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Microrheology imaging of fiber suspensions — a
case study for lyophilized collagen | in
HClI solutions

Johanna Hafner, (2 * Claude Oelschlaeger and Norbert Willenbacher

In fiber suspensions with low optical contrast, the in situ characterization of structural properties with
conventional microscopy methods fails. However, overlaying subsequent images of multiple particle
tracking (MPT) videos including short trajectories usually discarded in MPT analysis allowed for direct
visualization of individual fibers and the network structure of lyophilized collagen | (Coll) distributed in
hydrochloric acid solutions. MPT yielded a broad distribution of mean square displacements (MSDs).
Freely diffusing tracer particles yielded viscosities indicating that, irrespective of concentration, a
constant amount of Coll is dissolved in the aqueous phase. Particles found elastically trapped within
fibrous Coll structures exhibited a broad range of time-independent MSDs and we propose a structure
comprising multiple fiber bundles with dense regions inaccessible to tracers and elastic regions of
different stiffness in between. Bulky aggregates inaccessible to the 0.2 pum tracers exist even at low Coll
concentrations, a network of slender fibers evolves above the sol—gel transition and these fibers densify
with increasing Coll concentration. This novel MPT-based imaging technique possesses great potential
to characterize the fiber distribution in and structural properties of a broad range of biological and
technical suspensions showing low contrast when imaged with conventional techniques. Thus, MPT
imaging and microrheology will help to better understand the effect of fiber distribution and network

rsc.li/soft-matter-journal

Introduction

Fiber suspensions play an important role in the processing of
polymer composites, pulp and paper production and the food
industry. The characteristic flow properties of fiber suspen-
sions strongly depend on their microstructure, which is deter-
mined by the properties of dispersed fibers, i.e., their length
distribution and aspect ratio, as well as hydrodynamic, thermo-
dynamic or steric interactions among them.

The bulk rheological behavior of model fiber suspensions
with short, stiff fibers, such as glass, has been intensively
studied theoretically' and experimentally.>® Experiments
focusing on hydrodynamic interaction in dilute and semi-
dilute regimes yielded good agreement with available theories.
For the rather short fibers, fiber orientation in shear was
observed, which determined the characteristic rheological
behavior of the suspensions, i.e., shear thinning.

In the concentrated regime, non-hydrodynamic particle
interactions become increasingly relevant and cause a growing
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structure on the viscoelastic properties of complex suspensions.

discrepancy between experimental results and purely hydro-
dynamic theories. Numerical simulations of concentrated
fiber suspensions show that the stress transfer through fiber
contacts can increase the viscosity of the suspension.** This
mechanical interplay depends on the fiber orientation and on
the fiber’s intrinsic properties, such as fiber elasticity, size and
aspect ratio.>® However, numerical simulations for studying
the influence of fiber elasticity on the rheological properties of
the suspension deliver contradictory results, depending on the
underlying geometrical model.” A sound characterization of
fiber elasticity in situ would help to answer such questions.
Especially for elastic fibers with mechanical properties that are
altered during drying or precipitation, in situ characterization
of fiber elasticity is fundamental.

Most importantly, the flow behavior of fiber suspensions
and the mechanical properties of products made thereof are
determined by the size distribution and orientation of fibers in
the continuous phase. Fiber localization, orientation and network
structure can be studied using visualization and imaging
techniques.>®™* In the case of glass fiber model systems, due to
the difference in refractive index of the dispersed fibers and the
continuous phase, visualization of suspension microstructure can
be realized easily using light microscopy.® For combinations of

This journal is © The Royal Society of Chemistry 2020
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dispersed and continuous phases with a similar refractive index
but different optical activity, e.g., cellulose and polymer fibers in
organic solvents and polymer melts, the use of a polarization
microscope is required.’

Alternatively, optical contrast can be created by addition of
specific dyes or in suspensions with colored fibers. However,
such staining protocols might alter fiber interactions and can
cause flocculation. Non-transparent suspensions cannot be
investigated using light microscopy at all.

NMR can help to visualize suspensions with chemically
different components based on proton density, but the spatial
resolution is limited."" Electron microscopy and X-ray tomo-
graphy are other widely used imaging techniques, but they
require a high electron density and sufficient contrast.'>"?
Furthermore, radiation damage is especially likely for biologi-
cal samples and electron microscopy is not suitable for liquid
products.'*** Thus, additional processing steps, such as drying
or freezing, are needed prior to the investigation of aqueous
suspensions. This can result in altered fiber network properties
or, in the worst case, network collapse.'®

Therefore, new gentle visualization methods with enhanced
contrast are required to study fiber microstructure in situ,
especially for suspensions of sensitive fibers, such as DNA,
proteins and other biomaterials. One prominent example of
these delicate fibers is collagen I, which is a key structural
protein in vertebrates. Due to its excellent biocompatibility and
biodegradability,'® collagen I has diverse biomedical applications,
recently as a promising bioink for 3D printing,'” and it is also a
common constituent of many cosmetic and food products, partly
in the processed form of gelatine. The complex hierarchical
structure of collagen I includes several levels of structure (see
Fig. 1). It is indisputable that the primary structure is the amino
acid sequence, and the secondary and tertiary structure, referred
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to as o-chain, collagen I molecule or, in some cases, tropo-
collagen, is a rod-like triple helix. An individual triple helix in
type I collagen is <2 nm in diameter and ~ 300 nm long.'® > The
quaternary structures are supra-molecular forms called collagen
fibrils and collagen fibers, which are formed by self-assembly at
neutral pH and an appropriate salt concentration®® of several
collagen I molecules. Native collagen fibers are up to several
millimeters in length and ~10 pm in diameter.”>* A good
overview of the size estimate on different levels is provided by
Varma et al.*®

