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Abstract

Novel polymer-inorganic composites attract scientific and commercial attention as
potential biomaterials for orthopedic applications, due to the fact that currently used
materials have still many drawbacks, e.g. problems with cell attachment or degradation
products toxicity. Furthermore, scientific research progressively focuses on mimicking
the structure and function of the body’s organs. For example, bone is a natural composite
of an organic matrix (collagen) and inorganic crystals (calcium phosphate). Such
a combination of two components, which alone have disadvantages like poor load bearing
of collagen and brittleness of calcium phosphate, enables bone to accept high load and
fulfill its functions in the body. Thus, by combining components with complementary
properties, materials with improved or novel properties could be produced. In tissue
engineering, such materials are then processed into three-dimensional (3D) structural
supports, scaffolds for cells, which can be seeded either before implantation to the patient
or the patient’s body may serves as a ‘bioreactor’.

Most of the currently used scaffolds have been prepared via top-down strategies,
using for example bulk materials with additives or by blending inorganic and organic
components. Since any foreign material introduced to the body is recognized by its
surface, tissue engineering research turns towards controlled assembly of inorganic
components at the nanoscale, directed by molecularly organized polymer scaffolds, by
a so-called bottom-up approach. One advantage of this strategy is the control and tuning
of the scaffold’s surface properties, which enhance the interfacial compatibility between
the implant and cells, and consequently may decrease the probability of the implant
rejection.

Among others, polyhydroxyalkanoates (PHAs), natural microbial polyesters, are

very interesting candidates for biomedical applications, due to their biocompatibility and
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biodegradability. However, PHA-based materials reported so far have been prepared
using top-down strategies, without detailed analysis and control of the polymer surface
properties.

The aim of this thesis was to prepare PHA-based composite materials with
potential future applications in orthopedic applications, using the bottom-up approach and
to understand i) the scaffold formation, ii) its interactions with most abundant cell
membrane components (phospholipids), and iii) templating mechanisms for calcium
phosphate crystallization. Poly([R]-3-hydroxy-10-undecenoate) (PHUE), a representative
of medium-chain-length PHAs, was investigated. Due to its elastomeric properties the
polymer can form a flexible matrix for calcium phosphate crystals, similarly to collagen
in bone.

PHUE scaffolds were prepared using the Langmuir monolayer technique, which
enabled a control over the polymer molecular organization, and produced stable two-
dimensional (2D) films on the air-water interface. Interactions of the polymer with
biologically important molecules, cell membrane lipids, in mixed Langmuir films were
evaluated — this approach is a simple method to model the behavior of living cells in the
presence of a synthetic (implant) material. The interactions were highly reliant on the
lipid head group size and orientation at the free water surface, and are interpreted
considering intra- and intermolecular forces between lipid and polymer molecules.

The organic-inorganic composite materials were obtained by using one-
component (polymer or lipid) and mixed (polymer-lipid) monomolecular films as
templates influencing the growth of calcium phosphate. Crystal size and size distribution,
morphology, and composition depend on the nature of organic film-forming molecules
and interactions between them. Organic-inorganic composite materials with various

properties were achieved by using different lipids and lipid/polymer ratios in the films,



and the crystal growth conditions (mineralization time, ions concentration). Briefly, good
control of calcium phosphate crystallization was achieved with films containing
negatively charged lipid and higher excess of the lipid (for anionic and zwitterionic
lipids).

This thesis presents the first thorough analysis of PHAs surface properties, which
may be helpful to better understand already used PHA-based biomaterials. The study of
PHA interactions with lipids provides additional insights for development of e.g.
polymer-lipid coating materials. Last, but not least, calcium phosphate crystallization
beneath PHAs and its mixed films with lipids may inspire new developments in bone
tissue engineering using naturally synthesized polymers. In the broader context, the
outcome of this work may have impact not only on PHA-based materials, but also on the
understanding of other polyester-based biomaterials. Furthermore, the results may be also
of interest for applications where properties of thin, molecularly organized films are

crucial for the product design and performance, such as sensors.
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poly(ethylene glycol)
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poly(lactic acid)
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self-assembled monolayer
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tissue engineering
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transfer ratio
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1. Introduction

Tissue engineering (TE) is a field which “aims to regenerate damaged tissues,
instead of replacing them, by developing biological substitutes that restore, maintain or
improve tissue function”.""! The biological substitutes are obtained by combining cells
with a scaffold, which serves as a 3D template for the tissue formation or regeneration.
Scaffolds may be prepared by numerous fabrication techniques using a variety of
biomaterials, as briefly described in section 1.1. For many years, TE research was focused
on studying and fabricating one-component materials, mostly metal alloys, polymers, or
ceramics. However, none of these alone can fully serve the tissue replacement purpose,
thus nowadays TE focuses more on complex materials. Such composite materials are of
particular interest for the formation of structural tissues like bone, which is a complex
material of organic matrix- collagen, responsible for the bone ductility and toughness, and
inorganic- calcium phosphate in the form of hydroxyapatite (HAP), providing high
mechanical stiffness.”) A similar type of a combination of a polymer-based matrix with
an inorganic is applied in this thesis to generate novel composite materials, using
a biodegradable polymer from the group of polyhydroxyalkanoates (PHAs, section 1.2)
and its mixtures with phospholipids to template the growth of calcium phosphate (section
1.3). Such composite materials could be further used as implant coatings in orthopedic

applications.



1.1. Biomaterials

A biomaterial, according to the European Society for Biomaterials, is defined as
a “material intended to interface with biological systems to evaluate, treat, augment or
replace any tissue, organ or function of the body”."! The scaffold needs to provide
a microenvironment for cells, which will enable their attachment, proliferation, and
differentiation.®™* To achieve these functions, scaffolds made from biomaterials,
regardless of the tissue type, should fulfill many requirements, the most important ones
are briefly described below.

Biodegradability. TE aims for the scaffolds to be replaced over time by the body’s
own newly regenerated tissue. For that reason, scaffolds have to be degradable, and
products of that biodegradation should be non-toxic and able to leave the body without
harming other tissues. Ideally, the rate of scaffold degradation and a new tissue formation
should be equal.”!

Biocompatibility (interfacial compatibility) of any material depends on the
scaffold shape, porosity, surface properties, degradation products and the environment
where it is incorporated.””’ Most mammalian cells proliferate only when they are attached
to a surface, thus the scaffold’s surface should promote their adhesion and further normal
growth and function.'” This can be induced by optimization of material’s surface
chemistry (charge, composition) and physics (topography, roughness, hydrophilicity/
hydrophobicity, surface energy),!” ! considering that cells favor hydrophilic surfaces!'*""!
with micro-level surface topography.'?' Surfaces should also induce cellular healing
response: the best way to achieve this is to cover or functionalize a well-controlled
scaffold surface with biological (bio-mimicking) components (e.g. cell adhesive ligands

13-14
).[ ]

RGD, arginine-glycine-aspartic acid By taking into consideration material

properties, both physico-chemical and biological, one can obtain a synergy in non-
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. e . 15-16
specific and specific interactions,!>™'®!

resulting in the formation of surfaces ‘attractive’ to
cells.

Biomaterial processing requires a deep understanding of molecular interactions
taking place between a biomaterial and cells, and, in the case of composite materials,
between cells and individual material components.””’ However, these interactions have
been rarely studied, particularly for polymeric biomaterials.!'"™ Also, little is known
about early cell-biomaterial interactions in bone, comparing for example to those in

cardiovascular system and soft tissues,*”!

which constitutes challenges in the
development of successful bone implant materials.

Mechanical properties. Mechanical properties are specific for a tissue and thus
should also be considered in the scaffold development. In particular, it is challenging for
orthopedic applications, where the scaffold has to maintain its mechanical integrity from
the implantation time till the end of the restoration process.'!

Scaffold architecture. Scaffolds should be highly porous with interconnecting
pores, which enables cells migration, tissue vascularization, and improves nutrients
diffusion and removal of degradation products.!"® The pore size is a critical parameter,
which varies with tissues; for example for skin materials pores should be in the range
between 20 — 125 pm.m] Regarding the bone implant materials, there are two levels of

porosity, macroporosity (pore size 100 - 500 pm)'-*%

and microporosity (pore size
< 10 um)'**!, Figure 1. Macroporosity is intentionally introduced to materials, in order for
the material to be penetrative to cells, while microporosity, helpful in distribution of body

fluids, results mainly from the fabrication technique used to create macroporosity.[24]
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Figure 1. SEM images of macroporous (A) and nanofibrous (B) poly(L-lactid) (PLLA) 3D
[25]

scaffolds at low (x50) and high (x10,000) magnifications.

A versatile method to produce 3D porous matrices of ultrafine fibers is
electrospinning. Fibers may be produced from various compounds, synthetic and natural
polymers, or ceramics, and with a wide range of diameters,' without using organic
solvents. Although, there is a large variety of fabrication methods, designing porous
structures with good mechanical properties is still a major difficulty, due to the fact that
the fracture toughness decreases almost linearly with porosity increase.”**! For that
reason, nowadays TE focusses on combining different fabrication techniques and various
biomaterials. For example, Li et al. prepared electrospun nanofibers from poly(lactic-co-
glycolic acid) (PLGA) and poly(caprolactone) (PCL) and then placed them at the angle,
while concentrated simulated body fluid (SBF) was provided from the top on the bottom
edge of the mats.” Such tilted orientation of electrospun fibers mats resulted in the
formation of calcium phosphate gradient (Figure 2), which gradually influenced material

stiffness and activity of pre-osteoblast cells.

12



Figure 2. SEM images of calcium phosphate coatings on a plasma-treated nonwoven mat of
PLGA nanofibers. The images were taken from different regions, with d (distance from

the bottom edge of the substrate) corresponding to: (a) 0, (b) 6, (c) 9, and (d) 11 mm. The

scale bars in the insets are 2 um.[zg]

Additionally, biomaterials should fulfill tissue-specific requirements. A ‘good’
material for bone implants should be: (i) osteoinductive- capable of stimulating the
progenitor cells to differentiate and begin the osteogenesis process, (ii) osteoconductive-
to support bone growth on the implant surface, and (iii) capable of osseointegration,

defined as an ‘intimate (structural and functional) contact’ between bone and implant.BO'

31]

Depending on the intended tissue application, different materials can be used,
which then dictate also the choice of the scaffold preparation technique. Regarding the
orthopedic applications, there are generally three groups of biomaterials used for

scaffolds preparation:
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metal alloys (e.g. titanium, cobalt-chromium, platinum, stainless steel)m—
provide superior mechanical properties, but lack of biodegradation. They also
often corrode and release metal ions, which can be toxic or induce allergy.
ceramics- including the most frequently investigated calcium phosphate
(mostly tricalcium phosphate and hydroxyapatite),[3 2 the main bone
component. Generally ceramics are characterized by brittleness, high
mechanical stiffness, and very low elasticity, and thus it is difficult to process
them into highly porous scaffolds.** However, their advantage is excellent
osteoconductivity and biocompatibility, due to similarity to the native bone
minerals.!"!

polymers (synthetic and natural)- are more flexible than materials from
previous groups, which simplifies their processing, but limits the use in load-
bearing applications. The main characteristic of naturally derived polymers
(e.g. collagen) is their similarity to the materials in the body and
biodegradability, which is still a drawback of many synthetic equivalents.!"-**!
On the other hand, the compo-sition and structure of synthetic polymers (with
the most used: poly(caprolactone) (PCL), poly(L-lactide) (PLLA), poly(lactic

[4.3537) can be

acid) (PLA), poly(glycolic acid) (PGA), and their copolymers)
easily tuned during the synthesis, to obtain desired material properties and
degradation profiles. However, most polymers are hydrophobic and lack
bioactive ligands, which make their surfaces unfavorable for cells to adhere.!®
381 Although they are biodegradable, there is still no clear answer regarding
the toxicity of their degradation products.'* *' Improvements in this area

concentrate on, for example, copolymerization with more hydrophilic and/or

biodegradable compounds (e.g. polysaccharides or poly(ethylene glycol)),*"!



functionalization with cellular signaling ligands (i.a. RGD, fibronectin),"*!! or
coating with calcium phosphate.[42] These examples reflect a current trend in

TE with focus on composite materials.

In the field of bone implants, a great number of biomaterials and scaffold
fabrication methods have been already thoroughly studied, which consequently leads to
many feasible material/ processing combinations. By choosing appropriate components
one can obtain materials with improved or novel properties.” **! For example, polymer

44 ceramic

coatings of metal alloys were shown to increase the metal corrosion resistance,
coatings (in particular, calcium phosphate) of metal alloys improved the strength of
a bone bonding to the implant,'*! while combination of polymers with ceramics offers
a favorable equilibrium between the material biocompatibility and mechanical properties,
and improved osteogenic properties.!*> *®! Herein, novel composite materials based on

polyhydroxyalkanoates polymers and calcium phosphate are proposed and studied. The

properties of these two materials are briefly described in the subsequent sections.

1.2. Polyhydroxyalkanoates (PHASs)

1.2.1. General overview

Polyhydroxyalkanoates (PHAs) are a large class of thermoplastic polyesters,
which are naturally synthesized by various microorganisms and genetically modified
plants.”*”*! Their general structure is shown in Figure 3. PHAs are stored as water-
insoluble inclusions within the cytoplasm of cells, serving as energy and carbon

source.*%% They are biocompatible and biodegradable, and thus gained an increased
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interest, especially for biomedical applications.””>>* PHA’s are divided in three groups:
(i) short-chain-length PHAs (scl-PHAs)- built up from monomers of C3 to C5 in length;
(i) medium-chain-length PHAs (mcl-PHAs)- contain monomers with 6 to 14 carbon
atoms, and (iii) long-chain-length PHAs (lcl-PHAs)- with monomers containing more
than 14 carbon atoms." % Most frequently investigated are scl-PHAs, due to their

availability and low production costs.

O (CHZ)X
O Oy
R O

R = alkyl groups (C1-C13)
x =1-3
n = 100-30000

Figure 3. General structure of polyhydroxyalkanoates.

Depending on the synthesis substrate (e.g. hydrocarbons, sugars, fatty acids, waste
materials), the growth medium (type of bacteria strains or transgenic plants), and
conditions used for PHAs synthesis, one can tune the monomer chain length to obtain
tailor-made polymers.[57'58] The polymer size in turn influences their degradation profile[6]
and physicochemical properties.[59]

Mcl-PHAs are elastomers, with low crystallinity and tensile strength, but high
elongation to break.! During the polymer biosynthesis, fatty acids (substrates) degrade
with removal of a C2 unit in each cycle in the form of acetyl-CoA, in the so-called [-
oxidation cycle."*”’ For that reason, all mcl-PHAs are copolymers of monomers with two

carbon atoms less than the carbon source in the bioreactor.®” In particular, poly([R]-3-

hydroxyundecenoate) (PHUE), which was used in this thesis, was obtained by feeding
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bacteria with 10-undecenoic acid (C11), and contains randomly distributed [R]-3-
hydroxy-6-heptenoate (C7), [R]-3-hydroxy-8-nonenoate (C9), and [R]-3-hydroxy-10-

undecenoate (C11) monomers; Figure 4.

tgﬂ P?M"gﬂ;

C729.7% C9 58.0% C1112.3%

Figure 4. Chemical structure of PHUE containing randomly distributed C7, C9, and CI11

monomers; X, y, z correspond to the number of monomers, respectively.

Biosynthetic route, from which PHAs are produced, generates hydrophobic
polymers, with limited use in some applications, for example, drug delivery. That
limitation may be overcome by either blending with other (more hydrophilic) polymers”
% or by feeding bacteria with functionalized substrates. As a result, PHAs with the same

functionalities in side chains will be produced”> >

and can be then further chemically
modified.”> %! A great diversity of substrates as well as biosynthetic and chemical

modifications of PHAs offers a possibility for tuning the polymer properties, and thus

expanding the number of their potential applications.

1.2.2. PHA-based materials

PHAs have been already successfully applied in various applications, including

packaging, textile, printing and photographic materials.””! They have also been shown

1[63]

useful as a new type of a biofue or as staring materials for the development of fine
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chemicals, e.g. vitamins, antibiotics, or pheromones.[64'65] Moreover, due to their
biocompatibility and biodegradability, they have been used in biomedical applications,
for example in drug delivery,® wound management (surgical meshes, wound dressings,
repair patches, sutures, skin substitutes),[59’ 67-681 oop implants for the cardiovascular system
(vascular grafts, heart valves, stents).[67'69] A crucial step for PHA-based materials in
biomedical applications was achieved in 2007, when the United States Food and Drug
Administration (FDA) approved the first PHA polymer- poly([R]-4-hydroxybutyrate),
P(4HB), for suture applications. PHAs have been also considered for orthopedic
materials, which are of a particular interest for this thesis.

PHA research on load-bearing applications, such as bone tissue engineering,
usually focuses on scl-PHAs (mainly poly([R]-3-hydroxybutyrate), P(3HB)). However,
because of their crystalline nature and thus also slow degradation rate, scl-PHAs have to
be copolymerized or blended with other polymers or compounds that ensure better
flexibility and degradation profile.!**! In contrast, elastomeric mcl-PHAs, due to their low
tensile strengths, have to be used together with other compounds improving their load-
bearing capacity.

Investigations on PHA feasibility for orthopedic applications shows that P(3HB)-
based materials had high in vitro bioactivity, improved mechanical properties (comparing
to the pure polymer before reinforcing with HAP),"*""! good healing response,'”*”*! and
showed bone tissue formation close to the implant with no inflammatory response.[74'77]
Regarding mcl-PHAs, so far only a poly([R]-3-hydroxyhexanoate)-co-poly([R]-3-
hydroxybutyrate), P(3HH)-P(3HB) was studied and showed stimulating bone growth[78]

and better performance on cells attachment, proliferation and differentiation, comparing

to pure P(3HB)."”®! Due to these favorable properties, P(3HB)-based materials have
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been used to produce, for example, bone graft substitutes, scaffolds for bone and cartilage
repair, spinal cages or internal fixation devices (screws). 4

The development of successful biomaterials largely relies on understanding the
material surface properties, however PHA-based materials have been so far prepared from
bulk polymers using top-down strategies (e.g. salt leaching or blending with other
components). In none of these, the material surface properties, very important for further
interfacial compatibility of an implant with the body, have been studied and precisely
controlled — such a control could, however, improve the materials behavior in the
presence of cells. To study surface properties of synthetic materials in the asymmetric
environments, such as in the body, very useful are thin molecular films prepared at the

air-water interface (so-called Langmuir monolayers).

