light capture and energy transport efficiencies.

Such indications of the membrane stacked domains in nature, being present in 3D membrane 

assemblies and exerting an influence on the functions, intrigued us to work on stacked 

membranes of lipid–polymer hybrids with phase-separated domains. While lipid–polymer 

hybrid single membranes with lateral phase-separated domains have been studied before, 

domain stacking events in 3D and their exploitation for membrane permeability have not 

been investigated before.

Our goal in this study was two-fold. First, we constructed multilayered lipid–polymer hybrid 

membranes and characterized the structure focusing on intralayer and interlayer domain 

structures. Second, we tested the functionality of hybrid films as a new class of substrate-

mediated drug delivery platform. Substrate- (or surface-) mediated drug delivery is a novel 

research direction in the field of biomedical engineering and health care devices.43 In 

contrast to systemic particulate drug delivery, surface-mediated drug delivery delivers drugs 

at the localized treatment site, allowing great spatial control over the release of therapeutic 

cargo.44 Developing functional matrices43–45 is crucial for a broad range of biomedical 

applications including drug eluting stents,46,47 therapeutic implants,20,48 and tissue 

engineering.49–51

The second part of the work was followed by interesting observations from the first part that 

presented the possibility of hybrid films serving as active drug release matrices beyond 

simple depots of the embedded drug molecules. In each plane of bilayers, mixtures of lipids 

and polymers phase-separate into different domains induced by a hydrophobic mismatch 

between lipid and polymer chains. The steep hydrophobic mismatch between chains results 

in the propagation of domain phase boundaries over large length scales. Interestingly, the 

phase-separated domains between neighboring layers were shown to align on top of each 

other, representing a smectic ordering that continues across the stacks of layers. Analogous 

behavior has been observed in stacked bilayers of ternary lipid mixtures studied by Tayebi et 

al.52 These observations prompted our conjecture that domains aligned in registry, as well as 

large domain boundary areas in the hybrid films, may affect the transport of drugs across 

films. Indeed, we found an enhanced permeability effect of hydrophobic drugs incorporated 

into hybrid films that we attribute to membrane domain structures.

MATERIALS AND METHODS

Materials.

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (16:0 PC or DPPC) and 1,2-dipalmitoyl-sn-

glycero-3-phosphoethanolamine-N-(7-nitro-2–1,3-benzoxadiazol-4-yl) (16:0 NBD PE or 
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NBD-DPPE) were purchased from Avanti Polar Lipids (Alabaster; AL, USA). Amphiphilic 

diblock copolymer, poly(butadiene-b-ethylene oxide) (PBD-b-PEO), was purchased from 

Polymer Source, Inc. (Quebec, Canada). The catalog number is P19015-BdEO. Its average 

molecular weight (Mn) was reported to be 4000 with PBD block (rich in 1,4 microstructure) 

2500 and PEO block 1500, respectively. The reported polydispersity was 1.06. In this work, 

we selected PBD-b-PEO since the previous studies successfully demonstrated that the 

mixtures of phospholipids/PBD-b-PEO form phase-separated hybrid vesicles with domains.
25,35 For biomedical applications, the use of biocompatible polymer blocks such as 

polyisobutylene or polyoxazoline is advised. Paclitaxel, its fluorescent conjugate Paclitaxel-

Oregon Green 488, and DilC18(5) oil (1,1′-dioctadecyl-3,3,3′,3′-
tetramethylindodicarbocyanine perchlorate) were purchased from Thermo Fisher Scientific 

(Waltham; MA, USA). All solvents used were of high performance liquid chromatography 

(HPLC) grade and purchased from Sigma-Aldrich (St Louis; MO, USA). All chemicals and 

materials were used as received.

Preparation of Multilamellar Films.

Multilamellar films composed of phospholipids, block copolymers, and their hybrid were 

prepared by either drop-casting or spin-coating methods. Typically, drop-cast films have 

thicknesses ranging from 5 to 20 μm and spin-coated films range from 200 to 500 nm. 

Samples used for substrate-mediated drug delivery were prepared by drop-casting so that 

there is control over the exact amount and ratio of materials being incorporated. Samples for 

CLSM and GISWAXS were also prepared by drop-casting. In the case of samples prepared 

for AFM measurements, spin-coating was used to minimize AFM cantilever crashing onto 

rough sample surfaces. Lipids and polymers were dissolved in chloroform. Paclitaxel and its 

fluorescent conjugate were dissolved in ethanol. A stock solution was prepared with the 

desired ratio of each component in mixtures including lipids, polymers, or paclitaxel 

molecules (concentration, 10–25 mg/mL; solvent, chloroform/ethanol 4:1 volume ratio). The 

stock solution was either dropped onto the substrate followed by a solvent evaporation under 

a fume hood or spin-coated at 1000 rpm for 30 s. For complete solvent evaporation, samples 

were put into the vacuum desiccator overnight. Upon solvent evaporation, the amphiphilic 

nature of lipid and polymer molecules leads to self-assembly into well-organized 

multilamellar films. The substrates used in the experiments were coverslips with a diameter 

of 15 mm purchased from MatTek Corporation (Ashland; MA, USA). Before use, the 

coverslips were washed with ethanol and Milli-Q water for 15 min respectively in an 

ultrasonic bath and dried with a nitrogen gun. For AFM and X-ray scattering experiments, to 

ensure that substrates do not affect the overall structure of films and interpretation of the 

data, samples were also prepared onto cleaved Si wafers (~1 cm2); <100> type that was 

purchased from University Wafer Inc. (South Boston; MA, USA). We did not observe 

noticeable structural differences between samples prepared onto coverslips and silica 

substrates.

Structure Characterization of Multilamellar Films.

