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Abstract

The structural arrangement of type I collagen in vivo is critical for the normal functioning of tissues,
such as bone, cornea, tendons and blood vessels. At present, there are no established low-cost
techniques for fabricating aligned collagen structures for applications in regenerative medicine. Here,
we report on a straightforward approach to fabricate collagen films, with defined orientation
distributions of collagen fibrillar aggregates within a matrix of oriented collagen molecules on flat
sample surfaces. Langmuir Blodgett (LB) technology was used to deposit thin films of oriented type I
collagen onto flat substrates exhibiting various shapes. By varying the shapes of the substrates (e.g.
rectangles, squares, circles, parallelograms, and various shaped triangles) as well as their sizes, a
systematic study on collagen alignment patterns was conducted. It was found that the orientation and the
orientation distribution of collagen along these various shaped substrates is directly depending on the
geometry of the substrate and the dipping direction of that sample with respect to the collagen/water
subphase.

An important factor in tissue engineering is the stability, durability and endurance of the constructed
artificial tissue, and thus its functioning in regenerative medicine applications. By testing these criteria
we found that the coated films and their alignments were stable for at least three months under different
conditions and, moreover, that these films can withstand temperatures of up to 60°C for a short time.

Therefore, these constructs may have widespread applicability in the engineering of collagen-rich

tissues.

Keywords: type I collagen, Langmuir Blodgett film deposition, LB, sample geometry, dipping direction,

alignment distribution, pattern, tissue engineering, matrix, scaffold, coating, biomaterial.

I. Introduction
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Collagen is the major structural protein in animals, comprising up to 30% of total protein weight.!-? It
is the foundation of the extracellular matrix in a variety of connective tissues including bone, dentin,
cartilage, tendons, dermis and cornea. Individual collagen molecules are composed of three left-handed
helical polypeptide chains forming a right-handed triple-helical structure that is stabilized by hydrogen
bonds. This trimetric collagen, sometimes termed tropocollagen, is approximately 300 nm long and 1.5
nm in diameter.!>* Tropocollagen molecules aggregate in the extracellular space in a characteristic
staggered fashion to form microfibrils and fibrils.! Bundles of fibrils form collagen fibers, a common
structure in many connectives tissues. Depending on the tissue and its function, these fibers can form
layers of randomly oriented molecules, they can show arrangements of high orientation in a single
direction, or they may be present in multiple layers with each layer of the highly oriented fibers angled
to each other. For instance, mature bone is lamellar with the adjacent lamellae differing in collagen
orientation by 90 degrees; whereas, in immature woven bone, collagen is randomly oriented.>® Tendon
collagen molecules are all oriented parallel to the long axis of the tissue,” while cornea shows an
orthogonal arrangement of aligned collagen fibrils® and dermis a random orientation.” These differences
in orientation and structure provide the appropriate mechanical properties for the specific tissues. '’

Various approaches have been used to incorporate collagen into artificial constructs for the
replacement and regeneration of damaged tissues. Collagen-rich tissue, such as that from the heart
valves of pig or cow, are chemically modified and used as valve replacements in human.!! Similarly,
animal collagen can be extracted, purified, processed and used for a variety of purposes, including
wound dressings, scaffolds, cornea/lip augmentation, enzyme immobilization, drug delivery and many
other applications.!! Despite these successful applications of collagen in medicine, mimicking natural
fiber arrangement and orientation is a major challenge.

Using the Langmuir-Blodgett technology,'> we have recently introduced a straight forward method to
fabricate highly oriented thin film coatings of type I collagen,'® and found that the behavior of collagen
molecules during film processing is comparable to a particular class of synthetic polymers known as

