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Abstract

Polymeric films and coatings derived from semi-crystalline oligomers are of relevance for medical
and pharmaceutical applications. In this context, the material surface is of particular importance,
as it mediates the interaction with the biological system. Two-dimensional (2D) systems and
ultrathin films are used to model this interface. However, conventional techniques for their
preparation, such as spin coating or dip coating, have disadvantages, since the morphology and
chain packing of the generated films can only be controlled to a limited extent and adsorption on
the substrate used affects the behavior of the films. Detaching and transferring the films prepared
by such techniques requires additional sacrificial or supporting layers, and free-standing or
self-supporting domains are usually of very limited lateral extension. The aim of this thesis is to
study and modulate crystallization, melting, degradation and chemical reactions in ultrathin films
of oligo(e-caprolactone)s (OCL)s with different end-groups under ambient conditions. Here,
oligomeric ultrathin films are assembled at the air-water interface using the Langmuir technique.
The water surface allows lateral movement and aggregation of the oligomers, which, unlike solid
substrates, enables dynamic physical and chemical interaction of the molecules. Parameters like
surface pressure (), temperature and mean molecular area (MMA) allow controlled assembly and
manipulation of oligomer molecules when using the Langmuir technique. The i-MMA isotherms,
Brewster angle microscopy (BAM), and interfacial infrared spectroscopy assist in detecting
morphological and physicochemical changes in the film. Ultrathin films can be easily transferred
to the solid silicon surface via Langmuir-Schaefer (LS) method (horizontal substrate dipping).
Here, the films transferred on silicon are investigated using atomic force microscopy (AFM) and

optical microscopy and are compared to the films on the water surface.

The semi-crystalline morphology (lamellar thicknesses, crystal number densities, and lateral
crystal dimensions) is tuned by the chemical structure of the OCL end-groups (hydroxy or
methacrylate) and by the crystallization temperature (7¢; 12 or 21 °C) or MMAs. Compression to
lower MMA of ~2 A2, results in the formation of a highly crystalline film, which consists of tightly
packed single crystals. Preparation of tightly packed single crystals on a cm? scale is not possible
by conventional techniques. Upon transfer to a solid surface, these films retain their crystalline

morphology whereas amorphous films undergo dewetting.

The melting temperature (7m) of OCL single crystals at the water and the solid surface is found
proportional to the inverse crystal thickness and is generally lower than the 7m of bulk PCL. The

impact of OCL end-groups on melting behavior is most noticeable at the air-solid interface, where
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the methacrylate end-capped OCL (OCDME) melted at lower temperatures than the hydroxy end-
capped OCL (OCDOL). When comparing the underlying substrate, melting/recrystallization of
OCL ultrathin films is possible at lower temperatures at the air-water interface than at the air-solid
interface, where recrystallization is not visible. Recrystallization at the air-water interface usually

occurs at a higher temperature than the initial 7.

Controlled degradation is crucial for the predictable performance of degradable polymeric
biomaterials. Degradation of ultrathin films is carried out under acidic (pH ~ 1) or enzymatic
catalysis (lipase from Pseudomonas cepcia) on the water surface or on a silicon surface as
transferred films. A high crystallinity strongly reduces the hydrolytic but not the enzymatic
degradation rate. As an influence of end-groups, the methacrylate end-capped linear oligomer,
OCDME (~85 £ 2 % end-group functionalization) hydrolytically degrades faster than the hydroxy
end-capped linear oligomer, OCDOL (~95 £+ 3 % end-group functionalization) at different
temperatures. Differences in the acceleration of hydrolytic degradation of semi-crystalline films
were observed upon complete melting, partial melting of the crystals, or by heating to temperatures
close to Tm. Therefore, films of densely packed single crystals are suitable as barrier layers with

thermally switchable degradation rates.

Chemical modification in ultrathin films is an intricate process applicable to connect
functionalized molecules, impart stability or create stimuli-sensitive cross-links. The reaction of
end-groups is explored for transferred single crystals on a solid surface or amorphous monolayer
at the air-water interface. Bulky methacrylate end-groups are expelled to the crystal surface during
chain-folded crystallization. The density of end-groups is inversely proportional to molecular
weight and hence very pronounced for oligomers. The methacrylate end-groups at the crystal
surface, which are present at high concentration, can be used for further chemical
functionalization. This is demonstrated by fluorescence microscopy after reaction with fluorescein
dimethacrylate. The thermoswitching behavior (melting and recrystallization) of fluorescein
functionalized single crystals shows the temperature-dependent distribution of the chemically
linked fluorescein moieties, which are accumulated on the surfaces of crystals, and homogeneously
dispersed when the crystals are molten. In amorphous monolayers at the air-water interface,
reversible cross-linking of hydroxy-terminated oligo(e-caprolactone) monolayers using
dialdehyde (glyoxal) lead to the formation of 2D networks. Pronounced contraction in the area
occurred for 2D OCL films in dependence of surface pressure and time indicating the reaction
progress. Cross-linking inhibited crystallization and retarded enzymatic degradation of the OCL

film. Altering the subphase pH to ~2 led to cleavage of the covalent acetal cross-links. Besides as
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model systems, these reversibly cross-linked films are applicable for drug delivery systems or cell

substrates modulating adhesion at biointerfaces.

Zusammenfassung

Ultradiinne Filme/Beschichtungen aus semikristallinen oligomeren Makromolekiilen sind fiir
medizinische und pharmazeutische Anwendungen von Bedeutung. Dabei kommt der
Materialoberfldche eine besondere Bedeutung zu, da diese die Interaktion mit dem umgebenden
biologischen System ermdglicht. Zur Modellierung der Oberfliche werden 2D Systeme und
ultradiinne Filme verwendet. Herkdmmlichen Techniken zu deren Préparation wie Spin-Coating
oder Dip-Coating haben jedoch Nachteile, da sich die Morphologie und Kettenpackung der
erzeugten Filme nur sehr bedingt kontrollieren ldsst und sich die Adsorption auf dem verwendeten
Substrat auf das Verhalten der Filme auswirkt. Zum Abldsen oder Ubertragen der mit Hilfe dieser
Techniken hergestellten Filme sind zusédtzliche Opfer- oder Transferschichten erforderlich. Zudem
konnen mit diesen Methoden nur freistehende oder selbsttragende Filme von sehr geringer lateraler
Ausdehnung hergestellt werden. Das Ziel dieser Arbeit ist es, Kristallisation, Schmelzen, Abbau
und chemische Reaktionen in ultradiinnen Filmen von Oligo(e-caprolacton)en (OCL)s mit
unterschiedlichen Endgruppen unter Umgebungsbedingungen zu untersuchen und zu kontrollieren.
Dazu wurden ultradiinne Filme an der Luft-Wasser-Grenzfliche mit der Langmuir-Technik
erzeugt. Die Wasseroberfliche erlaubt eine ungestorte Bewegung und Aggregation der Oligomere,
was, im Gegensatz zu festen Substraten, dynamische physikalische und chemische Interaktion der
Molekiile miteinander ermoglicht. Die Langmuir-Technik erlaubt mit Hilfe von Parametern wie
Temperatur, Oberflichendruck (m) und Fliche pro Wiederholheinheit eine kontrollierte
Manipulation der Oligomere. Kompressionsiothermen, Brewster-Winkelmikroskopie und
Grenzflachen-Infrarotspektroskopie halfen beim Nachweis morphologischer und physikalisch-
chemischer Verdanderungen im Film. Die ultradiinnen Filme wurden iiber das Langmuir-Schéfer-
Verfahren (Kontakt mit Substrat in paralleler Orientierung zur Grenzflache) auf Siliziumsubstrate
tibertragen. Danach wurden die iibertragenen Filme mittels AFM und optischer Mikroskopie

untersucht und mit Filmen an der Wasseroberfldche verglichen.

Die teilkristalline Morphologie (Lamellendicke, Kristallzahldichte und laterale Dimension der
Kristalle) von Polymerfilmen kann durch die chemische Struktur der OCL-Endgruppen (Hydroxy
oder Methacrylat) und durch die Kristallisationstemperatur (7¢; 12 oder 21 °C) oder die Fliache pro
Wiederholeinheit beeinflusst werden. Die Kompression auf eine sehr kleine Flidche pro

Wiederholeinheit von ~2 A2 fiihrt zur Bildung eines hochkristallinen Films, der aus dicht gepackten
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Einkristallen besteht. Eine Synthese von derartigen Filmen im cm? MafBstab ist mit herkdémmlichen
Techniken nicht mdglich. Nach Ubertragung auf eine feste Oberfliche behielten die teilkristallinen
Filme ihre Morphologie, widhrend amorphe Filme das flir Polymere charakteristische

Entnetzungsverhalten aufwiesen.

Die Schmelztemperaturen (7m) von OCL-Einkristallen an der Wasser- und Festkdrperoberflache
waren proportional zur inversen Kristalldicke und im Allgemeinen niedriger als die 7 von PCL
im Festkorper. Der Einfluss der OCL-Endgruppen auf das Schmelzverhalten war an der Luft-
Feststoff-Grenzflaiche am deutlichsten, wo OCL mit Methacrylat-Endgruppen bei niedrigeren
Temperaturen schmolz als OCL mit Hydroxyl-Endgruppen. Das Schmelzen/Rekristallisieren
ultradiinner OCL-Filme an der Luft-Wasser-Grenzflache erfolgte bei niedrigeren Temperaturen als
an der Luft-Feststoff-Grenzfliche, wo keine Rekristallisation beobachtet wurde. Die
Rekristallisation geschmolzener Filme an der Luft-Wasser-Grenzflache erfolgte normalerweise bei

einer hoheren Temperatur als der anfanglichen T-.

Der kontrollierte Abbau ist entscheidend fiir die Performance von abbaubaren Polymeren als
Biomaterialien. Der Abbau ultradiinner Filme erfolgte hydrolytisch entweder unter saurer (pH ~ 1)
oder enzymatischer Katalyse (Lipase aus Pseudomonas cepcia) auf der Wasseroberfldche oder als
iibertragene Filme auf Siliziumoberflichen. Eine hohe Kristallinitit reduzierte die hydrolytische
Abbaurate stark, aber die enzymatische dagegen wenig. Das lineare Oligomer mit Methacrylat
Endgruppen (~85 + 2 % Endgruppenfunktionalisierung) wurde bei unterschiedlichen Temperaturen
schneller hydrolytisch abgebaut als das lineare Oligomer mit Hydroxyl Endgruppen (~95 £ 3 %
Endgruppenfunktionalisierung). Unterschiede in der Beschleunigung des hydrolytischen Abbaus
von teilkristallinen Filmen wurden beim vollstindigen Schmelzen, teilweisen Schmelzen der
Kristalle, oder durch erwdrmen in die Ndhe von T, beobachtet. Daher eignen sich Filme aus dicht

gepackten Einkristallen als Barriereschichten mit thermisch schaltbarer Degradationsrate.

Chemische Reaktionen in ultradiinnen Filmen kdnnen angewandt werden, um funktionalisierte
Molekiile zu verbinden und ihnen Stabilitét zu verleihen oder Stimuli-sensitive Vernetzungen zu
erzeugen. Hier wurden die Reaktionen der Endgruppen transferierter Einkristalle auf festen
Oberfldchen und amorphen Monoschichten an der Luft-Wasser-Grenzfliche untersucht. Da die
Kettenenden defekte in den Einkristallen darstellen wiirden, werden sie bei der Kristallisation an
der Kristalloberfliche angeordnet. Die Dichte der Endgruppen ist umgekehrt proportional zum
Molekulargewicht und daher bei Oligomeren besonders hoch. Hier wurden mit

Methacrylatendgruppen versehene OCL Molekiile verwendet. Diese Gruppen kénnen chemisch

IX



weiter umgesetzt und fiir eine Funktionalisierung der Kirstalle verwendet werden. Dies wurde
fluoreszenz-mikroskopisch nach der Reaktion mit Fluoresceindimethacrylat nachgewiesen. Das
thermische Schalten (Schmelzen und Umkristallisieren) von Fluorescein-funktionalisierten
Einkristallen erzeugt eine temperaturabhéngige Verteilung der chemisch verkniipften Fluorescein-
Einheiten, die sich auf den Oberfldchen der Kristalle ansammeln und beim Schmelzen der Kristalle
homogen dispergiert werden. In amorphen Monoschichten an der Luft-Wasser-Grenzflache fiihrt
die reversible Vernetzung von Hydroxy-terminierten Oligo(e-caprolacton) Monoschichten unter
Verwendung eines Dialdehyds (Glyoxal) zur Bildung von zweidimensionalen (2D) Netzwerken.
Bei 2D-OCL-Filmen trat eine ausgepriagte Kontraktion der Fliche in Abhéngigkeit von
Oberfldchendruck und Zeit auf, was den Fortschritt der Reaktion anzeigte. Die Vernetzung hemmte
die Kristallisation und verzdgerte den enzymatischen Abbau des OCL-Films. Eine Anderung des
pH-Wertes der Subphase auf ~2 fiihrte zur Spaltung der kovalenten Acetalvernetzungen. AuB3er als
Modellsysteme wére der Einsatz dieser reversibel vernetzten Filme fiir den Einsatz als Drug-

Delivery-Systeme oder als Oberflichen zur Steuerung der Adhésion von Zellen moglich.



Abbreviations and symbols

1D One-dimensional

2D Two-dimensional

3D Three-dimensional

A(t) Film area after a degradation time interval t
Ao Initial film area

AFM Atomic force microscopy

BAM Brewster angle microscopy

G Gibbs free energy

1 Normalized differential intensity
IR Infrared

LB Langmuir-Blodgett

LMD Langmuir monolayer degradation
LS Langmuir-Schaefer

MMA Mean molecular area

M Number-average molar mass

Hair Refractive index of air

Mwater Refractive index of water

OCDME Oligo(e-caprolactone) dimethacrylate

OCDOL Oligo(e-caprolactone) diol

OCL Oligo(e-caprolactone)
PCL Poly(e-caprolactone)

PE Polyethylene

PEG Poly(ethylene glycol)
PEO Poly(ethylene oxide)
PFC Perfluorinated compound
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PGA
PHB

PI

PLA
PLGA
PM-IRRAS
POM
PP
PTFE
PU

T.
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T
Tinend
T'm onset
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uv
AAvel (1)

AA(t)

ASm

OB

Polyglycolide
Poly(B-hydroxybutyrate)
Polyimide

Polylactide

Poly(lactide-co-glycolide)

Polarization modulation-infrared reflection-adsorption spectroscopy

Polarized optical microscopy
Polypropylene
Polytetrafluoroethylene
Polyurethane

Crystallization temperature
Glass transition temperature
Melting temperature

Endpoint temperature of melting
Onset temperature of melting
Equilibrium melting point of an infinitely large crystal
Recrystallization temperature
Ultraviolet

Normalized area reduction
Absolute area change

Enthalpy of fusion

Entropy of fusion

Brewster’s angle

Surface pressure
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1. Introduction

Ultrathin films in biomaterial research are designed as platforms fulfilling engineering and
biological aspects, where molecules are assembled in the x-y or a 2D plane. The perspectives
on defining materials that are confined in a 2D plane differ between disciplines. Biologists
frequently refer to thin sheets, or a layered scaffold consisting of a network of fibers (1D;
one-dimensional material) in a confined space as a 2D material.! Physicists on the other hand
do not consider the assembly of a 1D material in laterally confined geometries as a 2D material.
They define materials based on their topology, mechanical behavior, and dimensions, whereas
chemists strictly define the features for 2D material to be a sheet-like monomolecular film with
laterally connected repeat units having end-groups along all edges.” The molecules forming 2D
materials are generally based on atoms, groups of atoms, or organic molecules, such as
monomers from the graphene family, chalcogenides, and oxides, generally with an application

motivated towards mechanoelectronics. > *

Ultrathin films with non-toxicity, predictable bio response, and regulated (bio)degradation are
highly relevant for medical applications. The synthesis methods used should be ecologically
friendly and capable of producing large-scale, homogenous films that can be coated on a variety
of surfaces. Because of structural effects and unknown processes, toxicities from typical
graphene-based 2D materials are not uncommon. Its possible negative impacts on species in

marine and terrestrial environments are also a source of future concern.> ®

1.1. Polymeric films as biomaterials

Polymers can be used to create ultrathin films with distinct characteristics. Polymeric films do
not require special handling or storage conditions and are more stable than the sensitive films
made from proteins, peptides, or nucleic acids, which also require time-consuming and costly
isolation and purification step.”® Regarding the polymeric film thickness, a thin film > 200 nm,

an ultrathin film < 100 nm, and a 2D ultrathin film has thickness < its random coil size.’

The molecular weight is an important characteristic governing the degradation and
bioelimination of polymers used in a nanostructured device.'® For example, the degradation
time of a high molecular weight poly(lactide-co-glycolide) (PLGA) in an implanted drug
release device can exceed 6 months.!!>'? From the perspective of compliance, it is not desirable
to retain an empty drug matrix in the body for a long time period. Depending on the release
time period, low-molecular-weight polymers (~10 kDa) might be a more suitable choice for

such applications as these demonstrate a faster renal clearance and allow various linker



chemistries for conjugation of drugs with high concentration.!> Therefore, compared to
high-molecular-weight polymers, oligomers are often in focus for the delivery of drugs,
especially for therapeutic applications.!* ! Oligomers are also important in the study of
structure-activity relationships because their molecular structure is more easily controllable
than that of their polymeric counterparts.'* !> Oligomers, therefore, are emerging molecules for
the creation of various complex systems such as electroactive devices'®, three-dimensional (3D)

printed actuators!’, smart coatings'®, and solar cells'’.

According to the International Union of Pure and Applied Chemistry (IUPAC), an oligomer
has an intermediary molecular mass, and its properties vary significantly with the removal of
one or a few of the repeating units.?’ In materials science, for example, PCL telechelics with
number-average molar mass (M,) approximately up to 5000 gmol™! have been considered as
oligomers.?! Semi-crystalline oligomers are interesting candidates for creating ultrathin films
because they offer tunable degradation, end-group functionalization -capability, and
well-described synthesis routes. Their mechanical and degradation behavior in bulk are often
adjusted by varying molar mass, crystallinity, or copolymerization with other polymers.
Amongst polyesters, PLGA due to its favorable properties for in vivo sustained release of
therapeutics has been widely researched and also applied to prepare drug delivery systems (e.g.
injectable microparticles??).>> 2* However, acidic degradation products of PLGA pose a
problem, since they can deactivate peptide or protein-based drugs®> and can cause an
unfavorable systemic response 2°. Another relevant degradable polyester is polylactide (PLA),
which is widely applied for food packaging and single-use items, however, PLA exhibits poor
heat stability and water barrier properties (moisture absorption makes PLA brittle).?’
Polyglycolide (PGA) has a similar chemical structure to PLA, however, it is more expensive to
synthesize when compared to other (bio)degradable polymers.?® The temperature of PGA
degradation (~250 °C) is also near to its 7m (220-230 °C), making it susceptible to thermal
degradation.?’ Poly(e-caprolactone) (PCL) is a polyester well documented in bulk, with T, and
Tt in the physiological temperature ranges. Because of the hydrolyzable ester linkages in PCL,
it is entirely degradable, with low acidity of the reaction products. PCL is soluble in a range of
solvents and its end-groups can be post-functionalized with relevant reactive groups such as
hydroxy, methacrylate, and boronic acids. PCL crystallization and degradation are also
documented to some extent for thin and ultrathin films. As a result, a vast number of studies
use PCL to develop nanostructured medical devices, drug delivery systems, and substrate

coatings.?! 30



1.1.1. Current trends in research and applications

Polymeric coatings are applied in everyday life, for example, to control friction, sun reflection,
or to improve dirt release characteristics. As protectants, polymeric coatings can significantly
extend the life of coated items against deterioration caused by external elements such as
sunshine, moisture, dust, microorganisms, and so on. Such protective coatings lower the overall

carbon footprint because the frequency of replacement of the covered object is reduced.®
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Figure 1: Applications of polymer thin films and coatings in life science

In the health care field, polymer films are applicable as biocompatible coatings for implants
(protein-repellant coatings, anti-thrombogenic coatings, membrane-mimetic films, antibacterial
coatings), tissue engineering (controlling protein adsorption and cell adhesion onto scaffolds),
drug delivery, and gene therapy (e.g. pH-dependent drug, protein and nucleic acid delivery via

nanoparticles) *1-3* (Figure 1).

Stimuli-responsivity is an essential feature in polymeric ultrathin films for a variety of
applications such as self-healing®*, on-demand reflectivity, > anti-microbial activity,*® 7 or
changing surface dynamics®®. The stimuli-responsivity in ultrathin films is imparted via
crystals, embedded nanoparticles, reversible bonds, etc., and is triggered by external stimuli of
light, temperature, pH, ion exchange, voltage, magnetic field, mechanic stress, plasma,
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ultrasonication, solvent, gas, or guest.”” A medical device designed using a light-sensitive

polymer offers remote operability, however employing light as a trigger in medicine is



hampered by poor or no light penetration in deep body tissues. Temperature and pH are
important stimuli that occur naturally in the physiological system and do not require the device
to be transparent or conductive in order to function.® It is also well known that sites of
inflammation and most tumors differ from their surrounding tissues by having an acidic pH. As
a means of targeting such sites, pH-sensitive polymeric coatings have a wide interest in targeted
drug delivery vehicles. Temperature-sensitive polymeric films, for example, are used for easy
cell detachment from cell culture surfaces.*! Thermally switchable films are also applied for
packaging food and sustaining the environment for preservation. In some other examples,
crystallinity plays an important role for thermally switchable films for temperature regulation
)2 ),

(crystalline PE nanofibers)* or mechanical stiffness control (salt seed crystals

Polymeric films are also utilized as model biointerfaces to acquire molecular insights into bulk
systems. Polymeric thin films, for example, are used to study the interfacial phenomenon of
crystallization, degradation, and interactions with biomolecules.** In particular, several studies
on polymer crystallization dynamics utilizing ultrathin polymeric films on solid surfaces have
been published. Utilizing single crystals, the influence of polymer properties such as chain ends
on protein interaction is also demonstrated.*> Altering surface chemistry of polymer single
crystals using the immense end-groups presented on the surface is an emerging field in
pharmaceutical science. For example, amino-functionalized PLA single crystals (grown from
dilute solutions) are explored as vaccine delivery vehicles to virus-associated tumors.*® Surface
chemistry of single crystals from polylysine, and copolymers of poly(ethylene glycol) (PEG)

and PLA are also explored for loading of drugs.*>*’

Surface chemistry is also effective in creating bioactive surfaces for regulating cellular

49, 50 51, 52

responses.*® For instance, peptides , growth factors, and glysoaminiglycans are
cross-linked on PCL surface for specific cell adhesion and proliferation. Such reactions explore
and demand chemistries in an aqueous environment and under ambient conditions to maintain
the viability of biomolecules. Also, modification of surfaces of medical devices or implants in

a non-destructive environment is critical to preserve functionality and intended bioresponsivity.

For predicting the bioresponse of medically applicable coatings or nanostructured devices, the
influence of unavoidable variables such as aqueous environment and temperature is highly
important. For instance, PCL scaffolds incorporated with hydrogels have the ability to treat
bone defects or bioengineer the cartilaginous tissue surrounding bone joints.>* 3 Yet, the strains
or frictional heat produced by joint movements, or device handling during implantation, can

alter their physicochemical properties and therefore can affect their tissue regeneration



capability.’> 3 Therefore, for health care needs and translation of semi-crystalline materials to
real-life applications, the complex interplay between aqueous environment, crystalline states,

degradation and chemical reactions in confine systems is highly relevant.

1.1.2. Semi-crystalline polymer films

The function of crystallinity in a material is to provide temperature-sensitive physical
cross-links. The effect of crystallinity on the mechanical response is significant in the
temperature range between 7 and T, while below, T the effect is negligible. The 7, of some
clinically applied polymers is well below room temperature, e.g. -78 °C for poly(ethylene
oxide) (PEO), -60 °C for PCL and 5 °C for (poly[B-hydroxybutyrate]) (PHB), >’ enabling their
processing at room temperature (between 7 and 7h) by a process such as by cold-drawing to

produce films of high strength®.

For methods such as melt extrusion and crystallization studies via melt,>

polymer needs to be
melted above 7Tm. However, PHB has a very narrow processing window, due to very low
resistance to thermal degradation. 7 of bulk PHB is around 170-180 °C and its processing
temperature should be at least 180-190 °C, where it is susceptible to rapid thermal

degradation.>

To improve the processability of this polymer, the addition of additives,
plasticizers, or blending with other polymers is required.®® Whereas T of bulk PCL is around
64 °C, and its thermal degradation products are only observable at a temperature above
340 °C.*! This large processing window for manipulation under ambient temperatures is one of
the reasons why PCL is applied as a model polymer for investigating crystallization in

(ultra)thin films.%?

In the polymer crystallization process, the first step is the formation of nuclei that can occur
when chain segments become aligned. This can happen spontaneously in an undercooled melt
(homogeneous nucleation) or be promoted by extraneous particles (heterogeneous nucleation).
With an increase in the size of the nuclei, free energy first increases to a certain maximum value
and then drops and becomes negative to form a stable nucleus. After nucleation, the growth of
crystals occurs by the addition of folded polymer chains at the crystal growth front.®> The
melting of a polymer crystal occurs when its Gibbs free energy G is equal to the free energy of

the melt. Therefore:

Gcryst (Tm) = Gmerr (Tm)

AGy = Gerr (Tm) — Gcryst (Tm) = AHp, — Tp° ASy, = 0



_ AHy,

T = —=
m = AS

where Tn° is the equilibrium melting point of an infinitely large crystal. AHm and ASw are the

enthalpy and entropy of fusion of the crystalline segments respectively. ¢+ 6

Crystallization of polymers can be induced by evaporating a dilute solution, cooling a melt,
lateral strain, annealing, or stretching/drawing processes. Depending on the crystallization
process and its conditions, different crystalline morphologies are obtained. Single crystals
(uniform thickness with well-defined, regular chain packing) can be produced from dilute
solutions and ultrathin films, while spherulites (lamellar structures arranged in circular

symmetry) are commonly observed from the cooling of the melt.**

A long going debate evolved around the chain conformation in single crystals. For this, the
chain assembly process is described by two competing models - the regular folded array
(adjacent re-entry of chains) and the more generally accepted switchboard model (folding of
chains with random reentry). For crystallization from the cooling of a melt, density
measurement and scattering studies suggest that there is no significant reordering of chain
confirmation, which is explained by the solidification model (variation of switchboard model).
This model explains that lamellar structure involves the straightening of sections of the polymer
coil followed by the alignment of these sequences in regular arrays. Hence, a lamellar structure
is formed by a minimal amount of chain movement and this is evidenced by rapid crystal growth

on the cooling of the melt.®

In confined crystallization, apart from polymer features and processing parameters, the film
thickness and substrate are highly influential parameters. The number of active nuclei and the
rate of crystal growth decrease with the film thickness. For instance, confined crystallization of
PCL on solid surface prohibits isotropic spherulitic growth, leading to the formation of unique
crystalline morphologies such as branched edge-on lamellaec (~200 nm), flat-on axialites,
(~30 nm), and dendrites (15 nm and below).%® Thickness also affects the chain orientation in
crystals. For example in confined crystallization of polyethylene (PE) and polypropylene (PP),
thicker films preferentially produce edge-on lamellae (chain alignment is parallel to the layer
plane) whereas flat-on lamellae (chain orientation perpendicular to the layers) are mostly

observed in thinner films.%?

