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ABSTRACT

Fibrillar collagens, such as collagen type I, belong to the most abundant extracellular matrix proteins and
they have received much attention over the last five decades due to their large interactome, complex
hierarchical structure and high mechanical stability. Nevertheless, the collagen self-assembly process is
still incompletely understood. Determining the real-time kinetics of collagen type I formation is
therefore pivotal for better understanding of collagen type I structure and function, but visualising the
dynamic self-assembly process of collagen I on the molecular scale requires imaging techniques offering
high spatiotemporal resolution. Fast and high-speed scanning atomic force microscopes (AFM) provide
the means to study such processes on the timescale of seconds under near-physiological conditions. In
this study we have applied fast AFM tip scanning to study the assembly kinetics of fibrillar collagen type
I nanomatrices with a temporal resolution reaching eight seconds for a frame size of 500 nm. By
modifying the buffer composition and pH value, the kinetics of collagen fibrillogenesis can be adjusted
for optimal analysis by fast AFM scanning. We furthermore show that amplitude-modulation imaging
can be successfully applied to extract additional structural information from collagen samples even at
high scan rates. Fast AFM scanning with controlled amplitude modulation therefore provides a versatile

platform for studying dynamic collagen self-assembly processes at high resolution.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Fibrillar collagen type I is the main component of different
extracellular matrices (ECM), and one of the most abundant mam-
malian proteins [1]. For instance, it is preponderant in ligamentous
and tendinous tissues, where it provides resilience to a range of uni-
and multiaxial mechanical loads [2]. It is well-established that
collagen I fibrils form in a hierarchical self-assembly process from
molecular precursors, but five decades of collagen I research have
seen different models describing the precise arrangement of these
molecular building blocks in mature fibrils. In particular, there has
been contrasting evidence regarding the crystallinity [3,4] and/or
liquid-like disorder [5,6] of structural subdomains both on the
molecular and fibrillar levels, which could be related to the unique
mechanical properties of collagen [7].

A commonly accepted structural hierarchy of collagen starts with
laterally staggered, triple-helical monomeric tropocollagen monomers
(1.5 nm thick, 300 nm long), through microfibrillar units of 4-5 nm in
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diameter [8], to significantly larger nanometre/micrometre-sized
fibrils [9]. One of the hallmarks of collagen I is its characteristic
D-banding periodicity of 67 nm [10], resulting from the quarter-
staggered alignment of collagen chains during fibrillogenesis [11].
The interactions that drive the self-assembly process are predomi-
nantly electrostatic and hydrophobic, with a suggested role of the
D-band in optimal electrostatic pairing between neighbouring mono-
mers, as well as in maximising contact between hydrophobic domain
regions [12,13]. Further stabilisation mechanisms include molecular
cross-links between the central triple-helical regions and short non-
helical C- and N-terminal telopeptides [14].

Previous studies on collagen I kinetics suggest a multi-step
process with a distinct nucleation (lag) phase and an exponential
phase [15]. The nucleation phase is commonly associated with the
formation of linear dimers and trimers with 4-D staggered mono-
meric collagen molecules. Such structures may then be further
involved in the formation of macroscopic D-banded fibrils by means
of lateral staggering [16]. The overall structure and dynamics of
collagen 1 fibrillogenesis has been shown to be influenced by
parameters such as temperature [17,18], pH value and salinity of
the assembly solution [19-21], monomer concentration [22,23], or
degree of telopeptide removal [24-26]. Additional fibrillogenesis
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regulatory mechanisms involve molecular interactions with other
molecules, such as glycosaminoglycans [27-29], proteoglycans
[30-32], or other types of collagen [33-35].