hairy rod polymers.'* One particular similarity of both types of molecules is shape persistence. In hairy
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rod macromolecules, shape persistence is achieved by direct synthesis of a bonding pattern of the
polymer chain's constitutive elements preventing the randomization of the chain trajectory as it occurs in
random coiled polymers. Hairy rod macromolecules consist of a rigid backbone and a shell of flexible
side groups. The side groups can be chosen as hydrophobic entities, so that a repulsive interaction, with
e.g. water, can be achieved.!* As described by Wegner,'* it is relatively simple to achieve an internal
nanoscale architecture within monolayer films of these macromolecules using the Langmuir-Blodgett
(LB) technology. Wegner and coworkers have carried out extensive work on hydrophobic hairy rod
polymers and found that LB transfer of these "hairy rods" onto plane substrate surfaces resulted in the
formation of monomolecular thin films with highly-oriented molecules, preferentially aligned in dipping
direction.!*!> Moreover, if annealed (60 - 130 °C), layers of even higher molecular order were
achieved.!>!'®!7 Similarly, we have demonstrated that collagen fibrillar aggregates preferentially align
along to the dipping direction.!* But we have also observed that those collagen fibillar aggregates, which
were initially in contact with the substrate surface before LB-transfer, were part of an “orientation arch”
formed by the LB transfer near the top of the samples. Here the orientation was perpendicular to the
dipping direction, parallel to the air water interface.'® The reason for this finding was suggested to be an
outcome of the fabrication process. The hydrophobic substrates were mounted in the LB trough nearly
completely immersed in the subphase before collagen was applied to the air-water interface. The
collagen molecules on the trough, which come in close proximity to the substrate at the air-water
interfacial line after spreading and compression, adhere to the substrate surface via attractive
hydrophobic-hydrophobic interactions and align themselves parallel to the substrate surface and parallel
to the air-water interface. The following film-lift process - the pulling-up of the substrate through the
collagen LB film - results in an orientation of collagen molecules parallel to the dipping direction, an
outcome driven by the moving action (substrate through the collagen film). In other words, orientation
of collagen parallel to the dipping direction occurs only during slow LB transfer of the molecules onto
the substrates. As mentioned above, these findings show strong similarities to observations made by

Schwiegk et al. (experimentally and theoretically) for hairy rod polymers transferred to rectangular
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substrates.!” Moreover, Wegner and coworkers have shown that alignment of these molecules can be
achieved in both film-transfer-directions, upstroke and downstroke.!*!>!¢ Schwiegk et al.!> also
investigated the influence of the flow on the LB trough towards the substrate by varying the substrate
width and thickness. They found that only a convergent flow leads to an alignment of the hairy rods
parallel to the dipping direction. If flow was non-convergent the orientation of the rod-like molecules
was perpendicular to the dipping direction.

In the present study, we have applied LB fabrication technology to deposit thin layers of collagen on
flat, hydrophobic substrates with various shapes and dimensions (squares, triangles, diamonds, etc.) to
arrange alignment of collagen molecules with a systematic change in orientation. We have studied
effects of the sample shape, the dimension and the tilt angle with respect to the dipping direction, and
have analyzed the resulting collagen orientation distribution on these 2D samples. In addition, we have
tested the stability of these collagen films under different conditions. Optical microscopy was used to

individually characterize the distribution of collagen orientation and its stability at various conditions.

I1. Experimental Section

Collagen solution. Type I collagen with a molecular weight of ~ 300 kDa was prepared from rat tail
tendons as previously described.!® The acid-soluble collagen received has been shown to exhibit the
triple-helical structure of type I collagen (tropocollagen).'®?® For LB experiments 2 puM collagen
solutions were prepared by dissolving 0.6 mg collagen in mixtures of 0.9 ml acetic acid (5 mM) and 0.1
ml n-propanol (n-propanol stabilizes the protein structure and supports the film formation'?) for at least
12 h at 4°C (in motion). These solutions contain collagen still exhibiting its tropocollagen tertiary

structure as shown by CD spectroscopy. '

Fabrication of hydrophobic glass substrates for LB transfer. Hydrophobization of glass surfaces

was achieved by thorough cleaning and preconditioning of glass substrates followed by a self-assembly



process of octadecyltrichlorosilane on the glass surfaces. First, for silanizing of glass substrates, creation
of —OH groups on the glass surface is essential. Glass slides (Microscopy slides, Fisher Scientific) were
thoroughly cleaned by sonication in 2% Hellmanex solution (Hellma, Germany), followed by a
treatment in acetone and then in Milli-Q water (p > 18 MQcm, Millipore) for 5 minutes, respectively.
After each step the substrates were rinsed 5 times with Milli-Q water. The slides were then immersed in
a 4:1 solution of concentrated HoSO4 and H>O> overnight, washed with copious amounts of Milli-Q
water, and dried with N,. Contact angle measurements (Goniometer NRL Model 100-00, ramé-hart
instrument co, Montréal) confirmed the hydrophilic nature due to creation of —OH groups on the slide
surfaces (0 < 2°).