1.2.3. Langmuir monolayers and interfacial behavior of PHAs

Langmuir monolayers are two-dimensional (2D) monomolecular thin films,
formed by spreading water-insoluble (and preferentially surface active) molecules at the
air-water interface. Such a thin layer can be compressed on the aqueous surface by
movable barriers of a Langmuir trough (Figure 5), to lead to a decrease in the surface
tension of water depending on the molecular film’s orientation and organization.
Conventionally, surface pressure (a difference between the surface tension of a clean
subphase and the subphase covered with a monolayer) is plotted versus mean molecular
area as a surface pressure-area (m-A) isotherm, from which one can evaluate

[82-83]

physicochemical properties of a thin film, such as molecular organization, molecular

area, film elasticity,[84] or stability.[SS]

The films can be also visualized during
compression by using a Brewster angle microscope (BAM),5¢*7] Figure 5. Apart from

relative film thickness, this method provides information about film morphology on the
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micrometer length scale to allow a detailed investigation of Langmuir film phase
behavior.**!

Thin films have often been used to understand biomembrane formation and
functions, since they constitute half of a bilayer.[89] Moreover, they may provide
information about interactions and thermodynamics of mixing in multicomponent

[90]

systems. They can also be transferred (vertically or horizontally) to solid supports

forming Langmuir-Blodgett (LB)" or Langmuir-Schaefer (LS)""* films, respectively.

Langmuir trough

- -

Figure 5. Experimental set-up: Langmuir trough and Brewster angle microscope (BAM).

Even though the monolayer approach is experimentally relatively uncomplicated,
PHAs interfacial behavior has not been studied in much detail. There exist only a few
reports, which focus mainly on scl-PHAs.

Nobes et al. studied the spreading behavior of P(3HB) and its copolymers with

poly([R]-3-hydroxyvalerate), P(3HV) (at different molar ratios) at the air-water interface,
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in order to understand the nascent structure of PHAs inclusions.””! The investigated
polymers formed reproducible monolayers and were concluded to have affinity for water,
which was hydrogen bonded and responsible for a non-crystalline state of nascent PHAs
granules.

P(3HB) monolayers were also investigated by Lambeek et al.,”" who performed
more detailed analysis (including e.g. change in the experimental conditions, monolayer
stability and hysteresis). It was pointed out that P(3HB) monolayer undergoes a phase
transition during the compression, forms crystalline domains and collapses at a relatively
high surface pressure (around 65 mN/m). Additionally, P(3HB) transferred on solid
supports was found to be crystalline and in a helical conformation.

The Langmuir monolayer technique was further used by Jo et al. to compare the
degradation kinetics of P(3HB) and poly(L-lactide) (PLLA).””! It was shown that
hydrophobic P(3HB) degraded on both, enzymatic and alkaline subphases, at higher
surface pressures, contrary to more hydrophilic PLLA, which degraded at lower surface
pressures.

One conference report compares the monolayer behavior of bacterial and synthetic
scl- and mcl-PHAs (represented by P(3HH), poly([R]-3-hydroxyoctanoate) (P(3HO)),
poly([R]-3-hydroxynonanoate) (P(3HN))).”® The authors observed that surface pressures
vary with the polymer composition. Briefly, mcl-PHAs reach lower surface pressures
than scl-PHAs at similar packing densities, which was related to the more elastomeric
character of mcl-PHAs comparing with the crystalline scl-PHAs. Furthermore,
monolayers from synthetic scl-PHAs and mcl-PHAs were easily transferred on various
solid supports (including mica, glass, and silicon wafers), while bacterial scl-PHAs

multilayers were not so efficiently transferred. It was postulated that bacterial scl-PHAs
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do not retain their molecular organization during the transfer, but there was no further
explanation as to the reason for this behavior.

The properties of the polymers (and when applicable also solid supports) were
hardly taken into account in discussion sections of the above reports. For example,
Lambeek et al. have not considered a large polydispersity index (PDI) of their polymer,
which could explain the irreversible behavior of the compression cycles in the hysteresis
experiments. Compression could induce dissolution of the shorter polymer chains in the
aqueous subphase, leading to the observed isotherm shift to lower mean molecular areas.
Jo et al. have not discussed the large (five-fold) difference in the molar mass of P(3HB)
and PLLA, which could lead to differences in degradation rates, while Nobes et al. have
not provided the molar mass and/or PDI values at all. It is clear that the studies on PHA
surface properties were not investigated and interpreted carefully.

As the polymer monolayer behavior is known to be highly dependent on the
polymer properties, the full PHUE monolayer characterization was first performed in this
thesis (chapter 3.1), including additional results on the influence of the polymer molar
mass and LB transfers on various substrates (Appendix, chapters 5.1 and 5.2). The
monolayer method was further used to investigate if and how calcium phosphate crystal
growth is influenced by the PHUE and PHUE-lipid films at the air-water interface.
Langmuir monolayers have previously been used as templates for controlled growth of

O71001 and  calcium

two most important biological crystals, calcium carbonate
phosphate."'” %! In this work, we were particularly interested in calcium phosphate as

a major bone component.
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1.3. Calcium phosphate and template-directed crystallization

Calcium phosphate occurs in many phases, which differ in properties
(e.g. solubility, elasticity, or compressive strength), resulting from different molar ratio
of Ca/P. This last parameter was therefore introduced to classify calcium phosphate
phases. Generally, the lower the Ca/P ratio, the more acidic and thus more soluble in
water is the calcium phosphate.'” Properties of amorphous calcium phosphate and
hydroxyapatite, the two calcium phosphate phases most important for this thesis, are

summarized in Table 1.

Table 1. Properties of selected calcium phosphate phases.

) Ca/P Compressive
. Chemical -
Calcium phosphate phase (molar | Solubility strength,
formula .
ratio) MPa
Amorphous calcium Ca,(PO,) nH,0 | 1222 15
phosphate (ACP) Ay T -
Hydroxyapatite (HAP) Ca o(PO4)s(OH), 1.67 116.8 100

HAP is the least soluble and the most stable phase of calcium phosphate, however
it is rarely found in Nature in its pure form. More often, it lacks calcium while
orthophosphate ions are replaced by carbonate ions. This form is called carbonated
hydroxyapatite and is the most abundant inorganic component in the mammalian bones.
HAP has enormous compressive strength (100 MPa), but is very brittle. The vast load-
bearing capacity of bone results from HAP combination with organic, flexible component
(collagen), which improves mechanical properties of the bone.

In cells, ‘matrix vesicles’ (MVs) are one of the most important structures for
calcium phosphate mineralization. MVs membrane is mainly composed of lipids
[110]

(phosphatidylserine, PS) and calcium-selective channel proteins (Annexin V).

Calcium, supplied to the phosphate-rich interior of MVs, is then bound by negatively
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charged PS, which results in precipitation of calcium phosphate (in its amorphous form,
ACP)." In cells, these crystals are growing, disrupting the vesicles, and finally they
merge with other ACP crystals, which are then converted to HAP, the most stable form of
calcium phosphate.

Human-made organic-inorganic composite materials are normally generated by
so-called organic matrix-mediated mineralization."'* The templating organic molecules
should be amphiphilic, with appropriate hydrophilic-hydrophobic ratio, which on the one
hand will protect the templates from dissolution in water (hydrophobic block) and on the
other hand, will allow interactions with ions (hydrophilic part).[m] For that reason, very

interesting appear to be polymers,**>°

whose hydrophilic-hydrophobic ratio can be tuned
during the synthesis, or which can be cross-linked (in the case of hydrophilic polymers) to
form insoluble species.

There are mainly two ways in which templates direct the nucleation. Firstly,
crystals formation may results from initial ions interacting with functional organic
molecules. For example, Zhang et al. showed that negatively charged monolayers from
arachidic acid attracted first calcium ions, forming a positively charged layer, which then
was a driving force to concentrate phosphate ions, and afterwards the nucleation of
calcium phosphate was initiated.'” On the other hand, templates may induce
heterogeneous nucleation- the mineral nucleates primarily at the template’s surface,
because the activation energy for nucleation is lowered due to the reduction of the

interfacial energy,[m]

in this way also the nucleation induction time is meaningfully
reduced.!''¥ Template-directed inorganic mineralization mainly uses self-assemblies from
organic molecules, e.g. vesicles, self-assembled monolayers or thin films (Langmuir

112, 115
monolayers).!''* !
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Self-assembled monolayers (SAMs) may be produced using molecules with
different functional groups and various solid substrates, and these are the most important
factors influencing crystals size, shape, orientation, and phases.[“("“” For example,
Lobbicke et al. used thiol-functionalized SAMs prepared on gold surfaces for synthesis of
polymer brushes with different charges.“lg] It was shown that despite the difference in
calcium phosphate crystals morphology (related to the charge of the polymer) both
calcium phosphate-polymer hybrid materials showed improved cell viability (comparing
to the polymer brushes not coated with the mineral).

The main advantage of templates prepared by the Langmuir monolayer technique
is the possibility to easily control distances between molecules, and thus crystals in
different phases may be obtained. Orientation of these phases is determined by the charge
density and arising from that electrostatic, structural, and stereochemical matching with
surfactant head groups.!''> ' The properties of the resulting hybrid organic-inorganic
materials can be tailored by the organic film-forming material(s) and crystal growth
parameters (e.g. ionic strength, pH, temperature, stirring rate, additives). So far, calcium

phosphate growth was controlled by monolayers prepared from fatty acids,!'0104

a phospholipid (DPPC),"%! and polymers.[m("log]

Regarding the polymer monolayers, only films from charged synthetic polymers
have been investigated in the crystallization templating context. Casse et al. used the
monolayers prepared from polyanionic poly(n-butylacrylate)-block-poly(acrylic acid) to
control the growth of calcium phosphate, and found that mineralization strongly depends
on the ions concentrations, the subphase pH, and the stirring rate of the subphase.[106]
Briefly, mineralization was best controlled at high pH values (when the polymer was

highly negatively charged) and at low (2 mM) ions concentration. Contrary to Casse et

al., Junginger et al. analyzed the templating properties of polycationic monolayers from
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poly(n-butyl  methacrylate)-block-(poly[2-(dimethylamino)ethyl = methacrylate] for
calcium phosphate mineralization.!"”! Depending on the subphase pH, the monolayer was
highly (low pH) or slightly (high pH) charged, which in turn influenced the morphology
of the calcium phosphate crystals; smaller and more densely packed crystals were formed
at low pH, comparing with the large and less defined crystals obtained at pH 8.
Comparing with the results from Casse et al., it appears that for the good control of
calcium phosphate crystallization, the film-forming polymer should be charged
(regardless if positively or negatively), which attracts then the counter- ions (phosphate or
calcium, respectively) and induces the calcium phosphate nucleation.

Additionally, Junginger et al. investigated the effect of an oscillating polymer film
from (poly(butadiene)-block-poly[2-(dimethylamino)ethyl methacrylate]) on calcium

phos-phate crystallization.[log] Similarly to the previous study,[l(m

the polymer was highly
positively charged at low pH, which caused also low stability of that film when
comparing with the high pH. The increase in mineralization time led to the formation of
more uniform crystals when the monolayer was slightly charged (pH 8), whereas when
the film was charged, different crystal morphologies were observed depending on the
mineralization time. Such different behavior comparing with the previous study was
attributed to difference in the hydrophilic-hydrophobic block ratio in the polymer.
Briefly, polymers with a large hydrophilic block and high degree of charge lead to the
formation of uniform crystals of calcium phosphate.

Summarizing, it is clear from the literature that static as well as dynamic soft
polymeric films prepared at the air-water interface direct mineralization of calcium
phosphate to form crystals with various morphologies and sizes. Nevertheless, the studied

so far polymer monolayers were prepared from non-biocompatible and non-

biodegradable synthetic polymers. In this thesis, emphasis is put on the biodegradable,
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naturally synthesized polymer, PHUE. It is hydrophobic, however by addition of lipids at
various molar ratios one can change the film properties (e.g. amphiphilicity, elasticity),
which led to the first reports on how mixed monomolecular films template calcium

phosphate crystallization.
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2. Motivation and concept

Presently, a few polymers are used in the bone tissue engineering, mainly
poly(lactic acid) (PLA) and poly(glycolic acid) (PGA), however, they are not free from
numerous drawbacks, for example problems regarding cell attachment, inflammation
reactions or poor mechanical properties. Very interesting materials with potential to
overcome these disadvantages are polyhydroxyalkanoates (PHAs), microbial polyesters,
frequently studied in the context of biomedical applications and also cited as candidates
for orthopedic applications. However, hardly anything is known about their molecular
behavior at interfaces, which determines further interfacial compatibility of the material
with cells, and especially about their interactions with biologically relevant molecules,
including cell membrane components and inorganics.

The aim of this thesis was to study the interfacial behavior of
polyhydroxyalkanoates as potential candidates for orthopedic applications, to understand
the principles of the polymer scaffold formation and template-directed inorganic
precipitation, Figure 5. We used poly([R]-3-hydroxy-10-undecenoate) (PHUE) as
a representative of mcl-PHA family, and the Langmuir monolayer technique was applied
to prepare insoluble monolayers at the air-water interface, in order to mimic the polymer
behavior in asymmetric environments (scheme A, Figure 5). Langmuir film morphology
was directly visualized with Brewster angle microscopy. Such an experimental approach
generated detailed information about the films’ molecular organization, orientation,
monolayer thickness, elasticity, and stability. Additionally, the Langmuir monolayer
technique was applied to investigate mutual interactions between PHUE and lipids, most
abundant cell membrane components (scheme B, Figure 6) — this may enable modeling of

living cells’ behavior in the presence of a synthetic material.
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In the next step, one- and two-component films were used as scaffolds to
investigate the growth control of calcium phosphate (scheme C, Figure 5). Calcium
phosphate crystallization was also studied in dependence of the monolayer properties
(composition, charge and charge density, elasticity) and mineralization conditions (time,
ions concentration). The formed crystals were characterized with electron microscopy

techniques (transmission and scanning) and energy-dispersive X-ray spectroscopy.

DL - V) VATV

(+ lipids

A. polymer surface properties B. polymer-lipid mixed films
(molecular organization, orientation, (interactions, mixing thermodynamics)
monolayer thickness, elasticity, stability)

+ calcium
+ phosphate

C. template-directed crystallization
(crystal morphology, size)

I | I | polymer lipids crystals

Figure 6. Schematic representation of the thesis objectives.
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3. Results and discussion

The results and discussion part is presented as three publications. The first one
contains a detailed analysis of pure PHUE monolayers and the method optimization for
a mixed PHUE-lipid systems, using the most abundant cell membrane phospholipid,
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC).

A thorough study of polymer-lipid mixed films is presented in the second paper.
Here, two lipids (1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS) and 1,2-dioleoyl-
sn-glycero-3-phosphoethanolamine (DOPE)) having the same hydrophobic part, but
different hydrophilic head groups, were investigated. These results are compared with
those from the PHUE-DOPC systems, allowing a deeper understanding of the lipid head
group influence on the lipid interactions with the polymer.

The mixed films of PHUE with DOPS and DOPE served then as templates for
calcium phosphate mineralization, which is described in the third paper. Additionally,
templating properties of pure DOPS and DOPE for calcium phosphate crystallization are
reported here for the first time. For pure and mixed films various experimental conditions
were studied, such as mineralization time, ion concentration, and polymer-lipid molar

ratio for mixed films.
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3.1. PHUE monolayers

Results were published in: “Interactions of biodegradable poly([R]-3-hydroxy-10-
undecenoate) with DOPC lipid: a monolayer study”, Langmuir, 2011, 27 (18), 10878-

10885, A. Jagoda, P. Ketikidis, M. Zinn, W. Meier, K. Kita-Tokarczyk.
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eSuppurting Information

ABSTRACT: Polyhydroxyalkanoates (PHAs) are biodegrad-
able, biocompatible polyesters and very attractive candidates for
biomedical applications as materials for tissue engineering.
They have a hydrophobic character, but some are able to spread
at the air—water interface to form monomolecularly thin films
(Langmuir monolayers). This is a very convenient model to
analyze PHA self-assembly in two dimensions and to study their
molecular interactions with other amphiphilic compounds,
which is very important considering compatibility between
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biomaterials and cell membranes. We used the Langmuir monolayer technique and Brewster angle microscopy to study the
properties of poly([R]-3-hydroxy-10-undecenoate) (PHUE) films on the free water surface in various experimental conditions.
Moreover, we investigated the interactions between the polymer and one of the main biomembrane components, 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC). The addition of lipid to a polymer film does not change the monolayer phase behavior;
however, the interactions between these two materials are repulsive and fall in two composition-dependent regimes. In summary,
this is the first systematic study of the monolayer behavior of PHUE, thus forming a solid basis for a thorough understanding of
material interactions, in particular in the context of biomaterials and implants.

1. INTRODUCTION

Polyhydoxyalkanoates (PHAs) are natural, aliphatic polyesters
produced by a wide variety of microorganisms under specific
growth conditions' and accumulated intracellularly. They are
preferentially prepared via bacterial synthesis in continuous culture,”
while the polymer composition is controlled by the nutrients and
growth conditions, eventually leading to tailor-made materials
with regard to chemical constitution.” PHAs possess many favorable
properties which are required for development of medical devices
(they are biodegradable, biocompatible thermoplastic elastomers).
For example, a trileaflet heart valve scaffold was constructed using
poly([R]-3-hydroxyoctanoate-co-3-hydroxyhexanoate) (PHO),
which was then successfully implanted in the pulmonary position
of lambs showing full functionality for 120 days.’ Due to these,
PHAs are of great interest as materials for tissue engineering and
for development of medical devices.*

Physicochemical properties of PHAs can be tuned already
upon biosynthesis or by further chemical modifications.” De-
pending on the polymer structure and the bulk material form
(fibers, surface coatings, and composites), different biocompat-
ibility and cell viability properties can also be expected.”” Apart
from biologically and medically relevant applications, PHAs are
also interesting for materials science. For example, nanocompo-
sites of different PHAs with single-wall carbon nanotubes were
prepared by Yun et al.'” These authors found that the polymer

W ACS Pub“catiOﬂS ©2011 American Chemical Society
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structure and crystallinity have an important effect on dispersi-
bility of the nanotubes and thus on the mechanical properties of
the composite. Unsaturated PHAs are also of interest since they
can be modified via light-induced reactions: this was demonstrated
for poly(3-hydroxy-10-undecenoate) (PHUE) which cross-links
upon UV irradiation in the absence of any photoinitiators.'" More-
over, the double bonds can be used for graft polymerization, prepara-
tion of organic—inorganic hybrid polymers, or covalent linkage
of functional groups,'” e.g,, antifouling coatings."> "

Short-range organization in PHA bulk materials and blends
was probed by small-angle neutron scattering.'"'® It was shown
that a high degree of order exists in solvent-cast films from
poly(3-hydroxyoctanoate)-block-polyethylene oxide, most likely
due to the lamellar organization of the polymer and, in particular,
due to its crystalline domains. The organization of polymer
chains can be modulated depending on the polymer size, which
offers a bottom-up approach for the preparation of surface-
supported self-assembled structures.