Confocal Laser Scanning Microscopy (CLSM).—CLSM images were obtained in 

water at room temperature to (i) check the presence of phase separated domains and (ii) 

identify the drug distribution in films using a Zeiss LSM 700 microscope (Carl Zeiss AG, 
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Germany) with 20×/0.8 DIC, 40×/1.3 DIC, and 63×/1.4 Oil DIC objectives. A concentration 

of 0.1 mol % of 16:0 NBD-DPPE (Ex/Em 460 nm/535 nm) was used to label the lipid-rich 

phase and 0.2 mol % of Paclitaxel-Oregon Green 488 (Ex/Em 488 nm/518 nm) was used as 

a fluorescent model drug to represent the drug distribution in films. A concentration of 0. 

One mol % of DilC18(5) oil was used in combination with Paclitaxel-Oregon Green 488. 

Images were processed using the Zen software (Carl Zeiss AG). For samples stained with 

single dye molecules, the pinhole was set to 1 Airy unit. For multichannel experiments, the 

Paclitaxel-Oregon Green channel was set to 1 Airy unit and the other channel was adjusted 

to match the optical slice thickness as the Paclitaxel-Oregon Green channel.

Atomic Force Microscopy (AFM).—Simultaneous height (topography) and phase 

imaging were performed on lipid, polymer, and hybrid films to (i) obtain nanometer-scale 

information about the surface structure and to (ii) identify different component phases of 

hybrid films. Especially, the phase boundaries where lipid domains and polymer domains 

meet were carefully investigated. For all measurements, a MFP-3D AFM (Asylum Research; 

CA, USA) was operated in tapping mode in air at room temperature. Tap300AL-G 

cantilevers were used with a resonance frequency of 300 kHz and a force constant of 40 N/m 

(Budget Sensors; Sofia, Bulgaria).

Grazing-Incidence Small/Wide-Angle X-ray Scattering (GISWAXS).—GISAXS 

and GIWAXS experiments were conducted to study the multilamellar film structure and 

lipid hydrocarbon tail ordering as well as drug crystallization, respectively. The experiments 

were carried out at in-house X-ray setup (custom built with help of Forvis Technologies, 

CA, USA) and at 12-ID-B beamline, Advanced Photon Source (APS), Argonne National 

Laboratory. A custom built (with Forvis Technologies, Santa Barbara) equipment composed 

of a Xenocs GeniX3D Cu Kα ultralow divergence X-ray source (8 keV) was used, with a 

divergence of 1.3 mrad. The humidity and temperature control chambers were built by 

Forvis Technologies. At the 12-ID-B beamline APS, a 14 keV X-ray beam was focused on a 

50 × 10 μm2 (H × V) area at an incident angle 0.05–0.2°. Pilatus2M (Dectris) and 

PerkinElmer XRPad 4343F detectors were used for GISAXS and GIWAXS measurements, 

respectively. The sample-to-detector distance was calibrated using a silver behenate powder 

standard. The specular beam intensity was attenuated along the z axis with a strip beam stop. 

The sample to detector distance for GISAXS was either 2 or 3.6 m, and that for GIWAXS 

was about 0.15 m. Multiple measurements were carried on the same sample in a humidity 

chamber (relative humidity >95%), varying the incidence angle to determine the most 

appropriate operating angle. Experiments at the APS were performed at room temperature, 

and in-house experiments were performed at different temperatures (25°C, 37°C, and 45°C). 

The measured scattering patterns were analyzed using NIKA and IRENA, Igor-based 

package of tools for scattering data analysis.53

Paclitaxel Release Study.

Film samples prepared onto 15 mm glass coverslips (n = 3) were placed into a 24-well cell 

culture plate with a well diameter of 15.6 mm. During entire release experiments, the well 

plate was shaken using a plate shaker with a shaking speed of 100 rpm at room temperature. 

In each well, 1 mL of release medium PBS/ethanol 90/10 (% v/v) was added which has been 
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used in previous work54 to achieve practical sink conditions for paclitaxel, a poorly water-

soluble drug (solubility: 0.3 μg/mL55). At predetermined time points, the release medium 

was completely withdrawn and replaced with the same volume of fresh medium, 

maintaining the sink conditions throughout the release experiments. For the first 5 min, 

surface-attached paclitaxel not incorporated inside the membrane was removed by exposing 

and washing in the release medium. The drug loading efficiency was determined by the 

following equation: loading efficiency (%) = (total amount of drug − free drug in the 

medium)/total amount of drug × 100. The amount of paclitaxel released was quantified using 

a high-performance liquid chromatography (HPLC). HPLC analysis was conducted by 

Shimadzu LC system (LC-20AT) connected with a PDA detector (SPD-M20A). A 

Phenomenex Kinetex Ph-hexyl column (5 μm, 100 mm × 4.6 mm) was used for analysis. 

Acetonitrile/water 60/40 (% v/v) served as a mobile phase, eluting the paclitaxel peak 

approximately at 1.3 min with a flow rate 1.5 mL/min from an injection volume of 20 μL 

with UV/vis detector recorded at 229 nm. The area of the paclitaxel peak was integrated and 

compared to a standard calibration curve obtained in the concentration range of 0.1–10 

μg/mL (regression value R2 = 0.9994871). The detection limit of paclitaxel in the release 

medium was 0.08 μg/mL.

RESULTS AND DISCUSSION

Phase-Separation in Multilamellar Hybrid Films.

To investigate the mixing behavior of polymers and lipids, we employed CLSM to films 

deposited on a solid support. NBDDPPE fluorescent probes were added to the lipid/polymer 

mixture as a means to distinguish between lipid (DPPC) and polymer (PBD-b-PEO) phases 

as they are known to favorably partition into DPPC domains. Such preference was reported 

previously for systems of model membranes composed of saturated lipids (e.g., DPPC) and 

unsaturated lipids with cholesterol,56 and lipid–polymer hybrid giant unilamellar vesicles 

(DPPC/PBD-b-PEO).27 Figure 1A shows the series of the hybrid film images taken at 

different focal depth (z) positions. Coexistence of lipid and polymer phases was readily 

observed from binary fluorescence patterns. In each image, the green regions indicate phase 

separated domains enriched in DPPC lipids, while the dark regions show the domains 

enriched in PBD-b-PEO polymers. The size of the lipid domains was on the order of several 

microns when the entire film thickness was on the order of 20 μm (measured by CLSM). 

