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Polymeric biomaterials are of specific relevance in medical and pharma-

ceutical applications due to their wide range of tailorable properties and

functionalities. The knowledge about interactions of biomaterials with their

biological environment is of crucial importance for developing highly sophis-

ticated medical devices. To achieve optimal in vivo performance, a description

at the molecular level is required to gain better understanding about the sur-

face of synthetic materials for tailoring their properties. This is still challenging

and requires the comprehensive characterization of morphological structures,

polymer chain arrangements and degradation behaviour. The review dis-

cusses selected aspects for evaluating polymeric biomaterial–environment

interfaces by Langmuir monolayer methods as powerful techniques for study-

ing interfacial properties, such as morphological and degradation processes.

The combination of spectroscopic, microscopic and scattering methods with

the Langmuir techniques adapted to polymers can substantially improve

the understanding of their in vivo behaviour.
1. Introduction
Biomaterials are used in contact with living tissues or organisms as, for

example, in medical devices [1]. Depending on their application, different

demands have to be fulfilled concerning the mechanical, physical, chemical

or biological functionalities. Polymeric biomaterials are of great importance

for medical and pharmaceutical applications as a wide range of properties

and functionalities can be achieved by specific tailoring [2–7]. They can be cate-

gorized in two groups: naturally occurring and synthetic materials. Alginates,

silk and proteins, including collagens, are typical examples of biopolymers

derived from natural resources [8]. Typical synthetic polymers in medical appli-

cations are aliphatic polyesters, polyanhydrides or polyamides [6,9,10]. Both

groups can be further divided into two classes: non-biodegradable and bio-

degradable polymers. Biodegradable polymers are of special interest because

of their applicability for tissue regeneration and drug delivery systems sup-

ported by their tailorable mechanical properties, morphological structures

[11–13] and degradation behaviour, which are adjustable by the variation of

the monomer structure, copolymerization, blending or molecular architecture.

The implantation of synthetic materials is orchestrated by a sequence of the

body’s own (defence) mechanisms that aim to separate the implant from the

rest of the body in order to prevent it from doing harm [14]. This physiological

response is predominantly mediated by the immune system and should result

in the encapsulation of the foreign body. Therefore, the major challenges for the

application of biomaterials in medicine are to control foreign body reactions

(FBRs) and simultaneously facilitate regenerative processes [15]. Interestingly,

FBRs can occur immediately after implantation or be delayed, often by several
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Figure 1. Three-dimensional biomaterial – environment interface compared to the two-dimensional layer at the air – water interface.
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years, and can have acute or chronic characteristics. The

delayed reaction implies that changes occurring on the

implant interface, for example, induced by degradation pro-

cesses can trigger immunological reactions. However,

degradation processes, especially enzymatically mediated

degradation as occurring in vivo, are insufficiently under-

stood. Furthermore, a description at the molecular level is

required to gain better understanding of the interactions

between biological systems and synthetic materials occurring

at the material–bioenvironment interface. Additionally, the

material surface topography plays an important role on the

cellular response [16] and is a key factor for the differentiation

of mesenchymal stem cells in vitro [17], for example. The

interaction of the bioenvironment with polymer materials is

commonly investigated by cell-culture techniques and after-

wards characterized using, for instance, direct visualization

by microscope [18], providing a wide range of information

such as morphological changes, detachment forces, kinetics

of cell attachment, aggregate size distribution over the time

or intra- and extracellular protein expression. However, the

interaction of biomolecules with a biomaterial surface at the

molecular level is still challenging and requires the compre-

hensive characterization of surface properties. Several

methods to create (ultra)-thin films are described including

the self-assembled monolayer method, [19] layer-by-layer

(LBL) technique [20,21], coating [22], printing [23] and Lang-

muir [24] techniques. The LBL technique has received much

attention for the preparation of mono- and multilayers due

to the mild preparation conditions from solution and the

obtained layers reveal a relatively open structure allowing diffu-

sion of components if required. An efficient and precise method

to investigate interfaces is the Langmuir technique where

monomolecular films are formed at the air–water interface,

which are physical models of interfaces with unique properties

[25]. They also enable a fast evaluation of degradation processes

and a separation of chain scission kinetics from the transport

processes during the degradation. Langmuir monolayers also

allow the investigation of interaction between a polymer and

its environment with a two-dimensional approximation

(figure 1). Different types of experimental techniques to deter-

mine interfacial tension are known such as the Wilhelmy

plate, the pendant drop and the capillary rise technique [26].

Langmuir layers formed through lateral compression enable

the control of the film thickness, whereby their packing density,

orientation and conformation can be tailored. To gain a deeper

insight into interfacial behaviour of macromolecules, the

description of thermodynamic and kinetic processes on the sur-

face as well as the adsorption and ordering processes or

degradation behaviour can be analysed. By spreading water-

insoluble substances at the air–water interface, a Langmuir

layer is formed, whereas by injecting substances able to dissolve
into the subphase a Gibbs layer is formed by adsorption.

The formation of a Langmuir layer from organic solvent

occurs by the arrangement of amphiphilic molecules directly

at the air–water interface and is studied as a function of the

surface area A, whereby Gibbs layers are obtained due to the

adsorption of surface-active molecules at the interface and are

studied as a function of the surface concentration. The

amount of molecules at the interface depends on the equili-

brium between adsorption and desorption, which is

adjustable, for example, by the pH value, salt concentration,

ionic strength, co-components in the subphase and tempera-

ture. Both approaches allow the detailed investigation of

molecules with biological relevant substances using different

physical and chemical analytical techniques.

For example, using the Langmuir method the charac-

teristics of protein layers can be manipulated in a very

controlled fashion by tuning the molecular packing and

two-dimensional order. Thus, conformation transitions or

morphological changes of adsorbed proteins depending on

interfacial forces or subphase parameters are investigated

[27,28]. A clinically relevant example is the activation of the

complement cascade by synthetic surfaces in cardiovascular

implants or dialysis devices [29–31]. How exactly the proteins

arrange at polymeric biomaterial surfaces and what kind

of features lead to conformational changes and partial or

complete denaturing of proteins are open questions.

Additionally, regarding the degradation of synthetic poly-

mers not only the degradation behaviour of the material

surface has to be considered, but also the bioresponse of the

released degradation fragments. Applying Langmuir tech-

niques opens different ways to elucidate these questions.

First, the formation of Langmuir or Gibbs layers based on

polymers allows the investigation of their interfacial properties

and the morphological re-arrangement under compression

(figure 2a). Additionally, the transfer of such layers onto a

solid substrate enables the characterization by diverse tech-

niques and the implementation of cell-culture experiments.

Second, the evaluation of interactions between polymer Lang-

muir layers and subphase components, such as enzymes or

degradation fragments, simulates the biomaterial–environ-

ment interface in vivo (figure 2b). Third, the investigation of

the degradation behaviour of polymers at the air–water inter-

face avoids any diffusion processes and allows studying the

degradation processes at the molecular level.

This review will discuss the potentials of Langmuir

monolayer methods to understand polymer monolayers,

their degradation behaviour and how they can be used to

investigate protein behaviour on implant interfaces. The

manuscript focuses predominantly on the preparation and

characterization of polymer-based Langmuir layers, while

(phospho)lipid layers at the air–water interface, which are
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Figure 2. (a) Well-defined Langmuir monolayers prepared from synthetic or natural (shown) polymers, which can be transferred onto a solid substrate, (b) synthetic
biomaterial surface interacting with proteins and (c) polymer layer during degradation. (Online version in colour.)
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frequently discussed as a model system for cell membranes

[32–36], are not considered. It is not the aim to completely

cover the literature; however, previous reviews and over-

views are cited to provide further information on this

comprehensive topic. Representative papers have been

selected revealing the special interest on protein and polymer

orientations at the interface relating to their ability to interact

with the environment.
2. Langmuir monolayer techniques
2.1. General principles
The Langmuir monolayer technique is based on the results of

the research from Lord Rayleigh and Agnes Pockels at the end

of the nineteenth century [37,38]. Basically, at constant temp-

erature the surface pressure–area (p-A) isotherm is recorded

by measuring the surface pressure p which is the difference

between the surface tension of the pure subphase and the sur-

face tension of the subphase covered by the spread monolayer

during reduction or expansion of the covered surface area (A).