‘When biomedical applications of PHAs are considered, inter-
facial interactions play a crucial role. For this reason, it appears
that asymmetric interfaces are an environment to explore when
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studying the behavior of these polymers. This is especially true
because the polymers tend to self-organize, due to their hydro-
phobic nature and some amphiphilic character. In particular, by
analyzing insoluble polymer monolayers at the air—water inter-
face, one can study not only the surface activity of the amphiphilic
material but also molecular organization in the film,"” monolayer
stability,"® compressibility, and film morphology.'”*® These
physicochemical parameters are crucial to understanding material
behavior at the molecular level. From measurements of spread
mixed monolayers at the air—water interface we learn about
molecular interactions between polymers and lipids, for example,”'
and the system thermodynamics. Additionally, with regard to
biomedical applications of PHAs, mixed spread films from
polymers and lipids provide a simple model to investigate the
mutual affinity of the synthetic and natural materials. Here, we
present results on the behavior and mixing energetics of films
from PHUE and DOPC (a major biomembrane component) at
various molar compositions, as the first approach to help under-
standing the interactions between a polymeric material and
phospholipids at the molecular level.

Organized, thin films from PHAs have hardly been studied so
far and reports exist from three research groups only. Nobes
et al.? investigated poly([R]-3-hydroxybutyrate) (PHB), and
copolyesters of 3-hydroxybutyric acid with 3-hydroxyvaleric acid.
These polymers can be spread from chloroform to form mono-
layers on the free water surface. For PHB, collapse pressures of
approximately 20 mN/m were achieved at 18 °C, corresponding
to packing densities of 0.15 nm®/repeating unit. No difference
was observed by using slightly acidic or alkaline subphases,
indicating that protonation/deprotonation of the polymers does
not take place. The authors suggested that the polymer arranges
on the surface as a random or partially ordered helical coil, where
all monomers remain in contact with water.

However, a later study by Lambeek et al.>> postulates that
during compression the number of hydrated monomers is
decreasing. These authors observed a transition at about 14 mN/m
in the surface pressure—area isotherms from PHB and related
it to a phase transition in the monolayer. While, at large areas,
PHB films showed expanded monolayer behavior, they turned
crystalline upon compression. Contrary to Nobes et al,** these
authors suggested an expanded, noncrystalline monolayer model
for large molecular areas. Hysteresis experiments supported this
interpretation, as the compression—expansion cycles remained
reversible when the maximum surface pressure to which the film
was compressed laid below the transition pressure. If compressed
further, however, the compression and expansion isotherms did
not overlap anymore. This also might have resulted from very
slow expansion kinetics of densely compressed polymer, where a
10 min pause after each cycle may not have been long enough for
respreading of the film. Langmuir—Blodgett multilayers were
crystalline and oriented in a way that suggested the helical PHB
conformation; however, Brewster angle microscopy would be
helpful to confirm the presence of a bilayer of helices at the
air—water interface versus a multilayered, collapsed crystalline
film above 14 mN/m.

Finally, a monolayer approach has proven very useful to
investigate degradation kinetics of polyesters.”* In this study,
subphases with different alkalinity and with the presence of
enzymes were used, and monolayer destabilization was moni-
tored at different surface pressures. The monolayer packing
seemed to be very different for poly(i-lactide) (PLLA) and
PHB: both disintegrate quite similarly under alkaline conditions.

Scheme 1. PHUE Structure Containing [R]-3-Hydroxy-6-
heptenoate (C7), [R]-3-Hydroxy-8-nonenoate (C9), and [R]-
3-Hydroxy-10-undecenoate (C11) in a Random Distribution
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However, high surface pressures (packing densities) with PHB
favored very fast enzymatic degradation in contrast to PLLA.

In conclusion, it is clear from the literature that only a little
attention has been devoted to studying PHA behavior at the
air—water interface. In this paper we aim at filling this gap: we
first present a systematic study of monolayers from PHUE and
their behavior depending on various experimental conditions. As
this material finds applications in biomedical research, we further
investigate and rationalize its interactions with the main cell
membrane components, namely, phospholipids. This could serve as
a simplified model to evaluate interfacial compatibility between
tissue cells and biomaterials (or more generally synthetic materi-
als, and polymers in particular).”~*” We have chosen the mixed
Langmuir monolayer model to analyze the affinity of PHUE to a
lipid, DOPC, as the major cell membrane component. The
thermodynamic data allow evaluating the effect of a lipid on
the properties of mixed films. Apart from biological implications,
the mixed, complex monolayers may also be of interest to
materials research (e.g,, for novel implant coatings).

2. MATERIALS AND METHODS

Polymer Synthesis, Extraction, and Purification. To obtain
PHUE, the bacterial strain Pseudomonas putida GPol (P. putida) was
grown in a chemostat at a dilution rate of 0.1 1/h using 10-undecenoic
acid as a single carbon source.” Collected cells were centrifuged and the
pellets lyophilized (12 °C, 0.5 mbar, 72 h). Dry cell biomass was
suspended in ethyl acetate (60 g/L), the suspension was stirred for at
least 2 h, filtered, and concentrated by solvent distillation in a vacuum
dryer until it became viscous (40 °C, 240 mbar). The polymer was then
precipitated in cold methanol (4 °C), vacuum-dried for 2 days (40 °C,
30 mbar), and stored at —20 °C. It has to be noted that the biosynthesis
route, from which PHUE originates, is an excellent means to control the
polymer properties, yet it renders random polymers that contain a
certain amount of shorter chains. This is, however, intrinsic to the
synthesis due to f3-oxidation and cannot be avoided.*® As a result, the
investigated polymer is a random terpolymer (Scheme 1).

Polymer Characterization. The molecular weight of PHUE was
determined by gel permeation chromatography (GPC, ViscoteckTri-
SEC Model 302). For analysis, typically SO mg of purified polymer was
dissolved in 10 mL of tetrahydrofuran (THF, Fisher Scientific, analytical
grade) and filtered with a nylon filter (Titan2, 0.45 #m). The monomer
composition was determined by gas chromatography (GC) using a
method developed by Furrer et al.** and confirmed by NMR. 'H and
'3C NMR experiments in solution were performed on a Bruker AV-400
spectrometer at 297 K using a 5 mm broad-band probe.'**

Lipids. DOPC (mass, 786 g/mol) was purchased from Avanti Polar
Lipids, Inc. (Alabaster, AL, USA) as chloroform solution, 20 mg/mL. To
avoid lipid oxidation, the stock solution was stored in a freezer under
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argon. For monolayer experiments, diluted solutions were used (1 mg/mL
in chloroform).

Langmuir Monolayers. Monolayer measurements were carried
out on a KSV Inc. (Espoo, Finland) Langmuir Teflon trough (area:
420 cm”), equipped with two symmetric barriers. Surface pressure was
recorded with the Wilhelmy plate method (ashless filter paper; width,
10 mm; accuracy, 0.1 mN/m). Before every measurement, the trough was
cleaned twice with either ethyl acetate (Fluka, > 99.9% grade) or chloroform
(HPLC-grade, Sigma-Aldrich), and ethanol (Fluka, grade >99.8%).
Hydrophilic (Delrin) barriers were cleaned with ethanol and rinsed with
bidistilled water. After several measurements, warm water (approximately
50 °C) was poured on the trough to help remove the remaining polymer.

Bidistilled water was used as subphase; its purity was checked by measuring
the surface pressure changes during compression without a polymer film
and monitoring the water surface by Brewster angle microscopy.

A polymer solution (in ethyl acetate or chloroform; concentration
approximately 0.3 mg/mL) was spread on the water surface (approximately
60 uL), using a gastight Hamilton syringe. Before spreading, syringes
were rinsed a few times with an appropriate solvent. After spreading, the
solvent was allowed to evaporate for approximately 10 min (unless
otherwise specified), and then the monolayer was compressed, usually at
10 mm/min (unless otherwise specified). Apart from the temperature
dependence experiments, all isotherms were recorded at 20 °C. Each
measurement was repeated at least three times.

Brewster Angle Microscopy. A Brewster angle microscope (EP*SW
system, Accurion, Gottingen, Germany) equipped with a Nd:YAG laser
(532 nm), Nikon 20x long distance objective, and a monochrome CCD
camera was used for investigations of the monolayer morphology. Brewster
angle microscopy (BAM) images correspond to dimensions of 220 X
250 um? with 1 gm resolution.

3. RESULTS AND DISCUSSION

PHUE Analysis. Polymer composition was determined by GC
and NMR, from which we obtained the structure shown in
Scheme 1. The 3-hydroxyalkenoate monomers (C7, C9, C11)
are distributed randomly along the backbone, and %, y, z
correspond to the number of monomers containing C7, C9, and
C11 side chains, respectively. These values are, however, difficult
to calculate due to the large molar mass of the polymer (and the
large error of mass determination). The percentages indicated in
Scheme 1 denote molar proportions of the monomers.

From GPC, we obtained M,, = 294 600 g/mol, M,,= 165 600 g/mol,
and the polydispersity index (PDI) of 1.8, which is a low value for
polymers produced by bacteria. Differential scanning calorimetry
(DSC) showed the glass transition temperature of —48.9 °C and
no melting temperature.

PHUE Spreading Solutions. According to results from Terada
and Marchessault,*® we chose ethyl acetate as a solvent for PHUE.
However, when stored in the freezer for a few months, the polymer
tended to crystallize, and ethyl acetate was unable to dissolve the
small crystals. Thus, we changed the solvent to chloroform. Surface
pressure—area isotherms from PHUE, spread from either ethyl
acetate or chloroform, were identical. On the one hand, this
means that the spreading solvent does not influence monolayer
behavior. On the other hand, dense patches of undissolved polymer
were visible with BAM when the monolayers were spread from ethyl
acetate. Although these patches were still small enough not to
influence the isotherm, we chose to work with chloroform, from
which we always obtained homogeneous films.

Due to the polymer organization kinetics and the tendency to
crystallize at low temperatures, all solutions were prepared 2 days
before planned experiments and stored at room temperature
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Figure 1. Surface pressure—area (77—A) isotherm, compressibility modulus
(G, and BAM images (220 x 250 um®) of the PHUE monolayer.

(RT). Vortexing was used to mix the solutions, as sonication may
be too invasive and break the longer chains.

Because PHUE side chains are terminated with double bonds,
which may be easy to cross-link,*' we protected polymer solu-
tions from light by wrapping the vials in aluminum foil and
storing them in the dark. Under such conditions (RT, aluminum
foil), solutions could be stored up to 3 months and give
reproducible surface pressure isotherms.

PHUE Monolayers. Although PHUE has more of a hydro-
phobic than an amphiphilic character, it forms monolayers at the
air—water interface. In Figure 1, BAM images show that at high
mean molecular areas (surface pressure, 0 mN/m), gas and liquid
monolayer phases coexisted (black regions, gas phase; gray,
liquid domains). During the film compression, as the mean area
available for a polymer molecule decreased, the PHUE film
became more organized, and at about 40 000 A%/ molecule, the
surface pressure started to increase. From that point on, we
observed a smooth monolayer with BAM. Further compression
led to the surface pressure increase, but no changes of the
monolayer behavior were visible with BAM. When 25000 A*/
molecule was reached (at about 15 mN/m), the polymer film
collapsed, which was demonstrated by discontinuity of the isotherm
and the formation of very reflective, crystalline structures.

The investigated PHUE is a statistical mixture of three
different monomers, the only difference between these being
the length of the hydrocarbon side chains (C7, C9, C11). It was
shown before®>** that, when considering mixed monolayers
from small insoluble amphiphiles with chains of the same
chemistry and small length difference, their mixing properties
show ideal or almost ideal mixing behavior. This means the
interactions in the film do not change with the addition of slightly
shorter/longer chains, and therefore the monolayer morphology
should not change, either. Thus we are convinced that different
monomers do not influence PHUE monolayer behavior.

Regarding the PHUE orientation on the water surface, we can
expect the PHUE side chains to be exposed toward air, and the
backbone to face water. Even though only weakly hydrophilic,
the backbone is still far more polar than carbon chains—the
dipole moment of the ester group is ca. 1.8 D.>* This orientation
appears thus most energetically favorable. We should exclude
two-dimensional organization of the polymer to produce do-
mains, surface micelles, and so on, as these were not observed by
BAM and grazing incidence X-ray diffraction (GIXD; data not
shown). The organization of the film can be evaluated by GIXD if
long-range ordering in the film existed. Unfortunately, this is not
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the case with PHUE, as we have not observed any meaningful
signal intensity. Moreover, with infrared reflection—absorption
spectroscopy (IRRAS; not shown) we only observed a typical
change of intensity of the water peak with surface pressure, which
means, as expected, that water is expelled from the film during
compression. The spectrum did not show surface pressure-
dependent differences of intensities corresponding to any groups
within the polymer and therefore suggests that no changes in
molecular orientation take place during the film compression,
apart from, obviously, tighter packing due to the decrease of the
available area. The monolayer structure is therefore determined
by the space-limiting, weakly hydrophilic backbone.

Surface pressure—area data were used to calculate the com-
pressibility modulus values, C, ' (Figure 1). C; " is calculated as
—A(d7/3A)7, and the values indicate the monolayer phases.>
We observed only one maximum, which suggested that only one
phase existed during the monolayer compression. The maximum
value of C,”' (36 mN/m) indicated that at approximately
30000 A%/molecule the PHUE monolayer was in a liquid
expanded state.>

The isotherms were reversible upon several compression—
expansion cycles (Figure S1, Supporting Information); no
hysteresis was observed, which indicates that the PHUE did
not dissolve in water and its monolayer behavior was elastic. We
noticed only a small (about 1000 A*/molecule) difference
between the compression isotherm from the first cycle and the
following ones. This was probably due to the slow expansion
kinetics of the polymer (despite 30 min waiting time after
expansion), and we may have been compressing already pre-
organized domains of the polymer film in the second and the
following cycles, instead of single molecules as during the first
compression.

Monolayer stability was verified by monitoring the surface
pressure change at constant area (28400 A?/molecule, Figure S2,
Supporting Information). The PHUE monolayer maintained its
surface pressure for over 1 h, which indicated very high film
stability. This result is highly relevant for enzymatic degradation
studies and experiments that involve film transfer to solid
surfaces, for example.

Monolayers from some amphiphilic compounds®® are very
sensitive to even small changes in experimental conditions. Since
PHUE behavior at the air—water interface has not been inves-
tigated before, we checked the influence of various experimental
conditions on the monolayer formation (Figure 2).

We observed no change in the isotherm shape and position,
when the monolayer was compressed at various rates (from 2 to
100 mm/min; Figure 2A). This suggests that despite its large size,
the polymer quickly organized at the air—water interface. This is
rare for materials such as PHUE, which are not classical
amphiphiles with distinctly different hydrophobic and hydro-
philic parts. Moreover, PHUE isotherms were identical when §,
10, or 30 min were allowed for the solvent to evaporate before
starting film compression (Figure 2B). It appears that S min was
long enough for both ethyl acetate and chloroform to evaporate
from the water surface and that the film did not contain any
plasticizing solvent. PHUE monolayers behaved in exactly the
same way when the same number of molecules (6.5 x 10'*) were
spread from solutions of different concentrations (between 0.3
and 1.1 mg/mL; Figure 2C). For “good” monolayer-forming
materials, this should always be the case. However, for very
hydrophobic molecules and large polymers, differences are
sometimes observed due to material clustering and hampered

spreading when a concentrated solution is placed on the water
surface.

The experimental parameters that only slightly influenced
PHUE monolayers were the number of spread molecules and
temperature. When the number of molecules at the interface was
varied (from 5.0 x 10" t0 9.3 x 103, using different volumes of
the same spreading solution at 0.3 mg/mL), a weak trend was
observed (Figure 2D). With increasing spreading volume, the
isotherms were slightly shifted to lower mean molecular areas.
This occurs because as more molecules are spread on the same
surface area, spreading is limited and clustering of molecules
takes place already at 0 mN/m. This effect, however, did not lead
to large clusters or domains, at least not of the size that would be
detected by Brewster angle microscopy (above 1 um).

Figure 2E shows how the subphase temperature (between 16
and 35 °C) influenced the PHUE isotherms. Contrary to what is
commonly observed,”” *° the increase of water temperature
shifted the isotherms to lower mean molecular areas. This is
probably due to the increased solubility of the shorter polymer
chains in warmer water. We also observed a decrease in collapse
pressure with increasing temperature, indicating that the mono-
layers became less stable due to thermal motions, making them
collapse earlier.

As a model for interactions of PHUE with cell membranes, we
studied a simplified system of mixed monolayers composed of
the polymer, and phospholipid DOPC, one of the main biomem-
brane components. At various polymer—lipid molar ratios, we
could identify the extent of miscibility and the corresponding
interaction energies.

Mixed Monolayers from PHUE and DOPC. PHUE was
mixed with DOPC which, on its own, forms more condensed
monolayers® than the polymer. DOPC monolayers have a higher
collapse pressure (about 48 mN/m), and a higher compressi-
bility modulus (Csflmax =92 mN/m at 80 A/ molecule). This
value corresponds to a condensed liquid film.*

Figure 3 shows the surface pressure—area isotherms from
PHUE mixtures with DOPC, at different molar ratios—from
0.01 to 0.09 PHUE, in steps of 0.02 (Figure 3A), and from 0.1 to
0.9, in steps of 0.2 (Figure 3B). The reason for measuring
isotherms from films of very small polymer molar ratios
(Figure 3A) is the following: when we consider, in a relatively
simple approximation, a cell attached to a polymer surface and
assume that (1) the cell radius is in the range of S—10 #m, (2) the
polymer and the cell are in good contact, and (3) the cell
membrane is made only from lipid molecules, the resulting
molecular proportion of PHUE to lipid will be ca. 1:99. There-
fore, to model this situation, we analyzed polymer—lipid films
with very asymmetric composition. Cell attachment to bioma-
terials is regulated mostly by proteins; however, if a polymer
happens to interact with cell membrane lipids, these interactions
should not be strongly attractive, as this would lead to destruc-
tion of the cell membrane. On the other hand, the complete lack
of affinity (repulsion) may disturb cell attachment, an important
step for biomaterial integration.

As expected, the isotherms from the mixtures lay between the
isotherms from pure PHUE and DOPC. The collapse pressures
of mixed films (ca. 15 mN/m) did not differ much from the
collapse pressure of the PHUE monolayer, which is indicative of
poor miscibility between the two components.*® Since the sur-
face pressure after collapse slightly increased, we supposed
that there might be a second collapse, corresponding to the
lipid collapse pressure. Such behavior is observed for immiscible
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Figure 2. Surface pressure—area (;7—A) isotherms of PHUE monolayers when changing experimental conditions: (A) compression speed, (B) solvent
evaporation time, (C) spreading solution concentration, (D) number of molecules at the interface, and (E) subphase temperature.
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Figure 3. Surface pressure—area (77—A) isotherms from PHUE—DOPC mixed monolayers.
two-component monolayers, where two collapse pressures are most of the mixed isotherms, due to the relatively small size of
recorded.*® This was, however, impossible to detect here for our Langmuir trough. We were able to record the second collapse
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pressure only for the mixture with the lowest amount of the
polymer (Xpyyug = 0.01). The second collapse pressure value
corresponded to the value of the collapse pressure for the pure
lipid (45 mN/m, at 56 Az/molecule).