The methods and preparation conditions produce a variety of anomalies and challenges in

7

polymer film crystallization.’” Many studies employ spin coating, where, following the

deposition of the polymer solution on the substrate, the assembly is subjected to a high rotation

6



rate, which wastes the majority of the solution due to centrifugal forces. ¢ In another method,
semi-crystalline films with different pore sizes can be made using gas blowing. This technique
is complicated by the requirement of molds that are subsequently required to control the
insertion of gas bubbles within the sandwiched film.* " For example, CO. is passed through a
sandwiched polyurethane (PU) film between two additional polyimide (PI) films. Here, the gas
bubble sizes are used for influencing the film crystallization and overall film morphology.”!
Solvent evaporation is another method of polymer thin film crystallization where crystallization
can be influenced by factors such as choice of substrate characteristics, choice of solvents, and
its rate of evaporation. The major disadvantages of this method include environmental concerns

of the release of solvents and incomplete solvent removal.”?

However, residual organic solvents
may be needed to enhance polymer chain mobility in confined environments. For example,
residual solvents can act as a plasticizer, increasing PCL chain mobility for large-sized crystals
formation.” Yet, residual organic solvents pose a risk for biological applications and are thus
removed via vacuum or heating that can lead to dewetting of the polymeric coating. 7 In another
method of preparing semi-crystalline coating via melt, thermal history, or the amount of time
the films are kept above the T, has a significant impact on crystallization. For example, heating
times of 30 mins or more above the T, of PCL, result in slower crystallization when compared
to a heating time of 1 minute.”® Also, in order to initiate isothermal crystallization in thin films

of polymers such as from PEO and PCL, heterogeneous nucleation by residues, dust particles,

or manually scratching the substrate is often required.’

Interactions between the substrate and polymer chains have a dramatic influence on
crystallization. At the polymer-substrate interface, chain mobility is highly reduced as
explained by a three-layer model (Figure 2). Polymer chains near the substrate have a higher 7,
than the remainder of the film due to limited chain mobility, and therefore their diffusion to the

crystal growth front is hindered.
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Figure 2: Three-layer model of confined polymer crystallization at a solid surface



Polymer crystallization also differs at two contrasting substrates namely sticky walls (slow
crystallization with flat-on orientation) and slippery walls (fast crystallization with edge-on
orientation) with strong attractive and repulsive force at the substrate-polymer interface,
respectively.” > When using amorphous polymeric substrates for crystallization of PCL and
PEO, additives/stabilizers within substrate lead to the discrepancies between the experiment
and theoretical models for crystallization.”® Submicrometer morphology and roughness also
dramatically affect the polymer crystallization. For example, isothermal crystallization of
isotactic PP melt in contact with an aluminum plate is considerably faster than that with a
stainless-steel plate due to differences in the submicrometer morphology.”’” For PCL films, even
a minute scratch on the solid surface can change the chain packing of a growing flat-on lamella
to a thicker edge-on lamella.” Depending on the substrate wettability, molecular orientation
gets varied too as seen for polyamide ~50 nm films, which on the hydrophilic Si(OH) substrate
dominantly form edge-on lamellae while flat-on lamellae are favored for films on the more
hydrophobic Mica surface.”® In terms of melting, interactive forces on a polymer-solid interface
may lead to a decrease or increase in the overall free energy on melting.”” % Altogether, the
effect of the solid substrate on polymer crystallization and the melting transition is complex and

highly dependent on surface dynamics.

1.1.3. Hydrolytic and enzymatically catalyzed degradation

Controlled degradation of ultrathin films is a relevant function for medical application. When
considering ultrathin films, diffusion of reactants and reaction products is much faster than the
chain scission reaction itself. Degradation experiments can be completed within a few minutes
to hours, in contrast to experiments with bulk materials that can take months to years.**
Therefore, thin or ultrathin films are employed for predicting mechanisms of bulk degradation

and for the interaction studies with catalytic species in a highly controlled environment.

Material degradation can occur physically, e.g. by light, high temperature, and mechanical
stress, or by chemical reactions. For medical applications, chemical degradations via
hydrolysis, potentially under enzymatic catalysis, is of high interest. 8! Generally, the hydrolytic
degradation of polyesters occurs by random scission of the ester backbone, with the
hydrophilicity of the chains as an important governing factor. In Figure 3, the acid and base-
catalyzed hydrolysis of ester bonds are presented. Under acid catalysis, the carbonyl oxygen of
the ester group is protonated by a hydronium ion. Subsequently, a water molecule attacks the
carbonyl carbon to give a tetrahedral intermediate, which is either cleaved to a carboxylic acid

and an alcohol, or the original ester is regenerated. Under alkaline conditions, a hydroxide anion



attacks the carbonyl carbon and a tetrahedral intermediate is produced, which either reverts to
the ester, or produces carboxylate and alcohol. The last reaction step is irreversible, making the
alkaline hydrolysis generally more efficient. In the hydrolytic degradation process, water
molecules act as both reactant and reaction medium. Catalytic ions or enzymes produce
water-soluble degradation fragments by polymer chains scission (random or chain end
cleavage). The local degradation rate depends on local water concentration and chain mobility,

both of which are restricted in crystals.**

(a) Acid-catalyzed ester hydrolysis
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Figure 3: Acid (a) and base (b) catalyzed hydrolysis of the ester bond

Bulk degradation occurs when water uptake is faster than the chain scission rate. The mass loss
rate occurs from the entire volume, and over time, the object may develop cracks, limiting
mechanical performance or causing the object to break into several pieces.®! In an ideal surface
erosion process, the material is lost solely from the polymer matrix surface at a rate proportional
to the surface area. In general, materials wherein water cannot easily permeate the bulk, or that
have a very chain scission rate, exhibit surface erosion.®?> Figure 4 depicts the effect of
crystallinity on the degradation of a bulk polymer in an aqueous environment. Depending on
the polymer characteristics, in a system with high material crystallinity, the bulk material can
degrade primarily by surface erosion due to slower water diffusion than the molecular

degradation rate (Figure 4). Whereas in a material with low crystallinity, due to faster water



uptake than the chain scission rate, a bulk degradation process can occur depending on polymer
features (Figure 4). For example, due to the difference in crystallinity, poly(rac-lactide) (d,l-
PLA; amorphous; primarily bulk degradation) degrades much faster than the stereoregular
poly(L-lactide) (I-PLA; semi-crystalline; primarily surface erosion).®*: #* However, the general
effect of crystallinity on degradation kinetics is not well understood.®> A slower degradation of
crystallites during degradation of a semi-crystalline bulk material might be caused by lower
water access in crystals or also due to a slower rate of bond scission. Often an increase in
crystallinity is observed during degradation.®® Here, it is uncertain if the released fragments are

crystallizing or if the amorphous phase is degrading faster than the crystalline segments.**
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Figure 4: Effect of crystallinity on the degradation of a bulk polymeric system in an aqueous
environment

Due to the large size of enzymes and often high catalytic rate, enzymatic degradation can
primarily occur at the surface of a bulk material. Often lipases are employed for degradation
studies, which have an active catalytic triad consisting of serine, histidine, and
aspartate/glutamic acid. Different factors influence enzymatic degradation, most importantly,
the combination of enzyme and polymer, and the activity of the enzyme in the degradation
conditions.** 8! For instance, the lipase from Pseudomonas cepacia is stable and active over a
wide pH range (3-11.5 for 24 h at 30 °C) with the highest activity performance at physiological
pH ~7.4. At very low or high pH values, the activity of the enzyme is reduced.®’
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1.2. Fabrication methods for ultrathin films

In top-down approaches, 2D ultrathin films are exfoliated from highly organized layers, e.g.
exfoliation of graphene from highly oriented pyrolytic graphite. Different approaches such as
(scratching/removal via adhesive tapes,), chemical (intercalators separating individual layers),
or electrochemical (voltage) have been developed.®® Since these approaches rely on the
existence of sheet-like structures within the 3D materials, it is not applicable for oligomers or
polymers, unless they also have a sheet-like structure. A schematic representation of techniques

for ultrathin film preparation is shown in Figure 5.

Top down approach Bottom up approach /u:\r, AR
I
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Figure 5: Selected methods for preparing ultrathin films

In the bottom-up approach, the molecules are assembled or reacted in a 2D plane to form an
ultrathin film. A widely applied technique for preparing ultrathin films of small molecules is
chemical/physical vapor deposition. The downside of this method is limited control over the
morphology, susceptibility of polymer degradation, and the difficulty to study the films in situ.®’
Several other solvent techniques use ambient conditions suitable for polymers and
biomolecules. These are limited in the types of molecules that can be investigated, for example,
polyelectrolytes in the Layer-by-Layer method, lipid-like molecules in the self-assembly
method, and amphiphiles in the Langmuir technique.®®°! The Langmuir technique outperforms
any method when it comes to controlling the lateral packing density and studying the behavior
of oligomers/polymers confined in a 2D plane using the coupled in situ characterization
methods. Since polymers/oligomers on the water surface can move freely, their chain packing
and orientation are adjustable to induce dynamic processes such as crystallization and 2D
reactions. Degradation of an ultrathin film can be carried in a close simulation of the
physiological environment. In principle, a practically infinitely long 2D layer can be formed
and lifted from the air-water interface to solid surfaces for further characterization. Though the

Langmuir technique requires some operator skills and expensive instrumentation, it surpasses
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other ultrathin film preparation methods in terms of controlling film thickness, homogenous

deposition, and real-time characterization of versatile macromolecules.** %2

1.2.1. Langmuir technique

The Langmuir technique enables the formation of a monolayer of amphiphilic molecules over
a liquid surface.”® ** A typical instrumental setup of this method consists of the Langmuir trough
made from hydrophobic polytetrafluoroethylene (PTFE) holding the aqueous liquid (subphase),
over which the solution of amphiphile is spread using a microsyringe. Subsequent evaporation
of solvent and compression of amphiphiles leads to the formation of a monolayer (Figure 6a).
By software-controlled operation of the movable barriers, compression and expansion of the
film can be achieved. The barriers are made up of polyoxymethylene, a hydrophilic material,
or PTFE, and are heavy enough to prevent any leakage of the monolayer beneath the barrier.
The trough is thermostated by circulating water in channels placed underneath the PTFE

trough.” %3

The surface tension of a liquid changes in the presence of a monolayer of amphiphilic
molecules. Surface tension arises due to the energetic costs of creating an interface. The
molecules within the bulk of a liquid exert and experience forces in all directions. Whereas,
molecules on the surface of a liquid experience an imbalance of forces. This creates excess
energy in comparison to the bulk, denoted as surface free energy leading to the occurrence of
surface tension with the unit of N'm™". The variable measured by the Langmuir technique is
surface pressure © and is given by the relationship, © = Yo—Y, where Y is the surface tension
in absence of a monolayer and Y is the surface tension with the film present.”® In a Langmuir
trough, 7 is usually measured by the Wilhelmy plate method. In this method, the force pulling
on a partially immersed and suspended plate in the liquid subphase is measured. This force is
then converted into surface tension with the help of a simple two-point calibration.”* The thin
Wilhelmy plate is usually made from platinum, but plates made of glass, quartz, mica, and paper
are also used. While the platinum plate can be reused by cleaning with a blow torch or Piranha

solution, paper plates are discarded after each use and require a long stabilization time (~1 h).*>
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Figure 6: (a) Schematic representation of the Langmuir technique for monolayer preparation of
an ideal amphiphile (pink: polar part; green; non-polar part). (b) Deposition scheme of
Langmuir ultrathin film on a solid substrate by (b: 1-2) Langmuir-Blodgett method and (b: 3)
Langmuir-Schaefer method (hydrophilic substrate = blue; hydrophobic substrate = brown)

The MMA of the film is continuously determined by an in-built software system by monitoring
the distance between the barriers and correlating it with the number of spread molecules on the
liquid surface. The number of spread molecules is deduced using the formula, N = Na (C-V/M),
where Na is Avogadro Constant [6.02214076-10% mol!], C is concentration [molL!], V is
volume [L] and M is molecular mass [gmol™].*’ The number of spread molecules, N when
divided by the area between the barriers, yields the MMA. For insoluble molecules, the MMA
can be determined with remarkable precision given that the only relevant errors in its
determination are concentration and volume measurement uncertainties, both of which can be

kept below 1%.

Transfer of a monolayer as a coating is carried out through horizontal or vertical dipping/pulling
of the solid substrate (Figure 6b). Langmuir films, after deposition to the solid substrate, are
henceforth called Langmuir-Blodgett (LB) films or Langmuir-Schaefer (LS) films (named after
the scientists who invented the corresponding methods of film deposition). In the LB method,
the solid substrate is dipped up and down through the film while simultaneously keeping the ©
constant by a computer-controlled feedback system (Figure 6b: 1-2). In the LS method, the
solid substrate is horizontally lowered to get in contact with the film, followed by the transfer
of film via adsorption (Figure 6b: 3).”> With subsequent cycles, multilayers can be deposited
using each method. With each transfer, the number of transferred molecules are theoretically

identifiable.”* %7

13



To visualize the film morphology, Brewster angle microscopy (BAM) is an established

technique for the air-water interface.”> The principle of this optical technique is depicted in

Figure 7. At a particular angle of incidence (Brewster’s Angle *®), 8 = tan™?! M, light

Nair

with a polarization parallel to the plane of incidence is perfectly transmitted through the water
and no reflection is produced at the detector. The wavelength dependence of the refractive index
of water determines the wavelength dependence of the Brewster angle. The best contrast is
obtained using lasers as a single-wavelength light source, with the Brewster angle for

A =658 nm being 53.1°.

normal
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Figure 7: Principle of Brewster angle microscopy for visualizing films at the air-water interface

After the spreading of molecules and formation of the Langmuir film, the refractive index at
the air-water interface changes. Subsequently, the polarization of the reflected ray gets differed,
and a certain fraction of the light is reflected. The output is in the form of a video/image with a
black and white contrast between the water phase and the matter (aggregates or crystals in films)

at the air-water interface.””

Polarization modulation-infrared reflection-adsorption spectroscopy (PM-IRRAS) is used for
determining vibrational bands of film at the air-liquid surface (Figure 8). An infrared (IR) laser
is reflected off the air-water interface at a grazing angle. The incoming beam's polarization is
modulated at a high frequency between s- and p-polarization, and a normalized differential

Ip_IS

A . .
— 5> where Is is 0 for a conducting surface, and the
pTis

intensity is calculated using Ipy =
absorption band is formed exclusively by the component of the dipole moment that is parallel
to the plane of incidence. Water, which is a dielectric, is excluded from this simple selection
criteria. Instead, the optimum signal-to-noise ratio was computed for an organic monolayer at

the air-water interface at an angle of incidence of = 72°.%% 100
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Figure 8: Principle of polarization modulation-infrared reflection-adsorption spectroscopy at
the air-water interface

Dipole moments parallel to the air-water interface produce a negative A, whereas dipole
moments perpendicular to the air-water contact produce a positive A. If the signal intensities
for both orientations were identical, complete cancellation would be observed for dipoles
oriented at 45° to the air-water contact. Hence, for randomly oriented dipoles like water or CO»,
Irm would be zero. However, because the parallel component's signal intensity was larger than
the perpendicular component's signal intensity, the ‘vanishing’ angle is moved to a higher angle
of 39° with regard to the surface normal. As a result, the water absorption band in PM-IRRAS
observations at the air-water interface was decreased but not eliminated. Furthermore, the
photoelastic  modulator's  transmittance, like water's reflectance, 1is strongly
wavelength-dependent. In comparison to these effects, the intensity modulation generated by

the organic layer's vibrational absorption bands was negligible. To eliminate these

o . i
contributions, the layer's signal was compared to the bare subphase: § = <222 _ 1, The
bare

optical response of the subphase varies due to water evaporation and variations in humidity,
and the normalizing of spectra recorded long after the measurement of the bare subphase is

compromised. A water level adjustment device is therefore installed to mitigate this effect.!®

1.2.2. Langmuir films of polymers: crystallization, degradation, and chemical
reactions
Confined crystallization in Langmuir ultrathin films at the air-water interface have different

regimes. Chains at the polymer-water interface have higher degrees of flexibility than the ones
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at the polymer-solid interface. At low &, the regime is comparable to that of a dilute solution,
while with increasing compression, the regime shifts to that of a concentrated solution that
crystallizes due to the lateral strain by the barriers. The quasi-2D confinement produces more
regular crystals than the crystallization from melts. Importantly, in Langmuir film
crystallization, the layers have a negligible shear modulus, meaning the effects of chain
entanglements on crystallization can be excluded, allowing to study crystallization without
transport restriction. This may explain why the crystal habits from star shape PCL-tetrol
molecules are found comparable to the ones from linear OCL diols in the Langmuir films.'%! In
that context, crystallization from Langmuir films resembles crystallization from dilute
solution.** However, an impact of molar mass on crystallization in Langmuir films is
observable, where, a maximum growth rate at an intermediate M, of 8000 gmol™ is observed

for linear hydroxy end-capped PCLs.!%?

The Langmuir technique also allows studying the degradation of ultrathin films at the air-liquid
interface under controlled parameters. For instance, the effect of enzyme activity, oligomer
molecular architecture, and crystallinity on degradation is investigated to a certain extent in
Langmuir ultrathin films. In this regard, work has proved to give unique molecular-level
insights into the influence of diverse enzymes and catalytic species on the degradation of
polymeric biomaterials. Langmuir film degradation curves (film area change versus time at
constant ) allow the estimation of the mass loss and also the chain scission mechanism. The
absolute area change AA; (t) in the film occurs due to the formation of water-soluble scission
fragments and is given by AA;(t) = A, — A(t), where Ay is the initial film area and A(t) is the

film area after a degradation time interval t. The relevant variable is the normalized area

Lo AW) _ 1-— ﬂ. Overall, the information extracted

reduction, which is stated as AA,.;(t) = " y
0 0

from a degradation curve depends on the selection of the model and its complexity.** 13

Polymerization of Langmuir films is a complex process and is generally aimed to stabilize 2D
morphologies. Overall, generally applied monomers for carrying out polymerization reactions
by the Langmuir technique were small amphiphiles. For instance, by 2D cross-linking of photo
reactive methacrylate groups, phase separating behavior in lipids and stabilization of the binary

system is realized.'%

n and MMA play an important role in the 2D polymerization, as
demonstrated for aniline based surfactants (small amphiphiles) reaction in presence of a strong
oxidizing agent in the subphase.!® Ionic charge and adsorption phenomenon also offers the
opportunity for 2D polymerization of ultrathin films. For instance, the monomer styrene

sulfonate dissolved in the subphase is adsorbed to a positively charged monolayer, where a
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spontaneous 2D anionic polymerization occurs.!?® %7 Jonic interactions are also used for
harmonizing phase kinetics and morphology of ultrathin films at the air-liquid interface, where
the carboxylic head group of polydiacetylene is interacted with different divalent metal
cations.'® Such studies elaborate the strategies for measuring polymerization kinetics utilizing
the changes in film behavior (area, m, or morphology), relative surface viscosity, or

spectroscopic techniques.

For polymers/oligomers, presumably due to difficulty in the assembly of flexile chain ends,
only a few studies describe their 2D cross-linking by the Langmuir technique.!% 105 108-119 Fop
example, a stable semi-interpenetrating 2D oligomeric network is achieved by embedding
cross-linked methacryloxypropyl-terminated polydimethylsiloxane in cellulose acetate butyrate
matrix.'” In another study, self-condensable silanes are utilized for 2D cross-linking where
real-time rheological measurements are used to estimate the surface viscosity dynamics. By
virtue of silane-based pendant groups, cross-linked polybutadiene networks at the air-water
interface, containing PEO pores of controlled size are also accomplished.!': 1'? Overall, the
reaction method, monomers' chemical groups' placement, quantity, electronegativity, and

behavior in an aerial or aquatic environment are critical controlling variables for the

polymerization of oligomers/polymers in Langmuir films.
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2. Motivation and Aims

Predicting physical and chemical phenomena in the presence of water is crucial for clinically
applied (bio)degradable synthetic materials such as e-caprolactone-based polymers. OCL
telechelics are often used as starting materials for active or stimuli-sensitive polymers because
it is possible to use OCL crystals as thermal switches around physiological temperatures.
Controlled OCL crystallization and degradation offers to improve the stability and a predictable
bio response for different biomaterials, for example, hydrogel networks for 3D printing!%,
scaffolds for tissue engineering'?!, or nanoparticles for drug delivery systems'??. Such thermally
active devices must meet strict safety, reliability, and temperature control criteria. However,
aqueous environment and temperature fluctuations are often unavoidable during the processing,
handling, or ultimate function of the system. Especially for nanostructured devices, even
minutes of environmental changes can cause dynamic physiochemical changes that can alter its
bioresponse. The lifetime of OCL at physiological temperatures and pH is in the range of years,
so predicting the behavior of these materials with time needs to systematically address a range

of phenomena.

Ultrathin films can be designed to model the inner and outer surfaces of structured polymer
devices in order to investigate and control the influencing parameters (Figure 9). The
modulation of chain assembly of oligomers/polymers plays a dominant role in structuring
ultrathin films/coatings, yet is largely affected by the underlying solid surface. As a prerequisite
for preparing uniform semi-crystalline coatings, most conventional techniques, such as spin
coating, solvent evaporation, and melt cooling, require that the substrate be ideally smooth,
have unvarying wettability, and be compatible with an organic solvent for pretreatment or
crystallization. These interfacial properties are hardly evident in implants or medical devices,
which can have cracks, crevices, and dynamic wettability as a result of the different material
compositions of various device parts. Any additional thermal treatments required for the
formation of a polymeric coating on implants may also impair their ability to function. The
organic solvents used for processing are then either incompatible with the implant surface or
do not entirely evaporate. Chemical reactions in confinement are further challenged by the need

for an aqueous environment with ambient conditions.
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Figure 9: Ultrathin oligomeric films (amorphous or semi-crystalline) as model representations
for complex bulk interfaces

The Langmuir technique employs an air-water interface for systematically designing ultrathin
films, circumventing any unwanted defects that are usually present at the air-solid interface.
The process parameter of lateral pressure from barriers compression allows the possibility to
control chain assembly and interactions with the reactive groups. This becomes relevant for
PCL-based materials, where cell adhesion or targeted drug delivery needs to be improved by a
chemical modification of the film.!?! The liquid subphase acts as a medium for degrading
enzymes/ions or reagents. The coupled optical microscopy and spectroscopy techniques allow
to simultaneously measure different processes ongoing within the film. This feature enables to
the creation of improved nanostructured systems such as bioactive coatings that rely on
chemical reactions, degradation, or stimuli response to function*®. Under controlled parameters,
the nanostructured Langmuir film from the air-water interface can be transferred systematically

as a coating on various surfaces.

Overall, the aim of this research is to elucidate molecular mechanisms of how the aqueous
environment influences the interplay of crystallization, melting transitions, degradation, and the
reaction of end-groups in ultrathin films. For this purpose, the underlying substrate is varied as
the water or a solid surface, to incur the effect on chain mobility during melting transitions and
degradation. The melting of functionalized OCL single crystals is pursued to change the
expression of functional moieties on the surface of a material to create thermoswitchable
coatings for advanced applications. Chemical reactions are aimed at ambient room temperature
or physiologically applicable conditions in an aqueous environment to create structured

materials or to trigger a defined response.
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3. Hypotheses and Concept

This work is based on the hypothesis that the physical and chemical processes determining the
dynamic behavior of OCL in aqueous environments (crystallization, degradation, and reaction
of end-groups) can be systematically investigated in Langmuir ultrathin films. This allows to
predict and design the behavior of OCL based materials at biointerfaces, as well as in
high-water-content systems such as implants, hydrogels, and scaffolds. By varying chemical
attributes like end-groups or arm number and system parameters like packing density,
temperature, or pH, the semi-crystalline morphology and its influence on degradation and
chemical reactions can be studied. Additionally, it is hypothesized that the air-water interface
gives a more realistic representation than ultrathin films adsorbed to solid substrates, where
dynamic phenomena are obstructed by the reduced molecular mobility. This effect can be
identified by comparing the behavior of oligomer films on the air-water interface and after
transfer to solid substrates.
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Figure 10: Schematic illustration of Langmuir ultrathin films: Preparation, transfer, and
investigation at different interfaces for thermoswitching, degradation, and reaction of end-groups

The OCL telechelics selected for this study are within the molecular weight range of 5000 to
8000 g'mol™!, where these macromolecules are known to form large microscopically observable
crystals.'%? This allows for straightforward characterization of crystallization, melting behavior,
and surface functionalization progress. The end-group effect on the chain packing for
crystallization or cross-linking is also accentuated due to the low molecular weights of
oligomers. The concept of this study aims to demonstrate the effect of the aqueous environment
on the interplay between crystallization, degradation, and the reaction of end-groups of OCL at

different interfaces.
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1. ® induced crystallization of oligomers at the air-water interface is a dynamic material
process dependent on the nuclei, molar mass but importantly on the chain mobility. The
semi-crystalline morphology in the ultrathin film is varied by the crystallization of films
by the function of MMA and temperature. Chain mobility during melting transitions is
affected by the variation of substrates (water or silicon). By comparison between air-water,
air-solid and bulk behavior, the effect of water and confinement on OCL thermal transitions
become apparent.

2. Ultrathin film of different semi-crystalline morphologies at the air-water interface
represent interfaces from bulk materials of different crystallinity interacting with the
degradation medium. Hence, interaction with enzymes/ions and degradation kinetics can
be explored for the fundamental understanding of bulk polymer network degradation as a
function of crystallinity in ultrathin films. Distinguishing the degradation kinetics in
crystalline regions and amorphous regions can be achieved by preparing and degrading
amorphous and semi-crystalline films at the air-water interface. Further, ultrathin films of
different semi-crystalline morphologies are explored as thermoswitchable coatings by
transfer and degradation at solid surfaces. The influence of thermoswitching (melting and
recrystallization of semi-crystalline films) on degradation is investigated for ultrathin films
at both water and silicon surface.

3. The reaction of end-groups at the air-water or air-solid interface is investigated by different
reaction chemistries. At the air-water interface, acetal cross-links are formed by reacting
hydroxy end-groups of amorphous OCL films with glyoxal as dialdehyde. Chemical
cross-links resulting in the development of a 2D OCL network formation should alter film
crystallization or degradation, which could prove the joining of flexible reactive end-
groups of oligomers in the monolayer on the water surface. Acetal links are also dynamic
pH reversible bonds, a phenomenon that is useful to prove cross-linking at the air-water
interface. The accumulation of end-groups on crystal surfaces offers to form a densely
functionalized surface on the former, which disperses upon melting. This effect is
demonstrated using the methacrylate end-groups present on transferred single crystals on
the silicon surface, which enables photochemical reaction with fluorescein dimethacrylate.
Fluorescence intensity changes during crystal melting are used to gain insights into chain

ends distributions during the melting/recrystallization process.
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4. Organization of the thesis

This cumulative dissertation focuses to understand the impact of an aqueous environment on
the interplay of crystallization, melting transitions, degradation, and end-group reaction in
ultrathin films. Where, Langmuir technique is applied to systematically adjust the molecular
assembly for influencing the physical and chemical processes. The content of the incorporated

chapters is outlined below:

Chapter 1 titled ‘Introduction’ provides a summary of the research background as well as key

advancements in the field of research related to the thesis.