The last few decades have seen a strong demand for novel
collagen I-based tissue engineering scaffolds. There have also been
great efforts to elucidate the molecular mechanisms behind a
number of collagen I-related anomalies and diseases [36]. How-
ever, given the structural heterogeneity of tissues, it is often
difficult to determine the individual effect of specific parameters
on the kinetics of collagen type I fibrillogenesis. This has led to an
increase of in situ studies featuring different artificial model
systems to study molecular mechanisms during collagen I fibrillo-
genesis in detail. Structurally heterogeneous gels with random
fibrillar orientations significantly deviate from the native align-
ment of collagen I structures [28] and often obstruct high-
resolution structural analysis. An interesting alternative is a pre-
viously employed technique for creating aligned nanofibrillar
collagen I matrices by employing the entropy-driven self-assembly
on a muscovite mica substrate [37].

Studying the dynamics of complex macromolecular collagen I
systems also requires suitable imaging methods offering both high
spatial and temporal resolution. The past years have established
the atomic force microscope (AFM) as an indispensable tool for
high resolution structural analysis of biological samples under
physiological conditions [38]. Unlike other high-resolution ima-
ging techniques, such as advanced electron microscopy and super-
resolution optical microscopy, AFM does not usually demand
specific sample modification and therefore does not introduce
preparation artefacts. In addition, ongoing developments in fast
and high speed AFM scanning are establishing this technique as a
tool to look beyond individual snapshots of cellular processes or
macromolecular assemblies, and to use it for studying dynamic
biological systems with high temporal resolution as well [39-41].

Here, we report on the application of fast AFM imaging to
reveal the dynamics of collagen type I fibrillogenesis with a
temporal resolution reaching eight seconds per image frame. By
modifying the concentration, pH and ion concentration of the
working solution, we are furthermore able to look beyond the
characteristic timeframe of conventional AFM imaging for collagen
[ fibrillogenesis and D-banding formation. In future, the applied
experimental setup in combination with fast scanning could also
be used for gaining novel insight into the dynamics of other
macromolecules and biological systems with high spatial and
temporal resolution.

2. Materials & methods
2.1. Buffer composition and reconstitution of collagen type |

For static experiments collagen type I nanomatrices were
prepared by gluing mica discs (@ 5-15 mm) to a microscope slide.
A custom-made open fluid chamber was created by sealing a glass
ring (@ 21 mm) around the mica disk. Immediately before collagen
reconstitution the mica substrates were cleaved to produce atom-
ically flat surfaces suitable for high-resolution imaging. After the
chamber was pre-filled with 50 mM L-glycine buffer (pH 9.2,
containing 200 mM KCl), monomeric bovine collagen type I (Pure-
Col, Advanced Biomatrix) stock solution (consisting of a high
purity pepsin-extracted atelo-collagen) was injected to reach a
desired total solution concentration between 15 and 100 pg/ml.
Depending on the total collagen solution concentration, incubation
times were varied between 1 h (100 pg/ml) and overnight (15 pg/ml).
Following the reconstitution of collagen I at room temperature, the
samples were shortly rinsed in glycine buffer to remove any unbound
collagen and imaged immediately in buffer.

For studying collagen I dynamics, the custom-made chambers
described above were pre-filled with imaging buffer solution. The
tested buffer compositions included: 1) 50 mM L-glycine buffer
(pH 9.2, 200 mM KCl); 2) Phosphate buffered saline (PBS) (pH 7.4,
10 mM phosphate buffer, 2.7 mM KCl, 137 mM NaCl); and 3)
PBS+200 mM KCl (pH 7.3). The buffer solutions were equilibrated
for at least 30 min to minimise thermal drift. Finally, a calculated
volume of monomeric collagen I stock solution was injected into
the imaging solution directly on the mica substrate to reach the
desired total solution concentration.

2.2. Fast-scanning atomic force microscopy (AFM)

Samples were analysed using a NanoWizard® ULTRA Speed
AFM (JPK Instruments, Germany) mounted either on an inverted
Nikon Eclipse TE2000-U optical microscope, or equipped with a
JPK TopViewOptics™. Hydrated samples were imaged in buffer at
ambient temperature in amplitude-modulation AC mode. For
dynamic and static measurements we used fast-scanning high-
resonant ultra-short cantilevers (USC-F0.3-k0.3, NanoWorld, Swit-
zerland) with a nominal resonance frequency of 300 kHz in air,
spring constant of 0.3 N/m, reflective chromium/gold-coated sili-
con chip, and high-density carbon tips with a radius of curvature
of 10 nm.