Such observation was carried out at room temperature. The domain sizes would vary upon 

temperature changes.57,58 The lipid domains display either quasi-circular or elongated line 

shapes. These types of morphology have been previously observed in solid-phase lipid 

domains.59

Additional fluorescence patterns obtained from hybrid films can be found in Figure S1 

(Supporting Information). Surprisingly, the fluorescence patterns were almost identical at 

different depths of the films, suggesting that there is alignment of like-domains on top of 

each other across the layers. It should be noted that the stacking of domains applies only to 

the optically observable domains (μm scale). It is possible that optically unresolvable small 

domains randomly locate across multilayers.
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Figure 1B schematically depicts the possibilities of domain alignment across stacked 

bilayers. When lipid (or polymer) domains stack in registry onto lipid (or polymer) domains, 

a schematic configuration of the domain alignment would be close to Figure 1B-1. In 

contrast, if the domains randomly stack not coupling across layers, the cross-section of the 

films would correspond to Figure 1B-2. The depth-resolved CLSM images suggest the 

domain alignment to be the case of Figure 1B-1.

To better understand the domain alignment in the direction normal (z) to the membrane, we 

carried out GISAXS experiments on the stacked membranes. Figure. 1C shows the two-

dimensional GISAXS data (left) and the corresponding radial averaged intensity versus q 

profiles (right) of the stacked membranes. The 2D GISAXS data displays an array of distinct 

and periodic patterns indicative of a multilamellar arrangement within the film depth 

direction (qz). The fact that the diffraction patterns have higher intensity along qz further 

suggests that multilayers are highly oriented parallel to the substrate. The 1D line cut 

profiles show the diffraction pattern of a lamellar phase which can be recognized by a series 

of peaks at equal interpeak distance. The interlayer spacing of the lamellar structure can be 

calculated from the position of the peaks by a = 2πn/qn, where qn denotes the position of the 

nth order peak. Sharp diffraction patterns from the pure lipid phase (red line) and the pure 

polymer phase (blue line) yield a lamellar spacing alipid = 55.6 Å (q001, lipid = 0.113 Å−1) 

and apolymer = 124 Å (q001, polymer = 0.0506 Å−1), respectively. The lipid–polymer hybrid 

films showed two sets of diffraction peaks arising from the lipid lamellar phase and the 

polymer lamellar phase. The lamellar spacing of lipid phase in hybrid films increased to 

aH
lipid = 57.4 Å compared to that of single-component lipid films (alipid = 55.6 Å), while 

polymer phase in hybrid films maintained the same lamellar spacing aH
polymer = apolymer = 

124 Å. An increase in the lamellar spacing aH
lipid can be attributed from several factors 

including changes in the lipid chain configuration and membrane–membrane interactions of 

lipids. For example, long-range steric repulsion due to membrane fluctuations (undulations 

resulting from increased flexibility of bilayers) would lead to an increased lamellar spacing 

of lipids.60–62 We observed structural changes of lipids at the molecular level using 

GIWAXS (details presented at later sections), which substantiates increased flexibility of 

bilayers. Upon the presence of polymer, the long-range ordering of lipid headgroups was 

lost, and some portion of lipid tails were shown to rearrange their configuration from tilted 

chains to untilted chains along the bilayer normal.

The two sets of lamellar repeat distances in the hybrid films would most likely not be as 

well-resolved if the domains would stack randomly or alternating (lipid after polymer or 

polymer after lipid) between neighboring layers. Figure S2 (Supporting Information) shows 

GISAXS data obtained for the hybrid films equilibrated at different temperatures (25°C, 

37°C, and 50°C). We observed a reversible response of the lipid and polymer phases upon 

heating and cooling cycles further supporting the presence of in-plane domains that are 

registered across layers. The GISAXS data combined with the CLSM images are only 

consistent with a picture where lateral in-plane lipid domains (or polymer domains) align 

with the lipid domains (or polymer domains) across the water layer in the neighboring 

bilayers (illustration Figure 1B-1). We speculate that interlayer stacking of alike domains 

may originate from the different hydrogen bonding networks between the hydrophilic PEO 
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chains of PBD-b-PEO and the hydrophilic headgroups of DPPC lipids, and a concomitant 

hydrophobic effect drive for registry.

It is noteworthy that the repeat distances obtained for polymer (124 Å) and lipid (57.4 Å) 

bilayers are dramatically different. We find it intriguing that despite the large height 

mismatch between lipid and polymer molecules there is still a preference for the system to 

adopt a micro phase-separated state. The height mismatch at the phase boundary would 

cause a large hydrophobic surface being exposed to water, which is energetically 

unfavorable. The surface tension of hydrocarbon–water surfaces is reported63 to be 50 

erg/cm2. A thickness mismatch of only 1 nm results in an energetic cost per unit length of 

interface of ~10 kT/nm. To alleviate the energy of unfavorable hydrophobic interactions at 

the interface, elastic deformations of lipid and polymer chains should occur near the phase 

boundary. However, it is hard to imagine how such significant height mismatch would be 

compensated by membrane deformations in lipid–polymer hybrid films especially because 

the lipid components are expected to be in a gel state.64,65 The CLSM images could only 

provide qualitative hints on phase-separation of the hybrid films because of the resolution 

limit. To gain further information on the morphology of domains in hybrid films, we 

investigated the surface structures by means of topographical and phase contrast imaging in 

AFM.

Phase Boundary Regions Induced by Hydrophobic Mismatch in Hybrid Films.

The nanoscopic structures of the hybrid film could be clarified via simultaneous 

measurements of AFM height (topography) and phase data. AFM phase imaging allows the 

distinction between different material domains as the phase signals are sensitive to variations 

in material properties such as viscoelasticity and adhesion.66,67 Figure 2A shows the AFM 

data obtained from hybrid films where the phase color contrast was overlaid onto the 

pseuso-3D construction of the height image. The AFM images on hybrid films presented 

interesting structures that could not be distinguished clearly from CLSM images. From the 

CLSM studies, we could identify a microphase separation behavior of polymers and lipids. 