An accurate characterization of the microstructural proper-
ties of collagen fiber suspensions and/or collagen networks and
a better understanding of the role of fiber architecture in
cellular behavior and mechanical properties are of significant
importance.>**’

Many studies have characterized the macromechanical
properties of collagen I solutions through rotational rheometry.?®
However, for such a complex protein, interpretation of bulk
rheological features in terms of structural properties is essentially
impossible. Consequently, atomic force microscopy (AFM)* was
employed. A drawback of using AFM is that the sample needs to be
dried prior to the measurements, which could lead to an increase
of the stiffness of the collagen I structures.’* Moreover, struc-
tures may be trapped in non-equilibrium conformations when
deposited on substrate surfaces. To overcome this limitation,
microrheological measurements were performed using optical-
tweezers to determine the viscoelastic and structural properties
of collagen I solutions locally.** A major drawback of this method
for studying heterogeneities is the local measurement of the
behavior of a small number of tracers that not always represents
larger areas of the sample and limits statistical reliability. On the
other hand, the comparably large tracer particle size (about
2 um) used in these studies constrains the spatial resolution.

d=5-50pm
[=100-1000pum

[=1-10pm

d=10-100nm
[=1-10pm

d=1.3-1.6nm
1=300nm

triple helix sub-fibril

fibril

fiber

Fig. 1 Hierarchical structure of collagen | as found in vivo (length not to scale): from left to right, single collagen | triple helices, sub-fibrils, fibrils and
fibers are shown and the respective feature diameters are given. For size relation, a 100 nm particle is sketched in grey in the respective scales.
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However, results indicate a high degree of heterogeneity in the
elasticity of the non-covalent network formed by entangled
collagen I fibrils. Elasticity varies by more than one order of
magnitude at different locations within the sample. Similar micro-
heterogeneities were observed in other systems like actin filament
solutions and networks,** human or animal mucus,*>” and
cellular actin skeleton,”® and also in xanthan® or gellan gum
solutions.*® In these latter studies, the presence of such hetero-
geneities served as an explanation for discrepancies observed
between the viscoelastic properties determined by bulk- and
microrheology.

To the best of our knowledge, for lyophilized collagen I (Coll),
which has achieved great technical relevance in cosmetics and
pharmaceutical formulations, in HCl, no detailed comparison
between data from micro- and macro-rheology measurements
has been performed so far. It is only for chemically crosslinked
Coll networks that such a comparison exists.*' In that latter
study, local elastic moduli of Coll cryogels determined from MPT
measurements were much lower than the corresponding bulk
shear moduli. Analogous to earlier investigations on intermediate
filament networks,"” this was attributed to a pronounced con-
tribution of stretched, out of equilibrium chain segments
between network junctions or to densely crosslinked areas not
accessible to the tracer particles, thus not contributing to the
MPT modulus, but showing up in the bulk modulus.

Here, we use classical bulk mechanical rheometry and, for
the first time, MPT microrheology to get new insights into the
structural and local viscoelastic properties of acidic lyophilized
Coll suspensions in a large concentration range from 0.05 to
1 wt%. Previously, particle-tracking has been successfully used
to study heterogeneous structures of fibrous porous media*?
and complex heterogeneous bio-gels.**

In our MPT experiments, we use tracer particles of particu-
larly small diameter, down to 0.2 pm, allowing for the charac-
terization of rheological properties and, for the first time,
visualization of structural properties directly inside Coll
structures. Furthermore, we use the image overlay technique
to obtain a direct visualization of Coll fibers and the fiber
network structure and its change with concentration of sus-
pended Coll. Additionally, we monitor the self-assembly of Coll
after filtration using MPT and bulk rheological measurements.
Finally, we compare the microstructure of the Coll/HCl mix-
tures based on lyophilized powder with that of ready-to-use
native collagen I solutions at the same concentration.

Experimental
Preparation of lyophilized Coll in HCI

For the preparation of Coll suspensions, 0.05 to 1 wt% bovine
collagen I (lyophilized fibrous powder from tendon, Advanced
BioMatrix, USA) was dissolved in 5 mM hydrochloric acid (Carl
Roth, Germany). During the freeze-drying process, inter-molecular
hydrogen bonds are formed,* which stabilize Coll aggregates, so
that intensive stirring is required for reconstitution. Thus, proper
reconstitution required stirring with a magnetic stirrer for 18 h at
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20 °C, which finally led to highly viscous transparent liquids,
which were characterized immediately. The preparation and
characterization of solutions were repeated 5 times per condition
to ensure appropriate reproducibility. In order to elucidate the
impact of altered chemical properties after the freeze-drying and
re-wetting procedure during fabrication, samples based on lyophi-
lized Coll were compared to a commercially available solution of
native collagen I from a similar origin. This was purchased from
Advanced Biomatrix (FibriColTM, Bovine collagen I solution,
10 mg ml ™', Advanced BioMatrix, USA) and diluted to the respec-
tive concentrations with 5 mM hydrochloric acid, pH ~ 2.3. This
dilution experiment was done in triplicate for three separate
investigations. Coomassie Brilliant Blue R250 (CBB, Merck,
Germany), which exclusively stains proteins, was added for visua-
lization of Coll using light microscopy. Additionally, in order to
investigate the Coll self-assembly, all Coll fragments larger than
1.2 pm were removed by filtration. For this, we used cellulose
acetate syringe filters (Puradisc FP 30, Whatman, GE Lifesciences,
GB) with a pore size of 1.2 pm. Bulk shear and MPT measurements
were performed prior to filtration, directly after filtration, after
7.5 h and after 24 h to monitor Coll self-assembly via the change in
viscoelastic properties of the sample. This set of experiments was
done in triplicate.