Chapter 2 titled ‘Motivation and aims’ outlines the motivation for initiating the project, and is

followed by the aims of this thesis.

Chapter 3 titled ‘Hypotheses and concept’ describes the formulated hypotheses and the concept
employed to achieve the aims of this thesis. The concept describes ultrathin films preparation,
transfer, and investigation at different interfaces for thermoswitching, degradation, and the reaction

of end-groups.

Chapter 4 titled ‘Organization of the thesis” presents the organizational framework of this

thesis.

Chapter 5 titled ‘Publications’ provides a summary and contribution of the four publications
(5.1-5.4) - Appendix I-IV in fulfilling the concept. The concept of OCL ultrathin film
crystallization, transfer on the silicon substrate, and melting transitions is realized and described
in Chapter 5.1 (Appendix I). The effect of crystallinity, end-groups, and temperature on the
hydrolytic degradation and enzymatically catalyzed degradation of films is systematically
investigated in Chapter 5.2 (Appendix II) and Chapter 5.3 (Appendix III), respectively. The
reaction of end-groups on crystals surface is demonstrated in Chapter 5.3 (Appendix III),
whereas the reaction of OCL end-groups in amorphous films to form reversible 2D networks is

achieved in Chapter 5.4 (Appendix IV).
Chapter 6 titled ‘Discussion’ is an overall discussion of the findings of this work.

Chapter 7 titled ‘Summary and Outlook’ summarizes the findings and prospective implications

of this research.
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5. Publications
5.1. Effect of water on crystallization and melting of telechelic

oligo(e-caprolactone)s in ultrathin films
Linear OCL telechelics differing in functional end groups were crystallized in ultrathin films at
the air-water interface. Crystallization parameters varied using the Langmuir technique were
the MMA for isochoric crystallization and the water temperature. The melting and
recrystallization were investigated on the water surface and in transferred films on silicon. The

key findings were:

e OCL functional end-groups and 7. affect t-MMA isotherms, crystal habits, and
melting/recrystallization temperatures

e In accordance with the Gibbs-Thomson equation, the OCL crystal melting temperatures
are proportional to inverse crystal thickness, which is also proportional to the film MMA
prior to crystallization. Therefore, the crystal thickness correlates with the film thickness
prior to crystallization

e C(rystallization and melting in ultrathin films at the air-water interface follows similar
laws as in bulk, albeit with generally lower transition temperatures

e OCL ultrathin films at the water surface melt at lower temperatures than the transferred

films on the solid substrates in absence of water

5.1.1. Contribution to the Publication

Literature study:

e Different thin film crystallization methods of PCL: their advantages and limitations
e Factors influencing PCL crystallization and melting/recrystallization
e OCL end-groups, molecular weight, crystallization temperature, and substrate

properties

Study design with discussion and advice from co-authors:

e Selection of ultrathin film crystallization method and molecular parameters suitable for
OCL single crystal growth
e Identification of parameter range (MMA, temperature) to construct Gibbs-Thomson

plots
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e Establishing a methodology combining AFM of transferred films and optical
microscopy together with a suitable temperature profile for reproducible

(re)crystallization experiments

Experimental work:

e C(rystallization of OCL diol (OCDOL) or OCL dimethacrylate (OCDME) under
different conditions using the Langmuir technique

e LS transfers of films crystallized at different conditions onto silicon substrates

e Heating and subsequent cooling of OCL films present at the air-water (BAM and
temperature-controlled Langmuir trough) or air-solid interface (POM with

temperature-controlled stage) to identify the 7w and Trec

Contribution to analysis and interpretation of experimental data:

e Real-time optical microscopy to determine 7w and Trec of OCL films present at the air-
water or air-solid interface

e (alculation of crystals thickness based on height images from AFM using the image
processing software WsXM

e Processing and graphical representation of data to identify the hypothesized linear

dependencies between thermal transitions, crystal thickness, and MMA

Manuscript:

e Providing initial draft of the manuscript according to comments from co-authors

e Revision and finalization of the manuscript according to comments from co-authors

5.1.2. Publication I (Appendix I)

Shivam Saretia, Rainhard Machatschek, Thanga Bhuvanesh and Andreas Lendlein, Effect of
Water on Crystallization and Melting of Telechelic Oligo(e-caprolactone)s in Ultrathin
Films, Advanced Materials Interfaces, 8, 2001940, 2021, DOI: 10.1002/admi.202001940
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5.2. Degradation Kinetics of oligo(e-caprolactone) ultrathin films: influence

of crystallinity

Semi-crystalline and amorphous ultrathin films of linear OCLs differing in end-groups were

prepared at the air-water interface at room temperature using the Langmuir technique. Both

films at the air-water interface and films transferred to silicon surfaces were hydrolytically

degraded at pH 1.2. The effect of melting crystals to accelerate the degradation rate was

investigated. The key findings were:

5.2.1.

Hydrolytic degradation rates of ultrathin films of OCL are as follows:
amorphous > partially crystalline > highly crystalline

OCL crystallites have ca 2-3x lower hydrolytic degradation rates than the amorphous
part. This finding can be used to predict the influence of crystallinity on degradation in
bulk

The hydrolytic degradation is accelerated in all semi-crystalline films by the melting of
crystals

Transferred highly crystalline films only partially degrade after 72 h, while the
transferred amorphous films degrade within 48 h

Compared to enzymatically accelerated degradation of highly crystalline films by
Pseudomonas cepacia lipase, which completes within few minutes, hydrolytic

degradation of highly crystalline films at pH 1.2 takes several hours at 37 °C

Contribution to the Publication

Literature study:

[ ]

Aspects of PCL hydrolytic degradation and the influencing factors
Effect of crystallinity on bulk PCL hydrolytic degradation in vitro and in vivo

Study design with discussion and advice from co-authors:

Selection of OCL telechelics and identification of crystallization conditions at the
air-water interface for film preparation

Conditions for LS transfer of films to silicon and subsequent degradation conditions
Design of experimental procedure allowing for a highly crystalline film with zero crystal

growth rate
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Experimental work:

e Determining the onset of acid-catalysis for OCL degradation as initial experimental
design

e Preparation of highly crystalline films

e Films degradation investigated at the water surface by the Langmuir monolayer

degradation (LMD) technique and on silicon using POM

Contribution to analysis and interpretation of experimental data:

e Processing and graphical representation of experimental data to construct degradation
curves

e Evaluation of hydrolytic degradation curves of OCL films in dependence to crystallinity
and temperature

e Evaluation of morphological changes during hydrolytic degradation of LS transferred
OCL films using POM

Manuscript:

e Providing initial draft of the manuscript according to the outline discussed with
co-authors

e Revision and finalization of the manuscript according to comments from co-authors

5.2.2. Publication II (Appendix II)

Shivam Saretia, Rainhard Machatschek, and Andreas Lendlein, Degradation Kinetics of
oligo(e-caprolactone) ultrathin films: influence of crystallinity, MRS Advances, 2021,
DOI: 10.1557/s43580-021-00067-4
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5.3. Highly crystalline PCL ultrathin films as thermally switchable

biomaterial coatings

Highly crystalline ultrathin films of linear OCL differing in end-groups were prepared and their

melting transitions were studied at the air-water interface using the Langmuir technique. The

highly crystalline films were degraded under enzymatic catalysis at physiologically applicable

temperatures both at the air-water interface and after transfer to solid surfaces. The high density

of methacrylate end-groups at the crystal surfaces were post-functionalized using fluorescein

dimethacrylate as a chemically linked label and the change in fluorescence intensity during

thermoswitching of the film was investigated. The key findings were:

5.3.1.

Extreme compression of OCL molecules at the air-water interface yields highly
crystalline films

Morphology and melting temperatures of highly crystalline films can be varied by OCL
functional end-groups and water temperature

Highly crystalline films are transferrable to silicon surfaces, with minor crystal
fractures, by the LS method

Highly crystalline OCDOL films degrade slower by ~3x under enzymatic catalysis than
the amorphous films on both water and solid surface

Highly crystalline films of ODCME functionalized with fluorescein dimethacrylate
showed a pronounced change in fluorescence intensity during thermoswitching of the
film, hence assembly of functional molecules at the surfaces of highly crystalline films

can be switched with temperature

Contribution to the Publication

Literature study:

Biomaterial coatings using thermal transitions for switching of functions or properties
Large scale synthesis methods for polymer single crystals: advantages and limitations

Enzymatically catalyzed degradation of PCL and the influence of crystallinity

Study design with discussion and advice from co-authors:

Selection of OCLs, the enzyme for degradation and substrate for film transfer
Approach for highly crystalline films preparation, characterization, and transfer

Enzymatic degradation conditions of films at different interfaces
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Functionalization of end-groups at OCL crystals surface by chemically linked

fluorescein compound

Experimental work:

Extreme compression of OCL molecules with hydroxy or methacrylate end-groups to
MMA ~2 A? on the water surface at 12 or 21 °C

Film characterization for morphology and melting transitions by BAM and for LS
transferred films by POM

Enzymatic degradation of different films using Pseudomonas cepacia lipase enzyme
Photoreaction of fluorescein dimethacrylate with methacrylate end-groups at the
OCDME crystal surfaces

Fluorescence microscopy during thermoswitching of fluorescein functionalized, highly

crystalline OCDME films

Contribution to analysis and interpretation of experimental data:

[ ]

Determination of OCL crystals morphology and packing at MMA ~2 A? on the water at
12 or 21 °C using BAM

Processing of experimental degradation data and graphical representation as
degradation curves of OCL films in dependence on crystallinity, end-groups, and
temperature

Evaluation and processing of AFM height images LS transferred OCL films which were

subjected to different durations of enzymatically catalyzed degradation

Manuscript:

Providing initial draft of the manuscript according to the outline discussed with
co-authors

Revision and finalization of the manuscript according to comments from co-authors

5.3.2. Publication III (Appendix III)
Shivam Saretia, Rainhard Machatschek, and Andreas Lendlein, Highly crystalline PCL

ultrathin films as thermally switchable biomaterial coatings, MRS Advances, 6, 283-290,
2021, DOI: 10.1557/s43580-021-00020-5
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5.4. Reversible 2D networks of oligo(e-caprolactone) at the air-water

interface

Using glyoxal as a water-soluble dialdehyde, OCL telechelics with hydroxy end-groups were

cross-linked at different ©’s at the air-water interface at room temperature. At different reaction

times, the acetalization reaction progression in OCL films was identified by the interfacial IR.

To investigate indirect proofs of cross-linking, different cross-linked networks were compared

with non-cross-linked films for their change in film area, crystallization, and enzymatic

degradation. The key findings were:

The interfacial acetalization reaction process was revealed by OCL films contraction at
the air-water interface, which was higher when OCL 2D networks were formed at
elevated m values (higher hydroxy end-groups concentration in the film) or with longer
reaction time

Due to film contraction by acetalization reaction, compression isotherms of OCL 2D
networks shifts to lower MMA values at the air-water interface. Where, the MMA
corresponding to the highest value static elasticity modulus decreases from ~35 A? for
the non-cross-linked film to ~15 A? for the OCL 2D network formed after 18 h reaction
time at 7 mN m’!

Branching centers formed via acetalization in the OCL 2D network retard crystallization
and enzymatic degradation of OCL chains

By changing water pH to 2.5, acetal cross-links in OCL 2D networks are reversible at

the air-water interface

5.4.1. Contribution to the Publication

Literature study:

[ ]

Reversibly cross-linked polymer networks
Cross-linked ultrathin films of oligomers at the air-water interface

Cross-linking effect on crystallization and degradation

Study design with discussion and advice from co-authors:

OCLs selection and optimal cross-linking conditions at the air-water interface
Characterization approaches to understand cross-links formation

Conditions for reversal of cross-linking reaction
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Experimental work:

e OCL diol and four arm OCL tetrol cross-linking by glyoxal at different n’s

e Characterization by BAM for morphology, isotherms for films contraction, and
PM-IRRAS for chemical characterization

e Effect of cross-linking on OCL film crystallization and enzymatic degradation by
Pseudomonas cepacia lipase

e Reversion of acetal cross-links by decreasing the pH

Contribution to analysis and interpretation of experimental data:

e Determination of morphological changes in OCL film during cross-linking reaction
using BAM

e Data processing and graphical representation as degradation/stability curves

e Evaluating compressibility modulus from 7-MMA isotherms of OCL films cross-linked

at different constant s or reaction time

Manuscript:

e Providing initial draft of the manuscript according to the outline discussed with
co-authors

e Revision and finalization of the manuscript according to comments from co-authors

5.4.2. Publication IV (Appendix IV)
Shivam Saretia, Rainhard Machatschek, Burkhard Schulz and Andreas Lendlein, Reversible
2D networks of oligo(e-caprolactone) at the air-water interface, Biomedical Materials,

14(3), 034103, 2019, DOI: 10.1088/1748-605X/ab0Ocef
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6. Discussion

Semi-crystalline polymers/oligomers through their controlled crystallization, degradation, and
chemical functionalization can endow ultrathin films with unique properties and broaden their
application in health and materials research. Here, approaches to prepare polymer ultrathin
films and enable crystallization under defined conditions are discussed along with the findings
in this thesis (Chapter 5.1). Thereafter, hydrolytic (Chapter 5.2) and enzymatically (Chapter
5.3) catalyzed degradation of semi-crystalline oligomers is described, along with the aspects of
oligomer degradation that were controlled using the Langmuir in this work. To further highlight
the control of molecular assembly by the Langmuir technique, the results of the reaction of

OCL end-groups in ultrathin films are discussed and compared to similar studies (Chapter 5.4).

6.1. Nanostructured ultrathin films by crystallization under defined

conditions
Adjusting crystalline morphology in ultrathin films is of interest for preparing coatings with
pre-defined behavior and for the fundamental understanding of bulk interfaces. Crystallinity
also plays an important role for thermal switching of a wide range of coatings acting as thermal
regulators®’, stiffness control®®, and shape change'?’. Yet, controlling semi-crystalline
morphology in coatings is challenged by the solid surface dynamics and use of organic solvents.
The presence of an aqueous environment is also frequently inevitable during processing or

system operation, which has been overlooked in the literature.

The work presented in this thesis overcomes crystallization challenges at solid surfaces by using
the water surface for crystallizing the oligomers by the Langmuir technique. The findings in
Chapter 5.1-5.3 explicitly demonstrate the effect of water on crystallization, and on melting
transitions of the films crystallized independent of the solid substrate. Polymeric films prepared
on the water surface are also environmentally, health, and safety friendly because they use a
small amount of oligomers/solvents (a few micrograms). The organic solvent is only used to
dissolve the polymer, which is then evaporated before crystallization. Fundamental insights of
polymer crystallization were gained using Brewster angle microscopy, which identified the
oligomer single crystals formation and melting transitions on the water surface. The thickness,
amount, and morphology of single crystals in ultrathin films were easily varied by changing
process parameters (m, temperature...) while taking into account oligomer structural features
(end-groups, molecular weight...). A major challenge for large-scale synthesis of polymer
single crystals is addressed in Chapter 5.3, where the high density of single crystals in the film

was achieved by compression of the film. By means of changing MMA and temperature, a
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dense and compact highly crystalline polymeric film, thermally switchable at physiologically
applicable conditions is prepared. For their applicability as degradable coatings, hydrolytic and
enzymatically catalyzed degradation of highly crystalline films is investigated at different
temperatures in Chapter 5.2-5.3. Unlike other conventional techniques, there is no material
waste because all polymers crystallized on the water surface are practically transferrable to the
solid surface. Films were transferred to the solid surface via the water surface using the scalable
Langmuir-Schaefer method that retains the semi-crystalline morphology of films with high

structural fidelity.

Aside from the preparation technique, several other factors, such as film thickness, 7¢, chain
mobility, and polymer-substrate interactions influence crystallization in a confined space. Film
thickness in particular exhibits a dramatic effect on polymer crystallization. For example, as
layer thickness decreases, so does the overall crystallization rate in PEO (7 = -78 °C) in films
with thicknesses ranging from 100 nm to 40 nm.'?* This is also true for Langmuir films of OCL,
where films with a greater initial thickness (lower MMA) produced larger and thicker single
crystals, indicative of a faster crystallization process (Chapter 5.1; Appendix I: Figure 4). This
finding is also interesting in the context of chain entanglements, which do not seem to have a
decisive effect on crystallization from thin films. Otherwise, monolayers, where chains cannot
overlap or entangle, would show faster crystallization than slightly thicker films. In line with
the substrate effect on chain mobility is the finding that PHB (7y= 5 °C) appears to be entirely
amorphous after 6 months in films of thicknesses up to 27 nm on a glass surface, despite the
fact that it can crystallize to a high degree with large spherulites in bulk.'?® This is due to an
extreme increase of the 7§ at the polymer-solid interface. Where, a 30 °C increase in 7 for
PEO, brings it to around -40 °C, which is still well below room temperature.126 However, a
similar change in 7 for PHB immobilizes the polymer chain on the solid glass surface at room
temperature.'?> 127 In Langmuir films, the chain restriction observed at the polymer-solid
interface does not occur. Therefore, while PHB ultrathin films crystallization on solid surfaces
is inhibited for months, Tarazona et al demonstrated that crystallization of PHB in Langmuir
films on the water surface can occur within minutes.'”® Hobbs et al also showed that in
PHB 1-20 um thick films, the presence of water is thought to be acting as a weak plasticizer.
Where, water influenced the 7 and led to the change in activation energy for transport of chain
segments to the growth front.!?’ Kikkawa et al supported these findings using friction force
measurements and AFM observations on the surface of 300 nm PLA films. Where, the
molecular motion on the surface of the films enhanced due to the presence of water

molecules.'?°
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The immobilization of chains on solid surfaces is also very well demonstrated by the fact that
recrystallization of molten films on solid substrates was impeded, whereas it was observed at a
high temperature at the air-water interface (Chapter 5.1; Appendix I: Figure 3). Parameters that

were investigated previously and discussed in Chapter 1.2.2 are the effect of molecular

t102 )101

weight > and architecture (linear or star shape)'”" on the crystallization process of medically
relevant polymers. In this thesis, the parameters of temperature, MMA, and chain end
functionalization were further investigated. It was unequivocally demonstrated that the effect
of the MMA is to determine the initial film thickness, with the aforementioned consequences.
In that context, an additional effect of crystallization © seems unlikely. The effect of 7. in
monolayers and thin films is similar to bulk systems: As 7. decreases, nucleation density
increases, and lamella thickness decreases, resulting in a lower 7. There was no discernible
effect on the crystallization rate, as the films produced at lower 7. contained more but smaller
crystals (Chapter 5.1; Appendix I: Figure 2). This was to be expected, since chain mobility in
OCL layers is very high, as indicated by interfacial shear moduli below 10 N'm!. Therefore,

lowering the water temperature does not seem to decrease the oligomer crystallization rate.

The chain orientation of crystals in ultrathin films on a solid surface can respond dynamically
when cooling below the 7c. Yu et al investigated isothermal crystallization of PCL ultrathin
films (~8-10 nm) on mica surface, where temperatures below 30 °C result in a mixture of two
different morphologies, flat-on lamellae, and edge-on lamellae. During the melting process, the
edge-on lamellae melt first, followed by the flat-on lamellae. The edges of the lamellae became
smoother as the temperature increased, and the flat-on lamellae thickened. They found that the
polymer recrystallization phenomenon was difficult to discern because it occurred during the

heating process, but this resulted in multiple melting peaks.!*!

In contrast to Yu et al, Chapter 5.1 (Appendix I: Figure 2) demonstrates that exclusively single
crystals with flat-on orientation are produced during isothermal crystallization of OCL with
different end-groups at 12 or 21 °C at the air-water interface. Here, OCL ultrathin films are
crystallized at different MMAs that led to the formation of even thinner semi-crystalline films
with thicknesses less than 7 nm. As observed in bulk and similar to findings of Yu et al, the
lamellar thickness in ultrathin films increased with increasing 7.. The fact that semi-crystalline
oligomers on the air-water interface can be melted at temperatures much lower than in the bulk
or at the air-solid interface is a major highlight (Chapter 5.1; Appendix I: Figure 6). This enables
the development of thermoresponsive films that can respond to small temperature changes in

nature caused by sunlight or electrical appliances. In contrast to the results of Yu et al, the

33



recrystallization process is observable via optical microscopy in the OCL films at the air-water
interface. The recrystallized structures at the air-water interface were formed during the cooling
of the melted film. The 7w was found higher than the initial 7¢, where the recrystallized

structures were morphologically different in shape and size than the initial OCL crystals.

Confined space in ultrathin films and added restriction on chain mobility on the solid substrate
leads to dynamic changes in the semi-crystalline morphology. For example, Mareau et al found
that the truncated lozenge-shape of PCL crystals observed in thicker films (~200 nm) becomes
distorted in thinner films (15 nm or below) depending on the 7..°® In contrast to these findings,
T. does affect the lateral size and thickness of the crystals but does not seem to deform the
morphological outer hexagonal shape of the crystals from hydroxy-end capped OCL
(Chapter 5.1; Appendix I: Figure 3). Even in films as thin as ~5 nm, deformation of crystal
edges does not occur due to unrestricted chain transport to the crystal growth front, suggesting
the lack of any strong adhesion effect at the polymer-water interface. Rather, the bulky end-
groups have a major influence on crystal habits via lateral chain packing kinetics, which result

in wavy edges for OCL dimethacrylate crystals (Chapter 5.1; Appendix I: Figure 2).

Although the amount of end-groups is generally small in comparison to the amount of polymer
backbone, the effect on the chain assembly can be dramatic.'? Kawazu et al, for example,
demonstrated the effect of end-groups on the crystallization rate of PCL confined in a
nanocylinder. To their surprise, the crystallization rate of PCL with certain bulky end-groups
(e.g. cholesterol) was substantially higher than that of PCL with small acetyl groups. This was
explained by the complex chain mobility due to combined effects by the end-groups,
and nano-cylinder diameter (~13 nm) which was close to PCL lamellar
thickness.!*> In Chapter 5.1 (Appendix I: Figure 2-3), n-area isotherms, melting transitions, and
optical microscopy are compared to investigate the effect of end-groups on crystallization.
Spread oligomers on the water were in a dilute regime at low ms prior to crystallization. This
allowed flexible chain ends to occupy preferential positions within the layer without being
influenced by the underlying substrate. After a certain m, the end-groups have a dramatic
influence on the --MMA isotherm and semi-crystalline morphology, where as expected, bulkier

end-groups slowed down the crystallization rate.

The Ts of semi-crystalline films on solid surfaces do not have clear interdependencies on film
thicknesses due to the polymer-substrate interactions. For instance, Wang et al found in
poly[ethylene-co-vinyl acetate] ( random copolymer with 90.5 wt % ethylene; 7Tm = 95 °C), and
linear low-density PE (7m = 117 °C) films (460 to 10 nm; spun-cast from polymer/toluene
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solutions on a silicon substrate), a dramatic decrease of 7w for films thinner than 100 nm was
observed. This 7Tm depression cannot be anticipated from the conventional Gibbs-Thomson
relationship, and the effect was attributed to the modification in the effective heat of fusion by
the polymer-silicon surface interactions.'** In that context, Flieger et al found that a thicker
PCL film (127 nm; T = 63 °C) can melt at a lower temperature than a thinner film (13 nm;
Tm = 84 °C) on solid graphite surfaces.!*> Here, one can speculate that the underlying substrate
has a different effect, as graphite is assumed to have weak interaction with adsorbing molecules.
In contrast to the findings above, (Chapter 5.1; Appendix I: Figure 5) shows that the 7Tms of
semi-crystalline OCL films are proportional to the inverse crystal thickness as predicted by the
Gibbs-Thomson equation. The crystal thickness, in turn, increases with a higher T¢, and is
inversely proportional to the crystallization MMA. The dependency of 7w on thickness is also
retained for transferred semi-crystalline films on the solid surface, making the Langmuir
technique a viable and predictable option to prepare semi-crystalline coatings. Altogether, the
data shown in Chapter 5.1 highlights the effect of the underlying substrate (water or silicon) on

the kinetics and thermodynamics of OCL crystallization from ultrathin films.

6.2. Degradation of (ultra)thin films from semi-crystalline oligomers

The films/coatings with controlled degradation enable the simple and safe integration of the
implants, as well as the drug delivery with predetermined release profiles.®? The overall
degradation pathway depends on the in vivo conditions. For example, degradation of PCL films
occurs via surface erosion in saliva and gastric juice, but via bulk erosion in bile and PBS. It is
plausible that surface erosion in saliva occurred due to enzymatic catalysis by amylase, whereas
in gastric juice, pepsinogen could catalyze the degradation. Also, the accelerated hydrolysis at
the low pH (~ 1) of gastric juice shifts the degradation behavior towards surface erosion.”® For
prediction of degradation pathway, it becomes highly relevant to study the influences of
different variables. In that context, (ultra)thin films are important platforms for studying and
understanding degradation mechanisms in a relatively faster and more efficient manner. Yet,
the way a polymeric thin film degrades is also influenced by the method of film preparation.
For instance, Hermanova et al showed that films made by the solution casting method
enzymatically degraded faster than the films prepared by compression molding due to the easier
accessibility of ester bonds in the amorphous phase of spherulites.!*® In our work, mass
transport processes, such as the diffusion of water into or the diffusion of fragments out of a
material, do not occur in Langmuir ultrathin films. As a result, it becomes easier to comprehend

polymer degradation mechanisms (e.g., degradation kinetics, identification of degradation
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products, influencing factors) at the molecular level. The aspects of mass transport processes

must be assessed separately in different experiments and simulations.** 1%

Chemical modification of polymers can have interesting effects on degradation, but it
necessitates synthesis, purification, and characterization. For example, the addition of
perfluorinated segments to the PCL chain increases the polymer's hydrophobicity and decreases
the rate of enzymatic degradation in the early period. Here, the lipase-catalyzed degradation
occurred only in the PCL chains, thereby enriching the perfluorinated chain segments on the
material surface.!’® However, the industrial production and application of perfluorinated
compounds (PFC)s present a range of health issues. PFCs can bioaccumulate in the human
body, and their high serum concentrations have been linked to elevated uric acid, blood
cholesterol levels, an increased risk of heart, lung, and thyroid diseases, and even bladder cancer
incidences.!* ' In another study, the thermal stability of ultrathin polyurea films on the silicon
surface is increased by the cross-linking reaction.”® In this thesis, additional options for altering
the degradation of ultrathin films are demonstrated by varying chain termination (end-groups),
adjusting film crystallinity (Chapter 5.2; Appendix II: Figure 2), and cross-links density
(Chapter 5.4; Appendix IV: Figure 6).

In a previous study about the influence of end-groups on degradation, Jiang et al compared the
influence of hydrophilic (amino) and hydrophobic (methoxy) groups on the degradation of
single crystals of amphiphilic block copolymers. These studies concluded that the enzyme
interaction was affected by the end-groups' wettability leading to differences in the surface of

degraded crystals.'*!

In another study, Su et al showed that in PHB single crystal, the
degradation proceeds at crystal edges due to the presence of loose chain packing.*> '*? In our
work (Chapter 5.2; Appendix II: Figure 3), the chain packing of single crystals from hydroxy
end-capped OCL differed from the ones from methacrylate end-capped OCL. However, the
single crystals from OCL dimethacrylate showed channels after degradation, suggesting that
the loose chain packing regions are also present within the crystals possibly as an influence
from the bulky end-group. Overall, these findings show that changing the composition and

functional terminal groups of polymers can be an effective method to control the surface

characteristics of polymeric devices.