2.3. Image processing and data analysis

AFM images were analysed with the native JPK DataProcessing
software. When required, images were subjected to a polynomial
surface tilt to correct for sample slope and/or flattened with a
polynomial/histogram line-fit. Low-pass Gaussian and/or median
filtering was applied to remove minor noise from the images. The
Z-colour scale in all images is given as relative after processing,
with the offset being kept the same within each of the figures to
emphasise the structural features. This allows for the comparison
of the same channels within each figure, but should not be taken
as an absolute for comparing the absolute height values in the
different figures. Particle thresholding analysis to calculate fibrillar
coverage area was carried out with SPIP 6.2.4 (Image Metrology A/S).
Preparation of supplementary movies and further analytical opera-
tions were carried out with Image] 1.48v. Graphical plotting and
figure preparation was carried out with SciDAVis 0.2.4 and Inkscape
0.48.4. 2D spatial autocorrelation analysis was carried out by analys-
ing the previously processed AFM height images with WSxM
5.0 Develop 6.5 software [42] with further normalisation.

3. Results

3.1. Resolving the characteristic D-band of collagen type I at different
line rates

Studying fast dynamic processes, such as collagen type I fibrillo-
genesis in situ, requires the application of imaging techniques with
high spatial and temporal resolution. Previous studies have shown
that nanoscopic collagen I matrices can be reconstituted on mica
substrates for high resolution AFM imaging [43]. When assembled in
50 mM glycine buffer containing 200 mM KCl at pH 9.2, these
matrices contain a regular array of aligned collagen I nanofibrils. In
this case the addition of potassium ions promotes the formation
of a regular D-Band [44]. While these artificial matrices are highly
suitable to reveal ultrastructural details of the fibrillar collagen
assemblies, they are rather soft and prone to easy reorganisation
by lateral forces exerted by the AFM tip during scanning [37,45],
thus limiting the maximum AFM scan speed. However, studying
dynamic collagen assembly requires the application of high imaging
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line rates to capture transient structural differences during the
evolution of collagen I fibrils, as well as a fast feedback system to
track weak and rapidly changing signals such as the formation of
collagen I intermediates. To test that the applied line rate had no
adverse effect on image quality, the characteristic collagen type I
banding of 67 nm was resolved while gradually increasing the
imaging line rates from 5 Hz to about 30 Hz (Fig. 1).

The height images (A-F) show that the D-band can be resolved
without apparent loss in image quality and specifically without
introducing noticeable artefacts during imaging at all imaging
speeds. Sub-20 nm collagen intermediates straying away from the
main fibrillar structures could also be observed. Comparison of
images acquired at different line-rates shows that it is even possible
to resolve sub-D-banding periodicities of collagen I in all cases. The
overall acquisition time for a single image of 512 x 512 pixels at a line
rate of 30 Hz (Fig. 1F) is close to 17 seconds per frame. This is a
significant reduction to the previously reported acquisition times of
about 4-5 min per frame [43], and, therefore, a promising advance-
ment for studying collagen kinetics with higher temporal resolution.

3.2. Varying the imaging setpoint unveils different structural levels
of collagen I

Studying soft and fragile collagen I films requires a precise force
control and fast system tracking feedback to observe even small
morphological differences, as well as to ensure stable imaging. To
evaluate imaging stability during long-term scanning, a fully recon-
stituted collagen type I film was imaged at a line-rate of 30 Hz over a
sequence of 88 frames, while varying the setpoint during imaging
(Fig. 2).

Overall, scanning remained stable over the entire imaging period,
but the application of different imaging setpoints modulated the tip-
sample interaction, revealing different structural hierarchical levels
characteristic for collagen type I. All obtained height images provide

high-resolution structural information about the size and distribution
of inner monomeric and oligomeric building blocks present in collagen
type I fibrils (Fig. 2A-D). Phase images provide further details about
two sets of structural information - the molecular organisation within
the fibrillar collagen film, as well as the sub-D-banding periodicity
arising from the staggering/packing of monomeric/oligomeric collagen
type I molecules (Fig. 2E-H). In additional experiments, we verified
that the collagen ultrastructure was unaffected by the amplitude
setpoint variation during imaging, as rescanning a larger area contain-
ing the original imaged area revealed no apparent structural differ-
ences to the collagen layer (see supplementary video 2).