The shape of the p-A isotherms depend, among other aspects,

on the nature of amphiphiles, compression speed, spreading

conditions and temperature. For classical amphiphiles, the

isotherm can roughly be classified into four different regions

and the corresponding transition regions: a two-dimensional

gaseous (G) phase, a liquid-expanded (LE) phase, followed

by liquid-condensed (LC) and a two-dimensional solid (S)

phase, where the maximally reached surface pressure is

called the collapse pressure (figure 3) [39,40]. Between the G

and LE and the LE and LC phases, first-order transition

takes place revealing a (pseudo)plateau region (coexisting

region). Not all phases occur for every amphiphile and differ

depending on the experimental conditions. In particular, the

interpretation of polymeric p-A isotherms is usually more

complex because of the macromolecular conformational

flexibility and the resulting architecture such as coils,

pancakes, crystals and liquid crystals [41–43].
Low molecular weight amphiphiles, including (phospho)li-

pids and organic surfactants, are used initially for the formation

of Langmuir layers due to their appropriate hydrophilic–

hydrophobic balance, enabling the molecular orientation at

the air–water interface. In the middle of the twentieth century,

the idea of Langmuir monolayers was extended towards the

description of the film formation of non-classical amphiphilic

materials, such as (poly)peptides [44,45], proteins, [46] polysac-

charides [47], nanoparticles [48], dyes [49,50], fullerenes [51–53]

and (biodegradable) polymers [54,55].

A variety of sensitive methods enable the in situ character-

ization of the monolayers at the air–water interface,

including microscopy, spectroscopy and scattering tech-

niques. For example, Brewster angle microscopy (BAM) is

used to visualize (in)homogeneities in the optical properties

of the film by monitoring domain formation or variations

in monolayer thickness and other morphological changes

[56,57]. Dielectric properties and thicknesses of the mono-

layers can be obtained by (spectroscopic) ellipsometry

[58,59], whereas the structural and orientational changes in

the monolayer can be obtained by infrared reflection-

absorption spectroscopy (IRRAS) [60–62]. Two types of

spectral information are obtained from IRRAS: frequency

and intensity changes. Frequency changes provide information

about the molecular structure and interactions, whereas the

quantitative evaluation of the measured band intensities

allows the determination of the chain and group orientations.

Grazing incidence X-ray diffraction provides information only

about ordered domains within the monolayer [63,64], whereas

specular X-ray reflectivity (XR) supplies access to the electron

density distribution across the layer, allowing speculation

about the monolayer profile constitution.

The transfer of monolayers from the air–water interface

onto a solid substrate after the compression into a highly

condensed state allows the preparation of organized mono-

and multilayer structures with varying layer compositions

and orientation and enables the modification of the biomaterial

surface directly. A recent review summarized the LB research
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in surface sciences, physical chemistry, materials chemistry

and nanotechnology [24]. The LB technique is also used for

the elucidation of membrane surfaces, capsulation technol-

ogies, surface patterning, and for electronic and optical

applications [65].

By vertical dipping of a hydrophilic or hydrophobic solid

substrate into the subphase, the film can be transferred. By

repeating the transfer process, different deposition types of

the multilayers are formed [66]. However, the transfer is

not limited to vertical dipping method. In the Langmuir

Schaefer (LS) technique, the film is transferred by horizontal

dipping through stamping the solid substrate [66–68]. More-

over, the layer can be transferred from the aqueous subphase

onto a solid substrate by gradually lowering the water level

relative to the substrate. Compressed Langmuir monolayers

are not in their thermodynamical equilibrium resulting very

often in morphological changes (e.g. crystallization or aggre-

gation) during and after the transfer process. This has to be

considered for interpretation of the LB film structures and

properties in comparison with the virgin Langmuir films.

Almost all surface characterization methods are suitable for

the description of the transferred layer, contributing to the

knowledge of the monolayer assembly [24,69,70]. Several

methods are used to quantify topography, thickness and

morphologies, for example atomic force microscopy (AFM)

[71–73], scanning electron microscopy [74,75], transmission

electron microscopy (TEM) [76,77] or ellipsometry [78].

Additionally, information on interfacial properties and orien-

tation of molecules are provided by infrared [79], UV-vis and

fluorescence spectroscopy [80], X-ray techniques [81] and

Fourier transform infrared spectroscopy [82].

2.2. Polymer-based Langmuir layers
A variety of synthetic and natural polymers having different

chemical structures are used to form Langmuir layers at the

air–water interface. To emphasize the varieties in the chain

orientation of polymeric monolayers, three different polymer

systems are exemplarily outlined in figure 4. For each system,

small changes in the chemical structure, the composition,

molecular weight distribution, hydrophilicity or the tacticity

result in different chain orientation and packing motifs.

In ‘amphiphilic polymers’, each repeating unit has an

amphiphilic character given by the ratio of the hydrophilic

to hydrophobic parts and forms high ordered structures

[86,87]. Polymethacrylates [88] and poly(maleic acid)
derivatives are typical polymers in this class. Polymer

brushes, where the backbone and the side groups exhibit

different hydrophilicity/hydrophobicity, belong to this

amphiphilic polymer class. Alternatively, amphiphilic block

copolymers composed of a hydrophilic segment, such as

polyethylene glycol, and a hydrophobic segment, such as

polystyrene, also form stable monolayers [89,90]. Under com-

pression, such block copolymers form brushes at the interface

[91]. By contrast, hairy-rod polymers are composed of rigid

rod-like back bones surrounded by flexible side chains

[92–94]. Cellulose derivatives [92] and glutamates [95],

which form stiff a-helices by hydrogen bonding, but also

aromatic polyguanamines [96] belong to hairy-rod macro-

molecules. Unlike hairy-rod and amphiphilic copolymers,

the amphiphilic character of polymers such as aliphatic

polyesters, polyanhydrides or polycarbonates, which are fre-

quently used in clinical applications, is caused by the

presence of hydrophobic parts (aliphatic chains) and hydro-

philic binding groups such as ester bounds in the backbone

itself. The polar groups of these macromolecules allow their

nearly plane arrangement at the interface with a pancake-

like structure. Varying the hydrophobic segments between

hydrophilic groups in the macromolecular chain influences

their spreading behaviour and packing motifs. In the follow-

ing, we concentrate on those non-classical amphiphilic

polymers, namely aliphatic polyesters and proteins.
3. Polymers at the air – water interface and
on solid substrate

3.1. Pressure-induced morphological changes
in synthetic polymer layers

Poly(1-caprolactone) (PCL)-based materials reveal high

degradation stability, whereby the degradation velocity can

be varied by copolymerization or by the creation of advanced

polymer architectures [97–99]. At the air–water interface,

PCL forms closed-packed two-dimensional monolayers

below the collapse point [100]. Above this point, crystalliza-

tion from supersaturated solution occurs, which has been

traced by in situ BAM [85]. By varying the compression

speed and molecular weight of the PCL, different sized crys-

tals are formed [85,101,102]. Expansion of the film leads to

the detachment of the polymer chains from the crystalline

domains, which is typically called ‘melt’ process, followed

by re-formation of a monolayer. Remaining crystallites

serve as nucleation centres for the next crystallization process

in the second compression run. Modification of the interfacial

properties as well as the film morphology of PCL-based

Langmuir films has been performed by blending or copoly-

merization. The interfacial properties of PCL/polystyrene

(PS) blends are dominated by the polyester [103], whereas

the film morphology is determined by the blend composition,

which is in agreement with structures observed in polymer

blends of amphiphilic and non-amphiphilic polymers at the

air–water interface [104]. Copolymerization prevents the

phase separation. For example, the introduction of urethane

junction units results in a decreased crystallization tendency

and a closer film packing due to the formation of hydrogen

bondings [105]. The introduction of polyethylene glycol

(PEO) blocks in linear and grafted block copolymers (PCL-

b-PEO) leads to the formation of a transition region before
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film collapse [106,107]. PEO segments dissolute in the sub-

phase, whereby the PCL segments are still able to

crystallize, which is revealed by AFM at transferred LB

films. For five-arm star-shaped molecules based on PEO-b-

PCL block copolymers, the PEO core units impact the PCL

crystal shape in transferred LB layers, but not the crystal

height (7.5 nm) [106], which is in the same range as for

linear PCL crystals at the air–water interface [85]. AFM inves-

tigation of grafted copolymers of PCL and poly(glycerol

adipate) (PA-g-PCL) reveals a film thickness of approxi-

mately 7.6 nm by reduced crystal size and lower

crystallization rate compared to the homopolymers, which

approve the high crystallization tendency of PCL chains at

the air–water interface [107]. The introduction of hydrophilic

poly( p-dioxanone) (PPDO) blocks giving PDC multiblock

copolymer leads to an enhanced collapse tendency with

increasing PPDO content, which is the result of the increased

number of polar groups [108].