Chapter 5.2 (Appendix II: Figure 2) also compares amorphous film degradation with semi-
crystalline films which shows that the increase in crystallinity in the film slowed down the
hydrolytic degradation of films compared to the amorphous film by several hours. A similar

effect of crystallinity on reducing material degradation was also found in bulk. Hence, the
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effectiveness of ultrathin films in portraying bulk interfaces to elucidate molecular mechanisms
remains viable. Degradation is also performed on LS transferred films on silicon, which aids in
determining the influence of the solid substrate on degradation (Chapter 5.2; Appendix II:
Figure 3). Due to the adhesion effect of polymer chains on the solid substrate, transferred LS
films on silicon hydrolytically degraded slower compared to the films on the water surface.
Heating or thermal switching of crystals to melted (amorphous) state accelerates the hydrolytic
degradation of the ultrathin films. However, after cooling back to the initial temperature, the
hydrolytic degradation proceeds as before. This is an important finding when applying crystals
for strengthening materials or as thermoresponsive functional moieties in devices or coatings
for drug release.®? However, we found that enzyme lipase from Pseudomonas cepacia is
catalyzing the degradation of single crystals with great efficiency. Therefore, when designing
materials for tunable enzymatic degradation, other approaches than tuning crystallinity should
be considered. In Chapter 5.4 we demonstrated that the enzymatic (Appendix IV: Figure 6), or
hydrolytic (Appendix IV: Figure 7) degradation in a cross-linked 2D network can be tailored
as a function of acetalization reaction time. Overall, these findings are important for the need
for continued improvement of drug delivery for more sensitive molecules like proteins,
antibodies, or nucleic acids which can be readily deactivated or unfolded by the hydrophobic
or ionic interactions with the delivery vehicle.!*® In this context, the findings reported in this
thesis are expected to provide some guidance for better tailoring the bulk and nanostructured

systems for controlling the degradation.

6.3. Reaction of polymer/oligomer end-groups in ultrathin films

End-group chemistry is a versatile and strong tool for tuning polymer characteristics for a
specific purpose.'*? Yet, carrying out reactions on the end-groups in ultrathin films or coatings
is an intricate process, especially since flexible chain ends are in lower concentration available
compared to the polymer backbone. In this context, polymer single crystals provide
opportunities for post-functionalization by the immense end-groups present on its surface.
Hence, surface-functionalized crystals are also emerging in the medical field for vaccine
delivery*S, drug delivery*#, filtration membranes'*, and as nanomotors ** 14314 In this thesis
(Chapter 5.3; Appendix III: Figure 6), an efficient approach for performing surface chemistry
of methacrylate end-capped PCL single crystals in an aqueous environment at room temperature
is demonstrated. Here, a fluorescent dye with the photoreactive group was chemically linked
using ultraviolet (UV) light and the melting transitions of the fluorescent dye functionalized
single crystals was monitored by fluorescent microscopy. These fascinating results from

Chapter 5.3 (Appendix III: Figure 6) helps in following change in phase morphology during
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thermally controlled switching of the semi-crystalline coating under an aqueous environment.
Hence, apart from providing insight on topological features of polymer single crystals,
molecular-level description of the semi-crystalline state is provided through fluorescent
labeling. Very recently, Kato et al. also used fluorescence to follow polymer crystallization. In
their work, a large fluorophore (tetraarylsuccinonitrile) was inserted within the polymer

7 In

backbone to understand how polymer architecture affects the growth of spherulites.'*
another study, molecular structure and single crystals adhesion process were investigated by
Zhao et al using fluorescent-labeled anthracene units present at the single crystal edges.!*®
Overall, these studies and the findings from this thesis (Chapter 5.3; Appendix III: Figure 6)
complement the use of surface chemistry in understanding the molecular processes occurring

in a polymer crystal.

At the air-water interface, 2D reactions of flexible chain ends in ultrathin films are important
for improving stability for film transfer or imparting functionalization. The degree of movement
of chain ends of polymers/oligomers is higher compared to end-groups in small amphiphiles or
crystal surfaces. Therefore, strict requirements of chain assembly for covalent reactions are not
easily met under the 2D plane. In consequence, only a few studies describe the 2D cross-linking
reactions of oligomers or polymers at the air-liquid interface for the last two decades. Selecting
appropriate reaction chemistry, process parameters and characterization strategy is crucial
before carrying out the reactions,!%4-108 110-112. 149-176 polymerization of Langmuir films from
small amphiphiles at the air-liquid interface has been investigated comprehensively already

109-113, 118, 149, 151, 154-158, 160, 161, 169, 171, 174,176, 177

before and is generally based on photo or electron

114-117

162, 178 jrradiation, coordination chemistry , redox reactions

beam 106, 152, 153, 159, 165, 166, 172

107.174 or polycondensation reactions'¢” 1%, Carrying out polymerization reactions of polymers
or oligomers by UV irradiation necessitates the use of certain initiators and, in most cases, an
oxygen-free environment. Prolonged photo-irradiation also causes ultrathin film degradation,
demanding the development of other reaction chemistries in the 2D plane. In Chapter 5.4, pH
reversible acetalization chemistry for 2D cross-linking the oligomers with different molecular
architecture (linear or star shape) under ambient conditions is introduced as a novel approach
to prepare 2D networks. The reaction does not require special considerations to the aerial
environment for cross-linking the oligomeric monolayer. The formation of cross-links in the

oligomeric monolayer is shown by the change in film area, crystallization, degradation behavior

as well as interfacial spectroscopic measurements (Chapter 5.4; Appendix IV: Figure 1-6).
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The findings presented in Chapter 5.4 on OCL 2D networks are also acknowledged in recently
reported works on ultrathin films polymerization. For example, 1,2-polybutadiene 2D networks
were formed on the water surface by UV irradiation, where cross-linking was investigated with
the help of BAM observations and Sum-Frequency Generation spectroscopy.'’® Another study
from Haroun et al employs acetalization reaction in the monolayer, the reaction chemistry that
is introduced for Langmuir monolayers via the methods established in this thesis. 2D networks
of a poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol)
copolymer (10 wt % PEG) was prepared at the air-water interface using a trifunctional aldehyde
(benzene-1,3,5-tricarboxaldehyde) in the subphase.!” Similar to the findings of OCL 2D
networks shown in Chapter 5.4 (Appendix IV: Figure 1), the presence of cross-linker in the
subphase also contracted their oligomeric monolayer and shifted its compressibility modulus
during the acetalization reaction. Therefore, the findings of this thesis are also becoming helpful

in the material research field for the guidance of reactions in ultrathin films in a confined plane.
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7. Conclusion and Outlook

Semi-crystalline aliphatic oligoesters are degradable materials, which are of relevance as
building blocks of biomaterials for medical devices, drug delivery systems, and tissue
engineering. Especially, crystals of OCL can melt and recrystallize at physiologically
applicable temperatures and therefore find their applicability in designing active nanostructured
and microscopic devices. The presented work in this thesis provides a model to prepare and
elucidate ultrathin films from semi-crystalline oligomers under ambient conditions using the
Langmuir technique. The molecular-level insights of oligomer crystallization, melting
transitions, and the reaction of end-groups were provided using the ultrathin films. Oligomer
assembly at the air-water interface was adjustable and overcomes the limitations of strong

adhesion forces observed on the solid substrate.

Semi-crystalline morphology and thermal transitions in the ultrathin films were tuned by the
chemical structure of the OCL end-group (hydroxy or methacrylate), and by 7t (12 or 21 °C)
and film MMA as the physical parameters. Ultrathin films of OCL were transferred from the
air-water interface onto a solid surface by the Langmuir-Schaefer method. Whereby, single
crystals were transferable with minor fractures to the solid surfaces, but amorphous films

produced holes due to the process of dewetting.

Melting/recrystallization of different OCL ultrathin films was carried out at the air-water
interface and compared to bulk and the air-solid interface. Melting and recrystallization at the
air-water interface occurred at much lower temperatures than in bulk or at the air-solid interface.
These findings highlight the consideration of underlying substrate when investigating thin or
ultrathin films of polymer. Compared to OCL diol films where oligomers are terminated by
hydroxy groups, the melting of films having methacrylate end-capped OCL occurred at lower
temperatures. This was explained by the thinner OCL dimethacrylate crystals formed under
identical conditions compared to the OCL diol crystals. Overall, the melting transitions of OCL
diol and OCL dimethacrylate single crystals at the air-water or air-solid interface were
proportional to the inverse crystal thickness, in agreement with the Gibbs-Thomson equation.
Compared to the air-water interface, semi-crystalline films melting on the silicon surface
occurred in a restricted manner where the recrystallization process was also not identifiable by

optical microscopy.

Highly crystalline OCL films consisting of tightly packed, identical single crystals were
prepared by compression to low MMA of ~2 A? and explored as functionalized

thermoswitchable coatings. This demand of large-scale synthesis of high crystallite density and
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adjustable morphology of coatings is not achievable by conventional methodologies such as
spin coating and solvent casting. The highly crystalline OCL coatings on silicon were
fluorescent-labeled and investigated for change in phase morphology during thermally
controlled switching in the aqueous environment. The thermoswitching behavior (melting and
recrystallization) of fluorescein functionalized, highly crystalline OCL films showed a
temperature-dependent distribution of the chemically linked fluorescein moieties, which were
accumulated on the surfaces of single crystals, but redistributed after crystals melting. This
redistribution of functionalized bioactive molecules by a small change of thermal stimuli is
relevant for subcutaneous implants or tissue culture substrates. Depending on the attached
biological cue such as cell adhesion peptides or anti-bacterial molecules,
temperature-dependent on-demand cell guidance or anti-pathogenic effect can be achieved on

the coated surface.

Another conceivable application of highly crystalline films is friction-reducing coatings, for
example on sutures. Here, the temperature at the suture-tissue interface does not increase as
long as the heat generated by frictional forces is absorbed by the melting enthalpy of the
crystals. Apart from biological applications, highly crystalline films formed via (bio)degradable
polymers offer sustainable ways for developing temperature-dependent coatings for thermal

reflection.

Polymer single crystals presented in this thesis are also interesting candidates for drug carriers
or nanomotors. For the motion of polymer single crystals, surface chemistry alteration via
functional end-groups or adsorbed nanoparticles is explored in many studies.*> 14> 146 In this
context, anisotropy in structural designs is crucial for the directional movement of micro or
nano-sized motors.!” In this thesis, the anisotropy of shape and edges of polymer single crystals
(e.g. wavy edges of methacrylate end-capped single crystals) is particularly of interest for the
directional motion. Methacrylate functional groups immensely present on single crystals can
also aid in the assembly of the platinum or silver nanoparticles that in the presence of hydrogen

peroxide solution can produce oxygen bubbles for self-propulsion.

For predicting biological performance, it is important to characterize different factors affecting
the degradation behavior, which however is difficult in bulk systems. The ultrathin films were
demonstrated as model systems to elucidate the effect of crystallinity, temperature, end-groups,
and substrate on OCL degradation. In general, the highly crystalline ultrathin films displayed

linear mass-loss at different temperatures, where the OCL dimethacrylate films degraded faster

41



than the OCL diol films at different temperatures. The strong retardation of degradation of OCL

crystals was also observed after films transfer to the solid substrates.

Comparing different semi-crystalline films, a high crystallinity strongly reduced the hydrolytic
but not the enzymatic degradation rate. As an influence of end-groups, the methacrylate
end-capped oligomer hydrolytically degraded faster than the hydroxy end-capped oligomer at
different temperatures. Hence, chain termination was found as an additional option to control

the degradation of OCL in ultrathin films.

At physiological temperature, transferred highly crystalline films on silicon degraded slowly
and almost linearly. Such behavior is highly demanded for applications like erosion-controlled
drug release coatings. After 72 h, the propagation of degradation in transferred single crystals
proceeded through the cracks and channels. This effect is attributed to the differences in chain
packing and larger free volume in the single crystals from bulky, methacrylate end-group
oligomer. Since the transferred single crystals degrade slowly in the non-melted state, they can
potentially act as a thermally switchable, diffusion barrier for gases or macromolecules to the
underlying surface. The barrier performance would be determined by the frequency of defects
and crystalline morphology. The underlying surface can also be a fast degrading polymer whose

degradation will be influenced by the crystalline state of the coated film.

Degradation was also measured in real-time during the thermal treatments of semi-crystalline
ultrathin films. An acceleration of the hydrolytic degradation of semi-crystalline films was
achieved by the crystals melting. By cooling the melted film, the degradation rate again slowed
down. Hence, the melting of OCL crystals accelerated degradation for a short while, but after
cooling the film, the degradation was nearly the same as before. This is of importance for
building devices such as thermally triggered microvalves that employ OCL crystals as thermal

switches in an aqueous environment.'*

In the described degradation studies, influences from film crystallinity, thickness, molecular
concentration, and © were identified. This is useful in the construction of kinetic models for the
degradation of semi-crystalline polymers. In particular, = i.e. lateral surface pressure (5 and
7mN'm™') as a parameter appears to impact the dissolution of water-soluble degradation
fragments. This is important for implants placed under the skin or other tissues where lateral
stress may lead to faster degradation of the implant material. As a consequence, this could lead
to unintended behavior of a device such as speedier discharge of a medicament into the

bloodstream.
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Degradation of OCL in ultrathin films was also found to be influenced by the cross-linking of
chain ends that lead to the formation of branching centers in the film. Firstly, as a proof of
concept for the two-dimensional cross-linking, OCL 2D networks at the air-water interface
were formed using glyoxal, which imparts pH-sensitive reversible acetal cross-links. The
course of acetalization reaction was supported by interfacial infrared spectroscopy and changes
in the 1 -MMA isotherms showing film contraction. For OCL 2D networks at the air-water
interface, cross-links formation dramatically influenced the crystallization and degradation
kinetics. Where, in a cross-linked 2D network formed after 24 h of reaction, the crystallization

was inhibited and the degradation slowed for a certain initial period of time.

Glyoxal applied as a cross-linker is less toxic than paraformaldehyde and therefore is an
emerging molecule to fixate cells for immunostaining'®!, however, for in vivo applications,
would have to be replaced by a less toxic dialdehyde. The reversibility of acetal cross-links
formed using glyoxal in the 2D network was demonstrated by reducing the pH (Chapter 5.4;
Appendix IV; Figure 8). The strategy described in this thesis for preparing reversible 2D
networks is showcasing mechanisms that are relevant for other pH-reversible systems such as
maleimide-functionalized oligomers for tissue regeneration'®? or phenylboronic acid decorated
macromolecules to influence cell adhesion'®®. Also in the field of molecular imprinting,
reversible cross-linking to create molecular templates in a 2D plane is of fundamental interest,
e.g. for sensing applications.!®* 187 Such reversibly cross-linked systems can be investigated in
ultrathin films that are closely matching the targeted environment. The preparation and
characterization and strategies described in our work are likely relevant and applicable for these

systems.

As coatings, 2D layers on patterned substrates are used to generate intricate effects such as
regulation of the cellular organization.'®® The highly crystalline ultrathin films or 2D networks
presented in this thesis, can possibly provide thermomechanical signals for cells. Proteins or
cells might stick to coated films depending on their viscoelastic properties, which vary strongly
with chain ordering. Approaches for large-scale film synthesis by apparatus modification have
been described and were at least temporarily, commercially available.”> '*° Hence, the
versatility of the Langmuir technique in controlling polymer crystallization and chemistry for

the preparation of functional ultrathin films remains immense.
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Effect of Water on Crystallization and Melting of Telechelic
Oligo(&-caprolactone)s in Ultrathin Films

Shivam Saretia, Rainhard Machatschek, Thanga Bhuvanesh, and Andreas Lendlein*

The thermal behavior of ultrathin, semi-crystalline films of oligo(&
caprolactone)s (OCLs) with hydroxy or methacrylate end groups, is studied by
the Langmuir technique in dependence on mean molecular areas and crys-
tallization temperatures. The films on solid substrate as obtained by Lang-
muir-Schaefer transfer exhibit different lamellar thicknesses, crystal number
densities, and lateral sizes. The melting temperature of OCL single crystals

at the water and solid surface is proportional to the inverse crystal thick-

ness and generally lower than in bulk PCL. An influence of OCL end groups
on the melting behavior is observed mainly at the air—solid interface, where
methacrylate end capped OCL melts at lower temperatures than hydroxy end
capped OCL. Comparing the underlying substrate, melting/recrystallization of
OCL ultrathin films is achievable at lower temperatures at the air-water inter-
face than at the air-solid interface, where recrystallization is not identifiable.
Recrystallization at the air—water interface generally occurs at higher tempera-
ture than the initial crystallization temperature. The surface pressure, as an
additional thermodynamic variable, seems to further affect the crystallization
behavior, with crystal thickness and lateral growth rate increasing with surface
pressure. The results presented here are important when designing tempera-
ture-sensitive or active nanostructured materials or interfaces based on OCL.

materials owing to biodegradability, while
known synthesis pathways into various
end group functionalized telechelics
enable flexible strategies for creating ther-
moreversible crystalline regions.”! The
interface to the predominantly aqueous
environment is of paramount importance
for the performance of OCL based mate-
rials in Diological systems, since nearly
all interactions are mediated upon direct
contact. The behavior of polymer chains
at the interface is very different from the
behavior of chains in the bulk, which
are buried and strongly entangled, while
the chains at the interface are far less
restricted. Due to the interaction with
water molecules, the energetic situation
of polymer chains at the interface will also
differ from their counterparts in bulk.
Limiting of chain flexibility by entangle-
ments and crystallites as well as low free
volume means that water uptake into
bulk PCL is restricted. Yet, water might

'.) Check for updates

1. Introduction

Poly(&-caprolactone) (PCL) is an important material in bioma-
terial applications, especially as a thermal switch with a transi-
tion close to physiological conditions.! PCL oligomers (OCLs)
are therefore important building blocks for multifunctional
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still interact favorably with the chains and

act as a partial solvent. Then, their phase
transitions like crystallization,™ as well as other temperature
dependent phenomena such as the glass transition,”” are
strongly affected. This is especially applicable for swellable net-
works and nanostructured materials, where water uptake is near
instantaneous and can therefore affect the whole material, not
just its surface.l®l Adequately predicting the switching behavior
of OCL-based multifunctional materials in medical applications
clearly necessitates taking into account the influence of water,
especially at the polymer—water interface.

Thin film experiments are the common approaches to study
the behavior of polymer chains at interfaces. These experiments
are usually carried out on substrates and in the absence of water
and are probably not well suited to replicate the crystallization of
chains at the surface of a medical device. On solid surfaces, the
polymer chain mobility is extremely constrained, and the solid
surface defects cause crystallization by heterogeneous nucleation
or prefreezing (formation of thin crystalline layer above melting
temperature, T,,)."" The melting temperature of crystalline
films on solid surface can be thickness dependent, for example,
from PCL 23K film on a graphite surface, a 127 nm film melts at
63 °C while a thinner 13 nm film melts at 84 °C.[) A recrystalli-
zation can typically not be observed due to its occurrence during
the heating process or dewetting and irreversible adsorption of
melted partially crystalline polymer film on solid surfaces.24]

© 2021 Helmholtz-Zentrum Geesthacht. Advanced Materials Interfaces
published by Wiley-VCH GmbH
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Here, we hypothesize that we can understand the influence
of water on the thermodynamic transitions of PCL by studying
the crystallization and melting of OCL from Langmuir films in
dependence of subphase temperature and surface pressure (7).
While one would not expect water to be a good substrate for inves-
tigating relatively hydrophobic polymers such as PCL or polylac-
tide, experiments with polymers in Langmuir films have taught us
that these molecules form 2D polymer solutions at the air—water
interface, with the chains of some medically relevant (co)polyes-
ters adopting extended conformations as in good solvents.¥ The
ability of these (co)polyesters to form stable investigable films at
the air-water interface is due to the hydration of their polar chem-
ical groups, which anchor to the water surface and overall impart
an amphiphilic nature to the spread hydrophobic polymer.

Langmuir monolayers are ideally suited for this task, because
they avoid the influence of an underlying solid substrate and
allow the chains to get swollen by water. During crystallization
at the air-liquid interface, the layers have a negligible shear
modulus or viscosity, meaning that the effects of chain entangle-
ments on crystallization can be excluded, allowing the study of
crystallization without restriction on chain transport, resulting
in a crystallization process close to thermodynamic equilibrium.

While polymer crystallization in Langmuir monolayers has
been thoroughly investigated,*1>1617.18] there is an open ques-
tion, which has so far not been addressed. In bulk and in solu-
tion, crystallization is regulated by the degree of undercooling
under a characteristic crystallization temperature T*. In
Langmuir monolayers of polyesters such as poly(3-R-hydroxy-
butyrate) or PCL,*81 crystallization depends on the surface
pressure as a second thermodynamic state variable, and crystal-
lization is only observed above a critical surface pressure 7*.
The influence of undercooling on the crystallization from melt
or solution in terms of crystallization and nucleation rates as
well as lamella thickness is extremely well described. It remains
to be seen whether the surface pressure has a similar effect as
temperature, so that with increasing “overpressure”, crystals
become thinner while nucleation and growth rates increase.

To answer this question, crystals grown under different con-
ditions are transferred to solid substrates and their thickness
is measured via atomic force microscopy (AFM), which further
allows the construction of Gibbs—Thomson plots for OCL crys-
tals in contact with water. We expect the equilibrium melting
temperature Tp,., and also the characteristic crystallization
temperature T.*, to be substantially lower than in bulk or for
crystals at the air—solid interface. The end groups of telechelics,
which are used to build architecture materials but have not
been converted in a chemical reaction, have different polarity
and sterical requirements and will probably also affect the crys-
tallization behavior. We expect the transitions in water shifting
to lower temperature when end groups are more hydrophilic.

For this study, two different telechelic OCLs having either
hydroxy or methacrylate end groups are applied. Hydroxy and
methacrylate end capped polymers are valuable for construc-
tion of architectured materials, where diols are joined via diiso-
cyanate linkers and methacrylates form networks, both under
ambient conditions.™ OCLs with dimethacrylate or diol end
groups are therefore commonly used to introduce thermal
switching capability into (multi)functional materials. Yet, these
end groups also differ in size and hydrophilicity, and therefore
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serve as a representation of either small and hydrophilic, or
large and hydrophobic chain terminations, which could occur
depending on material architecture. In bulk, it was reported
that the influence of end group functionalization on T, of
ethylene glycol initiated OCL diols (OCDMEs) and OCL dimeth-
acrylates (OCMEs) was very small when number average mole-
cular weights (M,) were above 4000 g mol 122!l Therefore, the
applied OCL samples for this study are within a M, range of
4000 to 8000 g mol™ with a polydispersity index of 1.2, where
OCL molecules are also known to form laterally large crystals,
which are observable by Brewster Angle Microscopy (BAM)
at the air-water interface.l” The OCDOL and OCDME used
for this study were initiated by either 1,4-butanediol or dieth-
ylene glycol. While even for short OCDOLs with M, of about
1200 g mol™, the effect of the central initiating unit on the
crystallization in bulk is negligible, ! at the air-water interface,
an influence cannot be ruled out due to the “anchoring effect”
of ethylene glycol.?’]

Crystallization is carried out at air—water interface at constant
film area induced by cooling and compressing using the Lang-
muir trough barriers, resulting in isothermal crystallization
with a rate that decreases with time at constant crystallization
temperature T.. In that way, it is possible to observe isolated
crystals whereas under constant pressure, films become almost
entirely crystalline. Two water subphase temperatures of 12 °C
and 21 °C are used as isothermal crystallization temperatures.
The melting and recrystallization of OCL films at the air-water
interface is studied by altering water subphase temperature at
a constant rate. The thermal behavior of partially crystalline
OCL films is monitored by in situ Brewster angle microscopy
and surface pressure changes. Partially crystallized and recrys-
tallized OCL films from the air-water interface are transferred
to silicon substrates via the Langmuir—Schaefer (LS) method
(Figure 1) for crystal thickness and morphological investigation
by atomic force microscopy. On these samples, using polarizing
optical microscopy equipped with a heating stage, the melting
temperature at the air—solid interface is studied by heating
with a constant rate of 2 °C + 0.4 °C min™. The results are ana-
lyzed with regard to the Gibbs Thomson equations for crystal-
lization and melting, to facilitate a prediction of the melting
temperatures of PCL crystals in aqueous environments. To
determine the influence of water, crystallization and melting of
OCL at the air-water interface will be compared to results from
bulk and from the air—solid interface.

2. Results and Discussion

2.1. OCDOL and OCDME Crystallization at Air—Water
Interface at Different MMA and T,

In the initial step of OCL film crystallization at the air-water
interface, compression of spread molecules yields a typical
mean molecular area (MMA) versus surface pressure isotherm
(Figure 2a,b). The MMA is the mean surface area occupied
per &caprolactone repeat unit, calculated from the number of
spread repeat units and the total area of the film. In the OCL
surface pressure versus area isotherms, a sudden decrease
in surface pressure at MMA <30 A? is accompanied with the
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ultrathin films.

formation of observable crystals in the Brewster Angle micro-
scope. This critical surface pressure 7* in the OCDOL film
isotherm (Figure 2a) occurs at =24 A> MMA on water at 12 °C
or 21 °C, while the OCDME film (Figure 2b) shows the critical
surface pressure at a lower MMA of =18 A? on water at 12 °C.
The OCDME film isotherm (Figure 2b) on water at 21 °C does
not show a pronounced critical surface pressure compared to
the surface pressure versus area isotherms of OCDME at 12 °C
or OCDOL at 21 °C or 12 °C.

2.1.7. Influence of End Groups on Maximum MMA for
Crystallization

The BAM images in Figure 2 illustrate the crystal morphologies
observed in the OCL films withheld for =2 h on water at 12 °C
or 21 °C, at constant MMA of 22, 18, 15, 12 or 8.5 A% At the
given MMAs, all OCL films show formation of crystals except
the OCDME film held at an MMA of 22 A2, Here, the OCDOL
film is compressed to just above its critical surface pressure,
while the OCDME film is slightly below the critical condition.
The absence of crystallization in the OCDME film after several
hours at 22 A? shows that the shifted critical surface pressure
is not of kinetic origin. Rather, the methacrylate end-groups
increase the nucleation barrier for OCL chains at the air—water
interface. We emphasize that the difference is not an effect
of the M,, since OCDOLs with a M, of 3500 g mol™ have a
very similar crystallization behavior in Langmuir films when
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compared to OCDOLs with a M,, of 8000 g mol™.["] At the air-
water interface, there might also be an influence of the central
diol unit used as polymerization initiator. The OCDME has a
diglyme unit, which is more hydrophilic than the butadiol used
for OCDOL, which could contribute to the higher nucleation
barrier by anchoring the chains to the interface and preventing
the desorption of segments required for crystallization. Yet, this
significantly higher nucleation barrier of OCDME correlates
well with the bulk properties, where bulk OCDME has a lower
T. of 18 °C, while bulk OCDOL has a T; of 29 °C, which agrees
to a previous study using ethylene glycol initiated oligomers.2!