The compressibility moduli for two-component monolayers
(Figure 4) slowly increased from 32 mN/m for the system with a
low molar ratio of the polymer (Xpyug = 0.01) to 37 mN/m for
the mixture containing a high amount of PHUE (Xpyyg > 0.9).
This means that the addition of DOPC slightly fluidizes the film
by disturbing the packing of polymer molecules, but the presence
of DOPC is not strong enough to force a really regular, ordered
film organization as observed for pure DOPC and reflected by
its compressibility modulus of ca. 90 mN/m. Nevertheless, this
difference was too small to interpret in terms of changes in
monolayer elasticity and indicated that the addition of lipid to the
polymer did not change the phase behavior of the polymer film.
For the mixture with the lowest molar ratio of polymer (Xpyug =
0.01), we observed two maxima for the compressibility modulus,
one close to the one of the pure polymer (approximately 32 mN/m)
and the second one corresponding to the DOPC compressibility
modulus (78 mN/m). These values confirm that the two
investigated components are not miscible.

It should be noted that PHUE interactions with DOPC (or
any other amphiphile) will depend on the polymer molecular
mass. A polymer with different mass may, and most likely will,
show different mixing behavior with the lipid. This will primarily
result from differences in film organization—it can be expected
that smaller but still different molecules will show denser packing
and therefore stronger tendency to mix/demix.

In the case of the investigated polymer and lipid, there is a large
size asymmetry between the film components; the mass of one
polymer molecule is ca. 200 times larger than that of the lipid.
This implies that, at the PHUE molar ratio of 0.1, the film still
contains 22 times more polymer than lipid (mass ratio). In this
situation, the addition of lipid does not change the global phase
behavior of the polymer, and the very slight decrease in max-
imum C, ' for mixed films can be explained by the slight
perturbation in polymer packing by the addition of lipid.

The isotherm data shown in Figure 3 were used to calculate
the excess free energy of mixing (AG™) in the investigated
systems from the following equation: AG™ = N, [7 A™ du,
where A is the excess area of mixing, 77 is surface pressure, and
N, is the Avogadro number.

The excess free energy of mixing gives quantitative information
about miscibility and interactions between the two components.
In short, a negative AG™ suggests that miscibility is favored and
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Figure S. Excess free energy of mixing (AG®) versus composition for
PHUE—DOPC mixed films.

the system becomes stabilized by attractive interactions. A positive
AG®, on the contrary, generally indicates the tendency in the
monolayer to partly or fully phase-separate (usually the case for
compounds with very different chemical structures and/or
dimensions).The excess free energies of mixing between the
polymer and the lipid were calculated for monolayers at 2.5, 7.5,
and 12.5 mN/m, following the approach described by Goodrich.*!

As shown in Figure 5, the excess free energy of mixing for all
mixtures was positive, which means that interactions between
PHUE and DOPC are repulsive. Even though the errors calculated
for AG™ appear large (resulting from the large dimensions of
the polymer and thus the error for the mean molecular area), a
trend can be clearly observed, i.e., the surface pressure and molar
ratio dependence.

The repulsion was stronger for more organized films (higher
surface pressures), and one can notice two immiscibility regions.
One is for the mixtures with the excess of polymer (Xppup =
0.7), for which repulsion was much stronger, and the second for
the mixtures with the excess of lipid (Xpyyg < 0.5), for which we
observed weaker repulsion. This result showed that at high
polymer molar ratios (where the amount of lipid is minimal),
there was a stronger tendency to exclude lipid molecules from the
well-organized polymer monolayer. With the higher lipid con-
tent, the packing of the polymer film was not so regular anymore,
and further addition of the lipid did not change this situation
much. Therefore, no changes in AG™ are observed.

The values of the free energy of mixing for the investigated
system were in a range of tenths of kJ/mol and appear reasonable
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Figure 6. BAM images (220 x 250 um”) of PHUE—DOPC mono-
layers at 12 mN/m. The polymer molar ratio is (A) 0.1, (B) 0.3, (C) 0.5,
(D) 0.7, and (E) 0.9.

considering the structure and the molar mass of the polymer
(165 500 g/mol), much higher than that of the lipid (786 g/mol).
For example, mixed monolayers from DOPC with phytosterols
(B-sitosterol and stigmasterol),42 which are small molecules
(ca. 400 g/mol), give the AG™ values smaller than
1 kJ/mol. When considering the amphiphilic block copolymers,
e.g., poly(2-methyloxazoline)-block-poly(dimethylsiloxane)-block-
poly(2-methyloxazoline) [PMOXA-PDMS-PMOXA, 23 200 g/mol],
for mixed films with this lipid an increase of AG™ to about a few
kJ/mol was observed.*"

Figure 6 presents BAM images of the mixed polymer—DOPC
films (with different polymer—lipid molar ratios) at 12 mN/m.
We observed a gray background and small white circular domains.
Since BAM is sensitive to the film thickness, gray regions should
correspond to the polymer monolayer (thinner due to less carbon
atoms in side chains—C8), while white regions, to lipid domains
(thicker, containing 18 carbon atoms), especially that we ob-
served more domains for the PHUE—DOPC mixture at the
molar ratio Xpyyg = 0.1. This means that the two materials
tended to phase-separate in mixed monolayers, due to their size
mismatch and very different chemical structures. The apparent
inconsistency of BAM results with the calculated AG™ (larger
values at high polymer molar ratio; Figure S) resulted from the
fact that the excess free energy of mixing takes into account
interactions at the level of individual molecules, while BAM is
only able to visualize structures larger than 1—2 um (the circular
fringes in BAM images are due to the microscope geometry and
optics). Quantitative analysis of the molecular distribution of the
lipid between the mixed and pure phases with available techni-
ques (e.g., ToF-SIMS) is impossible, due to the artifacts related
to large differences in the ability of the two components to be
desorbed from the film by heavy ions. Moreover, this method’s
resolution is not good enough to provide information at the
molecular level.

4. CONCLUSIONS

This paper presents for the first time a thorough monolayer
study of PHUE, a polymer from the medium-chain-length PHA
family. PHUE formed stable monolayers at the air—water inter-
face that were fairly insensitive to changes of experimental conditions.
Their reversible behavior and high stability are advantageous for
further thin film experiments using this polymer. Additionally, we
investigated monolayer interactions between PHUE and DOPC.
For all mixtures, interactions between polymer and lipid were
repulsive and were stronger for the mixtures with the excess of
the polymer. This effect is explained by the changes in polymer
monolayer organization with the small addition of lipid. When
more lipid is present in the polymer film, the energetic effect is
not that strong anymore. However, the excess free energy of
mixing remains positive, which indicates a tendency for the two

materials to phase-separate at the air—water interface. This
notion was further confirmed by Brewster angle microscopy.

In summary, we have shown that PHUE is a good candidate
for monolayer studies. This experimental approach is promising
for further work, especially in the context of biomaterials devel-
opment using PHAs, where the details of molecular organization
and interactions with biologically relevant compounds may play
an important role. We are currently optimizing PHUE and
PHUE—lipid films to make them suitable for such applications.
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3.2. PHUE-lipid mixed films

Results were published in: “Head group influence on lipid interactions with
a polyhydroxyalkanoate biopolymer”, Macromolecular Chemistry and Physics, 2012, 213
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Head Group Influence on Lipid Interactions
With a Polyhydroxyalkanoate Biopolymer

Agnieszka Jagoda, Manfred Zinn, Wolfgang Meier,
Katarzyna Kita-Tokarczyk*

Poly([R]-3-hydroxy-10-undecenoate) (PHUE) is a biodegradable/biocompatible polyester from
polyhydroxyalkanoates (PHAs) family, used in biomedical applications. PHA’s introduction to
the body may have implications on cell membrane stability —this motivates studies of interac-
tions between PHAs and phospholipids, main membrane constituents. Interaction analysis in
PHUE monolayers with two phospholipids (different hydrophilic groups), phosphatidylserine

1922 ©2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

(DOPS), and phosphatidylethanolamine (DOPE), shows that

repulsive interactions between PHUE and DOPS and attrac-
tive between PHUE and DOPE resulted from different lipid
headgroup size and orientation at the air-water interface (PE,
parallel to the interface, attracted PHUE via hydrogen bonds,

ion—dipole, and dipole—dipole interactions).

1. Introduction

Polyhydroxyalkanoates (PHAs) are polyesters synthesized
by living microorganisms./!l Depending on the substrate
and the bacterial strain used for synthesis, one can tune
the monomer composition and thus change polymer
properties.m A number of features, for example, the pos-
sibility to control the polymer crystallinity (by monomer
composition), easiness of staining!® or processing into
fibers,! and most importantly biodegradability and bio-
compatibility,>®] make PHAs very interesting candidates
for various applications. In the biomedical field, they can
be used as drug delivery carriers,” in wound management
(sutures, skin substitutes) or as implants, for example in
the cardiovascular system (stents, vascular grafts, or heart
valves).[38
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In biomedical applications, any foreign material intro-
duced to the body will interact not only with the serum
but also with cellular membrane components. Under-
standing these interactions should be a fundamental step
in the development of new materials for biomedical appli-
cations. For PHAs, however, there have been no reports so
far on how PHA polymers interact with physiologically
relevant molecules, apart from our previous paper,!®!
which focused more on one model system, method devel-
opment, and optimization. We have shown that the Lang-
muir monolayer systems are useful to investigate interac-
tions between the polymer and phospholipids.

Langmuir (insoluble) monolayers form when amphi-
philic or hydrophobic molecules spread on the air—water
interface and self-organize in two dimensions. Such thin
films are valid models to study material behavior at the
molecular level in asymmetric (interfacial) environments.
Analysis of mixed films provides quantitative informa-
tion about interactions in the monolayer, defining mixing/
demixing of the components. Mixed monolayers have been
studied to understand interactions between, for example,
cell membrane components themselves,[1%2° in combina-
tion with drugs!*61”) or substances provided to the human
body with a daily diet.[*8!

Few reports exist on PHA monolayers, focusing
rather on short-chain-length PHAs.[1921 Regarding
medium-chain-length (mcl) PHAs, we reported the

DOI: 10.1002/macp.201200232
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behavior of poly([R]-3-hydroxy-10-undecenoate) (PHUE)
at the air—water interface,”® showing that PHUE forms
stable and elastic monolayers. A simple PHA-lipid
(1,2-dioleoyl-sn-glycero-3-phosphocholine; DOPC) system
allowed us to validate the monolayer approach to study
the interactions. We found that PHUE and DOPC phase-
separate, with repulsive interactions indicated by positive
excess free energy of mixing. Motivated by those results,
we found it important to provide a more comprehensive
picture of the PHA-lipid interaction dependence on the
properties of lipid head group.

2. Experimental Section

2.1. Polymer Synthesis and Characterization

The synthesis, purification, and analysis of PHUE were
reported before.??] Briefly, PHUE is a statistical copolymer
of 3-hydroxy-w-alkenoate monomers containing 7, 9, and
11 carbon atoms (Figure S1, Supporting Information),
with the molecular weight of M,, = 294 600 g mol™%, M, =
165 600 g mol?, and polydispersity index (PDI) of 1.8. It has to
be noted that the biosynthesis route, from which PHUE origi-
nates, is an excellent means to control the polymer properties,
yet it renders random polymers that contain a certain amount
of shorter chains attached to the polyester backbone. This is,
however, intrinsic to the synthesis due to B-oxidation and
cannot be avoided.?®! As a result, the investigated polymer is
a random terpolymer. This should not, however, influence the
interactions with lipids (compared with pure homopolymers'
interactions with lipids). In particular, considering mixed
monolayers from small insoluble amphiphiles with chains of
the same chemistry and small length difference, their mixing
properties show ideal or almost ideal mixing behavior.[2425] If
the interactions in the film do not change with the addition
of slightly shorter/longer chains, the monolayer morphology
should not change, either.

2.2, Lipids

DOPS [(1,2-dioleoyl-sn-glycero-3-phospho-i-serine-sodium
salt), mass 810 g mol™] and DOPE [(1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine), mass 744 g mol-*] were purchased from
Avanti Polar Lipids, Inc. (Alabama, USA) as chloroform solutions
(10 mg mL™1). Both lipids were in cis configuration and had a
double bond at the ninth carbon atom. To avoid oxidation, stock
solutions were stored in a freezer under argon. Diluted solutions
(1 mg mL* in chloroform) were used for experiments.

2.3. Langmuir Monolayers

Monolayer experiments were performed as described before,!]
using a KSV Inc. (Finland) Langmuir Teflon® trough (area
420 cm?) together with the Brewster angle microscopy (BAM)
setup (EP3SW system, Accurion, Gottingen, Germany). Bi-distilled
water (pH 5.5) was used as subphase.
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Polymer-lipid mixtures (500 uL, 1 mg mL?) at different molar
ratios (from 0.1 to 0.9 in steps of 0.2) were prepared freshly by
mixing appropriate volumes of PHUE and lipid solutions in
chloroform. It should be noted that the polymer molar mass is
about 200 times larger than those of the investigated lipids.
Therefore, even for the lowest molar ratio of polymer (Xpyyg = 0.1)
in the mixed film, the polymer will be in a great (ca. 20 times)
mass excess. Mixed monolayers were prepared by spreading
dropwise an adequate number of molecules (usually 10—
10%°). After the solvent has evaporated, the monolayers were
compressed at 10 mm min and simultaneously imaged with
BAM.

3. Results and Discussion

Properties of Langmuir monolayers from the pure compo-
nents used for this study were published before.[>26-28] For
reference, surface pressure—area (n—A) isotherm of PHUE
(Xpyug = 1) is shown together with the isotherms of mixed
films (Figure 1A and 4A). Starting from about 40 000 A? per
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Figure 1. PHUE-DOPS films: (A) n—A isotherms, (B) compressibility
moduli.
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molecule, a smooth monolayer was observed with BAM (cf.
also Figure 3F and 6F), which collapsed at about 15 mN m
(25 000 A? per molecule). The compressibility modulus
C;t = 36 mN m! suggested the liquid-expanded phase of
the film.

DOPS and DOPE have identical hydrophobic tails
(18:1(92)/18:1(9Z)), and different hydrophilic groups
(Figure S2 and S3, Supporting Information). Briefly, for
both lipids, the surface pressure started to increase at
about 110 A? per molecule, and the monolayers collapsed
at 52 and 47 A? per molecule for DOPS and DOPE, respec-
tively. The difference in mean molecular areas is due to
the differences in size and orientation of the head groups
at the air-water interface (see “Comparison of mixed
monolayers from PHUE with DOPS, DOPE, and DOPC”
for discussion). The maximum compressibility modulus
values were similar (108 and 104 mN m for DOPS and
DOPE, respectively), corresponding to liquid-condensed
films.

3.1. Two-Component Monolayers

Data from n—A isotherms were used to calculate the com-
pressibility modulus (phase behavior), excess area per
molecule (type of interactions), and excess free energy of
mixing (interaction strength) at different surface pres-
sures. The mixed films were also imaged with BAM to ana-
lyze monolayer homogeneity/phase separation.

The excess area of mixing (A®) provides qualitative
information about the miscibility of the components in
the mixed monolayer (see Supporting Information for
details). Additional information about miscibility and
molecular interactions in the film can be obtained from
the excess free energy of mixing, AG**<, calculated as:

AG™ =N, / A™dn 1)
0

where N, is the Avogadro number, n-surface pressure, and
A®*“-excess area of mixing. Systems in which components
tend to mix well (attractive interactions are favored), have
negative AG®™, while a positive AG**“ indicates phase sepa-
ration and repulsive interactions. For PHUE-lipid system:s,
both Aj4 (molecular area in a mixed monolayer for non-
interacting components) and AG®*¢ were calculated at 2.5,
7.5,and 12.5 mNm™.

3.2. PHUE and DOPS Mixed Monolayers

n—A isotherms from PHUE and DOPS mixed films are
shown in Figure 1A. Similarly to PHUE-DOPC films,®]
the addition of lipid (DOPS) to the polymer film caused a
decrease of a mean molecular area of the corresponding
binary films. The collapse pressure values were the same
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for all the mixed films (15 mN m™?), matching the col-
lapse pressure of the pure polymer film, and indicating
that PHUE and DOPS did not mix at the molecular level.
For films from immiscible components, one could in fact
observe two collapse pressures, corresponding to the indi-
vidual component each.”! In all our systems, masswise,
there was much less lipid than polymer. Therefore, it was
unlikely that we would be able to force the lipid molecules
to collapse and record their collapse pressure. We were
able to detect the second collapse pressure (corresponding
to the my of the lipid) only for the mixture with a very
asymmetric molar ratio (Xpyyg = 0.01, Xpops = 0.99), and the
smallest mass ratio of 2 to 1 (polymer:lipid) (Figure S4A,
Supporting Information).

Figure 1B shows the compressibility moduli,
C;'=A- (&), for PHUE-DOPS films, the values below
50 mN m indicate a liquid-expanded state of a monol-
ayer. There was no visible trend relating the polymer—
lipid molar ratio and compressibility moduli values. Even
in the film with high molar excess of lipid (Xpyyg = 0.1),
the lipid did not force a more regular packing of the film,
and the increase of the compressibility modulus. Further
addition of the lipid up to Xpops = 0.99, leading to a less
asymmetric polymer to lipid mass ratio, also did not influ-
ence the compressibility moduli (Figure S4B, Supporting
Information). In summary, the introduction of DOPS to
the polymer film does not change its phase behavior.

A comparison of the experimental (solid lines) and the-
oretical (dotted lines) mean molecular areas from PHUE—
DOPS mixed monolayers is shown in Figure 2A. For all
the investigated mixtures, the experimental values were
slightly positive, which could be assigned to repulsion
between molecules. These values did not show large devi-
ations from linearity as a function of the polymer molar
ratio, suggesting that PHUE and DOPS either mix well or
are immiscible.

The excess free energy of mixing for PHUE and DOPS
(Figure 2B) was positive (repulsive interactions were
favored) for all molar ratios, which confirmed immisci-
bility of the polymer and the lipid. An increase of AG®**
with surface pressure is due to denser molecular packing,
where the interactions are more pronounced. The errors
of the excess free energy of mixing are high (see Error
Analysis, Supporting Information), and even though
they do not allow for quantitative analysis of interaction
strength, nonetheless valuable trends can be inferred
from the calculations.