Regarding the interfacial properties of poly(lactic acid)

(PLA), two different isomers have to be considered, poly(L-

lactic acid) (PLLA) and poly(D-lactic acid) (PDLA) [76,109].

The p-A isotherms for PLLA and PDLA monofilms

are identical; however, blends of PLLA and PDLA

(rac-PLA; 50 : 50 wt%) reveal monolayers with different inter-

facial properties due to a different packing of the chains

caused by stereo complexation [110]. This different packing

of the chains is confirmed by IRRAS investigations, which

show distinctions in the conformation of the helical

chains in the compressed monofilms. The compression of

poly[(rac-lactide)-co-glycolide] (PLGA; 50 wt% rac-PLA)

monolayers reveals a more expanded behaviour with a gra-

dual increase of the surface pressure compared with PLA

monolayer [111–113]. For PLA layers, a nucleation process

is observed during phase transition, while continuous
wormlike structures are visualized in the condensed phase

by AFM (figure 5a) for PLGAs due to the hydrophobic inter-

actions [112]. In situ BAM investigations of PLGA monolayers

confirmed circular aggregates at the air–water interface in the

transition state. Moreover, these aggregates are able to form a

network-like structure under constant surface pressure and

surface area conditions (figure 5b). The comparison of

in situ BAM measurements with ex situ AFM images

evidences that transferred LB layers do not reflect quantitatively

the morphology of a water swollen layer at the air–water

interface. A retarded percolation of the monolayer compared

to PLGA has been observed for oligo[(rac-lactide)-co-glycolide]

(OLGA)-based polyesterurethanes, which are synthesized

by the use of urethane junction units as chain extenders

[114]. The retarded percolation is caused by a slightly

increased stiffness and lower mobility caused by a higher

H-bonding capacity, which has, however, no influence on

the layer thickness. At the molecular level, the mechanisms

responsible for the transient glass transition behaviour have

been investigated by X-ray reflectivity and double-wall-ring

interfacial rheometry at the air–water interface [115].
3.2. Proteins at the air – water interface
Protein-based layers are of high interest for biomedical appli-

cations as they interlink the artificial interface and the cellular

compartments, including immune cells, stem cells and tissue

cells. The majority of the studies investigating protein mono-

layers used bovine serum albumin (BSA), which is a valid

model protein for fundamental studies since it is available in

high amounts and well understood, whereas its clinical

relevance is rather limited. Recently, in several studies

monolayers of other proteins were investigated including

extracellular matrix components and immunoglobulins,
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indicating an increasing interest and expectation to obtain

new insights in protein behaviour, which might also be

relevant for specific applications. For the preparation of such

protein layers, several approaches have been employed

including physical adsorption [116] and site-specific

immobilization [117].

The interactions of biomolecules and nanomaterials

with classical amphiphilic Langmuir monolayers as a

model system for cell membranes were recently reviewed

[32]. Therefore, the interactions of proteins with amphiphilic

Langmuir layers are not considered here. We discuss a few

pure protein-based Langmuir layers as representatives for

biomacromolecules.

A wide range of proteins, including albumins, are water-

soluble, forming Gibbs layer at the air–water interface. The

flexible structures of the molecules allow conformational

changes depending on the experimental conditions. Different

parameters such as subphase pH value, ionic strength, temp-

erature or spreading solvent affect the film stability at the

interface [118]. Transfer of the protein layers by the LB tech-

nique requires the selection of the optimal experimental

conditions in terms of temperature, surface pressure and

solid substrate material. Protein solutions with high concen-

trations lead to unordered and loosely packed protein layers

with granule structure, which could partly be denatured hin-

dering the formation of closely packed or ordered arrays [119].

When using proteins for Langmuir monolayer studies, a few

possible obstacles need to be considered. First, recombinant

proteins generated by overexpression in bacteria, such as

Escherichia coli, lack post-translational modifications such as

glycosylation. A second aspect to be considered is the purity

of proteins, since impurities caused by contaminating proteins

or peptides, but also residual bacterial compounds such as

endotoxins, could substantially bias the experimental readout.
3.2.1. Bovine and human serum albumin
Albumins are applied in clinical chemistry and cell-culture

media [120]. Recently, the two-dimensional behaviour

of serum albumins was reviewed summarizing the
characterization of protein–lipid interactions, protein–ionic

surfactant interactions, protein insertion into monolayers

and topographical studies [46]. Owing to its stability, BSA

is frequently used as an example protein for fundamental

studies, but also for the development of immunosensors

and for surface passivation [121,122].

Spreading a BSA solution at the air–water interface

results in an immediate jump up of the surface pressure

reaching a plateau value within approximately 900 s, inde-

pendent of the subphase (water, buffer, clay mineral:

saponite dispersion) [123]. However, the maximum of the

attained surface pressure depends on the type of subphase.

Adding clay mineral or buffer, the equilibrium surface

pressure increases compared to water. The adsorption pro-

cess of molecules occurs in two steps. Initially, the BSA

diffuses from the subphase to the interface, followed by a

re-arrangement of the molecules. Afterwards, BSA molecules

are able to incorporate in the existing interface layer increas-

ing the surface pressure to positive values until an

equilibrium surface pressure is reached. Figure 6 represents

several possible arrangements of globular proteins such as

BSA at the air–water interface [124]. Adding phosphate

buffered saline (PBS) increases the surface charges and

leads to a slightly higher surface tension (53 mN m21) and

increases the layer thickness, while simultaneously decreasing

the refractive index and the surface density.

Variation of the subphase pH leads to a modified time to

reach the surface pressure equilibrium [125]. Below the iso-

electric point (pH 3.8) BSA is positively charged and in its

F form, where most hydrophobic residues are located at the

outer shell, leading to a high driving force directed to the

interface. Close to the isoelectric point (pH 5.1) BSA is in a

compactly packed N form and at pH 8.2 (above the isoelectric

point) the BSA molecules are negatively charged and in the B

form. The B form is more expanded compared with the N

form, exposing the less hydrophobic segments to the sub-

phase. The negative surface pressure values after spreading

indicate directly that the rearrangement of BSA leads to a

reduction of projected surface area per molecule. Surface dila-

tional elasticity measurements do not indicate significant
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Figure 6. Scheme of conceivable BSA arrangements at the air – water interface: (a) loosely packed monolayer in a side-on orientation, (b) closed packed monolayer
in a side-on orientation, (c) the same as (b) having an additional loosely packed second layer, (d ), (e) and ( f ) represent the orientations of (a), (b) and (c) in edge-
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conformational differences of BSA over a broad pH range

around the equilibrium surface pressures [126]. At different

pH values and temperatures, BSA and b-lactoglobulin

mixed monolayers have been evaluated using compression

experiments revealing an electrostatic character of the inter-

action between the proteins [127]. Desorption phenomena

during compression have to be considered evaluating the

intermolecular forces.

The understanding of the adsorption behaviour of proteins

at the interface has been investigated using BSA with sum-

frequency generation (SFG) and ellipsometry [128]. The layer

thickness of adsorbed BSA reaches its maximum value close

to the isoelectric point, revealing the formation of an amor-

phous multilayer. At the same pH value, SFG amplitudes

show a minimum in the BSA and H2O-related bands, which

are attributed to the absence of the electric field at the interface

at this pH value. Recent developments using SFG for studying

different protein layers (BSA, lysozyme and b-lactoglobulin)

at air–water interfaces have been summarized under

consideration of the interpretation of SFG spectra [129].