Protein concentration was determined by BCA assay (Pierce™
BCA Protein Assay Kit, Thermo Fisher), by performing the assay
in 96-well plates according to the supplier’s manual. Extinction
measurements were performed using an Infinite 200 (Tecan,
Switzerland) plate reader.

Multiple particle tracking microrheology

The underlying idea of MPT is to study the mechanical proper-
ties of materials by monitoring the Brownian motion of inert
colloidal probe particles embedded in the samples. Mason and
Weitz proposed a quantitative relation between the tracer mean
square displacement (MSD) (Ar*(t)) as a function of lag time t
and the complex shear modulus of the surrounding material G*
as a function of the frequency w.*® The Laplace transform of the
particle MSD (A7(iw)) is related to the complex modulus G* of

the sample via a generalized Stokes-Einstein equation (GSE):*"*®
* _ 2kB T o Pl
C0) = 3 Roare)y ~ ¢ @ FiC@) Q)

R stands for the radius of the embedded beads, kg is the
Boltzmann constant and T'is the temperature. This relation is valid
in two dimensions under the following assumptions: tracer parti-
cles are suspended in an ideal elastic, isotropic and homogeneous
continuum; probe particle and fluid inertia can be neglected,
i.e., the Reynolds number and Stokes number are both «1. Thus,
MPT allows for characterizing the structural and mechanical
properties of complex materials on a micrometer length
scale.*®*°

For beads suspended in an ideal elastic material with
modulus G, eqn (1) reduces to:>°

2kgT
3TR{AF?)

T—00

(2)

GoMPT =
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For ideal viscous fluids, the viscosity  is determined from
the diffusivity coefficient D:*®

S
kT o p— A7)
6TRD 4z

(3)

A detailed scheme of the MPT setup used in this study was
described by Kowalczyk et al®' It is based on an inverted
fluorescence microscope (Axio Observer D1, Carl Zeiss,
Germany) equipped with a Fluar 100x objective (numerical
aperture 1.3, 100x magnification, oil immersion lens, Carl
Zeiss). We tracked the Brownian motion of green fluorescent,
non-functionalized, surfactant stabilized polystyrene micro-
spheres of 0.2 and 0.5 um diameter (Bangs Laboratories,
USA). To evaluate collagen adsorption on the surface of the
tracer particle or other specific interactions among particles
and dissolved polymer, we also performed MPT measurements
using polystyrene particles functionalized with polyethylene
glycol (donated by Xabier Murgia, Department of Drug Delivery,
Helmholtz Institute for Pharmaceutical Research Saarland).
No significant difference in particle diffusion in the two tests
could be found, suggesting that collagen adsorption on the
particle surface is negligible here.

Two-dimensional images (field of view 127 x 127 um, frame
rate 50 frames per s, and total duration 10 s with at least
150 fluorescent beads per image) were recorded using a SCMOS
camera (Zyla X, Andor Technology, Ireland, with 21.8 mm
diagonal sensor size, 2160 x 2160 square pixels). The obtained
movies of the fluctuating microspheres were analyzed using the
software Image Processing System (iPS, Visiometrics, Germany)
and a self-written Matlab code, based on the widely used
Crocker and Grier tracking algorithm.”?

We examined the distribution of displacements, known as
the van Hove correlation function,®® and calculated the non-
Gaussian parameter o:>*

()
HEGE. W

o =
This parameter describes the deviation of the MSD values
from a Gaussian distribution expected for a homogeneous,
uniform sample and characterizes the heterogeneity of the
sample on a 0.1-10 um length scale. In our study, o was
determined at lag time 7 = 0.1 s. In order to perform MPT
measurements, tracer particles were added to the samples prior
to stirring with a magnetic stirrer for 10 min to ensure a
homogeneous distribution of the tracers. Liquid samples were
injected into a self-built glass chamber, consisting of a cover
slip and microscope glass slide with a height of ~150 um.
We have also determined the so-called static error y as
described by Savin et al.®® for our experimental setup. This
quantity corresponds to the apparent random motion of parti-
cles due to the noise of the camera and digitization effects. It
has been evaluated by fixing tracer particles on a substrate, and
by performing measurements under similar noise and signal
conditions as for the rest of the experiments. The static error
for the experimental setup and tracer particles used here was

This journal is © The Royal Society of Chemistry 2020
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¥ = 8 x 107° pm? and it defines the lower limit of
accessible MSD.

Bulk rheological characterization in oscillatory shear

Oscillatory shear measurements were performed using a rota-
tional rheometer (Physica MCR501, Anton Paar) with a plate-
plate geometry (diameter 60 mm, gap 0.4 mm). Frequency
sweeps, covering the frequency range from 0.01 to 10 rad s,
were performed at a stress amplitude of g, = 0.5 Pa, which
corresponds to the linear viscoelastic response regime for the
gel samples discussed in Section 3.1. For the Coll solution in
the sol-state as well as for the presumably heterogeneous
filtrated samples discussed in Section 3.4, a linear viscoelastic
response regime was not clearly visible, so we decided to perform
all frequency sweeps at the same stress amplitude of 0.5 Pa.

Results and discussion

Sol-gel transition of lyophilized Coll suspensions from bulk
rheometry

Under bulk oscillatory shear (Fig. 2A), 0.05 wt% Coll suspen-
sions appeared mainly viscous and only weak elasticity was
observed. The obtained frequency sweep (black curve) shows
G' < G" with slopes of 2 and 1 for G’ and G”, respectively, in the
log-log representation. This behavior is typical for predomi-
nantly viscous liquids and here the viscosity was found to be
close to that of water (~3 mPa s). In contrast, all Coll suspen-
sions with concentrations of 0.1 wt% and above showed
a significant degree of elasticity with G’ > G” and constant
moduli in the measured frequency range. This is considered to
be the typical behavior of elastic, gel-like samples.

