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In biomaterial development, the design of material surfaces that mimic the extra-cellular matrix 
(ECM) in order to achieve favorable cellular instruction is rather challenging. Collagen-type 
IV (Col-IV), the major scaffolding component of basement membranes (BM), a specialized 
ECM with multiple biological functions, has the propensity to form networks by self-assembly 
and supports adhesion of cells such as endothelial cells or stem cells. The preparation of 
biomimetic Col-IV network like layers to direct cell responses is difficult. We hypothesize that 
the morphology of the layer, and especially the density of the available adhesion sites, regulates 
the cellular adhesion to the layer. The Langmuir monolayer technique allows for preparation 
of thin layers with precisely controlled packing density at the air-water (A-W) interface. 
Transferring these layers onto cell culture substrates using the Langmuir Schäfer (LS) 
technique should therefore provide a pathway for preparation of BM mimicking layers with 
controlled cell adherence properties. In situ characterization using ellipsometry and 
polarization modulation-infrared reflection absorption spectroscopy of Col-IV layer during 
compression at the A-W interface reveal that there is linear increase of surface molecule 
concentration with negligible orientational changes up to a surface pressure of 25 mNꞏm-1. 
Smooth and homogeneous Col-IV network-like layers are successfully transferred by LS 
method at 15 mNꞏm-1 onto poly(ethyleneterepthalate) (PET), which is a common substrate for 
cell culture. In contrast, the organization of Col-IV on PET prepared by the traditionally 
employed solution deposition method results in rather inhomogeneous layers with the 
appearance of aggregates and multilayers. Progressive increase in the number of  early adherent 
mesenchymal stem cells (MSCs) after 24 h by controlling the areal Col-IV density by LS 
transfer at 10, 15 and 20 mNꞏm-1 on PET is shown. LS method offers the possibility to control 
protein characteristics on biomaterial surfaces such as molecular density and thereby, modulate 
cell responses. 
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Introduction 

The design of polymeric biomaterials often aims at modulating cellular function and phenotype 
e.g. by controlling elastic moduli and micro- and nano-topographies [1, 2]. As synthetic 
polymers do not completely mimic the bioactive features presented by the extracellular matrix 
(ECM), which is essential for optimal cellular instruction and communication, it is common 
practice to equip the polymer surfaces with ECM proteins or peptide motifs by direct coating 
or covalent coupling, or other affinity based approaches [3]. However, building protein layers 
on substrates mimicking aspects of ECM presentation in nature is rather difficult, especially 
for specialized ECMs such as basement membranes (BMs).  

BMs are composed mainly of two independent polymer networks of laminin and Collagen-
type IV (Col-IV), which gives them a sheet-like morphology [4]. They serve as constitutive 
microenvironments associated with a multitude of cell types including endothelial cells, 
peripheral nerve axons, fat cells and muscle cells [5]. BMs have several functions including 
providing structural support and compartmentalization of tissues, displaying ligands to support 
cell adhesion through integrins and also serve as a reservoir of growth factors [5]. Col-IV, 
unlike the other fibrillary collagens such as Collagen-type I (Col-I), forms rope like networks 
due to interruptions in the triple helical regions [6]. These networks are formed by 
intermolecular self-assembly of the triple-helical heterotrimeric molecules of Col-IV through 
end-to-end and lateral interactions along the triple-helical domain and the N- and C-terminal 
domains [7, 8]. Col-IV is able to support cellular adhesion through signaling via α1β1, α2β1, 
α10β1 and α11β1 integrins that link the ECM with the cytoskeleton [9, 10]. Recognizing the 
in vivo significance of Col-IV, there have been efforts to prepare surfaces that resemble the 
sheet-like structure of BMs on substrates in vitro aimed towards applications such as tissue 
engineering [11, 12]. 

Col-IV layers are deposited on materials for in vitro culture by solution deposition (SO), which 
involves incubating a solution of Col-IV on the material for several hours and thereafter, 
washing off the excess solution. The morphology of the resulting layers by SO method is 
strongly influenced by the substrate hydrophilicity, surface charge and chemistry and often 
multilayers and inhomogeneous protein coatings are formed [13, 14]. While hydrophobic 
substrates are covered with a Col-IV polygonal network consisting of molecular aggregates, 
nearly single molecular network arrangements are formed on hydrophilic substrates by SO, 
which exhibit more efficient endothelial cell interaction through integrins [11]. This indicates 
that the substrate properties determine not only the amount but also the molecular organization 
of Col-IV layers presented to cells at the interface. Protein-substrate and protein-protein 
interactions determine the formation of Col-IV layers by adsorption from solution. Therefore, 
a strategy to enhance the protein-protein interactions during the layer formation and to 
minimize the influence of the substrate in building Col-IV layers at the interface mimicking 
the network formation that happens in vivo is necessary. One approach to achieve defined Col-
IV layers on substrates is the Langmuir technique. 

The Langmuir technique involves the formation of monomolecular films at the air-water (A-
W) interface by spreading a small amount of the compound of interest on an aqueous subphase 
[15]. It allows to investigate the self-assembly of molecules in a controlled fashion, where pH 
and ionic strength of the subphase, temperature and surface pressure can be precisely 
controlled. Furthermore, the high molecular cohesion and two-dimensional organization of 
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molecules achievable by Langmuir-Schäfer (LS) deposition has been utilized in bioelectronics 
and biocatalysis. This immobilization method enhances the preservation of the secondary 
structure and thermal stability compared to the proteins in solution [16]. Using Langmuir-
Blodgett (LB) technology, highly oriented Col-I fibers resembling in vivo structures have been 
prepared on substrates and have been shown to favorably orient human fibroblasts and 
mesenchymal stem cells (MSCs) [17, 18]. LS deposition of double collagen I and IV layers 
sequentially on hydrophobic poly(ethylene terephthalate) (PET) was used to generate 
substrates that mimicked the structure and organization of native’s Bruch membrane. These 
collagen LS films exhibit superior barrier properties and functionality of human embryonic 
stem cell derived retinal pigmental epithelial cells when compared to SO controls [12]. Despite 
this seminal work, there is limited understanding of the Col-IV film formation at A-W 
interface, and how the characteristics of the Col-IV LS layers on polymeric substrates can be 
manipulated to direct cell responses. 