The effect arising from different BSA concentrations or

denaturation on the adsorption behaviour, the surface tension

is investigated by tensiometry, ellipsometry and IRRAS [124].

The steady-state surface tension of 50 mN m21 (water) is basi-

cally independent of concentration but decreases dramatically

after thermal denaturation (40 mN m21) caused by different

hydrophobicities. Ellipsometry and IRRAS revealed a higher

surface density and layer thickness (up to 16 nm) with increas-

ing concentration. Ellipsometry (change in the thickness

9–16 nm and refractive indices 1.42–1.39) and IRRAS support

the assumption that at higher concentrations a second BSA

layer is formed.

The amino acid sequence of BSA and HSA, which share

76% sequence homology, has no major impact on the overall

range of surface excess (Ã). This is related to the surface

area, the Avogadro’s constant (Ã ¼ 1/A Na) and the thickness

of the layers [130]. For HSA, the extrapolated surface area

at the zero surface pressure is in the range of 1 m2 mg21

[131]. The p-A isotherm exhibits a pseudo-plateau between

19 and 24 mN m21, which is attributed to a change from an

unfolded to a coiled conformation. BAM investigations

reveal very small bright circular domains at low surface

pressures (p ¼ 2.5 mN m21), which grow by compression

and form grouping rows (p . 19.2 mN m21) in the pseudo-

plateau region caused by the packing of ‘loop’ structures.

The relative film thickness d increases slowly under com-

pression until p ¼ 15 mN m21. At higher surface pressures,
the fast increasing of d corresponds to packing of the

‘loops’ achieving a maximum value of 4 nm.

The structure of BSA and HSA monolayers adsorbed at

the air–water interface has been studied by neutron specular

reflection [130,132]. The surface excess G increases sharply

with increasing concentration where 5 � 1022 g dm23 tends

to be the respective saturation limit at pH values close to

the isoelectric point. The determined protein layer thick-

nesses are in the range of the short axial length of the

globular protein solution structure (40 Å) over almost all

investigated conditions, suggesting an adsorption of the mol-

ecules with their long axes parallel to the water surface. The

macroscopic film morphology and the spreading dynamics of

the defatted form of HSA have been investigated by ellipso-

metry, neutron reflectometry, X-ray reflectometry and BAM,

revealing an alteration from a loose network to a more

homogeneous film with increasing concentration [133].

The in situ conformational changes in protein layers

(b-casein, BSA, lysozyme and fibrinogen) at the air–water

interface have been investigated by circular dichroism (CD)

spectroscopy technique. The existing a-helices of BSA in

solution vanished at the air–water interface and a disordered

protein layer is formed. Lysozyme and fibrinogen, being a þ
b-type proteins in solution, exist in b-sheet conformation at

the air–water interface [134].

The fibril formation in BSA and human insulin (HI)

monolayers has been evaluated by epifluorescence microscopy

at the air–water interface as a faster, cheaper and easier to

use alternative to CD spectroscopy and AFM [135]. Time-

dependent p-A isotherm characterization reveals a shift of the

lift-off point to smaller surface areas (from 3000 to 2500 Å2)

within 48 h, indicating a slightly decreased fibrillization.

The BSA unfolding is studied by dilational surface rheol-

ogy at the interface using guanidine hydochloride (G.HCl) to

determine the critical denaturant concentration [126]. Low

concentrations of G.HCl (less than or equal to 0.2 M) lead

to a decrease in the electrostatic adsorption barrier. Increasing

G.HCl concentrations result in changes in the shape of the

dynamic surface elasticity curves due to the formation of

loops and tails in the surface layer. The maximum of the

dynamic surface elasticity indicates the destruction of the ter-

tiary and secondary structures of BSA at the interface, which

takes place at lower concentrations compared to the bulk

phase. The unfolding process leads to a re-spreading of the

macromolecules requiring a larger surface area. BSA trans-

ferred at 10 mN m21 yields a homogeneous layer of protein

particles with a diameter of 25 nm and a height of below
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5 nm [119] representing the individual molecules (4 � 4 �
14 nm3) [123]. BSA and glutaraldehyde (GA)-treated BSA

layers at the air–water interface have been transferred to a

solid substrate regarding the ability to react with A-b-galacto-

sidase [136]. The change in the absorbance for GA-treated

BSA layer reveals the formation of an antibody film at

the surface.
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3.2.2. Other proteins
The addition of ionic surfactants has a strong impact on the

kinetic dependence of the dynamic surface properties, as

shown for b-casein [137]. The hydrophilic and hydrophobic

parts of b-casein form loops and tails at the interface, while

for b-casein/ionic surfactant mixtures the b-casein is

displaced from the adsorption layer. Fibronectin (FN) is a gly-

coprotein of the ECM, which facilitates the binding of cells.

The impact of Ca2þ and Naþ ions and the pH value on a

fibronectin monolayer is compared to the monolayer behav-

iour of bovine submaxillary mucin (BMS) [138]. The specific

molecular area is unchanged for BMS by alteration of the

ionic strength, but, for fibronectin, the specific molecular

area increases linearly with the square root of the ionic

strength. The behaviour of FN is attributed to an unfolding

structure due to the diminished electrostatic intramolecular

interaction. Both proteins exhibit a change in the specific

area depending on the pH value.

FN monolayers of high molecular cohesion with defined

surface density have been transferred onto polydimethyl-

siloxane (PDMS) substrates by the LS-method to improve

stem cell adhesion behaviour [139]. LS layers are shown to

be uniform and homogeneous as indicated by AFM and

immunofluorescence images, whereas layers prepared by sol-

ution deposition method are rather heterogeneous with the

appearance of resembling protein aggregates. Owing to the

well-defined organization of the FN LS layers, human

mesenchymal stem cells seeded on PDMS showed a reduced

absolute number of adherent cells, but a higher and more

homogenously vinculin expression in comparison with a

PDMS surface equipped with a solution deposition layer,

indicating a more in vivo like behaviour.

Lysozymes form stable and homogeneous layers at the

air–water interface, which can be adjusted by the pH value

and the salt concentration [140]. The protein adsorption rate

decreases with increasing the positive charge of lysozyme

[141]. The equilibrium time period depends on the subphase

ion in the following order: buffer , water , saponite dis-

persion. The homogeneity of the layer is proved by p-A
isotherms, UV-vis and fluorescence spectroscopy [123]. In

time-dependent experiments, a decrease in the surface

pressure from 0 to 21 mN m21 during the first hour is attrib-

uted to the solubility of the lysozyme molecules or exchanges

with subphase components. Afterwards, p increases within

3–10 h reflecting the formation of a monolayer.

The effect of Hofmeister anion (NaX, X ¼ I, Br, Cl, F) on

the adsorption kinetics of the positively charged lysozyme

(below the isoelectric point of 11.35) is evaluated by surface

tension measurements and time-resolved X-ray reflectometry

[141]. The presence of salt increases the protein adsorption

rate following an inverse Hofmeister series caused by the

interaction of strongly polarized halide anion Br- with the

local electric field of the layer which is not the case for F2.

The initially adsorbed lysozyme molecules have a flat
unfolded structure on a pure water subphase. Adding salt

leads to the unfolding of the lysozyme molecules during

adsorption as a result of protein–protein rearrangements in

the following order F2 , Br2 � I2 , Cl2.

External reflection FTIR spectroscopy has been used to

investigate and to compare the conformational changes of

three globular proteins, lysozyme, BSA and b-lactoglobulin,

adsorbed at the air–water interface [142]. The surface

pressure kinetics of the lysozyme adsorption is relatively

slow, equilibrium surface pressure is reached after about

2.5 h, while the secondary structure alters within 10 min.

Lysozymes form network-like adsorbed structures of

unfolded protein layers composed of high content of antipar-

allel b-sheets. The structural change and the slow gradual

adsorption rate are caused by hydrophobic interactions and

are associated with a preferred adsorbed orientation or

changes in the protein structure.