The values of the excess free energy of mixing PHUE
and DOPS were, not surprisingly, in the same range
(tens of kJ mol™?) as the values for the PHUE-DOPC
system.[’l Compared with the polymeric films obtained
from, for example, poly(2-methyloxazoline)-block-
poly(dimethylsiloxane)-block-poly(2-methyloxazoline)
[PMOXA-PDMS-PMOXA] (mass 23 000 g mol™), mixed
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I Figure 2. PHUE-DOPS films: (A) the comparison of experimental
and (B) excess free energy of mixing, versus molar ratio of PHUE.

with DOPCBY or alamethicin (an antimicrobial pep-
tide),BY an increase by approximately one order of mag-
nitude (from a few kJ mol!) was observed for the present
system. Larger AG®* can be attributed to the larger size of
the polymer used here and therefore larger contribution
of weak interactions.

It has to be noted that despite the interactions between
these two components are repulsive, it does not dis-
qualify them from using in material science. The inter-
actions between the components, for example, when
considering polymer-based materials interacting with
cell membranes, should be neither strongly repulsive nor
strongly attractive. In the first case, too strong repulsion
would inhibit cell adhesion, an important step in integra-
tion of biomaterials. On the contrary, too strong attraction
between the polymer and cell membrane phospholipids
would lead to membrane destruction.*?!

PHUE-DOPS monolayers were visualized with BAM,
the images recorded at 12 mN m™? are shown in Figure 3.
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For all molar ratios, gray background with white domains
appeared. As BAM is sensitive to the film thickness (thicker
objects appear brighter), we identified the white domains
as lipid domains.®! These results provide strong evidence
that PHUE and DOPS phase separate at the micrometer
scale at all the investigated polymer-lipid molar ratios.
The domain formation implies that interactions between
pure components are stronger than the possible interac-
tions between the polymer and the lipid, as discussed fur-
ther (“Comparison of mixed monolayers from PHUE with
DOPS, DOPE, and DOPC”).

In summary, the n—A isotherms, collapse pressure
behavior, the excess area of mixing, and BAM imaging
revealed the immiscibility of PHUE and DOPS (Table 1); all
of the investigated mixed films were in liquid expanded
state; and the excess free energy of mixing indicated the
repulsive interactions between the polymer and the lipid.
We conclude that PHUE and DOPS phase separate at the
molecular level. Detailed analysis of PS head group charge
influence on the interactions with PHUE in binary films
is discussed in “Comparison of mixed monolayers from
PHUE with DOPS, DOPE, and DOPC”.

3.3. PHUE and DOPE Mixed Monolayers

Figure 4A shows the n—A isotherms from PHUE-DOPE films.
Similarly to other lipids (DOPC,®) DOPS) mixed with PHUE,
the mean molecular area decreased linearly (Figure 5A)
with increasing DOPE molar ratio. The collapse pressure
of the mixed films remained at 15 mN m™, corresponding
to the polymer film collapse pressure and again suggested
immiscibility of the two components.

Regarding the compressibility moduli in mixed PHUE—
DOPE systems (Figure 4B), they remain in the similar
range as for other PHUE-lipid systems (below 50 mN m,
liquid expanded phase), yet with DOPE a clear trend was
observed: the compressibility modulus decreased with
the lipid molar ratio, from 37 mN m™ (pure polymer), to
31 mN m (mixed film with the lowest polymer molar
ratio- Xpyyg = 0.1). That suggested that DOPE molecules
disturbed the regular packing of the polymer film, making
it more liquid, and at the same time became homogene-
ously distributed across the film. As a consequence, with
DOPE, one can control the fluidity of the mixed film by
varying the polymer-to-lipid molar ratio.

The experimental mean molecular areas were slightly
smaller than the calculated ones (Figure 5A), meaning
that the excess area of mixing was negative, which could
suggest condensation of the monolayer caused by attrac-
tive interactions between the polymer and the lipid mole-
cules. However, the linear trend does not indicate large
deviations from ideal mixing behavior. Furthermore, the
excess free energy of mixing (Figure 5B) with its negative
values for all polymer-lipid ratios (indicating attractive

Macromolecular
Ly Journals



Macromolecular
Chemistry and Physics

A.Jagoda et al.

1926

www.mcp-journal.de

I Figure 3. BAM images (220 x 250 um) from PHUE-DOPS films at 12 mN m™. The polymer molar ratio is: (A) 0.1, (B) 0.3, (C) 0.5, (D) 0.7, (E) 0.9,

(F) 1.0.

interactions) also confirmed better miscibility of PHUE
and DOPE compared with PHUE-DOPC and -DOPS. The
absolute values of AG™*“ were in the range of tens of
kJ mol™?, similarly to PHUE mixed films with DOPS and
DOPC.I!

BAM images of the PHUE-DOPE films are shown in
Figure 6. We could again observe gray background with
white domains (lipid aggregates), however, these only
started to be clearly visible for the higher proportion of
lipid (Xpyyg < 0.3), whereas for mixtures with DOPC and
DOPS domains were visible already at very low lipid molar
ratio (Xpyye = 0.9). The BAM images suggest that to some
extent the polymer and DOPE were miscible (meaning
the interactions between the polymer and the lipid were
favored).

W Table 1. A summary of the results for PHUE-DOPS films.

To summarize (Table 2), for PHUE-DOPE films, we have
observed that: (i) the n—A isotherms, collapse pressure,
and the experimental mean molecular areas behavior
were similar to PHUE-DOPS and PHUE-DOPC mixed
films, suggesting immiscibility between the two com-
ponents; (ii) the compressibility modulus values indi-
cated the liquid-expanded state of mixed monolayers,
with C; ! decreasing upon lipid addition; (iii) interest-
ingly, the excess free energy of mixing were negative,
suggesting the attractive nature of interactions between
PHUE and DOPE; (iv) BAM images showed phase separa-
tion only for high excess of lipid (Xpopg > 0.7). It appears
plausible that the isotherm measurements are insuf-
ficient to conclude about miscibility/immiscibility
in these systems, as the isotherm behavior is similar.

Parameter Result Miscibility
Teoll Teoll mix = Teoll PHUE Immiscibility
A, linearly decreases; A;y > Ay Immiscibility; repulsion
AGE*© Positive Repulsion
BAM images Domains Immiscibility (phase separation)
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Figure 4. PHUE-DOPE films: (A) n-A isotherms, (B) compressibility
moduli.

Considering, however, molecular structures of the lipids
and a detailed analysis of the mixing behavior (A;,,
AG®*°), different interactions become apparent between
the polymer and respective lipids, caused by difference
in the lipid size and its orientation at the interface, as
discussed further.

3.4. Comparison of Mixed Monolayers From PHUE with
DOPS, DOPE, and DOPC

The lipids studied here and previously (DOPC)!®] have iden-
tical hydrophobic parts, but different hydrophilic heads
(phosphatidylserinee-PS, phosphatidylethanoloamine-PE,
phosphatidylcholine-PC, Figure S2, Supporting Informa-
tion), and thus different size, polar group thickness, ioni-
zation constants, and dipole moments (Table 3). We aim
to explain here the effect of these parameters on the inter-
actions between the polymer and lipid, and the resulting
organization and properties of mixed films.
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3.5. Size of the Head Group

PS is a charged group, and for that reason, here we only
compare the results for PHUE-DOPE with PHUE-DOPC
mixed films.[°l As seen in Figure S2 (Supporting Informa-
tion), the only structural difference between these two
lipids are the substituents in the amine group; PC contains
three methyl groups, while PE contains three hydrogen
atoms. Since PC is much larger than PE, the parameters to
be taken into account when discussing the size of the lipid
head group are its orientation with respect to the inter-
face, hydration shell, presence of hydrogen bonds, etc. PC
groups were reported to orient perpendicular to the air-
water interface in lipid monolayers, whereas PE groups
are arranged parallel.33-3%! That difference was explained
as a result of increased size of the PC head group, causing
steric repulsion, and also due to the inability of spatially
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molar ratio is: (A) 0.1, (B) 0.3, (C) 0.5, (D) 0.7, (E) 0.9, (F) 1.0.

extensive PC group to form hydrogen bonds.[??! The parallel
orientation of the PE head groups leads to the alternating
positions of phosphate (negatively charged) and amine
(positively charged), and as a result electrostatic attraction
between the neighboring molecules.”l Among PC groups,
if aligned perpendicular to the air-water interface, electro-
static repulsion occurs. Incorporation of hydrogen-bound
water molecules among phosphate oxygens decreases the
repulsion strength and leads to stronger hydration of PC
groups in comparison to PE.*?l Consequently, the energy
of compression was found higher for DOPC (21.87 kJ mol2)
than for DOPE (17.32 kJ mol1).12634] Moreover, it is known
that PE monolayers are stabilized by hydrogen bonds (see
Figure 7A) between the ammonium hydrogens and phos-
phate oxygens.?#37] All these factors influence the thick-
ness of the polar group, which is larger for PC than for PE
(Hauser et al®¥ reported the thickness of the 1,2-dilau-
royl-sn-glycero-3-phosphatidylethanolamine polar part at

W Table 2. A summary of the results for PHUE — DOPE films.

y v
Y
i
"

Figure 6. BAM images (220 x 250 im) from PHUE-DOPE films at 12 mN m™.The polymer

7.9 A and for 1,2-dimyristoyl-sn-glycero-
3-phosphatidylcholine 10.4 AP4; similar
values, 8 A for PE and 11 A for PC, were
obtained from X-ray experiments in
bulk.3])

Altogether, the absence of methyl
groups, intermolecular hydrogen bonds,
smaller hydration shell, and parallel
orientation of the head group results
in PE group occupying a smaller area at
the air—water interface compared to PC
(good agreement with mean molecular
areas for DOPC- 55 A2, and DOPE- 47 A2,
Figure S3, Supporting Information, and
Table 3).

The difference in size and thick-
ness of the PC and PE groups is likely to
affect lipid interactions with the PHUE
polymer. It is worth to note that, even
though PHUE is a statistical copolymer
with certain amount of the shorter
chains, the polymer interactions with
lipids head groups take place mostly
in the hydrophilic part of the mono-
layer (polyester backbone), which is
not affected by side chain lengths. The
excess free energy of mixing for PHUE—
DOPE monolayers was negative, which indicated attrac-
tive interactions. To the contrary, AG®™*¢ for the PHUE-
DOPC mixed films, was positive, and suggested repulsion
between the two components.”] As the PC head group is
much bigger than PE, it will constitute steric hindrance,
inhibiting the tight packing of the monolayer compo-
nents. In fact, the polymer tended to exclude DOPC from
the film even at very low molar ratio of the lipid (lipid
domain formation).

An opposite situation was observed with DOPE. Smaller
lipid molecules, arranged parallel to the air-water inter-
face, separate the polymer molecules, and participate in
attractive interactions. It means that the strength of the
hydrogen bonds between the lipid molecules is over-
come by polymer-lipid interactions. These may be also
hydrogen bonds, as PHUE contains many oxygen atoms
(which could serve as hydrogen-bond acceptors) and
terminal hydroxyl groups (donors of hydrogen bond).

Parameter Result Miscibility

Teoll Tleoll mix = Toll PHUE Immiscibility

Ay, linearly decreases; A;; <Ay Immiscibility; attraction

AG®© Negative Attraction

BAM images Domains Xpyyg < 0.3 Immiscibility Xpyyg < 0.3 Miscibility Xpgyg 2 0.5
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W Table 3. Molecular and monolayer parameters for DOPS, DOPE, DOPC, and PHUE.

Parameter DOPS DOPE Dopcl! PHUE
Molar mass [g mol™] 810 744 786 165 600
Monolayer thickness [A]148]2) 16+1 1542 16+2 N/D
Head group thickness [A] N/D 7.908%4, 9,044 10.40 N/D
Total dipole moment p [C +0.79 x 10730 N/D +2.04x 10730 N/D
m]i46lal

Head group dipole moment -1.10x1073° -0.17 x1073° +0.23 x 10730 +6.00 x 107399
w[C il

Hydrogen bonds Yes Yes No Possible
Tieon [MN M 47.8 (52 A?/molecule) 48.5 (47 A2/molecule) 46.7 (55 A2/molecule) 15 (25 000 A?/molecule)
Maximum C;* 108 104 92 36

[MNm™]

Monolayer state LCat33mNm;

64 A2 molecule™

2.4 (—COOH),
9.6 (—NH;*)40]

Head group pK,

LC at 41 mN m™;
56 A2 molecule™®

10.7 9.8 N/A

Lat32mNm™;
70 A2 molecule™®

LEat10 mNm™;
29 000 A2 molecule™!

AValues at the air-water interface at 30 mN m™; PValues at the buffer; “Dipole moment of an ester group, according to ref. [39]. N/D—no
data. N/A—not applicable. LE - liquid expanded; L - liquid; LC - liquid condensed.

Even though bonding via hydroxyl groups (Figure 7C)
is stronger, 8] they are less likely to prevail as there are
only two hydroxyl groups per polymer chain. Bonding of
carbonyl oxygens is thus more probable (Figure 7B). Fur-
thermore, since DOPE molecules are smaller than DOPC,
they probably fit much better within a PHUE film, and
as a consequence did not drastically disturb its packing.
It appears that DOPE molecules were embedded within
the mixed films with the lipid molar ratio below 0.7, as
no lipid domains were observed with BAM (Figure 6). The
lipid domains were visible only at high molar excess of
the lipid in the film (Xpopg = 0.7).

3.6. Head Group Charge

Our experiments were performed using bi-distilled water
with pH of 5.5, at which we essentially investigated two
zwitterionic lipids (DOPE and DOPC) and an anionic lipid—
DOPS. PHUE is a neutral polyester that, due to the ester
group, has a dipole moment oriented nearly antiparallel to
the C=0 bond.B*!

All lipid head groups contained the phosphate group
with pK, in the range between 1 and 2,1*°) which was
deprotonated and in anionic form. DOPS additionally
contains a serine group (Figure S2, Supporting Infor-
mation), with negatively charged carboxylic group (pK,
= 2.4) and positively charged amine (pK, = 9.6),1*°] and
negative total charge. Both zwitterionic lipids, apart
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from the anionic phosphate, contain also positively
charged amine groups (ethanolamine and choline- tri-
methyletanolamine, for DOPE and DOPC, respectively).
The reported values of amine pK, are in the range of 9
to 11,141 and both lipids (DOPE and DOPC) were reported
neutral at pH 5.5.14243] Even though both have a similar
charge distribution and are zwitterionic, there is a tre-
mendous difference in the organization of their head
groups at the air-water interface, as discussed above.
Consequently, in a pure DOPE monolayer, charges are
neutralized because of molecular attraction (Figure
7A).13344] This is not observed for DOPC molecules and
has implications on the interactions between these lipids
with the polymer. In particular, the parallel orientation
of PE molecules would result in ion—dipole interactions
with the polymer (Figure 8A).

Regarding DOPS (Figure S2, Supporting Information),
the PS head group is spatially extensive and may serve as
a steric hindrance. This notion is supported by the mean
molecular area of DOPS (52 A2 molecule™?), which is close
to the one of DOPC. It was also reported that since DOPS
has an amine group, it is likely to be involved in hydrogen
bonding (Figure 8C).[#°]

When discussing PHUE-DOPS repulsive interactions
(as indicated by the excess free energy of mixing for
these two components), we assume that DOPS mole-
cules are (i) stabilized by hydrogen bonds (this results
in domains formation) and (ii) oriented perpendicular
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(or at an angle) to the air—-water interface. This organi-
zation would result in repulsive interactions between
negatively charged phosphate group and PHUE dipoles
(Figure 8B), the hydrogen bonds between DOPS and
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PHUE are unlikely to be formed in that configuration of
molecules.

The excess free energy of mixing for PHUE with both
DOPC (zwitterionic) and DOPS (anionic) were positive,
meaning that the repulsive interactions were favored and
the components phase separated. In the case of the PHUE-
DOPE (zwitterionic) mixed films, the excess free energy of
mixing was negative, suggesting attractive interactions
between these two components. As can be seen, there is
no straightforward relationship between the charge of the
lipid and type of the interactions between the polymer
and lipid. This means that not the head group charge
alone but rather the orientation of the lipid molecules is
the main driving force influencing the interactions, as it
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is responsible for the presence of hydrogen bonds, ion—
dipole and dipole—dipole interactions.

3.7. Dipole Moments

The lipids investigated here have the same hydrophobic
part (18:1(9Z)), bringing equal contribution to the total
dipole moment. For many lipids (including PE and PC), the
dipole moment of the terminal methyl group in packed
(ca. 20 mN m™?) hydrocarbon chains at the monolayer—air
interface was reported as +1.17 x 10~3° C m.l4¢! It was also
shown that the number of methylene groups in a hydro-
carbon chain, in closed-packed monolayers, separating the
water-lipid and lipid—air interfaces, does not contribute
to the total dipole moment.[*¢! Thus, the main contribu-
tion to the total dipole moment comes from the effec-
tive local dipole moment of the hydrated head group (see
Table 3 for example values of total and head group dipole
moments for the investigated phospholipids). Dipole
moment values depend not only on the type of molecules
and their organization at the air-water interface (surface
pressure, domain formation), but also charge density,
subphase pH, etc. For that reason, a quantitative analysis
requires more specific experiments. Nevertheless, we sup-
pose that dipole—dipole interactions (ca. 2 kJ mol* [47)),
being weaker than hydrogen or ion—dipole interactions,
will have a minor effect on the lipid’s interaction with the
polymer. It is likely that PE and PHUE dipoles attract, as
they are organized at the air-water interface in a favored
configuration (Figure 9). The interactions between PC
and PS dipoles with PHUE will be rather unfavorable due
to their perpendicular orientation in respect to the air—
water interface.

/ \
(H2C)s (CHy)s
N\ /
(H2C)s (CHy)s
Ozz S:O
(e O /
(?
0=P-0
g OH
DOPE — - PHUE

Figure 9. A schematic representation of dipole-dipole interac-
tions between PE and PHUE.
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4. Conclusions

The Langmuir monolayer technique was used to study the
interactions between PHUE, naturally synthesized poly-
ester, and various phospholipids, chosen on the basis of
different head group size and charge (DOPS and DOPE).
These results are compared with previously reported data
for PHUE-DOPC monolayers.

We showed that the interactions between PHUE and
negatively charged DOPS as well as with zwitterionic
DOPCE! are repulsive, indicated by positive excess free
energy of mixing; phase-separation of these two compo-
nents was confirmed by Brewster angle microscopy. To the
contrary, the excess free energy of mixing for PHUE-DOPE
systems was negative, meaning that attractive interac-
tions between the polymer and the lipid were favored. The
main driving forces influencing these interactions are the
size of the phospholipid head group and its orientation at
the air—water interface. Due to the small size and parallel
to the interface orientation of DOPE molecules, attrac-
tive interactions were possible: not only hydrogen bonds
but also ion—dipole and dipole—dipole interactions. These
interactions were not considered plausible between PHUE
and either DOPC or DOPS, which both have much bigger
head groups, aligned perpendicular to the interface.