Herein, we hypothesize that controlling the density of Col-IV molecules on polymeric 
substrates by LS method, enables the regulation of MSC adherence, focal adhesion and 
cytoskeleton formation. PET is chosen as the substrate to be covered with Col-IV for cell 
culture, because of its excellent physiochemical characteristics such as good mechanical 
strength, easy processibility, transparency and stability in the presence of bodily fluids or cell 
culture media [19]. While Col-I forms fibers at the A-W interface, Col-IV may have the 
possibility to form networks at the A-W interface [17]. Initially, we investigate Langmuir 
isotherms at the A-W interface of Col-I in comparison to Col-IV, to understand if the 
differences in their supramolecular assembly leads to differences in their organization at the 
A-W interface. Thereafter, the role of substrate properties on the Col-IV LS layer formation 
and the influence of Col-IV density prepared by LS method on MSC adherence is investigated. 
The Col-IV layer formation at A-W interface during surface compression in dependence of pH 
and NaCl concentration in the subphase at room temperature (RT) is followed by visualizing 
the layer using Brewster angle microscopy. To evaluate the changes in surface concentration 
and orientation of the Col-IV molecules in the Langmuir layer and LS layers at different surface 
pressures, polarization modulation-infrared reflection absorption spectroscopy (PM-IRRAS) is 
used. In addition, ellipsometry is used to quantify the surface excess concentration and areal 
mass density during the Col-IV layer compression at A-W interface. Thereafter, substrates of 
differing wettability, poly(dimethyl siloxane) (PDMS), Silicon (Si)-wafer and PET, are used 
in order to identify the optimal substrate for successful Col-IV LS transfer. Col-IV layers of 
different densities on PET prepared by LS transfer at different surface pressures of 10, 15 and 
20 mNꞏm-1 are applied for MSC adhesion investigations. Conclusively, we are able to prove 
that the number of adherent MSCs on PET is controlled by selecting the molecular density of 
Col-IV on the Langmuir trough. This encouraging result suggests that the LS method enables 
preparation of defined basement membrane mimics on biomaterial surfaces in order to control 
cellular processes such as adhesion, migration and differentiation. 
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Materials and Methods 

Materials 

The substrates used for the investigation of LS layers are medical grade PDMS (Bess 
Medizintechnik GmbH, Berlin, Germany), PET (Nalge Nunc International, NewYork, USA) 
and p-type Si-wafer (IMS, Stuttgart, Germany). The PDMS foil shows a dynamic contact angle 
θadvancing of 109 ° ± 2 ° (captive bubble method, DSA 100; Krüss, Germany), the PET cover slip 
has a θadvancing of 79 ° ± 1 ° [20], and the Si wafer has a θadvancing of 54° ± 2 °. Collagen type IV 
and type I from human placenta is obtained from Sigma-Aldrich (Taufkirchen, Germany). 
Collagen solution of 1 mgꞏmL-1 is prepared in 0.5 M acetic acid to keep the pH between 3 and 
3.5. An ultra-sonication treatment is necessary after every 3 days. The ultra-sonication step 
involves two 10 minute cycles at 4 ˚C with a waiting time of 10 minutes in between as reported 
before [21]. 

Langmuir film experiments of Col-IV 

Langmuir films of Col-IV are prepared by spreading the protein directly on the surface of the 
water subphase at defined pH and NaCl concentration at RT. After waiting for 30 minutes to 
allow for equilibration of the two processes dissolution and surface enrichment of proteins, the 
experiments are carried out using a medium Langmuir-trough (Model 312D, KSV-NIMA, 
Helsinki, Finland) with an area of 243 cm2. In order to adjust the subphase pH of sterile 
millipore water (pH 5.7), 1M or 0.1 M NaOH or HCl solutions are used. Unless specified, the 
amount of protein used is always 200 μL of 1 mgꞏmL-1 Col-IV. The subphase with pH 7.5 and 
100 mM NaCl, is prepared by dissolving the required amount of NaCl in water and then 
adjusting the pH to 7.5. Col-IV LS films for cell experiments are prepared in a GMP Cleanroom 
using a medium trough, while the other Langmuir experiments are carried out also in a medium 
trough placed in a chemical laboratory. 
 
Polarization modulation infrared reflection absorption spectroscopy (PM-IRRAS) 

The PM-IRRAS technology allows the measuring of surface specific FT-IR spectra of 
materials because of the differences in the reflection of p- and s-polarized light from interfaces. 
The spectra are recorded using the PMI-550 device (KSV-NIMA, Helsinki, Finland) coupled 
to a Langmuir trough with surface area of 243 cm2. A photo-elastic modulator (Hinds 
Instruments, Hillsboro, USA) is used to modulate the polarization of the light in addition to the 
intensity modulation of the spectrometer. The frequency of the ZnSe photoelastic modulator is 
adjusted to achieve maximum differential reflectivity in the region of 1500 cm-1, where the 
most interesting protein bands of Amide I (1550) and Amide II (1660) are located. The 
differential reflectivity spectrum S is calculated from the collected difference (ΔR) and sum 
spectra (ΣR) of the detected intensities of the p- and s- polarized light as 

    (1) 

For the Col-IV Langmuir experiments at the A-W interface, the film is compressed and held at 
constant target surface pressure while a spectrum is recorded for 500s. Before every 
experiment, the pure subphase is measured for the background correction of the spectra. To 
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obtain the spectrum of the film adsorbing to the A-W interface, the sample spectrum is 
normalized with respect to the spectrum of the bare A-W interface 𝑆 with 

𝑆        (2) 

For the LS experiments, spectra are measured for 300 s and a bare gold substrate is used for 
background correction. The LS Col-IV films are prepared at three different surface pressures 
10, 15 and 20 mNꞏm-1 on gold substrates. 