3.3. Early formation of crimp/ribbon-like structures at pH 9.2

After having established that collagen fibrils could be stably
imaged by continuous fast AFM scanning, we applied this technique
to further dynamic studies of the collagen fibrillogenesis. Similar to
the static conditions with fully reconstituted collagen type I nano-
matrices (Fig. 2), dynamic imaging of collagen type I was carried out
in glycine buffer, but in this case, after injecting monomeric solution
directly on the mica surface. Such an approach enables the observa-
tion of collagen I fibrillogenesis taking place directly at the mica/
buffer interface. Under these conditions collagen I was forming
crimped ribbon-like structures (Fig. 3), as previously reported by
Jiang et al. [44].

Consecutive dynamic sets were then recorded with a temporal
resolution of 10-14 s per frame over a period of 4 h (Fig. 3A-E). The
D-band became apparent already after 15-17 min of fibrillogenesis on
the mica substrate (see supplementary video 3). Initially, the fibrillar
intermediates assumed a random orientation on the substrate
(Fig. 3A,B), but gradually started to fuse into larger collagen I fibrils
after 90-120 min (Fig. 3C-E), and eventually resulted in a dispersed
matrix of aligned ribbon-like collagen I fibrils (Fig. 3F). Interestingly,
such structures were sparser than in fully reconstituted matrices

Fig. 1. Collagen type I banding periodicity observed at different line rates. Reconstitution of collagen type I was carried out in glycine buffer (pH 9.2), followed by rinsing
and imaging in PBS buffer (pH 7.4) at ambient conditions (see Materials & Methods for complete buffer compositions). (A-F) AFM Height channels show that the
D-periodicity of collagen I can be resolved without apparent loss in quality of its sub-banding structure at different line rates, resulting in acquisition times of down to 17 s
per frame. Scan size is 1 x 1 um with a resolution of 512 x 512 pixels (Height scale in A-F is 8 nm).
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Fig. 2. Hierarchical organisation of collagen type I revealed by modulation of the setpoint amplitude. Collagen type I fibrils, previously reconstituted overnight under
ambient conditions at a total solution concentration of 30 ug/ml (in 50 mM Glycine-buffer with 200 mM KCl, pH 9.2) were imaged in amplitude-modulation AC mode. The
overall sequence of 88 frames was recorded using a USC cantilever at a scan size of 300 nm with a resolution of 256 x 256 pixels and a line rate of 30 Hz, resulting in an
image acquisition time of 8.5s per frame (for full sequence see supplementary video 1). Representative height (A-D) images acquired at four different setpoints give
information about the molecular building blocks characteristic for the collagen type I fibrils. For informative purposes and better representation, the amplitude setpoint was
converted into nm, by applying an empirical value for the sensitivity of the USC cantilevers (7 nm/V - from previous experience). Corresponding phase images (E-H) show
that decreasing the setpoint by 0.9 nm can reveal different structural levels, i.e. individual molecular segments seen at 5.5 nm (G) and sub-D-periodic collagen banding as
observed at 4.6 nm (H). Z-scales in (A-D) and (E-H) are 10 nm and 3 degrees respectively.

observed previously after overnight (12-16 h) incubation at the same
total solution monomeric collagen concentration of 30 ug/ml (Fig. 2),
suggesting slower overall dynamics of in situ assembled fibrils. A
closer look at the growing tips of collagen type I fibrils showed that
the assembly process is mediated by longitudinal step-wise addition
of single building blocks protruding from the main fibrillar body (see
supplementary Figure S1, compare A/B and B/C). The image sequence
provides further information about the step-wise formation of the
D-band with time. The overall linearity of the collagen type I
segments was assessed by autocorrelating the representative frames
given in Fig. 3 (for more details, see Supplementary Figure S2) and
demonstrates a time-dependent increase of fibrillar alignment and
change of orientation at these conditions.