We believe these results will contribute to the under-
standing of interactions between different classes of
materials. The monolayer model may be also applied for
other systems relevant for biology and materials science,
where asymmetric environments are present and interfa-
cial compatibility is important for materials properties.
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Head group influence on lipid interactions with a polyhydroxyalkanoate biopolymer
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Supporting Information: Polymer synthesis, extraction, and purification. Polymer
characterization. Figure S1 — Structure of PHUE. Figure S2 — Chemical structures of
phospholipids. Figure S3 - Surface pressure - area (m-A) isotherms from phospholipid films.
Excess area of mixing. Figure S4 - n-A isotherms from PHUE-DOPS mixed films with low molar

ratio of polymer. Error analysis.

Polymer synthesis, extraction, and purification. To obtain poly([R]-3-hydroxy-10-
undecenoate) [PHUE], the bacterial strain Pseudomonas putida GPol was grown in a chemostat
at a dilution rate of 0.1 1/h using 10-undecenoic acid as a single carbon source [1]. Collected cells
were centrifuged and the pellets lyophilized (12°C, 0.5 mbar, 72 h). Dry cell biomass was
suspended in ethyl acetate (60 g L"), the suspension was stirred for at least 2 h, filtered and
concentrated by solvent distillation in a vacuum dryer until it became viscous (40°C, 240 mbar).
The polymer was then precipitated in cold methanol (4°C), vacuum-dried for 2 days (40°C,
30 mbar), and stored at -20°C.

Polymer characterization. The molecular weight of PHUE was determined by gel
permeation chromatography (GPC, ViscoteckTriSEC Model 302). For analysis, typically 50 mg

of purified polymer was dissolved in 10 mL of tetrahydrofuran (THF, Fisher Scientific, analytical



grade) and filtered with a nylon filter (Titan2, 0.45 um). The monomer composition was
determined by gas chromatography (GC) using a method developed by Furrer et al., [2] and
confirmed by NMR. 'H and "*C NMR experiments in solution were performed on a Bruker AV-

400 spectrometer at 297 K using a 5 mm broad-band probe. [2, 3]
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Figure S1. Structure of PHUE.

]
\/\/\/\/a/\/\/\)l\o/\g(\ofrho DOPS

V\Mﬂ/\/\/\)l\ (I:I)
— 0 oo DOPE

g DOPC

Figure S2. Structures of DOPS, DOPE, and DOPC.
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Excess area of mixing: A™™ is a difference between the experimental area per molecule (Aj;)
and the theoretical one (Ajq), resulting from the additivity rule (Ajq = A1 X; + AxX,, where, at
constant surface pressure, A; and A, are the molecular areas of components 1 and 2, respectively,

and X; and X, are their molar ratios). A~

is zero when two components mix ideally or are
immiscible, and deviations indicate miscibility of components: negative A suggests attractive

interactions leading to monolayer contraction, while positive A®™ is a result of repulsive

interactions (monolayer expansion).
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Figure S4. n-A isotherms (A) and compressibility moduli (B) from PHUE-DOPS mixed films

with low molar ratio of polymer.



Error analysis. The following errors were considered for the error calculation: volume error
(syringe, 107 m3), concentration (0.01 kg (m3)'l), molar mass (0.1 kg mol_l), dimensions of the
Langmuir trough (10'6 m2), and surface pressure (0.1 mN m™"). Errors of the number of
molecules, mean molecular area, and excess free energy of mixing were calculated using
Gaussian error propagation. Error of the compressibility modulus is equal to surface pressure
measurement error (0.1 mN m™"). The large error of AG™® is a consequence of the large error of
the mean molecular area (due to large polymer size), and decreases with a decrease of the

polymer molar ratio.
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3.3. PHUE and PHUE-lipid film mineralization

Results were published in: “Biodegradable polymer-lipid monolayers as templates
for calcium phosphate mineralization”, Journal of Materials Chemistry B, 2013, 1 (3),

368-378, A. Jagoda, M. Zinn, E. Bieler, W. Meier, K. Kita-Tokarczyk.
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A combination of poly([R]-3-hydroxy-10-undecenoate) (PHUE), a biodegradable polymer from the group

of polyhydroxyalkanoates (PHAs), and lipids of different head groups was used to support the growth
of calcium phosphate, the main component of mammalian bones. Crystallization took place under two-
dimensional films (Langmuir monolayers). The addition of a negatively charged lipid, 1,2-dioleoyl-sn-

Received 5th September 2012
Accepted 31st October 2012

glycero-3-phospho-i-serine, to a PHUE film led to the formation of lipid domains (rich in negative

charge), and resulted in excellent mineralization control: crystals with uniform size and morphology
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Introduction

There were over 2 million surgeries on the skeletal system in the
United States in 2009 (latest data according to Centers for
Disease Control and Prevention), including total hip or knee
replacements, partial excision of bone, and reduction of frac-
ture. This trend is increasing: e.g.,, in OECD countries an
increase by 27% and 87% was observed in hip and knee
replacements, respectively, over the past decade." The main
reasons are ageing societies, changing lifestyle, or drawbacks of
current bone implants, especially regarding cell attachment and
growth and inflammatory reactions. Consequently, the demand
for novel bone implant materials increases. Apart from biolog-
ical requirements such as stimulation of cell differentiation,
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were formed. The results show that carefully optimized combinations of materials can lead to better
control of calcium phosphate crystallization compared to one-component organic scaffolds.

support of the bone growth, and formation of structural and
functional linkage at the contact point with bone,>* materials
for bone implants must exhibit tissue-specific mechanical
properties.*

Polyhydroxyalkanoates (PHAs) are interesting biomaterial
candidates.>® These biocompatible polyesters are synthesized
naturally by various microorganisms, which store the polymer
intracellularly in granules, serving as an energy and carbon
source.® PHAs have already been used in medical applications,
for example in stents, vascular grafts, heart valves, etc.>” A few
reports describe their potential use in orthopedic applications;
however, these focused on bulk short-chain-length (scl)-PHAs:
poly(3-hydroxybutyrate) (P(3HB))*** and its copolymers with
poly(3-hydroxyvalerate) (P(3HV))'*> or poly(3-hydroxyhexa-
noate) (P(3HH)).*"*"* These polymers have been reported to
favor cell attachment and proliferation, and, when blended with
hydroxyapatite (a calcium phosphate phase found in bone and
teeth), bone growth-enhancing scaffolds could be produced.’
We focus on a medium-chain-length (mcl)-PHA, poly([R]-3-
hydroxy-10-undecenoate) (PHUE), and investigate its crystal
templating properties alone and in combination with two
lipids, phosphatidylserine (PS) and phosphatidylethanolamine
(PE).

Phosphatidylserines (PS) are phospholipids naturally
present in cell membranes and especially, in high content, in
the membrane of ‘matrix vesicles’ (MVs), pre-nucleation clus-
ters for calcium phosphate formation in cells. Negatively
charged PSs bind with calcium, supplied to the phosphate-rich
interior of MVs via a calcium-selective channel (Annexin V),
which leads to precipitation of amorphous calcium phosphate
(ACP, a hydroxyapatite precursor) inside MVs."*** The growing
ACP crystals disrupt the vesicles, and finally merge with other
nucleation clusters.'"” PSs were already used, for example, as

This journal is © The Royal Society of Chemistry 2013



coatings for titanium implants to induce rapid mineralization,
they significantly reduced the inflammatory response and
showed good osseointegrative potential.'®**** Moreover, PS-
coated implants facilitated osteoblast differentiation and
calcium deposition.”** PS as an additive to calcium phosphate
cement enhanced the material strength and improved osteo-
blast proliferation and differentiation.>*

Hartgerink et al.*® designed a peptide amphiphile, which
contained, among others, phosphorylated serine to interact with
calcium ions and to direct mineralization of hydroxyapatite.
Such peptides were self-assembled to form 3D fibrous networks
to template calcium phosphate mineralization. It was already
shown that after 30 minutes the peptide nanofibers’ surface was
covered with hydroxyapatite, preferentially aligned with the long
fiber axis. A similar approach was used by Spoerke et al.,>® who
enriched amphiphilic peptide nanofibers with acidic and phos-
phorylated residues, known to accelerate mineral formation. The
fibers formed scaffolding frameworks, and were then subjected
to enzymatic mineralization. It was shown that the combination
of the designed nanofiber surface with enzyme-controlled
release of phosphate ions led to a spatially selective and biomi-
metic hydroxyapatite formation in a 3D environment.

In this study, we were interested in how 2D molecular
organization in surface films from PHA and PHA-lipid mixtures
influences the growth of calcium phosphate. Organic surface
films on which crystallization may start by heterogeneous
nucleation were prepared by the Langmuir monolayer tech-
nique (to control the molecular organization in thin films).
Depending on film-forming molecules, the well-controlled
surface density and intermolecular distances may be required
for good structural matching between inorganic crystals and the
templating film. Langmuir monolayers were used previously as
templates to grow inorganic materials, mainly CaCO3**° and
BaS0,.**** Calcium phosphate was only grown using (one-
component) monolayers from fatty acids and their deriva-
tives,®*” a phospholipid (dipalmitoylphosphatidylcholine,
DPPC),*” and acrylate-based block copolymers.***°

These earlier studies used amphiphilic but non-biodegrad-
able and non-biocompatible synthetic materials, with limited
use in biomedical applications. Here we used PHUE, a naturally
synthesized polymer, neutral, and largely hydrophobic but
nevertheless forming stable monolayers on the free water
surface.” PHUE-PS mixed films phase separate forming lipid
domains,*” which may act as nucleation centers, presumably
due to the accumulation of negative charge. The aim of this
work was to study calcium phosphate crystallization templating
properties of these mixed films. DOPS was chosen because of its
importance in natural precipitation of calcium phosphate,
while DOPE served as a control: even though its structure is
similar to DOPS, the interactions with PHUE are different.*
Furthermore, the addition of lipids to the polymer film
improves the film’s amphiphilic character, which can further
influence cell adhesion as well. This work also presents, for the
first time, calcium phosphate mineralization using pure DOPS
and DOPE monolayers. To better understand the mineralization
process, parameters such as mineralization time, ion concen-
trations and polymer-lipid molar ratios were investigated.

This journal is © The Royal Society of Chemistry 2013

Materials and methods
Materials

POLY([R]-3-HYDROXY-10-UNDECENOATE) [PHUE]. The synthesis,
purification and characterization of poly([R]-3-hydroxy-10-
undecenoate) [PHUE] were described before.**** Briefly, PHUE
is a statistical copolymer of 3-hydroxy-w-alkenoate monomers
containing 7, 9, and 11 carbon atoms (Fig. 1A), with M,, =
294 600 ¢ mol ', M, = 165 600 g mol ', and a polydispersity
index (PDI) of 1.8.

Lipips. DOPS  [(1,2-dioleoyl-sn-glycero-3-phospho-L-serine
sodium salt), mass 810 g mol '] and DOPE [(1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine), mass 744 g mol '] were
purchased from Avanti Polar Lipids, Inc. (Alabama, USA) as
chloroform solutions (10 mg mL™"). Both lipids had a double
bond (cis configuration) at the 9™ carbon atom, Fig. 1B and C.

SALTS AND BUFFERS. Sodium phosphate monobasic mono-
hydrate, 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid
(HEPES), and calcium chloride dihydrate (Sigma Aldrich) were
used as received. All buffers and salt solutions were prepared
using bi-distilled water. Experiments were performed at physi-
ological pH = 7.5, when necessary the pH was adjusted with 5
M NaOH. Experiments with DOPS films were performed using
HEPES buffer containing CaCl, (2 or 0.5 mM), and an appro-
priate volume (2 or 0.5 mL) of sodium phosphate (0.25 M) was
injected into the subphase (below the monolayer) to obtain a 2
mM (unless otherwise specified) concentration of phosphate
ions. For mineralization experiments with DOPE monolayers,
sodium phosphate buffer (2 mM) served as a subphase, into
which CacCl, (0.25 M) was injected to obtain a 2 mM concen-
tration of calcium ions.

Langmuir monolayers and mineralization

Langmuir monolayers were prepared as described before*:*
using a KSV Inc. (Finland) Langmuir-Blodgett Teflon® trough
(area 242 cm?). PHUE and lipids were spread from chloroform
solutions. Polymer-lipid mixtures (500 pL, 1 mg mL™') at
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Fig. 1 Structures of (A) PHUE, (B) DOPE, and (C) DOPS.
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different molar ratios (0.1:0.9 and 0.9:0.1) were prepared
freshly every day by mixing appropriate volumes of PHUE and
lipid solutions.

Before compression (10 mm min™ ", target surface pressure
12 mN m %), 10 minutes were allowed for chloroform evapo-
ration. After 5 minutes of equilibration at 12 mN m™', salt
solution was injected below the monolayer with a Hamilton
syringe. During mineralization, a constant surface pressure was
held at 12 mN m™*, and the subphase was continuously stirred
with a small stirring rod, placed in a dipping well of the Lang-
muir-Blodgett trough. After a mineralization time of 1 or 4
hours, films were transferred to TEM grids for further analysis.

-1

Electron microscopy (TEM, SEM) and energy dispersive X-ray
(EDX) spectroscopy

TEM carbon-coated copper grids were cleaned in a plasma
cleaner right before the transfer of mineralized films. TEM
images were taken with a Philips CM100 operating at 80 kV.
Before SEM imaging, samples were mounted on carbon tabs
and sputter-coated with 10 nm of silver in a High Vacuum
Coating System, MED 020 (Bal-tec, Liechtenstein - present
Leica). The samples obtained from PHUE mineralization on
sodium phosphate buffer were sputter-coated with platinum.
SEM images were recorded using a Nova Nano SEM (FEI,
Netherlands) operated at 10 kV. EDX analysis was done with a
SDD detector Apollo XV, Software Genesis by EDAX. In some EM
images, contrast and/or brightness were adjusted to allow better
visibility and easier interpretation.

Image analysis was done with Image]* using at least 3
images. We assumed the spherical shape of crystals and
compared their diameters and the average area fractions (area
of the image covered by crystals) + standard deviation.

Results

Firstly, mineralization was performed with one-component
monolayers (Fig. 1; see ESI, Fig. S17T for surface pressure-area
isotherms) as controls before experiments with mixed mono-
layers. Depending on the compound, we analyzed the influence
of mineralization time (PHUE, DOPE, DOPS and their mixed
films), ion concentrations (PHUE-DOPS), and subphase buffer
(PHUE). Following Casse et al.*® we used 1 hour mineralization
time and 2 mM ion concentration (the same as calcium and
phosphate concentrations in human blood and saliva,* to at
least partially mimic the natural conditions for bone and tooth
formation and regeneration) as ‘standard conditions’ for
mineralization.

pH is one of the key parameters in the crystallization
process, however it is known that pH in the monolayer may
differ from subphase pH,* the difference depends on the
subphase ion strength and the properties of film-forming
materials (polyions show a particularly strong effect**°). In this
work, the subphase pH was kept constant (at 7.5) and is
assumed not to change in the monolayer region since the
polymer is neutral, and its monolayer behaviour is pH- and
buffer-insensitive (Fig. S2, ESI}).
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Mineralization of PHUE monolayers

The following control experiments were performed: (i) PHUE
isotherms recorded on sodium phosphate and HEPES (with
Ca”" ions) buffers were identical to those on bi-distilled water;**
(ii) mineralization without the polymer film (crystals growing in
bulk solution), to understand the PHUE monolayer templating
influence on the morphology of calcium phosphate crystals;
and (iii) mineralization in the presence of a PHUE film, but
without subphase stirring, to assess the influence of ion diffu-
sion. In (ii), only a few small crystals (diameter below 45 nm;
Fig. S3, ESIT) were obtained, while in (iii) the results were
similar to those with subphase stirring. Next, we analyzed the
influence of subphase buffer (HEPES with calcium ions or
sodium phosphate) and mineralization time on the crystal
formation.

TEM images, EDX spectra and image analysis for minerali-
zation experiments with PHUE monolayers are shown in Fig. 2.
Regardless of the experimental conditions, calcium phosphate
crystals were formed beneath the polymer films, as confirmed
by EDX. Usually, we observed two populations of crystals, the
first one were small, in the range of tens of nm, and the second
one consisted of almost spherical crystals with a diameter up to
a few um. The crystals were randomly distributed and most
likely grew uncontrolled, independent of the subphase buffer
and mineralization time. In EDX spectra, besides peaks from Ca
and P, we observed peaks from carbon (polymer and/or lipid,
and SEM sample holders), oxygen (polymer and calcium phos-
phate), aluminum (SEM sample holder), copper (TEM grid),
sulfur (HEPES buffer), sodium and chlorine (subphase, salt
solutions). Peaks from silver and platinum originated from the
sputtering, while traces of silicon may have resulted from
solutions stored in glass bottles/vials.

Mineralization of DOPE monolayers

Crystal templating properties of DOPE and PHUE-DOPE
monolayers were investigated to discriminate whether the

Standard conditions (2 mM, 1 h) 2mM, 4 h

HEPES with Ca?*ions

Sodium phosphate

TEM

EDX

Group of
crystals

Diameter mostly 240-1200,
{nm] afew up to 2600

mostly 360-1600,
afew up to 3160

Results

Area fraction

47+11
(%]

21.9+89 7.5%03 10.2+3.8 139:33

Fig. 2 Mineralization results for PHUE monolayers. Regardless of the crystal
growth conditions (buffer and time; see top of the figure), two groups of
randomly distributed crystals were observed.
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Fig. 3 Mineralization results for DOPE monolayers. Crystals with diameters
below 260 nm were obtained, regardless of growth conditions. The area occupied
by crystals increased with longer mineralization time.

observed calcium phosphate crystallization under PHUE films
was either a consequence of the polymer’s surface organization
or the mere presence of a non-ionic organic monolayer. DOPE is
zwitterionic at physiological pH, and therefore, in a pure DOPE
film, its head groups’ orientation parallel to the interface results
in charge neutralization between the molecules. Mineralization
was carried out under ‘standard conditions’ (1 hour, 2 mM), and
also for 4 hours, keeping calcium and phosphate concentra-
tions at 2 mM.

The results from mineralization of DOPE films are shown in
Fig. 3. Crystals grown for 1 and 4 hours had the same size
(diameter below 260 nm), however, the former (1 h) were
statistically distributed on the grid, while the latter (4 h) were
organized in the form of chains. With the longer mineralization
time their area fraction in the film increased from 0.9% (1 h) to
20% (4 h). The EDX analysis was not feasible in this case,
because of the small (nm range) size of the crystals: the pene-
tration depth and the excitation volume of the specimen by
primary electrons are usually up to a few micrometers.

Mineralization beneath PHUE-DOPE mixed films

PHUE-DOPE mixed films at two extreme molar ratios (Xpyyg =
0.9 and 0.1) were investigated to assess the influence of the lipid
amount on the crystal formation. Apart from standard condi-
tions (1 h), mineralization was conducted for a longer miner-
alization time (4 hours).