The AFM phase images (Figure 2B,C) also indicate the presence of two distinctive islands 

of domains, which can be inferred from the color (phase) contrast. Interestingly, each 

prominent domain seems to be connected by intermediate regions. The light yellow colored 

domains (phase angle 70–80°) and the dark purple colored domains (phase angle 50–60°) 

are thought to designate lipid and polymer domains, respectively. This was inferred from the 

morphology and height of each domain. The purple domains occupy a higher surface area on 

average, which agrees with the larger lamellar repeat spacing of polymers compared to lipids 

as measured from GISAXS experiments.

The intermediate regions (phase angle 60–70°) seem to comprise two parts, orange and light 

purple, although the boundaries are not clear. The intermediate areas bridge the lipid 

domains and polymer domains. The direct connections between lipid domains (light yellow) 

and polymer domains (dark purple) were very rare. These observations suggest that the 

intermediate regions are the microphase-separated regions composed of mixtures of lipids 

and polymers, that is, lipid-rich area (orange) and polymer-rich area (light purple). 

Intriguingly, these microphase-separated regions occupy a larger area than the domains of 
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lipid and polymer themselves. This can be attributed to the efforts of the hybrid systems to 

adjust the large height mismatch between lipid and polymer bilayers.

The area fraction of the purple domains was calculated from the total scan area. For 4:1 

molar ratio of lipid to polymer films, the area occupied by the purple and light purple region 

(polymer-rich) was 27.6 ± 6% of the scan area. For 1:1 molar ratio of lipid to polymer films, 

the area fraction of the polymer domains was 57.2 ± 7% and for the 1:4 molar ratio of lipid 

to polymer films, it was 72.5 ± 9%. The molecular area of lipid DPPC is 0.65 nm2,68 and 

that of polymer PBD-b-PEO is 1.2 nm2.69 When the molecular area differences are taken 

into account, the calculated area of polymer region is 32%, 65%, and 88% for 4:1, 1:1, and 

1:4 molar ratio of lipid to polymer films, respectively. It should be noted that the area 

interpretation is qualitative because domain boundaries between lipid and polymer are 

continuous. Additional AFM images on hybrid films of different lipid to polymer molar 

ratios are presented in Figure S3 (Supporting Information). Coexistence of macro phase-

separated regions and micro phase-separated regions was also found in hybrid films of 

different lipid to polymer molar ratios (4:1, 1:1, 1:4).

To further characterize the region connecting different domains, the cross-section profiles of 

the phase and height data have been examined as shown in Figure 2D. The phase profile 

(Figure 2D, top) and corresponding height profile (Figure 2D, bottom) clarify the distinction 

between lipid/polymer domains and lipid-rich/polymer-rich regions. The lipid and polymer 

domains remain at a nearly constant height while the intermediate regions show gradual 

height changes. This supports our interpretation that the intermediate regions (phase angle 

60–70°) represent an interfacial area where the membrane elastic deformations occur in a 

gradual way to mitigate line tension at the domain interface. Nonconstant phase values in the 

interface region also indicate that in this domain, lipid and polymer molecules coexist in a 

mixed state that extends over a micron meter scale.

AFM phase imaging revealed large phase boundaries between polymers and lipids in the 

hybrid films. From a materials science perspective, such observations are interesting because 

phase boundaries are the sites where one often attains unexpected material properties. For 

example, Yang et al.13 recently revealed that the phase boundaries between ordered and 

disordered lipid domains in plasma membranes are the preferred sites for HIV entry, and the 

line tension at the phase boundary is a significant driving force of gp41(HIV fusion peptide)-

mediated fusion. The observations of the unique structures in hybrid films, three-

dimensional phase separation and relatively large phase boundary area, led us to ask the 

question of whether membrane-loaded drug molecules would display drug release behavior 

deviating from that of single-component films. The experiments performed to address this 

question are described in the next section.

Effect of Paclitaxel Incorporation on the Film Structure.

We chose Paclitaxel (PTX)–hydrophobic drug to test the release behavior from hybrid films 

because of the following reasons. First, the local delivery of PTX through thin-film matrices 

has not been explored with enough detail despite its potential in circumventing the adverse 

effects of systemic particulate delivery. PTX is known as one of the most effective anticancer 

drug for the treatment of breast and ovarian cancer.70–72 It has been commonly administered 
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through long-term systemic injection, which brings unwanted adverse reactions.73 The most 

common adverse effects include infusion-related reactions and neutropenia.73,74 

Accordingly, local drug delivery to a targeted and focal site of disease (termed surface-or 

substrate-mediated drug delivery) can be a preferable option for delivering PTX, as in drug-

eluting medical implants.48,75,76 Second, we hypothesized that the unique structure of PTX 

would maximize the benefit of having domain structures in films. The local delivery of PTX 

has limited clinical applications due to the crystallization of PTX within the delivery matrix.
77,78 Such crystallization has been the bottleneck in effectively encapsulating PTX into the 

drug-carrier systems.79 When PTX molecules are individually entrapped within the 

hydrophobic region of bilayers they are in a metastable state80 and tend to self-aggregate 

precipitating out into solution to form a more stable crystalline form.79–83

In films composed of single components, the local environment that PTX molecules 

experience is expected to be similar to the bilayer case described above, that is, there is no 

effective barrier to hamper the self-aggregation of PTX molecules. CLSM and AFM 

imaging shown above reveals that the coexistence of polymer-rich and lipid-rich domains in 

hybrid films generates phase boundaries. Such heterogeneous environment is likely to 

impose alterations to PTX intermolecular interactions compared to that observed in single-

component systems and concomitantly affect PTX crystallization behavior. Indeed, Kan et 

al. reported that liposomes made of multicomponent lipids that phase-separate into domains 

exhibited a high encapsulation efficiency of PTX up to 15% PTX to lipid molar ratio.84

We incorporated PTX into the hybrid films and the control films (single-component) varying 

PTX molar ratios. Figures 3 and 4 summarize the effect of PTX incorporation on the 

structures of films. Figure 3A shows the AFM data of the hybrid films with PTX where 

phase color contrast was overlaid onto the peusdo-3D height reconstruction. The white–

yellow domains associated with lipid phase could be clearly differentiated from the purple 

domains associated with the polymer phase. While the polymer-rich domains (phase angle 

55–62°) display a rather circular morphology, the shape of lipid-rich domains (phase angle 

74–81°) is more diverse showing oval and irregular shapes. Additional AFM images of the 

pure films and hybrid films loaded with PTX can be found in Figure S4.