Spectroscopic ellipsometry 

Variable angle spectroscopic ellipsometry (VASE) is performed using a spectroscopic imaging 
ellipsometer (nanofilm_ep3, Accurion, Göttingen, Germany) with a Xe arc lamp as light 
source. Within one VASE measurement, the angle of incidence (AOI) is varied from 49,5–
52,5° in 0.5° steps and ten discrete wavelengths (bandwidth ± 8 nm) between 408–902 nm are 
used. These experiments are carried out in a large trough with an area of 800 cm2. 500 µL of 1 
mgꞏmL-1 Col-IV is spread on the subphase (pH 7.5 + 100 mM NaCl). VASE measurements are 
executed at four different surface pressures (4, 8, 12 and 16 mNꞏm−1). The evaluation of the 
results is performed with the nanofilm_ep4 evaluation software (Accurion, Göttingen, 
Germany). For determination of the thickness and refractive index (RIU), a three layer model 
is used, where the refractive index and thickness of the hydrated Col-IV layer are used as 
variables. Hence, since the optical properties of air and water (nwater = 1.333) are known, the 
required parameters of the Langmuir layer can be derived from VASE measurements. The 
refractive index of the layer is assumed to be independent from the wavelength for the 
bandwidth of our measurement. The same instrument is used for kinetic measurements of the 
ellipsometric angle Δ during spreading and compression. Here, a constant AOI of 50° and a 
658 nm class IIb laser are used.  

Brewster angle microscopy (BAM) 

BAM images of a region of interest with a maximum area of 720 x 400 µm2 are obtained using 
the nanofilm ultrabam microscope (Accurion, Göttingen, Germany). A 658 nm class IIb laser 
source with a lens and a CCD camera (1360 x 1024 pixel) are used to take all micrographs, 
with a resulting lateral resolution of ~2 µm. 

Atomic force microscopy (AFM) 

Col-IV LS layers are prepared at a surface pressure of 15 mNꞏm-1 and transferred onto Si-
wafer, PET and PDMS substrates. Imaging of surface topography of the Col-IV films on the 
different substrates is carried out using AFM MultiMode 8 (Bruker Corporation, 
Massachusetts, USA) operating in PeakForce Tapping mode. The micrographs are recorded in 
Millipore water at ambient conditions (25°C) with sharp tips ScanAsyst-Fluid+ (nominal tip 
radius 10nm, spring constant 0,4N/m).  

For the topography profile comparison, one-line cross-sections in the middle part of the images 
have been chosen. The thickness of the Col-IV films is determined by a classical scratch 
method. Briefly, a part of the film is gently removed from the supporting Si-wafer by a scalpel. 
The border between filled and bare substrate areas is imaged by AFM, and the corresponding 
height differences equated to the layer thickness. Furthermore, the AFM images of Col-IV 
LS15 and SO films on PET are further analyzed to represent the height distribution of the 
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features using Gwyddion Software (Department of Nanometrology, Czech Metrology Institute; 
http://gwyddion.net/) 

Preparation of Col-IV LS and SO layers on PET 

For the LS film preparation, the protein film is compressed to a defined surface pressure at the 
A-W interface, and then the layer is transferred by horizontally touching the protein film with 
PET substrate. The Col-IV LS layers are prepared at three different surface pressures 10, 15 
and 20 mNꞏm-1 (Figure 1(a,b)). For the preparation of SO layers, the PET substrate is placed in 
a 24-well plate (Corning, Germany) and incubated with 400 μL of 20 μgꞏmL-1 of Col-IV diluted 
in the subphase solution used for Langmuir experiments (pH 7.5 + 100 mM NaCl) for 1h at 37 
°C (Figure 1(c)). All samples are prepared in duplicate. 
 

 
 
Figure 1 Schematic depicting the immobilization of Col-IV on PET by LS and SO methods. a) 
Step by step process involved in the preparation of LS films. b) Col-IV isotherm depicting the 
surface pressure measurement against the corresponding trough area during the compression 
of surface layer by moving the barriers. Surface pressures at which LS transfers are carried out: 
10, 15 and 20 mNꞏm-1 are shown schematically along with varying number of Col-IV 
molecules expected at these surface pressures. c) Solution deposition method on PET. 
 
Immunofluorescence staining of Col-IV layers on PET 
 
After PET is covered with Col-IV by LS and SO methods, the samples is first fixed with 4% 
(w/v) paraformaldehyde (Merck, Germany) diluted in phosphate buffer saline (PBS; Biochrom 
AG, Germany) and non-specific sites are blocked by using a blocking buffer composed of 3% 
(w/v) bovine serum albumin (Sigma Aldrich,Germany) in PBS. Col-IV is visualized by using 
a mouse anti-human Col-IV primary antibody (Sigma, Germany; 1:200 dilution in blocking 
buffer) and a goat anti-mouse immunoglobulin G conjugated with AlexaFluor® 488 
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(Invitrogen, Germany; 1:500 dilution in blocking buffer). A confocal laser scanning 
microscope (510, META, CarlZeiss, Germany) is used to observe the stained samples. 
 