For the silanization step (creation of hydrophobic surfaces), a 10 mM solution of n-
octadecyltrichlorosilane (OTS, 97%, Sigma Aldrich) in anhydrous toluene was prepared. Since OTS is
easily hydrolyzed in atmospheric moisture, this solution was always prepared under nitrogen atmosphere
(using a glove box) and used immediately. Slides were immersed in OTS and given about 6 hours of
OTS-assembly time in the glove box. The slides were removed from the OTS solution, rinsed
with toluene and ethanol, and dried with N>. The slides were then placed in a vacuum oven at 120°C
for one hour (20 min heating + 40 min under vacuum). Contact angle measurements confirmed the

hydrophobicity of the surface: 6 > 100°.

Langmuir-Blodgett (LB) Technique. For the LB transfer of collagen onto hydrophobic substrates,
samples were immersed nearly completely in the Milli-Q water subphase. 2 uM collagen solution was
applied drop-wise to the entire surface of the Milli-Q water subphase in the LB trough (KSV
Instruments LTD Model KSV3000-2 LB). Following a 20 minutes waiting period to allow for the
volatile solvent to evaporate, either an area-pressure isotherm (surface pressure IT vs. trough area) was
obtained at a barrier compression speed of 5 mm/min (room temperature) or the barriers were allowed to
compress the collagen up to ~ % of the highest achievable pressure'® at a speed of 5 mm/min (at room

temperature). The compressed films were visible as “sticky foils”. For LB film-transfer, the substrate
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was then moved out of the water subphase through the collagen LB film with a KSV film lift at a speed
of 5 mm/min. For collagen deposition onto another sample, the trough was thoroughly cleaned, refilled
with Milli-Q water and the new substrate mounted nearly completely immersed in the water subphase,

before fresh collagen was reapplied and the fabrication process repeated.

Stability treatment of samples. To test the stability of the collagen LB films, a set of samples were
treated under different environmental conditions and for various periods of time. Film stability was
tested (a) at 37°C for 77 days in air, (b) at 37°C for 70 days in Ringer (buffer) solution containing (in
mM) 130 NaCl, 5 KCI, 20 HEPES, 10 D-glucose, 1 MgCl>, 1 CaCl, (adjusted to pH 7.4 with NaOH)
and (c) under elevated temperatures at 37, 45, 50, 55, 60 °C (£ 0.02°C for all adjusted temperatures). For
treatment (a) and (b), the samples were stored in an incubator (Baxtor) and transferred to a heated stage
(37°C) of a Nikon Eclipse TE 300 microscope (Nikon, Japan; temperature controller: Tempcontrol -
37Analog, Zeiss, Germany) at day 0, 7, 14, 21, 28, 35, 70 and 77 to study the films. Samples in Ringer
solution were dried before inspection and re-immersed after analysis. For treatment (c), annealing
occurred in situ on a heating stage of the Nikon microscope for 4 min at each temperature step, while the
heating time At between each temperature step was set to be 3.5 min, respectively. Investigation of these

samples occurred directly during the treatment.

Optical Microscopy. To analyze and study the orientation distribution of the LB collagen films on
hydrophobized substrates, bright field microscopy (Zeiss Axioskop 2 MAT, Germany; Nikon Eclipse
TE 300, Japan) was carried out. For some substrate surfaces, micrographs show “dotty” artifacts besides
the collagen fibrillar structures. These artifacts originate from glass particles deposited during cutting the

glass substrates by a glass saw. Unfortunately, these particles could not be removed.

II1. Results and Discussion



One of the main findings of our previous studies on collagen film deposition is the formation of
fibrillar aggregates of collagen (length < 100 um) embedded within the collagen matrix, both oriented in
the same direction.!® These features are confirmed in the present study and used to indicate the collagen
orientation. As the fibrillar aggregates are large enough to be imaged by conventional refraction limited
optical microscopy, large-area analysis of orientation and orientation distribution of fibrillar collagen
aggregates was carried out by bright field microscopy.

Substrates with various 2D shapes (squares, rectangles, triangles, disks and rhomboids) and different
sizes were mounted in the LB-trough to deposit collagen. In addition, samples were mounted under
various directions and angles with respect to the dipping direction. All substrates used were kept in
dimensions (typically 10-12 mm and 25 mm in width) small enough to satisfy the conditions for

convergent flow pattern on the trough.'

4_
 —
70 mm
25 mm

Fig.1 Orientation distribution of fibrillar collagen coated at a 70 mm x 25 mm substrate. Dipping

direction parallel to long axis. Arrow: air water interface before LB transfer was initiated.