By contrast, the native structure of BSA and b-lactoglobu-

lin remains stable after the fast adsorption (equilibrium time

approx. 10 min) to the interface, which is probably the reason

for their higher emulsion efficiency.

The interfacial rheological properties, the protein confor-

mation, and the interaction between adsorbed proteins are

reviewed for a variety of proteins such as casein, ovalbumin

and b-lactoglobulin [143,144]. For several positively and nega-

tively charged proteins, it has been shown that the adsorption

kinetics are strongly influenced by the energetics of interaction

of proteins with the interface and not only diffusion-controlled

[145]. In general, positively charged proteins exhibit adsorp-

tion rates, which are an order of magnitude slower than

their respective bulk diffusivities due to the energy barrier

for adsorption on the surface. In contrast, for negatively

charged proteins the adsorption rates are in the same range

than their bulk diffusivities due to their attraction towards

the air–water interface. X-ray and neutron reflectometry

measurements revealed that adsorbed b-lactoglobulin keeps

its globular structure and forms monolayers at the interface

(layer thickness 36 Å) [146].

AFM investigations of LB films reveal that the monolayers

of lysozyme are homogeneously composed of small, soft

round aggregates with a diameter of 25 nm and a height of

below 3 nm when transferred at 5 mN m21 [123].
3.2.3. Peptides
Besides proteins or enzymes, a variety of oligopeptides and

polypeptides have been investigated at the air–water inter-

face [44,147,148]. Because of the complexity, only a few

examples related to oligopeptides and polypeptides are men-

tioned here. A more detailed summary of the interactions of

b-amyloid-, antimicrobial-, fusion peptides and peptides

responsible for protein interaction with membranes has

recently been published [32]. Rod-like a-helical polypeptides

based on poly-g-alkyl-L-glutamate form aggregates at the

air–water interface during spreading [149,150]. With increas-

ing surface density, poly-g-benzyl-L-glutamate (PBLG) forms

solid-like films with increasing fibre diameters [150]. More-

over, the morphological variation of a stimuli-responsive

elastin-like polypeptide (ELP) is investigated as a function

of temperature and compression [151]. Stable ELP layers are

formed at the air–water interface, whereby an increasing

temperature induces a shift of the isotherm to larger surface

areas indicating a phase transition followed by the formation
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of aggregates. The temperature changes of the secondary

structure are investigated by surface-enhanced Raman

(SERS) scattering and with atomic force microscopy for LB

layers. By circular dichroism (CD) spectroscopy, it is shown

that a temperature increase from 21.58C to 41.58C leads to

the formation of a plateau region in the p-A isotherm

caused by a change in the helix orientation [152]. Based on

the results obtained from p-A isotherm, CD spectroscopy

and AFM, a structural model is derived where the horizon-

tally oriented helices partially alter their orientation to

vertical upon compression in the plateau region.

The most important pharmaceutical peptide for diabetes

treatment is insulin. To understand the physical/chemical

properties of insulin at interfaces, the investigation of its

aggregation behaviour is important. The recent progress in

this field is summarized for different interfaces focusing the

Langmuir technique [153]. Shortly, insulin forms homogenous

layers at the air–water interface after spreading on a pure sub-

phase, which is loosely packed before compression. No

aggregates are observed by BAM and fluorescein isothiocya-

nate-labelled insulin epifluorescence [154]. Moreover, zinc

concentration, pH, ionic strength, and proteins in the

subphase lead to aggregation of insulin at the air–water inter-

face. Spread from acid solution insulin forms homogeneous

layers at 208C [154]. Acidic pH values (pH ¼ 1) result in a

more expanded conformation compared to pH 5.7, indicating

the presence of an increased amount of monomeric insulin. By

contrast, association of insulin molecules has been observed at

pH 10 forming a more compact and rigid monolayer with

smaller mean molecular surface area.

The human insulin (HI) Langmuir monolayers are inves-

tigated in the presence and absence of Zn(II) ions depending

on the subphase pH value, revealing different conformation

by spectroscopic data [153,155]. The addition of zinc ions

influences the lifting up of the molecular surface area and

the transition state [156]. Surface pressure–area and surface

potential-area isotherms suggest aggregation of the HI mol-

ecules at the air–water interface in the presence of Zn(II)

ions [155]. Infrared absorption and CD spectroscopy reveal

a higher content of b-sheet and b-strands, as aggregation

occurred under basic conditions. Compression–decompres-

sion cycles show that the HI aggregates are not stable and

tend to spread to a monomolecular monolayer, which is in

accordance with UV-vis and fluorescence spectroscopy

analysis. IRRAS obtained mainly a-helix and less b-sheet

structures at different surface pressures; however, the spectral

bands differ from those obtained in solution. Reasons for the

conformational change of the insulin probably are a lower

degree of freedom of the molecules and misfolding of the

hydrophobic residues and their exposing to the air, while

the hydrophilic segments submerge into the subphase.
4. Polymer – protein interactions at the
air – water interface

The Langmuir technique proved to be a powerful tool for the

investigation of in situ molecular interaction between the sur-

face layer and subphase compounds. The interaction between

polymer and biomolecules leads to functional changes of the

material–environment interface. Such modification can be

investigated by applying the Langmuir monolayer approach.

For example, the surfaces of a spin-casted PLA film,
functionalized by LB-layers of amphiphilic AB or ABA

block copolymers of PLA as A block and either PEO, a-meth-

oxy-v-hydroxy PEO, a-carboxy-v-hydroxy PEO or poly(L-

aspartic acid) as B block, improve the protein and cell

adhesion [157]. The simulation of the biomolecule impact,

such as proteins or enzymes, on a pre-existing synthetic

polymer layer is discussed in this section on the microscopic

and macroscopic level.

PLA is often used in medical applications and for tissue

regeneration [158,159]. Its hydrophobic character is the

reason for non-specific protein adsorption. The modification

of the interfacial properties of PLA has been shown using

Langmuir monolayer technique by applying mixed mono-

layers with hydrophilic PEO-polypropylene oxide triblock

copolymers (PEO-b-PPO-b-PEO) [160]. Thus, the interaction

with BSA molecules (adsorbed/penetrated) at the air–water

interface of the PEO-b-PPO-b-PEO-modified-PLA monolayer

is tuned by changing the surface density and chain length of

PEO. The hydrophilization with long PEO segments reduces

the protein adsorption compared to pure PLA monolayers

due to the formation of a thick (twice as thick as a radius of

gyration RG) PEO layer immersed into the subphase.

The formation of poly(styrene)-b-poly(ethylene oxide)

(PS-b-PEO) monolayers inhibits the HSA adsorption to the

air–water interface [161]. The layer thickness of PS-b-PEO

monolayer in the presence and absence of albumin is

determined by in situ surface plasmon resonance (SPR)

measurements. The closed packed PEO ‘brushes’ operate as

a shield and prevent albumin adsorption. An effective inhi-

bition is obtained only after the formation of brush-like

structures, as illustrated in figure 7. At lower PEO surface

density, the surface pressure kinetics of albumin insertion

reveals two different situations: albumin binds to the

air–water interface very rapidly when PEO is below the

‘pancake-brush’ transition and is able to induce this tran-

sition. Above the transition, albumin penetrates in between

free spaces of the PS-b-PEO monolayer.

Mixed monolayers based on PLA50 and BSA are studied

to evaluate the film organization considering composition

and compression state, whereas the influence of each com-

ponent is successfully described by the Maxwell’s model

[162]. Up to approximately 15 mN m21 (phase transition),

the shape of the isotherm is governed by PLA50. During

the phase transition of PLA50, a continuous BSA phase is

formed from then on defining the rheological properties of

the monolayer. AFM of corresponding LB films transferred

at 16 mN m21 shows separate aggregates on a homogeneous

layer, suggesting a condensed PLA50 phase. Langmuir and

LB experiments suggest that BSA molecules are present

between PLA50 aggregates, preventing the interaction of

the polyester molecules [76].