PHUE-DOPE (0.9 : 0.1) mixed films

In both cases (1 and 4 h), the crystals were randomly distributed
on the grid and were smaller (diameter below 500 nm) for the
longer mineralization time than for 1 hour (diameters up to 800
nm), Fig. 4. Additionally, with the increased mineralization
time the crystals covered a larger area (14% for 1 h and 22% for
4 h). The EDX spectrum confirmed the formation of calcium
phosphate after one hour mineralization (Fig. S4, ESIT).

PHUE-DOPE (0.1 : 0.9) mixed films

Compared to mineralization using PHUE-DOPE films with
Xpuug = 0.9, the results for Xpyyg = 0.1 (Fig. 5) looked
dramatically different. Regardless of the mineralization time,
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Fig. 4 The results from mineralization of PHUE-DOPE (0.9:0.1) films. The
crystals were randomly distributed, and smaller (below 500 nm) for the longer
(4 h) mineralization time than for 1 hour (up to 800 nm).

two populations of crystals were observed, differing in size,
distribution, and morphology. The crystals formed under
standard conditions (1 h, 2 mM) consisted of randomly
distributed, large ‘spherical’ crystals, group I (diameter up to
500 nm, with a few larger ones - up to 1600 nm), and group II -
‘patches’ of smaller crystals (below 80 nm and a few crystals
with larger diameters — up to 360 nm), organized in the form of
chains. An increase of mineralization time to 4 hours caused: (i)
the growth of group I crystals to 800 nm (some even up to
3400 nm); (ii) the decrease in the size of the crystals from group
II (to below 40 nm); and (iii) the change of the morphology and
distribution of crystals from group II: from randomly distrib-
uted patches to a uniformly distributed network. The area
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Fig. 5 The results from mineralization of PHUE-DOPE (0.1:0.9) films. Two

groups of crystals were formed; large (less controlled) crystals grew beneath the
polymer-rich film, smaller crystals were controlled by the lipid-rich mixed film.
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fraction occupied by crystals in TEM images did not seem to
change with mineralization time (group I - ca. 10% and
group II - ca. 20%). In both cases, EDX confirmed the formation
of calcium phosphate crystals.

Mineralization of DOPS monolayers

The second investigated lipid was DOPS, which is negative at
physiological pH. Anionic hydrophilic groups are helpful in
triggering calcium phosphate crystallization since they can be
complexed by calcium, and thus increase its local concentra-
tion, which leads to nucleation primarily at the monolayer.
Similarly to DOPE, we first studied the templating properties of
pure DOPS films, and then its mixtures with PHUE at two molar
ratios (Xpyug = 0.9 and 0.1).

A surface pressure-area isotherm from DOPS on the HEPES
subphase with Ca®" ions (2 mM) was identical to that recorded
on water (Fig. S5, ESIT). Good time-dependent stability of a
DOPS film on the buffer subphase at 12 mN m ' was also
confirmed. Mineralization of the DOPS films was performed for
1 h and 4 h, keeping calcium and phosphate concentrations
constant (2 mM).

The mineralization results are shown in Fig. 6. The crystals
obtained after 1 hour had a spherical shape (with a maximal
diameter of 260 nm) and were organized in chains, which
covered 24% of the image area. These crystals were too small for
both quantitative and qualitative EDX analyses. The presented
EDX spectrum was recorded from a random spot on the grid, for
an overview of what materials were present. Not surprisingly,
the signals from Ca and P are very weak compared to carbon
(lipid film). The increased time of mineralization led to the

Standard conditions (2mM, 1h) | 2mM, 4 h
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Fig. 6 The results of mineralization of DOPS monolayers. Crystals had very
uniform size (below 260 nm) and distribution, while with longer mineralization
time two groups of crystals were observed.
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PHUE : DOPS

Xpuye = 0.9

Xpnue = 0.1

Fig. 7 EM images of non-mineralized PHUE-DOPS monolayers. The lipid
domains were larger (average diameter 12-120 nm) for the mixed films with
Xppue = 0.9, than for the mixed films with Xpyue = 0.1 (average diameter
12-36 nm).

formation of completely different (in morphology and size)
crystals. A few were large (between 500 and 1600 nm) and
randomly distributed (area fraction of 2.5%) - group 1. Group II
contained ‘patches’ of crystals with diameters below 140 nm
(area fraction of 29%). They were connected by thin ‘arms’ (with
diameters difficult to measure at this image resolution). EDX
proved that these were calcium phosphate crystals.

Mineralization beneath PHUE-DOPS mixed films

PHUE and DOPS were mixed at two extreme molar ratios,
Xprue = 0.9 and 0.1, to analyze the influence of DOPS on the
crystallization process. We have previously observed that lipid
domains were formed in these mixed films, and we suppose
that they could have a profound influence on the nucleation
control. The mixed, non-mineralized films at both Xpyug = 0.9
and 0.1 indeed show small domains under EM (Fig. 7). We
observed circular domains, larger for Xpyyg = 0.9: diameters
between ca. 12 and 120 nm, and a few with diameters up to
360 nm. The diameter of domains for Xpyyg = 0.1 was between
12 and 36 nm, again with a few larger ones (diameters up to
260 nm). The area fraction for both mixtures was similar (3.4 +
0.4 for Xpyug = 0.9 and 3.3 £ 1.3 for Xpyyg = 0.1). Both mixed
films were used to study mineralization at different times (1 and
4 hours) and ion concentrations (0.5 and 2 mM).

PHUE-DOPS (0.9 : 0.1) mixed films

The results from mineralization of PHUE-DOPS (0.9 : 0.1) films
are summarized in Fig. 8. After mineralization of the mixed film
under ‘standard conditions’ (1 h, 2 mM) two groups of crystals
were observed. The first group (area fraction 5%) contained
crystals randomly distributed with diameters below 500 nm and
a few larger ones, up to 1600 nm. There were also patches of
small crystals that covered the grid almost completely. Their
size was, however, difficult to measure due to their irregular
shapes. After increasing the mineralization time to 4 h, the
crystals revealed the same morphology as after 1 hour, but their
size increased. The largest crystals (diameter 1600-3200 nm)
covered 5% of the image. The smaller crystals had diameters up
to 700 nm and covered 6% of the area. The EDX spectra contain
peaks for calcium and phosphate. Mineralization was also
performed using a lower concentration of calcium and phos-
phate ions (0.5 mM, for 4 hours). Here we observed structures
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Fig. 8 Mineralization of PHUE-DOPS (0.9 : 0.1) films. Two groups of crystals
were observed regardless of the mineralization time, consistent with the DOPS
domain size in mixed films. Crystallization strongly depended on the ion
concentration.

that had uniform size (up to 360 nm) and distribution, and
covered 6% of the area. They were, however, too small for EDX
analysis.

PHUE-DOPS (0.1 : 0.9) mixed films

The results from mineralization of PHUE-DOPS (0.1 : 0.9) films
are shown in Fig. 9. Under ‘standard conditions’ (1 h, 2 mM),
the crystals were homogenously distributed on the grid and had
diameters between 12 and 270 nm (area fraction 19%). The EDX
spectrum (Fig. S6, ESIT) confirmed the presence of calcium
phosphate. After 4 h of mineralization the crystal size and
distribution changed drastically. They grew much larger
(diameter 1600 to 2600 nm) but covered only 1.3% of the
analyzed grid area. The structures observed after 4 hours of
mineralization from the lower ion concentration (0.5 mM) had a
smaller size (maximal diameter 18 nm) than the crystals grown
from 2 mM solutions. Consistently, they occupied a larger area
(area fraction 16%, compared to 1.3% from 2 mM).

2mM, 1h | 2mM, 4h [

HEPES with Ca®*ions

0.5mM, 4h

TEM

SEM

Diameter [nm] <270 1600- 2600 <40

Area fraction (%) 188+1.2 13%02 1561.4

2
4

Fig. 9 The results from mineralization of PHUE-DOPS (0.1 : 0.9) films. A dense
network of crystals (diameters below 270 nm) formed beneath PHUE-DOPS
(0.1 :0.9) films under standard conditions, and disappeared with longer miner-
alization time forming a few large crystals.
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Discussion
PHUE monolayer mineralization

PHUE is a hydrophobic, neutral polymer, which forms stable (at
least for the duration of the experiment — up to 4 hours) mono-
layers and therefore it is not assumed to degrade and release
monomer/oligomer units to the subphase. Regarding the
subphase buffer, it did not play any role in the organization of the
polymer at the air-water interface (isotherms recorded on the
buffers and bi-distilled water were identical), and thus the film
morphology should not influence the mineralization experiments.

Usually, two populations of crystals were formed underneath
PHUE films, which may suggest two (simultaneous or subse-
quent) processes controlling the crystal growth. A schematic
representation of the proposed nucleation process is shown in
Fig. 10A. The possibility of the formation of mechanically
embedded crystals in between the polymer molecules was not
confirmed by a control experiment (mineralization in the
presence of the PHUE film, without subphase stirring): the
results were identical. We cannot, however, exclude specific
interactions to drive crystallization under the polymer film due
to the ability of carbonyl groups to coordinate calcium ions*”**
and high dipole moment (+6.00 x 10~ *° C m)* of the polymer’s
ester groups. Mineralization could also be induced by the
polymer’s terminal hydroxyl and carboxyl groups, which are
known to influence nucleation and crystal growth.***”** On the
other hand, the approximated distances (calculated using the
PHUE mean molecular area at 12 mN m ' and assuming a
molecule occupies an area of a square) between PHUE terminal
groups were large (ca. 130 A), which makes it unlikely for the
two terminal groups to be in such a close proximity to allow for
the matching of the crystal lattice. Since the polymer is soft and
polydisperse, it cannot be completely excluded that at some
point the terminal groups were close enough to be complexed
by calcium and thus initiate crystal growth. Calcium phosphate
formation beneath PHUE films could also result from hetero-
geneous nucleation on the surface of a template (e.g. dust,
scratch, or a monolayer) present in the system. This way the
crystals’ surface energy would be minimized, leading also to the
lowering of activation energy for nucleation, and as a result
faster nucleation would occur. It is worth noting that the
morphology of crystals formed underneath PHUE films was
different from crystals formed in the subphase. It is not clear,
however, whether the influence of PHUE on the crystal size and
morphology is unique or if the same nucleation effect could be
induced by any other organic interface present in the system
(mineralization of DOPE films was performed to discriminate
between these possibilities). Formation of two populations of
crystals may also suggest that there was a second nucleation
process at a later time or the growth of large crystals could be
caused by Ostwald ripening, where larger crystals grow at the
expense of smaller and more soluble ones.* This was clearly the
case for the experiments with longer mineralization time. The
total area occupied by crystals remained constant (ca. 17%, for
both 1 and 4 h), but the size distribution was different: the
crystals were larger and had more uniform size, while the small
ones either disappeared or grew only slightly (Fig. 2).
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Fig. 10 Schematic representation (not to scale) of crystal (white) formation
under standard conditions beneath monolayers of: (A) PHUE (I) heterogeneous
nucleation, (I) Ostwald ripening, and (Ill) nucleation via complexation of polyester
groups; (B) DOPE (arrows indicate electrostatic attraction and repulsion) and (C)
DOPS.

Regarding the influence of the subphase on PHUE film
mineralization, larger crystals were formed from Ca**-contain-
ing HEPES buffer than from sodium phosphate buffer. It is
known that Ca®>* adsorption is a crucial step for calcium phos-
phate mineralization.*®> Considering our experimental proce-
dure, Ca** ions could complex the polymer’s ester groups
immediately after film spreading and during the monolayer
formation. Since the polymer contains no groups that could be
complexed by phosphate ions, mineralization from Ca** con-
taining buffer appears to be better controlled.

At this point, the kinetic details of the formation of the two
groups of crystals still need to be investigated to better under-
stand whether they originate from different nucleation
processes occurring simultaneously or in a time-dependent
sequence. It is clear, however, that PHUE facilitates calcium
phosphate formation, but the crystallization control it provides
is still relatively poor. These results indicate that for orthopedic
applications PHUE is a promising candidate only when mixed
with crystal growth inducing materials to improve mineraliza-
tion control while providing biodegradability and -compatibility
to the composites. At the same time, it should not be considered
for applications where it may induce pathological crystallization
(e.g. calcification of blood vessels, formation of urinary stones
or dental calculus).

DOPE monolayer mineralization

Experiments with DOPE served as a ‘control’, because its
structure is very similar to that of DOPS, and it has zero net
charge, similar to neutral PHUE. The two lipids have a different
organization at the air-water interface (Fig. S7, ESIf): PE’s head
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groups lie parallel to the air-water interface,** while PSs
perpendicular or at an angle to the interface.*” Due to parallel
orientation of PE head groups, the phosphate and amine groups
are alternating, and thus charge neutralization occurs, which
attenuates mineralization.

In contrast to PHUE monolayers, DOPE films induced
growth of only a few small, randomly distributed crystals
(Fig. 10B); the area fraction was also very small. These results
confirmed that there was no complexation of PE groups. Since
the experiments were performed on phosphate buffer, the
amine groups could be nucleated first, however they are known
to have very low nucleating ability.**® While Ca®" rather than
PO,*" adsorption is a crucial step in the formation of calcium
phosphate,* Ca®* binding to DOPE monolayers is inhibited by
internal salt bridges formed between phosphate and amine
groups.” Furthermore, the literature pK, values of the amine
group at the air-water interface vary from 7.5 to 9.7,% thus it is
plausible that at typical physiological pH (body fluid) it was only
slightly charged. With the increased mineralization time, the
crystals formed beneath DOPE monolayers had generally the
same size as after 1 hour of crystallization but were organized in
chains, thus also covering a larger area. The results suggested
that the small crystals obtained after 1 hour evoked changes in
charge neutralization equilibrium, which caused the subse-
quent crystals to preferentially grow nearby, resulting in chain
morphologies. These results also confirmed that specific inter-
actions rather than the heterogeneous nucleation are respon-
sible for calcium phosphate growth beneath PHUE monolayers
(if heterogeneous nucleation was a dominant factor, crystals
would also grow on DOPE films).

PHUE-DOPE monolayer mineralization

The negative excess free energy of mixing for PHUE-DOPE
indicates attraction between these molecules,*”” and the inter-
action energy (Ah)*"*>was larger for the mixed film with Xppyg =
0.9 (Table S1, ESIT). Moreover, the mixed monolayer at Xprug =
0.9 showed good miscibility, while in the film with Xpyg = 0.1,
the DOPE phase separated forming domains.*

The difference in miscibility of PHUE and DOPE at different
compositions influenced the results of mineralization as shown
in Fig. 11A. The crystals grown beneath the mixed monolayer
with Xphyyg = 0.9 were ca. two times smaller than those grown
under the PHUE monolayer. This was caused by the lipid
molecules stabilized in between PHUE, which blocked the
access to the nucleation-inducing PHUE’s polyester groups,
further inhibiting the crystal growth. Calcium phosphate crys-
tals grown beneath the film at higher lipid molar excess
(Xprue = 0.1) showed two populations. The first one contained
randomly distributed spherical crystals, slightly smaller than
those grown on the PHUE-DOPE (0.9 : 0.1) film, because more
lipid molecules were available to inhibit crystal growth. The
second group contained patches of smaller crystals forming
chains, similar to those observed for 4 hours mineralization of
DOPE films. In phosphatidylcholine (PC)-PE mixed films
already a low amount of PC (Xpc = 0.3) drastically modifies the
ionic properties of PE films, since PC does not possess a
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dissociable proton, which could be involved in hydrogen
bonding between phosphate and amine groups.®® Thus, it
seems reasonable that charge neutralization was disturbed also
by the polymer molecules and crystals had been first nucleated
on the areas where polymer and lipid molecules were mixed.
The longer mineralization time of the PHUE-DOPE mixed
film with Xpyug = 0.9 did not follow the Ostwald ripening
observed for PHUE and PHUE-DOPS films. The crystals were
slightly smaller than after 1 hour mineralization, however
covered ca. 2.5 times larger area. Plausibly, crystals also grew in
the z-direction (not detected by TEM), however it appears that a
small addition of a zwitterionic lipid to a PHUE film did not
improve the crystal templating properties, but rather disturbed
the nucleation process. In the case of PHUE-DOPE monolayers
with a low polymer molar ratio (Xpyyg = 0.1), the growth of
larger crystals with increased time of mineralization was
observed, suggesting the Ostwald ripening mechanism again.

DOPS monolayer mineralization

In contrast to PHUE and DOPE, DOPS is ionic and apart from
phosphate (pK, = 3.7) and amine groups (pK, = 7.5) it contains
also a carboxylic group (pK. = 4.0) responsible for Ca**
adsorption.” The mineralization experiments were conducted
at pH 7.5, where DOPS films were negatively charged. Identical
isotherms recorded on HEPES buffer with Ca** ions and on bi-
distilled water suggested that 2 mM Ca>" concentration was not
sufficient to change the film behavior of DOPS, even though
complexation of anionic groups by Ca®* is still expected.®
Assuming that PS groups are perpendicular (or at the angle) to
the air-water interface, the repulsion between lipid molecules
would be reduced when calcium is present in the subphase. A
tremendous difference in crystal formation was observed for
DOPS monolayer mineralization compared to PHUE and DOPE.
The crystals had more uniform size and shape, and formed
chains. Mineralization of DOPS monolayers was much better
controlled than that of PHUE films, due to the negative charge,
a driving force to concentrate calcium, which then attracted
phosphate ions, and initiated the nucleation of calcium phos-
phate crystals, Fig. 10C.
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With four times longer mineralization time, the small
spherical crystals forming chains were digested and as aresult a
network of small patches with thin arms remained, the dis-
solved ions supported the formation of larger crystals by
Ostwald ripening. The SEM image of these large crystals (Fig. 6;
2 mM, 4 h) showed that crystals are covered with “the polymer
blanket”, similar to those observed previously.*® This is because
calcium phosphate particles were large and stiff, and due to our
transfer procedure to an EM grid (from the subphase side) the
soft and flexible polymer film was on top and followed the
contours of the crystals. The morphology of these large crystals
resembled the ones observed by Wuthier and Eanes, attributed
to hydroxyapatite (HAP).* It is worth noting that HAP formation
requires regularly distributed nucleation centers, with the
distances around 4, 6.3, 7.9, 9.0, and 9.6 A (corresponding to the
distances between Ca®" ions in HAP).* The mean area of a DOPS
molecule in the film at 12 mN m ™" was 95 A%, resulting in an
average intermolecular distance of about 9.7 A, in good agree-
ment with the distance between Ca** ions in HAP. Quantitative
EDX analysis (Ca/P ratio) of the crystals was not possible due to
the small crystal size and the presence of phosphorus also in the
lipid film. The low amount of material was also not sufficient to
perform X-ray or electron diffraction experiments.

PHUE-DOPS monolayer mineralization

Mixed PHUE-DOPS films phase separate at the nano- and
micrometer scale.*” For both molar ratios studied (Xpyyg = 0.9
and 0.1), circular domains were observed, larger for the higher
polymer molar ratio. This difference could be explained by the
comparison of interaction energies (A#) in these two mixed
films®-* (Table S1, ESIf). The repulsion was ca. 12 times
stronger for the mixed film with higher polymer molar ratio,
resulting in larger domains.