3.4. Kinetics of collagen type I fibrillogenesis at physiological pH

The importance of pH for collagen I fibrillogenesis in vitro have
been emphasised previously [46]. Fibril assembly at pH 9.2, was
previously suggested as optimal for minimisation of assembly defects
and applied to produce a homogenous collagen layer particularly
suitable for high-resolution analysis [37]. However, obtaining phy-
siologically relevant information regarding collagen I fibrillogenesis
requires similar pH values as present in the extracellular environment
of eukaryotic cells. Therefore, we studied the dynamic reconstitution of
collagen type I in PBS buffer containing 2.7 mM KCl at physiological pH
(74). Unlike reconstitution in glycine buffer at pH 9.2 at similar overall
monomeric concentration of 30 pug/ml, in this case the surface was
covered with fibrils already within 3-4 min after the start of the
imaging (Fig. 4), demonstrating a significantly enhanced assembly rate.

The assembly process started with the formation of 300-600 nm
long seemingly oligomeric structures (Fig. 4B) which further grew
into both longitudinal and lateral directions (Fig. 4D-I). After normal-
ising the relative covered area with respect to image size, it is

possible to plot normalised surface coverage vs. reconstitution time,
and thus the kinetics of collagen I fibrillogenesis (Fig. 4C). The data
points from the relation were fitted with a Boltzmann sigmoidal
equation, which allows for a clear separation of the nucleation and
the exponential kinetics phase. Such results demonstrate that the
enhanced collagen kinetics at physiological pH can be studied by fast
AFM scanning even when using comparatively high starting mono-
mer concentrations. It is therefore not necessary to significantly
reduce the concentration in order to study native collagen I kinetics,
as emphasised previously [47]. The absence of an apparent D-band
under these conditions can be explained with the low potassium ion
concentration of the PBS buffer.

3.5. Reconstitution of the D-band at physiological pH in presence
of 0.2 M KCl

The importance of KCl for the reconstitution of the collagen I
D-periodicity have been previously demonstrated [44,48]. To evalu-
ate the influence of KCI on fibrillogenesis at physiological pH, we
further reconstituted collagen type I in PBS buffer (pH 7.3) supple-
mented with 200 mM KCl. The presence of higher KCI concentrations
appears to be essential for the D-periodicity (Fig. 5), confirming
previous reports using buffers at different pH values [37,45].

In KCl-supplemented PBS buffer, fibril formation could be
resolved with a temporal resolution of 8 s per frame (Fig. 5A-E). A
fusing of adjacent fibrils becomes visible in Fig. 5C and is very
apparent in Fig. 5E, and occurs at an angle of about 8-12 degrees
between the fibril directions. The end of a growing tip in Fig. 5F-I
shows a stepwise longitudinal addition of collagen I intermediates
at a timescale of nearly 17 s per frame. A closer look at the main
fibril in Fig. 5F-I shows that the characteristic twist of the collagen
intermediates within the collagen fibrils already appears in sub-
50 nm fibrillar structures.
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Fig. 3. Early dynamics of D-banded crimp-like fibrils at pH 9.2. Collagen type I fibrillogenesis was studied in 50 mM glycine buffer (containing 200 mM KCl, pH 9.2) at a
total collagen monomer concentration of 30 pg/ml over a period of 4 h with a USC cantilever. Representative images from selected collagen I dynamics sets are given in (A-E).
An overview image showing total surface coverage after the 4 h of AFM imaging of fibrillogenesis is given in (F). Image scan size in (C), (A, D, E), (B) and (F), is 400 nm,
500 nm, 600 nm and 2 um respectively. Pixel resolution in (A-E) and (F) is 256 x 256 and 512 x 512 pixels respectively. Z-height in all images is 5 nm. Timestamps are
recalculated respective to the injection time. Sequences of each representative set are available as part of a composite supplementary video 3.