Concerning the degradation of polymer layers at the air–

water interface, the interaction of polymer layers with

enzymes and degradation fragments is a major topic. It is

assumed that degradation fragments immediately dissolve

into the subphase and have not been considered in the degra-

dation process anymore. Recently, the impacts of the

intermediate hydrolysis products of PLGA consisting of

both water-soluble and water-insoluble components have

been investigated [163]. Monolayers based on water-insoluble

degradation OLGA fragments reveal highly compressible

film behaviour, which significantly differs from the complex

behaviour observed for pristine PLGA. An increased
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Figure 7. Possible description of the HSA penetration into a PS-b-PEO monolayer at different surface densities (a) at low packing density of PS-b-PEO: HSA easily
penetrates into the monolayer, (b) medium packing density of PS-b-PEO: the HSA adsorption leads to a pancake – brush-transition and (c) high packing density of
PS-b-PEO: PEO brushes inhibit HSA penetration. Reprinted from [161], Copyright 2007, with permission from Elsevier. (Online version in colour.)
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elasticity modulus of the Langmuir layer is obtained as a

consequence of improved packing abilities and increased

water-solubility. Water-soluble degradation fragments are

surface-active. On the contrary, lactic acid and glycolic acid

do not influence the surface tension of water, but are able

to form weakly interacting by H-bonds reducing the required

monolayer surface area by looping effect in combination with

a PLGA layer.
5. Langmuir monolayer degradation of polymer
layers

5.1. General principles
Biodegradation of polymers is usually observed by time-con-

suming in vitro or in vivo methods using three-dimensional

samples considering diffusion processes for the evaluation

of the degradation kinetics. Using Langmuir monolayer

methods, all polymer chains are in direct contact with the

air–water interface. Therefore, diffusion processes of the

degrading components (like water) in the surrounding fluid

and the degradation fragments out of the sample are

excluded as kinetically relevant. By applying the Langmuir

monolayer degradation (LMD) technique, the hydrolytic as

well as enzymatic degradation of polymers can be investi-

gated. Degradation conditions can easily be varied

(temperature, pH value, enzyme addition, salt type and con-

centration) allowing a versatile access to the degradation

properties of plenty of different materials. In this section,

the degradation of polymer layers at the air–water interface

is considered.

During LMD experiments, the reduction of the covered

surface area with time is recorded under constant surface

pressure (barostatic) conditions. The experimental setup for
an enzymatic degradation experiment is shown in figure 8.

In the first step, a closed packed monolayer is formed by com-

pression of the polymer film, which is typically the case at the

inflection point of the p-A isotherm. The hydrolysis of esters,

amides or other bonds in the polymer main chain results

in the formation of water-soluble low molecular weight

fragments (oligomers and monomers), which are able to

leak out of the polymer monolayer into the subphase. To

keep the surface pressure constant, the surface area has to

be decreased as a result of the reduced amount of molecules

at the interface. This time-dependent surface area reduction

indicates the degradation process of the polymer. The depic-

tion of the area reduction versus the time is called

degradation curve, allowing the correlation between the

reduction of the covered surface area and the formation of

water-soluble molecules. Different descriptions are used for

the surface area reduction data. In a simplified way, the surface

area reduction is represented only by dividing the covered sur-

face area (At) after the degradation time interval t by the

initially required surface area of the compressed monolayer

(A0) [164]. Alternatively, the surface area reduction is described

by the total area loss (DA(t)) at a certain time point where DA(t)
is the difference between A0 and At [165]. Based on this, the

relative area change DArel(t) is given as follows:

DArelðtÞ � ðA0 � AtÞ � A�1
0 : ð5:1Þ

Applying the dynamic fragmentation model, the cor-

rected surface area reduction (DAcorr(t)), calculated

according to equation (5.2), DArel(t) is often used for the

description of the degradation kinetics. This model considers

the correction of small surface areas value [166].

DAcorrðtÞ ¼ DArelðtÞ � ðA0 � A�1
t Þ ¼ ðA0 � A�1

t Þ � 1: ð5:2Þ
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Figure 8. Schematic of the implementation of an LMD experiment at the air– water interface: monolayer formation by compression, injection of the enzyme into the
subphase beneath the monolayer and monolayer degradation by fragmentation under constant surface pressure conditions. A0 and At correspond to equation (5.2).
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By applying this modelling approach, two degradation

mechanisms can be distinguished based on the characteristic

release kinetics of water-soluble degradation fragments

leaving the air–water interface into the subphase: random

chain scission and chain-end cut mechanism [166].

In analogy to the bulk degradation, random chain scission

is characterized by an exponential slope, and chain-end

scission mechanism by linear slope (figure 9) [167,168].

Considering the bond cleavage mechanisms of macromol-

ecules at the air–water interface, the hydrolytic degradation

and enzymatic degradation play the most prominent role.

Therefore, the kind of polymers, which are applicable for

the monolayer degradation approach is limited, and most

established examples belong to the family of polyesters, like

PLA- and PCL-based (co)polymers.

5.2. Langmuir monolayer degradation investigations of
polyester-based monolayers

The degradation of polyesters and blended polyesters mono-

layers has been analysed with an emphasis on the

composition, the degrading medium and its pH value. A sig-

moid-shaped degradation curve is obtained for the

hydrolytic degradation of rac-PLA monolayers using the

change of surface area ratio (A/A0) on an alkaline subphase

(pH ¼ 10.5) [169]. Moreover, the extent of surface area ratio

reduction increases with increasing surface pressure (p ¼ 4,

7, 10 mN m21). Under alkaline conditions, an instantaneous

linear surface area reduction is obtained in LMD experiments

(DAcorr(t)) revealing a chain-end scission mechanism for

rac-PLA and PLGA [165]. These results are supported by

three-dimensional degradation investigations of oligolactides

terminated with hydroxyl functions, which are preferably

hydrolytic degraded by a backbiting mechanism [170].

Alkaline pH values of the subphase are necessary to

increase the degradation velocity in a time period suitable

for the Langmuir technique in the case of PLA. At acidic

pH values (pH 1.9 and 3.5), no degradation is observed

within a time range of 100 min [169,171]. Particularly, for

PLA-based materials, the specification of the stereochemistry

has a comprehensive effect on the biological and physical

properties. Three- and two-dimensional degradation reveals

a significant faster degradation of amorphous rac-PLA com-

pared to the semi-crystalline PLLA and PDLA [172,173].
Moreover, reduced hydrolysis rates of PLLA/PDLA stereo-

complexes arise from a higher degree of crystallinity as well

as a stronger interaction in the formed stereocomplex

compared to PLLA homopolymer [174]. Stereocomplex for-

mation in enantiomeric PLA Langmuir monolayers also

causes stereo-selective enzymatic degradation by proteinase

K [173], where equimolar mixed monolayers of PLLA and

PDLA blends degrade substantially slower compared to its

homopolymers. The blending of crystallizable polymers like

PLLA and PCL results in a faster degradation of the layer

revealing the importance of the orientation and crystalliza-

tion behaviour [164,175]. In blends, the hydrolysis is

enhanced by the decreased order of the chains in the mono-

layer. The two-dimensional enzymatic hydrolysis of

PLA-co-PEO occurs with constant hydrolysis rates in accord-

ance with the random fragmentation mechanism predicted

for PLA. Accumulation of charged, water-insoluble PLA frag-

ments is detected by surface potential measurements [176].

Considering the uniqueness of polymers, it is obvious that

the degradation velocity depends on their molecular

weight. For low molecular weight polymers, the surface

area reduction occurs faster due to the faster formation of

water-soluble degradation fragments, which has been

confirmed for PLA- and PCL-based Langmuir monolayer in

accordance with three-dimensional degradation studies

[165,177]. For PCL-based monolayers, the largest water-soluble

degradation fragments are tetramers [178].