2.1.2. Influence of End Groups on Crystal Habits

The morphology of OCDME crystals is characterized by a paral-
lelogram shape with wavy edges (Figure 2d-7-12), whereas the
hydroxy end capped OCL crystals have smoother edges and are
less elongated (Figure 2c-1-6). The lateral shape of PCL crys-
tals is determined by the prevalence of (110) and (100) growth
sectors. Striations which run outward from the single crystal
center, in (110) sectors are continuous and run parallel to the
boundaries between the sectors (110) and (100). Striations in
(100) sectors are not elongated but granular and non-contin-
uous, and are less pronounced.” These sectors differ in vis-
coelastic properties? and can be identified as dark and bright
areas in the BAM image of the roughly hexagonal OCDOL crys-
tals (Figure 2c). The thermal stability of (100) sectors was found
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to be lower than the one of (110) sectors by other authors.?4
This suggests that optically darker sectors in the BAM images,
which melt at lower temperature are (100) growth sectors
(see inset in Figure 2a; and Figure S4, Supporting Informa-
tion). The elongated shape of the OCDME crystals suggests
a prevalence of (110) sectors, in agreement with the generally
slightly higher T;, of these crystals at the air-water interface.
The greater lateral size of the OCDOL crystals indicates that the
prevalence of (110) sectors in OCDME crystals is due to a reduc-
tion of the growth rate of (100) sectors in response to the meth-
acrylate end groups. This observation is supported by the inset
in Figure 2b where one of the (100) growth sectors is missing
from the OCDME crystal.

2.1.3. Influence of Crystallization Temperature on Number
Density and Size

OCL films on water at 12 °C (Figures 2¢-4-6 and 2d-10-12) show
higher number of crystals per unit area, but of smaller crystal
size, compared to OCL films on water at 21 °C (Figures 2c-1-3
and 2d-7-9). This dependence of lateral size and number den-
sity on crystallization temperature is also seen in the OCDME
film at MMA 8.5 A2, but not apparent at MMA 15 A? (Figure 2d).
In OCDOL films at a water temperature of 21 °C, the number
of crystals per unit area increases with lowering of crystalli-
zation MMA, whereas such a trend is hard to identify for the
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other cases. However, under all conditions, the crystals appear
laterally bigger at lower MMA, indicating that the growth rate
or duration increases with crystallization surface pressure or
decreasing MMA.

2.2. Crystallization, Melting, and Recrystallization
of OCDOL and OCDME Films

Figure 3 shows the typical plot of surface pressure and tempera-
ture as the function of time during a crystallization-melting—
recrystallization experiment at the air—water interface. At the
constant temperature of the water subphase (12 °C or 21 °C),
spread OCL molecules are compressed (increase of surface
pressure; typical OCL Langmuir isotherm) to a specific MMA
(8.5 A% and withheld for 2 h (stabilization of surface pressure).
This results in a partially crystalline OCL film at the air-water
interface, prepared under isochoric (constant trough area)
and isothermal (constant water temperature T.) conditions
(Figure 3c-1,d-4). Here, the surface pressure serves as a con-
venient indicator for crystal growth. When chain segments are
detached from the air-water interface and attached to a crystal,
the surface pressure decreases, and hence, a constant surface
pressure indicates zero crystal growth. For melting of the par-
tially crystalline OCL film, the water is heated at a constant rate
(Figure 3a,b), and the melting temperature range of the partially
crystalline OCL film lying on the water surface is identified using
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the Brewster angle microscopy (see Figure S4a,b, Supporting
Information). On the water surface, at T, onser, melting begins
in the partially crystalline film where the crystals observable as
bright regions in the BAM images start to disappear (Figure 3c-2
and 3d-5). For the OCDOL crystals, the growth sectors appearing
darker melt first (see Figure 3c-2). At T, o,g, melting ends where
the BAM image shows absence of any crystalline bright regions
(see Figure S4, Supporting Information). The molten OCL film
at the air-water interface is recrystallized by cooling the water
subphase (Figure 3c-3,d-6). During the cooling of the water
subphase, at recrystallization temperature (T;..) the recrystal-
lized entities start to appear as bright regions in the BAM (see
Figure S4, Supporting Information), and the film is withheld for
30 mins to allow for recrystallization (Figure 3a,b). The water
is cooled further to the initial isothermal crystallization tem-
perature T.. Here, the surface pressure remains approximately
constant over time, indicating that there is no driving force for
further crystallization in partially recrystallized OCL. To identify
thickness; topography and T;, at the air-solid interface, Lang-
muir—Schaefer transfers to silicon solid substrates are carried
out in separate experiments, both of as-crystallized OCL films,
as well as of partially recrystallized OCL films (Figures 4-6).

2.3. Relation of Crystal Thickness with Crystallization
MMA and T,

In Figure 4, the graph and the AFM images of transferred OCL
films illustrate the effect of crystallization conditions (MMA
or T.) on the lamellar thickness and morphology. Clearly, the
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inverse crystal’s thickness is directly proportional to the crystal-
lization MMA, that is.

1

————— o< Crystallization MMA o< Film area
Crystal thickness

In general, for an incompressible film:

1 _ Filmarea 2)
Film thickness Film volume

This finding suggests that for these ultrathin films, the
crystal thickness is directly proportional to the film thickness
prior to crystallization. Interestingly, the slope is identical for
all conditions and end groups. This even includes recrystalliza-
tion upon cooling, except for OCDOL crystals formed at 12 °C,
where the crystal thickness depends much stronger on the film
area. While there is an onset surface pressure for crystallization
(critical surface pressure 7%), for OCDOL at both crystallization
temperatures and OCDME at 12 °C, the surface pressure 7 does
not increase beyond 7*. Yet, there is a pronounced impact of
the MMA, indicating that the film thickness rather than sur-
face pressure, controls the crystallization behavior. The idea
of a zero growth layer thickness is in line with the constant
surface pressure observed after a certain crystallization period
(Figure 3a,b). Here, the layer has reached its minimum layer
thickness required for crystallization. If such a zero growth
layer thickness did not exist, crystallization would continue
until the whole film is crystalline.
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thickness (Figure 4a). The lateral size of the crystals is smaller
(Figure 2c,d) at lower crystallization temperature of 12 °C. This is
probably due to a higher crystal number density. The higher nuclea-
tion density is also indicated by OCDME compression isotherms
where a dip is observed at 12 °C, but not at 21 °C (Figure 2b).

The morphology of films of OCDOL (Figure 3c-3) and OCDME
(Figure 3d-6) recrystallized at the air—water interface differ from
the crystallized film (Figures 3c-1 and 3d-6) but the overall aspect
ratio of the crystals is preserved upon recrystallization. These in
situ observations by BAM are substantiated by AFM investigation
of crystallized and recrystallized OCL films transferred to silicon
surfaces (Figure 4b). AFM images of the partially recrystallized
OCL films from the water surface show that the morphology and
thickness of the recrystallized structures (Figure 4b-3) is different
from the crystals prior to melting (Figure 4b-2). Except for the
OCDOL film crystallized at 12 °C, in all the OCL films, the recrys-
tallized structures are thicker than the melted OCL crystals, since
recrystallization occurs at higher temperatures than crystalliza-
tion upon compression. The partially recrystallized OCDOL film
(Figures 3c-3 and 4b-3) shows presence of connected lamellae,
small and large crystals, while the partially recrystallized OCDME
film has crystals with protruding lateral lamellae (Figures 3d-6
and 4c-6). It is generally expected that the recrystallized struc-
tures are different from as-crystallized structures. By definition,
there is no chain-overlap in a monolayer, and hence, there are
no entanglements. The lowest MMA of 8.5 A% corresponds to
a thickness of less than three layers, and there are properly not
many entanglements created when compressing the monolayer
to that state. When single crystals grow from this almost non-
entangled film, the chains will cross over during attachment
or back-folding. That means that the layer created by melting
the single crystals contains more entanglements than the layer
before crystallization, and hence, recrystallization proceeds under
more constricted conditions than the first crystallization, which
explains the disrupted crystal shapes.

2.4. Relation of T, and T, with Crystal Thickness,
Crystallization MMA, and T,

The dependence of the melting temperature of lamellar struc-
tures on their thickness is described using the Gibbs-Thomson
relation,
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Ty = T [1—L] (3)
Ihe (Tor)

where T, .. is the melting temperature of infinitely thick crys-
tals, I is thickness of the lamellae, o, is surface free energy,
and hy is the enthalpy of fusion. The M, of the oligomers,
OCDOL and OCDME used here is in a range where the
bulk melting temperature still increases with M, albeit very
weakly.2l While M,,(OCDME) is lower than the M,(OCDOL),
the Gibbs-Thomson equation is valid for each molecular
weight fraction independently. Also, the crystal thickness in
our experiments was not affected by the chain length, since
the average contour length of the molecules here was around
40 nm (OCDME) or 70 nm (OCDOL). A Gibbs-Thomson
plot of Ty, versus inverse crystal thickness (Figure 5), shows
that the T, ¢nq of partially crystalline OCL films on the water
or solid surface is indeed proportional to the inverse crystal
thickness, that is,

Crystal T,e,a at air —water
. o 1 (4)
or air—solid interface «« ———

Crystal thickness

The slope of the Gibbs-Thomson plot is much higher for
the OCL films on the water surface (Figure 5a) compared to
the OCL films on the solid surface (Figure 5b). Also, the sta-
bilities are inverted on the solid substrate, with OCDME crys-
tals showing a substantially lower T, than the OCDOL crystals.
The melting temperature is on average roughly 10 °C lower.
The M, in part accounts for this, with the equilibrium melting
point of OCLs with a M,, of 4000 g mol™! being about 6 °C lower
than the equilibrium melting point of the OCL with a M, of
8000 g mol .3

A second Gibbs-Thomson plot is constructed for the recrys-
tallized structures (Figure 5c), where again all materials and
conditions exhibit the same behavior except for the OCDOL
film crystallized at 12 °C, where the crystal thickness decreases
much stronger with T,. In the OCDOL films crystallized at
12 °C, with lowering of crystallization MMA, the crystal thick-
ness increases but the increase in lateral size is less compared
with other crystallization conditions (Figure 2c,d). This perhaps

© 2021 Helmholtz-Zentrum Geesthacht. Advanced Materials Interfaces
published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

leads to the anomaly of obtained slopes of Gibbs-Thomson plot
for OCDOL films crystallized at 12 °C (Figure 5).

2.5. Dependence of T, and T,.. of OCL Films on the Interface Type

Figure 6 describes the dependence of melting/recrystallization
temperature on the functional end groups (hydroxy or metha-
crylate) and crystallization conditions (MMA or T.) of OCL
films at different surfaces (water or solid silicon substrate).
At the air-water interface, the temperature where the most
stable crystals in OCDOL and OCDME films melt (Tp,cnq),
decreases lineelu'ly with the MMA. This is expected since

T, ~ ~ Crystal thickness ~-MMA (Equations (1) and (3)). There

is a good agreement between materials and conditions on the
dependence of T, .,q on the mean molecular area before crys-
tallization, except for OCDOL at 21 °C, which shows a lower
dependence of T, on MMA. The recrystallization temperature
decreases linearly with the MMA of the film, and therefore
with the thickness of the molten layer prior to recrystallization.
This implies that the layer thickness influences the thermody-
namics of crystallization, with thinner layers requiring greater
undercooling to crystallize. Then, the thinner crystals formed
in more undercooled Langmuir films are also less stable.

The temperature where the crystals with the lowest stability
melt depends only weakly on the MMA of crystallization, which
agrees with the idea that the crystal thickness decreases with
the thickness of the amorphous layer. When the crystals grow,
the thickness of the amorphous layer decreases, resulting in
thinner crystals. Crystallization stops at a “zero growth” layer
thickness, resulting in a minimum crystal thickness and hence
Tnonset- The “zero growth” layer thickness decreases with tem-
perature, resulting in a T, onser that depends on T, but not
MMA. The slight dependence of T, g5 01 the MMA shown
in Figure 6a might also be an artifact of the finite heating
rates, meaning that the laterally larger crystals formed at lower
MMA disappear at slightly higher temperature. At the air-water
interface, T, onset ©f ODME films is higher than the T, ;e Of
OCDOL films, potentially because of the different stabilities
of (110) and (100) sectors. Yet, on solid surfaces, the Tj, onset
is lower for the films than for the films, which agrees more
with the bulk situation where the higher M, leads to a higher
melting temperature.

Altogether, OCL ultrathin films prepared under different
crystallization conditions, melt at higher temperature ranges on
solid surface (45 °C to 60°C) compared to films on water sur-
face (20 °C to 45 °C). Also, the dependence of the melting tem-
perature on the crystal thickness is much lower at the air—solid
interface. By extrapolating the T, versus the inverse crystal
thickness to infinite crystal thickness, we obtain the equilib-
rium melting temperatures Tp,.. for both conditions. At the
air water interface, T, .. is between 42 °C to 48 °C while at the
air—solid interface, Ty, .. is between 53 °C (OCDME) and 65 °C
(OCDOL). These values are smaller than the T, ., of PCL in
bulk, which are 75 °C for a M, of 8000 g mol™! and 69 °C for
4000 g mol™' [ Thus, both water and bulky end-groups lead to
a lowering of the equilibrium melting point. The melting point
in ultra thin films on silicon is lower than the melting point in
bulk as well, despite the adsorption to the solid substrate. From
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the plot of the recrystallization temperature versus inverse
crystal thickness (Figure 5c), we determine the crystallization
temperature of infinitely thick PCL crystals at the air-water
interface T .. This temperature is at =55 °C for the OCDOL and
at =70 °C for the OCDME. The finding that T, .. is smaller than
T is in agreement with crystallization in bulk.’®l Altogether,
crystallization and melting in ultra thin films at the air-water
interface follows similar laws as in bulk, albeit with generally
lower transition temperatures. The slope of T, versus inverse
crystal thickness at the air—water interface (Figure 5a) is much
greater than at the air—solid interface (Figure 5b). Since T, .. is
also smaller, this suggests that the ratio of surface energy to
crystallization enthalpy is much greater at the air—water than
at the air-solid interface. This is because the amorphous OCL
forms a 2D solution at the air-water interface, but the crystal-
line phase is not stabilized, leading to a decrease of the enthalpy
of crystallization.

Considering the interfaces, OCL films melting is achievable
at lower temperature range on the water surface than at the
solid surface by a temperature, which is roughly 20 °C lower
(Figure 6). During the melting of OCL ultrathin film on a sub-
strate, the crystals may preferentially start to melt at the points
of contact between the crystal and the substrate. On the water
surface, OCL chains may have large point of contacts due to
the fluidic and penetrable nature of small water molecules.
Besides, during heating of the substrate for melting the OCL
film, the degree of molecular motion within the aqueous liquid
subphase is higher compared to the bulk solid substrate. On
the solid surface with the OCL film, points of contact between
the OCL chains and the rigid flat solid surface may be fewer but
of strong adhesion forces, which modify the melting process of
the crystals. Therefore, on the solid surface, the OCL crystals
melting (Figure 6b) proceeds in a constrained environment,
with a lower supply of crystalline chain folds into the neigh-
boring amorphous phase. The crystalline polymer chains on
the water surface can melt and recrystallize (Figure 6a) easily
due to a larger mobility in comparison with the polymer chains
on the solid surface. During heating of the LS transferred OCL
films at the air-solid surface, droplets of melt are formed inside
the periphery of the crystals (not illustrated here; see Figure S5,
Supporting Information). During cooling of the melted OCL
film on the solid surface, the T,.. is not identifiable since the
partially recrystallized OCL film does not visually differ from
the melted OCL film at the air—solid interface.

Regarding the role of end groups, the most obvious one is
the change in crystal habits because of the different prevalence
of (100) and (110) growth sectors. The greater sterical require-
ments of the methacrylate groups may also account for the
wavy edges observed in some of the OCL methacrylate crystals.
The uniform edges of OCDOL crystals suggest that hydrophilic
but lower molar mass hydroxy groups essentially pose minimal
steric hindrance in OCL chain folding for crystallization. The
higher nucleation barrier for the methacrylate end-capped
molecules is apparent from the crystal number density and
the higher critical surface pressure 7. The higher T, ., shows
that a greater degree of supercooling is indeed required to
nucleate these crystals. Compared to the OCDOL central unit,
the OCDME central unit is more polar but also of a higher
molar mass. According to literature, the central diol unit plays
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Table 1. Bulk characteristics of OCL samples.
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Sample M, (GPC) [g mol™] M, ("H NMR) [g mol™] End group functionalization ~ PDI (GPC)  T_(DSC) [°C] T, (DSC) [°C]
("H NMR) [%]

0 [o]

H{>OW\)4\O/\/\,0 I 8300 7900 95+3 1.2 29+4.5 56+ 4
n
o o
°\/\¢Pk/\/\/

WW °L\°"JK 5900 4300 8542 12 18445 39445

Endgroups functionalization determined by '"H NMR analysis is within the limits of experimental error of signal integration. The shift of M, to higher values in GPC than
"H NMR can be related to fractionation of the reaction products by precipitation. The temperature range of T. and T,, is estimated by extrapolation of slopes of exotherms

and endotherms from DSC measurement.

a negligible role in the crystallization of OCLs in bulk,?? but at
the air-water interface, the more hydrophilic central unit in the
OCDME might increase the nucleation barrier for crystalliza-
tion by anchoring the chains to the water phase,?*l along with
the bulkier methacrylate end groups.

An interesting observation is the inversion of the crystals’
stability at the air—water interface and the air—solid interface. A
potential explanation is the ability of functional end groups to
act as diluents for the polymer melt, which results in a lowering
of the melting temperature.”’] Here, it seems intuitive that
hydroxy groups are stronger diluents in an aqueous environ-
ment, whereas methacrylate groups are hydrophobic and more
effective in air.

3. Conclusion

Partially crystalline ultrathin films of OCL diol and OCL
dimethacrylate were prepared at the air-water interface at dif-
ferent film mean molecular areas (22, 18, 15, 12 or 8.5 A%) and
aqueous subphase temperatures (21 °C or 12 °C). Melting/
recrystallization was studied for partially crystalline OCL
ultrathin films directly at the air—water interface, and also at the
air-solid interface after Langmuir—Schaefer transfer to a silicon
substrate. Thickness and topographic evaluation was performed
for as-crystallized and recrystallized OCL films on silicon sub-
strates. Methacrylate groups affected the chain packing and led
to a higher prevalence of (110) growth sectors in OCL single
crystals grown at the air—water interface.

In comparison to OCL spherulites in bulk, for investigating
thermal properties in ultrathin films, crystallization tempera-
ture, end group functionalization, central core group, M, but
also the single crystal’s thickness is taken into account. The
melting/recrystallization temperatures of OCL diol and OCL
dimethacrylate single crystals at the air-water interface or
air-solid interface were proportional to the inverse crystal
thickness, in agreement to the Gibb’s-Thomson equation. The
M, corrected equilibrium melting temperature at the air-solid
interface occurs at temperatures, which are about 10 °C lower
than those in bulk, while the equilibrium melting temperature
at the air-water interface is about 25 °C lower than in bulk.
While a critical surface pressure 7% for crystallization was
observed, both the lateral crystal size and thickness increased
with initial film thickness, which is defined by the MMA for
isochoric crystallization, while the initial crystallization surface
pressure was almost identical.
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The methacrylate groups lead to a considerable lowering
of the melting point only in the absence of water. These are
important considerations when, for example, using OCL crys-
tals as thermal switches for medical applications. A recrystal-
lization process is noticed with measurable parameters only at
the air-water interface, where the recrystallized structures are
thicker than the melted crystals, as they form at higher tem-
peratures. This study highlights not only the precisely control-
lable parameters at the air-water interface for preparing single
crystals with defined thermal transitions, but also the impor-
tance to take the presence of water into account when using
PCL crystals as thermal switches in aqueous environments. In
future, we will exploit the high density of functional end groups
at OCL crystal surfaces to construct stimuli responsive nano-
structured materials with adjustable switching temperatures.

4. Experimental Section

Materials: Oligo(e-caprolactone) diol (OCDOL, trade name CAPA
2803, Solvay Caprolactones, Warrington, U.K.) and oligo(&-caprolactone)
dimethacrylate (OCDME, Sigma-Aldrich) were used without any further
purification. OCDOL basic characterization was described in detail
previously.?®l Table 1 summarizes the bulk material characteristics of the
OCDOL and OCDME used in this study.

The M, was determined by gel permeation chromatography (GPC).
The set up consisted of a mixed D column (600 mm x 7.5 mm, Polymer
Laboratories Ltd.), a T60A dual detector, and a refractive index detector
(Shodex RI-101, Showa Denko, Japan). Chloroform (HPLC grade, Roth)
was used as the eluent at a flow rate of 1.0 mL min~!, and polystyrene as the
standard for universal calibration. Structure elucidation and M, analysis
were performed by 'H NMR (proton nuclear magnetic resonance) using
a Bruker Avance 300 spectrometer (300 MHz), in CDCl; (99.8%, VWR) at
25 °C £ 0.5 °C. The degree of methacrylation, D,, was determined from
'H NMR spectra by the formula, D, = (I<k> / I<y>) x 100%, where I<k> and
| <y> are the proton intensities of methylene groups in the methacrylate
double bonds (=CH,) and the methylene signals (—CH,—) of the central
diol unit (see Figure S1, Supporting Information). The M, determined
previously via quantification of hydroxy group concentration (OH-value)
by potentiometric titration was 8000 g mol™.?¥l For OCDME, infrared
analysis (Nicolet spectrometer; Figure S2, Supporting Information)
shows methacrylate peaks at =1620 cm™ (C=C bonds), 810 cm™ (=CH)
and 1408 cm™ (=CH,). Thermal properties of OCL bulk samples were
evaluated on differential scanning calorimetry (DSC) 204F1 (Perkin Elmer;
see Figure S3, Supporting Information). With the nitrogen purge, the
sample in first heating cycle was heated from 4 °C to 150 °C, followed by
first cooling cycle to =100 °C and a final second heating cycle till 150 °C.
The rate of heating or cooling was 10 K min~". Thermal properties were
determined from the first cooling and second heating cycle run.

Crystallization Study at Air—Water interface: Langmuir Technique:
Surface pressure, MMA, and temperature curves were recorded in a
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Langmuir trough (KSV NIMA, Finland) placed on an active vibration
isolation system (Halcyonics variobasic 40, Accurion, Germany) within
a laser safety cabinet. A water bath, circulating exteriorly below the
trough’s teflon base, controlled the temperature of the filled liquid
subphase in the Langmuir trough. BAM images were recorded in real
time on Langmuir trough with ellipsometer nanofilm_ep3 (Accurion,
Gottingen, Germany) equipped with a high performance CCD camera,
a 10x magnification lens with a maximum lateral resolution of 2 pum,
and a 658 nm class IIIB laser source. & was measured by the Wilhelmy
technique with a calibrated sensor placed at the center between the
barriers. The trough was cleaned thoroughly with ethanol (HPLC grade;
Bernd Kraft, Duisburg, Germany) followed by chloroform (HPLC grade,
Roth, Germany). The deionized water filled in Langmuir trough was
obtained by a Milli-Q Gradient A-10 water purification system (Millipore,
18.2 MU cm, toc < 4 ppb). The deionized water was filled and removed
at least three times. By monitoring the surface pressure, the purity of
the Langmuir trough and the aqueous subphase was controlled. In the
final aqueous subphase, while closing the barriers, the total change of
the surface pressure was below 0.2 mN m™. For all OCL samples, the
chloroform stock solutions had concentrations in the range of 0.2 to
0.4 mg mL™". The solution was applied drop-wise onto the air-water
interface using a microsyringe (Hamilton Co., Reno, NV, USA). The
chloroform was allowed to evaporate for 30 min before the start of OCL
film compression. The rate of compression and expansion of monolayer
was 10 mm min~'. The Langmuir trough software (KSV NIMA) used the
input variables of spread amount of OCL solution at air-water interface,
trough surface area, and M, of repeat unit (&-caprolactone; 114 g mol™)
to calculate the OCL film MMA. The output curves show relationships
between MMA, surface pressure, temperature, compression speed and
time. Under isothermal conditions, the OCL films were compressed and
held at different MMAs (crystallization MMA) and OCL crystallization
was observed in real time by BAM. Under constant compression rate,
the surface pressure point after which OCL crystals first started to
appear in the BAM was defined here as the critical surface pressure
7%, For crystals melting, aqueous subphase was heated at the rate of
2 °C £ 0.5 °C min™ until a clear BAM image without any crystalline
structures is observed. For recrystallization, the aqueous subphase
was cooled, and withheld for 30 min at the temperature T, where the
recrystallized structures could be observed in BAM images.

Crystallization Study at Air-Solid Interface: Langmuir—Schaefer Films:
Partially crystalline, and recrystallized OCL films at different MMAs
were transferred onto silicon substrates (Plano GmbH, Germany)
by Langmuir-Schaefer (LS) method. Briefly, acetone cleaned silicon
substrate was horizontally brought in contact with the partially crystalline
or recrystallized OCL film on the water surface. The melting point of
LS transferred partially crystalline OCL films were evaluated using an
optical microscope equipped with crossed polarizers and a temperature-
controlled stage. Thickness and morphology of LS transferred films of
partially crystalline and recrystallized OCL films were determined using
AFM.

Atomic Force Microscopy: The topography of the OCL films in air
was performed using a Nanowizard AFM (JPK Instruments, Germany)
operating in the intermittent contact mode at 21 °C + 0.5 °C. Tips used
were made of silicon (285 KHz resonance frequency; 42 N m™' force
constant; Nano World). To determine the crystal thickness from AFM
images, WSxM 5.0 software was used!?l.

Polarized Optical Microscopy with Temperature-Controlled Stage: Polarized
optical microscopy was performed at Zeiss Axio Imager Alm microscope
(Carl Zeiss, Jena, Germany) equipped with crossed polarizers and a Linkam
LTS 350 heating stage (Linkam Scientific Instruments Ltd., Tadworth, United
Kingdom). 40x magnification objective (Zeiss A-plan) was used in reflection
mode with the temperature rate change of 2 °C £ 0.4 °C min™ in air.

Statistics Experimental Errors and Error Considerations with Respect to
Instrumentation: All OCL films melting and recrystallization experiments
at air-water interface or air—solid interface were performed more
than two times. At the air-water interface, the systematic error range
of the surface pressure sensor was 0.3 mN m™ and temperature
sensor was 0.2 °C. The experimental error in spreading polymer
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solution and environmental impurities led to irregularity in OCL film
MMA measurement by +1 A2 The instrumentation error of rate of
heating or cooling at the air-water or air—solid interface was less than
+ 0.5 °C min~. For thermal analysis of bulk material, the DSC had an
instrumentation error of + 0.5 °C. The statistical error of the crystal
thickness was calculated by mean deviation of the values obtained from
at least three AFM images (see Figure S6, Supporting Information). The
statistical error of the melting temperature is given as a temperature
range between the points where the first signs of melting and complete
melting were observed.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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'"H NMR analysis of OCL diol and OCL dimethacrylate

(a) H NMR of OCL diol
0 3.5x10"

— NN -

B ° f d 0 g e ¢ no a b ¢ € g (o] d f | 3.0x10"
f-2.5x10
F2.0x10"
d,e,f

F1.5x10"

f1.0x10°

|-5.0x10""

| (R

T T T T T T T T T T T T T T T T T T T T T T
5.0 4.8 4.6 4.4 4.2 4.0 38 3.6 34 3.2 3.0 2.8 26 2.4 2.2 2.0 1.8 1.6 1.4 1.2 1.0 0.8
f1 (ppm)

(b) "H NMR of OCL dimethacrylate
}9.0x10"
jﬁk/z\/e\/c\n{o\/f\)‘\)ol\l < 0\/\0,[J0k/d\/f\/° ; % - /H/

k f d § g8 e c 9/\a/ c e g ]!/\d/\f/\ 8 |-8.0x10"
F7.0x10
6.0x10"
d,ef
}-5.0x10
g o} t-4.0x10"
F3.0x10""
}-2.0x10"
1.0x10"

k K b
L ajy j z

T T T T T T T
3.0 2.5 2.0 1.5 1.0 0.5 0.0

T r T T T T
6.5 6.0 5.5 5.0 4.5 4.0 3.5
f1 (ppm)

Figure S1: '"H NMR spectra of oligo(e-caprolactone) (OCL) diol (OCDOL) (a) and OCL
dimethacrylate (OCDME) (b) in deuterated chloroform at room temperature.