The characteristic D-periodicity of collagen I results from the
axial packing arrangement of collagen monomers in the fibrils
[49]. By combining fast scanning rates and high pixel resolution it
was further possible to resolve part of the inner D-band structure
of collagen I staggering (Fig. 6).

Images were recorded with high spatial resolution on the
timescale of about 2 min. These conditions therefore minimise
conventional AFM problems, such as thermal drift and subsequent
introduction of morphological artefacts, during scanning.

4. Discussion

The aim of the study was to gain a deeper insight into the
dynamics of collagen type I fibrillogenesis by applying fast AFM
scanning to a previously reported in situ system for collagen self-
assembly [50]. We first verified that neither mechanical intera-
ctions during imaging nor elevated scanning speeds introduce
morphological artefacts. A further focus was put on adjusting the

kinetics of collagen I fibrillogenesis using buffers with different
composition, pH values, and potassium ion concentration for
optimal matching with the timeframe provided by fast AFM
scanning.

AFM images of reconstituted collagen 1 fibrils recorded at
increasing line rates of 5 to 30 Hz showed that higher tip velocities
do not compromise the quality of the collagen I images (Fig. 1). 512
pixel images recorded at a near 30 Hz line rate resolved both
the characteristic D-periodicity of collagen I, as well as sub-20 nm
collagen 1 fibril tips with no apparent loss in imaging quality
(Fig. 1F). Images recorded at 30 Hz line rate have a temporal reso-
lution of 17 s, which is a significant improvement over previously
recorded 5 min per frame in kinetic studies at similar pixel resolu-
tion [43]. Such conditions represent more closely the dynamics of
macromolecular in vitro or in vivo systems which typically feature
much higher collagen I concentrations [22] and could easily take
place on a much shorter timescale. The high imaging stability, as
demonstrated in Fig. 2 and Supplementary video 1, is in this case of
particular importance for monitoring even small morphological
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Fig. 4. Collagen kinetics observed at physiological pH. Collagen type I fibrillogenesis in PBS buffer (standard) with pH 7.4 and monomer concentration of 30 pg/ml was
imaged at the mica interface with a USC cantilever. The timestamps are relative to the beginning of the imaging in (A) (to). (B) represents the formation of initial 300-600 nm
long oligomeric intermediates of collagen type I with no D-banding which were formed within 41 s after the start of the imaging. (D-I) are representative frames of a
consecutive set recorded at a line rate of 15 Hz (resolution of 256 x 256 pixels) over the original image location in (A) and (B) (before cropping) to reach a higher spatial
resolution of the dynamic process. (C) is a Boltzmann-sigmoidal fit of the dynamic coverage of the imaged area with collagen fibrils within the first 12 frames, representing
the two characteristic phases of collagen I kinetics - nucleation and exponential phase. The different area size in (A) and (B) was normalised and plot together with the
relative covered area in the next 10 frames. X-scan size in (A, B) and (D-I) is 2 and 1 um respectively, with a Z-height for all images of 3 nm. The full sequence starting with

(D) is available as a supplementary video 4.

differences in dynamic systems such as collagen type I fibrillogen-
esis. Even at the applied line rate of 30 Hz, the internal structure of
collagen 1 fibrils is easily resolved (Fig. 2A-D), depicting inter-
dispersed individual collagen chains and the spacing between them.
A reduction of the setpoint amplitude, which results in higher tip-
sample interaction forces during AC mode, is a convenient tool for
studying the different levels of structural organisation in collagen I
fibrils. Step-wise setpoint reduction by approximately 1 nm each
reveals a total of three different structural states, which is particu-
larly obvious in the phase channel, being much more sensitive to
the tip-sample interaction forces. A comparison of Fig. 2F-H shows
the overall morphology (Fig. 2F), subsequent intermolecular pack-
ing of single collagen intermediates (Fig. 2G), as well as the sub-D-
banding collagen I structure resulting from the lateral staggering
and coordinated packing of amino acids from collagen I monomers
(Fig. 2H). The temporal resolution during imaging was 85s
per frame.