The hydrolytic chain scission rate of random PLGA copo-

lymers increases compared to rac-PLA at the air–water

interface due to the introduction of more hydrophilic PGA

units as it is known from bulk investigations [171,179]. In

contrast, the slightly more hydrophobic poly-(R)-3-hydroxy-

butyrate (P3HB, composed of an additional CH2-group per

monomer unit) forms more hydrolytically stable monolayers

[180,181], which is attributed to a reduced submerging of the

polymer chains into the subphase. The access of the func-

tional units defines the ability of interaction between

polymer backbone and a biomolecule regarding the

degradation behaviour as well as for adsorption studies. In

two-dimensional enzymatic degradation studies of P3HB

and PLA, a reduced enzymatic degradation velocity com-

pared to alkaline degradation is the result of a lower

accessibility of the functional units caused by the large size

of the enzyme compared to the alkaline ions [180]. The
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Figure 9. Schematic of two-dimensional degradation curve by random chain
scission and chain-end cut mechanism. (Online version in colour.)
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PCL backbone is more hydrophobic compared to PLA and

P3HB, which results in significant longer hydrolytic degra-

dation times [164,175,182], but the enzymatic degradation is

accelerated by a variety of enzymes [178,183,184]. A

random chain scission of the PCL chains has been obtained

at the air–water interface using the lipase from Humicola
lanuginosa and the lipase from Pseudomonas cepacia
[166,178,185]. Surface potential measurements reveal charged

degradation fragments at the interface [178].

The degradation behaviour of PCL is modified by the

introduction of enzymatic non-degradable (related to the

lipase from Pseudomonas cepacia) segments. The multiblock

copolymers (PDC) composed of PCL and PPDO segments

linked by TMDI reveal an almost linear weight loss, which

is described by a random chain scission process using a dan-

gling chain model [108]. The enzymatic degradation of the

PCL segments proceeds faster compared to the hydrolytic

bond cleavage in the PPDO blocks. By changing the chemical

composition (the ratio of PPDO to PCL segments), the degra-

dation rates are adjusted in two-dimensional as well as

in three-dimensional degradation experiments [186]. Regarding

the enzymatic degradation of copolymer-based monolayers

composed of degradable and of hydrophobic, non-degradable

segments, the polymer–enzyme interaction behaviour has to

be considered. Using the example of multiblock copolymers,

PDLCL constituted of oligo(1-caprolactone) (OCL) segments

and the hydrophobic oligo(v-pentadecalactone) (OPDL)

segments, which are non-degradable by this specific lipase

from P. cepacia (figure 10). The introduction of a hydropho-

bic segment (OPDL) reduces the degradation rates of

PCL-based multiblock copolymers (PDLCL) as a result of

polymer–enzyme interactions [187]. At the beginning, the

copolymer forms a homogeneous layer consisting in equal

shares of OCL and OPDL segments requiring the surface area

A0. With ongoing time, the amount of OCL fragments at the

interface decreases due to the formation of water-soluble OCL

degradation fragments by enzymatic bond cleavage. As

OPDL cannot be degraded by the lipase from P. cepacia, a

defined surface area has to remain (Ar) after the entire degra-

dation of the OCL segments. Moreover, the surface-active

lipase is able to interact with the non-degradable OPDL

segments. Therefore, Ar is the sum of the required surface

area of OPDL segments and the surface-active lipase. The

enrichment of lipase at the polymer–water interface induces

morphological changes expanding the required surface area

of the polymer layer [187]. Consequently, the surface

area versus time correlation of the PDLCL monolayer consists
of the induced change of the required surface area due to the

polymer–enzyme interactions (OPDL segments) and the

formation of water-soluble degradable fragments (OCL

segments).

In contrast to PPDO segments, the OPDL segments stay at

the air–water interface independent of the degree of degra-

dation of the OCL segments enabling unrestricted

interaction with the surface-active lipase decreasing the

apparent surface area reduction. While the PPDO segments

promote the surface area reduction in PDC, for PDLCL the

formation of water-soluble fragments is reduced, since

small OCL degradation fragments, not connected to OPDL

segments, can be solved in the subphase only.

For the degradation mechanism as well as for the inter-

action with other molecules in the subphase, the influence

of the end groups is an important topic in three- as well as

in two-dimensional systems. Functional end groups, for

example, can act as linker units and therefore support/

prevent adsorption of molecules to the interface due to

sterically hindrance or hydrophilic/hydrophobic inter-

action/repulsion, respectively. For PLA monolayers based

on end-capped and non-end-capped polymers, the same

degradation rates are obtained revealing the influence of

transport process in bulk degradation investigations, which

can be neglected in two-dimensional systems [165]. End-

capped OCL with phenylboronic acid pinacol ester or

phenylboronic acid are investigated using the LMD technique

regarding the enzymatic degradation behaviour [188]. While

the layer compression behaviour of end-capped OCL layers is

less affected, the injection of the lipase from P. cepacia leads to

a retarded film degradation compared to pure OCL layers by

incorporation of the enzyme molecules into the layer due to

end group effects.

Besides hydrophilicity and end groups, the polymer archi-

tecture affects the degradation behaviour. Using star-shaped

PCLs, the overall hydrophilicity is increased, while the

molecular weight is constant [189]. The increase of the hydro-

philicity of star-shaped polymers has an impact on the chain

packing behaviour and therefore on the degradation behav-

iour of the monolayer. Moreover, the chain scission by the

lipase from P. cepacia is prevented by the introduction of

randomly distributed urethane linkers in the PCL chain.

6. Summary and outlook
This article provides an overview of the capabilities of Lang-

muir techniques for elucidating the polymeric biomaterial–

environment interface. It is focused on polymer films at the

air–water interface to study the interaction with proteins as

well as the ability of proteins to form Langmuir or Gibbs

layers interacting with other substances in the subphase.

The Langmuir monolayer technique reveals a high potential

for investigating both morphological and degradation behav-

iour of natural and synthetic polymers, evolving several of

new attractive topics. The interfacial properties of polymers

are significantly influenced by their composition and archi-

tecture, which determine crystallization and aggregation

processes. The Langmuir monolayer degradation technique

provides monomolecular layers at the interface, which

allows their investigation excluding diffusion processes. The

LMD approach refers to the formation of water-soluble

degradation fragments, based on bond cleavages in the poly-

mer backbone and their submerging of low molecular weight
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Figure 10. Depiction of the PDLCL degradation at the air – water interface as a result of two parallel processes: film degradation (green OCL segments) and
polymer – enzymes interaction (red OPDL segments). The enzyme is represented by the white bullets.
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fragments into the subphase. The impact of hydrophilic

water-insoluble segments on the surface area reduction is

also accessible. Thereby, the degradation conditions can be

varied allowing a versatile access to the hydrolytic and enzy-

matic degradation properties of plenty of different polymers.

Moreover, the Langmuir approach enables the parallel ana-

lyses of both the polymer–biomolecule interactions and the

degradation process at the molecular level. The interactions

between the polymer material and its degradation products

influencing its degradation behaviour are exhibited by the

Langmuir technique.

For future investigations, a variety of surface-specific

spectroscopic and microscopic techniques are available to

gain new information on orientation, packing motifs and

intermolecular interactions. For example, IRRAS, which has

so far only been performed for a limited number of proteins

and synthetic polymers, could provide access to structural

and orientational changes. Moreover, degradation processes

and hydrolysis kinetics of monolayers are accessible and

can occur without the formation of water-soluble degradation

fragments. The enrichment of surface-active degradation pro-

ducts and water-soluble proteins/enzymes at the pure or

covered surface can be monitored providing information

about real-time conformational changes related to inter-

actions with surface-active enzymes and absorption kinetics.

A key challenge is the identification of water-soluble

degradation fragments and the determination of the concen-

tration in the subphase due to their low concentration.

Electrospray ionization mass spectrometry (ESI-MS) may

allow the determination of fragment traces giving new

insights into the interactions of water-soluble molecules and

polymer layers degradation processes. Chemical changes in

the monolayer during degradation without the formation of

water-soluble fragments can be identified by the shape and

position of the IR bands corresponding to the stretching

and deformation vibrations. Besides IRRAS, surface poten-

tial measurements provide access to the enrichment of

water-insoluble and surface-active subphase components.

Rheological properties of the Langmuir layer got recently

into special interest. The investigation of interfacial rheology

is applied to understand the viscoelastic properties, which

provide the modulus and relaxation behaviour [190] and to
gain information about the structure–rheology interplay.