The plateau value of G’, termed G,, increases in this elastic
regime from G, = 13 = 1 to G, = 103 &+ 2 Pa when the Coll
concentration increases from 0.1 to 1 wt%, respectively.

In order to determine the sol/gel transition concentration
Ccrit More accurately, a detailed concentration series was charac-
terized (Fig. 2B). The sudden increase of several decades in G’ at
a critical Coll concentration 0.08 < c.jr < 0.09 wt% clearly
indicated that in this concentration range, Coll structures start
to entangle and interact with each other. The observed elasticity
is not due to chemical crosslinking, but due to steric hindrance
and colloidal interactions (van der Waals, electrostatic) among
supramolecular Coll structures that lead to the formation of a
sample spanning network.

Visualization of fibers using MPT tracer particles

Transparent Coll solutions (see Fig. 3A) offer low contrast and
dispersed fibers were invisible in conventional light micro-
scopy. Thus, CBB was employed as a fluorescent staining agent
for visualization of Coll structures. This dye is commonly used
to stain Coll and other protein suspensions, but corresponding
images of Coll in HCI still possess only bare contrast. Fig. 3B
shows the 0.25 wt% Coll suspension. Here, fibers are visible
and the formation of a network of fibers with a mesh size of
about 50 pm covering the whole sample can be seen. The length

Soft Matter, 2020, 16, 9014-9027 | 9017
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Fig. 2 Bulk rheometry of Coll solutions: (A) variation of dynamic shear moduli G’ and G” as a function of frequency obtained from oscillatory shear
measurements for a series of Coll concentrations ranging from 0.05 to 1 wt% and (B) determination of the sol/gel transition concentration ¢t from

G'(w = 1 rad s73) as a function of Coll concentration.

of the fibers is several hundreds of um and the diameter is about
5-10 pm. For solutions with Collagen concentrations higher than
0.5 or lower than 0.1 wt%, not even the above shown level of
contrast can be achieved and information about changes in the
fiber and/or network structure is not accessible. Visualization of
these fiber networks is, however, enabled by adding fluorescent
beads of 0.2 um diameter (Fig. 3C) and tracking their Brownian
motion. This will be discussed in the next section.

Local elasticity and microstructure of lyophilized Coll
suspensions obtained using MPT

According to the results of bulk rheological measurements (see
Section 3.1), Coll suspensions at concentrations > 0.1 wt% were
in the gel state.

Fig. 3

For a more detailed investigation of the underlying micro-
structure, MPT measurements were performed on 0.25 wt% Coll
suspensions using tracer particles of diameter 0.5 and 0.2 pm (see
Fig. 4 and 5, respectively). Fig. 4A indicates that 0.5 um tracer
particles are uniformly distributed all over the sample and Fig. 4B
shows that trajectories are widely spread and the individual
particles explore areas much larger than their diameter. In total,
1083 trajectories were detected, but only 343 trajectories longer
than 50 frames, ensuring sufficient statistical significance, were
used to calculate the MSD traces shown in Fig. 4C. These MSDs
vary almost linearly with lag time 7, indicating that the motion of
the tracer particles is purely diffusive, ie., the microenvironment
surrounding the particles responds like a viscous liquid. According
to eqn (4), the averaged MSD yields ypr = 4.3 = 1.1 mPa s.

(A) Transparent 0.25 wt% Coll suspension, (B) the corresponding white light image of Coll stained with CBB, and (C) the corresponding image of

the same spot including fluorescent tracer particles of diameter 0.2 um. Scale bar represents 20 pm.
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Fig. 4 MPT results for a 0.25 wt% Coll suspension as probed with 0.5 um particles: (A) exemplary localization of particle centres marked in green,

measured at 488 nm fluorescence illumination, (B) all trajectories localized

in the same field of view (trajectories shorter than 50 frames are shown in

black, and those longer than 50 frames are shown in blue) and (C) the corresponding MSD plots for trajectories of minimum 50 frame-length. The

minimum measurable MSD that exceeds the static error®>>8

analyzed per biological repetition and a representative set is shown here.

Additionally, the value of the non-Gaussian parameter,
calculated for the whole ensemble of MSDs, is o = 0.11 =+
0.04, which indicates that all tracers explored a similar environ-
ment. These results clearly reveal that 0.5 pm tracer particles
only probe the solvent and not the fiber network providing the
elasticity seen in bulk measurements. Presumably, tracer par-
ticles are freely diffusing in the meshes of the sample spanning
Coll network and accordingly the lower limit of network mesh
size is well above 0.5 pm. The viscosity of that liquid phase is
about 4 times the viscosity of water, indicating that Coll is
partly dissolved in the aqueous phase.

Tracer particles with 0.2 um diameter also exhibit a uniform
distribution all over the sample (see Fig. 5A). A total number of
X450 trajectories, each composed of more than 50 frames
corresponding to a lag time t > 1 s, as typically used in
conventional MPT analysis, are shown in Fig. 5B. Many parti-
cles probed areas that were much larger than their diameter, as
similarly observed for the 0.5 um particles (c¢f. Fig. 4B).

However, including the shorter trajectories in the overlay of
subsequent images of the video sequence showing all tracer
particle trajectories (Fig. 5C) allows for a more detailed insight
into the microstructure of the suspension. Here, the total
number of trajectories is very large, around 50000, since the
small tracers in the low viscosity environment frequently enter
and leave the focal plane. Surprisingly, the trajectories do not
cover the whole sample, leading to the visualization of elon-
gated white areas where no particles were present during the
whole measurement. These white areas correspond to the Coll
structures, which are densely packed and seem to be inacces-
sible to the diffusing tracer particles (see also Fig. 6).