Figure 3B shows GISAXS I(q) profiles for the hybrid films without PTX (solid black line) 

and with PTX (gray dotted line). Each profile is composed of two sets of diffraction peaks 

arising from periodic spacing of polymer-rich and lipid-rich domains. The lamellar peaks 

associated with polymers are indicated by blue inverted triangles while that of lipids are 

denoted by red circles. The location of the diffraction peaks was not changed by the addition 

of PTX molecules, indicating that the lamellar repeat spacing of the hybrid film was 

maintained, with a periodicity of alipid = 57.4 Å and apolymer = 124 Å. Several orders of 

diffraction peaks (up to ten orders for the polymer phase and up to four orders for the lipid 

phase) point the high degree of registration in the hybrid films comprising two coexisting 

phases. We did not observe noticeable differences on the domain size and registration in 

hybrid films incorporating PTX.

Next, we investigated the in-plane structure of the films by GIWAXS as shown in Figure 4A. 

Figure 4A displays the 2D X-ray diffraction maps of samples with and without PTX where 
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the curvature of the Ewald sphere has taken into account.85,86 The pure lipid film (a) shows 

well-developed in-plane diffraction spots along the qxy axis. These rod-shaped diffraction 

patterns that manifestly appear in (a) are typical diffraction patterns of two-dimensional 

lattice systems. Other films containing PTX or polymer (b–f) show broad and less number of 

scattering patterns compared to (a), reflecting structural transitions toward more fluid-like 

and short-range ordered molecular arrangements. Note that the intense reflection at qz ≈ 1.6 

Å and qxy ≈ 1.2 Å comes from the silicon substrate not from the sample.87

In-plane scattering profiles from the 2D data (Figure 4A) were drawn in Figure 4B to obtain 

the lipid head group and chain correlation spacing (a–f). Multiple peaks in Figure 4B(a) 

correspond to the diffraction patterns typical of the lipid planar gel phase L′β). It is well-

known that saturated phospholipids such as DPPC form the L′β phase below the melting 

temperature where lipid chains are tilted with respect to the membrane normal and the lipid 

headgroups and tails form two different 2D molecular lattices.88–90

The Bragg peaks in (a) were best fitted to an orthorhombic lattice for lipid headgroups with 

lattice parameters aH = 9.5 Å and bH = 8.7 Å (γ = 90°). Lipid tail peaks are hard to be 

distinguished from the headgroup peaks in (a) but well-packed lipid molecules are known to 

constitute two different lattices from headgroups and tails.89,91,92

Figure 4B(b) shows only one scattering peak at q = 1.5 Å−1 in contrast to (a). This implies 

that the PTX encapsulation inside DPPC films induced a pronounced change in the lipid 

molecular packing. PTX molecules suppressed long-range order of the lipid headgroups as 

indicated by the absence of multiple Bragg peaks. The sharp reflection peak at q ≈ 1.5 Å−1 

comes from the lipid tails packed into a 2-D hexagonal lattice. The q value agrees with the 

literature references, a characteristic peak of a gel phase Lβ comprising untilted chains,92,93 

sometimes referred to a disordered gel phase.94 The Lβ phase has been found in mixtures of 

DPPC/cholesterol or DPPC/1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) lipids.94,95

The lipid–polymer hybrid films without PTX (Figure 4B(e)) and with PTX (Figure 4B(f)) 

present the diffraction peaks of both L′β and Lβ phases coming from lipid tail ordering. 

Long-range order coming from the lipid head groups was significantly suppressed. Pure 

polymer films and polymer films loaded with PTX (c, d) did not show well-defined in-plane 

diffraction patterns because polybutadiene chain blocks are amorphous. For hybrid films, 4:1 

lipid to polymer molar ratio is shown because the lipid intensity in hybrid films was 

significantly decreased compared to that of pure lipid films (further discussed in Figure 4C).

The addition of both molecules (PTX and PBD–PEO) disrupted the tight packing of DPPC 

molecules, forming a more disordered phase. The presence of PBD–PEO molecules induced 

a disordering of the DPPC headgroups and tails, however, showed little effect on the changes 

in molecular tilts compared to PTX molecules which effectively induced a transition to the 

untilted DPPC gel-phase(Lβ).

We further analyzed the scattering curves focusing on the DPPC gel phase peaks. The 

integrated peak intensity (i.e., area under the peak) was obtained from the background 

subtracted scattering curves. Figure 4C (left) shows the integrated peak intensity as a 
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function of molar fraction of DPPC in the hybrid films. The red dashed line indicates the 

case where a decreased amount of the gel phase peak area is in proportion to the decreased 

molar fraction of DPPC lipids in the hybrid films. If all DPPC lipids remain as the gel phase 

in the hybrid films, the corresponding gel phase peak area should lie on the red dashed line 

(e.g., 50% decrease in the DPPC content should result in 50% decrease in the integrated 

peak intensity). However, the calculated gel phase peak area from the hybrid films was only 

one-fourth of the expected area. Such loss of peak scattering area in the hybrid films is 

attributed to a large amount of scattering that did not contribute to the gel phase peak 

scattering. This scattering could be identified as diffuse scattering which appears very broad 

with no sharp peaks. Such diffuse scattering is indicative of the breakdown of molecular 

ordering into shorter distances. Various factors such as the rotations of the molecules and 

reorganization of the acyl chain configurations, or the packing perturbations at the domain 

boundaries may have accounted for about 75% loss of the peak scattering.