As described by Tenboll et al.!?, if a rectangular substrate (70 mm x 25 mm) is mounted with its long
axes parallel to the dipping direction, coating with collagen will result in fibrillar aggregates forming an
“orientation arch” at the top of the sample (upper ~1/3 of the coated area) and to collagen alignment
parallel to the dipping direction at the lower part of the sample (~2/3 of the coated area). Using this

substrate geometry and size, this collagen orientation distribution was reproduced several times (Fig.1).

Fig.2 Bright field microscopy images taken from various areas of a collagen coated sample (25 mm x
25 mm substrate): a) left hand side of arch, b) right hand side of arch (inset: sketch of the coated

fibrillar orientation distribution on the square), c¢) lower edge (left side).
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However, the present study shows that if a square (with the same width of 25 mm) is coated under
identical conditions a different distribution pattern is formed. Fig.2 (inset in 2b) shows a sketch of a
substrate (25 mm x 25 mm) indicating the orientation distribution of collagen found by bright field
microscopy as well as three optical micrographs depicting details of the distribution from which the
sketch was drawn. In contrast to the rectangular samples (Fig.1) the arch is covering more than half of
the surface area of the sample (Fig.2a,b). Alignment parallel to the dipping direction is found only for
the bottom-part of the sample (Fig.2¢c). Clearly the length of the sample parallel to the dipping direction
plays a major role in the orientation distribution of collagen, a finding related to the area available for
molecules to align during flow and deposition onto the substrate.!> To additionally test these findings,
we mounted the rectangular sample (70 mm x 25 mm) with its long side parallel to the air-water
interface (the sample in Fig.1 was turned by 90°) and deposited collagen. Analyzing the deposition
pattern in the sketch of Fig.3a clearly shows that the orientation distribution of the fibrillar aggregates
depends on the height of the sample. In case of Fig.1 2/3 of the lower part of the substrate surface
showed collagen orientated parallel to the dipping direction, whereas in case of Fig.3a an arch regime is
deposited only. But again, large areas of the substrate area indicate straight orientation of collagen.
Another feature being evident from Fig.1, 2 and 3a is the alignment of the fibrillar aggregates parallel to
the substrate edges. The orientation is always parallel to the sample edges with the exception of the
bottom line, the tear-off edge.

To further study effects of substrate geometry and size on collagen deposition patterns we conducted
several experiments using various samples and mounting angles. All shapes are shown in Fig.3
(symmetric samples) and Fig.4 (asymmetric samples). The dipping direction for all samples was always
the vertical. Note: some samples, e.g. triangles, can appear more than once in the symmetric regime as

they can be mounted at the tip or the base.
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Fig.3 Sketches of fibrillar orientation distributions found on symmetric substrates (not to scale).
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For all symmetric samples (Fig.1, 2 and 3) the following orientation patterns could be observed. a)
All symmetric substrates indicate the formation of a collagen “orientation arch” regardless if the top of
the sample edge was straight (Fig 3a-e), round (Fig.3f) or pointy (Fig.3g-m). b) There is a clear
symmetry line in the middle of each sample running parallel to the dipping direction. ¢) Decreasing or
increasing the sample width during LB transfer (due to the substrate geometry) results in the generation
of arches dominating the entire sample surface. d) For nearly all samples, collagen was aligned parallel
to the sample edges when in close proximity to them (Fig.3 and 4), independent of the mounting angle.
e) Triangular substrates with a tip pointing downwards during coating (angle: substrate edge/subphase <
90° Fig.3i,m and Fig.3k [lower part]) show a preferential alignment parallel to the dipping direction,
leading to an angle between the fibril alignment direction and the substrate edge. f) Squares (25 mm x
25 mm) mounted in a tip (Fig.3g) and round samples (Fig.3f) indicate an intermediate orientation state
of collagen, showing alignment which is non-parallel to the edges and non-parallel to the dipping
direction. An exception to this “set of rules” was the patterning on the small squares (10 mm x 10 mm),
when mounted at the tip or an edge (Fig.3e,h). In both cases collagen is aligning perpendicular to the
dipping direction at the top of the substrate. It does, however, not form an arch, which allows collagen a
smooth transition from alignment parallel (or nearly parallel) to the edges to the tear-off structure at the

bottom of the samples.
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Fig.4 Sketches of fibrillar orientation distributions found on asymmetric substrates (not to scale).



More insight into flow characteristics of collagen during film formation provides the analysis of the
relationship between substrate geometries and the collagen pattern on the substrate surface. During
coating of some symmetric (Fig.3j and | and upper halves of Fig.3g, h and k) and asymmetric samples
(Fig.4) the orientation of the fibrils followed the edges of the substrates (except for the tear-off edge at
the bottom), but not necessarily the dipping direction.