Human adipose derived mesenchymal stem cells (hAd-MSCs) culture 
The hAD-MSCs are isolated from human adipose tissue obtained by abdominal liposuction 
from the donor after informed consent (No.: EA2/127/07; Ethics Committee of the Charité-
Universitätsmedizin Berlin, approval from 17.10.2008). In brief, the fat tissue is first 
enzymatically dissociated for 60 minutes at 37 °C using the collagenase NB4® (Serva GmbH, 
Germany). The digested solution is passed through a 100 µm cell strainer to remove the 
undissociated tissue. The obtained cells are washed and cultured in a humidified atmosphere 
containing 5 % CO2 at 37 °C. After 2 days, the non-attached cells are aspirated and the attached 
cells are maintained in the stem cell culture medium (MSCGM™, Lonza, USA). The medium 
is changed every three days and cell passage was performed at a ratio of 1:3 when the cells 
reached ~ 90 % confluence [22]. Typically, for the cell seeding experiments on PET covered 
with Col-IV, cells used are of passage 5 or 6. 

Quantification of MSC adherence and cell spreading on substrates 

The cells are seeded at a density of 20000 cells/well on PET covered with Col-IV by LS and 
SO methods and bare PET surface for 24 h. Additionally, a 1:2 serial dilution of cells starting 
from 20000 cells upto 1250 cells is seeded on tissue culture polystyrene (Corning, Germany) 
in parallel. After the incubation period, 500 µL fresh medium is added to the wells and 50 µL 
of CCK-8 reagent (Dojindo, USA) is also added and samples are again placed in the incubator 
for 2h at 37 °C. Live cells produce dehydrogenases, which reduces the CCK-8 reagent to give 
an orange colored product, which is soluble in the tissue culture medium. Thereafter, 200 µL 
from each sample condition is pipetted onto a flat bottom 96- well plate (Corning, Germany) 
without bubbles and the absorbance is measured at 450 nm. The absorbance vs the number of 
cells for the TCP cell dilution series is used as reference curve, which is a linear fit and the 
number of adherent cells on PET substrates covered with Col-IV are estimated from this curve. 

Mean cell surface area is evaluated using ImageJ plug-ins (NIH, Bethesda, USA; 
http://rsb.info.nih.gov/ij/). Three randomly chosen images of actin stained samples are acquired 
for each condition. Average cell area is measured for individual images from three independent 
experiments (in μm2) and calculated for each condition from 9 images as reported earlier [11]. 

Visualization of focal adhesion and cytoskeleton formation of hAd-MSCs  

To visualize the focal adhesion and F-actin cytoskeleton, cells are fixed, permeabilized and 
blocked using Image-iT® Fixation/Permeabilization Kit (Life Technologies, Germany). 
Vinculin is detected with monoclonal anti-vinculin antibody (Millipore, Germany) and Alexa 
Fluor® 488 labeled IgG antibody (Invitrogen, Germany). F-actin is detected with phalloidin 
using ActinRed™ 555 ReadyProbes® (Invitrogen, Germany) according to the manufacturer’s 
protocol. Stained cells are observed using the confocal microscope with 10x objective (510, 
META, Carl Zeiss, Oberkochen, Germany).  

Statistics 

Statistical analysis and graphical representation are performed by using GraphPad Prism 
version 5.02 for Windows (GraphPad Software, La Jolla, USA). One-way ANOVA followed 
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by the Tukeys multiple comparisons test is used to statistically compare the mean of every 
experimental group with the mean of every other group. 

 

Results and Discussion 

1. Col-IV isotherm 

To relate whether the differences in supramolecular assembly of the collagens influence the 
Langmuir isotherm, initially, besides Col-IV, the behavior of Col-I at the A-W interface is also 
examined as a comparison. Using the same amount (in mass) of collagens on a subphase with 
pH 7.5 + 100 mM NaCl, the initial surface pressure after spreading of the collagens and 30 min 
stabilization time is 2.5 mNꞏm-1 higher for Col-IV compared to Col-I. This indicates that Col-
IV has higher surface activity compared to Col-I. Furthermore, for Col-IV layers surface 
pressures as high as 50 mNꞏm-1 are attained with compression (Figure 2 (a)), while in the case 
of Col-I surface pressures did not even reach 30 mNꞏm-1 at the point of maximum compression 
with barriers. It is apparent that Col-IV has a higher elastic modulus than Col-I, which is in 
good agreement with previous reported results [12]. While Col-I is recognized to form fibers, 
Col-IV has the tendency to form two-dimensional networks. Furthermore, the presence of NaCl 
in the subphase influences the protein-protein interactions, which will be discussed later in this 
section (Figure 3). The differences in supramolecular assembly and the influence of NaCl could 
be a reason for the differences in the Langmuir-isotherm behavior of these two subtypes of 
collagen. 

The inflection point of the Col-IV isotherm defined by the maximum of the elastic modulus 
(Figure 2(b)) appears around 35 mNꞏm-1 at a trough area of 40 cm2. It is known that in the 
semidilute regime, the surface pressure (π) of macromolecules at the A-W interface depends 
on the surface coverage Γ as: 

𝜋 𝐶 ∗ Γ 𝐶 ∗ 𝑁 ∗ 𝐴     (3) 

where we assume that the monolayer is insoluble, i.e. 𝑁  is constant, At is trough area, 
C is an arbitrary constant and y is an exponent. 

The 2D elastic modulus (ε) is given by 

𝜖 𝐴       (4) 

Thus, 𝜖 𝑦 ∗ 𝐴 ∗ 𝐶 ∗ 𝑁 ∗ 𝐴 𝑦 ∗ 𝐶 ∗ 𝑁 ∗ 𝐴 𝑦 ∗ 𝜋   (5) 

As is evident in Figure 2(b), there is a regime, where ε is linear to 𝜋 as described by eq. (5). 
From the slope of this region, we deduce that y 3,33. This is a value reported for polymers 

in good solvent condition. Similarly, from the scaling law 𝑦 , we derive a Flory exponent 

of 𝑣 0,71 which is close to the ideal Flory exponent in 2D 𝑣 0.75 and certainly 

much higher than the Flory exponent for theta solvent (𝑣 0.5  [23]. Therefore, it is clear that 
Col-IV is in a good solvent state at the A-W interface up to a surface pressure of 35 mNꞏm-1. 
Beyond this surface pressure, as evident from the decreasing elastic modulus, the Col-IV 
molecules offer less resistance to deformation, probably due to formation of multilayers or 
buckling of the layer. 
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BAM images show an increase of light reflectivity with rise in surface pressure, indicating an 
increase of the number of molecules per unit area or of the layer thickness (Figure 2(c)). This 
behavior of the Col-IV isotherm is similar to other proteins like insulin reported in literature 
[24].  