Results from the dynamic studies with monomeric solution of
collagen type I reconstituted in glycine buffer containing 200 mM
KCL at pH 9.2, which was also used for the static imaging of
reconstituted collagen I nanolayers, showed that the kinetics of
the process at a total solution concentration 30 pg/ml is substan-
tially slower in comparison to previously reported reconstitution
times [43]. The time-dependent formation of microribbon-like
structures was studied over a period of 4 h, and showed that
within the first 30-60 min the small collagen I intermediates have
a random orientation. After the initial 60-90 min, molecules were
observed to fuse and eventually straighten. The D-banding of the
collagen fibrils could be clearly distinguished after the first
120 min. Further fusion of collagen molecules eventually led to a
more apparent straightening. The rather slow kinetics of this
process explains why it took overnight incubation (12-16 h) at
room temperature for the collagen I layer to cover the surface
completely. It appears that at these conditions the gradual fusing

of dispersed collagen I molecules leads to a full straightening of
the reconstituted layers after longer periods of time (Fig. 2).
Previous reports have shown that an increase in ionic strength
(I) of the KCl solution from 104 M to 102 M significantly reduces
the isoelectric point (IEP) of collagen fibrils from pH 7.5 to 5.3 [51].
This has a profound effect on the overall net charge of collagen
fibrils, making them more acidic (negatively charged). The nega-
tively charged mica surface could therefore easily hinder the
kinetics of fibrillogenesis due to the lower number of nucleation
sites. The change from a random to aligned orientation on the
surface is expected to arise from the subsequent molecular
staggering of the collagen molecules into bigger D-banded fibrils
(Fig. 3C-F, and supplementary video 3). The fibrillogenesis snap-
shots after about 4 h of reconstitution at pH 9.2 (200 mM KClI)
(Fig. 3F) and 12-16 h (Fig. 2) corroborate that observation. The
noticeable difference with a previous result using the same
artificial system may easily arise from the different inoculation
technique, which in our case was being carried out directly on the
substrate, versus pre-nucleation in a rather small bulk collagen
solution volume (prone to rather heterogeneous effective surface
concentrations) [43]. Additionally, different protein purification or
storage protocols, affecting the intactness of the full amino acid
sequence of the collagen monomers, can also account for a
different surface charging, hence different IEP of collagen I in the
experimental setup [52]. Further reasons can also feature the
different mica source used as compared to previous studies.
Switching to a different buffer solution (PBS, 2.7 mM KCl, pH
7.4) and significantly lower ionic strength is expected to result in a
more positive net charging of the collagen I molecules. As shown
in Fig. 4 the kinetics of the assembly process on mica is very fast
and follows the typical longitudinal growth of the collagen fibrils
in the early nucleation phase. During transition to the exponential
phase, the collagen I kinetics is expected to follow a sigmoidal
increase in solution density (amount of light-scattering molecules)
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Fig. 5. Collagen type I fibrillogenesis observed at pH 7.3 (PBS buffer, 0.2 M KCl). (A-E) AFM Height images of D-banded collagen type I fibrils reconstituted in PBS buffer
(pH 7.3) that was additionally supplemented with 200 mM KCl. (A-E) are representative frames of a full set of 166 consecutive images recorded at 32 Hz line rate and
resolution of 256 x 256 pixels (timescale of 8 s per frame). (F) and (G) are the height and phase channel of a frame depicting the growth of a sub-50 nm collagen fibril. (G-I)
show 3 consecutive phase images of a growing collagen I tip. Image size in (A-E) and (F-I) is 500 nm and 1 um respectively. Z-scales in (A-F) and (G-I) are 5 nm and 4 degrees
respectively. Line rate in (F-I) is 15 Hz at resolution of 256 x 256 pixels. Timestamps correspond to the beginning of the imaging.