MSDs obtained from the 0.2 um particles based on the
trajectories of >50 frames show results completely different
from those obtained for the 0.5 um particles (¢f. Fig. 4C) and
provide further insight into the Coll structure. A broad variation
in absolute values and time-dependence of the individual MSDs

This journal is © The Royal Society of Chemistry 2020

7 = 8 x 107° um? is shown as a dashed line. For each condition, 4 videos were recorded and

was found for the 0.2 um particles (Fig. 5D). The non-Gaussian
parameter of all MSDs increased to o = 8.3 £ 3.4, indicating a
high degree of heterogeneity in the environment probed by the
tracers. The ensemble of MSDs splits into three populations:
Population I includes all MSDs with slopes of m < 0.5 and
absolute values <10~ um® (shown in green) close to the static
error (Ar?) = 8 x 10~° um?, determined for the setup and tracer
particles used here. Population II consists of all MSDs with
m < 0.5 and absolute values >10"% pm?® (red curves), and all
MSDs with m > 0.5 are summarized as Population III (blue
curves). The separation criteria were applied at t = 0.1 s.
Consequently, Population I (green) corresponds to particles
that are located within highly elastic regions where thermal
motion is strongly restricted, even at long lag times of about
10 s, and particles can be considered to be almost completely
immobilized. This population comprises a broad variation
of MSDs, which extends over one decade from ~10"* to
~107* um®. This indicates that the particles are caged in a
fiber network of varying elasticity.

If the tracer particles were adsorbed on the surface of the
Coll structures, a constant very low MSD of about 10™* um?
corresponding to the static error limit, would be expected.
Tracer particles corresponding to Population II are located in
regions of significantly lower elasticity, whereas Population III
comprises freely diffusing tracers, located in predominantly
viscous areas.

The black trajectories, shown in Fig. 5C and in Fig. 6A,
correspond to short trajectories (<50 frames), which result from
highly mobile particles in a viscous environment, which enter and
leave the focal plane of the microscope frequently. These short
trajectories correspond to low viscosity regions of the sample, and
although they are not used for further MSD data evaluation, they
are the key to the visualization of the sample microstructure.

Careful inspection of the localization of the trajectories
corresponding to the different populations gives further insight

Soft Matter, 2020, 16, 9014-9027 | 9019
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Fig. 5 Visualization of microstructures in a 0.25 wt% Coll suspension using 0.2 um particles: (A) exemplary localization of particle centers marked in
green, and measured at 488 nm fluorescence illumination, and (B) all trajectories considered for MSD calculation (x~450), i.e., short trajectories
(<50 frames) were eliminated. (C) Al trajectories (~50 000) including short ones evaluated in the same field of view (the trajectories longer than
50 frames are marked in blue, red, and green according to the MSD classification described in D); for better visualization, red, blue and green trajectories
are plotted at twice the size of the black ones. (D) Corresponding MSD plots for trajectories of minimum 50 frame-length. Green MSDs are MSDs with
slopes <0.5 and absolute values <10~° pm?, red MSDs have slopes <0.5 and absolute values >10"° um?, and blue curves correspond to MSDs with

slope >0.5. The minimum measurable MSD that exceeds the static error

55,58

7 = 8 x 107> um? is shown as a dashed line. For each condition, 4 videos

were recorded and analyzed per biological repetition and a representative set is shown here.

into the heterogeneous organization of the Coll structure. For
better visibility, colored trajectories were plotted with twice the
size of the black ones.

Fig. 5A confirms that tracer particles of diameter 0.2 pm
were uniformly distributed all over the sample. However,
Fig. 5C and more clearly Fig. 6A reveal that green trajectories
corresponding to particles probing a highly elastic surrounding
were located within the white areas representing the Coll
structure, mainly in the center. Red trajectories, corresponding
to particles exploring areas of lower elasticity, were located in
white regions, too. Blue trajectories, corresponding to freely
viscous diffusing particles, were found only in the easily acces-
sible regions between the white areas.

9020 | Soft Matter, 2020, 16, 9014-9027

For this population, a viscosity value of 2.2 &+ 0.9 mPa s was
obtained, consistent with the results obtained for the 0.5 pm
tracer particles. The relatively large experimental error obtained
with the 0.2 pm particles is due to the fast motion of the tracers
leading to a short length of the trajectories and to a broad
variation of absolute MSD values (Fig. 5D, blue curves).

Our data reveal that a substantial fraction of 0.2 pm tracer
particles were able to penetrate into the Coll structures.
In contrast, 0.5 pm particles cannot enter these fibrous structures.
Thus, the mesh size of the Coll structures can be estimated to be
less than 0.5 pm.

However, as there were regions inaccessible to the 0.2 pm
tracers too, we propose a Coll structure comprising bundles of

This journal is © The Royal Society of Chemistry 2020
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05um  0.2um

Fig. 6 The fibrous Coll structure consisting of densely packed bundles: (A) close-up of Fig. 3B (lower area), to show localization of MPT particles in more
detail, and (B) sketch of Coll dispersed in acidic solution, including the viscous surrounding, a bundle of fibrils (see Fig. 1) with areas accessible to 0.2 um
particles (shown in red and green, corresponding to particles trapped in elastic and highly elastic regions) and the dense, inaccessible core. In the viscous

surrounding, 0.5 and 0.2 um particles can be found.

dense fibers embedded in elastic regions with a broad range of
different stiffness, as sketched in Fig. 6B. According to eqn (2),
time-independent MSDs found for Populations I and II corre-
spond to elastic moduli Gy mpr = 58.3 £ 7.2 and 1.8 £ 0.2 Pa,
respectively. These values are in the same range as the macro-
scopic elastic modulus obtained using bulk shear rheometry
(Fig. 2). However, it has to be emphasized that this latter
quantity is determined by the network of Coll structures, the
steric hindrance and the colloidal interactions among fibers
and thus the agreement between absolute Gy ympr and Go puikv
values is accidental. However, this MPT imaging technique is
a powerful and versatile tool to visualize the fiber network of
gel-like Coll suspensions (Fig. 5C) and beyond that provides
insight into the elastic properties of the Coll structures or fiber
bundles with their heterogeneous organization.