 

Figure 2 Col-IV isotherm at the A-W interface. a) Col-I and Col-IV isotherms on a subphase with pH 
7.5 + 100 mM NaCl; b) Plot of elastic modulus vs the surface pressure for Col-IV isotherm; red line 
indicates semidilute regime; c) BAM images of Col-IV isotherm. 

 

Figure 3 The influence of pH and NaCl concentration on the Col-IV isotherm. Isotherms with a) 
subphase:  pH 7.5 and pH 7.5 + 100 mM NaCl and b) subphase: pH 4 + 100 mM NaCl and pH 7.5 + 
100 mM NaCl 
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Collagens have the ability to adsorb at the A-W interface when they are spread onto a subphase 
of pH 7.5, which is close to the isoelectric point of the protein. The type of ions used in the 
buffer system and their concentration can influence the surface activity of the collagens [12, 
21]. It is also known that for many proteins the addition of salt enhances the adsorption 
behavior of proteins at interfaces by the “salting-out” effect [25]. Therefore, we use a subphase 
condition with defined pH and NaCl concentration (isotonic to cells; 100 mM NaCl) and 
examine the role of each factor in influencing the surface delivery of Col-IV to the A-W 
interface. 

As is evident from the isotherms (Figure 3(a)), the surface activity of Col-IV in subphase with 
pH 7.5 +100 mM NaCl is higher (3.5 ± 0.1 mNꞏm-1) in comparison to subphase without salt 
(0.4 ± 0.05 mNꞏm-1). Col-IV non-collageneous (NC1) domains build dimers in the presence of 
NaCl by forming salt bridges playing a seminal role in the Col-IV network formation both in 
vitro and in vivo [26]. This effect along with the salting-out effect could be the reason that more 
Col-IV molecules are anchored at the A-W interface in the presence of NaCl. Consequently, 
the isotherm is shifted to much higher surface pressures in the presence of salt, although the 
shape of the isotherms are similar. In order to decide whether the pH or NaCl concentration 
contributes to this shift in the isotherm (Figure 3(b)), Col-IV compression isotherms are 
measured using two different subphases: pH 4 + 100 mM NaCl and pH 7.5 + 100 mM NaCl. 
It is evident that there is very little shift in isotherm. Therefore, the NaCl concentration is the 
decisive parameter for increasing the surface activity of Col-IV. 

 

2. In situ characterization of the Col-IV isotherm 
 

2.1 PM-IRRAS of Col-IV Langmuir and LS layers 

The areal density of Col-IV molecules and their orientation during compression of the layer at 
the A-W interface are characterized in situ with PM-IRRAS. This method has been widely used 
to probe the secondary structure of protein monolayers by detecting the amide I (C=O 
stretching of the peptide backbone) and amide II (N-H bending and C-N stretching of the 
peptide bond) [27]. Col-IV has higher percentage of β-sheet and smaller percentage of triple 
helix and α-like helix compared to Col-I. These differences are attributed to the interruptions 
in the triple-helical regions of Col-IV and the presence of globular N- and C- terminal domains, 
which contribute to the greater flexibility of the Col-IV molecule [28]. As a result, the amide I 
peak is arising mainly from 3 contributions: triple helix (1636 cm-1), α-helix (1655 cm-1), 
random coil (1666 cm-1) and a small contribution from β-sheets (1633 cm-1) [29].  

It is apparent that the amide I intensity increases with the compression of the Col-IV layer to 
higher surface pressures at the A-W interface. The amide II peak is rather weak at the A-W 
interface and considering the signal to noise ratios, it is difficult to interpret and therefore, only 
amide I intensity is plotted in Figure 4. There is a linear relationship between the amide I 
intensity and the inverse of trough area at which a particular surface pressure is reached. The 
intensity of a PM-IRRAS spectrum depends on the number of molecules per unit area of surface 
and on the orientation of the transition moments responsible for the absorption [30]. A linear 
relationship between the intensity and the molecular density implies that there is no significant 
change in the orientation occurring by monolayer compression [31]. Therefore, while the 
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molecular density increases with compression of the barriers, there is negligible change in the 
average orientation of the Col-IV molecules. It is concluded that there is partial overlap of Col-
IV molecules upon compression as the space between the molecules decreases.  

Col-IV LS layers at surface pressures 10, 15 and 20 mNꞏm-1 on gold substrates are investigated 
by PM-IRRAS, to evaluate whether the molecular organization at the A-W interface is 
preserved after film transfer (Figure 4(c)). Both amide (I) (1671 cm-1) and amide (II) (1558 cm-

1) bands for the LS layers are blue shifted in comparison to the peaks observed at the A-W 
interface. This can be attributed to the decrease in water content of the LS layers in comparison 
to the Col-IV layer at the A-W interface, which is in a swollen state. The observed shift in the 
spectra due to differences in water content between an aqueous solution and solid films of Col-
IV has been reported previously [32]. Similar to the Col-IV behavior at the A-W interface, 
there is an increase of both amide (I) and amide (II), with increasing surface pressures and their 
integrated intensities are linearly proportional to the inverse of trough area at which a particular 
surface pressure is reached. This proves that the areal concentration of Col-IV molecules in a 
film produced by LS transfer is precisely controlled by the areal concentration at the A-W 
interface. 