By 'H NMR, the number average molecular weight, Mn was determined by calculating the
number of repeating monomer units, n = ((sum of CH: proton integrals)/# of CH:
protons)/(integral per proton value). Value of n for OCL diol is 69 and for OCL dimethacrylate

is 34. For calculating the M, following formula used is, Mn = (MW end groups) + (MW core
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group) + (MW repeating caprolactone unit)(n). Ma of OCL diol = (31+31) + (104) + (114)(69)
= 7900 to 8200 g'mol™!. My of OCL dimethacrylate = (69 + 69) + (104) + (114)(34) = 4200 to
4300 gmol™. Degree of end group functionalization, from OCL diol '"H NMR spectra (a) was
calculated by the formula, DocpoL = (I<z>/I<aor b>) x 100 %, coming out to be >95 %.
Degree of end group functionalization from OCL dimethacrylate '"H NMR spectra (b) was
calculated as Docome = (I<k >/ I<b>) x 100 % , yielding ~ 85 %. Methyl peak at 1 ppm in
OCL dimethacrylate "H NMR spectra (b) is possible by the methyl groups from trimethylamine

used in synthesis pathway by the manufacturer.

Infrared analysis of OCL dimethacrylate
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Figure S2: Infrared (IR) spectra of OCL dimethacrylate of solid sample under vacuum at room
temperature.

Infrared analysis (Nicolet spectrometer) was carried out for solid sample of OCL
dimethacrylate. IR spectra revealed typical stretches for OCL dimethacrylate. At ~1620 cm™, a
small peak due to C=C bonds from dimethacrylate is visible. The stretches at 810 cm™! (=CH)

and 1408 cm™! (=CHa) are also contributed from methacrylates.
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DSC analysis of OCL diol and OCL dimethacrylate

(a) DSC curve of OCL diol
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Figure S3: DSC (Differential Scanning Calorimetry) curves of (a) OCL diol and (b) OCL
dimethacrylate
Thermal properties of OCL bulk samples were evaluated on DSC 204F1 (Perkin Elmer). With
the nitrogen purge, the sample in first heating cycle (green) was heated from 4 °C to 150 °C,
followed by first cooling cycle (blue) to -100°C and a final second heating cycle (red) till
150 °C. The rate of heating or cooling was 10 K min™!. Thermal properties are determined from

the first cooling and second heating cycle run.
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Melting and recrystallization of OCL diol and OCL dimethacrylate films at air-water
interface

(a) OCL diol film at air-water interface
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(b) OCL dimethacrylate film at air-water interface
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Figure S4: Brewster angle microscopy images at air-water interface aquired during
identification of melting/recrystallisation temperatures of OCL diol (a) and OCL
dimethacrylate (b) films crysatllized at mean molecular area (MMA) 8.5 A? (scale bar = 100
pm)
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Melting and recrystallization of OCL diol film at air-solid interface

OCL diol film at air-solid interface

Crystals on silicon surface) Partially melted crystals " Melted OCDOL film
Room temperature  — F—

Figure S5: Optical microscope images at air-solid interface of (a) Langmuir Schaefer
transferred OCL diol crystals (crystallized at MMA 8.5 A?; crystallization temperature (Tc)
21 °C; transferred on solid silicon) (b) partially melted OCL film obtained at Tm,onset 57 °C and
(c) the melted film image obtained after Tmend 59 °C (scale bar = 20 um). Recrystallization of
the melted OCL crystals at air-solid interface is not identifiable.
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Figure S6: Histograms of the Atomic Force Microscopy (AFM) images (intermittent contact
mode; 21 £ 0.5 °C) of (a) Langmuir—Schaefer (LS) transferred OCL diol crystals (crystallized
at MMA 15 A%; Tc 21 °C; transferred on solid silicon) (b) LS transferred OCL diol recrystallized
structures (recrystallized at MMA 8.5 A2?; recrystallization temperature, Tree 39 = 1 °C;
transferred on solid silicon). OCL crystal thickness values calculated from substracting peaks
of thickness curves by OCL crystal and substrate. The statistical error of the crystal thickness
is calculated by mean deviation of 'z of thickness curves slope values obtained from at least
three AFM images.
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Abstract

The potential of using crystallinity as morphological parameter to control polyester degradation in acidic environments
is explored in ultrathin films by Langmuir technique. Films of hydroxy or methacrylate end-capped oligo(e-caprolactone)
(OCL) are prepared at the air—water interface as a function of mean molecular area (MMA). The obtained amorphous, par-
tially crystalline or highly crystalline ultrathin films of OCL are hydrolytically degraded at pH ~ 1.2 on water surface or on
silicon surface as-transferred films. A high crystallinity reduces the hydrolytic degradation rate of the films on both water
and solid surfaces. Different acceleration rates of hydrolytic degradation of semi-crystalline films are achieved either by
crystals complete melting, partially melting, or by heating them below their melting temperatures. Semi-crystalline OCL
films transferred via water onto a solid surface retain their crystalline morphology, degrade in a controlled manner, and are
of interest as thermoswitchable coatings for cell substrates and medical devices.

Introduction It is therefore highly relevant to characterize how crystal-

linity and activation of thermal transitions affect the degra-
One of the primary benefits of choosing poly(e-caprolactone)  dation behavior of PCL, yet this is difficult in bulk systems.
(PCL) as material for drug release systems and medical Degradation studies of bulk PCL in pellets, scaffolds,
implants is its (bio)degradability. Besides the hydrolysis rate  fibers, or thick films can take weeks to months. At pH 1,
of the ester bonds, the degradation behavior of PCL is also ~ bulk PCL undergoes an induction period (~300 h) prior to
influenced by its crystallinity, since the tight assembly of  exhibiting steady degradation [4]. To shorten the degrada-
polymer chains restricts the access of water/ions to cleavable  tion time, frequently studies employ extreme pH values or
chemical bonds [1]. Another feature making PCL a promis-  high temperatures [5]. Care has to be taken when extrapolat-
ing candidate material for medical devices is that its crys-  ing their results to physiological conditions [6]. For extreme
tals can melt around the body temperature, thereby enabling  pH values, the bond scission rate is accelerated, while the
shape-shifting of implants [2]. Since the overall degradation =~ water diffusion is not, which favors surface erosion [5].

profile of PCL devices depends on their crystalline morphol-  Also, catalytic effects might be so strong that crystalline
ogy, implementing or executing a shape-shifting capability =~ and amorphous bonds are broken equally, while elevated
affects their degradation behavior [3]. temperatures result in the melting of crystals. Moreover, it

is extremely challenging to determine the degradation rates

of crystalline domains, since degradation can induce chemi-

Supplementary Information The online version contains crystallization, resulting in an interplay between degradation

supplementary material available at https://doi.org/10.1557/ and formation of crystallites [7].

$43580-021-00067-4. Therefore, here we use ultrathin films of semi-crystalline

PCL as model systems for systematic and fast evaluation of

the influence of crystals on the degradation profile of PCL.

By means of the Langmuir technique, we are able to gen-
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morphology are transferable to solid substrates for further
characterization [8]. It is also possible to subject these films
to thermal treatments that reflect the activation of a shape-
shifting effect while measuring the influence on degrada-
tion in real time. We therefore hypothesize that the degra-
dation rate of chain segments in amorphous and crystalline
domains can be determined systematically in ultrathin films
prepared using different OCL telechelics.

In this study, semi-crystalline or amorphous films of
hydroxy (OCL diol; OCDOL) and methacrylate (OCL
dimethacrylate; OCDME) end-capped linear oligomers
are prepared at the air—water interface at pH 7 at 21 °C
(Fig. la). The prepared films are hydrolytically degraded
by shifting the pH to~ 1.2. Amorphous films are degraded
at different surface pressures to prove an influence of OCL
chain-packing on the hydrolytic degradation (Fig. 1b:1).

Partially crystalline OCL films are hydrolytically degraded
at different constant degradation temperatures (74,) close
to the melting and recrystallization range (Fig. 1b:2).
These are compared to highly crystalline films, where the
influence of OCL end groups (hydroxy or methacrylate)
or temperature (21 or 37 °C) on degradation is determined
(Fig. 1b:3). Both highly crystalline and molten films are
transferred to silicon surfaces to further investigate their
change in morphology during degradation. (Fig. 1b:3).

(a) OCL FILMS PREPARATION AT AIR-WATER INTERFACE (pH 7; 21 °C)

MMA ~42 A2
compression

f.
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MMA ~8.5 A2
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Fig. 1 Schematic representation of the experimental protocol for a preparing and b hydrolytically degrading (b:1) amorphous, (b:2) partially

crystalline, and (b:3) highly crystalline OCL ultrathin films
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Degradation kinetics of oligo(e-caprolactone) ultrathin films: Influence of crystallinity

Experimental

Materials

Oligo(e-caprolactone) diol (OCDOL, trade name CAPA
2803, Solvay Caprolactones, Warrington, U.K.) and oligo(e-
caprolactone) dimethacrylate (OCDME, Sigma-Aldrich,
Germany) were used without any further purification. Bulk
material characteristics of OCDOL and OCDME are sum-
marized in Table S1 of supplementary information.

Preparation of OCL ultrathin films at air-water
interface by Langmuir technique

Langmuir technique setup and details on the cleaning of
the Teflon trough used for investigation of OCL films at
air—water interface were described previously [8]. Briefly,
to prepare OCL ultrathin films differing in their crystallin-
ity, chloroform solution (0.2—0.3 mg mL~") of OCDOL
or OCDME was spread dropwise on the surface of water at
21+0.5 °C in the Langmuir trough using a micro syringe
(Hamilton Co., Reno, NV, USA). After a waiting time of
30 min for chloroform evaporation, the film was symmet-
rically compressed to specific MMA (see supplementary

information; Table S2) at a barrier speed of 10 mm min™".

1

MMAA is the mean surface area occupied per e-caprolactone
repeat unit at the air—water interface and is calculated from
the number of spread repeat units and the total area of the
film. Details of hydrolytic degradation of OCL films at the
air—water interface or of Langmuir-Schaefer (LS) transferred
films at silicon surface are described in supplementary infor-

mation; Table S3.

Statistics experimental errors and error
considerations with respect to instrumentation

OCL films preparation and hydrolytic degradation at the
air—water interface or of LS transferred films at silicon

Fig. 2 Hydrolytic degradation
of a amorphous OCL films and
b highly crystalline OCL films
on air-water interface at differ-
ent conditions. Constant surface
pressure (mN'm™") of degrada-
tion is represented by &

surface were performed at least three times. The systematic
error range of the surface pressure sensor is+0.7 mN m~!
and +0.2 °C for the temperature sensor. At the air—water
interface, the experimental error during spreading of pol-
ymer solution and environmental impurities like dust/lint
particles can lead to irregularities in OCL film MMA meas-
urements by + 1 A2,

Results and discussion

Ultrathin films of OCDOL or OCDME were prepared at the
air—water interface by compressing molecules to different
MMAs (~42 or 37 A>=amorphous films; 8.5 A% =partially
crystalline; ~ 2 A= highly crystalline) using the Langmuir
trough barriers. The related compression isotherms (MMA
versus surface pressure) and morphology of OCL ultrathin
films on water at pH 7 under room temperature are shown in
supplementary information Fig. S1. A detailed explanation
on differences in the compression isotherms, crystallization,
and melting behavior of OCDOL and OCDME films at the
air—water interface can be found elsewhere [8-10].

Figure 2a shows the hydrolytic degradation of amorphous
OCL films at two different surface pressures, where 6.5 mN
m~ ! is closer to the crystallization transition than 5 mN m™!
[9]. During a 24-h period at pH 7, amorphous OCL films
at 6.5 mN m~! (Fig. 2a) show an area reduction of about
5%. This confirms that the film is stable enough to carry
out long-term degradation studies at both surface pressures.
The degradation curve of amorphous OCLs at 6.5 mN m™!
shows the typical sigmoid shape of solubility-controlled pol-
ymer degradation (Fig. 2a). Since the molecular weight is
initially far above the solubility threshold, chain cuts have a
low probability of producing short, water-soluble fragments.
Once the molecular weight is sufficiently low, chain cuts
have a high probability of creating water-soluble fragments.
The slightly faster dissolution of OCDME compared to
OCDOL is expected due to its lower initial molecular mass.
At a lower surface pressure of 5 mN m~!, the OCL films

(a) (b)
1.0 il Lt 1.0 it
. \Mm
05 \ 08
\ \‘ \
- \ \\ - 7506
'©0.6 \ 'o 0.
< f Y ™~ <
. Amorphous films \ _
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0.4 AN 0.4 . s )
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are even more stable at pH 7 (Fig. 2a). When changing the
pH to 1.2, an almost linear mass loss is observed, resulting
in slower erosion than at higher surface pressure (Fig. 2a).
Such a pressure dependence of the degradation curve could
be explained by the surface-pressure-dependent solubility of
fragments. In general, the higher the surface pressure, the
greater the tendency for molecules to desorb from the inter-
face. That means that at lower surface pressure, the chance
that small fragments remain at the surface is higher. Then,
the solubility transition becomes less sharp and the effect
of initial molecular weight becomes even smaller (Fig. 2a).

The hydrolytic degradation of partially crystalline films
(crystallized at MMA 8.5 10%2; 21 °C) on water at pH 1.2 at
different temperatures is shown in supplementary informa-
tion; Fig. S2. Partially crystalline films display competition
of melting and degradation, together with the abundance
of much faster degrading amorphous segments, and makes
them a far from ideal system to study the influence of crys-
tallinity on OCL degradation.

To get a clear understanding of the degradation rate of
OCL crystals, highly crystalline OCDOL and OCDME films
were degraded at 21 °C (room temperature) or 37 °C (body
temperature) at the air—water interface (Fig. 2b). At 21 °C,
pH 1.2 highly crystalline films (Fig. 2b) are far more stable
against hydrolytic degradation than partially crystalline films
(supplementary information; Fig. S2) or amorphous films
(Fig. 2a). The deceleration is on the order of three times for
OCDME, and even greater for OCDOL, where no dissolu-
tion was observed. Heating the highly crystalline films to
body temperature increased the degradation rate (Fig. 2b).
For OCDME, the effect was again well within the range
expected for thermal activation, i.e., it does not seem that
there are additional accelerating effects like partial crystal
melting (the highly crystalline films have a much higher
T,, (47 to 49 °C) than the partially crystalline ones (27 to
43 °C)). For OCDOL, the effect cannot be quantified since
no degradation was observed of its highly crystalline films at
room temperature at the air—water interface (Fig. 2b).

Highly crystalline OCDME films at 21 or 37 °C degrade
faster than highly crystalline OCDOL films at the air—water
interface (Fig. 2b). This effect is attributed to differences
in chain-packing and larger free volume in OCDME crys-
tals, which is evidenced by the prevalence of growth sec-
tors with a lower melting temperature [8]. Nevertheless,
for both OCDOL and OCDME, the highly crystalline films
degrade slowly and almost linearly at 37 °C. Such a behav-
ior is highly demanded for applications like erosion-con-
trolled drug release, but very different from the mechanism
observed for erosion of highly crystalline OCL layers under
enzymatic catalysis [10], where the sigmoid-shaped mass
loss indicated a solubility-controlled degradation.
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To gain further insights into the difference between degra-
dation of amorphous and crystalline OCL under acidic con-
ditions, highly crystalline OCL films and amorphous films
(melted highly crystalline films at 49 °C) were transferred
to silicon substrates by the LS method (Fig. 3). Where OCL
crystals are transferable with minor fractures, the amorphous
films show dewetting (Fig. 3). AIl LS transferred films were
hydrolytically degraded by incubation under water at pH 1.2
at 37 °C (Fig. 3).

Degradation of transferred highly crystalline and amor-
phous (melted) films of OCDOL and OCDME transferred
on silicon at 37 °C; pH 1.2 resulted in visible differences in
the crystal morphologies after 72 h (Fig. 3). It is very clear
that under these conditions, the crystals are not shrinking
laterally in a homogeneous way. If they were, an exponen-
tially decreasing degradation rate, which is proportional to
the remaining area, would be expected. Rather, cracks and
channels are generated within the crystals. The existence of
regions with different perfection of chain-packing was also
concluded from enzymatic degradation experiments [11].
Therefore, the linear degradation of the single crystals is
attributed to the propagation of the degradations through
these regions of different chain-packing. Compared to the
single crystals, the films, which were transferred in a molten
state were nearly completely degraded after 72 h (Fig. 3).

Conclusion

Amorphous and semi-crystalline films of dihydroxy- or
dimethacrylate-terminated linear OCL were prepared by
compression of molecules to different MMASs on water at
21 °C and pH 7. The prepared films were hydrolytically
degraded at pH 1.2 at different physiologically applicable
temperatures. At room temperature, the mass loss of highly
crystalline OCL diol films was negligible for 24 h, proving
that crystals are hydrolytically far more stable than amor-
phous chains. In general, the highly crystalline OCL layers
displayed linear mass loss, making them attractive candi-
dates, for e.g., drug-releasing coatings. The strongly retarded
degradation of OCL crystals was also observed after transfer
to solid substrates. The perfection in chain-packing seems
to play an important part in the degradation of OCL crys-
tals, as evidenced by pattern formation and lower hydro-
lytic stability of crystals with lower melting temperature.
An acceleration of degradation was observed upon melting
of semi-crystalline layers, but the effect was fully reversible
when the layers were cooled back to the initial temperature.
The present work demonstrates the option to control the
hydrolytic degradation of OCL physically via crystalliza-
tion and chemically via chain termination. Future investiga-
tions could encompass adjusting the melting temperature of
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Fig.3 Optical microscopy images of LS transferred highly crystalline and melted (amorphous) OCL films incubated in water at 37 °C and pH

1.2. (scale bar 20 um)

highly crystalline layers to produce functional coatings that
degrade in response to a defined thermal stimulus.
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Table S1: Bulk characteristics of OCL samples determined by GPC, 'H NMR and DSC

End group

M, M, . r T. T
Sample (GPC) | (H Ny | functionaiization | PRL| - (Dsc) | (DS
[g mol™] [g mol™'] [%] [°C] [°C]
OCDOL
q fo 8300 7900 95+3 1.2 29+4.5 56+4
H{‘OV\/\)%'?/\/\/O%\/\/\/O]:‘
OCDME
o o ) 5900 4300 85+2 1.2 18+4.5 39+4.5
)w‘/y'o\/\/\)qvo/\/"\/\oyk/\/\/"k\('\

a The shift of molecular weights to hig
precipitation.

her values in GPC than 'H NMR can be related to fractionation of molecules by

b End group functionalization determined by "H NMR analysis was within the limits of experimental error of signal

integration.

¢ The temperature range of Tc and T was estimated by extrapolation of slopes of exotherms and endotherms from DSC

measurements.

Detailed descriptions of the bulk characterization methods can be found in [1]
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Table S2: OCL ultrathin films applied for hydrolytic degradation at the air-water interface

Ultrathin film properties
OCL sample T MMA® Surface pressure® Constant surface pressure of degradation
ype [A7] [mN m] [mN m]
Amorphous 42 5 5
Amorphous 37 6.5 6.5
OCDOL . .
Partially crystalline 8.5 11 7 5¢
Highly crystalline 2 20 19¢
Amorphous 42 5 5
Amorphous 37 6.5 6.5
OCDME ) .
Partially crystalline 8.5 14 12.5¢
Highly crystalline 2 20 19¢

a  Statistical error of mean molecular area is within the range of +1 A For highly crystalline films, the statistical error
for MMA is 0.5 A2

b Surface pressure acquired during OCL molecules compression to different MMA at the air-water interface (Figure S1).
Statistical error of surface pressure is £0.7 mN m™!

¢ Stabilised surface pressure of degradation for semi-crystalline films obtained after relaxation for~3 h at their
crystallization MMA at room temperature. Statistical error of surface pressure is + 0.7 mN m'!

Table S3: Hydrolytic degradation OCL ultrathin films at different interfaces

Hydrolytic
degradation
of OCL
films

Method

Hydrolytic degradation of OCL ultrathin films at the air-water interface was performed
at constant surface pressures and temperatures. A Milli-Q Gradient A-10 water
purification system (Millipore, 18.2 MU cm, toc <4 ppb) provided water for the aqueous
subphase in Langmuir trough and was used for degradation experiments. Concentrated
hydrochloric acid (9 mL of 8.23 M HCI; Merck KGaA, Darmstadt, Germany) was
On water | diluted with water to a volume of 12 mL and inserted into the aqueous subphase (240

surface | mL) using glass pipettes to make final subphase concentration of 0.3 M HCI. The
obtained pH 1.2+0.2 was monitored by the glass electrode of a pH meter (Mettler
Toledo, Germany) outside the barriers of the trough. Before the insertion of HCI into the
subphase, all semi-crystalline films were allowed to relax for at least ~3 h at their
crystallization MMA at room temperature for the stabilization of the surface pressure.
AvAo”!, as function of time, was recorded where A, was the initial surface area occupied
by the OCL film at t = 0 (time point of HCI insertion into the subphase) and A; was the
film surface area after a certain degradation time period t.

The highly crystalline and the melted (amorphous) OCL films prepared at the air-water
interface were transferred to silicon substrates (Plano GmbH, Germany) by the LS
(Langmuir-Schaefer) method. LS transferred OCL films were immersed in aqueous
HCL solution at pH 1.2+ 0.2 and 37 £ 0.5 °C which was under continuous stirring. The
change in morphology of the OCL films was observed using an optical microscope in
reflection mode (Zeiss Axio Imager Alm, Carl Zeiss, Jena, Germany) equipped with
crossed polarizers and 50x magnification objective (Objective LD Epiplan 50x/0,50).

On silicon
surface
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(a) 35| Film compression isotherms at air-water interface (21 °C) (b) PARTIALLY HigHLY
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Figure S1: OCDOL and OCDME film (a) compression isotherms at the air-water interface at
21 °C; pH 7. Acquired (b) BAM images during compression of OCL films to different MMA
at the air-water interface on 21 °C; pH 7 (scale bar: 50 um). OCL films at MMA ~37 A?are in
a highly compressed, amorphous state and have highest theoretical value of static elasticity
modulus. Further compression of the OCL film to lower MMAs leads to 2D-3D chain
transitions and with formation of microscopically observable single crystals at a critical surface
pressure (pressure between MMA 25-20 A?). When OCL films are crystallized at different
MMA values from 22 to 2 A2 the crystallinity in the film decreases with increasing MMA.
That means the OCL films at MMA 2 A? have higher crystallinity than the films at MMA 8.5
A?, which is apparent in acquired (b) BAM images. In highly crystalline films, only a minimal
amorphous area can be found between the tightly packed crystals. Bulkier methacrylate end
groups retard crystallization at room temperature, where OCDME crystals have wavy edges
while OCDOL crystals have smoother edges.
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Figure S2: Hydrolytic degradation of partially crystalline OCL films including (a-b) partial film
melting and (c-d) complete film melting and recrystallization at the air-water interface. Red
section at ~19 h shows degradation during heating of partially crystalline OCL films.
Extrapolated dotted lines represent the steady state of mass-loss at constant degradation
temperatures. The mass-loss of the partially crystalline films at 21 °C (c-d) is overall very
similar to the mass-loss of the amorphous films (roughly 30% in 16 h; Figure2a). This suggests
that the degradation happens predominantly in the amorphous parts around the crystals (dark
region in BAM images; Figure S1b). Then, the lower mass-loss at 24 °C (a-b) could be
explained by a more efficient melting of crystals to compensate the disappearance of the
amorphous layer by degradation. Subsequently, the area reduction becomes lower as well (a-
b). The films were heated above the onset and the end of the melting transition in order to
understand how heating affects degradation, e. g. due to implantation or due to activation of a
related function. Partial melting (above Tm onset = ~30 °C; a-b) results in a substantial increase
of the degradation rate. However, that increase is at least partly an effect of temperature. When
completely melting the crystals (above Tm end = ~43 °C; c-d), a dramatic increase in the
degradation rate is observed. Interestingly, the degradation rate goes back to its initial value
when the film is recrystallized by cooling (c-d). This suggests that a short thermal stimulus does
not affect long-term degradation behavior of OCL based devices.

1. S. Saretia, R. Machatschek, T. Bhuvanesh and A. Lendlein, Adv. Mater. Interfaces 8(7)
2001940 (2021).
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Abstract

Semi-crystalline oligomers are explored as functionalized thermoswitchable coatings for modification of biomaterials surface.
Highly crystalline oligo(e-caprolactone) (OCL) films are prepared at the air—water interface by the Langmuir technique,
which consist of tightly packed single crystals. Their morphology and melting temperature can be tuned by the chemical
structure of the OCL end-groups (hydroxy or methacrylate) and by the crystallization temperature (12 or 21 °C) as physical
parameter. This demand of high crystallite density and adjustable morphology of coatings is not met by conventional meth-
odologies for preparing thin films, e.g., spin coating, spray coating, or solvent evaporation. The high crystallinity reduces
the enzymatic degradation rate of the films on both water and solid surfaces. The high density of methacrylate end-groups at
the crystal surfaces enables post-functionalization, which was demonstrated using fluorescein dimethacrylate as chemically
linked label. The thermoswitching behavior (melting and recrystallization) of fluorescein functionalized, highly crystalline
OCL films shows temperature-dependent distribution of the chemically linked fluorescein moieties, which are accumulated
on the surfaces of crystals, and homogeneously dispersed when the crystals are molten. Thermally switchable highly crystal-
line films are relevant for cell substrates modulating adhesion at the biointerface or for coatings as barrier layer influencing
the degradation rate.

Introduction to physiological conditions, producing a polymer layer that
changes a broad variety of its functional properties upon
Degradable, semi-crystalline polymers such as poly(e-  application of a small thermal stimulus [1, 4]. Maximizing

caprolactone) (PCL) telechelics are of high technological  the effect of the thermal switching requires a high density of
relevance for switchable biomaterial surfaces to influence  crystals having identical orientation. Conventional methods
cell adhesion at the biointerface and for implant coating as  for preparing thin films such as spin coating, spray coating,
phase-changing lubricant [1]. PCL is established in clini-  or solvent evaporation are usually not suited to produce such
cal applications and its enzymatic degradability is well-  morphologies [3, 6]. Yet, they require processing conditions
documented [2]. In particular, PCL crystals can be used as  involving, e.g., elevated temperatures, centrifugal forces, or
thermoswitchable units and exhibit, e.g., a change in stiff-  organic solvents, which are not well suited for post-function-
ness and degradability upon melting [3]. The melting tem- alization of polymeric biomaterials.
perature of PCL crystals can be adjusted to be very close The air—water interface provides an elegant solution for
the controlled crystallization of PCL ultrathin films under
Supplementary Information The online version of this article mild conditions. Using the Langmuir technique, the semi-
contains supplementary material available at https://doi.org/10. crystalline morphology, including crystal size, number den-
1557/543580-021-00020-5. sity, thickness, and melting temperature can be precisely
adjusted by varying physical parameters such as the aqueous
subphase temperature (crystallization temperature), the dis-
tance between the barriers, changing the film Mean Molec-
Institute of Active Polymers and Berlin-Brandenburg Center ular Area (MMA), the compression speed or by chemical
for Regenerative Therapies, Helmholtz-Zentrum Geesthacht, features such as the OCL telechelic functional end-groups
Kantstr. 55, 14513 Teltow, Germany .
or molecular weight [7, 8]. The nanostructured polymer

films prepared at the air—water interface are transferable on
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different kinds of substrates—hydrophilic or hydrophobic
with smooth or rough surfaces [9].