[15,16]. In agreement, after normalisation of the calculated surface
area, surface coverage shows an exactly sigmoidal increase vs.
fibrillogenesis/imaging time (Fig. 4C). To our knowledge this is the
first reconstruction of the sigmoidal kinetic behaviour of collagen I
with such high spatial and temporal resolution (timescale of 3-
4 min) from real-time microscopy imaging. The surface coverage
in that case is most likely affected by the availability of collagen
monomers and the pH value of the solution, which in turn
influence the overall kinetics of the collagen 1 fibrillogenesis
[44]. Additional experimental parameters, such as buffer purity,
efficiency of mica cleaving, or presence of salt crystals can further
contribute to the only partial coverage of the surface with collagen I.
The lack of D-banding confirms the importance of higher potassium
ion concentration for the formation of the characteristic for collagen
type I 67 nm periodicity, as emphasised previously [44]. In turn,
supplementing PBS with 200 mM KCl has a dramatic effect on fibril
formation, resulting in the appearance of the characteristic
D-banding as seen by a set of consecutive images over an imaging
timeframe of 22 min in Fig. 5A-E. The image sequence shows the

lateral growth and fusion of fully D-banded collagen type I fibrils on
the time-scale of 8 s per frame. The typical longitudinal growth of
collagen type I also remains unaffected as seen from the short
sequence of three frames in Fig. 5F, G-I. A closer look at Fig. 5F also
shows that at a sub-50 nm level, collagen intermediates already
exhibit the typical nanoscale rope-like structures suggested pre-
viously [11].

As emphasised earlier, the alignment and lateral staggering of
collagen monomers determines the banding periodicity of fibrillar
collagen I, which is driven by hydrophobic and electrostatic inter-
actions governed by the amino acid sequence. In native molecules,
the D-band periodicity is typically about 67 nm and exhibits an axial
polarity which is a result of asymmetric amino acid composition
and parallel staggering within the fibrils [ 12]. The intricate structure
of the D-band further contains up to 12 sub-periods which can be
discerned in electron microscopy images [49]. Interestingly, differ-
ent collagen extraction/purification protocols [53], pH value and
salinity [20], degree of telopeptide removal [26,54], and presence of
glycosaminoglycans and proteoglycans [55] all have been shown to
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Fig. 6. Sub-D-periodic structure of collagen type I revealed by fast imaging. The sub-banding of collagen type I reconstituted in PBS buffer (+200 mM KCl) with pH
7.3 was recorded at 15 Hz and resolution of 2048 x 2048 (A, B) and 8192 x 1532 pixels (C, D) respectively. The times for recording the images were 136 s (A, B) and 102 s
(C, D) respectively. X-scan size in (A, B) and (C, D) was 1 pm. Z-scale in the height (A, C) and phase (B, D) channels is 2 nm and 3 degrees respectively.

affect native monomer alignment. Variations in some of these
factors may result in the formation of further banding periodicities
known as polymorphic forms. Fast imaging with high spatial
resolution (Fig. 6) is an intriguing possibility to observe D-band
formation under different conditions in real time (Supplementary
figure 1). It also provides the possibility to study fully reconstituted
molecular matrices with high spatial resolution (Fig. 6C), which
could be used as a molecular fingerprinting tool to verify mono-
meric arrangement and internal structure of collagen I-based
in vitro and in vivo systems, as suggested previously [56].

5. Conclusions

We demonstrate that fast-scanning amplitude-modulation
AFM can be successfully applied for real-time monitoring the
kinetics of collagen I fibrillogenesis in an in situ system on
atomically flat mica substrates. By demonstrating that there is no
apparent loss in image quality with increase of the applied line
rates and over long-term scanning, we can ascertain that the
applied forces do not disturb the self-assembly of collagen I,
enabling us to study fibril formation over at least 4 h. The imaging
was carried out with high spatial and temporal resolution (reach-
ing 8 s per frame), and in combination with different collagen
assembly buffers. Our results show that the fastest rate of collagen
I fibrillogenesis was recorded at near physiological pH in PBS
buffer. We further emphasise the importance of sufficient potas-
sium ions for the reconstitution of the 67 nm D-periodicity of
collagen 1. The discussed artificial experimental system provides
an interesting platform for future long-term and non-invasive
studies of macromolecular assembly processes, in which indivi-
dual assembly steps may occur on the timescale of seconds, but
require monitoring for hours until completed.
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