 

Figure 4 PM-IRRAS spectra of Col-IV layer at the A-W interface and Col-IV LS layers on Gold 
substrates. a) Spectra of Col-IV layer at the A-W interface b) Amide I integrated intensity against the 
inverse of trough area at which a particular surface pressure is reached upon compression c) Spectra of 
Col-IV LS on gold d) Integrated intensity of amide I and amide II is plotted against the inverse of trough 
area for LS transfer. 

2.2 Ellipsometry of Col-IV Langmuir layers at A-W interface 
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Ellipsometry has proven to be a valuable tool for quantifying the surface excess and the areal 
mass density in protein Gibbs layers [33]. Variable angle spectroscopic ellipsometric 
measurements (VASE) are carried out in order to determine the amount of Col-IV in the surface 
layer. To estimate the areal concentration (Γ) of Col IV, we use the formula derived by de 
Feijter and  Veer [33]: 

Γ 𝑑 ∗     (6) 

Here, the refractive index increment a describes the linear dependence of the refractive index 
of the layer on the excess protein concentration and d is the thickness [33].  

𝑛 𝑛 𝑐 1.332 𝑎 ∗ 𝑐       (7) 

The refractive index increment 𝑎 is very similar for most proteins and can be assumed as 𝑎
0.19 0.005 𝑚𝐿/𝑔 at 25 °C [34]. De Feijter et al. confirmed that the refractive index 
increment determined at low concentration is valid for concentrated adsorbed protein Gibbs 
layers [33]. The Col-IV concentration in the bulk phase is about 1 µgꞏmL-1 and therefore, the 
correction of the refractive index of the bulk phase is on the order of 10-4 which can be 
neglected. Thus, the following relation is obtained: 

Γ 𝑑 ∗ 
.

,
         (8) 

With the thickness and refractive index of the Col-IV surface layer as measured by 
ellipsometry, we get the results shown in Table 1.  

Table1: Film thickness and refractive index derived from VASE measurements of Col-IV Langmuir 
layers. Quantification of excess concentration, coverage and mass from these measurements.* 

Surface 
pressure 

 
[mNꞏm-1] 

Trough 
Area 

 
[cm2] 

Thickness 
d 
 

 [nm] 

Refractive 
index 

Excess 
Concentration 

 
 [g/mL] 

Coverage  
 
 

[10-4 mgꞏcm-2] 

Mass  
 
 

[μg] 

4 350 45  2.8 1.355 0.121 ± 0.003 5.447 ± 0.5 190.7 ± 16.9 
8 240 50.5 ± 2.7 1.367 0.184 ± 0.005 9.302 ± 0.7 223.3 ± 17.8 

12 150 48.8  2.3 1.379 0.247 ± 0.007 12.071 ± 0.9 181.1 ± 13.3 
16 125 51.9  1.6 1.386 0.284 ± 0.008    14.750 ± 0.8 184.4 ± 10.5  

*The error of the refractive index estimation was 0.001. The error of the adsorbed amount of protein was calculated taking 
into account the uncertainty of the thickness obtained from fitting the VASE data and the standard deviation of the refractive 
index increment. 

From the calculations, we find that the mass of Col-IV in the surface layer is independent of 
surface pressure, i.e. after the initial adsorption phase, no molecules are squeezed out of the 
layer up to a surface pressure of 16 mNꞏm-1. Of the 500 μg Col-IV that are spread to the A-W 
interface, roughly 40 wt % remain at the surface. When plotting the excess concentration 
against the inverse trough area, we find a nearly linear increase (Figure 5). It seems that up to 
a concentration of at least 0,28 gꞏmL-1, Col-IV behaves as a highly compressible, insoluble 
layer, where the segment density can be easily increased by reducing the available surface area.  
 

Thus,     𝑐 ∗ 1/𝐴       (9) 
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with 𝑑  being approximately constant (see Table 1) 

 
Figure 5 Quantitation of the VASE measurements during compression of Col-IV at the A-W interface. 
Excess concentration vs inverse trough area with red line denoting the linear fit 
 

To further evaluate the hypothesis of having an insoluble, highly compressible layer, we carried 
out nulling ellipsometry during film compression (Figure 6). For thin organic films, the 
ellipsometric angle Δ contains information about both film thickness and refractive index. For 
a film at the A-W interface having a thickness 𝑑 ≪ 𝜆 showing no absorption at the wavelength 
𝜆, it was shown that [35]: 

Δ ∗ ∗      (10) 

Where 𝜙 is the AOI and 𝑛  denotes the refractive index of water (𝑛 =1.332 at 633 𝑛𝑚). 

According to eq. (6), when the angle of incidence is below the Brewster angle and 𝑛

𝑛 , Δ increases steadily with refractive index and thickness of the film. Inserting Eq. 7 into 

Eq.10 suggests that Δ is a complex function of the areal monomer concentration and film 
thickness, which are connected via Eq. 9.  

However, for the compression isotherm, plotting Δ as a function of reciprocal area (Figure 6(b)) 
reveals a linear dependence, suggesting that Δ is in fact proportional to the areal protein mass 
density. Since the amount of adsorbed protein is determined by VASE measurements, we can 
even calibrate the curve:  

Δ 180.4 𝑘 ∗  with 𝑘 13 𝑐𝑚 /𝜇𝑔.   (11) 

At the end of the Δ-curve, a plateau is observed. We suggest that this plateau is an artifact 
caused by the barrier almost touching the objective of the ellipsometer rather than desorption 
of molecules from the interface.  