The observations in the AFM phase image that lipid-rich regions (termed interphases) 

occupy larger area than lipid domains (Figure 2A) are in a good agreement with the 

GIWAXS peak intensity analysis where only ~25% lipids seem to maintain the gel phase 

and the other ~75% undergoes a phase transition into a more disordered, fluid-like phase due 

to the presence of polymer in the stacked membranes. Combining the GIWAXS data (Figure 

4C) and AFM data (Figure 2), we deduce that lipid molecules located in the lipid domains 

far away from the polymer domains are packed in a well-ordered manner over large 

distances (~25%), while the lipid molecules in the lipid-rich regions mixed with the polymer 

molecules are in a disordered molecular arrangement (~75%). A similar trend was observed 

for paclitaxel-incorporating films (Figure S5). The loss of the DPPC gel phase peak in the 

GIWAXS regime was significant for paclitaxel-hybrid films while the lamellar peaks coming 

from the stacks of DPPC bilayers exhibited intensity signals proportional to DPPC content.

The distribution of PTX drugs within the hybrid films was investigated by CLSM. PTX 

conjugated with Oregon Green 488 (we termed PTX-Oregon) was used as a fluorophore 

version of a nonfluorescent molecule PTX. It should be noted that PTX-Oregon has an 

increased water solubility compared to PTX molecules.96 The location of PTX-Oregon in 

hybrid films can be different from that of pure PTX in hybrid films.

As seen in Figure 5A, we observe a nonhomogeneous distribution of PTX-Oregon in the 

hybrid films. Green color indicates the location of PTX-Oregon in each of the depth-

resolved z-scan image. The coexistence of lipid and polymer domains with domain 

boundaries may play a role in the selective partitioning of PTX in the hybrid films. A series 

of depth-resolved scans revealed that the PTX-incorporated region is not as perfectly aligned 

along the film normal (z) as seen for domains in hybrid films without PTX (Figure 1A). 

Such heterogeneous distribution of PTX-Oregon across bilayers could be attributed to the 

complex domain boundary structures out-of-plane. Higher magnification CLSM images of 

hybrid films with PTX-Oregon can be found in Figure S6 (Supporting Information).

In Figure 5B, we incorporated 0.1 mol % of DiDC18(5) to label lipid regions with a dye 

having different emission and excitation properties to the PTX dye. DiDC18(5), however, 

did not locate exclusively at the lipid regions unlike NBD-DPPE. When two different 

Kang et al. Page 12

Chem Mater. Author manuscript; available in PMC 2019 May 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



channels of DiDC18(5) and PTX-Oregon were overlapped (Figure 5B(c)), one could 

observe non-overlapping regions where solely one color is presented. Such inhomogeneous 

distribution of two different dye molecules indicates heterogeneous distribution of the lipid 

and polymer molecules in hybrid films, implying complex interface structures of the hybrid 

films. Further studies are needed to completely elucidate the preferential location of PTX 

drugs in the hybrid films. Next, we investigated the PTX release profiles from the films to 

figure out the potential application of domain structured films in substrate-mediated drug 

delivery.

Synergistic Release of Paclitaxel from Hybrid Films.

Figure 6 presents PTX release profiles from supported multilayer films of pure lipid, pure 

polymer, and lipid–polymer hybrids obtained via RP-HPLC. The films incorporating 2 mol 

% PTX were presented because the PTX loading efficiency was close to 100% for all films 

containing 2 mol % PTX. Therefore, the relative release rates of different film systems could 

be better compared with respect to domain structure-driven properties. The loading 

efficiencies for different samples and amount of PTX are summarized in Table S1 

(Supporting Information). All drug release profiles showed two sequential stages, an initial 

fast release followed by a second slower release. The first release stage can be attributed to 

an initial burst effect98 where PTX molecules promptly escape the outer layers of the film 

surface. Interestingly, the PTX release rate of hybrid films exceeded beyond that of pure 

lipid films and polymer films, not in between of those two control systems. This occurs 

without a structural change suggesting a mechanism of membrane permeability 

enhancement that does not rely on phase transformations.99 Figure S7 (Supporting 

Information) includes the PTX release profiles of different films with varying PTX amount. 

For the films containing higher molar % of PTX (5 and 10 mol % tested, Figure S7), the 

same trends (hybrid being the fastest and lipid the slowest) were observed. Although hybrid 

films comprise a combination of materials that can form single-component films (DPPC or 

PBD-b-PEO), they display a PTX release behavior that is not simply additive. This suggests 

that structural characteristics of hybrid films are responsible for the observed enhanced 

transmembrane permeability. Below, we discuss possible connections between phase-

separated domains, domain boundaries, and enhanced transmembrane permeability of hybrid 

films.

To better understand the mechanism of PTX release kinetics, each of the drug release stages 

was fitted with various mathematical models, including zero-order kinetics, first-order 

kinetics, Higuchi model,97 Korsmeyer-Peppas model,100,101 and Hixson-Crowell model.102 

On the basis of the correlation coefficient values R2, the Higuchi model turned out to be the 

most suitable model to describe the PTX release from our film systems. The simplified 

Higuchi model can be described by the following equation Q = KHt1/2 where Q is the 

amount of drug released in time t, and K is the Higuchi release rate constant. Figure 6A-1 

and A-2 show the experimental data plotted as cumulative percentage drug release versus 

square root of time. The Higuchi model showed good correlations with experimental data as 

given in Table 1, indicating that drug release from the films was mainly diffusion-controlled 

with little effect from film swelling or dissolution.
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Our initial hypothesis was that the presence of lipid–polymer domain interfaces would 

provide an environment able to suppress interactions among PTX molecules, thereby 

reducing the formation of PTX crystals. To validate such hypothesis, we first checked if the 

PTX loading efficiency into the film (related to an initial rate of PTX crystal formation) 

increased for the hybrid films compared to lipid and polymer films. However, as shown in 

Table S1, there were no noticeable differences in the PTX loading efficiencies between 

hybrid and pure films. Also, the presence of PTX crystals could not be confirmed from the 

PTX-containing lipid, polymer, and hybrid films when we carried out GIWAXS experiments 

on the films under 95% relative humidity. Only when we prepared aqueous solutions of 

vesicles of lipid, polymer, and hybrid materials, we could observe the formation of PTX 

crystals from the WAXS data as shown in Figure 7 and Figure S8 (Supporting Information).