Degradability is a highly relevant function for polymeric
biomaterials that is particularly influenced by crystallinity
[3]. Here, the Langmuir technique offers the opportunity
not only to prepare almost entirely crystalline materials
(Fig. 1a), but also to study their degradation behavior and to
exactly identify the influence of crystallinity on degradabil-
ity. It is thereby possible to quantify the extent of adjustment
that can be made to the lifetime of a highly crystalline mate-
rial by thermal switching. In this work, this investigation is
carried out using enzymatic catalysis both at the air—water
interface and on solid surfaces (Fig. 1b). The exclusion of
defects from the polymeric lattice leads to a segregation
of chain-ends to the crystal surface [10]. Therefore, single
crystals of oligomeric macromolecules are densely covered
with chain-ends, which can be converted in a chemical func-
tionalization [11]. Upon melting, the functional end-groups
accumulated at the crystalline surface get redistributed in
the amorphous phase, resulting in a change of the chemical
composition of the material surface. While any chemical
functionalization is possible, here a highly crystalline OCL

dimethacrylate (OCDME) transferred film was equipped
with chemically linked fluorescent moieties (Fig. 1c¢). The
fluorescence emission by fluorescein will be used to distin-
guish preferable films regions for dye attachment. This dye
will also be used to follow the change in the phase morphol-
ogy during thermally controlled switching.

Experimental
Materials

Oligo(e-caprolactone) diol (OCDOL, trade name CAPA
2803, Solvay Caprolactones, Warrington, U.K.) and oligo(e-
caprolactone) dimethacrylate (OCDME, Sigma Aldrich,
Darmstadt, Germany) were used without any further purifi-
cation. CDCl; (99.8%, VWR) for 'H NMR and chloroform
(HPLC grade, Roth) for GPC were used as the solvents.
Bulk material characteristics of OCDOL and OCDME are
summarized in Table 1. Details on the bulk characterization
methods of OCL samples are given in the supplementary
information (Figures S1-S3; Table S1).

(a) HIGHLY CRYSTALLINE FILM PREPARATION & TRANSFER
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Fig. 1 Schematic representation of the experimental protocol for a preparing, b transferring and c investigating highly crystalline OCL ultrathin

films
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Table 1 Bulk characteristics of OCL samples determined by GPC, '"H NMR, and DSC

Sample M, (GPC)* M, ('H NMR)? End-group functionaliza- PDI (GPC) T, (DSC)° T, (DSC)* [°C]
[g mol™!] [g mol '] tion (‘"H NMR)® [%] [°C]
OCDOL 8300 7900 95+3 1.2 29+4.5 56+4
N»ov‘\/\vgOA/\,oiv/\v/\‘OLH
OCDME 5900 4300 85+2 1.2 18+4.5 39+4.5
)HH"\/\/\)OLLO/\/"\/\UJ‘\/\MM

The shift of molecular weights to higher values in GPC than 'H NMR can be related to fractionation of molecules by precipitation

"End-group functionalization determined by 'H NMR analysis was within the limits of experimental error of signal integration. The M, deter-
mined previously via quantification of hydroxy group concentration (OH-value) by potentiometric titration is 8000 g'mol~". [12]

“The temperature range of 7, and T, was estimated by extrapolation of slopes of exotherms and endotherms from DSC measurements

A Milli-Q Gradient A-10 water purification system (Mil-
lipore, Darmstadt, Germany, 18.2 MU cm, toc <4 ppb) pro-
vided water for the aqueous subphase in Langmuir trough
and for dissolution of the lipase enzyme (Pseudomonas
cepacia; Sigma, Darmstadt, Germany; 0.007 mg'mL_l) used
for degradation experiments. Ethanol (HPLC grade; Bernd
Kraft, Duisburg, Germany) and chloroform (HPLC grade,
Roth, Karlsruhe, Germany) were used for cleaning of Teflon
trough surface, or preparing OCL chloroform solution.

Preparation of OCL film at air-water interface
by Langmuir technique

Details on the Langmuir technique setup and the Teflon
trough purification for investigation of films at air—water
interface are described in supplementary information (see
supplementary information; Table S2). Visualization of
OCL film crystallization at the air—water interface was per-
formed by Brewster Angle Microscopy (BAM; ellipsometer
nanofilm_ep3, Accurion, Géttingen, Germany) equipped
with a high performance CCD camera, a 10 X magnifica-
tion lens with a maximum lateral resolution of 2 um and a
658 nm class IIIB laser source. To prepare highly crystalline
OCL films at the air—water interface, chloroform solution
(0.2-0.3 mg-mL~") of OCDOL or OCDME was spread drop-
wise on the surface of water in the Langmuir trough using a
micro syringe (Hamilton Co., Reno, NV, USA) such that the
OCL film Mean Molecular Area (MMA) was above 7 A2,
After a waiting time of 30 min for chloroform evaporation,
the OCL film was symmetrically compressed to an MMA of

~2 A? at a barrier speed of 10 mm-min~".

Enzymatic degradation of OCL films on water
surface

Enzymatic degradation of highly crystalline OCL films was
compared with amorphous (melted) OCL films on water
surface. The amorphous film at the air—water interface was
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prepared by melting the highly crystalline OCL film (crystal-
lized at MMA ~2 10\2) at temperatures > 49 °C. Thereafter,
the aqueous subphase was cooled to 46 °C, where recrystal-
lization still does not occur and the film was in the amor-
phous state. Before degrading the highly crystalline OCL
film, the subphase was also heated to 46 °C, where the OCL
crystals do not melt. Hence, both highly crystalline and
amorphous OCL films at MMA ~2 A? were degraded at
a constant temperature of 46 °C at the air—water interface.
Enzymatic degradation was carried out at constant surface
pressure, where lipase solution was inserted into the sub-
phase and Al'AO'l, as function of time, was recorded where
A, was the initial surface area occupied by the OCL film at
t=0and A, was the film surface area after a certain degrada-
tion time period .

Enzymatic degradation of OCDOL films on silicon
surface

For enzymatic degradation of OCL films on solid surfaces,
highly crystalline OCDOL films (crystallized at MMA
~2 1&2) and amorphous (melted) OCDOL films were trans-
ferred to silicon substrates (Plano GmbH, Wetzlar, Germany)
by the Langmuir—Schaefer method. They were immersed
in enzyme solution at 37+0.5 °C which was continuously
stirred to avoid enzyme accumulation at the air—water inter-
face. The change in film morphology was observed by opti-
cal microscopy and AFM (see supplementary information;
Table S3).

OCDME films fluorescein labeling, melting,
and recrystallization

The transferred, highly crystalline OCDME films were
reacted with fluorescein dimethacrylate (Sigma, Darm-
stadt, Germany; 0.5 mg-mL™"; buffer at pH 10; lactone form
of fluorescein at acidic or neutral pH has very low fluores-
cence while quinoid form at pH 10 is fluorescent active).
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For this purpose, the OCDME films were incubated with
fluorescein dimethacrylate solution for 4 h under presence
of UV light (2.4 mW cm™2; Analytik Jena AG, Germany)
and washed thrice with pH 10 buffer. Optical and fluores-
cent (Carl Zeiss- Filter Set 46) images were acquired during
melting and cooling of fluorescence-labeled OCDME crys-
tals in presence of water (Objective Zeiss, W N-Achroplan
63x/0,9).

Statistical experimental errors

OCL films preparation, melting, and degradation experi-
ments were performed at least three times. At the air—water
interface, the systematic error range of the surface pressure
sensor is +0.3 mN-m™! and +0.2 °C for the temperature sen-
sor. At the air—water interface, the experimental error during
spreading of polymer solution and environmental impuri-
ties like dust particles can lead to irregularities in OCL film
MMA measurements by + 1 AZ. The instrumentation error
of rate of heating or cooling at the air—water or air—solid
interface is less than +0.5 °C min~". The systematic error of
the melting temperature at the air—water interface is given as
a temperature range between the points where the first signs
of melting and complete melting in the BAM were observed.

Results and discussion

The spread OCL molecules at the air—water interface were
compressed to low MMA by the Langmuir trough barriers.
The related compression isotherms (MMA versus surface
pressure) are shown in Fig. 2a for two different tempera-
tures of the aqueous subphase. The compression isotherm
of both OCDOL and OCDME films is at slightly lower sur-
face pressure values at the lower aqueous subphase tem-
perature of 12 °C, suggesting an influence of temperature

on crystallization process at the air—water interface. The
crystallization during compression (Fig. 2a) of the OCL
films at the air—water interface is visualized by Brewster
angle microscopy (Fig. 2b), which shows that the OCL
crystals get located closer to each other with increasing
compression (Fig. 2b:1-3) and therefore the overall crys-
tallinity increases. At the same time, the amorphous phase
represented by the dark region, which surrounds the crystals
(Fig. 2b:1), gradually disappears during film compression
(Fig. 2b:3). Either new crystals are formed or the existing
crystals grow in their lateral size when folded chains further
add to their growth front.

At a threshold MMA range (MMAy;y, .,ys) between 3.0
and 2.0 A%, which is accompanied with a sudden shoot up of
surface pressure (Fig. 2a), the Brewster angle microscopic
image (Fig. 3a—d) shows the appearance of highly crystal-
line OCDOL or OCDME films at the air—water interface at
different aqueous subphase temperatures (12 or 21 °C). At
MMAigh crys» the OCL crystals (bright regions; Fig. 3a—d) are
tightly packed and rather fixed, i.e., no longer change their
lateral position on the water surface, whereas the amorphous
regions (dark regions; Fig. 3a—d) are minimal implying
that the film is highly crystalline. In terms of morphology,
the OCDOL crystal size on water at 12 °C is smaller than
OCDOL crystals at 21 °C (Fig. 3a-b; Table 2). The OCL
crystal shape is influenced by the OCL functional end-group
as well. The hydroxy-terminated OCL (OCDOL) forms
crystals with smoother edges while OCL dimethacrylate
(OCDME) forms crystals with wavy edges. Therefore,
highly crystalline films comprised of OCL crystals with dif-
ferent shapes and size are prepared by exploiting OCL func-
tional end-groups (hydroxy or methacrylate) and aqueous
subphase temperature (Fig. 3a—d; Table 2) at MMAq, ¢rys-

For investigating thermoswitching function, i.e., melt-
ing and recrystallization of highly crystalline OCL films at
the air—water interface, the OCL samples were compressed

Fig.2 OCDOL and OCDME

Lan (a) N
film compression isotherms 35+ bogh §o ¢ {
a at the air-water interface at - ; —— ¢ 0, 6
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Fig.3 Acquired BAM images
(scale bar: 100 pm) of highly
crystalline OCDOL (a, b)
and OCDME films (¢, d)

(MMA~2 10\2) at the air—water _O'l
interface at different aqueous e
subphase temperatures [12 °C @)
(a, ¢) or 21 °C (b, d)] O
i
(&)
O
)
Table 2 Morphological and OCL 1 Tar°Cl  Crystal hol T afpC] T AarC]  T.A[°C
thermal characteristics of highly sample  7.7["C1 _ Crystals morphology momet [C1 Tmend” PC1 Tree” "€
Ezystalline OCL films (MfMA 2 OCDOL 12 Smooth edges; ~ 10 um (Fig. 3a) 33 48 44
) at the air-water interface 21 Smooth edges: ~30-60 um (Fig. 3b) 48 50 44
OCDME 12 Wavy edges; ~20-50 um (Fig. 3c) 34 43 39
21 Wavy edges; ~30-60 um (Fig. 3d) 47 49 43

The statistical error of T, T;, gnse a0d Ty g 0.5 °C and of T, is 1.5 °C

to MMA of 2 10\2, and after a waiting time of 10 min, the
underlying aqueous subphase was heated. By observing
the film under BAM, the onset of melting (T, jn¢ei; Crystals
begin to melt), endpoint of melting (7, .,q; clear BAM
image without any crystals), and recrystallization tem-
perature (7,..; appearance of crystalline structures during
cooling) were identified (Table 2).

The highly crystalline OCL films melt under physiolog-
ically applicable temperatures and the molten films recrys-
tallize below 45 °C during cooling of the aqueous sub-
phase (Table 2). Interestingly, the T}, ;.. 0f both OCDOL
and OCDME samples is of lower value when the highly
crystalline films are prepared at a water temperature of
12 °C. Therefore, the melting temperature range of highly
crystalline films at the air—water interface can be adjusted
by varying the crystallization temperature (7). Compar-
ing the different molecules, the slightly higher melting
temperature range of OCDOL films than OCDME films is
attributed to its higher molecular weight.

89

The enzymatic degradation of bulk polymers proceeds
in a surface erosion process, since the enzymes are usually
not able to penetrate into the bulk polymer. Therefore, a
highly crystalline layer at the surface could serve as a ther-
mally switchable barrier for enzymatic degradation. Here,
this effect was investigated for OCDOL and OCDME films
at MMA 2 A2, either in highly crystalline or amorphous
(melt) state at the air—water interface in the presence of
Pseudomonascepacia lipase both at an identical tempera-
ture of 46 °C (Fig. 4). The highly crystalline OCDOL films
are degradable by lipase but with a ca. 3 X slower rate com-
pared to amorphous OCDOL films. The highly crystalline
OCDME film degradation is only slightly slower than the
OCDME amorphous film degradation. The difference might
be explained by the functional end-groups interaction with
the enzyme and by the degradation temperature of 46 °C
being much closer to the OCMDE melting temperature
range (48 +1 °C). Also, the OCDME crystals could have
a larger degree of internal disordering than the OCDOL
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Enzymatic degradation of films on water
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Fig.4 Enzymatic degradation of highly crystalline OCL films (dotted
line) compared to amorphous OCL films (straight line) on the water
surface at 46 °C

crystals due to the different chain packing. Altogether, the
effect was not very pronounced. Contrary to the hypothesis,
crystalline barrier layers are not able to efficiently deceler-
ate the enzymatic degradation of OCL, since the enzymes
are catalyzing the degradation of OCL single crystals with
great efficiency. Possibly, thicker crystals or multiple layers
are required to produce an effective coating stable against
enzymatic degradation.

This observation was further substantiated for OCL films
on silicon surfaces, when OCDOL films were transferred

(a)

HIGHLY CRYSTALLINE

AMORPHOUS
AMORPHOUS

Fig.5 Optical microscopy images a of transferred highly crystalline
OCDOL films (a:1) and amorphous OCDOL films (a:2) on silicon by
Langmuir-Schaefer method. High amount of crystals from a highly
crystalline film are transferable on silicon with minor fractures (a:1),
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in their highly crystalline (Fig. 5a:1) or amorphous state
(Fig. 5a:2) by the Langmuir—Schaefer method. While the
high density of OCDOL crystals (Fig. 5a:1) was maintained
upon transfer, the amorphous OCDOL film (Fig. 5a:2) on
silicon showed many holes as a consequence of dewetting.

The enzymatic degradation of these transferred OCDOL
films (Fig. 5b) proceeded faster than on the water surface
(Fig. 4) due to non-identical conditions. The constant
stirring and the temperature of 37 °C (highest activity of
enzyme) led to complete dissolution after few minutes
(Fig. 5b). While the relative effect was somewhat similar
(ca. 2 x slower degradation of highly crystalline vs. amor-
phous films), the difference in absolute numbers was very
small (Fig. 5b).

Bulky end-groups are expelled to the crystal surface dur-
ing chain packing for crystals formation [11]. The density is
inversely proportional to molecular weight and hence very
pronounced for oligomers. Therefore, a distinct feature of
highly crystalline OCL films is the high density of free unre-
acted end-groups presented at their surface. Here, this was
demonstrated by chemically linking methacrylate end-groups
apparent in the OCDME film, which are primarily present at
the surface of the crystals, to fluorescein dimethacrylate. The
redistribution of the functionalized end-groups during film
melting and recrystallization was observed by fluorescence
microscopy (Fig. 6). For fluorescein labeling, highly crystal-
line OCDME film was incubated in fluorescein dimethacrylate
solution in the presence of UV light for 4 h. After the photo-
reaction, the crystals in the OCDME film (Fig. 6e) showed
a high degree of fluorescence suggesting successful linking

Before degradation =p==Partially degraded - Fully degraded

while transferred amorphous film undergoes dewetting process with
holes formation (a:2). AFM images acquired at different intervals of
enzymatic degradation b show that the highly crystalline OCDOL
films degrade ca. 2 x slower than the amorphous OCDOL film



Highly crystalline PCL ultrathin films as thermally switchable biomaterial coatings

289

OPTICAL
IMAGE

FLUORESCENT
IMAGE

Before melting —»———Partially melted

Fig.6 Optical a—d and fluorescent e-h microscopy during ther-
moswitching of highly crystalline OCME films with chemically
linked fluorescein label. a, e: Fluorescein dimethacrylate links to high
density of methacrylate end-groups at the OCDME crystals surface
evident by their greater degree of fluorescence compared to the sur-
rounding dark amorphous phase. b, c; f, g: Melting of highly crystal-
line OCME films with chemically linked fluorescein is accompanied

of fluorescein to the chain-ends. During the melting of the
film in water, (Fig. 6a—c, e—g) the fluorescence intensity of
the film is drastically reduced. After cooling, the recrystal-
lized film (Fig. 6h) has a greater fluorescence intensity than
the molten film (Fig. 6g). Since the thin polymer layer should
be completely transparent for light, a redistribution of fluo-
rescence was expected, but the almost complete quenching
of fluorescence intensity in the molten film was unexpected.
Some of the polymer chains were certainly dissolved into the
heated water, yet the partial recovery of the fluorescence upon
recrystallization demonstrates that there must be an additional
reason for the quenching in the molten state. For instance, the
wettability of the underlying substrate changes with tempera-
ture and therefore can influence polymer chains adhesion and
the florescence emission [13], while the fluorescein dye is also
susceptible to photobleach by environmental oxygen and water
[14, 15]. Nevertheless, the example of fluorescence shows very
clearly how the availability and assembly of functional mol-
ecules at the surfaces of these highly crystalline films can be
switched with temperature.
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> Melted film >

Recrystallized

with drastic, uneven lowering of fluorescence intensity in the crystals
suggesting redistribution of fluorescein linked OCL end-groups with
a possible phase separation. d, h: Recrystallized film shows higher
fluorescence than the melted film meaning that the fluorescein linked,
bulky chain-ends are expelled on the recrystallized structures. The
statistical error of temperatures is within limit of + 1.5 °C

Conclusion

Highly crystalline films of dihydroxy or dimethacrylate-
terminated linear OCL molecules were prepared at the
air—water interface by compressing the molecules to a
very low mean molecular area of ~2 A2, Brewster angle
microscopy at the air—water interface showed that crystals
morphology and thermoswitching behavior (melting and
recrystallization) of the highly crystalline OCL films is
adjustable by varying the OCL functional end-groups and
crystallization temperature. The highly crystalline OCL
films were transferred to silicon substrates by the Lang-
muir— Schaefer method, where transferred OCL crystals
are transferable with minor fractures while amorphous
films showed dewetting. Highly crystalline OCDOL films
are around three times more stable against enzymatic
degradation than amorphous OCL films on both water
and silicon surfaces; however, they are not very stable
in absolute numbers. Fluorescence microscopy of highly
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crystalline films of ODCME functionalized with fluo-
rescein dimethacrylate showed a pronounced change in
fluorescence intensity during thermoswitching of the film.
This study demonstrates a systematic method for devel-
oping highly crystalline OCL films with adjustable mor-
phology, thermoswitching, and degradation behavior. The
approach used to prepare the crystals is scalable and can
be applied at different biointerfaces. Future investigations
could encompass the degradation of these highly crystal-
line coatings in the absence of enzymes at different pH-
values, and the exploration of the films as thermosensitive
lubricant for surgical implants to reduce friction in contact
with tissue.
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Figure S1: 1H NMR spectra of OCL diol (a) and OCL dimethacrylate (b) in deuterated
chloroform at room temperature.
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Table S1: Methods for investigating bulk OCL samples M, degree of end group
functionalization, chemical structure and thermal properties.

Method Description
GPC The set up for determining M by Gel Permeation Chromatography (GPC) consisted of a mixed
D column (600 mm X 7.5 mm, Polymer Laboratories Ltd.), a T60A dual detector and a refractive
index detector (Shodex RI-101, Showa Denko, Japan). Chloroform (HPLC grade, Roth) was used
as eluent at a flow rate of 1.0 mL-min—!, and polystyrene as the standard for universal

calibration.

TH NMR Structure elucidation and molecular weight analysis of OCL samples was performed by 'H NMR
(Figure S1) | using a Bruker Avance 300 spectrometer (300 MHz), in CDCI3 (99.8%, VWR) at 25 + 0.5 °C. By

'H NMR, the molecular weight, M was determined by calculating the number of repeating
monomer units, n = (sum of CHz proton integrals)/(sum of CHz protons)/(integral per proton
value). Value of n for OCL diol is 70 + 2 and for OCL dimethacrylate is 35 + 2. For calculating the
M, following formula is used, M, = (MW end groups) + (MW core group) + (MW repeating
caprolactone unit)-(n). M of OCL diol = (31+31) + (104) + (114) - (69) g-mol'1 = 7900 to 8200
g-mol-l. M, of OCL dimethacrylate = (69 + 69) + (104) + (114) - (34) g:mol' = 4200 to 4300
g-molL. Degree of end group functionalization, from OCL diol 'H NMR spectra (a) was calculated
by the formula, Docpor = (I<z > /I<aorb>)-100 %, coming out to be =95 %. Degree of end
group functionalization from OCL dimethacrylate 'H NMR spectra (b) was calculated as Docpme
=(I<k>/1I<b>)-100%, yielding ~ 85 %.

IR analysis

Infrared analysis (Nicolet spectrometer) was carried out for a solid sample of OCL

(Figure S2) | dimethacrylate. IR revealed typical stretches for OCL and methacrylate. At ~1620 cm-?, a small
peak due to C=C bonds is visible. The encircled stretches at 810 cm~! (=CH) and 1408 cm—1!

(=CHz2) are also contributions from methacrylate-groups.
DSC Thermal properties of OCL bulk samples were evaluated on a DSC 204F1 (Perkin Elmer). Under
(Figure S3) | nitrogen purge, the sample was heated from 4 °C to 150 °C (green), followed by the first cooling

cycle (blue) to -100 °C and a final second heating cycle (red) till 150 °C. The rate of heating or
cooling was 10 K-min'. Thermal properties are determined from the first cooling and second
heating cycle run. For thermal analysis of the bulk material, the DSC has an instrumentation
error of + 0.5 °C.

Table S2: Langmuir technique setup for investigating OCL films at the air-water

interface.

Langmuir
technique

Description

Apparatus

The Langmuir trough (KSV NIMA, Finland) and Brewster angle microscope (BAM) were placed
on an active vibration isolation system (Halcyonics variobasic 40, Accurion, Germany) within a
laser safety cabinet. The temperature of the aqueous subphase was controlled with a circulating
water bath at the exterior of Langmuir trough. The surface pressure (m) at the air-water
interface was measured by the Wilhelmy technique (hanging platinum plate) with a calibrated
sensor placed at the centre between the barriers in the Langmuir trough. To maintain the water
level during the experiment, the evaporated water in the Langmuir trough was compensated by
the digitally controlled water pump (Ismatec, Germany).

Software

The Langmuir trough software (KSV NIMA) uses the input variables of spread amount of OCL
solution at air-water interface, trough surface area, and molecular weight of repeat unit (e-
caprolactone; 114 g-mol?) to calculate the OCL film mean molecular area (MMA). The output
curves show relationships between MMA, surface pressure, temperature, compression speed
and time.

Cleaning

For cleaning of the Langmuir trough, its surface was wiped thoroughly with ethanol (HPLC
grade; Bernd Kraft, Duisburg, Germany) soaked tissue wipes (Kimtech Science, Germany)
followed by chloroform (HPLC grade, Roth, Germany) soaked tissue wipes. Deionized water
was filled in the Langmuir trough and removed, at least three times.

Final
subphase

The final aqueous subphase in the Langmuir trough was deionized water at 12 or 21 °C. By
monitoring the surface pressure, the final purity of the Langmuir trough and the subphase was
controlled. In the final aqueous subphase, the total change of the surface pressure at air-water
interface while closing the Langmuir trough compression barriers was below 0.2 mN-m-1.

95




Table S3: Methods for investigating enzymatic degradation of transferred OCL films on
silicon surface.

Method Description

Optical The change in morphology of the films was observed using a polarized optical microscope
microscopy | (Zeiss Axio Imager Alm, Carl Zeiss, Jena, Germany) equipped with crossed polarizers and a 40x
maghnification objective (Objective Zeiss A-Plan Plan 40x/0,65 Pol).

AFM The topography of the OCL films degraded at different intervals was recorded in air using AFM
(MultiMode 8, Bruker, Karlsruhe, Germany) operating in the intermittent contact mode in air
at 21 + 0.5 °C and RTESPW-150 tips (150 kHz frequency; 5 N-m-! spring constant). All AFM
images were line-flattened with a first order polynomial using the software NanoScope Analysis
2.0.
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Abstract

Hydroxyl terminated oligo(e-caprolactone) (OCL) monolayers were reversibly cross-linked forming
two dimensional networks (2D) at the air—water interface. The equilibrium reaction with glyoxal as
the cross-linker is pH-sensitive. Pronounced contraction in the area of the prepared 2D OCL films in
dependence of surface pressure and time revealed the process of the reaction. Cross-linking inhibited
crystallization and retarded enzymatic degradation of the OCL film. Altering the subphase pHled to a

cleavage of the covalent acetal cross-links. The reversibility of the covalent acetal cross-links was
proved by observing an identical isotherm as non-cross-linked sample. Besides as model systems,
these customizable reversible OCL 2D networks are intended for use as pH responsive drug delivery

systems or functionalized cell culture substrates.