Knowing that Δ provides such an easy access to the areal protein concentration, Δ is measured 
during the Col-IV Gibbs layer formation after spreading to find the optimum equilibration time 
before compression. We found no significant change in Δ during the 30 minutes after spreading, 
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suggesting that the equilibrium between surface and subphase is established right during 
spreading and no adsorption from or desorption to the subphase takes place. (Figure 6(c))  

 

 

Figure 6 Nulling ellipsometry during compression of Col-IV at the A-W interface. a) During 
compression isotherm, Δ and π are plotted against the trough area b) Δ plotted against inverse trough 
area for the compression isotherm c) During Gibbs layer formation for 30 min, Δ and π are measured  

 

3. Model for the behavior of Col-IV Langmuir layer at the air-water interface 

From the investigations in the previous section, a model is derived for the behavior of Col-IV 
Langmuir films at the A-W (Figure 7). After the molecules are spread, roughly 40 wt % of the 
molecules remain at the interface, the other molecules dissolve in the subphase and 
equilibration is reached in a few minutes after spreading. During that time, the molecules form 
a loose network of interpenetrating and overlapping strands (Figure 7(a)). As the barriers are 
compressed, the molecules are pushed together with further overlapping of molecules and the 
volume fraction of water in the layer goes down with no appreciable change in thickness of the 
layer (Figure 7(b)). This behavior persists till a highly compacted state is reached predicted by 
the maximum of the elastic modulus at 35 mNꞏm-1. Beyond this surface pressure, the layer 
possibly collapses due to multilayer formation or desorption into the subphase (Figure 7(c)). 
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Figure 7 Scheme of the Col-IV Langmuir layer at the air-water interface. The faded molecules 
indicate that these molecules are predominantly below the surface Col-IV layer. 

 

4. AFM and IF visualization of Col-IV LS layers on Substrates 

It is essential to identify substrates on which the Col-IV LS layer can be successfully transferred 
without significant alteration of the preformed molecular organization at the A-W interface. It 
is well recognized that wettability of substrates controls the successful deposition of proteins 
onto substrates by Langmuir-Blodgett method [36].  

Here, three substrates of differing wettability: Si wafer (Advancing contact angle (CA) ~ 54 ̊ ) , 
and two commonly used substrates for cell studies, PET (CA ~ 80 ̊ )  and PDMS (CA ~ 1 1 0 ̊ )  
are examined using AFM in water. Col-IV layers are transferred to the substrates at a surface 
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pressure of 15 mNꞏm-1 (LS 15). Col-IV LS transfer on Si-wafer and PET result in controlled 
network like structures of Col-IV, while the rather hydrophobic PDMS induced different 
behavior of Col-IV upon transfer (Figure 8 (a-d)). As evident from Figure 8(f), uncontrolled 
fringe like structures with peaks and valleys on almost micron scale are visible for LS15 layer 
on PDMS. At the same time, LS15 on silicon and PET appeared smooth, with height variations 
within 10 nm, indicating homogeneous coating on the large-scale micrometer scale (Figure 
8(e)). Due to the higher surface roughness of bare PET, the visualization of the Col-IV network 
on PET is not as straightforward as on silicon. The uncontrolled structures formed on PDMS 
can be attributed to the strong hydrophobicity, resulting in large-scale de-wetting effects and 
consequent dehydration of water molecules from the Col-IV networks. The hydration shell 
surrounding the Col-IV network is critical for structural preservation due to extensive H-
bonding [37]. The differences between LS layers on PET and Si-wafer could be due to the 
differences in hydration of the Col-IV layers due to differing wettability and surface chemistry 
of these substrates [38]. The Col-IV layer thickness on a supporting silicon substrate prepared 
by LS method measured by AFM (Supplementary Figure S1, see below) was (D≈25nm). This 
is in good agreement with thickness of Col-IV LS layers on gold substrate (dry state) estimated 
to be 31 nm by surface plasmon resonance [12].  

From these experiments, we infer that a range of substrates fulfilling the criterion CA < 80 ̊ ,  
can be covered with Col-IV in a controlled fashion using the LS method. In this work, we use 
PET for further cell experiments, since it is a well-recognized cell culture substrate and has 
been shown above to be suitable for Col-IV LS transfers. 

In the next step, the differences in the organization of Col-IV immobilization on PET by LS 
and SO methods are compared (Figure 9 (a-b)). When comparing the distribution of the height 
features for the Col-IV LS and SO layers on PET, it is observed that both layers are evidently 
similar (Figure 9(c)). However, there is additionally a minor peak visible in the case of the SO 
layer (~40 nm), attributed to the aggregations and multilayers of Col-IV formed on PET by SO 
method. For the LS layer, there are regions of the Col-IV layer, which are slightly higher than 
other regions evident in the AFM micrographs. These could probably arise due to buckling 
effect of the layer after the transfer from A-W interface, but these variations in height are still 
within 10 nm.  

In vivo, Col-IV essentially forms networks by supramolecular self-assembly through lateral 
and end-to-end interactions between the molecules [26]. Therefore, Col-IV LS layers on PET 
produced here represent a closer approximation of the in vivo Col-IV structures formed. The 
SO Col-IV LS layers are slightly different with appearance of protein aggregations. It is known 
that Col-IV polygonal networks consisting of molecular aggregates deposited by SO on 
hydrophobic substrates (CA ~ 100°) provide sub-optimal endothelial cell interaction. Hence, 
in order to understand basic cellular processes such as migration and cellular invasion, defined 
homogeneous Col-IV LS layers on substrates might be better applicable than SO layers.  
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Figure 8 AFM micrographs of Col-IV LS 15 on substrates in wet state. a) bare Si-wafer b) LS 15 on Si 
wafer c) bare PET d) LS 15 on PET (Scan size 1 µm x 1 µm) ; f) LS15 on PDMS (scan size 30 µm x 
30 µm) e) Exemplary topography profiles of bare and Col-IV covered silicon (Si), PET, and PDMS 
substrates by LS method. Every curve is zero-centered and represented with an offset for a better 
comparison of height variations (ordinates) along the lateral position on the samples (abscissas). 
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Figure 9 Comparison of the organization of Col-IV on PET by SO and LS immobilization methods. 
Row a) IF images b) AFM images c) Height density plotted against height for LS15 and SO 