In the mineralization experiments, both mixed films
induced growth of densely packed patches of crystals, which
were smaller and more uniform (in size and spatial distribu-
tion) for the mixed film with a lower polymer molar ratio
(Xpuue = 0.1). It suggested that formation of these crystallized
patches was controlled by the lipid domains, rich in negative
charge. Additionally, a few large crystals were formed under-
neath the mixed monolayer with higher polymer molar ratio. It
appears plausible that these large crystals grew below the
polymer, as they were randomly localized and had a large size
distribution, Fig. 11B.

Similar to pure PHUE and DOPS films, longer mineralization
of PHUE-DOPS monolayers led to the dissolution of the previ-
ously (1 h) observed patches of mineralized films, to support the
growth of larger crystals. This was much more visible for the
PHUE-DOPS (0.1 : 0.9) film, where the area fraction decreased
from ca. 19% to 1%, and could be a result of crystal growth in 3D
(not detectable by TEM), slow diffusion of dissolved ions or the
differences in the rate of dissolution (fast) of small crystals and
growth (slow) of larger crystals. The morphology of the large
crystals was identical to that of the ones formed after 4 h
beneath DOPS films and could be attributed to HAP (see Fig. S8,
ESL,f for the high resolution TEM image). These results
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suggested that as long as DOPS is present in the film, HAP was
formed, regardless of the polymer molar ratio. Even though the
ability to control the calcium phosphate crystallization by
PHUE-DOPS (0.1:0.9) and pure DOPS films is similar, the
advantage of using mixed films is the higher stability against
degradation, due to the presence of the high molar mass
polymer.

Calcium phosphate crystallization under PHUE-DOPS
monolayers was further analyzed for its dependence on the
initial ion concentration (0.5 mM and 2 mM). At low concen-
tration, the crystal growth would be limited by the ion diffusion.
For both mixed films the TEM image revealed the structures to
be uniformly distributed on the grids, with sizes corresponding
to the size of lipid domains. This could suggest that the crystal
size was identical to that of lipid domains, or that crystals were
not formed at all and the observed structures were lipid
domains. The latter would be the case if diffusion was very slow,
and although the experiments were performed for 4 hours and
the subphase was continuously stirred, this could have been
insufficient to start the nucleation process. However, from the
comparison of the area fraction of non-mineralized and
mineralized mixed films, it can be observed that the area frac-
tion increased (ca. 2 times for Xpyyg = 0.9 and ca. 5 times for
Xpuyug = 0.1) after the mineralization, which indicates facili-
tated crystal formation. Additionally, the qualitative difference
in SEM images (Fig. 7 vs. Fig. 8 and 9) points to crystal forma-
tion: before mineralization, the lipid domains had regular
circular shape, while after mineralization from the lower ion
concentration they became more ‘fuzzy’. These structures were
however too small for EDX analysis.

In summary, we observed growth of calcium phosphate
crystals under all investigated films. The average size of the
crystals obtained under standard conditions (1 h, 2 mM)
increases in the following order (polymer molar ratio in
brackets):

DOPS; DOPE < PHUE-DOPS (0.1) < PHUE-DOPE (0.1);
PHUE-DOPS (0.9) < PHUE-DOPE (0.9) < PHUE.

With a longer mineralization time (4 h), the average size of
crystals changes leading to the order:

DOPE < PHUE-DOPE (0.9) < PHUE-DOPE (0.1) < DOPS <
PHUE-DOPS (0.1) < PHUE = PHUE-DOPS (0.9).

In both cases, the smallest crystals were grown on DOPE
films. As discussed above, nucleation of calcium phosphate is
not possible using DOPE monolayers, due to the charge
neutralization between the neighbouring molecules, internal
salt bridges and poor nucleating ability of amine groups. Within
the first hour of crystallization, the size of the crystals is limited
by the neutral polymer, which weakly interacts with calcium
phosphate. For that reason, with more polymer in the film
larger crystals were grown. DOPS as a negatively charged lipid
strongly interacts with calcium, resulting in a small size of
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Table 1 Summary of the templating properties of the investigated materials;
where — indicates poor control of crystallization, + good control of crystallization,
and +++ very good control of crystallization

One-component films

PHUE DOPE DOPS

o+

Two-component films

PHUE(Xpyug = 0.9) PHUE(Xpyug = 0.1)
DOPE - +
DOPS + +++

calcium phosphate crystals. After 4 hours of crystallization, the
size of the crystals strongly reflects the properties of a tem-
plating material. The smallest crystals grew on pure and mixed
DOPE films, followed by the negatively charged lipid and its
mixtures with PHUE. The largest crystals were again formed
beneath PHUE, as a result of its neutral charge and thus poor
control over the crystal growth.

Conclusions

The aim of this study was to use PHUE-lipid monolayers to
evaluate their applicability as biocompatible templates to grow
calcium phosphate. Even though the polymer was neutral, we
obtained amorphous calcium phosphate crystals beneath its
monolayers. There was, however, a tremendous difference in
mineralization using pure lipid monolayers, which we reported
here for the first time - DOPS facilitated calcium phosphate
growth, mineralization was very well controlled, while with
DOPE only a few small crystals were formed. This difference was
due to negative DOPS head groups, low nucleation ability of
DOPE amine groups, and different orientation of these lipids at
the air-buffer interface that leads to charge neutralization in
DOPE films and maintains the DOPS charge. At higher molar
ratios of DOPS in the mixed film, crystals with more uniform
size and morphology were formed, as a result of a regular
distribution of phase-separated lipid domains (rich in negative
charge). In contrast, DOPE inhibited the growth of crystals
under the mixed PHUE-DOPE film. For all the investigated
films, the longer time of mineralization induced formation of
larger crystals at the expense of smaller ones, following the
Ostwald ripening process. The polymer-lipid molar ratio plays
the dominant role in crystal size control in the first hour, while
after 4 hours crystal size depends strongly on the material
templating properties.

An interesting outcome of this study is that while PHUE
alone somewhat facilitated calcium phosphate growth to obtain
a good control of the process it appears necessary that PHUE
was combined with other crystallization-inducing materials
such as PS, which, even at very small molar ratios, provides a
homogeneous size and shape distribution of the resulting
crystals (Table 1). Another possibility to induce such minerali-
zation is to functionalize the polymer with similar functional
groups which is under investigation at the moment. This is the
first report on mineralization using two-component thin films
and clearly shows how crystals with desirable size and

This journal is © The Royal Society of Chemistry 2013



morphology may be obtained by choosing appropriate additives
and experimental conditions.
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Table 1 The AG®, interaction parameter (a) and interaction energy (4h) for PHUE-lipid mixed films

NG Ah
XoHue a
[kJ/mol] [k/mol]

PHUE : DOPE

0.9 -32.10 -146.50 -59.45

0.1 -21.39 -97.62 -39.61

PHUE : DOPS

0.9 43.18 197.04 79.96

0.1 3.59 16.39 6.65
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Fig. S8 TEM image of calcium phosphate grown beneath PHUE-DOPS (0.9 : 0.1) films



4. Conclusions and outlook

In this thesis, polyhydroxyalkanoate-based thin films are described in terms of
their interfacial properties and optimization for templated growth of calcium phosphate,
as potential materials for future orthopedic applications. Poly([R]-3-hydroxy-10-
undecenoate) (PHUE) was selected as a representative of mcl-PHAs and Langmuir
monolayer technique as an experimental approach.

PHUE properties on the free water surface were studied, including influence of
various experimental conditions on the polymer monolayer behavior. Despite the fact that
PHUE has a more hydrophobic than amphiphilic character, it formed stable monolayers
insensitive to change of the film compression rate, solvent evaporation time and the
spreading solution concentration. PHUE monolayers were only slightly influenced by the
subphase temperature (since the solubility of shorter polymer chains increases at higher
temperatures) and by the number of molecules spread at the interface (more molecules at
the interface limit the spreading ability and lead to clustering). Furthermore, the polymer
monolayer behavior was elastic, as shown by reversible isotherm behavior upon several
compression-expansion cycles.

In the next step, PHUE interactions with various phospholipids, containing the
same hydrophobic tail and different hydrophilic head groups, were evaluated. The liquid
expanded PHUE monolayer phase was not affected by the addition of DOPC and DOPS.
It was, however, possible to control the monolayer fluidity by varying the PHUE-DOPE
molar ratio (the more DOPE in the mixed film, the more liquid film). Regarding the
polymer interactions with lipids, they were highly dependent on the lipid head group size
and its orientation at the air-water interface. Repulsive interactions, manifested as film de-
mixing, were observed with DOPC and DOPS whose head groups are large and

perpendicular to the interface. Attractive interactions, due to hydrogen bonding, ion-
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dipole, and dipole-dipole interactions, were observed with DOPE, possessing a small
head group oriented parallel to the interface.

The final step was to analyze the templating properties of pure (PHUE, DOPS,
DOPE) and mixed (PHUE-DOPS, PHUE-DOPE) monolayers for calcium phosphate
crystallization. Experiments performed in various experimental conditions (mineralization
time, ion concentration, polymer-lipid molar ratio), allowed to find the optimum crystal
growth parameters. PHUE itself facilitated crystal formation, but did not offer a good
crystallization control, due to its neutral charge. Different orientation of lipids at the air-
water interface as well as lipid charge strongly influenced mineralization results. Briefly,
with pure DOPS (negative, perpendicular to the interface), fine crystals were formed,
whereas with DOPE (zwitterionic, parallel to the interface) only a few crystals appeared.
Consequently, the addition of DOPS to the polymer film led to uniformity in crystals size
and morphology, while DOPE addition inhibited the growth of large crystals.
Additionally, longer mineralization time induced dissolution of smaller crystals and the
growth of larger crystals according to the Ostwald ripening mechanism.

Summarizing, PHUE-based materials containing biologically active molecules
(phospholipids) were studied and showed different behavior depending on the
phospholipid ratio and head group properties. This work could be further extended to
analyze the PHAs interactions with other biomembrane components (e.g. proteins,
sugars) to obtain firstly, more comprehensive information about material-living cells
interactions, and secondly, to obtain materials with novel properties.

Additionally, PHUE-based thin films, depending on the film composition and the
growth conditions, were shown to induce calcium phosphate mineralization. To obtain
a good control of crystallization using only pure PHA films, one would have to

functionalize the polymer, with e.g. carboxylic or phosphate groups, in order to increase
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its hydrophilicity, which also improves cell adhesion. The work using carboxyl-
functionalized PHA polymer is in progress at the moment. Last, but not least, the
obtained PHUE(-lipid)-calcium phosphate composite materials should be further studied
in the context of their cell compatibility. The outcome of the present work may be applied
not only to understand PHA-based materials, but also other materials, where interfacial

compatibility with tissue cells plays an important role.
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S. Appendix

5.1. Polymer molar mass optimization

Two PHUE polymers with lower molar mass (PHUE3k, PHUE6k) were
investigated in order to find out whether the polymer packing properties will improve,
leading also to the increase in the monolayer collapse surface pressure with a decrease of
the polymer molar mass. Polymer characterization results are compiled in Table 2.

Monolayer experiments were performed as described before [Jagoda et al., Langmuir

2011, 27 (17), 10878].

Table 2. Polymer characterization results.

Polymer My, (g/mol) M, (g/mol) PDI
PHUE3k 7 705 3132 2.5
PHUE6k 13 745 5950 2.3

The monolayers results are compared with those previously published for PHUE

(M, =165 000 g/mol; PHUE165k) [Jagoda et al., Langmuir, 2011, 27 (17), 10878].

5.1.1. One-component films

Surface pressure-area isotherms, together with compressibility moduli, from

PHUE3k and PHUEG6k are shown in Figure 7 A.
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Figure 7. A) Surface pressure-area (m-A) isotherm (solid line) and compressibility modulus C,"
(dotted line) from PHUE3k (red) and PHUE6k (blue) monolayers. B) BAM images
(220 x 250 pm) of the PHUE3k monolayer at 7 and 16 mN/m.

As expected, the surface pressure-area isotherms from smaller polymers (PHUE3k
and PHUEGK) were shifted to the lower mean molecular areas (760 A? for PHUE3K, and
1 600 A® for PHUE6K, vs. 40 000 A” for PHUE165k at isotherm lift-off). However, the
collapse pressures remained the same (ca. 15 mN/m), which suggested that it is not
possible to prepare more densely packed PHUE monolayers. The compressibility
modulus values were similar (38 mN/m) as for PHUE165k (36 mN/m), indicating liquid
expanded state of the monolayers. Also, the morphology of PHUE3Kk film (observed with
BAM) did not change comparing to PHUE165k. During the film compression, from the
lift-off (760 A* per molecule, 7 =0 mN/m) to the collapse, a smooth monolayer was
observed, Figure 7 B. After the monolayer reached the collapse pressure very bright,

crystalline domains were formed.
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5.1.2. PHUE3k-DOPS mixed films

PHUE3k was mixed with DOPS at two extreme molar ratios (Xpyyg = 0.9 and
0.1) to investigate if the polymer molar mass influences the interactions with the lipid.
Surface pressure-area isotherms (Figure 8) were recorded until the pressure reached
12 mN/m (the pressure at which the following mineralization experiments were

conducted).

14
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Figure 8. n-A isotherms from PHUE3k-DOPS films.

Similarly to previously studied PHUE165k-lipid systems [Jagoda et al., Langmuir,
2011, 27 (17), 10878; Jagoda, et al., Macromol. Chem. Phys., 2012, 213 (18), 1922.], the
addition of DOPS to the polymer film caused a decrease of a mean molecular area of the
mixed films, in particular for the mixed film with Xpyyg = 0.1. There was, however no
difference in mean molecular areas for the pure PHUE3Kk film and for the mixed film with
Xprue = 0.9 - this effect is reproducible but its origin is not clear at the moment, and
would need further investigations. The excess free energy of mixing (Table 3) was
positive (similarly to the mixed films containing the larger polymer-PHUE165k) and

indicated repulsive interactions between the two components, leading to their
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immiscibility. However, the values of AG™° of PHUE3k-DOPS films were smaller than
the ones of PHUE165k-DOPS system, due to a smaller mass difference between the
polymer and the lipid (about 4 times, while with PHUE165k it is about 200 times). The
large errors result from the error of the mean molecular area, typical for polymers and
large molecular mass materials. These results confirmed that interactions between PHUE

and DOPS are specific, and depend on the materials chemistry rather than molecular size.

Table 3. Comparison of the excess free energy of mixing for PHUE3k-DOPS and PHUE165k-
DOPS mixed films.

Surface Pressure PHUE3k PHUE165k
XpHUE
[mN/m] AG® [kJ/mol]

2.5 0.81 £0.83 16.43 £34.10
0.9 7.5 2.44 +2.48 44.26 +£102.29
12.5 3.12+3.64 43.18 £170.48

2.5 0.57£0.36 5.25+7.39

0.1 7.5 1.39 + 1.07 6.51 £22.16

12.5 1.97 £1.57 3.59 £39.94

5.1.3. Mineralization of PHUE3k-DOPS films

The PHUE3k-DOPS mixed films were used as templates to grow calcium
phosphate. Mineralization experiments were carried out as described in [Jagoda et al.,
Journal of Materials Chemisty B, 2013, 1 (3), 368-378], on HEPES buffer containing
Ca*" ions at 2 mM, for 1 hour. As shown in Table 4, the polymer size had a tremendous
effect on the crystals formation. First of all, the crystals were more homogenously
distributed than on PHUE165k-DOPS films. Secondly, they had more uniform size and
morphology. Mineralization using the smaller polymer in the mixed films was much
better controlled than with the larger PHUE. Furthermore, we could not observe large
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crystals (diameters in um range) that were found using PHUE165k-DOPS monolayers.
It suggested that either a larger amount of DOPS (mass-wise, due to the smaller mass
asymmetry) present in the film dominated the nucleation, or the smaller PHUE controlled
mineralization better, leading to the smaller crystals. Despite better control of
crystallization achieved with the low molar mass polymer than with PHUEI165k, one
could expect also faster degradation and lower stability of the PHUE3k films. For
example, Jo et al. investigated PLLA and P(3HB) monolayers, with five-fold difference
in polymer masses; the polymer with higher molar mass (P(3HB)) degraded much slower

than the PLLA [Jo et al., Polym. Degrad. Stabil., 2007, 92 (7), 1199].

Table 4. TEM images of PHUE3k-DOPS and PHUE165k-DOPS films mineralized with calcium
phosphate.

XPHUE PHUE3k PHUE165k

0.9

0.1
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5.2. Langmuir-Blodgett transfers

PHUE monolayers were transferred to various substrates in order to evaluate
feasibility for preparation of solid-supported PHUE films/membranes.

PHUE (165 500 g/mol) monolayers were prepared on water, sodium phosphate,
and phosphate buffered saline (PBS) subphases. Monolayers were compressed until the
surface pressure reached 12 mN/m, equilibrated for 5 minutes, and then transferred
(at 0.5 mm/min) on solid surfaces (mica- freshly cleaved, or Si wafer- cleaned in piranha
solution) using Langmuir-Blodgett upstroke transfer.

Transfer ratio (TR; a ratio between a decrease in the monolayer surface area
during the film deposition, and the area of the solid support) provides the first
approximate information if the transfer is successful (TR=1 for good deposition). For
samples studied here, TR was in the range of 2 to 10, and varied between the samples. It
means that the monolayer area decreased 2 to 10 times comparing with the area of solid
surfaces, to which the transfer was performed. It may suggest that during the transfer the
molecular packing density changed and PHUE formed multilayers or aggregates.
Together with poor transfer reproducibility, it was an indication that it is not possible to
transfer defect-free PHUE monolayers on mica and silicon supports. Previously, Nobes et
al. reported that scl- and mcl-PHAs (P(3HB), P(3HV), P(3HH), P(3HO), and P(3HN))
were easily deposited on mica, glass, and silicon wafers surfaces [Nobes et al., In From
Annual Technical Conference - Society of Plastics Engineers 1999 (57), 2185]. This may
suggest that 9 carbon atoms in the monomer unit constitute a threshold for the efficient
transfer of PHAs to solid surfaces. However, the authors did not report the polymer molar
mass, solid support preparation and characterization, and the transfer conditions (e.g.

surface pressure, transfer rate). For that reason, the different observations made here
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could result from large differences in the polymer masses, solid surface preparation, or
experimental conditions.

Nevertheless, solid-supported PHUE films were examined using Atomic Force
Microscopy (AFM), the images are collected in Table 5. It is clear that it was not feasible
to transfer the polymer monolayers. Instead of homogeneous film, in most cases, we

observed non-homogeneously distributed aggregates of a few to several nanometers in

height.

Table 4. AFM images and height profile for PHUE transferred on solid surfaces.

Transfer
AFM image Height profile
conditions
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