1. Introduction

Poly(e-caprolactone) (PCL) plays a paramount role as
degradable implant material or as matrix for con-
trolled drug delivery systems. It can be processed to
nanoparticles, micelles, microspheres, electro spun
mats, scaffolds or films [1-4]. End-group functiona-
lized poly- or oligo(e-caprolactone)s as telechelics are
starting materials for building complex architectures.
In such polymer systems, thermal properties and
degradation profiles are adjustable by controlling the
number of arms and chain lengths of the telechelics.
With capability of further polymerization, one dimen-
sional telechelics give new opportunities for creating
three dimensional dendrimers, bulk polymer net-
works and 2D nanostructures [5, 6]. Reversibly cross-
linked polymer networks of PCL can be stimuli
responsive. Temperature sensitive net-points can
induce a shape memory response [7, 8] while reversi-
ble chemical bonds promote self-healing characteris-
tics [9, 10]. Permanently cross-linked PCL networks
are applied for tissue regeneration [11, 12] and in
printing technologies [13, 14]. An important para-
meter in PCL networks modulated by cross-linking is
ester bond cleavage by degradation [15-19]. The rate-

determining step in PCL degradation by enzymatic
hydrolysis generally slows down in the presence of
netpoints formed by crystalline domains [20-22]. PCL
based elastomers enzymatically hydrolyse completely
over a wide range of temperatures at pH 7 when
lacking crystalline domains. PCL elastomers combin-
ing controlled biodegradation reasonable
mechanical strength can be prepared by cross-linking
a star-shaped hydroxyl-terminated poly(y-methyl-¢-
caprolactone) with bis(G-lactone) [15]. Implants pre-
pared by cross-linking PCL during ring-opening
polymerization of caprolactone with bis(trimethylene
carbonate) exhibit reduced crystallinity and form-
stability, but show suppressed enzymatic degradation

and

[16]. Degradation kinetics are also influenced for
benzoperoxide cross-linked PCL membranes in phos-
phate buffered saline [17]. Interestingly, PCL films
prepared by photocross-linking with benzophenone
or benzil exhibit faster hydrolysis due to enhancement
in overall polarity of the film [18, 19]. These examples
show that the physico-chemical properties, mechan-
ical stability and degradation profiles of 3D networks
can be tailored in a controlled fashion by cross-linking.
On the other hand, 2D polymer systems with inter-
connected telechelics in lateral plane can also lead to

©2019 IOP Publishing Ltd

97


https://doi.org/10.1088/1748-605X/ab0cef
https://orcid.org/0000-0003-4126-4670
https://orcid.org/0000-0003-4126-4670
mailto:andreas.lendlein@hzg.de
https://crossmark.crossref.org/dialog/?doi=10.1088/1748-605X/ab0cef&domain=pdf&date_stamp=2019-04-03
https://crossmark.crossref.org/dialog/?doi=10.1088/1748-605X/ab0cef&domain=pdf&date_stamp=2019-04-03
http://creativecommons.org/licenses/by/3.0
http://creativecommons.org/licenses/by/3.0
http://creativecommons.org/licenses/by/3.0

I0P Publishing

Biomed. Mater. 14 (2019) 034103

generation of new material features as seen for 2D
materials such as graphene and its derivatives, which
modulate responses with cells, tissues or other bio-
interfaces [23, 24]. Although graphene materials have
immense potential in healthcare such as for drug
delivery, bio imaging, capturing pathogens and tissue
engineering, several contradictory results are reported
in literature due to graphene shape, size, concentra-
tion, carbon source, and cytotoxicity [25, 26]. There-
fore, it is still a challenge to develop alternatives to
conventional 2D materials for biological applications.
We hypothesize that functionalized 2D polymer net-
works based on OCL telechelics with different chemi-
cal functionalities can be used as building blocks for
creating bioresponsive polymer 2D networks. Besides
network stability, the degradability should be altered
by an external stimulus such as by pH and has to be
systematically investigated. Chemical functions sensi-
tive to pH are of specific interest, since gradients of
pH exist at different physiological levels and in nature.
Sites of tumour and inflammatory tissues have a
slightly acidic pH when compared to their surround-
ing healthy tissues. Moreover, the environment of
endosomes and lysosomes that carry substances inside
cells is acidic. Hence, systems with pH sensitive
chemical cross-links have attracted a key focus in
developing drug delivery systems and in tissue regen-
eration [16, 27-29]. There are several possibilities to
have OCL cross-links sensitive to pH, such as by using
ortho ester [30], cis-aconityl bond [31], Schiff base
formed between hydrazine and ketone groups [32]
and acetal cross-links [33].

The Langmuir technique is ideally suited for pre-
paring 2D materials of non-water or partially water
soluble precursors. It allows for positioning of reactive
end groups of monomers at the air—water interface for
linking by different reaction mechanisms such as by
irradiation [34], enzyme [35], catalyst [36], metal ions
[37, 38] and ‘click’ reactions [39]. Additionally, faster
analysis of biodegradation processes are possible by
this technique at molecular level [40]. While various
ideally symmetric, small molecules are linked using
Langmuir technique to form 2D materials [34, 37, 39,
41-44], only few studies described 2D cross-linking of
oligomers or polymers using the Langmuir technique
in recent years [5, 38, 45-49]. For example, a semi-
interpenetrating oligomeric network is achievable by
embedding cross-linked methacryloxypropyl-termi-
nated polydimethylsiloxane in a cellulose acetate buty-
rate matrix [5]. In our concept for preparing
biodegradable 2D polymer networks, we use OCL tele-
chelics end-capped with hydroxyl groups, because of
their stability and well-studied behaviour at the air—
water interface [50]. Acetal cross-links in hydroxyl ter-
minated OCL monolayers are favoured since they are
well described, can be used with different types of
hydroxyl groups [51] and form under the conditions
of the Langmuir technique experimental setup (aqu-
eous subphase at room temperature). Acetal bonds

S Saretia et al

form reversibly and provide the required
pH sensitivity for a stimulus responsive material. This
is a key advantage over traditional 2D materials form-
ing irreversibly. The lateral size of 2D sheets is limited
due to the nearly inevitable formation of grain bound-
aries when several sheets grow simultaneously next to
each other. With reversible reactions, the grain
boundaries can be cured and large lateral sizes can be
achieved. The chemical equilibrium determines the
number of unreacted chain ends that are available for
further functionalization. As a proof of principle, the
dialdehyde glyoxal is used, which imparts hemiacetal
and acetal links in the hydroxyl terminated OCL poly-
mer system and can react with four hydroxyl termi-
nated chain ends of OCL. An idealised acetalization
reaction scheme is shown in scheme 1.

The carbonyl group of glyoxal protonates under
water, which is attacked by the nucleophilic hydroxyl
group of an OCL molecule [52, 53]. After subsequent
deprotonation of the intermediate species, hemiacetal
bonds are formed. Hemiacetal is an unstable inter-
mediate and can react with hydroxyl groups of an OCL
chain present in the vicinity to form an acetal [51]. The
acetal bonds are stable in alkaline pH while under
acidic pH, cleavage of some acetals occurs to release
free end groups. The density of OCL hydroxyl groups
at the air—water interface can be influenced by mod-
ulating OCL molecule packing density. Here, we
examine two approaches to form a covalent 2D net-
work. With linear, hydroxyl terminated OCL diol, a
network is formed because each glyoxal molecule can
connect up to four linear molecules and act as a
branching centre (scheme 1(a)). Here, a branching
centre is a point in the network where more than two
OCL chains are covalently connected. When even-
tually more chain-ends are connected in the branching
centres, the branched macromolecular entities link
and ultimately form a 2D network. When using star
shaped OCL tetrols, a certain number of branching
centres are already provided by the tetrols
(scheme 1(b)). Hence, we expect a faster network for-
mation for tetrols, compared to diols. The maximum
cross-link density for both linear molecules and tetrols
is determined by molecular weight or arm length,
respectively. Here, we use tetrols with an arm length
(3200 g mol ") that is similar to the molecular weight
of the diol (2800 gmol_l), and therefore, in the diol
monolayer, the hydroxyl end-groups concentration
per unit area is double compared to the tetrol mono-
layer. It is known that PCL chain segments near cova-
lent network points have limited mobility due to steric
hindrance and hence their crystallization is hindered.
We will use this effect to qualitatively evaluate the pro-
gress of the cross-linking reaction by studying the sur-
face pressure induced crystallization of the layer.
Furthermore, cross-links delay the biodegradation of
OCL by reducing the number of free chain ends where
small fragments can be generated relatively fast, so the
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enzymatic degradation of OCL is studied to obtain
further information on the degree of cross-linking.

To free OCL molecules from a cross-linked OCL
2D network, the formation of branching centres is
reversed. This is achieved by breaking the acetal bonds.
We expect that acetal bonds in the network can be
cleaved to release free chain ends by reducing the pH.
The reversion of the network formation after lowering
of the pH is studied by m—A isotherms and pressure
induced crystallization. The prepared pH triggered
OCL 2D network aims in broadening applications of
2D crystallisable polymers, such as for forming
pH triggered enteric drug delivery systems.

2. Experimental

2.1. Materials

Oligo(e-caprolactone) diol (OCL diol, trade name
CAPA 2304, Solvay Caprolactones, Warrington, UK)
was used without any further purification. Star-shaped
polymer based on e-caprolactone with four-arms (4
arm OCL) was synthesized using the catalyst dibutyltin
oxide and the initiator pentaerythritol [54]. Glyoxal
(40% w/v, Sigma Aldrich, Germany) used as the
cross-linker was dissolved in up to 5ml water in
required concentration before injecting into the sub-
phase. The aqueous subphase and water for dissolu-
tion of glyoxal was obtained by a Milli-Q Gradient
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A-10 water purification system (Millipore, 18.2 MU
cm, toc < 4 ppb). For cleaning of trough, ethanol
(HPLC grade; Bernd Kraft, Duisburg, Germany) and
chloroform (HPLC grade, Roth) were used. For the
used OCL diol and 4 arm OCL, the characterisation
data were reported previously [55]. The average
number molecular weight (M,)), determined by gel
permeation chromatography (GPC) was 2800 g mol '
and 13 000 g mol ', respectively. The determined M,
(GPC) per end group for OCL diol and 4 arm OCL was
1400 g mol " and 3200 g mol ', respectively.

2.2. Langmuir monolayer technique

The surface pressure-area (m—A) isotherms were
recorded with a Langmuir trough (KSV NIMA, Fin-
land) placed on an active vibration isolation system
(Halcyonics variobasic 40, Accurion, Germany) within
a laser safety cabinet. The surface pressure (w) was
measured by the Wilhelmy technique with a calibrated
sensor located in the centre between the barriers.
Water level compensation system was used to com-
pensate the loss of water due to evaporation during the
course of experiment to avoid false changes in the
recorded surface pressure. The trough was cleaned
thoroughly with ethanol followed by chloroform.
Afterwards, the deionized water was filled and
removed at least three times. By monitoring the
surface pressure, the purity of the trough and the
subphase was controlled. In the final aqueous sub-
phase, while closing the barriers, the total change of
the surface pressure was below 0.2 mN m™ . For all
OCL samples, the chloroform stock solutions had a
concentration in the range of 0.2-0.4 mgml~'. The
solution was applied drop-wise onto the air—water
interface using a microsyringe (Hamilton Co., Reno,
NV, USA). The chloroform was allowed to evaporate
for ten minutes before the start of compression. The
rate of compression and expansion of monolayer was
10 mm min ™', The surface pressure was recorded as a
function of the mean molecular area per repeating
unit (MMA).

The elasticity modulus was determined using the
formula, K = A~ (67-6A7")) where A is the area per
molecule and 7 is the surface pressure. At the max-
imum of elasticity modulus, the corresponding sur-
face pressure and mean molecular area is m; and
MMA,, respectively.

2.3. Cross-linking of OCL monolayer

For cross-linking by dialdehyde, OCL molecules were
compressed and withheld at a constant surface pres-
sure. Thereafter, glyoxal (Sigma Aldrich, Germany;
vapour pressure of glyoxal 40% at 20 °C: 24 mbar) was
injected into subphase (glyoxal/caprolactone molar
ratio in the subphase = 20 000) and the monolayer
was withheld at a specific constant surface pressure.
Glyoxal is highly water soluble and its hydrate forms,
which are considered non-volatile, contain reactive
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carbonyl groups [56]. After the fixed period of reaction
time, the barriers were opened completely to initial
position of the Langmuir trough and 7—A isotherms of
the cross-linked layers were recorded.

2.4. Degradation by lipase

For enzymatic degradation of OCL 2D networks,
lipase (Sigma, Germany) from Pseudomonas cepacia
(0.007 mg ml~") was injected into the subphase. For
degradation of the control sample, glyoxal was also
added just before the injection of the enzyme into the
subphase. AAgy', as function of time was recorded
where A, is the initial surface area occupied by
Langmuir film at ¢t = 0 and A, is the acquired surface
area after a certain time interval, t. The degradation
experiment of Langmuir film was performed at
7mNm 522 + 0.5°C.

2.5. Brewster angle microscopy (BAM) studies

BAM images were recorded with ellipsometer nano-
film_ep3 (Accurion, Gottingen, Germany) equipped
with a high performance CCD camera, a 10x magni-
fication lens with a maximum lateral resolution of
2 pm, and a 658 nm class IT11B laser source.

2.6. Interfacial infrared spectroscopy

Polarization Modulation Infrared Reflection Adsorp-
tion Spectroscopy (PM-IRRAS; KSV NIMA) was used
together with a Langmuir trough (KSV NIMA) with
water level compensation to study the change in
chemical composition of film under spectral range of
800-4000 cm ™.

3. Results and discussion

3.1. Langmuir film isotherms

The m—A isotherm of a non-cross-linked OCL diol
monolayer was recorded first to evaluate the suitable
conditions for the acetalization reaction. It shows the
typical Langmuir monolayer behaviour reported for
PCL [57], and is marked by a sudden reduction of
surface pressure (collapse pressure ~11.2mNm ™ ';
figure 1). Based on the values of static elastic modulus
of control (non-cross-linked) sample of OCL diol
monolayer, acetalization reaction was performed at
three different surface pressure values 2, 5and
7mN m ™", corresponding to the increasing concen-
tration of OCL end groups per area. To avoid
hydrolysis of ester bonds, mild reaction conditions
(pH 5.7; room temperature) were realized. After the
reaction, the barriers were opened to initial position of
the trough and 7—A isotherms were recorded to
compare reacted OCL 2D film with the control
sample.

Apparently, compared to the control sample, low-
ering of mean molecular area, an increased m; (table 1)
and an elevated collapse pressure was observable for all
cases of OCL diol monolayer reaction. Rather, a clear
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Figure 1. Surface pressure—mean molecular area (7— A)
isotherms and corresponding 7; and MMA (vertical lines) of
linear OCL diol 2D films formed under different reaction
parameters (see legend) at 22 £ 0.5 °C on aqueous subphase
(pH = 5.7).

Table 1. Surface pressure and mean molecular area values at the
highest point of static elasticity modulus.

OCL monolayer reaction

parameters m(mNm™) MMA; A%
Bi functional, OCL diol

Control 6.9 £+ 0.3 33 + 1.0
5h;7mNm ™! 7.1+ 04 31+15
18h;2mNm ™! 7.4 +0.7 324+ 2.0
18h;5mNm™! 82+ 0.3 25+ 1.0
18h;7mNm™! 8.1+ 0.6 14 £ 1.0
Tetra functional, 4 arm OCL

Control 6.0 + 0.3 32+ 1.0
75h7mNm ™! 75+ 0.5 18 £ 1.0

effect on relative reduction of MMA; was observed for
all OCL 2D films prepared depending on end-groups
concentration (figure 1). Such a contraction of a
monolayer at the air—water interface by cross-linking
was also reported for cross-linked PDMS 2D networks
[5]. For OCL 2D films, a twofold decrease in MMA;

S Saretia et al

compared to the control sample was observed only
after OCL diol monolayer was reacted at a high pack-
ing density of 7mN m™" for 18 h. The acetalization
reaction at air—water interface is slow and depends on
the OCL molecule end-group concentration. Thus, it
is expected that increasing the end-group concentra-
tion promotes cross-linking via acetal formation [58].
After reaching the collapse surface pressure, OCL 2D
networks formed during 18 h reaction at 5mNm ™"
and 5h reaction at 7mNm~' showed no sudden
decrease, rather a plateau region. Additionally, a col-
lapse pressure in m—A isotherm was not observable
until the end of compression for the OCL 2D film
formed at the high packing density at 7mN m™' for
18 h reaction time. The shifting of collapse pressure of
all OCL 2D films to a higher value compared to the
control sample proves an increase in stability of the
film due to acetalization reaction. To prove the acet-
alization reaction, Polarization Modulation-Infrared
Reflection Absorption Spectroscopy (PM-IRRAS)
spectra under different reaction times were recorded.
The spectrum (figure 2(a)) before injection of glyoxal
had no discernible peaks and was used as the reference
spectrum, i.e. all spectra were normalized with respect
to the spectrum at t = 0. The PM-IRRAS signal of the
OCL 2D network for visualizing acetal links was weak
owing to molecular level ultrathin film. Nevertheless,
the acetal doublet peaks (1060 and 1100 cm™ ") were
clearly distinguishable. The peaks at 1100and
1060 cm ™" were absent in the non-cross-linked OCL
diol monolayer (figure 2(a)) and became visible in all
spectra recorded after 21h glyoxal reaction
(figure 2(b)) with the monolayer. The bands are char-
acteristic for acetals and attributed to symmetric
COCOC (1100 cm™ ") and antisymmetric COCOC
(1060 cm ") stretching.

Further evidence of occurrence of cross-linking
was demonstrated by 4 arm OCL. Compared to 2D
film of OCL diol, a ~2 fold decrease in MMA; was
reached in 2D film of 4 arm OCL in a relative less

Reaction duration
0.003 t=0
5h
21h
Pl
2
@ 0.002 |
=
gl
(5]
N
©
§ 0.001 |
o
c
0.000
1050 1100 1150

v [em™]
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for clarity.

Figure 2. PM-IRRAS spectra expressed in normalized intensity and wavenumber (v), of OCL diol monolayer being reacted by glyoxal
at7 mN m™ ' at (a) different reaction times and (b) at different surface pressures after 21 h reaction time. Curves are vertically shifted

21 h Glyoxal reacted OCL diol monolayer!
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Figure 3. 7— A isotherms of 4 arm OCL (tetrafunctional) with
and without glyoxal reaction at22 + 0.5 °C on aqueous
subphase (pH = 5.7). Vertical dotted lines represent MMA;
and is calculated from the maximum of the elasticity
modulus.

duration of acetalization reaction (figure 3). This effect
can be correlated to the structure and chemical com-
position of the molecules. In comparison to linear
bifunctional OCL diol molecule, in tetrafunctional
OCL, 4 arms of the OCL are connected to a central
molecule which can be assumed as a branching centre.
Hence, when the duration of the acetalization reaction
for 4 arm OCL is decreased to 7.5h (~60% time less
compared to 18 h), a similar progression of isotherm
as 18 h reacted bifunctional OCL diol monolayer at
7 mN m™ ' is observed.

3.2. Crystallization behaviour of OCL 2D network

The crystallization behaviour of OCL in restricted
geometries is well studied and is affected by molar
mass, film thickness, temperature, the field for chain
diffusion and many other factors [50, 57, 59]. At the
constant surface pressure of 10.5 mN m~ ', which is
between ; (6.9 mN m™") and the collapse pressure
(11.2 mN m ™), the non-cross-linked OCL monolayer
(control) shows an area reduction (figure 4(a)) due to

S Saretia et al

formation of typical small sized 3D domains under
BAM (figure 5(a)). These 3D domains of OCL seen as
bright regions in the BAM image are the spherulites,
which are surrounded by the amorphous layer (dark
region). To study the crystallization behaviour of OCL
2D networks, we cross-linked OCL monolayers at
7mNm ' (in absence of spherulites) for different
reaction times and then compressed the layers to the
elevated surface pressure of 10.5mN m ™.

Introduction of branching structure in PCL bulk
systems lowers crystallization ability and T, (melting
temperature) while it increases the mechanical stabi-
lity [60-62]. Since random cross-linking of OCL
molecules in Langmuir monolayer presumably leads
to branching of OCL chains to form a 2D network, we
expect that a retardation of the crystallization process
can provide an indirect proof of cross-linking of OCL
monolayer.

For OCL 2D networks formed at 5 h reaction time
at 7mNm ', the normalized area reduction at
10.5mN m ™~ was decreased compared to the control
sample (figure 4(b)), with accompaniment of large
sized spherulites observed in BAM (figure 5(b)). Such
an increase in lateral dimensions can be asserted to an
increased molar mass of the molecules after cross-
linking and therefore such large spherulites, typically
formed for intermediate molar mass (~8 kDa) of OCL
molecules were observed [57].

On the contrary, the relative area reduction at
10.5mN m ™' was minimal for the OCL 2D network
formed at 18h reaction time at 7mNm '
(figure 4(b)), with no visible crystals in BAM images
(figure 5(c)). This strongly projects that cross-linking
impedes the surface pressure induced lateral crystal-
lization of OCL monolayer. By connection of OCL
chains by acetal cross-links, molar mass in the mono-
layer increases while due to formation of cross-linking
netpoints, the OCL chain mobility is decreased leading
to a retarded crystallization. However, lateral surface
pressure induced crystallization in ultrathin films is a
dynamic process and cannot be directly interpreted

100 3
OCL diol monolayer (Control)
[mN'm™]
80 - 2 B
5
3 7
(2 8
Z 60f 9 1
10
10.5
40 | -
20 1 1
0 10 20 30

Time [min]
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Figure 4. Area reduction of OCL 2D monolayer with respect to time at different isobaric surface pressures (a). Area reduction at
10.5 mN m ™ (b) for OCL 2D networks formed at different reaction durations at7 mN m™*; 22 4 0.5 °C on aqueous subphase
(pH = 5.7). The relative surface area reduction of isobaric experiment, A, [%] = (A, -A ~1).100.

100 R
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Figure 5. Compression-expansion m—A isotherms and Brewster angle microscopy (BAM) images of (a) control sample and OCL 2D
networks formed at (b) 5 hand (c) 18 h reaction timesat7 mN m ™' (pH = 5.7;22 + 0.5 °C). Dotted lines represent the expansion
isotherms. BAM images are acquired at 30 + 1.0 minat 10.5 mN m™' (scale = 100 zm).
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Figure 6. Lipase (P. cepacia) enzymatic degradation of OCL
2D networks under isobaric conditions (7 mN m™) on
aqueous subphase pH 5.7;22 + 0.5 °C.
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Figure 7. OCL diol monolayer at 7 mN m™'; pH 2.5 in
subphase with glyoxal (glyoxal/caprolactone molar ratio in
the subphase = 20 000).

and therefore can be seen only as an indirect proof of
cross-linking.

A further insight into the crystallization behaviour
is available by recording the expansion m—A isotherms
(figure 5). Expansion isotherms formed by opening
the Langmuir trough barriers after the end of com-
pression at a constant rate indicate the melting beha-
viour of surface pressure induced spherulites. The
spherulites of the control sample dissolve during the
expansion of the monolayer, where the polymer
chains of the spherulites continuously unfold to ren-
der initial 2D’ monolayer state. This marks a faster
initial decrease in surface pressure in the expansion
isotherm followed by a plateau around 8.5mNm™

(figure 5(a)). Such a similar progression of the expan-
sion isotherm was also seen by OCL 2D networks
formed after 5h cross-linking at 7mNm™'
(figure 5(b)). However, for OCL 2D network formed
after 18 h cross-linking at 7 mN m ', a plateau in the
expansion isotherm was not observable, while the
curve follows a similar trend as its compression cycle
(figure 5(¢)).

3.3. Degradation of OCL 2D networks

Figure 6 shows enzymatic degradation isotherms of
OCL 2D networks formed under different cross-
linking reaction durations at the surface pressure of
7mN m ™", in the absence of any 3D domains in the
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layer. The catalytic triad of the enzyme lipase cleaves
OCL chains into water-soluble fragments, causing
monolayer area reduction. For control sample, after
injection of lipase into the subphase (time = 0), a fast
degradation was detected. It was previously shown that
OCLs below molar masses of 10000 gmol ' present
identical degradation isotherms [55]. On the contrary,
the degradation isotherm for OCL 2D networks shifts
substantially compared to the control sample. The
slowest degradation rate was observed for OCL 2D
networks formed after 18 h reaction time at 7 mN m™.
Such a dense 2D network with modified and inter-
connected end groups of OCL molecules possibly
hinders interaction of enzyme with OCL segments or
has slow formation of water-soluble OCL fragments.

3.4. Reversibility of the cross-links
Figure 7 shows the behaviour of OCL diol monolayer
at acidic pH of 2.5 with and without the presence of
glyoxal in the subphase. A slower area reduction of
OCL diol monolayer at pH 2.5 in presence of glyoxal
suggests an interplay of acidic hydrolysis of ester bonds
and the cross-linking reaction phenomenon. To prove
that the acetal cross-links in the OCL 2D network are
reversible, the reverse cross-linking reaction was
promoted for retrieval of free OCL molecules by
altering the pH and 7—A isotherm (figure 8(a)) was
recorded.

OCL 2D network was formed at 7mN m™" after
18 h of glyoxal reaction of OCL diol monolayer in aqu-
eous subphase of pH 5.7. To carry out the reverse acet-
alization reaction, the pH was shifted to 2.5 for the
next 9 h. The barriers were opened to initial Langmuir
trough position and compression-expansion iso-
therms were recorded (figure 8(a)). The ™A curve of
OCL 2D network after alteration to acidic
pH (figure 8(a)) deviates from the A curve of OCL
2D network formed at pH 5.7 (figure 5(c)). Indeed, it
follows an identical slope with the control sample

(figure 5(a)), with observance of collapse pressure at
~13.5mNm™.

Change in crystallization behaviour further vali-
dates the reversibility of cross-links in the network. In
contrast to the BAM image of OCL 2D network which
shows no 3D domains at 10.5mN m™ (figure 5(c)),
the BAM image for OCL 2D network that underwent
reverse acetalization reaction (figure 8(b)) shows
occurrence of relatively larger spherulites comparable
to the ones observed in non-cross-linked OCL layer at
10.5mNm™ (figure 5(a)). This implies that alteration
to acidic pH caused a decrease in the covalent acetal
link density of the cross-linked OCL 2D network,
allowing OCL chains to fold and participate again in
the lateral crystallization process.

The similar compression-expansion 7—A isotherm
behaviour as the control sample and occurrence of
spherulites implies an increase in the conformational
freedom in OCL chain segments and enhanced crys-
tallization degree in the film by the decrease of acetal
cross-link density. Therefore, acetal links orchestrated
the forming of a reversible OCL 2D network that is
reversible by means of pH.

4, Conclusion

The 2D cross-linking of hydroxyl end-capped OCL
monolayer by glyoxal at the air—water interface was
demonstrated by changes in 7m—A isotherms, film
crystallization behaviour and film degradation rate.
Additionally, interfacial infrared spectroscopy
demonstrated the acetal bond formation in the OCL
2D film. After cross-linking, 7—A isotherm displayed a
higher reduction in the mean molecular area for OCL
2D networks formed under high OCL molecular
packing density and longer reaction time. Moreover,
7—A isotherms demonstrated that reduction in mean
molecular area is achieved faster for the 2D network
based on tetrafunctional OCL tetrol compared with
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bifunctional OCL diol. Reversibility of acetal cross-
links in the OCL 2D network is demonstrated by
altering the subphase pH to promote the reverse
reaction. Such a film exhibited comparative crystal-
lization and 7—A isotherm of non-cross-linked OCL
monolayer.

Such 2D networks of polymers can give funda-
mental insights on physical chemistry and rational
design of bulk polymer networks. Further work on
covalent functionalization of unreacted end-groups
will explore how such a stimuli responsive 2D polymer
network can be used for delivery of bioactive sub-
stances, as coating for medical devices and as functio-
nalized substrates for studying cell behaviour.
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