5.  Mesenchymal stem cell adhesion (MSC) on PET substrates covered with Col-
IV by LS method and solution deposition (SO) method 

PET is chosen for the further cell experiments, since it is a proven substrate for in vitro cell 
culture due to its transparency, easy processibility and stability in culture media [19]. 
Furthermore, controlled transfer of Col-IV LS layers is possible on PET substrates as described 
in the previous section. To evaluate the influence of Col-IV molecular density on the stem cell 
adherence, PET substrates were immobilized with Col-IV by LS at surface pressures 10, 15 
and 20 mNꞏm-1 (designated as LS 10, LS 15 and LS 20), and by SO. As the density of Col-IV 
is increased from LS 10 to LS 20, there is a progressive increase of the number of adherent 
cells as shown in Figure 10(b). However, there is statistical significance for the number of 
attached cells on PET only between the groups LS10 and SO (p<0.05) (Figure 10(a)). 
Interestingly, there exists a linear relationship between the number of adherent cells on PET 
and the inverse of trough area at which the LS transfer is performed (Figure 10(b)). This 
supports our hypothesis that the stem cell adhesion can be controlled with the surface molecular 
density of Col-IV selected on the Langmuir trough. There was also strong cell adherence on 
PET covered with Col-IV by SO.  

Cell spreading is significantly higher for PET deposited with Col-IV by LS15, LS20 and SO 
in comparison to both LS10 and bare PET (p<0.0001). This trend is preserved even when 
cellular spreading is normalized by the number of adherent MSCs for the different groups. 
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(Data not shown). It is clear that PET has to be equipped with adequate cell adhesion moieties 
for optimal MSC attachment and spreading, a condition that is satisfied for LS15, LS20 and 
SO. One could not observe appreciable differences in the focal adhesion (vinculin) and 
cytoskeletal formation (F-actin) of the stem cells interacting with PET covered with Col-IV 
(Figure 11). As described in the previous section, LS15 and SO Col-IV layer on PET seem to 
have similar organization of Col-IV, except for some aggregations which appear in the case of 
SO. Here, such aggregations did not have a negative influence on the cellular adhesion and 
spreading. The way forward in biomedical design should be to as closely as possible mimic the 
in vivo ECM structures on substrates and for this purpose, LS method could be suitable to equip 
substrates with ECM layers such as Col-IV presented in this work.  

 

Figure 10 Quantification of cell attachment and cell spreading area on PET covered with Col-IV after 
24 h. a) Number of adherent MSCs on PET immobilized with Col-IV (mean ± standard deviation (S.D); 
* for p < 0.05) b) number of adherent MSCs is plotted vs the inverse of trough area at which the LS 
transfers are carried out. Values represented are mean ± S.D of 3 independent experiments with 2 
samples in each condition. c) Quantification of cell spreading on different PET substrates covered with 
Col-IV. Cell spreading areas are evaluated from three images for each condition from each of the three 
independent experiments. *** denotes the statistical significance between LS10 and the compared 
groups LS15, LS20 and SO. ### denotes the statistical significance between bare PET and the compared 
groups LS15, LS20 and SO. (n=9; mean ± S.D, *** and ### for p < 0.0001.) 
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Figure 11 Focal adhesion and cytoskeletal structure of MSCs on PET substrate covered with Col-IV by 
LS and SO after 24 h. (Green represents vinculin, red represents F-actin, scale bar = 100 µm).  

In our previous investigation, stem cells responded to the homogeneously deposited layer of 
fibronectin (FN) on polydimethylsiloxane (PDMS) prepared by LS, by exhibiting stronger and 
more uniform distribution of focal adhesions compared to the PDMS covered with 
inhomogeneous layers of FN by SO method [39]. Here, we demonstrate that by controlling the 
Col-IV density on a polymeric substrate by LS method, stem cell adhesion can be regulated. 
Furthermore, fibroblasts and stem cells were shown to align with the oriented Col-I fibres 
prepared by LB method on glass, by using compression of the Col-I layer at high barrier speeds 
on the Langmuir trough [21]. Therefore, defined ECM matrices with controlled parameters 
such as thickness, orientation and density prepared by LS method on polymers provide an 
opportunity to modulate cell responses in the desired direction in the future. 

 

Conclusions 

Building biomimetic BM structures on biomaterial substrates is rather challenging. Here, we 
provide insights about the organization of Col-IV molecules in the Langmuir layer at the A-W 
interface. We are able to quantify the number of Col-IV molecules remaining at the A-W 
interface after spreading and characterize their assembly as a thin disordered network by 
ellipsometry and PM-IRRAS at RT. These in situ methods reveal that the areal mass density, 
ellipsometric angle Δ and amide I intensity are all inversely related to the trough area as the 
layer is compressed. Therefore, we can conclude that the Col-IV network behaves as a highly 
compressible solid during compression of the barriers. The layer responds to compression by 
reduction of the space between the molecules and by interpenetrating and overlapping with 
negligible changes in orientation or thickness. Furthermore, only on substrates satisfying the 
wettability criterion CA < 80 ̊ , the preformed network-like organization of Col-IV at the A-W 
interface can be successfully transferred by LS method. Remarkably, we are able to show that 
early stem cell adhesion (after 24h) can be directed by the surface areal density of Col-IV 
selected in the Langmuir trough. The present work might be the basis to build artificial 
biomimetic BMs with defined biophysical and biochemical characteristics, which can be used 
to understand basic cellular processes such as migration and invasion of cancer cells through 
BMs. 
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Supplementary Material 

 

Supplementary Figure S1 Determination of thickness of LS15 Col-IV layer on Si wafer by AFM 
classical scratch method. a) AFM micrograph depicting the Col-IV layer and the bare Si wafer after 
scratching the layer. b) Topography profile of Fig. 1a 

 

 

 