Concentration dependence of local elasticity and network
structure

In the following, we will discuss the change in local visco-
elasticity and network structure upon variation of Coll concen-
tration based on MPT experiments performed using 0.2 um
tracer particles. Overlay images showing the complete trajec-
tories of all tracers and the variation of the corresponding
MSDs as a function of lag time for Coll concentrations from
0.05 up to 1 wt% are shown in Fig. 7A and B, respectively.

At all investigated Coll concentrations, a broad variety in the
absolute values and time-dependence of MSDs is found
(Fig. 7B), and the calculated non-Gaussian parameter o > 1
is summarized in Table 1. This latter value is maximal at the
gelation concentration, as already reported for colloidal disper-
sions of spheres with weak attractive interactions®® and clay
suspensions®” where a strong increase in heterogeneity was
observed at the sol-gel transition.

This journal is © The Royal Society of Chemistry 2020

In all cases, three populations of tracer particles classified
according to their slope in the log-log representation of MSD
vs. T and absolute MSD values are found. The separation criteria
are the same as those defined in the previous section.

The fraction of tracers in each population at different Coll
concentrations is also summarized in Table 1. Besides that,
many short trajectories (<50 frames length) were observed
(Fig. 7A), indicating a very low viscosity of the surrounding
medium in accordance with the viscosity value of 5.2 + 2.8 mPa s
calculated from the MSDs of Population III (see Table 1).

At 0.05 wt% Coll concentration, large areas of the field of
view are white, i.e., not accessible to the 0.2 um tracer particles.
Consistent with the measurements performed at higher con-
centrations, these large areas correspond to collagen fibers or
aggregates loosely packed but obviously inaccessible to the
tracers. The regions, which were probed by the particles, are
heterogeneous even in this low viscosity sample well below the
sol/gel transition. Three populations of tracer particles can
be distinguished similarly to the case for the gelled sample
described above, i.e., some tracer particles explore a viscous
matrix, others are trapped in a weakly elastic environment and
a large fraction is found to be almost immobilized in highly
elastic regions. Fiber like structures with a core-shell structure
as outlined above exist even at Coll concentrations as low as
0.05 wt%, well below the sol/gel transition. As mentioned
before, these structures obviously cover large areas of the
solution. Some individual fibers are visible due to the elastically
trapped tracer particles lined-up along these structures. They
do not, however, form a percolating network, as indicated by
the viscous response found using bulk rheometry.

At 0.1 wt% Coll concentration, just above the sol/gel transi-
tion, the white areas shrink, i.e., the regions dilute enough to be
accessible to the 0.2 um tracers increase in size. As the Coll

Soft Matter, 2020, 16, 9014-9027 | 9021
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Fig. 7 Effect of Coll concentration on MPT with 0.2 um tracers: (A) all trajectories; (B) MSD plots corresponding to trajectories of min. 50 frames,
showing three particle fractions: almost immobilized (green), elastically trapped (red) and freely diffusing (blue). For each concentration, 4 videos were

recorded and analyzed per biological repetition and the results for one representative set are shown here.

concentration is doubled compared to the liquid sample discussed  white areas must correspond to denser Coll structures than in the
more dilute solution. In the overlay image of the 0.25 wt% Coll
solution, the heterogeneity, i.e., the separation between dense Coll

above, this indicates that the phase separation between dense Coll
structures and the viscous matrix is more pronounced, and the

9022 | Soft Matter, 2020, 16, 9014-9027
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Table1 Non-Gaussian parameter o of all MSDs, derived from 4 indepen-
dent measurements with 0.2 um tracers, and fractions of Population |
(green), 1l (red) and Il (blue) at different Coll concentrations. Viscosity
values npop Of the continuous phase derived from the average MSD
corresponding to Population IlI

Coll concentration 0.05 wt% 0.1 wt% 0.25 wt% 1 wt%

o all MSDs 18+ 2 31+ 16 8+3 2+0
Population I (green)  75% 52% 38% 2%
Population II (red) 6% 26% 11% 3%
Population III (blue) 18% 22% 51% 96%
Hpopm/mPa 52+28 36+18 22+09 4.8+29

structures and the surrounding low viscosity solvent, is even more
pronounced. The inaccessible white areas show up as elongated,
slender filaments or fibrils forming an extended percolating
network providing the macroscopic gel-like texture. The Coll struc-
tures or fibers are denser than at lower concentrations. This shows
up in the higher contrast between the dark areas of very low
viscosity and the filamentous white areas as well as in the large
fraction of tracers almost immobilized in the highly elastic areas of
the fibers. Further increasing the Coll concentration up to 1 wt%
results in a denser network of elongated fibers as expected in line
with a higher bulk elastic modulus. The Coll structure seems to be
further densified and the fraction of tracer particles able to diffuse
into this structure and to be elastically trapped there is clearly lower
than that at lower Coll concentrations. In particular, almost
immobile tracers, which are embedded in highly elastic regions,
are hardly found, whereas a large fraction of tracers freely diffuses
in the viscous matrix.