Free PTX molecules in excess water formed needle-like crystals and the diffraction patterns 

of PTX showed numerous peaks including intense peaks at 8.54°, 10.5°, 11.1°, 12.1°, 13.2° 

as reported from previous references.103–105 When 5 mol % PTX is incorporated, lipid and 

polymer vesicles have some portion of PTX molecules that eventually come out of the 

bilayer membrane and form crystals. Notably, hybrid samples did not show signs of PTX 

crystal formation. The reason why we did not observe PTX crystal peaks from the films may 

originate from the dynamics of PTX crystal formation in films where there is only a 

humidified atmosphere and not bulk water. The time scale of PTX nucleation, clustering, 

and aggregation events may be dependent on water content, number of membranes 

(thickness), among other factors. The detailed mechanism of PTX crystal formation is 

outside of the scope of the present paper.

To further inspect PTX crystal formation in films, we used optical microscopy (Figure S9 in 

Supporting Information). Since PTX crystals show characteristic needle-shape, they can be 

easily distinguished under the microscope. For example, Steffes et al.96 investigated the 

kinetic phase diagrams of PTX solubility in liposomes using differential interference 

contrast microscopy. Films prepared under the same conditions for PTX release studies were 

examined. After 16 h of hydration, PTX crystals were observed from lipid films but not from 

polymer and hybrid films. Our observation suggests that in hybrid films, there would be 

simply more PTX molecules available for release. A higher concentration gradient in the 

hybrid films would lead to an increased PTX permeability. PTX crystal formation is also 

indirectly reflected in the PTX release profiles where the final release amount did not reach 

100% (Figure S7). The hybrid films released more of the loaded drugs than the pure films. 

The remaining fraction of the drug could be either precipitated out of the membrane as 

crystal aggregates or present deep inside the film as small clusters.

Such observations that PTX crystal formation is hampered in lipid–polymer hybrid films 

raised the next question: why are the hybrid films effective in impeding PTX crystal 

formation? Kang et al.83 demonstrated, via molecular simulations, that PTX molecules in a 

model membrane display clustering which transform to larger aggregates over time. They 

also showed that the clustering events depend on the local environment such as the 

configuration of neighboring PTX molecules within the membrane. On the basis of the 

simulation study by Kang et al. and our observations, we speculate that hybrid films provide 
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a local environment which helps to retain PTX as single molecular states, limiting nucleation 

and clustering events.

We also consider another possibility contributing to an increased transmembrane 

permeability: loss of ordering of lipids upon interactions with coexisting polymers in-plane. 

The inclusion of polymers in the lipid film distorts packing of lipid molecules turning lipid 

molecular arrangements into more fluid-like and short-range ordering as studied by 

GIWAXS (Figure 4). The inclusion of polymers in DPPC membranes causes a behavior in 

the membrane analogous to increasing the temperature106 in terms of inducing coexistence 

of the gel and fluid phases. The interface between gel and fluid phases has been associated 

with anomalous passive diffusion of ions across membranes due to dynamic fluctuations of 

the gel and fluid clusters.107–109 However, it should be noted that such interfacial regions 

have much smaller size compared to those of lipid–polymer hybrid films. The concept of 

leaky interfaces has been also proposed in lipid–polymer systems by means of Monte Carlo 

simulations. Rabbel et al.110 showed that the local permeability of lipid bilayer membranes 

is strongly increased when a triblock copolymer is incorporated to the bilayer in the 

transmembrane state. Such increased permeability is attributed to a mismatch in the 

hydrophobicity between the copolymer middle block and lipid membrane core where a 

polymer with different hydrophobicity acts as a pore former. We conjecture that increased 

fluidity of the lipid region upon incorporation of polymers in the membranes would 

contribute to enhanced transmembrane permeability of PTX through the lipid–polymer 

hybrid films. It is noteworthy that transport ions through polymer membrane is also 

enhanced in the presence of membrane domains.111

CONCLUSION

In this work, we have characterized the structure of lipid–polymer hybrid films showing 3D 

microphase-separation and demonstrated enhanced permeability of hydrophobic drugs 

incorporated into the hybrid films. Lipid–polymer hybrid films can assemble into 

multilamellar stacks when supported onto solid substrates. In each lamella, there is lateral 

microphase-separation of lipids and polymers. The layers are perfectly oriented parallel to 

the substrate, and the domain alignment across layers is not random. Like-domains stack up 

as in a smectic phase and the boundaries joining lipid-rich and polymer-rich domains show 

distinct morphologies. Phase boundaries occupy more area than the domains themselves to 

alleviate packing frustration arising from the height mismatch between polymer and lipid 

domains. Interestingly, these microphase separations in 3D serve as functional hotspots for 

transporting drugs across the bilayers. The hybrid films reveal much faster release rates of 

hydrophobic drugs (Paclitaxel) compared to single-component films. Plausible mechanisms 

driving this synergistic release have been suggested in connection with the structure 

characteristics of the hybrid films. We speculate that two factors contribute to increased 

permeability of PTX from the hybrid films: (i) an increase in the total concentration of PTX 

molecules available for release as a result of impeded PTX crystallization and (ii) polymer-

induced increase of membrane fluidity.

We have broadened the number of possible applications of lipid films by incorporating block 

copolymers into the system. Just like in lipid-only systems, in-plane phase separation occurs 
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due to local changes in the hydrophobic thickness of films but in a more drastic way. 