An explanation for this behavior is found (in part) in the flow dynamics during LB film formation
investigated experimentally and theoretically by Schwiegk et al.!> They have observed that moving the
substrate during LB transfer causes the molecules to flow along the water-air interface (even relatively
far from the substrate) and to arrange themselves parallel to each other in a way that they finally point
towards the substrate (long axis of molecules perpendicular to the sample). In the case of rectangular
substrates (e.g. Fig.1, 3a,b,c), the molecules will then be pulled out (with a constant width of the
substrate) and form an aligned pattern parallel to the dipping direction and parallel to the substrate’s
edges.!>! If, however, geometries are chosen, where the sample width is changing during film
deposition, alignments of molecules will change too. Here, the molecule flow on the trough and the final
collagen pattern on the substrate are strongly influenced by the changes of the sample width and
therefore by the availability of deposition area on the sample. Taking these findings into account, four
different kinds of flow changes can be achieved by varying the 2D geometry of a substrate while pulling
it out of the subphase through the collagen layer. 1) Keeping the width of a sample at a fixed LB transfer
position relative to the subphase (see above; e.g. Fig.1, 3a,b,c); ii) keeping the width of a substrate but
changing the LB transfer position relative to the subphase (Fig.4c, parallelogram); iii) increasing the
width of a sample at a fixed LB transfer position (e.g. Fig.3j,I; upper half of Fig.3gk); and iv)
decreasing the width of a sample during LB transfer at a constant position (Fig.31 and m; lower half of
Fig.3f,g,h and k; lower left half Fig.4b). Note: Only those samples (or sample areas) with decreasing
width during LB transfer will not show collagen aligned parallel to the edges. The edge alignment tears

off; generating an “open structure” with fibrils aligned parallel/near parallel to the dipping direction.

14



In general, geometries exhibiting a constant width (rectangle, square, and parallelogram) have a
constant convergence in molecular flow and form (besides the arch at the top) an alignment of the
collagen fibrillar aggregates parallel to the samples edges. Samples which show an increase in width
(e.g. upper half of the diamond or triangle clamped at the tip) during film transfer will systematically
decrease the convergence of the molecular flow on the trough during the deposition. This process results
in the formation of a pronounced orientation arch and in patterns where the alignment of fibrils is
parallel to the substrate edges, not parallel to the dipping direction. In contrast, sample geometries
showing a decrease in width (lower half of the diamond or triangle clamped at a base) will result in an
increase of convergence of the molecular flow during film formation and lead to orientation patterns
where collagen is aligned parallel to the dipping direction.

Moreover, comparing the overall collagen orientation of the lower half of the long diamond shape in
Fig.3k with that of the (base-mounted) triangle (Fig.3m), both with a maximum width of 25 mm but
different sample lengths, suggests an effect of the change in width (Aw) relative to the change in height
displacement (Ah) via the film lift. Because, moving the sample out of the subphase by Ah results in less
change in width (Aw) for the long diamond (as it has a smaller tip angle) than moving the triangle with
the larger tip angle of 45° out of the subphase. Thus, a more distinct alignment of collagen parallel to
the dipping direction is found in the large diamond (lower half) case. This effect is also observed for
using squares mounted at their tips (Fig.3g and h). In these cases, the change of width with Ah is similar
to the base mounted triangle and leads to similar alignments: coating resulted here (Fig.3g and h; lower
half and Fig.3m) in an intermediate orientation state of collagen, showing non-parallelism of alignment
to either edges and to the dipping direction. Therefore, the angel between the sample-edge and the
subphase plays an important role in controlling the molecular flow, the degree of convergence, and
therefore the patterning of 2D substrates with collagen fibrils.

The asymmetric sample in Fig.4b contains all Aw/Ah variations discussed. It therefore shows all
orientation distributions of the collagen fibrillar aggregates possible in a mixed fashion: 1) the

pronounced arch, here from top to down, in the upper half of the sample; 2) the parallel orientation
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along the right edge and (here) along the dipping direction, because on this edge the convergence did
not change; and 3) an edge alignment with an open tearing off structure along the left side, where fibrils
are aligned neither parallel to the edge nor parallel to the dipping direction in the upper half of the

sample and in parallel/near parallel to the edge in the lower half of the sample.