In summary, MPT measurements inform us about the non-
uniform structure of collagen aggregates and how collagen
slender fibers or fiber bundles evolve at concentrations above
the macroscopic sol-gel transition. As the collagen concen-
tration increases, the inaccessible areas for the tracer particles
shrink and rearrange into slender bundles of collagen fibers,
i.e., the collagen aggregates strongly densify with increasing
collagen concentration. Another otherwise hardly accessible
result is that the diffusion coefficient corresponding to the
linearly increasing MSDs of Population III and hence the
calculated viscosity of the continuous phase of the fiber sus-
pensions are essentially independent of Coll concentration,
as shown in Table 1. This result indicates that the fraction of
collagen molecularly dissolved in the aqueous phase is inde-
pendent of the total collagen concentration in the solution.

As the viscoelastic behavior of Coll solutions is determined
by heterogeneous, supramolecular Coll structures present even
at concentrations well below the sol-gel transition, we aimed at
investigating this self-assembly phenomenon in more detail.
Hence, large Coll structures were removed by filtration.

Prior to filtration, 0.1 wt% Coll solutions showed, as already
discussed above, a sample spanning network of elastic Coll
structures. Consequently, in bulk measurements (see Fig. 8A),
G' was frequency independent and dominating over G’.
Directly after filtration (Fig. 8A, row 2), the results appear noisy
and this is due to the fact that the sample is not in equilibrium
anymore and its structure is heterogeneous on a macroscopic

This journal is © The Royal Society of Chemistry 2020
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scale. In that sense, rheological data obtained some seconds
after filtration have to be treated as apparent values. However, a
predominantly viscous behavior with a pronounced frequency-
dependence of G’ and G” was observed, indicating that the gel
structure was removed or destroyed.

The viscosity deduced from the MSDs of the freely diffusing
particles (blue) did not change upon filtration, but, as expected,
fewer elastically trapped tracer particles were seen when com-
paring row 2 to row 1 in Fig. 8B and C.

The measured protein concentration of 0.05 + 0.01 wt%
after filtration corresponds to the sol state (see Fig. 2) and,
again, we find elastically trapped tracer particles (compare
Fig. 8B, row 2 to top row Fig. 7B). However, the size of conti-
nuous elastic areas was drastically reduced (compare Fig. 8B,
row 2 to top row Fig. 7B) and the almost immobilized fraction
(green trajectories) even disappeared completely. The fraction
of elastically trapped (red) particles re-increases over time and
even almost immobilized particles (green population) reappear
after 7.5 h waiting time but no percolating network can be seen
(Fig. 8B, row 3). This is consistent with the still predominantly
viscous behavior observed in bulk rheometry (row 3 in Fig. 8A).
After 24 h post-filtration time, however, the gel-like behavior
reappears (G, G” independent of frequency) and MPT data
show that a sample-spanning network structure of Coll fibers
has recovered (row 4 in Fig. 8).

However, the modulus Gg puik = 1.6 + 0.5 Pa was one order of
magnitude lower than that prior to filtration (Gopui = 13 £ 1 Pa),
which is attributed to the lower Coll concentration and even 4 days
after filtration, the initial plateau modulus is not recovered.
Moreover, after 24 h, G’ and G” are both independent of frequency
and exhibit almost the same absolute values. Such a behavior is
unphysical for homogeneous and isotropic materials and thus may
be attributed to sample heterogeneities on a macroscopic level,
which can be seen in the MPT data (Fig. 8B and C). It should be
noted that the freshly prepared solution with 0.05 wt% Coll does
not exhibit such a behavior and remains in the sol state even after
4 days of storage. This difference is attributed to the different size
distribution of Coll aggregates or fibers in the filtered compared to
the untreated solution.

From a comparison of the samples measured in the same
chamber after 24 h and newly filled channels, we were able to
exclude any drying effects or mechanical influences on this
network reformation. In summary, we conclude that MPT is a
powerful tool to monitor the self-assembly of Coll in situ.

Structural properties of native collagen I solutions

For comparison with lyophilized collagen solutions, ready-to
use solutions of native collagen I were investigated too. These
solutions do not show the sol-gel transition observed in the
solutions made from lyophilized Coll, and up to a concen-
tration of 1 wt%, these solutions behave almost like Newtonian
low viscosity fluids, as exemplarily shown in Fig. 9A for the
0.25 wt% solution with 1 = 30.0 & 1.5 mPa s. Flow behavior
changes from Newtonian to weakly viscoelastic in the concen-
tration range up to 1 wt%; however, a sol-gel transition is not
observed in this concentration range. The absolute viscosity of

Soft Matter, 2020, 16, 9014-9027 | 9023
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Fig. 8 Coll self-assembly after removing large structures by filtration wi

X/ pum t/s

th 1.2 um pore size: (A) storage and loss modulus, G’ (full symbols) and G”

(hollow symbols), respectively, vs. frequency, obtained using rotational rheometry. (B) Trajectories of all 0.2 um tracer particles. Trajectories of tracers in

viscous surroundings are shown in blue, those of elastically trapped tracers
green. Trajectories <50 frames in length are shown in black but were

are shown in red and trajectories of almost immobilized particles are shown in
not considered for MSD calculations. (C) MSD plots showing the different

populations using the same color code as in (B). Data are shown for 0.1 wt% Coll solutions prior to filtration (row 1), directly after filtration (row 2), and
7.5 h (row 3) and 24 h (row 4) after filtration. For each time-point, 4 videos per biological repetition were recorded and analyzed and a representative set is

shown here.

the 0.25 wt% solution is about 10 times higher than that for the
solutions made from lyophilized Coll below the sol-gel transi-
tion, clearly indicating that a larger Coll fraction is molecularly
dissolved. Trajectory plots and MSDs, derived from MPT mea-
surements performed on a 0.25 wt% native collagen I solution

9024 | Soft Matter, 2020, 16, 9014-9027

with tracer particles of diameter 0.2 pm, are shown in Fig. 9B
and C, respectively.