Multistacking of hybrid membranes enables their use for substrate-mediated drug delivery 

applications as intralayer and interlayer domain correlations are directly impacting the 

transport of membrane-embedded drugs. Our work also offers future research possibilities 

on functional lipid–polymer hybrid films beyond drug delivery where synergistic permeation 

of an embedded solute needs to be controlled.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Structural characterization of lipid–polymer hybrid films (1:1 molar ratio of DPPC to PBD-

b-PEO). (A) Confocal laser scanning microscopy images of hybrid films in bulk water 

doped with NBD-DPPE (0.1 mol %). A series of images with height variation was taken to 

examine the phase separation in hybrid films at different depths. Binary spatial patterns 

continue across the bilayer membrane normal, implying the alignment of domains across 

multilamellar films. Scale bars = 50 μm. (B) Schematic illustration of hybrid films 

consisting of lipid (red) domains and polymer (dark blue) domains. (B-1) Case when the 

like-domains align on top of each other across layers. (B-2) Random alignment of domains 

in neighboring layers. Each block represents a single bilayer of lipid or polymer, and the 

spaces between domains (sky blue) represent water layers. (C) GISAXS two-dimensional 

raw data of hybrid films (left) and one-dimensional I(q) profiles of hybrid, lipid, and 

polymer films (right) at >95% relative humidity. The diffraction peaks from hybrid films 

comprise the sum of diffraction peaks from lipid and polymer films.
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Figure 2. 
Surface characterization of hybrid films using topographic and phase-contrast imaging in 

AFM. (A) Phase contrast image overlaid onto pseudo-3D topography of hybrid films (4:1 

molar ratio of DPPC to PBD-b-PEO). Note the high color contrast between different 

regions, indicative of the presence of different domains. Field of view = 10 μm × 10 μm. (B, 

C) Phase contrast AFM images of hybrid films (4:1 molar ratio of DPPC to PBD-b-PEO) 

showing well-defined phase-separated domains. The units on the x-and y-axis in the plots 

are μm. (D) Cross-sectional profiles of the phase (top) and topography (bottom) along the 

arrow marked in panel C. The background color reflects the corresponding phase contrast of 

each region.
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Figure 3. 
(A) Phase contrast image overlaid onto pseudo-3D topography of drug-incorporated hybrid 

films (1:1 molar ratio of DPPC to PBD-b-PEO + 5 mol % PTX). Field of view = 10 μm × 10 

μm. (B) GISAXS one-dimensional I(q) profiles of 1:1 molar ratio of DPPC to PBD-b-PEO 

hybrid films before and after 5 mol % PTX incorporation.
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Figure 4. 
(A) GIWAXS two-dimensional reciprocal space images of the films: (a) DPPC, (b) DPPC 

+ 5 mol % PTX, (c) PBD-b-PEO, (d) PBD-b-PEO + 5 mol % PTX, (e) 4:1 molar ratio of 

DPPC to PBD-b-PEO hybrid, (f) 4:1 molar ratio of DPPC to PBD-b-PEO hybrid +5 mol % 

PTX. Note the difference between (a, e) and others; (a, e) show several rod-shaped in-plane 

diffraction signals, while (b, f) display a single in-plane signal and (c, d) show no in-plane 

diffraction. (B) GIWAXS one-dimensional I(q) profiles of (a–f) films to compare the Bragg 

reflections along the in-plane direction (qxy). In (a), Bragg peaks assigned to a lipid 

headgroup unit cell are indicated by vertical dashed lines and their associated Miller indices. 

(C) Left: from the GIWAXS data sets, the integrated intensity of the gel phase peak was 

calculated and the relative peak area ratios of hybrid films to pure DPPC films were 

calculated (denoted by black square points). If DPPC lipids maintain the gel phase not 

affected by the presence of PBDPEO, the area ratio should be proportional to the DPPC to 

PBDPEO molar ratio (denoted by the red dashed line), which was not the case of our 
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systems. Right: an illustration summarizing lipid in-plane phase transitions upon polymer 

incorporation. When polymer is present, only ~25% of the lipids remain as gel-like phase 

(L′β and Lβ), while the other ~75% turn into more disordered, liquid-like phase (χ).
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Figure 5. 
CLSM images of hybrid films (1:1 molar ratio of DPPC to PBD-b-PEO + 5 mol % PTX) in 

water, doped with PTX-Oregon 488 (0.2 mol %) (A) at selected depths and (B) at different 

channels. DiDC18(5) was added at 0.1 mol %. The distribution of PTX drugs in the films 

was heterogeneous both in-plane and out-of-plane. Scale bars = 20 μm.
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Figure 6. 
(A) Cumulative release profiles of PTX from 1:1 molar ratio of DPPC to PBD-b-PEO hybrid 

(black triangles), PBD-b-PEO (blue circles), and DPPC (red squares) films with 2 mol % 

PTX incorporated. The hybrid films showed significantly higher and faster PTX release 

compared to single-component control films. The PTX release profiles showed two 

characteristic release stages: initial fast release and slower release afterward. (A-1, A-2) 

Each stage of PTX release profile was plotted against the square root of time to show that 

PTX release follows diffusion-controlled kinetics (Higuchi model97). The dashed lines 

indicate the linear relationship between the square root of time versus cumulative drug 

release. All values are the arithmetic mean ± SD, n = 3.
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Figure 7. 
Transmission WAXS one-dimensional I (q or 2 theta) profiles of hybrid vesicles (1:1 lipid to 

polymer molar ratio), liposomes, polymersomes with 5 mol % PTX incorporated, and free 

PTX in excess water. Lipid and polymer samples showed sharp diffraction peaks associated 

with PTX crystals, indicating that single-component systems cannot efficiently entrap all the 

PTX molecules, resulting in undesirable PTX crystallization. Hybrid samples displayed no 

PTX crystal peaks. (*) Peaks are from the lipid tail ordering.
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Table 1.

Results of Higuchi Models Applied to PTX Release Profiles of Lipid, Polymer, and Hybrid Films
a

stage 1 stage 2

sample KH (h−1/2) R2 KH (h−1/2) R2

lipid 3.112 0.9706 1.011 0.9734

polymer 5.764 0.9866 2.424 0.9979

hybrid 9.264 0.9986 3.984 0.9978

a
R2 is correlation coefficient and KH is the Higuchi release rate constant calculated from the slopes of the respective plots.
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