Fig.5 Bright field optical microscopy images of a sample kept in air at 37°C for 77 days: a) freshly

prepared and b) after 77 days. The arrow shows the distance evaluated. Scale bar: 100 um

For biomedical applications it is important to use substrates, which are stable with respect to a
multitude of environmental effects and for a long period of time. We have, therefore, tested the stability
of LB deposited collagen samples under various conditions for up to three months: a) storage in air at
37°C (for 3 months), b) storage in buffer (Ringer) solution at 37°C (for 3 months) and c) treatment in air
at increasing temperature (37° — 60°C). Using an optical microscope, film stability was analyzed, under
the same conditions and at the same spot every week (or at a given temperature) and micrographs taken.
For quantitative investigations two large fibrils were randomly chosen on each sample at the beginning
of the study and the distances between them measured for each time/temperature series. Fig.5 shows
images taken by bright field microscopy of a sample kept in air at 37° (a) directly after preparation (0
days) and (b) after 77 days. The arrow in Fig.5a indicates the distance between two fibrillar aggregates,

a measure also used to evaluate the film stability. In Fig.6 microscopy images of a sample stored in
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buffer solution [a) 0 days, b) 7 days, ¢) 70 days] at 37° are shown. Again, an arrow indicates the

measured distance of fibrils for evaluation of film stability.

Fig.6 Bright field optical microscopy images of a sample kept in buffer solution at 37°C for 77 days:
a) freshly prepared and b) after 7 days and c) after 70 days. The arrow shows the distance

evaluated. Scale bar: 100 pm

Fig.7 Bright field optical microscopy images of a sample treated by increased temperature. a) after
treatment at: 45°C, b) 55°C and c¢) 60°C. The arrow shows the distance evaluated. Scale bar: 100

pum

Images for analyses and quantification of temperature stability of collagen films are shown in Fig.7.

For details, quantification of distance data (film stability) for all samples during the complete testing
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period/temperature is shown in Fig.8. The data indicate that for any sample evaluated no significant
changes in measured distances were determined.

We therefore conclude that the LB deposited collagen films are stable under these three tested
conditions. However, as only the position of the fibrillar aggregates has been determined, it is not clear
at this point whether the collagen matrix has not undergone an orientation change during the storage or
heat treatment. On the other hand, Cha et al.!” have shown that annealing of LB samples of hairy rod
macromolecules (poly[bis(m-butoxyphenyl)silane]) up to 130° enhances the orientation alignment,
enhances the order parameter, respectively. This is a hint that the orientation direction of the collagen
matrix might not have changed, however the order might have even increased. To clarify this matrix
stability issue, additional studies are necessary. Thin film methods investigating the matrix’ anisotropy
locally can to be employed; e.g. assessing the anisotropic refractive index with localized versions of
ellipsometry?!, waveguide spectroscopy??, or absorption spectroscopy as was carried out previously on
these films for anisotropy studies.!*!” These tests will offer the prospect that shelf-life times of three
months (at least) are achievable, and that short time exposure to temperatures of up to 60° are of no

concern.
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Fig.8 Measured distances versus the storage time or the temperature. The errors are within the range of

the symbols. The lines represent the average distance and serve as a guide to the eye.
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IV. Conclusion

We found that the LB-transfer of tropocollagen onto 2D substrates and its final orientation
distribution is controlled by the particular flow conditions on the trough, the degree of convergence or
divergence, directly controlled by the substrate geometry. It was demonstrated that, by choosing a
particular substrate shape, a particular collagen orientation and orientation distribution can be achieved.

We also have shown that the fibrillar aggregate structure of the LB films is stable for at least 3
months and that those films can be treated at temperatures of up to 60°C for a short time. The
orientation behavior of the collagen matrix during storage and heat treatment is very likely stable as
well, however this needs to be confirmed by additional investigations.

We suggest that the 2D orientation behavior found in the present study for collagen and the
possibility to control orientation and orientation distributions are not unique to tropocollagen. We
assume hairy rod polymers and other macromolecules, synthetic and natural, with a long persistence
length will show a similar behavior.

In a next step, a cleavable site should be introduced between the substrate surface and the
hydrophobic (functionalized) surface layer allowing for a nondestructive peel-off process of the
collagen layer. In this way, thin, flexible collagen films would be available for applications where
certain collagen orientations and distributions are needed, e.g. for medical purposes like wound
dressing, or physical investigations such as rheological studies. The orientation distribution on 3D

samples, as e.g. for small implants or biomedical scaffolds, will be tested in the future.
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