The two-dimensional properties for a variety of systems like

synthetic (co)polymers [115,191,192], mixed protein layers

[193], biomolecules [45,194,195] and low molecular weight

molecules [196] have been performed. However, investi-

gations on pure protein layers and their interaction with

water-soluble molecules are still challenging. The degra-

dation kinetics as well as the adsorption kinetics of

degradation fragments has to be understood in more detail

for future applications of polymer-based biomaterials. More

detailed information about the molecular arrangement is

provided by spectroscopic ellipsometry (layer thickness)

and in situ synchrotron X-ray scattering methods, which

enable the evaluation of crystalline regions.

To judge experimental data and to gain a complete under-

standing at the monomolecular level, computer simulation

studies are required including molecular dynamic and quantum

chemical analyses applied in combination with the results

obtained in Langmuir investigations, as it has been done for

the hydrolytic degradation of polymer-based biomaterials

[197]. This knowledge-based approach is required to enable

the tailored design of biodegradable polymeric materials.

The combination of a variety of analytical methods,

including microscopy, spectroscopy and scattering tech-

niques, with the Langmuir technique applied on polymers

and biomolecules is challenging, but opens a tool box,

which will provide new insights for the evaluation of bioma-

terial interface science. Conclusively, the described Langmuir

techniques together with improved analytical methods

cannot only be used for fundamental investigation of

the polymer behaviour on the air–water interface, but may

also be applicable for investigation that aim to under-

stand the in vivo behaviour of polymers and their

interaction with proteins.
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M. 2003 Enantiomeric polylactides at the
air2water interface: p2A isotherms and PM-
IRRAS studies of enantiomers and their blend.
Langmuir 19, 333 – 340. (doi:10.1021/la020606w)

111. Boury F, Olivier E, Proust JE, Benoit JP. 1993 A study
of poly(a-hydroxy acid)s monolayers spread at the
air/water interface: influence of the d,l-lactic acid/
glycolic acid ratio. J. Colloid Interface Sci. 160, 1 – 9.
(doi:10.1006/jcis.1993.1361)

112. Park HW, Choi J, Ohn K, Lee H, Kim JW, Won YY.
2012 Study of the air-water interfacial properties of
biodegradable polyesters and their block
copolymers with poly(ethylene glycol). Langmuir
28, 11 555 – 11 566. (doi:10.1021/La300810q)

113. Boury F, Saulnier P, Proust JE, Panaı̈otov I, Ivanova
T, Postel C, Abillon O. 1999 Characterization of the
morphology of poly(a-hydroxy acid)s Langmuir –
Blodgett films by atomic force microscopy
measurements. Colloids Surf. A 155, 117 – 129.
(doi:10.1016/S0927-7757(98)00705-5)
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Wüstneck R. 2010 Rheology of interfacial layers.
Colloid Polym. Sci. 288, 937 – 950. (doi:10.1007/
s00396-010-2227-5)

191. Li Z, Ma X, Zang D, Guan X, Zhu L, Liu J, Chen F.
2015 Interfacial rheology and aggregation behaviour
of amphiphilic CBABC-type pentablock copolymers
at the air-water interface: effects of block ratio and
chain length. RSC Adv. 5, 82 869 – 82 878. (doi:10.
1039/C5RA08109B)

192. Noskov BA, Loglio G, Miller R. 2011 Dilational
surface visco-elasticity of polyelectrolyte/surfactant
solutions: formation of heterogeneous adsorption
layers. Adv. Colloid Interface Sci. 168, 179 – 197.
(doi:10.1016/j.cis.2011.02.010)

193. Kotsmar C et al. 2009 Thermodynamics, adsorption
kinetics and rheology of mixed protein – surfactant
interfacial layers. Adv. Colloid Interface Sci. 150,
41 – 54. (doi:10.1016/j.cis.2009.05.002)

194. Maheshkumar J, Dhathathreyan A. 2013 Langmuir
and Langmuir – Blodgett films of capsules of
haemoglobin at air/water and solid/air interfaces.
J. Chem. Sci. 125, 219 – 227. (doi:10.1007/s12039-
013-0370-5)

195. Grasso EJ, Oliveira RG, Maggio B. 2014 Rheological
properties of regular insulin and aspart insulin
Langmuir monolayers at the air/water interface:
Condensing effect of Zn2þ in the subphase. Colloids
Surf. B 115, 219 – 228. (doi:10.1016/j.colsurfb.2013.
11.031)

196. Theodoratou A et al. 2016 Semifluorinated alkanes
at the air – water interface: tailoring structure and
rheology at the molecular scale. Langmuir 32,
3139 – 3151. (doi:10.1021/acs.langmuir.5b04744)

197. Hofmann D, Entrialgo-Castaño M, Kratz K, Lendlein
A. 2009 Knowledge-based approach towards
hydrolytic degradation of polymer-based
biomaterials. Adv. Mater. 21, 3237 – 3245. (doi:10.
1002/adma.200802213)

http://dx.doi.org/10.1021/La701523e
http://dx.doi.org/10.1021/La701523e
http://dx.doi.org/10.1002/aic.690410616
http://dx.doi.org/10.1002/aic.690410616
http://dx.doi.org/10.5301/Ijao.2011.6401
http://dx.doi.org/10.1016/S0927-7765(96)01331-8
http://dx.doi.org/10.1016/j.polymer.2004.08.001
http://dx.doi.org/10.1016/j.polymer.2004.08.001
http://dx.doi.org/10.1007/BF03218979
http://dx.doi.org/10.1007/BF03218979
http://dx.doi.org/10.1021/La051137b
http://dx.doi.org/10.1021/bm100029t
http://dx.doi.org/10.1021/bm100029t
http://dx.doi.org/10.1021/La990800r
http://dx.doi.org/10.1016/j.colsurfb.2003.08.005
http://dx.doi.org/10.1016/j.colsurfb.2003.08.005
http://dx.doi.org/10.1021/ma961627y
http://dx.doi.org/10.1021/ma961627y
http://dx.doi.org/10.1007/s003960200001
http://dx.doi.org/10.1007/Bf00700871
http://dx.doi.org/10.1016/j.polymdegradstab.2007.04.002
http://dx.doi.org/10.1021/ma00110a041
http://dx.doi.org/10.1021/ma00110a041
http://dx.doi.org/10.1002/ciuz.19990330505
http://dx.doi.org/10.1002/ciuz.19990330505
http://dx.doi.org/10.1016/j.polymdegradstab.2009.12.005
http://dx.doi.org/10.1002/masy.200850907
http://dx.doi.org/10.1002/jbm.b.30634
http://dx.doi.org/10.1002/jbm.b.30634
http://dx.doi.org/10.1016/j.ejpb.2007.05.021
http://dx.doi.org/10.1016/j.polymer.2016.09.001
http://dx.doi.org/10.1002/marc.201600471
http://dx.doi.org/10.1016/j.polymdegradstab.2016.07.010
http://dx.doi.org/10.1007/s00396-010-2227-5
http://dx.doi.org/10.1007/s00396-010-2227-5
http://dx.doi.org/10.1039/C5RA08109B
http://dx.doi.org/10.1039/C5RA08109B
http://dx.doi.org/10.1016/j.cis.2011.02.010
http://dx.doi.org/10.1016/j.cis.2009.05.002
http://dx.doi.org/10.1007/s12039-013-0370-5
http://dx.doi.org/10.1007/s12039-013-0370-5
http://dx.doi.org/10.1016/j.colsurfb.2013.11.031
http://dx.doi.org/10.1016/j.colsurfb.2013.11.031
http://dx.doi.org/10.1021/acs.langmuir.5b04744
http://dx.doi.org/10.1002/adma.200802213
http://dx.doi.org/10.1002/adma.200802213

	Evaluating polymeric biomaterial-environment interfaces by Langmuir monolayer techniques
	Introduction
	Langmuir monolayer techniques
	General principles
	Polymer-based Langmuir layers

	Polymers at the air-water interface and  on solid substrate
	Pressure-induced morphological changes  in synthetic polymer layers
	Proteins at the air-water interface
	Bovine and human serum albumin
	Other proteins
	Peptides


	Polymer-protein interactions at the air-water interface
	Langmuir monolayer degradation of polymer layers
	General principles
	Langmuir monolayer degradation investigations of polyester-based monolayers

	Summary and outlook
	Authors’ contributions
	Competing interests
	Funding
	References