As for the solution made from lyophilized Coll, a broad
variation in absolute values and time-dependence of the calcu-
lated individual MSDs was found (see Fig. 3B). However, here,

This journal is © The Royal Society of Chemistry 2020
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Fig. 9 Characterization of 0.25 wt% native collagen solution: (A) G’ (full symbols) and G” (hollow symbols) obtained using small amplitude oscillatory
shear rheometry versus frequency. (B) Overlay of trajectories of elastically trapped 0.2 um tracer particles (green) and freely diffusing tracers in viscous
surroundings (blue). All trajectories shorter than 50 frames are shown in black. (C) Respective MSD plots for all trajectories longer than 50 frames.
For each biological repetition, 4 videos were recorded and analyzed and a representative set is shown here.

we found only two populations of MSDs, one with slope m > 0.5
(blue) and the other with m < 0.5 and absolute value <10~% um?
(green). In the native collagen I samples, the freely diffusing
particles are the dominant fraction of tracers (96%) and the
corresponding viscosity value #ypr = 78 = 8 mPa s agrees reason-
ably well with viscosity data obtained from bulk mechanical
rheometry. We hypothesize that the viscosity value deduced from
MPT is systematically higher because of sample heterogeneity:
besides the blue trajectories (Fig. 9C) used to calculate the viscosity,
we observe a large fraction of very short trajectories presumably
corresponding to areas of lower viscosity.

The small fraction of elastically trapped tracer particles
exhibits a very low absolute MSD value close to the static error
of our set-up, ie., they are almost immobilized. These results
indicate the formation of more homogeneous and stiffer struc-
tures in native collagen I solutions as compared to samples
based on lyophilized Coll.

The plot of trajectories in Fig. 9B shows the formation of
elastic areas (see green trajectories), as already observed for
solutions of lyophilized Coll (see Fig. 5C). However, these areas
are fewer in number, more roundish, shorter, and broader.
These structures are not able to form a percolating network
consistent with the predominantly viscous behavior found in
bulk rheological measurements on native collagen I solutions
(see Fig. 9A). However, the existence of such supramolecular
aggregates even in low viscosity Coll solutions can be seen
clearly in MPT experiments but not from conventional light
microscopy. These results further confirm that MPT is a versa-
tile tool to characterize different types of collagen solutions and
the structure of included structures or fibers in situ.

Conclusions

Classical bulk rheometry and multiple-particle tracking micro-
rheology have been employed to gain insight into the bulk
viscoelasticity as well as structural and local viscoelastic

This journal is © The Royal Society of Chemistry 2020

properties of acidic Coll solutions. As already observed for a
broad range of other materials, MPT and bulk data are not in
agreement,****?%% and the explanation for this discrepancy is
the presence of heterogeneities. Overlaying subsequent images
of MPT video sequences allowed for a direct visualization of the
fiber network in suspensions of lyophilized Coll. For all con-
centrations in the range from 0.05 to 1 wt%, MPT experiments
performed with tracer particles of diameter 0.2 pm yielded a
very broad distribution of mean square displacements (MSDs)
in terms of time-dependence as well as absolute values. Some
tracer particles diffused freely with a diffusion coefficient
indicating that part of the Coll is dissolved in the aqueous
phase, yielding similar viscosities as the bulk measurements
for concentrations below the sharp sol-gel transition observed
at it & 0.08-0.09 wt%. According to these viscosity values,
the amount of dissolved Coll is independent of the total Coll
concentration. However, even at concentrations well below the
macroscopic sol-gel transition, other MSD traces approached
a constant value at long lag times, ie., these particles were
trapped in an elastic environment. We distinguished two
populations of elastically trapped particles according to the
order of magnitude difference in absolute MSD values. These
particles were found within Coll structures. This suggests that
the Coll aggregates presumably comprise multiple dense bun-
dles not permeable for the 0.2 um particles embedded in a
swollen surrounding layer accessible to the 0.2 pm tracer
particles, but with largely varying stiffness according to the
broad variation in absolute values of the corresponding time-
independent MSDs. In contrast, the 0.5 pm particles were not
able to penetrate these fiber bundle structures. These tracers
diffused freely in the aqueous solution and the measured
viscosity was found to be similar to the value obtained from
the ensemble of freely diffusing smaller particles. The fraction
of almost immobilized 0.2 um particles, found in the Coll
structures, decreased with increasing Coll concentration, and
we attribute this to an increasing packing density of the fibers
progressively preventing access by the tracer particles.

Soft Matter, 2020, 16, 9014-9027 | 9025
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MPT and bulk rheological measurements were also used to
monitor the Coll fiber self-assembly process. After removing
larger Coll structures by filtration, the reformation of the
sample-spanning network was observed within 24 h, resulting
in a macroscopic sol-gel-transition. Surprisingly, this network
structure recovers although the total Coll concentration after
filtration is significantly lower than c.;.

The investigation of native collagen I solutions revealed a
higher fraction of molecularly dissolved Coll, and also fewer
elastic regions that were less widespread than those in the
samples based on lyophilized Coll at the same concentration
were observed. This is again in good accordance with the
respective viscous behavior observed using bulk rheometry up
to Coll concentrations of 1 wt%.

According to our observations, particle tracking-based
microrheology imaging serves as a powerful tool for the in situ
analysis of the supramolecular structure and local viscoelasticity of
dispersed Coll or other biopolymer fibers on a submicron length
scale including the real-time monitoring of structure formation or
structural transitions. Thus, this microrheology imaging method
is perfectly suitable for studying structural properties of fiber
suspensions where conventional microscopy techniques fail.
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